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The Symposium was devoted to current problems in exporimental and theoreti-
cal investications heavy~ion reactions and ths dynamics of nuclear iission
processess
- emiszion of fast licht particles in heavy-ion collisions, preequilibrium

cffcets
- dynanmics of dezpinelastic heavy-ion reactions, TAHF
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« collective transport theory for fission, cross sections and neutron spectra
of fission,
The scientific procrem covered also problems in neutron induced reactions and
nuclear data evaluation,
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THE FORMATION OF LIGHT CHARCED FARTICLES IN THE SYSTEM "®%ag+0ar (285Mev)

V.L.Mikheev,A.G.Artukh, G.F. Gridnev, M.Grusgecki, W.Karcz, A.N.Mezentaev,

L.Pomorski and V.V. Volkov

Laboratory of Nuclear Roactionn,Joint Institute for Nuclear Research,Dubna,USSR

Abstract:

The yield of light charged particles ranging from H to C can be divided into
two parts: those having a symmetric relative to 90° c.m.angular distribution
and particles with an angular distribution growing exponentially with decrea-
8ing emimssion angle in the forward hemisphere, It is assumed that particles
with 8 symmetric angular distribution are formed partly as the initial dinuc-
lear system ion + target nmucleus evolves towards complete fusion in collisions

with angular momentum 1%1..;

te Particles having a fcrward peaked aigular distri-
bution are produced in measive transfer processes.

In recent years, in studies of heavy-ion reactions special

attention is given to the emigssion of
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€90 -170 ), respectively.

T.ight charged partic~
les which provide valuable
information on the details of
interactions between heavy
ions and nuclei involved in
the processes of both nucleon
transfer and complete and al-
most complete fusion. The
present paper deals with the
results of studies of emis-
sion of light charged partic-

les in the srsten thg+40Ar
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Fig.2. Tha asymmetric parts
of the angular distribu-
tions of products from H to
C. The dashed lines corres-
pond to 1/ein@.



T T T T T e ¢ (285MeV), carried out at the
o s 310-cm heavy ion cyclotron of
tne JINR laboratory of Ruc-
lear Reactions 1'2’. In Fig.1
are prepented the anguler di-
stributions of products rang-
ing from protons to carbon
nuclei. They can be consid-
ered as a superposition of
two distributions: one symme-
tric relative to 90%(c.m.s.)
and the asymaetric one contri-
buting to the total yield in
the forwerd hemisphere.The
asymuetric parts of the angu-
lar distributions are shown
in Pig., 2. The energy spectra
of 1H,?H, H and He are gi-
ven in Fig.3. The difference
between the o(-particle spec-
tra at forward and backward

=
O,

—
Ou

o.

J‘G/JE{Q_;W»»

[+)]

'H Mo "Moo

tm‘o ;J: ;z:'):) “aézlozlﬁ :‘n;ézloé:; ;;nls;ﬁ'snxwusosw angles symmetric relative to
Ecuimen: 90%(c.m.8.) 18 showed br 2a-
1 3 shed lines. The dashed part

Pig. 3.The energy spectra of H,QH, H and He,

of the spectra just forms the
forwerd peaked part of the
ol-particle angular distribution shown in Fig.2. The <energy corresponding to the
maxima of the dashed spectre exceeds substantially the value of the Coulomb
barrier. The maxima are displaced with changes in the angle of observation.This
is typical for a source moving in the system of the common centre of wmase.

"e also carried out measurements of the angular and energy correlations of
two Ol-particles formed in one interaction. In Fig.4 there are presented some
data on cross sections for the formation of two «-particles in one plane inclu-
ding the beam axis as well as in mutually perpendicular planes.In these meas.i-
rements one of the X-detector telescopes was placed at an angle of 90° to the
beam, while the other was moved from 30° to 128° lab. s. The sign (+) for ang-
les 8, of the second telescope inone plane measurements corresponds to a confi-
guration of telescopes on one side from the beam axis, and the sign (-) on both
sides, The energy spectra of coincident x-particles, compared with inclusive
ones, are presented in Fig.5. The r.m. s. valuas of angular momenta obtained
from the ratio of cross sections for o-particle coincidences in one plane and
in mutually perpendiculsr planes by using expression (“) from paper are
listed in Table 1. Independent angular momentum estimates derived from the «=-
particle angular distribution in the backward hemisphere oy using expression
(5.38) from paper 4) give Irms 52t 7R. The critical angular momentum for the
system Ag + 4°Ar (285MeV) 1s equal to about &65h,The Tros obtained for &X-rar-
ticle emitting nuclei are much smaller than lopit* Hence it follows that deep
inelastic nucleon transfer reactions proceeding at angular momenta ciose to
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|« out-okplane(l) oy 7| Angular momentum estimates derived from

- 14 7 the ratio between coincidences in one plane
- 12 4

a-? in mutually perpendicular planes

i 1o 4
: Ay ,‘

2 2 *
i ; 1 62, degrees 46, /a%6; I, h I, h
[ // . 1 430 1.41%0.15 367 53110
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(c) 426w

6 1crit do not contribute substantiall; to
L 184 4 the yield of c incident X-particles. It
o T -1 should be notad that coincident X-partic-
e T\""" A 1 1les give mbout 905 of the yield of inclu-
: ;;M: 1 sive ones, Prom all the deta obtained by

ug it follows that the heavy fragment si-

Sadiadea gt nl_l,i,l,x;u_uu milar to a compound nucleus formed in
-1%0 -120 -90 -60 -30 O +37 460 +90 +120 *150

O1ab.(deg.) complete fusion is the main source of o-
particles with a symmetric relative to 90°
Fig.4, (a) Differential cross sectiions (c.m.s.) angular distribution, Ilow-

for the formation of two coincident _ :
o/~-particles w13h telegcope 1 located at ever the yisld of & particlc?s with a
an angle of 90°to the beam and at diffe- symmetric angular distribution ex-~

rent positions of telagcope 2. .
(b) the differential multiplici.r of ceeds that t.expected on tt.xe basis of
c01nc1dentcl -particles, the statistical evaporation rodel.

(c) the ratio of differential crose sec- . ;
tions for the formation of coincident This can be caused by an increase in
o/-particles emitted in one plane and in the o{-particle trarsmission coeffi-

mutually perpendicular planes. clents in taking into account the

] deformation of nuclei with high an-
gular momenta 5). This effect, however, depende sharply on the value of anpgular
momentum and should be most pronounced only at 12 1..,,. Therefore we believe
that an enhanced X -particle yield can be associated with the decay of the (-
cluster configuration of the dinuclear system 1,6). Such a configuration can
be formed in the proceas of nucleon trensfer in the initiml projiectile + target
system as it evolve- in the direction of complete fusion at angular momenta
1(1crit' From this point of view a substanial pert of &-particles with a s;mme-
tric relative to 90%.m. engular distribution is erdtted by the nucleus prior
to the establishment of full statistical equilibrium. Thie agrees with some
experimental results presented in 1), in particular, with the high nuclear tem-

perature value determined from the slope of the tt-particle enerpgy spectra,
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"mageive transfers" 7).
The energy spectra and angu-

"ig. 5., Energy spectra_of coincident X-particles . A .
for -908 and B,=+30° with telescopes placed in lar diatributions of reaction
one piane (A) and in mutually perpendicular pla- products ranping from I to C

nes (B). On the spectra proiektions the higto-
grams show data for coincident o({-particles, the
dashed lines stand for inclusive ol-particles.

are of the same kind gqualita-
tively. Therefore it is pos-

gible t» assume that the mechanisms of their formation are gimilar to those of
forming x-particles in the case of both symmetric and forward peaked anguler
distributions,
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FAST PROCESSES IN HEAVY ION REACTIONS AT INCIDENT ENERGIES OF 15 MeV/u

K.D. Hildenbrand
GSI Darmstadt, Federal Republic of Germany

1. Introduction
Expsriments which investigate reaction mechanisms in desp inelastic collisions betwsen heavy
nuclei were restricted in the past to incident energies up to a few MeV/u in excass of the Cou-
lomb barrier. In this energy regime the relative velocity of the colliding nuclei stays well
below the Fermi velocity of the nucleons. That is why the reactions proceed to a large extent
adiebatically: Most of the i.ternal degrees relax during the reaction time and the di-nuclear
complex 8s a whole reacts on all the constraints imposed by e.g. available energy, driving
forces or angular momenta. The dissipative character of practically &£11 the involved proc-
esses is accounted for best by the expression 'dissipative collisions').

It scems interesting to speculate how this picture will change if the bombarding energy is
increased. The adiabaticity certainly will be reduced, but it is not yet clear in which exper-
imental features this might result. If the energy is dissipated locally in space an enhanced
emission of neutrons or light charged particles might show signatures different from those of
sequential evaporation. At the same time the increased momentum of the coherent motion of the
projectile nucleons might reduce the incoherent particle-hole excitation (which seems to domi-
n3ate the energy-loss mechanism at lower energiesl) in favour of the excitation of collective
modes which in turn could couple to different exit channels. The latter aspect certainly is the
more important the more massive the colliding ions are. As conclusion one can say that the
step to higher energies is connected with the expectation of finding signatures for any kind of
preequilibrium or fast processes.

Three years ago we performed at 12 MeV/u (the highest energy available at that time) a first
exploratory experiment; a 86Kr beam was used to bombard different targets like 89Y or 166Er. A
surprisingly high probability for the projectiles to undergo a fragmentation into two massive
products was foundz). The availability of even higher energies has refocussed our interest
onto this energy regime. After the upgrading program of the UNILAC in Darmstadt has been com-
3)

pleted successfully”™’, beam energies up to 17 MeV/u even for U-ions can be routinely handled;

for medium-mass projectiles the maximum energy is even highasr, 22 MeV/u seem to be possible for
Ar ionsh).

In the next chapter 1 will briefly describe how our experimental set-up was improved in order
to allow for kinematically complete experiments. The following chapters are devoted to results
of our first experiments: In chapter 3 coincidence measurements between binary reaction pro-
ducts and a-particles in the reaction 98Ho + 15I‘Sm at 12 MeV/u are described; chapter 4 dis-
cusses charga- and mass distributions at low energy losses, chapter 5 velocity and charge
distributions of ternary fragments at high energy losses. There the main emphasis is laid on

the results of the system 92Mo + 92"0 at 14.7 MeV/u.

2. Experimental set-up

At higher incident energies three- and even four-body processes are expected to become
increasingly significant (the term two-, three- or four-body is used to specify the number of
heavy fragments in the exit channel). For this reason our set-up, which originally was

desiened and optimized for the detection of two-body processes has been modified; some of the
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components which ire of relevance for the results to be discussed are brietly described in ths
following:

1) A large-area position-sensitive ionisation chamber (IC) with a parallel-plate timing count-
er in front is flanged to a spherical scattering chamber of 130 cm diameter; it can be moved
around the target and determines the energy loss, the ensrgy and the velocity & d thus the
nuclear charge and the mass of the products.

2) Inside the scattering chamber 12 position sensitiva parallel-plate counters w’th an active
area of 20x30 cm2 are mounted. They determine the velocity vectors of the products; the resol-
ution is 4 mm both in x and y, the time resolution about 0.8 ns.

3) A series of solid state telescopes {s used for the identification of light charged
particles.

Fig.l shows on the left a view along the beam axis into the scattering chamber. The extent to
which the counter array covers the €oreward hemisphere can be inferred from picture oa the
right: It shows a singles’' measurement from s calibration run with Mo on Au ai lower energies.
The representation is chosen In a way to project the unity space vector of each event on a
plane placed perpendicular to the beam direction. This corresponds to a photography along the
beam axis taken from infinity. Depending on the position of the ionisation chamber cne of the
counters A, B, or E is moved downwards to open a slit by which the IC looks onto the target. On

the photo counter A actually is in its lower position.

.- - v v S
e v

TR DR TR R T I R R T
Fig. 1
Left: Photo of the array of position-sensitive parallel plate counters mounted inside the
spherical scattcring chamber. Right: Recomstruction of the fragments' position measured in an
inclusive experiment (see text).

Although two-, three- and four body processes can be reconstructed from the measured velocity
vectors a.one, the descri od detection system is designed to measure also charge and mass of
one of the outgoing ﬁroducts by means of the ionisation chamber. This offers the following

advantages:

a) The full (N,Z)-dist.ibution of the products can be determined what is of particular inter-
est at small energy losses, and

b) the kinematic reconstruction can be improved in cases of ambiguities (e.g. when in a
three-body reaction the C.M.-velocity vectors are aligned).

In addition, the ionisation chamber covers (in comparisen to the parallel-plate counters) a
broader dynamical range which will be important for the discussion of the fragment mass dis-

tribution in chapter 5.
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Using the new set-up we performed two measurements: (i) The reactioms “Kr on l66[21: and ”Ho

on 15‘5- were measured at 12.5 and 12 MeV/u, respectively, (ii) recently beams of gzﬂo and 98Ho
92Ho 98 147 154 238

vere used to bombard at 14.7 MeV/u targets of , Mo, Sm, Se and U. As already

pointed out I will restrict in the following to some selected results.

3. Preequilibrium light particle emission

At prasent direct evidences for preequilibrium light particle emission in collisions between
heavy nuclei (A280) are very scarce. To our knowledge the best founded evidences for neutron

emission prior to equilibration were obtained Tserruya et al.s) in the BSKr + 166

Er reaction at
11.9 MeV/u. The left part of Fig. 2 shows the experimental set-up with an array of neutron
detectors surrounding the target. Two of those which are placed behind the light and heavy
fragment detector are used as reference counters to obtain the spectra of neutrons evaporated
from the respective fragments. Using this information the yield and the spectra for all other
counters can be calculated and compared to the measured ones. This comparison is shown on the
right side of the figure: At forward angles cluse to the light fragment direction a component
is left over which is not understood in the frame of the evaporation calculationms; it is
explained by a simple model which assumes a 10 % component of the neutrons being knocked out at

an early stage of the reaction.
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Fig. 2

Data of Tserruya et al. (Ref. 5): Using the set-up of particle detectors and neutron counters
sketched on the left, the existence of a preequilibrium component is demonstrated in the
reaction Kr+Er at 11.9 MeV/u by a comparison of measured (black points) and calculated (open
points) neutron yields (see text).

The results on light charged particles are even more scarce than the ones on neutrons. There-

6)

fore in the run at 12 MeV/u we have perforiied a measurement

coincidence with the binary products in the reaction 98H° + 15I'Sln. The velocity vectors of the

of the a-particles emitted in

twvo heavy products were measured using the set-up of parallel-plate counters while the a-par-
ticles were identified by a solid state telescope placed at 20'. The binary events were
selected by requiring coplanarity in the laboratory and collinearity in the CM-system (see
Fig.3a). The kinematical reconstruction shows that the majority of the events is associated
with TKE losses of several hundred MeV (Fig.3b). In the energy spectfum of the a-particles
(Fig.3c) two components are seen, one peaked around 15 MeV, the other around 80 MeV. The gross
structure of this spectrum can be understood in terms of evaporation of s-particles as can be
inferred from Figs.3d and e. The measured yield is shown in contour plots as function of the
a-particle velocity v® and emission angle 0 for two different frames of reference: In Fig.3d
the CM-system of a and projectile-like fragment and in Fig.3e the CM-system of a and
target-like fragment. Projectile- and target-like products were defined according to their
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laboratory velocities; the faster fragment was sssumed to be projectile-like. The dashed
bands within the plots mark the rangs of velocities calculated for a-particles evaporated from
the respective reference particles. The absence of events beyond Gc. - 100° is attributed to
geometrical cuts. Altogether we do not find it possible to judge about the existence of other
possible i.e. preequilibrium components in the a-spec*ra. This statement is still to be sub-
ported by Monte-Carlo simuletions which are based on the experimental knowledge of angular and
velocity distributions of the a-emitting heavy products, but it is already clear that the
aviilable energy is not yet sufficient to promote charged particles into the continuum with a
sijnificant probability. Within the present pvor statistics a 1C % contribution as observed

in the neutron measurements could hardly be detected.
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4. Mass and charge distributions at low energy losses

The search for neutrons or light charged particles which get lost in early stages of the
reaction can be done in an alternative way, namely by looking onto the charge and mass distrib~
ution of the heavy reaction products at low energy losses. The choice of a system where target
and projectile are identical offers the advantage that for binary processes the primary dis-
tributions have to stay symmetric with respect to the initial charge or mass regardless of the

92 92

energy loss. That is why I will concentrate in the following on results of the ""Mo + “"Ho sys-

tem which was measured at 14.7 MeV/u; these nuclides are rather neutron-poor so one might
expect that -if present at all- the loss of charged particles might be enhanced ».g. in compar-

98 98H

ison to the system ~ Mo + o which was studicd as well,

In an inclusive experiment, where only secondary quantities are measured the data have to be
corrected in order to arrive at the primary distributions. This has been donre in the past by an
event-by-event conversion which in a two-step iteration corrected for the neutron evaporation
only. The appliance of his method to the inclusive results of the system under investigation
lead for already moderate energy losses to Z-distributions with maxima definitely below the
projectile charge, which were not compatible with evaporation calculations7). This made us
tentatively postulate a non-understood drift at these high incident energiesa).

In the present case the reaction is overdetermined since velocities and angles of both binary

pértners have been measured as well. If the assumption holds that neither velocity nor angle of
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a product changes on the average as a result of sequential particle emission, one can derive in
+ifferent ways the primary distributious more directly. These, however, looked different from
the inclusive results; it turned out that the two-step iteratrive procedure is no longer ade-
quate at higher energies; an additional mistake is introduced by neglecting the charged parti-
cle evaporation.
We therefore performed a full multi-step iterative correction both for neutrons and protons,
based on the predictions of the evaporation
700 ;2‘ 'n' el L code CASCADE’). These calculations are
Mo+ Mo 147 Me% believed to be reliable up to excitation

12,681, . energler of 100 MeV. The results are dis-
arbunits L : : 2
played in Fig. 4 as do“/dTKE.dZ; this

L spectrum looks now the same regardless wheth-

500

-

er measured energies or velocities were used

TKE/Mev

in the reconstruction of TKE. For the first®
200 MeV of energy loss the distributions in 2

1004 L stay symmetric and are centered around 2Z=42

e of Mo. As a consequence one has to say that

N 1bfT 30 '5'0 ! 710 ZPRH the formerly seen drift can be fully under-
stood by sequential evaporation; no evidence

Fig. 4: dzo/d'l‘l(}:.dz, inclusive results, ite- for preequilibrium decay is to be seen in
ratively corrected for particle evaporatic.. this range of energy losses.

5. Spiitting Into more than two fragments

At higher energy losses the Z-distributions shown in Fig. 4 widen up and bec. me apparently
skewed which is caused by three- (and possibly four-) body events. As already observed in the
first experiments at higher energiesz) these processes have an unexpectedly large probability
which has given raise tc the name 'splitting'. Gldssel and v. Harrach et al.,) have shown in
the mpeantime by a complete reconstruction of three-body events in the Xe+Sn reaction that this
formerly undetected process really must be regarded as being intermediate between three-body
break-up and a sequential process.

In order to get rid of the bias of & reconstruction on the basis of two-body kinematics we pre-
fer to use in the following the product velocity in the CM-system instead of TKE. Fig. Sa
shows the inclusive distribution dzc/dvcm.dz; in Fig. 5b two-body events have been selected by
requiring coplanarity, non-coplanar i.e. three-body events have been picked out by asking for
coincidence with one of the parallel plate counters mounted out of plane (Fig.5c). The dashed
line V represents the expected velocities of deformed binary fragments due to Coulomb repul-
sion (Viola energy). The two-body condition selects events extending mainly below the values
for velocity and nuclear charge of the projectile and ranging down to the fully relaxad events
along the V -line. The three-body events are mainly located below the V -line with broad
velocity distributions especially for light elements: They correspond to products
emitted forwards resp. backwards in the moving frames of the primary products.

A striking feature common to the three body and to the inclusive data is the long tail of the
Z-distribution towards small Z-values as it can be seen best from the projected Z-spectra of
Fig.5c resp. 5a. This component could only be observed after both the ionisation chamber and
its parallel counter had been run in a way to detect light, fast particles down to at least
carbon; the identification is done using the 4E vs. Vigb COTrelation of these fragments. In

the light of these new results we have to assume that the mass (or charge) distribution of the



splittirg fregments is much broader than expected from earlier mecsurementsz'g). The question
which role these light fragments play in the process can certainly not be answered before a

complete reconstruction for the full spectrum of splitting products is achieved.
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Results of ZMo+)2Mo at 14.7 MeV/u. Left side: Contoir plots d2/dZ ave™; right side: Inte-

grated element distributions. The spectra a) show inclusive data, spectra b) events with
coplanarity condition (A% = * 2°) and the spectra c) non-coplanar events.

5. Conclusions
The results of our experiments at energies up to 15 MeV/u did not show until now any conclusive
evidence for fast processes as far as the emission of light charged particles is zoncerned.

The 3-body break-up (called splitting) which is well established in the fully relaxed region

probabely plays a role also at already lower energy losses. Recent results from the 58Ni+58Ni

10)

system at 15.1 MeV/u seem to support this assumption . Nevertheless we need further exper-

iments to really prove this process to be fast i.e. to be connected with the high incident
velocity.

The experiments described in this talk were carried out at Darmstadt in a collaboration of
R. Bock, M. Dakowski (Inst. of Nuclear Research, Swierk, Poland), A. Gobbi, G. Guarino (now
at LBL Berkeley), S. Gralla, K.D. H., U. Lynen, W.F.J. Miller, A. Olmi, M. Petrovici (IPNE

Bucharest, Romania), G. Rudolf (Univ. de Strasbourg, France), H. Sann, H. Stelzer,
J. T6ke (Univ. of Warsow, Poland) and H.J. Wollersheim.
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EMISSION OP HIGH-ENBRGY CHARGED PARTICLES IN HEAVY-ION REACTIONS

Yu.A. Muzychka, B.I. Pustylnik, Yu,E. Penionzhkevich
Joint Institute for Nuclear Research, Dubmns, USSR

In recent years a rapidly growing interest hes been shown in the studies
of the processes accompanied by the emission of non-equilibrium light charged
particles. In particular, this interest is associated with the fact that light
chargad particles carry information on the time evolution of this process, be-
ginning from the initial stage of the collision to the decay of the compound
nucleus, Initially,‘;(;-particles emitted with velocities not exceeding the pro-
jectile icn velocity were investigated, but the recent rapid develozment of
experimental technique has made it possible to measure the spectra of light
charged particles at *he limiting energies determined by the process kinematics.

The use of s AE-E telescope placed in the focal plane of a magnetic spec-
trometer located at an angle of 0° to the beam sllowed one for the “irst time
to detect light charged particles ranging from hydrogen to beryllium isotopes
with energies close to the kinematical limit for the corresponding two-body
exit channel 1,2) (see Figs. 1 and 2). leasurements have been performed of the
spectra of charged particles produced by bombarding Th, Au and Ta targets with
Ne and Ar ions. Angular distribution measurements have shown that fast charged
particles have the maximum yield at 0° to the beam, rapidly decreasing with
increasing observation angle.

At present there are fairly many theoretical moli.ls proposed to explain the
emission of fast charged particles.
However, the presently available expe~
. 2 rimental data are insufficient to give
2 The Nemens8) preference to any of them. Moreover,
oo different mechaniams can contribute to

various parts of the spectrum. All the
models suggested can be divided rouch-
ly into two groups: direct reactions
(stripping, knock-on, etc.) and pre-
equilibrium processes. The firast group
of models considers peripheral colli-
sions and the residue compound nucleus
is expected to have an angular momentun
near fg -Z‘ s where L. 1s the grazing
. angular momentum, and ol is the average
angular momentum carried off by the
fast particle, In the second case where
] the central collisions are considered
0 0 W W % the angular momentum of the residual
Enag™28! nucleus is .onsiderably smaller,
The proolem of the magnitude of the
angular momentum of the nucleus remai-
Fig.1.Energy specira of th!;!g.hi”;:' ning after fast particle emission is

f“ measured in the
176MeV) reaction. essential not only for the clarifica-
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ot tion of the reaction mechanism leading
to the transfer of a large amount of
energy to tke light particle, but also
1 in terms of the possible productiorn of
"cold" muclei in reeactions involv .ng the
| emisaion of energeticyl-particles.
To obtain information on the angular
momentum magnitude and clarify the me-
] chanism of fasty-perticle formation it
is necegaary o investigate not only the
characteristics of they-particles them-
1 selves (their energy spectra and angular
distributions) but also the states in
which the nucleus remains after the
emission of a fast *-particle., This can
79 be achieved by measuring the excitation
L JL{G;‘g 18'. functions cfyx nreactions at high bom~
0 40 60 80 W 20 W0 barding energies, the yields and angular
ElaptMeV’ distributions of fission fragments in
coincidence with fest X-particles, and
Pig.2. Energy spectra of the Li and 1ty studying the spectrs and angular di-
%1%:‘):025;3!"??%;:3)i?e:kcliion.atributions of secondary X~particles and
protons, Finally, & very valuable infor-
mation can be provided by measurements of the spectra and multiplicities of
f’ -rays in coincidence with fast charged particles and the sim:zlteneous identi-
fication of the Y-ray emitting nuclei.

It, however, should be emphasized that the problem under consideration is
a very complicated ome, and each of the above-mentioned experiments has its
own limitations and difficulties,

One of the possibilities indicated above was realized im measuring thc ex-
citation functions of the reaction 1761.0. (22Ne,a(x n) in a wide He ion energy
range, from 5 to 10MeV / mucleon, with the separation of the exit channels
cldn, *1n, «...d4n by detecting the final products 3) (see Fig.3). By making
the natural assumption that fast x-particle emission leads to the formation
of a compound nucleus with mass (Aq + ;\.2-4), charge (ZAl + Zp=2), the set of
initial excitation energies determined from the experimental spectrum of fast
d~-particles and some initial angular momentum distribution determined by the
distribution of momenta in the entrance channel and the aversse momentum car-
ried amay by ano(-particle and using the formulae of the statistical theory of
nuclear reactions we have analysed the experimental excitation functions ob-
tained, The maximum value of the residual nucleus sngular momentum was the
only free parameter., In order to fit the experimental excitation functions to
the calculated ones it turned out necessary to assume that after the emission
of a fast d-particle the compound nucleus remains in a state with high angular
momentum f~50 - 60 at 22Ne ior energies between 180 and 210MeV, which corres-
ponds to momentum values of 80 = 90h1in the entrance channel, ind one can 'con-
clude that peripheral collisions occurring in the entrance chamnel play en
essential role in the mechanism of fast o{~particle formation. It is mtufal

L mTc -nmmmw
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2 v " ] that this way of deriving information
22y, m, {(1:: on the magnitude of angular momentum
- UL L
ot 4 cannot be regarded as the only unambig-

gl uous and reliable method.
Wil The J-multiplicity studies also en-
L <Maicon counter certain difficulties. The X -
mltiplicity measurements allow orne to
study the distribution of the residue
angular momentum arter the termination
N of the neutron cascade. The transition
~ from these quantities to the parameters
~ characterizing the range of orbital mo-
+ menta in the entrance channel is nei-
. ther asimple nor atraightforward, espe-
{ cially for miclei that fission readily
2 e ] at high excitation energies and large
[ *}-J angular momenta. We have calculated the
S T U distribution of the residusl angular
M) i momentum after the neutron cascade
which accompanied the emission of e
Pig.3. ?ﬁititi?ngnctiops in the fast d-particle in the reaction 22Ne
u reaction. (165 MeV) + 181, The average multi-

CROSS SECTION iem?)

plicity of K-mya in coincidence with fast J~particles was measured in this
reaction and the limiting value for the orbital momentum in the entrence chan-
nel, equal to 43 was obtained (ref,4), This value is considerably smaller than
those corresponding to peripheral collisions. It should be noted that that
experiment was carried out without separation of concrete chanmnels of compound
nucleus decay.

The calculations were performed in terms of the statistical theory of nuc-
lear reactions, In the calculations neutron, proton and ¥-particle evaporation
and fission were taken into account, The calculations demonstrate that fiseion
occuring at all stages of the evaporation cascade plays a crucial role in the
formation of the momenta distribution precedingl-ray emission, For é) 50 and
excitation energies E*>70MeV (i.e. E,<65MeV) fission constitutes the main
channel of decay, thus "eating away" the residual momentum distribution at lar-
ge values, A8 a result of the neutron cascade, the momentum distribution is
transformed from the "triangular” (as it was in compound-mucleus formation)
to a broad one with a plateau (see Fig.4).

The average value of the residue momentum Zreg depends on the {-particle
energy rather strongly since the latter determines the initial excitation ener-
gy of the excess macleus and, consequently, the rmumber of the neutrons evapo-
rated. On the other hand £,,, depends weakly on the maximum momentum of the
nucleus after A -particle emisaion and this complicates substentially the estab-
lishment of the initial limiting momentum by measuring the average Y-ray mul-
tiplicity. In this context, the lm,‘ obtained in rei’.4 can be viewed upon aa
only a rough eastimate for the lower limit of the 1,,, , the more so as the
quite possible cases of the three=body exit channel will decrease substantial=

ly the average X-ray multiplicity being measured,



Ssie It should be noted that more senaitive
! ? L, He DT w EA= 1650 would be an experiment in which the
; - 4 -ray multiplicity would be determined
/ - for the separated products corresponding
10#’ ’ to the evapcration of a certain mmber

| of nucleons, rather than for all the

! m compound-nucleus decay channels taken

e together.
5 T E=30me Wide possibilities for solving this
10 £+ 1vs5 i problem are offered by measurements of
¥ 5‘:‘:0"5’; I the fission cross sections and angular

! distributions of fragments in coinciaen-
ce with a fast o/-particle., The angular
distributions carry some information on
the distribution of momente in the com-
pound nucleus formed.

By reasuring the fission cross secc-
tion as a function of x-particle energy

;.o___‘__i._T_. it is possible tc¢ give an answer to the

0 10 20 30 <0 5@ L .

extremely important question concerning

Pig.4. The distributions of the resi- +the reaction mechanism, namely, what is

;ﬁr:?ﬁéazn:‘gzzzz?m at tWo 1o exit reaction channel - a two-body
or three~body one. In tlie case of a two-
body exit channel both the excitation energy and the 2274 parameter of the
heavy {ragment will substantially exceed those for the three-body case. Conse-
quently, the fragment yield per xX-particle will also be considerably larger.

Calculations demonstrate that combinations of lead and bismuth targetis with

22I\Ie and 180 ions may prove to be most convenient for this purpose. In going

to the lighter targets the fragment yield per s-particle becomes small for the
two-body exit channel as well, For the heavier targets (Th or U) the fission
fragments yield will be already large also in the case of the three-body exit
channel, since the target nuclei themselves have a relatively low fission bar-
rier. For the reaction Bi + "“Ne, about 80% of the events of X-particle
emission are expected to be accompenied by the fisaion of the heavy fragment
in the case of the two-body exit channel.
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PREEQUI_IBRIUM EMISSION IN THE REACTION 4N + Z7A] AT 100 eV

R. Billerey, C. Cerruti, A. Chevarier, N. Chevarier, B. Cheynis,
A. Demeyer, M. Stern and M.N. Namboodiri(*

Institut de Physique Nucléaire (et IN2P3) -- Université Lyon-I
43, Bd du 11 Novembre 1918 - 69622 V:lleurbanne Cedex (France)

Several studies of heavy ion reactions have been made recently where light par-
ticle-heavy fragment coincidence techniques have been employed to explore the
existence of non-equilibrium phenomena. In this paper, we report the results
obtain2d on the '*N + 271 system at 100 MeV incident energy. The measurements
have bezen performed at the isochronous cyclotron of the Institut des Sciences
Nucléaires at Greroble. WKe shall first give the schematic feature of what we
mean by preequilibrium emission. The experimental data and their analysis will
be split in three parts : reaction mechanisms observed in N + Al system, preequi-
librium emission in fusion and deep inelastic process.

I. Preequilibrium emission

Reactions induced by light projectiles have been interpreted quite successfully
in terms of precompound models based on successive two body interactions. The
schematic diagram is the following
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The experimental evidence of preequilibrium emission : high energy spectra com-
ponent and forward peaked angular distribution was obtained by comparison of ex-
perimental data with statistical evaporation theory prediction. The N(100 MeV)+Al
reaction is characterized by competition between fusion and deep inelastic col-
lisions. When we expect to observ preequilibrium emission, we expect the dia-
gram to be
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The time resolution of coincidence measurements being around 100 ps, we observ
light particles in coincidence with either evaporation residues or deep inelas-
tic fragments in their lower excitation states., The coincidence measurements

have been performed using two telescopes. The heavy ion telescope (a AE gaz -
ionization chamber followed by a 400 um solid state detector) is placed at fi-

xed laboratory angles either OHI = -10° or @ = -30°, The light particles te-

lescope ( a3solid state detectors system) is mgieable in and out of the reaction
plane for positive and negative angles. The charge identification obtained for
heavy fragments is show in figure 1, the elements Z > 10 are considered to be

mostly evaporation residues and 3 < Z < 10 to be light fragments from inelastic

reactions.
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1I. Reaction mechanism observed in N + Al system

. (1) - t =271
The measured fusion cross section Otusion = 830-150 mb leas to a Ecrit 27-2h
The evaporation residues (E.R.) distribution is well reproduced by an evapora-

tion code calculation with ¢ = 27 h.

crit
From fragment-fragment correlationz) we learn that most of the deep inelastic
collisions are followed by light particle evaporation from the target like frag-
ment. An example is given figure 2. The angular distribution for carbon ions
in coincidence with heavy fragments observed at -30° is shown in the upper part.
The charge distribution of fragments which are observed in coincidence with car-
bon are plotted in the lower part of the same figure. These fragment distribu-
tions are compared with predictions of statistical calculations. We determine
the total excitation energy from two body kinematics and assume this excitation
to be shared by the twe. initial DI fragments (]ZC and 29Si) according to their
mass ratio. The calculated distribution are shown as solid curves. The agree-
ment is good, the gross features of HI-HI angular correlation are well explained
by evaporation from the relaxed target like DIC fragment. In such process their
are no kinematical restriction for particle emission at backward angles. Conse-
quently such emission cannot be discriminate from fusion evaporation in inclusi-
ve light particle measurements.



24

2 (md. sr?)
| i )
Vo4 N Npog A
ol i/ \ | come caraone -
» / !\| - FRAGMENTS
/ -9-30
20| ', “
0
N O Carbore
v
§ AUM
v - CAL®
H
111t 1 ARAREERERE! ]
olmimls Flml al £l af
F n.n »u,s hﬂlﬁ‘
Figure 2

The inclusive measurements of
light particles emission show

a high energy component of a-
spectra which cannot be explai-
ned by statistical emission.
The inclusive center of mass
angular distribution of H and
He are fiven in figure 3. In
the case of a-particle emis-
sion an extra cross section is
observed in the forward direc-
tion, As seen in the inset such
emission is concentrated inthe
In the H
distribution no such forward

peaking could be seen. The ani-

grazing direction.

sotropies in the H and He angu-
lar distribution in the back-
ward hemisphere, as well as back-

ward angle spectra are well described by the statistical model calculation with
a critical angular momentum for fusion equal to 27 h (derived from ER cross sec-

tion) and a radius parameter for the moment of inertia equal to 1.43 fm.

The

statistical and non statistical light particle emission cross section have been
deduced from this experimental data and are compared to statistical model pre-

diction in the next table.
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Figure 3 - Experimental and calculated (full lines) C.M. He and H angular distributions,
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The experimental proton and alpha cross section is much larger than the statis-
tical prediction. But such calculation don't take account of the evaporation
from the target like DIC fragment.

I1I. Particle - E.R. Correlation

The experimental results are going to be compared with statistical-model predic-
tions. Such calculation are made with use of a multistep Monte-Carlo-Hauser-

Feshbach code’)
to be followed over all the steps in a large evaporation cascades. The semi-clas-

which allowed the particle emission probabilities and kinematics

sical formulation of Ericson and Strutinski was employed to calculate the angular
momentum of the evaporation residues along the cascade. The only free parameters
were the critical angular momentum for fusion which w.s set equal to 27 h to re-
produce the E.R. cross-section and the radius parameter for the moment of inertia
(1.43 fm) which has been chosen tn fit the ba n ngle light particle spectra
Laboratory Angular and energy distributions of light particles and E.R. as well
as angular correlation can be obtained for each evaporation stage.

The angular correlations give further insight into tae mechanism of particle emis-
sion. For the plane He angular correlation with different E.R. elements we ob-
serve a flattening of the distribution as far as the E.R. is further from com-
pound nucleus and more evaporated particles are concerned. This phenomena is
well reproduced by the statistical model (figure 4). However, the experimental
correlation measured for 9a= 15° is larger than the calculated one specially in
phosphorius (P) and surfur (S) cases. Such extra cross section can be explained
if one compare the energy distribution of the alpha observed at @ = 15° and 8 =
60° in correlation with E.R. (figure 4) The 15° alpha enercy distribution cannot
be 2xplained by statistical model. The high energy cross section enhancement cor-
respond to the extra cross section we just observed in the angular correlation,

Pi

Figure 4
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This non equilibrium aipha emission is also corroborate by observation of E.R.
charge distributions in correlation with light particles. As far as the whole
alpha energy spectra is concerned the E.R. charge distribution observed in the
correlation OHI = -10° and @ = 15" is well reproduced by the statistical mo-
del. But 3 notable change appear if only a with Eu > 30 MeV are involved {(fi-
gure 5). The statistical model cannot reproduce the charge distribution obser-
ved and particularly the large P and S cross section. In order to reproduce
such distribution we have to make the hypothesis that first an a is emitted

g;th g? eneggy around the energy beam (28 MeV) and then the compound nucleus
Ar[?7a1+1%8(72 MeV)) is formed.

c?:gs Oy 5-10° ER-a
8, = 15° .r”'l — ER «a (E4>30MeV) Figure 5
{
750} H I - E.R. distribution 8, = -10° in coinci-
H E dence with particles
el T A (E.R., a)
00 " ——— (E.R. - Ey >30 MeV)
| - g —s—s—.~  Statistical calculation
(B(72 MeV) + 27A1)
2501 <
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The out of plane correlation give information about the desalignment of the fi-
nal E.R. nucleus from the initial direction. The experimental data concerning
out of plane distribution are compared with the statistical model prediction
(figure 6). There is a progressive desalignment along the evaporation cascade.
The initial direction is essentially preserved in nuclear evapcration but as far
as more than two a particles are emitted a substantial dealignment is obtained.
Although there is an overall agreemen® between the experimental correlation and
the statistical model the (a - S) and (a -F) experimental correlation show a lar-
ger anisotropy than the calculated one. This suggest a contribution from a pro-
cess involving a emission in the forward direction which might preserve change
of the alpha energy spectra as function of the out of plane angle. As shown on
(Eigura 6) the high energy component observed at @ = 15° ¢ = 0 completely di-
sappear as far as the out of plane angle ¢ equal 30°

Recently the analysis4) of velocity spectra of individual resolved residues mas-
ses in Ne (14 MeV/A) induced reaction showed clear evidence for fusion like re-
sidues with an incomplete momentum transfer. Although we did not get E.R. mass
measurements we performed such analysis in the Si case assuming the average nas-
se to be equal to 28. The centrolde v of the reduced velocity spectrom N(v)/v
was determined (figure 7) and compared to the velocity VC = Vey cos Q. Vc is
the most probable velocity provided there is a complete momentum transfer and syw
metry about 90° CM in the decay of the compound nucleus. We find that v s
smaller than V. which is indicative of the presence of preequilibrium emission
or incomplete fusxon process. If one tries to extract the evaporation residue
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component by fitting the velocity spectra
with a gaussian which has the maximum pro-
bability centered at VC and a variance cal-
culated by a statistical evaporation code.
One can deduce at lower velocity an other
gaussian component centered at a velocity
v which could be explained if one suppose
an a is emitted in the first step of the
reaction from the projectile with a veloci-
ty near to the projectile one while only the
nucleus with the
target nucleus. v, is found to be equal

to most probable velocity provided there

is a complete momentum transfer in the fu-
sion (103 + 27!\1 72 MeV). Such informa-
tion given by the recoil velocity spettsa
of evaporation residue can be very signi-
ficant when measured in coincidence with

projectile 1like fuse



- 28 =

light particle. We just give here an informative of what can be expected of
such analysis.

To conclude with a-E.R. correlation the different observations lead to believe
that a prompt a emission occur in the first state of the reaction followed by
fusion of the remainding nuclei. In the proton E.R. case the in plane and out
of plane correlations are well explained by statistical emission.

IV. Particle - DIC fragments correlation

As we mentionned above fragment-fragment correlation show that in our system ca-
se the process is a two body interaction followed by evaporation from the rela-
xed target like nucleus. When we have three particle events it is worthwhile to
check the observation in the three body kinematical frame. For the three body
kinema'ical calculations) we use the following convention. The alpha particie
is labelled by 2, the projectile like fragment by 1 and the target like frag-
ment by 3. For example if boron and the o particle represent the two detected
nuclei we may write the three reaction type as :

Ao a0 gy ¢ P

I4N . 27Al . IOB . 31p” - (27A14 a) + 1OB

2

Process 1 2 |4N .
Process 2 3

14 27

Process 3 1 N+ 2Ta1 » o +3ar s (PTae'%) v o

For each couple of coincident angles we cen observ whether the events are due to
such sequential decay or not. We are going to study more accurately two case.
In the first one the light inelastic fragment are detected at 30° laboratory an-
gle which mean we are dealing with relaxed deep inelastic process. In the second
one the light in elastic fragment are detected at 10° laboratory angle near the
grazing angle.

In figure 8 is shown the diagram in case of carbon observed at 30° and o detec-
ted at 40° wupper part or 15° lower part. The correlation (30° - 40°) is consis-
tent with the pictuie of an o emission from the heavy recoil (EZS) which is cal-
culate taking the most probable energy for o emission in the center of mass of
the heavy recoil equal to 7 MeV. At 15° we observ an extra cross section for

Ea > 25 MeV. In that case the emission from the light fragment (line 512) can-
not account for the faster events. Let us consider the third process 31 : a
prompt alpha particle is emitted followed by the rotation of the dinuclear sys-
tem S7Ar which may even turn a cross the beam axis before it disrupts into two
fragments one of *hem being the carbon observed at -30°. The line E;, represent
the most probable energy for the carbon fragment (531 = 13 MeV correspond to the
Coulomb repulsion C-Mg no selection on the a-energy being done). As seen on fi-
gure 8 the process 31 can be one explanation for the correlation observed.

On figure 9 is shown the diagram for g particles observed at 15° and boron obser-
ved at -10°. The most probable energy of the @ emitted from the projectile like
or the target like fragment is set equal to 1.5 the Coulomb barrier that is 4 MeV
and 7 MeV. The corresponding E,; and E,, lines are drawn. As in the previous

case a fraction of the cross section can be explained by emission from the heavy
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recoil. However a considerable number of event is observed for low Qg values
Qg = -6 2 2 MeV. This maximum cannot be interpreted as a real projectile break-
up (Q; = 0). An evaporation from the light fragment (E12) cannot explain the
data even if one consider the Coulomb barrier to be slightly different. The ma-
ximum of events in the correlrtion (o-Li) and (x -Be) correspond to more and more
negative Q3 values. Such bei.aviour can be reproduced by the process 31 if one
suppose a prompt alpha is emitted followed by the disrupt of the 37Ar system in
two fragments, the lighter one being observed at 10°.

The in plane angular correlation of prompt alpha and DI fragments are similar
from lithium to oxygen, they a.e peaked in the beam direction. The out of plane
correlations shows a large anisotropy. The integrated cross section correspon-
ding to such non statistic alpha emission in correlation with DI fragment is

50 £ 20 mb.
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Conclusion

The similar behaviour observed from prompt alpha in correlation with E.R. orD.I.

fragments argue in favour of alpha emission in the early reaction stage.

The preequilibrium modelé) is able to reproduced the different features observed

which are the following

- The alpha cross section are greater than the proton one and don't depend much
on the projectile (N, C, 0) or target (Al, V, Ti) involved in the reaction.
The variation of prompt & cross section in function of energy per nuclizon 1%

The values from the different

in the entrance channel are given on figure 11,

experiments follow the same general trend. The non observed cross section for

heavier projectile is due to a too low value of‘fn in the entrance channel.

Similar results have been obtained in preequilibrium emission observed in light
particles induced reaction and are known to be well reproduced by the preequi-

librium model.

In the case of N + Al system the inclusive ¢ spectra as well as the total di-
rect alpha and proton cross section are well reproduced. Taking and initial
configuration §p, 1a in a agreement with the exciton number [nR)
deduced from the slope method N ® Minitial - 2 = 9° 1 (figure 12).

A code is in progress which will take in account of preequilibrium emission
together with the heavy ion reaction process leading either to fusion or deep-
inelastic collisions. The first analysis will be done on the N + Al system

at 100 and 150 MeV incident energy. We hope then get a global answer for all
the observations we did and even more get information on the angular momentum

5n,

range involved.
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ANGULAR MOMENTUM RELAXATION AND THE ROLE OF BREAK-UP IN 270-MEV 20He+’68ER

COLLISIONS
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Sektion Physik, Universitidt Minchen, D-8046 Garching
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The copception of a rigidly rotating double nucleus has been validated in many
examples of deep-~inelastic (DI) reactions at bombarding energies below 10 MeV/nuc-
1eon1-4). The fragment spins deduced from measurements of the y-ray multiplicity,
of the angular correlations in sequential particle decay and of the yrast popu-
lation patterns are in good ayreement with the classical sticking condition, cor-
responding to the minimum of the rotational energy of the system.

In asymmetric systems at higher bombarding energies the fragility of the light
projectile introduces new degrees of freedom. Incomplete fusion and quasi-elastic
break-up, both involving the dissociation of the projectile, become the principal
reaction modes competing with fusions'a’. According to a sharp cut-off recipe,
accounting well for fusfon and incomplete-fusion cross sectionss'7' in asymmetric
systems at E 210 MeV/nucleon, in the example of zoNe01saEt the partial waves bet-
ween li = lcrit(fusion) = 64 h and 11 = 125 h are expected to lead to incomplete
fusion, i.e. fusion of pr.jectile subclusters with the target. Yet the DI reac-
tion mechanism persists in such casess'g'io'. To track down the characteristics
of angular momentum relaxatjion in this energy region we have studied the fragment
spin in DI reactions of 2°Ne01682t at 13.5 MeV/nucleon. The concurrence of break-
up is found to be essential for an interpretation of the presented data in terms

of rigid rotation.

Isotopically enriched ‘GBBr targets of 2 to 4 mg/cm’ thickness were bombarded

with zoue beams of intensities between 2 and 5 pnA delivered by the VICKSY faci-
lity, Berlin, Projectile-like reaction fragments were detected with telescopes
consisting of axial-field ionization chambers and 2000-um? Si detectors, subten-
ding solid angles of 30 msr., Light-element contaminations of the tarqget, deter-
mined by comparison to runs with Carbon and Oxide targets, require corrections of
up to 10% of the heavy-ion singles yield at Olab = 35° and 55°. The yield of co-
incident y-rays was measured with narrowly collimated (+ 7°) Nal crystals (5"x6").
Contributions from neutrons were separated by time-of-flight. The multiplicity

of y-rays, "v = Ncoinc/(Nsinqles x efficiency), is obtained by integration over
the y-ray energy and by averaging over the almost isotropic out-of-plane distri-
buti~nn. The fragment spin is deduced from these data. In a second experiment the
circular polarization PY of the energy-integrated y-radiation was measured with a
doubly symmetric set-up of two heavy-ion telescopes at Glab = 35° and two polarime-
I in order to classify the trajectories by the sense of rotation.

68

ters

A general view of the 2°Ne4»1
events in the AE-E representation (fig.1). One may recognize two components in
these light-fragment inclusive data, a quasi-elastic component of 2 S 2

Er reaction is obtained from a scatter plot of

projectile
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nuclei with energies corresponding roughly to the beam velscity and a DI component
with a broader element distribution and energies close to the mutual interaction
barrier in the exit channels. The first one comprises incomplete fusion and break-
up (probably of the sequential type’z)). i.e. processes in which the part broken
off from the projectile is either transferred to the target or emitted into the
continuum. In the 2=8 case, the yield of coincident transitions of the target-like
fragments, measured in a y-spectroscopic experiment13), shows that a break-up with
only little excitation of the target and a transfer contribute equally. The DI
component is dominant at Olab = 35° which is 15° behind the grazing angle {(corres-

ponding to ig = 142 h) . However, at smallcr angles a strong preponderance of

raz
the beam-velocity component is observed while the total DI cross sections is com-

paratively small (about 200 mb).

A cts.| Ne 1

ﬁ -~ 5+16%

T T 1
E Rest

Fig.1: Gamma ray Circular polarization along the scattering normal

for three deep-inelastic groups and one beam-velocity group
<

in a AE-E scatter plot of reaction products at 01ap = 35°.
The insert shows a Z=10 particle singles spectrum.

The measured values of the y-ray circular polarization PY along the scattering
normal Ki b 4 kf are given in £ig.1 for three DI regions and one beam-velocity re-
gion. Since orbital angular momentum is lost, on the average, in the processes
considered here, the average total fragment spin vector points into direction of
the entrance-channel angular momentum £

(- Hence a positive (negative) polariza-
tion signifies negative-(positive-) angle scattering. As expected, positive-angle
scattering dominates in the beam-velocity component. iIn the DI component, the
average over the three indicated regions, PSI = (+ 14.6 + 4.4)%, shows that the
orbiting-conception is still applicable at 13.5 MeV/nucleon.

For a quantitative interpretation the effects of particle evaporation, of pre-
yrast y-radiation and of the misalignment in the primary reaction have to be ta-
ken into account . While the measured value of PY in the case of a completely
polarized initial state would amount to almost 100% in stretched Y-decay11), a
statistical-model calculation of the pre-yrast dealignment for the target-like
fragments shows that in this case !Pyl = 70-90% is to be expected, depending on
the relative contribution of non-stretched y-decay to the total y yield [see
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ref.“)]. The additional effect of the dealigned spin created in the primary re-
action is estimated by fitting a Gaussian m-substate distribution to measured an-
isotropies of discrete transitions13). As a result, PY =(t) (40-60)% corresponds
to pure negative-(positive-) angle scattering. For comparison, we note that both
160+58Ni [ref.1‘)]

where the same reckoning results in a largest

extremes are approximately reached in the cases of 100-MeV
and 620-Mev S%kr+197a 1503
possible PY of about + 60%.

u [ref.

Contributions from either side of the interaction region to the differential cross
section mutually cancel in the net polarization so that PSI = + 15% corresponds to
a negative-angle contribution of (60-70)%. However, a strong dependence of the re-
lative contributions on the element number of the ejectile is apparent in fig.1.

In the central DI group the polarization is consistent with zero, while it reaches
approximately the value expected for pure negative-angle scattering in the group
of lighter ejectiles and adopts an intermediate value in the group of heavier ejec-
tiles where a trecasition into fusion-fission processes, to be associated with zero
polarization, seems to take placeIO). These polarizations impose severe restric-
tions on the interpretation of the currently much discussed fast-particle emis-
sion in DI reactions16,.

The measured y-ray multiplicities are shown in fig.2 as a function of the element
number of the ejectile. Also given are the DI fragment spins deduced according to
a calibration of MY by fusion experiments in which the Ei distributton of com-
pound nuclei, in the region of tle target-like nuclei of the present experiment,

has been reconstructed17). Between spins of 20 and 40 h and excitation energies
of 80 and 140 MeV a set of data averaged over all xn channels is described
w91117) by I = 2.06'MY -5.2. While contributions from fission are negligible in

8), the spin removed by a evanoration would amount to about § h per

this regionl
heavy fragment if the a yield in ref. 17 were completely due to evaporation and
not to incomplete fusion. Thus, I = 2 M_ is adequate for the heavy DI fragments,
overestimating I possibly by up to 3 h. Contributions to HY from the light frag-
ments, identified as discrete lines in the Nal spectra, are small, e.g. less than
0.3 for 160(3-| and 12C(2+). They are included in the presented values of MY SO
that, with no significant change of the above calibration, the deduced spin is

the mean value of the total fragment spin I =I, + 12. A quantitative interpreta-

tion of the My-values in the beam-velocity com;onent is not attempted here, be-
cause these represent averages over the two fast reaction modes quoted above with
strongly different spin transfers, as revealed by the y spectroscopic study13).
In an exclusive study of incomplete fusion in a similar syatem7) the spin trans-

fer was found to be in good agreement with the prescription given in ref.5.

Application of the sticking-condition,

= 3 2
I/ii (O1 + (32)/(01 + 92 + ub?) ,
- 1/3 1/3
with parameters (D[fm] = 1.16 (A" +2,"7) + 2.0, rigid-sphere moments of in-
ertia19), 01 and 02) working well in several cases of asymmetric system52_4) at

lower energies, e.g. 175-MeV 20Ne¢Ag at 90° (ref.2), leads to a broad range of

spins (hatched area in fig.2) the lower border of which corresponds to 2
= 64 K. This value of lcrit taken from the bin-model prescriptions)
fusion and incomplete fusion dats of similar systemss’7)

i = Ecrlt
, describing

18 considerably below



the predictions of fusion-models tailored for lower bombarding energieszo’. The

calculated borderline in fig.2 is to be considered as a lower limit of the intrin-

sic fragment spin of a relaxed binary system with Ei 2 R . It is satisfying

crit
that the experimental values are close to this line for Z > 10 where a continuous

transition to the fusion-fission process is expected.
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VNN
5+ rigidly rotating . 4
di-nuclear system
20t <40k
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Fig.2: Gamma-ray multiplicity as a function of the light-fragment
% at O)ab = 35° (circles) and 55° (squares); deduced spin
transfer I in the deep-inelastic reaction channels; calcu-
lated rigid-rotation values for birary reactions with
L3 2 R¢cpyt (hatched area) and for deep-inelastic processes
in concurrence with break-up (dashed curve).

The salient feature of the data in fig.2 is the considerable spin deficit with re-
spect to the borderline in those channels (Z2=4-8) which are strongly dominant in
the DI component. Also the Z-dependence is in contrast to the behaviour of asymme-

“4) | The increase with increasing asym-

tric systems at lower bombarding enerqies2
metry, predicted for fixed Ei,may be flattened by an li-fractionationz) which,

however, would only give rise to different spin distributions within the hatched
area of fig.2. A correction for possible light-particle evaporation from the pri-
mary light fragments would lead to MY(Z

behaviour as the My(Z) values for 2

primary)-values with an almost identical

primary < 10 (see fig.2).

Giving up the concept of rigid rotation may enable an explanation of the spin de-
ficit, but the validity of this concept in the present case is suggested by se-
veral other observations, (i) The dominance of negative-angle scattering, in par-
ticular for those DI channels with the largest apin deficit (cf. figs. 1 and 2),
(11! the approximate independence on the angle, found for the spin transfer
(fig.2) and the mean DI exit-channel energy and (iii) the large loss of the spin
alignment between the beam-velocity and the DI component13), all these are appro-
ved indicators of a relaxed system.

We now consider two modes of a DI reaction in concurrence with break-up (fig.2)
which both lead to rigid rotation and propose a simple rule for the spin transfer,
obeyed in both cases.

1) As a limiting case of incompl<ce fusion the DI exit~channel with light-frag-
ment mass m § 20 will arise with largest probability from the partial-wave with

Ei = Ecrit (Er,m) x 20/m. For smaller 11 incomplete fusion (i.e. fusion of
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160#168Er in the example chosen in fig. 3) will be favoured, for larger 11 the

balance of farces favours a different fragmentation in the early stages). The re-
maining part of li is carried away by beam-velocity particles with mass 20-m
(solid line in fig.3). Thus, according to the phenomenological bin models)

8] = foye (Er.m) = 58 h, 50 K and 33 K in the examples of the '°0, '2c and fry
light fragments, respectively, are the actual critical angular momenta. However,
this cannot be the only mode present in the DI component, since the number of co-
incident fast part;g%es. distinguished from those emitted sequentially by either

fragment, is found to be less than one per light fragment and to increase not

significantly with decreasing m.

2) For a partial wave with Ei < lcrit the licht fragment has a chance of escaping

fusion if break-up occurs before the critical distance for fusion is reached. In
contras: to case 1) the observed fragment is the outer remnant of the initial
break-up and the part broken off is captured by the target. However, the same to-
tal angular momente Ei as the li o1 mode 1 are required for the balance of forces
in the rigidly rotating system. (The critical valuesS) obtained with 1682! or
with the heavy fragment after transfer are almost identical). Substantial contri-

butions from partial waves with £, < 2 flattening strongly the sharp cut-off

i crit’
distribution, have already been postulatedon the basis of a study of exit channel

energies in cases like 150-MeV 20Ne+40Ca deep-inelastic reactionsz1).

6
Isticking (Qi') 0

Qilz Berit ('60+'68Er)
Qi T

Fig.3: Schematic view of the angular mcmentum transfer in the two
extreme modes of deep-inelastic reactions in concurrence
with break-up, discussed in the text.

The relative probalities of the sketched reaction paths will be different for the
different DI exit channels and intermediate paths are conceivable. These are pro-
bably associated with different polarizations. Since the entrance-chanrel partial-
wave numbers Li are different for these modes, a broad Zi range will contribute

to the DI channels. Yet, a simple rule emerges from the consideration of the ex-
treme cases ! and 2: We apply the "sticking' condition to the critical total anqu-
lar momentum lcrit {Er,m} for the DI channel with ejectile mass m. With the phe-
ncmenological lcrit
‘tained (dashed curve in fig.2). Mass diffusion in later stages of the interaction

-values of ref.5 a reasonable reproduction of the data is ob-

may modlfy this picture for which the early dissociation of the projectile was a
basic requirement. It is of high interest to see how well the given recipe does
in other systems at large bombarding enerqgies.
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LIGHT PARTICLE EMISSION FROM HEAVY ION REACTIONS AT MODEST ENERGIES

E. B&ték
Institute of Physics E.P.R.C. S.A.S., 84228 Bratislava, Czechoslovakia * and
Je.I.N.R, Dubna, 1C1CCO Moscow, U.S.S.R.

and

V.D. Toneev
J.I.N.R, Cubna, 1CICOC Moscow, U.S.S.R.

