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PREPACE

This report contains the contributions presented at ‘he 150 JAHRE
*VI1l-th International Symposium on the Interaction of
Past Neutrons with Muclei® organiszed by the Nuclesr AL
Physics Croup of the Technical University Dresdem.

The Symposium was devoted to current problems in ex-
perimentsl and theoretical investigations of nuclesr 1828 ~-1978
reaction mechanism, covering a bdroad range of aspects.

Extending the scope of topics discussed during the preceding meetings in Gaus-
sig, also experimentsl and theoretical investigations of heavy ion reactions
as well as seslected problems in nuclear physics at medium energies have been
included in the scientific progrem comtaining

heavy ion reactions, especially deep inelaatic collisions

general 3tatistical aspects of nuclear reactions

experimental and theoretical investigationa of nucleon induced reactions
at lower energies

direct reactions, preequilibrium models.

We would like to thank all participants, especially our lecturers, for their
active work during the sessions and all subsequent informal discussions,
Further we want to thank the International Department of the Technical Univer-
sity Dresden for the valuable support in organizing this Symposium., A special
thanks is due to the staff of the rest home in Gaussig. Moreover, we would
like to thunk the Central Instiite for Nuclear Research of the Academy of
3cience of GDR for making poseible the publication of this report., We are

much indebted to H, Ludwig, R. Krause, R. Prengel, and B, Krause for technical
asgistance in preparing this Proceedings.

The Symposium has been devoted to the 150-th anniversary of the foundation
of the Technical University Dresden,

Re Relf
S, Sassonov
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SONE REGULARITIES OF THE EVOLUTION AND DISIFTEGRATION OF THE DCUBLE NUCLEAR
SYSTEM POMMED 1IN DEEP INELASTIC COLLISIONS OF COMPLEX NUCLEI

¥.¥,¥olkov

labdoratory of Buclear Reasctions, Joint Institute for Buclear Research,
Dubna, USSR

Toe systems Ag+*OAr (285 MeV) and su+''B (86 MeV) bave been used to study
deep inelastic trensfer (DIT) reactions. It hes been established that the nuc-~
lear structure of the light frageent inllwences the croes section of ite pro-
duction. The heavy frugments from DIT bave been shown to undergo & large dyma-
aical deformution. It is found that the Q__-systematics describe cross sections
of different DIT chammels in reactions with ‘OAr and heavier 1ome.

1. ant t1

Studies of the intersctions of beavy iors with nuclei have led to the dis-
covery of the new type of nuclear reastions -- deep inelastic trunsfers, which
proceed via the formation of a double nuclear system (DES). The latest reviews
on the DIT are contained in rof-."‘). The present paper deals with some regu-
larities of the evolution and decay of the DES, which bave been established from
experimental data obtained at the JIER laboratory of Muclear Reactionms,

2. The shell effects in DI?

The excitation energy of the DNS formed in DIT amounts to several tens of
MeV. The nuclei incorporated in the DAS intermct with each other strongly. It
may seerx that under such conditions the shell structure of the nuclei can bhardly
influence the DES evolution, However, experiment shows that the structure of the
nuclei, especially that of light fragments, has its imprint on the DES evolution,
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% ! Differential oross sections
of (d6/dan )40° for the production
* of isotopes of 2€ Z < 17 4in the
[ resction Ag+40Ar (285 MeV),

0y =40°,

Pig. 1 shows the differential crowe sectionms ( 40" /d )400 of the production
of various isotopes of elements from Cl to Be in the resction u+‘°Ar (205 MeV).
The oross sections for the produotion of 83 8¢ beliwm isotopes have been ob-
tained by extrapolation according to the Q__-systematics. The oroes sections of
isotopes with maximum yields deorsase initislly as Z decresses, Pollowing fluo-
rine, bhowever, the opposite tendency 1is obdeerved, A pronounced growtbh of the
crose section is obeerved for mwlei with closed shells and subshells such ass
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Pig. 4
Illustration of the effect of the Angulay distritmtions of tranefer
shell strusture. tn"ion ts in the resstion
Ag+17D (80 NeV)

A further evolution of the DEB requires the dresking of a pwsleon pair in the
1ight nuslews by tramsferring mwsleons to the exstangs seme’'), Nowever, this
roquires s sonsentretion of o connideradlr amownt of emergy in the 1light muslews.
The soupling energies 1in 20, Oy ont “Ne arve oqual t0 9.6, 16.6 and 19.8 MeV,



respectively. The delay of the DES evolution in configuretions with tightly
bound nuclei may manifest itself in a larger isotropy of the angular distridu-
tion (fig. 4). The ol -cluster configuration of the DES deserves special atten-
tion, Apparently the tightly bound ol -particle may long be in close contact
with a highly excited mcleus, without being destroyed.,

3. Dymamical deformation of the DES

One of the aspects of the DES evolution is conversion of the angular mo-
mentum of the collision into the spins of the nuclei and dynamical deformation
of the system., In the case of fully damped tang *1 velocity the DAS is a
system of two sticking nmuclei, which rotates a- aole, The total kinetic ener-
&y (TEE) of the fragments is, in this cese, de%e-.ined by the sum of the exit
Coulomb and centrifugal barriers, and by the systems deformmtion. The calcula-
tion of the dynamical deformation of the heavy fragment ss a funotion of the
number of the transferred nucleons has been done for the reaction A¢+4°Ar

(265 MeV), The spectra of the TKE for the isotopes of elemsnts from O to Mg is
shown ip fig. 5.
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Pig. 5

Energy spectra d‘d;‘ dedn of isotopes of 8&z512,
for the reaction Ag+*OAr (285 MeV) ured at O=40°,
The arrows show ¢ tCoqulbh.rrio_.

Pig, 6

Caloulated data for the dgmuo-l defo 3101:
of heavy fragaents from the reaction Ag+*VAr
(265 MeV)s Z, and Z, are the atomic oumbers
of the light and heavy fragments, :[3 and I‘

are their spins, respectively erimental
data (open circiu) f’m.: rof, 5’6 also used,

The TKE for the isotcpes of other elements bave also a similar shaps., The calcu-
lation has been performed for the maximum TKB values and for the isotop s with
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the largest production cross sections. To simplify the calculation the shape

of the light fragment was assumed to be spherical, and the heavy fragment a pro-
late ruvtational ellipsoid, The moments of inertia of the fragments were assumed

to be rigid-body ones, and tke total angular momentum of the DES equal to 110h.

The calculated deformation of the heavy f2  ment (the ratio of the large to the

amall semisxis) is shown in fig, 6.

" T
28 " (4 ’:f Pig. 7
AT T

1 Dynamical deformation of DIT bheavy fragments
" //{5'/ oyo as & function of the DES lifetime. The increa-
we °un s8¢ of the DES moment of inertia with time is

taken into account.

] 0s 10 s T s

Pig, 7 shows the increase of dynamical deformation of the la and Fm nuclei in

the reactions Ag+4°Ar_. La+0 (285 MeV) and Th+4°Ar-A—Fm+0 (379 iieV). The defor
aation was calculated from the TFE of oxygen nuclei, the energy spectra of which
were measured at several angles in refl.5'6

4. Regularities of the DNS decay

In DIT a great variety of reaction products are formed, including tens and
aven hundreds of various isotopes. Whatever causes the disintegration of the
DES into one or another reaction chsnnel? In ref.” the so-called Q__-systema-
tics bave been established for the cross sections of isotopic production in mul-
tinucleon trarsfer reactions. As an example, the Q__-systematics for the reac-
tion Th+2zlo (174 MeV) are shown in fig, 8 1 e In ﬁg. 9 one can see the Q“-

! S
\
1 Pig, 8
The Qgg-systematics of the pro-
! duction cross sections for the O
. N N . N N ¥, C, B, Be, LI, He isotopes for
w0 » -® -w -% -. -» » fi. reaction
O 80- b0 v 232m, ,2254 (174 Mev),
STy, 0200, 8y 285 AW, L4

’1‘0 9

The Q__-systematics of the pro-
ductiu oross sections for the
1 isotopes of 1€ 2410 for the

| reaction Ag+4%Ar (285 Mev),

aaaloa aaal o aa
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systematics of cross sections for the production of isotopes of elements from
lithium to fluorine in the reactions Ag+*Ar (285 MeV). One can see that up to
the oxygen isotopes the Q__-systematices .—a fulfilled satisfactorily. Por the
heavier elements the sequential nuclear processes such as the evaporation of
nucleonc and ol -particles violate the Q__-systematics. The validity of the Q__~
systesatios for the still heavier ions { 26kr, 136Xe) has been checked againet
the data of r.f.9), in which by using radiochemical methods the cross sections
for the production of gold isotopes with masses 190-199 were measured in the
bombardment of 181pg with 4%ar 1one {290 MeV), 86y, ions (550 MeV) and 13610
ions (850 MeV), The yield of these same isotopes wers calculsted under the as-
sumption that they are produced dus to multinucleon transfer reactions followed
by neutron evaporation (fig. 10)10).

Pig. 10

Comparison of the calculated (solid curves)
] and experimental (points) data on the yield
) of the gold isotopes in .l1e bombardment of

18114 with the *OAr 1ons at 290 MevV, with

j the aGKr ions at 550 MeV, with the 13610
ions at 840 MeV, The calculated data are
e Maisone 1 normalised to the experimental yield of the
. isotope with minimum A,
x8

*

Wk t-%ra . Dar (290mey)
2 Brg . By yaomey

The yield of primary products was calculated according to the Q__-systematics,
whereas neutron evaporation was calculated using the Jackson model. Pig, 11
shows the Q__-systematics of isotopic production cross sections for thz .caction
Ag+11B (86 MeV), which cover the isotopes produced as a result of both the

T e (g0 stripping and pick-up of protons by the 113
projectile, Thus the Q__~systematics describe
the cross section of the production of isotopes
in DIT reactions for any target-projectile com~
bination, being one of the general regularities
of the DES decay.

Pig. 11

The Q__-systematics of the production cross
sectibfl for ﬁo isotopes of 2€ 2« 9 for the
reaction Ag+11B (86 MeV), The measurements are
done at the emission angle O = 40°,

" A lh bl eddd " PN
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The results presented in this paper have been obtained by a laeboratory of
Nuclesr Reactions group including A,G,Artukh, G,P,0ridnev, A,.N,Mesentsev, V,IL,
kikheev, A,Popescu, D,G,Popeecu, and V,V,Yolkov, The author expresses his grati-
tude to Academician G,N.Plsrov fo bhis stisulating interest in and support of
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the DI? studies. Thanks are also dus to Mre. L.Pashkevich for translating the
peper into English,

References

1. V.Y.Yolkov, Physics Reports 44 (1978) 93.

2. M.Lefort and Ch.Rgo, Amn.Phys. 3, 5 (1978).

3. ¥.V.Schroder and J.R.Buisengs, Anmn.Rev.Mucl.Sci. 27, 465 (1977).

4. R.Bock, Proceedings of the Intermatiomal Conference on Muclear Structure,
Tokyo, September 5-10, 1977. Suppl. to the J.FPhys.Soc. Japan, 44, 730 (1978).

5. L.d.Moretto and R.Schaitt, J. de Phys. 37 (1976) C5-109.

6. A,G.Artukh, G,P,.Gridnev, V,L,Mikheav, V.V.Volkov and J.Wilcsynski,
Rucl.Phyw. 4215 (1973) 9.

7. A.G.Artukh, V,¥.Avdeichikov, G.P.Gridnev, V.L.Mikheev, V.V.YVolkov and
J.¥ilesynsky, Nucl.Phys. A168, 321 (1971).

8. J.C.Jacmart, P.Colombani, H.Doudre, K.Prascaris, B.Poffe, M.Riou,
J.C.Roynette, C.Stepban, Nucl.Phys. A242, 175 (1975).

9. Yu,Ts.Oganessian, Yu.B.Penionshkevich, Nguyen Thak An, D.MN,Nadkarni,
K.A.Gavrilov, Kim De En, M,Hussonnois, Yad. Phys. 18, 734 (1973).

10. EB.A.Cherepanov, Li Cen Su, A.K.Mesentsev, V,V.Volkov, Preprint JINR
l’l-11364. mbml 19180


http://Ann.Bav.Bu8l.Sel

[EEP INELASTIC ReEACTIONS : A PROBE POR LARGE SCALE COLLECTIVE MOTION STUDIES.

C. Ngd
DPhN/MP, CEN Saclay, 8P n® 2, 91190 Gif-sur-Yvette, France.

Abstract

We review the properties of rlow collective modes in deep inelastic mactions. The assumptior. of
statistical equilibrium among the intrinsic degrees, on which are based all the theories for
deep inelastic reactions, is justified in the light of a neutron miltiplicity experiment or the
800 MeV QutAu system. W~ discuss a recent experiment devoted to the study of a fast collective
mode (charge equilibratioi:) wich probably indicates that cusntal fluctuations are dominant “or
this degree of freedom.

Since a few years experiments in heavy ion physics are devoted to deep inelastic reactions{1).
The huge interest in this domain cames mainly to the observation of collective phenamena. This is
not without similarities with the fission process : In both cases large scale collective motion
is the proeminent feature of the reaction. The rather large number of rucleons which are

involved in such processes allows to study the interactions between two large pieces of nuclear
matter. As compared to campourd mucleus formation where all the nucleons are involved, much
shorter contact times ranging between 10722 and 10°Ps can be obtained. This allms to study
relaxation phenamena(2) and studies of deep inelastic reactions are of great interest in the
understanding of the evolution of microsystems out of equilibrium. in the experiments not ai!

the parameters necessary to detemine canpletely the system are measured. A consequence of this
loss of information is the appearunce of irreversible processes.

The deep inelastic process is binary in the sensc that two main products are observed in the cxit
chamel. Therefore most of the studies are concerning the properties of the light fragment. We
always look at the experimental data with same {ind of model in mind. To which externd this model
is valid can only be checked by further experiments. We would like to present here our present
understarding of the deep inelastic phenamena even if for some particular cases the experimental
situation i3 not so clear.

It is usually admitted in deep inelastic reactions that one can divide the system into slow and
fast degrees with respect to the time. The slow degrees are of collective nature and they are
related either directly or indirectly to measured quantities. One can study their relaxation to
equilibrium. The other deyrees which are fast are assumed to relaxe very quickly to equilibrium.
They are usually referred to as intrinsic degrees and are related to single particle motion. In
addition there also exist fast collective modes which play the same role as the intrinsic degrees
as far as the slow collective modes are concerned but which have a great interest in their own.
Therefore during the course of the deep inelastic process it usually assumed that, except at the
very begimning of the reaction, the intrinsic degrees are in statistical eviilibrium.

in part 1 we shall briefly describe the min properties of these slow collective modes. In part 2
the assumption of statistical equilibrium of the intrinsic degrees will be discussed in the light
of an experiment recently done an neutron multiplicities[3). Pinally part 3 will deal with a

fast collective degree which we have recently studied at GSI{U).

1. Slow collective modes.

The most striking feature of deep inelastic reactions is the larpe energy loss observed in rela-
tive motion. The correlation between the total kinetic energy of the fragments ani the deflection
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argle is of particular interest because this later parameter is comnected to the interaction time.
Examples are shown in fig. 1 for the 280 MeV Ar + Ni system studied by Galin et al. 5). For the
plot correspording to Z = 19 which only correspornds “O one charge transfer a large amcunt of
cross section is otserved in the region corvesponding to the grazirg angle (X 3X°) and for an
energy close to the initial energy This region corresponds to quasi elastic reactions. Another
area can be seen at low ererpy, extending over a wide angular range. It correspords to completely
energy relaxed products because for thr:se, the memory of the initial energy has been completely
lost. Between these two regions, there is a continuous evolution between them due to incompletely
energy relaxed producte. When the mass transfer ncreases, the quasi elastic area ,radually
disappears as well as iicompletely encrgy relaxe! region and there only remains the completely
energy relaxed camponent. We see that we are faced with twe collective modes. One connected to
the energy ‘oss in relative motion and the other connected to mass asymmetry. From fig. 1 we can
draw the inference that the energy transfer is a faster process than the mass asymmetry degree of
freedom because as soon as a small number of nucleons have been transferred, only the completely
energy relaxed camponent remains.

The energy loss occurs because there is a coupling between relative motion and other mudes. ity
looking at the desexcitation of the products one knows that each fragment has a lot of intri:roic
excitation enerpy. Because of phase space consideraticns the erergy flow will go from relavive

motion to the intrinsic degrees due to such a couplling. In the bambarding eneryy range i U7

study deep inelastic reactions it is most likely thus this coupling is mainly governea by cingrie
particle Cields or using a classical concept that one has to qleal with one body ilocipatior ).
This means that the elementary excitations are -£ 1 partizle - 1 hole %ype.

Relative nwotion is nct only coupled to the Intrinzic motion but also $0 other cirw wullertive

modes., For nstarce it is coupled to sicfaces vicrations., ndeed the composite

e forme

firire “he roaction ceparates into twe highly Jdefomed fragments. The evidense Sop that oun be

founa .7 tne menr, Srral kinetic enerpy of the completely energy relaxed fraprents. For irttance

the el syoter has been studied at two different bombarding enerpies 365 andd 454% HeV. in bLotl
saces toe nmean total rinetic energy of the completely energy relaxed products (quasifissiczn) is
T, Mol whereas the interaction barrier in the entrance charnel (which correspords totws spherical
rucaeis is 000 Mev, Therefore at scission the two fragments are hiphly defcrmed. After separation
the vitrations which are in turn coupled to ithe intrinsic depyrees will be damped into intrinsic
excitation enerpy. This excitation of surtace vibrations has twn inferences : it Jecreases the
tetal kinetiz enerpy of the fragments and increases their contact time.
Rntations are also excited during the deep inelastic process, this means in a classical picture
that the fragments will spin after the interaction. The angular momentum translfer to the frag-
ments can be measured by looking at their y multiplicity. It «ppears that the relaxation time
connected to argular momentum transfer is intermediate bctween the one connected to the energy
damping and the nnc cornected to mass assymetry.
As far as mass asymmetr is8 concerned it seems that the Q value corresponding to mass transfer is
completely converted i intrinsic excitation energy. Mass transfer is closely related to the
energy dissipation in relative motion in the sense that it may be viewved as the excitation of
one particle in one nucleus and orie hole in the other whereas the energy loss in relative moticn
may be viewed as 1 particle 1 hole excitation in the same nucleus.
The preceeding results concerning slow collective degrees suggest that they can be interpreted
using statistical assumptions. It is assumed that during the evolution of the system the intrin-
sic degrees are in a state of statistical equilibrium. The transfer of energy from relative mo-
tion to intrinsic degrees is described in analogy to the physics of liquids and solids : A
friction frree proportional to the collective velocity is inserted into classical equations of



- 15 -

motion{ ‘). Th2 classicul limit is justified because the De Broglie wave length is much smaller
thar the typi.:l dimensions of the sy-ter. hHowever because there is dissipation, there are also
statistiral flactuations (fluctuation-iissipation theorem) which are indeed observed experimen-
tally. Micrasccpic theorizs [8) have vcer cerived to describe both dissipation and statistical
fluctuat rns. Anplied to ihe computation ¥ cxperimental quantities they give a good understand-
irg of tre deep inelastic phenomena. In {1+, 0 is shown stch a model applied to the Ar + Ni

cage o frol 1 (3). We gee that the cvernll pattern of the plots ic well reproduced.

leurron muitiplicities measurements @ a Jjustification of statistical assumptions.

Sy

e moicls which have bteen develcpped to dez:ribe deep inelastis reactions assume 3 statistical

ajuilived

21

n tor the Intrinsic degreer of the frugrents. If it is so, cone of the conscquence will
«2 that the excitation energy i1s shared Lietween the two fragments in proportion te their mass.
n othe very first staze of the reaction this assumption 15 certainly not valid and preegquilibrium
parsicles might be emitted. Therefore one has 1o Koow with whish probability this eftect may
“re i te whith amcisit of the total energy loss it corresponds.
fodeep inelastic reaction can be iragined to proceed in the tollowing way : when the two ions
ium particles may be emitted,then the reaction proceeds in a statls-

LS Lo teh, preequlll
tivalowry. irlng the separation of the compocite system in two f‘r‘ap;mnt::, part.icles ray He

omittend befme oroafter they are fully accelerated. Finally y rays will be emitted in tre last
stage O the desexcitstion. Therefore to know how the excitation enerpy is charel btetween the
Tryrerss one tas to W how many particles and y rays are =zitted by each of them and which

san o f Fivetle enenyy they carry away.

iz iifricuis o technical reasons to measure all kind of emitted particles in coincidence with

S Trey e b -
4 AR A FIRAR SR L

cheosing a heavy target and projectile at not toc high oortartting energy above

the irtorati-n tarrier one can favor the evaporation of neutroris compared to the evaperation =f

margeat partizles, We tried recertly to measure the neutron multipiicity of each frajment on
she 20 MeV N+ Au system’3). We measured the kinetic enerpy ac well as the mass of the frag-
“erso al tw dlifferent angles. The neutrons were detectad ard thelir velocity rmeasured at several
seletel argles inoand out of the reaction plane. Particular care has been taken to minimize
pemiteon b sorption and background by uzing the minimum »f material as possible. In reutron expa-
virerts Lre problem 15 30 Know the efficienty of the neatron detectors. We solved it by measur-
reocbomies’ Ty she efficlency by means of a - 'I'." source which was present Juring the wiiole
e rirent DU

che main eonelusion of the analysis is that within the expcrimental errors (~ 10 %) all the
reutr o o enitted by Mully accelerated fragments. Therefore if a2 preequilibrium neutron
comporent wauld exist, Its multiplicity is smaller than 1-2. It is interesting to look at the
ratic of tne meutron miltiplicities vH/vL for the heavy and light fragment as a function of the
mass ratic «f the products. I the excitation is shared in proportion to the mass of the frag-
ments (. iform temperature in the camposite cystzm) the experimental points shoild be on the
Lissector line and this is the case to a good approximation. The evolution of the ratio vﬂ/vL as
a function of the mass ratio of the fragments corresponds to the study of vy /v along the mass
asymretry coonlinate which is one of the slowest mode ohserved in deep melasmc reactions. A
similar suady of the ratio \JH/\JL as a2 function of the energy loss for the fixed initial asymmetry
irdicates that a consiant vaiue is very soon reached which mean that a statistical equilibrium
iz very rapidly reached vve; for small interaction time (n 10"9‘?3). Finally the total multipli-
city vp = vt vy asa furction of the excitation energy indicates that in the mean, about 11 MeV,
are needed for emitting a neutron over the whole range studied excitation energies. Furthermore
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KANIPESTATION OP SHELL EFPECTS IR THE INTERACTIOR OF HEAVY NUCLEI WITH
IONS OF A> 40

R. Kalpakchieva, V.G, Kartavenko, Yu.Ts. Oganessian, Yu.E, Penionzhkevich

Laboratory of Nuclear Reactions, Joint Institute for Nuclear Research,
Dubna, USSR = 101000 koscow

He Sodan
Zeutralinstitut fur Kernforschung Rossendorf, DDR - 8051 Dresden

The results of experiments to study the mass distributions of products formed

as a result of fission of the system 4°Ar + 243An at low excitation energy are
presented. The mass distributions are also calculated on the basis of the diffu-
aion model. A conclusion is made for a possible asymmetric mode of decay of the
heavy system studied.

3hell effects are known to play a significant role in the fission of actini-
de nuclei havinz excitation enersy E®€ 30 - 40 XeV. They manifest themselves in
various characteristics of the nrocess, such as the mass distributions, the
fragment kinetic energies, the number of neutrons emitted by the fragments, etc.
The asymmetri-c mass distributions of the fission fragments of all studied nuc-~
lei from uranium 1) to 252102 (rcr.z) and 265105 (ref.’) and also the symmetric
mass distributions for spontaneous fission of the heavier fermium isotopes
258pn (ref.‘) and 2% (ref.s) are interpreted as being due to shell effects.

Until recently the characteristics of low energy fission have been studied
for the nuclei formed in light-particle-induced reactions or for spontaneous
fission, Heavy ion reactions allow in principle the production of heavy com-
pound nuclei of Z> 100 with excitation energy sometimes as low as 18 - 25 MeV
and small angular momentum, i.e, weakly excited heavy nuclei which ars, in
general, difficult to produce in the ground state, It seemed interesting to
see whether and how shell effects would manifest themselves in reactions of
this kind. At such low energies in heavy~-ion-induced reactions, as it was shom
for the first time in ref. °’/, shell effects wers well pronounced (as in the
case 0f the low energy fission of practicaily all actinides) and it could be
assumed, in analogy with the actinides, that the charscteristics of low-energy
induced snd spentaneous fission of one and the same nucleus did not differ
significantly,
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Parther, it is particularly interesting to investigste nuclei with Z =110,
a® an enhanced nuclear stability is theoretically predicted in the region of
the magic numbers Zs«114 and N=184, These nuclei, owing to their shell structure,
are expected to have a high fission barrier (B,~5-10 Kev).

We used the angular correlation method 7 t~ study the products of the
reaction 4%ar + 243pn at four boabarding en.rz.es - 300, 240, 222, end 214 UeV
of heavier systems. This method allowed us to kinematically separate the pro-
ducts of reactions occuring with a full momentum trsnsfer from the bombarding
ion. The contour diagrams of the total kinetic energy of reaction products as
a function of mass are shown in fig. 1. In the distributions shown two grouns
of products can be distinguished: one group (A) centered around the projeciile
and targct masses, and another, wider distribution (C, B) covering the inter-
mediate-mass region from about 60 to about 220 a.m.u. one which we are intere-
sted in. It can be seen that at E™ > 100 MeV the mass distribution is a Gaussien
with its maxioum in the region of A,e(A,;+A,)/2 ~140, and dispersion nf[m.fu:ﬂ-
100, which can be expected for the fission of a hijghly excited compound nucleus.
As the projectile energy decreases, the mass distribution bdecomes asymnetric
with the most probable heavy product mass lying in the region of Af = 200-210
a.m.,u, It should be noted that a similar behaviour of the mass distridution for
the reaction 2380 + “c- has been observed by H.-J. Samn et al, 8). Pig. 2
shows the angular distributions for different mess regions in the reaction
“Ar +* 2‘3M at a bombarding emergy of 222 ieV. It can be seen that the angular
distribution for the regiom (C, B) has an anisotropy different from that of the
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region (A). The angular distridution of products of mssses in the rangs
6«<At €220 is isotropic. One can draw the conclusion that the prolucts of the
regions (A) and (C, B) have baen formed in different processes.

Two assumptions can be made concerning the origin of the msxiwun in the
yield of products with masses A = 200 = 210. The first one is coanected with
the possible mechanism of deep inelastic reactions leading to ths production
of nuclei separsted from the target by 20-40 mass units. These nuclei may have
an excitation energy estimated, with the help of the experimemtally obdtained
values of TKE, to be 40 - 8o Me¥ for the case, whers the system excitation
energy is ~ 40 ilieV. Thus these nmuclei cap themselves fission snd will therefore
no more satisfy the condition of two-body svents' detection and this in turn
will lead to sn artificial decrease of the detected yield of nuclei from ursni-
wm to lead, The fission probebility I, for these heavy nuclei can be calculated
using the relation

W 1- R I+ Cp
r:i 0|“' * ru

The quantities Pn and (. sre calculated on the basis of the principle of de-
tailed balancing. The fission width [, is calculated using the Buhr-Wheeler
formula. The parameters a , 8,, and r,, contained in the expressions for T,
r‘p, and l"‘f are chosen by comparison with experimental dats 9). However, ss
it can be seen from fig. ), the probability If of such a process is very low,
Therefors the observed asymsetry in the mass distribution csmnot be explained
in this way.

'°° N AR AR SR AR S The second assumption is comnected with
" €' MMV the existence of a shell structure in the
[ 0% 8 conposite system 227113 at E®< 50 NevV.

- Traditionslly the role of shell effects
2

is analysed by ealculstions of the crose
sections of reaction products on the basis
of different models. To do this, the
ovolutionp of the iormed cosplex system
slong the mass or cherge asymmetry coordi-
nate is usually studied., Por this oe
we have used & somewhat version '°) of

the diffusion model developed dy loretto
"), modelling the system’s relaxation

in the spece of asymmetry coordinates

(the atomic number Z of one of the frag-
ments) by means of a stochsstic process
obeying the Master equation

AWy (0t = 1Ay Wy 1) Ay, Wy U ]
"f. 3
Calculated fission prodadilities

of the beavy nuc}ci pm uced whers lz(t) is the prodabdility to find
in the reaction *%ir+<%An, ss s the system at & monent ¢ in an asymmetry
function of mass configurstion 2. The transition probedi-
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lities Au. between configurstions I°' and I are commected with the potential
Gergy of the system '2' which inclwdes the binding emergy of the systes, the
Coulomd imteraction of the swbeystems and the rotationmal energy.

In order to estimate the influence of the system’s shell structure on the
diffesion process, in caloulating Vg & shell correction {E- JE(T.0)+{E(T+0)
(T is the temperature of the system) wmas added to the liquid-drop component of
the binding emergy. Here, the corrections for the ground state, §E(7=0), were
the experimentally known values (or their extrapolations) taken from the me-
lear mass tables 12). whire the correction for the heated mucleus, £E(T40),
was calculated by means of Strutinsky’'s technique taking into account the muec~
lear tempersture, as descrided in x-cf.13 e Pig. 4 presents the dependence of
the potential energy 'z of the system 2”113 on the asymmetry paresster Z for
three different values of the nuclear temperature, vis. T=0, 1, and 2 eV (cr
excitation energies B"=0, 40, and 120 MeV, respectively). It can be seen that

Tomaw \L ]
Toteati ¥, of th
energy ¥, of the
system u’ﬂ) as a’function

of the asymmetry parameter 2
for three values of the nuclear

teapersture T=0, 1 and 2 eV,
The thick and thin curves show
the resulta obtained nking and
! without taking the shell effects
J_i into account, respectively.
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at 7=0 and 1 NeV the studied system has two well proncunced minime in the po-
tential energy corresponding to the regiom of the magic number 2Z-82 and to
the complementary fragment with 2~ 30, There is slso a relative minimum corres-
ponding to symmetric fission of the system, which mey be somewhat enhanced
because of its closeness to the shell 2s50. As the excitation emergy incresses
(beginning from values of T~1.2 HeV), the minims at 2~ 3o, 82 begin quickly
to wash out and at 7> 1.4 MeV almost fully vanish, The presence of minims in
the potential energy naturslly lesds to maxime in the probadility distribution
function W(Z) and, consequently, to an incresse in the cross sections of pro-
ducing elements of Z ~Jo, 50-60, and 82, In principle, the noted dependence
of the potential energy on the excitation energy adequately reflects the pre-
sented experisental data for the reaction “Ar * 2‘3h. In fig, 55 the distri-
butions W(Z) for three values of the diffusion time (t-1o'2’. 107%° and 10?7
sec) are presented for Ts1 MeV (B"=40 MeV). It is seen that a better sgreement
with the experimentsl dats can be obitained st greater diffusion times
(t>1o"9 sec). At such great times a nuclear systes is close to statistical
equilibriva 110 4),

The wuthors would like to thank Professor G.N., Flerov for his constant
support of the present investigations. Thanks are also due to E. Cherepancy
for carrying ous the calculations of the fission probabilities of heavy muclei,



wil)

Pig. 5

Calculated probability distributiogg W(Z2)_ for three
values of the diffusion time t=10~<’, 10-20 and 10-19
sec in the case of Tal NeV, The full and dashed curves
show the results obtained taking and without taking
the shell effects into account, respectively.
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SEMICLASSICAL TRABSPORT THEORY OF DISSIPATIVE HEAVY-IOM COLLISIONS

W. Norenberg
Gesellschaft fiir Schverionenforlch\mgx), Darmstadt and Max-Planck-Institut fiir Kernphysik,
Heidelberg

The derivation of a transport equation within the semiclassical reaction theory is presented.
The limits of weak and strong coupling are discussed in relation to characteristic times involved
in the process.

1. Introduction

The initial stage of dissipative heavy-ion colilisions is characterized by the mutual approach of
the nuclei in their ground states. Pror our knovledge avbcut grazing collisions we expect that
this first stage of the process is dominated by the excitation of collective degrers of freedom,
for example of surface vibrations and giant vibrations. After times of order 10_211 also non-

collective states should become important. The critical value of 10-2'

s is associated with the
equilibration time which is obtained in precompound reactions”. At this later stage of the
collisinn the complexity of the wave function suggests to take advantage of statistical proper-
ties of the system. Within a semiclassical description the use of randomness for the interaction
matrix elements between excited states of the nuclei has led to a transport theory for dissipa-
tive collisionsz). This treatment within a non-perturbetive theory has shown ths. the coupling
between excited states of the nuclei is too strong for a perturtative approach. Instead, a strong-
coupling limit has been formulated which gives s master equation in the larkoff approximation.
The transition probubilities have been expressed completely by averages over coupling matrix
elements. Within the Fokker-Planck approximation of the master equation, transport coefficients
for mass transfer, energy lo:c and angular momentum dissipation have been 2valuated and compared

with experimental result 13-9 )

10,11)

. The theory has been generalized to include explicitly the relative
motion . The statistical approach of Weidenafiller and coworkers start out from a formulation
of precompound reactions‘e). After a study within a perturbative opproach13) (van Hove limit),
the theory has been generalized to the strong-coupling limit and has been applied to various

reactions 1-16) .

The purpose of thig contribution is to discuss the ingrediences and features of a non-perturba-
tive transport theory. The aim is to give, in the course of the derivetion of the transport
equation, & clear understanding of the characteristic times of the process (interaction or
collision time, correlation time, lifetime or decay time of propagators which corresponds tc
the mean free path, memory time, relaxation time, recurrence time). Inequalities between these
characteristic times define the different limits and approximations which have been discussed
in the literature (ordinary perturbation 1limit, van Hove limit, strong-coupling limit, Markoff
approximation).

2. Semiclassical scattering theory

For simplirity of presentatinn we choose a dascrivtion within the cemiclassica! scattering
and neglect modifications due Lo non-orthogonaiity anl antisymmetrizstion. We

assuze that the trajectory F(t) for the relative motion of the eolliding nuelei is known such

x)

On leave from tue Institut fir Theoretische Physik der {niversiiat Heidelterg
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that we are left vith the Schrddinger equation

] l

in g | w(e) > = ne) |owle) > (2.1)
for the time-dependent Hamiltonian

B(t) = B  (€) + V (g, T(t)) (2.2)

vhere HO(E) denotes the sum of the intrinsic Hamiltonians of the separated nuclei. The inter-
action V(E,r(t)) is the sum of Coulomd and nuclear interaction between the nuclei.

Introducing the channel wave functions ¢;(£) as the eigenfunctions of Ko(.‘;) with energies ¢,
we expand the solution |¢(t)> of.the Schridinger equation (2.1) in terms of the Qi'l as

fW(t)> = 7 a(t)]e;> (2.3)
with the occupation amplitudes a;(t). Inserting (2.3) in (2.1) yields with the assumed orthogo-
nality of the channel wave functions |0i>, the set of coupled equations
da .
in Eil = ﬁ[‘jdji’vji(‘)]‘i(‘) (2.1)
with Vji(t) z <ojlv(t)]¢i>. The following description generalizes the derivation of the semi-

classical transport equation given earlierz) to the weak-coupling limits (van Hove limit aud

first-order perturbation limit).

For the density matrix

. »

oji(t) z ’j(t)“i (t) (2.5)
we obtain from (2.4) the von Neumann or Liouville equation

o d - (t) (.

in g ey(t) = [V(")"'(t)lji T Lyogye () (2.6)

1,k

where the Liouville operator is defined by

L (t) = [‘5551’V31(‘)]‘ix'[‘u‘xi’vxi(“)]sjl . (2.7)

The introduction of the Liouville operator simplifies the formal solution of (2.6) significantly:
All algebraic expressions for L.ji 1k and °ji can be considered to be the same as for square
14

matrices and vectors if the double subscript ji is regarded as a simple index {superspace).

3. Coarse-grained generalized master equation

Since we are not interested in the detailed knowiedge of the system, we define averages over
intrinsic states (channels i) by dividing {coarse graining) the total channel space X into
subsets ku Each suybset u contains all channels with approximately the same values for some
macroscopic variables like the total excitation energy E® and the mass-asymmetry given by the

mass A1 of one of the fragments.

The aim iz now to transform the Liouville equation {2.6) into an equation for the macroscopic
occupation probabilities

fo(t) =& o (t} (3.1)

1Y m‘xu mm
»f 1 subset u. The Knowledge of these quantities allows to calculate the differential cross-

section for populating stutes in the subset u by



do

mea g 02

vhere (da/dﬂ)cl denotes the classical cross-section and r’: denotes the asymptotic value fu(t-n)
for the trajectory leading to the scattering angle Q. If more than one trajectory lead to the
same scattering angle, the r.h.s. of {3.2) has to be replaced by a sum over the correspording

contridutions.

In transforming the Liouville equation (2.6) into an equstion for tue macroscopic occupation
probabilities fu(t) we make use of the elegant superspace notation. Simply speaking this means
to regard the double index ij as a vector component in the superspace. The basis vectors in the
superspace, denoted by |ij), are orthogonal and normalized, (ijjlk) = 6i165k. Thus in the super-
space notation, the Liouville equation (2.6) is written as

in Lo (2)) = L(t)lo(e)) (3.3)
vhich is similar in form to the Schriédinger equation in Hilbert space.

According to the coarse-graining procedure descrided above, we introduce the coarse-graining
operators

c za' o) (n'm’ | (3.k)

1 1] -'ﬂ'(ﬁ

vhere du denotes the dimension oflu. i.e., the number of channels contained in the subset ?u
The application of cu is a projection on and an averaging over the diagonal elements in the
subset u. We project the Licuville equation (3.3) on C-E ¢, and Q=1-C and obtain two coupled
equations for C|p(t)) and Q|p(t)). Eliminating the non-relevant part ("correlations”) Qlp(t))
ve find Lhe generalized master equation

] tt,

wh(t) = Iu(t.to)O: c!’ dl‘Kw(t.t)duf“(t-r) (3.5)
with

1(te ). %5 :‘ (mmL, (t)6(t,t Qlp(t ), (3.6)

xw(t,t)-(;—ﬁe Tl U (el (e)o(t,t-1)L,(t-1)]mn)  (3.7)

v nt’xu ned v
Here we have used CLC®0 and we have divided the Liouville operator into two parts, L-LOOL‘
vhere (ne?),ne{)

(Lo)nn,lk z anldﬂ(cnmv(t)-cn—uu(t)) (3.8)
1s diagonal. The mean potential energy Uu(t) is defined by
: L
ult): I Valt) . (3.9)
» “z”

The propagator (time-evolution operator) for the intermediate states in Q-space is given by

the integral equation t

O(t,t.) = 1+l s atquitr)qolelt ) . (3.10)
° in t °

o
The generalized master.equation (3.5) is an exact transformation of the Liouville equation (2.6)

to relevant macroscopic quantities. It conserves the totsl probability

)
-‘T:fu(t)ﬂo. (3.11)
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The first term on the r.h.s. of (3.5) given by (3.6) describes the contribution from the initial
correlations QlD(to)). These initial correlations propagate in Q-space from t, to t and then con-
tribute via the coupling L1(t) to the relevant part of the density matrix. The second term on the
r.h.s. of (3.5) describes the coupling between different subsets. In analogy to the Boltzmann
equatior it is referred to as the collision term. According to (3.7) the coupling L’(V.-t) leads
from the C-space into the Q-space. This amplitude propagates from t-t to t and then contributes
via the coupling L,(t.) L0 the relevant part of the density matrix. The collisicn term consists of
gain terms (v#u) which correspond to transitions from all subsets v#u to the subset u, and anotler
tera v=y which describes the loss from the subset u. The kernel K“(t.t) is non-local in time.
The change of the macroscopic occupation probabilities at time t depends on all earlier times
t-ot . Because of this property, the kernel and its characteristic decay time are referred to as
the memory kernel and the memory time 1'::'.. respectively.

L. Random coupling and transport equations for weak and strong coupling

The formal and exact transformation of the Schrddinger equation (2.4) into the generalized master
equation {3.5) would be worthless if the macroscopic variasbles u have not teen chosen in a way
which allows for subsequent approximations, e.g., for the introduction of randomness of the
coupling matrix elements. Therefore, the definition of the macroscopic variables is the most
crucial problem in deriving useful transport equations. So far, no systematic method is known for
9). Only the
application of the resulting transport equations to specific physical problems and comparison with

making this choice or even for deciding wether any proposed choice is correct'

experimental results can tell us wether the choice of macroscopic variables is reasonable or not.
In the following we assume that we have found a set of macroscopic variables such that the assump-
tion of randomness for the coupling matrix elements is justified. This allows to evaluate easily
the mean values defined by (3.6) and (3.7).

We consider the memory kernel I(W(t,T) as defined by (3.7). For sufficiently small times t, the

main contribution to Kuv is due to the diagonal elements Gnn nm (t,t-t) of the intermediate pro-

pagator. For finite times t, random properties of thecoupling' matrix elements favour the contri-
butions from the diagonal elements of the propagator. For large t diagonal and non-diagonal ele-
ments become small because the amplitudes are spread over all possible states. Since the density
of states is large ard the coupling matrix elements couple only to a relatively small class of all
these states, the total contribution to Kuv becomes negligible for large t. For a further evalu-

ation of K“ we apgr-ximate the propagators G by their mean value Gvu for nelv and -llﬂ. and

nm,nm
hence,
1
1 - -
Kt 52 v (v (¢ T)>wGw(t,t 1) * c.e. (b.1)
vhere we have introduced the traceless coupling matrix elements
; : v . (t)-8 . . L.2
an(t.) an(t) dnJUv(t) (b.2)

The approximation (L.1) should be well satisfied if collective states can be neglected. Only for
collective states wve expect s time dependence of the propagator which is significantly different
from the mean behaviour. Similarly, we obtain for the initial-correlation term (3.6)

Iite) * g id"dem(t)nm(to)’wcwh.t.) tce. (b.3)

vith n ¢ m, This term vanishes if the non-disgonal density matrix elements are initially randosly
distributed and uncorrelsted vith the coupling matrix elements. In the folloving ve neglect the
initinl=-correiation term.



For a further evaluation of the wemory kernel (h.1) we have to study the tiwe dependences of the

mean autocorrelation function (V-(t)v_(t-tbw and the mean propagator Gw(t ,t=t). Ve distin-

guish the two limits of wak snd strong coupling by the relation betwveen the (auto-)correlation
- Vi . . N : AUTY

time Toor of the autocorrelation function and the lifetime Tiec of the propagator. The weak-

coupling limit is defined by

v )
Toor ¢ Taec » (b.4)

the strong-coupling limit by

vu B
Teor > Ydee - (.5)

Since the decay ¢f the propagator is due t> the coupling between different channels, the weak
coupling limit corresponds to the neglect of the coupling L‘ in the intermediate propagator.
Thus we obtain with (3.8) for the memory kernel (h.1) in the weak-coupling limit

)

.t
o (t.1)-%2(v.n(t)vn.(t—tbwexp[- 5 /At (E (e )E (e )]eec. (4.6)

t=-1

vhere we have introduced the mean local energies Ev(t) EA Uv(t) of the channel states
vithin the subset v. If the coupling between different channels is very weak, the nuclei remain
essentially in their ground states. This is the limit of ordinary perturbation theory. Integra-
tion of (3.5) over t and t yields the familiar result

2%)2 v (5% 2
£ tem) o(28) % <% (25 ) ) (h.7)

where ¢ I <¢ > and 'v\l'm(u) denotes the Fourier transform of v.‘(t). In deriving (4.7) the
1)

difference between the mean potentialr Uo’ Uu has been neglected which is consistent in the

first-order perturbation limit. This limit is justified if the relaxation times 1:21 of the

probabilities fu(t) are large compared to the collision time

b
Teol < re1 (4.8)

In all other cases of the weak-coupling limit (L.b) where the relaxation times become comparable
or even smaller than the collision time, we spesk of the van Hove limit. Thus in contrast to

first-order perturbtation, multistep processes are considered in this limit. We note that

v v B
Tdec “* Tre1’ Tre1
macroscopic variable corresponds to the slow modes of the process. This condition is the conse-

vhenever the introduced mscroscopic varisble p is reasonsble, i.e., if the

quence of the assumed local equilibrium (randomness) within the subsets u. Combining all this
with (4.h) we find the inequalities
v A\ AT

: v u
"aen” Teor << Tdec C re1* 're1 ol (b.9)

for the van Hove limit. In this limit the correlation time is by far the smsllest characteristic
time of the process. According to (4.9) we can neglect the time dependence of the occupation

<
~ ot
[

probabilities during time intervals of order '::r' This justifies the Markoff approximation
for (3.5) which yields the master equation

a - -
% 1,0 J” v, (t) [d”fv(t) dvfu(t)] (».10)
vith the transition probabilities
- N (! (t)-!v(t))lz
vw(t) z idﬂ(w(t.t)advm r v (b.11)

In contrast to (L.7) where the energy is conserved for the asymptotic region, we have here
energy conservation (approximately within n/x;el, ﬁ/t:el) for the local energies.
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If the strength of the coupling between the channels increases, the decay time ~2 the propagator
decrcases. Ve speak of the strong-coupling limit if the decay time of tae propagstor is the
smallest characteristic time in the process and in particuler if (i.5) is satisfied. In order to
evaluate the transition probabilities in the master equation (L.10) for strong coupling,we have
to know the 2xplicit form cf the propagator (3.10). Por simplicity we assume that the coupling
matrix elements are different from zerc only for emergy differerces !!n(t)-Ev(t)I« ‘lh;:c. Then
ve can approximste L by L, in (3.10). Because of the inequality (4.5) we can replace LI(?') by
I..'(V.o) in (3.10) end find

) .
Glt,t ) m exp [t L,{t ) (t=t )] (4.12)
in the strong-coupling limit. Assuming Geussian distributions of L, vithin the subsets we obtain
- - Lio/e¥V )2 N
Gu“(t,t t) = exp [ 2(‘l/*!r‘kc) ] (L.13)
with the decay time
[N -1/2 \
e = aldr(t)]B e <uie) i ]2 (h.1k)

and heace for lhe memory kernel
(s)

2 ' 2 1(t 2
< > -1 k.
L (t,7) = 27 :vn(t)l y %P [ 3 (T;:c) ]. (L.15)
This is the same result derived earlier 2) with a somewhat different notation for the decay time.
Since Wy _wv Ny N v '
Toew °© "dec ¢ cor® Tre1® re1l % Teol (4.16)

wve ran perform the t-integration in (3.5) and obttain the master equation (k.10) with the transi-
ticn probabilities

v ()= Ay (1)) Y, (817)

uv on pv Jdec
I= is important to realize that {(L.17) is not restricted to on~shell transitions like {u.11). This
BV

dec
she.l probabilities are not allowed to survive in the asymptotic region. When the nuclei start to

is Jue %o the smail value for 1 in the strong-coupling limit. Of course, the resulting off-
separate, the memory time begins to increase and tend %o infinity asymptotically. Thus, the

Markoff approximation is not applicable for the last stage of the process. In order to retain
the simplicity c¢f the master equation, the coupling matrix elements vm(,f.) have been replaced

in ) by effective interactions which are restricted to on-shell transitions only.

5. Concluling remarks

We have described the derivation of transport equations for dissipative heavy-ion collisions.
Starting from the time-reversal Liouville equation we have obtained time-irreversible transport
equations by the neglect of the initial correlstions and the dissipative nature of the coliision
terms, which is introduced by the random properties of the coupling matrix elements. The validity

of the transport equation is limited to the range of times t;:m

et ccT - The lower limit
is imposed by the neglect of the initial correlations and ty the Markoff approximation. The upper
limit is due to tiie finite _ensity 4 of intrinsic states. The system can come close to the
initial state after a time of the order of Poincari's recurrence time ?rec ® Oxfid. Alreudy for
small excitation energies this recurrence time is large compared to interaction times of heavy-

ion collisions.

In ref.”) the relative motion has been trested explicitely in the semiclassical approximstion.
In & consecutive moment expansion with respect to the ielative coordinate and momentum of the re-
sulting transport equation one recovers the master equation (L.10) and obtsins the classical
equstions of relative motion for the mesn valuds and equations for the veriances.



One of the basic problems in the derivation of transport equations is the adequate choice of basis

states. At present ve are trying to find a basis vhich allews for the treatment of further collec~

tive variables and at the same time leads to the weak-coupling limit (van Hove limit).
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=mASS TRANSPORT AND RELATIVE MOTION IN DEEP INELASTIC HEAVY ION COLLISIOES

R. Schaidt *)
Joint Institute of iuclear Research Dubna, USSR

Abstract

We investigate the mass transport combined with a dynamical statistical treat-
ment of the relative motion in deep inelastic hesavy ion collisions. The defor-
mation of the fragments is taken into account implicitly. We calculate multi-
differential cross sections of depp inelastic reaction products and compare

it with experiment. Remaining discrepancies between theory and experiment in
the 2380 + 2330 reaction are discussed.

1. Introduction

Deep inelastic heavy-ion collisions (DIC) are mainly characterized by two
processes, strong energy damping in the relative motion and a large amount of
mass (charge) transfer between projectile and target.

