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effects 
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- collective transport theory for fission, cross sections and neutron spectra 

of fission. 
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nuclear data evaluation. 
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THE FORMATION OP LIGHT CHARGED PARTICLES IN THE SYSTEM natA6+40Ar (2B5HeV) 

V.L.Mikheev.A.G.Artukh, G.F. Gridnev, M.Grusaecki, W.Karcs, A.N.Mesentaev, 
L.Pomorski and V.T. Volkov 
Laboratory of Nuclear Reactions, Joint Inetitute for Nuclear Research,Dubna,USSR 

Abstract; 
The yield of light charged particles ranging from H to С can be divided into 
two parts: those having a Symmetrie relative to 90° cm.angular distribution 
and particles with an angular distribution growing exponentially with decrea
sing emission angle in the forward hemisphere. It is assumed that particles 
with a symmetric angular distribution are formed pertly as the initial dlnuc-
lear system ion + target nucleus evolves towards complete fusion in collisions 
with angular momentum 1\1сгч+' Particles having a forward peaked angular distri
bution are produced in massive transfer processes. 

In recent years, in studies of heavy-ion reactions special 
attention is given to the emission of light 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 system Ag+ Лг 

60 80 100 
8см(«».) 

160 180 to ,*o , io 
ewotn 

Flg.1. Angular distributions of reaction products 
from H to С • In-the inset curves 1 and 2 gilt* the 
ratio« <Г(40°-9О0)/ F(90°-140e) and C(ioB-90°)/ 
Г(90 -170е), respectively. 

Fig.?. Th«t asymmetric parts 
of the angular distribu
tions of products from H to 
C. The dashed lines corres
pond to 1/sinÖ. 
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(285M*V), carried out at the 
310-cm heavy ion cyclotron of 
the J INR Laboratory of Nuc
lear Reactions 1 , 8 \ In Pig.1 
are presented the angular di
stributions of products rang
ing from protons to carbon 
nuclei. They can be consid
ered as a superposition of 
two distributions: one symme
tr ic relative to 90°(c. т .е . ) 
and the aSyimMtric one contri
buting to the total yield in 
the forward hemisphere.The 
asymmetric parts of the angu
lar distributions are shown 

2 in Pig. 
of 1H,?H, 

The energy spectra 
3H and 4He are gi-

0 5 10 В И 0 5 Ю в 20 Z 0 5 Ю 6 JO 25 30 

Pig. 3. The energy spectra of 

s io issaixouaisH 

1H,2H,3H and He. 

ven in Pig.3. The difference 
between the cc-particle spec
tra at forward and backward 
angles symmetric relative to 
90°(c.m.s.) ie showed by da
shed lines. The dashed part 
of the spectra just forms the 
forward peaked part of the 

o(-perticle angular distribution shown in Fig. 2. The energy corresponding to the 
maxima of the dashed spectra 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 mass. 

"!e also carried out measurements of the angular and energy correlations of 
two ОС-particles formed in one interaction. In Pig.4 there are presented some 
data on cross sections for the formation of two ос-particles in one plane inclu
ding the beam axis as well as in mutually perpendicular planes.In these measu
rements one of the ОС-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 8g of the second telescope In one 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«-particles, compered with inclusive 
ones, are presented in Pig. 5. The. r.m. s. values of angular momenta obtained 
from the ratio of cross sections for Ot-particle coincidences in one plaiie and 
in mutually perpendicular planes by using expression C) from paper are 
listed in Table 1. Independent angular momentum estimates derived from the «c-
particle angular distribution in the backward hemisphere oy using expression 
(5.38) from paper 4) give I_ «52* 7h. The critical angular momentum for the 
system Ag + Ar (285MeV) is equal to about 85n.The Тттш we obtained for«-par
ticle emitting nuclei are much smaller than lcr<+• Hence it follows that deep 
inelastic nucleon transfer reactions proceeding at angular momenta close to 
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Tabl* 1 

Angular momentum estimates derived from 

the ratio between coincidences in one plane 

a--* in mutually perpendicular planes 

6?,degree 

+30 

- 3 0 

+52 

-90 

+128 

-128 

s ä?G-„ / d g Cl 

1.41*0.1<> 
1.40*0.16 

1.72*0.32 

1.70*0.18 

0 .81*0 .13 

1.54*0.23 

I r u o , h 

36*7 
3(.±7 

46±10 

46*5 

-
4 1 * 9 

I r m s , " 

53*10 

53*10 

47*10 

46* 5 

-
("•4*15 

* The reaction plane is set by the beam 
axis and telescope 2. 

'* The reaction plane is set by the beam 
axis and telescope 1. 

1 -t do not contribute substantial!;; to 

-ISO -120 90 -&0 -30 0 +30 

бгиь.Сч-) 
•60 «90 »120 »150 

Fig.4. (a) Differential cross sections 
for the formation of two coincident 
o/-particles with telescope 1 located at 
an angle of 90 to the beam and at diffe
rent positions of telescope 2. 
(b) the differential multiplicity of 
coincident «-particles. 
(c) the ratio of differential cross sec
tions for the formation of coincident 
ot'-particles emitted in one plane and in 
mutually perpendicular planes. 

5) 

the yield of с incident«-particles. It 
should be not»! that coincident^-partic
les give about 9 W of the yield of inclu
sive ones. Prom all the dote obtained by 
us it follows that the heavy fragment si
milar to a compound nucleus formed in 
complete fusion is the main source of <X-
particles with a symmetric relative to 90° 

(c.m.s.) angular distribution. How
ever the yield of of-particles with a 
symmetric angular distribution ex
ceeds that expected on the basis of 
the statistical evaporation nodel. 
This can be caused by an increase in 
the o(-particle trar amission coeffi
cients in taking into account the 
deformation of nuclei with high an

gular momenta •". This effect, however, depends sharply on the value of angular 
momentum and should be most pronounced only at 1^1 с г^^- Therefore we believe 
that an enhanced«-particle yield can be associated with the decay of the Oi-
cluster configuration of the dinuclear system 1,6). Such a configuration can 
be formed in the proceas of nucleon transfer in the initial proiectile + target 
system as it evolve- in the direction of complete fusion at angular momenta 
K l c r i t . Prom this point of view a subetanial part of o<-particles with a symme
tric relative to 90°c.m. angular distribution is enitted by the nucleus prior 
to the establishment of full statistical equilibrium. This agrees with some 
experimental results presented in 1), in particular, with the high nuclear tem
perature value determined from the slope of the «-particle energy spectra. 
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;'ig. 5. Energy spectra of coincidents-particles 
for 6* «90 and 6g=+30 with telescopes placed in 
one plane (A) ana in mutually perpendicular pla
nes (B). On the spectra projektions the histo
grams show data for coincident o<-particles, the 
dashed lines stand for inclusive «-particles. 

The low probability of coinci
dences of tx-particles as they 
are emitted on one side of 
the beam at backward angles 
and in one plane (see ^ig.4) 
can serve as additional evi
dence for the nr .-equilibrium 
emission of«-particles. 

At an angle of 30° about 
40f> of ОС-particles are rela
tively energetic contributing 
to the forward peaked distri
bution. '.Ve have detected the 
coincidence of these tl-partic
les with those emitted by the 
heavy reaction product. Thus 
evidence лав been obtained 
for their formation in proces
ses involving: the capture of 
the main part of the ion in 
the target nucleus, termed as 
"massive transfers" 7). 
The energy 3pectra and angu
lar distributions of reaction 
products ranging from I! to С 
are of the same kind qualita
tively. Therefore it is pos

sible to asBume that the mechanisms of their formation are similar to those of 
forming oC-particles in the case of both symmetric and forward peaked angular 
distributions, 
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FAST PROCESSES IN HEAVY ION REACTIONS AT INCIDEKT ENERGIES OF IS MeV/u 

K.D. Hildenbrand 

GSI Darmstadt, Federal Republic of Germany 

1. Introduction 

Experiments which investigate reaction mechanisms in deep inelastic collisions between heavy 

nuclei were restricted in the past to incident energies up to a few MeV/u in excess 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 

adiabatically: Most of the internal degrees relax during the reaction time and the di-nuclear 

complex as a whole reacts on all the constraints imposed by e.g. available energy, driving 

forces or angular momenta. The dissipative character of practically £ll the involved proc

esses is accounted for best by the expression 'dissipative collisions' . 

It seems 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

nate the energy-loss mechanism at lower energies 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 
Й6 89 166 

exploratory experiment; a Kr beam was used to bombard different targets like Y or Er. A 
surprisingly high probability for the projectiles to undergo a fragmentation into two massive 

2) products was found . 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 cora-

3) pleted successfully , beam energies up to 17 HeV/u even for U-ions can be routinely handled; 
for medium-mass projectiles the maximum energy is even higher, 22 MeV/u seem to be possible for 
Ar ions . 
In the next chapter I 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 Ho + Sm at 12 MeV/u яге described; chapter 4 dis
cusses сЬаггч- 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 

92 92 the results of the system Mo + Mo at 14.7 Me.V/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 
desi»nr;d and optimized for the detection of two-body processes has been modified; some of the 
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component» which ire of relevance for the results to be discussed «re briefly described in the 
following: 
1) A large-area position-sensitive ionisation chamber (1С) 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 energy and the velocity a d thus the 
nuclear charge and the mass of the products. 
2) Inside the scattering chamber 12 position sensitive parallel-plate counters w.'th an active 

2 
area of 20x30 cm 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 is used for the idontification. 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 foreward hemisphere can be inferred from picture on the 
right: It shows a singles' measurement from a calibration run with Mo on Au at 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 one of the 
counters A, B, or E is moved downwards to open a slit by which the 1С looks onto the target. On 
the photo counter A actually is in its lower position. 

Fig- 1 
Left: Photo of the array of position-sensitive parallel plate counters mounted inside the 
spherical scattering chamber. Right: Reconstruction 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 ed detection system is designed to measure also charge and mass of 
one of the outgoing products by means of the ionisation chamber. This offers the following 
advantages: 

a) The full (N.Z)-disti. 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 CM.-velocity vectors arc aligned). 
In addition, the ionisation chamber covers (in comparison 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 reactions 86Kr on 166Er and 98Mo 
154 Q2 QR 

on Sa were measured at 12.5 and 12 MeV/u, respectively, (ii) recently beams of Mo and Mo 
were used to bombard at 14.7 MeV/u targets of 9 2Mo, 9 8Mo, 1A7Sm, 15*Sm and 2 3 8U. As already 
pointed out I will restrict in the following to some selected results. 

3. Preequilibrium light particle emission 
At pr3sent 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. in the Kr + 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 fiyure: At forward angles close to the light fragment direction a component 
is left over which is not understood in the frame of the evaporation calculations; 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 yield» (see text). 

The results on light charged particles are even more scarce than the ones on neutrons. There
fore in the run at 12 MeV/u we have performed a measurement of the o-particles emitted in 
coincidence with the binary products in the reaction Mo + Sm. The velocity vectors of the 
two heavy products were measured using the set-up of parallel-plate counters while the o-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 spectrum of the o-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 и 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.Se the CM-systen of a and 
target-like fragment. Projectile- and target-like products were defined according to their 
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laboratory velocities; the futti fragment «as eaauaed to be projectile-like. The dashed 
bands within the plott «ark the ran«« of velocities calculated for o-partlclaa evaporated from 
the respective reference part idea. Th* absence of avanta beyond 6 - 100' la attributed to 
geometrical cuts. Altogether we do not find It possible to Judge about tb* existence of otter 
possible I.e. preequilibriua components in the a-spec*-a. This statement is still to be sup-
ported by Mont «-Carlo simulations which are based on the experimental knowledge of angular and 
velocity distributions of the a-emltting heavy products, but it is already clear that the 
aviilable energy is not yet sufficient to proeote charged particles into the eontinuun with a 
sij^iificant probability. Within the present yjoi statistics a 10 % contribution as observed 
in the neutron measurements could hardly be detected. 

a; M 

Fig. 3: 
Coincidences 
between a-particles 
(measured at 20') 
and two heavy "bi
nary" products mea
sured in the 
parallel plate 
counters. 
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1. 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 respp-t 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 + Mo 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 e.g. in compar-

98 98 ison to the system Mo + Mo which was studied 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 done 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 calculations . This made us 

81 tentatively postulate a non-understood drift at these high incident energies . 
In the present case the reaction is overdetermined since velocities and angles of both binary 
partners 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 
different ways the primary distribution ноге directly. These, however, looked different fro« 
the inclusive results; it turned out that the two-step iterative procedure is no longer ade
quate at higher energies; on 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 
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Fig. 4: d 0/dTKE.dZ, inclusive results, ite-
ratively corrected for particle evaporatic.i. 

code CASCADE '. These calculations are 
believed to be reliable up to excitation 
energier of 100 MeV. The results are dis-

2 played in Fig. 4 as do /dTKE.dZ; this 
spectrum looks now the same regardless wheth
er measured energies or velocities were used 
in the reconstruction of TKE. For the first 
200 MeV of energy loss the distributions in Z 
stay symmetric and are centered around Z=42 
of Mo. As a consequence one has to say that 
the formerly seen drift can be fully under
stood by sequential evaporation; no evidence 
for preequilibriuo decay is to be seen in 
this range of energy losses. 

5. Splitting Into more than two fragments 
At higher energy losses the Z-distributions shown in Fig. 4 widen up and bee. не apparently-
skewed which is caused by three- (and possibly four-) body events. As already observed in the 

2) first experiments at higher energies ' these processes have an unexpectedly large probability 
which has given raise to the name 'splitting'. Glässel and v. Harrach et al. have shown in 

the meantime 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 a 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. 5a 
2 

shows the inclusive distribution d o/dv .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 relaxed 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 

Fi».5c resp. 5a. This component could only be observed after both the Ionisation chairber 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. v. . correlation of these fragments. In 

the light of these new results we have to assume that the mass (or charge) distribution of the 
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2 9) splitting fragments is much broader than expected fror earlier measurements ' 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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.92.. Results of Mo+ Mo at 14.7 MeV/u. Left side: Conto ir plots d o/dZ dv ; right side: Inte
grated element distributions. The spectra a) show inclusive data, spectra b) events with 
coplanarity condition (ДЛ = ± 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 concerned. 
The 3-body break-up (called splitting) which is well established in the fully relaxed region 

CO CO 

probabely plays a role also at already lower energy losses. Recent results from the Ni+ Ni 
system it 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. Müller, A. Olmi, M. Petrovici (IPNE 
Bucharest, Romania;, G. Rudolf (Univ. de Strasbourg, France), H. Sann, H. Stelzer, 
J. TCke (Univ. of Warsow, Poland) and H.J. Wollersheim. 
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8HISSI0H OP HIGH-BKBRGY CHARGED PAHTICLES IH HBAVY-IOH REACTIOHS 

Yu.A. lluzychka, B.I. Pustylnik, Yu.E. Fenionzhkevich 
Joint Institute for Nuclear Research, Dubna, USSR 

In recent years a rapidly growing interest has 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 tmitted with velocities not exceeding the pro
jectile ion velocity were investigated, but the recent rapid development 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 аДЗ-Е telescope placed in the focal plane of a magnetic spec
trometer located at an angle of 0° to the beam allowed one for the 'irst time 
to detect light charged particles ranging from hydrogen to beryllium isotopes 
with energies close to the kinematical linit for the corresponding two-body 

1 2) exit channel • ' (see Pigs. 1 and 2). Ueasurements have been performed of the 
spectra of charged particles produced by bombarding Th, Au and Та 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 mo£«.ls proposed to explain the 
emission of fast charged particles. 

However, the presently available expe

rimental data are insufficient to give 

preference to any of them. Moreover, 

different mechanisms can contribute to 

various parts of the spectrum. All the 

models suggested can be divided rough

ly into two groups: direct reactions 

(stripping, knock-on, etc.) and pre-

equilibrium processes. The first group 

of models considers peripheral colli

sions and the residue compound nucleus 

is expected to have an angular momentum 

near ̂ gy - c^ , where i ^ is the grazing 

angular momentum, and T, is the average 

angular momentum carried off by the 

fast particle. In the second case where 

the central collisions are considered 

the angular momentum of the residual 

nucleus is considerably smaller. 

The proolem of the magnitude ot the 
angular momentum of the nucleus remai-

Pig.1.^erSjSctranOfhth23l{?hifetr ^ ftfter f „ t ^ ^ ^ ^ ^ 

! 

(178s>V) reaction. essential not only for the clarifica-
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tlon of the reaction mechanism leading 
to the transfer of a large amount of 
energy to the light particle, but also 

Ю ь Б Л \ q 1 in terms of the possible production of 
"cold" nuclei in reactions involv _ng the 
emission of energetic^-particles. 

To obtain information on the angular 
momentum magnitude and clarify the me
chanism of fast^-particle formation it 
is neceeaary i.o investigate not only the 
characteristics of the JL-particles them
selves (their energy spectra and angular 
distributions) but also the states in 
which the nucleus remains after the 
emission of a fast oi-particle. This can 
be achieved by measuring the excitation 
functions cf^x n reactions at high bom-

20 «) 60 80 CO 120' КО barding energies, the yields and angular 
distributions of fission fragments in 
coincidence with fast tf-particles, and 

Pig.2. Energy spectra of the Li and by studying the spectra and angular di-
fSlä 0i 0»Sb , B(17M-V)^tio n.

r t' i t a* l o n e o f в-ondary ̂ -particles and 
protons. Finally, a very valuable infor

mation can be provided by measurements of the spectra and multiplicities of 
/" -rays in coincidence with fast charged particles and the simultaneous identi
fication of the y-ray emitting nuclei. 

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

One of the possibilities indicated above was realized in measuring the ex
citation functions of the reaction Lu ( Ие,Ух n) in a wide He ion energy 
range, from 5 to 10MeV / nucleon, with the separation of the exit channels 
di'n, o<1n, ...tf4n by detecting the final products ' (see Pig.3). By Tanking 
the natural assumption that fast ,*-particle emission leads to the formation 
of a compound nucleus with mass (л1 + Л2~4), charge (Z1 + z,2-2), the set of 
initial excitation energies determined from the experimental spectrum of fast 
of-particles and some initial angular momentum distribution determined by the 
distribution of momenta in the entrance channel and the average momentum car
ried away by anЫ-particle and using the formulae of the statistical theory of 
nuclear reactions we have analysed the experimental excitation functions ob
tained. The тят-lmum value of the residual nucleus angular 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 Ä-particle the compound nucleus remains in a state with high angular 
momentum ̂ 5 0 - 60 at Ne ion energies between 180 and 210MeV, which corres

ponds to momentum values of 80 — 90Ain the entrance channel. And one can con

clude that peripheral collisions occurring in the entrance channel play an 

essential role in the mechanism of fasto<-particle formation. It is natural 
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that this «ay of deriving information 
on the magnitude of angular momentum 
cannot be regarded as the only unambig
uous and reliable method. 

The v-multiplicity studies also en
counter certain difficulties. The ^ -
multiplicity measurements allow one to 
study the distribution of the residue 
angular momentum after the termination 
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 simple nor straightforward, espe
cially for nuclei that fission readily 
at high excitation energies and large 
angular momenta. We have calculated the 
distribution of the residual angular 
momentum after the neutron cascade 
which accompanied the emission of a 

Pig.3. Excitatipn functions in 2 Ne + " '°I the 
bliu reaction. 

faet of - pa r t i c l e i n the reaction 22 He 
(165 MeV) 181 Та. The average multi

plicity of /-rays in coincidence with fast э^-particles was measured in this 
reaction and the limiting value for the orbital momentum in the entrance 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 channels of compound 
nucleus decay. 

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

The average value of the residue momentum отъв depends on the o(-particle 
energy rather strongly since the latter determines the initial excitation ener
gy of the excess nucleus and, consequently, the number of the neutrons evapo
rated. On the other hand гее depends weakly on the maximum momentum of the nucleus after o(-particle emission and this complicatee substantially the estab
lishment of the initial limiting momentum by measuring the average J-ray mul
tiplicity. In this context, the Сщах obtained in ref.^' can be viewed upon as 
only a rough estimate for the lower limit of the 1-дох • the more so as the 
quite possible cases of the three-body exit channel will decrease substantial
ly the average У-гау multiplicity being measured. 
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•< E4= /65ч* 
It should be noted that more sensitive 
would be an experiment in which the 
/f-ray multiplicity would be determined 
for the separated products corresponding 
to the evaporation of a certain »umber 
of nucleons, rather than for all the 
compound-nucleus decay channels taken 
together. 

Wide possibilities for solving this 
problem are offered by measurements of 
the fission cross sections and angular 
distributions of fragments in coinciden
ce with a fast У-particle. The angular 
distributions carry чоте information on 
the distribution of momenta in the com
pound nucleus formed. 

By measuring the fission cross sec
tion as a function of x-particle energy 
it is possible to give an answer to the 
extremely important question concerning; 
the reaction mechanism, namely, what is 
the exit reaction channel - a two-body 
or three-body one. In the сазе of a two-

body exit channel both the excitation energy and the Z2/A parameter of the 
heavy fragment will substantially exceed those for the three-body case. Conse
quently, the fragment yield per oC-particle will also be considerably larger. 
Calculations demonstrate that combinations of lead and bismuth targets with 
22 IS 

He and 0 ions may prove to be most convenient for this purpose. In going 
to the lighter targets the fragment yield per Ы-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-209 22 rier. For the reaction Bi + Ne, about 805J of the events of эС-particle 
emission are expected to be accompanied by the fission of the heavy fragment 
ir the case of the two-body exit channel. 

Pig. 4. 
I'O го за to so 1 

The distributions of the resi
dual angular momentum at two 
ol-particle energies. 
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PREEQUI^IBRIUM EMISSION IN THE REACTION '4N + 27A1 AT 100 MeV 

R. Billerey, C. Cerruti, A. Chevarier, N. Chevarier, B. Cheynis, 
A. Demeyer, M. Stern and M.N. Namboodiri^ 
Institut de Physique Nucleaire (et IN2P3) — Universite Lyon-I 
43, Bd du 11 Novembre 1918 - 69622 V4lleurbanne 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 пол-equilibrium phenomena. In this paper, we report the results 

14 27 obtained on the N + Al system at 100 MeV incident energy. The measurements 
have Ьгеп performed at the isochronous cyclotron of the Institut des Sciences 
Nucleaires at Greroble. Ke 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 : 

Two Body interactions 

Capture of the 
incident particle Composite System — 

/ i \ 
Preequilibrium emission 

of light particles 

,-19 -• Compound nucleus (̂  10 s) 

/ 1 \ 
Stat is t ica l emission 
of l ight particles 

The exper imenta l e v i d e n c e of p r e e q u i l i b r i u m e m i s s i o n : h igh energy s p e c t r a com
ponent and forward peaked angular d i s t r i b u t i o n was o b t a i n e d by comparison of e x 
per imenta l data w i t h s t a t i s t i c a l e v a p o r a t i o n theory p r e d i c t i o n . The N(100 MeV)*Al 
r e a c t i o n i s c h a r a c t e r i z e d by c o m p e t i t i o n between f u s i o n and deep i n e l a s t i c c o l 
l i s i o n s . When we expect to observ p r e e q u i l i b r i u m e m i s s i o n , we e x p e c t the d i a 
gram t o be :. 

Coalescence of the two ions 

Interaction of the 
two heavy ions Composite system 

Preequilibrium emission 
of l ignt particles 

-19 Compound nucleus (% 10 s) 

Stat is t ica l emission 
of l ight particles 

Fragments from deep 
inelast ic reaction 
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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 (а ДЕ gaz -
ionization chamber followed by a 400 am solid state detector) is placed at fi
xed laboratory angles either 0, HI •10" or 0, HI -30° The light particles te
lescope ( a 3solid state detectors system) is moveable 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. 

Figure 1 

11. Reaction mechanism observed in M •*• Д1 system 
The measured fusion cross section ' fusion 830-150 mb leas to a I . =27-2Ti crit 
The evaporation residues (E.R.) distribution is well reproduced by an evapora
tion code calculation with £ 

crit 
27 h. 

2) From fragment-fragment correlation ' 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 comparca with predictions of statistical calculations. We determine 

the total excitation energy from two body kinematics and assume this excitation 
12 29 

to be shared by the twi. initial DI fragments С С and Si) 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. 
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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 in the 
grazing direction. In the H 
distribution no such forward 
peaking could be seen. The ani
sotropics 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 Ь (derived from ER cross sec
tion 1 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. 

Jmb 
Fusion 

E.R. 

Light Part ic le Emission 

Proton Alpha 

Non S t a t i s t i c a l Emission 

Alpha Proton 

Experimental 

Statistical 
Calculation 

830 - 150 

830 

2000 - 350 

1700 

1850 - 200 

1250 

250 - 80 < 40 

» eo «J no «o 
: igure 3 - Experimental and calculated (full lines) CM. 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. 

III. 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 -' which allowed the particle emission probabilities and kinematics 
to be followed over all the steps in a large evaporation cascades. The semi-clas
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.ss set equal to 27 +i to re
produce the E.R. cross-section and the radius parameter for the moment of inertia 
(1.43 fm) which has been chosen to fit the ba к ingle 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 the 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 9 = 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 в « 15° and в » 
60° in correlation with E.R. (figure 4) The 15° alpha energy distribution cannot 
be explained by statistical model. The high energy cross section enhancement cor
respond to the extra cross section we just observed in the angular correlation. 