Abstract: An attempt to estimate the reletive role of processes con-
tributing to the light particle (up to alpha) emission from heavy ion reactions
£ 22Ne . ]97Ah
reaction at 178 MeV is reasonable, though minor discrepasncies indicate a pre-

is given. The oversll agreement of the calculation and the date o

sence of some ano*her (nonequilibrium) mechanism end/or a need for msdificetion
of existing approaches,

1. Introduction

The studies of heavy-ion inuuced reactions attract much attention in the lest
yeers, One of their special quesiions, which receives s great deal of popula-
rity, is the erission of light particles (nucleons to mlphas) from reactions at
modest incident energies (% 2C MeV/A). The exprerimental daeta on the .ight par-
ticle Aouble differentisl cross sections (see, e.g., refs. "2)) manifest a
strong forward peaking, rather hard outgoing particle snectra reaching even the
two-body kinemsticel limit, end - especially for alphas - remarkable integrated
cross sections (up to 1261‘). The energy spectra and anguler distributions have
been analyzed in terms of direct reactions, deep-inelastic collisions, via the
pre-equilibrium end/or equilibrium decey of the composite system.Apart of re-
morkable successes reached, the theoretical studies have usually been limited
to one type of these processes only, what lowers their reliability in establi-
shing the mechanism which is responsible for the light particle emission, Wwe
try to estimete namely the relative role of different processes, Cur calcula-
tions are compared to the dats of the ]97Au (22Ne, “) reaction at 176 heV in~
cident energy 3 y where the ava.lable data seemed to be the most complete, To
get a better image of this reaction, we have calculated the trejectcries of
interacting ions, This has been done by the use of TRAJEIC code 4)
the Newton-type equations of motion including deformation, nucleon exchange,

, which solves

and friction, The latter was taken in the form of the so-cslled hard friction,
vhich seems to be well justified now 5). The interaction proceeds rather fast
. 2x10-225), increases with decreasing
impact parsmeter (®10 s for deep-inelastic collisions near lcri)’ and a rela-
tively long-living stable configuration is created for 1‘1cri‘ The overlap of
interacting r-iclei is extreémely small and cen be estimated ar " more than few

nucleons for such a long-living fusion-type configuration, a.. Jmoarably less

near the grazing angular momentum (tin
-21

+ permenent address
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for deep-inelastic collisions. We shnll 1list now possible mechanisms (in the
order of increasing impact peremeter and decreasing reaction time) and look,
how much and into which energy and angle regions thiy sre expected to contribu-
te to the double differentiml cross section for the alpha-particle emission.

2. Compound nucleus and the pre-equilibrium decay

The compound nucleus (i.e. equilibrium) decay predicts soft emitted particle
spectra, with angular distributions symmetric around

90°, The excitation energy is obtained from the en- Ui e | TR

ergy balance, with the rotational energy subtracted. o .. N

As seen fror Fig, 1, the theoretical specira are too '

far from the experimental dats, o

A natursl generalization of the compound nucleus
concept is the idea of pre-equilibrium decay, intro-
duced into the heavy ion reactions by Blann 6 and

4 8
o S

&l&l
q

used by many others thereafter, The energy srectra
calculated within the exciton or the hybrid models
depend strongly on the initial exciton number n_e

L W S |

This parameter was put equal to the projectile mass
number A in 6 . In the course of time the importance
of the pre-enquilibrium decay in heavy ion reactions,

0 N @ 8 8 K0 MW

especimlly st modest energies, was questioned, For Fig., 1. The errerimental b
the pre-equilibrium calculations, the initiml exci- (points) and theoretical
ton number can be de ‘rmined from the slope of the (curves) O-particle spe-
spectrun near its high-energy edge (for the nucleon ctra from 22Ne+1€7Au at
emission gie~¢§jw""2). The values obtained in 178 MeV, measured and cal-
this way, as were reported by verious authors, are culatec at three angles,
depicted in Fig, 2. Though they are strongly author The pure compound nucleus
{or computer coﬁe?) dependent, s gross trend can be (=equilibrium) contributi-

easily seen: n°<<A for low energies not far from or. is drawn as a dashed
the Coulomb barrier , whereas nozA for higlher en- line, the ccmbined pre-eq.
ergies, From the point of view of the trajectory plus eniilibrium s & [ull

calculations, resulting in small overlaps of nuclei, line.
the low value of n, st energies £ 5 MeV/A

above the Coulomb barrier is not too surpri=- ? a
sing, We have got nmB for our reaction A .
(with the a"ph: emission treated in mccord . ,:
with Ribansky and ObloZinsky |2)). The an- 1 ‘ .
guler distributions of complex particlea \ v :f

" were calculated as described in 13). The re- . :n&zm
sulting energy spectra at three different . * o 404
angles are presented in Fig, 1, % 3 10 &m}i(nJi

Fig. 2. Iniiisl exciton numoer n, from
analyses of n~, p-, and X-emission from
heavy ion reactions. The oxtracted vulues
were taken from 7-11) and our results,



3. Deep—inelastic collisions

The deep-inelastic collisions {DIC) can contribute to the alpna-particle emis-
sion in two ways, The primary process (we’ll refer to it ss to the extreme DIC)
consists of such a large mass transfer that the projectile-like fragment trans-

forms into an alpha-particle, all the other nucleons
target-like fragment 14

being transferred to the

. Secondery, the alpha particles from DIC arise from

decay of excited both the projectile-like and the target-like fragments,

3.1. Extreme LIC

If one msttempts to get as extreme ejectiles, as the
alphas, some modifications of standard procedure of
ecalculating the DIC products are necessary. Usually,
the mass and energy coordinates are supposed to be
independent (see 15) ) An estimate of the correla-
t1ons of the two motions leads to substitution of

(pp-p; A% )mstend of (p.~pg) into the Fokker-Planck o

equation s11ut10n (here, Pn is the radisl momen-
tum), Together with this, we prefer the use of (re-
duced) realistic binding energies to the usual se-
cond~order tolynomial approximation, Of course, this
is difficult to be done within the Fokker-Planck
equation approach, so that we calculate the element
yields within the mester equation, and then renor-
malize the Fokker-Planck double differential cross
sections to the master equation calculated integ-
rals 16 . As an example of goodness of our approach
we present the element yields for "neighbourhood
reaction™ up to our knowledge, there are no such
deta for 22Ne*‘97Au in Fig. 3, and the angular di-
stributions, calculated by the Fokker-Planck equa~
tion (code of 4 ) with the absolute value from the
master-equation approach in Fig., 4. The agreement
is more than reasonable in both the cases. We have
calculated the alphe particle energy spectra at
different angles in the same way, and present them

in Fig- 5.

Fig. 4. The angular distributions from the reaction
of 22Ie on 232Th at 175 MeV for four elements (their
stomic number is indicated at corresponding curves),
The full lines ere the experimental date 17’, the
Aaghed lines our calculations,

2250 . 332t 175Mev

100

= reduced shell
---real mass

7 9 1 3 2

3 5

Fig. 3. Element yields for
the 22 +232 Th reaction at
175 MeV. Points are the
dats of 7 y curves are
yields calculated by the
master-eq. appraach with
real masses (dnshed) and
reduced masses (full line)
of nuclei,

ag;%z A 2oNe s,

m 175Mev
10
8 (x102)
§1x1074)
¢ (x10°6)

18 —exp
---theor

0 20 20 60 80

Bemideg)
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3.2. Decay of DIC fragments

The nuclei resulting from DIC cen bear sufficient
energy as to undergo the Fermi breakup or the parti-
cle evaporation. We have supposed the Fermi breakup
for light fragments (up to 160), and the evaporation
wes calculated for all heavier nuclei, The results
depicted alss in Fig. 5. As is easily seen, both
extreme DIC and the decay of DIC fragments con-

are
the
tribute mainly to low energies and not too large an-
gles of emitted alphas, If we compare the elcment

yields from the primary DIC and the total “DIC-gated"

channel (Fig. 6), we see that for Z>4 only e slight
smoothing of the shell structure is observed., Some

significant differences of primary and "total® yields

can be seen for 2=4 (breakup of 8Be) and for 7£2
(meinly due to the evaporation from the heavy frag-
ment).

4. Direct reactions

Though many of nice sanalyses of direct reactions of

d 18-20) with remarkable suc-

heavy ions are reporte
cess in -describing the shapes of energy spectra and
angular distributions, their importance is still

questionable, becsuse they cannot predict the abso-
lute value, In order to estimate the direct

reaction contribution, we have used the

K3 & -0y

- ...
0 2 40 0 W W E o

Fig. 5. DIC
ol-emission.
data of 3),
the extreme

component of
Points are
dashed curves
DIC with the
breakup of light fragm.
(in this scale this coin-
cides with the extreme
DIC only), full line with
the evaporation from the
heavy fragment added.

(oversimplified) plane-wave breskup descrip- | e T ey

tion without any details of neither the nu- bt

clear structure nor the interacting pbdten- e
tisl 21, Generally, two parameters enter w0 /,/”/ '
these formulse: the width of the cluster im=- f

pulse distribution in projectile and a nor- " e
malization factor, The latter one was tasken “‘"“ﬂ::::N
so as tn describe the "missing part" of the T T heovy frogmnt
spectrum (i.e. experiment minus all the other " 5 'e?'mm 7
processes), while the former one from the

shape fit, Of course, such & procedure might Fig. 6. Element yields arising

overestimate the importance of direct pro-
cesses in our renction. One further step was
suggested to meke the picture a little bit
more realistical: we’ve included the Coulomb
deflection of the projectile trajectory up
to the {unknown) bresking point. We have de-
: and treated it as a

line).
noted this angle as %

from DIC as calculated from ex-
treme DIC (dotted), with light
fragment breakup included (dash-
ed), and with both the light and
the heavy fra;ment emission (full

parsmeter, The results, both for the direct part only and for the sum over all
processes, are depicted in Fig.7. Probably the best fit is for é}:=20°.



5. Conclusions

As is se~n from Fig. 7, we hnve arrived to a
very reascnable agreement of the theory and the
data, Cross sections of the alpha particle pro-
duction were estimated to be following from va-
rious mechenisms: equilibriur emission 12 mb,
rre-¢q, emission 54 mb, extreme DIC 73 mb, DIC
light fragment brenkup 34 mb, DIC heavyv fragm.

evaporntion 164 mb, direct reactions & mb (to- €

tally about 420 mb).

Nevertheless, even nll the considered pracess-
es together are not avle to reproduce all the
Anta similtenesusly. Some slipht discrepancies
whick still -em2in indicate & presence of some
noneqailibrium (or direct) mechanisz of the
alrha particac emission, characterized by its
£5C NeV at small

4 better understanding would be achi-

cantribution to ene-~gies
angles,
eved by further both experimental and theore-
tienl work,

The authors are srateful to O,i, Knrpov for
suprlying his Termi bre:skup code,
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INCOMPLETE DEEPINELASTIC HEAVY-ICN COLLISIONS

F. Guzmen and R, Reif
Technische Universitit Dresden, Sektion Physik, Oresden, DDR

In heavy-ion collisions with light projectiles and incident encrgies of 1o to
20 leV/nucleon an appreciablc amount of the total cross section is connected
with proccsses producing fast light particles. The experimental data on such
fast li1ght porticle enission during the course of heavy=-ion induced recactions
give strong evidince, that a non-ecuilibrium mode 1s inveolved, ot least during
the initiagl stage of the interaction, For example, in the reaction

20pe (260 MaV) 4°Co the inclusive kinetic energy spectrs of the rcaction
product *6g exhibit at forward anales p ctrong peak, located at an energy
corresponding to the Leam velocity (sc= fig. 2). The appearance of such a

pesk indicetes, that in the field of the terget m dircct transition from a
bound to & c tinuum state of the relative motion of the light and heavy frag-
ment in the projectile occurs as the dominating non-eauilibrium reaction,

In this reaction a further strikinc feature of the 6

C spectra is a well
pronounc:s low-enercy tail, which cxtends tens of fiev Lelow the dircct peok.
Such an extra compoverit 1s a clear indication of o nore complex recction
mechanism -overned by a final state interaction in the thrce-body channel,
into which the system enters aftcr the dircct reaction, If aone follows the
chance of the shape of the spectra with incressing resction angle, one can
establish, that the direct peak breaks down rapidly while the low-energy
component develops,

As pointed out by Udagaws end Tamura 1) this anguler dependence of the spec-
tral shape cen be understood as a consequence of a breakup-fusion process, in
wh_ch an elestic breeskup of the projectile takes place first, but tie X -par-
ticle is fused into the target subsequently (sece fic, 7)., The compound nucleus
formed than decays to another threc-body final channel. Soth amplitudes can be
cealculated approximately in DWZA, In a more pragmatic way, Husccir, licVoy and
Saloner 2) deconposed the inclusive spectra, measured in similar reactions, in
three parts: ¢ primary direct fragmentation component in P,CA, a seni-cirect
conponent resulting from the inelastic scattering of the observed fracaent and
an empirical non-direct background, The second component has been dctermined
by folding a direct-fragmentation-spectrum with an experinental inelastic
scattering spectrum, The relative contributions of the first anc second part
has be-n used as a free parameter, adjusted to fit the duta. Apart from the
very low-encray end, the tail of the experimental spectra® for 2°2Pb(160,17N)
end 2°8Fb(’60,320) at 335 Mev have been well reproduced for one reaction sngle,

In order to explain the low-energy coaponent in the spectrum of the heavy
projectile fragment, the present paper proposes a two-step resction model,
in which a direct projectile breakup is succeeded by a decpinelastic inter-
ection of the heavy projectile fragment with the target, in which the fast
heavy projectile fragient is strongly damped to the final low kinetic energy 3!



(a) (o) Ce)

Fic. 1 Schematic diagrams for (a) elastic breakup, (b) breakup-fusion, and
(c) incomplete DIC

Yca( ONe ,®0) “Ti, 260 Mev
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Fig. 2 Inclusive 16y spectra in 2% (260 MeV) + 4op,
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The qualitative picture of the course of the heavy-ion collision is the
following. During the initial stage of the reaction, an elsstic breakup of the
projectile into an o -particle and a heavy projectile fragment occurs, leading
to a specific three-body channel. In order to simplify the situation it is
assumed thet this process is governed by the Alphgparticle-target intc.action,
leaving the heavy projectile fragment ac a spectator. After the first stage
of the interaction we are encountered with a composite system of three partic-
les in contact with a certein distribution of energy and momentum for their
relative motion, This system further develops in time., In order to have a two-
body problem agein, we assume, that the doninating force is the target-heavy
projectile fragment (ser fig. 1). The1, during the second stane of the reaction
the tarcet and the heavy projectile fragnent are forming a double nuclear
system, for the evolution of which the state after the first breakup acts as
an initial state, Depending on the inpact parameter ir. the ingoing channel
and on the intermediate state after the breakup, this double nuclear systenm
can fuse (incomplete fusion 4)) or undergo incomplete DIC, \Vithin picture the
entire double differential cross section for the enission of the heavy pro-
jectile fragment is constructed by superposition of a cross section v(’) for
the (first-order) breakup and s cross section 0’(2) for a succeeding (higher=
ordcr) deeply inelastic interaction betwecn the heavy projecctile fraguent ond
the target,

e'.('s (e + « &M

The coeffici:nt « , which regulates the relative contributions of both cross
sections, it used to fit the shape of the experimental spectrum, The fit para-
meter (3 gives the magnitude of the absolute cross section. The cross section
6'(!) 13 estimated within a plane wave spectator model for ’60. It 18 ex-
pressed by the Fourier transform + of the ground state wave function of the
projectile, which i3 assumed to be a Gaussian with a width paraometer € .,
-~ x N . 'ﬁt
LR 13)! , ldlol ~ e et

The cross section elz) is calculated by folding a breakup crocs section with
the cross section for the derpinelastic collision 560-target.

&%~ (e WCGam) g ()

In order to simplify the integration over intermediate states it 1e assumed,
that the breakup does not change the dircction of the relative motion of 169
and Ca (Jlé:%a = Jlgféa ). Differ nt from Hussein et al, the inelastic cross
section 18 not taken from experiment, but calculsted within s two-dimensional
classical friction model for DIC, including statistical fluctuations of the
collective variebles,

Celculations have been performed for the reactions 2°Ne (249 Mev and
260 MeV) » ‘°Ca. Standsrd parameter valuse for the width 6 of the momentunm
distribution and the strength paramseters ag, 8g for the strength parameters of



the friction force:

6”' = c;' A,Az/(A,mz-v) " = 90 MeV/c or 83 MeV/e
sy = 12 fu/cMev o, 0.22 fm/cMeVv

The paraseters o andG$ have been fitted at one for.:ard angle (6° lpb,), and
then the crass section has been predicted for five other angles without read-

Justing the parameters « and @ « The results of the calculations are presented
in fig. 2.

Cne cen state, thet the endpoint of the spectrum at lover energies is civen
correctly. This means, that the standard friction force produces the right
magnitude of the energy loss during the finel state intersction, For incres-
sing rcaction angle, as in the experimental dotas, the elastic breakup peak
goes down rapidly, the spectrum becomes more bread, with a dominctinc contri-
tution located at the low-energy end. Furthermore, it nust be emphacsized,
that one has the same normalization factor’@ for all reaction anglec, So, the
model reproduces simultaneously the shape of the spectrum and the angular
distribution of the heavy projectile fragment, with similar results as D.I2A-
calculations for breakup-fusion (compare fig, 2). A more rigorous theory should
treat the three-body nature of the interaction after the first reaction stace,

Some extensions of the nodel are demandec referring to angular correl:tions,
mass distribution snd angular momentum transfer in incomplete OIC,
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HIGH-ENERGY CHARGED PARTICLE EMISSION IN INCOMPLETE-FUSION REACTIONS

Chr.V.Christov, J.J.Delchev and I.J.Petkov
Institute of Nuclear Research and Nuclear Energy,Bulgarian Academy of Sciences,
Sofia,Bulgaria

Recently,th= light~particle emission in heavy-ion reactions has become a rather
interesting but complicated problem. The emitted particles (mainly o-particles)
are peaked forward with an average velocity near to the beam velocity. Obviously,
this process is conected with a transfer-reaction mechanism different from the
evaporation. In order to determine the possible reaction mechanisms contributing
to the ad-particle emission cross-section, the high-energy o-particles have
been detected in the region of their kinematic limits (the maximum possible
energy for a given reaction channel evaluated by means of the conservation laws)
ﬁ-3]. The experimental data indicates that high-energy «&£-particles are emitted
with a significant probability near to the two-body kinematic reaction limit. The
energy spectra fall approximately exponentially to this limit but there is a
change of curve slope near to the limit. At lower incident energies the slope
change almost coincides with the limit but it is removed with the increase of

the energy. Tricoire et al. h] have tried to explain the emission of the energe-
tic o-particles by the presence of light contaminants (such as 12C and 16O) in
the target. They have concluded that the 12C contamination accounts for almost
all high-energy «~particles. It should be noted that their analysis 1is not very
convincing since the of-spectrum for a 12C—target in the c.m. system as represen-
ted h] exceeds the two-body kinematic constraint. The analysis of the experimen-
tal data given in [2,3] does not agree with the above assumption as well.The

comparison between the #-particle cross-section in the case of 178 MeV 22Ne

159’I‘b, 181'I'a, 197Au, and 232Th and the cross-

section for the 12C—target shows, that in order to explain the d-emission, the
12C contamination in the first three targedts should .> about of 30%, while the

cross-section for the 232Th-target is larger than that for the 12C—tarqet. The

projectile with different targets:

measurements of the high-energy part of «-particle spectra allow one to distin-
gquish the possible reaction mechanisms which contribute to it. The analyses b]
ot the experimental results [2] with respect to the different reaction mechanisms
suggest that it is only two-body processes which contribute to the emission of
d-particles with energies higher than 100 MeV. The «-) coincidence experiments
b] confirm that the transfer reaction mechanism plays an important role in the

d-particle emission process.

In the present paper we consider the emission of high-energy e&-particles within
the framework of a model [6] based on a simple quantum mechanical approach to the
tranzfer process in which,however, the fusion process is included as an essential

starje, We analyse reactions of the type
A+b—os (x+B),

where an d-particle is emitted from the projectile R and the fragment X fuses
into the target b .The physical picture we accept supposes the formation of a



X+P nuclear quasimolecule in accordance with a complete-fusion model ﬁ] propo-
sed earlier.The theoretical procedure is based on a modifucation of the PWBA in
which along with the absorption (complete fusion) in the entrance channel kinema-
tic Coulomb corrections are introduced. Then the total differential cross-section

is given by

L-.'
do ~ * ’ «)R X K t G Y
n g: Lo PP (b, T (8 (28 - ORYIT, - B Ra)) <RV, 00 (1

Here L, is the entrance-channel angular momentum related to the transferred mo-

mentum ! in terms of the classical conservation law

¢ ~%.|l-(--l7m|. (2}

The quantity ﬂ:: accounts for the absorption (quasimolecular formation) of the

L ~partial wave in the entrance channel and T:; is the formation probability of

the x+B quasimolecular U-state. Both quantities are evaluated in accordance

with the rodel [7]. The function ﬁ‘q is the Fourier transform of the function of
#-X relative motion R ., and it is taken in the form

.S

- a
Ry () ~expl-j7), ©'= e (3)

The matrix element is given by

< R',_,,V,,,J.FS dr [R',_,,(r)v,.,(r)].(l?. - ks, Kalr) v'], (4)

where \ﬁj is the "sudden" ion-ion potential of X and B ,and the function of
the X-B relative motion Rx-b is the lowest quasibound solution of the
shrédinger equation with an ion-ion effective potential

L ]
V-’ ,bg.vl_B .Vf.‘ N (5)
[ ]
where V4 is the centrifugal part.

Numerical calculations for the reactions of 178 MeV 22

'59Tb, 181Ta' 197Au and 232
rical results have been normalized to the experimental data. A comparison
between the calculated spectra and the experimental ones[2] is shown in Fig.?t.
As seen from Fig.1 the theoretical predictions are in a good agreement with the
experiment 2] . There are some discrepancies to the experimental spectra at e-
particle energies smaller than 40 MeV., May be it is due to the presence of emit-
ted 8Be-nuclei (practically two d-particles) as well as to the presence of eva-
porated d-particles both disregarded in our considerations. The contribution of
8Be-emission is essential at low d-particle energies. At these energies a sig-
nificant part of the entrance-channel b-window contributes to the 8Be-emission
since its corresponding transferred angular momenta exceed the critical momentum
for the X¢D system. The theoretical spectra reproduce well the experimental

Ne-projectile with four

different targets: Th have been carried out. The nume-
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197 232

ones at energies close to the kinematic limits for the ~ Au and Th-targets. In

o] Fio

. —MYRu 4

v -t perimental ones for 178 MeV Ne on different targets
o —t39.py 159Tb 181 197 232
’

1 Ta,_, Au and Tk at 0° [2]. The width

G = 0.6 FPn_ . The theory is represented by a so-
1l 1id line. The thick arrows indicate the two-body ki-
nematic limits.

The theoretical spectra in a comparison with the ex-
22

=0

both cases the limits are comparetively lower and

restrict the energy spectra. For the lighter targets
the limits are higher and it seems that the change of
the curve slope is not Jue to them. The slope change
1 may be caused by the behaviour of the function of the
J relative motion i;_,- taken rather schematically as a

Gaussian in the numerical calculations. So, the model

2 2 n o .‘ 181 . i
W 80 80 106 e spectrum for Ta deviates from the experimental one
- at hi - icle i R
E; Mev] gh & -partic energles
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OBSERVATION OF DIRECT '2c-TRANSFER IN THE ‘2c('*N,d)2*Mg-REACTION

K.P. Artemov, V.2. Goldberg, M.S. Golovkov, I.P. Petrov, V.P. Rudakov,
I.N. Serikov and V.A. Timofesev
Institute of Atomic Energy, Moscow, USSR

H.~U. Gersch, E. Hentschel, H, Schobbert, D. Wohlfarth and G. lLang
Zentralinstitut fir Kernforschung, Rossendorf, DDR

The exlstence of 12C-clusters in 24Mg is still an open problem. In partiloular
the 120(160,d)24Mg reaction has been used to produce in a broad range excita-
tions of 4Mg and the hope was to find a correspondence between the ol-spectrum
and the gross structure in (120,12C) elastic scattering. As reported reoently

by Stwertka et al, 1) there is, however, no evlident demonstration of a 2.
clustering. Much of the structure in the d-spectra comes from the sequential
dacay of the 160 projectil and does not describe the nucleus 24Mg.

At excitation energies below )0 MeV many high apin levels of Z‘Mg have been
found from transfer reactions like 120(160,:1.)24“3, 126(14N,d)2‘ug and
1OB(160,6)24M5. The general behavior of the oross sections is in good acoordance
‘with the pilcture of complete compound nucleus formation and a following evapora-
tion 2). The oross sections alone, however, are not sensitive to the nuclear
structure and caloulations of the 24Hg structure ) seem to be correct only up
to excitation energies of about 12 to 15 MeV.

The main 1dea of the present paper 1s to produce high spin states in the reac-
tion 12c(14n,d)2‘Mg and to select out those states which are formed at an
early stage of the fusion process. If this is possible one can hope to find
states with a struoture different from that of the 24Mg ground state band. May
be there exist only few levels formed in a direct strippling process where the
dauteron behaves like a spectator of the beginning 12c-1zc fusion.

The experimental method to select out this mechanism has beep developed by the
Moscow group 4 to study o -pluster states in light nuclei by means of the
(6L1,d)-reaction. Now we apply it to 12C(“N,d)z‘lig. In both reactions the
particles with spin 1 play an essential role, The idea is like the following.

We detect the deuteron from the 126(14N,d)2‘ug-roaotion at 0% If a CN forma-
tion takes place, tne spin of the deuteron is in a random orientation relative
to the orientation of the spin of the captured projectile 14N. Using the
conservation of spin projections it 1s easy to show that the projection of the
aspin of an excited state in the final nucleus 2‘!5 ashould have the valuss

0, #1, #2. In the opposite case of direct transfer of a 12¢ (ground state)~
nucleus the orientation of the spin of 14y 1s kept by the deuteron (of course
we neglect apin orbital interactior). As a sonsaquance the Z‘Mg ~nucliel are
stronzly aligned with the spin projection equal to zero. (The situation is much
more complicated in the case of deuteron deteotion under other than 0°-angles.
In this cawse 1t 1s necessary to make DWBA-calculations,)

Both discussed cases of z‘lg -spin projeotion population ocan be easily distin-
guished by observation of the angular distribution of the ol-particle decay te¢
the 2ONe (ground state). In the oase of CN formation the angular oorrelation
funotion W(6) 1is:
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2
¥®) = 7 a2 [FJoes )1,

0

where ay 1s the amplitude of the population probability of the projection m of

spin J in 24‘!5 From the naive point of view different projections an
aqually populatgd, but the calculations give ratlos a2

normalization 4 32 =1 5).
. m

wust be
= alz 2- az with the

i

Ir tne case of the direct mechanism we are dealing with only one projection

m = O and the angular correlation function has the simple form
W) = aﬁ (Bj(cos )12,
The measurement of the angular
r T T A8 T correlation was done at the
PRI 20 (% 2% Moscow cyclotron in two runs
§i CON.d) Mg with bombarding energies 31
ul s((;‘)N)u.JJIkV and 33 MeV. The corresponding
' - ’ excitation energy of 24Mg
s00+ - . 134 '25 covered the region 9,34 to
‘ A i\ rgﬁ f‘ s 15 MeV. A typical deuteron
600+ i.-“| :-(‘,‘i-' li ,'J‘ l‘\ A | spectrum at 0° 1s shown in
S;Z’\{ S ?J “1 li 5 fig. 1. The energy values are
400 k-7 \YJ i ﬁr preliminary ones. For all the
hat ) K. levels in rig. 1 the correla-
zoof ANV I tion runction has been measured.
0[ X . A . The most interesting result of
100 150 N (channel the (d,&)-angular correlation
measurement 1s shown in fig. 2.
Pig. 1

Deutef on sgectra of the reaction

12(:(1

61ad

30)31

the Kurchatov institute

{Neanc/Morat )com arbitrory urts

RGN (1365 o e
% B o E(%N) » NMey

o E("N) ‘JIMe¥

b(“N) = J) MeV¥, measured for
angular ocorrelations at tne cyclotron ot

Only tne one level labelled by
the excitation energy 13.4 MeV
in fig. 1 shows evidence for a
predominant direct meckanlsm 1in
the (4N,d)-reaction. Tne rull ilne which
18 in a nice agreement with the experimen-
tal points corresponds to the direct
excitation of a 6*~level. The only one

ad justable parameter is related to the
branohing ratio or the o —decay to the
20yq ground state, We obtained tne
branching ratioc 27 # 6 % which accords to

the value 24 % given by Fifield et al. &),
Pig. 2

d-o-particle angular correlation funotlon
xor the state 13.45 MeV (6%) 1n 2 ’-‘lg

are angles in the rest system of
Pﬂll 1line ieaents the functlon
[P‘(coae)ﬁ (direct pro u) normalized
to 27 % «-decay to the 2 (ground atate).
The dotied line is the Hauur-li'eshbach
model prediction.



- 52 =

xnr ** M
0 al 2C(“N,d) *Mg"
500, dauteron spectrum
E1*N),, + 29 MeV
2“0 Oldhe: 6°
8 20 ,
.04}
b Ll
| W o
& % & g

8
8
<4

[ 31)

248

ol RE{N,d)4g*
_‘.‘_\\\\\~“‘~_ffjjfiij?znﬁw
005 5 8*
50}0 oo © ° 4
o t e o
Elh o
=
3% {
°
001 ]
} { k
0.05 E(*Mg*) : 13.45MeV
o.{o ° 0 ® % °e R ° o
6 o
\_L// 6*
0.0} L L .

60° s0°

Figo 4

Angular distributions of deuterons

corresponding to 2%Mg -levels_

13021 MeV(B"’g and 13045 MeV(G )0
The solid curves are the results
of Hauser~-Peshbach calculations.

Fig. Ja

Deuteron spectrum (weakly
smoothed) measured at 6% (LAB)
by a conventional E/E tel-
egscope at the Rossendorf tan-
dem van de Graaff. The bom-
barding energy was 29 MeV (LAB).
Fig. 3d

The spectrum shown in tig. Ja
after applylng a Wiener-
Kolmogoroff-£filter 7).

Additional measurements of the
deuteron angular distribution
have been psrformed at the
Rossendorf tandem vaua de
Graaff. In fig. 3a a typical
deuteron spectrum at 6°(lab)
and the bombarding energy

29 MeV 1s shown, After applica-
tion of a Wiener-Kolmogoroff-
filter 7) we obtained an
optimal resolution saown in
fig. 3b. By careful energy
determinations at several
angles excitation energy values
were obtalned and are saown
for some strong peaks. These
values are accurate within
+15 keV., They are 1n good
accordance with recuent values
by Szanto de Toledo et al. 2 .
Our energy determination for
the interesting 6t -1evel 1s
13.452 + 0.015 MeV.,
Preliminary data of the
angular distribution for the
13.45 Mev(6") and the

13.21 Mev(8¥)level are shown
in fig. 4 together with the
results of a Hauser-Feshbach
(HF) caloulation. The beha-
vior is somewhat surprising.
The experimental curve for
the 13.45 MeV-level with a
more direct excitation
mechanism is closer to the HF
result than in the oase of the

13.21 MeV(8+)-level which is a member of the ground state band., Very preliminary
data for the excitation funotion at 6°(LAB) measured between 27 and 30 MeV at
the Rossendorf tandem show, however, for the 13.45 MeV-level a monotonio, weakly
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increasing behavior while for other levels fluotuations oocur like those
published for the 12¢('4N,0)?2Na reaction by Cordell st al. 57,

Summarizing we state the existence of a level in 24M3 which is exolted in a
direot transfer process in the 1zc(14N,d)Z4Mg reactlion. From our arguments
about the mechanism we can of course only say that the deuteron must b~ emitted
early enough so that it's spln projeotion is not changed by the fusion process.
Clearly this is not a proof for the existenoe of a highly deformed 12C+1ZC
cluster structure. It 1s, however, a reasonable hope to expect at least some
special nuoclear structure for this level. Experiments arse now in progress to
look for the y-decay and for neighbouring levels at higher energies witn a
similar behavior.
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Institute of Nuclear Research, Warsaw, Poland, and
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1. Introductiu..

Spin - orbit potentials found in recent Optical Model analysis of the slastic
scattering of polarized °Li ions on “°Ni and '2C nuclei at 20 MeV and 19.24 MaV
respectively 1/. ¢iffer from those predicted by folding models 2'3/. The diife-
rences may be accounted for collective structure of the used target. In order
to investicate the influence of the tarset excitation on the elastic scattering
we have carried out detailed coupled channels /CC/ and DWBA calculations. For
12C the existinz inelastic scattering data were included in the analysis. The
exverimental data presented here have been obtained in the Max Planck Institut
fr Kernrhysik in Heidelbers using the source for nolarized 1ithium ions at the
Heidelberg EN - Tandem 4/.

2. Courled channelsg and DWBA Banalysig

2.1 Inelastic scattering '“C/ 1i, Li/1zc. 44 mev-2t 19,24 VeV

Treating the first excited state of 120 /4.44 NeV, 2*/ as & one phondn state,
the DANBA calculations with complex coupling were rerformed. A process responsi-
ble for a transition between collective states is usually treated as spin inde-
pendent therefore the gnin transfer As = 0 was assumed in the calculations.
The entrance channel Optical Model potential was the same es the one used re=-
cently 1/. The same central part of the potential was used in the exit channel.
Several sets of the spin - orbit notentential parameters in the exit channel
wer. tried to get a correct description of the measured vector /1T11/ and ten-
sor /TTEO/ asnalyzing powers 5/. An example of the calculations is shown in Pig.
1 by dashed curves. The parametrization of the epin - orbit potential was the
following: Thomas shape, vls = 0, MeV, r, = 1.227 fm, a, = 0,2 fm, The calcu~
lated curves follow the common bshaviour of the measured angular distributions
but 4o not reproduce the absolute values of the analyzing powers.

The coupled channels calculations were performed using the ecode CHUCK 6/. In
these calrulations coupling betwesn the first and the second /7.66 MeV, 0%/
excited states of the target nucleus was included. The results of the calcula-
tions of the differential cross sections and the vector analyzing powers are
shown by solid curves in Fips., 1. For the vector analyzing nowers the resulte do
not differ from those obtained with the DWBA aporoach. The coupling constant
/32R = 1,64 « 2.09 fm waes extracted with the range of .slues depending on whet-
her the real or imaginary radius is used. Previous values ranging from 1.1 to
1.94 fm have been reported 7.8,9/
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22 Elagtic scattering of polarized 614 ions on 12 ana %1

In the recent Optical Model analysis of the elastic scatterins of polarized GLi
tons on '2C and 7BNi nuclei at 19.24 and 20.0 MeV, respectively, the chenomeno-
"logical spin ~ orbit potentials were found to give a good description of vector
and tensor analyzing powers without any additional tensor terms in the OM rpo-
tential . However these potentials are larger in the region important for the
scattering 3/ than those predicted by folding modelez'jl. One of the rossible
explanation 1s the influence of target excitation which should reduce the stren=
ght of the spin - orbit interaction due to the reduction of the imaginary part
nf the Optical Mndel potential.

The results of CC calculations for elastic scattering of 6Li on “C at 19,44 MeV
are shown by solid curves in Fig. 2. The imaginary part of the Optical Model po-
tential was reduced from 10.3 MeV to 8,3 MeV in comparison with single channel
calculations, to get correct description of the differential cross sectios. The
influence of the target excitation ims explicity seen for the vector analyzing
powers. In the angular region around 100 deg the CC calculatione differ signi-
ficantly from the siznie channel ones and give better description of the experi-
mental dats. The strength of the spin - orbit interaction was reduced by about
15 precent in comparison with that found before v but 1t still differs from
foiding model prediction.

The CC nalculationg with complex collective formfactor were corried out also for
elastic scattering of polarized 6L1 on 58N1 at 20.0 MeV, Only the coupling bet-
ween the ground and the first excited atate of the target was involved. The value
of the deformation parameter /32 = 0,21 used in the calthationa was taken from

12
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the previous work 10/. In the calculations the imaginary part of the O¥ noten-
tial was reduced from 15.24 MeV to 9.5 MeV and spin - orbit interaction from
0.46 MeV to 0.30 MeV in comparison with CM analysis 1/. The results shown in
Pig. 3} by solid curves describe well toth rreasntsd angular diatributions and
do not differ too much from sinsle cha-wel predictions. Tha stremgth of the
used spin -~ orbit interaction is still larger in the tail regicn than that fo-
und on the basis of the folding models 2*3/, The CC calculations with folding
model spin - orbit potential 3 shown in Fig. 3} by dotted curve for comparison
display oscillating structure and do not reproduce the data. In summary. this
analysis of the elastic s~attering data shows that the CC technique describes
well the data and allows to reduce differences between phenomenological spin -
orbit potentiale and those predicted bty folding models.

ML LN
E =200 MaV

/o i€ 00, e

10 UL 1
4 01

[1.1)
02

ANl N L —
120 160 [ 0 80 120 160
Bem (dog) 8 (deg)
Pig. 2 Fig. 3

Calculated results of the differential cross section /ratio to the Rutheford
groes l,gtion/ ggd vector analyzing powers for elastic scattering of polarized
14 on '“C and “"Hi. Dashed curves and solid curves are the results of the one
channel and coupled channels calculations, respectively. Dotted curves are the
results of the coupled Syannels calculations with spin - orbdbit potentials pre-
diected by folding model”/,

3. Concluding remarks

Inelastic scattering of polarized 6[.1 ions on 120 leading to the first excited
state of the target nucleus was analyssd using the DWBA and CC methods., Fach
transition in the analysis was treated as a one phonon collestive one. The re-



sults reproduce the shapes of the experimental data dbut do not reproduce their

abasolute valuee. The influence of tiie target excitation on the elastic scatte-

ring of polarized 61.1 on 120 and 581!1 was inveatigated. The influence was fo-

und to be important /especially for 12c/ but did not explain fully the descre-

wnces between the spin - orbit potontial; §7und in the Optical Model analysis
and those predicted by folding models “°
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MONOPOLE EXCITATION IN ELASTIC AND INELASTIC NUCLEUS-NUCLEUS SCATTERING
REACTIONS
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K.V. Shitikova
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The aim of this work is the description of monopole excitations in elastic and
inelastic scattering reactions of nuclei with Aa16 in the framework of a
microscopic model using various types of nucleus-nucleus interaction potentials
( folding potential, energy-density formalism). The nuclear densities used for
the calculation of the folding potential are obtained employing the method of

hyperspherical functions with realistic nucleon-nucleon interaction 1).

In the method of hyperspherical functions the wave function of a nucleus A is
iven b 2 T{3A%) =~

9 Yoy 0,2, A9 33/ »;%}xk‘_(e) Y, D

where Y denotes the hyperradius and the %K‘(b) are the K-harmonics polynominals.

The Hamiltonian of this problem takes the form
. _Rt 1 . M-t D 1A Vs
He —am goas Sy (8 )T Em T Bet V),
from which one gets the Schridinger equation for the radial functions X,&{\YJ
- dt Ly (L) 2 L4 X' .
g—s - LY - _“Ln.__ = _2"1 L ? (v)
(dg‘ —_—g'_g— H (’:‘wkl’(?)))xk"(?) -ﬁz Kl”k’('wh(( )IK.‘,:
with Ly =K+ % (A=-2). In this equation WS ) refers to the matrix elemert of
the potential energy of the nucleon-nucleon interaction, which is described in
e realistic way according to Brink and Bosker 2). Then, the resulting eigen-
functions Xkr(s’)deternine the radisl density distributions n“(r) of the
nucleus investicated for the ground state, the excited state, and the transi-
tion between them, For example, in che approach K = Knin i* is obtained 3)
Sa - T 5A-16)/2 -15A-13)
v 1o 3Ga-111 (o7 2y A-13)
n”U) T PLIGA-1)] s( r) g lﬂ?)lj(?)

L anw ffdsam] Torer NG BAN), oo
3T CLIGGA-w) ' i

In this picture it 49 also possible to compute the RMS-radius of the nuclear
state, Furthermore, the radial density distributions cen be used to construct
the folding potentisls describing the interaction of the two nuclei. The two-
particle interaction v,z(F; - ?;) is chosen as the Skyrms-interaction *) with
& -forces for various parameter sets and in the form of energy-dependend
finite-range forces proposed by Satchler and Loves), where the effect of the
Pasuli-principle 1s taken into account by e- exchange term.

In order to investigate the influence of the repulsive core on the differentisl
croes sactions for the nucleve-nucleus scattering process the interaction
potentisl was aleo calculated in the framework of the energy-density formalism
6) for symmetric systeme.

These differential cross sections which cen be compsred with experimentsl data
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sre computed employing the coupled channels sethod, where the optical potentisl
(R) between the nuclei is chogsen in the manner

Vopt,13(R) = (& + £B) Uy (R).
Here, the parameters ot and P depend on the bombarding energy of the syetem and
on the type of UiJ(R) 89 it 1is described sbove.

Vopt

This formalism was applied to the interpretation of experimental data of the
reac- ions EZC(‘He.“Heo’)nC, E’(4He°’) = 20,7 Mev, E_ B> 65 MeV 7),

12¢ (30, 31e) 12c0*, £¥("%c0%) - 20.3 Mev, E .« 108.5 Mev ), 160(%ue, 4e) 1600+,
E:;’Go°’) = 6.06 Mev, E, = 40 Mev 2}, ey 180, 160) "0, ELap™ 41+ 49, 63 Mev
In order to describe the monopole excitation of 160 at E = 6,06 MeV in the
inelastic scattering reaction ‘He + 160 the 4p - 4h configuration of 16¢ has
to be taken into account, Fig, 1

represents the result which was do
obtained with the paraseters 452
%=1and p= 0.3, 0.1 for the g
elastic and inelastic channel, . vl

respectively. In this case one
gets a better agreement with the
experiment far the scattering
in forward direction. The
investigation of the elastic «' P
165 4 %0 scattering shows the
improvement of the reproduction

of the data if one uses finite-~ bbb d bAoA A A

range forces instead of the 20 0 6 &0 6

Skyrme-interaction with ¢ -forces. Scm
Fé~, 1

Referencee

1. A.l. Baz, M,v. Shukov, UAI-1883 (1969)

2. M, Brink, E, Boeker, Nucl, Phys, A91 (1967) 1

3. M, Keschiev, K., Shitikovs, Sov. J. Nucl. Phys, 30 (1979) 1479
4, N.v, Gipi et al., Phys. Lett. 358 (1971) 135

S, G.L. Sstchler, W.G. Love, Phys, Lett. 658 (1976) 415

6. H. Ngo, C. Ngo, Nucl, Phys, A348 (1980) 140

7. H.P, Morsch, P, Decowski, Phys, Lett, 828 (1979) 1

8. D, Lebrun et sl., Phys, Lett, 978 (1980) 358

9. J.v, Maher et sl,, Phys, Rev. 188 (1969)1665

10, A.I, Ysvin, G.¥, Farwell, Nucl, Phys, 12 (1959) 1



DYNAMICS OF HEAVY ION coLLIsIons*

H. Feldimeier™
-lax~-Planck-Institut flir Kernphysik, Heidelberg

H. Spangenberger
Institut fir Kernphysik, Technische iocihischule Darmstadt

* Work supported by Gesellschaft fiixr Schwerionenforschung mbH, Darmstaat

» Heisenberg fellow

Like in .(ny aissipative prucess the theoretical description of deeply inelastic
heavy ion collisions has to begin with the separation of the dynamical variables
into macroscopic and intrinsic,or slow and fast coordinates. Then the equations
of motion for the macroscopic variables contain dissipative parts (friction)
which have their origin in the interaction with the intrinsic degrees of freedom.
This interaction is asswaed to be of stochastic nature and is responsible not
only for dissipation of macrosccpic collective energy but also for the observed
fluctuations of the macroscopic degrees of freedom.

' The modzl whica we apply to describe the dynamics of dissipative iheavy ioa
collisions is based on this concept and allows to calculate trajectories as well

as the diffusion in phase-space. The ingredients are

1), Hacroscopic variables: Three macroscopic degrees of freedom determine uniquely

. @ family of shapes. The shapes consist of two spheres smoothly joined by a

hyperwolic neck.1'2) The degrees of freedoms are denoted by: s = aistance

tetween the two spheres, (3 = percentage of the volume in the neck,
‘43 = asymmetry. The total volume of the shapes with sharp surfaces is conserved

and does not aepend on (s,G ,4 ). Negative values of 6 mean a squeezing of
shapes with & = O such that we get oblate deformations for two separated

objects. A complete family of shapes 1s shown in fiqg. 1. Furthermore we nave

three angles of rotation describing the relative and intrinsic rotations,

2) Kinetic energy: A Werner-Wneeler flow pattern 4}(?) inside the shapes which

corresponds to a change in (8,8 ,4) is assumed. The kxinetic energy is tnus

given Ly
‘ ™ k) e} z —_— A o .
T-= %gdr LV(r)] = —i.z. M‘j q‘q,'
- Shape )
where (&1,é2,&3) = (8,6,4). The matrix element M, is illustrated in the

center part of fig. 1. To compare this with the reduced mass m the contour
lines show the ratio H,,/,& . In the region of binary shapes below the
scission line (dash-dotted curve) it is close to one. For the three rotational
degrees of freedom the rigid body moment of inertia i3 assumed.
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3) Potential energy: Here we calculate for each shape a folding potential con-
sisting of a Coulomb and a nuclear part:

R
Visg,a) = %Sd.‘rs‘o{’r'l}—};‘ + 3—‘,:’ SOP" SA"I{:I - ,?z_‘ﬁ § e ©

shape shape
The parameters a, y°. are taken from Krappe, Nix, Sierk.3) The result is shown
in the lower part of fig. 1 as a contour plot of the potential energy. The
landscage exhibits the binary valley, the Coulomb barrier close to the touch-
ing point and a saddle point. Tc the left of the saddle the system gains
energy in going to the compound sphere, to the right it gains energy Ly re-

separating again.

A) Dissipation mechanism: We use the window-plus-wall dissipation. Utilizing

the long mean-free-path of a nucleon in a nuclear medium at not too high an
excitation energy we calculate friction and diffusion coefficients by con-
sidering the time evolution for small times of the one-body phase-space dis-
tribution close to the window between the nuclei or close to the wall.Z) The
friction coefficients are the well known expressions for window and wall dissi-
pPation. The diffusion coefficients for the window dissipation are not related
to the drift (friction) coefficients by an Einstein relation. Rather, the
relative velocity+«of the two nuclei plays a similar role as the temperature
in the region where the excitation of the two nuclei is still small. This is
indicated in fig. 2, where the two occupied Fermi spheres in the single par-~
particle velocity space are shown at different times during a collision. In
the beginning they are shifted by the initial relative velocity. Due to the
Pauli Principle transitions which cosi:ribute to the dissipation are only
possible in the dotted area. This in turn is proportional to the relative
velocity | i: t" At a later stage of the reaction the nuclel are heated up
and additional transitions are possible in the shell of partial occupied
states. In a very late stage o: the reaction where the relative velocity is
negligible the available phase space for transitions is determined solely by
the temperature T . Cnly in this limit wc obtain the Einstein relation. This
extreme limit, however, i3 not reached in rcactions where the two nuaclei re-
separate again after iess than one revolution,

Typical results for trajectory calculations (without diffusion) are shown in
fig. 3. The experimentally obscerved large energy damping leading to values far
below the Coulomb barrier is achieved by very stretched shapes of the system in
the exit channel.

Another interesting feature of heavy ion reactions is the dynamical behaviour

5) 4)

cf two fusing nuclei. Studies in the direction support Swiatecki's concept
=

of an "extra push”.

Using the calculated diffusion coefficients in a moment expansion of the
Fokker-planck equation we obtain Wilczynski diagrams as shown in fig. 4. For these
caliculations we kept & and A fixed at their initial values which results in tco
low erergy lusses. However, the important point to note is that the peripheral
collisions with small excitation energies already exhibit rather large fluctuations
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N

in scattering angle and energy in agreement with the measured data. The reason is
Lhat for these reactions the diftusion is driven by the relative velocity (c.f.

£ig. 2) which iz large and not by the temperature which is still small.

In summary we present a model which is based on known macroscopic properzies
of nuclei and nuclesr matter in connection with a not too much simplified treat-
ment of the geometry in coordinate as well as in velocity space. This leads with-
out any adjustable parameters te an ynexpected successful description of a large
variety of phenomena in dissipative heavy ion collisicns.

This contribution is a condensate of a lecture held at the International School
of physics "Enrico Fermi®", Varenna, 26. July - 7. August 1982.2)

Figure 1:

Upper part: family of cshapes for fixed
asymmetry as a functior of s and §
Center part: contour plet cof the dia-
gonal matrix elemert for the motzion

in the s~direction divided by the re-~

cuced mass in the Werner-wheeler
collective flow mass-tensor. Lower
part: contour piot of the potantial
energy calculated with the folding-
potential. Energies are in MeV and with

respect to the compound sphere.
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Figure 4:
86 166
Experimental and theoretical Wilczynski diagrams for ~ Kr + Er,

. 136 209 _ A e
Elab = 703 Me7 and Xe + Bi, Elab = 1130 M2V, The broad dis

tributions close to the initial energy are due to the relative
velocity part ‘3;\ D? of the momentum diffusion. The dashed line
denotes energy and scattering angle of the mean trajectories.
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1. Introduction

A8 we know from experiment the collision partners in a deep-inelastic collision
of two heavy ions keep their identity in the average,inspite of the long inmte-
rection time of some 10721
r between the two ions a8 & physically relevant collective degree of freedom
(d.f.), in addition to the intrinsic (nucleonic) d.f. {x} . Ususlly this addi-
tionael d.f. is treated clessicelly, i.e. the relative motion is described by
trajectories. The ergument for this is the small de Eroglic wave length on ac-
count of the lerge reduced mass. This argument, however, becomes questionable
near the turning point, where, in e head-on collision, the reletive velocity

i3 equal to zero. The question in how far & quentum-mechenicel description of
the rela*ive cotion would alter the dynsmics of the collision process is etill
en open question., An interesting wey to tackle this problem was proposed by
Hasse1) who described the relative moti.n by wave packets, simulating the coup-
ling to the intrinsic d.f. by @ frictionel Schrodinger equetion for the rela-

sec., This suggests to consider the relative distance

tive motion. e try to go beyond tne trajectory concept in a more consistent
way by introducing a total density matrix (d.m.) D( ;xf , éx'} y Iy ', t))dP-
pending on both intrinsic and collective d.f.. The product ansatz D( {;} v

{x) ,ryr', t)a Qi) , [x'} , t)+ Glr, r', t) leads to the mean-field
approximetion and, in the clessical limit, to the trajectory concept. Deman—
ding this factorisation of T for all times would meen thet we sllow the collec=-
tive and intrinsic d.f. to interact only via their mean fields, and that we ex-
clude correlations in the strict sense. These correlations induce fluctuations
of the mean fields,which in turn influence the dynemics of both collective and
intrinsic motion., The influence on the collective dynemics wes investigated by
3ross3) and by Takigawa4). These guthors, however, retain the mean field eppro-
ech for the intrinsic d.f. which ere treated on the many-perticle level. iie fo-
cug, however, our attention to the influence of the correlatiomns in D on the
intrinsic motion, In passing to the ori-particle level, we ere eble to make
this infiuence transperant in the time=-evolution of the single particle occu~
pation numbers.,

The description of the intrinsic motion on the one~pgriicle level is, on the
other hand, just the goal of TDHF, Ve therefore have to accentuete the diffe-
rences of our approach with respect to TDHF. Simulating a low-energy heavy-ion
collision by TDHF mesns to describe the time evolution of the one-perticle d.um.
in the time-dependent self-consistent field of the combined system, generated
by 81l nucleons irrespective of their origin (terget or projectile). The rels-
tive distance has not the meening of a collective d.f.,but 1s introduced by
hand vie classicel initisl conditions for the relestive motion., Quentum fluctu=
ations, therefore, are not msccounted fcr, At leter times, collective variables
must be extracted indirectly by plsusible prescriptions (see, e.g., ref.5)).
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In our model, we want to retain the collective variable as a genuine d.f..

The price we have to pey is the loss of selfconasistency for the combined system.
vie consider the mean field of the approaching projectile as an external pertur-
bation with respect to the nucleons of the target, (and vice versa). The time-
dependence of this perturbation originetes firom the relative motion vis the de-
pendence on the reduced d.m. &(r, rt*, t).

2, Intrinsic motion with extermal correlations

In what follows we focus our attention to the approach phase of the collisiom,
The reason is thet for not too heavy systems most of the collective energy is
transferred into intringic excitation during a short time of order 10'22 sec at
the beginning. If we assume that during this stage the overlap of the nuclei
keeps swall, ii{ is reasonable to distinguish between nucleus A and nucleus B
end to characterize their rutual interaction by VAZ(r). The initiel situation
(t=0) is given by an internal d.n. 9(0) = QA(J) . QB(O). To postulate this
factorizaetion for t>0 is equivalent to approximate the average value(VA; >t
by the sum of the mean fields of either nucleus acting on the other one:
VB YD, ¢ VD), with VA=t VABIT) ana Cdp = BB,
the average over the collective d.f.. This means nothing else than neglection
of two body colliaions between nucleons from different nuclei, in eccordance
with the confirmed idea of "ome-body dissipetion™ at low energies, To investi-
gate the influence of external correlations on the intrinsic systen it is then
sufficient, within our model, to consider only one nucleus, say, nucleus 4. ‘e
therefore drop any indication of the collision partners in the following.

To specify our model we introduce the total Hamiltonian

el ol . *
H=H,+V H,= Hey + Hon V=2, Y, (v e/a, (1 a)
The intrinsic Hemiltonian of the isolated nucleus reads
_ + 4 + b
H,, = Zw fv'vay a: +3 Zw'/'/‘l VoY at'a/“a)pv’ @

The total d.m. follows the v, lieumann equation ib = {4, ©] , with the initial
condition D(0) = §(0) - 6(C). To extrsct the uncorrelated part of L(t) for t>0
we use time-dependent projection techniquese). With the projcntion operators
P(t) = Eﬂt)trc and Q(t) = 1-P(t), we find P(t)L(t) = Q(t)'G(t) and Q(t)D(t) =
Dcor(t). If we epply P(t) on the v. Neumann equation we obtain

g = [Hn e <V, ¢] t- [V, D] , 9)=zjox<el | (@)

Dropping peor yields the mean field approesch (with reampect to the external
coupling} snd,applying Lhrenfest's theorem to the external mean field,{ v >t1¥
V((J?)t), provides the familiar semiclessicel spproximation, tecsuse LS%%(0)=0,
we find for the external correlator

-t oot e e, s ) o
]

Here we have introduced the traceless coupling 3V(t) = V= V )t yhich descri=
bes the deviation of V from its mean value at time t, aend the propagstor in the



Q-subspace

+ .
cp(f.'t'):Iexp{—i}d&,&(#d[H,-]} , Peb=1, (4)

& being the time-ordering operstor. Ey inspection of equ. (3) we find ‘aat the
correletions introduce & memory into the equetion for ¢ . During the mewmory
time we approximate the time-dependence of G(t*')under the integrel by that for
the free relative wotion, Then the firet two terms within the curly .»ackets in
equ. (3) cancel,

Teking D°®F in firet order perturbation theory with respect to &V , we obtain
the finel equetion for the meny-body d.m. ¢,

. t e .
by =[th,r <y o] + § [at b [V, G ety [aVie), swswlees)]. (s
Here we have introduced the propegator
G, tit)= ecpl-iule¥)-Gittr | Gt)= Ie'ff-ff,“( Ha v <V} (6)

The correlation term in equ. (5) contains typical quantities like ('56&t-t')

Sv(t'))t,, with th) = exp| iHcollt] Voexp[ -iHcollt] . These are correlstion
functions with meximum velue at t* = t, which represents the fluctuation

< 8V(t)2 >t of the coupling 7V around its wean value € ¥ .+ ‘e conclude that

the correlation term reflects the effect of fluctuations of the external meean

field on the intrinsic rotion,

3. ovolution of the occupation numbers

To study the tire-development of the intrinsic systen we turn to the one-par-

ticle level, “his is cone by the method of quantum=kinetic equations’). The

)
hierarchy of equetions for the cne-particle d.m. 9;".=t§ngu)at,a,' , the two-

3 o,
perticle d,m, ?':r-)m'h' =tf;" Q(HG:Q;, Uy U = 9‘:‘“’9‘:-.—Q:’..9ﬂ“- + .R‘:.Lnfﬂ‘ )
and so on, is cut off puttin. the three-particle correletor i equel to zero,

without the external resn field ihis procedure would lead to the self-consi-
ctent equation for the one=particle d.,m. oL the isolated nucleus, supplemented
by @ collision ter: arising fror the internal two-body correlator R 2 « In 1its
structure this equation is identical with the iDIF-equsti~n plus collision terr.
I'or heavy-ion collisions such en equation wes derived, e.g., by Ayikb) and Vel-
durmUIIer9). kut, es slready mentioned, the latter are equetions for the single
perticle motion in the seli-consistent field of the combined system end, there-
fore, represent e completely different tackling of the problen, liow, in our mo-
del, we specify single-particle stetes In> for the nucleus under consideretion,
.and ask for the time evolution of the one-particle d.m.,in this basis,under the
influence of the fluctueting external mean field, Using equ. (5), we arrive at

t
L4 = G [hD, 890D ¢ i [RY v T+ [T b8) . ()
n [+

42
The one-body Hewiltonian h(t) consists of & self-consistent part S( g‘(H) ari-
sing fror the twoabody intersction introduced in equ. (1 b), and the external



mean field ¢V )t:

hit= SISV Gt Dy U n Gt ©
Superscript "a" meens the entisymmetrized metrix element of 1% The integral

term represents the influence of the external fluctuetioms. Although 5V2 is =&

two-particle operator, it turns out that I“kt, t') is a functional only of the
one~particle d.m.,. Replacing G. of equ.. (6) by the mean field propagator

q(tf)- Tgxf:{ d,rh(t‘) } (9)

we find

A . . A
1%t )=t [qlet) @‘"“5 Vgl -Staveg W)gee), SVOT

Here we have introduced the notations Q(t) = exp LiHcollt] A exp[ -iHcollt] and
§(1): 1- gt").

To make equ. (7) a closed one we have to express the internal correlator R(Q)
by 9(1). By inspection of the equatiom for Réé;'n' which will be derived else-
where,we find, in addition to the inhomogenous term representing incoherent two-
body collisions, an integrel term which is & functional of 9 and arises from
the externel correletions. If we neglect this influence of the externsl corre-
lations on the intermnsl correlator, snd resign the inclusion of coherent effects
via p=h- and p=p=-correlations,as well ss the damping of the single-particle
states, we obtain approximately

t . 4 A 4 4 WY f
RO = Hdgies) (g T dsly — Fhehvr gl Jaee) g
o

Lecause we neglect ground-state correlstions, we have R(z)(o) = 0. Insertion of
equ, (11) into equ., (7) provides the finsl equation for 9(1). The internel cor-
relation term originating from R 2 has just the familiar structure of the col=-
lision term in extended TDHF. Rut, in contrest to the lstter, our propegsior
g(t, t') refers only to th" states in one nucleus, but exhibits an explicite
coupling to the relative motion vis the external mesn field'<vl>t, equ. (3).