éhereas the energy damp‘ng of the initial kinetic en:rgy appears within a
short approach phase in the relative motion the mass diffusion takes place
mainly during the time evolution of the "double nuclear system" /1/ which is
formed in such type of reactions,

This circumstance has lead to the development of some statistical diffusion
models /2, 3/ for heavy-ion collisions which look only at the time dependence
of the mass 25ynmetry of the double nuclear gsystem by means of .aster- or
Pokker-Ilanck equations. On the other hand, the atrong energy damping in the
relative motion has often been treated in solutions of dynamical liewton-type
equations including frictional terms. The coupling of the classical trajectory
of the relative motion to the intrinsic degrees o freedom can be taken into
account /4/., This leads to a statistical treatment of the relative motion,too
/5, 6/,

It is the purpose of this paper to combine an investigation of the mass
transport /3/ with a dynamical statistical treatment of the relative motion
/6/. Special attention is given to the influence of the dynamical deformation
of the double nuclear system on the itieraction times of DIC, We calculate
single, double and triple differential cross sasctions of DI-products and
compare it with experiment, Liscrepancies between theory and experiment in the
2 + 2 reaction are discussed.

+) On leave from TU Dresden, Sektion Physik, DDR - 8027 Dresden
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2. The

We investigate DIC by means of a dynamical coupling of the classical trajec-
tory of the relative motion t0 the msss tranafer between projectile and target.
Both the relaive motion and the mess transfer are treated statistically how-
ever we provide that relative motion and mass trensfer are statistically un-
correlated. Then the total distridution furction is a product

FO = dy(R, 0, P, Py, <2Z.0,8) - dy (24,40 (1)

where 4, is the distribution function for the degrees of freedom of the rels-
tive motion R, 6, P., PO {polar coordinstes and corresponding conjugate mo-
menta) and ‘2 represents the distridbution function for the mass asymmetry
degree of freedom (messured at the prgectile like charge number Z4)e Eq. (1)
we expect to be fulfilled since experimentally the ratio of width to mean
value of the element distridbution is found to be small. The coupling between
relative motion and rnucleon diffusion is taken into account through the mean
value €i> 1n d1 and the time t.

Por the calculation of the distribution function d1 we use a model /6/
which has been applied earlier to study mass integrated angular distributions
of Dl-fragments, This model is based on the theory of Hofmann and Siemens /4/
who derived ir linear response theory a Fokker-Planck squation for the
distribvution function d1 in the phase space of the collective degrees of
freedom, Its Gaussian type solution is determined completely ty the first
(mean values) and second moments (statistical fluctuations) of the collective
coordinates R, @ and their conjugate momenta PE' PO‘ The equations of motion
for the first moments are liewton-type equations including frictionmal terms,
For the correspcnding equations of the second moments a coupled set of first
order differential equations can be derived /5, 6/. Here a time dependent
temperature appears which is calculated with the internal excitation energy
produced by friction, In the equation of the first moments we take into
account the deformation of the fragnents by modifying the nuclsar interaction
in the exit channel /6/. The deformation energy has a drsstic influence on
the calculate’i exit channel kinetic energy. It has been showa that the consi-
deration of the deformation also improves the agreement between theoretical
and experimental energy and mess integrated angulsr distributions of DI~
fragments /7/. In this paper we are interested in element distributions too,
and in view of the fact that the nucleon diffusion is strong correlated with
the mean interaction time we shall study the influence of the dynamical
deformation on the calculated interaction times.

We describe the time dependence of the distribution function for the
cherge assymmetry degree of freedom 4, (see eq. (1)) by the Pokker=Flanck
equation

\ 2
0 -3 (et i (0,0,

L]
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Here the relative motion enters via time variable t. Por the drift coefficient
'z and diffusion coefficient Dz analytical expression have been derived by
Mrenberg et al, /2/ =ithin a micrescopic model, In these expressions the
relative motion enters via the mesn excitation energy E® produced by friction.
Since for low saxcitation energies the statistical theory /2/ is not applicabdble
(im particular the drift coefficient diverges for vanishing excitation energy)
we introduce a form factor for the transport coefficients which is not inclu-
ded in the theory /2/. This form factor effects a linear decay of the trane-
port coefficients for excitation energies smsller than 3o NeV /8/.

The solution dz(z1,t) of oG, (2) is a Gaussian with time dependent mean
values <z1>(t) and variances S:(t) /3/.

With the solutions d1 and :2 we obtain from the total distribution function
P(t) (eq.(1)) multidifferential cross sections as
‘m
- ]
'—%—(’5”'z (gt ear ( aRaP. 4. (1= o)
K '2E ) f'dz«i-T-"*’ | dbye,

lCr

d’c

_9T . (3)
ded5d11
where @ represents the deflection angls, E the final kinetic energy and 21
the charge number of the DI-fragment. In eq, (3), k is the wave number of the
relative motion, lcr is the critical engular momentum as calculated dynami-
cally, and lmx is the maximum value of 1 that contributes, Other cross
sections are derived by integrating over the corresponding variabdles,

3. Regults

Calculated interaction times as function of the initial relative angular
momentum T‘int(l) are displayed in fig. 1. A8 it is seen, the deformation
enhances the mean interaction times, dut only by up to 30%. The interaction
time for U+U is larger than for Xe+Sn in the high-1 rezion due to the large
amount of inertis, but smaller in the low=1 regime since here the Coulomd
repulsion is the dominating effect. The interaction times for Xe+3n show an
exponential behaviour near the critical angular momentum below which fusion
occurs.

B2y (59MeVinucl) + Psn

238 (742MeV/inuct) +28y

— T I Ll 1 ] 1 1 ] L) T ¥ ) 1
w5 8 : 1
N ~——including deformation
o ---no deformation 1 21 n
€ ] :T‘\\\\\‘\\\~\\ 4
P ) U ~\\\\\ -~ 1
1 ~T & - - L -~ -
olt . ¢ .1%L¢T\777‘Tﬁ~.l 0 L L PR
80 120 160 200 20 0 100 200 300 400 500

'
Pig. 1 Calculated interaction time T a8 8 function of the initial relative
angular monentum 1 for the roaéﬁon Xe+3Sn and U+U, Solid and dashed
lines represent calculations with and without the consideration of the
deformation energy, respectively, The indicated bombarding energies
refer to all figures,
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Pig. 2 Theoretical element distridutions for the resctions from fig. 1 compa-
red with axperimental date (circles) /9/, /10/. In the Usll case the

calculation has to compare with the primary slement distridution
(squares) as reconstructed /10/ from the data.
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Xe + Sn

Lasasnal

Mg, 3

Calculated doudle differential
cross section di/d2 .0t for Ae+Sn
in comparison with the data /9/,
The ensrgyloss bins are indicated
on ths left. The normslization
pumbers on the right refer to
both data and experiment.

d%0/dE dZy (mb/20 MeV)

With the mesn intersction times from fig, 1 and the excitation energy
dependent tranepors cosfficients we calculate energy and angle integrated
element distributions and compare it with the experimental dats (fig. 2).
Good agresment is found for Xe+3n. Por U+ the theoretical element distridu-
tion <€ /dZ, oomes out 30 be too narrow by comparing with the sxperisentsl
points for the reconstructed primery elemens distribution /10/, Psrtioulary
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the increase in the mean intersction time due to the deformation is by far not
sufficient to explain this discrepancies as it was expected in /3/. In &
schematic calculation /8/ we found thet the effect of the closed Fd-ghell on
the diffusion process leads to a broadening of the element distribution and
thus explains part of this discrepancy. It must be also reslized that the
extraction of the experimental points /10/ for the primary element distribu-
tion in the U+U case involves considerable uncertainties.

In fig. 3 we represent double differential cross sections d°'¥ d2,dE for
five cuts of the total kinetic energy loss in the Xe+Smn reaction. The increa-
sing spread of the experimental element distribution with increasing energy
loss AE 85 well as the absolute magnitude of the cross section is well re-
produced by the model.

Pinally, we have calculsted triple differsntial cross sections 7.7, decE
for fragments Z, = 92, 86 and 80 in the U+ reaction (fig. 4). Here the calcu-
lation can only be expected to reproduce the correct trend, not the sbsolute
magnitude of the triple-differential cross section becsuse the experimental
integrated elezent distribution 46 /d2Z, is not reproduced (asee figz. 2). The
strong Coulomb repulsion in the U+U system leads to a backward-angle scatte-
ring for large energy loss. For elements around U & large amount of cross

LA S S g og

U
d’e _II_IL_)
wﬁdz; r-MeV -1

[ 30 o

-

E, (M&V)

Pig. 4

Calculated correlation between mear

fragment energy be, scattering angle

8¢ g, and charge nusber 2y of the

oufgoing frageents with Z; = 92, 86

and 80 1n the UsU collisidn.

The upper and the lower srrows indicats

the initial kinetic energy and the

Coulomd energy at the intersction

341\;- calculated for spheres, respec~
YeliY.
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- 3% -

section is expected in the region corresponding to the grezing angle (o 6°%)
and for kinetic energy close to the initisl energy. With increasing transferred
nucleons the distridution shifts towerds larger angle snd lower energies. In
addition the width of the energy and angle distridutions incresse with in-
creasing amount of nucleon transfer. Elements with sharge mumbers sufficiently
far from that of the projectile one we expect at energies well below the
Coulomd energy for spherss.

A large part of the results presented in this peper wms obtained together
with V.D. Toneev and G. Wolschin., I would like $0 express thes my gratitude
for the collaborstion. I am grateful to V.V, Volkov for stimulating discus-
sions.
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THE NUCLEAR FRICTIOE PROBLEM

L, Minchow, A, Pfitzner, H. Schuls
Zentralinstitut fiir Kernforschung Rossendorf, DDR - 8051 Dresden

A microscopic description of friction in heavy-ion collisions is given on the
basis of a generelized master equation. The possible origin of dissipation is
demonstrated by a simple model.

1. Qutlines of the problem

In deep~inelsstic heavy~ion collisions a large amount of energy is transfer-
red from the relative motion to the intrinsic degrees of freedom. 3Becauge
practically all channels are open a usual coupled-chennel-calculation is too
difficult. One way to overcome this difficulty is to approximale the relative
motion by a classical equation of motion with a dissipative force which
accounts for the energy loss. Because all the underlying microscopic equations
are symmetrical with respect to time reversal the first quegstion is how the
dissipa:ion comes into play.

Denoting the many intrinsic degrees by {x’ and the variable for the relative
distance of the two ions by {q} ve derive an equation of motion for the ex-
pectation value q(tJ = tr W(x,q,t)q, W being the density operator of the
system, Dissipative forces in thiz equation must have their origin in addi-
tional conditions whi:h have to be imposed on the Liouville equetion for
W(x,9,t)e The Hamiltonion of the system is

-
(S

H=H, + V(x,0), Hy = Hi (x) + H.(q), H,(q) = 8—7 + U(q) (1)
and the corresponding equations of motion are
Wt LWoad) W, = LoW, L=rH ] (2a)
ﬂq=-2—;‘— F Fz Vs FetrWHF.

Before the colligion begins the two nuclei are well separsted, and W(x,q,t)
can be factorized:

b Winat) = w,onat) W,(x,94)= Bx) $,(01) )

Bo(x) is the density operator for the intrinsic degrees of the two ions and
§,(q,t) the density operator for free relative motion, As the nuclei approach
the interaction V comes into play. This may be simulated replacing V by qFtV.
In scattering theory we have to teke lim(g- ¢®) st the end of the calculstion,
Thies means an adiabatic switching on of the interaction in the remote past,
Taking over the formel solution from scettering theory we mey write({1)

’ o [
W= B W) W= W)= e T[Ty Wt eer)]. (4)
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This expression is used by Gross to obtain from F - 5'.0 trl‘r e frictional
force in the classicsl equation of motion(2). This procedure is doudbtfull be-
cause (1) dissipation in heavy-ion collisions cannot be produced by an adia-
batic switching on in the remote past, but takes place only during contact of
the two finite systems (e.g. in a time intervsl O‘Ft:ﬁtcoll), and (11) dissi-
pation has to do with energy sharing among many degrees of freedom durimg
relaxation of the internal system,

2. A model for relaxstion

Before considering the internal system we separate the relsvant part for rela-
tive motion by a projection operator P used in the Zwanzig-formelism[3):

PWixqt)=Bwe@t) 9(at)=traW(x,a,t) P=Bwir )
trg = Z<nl-Im> Hint®> = £,,1m> tyg Bin= A,
PW is just that part of W which has to satisfy the scattering boundory con-
dition (3):
7 = L PUt) =
G W)= G PUE) = B 5,(98) B@=iodo! 0

where JO) denotes the ground state of the internel system, Now we imogine
qualitatively the following first stages of the collision:

E“"“’Lz-+é°

NS o P %
N \: <_°,_V.i>’ \\\‘\ M) &‘i‘.v' —_— ety R N
€
- 5 %> ¢

Pig. 1: Excitation energy E. is transfered from relative motion to the Op-Oh-.
state 10) forminz a®¥p - 1h - state 4> » which "deceys” into the
complex states )yd> via the internal interaction contained in Hyp

This picture implies the doorway-concept: The relative motion couples to the
intrinsic degrees of freedom only via the doorway-gtates (4> . In agreement
with our approach we subdivide the remeaining part of w(t) according to
(1=P)W(t) & QW(t) = G W(t) + Q,W(t), where {Q } represents the subspace of
1p=1h-ptates /4> and {Q,} the more complex np-nh-states with n > 1, This way
we have the following conditions for the {Q} -gpace 3

(1) $<0s Qu(t) = 0; (2) = 05 GW(0) = 0; (3) ¢t DThs QW(t)m O (6)

The refinement of the {Q} -space by subdivision into {Q,} and {q,} 1s the new
espect which makes the diesipation mechanism more explicite,

If one could find e time-development operstor T(t,0) in ths {Qol -space the
third condition could be written es

7(£,0)Q,¥(0)x 0 for &> T, (68)
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The centrel question is then how to approximate T(t,0) in a proper way in
order to satisfy condition (6a),

3. A generalized master equation for the relative motion

Applying the projection operators P, Qo and Q1 to the Liouville equation (2s)
yields a coupled system of equations for PW, Q,¥ and Q,W:

~PL)PW = PLQW (if ~QL)QW = GLPW +6,LqW (M

(‘3 -QL)GwW= G, LQW doorway concept: PLG=Q,LP=0

Elimination of Q1W in the second equation and taking into account the initial
condition iH(O) = 0 provides

(& -Qly®)QW=0olPV  QLytQuil=QLQuti-i ML Q- o)

The memory effect contained in @ W(t-t') can be formslly extracted by
.l(t-t') = elﬁt Q 'Ji(t), where £ describes the complete time-development in
the {g -spoce, ‘e assume in the following that the energy transfer back to
the relative motion is negligeble during t oll1°* Therefore we may ¥ approximate
by the operator which deacribes time-developnent in {Q ; without coupling to
[P} . This way we get a closed functionsl equetion for lﬂ , which may be
"golved” by iteration: , .,
£ Q- ifdgleHiqLe e, (5
°
There ere, however, no arguments to treat the coupling Q LQ as & perturbation,
Therefore we keep the fu11 € in 1 ff(t). Wwith respect to V h0wove:, we shall
restrict ourselves to second order in the final equation for PW(t) and there- °
fore we drop it completely in L fr(t)-

Qploy )= Q,Le-c{dtQL e“ad’-o*qvt,,ooe‘ﬁ Liw=CHemy -] (10)
> HER

The first term contains the coupling between different 1p-ih-states, the
second term represents the coupling of the doorway states via the more complex
states lv) ,

To arrive et the final equation for £(q,t) we essume as usual the diagonal
elements of V to be already included in H and therefore tr V = 0, From the
definition of P in (5) we easily deduce PLP = L,Py QuLsP = 0 end G LP = QL P,
with L, oo = [Ho, o] 891 L, o0 = [V, ..] Inserting the solution QG W(t) of
equ, (8) into the first equation of (7), we obtain the generalized maater
equation

t
(id-t)ewqt)=Tw - far K(tT) ge¢-T) (11)




with *
T =bg!yexpl-i& gi’q,,«')] & Wo)
Kebwl= by Ly expL-iQ, (2 Ly 1aLB,

This basic equation for ¢ (q,t) has the same structure as the equation for an
open systsm coupled to a “heat bath"[3). 7Tt has still time reversal symmetry..
The time-development operstor T(t,0) which must satisfy condition (6a) is seen
to be just exp [-i {*&'L..(&')J . If it would be possible, for instance,

to extract from it a factor exp[—!l] with W =4/% , condition (6a) would be
fulfilled sutomatically, but time r-versel symmetry would then be destroyed.

4. A _simple estimate for dissipation

After the initial state [d) (see fig. 1) has been formed we may forset how
it was crested and imazine it to be the first step in the formation of =
compound nucleus during the scattering of an incident perticle with enersy

E = Eex + Eglh) - €5 (4-4) on a 1h-target, In the spirit of Peshbech's Unified
Theory of Nucleer Reoctions the 1p-th-gtates then form thz "open~channel-
subapace”[4). The correspondinz component of the total weve function is the
solution of a Schrodinger equation with the effective liumiltonian

= ~-H 4 ,
W (B = Hyy - Hy, H,,~E Hrd H,= 5#)614;,,“’)(4‘1, (12)

The E~dependent pert contains the coupling via the more complex states [¥>
end should therefore ccrrespond tec the stationery enalogon of the time~depen-
dent part of L .,(t) in equ. (10). Because the ex.itation emergy sy4 18 not
sharp and the levels §, lie very dense around £ .t seems to be appropriate to
everesge over an intervel AE around £. Doing this with a Lorentzean weighting
function we arrive at

PR - .

U (E) = R(E+iD)= Hy -Bu- 505y Is 245 (13)
with the shift and width operators Add and rdd’ respectively. e now imagine
the real part of (13) to be elrecdy disgonaliged leading to shifted 1p-1h-
energies 'L'; and the operator f;ld to have only disgonal elements. Then we ob-
tain

AE —_
Heal® = L (5 - &)1l (n

The demping width f: may me be roughly approximated by cn averege value inde-
pendent of the special state [dD[5):

Voo [Hal? ~ 4 V) Sy
G-I"vm IZV/H‘V’ ~ 5V (15)

Hore 1% 1 an average of lHd'IL and D the mean distance of levels £,
inside AR,



Having this in mind we may write

epl-0,§ Lg] o wepl-iCK-i0)e] L~[H¢Fa, ]
Hiw = 8o 100l + 34 &4 41 Y= 4fgy < VYD,

(16)

It 1s obvious now that I(t) and K<) in (11) ere proportionel to 0,-!‘ and
o"'“ s respectively, end therefore time reversal symmetry is violated, As a
consequence Jif)=¢ Q)¢ follows an irreversible equation of motion. The
result for § is rather plausible: the relaxetion time ‘V; ‘D/i‘decnasea with
increasing level density and coupling of the 1p-1h-ststes to the more complex
stetes. Ve may distinguish two cases:

1) Tg.':‘.fuq : The equation for T;_(t) becomes very complicated. May be it is
nore convenient to introduce for these longsliving (coherent) excitations
collective variables of , say, and include them in the subspace {P} « This
would lead to & density operator g(q,d,t} end, consequantly, to coupled
equations for g(¢) end o) .

2) 'Eg& fu! ¢ The internal degrees relax very quickly to "near equilibrium®,
ve may imagine the process to proceed by successive steps during tcoll’

) . l

l ‘ -
Q! ! Futh) P e

P :

l ' ' Qut!

§ &U{‘) N I _t—-' -

==cE -y = i +— b >t
8 ‘1 t’ ' f. *ul!

Fig., 2: Internel and relative motion are governed by different time-sceles:
Ta S ¢t . Each step at the times t, should start with slightly mo-
d:lf:led initiael conditions,

In the following we consider only times t >t3. Then we may drop I(t) in equ.
(11) and extend the integration [dr to 4+, because the integrel kernel K (%)
is essential only for ©<7%g . For the solutions we keep the same symbol
9¢(q,t) .Equ, (11) Teduces to

(-t = =i [ a5 Kee) 9té-0)
K(#t) = K(®) = tyg LV &1, B, .

One may ask if case 2) is reslistic, The following values asre considered as
chaxacteristic tor hcavz-:lon collisions [6)

1022 goc = too1l € 10”7 uc, life time for a single particle excitation
%840‘” sec, With Tg= Tg' we may expect situations where Z‘.ttcon is
well satisfied.

(1

5, Cla a uation of tio

The rdvantage to perform en expectation value with the relevant part @(q,t)
instead of the complete density operator W(x,q,t) is obvious, With eyclic per-
mutation under the trace tr = trctrn and decause of [V(x,q),q] s 0 we obtain



instead of (2b)
- . 1
1,t.¢gmq-_-ﬁ6.ég&)p p= f%q (18)

PT = bseips - g - 4w e b Boww[Fin, V]

with F‘tH'laq[iH.t'] F ”L“EP] andf E"‘*F&. It resembles only formelly the
corresponding equetion in[2) because our physical background is different, At
least at the beginning of the collision we have B, = {0> £0! znd therefor
trpB, o0 = &l ooo |0 . The memory contained in P(t-t') is essentisl onmly
back to times t-fB For this small interval it seems justified to put 9(¢-¢)
wexplilet’'] @(t). In accordance with our model we have <C ) 4> = O. Imtro-
ducing the opereators A H.. €,2LY we write the integral in (13) in compect
form:

f:t' .= tggu)(ol] 10 y=Fye - ytﬂf .
/ T
?(-) —-L“c —unl X, @) 3(4’:._4_‘, fd‘ K,({Iem .

The time dependence of the operator X, (t*') is governed by H, only: X, (t') =

2p- ap[—cl,i] V. Expression (19) 1s snited to extract s'stenaticelly con-
servative end dissipetive contributions by succesive partiel inte;rction,
Doing so we obtain finelly

CJ{DEES Zmr‘f'),x,m - KO Flo> - <ol fule, 01
where the rest 1ntegral takes the form

jl/:;" r‘f {F—TNX (t' - (")NX (”h'w"w F} (21)
and the operators 11(0) follow the recurrence relations

X0=[H,X0] X@=2piV . X@-REn o,

It is remarkable that the time development operator of relative motion
exp[~ilct'] 1s removed from the sum end shifted to the rest integral. .ie
shall restrict ourselves to the first three terms in (20) which correspond
to the Taylor expansion in powers of t' up to t" in linear response theory

[7'8)0

In the following we essume that average values 1ike &, 98)/EyViy ~ Voo Fio)
vanish, This 1is satisfied, e.g., by the more restrictive esgumption that the
matrix elements of V and its derivatives cre real[7). Using the formal re-
lations ‘3 v

iy ST B s
— = iro(w) = 'J‘s)" :

35 *F @°t+y T o=y (23)

we can express the terms an (“)by the "derivetives” cf the operators ‘g' end
m (&) with respect to W, As an example we ;ive the contributions to
equation (18) from the firat two terms in (20):



t=t s to3@ R IVEVIO) (24)

€=2: ';;t.ég({) {ral F&,Fp +pFd,Flo>~ @LFEE f] "’)’f'g(”/” BFI0f 2s)
Ladkie  G=0f/od.

It is obvious that (24) end the third term of (25) sre purely conservative,

To get an ordinary friction force we have to extract p(¥) from the p-depen-

dent terms, For this purpose we must make assumptions about9 (q,t). Taking
into account V(x,q) only up to second order we mey approximete ¥(q,t) by 4t)
I'!’(q,t))(‘!(q.t)l , where ¥(q,t) represents a wave packet., To havo & practi~
cable expression we approximate this packet by en ansatz footing on the struc-
ture of a free-motion-packet: —2
Fat) = ({")‘e" Et F1 e-fq ". (26)

E means center-of-mass energy of the packet and c-aracterizes its width:

2 . Y2447 = 2 Ap° = const (spresding is neglected). Prom (26) we essily find
P[I(q.t))c:[p(ﬂ# t'z(q 1&’}] {¥(9,t)> and a corresponding expression for
PRI

To apoly the Chrenfest Theorem 72 has to setisfy the two conditlons (1)72

y q' end (ii)’z»é.. where 8, is a charecteriatic distence over which the
nuclear potential changes essentially, For strong energy loss of the relative
motion (1) mey be violated es times goes by, i.e thercfore keep the correspon-
dinz fluctuation term with AP* in the final equetion:

2

K- %BL_. cHT - (J 2 42 )nm—’- 4 Wﬂ %‘_r" , (27)
with m(g) = (df"’ﬂa)end the effective potentiel U ff(47) = 'l\f, where
4 1 _a_l ~
U= AV EVI03 - ,1.<o!F0 Flo)~ -5<alF BF'10y+1 ﬁ; 7, (28)-
i‘he friction coefficient becomes
Clt)= - T LU0l FEF + 5 F'.,\;F “’ gf‘(FJ;F)ID, > (29)

Because all derivatives of the operator &w)ue qu"/t'. ve find explicite~
ly thet friction increases with decreasing relexation time. /part from the
quantum mechanical fluctuation term cca—f-‘equation (27) hes exactly the same
structure e3 in linesr recponse theory, and m(q) corresponds to the inertial
tensor in the three-dimensional case[7). DBut Ugep @nd c(t) are different from
the results of linear response theory and regemble them only for heavy mussee
and smooth potentials,

The enersy~-balance following from (27) is elightly modified by the fluctuation
terms

L1585 s ug )] = - coi- 4 1;1’#? y Myle mtmd) | (30
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If the fluctuation term is not small it makes no more sense to spesk of a
nass m,,, which moves in an average potential U‘“. It is evident that other
dissipation mechenisas than ordinsry friction come into play if we consider
in (20) also terms with £ D 3, we obtein, for instence, a contribution pro-
portional to(dFJ;F.O-F'J;HO)i; , end via ia‘./af".,fi something like "radie-

tion demping".
One concluding remark should be made. If we keep only the first term in

>
equ. (29) we get a friction coefficient of similar form as in linear response
theory [7,8):

Cl s - ar<¥) 0 FOddslys F 1o, Jep= ey S Il zl'!(ﬂ)(#f?? (31)
oo

with a‘)‘.la- E, . The intermediate sum is not performed over the compli-
cated eigenstates |n), but eccording to our model over the doorway states
only. Beczuse ¥ -»0 is strongly forbidden, c(t) never vunisines inspite of the
energy gap EJ.> 0, If we follow the concept of linear response theory from
the beginning ezssuming a seperable potential V(x,q)gr V(x, 9= () i(x) we
find as usual the friction coefficient to be proportionsl to the first roment
J&'l"ﬁ!“’) , however with a demped "response function" Xylt)=exp[-%{] 0]-
-F.'wl_' q_‘b*FlO). If the damping factor is missing an edditionel smoothing proce-
dure is necessary to meke €(t) differcnt ¢rom zero[3)., It is obvious that

such artificial procedures are avoided in our formalism.
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SOME ASPECTS OF THE STATISTICAL DESCR.PTION OP NUCLEAR REACTIONS

P, Hidler and R, Reif
Technische Universitit Dresden, Sektion Phyaik, DDR ~ 8027 Dresden

The theorei 'cal treatment of deeply inelastic heavy ion collisions assumes dif-
terent relaxzation times for different collective and intrinsic degrees of free-
dom. Prom experimental data one can conclude that the intrinsic degrees of
freedon are rather fast modes. Therefore, they are asssumed generally to be in
a statistical equilibrium if one looks for the dynamics of the deeply inelastic
process (see the contributions of W, Miremberg ani C. Ngo, p. 24 and 13
respectively).

Using a time-dependent density matrix formalism nucleon induced precompound
reactions are considered in order to study the relaxation of the intrinsic
degrees of freedom, We start from the non-equilibrium statistical operator

* .
e - %exp{-:;: F OB fd{'e" [Tnt) B (074 27, 10 P00 ]]} (1
-oo
which can be constructed with an arbitrary chosen set of observables {P.} and
the thermodynamic conjugated parameters {P.({ )} o In the 1limit €-+ 40 this
operator obeys the quantum-statistical Liouville equation and represents re-
tarded solutions [1]. In eq. (1) geometry dependent effects have been neglected
already. For a first application of this concept to relaxation phenomena in
nuclear reactions the Fermi gas model have been used with a hydrodynamic des-
cription of the relaxing system, The compound system as it is created after a
few gcattering events between the projectile and the target nucleons is divided
into subsystems, composed of particles occupying single particle states in dif-
ferent energy ranges. Then the transition to the equilibrium stage is viewed
as a relaxation process between these sudbsystems. Purthermore, all subsystems
are assumed to be in a quasi-equilibrium characterized by a Fermi distribution
with time-dependent parameters.

The compound system is descridbed by the Hamiltonian

+
He SH+ T <melviik> amap 9y 0; (2)
m

The matrix elements <ml|v|jk) have been derived from parametrized free nucleon-
nucleon cross sections [2]. The following set of observables has been chosen:
{Hi, Nyo F;} (l-l1 - total energy, Hi = particle number, F; ~ total momentum

of subsystem i). The conjugated parameters {Pn(t)} are connected with the
inverse temperature 8,(t), the chemical potential M y(t) and the mean particle
velocity Gi(t) in sudsystem i, Tespectively using egs. (1) and (2) the mean
fluxes <P > -'&1p Tr (§ () P) between the subsystems have been calculated.
Connecting these quantities with the time derivatives of the parameters r-(t)
one ends up with a coupled system of strongly non-linear differentisl equations
determining the time evolution of thermodynamic perameters { P(t) } or,
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equivalently, of the mean values <P > [3]:

o
L3 SO
ZRw fave <P, P> e —SEW <P, PD (3)
[ - [
Here the bracket <..., ... > derotes quantum-statistical correlation functions.

In order to derive eq. (J) the time derivative Pn in eq. (1) has been neglected
compared with the time dependence of the operators P-(t) in the Heisenberg re-
Presentation. oreover, the operator € (t) was linearized with respect to the
interaction which was assumed to be smell. The integrals in eq. (3) representing
the kinetic coefficients have been evalusted using Wick's theorem. Por numerical
ralculstions these coefficients werse cozmputed for the equilibrium stage, but in
the correlation functions <P ,P1> on the right hand side of eq. (3) the non-
linear dependence from { 4 (t)} .have been taken into sccount. Purthermore,
ugsing the principle of detailled balance and the inverse croas sections given
in ref. '52, in eq. (3) fluxes have been added in order to describe the deple-
tion of the nucleus. This procedure gives the possidbility to calculate the dif-
ferential cross sections U°F didEd 2 (in a. u.).

To start the numerical integration of eq. (3) the distribution of the two
nucleons after the first collision of the projectile in nuclear matter has been
estimated following ref. [7]. Fermi distributions with the same first and se-
cond moment as the disiributions derived in this way are used to fix the initial
conditions, A comparison of both distributions shows that it is quite sufficient
for excitation energies of about 20 MeV to subdevide the compound system in two
subsystems only, with particles above and below the Permi level, respectively.
Por higher energies the number of subsystems should be larger in order to
approxinmate the initial distributions by Permi distridutions.

The numerieal solution of eq. (3) shows that these 1s a fast stage of the
relaxation process (about 5-10""1 sec) and a slow one (3-10"'21 sec for ”me
at E. = 14.1 LieV). Therefore, in order to esstimate the dependence of relaxstion
tilea on excitstion energy E® and mass mumber A 1t is sufficient to calculate
the correlation functions for the equilibrium stage, In a wide range of E® and
A the kinetic coefficients are proportional to E®™ and nearly independent of A
vut <B,, PP~f &' . Thus, for the relazation time T follows T~ . Prom
the numerical solution of eq. (3) one can draw the conclusion, that because of
the strong coupling of the equations there is no remarkable difference in the
relazation times for energy, momentum and particle number. As an example, in
fig. 1 it is shown that the predicted angular distribution of 14 MeV neutrone
inelastically scattered from 93lb is in good agreement with experimental data
as well as with theoretical results obtained by Yrie et al, [6] with sn exten-
sion of the exciton model suggested by direet reaction theories,

After equilibration one can follow the decay of the compound nucleus dy
integrating eq. (3) formally until the residusl pucleus has ap excitation energy
U below the neutron threshold., Interpretsting the pumber of emitted neutrons
<A;> = A4(8) ss an ensemble aversge mesn neutron decsy widths Pgs Maoh Ay =
=, ), hnn been estimated, The index ) refers to particles luving the com-
ponnd nucleus. Thess valuss corrsspond t0 the expression for the decay width,
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which can be calculated from the total decay probability extracted from the
Weisskopf expression in the Permi gas model: I, (L) ~ e "o Bn
(Bn - neutron binding energy).
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HEAVY-ION REACTIONS IN THE LIGHT OF TDNf‘)

I.Hamamoto
NORDITA, Blegdamsve) 17, Copenhagen, Densark

Abstract

By solving the time-dependent Hartree (TOM) equation in a one-dimensional model,
I am going to discuss the following three subjects t By taking a slngle united
system, 1) the damping of collective motions, 2) the ultimate state of TOW
(related to the particle-evapolation spectra). By taking asymametric collisions,
3) the particle-number transfer and the fluctuations in particle-number transfer.

The possibility of using the TOHF approximation to study significant features
of heavy-ion collisions has been especially emphasized by the HIT qroupl), and
elaborate TDHF calculations with so-called realistic interactions and with full
J-dimensional geometry have been performed by several groups. However, we study
a -odelz), which is highly simplified but which we expect has sufficient
structure for studying what can be reasonably studied by TDHF, what is the
limitation of the TDHWF model, what is the role of the normal modes in the time-
development of the system, and so on,

It is known that there is no many-body bound-state In the one-dimensional
model of Fermions interacting with 2 6-functlon interaction. Thus, our model is
one-dimension, but we choose an exponential form for the two-body interaction.
The parameters of the model are chosen, so that the form of the Hartree potens
tial is sinilar to that of the nuclear system. Each single-particle level is
doubly degenerate. The system has the parfty as a good quantum number. For the
discussion of the subjects 1) and 2), 1 shall take the case of the excitation
with positive-parity,

We have tried various ways of exciting the system at t=0, such as stretching
the Hartree solution by a certain amount, or fimposing a velocity-field, or
random excitations of the system, or choosing initfal conditions that corres-
pond to a given amplitude of one of RPA modes., In addition, we have studied
various ways of analyzing the time-dependent wave-functions such as the observa-
tion of the excitation energy, the distribution of the excitation energy over
the bound RPA modes, the rate of particle-emission, the projection of the wave
function onto the Hartree states. And if the system comes to a quasi-stationary
oscillation, we project the TDH wave-functions onto RPA modes. Then, we Fourjer-
analyze the projected amplitudes of RPA modes, from which we study the anharmon-
fcity and coupling of RPA modes.

In all cases, the excitation energy of the system Is eventually taken away
by particle-emission, and the ultimate state of the system is a static Hartree
solution with fewer particles.

Now, as an example, let me take the system of 10 particles. There are 3
bound RPA modes with positive parity, of which the quantum-energies are 16, 39
end &4 fin our energy unit. Fig,]l shows the two quantities which asre considered
to be a measure of the collective motion, for the case In which at t=0 the
amplitude of the 10 % of respective RPA modes is added to the Hartree solution,
and then as & function of time the system is developed according to the TDH
eovation, Note that the excitation energy is 0.16, 0.39 and 0.4, respectively,

§) This work was done together with B,R,Mottelson.



in our energy unit.

1) The damping of collective moiions
Fig.2 shows the systes's length for the case in which the Hartree selutien

of the 10-particles system is stretched by 10 % at t=0, and then the systes
develops as a functlion of time according to the TDH equation. The excitation
energy of thls example is 6.7, which is consideradbly smaller than the gquantue
energy of the lowest RPA mode. One sees that a damping of the collective
stretching motion occurs clearly at the initial stage, but the damping is
strongly dependent on the amplitude (or velocity) of the collective motion.
Namely, after the amplitude is reduced by a factor 2—~3 the damping becomes
such smaller, and we are unable to observe any further reduction in collective
motion. The energy which was removed from the collective motion is found to
appear eventually as enitted particles. That is, the wave functions of the
system develop tails extended far outside of the nucleus, and the tail describes
a flux of particles running away to infinity. (In the numserical calculation we
add to the self-consistent interaction In the TDH equation an imaginary poten -
tial far outside of the system, so that the particles once coming out from the
system are absorhed and never come back to the - stem.) Around t=10~20, about
half of the excitation energy has been taken away by emjitted particles, while
the rest remains in the bound RPA modes. The period of the oscillation, seen
in fig.2, Is in fact the period of the lowest RPA mode. Damping is certainly
going on also for the small-amplitude osclllation around t=10~ 20, since we
observe the particle-flux which is continuously outgoing. However, it takes too
much time to follow this very moderate damping.

In fig.3 the kinetic energy of collective current of the same system as in
fig.2 is drawn. Around t~0, almost all the excitation energy appears as kinetic
energy of collective current, twice during each perlod. We can see that the
damping of the klnetic energy of collective current is more or less the same as
that of the system's length oscillation,

For comparison, in fig.% we show the system's length as a function of time,
for the case where at tz0 the Hartree solutfion is stretched by 30 % . The
excitation energy is 39. Also In this case, the basic period of oscillatlon
seen in the figure is the period of the lowest RPA mode.

2) The ultimate state of TDM

#e examine what is the ultimate state of TDH, if we prevent particles fros
being emitted. Our expectation is : The TDH system is essentially a classical
coupled field with an infinite number of degree of freedom. Therefore, the
system follows eventually the "law of equi-partition of energy” which is
characteristic feature of classical statistical mechanics though not of quantum
statistical mechanics. (In practice, the number of degree of freedom is finite,
since we solve the TDH equation by taking a discrete space-mesh and thus the
effective number of degree of freedom of the field is (particle-number) times
(number of mesh-points). Anyhow the number of degree of freedom is very large.)
That means, in TON system the temperature distribution will never be obtained.
Namely, we will not have evaporation of particles with a given temperature, but
rather the _jection of particles whose velocities sre directly related to the
wail coupling mechanism and the separation energy.

Let me show the result of numerical calculation. At t=0 the Hartree solution
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of the system was stretched by 30 %, Iastead of adding an abserptive petential,
we put an infinite wall at t'.e place twice the muclear size, 3e that the
pirticles never leave the systes and, thus, the energy of this systes remains
constant feor ever. Flg.3 shews the gquantity ‘lad(l—f.)lf.) for the energies of
the n-th Hartree single-particle states with pesitive-parity, where f. is
defined as f = v&'(’:lw};)r by using the TDH wave-functiens ¥, and the
n-th Hartree single-particle wave-“unctions ’!: . Namely, f. is the occupatien
probabilities of the n-th Hartree single-particle state. Dots envress the pofats
at the very beginning, while cress-peints are for t~70. (Nete that the time:
period ¢ “he lowest-iying pesitive-parity RPA mode is ~0.80) The single-
pirticle states wnith positive energy are discrete dve to the finite number of
mesh paints taken In the numerical calculations. Nete that if we have the Feral-
distributien of excitations f‘s(loclp((‘l-)ﬂ,))'l we get l-;((l-'l)lllh
(Gl-h)P ,» while LT the system approaches "the equi-partition of energy”,

'l becomes proportiemal te (Gl-.\)d fer éi-l>0, and (l-f‘) becemes prepor-
tional to (A —(")'l for 6‘-l(0 .

From fig.5 we see that : The points expressed by dots shows almost the ferami-
distribution of encitations, while a3 the system evolves as tise, we see .hat
the distribution starts te show the feature of the classical system mentioned
above.

J) Asymmetric coilisions

Now, as the last subjects, I leave the problem of & single united system,
and talk about the asymmetric collisions by using the same one-dimensional TDNM

model, considering the fact that almost all the "realistic™ J-dimensional TOWF
caiculations have been done for the symmetric collisions such as 16001‘0

hoc"bﬂ

or
Ca, mainly due to the limitaition of the computation time.

Since we have only an attractive Interaction, the systes fuses in a collision
with 3 very small Incldent velocity. As the Incident velocity increases, an
appreciable amount of particles (in general, not an integer number of particles)
starts to come out from the fused system, and thus the final state decomes 3
binary system, besides a very small amount of particies which are ejected from
respective excited vibrating system. As the incident velocity increases further,
the distribution of the particle-number in the final binary system becomes
closer to the initial distribution. Finally, for the incldent velocity larger
than a critical value, the incident two systems just go through ecach ether,
as far as the nuader of the particles in the final states iIs concerned. Nere
we talk about the number of the particles in the final states almost imsediately
after the final scission, since the excitation energy In the final states is
eventually taken away by particle-ejectlon, and thus the number of the particles
in the final binary system becomes smaller {f .e wait longer.

In figs.6.1 and 6.2 we see typical density-distridutions during the collision
of the (6+0) systes, which show how the two (6- and S-particles) incident
systens penestrate each other. It s useful to define the moment of "the first
scission”, at which the twe incident systems have passed through each other,
as far as the nusber eof particles is cencerned. 7e have observed the presence
of the moment of "the first scission” for all values of incident energles,
nanely even for the case In which the final state is & fused system. Indeed,
the characteristic feature of different final systems gpossrs at the tinme after
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"the first scission®,

In fig.7 as an exaaple we take the (6+8) collision-system and show the amount
of the particles (4 NTDH)' which are transfered from the é-particles system to
the B-particles system, as a function of the incident energy in the centre of
mass system. (Other asymmetric collisions show very similar qualitative feature-
s.) We see that for the incident essergy per particle, Ecn,lnc/A , smailer than
about 3 the systems fuse while for Ec-,lnc/A larger rhan about 6.5 the in-
cident two systems just go through. The value 6,5 is less than 1/3 of the
Fermi-energy of the 6-particles system and is almost equal to i/86 of the Fermi-
energy of the 8-particles system. for the value of Ecn,lnc/A = 4,5~5.5 a
compiicated situation happens sometimes and the final state is not always
binary.

In fig.7 we show also the fluctuations in particle-number transfer defined
by (AN”)ZE (Il(’ﬁ,ﬁﬂ&) - (\I'ﬁd&} where 4"‘1‘ is the particle-
number operator defined in the right half-space. It is seen that the fluctu-
ations in the particle-number transfer 4!%1 varies surprisingly little over
the range of Ecn,lnc investigated here and remains as an appreciable value
even after the final transfered narticle-number (thDH) becomes zero. (The
maximum value of del qlven” by the restriction of the TDH model is 1.8 in the
present case.)

At least in this one-dimensional TDH calculation, the net transfered part-
icles A"TDH cannot be a measure of the amount of the energy transfered from
the relative motion to intrinsic excitations. And the quantity Alwl does not
seem to be a measure of the transfered energy either. The smallness of the
present ANTDH might have a connection with the absence of Coulomb potential
and with the smallness of the o fference between the chemical potentials of
the two incident systems,
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Fig.2 The system's length
defined by

(§ax) /57 ex

as a function of time. At t=0
the Hartree solution of the
system is stretched by 10 %
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Fig.3 The kinetic energy of collective current defined by

Tou =4 (% as

where §= % L"(ﬁ“ V”*:—ﬁ)

as a function of time, for the same system as shown in fig.l,
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SCATTERINGS AND REACTIONS OF LIGHT HEAVY IONS

A. Strzatkowski
Institute of Physics, Jagellonian University and Institute of Nuclear Physics,
Cracow, Poland

The interaction of light heavy ions with nuclei is discussed using alpha particle
and 9Be ion as two extreme examples of strong and weak bound projectiles.

In order to match as well as possible this review to its title alpha particle was
selected as the first example. With its very tightly bound four nucleons it can
be even considered an extreme example. To discuss also some peculiarities con-
nected with weaker binding, the 9Be ion was chosen as the second case. The
neutron binding ernergy in 9Be is so low /1.67 MeV/ that even its first excited
state is not bound with respect to neutron emission.

The entrance channel phenomena are commonly described by the potential model with
the complex optical model interaction. The question arises to what extent such
description is physically reliable and unique for heavier projectiles. The fact
that the interaction potential is derived from confrontation of the model predic-
tions with experimental elastic scattering data leads to the well known ambi-
guities: the scattering cross section is determined by the asymptotic behaviour
of the wave function at large distances, which can be matched to different inter-
nal wave functions for different potentials. The situation is even worse for
heavy ions where the strong Coulomb interaction keeps the interacting particles
at larger distances during collision.

Several attempts have been made to avoid this ambiguity by using some additional
information to fix the values of parameters of the optical model potential, as
e.g. deriving the real part of the potential from the effective nucleon- nucleon
:nteraction and density distributions of the colliding nuclei in the microscopic
models applying some folding procedure, 1/, 2/. For interaction of alpha parti-
cles with nuclei the most important conclusion from such models was that the
form-factor of the potential differs definitely from the commonly assumed Woods-
Saxon shape. As it follows from the microscopic models and was proved in many
phenomenological analyses this form-factor can be well approximated by the n
power of the Woods-Saxon expression with n = 2, 3/, 4/, or n = 2,65, 5/.

The most serious drawback of microscopic approaches using folding procedures is
the neglect of antisymmetrization. Although in some recent studies, 6/, taking
into account one nucleon exchange as the dominant part of the exchange amplitude,
the main effects of antisymmetruzation were investigated and learned at least
qualitatively, the complexity of such calculations forcesus to use partly a pheno-
menological approach in determining the depth of the potential. The real progress
was achived by D. Goldberg, 7, who has shown that it is possible to fix unambi-
guously the parameters of the optical model potential for alpha particles from
analysis of the elastic scattering data at sufficiently high energy, that the
nuclear rainbow effect clearly appears, and for angles sufficiently large, that
the great part of the nearly exponential fall-off of cross section is covered,
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Fig. 1. It was shown rscently, 8/, that such an analysis could be extended conse-
quently to the region of lowe: energies using energy independent /Hoods-Saxon/2
form-factor, Fig.2.

Unfortunately the ﬂ?-;-%-::' T—r T}
situation is not so ol f::::;
favourable for heavier P @ ta)
ions. It was shown mz \ ‘i
e.g., 9/, that the I\ A
microscopic potential : H\%y \{-’// ;i
with density dependent SE ‘\ " \C’/,’ 1
nucleon-nucleon inter- R N 1
action and exchange It a;ib - :7§5~)
effects included, v

leads to determination Fig. 1.

of the alpha particle-‘OCa potential at 104 MeV, while for 6L1 at 156 MeV some

additional normalization of the potential depth is necessary. It is suggested

that this behaviour is connected with the much weaker binding of GLL and impor-
tance of coupling
with some break-up
channels.

The low binding energy
of the projectile
leads to some interes-
ting features of the
scattering also in the
region of lower energy
where scattering could
be well described by
the simple Fresnel

diffraction formula,
10/. This is especia-
'lly distinctly visible
for interaction of
particlularly weakly
bound 9Be ions with
2851 nuclei on the so
called Wegner plot,
Fig. 3, in which the

ratio of the measured

"L"f't S I A 2K kn e
L

scattering cross sec-
tion to the Rutherford
Fig. 2. one is presented in
function of the classical distance of closest approach. While for some strongly
bound projectiles like 160 we obtain a sudden, almost exponential drop of cross
section below some distance due to the absorption, for 9Be ions two such absorp-

tion regions could be distinctly observed corresponding to the direct reaction
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'processoo and to the more strong absorption dug to the total fusion, respective-
ly, 124

The localization of the direct processes foliowing from this picture could be

- S

sy

confronted with the results concerning the domi-
nating direct transfer process, i.e. 2851/98e.88e/
reaction, 13/. The angular distributions for
this reaction have a typical bell shape, and from
their maxima the value of the distance of closest
approach could be calculated, at which the tran-
sfer process takes place according to the semi-
classical model. Firom the measured angqular distri-
4 3 butions we obtain the value cf d°=2.3 fm in good
Fig. 3. agreement with the distance at which the weak
absorption due to direct reactions sets in in the Wegner plot.

g

3, )

The total reactior and fusion cross sections show also some singularity connec-
ted with low binding energy of the projectile. For 20 MeV 9Be ions interacting
with 2851 nuclei the total reaction cross section determined from the optical
model analysis of the elastic scattering data, 14/, is equal Gk = 1120 mb, and

is much smaller than the fusion cross section estimated from light particle
emission to be Gku = 735 mb, 12/. On the other hand the total reaction cross
section determined according to the well known prescription from the quarter
point of the angular distribution has a value 61/4 = 650 mb rather closer to the
fusion cross section. Introducing corrections taking into account the further
term in 9143 and smooth cut-off as suggested by W. Frahn, 15/, we obtain correct-
ed value Gl/zr = 930 mb. It leaves still some discrepancy which is even larger

at lower energies. This bhehaviour could be an indication that the strong absorp-
tion region, to which 61/4 belongs, corresponds to the fusion process.

Discussing the interaction of light heavy ions it is impossible not to mention
the so called anomazlous large angle scattering /ALAS/ which in last few years
attracted attention of many physicists. This effect - most distinctly appearing

in scattering of alpha particles on

0 Ca

nuclei - consists in considerable increase of
the scattering cross section at extreme backard
It shows a remarkable isotope effect,
40Ca but not for 44Ca nucled,
as well as a energy dependence, disappearing

angles.
beeing presrnt for

for energies above ca 50 MeV, Fig. 4. In the
very extended studies performed recently, 16/,
17/, it was shown that the ALAS effect is con-
nected essentially with censiderably diminished
absorption at lower energies for interaction
with ‘OCu as compared with “Ca or other nuclei,
Pig. 5, 18/. How such diminished absorption can
lead to the obsurved increase of cross section
at backward angles, could be understood on

“Catanu)Ca

“Calm.w)Ca
o




basis of a semiclassical model, 19/. In the semiclassical approximation scattering
amplitude can be split in two rarts: one corresponding to the reflexion at the
external turning point in the potential and the second arising essentially from
the reflexion at the internal turning point.