Figure 4 
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This non equilibrium alpha 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 8„j = -10° and fl = 15° is well reproduced by the statistical mo
del. But a notable change appear if only a with E > 30 MeV are involved (fi
gure S). 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 
with an energy around the energy beam (28 MeV) and then the compound nucleus 
37Ar[27Al+,0B(72 MeV)] is formed. 
COUNTS 

(a-u.) 

750 . 

500 

230 

10° 

15° n 
E H - a 

ER-«(E„>30MeV) 

Li" * i 

T — i — r — i — i — r 1 

Figure 
E.R. distribution 8„j • -10° in coinci
dence with particles 

(E.R., o) 
(E.R. - E„>30 MeV) 

_ ._ .— Statistical calculation 
(B(72 MeV) • 27Д1) 

Mg AI Si P S CI 
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 evaporation but as far 
as more than two a particles are emitted a substantial dealignment is obtained. 
Although there is an overall agreement 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 
(figur» 6) the high energy component observed at в = 15° ф» 0 completely di
sappear as far as the out of plane angle Ф 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 mas
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 - V C M cos 9. Vc is 
the most probable velocity provided there is a complete momentum transfer and sym
metry about 90° CM in the decay of the compound nucleus. We find that v is 
smaller than V which is indicative of the presence of preequilibrium emission 
or incomplete fusion process. If one tries to extract the evaporation residue 
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1.7 

component by fitting the velocity spectra 
with a gaussian which has the maximum pro
bability centered at V 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 
projectile like nucleus fuse with the 
target nucleus, v̂  is found to be equal 
to most probable velocity provided there 
is a complete momentum transfer in the fu
sion (10B + Z7A1 72 MeV). Such informa
tion given by the recoil velocity spectia 
of evaporation residue can be very signi
ficant when measured in coincidence with 
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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 о 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 - PIC 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 
kineraa ical calculation ' we use the following convention. The alpha particle 
is labelled by 2, the projectile like fragment by 1 and the target like frag
ment by 3. For example if boron and the a particle represent the two detected 
nuclei we may write the three reaction type as : 

Process 

Process 
Process 

1 2 

2 3 
3 1 

, 4 N - 27A1 
, 4 N +

 27A1 
1 4 N - 27A1 

-+• 

-¥ 

-»-

27A1 • 14N:: -

10в • 3V : -
a • 37Ar -

(10B • a) • 27A1 

(27AU a) • 10B 

(2W°B) • a 
For each couple of coincident angles we c m 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. 

Alpha - DIC fragmentscorrelation 

In figure 8 is shown the diagram in case of carbon observed at 30° and a detec
ted at 40° upper part or 15° loweT part. The correlation (30° - 40°) is consis
tent with the picture of an a emission from the heavy recoil (E25) which is cal
culate taking the most probable energy for a emission in the center of mass of 
the heavy recoil equal to 7 MeV. At 15° we observ an extra cross section for 
E > 25 MeV. In that case the emission from the light fragment (line E12) 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-

37 tern Ar which may even turn a cross the beam axis before it disrupts into two 
fragments one of *\чт being the carbon observed at -30°. The line E,, represent 
the most probable energy for the carbon fragment (E31 « 13 MeV correspond to the 
Coulomb repulsion C-Mg no selection on the a-energy being done). As seen on fi-
gu/e 8 the process 31 can be one explanation for the correlation observed. 
On figure 9 is shown the diagram for a 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,j and E.2 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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Figure 9 

recoil. However a considerable number of event is observed for low Q. values 
Q, « -6 - 2 MeV. This maximum cannot be interpreted as a real projectile break
up (Qj • 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 (a-Li) and (o -Be) correspond to more and more 
negative Q. values. Such behaviour can be reproduced by the process 31 if one 

37 suppose a prompt alpha is emitted followed by the disrupt of the Ar 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. 

http://J_.l_2_A_e.A_�
file:///Q-Olb-v
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*pntton 
Proton-DIC_fragnents_correlation 

The three body plots correspon- (ш/ 

ding to the case of a light deep 
inelastic fragment detected at 
-30° are well explained by pro
ton emission from the heavy frag
ment. In the case of correla
tion 9 = -10° and 8a = 15° the 
proton emission from the light 
projectile is observed as seen 
figure 10. This emission is 
possible because of the low Cou
lomb b .rrier and binding ener
gy (7.5 MeV) of proton in ni
trogen. The smaller direct 
cross section (< 40 mb) dedu
ced from inclusive measure
ments can be explained by this 
process. 
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Conclusion 
The similar behaviour observed from prompt alpha in correlation with E.R. or D.I. 
fragments argue in favour of alpha emission in the early reaction stage. 
The preequilibrium raodel6) 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 о cross section in function of energy per nucloon 6n 

in the entrance channel are given on figure It. The values from the different 
experiments follow the same general trend. The non observed cross section for 
heavier projectile is due to a too low value o f f n 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 a spectra as well as the total di
rect alpha and proton cross section are well reproduced. Taking and initial 
configuration : 5 n, 5 p, 1 a in a agreement with the exciton number (nR) 
deduced from the slope method nR = n i n i t i a l " 2 = 9 " ' (figure 12). 
Л 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 
range involved. 
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The conception of a rigidly rotating double nucleus has been validated in many 

examples of deep-inelastic (DI) reactions at bombarding energies below 10 MeV/nuc-
1-4) leon . 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 agreement 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 
5—8) 

reaction modes competing with fusion . According to a sharp cut-off recipe, 

accounting well for fusion and incomplete-fusion cross sections ' in asymmetric 

systems at E>10 MeV/nucleon, in the example of Ne+ Er the partial waves bet

ween I. « * .. (fusion) - 64 h and t. = 125 ti are expected to lead to incomplete 

fusion, i.e. fusion of projectile subclusters with the target. Yet the DI reac

tion mechanism persists In such cases ' ' .To track down the characteristics 

of angular momentum relaxation in this energy region we have studied the fragment 

spin in DI reactions of Ne+ Er 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. 

168 
Isotopically enriched Er targets of 2 to 4 mg/cm' thickness were bombarded 

with 20Ne 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—лт' Si detectors, subten
ding solid angles of 30 msr. Light-element contaminations of the target, deter
mined by comparison to runs with Carbon and Oxide targets, require corrections of 
up to 10% of the heavy-ion singles yield at 0. . = 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 v-rays, M = N _,. _/(N . , x efficiency), is obtained by integration over Y coinc singles 
the Y-ray energy and by averaging over the almost isotropic out-of-plane distri
bution. The fragment spin is deduced from these data. In a second experiment the 
circular polarization P of the energy-integrated y-radlation was measured with a 
doubly symmetric set-up of two heavy-ion telescopes at ° l a b * 35е and two Polarime
ters11' in order to classify the trajectories by the sense of rotation. 

A general view of the Ne+ Er reaction is obtained from a scatter plot of 
events in the ЛЕ-Е representation (fig.1). One may recognize two components in 
these light-fragment inclusive data, a quasi-elastic component of Z S z ... 

projectile 
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nuclei with energies corresponding roughly to the beam velocity 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 ) , 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 ^-spectroscopic experiment , shows that a break-up with 
only little excitation of the target and a transfer contribute equally. The DI 
component is dominant at Q^ ь = 35° which is 15° behind the grazing angle (corres
ponding to 1 = 142 Ъ ) . However, at smaller angles a strong preponderance of 
c ^ graz 
the beam-velocity component is observed while the total DI cross sections is com
paratively small (about 200 mb). 

cts. 
200 

100 

0 

Ne 

100 QlMcv! 

1 
1 ' 

0 
1 
1 

Fig.1: Gamma ray circular polarization along the scattering normal 
for three deep-inelastic groups and one beam-velocity group 
in а ДЕ-Е scatter p]ot of reaction products at вхаЬ = 3 5 ° -
The insert shows a Z=10 particle singles spectrum. 

The measured values of the y-ray circular polarization P along the scattering 
normal &< x k,f are given in fig.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 averaqe total fragment spin vector points into direction of 
the entrance-channel angular momentum l i . Hence a positive (negative) polariza
tion signifies negative-(positive-) angle scattering. As expected, positive-angle 
scattering dominates in the beam-velocity component. In the DI component, the 
average over the three indicated regions, P' DI (+ 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 P^ in the case of a completely 

i 11) 
polarized initial state would amount to almost 100% in stretched y-decay , a 
statistical-model calculation of the pre-yrast dealignment for the target-like 
fragments shows that in this case |p | = 70-90% is to be expected, depending on 
the relative contribution of non-stretched y-decay to the total у yield [see 
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14) i 

ref. J. 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

isotropics of discrete transitions . As a result, P =.+. (40-60)% corresponds 

to pure negative-(positive-) angle scattering. For comparison, we note that both 

extremes are approximately reached in the cases of 100-MeV 0+ Ni [ref. ] 

and 620-MeV Kr+ Au [ref. ] where the same reckoning results in a largest 

possible P of about + 60%. 

Contributions from either side of the interaction region to the differential cross 

section mutually cancel in the net polarization so that P = + 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 transition into fusion-fission processes, to be associated with zero 

polarization, seems to take place . These polarizations impose severe restric

tions on the interpretation of the currently much discussed fast-particle emis

sion in DI reactions 

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 M by fusion experiments in which the £. distribution of com

pound nuclei, in the region of tie target-like nuclei of the present experiment, 

has been reconstructed . 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 

well ' by I = 2.06»M -5.2. while contributions from fission are negligible in 

this region , the spin removed by a evaporation would amount to about 5 n per 

heavy fragment if the oc yield in ref. 17 were completely due to evaporation and 

not to incomplete fusion. Thus, I - 2 И is adequate for the heavy DI fragments, 
overestimating I possibly by up to 5 ti. Contributions to M from the light frag
ments, identified as discrete lines in the Nal spectra, are small, e.g. less than 
0.3 for 0(3 ) and C(2 + ) . They are included in the presented values of M so 
that, with no significant change of the above calibration, the deduced spin is 
the mean value of the total fragment spin I =1. • I,. A quantitative interpreta
tion of the M -values in the beam-velocity component 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 у spectroscopic study 
In an exclusive study of incomplete fusion in a similar system the spin trans
fer was found to be in good agreement with the prescription given in ref.5. 

Application of the sticking-conditlon, 

l/i± ° (01 > G 2)/(0 1 • 92 + u D M , 

with parameters (D[fm] = 1.16 (A, • A, ) • 2.0, rigid-sphere moments of in-
19) 2-4) 

ertia , Э. and 0,) working well in several cases of asymmetric systems ' at 20 lower energies, e.g. 175-MeV Ne+Ag at 90* (ref.2), leads to a broad range of 
spins (hatched area in fig.2) the lower border of which corresponds to I. * * _,,. * 5) crit 
= 64 n. This value of *__,,. taken from the bin-model prescription ', describing 

5 7) fusion and incomplete fusion data of similar systems ' is considerably below 
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the predictions of fusion-models tailored for lower bombarding energies . 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 I > "'crit* X t is s a t i s f v i n9 
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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Fig.2: Gamma-ray multiplicity as a function of the light-fragment 
Z at Slab " 35° (circles) and 55° (squares); deduced spin 
transfer I in the deep-inelastic reaction channels; calcu
lated rigid-rotation values for binary reactions with 4i 2 £crit (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 (Z=*-8) which are strongly dominant in 

the DI component. Also the Z-dependence is in contrast to the behaviour of asymme-
2-4) trie systems at lower bombarding energies . The increase with increasing asyro-

2) 
metry, predicted for fixed г.,тау be flattened by an £.-fractionation 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 M <z
primary>-values with an almost identical 

behaviour as the M (Z) values for zprllnary -
 10 < s e e 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. (1) The dominance of negative-angle scattering, in par

ticular for those DI channels with the largest spin deficit (cf. figs. 1 and 2), 

(ii! 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 component , 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.3) 

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 incomplete fusion the DI exit-channel with light-frag
ment mass m 3 20 will arise with largest probability from the partial-wave with 

1. = I .„ (Er,m) x 20/m. For smaller I, incomplete fusion (i.e. fusion of 
l crit i 
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0+ Er in the example chosen in fig. 3) will be favoured, for larger t, the 
balance of farces favours a different fragmentation in the early stage '. The re
maining part of I. is carried away by beam-velocity particles with mass 20-m 
(solid line in fig.3). Thus, according to the phenomenological bin model 
*| = 4 с г 1 Л ; (Er,m) = 58 h, 50 Ь and 33 Ь in the examples of the 1 60, 12C and 6Li 
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 particles, distinguished from those emitted sequentially by either 

20' 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 I. < i . the licht fragment has a chance of escaping 
fusion if break-up occurs before the critical distance for fusion is reached. In 
contrast 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 momenta I. as the 8.' oi mode 1 are required for the balance of forces 

с\ -I eg 
in the rigidly rotating system. (The critical values obtained with Er or 
with the heavy fragment after transfer are almost identical). Substantial contri
butions from partial waves with I. < I . , flattening strongly the sharp cut-off 
distribution, have already been postulated on the basis of a study of exit channel 
energies in cases like 150-MeV Ne+ Ca deep-inelastic reactions . 

L sticking 

ft 

ß'=W60+ ,68Er) 

ОС 
a 

Fig.3: Schematic view of the angular momentum 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-channel partial-
wave numbers I, are different for these modes, a broad t, range will contribute 
to the DI channels. Yet, a simple rule emerges from the consideration of the ex
treme cases 1 and 2: We apply the "sticking' condition to the critical total angu
lar momentum I ,. (Er,m) for the DI channel with ejectile mass m. With the phe-
nomenological Я „-values of ref.5 a reasonable reproduction of the data is ob
tained (dashed curve in fig.2). Mass diffusion in later stages of the interaction 
may modify 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 energies. 
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LIGHT PARTICLE EMISSION FROM HEAVY ION REACTIONS AT MODEST ENERGIES 

E. ВеЧак 
Ins t i t u t e of Physics E.P.R.C. S.A.S., 84228 Bratislava, Czechoslovakia + and 
J.I .N.R. Dubna, 1C1CCO Moscow, U.S.S.R. 

and 

V.T. Toneev 
J.I.N.R. Dubna, 1CICÜC Moscow, Ü.S.S.R. 

A b s t r a c t : An attempt to estimate the relative role of processes con

tributing to the light particle (up to alpha) emission from heavy ion reactions 
P? 1Q7 

i s g i v e n . The o v e r a l l agreement of t h e c a l c u l a t i o n and the da te of Ne + Au 
reaction at 178 MeV i s reasonable, though minor discrepancies indicate a pre
sence of some another (nonequilibrium) mechanism and/or a need for modification 
of exis t ing approaches. 

1. Introduction 

The studies of heavy-ion inuuced reactions a t t r ac t much a t tent ion in the l a s t 
years . One of thei r special quest ions, which receives a great deal of popula
r i t y , is the ecission of l ight pa r t i c les (nucleons to alphas) from reactions at 
modest incident energies (& 2C MeV/A). The experimental data on the ^ight par
t i c l e double di f ferent ia l cross sections (see , e . g . , r e f s . ' » " ) manifest a 
strong forward peaking, ra ther hard outgoing par t ic le spectra reaching even the 
two-body kinemfctical l imi t , end - especially for alphas - remarkable integrated 
cross sections (up to j$-)> The energy spectra and angular d i s t r ibu t ions have 
been analyzed in terms of direct react ions, deep-inelast ic co l l i s ions , via the 
рге-equilibriua and/or equilibrium decay of the composite system.Apart of r e 
markable successes reached, the theore t ica l studies have usually been limited 
to one type of these processes only, what lowers the i r r e l i a b i l i t y in e s t a b l i 
shing the mechanism which is responsible for the l ight par t ic le emission. We 
try to estimate namely the re la t ive role of different processes. Our calcula-
tions are compared to the data of the Au I Ne, **) reaction at 17b IvIeV in
cident energy -5' , where the available data seemed to be the most complete. To 
get a better image of th is reaction, we have calculated the t r a j ec to r i e s of 
in terac t ing ions. This has been done by the use of TRAJEC code 4 ' , which solves 
the Newton-type equations of motion including deformation, nuclton exchange, 
and f r i c t i on . The l a t t e r was taken in the form of the so-called hard f r i c t ion , 
vhich seems to be well jus t i f ied now }' . The interact ion proceeds rather fast 
near the grazing angular momentum It- .^2x1C" s / , increases with decreasing 

0 \ 1ПХ 
impact parameter (*10~ s for deep-inelas t ic col l i s ions near l c r / ) » and a r e l a 
t ive ly long-living stable configuration is created for !*!,,_;• The overlap of 
in terac t ing r.iclei i s extremely small and cen be estimated ar more than few 
nucleons for such a long-living fusion-type configuration, a.. omoarably less 

permanent address 
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for deep-inelastic collisions. We shnll list now possible mechanisms (in the 
order of increasing impact parameter and decreasing reaction time) and look, 
how much and into which energy and angle regions they are expected to contribu
te to the double differential cross section for the alpha-particle emission. 

2. Compound nucleus and the pre-eguilibrium 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
ergy balance, with the rotational energy subtracted. 
As seen from Fig. 1, the theoretical spectra are too 
far from the experimental data. 

4 
A natural generalization of the compound nucleus 
concept i s the idea of pre-equilibrium decay, in t ro
duced into the heavy ion reactions by Blann and 
used by many others thereaf ter . The energy spectra 
calculated within the exciton or the hybrid models 
depend strongly on the i n i t i a l exciton number n . 
This parameter was put equal to the project i le mass 
number A in . I n the course of time the importance 
of the pre-equilibrium dec^y in heavy ion reactions, 
especially at modest energies, was questioned, Bor 
the pre-equilibrium calculntions, the i n i t i a l exci
ton number can be dt rmined from the slope of the (curves) л - p e r t i c l e spe-

«•l-W*> 

к и и • mt,,\»<MK' 

Fig. 1. The e:'reriir.entnl ' 
(point:;) and theoret ical 

22 Ne 197 Au at spectrum near its high-energy edge (for the nucleon ctra from 
emission •?-«"•e6jttJn*~ ). The values obtained in 178 MeV, measured and enl-
this way, as were reported by various authors, are culated at three ar.fles. 
depicted in Fig. 2. Though they are strongly author The pure Compound nucleus 
(or computer code?) dependent, 8 gross trend can be (=equilibrium) contributi

on is drawn пк я dashed easily seen: n « A for low energies not far from 
the Coulomb barrier , whereas n tA for hißlier en
ergies. From the point of view of the trn.jectory 
calculations, resulting in small overlaps of nuclei, line. 

the low value of n at energies 6 5 MeV/A 
above the Coulomb barrier is not too surpri

sing. We hav«» got n "8 for our reaction 

(with the a" phi emission treated in accord 

with Bibansky" and Obloiinsky" J ) . The an

gular distributions of complex particles 

were calculated as described in '. The re

sulting energy spectra at three different 

angles are presented in Fig. 1. 

line, the combined pre-eq. 

plus eqjilibriuc >s в full 

\ 

* '«0 

• «A, 
ID Um-к tut*) 

Fig. 2. Initial exciton numoer n from 
analyses of n-, p-, and «-emission from 
heavy ion reactions. The oxtracted values 

7-11) were token from ' " and our results. 
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3. Deep-inelastic collisions 

The deep-inelastic collisions (Die) can contribute to the alpna-particle emis
sion in two ways. The primary process (we'll refer to it as to the extreme Die) 
consists of such a large mess transfer that the projectile-like fragment trans
forms into an alpha-particle, all the other nucleons being transferred to the 
target-like fragment '. Secondary, the alpha particles from DIC arise from 
decay of excited both the projectile-like and the target-like fragments. 

3.1. Extreme DIC 

(pp-pf ттг*) instead of (p_-pf|) into 1 r n«n ' 1 6 ) / equation solution 'Ihere, p is tfc 

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

the Fokker-Planck 
the radial momen

tum). Together with this, we prefer the use of (re
duced) realistic binding energies to the usual se
cond-order polynomial approximation. Of course, this 
is difficult to be done within the Fokker-Planck 
equation approach, so that we calculate the element 
yields within the master equation, and then renor-
malize the Fokker-Planck double differential cross 
sections to the master equation calculated integ
rals . As an example of goodness of our approach 
we present the element yields for "neighbourhood 
reaction" up to our knowledge, there are no such 

22 197 
data for Ne+ "Au in Fig. 3, and the angular di
stributions, calculated by the Fokker-Planck equa
tion (code of ) 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 alpha particle energy spectre at 
different angles in the same way, and present them 
in Fig. 5. 

Fig. 4. The angular distributions from the reaction 
of le on -* Th at 175 MeV for four elements (their 
atomic number is indicated at corresponding curves). 
The full lines are the experimental data ''*, 
dashed lines our calculations. 

(mbl 
1000 

100 

the 

2 2 Ne . 2 3 2 Th , 175MeV 

а *жр 
— rcductd stell 
--real mass 

3 5 7 9 11 13 Z 

Fig. 3 . Element y ie lds for 
the "Ne+ J Th react ion at 
175 MeV. Points are the 
date of ', curves are 
y i e l d s calculated by the 
master-eq. approach with 
rea l masses (dashed) and 
reduced masses ( f u l l l i n e ) 
of n u c l e i . 

2 2 Ne,232 T h ( 

175MeV 

0 20 40 60 SO Ucm |de9' 
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3.2. Decay of PIC fragments 

The nuclei resulting from DIC can 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 o), and the evaporation 
was calculated for all heavier nuclei. The results 
are depicted also in Fig. 5. As is easily seen, both 
the extreme DIC and the decay of DIC fragments con
tribute mainly to low energies and not too large an
gles of emitted alphas. If we compare the element 
yields from the primary DIC and the total "DIC-gated" 
channel (Fig. б), we see that for Z>4 only a slight 
smoothing of the shell structure is observed. Some 
significant differences of primary and "total" yields 
can be seen for Z=4 (breakup of Be) and for Z<2 
(mainly due to the evaporation from the heavy frag
ment). 

4. Direct reactions 

Though many of nice analyses of direct reactions of 
heavy ions are reported ~ ' with remarkable suc
cess in describing the shapes of energy spectra and 
angular distributions, their importance is still 
questionable, because they cannot predict the abso
lute value. In order to estimate the direct 
reaction contribution, we have used the 
(oversimplified) plane-wave breakup descrip
tion without any details of neither the nu
clear structure nor the interacting pöten-
tial ' . Generally, two parameters enter 
these formulae: the width of the cluster im
pulse distribution in projectile and a nor
malization factor. The latter one was token 
so as to describe the "missing part" of the 
spectrurr (i.e. experiment minus all the other 
processes), while the former one from the 
shape fit. Of course, such a procedure might 
overestimate the importance of direct pro-

Fig. 5. DIC component of 
o(-emission. Points are 
data of ', dashed curves 
the extreme 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. 

IM) 
no 

m 

о 

» N . . "'Au 

A 
V' 

1ЛМ« 

/ / — QIC 
/ - - -r- *l>gMfrogmtnl 

' breakup 

' t a v r froement 
evaporation 

Fig. 6. Element yields arising 
from DIC as calculated from ex

cesses in our reaction. One further step was treme DIC (dotted), with light 
suggested to make the picture a little bit 
more realistical: we've included the Coulomb 
deflection of the projectile trajectory up 
to the (unknown) breaking point. We have de
noted this angle as j^kr and treated it as a 
parameter. 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 A'=20°. 

fragment breakup included (dash
ed), and with both the light and 
the heavy fragment emission (full 
line). 
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5. Conclusions 

As is se'n from Fig. 7, we have arrived to a 
very reasonable agreement of the theory and the 
data. Cross sections of the alpha particle pro
duction were estimated to be following from va
rious mechanisms: equilibrium emission 12 mb, 
рге-eq. emission 54 Kb, extreme DIC 73 mb, DIC 
light fragment brenfcup 34 mb, DIC heavy fragm. 
evaporation 164 mb, direct reactions 8r mb fto-
tnlly about 42C mb). 
Nevertheless, even nil the considered process
es together яге not aule to reproduce all the 
data si2jltaneously. Some slight discrepancies 
which still T-emain indicate a presence of some 
nonequilibrium (or direct) mechnnisn of the 
alpha parties emission, characterized by its 
contribution to ene"gies £50 KeV at small 
angles. A bette** understanding would be achi

eved by further both experimental and theore

tical work. 