In order to make the role of the correlations in equ. (7) transperent,we chcose
the time-dependent single-perticle besis In >4 ,generated by h(t). By inspection
of the external correlations, equ. (10), we encounter products of matrix-ele~
ments Svﬂy taken at different times. The same holds for products of matrix-
elements qJ%F,ﬂw‘ appearing in the internel correlations, which sre obtained if
we insert solution (11) into equ, (7). Following the arguments given ing) we
make the epproximation

a a

Vi iyt Vi x|V | expl~li- é)/le"] (12)
r/“'v Y )/“ "‘ V

LE L /‘/"

snd an analogous approximation for products of Sv(t)n . The correlation time
Teorr iptroduced thie way is a measure for the overlap, i-<"'m >¢' , of the sanme
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single-particle states at different times t'+ t, in the sense thatt<11lﬂ}.==0

for {t=t'| >'Téorr‘ During time intervals itmt £ Téorr we @ssume that the sta-
tes In }t develop diabaticu11y9), i.e. without any population of other states
n'$n :
t «
i —~ _‘
g(t.tHﬂ?t: = In%up[ ;f'dr&,,tc)] ) E"('t)-;_‘_'_(n”q(l.‘)l'”}c_ . (43)

This is pleusible becsuse the approach of the projectile is = rapid process
which leaves, over small times, no time for the nucleons to redistribute into
other states,

Vie are now ready to write down the finel equetion for the occupation numbers
93%#)::55/ 9@ Ind¢. on account of the correlations, slso off-disgonal matrix
elements of 9(1) come into pley. 48 a first spproximstion,we neglect the off-
disgonal elements, essuming that the time-depeadent meen field is the dominant
agent for the intrimsic motionq If we disregard memory effects in the diagonal
elements of 9(1), we may write the cquation for g(gg in the forn of a master
equation with gein end loss terms:

d L ' A=) T =), o)
a-tg:‘ = Zv {(W * g)v»ngY 03, & —(W+'+)n-w gV(H?‘"“’)}) (13)
where
1 T - ced
Wosy =3 ,./,.lvi/,,/,,l 9/‘“(\9)?;}(4% gy 15)
and 2
. L
- ) 15V, @1 Af
Frar =2 pq Sty or9 1S ¥w DI Al 6

Here, in performing trc 6(t) .., from equ., (10), we have used the momentunr re=-
presentaetion for & and neglected non-disgonsl elexents. The quentity q, then,
Just represents the transferred momentux from ths relative motion,connected
with the transition n>V. The quantities [3 sre, for the collision and the
fluctuation term, respectively

. i
A‘::,/;‘y (H:a(ié’e‘t%#fw(w[;t_(_j dt Asw)”/“)/“.v] + c.c,) a7
end
fL 4>, -tll/zcém( [C(fdc(&w),, v ~ M/ +C.C.) (18)
Ao ) = JHe explif d{Bech., ~H/u ,
With AS(Clau 4'y = Ewll +€u(C) ~ Gu)-Er) , 4E0, v 2 £, () - €,(C) end PI/m
the transferred kinetic energy from the relative motion. .

Equ. (14) is the centrsl result of our spprosch, The internal correlestions W
have the same structure as the collision term in extended TDHF end describe the
thermalisation of the intrinsic excitetions. The additional external correla=-
tions QF exhibit the influence of the fluctustions on the development of the



occupation numbers., It is remerkable thet they fit the gein minus lose structure
and therefore preserve the form of a messter equation for géf)(t).
It is instructive to discuss the relation to the qusntal Boltzmann equation,
To this end we psss over to en extended systewm, In our formuletion this wmeens
to drop the time-dependence of Af and to take the limit T;orr—>°° « For times
t larger then the memory time we may replace the upper limit ingfo#’ by t =oo
end obtain,from equ. (17) end (18), respectively
A”’u (8) = 20 (6, Teu-Eu -5, )  and f i) = WS En€ ~Pi/M) (19)
'n/“’)“" w s K v A"N v ‘
For gn infinite system, of course, the conception of an externsl perturbstion
makes no sense,end we had to drop the fluctuation term. It receins the colli-
sion tfrm with the energy-conserving 6~functiun, a8 given by the Boltzxann
eguatiin, For s finite systerm, however, this d;function vanishes because the
single-particle erergies are discrete. The 6:Iunction in j&fl, nhowever, would
not vanish because pq//u is continuous, This mesens that the fluctustions remain
opergtive, nemely for "on-shell" transitions AEn,, = pq//u. To mere the colli-
sion term operative in a finite system,it is necessary to srooil the d ~func-
tion, This is domne, ir our model, by the finite correlstior tirze, 7€orr’ and
the time-~dependence of the single-particle energies, én(t). A8 argued ing)the
latter effect ig the dominsut one; an estimate given there provides & srmooining
of the Jlfunction over several i.eV. In our nmodel the tire-derendence oi the
enerpies 1s mginly due to the external field <v >t and thus, vis §(t), to the
tiie~development of the relstive mction, The connection hetween the *opering ¢f
the collision window" by smoothing the J;function eud the collective moziecn
wes slresdy dipcussed quelitatively ing‘. In cur epproaci: this connection te-
comes rore explicite,
e conclude with tne following stetements:
(i) A congistent treatment of collective and intrineic wotion ellowe vo ip=-
clude external correlations beyond the meen field spproach.
{(ii) These correlations represent fluctustions of the externasl mean fieid.
(i1i) These fluctuations change the occupstion numbers of the single-particle
states and nust ve considered together with the two=bady collisions,
(iv}) kEkquilibration and relative motion 3re intimately connected beceuse the
collision term becomzs operstiv. dcminantly vie the time-dependence of
the externsl mean field,
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PARTICLE-HOLE DESCRIPTION OF HIC

R.. Jolos

Joint Institute for Nuclear Research, Dubna, USSR

R. Schaidt and J. Teichert

Technische Universitit Dresden, Sektion Physik, Dresden, DOR

Tha first stage of e HI-reaction at incident energies of about 10 Mev/N cha-
racterized by the conversion of relative kinetic energy into that of internal
excitation should be degcribed by nonstatistical theoriss, Today there does
not exist a common understanding of this process. In principle there are three
mechanisms which msy contribute to the energy dissipation in the entrance
channel, the excitation of collective etates, the transfer of nucleons bet-
ween projectile and target and the sxcitation of uncorrelated many particle-
many hole states, Diffeient modele have been developed to deecribe the energy
loes in terms of these mechanisme. The common basis of these models 1s the
assuaption that the sxcitation of the intrinsic systam is expected to result
from the repid change of the mean field of the nucleons leading to their
exc.tation. In thie sense the TDHF-approximation ehould be a good candidate

to describe the approach phase of a HIC, However, due to the leck of collec-
tive coordinates in the TOHF method, one can hardly derive from it a trene-
parent physical picture of the relevant contributions to the enargy loae.
Therefore, simpler models which take into account collective degrees of free-
dom at the very beginning may contributs to a better surveyed understanding
of the approach phase in HIC,

In the present psper we develop a microscopic model which is based on three
ssaumptions: (1) The relative motion between the ions characterized by collec-
tive coordinstes R, P 1is described classicelly. (11) The rapid change of the
segn field of the nucleone leods to the excitation of uncorrelated np-nh states
within the nuclei, (111) The many-body wave function of the internal systes
of the two Lons is spproximasted by a product wave function [¢> = |94)~|¥l)
that seans we neglect the mass tranafer between the ions. A generalizestion

of our model to include the nucleon transfer will be given oloeuhere” .
With the upper assumptions the hamiltonian of two interscting ions contains
three parts

ﬁ' Hcm (—RIP) + ﬁg(;i) * ﬁfqt (2,2) (1)

the collective energy H°°11 depending on the distance between the centree of
the ions R and :he conjugate mosentum P, the internal hamiltonian of the
separated ions H° and the interaction between them ﬂint.

From eq. (1) une obtsins the squstion of motion for the relative sotion

Re= 9 Heu (2)

Pu<pHy - /Y (tmlﬁu | ¢®)> (3)
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where the oxpecé&on value of the interaction hes tn be calculated with the
tizerdependent many body wave function of the intrinaic syatem [%(6)>
The interaction can be derived from the general expression

ﬁ;.a‘gsd"':d;: ‘h“*a %a‘z'?‘) ltl’ql (4)

with VYuN the nucleon-nucleon interaction and 4% 1s the field operator ex-
presced by the particle agf and hole operators BF

- A
4 %o PZ 1°(7) <" 'AZ (%) pu (5)
.y -y

with the corresponding wave functions 4& and 1; « Insertinc (5S) into (4) and
restricting only to nean-fieldechannels the interection becones

Hoe= WCR) + z (ROWN N i)+ Z Vop dppe + 3 Vo P (o)
ret hk'

where U(R) is the ion-ion folding potential and vp (R) the matrix clecacnt for
the excitation of a ph-state due to the time-depcngent nean field.
For the hamiltonian of the unperturbed internal system we use

. ¢
H,= Z & %'% + Zafh (7
that means, vie neglect the residual intcraction between excitecd particles

and holes leading to the decay of the initial excited ph-states into nore
cimplex stetes and finzally to thernalization, The inclusion of these effects
2 requires statistical as:zumption which are beyond the scope of this work.
Mote that within the traditional TDHF-description of HIC these two-body
effects ere neglected tao. The influence of this type of residual interaction
on the dynenics of HIC will be studied in detail within a separate wvork 2).

with (1), (6), (7) the many body wave function l“lﬂ} can be expressed by the
action of the time evolution operator U(t,C) on the HF-ground state |HWF>

E Lo” ¢ ¢ " A

ey < U we> = 3 S Cae  (de, T [Halts) .. oy fe)] (1)
N0 o0 )

where T 1s the time ordering operator, The time ordered product in eq. (5)

contains all possible processes which can be induced by the action of a tiae

dependent maan field. In general these processes can be constructed by the

combination of three basic gqraphs

v, AN

(A) (3) (€)

the excitation (A) of a ph-pair, the annihilation (8) of a ph-pair and the
rescattering (C) of o particle or hole ctate, i/heress s ¢raph (.\) represonte
8 graph of first order the second ord:r processes (C) and (C) appear only
in combinations with (A). Go, 8.g. in second order three craphs cen be con-
structed from (9)
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where (D) contribute to the elesstic channel, (E) givee the second order contri-
bution to the ip-ih etates and (F) is the lowest order contribution for the
excitation of 2p-2h-state. In general the wave function (8) can be written sas
z C“(t) dffﬁ#
(ko> = ™ [HE> (12)

with cph(t) the ph-amplitude,
The norm of this wava function reads

(v 1+ Sl + 3 RS T G . (2

e &

where the mixed terms (p, 2 OtcC. ) within the brackets { I tike into
account the Pasuli-principle, Neglecting these terns oupocﬁon valuec of ope-
rators can be derived in 8 closed form, For the interaction energy tht one
obtaine

A e > )= CHE [ Hung (8|40 Z V (e){ ““tc,.+e‘h§,.,} (13)
<O Me)d

and for the particle nuabsr operator giving the numsber of excited particles

(Wl = 2 mleleive> T e, (14)
L HB)4ie)> Ph
The excitation probability PN of a Np=Nh state is given by
#
-£
P, (¢)= (AN H>(¢) e i) (15)
N!

The results (13), (14), (15) are gensral (except the neglection of the Pauli-
principle) and independent on the order 4in which the ph-asplitude °ph(') is
calculated. Approximated results are obtained by restricting teo 1p-th states
in (19)

[¥'> = (4+ b1 Cnu)'#*ﬁ-*) L (16)

In this caese the oxpoc‘!on vslues (13), (14) read

(H...) v,.,(t){c et o +c."”tc,,,} /[Hfl‘nl] (17)
s - Elcﬂ.n [[1+2 t']

(18)
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and the excitetion probabilities (15) ere identical zero Py Ofor N 2 2,

In contrast to (14) the ph-number (18) remains slways smaller than one ¢(nde-
pendent from the order in which cph(t) ie cealculeted, From (17) and (18) the
resulte of a firet order perturbetion theory are obtained i1f in addition to
the assumption (16) the ph-amplitude is calculated in first order

ie,.,t'd ’

t (19)

€
Cutt)=-< { Vmlt) e
(]

Firet order perturbation theory (16), (17), (18), (19) 1s applicable only as
long ee the excitation probsbility (18) 1s emall compsred to one, that means
Af 2
2l &1
~ (20)
No such restriction is required for the ues of expressions (13), (14), (15)
even 1if €oh 1s calculated in first order, slthough the expreseions for the
interaction energy (13) and (17) are formslly the ssme 1f (20) 1s fuk_:xlled.
This formal equivslence 1s a direct consequence of the neglection of the Pauli-
principle in calculating expression (13), The main point ie that ths celculs-
tion of the ph-amplitude ¢ h(t) in firct order does fot meen thet firset order
perturbation theory 1s appgaed for the many body problea, In s first spplics-
tion we uee the first order ph-amplitude (19) and study the dynamics of a HIC
under the influence of the induced force in eq, (3)

t
“ W dHu>= 22 (dt' G Vule) Vo (€) S €nfé-¢) (21)
[

obtained from (19) snd (13). The sum over the ph-stetes in sq. (21) may be
formally repleced by an integrel over the pheenergies €

t -
- PedHud = 2§ .fde (&) TaVele) Ve(e) s €(t-¢')  (22)

with g(€) = z 5("‘05) the 1p=1h decnsity, Inetead of meking e complets
microscopic calculetion of the matrix elements snd the density g(€) we paree
metrize

2
FOO Vi [€) V(') = U, (RIO) Uy (RIE)) Vo £(€) (23)

For the rediel forafectors U, (R) we use the proximity potential 3) snd for the
energy dependence the paressstrizetion

-é/4
= £ (24)
f(¢) S €

There sre two model parsmeters within ths snsetzes (23) end (24), the oversll
strength Vo deecribing the effective NeNeointersction and A the effective
renge of s.p.=snergies included, In fig. 1 we present ths energy dependencs
f(£) o8 function of the psrsseter A togethsr with the corresponding Fourier-
transforas of this functions sppesring in the integrel cernel of ths induced
force (22). It describes the "response” of the internal syetes origineting



from the superpoesition of many ph-states with different energiee and strengths

tHe.
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Solving the equataons of motion (2), (3) we observe in dependence on the ini-
tial partiel wave L thres types of trajectories R(t) in our model, This is

Fig. 1
Paramatrized energy dependznce
¢f the matrix elements f( &)
¢s5r different ph-energy ranges
A (right side) and the corres=~
ponding Fouriertransforams F(T)
(Zeft side).

demonstrated in fig, 2 for the case 160 + 169 at E. = 62 Mev.

9% (g, *02Me¥)

" L=27 (FUSION)

Ritem)

L-18 (DC)

e

Ve

T

L] »
titmfe)

Fig. 2

The calculated distance between the centres of the ions R ae function of tine
t for the 160 4 'S0 (Ec m, = 62 MeV) system for three orbityl angular moments
L (upper part). Three t;p;s of trajectoriee are observed in our model calcule-
tion leading to different resction channels, L=31 to quasielaetic reactions,

h

P

i
8511

L] m
t{temc)

L
t{tmfe)

L=19 to deep inelastic scattering end L=27 to fusion,

The ground state probability of ons of the 180-nuclet Po' the excitation
probabilities for the ipih-states Pi' 2p2h-states P,, otc. as function of time

ere plotted in the luwer part of the fig,
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For high partial waves (L=31) scattering occurs with no special structure
within R(t). In thie case the systes remsins nearly in its ground state Py

and only ipth-excitations occur (lower part of fig. 2). Thue these quasielastic
reactions can be described well in first order perturbation theory.

For L=19 the two ions stick within a certain time at a given distance R and
sfter that they leave the interaction region. Meny perticle - many hole statee
are excited end the corresponding energy loss is comparable with the kinetic
energy above the barrier in the entrance chennel which represents the typical
behaviour for deep inelastic events.

Thers exists & certain L-range where the ions do not leave the intcraction
region as eeen for L=27 tn fig, 2. The distance between their centres R(t)
exhibits an oscillating behaviour with decressing amplitudes. Ae in TOHF we
interpret such types of trajectories as fusion,

The L-ranges in which the different processes asppear depend on the model
parameters V and A , We fixed the parameters by & fit to the oxperimental
fueion cross section for the 4%a + “Oca system ot an onergy of Ecm. ® 150 MeYy
leading to & = 6 MeV and V = 0,22, With the same porometore we calt.:uhte

the fusion cross section as function of ihe inctident anercy and compara it

with the expcrimentsl deta (fig. 3). As secn from fig., 3 the experinental
findings ars well reproduced.

Fig, 3

L od ‘)

L LIRS Experimentsl "', and tslculated

[ fusion cross Seckiows Oy e for the

L ?l x f 40cy + 49Cy gystenm as function
i : }‘*{ of the incident enorcy €. o .
. f;‘ The 3dim,-TOHF results are from
< L 6
o [ ’*{1 'cc.mtr.l-hd) P, Conche et al, ).
wr !! X prosent calculotion

[ §

I ]

.l A A 1 'l A i . i A 'S

» » ™ » ) [

Ean{Mo¥)

As a further check of our model we compute the fusion cross section for
165 4 36 system ss function of incident energy with exactly the some model

paraneters V

A as obtained in the case #°Ca +

49ca. An excellent agreement

with the experimentel fusion crose section is found (fig. 4).

“L By ¢+ %o

- ' ' Ll | l The same w8 in fig, 3 for the
..:_ ¥ R ? l 169 , 5 system. The sxperimenteal

- l points are taken from
10 i
",. J | cote 107 (P Borcte bt}

X prasent sslcutotion
' A A P A A ' N
%' % P ‘

Y !’
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One of the most striking feature of our calculations ie the prediction of »
fusion window within the L-apace for high incident energies {(compare the L-
values for fusion and deep inelastic scattering in fig. 2). Such a L-window
has been predictad first in 3dim. TGHF calculations for the same .yatelsﬁ"7).
Indeed our results are very close to that of these 3dim, TDHF calculations,
This holds for the calculated fusion cross sections, the total kinetic energy
loss, the deflection funciion and the time behaviour of the trajectories. In
fi1g. 5 we compare the calculated trejectories in a two dimensional plot (R,©)
for two L-values which lead to fusion.

Fl1g. 5
Calculated two-dimensional trejectories
(R,@) for 3% + 1% ar E = 52,5 Mev

Cefle
for L = 13 and L = 27, leading to fusion

(dotted lines). The solid lines arc the
resulte of 3dim. TOHF calculation of
Flocard et al. 7).

The trajectory for L=27 exhibits only small
oscillations with respect to R(t). Such

a behaviour 15 typical for L-values at the
upper end of the Lewindow for fueion, For
partial waves in tho vicinity of the lower
l.=cutoff for fusion (L=13) pronounced
oscillations are observed in both models.
The aaslitudes increase with decreasingtleadin: to scattering for low partial
visves, In our nodel these oscillations are the consequcnce of the intcrplay
between the repulsive part of the conservative force in eq. (3) "hU(R) and
the attractive induced force (22),

References

1. R, Schaidt, J, Teichert, these proceedings

2. R.W. Jolos, R. Schmidt
11, orkehop on HIC, Dresden 3981, ZfK-467, p.16
and to be gublighed
3. 3. Blocki st al,, Ann, of Phys. 108 (3977) 427
4, H, Doubre et sl,, Phys, Lett, 738 (1978) 135 and
J.C. Roynctte et al,, Phys. Lstt. £78 (1977) 395
5. B. Fernandez et al,, Nucl. Phys, A306 (1978) 259
6. P. Bouche et al,, Phys. Rev. C17 (1378) 1700
7. H, Flocard st al,, Phys, Rev, C17 (1978) 1682



- P -
PARTICLE-HOLE FGRMALISM FOR NUCLEON TRANSFER IN HEAVY-ION COLLISIONS

R. Schaidt and 3, Teichert
Techaische Universitat Oresden, Sektion Physik, Dresden, DOR

In heavy-ion collisioms dissipative phenomena may originate in the nucleon
exchange between the collision partners 1. 2, 3¥

tal results are quite well reproduced in models where this cffect is neglected
or favoured (see elso ref. 4)). The present papcr considers uncorrelated

. However, typical experimen=

single-particle excitations in one nucleus as well es the nucleon transfer
from a common starting point within a non-statistical theory.

Using a classical description of the relative motion the centre of mass of
the two nuclei move along the trajectories ga(t) and g;(t). For the conside=~
ration of the intcrnal quantummechanical evolution of the ions and their inter-
sction we use for the basis set at esny rime the eicenstates of the single-
particle Hamiltonians of the two isolated nuclei |'3,,d and |4,,)> . Thereby we
restrict to bound states which are sufficient for the .escrintion of binary
reactions. Due to the motion of the nuclei in the centre-of-mass system of
reference the-e states are given by

E IR MORE

! (1)
RN HONE N
where the transformation operator (i=1, 2)
t
—_— ) - o - Al Iad <
a - L TWHWE ST k!uif(gun
L) e e ® Pex e c (2)

performs the shift in the spac< coordinate % and the charge in the noncntun 3.
Whereas the single-particle states which correspond to one nucleus are ortho-
normal there exists an overlap between states of different nuclei which can

be expressed by the overlsp matrix

<"‘r< }fo'> = Mmc' . (3)

Such a dual basis was first applied to heavy-ion collistons bv Dietrich and
Hara 5), Adjoint states

l¢K> = %) +gl¥wl‘n\|> (4)

are introduced which are derived from the overlap matrix: ™1 s 1 4 K, Then,
using these states particle and hole creation and annibilation opersiors cen
be defined which fulfil the usual snticommutotion relations for fermions and
ere explicitly time=-indeperdent in the reference frame moving with the correse~
ponding nucleue.

The Hamiltonian ﬂ(t) which govers the internal motiom of the two nuclei
cen be written es

Q(t) =z QM + C‘oz + g,ino , (s)



where ﬂoi and ﬁoz are the isolated single=particle Hamiltanisns of nucleus one
and two

gni bl Z fp; JLE. iP‘ - Z &u; /5:, Po; (6)
pi Wi

(L =1, 2) and ﬁ represents the time-dependent intcraction

int

A fud + L.t 'y
Mint = L Vo, 2pDony ¥ Vs, Puaslps

Rrh,y
+ -
P RRNUE RO Viahe [Smadpy
Fena . (7)
— -
+) Vf‘hL (I:‘ .G'm_ + Vpang fb'vu;zl.’a,.,
th;_
\d 1.}
f;; Vioha "Lf: 5:4 t Voo, Saqdre
" M

The firest two terms on the r.i.s. describe ths excitation in both nuclei,
whereas the last two terms govern the nucleon exchange, The particle (hole)
creation J%(ﬂﬂ;) and annihilation operatars op; (A, ) are defined as pro-
posed in ref, « Then, the ane-body matrix elements vpthj in ec, (7) ara
given by
~ = 2 -

Vo ) = (il L™ s U m BT - ) 1) o
(1, § = 1, 2), where u.®*% denotes the mean field of nucleus one acting on
nuclaues two and vice versa, The overlap between states of different nuclei
yielda to an additional potentiaml part u? and uSJ(r-S } 1s & contribution
which orfiginates from the fact that the acceleratfon of the nu.lei during the
collision may slso causas transfer or excitation,

The one=-bady intaeraction (7) sllows to write the wave function of the
systea as

L 4 L 2

. EZ C’P;ns U)'lf)n A"J

(¢} = en ™ 10> (3)
where ¢, (t) 15 the 1pth-anplitude and JC) the ground state of the systea,
In ordcr to calculate thie wave function we apply s timc-depencdent pertubation
expansion ‘).

The change in the mase drift of the system can be expressed by the expecta-
tion value of the operater

Fal
AR I 2 AP 4
AA ';"‘P“(P' 1.‘.4(3-.,‘/», (10)
which fes also needed for the deternination of the mas: dispersion
i A A N2
Ga = C4A*) - <4A) (19)

By restricting to second-order contributions ia Vpihg and considering s synse-
tric initial fragmentetion we get for the mass dispersion
: 2 ¢t
Ga = 0 = S 5 Vg (44) Vo, j
AT WL 00“10 chty Vpung (1) Vg (1)

-kkar (=44
CE f éhz) L) ) (12)



As 8 first estimstion of thie quantity we make use of ¢ simple model. Firet,

we neglect the relative motion and sssume that the interaction Hine 18 switched
on at t=0 and doas mnot change its amplitude, Furthermore, we replsce the sume
over p, and h2 in eoq. (12) by an integration over the particle-hole energy Epn
and take a parametrization for the particle-hole density and the energy-depean-
dence of the transfer metrix elements as proposed for their sxcitation in

ref, ‘). The approximations made so fer lesd to

°0 t
- . ~ Epn, -
G-A" =3 S,} Vzh" j"“‘f" “Epn e po/a (m‘,ui,’coslem (- t1)] (13)
o é

where g. 18 <he single-particle density. The quantity V represents an averaged
interaction astrength and 4 1ie the energy range paremeter. The integrations in
ece. (13) can be solved analytically and sz becomes

- 2,2
Ge = z,v?’sfl,.\ (4 + l‘-ﬁ%—) (14)

+H
01 02
etc. can be derived similarly, The time-behaeviour of the quantity calculated

is essentisly influenced by the responce of the system on the switching on of
the interaction, In the model presented here this response 1is determined by
the energy rance of the excited states 4 , In a more realistic treatment the
time-depencent matrix elements give an additiel effect, They connect the time
evolution of the internal system with the relstive motion of ths ions.

Expectation values for other quantities like the excitation energy s H
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DEEPINELASTIC PROCESSES IN TOHF-THEORY

2, Janssen, M, Militzer and R. Reif
Technische Universitit Dresden, Sektion Physik, DDR

1. Representation of the TDHF-equation in terms of RPA-mades

It 18 well known, that the small omplitude limit of the TDIf-theory 1 ids to
the RPA-cquation ’). lieverthe Yess e would like to mention some special pro-
perties of the RPA-agnplitudes in the p-p and h=h channel, which has been ex-
plicitly discussed in the croup of 5,T, Jeligev in ll'ovosibirsk,

The TOUF=-cuntian has the forn

!é = Lh(g)l g] R k!l(g) = tl{ + S".tq) ’ S-.;(Q)‘ 2: V|‘\'1 g;‘ (’)
Je

g 1s the tine :cpendent s.p dcnsity natrix, t 13 the kinotic cn rcy operator
of o frce particle ond v descrilcs thc iIntcraction betwocn diffcrent particles,
In the snmall anplitude limit ¢ can be represcnted as follows:

gl = 3.+ &g (2)

whers 4. 1c tin solution of the static Hartree-Fock equation Lhig),¢,}:0.
Using coc. (3) ard neqlecting quadratic tcrme 4n &g we obtain

Wfg (1) = L () e , Llg)dg= Lhig),de] v [side),¢] (3)

The operator L{ 4. ) represents the {non hermitesn) RPA-haniltonion, which can
be en~sily diaronalized

LH‘)K’.‘ = w“i.‘
L’(") x-( = W- xd.

The colution of the eigcenvaluc problem of eq. (4) can be characterized by the
following propartice:

(4)

‘e) All frecuenci-c w. are real,

2,) For each solution wa, ¥, ,X, with w, ¢ O a second solution wg, ¥z ¥z
ex13t with wze-wh , €a=@! , Za<=X

3,) It 18 poscible to divide the RPA-solution into two groupes. The first group
deazribes the excitation in the peh chanml and the amplitudes ¢ differ
from zero only for matrixelements betweer particle and hole states,
The second group of solutions of eq. (4) sre the solutions in the pep(h=h)
channel, Here the aaplitudss X, have the fors

x.‘(".Z) - 64‘1 d“hl
4,) The whole aet of solutions & ,Y, normalized by the condition TP(Z:QQ'&Q
is complete in ths spsce of two particle etates.
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Using these properties we are able to expand the time dapendent densitv matrix
g(t) 1n terms of RPA-modes as follows

Qb= go r A | AgD = 7 a ¥ ¢, (s)

The time dependent expansion coefficients c_(t) charactorize the weight of
the static RPA-mode o in the uensity wairix ¢(t).
Using this exp nsion end - .,.(*) One can derive the following equation for the
time evolution > a

iGe = woae o 2 Wepy GnGy

V4

) ) ’ (6)
Waay = = (Y Dstwg), €4))

This equava~i 18 co pletely e sivalent ty the standard TDHF-equation (1).

2. Can.ulatian cf ener .y and width 3f ulst resonances in the framework of TOHE

t

By mesre 3f the *rarsfcrmztion a,‘(f)sg-* a.t) , ec. (6) can be represented

as follors
DB A Va2 T L, en] ()
{a for the tife cvdlition operator &(t) definsd oy
~

S Qn Gl (€)
we o~tain the formal solution:

A T L)

G« T exp L= f VLYY ar) (9)

whick .an be expandeC in a perturtetion evries with rcspect to V

G =4+ G - GH . . (10)
T . et e ot
vith Qoo = -i é’df' 5'. 51(72 Wiy Q(u. wp “hig it (19

=

t
(‘:1; z - ;d" (dt ):_ W,,,, uﬁﬂ \.rlv('rﬂ.') 61. “') o {’l"‘uy s -U‘) ‘l"‘(u,v ‘J'-'N._ﬁll‘"( 12)
k2

?

tow we . 4l1 apply the followxn? statistical assumption, which has been discuse
eed ., the peper of van Hove 2

1. The diagonal matrix elemente of V are relevant only.

2, The odd members of the pcrturbation sertes eq. (10) are neglegible,

3. For the "intrinsic” tims integration a co 2lation tino fcor exists, so
thot the subintegral function for t ytcor vanishes,

Than by the ansatz 5 (n=340ew (id«~Qit.the quantities AL anc T, are determined
according to eq. (10) = (312) by
NS> Wage Wega (B -we -y + Ay) , reY Py Waye Wode
1 Nty (g -y v -wa)? €T e lwy-dy rwe -w

(13)
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In this wey in the framework of TOHF we have obtained the width [, and the
damping of escillator-mnodes without intreducting any collision term.

3. A _microsazopis version cf the coherent surface exgitaiion nodel in heav

ien reaction
In order to describe the coliision of two nuclei we devide the -,p. density
matrix <Ru,iH inte iwo parts
3 = €uv*rQn
where the timeevolution of g, end G, is given by

| Q = l:_hl o .,7) 2
I 2a 2t ), sal (14)

i &s Lhi{gurga, ?r.]

iovy we transforn . and ¢, 1into intrinsiec systems, nmoving with the nuclei

2 and b by the following unitary transfarnations
£ N_r 3‘ Nud‘
A YN W A&

Yo = 2 ’A Ta X

B E A

-i',;‘;
(15)

"ﬂ:#%‘ i %u;
2

W

Sa . £

Koo My are the particle numbers of the nuclei 1, b. q and p are time-function
which vill be specified later ori. From (14) we et for the density matrices
rp 2nd ry in the tntrinsic system of reference

s D] Eled S (8A-E) 4 o] + [ta), ]

(16)
(= [h(rp),r.] - &[x,r.] -i &:'T‘N.c‘ - &) [g—k,r,,] - [qu,(r“), rb]

The first term on the right hand side of thies @quations 1¢ the usual "selfin-
teraction” of the nucleus, the second and third teri. arise from the coriolis
interaction in the moving system and the third describes the interaction
with the other nuclous,

Expanding now the matrices re and ro in terme of PPA-modes of the ~uclei o
and b respectively

r,=rg + EG«“’)‘C*

(17)
nerd }; aalt) ¢a

we abtain a system of coupled nonlinoe~ cuwuations for a, enu a,.

Among these modes are the spurious mades with &, =iy =0 1in the p=h channel,
The excitetion of these modes corresponds tG a t-.8lgtion of t(he hole nuc-
leus 1in the cuordinate and {mpuls space, S¢ the emplitudes a,, ,0, of theee
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modes should be larga. These modes can be eliminated by a proper chiice of the
time function q(t) and p(t). Ir this way it is possible to derive for ¢ end p
the following equations:

- Wy tNe + NavrNp
T NaNy '

=N

Tr (x [qu(r;),ri’!)

4lNp

. - _ (18)
p=- }q { faxex Varsgmit 2t » DT (Wplrdea) o)
.
v} (V:'p {ra ¢a) Up ) "
"
This are the we:l known classical equation deecribing the relative notion of

two nuclel by a falding potential and the coupling to the intrinsic vibretio-
nal moces.

Rgtoroncgs

1. G. Si1own, Many 3Body Froblenms,
Nor** Holland Publisnina Company, /msterdam 1972
2, Yzn Hove, Physica XXI (*955) 537



EXTENSION OF THE TOMF INITIAL VALUE PROBLEM INTRODUCING TIME-DEPENDENT JASTROW
CORRELATIONS

P. Midler
Joint Institute for Nuclear Research, Dubna, USSR

To look for possible dynamical realizations of short-renge correlations in hea-
vy ion reactions we propose an extension of the TDHS initial wvalue problem
which includes two-body correlstions of short range in lowest order on a level
ot sicroscopic reversibility relating thea to realistic nucleon-nucleon forces
st short distances 1). Higher ordar affects as well as the effect of long-reange
correlations are assumed to be effectively included in the readjusted rean
field. The outlined extension is performed in the framework of the method of
correlated basis functions (CBF) (see ref, 2) and refs. cited therein) choo-
sing the wave function of the system as

“I’(4....A,t)=CZ‘_r:L- f,(r.-,-,t)li/#ﬁ‘ﬁ;(-‘,t) (1)

with C being the normalization factor and,correspondingly, a local bare central
symrstric nucleon-nucleon potential

VEij)=ZVlri) B . (2)
e
Our sim is to derive squetions of motion for the correlation functions fl snd
the single particle orbitals ¢;1nvoking 8 least ection principle

‘3
Sf at <1ind - HI¥Y =0 5
ty

simultaneously varying with respect to both fye ﬁ; .
The nuclear Hamiltonian is identically rewritten as

H=Zt0)+ Z V(i) 2 T Ha(it)+ Z Vees(ij ) (4)
with ' "
H, (i t)= £6) 4+ UG, ) (5)
and
Vees Cij ) = VE5) - gt [ UG+ UGOT (6)

U(i,t) baing, in genersl, an arbitrary {redundant) one-body potsntisl.

Assuaing that the relative motion of the nucleons at large distances is suffi-

ciently deecribed by the mean field which is sssumed to be known froe s corres-
ponding TOHF celculation (with a readjusted effective interaction) and choosen

a8 U(i,t) ws write

Vna,e(f‘,t)?.o for I'/)de(ﬁ (7)

where the time-dependent range parameters d,(t) are defined below.

We assume s spin-isospin symmetric eystes and decospose the Lagrangien in eq.
(3) into & FAHT cluster expunsion series 3) keeping only the lowest order. Then
we esparate c.m, and relative motion of ths two-particle wave functions [ij-31>
appsaring in this expansion o:ly for r«d;(t), by truncating s Taylor sxpansion
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of ths orbitalo#_. in the position of their mass center at finite order.
Then eq.(3) vields for the reel non-nsgative functions fl(r.t)

_gl%;&f(,.”- -&[V‘.p%g; ‘M.lf)] I((r)fz———l‘;‘.’:, ﬂ!”}f(rt) (8)

where, for the relstive s-wave

B.e) 1
o | 13 [k gldogdol ¥ |pdonan
§a(0) M e ~ I |~
R (1) UR L)
For higher pertial waves inetead of t_‘, eq.(9) enter more complicete cosbina-
tions of the orbitals ‘;and their spatisl derivatives.
Veristion with reepect to ¢, gives

[;tg.‘: +£ F- UGAL)]$ (F0) = Z I o (Fit) (10)

uithI:. being composed of the single-particle orbitale éﬂ‘.nd correlation fun-
ctions fl' their to-poral and spatial derivatives, the mean field as well as
the potentials V (r)

The boundary conditiono

f,(r=de(t)t)=1 y f'Credete), t) =0 (11)

and the constraint 0= f’ (r,t) s i (12)

complete egs.(8) and define the quantities dl(t) .

Eq.(8) formally resembles s Schridinger equation with a kinetic energy terms
describing the uncorrelated motion of the pair, a correlational kinetic energy
term, a cross term (which crucially depends on the truncation, e.g. 01-0 if on-
ly the e-wave is considered) and a time-dependent potential which is composed
of the bare potential and a term which describes the influence of the mesn
field on the relative motion of the pair. This influence dis appears if the
system consists of only 2 particles. We emphasize that eq.(10) leads to ususl
TOHF in the limit d,(t)-» 0 (i.e. f;¥1,¥r) since in this limit the r.h.s. va-
nishes 1).

Appropriste initiel conditions for a heavy ion reaction are formulated ehowing
that & uniforaly translated stationary solution of the correlated problem obeys
the time-dependent eqe.(8),(10). The one-body density matrix is evaluated in
the same approximations as described sbove, The s.p. Overlap matrix, total en-
ergy and psrticle number are coneerved exsctly by derivation 1).

Raferences

1, P. Madler, JINR Comaunication E4-82-693, Dubna, 1982; submitted to hucl.Phys.

2. J. W. Clark, in The msny-body problem, Jastrow correlstions versus Brueck-
ner theory, Lacture Notes in Physics, eds. R, Guardiols, R. Ros, vo0l.138
(Springer, Berlin, 1981) 184

3, 3. W, Clerk and P, Westhaus, J. Meth. Phys, 9 (1968) 131, 149



ENERGETIC HEAVY ION COLLISIONS AND THE PROPERTIES OF HOT NUCLEAR MATTER+)

H. Schulz and L. Milnchow
Central Inatitute for Nuclear Research, Rossendorf (GDR)

G. RUpke and M. Schmidt
Wilhelm - Pieck - University, Rostock (GDR)

1. Introduction

The energetic heavy ion reactions represent a comperetively new domain of
nuclesr physics. In describing the besic physics involved aimple thermodynemic
models have successfully been applied (cf. refe.1)). These models trest the ex-
ploding nuclesr system a8 a non-interacting gas of different clusters like deu-
terons, 3H. 3He, o ~particles ... However, the gas spproximaetion is Jjustified
for dilute systems only. To comprehend the main properties of an interacting
nuclear syatem at finite temperature one has to stert with e quantum statisti-
cal (QS) theory which deascribes the formetion of clusters, In this way cne
finde an enswer to the question why, f.i., the deuteron sbundances in hot
nuclesr matter are rather large, although, as we know, deuterons do not exisx
at normel nuclear matter density 8o~ 0,17 m" at zero temperature. Concer-
ning the cluster formation one has to solve a Bethe~Goldstone type equation
allowing for a systematic study of the clusters smbedded in & nuclear zxedium,

A consequence of this correct QS treatment is the eppearance of a NMott wecha-
niam2'3 preventing the formation of clusters et sufficiently high densities.
The quenching results mainly due to the account of the Pauli principle.

In the present paper we will give a summary of the main results obtained on the
besis of a QS treatment of hot nuclear matter, Especially, we will discuss the
cluster composition st given temperature and dunsity, the phase stability of
hot matter, the entropy problem, the phase transition below T = 20 MeV and the
Bose cgnd;gaution of of ~particles. The results base on previous publications
(refs,“" 77),

2. The equation of state

The equation of state ia defined via the imaginary part of the thermodynamic
Green function G(1, Z) (for notations see ref.2’)

JLENOTTN ENIRERISIC)

)
Telk given by H, Schulz at XII Internstional Symposium on Bucleer Physics
Jaubig 1982 P yetes



where is the chemicel potential, R, denotes the normalization volume and
feey= [erp BLE-A) 4+ 4] V18 the Ferai distribution function, The thermo-
dynamic Creen functlon obeys the Dyson equation ( E(A)= P.. 2w )

- (4,2) =2 ~E(4) - Z(1.2) . (2)

For the self-energy 2 (1, Z) different aepproximations are possible leading to
different approximetions for the equation of stato4 3
(1) Hartree-Fock spproximation (HF)

wF © RN L 3
2 P AL SR Sl €} )

The equation of stete resds

"R - & Cdie f (e« 8™ em) W

No bound ststes (clusters) occur in this approximation. Since AHF depends on
the density the equation of stete (4) permits one to define & region of phase
instebility end to study the coexistence of two different phases, This cen be
shown by using 8 Skyrme type interaction (see also ref5.11'13)).

(i1) Iedder-bound state approximetioc

(5)

L8 | 5
z (4.2)'4 £ + L . 'lconnected

The ordinary chemical picture (detailed belance or lsw of masae action (ILMA)) is
obteined in this approximetion. The equation of state reads

3 (Nc) kzﬁy)SJp-[(lsu’))Jf z-PS‘“’K (E‘+ ¢ /qm)»f (©)
gw 4 2C dout 4 v o

whars the second term gives the deuteron contribution (binding energy of the
deuteron Eg) and 3:.(£) :[_Q)!p P((‘?fﬂ - ]'4 is the respective Bose
distribution function, The ordinsry LMA is obtained from (6 ) in the low den-
sity limit where the Boltzmann distribution function can be aspplied. In this
case one has

gp, f‘) g‘a—u + 2gI £ .
“ 33
where g I\ en" ﬂ'b ig the free nucleon de!:itg'gnd Q U £ N —"fi'
[} z‘.
.eyp(. E‘ IT)Q is deuteron demsity ( ,_)

(1ii) Ledder-HF approximation

LHF
Z - L & tH € -~ . (8)
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In this approximation the one-particle Green functions are calculated in HP
approximetion which eccounts for in-medium corrections. The t-matrices in (5)
and (8) are determined by Bethe~Goldsione squetions. The ledder HF approxime-
tion takes into account the HF shifts of the free nucleons and the bound states.
The continuum correlations are calculated in HF approximation.

Considering symmetric nuclear matter, taking into account the light clusters
(deuteron, tritons, 3He and ol -particles) explicitly and neglecting the bin-
ding energy cifference between 3H and 3He t'ie equation of state can be written

3 A
A 'z 7 A‘(, LE -
a —_— = 2 3 (9)
ORI we S A KRR TN FAPE L2E I
where the quantum number n, specifies the intrineic cluster stete. The distri-
bution function

Aq-A
L (eg,,) = (oo BLeg,, - ar) - ca7d

reflects the Fermi or Bose character of the clnster, For a Skyrme type intersc=-
tion the explicit form of the relevent energy shifts of the clusters and the
expressions for the partial densities & free’ g deut? e+ ore given in ref, '7).
The subsequent discussions base on the equation of stete (9). Improvements of
the equation of stete (9) are discussed in ref.7).

3, The deuteron to proton rstio Rd and the Pau'.. quenching

p
One of the striking experimental results of energetic heavy ion reactions ie
the large ratio cf deuterona to protons observed in the disintegretion process
”. In fig. 1 we show theoretically calculsted de -gdeut/gprotmvalues as 8
function of temperature for different densities, The deviations between the or-
dinary 1MA and the QS treetment sre rather pronounced at incresaing densi.ties
or low temperatures. The QS calculations shows the strong influence of the Peu-
1i quenching., Since de shows s saturstion as function of the tempersturs or
density, actuslly a whole renge of freeze=out dsneities can cope with the datea,
Therefore a more rigorous test of the importance of the Pauli quenching is ob=-
teined by comnsidering the rate equation for the deuteron production

5} T ™ T -
Ir\\
AN
;ohgf\\\\\\ Boe017 tmi® Pig. 1. The deuteron to proton retio
' \\\\\V" Ryp =28 deut/8 ¢y, . 38 8 function
f NN of the tempersture at given demsity
°5# N \\\\\ Full lines: QS approach,pelow T« T,
/\mh the reaults are due to
G ) ) lzf?o 0q. (14) .
%% R % Thin lines: Ordinary law of mass sc-
{ )

tion
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where 8, and 8 4 are the respective particle number densities for nucleons and
deuterons end G break denotes the deuteron break-up croass section. The velo-
city between the nucleon and the deuteron is given by v,y and the brackets
meen the average over the momentum distribution of the particles in the expan-
ding fireball. The hedrochemical model uses this rate equetion in conmnection
with the gas dynamical description of the expansion of the gas cloud, where
pionic excitetions of the nuclear watter are taken into eccount. For detsils
we refer to refa.9'1o). Our results for the retioc de of deuterons to protons
are given in figa. 2 end 3. The fig. 2 shows the time evolution of de while
the comperiscn of their post break-up values to experimentel dets is made in
fig. 3. In addition we show the results calculated on the basis of non-inter-
acting geses (LMA). Especially, in this cese the time evolution of de shows a
rather steep increase at densities sround < o* This behaviour is connected with
the fact thet the LMA disregards eny kind of correlations effects and overesti~
mates the cluster formetion at incressing densities. As can be seen from fig. 3
the QS-calculations sre in .ine with experimental findings and reflect the re-
levance of the sccount of the Pauli quen-
::9‘ Formation [EmnsnmpMse-‘ 92'92, ching et the early stage of the. firt.aball
phose i expsnsion where the gas cloud is still
rather dense and hot.

b a

04 {

1

02

6
tfimsc)

Fig. 2. The time evolution of the
deuteron to proton ratio for the

resction Ne+NaF at 800 MeV/N. The O % T 7o
numbers on the curves give the tem=- £/A Gev]

pereturs of the firebsll, The dashed

line gives the result of the sudden Pig. 3. The observed de values
1imit where the deuteronas are for- ref.1 compared to the theoresticel
med instanteneocusly according to predictions which are corrected due
their equilibrium velue. The dotted to the subsaquent decey of the O -
line shows the beryon number density. resonances,

4., The entropy problem

In rOf.“) hes been suggested & celibretion of the entropy stteined during the
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hot phase of & relativistic neavy ion collision by meens of the observed deu-
teron abundances. The entropy per nucleon S is calculated by the free fermion
ges law

as -~ >
S = 5, &(8_‘_:\) i (12)
In terms of the LMA (sec. 2 (ii)) one could write
= 3.345 -~ B Ryq ' (13)

connecting the entropy with the experimentally observed de values, From these
assumptions velues of 5,0 to 6,0 units in entropy per baryon asre deduced, It
has been shown in ref.S) that the free fermion gas sssumption (12) is still
Justified but the use of the LMA in deriving (13) may weet serious difficulties.
In fact, only in the low density limit one has de’b 3 (?? I\3§; (Bec, 2 (i1))
but a8 soon as the Pauli quenching becomes operative the Rd value is not any
more proportional to 5; ge given by the simple LMA form. In calculating the en-
tropy expression (13) Las to be used on place of (1?). This reduces the entro-
Py per baryon by about two unite end becomes in egreement with conventional
expections (see ref. 5)). A consideration of new degrees of freedom during the
resc “ion (e.g. quarks) as proposend in ref.14) geems therefore not necesssary.

5. The ( Q - T) phase diagram

The equation of stete (9) (see fig. 4) shows a behaviour similar to that of a
non-ideal gas with the characteristic van-der-Waals instabilities4’7’8).

The possible experimental signature
of a first order phese tramsition
in hot nuclear matter has been first-
ly discussed in réf.4). A compari-
son with experimental dats has been
given in ref.a). For T < Tc we are
meinly interested in the number of
composites (Ni) which ere in the
vepor phese. Their ra“io to the to-
tel perticle number (N) is defined

. L by
1933 fm’l Sy %o i T .
NA/N - A gh [gbl-cai-“P

Fig. 4. The pressure 8 & function . (gr,_ - gbn.h- VLS (14)
of density et & given temperature % - ¢y )

and the borderline of the two=phase where gI and SII ere defined by
liquid-vapor equilibrium. de gives the borderlines of the phase insta-
the ratio of deuterons to free pro- bility region (see fig. 4). From
tons, The respective Mott curves (14) it follows for R4p = N, /N1I
< Nott indicete the borderline beyond end elthough the ratio of protons
which the clusters with total uwomen- NZI in the vapor phese is decrea-~

tur P « O do not exist, sing for T » 0 their retio 1s not
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monotonic and exhibits arovnd T %10 MeV s wmaximum (see fig. 4), Similer results
are obtained for larger clusters, Fig. 5 shows some recent experimentel data‘sl
It turned out that at high incident
energies (high temperstures) the
yield drors monotonically as a func-
tion of the emitted particle wmess.
But for T x 20 MeV one observes a
characteristic change in the pattern.
Now  -particle yield becomes more
dominant and for atill smaller tem-
peratures it exceeds that of lighter
clusters, This behaviour hase been
discussed in ref.e) in terma of en
onset of a "liquid-vapor™ phase tran-

S e, “ﬂm sition (see also ref.'®). our re-
T (Me) sults are shown in fig. 5, The over-
Fig. 5. The yields of different clu- all agreement between theory end ex-
sters as a function of the temperature. periment seems to be setisfactory if
The experimental date are from ref.15). one considers that any dynamical as-

pects (sec, 3) are disragsrded and
no effort has been made to reproduce the data better by changing temperature
and break-up densities. The interesting conclusion that @seema to be drawn is
that the experimental dats represented in fig. 5 snd the corresponding theore-~
tical calculstions support the assumption that a first order phase transition
around T % 20 eV might be observed, To support the scenario described more de-
tailed calculatiouns including dynemical aspects as discussed in sec., 3 have to
be performed,

6, Bose condeusation of ¢X-particles

An interesting effect which follows from the equation of atate (9) in the low
tenpersture region is the Boge condensation of ol -particleas). We will give
here only a preliminary discussion concerning the Bose coudensation in connec-
tion with the Mott mechanism, Considering asn idesl Bose gas of o - perticles,
Boge condensation appesrs if the density @ (T, K ) approaches the critical den-
sity §$2) detined by

n e
gg’:’ =2.61 - ] “ﬁil) (15)

This expression indicates that Bose comaemsation of o - particles should be jos-
sible up to rather high temperatures (see fig. 6 and continue the brokem curve).
A similar result has recently been discussed in ref.17) considering density ef-
fects only via the eigenvolume of the composites, This approach leads to the
artifect thet & Bose condensate still exists at densitiss beyond g o #nd high
temperatures. Our equation of state (9) predicts a borderlinme ch (fig. 6)
which i8s rsther constricted in the (gu T) plene, beceuse due to the Mott me-
chenism bound states with ¢otal momentum P « O dissppear beyond g lott.
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Fig. 6. The Bose condensation of
A - perticles (hatched region)
within the phase diegram of nucle~
ar matter

7. Concluding reuwarks

Relying on & model calculation, which bases meinly on a simple nucleon-nucleon
interaction of the Skyrme type end on & perturbation treatment of the motion
of composites in & hot nuclear medium, some of the interesting properties of
hot nuclear matter @s produced in course of an energetic heavy ion collision
heve been discussed, The results are consistent with recent investigations of
hot nuclear matter (sec refs.11'135 performed in connection with stellar pro-
blems where only bulk properties (e.g. critical temperature, phase instabili~
ty region) ere of grest interest. The comperison with date obteined from ener-
getic heavy ion collision permits one to test the equation of state in a new
domsain,
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1. Introduction

We want to describe the decay of a compound nucleus through fission. The nucleus
is assumed to be excited by some mechanism, which we will not study, and is
supposed to have an excitation corresponding to a temperature T of the order of
one to three MeV (k=1)., A description of the fission dynamics is possible only in
terms of collective variables: the system will go through a sequence of shapes
and then split into two fragments. This dynamics will be largely influenced by
the conservative force and the effective inertia. At finite temperature, however,
we can expect that dissipative forces will be present and thus fluctuating forces
as well. What will be the equation of motion in this case? H.A. Kramers’) gave an
answer to that question as early as 1940: We have to follow the distribution in
tte phase space of the collective variables and their conjugate momenta. For one

collective degree of freedom this equation reads:
LA ~ ka2t 4y 2 2
_Bf_gl_»__—.—%%-g k(e)aP+xS‘3(%+ T'a.',)( (M

Here and in the following we will ascume that quantum effects can be neglected
completely. This should be a very good approximation in the temperature region
considered. Look for instance at the decay rate: Quantum mechanically it will be
proportional to exp(—Bl,&), with B being the height and JSL the effective fre-
quency of the barrier. The decay due to thermal processes, on the other hand, can
be estimated by means of the transition state method. This leads to a decay rate
proportional to exp(-B/T) (modifications will be discussed below). As *Jl is of
the order of typically 1 MeV the number ‘*{}{i- is considerably smaller than T.

2. Discussion of the Markoff-Limit

Modern derivations of this equation may lead to modifications of some terms and
reinterpretations of the transportcoefficients, as for_instance of the Einsteinre-
lation D= xT where D is the coefficient in front of Q‘iz‘ . Let us not bother
about such cdetails here but rather concentrate on ‘the essential question whether
or not the Maravff-limit is appropriate. Clearly such an approximation is involved
in the derivation of eq.(1). Otherwise the diatribution would depend on the
history of the motion. The Markoff-approximation is valid if the two relevant time
acales for intrinsic and collective motion are separated:

T & Tion 2)
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Within the linear response approach of refs.1)2)3)

the microscopic time ¢ is de-
fined as the decay time of response functions "Xv E l&) . Here, the F’_ are deter-
mi~2d as the single particle fields which couple Eﬁevcollective motion to the nu-
cleonic degrees of freedom: F/“ (xi,Qv)= %A , with V(xl,Q‘) being the single
particle potential. The E R (t) determine the response of the nucleonic de-
grees of freedom to externaf’éﬁanges. Suppose the mode (f:)of the intrinsic
system would be excited instantaneously (by a sharp knock). In this case the dis-

turbance of (F,Q would be proportional to f‘_- E (¢) for £%0:
T
S('ﬁ.)e=<ﬁ.>e-(ﬁ.7qm &Efr“) (3)

Now suppose &* tends to zero within a time of the order of & . In this case
J

the excitation ’{F’)‘tends to its eaquilibrium val-e (F']q within the same

time %‘.

Let us now look at a microscopic computation of such a response function (see

3)). We pick the case of an 238U nucleus which is supposed to be excited to a

ref.
temperature of T=1 MeV and to be deformed to a shape corresponding to the second
asymmetric saddle. Then the nucleus is assumed to be disturbed in a direction
along its elongation, the c-direction in the parametrization of ref.d). The
response is calculated on the basis of the shell model with a deformed Woods-
Saxon potential (cf.ref.d)) includiné pairing correlations. The result is shown
in fig.1, For the fully drawn curve a
couplingto more complicated states was
taken into account as well. It was _

i
parametrized via an introduction of Xq,“) :

neutrons of 239U
T=1MeV

complex selfenergies of the particles
and holes. These selfenergies can be
related to the optical model for the
motion of nucleons inside a nuclear e-
dium. In the case of no pairing anc for
typical p-h excitations being close too
the fermi energy .A one obtains the

following simple expression:

jm}:(w);;—%{(w-nlﬂtﬁa} (7)
°

The value for 1% chosen in the figure is 33.3 MeV. For more details as well as

for the extension of formula (7) to pairing we refer to ref.G).

The dashed curve was calculated for T:’L=» , i.e. for the case of no coupling to
more complicated states. The typical feature of both curves is a snarp rise at
very short times and a decay to oscillations with smaller ampli.udes within a

time of the order of

?- k 0'3 %CV (8)

-4
For T‘o *O these oscillations are damped out, essentially after a time of the

order of
't'g 1 %IV (9)
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The latter time we called Zf in accordance with the fact that its physical origin
is related to the average width T* = Ju T 't(ﬂ).%f the decey of the 1p-1h
states into more complicated states. This time should not be coniused with the
equilibration time of those excitations of the intrinsic system which come about
due to the collective motinn, We have argued before (see eq.(3) and the text be-
low) that this equilibration time will be related to the decay time T of the
response function. Accordiny to the estimate (8) (4 is appreciably shorter”
than T* . On the other hand, the figure clearly also shows that the decay mecha-
nism with T*QOcannot be neglected. This sheds some doubts on TDHF calculations
which neglect collision terms, as well as on theories which base on the Landau-
Zener effect (for a discussion of this latter point see ref.a)). In order to see
to which extend the condition (2) is fulfilled we need an estimate of ZL" . A fair
estimate is 2’;‘,
estimate which includes dissipative effects can make 2},” only larger. As

,k(daﬂl is typically cf the order of 1 MeV, we see that 22“” is at least
about three times larger than t'. Within such a margin the Markoff-limi- is justi-
fied.

