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FOREWORD

Research on controlled nuclear fusion was first disclosed at the Second
United Nations Conference on the Peaceful Uses of Atomic Energy, held at
‘Geneva in 1958, From the information giveh, it was evident that a better
understanding of the behaviour of hot dense plasmas was needed before the’
goal of economic energy release from nuclear fusion could be reached.

The fact that research since then has been most complex and costly has
enhanced the desirability of international co-operation and exchange of in-
formation and experience. Having organized its First Conference on Plasma
Physics and Controlled Nuclear Fusion Research at Salzburg in 1961, the
International Atomic Energy Agency again provided the means for such co-
operation in organizing its Second Conference on this subject on 6-10 Sep-
tember, 1965, at Culham, Abingdon, Berks, England. The meeting was
arranged with the generous help of the United Kingdom Atomic Energy
Authority at their Culham Laboratory, where the facilities and assistance
of the staff were greatly appreciated.

At the meeting, which was attended by 268 participants from 26 member,
states and three international organizations, significant results from many
experiments, including those from the new and larger machines, became
available. It has now become feasible to intercorrelate data obtained from
a number of similar machines; this has led to a more complete understanding
of plasma behaviour. No breakthrough was reported nor had been expected
towards the economical release of the energy from fusion, but there was
increased understanding of the problems of production, control and con-
tainment of high-density and high-teinperature plasmas.



EDITORIAL NOTE

The abstracts and discussions incorporated in the proceedings published
by the International Atomic Energy Agency are edited by the Agency’s edi-
torial staff to the extent considered necessary for the reader's assistance.
For the sake of speed of publication, the present Proceedings have been
printed by composition typing and photo-offset lithography,; within the limi-
tations imposed by this method every effort has been made to maintain a
high editorial standard. The papers remain, however, the responsibility
of the named authors or participants; with several exceptions they were
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CONTROLLED NUCLEAR FUSION RESEARCH,
" SEPTEMBER 1965:
REVIEW OF EXPERIMENTAL RESULTS

~ LYMAN SPITZIR, JR.
PRINCETON UNIVERSITY, PRINCETON, NEW JERSEY,
UNITED STATES OF AMERICA

It was with some diffidence that I accepted the invitation to give a brief
summarizing talk on the experimental topics discussed at this Conference.
There have been about 70 experimental papers presented here, and to
summarize all of them would, I am sure, tax both my ability and your
patience. During the last few days I have asked many of my fellow scientists,
"What do you think are the most important experimental results presented

“at this Conference?'' I thought I would perhaps look for a consensus of
opinion that I could use for guidance in my talk; I found thatI received a
different answer from almost every person! Several of my colleagues even
suggested that the most significant results were those which had been told
them informally, and had not been presented to the Conference at all. It
need not surprise us if such informal discussions are the most important
aspect of an international conference such as this. My review, however,
is based on the formal papers, and in the absence of any clear consensus
among my colleagues I shall emphasize those particular results which ap-
pear to me of special interest. If my selection of topics reflects my own
individual interests and associations, I hope you will forgive me.

To my way of thinking the most significant milestone of the present meet-
ing is the substantial body of evidence that has been presented on the hydro-
magnetic stabilization of open-ended systems. The success of minimum-
magnetic-field (" minimum-B") configurations in stabilizing a plasma marks
one more area where theory and experiment in the field of plasma physics
have been brought together with gratifying results. Let me go back a little
into history and discuss the gradual growth of our information on hydro-
magnetic instabilities generally. Many of you will remember that hydro-
magnetic theory was applied to the self-pinched discharge in the early years
of the controlled fusion programme. The predictions of this theory were
very shortly fulfilled by the observations; the effects were so unmistakable
that it was not difficult to compare the theory with the observations. On
the streak pictures of the linear or toroidal discharges that were obtained
in those early years one saw clearly the diffuse plasma column, which first
contracted to a narrow filament and then started to distort and kink until
finally it hit the wall. Under some conditions the plasma was observed to
break up into a series of blobs like a string of sausages. Since the behaviour
was exactly what the theory had predicted, it tooknovery great experimental
wisdom to conclude that observations had confirmed theory.

An address given at the concluding session.
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. The second'confirmation of the hydromagnetic instability theory came
a few years later when the theory was applied to the kink instability in strong
magnetic fields. The analysis was somewhat more difficult to check be-
cause when the limits of instability are surpassed the predictions of the
theory are not so easily compared with the observations. Both at the
Kurchatov Institute (USSR) and at Princeton (USA) it was clear that the plasma
in a toroidal device reacted rather violently when the current exceeded the

“Kruskal-Shafranov limit; in particular, the plasma resistivity increased
substantially and large fluctuations appeared in the voltage around the toroid.
It was not at all evident. why the plasma behaved as it did ‘when the stability .
limit was surpassed. It need not surprise us if a linearized theory, based
on infinitesimal displacements, gives relatively meagre information on how
a system actually behaves when large displacements develop because of some’
instability. However, the agreement between the theoretical and the ex-
periméntal limiting current for stability was so close that most of us, I
think, quite reasonably interpreted the result as another observational con-
firmation of hydromagnetic theory.

Another hydromagnetic instability is the flute or interchange instability,
which tends to appear whenever the confining magnetic field decreases out-
wards from the plasma. This effect was pointed out by theorists some ten
years ago; at the time it was not clear whether any of the difficulties ob-
served in various plasmas could be ascribed to this cause. Quite apart from
the many technical difficulties experienced, stability in magnetic-mirror
dévices was apparently achieved at that time by another influence, the line-
tying achieved when cold plasma is present along the lines of force between
the hot plasma and the wall. Two papers presented at this Conference show
this same effect in a more controlled manner. Ina paper from the Kurchatov
Institute, dealing primarily with turbulent heating in a mirror device, it
was shown that the presence of background gas stabilized the plasma in a
simple mirror, with energetic electrons confined for 160ms, whereas re-
duction of the background pressure decreased this confinement time to about
0.4ms. Similarly, in a mirror-confined plasma at General Atomic (USA),
the hydromagnetic flute instability was shown to be much reduced either by
the use of conducting end plates or by the injection of substantial amounts
of relatively cold plasma. As a result of these effects the interchange in-

" stability in early mirror devices was sometimes suppressed. During the
last two years a substantial improvement of the background pressure, re-
quired to reduce 'charge exchange losses, has brought the interchange
instability out of hiding. :

The recent successes in identifying and eliminating 1nterchange insta-
bilities from open-ended plasmas were sparked by experimental work at
the Kurchatov Institute some four years ago, when the density in a cylindrical
plasma was increased by orders of magnitude with the application of multi-
polar fields transverse to the axis of the cylinder, These fields increase
rapidly with radial distance from the axis of symmetry; when added to a
conventional mirror field they produce an absolute minimum of the mag-
‘netic field within the plasma. According to the theory, such a configuration
should be completely stable for all hydromagnetic disturbances and against
a number of other theoretical instabilities as well. i
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-Since the announcement of that dramatic result at Salzburg, a number
of groups have carried out investigations in this field; and at this Conference
there were six papers which dealt at least in large part with this important
topic, with sevéral others providing additional related information. Allsix
papers dealt with the confinement in a magnetic mirror of a relatively hot
plasma with a radius substantially larger than the radius of gyration. In
all cases either the density of the trapped particles or their mean time of
confinement increased significantly when the multipolar fields were turned
on, the average increase amounting to a factor of about five.

These experimental devices are quite different one from the other, with
the plasma produced in different ways. One device at the Kurchatov Institute
is heated with an RF magnetron, devices at Culham (UK) and Fontenay-aux-
Roses (France) use plasma injected from a gun, and three devices - Alice
at Livermore (USA), Ogra at the Kurchatov lnstitute, and Phoenix at Culham-
rely on injection of energetic neutral atoms. The qualitative agreement
among these six greatly different devices gives substantial assurance that
the general result is correct. ,

More detailed diagnostic studies tend to confirm this general picture,
though some discrepanciés remain. Particularly in the Alice and Phoenix
devices, detailed probe measures in the simple mirror configuration show

the low-frequency oscillations characteristic of the rotating flutes which are
attributed to the interchange instability. When a field minimum is produced
within the plasma, these oscillations disappear almost entirely. 'On the other
.hand,” in the Ogra device these oscillations do not disappear when the hexa-
pole coils are energized, although they do become more irregular. The
reasons underlying this behaviour are not understood. _ :

An unexpected benefit from minimum-B fields is that they seem to di-
minish sharply the plasma activity associated with emission of radiation at
about the ion cyclotron frequency. This result, which is shown by Ogra as
well as by Alice and Phoenix, had not beenpredicted, I believe, by the theo-
rists. The possibility cannot be entirely excluded that much of the plasma
loss from a simple mirror is produced by this activity rather than by the
interchange instability, and that the unexpected stabilization of this high-
frequency activity accounts for the improved confinement with minimum-B
systems., I mention this possibility simply to provide a note of ‘scientific
caution. Certainly the major result is that in a minimum-B configuration
the low-frequency instabilities tend to disappear, even the high-frequency
instabilities are reduced, and the plasma confinement appears substantially
1mproved As is often the case in an active scientific subject, more work
is needed'before a really conclusive picture is available.

When the hydromagnetic instability is eliminated, as we may assume
it has been in these devices, the plasma confinement will necessarily be
determined by some other physical factor. In three of the six devices re-
ferred to, charge exchange or even classical diffusion into the loss cone are
believed to become limiting. In the other three there are apparent indi-

cations that some type of microinstability, associated with the non-Maxwellian
velocity distribution, is responsible for plasma losses. Bursts of radiation
_ at the ion cyclot\i'on_frequency are sometimes observed, together with an
~ escape of some plasma. A somewhat similar instability in a hot-electron
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plasma in a mirror device has been studied at Livermore. Theoretical study
of a two-stream instability associated with the presence of the loss cone
predicts that several versions of this loss-cone instability should be very
serious problems in mirror devices, which are particularly vulnerable to
any factor that increases the loss out the ends. However, the theory is un-
doubtedly approximate, and such instabilities may not yet have been ob-~
served. Perhaps within the next few years these nonhydromagnetic sources
of plasma loss can also be understood and brought under control.. If we can
diagnose and control one major source of instability in each three- or four-
year interval between these international fusion conferences, we shall be
doing very well.

For filling a magnetic mirror with plasma, injection of molecular ions’
is used in three devices, one at Fontenay and two at Oak Ridge (USA).
Breakup of molecular ions tends to form a plasma whose radius is com- |
parable with the radius of gyration of the energetic ions, For such-a con-
figuration the hydromagnetic stability theory is scarcely applicable, and
these devices show, in fact, no evidence of the low-frequency fluctuations
characteristic of the interchange stability. Since the velocity distribution
is violently non-Maxwellian, one would expect'microinstabilities tobe par-
ticularly marked in such devices. .

The DCX-1 device at Oak Ridge lives up to these theoretical expectations
very abundantly, and there seem to be many microinstabilities in its par-
‘ticular plasma. It is clear that the proton orbits are altered and the loss
rate is increased by a factor of ten over the predicted value from charge
exchange. The paper on DCX-1 presented here discussed which of the vari-
ous microinstabilities might be important, and further work, I am sure, will
help elucidate this interesting scientific question.

By contrast, the Fontenay work with molecular ion injection gives en-
“tirely different results. There are no apparent instabilities, particle loss
is attributed to charge exchange, and what radiation there is in the neighbour-
hood of the ion-cyclotron frequency is attributed more to the injected beam
than to the plasma. In-other words, as far as one can tell this plasma ap-
pears to be entirely quiescent. The explanation of this very.substantial
difference between the two devices is a problem for the future. Two pos-
sibilities might be mentioned. First, in the Fontenay device the injected
plasma has a somewhat larger spread both in phase space and in physical
space of the plasma. Second, the background pressure is also greater in
this device, and possibly we may be seeing here one more indication of
. the phenomenon I referred to a little earlier - that is, the stabilization of.
instabilities by a cold plasma - with the difference that in this case micro-
instabilities are involved rather than hydromagnetic instabilities. Evidently
-more work is needed to test these and other possibilities.

In DCX-2 at Oak Ridge the situation is not yet fully analysed. Plasma
activity is undoubtedly present, increasing the mean energy to many times
the injected energy, but its effect on the ion loss rate is not clear. More
precise measures are needed to yield an understanding of the complex pro-
cesses occurring in this device..

Mention should be made of the Astron (L1vermore), a large machine
that uses a layer of relativistic electrons trapped in a mirror to confine the
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plasma. During the last year this equipment has been put into operation _
and the number of trapped relativistic electrons in the layer has been brought
up to about one per cent of its design value. It is noteworthy that at this
level the operation seems to be smooth, with no indication of any violent
instability. It is always a favourable sign when one ach1eves a plasma with

no obvious instabilities — and so the news from Astron seems highly
encouraging,

In addition to the work with these major mirror machines, extenswe
progress has been reported at this conference on a variety of open-ended
devices. Several papers have dealt with injection into a cusp; at Culham
and Osaka {Japan) plasma guns have been used, while at Jutphaas (Nether-
lands) energetic ions have been injected. A cusp configuration is aminimum-B
device and should confine a plasma with the same hydromagnetic stability.
as in a magnetic mirror with quadrupoles. Moreover, if a large cusp can
be operated at § =1 - that is, if the magnetic field can be entirely excluded
from the plasma - the end losses, computed from a simplified theory, should
be substantially less than from a large mirror device. Sinee the end losses
from a mirror even with classical diffusion are inconveniently large, an
open-ended system with substantially reduced losses would certainly be of
great interest. A cusp configuration is undoubtedly a more complicated ex-
perimental tool than a mirror, but research is clearly desirable to indicate
whether or not the low loss rate predicted by an idealized theoretical model
can be ‘achieved. Getting the plasma into the cusp at all is a nontrivial
problem, and these experiments seem to indicate that in fact a cusp can be
filled with energetic plasma. Analysis of the loss processes is only just
beginning. : ' ‘

The early papers on controlled fusion placed very great emphasis on
linear pinched discharges. This interest still continues, with 14 papers
on the subject at this Conference. While it is unlikely that a linear pinch .
could be used for producing useful thermonuclear power, research withthese
devices is certainly an important phase of plasma physics research, and
may help to elucidate plasma behaviour in general,

The evolution of research with the theta pinch {plasma compressed by
a rapidly rising solenoidal magnetic field) is an important indication of how
a large part of the controlled fusion programme is developing, Initial work
in this field naturally placed primary emphasis on the temperatures reached
and on the production of neutrons. Now the theta pinch is used as a very
handy research tool for a wide variety of investigations, including suchtopics
as Rayleigh-Taylor instability {Jiilich, Federal Republic of Germany) and
the sharpness of shock fronts (Frascati, Italy). On the central problem of
plasma confinement one of the most important steps has been improving the
magnetic field to eliminate the inhomogeneities and transverse fields which
were responsible for slow drifts of the plasma. The theory of the theta pinch
assumes that the magnetic field lines are parallel to the z axis at all times,’
except, of course, at the ends. By being careful to achieve this dream of
the theorists, one finds practically that much better results are obtained.

In the early research, the leads bringing current into the single-turn coil
to produce the rapidly rising magnetic field gave rise to magnetic field in-
homogeneities that produced a rapid drift of the plasma to the wall; other
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inhomogeneities are believed responsible for the rotation of the plasma,
which, according to one theory, is responsible for an instability which termi-
nates plasma confinement rather abruptly. :

Two particular results on plasma confinement in theta pinches may be
mentioned. At Los Alamos (USA), by going to longer systems, together
with a more careful design of the magnetic field, indications of the flute in-
stability appear to have been eliminated. At the Naval Research Labora-
tory in Washington (USA), with careful magnetic design, long systems, and
the use of reverse biased field to give closed lines of force and reduce end
losses, confinement times up to 10 us have been achieved for plasmas wh1ch
appear to be at a temperature of about a kilovolt for both electrons and ions,
If the plasma confinement times can be increased yet again, one can perhaps
hope to investigate other types of instabilities or, if one is really hopeful,
to demonstrate that other instabilities do not appear.

-We pass on next to consideration of toroidal plasmas. These devices
are considerably more complicated experlmentally than open-ended con-
figurations, and for this reason have not been investigated so intensively.
However, as charge exchange losses and hydromagnetic flute losses are
decreased in magnetic mirrors, the end losses become limiting, and the
intrinsic advantage of toroidal systems in this respect is increasing the
interest in these devices. -

. The chief problem of toroidal devices is the anomalous loss of particles
across the magnetic field, sometimes called "pumpout". The evidence pre-
sented at this Conference on the subject. of these losses does not add up to
an entirely consistent picture. Ohn the other hand, most of the groups
working with toroidal plasmas have found that anomalous particle loss is
a rather general characteristic of these plasmas. Measurements of the
plasma density as a function of time are sometimes not a very reliable indi- .
cation of plasma loss. When particles escape from a plasma and go to the
wall on the millisecond time scale that is customary in most toroidal de-
vices, there is ample time for the particles to return to the discharge and

become reionized., To evaluate the intrinsic confinement time one must
correct for this recycling by particles that leave the discharge, become
neutralized at the walls, and then return to the discharge.

Different groups have used different methods in correcting for this
recycling. The Tokamak {(Kurchatov Institute) group has corrected for this
recycling by measures of the neutral gas, both with a fast ion gauge and with
measures of the neutral flux resulting when this cold gas enters the hot
plasma and charge exchanges with the hot ions. In the C stellarator
(Princeton), this recycling has been measured at high temperatures in helium
gas with spectroscopic observations of the light intensity from the cold gas '

‘streaming back into the discharge; measures have also been made at
temperatures of about 1 eV, at which no new ionization can be produced.
These studies all indicate that the diffusion rate agrees in general order

of magnitude with the simple diffusion formula given many years age by
Bohm. In the largest. Tokamak device the losses reported are less that this
theoretical value by about an order of magnitude; in the Model C stellarator
the loss rate about equals the Bohm value, while in the smaller stellarators
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the loss rate was about. three -times the Bohm formula. I would like to
emphasize not the differences between the two groups, as regards the pre-
cise ratio of the recyecling loss to the Bohm formula, but rather the general
agreement that anomalous particle loss is present and that it is roughly w1th-
in an order of magnitude of that predicted by the Bohm formula.

Moreover, this particle loss seems to be independent of the type of
heating mechanism. Work with the Levitron at Livermore has shown quite -
conclusively that with ohmic heating and with electron-cyclotron heating the
same types of fluctuations are observed; hence, ohmic heating cannot be
the primary cause of these fluctuations. The instabilities seem to be.an
intrinsic property of a heated plasma in a toroidal chamber. »

Similarly, at Princeton, a wide variety of heating methods has been -
used. The'plasma in the C stellarator has been heated with ion-cyclotron
heating, with ohmic heating, with electron-cyclotron heating. .In addition,
measurements have been made when there was no heat applied at all; that
is, in the afterglow of electron-cyclotron or ohmic heating discharges at
very low densities, when the plasma temperature remains at about one elec-
tron volt for many milliseconds. Apartfrom effects attributable todifferences -
in temperature it is very difficult to see any differences in plasma confine- -
ment between these four types of plasma. They give essentially the same
result over several orders of magnitude in density, over almost two orders
- of magnitude in temperature and about one order of magnitude in the magnetic
field. Thus, early hopes that a toroidal plasma would become quiescent
in the absence of any electric current along the magnetic field, and that pump-
out would disappear together with ohmic heating, seem to have beendispelled.

A discrepant and more hopeful set of results has been obtained at
Munich-Garching (Federal Republic of Germany), where the measureddensity -
of a toroidal caesium plasma, together with the known input rate of caesium
ions, seems to require an equilibrium loss rate about equal to the collisional
diffusion value, and less than a tenth of the anomalous value predicted from
the Bohm formula. Obviously it is of great interest to explore in detail the
conditions under which a toroidal plasma is confined with no anomalous par-
ticle losses.

The theoretical explanat1on of purnpout is still a mystery One possi-
bility is that hydromagnetic instabilities are involved; since the losses are
apparently not much affected by shear, an instability of resistive type must
be assumed. However, some entirely different process may well be re-
sponsible. If the theorists uncover new instabilities during the next three
years ‘at the same rate as during the past three years, we shall have an even
wider variety of possible mechanisms to choose from at the next conference.

Partly because of the successful stabilization by minimum-B fields
of .interchange instabilities in mirror systems, much interest has developed
in a related technique for toroidal systems. A true minimum in magnetic
field, different from zero, apparently is not possible in toroidal geometry,
but one can device a configuration which is stable on the average, which we
may call a minimum-B system. If hydromagnetic resistive instabilities are
responsible for pumpout, a minimum-B system should provide at least
partial stabilization. The extensive theoretical work in this field will not
be summarized here; but mention should be made of the preliminary work
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on an octopole system (General Atomic) which should provide a minimum-B
configuration. Plasma is injected into this system from a gun and the con-
finement of energetic ions analysed. Most of the experiments carried out to
date are affected by a large influx of neutral gas, but tentative measures

at low density suggest that the confinement time of the energetic ions is down
at the limiting value set by the support rods which cross the plasma. There
seems to be no evidence for any specific plasma instability in this work.
Quiescent, stable confinement of plasma at appreciable densities in a device
of this type would undoubtedly be a major milestone of the controlled fusion
programme. ' '

Many papers were presented at this Conference on a wide variety of
methods for pumping energy into a plasmia. I shall mention here only a
small fraction of the important results obtained in this work, The Kharkov
(USSR) group has reported that ion-cyclotron resonance heating increases
the positive ion temperature to about 2000 eV within 10 us, with no further
increase. Similar positive ion temperatures in short mirror sections of
the C stellarator have been reported by the Princeton scientists, who suggest
a theoretical explanation for the levelling off of the ion temperature. Direct
heating of the plasma electrons was also observed by the Princéton group;
this effect, which had not been anticipated, ‘can apparently be attributed to
the inverse of Landau damping. !

Another method of pumping energy into an ionized gas is that of turbulent
heating, which makes use of the interactions between the. plasma and a beam
of charged particles. An extensive group of papers has been presented on
this scientifically fascinating subject from the Kurchatov Institute, Massa-
chusetts Institute of Technology (USA), Oak Ridge, and Sukhumi (USSR). In
this technique, passage of an'intense electric current or an initially mono-
energetic electron beam through a gas can heat electrons rather rapidly
to relatively high energies. Positive ions are also heated, though to a lesser
extent. This heating method uses a number of plasma instabilities to rando-
mize the available energy in the electron drift current or beam. Certainly
the philosophy "If you can't lick'em, join 'em" is frequently a useful one.

The experimental results reported here indicate that in some cases the aver-
age energy of the heated plasma is very substantially less than the maximum
energy reached by a few very energetic particles. However, there is no

question but that this method provides a rapid and effective method for
heating plasma in open-ended systems. From a physics standpoint, the
detailed understanding of the complex processes occurring in turbulent
heating offers a substantial challenge.

Another related method of plasma heating, which also relies on plasma
instabilities. to randomize directed kinetic energies, is the use of strong
shocks. It has been believed for several years that behind a collisionless
shock instabilities would provide the randomization of velocities that col-
lisions provide in normal shocks. A paper from the Novosibirsk (USSR)
group discussed this effect, and shows experimentally that temperatures
of 10 kéV can be achieved, both for ions and electrons. This technique is
not an easy one to apply, in view of the very high voltage required, but it
offers certain advantages in very rapid heating of a plasma.
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The use of electron cyclotron waves for plasma heating ~ a technique
‘pioneered in large part at Qak Ridge - is a new and useful tool that is re-
ceiving greater attention. I have already discussed the important part played
by this technique in research with toroidal plasmas. At this Conference
papers from the Kurchatov Institute and from Saclay. (France) have discussed
specifically the application to plasmas of ultra-high frequencies in the neigh-
bourhood of the electron cyclotron frequency. Possibly the end losses from
open-ended systems might be suppressed by this technique.

Another separate field of research is the heating and confinement of
plasma by intense RF magnetic fields, with a frequency much smaller than
the electron cyclotron frequency. Most of this work has been done in the
USSR, with four papers on this subject. Apparently strong RF fields can
indeed be helpful in plasma stabilization. Streak photographs obtained at
the Kurchatov Institute show that the instabilities in a linear plasma can be
effectively suppressed by 15 kA of RF current in hexapole rods. Research
at Sukhumi indicates that a similar technique, using a rotating multipolar
field, is effective in toroidal systems, and seems to provide equilibrium
as well as stability.

Finally, some mention should be made of the many papers dealing with
basic problems of plasma physics not necessarily related to.any specific
controlled fusion device. In this category are included the research at
Stockholm (Sweden) on rotating plasmas, which shows such gratifying agree-
ment with theory, the elegant experimental demonstration of Landau damping
at General Atoﬁlic, and the work at Culham and at Leningrad (USSR) on
propagation of electromagnetic waves through turbulent plasmas. The re-
search on plasma production by laser evaporation of small droplets, at
Frascati and at.United Aircraft {USA), is of particular interest in that it
may mark the beginning of an active research field. 7

After this brief and rather superficial survey of the experimental work
reported in this Conference, let us stop, look back at our work, and ask
ourselves, ''Are we approaching the goal towards which many of us started
with such high hopes a number of years ago - the release of controlled fusion
power for the benefit of mankind?" I think the answer to this question is
simple and obvious - we do not know. We cannot say what lies in territory
that is unexplored and uncharted. QOur course towards controlled fusion
has encountered many obstacles in the past. Most of the serious ones have
been overcome, sometimes after years of effort by a great number of
scientists. We can be sure that there will be many other obstacles ahead

but we have good reason to hope that these will be surmounted by the co-
operative efforts of scientists in many nations. '






UCCIEIOBAHUSA B OBJIACTH YINIPABJIIAEMOI'O
SANEPHOI'O CUHTE3A, CEHTABEPD 1965 r. OB30P
PE3YJIbTATOB SKCHEPI/IMEHTOB

JTUMAH CIIUTILEP
NPUHCTOHCKUM YHUBEPCUTET
NPHHCTOH, HbIO IXEPCH,

CITA

C HeKOTOPhIM KonebGaHHEM s MPHUHAN NMpHUIJIalleHHe KPAaTKO MOABECTH HTOT
pe3yabTaraM chy;x,uerm 9KCNepHMEHTA/IbHBIX TeM 3aTPOHYTBIX Ha AaHHOH
koHfepeHnuuu. Ha stu TeMbI 651710 npeACcTaBleHO okoao 70 NOKAAA0B, H 1 yBe-
‘peH, 4To ofobmeHne BCeX ITUX AOKIAA0B MOABEPT/IO Obl HCMBITAHMIO KaK MOH
cnocobHOCTH, TaK U Balle TepneHHe. 3a MocAefHHe AHHM A 3afaBal MHOTHM
MOMM KojleraM-ydeHsM Bonpoc: "KakoBbl, no BameMy MHeHHI0, HaubGonee Bax-
HBle pPe3ynbTaThl 5KCMEepHMEHTOB, O KOTOPHX TOBOPHIOCH Ha 3TOH koHdepeH-
uuu?" 5 nomaran ypuIZeTh BO3MOXHOE €IHHOAYIIHEe BO B3rjflaX, KOTOPOE MOX~
Ho 6b110 6Bl HCMONB30BAaTh B KayeCTBE PYKOBOACTBa B MoeM 0606meHHH, oAHa~
Ko 51 06HapyXui, 4TO MOYTH BCe, KOTO A CIpamuBali, Aaay Ha MoH Bompoc pas- -
nuyHble oTBeTH. HekoTopble H3 MOMX KO/MIer Jaxe JaaH MOHATH, YTO BaKHEH-
MmUe pe3ynbTaThl OTBETOB 6N COOBMEHE UM HeOo(PHLUHANEHO, H YTO O HHX BOOG-
e He TOBOPWIM Ha KOHBepeHUHH. MBI He AOJAXHb YAMBAATHCA TOMY,YTO Mofo6-
Hble HeOopHLUHANEHbIEe AHCKYCCHH ABAAKWTCA HauboNee BaXHbHIM acCleKTOM TaKoil
MeKAyHapoAHO# KonpepeHUnu, kak 3Ta. TeM He MeHee, Moil 0630p OCHOBBIBa-
eTcs Ha OPHLUHMANBHBIX LOK/MajaX U BBHAY OTCYTCTBHMSA YETKOI'O €ZMHCTBA BO
B3TA4aX Cpelyu MOHX KOMIET, s OTMeuy Te KOHKpPEeTHEe pe3ynbTaTh, KOTODHE,
no MoeMy MHEHHI, npeACTaBAALT OCOOHIH unrepec. HazewcCs, YTO BBl MPOCTH-
Te MEeHd, eC/IH Mot BLIGOp TeM ABHTCH OTPaXeHHeM TONbKO ‘MOHX COGCTBeHHbIX
‘MHTEepeCOB M aCCOLHaLHi. .

‘Tlo MoeMy MHeHHI0, BaXHejiled BeXoil HacCTOAMETO coaemam{ﬁ faBNseTCH
npeAcCTaBleHHe CyleCTBEHHX J0KA3aTeNLCTB NO BOMPOCY THAPOMATHHUT HO
cTabMIN3allHH CUCTEeM OTKPHITHIX KOHLOB. Ycnex KoHurypaliuk MUHHMAaJILHOTO
MaTHHTHOTO nois ("MHHHMYM B") B cTabwiM3aLMH MIa3Mbl OTMeYaeT eme OJHy
obnacrs, rae Teopm{ H 9KCMepHMeHT B obsacTH $H3UKH MIa3Mbl COeAHHEHDI
C YAOBJIeTBOPUTENbHEIMH pe3ynsTaTaMi. Pa3pemure mHe chenats HeGonbmok
SKCKYpC B HCTOPHI ¥ NMpPOCJEAHTH, KaK NOCTENeHHO HaKalUIMBalach HdopManusa
10 BOMPOCY THAPOMAaTHUTHOM HeyCTOMYHBOCTH Boobme. MHOTHe H3 Bac MOMHSAT,
YTO THAPOMAaTHHUTHasA TeopHs 6bljia NpUMeHeHa K CaMOCXKaThM pas3psjaM B nep-
Bhe TOAbl OCYMeCTBAeHHA NPOrpaMMBl yTpaB/seMOro CHHTE3a. Hpencxaaaﬂuﬂ
Ha OCHOBe 3TOH TeOpUH o4eHb CKopo COBUINCH B npoliecce HAOGNDAeHHUIl; pel3yns-
TaThl 6bIH HACTONBKO ACHEIMH, UTO He NPEACTABHIO TPyJAa CPaBHHTEH pe3ynabTa-
TH TEOPEeTHYECKHX pacyeTOB C 3THMH Habnwneunamu. Ha BBHICOKOCKOPOCTHHIX
doTorpadHuax AHHEHHIIX H TOPOUAANBHEIX Pa3PALOB, NOMYYEHHEIX B TE TOAH,
6rna ACHO BUAHA KOJAOHKA PacCeHHOA [1a3Mbl, KOTOpAaf BHAayajle CKHMAeTcs

Peub Ha 3aKN0YUTENBHOR CeccCHH, nepeB. C aHI1.
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B Y3KY® HHThH HaKa/la, a 3aTeM HauMHaeT pa3pymaThCs M neperubaThcs o Tex
nop, Noka B KOHEYHOM MTOTe He yAapHT B CTeHKy. IIpM HEKOTODHX YCNOBHAX
Habnoaanock lefleHHe TIa3Mbl Ha CEpHID mapuKoB, NoAo6HO CBA3Ke COCHCOK .,
Tak Kak 9TO NoBeleHHe B TOYHOCTH COOTBETCTBOBANO NMONOKEHHAM TEODHH, He
TpeboBanock oueHs GoNbWON MyAPOCTH NMpH NPOBEAEHHH SKCNIEPUMEHTOB C TeM,
4T06Bl 3aKMIOYNTE, YTO HabNAKWAEHHS NOATBEPXAANT TEOPHD .

Bropoe noaTBepXjAeHne TEOPHH TMAPOMATHHTHON HEyCTORYUBOCTH BbI10
noJly4eHO HECKONBKAMH roJaMy no3xe, Korja 3Ta TeopHs 6blna npHMeHeHa
K HeyCTOHUMBOCTH THNa nepernfa B CHWIBHBIX MATHUTHBIX NONAX. OTOT BHIBOA
B KaKO#A-TO cTeneHu 6EjIo TPyAHee NPOBEDHTH, TaK KaK B Cly4Yae npeBH MEHHs
npeJesioB HEYCTOHYHBOCTH NMpelCKa3aHHd TEOPHU He TAaK-TO NETKO CPaBHUTH
c Habnoaenuamu. Kak B HucturyTe M. Kypuarosa (CCCP), Tak u B Npun-
CTOHCKOM yHuBepcureTe (CIIA) 65110 H3BECTHO, YTO MJ1a3Ma B TOPOMAANEBHOM
ycTpoiicTBe AOBONBHO 6ypHO pearupyeT B TOM cllyyae,'e€C/H TOK npeBHmaeT
npegen Kpyckana-Iadpanosa; B 4aCTHOCTH, CYmMeCTBEHHO yBe/IMUHBAETCH pe3H-
CTHBHOCTD IUIa3Mbl, H MOABAADTCSA 3HAUYHTENbHble GyKTyaluH B HanpsXeHHH
BOKpYT Topouza. He 6nio coBceM sCHo, noyeMy nna3ma BejeT cebs Takum
‘ofpa3oM B clyuae npeBhmeHHs npeiefa cTabwipHocTH. Hac He HOMXHO yIMB-
JATE, eC/H NTHHeapU3OBaHHAsl TeOPHA, OCHOBHBALMAaACA Ha 6€CKOHEYHO MAJIbIX -

CABMTraX, Za€T OTHOCHTEAbHO  CKyAHYI0 HHPOpMaluw o TOM, KakHM obpa3zoM
cHcreMa $pakTHuecku BedeT cebs, eCIH UMeeT MecTO pa3BuTHEe GoNbINNX CHABH-
TOB B pe3y/jbTaTe HEKOTOPOH HeyCTOUMBOCTH. TeM He MeHee, COr/lacHe Te~
OpHH M MPAKTHKH B BONPOCE OTPAHMYEHHA TOKA ANA CTabUNIBHOCTH 650 HACTOND -
KO XOPOIHM, YTO MHOTHE M3 HAC, 0 MOEMY MHEHHD, COBEpPIEHHO 0BOCHOBAHO
paclLeHHBAnT ITOT Pe3yAbTaT, KakK eme OAHO MOATBepPXRIAeHHE THAPOMAarHHTHOM
TEOPHH, NONAYyYeHHOe B pe3ynbTaTe HabnoaeHHH.

JpyraM BHAOM CHAPOMATHHUTHOH HeyCTORYHBOCTH ABAAETCA XenobkoBas
win o6MeHHas HeyCTOHYHBOCTH, KOTOpPasas HMEET TeHACHUHI MOABAATHCA Kak
TO/ILKO yA€PKUBaKoIee MaTHHTHOE 076 YMEHbMAeTCA B CTOPOHY OT MIa3MHL.
Ha 3ToT MOMEHT TEOPeTHKH yKa3hBanyd okojao 10 jer Ha3ahk; B TO BpeMs
He 65110 ICHO, MOXHO JIH N6yl U3 TpyAHoCTeM, HabnoAaeMblX B Pa3/AHYHEIX
nna3max, o6LAcHUTE 3TuM ciayyaeM. CoBepNIeHHO HE3aBHCHMO OT MHOTHX H3-
BECTHBIX 110 OMBITY TPYyAHOCTER CTa6UIBHOCTH B yCTAHOBKE C MATHHTHOH Npo6 -
Kot Gbila B TO BpeMs AOCTHTHYTa Ou4eBHAHO Garosaps APyroMy BIHSHHI, MU~
HHA COeJMHEHHS AOCTHTaeTCH TOTAA, KOTJa Xo/loAHas Mja3Ma HaAXOAHMTCH BAOMD
CWIOBBHIX JIHHHII Me KAy ropadeit niasMmoi u cteHkoi. JIBa moknalia, npeAcTas-
JIeHHBIX HA 3Toit KoHPepeHUHH, 1eMOHCTPHPYIOT TOT Xe Pe3yJbTaT NMPH HAJHUHH
Gonpmero KoHTponsa. B poknaze u3 HHcturyTa MMm.KypyaToBa, B KoTopoM
peys uIeT TNaBHHM 06pa3soM o TypOy/leHTHOM HaTpeBe B yCTaHOBKE C MArHMT-
Ho#l mpo6Ko#t, 6bII0 NOKa3aHO, YTO NPHCYTCTBHE Ta30BOTO GOHA 3IEKTPOHOB
'BBICOKO# 2Hepruu cTabuausupyeT mia3My B NpocToli MaruuTHoi npobke, yaep-
KHBaeMyo B TeyeHHe 160 Mcek B TO BpeMs Kak ymMeHbmeHHe $OHOBOI'O AaB-
NIeHHs! CHHKAeT BpeMs ylepXKuBaHUA 10 0,4 Mcek: AnanoruussM ob6pasoM B
nnasMe, ylepxuBaeMoil npobkoit (lxenepan Aromuk, CIIA), 6r0 nokasaHo,
YTO THAPOMATHHTHAA XeNo6KOBas HEYyCTONYMBOCTL AOJXHA 3HAYHTENBHO YMEHB-
WHTHCA WIH [PH HCTIONb30BaHHN NPOBOAANNMX KOHEUHBIX NMIaCTHH, WIH 3a CUeT
BMPBICKMBAHUA 3HAYHTEJILHEIX KOJIMYECTB OTHOCHTEJIBHO XOJOAHOW Na3Mhl .
Pe3y/lbTaToOM 3TOTO ABWIOCH TG, YTO B NMEPBHX YCTAHOBKAX C MArHHTHEIMY
npobkaMu HHOrAa nojasnsnach o6MeHHasds HeyCTOHUMBOCTb. B TeveHue no-
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CleIHHX NByX JleT cymecTBeHHOé yayumexue GoHoBoro HamieHus, rpebyeMoro
AN YM@HbIMEHUS NMOTEPh OT Nepe3apsAiKH, BHBEA0 06MEHHY0 HeyCTONYHBOCTE
K3 NpopHIBa. \

HenaBHue ycneXu B Ono3HAaHMM M yCTpPaHEHHK O6MEHHMX HeyCToRYMBOCTeH
H3 MIa3M C OTKPHTLIMH KOHUJAMH NOABWIHCH B Npoliecce SKCHepPUMEeHTaNbHEIX
pabot B UHCTHTYTe uM. KypuaToBa oKo/MO ueThipex feT Ha3aj, KOraa MAOTHOCTh
LWIHHADHYECKOM MIa3ambl yBeAHYMBANACh HA NOPAAKH BEAHUYHH C NPUMEHEeHHeM
MHOTONONAPHEIX NoNe, NONepeyHsiX oCH UWIMHAPA . OTH nofs 6rcTpO yBENnu-
‘'YHBAKWTCS BMECTe C paJHaNbHEIM PacCCTOSHHEM OT OCH CHMMETPHH; B Clydae
Jo0aBNIeHHS HX K MO0 O6bIYHOR MAr'HHTHO NPobKu OHH CO3AanT a6COMOTHEI]
MHHMMYM MaTHHTHOTO Nnoas B caMoil n1a3aMe., B cooTBeTcTBHH C Teopueil Ta-
Kast KOHPUTypalius AoAXHa OBITh COBePIEHHO YCTOMUHBOR KO BCEM rHApOMar-
HUTHBIM NIOMEXaM M TaKXe K LeJoMy pady ApyTHX TeopeTHIeCKHX HeycToRYN-

BOCTeH,

C MoMéHTa coobmenus B 3anbubypre o6 sToM Heo6brqauH0M peaynb'rare
Hesbl# pAA TPYNn npobea HCCleAOBaHMA B 9TOH o61acTH, M Ha JaHHON KoHde-
PeHLHH npeACTaBaeHo 6 10kNafoB, B 6oabmeit YacTH, 06Cy XxAaDMUX 3aTPOHY -
Ty TeMy, a TaKxe psj APYTHX TeM, Aal0MHX JONOMHHTENbHYW WHPopMaLHD
- no 3ToMy Bonpocy. Bo Bcex mecTH AoKNajax peub HAET 06 yAepXKHUBaHHU B
MAaTHHTHOM Npo6Ke OTHOCHTENBHO TOpsAYueil MIa3Mbl C pafHyCcoM 3HAYHTENBHO
601 MMM pajuyca BpamenHs. Bo BceX CiyyafiX 3HAUHTENBHO yBEIHUHBAITCS
aubo NAOTHOCTH 3aXBaueHHHIX YaCTHL, nubo uX cpeiHee BpeMs yAepXHBaHus,
©C/IH BKIIYEHb! MHOTONOAAPHHE NONIf; CpeJHee yBenudeHHe NOCTHTaeT KO-
sdduuneHTa oKono nATH. .

OTH 3KCNepUMEHTA/BHbE YCTPOACTBA 3HAYUTENBHO OTAHYADTCSH OJHO OT
Ipyroro, H mia3Ma MojlyuaeTcs Ha HMX pa3AM4YHHMH cnocobaMu. Y.cTaHOBKa-
B HHcturyre HM. KypyaToBa HarpeBaeTCsl ¢ NOMOMbI0 PaAHO4YaCTOTHOTO Mar-
HUTpOHa, ycTaHoekH B KanaMe (CK) u ®oHTeH? (DpaHUMA) HCNIONB3YOT NIa3My
HHXeKTHpyeMy¥ K3 NyImKH, a TpU ycTaHoBKH — "Anuca" B Jiusepmope (CIIA),
"Orpa" B UucTuryTe uM. Kypuarosa u "denuxc" B Kaname (CK) paborawr Ha
NpHHLHUNE HHXEKTHPOBAHHUS dHepreTHYeCKHX HefiTpanbHbIX aToMoB. Kauectmen-
HOe COorjlacHe MexXJy 3THMH MECThI0, 3HAYHTENbHO OTAHYAK MUMHCS APYT-OT APy~
ra, yCTpolicTBaMu faeT GoNbMyl0 yBEeDPEHHOCTH B TOM, YTO OOMMUI BHIBOA B~
eTCs PaBWABHEIM .

Bonee AeranbHble UCCAeAOBAHUS HMEKNT TEHAEHUHMDO K MOATBEPXKIAECHHD 06-
mei KapTUHbl, HECMOTPA Ha HaJIHYHe HEKOTOPMX pacXoxXheHuii. B yacTHOCTH,
Ha ycTaHoBKax "Anuca" u "®eHukc" HeTanabHble 30HIOBble 3aMephl B MAaTHHT-
Holl npobke npocToit KOHPUTYPALIHK MOKA3BIBAT HU3KOHACTOTHYK XapaKTepH-
CTHKY BUGDHPOBaHHA Bpamal MUXCS XKeloOKOB, 4To NpHNUcEBaeTCs obMeHuoH
HeycToftyuBocTH. Korga none-MHHUMyM cO3AaeTcd BHYTDH mia3MEH, TO 3TH
BUEpALHH HCUE3ANT NOYTH NMOAHOCThI0. C APYTof CTOPOHH, HA YCTaHOBKe -
"Orpa" aTi BHOGpAlMK HE MCUE3ANT, KOTAA TeKcanoaloCHbie KaTymKH Bo3byx-
IeHbl, XOTA OHH CTAHOBSTCH 6O/ee HEPABHOMEDPHLIMH. Hpuquum Jle XamHe B
OCHOBE TaKOTO MOBEAEHHSI, HE Y CTaHOBMEHbI . :

HenpeaBumeHHBM npexmymecrnom noned MUHUMyMa-B aBasgeTcs To, 4TO,
KaK KaXeTcsd, OHM Pe3KO yMEHbWAT NIa3MeHHY0 aKTHBHOCTh, CBA32HHYM
C M3JyuyeHHeM pajHaLUM MOUTH Ha YaCTOTE HOHHOTO HHKJOTpoHa. OTOT pe-
3y/NbTAT, NOKa3aHHbIH ycTaHOBKOR "Orpa", a Takxe .ycTaHoBKaMH "Anuca" u
"denuxc" He GpLI mpefickalaH, Kak f mojarap, TreopeTHKaMi. Hensas non-
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HOCTBI UCKJIKYUTH BO3ZMOKHOCTE TOTO, YTO GONBMUHCTBO NIa3MeHHLIX NOTEPE
OT NPOCTON MaTHUTHO! NpoGKu ofpa3yeTcs CKOpee B peaynbraTe 3TOH aKTHB-
HOCTH, a He B pedylbTaTe o6MeHHOR HEYCTOHUMBOCTH U YTO, 9Ta HEOXHAAHHAS
crabunu3auus 3TON BBHICOKOMN YaCTOTHOH aKTHBHOCTH 0fBACHAET yaydmeHue
yAepKHMBaHHs NPH NPHMEHEHHH CUCTEM MHHMMyMa-B. § ynomuHan 3Ty Bo3-
MOXHOCTb NPOCTO ANA TOTO, YTOOH CHenaTs HayuHoe npefocTepexenne. Ko-
HeYHO, TJIaBHbIM Pe3yJALTaTOM SBjseTCsa TO,YTO B KOHPUrypaluunu MUHHMyMa-B
HH3KOYaCTOTHbIE HEYCTOMYHBOCTH MMENT TEHASHUHIO K UCUE3IHOBEHHD H AaxXe
BLICOKOYAaCTOTHBE HEYCTONUUBOCTH YMEHbMEHH, a yAepKHUBAHHE N/Ia3Mbl, Ka~
xeTcs, CymMeCTBEHHO YAy4YmeHHM, B npouecce akTHBHOA pa3paboTkH HayyHoN
TeMHl YaCTO ClydaeTcCs, 4TO NolyuyeHHe OKOHYaTeNbHBIX BEHBOAOB TpebyeT Gonee
IJIUTe/IbHOH npeABapUTensHoi paboTsr!

Ecns ruipoMaTHHTHAA HEYCTOWYHBOCTE, KOTOpPas, Kak MEH MOXeM npej-
nonaraTth, HMej1a MeCTo.B 3THX npubopax, yCTpaHeHa, yAepXHUBaHHe NIa3Mbl
ofs3sarensho 6yRer onpezenaTscs ApyruMu -duandeckumu pakropamu. Mopara-
0T, YTO B TPeX H3 MECTH yNMOMAHYTHX yCTPOACTB Nepe3apsiKa WIH Jaxe Kaac-
cuyeckas anddy3us B KoHyce noreps CTaHeT OrpaHHueHHoit. B ApyTHX Tpex
HMEIOT MeCTO OYeBHAHEHE MPH3HAKH, YTO OAHH M3 BHAOB MHKDOHEYCTORYMBOCTH,
CBA3aHHOM ¢ pacmpefie/leHHeM HeMaKCBe/l10BCKO# CKOPOCTH, SIBASETCS MPHUHHON
njia3MeHHb X noTeps. HHoraa HabsoJamwTCd BCNHIKH pagHalUHH HA HOHHO=LHKA0-
TPOHHO} YacToTe M Npu 3ToM HabllnaeTcs yTeyka HEeKOTOPhIX KOAUYECTB nias-
M. B HEeKOTOpPOM poje CXOZHasf HEYCTOHYMBOCTD B MNa3Me TOPAYHX 371eKTpo-
HOB B yCTaHOBKe C MarHHTHO#H npobko#t 6bina usyuena B Jinsepmope. Teopern-
YecKoe M3yuyeHHEe IBYXNOTOUHON HeyCTOMYMBOCTH, CBS3aHHON C HaJMuHeM KOHy -
ca noTephb MpeAcKa3kBaeT, YTO HECKONBEKO BaPHMaHTOB 3TOH HEYCTOAYHBOCTH
KOHyCa noTeph AOJXHH GHTH OYeHb Cephe3HHMH npoblieMaMK B yCTaHOBKaX
¢ MaTHHTHO# npo6koit, KoTopsle, B YaCTHOCTH, YYBCTEUTENEHH K J06oMy dak-
TOpY, yBe/IM4MBAIEMY NOTEPH C KOHUOB. TeM He MeHee TeOpeTHYEeCKHE BHI-
K1aZKkH 6e3 COMHEHUS ABAANTCA NUMb NPUONU3UTENBHEIMH, U TaKHEe HeyCTOHYH-
BOCTH elle He MOT/M HabnozaTncs. MoxeT GHTH B TeueHHe HECKONBKHX MO~
C/e YW IHUX JIeT 3TH HeTHAPOMAarHUTHbIE HCTOMHUKH MIa3MEHHBIX NOTePh MOTYT
6EITE TaKXe TMOHATHL H B3ATH MOA KOHTPONb. EcNu MH cMoXeM HCCleloBaTh M
KOHTPONMPOBATDb IIaBHBIH MCTOYHHMK HEeyCTOHUHBOCTH B KaXAbIf M3 TPeX-YeThi-
peX-JeTHHX NepPeprBOB MeXAY MEXRYHapOXHHIMHU KOHQ)epeHLIHﬂMH O CHHTE3Y,
TO MBI OyfleM Ha NpPaBHJIBHOM TYTH.

Ha Tpex ycraHoBkax ofHa — B PoHTeH3 u nBe — B Ok -Puaxe (CUIA) -
IJ1sl HanoJIHEeHUS! MarHUTHoR Npo6KK MIa3Moi ~ NpUMeHseTCs WHXEKTHPOBaHUe
MOJIeKyNAPHBIX HOHOB, JleneHue MONEKYASPHHIX HOHOB HMeeT TeHIEHUHD K
HOPMUPOBAHUIO M1a3Mbl, PaAHYC KOTOPOH CPaBHUM C pazHycoM BpaueHUs! SHep-
- TeTHYEeCKHUX MOHOB. Teopus TMIPOMATHUTHON YCTOMYMBOCTH €LBa /U NPHMEHH"
Ma Ans Tako# KOHGUTYpaUWH, ¥ 9TH YCTAHOBKH He AT PAaKTHYECKH HOKasa-
T@/NLCTB HU3KOYACTOTHOHR $yKkTyanuoHHON XapakTepHCTHKH O6MEHHOH HeycToR-
yuBocTH. Tak Kak pacnpezieseHHe CKOPOCTH fiBlsieTCs SPKO BHPAaXEHHEIM He-
MaKCBeJ/UIOBCKHM, NPeAnojaramwT, YTO MHKpOHeycromuBocm AONXHBI 0CO60
o603HavYaThCA B 3THX yCTpoiicTBax. . '

YcraHoBka nocTosHHoro Toka (JCX - 1) B Ok-Puaxe geficTByeT coriacHo
STHM TEOPETHYECKHM MPeAMONOKEHHAM M, KAKETCH, YTO B 3TOH KOHKPETHOM
Na3Me HMEETCH MHOr'O- MMKDOHeYyCTOHYMBOCTEH., $SCHO, YTO MPOTOHOBEE OpGH=
ThlI U3MEHEHBl, U HHT@HCHBHOCTDb MOTEPhb yBeNUYuBaeTcs Ha Koddduunent 10
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CBepX npeiCKaSaHHOH BeNHUYKHH OT nepesapsiikn. Joknai o6 ycraHoBke no-
CTOSHHOT'O TOKa, NpeACTaB/eHHEH 34€Ch, NOCBSMEH BONPOCY O TOM, KaKas H3
pa3JIMYHBIX MUKPOHEYCTONUMBOCTEH MOXeT 6BITh BaXHON; 1 yBepeH, 4To Jalb-
Hefimas paboTra NOMOXET BBHIICHHTH 3TOT HHTEPECHHH HaydHLIA BOMpOC.

Hanporus, pa6oTi B POHTEHS C HHXEKTHPOBaHHEM MOJEKYIAPHBIX HOHOB
JAalT COBEPMEHHO APYyTHe pe3ynbTaThl. B JaHHOM: cllyyae HeT OueBHIHBIX
HeyCToiuMBOCTe#, B Ka4eCTBe NPHYMHEL NOTEPh YaCTHI yKa3sBaeTCH nepe-
3apfiAka, M paAualus no coceACTBY C HOHHO-LHKIOTPOHHOH YacToTOH O6BACHS-
ercs 6ofpme 3a CYET HHXEKTHPYEMOTO Myyxa, 4eM 3a cyeT miuasMe . Jpyrumu
C/10BaMH, HACKOMBKO MOXHO CKa3aTh, 3Ta N/1a3Ma KaxXeTcHd HaXoAAmeics B
nofHoM nokoe. OfBACHEHHe ITOMYy OYeHb CYMECTBEHHOMY Pa3/NUYHK Me KAy
IABYMS yCTPORCTBaMH ABAdeTcs npo6ieMoil 6ydymero. ChreayeT ynoMsHyTb
o AByX BO3MOXHOCTAX. IlepBas, Ha ycTaHOoBKe POHTEH3 HHXeKTHpyeMmas mnaas3-
Ma pacnpocTpaHseTcs B bonbmeit cTeneHu kak B $a30BoM, Tak U B pHauyec-
KOM NMpocTpaHCcTBe Mia3Mbl. Bropas, goHoBoe gapnerue Takxe Gonbme Ha
3TO# yCTaHOBKe H, BO3MOXHO, HaM yJacTCs NMOMY4NTh 31eCh elle OAHO AOKa~
3aTeABCTBO ABAEHHA, 0 KOTOPOM $ yIIOMHHal HEMHOTO paHbme, ~ T.e. crabu-
Au3alps HeYCTOAUHBOCTM IIPH XOMOAHOM MIa3Me — ¢ ToH pa3Huueil, YTO B 3TOM
Cly4yae MHKDOHEYCTOHUHMBOCTH 3aHMMawT Golbmee MeCTo, 4eM THAPOMATHHT-
HEe HeyCTOMYMBOCTH. OUeBHAHO UMeeTCs HeOBXoAMMOCTh npojenars 6onb-

my o pa6ory Cc TeM, YToOLl NPOBEPHTH 3TH ¥ APYTHe BO3MOXHOCTH.

Ha ycraHoBke MOCTOSAHHOT'O TOKA (ICX-2) B Ox-Puaxe nonoxeHue eme He
H3YYeHO NOMHOCTEI0 . 31e€Ch, HECOMHEHHO, HMEEeT MeCTO NIa3MeHHasl aKTUBHOCTD,
KOTOpas yBeIHUKBALT CPEAHIOI SHEPIH BO MHOT'O Pa3 NO CPABHEHHID C NHKEXTH
poBaHHO# 9Hepruei, Ho ee Bo3jeiCTBHe Ha WHTEHCHBHOCTb HOHHHIX MOTEPh He
ACHO. JIns AOCTHXEeHUS MOHHMAaHHA CJIOKHBIX MPOLECCOB, NPOHCXOARMHX B aTOM '
ycTpoiicTBe, Heo6XoAuMEl Gollee TOYHbIE H3MEDEHHUS .

CnefiyeT ynoMsHyTh o 6onsmoii Mamune "Actpon" (B JluBepMope), KoTopas
HCMONB3YeT CHOH pelSITHBUCTCKHX 3JIEKTPOHOB, 3aXBa4YeHHHX B MATHUTHY®
npo6Ky ANS yRepXHBaHHA mIa3Mbl. YCTaHOBKA npHBeZeHa B LeHCTBHe B NpOm-
JIOM Tohy, ¥ Uenblii psia 3axXxBayeHHEIX PEASTHBUCTCKHUX 3J€KTPOHOB B cloe 6bin
JoBeJeH NMo4YTH A0 ORHOT'O MPOLEHTA WX MPOEKTHOH BeNH4YHHbl . CnelyeT oTMe-
THTb, YTO Ha 3TOH CTaAUM. SKCITyaTallus KaXeTCs NpoTeKanme# Xopomo, 6e3 npu3=
HAaKOB KaKoH-1H60 3HAUHTENBHOM HeyCTONYMBOCTH. Bceraa sBasercs 6maro-
NPUATHBIM NPH3HAKOM TOT Clydail, KOrZa NnoAyvaeTcs naas3ma 6e3 oueBHAHbIX
HeycToluuBOCTE# — U TakUM 06pa3oM cCBeReHHUs ¢ ycTaHOBKHM "AcTpon" Ka-
KyTcCsi BechbMa oOHalle KHBAOMUMH .

"B nononHeHHe K pabore ¢ STHMH OCHOBHHMHU TPOGKOBEIMH MalIMHAMHU C
MarHUTHHIMHU nmpobkaMu Ha 3To# KoHdepeRLUH 6510 COO6mMEHO O HOALMOM yCne-
Xe Mo pAly yCTPOHCTB ¢ OTKPHITHIMH KOHUaMH. HecKONbKO LOKNaZoB GHIIK
NMOCBSMEHH! UHXeKTHPOBAaHUI B KOHyc; B Kaname u Ocaxa (SInouus) 6san uc-
Noib30BaHL Na3MeHHbe Ny WKH, B TO BpeMs Kak B JIxyrdaace (Huaepnanzm) —
HHXEeKTHPOBaJlUCh SHepreTHuYeCKHe HOHb . KOHycCHas xoHHrypauus ABnseTCA
YCTPOHCTBOM MUHHMYM=~B U NonXHa yZepXuBaTh nrasmy ¢ To# xe ruapoMar-
HUTHON CTa6HABHOCTBID, YTO ¥ MaTHUTHas npobka c kBagpynonsmu. Bonee ~

"roro ecnyu Ha 6oMbLMOM KOHyCe MOXHO paboTaTh npH B=1,T.e. ecnu MarHHT-
Hoe ToJe MOXeT OHTH NONHOCTHI MCKAWYEHO N3 MIa3Mbi, KOHeYHbIe NOTEpH,
BEIYHC/IEHHbIE MO YNPOMEHHOR TEOPHH, AOMXKHb GLHTH 3HAUMTENBHO MEHblE,
4YeM Ha 601pmWOH YCTaHOBKe C MarHUTHOM npé6l<oﬁ. ‘B cBA3H C TeM, YTO KO-
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He4HEie NOTEPH Ha YCTAHOBKE C. MAUHUTHOH npobKoil Aaxe ¢ knaccudecxoit
Anddysnes cIMIIKOM BeJIMKM, CHCTEMA OTKDPHITHIX KOHLOB €O 3HAYHTEIbHO CO-
KpameHHLIMH NOTepsAMH, KOHeuHo, 6yaeT npeacTarnsTh Sonbmo#t unrepec. Ko-
HycHas KOHQHUTrypallusd HeCOMHEHHO ABRAEeTCA Gofiee CIOKHHM 3KCMeDHMEeH=
TaNbHEIM HHCTPYMEHTOM, Y@M YCTAaHOBKa C MarHUTHOM npobkoii, HO CoBepWEHHO
OueBHAHA Lenecoo6PasHOCTh yCTAHOBIEHHS TOTO, MOKHO IM ZOCTHYL Ha 3ToM
HleanbHOR TeopeTHYECKOH MOJesin TOH HU3KOH MHTEHCHBHOCTH NOTEPh, KOTO™
pas Gbina npeackasana. DBpelleHHe mua3Msl B KOHYC caMo no cebe spasercs
cepbe3Ho# npobnaeMoii, H, KaXeTC, YTO 3TH IKCNEPUMEHTE FOBOPAT O peasb-
HOM BO3MOXHOCTH 3aNONHEHNA KOHYCa 3HepreTH4YecKoil nia3Moit. Hccneno-
BaHMsA NMPOLECCOB NOTEepPh TONBKO YTO HAaYHHANTCH. -

B nepBrIX AoKJajgax 10 BONpocaMm ynpannaemoro cuHTE3a BecbMa 6onb-
moe 3HaYeHHe NMPUAABAJOCH JIMHeHO CXKaThlM pa3psidaM, HHTepec K 9Toil mpob-~
jsieMe He ocnab, o yem roBopAaT 14 JoknalioB Mo 3TOMY BONPOCY Ha AaHHOW KOH-
depenunn. B To BpeMsi, Kak BO3ZMOXHOCTD HCMO/IH30BaHHS JHHEAHOro nias-
MEHHOTO WHypa A NMPOU3BOACTBA MOJMIE3HON TepPMOAIEPHOR CHIE ABJAETCH
MaJio BepOATHOM, HCCeloBaHNe C THMH TpH6opaMu 6e3 COMHEHHS ABASeTCH
BaxHofl da3oi uccienosanuit B obnracTu GUINKKU NAa3Mbl U MOXET MOMOYB MpPO-

_NUTb CBET Ha NoBeleHHe Mila3Mbl Boobme.

OBoAKLUA B HCCAEAOBAHHAX C TeTa~NMHHYeM (rIa3Ma, cxXaTas C NOMOMbD
6BICTPO BO3pPACTANIETO COMEHOUAHOTO MAarHUTHOTO MOJS) ABAAETCS BaXHHM
[IPH3HAKOM TOTO, HACKOABKO BEJIMKA Ta YaCTh NPOTPaMMbl YNpaBasieMoro CHH-
Te3a, KOTopas HaXoJUTCs B mpolecce pa3BuTHA. Ilpu npoBeleHHH nepBoHa-
yanbHEX paboT B 3TOM 061aCTH OCHOBHOE BHUMaHHe, eCTeCTBEHHO, yAeNsn0Ch
JOoCTUTaeMBIM TeMnepaTypaM U NpPou3BOACTBY HediTpoHOB. Teneps TeTa-nuHY
HCNONB3yeTCa Kak oveHb yAOOHBIH MHCTPYMEHT Ans Ueloro psAa MccneloBaHuil,
BK/A0YAT TakHe TeMbl, KaK HeYCTOMuHBOCTL Pasneii-Teinopa (IOnux, PT)

K ocTpora QpOHTOB ylapHoit BonHb {®packartu, Hranus). UYTo kacaercs
NeHTpafbHOA Npobnemsl yAepXHBAHHA MAa3Mbl, TO OLHHM #3 HaHGONMee BaKHBIX
maroB GO yliyuymeHHe MaTHUTHOIO NOASA € Ueiblo YCTpaHEeHUS] HEOLHOPOL ™~
HoCTell H nonepe4HbIX noaeil, KoTophle ABAANTCS NPUYHHOA Mel/IeHHOrO nepeMe-
menus maa3mel. TeopHs TeTa-nMHYa NPeAnonaraeT, YTO JHHHM MAaTHUTHOTO
no/s napajnenbHe ocH Z BCe BpeMs, 33 HCKIOYEHHEM, KOHEUHO, KOHIoB . CTpe~
MACH K JOCTHXEHHI0 3TO#l MEUTHl TeOPeTHKOB, NPUXOAUID K BHBOAY O TOM, UTO
NpaKTHYeCKH NOAYYEeHb 3HAUMTENbHO NyullMe pe3y/bTaThi. B paHHHX Mcchaefo-
BaHHUAX NPOROAHHKH, MPOBOJASIHE TOK B 0IHO3aXOlHYK KaTymKy BO36y XKAEHHS:
nst noflydeHua OHCTpO HapacCTalomero MAarHUTHOTo nois, JAalH TOMYOK He~"
OAHOPOAHOCTH MaTHUTHOTO MOJsA, KOTOpas co3jaeT GrCTpoe mepeMemeHne njaas-
M5l K CTeHKe; MoNaraloT, YTO ApyrHe HeOJHOPOJHOCTH SABAKITCS NMPHYHHOM Bpa-
WEeHHS MIa3MsI, KOTOpOe, COTAACHO TEeOPHH, ABAAETCA NpPHYHHOHA HEeyCTOHYH-
BOCTH, Pe3KO OIPaHNYMBADT yAePXHBaAHHE MIa3MEI.

MoOXHO ynoMsHyTE O ABYX KOHKDPETHHIX pe3yjbTaTax 1o Bonpocy yxxepxm-
BaHHA NNa3Mbl B Tera-nuHye. B Jloc- Anamoce (CIIA), rae HCONBIYOTCA
fonee ANHHHKE CHCTEMH H Goliee TIMATENLHO MPOEKTHPYETCH MATHHTHOE Mofie,
KaXeTCs, AOCTHTHYTO yCTpaHeHHe NpHU3HAKOB KenobKoBoll HeycTolunBocTH. B
Naval Research Laboratory B Bamuurtosde {ClIA), ucnonbays TmaTeapHoe
NpOeKTHpyeMoOe MAarHUTHOe Mnojie, AJINHHbIEe CHCTEMBI H nonepequ'cmemeHHoe
none Ans obecrieyeHUss 3aMKHYTHIX.CWIOBBIX_JIMHUHA M COKpameHHs KOHEeYHBIX

noTepb, 61110 AOCTUTHYTO BpeMs ylepXHuBaHus Ao 10 MKcek Anif nna3M,KoTophie

2¢
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HMET TeMNepaTypy OKOJIO OAHOTO KWIOBOJABTA Kak M 3JIEKTPOHOB, Tak M AAf

' HOHOB. Ecnu BpeMs ylepXHBaHUs rIasMbl MoXeT 6bITh BHOBb YBeJHYEHO, TO
no-BHAMMOMY MOXHO 6yAeT HallesAITLCS HAa BO3MOXHOCTh UCCNEeROBaHUA APYTHUX
THUMNOB HEYCTOHYMBOCTH WIM, NPH HAJHYMH HACTOSWErO ONTHMH3Ma, NoKa3aTh
OTCYTCTBHE APYTHX HeyCTOHUHBOCTE. .

Tenepr MBI MepexoAUM K PACCMOTPEHHI YCTaHOBOK TOPOHAANEHBIX MAa3M.
OTH ycTpoiicTBa 6onee CAOXKHE AN sxcn_epumeHToa,'qu KOHPHUTYypaLUH OT-
KDBITHIX KOHLOB H MO 3TOH MpUYMHEe He GBLIM uCCNeA0BaHB CTOAB HHTEHCHBHO.
TeM He MeHee, B CBA3H C TeM, YTO NOTEPH NpH Nepe3apsiike H THAPOMaTHHUT-
HBle XeJoOKOBhE NOTepy yMeHblleHb B MaTHUTHBIX nNpofkaX, KOHEUYHEH e NoTepu
CTaHOBATCS OTPaHUYEHHEIMH U B CBA3H C NPUCYIIHM TOPOHUZANBHEIM CHCTEMaM
NpeUMyIlleCTBOM B 3TOM OTHOLIEHHH yBeNHYHBAETCS HHTEPEC K 3THM yCTPOACTBaM,

I'naBHoit npobaemoil TOPOHAANBHEX YCTPOACTE ABASETCA aHOMAAbHas Mo~
Teps YacTHL B MaTHHTHOM lo/le, KOTopas MHOTAA Ha3klBaeTCs "BHIKaukoi'".
Joka3aTenbCTBO, NpeACTaBleHHOEe Ha AaHHOH! KOHdepeHLHH o BONpoCy STHX

' MOTephb, He CO3JaeT MOMHOCTELIO NMociAefoBaTefbHOR KapTHHEI. C ofiHOH cTOpO~
‘ub1, 6ONMBWUHCTBO Tpynn, paboTapmuUxX ¢ TOpouAalbHEIMH Na3MaMH, yCTaHOBH-
710, YTO aHOMajbHas MoTeps YaCTHUL SBASETCHA A0 HEKOTOpOH cTeneHH obueit
XapaKTepUCTHKOR 3THX M1a3M. 3aMepst N1a3MeHHON MIOTHOCTH KaK $yHkuun
BpeMEeHH He BCerjia ABNSAKNTCH OYEHb HAJle XHBIM NPHU3HAKOM NIa3MEeHHOM NOTEepH.
Ecnu 4acTHU BHIETAT M3 MIa3MH M NepeMemManTCs K CTeHKe B MHITHCEeKYHI-
HbIX MacmTabaxX, YTo ABASETCS OGHIYHHIM B G60/NBUIMHCTEE TOPOMAANBHEIX YCT-
pOMCTB, TO HMEETCS AOCTAaTOYHO BPEMEHH i TOro, YTOOHl 4aCTHLE! BEepHY-
MUCH B 30HY pa3psafa ¥ CTaaH BHOBb HOHH3UpOBAHHHMH. C TeM, YTOGH OLEHHTh
npucyiee UM BpeMs yIepXHBAHHA, HY KHO KOPPEKTHPOBaThb NMOBTODPHEIA LMK
C NOMOWEI0 YaCTHI, KOTOphe MOKHAAT 30HYy pa3psilia, CTAaHOBATCS HeHTpanu-
30BaHHBIMH Ha CTEHKe W 3aTeM BO3BpaWAbTCA B 30HY pa3psaia.

PasnuuHbie Tpynne HCHOAb30BakH Pa3jHYHEIe METONB KOPPEKTHPOBaHHS
NOBTOPHOTO UMKAa. YcrahoBka "Tokamax" (B MHcTuTyTe MM. Kypuarosa)
KOppPEeKTHpOBajsa 3TOT NMOBTOPHBIA LUK/ NMOCpPe ACTBOM 3aMePOB HEeHATDanbHOTO
ras3a KaK ¢ NOMOIIbK KOHTPONEHO-H3MEPHTENBHOTO Npubopa Ha BEHICTPHIX HOHAX,
a TaK H NyTeM 3aMepoB HeATPanbHOTO MOTOKA, NOAy4yaeMOro B TOM Clyyae,
KOTZa 3TOT XONOAHbIH a3 NocTynaeT B TOPAYY MIasMy H HMeeT MecTo ofMmeH
3apAAoM ¢ TOopAuYMMH HoHaMH., Ha cTennapatope "C" (B IlpuHCTOHE) 3TOT NO-~
BTOPHBLH LKA GBI 3aMepeH NpH BLHICOKHX TeMMEepaTypax B TeHH C CNeKTpo-
CKONHYEeCKUMHU HAOMI0Ae HUAMH CBETOBOH HHTEHCHBHOCTH K3 XONONHOTO ra3a,
Texymero o6paTHO B 30HY pa3psza; 3aMephl OwUIM cAenaHbl TaKkXe NpH TeMne=
paType okosno 1 3B, npH KOTOPO# He MOXeT GrTEH CO3JaHa HOBas HOHH3ALMSA.
OTH KCCIeloBaHUS TOBOPAT O TOM, YTO CKopocTh AHPdy3uun cornacyercs B
ofeM nopsaKe BeIHUYHHE C npocToit dopMynoi anddysuu, JaHHOR MHOTO NeT
ha3ajn Bopom. Ha camoii Gonbmoii ycraHoske "Toxamak" coofmeHHie cBege-
HUsI O MOTepsiX MeHbMe 3TOil TeOpeTHYeCKOoil BeNHYHHb NMPHUMEPHO Ha OAHH NO-
PALOK BENHYHHBI; B MOZeNH cTennapaTtopa "C" CKOPOCTh NMOTEpPhL NMPUMEPHO paB-
Ha Be/MYHHe, JaHHOK BopoM, B TO BpeMs KaKk Ha MEHBMHUX CTeNNapaTopaX CKo-
pPOCTE NoTeph nNpeBkimana GopMyny Bopa noutu B TpH pa3a. MHe xorenock
65l TOAYEPKHYTH He pa3NWuus MeXAy STHMH CpynnaMH, KacalomMHeCH OTHOIEHHS
TOYHOT'0 K03d dHLMeHTa noTephb NPH NOBTOPHOM LuKAe K dopMyne Bopa, a obmee
cornacue B TOM, YTO NMOTEPU aHOMaJNbHBEIX YaCTHL HMEKT MECTO H UTO OHH,
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rpy6o ToBOpsS, HAXOAATCS B Npeiesiax NOpSAKa BeJUUHHEL, TpeiCKa3biBaeMoil
dopmynoit Bopa.

Bonee Toro;sTa norepsa YaCTHL, KAXKeTCH, He 3aBUCHT OT THNA HarpeBan-
mero MexaHusMa. PaGora na ycraHobBke "JleBurpon” B luBepMope noka3a-
Jla COBepmMeHHO ONpee/IeHHO, YTO NIPH OMUYECKOM HarpeBe H 3JeKTPOHHO-I[HK~
JIOTPOHHOM HarpeBe HabnmwjaloTcd Te XKe BuIb fuykryauud. CrnelosaTenbHo,
OMHMYECKHHA HATpeB He MOXeT OBITH TNIaBHON NpHyMHOM STHX PAYKTYauui. He-
YCTOHYHBOCTH SABAAIOTCS, NOBUAMMOMY, BHYTPEHHUM CBOMCTBOM Harperoit mias-
MBI B TOPOHZA/NBHOM KaMepe . '

Mono6usim obpasom, B ITpuscTOHE GBUIM HCNONL30BAaHE BECEMA pa3/iMuHble
MeTOJbl Harpesa. B cresiaparope "C" mjla3Ma HarpeBajach NpH NOMOMH HOH-
HO-IMKJIOTPOHHOTO HarpeBa, OMHYECKOTO HAaTpPeBa, 3/eKTPOHHO-LHKIOTPOHHOTO
HarpeBa. Kpome Toro, GHIH cAellaHbl 3aMepH Torja, Korja BooGme He 6o
HarpeBa; T.e. B NepHOA NOCJeCBEYeHUS 3JI€KTPOHHO-LHKIOTPOHHHIX HIH OMH~
4YeCKHX HarpeBaloMUX pa3pANOB NP OYEHb HHIKUX IVIOTHOCTSAX, KOTAa TeMme-
paTypa TIa3MBl OCTAaeTCs Ha YPOBHE OKOJO 1 9B B TeueHHe MHOTUX MWIIHCe~
KyHi. HesaBucumo or 3¢ dexToB, KOTOpbie MOXKHO OTHECTH K pa3jIMuUAM B
TeMnepaType, oYeHb TPyIHO YCMOTpPETh KaKHe-au6o pas3nuyus B yIepKHBAHHH
nna3Msl MeXIy STHMH 4eThipbMsA BHAaMHU m1asMel. Ilo cymecTBy OHU AT OAMH
# TOT Xe pe3yAbTaT B mpezesaX HeCKONbKHX NOPSAAKOB BEJHYUHL B NJIOTHOCTH,
NOYTH B npefenax ABYX MOPAAKOB BEJMUMHEI DK TEMOEPAaType W OKONO OJHOFoO
nopsAjiKka BeJTUYHHb B MarHuTHOM none. Takum o6pa3oM, npexieBpeMeHHbe
Hajle X1l Ha TO, YTO TOPOHAANBHAA MIa3sMa CTaHeT HEMOIABHXHON IPH OTCYTCT-
BHH 3/IeKTPUYECKOT'O TOKA BIAONB MaTHUTHOTO NOAA M Ha TO, YTO BEHIKauka Hcye3~
HeT BMECTe C OMHYECKHM HaTpPeBOM, KaXyTCS HEUMEI UMK OCHOBAaHHA .

Jpyrue u 6onee obHajnexuBaomye pe3yabraThl .6s1M noayders B Munich-
Garching _(35nanﬂaﬂ T'epmaHus), rie 3aMepeHHas MJIOTHOCTH MAa3Mbl TOPO=~
MAAZBHOTO 1le3Hs BMECTe C H3BECTHOM CKOPOCTBI NOJAaYH HOHOB Le3us,KaXeTcs,
tTpefyeT paBHOBECHS CKOPOCTH TOTEPb, KOTOpas MOYTH PaBHA BENHYMHE yIap-

' Ho#t sud dy3un u: MeHbme OAHOM JeCATON aHOMANBHOM BEMYHHHL, NIpeICKa3aHHOMH
dopMmynoit Bopa. HecomHeHHo, 60AbmMOA HHTEPEC NPEACTABHUT AETaNbHOE HC-
cneloBaHUE YCJIOBHIi, NpH KOTOPBIX TOPOHAANBHasA nja3Ma ylepxuBaercs Ges
noTeps aHOMAaNbHBIX YaCTHY. -

TeopeTudeckoe 06bACHEHHe BHIKAYKH NOKa elme sBASETCS 3arajkoft, Boa-
MOXHO, YTO 3[eCh 3aMemaHsl THAPOMArHHTHbIe HEYCTOMYMBOCTH; TaK KaK nore-
PH OYEBHIHO He NOAAAITCH 60/NbMOMY BAHSHHD CO CTOPOHBI mMHpa, CrelyeT
NpeAnoNOXNTE HEYCTOUHBOCTL PEIHCTHBHOTO BuAa. TeM He MeHee, HX NpHuH-
HOW Ha PaBHHX OCHOBAHHSX MOXET CJyXHTh COBeplieHHO APyroi npouecc. Ecan
TeopeTHKH 6ylyT obHapyKuBaTh HOBEHE HEeyCTOHUYHBOCTH B TEUEHHE clelyl X
TpPeX JIeT TaKMMH Xe TeMNaMH, KaK U B TeueHHe npoile WHX TpeX leT, TOrAa
Mbl 6yfieM uMeTh,6onbmee YHCIO BO3MOXKHBIX MeXaHH3MOB ansg orbopa Ha crie-
Aywomei KoHdeperyHH ! :

YacTHYHO BBUAY ycrnemHo# cTa6win3alud HoasMu Mummyma B o6meHHBIX
HeyCTofiuMBoCTe B CHCTEMaX ¢ MaTHHTHHIMH npofkamu Gonswoi uHTepec 6o .
NpoABAeH K METORY WISt TOPOHAaNbHHX CHCTeM. TouHb# MUHHMYM B MaTHHT - .
HOM ToJie, OT/IHYAIMHUICA OT Hy/ls, OYeBUAHO HEBO3MOXEH B TOPOUAanbHOM reo-
MeTPHH, HO MOXHO pa3paboraTh KoHPUrypauuio, cTa6HIBHY10 Ha CpPelHeM ypoB-
He, KOTOPY. Mbl MOXEM Ha3BaTb CHCTEMOH MHHHMyMa- B. Ecnu rHzpoMarHHT-
HEle pe3UCTHBHbIE HeyCTOHUHBOCTH SBASITCS NPUYHHONR BHIKAYKH, CHCTEMA MU~
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nuMyma-B gonxnsa ofecneunsaTh no MeHpIeN Mepe YacTHYHYIo CTabHWIH3aLMmD,
3aeck He 6yner ofofmeHa ofmupHas TeopeTHyeckad pabora B sToit obmacTy,
HO creflyeT yrmoMsHyTh O NpeABAapHTENIbHON paboTe MO OKTOMONLHOM CHCTEME
(Bxenepan Atomux, CUIA), koTopas AolxHa o6eCHeYNTh KOHGUTYypaLH0 MHUHH-
Myma-B. Hna;my\nﬂxemupylo'r B 3Ty CHUCTEMYy M3 MyMKH, U aHATU3UPYBOT
ylAepXKHBaHHE SHEPreTHYeCKHX HOHOB. BoJNbmHHCTBO 9KCNepHMEHTOB, NpoBe-
IeHHBIX O HACTOAMETO BpeMeHH, HaXOAWIOCh NOJA Bo3AeitcTBHEM G0oMbImOTo
NPUTOKAa HEATPANbHOTO Ta3a, HO MEPONPHATHA IKCMEPUMEHTANBHOTO XapaKTe~
pa INpH HH3KO# IUVIOTHOCTH npeldnonaralT, YTO BpeMs. yllepXHUBaHUsA SHepreTu-
YeCKUX HOHOB yMEHLMACTCH HA OTPAHHYEHHYID BEJIHYHHY, yCTaHOBJIEHHY® NpH
MOMOIIN OMOPHBIX cTepxHeMd, mepecekarwmux niaasMy. KaxeTcs, HeT HHKaKux-
JOKa3aTeJbCTB crneuuduuecky rnua3MeHHON HEYCTONYUBOCTH B 3TOM 3KCMEPH-
meHre. IlocTosiuHoe, craCwibHOe yIepXHBaHHE NIa3Mbl HA NOAAANMUXCS OLEH-
K€ MJIOTHOCTAX Ha yCTAaHOBKe 3TOTO THNA HECOMHEHHO SBHTCA IJIaBHOA BeXoi
nporpaMMEl YNpaBiAsseMOro CHHTe3a . .

Ha. aroit KoHdepeHUuH GHI0 NPEACTABIEHO MHOTO AOK/IAA0B NO LeJoMy
PRy MeTOJOB BBOJA 3HEPTHM B niaasmy. 51 ynomsHy 3jech auub HeGonslyo
YacThb BaXHHX Pe3yNbTaTOB, HONy4YEHHHX B 3TOH ofnacTu. XapbKoBCKas rpyn-
na {CCCP) coofmuna, 4TO pe3oHaHCHbIt HarpeB HOHHOTO LHMKIOTPOHA yBEJIHYH -
BaeT NOJOXHTENBHY 0 HOHHYI0 TeMinepaTypy npuMepHo fo 2000 3B B TeueHue
10 Mxcek 6e3 ganpHefimero yBenudeHust, OO aHaNOTUUHBIX MOHHBIX TeMmepa-
TypaxX B KOPOTKHX CeKLHsX ¢ MarHHUTHO# npobko# ctennapatopa "C" coobmunn
yuensie IIpRHCTOHA, KOTOphle NMpeTOXUAN TeopeTHUecKoe o6LsaCHeHHe BhHpaB-
HUBaHHUS MOHHOH TeMnepaTyphl. IIpsMolt HarpeB 3N1eKTPOHOB WIa3Mbl Habnwgan-
cqa Takxe IIpUHCTOHCKOI Ipynnoii,; 3TOT HeOXHJaHHHA peaynbrar,' MOXHO,
OU€BHAHO, 06BACHUTE NPOTHBOTIONOXHOCTHI0 3aTyXaHus Jlanzay.

HpyruM mMeTooM BBOJA PHePTHH B MOHU3HPOBaHHMI ra3 ABNAETCA Mero,a
Typ6yneHTHoro HAaTpeBa, KOTOPHIH KCIONb3YeT BIaUMOAEHCTBHA Me XAy raasMofl
H MYYKOM 3apSAXKEHHHX YaCTul. 3HAYUTE/NbHOE KONHYEeCTBO AOKIALOB MO 3TOMY,
B Hay4HOM OTHOII€HMH 3aMaHYHBOMY,Boflpocy 6bIO MpeACTaBAeHO HHCTHTYTOM
uM. KypuaroBa, Maccauy3eTckuM HHCTHTyTOM TexHonoruu (CIIA), Okpunx-
ckHM HHcTHTYTOM H CyxymckuM uHCTHTYTOM (CCCP). IlpH stoM MeTone npo-
XOXIAeHH MHTEHCHBHOT'O 3JIEKTPHUECKOI'O TOKA MJH NepBOHAYaJbHO MOHOSHep-
TEeTHYECKOTO 3JIeKTPOHHOIO NMyvKa Yepes T'a3 MOKHO CPaBHUTENBHO B CTpO
'HaTPeTh 3/IeKTPOHH 0 OTHOCHTENBHO BHICOKKX dHepruil. IlonoXuTenbHbie no-
Hbl TaKXe HaTPEBAlTCH, XOTA M B MEeHbMeit cTenenn. OTOT MeTOX HArpeBa
UCNONB3yeT LeNslil psaj niasMeHHLX HeyCTOHUMBOCTER ANs Pa3ynopsAoueHHs
9HEpPTHH, UMenmeHcsa B 3/1eKTPOHHOM MOTOKS ABHXYMerocs TOKa MIM Myyka.
KoHeuto, Beicka3bBaine: "Ecin BH He MoxeTe nobeiuTes HX, MpHCOeAUHSETECEH
K HUM", OYeHBb YaCTO ABJASETCS NMOJE3HHNM. Pe3ynbTaThl 3KCNepHMEHTOB, O
KOTOpHX Co06manocs 3aeck, FOBOPAT O TOM, YTO B HEKOTOPHIX Cyuyasx Cpex-

‘HfASl 3HEPTHsl HAarpeToH MIa3Msl 3HAaUUTEeNbHO MEHbIE MaKCHMYyMa SHEPrHH,
ZOCTHraeMoii HeGoIp UM KOIKUEeCTBOM HaCTHL C oueHb Gonbmoit anepruei.
OJHAaKO HET COMHEHHuS B TOM, YTO 3TOT MeToA obecneyuBaeT 6ucTpoe u 3d-
$eKTHBHOe HarpeBaHHe MNa3MHl B CHCTeMaX OTKPHTHX KOHUOB. C TOYKH 3pe-
Hust dU3HKY, HA NYTH NONHOTO NMOHWMAaHMA CIOKHBIX POLECCOB, MPOHCXOARMUX
np# Typby/leHTHOM HarpeBe, CTOST CeprSHhIe NpenfTCTBUA .

JApyruM poACTBEHHBIM METOAOM HAarpeBa MIa3M:, KOTOPLIA OCHOBHBaeTCS
Ha Naa3MeHHbX HEeYyCTOHYHBOCTAX B HeJIAX Pa3ynopAAOYeHHs yNpaBlAeMEX Kur-
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HeTHYeCKUX 3Hepruil, sBAAeTCH UCNOAb3IOBaHWE CHIbHBIX.yAapoB. B redeHue
HECKOJIbKHX JIET CYIHe CTBOBAJIO MHEHHE O TOM, YTO 3a 6eCCTONKHOBUTENBHNM Y12~
POM Hey CTOHUYMBOCTH CO34aKT pal3ynopajodeHHe CKOPOCTe, KOTopble CTOAKHOBE -
HHUA CO3]alT NpH HOPMAaNLHEX yAapaX. B noknaie Hosocubupckoit rpynmnst (CCCP)
obcyxzaercsa ator 3¢ deKT, H 9kCNePHUMEHTANIBHO MOKA3aHO, YTO TeMNepaTyps
B 10 x3B MOTYT GHITB JOCTHTHYTH KaK [Jii HOHOB, TaK M QIS 3/MeKTPOHOB. dTOT
METOJX ABASE€TCA HEJIETKHM AJ/Isl IPUMEHEHHUS B CBA3H C TeM, 4TO TpebyeTcs
OYeHE BHICOKOe HamnpsiieHHe, HO OH JaeT onpeleseHHbEe nNpenMy MecTBa, 3aKmo-
Yapmuecs B 6HICTPOM HaTpeBe maasMBl,

Hcrnonb3oBaHHe 2MeKTPOHHO-LHKAOTPOHHMIX BOJIH AIA HAaTpepa njla3Msl -
MeTox, BepBhle NPpHMeHeHHbIt B 6onbmux Macmrabax B Oxk-Puixe — spnsercs
HOBBIM M NOME3HEHM cnocoboM, npuBaekaomuM Gonpmoe BuuManue. A yxe
TOBOPHI O BaXHOH PO/ 3TOTO MeToka B paborax ¢ TOpoHAanbHEMH MJIa3MaMH.
B npescTasneHHsX Ha KoHDepeHUHIO AoKnalax UHcTuryra uM. KypuaToBa H
llenrpa B Cakne (Ppanyusi) 6binu cneHansHo 06cy X A€HB BOMPOCH NPHMEHEHHS
K Tla3MaM CBepXBbICOKHX YaCTOT HapAAy C 3J€KTpPOHHO-LUKJIOTPOHHONYaCTOTOML
Bo3aMoxHO, YTo KOHEUYHbIE NOTEPU OT CHCTEM OTKPHITHIX KOHLOB MOTYT 6OBITEH
noJaBJIEHEl [IPH 3TOM METOXE.

Ipyro#i oTaenbHo# obnacThio HCCIeAOBAHUA SBASETCSA HAarPeB U yAEPXH -
BaHHe MJa3M Ipd MOMOIH MHTEHCHBHBIX pafHOYacTOTHBIX MarHHTHHX noje#

C 4acCTOTOMH, 3HAYUTE/ILHO MEHbeN 3JIeKTPOHHO-LIHKJIOTPOHHOM 4aCTOTH .
Bonswas yacte 3Toi paborw 6pia npoaenava B CCCP, oTHOCHTeNbHO
KOTOPO# 651710 npeAcTanaeHo 4 Aoknafa. OYEBHAHO, UTO CHABHEIE pPafUOYaCTOT-
HBIE NTOJIST HA CaMOM JAefe MOTYT 6bITh nole3Hs B cTabunusauuu nnasMsi. Brco-
KOCKOpOCTHBIe doTorpaduu, nonyuensie B UucTuTyTe UM. KypyaToBa, nokass-

BAKT, YTO HEYCTOMUMBOCTH B JIHHEHHON miasMe MoryT 6HTH 3ddexTnBHO no-
JAaBJlenb! NPH NOMOHH ToKa 15 Xa paZMoyacTOTH B I'€KCanoJbHEIX CTEDXHAX.
UccnepopaHus B CyXyMH rOBOPST O TOM, YTO aHA/JOTHYHBIH METOA, HCTIONb3YK -
WKt BpamaplieeCss MHOTONOJIOCHOE None, gBlAeTca 3P GexTHBHHM B TOPOHAAD -
HEIX CHCTeMax M, Kaxercs, obecneuynBaeT paBHOBeCHe H CTaGHNBHOCTE.

’ B 3aknoyeHue, clledyeT YNOMSHYTh 0 MHOTHX. AOK/JajaX, MOCBSAWEHHEIX
OCHOBHHM Npo6reMaM (PUIHKM MIa3M, He HMEO MMM NPAMOTO OTHOWEHUS K cne-
LIHa/JIbHBEIM YCTPONCTBaM ynpaB/jisieMoro cuHTe3a. K 3ToH.KaTeropuu OTHO-
cATcs uccnelopaHusi 8 CrokronsMe (llBeuus) no BONPOCY Bpallai MHXCA MIa3M,
KOTOpble NMOKa3hBalT yAOBIETBOPUTENBHOE COBNajeHHe MHEHHH TeOpHH H npak=
THKH, XOpOIIO MpOBeAEHHbE KCrepUMEHTH! N0 BONPOCY 3aTyxaHuit Jlanzay B
Jxenepan AToMuk M paboTel B Kaname u B Jlennnrpaae (CCCP) no pacnpocTpa~
HeHHI 3/1eKTPOMATHUTHHX BOMH B TypbyneHTHHX naasmax. Hccnegopanus no
BONPOCY NPOM3IBOACTBA M/Ia3Mbl BhINapHBaHHEM MajIeHBKHX Kanejek ¢ NOMOMmbI0
nasepa B $packatu H B United Aircraft (CII A) npeACTaBASIT onpele/eHHbIHA
MHTEpec,TaK kak OHM 3HaMEHYIT Hadano o6l1acTH aKTHBHLIX HCC/leOBaHUMA.

TMocne 3Toro KOPOTKOro ¥ OTHOCUTE/IBHO MOBEPXHOCTHOTO 0630pa dKCNepH-
MEeHTaNbHE X paboT, 0 KOTOPhX 6510 CoobmeHo.Ha aToi KoHpepeHunu, fasaiite
OCTAHOBUMCH, OrfIsHEMCS Ha3aj H CIPOCHM. caMux cebs: "IIpubAu3UIHCE W MBI
K LejH, ABMXeHHe K KOTOpO# MHOTHE M3 HaC Hadajlu C TaKHMH GOMbMUMH HajeX-
JaMM MHOTO JleT Ha3aj, a AMEHHO, K BHCBODOXAECHHIO SHEPTHH YIIPABIsEMOTO
cHHTe3a Ha 6naro yenopeuvecTBa?" A AyMab, yTo OTBET Ha 3TOT Bompoc byaeT
_TIPOCTHIM M SICHBIM — MBI He 3HaeM. MBI He MOXeM CKasaTh, YTO NMpeACTaBIAKT
cobon obnacTu, KOTOphIe He MCCeJOBaHbl M HeHaHeCeHH HaKapTy. Ha HameMm
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NYTH K ynpaBisieMOMY CHHTE3y B NpOIMJIOM BCTPETHNHCh MHOTHE TPYAHOCTH.-
MHorue H3 cepbe3HbIX TPYAHOCTeR GbUIM MpeOJONeHb B PE3YNbTATE yCHIUHA

€O CTOpOHH 60ONbMOTO YHC/IA YUYEHBIX HAa MPOTSAXEHUH palla 1eT. M MoxeM
6EITH yBepeHsl, YTO Brepeau OyAeT MHOTO APYTHX TPYAHOCTeH, U Y Hac ecTh
BCe OCHOBaHMS HaleATLCH, YTO OHM ByAyT NPEoJONeHE COBMECTHHIMU ycunuxmu
y4eHBIX BO MHOTHX CTpaHax.