As the latter, responsible for the cross section
at back-ward angles, is influenced mainly by the
absorption, the decrease of absorption will result

in the increase of cross section at backward angles,

Fig. 6. It was also shown, 20/, that ALAS effect
is strongly correlated with the energy levels
density and the Q-values for the leading absorption
process / o¢ ,n/, which determine roughly the ah-
sorptive part of the potential.

L_LJ;L

EXT XYL L E 2 Jr

Fig. 5.

Although for alpha particles ALAS effects could be adequately described by the
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pProper potential model,
there exist also some
other mechanisms
capable to give account
to the increase of
cross section for
scattering of heavy
ions at large angles.
One of such processes
is the elastic trans-
fer, 21/, well illu-
strated on Fig. 7 for
the scattering of

9Be on lzc nuclei, 22/.
As the Compound nucleus
contribution /dotted
line/ to the optical

model one /dashed line/ is not sufficient to explain the rise of the cross sec-

of%)

Fig.

7.

tion at backward
angles, the
elastic transfer
of JHe cluster
was included in
the DWBA approxi-
mation /dash-
dotted line/.
Such analysis
involves the
information about
cluster states in
the interacting
nuclei i.e. about

1¢ e 13¢ 95
i * K.
98¢ 98¢ %0, 3¢
'2c 11c 'zc .'.
n * K
98¢ %3¢ 98, 3¢
S S
L
L] V8,

rig. 8.
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“the cluster binding potential as well as about the cluster spectroscopic factors.
Such information concerning the vertex of the elastic transfer graphs, Fig. 8,
cculd occur also in vertexes of graphs for some other reactions. So e.g. the

.
L. J
. -t )
- = - 4
L..- . ' cer,
4 o °.q
b ..
>
o ', o 4
ok b...l...‘.'..... .a ..-....
ok 4 .: ~“‘f' *
ok IR AN LA T e Yeud
Pig. 9. > — ——
backward increase of cross section for the B eirieniirerernrnens, . ]
12, 9 8 ekttt
C /"Be, Be/ reaction, 23/, Fig. 9, could be S oo ]
succesfully explained as contribution from the SIS PR YIS P AL
alpha particle transfer reaction /line B/ using s L N N :
the same cluster parameters as in the elastic < b
transfer contribution in the 9Be + 13C scattering. .‘é ]
v Teee ]
The 7Be + '3¢ system discussed lLere is very o r  — L‘f
St PRI M 4
interesting also from some other point of view. o’ . 1
For the nuclear system involving 12C as one F - ]
member the problem of resonances is one of the e ]
very long standing but still controversial < :
problems of heavy ions physics. According to the [ -+ 4 5'31;——J
well established criteria such resonances could
be observed if the level density of the compound Fig. 10.
nucleus is low and the number of open channels small. This conditions are rather

well fulfilled for the 9Be + 12C system, which since some time was considered

a good candidate for observation of such resonances. Recently, 24/, 25/, quite
strong energy dependence was observed for some reaction channels of this system,
especially well visible for the /9Be,88e/ reaction at backward angles. However
the lack of correlation between structures observed in the eacitation curves for
different reaction channels and limitation of the observed phenomena to the
extreme backward angular region only do not allow to draw a definite conclusion
which of the three possible mechanisms: resonances, fluctuations or interference
of some multistep direct reaction processes, is responsible for the observed
phenomena.
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ON MULTIPAIR TRANSFER BETWEEN SUPERFLUID NUCLEI

S. Landowne

Sektion Physik, Universitit Minchen, D-8046 Garching, Federal Republic of
Germany

1. Introduction

R fascinating conjecture was raised some time ago by Goldanski and
Larkin1) about the possibility of observing a nuclear Josephson effect
during the collision of two superfluid nuclei. Several theoretical papers
have subsequently investigated this probiem. (For a list of references, see
rer.Z)) Because of technical difficulties - and in order to try tc isclate
the most essential features - the older works have relied on a numoer of
simplifying or ad hoc assumptions. First of all, the reaction dyramics Wwere
considered below the Coulomb barrier in order to apply the semi-classical
coupled channel formalism. This simplifies the dynamics but severely
hinders the possibility of forming a good contact between the nuclei.
Secondly, the nuclear structure problem of how to accurately calculate two-
particle transfer form factors for heavy ion reactions was not solved., This
is crucial in order to Kknow the absolute strength of the pair transfer
coupling. Because of re~ent progress in both areas, we have tried o

-

. . . LAY
reasses: the question of multipair transfer tetween superfluid nuciei”’.

2. Reaction problem - the CCWKB approximation

When dealing with the collision of heavy systems at energies above thne
Coulomb barrier, J4e require a generalization of the semi-classinal coupled
channel formalism, This will be referred to a2s the coupled channel WKB
(CCWKB) apprcximation. The CCWKB gives a set «f coupled first order

differential equations for the reaction amplitudes C’ which have the formB)

-1 C' (r)= Z V'*(') .xg(itgn‘(_r_)_-_é__-(r) I) Cu (P)
o

dr CTRIAGK

(M

where f& is the radial action integral,

r
(r) » dar' '
bs f; r' kg () (@)

and k’ is the local wave number,

-

kp(r, - ‘z"{‘" F- u’ lr)/E.; (3)

within the effective potentialtb . The turning point gf iz defined by
k’(r: ) = 0. Finally, Vpn is the coupling between channels.

Eqs. (1) are integrated along a path which starts at large R and
returns again to R, having encircled the turning points of the various
channels. The initial values, C’(R) N ‘b‘ , express the condition that
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there are incoming waves only in the entrance channel. The final values
give the WKB approximation to the S-matrix elements for the outgoing waves.
Cross sections are obtained by summing the S-matrix elements in the usual
way.

Eqs. (1) reduce to the semi-classical form if the transferred quanti-
ties (mass, energy, etc.) are small. One introduces an average wave number,
k(r), and expands the phase difference toleading order in the transferred
quantities. Then defining a time element, dt = dr/k(r), one recovers the
classical trajectory picture.

In many cases the semi-classical form is adequate. There are, however,
a few points to cbserve for reactions above the barrier which are not
immediately clear from a trajectory viewpoint. Consider a wave incident
upon the Coulomb barrier at an energy above it. Part of the wave is trans-
mitted past the barrier and is absorbed from quasi-elastic channels while
part is reflected at the barrier, corresponding to grazing collisions. The
absorbed part corresponds to a classical motion with a turning point at
very small distances, The "reflection above the barrier" is described by
turning pcints which are near to the barrier position but lie off the real

3)

axis in the lower half of the complex r-plane”’. These turning points are
used to determine the integration path. In so doing, we eliminate contri-
butions from distances inside the barrier and thus take into account the

bulk of the absorption. Surface absorption can be added by imaginary parts

of the effective potentials

3. Structure problem - two particle transfer form factors

Details of the two particle form factor problem for heavy ions can be

4)

found in ref. . Here we will sketch the main points. The position coordi-

nates for a reaction A(a,b)B where a = b + 2 are indicated in fig. 1. Since

we consider the projectile and target to be superfluid, we express the wave
functions of a and B in terms of corre-
lated pairs of particles outside of

superconducting cores., Thus,
Y = %(uv)‘, '*,(l'.,“'v'z.) Y, 0

and similarly ror" B where U,V are the
usual BCS occupation amplitude..
The two particle reaction is assumed to
be governed by the potentials V1, v

2

which bind the two particles to the

Fig. 1 Two particle transfer cores, Thus (in post representation)
coordinates the coupling interaction takes the form

Vi () = ?%.(uv),(uw,..‘d'ﬁ' LA A AL (7 Tl [V 0V (R 1Y, )Y, (7, T3,
(5)
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where the Yg are spherical wave functicns for the angular realtive motions.

Compared to uncorrelated pair transfer, this expression is super-enhanced

by the factoru)
~ 374) n! 16 ~? ; (63
{ 2o fuvi. (w1, = f2a/6" ~ S
'

The integrations in eq. (5) have been done explicitly. First the two
particlie functions are expressed in terms of relative and center of mass
cocrdinates. The directions of the relative coordinate are trivially inte-
grable while one numerical integration is required for the relative sepa-
ration. Then eq. (5) reduces to the form of a one particle transfer where
the one particle is located at the center of mass R12 of particles ! and 2.
An elegant procedureu) is to transfamto a coordinate system defined by the
triangle b - R12 - A. Exploicting the symmetry that the interaction depends
only on the shape of the triangle, the orientation of the triangle can be
integrated, trivially. This leaves a two dimensional numerica') over the
shape of the triangle.

Note that (5) depends on the center of mass coordinate rg in the exit
partition. Tu apply (1) we require a common radial coordinate r in each
partition. Introducing a scaling parameter S’, we can Taylor expand (5)
abcocut a point S'r. The first term is :ged in eq. (1). Proper choice of qp
insdyres this is the main contribution ~. Thus we make a smal) approximation
to longitudinal recoil. Transverse recoil is included in full. The main
limitation of eq. (5) is the neglect of the successive transfer mechanism.
Also for the two particle wave functions, we follow the usual method of

binding the particles at half the reparation energy to simulate effects of
continuum states,

4, The collision of Sn + Sn

We have considered the case of 1;";"Sn bombarding 1"‘OSn at an energy

ELAB = 630 Hev‘?). We allowed for the stripping and pick-up of up to three
neutron pairs leading to ground states. Thus we have a system of seven
coupled channels indicated schematically in fig. 2.
The coupling between channels is” given
(A, A) OWwW) by the form factor of eq. (5). It was cal-
122 120 122
culated for the case of Sn (" °"Sn, Sn)

7 — (20, P0 -708 Iew gt 120
Sn, allowing ihe two part.cles to move

¢ 62N 320 Iew e in eleven j-shells around the fermi level
s 26,18 -390 2pew pch-w (1heem ). The same form factor was used for
. (M0,24) <18 2 pow remny all couplings in keeping with the general
pairing picture that the even Sn isotopes
3 124, 000 <15 | pav pch-wp
are apairing rotational band based on the
? iRORn 00 o sy same intrinsic superfluid system.

' 22,20 00 wene If one furthermore neglects energy and

mass transfer in egs. (1), the resulting
Fig. 2 (Coupling scheme for equations can be solved anslytically with
multipair transfer the result (see fig. 2),
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is the first order amplitude for one-pair transfer. Expanding eqs. (7) to

leading order gives

C1% 1§ C=C; €g»c¥2; ¢~ c¥/g (9)

For a2 given reaction one expects peak cross sections of

6.(0 @ [oteg !’

Satostic (€5 (10)

where ‘s is the grazing angle and l’ is the Zrazing partial wave. Thus the

above equations give simple relations between the transfer cross sections.

The crucial question is whether the enhancement due to the pairing

correlations is sufficient to produce large prutabilities for multipair

transfer. Fig. 3 shows the result »f the structure calculatisn. The curve
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Fig. 3 Form lact
¢ !
"DSn( 22

or for

Sn,’zoSn)'zzsn

latelle2 "superfiuid-superfluii™ 13 tne
fully crorrelated fora factor. The other
curves result from switihing Sff the
pairing correlatisns in the projectile
and also in thre projectile and target

!
{treati1ng 22

Sn as two independent
particles in the lhey sh=ll). This
shows the expected enhancement (=24, (6))
of the two particle form factor due to
the pairing interaction,

However, the coupled channel calcu-
lation does not give large absolute
transfer cross sections. The results are
summarized in table 1, Listed are the
total cross sections for one to three-
pair stripping reactions with the corre-
sponding probabilities for the grazing
partial wave,(Powers of ten are indica-
ted.) Similar results?’ hold for the
pick~up reactions, as expected from eq.
(7). The rows of table 1 correspond to
two choices for the imaginary part of
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InlU one pair two pair three pair
eV [gms) [ 10 | etmo) [ act® e | aci®

115 9.-01 6.-03 1.-C3 2.-05 1.-06 1.-08

1/30 | 3.-00 5.=02 1.-02 5.-04 2.--05 8.-07

Table ' Total cress sections and probabilities for

multipair transfer

the nuclear potential. (The real part was fixed according tc systematics?
The first choice may be called an neducated guess". The second corresponds
tc virtually no absorption in the surface region. It thus gives an upper
limit on the cross sections to expect from grazing collisions. It is seen
that even these numbers are quite small. We conclude that there is no
indication for a supercurrent transferring many correlated neutron pairs
during the Sn + Sn collision,

This work has been done in collaboration with R.A. Broglia, C.H. Dasso
B.S. MNilsson and A. Winther.
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PHASE CORRELATIONS 1K HEAVY ION SCATTERING

E. Hentschel, D. Wohlfarth, H.J. Thomas and D, Grambole
Zentralinstitut fiir Kernforschung Rossendorf, DDR - 8051 Dresden
V.I. lanko, G.B. Novetzki, S.,B, Sakuta, D.N, Stepanov and V,I. Tshuev
IAE "Kurtschatow" Moscow, USSR

It is shown how in one—step processes the asymptotics of the incoming and the
outzoing channel are related by the trensferred energy and angular momentum,

As a consequence of it we et new informations concerning the inelastic angu-
lar distribution: a small- and larre engle limit of the Fresnel diffrective
rezion and corrected phase relations between the elastic and inelastic channel,

1. Estimate of the outgoing asymptotic angle

The transfer of energy, erular momentum and masses plays an important role in
heevy ion reactions. Generally,however, it is difficult to see the consequences
directly ir the measured distributions. At enerzies well above the Toulomb ber—
rier many channels are involved and complicate the situation,Also at low enera
gles around the Coulomb barrier the problem still exists., The relation between
the incomin; and the outjoins csymptotics is hidden in the numerical solution of
coupled~channel eguaetions nnd a lot of parameters ic used to describe the for-
ces and couplincs, In our paper we present a simple and ri-orous method to con-
struct the ocutsoinz asymptotical an.le, /e reduce the reaction to the most rirpa
le case of only two coupled chanrels and ugse the followin: essumpticns:

(I) The process is only o one~step excitation of the one collidin; perticle,
That means the trunsfer of enersy and angular i.omentum occurs in one gini-
le act,

(II) The relative motion can be described in terms of classicel trajectories,

(III)The excitation process is a sudden transitior from the initisl quantal
state to the final one, It occurs at that point where the colliding nu-
clei have the closest distance which is allowed by the conservation laws,

Obviously these assumptions are quite rigorous oneg and should be commented.

Assumption (I) should be reasoneble where D.BA-calculations are successful.

Assumption (II) is valid at large distances with & more or less pure Coulombd

force, Thet means according to ref.ﬁ,2) the region of the angular distribution

where Fresnel diffraction is the dominating oscilletion structure. Protlems can
arise for very light nuclei where the nuclear surface 1s more transparent,

Assumption (III) contains the essential geometrical aspects and has to be tested

by the experimental date,It will be shown that the consequences of (III) direct-

ly can be obgerved in the measured elastic and inelastic angular distributions,
The incominz and outgoing channel are defined by the quantum numbers

(E,1,m,I,m;) and (E',1',m{,I*,n}).Here E,1 are the energy and angular momentum

of the relative motion, I is the intrinsic nuclear angular momentum and my plg

are the projectione according to the Basel conveniion,Unprimed and primed quan
tities label the incoming and outgoing channel reapectiv:}x‘TQg,excitation is
characterized by the transferred quantities 4EsE'.E and 4lsl'-1,If the relative
motion is formed by central forces then

(1) ‘AI'ﬂ;‘mi



The seometrical meaning of (I),(IX) and (IXII) is shown in figz.1. The particles
ave "inscattered" till to the reaction"point".There the sudden transition occurs
end after that the particles are . "outacattered”, Only if we can be sure to have
the possible siates completely specified by the given get of quantum numbers we
are ellowed to identify this scattering classically in terms of an elastic scat-
terins:, Let rmin,and rmin® be the closest distance and ® and @' be the classical
deflection function in the initial and final channel respectively. The esseniial
point of fig.1 is that the outgoirs asymptotical scattering angle of the transi-
tion process Of is not identical with 8' but given by

(2) 8 =(1/2)(8+0*)+ ¢
Classicel descriptions existing so far[3) have neglected the turn of the symmetry
axis ziven by ¢ .This enzle @,however, is important to understend the experiment-
al data, To show that we assume for a first approximation the niciear force to
be zero and obtain for pure Coulomb hyperbolze the resultl

(3) ctz(8'/2)2(1-R/1) Yi=E/E ct3(8/2)
(4) cos g = sin(e/Z)[1+(1_J./1)-"((1/sin(0'/?))-1) for rmin'>rmin
(42) ¢=0 for rminf<mmin

The last eguation is an empirical result obiained from the experimental data, It

reflects a quantum mechanical featurec: thie creation="point" is at the symmetry

axis of the "outscatterini” trejectory.

Jote tant for l-»efihe ansle 8' is venishing but ¢ converzes to the nozerc limit
(=) 1:L.m.9.f(6,ﬂ/1,AE/P})-lim ®(0,4/1,85/7)= arccosVi—gE/E

wnich depends only on 4E/Z.

The addition of the nuclear force produces in the elestic chamnel the well known

rainbows. *or numerical calculations we use the real part of the optical-model

potentiel which fits the elastic scetterins data, According to (1) we obtain for

sr:ch mesabsinte 2 deflection function ef(l,ﬂ/I,AE/E). This is a new and impora

tant “eature. It will be shown in the next section that the different mesubstates

dve simificantly different resulis.

3. Consecquences for the inelastic anzular distribution

1. 2 presents o typical result from which the conclusions for the inelastic
snular distribution can be chovm, In this fisure all deflection functions for
the kochecter data (4) 56Fe(160,160'7)56Fe(2+,0.841 MeV) are shown., In fiz, 3

the experimental data and the coupled—channel results from refJB) are displayed,
"rom our coastruction (4) of the asymptotic anzle @f we obtain the followin-
conclusionss

3.1, Corrected 130°-phase rule

Por the so called reversed Presnel oscillationsz[1) and the nuclear-Coalomb intera
Terence [1,5) exists a 130°-phase rule between the elasic and inelastic anpmular
Aistrinution,.ie obtain by (8) a modified formulation: the 180°%phase Tule exists
,etween ell pairs o,ef related by (8). Fige., 3,4 and 5 show how accurate thig
sorrected phese rule describes the experimental date,The medepandence in 13,2 is
reprodiced nicely and the nuclear<Coulomb interference minima irn fizs. 4,5 are
2130 well locuted by the arrows calculated from (2),(3) and (4) (refld) .

3.2, The mwdependence of the rainbow

‘ne clasgical first rainbow angle corresponds approximately to that region where
the Presnelediffraction pattern converseg into the exponentiol decrease of‘Vli.
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Prom figa, 2 and 3 we see in the inelastic scattering the m-dependence of this
behaviour, Thus we find with sufficiently accuracy the upper limit of the Pres_
nel diffraction region in the inelastic scattering. Besides the sironz 41/l-de-
pendence we find also a considerable 4B/E—dependence of the rainbow.This can be
seen in fig. 4, The measurement and coupledechannel parameters are described
elsewhere (7).

3.3, A smallaangle 1limit of the inelastic Fresnel diffractive region

This effect is a consequence of (5) and 1llustrated in fig. 2, Unfortunately it
is difficult to obtain experimental data. We confirmed the effect by coupled-
channel calculations., Typicel results are displayed in fig.4. In spite of the
quite different behaviour all calculated curves are cutted according to (5). At
enerzies well ebove the Coulomb barrier this effect is disturbed by the waves
from the nuclear interiour,

3.4, A smallaangle rainbor for m<D-excitations

Th> interplay between 41/1 and AE/E in (3),(4) produces for sufficiently small
values AE/T. the rainbowlike behaviour of orly the m<O-deflection function showm
in fiz.2. The diffraction patterr in the correspondin; engular distribution is
concentrated in a narrow ungular rezion, An experimertel confirmation is given
by data recently published by Chait end Sinclair [8).

4, Conclusions

The exemples ziver irn sect.3 are pert of an extensive an2lysis of 211 the evaila
eble inelestic scatterin; deta,e only summarize here the mein results end reler
fo: a detailed discussion to[9).In perticuler we investisoted the Fresrel difa
fractive rezion which provides the most clear test of our assumptions.In ;erercl
we can state: 1if the process surely is a one-step excitation the reletion bea
tween e, and @ given in eqse (1) = (5) describe the experimental deta with o
surprising accuracy. All consequences can be confirmed by experimertal datz and,
therefore, this description is a consistent onec.limitations occur if the excita
tion is not a pure one—step process, In some cases the couplin; of other exciiew
tion channels [10,11) or of reaction chennels (12,13) is of importance. Ir ell
these cases we find a typical behaviour: the experimental deta are not ir accor-
dance with the values ef calculated by our estimate (2) but are chifted to smalw
ler angles[9), Therefore, the phase relations contain informations about the
simplicity of the excitation process.
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STRUCTURES IN THE ENERGY DEPENDENCE OF NUCLEAR REACTION CROSS SECTIONS

1. Rotter
Zentralinstitut fir Kernforschung Rossendorf, DOR - 8051 Dresden

Abstract: The results of cslculations in the continuum shell model for over-
lapping resonance states sre given end discussed.

Structures with different widths have been observed for many yesrs over s
very brosd energy range in different types of nuclear resctions. Besides the
well known gross structure, substructures are observed in some isobaric snslog
resonances 1). In heavy ion reactions, gross and substructures have also been
observed 2). In these cases, ths level density is high and the single resonance
states overlsp. Therefore, an investigation of the properties of overlapping
resonance ststes is necessery in order to explsin the structures observed ex-
perimentally.

An investigation of the properties of overlapping resonance states is pos-
sible in the framework of the continuum shell model formulated by Barz et al.sh
Ths advantage of this model is the unified description of nuclear structure and
nuclesr reaction aspects., In s first step, the usual shell model problem is
solved and the shall model energies and wsvefunctions of the discrete states
(QBSEC) are obtained. In @ second step, the coupling of the discrete states to
the continuum 1s calculated by a coupled channels method. The wavefunctions,
widths and energies of the resonsnce states are obtained by a diagonalizing
procedure. The reaction cross section is calculated by means of the wavefunc-
tion L 4 obtained as the solution of the Schridinger equation (H - E) y = 0.
This method working for isolated as well as for overlapping resonance states
allows to investigate the resonance picture of the cross section.

Numerical caelculetions heve been performed for the 15N+n reaction with
realistic nuclear structure wavefunctions., The results show that even for
"= D individual resonence states cannot always be identified in tha cross
section (I"- aversge width, D - sverage distsnce between the resonance states),
In dependence on the ratio " /D different types of structures may appear.
while structures which are caused by only one resonance stste appear at the
same energy in all channels this is not necessarily the case for structures
which are genersted by several overlapping resonance statas. The centre of
these structures may be shifted in the different channels because uf the dif-
ferent partisl widths, The "widths” of the structures are determined, to a
great desl, by the distance of the single resonance states which lie close
together by chance due to fluctuations in the level density.

For illustration, tha cross section for elsstic and inelastic neutron scet-
tering on 15y 1s shown 1n fig. 1 in dependence on the number of resonance
states (0’, 1 states with 2p=2h structure). In the first cass, tharas is only
one resonance stete which dstermines the shape of the cross section., Then two
resonancs etates with C< D are added, The number, positions snd widchs of
the resonance stetes are shown in the middle of the figure. The shape of the
cross saction bscomes intermediete-like,
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The calculstions in the continuum shell model
show further thet substructures ss well as fine
structures may sppesr under s gross structure
created by a doorwsy state. The conditions for the
different types of structures under the gross
structure ere also detersined by the ratio /D for
the overlapping resonance ststes. The appesrance of
substructures in isobsric snslog resonances 1) seenms
to fulfill the condition & D formulated in the
framework of the continuum shell model. Furthermore,
recent experimental investigations 4) of the 99/2
isobaric anelog resonance in 53Mn have shown that
it is herd to imagine the existence of other door-
ways in this case as it is proposed in the sthemstic
model ceslculations by Cole et al. 5) for expleining
the fragmentation problem. But the condition "€ D
is fulfilled.

In heavy ion reactions, the observation of groups
of resonances with the same spin testifies to the
existence of a doorway state (nuclear moleculsr
state), This state belongs, from the point of view
of deformed nuclei, to a potentisl with large de-
formation in contrast to the other compound-nucleus
states, From the point of view of cluster models,
it consists of clusters which are isolated to a
high degree. The ratio " /D of the single resonance
states overlapped by the nuclear molecular state

characterizes the type cf the structure under the gross structure, If "€ O
then substructures can appear. These substructures as well as the gross struc=
ture may show an energy shift in the different reaction channels which is how-
ever not larger than the "width”. Experimentally, this condition seems to be

fulfilled ),

Although the nuclear molecular states are considered here as special states
of a nucleus this does not mean that the nucleer moleculer resonances in heavy
ion reactions are believed to be susceptible to inclusion within a statistical
framework. It follows from the continuum shell model that nuclear stetes like
the single-particle resonances or nuclear molecular states do not allow neither
a pure statistical interpretation nor & pure nonstatisticel interpretation since
they belong partly to the direct reaction part and partly to the resonance re-
action part, This conclusion from the detailed digcussions in the framework
of the continuum shell model mesns that the question "statisticel” or "non-
statistical” is not importent for the nuclear molecular resonances since it is
not connscted with eny physical contents, More interesting is the question
what the nuclesr structure snd the asymptotic beheviour of the nuclesr mole~

culsr stete is.
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HADRON CHEMISTRY I¥ HRAVY ION REACTIONS

Je u“ﬂ’i
Centrsl Research Institute for Physics, Budspest, Hungery

A statisticel model for the time development of fireballs is presented

showing the possibility of the production of pion condensetum of
Bose-Rinstein type.

Introduction

In the central collision of energetic heavy ions & plece of very dense ond
hot puclear matter is formed.This process bsing the only one for producirg
gatter with such enourmos epergy densily in the leborstory, its investigetion
is important for nuclesr phyeics, elementary perticle physica for statisticel
physica too.

An exact, relativistic quantus mechanical treatemsnt of the hesvy ion
collisions seems practically impossible. Thersfore theoreticel deacriptions
has to be guided strongly by empiricsl observatiors. In the energetic heavy
ion research one of the moet important fect is the success of the firebell
model[1). Thus the mein ides of the firetsll concept can serve a¢ g good
basis for further theoretical investigstions.

The reaction model

The main purpose of this paper is the investigation of time development
of the compressed snd hot nuclear matter. (A more detailed deacription is
given in ref,[2).) For the description of the nuclear resction mechanism part
of the heavy 1o0n collision process & very sizmple model is used. Oply centiral
collisions between heevy ions of equal messes are considered. The exact treat-
ment of the problem is neturally impossible. The model presented here comtains
crude approximations but it is believed to describe the main properties of
the reaction.

The reaction is described us the collisior of two interpenetrating spheres
originally filled with cold nucleon gas. The sssumptions of the model are summa-
rized ss follows:

s/ The target and projecticle nuclei baving A,.A.-A
pucleons originslly sre repressnted by moving ephers of volumes V-V,
/constant ip time/. Their sum is denoted by Vevsy, » Before the
collisione the number density of the cold nucleons ), 1is uniform within
the two spheres, thus ,,.VY,=2A . As the reactior proceeds the two spheres
begin to overlap. The overlap volume is denoted by Vu e It i3 assumed
thet nucleons outaida V, /the "collision gone”/ are not influenced, thus
retein the originel ,, density. The cold nucleons within the collisiosn zone
are assumed to hav: @ spetislly uniform time dependent density ) (¢) inm
the whole volume V,. )

b/ As the spheres representing the target eand projectile nuclei begin to
overlap the nucleons in Vp begin to collide with each other. There
sre eslestic scattering ss well as A resonance production. The scattered
out nucleons and produced A's ars considered ss the constituents of s hot
gss cloud at rest in the c.m. system and with given temperature T and
volume Vs
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The overlap of volume V, with the volumes of nuclei im denoted by Vi . In

the firat period of the reaction \iti=\ &) = V() + The particles of the
cloud collide with each other and with the fast moving cold mucleons, too.
During the collisions resonances are also produced, hence the hot gas consists
of nucleons N , A ~=resonances s ¥ =BS8ODS apd ¢ -mesons
Denoting the "cold™ nucleons in the originsl wvuclei by N, the list of different
"inelastic™ /from the point of view of the model/ processes we taks into account
1is the following:

NN —NN, NN-NA , NN=NN, NN—NA, Nx—Ns,
NN—ONA' AO—ON-, ’O—O xRN

c/ The hot gas cloud is described es & multicomponent ideal relativistic
Boltsmenn gas. However, the interaction between the particles is sccounted for
to a large extent by ellowing the production of resonances. The gas 1s assumed
to bs ir thermal but pot in s chemical squilibrium. /This corresponds to the
esssumed predomipance of elastic collisions. /The time evolution of the densiti-
es of different particles are described in terms of
atetistical equations taking into account the effect of changing volumea. The
time dependence of the temperature of the gas is determined from sn equation
expreseing energy conservation.

d/ A% the moment ¢, of maximum overlap of the colliding spheres
(Vy(t) = Veelt) = Vamit) = vy, =V, ) the gas decouplee from the incident
nuclei end the volume \Q(f) of the spherical gae cloud begins its adiabatic
expansion. Por the epproximate description of the expansion the time dependepn-
ce of the radius R(t) of the sphere is borrowed from s simple hydrodynamic
model{3). The kinetic energy of the hydrodynamic flow is subracted from the
totel thermic energy. The deneities and teperature are kept apatieslly constant
within V,(n also in the expaneion period.

The division of the process iato initial "ignition period™ /wher nucleons
are scattered out from the original cold nuclel and the hot gae is constrained
to the overlsp and a subsequent "exspension period” when cold nucleons are
already ignored/is, of course, somewhet artifical. In reelity the two
processes go over into each other smoothly and there is some overlepping period,
Our etrategy is to consider the two dominant processes sepesrstely for simpli-
fying things.

On the basis of these considerations one obtains s set of conpled differen-
tial equations for the time dependence of the Vi1, v, Vit), v, Vi)
sumber densities and for the reciprok temperaturs, A(t)=4/xTH . These
somawhat lengthy equatione are sixmilar to the chemical reection kinetic equati-
ons. Here we reproduce one of them as an examples

dn® 1 AN Ty o G ALY
dt Vi) dt ’“[ b =V () (4, 0.0!))’]1[’: Ks(mem -

- 4 0,(p) Ky(mp)
’[V.“) Vy {1 Vett) 4,0,p 4, w-‘J . K.Lf"sﬁ)
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where K, is the modified Beseel function, A=AT, [[ and [J ere the width
of the &4 and ¢ rescnances, d, =(23,+4(z1.+4) is the maltiplicity of the
i-type perticle, and 0Q;(p) is the simgle particle pertition functiom:

R e /s Ky (mp) .
According to sssumption d) the time dependence of volume (i) is gives es
follows:

Vel t) | o t st
o= {2
X Ra-), b2t .

The radius of the isentropicelly expanding sphere cf uniform density hes the
time dependence [3)

Ret) = (1ot )%,

The densitiee multiplied by the corresponding volumes yielded the number of
different perticles as s function of time. They are displayed in Pig. 1.

The chemical potentials s: for all the particles wers also calculated on the
basis of the expression velid for Boltzmenn gases:

F‘l”/’(ﬂ VAL

«= Ai ).
d{O' (/“ﬂ)

The calculetion shows that, while the pions pley a negligible role at

E,.. < 400 MeV/nucleon bombarding energy, they have to be taken into sccount
from ebout £, = 800 MeV/pucleon. Above the energy of sbout 2 GeV/nucleon the
highly excited nucleon and meson states become presumably more and mors importent.
Their excitation may leed to & meximum temperature,

The inspection of Pig. 1 shows that the 4 resonances and pions are
produced msinly in the "ignition periocd” of the reaction and their sum does not
change sppreciadly during the explosion period., The ratio of pions to 4's
/or to ¢ -mesons/, however, varies strongly during the expansion. This ratio-
=if it were possible to messurs it - would give the break up time of the firedell.

The greatest part of the fast moving cold nucleons suffers scettering for
the time the spheres interpenstrated each other cospletely. This suggests that
1o centrel collisions of heavy ions of equal masses sll the nucleons participa-
te in some way in the formetion of the fireball., Feriphersl collisions of
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unequsl mese nuclel sre clesrly lese sivatageous from this poiat of view.

On fig. 1 1t can be seen, that even bafore the camplete overlap of the
spheres the density of “ges"™ exceeds that the “cold pucleons™. Besides, the
cross sections are larger for the “¢cold nucleon”™ - “"gas" scattering becouse of

lowsr energy These facts show, that the collisioms of the “cold nucleons™ with
the cometitucnts of the hot gas play an important rolein the’ignition” of the
fireball.

The fig. 1 show, that the times neceseary to resch the chemical equilibrium
is of the same order of megnituis es ths total resction time. Therefore,
although the ratiocs of particle numbers of different “chemicasl products”™ don’t
reach the equilidrium value, they are not very far from them.
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Piguse 1,

The dynamica of the U+U heavy ion reaction at 1.4 and 0.4 GeV/nucleon bombarding
energies. The number of particles and the gas temperature in the cverlap region
is plotted aes a function of time. The shaded spheres on the top of the Pigures
indicate the geometry of the processs The interpenetration end eveuntually the
expansion of the projectile and target nuclei, The vertical dashed lines separate
the "ignition"” pert from the expansion part., The particle numbers and temperature
shown by the dashed branch of the curves correspond to the case, when no expansi-
on was ellowed efter the complete overlep of the two epheres. The arrows at the
erd of these curves point to the equilibrium values of the corresponding
quantit!es. The insert in the upper right part show the chemical potentisl,

Mo and activity, A, for pions ae & function of time. The horizontal 1lipe
marks the Mg 2my value, where the possibility of Bose-Einstein pion
condensation appears,



Is Bose-Binstein pion condensate formed in the reaction?

Inspecting the inserts in Pig. 1 one csn observe a very jnteresting point
on the plot of the pion chemical potential u, versus time. Namely, near the
break-up time it reaches the wvalue M =0,14 GeV 1.8y m¢=my 1 This 1»

a sipngular point in the present description. If the gas mixture wers large
enough and it were spending long enough time in thie state then it would
correspond to a phase transition implying the cresation of a pion condensate.
In ideal quantum gases this is the Bose-Binstein condensation. It is important
t0 note that this condensate is a hot onel Its existence is not restricted to
near sero temperatures. A remarkable feature is that this condensation /if it
occurs/ is just in the last part of the firebell’s history, therefore, dirsctly
observable. /Events that occur earlier in the fireball’s life are "washed out™
to a large extent from its "memory” by the later thermal history./ Thia may
provide us w'*th a rather unlque tool to ptudy the properties of dense hot and
condensed hedronic matter. One has to reslize, however, that the iptermediate
otate in the enurgetic heavy ion reactions has a short lifetime. Therefore the
formation of thie new type of pion condensate /different from the much
discussed pion rondensation in cold nuclear matter/, 18 to be regerded presently
mcre as a questior towards experiments then a firm theoretical prediction. The
question, how strongly this tendency of momentum space clusterization of pion
will manifest itself in the heavy ion reaction is to be answered by further
theoreticel and experimental investigations.
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1EPTOE- A MESOB-INDUCED EXCITATIONS IN NOCLE1

R, A.Breashyan

Laboratory of Theoretical Physics, JINR Dubna, 101000 Mossow, P.O.Box 79, USSR
M. Gnitro

laboratory of Theoretical Physics, JIER Dubma, 101000 Moscow, P.O0.Box 79, USSR
and Institute of Buclear Physics 3SAV, CS250 68, Red, Osechoslovakia
H.R.Kiseener

Zentralinstitut fiir Kernforschung Rossendorf, DDR ~ 8051 Dresden

Examples are collected to show how s broad nnfo of the intermediate-ener-
gy nuclear processes involving the contimuum excitations may be understood from

s unified point of view if the thesis of the resonance domination is admitind.
anhﬂ{, the evidence is o formard that the muclear structure detalls

are vital for the understanding of the meson-~ and lepton-induced reections to

the low-lying nuclear states,

1. Introduction

There is a lot of mclear physicists who would argue that the intermediate
energy region is a strongly specialised subfield that could safely be ignored
by majority. I will bave succeeded in my task if in the course of this presen-
tation of a few selected results I can convince you that we are gaining consi-
derable insight when combining the modern understanding of the nuclear struc-
ture with the richness of the excitation mechanisas provided by the medium
energy projectiles,

The major pert of this talk will be devoted to the rescnance excitations
in the 1ight nuclei, In that 3art I shall try to be elightly more systematic.
let me, however, start with two examples of the transitions to the low-~lying
nuclear levels. The examplss, in my opinion, show nicely the nature of the
questions which ws may study by using the intermediate-energy techniques.

2, Nuclear pertisl transitions

The plon charge-exshangs (CEX) process has invoked a lot of theoretical
work, In some cases like e.g. CEX on Tua and 10 the caloulation did not find
a marked disagresment detween ox;orinnt and theory, At the same time we have
s pussling discrepancy for the 1 C(z'.n")"l charge-exchange reaction, Expe-
rimentally, the ocross section is known with very reasomable acouracy to de
almost constant, ¢ = 1 mb, for the pion energiss 80 MeV < !"< 220 MoV, The pu-
serous calculations performed in the framework of DWIA (or equivalent) syste-
natically underestimate this cross section by a factor of }=4 at leest. In
spite of the repsated attempts to improve this result dy e, g. changing the
Py/2 single-particle ordital, introducing the spin-flip effects, two-step pro-
cesses, conatructing the scoond-order optical potential, the discrepancy rema-
ine st111 unresolvsd’ « It was, however, proposed by Amrbuhz’ that the isobar
dooTway approsch may be successfully applied to the prodlem, In this model the
inooming pion forms with & nucleon a A” perticle bound 4in the nucleus, The
resulting A-particle - nucleon=hole conf {gurstions are intermediate states
sorving as doorways in the pion-muocleus ecattering. In the charge-exchange
reaction oo '2C the incoming f1* interscts with the Pq/p meutron forming &
A*'F) oconfiguration, Subsequently the A decays into a Pys2 Proton while a
A° escapes, Ausrbach, with some plausible parameter vslues which simultaneocusly
scoount for the totsl slastio ¥~ - 120 oross seotion in the same energy region,
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bes obtained the only theoretical result for the CEI cross section on 3 which
is in agresment with the experimental data, It remains to be seen whether or not
this turns to be the case wi.. a more realistic treatment of the imobar-hole idea.

The second example which I want to discusa comes from the double-charge-
exobange (DIEX) reactions (r°’,¥”) on the Ae16 and A=18 nuslei. The messured retio
of the total oross sections at T, = 140 MeV for the two DEX resctions is

Re 0(18) /7 7(16) = 2,3 2 1,0.

Qualitatively it looks sirange since the A=18 cace should be very strongly en-
hanced., As a matter of fact the 180(!'.1(‘)18* reaction proceeds via a ohbain of
Ssobar-analogue states, within such a model it is ecasy to perform an estimation,
one resches the value R « 16 ! It was shown by Les, Kureth and Zeidwarn?’ that
taking into account the realistioc wave functions of the respective nuclei one
observes, despite the very small (about 20% only) admixture of the non-closed-
shell configurations present in these wave functions, a substantial change of
the result: the new value is R = 3 in a very good agreement with the experiment.
The detailed analysis performed in rof.3 bas shown that actiually a strongly co-
herent addition of the smsll contributions of the 2p-2h configurations is res-
poneible for the enhancement effect.

Charge-exchange, double-charge-exchange, pion elastic and inelastic scat-
tering processes on nuclei may all be simultaneously studied by the powerful
coupled-channel zethod. Such a project has been started by ug in Dubna. The
first Tesults concerning the ¥ = 4Hc procesases are available 4), further
investigations, including the two menttioned ezamples of ths charge-exchLange
reactions, are in progress.

3. Resonance sxcitatiop mechanism

1e° _.e proceed now to slightly higher nuclear excitations, to excitations
of the glant-rasonance type. Such etates can be created s, g, in
(1) the photoubsorption apvl photodisintegration processes ( Exs 40 MeV),
(11) the inelastic electron scattering (B, ~ 10° Mev),
(111) the wuon cepture resctions p A(Z) — v A(Z-1),
(iv) the radiative pion capture reactions 7°A{2) —» yA(z-1 )
(v) the inelastic scattering of protons, deuterons, and heavier ions

(e, *Be, ... )
ePICOOOPOFPOCOCPOIOOIOIPIREPIY

One may ask wvhat is common for these dissimilar exoiting agents? Anticipat-
ing slightly the discussion we may etate that the most important common ingre-
dient here is just a moderste energy- and momentum~trsnsfer to the nwocleus, In
all the above cases & particle~hols configuration is formed under the influence
of the external field, And it is then the particle~hole interacstion which conte
rols the further evolution of the system, The external field is responsidle for
the type, 1,0, the spin, parity amd isospin, of the corresponding nuclear exoi-
ted mode, To be specific, we shall go through the above 1ist once again, There
we may see that the photoabeorption leads to the oreation of the isovestor Ef
resonanae, the electrons ocan excite, depending on the scattering angle and the
value of the momentus~transfer, a whole set of collective states, In the (. V )
ané (x- oy ) resctions on the light nuclai the isovestor spin-dipole mode strong-
ly dominates. In the madiative piox capture on heavier nmuclei the higher spine
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mltipole resonances start to dominate the procese since pions, deing absorbed
from the higher mescatomic orbitals, oontridute the non-zerv orxbital momentum.
The inelastic scattering of the protons (~ 10° MeV) and ions {~ 102 - 107 Nev),
dus to a peculiar mature of the muacleon-nucleon intersotion, cause msivly the
creation of the isoscalar resonmances.

A, A tion to fi¢d resction theo

The giant resonances are muolear states enbedded in the comtirmum., The nuo-
lear disintegretion amplitude pertaining to the above namsd processes may be
written, within the unified theory of rucleer reactions, in the following form

=) u
< _tVig > <y (Hi0>

PR AT b1 1 ] []
NO,(E)- "511 'Hi®> }5~-— P (1)
E-Ep T,

The firet terms on the right-hand side corresponds to sn immediate transition
of a nucleon into the (3j,E) channel, The second term describes a two-step pro-
cess; the creation and the subsequenti decay of the nuclear states !}, .,

Presently it is not feasible to take into account sisultanecusly both the
continuum and the complex nuclear structure phenodena, It was therefore an '
important development when the hypothesis of the giant resonance domination was
formulsted for the class of reactions under consideration, Then it became pos-
sible to omit the first term of ¢q.(1) and to proceed further by anslogy with
the usual treatment of the nuclear collective states which lie below the nuc-
leon enission threshold., On this path we were able to consider in a substartial
detail the nuclear intermediste states |y, .

Using the hypothesis just formulated it was already poesible to understand
from & unified point of view a broad range of the pheromena which occur in the
above named processes. These are first of all

(a) the localisation of the giant resonance,

(b) the resonance structure: quantum numbers of the individual resonances

which form the glant resonance, ’

(c) the gemersl regularities of the resonsnce excitation and the specific

features which are connected with the particular incoming particles,

(4) the main decay channels, the type and spectra of the outgoing

particles, population of the individual levels in the daughter nuclei.
Certainly mot wll of the reactions (i) ~ (v) which we wish to discuss are
investigated to the same sxteni and detail. In some cases we shall not spsak of
all the above points,

B, The isoscalar gusdrupole resonances

Let me turn to the selssted examples., Pig, 1 depicts the energy spectrum of
the JHe (B(He) = 130 Me¥) inelsstic scatiering on '°0, Aceording to tbe sxperi~
ment” ' there is about 37% of the isoscalar quadrupole emsrgy-welghted sum rule
(EWSR) exhausted in the region 17 = 25 MeV, The caloulstion performed in s
simple one~-particle one-hole configuration mizing model has shown 50 - 80% of
the EWSR in this energy region, We bave performed s more complste calculation
in which also the 2p-2h (24w ) configurations were taken into sccount both in
the ground state and in the final 2°0 states of "’o. The ruults) is much sloser
to the experimental values 34% of the EWSR was locatew in the gilany gquadrupole
region, 3ince the nuclear model just mentioned sball spyear still several times
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in this talk I would 1like %o odd also &
oritical comment slready at the very degin-

0 *Me, He) sm 3 aing. Eowever fime are the results fer the
Ei x10MeV 3 | g glant resonsnses, the medel does mot pro~
. 12%3 ﬁ'll ' 2 vide sny explanation of the low-lying col-
2 ‘ lestive states 1n 'S0,

Bow 1 wish t¢ discuss the isospin selec-
b3 . tivity oserved in tls imelastie scattering
: BACKGROUNO of 1 GeV protous. The wpper part of fig. 2
3 o » shows the B(E2) values of the and 90z
% c«%.,"m A - maclei as ulcm_}od in a large-spcale semi-
§Em, oM SRR microscopic model’'’. Three regioms of 2%
J[e7 P levels are clearly seen in these muclei.

Las 5 Desides the low-lyirg collective levels and

i the isoscslar giant quadrupole resoiance

L, . lying around 12-15 NeV, we find also the

isovector GQR in the region 24 - 30 NMeV,

02 €, (MeV) N The lower} of fig. 2 depicts the cross

0 . % ® o\,

sections for the scattering of 1 GeV pro-

rig. 1 I tons calculated in the frsmework of the
Neasured spectiy in the inelas-~
t1c scatte . Excitation epere Glauber theory using the same wave functions
gles of the 2% states above 10 MeV a8 for the B(E2) values. Since the (p,p*)

are indicated,

quadrupole (Te0) resonances.

1]
10
SBni BIE2)

] 3

g | . th

high energy soattering prefers the T™=0
transitions, the reaction mmy serve, e.g., $0 disentangle the dipole (T=1) and

90z: Bie2)

b

( m
& p,p'} 03

1 Gev 01 t

A .

ip,p")
1 Gey

0 10 20 J0E°{Mev)

C. Badlstive plon cepture

10

20 I0E"(MeV)

Pig, 2

Reduced probabilities of E2
tranaitions from the ground
to excited states ip.single-
“rtioh its for 1 and

Zr, The [5- 2* levels with
B(B2),, > 1 are plotted in the
top + The toiml oross
sections for excitation of
the same levels by 1 QeV

tons are shown in the bot-
oR part of the figure,

Fow I would pass to the mesonic excitations anpounced 1in the title. In the
radiative pion cspture the pion from s mesostomic orbissl is captured by the

nucleus, The elesentary act on s single nusleon is assumed, this is the so cal-
led impulse approximetion., Prom tA. 0Xp2.80r' we bave the spectmm of the hard
Samma rays from thewe reactions, Two exasples of such spectra are shown in fige.
3 and 4 together wish $he corresponding theoretical results,
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Pig. 3

Mﬂun pion capture yileld

on » The his is from
Alder ot al. ( sconference
1977, C14). Theoretical bran-
ches (vertical bars) are sprea-
ded over Prei-¥. shapes
(dot-dashed curve).

14"

LAD b ] 0
Pig. 4. Caloculated yields of the y ruys in the 169 (X-sy )16l resction,

[ ]

In the calculatien®) only 04 and 5o nuclear excitstions wers

ipcluded. This (monopole and) dipole part of the exsitation is respon-
sible for the appearance of the most energetic gasma rays. There is no
explanation of the gamms spectrwm Dear 'Y = 100 NeV.

—y —~ - —

1200 Eventy,/ 04Me¥ 2

P e
*oin; v) "™ 3
20

A Breit-Wigper shepe »f 2 MeV (1.25 NeV) width for resonsnce (bound)

states of '°N was ssorided to each line. The bro
the separate sontributions from the nin-uyolol

m" ot al, (Zuri

1,

L“

kon curves are for
p-quadrupole_(By < 118 NeV), The ta (:'5512:2 ;:-
- &n conference 1977, C16).