= ,“kzu! with “&.” being the local frequency. Any reasonable

3. Motion Across the Saddle

For the motion inside the fission well and around the top of the barrier the

distribution f will be too broad to allow for a Gaussian approximation. Then the
ugual simple tricks to solve eq. (1) break down. On the other hand, a Gaussian is
ecasy to compute and to handle. To benefit from this feature one may use propaga-
tors as a vehicle. Suppose f ig known at some time tn. We may then construct the

function at a la*er time as:
Pare) = {dady, K(a,Pt;6, i) £(Q0 P ¢) (10)

At t:tn the propagator must fulfill the initial condition:

Lim k(G,?.f)' Bu,Pa,tn) = S(R-GW) §(P-7.) (1)
t-ota
For t close to tn the propagator itself can be expected, therefore, to have narrow
widths and thus may be approximated by a Gaussian. This may be valid for all times

smaller than some value, say t To describe the dynamics for times larger than

n+l’
tn+1 we have to repeat the folding procedure.
In ref.9) this technique is applied to fission by assuming a schematic potential

with one hump and constant inertia m, friction and temperature. As we will not
have space enough to explain more details we refer to the original paper and con-
centrate here to describe the main results:

variance G: vary almost linear with T. This will be explained below.
b} Dependence on_th. Initial Distribition.It is found that the final distribution

111 334

*In a previous publication7) response functions have been calculated for the typi-
cal situation of the entrance channel of a heavy ion collision. There for T a

very similar value was estimated.
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arcund the scission is rather insencitive to the initial distribution, provided
friction is reasonably large (moreprecisely for %Lo.h see below). It is confir-
med that for obtaining sensible values for the mean energy E and its variance 6}*
one may start on top of the barrier, if only the average mean initjal moment Py

is cnosen within reasonable limits.
c) QSEQEQQEEQ_Qﬁ_EEQ_QEEEX_BEEQL-EQQ-UQEE-EEEES!-EDQ-ES%_YQEEEQSE_QE_EDE-IEEEéEQEE

coefficients. In a locally harmonic approximation it is conveniznt to parame-

trize the dynamics in terms of the dimensionless quantity

¥
- (12)
9 2mlad

withJI_being the effective local frequency. In the model considered in ref.g) both
m and Y are constant (up to scission). The results are parametrized in terms of a
q where J2 is the frequency of the inverted oscillator representing the barrier.
For the decay rate r one finds that r is well represented by Kramers’ socalled
"high viscosity limit"

r = %‘.H»{ +q’—q,) exp (" '13:) (13)

for all g larger than the very small value of o.1. (In (13) & represents the
frequency of the oscillation around the potential minimum). The mean energy E
decreases with g. The precise behaviour will be described below. The dependence
of the variance Gg'on q is shown ir. fig. 2. We will come back to this curve
lateron,

4. Simplified Model

We are now going to discuss the possibi-
1ity of estimating ¥ and A"El in a simp-
ler, eventually even analjtical way. The 0

insensitivity of these quantities to the
initial distribution and, hence, to the
motion inside the well suggest that one 5 -

might try to represent the fission poten-
tial by an inverted oscillator. In the
scission region, of course, there might

) - 1 1

o oS 0 q

and will be appreciabie deviations from
that simple form. Their influence cannot Fig. 2

be completely neglected. We will come back to this point later. For the inverted
oscillator there excist analytical solutions not only for the time dependent
case1°), but for the stationary situation as well. The latter solution was found

by Kramers in his earl paper' . It reads:

)
,Ou(a.v) = Na"(-l"f * .‘ﬁg’)(‘ *e'({W"q)? -m.ﬂ&]/,qu} (14)

1t onc applies the time dependent scolution to fission, ore has to perform an inte-

gration over txme”) to sum up all events which move across the scission point,

like 2 +
{I(Q|1’)= 5'!:- £, t) (15)
(-]



- 100 =

(I is a normalization constant) for Q=Qsc. For sujtable initial conditions,
£(Q,P,t) is a Gaussian with all mean values and second moments being analytical
functions of time. But the integral is complicated and can be done numerically
only, at least so far. If, on the other hand, Kramers' stationary solution is
used all relevant moments in P can be calculated analytically. This enables one

to derive12) the following formulas for the prescission kinetic energy'Eiin and
2 .
its variance Gki- : (U-i&“' AU = U (QBQ"\'“) - UCqu'sn"u))

Even T{" + Q(W"i) + %(m'q)z} (16)
st = T{4 +2@(F -qF + 4 &Y g(Vieg-q )} (am

L 1

There are two reasons why the stationary solution can be used. First of all, the

whole cecay process of fission is to a large :xtend stationary. In almost all

cases the decay tine T}is will be much larger than the typical collective time
-

Ceo1r”
of the distribution to move across the potential. Under these conditions the mo-

The latter was introduced before as the time it needs for typical parts

tion can be said to be statiorary. But there is a second, and to some extend pe-
culiar, reason fur the stationary solution to apply. It is easy to see (cf.ref.gk
that the time integrated solution (15) satisfies the the stationary Fokker-Planck
equation in those parts of the phase space where f(Q,P,t) is zero at t=o and
t=00. But it is more difficult to understand that for the inverted oscillator

fI(Q,P) tends to fK(Q,P) for increasirgQ. “his is demonstrated in fig.3 for

the ratio of the fifth moments in P; as a 08

£ Iy £ Q T | Jhaan o T L T i
unction o : -
oo . c RS T=15 MeV

SdP Ti(GlP)P
5 - 04F -ofcm e -
R(@= — (18)

+

(dv Ay (a,?) P*

- [ W N Y 1 1

0 20 L0 6.0o 080

For f(Q,P,t) the initial distribution was: B! -
£(Q,P,t=0)= S(o-og) S(p-p_ , with Fig. 3

9). The

tigure shows two curves, the full one for g=o.3 and the dashed one for g=1.8.

Po=1{ /fm which may be considered as typical for the fission process

We observe that RS(Q) reaches a constant value for Q much smaller than five
which about corresponds to the scission region. (RS(Q) does not become one be-
cause fI and fK were not normalized to the same current.) This behaviour is ty-

pical and was found for other parameters and for other ratios as well. It ex~

plains why the analytical results of ref.‘Z), i.e. the formulas (16) and (17),

are completely identical to the ones of ref.11)

. A comparisorn with the results of
ref.9) shows that (17) overestimates the variance to a not completely neglibible
extend. This can be understood as the potential used in ref.g)has a tail with

a positive curvature aft-r the scission point. The result for E of ref.g) is

adequately described by (16), however.
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5. Conclusions

We have briefly dz2scribed a microscopic picture which may serve as a basis to de-
rive a collective transport equation. We have argued that the Markoff-approxima-
tion most likely is valid and that, therefore, this equation can be redu-ed to
Kramers' form. Solutions of Kramers' equation were studied, for the case of one
collective variable, both for a realistic potential as well as for the inverted
oscillator. In the latter case analytical expressions can be derived not only for
the decay rate, as was done by Kramers already, but for the mean energy and its
variance as well (an analytical expression for the mean time from saddle to scis-
125. All these quantitites depend on T and
the dimensionless quantitis g. What do microscopic estimates tell about g? If we
calculate the friction coefficient k within the picture described before, esti-
mate an average value for the inertia from :ef.S) and use for 1R the typical
value of 1 MeV, we obtain g & 0.5. An estimate of § by the wall formula would

lead to a slightly higher value. A thorough discussion of these computations will
1)

sion was not described here, see ref.

be given in ref.

The studies described here should be extended, of course, to more than one collec-
tive varjable. First attempts have been made in ref.13). For instance, the in-
clusion of additional shape degrees may bridge the gap between the theoretical and
experimental values for (ﬂé(cf.ref.“’). Furthermore, all the transport coeffi-
cients should be calculated microscopically (cf.ref.‘)), and a realistic approach
should try to give information on the extend to which the nucleons are paired

4 it will be suggested to treat the

pairing gap as one of the several dynamical variables.

when the system approaches scission. In ref.
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USE OF A TRANSPORT EQUATION FOR THE DYNAMICAL BEHAVIOUR OF THE NUCLEAR FISSTON

F. Scheuter and C. Grégoire
DPh~N/MF, CEN Saclay 91191 Gif-sur-Yvette, Cedex, France

Abstract

A Fokker Planck equation is used for the problem of nuclear fission. The decay rate is computed
within a three dimensional calculation and the influence of coupling terms in the transport coef-
ficient tensors is considered. Initial conditions at the saddle poirt for the collective degrees
of freedom are dynamically obtained in the stationary situation. Finally, dynamics of fluctuations

from saddle to scission is treated under the same assumptions on the propagation.

I. Introduction

Dynamical aspects of tie nuclear fission could be considered in two steps, namely the path through
the fission barrier and the descent from the saddle point to the scission region. On the other
hand, it turns out that the coupling between the intrinsic (i.e. nucleonic) degrees of freedom and
the relevant collective coordinates (i.e., in the fission problem, the elongation, the mass asym—
metry and the striction) leads to a dynamical equation’) for the density d relative to the collec~
tive space. This equation is a Fokker-Planck equation (FPE). It is a transport equation and can be
applied to the two steps of the fission process. As a matter of fact, the tramsport equation pro-
vides some flux at the top of -the fission barrier by coupling of states inside the first vell. We
can get a determination of the escape rate through the barrier, as far as excited nuclei are con-
cerned. Furthermore initial conditions at the saddle point can be evaluated, starting from a sta-
tistical equilibrium in the first well. It is finally straightforward to extend the treatment from
saddle to scission in order to compute macroscopic observables and the fluctuations around the
mean values.

As it was already shown by F. Scheuter and H. Hofmanni)

the main difficulty for applying the FPE

to the problem of the nuclear fission is due to the breakdown of the local harmonic approxima-
tion for the density d. (We will avoid here the questionable validity of the Markov approximation
2)

1n the fission problem). Nevertheless use of propagators in time‘’ seems to offer a way in order
to solve the FPE and to treat the two steps of the nuclear fission on an equsl footing. For real-
istic cases, conditions on the propagation make the ~omputation tractable by introduction of pro-—
pagators on gaussian bundles®).

1n this contribution, we would like to report some recent calculations cbtained in a three dimen-
sional framework. In a first part, we will give the main ideas of our dynamical calculations. In a
second one, we will discuss the question of the escape rate for the multidimensional situations.
In a third part, fluctuations will be considered and comparisons with some experimental results

will be given.

2. Propagation on gaussian bundles

Let us write the FPE in the one-dimensional cnse’), where Q is the coordinate and P the associated
momentum 2
e I CTCR NN SR 4 Y, PTCR NI I P TOR RS )
t coll B 3P 3p?

J’Loll is :he collective hamiltonian

Y, B, D are the friction, the inertia and the diffusior coefficients and could be evaluated by li-
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near response theory"). The resolution of this FPE proposed in ref.?) is based on the evaluation
of the propagator K(Q,P,Qo,ro,t) defined as :

6\Q.P,8) = [ dq, dP_ K(Q,¥,Q,,P,.t) 4(Q,.P . t=0) )
It fulfills the relation

:: K(Q.P.QO-PO.I) - G(O-Qo) G(P-Po). (3)
One can check that K satisfies the same FPE as d itself.
The initial condition (3) allows to make to local harmonic approximation for the propagator during
a time interval Atr. According to (2), the distribution d can be reconstructed after AT and a new

(8}

propagator K' “can be defined as :
d4(Q, P, AT+t) = f dq, dp, x“)(Q.P.le,,An:) 4,2, 0). ()

By iteration on time, one finally gets the sclution of the FPE :

n-1

1(G,P,t) = Ijzo de de K(J)(Qj.l.Pj,l-Qj.Pj-jAT) d(Qo-Poot'o) (5)
with
. (6))] - . -
t = nAT and z;:O K (jSl'PjOI'Qj'Pj’AT) - G(Qj#l Qj) B(Pjol Pj). (6)

Let us nov add some condition on propagation’) . As long as the potential energy and the transport
coefficients are momentum independent, the collective hamiltonian can be seen as a quadratic one
in momentum. Consequently, deviations from the quadratic behaviour are essentially expected in the
coordinate direction. Therefore, we have assumed a gaussian momentum distribution for each given
value Q, of the coordinate. The phase space is considered as a bundle {Qo,ﬂrqo} where the density
along each bundle is a gaussian.
This decomposition is schematically drawn in fig. 1 and can be expressed by :

' (P-<p_>)?

d(¢,P,t) = I on dred (Qo) — exp - Aw: G(Q-QD) (7)
o

where P is the local momentum for a fixed Q, value

R [ dp(P-<P>)? d(Q ,P,t) the local variance
o 2] °

dred(qo) = I dPo d(Qo,Po,t) the reduced density.

LR
<>
. —
‘ Pig. | : D-rinition of the bundled space {Qo':’b }. The
5’0 is here along the momentum P and is o
< : o sssumed to be a gaussian.

The propagation in time is obtained in its simplified version by means of propagators on gaussian
bundles Kbundled :

d(Q,P,t) = I on Kbundled(Q'P'Qo't) dred(Qo) (8)
with
) ) (P-<P°>)2
::: Kbundled(Q'P’Qo’t) - ts(Q-Qo) T exp = éwo . ®)
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The assumption of gaussian bundles tremendously reduces *he computation of the propagation and can
be extended for multidimensional purposes. As far as the fission process is concerned, the consi-
deration of two potential regions (on one hand, the first well and the saddle point region and on
the other hand, the descent from saddle to scission) permits to estimate the escape rate, the ini-
tial conditions at the saddle point and the fluctuations in the scission region.

§)

Here, the collective coordinates®’ are the elongation c, th. mass asymmetry & and a neck degree of

freedom h. We assumed non diagonal inertia and friction tensors®*S) :

Bc Bch 0 Yo Yen 0
(8] = |, B, O and Y] Ype Yo O
0 0 Bu 0 0 Y,

with

2 @
- . S/ .0
Bc Ba "o 160 A [Hev] » B

which are similar values as in ref.’} n
o
and Yo=Y, " f Yor Y " f y°/|.2 where Yo "7 -
The coupling terms are equal to o (resp. £ Yo) multiplied by a reduction factor.
For a given elongation value g the bundle is defined like the {Pc,h.Ph.a.PQ} space, where P.
(resp. Ph'Pa) is the associated mmentum to c(resp. h,a).
The stationary solution of the FPE (.) provides’) the escape rate r (or decay rate for the fission-
ing nucleus) according to :

; -1
r- J drred(rsl [P] d“)csaddle (10)

where [P] = (Pc.?h,Pa)

tI,t the stationary solution of (1)

€ addle the elongation at tha saddle point

dr"d = d?c dh \‘l!’h da dPa.

The full distribution at the left hand side of the saddle point is assumed to be normslized to uni-
ty at’each time. The half life time T for a nucleus decaying by fission can be estimated in such a
case by 7 = 1/r,

Since dst (cuddle) defines the initial conditions in the associsted bundle F , we are able
to follow the subsequent dynamical behaviour from saddl: to scission. For insug%‘e“,"fhe fluctua-
tion xm around the mean value for the mass ssymmetry coordinate a gives the fluctuatior for the
mass ratio of the fission fragments at the scission point. Using *he relntiouhip’)

Al ! +-;ac
ot an
AZ } -EM’
we obtain directly :
W3
- - (T‘Ac’)’x"" 2)

. aa |
if -y I arq @ - <m>)’:lnd at the scission point.

3. The escape rate through the fission barrier

First of all, in order to test our procedure, we studied a rimple model case. We defined the po—
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tential U(c,h,a) to be
(37.46 (c-1)? + 500 h? + 200 a?)[MeV] for 0 < c < 1.27
U(c,h,a) =
(8.~ 18.73 (c~1.8)% + 500 h? + 2000?)[MeV] for .27 <c< =

The coupling between ¢ and h in the inertia and in the © ‘:tion tensor is neglected in this model
case (B, = Y, = 0). The nucleus under consideration is 205a¢,

This model is for the zlongation degree of freedcm c essentially identical to the rae dimensional
model used before for the calculation of the decay rate by Kramers'),visscher’) and Scheuter and
Hofmann2). For the (h,a) degrees of freedom, we added the potentials of two harmunic oscillators
with constant. stiffness along c. As far as the computation of the decay rate is concerned this
choice of the potential and the transport coefficients reduces the problem to the one-dimensional
one studied before. The numerical results ofz’g) show that Kramers formulaea) are virtually exact
except for a very small y-intzrval in the transition from the small friction (L) to the high fric-

tion regime (H). These formulae can be written in the following way :

Y « u y Qr
r-i-c—(—T—l exp (- ?E) for B_C§:ﬁo— (L)
c B c B
Q 4 Y, z Y U Yy, 9T
s 2 2 Ly & -_B c5 2
Tramg Ryt gg) cgp) e () for -2y ()
c [d c B
where Q = ( aig/ B). . and § = (/!Efg!/B ) are tne local frequencies in the mini-
(o] 3c? ¢’ minirum B 3¢? ¢’ saddle

mum c=1 apd at the saddle point c=1,8 and UB'T are the barrier heipght anc the temperature respecti-
vely. ‘

. . . . L3 .
For the practical calculation, we assumed an excitation energy of E = 80 MeV and the relations :

A
E =aT, .=

10

between the excitation energy and the temperature T. We assumed this temperature to be a constant
along the path in order to make the comparison with Kramers results meaningful. To achieve the sta-
tionary solution as fast as possible, we decided to choose locally the following initial conditions

(t=0) : u(c,hm -0, =0)

N - 2 4%
exp ( T ) red(c’
for ¢ < csaddle = 1.8
dred(c) =
(c
4. og saddle) for ¢ > c_ e

Tnis means that we start locally with an equilibrium distribution d::d(c) weighted properly
by the factor exp(- U/T). N is a normalisation factor.
In figure 2 we plotted the flux at the barrier as a function of time for a typical friction f = r
= }. It shows how the stationary solution is obtained. After a small oscillation the flux converggs
quite rapidly to its statiomary value, which is almost identical to Kramers estimation.
In fig. 3 we show the decay rate (full line) in comparison with Kramers result (dashed line) as a
function of f = y/yo. The agreement between the two calculations is excellent if we consider the
need to discretise the bundled pr_pagation jroblem. The used discretisation induces some numerical
uncertainties and could be ameliorated in further calculations. Nevertheless the most striking fea-
ture is the obtention of a nice bending over of our curve in the transitional friction regime.
_Let us now treat the realistic case of the fission of 2°°At at the rather high excitation energy of

80 MeV, which allows us to neglect shell effects and pairing. We use the shape parametrization
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Fig. 2 : Flux at the top of the fission barrier as a-function of time. The escape
rate r computed in the stationary situation with a propagation on gaussian
bundles (full line) is compared to the Kramers calculstion for a model case
Y, and A = 205.

v tescpe rete} 19 %°!

Fig. 3 : Compsrison of the calculations for the escape rate with a bundled propa-
gation and with the Kramers expressions. The escape rate r is shown as a
function of the friction strength ylyo, where Y is a reference value.

{e,h,a} of (6) with the modification of (5) for B = 2h + ;— (c~1) & 0, The potential landscape in
this functional space is shown in (6). It turns out chat the path of steepest descent is not &
straight line in the(c~hlplane as in our simple model case. In the practical calculation we adjust
now the temperature T along the path. We asyume that the total energy is conserved in the mean, viz:
]
(£ )c + <B

coll>c = 80 Hev

where the mean collective energy <Eo11” is the sum of the collective kinetic and potentisl energy.
¥~ calculate the coordinate dependent temperature (T)c by meaus of :
- A 2
(E )c ™ (T)c .

As a further modification with respect to our previous model calculation, we introduce now the gene-
ralized Einatein relation between the friction and diffusion coefficients, which, in a one dimen-
sional case, reads :

D(<Q>,T) = Y(<@>). T (<Q>,T).
This relation was proven within the framework of linear response theory”,. " can be interpreted
4+ an effective temperature and is given by the formula :

1" e B corgn (Bh
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vhere the local frequency 1{(Q) is defined as

2
2
[n(q)] =38 o).
3Q? <

In the multidimensional case, the effective temperatures can be properly defined locall  in the sys-
tem of normal coordinates . For details we refer the reader to ref.'!).

Since the mean path out of the minimm over the barrier towards scission is of a particular inter-
est, we show in fig. 4 how this path is affe~ted by the coupling Bch for the typical friction

fe y/yo = 1. For B, = 0 the system remains close to the line of steepest descent as it could be
expected from purely atatic considerations. But after the switching omn of the coupling Bch = BCIJ
one cbserves a dramatic change of the mean trajectory in the region of the potential minimum. In
spite of this strong deviation it comes again rather close to the line of steepest descent between

saddle and scissicn. On the other hand the eacape rate is practically independent of the coupling.
For B, = 0 we find v = 6.7 x lO”s compared to r = 6.3 x 10'?

s in the case B“:

T BCIS.ODE ~an get
a remarkable decrease of the eacape rate only for very strong coupling B

ch’
.2

ns ."‘ LER

SADLE) PROPAGATION

28—
v
- 'P
«-2p
A ' 4
L ] 1. 19 1.
<c>

Fig. 4 : Dynamical paths for the fission of 29%At in the {<e>,<h>} plane.
The ssddle points are represented by the symbol ® for two paths obtain-
ed with coupling and without coupling terms in the transport coefficient
tensors.

4. Fluctuations of the collective coordinates

The initisl conditions at the saddle point have been calculated in the corresponding bundle for the
precedent cases (with and without coupling). Especially for the fluctuation in mass asymmetry xaa'
in the neck coordinate xhh and in somentus along the elongation Wees it is interesting to compare
the dynamical valuss in the stationary situation with the bare static values obtained for a statis-

tical equilibrium at the saddle point. As reported in Table |, the dynamical values are slightly
larger for xm and xhh

than expected from a statistical equilibrium sssumption. This fact seems to
indicate that this equilibrius is not completely reached even in the stationary situstion. Never-
theless, as far as the sbsolute values are concermed, some coordinste dependence of the transport
coefficients could somevhat modify the presented resultsa. On the other hand some smaller valuea of
w,. are obtained in our calculation than in the equilibrium estimation, This particular result is
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identical to the one obtained in the one dimensional model of ref.z)

Table 1

- 2 hh - 1 ~ 2
1 4 (a—<a>)*d, ¥ > dr'ted (h-<h>»)“d,

- - 2 = H 3-
Wee T3 drred (Pc <Pc>) d where drred dPC da dPu dh dPh. Trese values are obtained by consi
dering for the denmsity d ; i) a statistical distribution, ii) the stacionary valve dynamically com-

Initial conditions at the saddle point for Xau = % I drre

puted for two different assumptions on the coupling between ¢ and h. Bc is the inertia parameter

along the c coordinate and Bch the cross term between ¢ and h in the inertia tensor.

aa hh z

-23
X X w_ [Gev 10 "5

]

Statistical 3 B
equilibrium 1.75 % 10 3.02 x 10
with Bu= 0

1.67 x 107

Dynamical -3 -
calculation 2.50 x 10 3.61 x 10 1.19 x 10

with Bch= 0

Statistical -3 3 .

equilibrium 1.75 x 10 3.10 x 10 1.84 x 10

with B =B /3 1
ch ¢ [

Dynamica? - _

calculation 2.92 x 10 5.74 x 10 1.30 x 10

with B _=B /3
ch "¢

Finally, the statistical equilibrium values are reasonable for starting a dynamical path from sad-
dle to the scission region.
According to eq. (12) the variance i: mass asymmetry was computed as a function of f = Y/WO. The

width ' of the mass distribution is merely

118
~ £ = 30Mev

(aaul

r
s

zs 9
5, W
Fild 1
0.0 .5 ) s 70
1 74 l'o

Fig. 5 : Calculated widths ' of the mass distribution for the
fission of 2°%At. The widths are obtained for various
strengths of the friction y and for different excitation
energies.
In figure 5, different curves were calculated for four excitation energies with initial conditions

at the saddle chosen in a statistical equilibrium. Tt turns out that the final result is independent

on the friction strength as far as y exceeds roughly yO/Z. For a comparison with the experimental
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values, it must be quoted that our calculation gives [ = 35.2 a.m.u. at an excitation energy E -
60 Mev and that the experimental result of ref.?) ig T = 33 % 3 a.m.u. This agreement is sti-
mulating for further computation of macroscopic quartities by use of the transport equation (1,

with a bundled propagation.

Conclusion

It was shown that the use of propagators permits to obtain a time dependent solution of the Fokker-
Planck equationz). We have shown that the:method of a bundled propagation with gaissian tundles is
an excellent approximation in model cases, especially in the crucial estimation of the decay rate
through a barrier. Furthermore the bundled propagation makes the solution of multidimensional Fokker
Planck equationsnumerically tractable. Its application to a three-dimensi nal treatment of the fis-—
sion process gives us a lot of information on the various steps of tha dynamics. First of all the
decay rate can be obtained by looking on the flux at the saddle point. Surprisingly, it appears
rather insensitive to the non diagonal terms in the transpert coefficient tensors. Secondly, the
dynamical calculation of the initial conditions at the saddle point, starting with an equilibrium
distribution in the first well, shows that the current assumption of a statistical equilibrium is
reasonable in view of the small deviations that appear. Finally, first calculations comcerning the
width of the mass distribution for fission fragments are in remarkable agreement with the experi-
ments. Further calculations will now be possible for estimating a lot of macroscopic quantities of

interest in nuclear fission. In this spirit, microscopic tranmsport coefficients would be requiredl])

The authors would like to thank their colleagues for fruitful discussions, esyecially H. Hofmann
and K. Dietrich. F.S (resp C.G) thank for the hospitality of the CEN Saclay (resp. TU Miinchen) du-

ring their stay there.
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ORAA TEOPYH HYKIOHHWX OBOJICYEK W BAPLEPH JEIEHIM
A,.T.Mar#ep
HHCTETYT AnepEsx mccrenopammi AH YCCP, r.Kmes, CCCP

CpaBHETEJNEHO HERABRO B CBASE C HCCJENOBAHEEeM OGONOYeqHOR CTPYRIYL: Rnep
OWIM DOCTHIHYTR JHAYHTENBHHEe YCOeXE B PA3BUTHE NpelCTARIEHME O mponecce nexemmd
Anep. B padorax CTPyTRHCKOro OwI0 CPODMYJINPOBAHO NOJOREEEe 00 OfmeM SRICHAR
GopMAX 000N0YeK B ANpax KAK 3paYuTeqbHOl HEOMHOPONHOCTH ONFOYACTHYHOIO CHEKTDR,
aHayormaHoll 30HHOHR CTDYKTYpe 3MEKT, HRHX CHEKTDOB B KDECTAJLMAX. MHOIOYHECAEHHHE
DacyYeTH 000A0YeUHEX 3[()eKTOB B MACCAX U SHEPI'MAX NedopMAImm Arep NH MOMOIHE Me-
Tola QCOJIOTIEYHHX NONpaBOR CTPYTEACKOIO NOKA3aJM, 4YTO MJIOTHOCTH ONHOYACTAIHHX
Y poBHeil g(e.,?) KaKk QyHMMs SHEpPrME € B CpenHei moxe Afpa npE JedoR fopee Anpa
AR JIDUOT0 OXHOYACTHIHOTO ANEPHOrO MOTCHIMMANA COAECDEAT IVIANKYD 9’ (e,z) 4
OCLILLTE ) YHILYD 9’“(9,')) KOMIOHEeRTH. OcIMumpymman 49acTh (e,?) unoTHOCTH
YPOBHell onpenessieT GCOA0YEUHYD NompaBKy & K HEKOTOpOK Iiamkoi dEeprm suipe,
COOTBETCTBYMIEN Kal.eXbHOL Monesd. DLombpmnna obonouxamm (30HHOM CTDYRTYpOX ypop-
seil B AXpax) OCBACHARNTCA MHOTHE CBOICTBA He TONBKO CepEIECKHX, KO ¥ mefopMupo-
BayHEX Anep., OHU ARIADTCA OPUUEHOL TAKEX (YHTAMEHTANBHHX ARTeHEE, xak Hecepri-
HOCTH { CPMH DCOKO3EMENBHHX 3JIeMEHOB H axTHHOMZOB (mepBad AMa Ha IByropdoll Kpu-
Poll DHEDIMM I ODMALME), CYHeCTBOBAHME KEA3HCTALMCHADHHX OPOMEXYTOTHHX COCTOS-
EMil B HeJleHM¥, U3BECTHHX KAK M3omepH (opvd (BrTopas ). Jud KaueCTBEHHOrO IO-
MIamyl IPOMCXONIEHNA TAROTO AByropdoro Gapkepa IefeHwmd IOJI€3HO HALTH ofmMe 3a-
KOHH 30HHEX pacupepejesmit coOCTBeHHHX 3H2IeHWME 2HEDrHMIl B TPEXMEDHOH MOTeHIHANb-
HOil AMe, KOTODHE ONperesidl? gnc(e,q) . 1)-3)

QA aToro Owna pasBETA o0mad TeopuA OONBNMX HYKIOHHAHX 0060J09€eK , koro-
pad maeT CXeMy pacyeTa ocuUMMpymuell KOMIOUCHTH 9”‘(2,7) ILTOTHOCTE YDOBHefl B
apdoit moTeHMAaNBHO!l AMe TDM HpPON3BOJBHOK ee fopMe, 3anAua OWIA DemesA B KBa3H-
KIaCCHYECKONM NDUOIMEREHNN C LOMOUBY (eiHMAHOBCKOTO NpencTaB/IeHHMs MHTEI'DaJA DO
TPAEKTODUAM 1A 1poNaraTopa. osenfdiya 93:(9’7) noJydesA B Bfe CYMMH N0 KJjac-
CI9eCKit IePHONMIECKIM TPIEKTODHAM B ,

Gose(©7) =§ 9%ey) = %:.Af(e’nsin[%sp(e"l)ﬂﬁ],m

e (e,'Z) - UHTErpax neicTBuA OAA OpCHTH B A’ - aMIUMATYIA, &8 V’ - dasu.
Ocodoe 3HA4YEHME MMEDT DEMENAA JNA FaMLTBTOHHaHOB C cuMMeTpHel, KOTIA BO3HMKADT
ceMeiicTBa EHDORIEHHHX MeDHOTWYECKEX OPOHT, HEMpEepPHBHO MepexofsmEx Ipyr B Ipyra,
a MHTerpen nekcTBud S’(e)g) CTAIIMOHAPEE B KOHEYHHX olnacTdaX §a30BOTo IpOCTPAH-
crea. Tornma cynmsa OepeTCA 1O OpOHTAM F , NDHHEILTEXAIMM pA3NWuHEM ceMelic TBAM
OpOUT.

Araym3 pemesmii 14 ocipumMpymmell KOMIOHEHTH g,u(e,f) IWIOTHOCTA YpoBHel
TI03BOJANT HRilTE OCHOBHHE BEJHYMHAH, X2aDAKTEDH3yNIMe 30HHYD CTPYKRTYPY OXHOUSCTHI-
HOrO CNeKTpa, — lepuon AR {paccroaHKe NMeRLY COMbiMMH OGONOYKENA HJIM 3IOHAMH
ypoBHeit) u awr utymy A  ocmLIAUME BesMuMHH 9,,,(2,7) B 3aBHCEMOCTE OT 3HED=
i e. Bemumua A2 onpenendaerca o6oOleHHEM MPANKJAOM KBAHTOBAHUMA, BHe!NHe
CXONHNM C M3BECTHHM INpaBuioM Lopa~-3omMepDesbIA 1A KBARTOBAHWA OMHOMEDHOTO Ne=
PHONUYECKOI'O I BHXCHHUA,

Qe =214/ 25,(e,7)/77] - /Ty (2)
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rne TP - KIacoEYecKuR NepEON OGPAmEHBA BIOXD ODORTH g .

T, = 0Sple,)/2e . (3)
Onmaro, B oT/YEe OT UpaBmIA bope-3omdepdenbla yCAOBAA RBAHTOBAHMA B MHOIOMED~
HOM NBXERHH NapT He NOJNOXEHHE OTHENBHMX ypoBHell, a pacmpenenenme 308 ypopsefl.
Aviumatyna ocmuunamll IIOTHOCTE ypoBHeR A olpereiadeTcd TaKMME KiIacCHICCKUME
BeJWSMHAME, KAR CTeneHb BHPOXNEHMA K ReNDepHBHOrO ceMe¥CTBAa ODORT THNA A c
ONHMM ¥ TeM Ke 3HAYECHHEM MHTETDAJA NefcTHAA SP(e) 7) , NOK&a3aTeneM yCTOIUH-
BOCTE OpOHT ¥ OOBEMOM (A30BOIC NPOCTDAHCTBA, 38NOJHEHHOTO CeMelCTBOM OpOR?T
nagHoro TEmAa. 060M09eYHad NONPEBKA k oHeDTUE Iefopmamre §€ Taxme supamaeTcH
9epe3 KIACCHYEeCKHEe BeNRIHHN,

F€ =2 (2 Y9 2,0 =2 (A ) 4, 5in[£S,0,0)+,] |
p Ty/ dosc ™7 5 T’ p 5 =p\ % P
rae A4 - aneprud Peprm, ke arIumTyma B03pacTaeT OpH YBE/MEHKN CTENeHE BHDOE-
Iemud K u pe3Ko yOHBaeT ¢ yBeJIMEHMEM NeDROMA odpalieHMd T’ (1o mmiHH opOuTH).
lloaToMy I aHaum3a GOMBLLMX OGCJIOUER B ANDAX HYXHO YUNTHBATE TOMBKO LI&TIAirmeE
ODOHATH.

KeasniraccirecKan TeODRA HYKJIOHHHX OOOJOYER NOEODUIA HATh iHT:DIDeTaldd
LByrop6oii XKpusoil 3Hepriml ne(OPMAII ffep NP NMOMOMM KJISCCHYECKAX BOMNLA . MH
CPABHIUM De3YNLTATH PACIeTOB OGOJOYEUHOH LoNPEBKE Kk DHEDTEAM nefopuaums §6
B CIYyYaAX CeCKOHEYHO IAyCOKofl 3/UDMNCORNANBHON AMH U ZofODMADPOBAHHOrO I'aRiOHM-
YeCKOr0 OCHMLIATOPA C DEe3yAbTATAMM YHCIEHHHX DACYETOB M0 METOLY 000I0YeYHOL
HOTMpaBKA IJIA DeaguCTHIeCKOro NoTeHMana Dynca~Caxcona # OCUMITATODHOTO . mei-
giad. CpaBHeHYEe 3THX DAacvyeToB IOKA38J0, YTO OCHOBHOL BRIAN B 0GOJOYEYHHE
dHCPTHE Tedopmalu Axep mpr Hedombmmx jsefopmanrax [.£ 42 £ 1,5 japr xpatuatimie
ILTIOCKHe ODOHTH C JOCTATOUHO BHCOKOH cTeneHp® BupommeHya K=2 (pomdowny B mwioc~
KOCTH, npoxonsumeil depe3 och CIMMETDMM B S/UIMNCOUTANBHON aMe 1 Curypu JLiccaxy
I TepneHINKYJADHON ILIOCKOCTE B CIyYae OCUWUIATOPA). LAKIOHH JOMMH MUHUMYMOB
cGoaouedHol IHepru medopmarmm (4) MORHO MOIYIUTEH M3 YCAORMA

Sy 7) = const (3)

KOTODOE CBRA3HBAET DABHOBECHHWE lefopMampis snep i  uncao gactmy A,

o, / N T ] Ay =
o S8t .\
w TP o] s B
¢ 7"% ‘?‘}"g_& __[T}/?(/\ly)Jx
25} IA 1
?‘Q'I‘r 4 Supnieven BN « | - ~4
1 X 7 X[?S (/v)';)/??] , (6
w5 \ 1 f
\
m} \ '
\ 3TH HAKIOHH 1A BKIGNA DOM-
ol \ow ) 60#I0B B 060J0YEYHYI 1NONpeB-
P . ¥y (4) XOpoWO COTAACYRTCA C
BN NI I NN T e pacTeTaNS LA De-

Pc,I. Ksagpymomssue gefopmamuy anep cpaBumpapreg S MCTHIECKOIO NmoTesinana
¢ HKBAJHMKIACCHYEOKEM DacYeTOM 114 OpOKT-pom- Bynca-CaKCOH& ¥ C 3KcIepH-
COMROB B ILIOCKOCTE OCA CHMMETDHM, MEHTAMBHEME 3HOYCHWSAME pab-
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HOBCCHHX XeCOpMALME AReD PCHKO3CMEAbHOR olmacT®, cM. puc.l. EojabiRe 000J0YHHM,
CRE3aHHHE C YRA3AHHHEMA [IOCKYMM OPCHTAME NDEBOINAT K ¢ OPMIDOBAHAN NEPBOTO MAHE~
MyYM2 B SHEprum nefopvami. [losBieHme mpocTeimmX TpexMepHHX OpOAT Ope Josbuoil
neGopmaipt /) naeT JIORANEHOe YCWIGHHE OGOJNIONeRHO! CTDYKTYDH, CBA3aHHOE € ILTOC-
KM opOuTaMH, B 3/UHICOKmANbHOM AMe TpeXxmepHHe OPOMTH CO CTENeHBD BLDOXIEHRA
K=2 nospmsiwred mpu fefopuamm 4 21,6, a B OCIM/LIATODHOM NOTEHI¥ANe OPOMTH C
X=4 BO3HWKAWT MpHM Ie(OpMAIAH # =2, 9TO COOTBETTBYeT OTHONEHHD N2pIMANBHHX
9acToT 2:I. B pe3yneTaTe 0Gpa3yeTCA BTODPOL MUHIMYM B 3HepTHHM NeCODMAINM. TakAfl
unTepnpeTand  Byroploro Saprepa sefieHnd He OMMpaeTCA Ha CHeLMCEYeCKMe CBOIICTBa
TapMOHMNECKOT0 OCILLULIATODA ¥ ARIAETCA ropasfo fojee odmel.

Teopitst mpemcKa3uBaeT TaKke Tcmneparypyt;'. Ipid KOTopoil MedesaeT RIMAHEE
OoJiptidx OCOJIOUER He reJeigie ¥ NMPOUCXONMT NEpeXOoR K KAaNuABHOL MOoremt fejteHus,

tm,= '}'ﬁ.ﬂ. =2,0 ¢ 2,5 Ham, (?7)

Tarad TetmepaTypa COOTBETCTBYET 3HepryM ko30yRmemma 30-80 33, 3ToT BUBOL nOX-
TBEpINaeTCs i:HOrOYHNCNeHHNMA DacHeTaMd IpH HOMONM TeDMOIMHAMIMECKOro BapHaHTa
LeTONa 060A0YEYHO!l MONDABKE, & TAK®e JHCMEeiMeNT2JbHNEMY JTAHHHMM,
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THE NEUTRON ENERGY SPECTRUM FROM THE SPONTANEOUS FISSION OF 222CF

H. Klein

Phyaikalisch-Technische Bundesanstalt (PTB)
Bundesalliee 100, D=3300 Braunschweig, Fed, Rep. of Germany

1. Introduction

Up to now the NBS evaluation '). which is the Maxwellian distribution with
an energy parameter Eo = 1.42 MeV, slightly modified in 6 segments by
polynomial correction functions, has been recommended for describing the
neutron energy apectrum from the spontaneous fission of zsch. In his
comprehensive review Blinov 2) pointed out that this description is rot
suited to fit the experimental data in the energy regions En < 0.5 MeV and
En > 6 MeV. The differences determined in various experiments are much
greater than the uncertainties estimated for these experiments.

On the other hand the Cf spectrum is recommended as a reference standard for
calibration purposes 3 and requested with high priority u). This sitution
is unsatisfying, in particular, because most of the measurements were not
performed with a normalization.

All the improved experiments recently presented 5-9)

were ~.rried out using
neutron time-of-flight spectroscopy and cover in total the energy range from

1 keV up to 30 MeV. It is proved in several papers 7,8) that the

prescription to analyze and normalize the experimental tof spectra had to be
substantially improved and that the properties of the fission detector and the
geometrical setup influence the neutron spectrum measured. A variety of
further corrections has been investigated experimentally and/or estimated

theoretically.

In addition, a review of the theoretical approaches and extensive numerical

calculatinns compared with experimental data are available 10).

-
This paper compiles the essentials of the experimental method (section 2) and
the theoretical approaches (section 3). The results are discussed in
section 4.

2. Experimental Method

2.1 Time-of-Flight Technigue

The Cf source is depoeited inside a fission fragment detector which is
1

followed by fast electronics. Fission rates A - 105 s~ ' are processed and

a ns-timing as well as a fission detection efficiency cf Z 1 are achieved.
Depending on the energy range to be investigated flight paths between 6.25 cm
(k2V region 5'6)) and 1 200 cm (MeV region 8)) are used. Due to the

neutron detection efficiency Cd (En) and the solid angle Qd of the

neutron tof detector with respeat to the neutron source the neutron detection
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Fig.: Typical setup for tof measureaents with a 252Cf fission source
a) fission fragment (FF) detector, i.e. an ionisation chamber, followed
by fast electronics (FE),
b) a neutron tof detector with standard nuclear electronics (NE), i.e.
NE 213 1liquid scintillator with n-y-discrimination properties PSA
depending on the light response L(E),
¢) tof analysis TAC in an inverse time scale.

rate is significantly smaller than the fission rate. In order to avoid
additional dead time losses, an inverse time scale is introduced. The fission
signal is appropriately delayed by about the range TR of the time analyzer
and serves as the stop for the associated neutron signal (see (ig.).

In addition to the tof-spectra the energy loss AEr of the fission fragments
as well as the response spectra of the neutron detector may be simultaneously
analyzed in a multiparameter mode 8,9) in order to determine the
efficiencies, to introduce restrictive conditions such as an n-y-
discrimination, or to study correlations between different parameters.

For this arrangement the neutron energy spectrum N(E) to be extracted from the
tof measurement will be described by
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(1) N(E) = & + T« n(E) - 53 . (E) - C(E,D)

where n(E) denotes the density distribution function to be determined and ¥
the neutron multiplicity for a spontaneous fission. Finzlly the functio-.
C(E,%) takes into account all corrections due to structural materials and
directional correlatior-.

2.2 Properties of the Fission Fragment Detector

6,8,9) 5,7)

Fast ionization chambers or gas scintillation detectors are

used to detect at least one of the fission fragments (2n geometry). Even for
thin, pure 252Cf sources electro-deposited on highly polished backings a
small fraction of fission is lost if both fragments are absorbed due to the

roughness of the backing 7'8).

The nonisotropic 1033 causes the coincident
neutron rate to be dependent on the angular position of the neutron detector
with respect to the areal source. This interpretation cculd be quantified by
means of Monte Carlo simulations (see figs. 1,2 of ref. 8). The measured
neutron energy distribution also changes remarkably with the angular position
{see fig. 8 of ref. 7), but the energy dependent correction function can be
determined experimentally by analyzing the correlation between the energy loss
ABf, which approximately defén?:)the direction of the fission fragment, and

' . In the case of a high fraction of
nonisotropic detection 1l0sses a remarkably hardened neutron spectrum will be

the associated tof-spectrum

measured if the detector is positioned perpendicular to the areal source on
the backing.

The neutron source strength (A « v » s;‘) may be alternatively determined

by an absolute neutron counting using a water or manganese bath. In any case,
the angle- and energy dependent correction as well as the disturbance due to
structural materials have to be considered.

2.3 Analysis of the TOF Spectra

The tof spectrum I(t) measured in the above-mentioned inverse time scale

consists of:

a) a random background In(t) caused by the neutrons for which an
associated fission fragment was not detected (fraction (1 - ef)). This
background is statistically distributed and can be fitted to the
contributions above the prompt photon peak,

b) the pulse overlap or uncorrelated stop background originating
from all neutron tof measurements, which are statistically stopped before
the associated fission event occurs, and

¢) the remaining neutron tof measurements which were correctly
terminated (see fig. 3 of ref. 8).

As will be derived in detail in ref, 11, the corrections chiefly depend on the
deadtime behaviour of the fission detector channel. Asauming a non-extended
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deadtime 1 in the fission channel the following approximation can be used to
calculate the corrected tof spectrum Ic(t) 8)2

T
R
(2) I,(t) . REN(t). { I'(t) = A « at- I I'(t) ‘
t'2t
(2a) I*(t) = I(t) - Ig(t)
(2b) REN(t) = { (1+a- 1) Ostcr
(1 +A 1) »exp (A - (t- 1)) TSEST

It should be noted that beside the time calibration constant[time ipterval
per channel]At of the time analyzer the channel carresponding to a vanishing
time difference has to be known in order to calculate the time dependent
renormalization REN(t). This correction has been correctly applied by Bottger
et al. 8) and by Pbnitz and Tamura D in the ideal limit t = O, For

T2 TR’ the net spectrum has to be corrected for the deadtime losses by a
time independent factor.

The time-dependent renormalization which increases the high energy part of the
spectrum (in the region t 2 1) may compensate the energy-dependent correction
discussed in section 2.2. Thus, the shape analysis can deliver the correct
result if both corrections are neglected, but the absolute normalization
fails.

2.4 Detection Efficiency ed(E)

The efficiency of some of the tof detectors used in recent experiments can be
attributed to the well known cross sections of the dominant reactions, i.e.
6Li(n,t) 5), 235U(n,f) 6) and n-p scattering in the case of a "black”

7). The influence of the structural materials (capsules,

collimator) and of the surrounding air (inscattering, attenuation) has to be
carefully calculated 7 or be determined experimentally 5’6). If thin

liquid scintillators (cd ~ 0.2 ... 0.3) are used tc increase the time
resolution and the n-y discrimination properties, Monte Carlo calculations

detector

should be accompanied by experimental calibrations,in particular in the energy
range En > 8 MeV where the various reactions on carbon compete with the n-p

scattering 8).

2.5 Correction Functions C(E,%)

Further corrections not yet discussed in sections 2.2 to 2.4 are combined in
C(E,ﬁ), i.e. the inscattering from and additional neutron production in the

structural material of the fission detector. These corrections estimated by

7)

theoretical approaches 8) and MC simulations or determined

5,6)

experimentally generally increase with decreasing energy.

If the neutron tof is determined with respect to the prompt fission photons
errors due to low energy delayed phoions should be avoided by increasing the
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threshold. The final uncertainties must be estimated to be included in the
covariance matrix. The energy scale can be checked by means of transmission
7)

experiments .

3. Theoretical Approaches

Basically two analytical density distributions n(E) are used to fit the
experimental data as measured in the LAB system. Bo.h, the Maxwellian
distribution 12)

describe the spectrum of neutrons sriginating from the fission process and are
t4)

and the Watt distribution 3) are rough approaches to
based on the evaporation theory

Assuming an energy independent cross section for the inverse process, the
neutron energy distribution in the CM system of the fission fragment is given
by

(3) ¢ (n) = T°2 . neexp (-n/T)

with Welsskopf's energy parameter T. Taking into account an isotropic emission
in the CM system of two fully accelerated fission fragments of equal mass the
transformation into the LAB system leads to the tabulated Gaussian integrals

(Feather's spectrum 12)).

Terrell 12) modified the approximation by considering two different fragment
masses and up to seven temperatures simulating a triangular temperature
distribution. It turned out that the superposition of the different Feather's
spectra could be approximated by a Maxwellian distribution in the LAB-system
(see fig. 8 of ref. 12):

() n(E) =2 72 grV2 L gV2 L gyp(aprE )

The energy parameter Eo corresponds to the mean energy <E> = 3 -2012 and
is fitted by comparison with experimental data.

On the other hand Madland and Nix 10) showed that the evaporation spectrum
(equ. 3), correctly folded with the triangular temperature distribution, may
also be described by a Maxwellian distribution in the CM frame of the fission
fragments. Transformation into the LAB system, assuming isotropic emission and
equal fragments, delivers the Watt spectrum '3):

(5) n(E) = [exp(-EflT). . -V2, 5;1/2 . T-lIZ].
*exp(-E/T) « sinn|2 * EY2 ¢ g1/2/7]

with the mean kinetic energy per nucleon (Ef> ~ 0.78 MeV of the fully
accelerated fragments being related to the mean energy and the energy
parameter T by <E> = <E.> + 3772,

Madland and Rix 10) gave up most of the restrictive assumptions and
.introduced in their extensive numerical calculations
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a) an energy dependent inverse capture process, where the cross section was
calculated by means of various optical potentials, and

b) a realistic mass distribution including light (<E%> ~ 1.06 MeV)
and heavy (<E¥> ~ 0.50 Mel, fragments.

The comparison of the various approaches (see fig. 7 of ref. 10) shows that
the description is very similar in the energy region En < 5 MeV while in the
uprer part, the Maxwellian distribution overestimates and the Watt spectrum
underestimates the numerically 'exact' solution.

4. Discussion of Recent Results

Experimental details of recent measurement‘s 5-9) have been compared in the
table as far as they were available from the short publications. These
experiments ccver in total the energy range from 1 keV up to 30 MeV. Most of
the results are preliminary ones, at leaa%t with respect to the uncertainties
to be estimated realistically. However, the main trends can be discussed.

5,6) were unable to

For the low energy range (En < 0.5 MeV) Blinov et al.
confirm the deviations from a Maxweil:an distribution established by the NBS
evaluation. The experimental data taken with a6LiI(Eu) crystal 5) or a

2350 . 1ssion chamber 6)

were carefully corrected and are in excellent
agreement with a Maxwellian distribution with E, = .42 MeV (fig. 4 of

ref. 6). The mediuvm energy range (2 MeV < E < 15 MeV) seems to be well
described by the NBS segment fit 8,9) while the energy range E_ > 15 MeV

is strongly underestimated 9). Excellent new data were also presented by the
Argonne group 7). The experimental spectrum agreed with the Maxwellian shape
to within 25 % for the energy range 0.5 MeV < E g 7 MeV. Nevertheless the
authors favour the Watt approximation which underestimates the measurements

above 5 MeV (see fig. 10 of ref. 7).

The most exciting perspective comes from the comparison of the experimental
data with recent numerical calculations. Madland and Nix 10) demonstrate
that besides the spectral shapes, the energy dependence of the neutron
multiplicity V(E ) is reasonably well described for the neutron induced
fission of 235,2 BU and 239'21‘0Pu. In the case of the spontaneous fission
of 292¢f the calculated multiplicity Gcalc = 3.80 is in excellent

agreement with the recent experimental value ;exp = 3.77 15) while the

mean energies <E>calc = 2,217 ...2.279 MeV calculated on the basis of
different mass formulas 10) differ aignificantly from the experimental

values (Erexp 2 2.13...2.16 MeV 7). Due to this fact it is not surprising

that the calculated distribution cannot describe the measured spectrum (see
fig. 10 of ref., 7). Ponitz pointed out that the ratios between the measured as
well as the calculated spectrum and a Maxwellian distribution corresponding to
the same mean energy show very similar trends (fig. 11 of ref. 7). Thus it can
be expected that by fitting free parameters, in particular with regard to the
level density parameter, the mass distributions and the energy excess,
sufficient agreement can be achieved for both the neutron multiplicity ; and
the energy density distribution n(E).
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Table : Parameters of recent tof measurements
Blinov et al. Pdnitz,Tamura Bsttger Mdrten
et al. et al.
ref. 5 ref.6 ref. 7 (1982) ref. 8 ref. 9
(1982) | (1982) L 1I (1982) (1982)
!type gas sc. ion ch. gas scint. ion ch, ion ch.
3‘;back1ng/(cu) Ni/0.015 Pt/0.0254 Au/0.01 [Fe/0.0125
ﬁ'radigs (cm) 0.4 0.953 0.5 G.5
;E:(\o £/s) 2...5.1 1.43 1.0 3.4
? £ ~0.99 1.0.99 ~0.71 0.954
REce/t,  (deg) 10 /0 (0.93/0) 0.975/520 /0
type 6Lircen | 235y equiv.NE 213 BXNE 213 | NE 213
kheight (cm) 0.5 1.2 17.76 | 37.0 5.08 12,5
§ iameter (cm) 1.7 1 10.0 7.62 1 10.0 25.4 12.5
Sl " (keV) - 1- 10- 200- | 600- 2000- 10000~
ol E”“(keV) 2000 7000 4000 10000 14000 30000
§LG(E:“‘)- “Ona Fons 0.98- |o0.96- 0.25- 0.30-
& £q (%) 0.83 | 0.77 0.15 0.15
Be/e (%) (< 4) s 2 s 2 <5
Z2ff11ght path (cm) 6.25-50 ]| 25-100 258 347 1200 450
9rac-range (ns) 150 200 ~1000 £1000 200
§ hannel width (ns) (~ 1) ( ~1) (~ 1) < 1 2.37
‘é WHM At, (ns) 1.5 1.5 (s 4) 1.5 1.8
S Mdeadtime T (ns) (200) | ~200 (~ 50) 530
é At,o (ns) (50.2)] £ 0.2 < 0.2 0.2
. of-backgr./renorn. cale. (1=0) calc.
O poniso. fiss. loss exp.
§ truct. mat. (det.) exp./cale. < 0.2 % estim. |s 0.2 % est,
M linscatt, enp./cale. £ 0.2 % estim., |s 0.5 % est.
Slasr, eo11.)
5. Conclusion

Important progress was made in the last years to improve the knowledge of the
neutron energy specirum from the spontaneous fission of 252Cf. Recent
measuresents were performed using the tofl method, carefully analyzed and

corrected for various disturbing effects.

The correct renormalization - the

probles was at first recognized by A. Chalupka 16) in 1979 - was applied by

some authors 7'8). In addition, the influence of the non-isotropic detection
losses of fission fragments on the measured neutron spectrum was investigated
and corrected for 7,8 .
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The theoretical concept should be supported by additional experiments. In
particular, the assumptions have to ve proved that the neutrons are
isotropically emitted in the CM frame of fully accelerated fission fragments.
In addition, the fraction of scission reutrons estimated to contribute with
about 25 % to the prompt fission neutrons ') has carefully to be determined
by means of correlation experiments.

A new evaluation on the basis of the data recently available is necessary.
Earlier tof measurem2nts 17,:8,19) should only be taken into account if a
unique reanalysis can be performed. Furtheron. recent numerical calculations
and additional experimental data using different methods should be considered;
e.g. integral measurements taking advantage of the foil activation technique
cover the energy range of interest 20) and relate the Cf spectrum to

various reaction cross sections. It is to be expected that an improved density

distribution will replace the NBS segment flit as well as the approximations.

The application of the 'standard’ spectrum for calibration purposes may,
however, be as difficult as the determination itself due to the various
corrections listed above.

Acknowledgement: Valuable discussions with Drs. Bittger and Chalupka during
the joint experiments and with Drs. Blinov, Mannhart and Pdnitz are gratefully
acknowledged.
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The HIGH-ENERGY END OF THE NEUTRON SPECTRUM PROM SPOETABNBOUS PISSION OF 520:

H, Marten, D. Seeliger, and B, Stobinski
Technische Univeraitdt Dresdemn, Sektion Physik, Dresden, DDR

1. Introduction

As an addition to the refs, 1 and 2, this paper summarises some experiences
of fission neutron spectrum measurements up to very high emisaion energies
emphasizing experimental principles and necessary corrections of the data.
Applying an effective particle suppression method to reduce the background
and measuring the time of flight (TOF) of the neutrons and the corresponding
1ight output {(10) in the scintillator two-dimensionally we were able to detect
the high—ehergy end of the 252(}1’(»1’) neutron spectrum from 11 up to 30 MeV.

2. Experiment rangement

The following synopsis includes the main data characterizing the experimentsai
set-up and the long-time measurement 1‘2):

Cf source : 34000 fispoions per s, Tentalum backing (0.125 mm
thick, 5 mm source diameter)

Pragment detection H fast ionization chamber Y (1.5 at methane, 3 mm

(STOP signal) electrode distance, 4E mode ) ~ current preampli-
fier - fast amplifier (about 100 ne dead time) -
zero-cross-over timing - cable delay

Neutron detection : scintillator NE 213 (5°° x 5°°) = fast photomulti-
plier XP 2041 - constant-fraction trigger (2.8 MeV-
threshold regarding proton recoil energy)

Range of the time-to-
amplitude converter : 200 ns

TOP-bin width 3 2,372 ns
Background suppression: electronic charge comparison method 4)
(n/ I/u-diacrimination)

Plight path
Collimator
Whole running time

4,50 m
polyethylene, graphite liner, Pb, Pe
1218.5 h subdivided in single runs; intermediate

checks of thresholds, n/},x-discriuination, and
response functions

analysis of the response functions for given T0P
channels in comparison with Monte Carlo calculations
(NEUCEP code = ref., 5)

LO calibration

3. Background suppression and epectrum analysis

Using the electronic charge comparison method the experiment-specific J-back-
ground as well as the annoying pulses caused by cosmic myons with energies
around 1 GeV are suppressed intensively Y « The application of large
scintillators involves an influantisl cosmic background at relatively high 10.
Another possibility to avoid such pulses is the employmens of a scintillator
shield in connection with an anticoincidence arrangement.

Measuring neutron TOF and 10 two-dimensionally one is able to select the
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optimum LO threshold for a given TCP channel to minimize the statistical
error. This analysis procedure which represents an indirect background
suppression is realized by the comparison of the remaining random bachgzround
10 spectrum with the measured response functions for fixed TOP channela,

The optimm LO thresholds for the neutron spectrum ranges around 5, 10, and
15 MeV were found to be 2.5, 5.5, and 8 MeV respectively (regarding proton
recoil energy).

The detector efficiency data were cuiculated using the NEUCEP code 5) and
considering an realistic resolution parameter. Their experimental test 1

resulted in an estimation of errors: 8 £ for the energy range from 10 to

15 MeV, 12 % for the range from 15 to 20 MeV and about 15 % above.

4. Data correction

As discussed by Bittiger et al, 6), a TOP-channel-~depending background part
has to be attributed to uncorrelated stop signals. It was confirmed by a
supplementary investigation that the corresponding correction and renormali-
zsation is neglegible in the present case due to the energy range limitation
and the moderate fission rate.

The measurable neutron spectrun of the Cf source depends on the angle

between the neutron detector direction and the electrode plane because of the
anisotropic fragment detection ). Therefore, the neutron detector was located
perpendicular to the electrode plane ”. In this case, necessary corrections
concern the low-energy part of the spectrum only. The measured energy distri-
bution is actually undisturbed at energies above about 5 MeV (This assertion
concerns the employed fission chamber.). Counting the processed stop signals
(behind the delay device) the energy spectrum could be normalized absolutely.

In the present case, the correction for air scattering was weakly energy-
dependent (3.1 + 3.6 %),

The correction for time resolution which depends on neutron energy because of
the scintillator dimeusions amounted to 2,8 % at 10 MeV and 15.2 % at 19 MeV.
The influence of the TOP-bin width correction was smaller (0.2 and 1.9 %
respectively). Both corrections which have been carried ocut by iterative
methods were lower than 1 % at energies above 21 MeV due to the preasence of
a hard emission component predominant at energies higher tham 20 MeV (FPig. 1)

Further details of the experiment are described in ref. 1.

5. Results and discussion

Within the experimenta. eorrors, the NBS evaluation 7 was confirmed for the
energy range from 11 to 20 MeV (in a qualified senese for energies above

16 MeV). The measured onergy spectrum can suitable be described by a pure
Maxwellian distribution with a temperature parameter kT = 1,248 MeV

in the region from 11 up to 19 MeV. The integral over N(E) from 21.5 to

26.7 MeV amounts to (6.0 £ 3.4) . 10™°, This neutron yield is much more higher
tham expected.



Pig. 1 shows the measured bhigh-
energy part of the 272¢f(af)
neutron spectrum in comparison
with the result of a complex
oascade evaporation calcula-
tion 8 o The experimental data
indicate the presence of a
hard emission component which
cannot be explained assuming
the main emission mechanism,

1. e. neutron evaporation from
fully accelerated fragments.
Hence, one should consider
non-squilibrium emission of
fission neutrons due to strong
single-particle excitations
during the fission process 2,8)

Mg. 1

The measured high-energy part
of the neutron spectrum from
spontaneous fission of 252-Cf
in comparison with the result
of a complex cascade evapo-
ration calculation (ref. B),
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CALCULATION OP DOUBLE-DIPPERENTIAL EMISSION CR0O3S SECTIONS OF NEUTRONS PROM
SPONTANEQUS PISSION OF 252ce ON THE BASE OF THE CASCADE EVAPORATION MODEL

H. Mdrten, D. Neumann, and D, Seeliger
Technische Universitdt Dresden, Sektlom Physik, Dresden, DDR

Assuning the main emission mechanism of fission neutrons, i. e. the evapo-
ration from fully accelerated fraguents, a complex cascade evaporation

model 12 (CEX) ie applied to describe neutron emergy spectra in the center-
of-mass system (cms) as a function of both the fragment mass number A and the
total kinetic energy TKE of the fragments. The mass number ratio "L/"H of
complementary fragments and TKE appoint the aciassion configuration (asymmetry
and elongation respectively). The initial distributions of excitation energy
Po(Ex) are deduced from experimental data sn neutron multiplicity and J-ray
emiseion 3 as a function of both A and TKE 2). The used method for level
density description takes into account the dependence of shell effects on
excitation energy semi-empirically ‘). Considering the occurance probability

10’ —~————r—r—r—————r w0’ T ; Y v [
10"}
T -
] a
-r; 'l -7;
r 1 %
3 W
w’t pr 4
W'
oy - Beowmen t ol
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10 S h h k 4 demn - — 1 " L Y
Pg. ? The galculated energy spectrs Pig. 2 Calculated angular
in 11° end 908 direction in comparison distridutions at two selected
with the experimentsl dats of Bowman smission energies in comparison

ot al. (reof. 5) with meseured data (rsf, 5)
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P(LLIAH,HB) the double-differential emission cross section may be deduced
in dependence on both AL/AB and TXE, in dependence om ‘I.“n or TXE omly

as well as for the whole fission reaction. The mneglection of the TXE
dependence modifies the calculated energy spectra and angular distributions
in the laboratory system (1s) at high emission energies considerably 2).