The authors are grateful to u.U. Kr.rpov for 

supplying his rermi breakup code. 
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INCOMPLETE DEEPINELASTIC HEAVY-ICN COLLISIONS 

F . Guzmen and R. Rei f 

Technische Un ivers i tä t Dresden, Sektion Physik, Orecden, DOR 

I n heavy-ion c o l l i s i o n s with Höht p r o j e c t i l e s and incident energies of to to 

2o r.eV/nucleon an appreciable amount of the t o t a l cross sect ion is connected 

wi th processes producing fact l igh t p a r t i c l e s . The experimental data on such 

fnst l i g h t p a r t i c l e emission during the course of heavy-ion Induced react ions 

give strong ev id ince , that в non-erui l ibr iura mode is involved, Dt least during 
the i n i t i a l stage of the i n t e r a c t i o n . For example. In the react ion 

Ne (26o MeV) • °Ca the inclusive k ine t i c energy spectra of the react ion 
product ' С exh ib i t at forward angles о strong peak, located at on energy 
corresponding to the beam v e l o c i t y (eon f i g . 2 ) . The appearance of such a 
peak i n d i c a t e s , that in the f i e l d of the terget в d i rec t t r a n s i t i o n froa a 
bound to а с itinuuEi s ta te of the r e l a t i v e notion of the l i g h t and heavy f r a g 
ment in the p r o j e c t i l e occurs as tho dominating non-equi l ibr ium r e a c t i o n . 

I n th is react ion a fu r ther s t r i k i n r feature of the С spectra is a w e l l 
pronounced low-enerry t a l l , which extends tens of neV below the d i rec t pcok. 
Such en ext ra component is a c lear ind ica t ion of a raore complex react ion 
mechanism governed by a f i n a l state i n t e r a c t i o n i n the three-body channel, 
In to which the system enters a f t e r the d i rec t r e a c t i o n . I f one fol lows tiic 
change of the shape of the spectra wi th Increasing react ion angle , one con 
e s t a b l i s h , that the d i rec t peak breaks down rap id ly , whi le the low-energy 
component develops. 

As pointed out by Udagawa and Tenure ' t h i s anguler dependence of the spec
t r a l shape can be understood as a consequence of a breakup-fusion process, i n 
which an e l a s t i c breakup of the p r o j e c t i l e takes place f i r s t , but the « ( -par 
t i c l e i s fused in to the target subsequently (see f i r . 1 ) . The compound nucleus 
formed than decays to another three-body f i n a l channel . FJoth amplitudes cnn be 
ca lcu la ted apnroxiroately i n D'.VCA. I n э логе pragmatic way, Hussein, IlcVoy and 
Saloner ' decomposed the inclusive spectra , measured in s im i la r react ions , i n 
three p a r t s : t primary d i rec t fragmentation component In РЖА, а oen i -d l rec t 
conponent resu l t ing fror.i the I n e l a s t i c sca t te r ing of the observed fragment and 
an empir ica l non-direct background. The second component has been determined 
by fo lding a dirrct- fragraentat ion-spectruni with on experimental i n e l a s t i c 
sca t te r ing spectrum. The r e l a t i v e contr ibut ions of the f i r s t and second part 
has be-n used as a f ree parameter, adjusted to f i t the d a t e . Apart from the 
very low-energy end, the t a i l of the experimental spec t ra ' fo r P b ( 1 6 0 , 1 7 N ) 

2o8 Ifi 12 end Pb( 0 , C) at 3)5 MeV have been we l l reproduced for one react ion ang le . 

I n order to expla in the low-energy component I n the spectrum of the heavy 
p r o j e c t i l e fragment, the present paper proposes a two-step reect lon model, 
I n which a d i rec t p r o j e c t i l e breakup i s succeeded by a deeplnelast lc i n t e r 
ac t ion of the heavy p r o j e c t i l e fragment with the t a r g e t , I n which the fast 
heavy p r o j e c t i l e fragment i s strongly damped to the f i n a l low k i n e t i c energy 3 J 
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(«о t t ) CO 
F i r . 1 Schematic diagrams for ( a ) e l a s t i c breakup, (b) breakup-fueion, and 

(c) incomplete DIC 
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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, en elastic breakup of the 
projectile into an л-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 Alphaparticle-target interaction, 
leaving the heavy projectile fragment ae a spectator. After the first stage 
of the interaction we are encountered with a composite system of three partic
les in contact with a certain distribution of energy and nomentum for their 
relative motion. This system further develops in time. In order to have a tivo-
body problem agein, ive assume, that the dominating force is the target-heavy 
projectile fragment (ser fig. 1 ) . Thei, during the second stage of the reaction 
the target and the heavy projectile fragment 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 lr the Ingoing channel 
and on the intermediate state after the breakup, this double nuclear system 
can fuse (Incomplete fusion ') or undergo incomplete QIC. Within picture the 
entire double differential cross section for the emission of the heavy pro
jectile fragment is constructed by superposition of a cross section v^ ' for 

r 21 
the (first-order) breakup and a cross section 0'v ' for a succeeding (higher-
order) deeply inelastic interaction between the heavy projectile fragment end 
the target. 

The coefficient * , which regulates the relative contributions of both cross 
sections, is used to fit the shape of the experimental spectrum. The fit para
meter p gives the magnitude of the absolute cross section. The cross section 
©- *"' is estimated within a plane wave spectator model for 0. It is ex
pressed by the Fourier transform ^ of the ground state wave function of t 
projectile, which is assumed to be a Gaussian with a width parameter 

rl" -v I Jew»1, , 1фСЙ>1*~е »«-v 

( 21 The cross section e-v ' is calculated by folding a breakup cross section with 
the cross section for the riecplnelastic collision C-target. 

In order to simplify the integration over intermediate states it is assumed, 
that the breakup does not change the direction of the relative motion of 0 
and Ca ( Л ^ ^ а • -"-o-Ca ^' D l f f e r n t fr0" Hussein et al. the lnelnstic cross 
section is not taken from experiment, but calculated within a two-dimensional 
classical friction model for QIC, including statistical fluctuations of the 
collective variables. 

Calculations have been performed for the reactions °Ne (149 MeV and 
26o MeV) • Ca. Standard parameter values for the width 6" of the momentum 
distribution and the strength parameters e R, afl for the strength parameters of 

he 
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the f r i c t i o n fo rce : 

C*"« « - * A ^ A ^ A j t A j - ' ) f - 9o MeV/e or 83 MeV/c 

e„ - 12 fn/cMeV a_ « 0.22 fm/cHeV 

The parameters •< and(& have been f i t t e d at one for.vard angle ( 6 ° l a b . ) , and 
then the crass sect ion has been predicted for f i v e other angleB without read
j u s t i n g the paraneters м and ft . The resul ts of the ca lcu la t ions are presented 
i n f i g . 2 . 

One can s t a t e , that the endpoint Of the spectrum at lower energies i s given 
c o r r e c t l y . This aeans, that the standard f r i c t i o n force produces the r ight 
Magnitude of the energy loss during the f i n a l s ta te i n t e r a c t i o n . For inc rea 
sing r<act ion angle , as i n the experimental da ta , the e l a s t i c breakup peak 
goes down r a p i d l y , the spectrum becomes more broad, with a dorcinrtino c o n t r i 
but ion located at the low-energy end. Furthermore, i t nust be emphasized, 
tha t one has the same normal izat ion factor ß> for a l l react ion angles . Go, the 

model reproduces simultaneously the shape of the spectrum and the angular 

d i s t r i b u t i o n of the heavy p r o j e c t i l e fragment, with s i m i l a r resul ts as D.V3A-

c a l c u l a t l o n s for breakup-fusion (compare f i g . 2 ) . A more rigorous theory should 

t r e a t the three-body nature of the i n t e r a c t i o n a f t e r the f i r s t react ion star.e. 

Some extensions of the nodel are demanded r e f e r r i n g to angular c o r r c l c t i o n s , 

mass d i s t r i b u t i o n end angular momentum t rans fer i n incomplete QIC. 

References 

1 . T . Udagawa and T . Tamura 

Lecture Notes of 1980 RCKP Klkuchl Summer School, Kobe, 19Po, p . 371 

2 . M.S. Hussein, K.'.V. McVoy and O. Saloner 

Phys. Let ters 93B (1981) 162 

3 . L. Cehme and R. Reif 

Phys. Let ters ( i n prese) 

4 . K. Slwek—vilczyneka et a l . 

Nuc l . Phys. A33o (1979) 15o 



- 47 -

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,tr-» light-particle emission in heavy-ion reactions has become a rather 
interesting but complicated problem. The emitted particles (mainly «(-particles) 
are peaked forward with an average velocity near to the beam velocity. Obviously, 
this process is conected witn a transfer-reaction mechanism different from the 
evaporation. In order to determine the possible reaction mechanisms contributing 
to the «(-particle emission cross-section, the high-energy «(.-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) 
[1-3J . 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. [4J have tried to explain the emission of the energe
tic «(-particles by the presence of light contaminants (such as С and O) in 

1 2 the target. They have concluded that the С contamination accounts for almost 
all high-energy «i-par tides. It should be noted that their analysis is not very 

1 2 
convincing since the «(-spectrum for a C-target in the c m . system as represen
ted [4] 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 

22 comparison between the »(-particle cross-section in the case of 178 MeV Ne 
159 181 197 2 3 2 

projectile with different targets: Tb, Та, Ли, and Th and the cross-1 2 section for the C-target shows, that in order to explain the «(-emission, the 
1 2' 

С contamination in the first three targedts should 1,2 about of 30%, while the 
232 12 

cross-section for the Th-target is larger than that for the C-target. The 
measurements of the high-energy part of «t-particle spectra allow one to distin
guish the possible reaction mechanisms which contribute to it. The analyses £3] 

o[ 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 

«(-particles with energies higher than 100 MeV. The 4-f coincidence experiments 

[5] confirm that the transfer reaction mechanism plays an important role in the 

«(-particle emission process. 

In the present paper we consider the emission of high-energy »»-particles within 

the framework of a model [б] based on a simple quantum mechanical approach to the 
transfer process in which,however, the fusion process is included as an essential 
stage. We analyse reactions of the type 

Й +b—-** ( x * ß ) , 

where an »(-particle is emitted from the projectile л and the fragment )( fuses 
into the target Ь .The physical picture we accept supposes the formation of a 
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X+6 nuclear quasimolecule in accordance with a complete-fusion model [7] 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 

^-Z'^p;;a,oT;:e(«,R0(2«H)^,K--^Kn)<R«.bv,)bj l>. (и 
Here L is the entrance-channel angular momentum related to the transferred mo
mentum с in terms of the classical conservation law 

I ~T.'*»-**I • (2) 
The quantity гя . accounts for the absorption (quasimolecular formation) of the 
L -partial wave in the entrance channel and Т„ь is the formation probability of 
the >•В quasimolecular l-state. Both quantities are evaluated in accordance 
with the ir.odel [7] . The function R̂ .. is the Fourier transform of the function of 
«t-X relative motion R-̂ ., and it is taken in the form 

* . , .<ю~мр(-&), o ' - ^ S f S * . 44 

The matrix element i s given by 

(3) 

<О,,бр=^[О'>у.,в<г)и?.-^^0,г>], (4) 

where »,5 is the "sudden" ion-ion potential of X and 6 ,and the function of 
the X - 6 relative motion Кд.ь is the lowest quasibound solution of the 
Shrödinger equation with an ion-ion effective potential 

V',6- V..» «Vr't , (5) 

where V ^ is the centrifugal part. 

22 Numerical calculations for the reactions of 178 MeV Ne-projectile with four 
159 1В1 197 232 

different targets: Tb, Та, Au and Th have been carried out. The nume
rical results have been normalized to the experimental data. A comparison 
between the calculated spectra and the experimental ones [2] is shown in Fig.1. 
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 «C-
particle energies smaller than 40 MeV. May be it is due to the presence of emit-
ted fle-nuclei (practically two «t-particles) as well as to the presence of eva
porated rf-particles both disregarded in our considerations. The contribution of 
о 
Be-emission is essential at low t^particle energies. At these energies a sig

nificant part of the entrance-channel L-window contributes to the Be-emission 
since its corresponding transferred angular momenta exceed the critical momentum 
for the *»b system. The theoretical spectra reproduce well the experimental 
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197 232 ones at energies close to the kinematic limits for the Au and Th-targets. In 

W 60 10 IM Ш 

E""[Mev] 

Fig.1 
The theoretical spectra in a comparison with the ex-

22 perimental ones for 178 MeV Ne on different targets 
159Tb, 181Ta, J 9 7 A u and 232Th at 0° [2]. The width 

G = 0.6 Fm . The theory is represented by a so
lid line. The thick arrows indicate the two-body ki
nematic limits. 

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 -2ue to them. The slope change 
may be caused by the behaviour of the function of the 
relative motion R - taken rather schematically as a 
Gaussian in the numerical calculations. So, the model 

1 я 1 
spectrum for Та dev i a t e s from the experimental one 
a t high ^ . - p a r t i c l e e n e r g i e s . 
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OBSERVATION OF DIRECT 12C-TRANSFSR IN THB 12C(14H,d)24Mg-REACTI0N 

K.P. Artemov, T.Z. Goldberg, U.S. Golovkov, I . P . Petгот, V.P. Rudakov, 
I .N. Serlkov and V.A. Timofeev 
I n s t i t u t e of Atomio Energy, Мое cow, USSR 

H.-O. Gersoh, E. Hentschel, H. Schobbert, D. Wohlferth and G. Lang 
Zentra l lns t l tut für Kernforschung, Rossendorf, DOR 

The ex ls tenoe of C-clusters i n Mg i s s t i l l an open problem. In part icular 
the C( 0,o() 4Ig react ion has been used to produce in a broad range e x c i t a 
t ions of Mg and the hope was to find a correspondence between the c*-spectrum 
and the gross structure in ( C, C) e l a s t i c s c a t t e r i n g . As reported reoently 
by Stwertka et a l . ' there i s , however, no evident demonstration of a C-
c lus ter lng . Much of the structure in the A-spectra comes from the sequent ia l 

1 ft ?A 

decay of the О projeotil and does not describe the nucleus Mg. 
At excitation energies below 30 MeV many high spin levels of Mg have been 
found from transfer reactions like 12C(160,oQ24Mg, 12C(14N,d)24Mg and 
B( 0,d) Mg. The general behavior of the cross sections is In good aooordanoe 

with the picture of complete compound nucleus formation and a following evapora-
tion J. The cross sections alone, however, are not sensitive to the nuclear 
structure and calculations of the Tig structure ' seem to be correct only up 
to excitation energies of about 12 to 15 KeV. 
The main idea of the present paper is to produce high spin states in the reac-
tlon C( N,d) 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 structure different from that of the Mg ground state band. May 
be there exist only few levels formed In a direct stripping process where the 
deuteron behaves like a spectator of the beginning 2C- С fusion. 
The experimental method to select out this mechanism has been developed by the 
Moscow group 4' to study <* -oluster states in light nuclei by means of the 
(6U,d)-reactlon. Now we apply It to 12C(14N,d)24Mg. In both reactions the 
particles with spin 1 play an essential role. The idea is like the following. 
We detect the deuteron from the C( N,d) Mg-reaotlon 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 N. Using the 
conservation of spin projections It is easy to show that the projection of the 
spin of an excited state in the final nucleus 24Mg should have the values 
°» 2ft i2, 1° t n e opposite case of direct transfer of а С (ground state)-
nucleus the orientation of the spin of N Is kept by the deuteron (of course 
we neglect spin orbital interaction). As a consequence the Ug -nuclei are 
strongly aligned with the spin projection equal to zero. (The situation is much 
more complicated In the case of deuteron deteotlon under other than 0°-angles. 
In this case it Is necessary to make WBA-oalculatlons.) 
Both discussed oases of 2*Ug -spin projection population oan be easily distin
guished by observation of the angular distribution of the ot-partiole decay to 
the Ne (ground state). In the ease of CN formation the angular correlation 
funotlon f(6) is: 
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w(0) - 2L *» tP jCooa©) ] 2 , 

«here a i s the amplitude of the population probabi l i ty of the project ion m of 
spin J in *Hg. From the naive point of view dif ferent project ions a >ust be 

2 2 2 
equal ly populated, but the ca lcu la t ions give r a t i o s a ' = at— 2 - a , w i t i l * a e 

normalization 5) 

In tne case of tne d irect mechanism we are deal ing with only one project ion 
m = 0 and the angular corre la t ion function has the simple form 

W(0) = &l [ P j C c o s © ) ] 2 . 
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The measurement of the angular 
correlation was done at the 
Moscow cyclotron in two runs 
with bombarding energies 31 
and 33 MeV. The corresponding 
excitation energy of *Kg 
covered the region 9.34 to 
15 MeV. A typical deuteron 
spectrum at 0 is shown in 
fig. 1. The energy values are 
preliminary ones. For all the 
levels in ilg. 1 the correla
tion iunction has been measured. 
The most interesting result of 
the (d,Л)-angular correlation 
measurement xs shown in fig. 2. 
Only tne one level labelled by 
the exoitatlon energy 13.4 MeV 
in fig. 1 shows evidence for a 
predominant direct mechanism In 

the (1*N,d)-reactlon. Tne full line which 
Is in a nice agreement with the experimen
tal points corresponds to the direct 
excitation of a 6+-level. The only one 
adjustable parameter is related to the 
branohing ratio or the ct -decay to the 
20Ne ground state. We obtained tne 
branching ratio 27 + 6 * which aocords to 
the value 24 * given by Flfield et al. 6 ) . 

ng 
d 
i 
-«-particle angular correlation function 
or the state 13.45 MeV (6+) in 24Mg . 

Qcu are angles in the rest system of ̂ *Mg. 
Full line presents the function 
[P*(ooe0)Jz (direct prooeee; normalizes 
to 27 *of-decay to the 20He (.ground state). 
The dotted line is the Haueer-Feehbach 
model prediction. 
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Flg. За 
Deuteron spectrum (weakly 
smoothed) measured at 6° (LAB) 
by a conventional E/E tel
escope at the Rossendorf tan
dem van de Graaff. The bom
barding energy was 29 MeV CLAB). 
Fig. 3b 
The spectrum shown in fig. 
after applying a Wiener-
Kolmogoroff-filter 7 ) . 

3a 

0.1 ^CC^N.dJ^Mg* 
E(2t4g*)--13 21M«V 

Additional measurements of the 
deuteron angular distribution 
have been performed at the 
Rossendorf tandem vaa de 
Graaff. In fig. 3a a typical 
deuteron spectrum at 6°(lab) 
and tne bombarding energy 
29 MeV is shown. After applica
tion of a '.Ylener-Kolmogoroff-
filter "' we obtained an 
optimal resolution snown In 
fig. 3b. By careful energy 
determinations at several 
angles excitation energy values 
were obtained and are snown 
for some strong peaks. These 
values are accurate within 
+15 keV. They are in good 
accordance with recunt values 
by Szanto de Toledo et al. J . 
Our energy determination for 
the interesting 6+-level Is 
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) calculation. The beha
vior is somewhat surprising. 
The experimental ourve for 
the 13.45 MeV-level with a 
more direct excitation 
meohanism 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 exoltatlon funotlon at 6°(LAB) measured between 27 and 30 MeV at 
the Rossendorf tandem show, however, for the 13.45 MeV-level a monotonlo, weakly 

001 

0.05 

001 

i 
. * • 

E("Mg')=13.«5MeV 

6* 

30" 60* 90« 120* 150* 

Fig . 4 
Angular distributions of deuterona 
corresponding to 2*Mg - levels 
13.21 MeVCe+J and 13.45 MeV(6*). 
The solid curves are the results 
of Hauser-Feshbaoh calculations. 
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increas ing behavior while for other l e v e l s f luctuat ions occur l i k e those 
published for the 12C(14N,oc)22Na react ion by Cordeil et a l . 8 \ 

Summarizing we s ta te the ex is tence of a l e v e l in Mg which l a exc i ted i n a 
dlreot transfer process in the 2C( N,d) *Mg react ion . From our arguments 
about the mechanism we oan of course only say that the deuteron must b<~ emitted 
early enough so that i t ' s spin project ion i s not changed by the fus ion process . 
Clearly t h i s i s not a proof for the ex i s tence of a highly deformed i 2C+ С 
c l u s t e r s tructure . I t i s , however, a reasonable hope to expect at l e a s t some 
s p e c i a l nuolear struoture for t h i s l e v e l . Experiments are now in progress to 
look for the v-decay and for neighbouring l e v e l s at higher energies with a 
s imi lar behavior. 
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IHPbüKHCB OP THE TARCET BXCITATIOIJ OH THE SCATTERING OP POLARIZED 6 Li PROM 5 8 I i 
AMD 1 2C 

K. Rusek 
I n s t i t u t e of Nuclear Research . Warsaw, Poland, and 
Max Planck I n s t i t u t fflr Kernphysik. Heidelberg , Federa l Republic of Germany 

1. Introduction. 

Spin - orbit potent ials found in recent Optical Model analysis of the e l a s t i c 
scat ter ing of polarized 6Li ione on 58Ni and 12C nuclei at 20 MeV and 19.24 tf~V 

respectively , differ from those predicted by folding models . The d i i f e -
rences may be accounted for col lect ive structure of the used t a rgß t . In order 
to investigate the influence of the target exci tat ion on the e l a s t i c scat ter ing 
vre have carried out detailed coupled channels /CC/ and DWBA calcula t ions . For 
1? 

С the existing; ine las t i c sca t te r ing data were included in the analyels . The 
experimental data Dreaented here have been obtained in the Max Planck Ins t i t u t 
fflr Kernphysik in Heidelberg using the eource for polarized lithium ions at the 
Heidelberg EN - Tandem *'. 
2. Coupled channels and ШВА analysis 
2.1 Inelastic scattering 12C/6Li. b I i / 1 ? C 4 4 4 ,,cY at 19.24 MeV 

Treating the first excited state of С /4.44 MeV, 2 +/ as a one phonon state, 
the D'A'BA calculations with complex coupling were performed. A process responsi
ble for a transition between collective states is ueually treated as spin inde
pendent therefore the spin transfer A e = О was assumed in the calculations. 
The entrance channel Optical Kodel potential was the same ав the one used re
cently . 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 
wert, tried to get a correct description of the measured vector /IT../ and ten-
sor / T_0/ analyzing powers '. An example of the calculations is shown in Fig. 
1 by dashed curves. The parametrization of the spin - orbit potential was the 
following: Thomas shape, V, = 0. MeV, rQ = 1.227 fm, aQ a 0.2 fm. The calcu
lated curves follow the common behaviour of the measured angular distributions 
but do not reproduce the absolute values of the analyzing powers. 
The coupled channels calculations were performed using the code CHUCK '. In 
these calculations coupling between the first and the second /7.66 MeV, o V 
excited statee 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 Fig. 1. For the vector analyzing powers the results do 
not differ from those obtained with the DWBA approach. The coupling constant 
/32R • 1.64 - 2.09 fm was extracted with the range of .aluee 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 Л 
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2 « 2 Elastic scsttering of polarized 6Li ions on 12C and 53! Я1 

In the recent Optical Model analysis of the elastic scattering of polarized Li 12 SR ions on 'C and ' Ni nuclei at 19.24 and 20.0 MeV. respectively, the nhenomeno-
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 po
tential . However these potentials are larger In the region important for the 
scattering 3' than those predicted by folding models ' . One of the eossible 
explanation is the influence of target excitation which should reduce the etren-
ght of the spin - orbit interaction due to the reduction of the imaginary part 
of the Optical Model potential. 
The results of CC calculations for elastic scattering of Li on 12C at 19.44 MeV 
are shown by solid curves in Pig. 2. The imaginary part of the Optical Model po
tential was reduced from 10.3 MeV to fi.3 MeV in comparison with single channel 
calculations, to get correct description of the differential crose section's. The 
influence of the target excitation is explicity seen for the rector analyzing 
powers. In the «ngular region around 100 deg the CC calculations differ signi
ficantly from the eignie channel ones and give better description of the experi
mental date. The strength of the spin - orbit interaction wee reduced by about 
15 precent in comparison with that found before ' but it still differs from 
folding model prediction. 
The CC calculations with complex collective formfactor were uorrisd out also for 
elastic scattering of polarized Li on at 20.0 MeV. Only the coupling bet
ween the ground and the first excited stats of the target was Involved. The value 
of the deformation parameter /J2 «0.21 used In the calculations was taken from 
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the previous work '.In the calculations the imaginary part of the OV 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 . The results shown in 
Pig. 3 by solid curves describe well both present*.;» angular distributions and 
do not differ too much from einöle cha-inel predictions. Tha strength of the 
used spin - orbit interaction is still larger in the tail region than that fo-
und on the basie of the folding model? •-". The CC calculations with folding 
model spin - orbit potential " shown in Fi*. 3 by dotted curve for comparison 
display oscillating structure and do not reproduce the data. In summary, this 
analysis of the elastic scattering data shows that the CC technique describee 
well the data and allows to reduce differences between phenomenologlcai spin -
orbit potentials and those predicted by folding models. 

•o» 

а/в. 

M 120 16C 
B e n <deg) 

10 12« IM 
»cm ««91 

PiK. 2 P ig . 3 
Calculated results of the differential cross section /ratio to the Rutheford gross seatIon/ and vector analyzing powers for elastic scattering of polarized Li on С and II. 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 channels calculations with spin - orbit potentials predicted by folding model37. 