Bere we wore abdle 10 apply @ more rioch nuclear model. A0 I have Ben-
tioned alresdy, it contains wp 0 2p=2h configurations. The subspeces
Theye 24w ore insluded fully, some imgortant 34, oconfigurstions
are added,too, It can be seen thot this model provides & very good
explamation of the obeerved gamms spectrum. The dipole and quadrupole
brancbes of exsitation correspond to the high~ and low-energy gamms
quanta. Again, & simple 1p=1h model overeetimates the total [
yisld (Re3.28), In the "full® salonletion we bave obtained’’ Re2.1S.
The experimentsl rTesult is R « (2,27 £ 0.24)8,

AS 900D a8 the muclesr charge growe, the gasws trotr- of the (r.y)
resction soquires s more eomplex chareaster, In 180 adous & belf of
the ganms yield bee sorresponded t0 the dipole exeisation sode, In
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”SHWOMM-Mtunotmw.mtbooc-
tupele excitation n‘o‘o). sos tadle 1,

Table 1,
Distridation of the gasma yield in the 328(x-, ) resction.
“IxSTtation STeDeh Oho The ki R
R, 0.23  0.55% 0.6% 0.208
— N TGGRTE TR
D, ture at A3 1 3

It sosms to be instrective to compare the mmon capture and the rudiative
pion capture zmuu-. I should limit the digsowssion of the (,;i.v ) reaction to
the case of %0, l’nnf.’)'ohn besn able to show that the '°0 nuclesr modsl
with 2p-2h correlation provides a good, quantitative underetanding of the obser-
ved maon capture rutes. Once again I shall break the flow of the “rescmance® dis-
owssion to show in table 2 the partial capture retes for the '°F bound states.
They seem to agree nicely with the experiment. I wish to stress the very reaso-
mable result for the 0'— 0" trensition which was frequently discussed as a pos-
sible source of information on the numsrical value of the pseudcecalar (induced)
soupling constant G.. Presently, there is s strong mpicion") thet the mesonic
exchange currents bhave to be invoked in order to explain fully the situation
which includes slso the Tate of the inverwe bets decay ('®m(0™)—160(¢.s.)).

hbl. 20

The partial muon capture rates for transitions to the 16' bound states

in 1/'.0. .
Nodel T o 1~ 2
2o correlations’) 2690 283 17990
ipoluding 2p-2h3? 1770 1840 7720
"ccexistence!2) 9270 1640 8320
Columdia’3) 1100 £ 200 T iment 1730 * 100 6390 2 700
Berkeley'?) 1600 2200 1400 % 200 R
"1111amaturg’>’ 1560 £ 170 1310 2 100 8200 £ 120
Saclay'6) 1570 £ 130 1360 2 130 —

The total muon capture reteswhich is indeed msinly due to the excitsticn of wun~-
bound zuclear levels of the gisnt-resonance type are shown in tadle 3. Unlike the
(7,7 ) resstion, for the muon capture we observe the etrong (90%) dominance of
the dipole tramsition mode. Indeed, majority of the captures proceeds from the

mesoatonic s-orbitel, thersfore sero angular momentum ie brought in by the ceptu~
red meson,

Table 3. ,
Nuon capture retes in the 160( [ )161 resction in 10° sec”~',
10D ol Yl ) ] |

3 iboud) 23 1
J° (unbdound) 110 91
Eﬁr 113 ﬂ%
Bpertwent Col 7 93310
: 0 1%) 98} 3
Tilliamsburg 109-13
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Instructive and maybe even slightly wnexpected is the ¢ n of the
mmon capture and the rediative pion ture resctions for the target a»
ocslculated by Evert and Meyer-ter-Vehn'®). Here again, the mwon capture proceeds
predoainantly from the mesoatomic s-state, the rediative pion capture, however,
from an f-state ( /=3). Indeed, the 208m (ryy %1 reaction shows merkedly
wore rich picture of the excitations which contains many higher-multipole etates
including those with J=6~ and Je7°,

Going beck to the 160 I wish to cospare the spectrs of the outgoing neut-
rons in the (4o, v ) and (77, ) ) reactions, They were calculated'?) in both cases
in the framework of the R-matrix theory. The typical peak near E.= 4 Ne¥ 1» woll
reproduced in both the cases. The two spectra, however, differ consideradly in
their high-energy o In fig. 5 we may see the long "tail® of the high-energy
neutrons from the O(X™,y») reaction, which is absent in the muon-induced decay.
In the calculation this tail comes out very nicely becauss of the strong quadru-
pole excitation branch of the radiative pion capture resction.

l'l"lf'l'lY'l[""lll’l'l"'["l

010

Pig. 5

trum of nntm following
T ndntivo on eapture on

1 data are gi-
4 von “in the fon of hietogram
zI.c .lam ot sl, Phyu,Rev, C10
1 1914) 72). Curve 1 is the cal-
- opootru, curves 2 and
i 3 m for the contributions of
TS SUNWE Fih hebd 4Lz 0 e laa a3t o T 'Plﬂ'dil’ol.lﬂ‘ lin'q‘l.‘ﬂ
10 15 20 25 30 oxcitations in 1 respective~

TOrTrT v

Neutron/(MeV - photon)
)
o
v

€, (MeV)

B, Backward electron scattering
Among the leptonic excitations, whioch we have already started to discuwss,

the electron ecattering is indeed the bdest understood process. In a sense most
iuteresting by now (end slmost unexploited a® yot) appearw to de the 180° scat-
tering, since the kinematice here ie such that only the transverse part of the
transition survives, This means that the structure of the asctive part of the
traneition operator is strongly similar to the structure of the effective Hamil-
tonian scting in the redistive pion capture resction. We are able therefore to
study the two complementary procesees with the sdditionsl sdvantage that the va-
lue of the trunsferred momenta can be controlled in the (e,0°') scattering. Pig.6
sbhows the decosposed spectrum for the beckward inelastic soattering of 70 NeV
electrons oo 13(:. Thies theoreticsl spectrum givee us an appropriste possidility
to look back on the liet of questions (a)=(d) which we have put down at the
begimning of this talk, The progras looking for the localisation of the gilant
resonances and for their etructurs eeeme t0 Teach an sccomplishments In fig. 6
we may follow the envelopes of the individual peake which provide the position
and spreading of the resonsnces of each multipolarity. We can see very olearly
the structure of the giant peaks, their quantus numbers, $he very interesting
isospin splitting in particular.



Pig. 6

Calounlated form factor of
the 180° imslestic oloc:;u

levels of the given spin

D eed by their mavelopens
The individual femilies are
¢learly separuted in energy.

4. Disoussion gnd ocutlook

In conclusion I would like to recall once again the only formmla of thie
talk, og. (1). Bow it is time to mention the other 1ine of investigation which
was advanced strongly by she group of Zentrelimstitut fur Kernforechung in Roe-
sendorf and Noscow 3tate Univermity. They bave worked in the framework of the
unified theory of nuclear reections in whioh the nuclear continuus and the bound
states are treated oD an equal footing, Numerically this approach ie indeed
very diffioult, therefore the calculation ( I shall only mention the '®0(x-,r)
runlt-zo Ywere porformed in the simplest 1p-1b nuclear model., Baturally in this
approach ithey found en overestimation of the total gamma Tay yield, On the other
band that approsch gives the possidility to comeider certein additionsl charac-
teristice of the resction, e.g., the y~ n correlation functions,

Presgently the two approaches to the rea-tions involving the nuclear continuum
excitatione should be comsidered in theXx ocomplementarity. The unified theory
provides the geveral wnderstarding of the problem and aleo suggests the way of
caloulation of the sngular charscteristics, high-energy neutron spectrs, eto.
The conception of the dominant role played by the glant reecpance excitations
permite the incorporetion of ratber complicated nuclear structure sodels, In
this way ssveral important charscteristics, especislly those comnected with the
resomnce fragasntation may bde cleared up., Simultanecusly thie approach makes it

posaible to compars the theory with the experimental dats for s droad range of
the intermediate-emergy remctions,
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INVESTIGATION OF PROTON-NUCLEUS INTERACTIONS AT 840 MeV ACCOMPANIED BY BACK-
WARD EMISSION OF ENERGETIC PRCTONS

V.l. Komsrov, G.E. Kosarev, D. Netzbend end V.0. Toneev

Joint Institute for Nuclear Resesrch Dubne, USSR

H, MGller, T. Stiehler snd S. Tesch

Zentrelinstitut fir Kernforschung Rossendorf, DDR - 8051 Dresden
KK+ Gudime and S.G. Meshnik

Institute of Applied Physics Kishanev, USSR

Protons of snergies between 50 and 145 Mev ejected from carbon have been
messured et ang 105° to 160° with respect to the 640 MeV proton beam. The
sessurements have been cerraivd out both inclysively snd in coincidence with
protons esitted st forwerd anjles up to ¢+ with energies fros 255 to 330 Mev
chosen in eccordance wich the kinematics of quasifree scattering on two-nucleon
groups. Inclusive cross sections st 140° and coincidence cross sections et the
sngle pair (-12°, 122°) have also been messured with Be, Al, Cu and Pb targets,
The deta havs been compered mith the predictions of several models.

Thers has been considerable recent interest in nuclesr reactions leading to

the production of backwerd-emitted energatic protons (BEP). Such resctions can
be reslized with medium-energy protons under the conditions of large momentus
or energy transfers to the struck few—particle systems (clusters) in the target
nucleus. Only detsiled investigetion of the BEP production can help to find

out to what extent thesa processes are ceused by short-range nucleon-nucleon
correlations. The scaling chsrscteristics of the BEP production are alsc widely
discussed at present. It is known (see e. g. 1)) that this regularicty (“nuclear
scaling™) sppears at incident energies of the order of 1 Gev, i. e. much earlier
than the scaling behsviour in eslementary particle interactions. Therefcre, BEP
production studies at medium energies sllow the sculing outset to be traced

out and mey lesd to » more profound understending of the physical nature of the
scale-invarisnt regulsrities in relativistic nucleus-nucleus collisions 2),

Inclusive BEP measurements hevs been cerried out over a wide range of energies
and sngles for incident medium-energy protons 3'6). A nusber of differant mod-
els 7-10) have been proposed which rather successfully explein inclusive BEP
deta of certain backward sngles. To select the most adsguete model, more de-
tailed experisental information is obviously necessary. The sim of this peper
is to report on investigetions of the angular dependence of inclueive BEP pro-
duction and of correlations between BEP and accompenying energetic protons in
the forward hemisphere.

Fig. 1 shows the BEP sngulesr dependencs for three representative ensrgiass (car-
bon target). The data are given in the relativistic invsrisnt representation
fe !/(p2 . oﬁot)dch'/dildp. Our calculstions eccording to the (A-1) nucleon
exchange mechenism show that rather good agreesent with the dsta is obtsined
5) 4t the incident proton interacts with s tmo=-nucleon group (curve c). A simi-
ler result wes obtained in ref, 11), were ¢ correleticn mechsnism of the inter-
action between the proton end the [2N]-cluster nes proposed (dsshed line).

The results of most of the resction models proposed to describe the BEP produc~
tion depend very strongly on the high-momentum beheviour of the target wave
function, On the other hand, it is sxpected 12) that multiple scettering pro-~
cesses can considerebly contribute to the BEP spectra. We have simulated such
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Fig. 1

BEP sngulsr distributions from
640 MeV protons incident on car-
bon, Full lines - calculations
according to the model of ref. 9)
e¢) (A-1)=-nucleon exchenge,
b), (ci intersctions with [3N]-

and [2N]-clusters, respectively.
Dashed *n. - result of calcu~
letionil),

multiple scatterings by using the Monte Carlc method. These cslculaticons are
based on the Dubne version of the cascede model 13:14) 15 fig. 2 the calculsted
results together with our BEP dats ere presented. As is seen, the inclusive
cross sections in dependance on angle snd target mass number are feirly well re-
produced. The contributions of the preesquilibrium processes estimated in the
framework of the cascade-exiton model 15) ere alsa shown (dashed lines). The
detailed analysis of the cascade results in comparison with our BEP dats in-
dicstes that

(1) only a smell number of
nucleons participastes

effectively in the cascede
process,

(11) in one of the cascade col-
listons @ pion is produced
which is absorbed by »
nucleon pair in the seme
nucleus.

8 8 &
aj

As inclusive deta do not allow
to distinguish bztween the dif-
ferent models proposed, it 1is
obviously necessery to carry
out coincidence axperiments in
which the cherscteristics of
fast psrticles sccompanying
BEP sre studied 11’16). The
enperimentsl conditions were
chosen to cover just thet
Fig. 2 T1 - T3 energy region which
Measured inclusivs BEP spectrs end cescede includes the quasielsstic
model colc:i:::o::.:gthout preequilibrium scattering on two~nucleon
z:§'31231$. witg c to;get. (b) Results with clusters sccording to process
, Al, Cu and Pb tergets st 140°, Deshed lines

= spectra due to preequilibrium emission of
protons,

B
2
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P+ [PN] = (PyN) g0 * P53 (1)

Here, p,., Py 8re the forward and beckward emitted protons, roopoctiv.l . BOA~
sured in coincidence and N is the other cluster member not ob..rvcd or
weasured in a triple-coincidence sxperiment 18). The mein feetures of the two-
=proton coincidence yield can be suamarized as follows:

(1) A strong correlation between the two protons is obsc:-ved in the 01-do-
pendencs of the cross section (fig. 3). The fit by a Geussisn gives the
asen velue 5 = =(10.9+ 1.1°) ¢or T3 = 105 - 145 MeV. This vslue should

be compared nith e, = -12.6° following from the kinematics of process (1)

for 03 - 122°,

{(11) The T3 energy spectra decrease monotonicslly with increasing T3 for all
angls pairs (01. 93) messured (fig. 4a, b). The difference spectrum shown
in fig. 4c doss not contradict the existence of a broad maximum expected
st about 75 MeV for process (1).

(111) The Os-diotributiono are strongly asymsmetric with respect to 93 = 180°
and depend noticeably on the BEP energy (fig. 5b). Again we note that the
velue 8y = 124° follows from the kinemstics of process (1) for 6, = -12°,

(iv) The cross section d‘cf/d111611d113dT3 depends weakly on the energy T1
of the forward outgoing proton (fig. 5c).

P Y SR T s S S B S A S S s S S A

S peiC+2pr... GAIMEY §)eN2  BSMeVe T141N0MeV |

"';u 3-90... WMeV 130108 ... M5 MoV Y3e90.. UB MoV 4
3

F’.gc 3

Two-proton coincidence
cross section for three
intervals of BEP ener-
gies T3 versus angle 8,.
Histogrems and deshed

g &
e

450 -8 # curves = cascede model
FORWARD ANGLE O, (DEGAEES) calculations.
Fig. 4
T ECe 20 s BB NY 8D ameve itel Differentisl cross sec-
% peUC—2pc...  SOMYV  Ppr-R° 75Meve NEIWMeY tion versus BEP energy
-~ Hem.. . ! ) eem. .. m T3. (8), (b) - Spectra

for two BEP angular
intervals. Histograms and
dashed lines ~ cascede
model calculations,

(c) = Polynomial fits to
the date given in (8),
(b) and to their differ=-
ence (full circles). The
. ; arrow irdicetes T3 ex~
PROTON ENERGY T) (mev! pected for process (1),




Fig. S

Comperison of two-proton
coincidence date with cel-
culations according to the
sodel of scattering on
2N}-clusters. Dastas points
- the difference of experi-
sentsl cross sections and
cascade calculations. Cross
sactions integrsted over T3
fro- 50 90 MeV., °
_ = 1229, Sb) 8= -12°,
R S U G W — 0 - -12 122 ']
%5-3 15 0 B 304 90120 150 WC 70 W dif.rc isl3cross sec-
©, (DEGREES) 8, (DEGREES) uon d40° /920 dv1 4T3  for
— , v . v the sngle peir (-12°, 1220),
The curves 1 = 4 represent
the calculstions (see text),

r:) o
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E & 8 &
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(v) Two=proton coincidence measurements have been cerried out slso et
(-12°, 122°) using Be, Al, Cu and Pb targets. It has been found that the
cross section per target nucleon decresses with incressing A, The AMogat
of the “ntegrated cross section (T3 = 50 = 145 MeV) results in n =
0.39 + 0.7,

The cascade model calculations of the coincidence cross sections (1) - (v) turn
out to be considersbly smaller then the experimentsl ones end seem to be sym-
metric relstive to the incident besm axis.

The charecter of the messured two-proton distributions indicete thet sn essen~.
tisl contribution seems due to process

po[pn}-OploNOp3. (2)

The calculations sssuming proton scettering on two-nucleon clusters in csrbon
sccording to process (2) are shown in fig. 5. First we nots that the calculs-
tion with relative momentum QA= 0 in the PyN-syctem resulte in distributions
which sre considerably narrowsr then the experimente! ones (curves 1i). This mey
indicete thet the correleted cluster model 10) 44 not supported by the experi-
ment, The three-particle phese space celculstions for resction (2) reproduce
the genersl beheviour of the distributions (curves 2). Moreover, two versions
of weight functions introduced in the phaes spsce integrel have been considered
in the calculstions for procees (2). These versions A, B correspond to ¢ back-
werd scettering mechsniem end to s smell -angle ecettering mechaniem, respec~
tively (curves 3, 4 in fig, 5).

Vereion A 1is cherscterized by largs mesan four-momentum transfers (m 7 fn") and
low mesn excitatione ( & 12 Msv) of the nucleon peir, end the corresponding
velues for vereion B sre w» 2 fa"3 and 250 Mev. The coneiderably smaller
vealues of tresnsferred momente end high sxcitatione according to vereion B
fevour the small=gnjle ecattering mecheniem,
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"Froa our inclusive end two-proton dats we were able to estimeta the quentity

2 . o080 25090, ;.

d‘r'incl /“13

This value can be regsrded as the lower limit of the contribution to the in-
clusive BEP yield not csused by the guasi-two-particle process 7.8)

In concluasion we believe thst two mechsnisss are quite sufficient to describe
our datas of inclusive ss well as coincidence measurements - the cescede process
with intranucleer pion absorption and the projectile scattering asssocisted with
considerable energy trensfer to a nucleon pair. The common sttribute of both
sechsnisme is the large energy transfer (of the order of the pion mass) de-
posited by the incident proton into the struck few-nucleon group. Therefure,

it seeas that the BEP produciion at medium incident energies is determined
first of all by the properties of highly excited few-nucleon syste .s in the
nucleus.
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SIROCTURE INVESTIGATIOFS IN THRE NUCLEAR CONTINUUM BY MRANS OF
HIGB-ENERGY (e,0°K) AND (p,p°N) REACTIOES

V.V.Balashov, B.F.Kkislyakov, V.L.Korotkikh

Institute of Muclear FPhysics, Noscow State University,
R.Winsch

Zentralinstitut flir Keroforsciuag Rossendorf, . R-8057 Dresden

The efficiency of a correlation experiment, in which the scatterec high-
energy projectile is detectsd simmltaneously with the produet of muclear dis-
integration is demonstrated in a calculation om the basis of the unified
theory of direct and resonsnce processes.

The nuclesr structure in the continuum, 1.e. sbove the uisintegrstiom
threshold, is being studied on a ever increasing scale. For the excitatiom of
the mucleus in this energy regiom nearly all kinds of projectiles available
from the accellerator can be used. However, the actual structure of the mu-
cleus can only be observed, if the interaction of the projectile with the mu-
cleus is sufficiently weak (in the sense of the perturbation theory). The in—
coming particle transfers only a certair. amount of energy, momercvum, spin,
isospin or other quanta to the nucleus.

The weak coupling between the projectile anu the mucleus can be realiszed

(1) by a projectile with a high kinetic energy, or

(11) by a weakly (in comperison ~ith the nucleon-mucleon interaction

inside the nucleus) interacting projectile.

In the first case the reactiou time is too small to disturd the nuclear struc-
ture, e.g. in the inelastic scattering of high~energy hadrons with a small
epergy and momentus transfer.A projectile interscting electromagnetically
(photon, slectron); or weakly (muop) fulfils the weak coupling condiition also
for & longer reaction time, e.g. in a capture reaction from the atomic orbdit,

The use of high-energy projectiles can dbe a promising tool for the spec~
troscopy of the puclear states in the comtinuum 1). Eowever, meny isportant
theoretical questions of applying this method have not dbeen developed suffi-
ciently so far. Among these is the question about ths relation between the
direct ana resonance processes of nuclear disintegration by means of high-
energy particles, In the spectra of inelastically scattered electrons and
protons, as well as other high-energy particles, the inhomogensities of the
nuclear continuum associated with the excitation of collective states sani~
fost themselves against the background of intense direct transitions. It is
commonly assumed that the direct transitions due to the quasi-elastic scat-
tering of the projectile on the indivicual mucleons of the nucleus and possi-
ble on nucleon clusters as well, ana the giant resonance excitation are
causeu by entirely (ifferent mechanisms. Their contributions to the nuclear
excitation probadbility are assumec to be additive, However, thers is a wide
region of momentus transfer where & correct understandiing of the reactios 1s
not possible unless using a unified theory of direct and resonance processes,

Coineciuence experiments like (e,e’N) ard (p,p’N), in which tae scastered
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projectile is detected simmltemesusly with the produst of mmclear disimte~
gration may yield mmch move infermstica shout the maslesr strusture im the
continuen than the comveational scatteriag experimeats.'~>) The charscteris-
tics of the carrelation betesen the seatterei aad 3jected perticles are de-
ternined aot ocnly by the intemsity of the tressitioms of varices mmltipolari-
ties but also by the phase relstiocas deveoen the transitiom amplitudes. There-
fore, the descriptiom of correlstiea echaracteristics is omnly pessidle ia the
framework of a wxified theory deecribiag simultanecusly all coatribdutiocas to
the transitiom probability.

an ordsr to dsmonstrate the efficiency of a correlation experisent ad
its interpretation ca the besis of a unified theory we have calculated the
spectra and angular correlatiom fumctions for the inelastic scattering of
¢lectrons and protons oa the nucleus 12(:. Oar sain purpose is to forecast the
new, unrelated to the chosen mucleus, genersl problems to be emcountersd by
the experimentalist while applying the coimciicnce techmique not a8 2 conven-
tional method of stu.ylng the direct process of gmasi-elastic kmock-out, but
as a method for imvestigating tie structure of the muclear continuum. This
enables us to wse the rether simple particle-hole basis for the dsucription
of the states of 120.

The nuserical calculations have becn performec in a continmmm shell model
version described in rot.“) Por the description of the electrnn scattering
the plane wave impulse approximation has been useu, Considering small scat-
tering angles we restrict ourselves to ths Couload component of the slectron—
nucleon interaction. The sceattering of the proton (Spnﬂ GeV) has been Ge-
scrided in Glsuber’s taeory using the approximation of a single inelastic
collision 5). The details of the crlculation are described in refs.6'7).

For fixed wvalues of the transferred momentum q we have calculaled the
spectra R(B,q) of inelastic sca:tero:l clectrons and protons, as well as the
cifferential gquantities dR(B.q.kn)/dkB, either as a function of the excita-~
tion encrgy E of the nucleus 120 for definite esjection angles 2' ("differen~
tial” spectra), or for definite excitation energies as a function of the
sjection angle (angular correlation function).

The main results of our celculations cen be summarized as follows:
1.Varying tos absolute value of the

08¢ il l.otm" 15¢ ! somentus transferred to the nmucleus,

- resonances of a definite mltipolari-
A e premsec, Higher acivipeiesities ase
. sec, po es are
'r;‘ r ,\/\/\"—"‘ (e,e) favoured by a larger momentusm, lower
'V! 0 7 oues by a smaller momentus.
e + & _ The used projectile can also imply
=, 2 M 3 ) special selection rules for the exci-
N P tation of certain resonsnces. In the
0 0% X405 EMv scattering of protons practically

only resonances with isospin Ts0 sre

r§¢.1 spu(:tn o:%uiutic -(:g‘:cr;d excited while electrons excite both

ele t ons on

on % tmc vnm'of the trams—  T=0 and T=1 resonsnces. (Mig.1)

ferred somentum (g=0.5, 1.0, 1.5 fa~1) Thus, informstions completing each
other say be extracted.
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R ] 4 - 2.2hs coincidemce experiments
LA L Lstm (e,0°F) e (p,p°¥) may yiedd
valushle additionsl informe-—
L ticns sbout the mmcleus and
the reaction mechanisa. At
Tig.1 the rescnanses at 30 -
40 MoV are everleped bWy a
strong direct comtributiom
e~ va 90" which mmifest themselves ss a
quasi-elastic knock-out of a
o’ meclecn in the direction close
T N i %o thonctu-'q.(e-o‘) (see
2 VW DVDOD 20 EMev) Mg. 2) In the opposite direc-
tion (smti-quasi-elastic ine-
matics) the direct contribution
erential® vanishes. Purther informsticns

(8” 9(’)2 m:l.on or ojcet:lon unclu
from the momentum can be extracted by studying

transfer mm ) h the scattering plane. seperstely the ejection of

protons, meutroms and rlpha clusters from the ground state or a definite exci-
ted state of the residual nucleus,

oev'er )
~
Q

.o oRAR(

Pof-r d.i.ucrulofitho
ar correlation
a0 Yo
reaction lec(p p p)11B

2/ \5 in the scattering
plane.

' [ ] T
€230 Me¥ € = 0MeV £ = 60MeV
q=10m" q=LStm’ q o 1Stm*

3.,00r the inelastic scattering of protons the influence of the distortiom of
the projectile wave function on the correlation function has been investi-
gsted, Our calculations predict a strong violation of the azimsuthal symme-~
try around the vector . (Pigs. 3 and A)

incidert begm rofnr dhp- of the asimuthal dependence of
cmol on function for the
rncti.on (p,p around the somentua

transfer vector q
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"CONTINUOUS PARTICLE SPECTRA FRGN DIRECT SREAK-UP MEACTIONS®
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A review of the theory of bresk-up resctions is presented, which was developed in recent years in
the frame of direct muclear reaction theory. Elastic and imelastic bresh-wp -ln' bo2h contrid-
asting to inclusiv. spectra, are discussed. Recently seasured (d,p), (a,’Me) and ("Be,’Be} spectra
over 3 wide range of target muclei are compared with our theory. Contridbutions from preequili-
brius and evaporation processes to these spectra are also comsidered, but in most cases the
break-up is the dowinant reaction mechenisa.

I. Introduction

A typical spectrum of particles emitted in muciear resctions can be explained by different resc-

tion mechanisms: at the high enmergy end of the spectrum (see Fig. 1) isolated peaks occur which
are due to fast one-step transitions to discrete states of the

Alab) residual nucleus. The low energy part of the spectrum is usually
described by preequil ibrium processes, where more collisions in
the target are necessary to loose energy. For even lower emergies

/‘\ the spectrum ts dominated by the evaporation from the compound
~,,b§ nucleus.
O
The topic of this talk is the break-up process (fragmentation)

of the projectile a into its constituents b and x (a=b+x) in the
nuclesr and Coulomb field of the target nucleus. This reaction
€y wmode contributes substantially to the tota) reaction cross
section. Over the last years this break-up process has been
:’;? 1: mt;:l::rp:::::::: studied rather extensively both theoretically and experimentally.
*  We present here the distorted wave theory of the break-up pro-
cess. We distinguish two modes, the elastic [1) and inelastic [2-4] break-up, depending on whether
the target remains in the ground state or not during tne collision. We apply this theory to (d,p)
spectra measured [2] over a wide range of target nuclei. Quite recently, also the break-up reac-
tiok of the tightly bound a-particle has been observed [3,5). Furthermore we study the break-up
of the very weakly bound 9!0 under subcoulomd condftions [4,6). Although there is a great activity
in this field at the present time, it should De mentioned that the bresk-up process has quite a
‘long history in nuclesr physics. The bresk-up of the deuteron in the Coulomb field of the nucleus
was first considered theoretically by Oppenheimer [7). A psrtial solution of that probdlem which
is quite close to the starting point of our investigatiuns was given by Landau and Lifshitz [8).
The early experiments of Helsholtz, Mcllillan and Sewel) [9] in 1947 of high energy deuteron
break-up could de well accounted for by the Serder mode! [10). Nowadays the "adrasion process”
also plays a dominant role i the new field of high energy heavy ion physics [11]) as well as in
relativistic devteron-nucleus interactions [12)., Deuteron-nucleus collisions in the multi-Gey
region were studied theoretically hy F¥Idt and Pilkubn [13),

® Invited talk presented by D. Trautmann at thi Bth Symposium on Interaction of Fast Neutrons
with Nuclei, held at Geussig, DDR, November 13-17, 1978



2.1 Coincidence Cross Section
e consider the reactieon

Aesa+A+sbdeoa, (1)

where the prejectile a disintegrates in the Conlond and muclear field of the target mclews inte
the constituents b and x which are supposed to be Dotk detected. If the muclews A remaing in e
round state during the collision, the reactien is called the elastic bresk-wp, for which the
T-matrix clemant i3 given by the expression (pest-interaction ferm):

] [ ]
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The scattering wmave solutions of the perticles a, b amd 1 generated by appropriate optical
potentials are demeted by x and the mementa of the particles in the initial and final states 3re
given by 3., q, and 3. The interaction between b and x ‘s described by the potential VouToa!
and the wave function of the particle a is demoted by [ It is expected that the [ABA
expression (2) is a good approximstion if the elastic scattering is the domivant chanmel.

Let us first study the {d,pn) break-wp process for lower emergies in the .=ro rangs approxima-
tion, where an especially "clean” situation arises for deuteron bombarding energies well below
the Coulomb barrier. In this case, the distorted waves of the deuteron and of the proton are
given by the pure Coulomb wave functions, whereas the neutron wave function is always distorted
by the nuclear interaction of the neutron and the target mucleus [14). Due to the Coulomb repul-
sion, the contributions to the integral in eq. (2) are strongly suppressed for distances lklo
where Ilo denotes the ruclear interaction radius. Therefore, only the asymptotic neutron wave
function x‘"(qna) ente-5 into expression (2). This wave fur_tion can be expressed entirely in
terms of the S-matrix elements S, of eiastic n-A scattering, which leads to the following
expression for the break-up T-matrix element:

- & 9 = l -
T%‘%q.. Tp_c. ’ gnz (sln mln . (3)
The first term, 7 s describes that part of the T-matrix which corresponds to a plane wave of
the neutron [8,15), the se-~nd term takes the scattered part of the neutron wave function into
account. The matrix elements Tp.c. and T,’“ can te calculated either analytically [1,8,15) or
with the Vincent-Fortune integration method [16). Calculations [17) based on eq. (3) lead to 2
very good agreement with experimental data [13). This is very gratifying since the theoretical
calculation was performed with essentially no free parameter. (The Sl"'s were calculated with »
standard optical model potential.)

Above the Coulomd barrier the ruclesr interaction is taken into account by means of the appro-
priste optical potentials. In Fig. 2, taken from ref. '17), the theoretica) calculations are
compared with experiment [19), again the agresment is good. Corrections due to "finite range” are
found to be small, but they seem to further improve the agreement with experiment.

2.2 Elastic and Inelastic Break-Up

Now we want to treat this kind of cross sections where only particle b is detected ("inclusive
cross section”). The contribution of the elastic bresk-up to that cross section can simply be
obtained by an integrition over the angle of the unobserved particle x. This can be done analy:-
ically by virtue of the orthogonality of the spherical harmonics leading to the following ex-
pression for the elastic part of double differential cross section:
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Rote mtmmmt’-ulm has become incohereat. Neveby we have introduced the “reduced”
T-mmtriz

Ta (%) =0, ""r;’ (Fheg (0T o (r) "’(F)A(rmr). (5)
.

By deriving expression (4) we have
used agein the rero-ramge approxims-
tion (the Zero-range comstast II°
corvesponds to the vertex p+ber).
Finite range- and nom-locality effects
are given by the functions A(r) and
P(r}, respectively 2).

For the inclusive type of rpectra wo
also have to consider all kinds of
inelastic processes between particie x
and target A, i_c. we hbave to consider
processes of the type A+a-hec, where ¢
is some specific two-body final state
cf tne systew B:zAwn. The form factor

| R §

W .

Fig. 2: Comparison of theory and experiment _'19) in the for such & transition can be written
ﬁ!eron break-up reaction above the Coulombd barrier. as

T S AP S I R T (6)
A8 A "x.x lx ‘x.l "f! ¢ ’

where 3, denotes the ground state wave function of nuclev A and og) describes a complete
scattering state of the system I with the becundary condition c. The interna) coordinates of
nucleus A are denoted by F,A. In principle, it would de possible to calculate this form factor
with the help of a mode) wave function for ‘s::)' However, this would be very difficult and
impracticadle if tnere are many open channels. But fortunately, there is an spproximetive pro-
cedure which allows us to mske use of the unitarity of the S-matrix (for the system B=A+x). This
simplifies the whole calculation enormously. We note (see ref. [17]) that the main contribution
to the CWBA integral comes from the regfon outside the nuclear interaction r>R . There we :an
express the radial form factor x‘ entirely tn terms of the scattering mitrix elmnts S €
which connects the elastic cmv'me’ll L and the inelastic chamnel c. In c'uplete analogy to the
situation for the elastic break-up the integration over the zngle of q can be carried out in
order to obtin from the triple differential cross section the dovdble differential cross section
for the (a,b) reaction Somenow arbitrarily the radial form factor xll(r) is extended into the
interior region r<R°. however it is expected that the contridbution of this region is small
compared to the whole DWBA integral, so this is not expected to be a serious approximetion. The
entire dependence on the chamnel index ¢ rests then in the S-matrix element S‘ . With the
help of the unitarity of the S-matrix

c;lx |Sl,'c

2 2
c1-s, | (7
l ":"'x ’
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the summgtion ever all states dl.' cn be aarvied eut, leading to the inelastic bresk-wp cress
section in the follewing compect form:

':uttl.

'-

SO TR R
Here we have intreduced the elastic end tetal resction cress sectiom s" and o"""".

respectively and  pd demptes the reduced T-metriz og. (5), vhere the n‘ul nn function of
particle » is repl by the spherical Bessel fanction jl (q.r).
B

For the (a.0) dauble differential cress section, tie elastic sad imelastic comtributions, aqs.
(4) and (8), have to be adced wp.

3. PMesults and Discussion
3.1 The Bresk-Up of a Mesvy ‘loa: The (be,%be)-Resction

The bresk-wp of JBe was studied experimentally in ref. () for subcoulonh conditions and it was
shown in ref [&) that the measured spectra can be well described within the preseal theory.
However, for a clese agreement of the experimpntal &ta with the theoretical calcwiation the
effect of the recoil has to be taken into accewst, as can be seen im Fic. J. Since the mamerical
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Fig. 3: Comparison of the theoretical inclusive spectra
with the experimental results 76) for the reaction
1*78u("8e,"Be). The theoretical curves are the sum of
the elastic and inelastic break-up sodes. The
spectroscopic factor for the *Be ground state wes taien
to be 5:0.55.

Fig. 4: Comparison of the theoretical
spectra with the experimental dats of
ref. [6). T™e recofi correction is
included.
evaluation of the T-matrix, eq. (2), is too cumbersome, the recoil effect is “oproximsted by the
Buttle-Goldfard prescription [20). Although the elastic bresk-up gives the largest contridbution
to the inclusive cross section, the inelastic Dresk-up camnot be neglected. This can be seem in
Fig. 4, where also the pure Coulomd bresk-up cross section, obtained Dy meglecting the n-Au-
interaction is shown for comparison.

In ref. [6) it is claimed that the Coulomd excitation of the 1/2° resonance just above the
nevtron threshold is the min reaction mechanism, but according to ref. [4] this is only a smsl)
additionsl effect at these low bombarding emergies. In principle, however, this mechanism cammot
be excluded. For the tresk-up of SLi it is expected that the Coulomd excitation of the SLi-pro-
Jectile will be very importsnt.
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3.2 The Breck-Up of the Deutever: The (d.p)-Bpactiom

As 2 agn? cnample we consider protem spctrs in douwteren isfuced resctions which have boen
Sgures @ite recently 2t 3 Sevieren doubording enevyy £, ¢ 25.5 MV 2). in Fig. 5 angle inte-

e ——— . —— e e e e —— ———

D

» | ]
Pt —=

Fig. 5: Eaperimental angle integrated proten Fig. 6: Cemperisen of experimental and theoret-
spectrun, together with the equilibriue, pre- cal proten 3pectra at forwerd angles for the

equilidbriun and experioenta] bresk-wp cantr

i (d.,5) vecrion en "W ([, = 25.5 Me¥). The

butions ([, + 25.5 MeV). Fer furthe- details continwews _ises demate exper imental

see ref [7). Ia the bottom part, the exper
menta] bresk-wp spectrum is compared te the
elastic, inelastiz and tota'! bresh~p
calculation.
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Fig. 7: Double éifferential cress sections
or SInf(a,'Ne) resction at [, » 172.5
Me¥. Full lings ingicate theoretical cal-
culations. The engrygies corresponding to
the ground state transition and the three-
body thresheld sre indicated by arrews.

i- reswits, the dashed Vines are the theeretical
calculations.

grated {4.9)-spectra on " are shown and compared
with owr theery, where the “experimenta)l dresk-wp
curve” is ebtained by subtracting preequilibrium aad
cevaperation precesses frem the apesyred cress
section. Note Thst af wound half of the incident
devteren eneryy 2 preatnent sump is found. Ir Fig. 6
enperiaental dots sre compered for several proten
angies with the theoretical calculations. The agree-
apat is satisfactery, especially in the bump regior.
For lowr preten mevyies ¢ the enperimental dota
Teod to Migher cress section, since there are
sdditions! contridutions from preequiiidrium and
compound precesses.
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5.3 The Break-Up of the a-Particle: The (a, JHe)-Reaction

Let us finally consider the (a.3ue) break-up process 3). In Fig. 7 the double differential cross
section for the 62"1’((:;.3lle) reaction at Ea = 172.5 MeV is shown. Agreement between experiment and
theory is found for large E’Ne energies, whereas for decreasing energy discrepancies occur,
especially for larger 3"& angles. This is caused by multistep processes, which will become
important for 3Ne particles emerging with lower energies. It was furthermore shown in ref. [J)
that the (u.3lle)-reaction excites favoured l.n-values. This selectivity makes this reaction a use-
ful tool for studying single neutron strength distributions in nuclet for high ln-values and high
excitation energies.

4. Conciusion

We have seen that a wealth of da:a on continuous particle spectra can be explained by the break-
up mechanism. Qur theory is forwlated in the frame of direct reaction theory. This mechanism is
especially important for loosely bound partic'cs like deuteron or 9Be. The agreement of the
theory with (d,pn) coincidence measurements is very good, this is especially important in the
“clean” subcoulomb region. Also for the most tightly bound particle, the u-particle, a substan-
tial fraction of the total reaction cross section at higher a-energies is due to the break-up
mechanism. When the cross section for break-up is a large part of the total reaction cross
section, its influence on other channels (e.g. the elastic one) cannot be neglected. The in-
elastic break-up mode 1s responsible for a substantial part of the experimental break-up yield.
The stripping reaction to unbound states is an interesting tool to study the hitherto unexplored
high lying singl= particle properties, much in the same way as inelastic scattering probes the
giant resonances and pickup reactions the deep lying hole structure of nuclei.
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CONTINUUM SHELL-MODEL DESCRIPTION OF EXCITED STATES IN LIGHT OEFORMED NUCLEI

H.W. Barz
Zentralirstitut fir Kernforschung Rossendorf, DDR - 8051 Dresden

During recent years much effort has been done to extend the range of applica-
bility of the continuum shell-model to nuclei consisting of s non-mesgic number
of nucleons, In a spherical basis one is forced to handle a complicated mixture
of shell-model configurations 1). The difficulties incresse the more the nucleon
number differs from the magic rumber. But, it is well known thet the states of
ctatically deformed nuclei con be described in a good spproximation by s single
Slater determinant built from deformed single-particle orbits. This suggests

the idea to describe the excited states of a deformed nucleus in the frame

work of the 1p=1ih model which has been applied succesfully for spherical

nuclei.

Recently 2) the giant dipole resonance in 2Opne has been snalysed using a dis-

crete deformed single-particle basis and taking into account the coupling to a
spherical one-particle continuum. We ain to epply the ip-ih model to very light
nuclei where most of the unoccupied single-particle orbits already belong to
the continuum, \le restrict us to strongly deformed nuclei which are assumed to
exist for mess numbers 7, 8 and 9.

The model proposed is based on the adisbatic approximation in which it is as-
sumed thet the Hamiltonian can be decomposed in an intrinsic Hamiltonisn H' and
a rotational term Heot ® ﬁ2/23 (I(I+1) - 2K2) with 3, I and K being the totsl
angular momentum, its projection on the body-fixed symmetry exis and the mo-
mentum »f inertia. Then in the strong coupling limit 3) the wave function ~f

the target nucleus reads

e b S NCPMER S

LT SJALT T

Ir
iy Mr(e)x_«;)]m
The viigner D-function depends on the orientation & of the deformed nucleus with
respect to the space tixed frame and projects out the spin IT as well as its
projections Ky (MT) on the body (space) fixed z-axis. The intrinsic state wave
function X is en antisymmetrized product of single~particle states ohtained as
solutions of a Schrédinger equation with a deformed potential well given in
the body fixed frame

Vag = V(0R) Vi (0 o p RECRYLE (2

The potential contains a Vioods-Saxon potentisl V, a spin-orbit potentisl V'o,
the nuclear radius R and the deformation parameter B,

Now,assuming the adiabatic approximetion the continuous states of the nucleus
bre described 4) by wave functions similar to eq. (1). But now the intrinsic
wave function X does not vanish asymptotically because ons nucleon is pro-
moted into ths contxnuum. Therefore we expand the wave function ,X in 1p=1h
components in the intrinsic system:

. (K) -
121: ! Toj, k- krom, ‘)5 [Boma) 2 )
hej



Fige. 1. Photo-neutron cross
section nesr the neutron thresh-
old of 1.67 Mev with I = 1/2*,
Experilentg} date are taken

from ref. (== 9 channel,

= = = 1 chsnnsel).

Fig. 2. Longitudinal formfac-
tor for the electro-excitation
of the 1/2* resonanca nesr the
thruhgld compared with experi=~
ment /) and the result °§ o
molecular orbitel sodel S)

(owemm),

where the syabol | h l;1> sesns the residusl
nucleus witn, « hole in the orbit h. The
redisl wave functions ,E,“';_)(r) represent the
sotion of the escaping nucleon carrying the
sngular soments 1, ) and the projection
K=Kp ¢, The radial wave function are
cslculated by solving a systes of coupled-
channels equations 5) which is derived from
the Schrédinger equstion (E°=H') X = 0O
where the intrinsic energy is connected with
the lab. energy via

E=E" + ﬁ2/23 [(I(I+1) - 2K2]. The radial
wave function are coupled due to both the
deformed potentisl and the residusl force

of W',

Now, the model is applied to the nucleus 980.
The single~particle energies can be derived
tros the experimental energy spectra of gae
snd the neighbouring nuclei ese and 8L1.
Then we sdapt the potential psrameters and
use V = 52/44 Mev for 1 = 1/0,2 and V=

5 Mev., A deformation parameter of 8 = 1.3

is needed to obtain the correct splitting

of 16 Mev of the sphericel P32 orbit. The
parameters of the potential depths for

1 = 0,2 sre chosen to produce the first 1/2"
resonance near the threshold energy of

1.67 MeV, For the residusl interaction a
strength of 650 Mev fa® (0.7 + 0.3 £, T )Suts
assumed. In fig. 1 the calculated (,,n) cross
section with I = 1/2 neer the threshold is
compared with experiment 6). The broken line
results from a one-channel calculation in
which only the weakly bound neutron ie re-
garded. Teking into account all the nine
nucleons (heevy line) the cross section in-
cresees by 25 %. The B(E1, 3/2° —e1/2")
velus of 0.25 e2mb obtainad from the energy
integrated cross eection is well compatible
nith experiment. We also calculsted ths

longitudinel formfactor for excitetion of the 1/2* resonance in inelestic elec-
tron scettering (fig. 2). A recoil corrected effective cherge

18477

A
.1-.1 [ ]

-4ar
. 9 <j'njj°(qr)l3> hss been used (s, -
charge, ?- transfarred momentum),
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" I Fig. 3. The calculated photo-
s L 5 X 3 B g nucleon cross sections compared
with the experimental data.

The total photo-absorption cross section for 9Be is represented in fig. 3.
Below 12 MeY the weskly bound neutron determines the cross section. However,
the giant dipole resonance at 25 MeV is formed by excitation of the 1s and tha
p3/2 nucleons with m,, = 2 1/2. The resonance structures calculated resembles
that iound in experiment although the calculated glant resonance appears to
narrow which may be a hint to neglected ground state correlstions, The calcu-
lations proof the ability of the 1p-1h model to drscribe the continuous states
in deformed nuclei.
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PINITE-RAKGE DWBA ANALYSIS 0F THE 9Be(n, «fs)Re REACTION

Io.omi.'ic'. S.ert’nlli. ‘.R\Il.k. thi“i. Jomki.'ic’. P.z“mu
Institute of Nuclear Research, Varsaw, Poland

The subject of the present psper is to study the influence of cluster structure
of 95. on the multinuclson-trangfer reactions induced by fast neutrons on the
930 nucleus. The angular distributions of the 930(1:,-(.)650 reaction were measu-
red by us at 12.2, 14.1 end 18.0 MeV 1). Zero-range LWBA analysis hes provided
a good description of the shapes of the angular distributions but could not de
considered as satisfactory because of too crude approximatinns used. The pre-~
sent paper uses finite-range DWBA analysie in the hope to obtain more reliatle
spectroscopic informations. As main contributions to the 9Be(n.‘f!{e reaction
we consider the two following processes:

1. 1ight particle pick-up (diroct proccn): n +(3Hc + 6He -» (n + 3He) + 6!!-3

2. heavy particle pick-up {exchange process): n +(5He + lie)-)(n + SHe) + Yhe
These two pick-up modes are related to three-nucleon and four-nucleon cluster
components of the 930 ground state wave-function. We have calculated the

9Be(n. He differential cross-section as a coherent sum of both these trans~
fers. Knock-on process was omitted as ites contribution is expected to amount

to less than 5% of pick-up coniridbutions 2) + The cross=-section for a cluster
pick-up can be calculated from a familiar DWBA expression eguivalent to that
applied in one-nucleon transfer. Por the reaction B+ b < A + a where

B=A +xand a = b+ x in the relative states with radial quantum numbers

N4l, and N2L2 regpectively, the cross-sgsection can be written in terms of a
structural part A and dynamical part p as

2
4G’ Qsa+ AL (3l I
- Toe+d tzzu , u.%Nsz, Mt Ml "4'-0"1‘-2( )

where the symbols and the coordinate system are those used in the paper of
Austern et al. 4 and in the finite range DWBA programme "Lola" of DeVries 3) .
tm * im ’X
1 ? (0) : J‘dfb‘ d"rt. X'q. (fih) ‘ }u Ls Vt'ﬂ.) b(/n')
Nl Ny Ly v in
is a finite range amplitude with two-dimentional fo-m factor fN,L .1, contai-
ning the product of the effective interaction potential and the w&v% unctions
of the relative motion of tre cluster pairs in the 1n1tia]."’“‘1!and final
.‘/”LI‘Q. states. The ’x;re digstorted waves. The coherent gum

) ¢ tm

MiyNg la h""" Mily (5""-"‘1’-}0)
is taken over all N1L1N21.2 quantum numbers coxatible with an ordital angular
momentun transfer 1. ‘N,L,)-,(lzl.z)contributiom allowed by angular momentum
selection rules for JBe + n <> d + "He gon., are given in Table I.
The values of radial quantum numbers for the relative motion of cluster pairs
were detsruained by the relation of oscillator energy conservation in a Talmi-
Moshinsky transformation from single nucleon to cluster coordinates assuning
clusters in their ground states. The wave functions Y“ used as bound states
to calculate the form factors were generated in Saxon=Woods potential so as to
reproduce the separation energy of the clusters. The parsmeter values that were
used to calculate bound state wave functions are listed in Table II.
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TABLE 1
Bound states participating in 3¢ and %He oluster tramsfer for tne 9!-(1:.0(.)6!.
reaction

-

initial X £isal X 1
JHe + %He 2 1 "JBe + n 1 o
Be + ‘He 3 0 SHe + n 1 1
e + ‘He 2 2 Be + n 1
TABLE II

Bound states potentisl parameters [R = ro(H‘n + A‘e"n)]

State BSB Ty a v

MeV bq a MeV

e + SHe 2p 2172 1.12 0.65 67.2
‘e + OHe 38 2.524 1.2 0.65 46.5
‘He + OHe 24 2.524 1.92 0.65 46.9
n+ %He 1p 1.919 1.03 0.65 53.6
n+ e 19 20.568 0.93 0.65 57.0

The interaction potentials respoasibdle for J“. and 550 tranafer are Woods-Saxon
bound atate potentials of n + JHe and n + SH. respectively.
Geometric paraneters of the Saxon-Woods well in which bound state wave funczt~»
ions were solved should be discussed. Generally speaking these parameters are
not well determined for ciusters. We have tried geveral values of R from 2.2 fa
to 5.3 fu i.e. from the range suggested bty different optical potentisl fits to
e and ‘He elastic scattering on light nuclei 5.6) and applied in cluster
transfer calculations. In this range we have observed the dependence of the
differential cross section on R not only in absolute value but also in its
shape. We have chosen R(Jﬂe + 6He)- 3.65 fm and & = 0,65 fu to reproduce expe-
rimental root-mean-square radius of the 930 mucleus and we kept the same para-
setrization for *He + 5H¢ bound state. The optical niodel psrameters for calcu-
lation of the distorted waves in the entrance and exit channels are shown in
Table III. The optical potential for n + 93. was obtained from an analysis of
the available slastic scattering data of Lutz et al. 7) at 14 MeV, Por the exit
channel, since no data sxists foro( scattering on 6Hc, potential from an ana-
lysis of the scattering of 18,54 KeV alpha particles om °Li 6) was used. Proa
different paraseters given by authors we have chosen two sets without spin-
orbit term. They are listed as AI and AII in Table I1II.

TABIE III
Optical sodel paraseterc for the entrance and exit channsls

systea Y R s w 'D RI o1
MeV fa o | "4 NeV s P
2+ b 48.76 2.49 0465 0 11.42 2.97 0.28
AL “Be s SBe 167 .6 2.29 0.6 0 B.6 2,29 0.6

AIZ “He + She 193.3 364  0.45 0 179 3,64 0.5
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The potential AII gave cross sectiona one ofder of magnitude smaller than the
experimsntal valuss. The results presented bdelow have beesn obtained with po-
tential AI.