HCCHEHOBAHHHIBOBHACTHYHPABHHEMOFO‘
AOEPHOT'O CUHTE3A, CEHTABPL 1965 r. OB30P
PE3YJLTATOB TEOPETHYECKHUX U3BICKAHUM

B.B. KAIOMIEB
HHCTUTYT ATOMHOHR 3HEPTHH
uM. U.B. KYPUATOBA, MOCKBA,

CccP

Bropas Kompepemjml no Gu3uKe MIa3Mbl ¥ UCCHETOBAHHIM B obnacTy
ynpaBlsieMOTO0 CHHTE3a 3aKOHYM/IACh, H BCe MBI, KAK MHE KaXeTCs, CUHTaeM,
4YTO OHa MpOIJa BeckMa ycrnemHo. M5l ¢ HHTepecoM npochyimanu Gonee 100
Aoknanos, o6cyaunn Haubonee WHTepECHHIE Pe3yAbTaThl OMBITOB H nonyqlunu'
ZOBOJILHO MOJIHOE NMpelCTaBjleHHe O COBPEMEHHOM COCTOSIHHM KaK 9KCrnepHMeH-
TaNbHbIX, TaK M TEOPETHYECKHX UCCIIeLOBAHMUIL . -

" B HENPUHY X AEHHOHU M MPUATHON 06CTaHOBKE KOJIETH U3 Pa3/IMYHbLIX CTpaH,
paboTawwme B ofHO! U TOH XKe 06nacTH GU3HKH, HMENH BO3ZMOXKHOCTb 0GCY AHTh
CBOM pe3YyJNbTaThl, NOAENUTHCA CBOMMH HAaA€KAaMH U pa304yapOBaHUAMHM, HAHTH
ofwue Knen ¥ Touku 3penui. Tol HenmpHHYXJAeHHOR ¥ JenoBok obcTaHOBKe,
KOTOpad Lapuia 3[ecb BCe 3TH AHH, BO MHOTOM CMOCOOCTBOBANa npeKpacHas
opraHu3alus KoH}pepeHIuH, H BCe Mbl HCIEITHIBaeM 4yBCTBO MCKPeHHeji 6aaro-
JApHOCTH K TOCTENPHUMHBIM XO35ieBaM KOH(PepeHIMH, i npeXie Bcero K A-py
Ix.Anamcy, aupextopy nabopatopun "Kanam”.

OcHoBHble UTOTH 9TOH KOHpepeHINH, OTHOCAMUECH K SKCTIEPUMEHTANBHbIM
uccnegoBaHuaM, 6enu nogseseHs npod . CnuTuepoM,u nocae ero XUBOTC H
BreYaTNAMeTo AOKJaja MHE OCTAeTCH CKa3aTh NHIb HECKONbKO CIOB O TEO-
peTHuyeckoi yacTH KoHdepeHunn. K cuacThi0 A MeHs, TEOPETHYECKHX 10-
KJIaJOB 3HAYHMTEJIbHO MEeHblle, YeM IKCNepPHUMEHTAaNbHbX — MOYTH B TPH pasa.
MHe KaxXeTCs, 4TO 3TOT (aKT Henb3s 06BACHHUTL HA OCHOBE MNpeAnojlOXeHHs,
4YTO TEOPEeTHKH GoJiee JIeHUBHI, YeM 3KCrnepuMeHTaTophl. Jlaxe npeAcTaBiieH-
Hble 31eCh AOKJaAbl CofepXaT OTDOMHOe KojludecTBO MH(popMauuu, U norpeby-
€TCs He OIMH Mecsl, YToOH NONHOCTHI €€ YCBOMTh. BBHAY 3TOro, s, paayme-
‘eTcA, He B COCTOSHMM JaTh 3A€Ch JeTalbHY! KapTHHY TEOpeTHUeCKMX HCCIeno-
BaHuil ¥ 6yny BBHIHYXAEH N0JAb30BATbhCA KPYMHBIMU Ma3KaMH HMNPECCHOHHCTA .
BooCh, YTO MHEe MPUAETCSA MPUGETaTh U K TYMaHHOMY abCTpaKIMOHU3MY .

Yro6bl nony4uTs Gosee MoaHoe npeicTaBIeHHe O TeOpeTHYeCKHX HCCaelo-
BaHUAX M uAesx, obCyKAaBWHMXCA Ha JaHHOH KOHpepeHUUH, nenecoobpasHo MEC-
JIEHHO BepPHYTLCH K npeapaymen KdHcpepengu B 3ansubypre.

Bsl, BepPOATHO, NOMHUTE, YTO OAHON U3 H3IOMHHOK NMpOUIOH KOHpepeHIUHH
6511 Aoknaxd a-pa Modde, KoTops# 3KCNepUMEHTaNbHO NMOKa3al, 4To xenob:
KoBas HeyCToﬁtuocﬂ He ABASETCA "BBLAYMKOM JIETKOMbICIEHHHX TeOPeTHKOB" ;
a AefiCTBUTE/BFHO CyWecTByeT b niiaaMe. OkcnepumeHTs Hodde Bo3byaunu
MHTEepeC K TaK Ha3biBaeMbIM "MOBymKaM ¢ MHHMMyMoM™B", T.e. TakuM Kondu-
rypauusM, B KOTOpbIX MarHHTHoe nojie B B cpefiHeM Bo3pacTaeT K nepupepuu.

OcobenHo HHTEeHCHUBHEle TeOpEeTHUYECKHe HCCleJoBaHUA B 3ToH 06NacTH Havaluchy'

nocne nosiBieHus crarbu Po3eHbnawoTa u ®opra, B KoTopoii 6k1na noka3aHa BO3-

Peup Ha 3aKIOUYHTEIBHOA CECCHH
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MOXHOCTb CO3JaHHS TOPOHAANBHOR CHCTEMbl C MMHHUMYMOM CpelHEero MarHHUT-
HOT'O MOJIfl Ha MaTHUTHOM ocH. K HacTosmel KoHPepeHLHUH aKTUBHOCTh TEOPEeTH-
KOB B 3To# 06/1aCTH JOCTHINa, BePOSITHO, CBOETO MaKCHMyMa, U 3JecCh GHo
3aUMTaHO HeCKO/MBKO AOKNAaJOB H3 pa3HHX cTpaH. B arux paborax maercsupes-
BBIYAtHO MOAPOGHBIH aHANK3 BOMpPOCA O TOM, KaKMM 06pa3oM MOXHO NOCTHTHYTH
MHHMMYMa B B TOpoMAanbHeIX cUCTeMaX. OTH HCCHAeAOBAHMsS NMpPOBEAEHH B
AOBONBHO ofmeM BHIe ¢ y4eTOM KPHUBU3HB M KpyueHHs] MaTHUTHOM OCH, a TaKXe
dopMBI nonepeyHoro ceyeHUss MAarHUTHHX MoBepxHocTeft. IToka3aHo, YTO MOX- -
HO AOCTHTHYTh MHHUMyMa-B ¢ oTHocuTenbHo# rny6uHo# "aMe" nopsaaka 10-20%,
BMecTe ¢ TeM, Ha ZaHHY® KoHepeHUHIO NMpeAcTaBjeHb NOKNaibl 06 HC-
' ClnefloBaHMM YCTONYMBOCTH MIa3Mb B TaKOTO POJa TOPOHAANBHBIX CHCTEMaAX.
BrnpoueM, Bonpoc o6 yCTOHUHBOCTH MIa3Mbl, yAepXHBaeMON MarHHUTHEIM NOAEM,
ABAseTCs 6onee oBwHpHEIM 1 Tpebyer Gonee MoAPoGHOIO PaCCMOTPEHHS .

MHe xoTenoch 6b HalOMHUTb, YTO Mepel KoHpepeHuuei B 3anpubypre
HCCIeJ0BaHHE HEYCTOWYHBOCTH HEOAHOPOAHO! Maa3Mbl NPOBOAHNIOCH, TNAaBHbIM
06pa3oM, B NpUSIHXeHUN HAeaNbHONH MAaTHATHOM THAPOAMHAMHUKH. B paMkax
MaTHUTHOH THAPOAMHAMUKH Pa3BHBANHCh W OGIIHE MPeACTAaBNEHUS O AMHAMUKE
I1a3MH B MaTHHTHOM noje. JpyruMu cloBaMH, BMECTO CBOACTB peafbHOM
nna3Mbl TEOPETHKH U3yyalM CBOACTBa HEKOTOPOTO HAealdbHOTO o6beKra. Bhiio
SICHO, YTO BMepelH Jie KHT elle MOUTH HEeTpoHyTas obnacThk KoaebaHuil ¢ AanuHON
BOJIHBE! NOpsAAKa CpeAHeTo JapMOPOBCKOTO paAuyca. TOMYKOM K HHTEHCHBHOMY
HCCle IOBaHUI 3TOI 06/acTH NOCHY XU/ NpeACTaBleHHbI# Ha npomtyo KoHpe-
peHuHB Aoknan PosenbnwoTra, Kponna u Pocrokepa. 3a Tpu rofa nocie koude-
peHLuH- 6blj1a daKTHYECKHM 3aHOBO NMOCTPOEHA TNOHAA TEOPHUS HEYyCTONYMBOCTH
HEeOJHOPOAHOM! mNna3Msl, B 3HAaYHTENbHOR Mepe, TpyJAaMH COBEeTCKOH mMKombl du-
3ukoB — CarjeeBa, MuxaiinoBCKoro u ap. ’

Brno obHapy XeHo, uTO B HeOLHOPOAHOH Maa3Me CylecTByeT LekH K1ace
Tak Ha3bIBAaeMLIX ApeitdoBblX HeyCTONUMBOCTEH. OTH HEyCTOMYHBOCTH pas3BHBa-
DTCA Ha BO3MYIEHHSX, CHIbHO BHITSHYTHIX BJOAE MarHUTHOTO nois. Ha nau-
Ho#i KoHGepeHUUH 65110 NpPeACTaBleHO HECKONABKO NOKIafioB, B KOTOPHIX NpOBE -
IeHO HcclefoBaHHe HeyCTOMUMBOCTEH MIa3Mbl Kak ApeitdoBoro Toka, Tak M CBA-
3aHHBIX C KOHEUHOM MPOBOAMMOCTBI0 MAa3Mbl. Kak BHAHO M3 9THX noxn'avnos,
TeOpHUs HEeyCTOHWYHBOCTH He‘OﬂHopoﬁHOﬁ NasMEl pa3BUTA HaCTOMBKO, UTO He
npeicTaBasfeT oCobrX TpyAHOCTeH ONHOBPEMEHHO yYUTHIBATH Takpge addexrH,
KaK KOHEUHHI 1 JapMOpPOBCKHil paAuyC, HEOAHOPOLHOCTE MaCHUTHOTO Mol H
CTOJIKHOBEHME YaCTHIl, KaXIblil 3 KOTOPHX TOAAa TpU TOMY Ha3aj Ka3ajcs He-
NpeoioAUMO CHAOXHEM. ECIH y4ecTh eme Tpynmy HeyCTOHUMBOCTEN B 3epKajb -
HbIX JIOBYIKAX, TO MOXHO C yAOBJIETBOPEHHEM OTMETHTh, YTO K HACTOA WEeMY
Bpe€MEeHH Mbl MMeeM NOBOJIbHO TOUHYIO TEOPHI0 HEYCTOHUMBOCTH IJIa3MBHI,

IToxka3anuck KOHTyph GeperoB TOr0 OIPOMHOTO 03€pa HeyCTOHUHMBOCTH,
KOTOpoe paHblle BooGue Kasanoch 6e3bpexHeIM okeaHoM. U xors eme Syayr
OTKpHIBaThcs BCe 6ojiee ToHKHe M "MsATkHe! HeyCTOHUHBOCTH, Ma/OBEPOSATHO,
YTO MBI CTOJAKHEMCS C 1eNoi HeoXHuIaHHON! HOBOH obnacThi0 Ipy6HX HEyCTOM-
4MBOCTEH, KOTOpHIE CyleCTBEHHEM 06pa3oM H3IMEHST HamM npeacTaBjeHus .
MHe KaXeTCs, 4TO Te BHBOJAbI, KOTOPhle MOXHO CLENATh HA OCHOBE yXe H3-
BECTHBIX HeyCToHuMBOCTEH, 6yIyT KOBOABHO "yCTORUMBRIMU",

Kakue ke BHBOAH CAeLyHT U3 COBDEMEHHON TeOpHH yCTOHYUBOCTH? Ilpex-
Ie BCero, MOXHO CIe/NaTh BEHBOJ, UTO 3€PKajbHble JTOBYWKU C OTKPHTHMHU npob-
KaMi o6ajanT CymecTBEeHHBM AedeKToM, CBA3aHHBM C CyeCTBOBaHHEM KO-
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Hyc‘a'nOTeps. U noatomy 6e3 manbHeimux MoAudUKaUUH U yCIOKHEHHIH (MHe
HEH3BECTHO, HACKONLKO AOJIKHB GHITH OHH BENHKH) — 3TH JIOBYWKH BPAL JH -
MOTYT. 6bITh MCNOAB3OBAHBl A/t TePMOsAePHEIX yCTaHOBOK. CoofmneHHbIe Ha
BaHHOM KOHpepeHLNN 3KCIepUMEHTaNbHbIE AaHHbe, IOyYEeHHE e HA 3epKanbHbIX
JI0BY IIKaX MOKa3bIBAIT, YTO BHBOA TEOPETHKOB O Heu36eXKHOCTH HeyCTOHUMBO-
CTH mMa3MBl B TaKHX JIOBYIKAaX, NO-BHIUMOMY, SBASETCS NPaBHALHEIM . '

Yro kacaeTcs TOPOUAANBHEIX CHCTEM, TO U3 TEODHH C/ElyeT, YTO OYeHb
TPYAHO NOCTHUTHYTH MOAHOR CTabuau3auun naa3Mel B yCMOBHSX, He06X0AUMBIX
AN nojflydeHus ynpaBiseMbIX TepMOsilepHbiX peakuuii. OTKasaBUIKNCh OT 3aMaH-
4YUBOH, BPAA JIH AOCTHXHMON NepCNeKTHBH NONyYeHHs abCOMOTHO yCTOMYUBON
naas3Ms!, NPUXOAUTCS pelaTh 3ajavy, Kak CB€CTH K MHHHMYyMY HEnpHATHOCTH,
CBfi3aHHbIe C HEYCTOHYMBOCThIO. JIpyTrMMH Cll0OBaMM, HeOBXOAHMO pacCMOTPETh
MHKpocKonnyeckHe 3@ dekTs HeycToluHBOCTEH, onMpelefNuTh, KakHe U3 He-
ycToluupocTel Haubonee onacHm MK yaepXaHHUs MIa3MBl, X HAHTH Te YCJIOBHs,
MPH KOTOPHIX yCUIEHHAd yTeduKa 4aCTHI MUHUManbHa. llpeABapHTenbHbH ana-

~JIU3 3TOTO BONpOCa NokKasaj, YTO MHOT'He HeyCTOHYMBOCTH HEOAHOPOAHOM! nnas-
MBI MOXHO CUHTATh HE OMAaCHHIMH, T.€, OHM NTH60 MOTYT 6HTL CTaGHIH3MpOBa-
HbI IpH HAMpPsIXEHHHIX, HO Pa3YMHBIX YCIOBHAX, Mu60 HX 2§ deKT He aBageTCA
caumkoM GonpuuM. (3aMeTHM, UTO HeyCTOHYHBOCTH, KOTOpas NMPUBOAUT K Ko*
s¢duunenty anddy3nu, Ha Asa nopsidka npeBhmalmeMy KJlacCH4eCKHH, cie-
AyeT CUHTAThL He ONacHOM, T.K. COOTBETCTBYKINas yTeUKa SHepTuH GyAeT Bce-
ro Wb NOPsiAKa K/MaCCHYECKOi; onpeaenseMost nonepeyYHo TemnIonposoa -
HOCTBI0). S

Ins pa3psAXeHHOH BbICOKOTEMIEpaTypHOH MIa3Mbl HaUGONbE MY OMACHOCTE
npejacTaBisieT, NO-BHAUMOMY, ApeiifoBas HeyCTOHNYHBOCTE, CBS3aHHaA C rpalu-
€HTOM TeMmepaTyphl. OTa HeyCTONYHBOCTL He TONBKO He mojfaeTcs cTabu-
auzanuy "'mupoM", CTONKHOBEHHSIMH HAX "MHUHMMYMOM B", HO M MoXeT NpHBeCTH
K HenpusaATHOMYy 3@ dekTy TIpe MMy llj€ CTBE HHOTO oXnaxJeHus UOHOB. Bcneacrsue
MOHWKEHHOH HOHHON TeMMepaTyphl 0 CpaBHEHHUI0 C 9IeKTPOHHON TepsieTcs 3@ -
deKTHBHOCTL cTabuansauuu "mMUPoM", MOCKOAbKY YMEHbIAETCsl 3aTyXaHHe
Janpay ua moHax. He HCKINOUYEHO, YTO NMPH MOHHKEHHH TEMNEPATyphl MOHOB
MoxXeT "BenbxHyTh" ApelidoBas TypbyneHTHOCTh. . Jns 6opbbE ¢ 3TOH He~
YCTOMYMBOCThI NOTPe6y0TCS, BEPOATHO, BEChbMa HATpPSiKEeHHbIe TeXHHUECKHE
yclnosus B 6y aymux TepMOALePHBIX ycTaHoBKax. YTO KacaeTCA COBPEMEHHBIX
9KCNepUMEHTaNbHbX yCTaHOBOK, TO, K COXaJ€HUI0, B HUX MOTYT MUIpPaTh PONb
oueHb 6ONbIIOE YUCIO HEeyCTOHYUBOCTEH M .NIOYTH Ha paBHIX npapax. IloaToMmy
NPOBECTH COMOCTABJIeHHEe TEOPHH C 9KCMEPUMEHTOM B HacTOslee BpeMS OYeHb
TPYAHO. : ‘ .

Eciu yx peds 3amaa o6 9KCNepUMeHTalbHbX HCCeAOBAHUAX, TO HENb3s
HE OTMETHTH C YAOBjJIeTBOpPeHHeM Toro dakra, uTo B MocjeAHee BpeMms SBHO
HaMeTHNoCh cOAnXeHHe TEOPHH C 3KCnepUMeHToM:-. [IpuueM He TONBKO Teope-
THKM CTapaloTcs NPHUGAU3UTHCA K O0BICHEHNI0 9KCNMEPHMEHTaNbHbIX AaHHHIX,

HO M 3KCMEepUMEHTAaTOpPH OTBEYANT 3ampocaM TeopeTHKkoB. - Tak, HamnpHMmep,
TeopeTHKaM 6biIo OYeHb NMPHATHO NpocnywaTh Ha 5Tofl Kondepenuun Aoknan
o6 akcnepumeHTanbHoil mpoBepke addexTa 3aryxanus Jlanmay, npeickasaH-
HOT'0 0K0J10 20 JleT TOMY Ha3al, 4 JleXalero B OCHOBe MHOTHX TeOpeTHYeCKHX
noctpoenuit. HccnemoBanue ¢ Kaanepoi nia3Mon NOATBEPANIH CylleCTBOBaHHe
apeitdoBblx BonH ~ Gonee Mononoro addekra, PacCMOTDPEHHOrO TeOpeTHKaMH
B mocnelHue Toab . K coxXaneHHn, 3xcrepuMeHTh C BHICOKOTEMIepaTypHOil
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N71a3Mo# NPEACTaBAA0T ropasio 60NbHHe TPYAHOCTH WA TEOPETHIECKON MH-
TepnperauMu. OTO CBA32HO C TEM, YTO BBICOKOTEMMEpaTypHas nna3ma ABis-
eTCsA CIMIIKOM HeyCToNuMuBOM, Konebanusa B Hel pa3BUTHl A0 KOHEUHBIX aMnn-
TyA, 4acTo npuHuMas dopMy cBoeobpasHoit TypbynenrHocTu. JIis Teopern-
YeCKOT'O OMUCaHUfA TaKUX KojeGaHU#i HeNb3A NONb30BaThCA JIMHE HHON Teopueﬁ.‘
3a npomeAmue TPK TOLa TEOPUA HENMHEMHHIX KonebaHui Hauana BechMa 6ypHo
pa3BUBaThCs, TJAaBHBM o6pa3oM nocne koHdepenuuu B 3ansubypre. B ato
BpeMs Obljla pa3BuTa Teopus ciaaboit TypOyNeHTHOCTH, NpelcTaBasomas coboii
HaGop cnabo B3aH'MOlIeFlCTB)’IOIHHX BOJH, 6511Y npeanoXeHb npubIUXeHHbe Me-
TOAbl ONHCAHHA CHIBHON TypOyNneHTHOCTH. MHe KaXxeTCs, YTO TEOPHS B HacTo-
sllee BpeMs pa3BUTA HaCTOJNBKO, UTO OHa yXe TOTOBa MPHHATHCA 3a 0OBACHEHHE
SKCNepUMeHTalbHBIX JaHHBIX ¥ B GANXalimue rofbl Mbl, BeposATHO, OyneM ceuae-
TeNAMH C/IUSHHA TEOPHH U SKCMEePHMEHTa B OAHYy elMHY10 HayKy — duauky nnas-
Mbl. Bonee rayfokoe noHHMaHHe GH3HMKH NAa3Mbl He 3aMeNJIHT NMPUHECTH yCrnex
U B NPHKNaAHBIX npobieMax..
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The Second‘COnfere}lce on Plasma Physics and Nuclear Fusion Research
has ended and it seéms to me that, in everybody's opinion, it went off very
successfully. We listened with interest to over a hundred papers, discussed
the most interesting results and obtained a fa1r1y complete picture of the
present state both of experimental and theoretical investigations.

Colleagues from different countries working in the same field of physics
had an opportunity to discuss their results in an informal and pleasant at-
mosphere, to share their hopes and disappointments and to compare their
ideas and points of view. The excellent organisation of the Conference
contributed much to the informal businesslike atmosphere which pervaded-
Culham during these past few days and we all are sincerely grateful to our
hospitable hosts, above all to Dr. John Adams, the Director of Culham La-"
boratory.

The main experunental results from the Conference were summarized
by Professor Spitzer, and after his lively and impressive account it only
remains for me to say a few words about the theoretical part of the Confe-
rence. -Luckily for me the number of theoretical papers was much smaller
than of experimental ones, in fact only about a third. It seems to me that
this experimental fact cannot be explained on the basis of the assumption
that theoreticians are lazier than experimentalists, The vast amount of
information contained even in those papers read at the Conference will take
months to digest. I am,; therefore, of course, unable to give here a de- .
tailed picture of the theoretical investigations, and shall indeed be com-
pelled to use the coarse strokes of an impressionist, and fear I may even
have to resort to foggy abstractionism, ' ' :

To obtain a reasonably complete picture of the theoretical mvest1gat10ns
and ideas discussed at this Conference it may be helpful to cast our minds
back to the First Conference at Salzburg,

You probably remember that one of the highlights at the Salzburg Con-
ference was Dr, Ioffe's paper which showed experimentally that the flute
instability is not just a ''flight of fancy of frivolous theoreticians' but that
it does in fact ‘exist in the plasma. Ioffe's experiments stimulated interest
in the so-called ""minimum-B traps', that is configurations in which the mag-
netic field B increases on the average towards the periphery. . Theoretical
investigations in this field were intensified following the publication of the
paper by Rosenbluth and Furth, which demonstrated the possibility of setting
up a toroidal system with a minimum mean magnetic field on the magnetic
axis, Just before the present Conference the activity of theoreticians in

An address, translated from the Russian, given at the concluding session.
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this field probably reached its maximum, and several papers from a number
of countries were presented at the Conference. The question as to how a
minimum-B can be achieved in toroidal systems is analysed in extreme de-
tail. . These investigations were carried out in fairly general form, taking
into account the curvature and twist of the magnetic axis, as well as the -
shape of the cross-section of the magnetic surfaces. It was shown that a
minimum-B with relatively deep "well', of the order of 10 to 20%, can be
attained. ‘

Papers were also presented investigating the stability of the plasma in
toroidal systems of this kind. However, the problem of the stability of a
plasma contained by a magnetic field is much wider, and still requires more
detailed study.

I should like to remind you that before the Salzburg Conference the in-
stability of arn inhomogeneous plasma was investigated mainly using the
approximation of ideal magnetohydrodynamics, The general concept of the
dynamics of a plasma in a magnetic field was also developed within the
framework of magnetohydrodynamics. In other words, instead of the pro-
perties of a real plasma theoreticians investigated the properties of some
ideal system. It was clear that an almost untouched range of oscillations
with wavelength of the ordér of a mean Larmor radius lay ahead. The
stimulus to its intensive investigation was provided by the paper of Rosenbluth,
Krall and Rostoker given at the Salzburg Conference. During the three years
following that Conference a completely new theory of the instability of an
inhomogeneous plasma was in fact constructed, largely in papers by Soviet
physicists such as Sagdeev, Mikhailovsky and others. It was found that in
an inhomogeneous plasma there exists a whole class of so-called drift in-
stabilities. These instabilities develop on perturbations strongly extended
- along the magnetic field. During the present Conference several papers

were presented which investigate plasma instabilities both of the drift type
and those related to finite plasma conductivity. As is apparent from these
papers the theory of the instability of an inhomogeneous plasma has been de-
veloped to such an extent that the simultaneous consideration of effects such
as the finite Larmor radius, the inhomogeneity of the magnetic field, and
. particle collisions, each of which seemed insurmountably complex three
years ago, now presents no special difficulties, When taking into account
also the'instabilities in mirror traps, it is satisfying to observe that we -
now have a fairly accurate theory of plasma instability.

We begin to see the outlines of the shores of this vast sea of instability
which previously appeared as an altogether shoreless ocean, Althoﬁgh in-
creasingly fine-scale and ''weak'' instabilities will still be discovered it is
improbable that we shall encounter anunexpectedentirely new region ofgross in--
stabilities. which will change our ideas significantly. "It .seems to me that
those conclusions which can be drawn on the basis of the known instabilities
will remain fairly "stable'". :

Which then are the conclusions which follow from the present theory of
stability? Above all one can draw the conclusion that mirror traps with
open mirrors suffer from an important'defect relating to the existence of
the "loss cone'. Therefore these traps, without further modifications. and -
complications whose-magnitude and extent I do not know, can scarcely be
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used for thermonuclear devices, The experimental data on mirror traps
presented during our Conference show that the conclusions reached by theo-
reticians about the inevitable instability of the plasma in such traps would
seem to'be correct.

As far as toroidal systems are concerned, it follows from theory that
-complete stabilisation of the plasma under the conditions necessary for the
attainment of controlled thermonuclear reactions will be very difficult to
achieve. Disregarding the tempting, yet hardly attainable, prospect of
achieving an absolutely stable plasma, it is necessary to solve the problem
as to how to minimise the inconveniences resulting from the instability, In
other words, it is necessary to consider the macroscopic effects due to the
instability, to determine which of the instabilities are the most dangerous
to the containment of the plasma, and to determine those conditions under
which the enhanced escape of particles is a. minimum. A preliminary ana~
lysis of this problem has shown that many instabilities of an inhomogeneous
plasma need not be considered dangerous, that is either they can be stabili-
sed under highly exacting yet not impossible conditions, or the effect is not
unduly serious. (We note that an instability which leads to a coefficient of
diffusion larger by two orders than the classical need not be considered
dangerous, since altogether the corresponding energy loss will be only of
the order of the classical loss due to transverse thermal conductivity. )

For a tenuous high temperature plasma it would seem that the greatest
danger is presented by the drift instability related to the temperature
gradient. Not only canthis instability not be stabilised by "'shear", collisions
or minimum-B, but it may also lead to an undesirable effect, namely, the
preferential cooling of the ions, Since the ion temperature is then lower
than the electron temperature, shear stabilisation is no longer effective,
-since ion Landau damping is reduced. As the temperature of the ions de-
creases, the possibility that drift turbulence may ''break out' cannot be: ex-
cluded. To defeat this instability future thermonuclear devices will probably
have to satisfy very exacting technological requirements. Unfortunately, in
present experimental devices, a large number of instabilities of almeost
equal amplitudes may play an important part. A comparison between zheory
and experiment is therefore at present extremely difficult.

While on the subject of experimental investigations; it is satisfying to
note that an approach between theory and experiment has lately been ob-
served. It is not only that theoreticians endeavour to explain experimental
results, but experimentalists reciprocate by endeavouring to answer ques-
tions put to them by theoreticians. Thus, it was very pleasing to theo-
-reticians to hear at this Conference a paper on the experimental verification
of Landau d,hmping, an effect predicted about twenty years ago and forming
the basis of numerous present theories. Investigations with potassium plas-
ma confirmed the existence of drift waves, a more recent effect considered
by theoreticians during the past few years. Unfortunately, the theoretical
interpretation of experiments with high temperature plasma presents much
greater difficulties. The reason is that a high temperature plasma is too
unstable, and the oscillations develop to finite amplitudes, often taking the
form of a characteristic turbulence. For the theoretical description of such
oscillations linear theory cannot be used. The last three years saw a stormy
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"development of the theory of non-linear oscillations, mainly after the
Salzburg Conference, During this time a theory of weak turbulence ‘was
developed which represents a system of weakly interacting waves, and ap-
proximate methods of describing strong turbulence have also been developed.
It seems to me that theory is at present sufficiently advanced to be ready to
undertake the explanation of the experimental results, and we shall probably ~
witness in the near future a fusion between theory and experimentintoa single
science- plasmaphysics., A deeper understanding of plasma physics will not
fail to bring sucess also to applied problems.
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HAKOI'IJIEHI/IE IIJIA3MB]I C TOPAYNMHU I/IOHAMI/I
HA YCTAHOBKE IIP-5 |

I0.B.TOTT, M.C.HO$PE u E.E.IOIIMAHOB .
I/IHCTI/IT}’T ATOMHO# SHEPTHH um.U.B. KYPYATOBA, MOCKBA
CCCP

Abstract — Résumé — Aunnoranus — Resumen

ACCUMULATION OF A HOT ION PLASMA IN PR-5, In earlier experiments on PR-5 it was shown
that in a trap with magnetic mirrors the flute instability is completely suppressed when a radially increasing
hybrid magnetic field (minimum-H trap) is set up, 1In those experiments a hydrogen plasma with hot ions

' (Ti= 5 keV) and density n up to 101® cm™3 was produced by the magnetron injection method; the confinement
time 7 was equal to several tens of milliseconds, and was determined only by charge-exchange losses, The
effect of the suppression of the flute instability was also observed by several others, although it is not possible
on the basis of present results to draw conclusions about the stability of the plasma for densities considerably
in excess of 1010 cm"3;

Biguet et al, for n=101 to 101 cm™® report T=60 psec; in the authors' view, this small 7 is attnbutable
to the charge-exchange of fast ions on the neutral gas desorbing from the walls during the injection, We
explored the possibility of achieving prolonged containment of the plasma at densities n 2 10" cr™ and

~5 keV, The experimental study of the behaviotr of such a plasma presents considerable interest in view

. of the theory of Mikhailovsky and Timofeev predicting at these n and Tj values the drift-cyclotron instability,

This instability, which is due to a radial inhomogeneity of the plasma density, must occur on the condition that

(pi/a) > 4[(H?/4mmmic?) + (me/mi)]

where pj is the ion Larmor radius and a is a characteristic length of the inhomogeneity. For typical conditions
in PR-5 (H=4000 Oe, pj/a ~0,25), this criterion is fulfilled starting from n = 5X 101 cm=3. To obtain a
plasma with such parameters a modified magnetron injection method is used in which the ions are accelerated
from the cold plasma column by a variable radial electric field with frequency in the region of 3 to 6 Mc/s,
The plasma containment is recorded based on its free decay by three methods: by interferometer with A=8 mm,
from the flux of fast charge-exchange atoms, and from the absorption of a beam of thermal potassium atoms,

ACCUMULATION D'UN PLASMA A IONS CHAUDS DANS L'INSTALLATION PR-5. Des expériences
antérieures exécutées dans 1'installation PR-5 ont montré que 1'instabilité << cannelures>> d’un plasma dans
un pizge & miroirs magnétiques pouvait étre completement €liminée A 1'aide d'un champ magnétique hybride
croissant en direction radiale (piege 2 H minimum). Au cours de ces expériences, on avait obtenu le plasma
d'hydrogene 2 ions chauds (Ti =5 keV), de densité n=1010 cm™3, par injection 2 1'aide d'un magnétron; la
durée de confinement 7 s'élevait 2 quelques dizaines de millisecondes et était déterminée exclusivement sur
la base des pertes dues aux €échanges de charges. L'effet produit par 1'élimination de 1'instabilité «2 can-
nelures a, en outre, fait 1'objet de plusieurs autres travaux, mais les résultats disponibles ne permettent de
formuler aucune conclusion au sujet de 1'instabilité d‘un plasma de densité sensiblement supérieure 2 101¢ cm$ .

Les auteurs de 1'une de ces études ont constaté que, pour n=10% 2 10" cm™3, T=60ps; ils ont supposé
qu'une valeur de T aussi faible était due au changement de charges des ions rapides dans le gaz neutre qui se
dégage des parois au cours de 1'injection. Dans le mémoire, on examine la possibilité de créer et de confiner
pendant une durée prolongée des plasmas ayant une densité n > 101! cm-3 et une valeur.de Tj =5 keV. L'étude
expérimentale du comportement de ces plasmas présente un intérét du fait que selon la théorie de Mikhailovsky-

" Timoféev, il faut s'attendre 2 1'apparition d*une instabilité cyclotronique de dérive pour les valeurs de n et
Tj mentionnées. Cette instabilité, due 2 une densité radialement non homogene, doit se manifester pour:

(pi/a)t > 4 [(H2/41mmjc2)+ (me/mi-)]

oll pj est le rayon de Larmor des ions et a la dimension caractéristique de non-homogénéité, Dans les con-
ditions spécifiques de 1'installation PR-5 (H=4000 Oe, pj/a ~0,25), ce crittre est rempli 2 partir de
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ne5- 1010 cm™8, En vue d’obtenir un plasma ayant ces caractéristiques, on a utilisé une variante de la méthode

d'injection par magnétron, dans laquelle les ions provenant d‘une colonne de plasma froid sont accélérés au

moyen d'un champ électrique radial variable d'une fréquénce de 3 2 6 MHz. Le confinement du plasma a

€té déterminé de trois fagons, A savoir: 2 l'aide d'un radiointerférom2tre (\=8 mm), selon le flux d'atomes

rapides ayant subi un échange de charges et selon 1'absorption d'un faisceau d'atomes thermiques de potassium,
SKCNEPHMEHTSHI 10 HAKOIUVIEHUIO ITNIA3MBI C TOPAYUMHU HOHAMU HA YCTAHOB-

KE IIP-5. B skcnepuMeHTax Ha ycTaHoBke [IP-5, BRMONHEHHBIX paHee, Gb0 NOKa3aHO, UTO Xe-

HOGKOBSH HeyCTOﬁ'—lHBOCTb NJIa3Mbl B SOBYlIKe C MaTrHUTHBIMH 3epKanaMHi NnNoJHOCTEIO NOAABJ/IAETCH,

Korha coafaercs ruGpuaHoe MaTHUTHOE ToJie, HapacTapllee B paiHanbHOM Hanpab/eHHH (JIOBYIKa ¢

‘MuHUMYMOM H). B 3TuX 9KCnepUMeHTax BOJOPOAHAf NJla3dMa C TOpSAYMMH HoHaM¥u (T; =5 k3B) M

nnoTHoCTHH N Ao 100 cm™3 cozlasanach METOAOM MaTHETPOHHOW MHKEKLHH; BPeMS yNepKaAHHSA

T COCTaBNANO AECATKH MUIMCEKYHA U OHO ONpele/siloch TONBLKO nepe3apsJOuHbIMU NOTEPAMH.

3¢ dekT nonabneHns xeloGKoBOM HEYCTOMYUBOCTH HAGOAANCH TakXe B pAle APyTHX paboT, oAHAKO

Ha OCHOBAHMH HMEMHXCSl pe3y/bTAaTOB HRJIb3A clenaTh Kakoe-n1ubo 3akinouyedne o6 ycTONYHBOCTH

1a3Mbl MPH NJIOTHOCTAX, 3HAYUTeNbHO Gosee Brcokux yeM 1010 cM3 . V. Bure u ap. npu n'=

1013 +10% cMm-? 7 cocrapnsino 60 MKCEK W aBTOPLI NMPEArNoaaralT, UYTO CTO/Ab ‘Majoe T CBA3aHO

C nepe3apsAakoil BHICTPEIX HOHOB Ha HeHTpaNbHOM Tale, BHAENSKMEMCS CO CTEHOK BO BpeMs WUH-

xexunu. B nacTosmei paboTe HCCleayeTCs BO3IMOKHOCTD MOMYYEHHS H JIMTENbHOTO yAepKaHUs

nna3Msl 0PY TIOTHOCTAX n 2 101! em® n T; =5 k3B. OKCnepHMeHTaNbHOE H3YUeHHE NOBeleHHUs

TaKOH nja3msl NpelCTaB/AsieT HHTEPEC B CBA3M C TE€M, YTO COTJIacHO TeOopud Muxa#nosckoro-Tumo-

‘deeBa npu ykasaurnx N1 u T; claelyeT OXWAATH NOABAeHUS ApeidoBO-UMKAOTPOHHOH HeycTONYH-

BoCTH. 3Ta HeyCTOHUMBOCTL, OGyClOBleHHAs paadanbHON HeOMHOPOAHOCTBIO MIOTHOCTH, AOJXHA

HacCTynaTb MNpH yCHOBUH:

.

(o; /a)2 >4 [(H2/4npmic2) +(m, /mi)],

rae p; ~JAapMOPOBCKHHA paAHyc HOHOB, 8 — XapaKTepPHbH pa3Mep HEOAHOPOAHOCTH. [/ TUMHUHBIX
ycnosuit ycranosku ITP-5 (H =4000 3, g /a=0,25) 3TOT kpUTepHil BHIIQIHAETCS, HAYHHASA C N'=
5.1019 cm™3, [Ins nomyyeHMs niasMb C TAaKHMHM NapaMeTpaMH MPUMeHSeTCs MozuduuHpoBaHHEIH
MEeTOJ MaTHEeTPOHHON HHXEKUHUH, B KOTOPOM yCKOpeHHe HOHOB M3 cTon6a XONOAHOH MAa3MBl OCYy -

e CTBIAETCH NepeMeHHbIM pailaNbHbLIM 3JIEKTPUYECKHM MTONIeM € YacTOTO B AManasoHe 3—6 Mru.
Y pepxanue nna3mbel peTHCTPUPYeTCA NO BpeMeHH ee cBOGOAHOTO pacnala TpeMs MeTOAaMHU: paluo-
unTepdepomerpom (A =8 MM}, No BOTOKY BEHICTPHX aTOMOB Nepe3apAdky U Mo NOTNOWMEeHHD MyYKa
TETUIOBLIX aTOMOB Kajusf, ‘

ACUMULACION DE UN PLASMA CON IONES CALIENTES EN LA INSTALACION PR-5. En los ex-
perimentos realizados anteriormente en la instalacién PR-5 se demostré que la inestabilidad acanalada de un
plasma en una trampa con espejos magnéticos se neutraliza por completo cuando se crea un campo magnético
hibrido que crece en 1a direccién radial (trampa con un H minimo). En estos experimentos, el plasma de
hidrégeno con iones calientes (Tj 5 keV) y de densidad n hasta 1010 cm*3, se obtuvo por inyéccién con un
magnetrén; el tiempo de retencién T fue de varias decenas de milisegundos y se determiné Gnicamente por
pérdidas debidas al intercambio de carga. La neutralizacién de la inestabilidad acanalada se ha-observado
también en toda una serie de trabajos; sin embargo, basindose en los actuales resultados no puede sacarse o
conclusién alguna sobre la estabilidad de un plasma de densidad muy superior a 1010 cm=3,

En uno de esos trabajos, para n=1013"a 1014 ¢cm™3, °7 fue de 60 ps; los autores suponen que un valor
tan pequefio de T estd relacionado con la transferencia de cargas de los iones rdpidos en el gas neutro que se
separa de las paredes durante la inyeccion. En la presente memoria se investiga la posibilidad de obtener

y confinar durante largo tiempo un plasma de densidad n > 101 cm™ y Tj 5 keV, El estudio experimental
del comportamiento de un plasma de esta naturaleza presenta interés porque segiin la teorfa de Mijailovsky-
Timofeev para los indicados valores de n y Tj aparecerd una inestabilidad ciclotrénica de deriva, Esta in-
estabilidad, condicionada por la no homogeneidad radial de la densidad, tendrd lugar cuando:

(pi/2)? > 4[(H¥/4mmjc?)+ (me/mj)]

donde pj es el radio de Larmor de los iones y a, la dimensién caracteristica de 1a no homogeneidad. Para
las condiciones tipicas de la instalécién PR-5 (H=4000 Oe, pi/a ~0,25) se cumple este criterio a partir de
n=5-10! cm=3, Para obtener un plasma que tenga estos pardmetros se utiliza una variante de la inyeccién
por magnetrSn en la que 1os jones del cordon de plasma frio son acelerados por medio de un campo eléctrico
variable de tipo radial, de frecuencia comprendida entre 3 y 6 MHz. La retenci6n del plasma se regisira
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durante el tiempo de su desintegracion libre por tres métodos: utilizando un radiointerterdmetro (A= 8 mm),
por la corriente de 4tomos répidos dotados de transferencia de carga y por la absorci6n del haz de 4tomos
calientes de potasio,

I.BBEJIEHHE

Nccrexopanua mo ynepxanﬁn n1a3uy B axnadaTHYeCENX JNOBYmKAX
¢ MATHATHEM NOJMEM, HADACTADWAM K neprdepur (MOBYNEYM C MUHMMYMOM
B), BegyTrca B HACTOAMEEe BPEMA HA pAfe SKCMeDHMEHTANBHHX YCTAHO-
BOK [1-6]. YnepeuBanmee NONE BO BCEX ITHX YCTAHOBRAX uMeeT OXH-
RAKOBYD KOHGMTypamup. ORO mpexcTaBigeT coGo¥ coveTamme moAf OOWY-
HORt 3sepransEOf NOBYWEM C MONEM OCTPOKOHeuHOM reomerpmu, cO3jaBac-
MHM JXONOJHUTENbHOR, "cTaCuauaupyomeit", o0uoTK O} [7,8]. Cyumaproe
none Taxo} cucTeMmH BO3pacTAeT KAE B NPOJONBHOM, TAark ¥ B DaMAlb-
HOM HANPABJEHWH. BNarciaps aToOMy B TAKOR NOBYEKE He JONXHA WMETDH
MeCTa MATHWTOTUIDOLMHAMWYECKaH XeJN0OKOBad HeyCTOMUMBOCTb M CBA-
3aHHad ¢ Hell KOHBERTUBHAA yreqxa O/1a3MH NONEPeK MATHUTAHX CHIOBHX
auuul, :

Yze B mepBHX dnurax C TagruM KOMOHHKpOBaHHHM nojxeu [9]’6uno
O0CHADYEEHO 3aMeTHOE yBeNMyeHMe BDEMEHY XUSHU NIa3My X OTCYTCTBHe
CUJIBHHX @nyxryanuﬂ NJI0THOCTH, XADaKTEDHHX INA Eelo6kopolt HeycToM-
YMBOCTH. Bolee HeTANBHHE CBEJEHMA WM nonyyeEy B janbHellmes He
yeTarosre [P-5 [I]. Buno ycTaxoBAeHo, 4To NP YBERWYEHWM Hanps-
ECHHOCTHM MOJA CTACUIu3UpybmeR oOMOTEM F{ nnasMa NepexoruT U3
HEYCTORUMBOrO COCTOSHMA B yCToluuBOE, ¥ 3TOT NMEpexoX COBEpmAETICA |
RaKk pas Torja, KOria CywMaproe rojie Ha nepudepum < BOau3M GOKO- ‘
Boll CTEHKHM BAKyYMHOZ RaMep: -~ HAUUEAET NMPEBHEATH Nofie B LEHT-
panbHOR OOnacTH NOBYWRM. 3TOT $AKT HENMOCPENCTBEHHO YKA3HBAET Ha

XeJ00KOBYD NpHpOXy HeycToMumBOocTH, Hadnniabmelcd B OTCYTCTBME H,.

Mlepexox B ycToffuMBoe COCTOARNE CONPOBOXAAETCA DPE3KMM YBEJMY EHHEM
BpeMEHK XU3HN NJIa3MH, CYXeHHEM DALmalbHOTO pacnpefenenus. MA0THO-
CTH M WCYE3HOBeHMEM Oynbcamu#t BO BHEMHMX CHOAX MAA3MH, JnuTeNb-
HOCTHh YLepEAHMA B 3THUX YCAOBAAX onpéxenﬂercg‘rpnbxo nepesapafod-
HHMU TIOTEPAME OHCTPHX MOHOB. B YE@3aHHHX JKCIIEPUMEHTaX nnasMa
co3zaBanach MOCPEACTBOM MMOYABCEON MATHETDOHHOR MHEeRIMH: CPEXHAA
9HEeprua NpoTOHOB COCTaBIANa 5 K3B, TEMNe arypa anexrponon OKO0J0
20 9B, NMIOTHOCTH NJa3yH - B uHTEpBane IO oIO cy™3 ; BpeMsa
pacnaga maa3MH ZOCTUTAN0 HECEOABRUX JECATKOB unnnncexyﬂx.
JppexTHBHOE NOJABIEHME XENOOKOBOR HeyCTOMUMBOCTH B KOMOMHM~
DOBAHHOM MATHHTHOM [IOf€ OHJO MOATBEPEZEHO B padorax [2-5] '
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B paGore [2)] sEcnepuMeHTH NPOBOZMIMCH C NAa3uodt ¢_"ropaun-
‘uu" anextponamu (Te = I0 ¢ 25 K3B) ¥ MIOTHOCTHD OT 108 X0
IOIo cu 3, nonyyapmefca npm amzmalaTHYeCKOM MATHMTHoM cxaTud (yc-
TanoBKa " Table pruj"). OTMeyaeTcA, YTO NpM BKADYEHNM CTaCHIN~
3¥pypnet OCMOTRY. CMABHO yMEHBNAETCHA DamuaJbHNR NMOTOK NMAA3MH Ha
cTenkn (He meHee yeu B 108 pas) M mcyesaeT BpameHWe, CONPOBOXJIA-
pee HeycToMuMBOe COCTOSHME Mna3My B OOHuHOR JOBYymKe.

3EaYNATENBHOE YBeJMYEeHMEe BPEeMEHM XM3HE IIasMH ¢ "ropsymMu”

womaun (T; = 1 xoB) u nrorrocTsD ~ I0L0 cu™2 Guno yCTAHOBNEHO B
padorax [3,4]. B [4] nnotocTs uoraa Bapnnpoﬁhrscs or IO
10-% cn~3 5 TpU 3ToM Ouno HameHo, 4TO ¢ MOBHNEHHEeM MJIOTHOCTH B
YRa3aEHHX Mpejlefax BPeMA XU3HM IIa3MH YMEHBNARJNOCH 0T 230 MKCekr
Jo 20 #60 MRCek. ABTODH mpexnonaranT, YTO 3TO MOTJNO OMTH CBA3AHO
C YBeJNWYeRHeM nepesapaiouRKX norepp us-3a Oojnee CHABHOTO ra30BH-
JIeNeHHsa CO CTEHOK.

Ha ycranosxe "A€ice " [5] , mpm crauMonapHO} MHEEKIME HeMT-
panbpHHX aTOMOB BOJOPOAa C dHeprye# 20 K5B,MNOTHOCTH MNJIA3MH, Ha-
Kanusaeuolt B KOMOMHUDOBAREHOM MOJE (h= 2. IO8 cu's), npuoan3n-
TeNBHO B JECATH Pa3 MpEBHNAET MIOTHOCTH, HAKANAMBAEMYD NPM TeX Xe
YCMOBMAX B NMPOCTOM 3€PEANBHOM nojie. 37ech Takxe He HaOJDIANUCH
Kakme-1#60 NPUBHAKM XeNoOKoBo! HeycroMumpocTu. OTMeyaeTcd, OXHA--
KO, YTO NPY NOBHUEHMHE MAOTHOCTH MOABIANTCH MORHO-TIMRAOTDOHHHE '
RONMEGaHNA, KOTODNe B BHEe KODOTKMX "BCHHUEK" HOBTOPADTCA DETryaAp-
HO yepe3 oOnpejieNeHHNEe MHTEPBAIH BPEMEHM, JTH BCIOHIKH COMPOBOXXA-

PTCA BHODOCOM 3JEXTPOHOB yepe3 3epKaja M NOBHEEHMeM NOTeHmMana
NIa3MH, & TAKXE HEKOTODHM YMERBICHWEM MIOTHOCTY MOHOB. ABTODH [5]
CYMTADT, YTO OHM Bcrperunncn MpH 3TOM C nposnnenueu 9¢¢exra THOA
peaonaxcnbn Heycronanocrn Xappuca.

B I964 r. Ha ycranosxe [[P-5 Owja npoBejeHa Cepna 3KCMEepHMEH-
TOBy, B KOTODHX MHEEKIMA NPOM3BOZANIACH U3 HEyCTORUMBOro NAa3MeRHO-
ro nyyka. Tako# myuok MOXeT IeHepHpOBaTh B OOWUHOR NOBylNkEe NJIa3-
uy co cpennen nonepeynoit speprmelt okono I K3B ¥ C IUNIOTHOCTBLD -~

w3 [IO] lipexBapuTenbHEHe DE3yNLTATH 3ITHUX axcnepnuenron

N3J0XEHH B npenpnnre [II] . Cnenyer,yxaaarb, YTO ONEHKY NJAOTHOCTH
¥ TOMEPeYHHX PAa3MepOB XJUTENBHO yIePXMBAEMO# miasMu ‘
(n,=‘2.IOI; eM™3, d =~ 3 cu), cuenamHyp B {II] no pesynsraray’
COBMECTHHX U3MepeHMRt MoToxa HeRTDAaNbHNX YaCTHHN Nepe3apANKN ¥ Be-
MWYMHH OCNAaGAEHMA NMYYKA TENNOBHX &TOMOB Kalud, HENb3A CYMTATh HO-
CTaTOYHO 0COCHOBaRHON. He 3HaA peanbHOro pacnpelieneHna NIOTHOCTH
nAasMH B JOBYWKE, MO JAHHHM 3THX JABYX nezqnux HeXb3A MpaBMABHO
ONPEReNuTh BENMYUHY CPexHed MAOTHOCTH. JOMONHUTENbHHE HAOJDIEHUA,



\ CN-21/143 ' 39
NpoBejieARHEe C MOMOWBD pa,nmonu'rep@epouetpai HOKa3aJH, YT0 BO Bpe-
Mg MHECKIMN MIOTHOCTE NAA3MH CAuM3Ka K I u~3 (npm gmamerpe
naasma 15 cu) ; nocne mpeKpamenud muxexunn OCHOBHaA 4aCTh 3TOH
nna3Me SHcTpo pacnagaerca (T ~ I0” % cex), a ocTabmascs EOATORM-
pymas vacTh maasmy (7"~ I0™ =2 CeR) MMeeT MIOTHOCTH MO KpaMmel
uepe B KecATh pas MeHBmYyD. Hpuquxa ducrporo HAUaNBHOTO pacnaaa
ocranach HeBHACHEHHO,

PaccMOTDeHHKE Pe3yAbTaTH PASNMUHNX OKCIEDUMEHTOB MOXHO De3n-
MUpOBaTh CleXypmuM o6pa3oM: B DMPOKOM MHTepBale dHepTrult uomos n
anexTponRHux Teumeparyp ( E; , Te ~ IO+ IO 9B) ¥ MDY CUABHO
pasnnuaniyuxcd yCNOBHAX MHXEKIMH nnasua CPaBHMTENBHO HEBHCOKOH
naotHocT (N < 'IOIO cm'a), noMemeREad B HapacTabljee K nepu@e-
puu MATHMTHOE Noje, He OGHApyEMBaeT Een00KkOBOR HeycTORuMBOCTH.

Cornacso Teopmy [IE,IB] CIeLyeT ORUIATH, UTO NMOZOOHHE RKoHDU-
Typaluy MATHUTHOTO NOJA KONXHH ONTH 3(eKTUBHH B OTHOMEHUH NOJAaB-
nenuAa 9TO! HeycroituMBOCTM M. OpM 3HAYUTENBHO GOJNBENMX MIOTHOCTAX
nnasui. OcraeTcs HHMpORuR kiaacc EMHeTHUECKUX HeycToHuusocTelt, aa-
BUCAWMX OT pPacmnpeXenerud qacruu'nnasuu B MpoCTpPaHCTBE cropocTelt
nB oOuuHou KOODXVHATHOM npocrpancrae. Iing Bo3CyxnieHNa HEeKOTODHX
H3 TaRux Heycroﬂuunocreﬂ onpexenapmuM GaKTODOM MOXET CAYXMTH He
CTPYKTYD& MATHMTHOTO NOAd,. & OCOGERHOCTM NPUMEHAEMOTO MeToxa WH-
‘EeKIu# . [IpuMepoM Takoro poja ABAANTCHA, NO~BUIUMOMY, TE€ OTUETIM-

Bye NDUSHAKK HEycTORUMBOCTH, KOTOPNe HAGIDIADTCA B [5] npuv8'~oo-
pasxot MHEEeXOUY ONCTPHX ATOMOB.

AJBMuxaitnosckuit [14] nposen nonpodnun aHanus paanﬁunux He-
ycronqnsocren, C KOTODHMM MOZHO BCTpeTﬂTBCH B 3KCNEpUMEHTaX 1O
ynepxannm HE OyeHb Pa3pexeHRolt nnasuym ¢ TODAYMMM HOHaMu. /3 3TOTO
aHanu3a cnenyer, YTO XAA TAA3MH C MARCBEJIOBCKHM pacmpejeleRuen '
HOHOB IO cxopocrau HauGONBIYD ONACHOCTH NpexcTaBAAeT IpeitdhoBo-
unxnorponxax HeyCTORUMBOCTB, KOTOPad 0O0YCHOBAEHA NPOCTPAHCTBEHHOM
HEOZHODOAHOCTHD NAA3ML. I8 THRMYHHX ycaoBull ycTamoskm IIP-5 .

(H= 4%, T, =245 KGB), HATpHMEp, T4 Heycronumnocrs MOZET
NPOABNAATHCA, HAYMHAA C nroTHocTel ~ 5,10 “3.

Ecanm dyHxmoma pacnpexenenng MOHOB . 110 nonepeqﬂuu SHEpruaM
CHABHO OTNMYAETCA OT MAKCBENNOBCKOM B TOM CumCIe, YTO nmemrca
yuacTKX C 9/55 >~O y TO HEYCTOMYMBOCTH MOEET HAUMHATBCR NpH He-
CROMBKO MEHBEAX NIOTHOCTAX. Kpome Toro B 9TOM cryuae nB OXHODOR-
Ho{f mnasue BO3MOEHA HeycrolumsocTs, Roropaﬂ no caoeuy xapamrepy
6aM3Ka X MyykKoBoil Heycronunnocru.

3axaqen HacToOAmel padoru ABIANOCH 9Kcnepumeﬂranbnoe u3yyeune
BO3MOXHOCTY HEKOMNMEHUs M RIMTENBHOTO yAEDEAHMA IIA3MH C 3HEpPTHu-
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HHMH MOHAMU He yCTaHOBRE I[P-5 mpu NAOTHOCTAX, CYRECTBEHHO NMPeBH-
mapmrx 1010 cu~3,

2. OHCTEPUMEHTANEHAA YCTAHOBKA ¥ METONUKA
VI3MEPEHMH

Ycranosxa [IP-5 mpexcramidser cololt axuacdaTHuecKyD JOBYNKY C
KOMOMHVDOBAHHHM MATHWTHHM noneM. Ee ycTpo#lCTBO NOZPOGRO OMMCAHO
B padore [I]. ,

CxeMa yCTAHOBKH NpeXCTaBleRa Ha pnc. I. Hpononbnoe MATHHETHOE
none }h, y TOCTOSHHOE BO BPEMEHM, CO3ZAETCA BOCEMBD KaTymKamu
(n). MarcuuanrHas BeMUMHE H, B ueHTpe AOBymK® 5 K3 § NPOZONb-
Hoe mpoGoyroe oTHomeRue I,7. PaccrosHme mexyy npodramu 120 cu.

Puc.l. CxeMa ycTaHoBKH: 1 = KaTymKH NPOAOABHOTO nojsd; 2 — cTabWIH3HpyoWwas o6MOTKa;
3 — usMmepHuTeabHHe naTpySKH; 4 — npHeMubli SM€KTPOA; 5 — nna3MeHHBIH HCTOYHHMK; 6 — Aua-
dparmsl; T — BaKyyMHasl KaMmepa.

Cradunuaupypmee fnore H, - MMOYABCHOE ; OHO CO3JAETCA MECTH-
cTepxHeBOR 00MOTROM (2), .xorTopaa pasuemaerca MeXJy Baxyymyoﬂ xame-
polt (7) u KaTymkamu NpPOZONBHOTO MONA. JAEKTPHUECKAd CXeMA NO03BO- -
18eT MOoAyyaTh OAHOMONADHHE MMOYNBCH TOKA B OOMOTKE JIMTEABHOCTEHD
X0 75 MMAAMCERYHE. MakcMManbRas Benuumsa H, BOIM3M CTeHRM Ba- .
KYyMHOR EaMeDpH 4,5 k3 ; pagmansnoe ("CTeHOYHOE") NpOGOYHOE OTHO- -
menne 1,34, nNpy MaKCHMMARBHOM 3HaveHmu H, .

Baxyywmes kamepa (7) maEEO# 4 M u IMaMeTpOM 40 CM, M3TOTOB-
NeHHad M3 Hepxapebmeit cranm, pasmeneHa Iuadpparmeyn (6) Ha 5 oT-
CeEOB M OTEaUMBAETCH IBYMA NapamMaciIAHHEMH U HMeCTHD COPOOMOHHHMU
THTAHOBHMN HacocaM¥. B NEeHTpalbHOR vacTu KamepH (o6nacts (G Ha
puc. I) MOXeT yCTAHABIMBATHCA TORKOCTeRHzH HepxaBenmuR MUINHID,
oxnaxzaeMu EMXEMM 830TOM ~ "A30THTI” - I8 MOBHMEHRA CROPOCTH
CODOTHMA DACHHASHHHM THTAHOM.

Mpruenenue gudbeperuuanbHolt OTEAYRH MO3BOAAET NOANEDENBATD
B o6ractk G gaBnemme B padouem pexuue I+ 2. TI0™° uu pr.cr npu
HaIHYKH A30THTE ¥ OKOXO I 1077 MM DPT.CT. DPZ OTCYTCTBUM €TO.
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Ing 3anojHeHna JOBYUKM niaasMoRf npumenserca MoiMdHuMpoBaHHHR
MeTOX MATHETDOHHOY MHXekmuu, omucarso#t B [I] . Bxoas ocu ycra-
HOBEHM NMPONYyCKaeTcd NYYOK XoxogHo#l miad3wu, odpasyomelicd B mias-
MeHHOM McTounmke (5) npy HOHM3ALMHM BOXOPOXA B MMNYJIBCHOM pas3pi-
X6 C HaKaJlCHHHM EQTOLOM. JTOT NYYOK HedTpanrmsyeTcs Ha 3JeKTPOfe
(4), roropuM. HaXOZMTCA NOJ NOTEHIMANOM aHOJA MCTOYHMKE. Mexny
HCTOYHMEOM W CTEHKAMA EaMePH coanaerca panuanbHoe 3NEKIPHYECEOS
noxne, yCEODSDIEE MOHN.

B oTamyme OT HNpEXHEX PKCNEPHEMEHTOB [I], TIe KN4 CO3XaHHA
TAKOTO NONE NPUMEHANCA MPAMOYTOABHNE MMOYNbC HaNnpAXEHHA AMIIIHTY-
Joft 30 kB ¥ xAMTENBHOCTED 20 MECEK, B HacTodmelt pacdoTe UCNOAB3O-
BaJCA MaKeT BHCOKOYACTOTHHX KoneGanu#t ¢ gacrorot 2,5 wrrm, as-
OAnTyno# B HECKONBEO RUNOBONBT H IAHTEABHOCTHD 0T 10 MECEK X0
HECKRONBENX MHATHCEKYHI .

lipexBapuTenpHO 3TOT METOX MHXCKIMHM NMpoBepAincs B o0HugoR no-
BYmEKe [IS] y W OHNO YCTAHOBNIEHO,UTO OH 3HAYUTENBHO Gonee adPeRTH-
BeH, B OTHONEGHWHM HATPEBA MOHOB M BOBMOXHOCTHE MOJYUEHHA NIa3MH
donpmel NNOTROCTH MO CPABHEHUD CO CTADHM METOXOM.

-OcHOBHHE BKCNEeDHMeHTaNbHNE JNaHHREe B HacToameM padoTe Ounu
MONyYEeHH HAa OCHOBAHMH H3MeDEHH! NMOTOKA Nepe3apAXEeHHNX YacTHI,
3JIEKTPOHHOR NNOTHOCTM NJIASMH ¥ 3HEPreTHUECKOT0 cneKTpa OHCTDHX
MOHOB .

Vsueperne NmOTOKA NMepe3apAXeHHHX YaCTHN NPOUSBOZMIOCH AeTeK-
TODON ¢ HCIOJAB30BAHKEM BTODMUHOM 3MeKTDOHHON SMMCCHM, OMUCAHHHM
panee [I]. JleTeKTOp ycTaHABAMBANACA B IMJIUHEZDUYECKOM naTpylke

;(3) H& DacCTOSHKE IS5 CM OT CTEHKN BAKYYMHOR KaMeDH ; KOIIMMAIMA
MOTOKA OCYHECTBAANACH CAMAM NMaTPyOKOM B yrie + 15°,

[Ipr anaau3e CHTHANA C JEeTeKTOpa cAelyeT MMeTh B BHEY, YTO

9HepreTMYecKOe pacnpeieNieHie B NOTOKE YacTUN nepe3apdaiEd OTAHM-

uaeTca OT 3HEpreTHYECKOro paclpeleNeHHa HOHOB Nrasuu GarrTopoM

~E 6,(E) (6,(€)~ ceuenue nepesapaixi momoB ¢ aHepruedt E).
Ing cayyed nepe3apAXKN ONPOTOHOB B MOJEKYNADHOM BOLOPOXE 3TOT
darTop Bo3pacTaer B MHTepBane 3HepTHt or 0,2 xo 20 k3B B 30 pas3.
NoaTony, jaxe NpH CHABHOM YOWBAHKE HOHHOrO pacnpejeileHMd B CTO-
poHy. Gonpmux 3neprut (B yras’awHOM HHTepBale), Bknan, BHOCHMEY B
cHrHan ¢ JeTeETopa Golee “ropauelt® yacThD CMEKTPa MOXET 3HAUM-
TeNBHO. MPEBHWATH BKAAK OT GoJee MEJIEHHHX MOHOB. JTOT 3ddexT Xo-
NONHATENBHO YCHIMBAETCA BO3pacTaHueM ro3ddruMenTa BTOPHUHOH
3MeKTPOHHOR IMMCCHM C yBEJIMUEHHEM JHEpPrMH MOHOB.

ONeKTPOHHAR IUIOTHOCTH IAa3MH MOMepANach MO MOTJNOWEHUD MydyEa

TENNOBHX ATOMOB K&IHA [I6]. B ycnoBHMAX HACTOAMErO JIKCHEDUMEHTA.
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OCHOBHHM TDOLIECCOM, NMPHBOXANMM E OCHaCieHMD NyuEa, SABASETCH MO~
HH3aIHd ATOMOB SJEKTDOHAMM MNAASMH .
NloaTouMy

rie N - NAOTHOCTH DAEKTPOHOB MAasMu, Ue =~ HX CKODPOCTE,

d - XAMEA TYTH, NMPOXOXMMOTO MyYKOM B niaswe, U, - CKOPOCTH ATO-
MOB EKankg, 0; - ceveHMe MOHW3ANWM KAAMA BNEKTPOHHHM YXADOM,

{ - E03QPMUEEHT MOTNOMEHHA NyuEa.

B mamem cryyae ocradieHup nyuyra B I0% coorne:crnyer naoT-
HOCTH BAEETPOHOB 2.10° eM™2, a 90% - 5. 1010 cu~3, (9meprus anek-
TPOHOB ~ 25 2B, BenmyMEa G6; B3ATa W3 PaCOTH [I?] , o moxara-
nocs pasEEM I5 cM).

BpemenHOe paspemeHHe 3TOr0 METOXA Onpexenfercd BPEMeHEeM Npo-
IeTa ATOMOB Kajlus OT o6nacTH, 3aHATOH niasuo#, X0 XerexkTopa M CO-
crasafer 1,0 MMANHCEKYHIY,

Ha ycramOBEE OnJNO NMpUMEHEHO “"HpOCBeuHMBaHME"™ JByMA NyUYKauw -

gs EMX Nepecexas 0Ch yCTAHOBKHM, Xpyro#f mpoxoxun B 2 cM OT
Hee
B o:xensxux H3uepeHUAX NMAOTHOCTH BJEKTPOHOB onpegenanach CBY
unTeppepouerpou (A = 8 mu).

Ina MBMEPeHHA SHEePreTHYecKOro CNeKTPa MOHOB MOTOK OHCTPHX
HeRTpanbENX YaCTHI NMepe3apAXKM M3 IUIa3MH MPOMYCKaNCHd yepe3 TOH=-

kyon (I100-200 i ) cepeCparyp donsry. O6pasypmmecs nocie NpOXOxxe-
HMA yepe3 Goasry MOHH HaNIM3NPOBANACH MO IHEPTHAM INEKTPOCTATH-
YECKHMM AHalIN3aTODOM.

Taxkmu CnOCOOOM MOXHO OHAO M3MEPATH SHEPTMH ATOMOB BOXOPOJA,
raumEas ¢ 250 38 [I8] .

II0TOK 4acTRI, NONajabmuX B AHANM3ATODP, KONNEMHUDYETCH MMIHH-
IDUMYEeCKMM NMaTpyOKOM BAKYYMHOM KaMepu B yrie + 3,5%. 9r0 03Hava-
eT, YTO MBMEepAeTCH sHepreTuyeckudl CMEeRTD MOHOB, MPORONBHAA BHED-
THA KOTOPHX MaNa N0 CPaBHEHMD C NomepeyEoH.

Bce umamepmTenbHEHEe ycTpoRcTBE YCTARABJIMBANNCEH B HeHTpanbHOM
naockocT# nosymkn (» marpyoxx (3) ma puc. I).

THNMYENE DexXWMH PaGOTH yCTaHOBKHM ciaexypmme: H,-3300 apcrex,
H, - 2200 spcrex, paspsguul TOK B MJA3MEHHOM MCTOYHEKE - 50 a
Np¥ paspAXHOM HaNpAXeHEE ] KB j§ IAMTEABHOCTH MMUyJbCa paspaia

D llpuGOp XN 30HAMDOBEHUA MAA3MH KANTMEBHEM MyYKOM paspacoTad nmox
PYROBOXCTBOM B.A.CHMOHOBA.
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450 uEcex ; BY nakeT MMeeT AMMIHTYAY I «2 EB M NANTENBHOCTE
300 MECek ; uvacToTa 2,5 MTTH § BU naxeTr nmpHEjAagNBaeTCH CHyCTH
I50 MECek nocne Hayajaa paspaia B MCTOYHMKE,

JKCNepUMEHTH NMPOBOXMANUCEH (€3 a30THTA ; OCTATOYHOE JaBJieHHe
HelTPaNbHOTO Ta3a B Kawmepe 3 # i&.IO"8 MM PT.CT. §j palovuee XaBle-
HEe I » 2.10'7 MM DPT.CT.

PaGouynl#t ras - BOXOPOX.

3. PESVILTATH JKCIEPHMEHTOB

B OCHOBY MpHMEHAEMOr0 METOJXA 3aMO0NHeHHMA JNOBYmWEM ropavell mnias-
Mo¥! OHNO NMONOXEHO NMpEeXCTAaBAEHHe O TOM, YTO NDHKNAXHBAS BHCOKOYa-
CTOTHOE yCKOpADmee HANpAXeHMe K NHYDY XOnoXHOM niasuu, yIacrcs
OCYWeCTBHTH DeXWM MHTeHCHBHON xBasucTammomapHOR BEyTpeHHeR WH-
XeKOUE YCKODEHHNX HOHOB,. [IpH XocTrarounoM maurensHocTH BU-nakera
(nopAXRa HECKOMBLEMX MHAMUCEKYHX) MOXHO CUYNTHBATH HA HAKONNE-
HWe NIasuy 3HavMTensHol mrormocTH (> IO E cu™2), ecam TOIBKO OT-
CYTCTBYDT XpyTHe NpONECcCH NOTeph, KPOMEe Nepesapsa)kH.

OXHAKO 9KCNEPHMEHTH MOKa’anmd, YTO0 (axKTHueckKoe HAKONAEHHE
NMPOMCXOZMT TOABKO B TeueHMe nmepBux 200-300 mrcek. Janbuelkmee yx-
JNMEEHHE MMNYAbCA MHXEKIMK He NDHBOXUT K MOBHWEHMD NJIOTEOCTH Naas-
MH, 32XBAYEHHON B AOBYNKY. I14 MAADCTPAIME H& DHC.2 NPHBEXEHH
OCIMMANIOTPAMMN CHTHANA TOTJNOMEHHd KaJWeBOro Myyka NpH XAMTEeNbHO-
cTH BU-narxera 300 MECEEK M 2 MCek, CTeneHb MOTJIOMEHMA B XBOCTE

AL [ Y o & 4 g 4
~cen meen

Puc.2., Curhan noraomeHds KanHesoro ny4dka: 1 — anurensHocTh HHxXexuHu 300 Mxcex; 2 — anw-
TEABHOCTE HHXeRUMH 2 Mcex. Paspemapomee spemsa | Mcex. BepXusf NHWHHA COOTBETCTBYET
100% nornomeswo, HHXHIA — HyAeBOMY .

pacnaga cocrapafeT B o0omx cayvyasx 30 « 35%, YTO COOTBETCTByeT
n =:I.IOI° cu™3 < . JT& BeJWYMHA OCTAeTCH NPAKTHYECKH HEM3MEH-
HOM NMpE yBeNMYeHMH RIMTENBHOCTH HMHXEeKOuM cBume 300 MKCeK.

2) [IpE pacueTe MAOTHOCTH IMAMETD NAA3MH BCDLY YCIOBHO NPHUHUMAN-
cd paBHHM I5 oM.
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llpexxe wem HMCKAThH OOBACHeEMe 5TOMy BarTy, paccMOTpPHMM JNaH-
HHE, MOAyuyaeMHe Np¥ M3YYEeHHH NOTOKAa YACTHI] NepesapAiEH.,

THnuyHas OCHMANOrpaMMA CHIHana OHCTDPHX YACTHMI[ NMepesapaxkn
npuBejeHa HA pPUc. 3. Havano pasBepTEH COBNajaeT C HAYAJIOM WMIIYIb-
ca MHEGKIMM, KOHEIN Mumy/Ahca yEasaHn cTpenkol. BospacTaHue cCHUrHala
BO BpeMA WHXGKINY JMNb YACTHYHO CBASAHO C HAKONJEHHMEM, YACTHUYHO
Xe BH3BAHO MPOMCXOXAWMM NDPH HaNOXeHAM BY aHaJOTMYHHM BO3pacTa-
HHeM TOKAa paspAja B MIa3MEHHOM MCTOYHWKE, T.e, YBEAMUEHUEM HH-
TEHCHBHOCTH MHXernuHd, Hedonmpmo#t mo aunnauryne XaumHHuE XBOCT,
padnrpiaeuu mocne MMTMynbCa,0TpPAXaeT pacnajl Niasuu,ocTapmelics B
nopymre,.[locTosHHAA CNAKA XBOCT& ONM3Ea KO BPEMEHM Nepe3apaiki.

MCex

Puc.3. Tunuuueifi BRA cHrHana YacTHl nepesapaaxi. Crpenxofi nokasan MOMEHT OKOHYAHHA
HHKEKLHMH .

HanGonee mpHMeyaTeNbHON XeTanbDd NPHBOXWMMOR OCOMANOTDAMMH AB-
A8eTCcA CRayroo0pasHOe yMeHBbNEeHWEe [JOTOKA Nepe3apAXeHRNX YaCTHN
cpasy nocne BHEKADYEHHS MHXERIMM “/, OTHOCHTeNbHaA BEJAMYMHA CKAY-
K& MeRAeTrcs 0T 3-5 X0 HECEKOABEHX NECATEOB D&3 B 3aBHCHMOCTH 0T
WHTEHCHBHOCTH MHXEKNHMM. 3TO MOXET ONTH MPOMNADCTPHPOBAHO 3aBHCH-
MOCTHD BeAWYEH CHTEANA HeNoCPeACTBEHHO X0 CEauka M MOcjAe Hero
(yepes 200 MECER mocne OKOHYAHKA MEXERKINH) OT BENWYMFH PA3pAXHO-
ro toxa (puc. 4). BuEHO, YTO YeM BumE MHTEHCHBHOCTH MHXEKIMH,

Ten Oonbme mepenaj CHrHAKA.

AMMANTYIa XAMHHOTO XBOCTA 3& CEAYKOM MAJNO0 MEHAETCH B DasaMy-

HHX pexuuMax ¥ COOTBETCTBYET BEJHUMHAM IJIOTHOCTH 3~05.109 cu~3,

3) CErEan KanMeBoro nmyyxa TAKXe MCNHTHBAET pe3xull cnaxy nocre
OROHYAHWA MHXEKIHUH,OJHAKO B OTAWYME OT CMTHANA YACTHI mepesa-
PSXEM B JAHHOM CIyyaeé OH MOI' O ONWTH OTUACTH OOBACHEH BHEAD-
YeHNeM NeHTPANBHOTO NHEypa XOJAO0ZHOM niasuy, NpOXOXSmero yepes
NIOBYMKY BO BPEMS WHXEKIMH.
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Ton Poipege & ucrounuxe, amaep.

Puc.4. 3aBHCHMOCTH OT TOKa paspaja BeNHYHHB CHIHANA HYAaCTHI Nepe3apaiku B KOHLE WMNyAsca
unxexunn (1) w cnycra 200 mxcex (2). "

HeroTopoe 3aHHXeHHMe MIOTHOCTH NO CPABHEHRMD C MOKASAHMAMM Kalue-
BOTO NMy4Yka OCBACHAETCA TEM, YTO XETEKTOPOM Nepe3apAXeHHHX YaCTHI
PETHCTDHDPYDTCH NPEHMyMECTBEHHO OHCTDHE MOHH, TOTJa Kak foriome-
HHe FalueBOro Oyyka omnpejensgercA moaEoff mIOTHOCTHD, KOTOpaZ MO-
xeT ONTH BHNe 3a CYeT MOHOB ¢ Helonsmolt sHepruell, cocrasiapmelt
HECEONBKO COT 3JNEKTPOHBOABT. C 3THM corjacyercd M Tor (akr, uTo
cnaxy AAHEHOTO XBOCTA CHTHAJA KANMEBOro MyYykKa MPOMCXOXMT 3HAYH-
TENBHO MeXNeHHeH, uyeM crnax XpocTa Nepe3apAXeHHHX YacTHl, YTO YyEKa-
3WBAET HA 3HAUYMTeNBHHN BEAAX MEINEHHNX HOHOB ¢ OOJNBNNM BDeMEHEM
nepesapAXkH B MOJHYD MAOTHOCTH MIA3MH.

w ‘ll\

ik Sl

i W

JEEENE |
2 -*\\

a2 . coasw &0 40 40 &0
£ nol

Puc,5. ODOuepreruyeckuil CNexTp HOHOB.

JuepreTuveckuil CnexTp HOHOB B XBOCTE pacnama, NOXyYyeRHHE ¢
NOMOmMED CHEKTPOMETDa lepe3apAXeHHHX YacTHI,, NpPHBEJleH Ha puc. 5.
KonvuecTB0 MOHOB BO3PACTAET C YMEHBNEHMEM JHEDPTMH, He 0O0Ha-
py=uBas Crnaja BOAOTH XO MUHMMANABHHX M3MeDeHHux ameprut (250 28).
Heananue xonoxHo# yacTH CNEKTPa He MO3BOJAAET BHUMCAHUTH CPEXHDD
9HEDTUD, OJHAKO OHA HE MDPEBHmAET, MO-BHIMMOMY, 400 #500 3/leRT-
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poHBONBT. "l'OpAyad™ wacTh CHNEKTpa, HAuMHAA C 9HEDPIWM NPMMEPHO B
I k9B, OOycnOBJEHa HalOXeHMeM uunyiasca BY. OEa Xe OTBETCTBEHHA
3a O6nsmyD XOXD CHTHAXa RETEKTOpa Nepe3apAXeHHHX yacTHm. 110370~
My B 3aBHCMMOCTH OT AMIAMTYIH npunoxexHol BY Beanuyuna cursana
nepesapAXeHHNX YACTUI B XBOCTEe MEHAETCA B HECKOABKO pa3, TOrja
KAk CHTHAN KaiMeBOr0 NMyyka OCTAETCH NMOYTH HEM3MEHHHM.

HamGonee BaxHHM NMpeJCTABAAETCA BONDOC O MPEpPOXe OHCTPOTO
YMCHBIEHNA CHTHAJNA Nepe3apAXeHHNX YaCTHI[ Nocle OKOHUAHHA WHEEK-
IM¥U, NOCKONBKY 3TOT CHA] MOXET 03HayaTh Hanuuue kKakod-IuGo He-
yeroduusoCTH, npenaTrcTeybmed yaepxaHUD MrasMy NP NJAOTHOCTAX >
IOIo eM~2, OfHAKO, MOXHO OHIO OH NpexnOXUTE M Xpyrue o0BACHE-

HUA crnaja, uMepmme donee nMpocToR xapakTep.

Bo-nepeux, H3MeHEHHe BAKyyMa. BO3MOXHO, YTO BO BpeMd MM-
Nynbca WHXEKIWHM NMPOMCXOAMT MHTEHCHMBHOE NOCTYN/NEHHE CO CTEHOK JNO0-
BYNEE B e€e 00BeM COMBAEMHX MONEKyN, B TOM yucJe C CONBNHM Ceye-
HUeu nepesapaird. [locie OKOHYAEHA MMTYAbCA 3TH MOJNEKYAH MOTYT
OHCTPO OTKAYMBATLCA COPOMDYDMHMMY CTEHEAMW, W YMEHBNEHHEe MX KOH-
OeHTPANME OTPA3HTCHA B BHIE YMCHBNEHHA NMOTOKA Nepe3apAXeHHHX Ya-
cTHN. OXHAKO TAKOMYy OOBACHEHHD NPOTHBODEUMT CIMNEOM MAaNOe BpeMd
HaOnDgaeMoro cnaxa (HECKONBKO XECATKOB MEKDOCEKYHX) - SHAUHTENb-
HO UEeHbNEee, YeM BO3MOXHOE BDeMd OTRAUYKH.

BO-BTODHX, MOXHO NDEANMONOXHTE, YTO BO BPEMA WHXEKIHMH B J0-
BymEe MMeeTcd OGOAbmOe KOAMYECTBO MOHOB, OOXANADNHUX CTONb MAMHMH
SHEpPruAMH, YTO OHN HE DEerHCTDHPYDTCE CHEKTDOMETpOM, HO TeM He Me-
Hee BOCMDHHMUMADTCHA JETEKTOPOM Mepe3apAXEHHHWX YacTHI[, XOTH ¥ C Ma-
aoit appexTuBEOCTED, ECAM monararh jyanee, YTO NOCKEe BHKADYSHHS HH-
XeKIMH 3TH HOHH MMEeDT BOSMOXHOCTH MOKMHYTH JOBYNMEY 3& BpeMA -~
IO'“ CeK, Hampuuep, BCHGZCTBME paccesHuA B sanpeTHuM KoHyC, TO
3T0 MOrj0 ON ONTH NpHyMHOM HalnpDxaemoro cmaga curmana, HeTpyzmeo
ONHAKO YOEXMTBCA, YTO B KOAMYECTBEHHOM OTHONEHWM MOXOOHOE 00BAC-
HEHHe OKa3NBAEeTCH HenmpHemneMuM, Jns TOro, 4YroOw OGBACHATH Goasmol
CHTHAN C XeTEeKTOopa YacTHI nepe3apAfkd BO BpeMAd MHEEKIHH HaJINUHeM
WOHOB C MAJNHMM DHEPTHAMH, NIOTHOCTH MX JXONXHA Onaa OH B XECATKH

pas npesumaTh JeMcTBHTENBHYD MIOTHOCThH, M3MeDAEMyD EaiMeBHM NOyu-
KOM ¥ MHTepdepoMeTpOM BO BpeMa Mumynrsca BYU,

NoaTouMy HamOONee BEPOATHOR mpuumHOR cnmaja CHrHana nepesapa-
XeHHHX YaCTHI NPeXCTABAAETCA YXOX MOHOB M3 JOBYmKH nox xelcremen
HEKOTODOT0 KOJNeKTMBHOTO MeXamu3uMa,. HaGIDXeRHA ¢ MOMONBD CNEKTPO-
MeTpa 3a M3MEHEHWEM BO BDEMEHHN NMOTOKA Nepe3apAXeHHHX UYACTHL C
pasnmyHol sHeprmell MOKA3HBADT, UTO MEXXy MMNIyAbCOM MHXCRINH H
XBOCTOM HMEET MeCTO Nnepenax MHATeHCHBHOCTeH#, NpumueprO OfXMHAROBHE
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B NMPOKOM JHEDPreTHMYEeCKOM MHTEpBalNe W M0 NMOPDANKY BEAMUHHH COOTBET-
crayomull CRAUKYy CYMMBpHOT0 CHIrHajla, PerHCTPHDYeMOr0 JeTeKTOpOoM
nepesapAXeHHEX YacTHI.

Baxeuu daxToM, TOBODANEM B NOAL3Y HeycTORUMBOCTH, ABAAETCH
H TO, YTO BCE NOMNNTKM SANOAEMTEH NOBYNEY XAHNTEABRO yXepxupaeumol
nxaasuolt ¢ NAOTHOCTHED BHEE YeM n'I.IOIO cu™2 oxasamuch ge3ycnemen-
um, HecMOTpA B& M3MEHEHHe B BeChMa NHMDOKMX Npejenax TaKEX ompe-
ZenADmUX NapaMeTpoB MHETEHCHBHOCTHM HEXEKIMM, KAK Daspaxauit Tox
NN83MEeHHOT0 HCTOYHHEA W BeAWYMHA AMJIHTYIH yCcKopApmero BU Ha-
NpAXEHHA, & TaKXe JNAUTEeNBHOCTH MHXeKTHDPYDNEro HMIyabca, KOHEY-
HAA NAOTHOCTH niasux, ocrabmellca B XOByEKe CNycTA ABeCTH-TDHCTA’
MUEDOCEKYHX Nocie OKOHYAHMA MMOyAbca, HEHM3MEHHO OKA3HBAETCA
6nmseolt Xk npmeexeHHoft Bume Bexwyune (WAM MeHBmE ee, €CAM BHOM-
paircsd MAJNOMHTEHCMBHHM DexuM MHEERIHME). TPYAHO NPEXMONOXHTH,YTO-
Ou NPH YEASAHHOM NMEPOKOM M3MEHEHMH NapaMeTpoB MHEeRIMH ee JeMcr-
BHTENbHAA WHTEHCHUBHOCTH M YCJNOBHA 3aXBATA OKA3HBANHCH Kaxiui pas
TAKNMM, OPM KOTODHX HAKOIIEHME NJIa3My B JIOBYNEE MNPOMCXOAMT XO
oxHoll ®m ToH xe OTHOCHMTENBHO HeGoAbmOM INOTHOCTH.

Y
prees

Puc.6. @®opma HavankHOro Cnaja CHrHajla MacTHy nepesapiakd: 1 — co crabwiHaHpymRumHM no-
nem; 2 — Gea crabuananpyomero nons. Paapeprka ocuwanorpada sanyckaercs oAHOBpeMeEHHO
C OKOHYaHHeM HHEEeKLUHH.

Ecam XONMyCTHTH, 4YTO aHOMANBHHE yXox XeHCTBHTENBHO MMEeT Mec-
TO, MOXHO YEa3aTh Ha ero Hamdoxee olmue yepTH. XapaKTepHO, YTO
Crnax CHIHajJa Nepe3apAXeHHHX YaCTHI Ha 3axHeM GPORTe MuMNYIbCA HH-
XeKIMN NMPOMCXOXNUT MOYTH OXWHAKOBO KAk B NPHCYTCTBHH CTACHAMIH-
pypmero noxns, Tak u 6e3 Hero (puc. 6), €CAW OTBAEYUBCH OT MMEDMMX
MECTO B MOcAeXHeM chyuae KoxeGanmull, CBA3&HHHX C CHJABHHMM NpPOCTpaE-
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CTBEHHHMM (ADKTyamMAMM NIOTHOCTH, BH3BAHHHMM Xelo0koBoM HeycTolt-
9YHBOCTED, (O0e KDEBHE CHHXANTCA COBMECTHO, MOKA& CHTHAN HE YMEHb-
mUTCA RO BENHYMHH, COOTBeTCTBYDmeH N £ IOIO cn'a, nocne gero
KDHMBHE CDa3y DACXOXATCH: KpwBad (e3 CTACHIMSHDPYDNEro MOXA MpOXOa-
ZaeT CTOAb Xe KDyTO MITH BEM3, TOrJNA KaKk EDMBaf CO CTAGMIHSMDYD-
MM ToNeM PesK0 3amenifeT cnaxy, odpamasch B XAMHHAEM xBocT. U3
aToro faxra crexyer, uTo mpexnozaraeuuil amomanbEEM yXox ocymecT-
BIAETCA MOCPEACTBOM TAKOr0 MeXaHH3Ma, H& KOTODHE XONOXEMTENBHOE
cTaluIMaupyonmee Mnojie HE OKA3HBAET 3AMETHOr0 BIMAHHNE. OTCYTCTBHE
KoneCarwit MOXEeT rOBODMTH O TOM, YTO NEPEHOC NIA3MH MMEeT CKopee
MVEDOCKONMYeckult, yem ruxpoxmsammveckult (oOzemmui) xapaxrTep.

B xoGaBneHyMe K NPUBENEHHHM JNAHHHM BAXHO YRA3aTh H& TPYyNNy
OTZENBHO CTOSMMX HAKTOB, HEMOCPEXCTBEHHO CBMAETENBCTBYDNHX O CY-
mMecTBOBAHMH BechMa OHCTDPOTO &HOMAABHOTO yXOXa MDPH HEKOTOPHX yC-
nosuax. [IpH M3MEHEHHOM DEeXWMeé Harpesa HOHOB BO BpPeMA MHEEKIMH,
XapaxkTepH3yeMOM 3HAUYNTeNbHO Gonbmel awmauTynoft BU m manod xam-
TEABHOCTHD NAKeTa, H& MHOIMX OCIUIIOrpaMMaX pacnajya IJa3My Ha-
GADJanTcs pesKue COPOCH, PerucTDPHpYeMHe OZHOBDEMEHHO Kak JeTek-
TOpOM NMepesapAXeHHHX YACTHMN, TAK ¥ KanmeBuM myukom (pmc. 7, oc-
mannorpasus (I) x (2) ) o COpOCH NMPOMCXOXAT NMPK MAOTHOCTAX -~
(0,54 1).10'0 cu™, Uew Goxsme aumnuryze BU-wmumyrsca, Teu ua-
me madaoganrcs cOpocH. MEOrjxa Ha& OXHOM XBOCTE OHH NMOBTOPADTCA
IBaxxs u naxe Tpexxy (ocmuazorpamua (3) ma puc. 7). [ipumevarens-
HO, 4TO COPOCH NPOMCXOXAT CNYCTH SHAYMTEABHOE BPEMA NMOCAe OKOH-
ganun uExexmuM (X0 5 mMcex), OOHYHO yxe B dase ycroRumBOro yxep-
XaHHA .

~Meem

Moen

Puc.7. Ocuwanorpamusl, Hanocrpupyomme c6pocs Bo Bpems pacnagsa naaams: 1 n 2 — cbpoc,
perHcTpHpyeMil OAHOBPEMEHHO ABTEKTOPOM Nepe3apAXeHHbX YacTHL H KanHeBMM nyuxoM; 3 —
cayyail Tpex nocaejopaTensHyx c6poCcoB, 3aPErHCTPHPOBAHHMX AETEXTOPOM YacTHI nepes3apaakH.
{1 m 3 —cwrHansic geTexTopa YacTHl nepelapsaxd cnycts 200 mMxcex nocne okoHYaHHA WHEEKLHH).

lloxoOnoe ABNeHME HAGADIANOCH B OTAEABHNX DeXREX CAyYa&aX M
NMpM MHXEKIMH MIA3MH MeTOXOM HeycToflumsoro myuxa [II] .

OueBmpHO, COpOCH BH3NBADTCA Benumkolf kaxoit-To meycToMumBoO-
cTH, npuBoxAmeR x OucTpOMy yXOXy 3EAURTENsHOM XOoam yrepxupaemolt
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ninasuu,. [[prpoxa 3TOro ABNEGHMA NMOKA He HCCNEJOBaHA, B YACTHOCTH,
He W3BECTHO, BOBEMKADT NN KakWe-AU00 BHCOKOYACTOTHHE KonedaHus
B MOMEHT DasBHTHA HeyCTOMYMBOCTH, M B YeM COCTOMT Da3NuyKe Mex-
Ly nna3umol B pexmMax ¢ yacTHMM cOpogawy M Oe3 HuMX. [loaToMy mnoka
NpexxeBPEMeHEO NMPOBOXMTH NMapannenb MexLy CNafxoM CHrHala Ha 3al-
Hem GpoRTe M cOpocaum B XBOCTE j MOCAeNHHME CAELyeT PACIeHMBATH
CKopee Kak peanbHuil npmuep HeycTOMYMBOrO NOBENEHHMS MAA3MH B JO-
BymKe C KOMOMHMDOBAHHHM MOJNeM. JTOT mpuMep xaeT Goabme OCHOB&-
HEll nozaraTh, YTO B YCAOBHAX ONHCHBAEMHX DKCIEDMMEHTOB MOBHNE-
HHWe MJAOTHOCTH NJa3MH He yJaeTcA OCYMeCTBMTH Takxe MO NMPHYHHE
HeyCcTONYNBOCTH.

4, BAKIDYEHNRE

(OCHOBHHE DE3YABTATH MOTYT OHTH CBEJEHH K CHEIYDIEMY.

I. MogubunupoBaRAHE MeTOX MATHETDOHHOM MEXEKONM, cocToAmui
B YCKODEHMM MOHOB M3 cTO010a XOnoxHOM nnasuy BHCOKOYACTOTHHM pa-
JVANBENM MEeKTDUYECKHM MONEeM, olrafaeT JOCTATOYHOM WHTEHCUBHO-
CTHD JNA CO3XaHMg B ycTaHoBke [[P-5 niaasuu C 3HEPTHYHHME HOHAMM
nnotHocTsn =~ I0'L cu™® B odsewe = 10% cu®.

2. HECKONBKMMM HEB3ABMCHMHMYM JKCNEPHMEHTAJBHHMH MEeTOXaM# yc-
TaHOBJNEHO, YTO Mrasua ¢ Takol HavanbHOR MIOTHOCTHD B JNOBYNEE
INHTENBHO He yjiepxuBaeTcd. [I[pW npexpameHuM WHEEKOWH OHA pacnaja-
eTcA 3a BpeMA nmopagka I0” ' cex. MOKAa MIOTHOCTH HE YMEHBNMICA X0
BENUYMHN ~ T cu‘a, nocne 4yero pacmax pesko 3auexngerca.Ocrapn-
mafcA ILOATOXWBYmMAR YACTh NIaSMH MOXET yIEPEXMBATHCA CTAGUABHO B
TeyeRNe BPEMEHM, ONpejesifeMoro mepesapairol MOHOB.

J3MeEeRNe MHTEHCHBHOCTH M JQNIUTENBHOCTH UEXEKOUH He NPHBOXHT
K YBENUYEHHWD NMIOTHOCTH yIepxusaemMolt niaasum.