The CEM was used to calculate the integral 1s energy spectrum B(E) of the
neutrons from spontaneous fission of 25 ct » We were able to obtain a rather
good agreement with experimental data up to 20 MeV. The comparison of the
calculated spectrum with our recent experimental results on the high-energy
end of the energy distribution R indicates the presence of a hard spectrum
component which should be attributed to non-equilibrium emission of fission
neutrons due to stromg single-particle excitations in fission 1.2)

The Pigures 1 and 2 represent a comparison of the calculated integral
(regarding the dependence on both TKE and A.LILB) diatribution N(E,Q)

(0 - 15 angle of the neutrons with reference to the light fragment direction)
with the experimental results of Bowman et al. 3) Obviously, the central
component > of fission neutrones (scission neutruvns) becomes more zredoninant
at higher emission energies. However, the recent results of Riehs ) do not
confirm the data of Bowman et al. The reasonm of this contradiction is not
clarified. Nevertheleses, one should expect that there is an connection bet-
been the central component found at emission energies in the MeV range and
the hard emission component predominant at extremely high emission energies.

A more precise interpretation of the presented results seems to be only
possible in comnnection with measurements of double-differential emission
cross pections as a function of both A’L/"ﬂ and TKBE and further theoretical
analyeis or single-particle excitations in fission. Hitherto, the partial
spectra of the different eventual kinds of scission neutrons are not founded
theoretically (see ref. 2 and the refs, therein).

According to the experimental results of Samyatnin et al. 7 scission neutrons
are predominantly emitted in the case of compact scission configurations
which include a magic or double-magic fragment (Aﬂ ®> 132 especisally).

Pig. 3 represents calculated angular distributions which were calculated
for AL/AH a2 120/132 and different TKE values (maximm, average, minimum).
Their shapes depend on the partition of the total excitation energy mainly.
The ratio of the final excitation energies of complementary fragments

is appointed by shell effects on the sciasion configuration modified by
intrinsic temperature 2) o Pig. 3 shows that a measurement carried out for
the stated parameters should be sensitive to the angular distributiom of
scission neutrons at angles higher than about 40°.

It is emphasized that no arbitrary normalisations or free parameters are
introduced in the calculations. As confirmed by some comparisons with
experimental data, the described method is feasible to explain the main
characteristics of fission neutron emission. It represents an essential
precondition for the study of scission neutronms.
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CHOEKTP 3ANBPEAHHNX HEUTPOHOB CIORTAHHOIO NRNEHRA 2sch

B, H, Hedexon
HayuHO-RCCAGAOPATONBCRNA WHCTNTYT AYOMEHX peaxTopos mM. B.f. Nemmma,
Jwawrposrpax, CCCP

B padore upwsenemu peayxnraTH mamepemmil, DOXTBEePXNBUNX CyWEeCTBOBANNa
ENCRDETROR CTPYXTYPH CHEeXTDOB MTHUBEHENX HelTPOHOB SexeNng. BumoxHenu

Opaxue mawe f CHEeXTPA 3Arepxanmux Relt -
ahmaue mawe s TPa 3axep eATpoHOB, HCOyCERAeMHX UD¥ CHOHTAE

235 3 MHOMOUEDHHX U3MEDEHWAX CNERTDOB MTHOBEHHHX HEATDOHOB ASXEHUS
=77 L] rennosuyud HellTpOHAME B 3aBUCINMOCTH OT RUHETHdEc Ot Hepruu ac-
xoxx08 Aexenun [I] waum ouia odHapyZeHa AMCKPETHAY CTDYKTYpa CHEKTTOB
RefiTDOHOB MCMyCKAe:HX OCKOJAKAUMA ¢ waccaud A =I32 g A= 85, mremmux
OZ7H WAM HECHOXBKO HCITDOHOD CBepX 3aMKH/THX 060JcdeX B 50 u €2 Helte
TDOHA. M1 OCHACHEZUMA JTOIV MAINeHun CWJAD BHABAHYTO [DEIfoI0REHUE O
CYIecTRO33HIA HeCoABNOR MO/ HedTHOHOB,HA3BAHHYX 3ALEePEAHHHMY, Wien-
QAX MICKPETHHR CMEKTD W MCHYCKAGMHX COYCTA 1079-197"¢ nocAe MOMeHTa
zexedns anpa. TOHKAA cTpyKrypa OHiaa Taxwe odHapyxena B padore [ 2] .
Ozuaxo B paae ZpYI¥x DAGOT CYMECTBOBAHTE 3AreDRAHHHX HEATDOHOB He
nozrsepazeso [3,4,5).

Hacroszaqa padora dOuja mocrTasAeHa 1A DedeH®d S011poca O CYy 18CT-
30BaH4A 3anepAaHHHX He1TDOHOB, TOCTAHOBNIA IKCINEDUMMEHTOB OCHOBHBANACH
Ha NPEANoNAraguNx CBOACTBAX SATePIAHHHX HENATPOHOB (3anepsKa HCNYyCKa~
HiAg % IZWCKDeTHHI CMeKTD).l0aToMy np daMepeHH® Cnekrpad HefRTpoHoB ue-
TOI0M BpEMeHW (IN0JeT™ C ICHOJb30RaH!eN B KadyecrTse “crapra® mMnyibcos
0T OCROJKOB ACACHAA, OTASAbHHE JMHUM 0T 3ANEDRAHHHX HENTPOHOB pactA-
HYTCA BO BpEMEH® B DPe3/AbTATE 3AACPAKA UX WCIFCKAHUA NOCKE MOUEHTA
IexeHd? @ AMCKPETHAR CTT.YKTYpa OyieT clada aauerHa, foryT nadinaarb-
CA AAWL XALAY,00pa30BaHHHE 3IANepRaHHHMY HefiTpOHAMH ¢ BpeueHeM UcHyc-
KA, 3UAYMTEALHO UEHBI'DS,qe BPeMS nnojera DEPHCTPHUYEMHX HeRTPOHOB
(<107 8celc) .

ipa mcrnoxsaonsanmm B KadecTBe "crapra" MMAYALCOB 0P Y -KBAHTOB,
COMPOBOXXADMAX MOMSHTH nREAeHAd W BNJAETA 3ANCDIAHHNX HERTPOHOB,AUC-
Kperdad CTPyKTypa 0T SaNepRAHHHX HERTPOHOB AOARHA XOpPONO HAGADAATH~
cR, TaKk KAK XOuesae? pasMuTHe 5O BPEMCHU MOMEHTa BHASTA 3a26PRAHHHX
HeRrpouoB. OZHAKD, B 3ITOM CAyYae HEOOXOZMMO oJecleqdTs MALyD dpJex~
TUBLOOTD permorpandm axrod Kexesun (< I04I5 3) o rTeM,4TO0N HCKADYATH
noZaBiesue DErUCTPAWAM Y ~KBAHNTOD,CONDOBONAADIIEX HOMYOKAHHE anep-
ZauHHX HEeRTPOHOB, DPGRBAPATEALHOR perHcrTpamKeR MIHOBOHHMX 3 ~KBAHTOB
AeteHEd. C yHOTOM 37000 3aMevaufs OuMM BHNONHEHH RIMEBPOHUA CHeKTDa
HOATPOHOB OHNOHTAKHOIC AGMASHUA 2C+ MeToZoM BpeuMeHM mposera.
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BIEOR-CXe1a 3KCHepUMexTa Dp¥Benca ua puc.l.

e//////i

/ \ 5
Pac.l. Cxeua sxcmepuMerta

I. lerexrop 0cKoax0B neJ=HUA. 2, ﬂe'rex'roIB Y ~KBauTOB. 3. 3amura 9
NOJUITHACHA C COpOM. 4.034HENR TOJIUAOR MM, S5.JeTeKTop HEeRTPOHOB.

Laa uckaodedds pervcTpalu¥ paccesHHHX HE AeTAlIX YCTAHOBKH HedTpo-
HOB #ClOJb30BaJAack MOMMITUALHOBAR 38MHTA ¢ AoOaBKO# dOpa TOJAIMHO I
0,2 u. LeTeK™p OCKONKOB JedeHus OpeAcTaBIAN coGo# CAOH C+,no-
MemeHdHd YEeRAY ABYMS MJCHKAUY 43 CLUMHTHAIMDYDOER LIAACTMACCH TONHU~
HO# Iur/c.'aa. Jmi yKpeides B Topue Tourocreuso (0,05 uy) TpyOxs u3
JATYHH AAMEO J,2 U, YCTAHOBJGMHOR OTKDUTHM LOHLUOM Ha JOTOKATOZNE
23¥-30. .lcnonpsosadicd CHOi 35‘(‘-; axrmuoctsn 5.IF ¢+, Perucrpa-
UM Y ~KBAHTOB ZeAedds OCYeCTBJANACh BMAKOCTHHM CUMATULIITODOM HA
ocuose jropdessona CuF, ¢ pasuepaun 50x50 B cowerammt ¢ 33¥-30,

3 KayecTBE AEATDOLGOTO JIETEKTODA UCMOMB30BANCHA KDIUCTALA CTAABOCHA
0,04x0,02 u. Isuepenus BHIOJHANICH B cAefiydmeM D0pAixe. 3 Hauyale
Ka3ZoA cepux u3.Lepewdil 4sdepaics COEXTD fMpH UCHOJAb30BAIAL B Kayec™
Be "crapro3ore" ZeTexTopa OCKOAKOB ZeldeHuA. 3areM, B Tex Ze yeIo-
B#AAX, M3.4epAdcd CHeKTD HeATDPOUOB ¢ AETEKTOpOM Y ~KBAaHTOB B KayecT-
Be "¢rapTosord, padoTangere B COBMaZendu ¢ JAeTeKTOPOM OCKOJKOB fe-
JMeHuA. [cnoNB3OBanite MeTOoAa COBMALeidR HEOOXOZMMO ITA MCKIDYEHHd
20310 146X 3HHEKTOS OT PerdcTpalid OCHWIHX 3anasin3adgix HEATDOHOB.
BuJt BHOOJAHEIH Y3MSDEHHA HA NMpoJeTHux paccrosguwax L = 0,5 w I u.
da pucyike 2 NpA3efieHd PesyJbTaTH U3UCDEHHN.

3 pAicydka BAfLO, YTO HA KpUBHX, NOJXYYSHUHX B H3uepeANAX HpU crapre
0T Y -KBaHTOB, OTYETVMBO HalIIRasTCA RUCKDETHAA CTPYKTYpa, CABHIrab-
Jadca OpoNoDU40HAMBHO NDOJAETHOMY pAcCTOsHMD, 3 TO Xe BpeMa Kpusad,
foJayJyeHHad B MaMepeHdsaxX C HCH0Jb30BaddeM B KayecTBe "CTApPToBux" Wll-
NyJIbCOB OT OCKOJAKOB AelenuA, NpaxTHYeckd rianxad. [0AydSHHHA pe3yib-
TaT 103B0JAET CAeXaTh 3aKIUYeHue O PeaNbHOCTH AUCKPETHOR CTDYKTYDH,
{ [NOZTBEPEAAeT MpeAnoaokeHe O TOM, YTO OH& 00pa30oBaHa 3aXepBaHHIIN
HeATpOHauK, KCMyCKaedHisd MO3:3e MOMeHTa AeJeHUA ALpa. O UEABD nMDAMoR
MPODEPKI CyLecTBoBanid 3aLepIadikX HEeATDOHOB OHJI{ MPOBEJEHH H3Uepe—
Hitd ClleKTpa 3a%epRaduuX HeRTPOHOB U3 OCKOJKOB JAeAeHHA, NpOASTEBIUX
paccroguse 8 0,05 M. A3uepedns BHOOMISMCH METOZOM BpeMEHI [poJaera
Ha npoAeTHOM paccToAddi 0,25 u, eouerpus omure noxasasa Ha puc.3.
lleTexT0p OCKOMKOD AeASHIA NDPEACTAsAA] CO0OR UHMMHADAYECKYD BaKy yMHYD
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Kauepy L1ateTod I.IO"Iu,.tarommeﬁuyn 43 CTAMA TOMILIO: 1073
OnHOCTADO LML GOl KALLODHIA UHTEHCIBHOCTRD 3.1 c"I HAHECCH 13
ANDLIHAepyN MOANOIKY TOALEION I.IO‘“:J. AJLA TpefoTBpamet:is pachdic-
HAS KAAHODUAA CIOd IAKPHT AANUMUIEDOM J0JBIO;T TOLIIHOH I.SZ""‘/cu-).
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Puc.3. [eomerpua ouxta
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4,0272n s (A9). 5.200% RaAKPODHHA. 6.3aKYyMilad rauepa,
7. Doroyudoxutexs 2:¥-30.
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IOt YCTAHOB TeH
B lUeuTpe KaMepd H odpaueH K ZeTektupypgexy cimob ZnS(4q),uaiecedsosy
Ha JOKOBYD rpasb KaueDd. (BeTOBHE BCMHUKM,BO3uMKangue B caoe Zr S (dq)
PErACTPHDYDTCA (OTOYMHOEUTEASM D3Y-30,yCTAHOBACHHOM HA MPOTHBONOAOK~
HOM TODUG BaKyyuHoA Kauepu. Pasuep caoes C4 u Tp S( ~’,’g) 0,02x0,4 «.
Bakyyusas xauepa MOIva nopopauMsarboa ua IB0° Tak, YTO B nmepooM ciyyae
caotZn 8 (Fa) Oun =afed HeRTPOUHHEM AETEKTODOM, a MDH M0BODOTE 3AlpH~
BaxcA 3amHTo #.CTGPTOBHR WMUZABC GpadcA OT AGTEKTODA ¥ -Ayuei,pacho-
JoxeHHoro okoMo caoaZn § ( //:7).3 Kayecrse AETEKTODA Y -KBAHTOB HUCIOAb-
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30BaXCA AETEKTOP,0N4CAHHHR B NEp30R 4ACT# pasOTH.AXA YMeHbUEHHT HoHA
ZeTeRTOp Yy —Ayued BRIDIWICH Ha COBIAACHAA C AETEKTOPOM OCKOJKOB Jede-
Ha. Cder coBnapesxui cocranian I2-I4 c¢™  mpa Hode JMORHHY COBHAASHYA
oo I c‘I.B X0Zie U3¥epeHdd TOOYEPEAHO NNOBOAUJHCH SdepeuddA OpU pac-
nozosesua caoaZn S (.€2) pomasy or serextopa Y -ayued m I-ou cmyuce,
W TIpA NOBOPOTE BAKYYMHOA Kadepd Ha 180°, =0 BTOMOM.3 meppoM ciaydae pe-
PECTpApOBANCA #adepaund 3hexT sHecTe C JOHOM OT HEATDOHOB, PACCEAHHHX
HQ CTEHKE KAMEepH.30 BTODOY clyiae - J0H OT pacceaH#si. bura raxie BH-
MoMHeHa 3KcHepEHTMIBAAA OPOBEDia 3} eiTa OT 3ANa3Zusaliux HEeRATpOHOB,
KOTODHR OKasates Npeiielpesitio uaiuM. 3 pesyabTare A3ueDer4d HA Npord-
Eeuii 4 Meciuyes HenpepusHol padoTH CH/ML NOAYYSHH CileKTpH, NDUBEACHHHE
Ha paC.H.
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Pic.4. JKCMUIDTIGHTAIbHEE CHEKTD 3ACDLML.UX HE iTPOHOD
o ~CHEKTD AAA L[-r0 110.10:Cu 17 BARY L0 I XAU3H; % ~CH2KTD ©..3.

ASGIOTHN Lid OPDALIYCHI)D CTATICTINRY, HAle-ui0 126, )n,A0TCA OTHSNkie Ti-
A7, IDAKTIYECKA COBIALAOTAE C OTAGADHINTI TMHLTIT TASTDETLO CTPUETTIU
CMIEKTDA MOHOBEUHHX CITDOLO3 ACAE.iMA, U0 4Cul0.l 3 [12P30.L HBCTH DACIW.
Jo171cilHHe PeaybTATH TOATAEPSAAIT CyAeCTBOOMLIE SARCDidkulX HCMITIO-
HOD, MCAYCGE.(HK OTARIBHII OCKOMXAIA NOCIE MO ieuTd ASINNAA TUpaA W HiCI-
quesa macKperuyd crpyxrypy [L].
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MASS DISTRIBUTIONS OF FISSION FRAGMENTS EMITTED
BY MIGHLY EXCITED NUCLE1

L.N. Androne ko, A_A. Kotov, M M_ Nesterov, “w. Neubert ,
N.A. Tarasov and L.A. Vaishnene

Leningrad Nuclear Physics Institute, Gatchina, U.5.5.R.
.Zentralinstitut fir Kernforschung, Rossendorf, G.D.R.

Provlded that sheli effects disappear with increasing nuclear excitatijon energy
it is possible to calculate the cross sections for the nuclear fission process.
induced by high-energy protons /1/, in the framework of the cascade-evaporation
model and the SOHI-MESLER approach. In ref. /1/ it has been shown that the
statistical model of FONG /2/ without structural effects reproduces satisfacto-
rily the mass distributions of fission fragments, which are emitted by highly
excited heavy nuclei {A > 200 e* » 50 MeV). A treatment of the fission process
in medium-vweight and |ight nuclei in the framework of the same model is a fur-
ther task. "he region of Ag take a special interest. because the liquid-drop
modet predic.s a drastical change of the fragment mass distribution /3/.

The fission process in medium-weight and light nuclei can be experimentally
investigated in nuclear reactions which lead to highly excited nuclei. High-
eneray protons allow to investigate the fission channel of such nuclei with a
retative smetl imparted angular momentum. Compared to it the fragment mass dis-
trioution of heavy-ion induced fission may be influenced by angular momentum
effects and the jnitial mass asymmetry of the target-ion system.

Dur experiment was performed by using the external proton beam of 1 GeV provided
5y the LMPI synchrocyclotron. The energies of both coincident fragments and the
velocity of one of them were measured by
means of a double-arm spectrometer /4/.

The binary fission process can be unam-
biguously separated fraom other inelastic
channels by this method. Fig. 1 shows the
mass distribuljons obtained for Bi. Au, W
and Ag targets irradiated by 1 GeV protons.
The histoqgramms demonstrate the increase of
the asymmetry with decreasing ma-s number

of the target nuclei. The symmetric form,

which is typical for nuclei like Bi, Au

and W, vanishes in the case of Ag. Fig. 1



Iin fig. 2 we compare the measured mass

distributions, obtained from Bi and Ag
targets, with the theoretical ones.
These calculations, which were perfor-
med with the cascade-evaporation model
and the statistical method of FONG /2/,

show the fragment mass distributions

RELATWE YELD { ARB. UNITS )

after the evaporation of light partic-

les. Experiment and theory are in a
good agreement. It should be mentioned FRAGMENT MASS (amu.

that both experimenta! and calculated Fig. 2

mass distributions represent the result of averaging over different nucleonic
composition and excitation energies of the fissioning nuclei.

Fig. 3 snows the calculated distribu-

tions of the excitation energy for B8i

T Y T—T T —r 7T

and Ag nuclei leading to fission. Both

distributjons extend over several ; 12 Ag (x40) 1
hundred MeV. The average excitation 3» ; ]
energy increases with decreasing mass ¥n° ]
m.mber of the fissjoning nuclei an- 8 L

corresponds to the experimentally 1

observed growth in the imparted longi-
tudinal momentum for mediumweight tar-
get nuclei /5/. Fig. 3

Fig. & represents the influence of the excitation enerqy on the fragment =iss
distribution immediately after scission of a nucleus with Af = 100 and Zf = 45,
These calculations predict a pronounced mass asymmetry which depends stronaly

on the excitation energy

We concliude, that the observed mass -
distribution of fission fragments E. £ « 200 MoV :
is caused by refative high excitation ‘ ]
energies invulved in the fission g |
process of Ag. More details of the =0 —t I
fission process have to be investi- a‘ €7 = 400 MoV :
grted experimentally in order to E —
check these theoretical predictions. aoo S " 0
FRAGMENT MASS (amu)
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ABSOLUTE FISSION CROSS SECTION-MEASUREMENTS ON 233U, 235U, 238U, 237NP, 239PV
and 242PU AT NEUTRON ENERGIES OF 2,6 MEV, 8.4 MEV AND 14.7 MEV

R. Arlt, M, Josch, G, Musiol, H.-G. Ortlepp, G, Psusch, R, Teichner, W. Wagner
Technische Universitdt Dreeden, Sektion Physik, Dresden, DDR

1.0, Alkhazov, L.V, Drapchinsky, 0.I. Kostochkin, 5$.5. Kovalenko, V.I, Shpakov
Khlopin - Radiuminstitute, Leningrad, USSR

1. Introduction

The requeets of accuracy for fisaion cross section (f.c.s.) date in the energy
1). Espacialy for the standard f.c.s,
of 235U an sccuracy of 1% is required. Also the f.c.s. of 237Np is proposed se
a standard croes section in the MeV region. -

One wey to obtain this high accuracy is the normelization of f.c.s.-shape

region from 1 to 20 MeV are few percent

messurements employing absolute f.c.s. values at certain spot-points of neutron
energy. The time correlated associasted particle method (TCAPM) is well estab-
lished now to get such absolute values with high precision in the region of

14 MeV neutr~n energy 2-5)

2. Measuremesnts

Absolute f.c.s. measurements have been carried out using the TCAPM in the frame
of the joint measursment program of the TU Dresden (GDR) and the Khlopin -
Radiuminstitute Leningrad (USSR). The experimente are independent but correlste
in some degree snd s correlation snalysis has been carried ocut.

Starting with the seasurements st soms 14.7 MeV the use of the TSAPM for f.c.s.
maasuresente has been extended to neutron energies of 2.6 MeV and 8.4 MeV 6'7).
Typical velues of the corrections end uncertainitiee are given in Tab,. 1.

Tab, 1 Typical velues of corrections and uncerteinitiee for the result of
f.c.s., meassurements using the TCAPM

correction uncerteinities |
areal deneity of the target D
weighing o= 1.0%
inhomogenity -- 0.9%
effective target thickness in the cone| - 0.,2% 0.1%
number of fission events
statistics - 0474441 .5%
random coincidences - 5.0% 0.5%
efficiency of the fission chamber:
extrapolation to zero pulse height * 2.0% 0.6 %
absorption of fragments in the layer| + 2,0% 0.6%
nuaber of pssocisted particles
etatistics - 1073
background at E_ = 14,7 MeV + 0,3% 0.1%
E, = 8.4 M + 3,0% 0 .4%
E, " 2.6 Mev * 2.5% 0.5%
neutron scattsring 0.24001.0% 0.4%
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3, Results

In table 2 the results of the f.c.s. msasurements carried out at the TU Dresden
are given, Some of them were done gseversl times., Independent measurements have
been carried out at the RI Leningrad in the 14 MeV neutron energy region,

Teb, 2 Results of the f.,c.s. measurements using the TCAFM at the TU Dresden

n E;f AETf Ref
MeV 10724 cn? ¢ ’
233V 14.7 2.244 t0.041 1.8 %
235U 2,56 1,215 *o0,.020 1.5 75 7
8.4 1.801 t0.043 2.4 % 6
14,7 2,085 10,023 1.1 % 5
238U 14,7 1,766  *0.023 1.8 % 5
237Np 8.4 2,151 t0.045 2.1 % 8
14.7 2,226 *0.024 1.7 5
239Pu 14.7 2,394 to,024 1.0 % S
242Pu 14,7 2.143 Lp,046 2.1 %

For the standard f.c.s, of 235U a set of 3 gbsolute values has been obtained
which can be used for normalization of shape measurements. The result of the
renormalization of the shape measurement of Czirr and Sidhu 9) using the abso-
lute values of this work is presented in tig. 1. This normalization has been
carried out in two different ways:

1) minimizing the sum of squeree of the differences between shape and absolute

values (full line)

i1) taking into account a linear dependence of the normalization factor from
the energy (dotted line).
_‘i‘_ T LS v T
e
20 »
"Wint)
X 2 o4
e RORMALISIEAUNG DER FOAMMESSUND -
CTM 11979 MIT MEZNAT -RESULTATEN (TU)
— LINEAR
, “e==  MNCHTLINEAR
¢ - - ENDF /8-F MAT 1198 h
‘ . TV (MEZKAT)
-1 L MOER (19m0)
’/‘\ N v CANCE -NP (1981}
L2 7 ) k.
A \ s CANCE -(C (199Y)
)4 b
| LN
|
19 L Il A i I 1 i i A
1] " 50 70 ”0 0 13,0 15,0 En/Mev
Fig. 1 Normalizgtion of the shape measurement of Czirr and Sidhu in comparison

with other experimentsl f.c.s. values
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The f.c.s. of 237Np (proposed as a standard cross section in the MeV region)
has been measured at the neutron energies of 14.7 MeV and 8.4 MeV, The first
velue at 14,7 MeV has slready been taken into account in & new evaluation of
the f.c.s. for 237Np carried out by Derrien 1°). Also the other value, recently
obtained in this work at 8.4 MeV is in good agreement with this evaluation

(see fig. 2).

Ll L Ll T L v T T T LJ T i
6 + . T
Bam
250 p
225 )
200 1
S SCHMITT 1949
175 P PANKRATOY 1963 § rumizaan )
w wiITE b1 13
R Ras0 1960 —— CNDF /B -X MAT 8393
S JAcOLETI 1972 ~-- DERRIGN - GVAL 1080
150 + 8 BEURENS 1977 b
,g_ C camsom 1979
128 L L 1 2 " L I 1 A L 1 1
S [ 7 8 9 10 1 12 13 14 15  Ep/Mev

Fig. 2 The f.c.s. values of this work for 237.p compared to other experimental
velues and the evaluation by Derrien and the file ENDF/B-v
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STATISTICAL ARAIYSIS OF THE EXPERIMENTAL DATA (P FISSION CROGS SECTION MEASURE-
MERTS OF 2330235:238y 2375, 239,2%2p, 0 NEUTRON ENERGIES OF 2.56, 8.5, 14.5
MEV

V.N. Duﬂm. AV, FOmiChev. SeS. Kov'alenkO’ K.A. Petrzhak and V.I. Shpakov
V.G. Eklopin Radium Institute Leningrad, USSR

R, ATlt, M, Josch, G, Musiol, H.-G. Ortlepp and W. Wagner
Technical University of Dresden, Section of Physics, GDR

1. Introduction

The instrumentation utilized im the joint fission cross section measurement
programme of the V.G. Khlopin Radium Institute leningrad (RIL) and the Techni-
cal University of Dresden (TUD) has been improved continuously during the per—
iod of several years needed for the design and the construction of the equip-
ment ané for the comletion of the time consuming measurements. Quite a few in~
dependent runs were usually carried out in the course of a tission cross sec-
tion measurement. These runs were seperately corrected for systematical uncer-
tainties and combined afterwards in order to obtain the final experimental val-
ue which appeared in the publication. Several independent experiments have been
carried out in some cases., In this way experimental results, not completely
statistical independent, were obtained and published.

A comprehensive analysis of the results and uncertainties of these experiments
has been carried out by means of & correclation amalysis considering the single
Tuns of each experiment. Final fission cross seztion values including all mea-
surenents performed in Leningrad and Dresden hare been obtained,

2. Correlation analysis

Covariance matrices cov (a‘fi,u’fj ) of the results have been calculated from
the covariance of the partial uncertainties of the cross sections using the

expression: cov (e‘fl,e’f‘.j ) = SiT cov ( xli, xkj ) SJ'
witn

G’fi, Q’f" - results of different fission cross section measurements

cov ( xli, xk:j ) - covariance matrix of the partial uncertainties of the mea-

surements
Si» sj - coefficienta of sensitivity
xli, xkj ~ values which are used for the calculation of the fisslon cross

gsection and it's corrections 1f +the time correlated associated
particle method is employed.

The final results of the analysis will be published in a forthcoming paper
containing the details of the analysis, the covariance matrices the mean va-
lues of the cross sections and their uncertainties.
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ON THE IMPROVEMENT OPF THE ACCURACY OF ABSOLUTE PISSION CROSS SECTION MEASURER-
MENDS USING PARALLEIL PLATE FISSION CHAMBERS

R. Arlt
Technische Universitdt Dresden, Sektion Physik, Dresden, DDR

1. Introduction

Following the concept of employing absolute determined reference fission
cross section walues for the normalization of shape measurements which can be
carried out at a low level of systematical uncertainties a further improvement
of the data basis for the fission cross sections comsidered as standards can be
gained.

It has to be mentioned, however, that there still exist unresolved measurement
problems in order to meet the requirement of the 1 per cent accuracy for a fis-
sion cross section considered as a standard e.g. the 235U cross section.

The aim of this paper is it to review the most striking of them from the point
of view of an experimentalist and to make suggestions how to overcome these
difficulties. Thereby emphasis is put on such issues which on our opinion may
bide unaccounted contributions to the systematical uncertainties of an absolu~-
te fission cross section measurement,

2. Systematical uncertainties in absolute fission cross section measurements

These uncertainties can be subdivided into two groups the first of which is of
general character (i, ii), whereas the second group (iii-v) shows a more speci~
fic character depending on the measurement method used (e.g. associated par-
ticle counting or the use of a black neutron detector):

i) counting of the fission events (inefficiency of the fission chamber)

ii) <zharacterization of the fission foils (weight or areal demsity, nonunifor-
mity, chemical and isotopic composition, surface roughness, backing)

iii) neutron fluence determination

iv) distortions of the neutron field (scattering and abgorbtion of neutrons)

v) electronics (dead time, stability, pile up, random coincidences)

In the following the systematical uncertainties connected with the regietration
of fission products (PP) using a parallel plate fission chamber (FC) shall be
considered, because this device is one of the most frequently applied in fis-
sion cross section measurements on low alpha active samples as it is the case

tor 23%y

3. Systematical uncertainties connected with the registration of fission pro-
ducts in a para)lel plate fission chamber

The inefficiency of the FC-a value smounting to about few per cent-has to be
well known in an absolute measurement in contrast to a relative measurement,
where the energy dependence of the inefficiency imtroduces second order effects

only L
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Usually two sources of uncertainties are taken into account-the number of
events delow the electronic threshold ("threshold losses") and the losses due
to absorbtion of fission products within the fission foil ("absorbtion losses"™)
An analysis of recent absolute fission cross section measurements of different
groups has been carried ouv.

The following recommendations are made aiming at an increase of the accucacy of
determination of the "threshold losses":

- a standerdization of the pri nc 1 p 1 e of the PC signal processing used
in in absolute fission cross section measurements has to be introduced in
order to allow a clear comperison of the results of different experiments
and to guarantee a true energy proportional shape of the FP spectrum
especially at its low energy region

- & th:oretical and experimental justificatiom ox the "11inear extrapolation
approach" to zero pulse height has to be carried out

- toe question has to be engwered, wether the neglection of the ionlzation
defect 4 in the above mentioned extrapolation procedure does not cause
a systematical uncertainty (see Pig. 1).

sible systematical uncer-
tainty of the "extrapola~
tion to zero height™ pro~ 1 Per cent 2 per cent o?
cedure caused by the neg- d
lection of the 10:;1zatioxv1 o
defect. The valued~6 Me

has been taken from Tef. °) A~ 6 eV .
for a Ar+¥% CO2 mixture. )

Typical values have been l'/'/'
assumed for the electro- A /s ///’
nic threshold and the 1

Fige 1 Crude estimatior of a pos- N f

"threshold losses". The

tf;.?dei-eatimation oiithe wld electronic thresh.12 MeV
ssion cross section wo R

zero pulse height
amount to 1% in this cese. zero FP energy

The following obstacles exists in reaching & precise determination of the "ab-
sorbtion losses":
- some of the parameters which have to be put into the commonly used formulas
for the calculation of these losses are not known with sufficient accuracy
- the influence of the surface roughness of the backing of the deposit on the
FP losses is difficult to predict
- scattering processes of the FP contribute to the "abgorbtion correction"
but are often neglected.

Methodical experiments are under wey to determine experimentally the inefficien-
cy of the FC used in our fission cross ssction measurements and in order to
test procedures used for the theoretical estimation of the KC ineffiency ~
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ELECTRONIC EQUIPMENRT FOR FISSIOR CROGS SECTIOR MEASUREMERTS
AT TEB TECENICAL UNIVSRSITY OF DRESDEN

He=G. Ortlepp
Technische Universitdt Dresden, Sektion Physik, Dresden, DDR

1. Introduction

A computer coupled CAMAC measurement system was developed to carry out
absolute determination or fission cross sectionsusing the time correlated
associated particle method (TCAPM), Technical details of the 14.7 MeV
neutron energy experiments are described in R . Por the later measurements
at other incident neutron energies the same data acquistion system has
been used. The present paper is dealing with some electronic features
of the recently developed associated particle counting systems of the

2.6 MeV and 8,4 MeV experiments using semiconductor detectors instead
of scintillation counters and with the fission chamber pulse processing.

2, Past pulse hight spectrometry with semiconducbor detectors

A new pulse shaping system was developed comsisting of a delay line shaper
which rectangular output signals of the length T are integrated and checked
for pile up in a gated integrator e . The pulse processing time and the double
pulse resolution time have been reduced (table 1), allowing the delayed timing
sighal to be gated with the energy window information.

Table 41: Comparison of the fast spectroscopy system with the spectroscopy
amplifier using semigaussian shaping at the same serial noise
response and at minimal processing time (noise level about twice

higher)

spectroscopy delay line shap|delay line shaper
amplifier + gated integr, |+ gated integr,
‘Zd= t‘_= 0.25/13 T= O‘BE' at minimal T

time to peak 0.7/18 0.5/13 0.0L,us

double pulse resolution

for accepted events Y 15 ps 0.6 jus

same for unaccepted

".nt. p 205/“ 006/1‘ 001/18

resolution time of the

pile up detection 30 ns 10 ns

The resulting associated particle signal is fed to the fast coincidence

avoiding slow coincidences. The random coincidence correction becomes simple,
leading to a low uncertainty in the precise fission cross section measurements,
Bpectrum distortions due to undetected pile up can be neglected up to some
tines ‘105 pulses per second. A special feature of this time variant system is
the possible selection of the events before the proeessing in the gated
integrator which is fired from valid events only. In the aB -~ E telescope

of the 8.4 MeV experiment 3 the main counting rate is coused by scattered
beam deutrons, Such events are not accepted because the gated integratore in



both channels are started by the fast AE - E coincldence output signals and
deutron pulses do not exceed the 4 E timing threshold.

3. The fission chamber channel

The parallel plate fission chamber with an electron collection time of 30 ns
is connected with a fast current preamplifier (t, = 3 ns). It's 30 ns long
output pulses are fed into a timing filter amplifier, No differentiation 1s
appli<4i, An integration time constant of 5 ... 10 ns gives optimal energy and
time information, both derived from the amplified current signals, The energy
information is obtained from the peak value of these short signals using a
fast strecher 1), the time information by a constant traction trigger. The use
of the peak current as a measure of the energy loss of the fission fragment
excludes the induction eftect as the energy information becomes independent
on the fragment flight direction without applying of a Prisch - grid.

A rough theoretical estimation of the preamplifier input noise contribution
to the energy and time resolution of this electronical scheme predicts values
in agreement with the experimetally obtalned 2.4 MeV and 1 ns FWHM, respecti-
vely. Both values could be improved by a factor of about three applying the
best present known electronical components and different shaping in separate
energy and timing amplifiers.
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OPTIMIZATIOR OF PARALLEL PIATE FISSION CHAMBERS FOR FRECISE PISSION CROSS SEC~
TIOR MEASUREMENTS

R. Arlt, C. Herbach, H.-G. Ortlepp
Technische Unlversitat Dresden, Sektion Physik, Dresden, DDR

The conditions of an absolute measirement of fast neutron fission cross sec-
tion using the time correlated associated particle method demand a special
choice of the fission chamber (FC) parameters te meet the following require-
ments 1)2
1) the F¢ has to possess nanosecond time resolution to get a fast coinci-
dence with the associated particle (AP) detector
11) the inefficlency of the FC has to be Imown with a high accuracy
1i1) multiplate FC-s have to be used in order to cope with the low counting
rate of fission events
iv) a small distance between the plates is necessary for several reasons:

- to minimize the area of the fission foils located outside the neutron
cone and thereby to gain a reduction of the random coincidences bet-
ween fission products (FP) and AP-s guaranteeing at the same time that
all deposites are fully placed in the neutron cone

- to obtaine short current pulses in order ts reduce o-pile up if high
ot-active targets are measured

v) the FC has to guarantee a correct spectrometry of the low energetic FP

in order to permit a precise estimation of the FP losses due to the

elecirenic thresheld
vi) neutron scattering corrections have to be minimized leading te a chamber

design with thin walls and therefore the pressure of the filling gas is

limited
One of the main points of the optimisation of the FC working parameters espe-
cially for the measurement with high -active targets is the achievement of &
good separation between the o -pulses and the low energy edge .f the FP distri-
bution,
The shape of the FC spectrum is strongly influenced by the FC geometry. Because
of the smaller range of FP 1in the chamber gas compared to the o -particles,
FC-8 working as a sE-detector are often used in fission cross section measure-
ments. In a parallel FC without collimator oi-pulses with high amplitudes are
caused by pile up of pulses from w-particles
wich have lost a great part of the energy when
they pass the chamber gas nearly parallel te
the surface of the target. FP form the
smalliest pulses when they have been emited
perpendiculare to the deposit (enexrgy losses
in the layer are negleceted). The regien bet-
waen tnese FP pulses and the pulses from
w-pile up in the pulse height distribution we
call plateau (fig.1). It is filled by pulses fig.13 schematic pulse hight
frem FP , whioh have lost the mest of their féf;::g:::°:h::b:r
energy before emerging frem the targes.

[ .2 B-% -]
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For our FC configuration the pulse hight distribution of a-pile up has been
ocalculated in dependence on the target activity, the distance between the
plates and the energy resolution of the specivometer 2). All possible trajec-
tories in the chamber volume and the energy losses in the layer have been con-
sidered. Fer the calculatisn of a-pile up formaticn correspending the Poisson-
statistics 3 rectangular current pulses have beem assumed.

As the other interesting part of the FC spectrum the energy level of the low
energy edge from the FP's has been calculated. Frem a measured FP spectrum of
2%9-Pu employing the electromics discribed in 1) the end of the plateau

(1%.7 MeV) and the portion of FP pulses below this limit (5.4 %) for special
FC parameters (filling gas: metham, pressura 108 kPa, distance of plates: 3 mm)
have been batiuted. These values completed with the calculated lowest pessible
level of electronic threshold to diseriminate the -pile up determine the ab-
solute value and the accuracy of the correction due to FP losses below the
threshold. A summary of the data obtained for several effective o-activities
is given in the table 1:

a-activit gated electronic correction umncertainty of
(2%-geon. fission rate | thresheld cress section
(u,) (16%871) (uev) (%) (%)
1.1 1.6 8.5 2.1 0.28
b ] 4.2 9.0 2.2 e.31
S T 9.4 2,3 .34
1e 14 1e.0 2.5 0.39

Table 1: Correction due te the w-discrimination for different x -activities
= from 239-Pu (pulse width = 3¢ ns, FWAM = 2,4 MeV, fission events=450e)
An extrapolation of the FP spectrum fer other plate distances has been perfor-
med. The widest plateau rsgion between a-pile up and the low energy edge of the
FP has been observed for this FC configuration for a distance of the plates
of about 8 mm (nearly tane range of the heavy FP ). Compared with smeller dis-
tances of the plates taoere is a greater influence of the ¢ -pile up, but the
shift of the FP pulses to higher emsrgies in the FC spectrum is deminant. In
summary the correction becomes greater a little bit, but its certainty is bet-
ter,

The use of this estimated optimm of the distances contradicts the demand of a
compact FC comstruction. The results of the celculations indicate, that it will
be possible to discriminate am x-activity of § IchI employing a FC with a dis-
tance of plates of % mm with a sufficient accuracy. Therefore for the projec-
ted cross section zrasurements om 239-Pu at E_=8.4 MeV a five plate FC with
this configuraties will be used.

Further effort is made to proof experimemtaly the calculationms.
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OBMEH SHEPTHEA MEXTY BHYTPEHHWMA M KOILIEKTMBHHMM CTENEHAMA CBOBOSH MPY JEAEHWA
SIEP %32Tn  HERTPOHAMA.

B.J.Kyasummios, B.B.Maaunoscxufl, B.&.Mwrpodanon, B.M.Mmxcafixmn, H.H.Cemenosa,
A.U.Cepraues.
Imauro-snepreruveckut uHcruryr, O6umnck, CCCP

Amoraiua

B pa6oTe npencraBieHH peagnbra-ru naueperma CpegHero uMcaa moneum HeflTpoHOB 3
npu nenewu sgep TopuA-232 HellTpoHanM B aManasoxe sHepruft 1,3 - 6,3 MaB. llomywen=-
HHe PesyAbTATH AHATH3UPDYDNTCH COBMELTHO C ONyGNWEOBAHHHMM pa.Hee JAHHIMMA [0 KHHe-
THYECKOR SHEPruM OCKOJKOB AEeNEeHHA OTMeuaeTcs HanKuMe OBYX_MeXaHK3MOB Nepe-
pacnpefeneHua 3HEPruM, BIHADMMX HA epreTWueCKHe 3ABKCHMOCTH o, B koo

CoBMeCTHHY aHANM3 BAAAHWA DHEPruM BOIGYENEHHA JNENAmerccsa sApa Ha CpefHee UWCHO
MTHOBEHHHX Hel'TpOHOB - v M CpesHOD KMHeTHYECKYD 3HEpPrUD OCKONKOB JeNieHHWdA - EK
MpefcTaBifET OfHY K3 soauomocren HCCNeNoBaHUA Mpouecca c6MeHa 3Hepruel Mexay
BHYTPEHHHMA M KOJUICKTHBHHMM CTefleHAMH CBOGOAH NpW feNeHHM Aflep. HUHeTHUecKan 3Hep-
I'MA OCKONKOB CKISJNBAETCA B OCHOBHOM M3 KYJOHOBCKOH BHEPTHH OTTANKMBAHWMA OCKOJKOB
B MOMEHT paspHBa M NpeApaspuBHOR TPAHCJIALMOHHOR BHEPrHy [BUMEHHA ANpa K TOYKe pas-
puBa, CpefHee WWCNO MPHOBEHHHX HefATDOHOB XapaKTEPH3yeT BHeprup BO3CYEQEHMA OCKOM-
KOB, koTOpad JOPMMDyeTCA W3 SHepruM BO3CyEAeHMA fenamefica CHCTeMH M 3HeprMu aedop-
MauMn GopMMPYDIMXCA OCKONKOB B MOMEHT pasphiBa. Taxum oopaaon-éx ABNfAeTCA Mepofh
BHepruit KOLNeXTUBHHX JBHNEHHN, A V_ - DHEPrMA BHYTDEHHHX ABHUREHHA.
B paHee BunosnxeHHo#t paSore [I], nocaﬂmenx_g_ﬁ H3YYEHHD AeNeHWA Anep 232'1?1 Heftrpo-
HaMM, HAaCIDRANUCHL 3HAWATENbHHE MIMEHeHHA E, NpH pocTe 3HepriM BO3CYmOEHAA feas-
merocsa Ampa. B HacrosmeR paforTe BHIIONHEHH THATENbHHE MCCAELOBAHUA JHEpreTHuecKof
38BHCHMOCTH 53; npy HeneHwd agep HeliTPDOHAMH B TOM X€& WHTepBade dHepruft Boa-
OyxnenuAa. Pesynprary o6eux paloT NpescraBiedH Ha pUcyHrRe. IR MOATBEPEOCHWA RO-
CTOBEPHOCTH HASNDIABWHXCA B HaMX DAfOTaX 3{peKTOB Ha TOM Re PHUCYHKE NpPHBELEHH
epeHOPMUPOBAHHKE pesyabraTh pador [ 2, 3] .
Cpeasas KMHETHUECKEA PHEPrHA OCKOJKOB GHCTPO YBEJNHUMBAETCA C POCTOM 2HEPruH Heftr-
poHos or 1,2 MaB go 2,5 MaB. [llpy nancHefmeM yBesHueHAM SHEPruu HeWTPOHOB, BH3WBA-
OIUX fieleHHA Agep , CKOpOCTs E, 2ameminercsa. JaMeuaTenbHoM 0COGEHHOCTHD
KpUBOft 3BBMCHMOCTH E‘. orT E‘. AJIAETCA HalHuMe npobaja BOAM3K 2adepruw E = 2,15
MaB u npesmmeHue cuopoc'rbn poc'ra E ey ( dE, / B >T1) mpu E < Y,G MaB.
[locnepuuht daxr oaHauaer, uyro KuHe-ruuecKa.ﬁ 3Heprus OCKONKOB 3a6MpaeT Ha cefs BCD
3Heprun BO3CYXAEeHHA, BHOCHMYD HeATpOHaM¥, W JOMOJHMTENbHYD NOGABKY OT IHEDPruu
AeneHHA. Ecau npuHATH, uTO B O6MacTH aHeprult HeATpoHos E < 2,5 MaB cpemMan aHep-
THA meneHus E; ocraeTcA mocromHo#, To mpH BemmumHax dE. / dE > T cregyer omu-
JaThb yMEeHbUEHHA V ¢ pocroM E .
Peayabrath Hac-mmneu pafoTH u paoTuH [3:[ (cM. pHCYHOK) AeflcTBUTENbHO CBUAETENbCT-
BYOT 0 yMeHbmeHHH v npu pocre E, ot 1,2 go 1,7 MaB.
[Ipuruman Er = fonst , MH [TPOBEAM DACUETH 3HaueHUf vp C yueToM HaMeHeHuft kuHe-
tudeckolt OHEPrHM OCKOIKOB:

V(g = V(8D + 4 [(5 - B - (5 - ED)]

rae wopano E0 = 1,9 MoB u npuuato o= -0, MeB~I,
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a) JHepreTHdeckas 4aBUCHMOCTL cpemHelt MacCH TAXENCTO OCKOAKA
npu gemeHnu anep 3 Hel'TpOHaMH .

6) 3aBcHMOCTb CpefHell kMHETHUECKOR BHeprum ockoakos (O - [I],
v - [2] ) # cpesMero uMcia MIHOBEHHEX HeATpoHos (@ - Ha-
crosmas pafora, x ~ [3] , A - peaymsraTs pacuera) or sHep-
Uy HeHATPOHOD, BHILBANIMX HeNeHHA AREp .

(O6ocHoBaHHe TaKOMY 3HayeHmp o faHo B padore [4] . PeayzpraTH pacuera NpuBEieH:H
Ha pucyrke. OHM BNONHe YHNOBJAETBOPHTENASHO COBHAJADT ¢ I3MEPEHHHMHM SHAUEHHUSIMA 'ITP .
Taxum o6pasom s npegenax omueox axcnepuuet“na MOXHO KOHCTATHPOBATL HANNWHE OfHO~
3HAYHOrO0 COOTBETCTRUA U3aMeHeHHR EK ] '17p , B ofaacTk sHepru#t HefiTpoHoB En< 2,5
MaB, J

{IpeptoxeHo HECKONBKO MOAGALHHX MOAXONOB AAA OFBACHEMHA MEXAHWIMA mepepacripesene-
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HAA SHEPrNH MEELY KONACKTHBHHMM M BHYTDEHHNMN CTENeMAMM CBOGOXN NpH OeNeHHH

anep [I]. OcHOoBHBAACH HA PACCMOTDOHHHX B XAHHOR pafore pEeSyABTATAX MOKHO CYSHTD
KPYT RONyCTHMMHX RGHUEMWA. Ornafan? pasHiie BADKAHTH MOJLEAbHHX MpefcTaBaeHkR, co-
CASCHO KOTOPEM 32 Mepy O6MeHMBAEMOA SHEPrNH NMPUHATA 2HEDIMA NEepeXOoAHHX COCTOAHMHE.
llepepacnpesencHue SHEPrWM MPOHCXOOMT Ha GoXee NOSAMMX CTAIMAX, 9YeM Cer jJOBAA TOUXA.
[pyroe sakmoueHMe COCTORT B TOM, UTO B ofracTax sHepruRl weflTpoHoB copaBa M caepa
or En== 2,5 M3B mexaHM3Mn nepepacrpefeleHKA SHEPraM DPa3iNWuHH.

OrmeTym, uTO nAA 3HaueHHR MacCH TaEenoro ocxoinka 132 <-HH'< 155, oxparupanmenm
NOAaBAANNYD HOMD CnoCofOB JeNeHWd, C ymeHbmeHweM M NpPOMCXOSMT NPHOAUSHTEABHO
nuHefiHoe ysenwuehme E. ( aEg / ady, = - I,I MsB). B Bepxueit waCTH LuCyHEA TNoOKa-
3aHa 3ABHCHMOCTb CPEHErO MACCOBOTO UMCNA TANENOro ockoxka My 0T sHepruu Heftrpo-
HoB E_ .

lipt namenernu E_  or 2,5 MaB po 542 MaB npoMcxomuT yweHbmetue M, Ha 1 aeu, yro
LNOJXHO COOTBETCTBOBATH YBEJINUCHHD EK NPHMEPHO Ha I MaB. T.e. B st0ft oGaacTu
sHepruft HellTpOHOB NPAKTHUECKH BECh POCT Ey 06A3aH M3MEHSHHD pacrnpefeNeHAs oc-
KOJKOB no MacceM. [[OCKOAbKY 3TH MaMeHeMMs BJexyT 3a coloft Takxe M3MeHeWs U cpefn-
Helt BHepruu ngpeuun'ﬁf » TO KONWUYECTBEHHOE COMNOCTABIEHWE 3HEPreTHUEerKHX 3aBHUCH-
mocTeli V_ U EK CTAHOBUTCA GoNee CJOXHHEM M He BXOAMT B paMM HacrosAmeR pasoTH.
Hrak, no Mepe MU3MEHEeHHs 3Heprmu BO3CyXNeHMA NMPOMCXOMUT fNepepacnpefesneHue NOgHOR
BHEPI'MH MeXLy KOJUIEKTHBHHMM W BHYTDEHHYMMHM CTENeHAMH CBOSOON, NpAYEM MEXaHM3M me-
pepachipeneneHus He ABAACTCA €QMHEM B M3yUEHHOM MHTEpBANe SHEPruft Hel'TPOHOB, BH-
3HBADDMX OeNleHHA Ajep h .
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THE ANGULAR ANISOTROPY OF FISSION FRAGMENTS WITH DIFFERENST YIELDS

B.M.Goohverg,L.D .Kozlov,S.K. Lisin,L.N.M-orozov,N.A.Morozov,V. A .Pche-
lin,L.V.Chistyakov,V.A.Shigin,V.N .3hubko
I.V.Eurchatov Atomic Energy Institute,Moacow,USSE

The fragment angular anisotropy is a consequence of fisaion through a
limited number of quantuc states.The limitation of number of states involved
in fission is posaible at the stage of low nuclear excitation.P-herefore these
states ere commonly associated with the stutes of the second barrier or se-
cond we 1,the energy being tied mainly by nuclear vibration,

The fragment mass distribution is usually proposed to be formed at the
later stage of fission near the soiseion point.T-herefore the fragments with
different masses and d-ifferent yields pass through the same set of states at
the second barrier and hence have the sate angular anisotropy.(Here and below
in sirilar cases the term “fragment® is used to denote the fragment pair with
a given fragment.)The another picture arises if the fragments are forwmed be-
fore the second barrier.In thia case the d.4fferent fragments can have the
different barriers.This results in their different yields and differect -ets
of barrier states and hence in different angular anisotropies of the fragments
with d-ifferent ylelds.

Experimentally this point is not clear enough.Ip present work we measu-
red the angular anisotropy of the fragments with highly d-ifferent yields,

The new method was used with high efficiency and h-igh mass resolution.It
wus achieved by using a lot of collimators with small cells for angular sepa-
ration of fragments and a radiogkmical metrod for their mass separation.T.-he
monoenergetic neutrons used in measurements were produced at an electrostatic
accelerator,

The experimental assembly consisted of a large number of uranium or tho-
rium foils alternating .’ th polystyrene foils.The foils were separsted onec
from another by collimators,.The neutron irradiations were performed alterna-
tively for two positions:with collimator axis clrected along the meutron flux
(the yield at 0° ) and aceross it(the yield et 90°).The neutron flux was mo-
nitored by a ooller. After irradiatinn the nurber of fragments for several
masses in polystyrene foils was determined radiochemically.fhe ratic between
fragments yields for both positions gave the =xperimental anisotropy A.Note
the angular and energy resolution of the set was low for the sake of effi-
ciency to overhead the fragment detector background.

The measurementis were done for 2360,238U and 252ph pear the fission bar-
riers at the n-utron energy related to the region of relatively high aniso-
tropy in each oav3.Unlike the published experiments present measurements were
performed for frigments with very different yields(up to 700 times difference
with syometrical fission included).Prom 11 to 16 irradiations were performed
for each nucleus.Tho statistical oalculation of its permits to evaluate the
experimental errors.
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The results are showr in figure,The anisotropy A is shown versus the
fragment yield Y related to the fragment yield YP for the most pProbable mass
ratio of frag-ments.The anisotropies of different fragments in the region of
the most probable mode of fission were found the same for each nucleus and
are denoted by the points AP in figure.
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Figure. The angular anisotropy of fragments A as a function of their
yields Y.
One can see,that for 236U thers are no deviations in anisotropy for
fragment with different yields witnin the 1limit of errors, For 238{1 there is
a little systematic deviation in the antsotropy for some fragments as compa—

232
red with AP, reaching twofold error value at maxtrmm. For ©>2m the de-
viation is relyable enough and exceeds the error value by three times

A/Ap = 1,33 : 0.10. The change is of quaiitative character and is accompanied
by alteration of the predominent yield at 90°(A< 1) by that one at 0° (4»1).

These results can be accounted for as follows. It is known that among
the anisotropies for various excitation energies and various nuclei the aniso-
tropy A>! occures more freguently.For 236U and 238[1 the anisotropy of fragmen
ta with the most probable yields A? 18 more than one and does pot differ
strongly from frequently meeted values.Therefore th® deviation of anisotropy
A for different fragments from AP will be expected to be small as 8 rule. On
the other hand the low angular and energy resolution of our installation redu-
ces the observed deviations and as a result the deviations can turn out to be
within experimental errors,For 232'!11 the anisotropy AP21 and the deviatione
oan be large emough to be obsorved.

Hioe present results show the different fragments can have different
angviar anisotropy and,therefore,different second barriers.In this case the
fragments are formed mear the second Frrier that is at more early stage of
fiseion than it is usually proposed.kor final solving of this problem it is
nesgegery to perfora the measurements with another mmolei and especially in
the region where the anisotropy AP 18 lower than one,
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BCCIENOBAHME BIMAHWA HENQUHOA PETMCTPALMM AKTOB IEIEAAA HA

MAMEPEHHYD BRIVIUEY T?'p

B.B.MamnoBcKER, B.I'.BopoGreBa, b.Jl.Kys3pmunos, B.M.[lErcalkmn, H.H.CemeHopa
dE3ARO-9HETETHIECKER BHCTRTYT, QcmmHCKR, CCCP

ABHOTAIAA

[ofipo0E0 E3ydeHa SABECEMOCTH E3MEDERHOTO 3HAYEHEMA », KAk OT TOMIEHH | “JsIEX-
CA CJOeB, TAK H OT aMiUMETYAHOR JMCKDHMEHAIAK mnmmc&; KaMepH RmejeHEs. C yue-
TOM NPOBEJCHHEHX gmpc‘.rxe,nonamﬁl olcymnaeTcs gacxmelme OONy9EHHHX DA3HHMA aBTO—
paM¥ IaHHHX IO P OpE IeJeHEM HenTyHAs—<237 BelTpoHaMd.

K racToameMy BpemeHm ONyCUMKOBaHH TpH padoTH [1-3] c geaymra‘ram A3Meperuit
CpeJHETC YACJIA MIHOBEHHHX HeATDOHOB Fp OpB JeJeHER 23 Np MOHOBHEDreTHYeCKE-
MB HefiTpoBaMm. PassiwdRe OpEBeXCHHNX JAHHHEX IpPEBHUACT YRa3aHHHE aBTOpaMH HOr'pe-
MHOCTH, YTO CBUAETEXLCTBYET O HAIMIME CHCTEMATHYCCKHN OLMGOK B M3MEDEHRAX.
BHaTeHRA 'D'p min “38y [4] x [6,6], monydenHHe TeMu e IpyNmaME aBTOpOB B yo-
JIOBEAX, AHANOTHYHHX padoTaM [2] z [3] COOTBETCTBEHHO, COTJIACYOTCHA B LpefeJax
porpemdocTelf m3mepeHmii. Haum padoTH [2] . [4] C MeTOIMYEeCKOA TOYKM 3pEHHA OT-
J¥YADTCA JUNb BeJEIWHoA mompaBk: B V. ( 4,7% [2) ® 0,2% [4] ), saeucamett ot
90feKTABHOCTHE PETECTPAIEM OCROJKOB [eJieHAs. B CBA3E ¢ 3TEM Hame NOIZDPOCHO MC-
CJAENOBAHO BIMAHME HENOJHOR DErECTPAIME aKTOB JCJCHHA HA H3MepeHHd f)‘p.