The transition smplitudes (3 1% L, oF the possible transfers were coaputed
with the aid of s finite range n=h code "Lola” 3). The structure factors
weighting the contridutions of esch reaction amplitude @":L‘.‘Lz are

A:“ "l s (")‘P“‘h-’ ;‘m".) L] (Lij‘ Ll}') - l’) S&t-vhu Sc{-’ Y3

S; 1s the opin of transfered cluster, J; = LysS., J, = LyeS,. 8372, and s}2
are the spectroscopic cmplitudes, as defined in ref. 8). for the break up of
nucleus B into A and x clusters, and outgoing particle a into b and x. The
three~micleon and four-nucleon structure amplitudes for 93. ground state have
been calculated by Kursth 9) end Kurath and Millener 10). The °He #5He + n
saplitude we have calculated using the definition and phase convention of ref.
B). Pirelly the structure factors for the three transfers listed in Tadle I

are the following:

- 0,201 for JBe pdck-up .
+ 0.2)0 for 5!. pick=up fros Js state [
+ 0.12) for “He pick-up from 2d state. ;
The differential cross-sections of {
be(n, d.fﬂo transition have been calcu-
lated using these structure factors. Con-~
tributions to the cross-sections from the
various processes are plotted in fiz.1
together with their coherent sum. It is
evident that interference has a very
important influence on the final result.
The coamparison of calculated differen~
tial cross-sections with 12.2 and 14,1
NMeV experimental angular distributions

is showmn in fig.2 and ). The angular
distridutions as well as the absolute
msagnitudes of the cross sections are
reproduced fairly wsll by the theors-~
tical curves. The fact thet the hiaalil

agreeaent between date and calcula-

tions have been obtained with the Pig.1 Separstion of the complete
epectroscopic amplitudes not adju~- eross-section predicted by the pick-up
sted but teken from the independent mechanisas ( solid curve ) into he
predictions offers the indication gick-up component (dnhod curn) and
that the applied finite-range ana- He components( Js ~ dash~dot and 24 -
lysis was sppropriate. dotted curn).

It has to be mentioned, however, that to perfors the complete analysis of thie
type of reaction it would be desirable to use a code without the usual DWBA
potentisl cancellation assumption.

-/ ® L/ wi
- “
R A S e S e s

a2
2
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(b /o)

w/a

o o
Pig.2 Angular distridbution of the Pig.) The sams as in Pig.2 but for
9Be(n, olo)PHe reaction at 12.2 MeV. 14.1 MeV.

The curve is the sum of finite-
range DWBA calculations for 33.
and 580 pick-up zechanisa.
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FINITE-RANGE DWEA ANALYSIS oP THE '%¥(n,ol) ''B mEACTION

K.Rusek, S.Burzy.ski, I.M.Turkiewics, J.Murkiewicz, A.Trzcifigki, P.Zupransgk?
Inatitute of Nuclear Research, Warsaw, Foland

In continuaticn of our previous studies of (n, o() reactions on light nuclel

we have asasured at 12.2, 14.1 and 18.0 MeV neutron energies the angular dis-
tributions of t'm."l(n, o\)"n reaction going to the ground and the firat exci-
ted state of the B mucleus. An atteapt has been made to analyse the data
using a simple taree nucleson pick-up mechanisa. In thias process three nucleons
from 1p shell of '4N are transferred to 1s shell of #He. As it has been proved
by Rotter 1)'tho transition strength is determined in tnis case by the apectro-
scopic amplitude for the transfer of a 3!10 = like cluster with apatial symme-
try [3] , spin 1/2 and isospin 1/2. The spectroscopic amplitudes for the sepa-
ration of such a cluster from 1p shell nuclel have bsen calculated by Kurath
and Millener 2). Decomposition of the "K into the 113 g-8. and the cluster
3Ho contains three states of relative motion: 21’1 J2° 21’3 /2 and 1?5 /2 with the
spectroscopic amplitudes equal + 0.017, + 0.463 and = 1,292, respeztively. For
the 4y > 131.“ + JHe only two states are possible: 2P,/ (+ 0.901) and
21’3/2 (+ 0.086). According to the ang lar momentum aclec_f‘ion rules and energy
conservation and assuming that the directions of spine e and ?n do not
change in the reaction, one obtains the transfers listed in Table 1.

TABLE 1
3H¢ + "B " 350 +n angular Jne + ""B"m= Jﬂc +n angular
N.L.J g8, N.L.J momentum R.L.J N.LJ momentua
11471 2l292  transfer 1L174 2292 trenster
18] 19
28y, 184/, 1,1/2,3/2 2Py, 184/2 1,1/2,3/2
1r5/2 131/2 3,1/2,5/2

Prom Table 1 one can bee that different bound state contributions result in
different orbital angular momentum transfar. As the transfer amplitudes
(5}:'1' for different 1 and j transfers contribute to the crosr section
anoho:tz:;hy 3) the gensral expressiocn DWBA for the differential coross section
can be in this case rewritten as 4):
e
(9)

ﬁ‘(zsﬂ’l)‘zm(qu("d‘hk;SL) Su.,qug,!u. Svn.-ﬂogm I Pn.;.w.h

The transition aaplitudes @1' have been calculated with the finite range DWBA
code LOLA supplied us kindly by DeVries 4). The opticsl-model potentisl used
in our calculations had the form

U=-V (€'+1)-‘+ Y We &,(e"ﬁ)d + Ve
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- AY e g AY V., - ths Coulomb potential of a
W k= uniformly chnrrd sphere of
%1 radius 1.34 A2,
The parameters of the optical-model potential for incident channel n + “l were
obtained by fitting the elastic scattering data at 12.25 and 13.96 MeV neutron
energies 7). Fits were performed using the optical-model search code SNOOFY 8).
The parameters for E = 18.0 MeV were obtained by linear extrapolation. Distor-
ting potential in the exit channel for 18.0 MeV calculation was obtained from
the analysis of the o + "B elastic scattering data at E = 21.9 MeV 9). As
there is no available data at lower energies we used the same gset of parameters
for 12.2 and 14.1 MeV calculations decreasing only surface absorption. Optical
model potential parameters used in calculations are listed in Table 2.
TABLE 2

X

Entrance channel Exit channel

En v ToR % 'D Tol 8 v ToRr 8 wD To1 8

12,2 51.91 1.2 0.65 4.75 1.2 0.558] 213,68 1.343 0.492 2.0 2.565 0,507
14.1 50,55 1.2 0.65 4.71 1.2 0.603]| 213.8 1.343 0,492 3.25 2,565 0.507
18.0 47.76 1.2 0.65 2.80 1.2 0.696] 213.8 1.343 0.492 4.0 2.565 0.507

Units are MeV and fm

' w2 ﬁ LA

- I .
~
Py -
3 £
- + - + -~
+- 1
+ b4 -
-]
°
~ -
Qo -+ - + .
~
‘w - A —— e A

$z

. : ] |

Ocm (ag) Oen Lowg)
Pige1 The angular distributions of Fig.2 The angular distributions of
alpha particles 1'8‘“? to the slpha particles leading to the first
ground (ofs ) state of ''B at excited (oly )state of 1'B at three

three neutron,energies peutron. energies.
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The bound state wave functions were calculated in the Saxon-Woode well with the
depth adjusted to reproduce the corresponding JE. ssparation energies. The geo-
metrical parameters for the 3!. + 13 g.8. bound state were chosen to give the
experimental root-mean-square radius of the 1‘! nucleus 10). The sane parame-~
ters were used for 1131.xc + 3Be. e He + n paramsters were taken rrom 6).
All paremsters used in the form factor calculations are listed in Table 3.

TABLE 3
state BSE T, a
MeV fm fom
JHe + n 20.58 0.9 0.5
e + 15 20.70 1.08  0.65

1 1/3
R-ro(k1/3+A2/)

In figs. 1 and 2 the comparison of the measured cross sections with the calcula-
ted ones is shown. The fairly good agreement obtained for the shapes and for
the absolute values as well seem to inlicate that finite range D¥Ba calcula-
*ions for JHe pick-up process are adequate to describe 14N(n,a()11B reaction

in the studied neutron energy range. The contributions of other mechanisas
cannot however be excluded.
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ENERGY AYD ANGULAR DISTRIBUTIONS OP ALPYA PARTICLES BMITTED IN THE
" su(n, o) '465a REACTION INDUCED BY PAST NEUTROBS

¥.Augustyniak, L.Ciowacka, M.JaskGia, J.Turkiewicz, L.Zealo, Le Van Khot*
Institute of Nuclear Research, Warsaw, Poland

The interest in the (n,x) reactions is mainly due tc the possible role of the
clusterinz phenomena in the emission of the alpha particles. The (n,ot) reac-
tion could be a tool for quantitative determination of the four-particle cor-
relation in nuclei, of courss if the reaction mechanism is known sufficiently
well to describe correctly the whole process including the tested elementas of
the nuclear structure.

In the recent years a number of investigations of rare-earth nu:lei have beern
performed [1,2]. In many cases it is extremely difficult to state s priori
what should the reaction mechanism be, This is especially true for the study
of the (n.o() reactions induced by fast neutrons on heavy nuclei. The cross
sections for these reactions is gquite low, alas the level Qensity in this
atomnic oass regiorn is nirh and the enerzgy resolution »f our acasurement does
not allow a separatior of the gingle levels except for the 1475m(n,c() and
13 d{n,A) reactions where we ovserved excitation of the is:lated levels.

In this work the energy spectra and angular digtributions of “h3: o -particles
»mitted in the 143Sm\n 3() 146 1d reaction have been ueasured for neuatron ener-
3ies 12.3, 14.1 and 13,2 XeV. The relatively large level apaczing in the 4°Vd
nucleus make it possible to separate some of the levels.

The experimental arrangement was similar to that used in our earlier work [3].
‘leutrons were produced in the 3H(d,n)“ﬂe reaction with deuterons acceleratad
in a Van de Graaff accelerator. The neutron flux waz determined Sy countin;

the protons recciled from a thin polyethylene foil in a Csl(?l) gcintillation
counter,

The altha particle apectra were measured at an average angle of 347 with a
large angular srread of 2 20°. The tarzet was made of Smeo (samariun enriched
to 975 with 149 o?) which waes deposited onto a thick carbon backing by scdimen-
tation method. The target thickness was about ) ms/cm .

The angular distributions of the alpha particles were measured at En-14.1 and
18.2 MeV. These distributions contain all X -particles with energies corres-
ponding to the excitation of the final nucleus up to 5.0 MeV,

The results have been analysed in terms of statistical, pre-equilibrium and
knock-on models.

The predictions based on the Hauser-Peshbach theory [4,5] are shown in fig.l.
In the calculations the channels with n,p and X as a first particle were taken
into account. The results of the calculations show that the experimental
spectra are shifted considerabdly towards higher energies and the measured va-
lues of the cross sections ars greater by a factor of about 100 as compared
with the predictions of the Hauser-Pashbach theory.

* On lesve from University of Hanoi, Vietnam
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In the pre-equiliorium calculations the formuls given by Colli snd Xarcazzarn
[6} was used. This model implies some frobadility for four nucleons to be ccr-
related in a A -particle-like structure in the target nucleus. The calcula-
tions show that the pre-equilibrium model reproduces the shape of the experi-
mental spectra quite well except for the hirh energy part. This model does not
reproduce the structure whico we cbserved in our spectra.

The existence of high-energy & -particles in the experimental spectrs and the
fact that the angular distributions of the emitted alpha particles are strongly
forward peaked suggest a significant contridbution from a direct mechaniem. Yol-
lowing Shapiro [7] we assume the saplitude of the direct resction to be descri-
bed by a set of nonrslativistic Peynman diagrame. Analysis .’ the location of
the singularities of the smaplitude of the (n,a() reaction led to the comclusion
that for rare-earth nuclei the knock-on mschanisa dominates. In accordeance with
ref.[2] the differential cross section for the (n,0() resction can be written
ast

2 oo
e =/ % —-Jyn—-,N([,,[“)d[,

where: d6/dR describes the differentiasl cross section for the population of
states in the final nucleus: u(xx.l,) describes the energy resolution of the
experizent, the fragmentation width [[ = bU; was assused sccording to (8] de-
pendent linearly of excitation energy Ui.'

The level structure of the doudbly-even final nucleus calculated by Vdovin and
Stoysnov [9] were used. As celculations dit not give the absolute vslues of the
croess sections, normalization to the experiment was perforsed up to the 4 MeV
excitation energy of the final nucleus. In thies excitation energy region the
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knock-on sedel zives & fairly geed description of the msesured energy spretra.
In fig.2 the calculated end asesr—ed angulsr distridutions of a -particles ere
conpared. The asesured aagulze distzidutions of &« -particles show distinct
forwvard peaking and this festure is well reproduced Wy the kawck-oa calcula~
tioms., The fect thet theoreticsl ferward-bacinard ssymetry is emmller timt
that experimsatally obesrved is prebadbly dws to the sppreximstion aade in the
calculations, vhere the isotropy of msctrea-alpha seattering was assused.

-‘-‘l..~

' (&g Y] - oRinw
S ~ PNg.2 Comparison of the
ssagured enguiar distribe-
tiocas of & -particles with
the ecalculated ones dased
on the knock-aodel.
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CONPIGURATION MIXING EFPECT IE THE ol-TRANSPER REACTIONS

B, Apagyl

Technical University, Budapest, Hungary
T. Vertae

ATOMKI, De*recen, Hungary

In the Taust ten years much attentior has been devoted to the ot-transfer sxperi-
ments. This interest can be explained by the fact that the o -particle transfer
reactions represent important tool for studying o -clusterization in nuclei,
theredy, they fur..sh us with new type of informations on the wave functions of
the nuclear states involved in the ot -transferring processes. This information
cannot be obtained from any other experiment (with the exception of detecting
o¢ ~decay from the states lying above the «~ ~threshold energy). All the works
aimed at getting infornation usbout the /6Li,d/ reactions (e.g. [1,2] ) made
use of phenomenological method for calculating the reaction form factor (PF).
It means that they neglected the contributions arising from the configuration
mixing effect being present in the nuclear states. One of the first attempts to
include the configuration mixing effect into the description of the « -transfer
reaction was the calculation of Apagyl and ‘‘ertse [ 3] who showed on the 120/
°L;,d/ 0 example that the neglect of the contributions arising from the mic-
roscepic atructure of the 0ss wave function may lead to incorrect conclusions.
To estimate the importance of the configuration mixing effect in the ~-
transfer reactions, five of these have been investigated systematically by ma-
king use of phenomenological F? /PPP/ as well as microscopical FF /mFP/ in the
theoretical description. The five reactions investigated are the C/ L1 d1 =0- 4/
160' reactions [ 2,4] at bombarding energies 18, 20 MeV, In these reactions the
first five otates of '°o® are populated, namely, the 03/0/, 03/6.05/, 37/6.13/,
2*/6.92/, 17/7.12/ states which 1ie below the o« -threshold energy of 7.16 leV.
Apart from the MPP calculation, the standard method has been applied for the
description, i.e., one-step « =cluster transfer mechanism has been assumed, and
the ZR DWBA computer code DWUCK (5] has been adopted for the differential cross
section calculation, The optical potentials in the entrance and exit channels
have been taken from elastic scattering analyses [6,7] as described in ref,[3].

To calculate the PFP, the usual way is to write it in & form

T ) =8 /%0 9, () (1)

consisting of the absolute value of the square root of the o« =spectroscopic
factor and & normalized eigenfunction of a real Woods~Saxon /WS/ potential.
Usually, the paramsters of the WS potentisl are chosen as followss the depth
parsnster V, 1s determined by the se¢paration energy /SE/ condition method, the
diffuseness a is equal to 0.65 fm, and the radius is calculated generslly from
two ty, 8 of forme; in certain oo-oc from that which does not include the
particle mass nalbtr /R 1 - st /, in other cases from that which does
1t include /R"SII . (‘tcr‘ot + 4,7’) /e« According to these two choices, two
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theoretical curves have been obtained for the anguler distributions of the re-
actions inveatigated. These phenomenological results denmoted by WSI and WSII
are presented in the upper part of fig. 1, where also the experimental findings
{2,4] are shown (dots). We see that neither the ¥SI PPP-s (broken lines), nor
the WSII PPF-s (dotted-broken lines) are able to describe the experimental
angular distributions in tre c.m. scattering angle regioa Latween 0° and 90°.
It is suspected therefore that beside possible other effects (mechanism, ZR and
80 v12), the simple PFF calculation may be responsible for the lack of agree-
went. For that reason, all the calculation have been repeated by making use
WuPP-g,

To calculate the KPP, one has to atart from the overlap integral

12BN/ /HO/

¥ (')'<W1zc"|’ Y IW,‘°> Z ‘PNL (2)

which can be expanded in terms of any orthonormal set of functions. The appea-
rance of more than one term with different H-e¢ in the MFP is a direct conse-
quence of the configuration mixing effect in the 160 wave function. The expan-
sion coefficients ARL (the « -spectroscopic amplitudes) have been calculated
by Apagyi and P81 (8] using harmonic ogcillator /HO/ basis set end Zuker wave
functions /ZBM/ as 9’150 - Applying these amplitudes, one can determine the
wPP-3 which include the configuration mixing effect. As a result of this effect,
the internal part of the WPP is diminished, the outer part is enhanced when
comparing them with the PFF case, The MPP calculated in such a way is denoted
by {0 indicating the HO basis set, It is well known, however, that the ssymp-
totical behaviour of the HO functions is not appropriate for the reaction cal-
culation. Therefore, a WS tail with proper asymptote has been matched to the
outer part of the iPP beyond its last maximum/minimum to ensure the physical
external behavicur of the LiPP, In such a way, one obtains the LFF denoted by
SE remembering of the separation energy condition imposed on the tail, Accor-
ding to these two choices in the LPP-g, two theoretical angular distributions
have been obtained in each case of the five reactions investigated.

These microscopic results denoted by HO ond SE are presented on the bottonm
of fig. 1., 1t can be seen from the figure that, compered to the PPP case, &
significant improvement could be achieved in all the caeses considered. Theee
improvemsnts are entirely due to the microscopical or configurational mixing
aspect of the FP calculation., (A1l the theorstical curves of fig., 1 sre sultip-
lisd by & factor n (less than ton) to get the magnitude agreement with the
sxperimental pointn at 0. = 20° 1In tho normalization procedure
n"’ $/614/ = 3.7 10 3 uevite? [93, s/ 60%/ are taken from [8].)

In susmary, it has been demonstrated in a systemetic way that the configu
rational mixing property of the nuclei has an important effect in the o~
transfer reactions. Its inclusion into the theoretical calculations is, there-
fore, desiradle.
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TIOAXOLLI K MOREAX ANA OMUCAHWA YTJOBOR 3ABUC/MOCTH NPENPABHOBECHOTO WCIYCKAHMA
YACTHL CIAOBHOI'O CNEKTPA

1. 3eanrep n C., Caconos
Technische Universitédt Dresden, Sektion Physik, DDR - 8027 Dreaden

1. Besexenne

OnucaHNe MeXARN3MA EXeDHMX peaxpall OIpa CPEXHEX SHEPTNRX B PaAMELL OpexCTabseHui
06 06pa3OoBAHXKR XOATORMBYRErO COCTOARNR CTATNCTHYECKOTO DBBHOBECNR , T.e, TAK Ha-
3UBAEMOT0 RONNAYRX-ZXP& NMPNBOXNT, XAR R3IBECTHO, K ONpexcIEeHHLM DACXOXXEHUAM C
JXCNepHNEeHTOM. ITO, B YACTHOCTH, KACAETCK OTHOCHTEAHHC BMCOXOTO BXAGXA BMNCOKO-
dHepreTKYeCKHX YACTHI B IKCOEPUMEHTANLHMX CHEKTPAX HCHYCKXAHMA & TaXEe MX yraomsoh
accrumeTpRN. Yuér Tax BadupaeMEX OPEXPABHOBECHNX NPONECCOB B KOUOAHEHMK C B.H.
MEXAHHIMOB XAET IHEUUTENbHOE yaAyumeHMe COTaacui C IRCHEePHMEHTOM,

Iam TeopeTHueCcKOro onmcaHug TAKKX MPOH:CCOR B MpouANEe FOXN ONAM pPAR3IPAGOTAHN pai~-
Ane ¢OpManu3IMN Ha OCHOBe IKCiTOHHOR wozenm [1-4]. OHu noasoxmam ycnemHo OomMcaTs
ceyenua peakuu#t, PyHKuMn BOISYXZCHUA A& TAKkXe CHEKTPH MCIOYCKAHUS YACTUL, WHTOTpPH-
poBEHHHE MO Yrnam,

Onxaxo, 3TH MOAXORN HE MO3IBOAUAK ONUCATH TGKXE U YraAOBNe paAcCHpeXeJeHMA RCOyReHENX
HacTHL B Npoueccax, ®» KOTOPNX OCTATOUHOE AXPO ABASETCA BHCOKO BOIGYRNEHHMM, Jiumn
B nocjaemgdee Bpe'si NOABMACA pAX padOT, UCXORAMUX H3 IKCHUTOHHOR HOnEXH, KOTOpHe
CTaBUAM 3anAYr BKADYEHUS YrAOBLHX pAChpeXencHuRt B XaHHui opManuam.

MlapaaneapHo NOABMAKCH PadoTH HA2 OCHOBE XODOWMO Pa3pAGOTAHHNX TeOopul MpAMNX AREPHHX
peaxuul, ® KOTOPHX TBKXe NPEXNMPUHMMANACH NOMHTKA OMHCAHMA YrAOBHX pacnpexeacHull B
cnnomHolt YyacTy CNEKTpa HCNyREHHHX HACTHIL.

Haxoren, MCMOAHIOBAAMCH HE3BBMHCHMO OT BMOle HA3BAHHHX MOJXONOB, BO3IMOXHOCTH KJAGCCH-
yeckoit TepMOXMHAMMKE #H Hepasnonecnoﬁ CTE&TUCTHXY RJAsd MOAYUYEHNE PeayasTatoP B xejaH-
HOM HAaIDAPACHUM,

Koroo6paane NONXOX0BP C OXHOR CTOPOHM W OyeBMAHMI MHTepeCc MHOTHX &BTOPOB B IAHHON
npoénematyxe, NO-BUXAMOMY, CBA3@HM He TOALKO C NPAKTHYECKUM 3HAueHueM e¥ B CBAIN
c pacqltom fxepHHX XaHHMX, HO U c dyHxaMenTaabHoll 3axauell INACHEHHE MEXAHNIMA
ARepHNX peaxnuit,

B xaMHOM gxokjaaxe IPHHYMAETCA NONMTEA, CPABHHTD g KPpHTHYECKE OUEHHMTHL DA3IKME
MTORXOXM,

2, JlogXoxu Ra ocHOBE IKCHTOHNOR Mopesny

CymecTBeHHNY HEZOCTATKOM KCXORHOR 3KCHTOHHON wMogean [1-4] COCTONT R TOM, 4TO P Hefl
yunTHBAETCA TOABKO 28KOH COXPAHEHHA IHEPIA¥ HO HE YUKTHBPEETCA COXpAHeHHWe YTiAOBMX
MOMEHTOB, OTKYyX& BNTEXAeT HENPUIOXHOCTbH 2TOHf MOgenn K ONMHCAHAD YTJOBHX pacnpexexe-
Hull, Paane ycopepa2HCTBOBAHHA 2TOof MOLEAM COXPAHADT CTATHCTHUECKUH OXHOUBCTHuUHMA
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XAPANTED ONNRCAHNN, & NYTEM BBEZCHNRA RXOTOCANNTOALHKX IPEXNOXOXERKE TpEeXIPRNNMUETCS
NOGHTKA pACTAPRTL O00aacyh Oprumex:6Ret 3Toll moxexax [5.6.7].

Taxax ofpa3ou, MaHTRYpAHMC X Xp. [5,6] NCEXORST N3 XOMOJAHATEALHOIO NPERNOXOXEHNN O
TOM, YTO Yraosoe paclpexejeHKe NpPeXpaBHOBECHOR IMHCCMR OOpexenfeTCR TOALKO manpan-
IeHnoM XBMEeHuR “ANXNpyDReil yacTRRM", T.e. maxao@el yacruiti. APTOPH [5.6] paccwat-
pRBADT Iponecc XBYXUACTNYHOrO OCTATOUHOrO B3aKMMOZelCTBIA MexXXy “acrRuel M mxpox,
EXNCCHOHIMUDYA COCTORHEA OPOMEXXYTOWHOR CHCTeM: He TOABKO /KAK B NCXOIHOR JKCNTOH-
HOR woxeam/ YMCROM IKCMTOHOBD X JHEDrdAM BOISYXXEHHA HO M HAI ABACHUEM XDUSCHUR
"zrupynmel uacrtitgu”. OCHOBUBARCEH HA JITOM, GBTOPH PACKUTUBAKRT NPEXPABHOBECHHE Be-
POATHOCTE 3ACEALHKAE N-JIKCRTCHHMUX COCTORERR aNGO HA 6a3e T.H. OGOGUSHHKX MACTEP -
ypasrenst [5] ando » pauxax amaxutmueckoR fopuyam, cxoxmo: ¢ ru6puano’ twoxeam [6].
#3 BeposrHocTel 3aceieHMin 0J; veNTCH JHepreTAucC... e CHeKTp: A TakKie yriom:e pac-
npeaaseyia GpexpapHodecH. ¥ oavUCCEM, npuved B pAle CXywaeB NCUMyLeHO Xopoiee COraa-
ci#e ¢ SKCMepHMTHTOM,

.. IDyro’ pafoTe [7] OKCUTOM:i" € COCTOAHMA XRACCHIALHUPYLTCHR YACION T CRTOHOB, JHep-
ria™ BO3Sy%IeHNA M CilEHO'Y, .iipE ITOM IpeXnoaeraeTcsH, YTO CCCTOAHIN € DPADIHULM Yi'CAOM
CKIYTOHCB i CIHYHOMN, HO € DABHYMH OPOHUTAIAAEM MCUCHTRLI ¥ TOAHUMIE CIHHLMI MEILY
COfON #“HT D eDdHPYNT TOJLKO AWML B npdcTeime™ (KCKTCHHOI KoM urypauun « N=N,.

s

'pOM2 TOrO [peHeSDPErapRTCH KCDPEAfUAN MeXIY COCTORHAAM:: C DPAlHILM OHKCHTOLHRN vt XCAOM
A onexuey cnrdowu, T.e, npeanouiaraeTces, uYTO N-HKCUTOHHMHS COCTOfNHA, 34 KCEADUCHKENM
COCTORANUD & n=n  » ABAADTCA OTIOCKTEALNO XOATOXKBYMA¥A KBA2UCTAINCHIDHINE KBHH;O-
BMZE SOCTOAHKAMK, Pacy:TaH#AA TAKKMY AYTCe! RURICTPONER YLAORHX pachpercieHa#t, Kazk

¥ OUHIGETCA, IABHCUT OT HAURABHOTG YUCAL THXCATOMUB N & TaKie OT HHEpPIAM MCiIycKa-
¥,

3. PacuéT H8 OCHOBE Tedguu OpAMMX AXEDHUX peakinl

B page pasSoT RAA ONWCAMMA HAYAJbLHO! CTAIMM APeRPABHOBECHNX peakiuUR C BOIGyXZeHUeM
KORTHHYYMA COCTOMHM? OCTATOWHOTV HAAPA NPMMAHADTCA COOTBETCTByNEm¥e 6pA3oM ycpelHe-
RUA MO 2HepraM pacyéTH B paMKax Teopuit mpaMuX AXxepsBNX peakukli., Tax, B padoTe [8]
gpexnonaraeTca, YTo Xpaxxk XuidepeHyuMaibHOE CeyeHWe UCIYCKAHKA HEATPOHOB COCTOMT
n3 wucitapureasHolt » npamofl wacTu. B [9] B MOXOOHKM Kk 2TOMYy, Mo 6osee focCAezopaTesb-
HO, OpexfnojaraeTcs, 4TO 3ITO CeUeHMe CKAALLBAETCA M3 pasHopecHo?, npeanaBHobecHof
/xpome camo? npocTolt peakumu/ u NpAMOR peakuxn, PaageneHune npezpasHoBecHod XOMMIO-
HEHTN XeJoeTCH KXA:TOro, 4TofH KCNObLIOBATL NPOCTYD IKCHTOHMYD HOLEJb KJAA ONNCAHHA
NpoOueCcCoB HMCMYCKBHUA K3 60Aee AOXHHX CocTOANHE /n 3 5/. AcCHMMETDHUMY®M 4YACTH yTrAO-
BOrO pacnpegensHun DPHUIMCHBAEGTCA TONBKO TEM NPOIyKTAM peaKUHH, KOTOp¥e NOKME&DT
COCTABHYD CHCTeuy NOCAe NepBOro 8KTA BIaHMONeRcTBRMR /cooTBeTcTBynmero n=3/, Lan
pRCYSTA UX BKJAARA UCHOABIYLT DEHOMEHOZIOrHYECKME BNPGXEHAM, CCHODAHHME HA XOpPOmO
HIBECTHOM OPKOAMXEHHH C TMAOCKZMK BOXHANK PW3A | yunTHBAA HEWUKCTHE X8)AKTEpHiC
ARf ZABHHOFO ANPA ORHOYACTHUHMHE NEPEXOXN B MOZesy 060a0ueK, PacYHTARHHLE TAKUM O6-
FR30M JrAOoBve paclipefeseHHA NOXadMBADT XoDomee Lorjacue C IKChnepuUMenTou,

CBoero pufe "rHOPHMI" MexZy 3XCUTOHMON Mozessn w PW3A-Teopiw npegcTasieda B pagote
[10]. L raAMXaX 2<CKHTOHHOR MOXeAM PBOZATCA CKOPOCTH HCINVCKANMA JBBKCARNE OT yrao-
BOFO MON:HT8 ¥ TAKHM 06p830 MOAYUADTCA NPEeXPABHOBECHME CHEKTPU HCMYCKALWL ZARA
XARACTU OFSHTAABHOLO MOMEHTA UMHTHPOBAHHON uACTHUM, YFLJIORAA 2ABHCAMOCTL ZneTcs
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Tevenzeux PWIA XA CSOTRTCTBYE: "™ J3EINYRHV MEPeRaMKOra ODALIRIBICTO Mu¥2HTA, C °
TBX¥M FODMABXZINOM &STOPM [10] T € ROCTArQaMmT XOpPOEer: ONNCSHEKR YraoBoro pachnpe-
KeXeHER XAR PAXA KEZeDMUX Deaxnn?,

Xurproxonmyeckoe ONCANRE b NDROAPEEHRR Dpls ANR ZBOXRN JZ{,eDEHNNAXBHAX ceveaud
RCOYCKAHRI YACTNR B KORTAMYY“e COCTOAHMNY OKZEO NPEXLCTEeNO B pasCTe [11]. B paukax
3TOr0 [OXXOXA R3 DOXHEX BOSHOBMX - yHxuwP prccaarpepantci 1plh-XOXNOBEHTH, TAX KoK
TOABKO OHMM MOLVT BOJICYXMTHCA IOYTeM OIROTd WACTHYRO-XWPOUNOTo OCTATONHOFG P3IAKNO-
XeECTDKE. ‘ATPUYHNE IXCYLHTY YCPEeXHAKLTCSK OO JHEDreTNYECKOMYy mMTEepBaxy, Cociher-
CTByP@lieRy JIKCHEPNMENTY, NOAYHYaR TAKA: 06pajow yCpeXNEHNMMUe CeYeuNs: [O IHNoIRd CCC-
TOEH4EN OCTATOYHOTO wxpa, PeayxpTars. COTRACYDTCK C IKCIEDRMEHTOM, Ulrzcaiusni fop-
UARUIA OIHBAKO, HENDEMEHNR IAR HepPrul POICYREEHUME OCTATOWHOrC RAD2 IUIC HECKCOIb-
KRX 3B BCACXCTBHE [neHeODeZeHRA MMOTONPRTHNX cCOoyzapeHNfl @ T&KXe FCLYCZAHUE W3
KBu3¥-CAMIAHAUX ~OCTOAHRAA, YTO ApaAPEXeT K HEXOOUEHKEe ASCOXFTHOIO HKIGLA TaKH

I20U2CTOB R OTeB IeHAD WX yraoaoﬂ &INIOTPpOaNA,

aZBHe R4} TAr p 2TOX HARDABAEGKNAN NMDPEnRCTABALET DPAHOTA Tamyprs ¥ Ip. [12]. TaK=ea
B aprSar-enwyw LVZA, MO HA OCHOBE OXHO- N ZBYXCTY¥LSHUATUX NPAYLX DOIOYERCHK BM-
TACAAYTCA CIEKTPH W yraoBKe DACNPEIENEHIN [I:eXTABHOBCCHOF l-paCuk, Boabyriarrtcesn
191h- K 2p?h-CCCTOAHMRE OCTATONHOrO AZAPA, WTu MOIBCAAET < XB:1iTbh LKCHEPFrACHTRABLHC
HaltxerHoe TOPEZeHie TaXZxme M RDX 6oRA2e BHCOKMX UHENTIAX ROISyXIZEHNRE “CT . TUYHOrD

AZpa /n) CPABHEHND ¢ Teopidell C OIWOCTYMH ATHIR BOISY=X2HAAMK/.

JEZit HeZZ2TATKOU BCEX MPeINOXEeHUX #2TOKOB B DAMKAX Teoruit APAMUX AREIIALI peax-
i /RCUIUC MATSIATRUCCAYX TPyaHocTe?, CBA3ANMLE C LUNPOCHONAYECK:M ORucaK:ew/
A2:2n€TCH HQOLXOIMIOCTL UX CTHKOBFYE C pPacyATO MO ZpYFol, KOpDEHHMUM 05puaoM OTalua-
rIel’ca Teops¥ /B Ne.aypw Oouepeib 3ITO CTATHCTKUEC:uf Mokerab/. ToAbKO B ITOM Cayuae
JERSTCA VIOBIETE0DITSALHOA OLYCAHZE BIelC CReXTrR ¥ YIrA0B: X pACHUp2Iex iuu? npm
BCex DJHeDpruAx,

4. lpumeHeH¥e TEOMETINYECKUX NMpelCcTapReHUR O TPREeITODAR UACTH

3 T.H, KACKAXHC -IFCRTOHMOl MCReRm [13]061exnnnnrcn oAy~ KRACCHIECKHE NDERCTABAR-
Hitd K3 XAcKAZHOP W IKCHTCHHOR wmogeael ¢ noxHolt cTaTACTHUECAOR TEODRW Ager:uNry te-
axga®, C govompd fOopMaAHIMA XACKAXHOP HOZEAM ONMCHBADTCA COyRApeHmst HajleTary- R
YACTHUON ¢ BRYXJAOHAUN AXPE, NPNROKAEVE Kk OOPAIVOBAHRN BOISYERACHHHX 4A8CTHI K JILPOK

B BavasbHolt ¢ase AREPHOrO nporecca, ITOT 4dopMAnu3IvM XaeT TAaKXe AaHAA0TDOMHOE Yyrio-
BOe pAchpexefeHms RCOYMEHHUX YrCcTHn. LarsHeltmee "palpuTHe” cocTarHoM cucTeun
ONMMKCHBAETCA C IOVORLD IKCATOHHON MOReAH, HA WHAR C Ter uKCIOM n, "ACTAL MInC Ku-
pOK, K. Topoe o6pn3opaxoch Bu BP2M, "rackaznol", SucTpo? faaw @pousccea, fiocae zo-
CTHXENHA CTATHCTHUEC:Or0 PABHOBECHA, RaAbNeRuad "cy.u0a" ANCDHO! CACTLUN ONMCH-
BAETCA » pAtKAY MNOXHON CTATHCTHUYECIO) TeOoPHUH, M B £ACY ITIX € IKCUTOHHOD MOZeAK

M co cTatMCTUsec#oft Teopuell yracsas InAUCHLO0CTH NEpAHNKMAEGTCA H3OTpoilHel, Pacuutan-
Hie CeUeHHA HABXOZATCA B XOPOSEM COTANCHXK C IKCHEDAICHTOM,

S. LpaAvMenenre xjace CRORl Tep: HaMUKK

ve*Hep # BecTpow [14] pRIpABOTAAN METOR OTIV.CARYE NPEXPNARHOBCIHOTC DAABYTHA COC-
TABHO'" CHUCTEMK HA OCHOBE KAACCHUECKUX TELMORVNA KL eC/uX NpeRCTABAeHH4lt, ;iX0O0 B Ha-
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wazsuof Qaje sxepmoll peakuum OPRENMAECTCSE ZORAXLEO marpetums, l[iyrem nponecca xmd-
Jdyann xxepmoe BOICYEXEMNE BO BPEMA KOMENMNOrO BDPENEHNOrO HNTEPM&LA DACOpOCTpANS-
€TCA NO BCeMy SXPY NOK& Ne¢ XOCTArReTCE TEPMOXANGMNTECEOro pasHosecns. AoXaasnas
SRXEPHAT TeMIey ATYPAa JABNCRSAR OT BPEMENN OUPEX¢ASNET COEGKTP N YrzoBoe pacnpexexe-
HEe NCOYNEHHMX R3 "HArpeTOro™ Sipa WacTRU, ONA ONPEXEXRETCK NyTei pPeNeNRs ypas-
Heuna AN$IYINN CO COOTBETICTBYDMNMN KDAGBHMR N HAYARLRLME YCXODNAxN. Bpems peax-
UXR ONpexeaserTca NOCTogxEMOR Tpamcnmopra 3dHeprun » sxepuoll wartepmur, Hyzmo orTmermts,
¥TO XamHof 20D 48AN3IM, TAK-FE¢ XAK X KACKAREC-IKCHTOHNAN MOXCAD, ADUXGhEdun anww
OPR XOCTATO MO DNCOEKNX SNePrEEX, NPR KOTOPMX NONY-RABCCHNUECKOE DACCMOTDEHNE O~
paBzano. Cpasuenme C JKCNEpNICHTOM ZAMNOTO METOXA NOXA ERE NPEeXCTONT,

6. Jaxzxpyeume

Pa3nooSpaame poanmxgmx 38 NCCXEZHEE TFOXM HOXXOROD M MoZenel ZAR ONMCAHNA YL AOBMX
pacnpereneHnit TPeXPABHOBPECH: X CHNEKTPOD YXalhBaeT Ha AXTYalBLHCCTbL 3TOrO BOmpoca

H JHALSNTEABH.} WHTEpeC K He'ty CO CTOPOHM MHOrWX Fpyun. ITo casgaaHo c oxHO® cTo-
pOHM C XeaoHNeM, 6OXee NOXHO NOHATL R ODMCATL MEXAHRIM RACPHMX peaxuwi npu cpex-
HRX JHepruAX & C Xpyro# CTOPOHM C MEOGXOXMMOCTHLD pacUeTa AXEPHMX XBHHMX AAXA Npk-
KaaiHHX neae?,

OxoHuaTeIbHAA ONEHKA B CPABHEHKE p&d:'iX MOEXOXOB NORa TPYXHO BCIEXCTBAEe pasHOR
cTeneHk pa3padoTKi 3T X MeTOJOB K BHGOPA ABDTODAMH DAIAMUMLX CAYUSEB HX MpPHMEHe-
HrA. [io TuCTO DPRINGECKmM COOSpDAXEeHMVAM, KaXeTCH, MOKER HenNbdA BMOPATH TOT HAK MHOM
"exUHCTBeN:IC [DAaBXALHNE" MOZXXOR X pemeHKr pacciroTpedmoft npodseuatuxy. faobopor,
CHTYA: Kl CKODee yRali BaeT HA& TO, YTO AXCMEDMEHTAABHO XOpOmMO KaReCTHu! JAKT Ha-
ZUUia IpeLnpABiOBecHOl JIMMHCCHA NPEXMYMECTREHHO B NEepeXHYD Noayciepy MOXHO B Toft
AL “HOT Mepe XOpPOHWO ORMCUBRTHL COBEPBEHHO PRIHIMIE MOXKEABILMN NPCICTABRISHUAMK.
floaToMy, x0Ts O %3 ?BpaCTHYECKRX coolpaxexmil yesecoolpaiHo xaiabde paIbBMBRTH K
YCODEPWEeHCTBOBAT:: PA3IHNS HalPaBJACHNA ONHCAHUA. MAAA MHPOKKX NPAKTIUECKUX MPUMEHe-
HrY xoHevHO, LpuTep:ft nnocTOTY npuolperaeTr OocoSoe auareHue, : OGvgvmee I8 GONb-
me? HaraAXHOCTH CPABHEHMR TPESVETCR NPOBEXeHMe AaHAAUIOB OKHMX M TeX-xe 2aKchepa-
MEHTOB B pPA‘iKAX pa3sHiX OCAXOXOB.
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ANALYSIS OF 3.4 MEV NEUTRON SCATTERINEG PROM 2s-14-SHELL NUCLEI IN THE
PRAMEWORK OP STATISTICAL AND DIRECT REACTION MODELS

T. Schwaitzer, D. Seeliger and S, Unholser
Technische Universitiit Dresden, Sektion Physik, DDR - 8027 Dresden

The interpretation of our differential cross section experimental data in neu-
tron scattering froa Na=23, Ng-24, Al-27, Si-28 is improved by inclusion of
coupled channel effects in the calculation of the direct reaction parts. We
have succesfully explained differences in the shape and amplitude of axperimen-
tal apgular distributions from statistical calculations for scattering of 3.4
eV neutrons from Na-2), lMg-24, Al-27, 831-28, kn-55, Pe=56 by way of direct
reaction contributiona [1 . Direct parts were then calculated Dy use of Distor-
ted Bave Born Approximation.

The physical reaction model of our investigation is all the same an incohe-
rent superposition of statistical and direct reaction parts. There is not any
generel model to calculate such problems for nuclei more complicated as 1p-
shell nuclei. Because of that we can use only limited models as statistical
and direct theories. Applications within the bounds of these models are stan-
dard techniques and yield & description of experimental data, which is succes-
full , but our problem lies near or behind the limits of validity for such
models.

we have mainly two reasons for physical reliabdility in our investigations:
- consistence in the experimental data
= the absolute basis of theoretical calculations,
The basis of our calculations is absolutely becauss of resignation of any fit-
ting together theorstical curves and experimental data, All free parameters of
the theoretical models are fixed by use of a generalised optical model parame-
ter set [2_ about the full range of nuclear masses and for all theoretical cal-
culations and by use of S-deformstion parameters from reliable litersture valu-
es,

Hauser-Peghdbach~calculations corrected for level width fluc’uations (HFC)
were carried out with the computer code ELIRSA [3]. The codes CHUCK [4] and
JUPITOR 1 [5] wers used for coupled channels calculstions (CC). Two examples of
our analysis are given in figs. 1 and 2, The correspondence between experiment
and theory is very well for an absolute model., We can explain the gross struc-
ture and asplitude of the experimental angular distributions in the frame of
our reaction model. Pine structure ie prodbadly caused by violation of the sta-
tistical assumptions in the compound nucleus.

SUBPSTFY
- We have carried out & systemstical study of the nuclear resction mechaniss

by neutron scattering experiments at 3.4 keV neutron incident energy adout
& wide range of nuclear masses.

= It gives experimental evidence for direct resction contridutioms in the
excitation of sll low=lying collective 2*-states (and such states which are
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coupled to that 2*)

We can succesfully deecribe our experimental results in the fremework of a
simple reaction model of incoherent superposition of statistical and direct
reaction perts,

The base of our calculations is absolutely because of no fitting experimen=
tal and theoretical results together.

Coupled channels effect must be condidered for the excitation of rotational
states. Such inclusion leads to further improvements in the conformity of
our experimental and theoretical curves. ‘

The used optical model parameter set enasbles s good oversll representation
over a wide range of nuclear masses.
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PIRST RESULTS FROM INVESTIGATION OF THB 28SI(n.n') BRACTION 1IN THE EEERGY
RAIC: BITA2EN 6.8 AND 12 UEBV

Adel-FPawzy, H. PSrtsch, W. Pils, D. Schmidt, D. Seeliger and T. Streil
Technische Universitiit Dresden, Sektion Physik, DDR - 8027 Dreaden

Experimental results and first theoretical analysis are reprecented for

elastic and inelastic scattering of neutrons in a larger energy range
28

on " Si.

1. Introduction

In earlier tine the investigation of the reaction mechanism on light
nuclei was done for small energy range only, in the most cases near 3 MeV
and 14 XeV, respectively. These experiments differ regarding the measuring
technique and also the models and parameters of the theoretical analysis
used.

The work given here has been begun with the aim to measure and de-
scrite the 2831(n,n') reaction in a wide energy range uniformly. The nodel
is a inconerent superposition of compound and direct reaction part.

Furtheraore, such measurements are important for nuclear data require-
ment,

2. sxperimental procedure

The measurenents were performed with tandem facilities in the ZfK Rossen-
dorf, using a computer-coupled multi-angle TOF-detector system with 8
detectors.

For the neutron production it was used a deuterium gas target.

As monitor another TOF-detector was inserted in the whole system.

For determination of absolute cross sections the neutron flux with monitor
detector was cnecked, that means the product flux times monitor efficiency
iz determined. Additionally by measurement the efficiency ratio of the
monitor and measuring detector the monitor efficiency is eliminated.

The fi1isht path is in order of 3 meters, the time resolutiocn ig about 3 ns.
The na=ple consists of natural silicon with a diameter of 3 cm and a
aeipnt o7 3 em. The incident neutron energy spread depends slightly on
the tomtardine enerrgy and was near 120 keV,

onitable computer programs for peak area determinmation and multiple scat-
tering correction were commonly used.
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3. Amalysis of the experimeatal data

The elastic scattering is descridbed as a sum of shape and compound pert
(see also fig.1). The calculation of the shape e¢lastic scattering is de-
duced from the spherical optical model with paremeters from OBST et sl. 1)
slightly varied in #he spin-ortit term.

fig.1

Angular distridbutions of
the elactir ceallerirns
om %1

€, J0) (mbiwr)

Lipe

The compound elastic scattering was calculated with tre [AULZR-I3L 7 aCi
prograz "RLIESE" 2) with the same parameters imclulirg inmr-partisle
and proton channel, respectively. The agreement as we i a5 z~nr. choxs e
paraseters to te uselfu'l for the calculetion of the 2ircet reaecticn ;are.

For anslysing the inelastic scattering cross section data were comrared
up to now with HAUSER-PESHBACE calculations (AFC) and addisicnally for
10 MeV only adding a direct reaction part using the coupled channel =etrod
(CCC). This CCC has been based on the collective model with rotationsl
excitation including ~coupling between the first four excited states of
2851, but excluded the 3* anomalous parity state.

Pig.2 shows the angular distridutions for the first excited state (z°).
As expected the difference detween experimentsl poimts and the calculated
compound contridutions incresses with energy. As it can te seen, for 1¢
MeV the shape and absolute value of the distritution csn be descrited
quite well by including of the direct reaction part.
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Inelastic scattering om 231 : angular distributions of the B,-, B,- end
By-gToup for several emergies

Pig.) gives firstly the angular disteibutions of the secon’ exc’ted state
(3%) in comparisoa with the HIC results. the erder of magnitude of the
experinentsl polmts is reproduced ia gemeral by this compound reectioa
part oaly, uaexpected wp to the highest energies.

OB the other hand the structure cannot te deseribed 35 well as nessecary.
The CCC preliminarely dome gives 2 very saall comtributionm to the croes
section.

This theoreticsl amalysis will be contimmed.