3. lIpuynHa OHCTPOTO HAYANBHOTO Cnaja NAOTHOCTM B HACTOAmee
BpeMs eme He u3yvyeHa, He MCKADYEHO, WTO OHA CBA3&HA C KAKMMU-]HM-
60 HeBHACHERHHMM OCOCEHHOCTAMM CaMOr0 mpomecca MHEermMu. OfHaKO
COBOKYNHOCTH MMEDMUXCH JKCNEDHMEHTANbHHX JAHHHX IenaeT Takoe
NpexnoNOXeHUEe MCHEE BEDOATHHM, HEXeNu NpeinojiOxeHMe O TOM, UTO
cnax ABNAETCH CNEACTBUEM HeycTOWYMBOCTHM MAASMH NMPH MOBNNEHHNX
NAOTHOCTAX. Ha BO3MOXHOCTH NMOABNEHMA HOBHX HeycroltyupocTell B mc-
cnelyeMoM MHTeDBaje MIOTHOcTel ykaswBaeT Takxe M TeOpHUA, B yacT-
HOCTH, Ha BO3HMKHOBeHMe XpeltboBo-muEmoTpoRHOM HeycTOMUHMBOCTH.
HakxoHell, NOMONHUTENbHHM APTYMEHTOM B NONAL3Yy HeycTOMuMBOCTH CIy-
XMT ¥ TOT dakKT, YTO NPH HEKOTOPHX YCHOBMAX C HECOMHEHHOCTEHD
HaOnDAapnTCA HeycToMuyuBHE COCTOSHMA MAA3MH B KOMOMHMDOBAHHOM MO~
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e, OCHApyEuUBaMUMECA N0 HEORMIAHHHM copocau NAOTHOCTH B [EpHOX
"cnoxoffHOrO" pacnaja nnasuMH. .

_ B 3aKTDYEHEE HYXHO NMOZYEPKHYTh, YTO H3NOXEHHHE DE3YNBTATH

MOTYT CHYXUThH NMODb KAyeCTBEHHHM yKa3alineM ga HeycToluyupoe moBe-

JeHuue NAaSMH NPM NOBHOEHHHX NIOTHOCTAX. CrepyeT HANEATHCH, 4YTO

IanbHeltmue Gonee CHCTEMATHUECEME MCCAENOBAHMA MO3BOMAT BHACHATH

XeMCTBUTENBHHM MeXaHU3M HadnnxaanXCH ABneHult .

Ecau orpaHMueHKe NAOTHOCTH IAMTEABHO yxepxmnaeuon onasMyE B
ReCTOSmMX 3KCNEPEMEHTax OCYCNOBAEHO npeﬂ@ono-nuxnorponnoﬁ HeyC-
ToftuMBOCTED, MOXHO DACCUMTHBATH, UTO NP NOBHNERHM HANPAXEHHOCTH
. MATHMTHOTO NOAA YRACTCA NOCTHTHYTH 3HAUMTENBHO GONEE BHCOKUX
nnotHocTed: cornacro [I4] KpuTHyeCKOe 3Hayemue MAOTHOCTH, HaUM-
Had ¢ KOTOPOM MOXeT BO3RMKRATH 3Ta HeycToMumBOCTH, pacTeT NpH
Npounx HEMSMEHHHX YCHOBMAX He MenfeHHee, yem H',

ABTODH Bupaxanr'cnon'6naroxapnocr5: T.A.ApumeoBuvy, B.B.Ha-
Iouuesy ¥ A.b.MuxafnopckoMy 3a METEpec K padoTe W mone3Hue 00-
cyxXenua § B.A.CUMOHOBY ¥ ero COTDYXZHMKAM 38 pas’pafoTKy annapa-
TYPH ¥ MOMONb B MPOBeIEHMM M3MEpEeHu?t MO JOHAMPOBAHND NNA3MH Ka-
JNMEBHM NYYROM, B.B.Xunimap 3a pa3paGoTKy CBU-umETepdepomerpa,
D.T.batGoponoBy, paspaGoTaBmeMy BCD anexrpopaxnorexnmqedxym an-
napaTypy yCTaHOBKM, & TakxXe BCEM COTPYIHUKaM Hamel! nadopaTtopuu,
AKTUBHO MOMOTBNMM B MDOBENEHUE 3KCIEPUMEHTOB. '
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DISCUSSION

D. KERST: Have you found that the growth rate of the instabilities you
associate with the cone of losses is affected by the electron temperature?

M.N, ROSENBLUTH: These instabilities are independent of electron
temperature as long as it is less than the ion temperature, as in the case
discussed by Dr. Toffe. S

A.H, SNELL: Are the jumps or d1scont1nu1t1es in the decay curves usual
or unusual events?

M,S. IOFFE: That depends on the conditions under which injection takes
place., When we heated the ion component of the plasma by means of a rela-
tively low-amplitude HF electric field the generator voltage was 1 or 2 kV,
In this case we did not observe any discontinuities.

However, when the generator voltage was raised to 30 kV, disconti-
nuities were observed,

I cannot state precisely the difference between the ion energy distribution
in the first and second case, but preliminary evidence indicates that it is
smoother in the first case, right down to low energies, :

J. DRUMMOND: Iunderstandthatthe breaks in the curve which occurred
at late times sometimes occurred multiply. If these breaks are due to
anisotropy in the velocity or spatial distribution how can a further anisotropy
be generated to make further instabilities occur? Is there an explanation for
a regeneration of the anisotropy?

M.S. IOFFE: Mikhailovsky considers that these breaks are not as-
sociated with anisotropy, since the anisotropy effect should make itself felt
at lower densities than those observed by us. According to Mikhailovsky the
breaks in density are due to ion-cyclotron instability caused by the strongly
non-Maxwellian character of the ion distribution, :

J. DRUMMOND: Is the plasma potential found to jump at the times when
these breaks are observed? . '

M,S. IQFFE: We have not measured the plasma potential, but indirect
evidence suggests that no strong jumps in potential occur.
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'Abstract;— Résumé — AnrdoTtauns — Resumen

_ CONTAINMENT OF PLASMA TRAPPED IN A MAGNETIC WELL. Plasma from a coaxial gun is guided
along an injection line by a converging magnetic field into a central glass vacuum chamber, Here part of the
plasma is reflected from a magnetic mirror, and then trapped by the application of another rapidly- -pulsed
mirror field. Stabilising fields can also be applied by currents in six Ioffe bars parallel to the axis. "The fields,
of short rise time, are maintained roughly constant for 1 msec,

In earlier experiments on plasma of mean density 4X 1010 crr3 end ion energy 1 keV, a rotating flute
instability was present in simple mirror geometry, the plasma being lost in 60 usec. With stabilising fields
applied, the lifetime of energetic ions (measured by the emission of charge exchanged neutral atoms) in-
creased to 250 - 400 psec. This decay rate was faster than that due to charge exchange at the background gas
pressure of 3 X 10-7 Torr, indicating a large transient influx of gas from the walls of the chamber,

Later experiments on higher density plasma (n~ 1013 cm-3, ¢ ~5 keV) have confirmed these results,
1n these the fast atorn flux lasted 140 ~200 psec in both simple mirror and complex fields. The 51gnal due
to charge exchange emission peaked about 30 ysec after the instant of trapping. This signal measures the product
of the fast ion and neutral gas densities. A deliberate increase of background pressure up 10 10-% Torr made
little difference in the amplitude of the signal, Attempts to change the influx of gas by bakmg the chamber
and evaporatmg lithium were unsuccessful, but the lithium coating showed signs of severe bombardment along
the cusp lines between the loffe bars. A compensated diamagnetic loop placed inside the vacuum chamber
showed that thé value of 8 for the trapped plasma was at least 0. 1; the diamagnetism fell sharply within )
50 psec, confirming that the longer-lasting neutral atom signal must be due largely to the influx of neutral gas,

CONFINEMENT D'UN PLASMA PIEGE DANS UN PUITS MAGNETIQUE, [Le plasma formé dans un
canon coaxial est dirigé le long d'une ligne d'injection et amené dans une chambre 2 vide centrale en verre
par un champ magnétique convergent, Dans cette chambre, une partie du plasma est réfléchie par un miroir
magnétique, puis piégée par un autre champ 3 miroir cré€ par une impulsion rapide. - On peut aussi appliquer
des champs stabilisateurs produits par des courants circulant danis six bartes de Joffé disposées parallélement 2
I'axe, Ces champs, 2 court temps de montée, se‘maintiennent 2 une valeur presque constante pendant 1 ms.

Au cours d'expériences faites précédemment avec un plasma dont la densité moyenne était de 4-1010cm-3
et 1'énergie des ions de 1 keV, les auteurs ont constaté une instabilité tournante en cannelures dans une con-
figuration 3 miroir simple, le plasma disparaissant en 60 ps. En appliquant des champs stabilisateurs, la durée
de vie des ions de haute énergie (mesurée grice 2 1'émission des atomes neutres ayant subi 1'échange de charge)
a pu atteindre 250 2 400 ps. Cette décroissance plus rapide que celle qui serait due 2 1'échange de charge
2 la pression du gaz résiduel de 3 10°7 Torr indique un afflux transnoue 1mportant de gaz venant des parois
de la chambre., :

. Des expénences faites ultérieurement avec des plasmas de densité plus élevée (n ~ 10** cm"-,_ e~5 keV)
ont confirmé ces résultats. Au cours de ces expériences, le flux d’atomes rapides durait de 140 2 200 ps, tant
dans les champs simples 2 miroir que dans les champs combinés. Le signal provoqué par 1'émission due 2
1'échange de charge présentait un maximum de 30 yis apres le pi€geage. Cesignal mesure le produn dela
densité des fons rapides par celle du gaz neutre, Une augmentation délibérée de la pression du gaz résiduel’
fusqu'2 1075 Torr n'a guere modifié 1'amplitude du signal. Les essais effectés en vue de modifier 1'afflux
de gaz par &wuvage de la chambre ou par évaporation du lithium ont été infructueux, mais le revétement de
lithium présentait des signes de bombardement important le long des lignes cuspidées, entre les barres de Ioffe,
Une boucle diamagnétique compensée placée 2 1'intérieur de 1a chambre 2 vide a montré que la valeur de 8,

' ' 53
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pour le plasma piégé, était au moins de 0,1; ,au bout de 50 ps, le diamagnérisme diminuait rapidement, con-
firmant que le signal prolongé provoqué par les atomes neutres doit étre imputé, pour une grande part, 2 l'afflux
de gaz neutre.

YIEPXAHUE TJTA3MBI, 3AXBAUYEHHOHW B MATHUTHOH! IME. TIlnaaMa u3 KoakcHasb-
HOM MYWKM HANpPaBNASeTCH CXOARMUMCS MATHHTHLIM {10/1€M B HEHTPANbHYI0 CTEKASHHYI BaKyyMHYD
xaMepy. 3Jech YacTh NJIa3Mbl OTPaxXaeTCHd OT MAarHHTHOrO 3€pKaja M 3aTeéM 3aXBaThBAeTCH B
pe3yibTaTe NPHMEHEHHS Apyroro 6LHCTPO HApaCTalWeEro 3epKajbHOro nojisi. MOXHO TaKke npH-
MEHSTh CTabUNH3HpYyIHe NMONA, CO3AaBaeMbleé TOKaMH, B mecTH nankax Hodde, pacnonoxeHHsx
napannensHo oCH. BHCTPO HapacTaoiMe NONA OCTAKTCA NPHEMU3HTENBLHO NOCTOSHHBIMH B T€UEHHe
1 MUANHCEKYHAH . _

B panee npoBeneHHRIX IKCNEPHMEHTaX C NMNas3Mol Co cpelHel NAOTHOCTLIO 4:10¥cym-3 1 snep-
rHei HOHOB 1 X2B Npu NPOCTOH 3epKaNbHOM reoMeTpHH BO3BHKasa xeno6xoBas HeyCTOWYMBOCTH
M BpameHHWe Na3Mbl; MPH STOM NAa3Ma Tepanach yepes 60 mkcek. IIpu npHMeHeHHH cTabHAU3NPY -
KX Nofei BpeMs XH3HH SHEPrHYHbIX HOHOB (H3MEpSeMOe MO NOTOKY SMUCCHHM Nepe3apsKeHHBIX

HelTpalbHBIX aTOMOB) yBejiMuuBaioch Ko 250 — 400 Mkcek. Takasa ckopocTb pacnaga 6erma Bume,\
4eM CKOPOCThL pacnaja B pe3y/NpTaTe Nnepeaapaiky NpH AaBJeHHH ocTaToudHoro rasa 3-10°7 top,
YTO CBHMIETE/NLCTBOBANO O 3HAYHTEJILHOM [OCTYNAEHHH Ias3a CO CTEHNK KAMOL . .

Bonee no3aHHe dKCnepumeHTs! ¢ 6onee NIOTHON naasmoi (n~1013 cm™3, € ~5 k3B) noATBep-
AWK OTH pe3ynbTaThl. B 3THX 3KCNepUMEeHTaX MOTOK 6bICTPHX aToMOB npofonxanca 140 — 200 Mxcex
Kak B NPOCTOM 3epKajbHOM, TAaK H B CJIOKHOM nonsx. CHrHal nepe3apAXeHHMX YaCTHL HOCTHran
MakcHMyMa 4epe3d 30 MKcek mocie Hauala 3axBaTa. OJTOT CHIHal onpeleNseT NPOU3BeleHHe
MNOTHOCTeH BLICTPHIX HOHOB M HeHTpPanbHOro rasa. I[IpeHaMepeHROEe yBeNHYeHHe OCHOBHOIO NaB-
nenns 2o 10-5 TOp He NPHBOAMNO K 3aMETHOMY H3IMEHEHHI0 aMIUIMTYAM CHrHana. ITOMBTKHYMeHb-
HHUTE TamleHHe CTEHOK JJyTeM nporpepa KaMephl U HCNapeHHA JIMTUA OoKa3asUch 6e3ycnewHbMH,
OJHAaKO, Ha JIMTHEBOM MOKPLITHY GblNM OBHapy X eHbl Clelbl OT CHJIbLHON GOMOAPAHPOBKH CTEHOK B
npoMe xyTkax mexay nankaMu Hodde. Ha koMneHcupywomefi AvamMarHutHoi netne H3MepeHHe
AHaMarHeTH3Ma MIa3Mhbl ¢ MOMOWBXN BHUTKA, MOMEMEHHOrO BHYTPH BaKyyMHOR RaMepm, 6110 Moka~
3aHO, 4TO BejuuMHA B AN 3aXBaUeHHON NIa3Mbl COCTaBfANa, No Kpaiieil Mepe, 0,1; AHaMarHeTH3M
Pe€3KO yMeHbwancsa yepe3 50 Mkcek, 3TO nNoATBepxAaeT, YTo 6oslee NPOAOHKMTENbHBIA CUTHAN OT
4YacTHL nepe3apsalkd HeOBXOAHMO P 3HAUMTE/IbHOH CTerneHH OGBACHATE NPUTOKOM HeATPanNbHOTO
rasa.

CONFINAMIENTO DE UN PLASMA ATRAPADO EN UN POZO MAGNETICO. En el trabajo descrito
en la presente memoria, los autores emplean un campo magnético convergente para guiar a lo largo de una
lfnea de inyeccién el plasma proveniente de’un cafién coaxial, conduciéndolo hasta una cdmara de vacio
central, de vidrio, En dicha cAmara, parte del plasma se refleja.en un espejo magnético y luego queda atrapado
por la aplicacién de otro campo especular sometido a pulsaciones rdpidas. También es pos1ble aplicar campos
estabilizadores haciendo circular una corriente en seis barras de Ioffe paralelas al eje, “Los campos de aumento
ripido, permanecen aproximadamente constantes durante 1 ms.
En anteriores experimentos con plasmas de 4 - 101 cm™3 de densidad media y 1 keV de energfa iénica,
se observé una inestabilidad giratoria con forma de estrias en una geometrfa especular simple, perdiéndose
el plasma en 60 ps. En presencia de campos estabilizadores, el perfodo de los iones de alra energla (medido
por la emisién de 4tomos neutros que han sufrido intercambio de cargas) aument6 hasta 250 -400 ps, Este
fndice de decrecimiento fue m4s elevado que el debido al intercambio de carga con una presibn residual en
el gas de 3.10-7 Torr, lo que indica una gran afluencia transitoria de gas desde las paredes de la cimara,
Experimentos posteriores con plasmas de mayor densidad (n~ 10 c¢cm™3%; ¢ ~5 keV) han confirmado
esos resultados, En dichos experimentos, el flujo de dtomos rdpidos dur6 140 -200 ps, tanto en espejos sencillos
como en campos complejos. La seflal debida a 1a emisi6n por intercambio de carga alcanzé su maximo unos
30 ps después del instante de 1a caprura. Esta seflal mide el producto de las densidades de iones rdpidos y de
gas neutro, Un aumento deliberado de la presién residual hasta 10~5 Tort no alteré mayorménte la amplitud
de 1a sefial, Los intentos de modificar la afluencia de gas calentando la cdmara en un homo y evaporando litio
no dieron resultados, pero el revestimiento de litio mostré indicios de severo bombardeo segiin las lineas cus-
pidales entre las barras de loffe. Un lazo diamagnético compensado, colocado dentro de la cAmara de vacio,
indic6 que el valor de B8 correspondiente al plasma atrapado era igual a por lo menos 0,1; el diamagnetismo
disminuy6 abruptamente al cabo de 50 ps, confirmando que la sefial del 4tomo neutro, de mayor duracién,
-debe provenir en gran medida de la afluencia de gas neutro. .
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1. .Introduction

In a number of experiments {1 - 7/ it has been shown that plasma
confined adiabatically in a magnetic well is not afflicted by interchange
instabilities. It remains confined much longer than in a simple magnetic -
mirror, but frequently escapes faster than can be explained by
collisions between the ions of the plasma, or by charge exchange on
the background gas. This has been ascribed to the sudden influx of
neutral gas, dislodged from the walls of the vacuum vessel by plasma
bombardment. We have observed these effects in the apparatus
described here (the Magnetic Trap Stability Experiment calleg MT.S.E.).
Qur first experiments on low density plasma (.n ~4.IOlOcm' , ion
energy | keV) showed that a rotating flute instability caused the plasma
to be lost from a simple mirror in 60 Ksecs; in a magnetic well
energetic ions were observed to remain trapped for 400 psecs,
judged by the fast atom flux due to charge exchange. This decay rate
was however 4 or 5 times faster than that due to charge exchange at
the static background pressure.

If this is due to injection of neutral gas by plasma bombardment,
one would expect that at higher plasma densities the effect would be
more severe, and containment times shorter. This has been found to
be true, both in the French experiment DECA [ 7.7 and in our own
work previously reported £ 6 7.

The purpose of this paper is to describe in detail recent
experiments on the trapping of high density plasma in M. T.S.E., which
show that the loss of plasma is almost certainly due to charge exchange
on injected gas.

2, General Arrangement

The apparatus is shown in Fig. |, Plasma from a coaxial gun
is guided along a drift tube by a converging d.c. magnetic field into
the central trapping region where the field is uniform., Additional
mirror fields are produced by pulsed currents in the coils shown.
These -additional fields rise to their peak value in 50 psecs and decay
by 15% in | msec. For the purpose of trapping the fast plasma there
is a gate coil of rather smaller diameter at the entrance to the central
trap, carrying a large pulsed current which produces a peak field of
13 KG in 12 psecs, decaying in 50 ptsecs.

The sequence of events is as follows:-

The far mirror (mirror 2) is first energised forming a magnetic
barrier, the gun is fired ejecting plasma down the tube, and the -
reflected plasma is trapped by the gate field, which is then replaced
by the field of the other mirror coil. Thus plasma is trapped within
a simple symmetrical mirror within 50 psecs. ’

Six sets of stabilising rods (‘L= 3) are also fitted, lying just
outside the wall of the central chamber parallel to the axis. The
stabilising field rises in 45 psecs and decays by 25% in | msec.
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FIG.1. General experimental arrangement

The simple mirror formed by the pulsed fields superimposed on
the d.c. guide field is 70 cm long, and has a mirror ratio of 1.8:
the magnetic well formed when the stabilising fields are further super-~
imposed has a ratio of 1.4 (defined as the ratio of the field at the
outermost closed contour of B to the field at the centre of the trap).

The vacuum chamber is in three parts: the drift tube is of 9%
(22 ems) diameter pyrex glass in the region near the gun, widening
to 12" {31 cms) diameter aluminium; the central trapping region'is a
22 ‘cm diameter pyrex cylinder with conical ends narrowing to 6"
(15 cm) diameter sections where it is joined by stainless steel bellows;
beyond this central section is a 3.5 metre long analyser tube
(symmetrical ‘with the drift tube) of 31 cm diameter aluminium._ Pumping
by four 9" oil diffusion pumps gives a base pressure of 3. 107! torr.
Theo system has been partnally baked, the centra[ pyrex section up to
130° C. :

The gun is 5| cm long, with an inner electrode of diameter
2.85 cms and an outer electrode of diameter 1O em; it is fed with
a condenser bank of 30O rcF' working at 16 kV, giving a peak current
of 300: KA in 2 psecs.. The initial burst of fast plasma is guided
along ‘the drift tube as described: slow plasma from the gun is
diverted by rapidly pulsed cusp-type fields applied in the first half of
the drift tube after the faster plasma has passed.

3. Methods of measurement

The following techniques have been used:

{a) Simple single turn diamagnetic loops outsnde the vacuum
system at various pomts along the tube.



(b)

(c)

(d)
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A compensated diamagnetic loop, (to minimise pick up
from the transient mirror and gate fields), placed inside
the central 'vacuum chamber, in the mid plane of the trap.
It was found impossible to make an external loop
sufficiently compensated, due to asymmetrical metal
structures which lie rather close to the vacuurn vessel.
The internal coil had to be made sufficiently small to be
inserted through the 6" conical end: it is 5" (12.7 ems)
in diameter, and has the compensating loops wound closely
outside it.

A small magnetic probe, having 80 turns wound on a’
2 mm diaméter bobbin and movable radially across the
mid plane, measuring changes in ‘the axial magnetic field.

An energy-selective neutral particle detector, to measure
the flux of fast atoms from the plasma region resulting
from charge exchange. This employs a water vapour cell
to ionise the fast atoms, a coarse electrostatic. deflector
(curved plates} and an energy-selective gridded detector
of the kind described by Mason £ 8_7. ‘The coarse
deflector simply serves to remove the detector from direct
line of sight to the plasma, and this makes it less '
susceptible to interference. In the detector itself it is

' possible by choosing suitable potentials on the grids to

(e)

(f)

discriminate between genuine signals due to fast particles,
and spubious signals due to a photo electric effect. (See
Fig. 2)." : '

Theé main axis of the instrument is arranged to accept atoms
emitted at an angle of approximately 760 to the axis of the
trap, in the mid plane. I[n the simple magnetic mirror these
arise from chairge exchange between the background gas and
ions moving at a fixed angle to the field lines , i.e. having
a given ratio of vy /v, in the mid plane. But since the
detector is set to' respond only to particles within a chosen
energy interval it follows that the signal from the instrument
will be due ultimately to those ions in the plasma having a
given magnetic moment #r.and total energy €. Moreover
‘by changing the grid potentials of the detector to select a
different energy, we then select a signal due to plasma ions
of a different magnetic moment. This simple relationship
does not hold when the plasma is trapped in a magnetic
well because the field lines are so twisted that atoms can
be injected into the neutral particle detector by ions

moving at various angles to different field lines.

A photomultiplier lpoking at the wall of the vacuum vessel
near the mid plane, and diametrically opposite the neutral

_ particle detector.

Two double Langmuir probes fitted close to the wall, and
used merely to detect the presence of plasma by the flow
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FIG.2. Methods of measurement

of current between them. One was fitted in the port
diametrically opposite the neutral particle detector, the "
other in another port also in the mid-plane, but lying 120
round the circunﬂer_ej)ce Q"om the first probe. The area
of each probe is 10 © em .

(g) A fast ion gauge fitted into the port at 120° (the Langmuir
probe then being removed).

4, Diamagnetic Measurements
(a) Eneray of plasma

Diamagnetic loops placed 200 cm and 450 cm from the
gun were used to measure the time of flight of the energetic
plasma along the guide field. A typical result is shown in
Fig. 3a,_where the velocity of the peak is slightly greater
than 7.10'cms/sec, corresponding to a proton energy of
2.6 keV (In subsidiary experiments using combined energy
and time of flight analysis it has been shown that lhe+
predominant ion in the fast plasma from the gun is H ).

The two traces on fig. 3a are taken with different
oscilloscope sensitivities (lv/cm for the top trace, 50mV/cm
the bottom). The diamagnetic loop 2 metres from the gun
(top trace) is in a static field of 1.3 KGauss, the further
loop, in the mid plane, lies in a field of 4 KGauss. When
allowance is made for these factors and for the radial
istribution of the plasma (see below) the peak value of

(the ratio of plasma pressure to magnetic pressure) is
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FIG.3a. Diamagnetic loop signals with d.c. guiding field and diverters only used. Top trace at 2 m from
gun, lower trace at centre of trapping region. Sweep speed 5 psec per division. (The sensitivity of the lower
trace is 10 times that of the upper trace.)

FIG. 3b. Diamagnetic loop signals when simple mirror trapping fields are applied. Top trace at 2 m from
gun. Lower trace at centre of trapping region. 5 psec/division, sensitivities as for Fig. 3a.

25% under the first loop, and 2.5 to 3% under the second.
Most of this change is due to longitudinal dispersion of the
plasma arising from the spread in velocities - the duration
of the second signal is more than five times greater than
the first (Fig. 3a). From other experiments we have
evidence that some plasma is lost in travelling along the
drift tube, but most of the plasma is guided along the field.

(b) Radial distribution

The movable magnetic probe was used to measure the
radial distribution of the injected plasma in the mid-plane
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of the trap, (the d.c. guide field only being used). The
profile is approximately triangular having a peak at the
centre and falling linearly to an undetectable signal at a
radius of 6.5 ecms. This radial extent is about 50% greater

* than would be expected if the plasma were rigorously tied

to the field lines all the way from the gun, but is only
slightly smaller than if the plasma were limited by the 6"
aperture of the conical section at the entrance to the central
secticn, It therefore seems likely that the plasma spreads
sideways across the guide field, and som= of it is scraped
off at the entry to the central section.

Trapping of plasma

The diamagnetism of the trapped plasma has been measured
by the compensated loop placed inside the vacuum chamber.
The loop, having an internal diameter of 12,7 ems encloses
nearly all the injected plasma. Fig. 3b shows clearly that
the plasma is trapped, the diamagnetic signal persisting for
30 to 35 msecs. In this oscillogram, ﬁ has a mean value
of O.5% over the cross section of the loop. With an ion
energy of 2.6 keV this corresponds to a mean density

n & 1012 cm"3, and assuming the triangular distribution
measured .above, a peak density of 3,102 at the centre,
and a peak value ofp of 1.5%. This diamagnetic signal
has the same duration and general shape when the stab-
ilising field is applied at the same time as the gate and
entrance mirror fields. :

The value of p deduced from the response of the small
movable magnetic probe is approximately 4 times greater
than that deduced from the compensated loop. The reason
for this discrepancy is not fully understood, but it may be
that plasma is reflected or stagnates against the structure
of the probe and its tube to give momentarily an

artificially high diamagnetism. The presence of this probe
causes the plasma to be destroyed rapidly, presumably

as the result of the injection of gas and impurities.

issi f

(a) General shape and duration of signals

The neutral particle detector registers the passage of plasma
injected along the d.c. field by a single peaked signal like
that given by a simple external diamagnetic loop (e.g. fig3a).
When the trapping fields are applied to form a simple mirror
the signal typically lasts 50O to 80 msecs, and shows

some oscillations (like those in Fig. 4). Similar results

are obtained from plasma in a magnetic well, but the

signal lasts a little longer, up to 140 msecs Z;'d’. 6/.

These measurements were made with no other measuring
devices intruding into the plasma.
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FIG.4. Simple mirror configuration; sweep speed 5 psec/division.. Top trace: fast atom flux emitted from
plasma. Lower trace: diamagnetic loop signal from trapping region.

' (b)

(e)

Dependence on base pressure

The peak amplitude of the neutral particle detector signal
due to injected plasma (i.e. d.c. guide field only)
increased by a fact.o5 of 10 when the base pressure was
raised from 5.5.107" torr to 3.3.107° torr. The signal
due to trapped plasma however was almost independent
of pressure over a range of base pressure from

3.10~7 torr to 1.10~° torr. We conclude that the presence
of the plasma itself results in an injection of neutral gas,
the mere passage of the plasma through the guide field
giving an effective base pressure of 3.10-6 torr, and the
tr‘a.pp'g‘lg of the plasma an effective base pressure of

3.100° torr or more. These figures mean that for every
ion of trapped plasma, between | and |0 neutral molecules
have been injected from the walls to fill the central vacuum
chamber, within about 100 prsecs.

The neutral particle detector signals were found to

oscillate in amplitude for the first 30-40 psecs, with a
precise period. (See for example Fig. 4). The phase of
these oscillations remains constant from shot to shot (see
Fig. 8). This is observed when the plasma is trapped in
a simple magnetic mirror or in a magnetic well. It was
thought that the oscillations occur because, as explained in
section 3, the detector respond only to groups of ions of

a given p and £ (or pand J, where J = |v, dd ); the
signals would then correspond to the periodic motion of this
particular group of ions between the mirror points. To
test this idea the period of oscillation was compared at

two energies, at 1.5 keV and 3 keV (+ 15%). The period
at 1.5 keV was 4.7 pmsec and at 3 keV 3.4 psec i.e.
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a ratio of 1.37:1. Since this ratio is within 3% of that
expected it seems that the assumption is justified. K this
interpretation is correct the observation suggests that for
30-40 psec at least there is no violent change in Mor J
of the particles as this would be expected to destroy the
coherence of the particle motions.

The fast atom flux was measured with the compensated diamagnetic
| oop inserted into the central chamber. It was found that the presence
of the loop reduced the duration of the neutral particle detector signal
to about 35 Msecs. (See Fig. 4). This suggests that the loop is
struck by plasma, with the consequent release of gas. In fact the
early part (the first 12 psecs) of the neutral particle detector signal
is due to light, since it persisted when the potential was removed from
the curved deflector plates. This could also arise from plasma
bombardment.

Fig. 4 also shows that the flux of fast neutral atoms due to
charge exchange reaches its peak value about |15 psecs later than
the diamagnetic signal. When the diamagnetic signal (and thus
presumably the ion density) is at its maximum the true neutral atom
flux is in fact very small. The signal given by the neutral particle
detector is proportional to the product, ny n,, of the ion and neutral
gas densities, and since it is clear that the ion density is decaying
it must follow that there is a transient increase in the background gas
density during the time of the oscillogram (50 rtsecs).

7. Simultaneous measurements of visible light and fast atom emission

Three effects were noted when the signal from the photomultiplier
and the neutral particle detector were compared

(a) There is always an initial burst of light from the injected
plasma., [f the plasma is not trapped a small, more or
less constant, light signal persists over the time of
interest (A 100 psecs). Whenever the plasma is trapped
there is a general correlation in the shape of the light
signal and fast atom signal, (see Fig. 5) both rising
and falling during the pulse. The light signal rises and
falls more slowly than the neutral particle detector signal.

(b) Occasicnally, (but only when plasma is trapped in a
simple mirror) there is a more detailed correlation, when
a burst of light is followed 4 psecs later by a peak in
the neutral particle detector signal. The 4 psec delay
is just the time required by fast atoms ejected from the
plasma region to pass down the tube of the neutral
particle detector and reach the ultimate detecting surface
(a scintillator). Thus the emission of light and fast neutral
atoms occur almost simultaneocusly. (See Fig. 7).
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FIG.5. Simple mirror configuration; sweep speed 10 psec/division. Top trace: visible light emission. Lower
trace: fast atom flux,

FIG.6. Magnetic well; sweep speed 10 psec/division. Top trace: visible light emission. Lower trace: fast
atom flux,

(c) Wien the stabilising rods are energised and plasma is
trapped in a magnetic well the photomultiplier saturates
(see Fig. 6). The photomultiplier looks at a region of
the opposite wall between two bars, where the field lines
intersect the wall and one would expect intense wall
bombardment due to plasma streaming along the field.
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FIG.7. Simple mirror; sweep speed 20 psec/division. Top trace: fast atom flux.

Lower trace: visible
light emission.

FIG.8. Fast atom flux from simple mirror configuration (4 shots overlaid). Sweep speed 10 psec/division.

8. uj be asurement

Two double Langmuir probes (floating with respect to earth) were

inserted close to the wall in ports 120° apart in the mid plane.

It was
observed that:

(a) When the plasma was trapped in a simple mirror one or
other of the probes often showed a large signal. This
occurred on the average once in every two or three shots.
The duration of the signal was usually 10-20 Msec and
appeared between 5 and 30 ec after trapping. [f the
plasma was not trapped these large signals did not appear.
Occasionally signals appeared on both probes but not
frequently enough to deduce anything about a possible
phase relationship between them.

(b) With the stabilising rods energised the probes detected a

signal very rarely (approx. once in 20 shots) and then
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usually only early on in the pulse i.e. before the
stabilising field had been fully established. (In view of the
fact that plasma is known to escape along the cusp lines
this result seems rather odd. However the width of the
"loss cusp" is only about 0.5 cms so it is possible that
the probes did not cover the loss regions).

9. lon gauge asurements

A fast ion gauge was used to detect the arrival of neutral gas
from the gun plenum . No detectable amount of gas arrived in the first
5 milli seconds. (A resistance/capacitance analogue gave similar
results), Attempts to measure the rise in pressure in the presence of
plasma in the trap failed due to photo emission in the gauge. The
photo emission was avoided by positioning the gauge out of line of sight
of the plasma but this change resulted in too long a delay between a
. pressure rise in the trap and the corresponding rise in the region of
the gauge.

10.  Discussion

The measurements with the diamagnetic loops and the magnetic
probe show that most of the fast plasma emitted from the gun is guided
into the central chamber by the static field, and that a significant
fraction (1/3 to 1/2) of this injected plasma is trapped, and reasonably
well centred on the axis.

The important question is whether the plasma is subsequently
lost by an instability mechanism or by charge exchange on neutral gas.
The observation that the amplitude of the fast atom flux from trapped
plasma, (whether in a magnetic mirror or well) is independent of
base pressure over a wide range strongly suggests that the main
source of loss is charge exchange on injected neutral gas. [f plasma
were lost mainly by instability then although the duration of the signal
. from the neutral particle detector should not change with increasing
background pressure, its amplitude should. Furthermoge'the
estimated transient rise in pressure (to a few times 10~“torr) is of the
right order to destroy the plasma in about 100 secs - one cannot be
more specific without knowing exactly the composition of the gas ejected
from the walls, but earlier mass spectrometer analysis has shown that
molecular hydrogen and water vapour are the main constituents. The
delay between peak diamagnetism and peak charge exchange emission
also point to large transient increase in neutral gas density during the
time of interest.

Without spectral analysis it is difficult to draw definite conclusions
from the emission of visible light but it is reasonable to suppose that the
increase in light output is the result of excitation by plasma electrons of
gas molecules or impurities ejected from the wall by plasma or fast
atom bombardment. The close correlation between bursts of light and
bursts of fast atoms seems impossible to account for otherwise.
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The Langmuir probe resulis indicate that once in every 2 or 3
shots in simple mirror geometry an appreciable amount of plasma
‘reaches the wall before it is completely lost by charge exchange.
Under these conditions the neutral particle detector signals show a
large variation in plasma lifetime. Clearly on these occasions the
. plasma is unstable, but it is not possible to say that it is always so.
With the stabilising field applied the absence of Langmuir probe signals
and the better reproducibility of the signals due to charge exchange
indicate a more stable situation.

The regular oscillations in the neutral particle signals are
significant because they show. that, 'until the periodic motion of the ions
becomes smeared out the adiabatic invariants r" and J are preserved.
It therefore appears that no instabilities associated with ion cyclotron
resonances occur during this period ( ~ 40 msecs), since they would
produce fluctuating fields with a period of about 1/10 psec and would
change the magnetic moment of the ions. Attempts to “observe’ ion )
cyclotron emission from the plasma have given negative results.

Other experiments to reduce the influx of gas by baking the
central glass vessel, and by evaporating lithium have not proved
successful, but the lithium coating showed strips of intense bombardment
(5 mm wide) along the cusp lines between the stabilising bars.,

. Conclusions

In the experiments described here, with this particular method of
generating and trapping the plasma, the dominant cause of plasma loss-
is charge exchange on neutral gas injected due to wall bombardment.
This is so severe a limitation that plasma lifetime, whether in a
simple mirror or magnetic well, is limited to about 100 psecs. The
simple mirror, however, frequently shows evidence of, gross
instability within this time. It is not possible to say anything about.
more slowly growing instabilities until the injection of neutral gas can
be greatly reduced.
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DISCUSSION

J.R. ROTH: You refer to the anomalous decrease in plasma diamag- -
netism after two microseconds. Were any of the self-collision or equ111-
bration {imes as short as that in your-apparatus?

G. FRANCIS: At low densities the ion-ion collision time was 400 ms,
the electron-electron collision time was 30 ms, and the equipartition time
of energy was 26 ms. At high densities the ion-ion collision time was 23 ms,
the electron-electron collision time was 0.5 us and the'equipartition time
was 350us. Therefore, I do not think that the plasma properties change
much during the time we take for our experiment.

J. TACHON: I believe I am right in thinking that the:agreement between
the theoretical model and experiment, proving that charge exchange 'is
responsible for plasma losses, requires one to assume that the number of
thermal neutrals produced by one ion or one fast neutral is'very large.

Is this a reasonable assumption, considering the ratio of the plasma~
volume to the volume of the chamber?

G. FRANCIS: In order to get the best fit with experimental results we
had to assume that one fast particle hitting the wall released about tenneutral
molecules. For a Pyrex surface, unbaked and éubjected to successive shots
of plasma and gas from the gun, there is experimental ev1dence that this is
a reasonable assumption. '






CHAUFFAGE ET CONFINEMENT DE PLASMA DANS
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Abstract — Résumé — AnsoTauns — Resumen

HEATING AND CONTAINMENT OF PLASMA IN THE MAGNETIC WELL IN DECA 1I. A jet of deuterium
plasma obtained by an induction gun' is guided and slowed down adiabatically by an increasing static longi-
tudinal magnetic field. The energetic part of the plasma is captured between a pulsed magnetic barrier and
gate, and then adiabatically compressed between two mirrors. . A magnetic well configuration is produced by
superimposing a pulsed quadrupolar magnetic field. The lifetime of the hot plasma (mean energy 1 keV) is 50
us in the simple mirror configuration (in which flute instabilities are observed) and 200 ps in the magnetic
well configuration, The plasma density - determined by microwave interferometry, spectroscopy in the near
ultraviolet, or attenuation of a neutral atom beam - lies between 1X 1013 and 3x 104 cm~3, whereas the density
deduced from the emission of fast neutral atoms by the plasma (assuming that the plasma is lost only by charge
exchange) is substancially lower, being of the order of 10 cm"3, The experimental results do not rule out
the hypothesis that the lifetime of the plasma is limited by diffusion in the cone of losses.

CHAUFFAGE ET CONFINEMENT DE PLASMA DANS LE-PUITS MAGNETIQUE DE DECA L.  Un jet de
plasma de deutérium produit par un canon 2 induction est guidé et freiné adiabatiquement par un champ magné-
tique statique longitudinal croissant. La fraction énegique du plasma est capturée entre une barri2re et une porte
magnétiques pulsées, puis comprimée adiabatiquement entre deux miroirs. La superposition d'un champ-quadri-
polaire pulsé permet de créer une configuration a puits magnétique. Le temps de vie du plasma chaud (d'éner-
gie moyenne 1 keV) est de 50 s dans la configuration en miroirs simples (ol 1"on observe des instabilités en
flite) et 200 ps dans la configuration 2 puits magnétique. La densité du plasma, déteminée par interférometrie
micro-ondes, spectroscopie dans le proche ultraviolet, ou atténuation d'un faisceau d'atomes neutres est com-
prise entre 1018 et 3,104 cm=Y. Par contre, la densité déduite de 1"émission d'atomes neutres rapides par
le plasma, - en admettant que celui-ci n'est perdu que par échange de charge -, est nettement plus faible,
de 1'ordre de 1019 cm =3, L'ensemble des résultats-expérimentaux n'exclut pas.1’hypothese que le temps de vie
du plasma est limité par la diffusion dans le cdne. de perte. . '

. \

HATPEBAHWE M YIEPXAHUE I1JIA3Mbl B MATHUTHOMN SSIME YCTAHOBKY JIECA 11.
CrTpys nefitepueBON nJa3Msl, NoJy4YaeMas € MOMOMWEBK HHAYKUHOHHOR NMyWKH, Hanpapadjiachk W agna-
Garuqecxurropmoaunacs BO3PACTaoMHM MPOXOTBHIM CTAaTHYECKHM MaCHUTHLIM fojeM. OHepruy-
Hasd 4acTh MIa3Mbl 3aXBaTHBaNach MeXAy MMIY/sCHHMH MaCHUTHEIMH GapsepaMH, a 3aTeM agua-
6aTHYEeCKH CXHMaJlacy MeXIy AByMs 3epkanaMi. HanokxeHHe KBaApPyMoJbHOIroO fyJsCHpy®Ilero
11015 NO3BOJISJIO CO3ZaBaTh KON PUIrypalHo MarHHTHOM AMbI.

BpeMsi XM3HH Tenyoit njasMsi (Co cpelHelt sHepruel 1 ksB) cocrasnser 50 mMcek B xompu-
rypauud npocTsIX 3epkas (rie nabnwaanrca nefitosrie HeycToutuOCTu) u 200 mMcex B KoHpu-
TypaLMH MarHUTHEIX M. JLTOTHOCTH MJasMbl, ONpeie/seMas ¢ NOMOWED MHKpOBOJ‘lHOBOH HHTEp-
depomeTpUH, CNEKTPOCKONHHU U ynbTpaduoneTosoit obaactu uau ocnabrenneM nydka HeATpanbHbIX
aToMoOB, JexuT Mexay 1013 u 3.101¢ cm-3, BMecTe ¢ TeM MIOTHOCTH IJA3M:l, BHBOAHMAS NYTEM
3MHCCHH GLICTPHX HeHTPalbHBIX aTOMOB, NPH YCJIOBHH, YTO M1a3Ma TepfeTca ML NpH Nepepas-
paake, 3aMeTHO GoJlee HH3KasA M cocTapaser nopsaka 1010 cMm-3, COBOKYNHOCTH IKCHEPHMEH-
Ta/JIbHBX Pe3Yy/LTATOB HE HCKJIIYaeT THIOTe3bl O TOM, YTO BpeMs KH3HH NJIadMbl OrPaHHUYEHO
nudpysreit B BLIBOAAIEM KOHYcCE.

CALENTAMIENTO Y CONFINAMIENTO DE PLASMA EN EL POZO MAGNETICO DE DECA II. En este
experimento, Ios autores producen un chorto de plasma de deuterio en un caffén de induccién, y lo gufan y
frenan adiabiticamente mediante un campo magnético estitico, longitudinal y creciente. La fracci6n del
plasma de mayor energia queda atrapada en la cimara de comprensin, entre una barrera y una puerta magné-
ticas pulsadas; luego se la comprime adiabiticamente entre dos espejos. La superposicién de un campo cuadru-

69
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polar permite crear una configuracidn de pozo magnético. La vida del plasma caliente (energia media 1 keV)
esde 50 us en la configuracién de espejos simples (en la que se observan inestabilidades en estrias) y de 100us
en la configuraci6n de pozo magnético. La densidad del plasma, determinada por interferometria de micro-
ondas, espectroscopia en la regién ultravioleta proxima o atenuacién de un haz de dtomos neutros, varia entre
1018 y 3,104 cm=%, En cambio, la densidad deducida de la emisién de 4tomos neutros rdpidos por el plasma,
suponiendo que é&ste s6lo se pierde por intercambio de cargas, es netamente menor, del orden de 1010 ¢m-3.

El conjunto de 1os resultados experimentales no excluye la hipdtesis de que 1a vida del plasma esté limitada por
1a difusi6n en el cono de pérdidas. A

T. INTRODUCTION

: L'injection de plasma dans des puits magnétiques a déja &té étudiée dans
divers laboratoires. Le plasma est créé a I'intérieur d'une configuration statique
1.7, ou injecté, de l'extérieur, dans une configuration pulsée /2, 3_/. Les
instabilités en filte, décelées en configuration & miroirs simples, disparaissent lors-
que |'intensité du champ stabilisateur est suffisante pour créer un puits magnétique;
lorsque la densité est de I'ordre de 10'Y & 10! cm=3, le temps de vie est limité,
soit par 'échange de charge sur le gaz résiduel /1, 2_7, soit ?ar une nouvelle ins-
tabilité /3_7. Lorsque la densité du plasma injecté dépasse 1011 cm=3, il semble
que le dégazage des parois, consécutif au mode de remplissage /1_7 ou aux fuites
de particules /4_/ augmente la pression du gaz ambiant et réduise le confinement.
Le présent rapport fait état de mesures analogues, effectuées pour un régi-
me de densité de I'ordre de 1013 a 1014 cm=3 dans un Dispositif d'Etude de
Compression Adiabatique (DECA-Il) /5_7. Le plasma, produit & I'extérieur, est
injecté dans une configuration pulsée. Cette derni2re est, soit une bouteille de -
-révolution & miroirs simples, soit un puits magnétique obtenu en superposant un
champ quadripolaire & la configuration précédente. Par la suite, ces deux confi-
gurations seront appelées, respectivement, "miroirs simples” et "puits magnétique” .

2. DESCRIPTION DE L'EXPERIENCE ( Fig. 1)

Un jet de plasma de deutérium, produit par un canon & induction (1), est
guidé et freiné adiabatiquement par un champ statique longitudinal croissant (3).
Une fraction du plasma est capturée dans la chambre de compression, entre une
barriere magnétique quasi-statique (4) et une porte magnétique pulsée (5), puis
comprimée adiabatiquement entre deux mircirs magnétiques (4), (6) Y La superpo-
sition d'un champ quadripolaire (7), créé par un courant pulsé circulant dans qua~-
tre barres paralleles & I'axe de la chambre de compression, permet de créer une
configuration & puits magnétique /6_7. Celle-ci est caractérisée par le rapport
(o¢) de I'intensité du champ entre barres au champ sur I'axe. Le puits magnétique
existe si 0&. > 1. Pour des conditions expérimentales typiques, la figure 2 montre
1'évolution de L pour 3 valeurs de l'intensité maximole du champ quadripolaire.
Pour certaines mesures, un diaphragme a été placé a l'entrée de la chambre de
compression afin de réduire le diametre du plasma injecté.

3. CARACTERISTIQUES DU PLASMA INJECTE

Les caractéristiques du plasma injecté ont &t6 déterminées & partir des me-
sures faites en |'absence de champs pulsés. L'intensité du champ magnétique stati-
que estrepérée par sa valeur By au niveau du plan médian de I'étage de compres-

~ Le plan équidistant des bobines (4) et (6) sera appelé "plan médian" de I'étage
de compression. |l est distant de 5,5 m du canon-
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. SCHEMA DE PRINCIPE DE DECA II '

Schéma de principe de DECA I
1) Canon 3 induction, a) Réservoir et vanne rapide. b) Spire de préionisation: monospire en cufvre,

diamdtre 8 cm, alimentée par une capacité de 0,5 yF chargée sous 22 kV (période 1,54s). ¢) Spire principale:
monospire de forme conique en cuivre, diametre moyen 8 cm, alimentée par un banc de condensateurs de
12 4 kJ sous 25 kv (période 9 ps pour 4 kJ); tension de travail: U =21kV

2) Chambre de 1'étage d'injection: cylindre métallique, diam®tre 50 cm et longueur 4,25 m
3) Bobines créant le champ magnétique statique de guidage
4) Bobine pulsée créant la barritre magnétique et un miroir de la configuration fmale (T/4 =158 ps;

T =1,3 ms; By = 3,4 kGs/kV; Uy = 7 kV)

5) Bobine porte (T/4 =7 ps; T = 325 ps; Byj = 0,7 kGs/kV; Up = 18 kv)
6) Bobine pulsée créant le deuxitme miroir de 1a configuration finale (T/4 = 130 ps; € = 1,3 ms;

By = 2,8 kGs/kVy U = 10 kV),

T) Enroulement quadripolaire (T/4 = 60 ys; ° = 0,7 ms; hy = 50 kA/kVs U =5 kv,

8) Chambre de compression, diametre interne utile 12 cm, longueur 1,5 m

9) Chambre de 1'étage de détente: cylindre métallique, diam2tre 50 cm et longueur 2 m
10) Diaphragme métallique (diamdtre d'ouverture: 120, 55 ou 20 mm)

f

bobine 4
babine 6

[ |’_d|amp quatripolairs

{
00 300 300 w0 )
FIG.2. Evolution du paramdtre o au cours du temps

[(B’: + B’Z)] 3 By et B, mesurésar = 6,4 cm

57 B,, mesuréd r=0 } dans le plan médian

Letirestd t=0

sion 2/, Des mesures de profil radial du plasma, faites au moyen de thermocouples,
ont montré que le plasma s'écoule dans un tube de flux lorsque B dépasse 1 kGs.

Les spectres d'énergie et de masse ont 6té déterminés / 7_7 & I'aide d'un

" analyseur électrostatique placé au bout de la machine & 9,35 m du canon ; le

champ magnétique au droit de I'analyseur est inférieur a 1 % de By. L'énergie

2/

L'indice .1 caractérisera les grandeurs mesurées au niveau de ce plan médian.
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moyenne des deutons est de 1 keV (pour By = 1,4 kGs et 4 kJ emmagasinés dans
le banc d'énergie du canon). Les principales impuretés sont O*++, O++, O+,
C++t, C++, C+, Ht | Le rapport entre le nombre total d'ions lourds et le nombre
des deutons est inférieur a 2 %. . )

Des mesures effectuées en !'absence de champ magnétique permettent d'é-
valuer la durée d'émission du plasma & 0,6 Jus. En présence de champ magnétique,
les signaux détectés apres I'analyse présentent un élargissement (A \'.) dissymétri-
que vers les temps croissants. Ceci sugg2re que le phénomene résulte principale-
ment de la variation de la composante paralléle de la vitesse 'des particules au -
cours de leur mouvement le long du champ statique variable dans I'espace.

En affectant & chaque groupe de particules d‘énergie longitudinale donnée
(W//o) une “température’transversale ('T'_Lo) au niveau du canon, on montre que :

At o XK Tho g kTi, € Wy,

Dans le cas ob By = 1,4 KGs, on a observé que - At o ) (00 E désigne I'énergie
d'analyse). On en déduit.donc que : E ’ .

1 .
kT, s Wy pour 0,2 LWy, (4 kev

La "température'des tranches successives du plasma s'obtient en ajustant
les largeurs & mi~hauteur des signaux calculés et observés, Par ailleurs, |'énergie
transversale moyenne a été déterminée d'une fagon plus directe en mesurant’le
diamagnétisme du plasma et sa transmission a.travers une barrizre magnétique /8_7.
Les résultats des différenies mesures, rapportés au niveau de |'étage de
compression, pour les deutons dont |'énergie moyenne longifudinale est de 1 keV
et pour 0,8 € By 2,5 kGs, peuvent se résumer ainsi : g

* kTiy

o .20 aV/kGs. (M

Si on admet une distribution gaussienne de la densité, et désignant par rp le
rayon moyen du plasma, on a:

N4~ 3.10" em>kGs ' (2)
B ,
Bq.er ~ 4,4 kGs . cm?2 ‘ (3‘)‘

Combinant les équations (1) & (3), on montre aisément que le signal diama-
gnétique mesuré aux boucles magnétiques doit étie sensiblement indépendant de By,
ce qui s'est toujours trouvé vérifié. Remarquons;, par ailleurs, que le rayon du plas
ma observé est de I'ordre du rayon de Larmor des ions.

4. CHAUFFAGE PAR COMPRESSION ADIABAT‘.IQUE

L'énergie des ions du plasma confiné est déterminée & partir du spectre en
énergie des atomes. neutres rapides, formés par échange de charge sur le gaz am-



CN-21/67 S S 73

biant, et s'échappant dans le plan médian, perpendiculairement & |'axe magnéti-
que. :

Ces neutres sont réionisés dans une. cellule & gaz et analysés en énergie, .
puis comptés a |'aide d'un détecteur d'ions & émission secondaire-scintillation /% /.
L' angle d'ouverture des détecteurs est de 1,7.10-3 rad. Dans certains cas, lorsque
la sensibilité |'exigeait, nous avons détecté les neutres par émission secondaire. La
premiere méthode a pour avantage sur la seconde de permettre |'analyse en énergie
et la discrimination entre neutres et rayonnement ultra-violet.

L'étalonnage a montré que |'ionisation des neutres dans-la cellule et la dé-
tection des ions n'apportent pas de distorsion au spectre des neutres émis par lé
plasma. Pour déduire {'énergie moyenne des ions confinés (E;) & partir de I'énergie
moyenne des neutres (Ey), il faut connaftre la nature des particules cibles sur les-
quelles se fait I'échange de charge (hydrogéne ou azote, atomes ou motécules).
Nous avons calculé le rapport E; /E, dans deux cas extrémes (6change de charge
résonnant et échange de charge sur les molécules d'azote), en faisant |'hypothese
d'une distribution maxwellienne des ions. On trouve ainsi que E. /E varie de
0,82 0,5 lorsque E; est compris entre 0,5 et 4 keV. Nous rehendrons la valeur
E; /E_o =0,6. La fngure 3 donne untype de spectre en énergie des neutres dans
la configuration en miroirs simples. _ '

§

8

(unités arbitraires)

.

o

Enargie ‘(k-v)

“FIG.3, Spectre d'énergié des neutres rapides
Configuration en miroirs simples
Binax1~ 8 kGs
Diaphragme @ =55 mm

' Afin d'étudier le chauffage des ions par le champ magnétique de compres-
sion, nous avons déterminé |'énergie des ions, d'une part en faisant varier l'inten-
sité maximaledu champ de compression (figure 4) et, d'autre part, ‘en fonction du
temps pendant la phase de compression.

. Dans la partie décroissante de la fonction de distribution, le rapport du
nombre de particules N (Ey) ayant une énergie E] au nombre de parhcules N (E2)
ayant une énergie Ep > E) doit varier dans le méme sens que le champ magné-
tique, s'il y a chauffage. Expérimentalement, le rapport du nombre de rieutres de
3 keV & ceux de 1 keV suit sensiblement la variation de By |usqu ‘au maximum de
ce champ.

L'effet du chauffage adiabatique’ apparalt |orsque I'on compare les énergies
moyennes obtenues en "miroirs simples" et en "puits magnétique". En présence
d'un dlaphragme, les maxima d'émission de neutres s'observent aux 30eme et
120eme , respectivement; dans I' ‘intervalle, l'intensité du’ champ B.‘ a doublé
ainsi que ‘| énergie moyenne des particules (E; passe de 0,7 a 1,2 keV).
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so* o Bso*
8, ()

FIG.4. Energie moyenne des neutres rapides en fonction de I'intensité du champ magnétique
Configuration en miroirs simples

Diaphragme @ = 120 mm

Energie intégrée sur toute la durée de 1'émission

5. COMPARAISON DU CONFINEMENT EN "MIROIRS SIMPLES" ET EN "PUITS
MAG NETIQUE"

L'évolution du plasma a été svivie par les méthodes de mesure suivantes :
- Les histogrammes de neutres rapides ont été déterminés a |'aide d'un bloc mémoi-
re monté en multiéchelles avec une résolution temporelle de 10 jis . On en déduit

la constante de temps de décroissance du flux de neutres rapides que nous consi=
dérons comme représentative du temps de vie du plasma (T) .

- La lumizre émise par le plasma, dans |'étage de compression, a été photographiée
par des caméras placées sur |'axe, au bout de la machine. Une caméra électroni=
que & convertisseur d'image, fonctionnant en caméra & images ou en caméra &
fente, permet une résolution temporelle.

- Des sondes électriques, couplées capacitivement avec le plasma, ont été placées
dans le plan médian.

- Un faisceau de neutres atomiques de 1 & 4 keV, et d'intensité équivalente
10-12 A, peut traverser le plasma dans le plan médian. Son atténuation est mesu=
rée en employant pour la détection le dispositif décrit ci-dessus.

= Des interférométres micro-ondes, placés dans le plan médian, permettent de me-
surer la densité électronique. Les trois longueurs d'onde employées ont été,
suivant les expériences, 2, 4 ou 8 mm.

- La valeur absolue du flux %' ineux dans le visible et le proche ultra=violet a été
mesurée & |'aide de filtres jLu densité du plasma est déduite en interprétant
I'émission comme du rayonnement de freinage.

5.1. Résultats expérimentaux

En ne limitant pas le diamatre accessible au plasma dans la chambre de
compression, les histogrammes du flux de neutres rapides montrent |'existence de
pertes catastrophiques. En effet, dans les deux configurations, le maximum du flux
de neutres rapides se produit 30 Jus aprés la capture (alors que la compression dure
120 Hs ). Quand on passe des "miroirs simples" au "puits magnétique”, le temps de
vie décroit de 40 & 20 s , |'intensité du rayonnement visible augmente d'un fac~
teur 10 et lT durée de la coupure d'un faisceau de micro-ondes en 4 mm
(ng> 6.10 3 em-3) passe de 30 & 10 lus . A l'instant du maximum du flux de
neutres rapides, la densité dépasse 6.1013 cp-3 pour qu,q: 10 kGs et est supé~

7am—

~ Mesures effectuées par H.W. DRAWIN
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rievre 3 2.1014 cm=3 lorsque Bmaxy= 15 kGs. Les photographies indiquent des

fuites traés importantes de plasma ; celles-ci n'ont pas de direction privilégiée en

"miroirs simples”, alors qu'elles se produisent toujours dans les plans bissecteurs

entre barres en "puits mognétique” . Ces résultats suggarent les interprétations sui-

vantes :

- En "miroirs simples", le mauvais confinement résulte d'instabilités.

- En "puits magnétique", certaines lignes de force coupent la paroi dans la zone du
plan médian ; il en résulte un bombardement intense qui produirait une désorp-
tion suffisante pour détruire rapidement le plasma par échange de charge.

Pour étayer cette dernigre hypothése, le diamétre du plasma injecté o été
réduit par interposition d'un diaphragme & |'entrée de la chambre de compression,
et une feuville métallique en Inconel de 0,1 mm d'épaisseur a été placée contre la
paroi interne de la chambre en pyrex. Sauf mention contraire, le diamatre du dia-
phragme est de 20 mm.

Mesures avec diaphragme

a) En "miroirs simples”, les signaux de neutres présentent un pic ou une suc-
cession de pics & décroissance rapide dont |'amplitude est faible au moment du ma-
ximum de compression. L'énergie moyenne des ions est de |'ordre de 0,7 keV. Les
photographies intégrées dans le temps font apparaftre (figure 5-a) une fuite rapide
de la colonne de plasma vers la paroi, mais sans direction privilégiée.

P
@ 7
o

@® t=-8hs © ta+26)s
Avec champ quadripolaire
Bg.h‘.kﬁl

FIG.5. Photographies du plasma intégrées sur toute 1a durée du choc

Diaphragme @ = 20 mm

ps parol de 1a chambre de @ = 120 mm

Qu barres du champ quadripolaire

t: Instant de lancement du champ quadripolaire par rapport au début de 1a capture
n= 102 particulesxcm™?

Champ au centre: Brmax, ~ 10 kGs

Pour suivre |'évolution temporelle de la lumigre, il a fallu opérer avec un
diaphragme de 55 mm de diamétre pour avoir une luminosité suffisante.

La figure 6-a présente trois images consécutives d'une méme expérience.
Elle permet d'estimer que le diamétre initial du plasma est de 4 cm et d'évaluer &
10 Hs le temps mis par le plasma pour parcourir les 4 cm qui séparent sa frontigre
de la paroi. Pour une autre expérience (photographie 6-b), la vitesse de déplace-
ment du plasma est de |'ordre de 0,2 cm/ Jus .
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FIG.6. Photographies du plasma résolues dans le temps
Diaphragme @ = 56 mm

t =0 début de la capture

tBQ = + 6 ys: instant de lancement du champ quadripolaire
p: paroi de la chambre de @ = 120 mm

n = 1018 particules x cm=2

Champ au centre: Bmax, = 10 kGs

Photographies a et c: caméra A images - Temps de pose: 1 s
Photographie b: caméra A fente

Pendant la mon¥edes champs magnétiques, la sonde électrique décele des
champs électriques fluctuants 2/, avec quelques fréquences dominantes (200 kcs,
1 Mes, 7 Mcs) ; les signaux disparaissent en méme temps que le flux de neutres.

b) En "puits magnétique", le flux de neutres rapides croit pendant toute la
durée de la compression et le temps de vie est allongé ; la compression a sa pleine
efficacité, comme |'atteste |'énergie moyenne des ions E; = 1,2 keV (cf. § 4). Les
photographies indiquent que les fuites se produisent dans les plans bissecteurs entre
barres. Elles sont trés lumineuses si le champ stabilisateur est lancé avant la cap-
ture (photographie5-b) ou si la pression résiduelle est mauvaise ( > 5.107% torr).
Par contre, si le champ quadripolaire est lancé aprés la capture , les fuites sont
peu lumineuses (photographies 5-c, 6-c). Les fluctuations décelées sur les signaux
de sondes électriques diminuent lorsque I'intensité maximale du champ quadripo-
laire augmente. Lorsque cette intensité est suffisante pour créer un puits magnéti-
que, |'amplitude des signaux périodiques décroft d'un facteur supérieur & 100 ; ils
ne sont plus décelables.

La densité du plasma, au maximum de la compression, a été déterminée par
plusieurs méthodes, dans des expériences différentes, b les paramétres de fonction-

~ Mesures effectuées par P. BROSSIER
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nement étaient identiques. Les mesures micro-ondes E/gerrnaﬂent d'évaluer une
densité voisine de la coupure en 8 mm (n,  1,6. 1013 cm=3) 9./

L'atténuation d'un faisceau d'atomes neutres de 2 keV conduit & une densi-
té de I'ordre de 1014 cm=3, en admettant que |'atténuation résulte des réactions
d'échange de charge résonnant et de |'ionisation par les ions et les &lectrons. Un
calcul & partir de la valeur absolue du_flux de neutres rapides émis par le plasma
donnerait une densité de I'ordre de 1010 cm=3, en supposant que tous les ions
soient perdus par échange de charge et que |'efficacité de comptage des neutres
soit de 0,8 (nous avons mesuré un rendement de la cellule & gaz de B0 % et estimé
& 100 % le rendement de comptage des ions formés). Le flux lumineux recueilli dans
le rrocha ultra-violet correspondrait & une densité légérement supérieure &

1013 cm=3, Ces valeurs, tras différentes de densité, seront analysées au § 6.

La distribution radiale des centres émetteurs des neutres rapides a été obte-
nue en déplagant verticalement sur + 25 mm un ensemble de deux détecteurs dispo-
sés & 180° dans le plan médian. Un alignement optique permet de s'assurer que les
deux détecteurs voient le méme volume de plasma. Les deux distributions radiales
obtenues (figure 7 ) sont symétriques par rapport & |'axe magnétique. L'espace-
ment entre leurs maxima croit avec |'énergie moyenne des ions, ce qui pourrait
s'expliquer par les grands rayons de giration des ions (I'espacement est de |'ordre
du diamatre de Larmor des ions) ; un effet résultant d'une opacité partielle aux
neutres thermiques irait dans le méme sens. Si le plasma est transparent aux neutres
son rayon moyen est de |'ordre de 15 mm. Des mesures optiques, effectuées radia-
lement, ont donné une valeur de Fp = 8 mm.

vt (st wbtrarn)
]
CLc
e iy

i
i o L/i
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FIG.T. Distribution radiale des centres émetteurs de neutres rapides
Configuration } puits magnétique

Résolution spatiale 6 mm

Distribution intégrée sur toute la durée de I'émission et sur toutes les énergies
Diaphragme 20 mm

L'extension axiale du plasma a &té déterminée en avangant sur |'axe et
vers le canon un disque métallique de 60 mm de diamétre et en relevant |I'évolution
du flux de neutres rapides émis par le plasma (temps de vie et amplitude) en fonc-
tion de la position du disque. Un comportement trés différent est observé pour des x
régimes particuliers que nous avons étudiés. Dans le premier régime (Rq ). ob le
champ quadripolaire est appliqué aprés la capture, le flux de neutres est perturbé
daés que le disque a franchi le miroir créé par la bobine barrizre (& 20 cm du plan

5/
~ Mesures effectuées par B. ZANFAGNA

6/ Notons cependant que les dimensions trTnsvarsclos de la colonne de plasma et
du faisceau micro-ondes sont comparables.
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médian). Dans le second régime( R, ), ob le champ quadripolaire est lancé

35 lus avant la capture, il faut Gvancer le disque jusqu's 4 cm du plan médian
pour perturber le flux de neutres. En comparant ces résultats avec la configuration
magnétique calculée au maximum des champs, on remarque qu'a 4 cm le rapport
de miroir vaut 1,1 et que le degré d'anisotropie de la fonction de distribution
serait alors de 10. :

5.2.-Variation du temps de vie avec l'intensité maximale du champ quadripolaire

Sans diaphragme, e temps de vie diminue rapidement d'un facteur 2, puis
reste & peu prés constant (figure 8). o ,

En présence de diaphragme, la variation avec l'intensité du champ quadri-
polaire présente un palier, une brusque augmentation d'un facteur 2 & 3, suivie
d'un nouveau palier.

|
|
§

g T

Critire do stabillté
satisfait

Lrilin de Rabdilits
non satisfait

h\"/\ '(} )

0 5 (]

5
By (kGy)

FIG.8, Temps de vie () en fonction de 1'intensité maximale du champ quadripolaire -
Courbe (1) - sans diaphragme; avec discrimination en énergie (Epeytes = 2 keV)
Courbe (2) - avec diaphr.-_;gme @ = 20 mm; sans discrimination en énergie

A titre de comparaison, la valeur de champ quadripolaire suffisante pour
empécher le développement de I'instabilité en flite est calculée. Le critere utilisé
est que l'invariant J =fm vy dL soit une fonction décroissante de la distance &
'axe /6_7 pour chaque particule considérée comme isolée. La valeur limite cal~-
culée, reportée sur la figure 8, est en bon accord avec la transition observée.

Le fait que la valeur maximale de "G observée en puits magnétique soit in-
férieure & la constante de temps de décroissance des champs pulsés (s 1 ms),
exige l'examen des causes de pertes, susceptibles de limiter "G . Celles<i peuvent
se classer en pertes normales : diffusion dans le (6ne de perte , échange de charge
sur le gaz ambiant, et en pertes anormales : pollution par le plasma froid, équili-
bre perturbé par la présence de champ ambipolaire, instabilité dans |'espace des
vitesses. N g

6. CAUSES POSSIBLES DE LIMITATION DU TEMPS DE VIE EN PUITS
MAGNETIQUE

6.1. Diffusion dans le céne de perte

L'énﬂgié moyenne (E.) des ions confinés peut &tre fixée entre les limites
0,8 keV £ E; < 1,8 keV. Les évaluations de la densité (n;) du plasma sont
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moins sires (cf. § 5). Trois mesures défmlssent une densné du plasma présent dans
le plan médian, comprise entre 10 3 et 1074, sans qu'on puisse assurer que cette
densité soit ce“e d'un plasma confiné. La quatriéme mesure donnerait une densité
de I'ordre 1010 en supposant que le processus de pertes desions soit uniquement
I'échange de charge. Nous écarterons cette derniére valeur pour des raisons expo-
sées dans ce qui suit. _ .

Selon le choix que nous faisons pour n; et 'E;, dans les limites indiquées
'ci-dessus, le temps de collision (tj;) qui détermine la vitesse de diffusion dans le
cdne de perte est compris dans la gamme 0,2 ms < tj; < 6 ms. Bien que le temps
de vie () mesuré atteigne la limite |nfér|eure de t,,, il semble peu probable que
nous ayons confiné un plasma de densité 10 , d'énergie moyenne 0,8 keV
dont le temps de vie (0,2 ms) s'expliquerait par la diffusion classique dans‘le cone
de perte . En effet, nous n'avons pas observé d'allongement du temps de vie au
cours de la décroissance du flux de neutres qui dure jusqu'a 1 ms.

6.2. Echange de charge

Pour un plasma dont I'énergie moyenne des ions est de I'ordre du keV, les
pertes. par échange de charge peuvent devenir prépondérantes, car les sections
efficaces de neutralisation ont leur maximum dans cette gamme d'énergie.

En plus du gaz résiduel, deux autres sources de gaz peuvent entrainer des
" pertes par échange de charge : ' .

- la fraction du gaz introduit par la vanne rapide et qui n'est pas ionisée, ne peut
étre mise en cause, car, en |'absence de plasma, on a observé une augmenta-
“tion de pression de, seulement, 10~6 torr, 2 ms aprés le temps correspondant &
I*arrivée dy plasma dans |'étage de compression; .

- l'autre source de gaz proviendrait du dégazage des par0|s de la chambre de
compression sous |'impact des neutres rapides, du rayonnement électromagné-
“tique et des fuites de plasma.

Afin d'évaluer la contribution de |' échange de charge aux pertes de plas-
ma, la courbe 1 G en fonction de la pression résiduelle avant'le choc, a €té
tracée (figure 9). Bien que les conditions de notre expérience, ob tout évolue
dans le temps (champ magnétique, densité, énergie des ions et des électrons et,

Lot 6

Pents (T vy 77.107° (cm‘ r‘)

[} 10 2107 307 40"
Pression d° bydrogéne  (Torr)

FIG.9. Effet de la pression résiduelle sur la constante de décroissance du flux de neutres
Avec diaphragme @ = 20 mm
Bmax, = 12 kGs; Bg ="14 kGs

probablement, pression du gaz neutre) ne soient pas favorables & une analyse
fine des phénomeénes comme dans une expérience statique, cette mesure montre
que :

-~ les points expénmentaux s'alignent sur une dronte de pente

{o =77 10-? cm 3/s
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qui correspond & une énergie moyenne des ions de 1,8 keV dans I'hypothése ou
l'échange de charge se fait sur les molécules d'hydrogene. Cette énergie est
compatible avec les mesures de spectre d'énergie faites par ailleurs.
~ pour une pression nulle, la droite s'extrapole & un temps de vie de 140 }‘u. Ce-
la montre que I'échange de charge n'est pas le phénomene dominant de pertes,
ou bien que la pression du gaz présent est différente de la pression lue avant le
choc. Il faudrait alors admettré que le dégazage conduit & une pression de |'or-
dre de 10-3 torr. . B
Ces mesures nous ont suggéré de développer un modele théorique simple,
pour tenir compte du dégazage des parois lorsque le plasma est transparent aux
neutres / 10_7. Nous supposerons qu'un neutre rapide, formé par échange de char-
ge, produit ¥ neutres thermiques par impact sur la paroi. Le coefficient de mul-
tiplication de la densité de neutres thermiques est alors :

kcﬂ':Q\v/—:

od V_ est le volume du plasma et Vy le volume de la chambre. Des calculs numé-
riques, faits avec une densité d'ions de 1013 cm=3, et une pression résidvelle de
10-6 torr, conduisent & un temps de vie de |'ordre de 100)1.5 lorsque  koff est
légerement supérieur a 1. ' ’
La valeur élevée de Q qui en résulte (2 10) suggeére que les fuites de
particules le long des lignes de champ contribuent au bombardement de la paroi.
Ces calculs prévoient que le maximum du flux de neutres devrait se pro-
duire plus t6t, lorsque la pression augmente, ce qui est observé expérimentalement.
Par ailleurs, on a pu calculer que la constante de temps de décroissance de la den-
sité &tait environ une fois et demie plus grande que la constante de temps de dé-
croissance du flux de neutres rapides. : ' . .
Dans un autre cas extréme, ob le plasma est opaque, le temps de vie n'est
plus limité que par la vitesse de diffusion du gaz neutre entourant le plasma. Le
temps nécessaire pour briler un plasma de densité n; avec une densité de gaz
constante ng, est alors de I'ordre de quelques
’ ni rep
No Vo

ob rp est le rayon du plasma et v, la vitesse. Avec nj = 1013 cm-3 et une pres-
sion de quelques 10-3 torr, la constante de temps de décroissance du flux de
neutres est de |'ordre de 200 }u . , ,

' Ces résultats conduiraient a retenir |'échange de charge comme un des mé-
canismes essentiels pour les pertes de plasma. Cependant, ils ne sont pas compa-
tibles avec la densité déduite par |'émission d'atomes neutres rapides qui donne
n; 2 1010 cm-3. Si cette dernizre mesure n'est pas entachée d'erreur par une .
surestimation du rendement de comptage, il est alors probable que |'échange de
charge ne suffit pas & expliquer le temps de vie observé. ;

"6.3. Pollution par le plasma froid

Les mesures de densité pourraient s'interpréter par la coexistence de deux
populations ioniques. Une population chaude de densité 1010 cm=3 et une popula-
tion froide de densité 1013 cm=3, Ce plasma froid proviendrait, soit de la queue
du jet de plasma, soit de |'ionisation du gaz désorbé des parois. ‘

Pour tenter de réduire la densité du plasma lent qui arrive dans |'étage de
compression aprés la fermeture de la porte magnétique et.qui n'est pas réfléchi
par celle-ci, nous avons plé:cé dans I'étage d'injection, & 1 m du canon, un bobi~
nage pulsé qui annule le champ statique apres le passage de la bouffée rapide. La
plus grande amélioration constatée ne dépasse pas 50 % sur' "G et le gain moyen
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est compris dans les incertitudes expérimentales. S'il y a pollution par du plasma
froid, il faudrait donc admettre que sevl te dégazage des parois y contribue.

Pour que le mécanisme de refroidissement des ions d'une densité de
1010 cm=3 sur les électrons d'un plasma froid de densité 1013 cm=3 soit compati-
ble avec le temps de-vie observé, il faudrait une température électronique
Te 2 50 eV. Cette valeur semble élevée pour une population constamment renou-
velée. De plus, cette hypothése de refroidissement est infirmée par le fait que
I'énergie moyenne des ions ne varie pas sensiblement au cours de la décroissance
ainsi qu'en témoigne I'analyse du flux de neutres.

6.4, Défaut d'équil-ibre :

La configuration du puits magnétique n'ayant pas la symétrie de révolution
on peut craindre que la précession due qu champ électrique résultant du potentiel
ambipolaire n'entraine un défaut d'équilibre.

Dans le régime Ry, précédemment défini, !e plasma est contenu & I'inté-
rieur d'une isobare fermée. Dans ce cas, le défaut d'équilibre n'est pas & craindre.
C'est aussi dans ce régime que le pius long temps de vie a été observé (0,3 ms) et
que 'atténuation du faisceau de neutres indique une densité de 1014 cm-3.

Cependant, les remarques précédentes s'appliquent a ce régime, et le
temps de vie est trop faible pour étre expliqué par un mécanisme de pertes nor-

" males.

6.5. Micro-instabilités

Une analyse exhaustive des critares calculés pour les trés nombreuses ins-
tabilités que la théorie a identifiées, n'a pas sa place dans ce rapport. La nature
du confinement impose cependant d'examiner les instabilités relatives a l'aniso-
tropie de la fonction de distribution.

Le critére d'instabilité de miroirs conduit, pour une dnisotropie de 10, &
un p de 10 %..Cette valeur est & comparer & la borne supérieure de B que I'on
calcule avec n; = 10°% et E; = 1 keV et qui atteint 3 %.~

Le critere d'instabilité en cdne de perte conduit a une longueur critique
de 3 m qui est largement supérieure & la valeur expérimentale. . '

7. CONCLUSION

Le confinement d'un plasma de densité 1013 a IQM' cm-3 , dans une con-
figuration & puits magnétique, est limité dans cette expérience & un temps de vie
de 0,23 .0,3 ms. La durée totale pendant laquelle la décroissance du plasma
chaud est mesurée s'étend néanmoins jusqu'a 1 ms. L'analyse des causes possibles
de pertes de plasma n'a pas permis de dégager une cause dominante.

ll n'est pas complatement exclu que la superposition de plusieurs mécanis-
mes de pertes classiques, par exemple diffusion dans le c8ne de perte et échange
de charge, explique les phénoménes observés. ‘Cependant, les mesures laissent
subsister un doute et il est possible qu'un mécanisme de pertes anormales non iden-
tifié soit responsable de la limitation du temps de vie. .
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YCTOﬁqHBOCTL [IJIA3MB] B TPOBKOTPOHE
CO CTABUJIN3NPYIONIMMHU CTEPXHSIMHU

B A.TPYBHUKOB
AHCTUTYT ATOMHOHN 3HEPTUY um.U.B. KYP‘IATOBA MOCKBA
-CCCP

Abstract — Résumé — Annotauun — Resumen -

PLASMA STABILITY IN A MAGNETIC MIRROR MACHINE WITH STABILIZING RODS. The well-known
criterion §/d¢/B< 0 is generalized for arbitrary axially-asymmetric fields. For this purpose it must be pre-
sented as [ (§B/B%) (P, + B.)d0>0; here 6B =%+ VB is the increase of the magnitude of the field on the
adjacent (external) line of force, where SLB. This criterion is applied to plasma stability in a magnetic
mirror machine with stabilizing rods. The field near the axis is described by the scalar potential

¥= [By(z)dz - B, (z)r2/4 +g(z)r"cos ng

while for the field on the axis itself we accept the parabolic approximation By(z) = B (1 + 22/2%). 1f 2n rods
each with current J are located on a circle of radius a, then, for r,/#<1 we can give the stability criterion
such a form that in it remain only the parameters o= 4nj 1, - 2/can B“ and x = z max/8, where zpx is the
farthest point of particle reflection (z = 0 is the central plane of the magnetic mirror machine). Two particle
distributions are discussed: the Maxwellian distribution with the cut-out cone, and the single-valued distri~
butions of v2 and J =v% /B. Stability appears for o> (n-1)-4; the particles with small longitudinal velocities
(v 0) stabilize first; then, as o increases, those having ever _more distant x. The limit, ®lim = (n-1)-4, has

a simple physical meaning and corresponds to the condition RiBl >0atz=0. Inthis article, systems with 4
and 6 stabilizing rods are discussed in detail. The calculated results for the 6-rod system are in good agreement
with the experiments of Ioffe and collaborators, who observed the appearance of a stabilized plasma in the
magnetic mirror machine. (In comparing theory with experiment it is assumed that the plasma is described by

a Maxwellian distribution with a cut-out cone and it ékpands in 1éngth right up to the magnetic mirrors. To
avoid numerical calculations, we discuss in this article the case x = Zmax/ £ «1; this is, however, extrapolated
to X -~ 1, which is admissible for semi-quantitative evaluations. ) )

In addition to the infinite rods, we discuss stabilizing rods of finite length, which can be realized with
multipole magnets of finite length. Stabilization can be achieved even in the extreme case of very short rods,
where they can be regarded as a system of 2n.magnetic point dipoles located in the central plane of the magnetic
mirror machine on a circle of radius a, and directed along the radius away from the axis (or towards the axis -
the directions alternate). Such systems, which we considered at the suggestion of Artsimovich, are very promis-
ing since their structure facilitates access to the plasma and makes it possible to install additional devices for
diagnostics or for heating the plasma.

STABILITE DU PLASMA DANS UNE MACHINE A MIROIRS MAGNETIQUES AVEC BARREAUX DE
STABILISATION. L'auteur étend le crit2re bien connu fd¢/B< 0 au cas arbitraire des champs 3 drssymétrle
axiale. A cet effet, il convient d'exprimer ce critere par la formule: [( & B/B?) (g, +p./)de>0, ol éB =5~ Ve
est l'accroissement du module du champ sur la hgne de force voisine (extérieure), s &tant perpendicualire 2%,
Le critere mentionné est appliqué 2 1'étude de la stabilité du plasma dans une machine 2 miroirs magnétiques
comportant des barreaux de stabilisation. Le champ au voisinage de 1'axe est décrit par le potentiel scalaire:

) =fB°(z)dz - By'(2)r 2/4 + g(z)r" cos.ne

Pour le champ situé sur l'axe proprement dit, on adrnet I'approximation parabolique By(z) = BY(L + 2 /#). Si
2n barreaux parcourus par un courant ] sont drsposés 2 1a périphérie d'un cercle de rayona on peut, en tirant
parti du fait que le rapport 1, /0 <« 1, modifier le crittre de stabilité de mani2re 2 ne laisser subsister que le
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paramztre o = 4n)0r0"? /callBY et la quantité X = zmax/4, O} zmax est le point de réflection le plus &loigné
des particules (z = 0 correspond au plan central de la machine). L'auteur a examiné deux modes de distribution
des particules, 2 savoir la distribution maxwellienne 2 c8ne tronqué et le cas ol toutes les particules possedent
les m&mes valeurs v2 et J=vi/B. Lla stabilité apparait pour o > (n-l)'i; tout d'abord se stabilisent les
particules 2 vitesse longitudinale faible (v~ 0), puis, 2 mesure que o augmente, les particules ayant une valeur
de x de plUS en plus grande. La valeur limite de Cx],]_[’n (n-l) 1_ posséde une S‘Sn\f\cauon phy“q\_\e gmple et
correspond 2 1a condition V | B | > 0 dans'le plan central de la machine od z = 0. L'auteur examine en détail
les systemes 2 quatre et 3 six barreaux de stabilisation. Les résultats des calculs relatifs au syst2me 2 six .
barreaux concordent par faitement avec les données expérimentales obtenues par loffé et ses collaborateurs qui ont
constaté 1'apparition d'un plasma stabilisé dans la machine 2 miroirs. Pour la comparaison des données
théoriques et expérimentales, on admet que le plasma est décrit par la distribution maxwellienne 3 cne
tronqué et qu'il s'étend en longueur jusqu'aux miroirs magnétiques. En vue d'€viter l'introduction de caleuls
numériques dans cette étude, on a examiné le cas X = zpax/? < 1, qui a cependant été extrapolé aux valeurs
x ~ 1, ce qui est admissible pour les évaluations semi- -quantitatives.

' Outre les barreaux de longueur infinie, l'auteur a examin des systemes 3 barreaux de stabilisation de
longueur finie qui peuvent étre également réalisés 3 V'aide d'aimants multipolaires de longueur finie. Comme
il le montre dans le mémoire, on peut méme parvenir A une stabilisation dans le cas limite des barreaux tres
courts, oli ces derniers peuvent &tre considérés comme formant un syst2me de 2n°bipdles magnétiques ponctuels
situés dans le plan central de la machine sur la périphérie d'un cercle de rayon a et orientés paralizlement au
rayon dans le sens opposé 2 1'axe (ou vers l'axe - les directions altement). Ces syst2mes, que 1'auteur a examinés
2 la suite d'une suggestion de Arsimovitch peuvent se révéler trés utiles; en effer, leur structure facilite l'accds
au plasma et permet d'installer des dispoéitifs complémentaires pour son diagnostic ou son chauffage.

YCTOHYUBOCTE IMJIA3MB B IPOBKOTPOHE CO CTABHJIU3UPYOUIUHMH CTEPXHSIMU.
B HacTosmeii paGore usBecTHb kpurepuii §[dl /B <0 o6o6maerca Ha nPOM3BonbHBIH Clyuail akcH-
aBHO~HECHMMETPHMHLIX none#i. Jns3Toro ero caeAyeT NPeACTaBHTH B BUAE f(nSB/B'2 WE, +P,_)d1 >'0.
3zecs 6B =3VB npHpameHne MOZYAR MOAR Ha coceRHel (BHéwmHeN) CHAOBON NHHHH, NPHYEM 3.B.
YKa3aHHbilt KDHTePHil NPHMeHseTCS AN MCCeAoBaHHS YCTOHUMBOCTH Naa3Mmbl B npo6KOTpoHe co
cTabHNU3UPYy O MHUMH CTEPXKHAMH. Ilone BE6IH3M OCH ONMHCHBAETCS CKAAAPHLIM MOTEHUHAIOM:

v =fBo (z)dz - B} (z)r2/4 + g(z)rocosngy,

npuYeM ANs MOAs Ha caMOM OCH NMpHHWMaeTcs Napabonuueckas annpokcumauus By (z) =BJ (1 +22/12),
Ecnu 2n cTepXHe#i ¢ TOKOM J B KaXAOM 'paclofoXeHbl Ha OKpY KHOCTH pajiHyca a, TO HCNOAB3ys
ManoCTh BEAWUHHBL Iy /1 <<1 MOXHO NPHBECTH KPHTEPHH YCTOHUYHBOCTH K TAaKOMy BHAY, UTO B HEM
ocraercz UMb napame'rp o =4nJlrg- 2 /can BY u BenuunHa X =z max/}, TAe Zp,, = MakCMManbHas TOw-
Ka oTpaXeHHUR yacTHU (2 =0 COOTBETCTBYeT LleHTpaJleOH naockoctH npobkorpoHa). Benu pac-
CMOTPEeHH JIBa pacnpele/leHHss YaCTHH: MaKCBEJ/UIOBCKOE C BbIpe3aHHBIM KOHYCOM H cly4Yail, koraa
BCE qacruuu o6naa®T OAMHAKOBHIMYM 3HaueHuaMH V2 H J. =V} /B. YcTollYHBOCTH BO3HUKAET NpH
a>(n~ 1) , IpHYeM B NepBY© o4YepeRb CTAaGHIH3UPYOTCSH YAaCTHUBI ¢ MAaABIMH NPOAOALHBIMH CKOpPO~
ctaMu (v, »0), a no Mepe pocra a Bce Gonee janekue X. IlpenensHoe 3HaveHHe @yp =(n-1)" H
HMeeT NpocTol PU3NYECKHIN CMBICA ¥ COOTBETCTBYET YCAOBHIO viBl>0s LeHTPaAbHOH MIOCKOCTH
npoGkoTpoHa z =0. B pa6ore noapo6Ho paccMorpeHbl cHcTeMbl ¢ 4 H ¢ 6 craGunnaupymmuMH

' crepkhamMu. PeaynrTarTh pacueTa CHCTeMH ¢ 6 CTEPXHSIMH HAXOASTCS B Xopomem COTIAacCHH C
skcnepumentamu Hodde ¢ corpynnukamu, HabnpAaBIMMH BO3HHKHOBEHHE CTaGunuaHpOBaHHOH
nnasmsl B npo6KoTpoHe (NP CONOCTABNAEHHH TEOPHH C IKCTNEPHMEHTOM anHHMaeTCﬂ YTO NAasMa
ONMCHIBAETCA MAKCBE/IOBCKHM DPAacnpeie/leHHeM ¢ BHIPE3aHHBIM KOHYCOM M MPOCTHPAaeTCs no ANHHe
BMJAOThE A0 MAarHUTHHX Npo6ok. YToGu H3BexaTs YHCAEHHLHIX pacHeTOB B paso-re paccMaTpHBaics
cnayuall x = Zmax /1 <<1, KOTOpBIA OAHAKO 3xcrpanonuponancs| Ha 3HayeHHs x ~1, yro AOMYyCTHMO
AN NOJYKOAH4Y€CTBEHHBIX OLEHOK)

ToMuMo 6eCKOHEUHBIX CTepXkHel B paboTe GHIH PACCMOTPEHH CHCTEMH co cTaGWIM3HpyD=-
WHMH CTEPXHAMM KOHEYHOH JIMHBI, KOTOPble MOTYT 6BITh peaau3OBaHbl TaKKe MHOTOMNOMIOCHBIMH
MaTHHTaMH KOHeyHoil AfinHk. Kax nokasaHo B paboTe, craGuniu3alds ‘MoxXeT GbHTbL AOCTHTHYTa
Aaxe B MpelenbHOM Clydae, ou€Hp KOPOTKHX cTep&Hel, KOTJa HX MOXHO PacCMaTpHBaTh Kak
cUCTeMy 2n TOYeuHBIX MaTHHTHHX OUMONel, PacnoNOKEeHHIX B HEHTPadbHON NMNOCKOCTH NpofKo-
TpOHa Ha OKPYAHOCTH paAsyca a H HanpabBJIEHHBIX TIO PAaAXyCy OT OCH (WM K OCH = HaNpapjeHHs
yepeayworcs).' Takue CHCTeMbl, pacCMOTPeHHEEe HaMH 1o apeAnoxenH JI.A. ApuumMopHnya, MOTYT
0Ka3aThCs BeChbMa NePCNeKTHEHBIMH, TaK KaK HX KOHCTPYKUHsA obnerdaeT AOCTyN K npa3Me H no-
3BONAET YCTAaHOBUTH JNOMOJIHHTE/NbLHBIE YCTPOACTBA AAS €€ JHAaTHOCTHKH WM Harpesa. ’
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ESTABILIDAD DEL PLASMA-EN UNA TRAMPA DE ESPEJOS CON BARRAS ESTABILIZADORAS. En esta me-
moria se amplfa el criterio ya conocido §fd1/B < 0 al caso de que 10s campos no tengan simetria axial. Para
ello hay que expresarlo en la forma J(8B/B2) (By + B, )dl > 0; en donde éB =%.VB es el incremento del médulo -
del campo sobre la linea de fuerza adyacente (exterior), siendos ! B. Se aplica dicho criterio al estudio de la
estabilidad del plasma en una trampa de espejos con barras estabilizadoras. El campo, eh las proximidades del
eje, es’té representado por el potencial escalar: :

v= [By(z)dz - By(z)r2/4 +g(z) " cosn ¢

mientras que para el campo en el eje mismo se utiliza la aproximacién parabblica B(z) =B} (1 +22/0?),
Si hay 2n barras, en cada una de las cuales la corriente es I, dispuestas en forma de circunferencia de radio a,
teniendo en cuenta la pequefiez de 1, /2 <« 1, se puede expresar el criterio de estabilidad de forma que per-
manezca en el simplemente el parametro a=4njl 1 'z/ca“B"y la magnitud x =z, /¢, en donde 2,y es el
punto de m&xima reflexién de particulas (z = 0 corresponde al plano central de la trampa de espejos). Se han
cunsiderado dos distribuciones de particulas: la maxwelliana con el cono eliminado y el caso en que todas las
particulas tengan los mismo valores de v? y J1 = vf /B. La estabilidad aparece cuando o > (n-1)-4 y las pri-
meras que se estabilizan son las particulas cuyas velocidades axiales son pequefias (v, 0)y, a médida que va
creciendo g, todas las més aleJadas que X. Elvalor limite ajjy = (n-1) -4 tiene un sentido fisico simple y
corresponde a la condicién V} B> 0 en el plano central de la trampa de espejos para z =o. En la memoria
se consideran con detalle los sistemas con 4 y con 6 barras estabilizadoras, Los resultados del cdlculo del
sistema con 6 barras concuerdan satisfactoriamente con los experimentos de loffe y colaboradores, que han
observado la formacidn de un plasma estabilizado en la trampa de espejos. (Al confrontar la teorfa con el
experimento, se supone que el plasma tiene una distribucién maxwelliana con el cono eliminado y se ex-
tiende en longitud hasta los espejos magnéticos. Con objeto de evitar los cdlculos :numéricos, en la memoria
se considera el caso X = zy,y /2 <1, el cual, sin embargo, se ha extrapolado al valor x~ 1, lo que es admisible
para evaluaciones semi-cuantitativas).

Ademds de las barras infinitas, se han considerado en la memoria-los sistemas con barras estabilizadoras de
" longitud finita, los cuales se pueden realizar en la prictica, también, en forma de imanes multipolares de
longitud finita. Como se indica en la memoria, se puede conseguir la estabilizacién incluso en el caso lfmite
de barras muy cortas, en el cual se las ptiede considerar como un sistema de 2n dipolos magnéticos puntiformes,
situados en,el plano central de la trampa de espejos, en una circunferencia de radio a y dirigidos en sentido
radial desde el eje (o hacia el eje - las direcciones alternan). Estos sisternas; que hemos considerado a propuesta
de Artsimovich, pueden offecer muy buenas perspectivas, ya que su estructura simplifica el acceso al plasma y
permite instalar un equipo complementario para el diagnstico o el calentamiento del plasma.