Yacsno, 3HepreTddeckm#f cHeKTp B yIJIOBOE pacnpeliedieHMe HefiTDOHOB HeJIeHWA 3aBK-
CAT OT MaCCH, RKMHEeTEYECKOH PHEprrE K SHEDU'MA BO3CYyXIeHHMA OCKOJKOB. [[03TOMYy BhH-
6opovHAaA IECKDHMEHAIAA AKTOB JeJieHHA MOXET NPUBECTE K HMCRARCHNM M3MepeRHOll Be-
JEYEHH CPENHETO UHC/IA MCHOBEHRHX HEHTDOHOB NEJIECHEA Vp. B nonasiammem GOJB—
IAHCTBE M3MepeHuit Up COOHTAA NeJIeHRA PETECTDHPYDRTCA HOHH3&IMOHHO# Kamepoff.
[Ipe 2ToM BEPOATHOCTE PETHCTPALME akTa IefMeHWd 3aBUCHT OT TOMMHH IeJaAmerocd
CJNOA, B ROTOPOM TEDPAETCA 4aCTh OCKOJIKOB, ¥ OT YPOBHA AMILTMTYIHOH JIMCKDEMHHAUUE
EMITyJICOB KaMepH.

BumAHEe TOMOUHHE HACHOJB3YEMOT'O CJOA JeJAmerocs BemecTBa HA pe3yabTATH H3Mepe—
HES V), E3Yy4aJ0Ch B padoTax [7.8]. OmHako, IOIydeHHHe pe3yJbTaTH He oduana-—
DT ROJXHHM COIJIACHEM IO BeJMYWHe. M ECCJeNOBANNM 32BUCEMOCTh U3MeDeHHOR Besl-
EHH V. KaK OT TOJNIUEH CJOA HEJANErocd BemecTBa, Tak M OT YPOBHA MMCKDHMA-
HARE WAOyILCOB KaMepy XejeHHA.

JetexTop He#TPOHOB coCToRI K3 16 CYETYAROB, HANOJHEHHHX e E pPACIOJOXEHHHX B
NOMEATUICHOBOM 3 aMenmTese. XapAaKTePUCTURA IeTeKTopa, JJeKTPOHHAA CXeMa peld-
cTpalMa HeffTpPOHOB M MeTcl o6pAGOTRE IRCIEPEMEHTANLHHX DPe3YJLTATOB OMACAHH B
[2]. CoCHTHA ReJleHMA PEeIHCTPEPOBAMMCE IIOCKO-NapaISIbHON MOHM3 AlMOHHOR Kame-
poft, HanoyHerHoft aproHoM ¢ I0%-Hoff HOCaBKOMA YTJICKHCIOro va3a N0 JABJeHHA

I,4 arM. 3a30p MeRIy 3JEKTPONAMM COCTABVIAI 3 MM, HMaMeTD NelAmerocs cjiod 30 MM.
/MIYJIBCH ¢ KaMepH Me.JeHHs TNOCTYNAIM HA 38pANOYYBCTBUTE/BHHA OpeXyCwImTeNbs ¥ Ia-
Jee Ha COEKTpOMeTpHYecKAft yCWmMTeds ¢ NOCToAHHO# Bpemenu dopmupopammsa 0,5 MKc.
Jas #ccJlefoBaHRA HCHONb3OBANECE CJI0M U3 I'OMOTEHHOR CMeCH OKECH-3aKECH eCTeCT-
BEeHHOTO ypaHa 7 xamajopHma~252 rosmmAo# ot 0,1 xo 1,95 m'/cxz. Pom "OecxoHey-~
HO TOHKOro" BHOOMHAA CJoft C? , M3POTOBJICHHHE METOJIOM caMollepeHoca B IeK—
TPEYECROM HOJE.

[lomHoe KOMMNECTBO AKTOR NEACEEA B CJOAX OOPefNeaanoch N0 o ~AXTEBHOCTE I IO HH-
TEHCHBHOCTH Hef{TPOHHOro WBIAYWOHEA A KaxKoro ciaod. HefiTpoHH B mocjemHeM cJaywae
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PEeTECTPRPOBAIACH NETEKTODOM (€3 CORNANEHME ¢ OCROJIRAME JIeBeHEA. JTO NO3IBOIRIO
JCTAHOBHTE COOTBETCTBEE MERJly yPOBHEM JNMCKDEMEHAIME EMIYJHCOB RAMEDH NENEHHS
B 3)PeKTEBHOCTED PETECTPANER AKTOB XEJEHEA J17 REXACrO CJOK ¢ TOTHOCTHD HE Xy-
xe 24. _
s 3THX CJOEB K3MEDANAch BeJMIMHA vp OpA HECROJBKEX 3HAYEHWAX YPOBHA aMILM-
TyAHOR IACEDHMAHAIEE HMITyALCOB KaMEDH NeJeHAA. MeToR M3MepeH¥) HIeHTHIEH ONN-
cammoMy B [2]. 3a "EcTmEROe" 3mHAvemze VO, coorBerchymmee I00% adPeKTHBHOCTE
PerEcTpamxe XeseHnft, ngmmacb BeJWYRHA, NONYYeHHASA B M3MEDEHHMAX C “decKo~
HEYHO TOHKEM" CJIOEM 252cy |
HoxyveHHHEe Pe3yABTATH NOIBOIWIM DAsfHENATEH W3MCHOHWE 3BAUCHAR 1) ﬁg 3a cYer
COTEPE aKTOB JIeJEHAS OPE NOJHOM TODMOXEHHE OCKONKOB B CJIo€ B 3a CYeT aMmTyh-
HOR JMCKDEMEHAITER HMIYJIHCOB KaMepH JeJeHMdA. SHademma V./V°, COOTBETCTBYIIE
HyJIeBOMy YPOBHD INCKDEMARAIAR, NOIyYaIuCh JHEHe#RO# anmpokcmMammelt dmamaftmmx x
£ = I00% Togexk.
Ha pmc.l npuBefeHa NONYYEHHAA 3IABACHMOCTE §=(1I- §p/ Dg) OT TOJIMHH CJOH.
YRasaly CTaTECTEYECKME OMMOKE M3MepeHmit. OmICaHMe MeTOICM BaEMeRBIAX KBapa-
TOB:
§ = ((0,113+0,524) + (3,15440,459) A)- 10~
TIe A~ TOJIAHA CJOA HeAAmerocs BEmMecTBA B MI/cM™.
Ha ocHoBe pesymBTaTOB LIA
- — T Cf , roMOr'eHW3EpPOBAaHHO~
L - ro B ciaoe U30g » B JaH-
HHX 110 KEHETHWJIECKMM 3HEep-
PHEAM, MaccaM ¥ mpoderam
ocrouxos [9,I0] ouna pac-
CUMTaHA BEJATMHA d ms
g.:gqaen nenemua <Py u
Pu  TeEWIOBHMA HelTpoHa—
Mi. Pe3ayspTaT mpuBelieH B
Tadumaue, I'le yrasade CTa-
TACTHEYECKAA NOTPEMHOCTE H
OLEHRA TOYHOCTH IlepecyeTa
OT KamupOpHEA K ypaHy X
wiyroHrn. A cpaBHeHMA
OpMBENIEHH AHANOTHUHHE pe-
3yJbTATHE M3 padoTH [8]
3BaveHus & » OOJNY4eHHHEe Ha-
_ MH, IDEBHIADT BEJWTIHMHH U3
Prc.I. 3apgcumocts d= ( I - vp/ip 0T TON=- pacdoTH [8], XOTH pas3mIUd
OMHH CJoA AeAAmerocA BemecTBa. He IpeBHIADT HorpemHocTeff.
Omia ¥3 OpEYMH 3THX DasJm-
Wit - B ACIOJB30BAHAM HEe{TDOHIHX NETEKTOPOB, OGIANANUMX pasHoff SHepreTHYecKoil @
yrJi0Bo# 32BAECEMOCTED 3QPEeRTEBHOCTE. K COXAlOHWN, ONMACAMME 3KCHEDRMEHTA B [ 8]
HeJOCTATOYHO NONPOCRO. J3MEDeHHA L1A pasHMX TOMIMHE NOPAOTHTENA OCKOJKOB BHIOJHE~-
HH, OO-BANAMOMY, OPR (MKCEDOBAHHOM YPOBHE aMIUIATYAHOR NECKDEMMHAIME B KaHale pe-
TECTPALMEM OCKOJKOB. ONHARO B 3TOM CIY4Ae [0 Mepe POCTAa TOMEMHY CJA0S >fbexTHB-
BOCTh DETHCTPAlMM OCKOJKOB yMEHLIIAGTCA, YTO MOXeT OKasaThCA OPEUYAHOR 3aBHmEHUsS
TIoNpaBKy, NOAyYeHHOR B [8] mia GompmIx TOMMME HOTAOTHTENA.

et
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Tadmura
FMeHbueHAe H3NCpeHHC] BesHTEHY ‘Tfp 3a cYeT TOJIAHH CJIOA NEeNAmerocs BemecTsa
CocTaB cJos Jlawnas padoTa BesuarHa B %
IeJAmerocsi | DeJwumBa B % | CTATACTHMYCCKAR | LIOPPEEHOCTE | ANA ‘TOJMKHH
BelmecTea A TOJMEVHH NOTPEmHOC T AIMPOKCE~ {cios I mr/c
caon I mr/c MAITHE (8] *)
TOMOT'CHHAA TIPH—
pect 2%%cr B
MOSBSUJOB 0,315 0,046
)] 0,195 0,028 0,0I0 0,169
235y 0g 0,350 0,081 0,010 0,282
239, 0,186 0,027 0,0I2 0,165
2390, 0,314 0,046 0,020 0,251

®) ToaocTs pesynbTaToB padoTH [8) oneHuBaerca asropam B 20 %.

3aBACYMOCTE UBMEDEHHOrO 3HayeHus ;p OT YPOBHA IHCKDMMEHEIMH FMIyJLCOB RAMepH
IeJeHHA CYMeCTBEHHO MEHACTCA IPH CMEHe IIOJAPHOCTH HAUDSEEHHA HAa Kamepe, COCTOA-
meff u3 mByx mwiacTud. lla pic.2 cBETVHMZ KDYEKAMA YRA3AHH PE3yJLTaTH iaMepeHull B
cJydae, KOTNa NOJORMTEeNbHOE HAUDAREHEE ODWIOREHO K WACTOMY JJIEKTDOLY, 3 TeMHHMH —
R BJIEKTPOLY CO CJIOEM XNEeJime-

o TTTTTTT T rocA pemecTsa TOMWMHOH O, 97
4 wur/cy® . [lpEMEO# pas/midua B—
299+ JaeTed T9, 49TO UpH CMeHe Ha-
T ‘}*"' OpSAXeHUA 3aMEeTHO E3MEHAEeTCH
5098 8 ¢»¢’ CBA3L AMTJETYOH HMIYJILECA C
g 3HEprscid ¥ HANpABJIEHEEM BHIE—
. T4 OCKOJMKA JNeJieHHA B KaMepe.
3497 = ! Ha puc.2 €= I00% coorseTcr-
] f' ByEeT YPOBHD HyJeBOlf LuCKpZMA-
¢ /8 HalMe. Yepes 2KCHEDEMEHTANE~
S09%6- / / - HHe TOYKA NPOBENEHEH MeTOmOoM
R HamMeHBIAX KBATPATOB KpUBHE
295 A I B BTOpOTo mOpAmRa. Ha pmc.2 yra~
0 20 40 60 80 100 3aHH Pe3yAbTATH HIMEDEHEA Ta~—
3"""""”"‘"" Perucrpaguu ocxonxol Koff Xe 3aBECHMMOCTH ABTOpaMHA
npoyenTox. 2
_ (11] mna %%y (rompma caos
Puc. 2. 3aBHCEMOCTh M3MEPerHOfi BeNIIMHH "p okono 0,9 Mr/cw*) n 2520: .
0T afpeKTUBHOCTH DETECTPALEE OCKOIKOB Kame— PacemaTpuBasMad 3aBRECHMOCTD
poit menemas. O ¥ @ — pe3yJbTATH Hamelt pa- onpefiesiAeTcA, KOHeYHO, KOHK-
GotH. O # O - pesyipTalH u3 [II] COOTBeTC- PEeTHHMI yCNOBUAMM DAJOTH Ka—
TBeHHO IIA Pu E ct . MepH IIeJICHHA B HCHOOIb3yeMoro

JeTeKTopa He#ATPOHOB, IOITOMY
IaHHHe ®3 [II] IMEDT OMA HaC CKOpee xapakTep npuMepa. (Mcmosmeayemuft B [II] nere-
KTOp HefTPOHOB, BOPOYEM, N0 CBOMM XapaKTeDUCTHKAM (MM3OK K Hamemy - Hadop BFj
CYETIEROB B BOAOPOROCOXEPRameM aaMexmTene). Asropy [II] menomaoBasm mra BRe-
JeHHA NONPABOK NMOKA3SHHYN HA DHCYHEE JUHEHHYD ammpoKCHMAIHD.
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B Hamgx ¥3MepEeHHEAX -{;p A 237Np [2] HECNIONR30BANACE JBA BAPRAHTA KaMep NeJeHHA.
B oxriom Kamepa cocTogma®3 6 CexEl ¢ XECATHN IBYCTODOHHMME CJOAME MEJAmEIOCA Be-—
meCTBAa ¥ CYMMApHHM KOJMIECTBOM HENTyHMA ORWIO 130 M B RGREOR CEREmEA. D S5THK Ra—
Mepax Jiaxe ¢ HCHONE3OBAHMEM MMIYJECOB TOKA YAANIOCh NONYIUTH 3PPEKTEBHOCTH PETEC—
TpaIEE COOHTHX KeJleHmA OHoXlo 55%. B OpYroM ciydae Kaxjafd 43 € ceKuml KameDH cole—
praia ofeH caoit BenryHms (7 mr). 3@PeKTMBHOCT: PeruCTPEUMH OCKOKOB ROCTUTala MpH
aTom 807, OxcTpanonmma B 100% afdeKTHBHOCTE OCYmECTBIANACH O TPEM 3HAYEHEAM V.,
OMHO ¥3 KOTODHX GWIO HOONYYeHO s NepBOr0 BapEanTa Kamepw meseHnd (afdexrmeHoOCTE -
55%) m IBa - s BToporo ( afderTEBHOCT: - 60 m80%).
Y9eT HOBHX peaynbTarToB (pHuc.2) MpuUBEJ K I3MEHEHMK [ONPABKY HA JMCKDMMUHAIMG C
4,7% (2] mo 3,7%. llonpaBKy Ha TQUNMHY CJIOA NeJANErOCA BEWECTBA CJENYET U3MEHETh C
0,1% [2] mo 0,3%. Tarum 00pa3OM De3YILTATH MIMepeHwit 'T/; @3 padoru 2] crexmyer
yweEbmnTh Ha 0,8%.
YToUHeHMe OONPABKM HA IMCHDMMPHAIN NO3BOMGLIO 06padoTaTh DPEe3yNbTATH V3MEDeHHuit c
MAJIHM KOJIECTBOM HENTYHMA ¢ SfeKTMBHOCTBK perucTpaimy 80% OpM SHEpPruy HeidTpOHOB
1,66 » 2,79 MaB.
B LeJA¥ NOMCKA ONTMMANLHOH KOHCTPYKUMM HKamepH HeJeHus (codeTaHde MAKCIMATBHOK 3¢-
PeKTUBHOCTH DECWCTDAILM AKTOB JEJNeHUs ¢ MaKC.MaTbHOM 3arpyskoit Jeadmerocd Beijec—
TBa) OWIM BHIOJHEHH H3MEeDeHMA C MCHONb30BaHMEM CIUPATHHON MOHM3AIMOHHON KaMepH Ie-—
JeHdsa. CJofi HenTyHMs TOMMHOM I Mr/cM2 (o6mee KOIMYECTBO 55 M) HAHOCWUICA Ha amo—
MEHEEBYY POIBTY WEpFHO# SMM. 3asop MeRny aJaexkTpoiamu (0,5 MM, BHeWHiG! IMameTp CHOHA-
pamd 25 MM. Kamepa 3alOJHARACH CMEChK aploHa Y YTJISKHCJOro Ia3a Jo HaBJeHiis 3 aTh.
HamepeHus MpOBOIWIMCE IAA IBYX 3HAUYEHUH

— T ! T J (45% u 70%) >0PeKT¥BHOCTH DPECUCTDALML OC-
S KOJKOB JENeHna OPH 3HeprmM HeitrpoHoB 2,0 laB.
+‘§ JicmpapsieHsye #3 padots [2] ¥ oGcymmaBumecs
36 ¢ | 3zech HOBHE DPE3YJBTATH CPABHMBAKTC HA pHc.3
| co suavemmsvm, novrywemsmnu B [I,3). Cucrema~
3 ¢ TAYECKOE DACXORMNECHHE MexIy HAmOMI De3yJbTa-
wabk & 4 Tawmd ¥ padoToit [3] coxpaHAeTrcd, IPE TOM, 9TO
\ SHeOHreTVYeckuit XoZ 3aBUCIMOCTH V.. IpaKTH-
sk % 8 1 vwecku ogmHaxos. B padore [I2] npuBomarcs Boz-
”P‘ MOXHHE OGBACHEHMA pacxomneHus Jamumx [I-3],
wr 3 | KoTopHe CBOIATCA BKpaTle K CJeHymuwemy. JlaH-
# ) | Hue [1) 3aBHueHn U3~3a HEKOPPEKTHOTO YUeTa
20r ’”I] dona, a LaHune [2] -~ ¥U3-33 BO3MOXHOT'O 3aBH-
PRI » ] meHHA NoNpaBKY HAa IMCKDUMUHALMD.
*¢ lieitcTBUTENBHO, B padoTe [I] msMepeHst foua
27+ k - TIPOBOXATCA He B COBNANEHMM C COCHTUAMM Je-
JIeHus1, 9TO MOXeT IPMBOIRTE K HeJooueHKe (o-
1 1 1

T U W i s 7s Ha, Kak CUpaBeMBO yKasuBaetca B [6], Om-
HAKO BO~NEpPBHX, NPH M3MEDEHHAX . B Iuana-
Puc.3, PeayibTaTy WBMEpCHUS 3~ 30HE SHEDIEa HeftiTpoHoB oT I mo 14 B or-
A NP . @- HCUDABVICHHNE 3ha- HouweHue (I)OI_»Ia K 3fPerTy CymecTBEHHO M3MEHA-
vesua m padors [2], B - maMepenus erca (yMeHLWAeTCA TPHM BHCOKUX SHeprusx). Io—
C MAHM KOMUECTEOM Np , - co ITOMY CHCTeMaTHYECKad OWMOKA B ONpeleJeHun
crmpamsHott kamepott, O- [1],0- (3] JoHa eIBa JM LacT OpPaKTHIECKH nap?.zmemuuﬁ
(OWHOKE — CTATHCTAIECKHS) c,u:Bui' JaHHHX, ?o—a'ropux. BO3MOKHHY De3yib-
raT "HefoydeTa” $oHA 3ABUCHT OT KOHKDE THHX



ycaopat aRcIepEMeHTa. IlepecdeT RAHHHX B[O 17:‘ 19,01 2350, 238y g 239, [5] na mc-
OpapaeEHER GOH ¢ yYeTOM pesyibTaToB | 6] mpeBes K yBesmuewm 3RaveHn#t Up IO 3He-
pres EefiTpoROB npumepHo 9-9,5 MaB, ocTaBHB DAHRHE an dojlee BHCOKWMX B3HEPIUAX Wpa-
KTWJECKA HEM3MEHHHME. K TOMy X€ M3MEpeHms vp s By g pacore [I] mpm ameprmm
HefiTpoHoB 14,7 M3B coryacynTca ¢ ILaHHEMEA 151.

3amevaHus 00 OOBOLY y4YeTa JMCKpMMHHAINM B [2], mo-BmmEMoMy, mocTaToTHO WOEPOGHO
pasolpal B HacToAmefl padoTe. B cBoR odepelp cJelyeT CKaszaTh, YTO MCIOJNL3OBABIA—
ACA aBTOpaMA [3,5] 34BHCEMOCTL CYeTd HEeHTPOHOB HeseHuA 0T SQPeHTHBHOCTE DPETHCT-
pam [I13] cHATA ¢ NOIYNPOBOIHEKOBHM HETEKTOPOM E €Ba Ji COOTBETCTBYET YCJOBH-
fM U3MepeHMit V. C KAMEDAMA JeNIeHWs C MATHM 3330pOM, Tlle 3aBACHUMOCT AMIUATYIH
MTYBCOB 0T PHEPTMH OCKOJKOB HMEeT COBCEeM IpYToff XapakTep. 3TO MORET IDUBECTH B
KOHEYHOM cUeTe K HeJOOoLeHKe yKazaHHor'o sfifeKTa aBTopaMu [3] OpHarko HeIoCTaTOYHO
[OJHOE OpefCTABIeHKe IKCIEDIMEHTANBHHX NONpoCHOCTel kak padoru [I] Tak u [3] 32~
TPYIIAeT OKOHYATENEBHOE YTBEpISICHHE.
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EVALUATION OF NEUTRON NUCLEAR REACTION DATA FOR FISSIONABLE NUCLEI USING NUCLEAR
THEORY

M. Uhl
Institut fiir Radiumforschung und Kernphysik, Universitdt Wien, Austria

Abstract

Nuclear model calculations of neutron cross secticn data are reviewed with empha-
sis on elastic and inelastic scattering, fission and prompt fission neutron spec-

tra. The role of the model parameters is discussed.

1. Introduction

The design and operation of fast breeder reactors requires the knowledge of many
cross sec*ions for neutron induced reactions for energies up to 15 MeV. In spite
of the extensive experimental efforts during the past years the needed data base
is far from breing complete. Many important cross sections as e.g. those for ela-
stic and inelastic scattering are known only at certain energies and others only
in restricted energy regions. The cross sections needed for the assessment cf the
build-up and the burn-out of actinide nuclei involve instable nuclei and hence no
experimental data exist at all. In all those cases nuclear model calculations can
be used to bridge gaps and to extrapolate aveilable data to higher energies or
neighbouring nuclei and thus ,.rove to be a valuable tool in nuclear data evalu-
ation.

In this short survey only average cross section will be considered. The main
nuclear reaction models for average cross sections are the generalized optical
model for elastic and direct inelastic scattering, the compound nucleus model
suitably extended to account for fission and at higher incident energies models
for preequilibrium decay. The emphasis will be on the former two as their appli-
cation to actinide nuclei raises special problems related to large permanent de-
formations and to the fission process,.

A characteristic feature of calculations involving these models is that they rely
on additional information in terms of model parameters which for the time being
—annot be derived from pure nuclear theory with sufficient accuracy; examples are
optical potential parameters, level density parameters and fission barrier cha-
racteristics. Therefore model calculations cannot replace experiment as these model
parameters have to be adjusted carefully to reproduce experimental data. The pre-
dictive power of model calculations critically depends on the quality of the ex-
perimental data base for the choice of the parameters.

After a short recapitulation of the relations between the models for average cross
sections, recent developments in their application to elastic and inelastic scatte-
ring, to fission and other reactions and finally to the calculation of prompt

fission neutron spectra will be presented.

2. Average cross sections and nuclear reaction models

Due to the many degrees of freedom involved in a nuclear reaction the energy de-
pendence of cross sections is very complicated and best described in terms of sta-
tistics. For applications in the region of overlapping resonances one is mainly
concerned with averages of cross sections ¢(E) with respect to energy E
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<o> = g~IQE o(E) .

In nuclear reaction theory cross sections are expressed in terms of the scattering
matrix Sab' Except for trivial factors the integrated cross section from chanrel
a to channel b is given by

- R 2
0ap(E) = 16,15, (E) | (2.1.)

For particles and photons the channel symbels a,b,... have the usual meaning as
defined by Lane and Thomas 1); fission channels will be discussed further in sec-
tion 4. Time reversal invariance and flux conservation require Sab to be symmetric

and unitary. In the statistical theory of reactions the S-matrix is decomposed in-
fl
b ab”

_ . £1
Sab(E) = Sab> + Sab(E) (2.2.)

The average <Sab> is related to direct reactions (DI) and can be calculated by

to its average <5, > and a fluctuating part S

models involving relatively few degrees of freedom: the single channel (or sphe-
rical) optical model in casa that <Sab> is diagonal or the multi-channel optical
model otherwise. The fluctuating part Szé(E) reflects the excitation of many de-
grees of freedom and thus describes - at least at moderate energies - ccmpound

nucleus (CN) reactions. The resulting average cross sections

2 1,2 _ DI fl
9ap” = eap ~ Sap> T F ISl = ogy fo<op? (2.3.)
consist of two contributions: the DI-cross section and the average of the fluc-
tuating cross section <o§é> = <IS§%I2> which at moderate energies represents

the CN~contribution.

The statistical theory of nuclear reactions which is reviewed in refs. 2-5)

aims
at expressing the average of the fluctuating cross section in terms of the avemge
scattering matrix, i.e. at relating the CN-cross sections tc the optical model
(Hauser-Feshbach problem). The crucial quantity in doing so is Satchler’s 6) pe-

netration matrix

Pab = Sap ~ 5 “Sac”Spe”* T(2.4.)

which represents the unitary deficit of <S> and thus a generalization of the

(single channel) optical model transmission coefficients Tc' In fact, for diago-
_ _ _ 2

b = GabTa = Gab(1 I<Saa>l ).

In presence of direct reactions {i.e. <S> is not diagnonal) the calculation of

nal <S> we have Pa

<c§é> proceeds in two steps. At first the Hermitean matrix Pab is diagonalized by

means of the unita.y tcnqelbrecht-Weidenmilller transformation U7)

+
(UPU )ab = dabTé . (2.5.)

The matrix U and its transpose UT can then ke used to construct a transformed S5-

matrix s'
T
) -
Sab = (UsU )ab (2.6.)
with diagonal average. Further it can be shown that Ségl has the same statistical

8,9)

properties as the S-matrix in absence of direct reactions . Therefore in the

second step the average of the fluctuating cross section is expressed .in terms of

U and S'
fl

““ab” sl grfl%,

= L3 A
I UgaUfplUqa’np “S'ef “gn (2.7.)

efgh

and the averages of the bilinear terms in s'fl are calculated as functions of
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the eigenvalues Té of the penetration matrix by technics developed for the case
without direct reactions; see refs. 8,9) for the justification of the procedure

and more details.
Several formulae have been proposed which, in absence of direct reactions

((sab) = 6ab <Saa>), express <o, > in terms of the optical model transmission
coefficients TC =1~ I<Scc>l2. As an example the results of Moldauer's "M-can-
cellation priciple" 10,17 are presented:
T.T
fl _ ab
“9an> T Wiy IT
c
W = (1 + 2 §_.) ;dt I (1 + 2t —ES—)-(%VC + 6ac + 6bc)
ab Vo ab o < Ve ZTC.
(2.8.)
_ 1.212 _ -
Vo = 1.78 + (T, 0.78) exp [-0.228 ZTc]

For isolated resonances ('I‘c <« 1) eq. (2.8.) reduces to the Hauser-Feshbach for-

mula 13) 14).

In the limit of many strongly absorbing channels eq. (2.8.) gives essentially the

corrected by the factor Hab for fluctuations of the partial widths

Hauser~Feshbach formula with a compound elastic enhancement by a factor of two:

T.T
£l _ a'b _ HF
“ap” T O bap) Tr_ = 0% Egploap (2.9.)

Another method, the HRTW approach, was formulated in papers by Hofmann, Tepel,
Richert and Wejdenmiiller 14) 15)

rical studies showed that both approaches essentially agree.

These generalizations of the Hauser-Feshbach formula are based on statistical R

and recently improved by Hofmann et al. . Nume-

properties of a S-matrix characterizing an equilibrated compound nucleus and
hence <c§i> = <aabCN>. They do, however, not account for preequilibrium decay
and the range of application is restricted to energies below a few MeV. Recently
several fundamental approaches were proposed which describe preequilibrium decay
in the frame of fundamental reaction theory 16'20). For applications, however,

preequilibrium emission is mostly calculated by various phenomenological models

as reviewed by Blann 2n and Seeliger 22). So, for higher incident energies,
<a§é> is decomposed into a CN-contribution <cabCN> and a preequilibrium contri-
pre_
bution “%.p >
£f1. CN pre
<O ap7 0. 7 + <9ap > (2.10.)

3, Elastic and inelastic scattering to low lying collective levels

These processes are described in the frame of the optical and the compound nu-
cleus model. The analysis of the experimental data helps to find an appropriate
neutron optical potential which is essential for the calculation of all-cross
sections of interest.

At first the direct reaction contributions are considered. Actinide nuclei are
permanently deformed and hence pose particular problems. While for spherical nu-
clei elastic and inelastic scattering can to a good approximation readily be cal-
culated in the frame of the spherical optical model and the DWBA-method, respec-
tively, the strong coupling between the low lying rotational states of deformed
3 which are notorious for their

nuclei requires coupled channels calculations

excessive computer time requirements. Due to the small spacings even between the
lowest levels of actinide nuclei neutron data which separate elastic and inelastic
scattering exist only for incident energies up to about 4 MeV,

Most investigations employ a phenomenological, axially symmetric deformed optical
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potential of the following type

o : d »1 d
U(E) = =Vpf(r,ap,Rp) + 4iap Wy qo f(r,a ,Ry) + 2.v, 1.5 ¢ gfir,ag,ap) (3.7a.)

f£(r,a,R) = (1 + expl(r-R)/a}}”" (3.1b.)

R=Rie" =1 a0+ 8, ¥, (0)) (3.1.c.)
where the standard notation is used. The angle 0' refers to the body fixed system
and usually only even order deformations 8, are considered. For moderate incident
energies (E { 20 MeV) only a surface absorptive term is required. The deformation
of the spin orbit term is often neglected. As usual for local phenomenclogical
potentials *he depths Vi and Wp of the real and the imaginary components depend
on the incident energy. Insertion of the deformed potential (3.1.) into the
Schrédinger equation of the scattering problem leads for each eigenvalue of the
total anjular momentum and parity to a system of coupled differential equations
for the radial wave functions in the different channels. Numerical solution of
this system under arpropriate boundary conditions gives the average S-matrix
elements <Sab> from which the DI-cross sections and the penetration matrix ele-
ments Pab are obtained.

The numerous parameters of the deformed optical potential are determined by com-

parison with suitable experimental data. Due to the ambiguities of such a proce-
dure it is important to find "reasonable" parameters that change smoothly between
neighbouring nuclei and are supported by microscopic theories of optical poten-
tials 24). Only such a coherent set of parameters can be used for extrapolations
to nuclei with no experimental data. A very efficient method to find such a set
is the "SPRT-method" developed by Delaroche et al. 25).

average resonance data (s- and p-wave strength functions and scattering radii),

This method relies on

total cross sections as well as on elastic and inelastic scattering. It was
successfully applied in many optical model studies of the Bruyére-le-Chitel group
which were reviewed by Lachkar 26), Haouat 27 and recently with particular em-
phasis of the application of the coupled channel method to actinide nuclei by
Lagrange 28).

Examples of the strengths and geometrical parameters of optical potentials as de-
fined in eq. (3.1.) are presented in table 1.

Table 1: Examples of optical potential parameters for actinide nuclei
potential depths V and incident energy E in MeV, geametrical parameters a,rg in fm

m‘r‘s Vr 3 *or " ah oo | Vs | % | Tes
232
20)| 48-912-;9638¢] .65 [1.25 [3.00.258- 47 [1.25 | 6.5 | 65 | 125
11 et 31'30) + .036E? -6.75E73
g et al. 1.5¢<E<20
2, m 46,824-0.261E | .758(1.217| 4.031+.2156] .485 |1.212| 8.0 | .758 | 1.217
Guenther
238, 2) 47.5-0.3E .62 |1.24 | 2.740.48 | .58 [1.26 | 7.5 | .62 | 1.24
Lagrange E<10
677
3110
238 13 45.87-0.32 .626]1.256 | 2.95+40.4E | .555+ [1.26 | 7.5 | .62 | 1.2335
Ikonshin 4 OO45E
<39py 13 46.10~0. 3E .626{1.256] 3.0¢0.4 | .555+ [1.26 | 7.5 | .62 | 1.2335
ffonshin . CO45E,
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‘A global optical potential for the actinide nuclei was developed by Madland and

. Young 3‘). It is based on a simultaneous fit to experimental data for 232Th,

233,235,238U and 239?\1.

In addition to the depths and radii of the potential coupled channels calculations
require the deformation parameters By- Usually only 8, and 84 are considered as

the determination of Bg and Bg is subject to large uncertainties. Provided that
adequate experimental data are available accurate deformations can be determined
from neutron-nucleus interaction. The multipole moments Q, of the pctential ‘which
correspond to these deformations

Q, = zlraf Reu(¥)r'y, 1/1/dtReU(D))

agree rather well with multipole momentr of the mass distribution derived from
Hartree-Fock-Bogoliubov calculations. This is illustrated for the quadrupole mo-

ments in fig., 1 which is taken from Lagrange's review 28)
L0 1 1 1 T _ 1 T 26
0 (b) m -© Fig. 1 taken from ref. 'y
o—— ===
2 Py Quadrupole moments calcu-
o m
o or——o——o lated by means of the
3 S L I/ Aom _| Hartree-Fock-Bogoliubov
- U/ N)/.'—‘:_‘ method (full circles) and
/ PR w7 derived from deformed op-
v ,: u tical potentials for neu-
‘—:,:U trons (crosses for even A
3,0'- ’x .’ — and open circles for odd
*’1 A).
The
‘,/
25; 1 i 1 1 1 L1 A Il

230 23, 238 %2 46 250

Thus theoretical deformations can be used for extrapolation; in that case one
should account for the empirical odd even effect exhibited by tne experimental de-
formations.

The time requirements of coupled channels calculations drastically increase with
the number of coupled states. As long as one is interested in the potential para-
meters and accurate total and elastic cross sections and in generalized trans-
mission coefficients it is sufficient to use as coupling basis the three lowest
members of the ground state rotational band 28). )

The quality of phenomenological optical potentials critically depenis on the ex-
perimental data they rely on. By inclusion of proton data the data base for neu-
tron potentials can be extended decisively. Proton measurements are often easier
to perform due to the overall better energy resolution of charged particle detec-
tion systems and the need for smaller samples. Compared to neutrons proton data
extend to much higher energies.

A simultaneous treatment of neutron and proton scattering is provided for by the

35)

Lane potential formalism . In Lane's charge independent formulation of the op-

tical model the nuclear part of the nucleon-nucleus potential U consists of an
isoscalar and an isovector portion U, and L, respectively
U=y, + g€ Hu,. ‘ (3.2.)
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Here T and T are isospin operators for projectile and target. When averaged over
> > -+

the eigenstates of Tt =t + T eq. (3.2.) leads to Uo + [ (N~-2)/A)U,
o t

his dependence con the nuclear

where the upper
sign holds for neutrons and the lower for pretens;
symmetry parameter is considered by many global potentials for nucleous. The iso-
vector term in eq. (3.2.) gives rise to the quasi-elastic charge exchange reaction
(p,ﬁ) which excites the analogue of the target ground state at an energy e (the
Coulomb displacement) above the parent state. The coherent treatment of proton
elastic and quasi-elastic scattering requires the solution of Lane's caupled equa-
tions. A nucleon optical potential is called Lane-model consistent if it simulta-
neously reproduces the respective neutron and proton data as well as (p,ﬁ) quasi-
elastic scattering. This demand puts severe restriction on the parameters of an
phenomenological potential.

The Lane-formalism can alsc be used to derive neutron optical potentials from
proton scattering data. A simultaneous reproduction of (p,p)-, (p,p')- and (p,ﬁ)
data at proton energy Ep fixes the isoscalar and isovector component and thus,
also the neutron potential at energy EP-AC. Such investigations in the actinide
region are being performed at the Lawrence Livermore Laboratory and were recently
36) 2320, ang <38
scattering cross section at 7 MeV inferred from a Lane-model analysis of (p,p) and
(p,R) data at 27 MeV (Ac ~ 20 MeV). The experimental data are reproduced as well as
with the global neutron potential by Madland an¢ Young 34) which is optimized for
this mass and energy region. Thus, the applicability of the Lane-formalism is con-

surveyed by Hansen . Fig. 2 displays for U the neutron elastic

firmed even for very heavy nuclei. Hansen 35) points out that in order to achieve
such an agreement very extensive coupled channels calculations are required. The
coupling base for the analysis of (p,p), (p,p') and {p,h) includes the three
lowest rotational levels on the ground state and on its analogue; the coupling between
the two bands is caused by the isovector potential. In fact, if the Lane coupled
equations are solved by the DWBA method a much poorer reproduction of the neutron
data results.

P N S e N

i

(¢} I 1 | - n
00 40 8 20 160 0 40 80 1220 160
8 8

c.m. c.m.

Fig. 2 (taken from ref. 36))

Neutron elastic scattering cross sections at 7 MeV. The full curve represents cal-
culation with a deformed potential infered from (p,p), (p,p') and (p,ft) data while
the dashed curve is obtained with the global defermed neutron potential of Madland
and Young 3“). The experimental data are fram R.Batchelor and J.H.Towle, Nucl.Phys.65(1965)236.


http://elgenstat.es

- 161 -~

A major problem with the application of the coup.ed channels method is its
eccessive computer time reguirement, In particular for odd A nuclei the numbers
of coupled egquations is in general much larger than for even nuclei. An essential
reduction of the computing time for odd A nuclei can be achieved by a method pro-

28) and by lLagrange et al. 37).
.8)

posed by Lagrange This procedure is a generaliza-

tion of the strong coupling model of Blair . Instead cf considering the ground
state band of an odd A nucleus with spins I = K, K+1, K+2, ,.,. where K is the pro-

jection of I on the symmetry axis, the calculations are performed for the K = O

band with I = 0,2, ... Amax of an fictitious even nvcleus. The cross section for a
final state with angular momentum If is approximately given by

30 _ 2 30

gﬁ(If) = z <IOAK0lIfK> an(k) (3.3.)

A =0,2,...2
where %%(A) is the cross sec:ign for the state with spin 2 of the fictitious
nucleus. IO and K in the Clebsh-Gordon coefficient <IOAKOIIfK> refer to the
groud state of the real nucleus. Test calculations at 4 MeV neutron energy for 239Pu
(K = 1/2) and 2*'pu (K = 5/2) are shown in table 2. For K = 1/2 bands the appro-
ximation is excellent. For K >1/2 the results are less precise as far as the in-
elastic cross sections are concerned but the agreement improves with increasirg

energy 28),

Table 2: (taken from ref. 391,

Comparison of 239Pu(K = 1/2) and 241Pu(!( = 5/2) cross sections (in barn)
using the "real" and the "fictitious” levels in coupled channels calculations

239Pu 241Pu

real fictitiocus| real fictitious
Yeot 7.797 7.796 7.821 7.831
Yabs 3.124 3.124 3.17M 3.120
9el 4.249 4,247 4.343 4,398
94 0.1233 0.1232 10.1533 0.1660
L2 0.1845 0.1847 [0.0864° 0.0751
9, 0.0522 0.0517 [0.0418 O 0674
o4 0.0646 0.0646 |0.0268 00,0117

9y refers to the inelastic cross sections of the first four excited
gtates.

Raynal 40) developed a powerful procedure to solve the coupled equations by sequen-
tial iteration. This ECIS-method (équations couplées en iteration sequentielle) is
incorporated into Raynal's ECIS code which recently became internationally avallable
through the N.E.A. Nuclear Data Bank Program Library. Besides including several
optious not available in many coupled channels codes (e.g. deformed spin orbit po-
tential, axially asymmetric defcrmations, folding model) the program is very fast.
So for 238U, 2.5 MeV incident energy and a (0+, 2+, 4+, 6+) coupling base the
running time on our CDC-CYBER 170/72 computer was ba a factor of about 7 shorter
than that with Tamura's 23 widely used JUPITOR code; the memory requirement for
ECIS (~ 50 k words) is somewhat larger than that for JUPITOR (~ 32 k words;.
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Besides direct reactions alsc compound nucleus processes contribute to the exci-

tation « © low lying collective levels. One may distinguish two ways to calculate
the CN-cioss sections.
The standard formalism neglects the correlations in Sié caused by direct reaction

components. The diagonal elements of the penetration matrix egq. (2.4.) are used

as generalized transmissfion coefficients Té = Paa =1 - L‘|<Sab>|2 in the genera-
lized Hauser-Feshbach formulae (eq. (2.8.) or inthose of thg HRTW-approach). These
transmission coefficients account for the flux going into DI channels. The impact
of the Engelbrecht-Weidenmiller transformation is neglected. ~..ruments for such a

9) who showed by ieans of computer

procedure can be found in a paper by Moldauer
experiments that the effect of DI-processes on CN cross section is large only in
case that two channels are strongly coupled by the direct mechaiism and rela:ively
small if the cocupling comprises more channels. It is believed that the latte:
applies to actinide nuclei,

Recently an extensive investigation of elastic and inelastic neutron scattering
232Th, 233,235,238U and 239,242

ported by Haouat et al. 41).

on Pu for ener.ies between 0.6 and 3.4 MeV was re-
The data comprise the excitation of _he first 3 to 6
levels of the ground state rotational band. The CN-contributions proved to be im-
portant for incident energies below 1.5 MeV and were calculated by means of the

standard-formalism. Very good agreement between theory and experiment was achieved;

two examples are displayed in fig. 3.
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Fig. 3 (taken from réf. “))e(deg) e(deg)

Comparison of experimental and calculated (full curve) differential inelastic
neutron scattering crors sections to the first two excited states of 2?32Th,
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Recently an ambitious program concerning the interpretation of DI- and CN-react.ons

has been started at the University of Lowell by Chan, Sheldon and collaborators
42-44). These authors aim at an "unified formalism" which is based on the appli-

cation of the Engelbrecht-Weidenmiiller transformation as described in section 2.
Angle integrated cross sections for inelastic neutron scattering on 232Th, 238U
and 240’242Pu were compared to experimental data for incident energies up to 2.5
MeV. The considered levels are members of rctational bands built upon the ground
state and on the lowest quadrupcle and octupole vibrational states. Deformed opti-
cal model parameters were taken from Lagrange et al. 89) | The calanlations were
performed with the program NANCY which by means of extended routines of Tamuras
JUPITOR code 23) generates the average S-matrix <Sab> and the corresponding DI-
cross scoelions, constructs the matrix Uab of the Engelbrecht-Weidenmiiller tﬁg?s—
formation and finally applies the most recent version of the HRTW-approach to
obtain the ensuing CN-cross sections. These calculations require a tremendous
amount of CPU-time though the direct coupling was restricted to 3 or 4 states at

one time.

2+ (TIh1 keV) 3+(629.5 keV)
03
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=01 —_
2 50
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Fig. 4 (taken from ref,

Comparison of theoretical and experimental excitation functions for 232Th(n.n')
to 6 excited states. Full curves represent calculations employing the "unified
formalism” and dashed curves are the results of the "standard formalism®. The
data points have typical errors of 10%.
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43). The full curve represents

Typical results are shown in fig. 4 taken from ref.
the resuits of the unified formalism and the dashed curve those of the "standard
formalism™. Among the cases studied in ref. 43) there are many in which the uni-
fied formalism gave better fits to the data than the standard one and vice versa.
There are also several excitation functions which could not be fitted by any of
the two approaches. The authors conclude: "regarded overall, the unified theory
has a better record in fitting the experimental data than the standarc theoreti-
cal approach ...". Nevertheless, the numerous cases where the unified approach
ylelds poor fits are disturbing. Several further improvments of the code NANCY
are planned; they refer to the extension of the coupling base and to the treat-

ment of fission.

4. Cross sections for fission and other reactions

It is ge.erally assumed that in the energy range of interest for reactor physics
fission can be described in the frame of the CN-model. Therefore fission cross
sections depend on the competiry neutron and gamma decay and conversely all other
cross sections are strongly influenced by fission competition.

The inclusion of fission into the Hauser-Feshbach theory requires the definition
of transmission coefficients for fission channels. Though fission can formally be
accounted for in exact reaction theories (see recent reviews of Bjgrnholm and
Lynn 45) and of Weigmann 46) which contain the references to the original papers)
for actual calculations simple static ccncepts are used.

Following A. Bohr an fission channels are related to intrinsic states of the nu-
cleus as it passes over a barrier of the deformation energy surface. Each such
transition state, characterized by excitation energy Ei’ spin Ji parity ni and
eventually tite projection K, of J; on the symmetry axis, defines a barrier of
height Ei' For a single-humped fission barrier the transmission coefficient Tf'(E)
for channel i and excitation energy E is given by the penetrability for the
vibrational motion (i.e. the fission motion) through the associated barrier:

. LT -1 _ o 2T -1
Tfi(E) = {1 + expl EG(E Efi)]} = {1 + expl ﬁ:(E U, Ecl} . (4.1.)

Here¢ the Hill-Wheeler formula 48) for the penetrability through a parabolic barrier
with curvature hw is used; in the second step the excitation energy Ui is referred
to the barrier height E¢ 1.e. the excitation energy of the lowest transition
state. Usually at higher excitation enerqgies U > Uc the transition states are re-
presented by a continuous level density p(U,J,N). For the total fission transmission
coefficient TfJ"(E) for compound nucleus states of excitation energy E, spin J and
parity 1 one obtaines

TINE) = 1t 01 + expl- EE(E-Bg-U 1 4 £AU(U, 3,1 {1 + expl- £L(E-Re-0) 137" .
i u

c
(4.2,)

The sum in eq. (4.2.) is réstricted to the transition states with appropriate an-
gular momencrum and parity.

By analogy with the situation at equilibrium deformation one assumes for the dis-
crete portion of the transition state spectrum rotational bands built upon oollec-
tive levels in case of even or upon single particle states in case of odd-A or odd
nuclei 49) | The complexity of the rotational bands depends on the symmetry of the

50)

saddle point shape . This fact is also very important for the level density
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o(U,J,N) >N

available in form of the fission cross sections themselves and of the angular

. Only indirect experimental information on the transition states is

distributions of fission products which critically depend on the angular momentum
guantum numbers Ji anda Ki 52).

The fission transmission coefficients defined in equs. (4.1.) and (4.2.. can row
be used in the generalized Hauser-Feshbach theory described in section 2 and all
cross sections can be calculated without complications. Though it is well estab-
lished that for actinide nuclei the fission barrier is at least double-humped,
the results obtained for a ¢ .ngle barrier are useful if the heights of the two
barriers are different and the excitation energy is beyond the lower barrier. In
fact, many successful calculations on this basis were reported e.g. by Jary et
al, 53), by Arthur et al. 54) and by Konshin 33); in particular the last paper
contains very valuable systematic investigations on the influence of different
formulations of the Hauser-Feshbach theory and different models fur level densi-
ties and gamma-ray transmission coefficients.
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a) Some vf the concepts relevant for a double-humped fission parrier

b} 2entrability through'a double~humped barrier (schematic)

tdowever, many features of fission cross sections can be trr ated properl, onlyunder
the acsumrption of a dotble-humped fisston barriex. Pig. 5a illustrates some of the

pertinent concepts and fig. 5b displays, !n a qualitacive way, the penetrability
tiirough such a barrier as a function of energy. In ccntrast to the smotily riring
behaviour characteristi~ for a single barrier (see eq. 1.1.)) sharp resonances
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("vibrational resonances”) appear at energies corresponding to quasi-bound states
in the second well.

The double-humped barrier is responsible for various intermediate structure pheno-
mena which are relevant for the calculations of average cross sections. They are
briefly described in the following; for more details see the reviews of Weigmann
46), Bjgrnholm et al. 43) and Michaudon 55'56).
For an excitation en2rgy below the top of the inner barrier A one has to distin-
guish between class-I states and class-II states, according to the well which con-
tains the major amplitude of the vibrational component of their wave function.
Class-1 states: For excitation energies encountered in neutron induced reactions
the class-I vibrational motion is fully damped into the complicated class-I com-
pound states. Class-I compound states have "normal” neutron width and compared to
class~IT states negligible fission width.

Class-1I states have a reduced effective excitation energy due to the difference
in deformation energy between the two wells. Therefore their density at the same
excitation energy itc much less than that of class-I states. Various extents of the
coupling between the vibrational motion and the intrinsic degrees of freedom are
rossible (see fig. 6): no damping, partial and full damping of the vibrational
motion irnto the complicated class-II compound states which is determined by the
depth of the second well and the even-odd character of Z and N. Class-II states
nave compared to class-~I states negligible neutron width and large fission width.

k. aj 4 b) » c)
class-II
vibrational
states
. ~ T v F——
{ | // l\
Eﬂ ! 4 /’,7)“:\\\ 1; / : \\
! N / L
class-11 | ,( 72\ W, !
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It
class-1|
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|
]
'
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!
i
!
|
!
i

- -y N W
Ne Damping Fartial Damping Ful Damping

£, 96)

Fig. & (adapted frum re

Schematic illuatration cf the hierarchy nf states relevant for intermediate structure for three
differe. t types of damping ~f che class-I1 vibraticnal motion into class-II campound states.
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Residual interactions couple class-1 and class-1I states. The wave functions des-
cribing the fine-structure resonances are composed of class-I and class-II compo-
nents. Due to their large fission width class-II states play the role of doorways
for the fission channel. Class-I compound states with energies near that of a

class~I1 state give rise to fine-structure resonances with enhanced fission width.
The acutal intermediate structure effects depend on the coupling conditions. Most
important with regard to average neutron cross sections is the "moderately weak
coupling® situation which can be treated in picket fence approximation 45'46).
Near a class-II state the fission widths l'Xf of the fine-structure resonances at
energy E are on the average (with statistical fluctuation of Porter-Thomas type)

distributed along a Lorentzian form

D r (£} T (c)
= 1 AII ALI -
Ty v 3 = -~ )2 3 r2 . rAII Typrle? + rAII(f) . (4.3.)
AIX A T AI1
Here erI(c) and rAII(f) are, respectively, the coupling and the fission width

of the class-11 state at energy EAII
In case of complete damping (fig. 6c) of the class-II vibrational component into

and DI is the average class-I state spacing.

class~-II compound states the average coupling and fission width are given by

D D
_ 11 I § ¢
Tar(© = g5 T, and Ty (0 = 55 T, (4.4.)
where '1‘A and Ty respectively, are the total transmission coefficients for barrier

A and B and DII
Wheeler penetrabilities and the transition states in the same way as the quantity
Tf in eq. (4.2.). This coupling situation is realized in the sub-barrier fission

24oPu ref. 57) or 237Np ref. 58)

is the average spacing. TA and TB are given in terms of the Hill-

of some nuclei as e.q. where clusters of reso-
nances with large fission width are separated by resonances with negligible
fission width.

In the other extreme, i.e. no damping (fig. 6a), the pure vibrational stateleads

to an undamped vibrational resonance. In the vicinity of such a resonance eq.

(4.3.) can be used. The coupling and fission width, however, are given by
hmII ‘hmII

Marle) =Ty ==~ Tpand TNiyplf) = Ty == T (4.3

where TA and Ty have the same meaning as in eq. (4.4.) and hu
pure vibrational states which exceeds Dy

11 is the spacing of
1 in eq. (4.4.) by about three orders of
magnitudes.

Finally, for partial damping (fig. 6b), the coupling and tue fission width

rlII(c) and rXII(f) near a damped vibrational resonance at energy EV follow on

the average (with statistical fluctuations of Porter-Thomas type) a Lorentzian form

D r,oT D r r
11 A 'p _ Dyg B D
o) = T o T N = 75 P v py- S
AIT Vv Tv AII Py Ty
(4.6.)
Ty = Tp * Tg* Tp

In this equation Ty is the damping width (mostly obtained from phenomenology)

and the quantities Ta and rg are defined in eq. (4.5.). Vibrational resonances

59)

are ohserved in direct reaction induced fission experiments and in neutron

induced fission 60)

vibrational state (not shown in fig. 6) have to be considered.

. Por their analysis also the rotational bands built upon

In connection with the analysis of direct reaction induced fission experiments
Back et al. 61) proposed a flexible model for the fission transmission coeffi-
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cients which accounts to some extent for the intermediate structure effects des-
cribed before. This modei, or at least some of its special cases, is incorporated
in many of the widely used nuclear reaction codes as e.g. COMNUC (LASi-version)Gzz
EVAPF 49), HAUSER 63), NRLY 64) and STAPRE 65)

the vibrational motion in the second well an absorptive imaginary part is added tc

. In order to account for damping of

the real deformation potentjial in the region of the second well. Solving the trans-
mission problem for a complex barrier results in a transmitted and an absorbed

flux, both of them exhibiting vibrational resonances. Accordingly one has two con-
tributions to the total fission transmission coefficient. The direct contribution
TfD is given by the tranamitted flux. The indirect contribution TfI
fission decay of the excited class-II compound states (with branching ratio

TB/(TA + TB) and is therafore related to the total absorbed flux 4 and affected

by intermediate strvcture due to class-II compound states (see figs. €b and 6c).

results from

In an energy intervall around Eo which contains many class-II states but, on the

other hand, is small enough that all other energy dependent guantities (4, TfD,

TA' TB) are constant therein, the proposed expression for the total fission trans-
mission coefficient Tf(E) reads

T

D 1 1 _ B - .
Tf(E) = Tf + Tf (E), Tf (E) = VATE_T—B f(DII,ruI, E EO)
sinh (D' FA ) (4.7.)
II "II

£ T =%(T 4T ).
R » N a*Ts
cosh(ﬁ—— T ryp) = cos (5;;(2 E))

11¢Tazr B°Eg) =

The normalized weight function f(DII'?AII'E-Eo) describes the intermediate struc-
ture fluctuations around the average Tf = TfD + J'TB/(TA+TB). The result in the
second line of eq. (4.7.) was derived by Lynn et al. 66) in picket fence approxi-
mation by summing the Lorentzian forms for the fine-structure fission widths re-
sulting from an infinite set of equidistant class-II compound states with egqual
width TXII‘

Eq. (4.7.) for the total fission transmission coefficient simplifies in the full
damping limit (fig. 6c). The direct flux vanishes and the absorbed flux is given
by TA' At higher energies, when full damping is realized and the intermediate
structure is smeared out, Tf is given by the well-known simple expression

Ta T

Tf = yx:T; (4.7.')
If eq. (4.7.) 1is used in the formulae of the generalized Hauser-Feshbach theory
the resulting fission cross section <unf(B-E°)> is averaged with respect to fine-
structure but exhibits the energy dependence caused by the intermediate structure
The average with respect to intermediate structure is obtained by integrating

<o g> over a period DII of the weight function f(DII'rAII’E_Eo):

; E +Dyp/2
Ioe(By) = g /DB <o_g(E-E_)> (4.8.)
I Eo~Dyyp/2

The effect of this procedure is to reduce the cross section compared to the result
obtained by employing the average fission transmission coefficient T;. This is
because the overall fission strength is concentrated in a small number of resonan-
ces whereas the bulk of the resonances has a very small fission width; the con-
tribution of the resonances with very large fission width, however, is limited by
their neutron width.

The use of the picket fence approximation for the class-II compound states dis-
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regards the fluctuations of their widths and spacings. Weigmann ®7) showed by
means of a Monte-Carlo simulation that the effect of these fluctuations is con-
siderable for sub-barrier fission. His calculatjions assume the full damping limit
and consider two sequences of comp&hnd states: class-II with fission- and coupling
width sampled from Porter-Thomas distributions with mean-values Fu(f)=(DII/2n)TB
and rII(c) (DII/2")TA' respectively, and class-I with neutron width sampled from
a Porter-Thomas distribution with average value < o= (DI/Zn)Tn and a constant
capture width T, = (DI/Zn)TC. Depending on the actual value of rII(c) compared to
Dr the coupling is treated either in perturbation - or in moderately weak coupling
approximation. The ratio W . = 3;;7;;;7;/oanF of the average fissicn cross

section Inf(sim) resulting from this simulation to the simple Hauser-Feshbach
cross section Onf given by eq. (2.9.) is shown in fiq. 7 as function of the
average fission probability F; evaluated in picket fence approximation 66)

E +D../2
- (o] II Tf(E) T 2 T 1 -1/2
Pe =(1/n)saE TV T AT - {1 + (%—) + 2(¥—)C°th 5 (Tp+TH)}

EO-DII/ f n ¢ £ £

(4.9.)

'!'; = T, Tp/(Tp+Tp), T' =T + T, .

It turns aut that for sub-barrier fission various combinations of (TA,TB) corres-
ponding to the same Py yield similar results for E;;?;I;T). The dashed curve in
fig. 7 represents the width-fluctuation factor eq. (2.8.) for Porter-Thomas
distributions for all fine-structure widths (all v, = 1) and an effective fission
transmission coefficient Tf,eff = F; T'/(1-§;) which approximately accounts for
intermediate structure in picket fence approximation (see eq. (4.9.)).

1.0
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67) Fe
Fig. 7 (taken from ref. )

Reduction of the fission cross section due to statistical fluctuation of the
class-I and class-I1 compound state parameters (see text). The symbols A and V
at P, = 0.054 show, respectively, the isolated effect of class-I and class-II
fluctuations.

Fig. 7 shows that the fluctuations of the class-II state parameters cannot be
neglected. These results represent an upper limit for fluctuation effects as
Porter-Thomas type fluctuations are expected to hold in case that only one barrier

channel determines TA and T, i.e, for extreme sub-barrier fission. As soon as more

B
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channels contribute the fluctuations are reduced.

Unfortunately such Monte-Carlo simulations are time consuming and not very con-

venient for routine calculations. To my knowledge, analytical results thataccount
for fluctuations in fine- and intermediate structure are available only in some

limiting cases which are discussed by Bjgrnholm et al. 45) and by Lynn 49
49). This is a sophisticated pro-

. Some
of these formulae are used in Lynn's code AVXS
gram specially designed for low energy fission that includes many features not
available in the codes mentioned before as e.g. the population of fission isomers
by gamma decay in the second well.

Actual calculations require as fission model parameters information on the

barrier characteristics and on the spectrum of transition states. Usually fission
barriers are represented by smoothly joined parabolic sections. The most important

barrier parameters are the heights (E ) and the curvatures (h“A' th) of the

+E
inner and the outer barrier, respectiﬁel?. If partial damping is relevant one
additionally needs the depth and curvatures (EII' hmII) of the second well and
the strength of the absorptive potential. The results of theoretical calculations
of the deformation potential based on the Strutinsky methoed 68) are at present
not accurate enough for cross section calculations. Hence barrier parameters have
to be taken from analysis of experimental fission data. At sub-barrier energies
fission cross sections are sensitive mainly to the barrier heights and curvatures
and on the first few transition states; with increasing energy of the fissioning
nucleus they also depend on the density of transition states. In general deduced
barrier parameters are affected by the assumptions on the level density of
transition states and, conversly, extracted level densities critically depend on
the underlying barrier parameters. Theoretical calculations indicate that the

fissioning nucleus is axially asymmetric at the inner barrier 69)

70).

and axially
symmetric but reflexion asymmetric at the outer barrier Due to the afore-
mentioned implications of symmetry on the rotational bands one has to assume
different transition state spectra at the two barriers.