3. Concluding remarks 

с 12 
Inelastic scattering of polarized Li ions on С leading to the first excited 
state of the target nucleus was analysed using the DWBA and CC methods. Each 
transition in the analysis was treated as a one phonon collective one. The re-
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suite reproduce the shapes of the experimental data but do not reproduce their 
absolute values» The influence of the target excitation on the elastic ecatte-
ring of polarized Li on С and Hi was investigated. The influence was fc-

12 
und to be important /especially for C/ but did not explain fully the descre-
pances between the spin - orbit potentials found in the Optical Model analysis 

' and those predicted by folding models *3 . 
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MONOPOLE EXCITATION IN ELASTIC AND INELASTIC NUCLEUS-NUCLEUS SCATTERING 

REACTIONS 

G . Saupe 

V e r e i n i g t e s I n s t i t u t fü r Kernforschung Dubne, Oubna. UdSSR 

Technische U n i v e r s i t ä t Dresden, Sekt ion Physik, Dresden, DDR 

K.V. Sh l t i kova 
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The e in of t h i s work i s the descr ip t ion of monopole exc i ta t ions i n e l a s t i c and 

i n e l a s t i c sca t te r ing react ions of nucle i w i th A»16 in the franework of a 

• i c roscop ic model using var ious types of nucleus-nucleus i n t e r a c t i o n p o t e n t i a l s 

( f o l d i n g p o t e n t i a l , energy-density formal ism). The nuclear densi t ies used for 

the c a l c u l a t i o n of the fo ld ing p o t e n t i a l are obtained employing the method of 

hyperspher ical functions with r e a l i s t i c nucleon-nucleon i n t e r a c t i o n ' . 

I n the method of hyperspherical functions the wave funct ion of a nucleus A is 

g i v e n b y y И , 2 , . . - ,A) - ^ H * " " £ X . , . ( * > v r t,-> 

where У denotes the hyperradius and the YKf(L?) are the «-harmonics p o l y n o m i a l s . 
The Han i l ton ian of t h i s problem takes the form 

from which one gets the Schrödinger equation for the r a d i a l functions X y { ^ ) 

with LK » К • 4 ( A - 2 ) . In t h i s equation v*K/( J ) re fers to the matrix element of 
the p o t e n t i a l energy of the nucleon-nucleon i n t e r a c t i o n , which i s described i n 
a r e a l i s t i c way according to Brink end Boeker ' . Then, the resu l t ing e lgen-
funct lons X^.f(4) determine the r a d i a l densi ty d i s t r i b u t i o n s n . . ( r ) of the 
nucleus invest igated for the ground s t a t e , the exci ted s t a t e , and the t r a n s i 
t i o n between them. For example, i n che approach К • K_ in i * is obtained ' 

V r ) " f T PCTISÄ-THT]"' } ( " r ) * хд?А/?) 

I n th is p ic tu re i t i s also possible to compute the RMS-radius of the nuclear 
s t a t e . Furthermore, the r a d i a l density d i s t r i b u t i o n s can be used to construct 
the fo ld ing po ten t ia ls describing the I n t e r a c t i o n of the two n u c l e i . The two-
p a r t i c l e i n t e r a c t i o n v 1 2 ( ? 2 - г*,) i t chosen as the Skyrme- lnteract lon * ' with 
4"-force« for var ious parameter a e t t end i n the form of energy-dependend 
f i n i t e - r a n g e forces proposed by Satchler and Love ' , where the e f f e c t of the 
P s u l i - p r i n c i p l e is taken in to account by »•• exchange term. 

I n order to invest iga te the inf luence of the repulsive core on the d i f f e r e n t i a l 
cross sect ions for the nucleus-nucleus sca t te r ing process the i n t e r a c t i o n 
p o t e n t i a l was also ca lcu la ted in the framework of the energy-density formalism 

' for symmetric systems. 

These d i f f e r e n t i a l cross sections which can be compared wi th experimental data 
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are coaputed employing the coupled channels aethod, where the optical potential 
V „(R) between the nuclei Is chosen In the aanner 

opt 
V o p t . l ^ R > - C * * * P > u i j ( R ) -

Here, the pareaeters o*- and P depend on the boabarding energy of the system and 
on the type of U . . ( R ) as i t i s described above. 

This f o r a a l i s a was appl ied t o the i n t e r p r e t a t i o n of experimental data of the 
reac- ione ,ZC[*He.AHe0*)iZC. E * ( 4 He 0 * ) = 2o.1 MeV. E, _u= 65 MeV 7 * 
1 2 C ( 5 H e . 3 H e ) 1 2 C ° * 
Е * ( , б 0 0 + 

1o) 

E * ( 1 2 C 0 * ) 
) « 6.06 MeV. EL a b« 4o MeV 

2o.3 MeV, E 
9) 

"Lab 

16„^!iL 16„,i6, L j 
0( 

Ю8.5 MeV 8 ) . ' ^ ( ' н в Л . ) 1 ^ 0 * , 
О. О) " 0 , E. . - 4 1 , 4 9 , 63 MeV "Lab 

I n order to describe the nonopole e x c i t a t i o n of 
i n e l a s t i c scat ter ing react ion He + 0 the 4p • 
to be taken in to account. F i g . 1 
represents the resu l t which was де-
obtained wi th the parameters diZ 
* , « 1 and f> » 0 . 3 , o . l fo r the 
elastic and inelastic channel, y, 
respectively. In this case one 
gets a better agreement with the 
experiment for the scattering 
In forward direction. The 

16, 

i n v e s t i g a t i o n of the e l a s t i c 
0 • 0 scat ter ing shows the 

improvement of the reproduction 
of the data i f one uses f i n i t e -
range forces instead of the 
Skyrme- lnteract lon wi th cT-forcea. 

«' 

0 at E « 6.o6 MeV i n the 
4h conf igurat ion of 0 has 

1fc0 0 * 
G.G6 MeV 

i , 

- t > i 
20 <Ю 60 

-fca» 
60 1«. 

©cm 
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Like in ..ny dissipative process 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 as.jui.ied to be of stochastic nature and is responsible not 

only for dissipation of macroscopic collective energy but also for the observed 

fluctuations of the macroscopic degrees of freedom. 

The n\od£l which »e ap^ly to describe the dynamics of dissipative heavy ion 

collisions is based on this concept and allows to calculate trajectories as well 

as the diffusion in phase-space. The ingredients are 

1) 

2) 

Macroscopic variables: Three macroscopic degrees of freedom determine uniquely 

a family of shapes. The shapes consist of two spheres smoothly joined by a 
1 2) hyperbolic neck. ' The degrees of freedoms are denoted by: s = distance 

oetween the two spheres, G" = percentage of the volume in the neck, 

Д = asymmetry. The total volume of the shapes with sharp surfaces is conserved 
and does not depend on (s,6",4). Negative values of 6" mean a squeezing of 
shapes with 6" = 0 such that we get oblate deformations for two separated 
objects. A complete family of shapes is shown in fig. 1. Furthermore we nave 
three angles of rotation describing the relative and intrinsic rotations. 

Kinetic energy: A Werner-Wheeler flow pattern v (r) inside the shapes which 
corresponds to a change in (з,б",Д) is assumed. The kinetic energy is tnus 
given jy 

5hflp« 
fchere (q.,q2,q.) = (з,(Г,Л). The matrix element M . is illustrated in the 
center part of fig. 1. To compare this with the reduced mass M the contour 
lines shov/ the ratio И../М . 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 1з assumed. 

http://as.jui.ied
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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: 

The parameters a, *- are taken from Krappe, Nix, Sierk. The result is shown 
in the lower part of fig. 1 as a contour plot of the potential energy. The 
landscape 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 by re-
separating again. 

Л) 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. The 
friction coefficients are the well known expressions for window and wall diss', 
pation. The diffusion coefficients for the window dissipation are not related 
to the drift Cfriction) 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. Tills 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 contribute to the dissipation are only 
possible in the dotted area. This in turn is proportional to the relative 
velocity { U r ( . At a later stage of the reaction the nuclei are heated up 
and additional transitions are possible in the shell of partial occupied 
.states. In a very late stage с the reaction where the relative velocity is 
negligible the available phase space for transitions is determined solely by 
the temperature T . Cnly in thi3 limit wc obtain the Einstein relation. This 
extreme limit, however, i3 not reached in reactions where the two nuclei re-
separate again after ie3s than one revolution. 

Typical results for trajectory calculations (without diffusion) are shown in 
fig. 3. The experimentally observed 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 
two fusing nucl 

of an "extra push" 
5) 4) 

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

Using the calculated diffusion coefficients in a moment expansion of the 
Fokker-Planck equation we obtain Wilczynski diagrams as shown in fig. 1. For these 
calculations we kept er and Л fixed at their initial values which results in too 
low energy losses. However, the Important point to note is that the peripheral 
collisions with small excitation energies already exhibit rather large fluctuations 
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in scattering angle and energy in agreement with the measured data, the reason is 
that for these reactions the diftusion is driven by the relative velocity (c.f. 
fig. 25 which is large and not by the temperature which is still small. 

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

This contribution is a condensate of a lecture held at the International School 
of Physics "Enrico Fermi", Varenna, 26. July - 7. August 1982. 2-
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Figure 1: 
Upper part: family of shapes for fixed 
asymmetry as a function of s and б' . 
Center part: contour plot of the dia
gonal matrix element for the motion 
in the s-direction divided by the re
duced mass in the Werner-Wheeler 
collective flow mass-tensor. Lower 
part: contour plot of the potential 
energy calculated with the folding-
potential. Energies are in MeV and with 
respect to the compound sphere. 
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Figure 2 : Illustration of the contributing part of the velocity 

space (cctted areas) . "r.e left-hand part shows the case where 
— u 

С = 0 and the relative velocity part iu ; D dominates, the 
center par- is: for an intermediate situation and the right hand 
-art :cr the thcrr.al 1 irt.it with /J = 0. 
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Figure 3: 

Wilczynski diagram for 
at E 

86 Kr + 166 Er 
"lab = 703 MeV and

 1 3 6 X e + 2 0 9 B 1 
at E, 

100 

^ b - 1130 MeV. Squares denote 
the result of trajectory calcula
tions which include all degrees 
of freedom and the Werner-Wheeler 
flow for the mass. Circles denote 
the results of the reduced equa
tions of motion with frozen 
asymmetry Л and assuming a 
creeping motion in s . 

http://irt.it


- 64 

> 
5 

»00 т — I — i — I — I — i — I — 1 
4 0 Iheory 

> V 
5 

E|0b«1130MeV 

30 70 вО 30 40 
в (deg ) 

Figure 4: 

Experimental and theoretical Wilczynski diagrams for Kr + Er, 
E l a b » 703 MeV and 136Xe + 2 0 9Bi, Elafc =1130 MoV. The broad dis
tributions close to the Initial energy are due to the relative 
velocity part |u*r| D u of the momentum diffusion. The dashed line 
denotes energy and scattering angle of the mean trajectories. 
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CORRELATIONS BETWEEN COLLECTIVE AND INTRINSIC MOTION IN DIC 
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1. Introduction 

As 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 inte-
-21 

rection time of some 10 sec. This suggests to consider the relative distance 

r between the two ions as a physically relevant collective degree of freedom 

(d.f.), in addition to the intrinsic (nucleonic) d.f. £xj . Usually this addi

tional d.f. is treated classically, i.e. tha relative motion is described by 

trajectories. The argunent for this is the small de Eroglic wave length on ac

count of the large reduced mass. This argument, however, becomes questionable 

near the turning point, where, in a head-on collision, the relative velocity 

i3 equal to zero. The question in how far a quantum-mechanical description of 

the relative cotion would alter the dynamics of the collision process is still 

an open question. An interesting way to tackle this problem was proposed bj 

Hasse who described the relative rnotijn by wave packets, simulating the coup

ling to the intrinsic d.f. by a frictional Schrödinger equation for the rela

tive motion. We try to go beyond the trajectory concept in a more consistent 

way by introducing a total density matrix (d.m.) D( ̂ x| , £x'} , r, r', t)}dp-

pending on both intrinsic and collective d.f.. The product ansatz D( (.:? , 

^x'j , r, r', t) ̂  <?( lx} , [x'j , t) • <д-(г, r', t) leads to the mean-field 
2) 

approximation ' and, in the classical limit, to the trajectory concept. Deman
ding this factorisation of L for all times would nean that we allow the collec
tive and intrinsic d.f. to interact only vie 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 dynamics of both collective and 
intrinsic motion. The influence on the collective dynamics was investigated by 
>ross-^ end by Takigawa . These authors, however, retain the mean field appro
ach for the intrinsic d.f. which are treated on the иапу-particle level. V/e fo
cus, however, our attention to the influence of the correlations in D on the 
intrinsic motion. In passing to the ons-particle level, we are eble to make 
this influence transparent in the tirae-evolution of the single particle occu
pation numbers. 
The description of the intrinsic motion on the one-particle level is, on the 
other hand, just the goal of TDHF. We therefore have to accentuate the diffe
rences of our approach with respect to TDHF. Simulating a low-energy heavy-ion 
collision by TDHF mesne to describe the time evolution of the one-particle d.m. 
in the time-dependent self-consistent field of the combined system, generated 
by all nucleons irrespective of their origin (target or projectile). The rela
tive distance has not the meaning of a collective -d.f.,but Is introduced by 
hand via classical initial conditions for the relative motion. Quantum fluctu
ations, therefore, are not accounted fcr. At later times, collective variables 
must be extracted indirectly by plausible prescriptions (see, e.g., ref. ). 
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In our model, we went to retain the collective variable as a genuine d.f.. 

The price we have to pay is the lose of selfconsietency for the combined eyetem. 

We 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 from the relative motion vie the de

pendence on the reduced d.m. £(r, r1, t). 

2. Intrinsic motion with external correlations 

In what follows we focus our attention to the approach рЬаве of the collision. 
The reason is that for not too heavy systems most of the collective energy is 

-22 transferred into intrinsic excitation during a short time of order 10 sec at 
the beginning. If we assume that during this stage the overlap of the nuclei 
keeps small, it is reasonable to distinguish between nucleus A. and nucleus В 

д-р 
and to characterize their mutual interaction by V (r). The initial situation 
(t=0) is given by an internal d.m. <j>(0) = ^Af'j) • 9B(0). To postulate this 
factorization for t>0 is equivalent to approximate the average value^V "^ t 
by the sum of the mean fields of either nucleus acting on the other one: 
<VAB%*4/'>t «-<V8;t . with \/* = Ъг9?У\/**(Г) and <->+ = brew... 
the average over the collective d.f.. This means nothing else than neglection 
of two body collisions between nucleone from different nuclei, in accordance 
with the confirmed idea of "one-body dissipation" at low energies. To investi
gate the influence of external correlations on the intrinsic systerr. it is then 
sufficient, within our model, to consider only one nucleus, say, nucleus A. ,/e 
therefore drop any indication of the collision partners in the follov<ing. 
To specify our model we introduce the total Heouitonian 
H * н0 f V н0= hU f f/i, V- Zvy, V^((TJ a,4> ( 1 8 ) 

The intrinsic Hamiltonian of the isolated nucleus reads 

The total d.ir,. follows the v. lieumann equation iD = fH, DJ , with the initial 
condition D(0) = $(0) • 6^(0). To extract the uncorrelated part of L(t) for t>0 
we use time-dependent projection techniques ' . With the projection operators 
P(t) ж 5(t)trc and Q(t) = 1-P(t), we find P(t)t(t) = §>(t)er(t) and Q(t)D(t) = 
Dcor(t). If we apply P(t) on the v. Neumann equation we obtain 

iS = l «л * < 4 ; f J + ^ ГЧ D"'] f 9(c)sto><pl , (2) 

Dropping Dcor yielde the mean field approach (with reopect to the external 
coupling) andj applying Ehrenfest's theorem to the external mean field,K. V >+"** 
V ( < r ^ t ) , provides the familiar aemiclassical approximation. Because Ccor(0)=0, 
we find for the external correlator 

Here we have introduced the traceless coupling £v(t) = V-vV >+ »hich descid-

bes the deviation of V from its mean value at time t, and the propagator in the 
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Q-subspace 
г 

(4) ф1**')= Тв<р{-£ [#< йШ[Н, -]} , <f>№ 
J being the tine-ordering operator. Ey inspection of equ. (3) we find ' net the 
correlations introduce a memory into the equation for $ . During the memory 
time we approximate the time-dependence of 6(t')under the integral by that for 
the free relative eotion. Then the first two terms within the curlj ."ackets in 
equ. (3) cancel. 
Taking Dcor in first order perturbation theory with respect to <SV , we obtain 
the final equation for the many-body d.m. §> , 

her« we have introduced the propagator 

(5) 

The correlation terra in equ. (5) conteins typical quantities like <flV(t-t*) 
jv(t')>+,. with V(t) = exp[ i K c o l lt] V exp [-iHcollt] . These ere correlation 
functions with maxicuro value at t* = t, which represents the fluctuation 
<T Sv(t) X of the coupling 7 around its mean value -C V >.. We conclude that 
the correlation terir. reflects the effect of fluctuations of the external mean 
field on the intrinsic r.otion. 

3. evolution of the occupation nucbers 

Го study the time-development of the intrinsic syeteir. we turn to the one-par
ticle level, '.his is done by the method of quantum-kinetic equstions . The 
hierarchy of equations for the one-particle d.E. 9^„. г^„^ИиСг-и' , the two-
particle d.m. 9™m.,. -tfto.yjfJaSaiQ».«-' = fiil,'.^».-^'.'^«' * *SJ.mV > 
and so on, is cut off putting the three-particle correlator i. equsl to zero. 
Without the external n.ean field this procedure would lead to the self-consi
stent equation for the one-particle d.tr.. of the isolated nucleus, supplemented 

f 21 
by a collinion ten.- arisinn froir the internal two-body correlator R4 . In its 
structure this equation is identical with the TDIIF-equati">n plus collision terir. 
For heavy-ion collisions such en equation wee derived, e.g., by Ayik and V,ei-
durmUller . iut, as slready mentioned, the latter are equations for the single 
particle motion in the self-consistent field of the combined System and, there
fore, represent 8 completely different tackling of the problem. 1-iow, in our mo
del, we specify single-particle states lw> for the nucleus under consideration, 
and ask for the time evolution of the one-particle d.m.^in this basis,under the 
influence of the fluctuating external mean field. Using equ. (5). we arrive at 

W И Q 

l4* 
The one-body Hatniltonian h( t ) consists of a self-consis tent part S( S W) a r i 
sing fron: the two-body interact ion introduced in equ. (1 b ) , and the external 
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mean field ( V >+: 

Superscript "a" meana the antisymmetrized matrix element of ту. The integral 
term represents the influence of the external fluctuations. Although 5V is a 
two-particle operator, it turns out that I<";(t, f ) is a functional only of the 

,m.. Replacing Gi of equ.- (6 one-particle d.m.. Replacing G, of equ.- (6) by the mean field propagator 

(9) 

we find 

:i\i-)=bj{i')tf№) (f\t'AmLb -Щ№')?Ь)чт, SM] (Ю) 

Here we have introduced the notations A(t) = exp [^..iitj A expf - iH olltj and 

To make equ. (7) a closed one we have to express the internal correlator R4 ' 
by $ * ' , By inspection of the equation for Kimm'n' whi c n will be derived else
where, we find, in addition to the inhomogenous term representing incoherent two-

(2) body collisions, an integral term which is a functional of ?v ' and arises from 
the external correlations. If we neglect this influence of the external corre
lations on the internal correlator, and resign the inclusion of coherent effects 
via p-h- and p-p-correlationSjas well as the damping of the single-particle 
states, we obtain approximately 

^ 0 

because we neglect ground-state correlations, we have R^ (0) = 0. Insertion of 
(1 ) 

equ. (11) into equ. (7) provides the final equation for Jv '. The internal cor
relation term originating from IT ' has Just the familiar structure of the col
lision term in extended TDHP. But, in contrast to the letter, our propegator 
<}(t, t') refers only to th-? etates in one nucleus, hut exhibits an explicite 
coupling to the relative motion via the external mean field<V> t, equ. (ö). 
In order to make the role of the correlations in equ. (7) transparentere choose 
the time-dependent single-particle basis I n >t)genereted by h(t). 3y inspection 
of the external correlations, equ. (10), we encounter products of matrix-ele
ments Sv.^ taken at different times. The ваше holds for products of matrix-
elements •v^u.u'v' appearing in the internal correlations, which are obtained if 

4 ) we insert solution (11) into equ. (7). Following the arguments given in ' we 
make the approximation 

and an analogous approximation for products of £v(*)„«• The correlation time 

t c 0 introduced thie way is a measure for the overlap,^y\ . \rk\ i , of the same 
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single-particle states at different times t*f t, in the sense that ̂ OilfV » О 
for It-t'l > T • During time intervale It-t'/fi *C-___ w« essume that the sta-

СОГГ Q \ СОГГ 
tee / n >t develop diabaticully , i.e. without any population of other states 
n • i n : 

3t*.t'JIл^, Й fn>e*Pf-:/o(r^,(rj] ^ £ „ w . <>/*,<«/•».£. . (.l3) 

This is plausible because the approach of the projectile is a rapid process 

which leaves, over small times, no time for the nucleons to redistribute into 

other states. 

Y.'e are now ready to write down the final equation for the occupation numbers 

On account of the correlations, also off-diagonal matrix 
f 11 

elements of 51 cone into play. As a first approximation,we neglect the off-
diagonal elements, assuming that the time-dependent mean field is the dominant 

ft) 
agent for the intrinsic motion. If we disregard memory effects in the diagonal 

elements of 9 , w e Ш 8У write the equation for $ 1 *п *^e forni o f a master 
equation with gain and loes terrae: 

К- z, {iw„J>>€'» - (^цджц, (14) 

where 

A V i „ a l2" l4 , iT f t | ( „ A
t c*f W^v - 5 Frr М л / л / ?^*^> дс««г v (15) 

and 

^^If,^)f^^^l^'v (16) 

Here, in performing tr g(t) ... from equ. (10), we have used the momentum re
presentation for 6 and neglected non-diagonal elements. The quantity q, then, 
just represents the transferred momentum from ths relative motion}connected 
with the transition n-»V. The quantities A are, for the collision and the 
fluctuation term, respectively 

and 

with А&Юф^у =£М(Г)+^(С;-£/1,(Г;-£1,(Р) ; d t ^ v » £««">-£*»"> and /»7//* 

the transferred kinetic energy from the relative motion. 