I. Xopomo mspecTENN KpETepME ycTORUHBOCTE mma3MH §{d¢/8 <o
_MIM,uTO TO Ee CAMOE

S%Je >0 A (I)

IONyCRaer odolmende Ha cnyyalt aEM30TPONEOR MAASMH (p, = p, )
INA Yero ero crexyeT OpeICTABMTH B BHXE:

% EB_?_ (PP )de =0 : (@

YacTENE BMX 9TOrO KDHTepHA, OpUMEHMMHA INA aKCHANbHO-CHMMETDHU-
HOro mons OHJX ucOoonb3osal paHee PoserCianrom ¥ Jiomrwalpou [2]
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B macroameit padoTe pacCMOTpeHH axcuansuo,-aecnwerpuqnue’
CHCTEeMH THNA NPOOKOTDOHA CO CTACMAKM3NDYDNHMM CTECDEHAMHA, Tle
BeMUHHY &> MOXHO HallTH ClelypmuM 0Gpa30M. -

CrandpHH} MOTeHnMAN MATHATHOTO MOAS B =y BOJIE3H OCH
MOXHO NDELCTABMTD B BUME: ‘ .

¢ = Yoz + 490, 2) (3)
rie B (a) - noxe ma cawolt ocu. Ecta € - Xapakre pEad
IIMHa, HA KOTOpOil MeHAeTcH B (=) , TO. t-f“‘ cirenyeT CUR=-

TaTh BEJMYMHON BTOPOTO NOPANKA MANOCTHE NO NapaMeTpy =724 <1 .

U3 (3) xna nons umeem:

@)

(4)

®) ®
B = Ei__ B = ?“f’ G >
T 2 ) ‘f 'z?tf ) . cBﬂ(E)-ﬁ- .
nmpuyen B, ® B OynyT pBernudHamy I nmopAgka, a MOMPABOYHHMN
yleH B B, -~ BTOpPOro nopanxa. byleM O0TMeyaTh NODAIKHM Be )M UMH
WEAEKCOM CBEpXY. TOTIa mMeeM:

o
B-8 p-n" © @ ® (5).
(O T ‘f— ¥ Bz.”B° +BZ , We BZ = "3_;‘ :

H MOXYNs TOAA, CHeNOBATENBHO, PABEH:

(6)

@ ®) & 4

B=08 ) _ 3. 2 2
, + R “de B _BE+RB°(B?-+-B‘5’ )

[lo ompegenenun (u3 S.(BAC)—_-O) pernaupa S8 B (5) ecTh npu-
pamenue nouns Ea cocepmeit (BHemHeR) cunopoit NmHHMM:

f8 =+ ve " ompmye 5 1 8 ¢
newy ann faaid .

Ypasnenusa

' (N ' ‘ T

d Bv r~ B’Z . qu —_ By = B" h (8)

—_— | m—— = 9 = —— = ——— .

dz B, B, Az G, B,
ompeXendDT CHJNOBYD NMEMD 11=R(z,7 4, ) y = P(27,4,) ’
rEe . 5 9, - TOYKA B MJOCKOCTH ==0 , Uepe3 KOTOpyD

NIpOXONMKUT NAHHAA JNUHHA.
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BreneM ynoOHoe 0003HAYEHHUE:

oS 2o s ®

TOrna& BEKTIOD 3 MOXHO NpexcTaBMTh B BRJE:

s=fr, g =afy | s =-Bge By (10

" Hs (6) B HEOGXOMMOM HODAZKE HMeeM:

2 ®) > ®
v.e B B ,VnB %B.,/("‘)

t 2 ? 3

i

(

<<
@
]

Tak YTO OKOHYaTeJBHO:

® . ®) /‘
S = 2> Q’-.-Egcf? -—-%— (B‘S:R-Q-Bq'zszcﬁ)—————;':‘g:}c (11)

¥z ° 209

Tne

(12)

NocKOMBEY 3KeCh CTOAT BeIHYHHH Il MODANKA MANOCTH,TO B OCTaNBHHX
sEoxuTEeNaX Kpurepms (2) MOxXmO omycTsTh mompapkm II mopsArka u OpoBO-
KuTh HHTErpUpOBaEME He 1O BHODAHHOA CHNOBOM nMMHME, & HENOoCpPEeACIBEH-
HO BIOM ocu. Torga onepamm 5: MOXHO BHHECTH H3-[IO0] HHTErpaJta.
% xpHTepuit (2) npuEEMAeT BHX: ' -

S: Salé 2B g "t B.".rm) = 0 (13)
B, ' .

¥BEME cIOBaMEm HeOOXOIMMO, YTOOH BeNMYMHA, CTOAWAA HOX 3HAKOM Sj y
BO3DACTAJA B HANDABIGHHH HADYXY OT OCH CHCTEMH. )

24 chon@ayen HaltXeHRul KpuTep¥i AA4 mMCCAeROBAHMA YCTOMYMBOCTH
nia3MH B NPOCEOTPOHE CO CTAGH/M3APYDUMME CTODPXHAME, BGau3u ocH
noTeROMan  y uMeer BHAE: :

Y= SBo(‘)’(? - ;1'3,'(1)2" + g(a)zhﬁn hy - (18

Jna onpeleNeEROCTH IONe HA OCH MOZHO ANNDORCHMMDOBATH napadoloi
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B =B (1+ =/¢") . . (15)

nyxnns‘ g(i) cBA3aHa ¢ reomerpell cTaCHIM3UPYDMEX OGMOTOK.
Hanpusep xada 2n TOHKNX OeCROHEUHO-FJMHHHX cTepzHeil, mapai-
NeTBHHX OCH, 3(a)=43/¢a"'=~ Gnst s Tle J = TOK B OXHOM

crepzre (B COCEIHMX CTeDERHAX TOKE NPOTMBOLNOJOXEH) M & =~ paluyc
OKPYXHOCTH, Ha KOTOpO#l pacHoIAranTCA CTePXHE. B o0meM cnyqae ox-
HAKO g(2) CNeXyeTr CYMTATH NepeMeNHOH. Wa (I4) wmaeem:

tf(l) -—B " +gz C:sm-g » ' (16)

o

4

a KOMIUOHGHTH NOJfA paBHH:

{ n-is_
-— —-gnt an
|'L'>‘f 9 9

S ’
B_l = ~z8 7, -t-gn-"t thcf , (17)
@) @ o
B}—:B‘-\'BE \ 1’)5 Bz. =-%B°/’Ta+jlqhé5"‘f .

NHETerpupys ypaBHEHUS CHJIOBHX JmHMH (8)-nonqua (cM,rakEe [3] ) @

: no“ 2 Ve "
A (SW-) | 2 (i) Sott’a(t'%z ) (18)
? 7, . \SF Sv'h»u_f ’ (fug."‘g/:‘f s ‘ .
3zech M 'BBeJ_m GespasuepHuit napawerp
_ n-2 s
’ A o= néi(a) 2, /Ba(o) . : (19)
X 0003MRTMIH @ = B (2),/B, () y G =9(=)36) .

Torna Ina ¢mrypupymmel! B xpnrepun (I3) penuuman K MoxHO mony-
. YATH BHpaxeHue

fK @-)

BB+(B+|3) Bcf

L 38 B) [ S, __r..,.. »
=T B { )(g,.m,) Al f"di toar /“1/ (20)
+ P _4: Sindo %
2 P\ serg }

3mech TOuKa O3HayaeT MPOW3BOLHYD NO mepeMermo <=2/

I
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3ameTHM, 4YTO XO0Td 7, BXORHMT B rapaMeTp « , CaAMy o MOEHO
He cumraTh MAJIOR Be/MYHHOM, TAK RaKk NMOMMMO 7, B Helt furypmpyeT-
$yaRIHa J(o ) y CBA3AHEAA CTOKAMH B CTACHIR3EDYDENAX OOMOTKaX.

B YacTHOCTHM HUXe NOKA&3AHO, YTO YCTORUMBOCTH LOCTHTaEeTCA JMEE IpH
o [OpANRA SAMHUIH: o~ 1 . Opeanonarad,yro nnasua OMACHBAET-
¢ MAKCBENNOBCKHM pachpefeNieHueM ¢ BHDe3AHHHM KOHYCOM:

. 9] e ’3* /'Ui <1 /'Sn (lo-ltﬂ )
%(?—.") = 2 ) . ' (ZI)
Qntcx?(—%} wp 31»/"’2 = 1/6‘:(1....\:;)
rxe J,=v*/8, =iwan wa Z_.. - MAKCMMANbHAf TOYU-

K& OTPAXEHHA YACTHMN, XJA CYMMH NaBNCHWM MONYUmM:

o A . .
P“+FJ~= MS(-\;'“..-Q—.‘-;-"-)&J\I - G,.q‘t [4[5(!)-{3(&)] W ) (22)
rie x=12,.. /€ & t==2/€ , Taxma 00pa3oM, OKORYa-
rensro xprepmi (I3) mpwEEMaeT BmI:
) “+x ' ‘ :

§o 2 ol l_) dt JPRPE) e g (23)

(2"72, * ° 39, stf) pe-pe ke %4.) >0 '
-X .

rie K(t,~,,¢,) ‘onpenexserca gopuymmn (20) n (18).

3. byXeM annpOKcEMMDOBAaTH NOMe Ba OCW NapaGoiol

B,(2)=B,6) (1+2%/¢") | , Torza’ p=tet® (24)

M paccMOTpMM BHauane ciyyat & = O, YTO COOTBETCTBYET OTCYTCTBUD
TORA B CTAGHMAN3KPYyIMEX OOMOTEAX. [Ipu 3TOM -

. L 2 4 . .

7, ¢ t-7 .
= " K=-3%B@) —=% . 25)

‘f ‘f° ¢t 1+t% (
Buumcaaa mETerpan B (23) MOXHO yOeZMTBCA, YTO OH OEQ3HBAETCH OTDH-
HaTeJBHHM B OGIACTH 0 < x < L,77, uro ® yzasiBaeT Ha HeyCTOH-
YHBOCTH NAA3MH B OOHYHOM NPOGEKOTpOHe (B pealbHHX YCTamOBEAX OPOGOU-
HO® OTHOMeHMEe OCHUHO HE NpepHmAeT 2, W MOSTOMY He HMeeT CMHCIA pac-
cuarpupars x>1 . Kpoue Toro, mpg ~x>1 COMHHTeJbHA HpEAME=
HEMOCTH NlapadoimueckOll ANNPOECHMAIN).



90 TPYBHHUKOB

YcroftunBOoCcTh NOSBRAETCA MMNB OpH «~1  , NpAYeM B HEPBYD

oyepelb CTACHIUBUDPYDICA MaHe xX=2_ /% . Yrodu yOe=-
ZHTHCH B 3TOM paccmoTpuM B (23) mpemensmuit cryyak x—-o  ,uTo
COOTBETCTBYeT YACTHLRM c v, —»O . Cumraa &) yeTHOR QYHE-

mselt (CM.HWEe) HaXOmmM:

+§] (26)

N'..\

2
Ki#,%,4.)= 1;_— B:(O) [—

o

Tak Kak.ocTanpide MAOEMTea# B (23) NONOEWTENbHH, TO pe3y’sIAT Ol-
peleNfeTCcH 3HAKOM NPOU3BOXHONU:

i ]

—K (n-1)et '~ 1 )

Tk ~1L ] | (27

-Z

(Op¥ 3TOM yuTeHo, YTO o ~7, ). OTcora BMIHO, uTO ycTORUM-

BOCTh BO3MOXHa Jimmb MpH

1 ’ , (28) -

J10T peay_nuaf mueeT OpocToRt du3nuyeckuB cMHCA, KOTODHE MOXHO yc~

TaHOBUTH, €CJM BCHOMHHTH, YTO BEJHYMHA & nponopnuoHalbHa
e . YacTUIH € v,—~© MOYTH He OTEJIOHADTCA OT cpexmelt mioc-

KOCTH MPOGKOTpOHA, ¥, ClefOBATeNHHO, WX YCTOMUMBOCTH OyxzeT odec-

neyesa, ecim (°wB/) > O . B camou gzene, cuurad, 4YTO
glz<o) =0 . u3 gopuyn (I7) Ana MOXYNA MOAA B LEHTPaib-
HO¥ MJIOCKOCTH NPOGKOTDPOHA NOXYYMM BHDREEHHE:
2 2 2
L3 1 njc 2n-£2
B =B(a)(_1__+--—————1 ) 29
gao Ler 2 B:(O) (29)
Orconta uHMeew:
W 7, n.co) # m-s % |
o~ [ )y, ~ [ena-t] (30)
27, ¢ G, .
=0

uro copnazaer ¢ (27). BuIeNeHHHM cAyuaeM ABIAETCA CHCTeMa C 4
crepeHauy ( n= 2), KOrZIa 7, . BOOGmE HE BXORMT B «  HyCNexoBa-
. TeAbHO, UpH > 1 OyneTr ofecreueHa ycTOHUMBOCTH Ha BCEX pa=-
Iuycax. Ecnam ze n > 3, TO KPHTHAYECKOE 3HAYERHE A =1/Na21

yKa3HBaeT pamuyc 1

T

7, = (an(o)/,eﬁ(o)\ﬁi?) ' (31)
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JaJjslie KOTOPOrO 3'3/31 >0 M nnasmMa ¢ 2p/ 0% <L o oyner -

ycTofumBa. i _
PaccMoTpuM GONee ZeTalbHo cryvalt  n= 2. U3 (18) npu sTOM

chexyeT: A .

~22T() t ‘, " (32)
*gtf by, e e T6)= St ae) /p > , -

Torga xnz K B coorseTcTM® ¢ (20) MOEHO NONYYHTh BHpAZERUE:

K= —-B,()[ sl —;‘— +“_’-§)(% Bl s.ffa th (M)) +

+ 4 247 Sm‘f a,(g,,m))xp (_5_/]

(33)

lipexnonarad,qro GyHROUA G(t) TaKEe,Kak B [3(t)  ABaAeTcA ver-
molk  JG)=aG(-t)/ , &,CHelOBATENBHO 3(t) - HeyeTHOH,
HETPYXHO yOeXMThcHA, YTO BHpaxeHNdA, COZepramue S.;’q:, ABNADTCA
HeYeTHHMM, a NOCKOJbKY HHTEerpa’X B kKpurepus (23) GepeTcd B CHMMET~
pUUEHX mpeXenax (0T - x X0 +x ), TO Tagwe BupamemmA B K
nponazapr, TakuM 06pa30M MpM  h-= 2 KpNTepuil He 3ABHMCHT OT 4, .
BCIOOMUEAA,YTO TPH h = 2 HApaMeTp o« He CONePXET 2, ,HETPYHHO
BUZETH, YTO OKOHUATeNbHO KpuTepuit (23) B ciyyae n'= 2 CBOLMICA
K yCHOBHUD:

. %(x,d-) =§:‘4.-‘l' qp() P(“ '\}P(-) ) {:(-E-(ig-;—!si;'-fdi&g)da (2aL'J)+
-(34)
+_5h(f¢ﬂ)a¢133;("—‘;(4//3’) 7 =0

3rech B KBAjJpaTHO# CKOOEe apryugarou, y BCEX OyBRmE ABndercH 'é'
4, Ilpu n> 3 curyaums AsndercA GoXee CNOEKHOK, Tak kax u3 (I8)

HENb3H BHDASHTD ¢ () B ABHOM BHIE. Ecium me ofpamarhcd E YHCHAEH-
HHM MeTOZaM, TO B OOmeNM BHIe MOXHO DACCMOTDeTH JMUD chyyalh x<< I,
KOTODHM MH W OI'DAHHMVMMCH,

Tpa x< I (a,crefoparensio u  t< I) dopuyny (I8) moxmo
pas3uoxuTh B pan oo ¢-¢, ¢ '

4 (Smmr) = S d‘r = ‘fnf [1' (‘f ‘fe)“}h‘f" e ] (35)
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3necr MH BpPeMeHHO OCO3EauHIM

~ tt’ @)/ i) ' '
a‘-‘=aLS°n(. &)/ BCE | (36)

¥ OpejnoraraeM, wro £ << I mpm  t< I, :
Odpamas fopuyxy (35) & OrpanmuABAACH KBYMA UNOHAMA DasNOXe-~
HES 0 £  HMEeM: -

) 2
P, = - L Y.’..m.fp.;.d, S s Goenyg, + (37)

HoxcTasnaa 3T0 B BHpAZeHME (20) Ima K ¢ Tot e TOYHOCTHD
noxyumM:

K - z’; B.z(o) {(: - —)(4+na¢. )+ eu.P s (G'/P’ﬂ
L (38)
+ 2 :__1 [1+(-1)2 (n+(2n-1)Gi g, )]}

Ipn 3rou, MH, CYATAR <  BeYeTHoH# dynrmeft t » ONyCTHAM
uyNeHH, ROTOPHE 3aBEXOMO BHOAnyT B maTerpare (23). Kax mumx
sfech ocraercd 4ned, comepxammit ., . . [lonaraa Temeps

p=1+t® 6= 1+14%G, o (39)
NpOK3BesEM B (38) pasnoxzense no t , ynepx®Bas IMNb GNeHH NOpAX-
ra t° . Torza :

K =2 {.,Ll- 1+t [34;‘(35;-‘1.—3) waf(a-1) (n- 1) (-0 Goc g, ) ]}

Paszaras o x ® 1 . ocraibHHe ynemH, Bxoxgume B (23) ® omyc-
Kaf HeCymeCTBERHHE MHOXHTENE, 0OCIe EHTETDHDOBAHHEA noAjium Mcaosue

. S:{-(.! (eL?-‘l).;.'(‘ﬂ::;' [_5+ ¢" (Sé;‘ :‘{.n+2)+-tl"(h—‘l‘)@(h-1)+ (n-ﬂ)@!fn%)] } SO‘ (41)

B yacTHOM cayvae n = 2 unex ¢ Gc Ry, BHMazaer, H MOCKOJb-
Ky o . He BaBHCHET 0T Z, , NloXyyaeM EpHTepHil:

,e”’l—g-x“(i—éé:)  >0 v (42)

(B EBaZparHOit CKOOKE MOXHO HOAOXHTE o = I). EHMMR cROBAME IAS |
"CTACHIM3aIMA MIa3ui JaHHOW XAMAR 2, -=x & OpE x << 1

Fatal 1-1
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HEOOXOXMMN NO MeHbmell Mepe 3RAYeHMS <«  paBHHe:
a2 (1oAY =42y LG (4
d= 1+qx<—3(;_°) ——’1+81(1—-3G°). (43)

B cayuwae G(t) = Coust (GecrROHEYRO XNAHEHE CTEPKHH) IOXyuaeM KpH-
BYD  ot(x)= 1-(3/8)x* ', EOTOpadA M300paxesa HA DuC.I ( ne 2).
Inga cpaBHeHES NYHKTHPOM HK300paxcHa &HAXOTAYBAR QYHROHA « &)
noxyuennas NyTeM YHCIGHHOrO DemeEHA TOYHOTO ypabRemEs (34) ¢

¥ (xa) =0 OpE  G(t) = Gust . Kax sunme,npecmxenue (43),
cOpaBelaMBoe NP X<< 4 » CPABHUTENLHO HENMAOXO OPHMEHHMO Jaxe
opa x=1 (omuoxa %). MoxHO, NOITOMy HAIEATHCH,YTO X
ope n = 3 dopuyna (4I), cnpaBefmmBag Xag x<<1 , He Oymer
NDABONETE K Coibmodt OmMHCOEE B ONMpEXENeHHE o , HEOOXOXMMHX XAS
cradmmm3amue x=1 (PACCMOTPEHHE x> 1 , KaK JX& OTMEYalNOCh,
He HMeeT CMHCIA). A .

[Ipy paBEOBeCHM MATHUTHAA TPyOKa IOMEKHA KBHTATHCA TAKMM 00pa-

30M, -YTOOH ee HHEPrMS HEe MERANACh, YTO COOTBETCTBYeT MOCTOSHCTBY
BeMMYMHAH, CTOAReM MOX SHaKOM 6, B dopuyre (4I): '

2 @)l E [T = Gnet APl | ()

3xech B KBAIPATHHX CKOOKAX 3aKJIDUEHO TO Xe BHpaxeHHe, uro B $op-
umyne (4I). Ypasnemme (44) ompegenser B NAOCKOCTH 2Z = O EDUBYD

7(4) » EOTODYD M  x< 1 MOXHO ODEXCTABHTh B BHIE:
S 2

ir4 0, ) =<, 1+%. Gy 2

<@ (‘f ) ) (. ? x ‘fo) (45)
[Ipn 3TOM ‘ 4

. G-1)(n-2) <> v
g 8{(-1)¢y'-1] o - (46)

rre <«>= nlyerca s /B (o) , & NocTosEHas, Bxogmmas B (44)

OKa3HBAETCH DABHOM:
2
Gust = F (¢z,5) =’<'z,‘;(<¢)'—1) «‘r,)xz"f- -5+ («L>2(3 §-4n+Q)+Lt>'2 1)1 (47)

Kpureput (4I) cooTBEeTCTByeT TPeGOBAHED MOJNOEMTENbLHOCTH HpHpAmEHHA
9HEePrHK MAI'BETHOM TPYORKHM OpDM ee KOHBEETHBHOM [lepexOXe H& COCEXHDD

1
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BHEDHDY EPHBYD 7 (¢, ) ¥ Telleph ero MOXHO OpeACTAaBHTIb B -BUXLE:

Fzy) =2 {«) (-1)-1+3 [—5 + 3 (n-1) (3G, - —4n+2) +

VN (48)

wgad (gn-3) 2 (n-1)" ]} >0

lpupasnuBas 2TO BHpaxeHHe HyID, HallIem MUHMMAJbHHe 3HauemMa <«) ,
HEOOXONWMHE INA CTaCMIM3AUAX OIASMH sajauEofl Xammw x (cp.(43)):

1 9 2, 411 " ) ot
W= —|1+=x(4- =G, npu G =0 atd> = (49)
A|“_ [ 8 . ( 3 )) = cafn-1
(B uwneHe ¢ x £ MH TMONOXHIR <> =1,/ AJn-1 )e KpMBHe &= J;(*)

s OTHOCAWHECE E CAYYAD &(+)= et ~, Takme NpuBEXe-
BH H4 pEC.I. '

5., OnpegeNuM BeIMUMHH g(e) - 1 G, , BXoxsmme B Kputepmit (49).
HamGonee oOmmii BHJ pacCMATDUBAEMHX HRMY CHCTEM NpeICTaBNAeT COGOH
OpOOKOTPOH, BOEDYT KOTODPOr0 Ha LMIMHADe PAgMyca oL  YJOXEHH 2n
PAMOE C TOKOM d ‘B Eaxjyolf, NpRueM B COCEIHHX paMEax Opi(emannn
TOROB nporuBononoxra (cM.puc.2). Kaxnmaa pauxa umeer naumey 24 U
saHmeaer yroa X . Ha siement niomazm D .y OXBaTHBaeMmo# OXxHOH

paMEoi, NpUXOAMTCA MATHETHHE MOMEHT dm = '3“‘5.. » HOTeHIMAN
EOTOPOTO DaBeR HOTERIUANy MATRATHOIO nunonf: '
YLz —o2 G5 (- .
A (0) =y 2SS (50)
Lz [(2-2)’s a'e*= 2raos Gy-9]
Dorenmman 2n TAKMX 3JeMEeHTAapHHX mumoiel -_cal,« -C yepelrypmmMm~

~ cfl .HaNpaBiCHAAMH, DACNOJNOZERHNX N0 OKPYXHOCTZ Yepes NDOMEXYTOK %/
6yzeT paBeH cyume pupaxemuit (50), Torga, paszeras 3paMeHaTelNb B

pax mo Gs (7;'—«,9) , Haltneum
24-1‘
2! : co - (51)

- dfat 'z+(
d'ﬂ“ ) <1+ ”L’+{;La)_)’/2 Z (1” s LK )
a—2 ) %

NS 21 .
( B ) s (g, w—)

1 ntse (='-2)
+ 2

wag

Jlng nocrexHeft CysMum HETPYAHO MOJYYHTH:

-1 . ro npe B <n ' - :
> (1) Gs s(.f—*-x-—:::)——— o-n . : (52)
2 n Gc-ulv i d=n

k=0
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1
00 02 04 05 0p 10

Puc.1.

Puc.2.

TaxK,yro orpaxmmnasch NiepBHK Hezct{eaalmm YNeHOM NOpAIR& (7/'-
HMeeM:

Ly = By ks Gsn(g-g) (53)
‘f;" al [1 (-)]"'— [1 (z i}]"""/{/ ‘

rae al/u=?d$ , 48 =de’adq, . Haxomen murerpmpys
moz' or -d 10 +d mNo g 0T - /£ KO +3x/¢ OKOHYa-
renpro maxoxmu (cp.(I4)): : '

Yo =gle)tleng | (54)
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L, <

_ rxe _—.{ &__1,” . -X a ‘S‘ ” .

n Opexens HHTErpUPOBAHHA DABHH:S t1=-(al+z)/a syt =(@-2)/a .
M3 aroft oOmeld $opuymH MOXHO NOAYYUTHL DPAX ApeleNbHHX CIyYaes.

2n TOYeuHHX gpnoeft

Ecim umeercs 2n TOYEUHHX RHMNOJel ¢ JMIONBHHM MOMEHTOM M
Kaxguft, PacnoXOXeHHHX 0O OKpyXHocTM B maockoctd 2 = O (cu.
puc.3, rae n = 3), To mozarad B (53) 2'=0, ¢, = O umeex

waq N - 2
_ e gnetll denon el

4(=) : (56) -
q!u ?--o“-/ a,g‘ 2!\‘2.’.’ E+c!/a)ﬂ.] ne g .
S et
B vacrHOCTH -t 4
7(0) a!ﬂ\ a1l (4 "}
a s LG)= §(2)/4> L*“ " HOAyWmMM:
abred b3 . . {-a li n+2 ’ . ‘

&(e)— "‘( A = 1+ 5 Gy )]+ (57)

-
[r+(etra )_‘] b3

Bupaxemue B KBaJpaTHHX CKOORAX ecTh BeXwa#Ha &, , BXoXAmad B
gpuTepEl (49). e

2n GecKoHe YHO=IMAHHHX cTepxael

Noxaras B (55) X ==/~ nomyuaeu caysall, KOria PaMxe COf-
pukacavrca (cM.pac.4). Yerpeunds Janee nmumy paMox 2o K GeCEO-
HeyHOCTH (UDH ITOM *,=-0o -, t,=+®= ' ) B jgelad 3AMEHY
23 —~3 DOXYYMM CHCTEMY 2n TOHRAX 06 CKOHe YRO-JAMHENX CTepxHelt
€ uepeXyIHIMMECA TORaMHm J B RaxIoM, XInd KoTopoit

43 a1t 27 e 47 ,
g0 = ox T =Tk 5 G-t (58)

2n eTcpqcuu':

Tak Ear 3Ta GYHEOMA He 3aBHCET OT & , 7O 34eCh OYeBENHO & ~1.
Ecmn cTepxEE BHNOMHeHH B (OpMe NABCTHR C YrIOBHM DACTBODOM X
Mo Kaxjod M3 KOTODEX DABHOMEDHO pachpeXeleH TOK 'S , TO Hazem:

-+ x/2 . i ) .
g SR . L SnCI7Y) o Geng (59)
2n naaeTan ca” —x/% X ot (nx/Z) . M
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Puc.4.

TAK 9TO AXA OAacTHH B QYHRmEEM ¢ BO3HMKAET IONOAHHTE JIbHHER
MHOXHUTEJh, DABHNY eJUHMOE NpH X —>O :
Sia(eX/2)
(=) o A3 SRex/R) ; G(t) =1

2u naacfuw 'cuu (V‘X/z) (60)

2n paMoE
B oOmeM ciyuae 2h  DaMOE, C TOKOM O B KaxXo#, us (55)
HaXORWmM j(o) _ 83 .'..‘25 _F (_d.)
n 2 n o
I posmor X (61)
rie Gymxmmsg -F“ (ot/a) paBHa (C:zu,l/n.! (w-r)! ) : ‘
" wl ‘ < 2 | <+ ' .
[ (0= fn-1! [ Yh L Slem et _5_) ] (62)

a2 | (ay®)™E oo "t kel L aey®

Opr  3¥>>41 (AnuHEHe paMk®) ata QyHRUMA O/m3Ka K elMRHOe, & IDPH

T << 1 HMeeT BHI:

a-gf LN

Y1
T'padurn Pynrumik .‘fz(?) n -Fa(';) npuBeleHN Ha pUC.5. Laa

'&h)} o ui);[i__-%i‘fﬂ....] (63))
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(&) <
{ e v
| I
{ [
| |
: !
| |
| |
! I 't
S U NS S WS W YOS VY S H S TR T VS S SN S R |
1] 0s ] 10 15 20
Puc.5.
dymemn G UMeeM:
. e
Glt) =1+ -Z—[— j (,,)]
rie . o R '
D tl 3/5.(8) L+=
?n (?) = .3 2 —1 (64)
-2V (@78 (447
Ha puc.6 mpmseleHNW kpmBHe 4.(7) ®  4:(37) . JpGomuTHO
OTMETHTb,YTO NPH F=J1+3/n ODTH KPMBHE MEHADT 3HAK.
Ipe 33— O momyunmu 9. (0) = 342n + LA/ (1] s YTO COB=-

" nazaer ¢ dopuynoit (57) mns Toveywwx punonei. Ipm I=>1 3TH fbymc-
. O¥E CHCTPO CHAZADT Tak Kax STOT Opejen COOTBETCTBYET paMxaM,fepe-
XOLAMUM B IJNMHRHE (o >>a ) CTEDEHH, EAZ KOTOPHX G. = 0.

Hoxcrasnas cbopuynu Ing g(> G B kpurepuit (49),
MMeeM, TAKWM 00pa3oM, YCTOBHA KOHBEKTUBHO! YCTORYMBOCTH XIA Da3-
TUYHHX CHCTEM:

2n GeCKOHe YHHX NJIACTHE
- " ") . ’ .' . /
> L <ry A9 Sonze 12 (1+3—7<g) (65)
B,(c) ca” nX/2 8
. 2n  DaMOK o
né -2 33 wX ,,( é
D> = 2= {2y —=§u, 2 | /4 1 d] 66
7 B,6) Aerllrl 8¢ 1* [“ ( )| f(66)
2n TOYEYHHX XHnoned

; £ 9u  Gu-tl tn el
rr= <'I M A el —_— ’1+ --x 1+—= (’1 )] 67)
B,(e) > az'"‘ 9u-2 Y ) Z Vet { [
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_ 6. CpaBHUM NOJYYEHHHE ¢opuMy/H - c pe3yrbTATAME DKCIEDAMEHTOB

Ho¢¢e ¢ coTp. [41, [5} . B ycranoske [IP-5 CTEDEHH, KOTOPHE MOXHO -

cuuTaTh CECKOHEYHO IJMHHHMZ, BHOOAHEHH B GopMe 6 IJACTUR B 409
"gaxgad (n=3 , x=27x/39 ). Torza u3 dopuym (60) Haxommm:

(o) = 2L 08 _ &5 3
ﬂ ca? -*—/3 .-' T c,qtl
H Ianee:
' n-f ' 3 fea <&
<aL>-=ne7(o)<7°> A;"(o)_:lg_‘@- ._g,/s———f__.iz _ . (68)

T B,e) * <«

Kpurepu#t ycroitumpocTn TOTEEH WMETH Bug (cm.(65)):

. 1 9 Iy . . ' (69)
oD = e —
< (15 ") ,
B »TOt ycTaHOBKEe MOXHO NMDPHHATH = 65 cM, a=25cuM, a Npo-
ZonpHOE NpOGOYHOe OTHOmeRME B /g,.. = I,7. Ecid cumrarh,uro

nrasMa NpOCTHPRETCA BIJAOTH IO NMpodok (MM GJWSEO K HEM), TO HpU-
HAB NapaGOoJuYecKyD ANMPOKCHMANKND, M3 COOTROMEHHA 1% =1+ x% ‘
HaltteM x =Jg9%¥ = 0,85 H IJA ycroRuMBOCTE HEOGXOIMMO:

> =2 (1+207) —4,z26

2
HIm
&> a. T B, :
— = 6 ———_—
a 1,2 ¢ 183" 73J/ca : (70) .

CTeHEa KaMeDH pachnojaralach Ha pajimyce 7T = 20 cM, u mone y
CTeHEH,CO3LaBaeHOe MJaCTRHANK (3xcnepnuenransno HaoJpraeMas se-

NHYNHA), MOXHO NDUHATH PABHHE
B _ 188 _'1_(11_)___ qsr()
ca

L £ ca l @
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(oomas dopuysa xas 2n  NAGCTHH C PAcTBOPOM KX M TOKOM J
Kaxjas EMeeT BHX B, =(4J/fa)(Sn :i’_‘/:g.&) (/)" )
Torza (70) MoEHO 3anmcars B BHIE:

<w> m:(aj" ) BER . 1 g (71)
o € B*(zif-) 2:-‘ 1 :
rie 2, - BBeJEHHO® B JKCHeDHMEHTANbHOM padore [5] “"momepevHoe

npoGouHOe OTHONEHHE™ e, =[1.(s,/o,)* o JUNTHBAH,YTO CTEHKA
KaMepH paclHolOxeHa Ha 7, = 20 CM, OXHAXO, eme 3 CM MOXEO OTHeC-
T 3a cuer THTaHOsOoro morxorureas (I CM) W JapMOPOBCKOro pamMyca
(2 cu), cnexosano OH OXHXATh, YTO CTACHIM3MPOBAHHHH pexmM Oyzer
BO3HMEATH NPH  <¢a,> = 17 cM, ut0o B coorsercrsmm ¢ (7I) orpeva-

J0 OH
a1=“|1"'(°f“i;_‘)! -_ 4’1 (72)

Jr0 KpHTHWYECKOe 3HAUEHMEe %, B CAMOM Jele HadipraercdA B pacdore
[5]. Ha puc.7,B3ATOM BAMM M3 pacoTH [5] , OpHBeIEHH OCIMANOTPAMMH
TOKA Ha JeHTMDDPOBCKENl 30HX, pacmoJoxeHHHM HA DA3NMYHHX DACCTOA=-
HEAX OT ock cEcreMu. M3 dopuyms (7I) maxomru:

&> =19m, (B> =Mew , 2> 0 = 9,3 em
% =108 *,=182 =, =430

CpapruBas 3TH 3EAYEHEA C DHC.7 MOXHO BHIETH, 9YTO OPH 2, > <%
OCIUMJNOTPAMMH MMEDT NIABHHR XapaxTep, & OPE 7, , < <7> HA HEX
BHIEH KoXneCaEMs., 3HaueHMe <z, > , ompexeasemoe dopuyxolt (7I),
coorBeTcTByeT "adpeRTHBHOMY MMEMMyMy ¥, H NIasMa 0T OCH
IONXHA CTEEATh B 3TOT MMHMMYM NOXd, TAK YTOOH ee JaBIeHHmEe p(t)
cnagano Kak Hapyxy 0T <z2,> , TAE M B BaOpaBJeHMH 0T <7Z.>

E ocH. [ono0sas DepecTpoREa NiAa3MH,NO-BHEIHMOMY, Xe#CTBHTE ABHO
HMEeT MeCTO HA BKCHOepHMeHTe. TOrja KoNelammsd,Hadanraesmse NpH
Tyng % &, > » MOXHO OOBACHHTH TeM,4YTO CAM 30HL "BHenaer"
BHENHNE O0CMACTH MMA3MH cO3jasaf MPHE 7 < <Z,> HeOIArompEATEOE
COOTHOmMEHNE MEXIy I'DAIMEeHETOM 7°p/°z " opPexTHBHEM I'palMeHTOM
moxyxs moxs (Pw/3z ). . Tagoe saxapyeEme NOATBEPXNAETCSH
(B TOR Mepe, HACKOABEO NMO3BOASET CTATHCTHKA DKCHEDHMEHETA) TEM
($axTOM,9TO B OTCYTCTBHE 30HZA IDH 22, > 1,1 norox HeliTpanos
He nogasuBaeT KoieCamui. IIp HANWUYEN xXe 30HZA HA DACCTOAHNE

Tyomd OOTOK HeliTpanos mp® 7, > <7.> He NORa3HBaeTr Koxeda-
HER, & PR 7., < ¢ > KONeCaHEs €CTh M HA OCIWANOTpaMMe
30HZ& ¥ EA OCIMAIOrpaMMe NOTOKa HelfTpanos.
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21,00

z,-108

z.1

2,-130

18 cu Thew e Bew

Puc.T.

B 3akjIDUEHME OTMETHM,YTO HA YCTAHOBKE FPhoewix T (CBuTMEH,
AraMc M Xp., AErimd), B KOTOPOM CTACMIM3ANMS NOCTHTAeTCH 4 pamxa-
i ( w=2), # B KOTODOH MEXEEIHNS OCYNEeCTBASeTCA NePNEHIMKYAAPHO
OCH CHCTEMH, TAK UTO MOXHO HDHHATE x = O, CTAGHIM3AIMS KOHBEK-
THBHOM HeycroRumBocr® (mpm x = 0 OHA BO3HMEaeT mpE S8 >0 )
nOAXRA OHna OH mpomcxoxurs np (cu.(66))

_ 2696y _ f Thea_
S 60e) ey Jf (;) sy =1 (73)
fae {g(T) — PYyWcuss wledpaskemnan na puc. 5,

AsTop npE3HaTeleH axazeMury Jl,A,ApIEMOBHUY, 00 NpeXiA0OXeHED
KOTODOTO0 Haum OHIH DACCMOTDEHH DAMKE KOHEUHOH IAWHH, a T&KXe
M.C.Hopde, B.b.Kaxoumersy m B.l'.TeaskoBcEOMy 3a OOCyxJeHHe pe3yib-
TATOB pasoTH,

Astop Graroxzaprr J.X.Moposoma m B.B.Kocauesa 3a yuacTHe B
pPAZe OTIEAbHHX pacueTOB.
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Abstract — Résumé — AmHOTAUHS — Resumen

STABILIZATION BY SHEAR AND NEGATIVE V". A criterion is derived for the stability against gravitational
interchange of toroidal systems by using the hydrodynamic equation with finite resistivity. The stability depends -
on an expression that reduces 1o the sign of the second derivative of the volume per unit flux (V") in the case
that the plasma does not surround any “floating” conductors. If this condition is violated, then a “rapid” resis-
tive instability results. If the condition is satisfied, then both the resistive growth rate and the critical Bagainst
"ballooning" modes depend on a figure of merit 1R¢)/ where 1 is plasma radius, L is length along field lines
between "good" and "bad" regions, R¢ the mean radius of curvature and y is a shape factor depending on the

‘design. A similar consideration applies to "kinking" modes. :

Using the results of numerical calculations, we will discuss the structure, istability properties and figure of
merit of several "stagnation-point” solutions having the negative-V" property. The principle here is to create
directions of favorable VB, then cause the rotational transform to be weakened in the favorable regions (réaching
a null at the stagnation point). The negative contributions to V" are then weighted heavily, becoming infinite
at the stagnation point. We consider three types of solution: (1) Linear pericdic-multipole arrays, by using
helical £ =2 and 4, or £ =3 “shaping fields"” with natural stagnation points; and by superimposing £ = 0 and 2,
£=1and 3, or{ =0 and 3 "corrugating fields", to create favorable VB regions. (2) Helical equilibria, by ~

" using gross helical curvature to create the favorable VB regions and stagnating the rotational transform by
means of a current on an axial conductor, around which the. helical equ_i}ibrium flux-tube is wound. (3) Toroidal
equilibria, by using the gross toroidal curvature to create the favorable VB regions. The rotational transform is
generated by a helical £ = 2 winding and stagnated by an auxiliary poloidal field, ‘

STABILISATION AU MOYEN DU CROISEMENT DE LIGNES DE CHAMP ET DE L'EMPLOI D'UN V" NEGATIF.
Les auteurs €tablissent un critdre de stabilit€ A 1'égard de 1'interchange gravitatfonnel dans les dispositifs toroi-
daux 2 'aide de 1'équation hydrodynamique dans laquelle on tient-compte d'une résistivité finie. La stabilité
dépend d'une expression qui se réduit au signe de la dérivée seconde du volume par unité de flux (V") lorsque
le plasma n'entoure pas de conducteurs < flottants > . Si cette condition n'est pas remplie, il se produit une
instabilité résistive <«rapide>. Si elle l'est, le taux de croissance de 1l'instabilité résistive ainsi que la valeur
critique de B au-dela de laquelle se produit le mode de «<ballonnement > dépendent d'un nombre caractéris-
tique ® (tRc/L?) y ol rest le rayon de plasma, L la distance séparant les <<bonnes>> et les <mauvaises >
régions mesurée le long des lignes de forces, R le rayon moyen de courbure et y un facteur de forme qui
dépend des dérails de la configuration. Des considérations semblables s'appliquent 3 des <<modes en serpente-
ments >, . . '

En se fondant sur les résultats de calculs numériques, les auteurs étudient la structure, les propriétés de
stabilité, ainsi que le nombre caractéristique de plusieurs solutions 3 «points de stagnation> pour lesqueltes
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V" est négatif. La méthode consiste, dans ce cas, 4 créer des directions ol %B est favorable et & provoquer
ensuite N'affaiblissement de la transformée rotationnelle dans les régions favorables (pour arteindre la valeur zéro
au point de stagnation). Les facteurs contribuant 3 rendre V" négatif sont alors fortement pondérés et deviennent
infinis au point de stagnation. Les auteurs examinent trois types de solutions: 1. Des dispositifs linéajres 2
multipoles périodiques, au moyen de <«<champs modelants > hélicoidaux (du type £ = 2 et 4 ou { = 3) présentant
des points de stagnation naturels auxquels_)on superpose des <champs de gaufrants> (dutype £ =0et2, £ =1et
3ou £ =0 et 3), pour créer les régions & VB favorable. 2. Des équilibres hélicdidaux au moyen de la courbure
hélicoidale globale pour créer des régions A VB favorable, la stagnation de la transformée rotationnelle étant
obtenue 2 1'aide d'un courant circulant sur un conducteur axial, autour duquel s'enroule le tube de flux en
&quilibre dont la forme est hélicoidale, 3; Des équilibres tordidaux, au moyen de la courbure toroidale
globale, pour créer les régions 2 VB favorable, La transformée rotationnelle est engendrée par un enroulement
hélicoidal du type £ = 2. Sa stagnation est obtenue par un champ poloidal auxiliaire. .

CTABHIHU3AIHA C IOMOULI0 WHPA U OTPUHATEJIBHOT'O VY., Jas ycToiiYHBOCTH
OTHOCHTENbHO TPaBUTAlLlHOHHOA XeNnoBKOBOI HeyCTOHYMBOCTH TOPOHAANBHLIX CHCTEM BHIBOAHTCS
KPHUTePHUl MyTeM HCNOAB3OBAaHWA TMAPOAHHAMHYECKOTO NPUBAHKEHHS C KOHEYHBIM yIeabHbLIM CO-
NPOTHUBJIEHHEM . Y CTOHYMBOCTb 3aBHCHT OT BbIpaX€HHS, KOTOpOe CBOJAMTCSH K 3HAaKy BTOpPO# npous-
BOAHON BeAHYMHB 0fbeMa Ha elHHHLy noroka (V'"); B TOM ciaydyae, KOTAa rja3Ma He OKpyXeHa
Kakumu-nu6o "nnaBanmmMu" NpoBOAHMKaMu. ECKM 3TO YCROBWKE HApymaeTcs, TO BO3HUKAET "6ucT-
pasi' pe3uCTHBHAs HeyCTOMUMBOCTE. ECAM 3TO yCAOBHE BHNOMHSETCH, TO KaK AMCCHRATHBHBIHA
HMHKPEMEHT, TaK ¥ Kpuruueckoe 3 Ans "GanoHHHX" MOA 3aBUCAT OT BEAHUMHB ~ TR, -y/L, rae
r = paauyc miaasMel, L — anuHa BAONB AMHMIA noas Mexay "XxopomumH" H "naoxumu" obnacraMmu,
Rc¢~ cpennuit paadyc KpUBH3HBI M, HaKOHel, -y:duopM@aKTop, 3aBUCSWHH OT JeTalbHOH KOHCTPYK~
uHu. JlonobHbple coofpaxeHHss pacnpoOCTPaHAKTCA U HA BHHTOBBIE MOMBL.

Hcnonb3ys pesynbTaThl YMCAEHHBIX pacyeTOB, Mk O0GCYyAHM CTPYKTYpY, YCTOHYHBOCTE H
NpeUMyIieCTBA HECKONBKKX pelleHWi CO "cTauWoHapHo#t Toukot", UMewmux oTrpHuaTenbHoe V",
TIpHHUMN COCTOUT B TOM, YTOGH CO34aTh Hanpabs/ieHus GIarONpHATHOTO VB, a 3aTeM co3naTh
BpaijaTenrHoe npeobpadopanye, ocnabnseMoe B 6naronpuaTHeX obnacTax (gocTuras 0 B craum-
oHapHo#t Touke)., OTpULaTeNbHble BKAAAH B BelHuKHy V' npuobperaioT 601bmo# BeC, CTAHOBACE
6eCKOHEeYHbBIMH B CTAalHOHAPHOH TOYKe,

PaccMaTpuBaloTcs TPH THOa pemeHud: 1) JIMHeHble NepPHOAHYECKN-MYNBLTHNONEHbIE PAILL
C ucnonb3obaHus BUHTOBHX 1=2 u 4, unu 1 =3 "dopMuUpyUMX NnoieR" C eCTeCTBEHHLIMH CTalH~
OHapHBIMH TOYKAMM; ¥ NyTeM Hanoxenun 1=0n 2,1=1 13, wiu 1=0 u 3 "rodppupyomux nonei",
ans Toro, urofbl co3naThk GnaronpusTHilie obnactu VB. 2) BuHrosoe paBHOBeCHe MyTeM HCMONB3O™
pauus 60/bMON BUHTOBOH KPHBH3HL € Lelbl co3laHus BnaronpusTHeix obnacreit VB H 0CTaHOBKH
BpamaTeNbHOTO Npeofpa3oBaHUA ¢ NOMOMBIO TOKA Ha OCEBOM NPOBOJHUKE, BOKPYT KOTOPOTO HaBUTa
BHHTOBas TPyOKa Ans paBHOBecHOTO noToka. 3) ToponAanbHoe paBHOBeCHE C HCNONB3oBaHHEM
6onbwof TOPOHAANBLHON KPHBU3HL! MUIS CO3JAaHHA GnaronpuATHEX obnacteit VB, BpamaTensHoe
npeobpasoBaHHe CO3AAeTCA C NOMOIIBLYH CNHUPaAbHBIX BUTKOB 1 =2 M CTauMoHapHas Toyka ofpasyercs
6rarozaps BCNOMOraTeibHOMY NOJOHAANILHOMY-MORIO .

ESTABILIZACION POR CIZALLAMIENTO Y EMPLEO DE V" NEGATIVA, Se establece en la presente
memoria un criterio de estabilidad respecto del intercambio gravitarorio en los sisternas toroidales, usando
la ecuacién hidrodindmica en la cual se tiene en cuenta una resistividad finita. La estabilidad depende de
una expresidn que se reduce al signo de la derivada segunda del volurmen por unidad de flujo (V") en el caso
de que el plasma no rodee a ningfin conductor <flotante>. Si esta condicibnino se cumple aparece una
inestabilidad resistiva rdpida mientras que, en caso contrario, tanto el indice de aumento de la inestabilidad
resistiva como el valor critico de  mis all4 del cual se manifiesta el modo de «jnflacién> depende de un
valor caracteristico ~ 1R¢ y/ 12 ,donde r es el radio del plasma, L la distancia que separa las zonas «<buenas>
y «malas>®, medida a lo largo de las lineas de fuerza, Rg el radio de curvatura medio, y yun factor de
forma que depende de detalles de la configuracién. Anflogas consideracionés se aplican a los modos
<«serpenteados >>. ' :

Sobre la base de. los resultados de los c4lculos numéricos, los autores analizan la estructura, las propieda-
des de estabilidad y el valor caracteristico de varias soluciones de <puato de estancamiento> para las cuales
V" es negativa. El método consiste en crear direcciones en que %B es favorable y debilitar luego la trans-
formada rotacional en las regiones favorables (para alcanzar el valor cero en el punto de estancamiento). - Los
factores que contribuyen al valor negativo de V" se ponderan entonces marcadamente, llegando a ser infinito
en el punto de estancamiento. Los autores consideran tres tipos de solucién; 1) Disposiciones lineales de

multipolos periédicos, mediante campos <«modeladores > helicoidales (del tipo £=2y402=3)que presentan
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puntos de estancamiento naturales a los que se superponen <campos de acanaladura> (del tipo £ =0y92,

=1y3, oblen £ =0y 3) pata crear regiones de VB favorable. 2) Equilibrios helicoidales, empleandn la
curvatura helicoidal de caricter global para crear las regiones de ¥B favorable y estancando la transformada
rotacional mediante una cortiente que circula por un conductor axial, alrededor del cual se atroila el tubo de
flujo en equilibrio, de forma helicoidal. 3) Equilibrios toroidales empleando la curvatura toroidal de cardcter
global para crear las regiones de VB favorable. La transformada rotacional se genera mediante un devanado
helicoidal del tipo ¢ = 2 y se logra el estancamiento mediante un campo poloidal auxiliar.

I. INTRODUCTION

Experiments with open-ended minimum-B systems have demonstrated the effect-
iveness of favorable field-curvaeture in eliminating the interchange instability.
However, recent experiments and theory {1] also indicate the prevalence of
velocity-space instabilities under many conditions for "loss-cone" distributions.
It is therefore of interest to investigate the properties of toroidal "average
minimum-B" configurations.

Experiments with shear-stebilized toroidal geometries {2) nave demonstrated
imperfect plasma confinement under conditions where the infinite-conductivity
hydromagnetic theory would predict stability. These unfavorable experimental
results may reflect the theoretical point that inclusion of a small but finite’
resistivity in the hydromagnetic theory gives rise to resistive interchange
modes [3) with growth-rates much faster than ordinary resistive diffusion. These
finite-resistivity modes are not strongly inhibited even by very high shesr.
Shear-stabilization may, however, become effective at sufficiently high plasma
temperature (4] and has also been shown both theoretically [5] and experimentally
(6] to be useful in suppressing universal instabilities.

Stabllization by negative V" (i.e., by a favorable gradient of fdl/B or of
“"average B") 1s feasible in toroidel systems [7], and can be much more effective
than shear-stabilization against the resistive interchange modes. Negative V" .
is also useful against universal instebilities (8], in approxmately the same
sense as minimun-B [9].

The two stabilizing principles of shear and negative V" are readily com-
- bined within a single configuration. In fact, this feature arises naturally in
some of the most practical negative-V" solutions.

In Section II we review briefly the stability situation for configurations
having both shear and negative V". The theoretical picture is not as yet fully
explored; and experimental studies are only now in progress. One can, however,
define three distinct figures of merit which are certain to play an important
role in controlling stability.

(1) The distance L between favorgble ‘and unfavorable contributions to V"
must be small in-the sense that rPRc/L should not be very small compared with 1,
where rp is the pressure-gradient distance and R c 1s the mean radius of curvature.

(2) The difference in magnitude between the favorable and unfavorable con-
tributions to V" must be of the same magnitude as the unfavorable contribution.

(3) The total decrease in V' from the center of the confinement flux tube
to its surface (the “magnetic well") should be as large as possible.

In Section III we discuss an important class of negative-V" and shear-
stabilized configurations; the "stagnation point" solutions. These have the pro-
perty that criterion (2) is satisfied automatically near the surface of the con-
finement zone. Criteria (1) and (3) sre in many cases competitive with each
other, but there are some configurations that give promising. results for both
criteria at once.

o
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JII. STABILITY CONSIDERATIONS

\

For the most part, we confine ourselves in this paper to discussing the
stability of negative-V" systems within the framework of the fluid theory, reserv-
ing an examination of specific plasma effects to another paper [4].

The energy principle for hydromagnetic stebility may be put in the form f10] -

2

(7 x € x B) 2 o2 - -
W = dnr__—._h_._ EV.;*_M +J"'-(§xVx§XB)
B
+ 7P 8 -5 (Twp)IE-9(8% + Bnp)J} - (1)
. B

wvhere all quantities except the displacement -§' refer to the plasma equilibrium.
The first two terms represent the energy contribution from the components of the
perturbed magnetic field perpendicular and parallel to the equilibrium field.

The third term drives. "kinking modes" for which we mention in passing that all
cases go far looked at give similar but slightly more favorable stability results
than the ballooning modes discussed herein. The fourth term represents a very
small stabilizing contribution which may be neglected if we set § = O, while the
last term represents the driving energy for the instability, clearly expressing
the fact that the crucisl factor in detemining stability is the sign of the quan-
tity (Vp-VB).

The short-vavelength interchange perturbation 15 given by £ = B X V¢,03 +hnp)
vhere @ varies slowly along the magnetic field lines, fairly rapidly normsl to
the flux surfaces and very rapidly in the direction normal to B and.the pressure

gradient. This choice makes the second and third terms in Eg. (1) negligible.
We further restrict ourself to the limit of fairly low B making the approximation

(5 + 8mp )~ VB§ where 3 is the vacuum magnetic field and also neglect terms .
of order p/B2 With these approximations the energy principle may be put in the
form:

1 (= §O.§¢2 1 8020 o2
BW = [aT|7=(B X v 132 - ;E (9¢) (vp.VBo) (2).
. 0 0

where V@ is the component of 9% within the magﬁetic surface, but normal to B.

In the 1imit g = O, &W is clearly positive definite except for the special
case B-V;b = 0, i.e., § a constant along field lines. In the case of a sheared mag-
netic field surface this perturbation is not allowable as ¢ would no longer be
a continuous function. This restriction evidently arises from the fact that in
hydromegnetic theory plesma remains rigidly frozen to magnetic field lines, so
that if the field lines cannot be interchanged without bending no instability can
develop. Just how this restriction is modified by the compléte set of plasma
.equations 1s an as yet uncompletely solved problem. We have shown [3] nowever
that the addition of a simple resistivity to the hydrodynamic equations leads to
a similar variational principle which has the property that if the last term in
Eq. (2) gives a negative contribution to &W for B g— O on a magnetic surface
then a resistive instability with growth rate ~ TF'/ results. Thus we may regard
the condition

ar 5 (%) (%-%8°) <0 IR €V

§-V¢ = 0; as the requirement for favorable potential energy against a pure inter-
change instability, whose violation leads to hydrodynamic instability in the
absence of shear, or a resistive instability in the presence of shear. .
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The stability criterion Eq. (3) has been evplﬁated in three special cases
and reduces to the following simple expressions:’

(A) closed mAgnetic field lines, no rotational transform [11]:

vpv{_>o, ' (34)

(Bl) magnetic sﬁrfaces, no enclosed conductors [11]:

2

2
lw
rol<

>0 (38)
¥ .

where y is the flux contained within a given flux surfaceiand V the volume.
\
(B,) masnetic surfaces enclosing non-plasma currents, e.g., hard-cores,
with axgal symmetry around the cylindricel axis of the torus:

= a A(B + B¢) <o (3¢)

Here Ry 1s the major radius, Bg oo l/R B, is the poloidal field, and the
integral is to be taken along the i tersection of a flux surface with a constant-
$ plane. Equation (3C) indicates that in the case of the levitron [2] displacing
the hard-core outwards from the geometrical center should be stabilizing. A
strong stabilizing effect is achieved by creating a stagnation point on the small-
major-radius side of the hard-core. .

Next we turn to theoretical considerations relevant to the assessment of
the relative merits of configurations satisfying condition Eg. (3). We note that,
if B is non-zero, perturbations are possible for which § is larger in the regions
of unfavorable curvature, making the last term in.Eg. (2) negative, the first term
non-zero, and thereby determining a critical p for hydromagnetic stability against
these so-called ballooning modes. ' Suppressing details due to particular geometries,
neglecting the stabilizing effect of shear in the spirit of this study, (it is
also usually smell for a deep-well configuration) we find that Eq. (2) reduces
to the following differential eguation for stability

2 .
d—g+?g(-a¢='0 - (l&)

dz c
where
8 .
c_ (8% k. 3

erit.

and for simplicity we may write

PSR S 7 + cos 2n z
R = L
c R

where y is positive (expressing the fact that our configuration is on the avérage
stable) and less than 1, since in some regions unfavorable curvature must prevail
in toroidal geometry. Large y implies that the favorable region is strongly pre-
dominant. Here z measures distance along a fie%d line, or flux surface, and for
stability sll flux surfaces must satisfy 8nVp/B- < B_/r_ determined by Eq. (L).
Equation (k) 18 now of the standafd Mathieu form and we may write the elgenvalue
as
2
7 = F 2 B'-L__
27 r R
pec
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where ' i o -
F(x) = x/k x << 1

=1 - x> 1

1
Jx
A satisfactory approximation for our purposes. is given by using the forms

: s
- b7 il
= 2 2

(1+ 3)(1 - 9) L

(5)

c

. Note that the absolute well-depth, r'/Rc, does not enter into the above
.result. The well-depth is of course impogtant in meking the .system insensitive
to stray fields and- other imperfections and may well also be relevant to stability
against more general perturbations;, such as the universal instability, to be dis-
cussed later. :

Equation (5) shows the dependence on the figures of merit (1) and (2) mentioned
in the introduction. .

Turning now to the low B resistive ballooning mode, a fundamental difference
from the infinite-conductivity case arises [12] because in the resistive case the
field lines remain fixed and the ballooning diffusion across field sets up a
strong unbalance of pressure along the field lines, with a consequent production
of sound waves to even the imbalance. If these sound waves are neglected, a fig-
ure of merit similar to that given by Eq. (5) is found to govern the resistive
growth rate. The following simplified set of equations will be used to describe
the effect of sound waves in the hydrodynamic approximétion,--again using our
approximate form for field curvature, and keeping only the parallel component of
resistivity, which is the essential one for the resistive modes. .

v

P "t =

-VP+3XEO+§E -7+c05.2ﬂ%;\( (65)
! c

(6v)

BO o}
- -
2L V4T = 0 (6c)
vi-o0 o . (62)
We consider an equilibrium situation characterized by
A X = A 4
Py =P, - 2); B,=3Blz -onEj;
.F0 0 r 0 o] L5 omx
P : K(y - 5= 2)
-
Vo = 0 and look for perturbed "quasi-modes” of the form et e 5 #(z)

where z is now to be interpreted as distance along the field lines and X describes
the variation perpendicular to the field. We are meking the usual "flute" appro-
ximation that the variation in x, except for the terms involving the shear,l/Ls)
is slow compared with the variation in y.

Equation (6b) may now be used to solve for V,, and the parallel component
of Eq. (6a) to solve for V,, thus eliminating ¥. “Next, Eq. (6a) is solved for
J, and Eq. (6b) for 3, Eguations (6c) and (6d) now reduce to the following
coupled set for ¢ and P :

2 i2Kp 2 o
- Sp k2|1 +[272 P+ 1ty scoslan 2| + 0o s 0 (7a)
Q Ls Rc L dzE
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c .
R N wv (7o)
by dz :
2 Po
where ¢ 1s the sound speed, y, — .
H o

Finally Eq. (7) may be Fourier—transformed and Py eliminated to yileld

24(a) ' 2y 28 s
?dmga - ¢(a) - as'ea) -G ga) ‘% ¢(a+1) + ¢(a-l) =0 (8)

. 8! +x 5'2+(a+1)2 s'2+(<‘1-1)2

We have written Eq. (8) in dimensionless variebles such that & = L/2m X
{Fourier transform varisble of z); and
\ .
s' = = s
2me

: _1r

2
2n rpRc';H

Bl ' (9)

N
16r°c

]

€

, First consider the no-shear case Lg = ®. Then Eq. (8) reduces to a three
term recursion relation between @(a), ¢fa+l), #(a-1) with the eigenvalue s'
determined by the secular determinant. If the resisitivity T is assumed small
.then all the diagonal elements of the determinant will be large except for a = 0.
This means it is sufficient to consider the 3 X 3 determinant for $(0, % 1),
yielding the equation:

(5% 4 or)(s® a1+ eGys') = % es'G% . (10)
Equation (10) now has two solutions
1 62
‘Bi:iw+ﬁct—c; . (lla)‘
' 1 68 Gy
= L A b
sp=rl 3§ o1 2 (ll?

The first solution corresponds in lowest order to the stable oscillation in’
the average favorable curvature. It will be seen that in the case Gy < 1 the
oscillation becomes unsteble, with growth rate proportional to the resistivity.
The second solution corresponds to & sound wave with wvave-length L and becomes
unstable for the usual case of G > 1, unless y is implausibly close to 1. Again
the growth rate is proportional to the resistivity and is in fact similar to
that calculated neglecting sound waves. It is interesting to note thet for the
special case Gy = 1 a resonance obtains and s'« T} /2 o -

It is perhaps worth digressing briefly to describe the situation cmlculated in
Ref. L, where the plasma equations without non-ion collisions are used in the same
-geometry. The importance of the plasma corrections may be expressed in terms of
the ratio of the frequency of the drift wave to the sound wave x = (KRy) L/r_.
If x <1, then strong ion Landau damping stabilizes the mode. If x > 1, the two
modes become s{ =~ 1(Gy/x); 84 = ix, with the 'same stebility properties described
above, but now as a function of Gy /. There is the important additiomal feeture
that for Gy > 1, (Ri/r ) < ./rp/Rc , K may be adjusted to satisfy the resonant con-
dition leading to grow%h proportional to Tll7.2 . .
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We have seen that without shear the ballooning mode persists in spite of
sound-wave propagation. Returning now to Eq. (8) to study the effect of shear,
we expect that the solution will consist of components peaked around &'= 0, #l.
The shear is relatively ineffective on the short-wavelength components, so we
mey again solve for f{a + 1) elgebraically, ylelding the equation for the long-
vavelength component Py(a)

2. 2
¢ a ¢0 Gy¢0 2 8'° + 1+ Gys'e @

.,___¢O_5'e_ é__ S 5 5 =0 (12)

a s’ (' + 1+ Gys'e)” -

m"'ml &

, Again there is a root near &' = iL/5y'. For this mode the correction -)-lae
in the last term is negligible and we are left with Hermite's equation, which
yields the result that for Gy < 1 the wave is unstable, as given by Eq. (1la),
provided that the shear is weak enough, i.e., the wave-is stabilized if

1632 3Ry

~/¢2—| J‘| L 1-0Gy

For the sound wave, s' ~ i, the situatibn is (n;gre complex since mow the cor-
rection term is important. We note that the term o“/ie is small except at very

large a, where it dominates the asymptotic behavior. Thus we seek a solution of
the equation obtained by omitting this term, which behaves as

<1. (13a)

*Aiafs y -1 C
e at £ =,

and comnnects properly with the well-behaved solution of the complete eqﬁation as
may be seen by WKB analysis. Expasnding the last term of Eq. (12) for small Q,
we again find Hermite'’s equation with solution

3
'.‘.C!z LS Grze -

(55,)°

where (Eso) is the growth rate for Ly ~ ® as given by Eq (11b). This solution
goes over asymptotically to the des:.red behavior at + ®. This will now be a valid
solutjon if the expansion is correct, i.e., if

— (55)
(55)2>a2% 9
0 2 .

- G e

L
L "
‘ 8 .
For larger shear, a WKB analysis,K indicates that no solution exists. Hence to
stabilize the sound wave mode which occurs for Gy > 1 we require
L 2
2—_<1 . (13p)
A/ﬁy -1
Similarly the T]é growth rate at resonance {Gy-= 1) will disappear if

Ls > .
T eG” < 1. (13c)
L
Conditions ‘(13b) and (l3c) have a simple physicel interpretation: 8sg ? <1,
‘arising because the sound wave is essentially phase-mixed away by the shedr
when 1t has travelled a dlstance Lg, and for an instability to exist it must grow
more rapidly than this. ' : )
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Finally we turn to a brief discussion of the .other well-known low-frequency
non-hydromagnetic instabil ity--the so-called drift or universal instability.
For a minimum-B system it has been shown [9] that stebility will result against
the universal instability for wave-number K transverse to the field, if

r —\2 e
21T'>(mi) T + T, 1
c e 1

where (ﬁ'i)2 = (kRy) if (KRy) <1 and ~ 1 if (KRy) > 1. For a negative-V"
system with large-well depth and low electron temperature such a criterion could
be satisfied on the average if there is adequate communication between "good"
and '"bad" regions. This leads to an effective stability criterion

<10

>—3|>—3
-

)
&l |-
L .

HIH

P

If this condition is satisfied, any mode localized sufficiently to be
unstable energetically will be effectively ion Landau-damped. Even if this
condition is not satisfied, the communication between "good" and "bad" regions
by the electrons will drastically reduce the growth rate, since now an energetically
possible mode must have many Fourier components and the electron thermal speed
is so large that the electrons can interact with only one such component. Strong
shear is, of course, by itself capable of stabilizing the universal instability.

The theoretical arguments in favor of negative V" confinement, as opposed to
shear-stabilized confinement, appear then to be strong but not conclusive in the
sense that they show higher potentially stable B's, a great amelioration of resis-
tive instabilities, and a strong stabilizing effect on the universal instability,
even though shear stebilization at high temperatures has not been disproved

theoretically. Probably the strongest argument is still the intuitive one that a
deep potential energy well against interchange must prove beneficial.

III. STAGNATION-POINT SOLUTIONS
A. Periodic Multipole Structures

The basic ccnsideration in designing a negative -V'- stable system is that
along any given field line the favorable curvatures should outweigh the unfavo?-
able curvatures. The weighting process is made specific, for example, in Eg. (3 ).

In our earliest multipole solution [7], there was no shear or rotational
transform, and the weighting was accomplished simply by controlling the magnetic
field strength on axis. Lenard [13] demonstrated that the introduction of suit-
able rotational transform could cause magnetic-field lines to "linger" in regions
of favorable curvature, thus improving the characteristics of the confinement
configuration. "

We now proceed to carry this idea to its logical conclusion by actually
creating stagnation points in regions of favorable mean curvature: the outermost
flux surface of the confinement region is covered by a magnetic-field line that
is almost always in the vicinity of the stagnation point. Beyond this surface
(the separatrix), the magnetic field lines are open and could in practice lead
the diffusing plasma to a pumping region, as in the divertor ‘[14].

In'the present discussion we will assume that the toroidal curvature is
negligibly weak. We treat a linear periodic system of scalar magnetic poten-
tial [15])

£ m
X =2z 4 E:(%] €,4C08 kzlll(kr)cos £(0+hz) + om %E sin m(O+hz) (k)
£ m .

The z-term gives a uniform B,-field, which we will assume to be much stronger
than the superimposed multipole fields, measured by the various constants g. We
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assume that (kr)2 >> (hr)? << 1. The rapidly fluctuating "corrugating field"
assoclated with the gy -term (period 2n/k has no net effect on the gross shape
of the magnetic flux Surfaces (period 2n/h). "The gross "shaping field" is given
by the g,-term, which on the other hand will be seen to make little contribution
to V". It is the corrugating field that controls V", and causes a favorable con-
tribution from the region near the stagnation point. From the smallness of hr
it also follows that we can neglect h in the radial dependence of the g,, terms,
and that we can restrict ourselves to the lowest power of r in each of the &
terms.

We begin with the simple case gy, = O for m # n. The mean positions of the
magnetic-field lines are given by r mR and n(G+kz) = §, where we have neglected
the ‘small rapid oscillation due to the g,y terms in Eq. (14). The flux integral

is
2 ) 2
§2 + Vg}t;n =n - 2 €yn R (15)

The flux-surfaces are labeled by the constant Rl (the position of maximum R,
which occurs at V 0). Ve assume that g—bn/h is negatlve Then there is a stag-
nation point (4 cos ¥/dR = 0) at ¥ = O and

_ 1/n-2

.

Let Ryp be the position of minimum R (at ¥ = m) for the flux-surface passing
through Rg (the separatrix) The distortion of this surface is then measured by

(16)

7 = Q = ———p— (17)
82 l—-2-
n

For n= 2, the stagnation point lies at infinity; but for n > 2, Q is less than
(n+2/n-2)£, so that a large distortion is never required. For n = 3, we have Q =

The quantity V" is evaluated most conveniently in terms of
a2/B = dz/Bz

Let zp be the point at vwhich our linear periodic field-configuration would be
Joined to the z = O point if we were to make a torus. Then one finds [11]

4
P

Zp
V=2 dz[Bz i (1&)

-]

o, .
1 .
The integral is taken along magnetic field over an interval z_ such that B, passes
through & complete period as seen along the magnetic field lifie. (As we epproech
the separatrix, 2p goes to infinity.)

Integrating out the rapid oscillation with respect to kz, we obtain

L—

z

P 1 .

z 2 F AN AN

T X 2 I 4"
Vo= ;;[ dx 1+?“Z" (T;] 8,480y {(Iilji, +1,1,,) cos £ ¥ cos o ¥
, .

+ m I,I,, sin é ¥ sin ‘—n'V}- hg, E® cos § (19)
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We can arrange to meke the unfavorable gp,-term small by using k2 >> h2. Using
Eq. {19), Eq. (15), and the equation

gg.= h+ ng 2 cos v : (20)

we have evaluated the potential V' analytically in limiting cases, and also num-
erically. '

We see from Eq. (19) that the £ = £' terms will be positive (i.e., destabi-
lizing) while favorable terms may arise from the interaction between the cross-
terms £ # £', provided that § has an appropriate variation with z. This depends
on the choice of &’ and requires n = £4-4'.

We can derive an indication concerning a favorable choice of the £'s from
the behavior near the axis. The 4 = £' contribution from the smallest £ (4<)

will dominate there unless either &_ = 0, in which case Ib =0; or £_ =1, in
which case Ii is constant and does not affect V. 1In Ref. [7] (no rotational
transform) we used 4_ = O, and then found that favoreble V" could be obtained

only for an additional £ = 2 or £ = 10 component. With the present stagnation-
point method, the choice of ggy's 1s less restricted, and much smaller Q's can
be used as well.

The simplest shaping fields 8pp are given by n = 2 or 3. The g,, field by
itself has no stagnation point (since hR << 1), but it may easily be modified by
a small octupole component, measured by v = - gths/h =1+ gbe/h' We will con-~
sider the following cases:

I n=-3; t=0,3
I n=2, 4 £=0,2
J“'}1'=:|-;3

III . n=2,

which are illustrated in the corresponding figures. The quantity AV’/V’(O)E
"V'(Rg)/V'{(0) - 1 has been computed numerically from Eq. (19) as a function of

%1 = Ry/Rg. The small unfavorsble contribution & to AV'/V'(0), vhich arises
from the gy-term in Eq. (19), is also given. The parameter } =kRg measures the
"fatness” of the flux tube; and the parameter g, or ggz3 has been chosen to min-
imize V'(Rg). The value of V'(R;) im Figs. 1, S‘Qand 3 §s indicated by the arrows
at X; = 1. At this point V" has a characteristic logarithmic singularity. The
maximum distortion  for v = .1 is 6.2, and for v = .4 is 2.8.

Figure 1 illustrates how the behavior near Rg can salvage a case that would
have been unstable by the method of Ref. [7]. Figure 2 gives a case where nega-
tive V' can be obtained everywhere out to R,. Figure 3 makes use of the £ = 1
and 3 combination discovered by Johnson [16i, and obtains V" < O for somewhat
lower Q (larger v) than the case of Fig. 2. . =~

Our initiael assumption, that the multipole fields should be weak compared
to ‘the uniform field, say of order ¢ < 1, means that Iglkggg ~ € or 17857 ~¢.
(From this one can verify at once that if K is of order unity the g, -terms can
have only B weak effect on the field-line position,) The "wells" in V' are of
order €. . The desired smallness of the ®d-contribution is insured if we require
h2,/k2 << ¢“, ’ '

Assuming, as we have, that the toroidal curvature is weak, we then find
approximately for communication over the "long period" 2ﬂ/h,

r Rc QQ _ )
2 TEe-T v 1 : (21)

which is satisfactory. (For the "short period” 2m/k, the situation is even less
critical.) On flux surfaces approaching Rgs the favorable contribution to V"
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FIG.1, Periodic multipole case, for gyq flux surface with g, and g3 corrugatmg fleld Arrows at right
give value of AV'/V'(0) at stagnation point, for various values of X.
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FIG.2, Periodic multipole case, for gyo and gy flux surface, with gy and g,9 corrugatiy g field.
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FIG.3. Periodic multipole case, for gpo and gy, flux surface, with gy, and g, 3 corrugating field.

becomes infinite relative to the unfavorable contribution, which means, as may
be seen from Eq. (4), that the limiting B will be determined by a mode completely
localized in the unfavorable region, Thus B =T RC/L2 where the parameters refer
to the unfavorable region. ) P

B. Helical Flux Tube

In the preceeding section, a rapldly oscillating "corrugating field" was
used to create regions of favorable mean curvature. An alternative approach is
simply to curve the magnetic flux tube as a whole: then the small-major-radius
side of the flux tube has favorable curvature, and if we place the stagnation
point there, a favorable net V" will result. This general type of stabilization
was first discussed by Yoshikawe [17]. We apply it here to a helical flux tube
wound about & rigid current-carrying conductor 11].

The magnetic scalar potential is

X =z - 2Rg11(kr)sin('0 + kz) + AkO (22)

There is a uniform B,-field on which is superimposed a helical £ = 1 field and
the field of the current kA/2 flowing on the rigid conductor at r = 0. The con-
ductor is accessible for current-input and mechanical support, so that it need
not “"float! Correspondingly, the potential y is unique (see Section II). Again
we neglect the toroidal curvature.

R A useful property of the configuration is that the flux integral for the
field defined by Eq. (22) can be obtained analytically without any approximations:

+ 2A log ?T’ -(23)
1

; 2 2
i = * -
hRgRIl(kR)cos v = thRlIl(le) + R Rl
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The fluxnéurfaces are lebeled by the constant R;. The hellcal magnetic axis
lies at § = @ + kz = 0, Ry = R,. The radius R}, is found from Eq. (23) at the
particular nuli of

P(r,) = B S0 | (21)

Ry

at which dI'/de > 0. We now assume Rg > O and distinguish between two basic cases,
depending or the sign of A.

(1) For A positive, but sufficlently small so that there are three nulls
of I' (instead of one), there can be a set of clased, nested flux-surfaces

Ry = Ry < R, which envelop the msgnetic axis, but do not envelop the central
conductor (see Fig. 4). The stagnation point § = 0, Ry = Ry is located at the
smallest null of I, where dI“/d.Rl < 0. The magnetic axls lies at the second null;
and a second stagnation point R! lies at the third null (where dl'/dR, < O again).
The closed flux surface through R . intersects the § = O line again al Rg,,’
(vhich is & second root of Ea. (23) for ¢ = 0, Ry = Ry).

CENTER
CONDUCTOR

FIG.4a. Typical flux surfaces for helical flux tiubes with numbered consecutive fieldline intersections, going
clockwise. The V' distribution is given. Case A>0, with k2ZA=0.02, kRg=0. 42,

The quantity aV'/V'(R,) = V'(R{)/V'(R,) - 1 is easy to evaluate when R; 1s
a stagnation point, since it corresponds to the fractional difference in B :
between the points § = 0, r = Ry, and § = 0, r = R, or R!. For y = 0, dB,/dr is
negative. Hence we want the confinement region to be terminated by Rg(< Rv)
- instead of by Ré(> Rv). For this purpose, we must require R >Rgp.
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FIG,4b. Typical flux sutfaces for helical flux tubes with numbered consecutive fieldline intersections, going ’
clockwise. The V' distribution is given. Case A<0, with k2A=-0,1, kRg= 0, 135,

A simple limiting case is obtained for kR, << l,where we find

g
A-Rl(R -Rl)
I(r)) = ——%—= ‘ (25)
K] » .
Then we have . R -(Re-hA)l/e

P - S - S ’ )
R, = 2 (26)

R, =R R (27)
The extraneous stagnation point R} has receded to infinity. For small A (the,
deepest "well")we have -
= - S 8
» R, ZBS R (28)
and “

Av'('Rs)

V'(Rv$ = - (kRg

)2 (29)
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' {
For finite kR, & maximum "well" (~ A V'/V'(Rv)) of .8 is found at k2A ~ 0,

kRg = -4, kRg ~ 0,"WR,, = .5, KRgp = 1.b

(1I) For A negative, the magnetic axis still lies at § = O, R = Ry, with
R, at the null of ' at which ar/de > 0; and the extraneous stagnation point Ré
still lies at a secornd null, vhere dI'/dR) < 0. Tne desired stegnation point Rg
is row located at § = n. The outer flux surface of the containment region
(separatrix) which is terminated by R, at ¢ = = 7 (see Fig. L) passes through
the ¢ = O line at R; (< R,) .and R, (>R,). Equation (17) provides the relation-
ship between Rgs Rsl’ and Rsa. The stagnation point R_ is located at the null
of I'(Rg). (Here Ry"= R_; is to be used in evaluating gcosw/dR from Eq. (23).)
Since B, is always smaller for ¢ = T than for y = O, the quantity AV'(Rg)/V'(R)
is always negative. We still require Rgo < Ré. Access to the center conductor
can still be maintained in practice through a narrow region about § = O, since
the confined plasma need not extend everywhere to the separatrix.

In the limit kR << 1, we find
g R(R 4+ R,) + A
I(ry) = —_2_;._ (30)

R
s

@ - w2 p

- & &
R_ = 5 ‘ (31)
R.=R +R : (32)
v g s ) .
avV'(R )}
ey - - KR (R, + R,) SRR € )

and R; has receded to infinity.

. o :
For finite kR, & meximum “well" of .3 is found at a = 1, W, = -1k,
By =0.9, KRy = 1.5, KR » = 2.6. By introducing higher multipole components
of the field the well-depth can be increased to about0.6.

For either type of helix, we have
r R
e (34)
L s
independent of KR,. Case II (A < 0) seems more practical than Case I (A > 0),

since in the latter case the favorable V" property is weaker and is encountered
only near the separatrix.

The method of computation for Fig. 4 is the same as that employed in Sec- .
tion IIIC, and is discussed there in detail.

C. Toroidal Flux Tube

The simple toroidal stellarator with helical multipole windings can by itself
have negative V". 1Let p be the radius measured from the major axis of the.torus.
Let ﬁ be the angle about this axis and 1 the coordinate along it. We will treat
a configuration of large major radius RT, with scalar potential

>
1
(o]
+
*=i0q

r‘sin(lo + kz) - §§%%12 r‘sin{(!-l)c + kz} ‘ (35)
/ ST "

. £-1 .
vhere § = z/RT, p = Rp + rcos@, and T = rsing. We discuss the case gr <«<1,

kr << 1, r/RT << 1. The second term on the right arises from the toroidal-geometry
corrections in Laplace's equation.
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Solving for the field-lines, one finds an average ©-dependence on 2z

. 2_24-b
g . L-VegR (36)

k

which provides rotational transform when £ > 1, and shear-stabilization when
£ >2. [14] The mean radial position is r = R, and the oscillation about R is
measured by .

2
2 Bpy _4-2
. R pax 2 1+ g Rup - 48, g0 (
T | 29 =—5,— "\’1+_—kv R 37)
nin Bpt _4-2
1--28&
k max

vhen g is small. For AV'/V' (0) = V'(R)/V'(0)-1 we £ind when 4 > 1

=2

AV  0p-2  64-2 R : )
o ~© & TE1) 2 (38)
T

Thus V" will be negative if the second term on the right predominates.

The difficulty with this simple solution is that [ (the communication dis-
tance over A® = T) tends to be very large. From Eq. (36) we see that

L- kn (39)

the guantity gRl-l is limited both by the requirement that V" be negative (Eq. 38)
and by the condition that Q should not be excessive. For the case £ = 2, we have
actually Q = = as 2g/k = 1, The two requirements on g are about .equally
stringent when m = kRp ~ 5, the most favorable case. .Even here we find, using
the maximum allowable g

r R "R
L2Cc .11« (40)
L2 RT

The difficulty can be resolved by using an additional field to alter Egq. E383=
then V" < O can be satisfied without necessarily requiring a large L. Taylor L18
has treated the £ = 3 case with an additional uniform fleld along the major axis
of the torus. We will discuss here the £ = 2 case, with an additional poloidal
field designed to induce a stagnation point on the small-me)or-radius side of the
confinement flux-tube.

We use here a "realistic" method of computation where the differential
equation for a single field lime is solved, and the line is then followed N times
around the torus until it traces out a flux surface (see Fig. 5). This method -
automatically demonstrates the existence of the flux surface and gives a precise
measure of rotational transformad shear. To obtain V" we use

Vi = lim3 /B (41)
N

Figure 6 shows how this calculation of V' typically converges as a function of N.

. The basic magnetic-field configuration consists of Bg = 10/p plus the field
of four helical wires on a toroidal surface of minor radius Ry and major radius
Rq, which will be taken as 1 and 10 in our illustrations. Thus Bj = 1. (An exam-
ple with such large RT/Ra is not nearly optimal from the point of view of either
V' or L, but is appropriate for direct verification of the weak-torus predictions

of Egs. (36) - (L40).) The pitch of the wires is characterized by-m = kRp. They
carry currents + I, vhich can be related approximately to Eq. (35) by g » 6 Ip.
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STAGNATION WINDING

STAGNATION
POINT

E)
FIG. 5a, Toroidal windings,

_Ih

— Iy

FIG. ob. Flux surfaces and consecutive field-line intersections, going counterclockwise, with @+ 0 plane,
for toroidal flux-tube case 1, with m=1 and without stagnation field,

On the Ry-surface there are also three toroidal wires (see Fig. T) seperated by
a varisble angle o4 which is taken as n/6 in our illustrations, carrying currents
Ig» - 2Ig, and I respectively. The assoclated poloidal field induces the stag-
naetion point. The megnetic fleld due to the helical and stagnation wires 1is cal-
culated by means of the Bilot-Savart Law. A FORTRAN program is used, and the
field-line positions are graphed directly by the computer.
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64.0,
63.5
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625 —
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e~ 61.5—
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59.5 —

590 l l | l

FIG.6. (1/N)f d2/B as a function of the number N of field-line transits around the major circumference, for
toroidal flux tube case, 2, Arrows at right indicate limits as N - co. )

Figure 5 corresponds to m = 1, I =0,005 I = O. We show the intersections
of five flux surfaces with the ¢ = O plane (characterized by the position of the
helical wires). On each flux surface, the successive intersections of a field
line are shown on its first transit around the minor circumference. The inter-
sections start at @ = O and move counter-clockwise.

Figure 7 shows the effect of adding I, '=0.0005. The desired stagnation point
is induced. The slowing down of the rotational transform is conspicuous, parti-
cularly near the stagnation point. Slightly beyond the outermost surface shown
- in Fig. 7 the field lines go to the wall. A second intersection of the flux sur-
faces, with the @ = m/2 plane {characterized by a m/2 rotation of the helical
wires relative to Fig. 7), is shown in Fig. 8.

Figure 9, case 1, corresponds to Fig. 5 and confirms the favorable V"
indicated by Eq. (38). (In Fig. 9 the magnetic axes lie at slightly different
major radii p for different cases, and V' has not been normalized.) Case 2 cor-
responds to Fig. 7 and illustrates how the stagnation winding increases the
favorable effect. A reverse Ig of the same strength approximately cancels the
favorable effect, giving V" =~ O.

For both cases 1 and 2 we require about 6 circuits around the major circum-
. ference to link the regiong of favorable and unfavorable curvature. Thus we
have only r. RC/L ~ 2.1072. This situation can be improved by increasing the
rotational transform (Eq. 36) even if we hold comstant the Q (Eq. 37).

In Fig. 10, we show the flux surfaces for case 3, corresponding to m = 5,
Iy =0.025. The distance L is now five times shorter, so that r RC/L2 ~ S.lO‘h.
On the other hand, as predicted in Eq. (38), the favorable V" property is now
nearly canceled by the 52 term. Using the stagnation winding with Ig =0.0025,
wve obtain Fig. 11 and case L4 in Fig. 9. The stagnation-point method restores
the favorable V", as expected. .- ’
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-1

-I

FIG.7. Flux surfaces in @ =0 plane for case 2, with =1 and stagnation field.

+1,

-21‘

-1y

M=
1,20.008
1,20.0005

+Iy

FIG.8. Flux surfaces in @ = n/2 plane for case 2, with m =1 and stagnation field.

Figure 12 (case 5, in Fig. 9) shows how a further increase in Ig reduces
the confinement region. Changing the angle @5 controls the degree of localiza-
tion of the favorable V" property near the separatrix. Case 6 in Fig. 9 is
obtained for o, = m/h, m= 5, Iy = .025, I =0.0025. )

By reducing.the aspect ratio R :Ry from its presenf 10:1, and further incré&s-
ing the rotational transform, both deeper wells and larger rpRC/L2 can evidently
be obtained. The relevant computations are in procees. .
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63.0
625 CASE 3, M=5,1,70.025,
L= 0
. CASE I, M=1,§,20.005,
62.0 — o
. CASE 4, M=5, 1,-0.025,
, > 6815 k 1, =0.0025, 8, =30° |
6.0 CASE 2,M=1,1,20.005,
. 1 20.0005, 8= 30°
' § CASE 5,M=5,1,20.025,
605 1,20.00375, 842 30°
CASE 6,M=5,1,20.025,1,30.0025, §, 245°
0.0 | | | [y [
o. 29 0.0 101 02 103 104 105 106 107

- £y

FIG.9. V' as a function of p for various toroidal flux-tube cases. See text.

~I

FIG. 10, Flux surfaces in @ = 0 plane for case 3, with m =5 and without stagnation field. Consecutive field-
line intersections are numbered.

An experimental study of this tyﬁe of configuration can be made conveniently
on the levitron {2], as converted [17] for negative-V" stability, by means of a
stagnation winding (see Eq. 3C). Somewhat stronger stabilization can, of course,

be achieved by multiple floating rings (Eq. 3A), which is historically the firet
approach [l9,20|, to minimum-ave;-age-B stabilization. :

ACKNOWLEDGMENTS

We would like. to thank R. D. Kimman of Livermore Computation Division,
and Wendell Borton of UCSD for their work on the numerical calculetions.

'



124 ' FURTH et al.

~In

1,20.025
1,50.0025 "

-Ip

FIG.11, Flux surface in @ = 0 plane for case 4 with m =5 and stagnation field.
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-In

FIG.12. Flux surfaces in =0 plane for case 5, with m'=35 and strong stagnation field
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DISCUSSION

A. A, WARE: Are you sure that your model for analysing a negative-
V" _system is correct? You have taken an average field curvature, which
is stablhzmg, with a superimposed periodic curvature. In fact, in most
negative V" systems with closed lines of force, if the curvature were aver- .
aged along a field line without any weighting, it would be found to be
destabilizing, Stability occurs at 8 =0 only because the curvature is weighted
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with §2, where §,1s the component of gthat is parallel to sp &£, has to be
proportlonal to the spacing between adjacent magnetic surfaces, which is
larger in the regions of stable curvature.

Dr. F. Haas and myself have found, for a simple toroidal negatlve V"
system, that the most unstable mode with 8 finite has approximately equal
amplitudes in the stable and unstable regions, so that the average curvature
driving the instability is then destabilizing. This is contrary to the usual

-, picture put forward, that the ballooning mode will be concentrated m the

unstable regions.

M.N. ROSENBLUTH: In solving these problems we did solve the cor-
rect eigenvalue problem, so presumably the amplitude adjusts itself. Ithink
you are right in saying that in many cases of interest the d1splacements are
not very different in the two regions.

H. GRAD: The reason why the precise stablhty criteria at finite 8 seem
to be more stable than expected is probably because the expectation is based
- on the inaccurate low-§ criterion that there be a magnetic well, 5psU>0
(also quoted by Kulsrud!). The more accurate low-8 scalar formula for
interchange stability has been given by Kadomtsev?, and for a mirror ma-
chine by myself.3 A crude justification for the more exact formula has
even been advanced by Rosenbluth and Longmire.*

! These proceedings (CN-21/113),

? Plasma physics and the problem of thermonuclear reacuons, LEONTOVICH, M. 4., Ed., &, Pergamon
Press (1960), ’

3 Physics of Fluids 7 (1964) 1283, -

4 Ann. Phys,, 1(1957) 120,



STABILITY OF NEGATIVE V' SYSTEMS
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Abstract — Résumé — AnnoTanna — Resumen

STABILITY OF NEGATIVE-V" SYSTEMS. Negative-V" systems are more intrinsically stable than shear-
stabilized systems in that they are completely stable to the pure interchange instability. However, they are
unstable to a ballooning mode instability which is essentially a tied interchange localizedtoa part ofa line
of force which has adverse curvature. For infinite conductivity this mode leads to a critical value & of 8,
the ratio of plasma to magnetic pressures, below which it is stable. This critical value is given by an ap- -
proximate expression that involves: the relative variation VU/U of U = [d#/B, where the integration is over .
the léngth L of the tegion of adverse curvature; and L. The variation is that from the axis to the boundary of
the plasma at radius a. In its simplest form this formula is Bc = g(U/AU) (w%a® /1? ), where g is a constant of
order one. This formula has been justified by a correct stability analysis for the negative-V™" systems of Johnson,

If the resistance of the plasma is nonzero, then the tying of the interchange by the regions of favorable
curvature is relaxed and the ballooning mode becomes a resistive-ballooning mode. This mode is always
unstable and for B < B its growth rate is approximately o = m® /B¢ T o)ags Where m is the azimuthal mode
number and 7], is the classical diffusion time. If the negative-V" systems also have a sheared magnetic
field, then oR is reduced for large m. Also, it is expected that op is limited by finite gyration radius effects
for large m. On the basis of these considerations it is speculated that the maximum effective value of mis
about 10. Thus, Bc becomes a figure of merit for the resistive-ballooning mode and must be comparable with
one for a successful confinement system. Hence large AU/U or large L are unfavorable to stable confinement,

STABILITE DANS LES DISPOSITIFS A V" NEGATIF. Les dispositifs 3 V" -négatif ont une stabilité intrins2que

plus grande que les dispositifs stabilisés par croisement de lignes de champ, car ils ne sont pas sujets 2
Itinstabilité d‘interchange pure. Toutefois, ils peuvent présenter une instabilité en mode de ballonnement qui
est essentiellement un interchange limité qui est localisé sur une partie de ligne de force ayant une courbure
défavorable. Lorsque la conductivité est infinie, ce mode fournit une valeur critique Bc de Bqui est le rapport
de 1a pression de plasma 2 1a pression magnétique, en dessous de laquelle le plasma est stable, Une expression
apptochée qui comporte la variation relative AU/U de U = fd2/B, ob l'intégration est faite sur 1a longueur L
de la région de courbure opposée, et cette longueur L elle- méme fournissent cette valeurde 8. La variation est cal-
culée depuis 1'axe du plasma jusqu'2 1a limite pourunrtayona. Soussa forme la lussimple, Bc s'exprime par la formule
g(U/AU)( la? /1%), od g est une constante de 1'ordre de 1'unité. Une analyse correcte de la stabilité pour les
dispositifs 3 V" négatif de Johnson a permis de justifier cette relation.
Lorsque 1a résistance du plasma n'est pas nulle, la tendance 3 une limitation de l'mterchange par les
régions de courbure favorable est atténuée et le mode de ballonnement devient résistif. Ce mode est toujours
"instable et, pour 8 < B¢, son taux de croissance est de.oR = m’ /Be Tclasss O) m est le nombre de mode azimutal
et Tclass estle temps de diffusion classique. Lorsque les dispostifs 2 V* négatif possedent également un champ
magnétique 2 lignes croisées, la valeur de o diminue pour de grandes valeurs de m. Les effets causés par le
rayon de giration fini pour des valeurs élevées de m limitent probablement celle de op. En se fondant sur ces
considérations, 1'auteur estime que la valeur effective maximum de m est environ de 10. Par conséquent, 8¢
fournit une valeur caractéristique du mode de ballonnement r&sistif et doit &tre de 1'ordre de gr:;ndeur de
Vlunité pour un bon dispositif de confinement. Par conséquent, des valeurs élevées de AU/U ou de L ne favori-
sent pas un confinement stable. ' )

YCTORUYHBOCTE OTPHUATENBHEIX CUCTEM V", OTpHuaTensHelM cHcteMaM V' npucy-
wa 6onbmas yCTOHYMBOCTH, YeM WHPO-cTabWUIK3UPOBAHHBIM CHCTEMAaM, B KOTOPhIX oHM aBconoTHo
YCTORUYMBEL K YHCTOH o6MeHHOH HeycToiunBocT. OAHAaKO OHU HeyCTOHUMBH K 6anNnOHHOMY MOARy
HeyCTOMYMBOCTH, KOTOpPHIA NO CylmeCcTBY ABASETCA NepecrtaHoBKOii IOKAaNN30BAKHON B YaCTH -CHIOBOH
NMHMH, HMenomell He61aronpUATHOe ucKkpUBiAeHHe . JINA GecKoHeuyHOH 2/MEKTPONPOBOJHOCTH 3TOT

127
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MOJA BeAeT K KDHTHYeCKO# BenHuHHe 8 =[f. — OTHOWEHWK AABJEHHA NIa3Mbl K JABJIEHHIO MarHUT-
HOTO TOAR, HUXKE KOTOPOH OHA ycTofiyusa. ITa BejuuuHa 3. onpeaensiercs npubAMKEHHMM BHpa-
KeHHeM, KOTopoe BKIK4YaeT B cebs OTHOCHTE/BHOe npHpaumesue VU/U or U= /[dl /B,rne HHTETPH-
poBaHHe BeaeTcA BRAOMAE AnNHHBL L o6nactu HebGnaronpuaTHOro uckpusnenud, 1 L. Tlpupaweunue
6epe'rc5| OT OCH A0 IpPaHHUbl MIa3Mbl paguyca a. B caMoii npoctoit dopMme sra dopmyna BBITAA-
AuT Kax B¢ =g(U/AU)(72a2 /Lz) TAe g — KOHCTAHTa nopsaxa eauHHusl. Orta dopmyna non‘rsepmne-
HA TOYHBIM aHaNH30OM YCTORYMBOCTH CHCTEM C oTpuuaTenbHbM V" JIKOHCOHa.