4. Literature

1) H. Ovet, privete commumicstion
2) G. Kiefiig, thesis, Techaieche Universitit Dreedea (197S)
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MCCNEJOBAFLIE TAIG(A CTIEXTPOB R CEVER O5PASOBARWA TAKMA-KBARTOB M3 PEANIDUI
Pern ¥ PSNben B PAYMAY CTATHCTWYECKO! TEOPUM XAY3EPA-CENEAXA

E» Eaaapparwaa*{ I. Xepucxopt
Technische Universitiit Dresden, Sektion Physik, DDR - 8027 Dresden

I.BBeaenue

llps pemeHMM MHOI'MX NPAKTUYECKMX 38284,B YACTHOCTM MPH KOHCTPYKLUMK AAEPHHX
P4EHTOPOB M pacyeTe 3amMUTH OT M3AyueHwil,TpeSynTCR TOYHHE CBEAEHMA O TIONHOM
CEYEHHH NPOK3BOACTBA Y-KBAHTOB 3 KOHCTDYKTMBHHX MaTepMalOB M NDOAYKTOB peak-
uui,a Takme 0 T-cnexrpax.dfpexrusHoe cevenne o6pa30BaHMA CIIOWHOA YaCTH 1=u3-
AyYeHyn M3 pearrait ¢ HeATpPOHAMM BRCOKOM 3HEPrMM HA TARENNX AXpPAX,K3K MOK&3H~
BaPT PE3yNBTATH HEKOTOPHX DKCIEPUMEHTOB,ABAAETCA NpPEOCABIANEAM NO CPABHEHHUD

C CeyeHMAMM OCpa3oBaHMA AMCKDPETHHX g-AuHMA.OZAHAKO,B CBA3H C 3KCNEPUMEHTANBLHOM
TPYLZHOCTED ONpeREeNeHMA TAKHMX CIEKTPOB,0CyCHOBAEHHO! HanMuumem JOHR paCCeAHHHX
Ha ofpa3ale HERTPOHOB ¥ CIOXHOCTEN OCPAaGOTKM PEe3yJNbTaTOB 3KCMEpYMEHTAa,TEeOpPeTH~
YyecKoe HCCIEZOBAHHE CeYeHMA NMPOA3BOACTBA M CNEKTPOBY —U3NyYeHMR Pa3nMuHuX
fILEP B peakuMax C HeWTPOHAMM C NOMOMBN TO# WIM KHIA MoZenn npuolpeTaeT GOMABLOE
aKTyansHOe 2HayeHue,

flpn P3auMOZEMCTBMM HEHTPOHOB BHCOKMX 3HEpruil/zo 20 MaB/ CO CDEmHMMA U TAMENH=
MR AIpaMH,CPEZHAA 3HepT'MA BO3CYRZEHMA 0CTATOMHCIO AZpa NExUT B 00aacT GOIb-
ol MAOTHOCTH YPOBHER ¥ CHATHE BO3CYXREHWS NPOMCXOMUT,TNABHNM O6pa3oM,Kackaf=
HUM UM3JyYeHneM raMMa-KBaHTOB,HOCANMM CTATHCTUYECKU xapaxTep.lloaTosMy AnA onu=-
caHuA JaHHOTO npouecca §yxeT Conee palyMHHM MpuBIEYeHWE CTATUCTUMYECKO Teopuy
AILEPHNX peaxiuit.

B naunoff paGorTe BHUMCIEHN CeYEHUR BOICYXJEHMA HEKOTOPHX nucxpemﬂux:xhnuﬂmﬂ,
ceveHuss NMPOM3BOACTBA M CMEKTPH HENDEPHBHOTO Y~U3INYHeHyA U3 pearuult %fe+m u
#\¥+n Ha ocHOBe To0,vM Xayaepa-®embaxa/I/ c koppeKumelt Ha (IYKTyaumio wupuH
/2/ ¥ ZeTaabHOTO PAaCCMOTPEHMA “Y-KacKAOB,MAYMMX ¥3 BHCOKOBO3CYRAEHHHX COCTOA-
init.Ha HayYaapHOM 3Talle UCMAPUTENBHOT0 Kackala yYUTHBAJN&CH NpelpaBHOBeCHaf
aMHCCHA  HeffTPOHOB MO 3XCHMTOHHOR Mozenu/3-8/.

flpy aroum ONNM HCCNeROBaHH BAMAHME ydyeTa npelpaBHOBECHOI'0 pacnana,BrIafk uany-
YeHUI BoICOKON MYJABTHNONMBHOCTM ¥ LPYTHX BO3MOMHNX K&HAJOB peaxiAM H& 3TH Be-
JIMYMHH, PacyeT npoBOAMACR ¢ noMourw nporpaumu "STAPRE'/9/ na 3BM B3aCM-6 Buyuce
avTeasHoro uenrpa Jipeszexckoro TexHUYeckoro YHuBepcUTeTa,

2.BxoaHne JaHHHE AJIA pacyeTy

llpoBeaexue Buyucnenuit 3§heKTUBHHX CeyeHuit NMPOKIBOLACTBA K CHEKTPOB Y~KBaHTOB
no nporpaume "STAPRE" TpeGyeT aHaHMA KO3GIMUMEHTOB NMPOHMKHOBeHMA AZep Fe,Mn
Cr unu NU,Tr,Y anf seATpOHOB,NPOTOHOB,aRbHA=YACTHI , COOTEET CTBEHHKO U KOIGGH=
UMEHT TPOHKKHOBEHUA Y~KBaHTa,8 Takke MHHOPMAUMN 00 2HEPreTHYSCKAX yPOBHAX ¥
cxeMmax pacrnaza AZep,yYa&cTBYWLUX B peakuysx.

2ol HoadbpUIMEHTH NPOKMKHOBEHMA IJA YACTHL U 1hnyqen

KoaddMuMes s NPOHMKHOBEHHA AAEP ANA HEUTPOHOB,NPOTOHOB ¥ ok=YACTHL NMOMYYEHH

¢ noMousw nporpaums " OMO " nyréu pemenua ypaBuesusa [pezusrepa C ONTUYECKUM
noTeHuuManoM, lapameTp noTesuuana BROUPANUCH M3 CONOCTABAEHMA BHUMCACHHHX H -

+)
Toc. ynmpepcuteT Ynaax6aaTop, Jomroaus
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aKCNepuMeHTARBANY AkddepenunaxsHux ceuennil,
Anf BuYNCEEHMA KOI(DPMIMEHTOB NpPOHRKHOBeHNA Y-Ayueld OLEM NCNOXB30BAHN OAHOYAC-
THYHaA MOA2Ab Baickonda/I0/ m runmoress Bpunxa-Axcean/II/.B paGore Bapromomesa
¥ Ap./12/ cuaosan qaymw,-d fqameun ONpeASAGHE KBK
in
4‘!L"\l‘ (tl" = tx“‘ " (r‘!L(EJ'“" E‘,I'.“')? (I)
rze % n(i.l"sf'm) ~CPeXHAA WApHMEa pacnaZa ¥3 cocrossma (€,1,1) K cocrosump
LE\T) nyrén o -auMcemM ¢ MyABTRNONBHOCTED XL M 3Heprmeft f. aE-E
¥cpe1mexme GepeTcA N0 HavuanpKOMy cocroasmp (€,1,0),cpesnnas lnpnua uo-roporo paB-
ra D" .ECHM NpEANONOXUTH HE3ABMCHMMOCTD CEAOBHX JYHKUMM 0T ChMMA ¥ YETHOCTH
COCTOAHKR,TO KOIJPUUMEHT NPOHMKHOBEHMA Y -Ayuelt umeer caeAywmMR BuA:

14
Tult =15 ¢ &l‘l(u‘) . (2)

CunoBne fyHxumM aas MI E2,H2,E3.M3—nanyqennn BNYACJIEHN #3 OAHOYACTHYHON MOAEN:
¥ HODMUDOBABHH OTHOCUTENBHO EI-uanyqeunn a El-cunoBan {iyHKumA HaXOAMRACH M3
CpenHero ceveHms (powonornomeunn( ?)nocpencrnou THnoTe3d Bpunuxa-Axcena:

;u("z‘ uu’m“- 5‘ ty “m“zn . (3

flpexnonaraeTcn, 41046 H(t,l)uoxer Bupaxanca yepe3 napamerpiy EI TUP8HTCKOrO pe3o~
HaHca, 1 ero 3anncuuocm or al'epmm npuunmmacs caexyomas Jopexu-gopuas
__T_I_.__—__
4!““9 ‘(ﬂc)"' Cx: (-ERITRER  » (4)
o7+ B f-aHeprua w mupuna EI peaoaauca, 6 ~CEUeHue ero B IuKe,

IPnoGunbHNe 3HAYeHHA ITHX TapaMeTpoB B3ATH #3 padoTH/II/, El-cunoBas AyHKUMR
MOXeT GHTH HODMMPOBAHA TaKke HA CPEAHOD DATMALUOHHYD WHDHHY NIPK SHEPIUU BO3—
OyXZeHuA,paBHO{t 3Hepruy CBA3M HeliTpoHa,noAyyYeHHyD no Jopuyae lapruepa/I3/,
2.2.[I0THOCTS ypOBHe#d M Cxewmd pacnaza

[InoTHOCTS YpOBHEH ABAAETCA BAXHOJ{ BEANUMHOM B CTATUCTHUECKOH TeEOpPHM,O0T KOTOPOR
peaynbTaTH €& NpeNcKa3eHMA YYBCTBUTENBHO 3aBUCAT.B ZAaHHO# padoTe NAOTHOCTS
ypOBHel BH"MCNANACE COFNACHO MOZeny depuw~ra3a C CMENESHHNM OCHOBHHM COCTORHMEM
/14/.34ayeHys napaueTpcs MAOTHOCTH ypoBHel B3ATH M3 pador/I5-I8/,a cxeun pac-
nazna ¥ COOTHOWEHUA pa3BerBaeHuA u3 /IS/.

3.Pe3aynsTaTH BHUMCAEHMA ¥ OOCyRAeHuE

Ha pnc.I-?npencranneﬂu BRUNCACHHLE 3HaUEHHA (QYHKUMM BO3CYXAEHUA HEKOTOPHX AMC-
KPeTHHX J-KBaHTOB, BOIHAKANIAX NpPH HEyNnpyroM pPRcCCesHHA HejiTpPOHOB Ha Aape.Bwna-
I OT Y~M3NYYeHu} BHCOKOR uyApTUROABHOCTH/PUC.I/ M npezpaBHOBECHOH) amuccHu
HeATpOHOB/PUC,.2/ HA 27U BENUUKMHH HAMWMHAWT CKA3HBATBCA NPH Heprud CoMOapIypyn-
mux HeltTpoHOB okonmo I4=I5 MaB.Ha cnexrpax Y-amuccuu u3 *Fe+nu ®Mben /Puc.3-4/
BUIHH DONBb Pa3NMUHHX Ka.&J0B peakuuit ¥ BAMAHME MPERPABHOBECHOU aMMCCHMM HEHTPO=
HOB.OYHKUMKM BO3GYXNEHUA NMPOMIBOACTBA raMMa-KBAHTOB B ITHX peaKiMAX NOKA3aHH

Ha rpagukax S-6 .

K3 pe3ynpTaTOB BHYMCAEHUA M UX CpPaBHEHMA C HOBEHNVMH 3XCMEDPUMEHTANIBHHMA ARaH—
HEMH MOXHO CHesarTs ciefyvmue 3aKMOUeHHA:

-BKnaz MINYYEHHA BHCOKON MYABTHIOABHOCTH NMPUBOZHT K POCTY QYHKUME BO3CYXAEHMA
npy COABWAY  DPHAX

~BAHAHHE NPEApusHOBECHOR BMKCCHH HOTPOMOB HA QOPMY IMMCCUOHHHX Y=CNEeKTpoB
HayusaercA npiu E.pl14~I5 Mam u e¥ yuer yAyumaerT ONKCAHHE DKCIIEpUMEHTAABHNX
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AGHHHX.JT0 emEé pa3s NoATBEpXAGET BARXNYD POMD NPEADARBAOBECHONR SMNCCME B MeXa-
HM3ME NPOTEKAHNA AZepHMX peaxumit/20/.

~{lpn 3Hepruax HeirTpoHoB X0 20 MoB ZOMMENDYLENM NpPONECCOM B NPON3BORCIBO I'aM—
Ma-KBGHTOB RAA 3THX AAEP ABAAEGTCA HeyNpyroe paccesnne EeHTPOHOB,3aTeM NDPK
GOXBEMX IHEpTHAX HaZETADEMX HeATDOHOB HauMHaeT KOEKYpupoBars(m Injpeaxums.
~llyrén BuGopa SHaueHRA NMApaMeTpoOP B DAMKAX CTATMCTHUECKOR TEOPWM MOXHO A0C-
PUTHYTH XOPONEro ONMNCAENA 3(0PeXTRBHOrO Ce4eHNNs NPON3BOACTBA W CHEKTPOB
Y-xpaBHTOB M3 peaxmmit ¢ HefTpOHAMN Ba CDSARNX M TAREANX AApAX NPM SHEPrUN
nazaomux BeRrpouosd xo 20 Mam.
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HEATPOEM ¥3 (p,n ) PRAKIME HA AfPAX 90-91,345,

H.C., Bupoxos, 5.B. Xypanxes, A.ll. Pyaenxo, 0.A. Caxsmmxos, B.N. Tpuwoma
Su3Exo-sneprerxvecxuit xacraryr, Odmmuckx, CCCP

Cnexrpe mellrporos 23 (p.~) peaxmmit ma saxpax 90.91.943, N3NEPANNCH OPH BHNEDIRN
npororos II,2 0,1 MsB moz yrzamm 30°, 60°, 90°, 120°, I50°, Mawepemma mposo-
ANXNCDH HA CnexTpomerpe NeATDOHOB NO Bpemexm Npoaerd ma IS0 cu umxaorpose Q3.
OnmpeaexeHEM napameTpi NNOTHOCTN AEEPRMX ypomsell, [loxa3zamo, W0 yyeT BXNaxa mpa-
MNX MPOLECCOB, ONPEZGNCHHNX KBK ACNMMETDNUEAA KOMMOHEATA BACNDAAGMNX YTAOBMX
pacnpexexennit HellTpOROB, NPRBOART X GoXee COTNACOBANHMM 3HAYCHNAM NAPANETPOP
NAOTHOCTN AZEPHMX YDOBHell.

llaxnan paora ABAAETCA MPOAOAReHmEN Nccxexosanml [I - 6) mo m3yveHwn 3meprern-
YeCKHX W YraoBHX pacnpepexennt BefiTponoB M3 peaxymit (n.n') ® (p n) C EAGD BH-
ACHEeHNT O0COJeHHOCTEHR MX MEXAHN3MA N cr%nipu%lccxenenx ngep. B padore m3-
MEpAXNCH CREKTPH Heil?pOHOB N3 peaxumuil 2Zr(p. Nt NIpR 2HEPr'EK
nporonos 11,2 T 0,I MaB noz yraamm 30°, 60°, 90°, 120°. I50°, 3Heprua mpoToHOB
pudpaHa Tax, 9T00N B PEAKMNAX 9IZr(p n)9INb( Gpn= -1,920 M3B) n "b(p,n)%u,,
(Qp,n = -1,704 M3B) peanmaomars -raml xe mrregnax axepralt BoacyxzeHns, Kax u

B pasee NCCACAOBAHHOA HAMN PeaKIOmN Nb(n 7 )77 welll.

H3MepeHN NMPOBOARAMCEH CNEXTPOMETPOM HEHATDOHOB MO BpemeHM mpoxera Ha IS0 cm
umaorpode $9H, paspewanmas CHOCOGHOCTD KOTOpOro cocrasxsxa 1,1 Hcex/m npm npo-
ReTnoff G6a3e 2,5 M. B xagecrBe mmmeHnell RCNOAR30OBAANCD lermmxecxue donsrm rON-
ameoft 2,43 ur/ 2,04 lr/cuz » 5,91 :r/cuz. COOT2ETCTBEHHO zuﬂ Zni% 9 %),

(63,63 %), “ir(91 2 %). OcHOBHOR npEMeCHId B MHEEHSX na 0 2r OHR
nCcaeAyemnit 3 RanHoR padore ®30TOM “ Y-, WTO MO3BOJNMAO CAEAATH coonercnynlue
nonpaBxu, Boxee mozpoGHO TEXHNKA IKCNEepMeHTa, NMponeAypa M3mepenwa m ofpador-
KB ZGHHMX OnWcanM B padorax i6, 7].

Peayaprary mamepenmil mpeAcramaesy He puc. I, 2. Bmauso, wro cnexTpu HedTpo-
HOB B3 (p n) PeaximA HE NMEDT XAPAKTEPHUr0 ANR HEPABHOBECHNX MPOLECCOB BHNCOKRO-
3HEpreTHYHOro XBOCTa, HACMNZAEMOTO B pEAKIMAX HEYNPyroro paccesnus HeATpOHOB,
XOTH ACHMMETPHA B YrAOBOM pacrmpeZeReBuM yKasHBaeT Ha XX Haxnume,

ipenpaputrenbHO MuTErpaAbHNE CIOXTPH HEATpONOBR m3 peaxiumit 91'9‘2r(p,n)91'9%
OMAN NPOGHAAM3WPOBAHN B PANKAX NpeApaBROBECHOA MOAeAM pacnaza szep (8], amaxo-
IPNYHO TOMY, KBK 270 OMAC CRexaHo B padore [I)Aam cnexrpa meilrponos, Heympyro-
paccenanmuMx Ha Nb, Taxxeé MPeZCTaBAGHHOTO HA& puc, I,

N(s,.)da,:{ﬂ,E.,-a(E,.)~expé£u/r)+A,E,.-&(E,.)";‘p(n-f)(n.y.(ifl,)""’}.ds,. (I)
{ansed)

rAe: U~ aueprus BoaCYRACHAR OCTaTONHOrO MAPa,
E - 2Repras HeiTpomos, G‘(Bn) ~ cedeHne oOpaTHOR peaxmum
T - nzepras Temneparypa,
E'- aneprus 303CyXACHHA COCTABHOrO AApA,

n,p ~ YHCAO BO3CYEACHHMX KXBASAUACTNN N HaCTHL, COOTIETCTDEMHO
AN, = KONCTaNTN
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Acnozs3sozanne nprCAMECHNA “nocrosunoll sxepmoll reunsparypu®™ AAR ORNCANRA Ded-
HoPecHOR MACTN CREXTPE NCCREAYCMMX RXCP NPSACTABEACTCH EAM RARGORGE ONpPABAAKEAN,
raxol xapaxrep NINCHEHRA NECYROCTN MACPHAMX Ypoznall OXKONO MAINWECKNX WNCEX AB-
XNETCA CRCACTBNEM AMCKpeTHON CTPYXTYPH COGKTPA OAmOwacrwymMx cocroammfi (9, I0].
9ro0u Kk3aGexars Bxxaaa melTpomo» n3 peaxmun (p.pn) R (p, 2n), ARAAN3 CREKTPE HA-
unHaxca ¢ B, = 2,3 MeB. Cewenne 0OpeTnoll petxumn RPRNAMAROCH EHG3ABECANNN 0T
3Hepran Heilrponos. Havaismoe umci0 BOICYRACMEMX KBASNWACYTEAR n = 3, Pesyasrary
8HBANJA npeACTaBlenmM na pic. I m » radamnme I.

Taéamna [
flapawerp
| Peaxgmu T (M3B) o (%) Cure (vGapn)
N pn) e ™ 0,83 2 0,01 I,9 816 % 65
Ak Sa PR T 0,% % 0,0I I.6 840 ¥ 67
y 5
93 N> Hn W) e 0,73 ¥ 0,01 18,2 1780 t 140

3 traGxmgy BMAHD, YTO Ha0ADRAaewoe OTANUNG B AROXe neli?poHOB, NCMYRENMMX RO Ea-
CTYNAEHNA TaBHOBECHA, B PeaKmMAX (p.rn) R (n,n') CYRECTBEHHO NPERMmAE? NPEACKA3N-
Baenoe MOZeNBD NpeZpaBHOBECHOTO pacnaza sxep orawsme B 2 pa3a [II). 3ro corma-
cgercn c geay.n-m-roué NOXyYeHHNM HAMW B pacorax L4, 6] Axa peaxuxil Ta(p.n)

I Iw R I ITa(n,.—f )I ITa. OzuaKo, B AAHHON CAyvYae HaGIMMRAETCA NPOTHBOpEvYamRee
K3BECTHHM NPEACTABACHHAM N3MCHEHNE AZepHOR TeMnepaTypu BOAM3R MArwiecKmx Sncex
(n=5C)., I Axza 3':Nb5’ AZepHana Temneparypa LOAXHA GHTS NPROININTEALHO HA

I0 % mexsme, WeM AJA Marm4ecxoro mo Heirponam JIwp™ (12], a M3 anaim3a cnexrTpos
nonyqaercs Ha I2 % Gonasge. Tawoe aHOMAABHOE NOBeACHNE AREpHOR TeumepaTypu Mo~
2ze? OHTL CBA3aHO C HEeKODPEKTHKM ENAEACHNEM B paNKaXx MOAEAN NTpeZpaBHOBECHNOr0 pac-
nafa crexrpa HeRTpOHOB, MCNYMEHEHX X0 HACTYMACHNA CTATHCTNYECKOrD DABHOBECNA.

Hau npeacraBAfeTcA ¢#3mdecxn GOXee NpaBMABEMN BHACANTH TAKNE MPOLECCH HA OC—
HOBe WMeDmEeACA MHQODI:ALMK OC aACAMMETPRN B yIraoBom pacnpezeaesmn (2, 7].

Ins 3TOr0 yraosoe pacnpeAeAeHne HEATPOHOB MO IHEPTETNYECKHM RHTEpBaAax 0,5
M3B annpoXCHMMPOBANOCH Pa3XOEeBMeN MO MoAMHOMaN Aexanzpa X0 BTOPOTO MOPAAKA
BKADYMTEABHO, BKNAX ACKMMETPNYHOA KOMTAHEHTW MPN TAKOM MPEACTABAEHRH ONMpeAe-
AAETCR KOIOIMUMEHTOM MPH MEpBOM NOAMHOME. MOAydUeHHNe TaKAM OCDAa3OM WHTerpaxbHMe
CMeKTDH (THCTOTPaMM) ACKMMETPHYHOR aCTR YLAOBYX PAacmpeZeXeHRM B peaxumax
D3 () ING® w2 (p a) TN npesctasaens na pue. I

XapakTepso# 0COGEHHOCTHD 3THX CHEKTPOB ABAAETCA TO, YTO OHW peaye NaMeHADT-
CA ¢ JHeprued, YeM CMEKTPM MpEAPABHOBECHOR BMMCCHR. KpoMe TOTO, CMeKTpP achMMer-
PUYHOM YaCTH YTJOBOTO PACHPEACAERAA HEATDOHOB B peaKmMK % (p.n )™ mo
a0comory BZBOe OCABEE, YEM CMEKTP MPEAPaBHOBECHOA IMHCCHN M CNEKTP ACHMNETDNY-
HOR sacTh B peakumn 3 Zr>’ (pn)oiNn™,

On#axo, XOTA acMMETDHA B YTAOBOM pacnpeleACHNN HECOMHEHNO yKAa3uBaer N8 Ha-
AMYKe NPAMNX NPOUEccos, OHa MO3BOAAET OMPEROANTH ANED HWNEDD IDaKKLy XX BXAAZa.
liponecck, OTANYHHe OF PaBHOBECHOTO, MO-BHANWOMY, GOZee 4dacTd, YeM yKaduwsaer
JTOT KpHTEpHH, OHK MOTYT HMETH ¥ W3OTPOMHOE yrAOBOE pacnpenenerne. OmEHKN BRAG-
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Aa m30TponmOR cocramxmpmelf 3TEX NPORECCOD, CACNANEMNE M3 ABAXN3A YTROJMX pacmpe-
Aeaemxll ECYNPYTOpPACCENNHEX NeiTpPONOD B padorax {2, I3) , nomasaxm, wr0 ON pamen
BXASAY ACKMMETDHYFOA WACTR. B nepsos DpECARESENER NONEO NDPEANOXOENTE, WTO TAROE
26 COOTHONGHEG MEEXY AcHmMerpNunodl B E30TponNOll KOMNONGATEMN EMGST NECTO N B
(p.n) peaxumax, ® Wr0 rommuit mATerpaxsauit cnexrp Eefi?poHOS, RCHYNEEEMX RO ROCTE-
ECENR PABEOBECCHA, DABGH YABOCHHONMY CHCKTDPY SCEMNETDNYEON vYacrTH.

Nnrerpansmie cnexrpu NeRrpomos X3 peaxmil JZr(p )2 Wo M 2Z (p,n)ot No MOCEE
BUYETAENS ACNMMETPWSHOR XOMNONGNTH X YXBOGHMOR SCNMMETPEUHOR KONMOHEHNTM BHANN-
3NPOBAANCH B PANKAX CTAPTACTRICCKOl YEODNN PaBHOBECHOTO Dacnaxa AAep M Ompexexs-
ANCH DApSNETDM AXOTHOCTN AXGDNMX ypomkel.

N(EDAE, = const- E4-B(Eq) - plu) dE, (2)

rae: enp (-EH/T) - npaOENEeHNe MOCTOAENON ARCPROR TemmeparypN,
PUR U-SAhewp(2 G V)
U expt2 @ v ')f- wozeas $epun-rasa,
Q o' - TapaMeTpk NAOTHOCTR AXEPHKX YPOBHER B wozean
' depum-raza,
UwEy-E,+G-a =~ IHEPrNA BOICYRZEHMR OCTATOYHOIO RAApa,
A - SHePreTHYeCcKOe CMeXeHNE, 3IHauYeHKRA ITOTO0 NapameTpa

B3ATH B3 padoTd [I&).
PeayarraTd anaAm3a ApexcrTabReHd HA PAC, 3 ¥ B TacAmme 2.

BMAHO, WT0 ydYeT BNJIAAA MpPAMMX NPOLECCOB NMPHBOLKT K G0Xee COPAACOBUHHEM 3Ha-
YeHNAN NApaMeTpoB IIOTHOCTA AZELHMX YpoBHe#. ALepHAA TeMmepaTypa AXA . nn’® moc-
e BUUNTAHMR JEBOEHHOR ACHMMETDHUHON KOMNHHEHTH CT2HOBWTCA MeHbme (napamerp 2 -
Goapme), YeM ARA ™, ®aK 3TO ¥ CHReAyeT 3 OCOXO'UeYKOM MOAeXW sApa. [IpM STOM
aHaYeHKe NapaMeTLOR MAOTHOCTA AAEPHMX YPOBHE! B MOZeAX (epMu~ra3a LAR oNo XOpO-
®O COTXAacyeTrcAd ¢ JAHHMMN NO HeftTPOHENM peaonancam (I5, 16, 17], mBasomrMuca
HENOOKee NpANOR 3IXCMepRMeHTAAbRON MHjopmammed. Xopomee corzacue NOAYGaeTCA TaK-.
Ze C NBpENCTPAME RAOTHOCTH AXEPHHEX YpoBHeft 3 Mo’ | onpenesnenHNM® N0 MATKOR uyacT:
cnexTpa HeympyropacceanHux sehrpoxwos [I), = wn*?, cpeansn dHepruA BOIGYRACHMA
XOTOpOro OMAa BXBOe MEHBEE, UeM AAR oiNo " K §IM>S . nextp HeATpOHOB M3 peak-
anr % 2r (p.n )5 Mo aHANM3MpORAACA Ge3 yuyera MpAMHX MPOLECCOB, Tak KK XapakTep
JrEOBOTO pacnpeneienns, NpPaKTRUECKM, He yKxa3wBaeT Ha X Hamnuwe,

B radinne 2 npuBeleHH Taxxe CeYeHUs NOPAOKMEHMA NMPOTOHOB, ONpeneNeHHNE K&K
cyMMa paBHOBECHOR WacCTH Cmexrpa HeATpoHOB ¥3 (p n ) peaxusu (nromazp MOZX KPUBOH)
" COOTBETCTBYDMER ZOAN MPAMMX MPOUECCOB, BKA“A MPAVHX MPORECCOB B aHepreTxvec-
xo¥ murepaaxe (0 - 0,5)MaB, rae rer skcnepuMeHTanbHO! WHQODMANMH, NpeAMOAATaNCH
paBHNM HyAf. BeAwuMHa ONMPeReAEHROrO TaKk CeYeHHA CYRECTBEHHO 3aBRCKT OT TOro, C
KaxMM 3HAYeHHeM NapaMeTp8 NAOTHOCTH AZGPHHX YPOBHe# (B AaHHONM cAyvae, AAEpHOH
TENrepaTyYpH) NPORIDOARTCR DKCTPANOAANNRA CREKTPA B HYAb. Ye3yALTeTH NOKAJWBALT,
YT0 XAyYmee COTAACHe C PaCHeTaMM N0 ONTHYeCKOl MOAeAM C norTesumanoM Beudern-
Ppauauca [ 18], neomwwm ans ““2r, ““2r, 9"?;, coornercrBeyno 930, 950, 990 ubap,
NOAYHYAETCA ONATDH X€ MPM BNUKTAMMK M3 KHTErDAALHOrO CMEKTpa HeATPOHOB yABOEHHON
AcCHMMETPHIHOA KOMNOHERTH,
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(2), & - 562r?9ﬂ1) ne(3), x - Bng(ﬂ.n')93Nb(4 . Cnnognue %pnnue - pagﬁer)no
MOZEeJNH ngen aBHOBECHOTO pacnaga AAA peakumdh I, 2, 4 ¥ paBHOBECHOTD pacnaza AAA
peakuuun 3. Hynurupﬂan X DTPUXTYHKTHDHNE KPUBHE ~ CNEKTpH NpPeRpaBHOBECHON AMMC-
CuM, COOTBETCTBEHHO, ANA peaxuuit 5& I. Pncgzrpauuu - icuumer §¥nan KOMIIOHEHTa
MHTErpaNbHEX CNEeKTPOB B PEAKUMAX “*2r(p.n ) *mo(l) # 9 zF(pJ1§ ne(I1).

§ - HMEHAA TpPaHALE SHANN3WPYEMOrO Y4YaCTKA CHNeKTpa B peakonax I # 2.
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PMc, 2 YraoBwe pacnmpeneneHus HEHTPOHOB. KpuBHEe — ANMPOKCHMALMA 3KCMEpHMEH-
TanBHMX ZaHMMX paafoxeHneM N0 MoAnHOMaM lexaHzpa.
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Puc. 3 CnexTpy HedATpPOHOB M3 pearuri 9121'( ,n)9INb(o) 7 9424,;,.—,)9“%(0) nocne
BHIRTAENA AcHMMeTpuuHOf KOMNOHEHTH (BBEPXY) M NOCie BHYKTAHUA YABOEHHOM acmuMer-
PHYHOR KOMMOHEHTH anuuay, mKajza AkA & cnpaBa). KpuBhe - pacyer B paMKax "npu-
OAEXcHUS NOCTOAHHO) TEMNEpaTypH“.

Ta6anga 2
Tan T a a’ UnE-EsG Ope o, X'BepaBH.
fiapo  asan., MaB NaB~-1  NaB-I woB”  Maptl l%.:pu (%?
w0 | 0,91%0,01 8,5%0,2 10,1%0,2 702858 0O
w2 o0,87t0,01 9,It0,2 10,8%0,3 6,01 75568 1,5
3 0,81%,01 10,2%0,3 12,1%0,3 871185 2,6
[ 0,99%,01 8,8%0,2 1I0,2%0,2 13,153 e (15]  789%63 0
XN 2 0,01%0,01 9,2%0,2 1II,4%0,3 6,12 12,81%0,25(16] 882179 3,1
3 0,78%0,01 12,0%0,3 14,4%0,3 12,86 73 1061100 5,1
Xyy? I 0,70%0,01 1I,2%0,3 I14,0%0,4 3,00 gseiee 0
By’ I 0,77%0,03 14,740,9 18,4%,I 7,56
puueyanne:

I - aHaana 663 BHUNTAHMA HEDABHOBECHHX NPOUECCOB, 2 - BHYTEHA ACHMMETDHYHARA
KOMNOKERTa CnexTpa, 3 - BHUTEHA yLBOEHHAA ACHMMETDUYHAA KOMNMOKEHTA.
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TIAPAMETP CIMHOBOR 3ABHCHMOCTM R3 YIAOBHX PACIPEAEAEHNR HEHTPOHOB B (p,n )
PRAKIAX

H.C. Emporos, B.B. Xypamaes, A.Nl. Pyaenxo, O.A. CaxsmmxoB, B.H. Tpuxoma
Onamno-sHeprernvecknlt mucraryr, O0mmmcx, CCCP

A3 ABaxm3a CnexrpoB R YI'ROBMX ggcnpenexenll nelrfonon n3 gp,n) axuull Ha

ax 52,53, Shcr 56,5 Te, Sn 18116
I nps sEepram mporomos II,2 1 O.I MsB onpexexenu uapalerpu cnueoBoR 3apm-
cENOCTN,

Rayuerne CnuEOBOR S8BNCNMOCTR NNOTHOCTN AACPHMX ypoBHell, oano# R3 dymmamen-
TAILAMX XAPAXTEPECTNK fiApa, NPEACTAaBARCT NDARNNMMAnbEME HayumMli mETepec X He-
OCXOARNO ANSi NMPAKTRYCCKNX 38XAY IPN BUUNCACHENR Cevennit paammozeficTmas B pam-
KX crarNcTRYecxmx mMopexeR saepmux peaxmumfi, Oannm x3 nyrell moxyuesss mEdopma-
oMM O CONHOBOK 3IABNCHMOCTN SBARETCA ASYUEHNE YyIrAOBMX paclpeAeacHNi vacran, Nc-
MyCKAEMHX B SAGPHMX peaxmuax, T8K K&k XapaxTep yraoBOro pacnpezexeHNs CymecT-
BEHHO 3aBNCNT OT TOr0, B XAKof CTENmeHN YrAoBOR MOMEHT YGCTHIM CBA38H C YTRAOBHM
MOMEHTOM COCTABHOTO RZpa BCAGACTBENE 3BKOHA COXpAHEGHENR YIAOBOI'0 MOMEeETa. Cre~
ness 9ToM 3ABNCHNOCTN Onpefensaercs NEpPAMETPOM CANHOBOR 28BMCEMOCTN, NPONOPINO-
HAABHNNM CpefHEMY KBRADATY YI'JOBOr0 MOMEHT& HYKAOHOB BGAN3N MOBEPXHOCTR (epMu
<m?y,

Gt.<m?> gt » 1-t (1)

rae: ¢ - MIOTHOCTD> ORAHOYACTHYHHX COCTOAHMA BOAR3N MOBEPXHKOCTH Qepmn,
t - TepMOZMHAMHYECKA TOMNIEPATYPA,
]~ MOMEHT MHepuEm sapa.

Jpuxcod ® Crpyrusckxit (1] mokasanam, 4T0 ZRA PABHOBECHMX NMPONECCOB B NPACANXEHERE
He CAMEKOM CHABHOR CBAI3N CNMH& COCTAPHOI'O0 fAiApa CO CNNAOM OCTATOMHOrO AApa X Op~
OMTAABHEN MOMEGHTOM NCMYREHERON YacTHuy, T.&. NDPH MAAOR aRM3OTPONNM, YraoBoe pac-
fpezeseHye WMeer BEj

W lEn,8)~14 -lz—%—p (ws o) , (2)

rae: E,- 3HeprmA MCMYREHHMX 9Yac?iL,
© - yroa B CnCTeMé LEHTPR MACC,
J*u @ - cpexnee xBAApPATNUROE SHAUEANE YTAOBOTO MOMEHTA COCTABHOTO AAPA M MC-
MyMeHHMX YACTHL, COOTBECTBEHRO.

W3 cpaBReNNR OTHOPMMPOBAHHMX H& P, x03adgmmmesToP npn P, P pPA3AOXENNN NO NOARHO-
MaM JleXanzpa dKCNEPNMERTAABHEX YIAOBMX pPAaCTpeAeXeHNE C ARAXOTNUHMNM XOPInuMeH-
TOM B BNDARCREN (2) MOXHO ONMPSAGANTH NApAMETD CANHOPOR 3aBNCHMOCTH.

B zanmoft padore mame nxnc) CNeXTPH N _yraoshe cnpcnexennn KeATpONOB N3 5?‘"’
feaxnul 58 AApax 52,53, c, 56, 575‘ 60 62~, w91 9&;, ISC. 15, In, I2 Sn,
Ay PR 2mepras nporosos II,2 £ 0,1 MeB. Halepeuuu NPOBOARARCS Ha
crnexTpoMeTpe neTpoHOB NO Bpewenm npoxera xa 150 cm muxao?pore 99K, paspemanman
CNoCOGNOCTS KOTOPOr'e cocrasaAsaa I,I mcex/w mpm npoaernodl Gade 2,5 u, [loapoduo
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TEXHREA DKCNEPNMCHTA, OpOnexypa N3NepeANt R 00paGOTEKE IXCHEPENENTAXBMMX AAREMX
omucany » padore [2] . Ha prc. I mpexcramxemu yraosue paCHpeAGAGHRA NellrpoEo»
ANl COOTBETCTBYOEANX EATEpPBaXOB 3meprail.

1
1” ™ 529
5
& v TFe (149100
o/
3.
)
.
15 "G (2030 M8

WL

PG (2.3 m

il

0 5 o0 -3 -1
cos@

Puc. I JYraosse pacnpeaexcsns HelTpouos. KpaBne - ANNpPOXCAMAINA IKCHEPANER-
TANBHMX AGHAMX DA3XOECHNEN 1O MOXNEOMAN JeXanxpa 20 2-F0 NOPAAKA METOZOM
HaNMeHLERX XPAAPATOR.

BuGop yxazauHuX NATepPBGAOB 2HEPINR 0CYCAOBACH CTPeMAGHECM N30eEATH BXI&AR
nellrponos n3 (p,pn) B (p,2n) peaxiail x meliTPOHOD, NCHYREHNMX XO RECTYNACHEA
CTATHCTHYECKOTO PAPHOBECHA. Xapaxrepmoll ueproll naGmoiacshix YTAOBMX pacnpexe-
AcHN? mefiTposOB ABEAGTCR MAABR ANNIOTPONNA, WT0 OTIEUAET OCHOBNOMY TPeCOBANND
NPRMEHNMOCTN BupamenNs (2). Cpexnne XBaiparTi YrAOBMX MONENTOB COCTABENX AREP
R BeATPOROB ONpEACAARRCH C NCHOABIOBAENESN X02({NNRENTOB NPOEROAGNOCTN, BUINC~
AennMx no mporpaame KON [3).

€ > S 01)(2641) T (E,) /T (2€-1) T (E,) (3)

31 Y ? J’U'n).(;]'.1)'1‘“(&,)/;(27,’1)1'('( E')

Ha pmc. 2 npeacranaeny 3MaVUENNA NAPANETPS CHINEOBOS 3APRCENOCTR, ONPOACACEEMG
B aasnoR padore.
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P:c: g '%c??c:s.n . u_sv'o:!lge?nvrg f(')e? ® - BARERN padore, W - & ,
Yxazannue omNGXN OCYCROBACHN TOAMRO OERCKANR dxcRepms. réa. N3 cpasmemmr ¢ pe-
ayasraramw apyrax pacor (4, 5, 6, 7, 8, 9, I0] suano, ¥ro BASE ARENNE BAXORRT-
CRA B ONpeXCACENON COrZACER C BSPAZCTPANE CENEOBON J2BRCENOCTR, NOLyVeEMAN B
aTux padorsX. OXmaxo, PRdGPOC SRCREPNNCETANLMNX 3:avemmil Rapawerpa, ONpexesex-
MMX N3 YIIOBMX pecnpexesesull SACTER, RCAYNGREMX B DAJANYEMX ANCPMUX PESINNAX,
AOCTATONHO BExNK? B o0nacTm A = 6C, rie sweesca NIKCEMOXLROE XOMNNECTRO ARENUX,
on cocrasiner 30 %. Taxo} pasGpoC CBRIAN C PAXON CACTENETRUECEEX OSWOOK, Bu3-
BANHMX NPRCYTCTBNEN SACTHI, NCAYRCHHMX A0 NACTYLASHEN CTSTRCTRYECEOIO PRINOBE-
CHA, 9aCTRN, RCMYRENNMX B CONYTCTBYOEXX DEARINAX THEA {n.20)y (p.2n)s Lppn) B
Ap., a raxse m3-3a mapymenni ycaosall RpENemmNOCTR Bupazensa (2). Iax noxadano

3 paSore [II] xam nepasnopecEOro pacmaia BXORNMX cocronunit OSREASCTCR CYMECTREeR-
HO COABSAA ANN3OTPOANA B YTEOBON PACHPeACICNNR 0O CFABECENS C YrAOBUE DAcCNpeie-
XeHEeN DABROBECEMX NPOLECCOB N BACEDARCWAS N2 IECHEPRNENTE ANNIOTPONNA WOEST
GuTh B IEATRTEABNOR CTENeEN DUIBANA NCPABNOBECENE PACRAXON. JTEN, APEXNONONR-
TEXLN0, NOSNO OGBACENTS JQENECNENE 3RA¥ensa 5, NOXyYeENMe 3 PasOTEX (e, 91.

Tax X8X 3NEPIEA DOICYEACERA OCTATOUNOrO SAZP& ROCAE RCHApEnus BTOPOR SacCTRIY
Bar3, 70 NPRCYTCTBRE SACYRED N3 YNONAKYTMX CORYTCTBYBRNX Pesxunfi 3 ECCREXYewoM
ANAnazone ddeprull T086 WOEET NPABECTR K JWCNLECEED RApANeTDR crunopofl 3asmcCHR-
WOCTR N3-38 BANANAA DAPEMX ROPPESAONA CBEPXRPOBOAREEro TREA. Ompexexenmie Cucre-
MATHYECKNE OEROKR BOryT OWTD CBASANS C RPUNEECENCN APNCANECERSR (2) aan amamm’e
JTAOBMX peacnpesexexnfi ¢ X0CTE?ONE0 rayfowoR ammaorposwed [7].

OcmnR pesyas7aT, TeN NG NENEC, JKAJNDAST E& ROCTORNCTDO ARpANCTPS cannodol
SABNCENOCTR OF WACCOPOr0 SHCAR Aax A>A40, 3 70 Bpeus EKAK NOACAD fepam-rads
mpeacxazupacr T (A)~A .

As prc. 3 MOKA34E0 OTHNOWEENG WOWENTOD NNGPUAR AXEP, COOTHOTCTIYRENX IXCREPR-
WONTAAMEMYN IRANCENAN DADMNSTPE CEENOBOR JSBRCRNOCTH, K TREPROTCAMANS, WPEACKE-
SuBACHMN NOZGASS ROBIARWOICACTIYNENX SACTHX.



o p— —

AR S
A LT R
- }}*} f} ”'“ h, L}”

¢y = [,25 (= HOGEBABETCR E ANOXOC COPEOCRC ¢ WORGHLMAMNN RPCACERIANEMMNE AR

A < JO0 sammux, mOXySeamux B XassoR pacore (/3.4 = C,97) n 3 paGorax (&, 5,

6, 7]. Pe3yaprETN, MOXYICHEC NI ANAENIE JPROBEX POCRPEACECERA RCYRPYIOPRCCERR-
mx mefirpomos (8, 9], maE 70 yEe OTHEWANOCE, ANDT JGNNECRANC JEIVCERN SEpeNCT-
pa cExnopOl JSDECRNOCTH, B, COOTICTCTICENO, WOWENTS ENECPUNE SACP ARt TOR 00— -
zcre mecconx wncex. Aam A)> [0 pCa COPOXYRWOCT: SPEACTABACSEMX B8 pmC. 3 pa-
00T yxaJubeeY B2 OTANWNC NOWERTOD ENCPRNR AACP OT THEPAOTEAINOro B (2 ¢ 5) pel.

Jwenigenne WONSNTA RNCPURE NONET ONT) OGYCROSRONO, NONNNO FE¢ YUTERROIC
BANRNNG BapEMX ROppeuNNA m 00ONOSCSNOR CTPYATYPM, BAANYRCN ACHNNETPRSNOrO NO
cmuy azepuoro saammoieficrswn [ 12). Hoxywesmoe 3 peGore (I2) swpesemme s wo-
WERT2 EECPERE C YUCTON TARO! BIGENOASACTINR JXAPEET BE DONIOENOS JWeNEIBeENE
mwoments anepans B (I,5 ¢ 2,0) pssa, OARRRD, OOZACTI 6T0 RPENCENNOCTR PACAPOCTPE-
RRCTCH RPEXNYRECTBEREO BA Se¢IENEG § CPeANNE NApS.

BoWORNO, ¥TO RAOERASCNOS N2 IECRCDNEGETE JUCRIDCENE NONGSTS RECPRNN ARR
TAECIMX RACP NBANCTCA YEBsORNEN BR TO, ¥T0 INEPIEE $42030T10 REPEXOAR Ne OCTaeT-
cx mocroammoft ¢ pocrow A, KAR 270 cAeXyeT N2 WOXeAN csepxmpopommwoctn [[3], &
YRCANSKBECTCH, D POIYARTATE YEr0 JCAANBACTCR BXANENE OCTSTOVEMX Baanwoseficrami
NS CTPYXTYPY DOICYERACNMNX AP 5 RGNON N =8 WOWCET ERCPORN AAPE B WACTNOCTH.
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JABUCYNOCTDL CEYEHWA PEARIMA (n,p) ¥ (n,3n) TPR SHEPTWX I4-I5 MOB OT
TIAPAMETPA (N-2)/A

B.{. Enuxom, A,E, Mameexo, B.U. Maackwn
Inamxo-ameprermuecenit wRCTHTYT, O6uuuck, CCCP

Ha ocroma TeOpPeTESECREX OpexcTaBASRERI O IpOoTEXANENE SXePROA peaxnEx
nosyuexs OpocTwe POPNYNH, CBANBADMNE COYEERS Deaxnnit (n,P) n (n,2nl
npe smepr-us melrpoma I4 - IS Ma» ¢ napamerpom (N-Z)/A.

I1.Ceuenne peaxums (N P).

Hcxoxs ®m3 mpexnOACEemENs, YTO ceuenme peaxuxs (71,) nppomopumomaizuo
TPOMIBEXCEND BEPOATHOCTE OOPABOBARNS COCTABROTO AXPA HE BEPOSTNOCTD
aumccuy N3 mero OPOTONa , MOXNO DOXYUNTS CIEXYDRYD 1 OPMYAY:

Gop = G (1, (59 B+ &1}, (1

axecs: One -cevenme mornzomesws melitpoHa, Sp -ameprma cBA3M OpoTOHA
B COCTAPEOR KXDe, By -xyrtoHOBCKER Oapsep saxpa, A4 -napamerp
OROTROCTNM YpoBHeR, 5375}‘5%. rie 51,6} - NONMpaBKK B3 CHapmPa-
HNe B COCTABMOM M OCTATOYMOM SXpaX, L. -3Heprma MeiTpoma.
Cnpezexrs JHeprmmo cenax S¢r mo topwyae Bainsexxepa, NOJAyIYXM J8BHCR-
MOCTH CEUERNS peaxumm (/2,/°) OT URCAAa OPOTOROP M HeATPOROB AXpA-MMEORE:

a N-Z+1 Z-1
Gup = Gre exp {13 (-Cs 5 v 550 - 00, (2

JapaseTps atoRf fopuMysH, oUpexesEmNEM® N3 CPABNEHHS C SXCHEPEMEETAAD~
NNME XAANHME Opw SEHEpram smelitpoma I4 - IS5 Ma», nMeDpT CrexyOmRe IRAUCRRS

Gre = 7,06 T 17 (A"+4) uoapn, Zo= 1,4 1073
C; = 50 Mam, Cz = 0,58 Wam, O = 3,26 Map, 8 = A/IC “an*+

MTosysenmie 00OTHOEEENE MORHO CPABNNTSH O INONPMUecxOl dopmyaod
Jesxoscxoro #I/, XOTOpaA UACTO NCROALIYETOS XAX ONeNKM cevemmi /3,3/:

gnpgen,exp{-sﬂN—Z}/ﬁj . (3

B2 npEsex¥mmux coormonenmf BNXEO, WTO IRCHEDPNMEETAXMEO OORApYXReENaS
IABNCNNOCTS COUSANS OT napanofpa.(N‘?)/A ABARKETCE CRAGXCTINOMN 24BMCH-
MOCTROT 37T0T0 NAPANOTPA IREPTNE OBE3N TPOTONA 3 COCTABEOM fXpe. Cpamxmen
NN® NIOTOONNECEO! JABNCHMOCTN CONeRN], DpexcRasudaesux Qopuyzoi (2)»
fopuyxofl JlepxoROROro, CPEROXETOL K& PRG. 1,2. PesyastaTH pacu¥ra no
dopuyae (2) corzacyoTcs ¢ IRCNEPEMERTAALENMN XSENHWN 0O COUOEED peax-
omm (N,P) » opexessx 20% oTRIOReNEA XS% 80% PACCMOTPOREMX AXep.

2 aggny (N .
ABazorsusuil DoxXXoR OMX RCHOOASIO0BANR XXS BMBOXA IEINCANMOCTHE OSUGHNNL
(n,Zn} OpM 2BEPTrAE RaseTADEEro me rpoxma I4 - IS5 Mas, [lpm swumsoxe Mop-
NY S ECBOAMPOPESOCH NPOXNOKOTEERS O NOCHGXODATEABNON RCHYCEANEN ADYX
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CoOvorne Peanuws N P) »sam

AREREN RRNRNBN LI L 1 Mm N e NN M B N W e

Anorerenl BEC LOMOND

Pwc.I. MaoTommueckasm 3aBUCHMOCTS CedenmWA peaxuxm (72, ) B o6aacTa
macce fxep SO -«I120., Cnaownoft aARHme™ woxa’a®R pacu&T no
topuyse 72), myaxtmpuoldl - mo dops, .e Jlesxopcxoro.