Equ. (14) is the central result of our approach. The internal correlations W 

have the same structure as the collision term in extended TDKF and describe the 

thermelisstion of the intrinsic excitations. The additional external correla

tions 7 exhibit the influence of the fluctuations on the development of the 
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occupation numbers. It is remarkable that they fit the gain minus loss structure 
and therefore preserve the form of a master equation for §> (t). 
It is instructive to discuss the relation to the quantal Eoltzmann equation. 
To this end we реве over to an extended system. In our formulation this means 
to drop the time-dependence of AS. and to take the limit 'K.0r-r~> °°j. * F o r t i m e s 
t larger than the memory time we may replace the upper limit in^feü' by t «<e 

and obtain,from equ. (17) and (18), respectively 

ЛлгИ = 2 Г S(t*rif ' 9 ~£vJ <*«* £,„<-' - fr& £» -L" - Hit*) • (19) 

For an infinite Bystem, of course, the conception of an external perturbation 

makes no sensejend we had to drop the fluctuation term. It regains the colli

sion term with the energy-conserving O-function, as given by the Boltzcenn 

equation. For a finite systeir, however, this O-function vanishes because the 

single-particle erergies ere discrete. The o-function in „Д , however, would 
not vanish because pq//U is continuous. This means that the fluctuations remain 
operative, namely for "on-shell" transitions Л£_ - = pq/Ai. To r.ai:e the colli
sion tertr. operative in a finite system, it is necessary to Birooth the о -func
tion. This is done, ic our model, by the finite correlation tirr.e, '£.__. and 
the time-dependence of the single-particle energies, f (t). As argued in3'the 

latter effect ie th<* dominant one; an estimate f;j.ven there provides a ar.oot'nint 
of the o-function over several :..eV. In our model the tine-dependence of the 

energies is mainly due to the external field К V X and thus, vie ̂ f(t), to the 
ti.i.e-development of the relative cction. The connection between the "opening cf 
the collision window" by smoothing the в-function and the collective motion 
was already discussed qualitatively in^'. In cur approach this connection 'be
comes core expiicite. 
we conclude with the following statements: 
(i) A consistent ti-eatment of collective and intrinsic motion allows »o in

clude external correlations beyond the aean field approach. 
(ii) These correlations represent fluctuations of the external tr;ean field, 
(iii) These fluctuations change the occupation numbers of the single-particle 

states and cuat be considered together with the two-body collisions, 
(iv) Equilibration and relative motion чге intimately connected because the 

collision terra becomes operativ, ̂ eminently via the time-dependence of 
the external raeen field. 
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The f i r s t stage of a H I - r e a c t l o n at incident energies of about lo MeV/N cha

racter ized by the conversion of r e l a t i v e k ine t ic energy into that of I n t e r n a l 

e x c i t a t i o n should be described by nons ta t i s t l ca l theor ies . Today there does 

not exist а eoamon understanding of th is process. In pr inc ip le there are three 
•echanlsae which aey contr ibute to the energy dissipat ion in the entrance 
channel, the e x c i t a t i o n of co l l ec t i ve s t a t e s , the t ransfer of nucleone bet 
ween p r o j e c t i l e and target and the exc i ta t ion of uncorrelated eeny p a r t l c l e -
•any hole s t a t e s . D i f fe ren t eodels have been developed to deecrlbe the energy 
loss In teres of these Mechanises. The coeeon basis of these «odeIs i s the 
as6uaption that the exc i ta t ion of the I n t r i n s i c aystea Is expected to resul t 
f ron the rapid change of the aean f i e l d of the nucleone leading to t h e i r 
e x c i t a t i o n . I n th is sense the TOHF-approxiaation should be a good candidate 
to describe the approach phase of • H IC . However, due to the lack of c o l l e c 
t i v e coordinates i n the TDHF aethod, one can hardly derive fro« I t a t rans 
parent physical p ic ture of the relevant contr ibut ions to the energy l o a a . 
Therefore , s iep ler models which take into account co l lec t ive degrees of f r e e -
don at the very beginning «ay contr ibute to a bet ter surveyed understanding 
of the approach phase i n H IC , 

I n the present paper we develop a microscopic aodel which is based on three 
asauaptlons: ( 1 ) The r e l a t i v e aot lon between the ions characterized by c o l l e c 
t i v e coordinates R, P 1» described c l a s s i c a l l y . (11) The rapid change of the 
т*шп f i e l d of the nucleons leads to the e x c i t a t i o n of uncorrelated np-nh states 
w i t h i n the n u c l e i , ( i l l ) The aany-body wave function of the I n t e r n a l systea 
of the two ions i s approximated by a product wave function | Ч > - |4ч>-14 , ,> 
that awana we neglect the mass t ransfer between the Ions . A genera l izat ion 
of our aodel to include the nucleon t ransfer w i l l be given elsewhere1/ 
With the upper assumptions the haa i l ton lan of two in teract ing lone contains 
three parts 

the co l l ec t i ve energy H , . depending on the distance between the centres of 
the Ions R and the conjugate aoaentua P, the I n t e r n a l hamlltonlan of the 
separated ion» HQ and the In te rac t ion between the« H , 
Ftoei e q . ( 1 ) one obtains the equation of motion for the r e l a t i v e aotlon 

Я - Г, Над, ( 2 ) 

P • - * Kej - 4l 0 ( t > | H * | <r«)> О 
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where the expecAon value of the i n t e r a c t i o n has to be calculoted wi th the 
tiae»dependent aany body wave funct ion of the i n t r i n s i c eyete* !*••(*)> , 
The i n t e r a c t i o n can be derived f ron the general expression 

i L - $S-tf «ft н*нА i^(r:-?o ъ Ч (4) 
with v.,., the nucleon-nucleon i n t e r a c t i o n and Ц*" i s the f i e l d operator ex
pressed by the p a r t i c l e ai^* and hole operators ß̂ *" 

ц^ 2 V ^ V tZ <V)ß* (5) 

with the corresponding wave functions "T/i and Д . I n s e r t i n g ( 5 ) In to (4 ) end 
r e s t r i c t i n g only to nean-f ie ld-channels the i n t e r a c t i o n becomes 

iL- u(R) + x(yo «^y^cl + z v 4 » I K * . ^ (c) 
where U(R) 16 the ion- ion fo ld ing p o t e n t i a l and V (R) the matrix eleaent far 
the e x c i t a t i o n of a ph-state due to the tine-dependent nean f i e l d . 
For the hamiltonian of the unperturbed i n t e r n a l system vie use 

fj -гс*.цр4 * ? ^ > • • J » ' t, • ' 
that means, we neglect the residual interaction between excited particles 
and holes leading to the decay of the initial excited ph-states into more 
complex states and finally to theraalization. The Inclusion of these effects 
' requires statistical assumption which are beyond the scope of this work. 

Mote that within the traditional TDHF-ciescriptlon of HIC these two-body 
effects ere neglected too. The influence of this type of residual interaction 
on the dynanics of HIC will be studied In detail within a separate work '. 

'iVith (?), (6), (7) the many body wave function |*f{t)^can be expressed by the 
action of the time evolution operator U(t,G) on the HF-ground etate lHF> 

*»0 ' ° о 
where T is the time ordering operator. The time ordered product in eq, (C) 
contains all possible processes which can be induced by the action of a time 
dependent mean field. In general these processes can be constructed by the 
combination of three basic graphs 

(A) (3) (C) 

(9) 

the e x c i t a t i o n (A) of a p h - p a i r , the a n n i h i l a t i o n (C) of a ph-pair and the 
rescatter lnQ (C) of о p a r t i c l e or hole s t a t e . vVhereas a sjraph (Л) represents 
в graph of f i r s t order the second o r d j r processes (G) and (C) appear only 
i n combinations with ( A ) . So, e . g . i n second order three graphs cen be con
structed f ron ( 9 ) 
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(О) (Е) (F) 

( Ю ) 

where (0) contribute to the eleetlc channel, (E) gives the second order contri
bution to the lp- lh states and (F) Is the loweet order contribution for the 
excitation of 2p-2h-state. In general the wave function (8) can be written ее 

l*fw>- e 1HF> (") 
with e n ( t ) the ph-eeplitude. 
The nor« of thle wave function reeds 

where the mixed teres ( p , h 2 , e tc . ) within the brackets {---») t ike into 
account the Pauli-prlnclple. Neglecting these teres expeenon values of ope
rators can be derived in e cloeed fore. For the interaction energy H

l n t one 
obtalne 

< V f U | * t ) > fa l J 

and for the particle nuaber operator giving the nusber of excited particles 

CtfXt) - J <»«>Hr4l»*>> x 2 fo.|* < 1 4 > 
4Vt>|4(4)> N« 

The excitation probability PN of a Np̂ Nh atate is given by 

рио-fiö» ё<ж>'° <'5> 
The results ( I S ) , ( 1 4 ) , (55) are general (except the neglectlon of the Pauli-
prlnclple) and Independent on the order In which the ph-aeplltude с . ( t ) le 
calculated. Approxieated results are obtained by restricting to Jp-ih states 
in (1J) 

|У°> - (4*>S Ъ Й И У ) |ИР> (16) 

In this свое the ехресПоп values ( I S ) , (14) read 

^ • « " ' ' - " - ' " - • ' ^ » , . , » * « . . 

(1в) 
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and the excltetlon probabilities (15) are Identical zero r»N « Ofor N > 2 . 
In contrast to (14) the ph-nuaber (IB) reaalns alwoya eaaller than one inde
pendent froa the order in which e n ( t ) is calculated. Froa (17) and (18) the 
results of a f i r s t order perturbation theory are obtained I f in addition to 
the assumption (16) the ph-aaplitude la calculated in f i r s t order 

* * * * * * , 

о 

First order perturbation theory (16), (17), (IB), (19) is applicable only ae 
long ae the excitation probability (18) is oasll eoapared to one, that aeans 

2 1^1* К 1 
Pa (20) 

No such restriction is required for the use of expressions (13) , (14 ) , (15) 
even i f с _ le calculated in f i rs t order, although the expressions for the 
interaction energy (13) and (17) are foraally the eoae i f (2o) la fu l f i l l e d , 
Thle foraal equivalence le a direct consequence of the neglection of the Psull-
prlnclple In calculating expression ( 1 3 ) . The «ain point la that the calcula
tion of the ph-amplltude с o n ( 0 in f l r c t order does not aean that f i r s t order 
perturbation theory is applied for the «any body problea. In a f i rs t applica
tion we use the f i rs t order ph-amplltude (19) and atudy the dynaaica of a HIC 
under the Influence of the Induced force in eq. (3) 

i 
- *k <H„4> * 2.2 fat' Ъ V„/0 V*W) S^ €*«-i) (21) 

ffc 9 
obtained fron (19) and ( 1 3 ) . The sun over the ph-stateo in aq. (21) aay be 
foraally replaced by an lntegrel over the ph-energlee £ 

* • 

- ?1<НМ> * 2 Ui' fa f(t) **Л'*) K(k') £~ e(i'i') (22) 
• • 

with g(€) • 2 Slt'tn) the lp- lh density. Instead of asking a coaplete 
n, 

microscopic calculation of the aatrlx elements and the denelty g(*r) we para» 
aetrlze 

ffovifoifrfO « ukim) и„(М)) v, iit) (23) 
For the radial forafaetors UN(R) we uee the proxlalty potential ' and for tha 
energy dependence the paraaetrlzatlon 

flt) = i . e *a <»> 
There are two aodel paraaetars within the anaatzea (23) and (24) , tha overall 
strength VQ deacrlblng the affective N-N-lntersctlon and A tha effective 
range of s.p.-ensrgies Included» In f i g . 1 we present the energy dependence 
f ( f ) ae function of tha paraaeter Д together with tha correapondlng Fourier-
trans f eras of thla functions appearing in the integral eernel of tha induced 
fore* ( 22 ) . I t describes tha "response" of the internal syatsa originating 
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fro« the 
f ( € ) . 

superposition of «any ph-states with different energies and strengths 

F ig . 1 
Parametrized energy dependence 
cf the matrix elements f ( 6 ) 
far different ph-energy ranges 
Л (right side) and the corres

ponding Fourlertransfores F ( T ) 
( l e f t a ide) . 

' » • i 

j /»"Ал 

\s^~tt~~ 

Ы&* 

rie^i 

Solving the equations of motion (2), (3) we observe in dependence on the ini
tial partial wave L three types of trajectorlee R(t) in our model. This is 

16, 16„ demonstrated in fig. 2 for the case 0 • 0 at E c.m. 62 MeV. 

Юл*) t(Hfc) t(H*> 

Fig. 2 
The calculated distance between the centres of the ions R as function of time 
t for the 0 • 0 (E„ _ • 62 MeV) system for three orbitel angular momenta 

С «m « 
L (upper p a r t ) . Three types of trajectories are observed In our model calcula
t ion leading to different reaction channels, L«31 to quasielastlc reactions, 
L-19 to deep inelastic scattering and L>27 to fusion. 
The ground state probability of one of the O-nuclel P , the excitation 
probabilit ies for the lplh-etates P., 2p2h-states P~, e tc . as function of time 
ere plotted In the l&wer part of the f i g . 
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For high p a r t i a l waves (L -31 ) s c a t t e r i n g occurs wi th no spec ia l structure 
w i t h i n R ( t ) . I n t h i s case the system r e M i n e nearly in i t s ground state PQ 

and only l p j h - e x c i t a t l o n s occur ( lower part of f i g . 2 ) . Thus these quaeie lsst ic 
react ions can be described we l l i n f i r s t order per turbat ion t h e o r y . 
For L«19 the two lone s t i c k w i t h i n a c e r t a i n time at a given distance Л and 
a f t e r tha t they leave the i n t e r a c t i o n r e g i o n . Many p a r t i c l e - many hole statee 
are exci ted end the corresponding energy loss i s comparable wi th the k i n e t i c 
energy above the b a r r i e r I n the entrance channel which represents the t y p i c a l 
behaviour for deep i n e l a s t i c events . 

There ex is ts a c e r t a i n L-range where the lone do not leave the i n t e r a c t i o n 
region as seen for L-27 in f i g . 2 . The distance between t h e i r centres R ( t ) 
e x h i b i t s an o s c i l l a t i n g behaviour with decreasing e.nplitudee. As i n TOHF we 
I n t e r p r e t such types of t r a j e c t o r i e s as fus ion . 
The L-ranges I n which the d i f f e r e n t processes appear depend on the model 
parameters V and A . We fteed the parameters by a f i t to the experimental 
fusion cross sect ion fo r the 4 oCa • ^ C a syetam at an energy of Сс # | ,ш • 'So MeV 
leading to A - б MeV and V 0 - o , 2 2 . With the same Porometего we ca lcu la te 
the fusion cross sect ion as funct ion of the incident enerriy and compare i t 
wi th the experimental data ( f i g . 3 ) . As seen fron f i g . 3 the experimental 
f indings are w e l l reproduced. 

F i g . S 
Experimental , end calculated 
fusion с rose S*cho*t бег for the 
^ C e • ̂ C a system ее function 
of the incident enorr,y £, 

t 

' « • « % • 

*'H * 

I 
I 

¥ 
XpnartokukN« 

•I 
I 
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P. Donche et a l . 6) 
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As a further check of our model we compute the fusion cross section for 

16, 16, 0 • 0 system ss function of incident energy with exactly the same nodel 
4o- 4o„ parameter* V , Л as obtained in the case ~"Ca • " Ca. An excellent agreement 

with the experimental fusion cross section is found (fig. 4 ) . 
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One of the most s t r i k i n g feature of our ca lcu la t ions l e the p red ic t ion of a 
fusion window w i t h i n the C-epace for high incident energies (coepare the L-
values for fusion and deep i n e l a s t i c s c a t t e r i n g I n f i g . 2 ) . Such a L-wlndow 
has been predicted f i r s t I n 3 d l a . TDHF ca lcu la t ions f o r the ваше eyeteas ' ' . 
Indeed our resu l ts are very close to tha t of these 3 d i e . TDHF c a l c u l a t i o n s . 
Th is holds for the ca lcu la ted fusion cross sect ions , the t o t a l k i n e t i c energy 
l o s s , the d e f l e c t i o n function and the t l a e behaviour of the t r a j e c t o r i e s . In 
f i g . 5 we conpere the ca lcu la ted t r a j e c t o r i e s in a two dimensional plot ( R . 9 ) 
for two L-values which lead to fus ion . 

-90 

-IM1 

F i s . 5 
Calculated two-dimensional t r a j e c t o r i e s 
( R . * ) fo r S 6 0 • 1 6 0 e l E n n * 52.5 MeV 

С . I t l . 

f o r L - 13 and L • 2 7 , leading to fusion 
(dot ted l i n e s ) . The s o l i d l i n e s arc the 
resu l ts of 3dim. TOHF ca lcu la t ion of 
Flocard et a l . ' . 

The t r a j e c t o r y fo r L»27 exh ib i ts only small 
o s c i l l a t i o n s wi th respect to R ( t ) . Such 
a behaviour i s t y p i c a l for L-value6 a t the 
upper end of the L-window for fue ion . For 
p a r t i a l waves I n the v i c i n i t y of the lower 
L-cutof f for fusion (L»13) pronounced 
o s c i l l a t i o n s are observed i n both models. 

The amplitudes increase with decreasinrj^leadin? to sca t te r ing for low p a r t i a l 
waves. I n our nodel these o s c i l l a t i o n s are the consequence of the In te rp lay 
between the repulsive part of the conservative force in e q . ( 3 ) ' T o u ( R ) end 
the a t t r a c t i v e induced force ( 2 2 ) . 
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PARTICLE-HOLE FORMALISM FOR NUCLEON TRANSFER IM HEAVY-ION COLLISIONS 

R. Schmidt and 3 . Teichert 

Technische Univers i tä t Dresden, Sektion Physik, Dresden, DOR 

I n heavy-ion co l l i s ionsd lss ipa t ive phenomena may or ig ina te I n Che nucleon 

exchange between the c o l l i s i o n partners ' • ' . However, t y p i c a l experimen

t a l resul te are quite we l l reproduced in models where th is e f fec t Is neglected 

or favoured (see also r e f . ' ) , The present paper considers uncorrelated 

s i n g l e - p a r t i c l e exc i ta t ions In one nucleus as vie 11 as the nucleon transfer 

from a common s ta r t ing point wi th in • n o n - s t a t i s t i c a l theory. 

Using a c lass ica l descr ipt ion of the r e l a t i v e notion the centre of mass of 

the two nuclei move along the t r a j e c t o r i e s S , ( t ) and S - ( t ) . For the conside

ra t ion of the in te rna l quantummechanical evolution of the Ions and t h e i r i n t e r 

act ion we use for the basis set at any time the elgenstates of the s ing le -

p a r t i c l e Hamlltonlans of the two Isolated nucle i \4K,\ and | ^ к г ) • Thereby we 
r e s t r i c t to bound states which are su f f i c ien t for the ^escri j t io i , of binary 
reac t ions . Due to the motion of the nucle i i n the certre-of-mass system of 
reference there states are given by 

I V > = -C^) И К Л , (i) 
I V> - -А со i ^ 4 , 

where the transformation operator (1=3, 2) 
t 

.i',0) - e v ' r e* c; - (2) 

performs the sh i f t in the spac. coordinate r* and the change i n the rioncnturr. p. 
Whereas the s i n g l e - p a r t i c l e states which correspond to one nucleus are ortho-
normal there ex ists an overlap between states of d i f f e r e n t nucle i which can 
be expressed by the overlap matrix 

<Ч-к\+к-> ' <%f • (3) 
Such a dual basis was f i r s t applied to heavy-Ion c o l l i s i o n s bv D ie t r i ch and 
Hare . Adjoint states 

|ч к> = | T K > • Г KRK. I V > <«> 
ere Introduced which are derived f r o * the overlap matr ix: M~5 • 1 • K. Then, 
using these states p a r t i c l e and hole creat ion and ann ih i l a t ion operators can 
be defined which f u l f i l the usual anticomnutation re la t ions for fermlons and 
ere e x p l i c i t l y tlme-indepor.dent I n the reference frane moving with the corres
ponding nucleus. 

The Hamlltonlan H ( t ) which govers the In te rna l motion of the two nuclei 
can be w r i t t e n ее 

H(t) = Им + Ив» • H>» , (5) 



- Во -

where fi . and fi _ are the lso le ted s i n g l e - p a r t i c l e Hanl l tonlane of nucleus one 
О] Ос 

and two 

Hoi - Г £pi atp ̂ p; - Г Ч fbl; A„; (6) 
pi i* 

A 
( i » 1 , 2) and H. represente the time-dependent i n t e r a c t i o n 

Hint = L ^ b ^ a i f , ^ + ^ih, Л^рч 

С'"1 * (7) 

The f i r s t two terns on the r . h . s . describe the e x c i t a t i o n in both n u c l e i , 
whereas the l a s t two terms govern the nucleon exchange. The p a r t i c l e (ho le ) 
c rea t ion ^r,(ßh.J and a n n i h i l a t i o n operators dp; <ДЦ,) are def ined as pro
posed I n r e f . ^ . Tnen, the one-body oat r i x elements v <. . i n ec,. ( 7 ) era 
given by 

V f c ^ r ) . < ? p s | L . i
e M * U b V * m ? i ( y - - ^ l f j > ( e ) 

(1, i • 1, 2), where u. denotes the mean field of nucleus one acting on 
nucleus two and vice versa« The overlap between states of different nuclei 
yields to an additional potential part u o v and aß.(r-S,.) Is a contribution 
ivhich originates fro« the fact that the acceleration of the nuclei during the 

collision яау alee causes transfer or excitation. 

The one-body Interaction (7) allows to write the wave function of the 
•yetea аз 

_ _ , » • 
e l l Cp.su)*p.Л"4 

1<K0> = e : ' ̂  Ю> o> 

where c
0 « h i ( 0 *» the 1p1h-amplltude and )0> the ground state of the s y s t c i . 

I n order to ca lcu la te t h l t wave funct ion we apply a tlac-dependent Pertubat ion 
expansion ' . 

The change i n the ease d r i f t of the system can be expressed by the expecta
t i o n value of the operator 

which i s also needed for the d e t e r e i n a t l o n of the nasr dispersion 

6A* - <ДА*> - < 4 A > * (,,) 

By r e s t r i c t i n g to second-order cont r ibut ions l a v p l n « and considering a synow-
t r l c i n i t i a l f ragaentst lon we get for the ease dispersion 

< * & Z \ыи\ыЦ ^^W^C^k^'^)Ui'U) (12) 
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As a f i r s t estimation of t h i s quanti ty wa stake use of t staple a o d e l . F i r s t , 
we neglect the r e l a t i v e Motion and eesuae that the In te rac t ion H. i s «witched 
oa at t«0 and does not change I t s a a p l l t u d e . Furthermore, we replace the suae 
over p. and h_ I n sq . (12) by an i n t e g r a t i o n over the par t ic le -ho le energy Сл, 
and take a paraaet r i za t lon f o r the p a r t i c l e - h o l e density and the energy-depen
dence of the t ransfer sat r i x elenents as proposed for the i r e x c i t a t i o n i n 
r e f . ' . The approxlnatlons aade so fa r lead to 

«O t 

15*- 1$ V\~* Jeibp • bfbtT4^* leH^oHj.CObfi^Oi-lJJ (13) 
о 6 

where gc I s che s i n g l e - p a r t i c l e dens i ty . The quant i ty V represents an averaged 
in te rac t ion strength and Д i s the energy range paraaeter . The Integrat ions in 
eq . (33) can be solved a n a l y t i c a l l y and СГ4

г becomes 

ц А A 

Expectation values for other quant i t ies l i k e the exc i ta t ion energy E • ^ **M n 
e t c . can be c'erived s i m i l a r l y . The time-behaviour of the quantity ca lcu la ted 
i s essent ia ly influenced by the responce of the system on the switching on of 
the I n t e r a c t i o n . In the model presented here th is response Is determined by 
the energy range of the exci ted states Д , In a more r e a l i s t i c treatment the 
time-dependent matrix elements give an a d d l t l o l e f f e c t . They connect the t ine 
evolut ion of the i n t e r n a l system with the r e l a t i v e motion of the ions . 
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DEEPINELASTIC PROCESSES IN TOHF-THEORY 

D. Janssen, M. M i l i t z e r and R. Reif 

Technische Univers i tä t Dresden, Sektion Physik, DDR 

1 . Representation of the TDHF-equation i n terms of RPA-modee 

I t is wel l known, that tho small amplitude U n i t of thn TOHF-theory 1 jde to 

the RP.A-equation ' . nevertheless v.e would l i k e to nentlon some s p e c u i pro

per t i es of the UPA-anplltudes in the p-p and h-h channel, which has been ex

p l i c i t l y discusocd in the rroup of 3 , T , rjeliaev in Novosibirsk. 

Tho TOi iF- ' ru- t ion has the form 

t « = L h l d , e l , K 4 { s b t , i *So.U) , S i iW-Z V0 , i «^ (?) 
Jt 

if i s the t ino t!cponi;ent s.p. k n o t t y Mat r ix , t i s the k inot ic cnri,:y operator 

of о f ree p a r t i c l e ond V describee the in terac t ion between d i f f e r e n t pa r t i c l es . 
I n the sna i l anplitude l i m i t ? can be represented as fol lows: 

<?U) * 3 . T £9U) (2) 

where $c lc t\;i> solut ion of the s t a t i c Hartree-Fock equation L h l t : * , ^ ! •= 0 . 
Using oc . (J ) ar.d neglecting quadrotic teres in £% we obtain 

if«(t) « И « Л Л , L(*t)«Ti-s Lhlfr»,J«l f Ы<Ч),*Л (3) 

The operator L( цс ) represents tho {non hernltaan) RPA-harailtonian, which csn 
be e a s i l y d ia 'on^l lzed 

L4 *>) X* = " Л * 

The solut ion of the eigenvalue problem of eq . ( 4 ) can be character ized by the 
fol lowing propert ies: 
•".) A l l frequencl-c w* are r e a l . 
2 . ) For each solut ion w« , 4m.,X< with ц, * 0 a second solut ion ^ , tf. , £ -

»x i» t with ws * - u v . , * » « v< / <&a ' * £ . 

3 . ) I t i s possible to divide the RPA-eolutlon in to two groups. The f i r s t group 

describes the e x c i t a t i o n I n the p-h chanivjl and the amplitudes f«. d i f f e r 

f ro« zero only for natrixelements betweer p a r t i c l e and hole s t a t e s . 

The second group of solutions of eq . ( 4 ) ere the solutions in the p-p(h-h) 

channel. Here the aapl l tudee X+ neve the fore. 

* * « . * ) • «Г«*, &M 
4.) The whole лег of solutions Ч* ,ХЛ nomelixed by the condition Т г ( ^ у л ) * ^ 

le eoeplet« in the »pace of two particle «tote«. 
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Using these propert ies tie are able to expand the time dependent density eat r i x 
g ( t ) in teres of RPA-modes as follows 

« C V N <$e г Ач^) , Д $ С Л « Г а<(») <** (5 ) 

The t l e e dependent expansion coef f ic ients c , ( t ) characterize the weight of 
the s ta t i c RPA-BOde a in the uensity шачГ^х g ( t ) . 
Using th is exp-nslon and _ . ( 1 ) One can derive t»,e following equation for the 
time evolution ?• a 

W<rty = i - ( T. ^ S l f p ) , « r j ) 

This • quavi.'M le c» p l e t e l / e.4jiva.'ent t j the standard TDHF-equation ( 1 ) . 