Ecnu conpoTusiieHue Mjia3Mbl He paBHO Hy/0, OCAabnsfeTCsA CBSI3b NepecTaHOBOK ¢ obnacTsiMu
61aronpHATHOTO UCKPUBAEHHSA , ¥ 6ATIOHHBIK MOA CTAHOBHUTCA GalOHHBIM MOAOM C COTMPOTHMBIEHHEM .
OTOT Mol BCcerla HeyCTOHUHB M 1N B <fBc CKOPOCTE €ro pocTa NPHMEPHO paBHA %G = m2/f Tenace’
TAe M ~ a3UMYTaNkHOE YHCIO H Ty, — BPEMS KilaccuuecKoh Auddysun. Ecau CHCTeMBI.C OTPU-
uaTenbHHM V' uMeT TakXe "mMHpoBoe' MarHHTHOe noje, Be/lMYUHA 0y yMeHbmaercs and Goasmo-

ro m. Cnenye'r OXHAATh TaKXe, 4YTO Or Ang GOHBIHOTOmOTPaHquHd BJIWAHHEM KOHEe€4YHOI'O paiu-
yca TUpaumuu. Ha ocHoBe 3THX 3aK/04eHHA npeAnosaraercs, YTo MakcuManono ?ddexrnnHas
Be/IMYMHAa M cocTaBHT okono 10. Takum obpa3soM, 3, cTaHOBHTCA MepWIOM KayecTBa ansA ban-
JIOHHOT'O MOlla C CONPOTHBJIEHHEM H HNOJIXHO (5355 9 CpaBHHMO CO 3HayeHueM, Heo6XOAUMBIM ANS

| yCNeWHOo yAepXHBapIUX cHCTeM. CrenoBaTenbHo, 60npmHue BEAUYHHEL AU/U unu 6onsuoe. L
HeSaronpUATHL ANA YCTORYUBOT'O YAEPKHBAHUS .

ESTABILIDAD EN LOS DISPOSITIVOS CON'V" NEGATIVA: Los dispositivos de V" negativa poseen una
estabilidad intrinseca m4s grande que los sistemas, estabilizados por cizallamiento, pues son totalmente insensi-
bles a la inestabilidad producida por el intercambio puro. Con todo, son susceptibles a un tipo de inestabilidad
por <inflacién>, que consiste esencialmente en un intercambio restringido que se localiza en una parte de
una linea de fuerza con curvatura desfavorable. Cuando la conductividad es infinita, este modo conduce a
un valor critico B, de B(relacién entre la presin del plasma y la presidn magnética); por debajo del cual, el
plasma es estable. Este valor de B¢ se da en 1a memoria mediante una expresién aproximada donde intervenen
Ly la variacién relativa AU/U de U = [d1/B, extendiéndose la integraci6n a toda la longitud L de la regién
de curvatura desfavorable: La variacidn se calcula desde el eje hasta la capa limite del plasma, de radio a.

En su forma més simple, esta formula se convierte en B = g (U/AU)(n%a®/L?), siendo g una constante de
orden unitario, Esta férmula se ha justificado mediante el andlisis correcto de la estabilidad, aplicado a los
dispositivos de V" negativa de Johnson. !

Si la resistencia del plasma no es nula, la tendencia a una limitacién del intercambio por las regiones
de curvatura favorablé se aténfia y el modo de inflaci6n se convierte en resistivo. Este modo es siempre in-
estable y.para B<B;, su indice de crecimiento es aproximadamente og = m? /B¢ Teasss donde m es elniimero
de modo azimutal y 7¢]ae €5 €] tiempo de difusidn clfsica. Si los dispositivos de V" negativa poseen igual—:
mente un campo magnético cizallado, el valor de op disminuye para valores grandes de m. Asimismo, sesu- |
pone que para valores elevados de m oR. estd limitada por los efectos del radio de giro finito. Sobre la base
de estas consideraciones, el autor estima que el valor efectivo mdximo de m es aproximadamente 10. Asi, B¢
se convierte en un valor caracteristico para el modo de inflaci6n resistiva y debe ser de orden unitario para un
sistemna de confinamiento eficaz. Por consiguiente, los valores elevados de 2 U/U o de L no favorecen el
confinamiento estable. ‘

A, INTRODUCTION

Magnetic devices for confining hot plasma are almost all unstable
to some extent to the interchange instability. This is an instability which
effectively interchanges two magnetic tubes of force of equal flux as well as
the plasma contained in them. If such an interchange can be carried out, it
will be unstable if, and only if, the volume containing lower pressure plasma
is larger [1]. Since for a sufficiently small '8 plasma, where B is the
ratio of plasma pressure to magnetic pressure, the magnetic field energy is
essentially unperturbed, this gives a necessary and sufficient stability condi-
tion at low B for the interchange instability on the basis of zero-resistivity
equations. For a closed device such as a torus, the volume per flux is given

by .
: ) Uzgdf/B o (1)
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where the integral is taken along a magnetic line of force: (If the line closes
on itself, the integration path is simply the closed line of force. If the line
doesn't close on itself but instead ergodically covers a magnetic surface, one
should replace the line integral by the limit (1/n) f d¢/B taken over a length
of the line n times around the torus as n goes to infinity. This limit is
dV/dy where V is the volume and ¢ the flux inside a magnetic surface.
Since only relative variations of U are important, these definitions are not
critical.) In terms of U the criterion for stability against the interchange
is simply ’

6Ubp > 0 . : (2}

‘ Lo N 2 2

For nonclosed lines the criterion is (dp/dy) d“V/dy” = p' v > 0.

Since most simple confinement schemes fail to satisfy criterion (2),
the method employed up till recently to obtain stability against the interéhange
was to prevent it from occurring by shearing the lines of force. Thus a pure
interchange could not occur without perturbing the lines of force, which leads
to a stabilizing action. It was shown that in the stellarator one could achieve
sizable B's which were stable if one assumed that the plasma was described °

sufficiently well by equations assuming zero resistivity [2]. .This was felt
to be a satisfactory assumption because the resistive time scale was of the
order of the classical diffusion time scale,

7-class = AT a?f/‘BT} G)
where a is the radius of the plasma, and 7 the resistivity, and it was felt
that instabilities on such a slow time scale would be unimportant. However,
it was shown by Furth, Killeen, and Rosenbluth [ 3] that such an expectation
was unjustified and that the interchange could take place on such a small
length scale that resistance would be important on seriously short time
scales. Thus, the results of Ref. [2] were thrown in doubt and one could
not be sure that sheared magnetic fields would give a sufficient stability.

However, shortly afterward it was shown by Furth and Rosenbluth
[4] that one could find closed systems. for which criterion (2) for stability
against the interchange was satisfied, and thus the other line of attack
against it could be pursued. $Still, the first systems of Rosenbluth and
Furth were rather complicated and therefore it was of interest that Lenard
[5] and Johnson [6] were able to achieve a significant simplication by con-
sidering systems with nonclosed lines of force. These systems are referred
to as negative V" systems. (It should be mentioned that so far these systems
are not closed in any phy%sical sense, but are all straight systems with the
closure obtained mathematically by identifying the two ends mathematically
as in Ref. [2].) Building on these systems Furth and Rosenbluth [7] were
able to find systems of greater-simplicity while the simplest of all so far
was achieved by Taylor [ 8] and independently by Yoshikawa [9]. The last
system is actually a torus and is physically closed.

The closed systems are stable if U isa maximum on the line of
maximum pressure, the magnetic axis. If U is regarded as a-harmonic _
average of B, i.e., U =,L/B, then the latter statement is equivalent to B
being minimum on the magnetic axis. This condition is analogous to the condi-
tion for an open ended system such as a mirror machine of the loife type,
namely, that B be a minimum at the center of the machine [10]. It is the
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very encouraging experimental results on long confinement in su¢h systems’
that have stirred such great intetrest in the corresponding closed systems
although no successful test in a toroidal system has yet been carried out.
However, in toroidal systems it is only the averaged B, B, which is a mini-
mum while B may be locally a maximum or a minimum, when the compari-
son is made between the magnetic axis and a neighboﬂring line. It is clear
on general grounds that the average can only represent the stability situation
if B is small enough, since larger plasma pressure can distort the lines so
that the interchange can be larger in the region where B is a local maxi-
mum making the interchange unstable. Such a mode is known as the
'""ballooning mode'. One obtains a critical f for stability similar to Walen's

" criterion [11], It turns out that the system of Taylor and Yoshikawa on this
basis is only stable for rather low f since it consists of regions of rather
pronounced maximum and minimum B rather far apart which enhances the
decoupling of the various parts of the lines of force and weakens the averag-
ing effect.

The averaging effect is also reduced by finite resistivity giving rise
to the so-called "resistive ballooning mode' which occurs at values of f3
below the critical value for the ballooning mode. For this mode the displace-
ment of the plasma is essentially the same as in the ordinary balloomng mode
but the displacement of the magnetic lines of force is smaller by’ B/B so
that the forces rermain in balance. Since the magnetic field lines must diffuse
through the plasma, the time of this diffusion gives the growth rate of the
instability O, namely, Og = m /BC Tclass Where m is the angular mode
number, i.e., the perturbation varies as expim8®8 . ‘However, since the
resistive ballooning mode grows rather slowly it'may be possible for the
time 7 which it takes the plasma to move from the adverse regions of maxi-
mum B to the favorable regions of minimum B to be small compared to
I/UR thus restoring the averaged criteria in Eq. (2). In fact, it is found that
if OR T << 1, the resistive ballooning mode disappears, while the above
result is valid when og7T >>1.%

It is the purpose of this paper to analyze the systems of Johnson [6]
and Lenard [ 5] for stability against the interchange instability and show that
the above remarks are valid when applied to these systems. It will be seen
that the results derived for these specific systems have a more general ap-
plicability. In section B the normal mode equations are derived for the
interchange in this system including resistivity. In section C these equations
are analyzed in the limit of large m. These results are applied to three
cases: (a) zero rgsistivity for which a critical B, B is given, (b) finite
resistivity with g < Bc and.flow along lines is neglected oRT >>1, and |
(c) finite resistivity with < B. and flow along the lines is taken as infi-
nitely fast., In each case an ordinary eigenvalue differential .equation is
derived; for case (a) the eigenvalue is B , for case (b) it is ORr , while for
case (c) no eigenvalue exists. In section D these eigenvalues are estimated
approximately by a Raleigh-Ritz techmque and the different results are com-
pared.

* See Note added in proof..

9



£

CN-21/113 ' ‘ 131

B. .THE NORMAL MODE EQUATIONS

The Johnson negative V' systermn can be expressed as a uniform
magnetic field B, plus a small vacuum field

B =3B +B V¢ : (4)

where B, is in the 2z direction and, for instance,

€ . R €
1 . _ : .
o = m 11[(h+‘y) r] sin (u—hz)+ RT3y 13[(h+3‘)f)r] sin (3 u - hz)
z . .
+ ﬁzyr sin 2u , u = 8 -yz (3)

where € and 63 are small first order quantities and ¥ is a second order
quantity. The first two fields have a finite period 2n/h .in z plus a slow

secular twist at rate ¥, while the second field has a quadrupole nature with
the same rate of twist ¥ . The € and €5 terms represent the stabilizing

field while the last term essentially determines the magnetic surfaces.
These latter are given for small hr to lowest order by

: z
T = Vzr (1-2A cos 2u)

62 + h£1€3/32}/

‘ 1 - helz/'Sy

while the minimum B character is indicated by the formula

2.2
2 2 : 3296 .
oU h .
T 7 T a21/2 (2612+ e €y + 2 - ) ’ (7
8 (1-4a%) h

also valid for small hr , where 8U = Ula) - U{o), and a is the circularized
radius of the surfaces of Eq. (6). The surfaces of Eq. (6) are ellipses with
ratio of major to minor axis of [(1 + 2A)/(1 - ZA)]I/Z where by Eq. (6), A

is of finite order. The motion of a line of force in the r,u plaﬁe is given by

dr L 8% w1 3% (8)
dz T .

Bu ¢ "dz |t or
as shown in Appendix L. l

It is clear from Egq. (7) that € and €3 can-be chosen to make &U
negative and since p = p{(¥) is monotonically decreasing in ¥, criterion (2}
can be satisfied. The system is to be identified over a length equal to an
integral multiple of 2n/y. The expression given in Eq. (5) for ¢ is only one
of a possible number of such systems. sin(u-hz}, etc., could be replaced
by sinu sin hz to obtain a 'standing wave' rather than the rotating one.
Also the Bessel functions could be replaced by others of order zero and two
to obtain the Lenard system with similar expressions for ¥ and 8U/U.-
Our stability analysis will not depend very much on which such syste:n wea
consider,
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We wish to derive the normal mode fluid equations for a perturba-
tion about the above system. These are for an unstable perturbation 0B
of B, and displacement & of the plasma with growth rate ©

(VXB8B)XB + jX6B + V(§_'Vp+‘ypv-§_) p0§_ M
- nec .
6B = Q - 4= VX (VXO0B) . , {10)

Here _] is the diamagnetic current, p the scalar plasma pressure, p the
“density, and Q v X (§_X B). In order to solve these equations we must
carry out an.expansion of the equilibrium quartities and perturbed quantities
_in the small parameter €; where €; and €3 are of order €, and p,J,
and ¥ are of order €2, This procedure is quite closely related to that in
Ref. [2]. . /
In order to find an unstable mode we are led to choose 5(0) and g_(l)
to make ° .

Q =0, _ (). -
9 = 0 , . (12)

_ while 0B is of second order. (Superscripts indicate the order in the ex-
pansion. ) It will turn out that for 7 # 0 and B < B., o is proportional

to 1, while for =0 we set ¢ = 0 to get a critical 8. Therefore we can
drop the inertial term in Eq, (9) and obtain in view of (11) and (12) o

(2) _ o’ (2) o . 0 :
BOGBz = £ -V 4+ ypV- g =E(-Vp + T (13)

where T = 'yp 352 /Bz To third order Eq. (9) may be satisfied by
choosing 6B(3) In order to be able to choose 0B to satisfy the r and
6 components of Eq. (9) to.fourth order it is easy / to see we must satisfy

e - 9x (wxse®) x B + (vxep®) x84 (vx 8%y x B°

+j()XGB(2))=Q , (4)

where the brackets denote an average over the short period 2n/h (disre-

gard1ng here the long period variation in z of period 2v/v ), OB (3) is to

be obtained from Eq. {9).to third order and the third term is actually of

" fourth order because V has a term Yy ez 5/8yz which raises the order of
a quantity by two. By elimination of 6§(3) we obtain .

(2) . K2 (2 _
VX(6BZ Sz) vi + [9_ VX6B ]L 0. (15)

. 9z
Here f{ is related to U in Eq. (1) by
U = S a =.S fru) g, (16)

B B
o
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where r, u are taken to follow the motion of the line to lowest order as
given by Egs. (8) and (6), the subscript L indicates the_ z derivative is to
be taken along a line of force, and the subscript 1 indicates that part of
6B perpendicular to Eo' Fox_' the case of the fields of Egs. (4) and (5)

2
f = const., + %(s+tcos 2u),
D 1 :
s-ZE, t-8.€1€3' (17)

The details of the derivation of Eq. (15) are given in Appendix II. ‘We ab-
breviate VX GB( ) by R and write Eq. (15) as

BRZ _
R, - vi+ (=) =0, (18)
1 dz 'L, ‘ .
The first term of {18) is obviously related to the forces driving the inter-

change while the second term is connected with the line tying of the main
B field . . -

The part of Eq. {9) pafallel to B to fourth order is obtained by
taking the inner product of {9) with B and then proceeding to fourth order,
One gets after a little vector manipulation

BO (_gz) ~ GB(Z) . '.VP(Z) + .Q(Z) . Vp(z) - 0. . (19)
4 - i -— . . :
L .
Equation (10) to second order gives
NcVX(R e )

410 (20)

(2) _ 2)

oo - e -
The remamder of this equatxon serves to determine ﬁ_ (2) which we don't
need. <Q( Y 1nvolves £ l and g(l) By using Eq. '(11) we can solve for
g(l in terms of g from Eq. (12}.. Let

o . i .
. = X ) . E .
£ 5 VX (xe,) | (21)
as we may in virtue of Eq. (ll). We obtain simply .

.

o axX
= B X _ . . 22
Q v ((BZ)L e:) | @2
Qur complete ‘system of normal mode equations is thus given by
Eqgs. (13) for 6B, 2), (19) for T', (18) for R, or 5_].2:, and (20)for X through
definition (22) It is also possible to introduce .

' (2)
68,"

VX (e &) ' , (23)

since 6_]?1(2) is divergence free. The independent variables are r, u, and
vz . The hz behavior is averaged out through (8). These form a rather
complicated system of partial differential equations. In the next section we
shall pass to the large m limit and reduce them to ordinary differential
equations in‘the three limits of the introduction,
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C. THE LARGE m LIMIT

It is clear from our normal mode equations that the perturbation will
tend to follow lines of force. In order to take advantage of this we introduce
new coordinates V¥, v, and 2z, where

v du
= —
v So T-2A cos zu 1% (24)

"in place of r, u, and z so that in virtue of Eqs. (6) and (8} a line of force is
given for small hr by ¥ = const, v = const. Thus (B/BZ)L can be re-
placed by 8/8z. We restrict our discussion from now on to small hr.

We anticipate that for large m modes the v dependence of per-
turbed quantities will be large compared to the' r or ¥ dependence, which
will in turn be large compared to the z dependence. Accordingly we drop
all ¥ and z derivatives as small compared to v derivatives., For exam-
ple, .- .

= - X
Ee-e, X v
: e "
= X ~ —— ———
e, X X Vv + xy VE¥lx T-3Acosda (25)
where subscrip:'és indicaté partial derivatives. We have dropped the
£,%X V¥ term as small. However
£V = oy (26)
exactly. ] o .
We may combine Eqs. (19) and (20) to obtain
oR .
o ar z _ . \
BY 4+ Ay o =0 (27)

where p denotes the ¥ derivative of p(¥) and A= 'qc/4-rr0‘ . We con-
sider p' constant. Also, from Eq. (13)

68 - ypixv S '(28)

Now dotting Eq. (20) with V¥ and using Eq, (22) yields

oR
z
6B, V¥ = yB X _ -y 57 (29)
while from (23) ) .
Ggl - V¥ = 'yCv . | (30)
Combining (27) and (28) gives
. © 8R
9 o . —z\ _p'
9z (OBZ) - (sz Y Bo'- AY av ) B 2 (1)
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while elimination of 6_B + V¥ from (29) and (30) gives

o 8Rz

Cv =B sz - A ov (32)

so from these last. two equations
' vg p'
9 s . .
5 0B) = —3— (3)
B ’
o

" a result independent of the.large m limit, The last normal mode equation
(18) can be written in the large m 1limit with the help of Eq. (17) and the
definition of ]E_{_L in terms of GBZ as .

'a% (0B ) (:1s.+ztAC::szzuu) * a:zz = 0. (34)
Fr.om the definition of Rz ye have
RZ =" VZC T (trr+ -—11'— c1' + .lz. c'LH.J.
T
va | BOZ‘ az(sz)
- - (35)

- T 3
rZ(l-ZACosZu)Z 2¥p'(l 2Acos2u) 9z 8v

where we have used Eq. (33) and the definition of ¥ Egq. (6). Thus if we .,
AN
set asz/av = y, Eq. (34) becomes

. .

_gA 1 EX 2¥p! s+t cos2u _

oz (I-ZAcosZu Bz)_ BZ +1-8cos2u ) =0 (36)
- o :

We may treat Eq. (36) as an ordinary differential equation in z since all
V¥ derivatives are lower order in our l/m expansion.

* We now consider the three cases mentioned in the .introauctory
section. ’ ’

v

Case a.

First set 7 = 0. Since we have dropped the inertial term, which -
corresponds to setting 0 = 0, we are at-the neutrally stable situation which
determines the critical value of B for stability, .. To find B. we con-
sider Eq. (36) for each value of ¥, It represents an ordinary differential
equation along a line of force and y must return to itself when the line of
" force returns on itself. In order to secure this we replace the independent
variable z by u where by Eqs. (6) and (8)

:—: =- 7y (l-2Acos 2u) oo {37)
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along a line. We find

2 .
d’y ) 2¥p' (s+tcos 2u)

2 2_ 2 2 7
du v Bo (1-2Acos2u)

il
o

(38)

Now if we demand y be periodic in u, we will satisfy our periodicity condi-
tion. It is clear that because of the ¥ coefficient in the first term we can-
not make y periodic on every radius. This defect is due to the neglect of '
the lower order derivatives in v. We expect-if we solve (38) with periodic
conditions for a particular value of ¥, to obtain a good estimate of 3., and
we choose that. ¥ correspondlng to the outside of the plasma say ¥, for

this value 2p' \II /B =- B (p'is constant) and Eq. (38) becomes
.dz ‘ L
—LZ + Bglu)y = 0 - (39)
du
where. g - -L _sttcoszu 2 £ (40)
')/2 1-24 cosZu)Z y¥ (1-2Acos2u)
The relation between U and g is thus . .
U = const + —— Sgdu . . (41)

ZB

Equation (39) is the eigenvalue equation for B. for the ballooning mode
discussed in the introduction. Estimates for B. are given in the next
section. )

Case b,

Now let n # 0,. We must assume § < B. since otherwise the
plasma is unstable in the infinite conductivity case. We consider two limit-
ing situations as discussed in the introduction. First let us assume
OR T >>1, i.e., the instability grows so fast the matter cannot move freely
along the lines. For this case we can neglect the force along-the lines and
drop Eq. (19) and set T" =y pdf 9/8z = 0 since, £, © represents the motion
along the lines, (ThlS result can be obtained more formally by replacing
the zero in Eq. (19) by pOZEZ and passing to the OR7 large limit by mak-
ing p large. Ezo will then be found to be so small.that the I' term in Eq.
(13) will make a negligible change in GB .) In this limit Eqs. (27) and (31) -
(33) are not valid. ’

We may now obtain the reduced normal mode equation from Eq.-
(34) by substituting for 8B, from Eq. (28) and solving Eq, {20) for R, in
terms of X from Eq. (29). However, on€ further simplifying assumption
will be made. If B<< B. where B. is obtained {rom the infinite conduc-
tivity theotry, it can be shown that the 0B -+ V¥ term in (29) is negligible.
Thus we have

2
= myp' X :
BJ. 2r o (1-2Acos2u) . (42)
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2 . . . ) i
where we have set va =-m X where m is an effective mode number
for the v dependence; and ' .

X« (43)
The normal mode equation (taken on the outer surface of the plé,sma as dis-
cusséed above) becomes '

2
ABy (s+t cos2u) y
X m = L
zz * Z‘Ilo (1-2A cos 2u) X 0 (44)

This gives an elgenvalue A or the frequency OR . The normal mode
of Eq. (44) is the resistive ballooning mode.

Case c.

> Now let us consider the limiting case dRT <<l and 3 #. 0.
Again we take B< B.. This case corresponds to neglecting the inertia
term in Eqs. (9), (19), and (27), and is equivalent to assuming that Ezo
can be large enough to keep the force along the lines zero without the cor-
responding inertia forces being significant. " (One arrives at this limit by
including the inertial term p02§ © in Eq, (19) and letting p approach ;
zero. One estimates this term by first neglecting it and solv1ng for T" and
then gz ; and one finds that this term makes only a neghglble correction
in T if URT <<1.) On this assumption one finds that all the equations
are the same as in the 1) = 0 case, up to Eq. (39), so that Eq. (39) must |

. be satisfied for this case, However, since the lowest eigenvalue for Eq.
(39) is Bc we can have no perlodlc solution for B less than BC in thl'S
limiting case. It appears that none of the approximations made when car-
ried to higher order will alleviate this situation. Thus there is no resistive
instability in this limiting situation, viz., high m; §<f8_, and ox 7 small.
The physical explanation for the disappearance of this mode is easily seen
to be that given in the Introduction. It would seem that there is some
critical value of OR7 below which the resistive instability of the first
limiting case becomes stable. This latter result has not yet been established. *

We have arrived at the normal mode equations for the first two
cases, and have shown none exists in the third case, ‘under a considerable
number of assumptions not all of which are essential to carry out the calcu-
lation. These have been chosen to arrive at the simplest equation which
will exhibit the essential physical effects which are not necessarily appli-
cable only to the Johnson systems. This seems reasonable since it is
expected that such negative V"' systems will change considerably in the future
and these changes will depend more on the simgler physical results.

D. THE RESULTS -

We wish to estimate the critical B for an infinite conductivity bal-
looning mode which one obtains from Eq. (39) and the growth rate of the
resistive ballooning mode in the 0g T >> 1 limit which one obtains from

(44). '

\.

" * See Note added in proof.
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Consider the resistive ballooning mode first, Equation (44) can
best be compared with Eq. (39) by introducing u as the independent variable
in place of z . One obtains

i \ 2 :
dd ( 1 dx) + m AB ‘)’ZgX=0 ) (45)
u 2 du 2
. r 4\IIO .

2 =2 .
If we replace r by an r this equation becomes the same as Eq. (39) which
determines . and we have approximately from Egs. (45) and (39)

2 v
- B M 2_ __m
g = m = —— ] (46)
R 6c 47T B

for the growth rate of the resistive ballooning mode. This result is reason-
able since mZnc/4nt is the decay time for a-magnetic field througha
distance - T/m. This decay must be sufficiently slow to allow the field lines
to lag behind the plasma by the factor B/BC (the ratio of the plasma force

to the magnetic force if the lines were displaced as much as the plasma).
Balancmg the two terms we get the extra B/BC factor in-(46).

We estimate B for Eq. (39) by writing it in Ralelgh form since
it is self- adjoint, as
| y“Z du -
B = min ——s— o (47)
2
f gy du

If -6U. is positive we can make § arb1trar11y small by choosing ¥ nearly
a constant and Eq. (47) has no positive minimum so we can conclude the
system is unstable for any . However, if 0U is negative then (47)
‘always has a minimum positive value. The numerator of (47) represents
the tying effect of the magnetic field which arises if y is not a constant,
while the denominator represents the average energy gained by an inter-
change. The minimizing value will tend to be large where g is positive,
the adverse region, and small where g is negative, the favorable region,
to the extent allowed by the numerator. If the negative parts of g pre-
dominate significantly over the positive parts we see from (39) that the
eigenfunction is much smaller in the regions of negative g so that one can
obtain a good estimate of B by setting

f

yo cos 2u ]u| < 'rr/4
y- = ’ : (48)
: o [u| > n/4
We find ' . .
B o~ =~ —X ' 1(49)
[of a .
B~ 6U
ad
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where we set y‘2 = (:!yo'2 in the denominator of (46) and 8Uyp,q is the con-
tribution to 8U from the region ju} < w/4 which is roughly.the g<0
region of u (the unfavorable region}). Setting Uy,q = L/BO where

/e d r‘Z ‘ L ;Z
: - du S r_ A
L= S 1-2Acoszu 5 v T2z (30},
-n/4 '
is the length of the-latter region, we get’
vz a‘2 ‘ \
B ~ — U0 (51)
¢ arr BU/UN 4 :
where we have set & = 1/2 and al = ;2. Equation (51), insofar as it ap-

plies in general, indicates what is desirable in a minimum B system for
which one wishes a large B. The part of the 'well depth” in the adverse
region (GU/U)bad should not be too large and the adverse sections should
not have too large a length L so that the average effect of the whole system
can be forced to apply by line tying. This formula indicates that the sys-
tems of Taylor and perhaps some of those of Furth which suffer from rather
large L and (OU/U)bad are stable only for rather small 8. Numerical
estimates indicate that the system of Johnson which has a "well depth' of
less than a percent and a relatively small value of L can be stable for
values of f of order one. However, the Taylor system is certainly valu-
able for testing the minimum B system experimentally at the low value of
B usually used in toroidal systems.

In conclusion, the . .obtained from Egq. (47) and given approxi-
mately in Eq. (51) gives the value of 3 above which the minimum B system
is unstable to the ballooning mode even for 7 =0 . For f < B. the
system is stable for zero resistivity, but for nonzero resistivity unstable
to a resistive ballooning mode with growth rate oy given by (46) if the
ORT is very large, where T is the time for an ion to go the length L of
the adverse section. If Og7 is very small, the resistive ballooning mode

. is stable,

(Added in proof.) In case (c) it is shown only that if 8 < 8¢ and o7 < 1, then
no mode exists. However, for opT <1 it is not nécessarily the case that ¢
is of order oy, one can conclude only that in this case o is not of order oy.
This case has been examined in more detail by Furth et al., who showed
that the sound wave produces an overstability with Imo > oy, Thus the fact
stated in the text that the sound wave stabilizes the resistive drift mode is
not correct, )

" APPENDIX 1

We wish to integrate the equation for a li_ri_e of force of the field /
given by Eqgs. (4) and (5) to lowest order by averaging the small oscillation
given by the hz dependence in (5). Consider a general field of type

B = B°gz + B° v¢1 5 VX (A(Z)gz) (I-1)
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where ¢1 has an hz sinusoidal dependence, i.e.,
d2 2
49 .. & o . . (1-2)
Z -
dz .

the vector potential is seg:ond order, and ¢ and A are functions of r and
u. plus the hz dependence of ¢ . Then introducing cartesian coordinates
in r, u, z space, we can write for\the motion of the line :

B

dx x ,
o = — . I-
dz B " YV (1-3)
z o
Writing x =xo (yz) + x1+ ..., we have
© B 8! y. eB! Blp!
dx b 1 X 1 X X z .
@ ST ot o Tm Yt e Ty oz vy
B° B® X - B° y B
) ; o
dx Bxl dy, B' i :
= e ® T 1-5)
B z B )

where everything is evaluated at X Yo Wntlng X, =- (1/h )y d x/dz ,
etc., substituting in Eq (I-4), makmg QUse of (I-5), and’averaging over
hz, we have

dx - ‘ o8l s8! omlep! am! aB!
(y. o LA 1, x x ¥y X, X 2y
dz dz Bo oy hZBOZ N 8z x oz 9y 9z 09z

- ')Tyo (I-6)

. . . . ) )
Combining the first and last terms by V* B = 0 and introducing (I-1), we
* obtain

> .
oo [ 4 (o, A,y 2, 2] o
[- hZ <3yaz ox >+ B° t 2 (xo * Yo )] T 9y (1_7).

and similarly

iy_? - 22 ' (i_g)
dz '_- Bx

the latter equation bemg obtamed simply' by interchanging x and y and
integrating by parts. In cylindrical r,u Coordlnates ‘Il is simply

2 2 .
I 8¢ 29 N &
YT (voz ar ) * BT 2 {4-9)
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| . 2 P
Applying this to Eq. (5} withh A = 2y8r sin 2u one ea’sily obtains Eqs. (6)
and (8). One also easily obtains the rotational transform from

Au
du . Au :
_S T 5% éz , .t = lim (-K_Z- + ¥) (I-10)

o r Or

Many of the results of Ref. [2] may be easily obtained this way.

APPENDIX 1I

Let us write in Eq. (14)

e, vx{(vxspPhx sy oL —— vx((vxp° voE®

1
x 22
h°B

X Z=-) (I

as in Appendix I since 21 and 5]_3_(3) are sinuosidal in hz. Now from Eq.‘
(9) to third order
3 , ' ;
B°. v = ves® . 8% - rxB' - v vp e o2

where R = 'V X 62(2) and expression (II-1) becomes
1 1

n’R°

VX {[vx RxL@-l]x'
- L, VX (R 5 ) B (11-3)

After some vector algebra and integrations by parts this can be reduced to

v

1
3B 1
1 %%, . 3B :
v (B v —= ‘v (22 - -
R-V(B V——)+ B 'V (55) VR (11-4)

1

2
h“B°

n?B°

1 . ‘ .
Now since B is a vacuum field sinusoidal in 'hz it follows readily (in
cartesian coordinates) that

1
5B .
1 z | 2 (1)2 (1)2 (1)2 2_0o2
. ——— = - == f -
(B 'V 5 h (Bx + Bv +B ") =-n"B ' (11-5)
Also
- U = 4%:531_ (11-6)

B
z

" where the integral is along the line of force and by using the results of
Appendix I we can express this to second order as

' (12
U = const + S -(-B—3—2 = const + S -Bf— ; (11-7)
. . Bo o )

which is Eq. (16).
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Consider the second term in (II-4). It is easily shown that

1 1 9B

2o 2V ='3zxv<3ﬁﬁa% (a-8)
h"B .

which occurs in the definition of ¥, Eq (I-7) of Appendix I. The second

term in ¥ comes from the term e -+ V X (R X B(Z)) of Eq. (14) if we

drop the diamagnetic part of B(Z) ahd combining the latter with the second

term of (1I-4), we get -

-e Xvv¥'. VRz : ’ (II-9)

‘where W¥' is ¥ without the 1/2 'yr2 term so -e_ X V' gives the
motion of a liné of force. The diamagnetic part of‘the second term of (14)
cancels the last term and the third term gives B®. VR, . We substitute
(II-5) into the first term of (II-4) to get the first term of (15). We add the
nondiamagnetic part of the second term of (14) to the second term of (II-4)
to get expression (II-9), and when we add the fourth term of (14), viz.,
_° - VR, this becomes the second term of (15). The rest of the terms in
Eq. (14) cancel. .
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DISCUSSION

N.A. KRALL: Have you ccnsidered the effect of adding a small amount
of shear in your calculation? 4 '

R.M, KULSRUD: The shear in the actual Johnson system was rela-
tively small. In a typical case the tranform angle varies from 70° on the
axis to 55° on the boundary of the plasma. Because the shear is small and,
in my expansion, zero to lowest order it did not occur in the calculation.
For this reason I felt it could be neglected. Moreover, I do not think such
small shears have much effect at higher temperatures.

B. COPPI: I believe that, if it is possible to extend the results we
obtained for an idealized one-dimensional configuration, a small amount
of shear near the axis would alter considerably the stability analysis, which
is obtained in the complete absence of shear, and give adefinite improvement.
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HELICAL FIELDS POSSESSING MEAN
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Abstract' — Résumé — Annotauua — Resumen

HELICAL FIELDS POSSESSING MEAN MAGNETIC WELLS. Recently Furth and Rosenbluth pointed out that -
a particular magnetic field having helical symmetry could provide a mean magnetic well, that is provide
regions in which fd#/B decreases away from a magnetic axis (or 'equivalently a region in which V" is negative).
In this paper wé examine helical fields in general and the circumstances in which they may exhibit the negative
V" property. This investigation is made possible by the use of the stream function formalism which provides
a simple picture of the field geometry, The existence of negative V" is related to the topology of the magnetic
surfaces which in turn is connected with the positions of the stationary points of the stream function ¢.

Detailed calculations are given of the shape of the flux surfaces and of the shape of the magnetic well
(the variation of fd/B across it) for several examples of helical fields. These include the Furth-Rosenbluth
configuration.and a new configuration which provides a mean magnetic well without the necessity for a central
conductor. A survey is also made of the magnetic well properties of these two classes of helical field in terms
of two simple criteria: (1) the ratio Q of the field strength on the axis and on the separatrix (which provides an
estimate of the overall well depth); and (2) the value-of V" on the magnetic axis (which provides a measure
:of the "curvature” of the well). This latter quantity is calculated analytically by using a general expression
for the value of V" on an ambitrary magnetic axis; It is pointed out that Q alone does not provide a realistic
indication of the well shape.

CHAMPS HELICOIDAUX A PUITS MAGNETIQUES MOYENS. R&cemment, Furthet Rosenbluth ont fait * -
observer qu'un champ magnétique particulier 3 symétrie hélicoidale peut fournir un puits magnétique moyen,
clest-2-dire des régions dans lesquelles f d&/B décroit 2 partir d'un axe magnétique (ou, ce qui revient au méme,
une région dans laquelle V" est négatif). Dans ce mémoire, les auteurs &tudient les champs hélicoidaux en
général ainsi que les conditions dans lesquelles.V" peut prendre des valeurs négatives. L'emploi du formalisme
des fonctions 2 courant, qui donnent une image simple de la configuration du champ, a permis de faire cette
étude. L'existence d'un V” négatif est associée 2 la topologie des surfaces magnétiques, laquelle est liée
aux positions des points stationnaires de la fonction de courant .

Les auteurs présentent des calculs détaillés de la forme des surfaces de flux et de la forme du puits magné-
tique (variations de fd2/B 2 travers le puits) pour plu51eurs exemples de champs hélicoidaux. Ces exemples
comprennent la configuration de Furth-Rosenbluth ainsi qu'une nouvelle configuration qui fournit un puits
magnétique moyen sans conducteur central. Les auteurs discutent aussi les propriéiés de puits magnétique que
posstdent ces deux Classes de champs hélicoidaux, en fonction de deux crittres simples: a) le rapport Q des
intensités du champ sur 1'axe et sur la séparatrice {ce qui fournit une estimation de la profondeur globale du
puits); b)la valeur de V" sur I'axe magnétique (ce qui fournit une mesure de la <«courbure > du puits). Cette
dernire quantité est calculée analytiquemnent 2 1'aide d'une expression générale pour la valeur de V" sur un
axe magnétique arbitraire. Les auteurs font observer que Q seul ne donne pas d'indications suffisantes sur’la
forme réelle du puits.

BUHTORBELIE MTOJA, OBTATAKIIUE YCPEAHEHHEIMYU MATHUTHBIMH IMAMHU. &ypr
i Po3eH6MI0T HelaBHO yKasalK, YTO ONpeae/leHHOe MaTHUTHOe TNoJjie, KMelollee BHHTOBYID CHMMeT-
PHIO, MOXET IaTh yCpeAHeHHY MaTHHTHylo fMy, T.e. NaTh 06nacTH, B KoTopsx [dl /B yMmeHsma~-
eTCsA B CTOPOHY OT MAarHWTHOH OcH (WIH, 4TO 3KBHMBaJleHTHo, ofnacTu, B KoTopo#l V" spnaercs
oTpHuaTenbHeiM). Hccnepopanuchk BUHTOBBIE Noias B o6WHX yepTax, a Takxe o6CTosATeNnbLCTBA,
OPH KOTOPBIX OHM MOTYT ofHapy XKMBaTh CBOWCTBO OTpuUaTenskoro V",

OTo MccneAoBaHHe OKa3aJoCh BO3MOKHLIM 61aroaaps HCNoNb30BaHML HopManuaMa tbynkuml
NOTOK&, YTO AAeT NMPOCTY KapTHHY reoMeTpud nons. Hannume oTpuuatensHoro V! cBsi3aHo C
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TOMONOTHeA MAaTHUTHLX NOBEPXHOCTEH, KOTOpas, B CBOIO ouepefb, CBA3aHa C NOAOXEHUSIMH CTalu-~
OHapHHIX ToueK ByHKOMH noToka.

HawTca noapobusle pacueTsl §OPME NOBepPXHOCTER MoToka H GopMEl MaTHUTHOH sIMBI (Bapu-
angua [d1/B fMofepek HEero) ANA psija MPUMEPOB BUHTOBLIX nofel. Cioha BkAbYaoTCca Kondurypa-
uus dvpra-Posenbnora W HoBar KoHPUTYpauus, ofecneunpapmas yCpeAHEHHYI MaTHUTHYD SMy
6e3 HEHTPaNBHOTO NpoBoAHKKa. HccnenoBaHh TakXe CBOACTBA MaTHHTHOM AMBl 3THX ABYX KJaccos
BHHTOBOTO MONA C UCNONB3IOBAHHEM ABYX MPOCTHX KpHTepHeB — (i) orHoWeHHUA Q CHABL MoNs HA
OCH H Ha cerapaTpucce, (4To AaeT oueHKy ofmed TAyGHHBI gMBl) H (ii) BenHyHHY V" Ha MaTHUTHO#R
ocH (4To AaeT Mepy "kpuBH3HB" sMB). OTa flocNefHAR BeNHYHHA PaCCYHTHBAETCA AHATHTHYECKH
€ Ucrnonb3opaHHeM ofmero BrpaxeHHA A1A V" Ha Npou3BONbLHOHA MaTHHTHOR ocH. Iloayepkuyro,
4YTO OAHO Q He JaeT peaNbHHIX yKa3aHMH OTHOCHTenbHO GOpPMEL MBI,

CAMPOS HELICOIDALES CON POZOS MAGNETICOS MEDIOS: Es fecha reciente,. Furth y Rosenbluth
seflalaron que determinado campo magnético con simetria helicoidal podfa crear un pozo magnético medio, es
decir, regiones en las cuales Jai/B disminuye a medida que aumenta la distancia a un eje magnético (o bien,
en términos equivalentes, una regién en la que V* es negativa). En esta memoria, los autores estudian los
campos helicoidales en general, asi como las circunstancias en las cuales V" puede adoptar valores negativos.
Esta investigacion resulta posible mediante el uso de la funcién de corriente que da una imagen sencilla de
la configuracién del campo. La existencia de una V" negativa se relaciona con la topologia de las superficies
magnéticas y ésta, a su vez, con las posiciones de los puntos estacionarios correspondientes a la funcién de
corriente,

En la memoria se presentan célculos detalladosde la forma de las superficies de flujo y del pozo magnénco
(la variaci6n de fd2/B a travésdel mismo)para varios ejemplos de campos helicoidales. Entre ellos se in-
cluyen la configuracién de Furth-Rosenbluth y una nueva configuracién que origina un pozo magnético medio
sin necesidad de un conductor central. Se pasa revista también a la propiedad de generar pozos magnéticos
que tienen estas dos clases de campo helicoidal, usando para ello dos criterios simples: 1) larelaci6n Q entre
la intensidad del campo en el eje ¥ en la separatriz (lo que permite evaluar la profundidad total del pézo),

y 2) el valor de V" en el eje magnético (que constituye una medida de la «curvatura> del pozo). Esta
filtima ma'gnitud se calcula analiticamente empleando una expresién general que proporciona el valor de V"
en un eje magnético arbitrario. Los autores seflalan que por si solo Q no da indicaciones suficientes sobre la
forma real del pozo.

1. Introduction

{11

Recently Furth and Bosénbluth pointed out fhat a magnetic field
having helical symmetry could provide a mean magnetic well, that 1s provide
regions in which dL/B decreases away from a magnetic axis (or equivalently
where dzvydjz'is‘negative, V being the volume aﬁd F the flux associated with
a magnetic surface enclosing the éxis). The particular helical system they
considered was made hp of a uniform field, the field due to various helical
wires and that due to a central current carrying conductor.

‘ In this paper we examine helicgl fieldé.in.general and the circumstancés
in which they may provide négative V". 1In section 2 we first descriﬁe a
stream function formulation of helical fields which provides a simple yet

general picture of the field géométry. In sections 3 and L we discuss ‘

qualitatively the form ‘of the magnetic surfaces and the formation of mean
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magnetic wells., Section 5 is de&ote& to numerical calculations of the
magnetic surfaces and the variation of V' =‘/ac/B.

In section 6 we introduce a new type of helical, negative V" field which
does not require a central conductor and present cgléulations of magnetic
surfaeces and of the variation of V' for this class of field.

IA section 7 we .discuss the evaluation of V" on ﬁhe magnetic exis. This
is calculated by using a general expression for V' on an arbitrary magnetic
axls and later specialising to the helical system. Finall§ in section 8 we
give a general survey of the magnetic wells possible in the two clesses of

hellcal field.

2. Helically Symmetric Fields

In a helically symmetric configuration all quantities are functions only
"of r and { = @ - kz (vhere r, 8, z are cylindrical coordinates and k is a
!

constant related to the pitch). As a result of this symmetry;
aiv B = 9 (rvB ) + 9 (B, - krB ) . : (2.1)
. ~ dr r 52 2] z )

indicating that fhe magnetic field B cén be expressed in terms of a stream
function V-
o¥

r

:;Br:g—z , rB;=Be-krBz=—“§—. - (2.2)

(¥ is the flux in the (r,¢) plane and is also related to the vector potential:-
¥ = krAe + Az)ﬁ Since div J = 0 one can also introduce a éurrent stream

v

function, I, in terms of which j is given by:-

oI ..._‘BI '
r Jr = St s Jg - erZ.- - 5% s - (2.3)

Then the relation ,] = curl B gives
I =28 +krB (2.4)
Z 2] .

For vacuum fields it follows from (2.3) that I is a constant. In terms of these

stream functions the equation for vacuum field, } = O, reduces toi-

13 r v, L1 dw kI .
= (——== +S5 g = ———55 (2.5)
T or 1+ k22 ar 2 a3 a + 12022
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and the general magnetic stream function for a helical field can therefore be
written

' (knr)

(r t) =Alogr +BT2 +Z A r{ knr)}{ (S:(:z : z ‘ (2.6).

where In and K are Bessel functions of imaginary argument, and the (constant)
current stream function is given by

‘kI=B-x"4A . (2.7)

The. z-component of the magnetic field can be written

I+kr av/a

B =— OF . (2.8)
z (1 + k2r2

so that at points-where ov = 0 the axial fleld is proportional to
or P

(1+k2 %)L, Ssince S
. \ . . ) .
d ' \
dé z .
1 = | Z
v —fB fB . (2.9)
z .
we will later be able to use (2.8) to infer the existence of a mean magnetic
well merely by examining the location of the zeros of av/éf.
We note in passing that Furth and Rosenbluth presentea their results in

'

terms of the scalar potential ¢ where B = V¢ and

)
(— +
ar2

Hl=

& L w296 -0 . ‘ (2.10)

The general hellcally symmetric solution of this is
knr)

Sin n ¢
0=CZ+D8+Z { knr)}{-COs,ng . (2.11)
and recalling that B g— 1 3! etc., one flnds that
r ot
B A .
C = /k , D=-4A , D = /k . (2.12)

These coefficients have an obvious interpretation; C measures the strength of
the uniform z-component of the field, D is proportional to the.current in the ’
central conductor and Ih are the strengths of the various helical multipole

fields.
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3. Magnetic Flux Surfaces

If we consider only the field produced by a current carrying rod at
r = 0 together with a uniform field in the axial direction then the stream
function would be simply
2

vo =Alogr + Eg— . . ‘ (3.1)

and for the moment we will consider A< 0, B> 0. The flux surfaces wo =
cons@ant are simply concentric céircular cylinders; furthermore the
z-component of the field is uniform and so from (2.9) V' = O. A negative
value for V" cén:be achieved through a change in the Eapology of the magnetic
flux surfaces brought about[E] as a result of the addition ofbsmall helical

multipole field components. . ’ . ’

¥ = WO + *l cos n §

: v
This.change in topology occurs wherever O/ér = 0 and wl(r) + 0.

For insﬁance, the effect of adding a small helical component to (3.1) so
that

i

B rIi (kr) cos ¢ ' B (3.2)

¥V =Alogr + —%E +'Al
is illustrated in figure 1, which shows the radial variation of ¥ in the
directions § = O; *. The solid line shows the variation of vo while the broken
line shows the variation of t£e total ¥ includihg the helical term. At the
point B, where ¥' =0 along the direction { = 0, the helical contribution is
poéitive and ¢ > vo. At the corresponding point C in the direction { =Vx,
wbere ¥' is also'zero, the helical contribution is negative * <'Vo. ‘ﬁbr

larée values of r the helical term (r I (kr) Cos t)'predominates and the
overall variation of ¥ is as shown in figure 1.

The change .in topology produced by the addition éf even a small helical
contributio; is now appareht. Withouﬁ the helical contr;bution v (= VO) has
the same value at B and C which therefore lié'on the same (circuiar) flux
Surfacé but as soon as the helical contribution is added the point C becomes

an,isolated minimum; nearby flux contours are closed around C and do not

encircle the axis to link up with B. The points B and D are now saddle
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' snY/W\
]
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2(a)

FIG.2, Variation of ¥withr; A>0, B>0

poiﬁts of ¥ and the flux surfaces are as shown in figure 3(a). However

‘ figure 3(a) is not the only possible flux surface shape, even with A <O,
B> 0. Depending on whether the value of ¥ &t the point D (of figure 1)
is greater than; equal to, or less than its yalue at the point B, oné
obtain; the flux surfaces shown in figures 3a, 3b, 3c respectively.

Turning now to the regime A > 0, B > O we find a somewhat different
situation. Ip this éase vo no longer has a stationary point so that the
addition of the helical contribution does not generally result in minima or
saddle points like B,C,D. Ihstead the typical behaviour is as showﬁ in
figure 2a. For ce;tain_values of the parametefs, however,thé situation
shown in figure 2b can érise. This occurs when there is a range over which
kr is émall so that r‘Ii (kr) is proportional to_r and yet Al is large so that
the helical term is gomparable té A log r and B£2/2. The stream function is

then approximately

'

' Br2 i
¥~ Alogr + S t3 Al r Cos §

vhich has & minimum, as at C, and a saddle point at B. As before the helical
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Flux surfacé shapes; A <0, B>0

FIG..3.
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FIG.4. Flux surface shapes; A>0, B>0
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term predominates at large r, so a second saddlé point arises at D. Depending
on whether the value of ¥ at B.is less than, 'equal to, or greater than its
value at D, the flux surfaces have thé shapes shown in figures 4a, 4b, ke
respectiveiy.

Naturally thelsimultanequs use of several-helical ﬁultipole terms can
give rise to more complex behaviodr, including the formation of multiple
minima, i.e. multipie magnetic axes. However these more complex flux
suffaces.can be interpreted in the same ﬁanner as the simpler ones discussed

above.

4. Magnetic Wells in Helical Fields »

Our present intergst in helical fields stems from the fact that they
may be a méans of creating a‘"mean»magnetié well", that is a system in which
the field strength, appropriately averaged over the magnetic surfaces,

' increases as one moves away from the central axis. This property is exéressed
mathematically either by the statement that“[‘dcﬂg or the equivalent quantity
dv/dF,decreases as one moves away from the axis. IA general it is not

pos;ible, evén in a helical field, to express V' in a simple form. However,

as Furth and Rosenbluth pointed out, on certain limiting surfaces‘/\dcyB Ean

be found very simply., These limiting surfaces are‘the hagnetic aiis and the

separatrix, that is the surface_through one of the saddlé ﬁoints‘of ¥. A£

the axis av/ér = 0 and so from (2.8). -

- i S

1 +k Ta

where Ty is the radius of the (helical) axis and

(| % = L e®d (k.2)
B . I A .
axis B
where‘L is the length of the he;icél period ( = EK/k). At a saddle point of ¥
. a similar agrument applies and :
ae L 22 L
saddle Lo
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where rs'is the radius at which. the saddle point occurs. Since‘[‘%f is a

surface quantity it is the same for all lines on the separatrix and the ratio

a .
of‘[‘ L/B on the axis to its value on the separatrix is therefore

1+ keri' - ’
Q=(——73) (b.1)
1 + k'r;
S
. 4 .
and is greater than unity whenever T, > Tg Without further calculation it is

impossible to teil whéthgr‘[‘dc/ﬁ vaéiés monotonically between the axis and

the separatrix, indeed it often does not, but if Q > 1 there mﬁst at least

be regions in which‘[‘dL/B increases outwards. - -

4 Examination of the .flux surfaces and location of thebstationary point of ¥
therefore gives an indication of whether a magnetic well exists. For example

in figure 4a it is immediately obvious that T, > g and so Q > 1. In figure
3g it is not immediately obvious that rA > rs but examinapion 6f figure 1
- shows that the effect 6f the helical contribution (broken line) must be to
displace C outw?rdS'and B inwards compared to the symmetrical poéitions they
have wheﬁ ¥ = wbi

AAnother quantity determining the existence of a well is the value of V"

at the magnetic axis; a negative value for V" denote; the presence of a well
and its magnifhdevis a measure of’the "curvature” of the well: However the
calculation of -V", which is best carried.ogt.using the formula for V" about
an arbitrary axis, is more lengthy than the determination of Q and so will

be deferred until section 7, after we have examined some typical wells in

more detail.

5. DNumerical Comput?tions of well with central rod

Although the determination of the ratio Q, discussed above, and the
" caleulation of v"(0), to be discusged in section 7, give useful indications
of the magnetic well, the well shape can often bg_rather complex and
sensitive to small changes in the sfream function ¥. It 1s important,
therefore, to examine a few wells in detail by means of numerical computation.
It is convenient first to scale the independent variables to a length.Ro by .

writing r =RR, z =Z R, k = K/Ro, then (2.6) becomes
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' BRi B
¥=AlogR+AlogR +—5—+ }j A RR, IA-(nKR) Cos n{ - (5.1)

As long as |A] # O we can divide by |A} and obtain

\

2 " ‘.
R 2 B R AR ’
¥, - (T%T - log R) = % log R + 2- (& * }Z L2 R I!(nkR) Cos ng (5.2)

the * before log R giving the two possible directions of the current in the
central rod. We can choose Ro to be any scaling length and we select it to
2
R —
h < s ity. . - A
make the coefficient of /2 equal to unity. Writing Ah n RO/IAl we
obtain
2

¥, =% log R+ g- + }j A RI_(nkR) Cos nl. (5.3)

with Y& depending therefore only on the parameters K and Kn'
Results of the calculation for the particular case where only Kl # 0 have
already been shown in figures 3 and 4. The parameter values, and the axis/

separatrix field ratio Q are:

TABLE 1
Figure e T [ 1 x| @
3a - 0.5 | 0.5 1.33
3b - 0.30 0.95 | 1.5%0
3¢ - 0.40 1 0.95 0.53
hg + 5.9 ) 0.1h42 1.23
bb + 6.0 0.140 voh
be + 6.2 0.135 .51

The quantity.Q gives'a crude, (and as we shall see later soﬁetimes
misleading,) measure of the mean magnetic well. To get a clearer picture
one musf evaluate'dv/dF =‘]\d&/B as a function of the flux-sﬁrface V.v To
do this the volume V and flux F were computed by direct numerical integration
and are shown in figure 5, fbr the case Y+ and figure 6 for Y_. Note that we:

" have plotted (L - v'/V‘(O)) along the vertical axis so that a magnetic well,

V" < 0, does have the appearance of a potential well.
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FIG.5. Well shapes for V..
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FIG.6. Well shapes for ¥, ,

In both figure 5 and 6 a striking feature is that almosf all the overall.

change in V' "(which is measured by Q) occurs in the immediaté vicinity of the
separatrix; - the éhange here was so rapid that the numerical technique used

to evaluate V' was unable to follow it accurately. Furthermore in figure 6

it will be seen that V" is Eositive.over most of the range and the existence
of a mean magnetic well is due entirely to the large change which occurs in
the imme@iate vicinity of the separatrix. .

As the value of ]lis changed the behaviour of V'-over the inner region
varies smoothly but in the outer layer near the separatrix }apid variations
occui, particularly as ]lpasseq through fhe,critical value for which_tﬁerg
is a ghange in the topology of the magnetic‘surfacés. At this‘point Q changes
discéntinuously from a value greater than unity to a valueiless than unity.

In fact if will be shown in section 8 that thellargesf values of Q occur just

as the well is gbout to disappear in this way. This is because these large
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values of Q are due entirely to the anomalous behaviour of V' in the

neighbourhood of the separatrix.

157

It is apparent, therefore, that while Q may be a measure of the overall

depth of the well it gives no indication of its shape which départs drastically

from the simple parabolic well which one may be tempted to assume. Clearly

then one must interpret Q with great caution.

6. Magnetic Wells without central rod

In the work of Furth and Rosenbluth, and in the‘examplgs discussed so far

in this paper, the current in the central rod plays an essential role. Indeed

in the original arguments of Furth and Rosenbluth the creation of a

stagnation point and the formation of the separatrixare attributed to the

y

field of this central rod. ~ From a practical viewpoint this rod is inconvenient

and it is of interest to enquire whether one can create helical negative V"

systems without the need for the central conductor, i.e, with A = 0'in

equation (2.6). .

We have seen in the earlier sections that the formation of a negative V"

well is related to the existence and location of minime and saddle points in V.

Our object then is to comstruct, a function ¥ of the form

Br2

v = = +ZAanr'l(nkr)coSn§>

(6.1)

which has a minimum and a saddle point, with the latter at a smaller radius

than the former. To show that this is possible we first note, for example,

thet if Ay = 0 and |k A,| > [B] there will be \e saddle point actually at

1

the origin! .Then at larger values of r the term in A3 will become important

and if its sign is appropriately chosen can given rise tc a minimum at some

radius T, More specifically, if we assume kr « 1 we can write

‘2
2 A kr L
Br 94 2.3
5 * 57— cos 2 + %% kor ‘cos 3;

“ =

which has a saddle point at r = 0 (provided |k A2| > |B|) and the ¥ = O

" (6.2)

contour, the separatrix, is & closed curve if for example, B > 0, A2 <o, A3 >0

and ' ‘l . x
cos (E-K;) <3z -

(6.3)
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To confirm the existence of such helical negative V" configurations in the
absence of a central conductor, a further series of numerical computations was

carried out. - ) : .

As before the independent variables are scaled so that

¥ - & -R Iy (2KR) Cos 20 + X, R I (3KR) cos 3¢ (6.4)

Figure 7 shows the contourslfor Z3 = O.h, K = 2.3, Another example is shown
in figure 8 for Z3 = 0.4, K =2.4. As we have placed the saddle point at the
origin, O, the weil depth, as measured by the ratio of fields at the axis and
on the separatrix, is now just @ = 1 + k2 ri. However in the second example
the separatrix does not close around the magnetic axis so that Q can not be
‘used as a.measure of the well deﬁth.

By calculating the volume and flu# associated with each surface, as
before, the true well shapes have been computed and are shown in figu:e 9.
It will(again be noted that near the separatrix V' varies rapidly and is
very sensitive to the value of the parameters. An intereéting featu;e of
the K = 2.4 curve is that a well exists and V" < O even though the surface

through the stagnation point does not close around the magnetic axis.

'

7. V" on Magnetic Axis

To obtain a full descriptidn of the magnetic well one must compute the
volume V and flux F asAfunétions of ¥ as we have done for several examples
above. However, for an initial survey of possible helical fields some
simpler method of assessment is desirsble. The separatrix/axis field ratid
Q is one possible "fiéure of merit"”, which can be determined simply from a
knéwledge of the ¥ - surfaces, and is useful as a measure of the overall
'well-depth'. Another uéﬁful‘parameter is the value of V" on the magnetic
axis. This gives the "curvafure" of the well -at its'centre and ean be
e&aluated analytically for an arbitrary magnetic axis. By considering Q and
Vv"(0) together one should get & réalistic picture of the magnetic well.

For magnetic fields in hydromagnetic equilibrium with a scalar presshre

4 . .
-an expression for V"(0) has been given by Mercier[?]. mme problem of
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FIG.7. Flux surface shape for Iz and Is.

FIG, 8. Flux surface shape for I, and I,

finding V"(0) for an arbitrary vacuum magnetic field which possesses magnetic
surfaces has also been solved[ 4 .

. To obtain V"(0) orde first sets up a local coordinate sys't'em in the
neighbourhood of the arbitrary magnetic axis, using the procedure developed )

by Mercier. If s is the distance along the magnetic axis and X(s) the position
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FIG. 9.
vector of a point on it,.then a general point near the axis has a poéition
vector : ) :
X(s)-+ n(s) p cos 8 + p(s) p sin @ (7.1)
is. Coordinates

where n and b are the unit normal and binormal vectors of the axis
p and 6 are such that, in a plane normal t6 the axis, p is the radial distance
from the axis and @ the angle between p and the normal If we now expand .

the potential ¢ and flux function ¥ in powers of p:

(8,8) . A
: (7.2)

. 2
¢ = OO(S) + 70, (8;8) + o 0
¥ = p? ¥, (6,5) + 0> Vs (9,s) ...
one can then show(h) that V" on the axis is given by
(a—e‘ T ?—2) B
n ' ] 2
V' o= 5 JLdsJ { h—+2RlR2ecose
%
(7.3)

. [[ 0' R de
+];_i€2 cosze}

where T(s) is the radius of torsion of the axis,
=-¥ /2(v )2, and 0! = doo/ds. The quantities ¢ and ¥_are

(s) its radius of curvature,

R3= (v,)77,
related by the requlrement that V6. V¥ =
For helically symmetric fields the magnetic axis is a helix having the

same pitch as thevfield symmetry. In this case the formula for v'(o) simpllfies
(7

considerably for we can write
a +b cos2a

¥, =a +b cos (20 + d)
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vwhere a,b and d are constants. The corresponding potential quaniity ¢2 is then

given by 00 =-X

o, = EEET sin 2u . where x? =a° . b2 - N . (7.5)
and V5 can be written:- '

V} =pcosu+qsinu+r cos 3u + 8 sin 3u (7.6)
where .

Feoelmin) 9 - 7.7)
and ) |

q=¢€ -(2—1‘—-1 = b) gin d/2 : ' (7.8)

On the axis V" is then given by

("5)2 V" b @ [.. | - - =
2
A ' f:}"_ [fe(a - 1) (4a® - 5ab + 3°) + g%(ab)

N | I

where the volume is taken over one helical period of s-length L, f = cos d/2,
g = sin d/2 .

Before we can use the formula we must transform the stream function ¥(r,8,z)
(equation 2.6) froﬁ the original cylindrical coordinates (r,®, z) to the local
coordinates about the magnetic axis (b,e,s). The ﬁagnetic axis is a helix»of
pitch k wound on a cylinder of radius h, defined by (a"/ar)r .p =0 Te

appropriate transformation is:-

‘rcos ® =(h-p cos(s/T) + 7 p sind sin (S/T) ,
rsin® = (h - p cos®) sin (S/T) - ¥ p sin@ cos (S/T) , " (7.10)
h .
and z= ¥s +=p sind

T
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To carry out the transformation of (2.6) into the (p,8,s) coordinates it
is convenient to rewrite it in the form ‘

2 '

Vo= %g— + Blogr +}: &, (f) ré cos n (8 - kz) : (7.11)
n ) ‘
where .
AT (r)
g (r) = ——F5—
r

Then one obtains from the transformations

a=% (a- &)

b=a+ (gl + lmg2 + 9h2g‘ ..) /27

3
a=»—s-=o
, 2 2 :
C R [51 (8 - 5kn + 2ng, (l#—gk?'h -gﬁkahzgf,---]
. h ' )
-_23_; [gl—+hg2+9g5.....- /3 ..., (7.

where the g's are evaluated at r = h.
These expressions must now be inserted into (7.9) to give V" on the axis.
However the quantity V" of (7.9) has dimensions (length)j/ (flux)e, A
RN

the axis radiusvané L its periodic length.

suitable dimensionless quantity can be defined on multiplying it by (OO'
where 00' is the field on the axis, T,

In the following it is this dimensionless quantity that is referred to as V”.

8. A survey of helical, negative V" fields

We have mentioned two criteria which may be used to gauge the existence
aiid nature of the well in any helical field; the separatrix/axis field ratio
(Q) and the value of V" on the axis (V'(0)). These have been computed for a
wide rehge of helical fields of the two t&pes discussed in this paper.

Firstly we have the Furth Rosenbluth coﬁfiguration characterised by the
diréction of the current in the central rod gnd the two parameters K and Ki
infroduced in section 5. For !_ as defined'in (5.3) Figures 10 and 11 show

. Q and V"(0) for Ei and K between O and 1. For small K one can show that

Q@ = 1+ K2 Ei and its value increases with K and Ei as the line X is approached,
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K

FIG,11. ¥ field; V "(0) as a function of K and 4,.

This line corresponds to flux surface ;shs.pes as shown in Figure 3(b). Points
abqve the 1ine give flux surface topology like Figure 3(c) and have Q < 1;
I;elcw the‘ line the flux surfaces are as in Figure 3(a) and @ > 1. Q attains
its maximum value on X (Q = 1.41 at X = .98, Kl = .28) and changes
discontinuously across it. For these points near x with large Q-velues the wells
are of the type in which the change in V' is almost entirely confined to the
neighbourhood of the separatrix. ASmaJ_'L f;].eld changes can substantially alter the.
propertiés of such wells. v '

Although above X the guantity Q does not indicate a well, a magnetic
axis still exists as far as line Y (of Figure 11) and one can compute V"(0)

in this region. Close to Y one finds V"{0) > O but further away V'(0) < 0.
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One concludes therefore that Q and v"(0) give a roughly similar picture of
the well properties attaining their meximum favourable values in the same
region of the (Ei, K) plane, : ' N

Fgures 12 and 13 show Q and V"(0) for ¥ . For this case the parameter
"values for which @ > 1 are more severly restricted. The boundary X (of Figure 12)
again marks the occurrence of a change in flux surface topology. (i.e; the
point at which D of Figure .2 falls below B}, The boundary Y is the line on which

points B and C of Figure 2 coalesce and the minimum in ¥ disappears; along

it Q@ = 1. For small Kﬂi one can show that

Q=_1+-Kf;—1 R

Q increases with K attaining a maximum value of approximately 1.2 along most
of the line X and falls discontinuously on crossing X to a value less than
unity.

In the region where the overail well depthh Q, is greater than unity the
value of V" takes both positive and negative values, aé shown in Figure 13.
In particular the fields that have the greatest well depth measured by Q
actually have large positive V"(0). The reason for this difference lies in
the detailed well shape shown in Figure 6. For Y+ the deepest wells ére not
centred on the magnetic axis but occuri in an annular region near the separatrix.

The well without a central rod discussed in section 6 depends on the
parameters K and Zs. For this cpnfiguration'Q is shown in Figure 1h. The lower
limit, line X, corresponds to fields for which the separatrix through‘the
origin no longer closes about the magnetic axis. VAs in the other examples the
maximum Q (= 1.29) occurs on this boundary. Figure 15 sghows the values of v*(0)
for the same raﬁgg of parameters, The lower boundary 1ﬁ this figure, line Y,
indicates where ¥ no longer héé a minimgm and ‘the magnetic axis disappears.
Near Y the value of V'(0) > O but in general V'{(0) < 0 .even in some places
where Q < 1. The behaviour of V"(0) for X < 2.3, IS < 0.45 is very complex,
as shown inAFigure 15, with neighbouring poiﬁfs differing substantially in’

magnitude and sign. Apart from this region however, the quantities Q and V"(0)
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¥, field; V"(0) as a function of K and &,.

b.oth show the existence of wells o;rer similar ranges of the parameters and
indicate a siﬁlilar position for those of greatest dep‘qh.
9. Summax_-z

The stream function formalism provides a convenient and general method of
examining helical ma.gnetic.: fields and for investigating their possible negative

V" properties. L Two classes of helical field have been examined in detail, the
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FIG.15. 1,, I, field; V"(0) as a function of K and Ka'

configuration proposed by Furth and Rosenbluth and a new confjt.vguration having
the advantage that it does not requ.{re a central conductor.

The existence of negative V" wells in . helical fields is related to the
topology of the magnetic surfaces which in turn is associated with the location
of the stationary points of the stream i‘unction 4 and. some possible forms for

the magnetic surfaces have been illustrated, The exact form of the magnetic
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‘well and the variation oi:j‘dt/B across it has been computed for several

examples and an exhaustivé survey of possible wells has been made in terms of
two convenient 'figures of meritf; the separatrix/axis field ratio Q and the.
value of V" on the magnetic axis. ‘

The use of §Q alone has a serious drawback in that it attains its largest
values for field configurations close to those at which the well ceases to exist
at all. The explanation for thig lies in the‘detailed shape of the well; as
the -overall depth of the well increases so does the steepness of the sides unt;l
the variation of\[de'/B is confined almost entirely to the boundary. A further
small change in the field can then destroy the well completely. For this réason
the use of Q alone as a measure of the well is not recommended. For a full
description of the magnetic,w@ll one must resort to numerical evaluation of
v'; this can again be fairly easily carried out in any specific case in

terms of the stream function ¥.
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3AMKHYTBHIE KOH®UT'YPALIUY C MUHUMYMOM B

J.C.COJIOBBEB un B.1.lTA®PAHOB
HHCTUTYT ATOMHOW OHEPT'UHU uM.U.B.KYPUYATOBA, MOCKRBA
CCCP

:Abstract — Résumé — Annorauus — Resumen

CLOSED MINIMUM-B CONFIGURATIONS. "The authors study the possibility of creating closed toroidal
magnetic field configurations that satisfy the stability criterion of a low-pressure plasma V" (¥)<0, where V
is the volume bounded by a magnetic surface with the longitudinal flux ¢. Attention is paid mainly to configu-
rations whose magnetic axis is a spatial curve characterized both by curvature k and by torsion (figure-eight
systems of the stellarator type). Unlike the "plane” configurations (whose magnetic axis is a plane curve), the
spatial configurations satisfying the minimum-B condition V* <0 are smoother. In such configurations the cross-
section of the toroidal magnetic surfaces can be made constant along the length of the system and to differ
little from the round cross-section. Another important property of such configurations is a.finite shift of the
magnetic field lines (shear), which gives the configuration a certain stability relative to the perturbations of the
magnetic field, and also ensures the elimination of drift instabilities. For the creation of a minimum-B con-
figuration, in addition to the fundamental longitudinal magnetic field, one must superpose on the magnetic
axis a transverse component with multipole orders £ = 2 (quadrupole field)and ¢ = 3. The simplest repre-
sentative of the spatial minimum-B configurations is an unclosed helical-axis configuration. The magnetic
surfaces in the transverse section that is perpendicular to the magnetic axis in the polar system of co-ordinates
are described by

P=pg - Pee(cos26)/2 - placos3e

where py is the mean radius of the transverse section of the magnetic surface, € is a dimensionless coefficient
smaller than unity, qis a variable parameter having the dimension of reciprocal length, and 6 is the vectorial
angle made by the principal normal to the magnetic axis. The condition V"<0 is reduced to the requirement
€ (5/4 + 6a/k)> 1 that is easily fulfilled for comparatively small values of € and q. Analogous conditions are
obtained also for closed spatial configurations, though in this case magnetic surfaces with constant € and q can
be obtained only if the stabilizing fields with ¢ = 2 and £ = 3 are distributed in a special (non-uniform) way
along the system. ’

CONFIGURATIONS FERMEES A B MINIMUM. les auteurs tudient la possibilité de créer des champs
magnétiques 2 configuration torcidale fermée, conformes aux critdres relatifs 2 la stabilité du plasma de basse
pression V" ()< 0, od V est le volume limité par une surface magnétique 2 flux longitudinaly. Ils s'attachent
surtout aux configurations dont 1'axe magnétique est une courbe dans l'espace caractérisée 2 la fois parla
courbure k et la torsion (systmes <spatiaux> du type stellarator en forme de huit). Contrairement aux
configurations «planes > (dont 1'axe magnétique est une courbe plane), .les configurations «spatiales>>qui -
satisfont 2 la condition de B minimum V* < 0 sont plus lisses. Dans ces configurations, la section des surfaces
magnétiques toroidales peut &tre rendue homogéne le long du systeme et se-distingue alors peu de la section
circulaire. Une autre propriété importante de ces configurations est un déplacement final des lignes de force
du champ magnétique (croisement), ce qui assure une certaine résistance aux perturbations de ce champ et
1'élimination des instabilités de dérive. Pour obtenir des configurations 2 B minimum sur 1'axe magnétique,

il est non seulement indispensable de disposer du champ magnétique Iongit.udinal de base, mais aussi d'appliquer
une composante transversale 3 multipolarité £ = 2 (champ quadripolaire) et £ = 3. La variante la plus simple
d'une configuration spatiale 3 B minimum est la configuration non fermée dont 1'axe est hélicoidal. Les
surfaces magnétiques d'une section perpendiculaire 3 1'axe magnétique dans un systéme de coordonnées polaires
se trouvent alors décrites par la formule:

p=p, - pye(cos 26/2 - p}qcos 30

169
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ou g est le rayon moyen de la section de la surface magnétique, € un coefficient sans dimension inférieur 3
un, q le parametre arbitraire de dimension relatif 3 la longueur inverse et 61'angle azimutal mesuré 3 partir
de 1a normale principale 3 1'axe magnétique. La condition V< 0 se réduit 2 l'megahte €(5/4 + 6 q/k) > 1
qui est facile 2 satisfaire pour des valeurs de € et de q relativement faibles. On trouve aussi des conditions
analogues pour les configurations spatiales fermées dans lesquelles on ne peut toutefois obtenir des surfaces

3 paramtres € et g constants que si les champs stabilisateurs 3 multipolarité ¢ = 2 et ¢ = 3 sont répartis le
long du systtme selon un mode particulier (non homogene).

3AMKHYTBE KOHUTYPALIMM C MUHUMYMOM B. U3yuaeTCsi BOBMOXHOCTE CO3NaHHUs
3aMKHYTH X TOPOHAANbHEIX KOHPHUTYpaUui MarHUTHOTO MO, YAOBAETBOPS O WHX KPHTEPHIO YCT O~
YMBOCTH MJIa3Mbl HH3KOTO AaBienus V"(Y) <0, rae V — o6bem, orpaHMYeHHBIA MAarHUTHOR MoBEPX-
HOCTBI0 C NIPOJOABHBIM NOTOKOM . (OCHOBHOE BHHMaHHe yaensercs KOHBHTYpaLUHaM, MaTHUTHAR
0CH KOTOPbIX SABIAETCH NPOCTPAaHCTBEHHOR KPUBOH, XapakTePH3yWWecs Hapsaly C KDMBH3HOM k, a
TaKXe M KpyueHueM ('mpocTpaHCTEEHHsIe" CHCTEMB THNa CTemlapaTopa B $opMe BOCEMEDKH).
B oTanune or "nnockux" koHPurypaumit (MaTHUTHAsE OCh KOTOpPLIX SIENAETCS MJIOCKOH KPHBO#),
MPOCTPAHCTBEHHbIe KOHBUIypauuy, YAOBIeTBOPALIHE YCAOBHI MUHHMYMa B V" <0 senswrca Gonee
rnaikuMu. CeyeHHe TOPOMAANBHBIX MAaTHUTHEIX MOBEPXHOCTEH B TakMX KOHHUTYpaLUHAX MOXKET
6HTH CAENIaHO OZHOPOAHBIM MO AMMHE CUCTEMH H Malo OTNHYAaRIHMCS ¢T KpyTaoro. Ipyrum
BAaXHEIM CBOHCTBOM TaKHX KOHHUTYpaUUi ABAAETCS HalHUMe KOHEUHOTO CABMTA CUJIOBLIX JIMHHMA
MaTHHUTHOT'O noas (Wup), 4To obecrneynBaeT ONPeAefIeHHY YCTOAUUBOCTh KOHPHTypalluy OTHOCH=
TeNbHO BO3MYIEHUA MaTHUTHOT'O NOAS, a TaKKe cTabunusauuo ApeidOBBIX HEYyCTORYMBOCTEH .,
I[Jm CO3/laHNA KOHPHUIypauuu ¢ MMHUMYMoM B Ha MarHuTHoOH ocH HEO6XOAHMMO KpoMe OCHOBHOTO
ﬂpOJJ.OJ'leOI‘O MaTHUTHOTO MOAA HAaNOKHUTH MONEPEYHY COCTABIARIIYI0 C MYJAbTHNONBHOCTb 1 =2
(kBaApynonrnHoe none) ¥ 1=3., TlpocTellinM npeacTaBUTEIeM NPOCTPAHCTBEHHbMX KOHPUTYpauHiA
¢ MMHUMYMOM B sBnseTcst He3aMKHyTas KOHQUTYpaUHs ¢ BUHTOBOR OCk0. MarHuTHbe noBepX-
HOCTH B NMNepneHAHKYJIAPHOM K MAaTHHTHOH OCH CE4YEHMH B NMOJIAPHOH CHCTEME KOOPAMHAT ONKCHBAWT™
Csi B 9TOM cny'-xae dopmyno# .

p=pg —pge (cos26)/2-pqcosdB,

TAe gy — CpeAHKil pAAHYC CEYEHUS MAaTHUTHOH MOBEPXHOCTH, € — GeapasMepHrIit KoadPHUHEHT, MeHb~
WU e IMHULBL, qQ ~ IPOM3BOJIBHE napaMeTp pa3MepHOCTH o6paTHON MIMHB, a 8 — a3UMYTaNbHBIA
yToJl, OTCUMThIBAeMH} OT I/IaBHOA HOpManl K MaTHUTHOl ocu. Ycnoeue V"<O csoaurcs K Tpebo-
BaHM0 €(5/4 +8q/K)> 1, 1€TKO BHINONHUMOMY NPH CPaBHUTELHO HeGO/ML IMX 3HAYEHUSX NapaMeTpoB
€ 1 q. AHanoTHYyHble YC/IOBMA MONYYalTCH M AN 3aMKHYTHIX NMPOCTPAHCTBEHHBX KOHOUTypauuh,

B KOTOPHX, OAHAKO, MAaTHHUTHE € MOBEPXHOCTH ¢ MOCTOSHHLIMY NMapaMeTpaMH € M q MOXKHO Moy~
YUTH JIMIB NPH ClelHanbHOM (HeOLZHOPOAHOM) pacnpefneseHHH ctabunuayomux noneft c1=2nl=3
BAOJIb CUCTEMBI,

CONFIGURACIONES CERRADAS DE B MINIMO. Se estudia la posibilidad de obtener configuraciones del
campo magnético, toroidales, cerradas, que satisfagan el criterio de estabilidad de un plasma de baja presion
V" () <0, endonde V es el volumen limitado por la superficie magnética con flujo axial ¢, Se ha prestado
la mayor atenci6n a las configuraciones cuyo eje magnético es una curva espacial, que se caracteriza, por la
curvatura k, y por la torsion (sistemas especiales del tipo "stellarator”, la forma de ocho). A diferencia de
las configuraciones "planas” (cuyo eje magnético es una curva plana), lds configuraciones especiales que satis-
facen la condicion de B minimo V" < 0 son m4s lisas. La seccién de las superficies magnéticas toroidales de
dichas configuraciones puede hacerse homogénea a lo largo del sistema y diferir poco de una seccién circular.
Otra propiedad importante de estas configuraciones es la presencia de un desplazamiento finito, de las lineas
de fuerza del campo magnético (shear), que confiere determinada estabilidad a la configuracion frente a las
perturbaciones del campo magaético, y también una estabilizacién de las inestabilidades de deriva. Para

. obtener la configuracion de B minimo, es necesario situar en el eje magnético, ademds del campo magnético
axial fundamental, una componente transversal con multipolaridad ¢ = 2 (campo cuadrupolaryy £ = 3. El
representante mds sencillo de las configuraciones especiales de B minimo es la configuracién abiera de eje
lelicoidal. Las superficies magnéricas, en la seccién perpendicular al eje magnético en un sistema de co-
ordenadas polares, estdn representadas en este caso, por la férmula '

p= Py Ppe(cos26)/2 - phgcos 30

en donde p, = radio medio de la seccién de la superficie magnética, e = coeficiente adimensional, menor que
la unidad, g = pardmetro cuya dimensién es la inversa de una longitud, y 6= 4ngulo azimutal, contado a partir
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de la normal principal al eje magnérico. La condicién V"< 0 se expresa en la forma e (5/4 + 6 q/k) > 1 que
se cumple con facilidad para valores relativamente pequefios de los pardmetros ¢ y q. Se obtienen condi-
ciones andlogas para las configuraciones espaciales cerradas aunque en este caso las supetficies magnéticas
con los pardmetros € y q constantes se pueden obtener solamente cuando los campos estabilizadores con £ = 2y
( =3 estan distribuidos de modo especial (no homogéneo) a lo largo del sistema.

.

BBEILEHUE

B padorax Mepcwe {I| , Ippra u Posencnyra [2] , Jemapma [3]
JIxoHCOHA [4] , opra [5] TnpuBeNeHH MPUMEDH gon@nrypannﬂ MarAuTHO=-
ro noxg, yAOBAETBOPADOUX YCNOBMD HANMYUA MUHMMYMa Ha MarsyTHOR
0OCHM YCPEZHEHHOTO JOMIHHM OGPa30M MarruTHoro noias R . OTo yciosue,
ABNARLeecH KDPUTEDMEM TULDOMATHUTHORX YCTOWUMBOCTH IJIASMH HM3KOTO
IaBleHuda, GopMyaupyeTca Xad Kon¢nrypauxﬁ.c HEMPOKPYYHBADMUMUCH CH~
JOBHMM JMHMAMN KaX TpeOoBaRMe YOHBaRUA NPU NMepeXolie K HADYEHHM
MATHUTHHM NOBEPXHOCTAM (yHKIMH [6]

U= 9(%6 (D

TXe MHTerpan 0epeTcd BAONbL CHUAOBO JNMHUK 1o nepuony nond. MarmuT-
HHE TIOBEPXHOCTYU 00pa3yRTCA JNUHMAMYN, EAA KOTOpPHX U = casst-

M3 TeopuM DaBHOBECHA NNA3MH B MATHUTHOM NOJe clelyeT, YTIO
6600meaueu Gy HKIMK v Ha chyyvaif xoEdurypanuit Ma&rEuTHOTO
IONH C TPOKPYUMBARMUMUCA CHJIOBHMM JMHUAMU ABAAETCA NPOUIBOIHAH
ooseMa 7/ , OrDRHAYEHHOTO TODOMIANELHON MATHMTHON NOBEDXHOCTEHD,
[0 IPOXONBHOMY MATHUTHOMY NIOTOKY ¢’ BHYTPM 9TO#l [TOBEPXHOCTHU

ve 82V (@)

Yenosue.  mummuyna B  (maxcmmyma U ) wozno 3amucaTh B

.

BHIE

4
Vigl<o . (3)

Bupaxenne Ans W]‘Y?/ , KaK MH YBUIMM HMEe, VIOOHO INA pac-
géra He TOABKO B clyyae KOHPUIypamui ¢ MPOXPYUNBADIMMUCA CHJIOBH-
MU JIMHUMAMM, HO TaKEE ¥ B CJAyyae KorRPurypaluii c sauxnyruﬁn CHJIOBH=-
MM JNUEMAMM, ecJM MX paccMaTpuBaTh KAk MpeleNbpHHR caydyaid Kondury-
pammait co cAaCHM NPOKDYyYMBAHMEM,

CnexyeT uMeTh BBMIy, UTO KPUTeDuit W’%#/(o HeNp34 CYMUTATH
XOCTATOYHHM YCIOBMEM YCTOWUMBOCTM, TaK KaK OH NOAYYEH XN NAABMH
ucuesanme Majaoro JaBieHMA B NPeXNONOXECHMM, YTO MATHUTHHE NOBEDPX~
HOCTY 38JaHH, ¥ He EKacaeTCAd BOOPOCE MX YCTOWYMBOCTH OTHOCHTENBHO
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BO3MymeHut MATHWTHOTO nond, Ecanm $opMa MATHWTHHX NOBEDXHOCTe} He-
ycTO#uMBa OTHOCHTENBHO MajNX BO3MYymMeHMH MarHYTHOrO NOAA, TO JAH-
Had KOHfMrypauma mpexXe Bcero TPYIHA INA DPaKTHYECKOTO OCYMECTBIE=-
HHR, TaX KAk TpelyeT MOBHEWEHHON TOYHOCTK B CO3AAHMU TpeOyeMHX Mar-
HMTHHX nonelt, Ho ZaXe M npu XOCTuUXEeHMM FelNaeMOy TOUYHOCTH CO3JaHMA
ROXA, HeYCTOMUMBOCTH MaTHUTHOM XOHQUTrypanun Hek30eXHO NPOABUTCSH
Np¥ HalMuuy NIa3MH C He DABHHM HYID JXABNeHMeM, Tak kak TOKU B
nnasuse NPUBOZAT K onpexeneyﬂoﬁy MCKAXeHUD MAarHMTHOTO noxd. [05To-~.
My ycnosMe (3) MOXHO paccMaTpUBATL B OOmeM cXyuae AWIE Kak MUHI~
‘MyM TpeGOBaHU!, NPENBABIAEMHX K KOHQUIrypaluAM MATCHUTHOTO MOAA, B
KOTODHX Npeinoiaraercd CO3JaBaTh BHCOKOTeMNepaTYPHYD NAA3MY.
llenshb HacToAme! paGoOTH aBiAfeTCA MCCReZOBAHNM@ KoHDurypamuii
MATHUTHOTO NOJA, YZOBAETBODADWLKX ITOMY MMUEMMYyMY TpeCOBaHMN ¥ Zo-
CTYMHHX NDaxKTHUECKOMY OCYNeCTBIeHMD. B OTAuume 0T padoT [2-5] MH
paccMaTpuBaeM 3aMKHYTHe TODOMIANBHHE KOHQUrypamuu MarHMTHaAd OCh '
KOTODHX, TIO HEOOXOAMMOCTH, 0CJaZaeT KpYBA3RON, [lpuMep He3aMKHYTOX
KORdMrypaluu ¢ Kpusu3HO# (komUrypaIms c BUHTOBON cuMMeTpmelt) OHR
_paccMoTpeH 3IpPTOM [5] . M3 vacTHOTO npuMepa, OJHAKO, TPYXHO IelNaTh
3aKNDUEHMA O TOM, OT KaKMX XAPAKTeDPUCTUK NONA 3aBUCHT 3RaK ¥ al-
CONDTHAA BERWUMHA BTOPO} NPOM3BOAHO! o0BeMa MO NOTOKY. Hak crely-
eT U3 HamuX pacy&TOB KDMTEeDHit YCTONUMBOCTM CYmMECTBEHHO 3aBHUCUT OT
KPUBM3HH MATHMTHO}# ocu, Hanuuyue KDUBM3IHH OCHM OTKDHBaeT DA HOBHX
BO3MOZHOCTEN cozXamua KOHPuUTypauuit ¢ MuHUMyMoM B.
PaccuaTprBaemue HaMy KOHUrypauuu npeicTaBiadnT coboit, B 00-
LeM cJiyvae, CYIepno3uIMid HeOXHOPOAHOTO HA OCH NPOXONBHOTO MAr-

mutHoro moas Bo(f) m MYJNBTUNIONBHHX TADMOBMK, 34BUCANMX OT asi-
MyTARBHOTO yIAa <&J IO BAKOHY Cemes , Sihmw C m1=2,3,..
Ecan ock EOODPEMHATHOX CHMCTeMH BHODATH HA MaTHUTHOM ocu, TO BHpa=-
XeHue I MPOKONBHOLO NOTOKA ¢ MOEKHO NpeXCTaBMTE: B Bule pasd-
JOXECHUA MO CTE ¥BHAM PacCTOAHME P 0T MATHUTHO}{ oc¥, HauMHad
o BTOpoft. [na pacuéta V'/@$) BOMM3M warEmTHOH OCH XOCTATOYHO .
OTpaBMYMTBCA YUETOM UNEHOB C j?‘ n * . Tak kax AMTIIUTYIH
MYyABTUNONBHHX TaDMOHMK CTENeHHNM 00pa3oM 3aBUCAT OT , TO
BKJIAJ B \77¢) IapT TapPMOHMKK C HEGONBNUM HOMEPOM pn , 2 MMEH-
HO, Xak OyleT BMIHO U3 JalpHeitmero, JMIbL TADMOHMEKM C Mm=2 U =3 .
bepa pasiyypwe KOMOMHAIMN ITMX TaPMOHMK, MOEHO MONYUUTH BCE BO3=
MOXHHE KOHOUTYDalWM, YIOBIETBODADNME HEOOXOIMMOMY YCAOBMD YCTOR-
unsoctn 'V /(¢) < 0 . BespasuepHuM napameTpoM paslioXeRMd DO cTeme-
naM AplgeTcA OTHONEeHME ij’ZA , TIE X = MUHHMANDL-
EHif IPOJONBEHI NMePMOX MATRUTHOTO noad. [loaToMy MOJNYYEEHHE HUEE
GopMyAH MpPUTONHH JnUb. XA8 clado HeOXHODOXHHX BHOAb OCHM KOHQUTYpa-
it . _ .
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Henonb3yemut Hamy MeTOX pacyéTa OuJ Da3BHT B padorax Mepche

[I] s TXe MONYyYeHO Takke ¥ oCmee BHDareHMe JIAd JOKAJNBHOTO KpUTe-
pua ycrojfusBocTE nnasmu. Onnaxo, kKpuTepuit Mepcre, NoAyueHHHN ¢
YueToM JABJeHMA NMIa3MH, 3anucaH B CTONbL olme# dopue, yTO ¢ ero mo-
MOHBD TPYXHO KENaTh KOHKDeTHHe 3akJDYenud 06 ycroifuusocTH ToR
WIHM MHOY KOHQUTYpALMM MATHMTHOTO MOAA. [IPM MONYYEHMM BHPAXEHHEA
ana V() um ¢ camoro Hauana OrpaHMYMBAEMCA BAKYYMEHMM NONS-
MM, YTO OPUBOJUT K CYNEeCTBEHHOMY YNPOmMEHUD KAk pacyéTOB Tak M
BHBOJOB. ’

METON PACUETA

HTepecypmie HAC MATHMTHHE KOHOMTypaluy NpelcTaBRADT COGoi
CHCTeMy TODOUNANbHHX MATHUTHHX MOBepXHOocTelt. [IpAMo#t 3aiauell 4B-
NgeTCA PAcUET MATHUTHHX NMOBEDXHOCTeX W (%) = cawt no 3ajaH-
HOMY MATHHUTHOMY MOJD Ef(i?) . Orrako, 9Ta nmpAMas 3ajaya B 00-
meM clyuae BechMa cloxua. EciM He XKacaThCfi Bompoca 00 ycTofum-
BOCTH MATHMTHHX NOBepXHOCTe#t (T.e. O BAMAHMM BOSMYNEHU! NOJNA HA
dopmy MATHUTHHX NOBEPXHOCTEH), TO INA HAmMX nefael NOCTATOYHO pe-
meExA O0paTHO 3alau¥ - HaXOXILEeHWA TeX noJe#t, KOTOPHE HYXEHH IJdA
CO3NaHuA 3aJaHHON MAPHMTHON KORGUTypamuu.