Cevenue peoniws (np) rapn

WA X e RE 0NN N IR W N N
Amorimenl  Bec wsomona

Puc.2. Ma0oTONMUECKAR 38PNCHMOCTS cedeHna peaxuun (/1,£) » o6nactm
uacce nxep 120 - 200. O6oamauennst Te e, YTO W Ra pMe. I.
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nellTPOROB COCTABEMM SAPOM C YH¥TOM NPOXPEBEOBECENOIL 3MNCCRN EPROTO
mellTposaj BpE 3TOM RONEyDeNnmel JAPAXCENMX YERCTNI R raMMg ~ EKPANTOD
30 ITOPOM RScCEaXe mpemedlperazcns. [oxyvemmas » peIYZLTATE ITMX
DPeANOXORERNE dOopUyas NMEST CRGXYDRRA BNX:

- - N-2 .
Guan = om0 68+ 2o 52 (uta 7 1) exp{- 414 'GP |, (4)
Grms = Gne (4= exp {33 ¥521 )

Coormomenne (4) no cpoelt dopne copnaxaer ¢ Iunmpmniecxol dopuyasol

Gr2n = One [1- Kexp{-m !n;z}J,'
ma pador /2,4/, ecam mnpeseSpevs IAPRCEMOCTAD NPEXIRCHORGRUNAAIROTO
umoxwress Or napaserpa (N-Z)/A ., Dpexcrasamms dopuyx: (4 ) cor-
XBCYDTCA C IRCNCPAMEATAXINE RANNHMN 3 UPeAGIAX TpNBOXENMOR OmmOxN
» 75% cxywaes., FOXMBRRCTNO NX6D, XIR EOTOpPHX cooTmomemwe (4) w (5]
DX0XO OONCNBADT IRCHEPNMONTEXLMENG COUENRN XEXAT B 00XacTN 3nadesn)
napawerpa (N-Z]/A < 0,T. Foxee crporn? pacu¥r c yW¥TOM XORRYpeHONE
xasaszor (N.NP) ,(N,nNe) ,(n,N}) npoxasusser, WTO 3TO PACXOXASERE
cBg3an0 C npemeSpe~emnem BEPOATROCTAD PACAaxe mo xawary (N,n/) .

B tadamue I NpEBEXENH pe3yabTATH pacustop 1am zxep ¢ (M-2)/A<0,B
#3 ROTOPHX BMAHO, UTO CEYEMRE DEAKURN (rl,/1); Ra ITNX AXPAX CPEIRANO
c senwymmoft Gnan s 8 B NEROTOPHX CAYWARAX IHAUNTEALMNO NPEBOCXONHT eE.

Ta6znya 1.
JnevenTt s N-2 J ¢ ~ pacuEr : . pacuiT : - IRCTHIEPRM .

: £ 10 3 nin : Onnp :  ~nidn
"8 N 34 50 454 34,8+ I,7
5 Fe 34 2,5 469 10,7+ 2,2
50¢, 40 47 23z 27,54 1,8
46T, 43 39,2 254 (7,4 7,5
45 ¢ 67 246 374 322 4 25
62Cu €0 549 185 501 + 06

lipensoxennse maMm $OPM; I IOTYT MNPAMEHATHCA EKEA ONERKH CeueHmit
C TOYRMOCTHD MOPAIKA IXCHepUMenTaabHoid cumbxu / IO - I5% nxs cevemma
Gadn m 20% xag On,p /., TPAHKNM TNPHUEHAMOCTE ITHX TOPMYX BHTEXADT
N3 ynpomenydl, cXeramH-X OpPH KX BDuBOIE,
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"ON /n,2n/ EXCITATION FUNCTIONS

Z. T. Bédy
Institute of Experimental Physics, Kossuth University, Debrecen, Hungary

A systematics is recommended to obtain the paremeters for describing
/n,2n/ excitation functions by the constant temperature Weisskopf formula,

In order to describe /n,2n/ excitation functions, the formula
6 .0-1-(1.§,)e ] £~ 5y E + Q
n,2n o ’ Asl “n n,2n
was chosen and a search was made for a systematics of the parameters a, and T,

The following formulae for T were tested:
1/ The result of the simple statistical model using free Fermi gas

L L." with a = const,A [1]

2/ The shell model approach to level densities
T, =\ with @ from the Newton formula [2]
2 a

3/ Ty = 4% with a from a systematics [3]

U was taken at 14,7 MeV in each case,

4/ A new formula /see Appendix/ has also been developed as

6,7
T, = W /Mev/, where N = N_+N
4 A N Z N

is the number of nucleons outside the closed shells /subshells/ with the
prescription that NN can not be zero /if it would be the case then the last but
one shell must be taken into account/., This formula is derived, in fact, in the
spirit of Izumo’s partial equilibrium statistical model }4], namely that in
calculzaing the equilibrium system only @ part of the nucleons would be taken
into account, However, the way of deduction, the A and N dependence as well as
the prescription for obtaining N is different from that of Izumo,

5/ Finally, the Tg= constant choice is also tested,

The Texp. values were extracted by least square fitting from experimental
excitation functions, Two different methods were followed to do this:
a/ Each experimental excitation function was used separately, the weights were

the reciprocal squares of the errors, The resulting T values were finally

averaged with equal weights omitting highly deviating va;zg;.

b/ The former method has the disadvantages that the number of experimental

points and the energy intervals == which these points lie within == are very

different for the different measurements, This introduces additional

fluctuations, Therefore, to handle uniformly the data the following procedure

was followed:

first -~ each excitation function was normalized to the same value at 14,7 Mev;

second == they were plotted on the same graph;

third =~- an eye-guided curve was drawn through these points:

fourth -= equally spaced and an equal number of points were taken from these
curves in such a8 way that the first point was at 21 MeV above the
threshold;



fifth =< with these samplie points and with equal weights the least square
fitting for T was performsed,

For testing the 1/ - 5/ suggestions for T a selected set of Texp. values
obtained by method b/ was used /see fig./. In the figure only the temperatures
T) and T, were plotted, The ~order of goodness™ has been found to be: Tge Tse
T and TZ' However, when considering higher rass number region only, the above
sequence changes to Ts. T4, T2 and Tl‘

T3 could have been calculated only for a limited number of cases due to
the lack of 2 complete a value list and the results were not too good, This is
not surprising becsuse the suggested "matching energies” were well below the
ones used here [3].

Because there is a belief Eﬂ that the value of the » paramseter depends
rather on neutron than on proton nusber, the formula for T‘ was tested also by
using N, instead of N'Nz’NN' This improves the fit in the higher mass region but
its quality still does not surpasses that of T5 here/ and makes it worse for
A £ 120, So, this is in concordance with the above expectation that the level
density parameter depends mostly on neutron number, at least for heavier nuclei,
but shows the importance of proton shells for A £ 120, Here, being the neutron
excess not so high, proton single particle states, too, would play a role in
gopulating the neighbourhood of the Fermi level,

Owing to the fact that mostly the same /odd-even/ type of nuclei
provided the data for the selected set of Toxp. values, no odd-even effects
were taken into account, If one wants to take this into correction he could use
approximately

T (1+0,37471/2) and

even-even™ 'odd-even

-7 (1-0.37471/2),

Todd-0dd
Being only @ few percent in most cases, this correction is neglected 1in
calculating the temperatures for the figure, but -~ in fact -- it generally
improves the fit with experimental data,
So, the use of
Tg for 20 £ A £ 120, and
Tg 1.16 for 120LA 4 200

odd-even

can be recommended for odd-even nuclei /end slso the use of the correction
mentioned for the others/, in such cases when no experimental values sre
available,
Neither of these foraulse csn reproduce some exceptionsl tesperetures,
e,g, that for 14N, 19F, G‘Zn, 2045, which nuclides are near to closed shells,
For calculsting O, the use of & . velues at 14.7 Mev (5] and the T
values obtained before could be recommended,

A preliminery test was also performed for the investigation of the

formuls ‘n,Zn - 6';[1 - E_Hil]
20,2 243
with 8 ()= t(:)&.’ (1’?{0‘!"1‘1)'"‘ ”e ‘inznl

=0 £

obtained es & statistical equilibrium limit in pre-equilibrium formslism (7].
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The parameter n  here is in close relation with the nuclesr tempersture, it is
spproximately a linear function of 1/T, It seers thar this formule with fitted
G; anc n car nct be distinguished from tre Weisshopf formulas within
experimentel errors,

Appendix
In the cese of a8 strongly degenerate ncnrelativistic and norn-interacting

Ferri ges [6] one obtains for the tctal energy

E-Eo[l * i[gi("r;) 2+ ..-]:

where ttre EF Ferri energy
2/3 h‘ 2/3
B’ 7) V)
being N the number of particlos and Vs T raA ig the nuclear volume, Intrcducirg
the ercitation energy U= E- Eo one ottaines

U
A N
If no degrees cf freedom are supposed to be frozen in, then N can be
identified with A and thus the ordinsry statisticel model result will follow

kT A~ A-V-Uz
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BOMPOCH TEOPHM HEfTPOHHOOMSUYECKOT'O SKCIEPHMEHTA

B.H. Jlymmu
Pazmesul mucruryr mM. Ixomuna, Aenmmrpax, CCCP

Heo6xoZuMOCT: TOUHMY pacue?oB Napame?poR nzepRodwznvYecKnX yCTpoRcrB NpuBexa B
nocrenHee BpEMA K 3aMeTHOMY pOCTY TpeGoBammli X TOYHOCTRE M AOCTOBEDHOCTN AREp-
Hix penEux (I]. Kak mspecrno, (manpusep (2] ) pacuerH, npoBOIMMHE C RCMOXH30-
BaHMEM DA3INMYHMX OMCAROTEX He O0ecHevuNBADT HeoOxOammoll TogHOCTH. [IpoBOAMMHE
KOPPEKTHPOBKM RARKNX RO De3yALT&?aM RHTEIDANBHNX SKCMEeDHMEHTOB NMO3BOAADT MOBH-
CHTh TOYHOCTH NMPEACKA3AHKA NApAMEeTPOP A0 HEOOXOAMMOro ypoBHA. ORH&XO HaANURE
norpemkocrefl x nprOAuxeHM# pacueTHOA MOASXM X Apyr¥e NPUUYREN HEBACKBATHOCTR
JKCMEepMMERTa ¥ pacyera AelapT 3ajaYy XOPPEKTHPOBKA BHYyTpeHHe NDOTHBOPEYMBOH,

& pe3ylNbraTM - BCErZa A0 HexoTOpo# creneHs ¢opmanpkumm [I, 2]. Kax nokaswBaer
3HaiM3, OCHOBHYD DOrPEMHOCTD B 3HauYeHMA AAEpHOGM3Mveckux KoHmcranTt (AOK) BHOCHT
HeonpeleneHHOCT: BBOARMHX NoNpaBox. [loBumeHMe TOYHOCTH NONpPABOK CBA3aHO C yBe-
AVYEHMEM WX KONMWUEeCTBa W TpefyeT MOXHOPO PACCMOTPEHHA Nponecca NMONYYEHHR IKC-
MepUMEHTAABHNX NAHHHX W WX CBA3N ¢ u3wepsemuuu AOPK. Kpome BBelneHus nonparok,
BaXHNM MOMEHTOM Npu onpeZeneHny AOK ABAsSEeTCA OUEHKA KOBApHAUMOHHOM MaTpULN pe-
3ynprara (2, 3]. Takas OlieHxa MOXeT ONTH HEe NMpOCTOt BBMJIY CIOXHOTO M He Bcerja
ABHOTO XapakTepa MONP4BOK ¥ Cnoco6oB ux yuera. [loaromy ciexys (4], npeacras-
JIAETCA LeAecOOOPA3HHM OMMCATH MCHAXEHUA 3KCNEePHMEHTRIBHHX pE3YyALTATOB C eRWHOM
TOYKM 3DEHWA, DACCMaTpWBag 3ajayy u3pAedeHrA 3Hauexrf#t APK, Kax oOpaTHyo 3aza-
yy Teopunm mepeHoca nanyuedus. Taxoit NMOZXOXL WMOXET OKA3ATHCA NOAE3HNM NPU NNAHK-
pOBaHUM 2KCMNSPHMEHTOB No yToutenur APK C yuerToM KOppeAsUMOHHHWX CBOHCTB 3KCnepwm-
MEeHTANBHNX MeTOmuK (5],

BonpuvHCTBO 2KCREPHMEHTOB MO u3MepeHur APK omucwBaeTcA cCHCTEMOR ypaBHeHRi
(I).

-
L ) Sux) ) . (10)
P Sadll 1
slu) =3 E-(,.) y Py ) t1d)
Ai”"m ) Eay) } = G (1¢)

3necy (la)-ypaBHeHMA NepeHOca M3IyyeHKa THma i, {(I0)-ypabHeHme omucHBavmee pox-
LEHKe #3NyyeHws Tuma i, ypaBHeHme (IB) cBAaauBaeT cBolicTBa ferexTopa (omeparop A)
» mauepsemoe 3nauewune AGK (Z,,) c nMokasaHuAMM KeTexTOpa & ). TaK KaK ZAA Onpe-
ZlefleHytss onMepaTopoB cucTemd (1) npiuBaexaeTcA GOMbLOE KOAKUECTBO OlLEHEHHHWX paHee
KOHCTAHT, BHOBB NnoXyvyaeune AGK yxe He GYAYT HE3aBMCUMLIMK M CAELyeT OLEHWBATH
KoBapuaumonsse cpolicTsa APK, OTMeruM, yTO MuTerpansHoe ypaBxenue (IB) saBagerca
HexoppekTuuM {61, xpome Toro B cucTeme (1) npuCYTCTBYeT Takxe B OfmeM caydae
HEKODPEeKTHOE ypaBHeHne nepexoca (Ia). Takum 06pa3oM peweHne odpaTHoM 3agmaum (I)
TpeGyeT, BOOOWE rOBOPA, NpPUMEHEHHs MeTonoB peryaspuaauuu (6, 77,

MoxHO BHZEANTH> AB& GOJBUMX KJacCa ofparTHuX 3asnad. 3ajzauy nmepBoro Tuna (Hean-
HeitHe) xapaKTepHa3ywTcs TEM, YTO HEM3BECTHHE MapaMeTpr BXOAAT He TOJABKO B ypas-
seHne (IB). Ko Bropomy TNy (AMHelHWe 3a4aun) OTHECEM 3aAa4Y¥, B KOTODHX ypaBHe-
uua (Ia) # (I6) noxanocTh onpeiesneMH anpropHOR uHdopmaumrei.



- 154 -

H3 {m3nvecimx coodpaxenmil careayer BMBOX O CYNECTBOBEHNN pemeumsa cucresmu (I).
B ?oxe Bpema Tax xax cucrewa 1) momer He OuTH NOAHOCTHD AXSKBATHA YCHOBRAM
3KCNepEMeHTa, R Ou)lanecena ¢ ommOxoit, MOReTr Ne CYRECTBOBATH pemeHNa oGparmol
3ajaum B o0uuHoM cmucke. Corzacro [6] GyzeM KcraTh 0GOGEORHOe pewerme Z:Ld 00~
paTHOl 3axa4YN KAK

YIEY) = i {4y - O, 1T T, €U | (2)

3xech 9, BHIMCAGHHNE NMOXA3AHNA AeTexTopa, 91) 9KCNepEMEHTARLENEG NOKABAHNA. 00~
A8CTH ONpexeACHMA I, U 38A8€TCR KXACCOM (M3NYECKM RONYCTEMMX SBayYeRMfli M Moxer
OHTH XONOXHNTEABHO OrpaHAueHa anpmopHoR myxdopwaumedl. OnpezexesNe pemeHRs ¢ no-
KNiBD COOTHONEHNA (2) INBMBAJENTHO HEKOTODOMY MeTOAY peryxapmaaumx (7). Jlas
TONCKR SXCTpEeMyMa (2) MOEHO PEKOMEHAOBATE METOX CTOXACTMYECKOTO KBA3NIpagueHTa
[81. 310 Bu3BAHO TeM, YTO AAM DeMEHMA YPAaBHEHMA NEPEHOCA B JCAOBMAX NPORBBOAB-
HOR reomeTpMN 3KCnepiNeHTa Hautonee YICOHO NMpMMeHATh meToZ Monre-Kapao, cra-
TECTHYECCKAA NPKPOXA DPE3YAGTATOB KOTODOI'0 Aexaer HEBO3MOXHHM TOYHO® BHYRCIICHHE
¢YHKUMK Zeax ¥ ee IpaaMeHTa, 4TC HE BAMAET HA pe3yNbTarh NORCKA METOROM CTOXA-
CTHRECKOI'0 KBA3IMTpaaMexHra. Hak MOEHO BAReTh, AKHERHHEe 33Ka4UR CBOJATCA K MHTE-
TPPAXBHHM yDABHGHNAM, KOTODHE NMOCXE EKCKDETMIANKM HMENT BHEL

TR
lpn pemenwm (3) npwweHADT pa3auunxe Meromw [S, 10, 7, €], ocnoBaxHwe HAa dopuy-

Ne (2) WAR aHANOrMUYHHX cooTHomenMax (7).

Koppenarmonune csoicrba ACK yAOOHO OnpexenwTs C NOMORBR KO3QIMUMEHTOB UyBCT-
BUTERBHOCTH S, BEOAUMHX KakK

]

Torna koBapyamMoHH8S MaTpKua CyxeT

&' ST Eg's
£ xoaddunmenr KOppeARnMR "

R=€/(D(6) (SD(sIS)) °
AR BUUNCACHNEA S MOXHO NPHMEHATD DPA3ANVHEHE MeTORH: I. KOHEYHOPA3HOCTHHHU meron,
2. qopwyxy

. 0% 3 E W F
55 26, + ( 3F 36, )

by (] ié% YROBAETBOPANT YDABHEHWD NepeHoca BuAa

+!

L3 - (3% - 3-7)
npomaBoAHMe A NOXHO BNYKCAATH ORHOBDEMEHHO C ONpezexeHsen roroka ¥ weTozaM
pador [II],

3, ¢ noMomsp Teopun Boawymensft [I2)

3T - S 2 . -
53'3‘%7’(*,"3?;)‘(* R LAR
r Ter _ DX
e Lw %_t

3uan xoadduumentu S ¢ MOMONBN METOZOB PacdoTH [S)MOXEO pemaTs IKCTPOMAKEHNE 38~
RauN NXRHMPOBAHNS ANQDOpPEHUMANBRHX BXCNEPUMEHTOB.
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Ommcannan waremérmieckas cxema Reli?pDOKHO(MSNYECKOTO 3XCHEDNMEHTA X METORH
pemeHns OCPATHHX 3337 TEODEN NEPEHOCA MIXYUEHHS OHNM XCIOAB3IOBalid NPH COCTAB~
JIleHNk NakeTa NpRKAAZHxXx fnporpawm TEST ams 3BM F3CM-6 2Axp 0GpasoTXR 3IHCHEpHMEH-
TanbHOM RHPOpMADMN C BeANn YTOUHEHHOro onpezeXlenus AQOK B sCNepEMEHTEX NPOBOAR-
uMXx B PaameBox wncrmryre wM, B.I'. Xzonusa r. HemmHrpas s TexHNWecKOM YyHNBEDCH-
rere I, [ipeaZen. B nmaxere TEsT RRY pemeHus Hexoppexruux ypesaenml [ 3] amaeldmnx
OGpaTHHX 3874a8% RCIOABIYETCA METOX CTa&THCTHYecKoli peryaapmaanmz [I0], xoropuft
3akmmyaerTcs B TOM, YTO AONOARMNTENHH3A WHPOPMEUMA O DEeNEHHH, COOCNADEEA CHROACTBO
yCTOUYMBOCTH BBCANTCA B BEfie ANPKOPHOrO pacnpefeleHAR BEPOATHOCTH HEKOTODOrO
dyHxOFOHANA OT DemeHMA (HanpHMEpP IAAAKOCTH \Gz(glj , gllf,)m OrpaEwYeHEOCTR
{‘t(i‘ﬂ)-

laker TEST OHA MCNOXH30BE&H NPM DEWENMM TAKMX 38]8Y K&K ONpeALicREe:
I. cedeuull Heynpyroro pacCesiHN PAZA 3AEMEHTOR METOROM BPEMEHR NpoJera,
2, ceueHuit RexeHma selirpoHeMu 14,7 M3B ¥ HeilTpoHaMW REIMTENBNOrO Chexrpa,
3. MHOXECTBEHHOCTH MI'HOBEHHHX HGATPOHOB ZejieHNmA,
4, cnexTpa HEITDOHOB XEeXEHMA C{ n
5. ceveHrit ® nozoxenui ypopHeR HeyNmpyroro pacceAums AENANMXCH M30TOMOB.
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OTHOCUTEXBHNE WHTEHCHBROCTE PEHTTEHOBCKNX XYYRA X-CEPNN REXOTOPMX SEEMEHTOB
C 2=53-96

. Buxce (OMfR), B.M. Popomaxxum (ORAN), A.H. Hpamo» (BHANM, lAesmarpax),
I'. Mysmoas (TY, Lpesaen), E.A. ®pomom (BHNNM, Xensrrpax), B.I'. Yymmm (OHAR),
I'. Ropaax (TY, Jpeaxer), M.®. Dxmu (BHAHM, lemmurpax)

C nomompn Gelli) - m Ge- ZeTeXTOpPOB M3MEDEHM OTHOCNTEXBHME NMHTEHCNBHOCTN DEHT-
PeHOBCKNX Xydell K-cepun mans 24 saxewenroB ¢ Z= 53 - 70, 73, 8I, 82, B84, % n
96, a rakxe 3Repralt Ky-ayuweit ara Z = 82, 83, 94 n 96. lloxyuennue peayrsramd
CPaBHMBADTCA C DACUETHHMM RaHHNME.

C nowombp pa3padorTanHO! HaMM weroIMky [I] mameperH OTHOCMTEXBbHNE NATEHCHNBHOCTHN
peHrresoscknx xyue#d K-cepmm zam 24 amementos ¢ 2= 53 - 70, 73, 81, 82, B4, 9%,
96. lcnoxp3oBammnck NOAYMPOBOAHKKOBHE AETEXTOPH CO CHACAYOWMAMY XADAKTEDHCTHKAMN:
25 n2 X 5 mu Ge(3Heprernyeckoe paapemenne AE = I50 3B npn E~ S xaB), I00

x 7 vu Ge( A€ = I50 3B npu E ~ 5 Kk3B) u 200 “2 X 5 um Gel(L) (aE = 240 3B npu
E~ 5 k3B). WaMepennsi MpoBOAMAKCEH ¢ yueToM 3fpekroB, MCKAXADMAX GOpMY anmapa-
TYPHOIrO CMNEK?TPa, 8 KMEHHO:

a) LJA CHMUXEHMA POAN OCPATHOTO PACCEAKUA MCTOYHMKA M3TrOTABAWBANMCD HA aJIOMM-
HneBoit (I8 wxM) noanoxke,

6) mas ycTpaledawsa BEJaza CaMONOIJIONMEHRA ¥ BO3CyXAeHna umOpecueHumy COABLAA
YacTh MCTOYMMKOB MpPKIOTABRAMBAJACS C MOMONBY SNEKTPOMAHMUTHOTO Macc-cenapa-
TOpa {3HEPTMA BHEADEHUA MOKOB 25 Ka3B),

B) BCe WM3MepeHns TPOBOAMAMCH HA PACCTOAHMM He Golee 6 CM, NpuueM GOAEe HUIKAE
M3MEDHJIMCEH HA ZEeTEKTOpax ¢ MaJiiM AMaMeTpOM, TaK KaK Npu 3TOK SHepreTHyecKoe
pa3pemeHue Jydume ¥, KpoMe TOr'O, YCTDAHAAACH 70 MukEuMyMa 3>¢dexTH MOTAOHMEHMA
B BO3XyXe M 3QPeKTH cyummpoBaHua L, - # K, - ;yueft.

flpoBenenn Gonee 100 cepmit MamepeHHMit C MOMONMBD 44 pA3NMUHHX HYKAMZOB. [ipen-
BapuTenbiHe pe3ylbraTH IKCNEPMMEHTOB NpuBEeficHH B TalAMUe. [OrpemHOCTH paccym-
tany no dopumynam, npuBezexHHM B (1] , npudeM NOrpemHOCTH KAJIMODOBKM CNEKTPO-
MeTpa Ha Y3KOM 3HEpreTHUeCKOM y4acTKe He ydTeHa.

MlorydeHHye pe3yAbTETH CPaBHMBanTCA C pacueramu Cxojuapza (2], Ha znasHoM
3Tane aHaJM3& MOXHO KOHCTAHTHDOBATH CHCTEMATHYECKOE NpeBHUEHWE 3KCIEepEMEeHTaNb-
Hux otHomenmit I,,, /I, Hal pacueTHuMn 1#a Beanyuny ~0,6 %. O6pamaeT Ha CeOA
BHMMaHne 3Havemwe I..,/I.., AAR 2= 82, KOTOpOE HUKE PACYETHOIO HE BEAHUMHY
~1,4 %. JononHrTenbhle DKCMEpUMEHiIH TpelynT? Takxe faHHNe ¢ Z= 94 u 7= 96,

B npexnonoxexnu E, (4I11,8 - I98H3) = 411,794 t 0,007 k2B uamepens Taxxe
aveprun K, - ayvued ana €= 82, 83, 94 m 96. B vacTHOCTH, NMOAYYEHH CReAywmMe
peaynsramu: E (2= 82) = 72,806 (4), E,(2 = 82) = 74,972 (4)y Eu (2= 83)
= 74,818 (2), E4(2=83) = 77,110 (2), Ey. (2= 94) = 99,532 (3), E_ (2=
= 94) = 103,734 (2), Euz(a = 96) = 104,573 (2) # E,(2= 96) = 105,255 (2).
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Taduma: JRCISDIMEHTAXENNG NANENS 00 OTRONMERAX ENTORCHENOCTSS DOHTTEROBCENX

xysel K-cepmm.

A l(‘z.li‘1 Kp"/l‘1 l'; 15‘4 l’ /l‘

53 | 0,5408%0,0030 0,282320,0017 0,0632# 0,0005 C,224220,0014
54 | 0,5430% 0,004 0,2864% 0,0007 0,0669%0,0003 0,2290% 0,005
55 | 0,5452%0,002) ©0,2920%0,0070 0,0707%0,002) 0,23)50% 0,007C
56 | 0,545920,0021 0,2926%0,0010 0,0745% 0,0005 0,2378% 0,0007
57 { 0,5504%0,0015 0,2995% 0,001 0,0772% 0,0005 0,2429%C,0007
58 | 0,5477% 0,002 0,2992%0,0017 0,077120,0607 0,243220,0072
59 { 06,5527 *0,0C26 G,297520,0008 0,0754$0,00069 ,240020,0014
60 | N,5532%0,6020 0,3032#£0,0011 0,0785$0,0005 0,2458%0,0008
61 | G,5554t0,0010 0,3016%0,0018 0,0760%0,0004 0,242520,0014
62 | 0,55774%0,0020 0,3053%0,0009 0,0784 £0,0004 ©,2467 20,007
63 | 0,5613¢0,0031 0,3127¢0,C034 0,0809#0,0c14 C,25C6 26,0031
64 | 0,563320,0030 0,2121%C,0C21 0,081C £0,0006  (,2507 £0,0013
65 | 0,5637%2¢,0010 ©,310220,0013 0,079620,0004 0,24902C,001%2
66 | ¢,563u*0,0015 ©,3127%t0,0027 C,C810%0,0€C9 G,25162G,L02C
67 | 0,5654 20,0021 0,3206720,0013 0,0838%0,0006 0,2584%0,0C09
68 | 0,566G £0,0028 0,3219% 0,0026  0,C846 £0,CCIC  G,2599 £0,C015
69 | 0,5724 +G,0036 0,3198%20,0019 0,084820,0009 0,25682G,0C17
7C | 0,5745 £0,0022 0,321120,0020 Q,084C 26,0005 0,258920,0C14
73 | ¢,5780 0,070 ©,324220,0030 0,0888 £4,0010 0,2618 20,6020
81 | 0,590 £0,0033  0,344020,0040 ©0,1026 £0,0009 0,2793 ¢ 0,0025
82 | 0,5670%£0,0050 ©,3450 £ 0,0070 ©0,1033£0,00609 0,283G £ C,0C4C
84 | (L,5960 20,0080 00,3530 20,060 0,1109£0,0614  0,2900 £ 0,006C
9% | 0,6160 $0,0070  G,3660 20,6050 0,133520,0018 0,3169£0,0035
9% | C,612220,0019 0,393620,0029 0,14112G,0090 0,3310 20,0120

se 3:moB, GUAL, PR-INJI7, Ty6ua, 1377

Joile Jcofield, Physe Reve, A9 (1974) 1041




STUDY OF MEUTROM INDUCED REACTIONS AT THE INSTITUT FUR RADITAPORSCHUNE UMD XEDG-
PRYSIK DER OSTERREICHRISCNEN AKADENIE DER WISSENSCHAFTEN

N. Vonach
Institut fir Radiumforschung wnd Kermphysik der Osterreichischen Akadenie der
Wissenschaften, Uien

A survey is given of owr present program for studying 14 Me¥ neetrom iaduced
reactions consisting of measurements of slastic and imelastic msutrom scattering
crnes-sections, measurements of easrgy and angular distributiocas of protoas and
«-particles from (a,p) and (nm) resctions, comperisoa of the resslts with

led channel and statistical model calculations and cross-section evaluatioms for
some important threshold reactioas.

Neasurement of 1ifferemtial elastic and imelastic scatter CTOSS~gect Lons
with [ resolution (6 = flight peth)
G. Winkler, K. Bansjakod, G. Staffel

In order to study elastic scatterimg of 14 MeV mseutrons with clear seperatioa
from all inelastic events and also for ssasurimg the high eneryy part of the is-
elastic neutron spectrs with good emergy resolution a time of flight system using
about 7 a flight path has been set up at our accelerator as showm in fig. 1.
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Fig.2. Time-of-flight spectrum from 14 MaV
Reutron scattering on Chromiwm at 115°,
Background swbtracted, Chromius sasgle

40 x 120 x 4 s, measuring time )00 mim

| 665 comnts »m clatic peeks.

Pig.V. Experimental set up for measure-
ment of differential elastic and in-
elastic scattering cross-sections for
14 MeV neutrons with good energy re-
solution

Pulsed 14 MeV neutrons (pulse width 1-2 nsec) are produced by means of & 230 keV
d.c. sccelerator by means of the T(d,n) reaction. Neutrons scattered iato the
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direction of the c»llimatcr are detected by meams of & 5° 6, 2° thick R 21)
sciatillator. The scattering angle is detarnimed by the sasple positiom which is
varied alomg tne ccllimator axis by meams of a precisioa lager-based positiomirng
system. A shadow bar iy used to shield the collimstor eatramce against direct
SOUrce asutrons. The efficiewcy calidbratiom of the msutrom &etector is doms by
measuring the scattering os hydrocez I(a a polyethylene sasple usiag the well-
kacwn: a-p CTOSS-gestion.

Using this system scat%ering of 4 eV nsutrons for both nateral Baricm and Chro-
aiie has been iavestigated ir ihe angular range 20° - 130° 1n 5° steps with an
energy resclutioa of abou: 0.5 MeV at 14 MeV. Fig. 2 shows a typical time of
flight spectrum. As apparest from the figure the scatterimg to the first 2° level
of szCr can be clearly resclved, likewise this was possible for the first 2 1e-

vel ia :,.l.

Data amalysis is still in progress, cross-sectioms will be available within a few
moeths, the overall acceuracy is expected to be about 15t. For Sariwum, which is of
tecknicai importasce as shielding meteriai, this is the first ssasurement of elas-
tic and inelastic meutrom scattering at 4 Me¥. For Chromium, which is even more
important techmically wp to now oaly one elastic scattering mesasurement existed
at 14 MeV /1/ which according to our preliminary analysis is ia 9ood agreement
with the presemt results.

2) Measurement of the amgqle-irtegrated secomdary seutrma spectra fram interaction
of 14 MeV meutrons with vas:ous suclei for seconiary neutrom esergies
0.3 - 4 MeV
A. Chalupka, ¥. Vonach, I. Veaninger

The high energy parts (t.) 2 Re¥t) of the secomndary neutron spectra froa the in-
teraction of 14 MeV neutrocs with neclei are rather well Xnown at presectt for
most zaterials of practical interest, a large part of this information being due
to the work of Prof. Seeliger and co—workers /2/. The low energy parts of the se-
condary spectra, howewer, are rather poorly kaown in most cases due to expe:imen-
tal difficulties especislly with a~y discriainstion beckground and multiple scat-
tering at low secondsry neutron energies. Therefore am experimental program to
deternine those spectra for 8 large anusber of elements has been initiated last
year. Fig. 3 shows the experimental set up. Pulsed neutrons are produced by means
of the 250 keV Cockroft-Walton accelerator of the imstitucein an extremely smell
lov mass TiT target comstruction. The scattering samples (hollow cylinders) su:-
rounded the target and the neewtron time of flight spectrum is measured at a dis-
tance of ' m by means of a NE 21] liquid scintillator . The sciatillator is ope-
rated at a very low threshold (equivalent to abowt 200 keV protom recoil energy)
and a pulse-shape (PSD) method is used to {iscriminate between neutrons and pho-
tons. As reported earlier /3/ the application of the PSD method is poesible down
to the very low threshold. Time of flight, recoil proton emergy and pulse shape
detector ocutput for each event is recorded om disc ia order to enable optimal
off-1ine analysis with respect to a-v discrimination and beckground reduction.
Doth the direct meutrons and the mneutroms from imelastic scattering and (m,2a)
reactions are detected simultanecusly in the FE 213 detector and thus abeclute
production spectra can be derived directly from the measured time of flight spec-
tra, the target sample gecmetry and the emergy dependence of the detector effi-



- 160

——2) — G310 ——B

Bl SaMPLE (0D 20 ID. 56 LENGTH 20)
G2 PB - SHELD CZ) PHOTOMULTIPLYER
B N &8 APERTURES

Fig. 3. Experimental set up for measurement of the angle-integrated low energy
parts of the secondary neutron spectra from the interaction of 14 MeV neutrons
with nucleli (Tritium target is located in the center of the scattering sample)

ciency. The latter is determined at low energies (0.3 - 4 MeV) by means of a
252Cf calibration measurement, whereby the T.T target is replaced by a fast ioni-
zation chamber containing a 252Cf source. The special low-mass chamber developped
in this way exhibits a time resolution of about 0.5 nsec and an efficiency of
about 99% for detection of fission products. For 14 MeV neutrons the scintillator
is calibrated by means of the well-known Al(n,1)24Na activation cross-sections.
Neutron spectra measurements of the described kind have very recently been per-
formed on Al, T{, Cr, Fe, Ni, Cu, 2n, 2r, Nb, M», Ag, Sn, Ba, W, Ta, An, Pb and
BL. Data analysis has just started. As an example of the data, fig. 4 shows the
background-subtracted time of flight spectrum for the 93Nb(n,n') and 9‘3Nb(n,2n)
reactions from a preliminary data analysis. It is hoped that reliable cross-sec-
tions with 10 uncertainties of 5-10% can be extracted from the data over most of
the investigated energy range.

cty/ch

400

200

20 Y0 0o 800 Chasmes
05 4 & mev

Fig. 4, Secondary neutron spectrum from the interaction of 14 MeV neutrons, with
93Nb {background subtracted, Nb sample hollow cylinder 20 mm o0.4., 5 mm 4i.d.,

20 mm high, measuring time 1 h detector threshold approximately 30 keV electron
energy)
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3) Investigation of the energy and anqular distributions o:r protons and a-parti-
cles from (n.p) and (n,a) ceactions.
C. Derndorfer, R. Fischer, P. Hille, G. Stengl, H. Vonach

A new combination of a small multiwire proportional counter and a scintillator
has been constructed, which allows simultaneously the measurement of the energy
and angular distributions of charged particles of neutron induced nuclear reac-
ions and the determination of the background.

In a cylindrical chamber (20 cm diameter, 12 cm height) (fig. 5) 32 sense wires,
32 shielding wires and a grid of 64 wires are arranged around a central scintil-
lator. The thin target foil is laid in a semicircle outside the sense wires. A
graded shield, consisting of a graphit ring and a gold foil is put behind the
target foil as well as on the other half of the chamber to reduce background from
the construction materials.

The origin of a charged particle is traced by a coincidence between the central
crystal and one of the sense wires. As the direction of the incoming neutrons is
known, the reaction angle can be derived. On the average *he angular resolution
is 13 degrees at FWHM, which is sufficient for experiments studying compound and
precompound reactions.

The energy resolution is mainly determined by the thickness of the target, the
pressure of the filling gas, the distribution of path length in the chamber and
the properties of the scintillator. The resolution varies between 0.5 and 1 MeV
depending on the energy the type of the particle and the target thickress neces-
sary for sufficient count-rate.

The central scintillator is a CsJ(T1l) crystal (1 inch diameter, 1 mm height) and
has good pulse shape properties for particle identification. Charged particles
up to an energy of 20 MeV are stopped.

The proportional chamber is operated with a mixture of 95% argon and 5% CO2 at a
pressure of approximately 100 mbar and uses 20 P gold coaled tungsten wires as
sense wires., The chamber is operated at a voltage of + 650 volts, the field on
the wire therefcre 1s approximately 1.0 x 105 V/cm and the gas amplification ap-
proaimately 1500.

The chamber has been tested with an Am-241 foil in the place of the target foil.
The outputs of 16 wires were connected to a charge sensitive preamplifier and an
energy resolution of the proportional counter (in coincidence with the scintilla-
tor) of 15% was obtained in accordance with calculztions.

Fig. 6 shows the block diagram of the associated electronics. Each wire produces
both an analog and a logical signal (Time-out). The logical signals are fed to
an address logic which transforms them to 5 bit address characterizing the dif-
ferent sense wires, simultaneously they are used as timing signals in a fast co-
incidence with the photomultiplier anode signals to identify the coincidences
between the proportional counter and the scintillator pulses.

The analog pulses from the proportional counters are at first combined in 4 sum-
ming amplifiers summing 8 preamplifier outputs each. The output of these summing
amplifier are fed into linear gates, which are opened in case of ccincidence
with the scintillator and eventually all proportional ccounter signals are com-
bined in a final summing amplifier. By means of this arrangement 4 times higher
co'nting rates can be admitted to the proportional counters than in case of di-
rect summing of all proporticnal counter outputs (DE signals) in one summing
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amplifier. The CsJ scintillator is used to produce a timing signal, an energy (E)
signal and a pulse-shape-sig:al (PSI) whichallows to discriminate between photon,
proton and o-particles.

Finally for each event the E, P5 and DE signals and the wire address are stored
- wuentially in an on-line computer enabling simultaneous measurement of the
-.rqy and angular distribution of all kinds of charged particles emitted by the

investigated target. Particle identification can be done both by means of PSD

information in the CsI scintillator and the P_E. information of the proportional

counters. dx

The counter with the complete electronic system is non being tested with a-par-

ticles and will be used for studies of the (n,p). (n,d) and (n,a) reactions on

5c'Cr and 93Nb in the first half of next year.

Fig. 5. Multiwire proportional~counter-scintillator-system for
study of (n, charged particle) spectra and angular distributions.

S g }. e [
[— —ja e J
R — F .o
== — = e

Il L ] - »
ras7
’-1 L
- -
L E |
- oy Camag
»- "re-
rar

rig. 6. Block disgram of the electronics for the multi-
wire proportional-counter-scintillator-system.
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4) Comparison of the results of 1-3 with nuclear reaction calculations including

coupled channel calculations preequilibrium and statistical model
B. Strohma.er, M. Uhl

For comparison of an neutron cross-section measurement and for cross-section pre-
dictions in general the computer code STAPRE /4/ based on the preequilibrium and
equilibrium model of nuclear reactions has been developped.

This code is designed to calculate cross-sections for particle induced nuclear
reactions with several emitted particles and y-rays under the assumption of se-
quential evaporation.

Each eviporation step is treated within the framework of the statistical model
of nuclear reactions with consideration of spin and parity conservation. For the
evaporation of the first particle preeguilibrium emission is taken inte

account . For a specified sequence of up to six emitted particles the following
quantities can be obtained for all nuclei involved in the cascade.

1) activation cross-sections
2) population of isomeric states
3) production cross-sections for gamma-rays from low-lying
excited levels
4) angle integrated energy spectra for all emitted particles and
y-rays.
Recently the program has been extended to include fission. Ir addition the coup-
led channel code JUPITOR has been set into operation at the Vienna University
computer and is used to calculate cross-sections for elast.c scattering ani in-
elastic neutron scattering to low lying levels and to generate the neutron trans-
mission coefficients needed as input for the STAPRE program,
Using these code complete evaluations of all neutron cross-sections on Barium /5/
and Phosphorus /6/ have been performed, demonstrating its ability to fit a large
variety of different cross-section data simultaneously with one set of parameters
At present calculations concentrate on neutron, proton and a -spectra from those
{(nn'), (n,2n), (n,p) and (n,oc) reactions which are simultaneocusly studied experi-
mentally (see section 1-3) and on calculations of excitation functions in connec-
tion with our evaluation work on dosimetry reactions (see section 5).

5) Cross-section evaluations for neutron dosimetry reaccions

S. Tagesen, H. Vonach

In order to fullfill an increasing demand of the users of evaluated neutron
cross-sections, an evaluation program for threshold neutron reactions has been
started which includes also both calculations of the uncertainties of the evalu-
ated cross-sections and of the correlation coefficiernt between these cross-sec-
tion uncertainties. In this year evaluations of the 24Mq(n.p), 63Cu(n,zn),
G‘Sn(n,p) and 90z:(n,zn) reactions have been completed /7/, evaluation of the
1035 (nn*) 1938®, 3'p(n,p), "Pr(n,2m, Pub(nn’)? ™ ana >’Al(n,a) reactions
will be performed next year.

As an example of this work fig. 7 shows the results of our
in comparison with previous evaluations /8, 9/,

63Cu(n,2n) evaluation
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FPig. 7. Comparison of the present evaluation
with the previous evaluations of Lapenas /8/
McElroy and Simmons /9/
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BPENEHA XN3HN KOMMAYHE-RAEP 276y § 23% mPu SHEPTER BOSBYNARNMA 6,7 - 10 MsB

O0.E. Bopormmuxos, O.B. I'pyma, D.B. Mexuxos, H.A. Nopodos,

0.R. Orcrasuos, A.H. Corxmma, A.9. Tymmos, H.I'. Yevemmn, O0.A. Dwmnos
incruryr sacproll ¢u3nxm YOCKOBCKOIC FOCYRAPCTICNROrO YNNDODCHTEYR,
Aucraryr arounod saepram mm. H.B. Kypwarosa, CCCP

Meroaom ocnoBaHRMN Ka dgdexre TenelR, N3uepexu BpomeNa ENIEN AJXeD 236u | 239u

B ENTepBANAY BReDram BoaCyzaemma E* = 6,7 - II,2 MaB m 6,4 - 9,1 MeB, coor-
BercrBenno. [OXYWCHEMNG 3RAYCHNA CDABHNBSDTCR C Pe3yALTATAMN DACYNETOB, RCHNONI-
3YPENX 33BECENOCYS NXOTHOCTR ypomuel P (E® ) » woxeam depwm-rasz B aNmEPRYECKYD
p(E™ ), suwmcxemnyn Ba ociope anaamda cevesmd (n,y) ¥ (n n') peaxumm.

B padore (I] ma ocnoBammm &HAXN3A peaxnMit ng B nn' OMX CAeA8H BNBOX C BOINOX-
RON CYRCCTBEBANNR B TRECAMX RAPAX NpA 3HEprum Bo3Cyxaeums E™ ~ € MaB dasgcmoro
nepexoxa, NpPR XOTOPOM NPONCIOART RIMCHCHNE 3ABNCAMOCTR NNOTHOCTM COCTORHNA
Promn 07 E°. TaK xax nuse E"p Proon (E') HOXEHB Gui2 pacTm fucTree, WeM O 3TOK
3HEprHKX, MOMHO OMAO OXNAGTH 3aMEAXEeHWNs CKOPOCTR pacnaxa, T.e. yBeXKUEHRA EDe-
NEHX XN3HM T KOMBAYHE-AAD3 NO CPABHEHWX C DACYETHOR MAN AIKCTLINOAMIOBAREOH CHM-
3y BexmyrHOd. JRANRALHYD, NO-BHAKMOMY, BO3IMOXHOCTEH fpOBE[XR 270P0 ABRAEHRR Apel-
CYaBARECT MEYCX N3MEPEHRA C NOMCEBD 3}dexra Tene#k, HANAXZANELraCR B RATEPHMX peax-
UNAX H& NOMOKPHRCTAANMYECKNX MMEEHAX [2). MeTOA OCHOBAM HA TCM, UTO JOpMa yran-
BOT'0 pachpeXeXeRNfl 3apAXKEHRNX NPOAYKTOB fAepHOl PEAKUNM P OCXPECTHOCTH KDiCTAA-
aorpaguckoRt 0Cit IEBRCHT OT CPeAHEro CMEHEHMR XOMNayHA-fiApa N3 y3Na peceTku
NpECTAARA NOL AECHCTBWEM MMNYALCA HameTamEes HACT#IH, T.€., B NOHEYHOM HISle OT
BpeveHy KK3HR KOMNAyHEZ-AApa. Hamu OHAM NMDEANDEHAT. TAKHe N3IMEDEHW® C MCROALIO-
BaHREM MCHOEPMCTAANOB 23qﬁc2 a3 Lo,.

2. NOHDKDHCTAAMN 002 R3TOTOBARAYCH INEKTPONRTAYECKEM DAB3NOXEHZEM Y[LadMAXJ DIAA
B3 ero pacnaasa B XAOpHAE Karuad W CBMHU2 NDK YOHTPOAMPYEMOZ BeJANKHE TOKA HG
eNVHXIY MOBEPXHOCTH pPACTy&ero QpoOHTA KPHCTUANOB., B KAYECTHS MCTONHOKOB MNHN-
IHEPreTRICCKRX HengOHOB. GQIOapnnpynlux WOHOKpRCTAMN UCz(i) {mec. I), weriw-
3omraauch pearnu¥ ‘Li{pn), “Hip n) ¥ “h(d,n). PerecTpaurs OCKONOXOB NEsieH/s ™
CTEKAAHHUMM LeTeKTopaMu (2) npor3sonriach B OKPECTHOCTH RBYX KURCTARALITafvioc-
Kux oceft III, OXH&E M3 KOTODMX COCTCBJIANS YroJa 1% ¢ HanpaBAeHUER fyuKa (&) ia-
ZeTapmuX 3apANEHHMX YacTHn, 2 ApPYyro# yroa ¢G”. Ha ocrose M3NEPEHEOTO PACHRELE -
AEHUA RAOTHOCTR TPEKOB HA CTEKAAX-LETEKTOPAX CTPOWANCH NPOLWAW TEHEl OT Has~
B&YHNX OCell, ABa ¥3 KOTOPHX NrMBEZEHN Ko PHC. 2. BuEHO, YT TeHM OT EvyX ccel,
OTANIGDANXCA NXED BENMUMHON HODMaABHO! coCTamARDEeR MMAYABCA KOMNAYHA-RAPA,
HMerT DA3AMYKyD POPMY ¥ pa3une 3HAYEHHA OTHOCHTENALHOA WMHTEMCNBHOCTY HACTHI B
umuvMyMe X . Paanocrs )= x.. (80°)- x,., (IC°) npercraBaser coCoit HeGmMEaeMus
addex? KOHEYHOrO BPEMEHH XW3HM KCLNBYHI-fiApa. 3T2 BEAMUNHA, B TaKXE CONTBETCT-
BYORME H3MEHEHKR "NAONMAAR ceyeHWA" ®m "oObewma TeHeBOR AYHXy OMAR XCROAB3OBANHM
ARR ONpeleAennA CPEXNero Bpemenm Xm3mh ¢ (3].
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3. Peayasraru mawepemmR T, 2xa azep 23% u 236, npamezemu na puc. 3 n 4,
COOTBETCTBEHO. Ha »TEX Xe DACYHEAX NORA3AER PE3YABTATM, NONYYGHHME NDN OXAAR-
ACHNN MOHOXDNCTANNA AO TEMMEParypi ENAXOPO 830Ta HaMEm (TemEMe TOUYXN) M rpymmnofl
¢m3nmop B Opxyce, Zamma (rpeyrompEmxm) [4, 5). Buano, 470 Tenxopoe ZABMXeHNe
aTOMOP KDRCTSAAE He CNXBLHO BANAET HA Pe3yAbTATH. CNAOEHNMN ENHNAMN HAa PNCYHRAX
noxalanM 38BNCEMOCTN

T(E®) = w/ T (E™)
rxe noasan mmpmHa pacnaia I' suumcaesa no Xaysepy n demdaxy (6] ¢ mcnoxs3oBaEmeM
depum-rasosux (24, = I,I M3B, o = 25,7, ZMpHGA AMHNA) N SMONPNUECKNX (TOHKAR
aninn) p(E*). Irn ’(5") BOCNpOm3BeZeHN Ha pmc., 5. Kax caeayer ma padoru [I),
ARfl YeTHO-YETHWX MO 2 N N fAiiep 3MNNpHUECKas plE*) coBnazaer C (epwu-ra3oBoit 3a-
BNCHNMOCTED, @ ARR A-HEUCTHMX RACp CYRECTBEHHO OTANYAETCA OT HEe, HO XODORO COOT-
BeTCTPyeT pacueran padorh (7], peayabTarh KOTOpOR N3oOpaxeHd Ha pMC. 5 Kpagpa-
Taun. [[0XTBEPRAANT IMPYPRUECKYD p(E*) ANR A-HEUETHMX AZEP N AAEHNE NO MIXOTHOCTN
PE30HaHCOB 3ITHX AXEP, NOKA3AHRME HA pNC, 5 Touxawmm. [IpM MamuX E* KpPYRKAMR 000~
3HaveHN p (E") OUCHEHHNE MO NPAMOMY MOACYETY YNCA8 ypoBaed B «—cnexrpax (8] »
CnexTpax Heynpyro pacceAnHMx selrpomsos [9],

Kax BMAHO M3 NPNBEAGHHMX DHCYHKOB, JKCNEPNMERTaAbHNE De3yRbTAaTH COrAacynrca
c paclle'l'oné ACTIOXBIYDRNM IMNNPRYECKNE plE*) A0 E* ~ 2,5 MaB nxn 233 E’~0,5
MaB axn u. fipn Goxbmux E* nalepenne’5239 K Ty3g A€XAT 3HAUKTEXHRO BMme Dac-
qyerHux. B pamxax crarmcTMYecKOR TEOpMR

* . x 2
T(E*)~ /{_‘ rh(u-zrpmtgnlg[unc.,,M Pt (ELVdE,

rae ™ p"(£,,) - MapUMaXbHNR MATDMUHNH DXENEHT W MAOTHOCTH KOHEWHMX COCTORANS
AAR -T0TO CMOCOGA pacnafia COCTaBHOTO ANpA, W Xaxoe neBexenne T, ~ MORHO OOBAC-
HATH ARGO M3MEHEHMEM MaTPHYHOrO SAEMEeHTa, ANGO M3MEHeHWEM 38BMCHMOCTM p\E®) BHEE
E\pw = 705 ¥ 0,2 3B, 3amwerwm, omsaxo, wro npm arux E* sapa 239, y 236y pac-
NazaxTcA CO CPABHNMHME BEPOATHOCTAMM ZBYMA NYTAMN - KCKAHWEM HEATPOHOB R Zeie-
HMEM, - NMPHYEM COXpaHADMEECA C TOYHOCTHD A0 HECKOABKNX MPONEHTOB "naarTo” cede-
HWA AeAeHdR NOKA3NEaer, YTO OTHomenWe WAPRH Iy /T, AR KOHKYDRPYDENX NpOLECCOB
He menseTCA. ECAM CUMTATh WX HE3aBHCHMNMA, TO MPEACTABAAETCA MAAOBEPOATHNM,
YTOOH MATPHYHME IXEMENTH AAR CTOXD Pa3HHX NPOLECCOB NAMEHAANCH CHABMO M OANHA-
KoBO. Goxee BepoaTHOR mpmumsof Taxoro nomexeuns (E°) mpeacTaBasercAa COOTBETCTI
Byoxee lalenenneMz'), o0melt axA o0emx BerBeR pacnaza.