In the past years two comprehensive sets of barrier parameters were reported. The

first one was presented by Britt A%

and is mainly based on the fission probabili-
ty measurements performed at Los Alamos. Level densities at the first well and at
the two barriers were obtained under consideration of "rotational enhancement". A
microscopic calculation which accounts for the single particle spectrum at the
respective deformations and for pairing provides the density of intrinsic states
(band heads) to which the contribution of the rotational bands are added in adia-
batic approximation. The construction of the rotational bands accounts for the
symmetry properties of the nuclear shape as proposed by Bjgrnholm et al. 51).
a result of the different symmetries the level densities at the first and the
second barrier exceed, at moderate energies, that of the axially and reflection
symmetric first well by factors of about 7 and 2. Britt points out that these
symmetry dependent enhancements were essential for reproducing the energy dependence
of the fission probability between threshold and 10 Mev, A still open question is
the energy range these enhancements can be used in. With increasing energy shell
effects and therefore different symmetries should disappear. Also the adiabatic
approximation used for the derivation of the enhancement factors breaks down at
higher sg?rgy; the latter problem was investigated for preactinides by Ignatyuk

et al. f

As

73)

The second set of barrier parameters was developed by Lynn and is based on
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A

accurately known (n,f)-cross sections up to about 3 MeV and on fission probabili-
ty measurements. This complete set comprises in particular also transition state
densities in terms of constant termperature formulas for excitation energies up
to 5 MeV; the level density parameters empirically account for the deformation
dependent rotational enhancement. The estimated errors of the barrier h-ights are
+ 0.2 MeV for most nuclei and upt to + 0.5 MeV in some unfavourable cases. For
the most recent version of Lynn's parameter set see ref:s. 45’49).

Fig. 8 displays for some actinides a comparison of barrier heights deduced by
different authors. In addition to those of Britt and Lynn it shows results cbtained by
Weigmann 46) from the analysis of sub-barrier intermediate structure and by
Arthur 74) from fits to (n,2n) cross sections. The differences in the barrier
height are rather large, considering the fact that even a 0.2 MeV difference in
the barrier height changes the penetrability by a factor of akout 5 at energies
0.5 MeV below the top of the barrier and has still a marked effect on cross
sections at energles far above the barrier (see fig. 11). One reason for this un-
satisfactory situation may be that the three types of experiments involve diffe-

rent spin populations in the fissioning nucleus.
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Comparison of the heights of the inner and outer barrier deduced by different methods.
© fission probabilities and (n,f)-cross sectims, ref.’®) & tission probabilites, ref.’V
x sub-barrier intermediate structure, ref.,i6) + (n,f)~cross sections
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It is evident that due to the large number of parameters entering in the determi-
nation of the barrier heights the result is not unique. Due to the aforementioned
interdependency of barrier heights and transition state densities both gquantities
should be taken from the same parameter set. In this sense Lynn's results are
more convenient, as most nuclear reaction codes cannot handle the calculation of
microscopic level densities as required for the Los Alamos set.

Fission cross sections employing Lynn's set were reported by Fort et al. 73 and
Derrien et al. 76). In order to avoid the calculation of microscopic level den-
74)

sities Arthur
at both barriers the Gilbert-Cameron model
first well and applied semiempirical enhancement factors.

Model parameters are required also for neutron-and photon emission, the other two
importart decay modes in the actinide region. Neutron transmission coefficients
are relzted to the optical model described in section 3. For the dominant Et-
33.49) to use the Brink Axel model that relates the
gamma-ray transmission coefficients TyET to the parameters of the giant dipole

employed for the calculation of the transition state densities

m with the same parameters as in the

radiation it is recommended

resonance. Similar considerations as for the transition states apply to the den-
sity of levels at normal deformations which are populated by neutron and gamma
decay. Most routine calculations employ the phenomenological Gilbert—Camc:ron
model ) the parameters of which can be determined from low lying levels and

8) applieé *he semi-~empiri-

from resonance spacings. Recently V.A. Maslov et al.
cal level density model of Ignatyuk et al. 79) to extract level density para-
meters for actinide.; this model accounts for she.l effects, pairing and collec-
tive enhancements and thus provides a better basis for extrapolations as the
Gilbert-Cameron model.

Preequilibrium emission affects the cross section for first chance fission by de-
pletion and those for higher chance fission by the resulting hard component in
the neutron spectrum. A successful reproduction of fission-, (n,2n)- and (n,3n)-
cross sections under consideration of preequilibrium decay and incident energies

80)_ In this paper a simple

between 5 and 20 MeV was reported by Bychkov et al.
parametrigation of the fission probability is used instead of barrier paramters

and transition state densities.
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Camparisan of the calculated 237Ppm,f) croas section with experimental data,
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As an example for the problems encountered in the calculation of cross sections
for fission and other reactions some results for neutrons on 237Np are displayed
in figs. 9 and 10. The calculations were performed by Bak et al. &n by means of
the code STAPRE 65) and employed for fission the parameters of Lynn as starting
values; the Fermi-gas formula was used for the level densities of transition
states if the excitation energy exceeds the upper limit of the constant ‘empera-
ture formulas proposed by Lynn. The parameters were then adjusted so as to repro-
duce experimental fission cross sections from threshold up to 20 MeV. For enerdgies
above 6 MeV, when second and higher chance fission comes into play, the more

recent data of Behrens et al. 82) and of Carlson et al. 83) were prefered (see
fig. 9). The calculations also reproduce the experimental capture cross sections

available up to about 23 Mev.
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Fig. 10 (taken from ref.

Comparison of the calculate Np(n,2n) cross section (full curve) with experi-
mental data. The dashed curve represents the evaluation of Caner et al., rept.
IA-1346 (1977).

The calculated (n,2n) cross section, however, considerably exceeds the experimen-
tal data, This discrepancy may be related to uncertainties in the competition

between neutron and fission decay for 237Np. Reduction of the barrier heights E
and Eg for 237Np by 0.2 and 0.4 MeV, respectively, increases the fission cross
section and reduces the (n,2n) cross section as shown in fig. 11, With the re~

A
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duced barrier heights the experimental (n,2n) cross sections are better reproducen
but now the calcualted fission cross sections exceed the data of Behrens et al.Bz)
and Carlson et al. 83). Fig. shows that differences in the barrier heights between
0.2 and 0.4 MeV are not unusual.
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The full curves were calculated with the parameters described in ref. 81) | For
the dashed curve the barrier heights (E,,E.) of 237Np were changed from (5.99,
5.82) to (5.79, 5.42) MevV while all othér Barameters are unchanged.

It is difficult to make a ger eral statement on the predictive power of model cal-
culations. The accuracy depends on the experimental data available to adjust the
model parameters and must, in each individual case, be estimated by sensitivity

studies.

5. Prompt fission neutron spectra

In the past years Madland and Nix 84,85) developad a simple model to calculate
the prompt neutron fission spectrum as function of the fissioning nucleus and its
excitation energy. The calculation of the spectrum involves two steps.

At first the centre of mass neutron spectrum g(.,T) emitted from a fragment of
given excitation energy is calculated by Weisskopf's simple evaporation formulf“]
olc,T) = k(T) o (c) axp(-c/T) (5.1.)
where ¢ is the CM-neutron energy:; uc(c) represents the inverse cross section, T
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the nuclear temperature of the fission fragment residual nuclers and k(T) a nor-
malization constant. The temperature T depends on the excitation energy of the
fragment. Based on the work of Terrel 87) the excitation enerqy distribution of
the fragments is transformed into a distribution PF(T) of fission fragment residual
temperature of triangular shape:

ZT/Tm2 y T ST (5.2.)

(T} = o T> T™m .

The maximum temperature Tm is related to the inital average total excitation
energy of the fragments <E#*> by the Fermi-gas relation

1/2

™ = (<E®>/a) (5.3.)

where a is the level density parameter which is approximately calculated in terms
of the mass number A of the fissioning nucleus

& = A/11 (MeV). (5.4.)

The initial average total excitation energy <E#> of the fission fragments is
given by

<E%> = <Ep> + Bp + Ep - <Eft°t> (5.5.)

Here, <E;> is the average total energy release, En and 3, are kinetic and separa-
tion energy of the nentron inducing fission and <Eft°t> is the average total ki-
netic energy of the fission fragments, which can be taken from experiment. The
average total energy release is calculated by averaging the individual mass diffe-
rences over the fission fragment charge and mass distributicns; experimental or
systematic masses are used in this procedure.

Th2 centre of mass neutron spectrum for each fragment is obtained by integrating
the spectrum for a given temperature over the triangular temperature distribution

given by eq. (5.2.)

$(e) = Jdt P(T)gle,T). (5.6.)
o

The same distribution P(T) is assumed for all fragments.
In the second step the CM-spectrum given by eq. (5.6.) is transformed to the ia-
boretory system .nder the assumption that the neutrons are emitted isotropically

(F + 15))2
N(E/Eg) = ype— fac o le)dh . (5.7.)
fooE- mp?

Here, E is the laboratory system neutron enerygy and Ef is the fragments kinetic
energy per nucleon. The mass and the kinetic energy distributions of the fragments
are replaced by their averages: the light fragment with mass AL and the heavy
fragment with mass AH; the respective kinetic energies per nucleon are EfL and
Efﬂ. The total neutron spectrum in the laboratory system N(E) is calculated as
average of the spectra N(E,EfL) and N(E,Efﬂ) of +*he light and the heavy fragment:

NE) = gINEED + NEEMT,

<p tot, tot
gL Bf «E >

= H _ £ 5.8.
¢ ot el (5-8.)
fhe calculations of Madland and Nix rather well reprodv-e experimental prowpt
neutron spectra for energies of the emitted neutron 1p to about 15 MeV. An example
is shown in fig, 12,
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Prompt fission neutron spectrum in the laboratory system for the fission of 2350
induced by 0.53 MeV neutrons. For the dashed curve the inverse cross section
o _(e) in eq. (5.1.) is energy independent while for the full curve o_(e¢) 1is de-
diiced from the optical model using the potential of Becchetti and Gréenless
(Phys. Rev. 182 {1969) 1190). The experimental data are those of Johannson et al.
(Nucl.Sci.Eng. 62 (1977) 695).
Calculations of this type, however, do not explain the high intensity of neutrons
with energy beyond 20 MeV which was observed in prompt fission neutron spectra by
the Dresden group 88).
The results for the prompt fission neutron spectrum can be used alsoc for the cal-
culation of the average neutron multiplicities; the additional information re-
quired is the average total gamma-ray energy and the average neutron separation
energy. Experimental average multiplicities are reproduced within a few percent-
The just described prccedure can be extended to account for neutrona from (n,n'f)
and (n,2nf) processes 8‘).
Due to its success in reproducing experimental data and its simplicity the model
proposed by Mad’ 14 and Nix is extremely valuable for nuclear reactor related

applications.

References

1. A.M, Lane and R.G. Thomas, Revs.Mod.Phys. 3O (1958) 257

2. P.A. Moldauer, Proc.Trieste Course on Nuclear Theory for Applications (1978),
IAEA-SMR-43, p.165

3. C. Mahaux and H, Weidenmilller, Ann.Rev.Nucl.Part.Sc. 29 (1979) 1

4. T.A. Brody et al., Revs.Mod.Phys. 53 (1981) 1385

S. H.A. Weidenmilller, Proc.Conf,Nuclear Data for Science and Technology, Antwerp
1982, to be {issued

6. G.R, Satchler, Phys.Lett. 7 (1963) 55

7. C.A. Engelbrecht and H.A. Weidenmiiller, Pays.Rev. C8 (1973) 859

8. H.M. Hofmann et al., Ann.Phys. N.Y. 90 (1975} 403



9.

10.
1.
12.
13.
14.
15.
16.
17.

1d.
19.
20.
21.
22.

23.
24,
25.
26.

27.

28.

29.
30.

31.
32,
33.

34.

35.
36.

37.
38.
39.

40.
41.
42,
43,
44,

45.

- 177 =

P.A. Moldauer, Phys.Rev. C12 (1975) 744

P.A. Moldauer, Phys.Rev. C11 (1975) 426

P.A. Moldauer, Nucl.Phys. A344 (1980) 185

W. Hauser and H. Feshbach, Phys.Rev. 87 (1952) 366

A.M. Lane and J.E. Lynn, Proc.Phys.Scc., London LXX8-A (1975) 557

J.W. Tepel et al., Phys.Lett. B43 (1974) 1

H.M. Hofmann et al., Z.Phys. A297 (1980) 153

D. Agassi et al., Phys.Lett. C22 (1975) 145

V.E. Bunakov, Proc.Trieste Course on Nuclear Theory for Applications (1978),
IAEA-SMR-43, p.255

H. Feshbach et al., Ann.Phys. (¥.¥.) 125 (1980) 425

W.A. Friedmann et al., Thys.Reports (Rev. Section of Phys.Lett.) 77 (1981) 47
T. Tamura et al., preprint (1982)

M. Blann, Ann,Rev.Nucl.Sci. 25 (1975) 123

D. Seeliger, Proc.Trieste Course on Nuclear Theory for Applications (1978),
IAEA-SMR-43, p.283

T. Tamura, Rept. ORNL-4152 (1967) and Revs.Mod.Phys. 37 (1965) 679

J.P. Jeukenne et al., Phys.Rev. C15 (1977} 10 and Ci16 (1977) 80

J.P, Delaroche et al., IAEA-190 (1976) Vol. I, p.251

J. Lachkar, Proc. of the Int. Conf. on Neutron Physics and Nuclear Data for
Reactors and other Applied Purposes, Harwell 1978, p. 136

G, Houat, Proc. of the Second Int. Symr. on Neutron Induced Reactions,
Smolenice 1979, VEDA, Bratislava 1980, .333

Ch. Lagrange, Proc. Specialists Meeting on Past Neutron Scattering on
Actinide Nuclei, Paris 1981, (NEANDC-158U) p.96

U. Fasoli et al., Nucl.Phys. Ai51 (1970) 369

5.B. Garg et al., Proc. of the Int. Conf. on Nuclear Cross Sections for Tech-
nology, Knoxville 1979, p.711

P.T. Guenther et al., Nucl.Sci.Eng, 65 (1978) 174

Ch. lLagrange, Act.Phys.Slov. 26 (1976) 32

V.A., Konshin, Proc.Trieste Course on Nucl, Theory for Applications (1980),
JAEA-SMR-68/1, p.139

D.G., Madland and P.G. Young, Proc. of the Int. Conf. on Neutron Physics and
Nuclear Data for Reactors and other Applied Purposes, Harwell 1978, p.349
A.M. Lane, Phys.Rev.Lett., 8 (1962) 171 and Nucl.Phys. 35 (1962) 676

L.F, Hansen, Proc. Specialists Meeting on Past Neutron Scattering on Actinide
Nuclei, Paris 1981, (NEANDC-158U), p.116

Ch. Lagrange et al., to be published in Nucl.Sci.Eng. 1982

J.8. Blair, Phys.Rev, 115 (1959) 928

P.G. Young, Proc. Conf. Nuclear Data for Science and Technology Antwerp 1982,
to be issued

J. Raynal, "Computing as a Language of Physics", IAEA-SMR-9/8 (1972)

G. Haouat et al., Nucl.Sci.Eng. 81 (1982) 49

D.W.S. Chan et al., Phys.Rev. €26 (1982) 841

D.W.S. Chan and E. Sheldon, Phys.Rev. C26 (1932) 861

E. Sheldor, Proc. Conf. Nuclear Data for Science and Technology, Antwerp 1982,
to be issued

§. Bjfrnholm and J.E. Lynn, Revs.Mod.Phys. $2 (1980) 725



6.

47.

48.
49.

50,
51,

52.

53. .7

54

55.

56.

58.

59.

0,

-t
.

6d.

63.

64.
65.

68!
£9.

70.
71.

72,

73.

74.

75.

76.

- 178 =

H. Weigmann, Proc.Trieste Course on Nucl.Theory .or Applications (13560},
IAEA--SMR-68/1, p.91

A. Bohr, Proc.Int.Conf. Peaceful Uses Atc-..Energy, Geneva 1955, United
Nations, New York, Vol. 2, p.220

D.L. Hill and J.A. Wheeler, Phys.Rev. .9 (1953) 1102

J.E. Lynn in Nuclear vission and Neutron-Induced Fission Cross-Sections,

A. Michaudon Edit~-r, Pergamna Press, Oxford {1981} p.157

A. Bot. and B R. #.ttels~n, Nuclear Strv._ture, Benijarin, New York(1975) Vol.2
5. Bip..olm et .t., Proc.Physics and Cnemistry of Fission 1973, IAER, Vienna,
Vo.. 1 - 367

R. Vand. "“hesch ard J.R. ¥ f72nr4a, D iclear Fissicn, Academic Press, New Yurk
ard London (1973}

°. Tary, Proec. of the LanOC Tooic Jiscussion or "Critique of Nuclear Models
ara their validity in _ac ¢~l ati_» of Nuclear Zata”™,Tokyo 1974, Rept.

NEANDC (J} 387 ~TNDC(JAP}2EL, .76

L.R. Vzeser anu E.D. Arthus, "roue. of the Int. Conf. o1 Neutron Physics and
Nuclea:r Nata for Reactors and other Applied Purposes, Ha-well 1978, p.1054

A. Michausgnn Advances in Nuclear Physics & (1973), Plenum Press, p.l

2. Michaudon in Nuclesr Fission and Neutren Induced Fission Cross-Sections,

A. Michaucdenh Editor, 2Zevgamon Press, Oxford (198i) p.5

E. Migr=ro and J. Thecbald, Nucl,Phys. A112 (1968) 603

A. Michaudor, Neutron Cross Section: 4.1} Technology, NBS Special rublication
219 (194™) Vol. I, p.427

H.r. Specht et al., Pro~. Phys:ics and Chemistry of Fission 1969, IAEA, Vienna,
p 3.3

G.p. Tomes et ai., Nucl.?hys. :lig {(1n072) 22°

B. 3¢k et al., Phys vev. 92 (1974) 1524

C.i. Dunford, Rept.AI-AEC-12931 {i1970) and E.D. Arthur, Rept. LA-9262-PR
(1552) p.%

F.M., Mann, Rept. HEDL-TME '8-83 (1278}

J. Jary, Rept. NEANDC(E)22%"L", INDC{FR)54/L (1982) p.28

B. Strohmaier and M. Uhl, Prac.irieste Course on Nuclear Theory for Appli-
catliors (1’ .9}, IARA-SM-13, p.313

E.J. .ynn énd B.B. back, J.Phys. A7 (1974) 395

H. Wefmann, Proc.Int,Conf. on Nuclear Data Evaluation Methods and Procedures,
Brackhaven (1080} Vol, IX, p.777

V.M. Struti-~sky, Ark.Fyos. 36 (1967) 629 and Nucl.Phys. A5 (1967) 420

S.E. larson ard G. Leander, Proc.Physics and Chemistry of Fission 1773, IAEA,
vienna, Vvel., I, p.177

P. MBller and S.G. Nilsson, ibid, p. 103

H.C. Britt, Proc.Physics and Chemistry of Fission 1979, IAEA, Vienna, Vol.I,
p.3

A.V. Ignatyuk et al., Sov.J.N.Phys. 2 (1979) 626

J.E. Lynn, rept. AERE-R7468 (1974)

E.D. Arthur, Proc. Specialists Meeting on Fast Neutron Scattering on Actinide
Nuclei, Paris 1981, (NEANDZ-1581) p.i45

E. Foxt et al., Proc. of the Int.Conf. on Nuclear Cross Sections for Technolo-
gy, Knoxville 1979, p.862

H. Derrien and E.Fort et al., ibid, p.872



17.
78,

19.
80.
81.
82,
83.

84,
85.

B6.

88,

89,

- 179 -~

A. Gilbert and A.G.W. Cameron, Ca1.J.Phvs. 43 (1965) 1446

V.A. Maslov et al., Proc. IAEA Consultants Meeting on Uranium and Plutonium
kesonance Parameters, Vienna 1981, INDCINDS)-129/GJ p.329

A.V. Ignatyuk et 2l., Sov.J.N.Phys. gg (1975} 450

V.M. Bychkov urd V.r. Plyaskin, Sov.J.N.Phys. 34 (1981) 380

H,I. Bakx et al., J. of the Korean Nucl.-Soc. 13 (1981) 207

J.W., Eehrens et al., Rept., UCID-17370 (1977)

A.D, Carlsor and B.H. Patrik, Froc.of the Int.Conf. on Nuclear Crors Sections
for Technolcgv, Knoxville 1979, p.971

D.G. Madland and J.R. Nix, Nucl.Sci.Enj. §l (1982) 213

D.G. Madland and J.R. Nix, Froc.Conf. Nuclear Data for Science und Technology,
Antwerp 19582, to be issued

V.F. Weisskopf, Phys.Rev. 52 (1927) 2r5

J. Terrel, Phys.Rev. 113 (1955) 527

H. Maerten and D. Seeliger, Proc. Int. Symp. on Speci .1 Topics of the Inter-
action of Fast Neutrons and Heavy Iors with Atomic Nuclei, Gaufig 1980, .98
Cr. Lagrange and J. Jary, Rept. NEANDC E}19bH"L"



- 18 =~

NUCLEAR DATA EVALUATION $OR FISSILE NUCLEI
- Am and Ca Isotopes -

B. Goel and F.H. Frohner

Kernfi.rschungszentrum Karlsruhe, Institut fiir Neutronenphysik und Reaktortechnik,

P.C.Box 3640, D-750C Kerlsruhe, Federal Republic of Germany

Recent'y at KfK the neutron nuclesr data were evaiuvated for tha isotopes of Am and ??*Cm
for the wuse in thermsl and fast reactor calculations. These nuclei are produced in -eactors
in quantities sufficient Lo influence 3he core nautronics and they contribute substantially
to the radiation hazard of the spent reactor fuel. Their fission and capture cross sections
tre needed with an accuracy of 10 - 30 % for the core design and for the production of
hazardous isotopes and with 20-50 % accurccy for more general studies of transplutonium
nucleus production {n the context of fuel recycling or nuclear incineration. The energy range
for which these aara are required stretches from 1 meV to 10 MeV. Most stringent accuracy
requirements are for the thermal cross section and for tne keV neutron energy range. At the
1975 IAEA conference o1 the acrtinide isotopes it was stutedl) that theoretical

calculations can predict the crcis se.:lons to an sccuracy of 25 - 30% . In the light of this

ur e Pr eeepe e

AAM

encouraging statement it is disturbing to see

that different nuclear data libraries show

large discrepancies even for the total cross

section (Fig. 1). The uncertainty in the

total cross section should be of the order of

. a few per "cent, its calculation being

straight forward, and its dependence on mass

i
F 4 is smell. Thus a new evaluation based on well
2 [ { established theoretical tools and the
' ) HETRORN OERGY (mev) : available experimental data was required. The
° :1 R LhtArrry co :JJJﬁt_—_'zw"J availablr experimental information on these

241 isotopes is marked by wide ranges of
rig.1: An total cross section in different nuclear data

Libraries (status 1979} missing data. In regions where experimental
data are available they are often duped with strong discrepancies, a4s is the case for fission
or the thermal capture cross section for ?*'Am. In addition to the prediction of unknown

data theoretical methods can help discarding the wrong experimental data.

Theoretical Tools

At thermal energies and in the resolved resonance region the multi level Breit-Wigner
resonance representation is wused. Unknown level spins and fission channel interference
precludes a more rigorous resonance description. The unknown distant levels are described in
level statistical approximation and one bound level is determined per nucleus so as to ensure

the correct thermal cross sections (see Ref.2) Fo- each nucleus a complete set of point cross

sections 1is generated coherently (1. e. for all reaction types from the same parameters) for
zero temperature with the multi level program STRUMA,
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Above the resonance region & spherical optical model with the Hauser-Feshbach partitioning in
different channels including width fluctuation corrections is used. It {s a recognised fact
that global optical model potential parameters describe the cross sections only
approximately. For a precise calculation of cross sections the potential parameters are to be
determined 1locelly for the mass region of interest. This is particularly important for the
actinide region as here we have to deal with strongly deformed nuclei. It has been
showna’h's) that for deformed nuclei also the spherical optical model can lead to equally
good fits to the experimental total cross section as the coupled channel calculations
provided the parameters are adjusted to the mass .egion of investigation. Since at the onset
of this evaluation no total cross section wmeasurement for tle Ar or Cm isotopes was
available, the optical model parameters were determineds) for the neighbouring nucleus
218 Total, elastic and inelastic cross sections were carefully analysed tc fix the
parameters of the real Woods-Saxon and imaginary Woods-Saxon derivative potential (for detail

see Ref. 5). The result of this search is:

V=147.01 MeV - 0.267 E - 0.00118 Hev™ ! E?
R =1.21 tm a3, a =0.66 fm,

r r

W=19.0MeV - 0.53 E

R, = 1.30 fm al73 , a = 0.48 fu .

Capture transmission coefficients were calculated with giant dipole resonance profiles
according to> the prescription given in Ref. 6. To calculate fission transmission coefficients
a double-hrw fission barrier, approximated by two inverted parabolas, is used. The
penetrability of each barrier is calculated by the Hill-Wheeler formu1n7). In cases
considered here, the height of the two barriers is sufficiently different (Table I) to allow
the use of the complete damping model, i.e. the reciproce of the total fission probability
can be obtained by the additior of the reciproce of the two fission probabilities.

Table 1 - Rer ~mmended Fission Barrier Parameters

Target First Barrier Second Barrier
Nucleusy Bb Tiw Eb e

1 ism 6.4 0.65 4.8 0.48
1y 5.9 0.75 4.8 0.55
180, 6.2 0.58 4.8 0.55
1 0Ca 5.9 0.6 5.0 0.52

The level density is calculated using the usual Gilbert and Cameron fornulas). The energy
dependence of the level density parameter a is calculated by using the prescription of

Ignatyuk st 31.9)

. Width fluctuation corrections were calculated in the approximation of
Tepel et al.lo). The computer code used in this region is a modified version of the code
HAUSER*4 (ses Refs. 5,11 and 12). Toward the resolved resonance region, where more
experimental data are available, these calculations are replaced by more specific ones with
the newly developped program FITACS. This code adjusts level statistical parameters for
i1=1,2,3,4 by 8 simultaneous fit tc all angle integrated average cross sectiun data (total,

capture, fission, scattering) available for a given nucleus up tou 100-200 keV, ensuring
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10 compatibility with strength functions, level
b e — HAUSER densities average radiation and fission
* * FITACS ?

1.0 % B widths derived from resolved resonance
I parameters (see Ref. 13). Inelastic
0.1 scattering is fully taken into account. Width
fluctuation corrections are calculated

.01 according to Holdaueru’). The necessary
s-wave strength functions and level spacings,
0.001 corrected for missing levels, are obtained
HeV JE—— 4 from resolved resonances ' as maximum
0.001 0.01 0.1 i 10 likelihood estimates with the code

Fig.2: Calculated capture cross sections for graral>.
ZchmMlm

In the region of overlap of the two methods i.e., from a few keV to about 200 keV good

agreement is observed between the results of the two methods (Fig. 2).

In the followings we describe the evaluation in different energy regionms.

»
—_— Py 228
) -—= Py 240 '
Thermal Cross Sections [ ' ——::; I"
) i\
wl s — "3 /I \ l‘.

For the thermal capture <cross section
information is available mostly as the spectrum
averaged cross section measured in a thermal
reactor using the cadmium cutoff technique (see

Ref. 16). The interpretation of these

measurements is complicated due to the presence

of two strong resonances near or below the '.“ M YR YEURE ' 1 5A ' U 5

Cd-cutoff energy (Fig. 3). The information on Fig. 3 Capture <ross sections for some
the cutoff energy is not always well documented. fissionable nuclei.
Fig. 4 shows the change in the thermal cross section of **'Am due to the change in the

Cd-cutoff energy. The thermal cross section is evaluated via a careful analysis of the

17-19)

effective thermal cross section and differential data putting the constraint set by

the accurate total cross section measurements by s. +
Adamchuk et a1.%%) and by Kalebin et a1.21). - s
The effect of low energy resonances on the thermal Nl
Ccross section is less dominant for the other o
isotopes  studied herezz) The recommended 750-
TRGLE T 700,
Recommendet thermal cross sections: -
Target o g, o1 Oy
Nucleus () b} (b) (b) >
wAm 6265¢16 61019 315:016 12¢3
Am 8250+900 1400+860 68401180 1045 0.
wAm  86¢5 793120 0 67445 .
wCm 23+ 1442).] 1.03:0187572320 :
A
Fig. 4 Effect of Cd-cutoff energy on the ®on To%w "ok T ow ok T on B
thermal cross section of 2%%Aa. PO DERGY
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thermal cross sections are listed in Table II. The details of the evaluation procedure and

the underlieing data base is give in Refs. 13 and 16.

Resolved Resonance Region

The resonance parameters of 2“'Am were taken as weighted averages over all available data.
These data were renormalised or discarded whereever deemed necessary. For ?*'Am good

17 and the transmission

agreement between the absorption measurement of Weston and Todd
measurement of Derrien and Lucasla) is reported. However, the thermal cross section used by

Weston and Todd to normalise their data is about 4.5% lower than our recommended value.
Therefore, we have renormalised their data to our recommended thermal cross sections which
meant essentially an increase of neutron widths by about & % . First it was feared that this
would destroy the good agreement between the two weasur:aents. Although for many of the weagk
levels this happens to some extent, the agreement for the strong levels is mostly improved. A
mean value of PI = 45 * 2 meV is determined from the low lieing resonances with the most

accurate widths, and this average is used to recalculate the fission widths of Gayther and

23)

Thomas who had used a radiation width of 40 meV. Again agreement with Ref. 18 is

improved. Missing fission widths were generated by Monte Carlo sampling from the

x?-distribution.

m . , . 24 .
For 2*?"Am parameters are only available for the first six resonances ). Since no

radiation widths had been measured we adopt Moore's level statistical estimate, 49 meV (Ref.

25). For **?Am the "barn book" values?® (based essentially on the results of Simpson

1.27))

et a are used except for 4 redetermination of the bound level. Evaluation of

2*4Cn resonance parametersza-32) required reassessment of the radiation wi :Ls. The
weighted average of the first two resonances gives a value of f! =36.2 1.1 meV. All
parameter sets are then reevaluated with this value in such a way that transmission dip areas

remained unchanged while the change of capture and fission peak areas is minimal. Unphysical

)

fluctuations of F‘ as reported by Simpscn et 51.32 are thus removed.

Unresolved Resonance and Fast Neutron Region

10 g 4 b e e e e e G e e

r 4
To obtain level statistical parameters ] ?E

for *'Am a FITACS fit to all ‘

available capture datal7’31’33) and 1

4+ » BEHRENS 1976

to the parameters from the resolved 1. « WI1G5HAR 1980

s

,’ L KNITTER 1978

E L OZRAGE 1981
resonances 1is made. Fission barrier 1
1 KEDAR

parameters are dadjusted so as to be HAUSE Ry

compatible with the average fission

width in the resolved resonance region 0.7 3
and to fit the best fission 1.
34-37) Tt .
data in the fission threshold e
T A ENERGIE Ev.
region up to 200 keV. At higher energies o1 Ly R NPT ‘
the results from HAUSER*4 calculations 1.0E0u 1.06+05 ' 0€+06 10607

E L DY
are adopted, with neutron tr.-smission Fig. 5 fission cross section for Am

coefficients from the optical model described earlier. Both codes give similar results in the
overlap region g0 that matching is unproblematic. Fig. 5 shows the calculated fission cross

section together with the most recent data. In Fig. 5 the results of HAUSER*4 calculations in
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the lower energy region are also shown. The agreement between the results of the two

calculational methods is good and well below the experimental spread.

) 35-37) and

This evaluation supports the results of Shpak“ and more recent data
agrees well with the evaluation of Fort et 31'36) but is totally incowpatible with older

bomb shot results”)

L 2 in the low energy region.
b o Amen e ;
5 o —_— When the transmission results of Philipps and
: 1 - ;-,EDAK Howel'o) became available they agreed well
L i 1
o tlips+Howe 1979 with the HAUSER*4 results. It is pointed out that
~ these data were not availahle at the time
10: evaluation procedure and the parameters were
r fixed. Thus the good agreement shown in Fig. 6
- strengthens the r-~nfidence in the optical
5 o potential used.
B —et Due to the lack of experimental data for **’Am in
0 ||.|ul L 1 1111111 i i 111“_1.] th . £ lved 1t £
0.03 01 03 1 3 Mev 10 e region of unresolved resonances results o
HAUSER*4 calculations are adopted above | keV.
Fig. 6 calculated and experimental The fission barrier parameters were chosen so as
241
total cross section for An to reproduce Behrens' fission data‘z). Fig. 7
shows the capture cross sections thus obtained together with the ENDF/B-V evaluation and new

45)

data of Wisshak and Kidppeler These experimental data became available after the

evaluation was completed and reflect on the predictive value of the evaluation procedure.

s 2‘:‘Am(ﬂ.x)

bt —— KEDAK 1981
The s-wave strength function for 2**Cn is a ——ENDF/B-V
compromise between a statistical analysis of 3 o “s?:ok-'l'@wdermz
resolved resonances and the value obtained from B o 7 ,,m 'ghtm
the optical model for actinides. The radiation 2:\\
width is that from the resolved resonances. F°y S~
Fission parameters were adjusted to fit the data
of Moore and Keyworth®®. Tme FITACS "1 ~~1
calculation was adopted up to 140 keV, HAUSER%*& i - 5/2'+#,‘2,\r-'
results above. Agreement between both in the " I—.EIJ {1 1?1'2" 92
overlap region is good. 0 2 30 050 70 100 kev

Fig. 7 Capture cross section for 2*’An

Discussion of Results and Conclusions

The evaluation proceedure and data for the KEDAK-4 library have been confirmed by the
differential wmeasurements which %“~came available either during the evaluation or after the
evaluation was completed. The KEDAK evalustion for these actinides is based to a large extent
on consequent utilisation of nuclear theory. All cross secti;ns are coherently calculated
from suitably parameterised reaction formalisms. The various tests and experience with newly
published data seem to indicate that with our optical potentinllfor actinides total cross
sections can be predicted with about 2-5 % uncertainty and capture cross sections below a few
hundred keV with perhaps 5-20 %, at least ‘n cases where good resonance data define the
radiation width and the level density reasonably well. In cases where the data base is poor,
as for '*2Am, the latter margin wmay be sowewhat larger, but still the giant dipole
resonance mode]l seems to yield very reasonable radiation strengths.
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The validity of the evaluated data for thermal reactors has been verified and discussed in
detail in Re”. 22. The measured resonance integrals are conaistent with those calculated with
the KEDAK-4 data except for ?***mAm. For this isotope the experimental information both
differential and integral is yet scarce. The isotope production and burn-up code KORIGEN“’
which operates with KEDAK-4 data predicts the isotope production in thermal reactor

fuel with good accutucyzz’kk)

For fast reactors also we have checked the evaluated data on experiment made in fast

45)

assemblies . These data again became available to us after the evaluation had been

completed. The agreement between the calcultion and experiment is good to excellent.
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INDL - The IAEA Evaluated Nuclear Data Library

H.D. Lemmel and D.E. Cullen
TAEA l'"iclear Data Section
A-1400 Vienna, Austria
P.0. Box 100

When we speak of evaluated nuclear data we mean

- hest available nuclear data resulting from a critical analysis of all avaiflahle
experimental data and from best availahle nuclear theory,

- presented in a form suitable for the data user, specifically for computer
calculations in reactor physics, shielding, dosimetry, radlioisctope production, etc.

Ideally, there should he a single nuclear data library with internatiorally recommended best
values for all practical purposes. For various reasons, this ideal goal cannot be reached, and
although we are still far away from it we are working in the direction towards this goal.

Historically, different evaluated nuclear data libraries have heen created independently from
each »>ther for national projects of reactor design, wherehy contents and format of these
libraries were determined. Specifically, these were

- ENDF/B, the national nuclear data library of the USA, operated at the Brookhaven
National Laboratory under the guidance of a Cross-Section Evaluation Working Group
(CSEWG);

~ ENDL at the Lawrence Livermore National Lahoratory, USA;

- UKNDL at Winfrith and Harwell, UK, partly in cooperati.n with Australia and Ttaly;

- KEDAK at the Kernforschungszentrum Karlsruhe, FRG, partly in cooperation with Israel;
-~ JENDL at JAERI, Japan;

~ SOKRATOR {n the USSR, in cooperation with the GDR and other socialist countries;

~ and, more recently, ChENDL at the Nuclear Data Center in Peking, People's Republic of
China.

In addition, rhere exists a large variecy of nuclear data libhraries for varfious specialized
applications.

Most of the national data lihraries had different formats which could not easily be converted
into each other. Consequently, there was a lot of duplication of efforts despire of the fact
that none of the gsupporting countries had sufficient manpower to keep {1ts data Ilfbrarv
up-to-date. The situation started to improve only a few years ago by two developments forming
the basis for an improved International cooperation.

1. The 3go-called "7 Standards File” of the US ENDF/B 1library gained 1{nternational
recognition. This file contains neutron reaction data for the nuclides 1-H-1, 2-He-13,
3-L1-6, 5-B-10, 6-C-12, 79-Au-197, 92-U-235. The cross sectlions of these nuclides are
frequently used as reference standards for other data, and {t was an ecssentfal progress
when evaluators in different countries ugsed the same standard reference values for their
evaluations. Tne standard daca are recurrently reviewed hv suhcommittees of the
International Nuclear Data Committee INDC and of NEANDC, t.uc nuclear Data Committee of
the OECD Nuclear Energy Agency (NEA). Tn addft{on to the ENDF/B-formatted computer
file, the "1982 INDC/NEANDC Nuclear Standards File” 1s being published by the TAFA {n
the farm of a handbhook.

2- The Japanese and guhsequently algo the West and East Europeans decided to adnpt the
American FENDF/B format, which can now be regarded as the internatfonal format for
evaluated neutron nuclear data. (For experimental nuclear data the international
exchange format EXFOR e¢xists already since 1969.) At the DECD Nuclear Energy Agency the
West European and Japanese evaluation efforts are now coordinated and a Joint Evaluated
File, JEF, 18 heing created.

The TAEA Fvaluated Nuclear Data Library INDL was started in 1980 {n ENDF/B farmat. At
present, INDL contains approximately 200 evaluations for 150 nuclides contributed from 17
institutes in 11 countries. However, so far only ahout W aof the evaluatinns are 'complete
evalutiens’ covering all reactions {n the full energy range from O up to 15 or 20 MeV.
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INDL meets several purposes:

1. It collects evaluations that are not part of one c¢f the large recognized 1ibraries.
These evalutions would be ignored, if they were not made available through INDL.

2. Considerable effort was devoted to convert evalnations from special formats into the
international ENDF/B format. This relates to the libraries SOKRATOR, BOSPOR and a
collection of evaluations compiled earlier in EXFOR format.

3. In the field of actinides neutron cross-sections the IAFA organized an {nternrational
coordinated -esearch programme with the result of a comprehensive actinides data library
that can be used for fuel burnup calculations. This ENDF/B formatted file will also
include actinide decay data based on recommended values resulting from another
international coordinated research programme.

All the evaluations mentioned so far do not have the status of internationally recommended
data. The library represents merely a collection of existing evaluations. In the case of
actinides, however, we have started a project of testing and validation of the neutron
cross—-sec’ ion data in order to ohtain an improved and well tested cata file.

4. The first part of INDL which {s likely to be recognized as an internationally
recommended fi‘e ig the International Reactor Dosimetry File 'IRDF'. This consists of
recommended data for 38 neutron reactions used for reactor neutron dosimetry by multiple
foil activation. The first version has been issuved in January 1982. An improved
vergion will be issued in 1983 on the basis of feedback received from data users.

To obtain a single data file to he recommended for international use, 1s not a trivial
problem. The work of ar evaluator involves some elements of personal judgment ahout the
reliability of nuclear models and experimental data. It may therefore be quite desirahle to have
two competing evaluations for the same nuclide, where the differences may give some feeling for
the data uncertainty. In the specific fields of nuclear data standards, reactor neutron
dosimetry and other ampplications, a single international file 1g essential in order to be able to
compare results from different institutes.

As the evaluation efforts of the OECD countries are now coordinated fn the projects of the
libraries ENDF/B and JEF, the TAEA Nuclear Data Section is concentrating on collecting in INDL
evaluations from all non—OECD countries. However, within the present priority items of dosimetry
data and actinides, contributions from OECD countries are {included as well. Many data Included
in INDL are, at the same time, part of national libraries such as JENDL or SOKRATOR. This should
not be regarded as a duplication of effort: Data included in national lihrarfes are distrinuted
through the TAEA without any change to the data; INDL, on the other hand, fa our working file in
which we aim at improving the data by checking and by updating with new experimental data, iIn
close contact with the author of the original evaluation. In this case a clear documentation 1is
indispensable for the original evaluation and for the suhsequent {improvements performed. Data
users are therefore advised to 1identify the evaluations used not only by 1library name and
accession-number (called “"MAT” number in ENDF/E) bhut in particular also by the revision number,
which shcws up at the beginning of each data file.

ENDF/B as an international format has advantages but also some disadvantages. The advantages
are obvious: The common format allows easy international exchange of evaluations, so that iore
data and more uptodate data will become available. The common format slso allows the development
of a rich fund of computer processing codes, which can be adapted to a variety of different
computers.

The main disadvantage is t'at a common format necessarily represents a compromige which will
not fully satisfy everybody's requirements. For several evaluations that we entered in INDL, we
observed that the evaluator had produced data types or reaction parameters that are not defined
in the ENDF/B-5 format. In this cake we must enter in the file the hest approximation and wust
store additional information elsewhere, and here we have two options: Either we can store
additional information in a special section of the file, 8o that it 18 not lost hut does not
disturb the ENDF/B processing codes. Or we can atore the author's original evaluation in the
more flexible EXFOR format, in parallel to the best suitable approximation in ENDF/B format.

There are other i{mportant evaluations, for example reaction data of neutrons ahove 20 MeV on
carbon, for which the ENDF/B format is not suitable. Such evaluations we continue to store in
EXFOR format only, the so-called "EXFOR-V” subseries.

Firat steps have been undertaken to coordinate the international discussion on the further
development of the ENDF/B format and the related computer codes. Proposals are collected and
submitted to the US group responsible for the definitions to he adopted for ENDF/B-6. It is
obvious, however, that the considerable number of existing computer codes requires a iong-term
stability of the ENDF/B format.
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The ENDF/B computer codes availatle cover a wide spectrum of data checking, various format
conversions, group dats calculations, etc- A wmodern evaluation of the neutron reaction data for
a given nucleus can be quite complex and voluminous and correspondingly, the ENDF/B formats and
conventions are complex. Checking of the evaluated data requires a set of computer codes whieh
are available at the IAEA Nuclear Data Section. No evaluator can bhe expected to have all of
these codes in operation, and we rccommend a close cooperation between evaluator and dJata center
which will assist the evaluator in the computerized checking of nis evalua“ions.

The checing codes which we apply to INDL data, have two important puarposes,

1. to validate the accuracy of the data as presented in the ENDF/B format and finsure
that all ENDF/B conventions are corlormed to,

2. to validate the physical accuracy of the data by comparison to models and
experimental data.

The codes presently availahle are used in the following sequence:

(1) CHECKER - ENDF/B format checking code. This code should be appiied first and all detected
errors should be eliminated before proceeding to use any of the other codes
1i{sted helow.

(2) FIZOON - ENDF/B physics checking code. This code includes a wide variety of checks to
insure that the evaluated data {s physically acceptahle. For example, it 1s
checked that the resonance parameters or Legendre coefficients given do not
imply negative values of the corresponding cross-sections. The consistency
hetween reaction threshold end Q~values is checked, etc-

(3) LINEAR - Reconstruct enérgy dependent, Doppler hroadened cro:-s sections from the sum of

(4) RECET resonance and hackground cross section contributions. LINEAR converts all ~ross
(5) STCMAL sections to linearly interpolable forwm, RECENT adds the resonance contrihution

and SIGMAl may he used to Doppler hroaden cross sections. The resulting cross
gections may be compared to experimental’y measured energy dependent cross

sections.

(6) GROUPIE - Calculate multigroup cross gections for any arbhitrary user-specified energy
group structure. The result may be compared to experimentally measured hroad
energy group data.

(7) BEVALFLOT - Plot cross sections, angular distributions and energy distrihutions. Visually

checking of data ia a» extremely helpful means of checking on the consistency of
data.

(8) (OMPARE? -~ Coapare two evaluation. b exsmining the ratio of physically comparable
reaczions and indicating where they differ. This program is a very convenient
weans of comparing different versions of the ssme evaluation (e.g. ENDF/B-IV vs.
V) or evaluations from different evaluated libraries (e.g. KEDAK va. ENDF/B).

All of these codes are used at the Nuclear Dats Section of the International Atomic Energy
Agency in order to valfdate the accuracy of evaluated datas, before it is distrfbuted for use.

These codes are also availahle to data evaluators or users from the NEA Data Bank. As a
minimum evaluators should use program "HECKER in order to insure that their avaluation as coded
in the ENDF/B formst confirms to ENDF/B formats and conventions. Failure to do so can result in
an evaluation being 1improperly interpreted by users. In addition to CHECKER, the physics
checking code FIZCON {s also highly recommended to evsluators. This code is now quite
sophisticated and is continually being improved to perform a multiple of physics validity tests.

The two codes CHECNER and FIZCON are small and very {nexpensive to run on a computer; as such
they are idesl to use by evaluators. In contrast, the other codes (particularly LINEAR, RECENT
and SIGMAl) can be quite expensive to run and as such are better suited to use at a centralized
data center, vhich provides evaluated checking services for users.

The codes LINEAR, RECENT, SIGMAL and GROUPIE are alao used hy Aata users in order to process
ENDF/B cross sections into a form that can he used in trane ort or diffusion calculations.
LINEAR, RECENT and SIGMAl can be used to prepare energy dependent ~ross sections for use {n Monte
Carlo calculations and GROUPIE can be used to prepare self-shielded multigroup constants.
COMPAREZ 1s a convenient code to use in order to determine how a new generation of a multigroup
1ibrary differs from the preceeding library; this allows the data user to estimate which of this
calculations may be effected by a change in data 1library.
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In the past it became evident that some of the ENDF/B data processing codes were not
sufficiently accurate and produced errors that exceeded the uncertainty of the data.
Consequently, the IAEA Nuclear Data Section maintains a project on the verification of nuclear
cross—section processing codes. (The NEA Data Bank maintains a more comprehensive project for
other computer codes.) Users of data processing codes are, therefore, advised to keep contact
with the data centers in order to verify whether thelr codes are uptodate.

In the near future, the work related to the IAEA evaluated nuclear data library will include:
- to rontinue the verification of data processing codes;

- to further improve services to data evaluators with respect to provision of
experimental data and checking of evaluations;

- to support additional data evaluators in non-OECD countries;

~ to continue the valfdatirn of data in the flelds of actinides and reactor neutron
dosimetry;

to contribute to the next version of INDC/NEANDC standards data file (specifically
the U-235 fast fission cross—section and the Cf-252 spontaneous fission neutron
spectrum);

- to try to coordinate evaluations fo:. the structural materials.
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OLUEHKA CEMERMA PAIMALMCHHOTC 3AXBATA EHCTPHX HEATPCHOB HEUETHHMM M30TCIAMM HECHH-
MA, CAMAPMA w EBPOIKA.

T.C.Beaanora, A.W.Baoxux, A.B.Mrhamox, B.H.Honowos, I'.H.Marrypos, E.J4.Opaos
QOMaKKO-3HepreTHueckul MHCTHTYT, OOHMHCk, CCCP

AHHOTauMA.

Ha ocHOBe @HANK3A DKCIEDPHMEHTAIbHHX NAHHHX [0 CEUECHWAM DAIUELHOHHOIO 38XBaTé W
CHCTEMATHKA HelTPOHHLX W PANMALMOHHHX CHJIOBHX Ml NOXYUEHH peKOMEHRyeMe
KDMBHE CEYEHH#t JNA M3OTONOB 143, 145 Ng, . 147’%9' Slgm 4 191, 103,100¢

B o6aacTu sHepruii HelitpoHor ao I MaB,

HeyéTHHe ¥a0TONH HeogMMa, CAV""UA, EBPOINHA OTHOCATCA K UMCJY HauGolee BAXHHX {1po-
IYKTOB JefleHHsA, OlpefeNAmnux OTPABICHWE BKTHWBEHOH 30HH peakTopa. [JIA BCEX STHX
M30TONOB CymecTBYyeT 3HAUMTE]IbHHI paslpoc B OLEHHAX CeueHWH daxBaTa HEATDOHOB, M
yCTpaHeHHe 3TOro pasfpoca OLEHOK ARIAETCA BecbMa AKTYaJIbHHM. JKCIepHMEHTaNbHAasA
uHpOpMALMA O CeueHMAX PANMALMOHHOIO 3axpaTa npefcrapileHa Ha puc.l. BoabwHHCTBO
W3MEPEHUH BHIONHEHH METOLOM, OCHO®AHHHM HA PETMCTPAUMM MTHOBEHHNX Y -Tyuelt aax-
BaTa C [PUMEHEHHEM TEXHWUKM BDEMEHM NpPOJETA WIM BpPEeMEeHH 3aMeilleHus A1 onpejene-
HUA OHEPIrHM HENTPOHOB. B MMEUKXCA 3KCNEePUMEHTANBHNX QAHHHX HAGIORADTCA HEKOTO-
pHe ofuMe 3aKOHOMEPHOCTH. B MHTepBane oHeprmit or IS xoB mo 80 KaB pgaHHWeE xak
NpaBUIo COTNacywTcA B fpefenax 3IKCIepUMEHTaNbHHX norpemHocTeil, He 15 kab ceue-
HUA, M3MepeHHHe Ha BJIEKTPOCTATHUECKHX YCKOPMTEJAX OOWUHO MOYT BHIE ADYI'WX [&HHHX.
Brme I0C keB HalmopaeTcs npeBHlIEHHE H4J, OCTAAIbHHMM L8HHHX, MOJYUEHHHX Ha JUHEH-
HHX YCKODITENfd: 3NEeKTPOHOB. YUTO KacaeTcs pe3yibTaToB, MONYUEHHHX Ha ClIEKTpOMETpe
10 BpeMEHM 3aMeLIeHWA HeATPOHOB B CBMHLE, TO OHM MpDAKTHUECKHM BCerga Jexar Huxe
JAHHEX LDYTr¥X paGoT. [IpMuMHH TAKCTO CBOEOGPA3HOIO MOBENEHAA NAHHHX, ITOBALMMOMY,
CBA3AHH C OCOORHHOCTAMM KCHOJNb3YO:MHX OKCIEepMMEHTANbHHX MeTOL#K. Boiee mertanbHoe
o6cy®IeHUMe BO3MOXHEX [IOCPELIHOCTEl COOTBETCTBYDIOMX METOLMK M JAHHHX COJEepRUTCA B
padore /1/, M 374 NOrPEWHOCTH M{MHAMAINCH BO BHUMAHWe MNpH [IpOBENEHHM peKOMeHuye-
MHX KDMBHX CeueHM} 3axpaTa. Wi W2NOAb3OBANM OCWLENPUHATYD NpOUENypy OUEHKH ceue-
Ml ‘2-4/, OCHOBAHHYD Ha COOTHOWEHUAN CTATUCTHUECKON TEOpHH AfEpHHX peskumit. (x-
HaKO, B OTAMuMe OT pa6or /2-4/, TpefyeMie sHAuyeHWA HeNTPOHHHX St ¥ pagMalMoH-
HHX Sf: cunoBhx QyHKUMA OIA DASJIMUHNX NaPUUATBHEX BOJH OMNpPenessuIMch U3 COBMECT-
HOTO aHanuaa NapaMeTpoB UBVMMPOBAHHHX DE3OHAHCOB W CPEINHMX HEATDOHHHX CEeYeHHi
B guanasoHe sHepruit gno I MaB. [lpu pacuérax ceueHu# YUWTHBAMHCH BKJIANH NapUAatb-
HHX BOJH C OpGUTANbHHM MOMEHTOM RO 3 BKJIDUMTENLHO, ¥ ONTHMAaNbHHE pEKOMEHLYeMHe
KDHBHE CeueHHH HAXONMIMCh METOROM MAKCHMANbHOrO MOfO0MA. OHEpreTHUecKas 3aBUCH-
MOCTB pARUAlMOHHNX WADUH BHUMCAANACH B NPELI0JOKEHAH Ju E€HLIOBOM 32BUCHMOCTH
dyHKuMi QUNOJBHEX NEepexOnoB M ILIOTHOCTH YposHe# Momesu Pepmu-rasa ¢ yuéToM Xoi-
nexTuBHuX adfextor /5/. B umpoxoM guanasoHe sHeprui HeHTPOHOB -IyBCTBHTERBLHOCTH
CEeUEeHVA DAINUALHOHHOrO 3AXBATE K DA3lMuHHM napameTpaM pacuérrolt mofenu pasHad, B
UACTHOCTH, NpH aHepruAx go 50 KaB G}(Eqﬂ crpenenfieTcA B OCHOBHOM 3HAUEHHAMA
Son SB . llpn Gone> mHCOKMX SHEPTUAX HAUMHANT MrpaTh 3AMETHY pOlb P -~ H d-
BOMHH, W X BIIAZ Ty# Ep~ I MoB cramoBuTcA onpemenaoumM. Kpome Toro, yme omy-
TUMHM CTAHOBHTCA BJMAHWE MPHHATONW BHepreTHueckofl 3aBYCHMOCTH DANMALMOHHHX WUPHH,
napamMeTpOB [LIOTHCCTH YPOBHEH W CXeMd YpOBHeit Agpa-mumeHu. [lonyueHHHe Hamu ONTH-
MANhHHE 3HAUEHMA CPEfHMX DE3OHAHCHWX fapameTpOB NpeicTaBleHw B Tatéauue 1. Coor-
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Tadamna I. OnTHMAanbHH NMApaMETPH CTATHCTHUECHKOTO ONMCAHWA CEUEeHMA 3axbara.

IdI I 153 155

Waoron 143 145 147 149
_lapaerp

10% 50 3.43 3.43 4.6 5.1
10t.s, 0.30 031  0.I5  0.30
1045, 130 4.85  1.30 1.50
104 5 33.4 655 420 900
R m 5.6 5.0 7.5 7.5
a MsBl 131 1.6 1879 20.1
G(30 xaB)

NGapH 285 4m 1650 2602
G4(30 xaB)

MGapH 10250 9620 14280 14960

3.65 3.70 <.50 2.3
0.25 0.10 0.24 0.65
4.0 2.5 4.4 3.5
1200 3200 2100 2200
8.0 7.68 8.16 8.2
20.2 20.26 20.44 I8.0

2594 4092 3108 3146
12811 I3371 I<039 12503

BETCTBYNIIME OTHM NapaMeTpaM peHoMeHRyese

KpUBNe CevueHMH DARMALIMOHHOTO 3aXBATA HelTpOHOB

pOHO® pi:BefieHH HA pHc.l. JnA cpasHeHHA
Ha pHCYHKe HaHeceHa Taixe oueHka JEMDL-I,
conocrapteHie Koropoll ¢ Gonee paAHHMMM
OLIeHKAMM OPYrAX aBTOpOB /3-4/ MORHO HaftTH

p pabore /2/. AHAANA MMEDMUXCA fAMHHX, TeO-

pPEeTHYECKHX DACUETOB M APYTUX OLEHOK M03BO-
AfET CUEenaTh CAEyDUMe BHBOAH: &)3xcnepu-
meHTANbHON uHpopumausu no ceuexrmAx aaxsara
HCCAGOBAHHHX MPORYHTOB RENEHHA NO-pem-
HeMy HemocTATOuHC. HeoOXOofuMi HOBHE H3Me-
peHMa cevue A Kak B OONACTH 3HEpTHA Hedr-
poto g0 50 koB, Tak u npu ot uaAx [ Mob,
rae HA\CXHHE JKCMEDHMEHTANbHH. faHHhe
paKTHYECKH OTCYTCTBYDT. J)Pasmvurmie oueH-
KM CeueHHIl 3axsaTa MPOAYKTOB QEJeHHA emé
He yROBIETBOPADT TpeCyeMoil TOYHOCTH. lipak-
THUYSCKK QAA BCEX PACCMATPHBAEMHX AfRep
OUeHKH He coBnagan? mexqy codofl, oSpasys
nomocy aHauexuf mupwmoit B 20430%. dr0 pas-
AMyKe CYmMECTBEHHO yBEAHUMBAET B OCNACTH
aHepruK Hefrponos ~ I MaB. B)jaa xoppex-
THDOBKH OLEHOK ceueHMAl 3AXBATA NMPOAYKTOB
JeNeHnA B nocaefHee BpPeMA NPKBASKARTCA
KHTEIpATbHHE 9KCNepUMeHTH. [XA Heonuma

H CAMADHA COOTBETCTBYEIMHME MINEHOHHA Cpef-
HUX CeueHMRA 3aXBATA B OQHOI'PYMNOBOM mpep-
CTERTEHMM NOCNEe yuéra MHTerpatbHHX Hane-
perni noxasaMn B TaSmae 2. Mommo BhgeTs,
uro nan RCN -2A /6/ xopomo corzacyerca

¢ Hawefl OOHKOR. AHAXOTMUHO@ cOrxacue
NMEETCA MEXAY HALMMA PEIYABTATAMM M OT-

Puc.I. CoBosymnHOCTD OKCIEPHMEH—
TAABHEX AAHHMX M DeKOMEHRyerhe
cpenHHe ceyeHMA (CIAOMHHE KpHBbe)
PANMAIIMOHHOTO 3AaXBATA HEeATPOHOB
HEYeTHEMHA uao-ronag“ Heoguma, ca-
MADHA ¥ EBpOIuA, KTUDOM NOKa—
3aHa ouemi'g oL -1 l('B).
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xoppextHposarinm cevermmm ENOF/8-V /7/ nxs 149n4 |, 147199 5m | opuao
IMA STHX OSNeMeHTOB O0pamaeT Ha ce6A BHMMAHME 3HAUMTEABHOE DACXOXOEHHE H3MeHEeHHH
ONHOrPYNNOBHX ceueHMA, TpefyeMuX B pA3HHX WHTErpPAlbHHX JIKCHEPUMEHTAX, B YACTHOC-
™ Ha STEK » Ha EBR -2 /6,7/. To ecTh, MMEDEMXCH MHTETDANLHEX RAHHHX, NO~BH-
OMMOMY, EmME Takke HeflOCTATOUHO AAf OJHO3HAUHOR HOPPEKTHDOBKW Pe3yAbTaToB OUEHOK
MUKPOCKOMUUECKHX ceueHMR aaxsara.