B paMxax TakKoro noixola OKa3HBaeTCH BO3MOXHHM TaKke ¥ yac-
THYHOE DelleHMe 3aJayu 06 YCTOHUMBOCTH KOHDUTYDAIUHK. )

WTak, GyIem CUMTATh, YTO MATHUTHAA OCh Hallel KORGUIYpamuu
ABNAETCA BalaHHOM B3aMKHYTO) KpWBOH, oCnaianmeld kpuBu3HOR k(4)

u Kpyueumem ®(¥) , rle J IiuHa IYyTM BIOAb OCH. JTY OCH MH
NPUHAMAEM 33 OCh KOODIMHATHON CUCTEMH. B KaxmOM HODMANBHOM K
OCH CeueHMM BBOZATCA MONADHHE KOODIMHATH Jo,cd . 3a KOOpIMRAT-
HHE MOBEPXHOCTH &)= Gt qpiMeM MOBeDXHOCTH, NPOXOIAmMue Ye-
pe3 0Ch M OPTOTOHANBHHE K TMOBEDPXHOCTAM JF= Coa®  (puc. I).
OTH MOBEPXHOCTU B IU(pepeAMMaNnbHO} TeOMeTPUM HA3HBANTCA MOBEDPX-
HOCTHHMY [OJNIOCAM¥ KDUBM3IHH [7] . MeTpuka moayuapmelica 0pTOro-
HANBHOM CHCTEMH KOODAMHAT 3aTaeTCA KBaIpPAaTOM DJIeMEHTA IJIMHH
(em. I,8 )

2, . :
de?-= e//a‘+/‘e/w’+[i—- k(f)/acue] ", g=w-xit) 4y
rze o((4) - yrom, KOTOpHi cocTapnseT rIaBras HOpMANb K OCH C

MOBEPXHOCTBD W =0 . OTOT YroX BHpaxaeTcd MHTErpanoM OT Kpy-
YeHHA OCH o ‘

3
ol = jagu)a/s‘ C(5)
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Puc.l. KoopAHHaTHBIE NOBEPXHOCTH p = const, w =0 u s = const. Yron riapHoil HOPMaAH v
. s

. € nopepXHOCTHK W =0 (3amMTPUXOBAaHHAS NMOBEPXHOCTb) paBeH @ (s) =f:< (s")ds’.
0

YpaBHeHMe MATHUTHO} NMOBEPXHOCTN B PacCMATPUBAEMOM HAMU NDU-
CIMEEeHNN- MOXKHO TpelcTaBuTs B Bule (I

\P(f/ w $) = Bo(‘f){[a(f) + 6(!)6«/2qu2+ (‘6)
+ a(‘f)[ofa.(:f}‘wu_ + W (F)Sinle + o(5)Cof3u + "/"(i’)‘&'). 3((:-}/03} - comt

UnerHd, JUHeiiHHe MO JD s B JTOM BHDAXeHUU OTCYTCTBYWOT, TakK

KaK TOUKa =¢ , B COTJACMK C HalMM TPECOBAHNEM ABNAETCH 3=
JUNTHYECKO! 0CcOoCO0if TOYKOit ('%1'= 9, (’%”.._.0) ceyennit MATHUTHHX
NMOBEDXHOCTEH NJIOCKOCTLI f= Cosy?- .« BO BTODOM NPUCIUREHUH
no { - HODM&JIBHHE CEeYEeHUs MATHUTHHX NOBEDPXHOCTeH NpelcTaBadApnT
CO0O0H BJANUNCH
T .
P(a+ besi2u)=const
(D
_ C JKCHEHTPUCUTETOM
3) (8)

H= aa)

(HamoMmMM, 4TO OTHONEHME MOAyOCelt BJIMNCA CBA3AHO C JKCILEHTPUCU~-

TeToM £ coornomenueM &y, = Vi-e)/a+¢) ) . B odueM cny-
yae 3TH SJJMNCH BPANAPTCA NPH IBUEeHMM BIOAL ocu f . [IyeTs
Manad OChk DIAMINCA COCTaBAfET C TNaBHOW HODMANELD K MATHUTHON ocH

yron § (puc. 2). Torza

u_:cd—"((f)+g(:f) (9)
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Puc.2. OpueHTauus 3/UIMNTHYECKOTO Ce€YeHHs] MaTHUTHOH NOBEPXHOCTH OTHOCHTENLHO TJ/laBHOM
HOPMaJH v K MardiMTHOH OcH.

npuues - §(8) yXopleTsOpAeT yclosup _ .
§(5+L) = @) +2Tn | (10)

rie |, - nonEAas Xauma MATHUTHOM oc¥, Hh - Hen0e YUCIO MOBODO-
TOB 3JJUNCA BOKPYT MATHUTHON OCH. '
dyuxnua 8(5) onpeZeldeTcda BMHTOBOIT OCMOTKOif cTaGUIN3NPY D~
mero moAs M, B YACTHOCTH, NPM "papHOMEDHO#" HaMOTKe paBHa § =879,
rie &§'= 2Th /L =comyt .. , o '
Bxozamuwe B BNpaxexne LAA \PQe,ab 1) dysxumn a(8) u €(4/
CBA3AHH YCJIOBUEM

at- 4% = ¢?=ciyt. o (11)

Taxk YTO UX MOEZHO BHpa3uTh 4YePes OJHY NePuoInyeckyn (yHEOUD f(f) .
Bcayvae € < 4 (samunc) C*> o0 , Beamuusn @ ¥ € MOXHO
NpesCTaBUTh B Buje

A = cohtl) = o= | (12)
8(3) = cshyt) - L& (13)

o

UNeHH TPETHETO NPUGAMKEHUA B BHDAXEHMM LA Y , BHOCHAINNE
CylleCTBeHHH{ BEKJAL B KpuTeDui#l yCcTOHUMBOCTY NPM HANWNYMKM KDPUBUSHH
MarEUTHOJ OCH, HECKONbKO MCEAKANT MATHMTHHE NOBEPXHOCTH U MPUBO-
X4AT, B YaCTHOCTHM, K NOABJECHND CenaparpUcCH, OTpaHmyyBapmedt cucTe-
My BaMKHYTHX TOPOMXalbHHX MATHUTHHX nosepxHocTe¥ (puc. 3).

MaruuTuoe none, HeoOXoLuMOe XIJA CO3IAHYA MATHUTHOX KOHQUTypa-

uny (6) onpeleiifercd ypaBHEHHAMH
T

B=ve S

veev=o0 (15)
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Puc.3. CeyeHne MarBUTHBIX NOBEpXHOCTEeH B TpeThbeM NpubAHKEHHN MO P: a — cenapaTpHcca
HMeeT OXHY TOYKY; 6 — Cenaparpucca uMeer ase ocobble TOYKH; B — cenapaTpUcca HMEeT TPH
ocoble TOUYKH.

'/

@)

—_ .
CrangpHHE} NoTenuan () YyIOBJAETBOpPAET ypaBHeHUM Jlamna-
ca. Ero paaxoxeﬂme Nno CTeneHAM /o , 3alucCHBaeTCAd B Bule

¢ = 53 8)ds + Alw, 5’)/’ + B, ;)/a + (16)

rZe QyHKIUH 14(‘0/ 5) B(U/f) MMEDT CHeIyDIYyO CTDPYKTYDY

/
Alwi) =~ %— + A (8)Sinzu + A (4)%12u (17

B(w,1) = By(f)oiu + Boffisi u + By(4)ooi3u + By (9)sin 31 -

AMIIMTYIN monelt BTOpOi rapuommku A, Az ceasamu ¢ napa-
MeTpaM MATHUTHHX [MOBEDXHOCTE!l COOTHOmEHMAMM

A= Bo&uw ' (19)
Ay =B, & ‘f’ o » (20)

Ing cpasu aunnuryx noia 3, , /.’s1 , BJ , By ¢ napaMeT-
paMy mOBepXHOCTER o, ', of , &3 y ofy s MONYUADTCA gonee rpo-
MO3JKHE YDAaBHEHNA, KOTODHE MW 3%eCh He NPUBOIUM, OTMETHM TOJNBKO,
YTO 3TH YPABHEHMA NPU 33TAHHOM BTODOM IDUOAMEEHHK (r.e. mpu
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‘U3BeCTHHX &£ (f) u S({)) NO3BOJANT OXHO3HAYHO DEemUTh He ~TOJBKO
o6paTHyD, HO U NDAMYD 3alayy - .onpelelieHue TONPABOK TPEeTHEro
npuCANXEeHUA 3 MarHUTHHM OBEDXHOCTAM MO 3aZaHHOMY noap. YpasHes
mug BTOporo npuomixenud (I9-20) yZoGOHO MCTMONBIOBATH NuUmb LIA
pemenus O0CpaTHOi 3ajaun - onpenenénuﬂ nond, HeoOXOIMMOTO IJld
cO3Jannd SalaHHHX MATHMTHHX HOBEDXHOCTeif. JNMA pemeHus 3alaun o
BIUAHUM Ha (GOPMY MATHUTHHX NOBEPXHOCTel OTKIOHEHMH aMIINTYL
BTOpOIf rapMonuEy nons AAy; , A A, 0T TpeSyemux SHauemuit A,
A, , MOXHO BOCTONB30BATHCA METOXLOM ‘BOBMYLEHMI, NMHeaPU30BAB
ypaBuenns (19-20) 00 OTKNOHEHUAM A% ,AS 4 aAL, OA, . ’
Kak sTa 3alavya o Boauymeuuu‘uarHMTHHxvnoéepxﬂocieﬁ*ﬂOOaBKaMn K
NOJMR BTODO} TAPMORMKM, TAK M 3alaya O MONPABKAX TPETHErO MPh- - -
OIUXeHud, CBABAHHHX C HaJuYMeM IOJNd NepBOit U TPeThel rapMoHukK,
CBOXMTCA XK CAERybmemy ypasﬂeﬂnm.xnﬂ KOMINIe RCHO @yﬂxuuu f%"' :

[é e“'"‘r‘”_] F@e™™ o

smecs F, - uanecrnaﬂ mynxunﬂ CBHS&HH&H ¢ aMmIMTyZaMw monel -
(Hanpnmep, mpu e =2 . b=A4%- z:stzAS‘ F=-% [AA;+¢C‘? AA1J Y,
mTpUXoM O0CO3HAYEHa mpou3poiuHag mo S5 . eres ﬂrg) 0003HaueH
clelyDmuit ‘MHTETpPaN s ' SR

M i . j , N .l .
, '\.r(f) = JV-I—C‘ w'd4. ’ ' (22)
©
3aMeTuM, YTO CPEIHM} yroX MPOKDYUMBAHMA MATHATHHX CUNOBHX NMHMit

OTHOCHTENBHO KOODAMHATHON nonepxnooru CJ'= Casyl - BOMMBH OCH cmpe-
xenﬂercs @opuynon ‘ .

§("4-E’~"LL’— S'/)J! o (23)
Tax qTQ; C y4YeTOM COOTHOWEHNA (IO), noxyvaes
C.= UL)-20h B CON

Ina peweius ypasmenna (2I) aunennu B 3xcn0HeHre nnneﬂaym HEe-
nepmonuqecxym @aay

‘ E—-Lhﬂ'{d} 2—&#-1;,5 z—imltf({)-f‘,!?" ' ‘(2'5)

rie ' ']P( +2.f/h—
. ' L,) L I26
X = | el i (26)
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' -im (Y1)~ X4
U Da3NOEMM Nepuojuvyeckyn JyHRIMD r-;we L JB pax

dyphe -

]

: oo o Ees
-th«['ll'(f)—I,f] = [~ L .
E({)e . g,:p hte (27)
¢ -y ites :
E“e=_L1‘__§E“(4)€ mE&f Uis) L (28)

Tax kak McKoMad QyHERIMA éih(f) JoAKHA OHTH HmepuoXudeckol,
ee TaKEe MOEEO MpEJICTABTb B BRI ‘AHANOTHYHOrO DAla 2ypse.
Onpenenans u3 ypasrenusa (2I) xoa@@nuneﬂru pasNoReHUd, NMONMYUuM De-
merue [I]

. ,eu-[vw am]f e_‘fef
é,.,U): t P12, - Le (29)
OGpamenye JDOOro YJIeHA CYMMH B OECKOHEUHOCTH 0O3HAyaeT OTCYTCT-
BUME DemeHnd, T.€. HeYCTORUMBOCTH JaHHO{ KOHGUrypammu.

13 GopMynn (29) BMTEKAT, YTO ONMACHHMM INA BAKYYMHHX Mar-
HATHHX TOBEPXHOCTE# ABJNANTCA BOIMYmMEHWA NOXA C TAPMOHMKaMU, YIOB~
JNeTBOPARIVMI YCIOBUD

h:'aeo—-ff€ =0 (30)

" CrnexmyeT 3aMEeTUTh, OXHAKO, UTO NOABJEHME De30HAHCHHX 3HAMEHATe-
neit B Bupaxenns (29) ABAAETCA CHeXCTBUEM NMDHMEHAEMOrO MeToka
Pa3noXeHud MO CTeNneHAM /O . [Ipu Hannuum 3aBUCUMOCTH YTrJa INpO-
KPyYuBaHudA OT (" sﬂeqm ") Dpe30HAHCHOe BO3JeicTBME BO3MymE-~
HU} noxd npoaABifdeTcA B pacCHeNnJeHMM MaTHUTHHX nOBepXHOcTey B
OKDECTHOCTH 3aAMKHYTHX CHJOBHX JAMHMUX 9 . B HacTHOCTH, B OKDeCT-
HOCTY MATHUTHOR OCHM MOXeT NOABUTHCA im - JIeecTKOoBad PO3eTKa.
-Tarum 00pa30M, XOTA MATHATHHE NMOBEDXHOCTH Y NpEeTEPNeBabnT. KayecT-
BeHHOe H3MEHeHMe, TaK Kak NOABIANTCA HOBHe CHCTEMH BJAOXEHHHX
Ipyr B IDyra NMOBEPXHOCTelt, BelMUMHA UX NCKAXEHWS CTDEMUICH K HY-
JD OpY CTPeMAEHMM K HYJD BOSNMYUADEETo noid. MOXHO HalesThCH MO-
'OTOMYy, UTO BO3MYyHeHUR C GOMBHUMY HOMepaMy TapMOHUE M » | JeTKO
cZenaT:k He ONACHHMM 38 CUET YMEHLINEeHMA aMIIUTYX BO3MYNARNUX MO~
Jgeit F;e . I8 Toro, yTOGH U30eXATh UCKAXEHUE MATHUTHHX NTOBEDX-
HOCTe## CTACHIU3UPYDULHUMY [10JAMM, HeOOXOIMMO JOOMBATRECA ycHOBHH,
Ip¥ XOTODHX paseHcTBO0 (30) He BNMONEANOCH OH MO Kpaitmell mepe
Ing HeGONBNMX UMCEN M U A . '
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BHPAKEHVME 171 YIETEHOTO OFREMA V'($)
¥ YTNA [TPOKPYUMBANES C = 277X ($)

Ing BHUECNEHAA 'V(%) " ,{(99) ZOCTaTOYHO
3HATH BHDAReHMS O0TeMa 71/ , MOMEPeyHOTO MOTOKa &y ¥ mpo=-
IONBHOTO NMOTORE §¢ , SaKIDUEHHHX MeXLy IBYMS OeCKOHEYHO
GNUBKUMM MATEWTHHMM TOBEDXHOCTAMMU

SV = fds [dsu-spare) = f 55 (1-dperep)

, _ (31)
$4= [8,d8 = §5¢n,>
(32)

- [ ool

34ech MHTErDMpOBAHKE IO a’,S/ NPOX3BONMTICA 110 MJIOMAIY HOMEpPeyHO-
o CeyeHHUd S,S/ MeXIy IByM# COCeXHMMY MATHNTHHMHA [1OBEDPXHOCTAMM.
yriosHe CKOOKE O3HAYapT yCPeXHEHMe [O 3TOX naomamu. U3 3amucad-
HHX B Takoi dopMe BHpakeHu#t noiyvamwrcs cne,uymnme yIXoORHE XNA
pacuéra dopMyan

Vi) & = fdr LGree (o)
6 (s k
L(s‘)-v—l §Jf{< (éB‘%w» «=<’w} (25)

gopuyna (35) mo3BonAeT MOMYUMTH ( (¢$) B BHAe Da3NOXEHMA ‘TO CTe-
IeHAM NOTORA r.{: . Hynesoit unen aroro pasnozednd JaercfA dopuynoit
" (23). lng nomyueEus ARHERHOTO 110 4> Ylega HeOOXOIMMO pa3l0Ee~-
HHMe CRANADHOTO NOTeRAmdanda ‘¥ M MATHMTEHX MOBEDXHOCTeR W= Goadt
X0 YeTBepPTOro NODAKKA 10 CTEeNeHAM BKJADYUTENBHO,

' Ina nonyveaus Y ’(7&) B AwHEUROM N0 ¢ NpUCANEEHMY
XOCTATOYHO BHATH Y M ¥ B TPeTheM HpUOAMEeHUE pa3joXeHnd
no Jo . Pacudr nmo dopuyne (34) npUBOIMT X clelyDumermy BHDAXE-
HUD YIEJIBHOTO od'seua

di__ [k:_ 3B 4t ap
V(#) fJ! B v{——[—:{‘_‘ yeol (I (J
3
-s(kcuzs _’_6_.=) k[’ £, 3”“‘*“&5%—;35“—/'“{]} (3

1+€
ITpuxoM 3Xeck 0003HayeHa NMpousBOXHad no Xyre £ . Menoassya
NONYyYeHHOe BHDAZeHHWe, MOEHO B NPUHIMIE NOZOGPATH BXOJANME B He-
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ro MapaMeTpPH MATHUTHHX MOBEPXHOCTeM Tak, YTOOH BHNMOJHANOCH yC-
IOoBKE Yfﬁ7¢) { @ ¥ 3aTeM HafiTu COOTBETCTBYDWUE MATHMTHHE [O-
ng (BaMeTuM TONBKO, UTO cDeXu QyHKIME oy , oly oy, Ky
He3aBUCHMHMA ABAADTCA TONBKO IBe). [1A MpaKTHUeCKMX Hedelt GONb-
mM#k ¥ETEPec NpeXcTaBiAfeT NMPOBEpka KPUTeDUA V%) <o upu.
3aJaHHEX KOHKPETHHX MOJAX. JTa 3ajaya B pAle clAyyaes TAakXe MOXeT
OHTH peNeHa.

3uanue Bupaxenus V' /($) B Jumeitmoum no ‘ﬁ ApUOANZE UM NO-
3BOJAET ONEEMTH XomycTuMoe XJA JRHHOK cucTeMy JaBieHUe Mia3Mu. U3
Teopuu THUIPOIZUHAMUMYECKON ycToWumBOCTH [IO] cleXyeT, uTo QyHROUA
- 1{7¢) Hrpaer poNb MOTEHUMANBHOX BHePIMM 1A NNA3MH HMSKOTO
IaBleEMs, KpUTHUeCKOe 3HAYEHWE HapaMeTpa B = SFF/B‘ , TIDU
KOTOpOM MJa3Ma ABIAETCA elle- YyCTOMUMBO{, MOEHO onpeleIMTEH KAK Be-
INYMEY, DBBEYD OTHOCHTENALEON IIyCMHE MOTeHUMaNbHO! AMH

By =" Yé (37)
rP V/ -

N3 pupazeBms ('36) BUZHO, UTO NMAapaMeTpPH TPETHETO NPUOIUEeHUA
ofy , o, oy, ol BXOLAT TOXBKO TpU HAIMUUL KPUBK3HH. [[03TOMY
yUET KPUBM3HH OTRDHBAeT XLONOJHUTENBHHE BO3MOXHOCTH CO3ZAHHA KOH-
durypanuft ¢ MAHMMYMOM MATHUTHOTO MOXA.

Kpusn3HO# MOXHO mpeHelperaTh JNHMWb NPU CPABHUTENBHO HEOOAb-
mOM MPOJNONBHOM Mepuole A  MACHKTHOTO NOJA

2 AR
(£)> %)
3Zech L - IN¥HA KOHTypa MarsuTHOW ocu; B NpaBO} vyacTH Hepa-
BEHCTBA CTOMT OTHOCMTENbHAR MOXYMNANMA NarmuTHOro noif (amdo Apy-
rHX NapaMeTPOB ‘MATEMTHOX KOEGMrypamum),
B npemedpexenun Kpmpm3noit ( k::o ’ L= 0 ) KpuTepu#t ycroit-
YHBOCTH MMEeT BWMA: ‘ o :

7’
V”(‘i‘) =1 . d3 {38‘:‘&-;-_‘4_“4- e2f2-¢ /& } <0 (38)
(F/ = rlezyme | YBE T Y. 8,
B NOXHHTErpalibHOM BHDAREHMN 3aBENONO NONOXMTENBHH BCE UNEHH, KpO-
Me nocieXuero. JI03TOMy CTaOMAM3aNMA BO3MOXHA TOABKO NMPU OZHOBPE-
MEHHOM M3MeHeHud 0 4§  NPOZONBHOIO NONA M 3KCHEHTDUCHTETA.
Cnyvat §'= o Ouwx paccmorpen dwprom u Pozemomyrom [2] . VuBr
BamaHns uiena ¢ §'# 0  npomsseXen B pacotax Mepcre [I]
Nenapsa [3] . ‘
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 SAMEYAHME O JOBYIKAX C TOSPYPOBAHHHM MATHUTHHM [ONEM

B rodpupoBaHEHX JOBYIKAX C 3aMKHYTHMM CUJOBHMM JMHUAMKA Marl-
HUTHNE TNOBEPXHOCTH ONpelNefifbTCA YCHOBMEM VYV VYW= 0 HeOJHO3-
HayHO, JTa HeONHO3HAYHOCTH HAXORUT CBOE BHPAEEHUE B TOM, UTO (yHK-

a4 () , COTNAacHO ypasHenun {20) ompelenserca npu W' =0
Yyepes aMmiIMTYLy moia A4, C TOYHOCTBD JO ‘KOHCTAHTH
QA A v
?(ﬁ"‘/fﬁ"" (& (39)

lpefenvuuit nepexol W’ - O B ypaBHEHMAX BTODOTO npmdnuxennﬂ fAB=,
nAeTcs HeTDMBUANBRHM ¥ (AKTUYECKH He NO3BONAET OMPENENUTDH KOH- .
cranrTy % . l1a OZHO3HAYHOTO BuAeNeHUs ceMelicTBa HCTHHHHX Mar-
HUTHHX [OBEPXHOCTe# crelyeT WCIONb30BAThH yCAOBUE :

- )C ééﬁ - mm‘ ( 40)

PacyéT ¢ nouomnm dyrguun U  OpMBOXMT K TOMY X€ BHDAXeHUN
(36) npu §'=o'=0, HO yEe C ONpeXeNeHHNM 3HAUEHMEM KOHCT&HTH
fo B BHpaXeHuu Jad ¢ (F) , 4TO coorgercrayer BHIeJIeHUD

HYXHOrO ceMelcTBa MATHUTHHX MOBEDXHOCTEH, -

Ananu3 xpUTepusd yCTONUMBOCTM IOKASHBAET, YTO.¥ npn HA YUK
KDPUBM3HH HEOOGXOJUMHM YCROBUEM CTaOMAW3anmuy EAd TAKUX CHCTEM AB-
n4eTCAd OXHOBPEMEHHOE M3MEHeHMe BIONB OCH npoxoasHoro moas B3, (5)
W PKCUEHTDUCHTETA £ (§) . ‘

[TompaBKK TPETHETO NDUOIUXCHUA IIDH. H3BECTHOM BTOPOM HDUOAK-
ECHWM MOXHO ONpefeiiTh N0 OGmmM dopuyxau (29). = .

Ina rodpupoBaHHHX KOHQUTrypamulil ¢ SaMKHYTHMY CUJIOBHMM JMHUA-
M ¥, =0 u u3 dopMyan (29) BMIHO, UTO NpU HalyuuMm OXHODPOZHOTO
BIONBb OCH BO3MYyWeHHS Moieit E;oqé 0 , BO3MyNEHMe MATHUTHHX IO-
BepXHOCTe# ofpallaeTcd B GECKOHEUHOCTh. Takum oOpaaoM; ro¢pupo-
BaHHHE MATHUTHHE NMOBEPXHOCTH C BAMKHYTHMU CUNOBHMH JIMHUAMK ABNA~
DTCA HeYCTOWYMBHMM ¥ IO 3TOH mpuyuse npencrannamrca mMajonepcne k-
THBHHMH,

OIHOPOIHNE KOHSUTYPALVH
B KOHQUTYpauuAX ¢ NMPOKDYUMBADNMUMHUCA CHJIOBHMU TUHMAMU ycho-
sme YV(¢)< © MOXeT OHTH YXOBJETBODEHO M NDU MOCTOAHHHX B,
n ¢ . Taxue KORGUTYpamuy MH OyXeM HaSHBATH OIHODOZHHMM. I[lo-
CKONBKY Kpnrepnﬁ ycroﬁqmnocru CYmeCTBEHHO 3aBACHT OT NOMPABOK
TPeTHETO NpUCIMEEHuA K ¥, MH OCTAHOBUMCA Ha HUX GOJlee NOZX-
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poduo. HeoOxomuMue napaMeTpH ' oly , 9/‘} 9(3/ oy onpe reAADT~
ca Gopmynamy :
0(1 = K(:!—E)Cv/é- + Xy

g
oly = _’5 (3+€)SnE + X2

= 2
o(s--_é,ga,;g+jq+x3 (4T)
oLy -kesin £ +3P+%

Beauuunu Xy, x,_ X3, Xy BHDaXaNTCA Yepe3 KOMIIEKCHHE dyHK-
un éh , (M 7, 3) ’ onpenenﬂeme ypasrenueu (21):

Xq = 7 i E" Re [(2+€)gj_ 35%&]
X‘L = —"/ i} /l 7"‘ [(2 C)éi JEZ_ZJ
tA
% =4 % Re [£2-220)%:] @

e g £y, [eli-red]

" Bxoxamue B npaﬁym yacTh ypasremnit (2I) Ias 51 n é_; GyHRIUH
F, ¢ E BHDAXanTCA (OPMYNAMM -

s € ook el e i€ ook 1k ] o
B e a[ef, - -e)h Je i [chi- oty ]

TXe
fr=3¢ (keys)'+ 2eQ’
;2'=—_‘3’.;_ [kS‘:'t.f)'l(-;—'Ef/ |
fy = Felkeus)’
f, = %g(kfiﬁ!){ ' ’ (44)

liTpuxoM 0003HaveHa NMpou3BozAas mo f .
Koumnnexcrse ¢yRKImMM &y ¥ 85 MPEICTABIAADT coGOMH
cnelybmue KoMOUHADNK Xo, X2, X3, Xy &

8y = € Pl ny-3e ]+ i€ B [(246) v - 366, ]

- ‘ (45)
6y = € ex-eepn, ]« (€% [exa- 2-0)6 ]
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Kak BuznOo u3 dopMynn (36) B BHpaxerue IJd w7f¢) BXOXNT JUNb
Re gi 1 %4 , TaK 4TO XAA NONYUEHHA Kpmrepmﬁ ycTol-
YMBOCTH NJa3MH TOCTATOYHO HAMTH TONBKO & . 1A HaxoxXemma
MATHUTHHX MOBEPXHOCTeH HEOOXOLMMO 3HATH TAKKE M g, .
CKaNADHHE MOTeENMAN MATHUTHOTO IIOJNA OTHODOXHHX KOHQUIYpa-
nult npeAcTaBNAETCA B BHMIE

Y=Y + ¥y | : (46)

rie \f, = B+ Bo% u/’aZSiz. 2y - g—“/a:‘q% [Q(s)&isw Rt 3'4:}

(47
< Bolkcen ) p? d s (e S )
Y«l 5 (kalﬂ)f 'I“_g_g&[( A/ Sl,(ll-f-S)

(48)

[loTeHuMan ¥l MONHOCTBL OnpeleNdeTcA 3aJaHHEM MATHATHOR ocu M
9KCIEHTpUCHTETA £ . B noTeruman A BXOXAT 1OJA BTODPOH U
TpeThelf TapMOHMK, KOTOpHE MOXHO 3aJaBaTh NPOM3BOJBHO.

Mu OyZXeM paccmMaTpusaTh JBa Tula OIHOPOIHHX KOHQUTIypaumit -
KOHQUTypanuyu, OCh KOTODHX ABJIAETCHA 3aMKHYTO# KpUBOH, Nexamelt B
nnockocTu( koRPUrypanun noJoOHHe pelfcTPeKOBOMY CTelnapaTopy) M
KORJUTYpalM C NPOCTPAHCTBEHHON MAarHMTHOR OCEHR (noxodnue.cren-

1apaTopy B (GODME BOCBMEDKH).

ONHOPOIHHE KOHSMIYPAUMA C KPYT'OBOX MATHUTHOZ OCBD

IpocTeftmelt kKordurypammelt MepBOTO TUNMA ABAAETCA KOHQUTYpa-

oMa ¢ Kpyropoif ocrsn. MarHMTHHE nOBEPXHOCTH B Tako# cucteme odpa- .
3yDTCA OPOXONBHHM MATHUTHHM IIOJEM NP HAJIOXEHMM MOJNA BMHTOBHX 00—
MOTOK,. IIpM. 3TOM MATHUTHHE MOBEPXHOCTM NPOKPYUWBaABDTCH BOKPYT KDY-
roso#t ocu pajuyca R (puc. 4). IlpuMeM CKOpPOCTH NPOKPYYHBAHMA
NIOCTOAHHOR -~

ol AT, =

§'= Frn = cou® (49)

B -aToM cryvae KpUTepult ycToNUMBOCTH nNa3MH HU3KOTO JaBleHUd
uMeeT BHI: -

002 .. Yk
V) = L,_et {c S +%(C"'cq)} (50)

Lg: N
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Puc.4. BHHTOBag MaTHHTHAs [TOBEPXHOCTH 3/UIMIITHYECKOTO CEYeHHMS C KpyTOBOH MATHATHOR OCBI.
. .

TpedGypmeecsa IAS CO3XAHMA xaﬂﬂon;xoxmﬁrypauuu MarpuTHOE 10Jje OnH-
CHBAETCA CKAJNADHHM MOTEHIMANOM: '

¥, = 8.5+ LB ES//o‘Sm 2w+ §4)+ (D)
+—§&£f [C,siu (3 +28%)+ zd,sn.{gwyg';)']‘

Mone BTOpO# rapMOHMEM npelcTaBifeT COGO#t IBYX3aXOIHOE BUHTOBOE
none ¢ MEepuOXOM DaBHHM 27 R/h . Tlone TpeTselt TEPMORMKY ABAA=
eTca cymepmnosmume# IBYX Tpex3aXOEHHX BMHTOBHX MoJeit, Zenabmux,
coorsercTerHo, <2h/3u  Yh3000poTon BOKPYT OCH MpH odxoxe
BIOAb BCe} cucTemu. OT rapuonmc c JIpyruu YHCAOM 00xoxoﬂ EKpUTe=-
Puit YCTOMUMBOCTH He BaBHCHT.

Ipu orcymcrnuu,'rpenem TapMOHMEN, KOrja 671 = C; =0 4
none (5I) .ABNAeTcd MofeM EBYX3AXOZHOTO CTEANApATOPE. ' :

YcioBWe YCTOHUMBOCTM B DTOM 'cxyqae TaKO0BO

gt¢ 1A% - (52)
2_ SIZ -2‘1"

Cradum3amus cpABaHa C KOHEYHON INAMHOM CHCTEMH (xonetmoe h )
R BOJMOXH&, B upmumne, TaKxe B npfmon cHCTeMe ¢ "Buopoxeunm“ '
Ha TOPHAX CHAOBHMY IMHUAMA. :

Kpmnqecnoe Jmﬂ YCTOMUMBOCTH 3HAUEHHWE NapameTpa A B
OZHOPOJIHHX cmeuax c KDYToBO# 0CED cornacHo fopmynam (37) ,
(50) onpezexnsercs coo'rnomeﬂueu

Bep _ Mz-crur_y(Ci-eCy)/ ke _ o
epr Ve -G8,
TIE, ﬁ 2 cpemHuM pazmyc CeueHUs MIAZMEHHOIO UHYpa, ONpeAedd-

ewsit yenosweuw TprRB, = ¢ . ' ‘

B(pq)exfmnuuﬁ pa:zmyc nocneaunaJILHOﬁ AMH JO , OT xoézopo‘r’o 3a-
BUCHT €8 TIyOMHA, OTPAHUYEH CBEpXY MONEPEYHHM DA3MEPOM YCTAHOB-
KM 160 pasMepoM ceuapa'rpuccbi.. ipe €+ o0 cenapaTpucca umeeT BUI,
n;odpaxeﬂﬁuﬁ Ha pc.3 InpHueM’ J{/g = 0,I53. . DKCTpANOAMDYA BHpa-
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_EEHue nad 'V”/{?; )+ CUpaBeXINBOE JNHMWUE MK /’«f Ha ch o6nacTts,
OTpaHMYEHHYN cemapartpuccoff # nonarad XIA OLEHKH £= /J , noxIy-

. q@eM npu C’ C’ =90 ” ;~13% . Ciydalt €=0 He sBAmeTCH ,
OZHaKo, Gnaroupnamxm c Toqxu apeius ycToYuBOCTH KOHpUTypawum
OTHOCHTENBHO BO3MYMeHHi# NOIA, NOCKOUBKY HpH € > o' yroad MPOKpY-
YUBAHAS CHMIOBHX JMHHE (23)

L= 2rn(1- er) 7_'"2/z

CTPEMMTCH K, HyID. ﬂpm EOHEUYHOM 3HaueHud & (&~ 92--0¢) 3Haue-
HMe B, He mpesumaer . 4 +2%. Hamuume mons TpeTBeﬁ T'apMOHUKIL.
nossonker yAosaersopnts yoaosmo V{4)<o-mpn “€n > f1/2 .
OZHa®o STO MONE NPUBOAMT K emé GoabueMy yuenmenum pasMepoB ce-
NapaTpUCCH l, CAGAOBATEALHO, K JUGRSUEHWD SHEUCHRS 3, .

OJlHOPO]leIE KOHOUTYPANMA C NPOCTPARCTBEHHON MATHUTHOE OCHC.

‘PaccMOTPUM Teneph KOHPUTypamus, MATHUTHAA OCH KOTODHX ABNA-
eTeHd NpOCTpaHCTBEeHHOR KpuBO#. 3TO0 KOHPATypauaM TROA CTeRIApaTopa,
uMepzero gopMy BOCHMEDKM. Be3 ZOMOIHMTENBHHX CTAaCHIMBHUDPYOMEX MOo-
neit TaxWe CHCTEMH He y,I[OBJIeTBOpHIOT ychoBUR yeTohuuBOCTH.

[py Han¥Y¥W OZHOTO TONBKO MPOZOABHOTO moNg [Be= comt  Bu-
paxeue 1 V) mueer va

V)7 } kip)dt (s

OZHAKO ¢ MOMOLBK nononﬂmenwux MATHUTHHX ToJeil TopoMAaNb-
HHE CUCTEMH C MPOCTPAHCTBEHHOA OCHD MOEKHO CTAOUIM3UPOBATE. h

OpocTeinel KoH¢uIypauvell ¢ npocTparcTBeHRoll ‘oCchD ABAAETCH
KOH@UITypanud, 6611'anaiomaﬁ BUHTOBO{t cuumeTpueli. B 3ToM ciyuae
MATHATHAA 0Ch NpEeACTABIAET coGOfl BMHTOBYW NMHRD, AN KOTOpOi
KPMBU3HA k ‘B Kpy4YEHHe ~ & ﬂdQTOﬂHHH. Taxana KoHfurypa -~
uns 06pasyeTcd, B YACTHOCTH, BHYTDM CONEHOMZR, OCH KOTODPOI'O AB=
nfeTca BUETOBOR auumedt, [Ipw Hanwyum OZHOrO TOABKO NDOAOALHOTO = -
RONA HODMANEHHE CEeYeHMA MATBUTHHX ‘NOBepXHOCTE!l MMEMT BUI OKDYE-—
HocTel, A CTadmau3auuy MIasMH B TaKof cucreme ZOCTaTOYHO Ha- -
JORWTH TONA BTOPOK W TpeThedl rapuMoHmK, Bpamaxomuecﬂ BMECTE C
r1aBEofi - ROPMANBN K OCH CHUCTEMH.-

Bupaxeiue L V'(¢) uueer vug -

. 2 oS . @’s:J (55) ..
V/ﬁ)—mlr__{l = [11‘35 €(9+7e CaZJ+ e‘az 2Zke ('(?Te' 4~; )}

Kark BUzHO u3 >TOl (bopuy;uu cmadznnaaum BOSMOEHa TONEKO MDK e#o
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Kpome roro rTpeGyercs Halmume Nols Tperheli rapuonuxu ( @  uaM
% 7noNEEH ONTH OTAWYHHMK OT HYAR ). [IpK 3TOM yCTORUMBOCTH MO-
#ET CHTH LOCTUTHYTA M NIDY MalOM £ .

TpeGynmeecs ZAA CO3LAHUA paccMaTpuBacMofl xompurypaﬁw
MATHHTHOE TNOJe ONUCHBAETCHA CKANADHHM NOTEHRIUANOM (h/au ':Y:o)

. 3. :
Y’o =B, 1+ zﬁ"/o‘eu’&‘uw %Qu’msz (56)

Cra6unuampypliee Moje MOXET OHTH CO3ZAHO TOKAMU, DACHONOKEHHHMY
Ha TOBEPXHOCTH jp:ﬁ C MOBEPXHOCTHOM MAOTHOCTBO L , oOlpe-
nensemoff us yciosua

Z-ﬁ-i = Bu(/’n)= Bﬁza"wzuq- BVD:Qu’wM (57)

OTcoja BUZHO, YTO aMNAMTYZH Hoseli BTopo# w Tperbedt TapMoHuK
UMEKT CHEZynlUe HOPAAKM BEANUMH :

o)
%ﬁ‘i: ﬂu'm CC/DM/L_

. ;¥

A %(kﬂ)L% o - (59)

Kpurwueckoe ans yCTORYMBOCTM ZaBAcHUWE MIAS3MH B ONTUMANE~
HOM Cly4Yae, KOrZAa OCh BJIIKICA OPUEHTHUPOBAHA BIOAH INABHOR HOpP-
vamm ¥ maruutHO#t ocw ( S=0 ), onpezenfeTcd BHpaEeHUEM -
( ) | |
o2 [_@‘g(m)zf- LSE_-LCJ
= G+eNTer kL =z K* SE

{58)

K
klf.‘ (60)
BxozAwuidt B BHpameHue ANA ﬁ“f niapaMeTp kggf = I<"~9£/7,“Bo

OTpamuueH CBEpXy 3HaUeHMeM @, Ha cenapaTpucce. B mepBoM
NpuONUEEHAR HOTOK ¢  CBABAH C-PyHKOMER ¥ CcOOTHOmEHWEM
q( = AV 4V 1-€x . OKCTPamoIMpyfA 3Ty 3aBHCUMOCTH IO cenapar-
PHCCH MOE&® HONYYUTH OMEHKY MAKCHMAJBHOTO 3H3aUeHuA NapameTpa
(kﬁ )Mx . llonydennaa Takum 00pa3oM 3aBUCHMOCTD (k/o,)m,‘ 0T
napameTpa Q//( NP DA3HHX 3HAUEHMAX & M300paEeHa ANA CIydas
x = k Ba puc.5. [lanoM HPMBHX NIDE HEKOTODOM 3HaUEHUH

Q"/k , TIOMEUeHHHl KpEeCTUKOM, COOTBETCTBYeT nepectpolire
cenapaTpucch mpu Q= Q% . lpnu Q< Q* cenapaTpucca uMeer
‘0ZEY ocolyw Toury ( pHEc. 3a ), Hpu )R> Q*- IBE OCOGHE TOYKH
( pue. 36 ), mpu () = Q" - Tpu ocolue Toux ( puc. 3B ).
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kp

.0’5

L
e § I

%

‘Puc.5a. OTHONeHHe MakCHMAaNBHOTO Sd@PeKTHRHOro PasuyCa CeYeHHs MaTHHUTHOH MOBepXHOCTH
K PaguyCy KPHBH3HBI. .

0 r— 3 %

Puc.56. 3aBHCHMOCTs MakKCHMaAbHOTO 3HAYEeHHS napaMerTpa BKP OT napaMeTpoB € U Q/k, xapakre-
PH3YOIHNX BEJHYHHY aMIUVIMTYA BTOPOH M TPeThedl TApPMOHHKW CTAabHIH3UPYOMETro Nomus.

Ha puc.5 noxasaHa 3aBUCHUMOCTSH MAKCHMAIBHOIO 3HAUECHUA Fk/; '
paccunrausoro mo gopuyxe (60), YKCTPaNoAUPOBAHHONA Ha BCK
of1acTh, OIpaHXYEHHY® CenapaTpuccol, oT mapameTpa Q/k R
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XapaKTepH3ypREro aMIIMTYAY Molf TpeTheil IapMOHMKM, ¥ napaMeTpa

£ y XAPAKTEPH3YOUEIo aMNABTYLY MoXA BTOPO# TrapMOHHKH.
[z rpafmkos BHZHO, UTO ONTHMMAJEHHMA ABAADTCA 3HAYEHUA E=0,Y ,
Q/% 2 -, TPH KOTODHX MOIydYAETCH /3K 37@ AunuuTyze nonefl
BTOPOR ¥ TpeThell TapMOHMK B DACCMATDHBIACMOM cnyqae;f k cocras-
asor mpx kg = 0,2 COOTBETCTBEHHEO BB, =8% u BL/B,=8%
oT ocn033042 MPOZONBHOTO MATHUTHOTO NOIS.

3aMeTHM, YTO KPHTHYECKOE 3HRUEHME NapaMerpa /B B pac-

cuaTpusaeMolt cucTesme, onmpeieiseMoe U3 yciaopuldl paBHoBeCHH ,

coCTaBAAET jg-w 87’ . Taxws oOpas3oM, B cUCTeMax C HpOCTpaH—
CTBEHHON OCHD ycnosns paBHOBecuﬂ ¥ yCTOMUUBOCTE OKA3HBANTCSA
coTnacyoummmcd. .

PaccMoTpeHHAR KOHPUIypauus He ABAAETCA 3aMKHyTO#. OZHAKO
OCHOBEHE BHBOJH O BO3MOXHOCTM CTaCHIM3AUMM C TMOMOWBR BTODO# M
TpeThell TAapMOHMK MOJA COXPAHAWTCA M AN MOAOCHHX 38MKHYTHX CHC-

TeM. TUNMUYHHM npejcTaBuTelieM 3IAMKHYTON KOHUTYpanMu C OpOCTDaH-
CTBEHHOH OCHD ABAAETCA KOHPUTYpauud NOAA B COJNEHOMXE, KOTODHI 4B-
ndeTcAd BUHTOBOH Jmuued, o6BuBammedt Top (puc. 6). B yacTHOCTH, INPK-
IBYX OOXOEax OCM BOKPYr Topa, MH MOAYyYuM xoHIurypamum, noxobxyn
"BochuMEpKe™ Cnurnepa. Iipu GONBIOM YUCNE OGXORZOB A1 TaKaf cu-
CTEMa MAaNo OTNMYAETCA OT PACCMOTDEHHON BHEE CUCTEMH C BMHTOBON
cmMMeTpuet. Pasnuume COCTOMT B TOM, YTO TemePb KPUBM3HA U Kpyue-
HMe OCH Clerka MPOMOAYJNMPOBAHH NO JIIMHE '

. ) _ S ) —2-17-
kzko*‘/(’_wz—‘””f-l 'R = 3%4—21_&4“"/]
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pazmycH BOOODaXaeMoro Topa, BOKPYr KOTODOTO OOBKBaeTCH MAarH¥T=-
Had OChb, v ) :
llonpaeka & Vﬂ/sﬁ) © B Gopuyhie ( S5 ) npw € << 4 wumeeT BHMX:

SV - o (A ke
irgs (2] (2w)* - 22

rie & = -'f;—- 2, . 3XeChb NPUHATO, YTO | =-%.% » Te€. BUTKM
cTaluau3npynue i OOMOTKH COCTABAADT HOCTOHHHHﬁ YyTOol C MarHUTHOM
0CHD.

Hamnuyue B aTOj ®0pﬁyne‘"p630HaHCHOF0" 3HaMeHATeNq - CBA3AHO C
HANNYNEM BO3MYyMeHMit Mojf, BH3BAHHHX MOXYIAlMeit KpMBM3HH n xpyqeunﬂ,
B COOTBETCTBMM C OOmMMY BuBoZamu (29).

B paccuarpnnaeuou cliyuae 2TOT 3HaAMEHaTENb B Hyns He oOpama- ’
erca, K MNompaBka Oxa3HBEeTCA BCETXa MaXoi,
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~ Puc.6. 3amkHyTas KOHHTypauus Nojs B ColeHoHAE.

TakK¥ 00pa3oM Bce BNBOXH, NONYUEHHHE XNA KOHIUIrYypamuu ¢ BHH-
TOBO!t CUMMETDME) COXPaHADT CHAYy U XA BaAMKHYTHX xoudUrypamuit c
A4 « Ins cHCTEM THIA "Bocﬁuepxm“ '(A/EZ ) npnaegennue'xAH—
HHE MOXHO paccuaipunarb Kax ouéﬂxu,_ '

v

C3BAHRNDYEHRE
o . .

B padoTe noxasaHa BOSMOXHOCTH CO3JAHMA CPABHUTENBHO NMPOCTH-
MM CPeXCTBaMM 3aMKHYTHX xoﬁ¢nrypaumﬁ ¢ "uuHuMymoM B ". HauGonee
nepcrnie KTHBHHEMM NDPeACTaBAADTCHA CHUCTEeMH C INPOCTDAHCTBEHHON MaTHMT-
HOX ocbb. Lis CO3KAHMA MMHMMyMa [ B TaRNX CMCTEMaxX LOCTATOUHO
Ha OCHOBHYD KOHPUTypalmupo, co3laBaeMyp IPOXOJBHHM MATHMTHHM [10JEM,
HaANOEXUTH CTaCMJIU3MDYyDUee [OoNePeyHOe MATHUTHOe Nole, cozepramee
BTODYD M TDEThO TapPMOHMKM, aMIIMTYJIa KOTODHX mMeeT NOPAIOK I0%
OT OCHOBHOI'O HDOXOABHOTO HONA. [[peMMymMeCTBOM 3TUX CHUCTEM MO CPaB-
HEHMD C CHUCTEMaMmu ¢ HempOKDYUMBADMMMUCA CUJOBHMYM JIMHMAMK, SBIAET~
CA YCTOWYMBOCTH MATHUTHHX NOBEDXHOCTEHt, OCYCHOBNEGHHAA HANMUMEM
CEBHMIA CHUAOBHX JMHUE. B OoTauyMe OT KOHPUIrypamui THna ¢Tennaparo-
pa { XBYX- UMM TPEX3aXONHOTO), CBEDHYTOrO B TOD, B 3TUX CHCTeMaX
YCTOBMA YCTOWUMBOCTM MNA3MH ¥ YCAOBMA YCTONUYMBOCTM MATHUTHHX MO-
BEPXHOCTe!l He SBAAPICH NPOTMBODEUUBHMY TDEGOBAHMAMM. ITO CBA3AHO
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C TeM, UTO YCTO!YMBHE MATRMTHHE NMOBEDXHOCTH B KOHPUTYpamudx c
NPOCTPaHCTBERHO{t MarHMTHOX OCHD CYmeCTBYOT HE3aBUCHMO OT HaIWUNA
CTACUIUBUDYDORX NoJie i, ‘

B HacTosueil padare V|$/BHuMcieHa B IMHeiHOM mO % NPUCTMAESHUN.
OzmHako, TpMBEJeHHHEe BHme (popuynn ans Gymkmudt Y(T) u (7)) moaso-
IANT YACIEHHO BHUUCIMTD MHTETPalH, HEOOXOZMMHE AJf ONDEZEJNEHUs

}[(#/u J/Y#), BIIOTH O CenapaTpuccH. [IpuyeM Taroff ymcaenumit
pacyeT MOXET OHTH NDOM3BEZEH [JIA NPOU3BONBHON TPOCTpaHCTBEHHOR
varsuTHoll ocm.
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DISCUSSION

R.M. KULSRUD: How did you calculaté B, ? )

V.D. SHAFRANOV: By means of the expression B, = V'(¢)/V'. :
R.M. KULSRUD: Is that the critical 8 for the ballooning mode?

V.D. SHAFRANOV: No, it is a definition.
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PLASMA CONTAINMENT AND STABILITY IN A
MEGAJOULE THETA. PINCH EXPERIMENT
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UNITED KINGDOM ATOMIC ENERGY AUTHORITY
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_Abstract — Résumé — AnnoTanass — Resumen

. PLASMA CONTAINMENT AND STABILITY IN A MEGAJOULE THETA -PINCH EXPERIMENT. This paper
describes the application of a fast megajoule capacitor bank to the study of plasma production and confinement
in the theta-pinch configuration, Deuterium gas at a pressure in the range 10 to 50 mTorr is pre-ionized by
a transient axial current and subsequently compressed by a sinusoidal magnetic field with a peak value of
76 kG and a half-period of 12 pis, The single-turn coil used in the experiment is 200 cm long and 10 cm in
diameter. Lateral drift of the plasma to the walls of the discharge tube has been avoided by reduction of the
curvature of confining lines of magnetic force using a parallel strip transmission line between the coil and
collector, The origin of a low-amplitude circular motion of the plasma about the central equilibrium axis,
the so-called wobble phenomenon, is discussed.

The general properties of the discharge have been analysed by comparing the measured values of electron
temperature, plasma diamagnetism, radial density distribution and neutron yield with numerical predictions
using the Hain-Roberts hydromagnetic code. The rate of axial plasma loss has been determined by means of
a wide variety of techniques, These include optical interferometry to measure the total number of trapped
particles, an analysis of continuum emission in the visible spectrum to give the line density as a function of
axial position, and miniature piezo-eléctric pressure probes to estimate the size of the loss aperture, The
results show that the plasma is subject to magnetic field diffusion in the early stages and to cooling of the
clectrons either by impurity radiation or by thermal conduction along the field lines, The consequent de-
pression of the plasma 8 to a value about 0.5 at peak field enlarges the magnetic apertures at the ends of the
coil and thus leads to axial escape of plasma, The main problems for the future are therefore the development
of a pre-heat system to give a higher temperature plasma at a 8 of near unity, and the reduction of the rate of
electron energy loss.

CONFINEMENT ET STABILITE DU PLASMA DANS UN DISPOSITIF A STRICTION AZIMUTALE DE UN
MEGAJOULE, Des expériences sur la production de plasmas A haute température ont été effectuées au moyen
de la batterie de condensateuts rapides de un mégajoule. Avec une bobine de 200 cm de longueur et 10 cm
de diainetre, 1a batterie produit un champ de 76 kG avec une demi-période de 12 ps. On utilise du deutérium
gazeux 2 des pressions initiales de 1'ordre de 10 2 50 mTorr, qui est préchauffé par un courant axial transitoire.
Pour éviter la dérive latérale du plasma vers les parois du tube 2 décharge en quartz, on réduit la courbure
des lignes de force magnétique qui confinent le plasma au moyen d'une ligne de transmission 2 barres parallzles
reliant la bobine au collecteur, Les auteurs étudient I’origine'd'un mouvement circulaire de faible amplitude
du plasma autour de l'axe d'équilibre central, phénomene dit de ~ « vobulation >,

1ls analysent les caractéristiques générales de la d'écharge en comparant les valeurs mesurées de la tem-
pératurc des électrons, du diamagnétisme du plasma, de la distribution radiale de la densité et du rendement
en neutrons aux valeurs que l'on peut obtenir par des calculs hydromagnétiques numériques effectués 2 1'aide
du programme de Hain-Roberts. Des techniques trés diverses sont actuellement appliquées pour mesure le
taux des pertes de plasma dans la direction axiale en présence de champs magnétiques parallles piégés et

- Inverses piégés. Ce sont notamment I'interférométrie optique qui permet de dérerminer le-nombre total des
particu;les piégées, une analyse de l'émission.dans le domaine continu du spectre visible, qui fournit la densité
des raies cn fonction de la position axiale et l'utilisation de sondes & pression piézo-électriques de dimensions
réduites, permettant de mesurer les dimensions de l'ouverture des pertes, Les résultats obtenus sont comparés .

3 une forme modifiée du programme hydromagnétique destiné & Y'étude des propriétés du plasma dans la
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direction axiale, Les résultats montrent qué le plasma peut subir une diffusion du champ magnétique au stade
initial et un refroidissement des électrons, soit par rayonnement dfl aux impuretés, soit par conduction thermique
le long des lignes de champ. La diminution résultante de la valeur 8 du plasma jusqu'.2. environ 0,5 pour la
valeur maxunale du champ agrandit les ouvertures magnétiques aux extrémités de la bobine et par conséquent
provoque une fuite du plasma le long de 1'axe. Les principaux problémes A réoudre sont donc: 1. la mise au
point d'une méthode de préchauffage capable de donner un plasma plus chaud pour une valeur de B voisine

de 1'unité; 2. la diminution de la vitesse de perte d*énergie des électrons.

YIOEPXAHHUE ¥ YCTOHUYUBOCTS IJIA3MBI IPH NPOBEXEHUH SKCNEPUMEHTA C*
METAIXOYJIEBBIM TETA-ITHHYEM. Ilpu npoBeaeHHH NMOCAEeAHHX IKCNEPHMEHTOB Mo nojlyve-
HHI BBICOKOTeMnepaTypHO/ Nna3Msl Ha TeTaTpoHe Gbaa HCnonb3oBaHa GhcTpas Meraixoy/leBas
6arapes KongeHcaTtopoB. OJAHO3aXoAHad KaTymka, miuHo#i 200 cMm H xuameTrpom 10 cM, coagaer
flofe HHTeHCHBHOCTLI0 76 KT C noiynepHodoM 12 mxcek. JedTepHeBhlit ra3 HcrMonbs3yeTcs NpH Ha-
YanbHbBIX AaBleHHAX B AHana3oHe 10—50 MHIMTOpP. M NpeABApPHTENBHO HOHH3HPYETCH aKCHAJbHBIM
ToxoM. llocfeaynoimee cMemMeHHe Ia3Mbl K CTeHKaM KBapLieBo#t paapsaHoil Tpy6GKH yCTpaHsieTcs
B pedynbTaTe yMeHbmeHUs Haruba yfAepHHBADIMUX MATHUTHBELX CWIOBHIX JIHHHA C HCMOAb30BaHHEM
JIMHMHK NapasineNbHOTO MOAOCHOTO NpPOMNyCKaHHA Me XAy KaTymKoh H KojleKTopoM. Byaer ofcyxaeH
BOMPOC O NPOHCXOXAEHHM KPYTOBOTO ABHMKEHHS TJIa3MBL C Majoit aMNIUTY A0R BOKPYT LEHTPanbHOMH
OCH paBHOBeCHs, TaK Ha3bBAaeMOro ABJMeHHsa "kavaHua".

Of6mue 0cOBEHHOCTH pa3psla aHAJH3UPOBAJNIMCE MYTEM CPABHEHHUS H3MePEeHHBIX 3HAa4YeHHH
TeMnepaTyph! 3JIeKTPOHOB, AHAMATHEeTH3MAa MJIa3Mbl, PaAHaAbLHOTO pacpeeleHHA WIOTHOCTH U
BbIXOAa HEHTPOHOB CO 3HAYEHHSIMH, NMPeACKa3aHHBIMH YHC/AE€HHBIMH THAPDOMATHUTHBIMH pacyeTaMH
c ucrnons3aosadueM koja I'afina-Pobeprca.

B HacTosimee BpeMs C NOMOmMBI0 CaMBIX Pa3HOO6pPa3HbIX METOAOB NPOBOAHTCSH u3MepeHne
CKOPOCTH aKCHajbHOM MOTEepH Mjaa3Mbl B NPHCYTCTBUH 3aXBadeHHbIX NapayleIbHOrO U 06paTHOTO
MaTHUTHHIX rmofefl. 3OTH MeTOb BKAKNYAOT METOAb onTHYyecKod HHTepdepoMeTpHu Wis onpelene-
HuA ofmero yucna 3aXBaueHHbIX YAaCTHL, aHANH3 CMIOMHOTO UCMYCKAHHA B BUAUMOM CleKTpe C
1eAb10 oNpeAeNeHHs MIOTHOCTH JIMHUA KakK QYHKLHH MOMOKeHHs B OTHOMEHHH OCH M HCNoNb3oBaHue
MHHHATIOPHBIX NBE303/IEKTPHYECKHX 30HAOB WIS H3IMEPEHNd pa3Mepa anepryphi NpH MOTepsix.
PesaynbraThl NOKa3mBaoT, YTO Mla3Ma nojiBepxeHa AMPPYyIuH MaTHHTHOTO MOAA Ha PAHHHAX CTAAUAX
H OXJIaXAEHHK 3/1eKTPOHOB ANGo paauauneit npuMeceil, nn6o TenaoBOH MPOBOAMMOCTELI BAOJE JIHHHM
noas. I[locaeaywimee yMeHblleHHe BeJNHYHHB 3 r1aaMbl Ao 3HaueHHsa okono 0,5 npu nHKoBOM none
yBeIMYHBAeT MaTHUTHBlE anepTyPH Ha KOHUAX KAaTYNKH H TaKuM o6pa3oM BeAeT K OCEBHIM IoTe-
paM mnasMm. CreloBaTenbHo, TMIABHEIMH npo6ieMaMH Ha Byaylee ocTalTCs padpaboTka cHCTe-
MBI IPeABADHTENLHOTO Harpepa AAa NpuAaHdsa mna3me Gonee BEHICOKOH TeMmneparyph npH 3 okono
eaUHHLEl H YMeHblIeHHe CKOPOCTH MOTEePH 3HEePrHH 3JIeKTPOHOB.

CONFINAMIENTO Y ESTABILIDAD DEL PLASMA EN UN EXPERIMENTO DE ESTRICCION AZIMUTAL
DE 1 MJ. La memoria describe la aplicacién de una bateria de condensadores rdpidos, de 1 MJ, para estudiar
la produccidn y el confinamiento de plasma en la configuracién de estriccién azimutal., Mediante una corriente
;\xial'transitoria. se preioniza deuterio gaseoso a una presién comprendida entre 10 y 50 mTorr, que se com-
prime scguidamente por medio de un campo magnético sinusoidal de 76 kG de intensidad méxima y
scmiperfodo de 12 ps,  En el experimento se utiliza una bobina de devanado sencillo, de 200 m de “longitud
y 10 cm de difmetro. S ha ovitado la deriva lateral del plasma hacia las paredes df:l tubo de descarga,
reduciendo la curvatura de las lineas de fuerza magnética de confinamiento por medio de una linea
de transmisidn de bandas paralelas entre la bobina y el colector. Se examina el origen de un movimiento
circular del plasma de pequefia amplitud, alrededor del eje de equilibrio central.

Sc han analizado las propiedades generales de la descarga, comparando los valores medidos de Ia )
temperatura clectrdnica, el diamagnetismo del plasma, la distribucién radial de la densidad“y' 1a produccién
de neutronus, con cilculos numéricos basados en la clave hidromagnética Hain-Roberts, La velocidad de pérdida
axial de plasma se ha determinado por una gran variedad de técnicas: {as principales son la interferometria
dptica para cvaluar el niimero total delpartfculas capturadas, un analisis de la emisi6n en la zona continua
del espectro visible para obtener la densidad de lineas en funcidn de la posicién axial, y el empleo de micro-
sondas piezoeléctriéas de presi6n para medir el tamafio de la abertura de pérdidas, Los resultados muestran
que el plasma sufre difusién del campo magnético en las fases iniciales y enfriamiento de los electrones por )
irradiacién debida a impurezas o por conduccién térmica a lo largo de las lineas de fuerza. Como consecuencia,
el valor B del plasma desciende a 0,5 aproximadamente, a la densidad magnética mixima, con lo qde se
agrandan las aberturas magnéticas de los extremos de la bobina, originando asi el escape axial del plasma.

13%
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Los principales problemas aiin pendientes de solucidn se refieren al perfeccionamiento de un dispositivo de
precalentamiento que permita obténer un plasma de temperatura més elevada con un valor 8 préximo a la
unidad, y a la reduccién de la velocidad de pérdida de energia de'los electrones,

l'.’ Etroductioh

During the last.few years the theta pinch has received intensive inves-

tigation as a means of producing high temperature plasma relevant to the
'study of controlled thermonuclear reactions, In these experiments a cylin-
“drical column of deuterium plasma at initial densities in the range 1015 to
1016 ions/c.c. is heatéd and confined by a fast-rising axial magnetic field

developed by discharging a.high~voltage low;inductance capacitor bank into

a single-turn coil. Recent studies in various countries and over a wide
range of discharge conditions have established the basic characterist‘ics of

this experimental c:onfigurat;ion(l -6) .

The present paper describes the initial series of experiments with a
new f‘asyt capacitor bank storing a megajoule of energy at 40 kV. Such an
energy source can heat 1019 particles to tempera‘tures of the order of a
kilovolt using ot;ils whose length is very much longer than their diameter
so that conditions at the mid-plane of the coil can be studied separately
from effects due to the finite length of the system. The aim of the present
experiments is to study the' density, temperature, radial distribution and
gross stability of the plasma produced ‘in this machine. Particular atten-
tion has been paid to’ the rate of decay of the plasma both by loss of energy

. from the electrons and by axial flow from the ends of the coil,

2. Experimental Facilities

2.1 Coil and Capacitor System

The single-turn coil chosen for the experiments was 200 cm long
and 10 om in diameter and was used without mirrars. Fig.1 lists the’

' parameters of the megajoule bank when used with this oobil. The short-
circuit bank-inductance was 5.7 nanohenries compared with the vacuum
coil inductance of 5.0 nanohenries; thus about half the peak voltage
appears across the coil to give a maximum electric field of 550. vol'ts/.
cm, The peak current is 12 megamps, the correspondihé magnetic field
76 kG and the half-period 12 us. ‘ ‘

The bank inductance was minimised by employing 448 parallel cir-
cuits separately switched by spark géps at atmospheric pressure which
are triggered by eight sub-master gaps themselves fired by a comnoi\
master spark gap. Two additional condenser banks are used, one to

supply the bias magnetic field and the other the pre-ionization airrent.

/
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VOLTAGE % 40 kilovolts
CAPACITY C 1344 microfarads
ENERGY . E 1.07 megajoules
NO.-OF TRIGGER GENERATORS 8

NO. OF MAIN SPARK GAPS 448

BANK INDUCTANCE L 2.9 nanohenries
COLLECTOR INDUCTANCE Lcon 2.8 nanohenries
COIL INDUCTANCE L¢ 5.0 nanoheanries
TOTAL INDUCTANCE L 10.7 nanohenries
TOTAL RESISTANCE R 0.63 milliohms
CIRCUIT Q 4.5

HALF PERIOD T/2 11.9 microseconds
PEAK CURRENT is 12.1 megamps
PEAK MAGNETIC FIELD i1, 76  kilogauss

PEAK ELECTRIC FIELD C By 550 volts per cm. -

FIG: 1. Electrical characteristics of the Megajoule capacitor bank

r

The bias field reaches a peak Value of up to * 5kG in 60 us and the

_ pre-ionization system gives a transient square-wave current pulse of

20 kiloamps lasting for 4 us. The three banks can be discharged at

any pre-determined time.

- Fig.2 is a diagram of the complete 'cir‘_cuit. The dotted line
shows the passive crowbar facility which is curr'eﬁt_l_y being installed
and which will be operating by autumn 1965, It consists of 32 solid
dielectric switches placed across the collector to shorﬁ-circuit the
coil and collector at peak current. This circuit converts the normal

sine wave output to a unidirectional current pulse lasting for 35 us.

2.2 'Pre-Ionized Plasma

The gas is pre-ionized dsing a transient axial current between
electrodes situated well beyond the ends of thé coil. This method
has the advantage that there is no electrfical couplbing \yith th¢ single-
turn coil", breakdown oécurs at pressures as low as 5 mforr of deuterium,
and the dischar‘gé is relatively free from impurities except in the
immediate vicinity of the electrodes. Figs.3 and 4 show the measured

electron density in the pr‘e-—iohization discharge as a function of time

‘with and without applied bias field over the pressure range 10 - 50 mTorr.

The main bank is normally fired 10 ps after the pre-ionization bank when
the eiectr'on density is 20-30% of its ‘init.ial value. The measur“ed elec-
tron temperatuf‘e at this time is 2 ev. Measurenént,s on impurity lines
show that contamination is negligible save in the vicinity of the elec-
tlr'odes but the addition of 0,1% of oxygen to the filling gas renders

the oxygen lines easily distinguishable.
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FIG. 3. Electron density in the prejonization for various initial pressures of deuterium
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FIG.4. Electron density in the preionization afterglow in the presence of axial magnetic field. The ,quoted'
field strength refers to 20 ps. The field falls to zero at 150 ps.
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2.3 Collector Design

The magnetic field produced by the main coil must be axially

symmetric within close limits if sideways plasma drift is to be

" avoided and various techniques for contmiling the field shape have

- been demonstrated experimentally“ "9,) . Thé main difficulty in prac-
tice is the shape of the collector; if this is much wider at the
cable sidé than at the coil side the magnetic field will be bent in
such a way as to drive the plasma towards the collector. This has
been ovércome by terminating the coil with a short extension or tab as
shown in Fig.5. Probe measurements on the full-scale coil show that at
peak field the gradient in the radial direction is less than 10 gaqss/cm.
An inductive lens has been incorpdrated in the tab structure to vary
the curvature of the magnetic field as discussed in Ref.(7). As a

. result of \:hése design features the equilibrium position of the plasma

remains on the axis of the coil throughout the complete half-cycle.

3. General Plasma Properties

The basic physical properties of the compressed plasma are surveyed
in this section. The measur“ements were made using the bank at 36 kV with
a corresponding peak magnetic field of 68 kG and with no bias field.

Three values of initial deuterium pressure were employed - 12, 20 and 30
mTorr - and the measur"enent',s reported are selected to giv_e representative
examples of plasma properties over this pressure range. The discharge tube
was of transparent quartz with an internal bore of 8.0 cm and wall thick-
ness 0.5 cm.

Numerical solution of the one-dimensional hydromagnetic equations
using the programme developed by Hain and Roberts(lo) has proved particu-
larly véiuable for comparison with the experimental results, This code
has recently been extended to include partially-ionized plasma(”) and
energy loss by radiation from small quant;ities of i_mpurities(]z). At the
time of writing thése developments could not ‘both be included in the same
programme. The effect of impurities and of partial ionization have there-

fore been separately determined and composite curves drawn to show the com-

- s

bined result.

3.1 Implosion Phase

High speed streak photographs and balanced nagneuc loop
51gnals(]5) show that at initial pressures between 30 and 12 nﬂ‘orr the
time to the first minimum in the plasma diameter varies from 0.45 to

0.30 ps corresponding to mean velocities in the range 8 to 12 cms/us.
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The balanced magretic loop is particularly valuable for studying the
plasma mplosioﬂ and subsequent radial oscillations since it possesses
an excellent frequency response and can readily be used .for absolute
measurement of the plasma diémagnetism at various axial positions, .
Fig.6 compares the diamagnetic signal in the mid-plane of the 2-metre
~coil with values computed from the Hain-Roberts éode. Agreement is
good at all initial pressures suggesting that the computer programme

- faithfully represents both the dynamic and damping processes in the
ea}'ly stages of the discharge. A more detailed study of the

compression phase is in course of publicaﬁion(]4).

" ——COMPUTED CURVES FOR PARTIALLY ONISED PLWSMA
--~~EXPERIMENTAL CURVE

30 p D
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TiME(p sec)
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FIG.6 Plasma diamagnétism at early._times

The efficiency of gas collection is determined from the frequency

(‘15’16). The period 1 is given by

-T:%\[_ﬁ
gN B
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where M is the plasma mass per unit length, B is the external.field
and g is a numerical factor Weakly dependent on the radial plasma
distribution and taken to be 2.2 in the present experiment, The
results of this measurement (see Fig.7) show that gas collection is
complete over the pressure range 10 -30 mTorr.

Mass

unit length
o
. ] °
ee 2.0 e @ ae
e -* o
W —~——=g——— - - —-— g T — = — =~ = -
N e 9
° o e
Equivalent
Pressure
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*
* +
0 -~ =y ————— — - ~* 3t . . _"_0:,':’_ -
+ T + * *
* +*
3
1wk -~=-=-- [ P,
e a [
Bn -]
1 1 |
0 ) 1 2 3

Time microseconds

FIG.7. Mass per unit length determined from radial hydromagnetic oscillations at various initial deuterium
pressures

3.2 Plasma Diameter

The plasma diameter measured photographically at the coil mid-
élane is plotted in Fig.S together with the diameter obtained using
thé Hain-Roberts programme. The assignment of a plasma diameter is
necessérily somewhat arbitrary but nevertheless the tfend is unmis-
takeable. For the first two micro-seconds agreement is good but
thereafter the curves diverge, the theoretical diameter reaching a
minimum at peak fielq whereas the experimental curve shows a contin-

uously diminishing plasma diameter.

.The theoretical and experimental'éurves coincide up to peak field
if a suitable radiation loss is included in the programme but beyond
6 us the curves cannot be made to coincide no.matter what radiation
loss is ;ssumed. This disagreement is attributed-to axial loss of
plasma which, as will be seen later, sets in at fhe mid-plane after

about six micro-seconds.
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FIG.8. Variation of plasma diameter in mid-plane with time

A similar discrepancy is exhibited by the theoretical and experi-
mental plasma diamagnetism. The d.iamagnetic signals at the mid-plane,
25 cms from the mid-plane and 25 cms from the end of the coil are com-
pared with the numerical values in Fig.9. Again the:results coincide
up to two microseconds but thereafter -the diamagnetic signal from the
double magnetic loop falls below the predicted value. The discrepancy
is greater the nearer the n‘easuring point is .t,o the end of the coil,

in agreement with the hypothesis that end losses are in part responsible.

'

3.3 Electron Temperature

The mean electron temperature has been deter'mined from the soft
X-ray emissiqn using the 'now standard absorption technique in which
the trénsmission through various thicknesses of foil is compared with
the theoretical values for a bremsstrahlung continuum. In the present
experiments aluminium and beryllium foils were used and the fransrnis—
sion was cbnti nuously monitored using plast:ic scintillators. Thé
resulting temperature - time‘ curve for a plasma at an initial pressure
of 20 mTorr (Fig.10) shows that the electrons reach a temperature of
just over 300 volts at peak field. ’

»
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FIG.10. Measured electron temperature as a function of time

Recently, a more precise method of measuring the electron tempera-
ture has been developed(”) . For both pure hydrqgén bremsstrahlung and
recombination radiation from ionized'..i.mpurities, the radiation inten-

sity reaches a ma.xunum at a wavelength, A given by

_ _he
m = 2uT,

which depends only on the electron temperature. The wavelength M
"was measured using a grazing incidence grating spectrograph aligned to

-
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detecf radiation emitted along the plasma axis, and time resolution
‘was provided by a one microsecond mechanical shutter. Prel iminary
" measurements (Fig.10) give an electron temperature of 270 eV near peak
N field, which is in satisfactory agreement with the absorption data.

‘For a pure deuterium plasma the electron temperature predicted by
the numerical programme (F;ig.ll) ‘reaches é- peak of over 600 volts,
i.e. about a factor of two greater than the experimental value. How-
ever, the theoretical and experimental estimates can be bmught into .
accord by inclusion in the code of 1% of oxygen impurity. This gives

eV .
Tlev) Initial Deuterium pressure: 20 millitorr

Bank Voltage: 36 kV
600 -

/Te Pure Deuteriym
400}

\)Ti 1% Oxygen
\Te 1% Oxygen

200~
Te 1000 x Pure Bremsstrahlung

[ - 1 1 S I i 1 ]
° 2 4 BTN ] 8 10 .12
Time (p secs)

FIG. 11, Theoretical electron and jon temperatures

a radiated power equivalent to a thousand times the pr'emsstrahlung
from a pure deuterium plasma and reduces the peak predicted temperature
to 300 volts suggesting that the exx;erimental plasmab is radiation-
cooled. Measurements in the visible spectirum show that though the pre-
ionized plasma is free from oxygen lines these are present at the
beginning of the main compression. An obvious source of .the impuri ty
is plasma contact with the wall during the second .and subsequent half-
cycles. Water vapour formed at this time can be absorbed in the quartz
tube and released at the beginning of the next discharge. The coﬁcen-'
“tration of oxygen impurity varies widely from shot to shot but by

adding small percentages and observing the resulting line intensit.y'

|
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the quantity present in the nominally pure discharge is estimated to
be about 1 -2%.

3.4 Plasma Density
\ The - electron density has been measured as a function of radius by

making absolute measurements of the contimuum emission in the visible
spectrum using a technique first described by Eberhagen and Keilhacker(!8),
Light from the plasma is collected by ten fibre bundles each connected
to a photomultiplier. A filter with a bandwidth of 104 is .incorporated
in f.he optical path to select a suitable line-free region for the mea~
surement., The fibre bundles are mounted so' as to receive light along
ten horizontal chords sr;aced symmetrically in the vertical plane.
Assilming the plasma possesses axial symmetry the radial density distri-
bupion can be obtained by numerical integration of the photomiltiplier
~output hsing the Abel inversion technique. A second integration then
gives the plasma line density, i.e. the total number of electrons ‘per
centimetre length. Information on the radial distribution of plasma

electrons at any axial position is thus obtained as a function of time.

Corrections mist be applied for both impurity concentration and
varlauons in electron temperature though the effect of the latter is
quite small. Limitations to the accuracy are given by background
light from the walls, the assumption of cylindrical symmetry, and the
errors introduced by the rumerical technique. The experimental uncer-
tainty is estimated to be 20%. .

The measured peak electron density in the mid—blane of the coil
is compared with the predicted values in Fig.12 assuming the pr‘esence
of 1% of oxygen. A peak electron density of 1.2 x 1017 cm -3 is
obtained. In Fig.13 the radial distribution in the mid-plane is com~
pared with the mumerical distribution during the early stages armd at
peak field.. The theoretical distribution shows a smaller plasma

, diafneter and a higher concentration on the axis indicating a higher
plasma B, that is a higher ratio of plasma pressure to external mag-
netic 'pressure. The lower B of the experimental plasma is a conse-
quence of magnetic field diffusion in the early stages.

Whereas in the theoretical case the average [ taken over the
body of the plasma is about 0.8, it is no mdre than 0.5 for the
experimental plasma. It will be seen that this low experimental plasma

B has a serious effect on axial containment.
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3.5 Neutron Yield

At a bank voltage of 40 kV and initial pressure of 20 mTorr the
neutron yield is 8 x 107 neutrons - to within a factor of two. The
relative rate of neutron output at various bank voltages is shown in
Fig.14. A noteworthy feature of these curves is the occurrence of peak
emission well before peak magnetic field particularly at the highest
voltage. This effect is reproduced in the numerical programme when
oxygen impurity is included, again suggesting that the plasma is
radiation-cooled.

Rate of
= Initial Deuterium pressure: 20 millitorr
40 kV

B s e s e
WY ————

FIG.14. Rate of neutron emission at various bank voltages

The Wobble Effect

An interesting new phenomenon revealed by initial megajoule experiments

is the presence of a low-amplitude rotational oscillation of the plasma
about the axis of the coil - an instability which for brevity is termed
plasma 'wobble'. )

The nature of this effect is best demonstrated by stereoscopic streak

photographs taken in the centre plane of the coil as shown in Fig.15. For
the first 4 pus the plasma is close to the centre of the tube but thereafter
rotates about the coil axis with a period of some 2 pus. The locus of the
plasma centre as a function of time is plotted in Fig.16 in which the figures
adjacent to the curve indicate the time in microseconds.

High speed streak photographs of the wobble effect have demonstrated

the following features:

(i) The growth time of the instability is about 3 pus.
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FIG.15. Stereoscopic streak photograph showing plasma motion in the centre plane of a 200 cm coil. Bank

voltage 30 kV 20 y deuterium,

cm Verticol
b

Eal

o

IERO BIAS FIELD

§s

SLOT SIDE

:
+
-2

L]

FIG.16. Motion of plasma at centre of coil. Figures indicate time in microseconds,

(ii) The effect is most pronounced with zero initial bias magnetic
field and is suppressed by a few hundred gauss of trapped paral-
lel field.

(iii) The wobble is most marked at initial gas pressures below 30 mTorr
and occurs only with very low amplitude at pressures above
50 mTorr.
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(iv) The wobble occurs at all points along the.length of the coil.
It 'g'rows‘ ‘slightl'y earlier at fhe‘ end than at j&xe middle but the
.‘differénce in time.is no -more {;han a micmse,co'r}d. .'l‘here is no
cleaz".-correlationof the frequéncy and’ pﬁase of the oscillation
along the length of the plasma.

It might at first be supposed that non-alignment of the axis of the
discharge tube with the magnetic axis would give rise to the wobble motion.
In order to test this hypothesis the magnetic axis was varied using a series
of inductive lenses. Pronounced piasma‘drif.t'wash thereby prodﬁced but with
no discernible effect on the wob‘ble, An’ even more convincing demonstration
of the independence of the wobble and-the drift waé provided uéing a dis-
charge tube whose diameter was muéh smaller than the coil. When this tube
was mounted eccentrically in the coil there was again no observable effect
on the growth time or amplitude‘of the wobble.

Another explanati_on of the oscillation is that it is a form of firehose
instability driven by the dynamic pressure of plasma escaping from the ends.
However, a necessary pre-requisite for this process is that the axial pres-
‘ sure % pvz, where v is the flow velocity, be greater than the radial magne-

tic pressure B2?/8n. This would be equivalent to an escape velocity in
excess of the plasma sound speed whereas it has been shown theoretically
and experimentaliy {see Section 5 below) that the escape velocity is less
than the sound speed. Thus the firehose instability appears to be excluded
as the origin of the wobble,

The most convincing explanation of the phenomenon describes it as an '
m = 1 instability driven either by the.adverse curvature' of the magnetic
field which accompanies 'axial loss of plasma or by the centrifugal forces
associated with rotation of the plasma aboﬁt its own axis. As plasma is
lost from the ends of the coil the field lines adjacent' to the plasma will
be curved in such a way as to give rise to an m=1 instability. Alternative-
ly, rotation of the plasma about its own axis will be abcompanied by centri-
fugal forces leading to the type of whirling instabilities experienced by
flexible shafts rotating at high speed. The experimental data are consis-
tent with either of the_se explanations but further work is necessary before

the precise mechanism can be advanced with.confidence.
5. End Losses

5.1 Theoretical Summary
In this section rec‘ent theoretical work on axial loss of plasma

is summarised so that it may be compared with preliminary experimental
observations. The rate of axial flow is sharply dependent on plasma
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B since it is the trapped magnetic field which-determines the size of
the magnetic orifices through which the plasma escapes. Phillips(lg)

and Roberts(zo) first qalculated the steady-state loss rate as a func-
tion of B and showed that the ratio of plasma areas at the centre and
end of the coil is given by R/N1-f where R is the geometrical
mirror ratio. The hole size therefore varies rapidly with B as f
approaches unity until in the limit when trapped field is completely
excluded the loss rate is governed by flow through a hole whose dia-
meter has been zdculated to be the ion Larmor diameter(lg). . This
sensitivity of the loss rate to the plasma B has been confirmed

experimentally“s’z') by varying the trapped magnetic field.

Taylor and Wesson(zz) have recently analysed the steady state
loss rate in more detail to calculate the efflux of plasma J as a
function of $8 and R. For a plasma of specific heat ratio y =2 and
R = 1 the efflux is given simply by -

B Poho Cg m
where pg, Ay, cg are the density, area and sound speed of the undis-
turbed plaéma. This result is therefore an 'agreemeﬁt with the elemen-
tary theory.

The more practical problem of transient flow has recently been
treated in a paper by Wesson(zs) which analyses the axial flow from a
long plasma column suddenly established at-time t = 0. Two important
simplifications are made: the external field is supposed constant with
time, and the plasma properties vary only in the axial direction. Both
these assumptions are violated in practice so it is difficult to make
quantitative comparison with experiment but the theory serves well to
establish the physical mechanism of the 10ss process and its dependence
on plasma characteristics.,

As the flow begins rarefaction waves propagate from the ends-of
the plasma to the coil centre. If the plasma were bounded by rigid
walls the propagation veloc;ty would simply be the sound speed cg .
However, because of the flexibility of the confining l.nagnet.ic walls the
waves propagate as area waves in which the densif;y perturbation is
accompanied by an area change. The propagat.ior{ characteristics of such
waves were first analysed by Taylor(24) who showed that the ratio of
area wave velocity v to sound velocity Cg is given by

~_A _ . , :
-9 1108 e
s ; 1+(§")['+(2")]

where A, is the undisturbed plasma area and A 1is the coil area.
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For vy = 2 the equation 31n|p11f1es to

[(l-ﬁ)+;3A:l

from which it follows that at low f the ‘area wave' velocity is approxi-

mately the sound speed whereas at high B it is reduced in the ratio of

.the plasma diameter to the coil diameter. 1In the practical case where.

Ag « A the equation becomes simply

vV =.Cg A/I—B

50 that the area wave velocity:and the sound speed are related in the

same fashion as the area of the magnetlc orifice to the cross-section

~ of the undisturbed plasma.

The above results have been obtained by the application'of many
simplifying assumptions but they exhibit the essential physical feature:
the velocity with which the area waves travel along the plasma from the
ends of the coil to the centre plane is a measure of the rate of plasma -
escape throﬁgh the magnetic orifices. This is an iﬁ\portant result
since it shows that the loss rate can be measured by the time it takes
an area wave to reach the centre plane: for a poorly confined plasma
in which B is low this will be the sound transit time; for a highiy

constricted plasma it can be many sound transit times..

Wesson has plotted the plasma properties along the coil as a func-
tion of time for a range of values of plasma f and mirror ratio R.
Essential aspects of these calculations are illustrated in Figs.17 and

18, Fig.17 is a diagram showing the propagation of an area wave and

the accompanying plasma flow for f = 0.5. The wave characteristics
and the }iart;icle paths are denoted by full and dotted lines respec-
tively ahd time is here plotted in units of L/v where L is the coil
half-length. Fig.18 showé the line density as a function of time at
various planes along the coil. The aurves have been drawn.for g = 0.9

"to illustrate the effect of a high f . The plasma is undisturbed until

the arrival of the area wave and then the line density falls sharply as

the axial flow of plasma commences.

5.2 Interferomete’r Results

A Mach-Zehnder optical inf:erferbmeter has been used to measure the
total number of particles confined by the discharge as a function of
time. In this techhique monochromatic light is split into two beams,
the test and reference beams, one of which passes through .t.he.plasma
whilst the other traverses a similar path’'in undisturbed air. When
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FIG.18. .Theoretical values of line density N as a function of time in various planes along the length of the
coil : .

the beams are r_eun:it,ed th(; resulting fringe pattern provides a measure
of the phase difference introduced by the plasma and from this the
total number of electrons can be calculated, The Mach-Zehnder inter-
ferometer is oonvenientj ‘to use since it allows a wide separation
between test and ref‘erencé beams. A récent publ ication(zs) describing

the investigation of the Scylla theta pinch using this instrument con-
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L]
tains a valuable discussion of the technique together with references

to earlier work.

A diagram of the instrument is shown in Fig.19. The two beam
splitters A and B, and the full reflectors C and D are mounted in
a horizontal plane and the total path length in each beam is 45 ft.
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FIG.19. Mach-Zehnder interferometer applied to the Megajoule experiment

A Q-spoiled ruby laser working at room temperatures at a wavelength
of 6943 A was used as a light source and had a power output'of 1 MW
and a pulse length of 2 x 108 secs. It could be triggered at any
pre-determined time with respect to the theta pinch so that a life-
history of the plasma decay was assembled by repeated exposure on
successive discharges. . The quantitj determined at each radial po_si—
tion is, the'integrated number of electrons along an axial path,
[ ngdz electrons/cn®. One tenth of a fringe shift can readily be
detected in practice and for a 200 cm long plasma this means ;;hat a

' chahge in density of juét over 1014 electrons/ci® can be resolved.

Fig.20 is a representative example of the interferograms o_btained )
‘at 12 MTorr initial deuterium pressure. The original arrangement of

straight fringes has been transformed into a pattern of seventeen
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The upper diagram presents the parameter | nedz as a

closed rings.
this shaws that the plasma is situated centrally

function of radius;
in the discharge tube and that outside the main plasma cylinder the

density is very small. Interferograms taken at initial pressures

greater than 15 mTorr show a sharply reduced intensity near the centre

of the frlnge system at late times during the half~cycle. It is sus-

pected that thls is a result of large radial den51ty gradlents which
deflect the light rays traversing the central plasma region and further

investigations are being made to clarify this point.

. In Fig.,21 the total number of plasma electrons is presented as a

function of time for the deuterium discharge at 12 mTorr. The results

are shown as a ratio of the measured number of electrons to those origi-

nally‘present. The scatter in the experimental points is.attributed to

shot-to-shot variation in discharge properties though this seems an in-
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N = Number of electrons measured by the interferometer.

Ng=Number of electrons calculated from the filling density
assuming a plasma length of 200 cms.

N/M0

12 millitorr deuterium gas

o i 1 1

4
Time (psec.)

FIG.21. Total number of plasma electrons as a function of time

adequate explanation since the initial conditions were controlled with
care. Nevertheless the results exhibit a clear trend of plasma decay
from which a gross plasma loss rate can be estimated. The smooth curve
drawn through the results shows that the total number of electrons de-
cays with an e-folding time of 7.2 ps.

5.3 Contimuum Measurement

) The plasma line density in the mid-plane of the 2-metre coil has
been measured from the visible conti.m.uim emission as discussed in
Section 3.4, _ Results for a discharge at 30 mTorr pressure are shown
in Fig.22 where the absolute electron line density N is plotted

against time,

The line density is approximately constant for the first 6 ps but
thereafter drops rapidly. This behaviour is consistent with the propa-
gation of area waves from the ends of the coil to arrive in the mid-
plane at 6.5 us. On this assumption the mean area wave velocity v is
15 cms/us compared with thg mean soh'ic speed cg of 22 cms/ps. A
ratio v/c5 of 0.7 corresponds to a mean plasma {3 of 0.5 which agrees
with the value obtained from the experimental density distribution of
Fig.13. Of course the plasma § varies sharply with radius and at the
boundary where B is low the plasma will tend to be lost rapiﬁly where-

as on the axis it wiil be relatively well confined. The $ value
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FIG.22. Line-density at the mid-piane of the coil as a function of time

obtained from the area wave velocity can therefore only be approximate;

nevertheless it appears consistent with the other observations,

) 5>.4 .Pressure Probe Data

Additional results c.oncer'n.'m‘g the mechanism of axigl plasma loss
have been obtained using piezo-electric pressure probes of the type
described by Stern and Dacus(zs). The piezo-electric crystal is
mounted in a quartz acoustic line which is enclosed in an independently
supported ceramic sheath. The whole assembly is placed inside a_Astain—
less steel tube which enters the discharge vessel through a sliding
O-ring seal. The plasma pressure profile was measured in the end
plane of the coil by traversing the quartz rod across a diameter of
the discharge vessel as illustrated in Fig.23. The accompanying
curves show the profile at 1 pus and 3 us; at these early times the
results are consistent from shot-to~shot whereas at 4 ps and there-

after the curves are irreproducible owing to the onset of the wobble.

The measurements confirm the interferometer resuits that plasma
pressure near tﬁe wall is negligible, Peak pressure occurs within a
millimetre of the central axis until the wobble begins. At 3 us the
plasma diameter estimated from the width of the pressure profile at
half-height is Q.75 cm-as compared with .1 cm in the mid-plane. The
corresponding area ratio indicates a plasma B of 0.6; once again

this rough estimate is in line with the results obtained in other ways.
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The pressure profile shown in Fig.23 are.esséntially preliminary
measurements which at present can give only a crude estimate of plasma
shape and axial pressure; but the technique has clear possibilities
of development which should enable it to yield data on the loss process
which is unobtainable by other means.
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FIG.23. Axial loss in the thetratron: pressure profile of escaping plasma

6. Discussion

The agreement between the ‘measurements and the numerical calculations
during the first two microseconds of the discharge is satisfactory. The

implosion velocity, the radial oscillations, and the plasma diameter corres-
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pond closely with their numerically determined counterparts suggesting that
as far as the dynamic processes are concerned- the hydromagretic code provides

a- faithful representation.

The results provide no evidence for serious plasma instabilities. With
proper shaping of the collector the plasma is confined centrally in the coil )
during the complete half-cycle. Against this must be set the appearance of
the m =1 wobble effect. This instability is of small amplitude however and
at no time does it lead to plasma contact with the wall.

A serious limitat;.ion on the plasma temperature is set by the rapid elec-
tron energy loss. The circumstantial evidenée for this electron cooling is
strong. The behaviour of the diamagnetic signal, the X-ray absorption
measurgments, the diffuse radial de.nsity distribution, and the shape of the

neutron curve all point in this direction.
There are two alternative explainations for this rapid energy drain:

radiation from the j.mphrity atoms; and thermal conduction along the mag-
netic field lines to cold regions beyond the ends of the coil. Radiation
losses dominate at low temperatures and high densities and can always be
reduced by elimination of the impuri'ty material, Thermal conduction repre-
sents a far more serious problem since the rapid increase in conductivity
with electron temperature sets a practical limit to the plasma temperatures

which can be sustained.

Magnetic field diffusion during the early stages of the discharge and
the rapid loss of energy from the electron gas are the main reasons why the
mean plasma ( is no more than 0.5 at peak 'compfessidn and are therefore
indirectly responsible for the axial loss of plasma. The interferometer
results, the continuum data and the pressure profiles combine to show that
the containment time is only 'slightly longer than the éour}d transit time.
Improvement can be obtained by the use of éxterna.l mirrors but a major
advance requires an increase in the mean B to near unity. ~ The main prob-
lem for the future is therefore the reduction in the rate of loss of energy

sustained by the electrons.
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DISCUSSION

A W.E. QUINN: Have you performed any preliminary plasma experiments
with the passive crowbar system? ° :

G.B.F. NIBLETT: Yes. We have a few preliminary results using a
passive crowbar circuit to extend the duration of the magnetic pulse from
12 to about 30 us. These results show that the plasma remains free of drift
to the wall throughout this extended period. Moreover, the amplitude of
the "wobble' motion described in the paper does not appear to grow signi-

“ficantly when the duration of the field is increased.

J.R. ROTH: The plots of density with radius must have involved some
assumption about the radial temperature profile, Did you observe a radially
increasing temperature profile?

G.B.F. NIBLETT: Wehave not measuredthe radial variation of electron
temperature. In order to determine the radial density distribution from the /:
continuum radiation in the visible spectrum we have assumed thatthe electron
temperature is uniform across the plasma diameter, For a given radiation
intensity the density is proportmnal to the fourth root of the electron tempera-
ture, so that the effect of variations in the latter quantity are quite small,
Moreover, the numerical hydromagnetic calculations show that the effect of
ion thermal conductivity is to smooth out temperature gradients in-the radial-
direction.

S.J. BUCHSBAUM: On the Mach-Zehnder interferogram in Fig.20 there
are black and white blotches., What were they due to?

G.B.F. NIBLETT: They were caused by imperfections in the ruby laser
which was used as a source,
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PLASMA FLOW IN A THETA PINCH. In the absence of instabilities, the loss of plasma in a theta pinch
is almost wholly due to flow along the magnetic field to the ends of the coil. Thus, in order to understand the
containment of the plasma, it is necessary to study the transient axial flow of the plasma. This is done in the
present work by setting up a simple model of the plasma in which the problem is reduced to that of studying a
one-dimensional flow,

Initially a similarity area-wave is propagated from the open ends. The properties of this wave and the
resulting loss are calculated.” For high-8 plasmas the plasma is lost rapidly behind the wave-front. However, the
wave-front itself propagates very slowly and the resulting loss is consequently small. In these conditions the loss
is approximately equal to that of the corresponding steady flow. For lower values of B the loss is much less
than in the steady flow. When the rarefaction waves from the two ends reach the centre of the pinch they are
reflected. The trajectory of the reflected wave is determined as a function of 8 and wave profiles calculated
by numerical integration of the equations are'présented. The flow may be reduced by applying increased fields
attheends. of the pinch. In this case a rarefaction wave is propagated from these "mirrors”, but'behind the
wave there is a region of uniform flow. This flow pattern is described and the resulting loss rate calculated.