2 . C j + . i ' l a t l o n cf cnef.'v and wititfr , дМ< i » ' t resonances . 1 ^ tin, framework of TflHF 

By near» tf the •»•Qrefcrinstion a.4(V)»i <T,M • eo. (6) can be -epre3ented 
-is follo»-4 

; t - r *v« 5̂ > , v,p i« * Гг u : L siмт, ̂  11'^^'* (7) 

t o for the t l »e evolut ion operator ö ( t ) o'efineJ jy 

wc r'-tain. the formal eo lut lon: 

Gl««T ««pHJV' l^n (9 ) 

HilcK van be expands с in a per tur te t ion series vrith respect to V 

G l « . A »• ЙИЧН > G , x , t O - . . . (Ю) 

t i * 

b £ * * f«4' ( « t . W.*; Ц^й 5y(r 4') <4r (»*) t*r {-.t(*y ,w/ .(J.) - ,^Ц, Vr-W^)j( 12) 

Mow *e i 111 apply the following statistical abeumption, which has been discus» 
eed L;, the paper of van Hove ' 
1 . The diagonal Matrix elements of V are relevant only. 
2. The odd members of the perturbation series eq. ( Ю ) are neglegible. 
3. For the "intrinsic" time integration a eo elation tlno T_.„ exists, so 

cor 
that the eublntenral function for t >"C . vanishes. 

u cor 
Than by the enaatz o\(t)»o^OVej<p(|A*-C)t.the quant i t ies Д* an<i Г^ are determined 
according to eq. ( l o ) - (12) by 

д s £ W«^Wtfj«. ( w > - ц р - u i • Л И Ч * Г ryWocyf W ^ > 
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I n t h l e wey I n the framework of TOHF we heve obtained the width Гл and the 
damping of oscll lator-fcodee without Introduct lng any c o l l i s i o n t e r e . 

3 . A mlcrosiopl': version cf the coherent surface e x c i t a t i o n ftodel I n heavy 
Ion react ion 

I n order to describe t h * c o l l i s i o n of two nucle i we devide the ->.p. density 
matrix ч<?^ into two parts 

S = t « * ?ь 

where the t ine evolut ion of £. end <?„ is given by 

(14) 

' 4ь - L h (.*«•?•>), <it.] 

;:ov; we transform $n and gb Into i n t r i n s i c systems, moving with the nucle i 
a and b by the fol lowing unitary tranu^ornatione 

• a,* - i i j О» ^ л - ' и , ' 
«а = Л 4 Г а Л Я. 

е.; q ^ i - e t 4 ie. j c ' 5 ) 

N , Г:̂  are the p a r t i c l e numbers of the nuclei j , b. q and p are t lRe- funct ion 
which w i l l br, speci f ied l a t e r on . From (14) we net for the density matrices 
r a and rb In the I n t r i n s i c system of reference 

(16) 

The f i r s t term on the r ight hand side of th is equations is the usual " s e l f i n -
teract lon" of the nucleus, the second and t h i r d ten.-, a r ise from the c o r l o l l e 
In te rac t ion I n the moving system and the th i rd describes the in te rac t ion 
with the other nucleus. 
Expanding now thB eat r ices r and r- In terms of RPA-modes of the " u c l » i a 
and b respect ively 

r„ = r£ * t eu(r) 4± 

we obtain a system of coupled nonlinear aquations for i „ , епи а л , 
Among these «odes are the spurious «odev with U^'U^^O i n the p-h channel. 
The e x c i t a t i o n of these «odea corresponds t o a t r a n s l a t i o n of the hole nuc
leus In the coordinate and lsipuls space. 8c the enplltudee &ti, Ощ of these 
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modes should be large. These nodes can be eliminated by a proper che Ice of the 
time function q(t) and p(t). In this way It is possible to derive for <, end p 
the following equations: 

• rr-(v,ptr.«)^)cipW5 
This are the we<l known c l a s s i c a l equation describing the r e l a t i v e notion of 
two nucle i bv a folding po ten t ia l and the coupling to the i n t r i n s i c v i b r a t i o 
n a l mo^es. 
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EXTENSION OF THE TOHF INITIAL VALUE PROBLEM INTRODUCING TIME-DEPENOENT 3ASTR0W 
CORRELATIONS 

P. Midler 
Oolnt Institute for Nuclear Research, Oubna. USSR 

To look for possible dynamical realizations of short-range correlations in hea
vy Ion reactions не propose an extension of the TDHC initial value problee 
which include» two-body correlations of short range in lowest order on a level 
ot Microscopic reversibility relating thee to realistic nucleon-nucleon forces 
at short distances '. Higher order affects as well as the effect of long-range 
eorreletione are assumed to be effectively included in the readjusted »eon 
field. The outlined extension Is performed in th« fraeework of tha Method of 
correlated basis functions (CBF) (see ref. ' and refs. cited therein) choo
sing the wave function of the system as 

-fu...Aft) = c-rfTfe(riilt)Pej4.Tj(t>:(ift) (i) 
with С being the normalization factor and,correspondingly, a loca l bare cen t re l 
symmetric nucleon-nucleon poten t ia l 

MC,s)^TVtCr;i)?t . (2) 
Our aia is to derive aquations of motion for the correlation functions f, and 
the aingle particle orbitale ф; invoking a least action principle 

•laultaneously varying with respect to both f,, Q;. 
The nuclear Haailtontan Is Identically rewritten as 

H - 11 (Л + Z vdj) 5 ? « , с ;,t) + Z /f«f/j,<) (4) 
with 

Н„г;,о = t<;) + uc;,i) (5) 
and 

Vre* Cij,t) = VCi) - rfr„ [UC,i) * U(i,t)l , (6) 
U(l,t) being, in general, an arbitrary (redundant) one-body potential. 
Assueing that the relative Motion of the nucleons at large dlatancea is suffi
ciently described by the mean field which is sssuaed to be known froa a corres
ponding TOHF calculation (with a readjusted effective interaction) and chooeen 
•• U(l.t) we write 

Vn>ie( r,t)?0 for i-*de(i) (?) 
where the tlae-dependsnt range parametera d^(t) are defined below. 
Up aseuae a spin-laoapin symmetric systea and decompose the Lagrangian In eq. 
(3) Into a FAHT cluster expansion series ' keeping only the lowest order. Then 
we separate c.a. and relative aotion of tha two-particle wave functions |ij-ji> 
appearing in this expanolon ол1у for rcd^(t), by truncating a Taylor expansion 
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(9) 

of the orbitale £ in the position of their ease center at finite order» 
Then eq.(3) yields for the reel non-negetlve functlone f,(r,t) 

- ' т ^ ^ ' Н Т ^ - Н •AW*™*»*j-fcfco <•» 
where, for the relative e-wave 

S.io I z-+.*"iJ ^ $ / 
\ ?.«>/ \U(lt)l 

For higher pertial naves instead of ^4V eq.(9) enter «ore complicate coebina-
tions of the orbitale фрand their epatial derivatives. 
Variation with respect to ej„* gives 

£•'*& +£P*-utf*>J*,M«> * 2. T'^cp,t) (10) 
J t •*a"i ^*/ * 

withj v — being composed of the single-particle orbitale ̂  and correlation fun
ctions f,, their teaporal and apatlal derivatives, the mean field ее well as 
the potentials Vj^r) ^ . 
The boundary conditions 

fe(rsJt(t),t)~1 , ft'(r*e(t(t)tt)^0 ( U ) 

and the constraint 0 & ft(rgt)*1 (12) 
complete eqa.(8) and define the quantities d,(t) . 
Eq.(8) formally reseables a Schrodinger equation with a kinetic energy term 
describing the uncorrelated aotion of the pair, a correlational kinetic energy 
tern, a cross tern (which crucially depends on the truncation, e.g. Q,»0 if on
ly the e-wave la considered) and a time-dependent potential which la composed 
of the bare potential and a tera which describee the influence of the mean 
field on the relative motion of the peir. Thie Influence die appears If the 
system consists of only 2 particles. We emphasize that eq.(lO) leade to usual 
TOHF In the Halt d1(t)-*0 (I.e. f.»l,^r) since in this limit the r.h.s. vail nishee '. 
Appropriate Initial conditions for a heavy ion reaction are foraulated ehowlng 
that e uniformly translated stationary solution of the correlated problen obeys 
the time-dependent eqe.(8) ,(10). The one-body deneity eat rix is evaluated in 
the ее»e approximations aa described above. The a.p. overlap eat rix, totel en
ergy and particle nuaber are coneerved exactly by derivation '. 
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ENERGETIC HEAVY ЮТ COLLISIOHS AHD THE PROPERTIES OF HOT HUCIEAR MATTER*' 

H. Schulz and L. HUnchow 
Central Institute for Nuclear Research, Roesendorf (SDR) 

G. Ropke and M. Schmidt 
Wilhelm - Pieck - Univerelty, Roetock (GDR) 

1. Introduction 

The energetic heavy ion reactions represent a comparatively new domain of 
nuclear phyeice. In describing the beaic physics involved simple thermodynamic 
models have successfully been applied (cf. refe. )• These models treat the ex
ploding nuclear system aa a non-interacting gaa of different clusters like deu-
terons, 3U, ̂ He, «l -particles ... However, the gas approximation is justified 
for dilute systems only. To comprehend the main properties of an interacting 
nuclear system at finite temperature one has to start with a quantum statisti
cal (QS) theory which describes the formation of clusters. In this way one 
finde an answer to the question why, f.i., the deuteron abundances in hot 
nuclear matter are rather large, although, aa we know, deuterons do not exlex 
at normal nucleer matter denaity g 0 • 0.17 fm 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 embedded in a nuclear medium. 
A consequence of this correct QS treatment ia the appearance of a Kott mecha-
nlsm " " preventing the formation of clusters at sufficiently high densities. 
The quenching reeulte mainly due to the account of the Pauli principle. 
In the present paper we will give a summary of the main reeulte obtained on the 
basis of a QS treatment of hot nuclear matter. Especially, we will discuss the 
cluster composition at given temperature and denaity, the phase stability of 
hot matter, the entropy problem, the phase transition below T • 20 MeV and the 
Bose condensation of ot -particles. The results base on previous publications 
(refa. 2 _ 9 )). 

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. ') 

«^T.K>£fSy3>-ef'|.E-i«*)^o, (1) 

*} Talk given by H. Schule at XII International Sympoalum on lueleer Physics, 
«>au0ig 1982 * 



- 89 -

«here ix, la the chemical potential, Л п denotes the normalization volume and 
( * • о "I C O а Г<*Т* Ptt-f^) "*"0 ie tbe Я****- distribution function. The thermo

dynamic Green function obeys the Dyson equation (6^)»-P, |гк. )i 

С ' л ( ^ - г - Е И - Г Н ^ . (2> 

Рог the self-energy Z (1» Z) different approximations are possible leading to 
different approximations for the equation of state4': 
(i) Hartree-Fock approximation (HP) 

I « . ; . ч / ,„ »i , Ä <«) (3) 

The equation of state reade 

(4) 

HP 

Ко bound states (clusters) occur in this approximation. Since Д dependa on 
the density the equation of state (4) permits one to define a region of phase 
instability and to study the coexistence of two different phaees. This can he 
shown by using a Skyrme type interaction (see a IBO refs.11-13)). 
(ii) Ladder-bound state approximation 

ZLW)= EÜJ Ч \ШЛ • •• -[connected 

The ordinary chemical pircare (detailed balance or law of mass action (LMA)) is 
obtained in this approximation. The equation of state reads 

«V)"fo^^&S'Hi^f^... (6> 

where the second term gives the deuteron contribution (binding energy of the 
deuteron E^) and $гС£)=[.СжР K ^ " ? A ^ - л ~\"Л ie the reapective Boae 
distribution function. The ordinary LMA le obtained from (6 ) in the low den
sity limit where the Boltzmann distribution function can be applied. In this 
case one has 

S^./O - * ^ + г*ил * • • - , (7) 
where <£, = -д * T *̂*' ie the free nucleon density and £ Jit**t~ ^ ^ПЦ 

•^ИЙС 1B deuteron denelty (ri1* C;KF )*'*)' 
(iii) Ladder-HF approximation j^^t*. 

••шил V 
(8) 

LHP * f*>" K i W ' r * 
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In this approximation the one-particle Green functions are calculated in HF 
approximation which accounte for in-medium corrections. The t-matrlces in (5) 
and (8) are determined by Bethe-Goldstone equations. The ladder HF approxima
tion takes into account the HF shifte 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, •'He end rL -particles) explicitly and neglecting the bin-
ding energy c.ifference betneen JH and JHe fie equation of state can be written 
6.7} 

where the quantum number n. specifies the intrinsic cluster stete. The distri
bution function 

4.и^«1"рМ<^-*М-1-^ ] A - 1 - 1 
(10) 

reflects the Fermi or Bose character of the cl'teter. For a Skyrme type interac
tion the explicit form of the relevant energy shifts of the clusters and the 
expressions for the partial densities <£ free* €deut**" are 6iven in ref* 
The subsequent discussions base on the equation of state (9). Improvements of 
the equation of state (9) are discussed in ref. '. 

6,7) 

3. The deuteron to proton ratio R. and the Peu1.'. quenching 

One of the striking experimental results of energetic heavy ion reactions is 

the large ratio of deuterons to protons observed in the disintegration process 
1) . In f ig . 1 we show theoretically calculated RrtT1 • ? d e u t / 5 «._ values as a 

dp ' 5 proton 

function of temperature for different densities. The deviations between the or

dinary IXk and the QS treatment are rather pronounced at increasing densities 
or low temperatures. The QS calculations shows the strong influence of the Pau

li quenching. Since RdD shows a saturation as function of the temperature or 

density, actually a whole range of freeze-out densities can cope with the date. 

Therefore a more rigorous test of the importance of the Pauli quenching is ob

tained by considering the rate equation for the deuteron production 

10 

OS 

\ \ —os 

1 ^ 4 
|T« 
i i I 

0 20 40 60 

" 1 

к 
T iMtVI 

Fig. 1. The deuteron to proton ratio 
R d P • 2 * d # u t / 5 f r r r " • f u n c t l o n 

of the temperature it given density 
Full linesi QS approach,below T*T 

the results are due to 
•q. ( H ) 

Thin llneei Ordinary lew of mass ac
tion 
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e, -<4~*v«>t-<j*-4 *«(e\'Wl, en) 

where §д, and §JL are the respective particle number densities for nucleons and 
deuterons and S" b r e e k denotes the deuteron break-up cross section. The vein-
city between the nucleon and the deuteron is given by v d N and the brackets 
mean the average over the momentum distribution of the particles in the expan
ding fireball. The hadrochemical model uses this rate equation in connection 
with the gee dynamical description of the expansion of the gas cloud, where 
pionic excitations of tbe nuclear matter are taken into account. Рог details 
we refer to r e f s . 9 , 1 0 ) . Our results for the ratio R d p of deuterons to protons 
are given in figs. 2 and 3. The fig. 2 shows the time evolution of R d p while 
the comparison of their poet break-up values to experimental data is made in 
fig. 3. In addition we show the results calculated on the basis of non-inter
acting gases (IilA). Especially, in this case the time evolution of R d p shows a 
rather eteep increase at densities around g Q. This behaviour is connected v,it* 
the fact that the Ш А disregards any kind of correlations effects and overesti
mates the cluster formation at increasing densities. Afl can be seen from fig. 3 
the QS-calculations are in line with experimental findings and reflect the re

levance of the account of the Pauli quen
ching at the early stage of the fireball 
expansion where the gas cloud ia still 
rather dense and hot. 

Pig. 2. The time evolution of the 
deuteron to proton ratio for the 
reaction Ne+HsF at 800 MeV/N. The 
numbers on the curvee give the tem
perature of the fireball. The dashed 
line givee the result of the sudden 
limit where the deuterona are for
med instantaneously according to 
their equilibrium value. The dotted 
line ehowa the baryon number density. 

06 

«dp 

04 

02 

о L 

Ne*NoF 

10 
E/A |Gev] 

20 

Pig. 3. The observed R d p values 
ref.^' compered to the theoretical 
predictions which are corrected due 
to the subsequent decay of the & -
resonances. 

4. The entropy problem 

in r e f . U ) has been suggested a calibration of the entropy etteined during the 
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hot phase of a relativietic aeavy ion collision by means of the observed deu-
teron abundances. The entropy per nucleon S is calculated by the free fermion 
gas law 

In terms of the IMA (sec. 2 (ii)) one could write 

(12) 

(13) 

connecting the entropy with the experimentally observed R. values. From these 
assumptions values of 5.0 to 6.0 units in entropy per baryon are deduced. It 
has been shown in ref. ' that the free fertoion gas assumption (12) is still 
justified but the use of the LMA in deriving (13) may meet serious difficulties. 
In feet, only in the low density limit one has R J O ^ 3 f? Л 3 £ (sec. 2 (ii)) 

but ав soon as the Pauli quenching Ьесошев operative the R. value is not any 
more proportional to <? as given by the simple LMA form. In calculating the en
tropy expression (13) has to be used on piece of (1?). This reduces the entro
py per baryon by about two units and becomes in agreement with conventional 
expections (see ref. ^>). A consideration of new degrees of freedom during the 
reaction (e.g. quarks) as proposend in ref. 14) seems therefore not necessary. 

5. The ( ̂  - T) phaee disgram 

The equation of state (9) (see fig. 4) shows s behaviour similar to that of a 
non-ideal gas with the characteristic van-der-Waals instabilities*' ' . 

The possible experimental signature 
of a first order phase transition 
in hot nuclear matter has been first-

Fig. 4. The pressure as a function 
of density et e given temperature 
nnd the borderline of the two-phase 
liquid-vapor equilibrium. Rd gives 
the ratio of deuterons to free pro
tons. The respective Mott curvee 
£ M o t t indicate the borderline beyond 

which the clusters with total momen

tum P . 0 do not exist. 

ly discussed in ref. 4) A compari

son with experimental data has been 

given in ref. 8) Рог Т < T we are с 
mainly interested in the number of 
composites (NT) which are Ln the 
vspor phase. Their raJ;io to the to
tal perticle number (N) is defined 
by 

<1ы - rt § A / S k 

where 
•«IT - € i 

(14) 
) 

and II ere defined by 
the borderlines of the phase insta
bility region (see fig. 4). From 
(14) it follows for Rd . N2 /u,,1 
end although the ratio of protons 
Ng in the vapor phase ie decrea
sing for 1 ^ 0 their ratio is not 
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monotonic and exhibits around T -10 MeV a maximum (see fig. 4). Similar results 
are obtained for larger clusters. Pig. 5 shone some recent experimental data . 

It turned out that at high incident 
energies (high temperatures) the 
yield drops monotonically as a func
tion of the emitted particle шавв. 
Bvt for T Z 20 MeV one observes a 
characteristic change in the pattern. 
Now л -particle yield becomes more 
dominant end for still smeller tem
peratures it exceeds that of lighter 
clusters. This behaviour has been 

8) discussed in ref. in terms of an 
onset of a "liquid-vapor" phas«» tran
sition (see aleo ref. . Our re
sults are shown in fig. 5. The over
all agreement between theory end ex
periment seems to be satisfactory if 
one considers that any dynamical as
pects (sec. 3) are disregarded and 

no effort has been made to reproduce the data better by changing temperature 
and break-up densities. The interesting conclusion that seems to be drawn is 
that the experimental data represented in fig. 5 and the corresponding theore
tical calculations support the assumption that a first order phase transition 
around T S 2 0 MeV might be observed. To support the scenario described more de
tailed calculations including dynamical aspects es discussed in вес. 3 have to 
be performed. 

1 " • 

f\l .1' 
firo 

"- '] t 
ХЛ ^ 

, y> 

• 

'«.. 

. 

'<* 

Fig. 5. The yields of different clu
sters as a function of the temperature 

15) The experimental data are from ref. ' 

6. Вове condensation of Л-particles 

An interesting effect which follows from the equation of state (9) in the low 
temperature region is the Bose condensation of o<-particles 4 We will give 
here only a preliminary discussion concerning the Bose condensation in connec
tion with the llott mechanism. Considering en ideal Böse gas öS d - particles, 
Boae condensation appears if the density <J(T, jt ) approaches the critical den
sity %£) defined by 

Ц "T \"l g*».,.*,--. r-£i .) (15) 

6c 
This expression indicates that Bose condensation of d - particles should be pas
sible up to rather high temperatures (see fig. 6 and continue the broken curve). 

A similar result has recently been discussed In ref.'" considering density ef

fects only vis the eigenvolume of the composites. This approach leads to the 

artifact that a Boss condensate still exists at densities beyond ^ 0 end high 

temperatures. Our equation of state (9) predicts a borderline § B C (fig« 6) 

which is rather constricted in the (*?, T) plane, because due to the Hott me-

chanism bound states with total momentum P • 0 disappear beyond €* • 



Fig. 6. The Bose condensation of 
«t - particles (hatched region) 
within the phaee diagram of nucle
ar matter 

7. Concluding remarks 

Relying on a model calculation, which bases mainly on a simple nucleon-nucleon 
interaction of the Skyrme type and on a perturbation treatraent of the motion 
of compoaitee in a hot nuclear medium, some of the interesting properties of 
bot nuclear matter es produced in course of an energetic heavy ion collision 
have been diecussed. The results are consistent with recent investigations of 
hot nuclear matter (sec r e f s . 1 1 ~ 1 3 ) ) performed in connection with stellar pro
blems where only bulk properties (e.g. critical temperature, phase instabili
ty region) are of great interest. The comparison with date obtained from ener
getic heavy ion collision permits one to test the equation of state in a new 
domain. 

References 

1. E. Nagamiya, U.C. Lameire, E. Möller, S. Schnetzer, H. Echapiro, H. Steiner, 
and I. Tenihata-, Phys. Hev. 024(1981)917 

2. G. Röpke, L. KUnchow, and H. Schulz; NBI-preprint 81-21(1981); 
Nucl. Phys. A379(1982)536 

3. G. Rbpke, D. Kremp, M. Schlanges, L. Mlinchow, and H. Schulz; 
Dubne-preprint P4-81-596, Yad. Fiz. Vol. 36(607)1982 

A . G. Rbpke, L. IiUnchcw, and H. Schulz; Phya. Lett. B110(1982)21 
5. J. Knoll, G. Röpke, L. MUnchow, and H. Schulz; Phys. Lett. B112(1982)13 
6. L. I.:llnchow, H. Schulz, G. Röpke, ГЛ. Schlangee, end M. Schmidt; 

J. Phys. G (Lett) 8(1982)L135 
7. G. Röpke, M. Schmidt, L. MUncho», and H. Schulz; 

NBI-preprint 82-23(1982), Nucl. Phye. in prose 
8. H. Schulz, L. MUnchow, G. Röpke, end M. Schmidt; 

NBI-preprint 82-10(1982), Phye. Lett, in press 
9. H.W. Barz, H. Schulz, H. Iwe, L. MUnchow, 0. Röpke, H. Schmidt, T. Biro, 

end J. Zimenyi, Z. Phy3. 508 (1982) 187 
10. T.S. Biro, H.W. Barz, B. Lukace and J. Zimanyi; 

KPKI report, KFKI-1981-90, Phye. Rev. to be published 

log (9fm3l 



- 95 -

11. D.Q. Lamb, J.M. Lattimer, С Pethick, and D.G. Ravenhall; 
Phye. Rev. Lett. 41(1978)1623, Uucl. Phy». ЛЭбО(1981)459 

12. И. Berranco and J.R. Buchler» Phye. Rev. 022(1980)1729 
13. Б. Friedman and V.R. Pandharipande; Nucl. Phye. A36l(1981)502 
14. P.J. Siemens and J.I. Kapusta; Phya. Rev. Lett. 43(1979)1486 
15. G.D. Weetfall et al.; Michigan State University preprint № M5UCL-365(1982) 
16. 1I.W. Curtin, H. Toki, and D.K. Scott; to be published 
17. P.R. Subramanian, L.P. Ceemai, H. Stöcker, J.A. Uaruhn, W. Greiner, and 

H. Kruse; J. Phye. a 7(1981)L241 



- 96 -

OB THE DYNAMICS OF FISSION AT FINITE TEMPERATURE 

H. Hofmann 

Physik-Department, TU München, BRD 

A.S. Jensen 

Physics Institute, University of Aarhus, Aarhus, Denmark 

F.J. Scheuter 

C.E.N. Saclay - D.A.P.N./M.F., Gif-sur-Yvette, France 

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 194o: We have to follow the distribution in 

the phase space of the collective variables and their conjugate momenta. For one 

collective degree of freedom this equation reads: 

(и 

Here and in the following we will asrume 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(—&JjJ<£), with В being the height and SL 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 \SL iS of 
the order of typically 1 MeV the number *fy(x i s c o n s i d e r a Dly smaller than T. 