Tadnuua 2. CneBHenue ceueHup G ¢ ¥YC e HEHHHX M0
cher™p, SHOTPOTO pEeaKTOpa -3

Querka RCP ?}7 RCN-2A EN/DF -IV ENDF-V Hacrosman

Waoron / 75/ 1/ 7/ paBora
3.4 247 28 247 292 234
145 -

Ond %47 36T 230 352 484

4750 1003 917 670 1042 1094
49, 1e62 1659 149 2050 1823
Bley,  m2e 1303 110 - 1659
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POIb HECTATHCTWMECHAX S®SEKTOB B OUEHKE CEMEHMA PAJHAIMCHHOIO 3AXBATA
HERTPOHOB M3UTOHAMA LPKOHMA ¥ MOJMEIEHA

0.T.I'pynsermu, A.B.MrHamox, B.H.[macsmu
En3nKo-oHepreTueckt uHcTITYT, OGHEHCE, CCC

AHHoTAIRA
AHRNNDKPYOTCA BJMAHNG MOLENBHHX NPEfCTABNEHAM O MEXaHW3MEe 3aXBATa HA ONMCAMAE

SHEPreTHUSCEON 38BMCUMOCTH CpeJHMX CEUSHM DaJHAlMOHHOTO 3aXBara OUC  DHX HEATDO=

HOB,

Hayuemp HecraTHCTHUECRUX 3)JEKTOB B DRIMALMOHHOM 33XBATE HEATPOHOB B NOCHEIHAE
LECATHRETHE YLEAAAOCH LOCTATOWHO MHOTO BHMMAHMA. MR JAZE 3% CuIM U0IydeHH
”C#E:,’.‘;M'I‘v..}uﬁ‘ ASRAZATLINECTEL CYHCCTROBAHRA GPOCTI0IC MUTEHAIME BATARTHODY 32)bh [

3
DOEOHANGHEK HEBTLOH0E /

-t
AN

G U BHAWAT Abno 2Rk TOH0E/ HOI I A% SOy

Eoidd wv"*' ST UUELIGIN i
i LA Tl -
A RSN & ‘
FEBAGMOUND 07 DNIOICACKEHHA § DU LIRS0 el Al LediS LOUX el
HNE @ALAH ERHRIT0LE COOTROWGAZ | Ln YGIESuisidt UL G U an SotlhdTh MO g L0t ES

BATL £ BAILY

€ . . P
DRAF HOMIJOHZHTH pRIGMALFT HWX TANORUY B/HEMP { -

A

CTATUCTHUESEAA ¥ HeITATHC THG:,

=2,”/_/;W/ D7, rae D7 - cpespec paceromin. WXy (eSOHANCANA) MOTYL
¥MCTL COBEDNEHRD PASHHES BHEPTETHISCHe SABUCHMOCTH, # TAKKE CHJIRHG GTAHHAT b2§
CBOUMH PIYETYLIMOLHEMY CBOJCTDAMY.. 8 UACTHOCTH iJIA HAJNRHTHOTO 3aXoba™d HecTATHARTH:
YeCKaad KOMIOHEHTa [AIMALMOHHHX MMM OKABWBAETCA CHUDPESMPOBIHHOK CO BXOLHHMA
HeNTPOHHMMA WV [MHAMA, ¥ QIYKTYAlMOHHAM NMOTpABKA £ .07 ONDELENAETCA COOTHOWEHNA:
MM, SHANOTUYHHMW KAHAJTY YIIPYTOr'O DaCCEAHMA HENTDPOHOR.

PacCMOTPMM OMMCaHHe CPERHUK CeUeHUN pajMallOHHOTO 3axnaTa CHCTIWX HE#TpOHOB UeT-
HO-HeTHHMH M30TONAMY CTDOHUMA H UJMDKOHMA, B KOTOPWX 32JIEHTHHR MEXAHM3M 3aXBara
npoapnAeTcA HemConee cunvHo / 3 /. B Tadn.l npeicTaBNEHH SKCNEDMMEHTAILHHE 3Ha~
UeHMA CPENHAX pEICHAHCHHWX NApaMeTpos LA oTHX Ajep / 4 /, & BHA pMc.I -~ cooTBercT
ByDUME pacueTH cedueHMRt 3axsarTa, UToOH MOJYUMTL COPIACHE C HACMONACMHMA CBUSHMAMMA
B pacyeTaX HECKROJLKO BADHADOBAJACDH BEJMUMHA CPEAHEr0 DACCTOAHMA MEXRY De30HAHCAM
K HafiieHHHe BHAYGHMUA -Dgap npMBefeHd B nocaefHeM croabue rabn.l. Ha puc,I mo-
K83aHN TAKRE Pe3yJbTATH pACYeToB, BHOOJHEHHHX B m&nnonoxe!gm 0 WMCTO CraTHCTH-
HeCHOM MOXAHM3Me 3axsaTa ,0 -HefitpoHoB. [axe fad usorona Sr . B KOTODOM He-
craTRCTHYecKHe apperTH HauOojee CHABHH, AMAMETPAJIBHO MpPOTWBOMONOXHHO MpEJNoNoXe=

HHE O WALXBHH3ME 3axBara L0 -HeRTPOHOB cpaBHUTeAbHO CHAS0 OTPARADTCA HR SHOPreTH-
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gecKofl SABNONMOCTN NOZHOINO CONSHMA 34XBATA, & DASANWNA B A0COINTHOR BOIMWEEH9
coueHug xerxo ycrpamaprca Famaunmm  Jeap .

Tatmma 1. Cpegaue NapaMoTPH HOATPOHHEX PO3OHAHOOB AAH H3OTONOB ¢ GONHEIM
SHAVCHWAMA UM[ME BaloHTHOIO 3aXBATA

Ange- 7 7. [foat] D D,
MEBOHD MoB M3B uaB kaB xeB
"ap 220 ¢ 50 390 3 90 340 ~ 40 160
R 130 20 250 ¢ 50 120 8,6 ¢+ 1,6 2c
oy I35 ¢ 20 220 ¢ 50 75 3,I¢1,0 3.7
ey 85 ¢ 150 ¢ 30 75 3,6 ¢ 1,0 2,5
——

BaneHTHAA IMpHMHA OLeH: . A HA OCHOSE HaOINIAOMHX KO AD{MIMEHTOB EODpeIALMH
HEATPOHHHX M PaIMAl#oHHEX @M[EH pes3oHaHcos / 3 /

TakiM 0CpalcM B ofnacT4 cnepruét 1o I00 ESB ofMcarMe cpefHMX CEUeHMA 8axBars on-

$¥4enESTCA TAABHEM 00padoM .ulopoM pajdalloHHHX cunoBuX HyHmm# S - u 77 -uepr-

LOHOB, A BCHOC pad3fASHW: HX HA CTATMCTHUECKYD ¥ HECTaTHCTHISCKYD EOMNIHA.TY Ho

o SYmOCTuRHEON roru, (fHARO DEHeHMe 2TOTO BONDOCA CTAHOBATCA bBAKGDM DA Lo~

SRS 123 SHOOMMM SOTHAM, LA KOTOPRX M HE MMEEM ODRMOP SECHS MMOETS

el MAUEA L pAMAMOHHY TMMHALX, OCHUHO B DECUBTAX JALH&IAOHMHE (M &y 181

TR LpRRRMGKTCA paniEMs [0, a4 HOVTHMX - /, . QA H52p CO BHATHTL TIANMA
; SNHEETAMG D03YS HTATH PACHETCS HOIHHX CeueHMR DaXpaTa SyAyT

DO TATHG T

WOTETSUHC CANIFY BAmETeTh oT U{MMCHCHMA SAHHOTC IMeSU0M0NeHMA K NOJHHM IHMpAHAM
SLAnad MK LTatMCTUNSCHKMM ROMIOHEHTaM, Li7 BHIOPA MEXny 3THMH AJitTCpHATdB-
sl o G0 TORGHRAMY SO GloH AHTEDEC MPSACTABIANM OH L0CTATOUHG MpELEBAOHHME Hi-
MIPEHAL LoUcHMM 38XBaTa HeATDOHOB ASHHHMU M30TOnAMA R oCAacTd aueprwh a- [ MaE,
L AHE DACTMUTIRHHEK BHUC 348p BAIRHTHHA MEXAHW3M 3axsatu HEATDOHOE OTUYETIHRC
T, GARIALT L TAKES DOATOTOAAX MO/MOASHA / 5, 6 /. B oToM chyuae, GAHAKD, €00
Lrulia B OVHTE U Al BHYEG Dy F; OHA3ZWBACTGA 2AMETHO MBHLIMM, WEM B WI0TONAX
LADEOHAs , 4 COOTBETCTBEHHO Oojee caatofl OyLeT 3aBMCHMOCTbL peaylibTaToB pacueTa CG-
oM 0T WOASAHPOBAHW! paHAUMOHHNX IM{MH USTHNX M HeyeTHHX BOJIH. 9 ¥W30TOUOE
95,97,98.190 My, woTopHe SKOUAT B CIMCOR HAMOONS: BAXHHX NDOLYETOB LCASHAA,
O TpABAANEMX TOILMBO OHCTPOrO peakTopa, MMendMecd JE-NepEMEHTAlLHHEe IAHHHWE [0 ce-
YeHUMAM 3aiBaTa OpefcTaBeHH HA pHC.2 BMECTEe ¢ DeayibraTaMd TEODETHUSCKOro Ommca-
Hid ceyeHHft, Hcnonb3oBaHHHE B pacyeTax Pe3OHAHCHHO NApaMeTpH OpwBejeHW B Tadn.2.

Ta6miya 2. [lapaMeTpy HEATPOHHNX PO3OHAHCOB M30TONOB MOJMOLOHA

Az po- Ouenka JENDL-1 HacroAamad oleHEA AHARIN3 De3CHAHCOEB
wimers [y 3B Df, 5B [y uaB G’:uaB ‘/{;:;,uaB D7, 8B D38
T o 180 69,2 160 180 20 €5 80 ¢35 /4/
e, 170 72,3 130 150 20 56 Ry /&
Py 93 He npmpejeny & 15 I5 1150 950 ¢ 150 /4/

0oy, 75 - - 70 90 0 640 700 ¢ 50 /&

‘




Puc.I. Onucasme couprHEf pagHamMOBHOTO Pac.2. Cewenna peHMAIMOHHOT'O 3aXBaTa
2axsarTa HOfTDOFOB B OpOANOIONEHHM WAC>  HORTDPOHOB W30TONAME MORMOLEHA, Caiou-
20 CTATMOTMUSCROTO MOXaHM3MA (QyHETHD)  HNe EpmBHe - jaHHad padoTa, NYHKTMD -
H C yUOTOM BAAGHTHOrO MOXAHHIMA oueuma JENDL-1 / 7 /

(coxomme xpmBse)

HecMoTpR Ha OUpOfieasHHNe PACXOXOEHMA DADPAMBTPOD HAWMX pacderoB B patorw / 7 /,
XaueCTBO OMMCASMA BECHEpHMOHTAIMINX AAHHHX OKA3NBASTCA TMMODHC OfMHANOBuM. Co-
noCTaBASHNEe BTUX BXONO[MMONTAALHHX [AHHNX C OLEGHEAM! JPyTMX ABTOPOB COAEpEATCI B
padore / 7 /, R cpaHMTeN LD claloe DACXOENOHHE PR3AMUHNX OLEHOE NO3BOLieT CLe=~
4aTh BHBOS, TrO AAA U30TOM0B MOMKUreHA TpeCyeMas MpAKTHISCHKHAMY 3aAGAMM TOTHOCTD
OLSHEH CpeJHHX CousHMR 3aXsara OnCTPMX HefiTpoHoB ~ I5¥ B oCzacTH dHeprud 1o
200 xaB, Do-BHOMMOMYy, AOCTUIHyTA.

I Gosee BHCOEMX PHOPIMAX HA DO3YILTaTH DACISTOB COUSHHA B3AXBATA HAPARY ¢ OpH-~
BENeHHMMI DAJMAMOHEEMY CHAOBIOM JyENpiME & - U 1 ~BOZH CYNPCTBOHHOO BIAAHHO
HARUMHROT ORAIWBATDH BUGOP SHOPreTHWOCEOR 2aBHCHMOCTH NAOTHOCTH YpOBHER U ceqetitd
doronormomerua. Kax amcoepumentansiie jasmne / 6, 8 /, TAR ¥ mociefoBATEXLINe
MHEDOCEOmIuOCHINe Mofeme / 9 / pesoHcTppywT Lemufl pH7 SHATMTOABHNX OTKAOHSHHA
HH3EOPHEPTOTHIS 0RO yuacTEa ceweiNl foronorsogenia OT MMPORO HCHDOXbL3YOMOR B
PACUSTAX DAMMAIMOHMEX EMDMH JODOHLOBOR MADAMOTDHMSALME XBOCTA THIAHTCROTO PeaoHAH-
ca, Jaxuefinee HAROONESWME SECHCPNMOETANMINX JARHNX 00 COUCHKAM 3AXBATA HOSTPOHOB
B oGzacTu oaMeprull Ko 3 ¢ 4 NeB ppeAcCTABIMOT HECOMHOEHWSR MHTOPOC AAA YTOUHOHMA
MHIEDOOROINYSONIX PAcWOTOB MMPHH.
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EVALUATION OF HSUTRON RUCLEAR DATA POR SILICON

D. Hermsdorf, E. Paffrath, H. Philipp and L. Neumann
TU Dresden, Sektion Physik, Dresden, DDR

1. Introduction

An independent evaluation of neutron nuclear data for Silicon appeared desirable
after 1975 by the reasons that available files offer contradictory data and / or
insufficient data to satisfy most recent requests. This situation has been re-
viewed by the authors formerly ! . Producing a re-evaluated data file care was
paid to neutron-induced charged-particle and quanta production cross sections,
Some preliminary results have been published already “’*~’. Imn this contribution,
we report on special methods aspplied to obtain the final set of evaluated data
for Silicon.

2, Neutron Cross Sections in the Resolved and Unresolved Resonance Region

In the resolved resonances energy range Cierjack's data 4) have been proved to be
the most reliable and begt resolved ones, Starting from parameters taken from
literature the resonance structure has been fitted by successive variation of
Single-Level-Breit-Wigner (SLBW) parameters, Within the limitations of the SLBW
formelism a satisfactory approximation was achieved in the range from 10'5 eV to
1.5-106 eV by an adjusted set or parameters 5).

The evaluation of data in the unresolved resonances region proceeds from experi-
mental data smoothed by a Gaussiap-shaped rrofil function to raduce statistical
errors.

3., Neutron Scattering and Production Cross Sections

To evaluate neutron elastic and inelastic scattering cross sections optical model
as well as equilibrium and preequilibrium models applied conventionally have been
used 1 whereas anguias distributions for inelastic scattering to low-lying le-
vels were treated by Streil 6) in terms of CCBA, Special care was taken to calcu-
late neutron emission spectra resulting from multi-step particle emission.

4. Lharged rarticle Production Cross Sect.omns

In most pertinant studies of data rejuercs the importance of charged-particle
crose sections are emphasized for Siliron. According to this, a gystematical in-
terpretation of experimental data have been carried out yielding clear evidence
for direct reaction contribution to (n,p), (n,d) and (n,a) reactions 2'7). The ge
modes have been investigrted in terme of charge and mags-exchange reaction models
of koock-out and pick-up types in DWBA.

Total charged-particle production cross sections have been calculated in terms of
the extented {-F-model including contribution from multi-step-reactions also. So,
the He-generation cross section at 14,8 MeV predicted to be 200 mb compares fa-
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vourable with a value of 218411 mb measured recently by Kneff et al, B).

5. Gamma-Ray Production Cross Sections

Because of a stringend lack of data any evaluation of f-ray emission cross sec-
tions must rely upon more ore lees justified theoretical calculations. Generally,
a reasonable prediction can be achieved by the statistical model formulation for
particle transitions taking into account r-tay caecades in terme of Axel.Brink
approximation for the strongest multipol orders of electro-magnetic transitions,
This concept {ielda good results for ’&raya with trapsition energies telow 10
MeV roughly 3 .

At higher energies transition enhancements due to direct modes became important.
Formulations in frame of a pre-equilibrium model have been proved to produce data
in better agieem=snt with experimental ones K .

6., Data Compilation and Checking Procedures

All data have been compiled and formatted according to ENDF/B-V. At present some
tegts are undearway to check the numerical figures against zoasistency and integ-

ra% measurements, A fuil description of the data stored in the file is in press
10
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COMPILATION AND EVALUATIOR OF /n,t/ CROSS SECTIONS

2.T.BSdy

Institute of Experimental Physics, Kossuin University, Debrecen, Hungary

Training Reactor, Technicsl University, Budapest, Hungary

A compilation and evaluation programme has been started to survey the

avallable data., Some previous results are the following:

1/

2/
3/

by

The vast mejority of the experiments is related to the lightest elements
/11,Be,B/. E,g., about the third of the measurements concerns the 1i/n,t/
process 1f one tskes into account data at all energies,
For other elements the experimental data are very scarce.
Feglecting cross sections integrated for a broad energy range /the
fission average crogs sections of Heinxd.chl and those measu::d by Qaim
using deuteron break-up neutronaZ//, the following statements appear to
be true for the atomic number range lo “Z< Z g
a/ Measurements were periormed on.y for thirty elements or at least for
one isotope of them. /In fuur cases for two isotopes of the same
element./
b/ For more than the half of the elements there are nt¢ experimental
data st all. There are wider atomic number ranges /7"=33-37, 53-56,
62=6T #nd 69-78/ where no experimental data 1s availlable,
¢/ In the 14,2 £Eg¢ 14,9 MeV energy range 54 rrops-seciion messurements
were performed. In addition to this in 7 ceses upper limits were given
and in 8 cases partial cross sections were determined /lower limite/.
d/ Excitation functions /measurements at least for two energies/ were
determined only in 8 cases,
Cross=section meagsurements by different authors frequeatly yleld very
different regsulta, The maximum discrepacy can reach ivhree order of
magnitude /328, 4"(!a,/. These cnages wight be exceptional, however, a one
order of magnitude deviation is not unfrequent, In many cases —— if
activation method 1s used == high cross-section /n,2n/ or other reactions
leading to the same product nmucleus can inorease the valus of the meas-
ured /n,t/ crosa aection. E.g in the case of 323 gna Ny contamination
apnd in the case of 490a the “K contamination must be less than about
0,01 % in order not to disturbe the results appreciably?/
A further probleme arises if one uses the annihilation radistion; here
the separation of the /n,t/=product radioactive nuclei from the dis=-
turbing other ones can only be achived by the difference dbetween the
half-livu. E.gs 4in the case of 4°Ca the activity of /7.7 min,/ 38 must
be separated from ‘nat of /9.98 min,/ 13y resulting from /n,2n/ reaction
on the anitrogen in the air, 4/

In accordance with a previous investigations/ it oan b¢ stated that /n,t/
cross seotions on odd target nmuclei are greater by about an order of mag-~
nitude than those on even target nuclei, /See Pig.2./ Por the Z>20 atomic
number region it can be esiablished that all ozporuontal data are inside
ia the following lntervals:



201 -

76 exp/=9.2 !i_Z_ / € 6/n,%/ & 200 exp/=8,3 5z /  /ub/ for even,
4500 oxp/~23.5 B2 / & 8/r %/ % S400 exp/-13.9~¥ / juv/ tor odd

target mucledi,
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Dependence of 6n.t on N=Z,
' X

The quality of the empiricsl for-
mula of Qairs

5/n.t/-4.52/A4/5+ l/zexp/-lo ¥=Z /
1/ =

and that of Woo

6/n,t/=7.684/4"% 1/%exp/-13 gig /

was analysed. /Both formulae give
crogs sections in microbarns./ It
was found that these formulae are
good only for even nuclei where
their qualities are about the same.
However, for the range 20 <2 £ 44
the formula of Qaim is better,
while for 2> 44 Woo's formula is
preferable, For odd nuclel the
calculated values should be multi=-
plied by about ten in order to have
a resonable estimate /except 2"?’CI.‘:L/.
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The measured data of excitation functions were dercribed by futions of
the form exp/nx2+ bx + o/ with fitted paremeters a, b and o. /See Table 1./
Here x = / _A En + Q/T%, where E, : bombarding neutron energy /in lab.
eystem/, A ﬂaaa number and Q : reaction energy /in c.m. system/.

Table 1., Empirical and semli-empirical excitation function parameters.

target Q paerameters energy range comment

nuclei /MeV/ a /Mev/ b /MeV/ c /MeV/

2Tp1 -10,92  ~=5.00 2,21 8,29 13,5 - 19,5 pure empirical
3233 a12,72 -30.57 24,39 2,28 14,5 - 20,0 pure empirical
400 12,92  -7.47 4,25 4,71 14,5 - 20,0 pure emp.6&Bonly
SMn  -9,32 -58,25 37,67 1,74 13,5 - 15,5 semi-empiricsl
Fco  -8,92 -27,95 10,43 6,90 14,5 - 19,0 semi-empirical
Byy 11,12 -34,81 9.31 9,32 13,5 - 15,5 semi~empirical
5p  -6.22 214,09 ~151.77 32,85 14.5 - 19,0 pure empirical

The parameters of Table 1, with the prewerided function give the cross
sections in microbarns, The "pure empirical” excitation functions are re-
commended in the given intervals except 93Nb. The “"semi=empiricsl" ex-
citation functions are the Hauser~Feshbach celculations of Sudéra/ fitted
to the experimental points,

In order to develop a seml-empirical interpolation formula the loga-
rithmic derivatives of the excitation functions at a fixed excess energy
above the threshold /5 MeV/ were plotted against the atomic number Z and
& /nearly/ linear dependence was established:

(d 1n6) = ot +/42, where o= —0,667 MeV™! and /3 = 0,056 MeV™ %
~F

E=5 MeV
The reason for choosing Just 5 MeV excess energy is that around this

energy value we have common interval where all /used/ excitation functions
have measured values, The above linear form has a theoretical basis: if we
want to describe the energy dependence by the product of the Gamow penetra-
tion factor == exp/= B/E/ 72/ == and a slowly varying furction /f/ of E,
then we have

} ) ] -]
(d 1n6) ;3-5 Yoy (%' + % él%) — wdA+/ 2, with A= 0,076 MeV™ "~ .

The constant «'oannot be determined without knowing f. It can be seen that
although /A4 /4 , the two values are near each other.

By using this result for the 13 &€ 2 € 28 region, one can estimate a
crops-section value / 6/ at E = Eo + AE from the value of the cross section
/ 60/ at E ;. Let us denote by y the quantity /el+ 2/ AE , then we have

6=6,/1+3/ for y >o , /Y

6= 50 /1 +13)/7Y tor y<o . /2/
A pure empirical observation that instead of eq./2/ we can use

=6, /1 +13|/exp/2y/ /tor y<of 73/

and reach a far better result if iy| is nearer the unity than zero./For
small arguments the two formulae yield about the same result./ Otherwise,
eq,/1/ hes a precision better than 7 ¥ for AE = 0,5 MeV and better than
15 % for AE = 1,0 MeV, Similarly, eq./2/ gives values within 20 % for
AE = =0,5 MeV and within 85 % for AE = «1,0 MeV, These later two per~
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centages should be compared to 11 $ and 20 % obtained from eq. /3/ for tho
same energy differences.

The authors wish to acknowledge the financial support of the International
Atomic Energy Agency, Vienns, under contract No, 3114/RB.
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COLLECTIVE EXCITATION IN NEUTRON SCATTERING ON 2€-S1 FOR BNERGIES
6.8 TO 14.8 MEV

T. Streil, D, Schmidt and D, Seeliger

Technische Universitit Dresden, Sektion Physik, Dresden, DDR

1. Introduction

The direct excitation ies kmown to give an essential contribution to the reaction
mechanism in neutron scattering on lowlying collective states in the target nuc-
leus,

The aim of the preesent work is the theoretical analysis of the experimental data,
obtained under the same conditions with a coneistent set of parameters in a wide
energy and including higher excited states to get more information about reac-
tion mechanism and also the nuclear structure,

2, Experimental procedure B8 (nn 1™ € x 1002006 Me¥
i (n,n o 4

T

The differential crose sections were measured with the -

tandem facility in the CINR Rossendorf. The measure- .
ments were carried out with a computer-coupled multi-

angle TOFP-detector system consisting of eight detec- -
tors 102, ;
The background from elastically scattered non-monoener-
getic neutrons of deutarium gas target 3 have been
into account for the calculation of the cross sections
of higher inelastic neutron groupe using a special
computer code,

The 13.8 MeV data were measured at a 150 keV DT-genera-
tor .

011G « 00 Mev

+ B

Gerl®) Imb/ et}

3. Analysis of the experimental datas and conclusions

The aim of the theoretical interpretation ie to show,
that the superposition of compound and direct resaction
contributions including multistep processes describes
sufficiently well the experimental data in the full
energy range caslled above, As shown in refs. 145,6)
the HP-contribution as well as the CC-part have been
calculated using the same energy-dependent imaginary
term WE(E) = 0,6¢E,

The nucleus 28-31 has an interest intermediate posi-
tion between nuclei with typical rotational structure °”““”““‘t‘&m;"""'
(es 24-Mg) and ones with vibrational mode in the col- -

lective excitation (as 32-S) 7). The analyeis has been Pig. 1

performed for oblate and prolate gro nd state deforma-~ A!g&l;r digtr. to o* 2
tion, respectively (see fig. 1), and shows that the ---cc Exxec}?vgiﬂézc-ﬂp
ground and first 2% etate angular distributions can be -'-HP+CG'

described quite well in both the cases. If the higher-

excited states are included, the anslysis points out s

]
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slightly preference of the prolate : I‘géﬁf)pmlaeomuu

_ 2 .
g.8. deformation, Por this calcula- 23 o381 a_,_:g.;a :2:—-:.:8

* 840+ 8=
tions the coupling scheme due to f%g. _!_.;g 2_:;3 048 des0 48
2 has been used. As shown in ref, T B, a2
the 2} and 4} etates are excited R Rl g v .3
1 1 P37 6.276 2
dominently from the g.s., (see coup- : S 5, "-0.25
ling Cs'1), The 2, 2} doublet wes 3, ;,;:“- :’3 ::i 8, "1%.0.3
interpreted in the following way: H‘Q poM 8, 0,25
the 2; state is assumed to be the ?"‘ 2} 1,779
member of a rotational band formed i 0} 0.0
cs 3

in a second minimum of the axially
deformed potential, Than the 2; : . .
vibrational state is coupled th this rotational band ®Sitn,n) s
(see Cs2), As seen in fig. 1 the calculations for tLis
doublet are sengitive with respect to deformation mode,
whereby the assumption of a prolate g.s. deformation
and the oblate deformed second minimum wf the potential
energy using Ce2 gives 8 good descriptiu., The depen-
derce of the reaction mechanism from the bombarding
energy can be conclude from the excitation functions
related to the excited states resolved, Pig, 3 shows

for the 3'1' level a direct contribution which is already
at 30-12 MeV in the same order as the HF-part and
doesn't change essentially with energy. The compound Fig, 3

part decreases strongly because of the rapidly increa- Bxcit:tion fuction to
sing number of open channels, thus the direct mecha- :&::1”1';:; (ﬁ"é n°¢t°'
nism will be dominant relatively, The direot excitation angle integr;teé e;pgrl_
shows threshold behaviour. It increases after opening Mental cross sections).
of the inelastic channel, but than a decreasing occurs

by coupling to the higher-lying states,

Pg. 2. Couplin; st ( Ca'y without coupling «—— )

G Imbarnl

T

3 1
E(Mev)
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HEYTIPYTOE PACCEAHME HEWTPOHOB B OENACTH 3HEPTHA 5 - 8 MoB HA UTTPUM

C.0l. Cumawos, I'.H. JoBumkoma, B.II, lyxer, 0.A. CensHuxos, C.J. Cyxmx
fu3uko-3neprernyecknit mucTuryr, OGumuck, CCCP

AHHOTagXH

MeTozoM BpeMeHu npoleTa M3MepeHH ABAXAN IuddepeHUMANIBHNE CEYEHHA HeyIpyroro
paccedH¥A HEATDOHOB C 3HepruaMu 4,865 6,08; 7,02 u 7,94 MaB Ha wrTpum. llpu-
BeZeHH OCHOBHHE NapaMeTpH CNeKTpOMeTpa, KpaTKO OCBEMEHH METOAMKM NMOCTAHOBKH
2KCnepuMeHTa M 0CpaGOTKH NepBUYHON MHGOpMauuw. [IpoBEZeR0 cpaBHEHUE MONYYEHHHX
PE3YIABTATOB C ZMAKHNMU ZpYyTuX aBTOpOB. TeopeTmueCKMd aHanwa nokasanm, YTO peak-
A HEeYNpDYTOro pacCeAH¥A HEfTPOHOB NpPOTEKaeT NOCPEACTBON ZABYX MEZ3HU3MOB -
CTaTUCTHYECKODO ¥ npaMoro. Pacyerw ceueHuit BHNOAHEHW M0 MoZedu Xay3epa-deumGaxa
U B pamiaX GODHOBCHKOTO PpUCAMXEHMA MCHAKEHHHX BOJH.

1. SxcrnepuMeHT

IBaxzan IuddepeHumansHHe CeueHns HEYNpYTOTo paccesdHuA HERTDOHOB Ha 89’{ V3MEPEHS!
C HayanbHuMn sHepruaMM Ej = 4,86 % 0,06; 6,08 ¥ (,07; 7,02 % 08 u 7,94 1 (09
MaB nox wectsb yraamu paccesxua = 3I°, 46°, 61°, 9I°, I21° n ISI® (mpu E, =
7,02 MaB nononnurensao eme noz yraamu &= 76°, 106° u 1360).

JKCNEepUMEHT BHIIOJHEH METOAOM BDEMEHU NpoJeTa. {CTOYHMKOM HETPOHOB CIyEMNa ra-
30Baf TPUTKEBAA MUWEHD ~/, GOMGApAMpYEMasd UMITyIbCHHM ITYYKOM MPOTOHOB M3 yCHOpH-
Tensd OT'M~IOM. JIMMTENbHOCTH MPOTOHHHX CTYCTKOB HA MMOEEM ~ I HC NPy YacTOTe Cle-
ZoBaHUg 5 MI'q u cpeldeM Toke 1,5 meA. [lpy 71aBleHUM TDHTUA B MMULEHW 2 aT™ B [eH-
Tpe pacceuBaTeNf, PacloJIOXEHHOPO HA DACCTOAHMM 16 CM OT MMUEHH, CO3AaBajCA
NOTOK HEelTpOHOB ~ 6« 10 H/CMa c. lccnemyemnit oSpasen (paccewBaTenb) OHA Bh-
TOYEH M3 MeTAJAMYECKODO UTTpMs B QOpMe MOJNOTO UMIMHZDPA C pasmepamMu: BHEUWHUM
Inamerp 4,5 cM, BHyTpeHHu# - 3,0 cum, BHCOTa 4,4 cM. OOpa3ein cozepkan 1,94 mons
Azxep 8}’ . Paccedsine HeATPOHH DErMCTPApPOBAMMCH HA NpoaeTHOX CGase 200 cM
CUMHTUINALMOHHNM AETeKTODOM, OKDYHeHHHM MAaCCHBHOH 3amuToi. [losHOE BpEMEHHOE
pa3pelteque CIHEKTpPOMETpA COCTABAANO 3 + 4 He. DJPeKTUBHOCTH HEATDOHHOrO LETeK-
TOpa ONpexenasachk N0 CHEKTPYy HEATDOHOB CHOHTAHHOTI'O ZEJNEHUR 5 (:f(npennonara-
Jock, 4YTo ero opMa OMMCHBAETCA pacnpesefieEneM MaxcBenana ¢ Temneparypoid T =
1,42 MaB 2)). AGcomoTHHE 3HAYEHUR CEeYEHUA peaKuuy 89]f(n,|1') MONYyUeHH M3 UX
NPUBA3KY K CEYEHMO Y- D PacCefHmA 3, MoHuTOpKpOBAHUME OTAENBHHX W3MepeHudt ocy-
WeCcTBNAJIOCE M0 CNEKTPY CUMHTMANAUMOHHOTO ZETEKTOpa, PErHCTPUPYDLErn BHXOA Hel-
TPOHOB ¥3 TPHTUEBO} MUWEHK NOJA YT JIOM 49° na npoaeTHOR Gaze 4I0 cM. PaazeneHue
YyOpyro- ¥ HeynpyropacCefHHNX He/iTPOHOB NPOBOAWIOCH BO BDEMEHHNX cmexrpax. dop-
Ha NUKa yNpyropacCesHHHX HeUTpOHOB ofpefeasdnach H& OCHOBE UIMEpeHHR CnexTpa
NPAMOTO MOTOKA HEWTPOHOB M3 Mumenu nox yraowm 0°,

B nuddepeHumanbiHe CeYEHHA pACCEAHMA BBOAMANCH NMONDABKM Ha OCHAGNEHNE ¥ MHOTO-
KpaTHHe B3awumonelicTeag HellTpoHOB B ofpa3ue. HeoGxoaumie 4Ji 3THX FacyerToB ce-
9eHNA B3aMMOZEHCTBUA HEHTPOHOB C MTTPMEM MDY 3HEPTWAX MEHBNHX 5 MaB B3ATH M3
KOMMAKJAA UM 4 . N2 muddepeHunanpHux ceyeHult Heynpyroro paccesHus MOMYHeHH
nonHie ceyewni &4y LAA UeTO BKCTIEPUMEHTANBHHE CMNEKTPH BKCTPANOIMPOBANMCE B
o6nacThs HuEe noporoBoft aHepruu sxcnepumenta 0,6 MaB B COOTBETCTBMM C pacnpene-
NeAveM Maxcmenna. [lapaMeTp aTOro pacnpesenesuda T ONpeAeNancs B MHTEpBaNE
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3Hepruft pacCesHHNX HefTpOHOB E’ = 0,6 - 2,0 MoB. 3savenna T

' TPRBEZIEHE B

tadn. I. UncnenHas umudopmamma O xBaxzy FuddepeHqUaNbHNX CeYEHWAX HEYNpYroro
paccesnus ¥ ZuddepeHUMANBHEX CEYEEMAX YNPYroro paccedAHus HeitrpoHoB ( ~ 1300 To-
YeK) Hanpasiieda B lleHTp Mo AZepHWM ZaHHEM (r. OGHMHCK). Merozuka mawepexult u
0o0paGoTKK AAHHHX GOJee NMOAPOGHO M3JAranack B NMPEAHAYMAX pacdorax /.

Taonuua . Tapamerp T M noiHWE CEYeHMA HEYNPYTOTO DACCEAHMA HEHTPOHOB
LA er.
Eys MoB 4,86 * 0,06 6,08 ¥ 0,07 7,02 £ 0,08 | 7,9 %G,09
T, MaB 0,72 ¥ 0,04 0,56 ¥ 0,03 0,70 ¥ 0,04 0,68 * 0,04
Gnd, ® 1,731 0,14 1,89 t 0,15 1,97 t(,16 1,80 £ Q,I4

CeyeHna paccCedHvsa HeATPOHB Ha MTTpMA B

M3MepAIMCE aBTopaMu pacor ° -~ “/,
Gu = ( 2,3%0,3)85 n T=(0,56 % 0,06) UsB, a B pacore
G,y = (1,88 t0,21)p m T = (0,69 %(,05) MaB. Kax BuIHO, 3T ZaHHHe COBMAZAWT

B paGoTe

paccmaTpyBaeMoldl oGnacTy¥ 3Heprmit paxee
npu E, = 6,04 MaB noayuexo

npu Eo = 9,1 4B -

C pe3yapTaTaM¥ HAacTORLEro 3KCNepHMeHTa B Mpefellax NOTpewHOCTed uamepenuit. B

padoTe

W3MepesH cevexns BO3GYXAEHWA OTACNBHHX YPOBHe# (Tpymm ypoBHel)

np# HEeYNpyroM pacCesHny Hei{TPOHOB C aHepruamu ot 4,I9 no 8,56 MaB. C uensm
CpaBHEHNA 3TH CEYeHUR OHJIM pacnpeiesieHH MO 3Hepr¥n BOSCYANEHUA OCTATOYHOTO
fiipa B COOTBETCTBMM C QyHKUME! 2HEpPreTHYeCKOrD DA3peileHNs Halero CNEeKTPOMeTpa.
Tonyyedsui CHNEKTDp NMOkasaH Ha puc, I BMecTe C JAHHWMM HACTOAme# paCOTH. [IpuHM-
Maf BO BHMMAHKE DAIHWIY HAYaABHHX 2Hepruli, MOEHO OTMETHTE XOpomee coTriacue
NHTErpaibHHX CMEeKTPoB, MOMYYEHHHX B ABYX IKCNEePUMEHTAX.

T T L T T
',0 44, 0%
a & ofoc®

E ;r 4
b 9°T'o ‘p»o'
— p oo
2 L
© o 1 ° o°°9 F) Pl

+ . wo

[ o

7 oo e
+ oo oo
+“4‘ %0
+ OoPe
M 4 * o.-f
0t oo%o o.::° o8
of‘ Pl OO
‘b P
4 + a
0 1 2 3 5

Puc. I. Ceuenns BOIGYHIEHUSA
cocTosHK)t B Axpe 139’
HEYNDPYrOM DACCEeRAHMM HeiTpo-
HOB., JlaHHue padoT:

a) + -8, B = 5,00 uoB,
© - Hacroamel, Eo =
4,86 Ma3B,

6) +nx -8, E =5,50
u €,44 YaB,
© - HacrosmeH, Eo =
6,08 MaB
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2. Teoperuueckuit aHanns

AHanm3 ceueHmil HEYNPYroro paccesHMn HeJTPOHOR HA WTTPUM NPOBEZEH B MPEANOAIRE-
HWM, UTO B3anMOXeHCcTBHE CHCTPHX HeliTPOHOB C AADAMM MPOMCXOZNT MNOCLEICTBOM IBYX
MEXaHM3MOB: CTATUCTHMUECKOTO ¥ TpPAMOro, CHpaBeZAMBOCTH TA&KOIO NOAXOAA DaHEe Ae-
MOHCTDYPOBAaNach Ha APYTMX aNeMeHTax -/,

Ceyenus HEYNPYroro pacCeRHMA B PaMKaX CTATHCTMYECKOTO MeXaHW3Ma DACCYUTHBAJUCH
no mezenu Xaysepa-QemGaxa (X0), anropuTM KOTOpOdA peaiamaoBaH B nporpamme CMT-80
. B pacyerax uCnOAR30BaHN MApaMeéTpH ONTUYECKOrO MOTEHIMana JarpaHea .
NoAOCPAHHNE IO COBOKYMHOCTY 3HCMEDUMEHTANBHHX IAHKHX O BIauMONEACTBHM HEATDOHOB

c 8 /B mnana3lole axeprud or C,UI Ao 20 M3B. Lo 3xeprmi Bo3Cyraenus 3,8 3B B
pauxaxocwarucruqecuon MOLEN! DACCHATPUBAIUCE NTEPeXOfN Ha AUCKPETHHE COCTOAHAA
fapa 8’)’ . BHlEe HEMIBECTHAA CXeMa YPOBHEH MOJENVpOBANACEk QYHKIVeid MIOTHOCTH
COCTOAHNM, NpEACKA3HBAEMO} MOLAENBO (epMy-rasza y TaK KaK Npy TAKUX SHEPTEHAX
B0OAGynAcHNA NAPHHE KOPPEJAUMy CBEPXTPOBOZANErD THNA B AApe g]r OTCYyTCTBYHT, a
BARAHNE 00onoveuHsx 3¢fexTor He CyweCTBEHHO. [JapaMeTD 3HEPTETHYECKO) 3aBICKMO -
CTH NIOTHOCT¥ COCTOAHMA (I, 30y EeKTVBHOE CMeWeiHle IHEPrHi BOICYNIEHHA § U MOMEHT

rHepuny fAnpa q_(aupameﬂﬂuﬁ B eIHHVLAX MOMEHTa WHepuui SKBUBAJEHTHOTO TBEpZOTD
zapa) onpeneisiuch M3 YCNOBUA HAMJIYULEro OMMCAHUS JHEPreTMYECHUX ¥ YTIOBHWX
pacrnipeaelleHnii HeynpyropacCesHHHX HefiTpOHOB (AJA aHannaa Guau B3IATH HAAKOIHEp-
reTryeckue gacTy cnexrgon E'( 2,0 ¢+ 2,5 13B, rIe Brxjax NpAMOro MexaHmaxa He
3HauuTenen). LAA fAApa Q'X'BHaquwx napaMeTpoB MAOTHOCTH YPOBHEH MONYYMINCH
cremyouuyu: a = £,9 MBB’I. A=1,8%0,2 \3B, q_: v,45 10,30,

Pacyer ceyenuit HEYNMPYTOrO PACCEAHMA HEUTDPOHOB B DAMKAX NPAMOrO MEXaHM3Ma MpoO-
BOIWACH B MEePBOM NMOPAIKEe GOPHOBCKOTO NpUONMKEHWA WCKaxeHHWX Boxx (BMIB), Popm-
GanTODH RPAMHX NMEPEX0J0B pacCHMATpPUBAaNMCh B MAKDOCKOMHUECKOM MOAX0oAe — 0C06ueH-
#0ji monmennm fipa. BO3CYyWZAEHHHE COCTOAHMA BMGPALUOHHOR NPUPOAN XapPAKTepM3OBAJMCH
MYABTHRONEHOCTEN U quHocrLK)qu napaMeTpaMi ZAuHaMuyeckoi Zegopuauuu Bi. B
pacyerax no MeroRy b3 ucnonp3oBad Takoil ke HelTPOHHNH nOTeHuMas, YTO ¥ B pac-
yerax no mozeny X¢. 3nauesud AF n ﬂ B3fiTH M3 AHANIOTMYHOr0 (MAKPOCKOMKYECHOTO)
aHandx3a ceyeHulii peakuny 8 (p, p’) npu sHepryax npoTonnB 24,5 MaB 4y

26,5 U3B . Caezyer oTMmeTuTh, YTO MCCACLOBAHMA N wfonu mepBuX BO3CYERIEHHNX
COCTCHAHM? B AIpE 8 1{'5 MUKDOCKOMMYECKOM NOIx0le 14-16) MOKAZHBAET, YTO 3TH
COCTOAHKA WMENT OAHOYACTHUHH{f XapAKTEep HMAM NPOMERYTOUHH{ MERLY OAHOYACTUYHHM

¥ KOMJEKTMBHHM, B Tawux cayyanax pacyeTH B pamyxax oG0GHEHHOR MOZenn caeayer
paccMaTpyBaTh Kak napaMeTpu3auMm BKASAA NPAMOrO MEXQHM3MA PACCEAHMA.

B 1a6n, 2 nprBegjeun peayreTaTd DAcUeTOB CeyYEHuMt HEYNpYyroro pacCedHUs HeATPOHOB
Ha aTTpur no mozenu X9 u merony bBIMB ¢ yrasaHuumu BHue napameTpamu.

LnA yIoG6CTBA CPAaBHEHMA C JHCMEPUMEHTANBHHMM LAHHHMM, pAcCUETHWE CEYEeHMA BO3ISYx-
AeHNA AVCKDETHHX YDOBHEM GuAM pachpefefielin Mo 3HeprMM B COOTBETCTEUM C QyHK-
nuelt 3HEPreTNYECKOrO Pa3pemeHHs CneKTpoMeTpa. JoAyyennHe MHTErpaNbHNE CMEXTPH

¥ YrIOBLie pacnpefleNeHHA HeyNpyropacCesHyHX HeNTPOHOB MoKadaHw Ha puc, 2 m 3,
Kax BUIHO HB DUCYHKAX W W3 LaHHNX Talld. 2, CTATHCTUYECKW! MEXaHK3M sBisercs
ZOMKHADYDLMY B PEaKIMM HEYAPYroro DACCEnHWUR HEeATpOHOB ¢ aHepruAMM 5 - 8 MaB Ha
WTTPUM. OAHAKO, C POCTOM HAUaNBHON BHEPrMM B BHCOKOIHEPreTHMYEcKOd HacTH CMexTpa
CTAHORYTCH 3&METHHM BKRAZX NMPAMMX NPOUECCOB: IHEPreTHYeckas 3ABACMMOCTD CNEKTPOB
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craHoBMTCA Cojee cnadoll, a yrioBHe pacnpeleleHMA NPMOGpeTanT HaNpaBIEHHOCTH

Brepel.

Taonuna 2. PacueTHwe CeYEHNMA HEYNPYIOro PacCenEMA HEATPOHOB Ha SQYr.
CeqennA ZaHH B MG, 3Rspruy — MsB,d - B%.

l G G- |
BIMB nn =
E, . Gx |&xt e 6 BB
¢,9<UAC2,9 | 3,1 4,6 | 0,9¢U{s,6 G EB :
$r"344) | Ba M8 45) nn
4,86 55 24 79 1884 1963 4,0
6,08 57 31 86 1836 1924 4,6
7,02 57 34 91 1843 1934 4,7
7,94 56 33 BY 1848 1937 4,6
. "7 7 7] Puc, 2. CeueHnn BOIGYXIEHAA CCCTORHMH
£ 586018 7.02

=]

s 8 Y npu HEynpyroM pacCeRHMM HedTpo-
HOB.

D,8,0,0 ~ IKCMEDUMEHTANBHHE NaHHHE,
pPacuYEeTHHE KPUBHE: === — 110 MOZENK
Xo, - cyuma X9 » BIB.

Puc. 3, YrmoBuwe pacnpefelesus Heirpo-
HOB HEYRpyropacceAHHHX Ha (ceue~
HHA NPOUHTErPHPOBAHHN B YKA3AHHHX WMH-
TepBaNax aHepruii Bo3Cyxmexun U )

npn E, = 4,86 (a); 6,08 (0); 7,02 (3)
M 7,9 MaB ().

© - 3KCNEpUMEHTAaNbHHE NAHHHE,
paccyeTHHE KDUBHE:

- —==- -~ no uozenn X9,

—-—-=— - 10 MeTOAY BIVB,

- cyuma X0 n BOMB,

{dl——-v—‘ﬂ'—-—-v———-u———v—— IO. v + "
U-5-6Mb U6
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flpy pacdyerax ceueHMM nMpAMHX MEepeXOROB ClefyeT MMETH B BWAY pa3nuuue NapameTpoB
g; np¥ pacCeAHMn NPOTOHOB M HEHTPOHOB. JTH OTAWMYMA OGBACHANTCA BHIAAOM M30BEK-—
TOPHO KOMNOHEHTH ANEPHNX CHA A ANA COCTORAHAM KONJIEKTMBHOR NDAPOZH NONYYUIIH
yOennTelbHOe NMOATBEPXZEHAE B COOTBETCTBYDMUX 3KCHEpPHMEHTAX . B yacTHOCTH,
Anf AZep ¢ 3anonHeHHoi HedTpoHHOR oOonoqxon_hfz 50 (Sgsp, 923,9 OTHODEHUE Mna-
paMeTpoB xnaannonegoM fﬁ@opuannn. U3BREYEHRNX M3 paccesHWAd HeHTPOHOB W NpOTO-
HOB, COCT&BIAET 152 /’,ZP = I,2. Jlag cocronHnit ogHOYACTHYHOR NDUPOZH TaKHE OT-
IMYRS MOTYT OHTH eme 3HauuTennHeit 9 . Hamaliove cocTOAHNA B 891['(1552 MaB) wo-
TYT GHTH PACCMOTPEHH KAK OZHOUACTMYHHE NepeXofH B MPOTOHHOY OOONOYKE I y TIO-
3TOMY y4eT W30BEKTODHOH 38BMCHMOCTH AMIEPHHX CHA yJIy4Yuma OH COraJccue pe3ynbTaToB
pacuera # 3IKCHSPUMEHTA B BHCOKOIHEPreTHYECKOH YaCTW CINEKTDPOB.
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BLOCKING EFFECT AT FINITE TEMPERATURE FOR SPHERICAL NUCLEI

W, Augustynisk
Laboretorio Dati Nucleari del ENEA, via Mazzini 2, 40138 Bologns, Itely and
Institute of Nuclear Research, Hoza 69, 00681 Warsaw, Polsnd

1. Introduction

Experimental data on level densities have been snalysed traditionally by sta-
tistical method. Frequently used, simple analitical formulae with adjustable
parameters were derived from schematic assumptions like equally spaced and
non-degenerated csingle particle states "3). Great progress was made in cal-
culation owing to the BCS procedure with equidistant single particle state
4-5) or realistic set -7, ’

In the closed analiticel formulee it hss been found possible to reproduce
the experimental level densities of neighbouring doubly even, odd~A and doubly
odd nuclei by a proper shift of excitation energy. Also Behkami and Huizenga -
using tha BCS theory for doubly even nuclei - have successfully shifted in the
energy scale the theoretical results on doubly even nuclei in order to repro-
duce the date for A-odd neighbour was found to be equivalent to that required
to produce one quasiparticle. Another procedure used by Behkami and Huizenga
congisted in proper reduction of the pairing energy gap, so that condensation
energy of odd~A nuclei was reduced in proportion to the doubly even nuclei to
give the even-odd ground state energy shift,

A different solution was found by Abboud et al, g). Level densities of odd-
A and doubly odd nuclei were determined by averaging the level densities of
double even neighbours properly shifted in the energy scale. The energy shift
is a sum of two components. The first one takes account of the energy diffe-
rence between the ground states, The second component accounte for the fact
that in vicinity of the closed shell, the addition of an odd nucleon affects
the properties of highly excited nuclei.

Maino et al.’o) used the blocking method in order to reproduce the level
densities for deformed nuclei with odd-A. They determined the level density at
an excitation close to neutron binding energy treating the pairing gap as an
adjustable paranmeter,

In this paper the blocking method for sphericel nuclei with A~ 6o was 1in-
vestigated. The calculations have been made without adjustable parameters for
two sets of single particle states: Seeger (dats from Hillman and Grover ’2))
and Seeger-Howard 13). Three mentioned above methode: Behkami-Huizenga, Abboud
et al, and blocking method were compared.

2, Calculation procedure

The state and level density of doubly even nuclei for realistic set of single
particle levels may be described by grend partition function method for the
system containing the pairing interactions. This method was discussed in de-
teil in many papere 4-9),

The density of states for odd Z(N) and even N(Z) nuclei (3 was determined from
the deneity of states of doubly even nuclei Geq' celculated with the blocked
two single particle states with energy €, . It was defined in the following
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way:
L(Ze1N,u) = § 23, (2,8,W), (1)

where N, Z asre even,
The ground state energy was calculated according to:

- - €

Eglz+1, M) = Min [E (T N)v €, ] - v e, (18)
The excitation energy then becoaes

U= F % + €k - E;“o . E,Ko . (1b)

All velues labeled by tilda in this paper were calculated with blocked single
particle states - the states with the same quantum nuabers except for the sign
of the spin projection. As cen be seen from formulae (1), (1») and (1b) the
density of states for odd-A nuclei was defined by set of theraodynsmical systems
with different degrees of freedom created by blocked states, Formuls (1) may be
extended to doubly odd nuclei by changing the singla sum to & double sum:

W(Z«1,NrT) = Z_LQG“,GL(Z‘N), (2)

where EK and eL mean energies of blocked states in neutron and proton systems.
It is easy to expect, keeping in aind the exponential behaviour of the function
w(V), that only fow terms of that sums will be significant. Howevcr, s degenera-
cy of single particle states results in gdditional simplificstion. For that
resson formulase (1) may be rewritten:

wlZe1,NU) = %(zﬁn);?q(a.a:,u), (3)

where: L(n,L,§, ) 1s the index of subshell; GL snd §, ere energy snd spin of
subshell, Looking into foraulee (3) it is aasy to deduce thet the function of
the level density end spin distribution will be determined by the set of spin
cut=-off psreseters:

— 3’ 01 ~r B -~
glw~ I Fhew O - Tevii, (&)

o (Zir1N(2Le1) (1+%)% (s)
SW- ¥ St oW epl T .

3. Results and discussion

In this section s comperison of the level densities calculated in microecopic
theory with experimentel ones 14,15,16) for ssnn. 59Co and 636u nuclei is pre-
sentad, The celculations were carried out with two sets of single particle
stotes: the one of Sesger’s and the other of Seeger-Howard’'s, The patiring in-
tersction conetsnts G _=5,12 A'°'741 end G _=4,04 A'°'73‘ !7’, determined for
Nilsson's set from the mess diffarences in s wide range of A, have besen used,
Additionsl enalysie of mass differences for A ¥60, performed with Seeger's set
and Vepstre dats 20) gives the values for these constants being in ressonsble
sgreement with those chosen in calculstions, Also, the compsrison of sxperi-
mental levels densities with theoretical ones for 56Fo, 6°N1 spproves used
psramsters, It should elso be noted that for Seeqer's set the superconducting
paramsters obteined in this paper are consistent with adjustable ones of rat.%),
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For 56Fa there sre squal: a":i.n Mev, aPr1.58 this paper snd ATt Mev,
4Ps1.4 MoV ref. (8).

In order to present the validity of blocking method for odd-A it is necesse-
ry to check the used parameters. The comparisun of experimental level density
with the theory for e has been rhown in fig, 1. As can be seen the micros-
copic theory works better with Seeger and
Seeger-Howard then with Nilsson set. The
similar deacription has been obtained also
for on other even-even nuclei from this
region, Apart from the good description of
experimental data provided by the theory
with Seeger and Seeger-Howard set, the level
densities predicted by theory lie higher
than experimental ones at low excitation
energy but lower than experimental ones at
low excitation energy. In the end of the
discussior of parameters it should be em-
phasized that the theory is very sencitive
to the G values. An 10% change of the G
value could change the results of the cal-
culations by more than & Ffactor 2.

In the figs. 2a, 2b eand 2c, the compari-
son of the experimental data for 55Mn. 9o

L0G, 1p) LEVEL DENBTY, MV

EXCITATION ENERGY  Wav

Fig. J Comparison g; experimental
level density of e with the
microscopic theory including the
nuclear pairing interaction. The
ceslculations vere perforued with

single pserti_le stat 63
Nilgsonp11 ’ See?er £5)° and and "“Cu with three calculation methods:
Seeger-Howard ! Behkami-Huizenga, Abboud et al. and the

blocking method have been shown. The Behkami-Hutizenga celculations have been
done with Seeger-Perisho set ’9), Abboud et al. with Seeger-Howard set. It can
be seen that the data predicted by the blocking method are higher than the
others.

Behkami-Huizenga conclude that the methods consisting in the energy shift
end reducing superconducting parameter are equivalent, They found that the
level density for 55Mn may be described by 2.0 Mev energy shift or by 503
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reduced A”for 56Fu. For the pair of SQCO and 6°N1 thie numbers are equel:

1,2 MeV and 58%, However it is easy to find certain correspondence between the
method of Behkami-Huizenga and Abboud et al, If the averaging is omitted and
"shell shift” neglected the Abboud et al. and Behkami-Huizenga methods will be
equivelent. The shell shift is small for nuclei far froam the closed shell but
important 9) for the nuclei near the closed shell and produces the fictive
ground state, However, there may be found some points of eimilerity and contrast
between the Behkami-Huizenge method and first term of the blocking method. In
the case when ths calculation will be done with the same set of single particle
levels and G values the observed difference in the slope comes only from the
blocked state.,

Fros the enslysis of particular terms of the blocking method it need be noted
that for 55mn only one term is important, just opposite to 53¢o and %3cu where
cnly at low excitation energy the total level density is mainly determined by
one term,

The blocked levels generated o different structure of accesible single pare
ticle etates. At low excitation energy it would change slso the superconducting
parsueters. Therefore at low excitation energy the irregular behaviour at par-
ticuler terms are observed, At high excitation energy, where superconducting
effects vanish, only the influence of changes in the sets particle states are
expected, The curves are much more regular but ;arallel only if |€ —€ [<«y.
The sxact numericsl vealues of all contributions for excitation energies: S, 1o,
15, 20, 25 and 30 MeV have bsen shown in table 4, This information coapletes
of table 2, where characteristice of configurations at T = O are given. The
date at T = O are reduced to those predicted by wehlborn 18): the excitation
energy is lower then |€, - €, !
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TABLE 1 Dependence of total level density on particular terms generated
by blocked states for 55Mn celculated with Seeger-Howard set,

Excitstion Total level | Per cent of level density calculated for the
nergy(Mev)! density following sub=shell with blocked states
Tf5/2 231/2 175/2 2p3/2 199/2 1d3/2
5.0 1.5437-102 94,12 1.22 1,72 2.75 04,00 2,17
10,0 8.9774-103 83,09 2.66 5.60 2,47 1.23 4,95
15,0 2.8766-105 67.37 4,051 11,77 5.78 3.36 7 .66
20,0 5.6135-106 60.44 4,83} 13,04 6.81 5.63 9,23
25.0 8.1844'107 54,90 5.40 | 14,20 7.68 7.40 | 10,39
30.0 9.4495-10B S50.71 5.84 | 14,91 8,28 8,95 11,29

55

TABLE 2 Properties of states at T = O for “"Mn generated by bocked states

for °Mn calculated with Seeger-How~~" set,

Protons subshell Excitation |[Excitation energy | Correlation functions
with blocked states]energy(Mev)|with G=0 (MeV) ap (Mev) An (MeV)
145, 0.0 0.0 1.53 1.19
2 842 2.36 3.21 1.78 1.19
1 f5/2 3.00 4.48 1.77 1.19
2 p3/2 3.44 4,94 1.78 1.19
1.99/2 5.26 6,84 1.81 1.19
1 d3/2 2,45 3.30 1.79 1.19

The consequence of the fact that blocling method describes the odd-A nucleus
by means of the set of thermodynamical systems with the different degrees of
freedom is not Geaussian spin distributions, even when the Gsussian spin distri-
bution is vslid for even-even. In agreement with the formulae (S) the function
describing the epin distribution is paremetrized by s set of the spin cut-off
factors. The spin distribution for 5%Mn at 30 Mev excitation energy has been
shown in the fig. 3. It can be seen that the lower vaslues of spins are popula-
ted with higher probability than in the csse of random populations,

T T

Fig. 3

U =30 MoV 55
The spin distributions for “~“Mn genereted

by different blocked states ot 30 Mev
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To sum it up, it should be emphasized that the blocking method predicts
dependences of the level density on excitation energy different than other
methods. This difference increaees with excitatior energy. The blocking method
predicts also the different than Gaussian spin distribution. In fact, the
blocking method gives values greater than experiment, but most of analysed
data have been model dependent. Some uncertainties come from the pairing
constants used,

The suthor is mostly indebted to dr G. Reffo, dr A. Ventura and dr G. Maino
who aided him in his research. This work was supported financially by a 3
months grant from ENEA,
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