3esncumocts g, (E™), moamoasmmas pPOBACHNTS NOAYYENHWE PEIYASTATH Bume B*~7,5
M3B, noxaaana Ka puc. S5 BTPEHXOBOR AnHMeR. H3uenenxe 3aBNCRMOCTR p,, T.€. SHTPO-
nuM S»€ap. , OT E' woxno TpaxroBaTh KAK (A3IABNA Mepexox B AApE Npn E:,,,z 745
M2B. WHTEpecHO OTMETHTH, WTO BNEE ITOH BHEPIHM BO3CYKACENA 3aBACEMOCTS g, (E”),
RO-BRIZMMONY, OZANHAKOBA AAA AAED OGOMX THMOB YETHOCTN NMON , X OTHOCHTEXBHMRA XO0X
. (E") ouers Gxmaox x p (E¥) Asn A-gedeTMx AZep NP MAXMX EY. Taxoe ofsacne-
KNe, OLHAxXO, TPEOYST OCTODOXMOCTM, TAX KAK fAepHam Temmeparypa T =dE*/dtnp,l€*)
Nps nepexoze depesd E',,,, AODOXBNO PE3KO YMeHbBAETCA X0 PeAmYNAM ~300 KaB. Cam
2207 Jax? M croas Hmaxoe amadesne T npn E' ~ 8 MaB rpyaMo nomars. Ewrs mozesr,
MM WMEeN A6X0 XNED C HEXOTOPOR MuNrTanMeR 270R XapaxTepucTEKn GoAee CAOXHMM

npoueccon.
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Zpyroe Bo3MoxROE OOBACHEHNE MORGY ONTL CBA38HO C BO3Oyxaemmes npm E” > 7,5 M3B
HEeXOTODMX HOBMX COCTORENSl, CRAILEO JaMCAAADANX pacnax AApa, HAnpEMeDp, THNA I~
T8HETCROT'0 De30OHARCA, B »T0M CXyvae E:M, ABAALTCA NOPOroBofl anepruell Aasm Bos-
Oyxaerna raxmx cocrofimii. BuGOp MOXRXY STHMN BO3MORROCTRME MOReT OHTH CHEAAR,
EANpENEp, NOCEe AHANOINYHMX m3MeDeHENE HA 3710,. MoxEO OoxmaaTh, WTO NOABACHN®
HOBMX COCTORNNR NMpONM3ORAET Ap: TAXUX X¢ SHEPrNAX BOIGYXAGHRA, B TO EpeMH KaK
¢a3omult nepexoz - ngl GXM3KNX 3HAYEHWAX IHTDOONM, T.€. p, (EY, ZocTmraemoll aas
HeyeTHO-HEUETHOTO 2 8Np npn E* npauepro na I MsB. Jammme mo Gy MR Ne(10)
NOXA3NPADT KAX-OYATO, 9TO COOTBETCTBYDENE ABACHRA HaGMOZamTCH mpn E* ~6,3 MsB,
T.€. CBRZETEXLCTBYDT B NOXB8sy Jasomroro mepexoaza. Oasaxo, Gonee onpeaexemnul or-
BeT MOryT Zarh TOABKO mpamue namepemma T, (E®) aaa sroro sape.
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M3OMEPHHA CHBMI HERTPOHHHX PE30OHAHCOB
K.3eftgexn, A.Maficrep, HA.lladcr, A.B.[Ixxexsrep
OGrexuneHHM MECTETYT ANleDHHX ¥ccrexnoBsammit, NH®, Jyosa, CCCP.

Ha maryascioMm peaxrope MEP-30 meromoM H:geuem %e-m WIMEPERH CHeKTpH Npo-—
DyCRAHRA opas.n'n-nn XIMI9eCKEX CoelAne ypasa . [loXyIeEE OpenBapuTeNbRHe
JaHHHe O0 M30MBDHOM CIBETe HeZTDOEHOrO pe30HAHCA M M3MEEeHNE cDeXHeKBaXpa-—

THYHOTO Dammyca Axpa
B I973 r. B padore I) OHNO NPeNNONSHO HCNONH3OBATH R3OMEDHHI CHBUT HeATDPOHHO-
TO pesSoHaHCca IAA onpelefleHES RAMeHEHRA CpefHEXBAXDATEYHOIO DamMyca HApa
A <{/*) UpE BOSCYXNEHAM AXPA, OCYCAOBIEHHOM 3axBaTOM HeRTpoHa. H3oMepHHA
CIBEr YPOBHA NPOHCXOIMT B Pe3y.._rarTe CBePXTOHKOTO BJAEKTDHUECROTC B3auMoreftcT-
BREA JIEKTPOHOB C AXpOM. l3meHeHWe SHeDrEM HelTDOHHOIO pesoHEHCA MOXHO Hpel-—
CTABETH B BHIE
ALl = - e'2alv(0))f a<r) (1)
rRe 4/ %(o)/‘ ~ pasHOCTH TAOTHOCTH BMEKTDOHOB Ha MecTe Arpa LA KBYX pas3umnrd-
HHX XAMMYECKHAX coeImHeHwmil,

CJIOXHOCTD 2KCHEDMMEHTa TI0 F3MEDEHHD H30MEDHOTO CRBHTa OCYCJCRIEeH2 MANOCTEH
oxunaemoro afderta: af,”* mopamka I0™* 9B Opm uMpHHe pe3oHaHCA oKoo 109D,
Kpome TOTO, pazumrme KPECTAJIMYECKAX DeNeTOK y DA3HHX XMMITIECKVX COeNVHeHnit
OPHBOIMT K M3MeHeRMK fopMH De30HAaHCa, 4TO HEOOXOIMMO YYWTHBATH NpM 0JpalCTHe.
Jlta onpefesieH1A U30OMEPHOTO CHBRATa M3MEDANIOCH IIPCIYCKARKE HEHTDO#CB uepen [al-
JRYHHEe CcOeXMHeHWA ypaHa, CXeMa 3ECcOepHMEHTa Ipmpenena Ha prc. 1. Jma clecrne-
YeHHA IOCTOAHCTER BHCIEPHMEHTANBHHX YCJOBU U3MepeHMA BeJMCH ¢ Tpemd cOpas-
OAMM, BBOJIMMHMM B [Tyd0K NOOYEDENHO HA 5 MMHYT. YupamleHie ¥ KOHTDOJNb B XOIe
U3MepeHMd BeMMCh ¢ NOMOWED Mol OBM TPA- € . B nydxe NMOCTOAHHO HAXOMILICH
ofpasell E3 TepOmA, DE3OHAHCH KOTOPOro CJYMIM KaK DelepHHe IJIA 06beXTUBHOTO
KOHTpOAA cneKTpoB, Ha puc. 2 moxaszaH ONMH H3 CHEKTPOB, NoNyvYeHHHX 3a [( yacos
A3mepeHyi. Bemumya H3OMEpHOI'O CEBHT'A pe30HaHca ypaka 6,67 3B orpernensanacs
IpE COBMECTHOK O6paGoTKe Ha JBM CIeKTpOB Da3jHHX XUMIUECKMX COemMHeHMit, KakK
370 OMECAHO B Hameff pacdore 3 . [polileypa OTIENEHBA K3OMEDHOTO CHBUTA OT 3~
perToOR, CRA3AHHHX C KpPHCTAJLUIM4ecKo#t CTPYKTYpo#t ofpastoB, OOLpOGHO DacCMOTpeHa
B padore /., LA pacdeTa DA3HOCTH ILIOTHOCTH 3JIEKTPOHOB, KOTOPYD HEOOXOIMMO
3R4Th LA Nepexoma or AE,” K 4¢r!y , OWm MCNOJNb3OBAHH NAHHKE O X¥Mii-
9eCKOM CIBRAI'E DEHTIeHOBCKO# L., -AMHKM B ypaHe, 3aBECHMOCTH KOHCTAHTH
pacnana ypasHa-235 OT BEIA XIMEYeCKO# CBA3M, & TAKRE Sxexo'ropue TeopeTHIEeCKHe
pacueTH. IlogpoGRee 3TOT BOIPOC PACCMOTDEH B padoTe 5 .
B pesyabrate o6padoOTKH SKCTIEDHMEHTANBHNX NAHHHX A HECKONHKEX XMMIIeCKHX
coemrHermit ypaHa UOJyYeHH mpedBapuTeNbHHe IAHHHe 00 R3OMEDHHX CIBHraX, H3
KOTODHX BHBETEHA BesnumHa A¢~<> , cocrammmmmax ( -0,6 *0,3) . 10~<6cewe
llonarasa, 4To mapameTp Zepopmaim ypaHa-238 B OCHOBHOM cocTofHKM S = 0,24,
38pAR pacnpelneJsie 110 ANDY paBHomepHO, & RudfyaHocTh Kpad ANpa He MeHAeTcA
PR BO3CYXRTEHHEM, MOXHO NOJYUATH LT BO3CYXHEHHOrO COCTOAHMA ANpa 2 9[/

~ 0,20, T.e., OJefopMAIMA HECKOABKO yMeHbLaercd, JTH peayny'ra'ru HaXOIATCA
B 'KAYeCTBEHHOM COTJMAacHH - TeopeTAYeCKMMM OIeHKRamM LyHaTAHA 6 .
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Prc. I. Cxema axcnefmm. IBR =30 - maryxschuit peaxrop HBP-30 B OycTepEoM
pexmee 2) ; 1,100 - oOpasuy ¥3 TpeX pasHMX XMMEYECKHNX coemMHeHRE ypa-
n EAMEe M HAKONAeHHHe ciie no HE eTa;
H%LL KB PAY~49 - CIMHTRUAIROHHMHA nerex:%p mnpmm’;np?_u - Tafbep;
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TPA- ¢ - wanas JBd, :
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Puc. 2. IxcrnepiMeHTANBRME CHEXTD OXHOIo odpasua. K - ROMSp BPOMSHHOIO Kasata
¢ mEpHHOR 2 MRCeX, A/ -~ UNCAO OTCHETOD.
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THE USE OF TEE TIERE CORRELATED ASSOCIATED PARTICIE METHOD FOR ARSOLNTS FISSION
CROSS SECTION EEASURRMRNTS

Re AFIt
Techmioche Vniversitit Dreeden, Sektieon Maysik, DIR - 8027 Dresdea

1. Intreduction

The sbeolute nsutrea counting with an sccuracy im the order of 1% 1s & diffi-
cult experimeatal task, shich mmst be reselved im every precise crees sectien
meagurensnt. In many cases it is possible te overcoee this problem by ceucting
the charged particles, shich are preduced together with the neutrens is & twe
body buclear resction. Stremg follos from the reaction mechanisa cerrelations
in time, emergy and amgle of the tes body ruclear reactioz betweemn the neutrens
and the associsted charged particles (AP).

In one group of experiments the anjulsr and ezergy correlations ere used teo
produce s well known neutron flux through a target. If the target is a neutron
detector with timing properties, the tixe correlations can bde used, %oo. This
time correlated associated particle method /1/ xllows a siromg reductior of
background events induced by anmpted source or scst:ered reutrozs. :f the
peutron targei-~detccior system is larzer than the neulrorn cone, Lo geomeirieal
facicss muzi %e xrown il tZe cross gection 0f a reutron induced nuclear resc-
tior shouid be de*-rmined.

2. Ih» uge of the ‘ine correlated associcted particle wethod (TCAPW) in fis-ion
cros3 sectior z:asurements

Une way to succeed a higher accuracy in fiseion cross section messureaernis (s -
a3 an alternative to seasurements in & broad energy range - the precise (g -
1-2%" absolute determination of che fission cross section at few spot poict
neutron erergies /2/. The TCAFN is very suitable for this purpose, if the racase
of the covered neutron emergies could be extended.

Until now this method has been used by Alchazov et al. /3/, Grenier et al.
/4/ Ané later by a joint Dresden -~ Jeningrad group /5/, to measure fission cross
sections at 14.7 seV. The T(d.n)‘ﬂc reac:ion has been used. The associated alpha
particles have deen registered wnith s thin film detector /3, 5/ or a surface
barriere detector /4/. ¥henm a thin fila detector coupled to a fast photosulti-
plier is used, more than los alpha particles per second could be counted /6/.
This is a sufficiently high counting rate to use a single plate fisaion chasber
for cross section measurements.

At the Technical University Dresden a associated particle system has been
designed using the u(d,n)’ﬂc reaction /7/. ¥ith 1)0 keV deuterons 2.6 XeV neut-
rons have been produced and used for fission cross section measurements on 235lJ
/8/. Up %o 2-10‘ 31!. particles per second have been counted with a surface
barriere detector, This is a lower limit, whem working with a single plate



fiesiea chamber,

Bartle ot al. /9/ used the TCAPL te preduce collimnted moutrem beams in the
eBergy range frem 2 to 2o NeV. Decanse & fissien clamber is & nsutres detecter
with & efficiency of about 1o~° 1t will be difficult, to use his wethed for
fissien cress section msasurements. T™he uee of sultiplate fissien chamberse
could selve this predles.

) IS 4 t . teod cle method

he primciple of the TCAMK 1o
showm on fig. 1. 1 charcged partic-
le beam (P) is kitting & meutrea
producing target (NT). The ssse-
ciated particle detector (APT)

is ceunting sll charged particles
in as angle 42" defined by the
diaphregs D. 3o back:round e.ents
should be regisiered in the AFD,
This detector <¢eiievers the zero
time oint for ali neutrons of
the cone delined by dﬂ’. “he
fissic~ target (PT) should Dde
larger than the neutrom cone, 20
that avery neutrom of the cone has
a charce for & fission. 17 the
fiscsion products are counted in
Fig. 1 The basic principle of the 2CAPF. coincicdence with e agsociated
particles, the fission cress seciion will de get by the forals ’Si-u: IMg
(T-f‘—lr.n:ber of coimcident fissiom products, ¥, -number of assaciated particles,
E - mater of the fissionadle stoms per cm‘). The relative error of ihe fission
cros; 3ection is given by the expressicn:

ot -anh)t . (ke )t (An )

3.1 Zrrors and ineccuracies connected with the registration of “he fission

products
3.11 3tatistical error

The msasuring tioe mecessery %o get a statistical error of 1% has been estima-
ted for a single plate fission chember with 8 250 Iudu2 target and a fission
cross section of 2 bern. The msssuring tims smounts to about 1.2 - 12 days for
AP rates between To' snd 10 cps.

3.2% Pission chember efficiemcy

In sn absolute fission crosa section messurssent the fission detecter efficien-
cy must be known with sn sccurscy less then 1%. Usually, the fission detector
is comstructed in such s manner, that the efficiency for fission products is
nearly 100 %, dut very smll for the slphg particles from tine natursl slphe
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activity of the fission target. The resulting problems will be discussel telow
in the case, when a parallel plate fission chamber is used,

3.211 Counting losses due to the timing threshold

In the TCAPM the threshold of the timing discriminator usually is determining
the counting loases of the fission products, This threshold is set as low as
possible, so that some of the alpha particles will trigger the CFT too. This
alpha particles will be eliminated by the coincidence between the associated
particler and the fisslon products, so that a small alpha counting rate can be
tolerated, On fig. 2 the block scheme used in our experiments /10/ for timing
and determining the counting losses due to the CFT bias is shown. In the compu-
ter memory the direct and coinciden-
ce spectrum of the FI is accumulated

-4,
M as it is shown on fig. 3e, b. If a
CFT Hcomc. AP3 .

— linear extrapolation to zero tias
—i is carried out, the total P losses
_E‘ll 1 PA FA — % due to the CI'T bias have beern esti-

nated less than 25, If th: error

FISSION CHAMBER

of this extrapolation is less then
2055, the contribution to the rela-
tive error of O'f due to the CI'7

Pig. 2 Block scleme of the fission chamber 0128 Will be less than 0.4, This
eleﬁ;“onics (PA preamplifier, FA fast small values can be reachzd only
amp ier, CPFT constant fraction trigger - -

COIKC, faat coincidence, S stretcher, ADG "ith @ very low CFT bias.
analogue to digital converter

S ADC MEMORY

However, it should be mentioned,

¥ N that the linear extrapolation to
_ ssow DIRECT zerd bias is arbitrary. If the TP
‘./ /Tnonucrs / SPECTREN spectrum in this reglon has & more
| -~ complicated character, an additio-"
'. I\ nal error could be appear, Since
] / \o12% COWCIDENCE
e \\ [/ PcTaum calculation or measurement of the
/ \-13-/ oo W FP epectrum at very low (£ 10 heV)
'\‘ /'\ Sy Y eer aus Cch energies is difficult, this pos-
a) -7 - - sible source of an error should be
Pig. Ja, b Piss’.n chamber spectrum and minimized by setting the CFT thres-
low energy cut off due to the CFT bias, hold as low as possible,

3.212 Absorbtion of the fission producte in the turget material

If the fission Droduct 1s emitted in a small angle to the target surface, the
energy loss in the target cean be large, even if a thin target i1s used, Due to
the Jmpuls of the incident neutrons the resulting counting losses are depending
on the neutron energy. The resulting inefriciency of the fission chamber has
been calculated in dependence on the target thickness, neutron energy and an-
isotropy of the fission product anzular distribution /11, 12, 13/, Although
these logees can he calculated with a good accuracy, additional problems can
lead to a larger uncertainty as deduced from the calculations., The range of

the fission products should be known for thi chemical compocition of the used
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‘fission targt. A further uncertalnty is caused by the surface structure of the
fission target. As has been shown by P,H, White /14/ the surface roughness of

the fission *arget has a definite influence on the escape of the fission pro-
ducts from the foil.

To get a real value of the fission chamber efficiency - including all the
factors discussed above = an experimental test should be carried out. Por this
purpose the method, described in /15/ for a 252cr source, has been modified,

The fission chamber, loated with a non threshold target f.z. 235U, is irradiated
with thermal neutrons or 24 keV neutrons from a 3b-Be photinuclear source. The
fission neutrons are counted in coincidence with the fission products, As has
been shown in /15/ on this way the inefficiency of a fission chamber - 1if it

is small - can be determined with a high accuracy.

4., Errors and inaccuracies of the associated particle counting

The main gsource of 'n error is thc background of non-associated particles in
the energy window of the associated particles discriminator. Every background
particle leads to a higher NAP count and in this way to a smaller fissica cross
section. On the other hand it is not necessary to know the efficiency of the
AP counting system, because only such fission products will be counted, for
which a coincident AP has been registered.

Por every neutron energy a apecial AP counting system must be developed.
Therefore the errors strongly depend on the special detection system and should

be analysed for every system,
A8 two examples we show

the AP spectra for the two
systems, which have been

T Trorr developed recently at the
ASSOCIATED ALPMA PAPTICLES Technical University Dreg-
| den /6, 7/, On fig. 4 the
- t?_n /\ alpha specirum of the
o 5 ;é 2 T(d,n)‘ﬁe reaction registe-
g_ I ;’.}v . ] red with a thin NE 102A
I Y- 5 scintillator is shown. The
: :? i 5 . background is produced
gl J . : £ | mainly from the protons of
4] ) 3 PROTONS FROM the D(A4,p)T reaction and
§ A } ' °“"|°’,' from low energy gammas,
O | et . S electrons and elastical
B R L B .":.F'“ e h 1 scattered deuterons. Because
e ‘ the background is less than
‘ S amwwwoe . o 0.1% of the alpha counting
T T R rate in the window, 1t oan
CHANNELS be neglected., However the

extrapolation of the back-

. n ground shown on fig.4 has
;%g:n;mtlg:cg:::icu spectrun of the to be checked carefully by

test experiments,
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In the case of the D(d,n)3ﬂo reaction the situation is more complicated
(see rig., 5). The background - mostly caused by the tritons and the protons
of th.D(d.p)’H reaction - reaches values of few percents of the e counting
rate in the discriminator window. The background spectrum of the tritons and
protons is very smooth, so that an extirapolation with an error lesa than 20 %

can be carried out. The background from neutrons, deuterons a.s.o. has bdeen
found to de negligibdble.

2000
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Pige 5 Charged particle spectrur of the D(d,n)’ﬂc and D(d,p)T reactions
(protons out of scale)

5« Errors and inaccuracies connected with the cone

5.1 Neutron scattering

Some of the neutrons will be scattered out of ithe cone on the neutron target
backing, on the fission chamber entrance window, on the fission target backing
or on the air, The different cases of neutron scattering schematically are
shown on fig. 6. Only in the case 1 the neutron will be scattered out of the

wre FChw rre 5, Fcw
F )
APy
(
- - 2
\ 2
» \
\JL\\\\\\\\:: -

Pig. 6

Schematical drawing of the
different neutron scatter-
ing processes. (AP associa-
ted particles, NTB neutron
tsrget packing, FCEW fission
chamber entrance window

1B fission target packing,
E electrode, FCW fiseion
chamber wali)
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beem, In the cases 2, 3, { the neutrons will interact with the fission target
with a lower enersy (inelastic scattering). The ease 5 can be neglected because
the correspondent associated particles are not registered. All these cases can
be calculated and have found to be less tham 2% for 14.7 MeV neutrons and a
thickness of the copper between neutron and fission target of about 1 mm /S/.
The results of the calculations have been checked, by measuring of the fission
cross section with different material layers between the neutrons and the
fission targets.

S5e2 Scattering of the associated particles

The scattering of the associated particles gives ome of the most serious limi-
tation of the accuracy of the TCAPM, because it is very difficult to proof the
calculations under realistic conditions. The different cases are classified on
fig, 7. The case 1 can be minimized by diaphragmas along the AP channel or by
large distancy to the wall, The
case 2 cannot influence the re-
sult. The most serious problems
result from the case 3, if the
FISSION TARGET AP is scattered into the detector,
but the corresponding neutron is
outside the cone, A careful map-
ping of the cone with a small

N E (# * mm) scintillator in coinci-
32:‘#?2‘2" dence with the assoc!ated partic-
CETECTOR VEUTROW les is necessary, to estimate the
TARGET

influence of the different AP
scattering processee on the result
of the measurement. Koreover,

the fission target should be
placed very close to the neutron
target, so that the central part of the neutron cone delivers only less than
about 10% of the total fission counts of the chamber. In this way the chance
coincidence rate is higher, but the scattering corrections will be smaller,
because small angle scattering is decreased.

Pig. 7 Schematical drawing of th. different
associated particle scattering processes

6. Errors and corrections connected with the electronice

The following sources of errors should be carefully analysed, if the elsctro-
nic block scheme for a precise measurement using the TCPAM is designed: The
dead time of the mssociated particle chamnnel jincluding the f~st coincidence,
the efficiency of the CPT, the chance coincidence rase.

During the experiment a complete documentation of the following data is
necessarys 'AP’ Nfc, fission chamber spectrum in coincidence with the associa~
ted particles and withcut (for correction of the countirg losses due to the
CPP bias), spectrum of the time intervalls between the associated particles
and the fission products (to check the function of the fast coincidence and
to correct for chance coincidences), spectrum of the associated particles (to
estimate the background of non essociated particles in the discriminater
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window), divers monitor retes. An oa line calculation of the uncorrected fis-
sion crose section is desirable. te pruof the proper function of the equipment
during the rung. These requiresents csn be fullfilled only by a computer coupled
experiment. Por our fission cross section measurement we use a KRS 4200 mini-
computer (VEB ROBOTRON Dresden) together with s CAMAC measurement system /10/.

7. Errors and corrections connected with the fission target

411 the problems connected with the target weight are similer as in cross sec-
tion measurement with other methods and will not discussed here especially.
However & high uniformity of the target is required. In the case of targets
with a high specific alpha sctivity the uniformity can be checked easilly by

a alpha scanning sethod., Difficulties arise in the case of 2380. Optical meth-
ods have been used, to0 measure the rpon uniformity of such targets /€3/.

8, Susmary and conclusions

The use of the time correlated sssociated particle method for precise absolute
measurements of fission cruss sections has been analysed. In comparison to
other methods all problems connected with an sbsolute neutron monitoring are
eliuinated, As specific problems of the TCAPM, which can give the limitation of
the method the following questions bave been found: Backgrouné of the associa-
ted particle detector, small angle scattering of the associsted particles in
the neutron target and the low counting rate. Further efforts are necessary,

if the method should be extended to other neutron energies away from 14 eV,

The suthor wish to thank prof. G, Musiol and the doctors I.D. Alkhasov,
Drapscinskij, He~G. Ortlepp, V.I. Spakov, R, Teichner and W, Wagner for valu-
able discussions.
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6 1+d REACTIONS BELOW E 4= 200 kev

J.Szabdé, M.Vérnagy, Z,T,.B8dy
Institute of Experimental Physics, Xossuth University, Debrecen, Hungary

Cross sections were deterained for the 6L:l/d,n/780. 6Li/d.p/7L1 and
sLi/d;(/‘Hc reactions betwesn 100 and 180 kev deuteron energy.

1, Introduction,

The investigation uf nuclear reactions induced by low-energy charged particles
on light nuclei is important from the point of view of nuclear astrophysics

as well as for planning controlied thermonuclear reactors /CTR program/., From
the present stage of our knowledge, the first prototype will be most probably
a DT~-reactor, However, there are some other exoergic reactions which can be
taken into account as nuclear-fusion reactions. In 1973 8 reques: list was
issued for the fusion research askirg cross-section data with errars less than
25% for a lot of resctions in the energy range E =0.1-5 Mev[1). Among these
the 5Liod reactions are of the highest priority. On the other hand, since there
are only few -easurenents[2-7] for the /d,n/, /d,p/ 8and /d &/ reactions at
Ed<=500 kev, it seemed to expedient to measure the cross-section data for this
energy region,

2, Experimental technigues,

For the measurements a Cockcroft-walton generator of 180 kV was used. The in-
tensity of the analysed deuteron beam on the target was about 1-3 . Thick
targets of 6L:I.F were prepared by sedimentation onto Cu backing, the enrichmaont
being to 87.9% in GLi. Measurements were performed in the interval E4= 100-180
kev in steps of 20 kev,

3. Cross-section determination,

A BLi/d.n/lee
This reaction is exoergic, Q=3,38 Mev, To determine the cross-section data the
activation method was used, The decay scheme céan be seen in fig.l.

(4]

Fig,1l, Energy levels involved in the 6Li/d,n/78e reaction,

with the knowledge of the branching ratio of 477,6 keV 1541ne one can deter=
mine the number of 780 nuclei produced and the value of the cross section,
The 477,6 keV T -rays from the decay of 780 /T1/2-53 days/ were detected by

a 40 cm3 Ge/Li/ detector fed to @ 4000-channel pulse-height analyser, For
this T-linl the energy resolution and the photopeak efficiency were 2,8 kev



and 9.57110'3, respectively, The cross-section velues were calculated by the

formule:
6= 4 (42), (45).. ns

which is velid for s thick target, where ¥ is the number of ‘lt nuclei per
cm in the target, ("7‘E,Eo is the slope of the yield curve at E. and
(dE/dx)Eo is the stopping power of the bosberding particles in the target

materisl[d). Cross-section values are plotted in fig.2 vs. bosberding energy.
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Fig.2., Cross-section values for 6Lx/d,n/7ac vs, bombarding energy

Owing to the peculiarities of thick-target measurements, it is not essy to
separate the uncertainties into purely statistical and systematic: one can
generally estimste 2 10 or 20% error for cross-section dats. The real errors
are possibly between these values,

B. 2Li/d.p/7Ls and SLi/d s/ tne
For these reactions Q vslues are 5,02 and 22,37 MeV, respectively, To obtain
cross-section data for /d,p/ and /d,%/ resctions on sLi, 8 new method wes
developed for the simultaneous determination of the angulsr distribution of
protons and & -particles applying SSNTC, This type cf detector has a lot of
advantages: the detection efficiency is very high /~100% for protons and
——
e

.-.:'-}7’ { g
It~ .

% cnge

Fig.3., Schematic view of the experimental arrangement used for the angular-
distribution measurements,
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A=-particles/, low backgrou..d, long stability, to mention only the most
important properties of that, The schematic drawing of the experimental arran-
gement can be seen in fig,3, The SSNTD stacks, bent on the 10 cm dismeter cy-
linder, covered an angular intervel of 45-165°, The 2 mm diameter circular
holes on the cylinder served as diaphragams for the protons and o -particles

to enter the SSNTD at right angles. At 120° there was a 2 mm diameter hole on
the SSNTD stacks for a monitoring Si-detector, Two 100 am thick cellulose-nit-
rate sheets were used as detectors. In front of the first detector and between
the two detectors polycarbonate degrader foils were applied to screen the
bockground particles as well as to reduce the energies of protons and o« -par-~
ticles to the desired values gga-soo kev, Ex ~ 8 MeV/, The irradiation time
was chosen so that there were a number of tracks of sbout 2000 at each angle,
The angular distributions of protons and & ~particles were proved to be isot-
ropic. The cross-section values were calculated oy the formula /1/. The results
are shown in figs, 4,5. To our knowladge this is the first case of the
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Fig,4, Cross=section velues for F19.5, Crossesection values for

sLi/d.p/7L1 vs, bombarding energ: 6Li/d He vs, bombarding energy

application of SSNTD for cross-section measurement when the outcoming particle
is proton, Using the direct detection wethod applying the SSNTD, the number of
the error sources are less than the activetion method, So thus, the errors of
the cross-section velues for the /d,p/ end -/d,«/ resctions sre ~ 10%.
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CORB POLAKIZATION AND MBSONEC BPPEC?S MANIPESTED BY 1+PORBIDDEN M1 TRANSITIORS

¥, Andrejtscheff

Sulgarian Academy of Sciences, Inst. for Mucl. Research and Bucl, Energy, Sofia
K.X. Muminov and T.X. Muminov

Joint Institute for Nuclear Res2arch Dubna, USSR

The nucleon-number dependence of l-forbidden B(Nl) values is studied. Open
problems in the interpretatioa of the systematics arepointed out.

1. General rumarks

Core polarizetion phenomena and mesonic effects are frequently discussed
in the last years in connection with magnetic dipole moments and transition
strengths experimentally detemined in heavy-ion in-beam investigations as
well as in decay atudies/l/. The present talk is not intended as an exhaustive
review of these subjects, Its aim is merely to present a new systematization
of l-forbidden B(Ml) values and to call attention to some open problems.

In the pure slell model, Ml transitions between states with Al=? are
forbidden as the M1 operator

m ()=, L + 9,5

does not change the orbital quantum number 1 by two units., Wevertheless, l-for-
bidden .ransitions (Sq¢—> dk ,dﬁq—.g"etc.) are often observed in real nuclei,
however, with B(Ml) values smaller than those of allowed transitions.

Two effects are considered now as mainly responsible for the occurance
of such transitions: the spin polarization of the core and mesonic exchange
curren.s,

The spin polarization of the core (illustrated by the graph taken from
ref./2 ) arises from a residual interaction of the odd nucleon j with nucleons
in open shells of the core. As a result, core nucleons fram the orbit 31'11’ %.
are oxcitcd to tho orbit j, 3 1~ 4 giving rise to core excited p-h states
35,05, with 17 = 1%, In this way, beside the main

7 1j)=>Pa

X
n@; v 1i => 9w
™ ¥ 1) => 9y

components of the wave functions, additional configuration admixtures arise
allowing the M1l transitions in question:

]1>=0/!j,1c’0' I'J>+ Zd lb()u, L ‘4)I‘J>

Por our present conciderations, two fcatures of this interaction are of
special importance, (i) Core polarization phenomena should be sensitive to
shell effects:

(i1) Por quantitative treatment,
assunptions for the twoebody interaction should de made. Arima and Horie ¢4
who first performed such calculation- used a szunction force

V,sVei e v*-_"i +v~§'ﬁ



with [v.] = 1,5Iv,|. It 1s of interest that realistic forces used in later
calculations have similar Vt/V. ratios., With this ratio, the interaction
between like particles (e.g. odd proton with core protons) provides a contrib-
ution of about four times larger than that of unlike particles (e.g. odd prot-
on with core neutrons).

The influence of mesonic sffescts on magnetic dipole momenty and trans-
itions is associated with the general dependence of the magnetic operator on
currents in the nucleus inclusive meson exchange currents., Two of the graphs
describing one-pion exchange current contributiona/z/ should be displayed
here. The first of them (A) presents meson exchange

e L

assoclated with the electromagnetic interaction and graph B describes a pion
emitted by the second particle which excites an isobar N™ deexcited by an
electromagnetic transition.

Generally, both effects mentioned here: core polarization and meson ex-
change currents are usually taken into account by a modification of the magnet-
ie dipole operator:

N[M1)= (?c*‘?t)z’* {},4—&"9,)? + 9 [ V%]

The core polarization is thereby described by the last tem (spin-quadrupole
interaction), which allows M1 tiasnsitions with Als=2, In the determination of

thc constants 6“81..,gp the influence of the mesonic effects are taken into
consideration.

2. Lifetime measurements. Multidimensional nanosecond analysis with Ge(li)
detectors

Lifetime measurements in the nanosecond region from which B(M1l) values
were deduced (fig.l) are performed in different laboratories with the delayed
coincidence method. Here, a modern variant of this method should be shortly
preuented/s/.

In-beam experiments in heavy=ion reactions with several reaction channels
open and off-bsam studies of short-lived radioactive isotopetdeal with gamma-
ray spectra of high line-=density. Such spectra can be successfully analyzed
only by Ge(Li) detectors which however have modest timing properties. The ex-
perience in the last years, e.g. in Rossendorf and Dubna, resulted in a new
modification of the delayed coincidence method which enables the multidimension-
al investigation of nanosecond isomers with half«lives down to a0.2 ns by the
inclusion of the centroid-shift analysis. The real possibilities of this method
can be only exploited when the full energy-time informmation is recorded, e.z.
on the basis of a mini-computer (e.g. HP 2116C in the Dubna variant),

Ganme~-gamma delayed coincidencees are measured by a TAC with a scintill-~
ation counter (start) and a Ge(Li) detector (stop). After the experiment,
windows are selected in both energy spectra and the corresponding time curves
are obtained., The energy dependence of the centroid positions along the gamma-
ray Ge(1li) spectrum is deduced in dimgram formm. Then, "delayed" gamma-rays
can be easily identified and quantitatively anglysed.
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3. Systematics of l-forbidden N1 transitions
The reduced transition probabilities B(Ml) of l-forbidden N1l transitions
in non-deformed nuclei with 120< A< 210 are presented in fig.l. Thereby, the
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The errors are evaluated to be about 20%,

Pig. 1

A1M1) vaiues are plotted versus the odd~nucleon numher (e.g. transitions of the
odd neutron are oresented versus the neutron nusber N). Additionally, average
8/Y1; valucs for nuclei with the same even-nucleon mumber are shown. In this
way, the dependence on the neutron nutoer N as well as on the proton number Z
can be studied simultaneously. For some nucleon numbers only the B(M1l) value
in one nucleus is known: for Z®58,60 (N=79,81, respectively), N=m68 (z=53),
N=118, 122, 124 (zZ=79, 81, respectively). The averaging procedure could not be

applied in these cases,

For odd-nemtron nuclel with 55< N<81, the B(Ml) values decrease strong-
1y in the vieinity of N2 82. A certain decrease is also appreciable for 2=50
nuclei. Unambiguously, these are shell effects. They are expected according to
the core polarization picture: the closed shell of like nucleons is stronger
"felt” than that of unlike nucleons.

The proton transitions in the region 5152465 reveal a pronounced mini-
aum for N=82 and considerably less appreciated minimum for Za50. In this case,
the filling of the unlike-nucleon shell seams to influence stronger the B(M1)
values considered here as a "measure” of core-polarization, This ig in sur-
prising contradiction to the vt/vs ratio usually assumed (sec,l) which pre-
dicts larger contributions from the interaction between like nucleons.

In spite of this contradiction, it should be stressed that both cases
discussed so far are in principle to understand in tems of the core polariz-
ation theory.

This is not the case for the proton transitions in nuclei with 77<£Z <83,
Benide the irregulerities in the general tendency with increasing values of N
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and 2, the most striking fact is that the average quantity B(Ml) for N=126 and
zav=82 (from 2%1? 106 and 2%231126) is not the lowest value as expected from
the simple core-polarization picture but the highec* one in this region.

A simple satisfactory explanation for this drametic behaviour of the M1,
A 1=2 values in the region 77€ 2% 83 is difficult to propose. Arima and Ruang
Lin/ L4 found the contributions from nesonic exchange currents for Zg 82 nuclei
to be nearly as large as those from core polarization and with opposite phase.
According to Towner et al, 6 » higher-order core~-polarization cohtributions
and vibrational admixtures/7/ twrn out to be more important than mesonic cor-
rections in the fomation of M1 transition matrix elements im closed shell
plus or minus one nuclei. Paar and Brantfs/ found that quadrupole vibrational
adnixtures practically does not influence Ml, Al=2 matrix elements of the
operator fYé‘].

Two further remarks of more general nature should be added. Recently,
Grecksch et al./g/ showed that Ml transitions in different complex nuclei (bet-
ween 12c and 40ca) can be significantly influenced by the inciuzion of 15(1236)
resonance virtual excitations into the conventional particle-hol. model (cf.
grapn B, sec.l).

Magnetic proverties of nuclei, especially l-forbidden M)-iransitions are
considered in the last years in connection with a possible existence of ¥ -cone
densate. The investisations reveal that a detailed iunclusion of one-pion ex-
change effects is important for the correct description of these transitians/l}/.

A talk about l-forbidden Ml transitions should include the information
about a M1 "anomaly" in deformed odd-A nuclei concerning transitions between
orvitale 5/27[402] and 7/27[404], arising from the spherical states 4 /> and
g7/2 (ef. fig.1). Por iaiOng time it has been assumed that the strong deviation
of the B(Ml) value in Ta is somewhat like a "pathologlical®™ exception. Cave-
ful lifetime meaaurements/ll/ .n Rossendorf and Dubna (153Tb, 171'173'175Lu,
177'179'1'a) revesled that we have to do with a systematical deviation which is
up to now not well understood., Nevertheless, it seems sure that again mesonic
currents and 7pin—polarization effects shculd be made responsible for this
phenmmeno
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ACCAENOBAHEE N3MEHEHRA CTPYKTYPH ATOMHOR OBOROYXN [PH NOHNSAIDIN ATOMA YPAHA
0 METOZY JMPAKA-$0KA-CAETEPA

I'. Nopmax
OGseawmenmuil nECTRTy? sAepANX Nccaexonammii, Jlyoma, CCCP

Annoragms

C nosomsn meroza Impaxa-$oxa-Caerepa paccumrano BANSAENE BNCENHX Baxancuit B
8TONHMX OCOROYKAX YpaEa M@ uHEPreTNYeC¥yD CTPYKTYPY OJOAOYEX aTOMA M Ha IKOp—
INX PEHTIeHOBCXNX nepexozoB. OGHapymeHM, BADAAY C BOBpACTAHNEM 3Meprui pesr-
resOBCKRX NEepexofioB OpM NOCAEAOBATOALNOM YAANEGNNN 3ACKTPONOB C KamMeHbmeR anep-
raeit cBA3m, OTpAHATCABHHE CABNIN PERTTEKOBCKNX SHEPrNi NpN YASAEHEN SACKTPOHOB
N3 MOAOCOAOuEK 4f-ypoBueil aroma.

1. Beezenne

C pa3suTHEM COBDEMEHHHX INAIHOCTMUECKNX METOAOB HA OCHOBE CMEKTPOCKONNN Xapak-
TEPUCTHUECKOTO PEHTTEHOBCKOTO M3XYUeMMA ANA ANAAW3A NAA3MH, pAZa KOCMHWYECKMX
0GBEKTOB, MCCAEANBAHWA MNPOLNECCA MOHMBANMM ATOMOB B MOHHMX MCTOSHMKAX COBPEMEH~-
HMX YCKODHTENeHl THEEANX NOHOB M AXA AMATHOCTHKK 3MeKTPOHHO-MOKHHX KOAed, Kax
ORX CYNECTBYXT HA MpPOTOTMIE KOANEKTHBHOTO YCKOPRTEAR TAXEAMX MoOoB [I], Tpe-
dyercs B pacTymed Mepe 3HaHME 3HCPTeTMUYECKOR CTPYXTYDH 00OAOYEK €T0MA KaK (yHK-
HA# MOHN3ALMORHOTD COCTOAHNA.

B Hacrameft padoTe MccAaeAyeTCA BAMSHNE BMEHHEX BaNaHCHi HA INEPreTHYECKYD
CTPYXTYPY OCONOYEK aroMa ¥ HA JHEDIRH DEHTIEMOBCKEX NEepEeXOA0B. PacCMATPRBANTCA
NaMEeHEHYA dHEPTeTMYOCKOR CTPYXTYpPH arTOMa ypaHa BnaAoTh A0 AZpa, ROANOCTHD 000-
ADAHHOTO OT AAEKTPOHOB,

2. Jveprermyecxas CTPYKTYD& ATOMA YDAHA B 38BNCHEMOCTN OT NOMN3ANKOHHOTO
COCTOAMMS

B zaHxoR paCoTe MCnmoamayercs nporpauwa mna Ampaxa-doxa-Cxrepa [2]. 18 npo-
rpaMMa paCCYNTHBAGT CAMOCOPAACOBANHKOE NOTEHOMAABNOE NMOAE M PAANAXBHNE OpOMTAlb-
HHe QYHKINM IAf &TOMOB NAN NOHOB Ha OCHOB® ypapHeHxa [mpaxka, Kax noresumars o6-
M2HA RCOAb3yerTcA morennwax Caerepa (3], Axs GoabEMx paccTosHm#t 0T AApa B acWMn-
TOTHYECKOS MONSZERRE MOTEHIMANE BMECONM MONDABXE MO METOXY, NpeiaomeHHoMy Jla-
repon (4]. [lpn BCex pacyerax MPNENMAETCK, YTO MEXAy YrAOBNMM MOMENTAMN CYmeCT-
ByeT j)-CBA3M.

PaceuxTankue aHepran ypoBReR ias pcex crenenell XOMM3auXsm aroMa ypana omyG-
AnxoBaNy » padors Mopwaxa W mp. (5]. Ha mepmou pucysxe npeacradiesa 3aBUCHMOCTD
NOAHOR SREprmM arTomMe E, x 6& OTZEABHMX KOMTIOHEHTOD (kniHeTHUECKAR BHODIMA dREK-
Tposos E,, nmorenumaxisas 3MEPrNA 3AEXTPOHN-AAPO E,, cpesnas 2Meprms 2AexrTpo-
CTATMYECKOro B3agMOZeMCTBNA MEXAy 3ACKTPOHAMN E, M 2Hepramsa ofmema E,. ) 0T cre-
NoAR MOENIAUNE aTOMA.
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3. NN PORTrengpoxEx innafll

[ipn pacwére CABEI0o3 DSRTreNOBCKEX AmanA
3 SAMACANOCTE 0T ROEESGRNONEOIO COCTOR-
KNS QTONA JDANA NPRUNNACTCH, WTO RAR OC-
pasoBaNNe RMPOX 30 PEYTPERHNX O0GOXOWRAX
ATOMA, TAK N SANOANCNNS N3 DACHOZONGEEMX
Buge 00OXONEX RPONCXOANT 33 BpeMN, 380-
INTEILNO MCHBEG BPOMOEN DORAKCARNR ATOM-
ENX COCTOAHRA, T.6. NPE 370N YCXOPER
MOENO NCNOAB30BETH AAR DACHETA SNEPIEN
ponTremoncknx ANERE vEeprum yposned arom-
EMX cocTOosnNE, NNODNEXCR NMepeR DOSENKHO-
BeHNON Baxancxfi BEYTDN 8TOMA.

Paccunrannne X3 sueprafl aroNHMX ypoB-
nefl YpaHa CADArN NEROTODMX DPEHTIPeHOBCKNX
NIGPEXOXOB B BABACHNMOCTN 0T CTENGWN ROHN-
SaINN ATOMB, NPEACTABACHH HA Div. 2.
SHepIER pPeHTreHOBCKNX NEpPEXOA0B  pacrant
NpR NOCHGZOBATEABEONM JAANGHNN B3AEXTPOHOB
u3 O-, P- n Q-yposne#t, Oanaxo, mpm yza-
AGHEN BAEXTPOHOD M3 4} ~N0Z060AONEK MOX-
HO HA0XDASTH NMPOTHBONOXOKNOE NOBEAEHNE
CABNIOB peHPTenoBcKNX aHepruil. Pacuern
AXA PAZA APYTLHX SJICMEHTOB, NMeDENX 3a-
NOXHEHHHE 3AEKTpOHAMM & -NOZ0CONOUKK,

B TON YncA2 chyuen m radmmB, nMoKA3INBADT
10t xe camufl 2den?, xax oOHapyxeHo y
ypaua,

Taxoe NoBEReHNe CABMTOBD DEXTTEHOBCKEX NEPEXOAANMX ONEPrEM MOEHO NMONNNATH CHO-
RYOEKM 0GP830M: 2AEKTDOHH, 3anWMapENe 4§ -NOACGOAONKH, MAXOAATCHA HA OTHOCHTEAS-
KO GOABNOM PAZNAABHOM PBCCTOAHNM OT sZApa. ORHAKO SAEKTDORN CO CPABHMTENABRO HN3-
KHMN KBANTOBMNY YNCAGME CKOHUENTPNpOBAEN OANEE K AAPY B Y3KOM DRARAABHOM ZRafNA-
3086, Tax X8K 3XGKTPOMN 4| -nOoZoCoXOHEK HAXOAATCA B CPABECHEM C ZDYI'MME COCTOA-
HNAMR 3XEKTPOHOB C GOXLENMN KPARTOBHMN UNCAQMN, B MAXSABXOM PaiNaibHOM AN&NA30-
Be, NIMEHERNE NAOTHOCTN 3XEKTPOHOB 4§ -0G0A0YEK MEHBEE BANAET HA 2KpAHNPOBARNE
3XeKTPOHOM K-OGOXOYKN, Yew Na BuNG PACNOXOREMHHX COCTOANNAX. BCAeiCTINE TAKOTD
sddexra MaNeReRWe IHEPrEN CBASN BACKTPOROB K-ofoxouxM Syner wenbEe, UeM AAR P~
Ee pPacnoZOXeHHMX YPOBMeR, Y20 ABAAETCA NDHINHOA IPPNUATEABRNX CABATOB IHEPIEX
PeNTreHOBCKHX NEPEXOA0B, NOTOMY 970 BOOORE R3MeHCHNE SHEDPTAN CBA2M 2XEKTPOHOB
K-060X0YKN NpEBNEAET NIMEHENNE PHEPINE CBASK ADYTEX 3ACKTPONMMX COCTOSANE.

Onucaxnas BuEe OCOGEHHOCTH MOBEACHKA CABDNIOD SNEPTWR DENTrAHOBCKNX Xy%efl ns-
xneTcA BaxuyM 20dexToN, KOTOPNE ¥EOOXOZMMO NMET: BBMRY Npu asainae XApAKTOPHCTN-~
YECKOro PEHEIEHOBCXOPO N3XYUSHNA C HOAMD ONpeAeNEsNA KOEN3RUMOHHOTO COCTORNNA

aroma,
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