2. Discussion of the Markoff-Llmlt 

Modern derivations of this equation may lead to modifications of some terms and 
reinterpret«ions of the transportcoefficients, as for instance of the Einsteinre-
lation D= VT where D is the coefficient in front of sfrl f . Let us not bother 
about such details here but rather concentrate on 'the essential question whether 
or not the M-rnjff-limit is appropriate. Clearly such an approximation is involved 
in the derivation of eq . d ) . Otherwise the distribution would depend on the 
history of the motion. The Markoff-approximation is valid if the two relevant time 
scales for intrinsic and collective motion are separated: 
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Within the linear response approach of refs. the microscopic time f" is de
fined as the decay time of response functions Л(~- x It) • Here, the F are deter-
mirad as the single particle fields which couple the collective motion to the nu-
cleonic degrees of freedom: F (X.,Q.) = > ^ J A » with v(x ,Q J being the single 
particle potential. The *%r r (t) determine the response of the nucleonic de
grees of freedom to external changes. Suppose the mode A.fj?) of the intrinsic 
system would be excited instantaneously (by a sharp knock). In this case the dis
turbance of <^>"> would be proportional to •£-. ̂  (i) for ̂ > 0 : 

£<pt = < H - < f ^ ~ *^U) (3) 

Now suppose ^ — tends to zero within a time of the order of ^ . In this case 

the excitation < F > tends to its eauilibrium val-^e \ F X . within 

time XT . 

the same 

Let us now look at a microscopic computation of such a response function (see 
3) 2 38 

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

temperature of T=l MeV and to be deformed to a shape corresponding to the second 

asymmetric saddle. Then the nucleus is assumed ta be disturbed in a direction along its elongation, the c-direction in the parametrization of ref 4) The 
response is calculated on the basis of the shell model with a deformed Woods-

4) Saxon potential (cf.ref. ) including pairing correlations. The result is shown 

in fig.1. For the fully drawn curve a 

239 
neutrons of U 

15 / V \ «Ъщ,) 
У 2.0 x - ' 

coupling to more complicated states was * 
taken into account as well. It w a s ^ 
parametrized via an introduction of 
complex selfenergies of the particles 
and holes. These selfenergies can be 
related to the optical model for the 
motion of nucleons inside a nucleai le-
dium. In the case of no pairing ani. for 
typical p-h excitations being close t o Q 
the fermi energy Д one obtains the 
following simple expression: 

U r v a M ^ l f t c O - X f ^ T * } (7) 

The value for T 0 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. 

The dashed curve was calculated for \ t =-C , i.e. for the case of no coupling to 
more complicated states. The typical feature of both curves is a siiarp rise at 
very short times and a decay to oscillations with smaller amplitudes within a 
time of the order of 

tbo.iVw ( 8 > 
For "P0 « * 0 these oscillations are damped out, essentially after a time of the 
order of « i~ . 
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The latter time we called j4 in accordance with the fact that its physical origin 
is related to the average width f ш «Ь"» 2L * V^tw) of the decc.y of the 1p-1h 
states into more complicated states. This time should not be conlused with the 
equilibration time of those excitations of the intrinsic system which come about 
due to the collective motion. 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. According to the estimate (8) Ъ is appreciably shorter 
than XT' . On the other hand, the figure clearly also shows that the decay mecha
nism with P*+0cannot be neglected. This sheds some doubts on TDHF calculations 
which neglect collision terms, as well as on theories which base on the Landau-

81 Zener effect (for a discussion of this latter point see ref. ) . In order to see 
to which extend the condition (2) is fulfilled we need an estimate of 2^» . A fair 
estimate is t^"# « /^ct i i l with Wc#ff being the local frequency. Any reasonable 
estimate which includes dissipative effects сэл make ttiu only larger. As 

I ̂  k)fr« / i s typically of the order of 1 MeV, we see that t^gt/ is at least 

about three times larger than £" . Within such a margin the Markoff-limi'.; is justi
fied. 

3. Motxon 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 

usual simple tricks to solve eq.d) break down. On the other hand, a Gaussian is 

easy to compute and to handle. To benefit from this feature one may use propaga

tors as a vehicle. Suppose f is known at some time t . We may then construct the 

function at a la*er time as: 

Uf n Ъ 4. . D 9 * 1 Pia V *. 4 
do) -?(ол*) = \*<5Щ \<Mt)QnM)f(Q«,W 

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

Urn \<(*№)й*,1«,Ч « i(<i-Q*) &*'**) <"> 
For t close to t 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 
t , we have to repeat the folding procedure. 

9) In ref. 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: 

a) Dependence_on_Temgerature. it is found that both the mean energy £ and its 
variance (J** vary almost linear with T. This will be explained below. 

P 

b) D§EiQäe.GSS-2D.E!!t.lDi£i§i_BiB£Eifekti9D'lt 1* found that the final distribution 

In a previous publication 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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around the scission is rather insensitive to the initial distribution, provided 
friction is reasonably large (moreprecisely for в£,о.1, see below). It is confir
med that for obtaining sensible values for the mean energy Y and its variance &e 

one may start on top of the barrier, if only the average mean initial moment PQ 

is caosen within reasonable limits, 
c) DeBendence_of_the_Deca^_Raiet_the_Mean_Energx_and_it 

Coefficients. In a locally harmonic approximation it is convenijnt to parame
trize the dynamics in terms of the dimensionless quantity 

V (12) 

with-Л- being the effective local frequency. In the model considered in ref. both 
m and у 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 г is well represented by Kramers' socalled 
"high viscosity limit" 

г -&(^7?-ч)е*р(-т) (13) 

for all q larger than the very small value of o.1. (In (13) W represents the 
frequency of the oscillation around the potential minimum) . The mean energy "£ 

decreases with q. The precise behaviour will be described below. The dependence 

of the variance §•*• 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

lity of estimating fand >"g in a simp

ler, eventually even analitical way. The 

insensitivity of these quantities to the 

initial distribution and, hence, to the 

motion inside the well suggest that one 

might try to represent the fission poten 

tial by an inverted oscillator. In the 

scission region, of course, there might 

and will be appreciable deviations from 

that simple form. Their influence cannot Pi-9- 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 

but for the stationary situation as well. The latter solution was found case 
1o) 

It reads: by Kramers in his early paper 

If one applies the time dependent solution to fission, ore has to perform an inte-

/ лгатегв in nis eariy paper . n i.eaus; _ «. 
(14) 

gration over time 
like 

11) to sum up all events which move across the scission point, 

(15) 
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(16) 

(17) 

(I is a normalization constant) for Q=üsc- For suitable initial conditions, 

f(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 derive the following formulas for the prescission kinetic energy fj. and 

its variance S ^ : ( Uiük A U = U (Q|Ja„v>f) - W (Qs,lWt-,H)) 

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 ff is will be much larger than the typical collective time 
lcoll" T h e l a t t e r w a s introduced before as the time it needs for typical parts 

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

tion can be said to be stationary. But there is a second, and to some extend pe

culiar, reason f̂ r the stationary solution to apply. It is easy to see (cf.ref.9'; 

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 

fjtQ.P) tends to fR(Q,P) for increasingQ. This is demonstrated in fig.3 for 

the ratio of the fifth moments in P; as a 

function of Q: 

.0» X 

5 -*- -
R <Q) = (18) 

For f(Q,P,t) the initial distribution was: U-UB 

f (Q,P,t=o)= StQ-O.) S(P"P„ . with Fig. 3 

P0=1»/fm which may be considered as typical for the fission process . The 

figure shows two curves, the full one for q=o.3 and the dashed one for q=1.8. 

We observe that R (Q) reaches a constant value for Q much smaller than five 
с 

which about corresponds to the scission region. (R (Q) does not become one be
cause fx and fR 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-1 2) plains why the analytical results of ref. , i.e. the formulas (16) and (17), 11) are completely identical to the ones of ref. . A comparison with the results ol 9) ref. shows that (17) overestimates the variance to a not completely neglibible 
extend. This can be understood as the potential used in ref.9)has a tail with 
a positive curvature aff-r the scission point. The result for ЁГ of ref.9) is 
adequately described by (16), however. 
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5. Conclusions 

We have briefly described 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-

12) sion was not described here, see ref. ). All these quantitites depend on T and 
the dimensionless quantitis q. What do microscopic estimates tell about q? If we 
calculate the friction coefficient У within the picture described before, esti
mate an average value for the inertia from ref. and use for \SL the typical 
value of 1 MeV, we obtain q & o.5. An estimate of ^ by the wall formula would 
lead to a slightly higher value. A thorough discussion of these computations will 

4) be given in ref. 

The studies described here should be extended, of course, to more than one collec
tive variable. First attempts have been made in ref. . For instance, the in
clusion of additional shape degrees may bridge the gap between the theoretical and 
experimental values for Ot"(cf.ref. ). Furthermore, all the transport coeffi-

4) 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) when the system approaches scission. In ref. it will be suggested to treat the 
pairing gap as one of the several dynamical variables. 
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USE OF A TRANSPORT EQUATION FOR THE DYNAMICAL BEHAVIOUR OF THE NUCLEAR FISSION 

F, Scheuter and C. Gregoire 
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 point 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. 

1. Introduction 

Dynamical aspects of ti.e 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. rueIconic) 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 equation1' 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 natter of fact, the transport equation pro
vides some flux at the top of the fission barrier by coupling of states inside the first well. 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 /inally 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. Hofmann the main difficulty for applying the FPE 
to the problem of the nuclear fission is due to the breakdown 0f t n e iocai harmonic approxima
tion for the density d. (We will avoid here the questionable validity of the Markov approximation 
in the fission problem). Nevertheless use of propagators in time2' seems to offer a way in order 
to solve the FFE and to treat the two steps of the nuclear fission on an equal footing. For real
istic cases, conditions on the propagation make the computation tractable by introduction of pro
pagators on gaussian bundles3'. 
In this contribution, we would like to report some recent calculations obtained in a three dimen
sional framework. In a first part, we will give the main ideas of our dynamical calculatione. 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 FFE in the one-dimensional c a s e 1 , where Q is the coordinate and P the associated 
momentum 

Э d ( ^ P ' ^ - - { d ( Q . P , t ) , j r o l l } + | | p № d(Q,P,t» + D l i - d(Q,P,t) (1) 
ЭР 

Л* с о 1 1 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 theory4'. The resolution of this FPE proposed in ref.2' is baaed on the evaluation 
of the propagator K(Q,P,Q.P .t) defined as : 

ävQ.P.O - j dQo dPo K(Q.*,<)o,Po,t) d(Qo.Po, t-0) (2) 

It fulfills the relation 

lim K(Q,P»Q0,Po,t) - Ä(0-Qo) 5(P-Po). (3) 

One can check that К satisfies the same FPE as d itself. 
The initial condition (3) allows to make to local harmonic approximation for the propagator during 
a tine interval At. According to (2), the distribution d can be reconstructed after Лт and a new 
propagator К can be defined as : 

d(Q,P,UT+t) - j dQ, dP, K(1)(Q,P,Q|,P1,UT+t) d(0,,P,,t). 

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

iCQ.P.t) - j П iQ. dPj K ^ O l ^ . P . ^ . Q j . P j . j o T ) d(Qo ,Po ,t-0) 

with 
,«> t - пДт and lim KVJ'(Q ,P Q P AT) - 6(Q - Q.) fi(P - P ) . 

Лтчл JT1 J " J J J f l J J*1 J Дт-0 

(«) 

(5) 

(6) 

Let us now add some condition on propagation3'. 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 {Q ,«У } where the density 

° о 
along each bundle is a gaussian. 
This decomposition is schematically drawn in fig. 1 and can be expressed by : 

(P-<P >) 2 

d(C;,P,t) No < r e d (Q„> — « P - 4(D 6(Q-q ) (7) 

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

Li = j I dP(P-<P>)2 d(Q ,P,t) the local variance 

red (Q ) - dP d(Q ,P ,t) the reduced density, о j о чэ о 

<'.>-J-d « • ^ 

ъ 

V 

vS 

^ J « I . » , I I 

/ 

I 

Pig. I ; Definition of the bundled space {Q , lfQ }. The 
if. is here along the momentum P and is о 

о ajsumed to be a gausiian. 

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

d(Q,P,t) - ( dQo Kbundted ( , 3-P^o' t ) d r e d ( V ( 8 ) 

bundles K. ., . i bundled 

with 

lia Kbundled«5'P'<'u-t> " ««™о> " F = e"P " J 0 > 

о 
(9) 
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The assumption of gaussian bundles tremendously reduces the 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 Che escape rate, the ini
tial conditions at the saddle point and the fluctuations in the scission region. 
Here, the collective coordinates6 are the elongation c, th-_ mass asymmetry a and a neck degree of 
freedom h. We assumed non diagonal inertia and friction tensors4* ' : 

IB] 
В В . О с en 
Bhc Bh ° and [у] 

Y . 0 С СП 

he \ ° 

with 
В , В - . - ' А 5 / 3 I*' 1 В - "° 
В с В а "о Too A [MSVJ Л и 

which are similar values as in ref. > 
and у " Y f T , Ti • f Y / ' - 2 where Y - j=-o ' h o о чт 

The coupling terms are equal to m (resp. f у ) multiplied by a reduction factor. 
For a given elongation value с , the bundle is defined like the {P ,h,P. ,a,P } space, where pc 

(resp. Ph«P ) is the associated r^mentum to с (resp. h,rjt). 
The stationary solution of the FPE (:) provides"' the escape rate r (or decay rate for the fission
ing nucleus) according to : 

saddle J d r
red ( rBr" [P] d s tV (10) 

where [P] - (Pc.Ph.Pa) 

d the stationary solution of (1) 
с ... the elongation at the saddle point 
dr. red dP dh dP,. da dp . 

с h a 

The full distribution at the left hand side of the saddle point is assumed to be normalized to uni
ty at'each time. The half life tine т for a nucleus decaying by fission can be estimated in su<h a 
case by T • 1/r. 
Since dgt (c.ajjie) defines the initial conditions in the associated bundle $ , we are able 
to follow the subsequent dynamical behaviour from saddle to scission. For instance, the fluCtua-
turn x around the mean value for the mass asymmetry coordinate a gives the fluctuation for the 
mass ratio of the fission fragments at the scission point. Using »he relationship5* : 

we obtain directly 

АЛ 

! •» 

1 -

fr 

3 

3 
I 

А с 

ас' 

ас5 

V <ш 
X 

( I I ) 

(12) 

if х » - \ ( dFred (а - <a»'d r e d at the scission noint. 

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-



- 105 

tential U(c,h,a) to be 

U(c,h,a) 
(37ч46 (c-1)2 + 500 h2 + 200 a2)[MeV] for 0 < с < 1.27 

(8.- 18.73 (c-1.8)2 + 500 h2 • 200a2)[MeV] for i.27 < с < » 

The coupling between с and h in the inertia and in the c :.~tlon tensor is neglected in this model 
case (I . • Y L • 0). The nucleus under consideration is 205At. en ch 
This model is for the elongation degree of freedem с essentially identical to the еле dimensional 
model used before for the calculation of the decay rate by Kramers'^.Visscher1, and Scheuter and 
Hofmann2'. For the (h,a) degrees of freedom, we added the potentials of two harmonic oscillators 
with constant stiffness along с 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 of2' show that Kramers formulae8' are virtually exact 
except for a very small yint^rval in the transition from the small friction (I) to the high fric
tion regime (H). These formulae can be written in the following way : 

for 
B c " U B 

(L) 

where П • о 

ft / Y 2 Y UR 
r • 7ПС (4 + (2f > - 2l-> «* (- Г> 

D С С 
for 

П T 
4 ^ IL (H) 

Эс' с minimum and Sl_ (/I 1/B ) .,, are tne local frequencies in the mini-
'. г с saddle ^ 

raum c=l~ and at the saddle point c«1.8 and U T are the barrier height ano the temperature respecti-
B 

vely, ж For the practical calculation, we assumed an excitation energy of E - 80 MeV and the relations : 

E » а Г A 
To 

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-o) : 

dred(c> 

N exp (• 
U(c,h - 0,Q « 0) 

for с < с ... =1.8 saddle 

v red saddle for с > с saddle 
^q "'•.is means that we start locally with an equilibrium distribution d (c) weighted properly 

by the factor exp(- Mil). 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 • J— 
• 1. It shows how the stationery solution is obtained. After a small oscillation the flux converges 
quite rapidly to its stationary 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/YQ. The agreement between the two calculations is excellent if we consider the 
need to discretise the bundled propagation (.rciblem. 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 205At 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 «-function of tine. The escape 
rate r computed in the stationary situation with a propagation on gaussian 
bundles (full line) is compared to the Kramers calculation for s model case 
Y » у and A - 20S. 

Fig. 3 : Comparison of the calculations for the escape rate with a bundled propa
gation and with the Kramers expressions. The escape rate т is shown as a 
function of the friction strength yly , where у is a reference value. 

{e,h,a} of (6) with the andification of (5) for В s 2h • j (c-1) 4 0, The potential landscape in 
this functional space is shown in (6). It turns out i.hat the path of steepest descent is not a 
straight line in the{c-h}plane as in our simple model caae. In the practical calculation we adjust 
now the temperature T along the path. We asvume that the total energy is conserved in the mean, viz; 

(E*) • <E „ > 'c coll с 80 HeV 

where the mean collective energy <E„i|> is the sua of the collective kinetic and potential energy. 
ft calculate the coordinate dependent temperature (T) by swans of : 

« >. W 
As a further modification with respect to our previous model calculation, we introduce now the gene
ralised Einstein relation between the friction and diffusion coefficients, which, in a one dimen
sional case, reads : 

D«Q>,T) - Y(<q>). T*(<Q>,T). 

This relation was proven within the framework of linear response theory" . T* can be interpreted 
J in effective temperature and is given by the formula : 

Т' - f cotgh Щ) 
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vhere the local frequency fi(Q) is defined as : 

2 

rß(q)l _2!Я[ /B(<Q>). 
L -1 9Q2!<Q> 

In the multidimensional case, the effective tenperatures can be properly defined local1< in the sys
tem of normal coordinates . For details we refer the reader to ref.11). 
Since the mean path out of the minimum over the barrier towards scission is of a particular inter
est, we show in fig. 4 how this path is affected by the coupling В . for the typical friction 
f " Y/Y * '• For В . - 0 the system remains close to the line of steepest descent as it could be 
expected from purely static considerations. But after the switching on of the coupling В , = В /3 
one observes 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 escape rate is practically independent of the coupling 
For В . • 0 we find r » 6 . 1 » ch 
a remarkable decrease of the escape rate only for very strong coupling В 

10 s compared to r - 6.3 «10 s in the case В . " В /3.(be can get ch 
eh" 

Fig. 4 : Dynamical paths for the fission of 20,At in the {<c>,<h>} plane. 
The saddle 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 initial conditions at the saddle point have been calculated in the correeponding bundle for the 
precedent cases (with and without coupling). Especially for the fluctuation in mass asymmetry X • 
in the neck coordinate x t n i in momentum along the elongation и , it is interesting to compare 
the dynamical values in the stationary situation with the bar« static values obtained for a statis
tical equilibrium at the saddle point. As reported in Table I, the dynamical values are slightly 

ran Ml 

larger for X end X thtn expected from a statistical equilibrium assumption. This fact seems to 
indicate that this equilibrium is not completely reached even in the stationary situation. Never
theless, as far as the absolute values are concerned, some coordinate dependence of the transport 
coefficients could somewhat modify the presented results. On the other hand some smaller values of 
HI 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. 2 ) 

Table 1 

Init ial conditions at the saddle point for X * 7 
1 f l 

<a>)'d, x ~ \ \ drred (h-<h>)2d, f dF . ( a - — ̂  hh ' 
cc I I drred (PC = < Pc > ) 2 d u h e r e dr

red = dPc d0L dPa d h dPh' Tbese valt»es are obtained by consi
dering for the density d ; i) a statistical distribution, ii) the stationary valce dynamically com
puted for two different assumptions on the coupling between с and h. В is the inertia parameter 
along the с coordinate and В , the cross term between с and h in the inertia tensor. 

Stat is t ical 
equilibrium 
vith В , = 0 ch 

Dynamical 
calculation 
with В = 0 ch 

Statist ical 
equilibrium 
with В . =B /3 ch с 

Dynamica1 

calculation 
with В =В /3 ch с 

СИ 
X 

1.75 x !<f3 

2.50 x 10"3 

1.75 x 10~3 

2.92 x 10~3 

hh 
X 

3.02 x Ю - 3 

3.61 x 10~3 

3.10 x I (T 3 

5.74 x 10"3 

u> [GeV I O _ 2 3 s ] Z 

cc 

I.b7 x ю - 1 

1.19 x lu~' 

1.84 x | 0 ' ' 

1 . 30 x 1 o"' 

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-: nass asymmetry was computed as a function of f = у ly . The 
width Г of the mass distribution is merely : 

Г - Я д А /8Ln2 

40 

• 
Ml 

и 

20 

' —" 
- - ' 
^ 

^ 
Ы\, 

l" : 120M«V 

l*-. WH«V ' 

E* ; M H»v 

t"-- 30 HtV 

• 

' 

o.o 
Fig. 5 : Calculated widths Г of the mass distribution for the 

fission of !05At. The widths are obtained for various 
strengths of the friction у 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. It turns out that the final result is independent 
on the friction strength as far as у exceeds roughly у /2. For a comparison with the experimental 
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values, it must be quoted that our calculation gives Г = 35.2 a.m.u. at an excitation energy E -
60 MeV and that the experimental result of ref.12' is Г = 33 ± 3 a.m.u. This agreement is sti
mulating for further computation of macroscopic quantities 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 equation '. We have shown that the; method of a bundled propagation with gaissian bundles 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-dimensional 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 transpcrt coefficient tensors. Secondly, the 
dynamical calculation of Che 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 concerning 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 transport coefficients would be required 

The authors would like to thank their colleagues for fruitfjl discussions, especially H. Hofmann 
and K. Dietrich. F.S (resp C G ) thank for the hospitality of the CF.N Saclay (resp. TU München) du
ring their stay there. 
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ОБШ ТЕОРИЯ НУКЛОННЫХ ОБОЛОЧЕК И БАРЬЕРЫ ДЕЛЕНИЯ 
А.Г.Магнер 

Институт ядерных исследований АН УССР, г.Киев, СССР 

Сравнительно недавно в связи с исследованием оболочечной структур стер 
были достигнуты значительные успехи в развитии представлений о процессе деления 
ядер. В работах Струтинского было сформулировано положение об общем явлении 
болыпих оболочек в ядрах как значительной неоднородности одночастичного спектра, 
аналогичной зонной структуре элект^ .иных спектров в кристаллах. Многочисленные 
расчеты оболочечных эффектов в массах и энергиях деформации ядер при помощи ме
тода оболочечных поправок Струтинского показали, что плотность одночастичных 
уровней £ ( е , р ) как функция энергии е в среднем поле ядра при любой форме ядра 

у и для люоого одночастичного ядерного потенциала содержит гладкую Slfte,?) и 
осциллирующую QpfJ&tf) компоненты. Осциллирущая часть вдеСв«?) плотности 
уровней определяет оболочечную поправку S'B к некоторой гладкой энергии ядра, 
соответствущей кательнон модели. Большими оболочками (зонной структурой уров
ней в ядрах) объясняются многие свойства не только сферических, но и деформиро
ванных ядер. Они являются причиж» таких фундаментальных явлений, как несферич
ность Гермы редкоземельных элементов и актиноидов (первая яма на двугорбой кри
вой энергии деформации), существование квазистационарных промежуточных состоя
ний в делении, известных как изомеры Формы (вторая яма). Для качественного по-
нимагая происхождения такого двугорбого барьера деления полезно найти общие за
коны зонных распределений собственных значений энергии в трехмерной потенциаль
ной яме, которые определяют <ЬЯ..[В>Ч') • 

Для этого была развита общая теория болыпих нуклонных оболочекх/ , кото
рая дает схему расчета осциллирующей компоненты $btfcf£,7) плотности уровней в 
любой потенциальной яме при произвольной ее форме. Задача была решена в квази
классическом приближении с помощью фешшановского представления интеграла по 
траекториям для пропагатора. Величина 4яе(е,?) получена в виде суммы по клас
сическим периодическим траекториям я , 

где 5L(ß,?) - интеграл действия для орбиты ft, Ал - амплитуда, a )L - фазы. 
Особое значение имеют решения для гамильтонианов с симметрией, когда возникают 
сеглеиства вырожденных периодических орбит, непрерывно переходящих друг в друга, 
а интеграл действия 5*(&;?) стационарен в конечных областях фазового простран
ства. Тогда сумма берется по орбитам л , принадлежащим различным семействам 
орбит. 

Анализ решений для осциллирующей компоненты Я0мс№>1) плотности уровней 
позволил найти основные величины, характеризующие зонную структуру одночастич
ного спектра, - период A.J2 (расстояние между большими оболочками или зонами 
уровней) и амг лтуду А осцилляции величины ф99е(*,%) в зависимости от энер
гии е. Величина kQ. определяется обобщенным правилом квантования, внешне 
сходным с известным правилом Бора-Зоммерфельда для квантования одномерного пе
риодического движения, 

tup - m/£bSfi>f)/if] - Ar*/7> , (2) 
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где Т. - класшгческий период обращения вдоль орбиты * , 

Tß * ЩС*,*)/1* . (3) 

Однако, в отличие от правила Бора-Зоммерфельда условия квантования в многомер
ном движении дают не положение отдельных уровней, а распределение зон уровней. 
Амплитуда осцилляции плотности уровней А определяется такими классическими 
величинами, как степень вырождения К непрерывного семейства орбит типа р с 
одним и тем же значением интеграла действия SA(^}2) » показателем устойчи
вости орбит и объемом фазового пространства, заполненного семейством орбит 
данного типа. Оболочечная поправка к энергии деформации Г£ также выражается 
через классические величины, 

ff --ЩЫ'^)--Щ)1А^Щ(^)^] , (4) 
где А - энергия Ферми. Ее амплитуда возрастает при увеличении степени вырож
дения К и резко убывает с увеличением периода обрацения 7* (плп длины орбиты). 
Поэтому для анализа больших оболочек в ядрах нужно учитывать только кратчайтие 
орбиты. 