ECOULEMENT DU PLASMA DANS UNE STRICTION AZIMUTALE. En l'absence d'instabilités, les pertes de
plasma au cours d'une striction azimutale sont presque entitrement dues & 1'écoulement qui se produit dans la
direction du champ magnétique, vers les extrémités de la bobine. Pour comprendre le confinement du plasmé,
il faut donc étudier 1'écoulement axial transitoire du plasma. Les auteurs du mémoire procedent 2 cette étude en
¢tablissant un mod?le simple du plasma dans lequel le probl¥me est réduit 2 celui de 1'étude d'un écoulement
upidimensionnel. .

Initialement, une onde de similitude se propage 2 partir des extrémités libres. - On calcule les
propri¢tes de cette onde et les pertes qui en résultent. Pour les plasmas 2 B élévé, il se produit
une ‘perte rapide derrizre le front de l'onde. Toutefois, le front de l'onde lui-méme se propage tres
lentement et les pertes entrainées sont doric faibles. Dans ces conditions, les pertes sont approximativement
égales 2 celles de 1'écoulement stationnaire correspondant. Pour de plus faibles valeurs de B, les pertes sont
s inférieures 2 celles de 1'écoulement stationnaire. Lorsque les ondes de raréfaction venant des deux extré-
mités atteignent le centre de la striction, elles sont réfléchies. Les auteurs déte,rminerit la trajectoire de 1'onde
réfléchie en fonction de B ainsi que les profils d'ondes calculées par intégration nurmérique des équations. I1
est possible de réduire 1'écoulement en appliquant des champs plus €levés aux extrémités de la striction. Dans
ce cas, une onde de raréfaction se propage 2 partir de ces <miroirs>, mais il existe derriere l'onde une région
d'écoulement uniforme. Les auteurs décrivent les caractéristiques de cet écoulement et calculent le taux des
pertes qui en résultent.

NOTOK MIA3MBI TPU TETA-TTHHYE. IIpx oTCyTCTBHM HeyCTOHYHBOCTEH noreps nja3msl
NpH TeTa-nuHYe NOYTH NOAHOCTEI O6yCNOBAEHE HalMYHEM NOTOKA BAOAb MaTHHTHOTO MO K KOH-
uaM katymku. TakuM o6pa3oM, B LesiX U3yUeHUS yAepXKaHUS HeOBXONHMO HCCAeNOBaTh HeYyCTaHO™
BHBIWMACS aKCHaNbHBIH MOTOK m1a3Mbl. 3TO OCymecTBASETCA B AaHHOH paboTe nyTeM co3naHus
NpOCTO/ MOJAENM NNa3Mbl, B KOTOPOi npoblieMa CBOAMTCA K 3alade H3y4eHHs OAHOpa3MepHOTO
noToKa.

MepBoHavanbHO O06NMACTE ONHOPONHOCTH — BOJIHA PACNPOCTPAHSAETCS OT OTKPBITHX KOHLOB.
PacCYHTHBaAWTCHA CBOACTBA 3TO/ BO/MHb M KOHeuHble noTepH. IlokazaHo, uro npH 6onemux  nnas-
Ma 6bICTPO TepsieTc No3anu Gpofita BoNHb. OfHaKo caM (POHT BONHB PaCnpoCTPaHAETCs O4eHb
MeUIeHHO, H KOHeUYHbIe MOTEepH COOTBETCTBEHHO HeBeJIHKM. B 3THX yCNOBHMAX NOTepH NpHONU3UTEND ™
HO PaBHBI MOTEPSM NPH COOTBETCTBYWOIUEM MOCTOSHHOM NMOTOKe. IIpM MEeHbMUX 3Ha4YeHHSX S noTepH
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3HAYUTE/BHO MEHbIle, UeM MPH MOCTOSHHOM noToke. Koraa BonHb paspemeuus oT 060HX KOHLOB
LOCTHTAKWT UEHTPa MNJa3MEeHHOTO IHypa, OHH OTpaxaKTcs. TpaeKTOPHUA oTpaXeHHOH BOJIHBI ompele-
naerca Kak GyHkuus B, U NnpeACTABAAIOTCH NPOGHIM BOJH, paCCUHTAHHEE B Pe3yNbTaTe HYUCAEHHOTO
HHT €TPUPOBAHUA ypaBHEHHHA, ITOTOK MOXHO yMEHBLITUTE MPH UCNONB3OBAHUH NOJEH, YCHIHBAI MUXCS
Ha KOHLAaX MIa3MeHHOro WHypa. B jpaHHOM ciyyae BOJHa pa3peXKeHHA pacnpoCTpaHAeTcs OT 3THX
"3epkan", HO NO3alH BOAHL WMeeTcsa 06MacTh OBHOPOAHOTO MOToKa. OnuchiBaeTCA opMma 3TOTO
NOTOKa, H PACCYHTHIBAeTCA pa3Mep KOHEUHBIX NOTEPh .

FLUJO DE PLASMA EN UNA ESTRICCION AZIMUTAL. En ausencia de inestabilidades, las pérdidas de
plasma en una estricci6n azimutal son debidas casi por completo al flujo que se produce a lo largo del campo
magnético, hacia los extremos de la bobina. Por lo tanto, con objeto de poder comprender el confinamiento del
plasma, es necesario estudiar el flujo axial transitorio del plasma. El autor efectda un estudio de esa fndole
estableciendo un modelo sencillo del plasma, en el cual el problema se reduce al estudio de un flujo uni-
dimensional.

Inicialmente se propaga, desde los extremos libres, una onda de semejanza. Se calculan las propiedades de
esta onda y las pérdidasresultantes. En el casode plasmas de § elevado se produce una rdpida pérdida detrds
del frente de onda. Sin embargo, el propio frente de onda se propaga muy lentamente y las pérdidasresultantes
son, por consiguiente, pequefias. En estas condiciones, las péridas resultan aproximadamente igual al flujo
estacionario correspondiente, Para valores de B mds pequefios, la pérdida es mucho ‘menor que en el flujo
estacionario. Las ondas de enrarecimiento procedentes de ambos extremos son reflejadas cuando llegan al
centro de 1a estriccién. El autor determina la trayectoria de la onda reflejada en funci6n de B y presenta per-
files de ondas calculados por integracién numérica de las ecuaciones. Se puede reducir el flujo aplicando
campos que son mds intensos en los extremos de la estriccién. En este caso, se propaga una onda de enra-
recimiento desde estos <<espejos>, pero detrds de la onda hay una regién de flu10 uniforme. El autor describe
ésta distribucién del flujo y calcula el indice de pérdidas resultante.

In the absence of instabilities the loss of plasma in a theta-pinch is mainly
due.to flow along the magnetic field to the ends of the coil. Thus in order to
understand the containment of the plasma it is necessary to study the transient
axial flow of the plasma. This is done in the present work by setting up a
simple model of the plasma in which the problem is reduced to that of studying a
one-dimensional flow.

Initiélly a similarity area-wave is propagated from the open ends. The
properties of this wave and the resulting loss are calculated. It is shown that
for high-P plasmas the plasma is lost rapidly behind the wave-front. However the
wave—frént itself propagates very slowly and the resulting loss is consequently
small. In these conditions the loss is approximately equal to that of the
corresponding steady flow. For lower values of P the loss is much less than in the
corresponding steady flow. ) '

When the rarefactlon waves from the two ends reach the centre of the pinch they
are reflected. The trajectory of the reflected wave is determined as a function
of B. ‘ i P

The flow may be reduced by applying increased fields at the ends of the ﬂinch.
In this case a rarefaction wave is propagéted from these "mirrors", but behind the

_wave there is a region of uniform flow. This flow pattern is described and the

resulting loss rate calculated.
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1. Introduction

In the absence of instabilities the loss of plasma in a theta-pinch in the
pérallel field configuration is mainly due to flow along the magnetic field to
the ends of fhe coil. This flow will be restficted by a narrowing of the plesma
column near the ends. 'This mighf arise in part from applied "mirror" fields
but will occur in any case due to the fact that the plasma pressure is lower at
the end of the pinch.' Te external magnetic field constricts the plasma in this
region to maintain a pressure balance by increasing the trapped magnetic field.
If the'area of the plasma in this region is 1-\.m it is expected %hat the rate of
loss of plasma will be{of the order p Am V£h where p is the density and Vth the
sound speed characterising the plasma. The initisl estimates of this loss are
discussed by Green(l). Recently Taylor and Wess‘on(2 used a simple
" hydromagnetic model to calculate the loss rate in a steady state flow. It was
found that the flow decreased w1th increasing mlrror field and was approximately
proportional to (1 - B)Z where B is the ratlo of the plasma pressure to the
external magnetic field pressure. ‘

However, the actual flow in a theta-pinch is transient and this transient
flow is considered here. The model.used is similar to that of Taylor and Wesson
in which the problem is reduced to that of one dimensional flow.

Initially a simiiarity area-wave 1s propagated from the'open ends. . The
properties of this wave and the resulting loss are calculated. It is shown that
for high-p plasmas the plasma is almost completely remo?ed behind the wave-front.
However the wave-front itself propagates very slowly and the resulting loss is
consequently small. In these conditions the loss is approximately equal to that
of the corresponding steady flow. TFor lower values of P the loss is much less
than that in the corresponding steady flow.

When the rarefaction waves from the two 'ends reach the centre of the pinch
they are reflected. “The trajectory of the reflected wave is determined as-a
function of B.

When the flow is reduced by'applying a mirror field a rarefaction wave
propagates inwvards from the mirrors but behind the wave there is a region of

uniform flow. This flow pattern is described and the resulting loss calculated.

II. Basic eguations
_Te plasma is assumed to be formed in the magnetic field produced by

azimuthal currents in a cylindrical coil whose axis is the x-axis and whose area
is Aw(x)‘ The plasmg has an area A(x,t) and the magnetic flux N trapped in the
plasma is. assumed to be constant in x and t. “The characteristic -length of the
variétion of the plasma properties along x is taken to be much greater than the
radius of the plasma, so that the internal magnetic field Bi is a function of x
and t only, that is Bi(x,t) = Oi/A. Radial inertial effects are neglected and
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area of the plasma will therefore be determined by the pressure balance equation

°12 er
prt—p = —— . (1)
BrA 8r(A - A)
. w

where p(x,t) is the pressure of the plasma and ¢_ is the flux between the plasma
and the coil, this flux being taken as constant in x and t.

The plasma flow 1s described by equations similar to those for the isentropic
flow of plasma in a duct. However in the present problem. the area of the duct is
not fixed but is time dependent being determined from equation (1) in terms of Aw

which is given. The modifiéd continuity equation is

d(pA 3 (pAv)
+ =
t 9% 0 (2)
The axial momentum equation is
dv dv L, 13 o
= + = =
stV x o 35 0 ()
and the isentropy equation is A
po—7 = constant ' ] (%)

Bquations (1) to (4) are the basic equations of the model. For given inttial and
boundary conditions they determine the plasma flow. These equations may be put

in the form

g% + v %% + £(A) g% = 0 (5)
L RO I (6)
where -’
1
e Fop’ [(A -8 )%/(8, - A+ (1 - B) A /Aﬂ
Po [(A - A)2/(a - &2 - (1-B) A2/ 1My
w o W - - o
and
on [, - 8 )%/(a, -A>5+(1 8) A 2/01 1"
g =A [l 7 55 }
[(a, - A%/, - A7 - (1 - B) A C/A]

where the subscript zero refers to a reference condition at some time, say t = 0.

ITT. Similarity flow

If the plasmag is formed rapidly in a‘uniform coil and the magnetic field is /
then effectively constant a rarefaction wave will travel from the end of the
theta-pinch into a plasma column which is uniform along its length. As there are -
no characteristic lengths associated with the flow until the rarefaction wave

reaches the mid-plane the flow will be, up to that time, self-similar. That is
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the flow pattern will be a function of & = x/t only, where x = O is the position
of the end of the pinch. - ‘

Equations (5) and (6) now become

d
(v-g)d—‘g’f fi—ﬁ‘:@ (7) -
and
dA dv
(V-E.)Eﬂ‘ga—g—o
Thus (v - 5)2 = ¢? where
02 = fg : - (8)

Choosing the negative square root for c gives

3 = (v+ec) , (9)

this choice of sign implies that the plasma lies iﬂ x > 0. Substitution of
equation (9) into equation (7) leads to
A

v - [ P : . (10)

A
o

where the subscript zero refefslto the initial uniform condition. From equations
{8), (9) and (10) ¢ is known as a function of A and therefore A is known as a
function of x/t.i It follows that v and c¢ are then known as functions of x/t.

In the case of most practical interest Aw » Ao and therefore the appropriate

Lot

limiting expressions for f and g may be used. This gives

‘ 1
3 l+(%-l)22 2

v=-s85 77T dz o (11)
- 2
1 (l—Z)7 ~
, .
and . 71 % : ]
2 2, 7 : .
c-sf2lloz) : (12)
1+ (£-1)z
7
where "
2 2
2= = (1-8) (a/a)
and 1-7
2 2Po V4
s =—— B
Po

Graphs of (constant - v) and c measured in units of s are given in Fig. 1.  The
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FIG.1. Graphs of (constant -v) and ¢ in units of (éPo/Po)l/z B(1-n/2y against z=(1-8)1/2A,/A and of
-vand f for $=0,9

graph of v is obtained by displacing the (constant - v) curve downwards to
intercept the z-axis at z = (1 - B)2, & is then given by the difference between
"c and -v as is i1llustrated in Fig. 1 for the case B = 0.9.

It is clear {‘rom this construction and the form of the graphs that for small
values of (1 - B)? the whole of the relevant range of z will be in.z « 1. Iarge

values of B are of particular interest and this limit will therefore be studied

analytically.
For small z
' 13 %
v=-5(z oy Tt - (1-B) ...} .(13)‘
and )
c=sl(z-2—7z5+ )
5o that ' l
‘]—- Al
E=((1-8)°-52) :

and therefore

1-B)/r
B X
° 1o

A_f_G-Bfr Y , h<a (14)
(1-82"

Equation (1) may be written

-3 - 22
gz -3 0 ) . (1)



[T st

CN-21/43 ' 229

\

—— 2095

—————p =090

N ]

A |
0 02 0-4 08 08 10

S x
, (-aye !
FIG.2. Graph of [y/(1-8)1"/% A/A, against [s/(1-8)1/2)x/t for the high 8 limit, Dotted lines indicate the
area of the undisturbed plasma for various values of B for y=5/3.

so that in the limit (1 - B) = O,p/po—b_l and therefore p/po—) 1. The velocity v
is given by equations (13) and (1k).

A graph of the wave profile A/Ao given by equation (14) is shown in Fig. 2.
The dotted lines indicate the undisturbed area A0 of 1_:he plasma for various values
of B. For small values of (1 - B) the wavefront moves into the plasma with a
velocify .
E -8 ;,-:2)

ol

Behind this wavefront the plasma is a_‘Lmoxlst comp}.etely removed. The value of A is a

minimum at x = O and (A/Ao)min = (:L—;E)3 This is in contrast to the steady state
L i

flow in w{lich (A/A ) in 1S proportional to (1 - B)2. Te velocity at x = 0 is

v=-57 (1-8Y% . e flow trom the end of the plnch s J_ = - (pAv)__ s
which is given by
' 7p_ 1 1 1
. - Toyz 2\2 _ B2
I, = PA (po ) 5 a-p2.

To this approximé.tion this is Just pvo times the velocity of the wavefront. This
flow is the same as the steady flow derived by Taylor and Wesson but this agreement
holds only for the case B~ 1. For other values of B the loss rate is very different
from that given by the steady state calculation as wlll be shown later.

The physical reason for the small flow at B = 1 may be seen by considering
equation (15). This shows that for small (1 - B) the kinetic pressure remains
almost constant in order to balance the external magnetic pressure. ’].hu's.there is

only a small pressure gradient to expel the plasma.
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The limit B = O may be treated similaerly yielding

1
A 1-8 °
AO. . 27
" . Yy - 1
-1, x/t 2
1-s(7 ( * )>
+ -
Y+ 1y fe, 7 -1
1
- 1-8B 2
and therefore (A/AO)mirl = 55
7y -1
2
1 -
B (-27)
so that (A/Ao)min =1- 0.382B for ¥ = %. The other variables may be determined

as before.

The equations have been solved numerically for the general case and a graph
of (A/Ao)min against B for 7 = % is given in Fig. 3. The limiting solutions are
also indicated. The end lqss Je is shown in Fig.. 4. The corresponding loss for

steady flow(2) is also shown to illustrate the large difference at low B.

IV, The refleéted wave
When the rarefaction waves from the ends of the pinch meet at the centre they

are reflected from each other. The trajectory of the reflected wave front will
now be derived. From equations (5) and (6) it is seen that the behaviour of the

system is determined by the charactefistics

C (g%)+ =V te | : (16)
and
c (%%)_ = v-c

and the corresponding Riemann invariants

. v;f(g)%dA

I = v—f(g)% A | (17)

J

i

and

Fig. 5 is a wave diagram showing the trajectories of the characteristics in
the various ‘regions of the (x,t) plane. The length of the pinch is taken to be 2¢.
Characteristics arising in 0 < i < 2¢ carry @ constant value of J into the

simiiarity{wave region so that in this region

£\ 5 o :
V=f (E)dA | (18)
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as before. On the required curve AB the values of v(z,:’-) and c(%;) are known from the

similarity flow solution so that

dx X X
Z ) - e
For small (1 - B) this becomes ‘
1 1 L L -
% = - 5{273 [(1-8)2 -7 - (- ﬁ)z}
. . 1. L x 1 i
A x=¢ P [(1-8B2-=17= (1-8)2
st
. Vs 1
dx B 1
so that (Fyoe =-8@-8)F

Jergy:

FIG.6. Graphs showing the trajectoriés of reflected wave fronts for various values of 8.

Wnen x has decreafed by a small distance Ax ~ (1 - B)%&, then

((1-B) - x/st)? ~ (1 - B)1/6 and the wave front moves out rapidly with a
velocity of the order of - s (1 - B)l/é. This velocity is much higher than that
of the inward moving wavefront, the reason being that the effective B of the
plasma has bheen c‘ons.iderably reduced by the initial expansion wave. Consequentlyt
the velocity of the reflect.ed‘wave is rather insensitive to the initial B value of

the plasma. Several computed trajectories are plotted in Fig. ‘6.

V. Te effect of "mirrors"

Assuming that the plasma is stablé it should be possible to increase the
containment time of the plasma in a theta-pinch by reducing the area of fhe
magnetic orifice atsthe end of the pinch. This may be done by inéreasing the
magnetic field in this region to form a "mirror" field. The resulting flow will

be‘analysed on the assumption that the flow through the mirror is guasi-steady,
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the source, s, of this flow being effectively located in the immediate upstream
neighbourhood of the mirror' as illustrated in Fig. 7. In the following discussion
the réflection of the wave at the mid-plane is ignored, the system being assumed
%o be esgsentially -semi-infinite.

'It has been shown by Taylor and Wesson(z) that the steady flow in this situation
is given by '

N

713;
rz FR) (1 - B)

J=-p A (=)

5
where the subscript s refers to the.source condition, R is the ratio of the
external field at the mirror to that at s and

mmqw&%-%wﬂ@-eﬁ

this being a monotonically decreasing: function of R. This result is exact for
7 = 2 and 1s a good approximation for ¥ = % .

From this it is seen that

v, = ) rm) (- et
S

For y = 2 this may be written

v = - c(d) F(R) x=0,. t>0 (19)
. . .
and for 7 = % this will agein be a good approximation and will be used as such
below. ‘ '

Since the rarefaction wave travelling into the region x > 0 is moving into

uniform stationary plasma the Riemann invariant J_ given by equation (17) will be
' conistant for all x and't so that the velocity v is given by equation (18) and
therefore J, will be & function of any one of ‘the variables v, c and A. Thus v,
v c and A will be constants on each characteristic C passing through the line
"x=0 , t> 0, From equations (18) and (19) the constant value of A, and therefore

Vg and ¢ 4s O the line x = 0, t > O may be determined, and these will be the values
of A, v and ¢ throughout the region 1nfluenced by the characteristlcs passing
through this line.
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FIG. 8. Diagram illustrating the flow and the area wave profile in presence of a mirror.
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FIG.9. Graphs of J2/piAd(yp,/p,) against 8 for various values of R (y = 5/3).

For characteristics passing through x =0, t > 0 the solution will be the same
as in the similarity flow of section III. These results are éummarized in Fig. 8.

_The wave front moves into the plasma with the velocity of a small ampliture
area wave. This is followed by a rarefaction wave which expands as time i;xcreases.
Behind this there is uniform flow, the conditions being such as to match the flow
through the rarefaction wave to the flow through the mirror. '

The details of a given flow may be derived from the diagram in Fig. 1. The wave

1 ;
front veloeity is given by the valge of c at 7= (1 - B)z. The similarity
solution holds between z = (1 - B)® and that z (= z.) for which -v = Fe. The
resulting flow through the mirror is J = p, Ay Vv, where, from equations (4) and (15)

1
p o 5
——pz = [(1-2.7)/8]

. 5 ) : :
This flow has been calculated for 7 = 3 and the results are given in Fig. 9. The

dotted lines show the steady state flow for the same conditions. It is seen that
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the transient flow approaches the steady flow ag P -2’1 and is much less than the
steady flow for B « 1.
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DISCUSSION

"N.A. KRALL: Reversed B, is usually significant in reducing loss rates.
Can you do an analogous calculatlon including reversed B,?

J.A. WESSON: There is no analogous calculation for reversed B,,
since in that case there is no one-dimensional approximation,

L. M. GOLDMAN: Is there any experimental evidence for the reductlon
in flow with mirror fields?

- J.A. WESSON: I believe not.

A.C. KOLB: I you take the most optimistic view (namely, B~0,9 and
temperatures in the range 1to 10 keV) how long a coil would be needed, ac-
cording to your theory, to contain 50% of the plasma for, say 100 us?

J. A, WESSON: For =0.9 and no mirror, the coil would be 21 m long
for 1 keV and 67 m long for 10 keV. With a mirror ratio of 2, the lengths
would be 10 m and 33 m, respectively.
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.

STABILITY, HEATING AND END LOSS OF A 3,5-MEGAJOULE THETA PINCH (SCYLLA 1V). Experiments
on stable, high-density, high-temperature, drift-free plasmas produced at initial deuterium filling pressures
of 10 to 50 mTorr without bias magnetic fields (low-density regime), as well as at initial filling pressures of
5010 126 mTorr withnegative bias magnetic fields (high-density regime) have been reported. These measure-
ments on the plasma generated by a "primary" capacitor bank of the Scylla-IV theta pinch (570 KkJ at 50 kv
with a 7.4-psec half period) included the following: Mach-Zehnder interferometer measurements of the plasma
electron density, shape, stability, and end losses; x-ray absorption measurements of the electron temperature
and impurity levels; neutron yields and collimation measurements of plasma length; shadowgraphs showing sharp
plasma boundaries; and streak photographs showing gross plasma stability, In the low pressure regime without
magnetic bias fields, characteristic plasma parameters are: density, 2to 4X 101 cm™; electron temperature, .
300 eV; mean ion energies, 3 to 9 keV; plasma length, 80 cm; plasma volume, 60 cm?®; and plasma
impurities <0,1%, Plasma end losses were found to be the predominant loss mechanism. We report here the
extension of these measurements to the higher magnetic field and longer half-period provided by a 3-MJ, 20-kv
"secondary” capacitor bank of Scylla IV. In this case the plasma containment is no longer limited by the
duration of the applied field. The end loss proceeds as indicated b'y the loss rates measured in the carlier
experiments, and all plasma disappears by ~17 psec. During this time no flute instability or appreciable drift
of the plasma core are observed, Some effects, attributed to cold plasma diffusing in from the ends, arc seen
during the longer compression times. Closed, theta pinches without end loss are discussed as a means of reaching
the long containment times in which the eventual stability limitation can be tested.

STABILITE, CHAUFFAGE DU PLASMA ET PERTES AUX EXTREMITES DANS UN DISPOSITIF DE STRICTION |

AZIMUTALE DE 3,5 MEGAJOULES (SCYLLA 1V). Les auteuirs ont déj2 publié les résultats d'expériences sur
des plasmas de deutérium stables, sans dérive, de haute temperature et de forte densité,  produits 3 des pressions
initiales de remplissage de 10 & 50 mTorr, sans champs magnétiques de polarisation (régime de basse pression)
ct A des pressions initiales de remplissage de 50 & 125 mTorr, avec des champs magnétiques de polarisation
négatifs (régime de haute pression). Ces travaux concernant le plasma produit par une batterie de condensateurs
<«primaire> du dispositif Scylla IV (570 kj a 50 kV avec une demi-periode de 7,4 ;is) comportaient notamment:
des mesures au moyen d'un interférométre Mach-Zehnder de la densité des électrons, de la forme, de lasta- ,
bilité du plasma et des pertes aux extrémités; des mesures pefr absorption de'rayons X de la température des
&lectrons et de, la quantité d'impuret&s; des mesures des rendements en neutrons et des mesures par collimation
de la longueur du plasma; des projections de profil indiquant les limites précises du plasma; des photographies
ultra-rapides, indiquant une stabilité globale du plasma. Dans le régime  basse pression, sans champs magné-
tiques de polarisation, les param2tres caractéristiques du plasma sont les suivants: densité, 2'3 410 cm™
température des électrons, 300 eV; énergies moyennes des ions, 3 & 9 keV; longueur du plasma, 80 cm; vo-
lume du plasma, 60 cm3 et pourcentage d'impuretés <0,1%, On a constaté que les pertes aux extrémités de
plasma constituaient la majeure partie des pertes, Dans le présent mémoire, les auteurs aéprivent I"application
des mémes mesures au champ magnétique plus élevé (180 kG) et 2 la demi-période plus longue (55 1is) produit
par une batterie <secondaire> de condensateurs de 3 MJ 3 20 kV faisant partie du dispositif Scylla IV. La

. bobine de compression a un m2tre de longueur et 10 cm de diam2tre intérieur. Dans ce cas, le confinement
du plasma n'est plus limit€ par la durée du champ appliqué. Les pertes terminales se. produisent comme il
est indiqué par les vitesses de perte mesurées dans les expériences antérieures et tout le plasma diépara‘u en
17 ps environ, Pendant cette période, les auteurs n'ont observé ni instabilités en cannelures, ni dérive notable
du noyau de plasma, Ils ont constaté certains effets, qu'ils attribuent 3 une diffusion de plasma froid des
extrémités vers 1'intérieur, pendant les périodes de compression plus longues. 1ts discutent la possibilité
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d'utiliser un dispositif 4 striction azimutale fermé sans pertes terminales pour obtenir des périodes de confinerent
plus longues pendant lesquelles on pourrait &rudier quelles sont finalement les limitations de la stabilité,

YCTOHYUBOCTD, HAT'PEB UM NTIOTEPS HA KOHUAX TETA-TIHHYA 3,5 METAILXOYJS
(CUHJJIA IV). PaHee yxe 6buiH ony6aHKoBaHbl pe3ylbTaThl IKCNEPHUMEHTOB C MJIOTHOH, BHICOKO™
TeMnepaTypHo#l, cBo6oaHo Apeiidynomel niasmoil, co3naBaeMoi NpH AaBneHUax Aekrepua oT 10 xo
50 MTOP M OTCYTCTBHH NMpPeABapPHTENbHO BKAKNHYEHHOTO MAaTHUTHOI'O NONs (P€XHM HH3KOTO AaBNEeHHA)
H co3jaBaeMof NpH JaBneHusx oT 50 A0 125 MTOp ¢ npeABapHTENbHO BKJIKNUYEHHHM o6paTHBIM
MaTHHTHBIM MO/MEM (peXHM BLICOKOTO JaBeHHs). M3MepeHHs XapakTepHUCTHK nasmbl, obpasyio-
weHcs npA pa3paze "nepeuyHoi” KoHlAeHcaTopHoN 6aTapeH Cuwnab-IV BKAKWYaNH: H3MepeHus
MAOTHOCTH 3/1IeKTPOHOB GOPMBI MIa3MBl, ee yCTOHYMBOCTH HHTepdepoMeTpoM Maxa-3efaepa, no-
Tepb MJa3Mbl Yepe3 TOPLEH, TeMNepaTyphl 3/eKTPOHOB H KOJAWYECTBA NMPHMECEH MO NoraomeHun
PEHTTEeHOBCKHX Jyueil, KONHYECTBO 06pa3yomHUXcsA He HATPOHOB, H3MepeHHs AIMHBL NIa3Mbl KOJNTHMH™
POBaHHBIMM JaT4uKaMH, GopMbl Nna3Mbl peHTTeHOBCKOH KaMepoit O6ckypa, a TaKXe CKOPOCTHas
doroperucrpauns, nokas’apmas o6myl yCTOAYMBOCTE MIa3Mil. B peXuMe HHIKOTO AaBJIeHH:
6e3 npexBapHTENbHO BKIKWYEHHOTO MarHUTHOTO MOJ#A, TJIa3Ma XapaKTepH3oBanach CleXy 0 WHMH
napaMeTpaMH: MIOTHOCTh — (2 —4)-1018 cM-3 | remneparypa snexTponos-300 ev, cpeaHsst SHeprus
nonoB 3 — 8 k9B, AnuHa mna3Mi 80 cM, o6beM naasmbl — 60 cM3, KonHuecTBo npuMecedt <0,1% .
Bbi10 MOKa3aHO, UYTO IJIaBHY0 YaCTh NOTEPb COCTABAAT NMOTOKH Nia3MBbl Yepe3 TOPLBHI.

B nacrosimei pa6ore nyGAMKYKWTCA pe3yasTaThl, NoJy4YeHHble B 3KCNepHMEeHTaX C paCliHpeH-
Ho#t obnacTbio MapaMeTpoB: MAaTHHTHOe mosie — 180 Kraycc,. AHTeNbHOCTD nbnynepuona TOKa ~
55 MceK., YBeJsinueHHe ANHTEbHOCTH NMOJynepuoia noaydeHo 6aaroiaps UCMoab3oBaHUL "BTopuu-
Hojt" 6aTapeH KoHleHcaTopoB Cuuanbi-IV ¢ Hanpaxenwem 20 KB M 3anacHO# SHeprueil 3 MTAX.
CxuMapmas KaTywka uMena WiHuy 1 Merp H zuameTp 10 cM., B 3TOM c/yuyae yJepxaHHe Naa3MBEl
OTpaHHYeHO AUTENbHOCTbI0 NPWIOXKEHHOTo HMNynbca. IloTeps Ha KOHUAX TeTa-HHHYa NPOTEKaeT
KaK yKa3aHo npy HHTEHCHBHOCTH NMOTePH, H3MEPEHHOH B paHee NPOBeJeHHbIX SKCI@PHMEHTaX, H
BCS Na3ma HcYe3aeT NMPHMEPHO Yepe3 17 MukpocekyHA. 3a 5To Bpems He Habnlogaercs HH "xenob~
KOBHX" HEyCTOHYHBOCTEH, HH 3aMeTHOTO CMEMeHHs! AAPa NAa3MH . -IIpy 60/lee AIHTENBHOM BpeMeHH
cxaTua HabnodawTcs HekoTopble 3@dexTs H3-3a AUPPYy3HuM XOA0AHON NIAa3MBL H3 KOHLOB. B
3aK/JUYe€HHe PAaCCMATPHBAKTCA TeTa-NMHHUYM 6e3 noTepy Ha KoHUaX KakK CPeICTBO ANH AIHTERbLHO-
TO BpeMEHH yJepXaHHs, B KOTOPbIX MOXHO MCMbITHBATh 3BEHTYyalbHBIH NMpelesl YyCTORYMBOCTH,

ESTABILIDAD, CALENTAMIENTO DEL PLASMA Y PERDIDAS TERMINALES EN UN DISPOSITIVO DE
CONSTRICCION AZIMUTAL DE 3,5 MJ (SCYLLA IV). Los autores han publicado anteriormente los resultados
de experimentos realizados con plasmas estables y sin deriva de alta densidad y temperatura, producidos con
presiones iniciales de llenado del deuterio entre 10 y 50 mTorr, sin campos magnéticos de polarizacién (régimen
de baja densidad) y con presiones iniciales de llenado de 50 a 125 mTorr y campos magnéticoé de polarizacién
negativa (régimen de alta densidad). Estas mediciones realizadas en el plasma generado por una bateria
«primaria>> de condensadores del dispositivo de constriccién azimutal Scylla IV (570 kJ a 50 kV con un semi-
perfodo de 7,4 pis) incluyeron: determinaciones con el interferémetro de Mach-Zehnder de la densidad electrd-
nica, forma, estabilidad y pérdidas terminales; mediciones de la temperatura electrénica y contenido de im-
purezas por absorcién de rayos X; determinacidn de los rendimientos neutrénicos y de la longitud del plasma
por colimacién; proyecciones de perfil para poner de manifiesto los limites precisos del plasma; y obtencién
de imé4genes con una cdmara de rendija que indican en forma aproximada la estabilidad del plasma, En el
régimen de baja presién sin campos magnéticos de polarizacifn, los parimetros caracterfsticos del plasma son:
densidad, 2 a 4x 1016 cm=3; temperatura electrénica, 300 eV; energfa i6nica media, 3 a 9 keV; longitud
del plasma, 80 cm; volumen del plasma, 60 cm3; proporcién de impurezas <0,1%. Las pérdidas en los ex-
tremos dél plasma constituyeron el mecanismo predominante de pérdida. Los autores describen en la memoria
la aplicacién de estas mediciones al campo magnético més intenso y al semiperiodo mé4s prolongado, obtenidos
mediante una baterfa <secundaria> de condensadores perteneciente a la instalacién Scylla IV, de 3 M] a
20 kV. En este caso, el confinamiento del plasma no est4 limitado por la duraci6n del campo aplicado. Las
pérdidas terminales se desarrollan conforme a lo indicado por las-velocidades de pérdida medidas en los an-
teriores experimentos y el plasma desaparece totalmente a los 17 45, aproximadamente. Durante este tiempo
no se observa inestabilidad en estrias ni deriva apreciable del ndcleo del plasma. Durante los perfodos largos
de compresidn, se advierten ciertos efectos, atribuidos a la difusién de plasma frio de los extremos. Se estudian

-constricciones azimutales cerrradas, sin pérdidas en los extrernos, con el fin de alcanzar periodos de confina-

miento prolongados que permitan cstudiar la posible limitacién de la estabilidad.
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1. Introduction

The héating and confinement of plasma by rapidly-rising, longitudinal
magnetic fields in theta pinches have been studied in many laboratories, and
it has been established that dense, high-energy plasmas are produced in these
devices. A review of the experiments through 1960 has been given by Quinn [1].
Two plasma regimes may be distinguished: the high-density regime of the early
experiments, corresponding to deuterium filling pressures between ~ 70 and
250 mtorr, in which high-ion energy and neutron emission occur only when
magnetic field, directed oppositely to the compression field, is initially
trapped in the plasma [1-6]; and a low-density regime, corresponding to filling
pressures between ~ 5 and 50 mtorr, in which high ion energy and readily
observable neutron production occur without trapped field {7-101. The Scylla
theta-pinch experiments pursued at Los Alamos are characterized by comparatively
large (~ 1.1 kV/cm) induced,vacuum, azimuthal electrical fields at the inner
surface of the discharge tube and typically produce plasma densities n of a
few times 10'® cm™3, electron temperatures T, between 200 and 1300 eV, ion
temperatures T; (strictly, two-thirds of the mean, random ion energy) between
1000 and 9000 eV, and plasma diameters between approx1mate1y 1 and 3 cm.

A rotating flute instability in the high-pressure regime with two-fold
azimuthal symmetry has been extensively investigated [2,4,11,12]. 1In the Los
Alamos Scylla III experiment using coil lengths between 10 and 26 cm, the growth
rate and amplitude of the instability were observed to decrease with increasing
coil length (and decreasing average curvature of the magnetic lines). The
possibility of obtaining greater plasma stability in its longer compression
coil was a main reason for constructing the large Scylla IV theta pinch. Its
basic properties have been reported by Jahoda et al. {67 and Little et al.

[107. We report here on an extension of its operatlon to longer perlods and
higher magnitudes of its magnetic field. :

2. The Scylla IV Experiment

2.1 Apparatus .

The Scylla IV apparatus consists basically of a 1-m compression coil of
10-cm inside diameter, driven by two capacitor banks. The primary bank is
comprised of 50-kV capacitors with a total energy storage of 570 kJ and with
sufficiently small inductance so that 82% of the energy is transferred to the
compression coil. The secondary bank has a maximum of 3 MJ at 20 kV and
consists of a portion of “a large bank (the "Zeus" bank) constructed earlier
for general-purpose energy storage [13]. The overall system has been described
by Jahoda et al. [6] and by Putnam and Kemp [14]. In addition to these banks
there is a 10-kJ, 40-kV preionization bank and a 280-kJ, 10-kV bank for
furnishing bias magnetic.field. All four capacitor banks are indicated in the
circuit diagram of Fig. 1. The sequence of operation is to fire the bias bank
(if used), followed by the preionization bank whose 330 kc/sec oscillating
magnetic field is allowed to decay. The "afterglow'" of this discharge is
nearly fully ionized and provides the initial plasma to which the field of the
primary bank is applied. When used, the secondary bank is fired before the
maximum of the first half cycle of the primary magnetic field.. The half period
of the primary bank alone is 7.4 psec, and that of the secondary bank is 52 psec.

2.2 Plasma Properties with the Primary Bank Alone

The basic features of the discharge in the high-density regime- [6] are the

following: The rotating flute instability is not observed to occur, and the

lasma drift observed and discussed by Reynolds et al. [15] and by Hintz et al.
EIG] is absent, at least during the magnetic half perlod. The absence of drift
is ascribed to the fact that a tapered and straight section separates the com-
pression coil from the wider (4.6 m) parallel-plate tranmsmission line which
carries the current (10 MA) from the coaxial cables leading to the capacitors.
The effect of the tapered and straight section is to reduce the bending of the
field lines, convex to the feed slot of the coil. Neutron emission with yields
per discharge as great as 2 x 10° was observed to correlate with bias field, as
wvas the electron temperature. The plasma cylinder of length ~ 70 cm was
observed optically to havé a sharp boundary separating it from the magnetic
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FIG.1. Schematic circuit diagram of the Scylla IV theta pinch. The inductances are given in nanohenries
(10-* H).

field, as would be expected for a p = 1 plasma, having no internal magnetic
field at peak compression. On the assumption of B = 1, the measurements of
density, magnetic field, and electron temperature yield an ion temperature of
2.6 keV.

In the low-density regime the plasma has quite different properties [10].
The neutron yield with zero bias field is approximately 6 x 1(; almost in-
dependent of filling pressure. On the assumption that B = 1, the measurements
yield ion temperatures increasing from 4 to 9 keV, as the deuterium filling

' pressure is decreased from 50 to 10 mtorr. The electron temperature remains
approximately constant at 300 eV. This confirms the high ion temperatures

(10 keV) and relatively low electron temperature (300 eV) found ih the low-
density theta pinch of Goldman et al. [8,9].

A comparison of the plasmas in the high- and low-density regimes is given
by the interferograms of Fig. 2, taken from data of Jahoda et al. [6] and Little
et al. [10]. These interferograms were made on separate discharges with a 2-m
Mach-Zehnder interferometer spanning the discharge tube along its axis. In
the high-density case (left-hand side) the cross section of the plasma is
typically larger, and the fringes show distortions near the wall, corresponding
to the influx of wall impurities. The low-density plasma shows no such wall
impurity, since the fringes remain straight to the wall boundary. The relative
absence of impurity in the low-pressure regime is borne out by measurements of
the absolute intensity of the plasma soft x-rays [10] which show < 0.1% im-
purity, whereas the impurity level is typically a few percent in high-demsity
Scylla experiments [1].

An important feature of the low-density discharge in Scylla IV is the
rapid loss of plasma out the ends of the discharge. Interferometric measure-
ments show the plasma diameter to decrease with time (as can be seen in Fig. 2)
with an accompanying decrease of the total number of ions. The end-loss rate
is greater after peak magnetic field than before. At 10-mtorr filling pressure
the e-folding time of the decay of the number of ioms is 5.9 psec before peak
field and 2.4 psec afterwards. Analysis of the experimental data on the basis
of a simple model of plasma leakage through end orifices yields an orifice radius
equal to the Larmor radius of the plasma ions [10].
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FIG.2. Interferograms of the Scylla IV plasma in a 1-m, mirrorless coil excited by the primary bank alone,
The data on the left represent the high-density regime, and those on the right the low-density regime. By

is the bias magnetic field, applied before the theta pinch is formed and At is the time lapse after application
of the primary bank.
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FIG.3. Diagram of one of the twenty-one vacuum spark gaps, used to switch the secondary bank of Scylla IV

3. Operation of the Secondary Capacitor Bank

The secondary bank consists of twenty-ome, 700-pF modules of capacitors,
each capable of furnishing approximately 1 MA of current to the one-meter com-
pression coil when charged to its maximum energy of 1/7 MJ. The problem of
switching these large currents has been discussed by Kemp and Quinn [17]. It
was decided to use twenty-one of the multiple-electrode vacuum spark gaps shown
in Fig. 3, each triggered by a stream of plasma fired through the triggering
apertures in the plates from the washer-type plasma guns. In a test of the
secondary bank alone, switched at 15 kV, the half period of the current was
observed to be 52 psec, and the measured magnetic field in the compression coil
was 121 kG. From the logarithmic decrement of the current wave, a bank resis-
tance Rg =~ 2.9 x 10-* Q was derived. The bolted, 4.6- m x 4.6-m parallel-plate
transmission line (collector plate system) was found to suffer less than 0.02 mm
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of deflection over its whole area, except at ‘the feed slot of the coil. There
the deflection varies linearly with voltage and amounts to 0.96 mm at the full
bank voltage of 20 kv, for the clamping arrangement presently in use (described
by Jahoda et al [6]).

When both the primary and secondary banks of Fig. 1 are used in sequence,
the switching problem is particularly severe. ‘The primary bank voltage V_ a 50 kV
is applied first, and nearly all of this voltage must be held off by the vacuum
spark gaps. The optimum time at which to switch the secondary bank is when Vp
has decreased to the value V_ to which the secondary bank is charged. This
would provide an uninterrupted rise of the coil current in the absence of in-
ductance in the secondary branch of the circuit. If the secondary bank is
switched too early, it absorbs energy from the primary bank, causing the
current in the compression coil to fall short of the nominal primary bank maxi-
mum. When the secondary bank is switched too late, it must supply current both
to the compression coil and the primary bamk, allowing a decrease in the compres-
sion coil current. If the secondary bank should fire when the primary bank is
first switched, it removes a large fractiom of V  from the compression coil
and spoils the initial implosion of the pinch.

The secondary-bank spark gaps were essentially identical with one which
was used about 1000 times in the previous Scylla IV experiments [6,10] in order
to short circuit the coil near the maximum of the current half wave of the
primary bank. The central triggering apertures of the multiple electrodes had
a diameter of 6.3 mm, and the gap was embedded in the collector plates. How~
ever, when the twenty-one spark gaps were commnected with cables between the
secondary bank and the collector plates, the additional voltage caused by
doubling of the suddenly applied voltage wave V, at the open cable ends caused
the spark gaps to fire simultaneously with the application of the primary bank.
Rather than making the extensive corrections required to eliminate this voltage
doubling, the cure for this prefiring was provided inside the gaps. As shown
in Fig. 3, the holes in the 4th and 8th plates were constricted to a diameter
of 1.7 mm. It was then found that the spark gaps would stand the application
of V, without breaking down at their operating pressure of ~ 2 mtorr of argon.
They could furthermore be fired at voltages less than 1 kV. It is planmed
later to modify the gap sﬁfucture to eliminate the voltage doubling, thereby
allowing all of the central apertures to retain their large diameters. In that
case the spread of firing times (Jltter) of the gaps should be smaller than at
present.

In order to minimize the jitter in the firing of the spark gaps it was
necessary to monitor the individual gap currents and to adjust their operating
pressures individually. The pressures were adjusted such that the gaps did
not fire appreciably before the time at which Vg = Vp+ After this time 75% of
the gaps fired within a total jitter of about 5 psec. Under these conditions the
decrease in coil current after the first maximum of the component from the
primary bank is due to the inductance in the secondary branch of the circuit.
"This. can be seen by comparing the observed waveform of Fig. 4(b) with the
computed waveform of Fig. 4(c), in which all of the secondary spark gaps are
approximated by a single switch with series inductance and resistance. '

4. Plasma Experiments with both the Primary and SecEndary Banks

4.1 Apparatus

“The basic measurements were those of relative neutron emission rate and of
plasma density and cross-sectional shape as functions of time. The density
and shape measurements were made with a 2-m Mach-Zehnder interferometer,
illuminated by a cooled, continuously-emitting ruby laser, as described by
Little, et al [10]. Time-resolved interferograms were made with a 2.6 x 1¢f
frame/sec, £/4.0, rotating-mirror framing camera [ 18]}, as well as a 3-frame,
high-speed image converter. The framing camera allowed measurements to be made
for 25 psec (56 frames) after initiation of the pinch. The measurements re-
ported here were made in a mirrorless, 1-m coil at a deuterlum filling pressure
of approximately 135 mtorr.
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(a)

(b)

{c) ' 1 N

FIG,4. Waveforms of the compression coil current and the neutron emission rate when both the primary and
secondary banks are useq. {a) Coil current waveform (upper trace) with Vp =48 kv and V=15 kV, and the
neutron signal (lower trace) from a plastic scintillator. Total neutron yield: 2,6x10%, Time scale: 2 psec/div.
(b) Same signals as (a) on a time scale of 5 psec/div. (c) Computed compression coil current waveform using
the indicated circuit parameters of Fig. 1, the voltages of (a) and switching the secondary bank into the coil
when Vg :VP' Time scale: 5 gsec/div. Vertical scales 5.1 MA/div. '

4.2 Results

The fringe pattern of each interferogram yields Indﬁ as a function of
fringe diameter d;. Therefore the total number N of plasma electrons (ions),
assuming a uniform plasma density, is closely approximated by 1.26 x 1 7 i di,
where the numerical coefficient is /4 times the value of |nd{ corresponding
to one-half fringe [6). Typical interferograms are given in Fig. 5 and corre-
sponding graphs of the reduced data showing the fringe shifts vs distance across
the discharge tube diameter are given in Fig. 6. These are typical of many
discharges in which fairly good simultaneity of firing the vacuum spark gaps
was obtained. Graphs of the total number N of plasma electrons vs time are
given in Fig. 7. The time variation of N for the central core of plasma is
typified. by a steady decrease with a characteristic (e-~folding) time of ~ 2 pusec.
A thin core of plasma is retained for longer times and disappears completely
(within experimental error) approximately 17 psec after imitiation of the pinch.
At later times there is a distortion of the fringes outside the central region,
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At=04usec

FIG.5. Interferograms of the Scylla IV discharge corresponding to the current waveform of Fig. 4 with an
initial deuterium pressure of 15 mTorr. A few of the 56 photographs taken by the framing camera are shown
for illustration and identified by the time At after application of the primary bank. Exposure time per frame:

0,42 psec,
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FIG.6. Graphs of the reduced data of Fig. 5, showing the fringe shifts produced by the plasma vs the discharge
tbe diameter and identified by the time At after application of the primary bank

corresponding to motion of new plasma outside the original core. The plasma
core does not show the interchange instability seen in earlier Scylla experi-
ments with short compression coils [2, 12]; nor does it drift appreciably
during its 17 psec of existence.

The neutron emission shows an initial rise, as in the experiments with the
primary bank alone [10], and decays to a low level before the end of the first
relative maximum of the current, as shown in Fig. 4(a) and (b). This correlates
with the rapid decrease of N. Both phenomena are attributed to end loss.

5. Discussion and Conclusions
5.1 Plasma End Loss

The rapid loss of plasma observed in these experiments bears out the
earlier measurements of rate of end loss made in experiments with the primary
bank alone [10]. The plasma essentially disappears by the middle of the second
half cycle of the primary component of the coil current. At these longer
compression times the interferograms also show the possible effects of cold
plasma entering the coil from its ends. This is the interpretation given to
the distorted outer fringes at later times in Fig. 5, since the compression
time approaches the time for plasma at the preionizer temperature to diffuse
into the active coil region. The plasma has more wall contaminant than in

=
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FIG.7. Total number of plasma electrons vs time for four typical discharges of the primary and secondary
banks of Scylla V. The different symbols correspond to interferometric data obtained on separate discharges.
The solid triangular symbols correspond to the current waveform of Fig. 4(a) and (b), the interferograms of Fig. 5
and the reduced data of Fig. 6.

the experiments with the primary bank alone, as can be seen by the distortionm
of fringes nmear the wall at early times (in contrast to Fig. 2). This is

probably because discharges with the large system are much less frequent than
those with the primary bank alone, where discharge cleaning is more effective.

5.2 Possible Closed Systems

There is now considerable evidence that the basic limitation on plasma
containment in straight compression coils of the Scylla IV theta pinch is end
loss, rather than drift or flute instability, at least for the low density
regime. These plasmas do not have the excessive, wall-derived impurity found
when the high-voltage Scylla experiments are operated in the high-density
regime, and their ion energies are considerably higher. It can be inferred from
the scaling of ion energy with plasma parameters {197 that the ion energy in
the low-density regime would be increased by decreasing the gas filling pressure
or increasing the pinch voltage. It appears, therefore, that low-density theta
pinches can provide an important means of performing high-temperature plasma
experiments.

The need for a closed system is strongly indicated if these theta-pinch
experiments are to proceed to longer containment times against end loss in
which the eventual instability limitation can be tested. (A toroidal system
would also eliminate the colder plasma outside the ends of the present linear
systems) . Consequently, investigations are presently underway [20] to determine
the feasibility of constructing a toroidal theta pinch. In the systems under
consideration gross equilibrium and interchange stabilization would be provided
by spatially-alternating, multipole magnetic fields, superimposed on the basic
toroidal compression field, using principles similar to these proposed by
Furth and Rosembluth [21].
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DISCUSSION

J.B. ADAMS: The impurities in Scylla IV are very low What holds

down the electron temperature?

W.E. QUINN: We observe an essentially constant plasma electron

temperature of 300 eV independent of the initial deuterium filling pressure
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over the range 10 to 125 mTorr in the absence of magnetic bias fields, Ab-
solute measurements of the emitted plasma radiation in the soft X-ray region
show the intensity of the continuum radiation to be only twice that of brems-
strahlung for a pure deuterium plasma with the measured density and electron
‘temperature. This shows that the impurity level of these plasmas is < 0.1%,
and therefore that the electron temperature is not radiation-limited. Com-
puter calculations using a modified Hain-Roberts code show that the electron
temperature should be of the order of 600 eV in the Scylla IV low-pressure
regime plasma, and that this temperature should increase as the initial
filling pressure is decreased. It appears that the plasma electron thermal
conduction loss, as described by Dr. Niblett*, can explain the limiting plasma .
electron temperatures observed in our experiments. If this is the case,

with the electrons lost along the magnetic lines, this again points to the need
for a closed toroidal system, which should eliminate the thermal conduction
loss along the field lines.

Yu.S. GVALADZE: Can you say something about the axial density distri-
bution of the plasma? Is it uniform or does it have a spatially per10d1c {fila-
mental) structure?

W.E, QUINN We have not as yet performed side-on, radial measure-
ments of the plasma, which are required to determine in'detail its axial
density distribution. However, axial shadowgraphs show a sharp plasma
boundary, and Zeeman effect measurements and double magnetic probe tech-
niques show that there is little magnetic field in the plasma. Consequently,
the Mach-Zehnder interferograms give density profiles which are interpreted
as representing prolate ellipsoidal (cigar-shaped) plasmas of uniform inter-
nal density with 3 approximately equal to unity; that is to say, the inter-
ferograms more nearly map changes in plasma length as a function of radius
at constant density than gradual density changes through a cylinder of uniform
‘length. Streak photographs as well as time sequences of interferograms
taken on a single discharge show the absence of any spatially periodic or
filamental structure of the plasma. .

* These proceedings (CN-21/34), .
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Abstract — Résumé — Annotauns — Resumen

ISART - A FAST MEGAJOULE THETA ~PINCH EXPERIMENT WITH EXTREMELY HIGH COMPRESSION
FIELDS, A megajoule theta-pinch experiment - Isar I - was put into operation at Garching in January 1965.
The maximum enérgy stored in the condenser bank is 2,5 MJ at 40 kV. The bank can produce peak magnetic
fields of 180 kG with a half period of 20 ps in a single-tum coil with a length of 150 cm and ‘an intemal dia-
" meter of 10.6 cm, A linear z-pinch is used to produce a preionized plasma bias fields up to £5 kG can be’
applied. The first experiments were carried out with stored energies of up to 1.5 MJ and initial pressures in
the range 5 to 50 mTorr D,. The observed drift of the plasma column (toward the collector) was reduced by
improving the homogeneity of the axial magnetic field thus preventmg the plasma from'striking the tube wall
during the first half- cycle. Electron densities of 1 to 2x 1016 cm™%, electron temperatures of 350 eV and ion
temperatures of 3,7keV, calculated from the neutron yield were measured. The maximum neutron yield
per discharge was 1x 10'%, At the maximum magnetic field the end losses were dNgo/dt = 3-t0 6 10%,

ISAR I - DISPOSITIF DE STRICTION AZIMUTALE RAPIDE, DE 1 MEGAJOULE, AVEC DES CHAMPS DE
COMPRESSION EXTREMEMENT ELEVES. Un.dispositiv de striction azimutale de 1 mégajoule - Isar I -a été -
mis en service 3 Garching en janvier 1965. L'énergie maximale emmagasinée dans la batterie de condensateurs
est de 2,5 MJ, 2 40 kv.  La batterie peut produire des champs magnétiques maximaux de 180 kG ayant une
demi-periode de 20 ps dans une bobine A enroulement simple de 150 cm de longueur et de 10,6 cm de dia-
métre intérieur. Un plasma préionisé est produit par striction longitudinale linéaire; des champs de polarisation
atteignant +5 kG peuvent etre ,appliqués. Les premizres expériencesont été effectuées avec des réserves
d'énergie arteignant 1,5 MJ et 3 des pressions initiales du deutérium de l'ordre de 5 3 50 mTorr. Pour atténuer
la dérive de la colonne de plasma vers le collecteui; on a accru 1'homogénéité du champ magnétique axiai, '
ce qui empéche le plasma de frapper la paroi du tube pendan; le premier demi-cycle, Les auteurs ont mesuré
des densités d'électrons de 12 2+ 106 cm ™3, des températures des électrons de 350 eV et des températures
des ions de 3,7 keV calculees d'aprés le rendement en neutroné, Le rendement maximal en neutrons par dé-
charge a &té de 1+101% Pour le champ magnétique maximal, les pertes aux extrémités dNtot/dt ont été de
336-10%, ' L ‘ '

SKCINEPHMEHT HA BbICTPOR METAIXOYJIEBOH TETA-IIHHY YCTAHOBKE "UCAP-1"
C HCKITIYUTEIBHO BHICOKUMU MMONAMHU CKATHA. Ycrauoexa "Hcap-1" ans nposeaenus
JKCNepuMeHTa C MEralxoyneBrM TeTa~NHHY 3ddexkToMm 6pina BBeJeHa B dkcrnyaTauuno B CapxuHre
B siuBape 1965 roja. MakcHMansHas 3HEePrus, akKyMy/iupyeMmas B KOHAeHcaTopHOH 6aTapee, co-
crapasier 2,5'Mrax npd 40 kB. Bartapest MoxeT co3faBaTk MarHUTHble nona B 180 kT" ¢ nonyne-
puoAoM B 20 MKcex. B KaTyIlIKe, H3 OAHOTO BUTKa AnuHOHA B 150 CM M BHYTPEHHHM AHaMETPOM B ,
10,6 cm. Jns nonyyeuus npeABapUTeNbHO HOHU3UPOBAHHOM MIA3MBI HCNONB3YyeTCS NHHEAHNA 2 ~
nuH4Y. Kpome TOro, MOLYT NPHUMEHATHCS HadanbHble Noas HampsxeHHocTeb Ao — 5 k[c. Ilepahie
9KCMepUMeHTHI . GbIIM NPOBEAEHB C HAKOIIEHHON 2HepTHed A0 1,5 MTAX M NEepPBOHaYaNbHbIMM JaB-
NleHHsiMH delTepHs B AnanadoHe ot 5 mo 50 mrop D, . HaGnwoaaewmsiii Apeiid nnaaMenHoro cronba
(B HampBleHHH KONNEKTOPa) YMeHbIaACH 3a CUeT yNyqlleHHUs OJHOPOAHOCTH aKCHaJbHOTO MATHUT =
HOTO MOJSl ¥ TEM CAMLIM NPeAOTBPallaoch 3aXHUTaHue AYTH Ha CTeHKe TPyGH B TeudeHHe nepBoOro
nonynepuona. BbAH M3MepPEHL! NIOTHOCTH 3MeKTPOHOB B 1 — 2 X 1016 cM-3 , TemnepaTyphl 37eKTpO-
HOB B 350 3B i TeMmeparyphl HOHOB B'3,7 K3B, BHUMC/IeHHb e U3 BEIXOAA HelTpoHOB. Makcumans-

’
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ubtii BHXOA HefiTpOHOB Ha paspaa Gma 1% 101 | TIpu MaxcHMansHOM MATHHTHOM MoNe KOHUeBHe
NOTEepH COCTaBHIR

dN,, /dt=3-6X10%,

ISAR I: EXPERIMENTO RAPIDO DEL ORDEN DEL MEGAJULIO EN UNA CONSTRICCION AZIMUTAL CON
CAMPOS DE COMPRESION MUY INTENSOS. En enero de 1965 comenzb a funcionar en Garching una instalacién
experimental - [sar | - basada en una constriccidn azimutal. La méxima energfa almacenada en la baterfa
de condensadores es 2,5 MJ a 40 kV, Dicha baterfa puede preducir campos magnéticos con picos de 180 kG
y semiperfodo 20 ps en una bobina de una sola espira, de 150 cm de longitud y 10,6 cm de difmetro interno.
Se usa una copstriccién longitudinal para producir un plasma preionizado y pueden aplicarse campos de polari-
zacién de hasta £5 kG, Los primeros experimentos se realizaron almacenando energfas de hasta 1,5 MJ con
presiones iniciales del deuterio comprendidas entre 5y 50 mTorr D,. La deriva de la columna de plasma
(hacia el colector) se redujo mejorando la homogeneidad del campo magnético axial, impidiendo asfque el
impacto del plasma sobre la pared del tubo se produzca durante el primer semiciclo. Se midieron densidades
electrénicas de 1 a 2-10'® em-?, temperaturas electrénicas de 350 eV y temperaturas iénicas de 3,7 keV, que
se habfan calculado a partir del rendimiento neutrénico. El rendimiento neutrénico méximo por descarga
fue de 1-10'%, A la intensidad méxima del campo magnético, las pérdidas en los extremos fueron
dNtm'_fdt =3ag-108,

1. Introduction

The megajoule thetapinch experiment - Isar I - at Garching
was put into operation in January 1965. Since then 1500 shots
were fired. The device comprises 252 single circuits connected
in parallel, each with a 4-electrode spark gap, having a maximum
stored energy of 2.67 megajoules. The mirrorless theta-pinch
coil used has the following data:

Length: 150 em
Internal diameter: lo.6 cm

Vacuum inductance: Loty = 7.5 nHy
Internal diameter of vacuum vessel: QCSA\

With this coil the following bank data are obtained:

W [mMJ] 0.3 1.0 1.5 2.67
U [kv] 25 25 30 4o
Tpax [MA] 5.9 13.4 16 21.3
B .. [ksauss] 4o 110 133 178
c [pF] 1.110 3.330 3.330 3.330
Lo ank+Coll. [nHy] 12.5 4.1 4.1 4.1
T/2 [psec] 15 19 19 19

A detailed description of the device has already been given
by A. Knebloch [1] .

Fig. 1 shows the experiment complete with collector and
vacuum system. A z-discharge 1s used for the pre-ionization. Power
1s supplied by an artificial delay-line network with a characteri-
stic impedance of 19 . This provides a current pulse with an
amplitude of 18 kA and a pulse width of lo psec. The theta pinch
discharge is fired after 2o usec. The degree of ionization is then
lo - 20%. Bias fields B,, of up to * 5 kgauss can be used.
Experiments hitherto, however, have been done without such
additional fields.

Till now energies of 1 and 1.5 MJ have been used in this
experiment. The full energy of 2.67 MJ is not to be applied until
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FIG, 1. Photograph of Isar I - MJoule theta pinch experiment

a crowbar system has been incorporated. Reproducible results were
obtained when 2 or 3 discharges, so-called cleaning shots, were
run with a third of the bank (o.34 MJ) between the discharges
with 1 or 1.5 MJ. The experiments were carried out at filling
pressures of 5, lo and 20 uD,.

2. Plasma drift

Initial observations were concerned with the drift of the
plasma column. There are two main reasons for this drift (see
Fig. 2). Firstly, the shape of the collector does not allow
current flow perpendicular to the coil axis. This causes
curvature of the m etic field and,consequently, a gradient of
the magnetic field ( ¥V B) leading to plasma drift [2] .

In order to reduce z-components of the current, many grooves
with a distance of 1 em from each other, 8 em long, o.1 cm wide
and 1 cm deep are cut in the coil-to-collector connection
perpendicular to the coil axis.

Secondly, the large quantities of metal around the collector
disturb the symmetry of the return flux. At the coll ends at least,
this leads to further curvature of the magnetic fields, in the
same direction as the curvature caused by the current distribution.

Image converter photographs showed that in the first experiments

with o.34% MJ the plasma column came into contact with the wall after
4.4 psec. Strangely enough, the plasma column is not destroyed but
can s5till be observed at later times. Since no improvement could
be made by simple means to affect the direction of current flow
in the collector, it was attempted for the time being to improve
the return flux. Sheets of copper 6o x 80 cm were attached to

the coil ends so as to project about %o em. Fig. 3 shows a few
streak photographs demonstrating the influence of the copper
sheets on the drift. The pictures were taken stereoscopically

in the coil centre and 45 cm outside the coil centre.

Fig. 3a is without copper sheets, 3b with copper sheets, in
both cases with o.34-MJ discharges, 3c being the same as 3b but
with a 1-MJ discharge.
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FIG.2, Schematic diagram showing the current and magnetic field distribution in the collector coil assembly
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FIG.3. Stereoscopic streak photographs of theta pinch discharges. a, bi 0.34-M] discharges without and
with flux correcting copper plates at the coil ends. cs 1-M] discharge with flux correcting plates.

End-on observation of the drift motion was continued with a
differential interferometer, and it was found that the plasma
does not touch the vessel wall outside the side-on observation
slits. The drift motion of the plasma in relation to the vessel
axis is plotted in Fig. 4 as a function of the discharge period.
The vertical bars indicate the maximum plasma diameter, i.e. the
location where in the electron density profile the density gradient
becomes smaller than the reading accuracy. The reading accuracy
is approximately 1/lo of the fringe width, which in the case of
the interferometer system used at a plasma length of 150 cm
corresponds to an electron density gradient of 7 x lol% em-%.

The measurements show that copper sheets prevent contact with
the wall. The maximum drift velocity is 5 x 1lo> cm/sec. The maximum
deflection is about 2.5 em. The observed drift corresponds to a
field gradient V B = lo - 15 gauss/cm for the first 2 - 3 usec
of the discharge. The plasma column then appears to assume a state
of equilibrium. This equilibrium is probably due to the magnetic
field minima at the coil ends [2].

The drift is to be reduced later by incorporating between
collector and coll an adapter which should improve both the
distribution of current density and return flux.

3. Determination of the electron density and end losses

The electron density was determined by two methods: firstly,
from tne absolute intensity of the continuum in the visible region
[3} , and, secondly, with a differential interferometer [4] . In
the latter case the radial gradient of the index of refraction is
measured and thus the radial gradient of the electron density as
well., The Eifferential interferometer used had a sensitivity of
7-101” em~*. The gradient thus measured was integrated graphically
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FIG.4, Drift of the plasma column as determined from interferograms. The dashed line represents the axis,
the vertical bars the maximum diameter of the plasma.

to give the electron density profile. Since the light was trans-
mitted through the plasma in axial direction, integration is made
over the plasma length. Moment pictures were made of the interference
fringes. As light source a Q-switch ruby laser was used with an
output of 1 MW and an exposure time of 40 nsec.

In the continuum emission measurements_ the space and time
reﬂolved intensity (at wavelength A = 4978 A, with band width of A A
9 A) was measured side-on at various positions along the coil axis
(o, 15, 45, and 6o cm from the coil medium plane) with a
lo-channel fibre bundle assembly. This intensity distribution
over the plasma cross section was then converted to the radial
density distribution with the aid of the Abel-type integral
equation on the assumption of rotational symmetry in relation
to the plasma axis. A constant value of 200 eV was assumed for
the electron temperature, which appears in the density values
only with the 4th root. Both methods achieved usable results
only after 2 psec.

The moment of the first maximum compression can be found
from high-speed end-on streak photographs. Fig. 5 shows such a
pieture for an energy of 1 MJ and initial pressure of lo pDo.
The moment of compression obtained is 4oo nsec. This agrees
within 1o% with calculations made according to the three fluid
model by Diichs. Preceding the merging plasma cylinder at about
double the velocity is a luminous front. It has not yet been
clarified whether excitation and ionization of the neutral gas
by precursor radiation is involved or whether this is a shock
wave phenomenon.

Several successive oscillations were observed only in the
case of very luminous, i.e. extremely impure discharges. Usually
there is only poor indication of a second compression. The
interference figures and continuum measurements were evaluated
in steps of 2 psec. Fig. 6 shows two sequences of fringe patterns
taken at 1 MJ and 1.5 MJ. These pictures also illustrate the
plasma drift described earlier. At later times (6 - 8 usec)
electron density gradients become visible outside the actual
plasma column. Interpretation is difficult since this phenomenon
may also occur outside the coil and may be caused by end losses.

Fig. 7 shows the evaluation of these interference fringes.
The electron densities refer to an effective plasma length of
120 em, since continuum measurements show that 15 cm short of the
coil ends the line density already drops after 2 psec to 1/4. It is
assumed that at the coil ends the plasma is very quickly expelled
by the divergent magnetic field. Also plotted in Fig. 7 are the
electron density profiles for two positions on the axis (z = 0 and

ot =
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FIG.5. End-on streak photograph of a 1-M] discharge at 10 mTorr D,

15MJ

i

Iy

2 4 6 8 usec

FIG.6. Fringe pattern of 1 and 1, 5-MJ discharges taken end-on with the differential-interferometer at the
indicated points of time; initial pressure 10 mTorr D,

45 em) which were obtained from the continuum measurements. For
the evaluation a degree of impurity of 2% fully ionized oxygen
was assumed.

With regard to the example of the 1-MJ discharge the results
obtained by the two methods give very good agreement. In the
1.5-MJ discharges, on the other hand, the density wvalues obtained
from the continuum measurements clearly exceed at later times
those determined interferometrically. This may be an indication
that at the times when, as a result of drift, the plasma is nearest
the vessel wall further impurities are released from the wall due
to radiation emitted by the plasma. Image converter photographs
at 1.5 MJ show at this moment an intensified glow in the plasma
region. Comparison of the density profiles should make allowance
for the fact that interferometrically determined profiles for
each moment are obtained from different discharges, as are the
continuum measurements at the varlous positions on the axis.
Compared with the electron density profiles in the coil centre,
those at 45 cm show at 1.5-MJ discharges a decrease of the maximum
density at almost constant line density. If a constant ion
temperature is assumed over the plasma length owing to the large
free path of the ions, this flattening of the profiles toward
the coil ends points to the existence of a more intense trapped
magnetic field.

Both types of density profile were integrated over the radius.
The interferometric measurement then gives the total particle
number Ntpt, while the continuum measurement gives the line density
N. In Fig. 8 both values are plotted against time. For the times
from 4 - 8 psec the result is dNgot/dt ® 6 x 1023 electrons/sec.
With reference to a plasma length of 120 cm the result 1s dN/dt =
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FIG.7. Time sequence of density profiles of 1 and 1. 5-M] discharges; initial pressure 10 mTorr D,. Solid
lines: interferometric measurements integrated along the discharge axis, Dotted lines: continuum erri«.on
measurements taken in the medium plane (z =0 cm.) and at z =45 cm, respectively,

5 x 1021 electrons/em sec. The same value is obtained from the
continuum measurements.

End losses are accounted for by the following simple explanation:
The fast compression and the succeeding adiabatic compression supply
energy to the two degrees of freedom prependicular to the magnetic
field. After the first compression ghe ion energles are approx.
Joo eV. At a density of approx. 1010 cm=3 collision times of about
1 psec are obtained. In a comparable length of time energy can be
transferred parallel to the axis. On the other hand, further
adiabatic heating causes the collision time to rise gquickly so
that no temperature balance with the third degree of freedom can
take place subsequently.

In Fig. 8b and ¢ the measured decrease with time of the line
density N or the total particle number N¢ot 1s compared with that
resulting for the case of a collisionlessly outflowing plasma with
initial Maxwell distribution corresponding to 300 eV. The theoretical
curve (dashed line) i1s normalized in Fig. 8Bb to the initial line
density Ny at the moment 2 psec. This is to take account of the fact
that energy 1s transferred parallel to the axis only after a few
collisions. In Fig. 8c the theoretical curve is matched to the
value measured at 4 psec.

4, Determination of the electron temperature

Both the Xwsray absorption method and laser scattering experiments
were used to determine the electron temperature.

X-ray absorption measurement was made end-on with a 4-channel
detector. The four scintillators provided with different absorbers
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The dotted lines represent the theoretical loss of particles for collisionless plasma ﬂow initial pressure for all

discharges 10 mTorr D,

were arranged in such a way that they could receive radiation from
the entire coil volume. Owing to the drift of the plasma column
it was not possible to confine attention to a region close to the

axis, i.e.

mg/cm2 Al

mg/cm2 Al + 6.3 mg/cm2 Be
mg/cm Al + 21.6 mg/cm Be
mg/cme ALl + 46 mg/cm? Be. -

The radiation intensity then increases further,

the vessel wall 1s observed as well.
The absorbers used for most measurements were as follows.

‘

. The measurements show that at an initial pressure of lo HDo
electron temperature reaches 350 = 50 eV already after 2 nsec.

this being attributed

to a rise in density. Further heating of the electrons.with

increasing magnetic field is not observed.

‘According to caglculations

with the three-fluid model the electron temperatures should be
higher by a factor 2 - 3. It 1is suspected that further heating of

the electrons 1s prevented by radiation codcling.

considering that the degree of contamination is

This seems possible,
about 2%.
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At an 1initial pressure of 5 uDp, a higher electron temperature
of 500 eV 1s measured. In contrast with the experiments at lo p, .
however, the radiation intensity drops after 3 psec to approx.
1/1o of the maximum intensity (at 2 usec). This phenomenon can
be interpreted as resulting from particle losses several times‘
greater, as is also shown in the electron density measurements.

In lo-p discharges the same phenomenon occurs In the second
and succeeding half-cycle. In these half-cycles appreciably harder
X-radiation is encountered at 5 p.and also at lo p. At 5 p in the
second half-cycle, for instance, radiation 1s emitted which would
correspond to an electron temperature of 3 keV.

In these later half-cycles antiparallel trapped magnetic fields
have also to be expected. . -

For determining the electron temperature from the light
scattering [5].a Q-switch ruby laser with an output of loo - 200 MW
and a pulse duration of 4o nsec was used. The laser beam was
directed in through a diaphragm system in the vessel axis which was
included in the vacuum system. The scattered light wag measured
in the centre of the coll at a scattering angle of 90~ . For the
electron densities and temperatures expected the parameter characteri-
stic for the light scattering isx4& 1, i.e. pure Thomson scattering
with a Gaussian profile of the scattering spectrum is to be expected.
The scattering spectrum was recorded with a monochromator and an
8-channel glass fibre outlet slit in several discharges at various
times. The background originating from the bremsstrahlung radiation
was used for relative calibration of the various channels. At
the observation site the laser bundle had a diameter of 5 mm. The
plasma volume seen by the monochromator is approx. 2 cm in length.
Since the plasma column drifts away from the axls only within the
first 2 psec scattering measurements were possible.

The scattering measurements were made-at lo pDz. Measurements -
with a bank energy of o.34 MJ gave in the time interval 1 - 2 usec
electron temperatures of 120 - 190 eV. The temperature rise 1is
smaller than would be expected in an adiabatic compression. At
a bank energy of 1.5 MJ thl aximum electron temperature measured
in this interval was 2lo _ 75 eV. Fig. 9 shows two typical
scattering spectra. ) :

The temperatures were determined from the half-width of the
Gaussian curve in which the sum of the .error squares was smallest.
In order to estimate the error another two Gaussian curves were
enlisted which match the test points with a prbbability of So%.
The Gaussian curves with the lowest and highest half-width then
give the lower and upper values of the temperature. '

The light scattering and the X-radiation measurements give
in the overlapping time interval within the margins of error the
same electron temperature.

5. Estimation of the ion temperature

Since the density measurements give a radial density profile
deviating from the box profile of aﬁ==1 plasma and the trapped
magnetic field is unknown, the 1lon temperature cannot be estimated
from the pressure balance. ’

The estimaté made here is based on measurements of the neutron
rate and the assumption of a Maxwell distribution of the ion energy.

The neutron yield was measured time-integrated with a silver
counter and time-resolved with scintillation counters. The axial
dependence was determined with a 4-channel neutron collimator.

In Fig. 10 the total neutron numbers for various initial “
pressures and bank energies are represented. An.initial pressure
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The lon temperatures determined from the neutron yleld have

‘values of 2.4 - 3.7 keV and are plotted in fig. 11. The time depen-

dence of the temperature matches well with that of the magnetic
fleld, as 1s to be expected of the adiabatic compression of a

.gas with two degrees of freedom. The neutron burst, also indicated

in Fig. 11, drops after 7 psec due to end losses. The drop 1s steeper
than would be expected from the decrease 1in density. Accordingly,
the temperature should already drop in the interval from 8 - 12

psec, 1n which the magnetic fleld is practlcally constant and in

which the lon temperature should also remaln constant.

This cooling 1s perhaps caused by the fact, that.especlally
the faster particles escape through the ends.
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The axial dependence of the neutron yield is plotted in Fig.
12. This agrees qualitatively with the axlal dependence of the
density profile found in the continuum measurements. :
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DISCUSSION

L.M. GOLDMAN: Have you measured the fast light front which preceeds
" the main piston as a function of initial filling density? Can this front be ex-
plained by an electron heat front preceeding the ion shock?

C. ANDELFINGER: We measured this front at deuterium pressures
of 5 and 10 mTorr, At the lower pressure the velocity was higher. The
velocities agree with a calculated electron temperature wave, but our theo-
reticians who have performed this calculation do not accept the result of the
three fluid model at these low initial pressures of 5 and 10 mTorr.

G.B.F. NIBLETT: At 5 mTorr you measure T, = 500 eV, What is the
electron density at that time?

C. ANDELFINGER: About (1 to 2) X 1016 cm-3,

V.F. DEMICHEV: Have you measured the angular and energy distri-
bution of the neutron radiation?

C. ANDELFINGER: No, we have not.
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Abstract — Résumé — AunoTanuas — Resumen

~

PLASMA CONFINEMENT, HEATING AND LOSSES IN PHARQS WITH AN EXTENDED CURRENT PULSE.
The duration of the current in a large theta-pinch experiment has been extended to times of ~100 ysec which
is now sufficiently long to study the confinement of a hot, dense (~10% cm-3) plasma in a relatively constant,
high magnetic field. Measurements of the spatial and temporal distribution of particles and the heating rates
have been carried out for the case of an initial reverse bias field. Comparing 640-K and 1.3-MJ discharges .
in a closely-coupled coil, the loss rate decreases with increasing peak temperature. The confinement time
in the 1.3-MJ case is detetmined by the onset of a rotating flute instability which is caused, we believe, .by
the presence of stray transverse fields near the slot. The heating rate and final 900-eV temperature is large
compared to that expected from adiabatic compresston of a shock- heated plasma.

CONFINEMENT, CHAUFFAGE ET PERTES DE PLASMA DANS PHAROS, A-VEC PROLONGATION DE L'IM-
PULSION DE COURANT. Les auteurs ont prolongé la durée du courant dans un grand dispositif a striction a\zi-
mutale pour &tendre des périodes d'environ 100 ps, ce qui est suffisamment long powr étudier le confinement
du plasma chaud et dense (environ 10!" cm™) dans un champ magnétique intense A peu prés constant. Ils ont
procédé 2 des mesures de la distribution des parricules dans 1'espace et dans le temps ainsi que dés vitesses'de
chauffage dans le cas d*un champ initial de bolarisation. Lorsqu'il ont comparé des décharges de 640 kJ ct de
1,3 MJ dans une bobine 3 enroulement serré, ils ont copstaté que la vitesse de perte diminue lorsque la tem=
pérature maximale augmente, Dans le cas d'une décharge de 1,3 Mj, la duréc de confinement est déterminte
par I*apparition d'une instabilité en cannelures tournante, laquelle est sans doute due 2 la présence de champs
transversaux parasites 3 proximité de l'ouverture, La vitesse de chauffage et la température finale de 800 eV
sont &levées par rapport 3 celles que 1'on peut espérer obtenir par compression adiabatique d'un plasma chauffé
par chocs. . . ’

YIAEPXHWBAHHWE, HATPEB U NTOTEPY NJIA3Mbl B YCTAHOBKE "$APO3" C WWHPOKHUM
HMITYJIBCOM TOKA. TpononXHTeRbHOCTh NOTOKA B dKcnepuMeHTe ¢ GONbMUM TeTa-NMHHYEM
6bina yBeauuena npuMepHo A0 100 MKCeK, YTO ABASETCH AOCTATOUHBIM A M3YYEHHH yAepRaHUs
roprueh nAGTHoM (~1017 cm*3) nnaambl B OTHOCHTEILHO NOCTOAHHOM CHABHOM MarsHdTHOM none.
HaMepeHHs NPoCcTPaHCTBEHHOT'O H BpeMEHHOr'O pacrpee/ieHHs YaCTHI H TEMVIOBOA MOMHOCTH EhIIH
BBINOJHEHHl JUIA clly4as C HadajbHbM PeBEePCHBHLIM rojleM cMemeHus. IlyTeM cpaBHEHHA pAIbI B
640 kA% u 1,3 Meraixoy/ns B TeCHO-CABOEHHON KaTyIlKe YCTAHOBJIEHO, YTO MHTEHCHBHOCTh No-
Tepu yMeHbmaeTCH C BO3DACTAaHHEM NMHKOBOH TeMnepaTypsi. BpeMs yaepxanus npu 1,3 MAX onpe-
JAenseTCs Haua/soM BpamaTenbHol xenobkoBoh "onset" HeycTOHYHBOCTH, KOTOpPas, BEPOATHO, BB~
3bIBaeTCs Ha/lMuMeM pacCesiHHBIX PeBepPCHBHEIX noneil B6auau kenobka. TenjoBas MOKHOCTD U
OKoHYaTelbHan TemnepaTypa B 900 B B LUe/IOM CpaBHHBAKLTCH C BeJHUYHHAMH, OKHAAEMEIMH U3
ajuabaTHYeCKOro ¢XKaTHA yJapHOHArpeTOH NjaasMbl. : :

N

L Present adress: Institut fiir Plasmaphysik der Kernforschungsanlage, Jiilich, Federal Republic of
Germany.
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EFECTO DE UN PROLONGADO IMPULSO DE CORRIENTE SOBRE EL CONFINAMIENTO, CALENTAMIENTO
Y PERDIDAS DEL PLASMA EN PHAROS. Efecto de un prolongado impulso de corriente sobre el confinamiento,
calentamiento y pérdidas del plasma en el dispositivo Pharos. En un experimento de constriccién azimutal,
1a duracién del paso de la corriente se ha prolongado hasta ~100 ps, lapso suficientemente largo para estudiar
el confinamiento de un plasma caliente y denso (~10' cm~?%) en un campo magnético intenso, relativamente
constante, Se han medido, en el caso de un campo inicial de polarizacidn inversa, las distribuciones espacial
y temporal de las particulas y las velocidades de calentamiento. *Cuando se comparan descargas de 640 kI

y de 1,3 MJ en una bobina de acoplamiento cerrado, la velocidad de pérdida disminuye al aumentar la
temperatura mixima, En la descarga de 1,3 MJ, el tiempo de confinamiento se determina por la aparicidn
de una inestabilidad giratoria en estrias, originada probablemente por la presencia de campos transversales
dispersos cerca de la rendija. La velocidad de calentamiento y la temperatura final de 900 eV son elevadas
si se comparan con las que suelen obtenerse por compresién adiabitica de un plasma calentado por choque.

INTRODUCTION

In its original form, the Pharos experimental arrangement consisted-of a
2 m long, 10.5 cm diameter, single-turn d-pinch coil connected to the center of
a 5 m wide current collector plate {1]. The nonuniform current distribution
and flux leakage into the slot of the coil resulted in curved field lines with a
radius of curvature of ~100 m. As a consequence, there was a toroidal drift
toward the slot in ~10 psec--a time short compared with the 30 psec half-
period of the damped oscillatory discharge.

The superposition of a pulsed hexapole field of the loffe type, with a rise-
time comparable to that. of the main confining field, served to suppress the
radial drift to the walls for the entire first half-cycle of the discharge [2].

With initial fill pressures of ~0.1 Torr the pfxsma column appeared in side-on
streak photographs to be relatively stable. However, with fill pressures <0.05
Torr, a well defined rotating m = 2 flute was observed. If the hexapole field
was present before the start of the main compression, the time-constant for
the appearance of this instability could be shortened. This suggested that
there was a torque on the plasma which depended on the magnitude of (asym-
metric) transverse fields in the plasma’[3,4].

The experiment was then modified by the addition of a "1 m extension to
the original collector system. ‘This extension had a width equal to the length of
the coil and was slotted at 20 cm intervals so as to suppress stray axial cur-
rents. This improved the symmetry of the field and, even though there re-
mained a small-amplitude wobble around the magnetic axis, the plasma column

did not reach the walls. Thus, the Ioffe field was no longer required. The

usual rotating m =2 flute was also suppressed.

The superposition of either pulsed or steady transverse fields of ~100 G
caused the ‘rotational instability to reappear [5]). The presence of axial Hall
currents J,- in the plasma, due to the interaction of J, with B, can produce
a torque proportional to J,Br [3]. Direct evidence for the existence of Hall
currents was obtained w1th magnetic probes situated between the quartz tube
and the coil [5]. The observed distortion of the applied B, fields, resulting in
a Maxwell stress on both the plasma and external conductors was sufficient to
account for'the estimated angular momentum acquired by the plasma column.

It was also found that the’ time-constant for the appearance of the rotating-
flute 1nstab111ty decreased with increasing distance from the midplane and
could be altered by the addition of 0.1% impurity, which is apparently sufficient
at early times (<2 usec) to reduce the electron temperature and increase the
resistivity. This would be in accord with the expectations from theoretical
models [4,6], which relate the rotation to the decay-time of plasma current.

Finally, it was .found that to confine the remnants of a hot plasma (T, >
100 eV) for times up to 30 pusec an initial reverse bias field was essential.
The free flow of plasma out the ends in 15-20 usec was the limiting factor-in
the absence of a bias magnetic field. A detailed exposition of the results sum-
marized above for a damped oscillatory discharge was recently published [7].
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In all f-pinch experiments reported on by numerous workers, the plasma
confinement could be studied only for relatively short times, i.e., for the
characteristic half-period of the discharge. The question remained, whether
confinement. times approaching 100 usec were possible by trapping an initial
reverse bias field to inhibit end losses by virtue of closed field lines sur-

rounding the plasma. The duration of the magnetic field was extended by clos-
ing a clamp circuit at maximum current.

The experiments reported here are concerned with measurements of the
heating rate, particle-loss rate, radial and axial density distributions, and the
quantitative correlation of neutron emission with the measiured plasma param-
eters.

APPARATUS AND CHOICE OF EXPERIMENTAL CONDITIONS

The Pharos capacitor bank was modified by the addition of vacuum clamp
switches, equal in number to the three-electrode trigatron starting switches.
The clamp switches have an inductance of 40 nH and a resistance of 7 m{) [8]
The results reported here correspond to 640 kJ and 1270 kJ discharges, in-
volving 140 and 280 clamp switches, respectively. The L/R decay time of the
field was 90 usec and 160 usec in these two cases.

In the earlier experiments mentioned in the introduction, the coil diame-
ter was 13.5 cm i.d., while the initial plasma radius was 8.2 cm (''loosely-
coupled' coil), Measurements are reported here using both this coil and a
"closely-coupled' coil with a diameter of 10.5 cm i.d. The object of this
change was to increase the rise-time of the field so as to determine the effect
of the heating rate on the confinement and to determine whether close prox-
imity of the slot to the plasma influences the stability. The other experimental
parameters are summarized in Table 1.

Table 1 - Experimental Parameters

Coil length 180 c¢cm

Ener‘gy 640 kJ ' 640 kJ 1270 kJ

Coupling Loose Close Close

Voltage 18.7 kV . 18.7 kV 18.7 kV

Current . 5.9 MA || 7.2MA 12.7 MA

B,, max 41 kG 50 kG 88 kG '
Rise-Time 12 usec 10 usec 12 usec
Decay-Time 120 usec 90 usec 160 usec

‘B, initial -5.8 kG © -5,8 kG -5.8 kG

The preheating was accomplished by a 300 kc/s damped discharge with a
maximum field of 1.2 kG [1]. The initial ionization was always >50% and close
to 100% for fill pressures below 0.06 Torr in quartz tubes,

It was determined that the confinement time and stability do not depend
critically on the magnitude of the initial bias field over the range -2 to -6 kG.
Therefore, the bias field was arbitrarily fixed at -5.8 kG to facilitate the in-
tercomparison of data for different bank energies, fill pressures and coil
dimensions.

The bulk of the measurements was carried out for a fill pressure of 0.06
Torr, mainly for experimental convenience. At higher pressures (~0.1 Torr)
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the OVIII resonance lines were weak, making electron-temperature measure-
ments more difficult, At pressures below 0.03 Torr the visible bremsstrah-
lung was too weak and the plasma radius too small for accurate determinations
of the density distribution. However, the confinement time and general macro-
scopic features of the discharge were not sensitive to variations of the pres-
sure from 0.03-0.10 Torr. Therefore, the results reported here are regarded
as representative of ""high density'" F#-pinches with reverse initial fields and
modest coil voltages, as distinguished from experiments elsewhere with volt-
ages in excess of 50 kV without bias fields [9,10].

DENSITY DISTRIBUTION AND PARTICLE LOSS RATES

Calibrated £/2.9 streak cameras, operated with a time resolution of 0.8
usec, were used to obtain radial distributions of brgmsstrahlung radiation on
a relative basis in the spectral range 3800 to 6500 A. There were no spectral
lines in evidence during the time in which the density was measured. The
radial intensity distribution was obtained in the usual way by densitometry of
the photographic records and Abel inversion. The absolute intensity scale was
established by a measurement of the continuum radiation in a small wavelength
interval from a slice of plasma using a photoelectric monochromator cali-
brated against a tungsten ribbon lamp.

A typical side-on streak photograph of the compressed plasma is shown in
Fig. 1. It is apparent without detailed analysis that confined plasma cannot be
observed for times >20 usec, under circumstances where the axial field is es-
sentially constant for times greater than ~8 usec.

End-oa framing photographs, using a telecentric optical system, of the
radial distribution of the luminosity are shown in Fig. 2. The ""hole" in the
plasma column due to the reverse trapped bias field is apparent up to the sec-
ond microsecond of the discharge. At later times these end-on data cannot be
used to ascertain the presence of a ""hole," due to axial wobbling of the com-
pressed cylinder.

8.4 CM

I | | | I I I 1 | I I

I
0 2, 4 €& 8 0 iz 4 I8 3 20 2F 24
TIME (MICROSECONDS)

Fpo=0.06 TORR, 640KJ (CLAMPED)
COIL DIAMETER =10.5CM ID., Ba=-58KJ
1OCM FROM MIDPLANE

FIG.1. Typical side-on streak camera photograph of a compressed plasma. Discharge conditions: 0. 06-Torr
D,, condenser bank energy = 640 kJ, B, =- 5.8 kG, 10 cm from midplane, and "closely-coupled” coil.

In Fig. 2, an instability is observed following the first implosion, A sur-
face layer of the plasma seems to blow off. At later times the plasma column
coalesces into a well-defined cylinder without obvious turbulence at bounda-
ries, This "blow off'' phenomenon makes itself manifest in a lack of repro-
ducibility and cylindrical symmetry between 2 and 4 ysec. Thus the radial
density distribution could not be measured during this time.
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EXPOSURE
# SEC TIME
I 100ns 4 50ns
2 200ns ] 50ns
o 200ns 6 50ns
EXPOSURE
HSEC TIME

= Bacmbe

=006 TORR , Ba=-58K6, E=640KdJ (CLAMPED)
COIL DIAMETER = 10.5CM 1D

FIG,2, Image converter photographs showing the early compression states, Discharge conditions same as
for Fig.1. The time is measured from the inititation of the main bank discharge. At 2 psec, an instability
develops and a layer is "blown off" the surface at 3 psec. By 4 psec a symmetrical plasma cylinder is re=
formed. The exposure times are shown to the right of each photograph.

The spatial and temporal distribution of the electron density for a 640 kJ
discharge in the loosely-coupled coil is shown in Fig, 3, Observations were
made at 20 cm intervals along the coil axis. Three positions were monitored
simultaneously and the streak cameras were intercalibrated using the radia-
tion from the early stages of the pre-heater discharge, which was established
to be uniform along the axis, As discussed in Ref, 7, there are strong axial
variations in the effective plasma radius, and apparently strong gradients in
the axial pressure. However, in the region of the midplane of the coil the
density variations are relatively small, except at the plasma boundary where
the density falls by a factor of two over ~0.3 cm. This latter dimension cor-
responds to the estimated ion Larmor radius in the boundary region and does
not increase significantly over times comparable to calculated field-diffusion
times. Furthermore, the plasma density does not fall rapidly., Rather, the
change in plasma volume (radius) proceeds at a more rapid rate. Thus near
the peak of the current, the plasma is lost from a 'constant-density'' region
with a continuously shrinking volume. This curious behavior could be inter-
preted as a plasma loss due to radial diffusion from field lines in the plasma,
which close on themselves, to field lines which are connected to the outside of
the coil, i.e., analogous to the peeling of an onion. Unfortunately, this
vegetable-like interpretation is not unique since the presence of a reverse
magnetic field for times >5 usec has not been established directly. Also, the
precision of the density-distribution measurement from side-on Abel-inverted
streak photographs is not sufficient to make a definitive statement concerning
the magnitude of a reverse trapped magnetic field, although in Fig. 3 there is
some evidence for a dip in the density distribution at 8 usec.

The total number of ions or electrons confined during the discharge is
displayed in Fig. 4 for the 640 kJ case. The characteristic confinement time
is 10-15 usec, i.e., half the plasma is lost in this time. In the 1.3 MJ case the
line density at the midplane does not decrease for about 12 ysec, until the on-
set of a rotating flute instability. Thus the loss rate decreases with increasing *
electron temperature.
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SPECTROSCOPIC OBSERVATIONS
Instrumentation

The heating rate and electron temperature were inferred from end-on
measurements of the time histories of OIlII-OVIII spectral'lines, which ap-
peared ‘sequentially during the discharge [11], using the theoretical curves
shown on Fig. 5 (see Appendix) and from x-ray measurements through absorp-
tion foils. (Experimental details will be found in Ref. 12. }

T

T T T
EEERET!

Lo 1311tk

IR R LALLLE

Lol bl 1 L LI

TTIT

1o

LIS

IONIZATION RELAXATION TIME - T ( # SEC)

ELERARLL
!

welw L 8 o )
100 200 300 400 500 600
TEMPERATURE (eV)

FIG.5. The theoretical (half) half-width of the intensity-versus-time signal plotted as a function of the
electron temperature for the indicated fons and for Ng =101 ¢cm™3, 1 o Ng! (see Appendix).

Intensity measurements in the spectral region 500 K to 1700 A were made
of OIII-OVI resonance lines as well as of 23P-235 lines of OV]i. A 0.5 meter,
Seya-Namioka vacuum gpectrometer with a dispersion of 16 A/mm and maxi~
mum resolution of 0.4 A was used for these measurements. Some degree of
radial spatial resolution was obtained by repeating the measurements with
different apertures, which determined the mean diameter of the plasma viewed

[12}. .

Temperatures in the range above 300 eV were also determined from
measurements of the continuum intensity in the soft x-ray region of the spec-
trum beyond the OVIII Lyman series limit [12]. Provision was made for se-
lecting any one of three sets of four simultaneously monitored absorbing-foil-
scintillator-photomultiplier combinations. Most results were obtained with
nickel foils of 2.8 and 6.8 mg/cm2 (opaque to OV and OVI radiation in the 150
to 170 A region}), covered with 25u of polyethylene (CH,) to reduce the trans~
mission for x-ray lines. The aperture was restricted with stops so that the
plasma region viewed was similar to that observed with the vacuum spectrom-
eter, :

Temperature History

The temperature history obtained by various methods for the nominal fill
pressure is shown in Figs. 6 and 7 for the experimental conditions listed in
Table 1, A detailed exposition of the theoretical basis from which the temper-
ature was inferred is discussed in.the Appendix, The various measurements
yield consistent results summarized.as follows:
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FIG.7. Temperature and magnetic field versus time for 0. 03 and 0. 06-Torr D, for a 1, 3-MJ discharge in

the "closely-coupled” coil. Electron temperatures and preheater temperatures were obtained as for Fig. 6. The
significance of the neutron temperature is discussed in the text. The variation of the experimental errors

with temperature is shown by typical error flags,

The temperature rises to ~400 eV for the 640 kJ discharge with a heating
rate essentially the same for the closely-coupled and the loosely-coupled
coils. For the 1270 kJ discharge, however, the heating rate is markedly
higher, and the peak temperature is ~900 eV. In each cage, the téemperature
rises initially with at least the third power of time and is still rising when the
field peaks. This high heating rate, culminating in the measured high temper-
atures, is attributed to the dissipation of the reversg field. :

The profile of the Doppler-broadened CV 2271 A line yields an ion tem-
perature of 115+ 25 eV at 4.5 usec, which is somewhat lower but still consist-
ent with the measured electron témperature (see Fig. 6). The uncertainty is
due almost entirely to a possible Zeeman effect. The agreement between



CN-21/98 ) 269

electron and ion temperatures is not unreasonable since the CV ion-electron
energy equipartition time is estlmated to be of the order 0.1 usec for the
present conditions.

Also the time history of the neutron emission, the total neutron yield
(4x107 /pulse) and the time variations of the electron density and plasma vol-
ume can be used to plot the temporal variation of a "neutron-yield tempera-
ture.'" The spectroscopic and neutron temperatures are in approximate
agreement as indicated on Fig. 7.

Radial Intensity Variations

The space-resolved, end-on observations with the vacuum spectrometer
[12] show that the OIII-OVI spectral lines are emitted during the igitial implo-
sion phase from different radial positions. The OVII line at 1638 A also shows.
evidence of strong radial intensity gradients, with the radiation being emitted-
chiefly from an annulus between radii of approximately 5 and 15 mm. This
gradient could be due either to a nonuniform oxygen concentration, or to radial
variations in N_,, T, associated with a reverse trapped field.

Irripurity Concentration
L

Discharge cleaning reduces the carbon level by a factor of six. This is
not the case for oxygen, Compgarison of the signal amplitude of the optically
thin 23P-235 OVII line at 1638 A, with and without added impurity, indicated
0.15% oxygen in the discharge. This value is only approximate in view of un-
determined wall effects and the possibility of different loss rates of oxygen
and deuterium ions, Earlier measurements [7] of the influence of impurities
on the plasma stability also indicated an impurity level of about 0.1%. Oxygen-
ion resonance lines could not bé used for determining the impurity level since
these lines become optically thick when the plasma column is viewed end-on.

Ionization of OVIII

'

The time history of the OVIII line shows that it decays by a factor of two
within one microsecond after reaching a-maximum, a time which is.short
compared with the characteristic particle-loss time. In addition, the temper-
ature is changing slowly at this time (see Figs. 6 and 7). Also, the ionization
rate of OVIII calculated for the measured N, and T, is in accord with the ob-
servations. From this, it is concluded that the OVII_I temporal history corre-
sponds to the complete stripping of oxygen ions.

To check this point, neon was added to the dlscharge The time-history of
NelX is expected to be similar to that of OVIII, since their ionozation potentials
are comparable. The obsegved burn-out of NelX at |:.» A und the subsequent
appearance of NeX at 10.2 A confirms the conclusions.concerning the OVIII
burnout.

SUMMARY

From the measured electron density and temperature, the plasma pres-
sure is nearly equal to the magnetic pressure at ~10 usec (8= 0.8 £ 0.2). The
heating rate is much higher than expected for shock heating and adiabatic
compression. Energy balance calculations show that the high peak tempera-
tures must be due to the conversion of magnetic energy in the trapped bias
field into plasma kinetic energy.

Calculations of the ion-electron relaxation time, using the measured N
and T_,, show that the ion temperature should rise to within 200 eV of T, in
times of the order of 1 usec. The observed '""neutron-yield temperatui‘e"'does
not contradict this conclusion,

- Calculations of the radiation loss rates from the spectroscop1c measure-
ments indicate that they are small compared with the measured heating rates
after the temperature rises above ~100 eV, and are completely negligible when
the oxygen is str1pped of all of its electrons,
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The observed shape of the high< plasma suggests that there are large
axial pressure gradients, which may be due to closed field lines, If it is pos-
tulated that plasma is lost by radial diffusion from closed field lines to field
lines that encircle the c01l the required radial diffusion velocity, V_, can be

estimated by

dN rp(l dn.
N dt

where r , 4  are the plasma radius and length and N is the total number of
-confined electrons. Based on observations of N _(r,z,t), a velocity v R5 x 104
cm/sec is calculated from this relation and would account for the losses in the.
640 kJ case. This velocity is within a factor of six of that estimated using the
classical diffusion coefficient and measured pressure gradients at the plasma
boundary. Thus, taking the various uncertainties into'account it is likely that
the losses are determined by classical diffusion. Some support for the notion
that (almost) classical radial diffusion is involved in the loss mechanlsm is
provided by the observation that dN/dt decreases with 1ncrea51ng peak elec-
tron temperature (bank energy). If the plasma were lost by free flow through
an aperture (hole) at the ends, one would expect the loss rate to increase with
increasing temperature (sound speed). Also, the smearing of the plasma
boundary with time is less than predicted by classical diffusion, which is ex-
pected if'the particles are lost by ''peeling' off the surface in the manner indi-
cated above.

Inspection of the density profiles (Fig. 3) indicates that the trapped re-
verse field, which causes the axial pressure gradient, has effectively decayed
after ~11 usec, i.e., the plasma density near the ends begins to rise. This
corresponds to the time at which there is a sudden increase in the particle
loss rate (Fig. 4). Also in Fig. 4 it is seen that the loss rate tends to decrease
during the period 5-8 usec, when the electron temperature is rising.

The ~12 usec confinement time of a 900 eV plasma (1.3 MJ dlscharge) in
the closely-coupled coil is not yet limited by particle losses, as in the 640 kJ
case. Instead, the plasma is lost after the onset of a rotating-flute instability,
which is suspected to be due to the close proximity of the plasma (before the
first implosion) to stray transverse fields near the slot. Further measure-
ments with a loosely-coupled coil and bank energies > MJ are required to
settle this question and to elucidate further the confinement mechanism sug-
gested above. In the case of a 1.5 MJ ringing discharge in a loosely-coupled
coil, rotating flutes were not observed for times approaching 25 usec [7].

One also notices for the 1.3 MJ case that there is an indicaticn that the
temperature tends to decrease after ~10 uséc. This could be dye to a prefer-
ential loss of energetic particles.

Finally, one concludes that for the conditions of these exper1ments the ,
confinement time of the plasma is small compared with the duration of the
""clamped" magnetic field.
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APPENDIX

SPECTROSCOPIC ANALYSIS

The key to the analysis of line spectra from energetic pulsed discharges
lies in the various rate coefficients for excitation, ionization and their in-
verses. The largest cross-sections are usually those for allowed electric-
dipole transitions, Because the dipole interaction is of rather long range, it is
reasonable to employ the quasiclassical impact parameter method discussed
by Seaton [13]. A simplified form of the cross-section is then [14]

4
. N 2me* £
nm ~ 2 i M
mv* AE

The quantities f, and AE,, are absorption oscillator strength from levels m
to n and their difference in excitation energy, respectively; e, m and v are
electron charge, masgs and velocity, .

The excitation rate X = <o, v> is found by averaging over a Maxwellian
velocity distribution .

E Ey\"? AE .
Xom~ 9 x 1078 £ AEH (E—TE) exp (- k;m) {cm? sec”1],
: nm

where all energies are expressed in terms of the ionization energy of hydro-
gen, Ey. This result can be extended to ionization by summing over final
states n and continuing the sum as an integral over free-electron states. With
fom ® 1.6 n,/m3 and AE,, * E,; - 22Ey/m? in the exponential factor, the re-
sulting ionization coefficient is :

n E /2 E
N -8 2z [__"H \[kT ( __z> 3 -1
S,~ 7 x10 r _(Ez m kT>(EH ~ exp {- 37/ [cm? sec ].

Here n, is the number of equivalent electrons in the state to be ionized, E,
its ionization energy and z the charge of the resulting ion, The expression
for S, represents in analytic form the result of an exact integration to within
10% for T/E, <0.5. The temperature-dependent denominator arises because
of the continuous energy variation in AE for bound-free transitions. Since
at low temperatures (compared with E,) the behavior of the ionization cross-
section near threshold controls the ionization rates, one can demonstrate that
the threshold ionization cross-section corresponding to the above expression
for S, is o= 3.3a.2 z°* [(mv?/22z?Ey) -1], which agrees with the Coulomb-
Born approximation [15] for z=2 and is 20% smaller than the exact Coulomb-
Born approximation for z=w. Thus, the expression adopted for S, should be
quite reliable, especially for high-z ions.

Estimates for radiative-recombination coefficients are readily obtained
from wel)~known formulas for the free-bound continuum emissicn coefficient,
dividing by the photon energy and integrating over the relevant frequency
ranges. From the hydrogenic continuum formula (without the Gaunt correc-
tion) the calculation for the radiative-recombination coefficient follows in this
manner to give .

Ey

3/2
a, ~ 5 x-10"14 r ozt (k.'_I‘-) {cm3 sec“] .

Here r, is a factor accounting for the detailed ionic structure, which can be
estimated to be r, = 0,10, 0.10, 0.12, 0.13, 0,12, 0.33, 0.39 for recombination
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leading to OII, OIII, etc., and OVIII, respectively, (The slight temperature
dependence of these factors may safely be neglected in'view of the overall un-
certainties of, say, a factor of 2 in the collisional rate coefficients.)

In order to check whether steady state ionization is indeed reached, ioni-
zation (or recombination) relaxation times must be estimated. A corona-type
. steady state is reached in times of the order of 7 ~ (S,N,.)" 1, When both
. step-wise excitation and ionization or collisional recombma.tmn are important,
relaxation times are considerably shorter. Up to and mcludmg OVI, suitably
revised relaxation times are about 1 usec for N, = =10'7 cm 3, and are there-
fore shorter or at least not much longer than the tlmes of interest in the pres-
ent experiment, justifying the use of steady state relations. Howevér, for ,
OVII and OVIII, the situation tends to be the opposite (here no significant re-
duction in 7, can be expected), and actual rate equation must be considered.

The steady state corona equations are used to obtain temperatures at the
time when OIII-OVI resonance lines reach a maximum, assuming each line
peaks when there are equal populations of the ion of interest and the next ioni-
zation species. Inclusion of stepwise ionization and excitation and the counter-
acting collisional recombination could not change the temperatures by more
than 20%, which is adequate precision for the purposes of this paper.

To obtain temperatures from CV OVI1I, OVII, NelX, and NeX lines, we
consider the intensity relation

z hvnm
B e Xom N, N1,

where 4 is the length of the emitting layer. As the temperature increases,

X .m first rises faster than the ionization coefficient, but intensities only be-
come appreciable when also the latter is quite large, i.e,, when N, begins to
decrease in favor of N, ,,. The (half) half-width of the intensity-vérsus-time
signal from such a line should thus be of the order of the ionization relaxation
time, 7, ® (SzNe)'l. These times for CV, OVII, OVIII, NelX, and NeX are
plotted in Fig. 5 as a function of temperature for N, = 10!7 cm™?. Compari-
son with measured temporal (half) half-widths yields an estimate for the av-
erage electron temperature durmg the rise times of spectral lines emitted
from these ions.
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DISCUSSION

. J.R. ROTH: There are a few cases in Fig. 3 of a radially increasing
" particle density in the vicinity of the plasma axis. Is this a real effect, or
is the increase within your limits of experimental error?

A.C. KOLB: There is some evidence that there is a dip in the density
distribution near the axis. This could be due to a trapped reverse magnetic
field, However, the experimental accuracy is not sufficient to permit a,
definitive statement on this point. Nevertheless, the strong axial pressure
gradients indicated by the density profiles are certainly real and are con-
sistent with the conclusion that the reverse magnetic field decays in a time
comparable to'the classical decay time,

L.M. GOLDMAN: What was the minimum quantity of the trapped reverse
field to procure the longer confinement times?

A,C. KOLB: The qualitative behaviour of the discharge was similar for
bias fields in the range 2 to 6 kG. However, we have only made detailed
measurements for (B,) a1 = 5.7 kG.

S. YOSHIKAWA: Am I right in saying that, if confinement is limited
by classical diffusion, a strong depgndence on denSity, magnetic fields and
temperature is to be expected? '

A.C. KOLB: Yes. In these particular experiments the transition from
B = 0 to B ~1 takes place over about 3 mm. In this case the temperature
dependence of the resistivity, appearing in the classical diffusion coefficient,
controls the radial diffusion. Indeed, a very strong dependence of the loss
rate on the electron temperature is observed, .

L.A, ARTSIMOVICH: I can suggest an explanation of the fact that, in
a field produced by Ioffe bars, an additional instability occurs in Dr, Kolb's
experiments., Near the surface of a highly conductive plasma the magnetic
field geometry will differ considerably from the shape of the field in a vacuum.
In particular, the field strength decreases from the plasma surface outwards.
In-addition, the plasma will tend to escape radially as a number of tongues.

A,.C. KOLB: The loffe bar stabilization of an m = 1 drift towards the
wall of the discharge tube demonstrates that the field strength.increases
from the plasma surface outwards. Also the energy density associated with
the multipole field (at the surface of the plasma) is ¢ 10~%of the energy
density in the main B; confining field, Thus we do not expect, and have not
observed, plasma tongues in the direction of cusps. This statement applies
to the first 20 us, when the Ioffe field is applied after the shock implosion,
Very late in the discharge, when B, has dropped to a very low value, radial
tongues through the line cusps are indeed observed.
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Abstract — Résumé — Apgnoranua — Resumen

FORMATION AND DEVELOPMENT OF HYDROMAGNETIC DISTURBANCES DURING THE IMPLOSION PHASE
OF A PREIONIZED THETA PINCH (CARIDDI) A study has been made of the 1mplosmn phase of a preionized
theta pinch in-an initial magnenc field. ngh-speed optical refractive methods and a miniature magnetic
probe have been used in order to compare the actual 1mplos1on phase behaviour, -with the calculated one on
the basis of the partially ionized and fully ionized models, The thickness ($8 mm) of the measured shock
front is appreciably smaller than the relevant collision distances, thus indicating a COlllSlOﬂICSS phenomenon.
High frequency structure is also observed in Lhe shock transmon

FORMATION ET EVOLUTION DE PERTURBATIONS HYDROMAGNETIQUES AU COURS DE LA PHASE
* D'IMPLOSION. D'UNE-STRICTION AZIMUTALE PREIONISEE.(DISPOSITIF CARIDDI). Les auteurs ont employé
des méthodes de réfraction optique 3 grande vitesse et une sonde miniature -magnétique pour comparer le com-
portement réel du plasma pendam la phase d'implosion avec le comportement calculé sur 1a base des modeles
partiellement et entitrement ionisés. L'épaisseuf (S 8 mm) du front de choc mesuré est sensiblement in-
férieure aux distances de collision, ce qui est caractéristique d'un phénomene sans collision. On observe
également une structure 2 hautes fréquences dans la phase de transition de choc.

OBPA30BAHHUE U PA3BUTHE THAPOMAT'HUTHBIX BO3MYUEHUN B TEUEHUE UM-
MJAO3UOHHON ®A3bl MPEABAPUTEJIBHO HOHU3UPOBAHHOI'O TETA-TTUHYA (KAPUIOOH).
BBICOKOCKOPOCTHBIE ONTHYecKHe pePpaklMOHHEIe METOAR W MHHHATIOPHHIA MarHUTHEIR 30HA HC-
NoNAB30BaNKCh C LeJibl0 CPaBHEHMS AeHCTBUTENLHOTO NOBeleHHs] Gas3sl UMMJIO3HH C NMOBENEHHEM,
BEIYHC/I€HHEIM Ha OCHOBE YaCTHYHO M MOJIHOCTHO HOHH3HPOBaHHBX MoAeneh. TonmuHa (<8 MM)
H3MepeHHOro BPOHTA yAapHOR BOJHE 3aMETHO MEHEIE COOTBETCTBYDMMX PacCTOSHHA CTONKHO- '
BEHHA, UTO yKa3HBaeT Ha cymecTBoBaHHe fiBJleHHR Ge3 CTONKHOBEHHA. B yjapHoOM nepexoje Ha-
6npaaeTes TaKie BBHICOKOYaCTOTHas CTPYKTYpa.

FORMACION Y EVOLUCION DE PERTURBACIONES HIDROMAGNETICAS DURANTE LA FASL DE IM-
PLOSION DE UNA CONSTRICCION AZIMUTAL PREIONIZADA (DISPOSITIVO CARIDDI), Se han utilizado
métodos de refraccién 6ptica de gran velocidad y una microsonda magnética para comparar ¢l comportainicnto
real, en la fase de implosi6n, con el calculado a base de modelos parcial y totalmente ionizados, El cspesor
($8 mm) del frente de choque medido es sensiblemente menor que las correspondientes distancias'de choque,
Io que es indicio de un fendmeno exento de colisiones, En la transicién de choque, se observa tambifn la
estructura de las altas frecuencias,

1. INTRODUCTION

The fast theta-pinch Cariddi /1-3/ has been designed with'the
aim of studying the radial propagation of large amplitude hydro-
magnet'i_c disturbances and possibly of collisionless ShOCI,{ waves .
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For this purpose4the radius is large (9 cm) and a high electric

field is used (745 V/em) . ,
Measurements on the radial propagation have been carried out

by means of high-speed interferometry, Schlieren and Shadowgraph

methods and miniature magnetic probes. The results have been

:compared with numerical integrations of the field equations for

"a plasma, as concerns the macroscopic behaviour of the shock:

some elements of the shock structure have been chzerved.

. 2, APPARATUS

The apparatus shown in Fig.1 is basically a theta-pinch in
which a multi-sector coil is adopted. An initial magnetic field
is provided by means of a ‘second condenser bank which energizes
a single turn coil at low frequency (3.3 ké/s), the single turn
coil being inside the sectored coil. An axial discharge cr;tically
damped, energized by a bank of 3 kJ, provides the preionization
of the filling gas (Hg) . The main condenser bank produces a
peak magnetic field of 7500 Gauss (bias fields up to -1700 Gauss
are used) ., The inner diameter  of the discharge tube is 180 mm,
the length of the sectored coil is 700 mm. Some details of the
main bank are given in Table I.

Fig.2 shows the timing of the banks, First the preionizing
bank is switched on, followed after about 5 ysec by the bias
bank, and when the bias field has reached its peak value the main
bank is switched on.

3. PREIONIZATION

- 'The preionization discharge has been tested by optical methods.
The density of the partially ionized plasma has been measured by
using a series interferometer /4/(it has been necessary to use
this type of interferometer owing to the large diameter of the
discharge tube). The measurements have been carried out on streak
interferograms in order to obtain the plasma density along the
radius of the tube as a function of time; At has been possible to
obtain both the electron density and that of the residual neutral
atoms by meaguring the fringe sh1ft at two different wavelengths
/5/ (-~4700 A and ~ 6200 ). :

Fig. 3 .shows a typical interferogram wh1ch describes quite
well the behaviour of the axial discharge. The implosion of the
discharge does not produce appreciable fringe shifts but remember-
ing that the recorded shift is integratéd along the entire length
of the discharge tube, this can be explained by an axial variation
of the imploding plasma column, On the contrary, the rebound of
the plasma towards the walls is clearly observable. By following
the fringe shift in. time one can see that it reaches a maximum
value at about 10 p'sec and later on decreases. We have chosen
to fire main bank at 70 M sec because at this time there is a good
degree of ionization with a qua;i—uniform radial density distribu
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tion. In addition at this time there is no appreciable axial

current, Figs. 4 a, b shows the electron density'v'ersus the radids
measured at successive times at 50 and 25 M Hg in Hg. The homoge-
nelty of the plasma on the entire cross-section of the discharge
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FIG.3, Streak interferogram of preionizing discharge (time resolution =1 psec)
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FIG.4. Preionization electron density versus the radius, measured at different times and pressures

tube has been tested by taking Schlieren and Shadowgraph photo-
graphs (using a pulsed ruby laser as light source); the plasma is
quite homogeneous at the time chosen, strictly speaking, the inho
mogeneities are below the sensitivity limit of the optical methods
used.

As regards the measurement of the neutral atom density distri
bution it must be pointed out that only near the wall are the den-
sity variations large enough to be detectable, the minimum measu-
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rable density being about 1014 cm—3, the neutral density at the
wall was observed to be two or three times the filling density.

4. IMPLOS10N PHASE

The' sequence of  events taking place during the implosion
phase can be easily described onily in the idealized case where in
a infinitely conducting plasma a. constant 3 x B force drives the-
current sheet toward the centre of the discharge. In this case
the relationships between the pirameters of the shock wave preceed
ing the current sheet(magnetic piston), and those of the piston
itself, can be described in terms of ordinary hydrodynamics,- taking
possibly in account the convergence effects due to cyllndrical
geometry. Unfortunately in practice one does not reach the above
mentioned limit case: the.gas is only partlally 1onlzed conducti’
vity is finite and the dr1v1ng field is not constant.

On the basis of the partially and fully ionized models deve-
loped by Hain, Roberts /6/ and by Roberts /7/ calculations have been
made for different values of pressure bias field and degree of
preionization. The pattern of values has been chosen as being the
most promising in order to obtain as strong shock waves as possible,
attemping to reach the 1limit of the collisionless case.

Most of the experimental work has been carried out by means
of magnetic probes and interferometric measurements. Fig. 5 shows’
the magnetic field measurements (outer diameter of the probe 3 mm)
at different distances from the axis of the tube as a function of
time and the calculated magnetic field for main bank charging volta
ge 25 kV, bias field -1700 Gauss, initial pressure 50 pHg but with
different degrees of initial ionization: the theoretical one is
55%, the experimental one is about 35% (see Fig.4 b). .Fig.6 shows
the electron density versus radius as measured on interferograms
taken by using a pulsed ruby laser as light source (giant pulse
time 10 nsec) and electron density from the theoretical calcula-
tion in the same conditions of Fig.5.

Fig .7 shows a streak interferograms of the implosion phase
in which are observable at radius 3 cm, both the shock wave and
the magnetic piston.

The same general behaviour has been found at 25 M He w1th
"main bank charging voltage 25 kV, bias field -1700 Gauss and
45 % of initial 1onlzat10n, compared with a fully ionized theore—
tical case.

Fig.8 shows a series of interferograms taken at these cond1—
tions, in which the formation of a shock in front of the magnetic
piston can be observed. .

The interferometric and magnetic probe measurements are in
good agreement . (within the experimental errors) as regards the
compression ratio and the difference in time with respect to the
theoretical curves. The discrepancy observed between theoretical
and measured curves can be explained as follows.

The experimental degree of ionization has been obtained as
the ratio of the experimental electron density and the filling
neutral density. The degree of ionization actually present may be
larger as the neutrals during the preionizing discharge tend to
be concentred near the wills, and the actual density of heavy par
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ticles over most of the tube is lbwer than expected. Moreover at
the beginning of the implosion phase the inductance of the multi-
sector coil is reduced with respect to the vacuum inductance and
consequently the rate of change of external field is increased

with respect to the vacuum rate of change which has been used in
the numerical calculations, This tends to increase the implosion

velocities with respect the calculated ones.

5. SHOCK STRUCTURE .

In order to reach a collisionless situation we operated at a
pressure of 25 Hg which is the minimum pressure which gives a
sufficient reproducibility in the measurements and at a bias_ field
of -850 Gauss which gives a high Mach number and at the same time
produces a well formed shock front before the effect of convergence
is important, Fig.9 shows the magnetic field at a radius of 2.5
cm from the axis as a function of the time in which the shock front,
well separated from the magnetic piston is clearly evident., Fig.10
shows the development of the wave from the radius 4 cm to the ra-
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FIG.7. Streak interferogram of the implosion phase (time resolution =0, 1 psec)

dius 2.5 cm from the axis. The thickness of the shock front is
found to be 8 mm.

During this time interval, both the magnetic field intensity
and the speed of the shock front are constant and we can consider
it as a plane stationary wave. This fact has also been proved by

measuring the shock And piston velocity from a sequence of Schlieren
photographs taken on successive discharges.

Thus we can write the momentum balance equation at the piston

: 2 |
Hoo B on kT 4 (g He.
s "rs""rp NS'-

i g
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FIG.8. Theoretical curves and experimental measurements of the electron densities obtained from the inter=
ferograms shown in the upper side
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FIG.9. Magneric field profile of the shock wave and the magnetic piston

and the relationships
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where:

H = external magnetic field; Hp = bias field; Vp = magnetic piston
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FIG.10. Magnetic field profiles taken at successive radius, showing the formation of the shock wave

velocity; vg = shock front velocity; ny = plasma density on the
shock; T = Ty + Te = 2 Tg = twice the electron temperature;
ng = initial plasma density; HI = magnetic field on the shock.

In the time elapsed during the motion of the shock front from
radius 4 em to radius 2.5 cm the external magnetic field does not
change significantly: the mean value being 4650 Gauss, Using the
experimental values of H, H;, H,, n; we obtain for the electron
temperature Ty = 50 eV and for the compression ratio the value 2.5.
The interferometric measurements give the same value for the com-
pression ratio and also a shock thickness of about 3 mm, which
compares very well with the probe measurements considering the
experimental errors. Also Schlieren and Shadowgraph measurements
gave comparable results,

From the experimental values of density and temperature the
mean free path for electron-ion collisions is found to be
20 mm and using the experimental upper limit on the existing
neutral density (1014 cm-3) the mean free path for charge exchange
is A, 2 25 mm. As both these distances are appreciably larger
than the measured shock thickness we infer that some collisionless
mechanism is operative in the observed shocks.

For a better insight into the behaviour of the magnetic field,
a probe of 1.3 mm outer diameter was inserted radially and the
same shock thickness was measured on a non-integrated signal.

Moreover bank charging voltage was increased from 25 to 30 kV.
Apart from a faster behaviour of all the implosion phase, magnetic
probe and interferometric results show the existence of wavelets
in front of the shock and on the shock itself, Fig.ll shows this
feature which may be related to recent observations of oscillations
in shock transitions /8 -12/, J

6. CONCLUSIONS

The measurements reported show the presence of strong shock
waves during the radial implosion of a fast theta pinch. At low
pressures the shock thickness is appreciably smaller than the
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FIG.11. Electron density and magnetic field structure of the shock wave

relevant collission distances, thus indicating the existence of
collissionless phenomena. High frequency structure is observed in
the shock transition.

AKNOWLEDGMENTS

We wish to express our gratitude to D.L.Fisher and the Culham
group who carried out the numerical calculations. We are very gra-
teful to be the technical staff, and particularly to Mr.L. Marchegia
ni, for the aid given during the measurements. We had the benefit of
some appreciable work given by Dr.G. Gatti and Mr.C. Bellecci, and
of many valuable discussions with Dr.S.E, Segre, We are glad to have
this opportunity of thanking Prof.B. Brunelli for his advice and for
facilities which he has given us,

REFERENCES
/1/ ALLEN. J.E., BARTOLI, C., BRUNELLI, B., NATION, J.A., RUMI, R.
and T)SCHI,R,. 1962, Nuclear Fusion, Supplement Part 2, 621.

/2/  ALLEN, J.E., GATTI, G., MARTONE, M. and RUMI, B., C.N.E.N.
Report RT/FI(63)48,

/3/ BERTOLINI, E,, BRUNELLI, B., GRATTON, R. and SEGRE, S.,
Proc. VIth Int. Conf. on Ionization® Phenomena in Gases, 2,
553 (Paris, 1963),

/4/ POST, D., J.0.S.A., 48 (1958) 309,

/5/  ASCOLI-BARTOLI, U., DE ANGELIS, A. and MARTELLUCCI, S.,
Nuovo Cimento, 18 (1960) 1116,

/6/ HAIN, K., HAIN, G,, ROBERTS, K.V,, ROBERTS, S.J. and
KOPPENDORFER W., Naturforschung, 15 a (1960) 1039,

/7/  ROBERTS, K.V., J.Nuclear Energy, Part C, 5 (1963) 365.

/8/ BABYKIN, M,V,, ZAVOISKII, E.K., RUDAKOV, L.I. and
SKORYUPIN, V.A., Nuclear Fusion, Suppl. 3, 1073 (1962).



286

/9/

/10/

11/

/12/

ASCOLI-BARTOLL et al,

BABYKIN, M.V,, GAVRIN, P.P,, ZAVOISKII, E,K., RUDAKoOV, L.I.

and SKORYUPIN, V.A., Soviet Phys. JETP, 16 (1963) 295, 1092.

BABYKIN, M.V,, ZAVOISKII, E.K., RUDAKOV, L,I. and. SKORYUPIN,

V.A., Soviet Phys, JETP, 16 (1963) 1391. '

SAGDEEV, R.Z., .ZhTF, .31 (1961) 1185; Soviet Phys. Tech. Phys.,
6 (1962) 867, -

VEDENOV, "A.A, VELIKHOV, A A. and SAGDEEV R Z., Nuclear
Fusion, 1 (1961) 82,

DISCUSSION

E HINTZ: At whé.t Mach number did you carry ouf your measurements?
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'PREHEATED PLASMA IN LINEAR AND
CUSPED THETA PINCHES .

R.J. BELITZ, P.BOGEN, K.H.DIPPEL, H.L.JORDAN, E,KUGLER,
A.MIYAHARA, P. NOLL, J.SCHLUTER AND H. WITULSKI
ASSOCIATION EURATOM- KERNFORSCHUNGSANLAGE, JULICH,
FEDERAL REPUBLIC OF GERMANY

Abstract — Résumé — Amnoraunst — Resumen

STABLE AND UNSTABLE BEHAVIOUR OF PREHEATED PLASMA IN LINEAR AND CUSPED THETA PINCHES,
Experiments on the behaviour of the magnetic compression of preheated hydrogen plasmas in theta pinches ’
of linear and spindle-cusped geometries have been made with the following devices: 1) 5kJ linear theta pinch,
coil diameter 4,5 cm, Iength 15 cm, Bpax=50 kG,T§= 1.5 psec;  2) 600-ki linear theta pinch, coil dia-
meter 10,5 cm, length 128 cm, Bpax = 100 kG, Ty = 17 psec; 3) 10-K spindle " cusped theta . -
with Biax =45 kG at point and line cusps, radius 5.2 cm, length 8.5 cm. They all have provisions for pre -
ionization by a capacitively-coupled low-power RF transmitter, ‘magnetic bias field of variable strength and
polarity, preheating by pulsed oscillating electrodeless ring discharge, and compression of the plasma by a fast
capacitor bank. Observations have been made by using smear and framing camera photography, optical inter-
ferometry with Mach-Zehnder and differential interferometers, spectroscopy in the visible and the soft X -ray
regions, and magnetic probes. These methods give information on plasma structure, on density profiles, on
the distribution of electron and ion -Doppler temperatures and their déevelopment in time,

Both stable and unstable plasmas were observed in linear devices, éy variation of pressure, bias field,
preionization, preheating, and impurity concentration, and by disturbing the’symmetry of the discharge tube,
information on stable and unstable parameter regions could be obtained. Deviations from the symmetry of
the plasma column can occur because of: (1) drifts connected with spatial inhomogeneities of the confining
magnetic field; (2) axial motions and contractions in plasmas with trapped antiparallel fields, and rarefaction
waves due to end losses; (3) rotations, and deformation oscillations of the cross-section of the plasma;.and
(4) star-shaped instabilities and eruptions. . ' ;

While drifts and axial motions are directly connected- with magnetic field configurations and relatively
insensitive to other parameters, cross-sectional distortions and eruptions depend critically on the initial con-
ditions of the plasma, for example preionization, preheating, inhomogeneities of the conductivity, rate of /
compression, and very sehsitively on small changes in impurity concentration, Under apparently stable
conditions reasonably good agreement could be obtained between the maximum values of Doppler temperature
for ions, electron temperature and mean temperature taken from pressure balance in high-8 plasmas obtained
by the 5 KJ linear theta pinch, First resulLs obtained in the spindle cusp experiment indicate a stable behaviour
of the plasma up to mmal gas pressures of 0.5 Torr H,. :

COMPORTEMENT DE PLASMAS PRECHAUFFES STABLES ET INSTABLES SOUMIS A DES STRICTIONS
AZIMUTALES LINEAIRES ET CUSPIDEES. Le comportement de plasmas- d’hydrog2ne préchauffés soumis 3
une compression magnétique dans des strictions azimutales de géométrie linéaire et cuspidée a été érudié
dans les cas suivants: 1, Striction azimutale linéaire de 5 kJ, bobine 4,5 cm de diametre, longueur 15 cm,
Bmax =50 kG, T4 =1,5us: 2. Striction azimutale linéaire de 600kJ, bobine10, 5cm de diamerre, longueur128cm,
Bmax=100 kG, T4 =17 ps; 3. Striction azimutale cuspidée de 10 KJ, Bmax=45 kG aux rebroussements
ponctuels et linéaires, rayon 5,2 cm, lorigueur 8,5 cm. Tous lés dispositifs assurent la préionisation par un
transmetteur heute fréquence de faible puissance 4 couplage capacitif; un champ magnétique de polarisation
de grandeur et de polarité variables; le préchauffage par décharge toroidale oscillante et pulsée sans électrode;
la compression du plasma par une batterie de condensateurs rapides. Des observations ont &té effectuées par
diverses méthodes: caméras miroir tournant et i cadrage, interférométrie optique 3 1'aide'd’interféromatres
Mach-Zehnder et d'interféromatres différentiels, spectroscopie dans le domaine visible et dans le domaine
des rayons X mous et sondes magnétiques, Ces méthodes donnent des indications sur la structure du plasma,
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les profils de densité, les températures des €lectrons et des ions données par l‘effet Dopbler ainsi que leur
évolution dans le temps. '

Des plasmas stables et des plasmas instables ont été observés dans des dispositifs linéaires. En faisant
varier la pression, le champ de polarisation, la préionisation, le préchauffage et la concentration des im-
puretés et en modifiant 1a symétrie du tube décharge, il a été possible d'obtenir des renseignements sur
les régions ¥ param?tres stables et instables, Des Ecarts par rapport 3 1'axe de symétrie de la colonne de plasma
peuvent avoir les causes suivantes: 1. mouvements de dérive liés 2 des inhomogénéités spatiales du champ
magnétique de confinement; 2. mouvements et contractions axiales dans des plasmas & champs antiparalltles
piégés, et ondes de raréfaction dues 2 des pertes terminales; 3. rotations, et oscillations de déformation de
la section transversale du plasma; 4. éruptions et instabilités en éroile,

Les dérives et mouvements axiaux sont directement en rapport avec les configurations des champs
magnétiques et relativement indépendants des autrés parametres, mais les déformations et éruptions dans la
section transversale du plasma dépendent de manigre critique de 1'état initial du plasma, c'est-2-dire de
conditions telles que préjonisation, préchauffage, inhomogénéités de la conductivité, taux de compression,
et tr2s sensiblementde faibles modificationsde 1a concentration en impuretés, Dans des conditions apparemment
stables, on a pu obtenir en mesurant 1'effet Doppler'une assez bonne concordance des valeurs maximales de la
température des ions avec la température des €lectrons et la température moyenne, cette derniére étant donnée
par 1'équilibre dés pressions régnant dans des plasmas 2 8 élevé produits par le dispositif 3 striction azimutale
linéaire de 5 kJ." D'aprés les premiers résultats de 1'expérience sur la striction cuspidée, il semble que le plasma
ait un comportement stable jusqu'3 des pressions initiales de gaz de 0,5 mTorr.

YCTOUYUBOE U HEYCTORUYUBOE NOBEAEHHE NMPEIBAPUTENHO HATPETOH MIA3-
MBI B TETA-TTUHY PA3PANAX C IMHEWHON 1 AHTHIIPOQBEKOBOA 'EOMETPHEHR. S«xcne-
PHMEHTEl MO HCCNeJOBAHUKD MaTHUTHOTO CXAaTHS NpeABapHTeNbHO HArpeToH BOAOPOAHON NAa3MbI
B TeTa~-IIHHY pa3paje NpPH AHHeHHON ¥ aHTHNPOGKOBOH NPOCTPaHCTBEHHON TeOMeTPHH NPOBOAWIUCH
Ha c/lely0mHX ycTaHnoBKax: 1. JIMHeHHIH TeTa-NHHY Pa3psl MpH 5 KAX. KaTymka 4,5 cM ¢, mau-
Ha 15 cM, Byake =50 krc, Ti =1,5 MKkcek. 2. JIuHe#HbH TeTa-nuHY pa3pal npu 600 kaAX., Ka-
tymka 10,5 cM @, anuHa 128 cM, Byaxe =100 kre, Ty =17 mxcek. 3. TeTa-nuHY pa3psal B NpoOCT-
paHCTBEHHOH aHTHNPo6Kkopoi reoMerpuu npu 10 kAX ¢ Byayxe =45 Krc Ha OCH BEpmMHHAxX H B 06~
nacTH menu, paamyc 5,2 cM, anMHa 8,5 cM, Ha Bcex ycTaHoBKaX NpUcnocobleHbl: npelBapH-
TeNbHasth HOHH3AUHA C MOMOMB® BHICOKOYACTOTHOIO TeHepaTopa Maloi MOIMHOCTH C eMKOCTHOH
CBA3bD, MarHHTHOE TO/leé CMEMEeHHS C NepeMeHHON HanpAKEeHHOCTHI0 U NOJSPHOCTHI, NpeABapH-
TeMIbHBIA HarpeB C MOMOMBI HMMYJILCHOTO KonebaTensHOTO 6336 KTPOAHOT 0 KONBUEBOT O pa3ps-

Ja, CXaTue IJ1a3MEH € noMomek GeicTpoleiicTBy el KOHAeHcaTopHoh Satapeu. Ing Habnoaerui He-
nofb3osBanucek ¢ororpadupoBanne pa3paia c HenpepHBHOH HKaJZpOBOH pa3sBEePTKOA BO BpEMEHH, On-~
THyeckas HHTepdepoMeTpHs C NTOMOWBID l_m-repcbep'ome-rpa Maxa-llenaepa Haud pepeHnHaNbLHOTO HH +
TepdepomMeTrpa, CNEKTPOCKONHA B BUAUMO#H 061aCTH U B 06/1aCTH MATKHX PEHTTe@HOBCKMX JIydeli H Mar-
HUTHbIE 30HAB. OTH METOAH JalT UHPOpMALHUD O CTPYKTYpe MmIa3MH, O NPoPUASX NAOTHOCTH,

0 pacnpefeneHHM 3MeKTPOHHHX H AONNIEePOBCKUX HOHHEIX TEMNepaTyp M HX H3MEHEeHHH BO BPEMEHH.

B ycTaHOBKax ¢ /JMHeilHOH TeoMeTpHeil HabAwAaNKCk KaK yCTOHYMBEIE, TaK U HeyCTONYHBHIE
COCTOAHHUA nna3Mbl. I[lyTeM H3MEHEHHS AaBJEeHHs, NONS CMelleHUus, npeABapUTeJbHON HOHM3aUMUH,
NpeABapHTENLHOTO HaTpeBa H KOHLEHTPAUHH NpHMecedl H NyTeM HapymeHHs CUMMeTDHU Pa3psAHOA
Tpy6KH OKa3al0Ch BO3MOXHLM NOAyuuTh uHopManumw o6 obnacTax ¢ yCTONYMBLIMM M HEYCTORYM~
BEIMM MapameTpaMu. OTKIOHEHUS OT CHMMETDHH Ma3MeHHOro cTonba MOTYT UMeTh MECTO H3-3a:
1) cmeweHnii, CBA3aHHBIX C NPOCTPaHCTBEHHON HEONHOPOAHOCTHI0 YAePXHUBAK METO MAaTHATHOTO
nonsi, 2) oCeBHX ABHXKEHMH H CRaTHA B MasMe ¢ 3axXBaueHHBIM aHTHNApaN/eNbHHM NOAeM H BOIH
pa3peXeHus M3-3a NMOTepPb Ha KOHUaX, 3) Bpamenui u aeHopMaunoHHrx KonebaHuit NonepevyHoro
cedyeHHs na3Mil, 4) 3Be3aoo6pa3Hofl HEYCTORYHBOCTH U U3BEepXEHH .

B To BpeMs KaK CMeMEeHHS H oCeBble ABMXEeHHA HENOCpeACTBEHHO CBA3aHH ¢ KoHPUrypauuei
MATHHTHOT'O NOJS U CPAaBHUTEJBHO HEUYBCTBHTENBHH K APYT'HM NapaMeTpaM, HCKaKeHHA CedeHHs H
U3BEePXKEHHA pellalwmHM o6pa3oM 3aBHCAT OT NepPBOHAYANBHOT O COCTOAHHA IUIa3MEl, T.€. Npeapa-
pUTeNBHO HOHU3AllHM, NpeABAPHTENILHOTO HarpeBa, HeOAHOPOAHOCTEH NPOBOAHMOCTH, CKOPOCTH
cXaTHa, H OMeHb YyBCTBUTENbHE K HeGONbmMM H3MEHEeHUSIM KoHUeHTpauuu npumeceit. IIpu, no-
BUAMMOMY, CTAGHIBHEIX yCNOBHAX B MPAMOM TeTa-nuHYe ¢ 3HepTrHel 5 KAX OKa3aJoCh BO3MOXHBIM
MOJMYYHTHh AOCTATOYHO Xopollee Corjacue MexXAy MaKCHMAaJILHHIMH 3HAUEHHAMH TeMNepaTyphl HOHOB
H 3JIeKTPOHOB HaiilleHHBIX U3 Aonmnep-addexra M cpeaHell TeMneparypoil, nonydyenHoi u3 6anauca
B NiasMe ¢ BHICOKHM 3HauenueM 3. [lepsrie pe3aynbTaThl, NofiydeHHHE Ha YCTaHOBKE C aHTHNPOGKO~™
Bo# reoMeTpuell, yka3bBawT Ha cTabuIbHoe NMoBedeHHe MJIa3Mbl A0 Ha4YajAbHLX AaBlleHuR Ta3006-
paanoro sofopoda B 0,5 Top. - )

COMPORTAMIENTO DE PLASMAS PRECALENTADOS, ESTABLES E INESTABLES, SOMETIDOS A CONS-
TRICCIONES AZIMUTALES DE GEOMETRIA LINEAL Y CUSPIDAL. Los autores investigaron el efecto de la

'
. ‘ t
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compresién magnética sobre plasmas de hidrégeno precalentados en constricciones azimutales de geometrfa
lineal y cuspidal. ‘Los experimentos se efectuaron en las siguientes condiciones;s 1. Constriccifn azimutal
linear de 5 kJ, bobina de didmetro 4,5 cm, longitud 15 cm, Bmax = 50 kG,Té =1,5us; 2. Constriccibn
azimutal lineal de 600 KJ, bobina de didmetro 10,5 cm, longitud 128 cm, B,y =100kG, T 1= 17. us; 8,
Constriccién azimutal en forma de ciispide, 10 kJ con Bnax =45 kG en cspides puntiformes y lincalcs, radio
5,2 cm, longitud 8,5 cm. Todos los dispositivos aseguran: la preionizacién mediante un transmisor de radio-
frecuencia de baja potencia, acoplado capacitivamente; un campo magnético de polarizacién, de intensidad ¥
polaridad variables; el precalentamiento mediante una descarga toroidal oscilante y pulsada, obtenida sin
electrodos; la compresién del plasma con ayuda de una baterfa de condensadores ripidos. Los autores realizaron
observaciones aplicando diversos métodos: fotograffa con aparatos de espejo giratorid y de encuadre, inter-
ferometrfa éptica con interferSmetros Mach-Zehnder y diferencial, espectroscopia en las zonas visible y de
rayos X blandos, y empleo de sondas magnéticas. Estos métodos suministran informacién sobre la estructura
del plasma, sobre los perfiles de densidad, sobre la distribucién de temperaturas de los electrones y iones dadas
por efecto Doppler, y sobre su evolucién en el tiempo. ’

Los autores observaron plasmas estables e inestables en los dispdsitivos lineales. Modificando la presién,
el campo de polarizacidn, la prejonizacién, el precalentamiento y la concentracién de impurezas, y alterando
lasimetria del tubodedescarga, pudieron obtener informacién sobrelaszonasde parimetros estables e inestables,
Las asimetrias de la columna de plasma pueden aparecer debido a: 1) movimientos de deriva vinculados a
heterogeneidades espaciales del campo magnétido de confinamiento; 2) movimientos y contracciones axiales
de los plasmas con campos antiparalelos atrapados, y ondas de rarefaccién debidas a pérdidas terminales;

3) rotaciones y oscilaciones de deformacién de la seccién transversal del plasma; 4) inestabilidades y erup-
ciones en forma de estrella,

Mientras las derivas y los movimientos axiales guardan una relacién estrecha con las configuraciones
de los campos magnéticos y son relativamente independientes de los otros parimetros, las deformaciones y
las erupciones de la seccién transversal dependen en grado critico del estado inicial del plasma, es decir, de
condiciones tales como la preionizacién, precalentamiento, heterogeneidades de la conductividad, velocidad
de compresién y, en medida muy sensible, los pequelios cambios en la concentracién de impurezas. En con-
diciones aparentemente estables, los autoresobtuyicron por mediacién del efecto Doppler una concordancia
razonable de los valores mdximos de la temperatura de los jones con la temperatura de los electrones y la
temperatura media, calculada esta dltima a partir del equilibrio de presiones que reina en plasmas de 8 elcvado,
- obtenido en el dispositivo de constriccién azimutal lineal de 5 kJ]. De acucrdo con los primeros rcsultados
obtenidos del experimento relativo a la constriccién cuspidal, el comportamiento del plasma es al parccer
estable hasta presiones iniciales de gas de 0,5 Torr.

1, Introduction

The theta pinch programme at the Kernforschungsanlage Jiilich has dealt
for a number of years with the properties of magnetically compressed
and heated plasmas, Plasma preionized by a radio frequency discharge,
preheated by an electrodeless ring discharge, with or without a magnetic
bias field, is used as initial plasma for fast magnetic compression /1/.
These experiments have been made in different geometries, especially
in straight linear and in cusp geometries /2/

Lately spectroscopic observations in the soft x-ray region and time-re-
solved optical interferometric techniques have given quantitative infor-
mation on space-resolved density and electron temperature distributions
with a high precision,

Measurements have been performed with the following theta pinches:
‘1. 5 kJoule linear, coil diameter 4.5 cm, length 15 cm, B.max x 50 kGauss,
‘ T/Z =x1,50 /sec,

2. 5 kJoule linear, identical with 1.,
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3. 600 kJoule linear, coil diameter 10,5 c¢m, length 128 cm, Bmax 2 100 kGauss,

T/2 =17 Fsec .
‘4. 10 kJoule spindle cusp theta pinch with Bmax x 45 kGauss at point and

line cusps, coil diameter 10.4 c¢cm, length 8.5 cm.

All devices have provisions for: 1. preionization by a capacitively coupled
low-power rf transmitter; 2. magnetic bias field of variable strength and
polarity; 3. preheating by a pulsed electrodeless ring discharge; and 4. com-
pression of the plasma by a fast capacitor bank.

Observations have been made using smear and framing camera photography,
optical interferometry with Mach- Zehnder and differential interferometers,
spectroscopy in the visible and the soft x-ray regions, and magnetic probes.

2. Preheating and Magnetic Bias Field

It is well known that reproducibility, homogeneity and low impurity level in
a theta pinch require a good preheating of an initial plasma that'was already
preionized. As one of the more efficient methods an oscillating electrodeless
ring discharge has been used, which is produced by discharging low induc-
tance capacitors through the theta pinch coil. This has been done both in
devices 1.-3. and in the Cusp Experiment 4, Measurements by magnetic
probes in the Cusp Experiment first have indicated that each full wave of

the preheating discharge produces a closed magnetic field configuration

(that is, cusp shaped) that traps a certain amount of plasma and stays for
some time /3/, (Fig. 1) . Consecutive periods deposit new layers and by
this process an onion-peel structure of closed magnetic field configurations
with trapped plasma can be produced. Due-to magnetic diffusion these shells
disappear later, the magnetic energy of the field being transformed into kinetic

energy of the plasma. This way the initial plasma is preheated, and for
several periods of the vpreheéting discharge kept away from the walls,
Temperatures between 2 and 6 eV have been obtained /1,2/.

In order to control the overall magnetic field configurations, a magnetic
bias field has to be superimposed during the preionization or the preheating
phase, allowing such extremes as the closed line configuration of the re-
verse field theta pinch or the low-8 theta pinch with trapped parallel field,

3. Phases of the Main Compression

5

The compression of the preheated plasma by the rapidly rising magnetic
field of the main discharge normally produces’ a radially converging shock
wave in a homogeneous linear device or more complicated wave forms in
the cusp case. The shock front is followed by the plasma which forms a
more or less well-defined cﬁrrent carrying outer interface towards the mag-
netic field. Thickness and structure of this boundary layer depend oh the
preheating and on the speed of the build-up of.the compressing field. By
multiple reflection and collisions apparently the ordered motion of the shock
front is destroyed and the energy dissipated. This "shock heating'" leads

to temperatures of the order of 10 degrees K. During this implosion phase
the trapped magnetic flux from the bias field and the preheating discharge
is compressed and largely conserved. This may even be true for the onion
structure. of the preheating discharge (see above) , as radial density profiles
obtained lately by unfolded side-on interferometer measurements suggest

(Fig. 2) .

19*
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FIG.1. Magnetic field in the midplane between the cusp coils from 1.6 to 2. 8 sec after switching of the
preheating discharge. (The distribution of the magnetic field along the axis of the cusp coils and under 45°
is similar. )
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FIG.2. Fringe shift profiles and calculated profiles of the electron density (experiment 1, 250 mTorr Hz,
antiparallel bias field) ’

The implosion phase is followed by radial oscillations of the plasma column
superimposed on a slow adiabatic compreésion. The oscillation period can

be used for the determination of the line density of the mass. A detailed com-
parison between line densities determined by this method with line densities
obtained by side-on optical interferometry has been made by Dippel /4/

and shows rather good agreement (Fig. 3) . The. picture shows the later
phase, the earlier dynamic phase being more complicated. A trend from a
shell to a homogeneous distribution may be noticed.

The oscillations die out after a while due to damping and the adiabatic com-
pression may continue. During this phase the plasma is normally lost by
streaming out of the ends of the system. The rate depends on the température,
on the field configuration, on the density and on the amount of trapped parallel
magnetic flux. ' ’
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FIG. 3. Ratio of line densities (Ne, oscill. )/(Ne, interf.) as a function of time (experiment 1)

Loss rates can be taken from the line density versus time curves obtained by
side-~on interferometry (Fig. 4) . The overshoot over the mean density shortly
after the implosion is connected with axial motions.

4, Unstable and Stable Region of Linear Theta Pinches

Both unstable and stable plasmas have been observed in linear devices. De-
viations from the initial symmetry of the plasma column can occur due to

a). drifts connected with spatial inhomogeneities of the magnetic field,

b) axial motions, and contractions in the case of antiparallel fields or
rarefaction waves due to end losses, .

c) rotations,

d) cross-sectional distortions, regular star-shaped instabilities and
irregular plasma eruptions.

Whereas drifts and axial motions are directly connected with the mag-
netic field configuration and relatively insensitive to other parameters,
cross-sectional distortions and eruptions depend critically on the initial
conditions of the plasma.

The stability behaviour has been studied by end- on 1nterferometry with
infinite fringe width, with a Mach-Zehnder interferometer on experiment 1.
and a differential interferometer on 3.. Time resolution was obtained by
smear cameras, Kerr cells and image converters.

The observations cover the range from 25 - 500 m Torr H, (and partly for
D_) initial pressure, the influence of preionization, preheating, bias field,
peak compression field, impurity concentration and degree of disturbance
of the tube symmetry.

The results are briefly as follows'

1. Almost no instabilities could be observed during the initial implosion
at the outer surface. With a trapped parallel magnetic field, incipient
instabilities can be detected at the inner surface of the hollow plasma
cylinder that disappear later on (Fig. 5) .

2. Instabilities of more or less regular star-shaped structure appear around
the expansion maximum of the first or following radial oscillations
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FIG. 5. Time sequence of end-on interferograms taken with a Kerr cell at the indicated times (experiment 1,
250 mTorr Ha, parallel bias field)

(Fig. 5,6). Around the compression maximum of the radial oscillation
some stabilization of small scale instabilities can be inferred from smear
pictures.

3. During the adiabatic compression the "wavelength" of the instability as
well as the amplitude normally grow. Towards the end of the halfwave

[T -
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FIG.6. Differential interferograms end-on taken with an image converter at the indicated times (experiment 3;
stored energy reduced to 120 kJ; 1st, 2nd, 3rd compression at 0, 55, 0.93, and 1.22 psec, resp. )

FIG.7. End-on interferograms taken with a Kerr cell 0. 55 psec after the beginning of the main discharge
at different pressures and stored energies (experiment 1; without bias field, 30 condensors = full blank)

the plasma column tends again to rotational symmetry, except for cases
where rotations or oscillations start.

4. With increasing initial pressure the'degree of instability grows, while the
wavelength decreases. An example is shown in Fig. 7.

5. The same figure contains also a typical example for the dependence of the
growth rate of instabilities on the amount of stored energy of the bank:
The plasma tends to be more stable with growing energy and the wave-
length increases. Increased stored energy of the bank means both in-
creased voltage at the coil and increased peak compression field, there-
fore normally both increased initial and final temperatures.

6. The superposition of a magnetic bias field increases the tendency for
instability. With parallel fields the wavelengths of instabilities are smaller
than with antiparallel fields. In the parallel case the plasma is also more
unstable than in the antiparallel one, Fig. 8 shows two typical examples,

7. The stability of the plasma increases with increased temperature of the
preheated initial plasma.

8. The addition of small amounts of impurities (for example 0.1% Ar) in-

creases the tendency for instability at higher pressures (for example 250

m Torr H, in experiment 1.). At low initial pressures even 1% Ar seems

to have no effect.

By disturbing the symmetry of the discharge tube (for example by intro-

ducing a glass rod at the wall) , instabilities can be stimulated even during

~o
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FIG.8. End-on interferograms taken with a Kerr cell at about 0. 7 psec after the beginning of the main dis-
charge with reversed and parallel bias field (experiment 1)

the implosion phase. In experiment 1. a rod of 1| mm diameter pro-
duced only a small disturbance, which disappeared later on, while
a rod of 4 mm leads to the break-up of the plasma.

All observations seem to be consistent with an explanation by Rayleigh-
Taylor instabilities, as already discussed by Green and Niblett /5[ and
Bodin et al. /6/ for unpreheated theta. pinches.

Rayleigh-Taylor instabilities are to be expected during phases of inward
acceleration of the magnetic field/plasma interface. Without damping the
growth rate increases with decreasing wavelength of the disturbance. As
damping is more effective for small wavelengths, one obtains a finite
wavelength of maximum growth rate if damping is taken into account /5/.
At low temperatures resistive dampings(gield diffuaion) is more effective,
whereas at higher temperatures ( >10 K) viscous damping becomes
dominant. In all described experiments 1.-3. the temperatures soon be-
come so high that only the viscosity has to be considered.

The wavelength of maximum growth rate in this case is

}‘m ‘vzga"iv% =5 n'%';} 5/

where a = inward radial acceleration of the boundary, V = kinematic vis-
cosity, 'I‘i = ion temperature, n = ion density.

Stability is obtained when A is larger than a characteristic length of
the plasma, for example the diameter.

This simple theory holds only when A __ is larger than the mean free path
of the ions and the growth time is larger than the ion collision time. In

the case of an ion mean free path comparable to the plasma dimensions,
the concept of viscosity is no more applicable, but due to momentum trans-
fer over larger distances increased stability is also to be expected.

In a magnetic field the viscosity decreases as soon as the ion Larmor radius
becomes smaller than the mean free path.

Radially inward acceleration occurs during the initial implosion and in the
radial oscillation phase in the neighbourhood of the expansion maxima (where
the curvature in the r (t) diagram points into the plasma) .

The absence of observable instabilities during the implosion may be due to
the short duration of the radially inward acceleration and the resistive dam-
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ping at the initially low temperature. During a large part of the implosion
the velocity is almost constant,

Deformations of the inner plasma surface (Fig. 5) shortly before the first
compression point to the fact that due to the compression of the trapped field
the acceleration vector points again into the plasma.

Instabilities during the oscillation'phase are all observed to begin around the
expansion maxima, consistent with the above explanation.

The dependence of the growth rate of instabilities on the initial pressure and
the stored energy of the bank can be understood by the strong dependence of
the viscosity on the (ion) temperature. This temperature is normally larger
with a higher compression rate and a smaller initial pressure, The wave-
length A correspondingly increases, while the growth rate decreases

(cf. Fig. 7). The increased instability in the case of a superimposed mag-
netic field can be related to the decrease in viscosity due to the finite Larmor
radius effect, This effect is enhanced in the parallel field case due to the
lower temperature.

In a similar way the influence of preheating can be interpreted:

With increasing temperature of the preheated plasma the compression field
penetrates less and less into the plasma while the heating during the implo-
sion phase becomes more effective. Both effects tend to increase the vis-
cosity and thereby the stability.

The addition of impurities decreases the final temperature, Plasmas with
high initial densities and low degree of stability are strongly influenced by
the decrease in temperature whereas hot plasmas (obtained at small initial
densities) are barely disturbed even by larger amounts of impurities. Growth
rates and corresponding wavelengthstaken from the simple theory /5/ are in
rather good agreement with observed ones, if the acceleration is taken from
the smear pictures and the temperature from the pressure balance and pre-
viously measured values.

No, or only negligible, instabilities are observed under optimum preheating
conditions with full power operation of the main bank for zero bias field and
initial gas pressures below 250 m Torr at experiment 1. and 60 m Torr at
experiment 3.

On experiment 2. high-8 plasmas free from visible instabilities could be ob=-
tained at initial pressures between 0,10 and 0,23 Torr. The impurity concen-
tration was measuged by adding known amounts of oxygen to the hydrogen.

The equal increase of OV - 2781 &, ovil - 18.63 & and OvIII 18,97 & spec=
tral lines indicates a constant impurity concentration of 0,2% over the whole
half cycle (Fig. 9) . An analysis of density distribution, electron temperature
from the x-ray continuum and Doppler temperature from the CV-spectral
lines 2270 & has been made by Bogen and Schliiter /7/ . It could be shown

that in the stable phase of the compression the maximum values of the elec-
tron temperature, the Doppler temperature (both determined side-on and
end-on) and the mean temperature taken from pressure balance agree within
rather narrow error limits, the electron temperature lagging behind. The
agreement between Doppler temperature and "mean temperature’ indicates
the absence of gross turbulence and axial motions (see Table I) . The agree-
ment between side-on and end-on measurements shows that the velocity dis-
tributions are nearly isotropic. Since at the densities measured both electron-
electron and ion-ion collision times are short compared to the lifetime of the
compressed plasma in the device (®1/4 cycle, see Table I) the establishment
of an electron and an ion temperature can be expected. The above-mentioned



298 BELITZ ‘et al.

“
)
~

farbltrary units)
(<] ~
+

~
(5,3
1

———
0 05 0% 0,

Maximate Jntensitdten der OV-27814-(+),
OVII-18634-(c) und O VIII-18974 (s) Spekitral-
linien als Funktion der Sauersfoffkonzentration.

FIG.9. Maximal intensities-of the OV - 2781 A (+), OVII - 18,63 & (0), and OVIIT - 18.97 X (®) spectral
lines as a function of the concentration of oxygen.

h

105 mm

— BJT_- LV

FIG,10. Image-converter picture of the plasma compressed inside the cusp coils (experiment 4)

result then shows that T &~ T, ﬂ!TD for the maximum values and that therefore

a thermal plasma is observed.

[

5, Cusp Experimeht

In the cusp experiment 4. even at rather high pressures (0.2 - 0.6 Torr)
no instabilities can be observed if an effective preionization and preheating
are used. The cusped shape of the pla-sma remains unchanged (Fig. 10) and
quiet - apart from the earlier-mentioned oscillations - almost over the

full half perjod of the magnetic field (2to 2.5 usec) . At electron densities

up to 5x 10 cm ~ the electron temperature estimated from the appearance
of different impurity lines lies between 20 and 70 eV so far.
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TABLE1 a) Relaxation times for T =1.5x106°K, ng =3x10!7 cm=3,
b) Te-electron temperature, Tpy-temperature derived from Doppler-broadening, (Tj+Te)/28 -
mean temperature, ng-electron-density, t - time delay between start of the main bank and
observation. (The estimated errors for temperatures and densities are 25%. )

[fe [ fo | te | foov [ tvaemz] |
[20¢ | 102 | 2907 | 102 | a2 Jusec|
a)

Pressure To h i Te

n
frord] | 1] | tk] | % p| emd
D,| 023 [15.105 {15005 |12 - 106 | 3107
D, | 010 |26-105 {20106 |25 106 [15-007
Hy | 023 |17-105 | 20-105 |15 -108 |25-107

¢ [usec] 095 065 075 .| on

T b)

Tabte [

a)Relaxation times for Tei5-105°K Na= 3-107

b)T, -electron temperature, T -temperature derived
from Doppler- broadening, Ll mean tempe-
rature, n, -electron density, t-time delay between
start of the main bank and obseryation:
The estimated errors for temperatures and densi-
sities are 25%.

<

By means of a power crow-bar arrangement, the period of the magnetic
field will be extended up to 25 gsec and the peak field enlarged. It is hoped
that longer containment times and higher temperatures can thereby be ob-
tained, ’
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ENERGY DISTRIBUTION OF PARTICLES LEAVING
A THETA PINCH
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Abstract — Résumé — Annoranus — Resumen

ENERGY DISTRIBUTION OF PARTICLES LEAVING A THETA PINCH. Previous measurements ot ion energies
in theta pinches have involved either the energy distribution of the reaction products or the Doppler shift of
impurity jons not forming the bulk of the plasma. We have attempted to obtain a more direct indication of
the ion energy in the plasma by measuring the energy distribution of the ions escaping through the mirror. The -
electrostatic analyser, a 127° focussing type, had a resolution of 1 per cent with the slits used. As the instru-
ment measured only one energy interval ata givensetting, it was necessary to use many discharges to examine
the whole energy spectrum. The observed raw data were corrected for the focussing effects of the axial field
and the charge exchange loss in the passage from the plasma to the detector. The contribution of fast ions other
than deuterium was checked by using a2 magnetic momentum analyser following the energy analyser, No
measurable quantity of contaminant was found. Measurements have been made both with and without reversed
trapped field at initial deuterium pressures around 0.01 Torr,

The most significant result of the experiment is the broadness of energy distribution suggesting a plasma

* in which the bulk of the particles are heated, rather than a select few in a far tail. In the zero trapped field
cases, both the mean energy and the dispersion of the distribution increased with time up to peak field time.
For reversed field cases the heating occurred at a much earlier part of the cycle with the peak of the mean
energy occurring well before peak field. The peak energy was 25 per cent greater than for the zero trapped
field case, To determine the velocity distribution inside the plasma, we must make an assumption about the
energy dependence of the loss, If one assumes the losses are dominated by coulomb ‘collisions, then the mean
energy of the ions in the plasma is about 5 keV for a peak field of 44 kG. This is in excellent agreement with
the energy derived from the D- %e reaction product rates,

N

DISTRIBUTION DES PARTICULES SELON L'ENERGIE A LA SORTIE D'UN DISPOSITIF DE STRICTION
AZIMUTALE. Jusqu'd présent, pour mesurer les énergies des ions dans les srictions azimutales, il fallait
connalwe 1a distribution des produits de la réaction selon 1'énergie ou le déplacement par effet Doppler,
pour les jons des impuretés ne constituant pas la masse du plasma. Les auteurs se sont efforcés d’obtenir des
indications plus directes sur 1'énergie des ions du plasma en mesurant la distribution, selon 1'énergie, des ions
qui s'échappent 3 travers le miroir. L'analyseur électrostatique, un appareil 3 focalisation de 127°, avait
un pouvoir de résolution de 1% avec les fentes utilisées, Comme cet-appareil ne mesurait qu'un seul intervalle
d*énergie pour un positionnement donné, il a fallu utiliser un grand nombre de décharges pour érudier tout le
spectre d'energie. Les auteurs ont corrigé les donn&es brutes observées pour tenir compte des effets de focalisa-
tion du champ axial et de la perte due 3 1'échange de charge au cours du passage du plasma vers le détecteur.
Ils ont contrdlé 1'apport d*ions rapides autres que le deutérium en utilisant, 2 la suite de I'analyseur d'énergie,
un analyseur de moment magnétique. IIs n‘ont pas trouvé de quantités mesurables d*impuretés. Les mesures
ont été effectuées avec et sans champ inversé, 3 des pressions initiales de deutérium d'environ 0,01 Torr.

Le résultat le plus significatif de I'expérience a &€ de mettre en évidence la largeur de la distribution
selon 1'énergie, qui donne 2 penser que 1'on est en présence d'un plasma dans lequel la plus grande partie des
particules est chauffée, et pas seulement certaines particules privilégiées appartenant 2 la queue de la distribu-
tion. Dans le cas des champs piégés nuls, 1'énergie moyenne comme la dispersion de la distribution
augmentaient en fonction du temps jusqu‘au moment oll le champ atteint son maximum. Dans le cas des champs
inversés, le chauffage des particules s'est produit beaucoup plus 10t dans le cycle, 1'énergie moyenne accusant
un pic bien avant celui du champ, L'énergie maximale &tait de 25% supérieire 2 celle observée dans le cas
des champs piég€s nuls, Pour déterminer la distribution des vitesses dans le plasma, il faut faire une hypo-
th¥se quant aux variations de la perte en fonction de 1'énergie. Si fon suppose que les pertes sont déterminées
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essentiellement par des collisions de Coulomb, 1' énergie moyenne des ions du plasma est d'environ 5 keV pour
un champ maximal de 44 kG. Cette valeur concorde parfaitement avec celle du calcul de 1'énergie 4 partir
des taux des produits de la réaction D-SHe,

‘BHEPTETHUYECKOE PACNPEJIEJIEHHE YACTHI, BRIXOAAMUX U3 TETA-TITHHYA.
Npeasiaymue H3IMePeHHR SHEPTHH MOHOB B TeTa-NHMHYaX GBUIH CBA3aHbEl C SHePreTHYECKHM pacnpe-
AeNleHHEM NPOAYKTOB PEaKLHH HAH C AONMNIEPOBCKHM CMEemEHHEeM HOHOB NpHMece#, He ABPAAWMHXCA
OCHOBHOM 4acThR MJa3Mel. MM NpeaAnpHHAAM NONLITKH NOAYYHTL 6o/lee HemocpeACTBEHHbIE yKasa-
HHA OTHOCHTEIPHO 3HEPTHH HOHOP B NMJa3Me NYyTeM H3MEePeHHS IHepreTH4YeCKOTOo pacnpeleneHus
MOHOB, YXOAAMUX Yepe3 3epKano. Pa3apemeHue 3/IeKTPOCTATHYECKOTO aHanusaropa (Poxkycupy-
pmero THna ¢ yriaom 127°) ¢ Hcnons3oBaBMUMHCA MeNAMH COCTABAANO OAHH NpoueHT. Ilockoabky
npu6op H3IMePpsl TONBKO OAMH 3HepreTHYeCKHH MHTEepBaJ NpH AaHHON ycTaHoBke npubopa, GeLI0
Heo6X0AMMO HCNONB30BATE MHOTO Pa3psloB AN H3YYEHH BCETO 3HepreTHYecKoro cnexrpa. Ha-
6nlonapmuecs rpyGile gaHHbie GHIIM HCNIPaBJIEHB C y4eTOM POKycHpywmux 3PPeKkToB akCHaNbLHOTO
nonis ¥ NoTepb NPH Nepesapsike BO BpeMs NPOXOXAECHHA U3 NAa3MH B AeTeKTOp. Bxnaa GecTphix
HOHOB, He ABJA0MUXCA HOHAMH AefTepusl, NPOBEPANCA C NOMOMbK MAarHHTHOTO HMMNYJAbCHOTO aHaau~
3aTopa, PACNOJOXEHHOrO TOC/e 3HEePTeTHYEeCKOTO aHanulaTtopa. He 6po o6Hapy XeHO HHKaKOTO
H3MepPHMOTO KOJHYeCTBa npl-meceﬁ. Bruid nposelieH U3MepeHHs ¢ ofpaTHhIM NofieM, BMOPO~
XEeHHEIM B IJIa3My H 6e3 Hero npH mnepBoOHayaJbHLIX HaBreHusx neurepuﬂ npu6AN3HTENBHO
B 0,01 Top. -

HauGonee 3HAYHTENLHEIM pe3y/lbTATOM 3KCNEPHMEHTa ABJAETCA HaludHe MHPOKOI'O JHepre-
THYECKOTO CneKTpa. 3TO yKa3kpaeT, NO-BUAMMOMY, Ha TO, YTO MPOMUCXOAHT HarpeB OCHOBHOM
MaccChl NIa3Mbl, a He Mafloi YacTH B AaJleKOM XBOCTe 3HEePreTHYeCKOro pacnpejeneHus. B cnyda-
X OTCYTCTBHS 3aXBaY€HHOTO MoOAfA, CPeAHAN IHEPTHs M MHPHHA pacnpele/eHHs] yBeaHYHBalIHCh
CO BpeMeHeM BIJIOTb A0 MakCHMyMa nonsi. B ciayyae o6paTHOTO nons HarpebBaHHe NMPOHCXOAHIO
B 3Ha4yHTeNLHO GoNnee paHHeH YacTH nepHoda, NPHYEM CPeJHAS 3HePrHUsA NOCTHTAasNla CBOETO-MaKCH-
MalBHOTO 3HAYEeHHA 3aJolro A0 MaKCHMyMa NMofs. MaKcHManibHas SHeprus Ha 25% npeBhimana
MAaKCHMaJIbHY 0 3HePTHID B Cllyyae HyJI€BOTO NOJs, BMOPOXEHHOTO B nia3Mmy. J[lns onpeleneHus
pacnpejejieHHs CKOPOCTeH B Nna3Me Heob6XoAMMO cAenaTh NpeanonoxkeHHe o6 3HepreTHYeCKOH
3aBHCHMOCTH noTeps. EC/AH NpeAnosoXHTH, YTO Ha NoTepH npecbrasarwmee BAHAHHE OKAa3bIBAT
KYJOHOBCKHE CTO/NKHOBEHMS, TO TOTJa CpelHssl 3HEPrUs MOHOB B MIa3Me COCTaB/seT NPUBAH3U-
TeJIBHO 5 K3B /IR MAKCHMAAbLHOTO Nnois B 44 Kr. 3TO O4YeHb XOPOmO cornacyerca ¢ 3Hepruei,
nojy4yaeMOH Ha OCHOBaHHWH CKopocTelt npoaykToB D -3He peakuuu.

DISTRIBUCION ENERGETICA DE LAS PARTICULAS EMERGENTES DE UN DISPOSITIVO DE CONSTRICCION
AZIMUTAL. Hasta el presente, para medir las engrgfas ibnicas en constricciones azimtitales era preciso conocer
la distribucion energética de los productos de la reaccién, o bien el desplazamiento por efecto Doppler debido
a los iones de impurezas que no constituyen la parte principal del plasma, Los autores han tratado de obtener
indicaciones més directas de la energfa iénica del plasma,. midiendo la distribucién energética de los iones
que escapan a través del espejo, El analizador electrostitico empleado, un aparato enfocable de 127, permite
alcanzar una resolucién de 1% con las ranuras empleadas, Como con cada ajuste el instrumento s6lo mide un
intervalo de energfa, fue necesario usar numerosas descargas para estudiar la totalidad del espectro energético.
Los datos observados se corrigieron para tener en cuenta los efectos de enfoque del campo axial y la pérdida
debida al intercambig de cargas durante el paso del plasma hacia el detector, Los autores verificaron la con-
tribucién de iones r,épidos>di.stintos del deuterio, empleando un analizador de momento magnético a continua-
cién del analizador de energfa. No hallaron cantidades medibles de impurezas, Efectuaron las mediciones con
y sin campo inverso atrapado, con compresiones iniciales del deuterio del orden de 0,01 Torr. '

El resultado mds significativo del experimento fue poner en evidencia la amplitud de la distribucién
energérica, que sugiere que se trata de un plasma en el cual se calienta la mayor parte de las particulas y no
algunas partfculas privilegiadas que pertenecen al extremo de la distribucién, En los casos de campo atrapado
nulo, tanto la energfa media como la dispersién de la distribucién aumentaron con el tiempo hasta el momento
en que el campo alcanza su méximo, Para los casos de campo inverso, el calentamiento se produjo mucho
méis al comienzo del ciclo, apareciendo el pico de la energia media antes del pico correspondiente al campo ,
La energia mixima superd en 25% a la observada en el caso de campo atrapado nulo.

Para determmar 1a distribucién de velocidades en el plasma es preciso formular una h1p6tesxs sobre la
variacién de las pérdidas en funcién de la energfa. Sise supone que las pérdidas estin regidas por los choques
coulombianos, la energia media de los iones contenidos en el plasma es del orden de 5 keV para un campo
méximo de 44 kG. Este valor concuerda satisfactoriamente con la energia calculada a partir de los prodictos -

de la reaccién D- 3He,
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1. Introduction

The ion energies produced in energetic O0-pinches have been the
subject of much work and interest over the past several years.
Previous measurements have invollved either the high-energy tail of
the distribution, i.e., measurements using the nuclear reaction
products(1,2], or doppler shift of radiation from impurity ions[3]
not forming the bulk of the plasma. In this experiment, we have
attempted to obtain a more direct measurement of the ion energies
in the plasma by measuring the energy distribution of particles
leaving the 8-pinch along the z axis,using a focusing electrostatic
energy analyzer.

To relate the detected distribution function outside the plasma
to that trapped inside requires some knowledge of the energy de-
pendence of the loss mechanism. In our discussion, we shall initi-
"ally avoid this problem and describe the results in terms of a
distribution function fg(E,t) evaluated at the end surfice of the
plasma. We take this surface to be located at the plane of the
mirror field maximum. The principal efforts have been concentrated
on the zero bias case at 9 mTorr. For comparison purposes, plasmas
with positive and negative bias magnetic fields of 0.9 kG were also
. examined. ’ :

The -distribution function of the deuterons leaving the plasma
falls of f approximately exponentially above 4 keV for all condi-
tions. However, there is a much smaller number of low energy
particles. than would be given by a true Maxwellian for both the
zero and negative bias cases. The positive bias. results do
approximate a Maxwellian.

From self consistency checks involving pressure balance,
neutron production rates,and the number of ions observed in the
center of the loss cone, we infer that up to 6 pusec the energy de-
pendence of the trapped distribution f(E,t) in the center of the
plasma differs little from the f_ distribution of the deuterons
escaping from the end surface. Past 6 usec it is possible that
some energy dependent correction is needed. There is no need to
invoke the presence of a specially accelerated group of ions to
explain any of the observations.

2. Details of Experiment

2.1 Experimental Apparatus

This experiment was performed on the large 9-pinch device
at General Electric Research: Laboratory([4], with the main capacitor
bank enlarged to 500 kJ. A slotted copper coil 36.2 cm long with
a vacuum mirror ratio of 1.24 was used in these experiments, giving
a peak mirror magnetic field of 67 kG with a rise time of 7.4 psec.
In other respects, the O-pinch is as previously described.

As shown in the schematic diagram of the experimental apparatus
(F1g 1), the ion analyzer is of the focusing electrostatic deflec-
tion type. The analyzer used here is essentially equivalent to
that previously described by Fubank and Wilkerson[5]j. It has an
energy acceptance band width of 1.57%. Ions of the desired energy
pass through the deflection system and.impinge on the aluminum high
voltage knob, which is maintained at -15 kV. Secondary electrons
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from the knob are then accelerated through a thin, grounded alumi-
num coating on the scintillator in which they are stopped. The

. light signal is viewed through a light pipe by an RCA 6342A photo-
multiplier tube, displayed on an oscilloscope, and photographed.
Great care was taken to shield the phototube circuit magnetically
and electrically and to avoid ground loops.

One of the most critical aspects of the experimental configura-
tion is the differential pumping tube between the ion analyzer and
the pinch coil. Because the cross section for charge exchange
scattering of deuterons in deuterium gas is both large and strongly
energy dependent in the energy range (0-15 keV) of interest[6], it
is necessary to keep the effective ion path length between the :
pinch and the analyzer as short as possible. On the other hand
space must be allowed for connection of the various vacuum systems
and the preionizer electrode as well as foir separation to reduce
transient pickup. These considerations make it necessary for the
differential pumping tube to be as close to the magnetic mirror as
possible, thereby also making it a collimator for the accepted ion
beam. As the pumping tube is metallic, it greatly distorts the
local pulsed magnetic field of the pinch coil. This distortion has
been measured with a magnetic probe and is incorporated in the
magnetic lens effects to be discussed in Section 3. Ceramic pump-
ing tubes were tried in an effort to avoid the field distortions,
but they vaporized on the front surface and greatly attenuated the
ion beam. With the geometry of Fig. 1, the typical operating pres-
sures for this experiment were 9 mTorr in the plasma regiom, 0.9
mTorr in the connecting region and .05 mTorr in the analyzer with
a constant flow of deuterium gas to maintain constant pressure.

ANALYZER ENTRANCE
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FIG.1. Schematic diagram of the experimental apparatus

2.2 Experimental Procedure

The experimental procedure consisted of setting the
analyzer to detect particles of a given energy and examining
approximately 10 discharges at each energy, the system being
pumped out and refilled with deuterium for each shot. In cases
where the dynamic range was large, data was taken at different gain
settings and these statistics were satisfied for each gain setting
separately. The range of phototube supply voltages and oscillo-
scope settings avallable permitted the collection of data over a
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dynamic range of 104. 1In order to reduce the effects of systematic
errors no more than four consecutive shots were taken at any one
setting. The possibility of a background signal due to impurity
ions being accepted by:the analyzer has been examined[7] by insert-
ing a magnetic deflector between the electrostatic plates and the
counter in the analyzer.' No measurable impurity signal was found
and the magnetic deflector was removed.

-The data was analyzed by using a pantograph to magnlfy and
superpose on a piece of graph paper the oscilloscope traces cor-
responding to the same experimental conditions. In this way it was .
possible to obtain an average curve of yield versus time at a given
energy. The valués were then normalized to compensate for the dif-

. ferent gain settings used and divided by the acceptance bandwidth
of the analyzer to obtain the quartity dzN'/deE,where N' is a
relative yield of particles at.the detector. For a comparison with
the theory to be outlined in Section 3, we need the quantity,

2. 2
d°N da'nN' L
ataE - X% gTaE 1)

where dzN/deE is' the absolute counting rate per unit energy cor-
rected for charge exchange losses of the ion beam.” The factor o is
the reciprocal of the charge exchange attenuation computed on the
basis of the cross sections of Fite et al.[6] and the path length
of ‘the deuterons through the deuterium gas of known density The K
represents the absolute flux calibration of the ion analyzer.

" We have obtained an absolute calibration of the énergy analyzer
by placing a gridded cup collector directly in the undeviated ion
flight path behind the tungsten-mesh outer deflector plate in the
analyzer. When no voltage is applied to the deflector plates, the
ion beam is caught by the collector. When the deflector voltage
is applied, the collector current disappears. The tunsten deflec-
tor plate is effectively 347 open in this arrangement. The .cali-
bration was made using a d-c ion source of the type described by
Carlston and Magnuson[8]. This ion source has a very monoenerge-
tic output,so that the entire ion flux is within the analyzer band
width. The current to the gridded collector was measured with an
electrometer and calibrated against the observed photomultiplier
‘output, the entire measurement being made without turning off the .
ion source or making any adjustment other than turning on the
deflector voltage. We obtained a value of K = 2. IXI0+10 particles/
sec volt at our standard gain settings.

3. Velocity Distribution at Plasma Surface

Although we are ultimately 1nterested in the trapped dlstrl-
bution function f in the main body of the plasma, we shall first
relate the detection rate to the distribution function fg at the
surface of the plasma.  The latter relationship can be derlved in .
a straightforward manner, whereas the relationship to the trapped
distribution involves the detailed loss mechanism of the plasma
which will be' discussed in Section 5. By definition, the loss cone

.angle of the ion velocity distribution is 90° at the end of the
plasma in the peak of the mirror magnetic field. Some of the ions -
in this velocity space hemisphere of ejected ions will be detected

'

20
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by the analyzer. If we assume that the detected ions undergo no
collisions in their transit from the plasma end to the analyzer
entrance hole, then by Liouville's. theorem the velocity distribu-
tion function fg is constant along the ion path The counting rate
at the entrance hole is therefore[9]:

(2)

2E 6E
GEdeE fdedeffV £ dv. dV dV = fdedef51n6 cosb £ dBd\b

where M is the deuteron mass, dXdY is 1ntegrated over the entrance
hole area, and dV,dV,dV, is integrated over the §ection of 'velocity
space at the entrance hole which is accepted by the analyzer. The
Cartesian velocity coordinates (Vy,V,,V ) have been transformed to
spherical coordinates (E4,6,%) where Ed is the-ion energy at the

entrance hole, 6 is the angle which the velocity vector makes with
the coil symmetry axis, and ¥ is the azimuthal angle. By symmetry,

the integrand cannot depend on ¢, s6 the integral over dy yields 2w.

Since the entrance hole is quite small compared to the plasma di-
ameter, f5 is generally not a sensitive function of (X,Y) and the
integral over dXdY may be replaced by the hole area Ay. The inte-
gration over 6 is from zero (when the velocity vector is along the
coil axis) up to some limiting yvalue 63. The counting rate per

" unit energy for a small detector on the symmetry axis is therefore:

%
dZN AWEdAd /‘ ’ .
$7aE - —__f—— d6 sing cosé f_(8,E_,T-T) . 3)
)

The velocity angle 65 and ion energy Eg at the plasma surface
are related to (6,E3) at the entrance hole by means of the corres-
ponding ion ‘path. The ion transit time 7 is also a function of
(G,Ed). If the fields are time-independent, then Eg equals Eyq. If
we further replace fS by a mean value over the observed region of
6, then we obtain approximately:

2 o
dN_ 27 g 4 sinzed(fs) (4)

drdE © y2 dd

For a small aperture the limiting angle 6, is determined by the
aperture radius and aperture-to-hole distance. But if the mirror
magnetic field is sufficiently high or ion energy sufficiently
small, then 63 may be smaller than the aperture value. These field-
limited €4 must be determined by detailed numerical integration of
the ion paths. The small aperture of 0.63 cm diameter was aperture-
limited for ion energies above 0.5 keV, with sin29d equal to
0.00003. The larger aperture of 1.6 cm diameter was field-limited
up to 7 keV at peak field, and the 84 were calculated as functions
of ion energies and magnetic field for this case.

4. Experimental Results

In this section we shall discuss those features of the experi-
mental data which are revealed by the velocity distribution func-’
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tion at the plasma surface, the function defined as £, in the pre-
vious section. We shall defer a discussion of the velocity distri-
bution inside the plasma to the following section as this will
require further assumptions about the plasma loss mechanism and is
therefore less closely related to the experimental observationms.
The results to. be discussed will apply chiefly to experiments
having an initial® deuterium pressure of 9 mTorr, no bias magnetic
field and a main bank voltage of 50 kV, which gives 54.6 Kgauss
peak field at the centerplane in 7.4 psec.

A typical set of results is shown in the curves of Fig. 2.,
Here we show the values of fg as a function of ion energy for the
first seven microseconds of the discharge. These curves are based
on data points at intervals of 0.5 keV up to 4 keV and then at 1
keV intervals up to 14 keV. The deviation of individual data
points from the curves was generally less than a factor of two. It
is immediately apparent. that this is a broad distribution contain- .
ing particles of a large energy range. The high energy tail of the
distribution may be fitted by the function exp[-~1.5E/Eg)opel
although a form such as EZexp(-1. 5Eslope] is not ruled out. There
1s also a clear dip in the distribution function at low energies,
ruling out a simple Maxwellian distribution function which would
appear as a straight line in Fig. 2.
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- FIG,2, Plot of the three-dimensional velocity distribution function f; at the plasma surface as a functicn of
deuteron energy. Curves are given for the first seven microseconds of the discharge. These curves are for the
case of no bias field and a peak confining field of 54.6 kG at 7. § psec. : ‘

, The curves of Fig. 2 have been used to obtain both a mean
energy (E) for the distribution and a characteristic energy Egp, '
obtained from the high energy tail. For a simple Maxwellian disgrb
bution E slo would equal (E) but due to the lack of low energy
ions, it WLEf be less than (E) in distributions of the form shown.
The values of both these quanC1CLes as functlons of time are glven
Ln Table'I.
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We can obtain a rough estimate of the ion density ng at the
plasma boundary by assuming that fg is isotropic and lntegratlng
‘over the emitted hemisphere in veloc1ty space. The densities ob-
" tained in this way are shown in column 4 of Table I. In the next
column of the table we show the ratio of the ion density at the
center of the plasma to the density at the escape surface--the
factor of two accounting for emission at both ends of the device.
The ion density at the center of the coil is obtained from a meas-
urement of the electron bremsstrahlung intensity(4] and charge
neutrality. The last column of Table I gives the loss rate per

Table I. Distribution Function Data at Plasma Mirror Surface

Time <E> E n Loss_Rate
usec keV ﬁégpe cns:'3 “centerlzns sec”tcm”
1 2.0420% 1.3+20% .4x1015 3.1 0.8x1022
2 1.85 1.4 1.0 2.4 c 2.1

3 2.5 2.1 .7 8.6. 1.7

4 4.0 - 2.0 2.2 4.0 6.8.

5 3.8 2.4 4 30. 1.0

6 3.55 2.5 1 87. .34

7 3.3 2.2 .05 150. .13

unit surface area per unit time for the plasma ions where we have
again assumed f; to be isotropic and integrated over the escape
hemisphere in velocity space. These computed loss rates are in
rough agreement with the observed plasma loss e-folding time of

1.8 + .2 psec.

We note that for the first four microseconds of the discharge

“the ion density at the escape surface as computed from the measured
distribution curves is only about a factor of 4 down from the dens-
ity in the interior of the plasma. As the energy analyzer only
looks at the central portion of the plasma loss cone in velocity
. space, this result implies that at early times the plasma loss cone
“in velocity space is substantially filled. At later times the
ratio.of the density, at the center to that at the surface rises
markedly showing the center of the loss cone to be strongly de-
pressed and -thus indicating a change in the plasma confinement. It
should be remembered that the assumption of isotropy in velocity
space will give only a lower bound to the values of ng and the loss
rate. As the center of the velocity space loss cone becomes more
depleted, these estimates of ng and loss rate fall 1ncrea51ng1y
short of the true values.

Lastly, we observe the effects of adding a bias field of +.9 kG
to the plasma before applying the main compressing field of the
discharge. Figure 3 shows the curves of fg at 3 usec for the bias
conditions. We note that the mean energy is clearly- lower with
positive -bias than with no bias and also the low energy dip in fg
has been reduced. With the negative bias field it was necessary to
operate with the peak confining field reduced to 49.1 kG and it is
clear that even under this condition the mean energy is still
higher and the low energy depletion greater than for the zero bias
case. In general the mean energies were between 1 and 2 keV with
positive bias and between 4.0 and 5.5 keV with negative bias.
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" FIG.3. Plot of the three-dimensional velocity distribution as a function of deuteron energy at 3 psec. Curves
are shown for a peak confining field of 54. 6 kG with +900-G bias field and no bias and for a 49-kG peak con-~
fining field with - 900-G bias.

5. Trapped Distribution Function

In the previous sections, we have considered only the distri-
bution function fg at the plasma surface, where by definition all
the ions are in the velocity space loss cone. We now wish to map

"this surface distribution back into the trapped velocity distribu-
tion of the plasma ions at the center.of the coil. The connection
between these distributions is given by the plasma loss mechanism,
about which we do not have detailed knowledge. We shall therefore
only be able to determine some of the properties of the trapped
distribution function f here. )

We first note that one might expect a deficiency of low energy
particles in a mirror device [10] and the observed distributions
are consistent with a potential difference between the center and
the end of the plasma of about 500 eV[1l]. Such a low potential
would have a negligible effect on our results and conclusions, and
we shall ignore ‘it. ’

We can now make some assumptions about the plasma loss mechan-
isms and relate the trapped distribution to the observed surface
distribution f; in each case. We shall then use considerations of
pressure balance and neutron yield to check these assumptions, A
first possible loss mechanism is the case in which the ion mean
free path is much longer than the coil length and losses are caused
by infrequent Coulomb scatterings into the loss cone. .In this
situation ions are injected into the loss cone at a rate propor-
tional to E'3/2[12] and du7 to their velocity make a contribution
proportional to 1/v « £71/2 to the phase space density. We thus
obtain f «c E2f. :
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If, on the other hand, the ion mean free path is assumed to be
quite short, the loss cone would be filled to roughly the same
phase space density as the trapped distribution and we would have
f = fg. An energy independent loss mechanism would also lead to.
the result of f ¢ fg

As we noted in Section 4, the particle density ng computed
from the center of the loss cone was comparable to the measured
internal density during the first four microseconds. We infer from
this that £ o« fg over most of the energy range. After 5 usec,
however, the observed loss cone center is strongly depleted com-~
pared to the_trapped distribution and it is possible that at these
times £ o« E“fg, particularly for the high energy ionms.

We shall now compute the mean energy of the trapped distribu-
tion using pressure balance. We use the formula

BB’ /817' = n(f + Z )

3 pressure)
and make use of the experimental quantities given in Table II. The
density was determined by bremsstrahlung intensity; the plasma
radius was measured by streak photographs; and the values of T, and
p were those prev10usly reported[A] We now note that if f o fg
the mean energy of the trapped ions should be the same as (E) 1n
Table I whereas f o Ezfs would give a higher mean energy. A com-
parison of Epressure and -(E) shows reasonable agreement and implies
that f oc f, is the appropriate choice. This is especially true
over the lower half of the energy distribution which chie