Квазиклассическая теория нуклонных оболочек позволила дать интерпретацию 
двугорбой кривой энергии деформации ядер при помощи классических величия . "/.ы 
сравнили результаты расчетов оболочечной поправки к энергиям деформации £"С 
в случаях бесконечно глубокой эллипсоидальной ямы и деформированного гзшони-
ческого осциллятора с результатами численных расчетов по методу оболочечной 
поправки для реалистического потенциала Зудса-Саксона и осцилляторного асфея-
циала. Сравнение этих расчетов показало, что основной вклад в оболочечные 
энергии деформации ядер при небольших деформациях 1&% & 1,5 дают кратчайшие 
плоские орбиты с достаточно высокой степенью вырождения К=2 (ромбоиды в плос
кости, проходящей через ось симметрии в эллипсоидальной яме и фигуры Лиссажу 
в перпендикулярной плоскости в случае осциллятора). Наклоны долин минимумов 
оболочечной энергии деформации (4) можно получить из условия 

которое связывает равновесные деформации ядер У и число частиц Л/, 

ои 

1» 
I'i 

м 

V» 
its 

0 

11721 ' * Д, 

• 10 »M \ 
\ \ 

\ 
\ 

<?H 

"ft** 

i 
' 
. 

_ I — . , 1 

no #$ m m m MI я» *"иш *** *** 

Af(f)/dAf = 

*\?SfO*>WwV .(6) 

Эти наклоны для вклада ром
боидов в оболочечную поправ
ку (4) хорошо согласуются с 
численными расчетами для ре-

Рис. I . Квадрупольные деформации ядер сравниваются алистического потенциала 
с кваэиклассичеоким расчетом для орбит-ром- Дудса-Саксона и с экспери-
бовдов в плоскости оси симметрии. ментальными значениями рав-
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новесшх деформации ядер редкоземельной области, см. рис.1. Больше оболочки, 
связанные с указанными плоскими орбитами приводят к нормированию первого гани-
R?yi<a в энергии деформации. Появление простейших трехмерных орбит при большой 
деформации у дает локальное усиление оболочечной структуры, связанной с плос
кими орбитами. В эллипсоидальной яме трехмерные орбиты со степенью вырождения 
К=2 появляются при деформации £ ^ 1 , 6 , а в осцилляторном потенциале орбиты с 
К?=4 возникают при деформации Ц =2, что соответствует отновениг парциальных 
частот 2 : 1 . В результате образуется второе минимум в энергии деформации. Такая 
интерпретация двугорбого барьера леления не опирается на специфические своЛства 
гармонического осщииятора и является гораздо более общей. 

Теория предсказывает также температуру £ „ , при которо!: исчезает влияние 
больших оболочек не деление и происходит переход к капельной модели деления, 

^ г = JAJ2. = 2,0 * 2,5 Нэв. (7) 
Такая температура соответствует энергии ьозбуадеяия 5С-80 !.!эВ. Этот вывод под
тверждается кногочпеленными расчетами при помощи термодинамического варианта 
метода оболочечноИ поправки, а также экспериментальными данными. 
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THE NEUTRON ENERGY SPECTRUM FROM THE SPONTANEOUS FISSION OF 2 5 2CF 

H. Klein 

Physikaliach-Technische Bundesanstalt (PTB) 

Bundesallee 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 E -z 1.42 MeV, slightly modified in 6 segments by 
polynomial correction functions, has been recommended for describing the 252 neutron energy spectrum from the spontaneous fission of Cf. In his 

2) 
comprehensive review Slinov pointed out that this description is not 
suited to fit the experimental data in the energy regions E < 0.5 MeV and E > 6 MeV. The differences determined in various experiments are much n 
greater than the uncertainties estimated for these experiments. 

On the other hand the Cf 3pectrum is recommended аз a reference standard for 
calibration purposes -" and requested with high priority '. This sitution 
is unsatisfying, in particular, because most of the measurements were not 
performed with a normalization. 

5_q \ All the improved experiments recently presented were '<-.-ried 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 '• ' 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. Л variety of 
further corrections has been investigated experimentally and/or estimated 
theoretically. 

In addition, a review of the theoretical approaches and extensive numerical 
calculations compared with experimental data are available 

« 
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 Tlme-of-FUght Technique 
The Cf source is deposited inside a fission fragment detector which is 
followed by fast electronics. Fission rates A - 105 s"1 are processed and 
a ns-tlffling as well as a fission detection efficiency e. - 1 are achieved. 
Depending on the energy range to be investigated flight paths between 6.25 cm 
(keV region 5'6^) ard 1 200 cm (MeV region "') are used. Due to the 
neutron detection efficiency £d (En) and the solid angle

 ß
d of the 

neutron tof detector with respect to the neutron source the neutron detection 
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FF-OETECTOR COLLIMATOR n-DETECTOR 

242 Pig.: Typical setup for tof measurements with a Cf 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 liquid scintillator with П-Y-discrimination properties PSA 
depending on the light response L(E), 

c) 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 T_ of the time analyzer 
and serves as the stop for the associated neutron signal (see fig.). 

In addition to the tof-spectra the energy loss ДЕ. of the fission fragments 
as well as the response spectra of the neutron detector may be simultaneously 
analyzed In a multiparameter mode ' in order to determine the 
efficiencies, to introduce restrictive conditions such as an n-y-
dlscrlminatlon, 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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CD M(E) = A • v • n(E) . iß -еЛЕ) • С(Б,Й) 

where nCE) denotes the density distribution function to be determined and v 
the neutron multiplicity for a spontaneous fission. Finally the functio . 
C(E,s?) takes into account all corrections due to structural materials and 
directional correlation-. 

2.2 Properties of the Fi33ion Fragment Detector 

Fast ionization chambers ' ' ' or gas scintillation detectors -*>'' are 
used to detect at least one of the fission fragments (2 л geometry). Even for 

252 thin, pure Cf sources electro-deposited on highly polished backings a 
small fraction of fission is lost if both fragments are absorbed due to the 

7 A ̂  roughness of the backing ' . The nonisotropic loss 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 
uE«, which approximately defines the direction of the fission fragment, and 
the associated tof-spectrum °» , , >. in the case of a high fraction of 
nonisotropic detection losses a remarkably hardened neutron spectrum will be 
measured if the detector is positioned perpendicular to the areal source on 
the backing. 

The neutron source strength (A • v • e7 ) 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 IR(t) caused by the neutrons for which an 

associated fission fragment was not detected (fraction (1 - e.)). 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 

c) 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 
deadtlme behaviour of the fission detector channel. Assuming a non-extended 
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deadtime т in the f i s s ion channel the following approximation can be used to 
Q \ 

calculate the corrected tof spectrum Ic(t) ': 

T 
(2) I (t) . REN(t). / I'(t) - A • At- E I'(f) I 

C I »l>4. ' 
(2a) I'(t) = I(t) - I„(t) 

(2b) HEN(t) = / (1 • * • T 
I (1 + A • T 

) О S t < T 
) • exp (A • (t - T ) ) T i t S Tn 

It should be noted that beside the time calibration constant[time interval 
per channel]At of the tine analyzer the channel corresponding 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 Böttger 
et al. ' and by Pönitz and Tamura '' in the ideal limit т = 0. For 
t > T„, the net spectrum has to be corrected for the deadtime losses by a 
time independent factor. 

The time-dependent renorraalization which increases the high energy part of the 
spectrum (in the region t > т) 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. 

2.1* 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. 
Li(n.t) 5 \ 235U(n,f) 6 ) and n-p scattering in the case of a "black" 

7 ) detector '. The influence of the structural materials (capsules, 
collimator) and of the surrounding air (inscattering, attenuation) has to be 
carefully calculated '' or be determined experimentally * . If thin 
liquid scintillators (E . - 0.2 0.3) are used to increase the time 
resolution and the n-y discrimination properties, Monte Carlo calculations 
should be accompanied by experimental calibrations,in particular in the energy 
range E > 8 MeV where the various reactions on carbon compete with the n-p 

h a\ 
scattering . 

2.5 Correction Functions C(E,fi) 

Further corrections not yet discussed in sections 2.2 to 2.4 are combined in 
C(E,&, i.e. the inscattering from and additional neutron production in the 
structural material of the fission detector. These corrections estimated by 
theoretical approaches ' and MC simulations '' or determined 
experimentally 5 > b ) generally increase with decreasing energy. 

If the neutron tof is determined with respect to the prompt fission photons 
errors due to low energy delayed photons should be avoided by increasing the 
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threshold. The final uncertainties must be estimated to be included in the 
covaria'ce matrix. The energy scale can be checked by means of transmission 

v 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 Haxwellian 
distribution ' and the Watt distribution " ' are rough approaches to 
describe the spectrum of neutrons originating from the fission process and are 

IUI 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) ф (n> = T"2 . n-exp (-n/T) 

with Weisskopf'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 

12) 
(Feather's spectrum ' ) . 

121 Terrell ' 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): 

(14) n(E) = 2 • *" 1 / 2 • E" ? / 2 • E 1 / 2 • exp(-E/EQ) 

The energy parameter E0 corresponds to the mean energy <E> = 3 • E /2 and 
is fitted by comparison with experimental data. 

On the other hand Madland and Nix 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 1 3 ): 

(5) n(E) = (exp(-Ef/T). * " 1 / 2 • E" 1 / 2 . T _ , / 2 ] . 
•exp(-E/T) • slnh [ 2 * £ 1' 2 • EJ''2/T] 

with the mean kinetic energy per nucleon <E-> - 0.78 MeV of the fully 

accelerated fragments being related to the mean energy and the energy 

parameter T by <E> = <Ef> • 3T/2. 

Madland and Hix ' 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 Me\> fragments. 

The comparison of the various approaches (see fig. 7 of ref. 10) shows that 

the description is very similar in the energy region E < 5 MeV while in the 

upper part, the Maxwellian distribution overestimates and the Watt spectrum 

underestimates the numerically 'exact* solution. 

4. Discussion of Recent Results 

Experimental details of recent measurements have been compared in the 

table as far as they were available from the short publications. These 

experiments cover in total the energy range from 1 keV up to 30 MeV. Most of 

the results are preliminary ones, at lea^t with respect to the uncertainties 

to be estimated realistically. However, the ma^n trends can be discussed. 

For the low energy range (E £ 0.5 MeV) Blinov et al. ' were unable to 

confirm the deviations from a Maxwellian distribution established by the NBS 

evaluation. The experimental data taken with a Lil(Eu) crystal or a 
J U . i.ssion chamber ' were carefully corrected and are in excellent 

agreement with a Maxwellian distribution with E = 1.42 MeV (fig. 4 of 

ref. 6). The medium energy range (2 MeV £ E < 15 MeV) seems to be well 
ft Q \ 

described by the NBS segment fit ''; while the energy range E > 15 MeV 
is strongly underestimated '. Excellent new data were also presented by the 

7) Argonne group . The experimental spectrum agreed with the Maxwellian shape 

to within J5 % for the energy range 0.5 MeV s E s 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 °' demonstrate 

that besides the spectral shapes, the energy dependence of the neutron 

multiplicity v(E ) is reasonably well described for the neutron induced 
?ч^ ?4ft ?^Q PUD fission of " ' J U and " • ' uPu. In the case of the spontaneous fission 

of 2 5 2Cf the calculated multiplicity v ,. - 3.80 1з in excellent 
- 15) 

agreement with the recent experimental value v e x D - 3.77 while the 
mean energies <E> ._ = 2.217 ...2.279 MeV calculated on the basis of 101 different mass formulas ' differ significantly from the experimental 
values <E; z 2.13...2.16 MeV . 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 аз 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 v and 
the energy density distribution n(E). 
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Table : Parameters of recent tof measurements 

'type 

h {backing/(cm) 
ol 
£ [radius (cm) 

• » M I O 5 f/s) 

•0 
i Б 

s 
о 
Ш *> в n> 

n-
T

O
P

 

ä 
0 

о 
8 
a 
i 1 
с 
5 и 
• 
и 0 
о 

E f 
Ecf'*o (de«> 

type 
height (cm) 
diameter (en) 
^"(IceV)-

E»x(keV) 
d П m » 

ed<r > 4t/e (*) 

flight path (cm) 
ГАС-range (ns) 
channel width (ns) 
FHHM At (ns) 
deadtime т (ns) 
At (ns) о 

tof-backgr./renorm. 
ioniso. fiss. loss 
struct, mat. (det.) 
inscatt. 
(air, coll.) 

Blinov et al. 

ref. 5 
(1982) 

gas sc. 

-0.99 
/0 

6LiI(Eu) 
0.5 
1.7 
1-

2000 
- a n,a 

6.25-50 
150 
(- 1) 
1.5 

(2001 
(SO.2) 

ref.6 
(1982) 

ion ch. 
Ni/0.015 

0.4 
2...5.1 
-0.99 

/0 

235ц 

1.2 
10.0 
10-
7000 

~ 0 , 
n,f 

(s 1) 

25-100 
200 
( -1) 

. 1.5 
-200 
S 0.2 

exp./calc. 
exp./calc. 

Pönitz,Tamura 

ref. 7 (1982) 
1 1 « 

gas scint. 
Pt/0.0254 
0.953 
1.43 

-0.71 
(0.93/0) 

equiv.NE 213 
17.76 
7.62 

200-
4000 

0.98-
0.83 
S 2 

258 

37.0 
10.0 

600-
10000 

0.96-
0.77 
й 2 

347 
-1000 
(- 1) 

(S 4) 
(~ 50) 

calc. (т=0) 

i 0.2 % estim. 
S 0.2 % estim. 

Böttger 
et al. 
ref. 8 
(1982) 

ion ch. 
Au/0.01 

0.5 
1.0 

0.954 
0.975/£20 

4xNE 213 

5.08 

25.4 

2000-

14000 

0.25-

0.15 

fi 5 

1200 

S1000 

< 1 

1.5 

530 

й 0.2 

calc. 
exp. 

S 0.2 % est. 
S 0.5 % est. 

Märten 

et al. 

ref. 9 

(1982) 

ion ch. 

Гe/0.0125 
0.5 
3.4 

/0 

NE 213 
12.5 
12.5 

10000-
30000 
0.30-

0.15 

450 
200 

2.37 
1.8 

SO.2 

5. Conclusion 

Important progress was made in the last years to improve the knowledge of the 
2S2 

neutron energy spectrum from the spontaneous fission of J Cf. Recent 
measurements were performed using the tof method, carefully analyzed and 
corrected for various disturbing effects. The correct renorraalization - the 
problem was at first recognized by A. Chalupka ' in 1979 - was applied by 7 81 some authors '»"'. In addition, the influence of the non-lsotropic detection 
losses of fission fragments on the measured neutron spectrum was investigated 
and corrected for '» '. 
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The theoretical concept should be supported by additional experiments. In 
particular, the assumptions have to be proved that the neutrons are 
isotropically emitted in the CM frame of fully accelerated fission fragments. 
In addition, the fraction of scission neutrons 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 measurements '•' •1"' should only be taken into account if a 
unique reanalysis can be performed. Furtherop. recent numerical calculations 
and additional experimental data using different methods should be considered; 
e.g. integral measurements taking a<*"?ntage of the foil activation technique 
cover the energy range of interest ' 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 fit 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. 
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References 

1. J.A. Grundl, CM. Eisenhauer; NBS-425 (1975) 250-253 
2. M.V. Blinov; IMDC <NDS)114/GT (1980) 79-106 
3. Nucler Standards File; INDC-36/LN (1980) 338-345 . 
4. WRENDA 81/82; INDC (SEO-78/URSF 122-123 
5. M.V. Blinov, V.A. Vltenko, V.N. Dishin, V.l. Yurevlch; 

NIM 198 (1982) 455-460 
6. M.V. Blinov, G.S. Boykov, V.A. Vitenko; Proceedings of the Int. Conf. on 

"Nuclear Data for Science and Technology" In Antwerp, 
to be published 1983 (preprint) 

7. W.P. Pönitz, Т. Tamura; ibid, (preprint) 
8. R. Böttger, H. Klein, A. Chalupka, B. Strohmaier; ibid, (preprint) 
9. H. Märten, D. Seellger, B. Stobinskl; ibid, (preprint) 

and INDC (DDR)-17/L (1982) 

10. D.G. Madland, J.R. Nix; NSE 81 (1982) 213-271 

11. R. Böttger, H. Klein, A. Chalupka, B. Strohmaier; to be submitted to NSE 

12. J. Terrell; Phys. Rev. 113 (1959) 527-541 

13. B.E. Watt; Phys. Rev. 87 (1952) 1037-1041 

14. J.M. Blatt, V.F. Weisakopf; "Theoretical Nuclear Physic»" 

p. 365-374, John Wiley Inc. New York 1952 

15. R.R. Spencer; NBS-594 (1980) 728-732 

16. A. Chalupka; NIM 165 (1979) 103-108 

17. L. Green, J.A. Mitchell, N.M. Steen; NSE 50 (1973) 257-272 



- 121 -

18. H.H. Knitter, A. Paulsen, H. Llskien, M.M. Islam; 

Atomkernenergie 22 (197^) 81-86 

19. J.W. Boldemann, D. Culley, J.J. Cawley; 

Trans. Am. Nucl. Soc. 32 (1979) 733-735 

20. H. Mannhart; published as ref. 6-9 (preprint) 



- 122 -

TEü HIGH-EHERGY ЕГО OF THE NEUTRON SPECTRW FROH SPOITAIBOUS FISSIOM OF ^ C f 

H. Härten, D. Seeliger, and B. Stobinskl 
Technische Universität Dresden, Sektion Physik, Dresden, DDB 

1. Introduction 

As an addition to the refe. 1 and 2, this paper summarises some experiences 

of fission neutron spectrum measurements up to very high emission 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 (TO?) of the neutrons and the corresponding 

light output (Ю) in the scintillator two-dimensionally we were able to detect 
the high-energy end of the Cf(sf) neutron spectrum from 11 up to 30 MeT. 

2. Experimental arrangement 

The following synopsis includes the main data characterizing the experimental 
1 2) eet-up and the long-time measurement ' ': 

Cf source : 34000 fissions per s. Tantalum backing (0.125 ma 
thick, 5 mm source diameter) 

Fragment detection : fast ionization chamber 3' (1.5 at methane, 3 ma 
(STOP signal) electrode distance,ЛЕ mode ) - current preampli

fier - fast amplifier (about 100 ns 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 HeV-
threshold regarding proton recoil energy) 

Range of the time-to-
amplitude converter : 200 ns 
TOF-Din width : 2.372 ns 
Background suppression: electronic charge comparison method *' 

(n/Xu-discrimination) 
4.50 m 
polyethylene, graphite liner, Pb, Fe 
1218.5 h subdivided in single runs; intermediate 
checks of thresholds, n/Xu-dlscrlmlnation, and 
w a a n r t T i s * #»iw*rt + 4 nvtss) ' 

Flight path 
Collimator 
Whole running time 

response functions 
LO calibration : analysis of the response functions for given TOP 

channels in comparison with Monte Carlo calculations 
(HEUCEP code - ref. 5) 

3. Background suppression and spectrum analysis 
Using the electronic charge comparison method the experiment-specific /-back
ground as well as the annoying pulses caused by cosmic myons with energies 
around 1 GeV are suppressed intensively ' . The application of large 
scintillators involves an influential cosmic background at relatively high 10. 
Another possibility to avoid suck pulses is the employment of a scintillator 
shield in connection with an anticoincidence arrangement. 
Measuring neutron TOP and LO two-dimensionally one is able to select the 
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optiauw LO threshold for a given ¥0? channel to minimize the statistical 

error. This analysis procedure which represents an indirect background 

suppression is realised by the comparison of the remaining random background 

LO spectrum with the measured response functions for fixed ФОР channel a. 
The optimum 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 calculated using the NEUCBP code " and 
considering an realistic resolution parameter. Their experimental test 
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 Böttger et al. , a TO?-channel-<lepending background part 
has to be attributed to uncorrelated stop signals. It was confirmed by a 
supplementary investigation that the corresponding correction and renormali-
satlon is neglegible in the present case due to the energy range limitation 
and the moderate fission rate. 
The measurable neutron spectrum 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 T 3.6 56). 
The correction for time resolution which depends on neutron energy because of 
the scintillator dimensions amounted to 2.8 % at 10 MeV and 15.2 % at 19 MeV. 
The influence of the TOF-bin width correction was smaller (0.2 and 1.9 1 
respectively). Both corrections which have been carried out by iterative 
methods were lower than 1 % at energies above 21 MeV due to the presence of 
a hard emission component predoalnant at energies higher than 20 MeV (Pig. 1) 
Further details of the experiment are described in ref. 1. 

5. Results and discussion 
71 Within the experimenta. errors, the NBS evaluation ' was confirmed for the 

energy range from 11 to 20 MeV (in a qualified sense for energies above 
16 HevX The measured energy 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 H(B) from 21.5 to 
26.7 MeV amounts to (6.0 - 3.4) • 10 . This neutron yield la much more higher 
than expected. 
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Pig. 1 snows the measured high-
energy part of the 252Cf(sf) 
neutron apeetnaa in comparison 
with the result of a complex 
cascade evaporation calcula
tion '. The experimental data 
Indicate the presence of a 
hard emission component which 
cannot be explained assuming 
the main emission mechanism, 
i. e. neutron evaporation from 
fully accelerated fragments. 
Hence, one should consider 
non-equilibrium emission of 
fission neutrons due to strong 
single-particle excitations 
during the fission prooess 2,8) 

Pig. 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). 

5 10 15 20 25 30 35 
E [Mev] 
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CALCULATIOH 07 DOUBLE-DIPPEREhTlAL EMISSION CR033 SECTIONS 09 HEDTRONS FROK 

SPOHTAHEOUS PISSIOH 0? 252Cf OH THB BASE OF THE CASCADE BVAPORATIOH MODEL 

H. Härten, D. Neumann, and D. Seellger 

Technische Universität Dresden, Sektion Physik, Dresden, DDR 

Assuming the main emission mechanism of fission neutrons, i. e. the evapo

ration from fully accelerated fragments, a complex cascade evaporation 

model ' ' (CSU) is applied to describe neutron energy spectra in the center-

of-mass eyetem (cms) as a function of both the fragment mass number A and the 

total kinetic energy TKE of the fragments. The mass number ratio Aj/Aj, of 

complementary fragments and TKE appoint the scission configuration (asymmetry 

and elongation respectively). The initial distributions of excitation energy 

PQ(B
X) are deduced from experimental data on neutron multiplicity and /-ray 

emission 3' as a function of both A and TKE . The used method for level 

density description takes into account the dependence of shell effects on 

excitation energy semi-empirically *'. Considering the occurence probability 

The calculated energy spectra 
ad 40° direction in ллтоЧапя Fi«. 1 .„ . 

la 11° «ad 90° direction in comparison with the experimental.data of Bowman •t al. (ref. 5) 

eidegl 
Fig. 2 Calculated angular 
distribution« at two «elected 
emission energies in comparison 
with measured data (ref. 5) 
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Pdj/A-.TKE) the double-differential emission cross section may be deduced 
in dependence on both Aj/Ag and TO, in dependence on AjVA- or ТЖВ onlj 
as well as for the whole fission reaction. The neglectlon of the K B 
dependence modifies the calculated energy spectra and angular distributions 
in the laboratory system (Is) at high emission energies considerably '. 
The CHI was used to calculate the integral Is energy spectrum •(£) of the 

2S2 2) 
neutrons from spontaneous fission of Cf .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 ' indicates the presence of a hard spectrum 

component which should be attributed to non-equilibrium emission of fission 

neutrons due to strong single-particle excitations in fission 1f2^. 

The Figures 1 and 2 represent a comparison of the calculated integral 

(regarding the dependence on both TKB and А^/Ад) distribution I(S,0) 
(Ö - le angle of the neutrons with reference to the light fragment direction) 
with the experimental results of Bowman et al. '' Obviously, the central 
component of fission neutrons (scission neutrons) becomes more predominant 
at higher emission energies. However, the recent results of Blebs do not 
confirm the data of Bowman et al. The reason of this contradiction is not 
clarified. Nevertheless, 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 connection with measurements of double-differential emission 
cross sections as a function of both Ат/Ag and TKB and further theoretical 
analysis of single-particle excitations in fission. Hitherto, the partial 
spectra of the different eventual kinds ot scission neutrons are not founded 
theoretically (see ref. 2 and the refs. therein). 
According to the experimental results of Samyatnin et al. " scission neutrons 
are predominantly emitted in the case of compact scission configurations 
which include a magic от double-magic fragment (Ад** 132 especially). 
Pig. 3 represents calculated angular distributions which were calculated 
for А./Ац =» 120/132 and different TOR values (maximum, 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 scission configuration modified by 

2) intrinsic temperature '. Pig. 3 shows that a measurement carried out for 
the stated parameters should be sensitive to the angular distribution 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 studv of scission neutrons. 
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»' 

Pi«. 3 
Angular distribution* of fission neutrons calculated for the fragment aaaa number ratio 120/132 and different raluea of K B . The upper (middle, lower) curve corresponds to the minimum (average, maxima) 1KB In each oaae. The ateted parameter represents the la emission energy. 
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СПЕКТР ЗАДнРЖШИХ НКЙТНЯГОВ СПОНТАННОГО ДВЛВНИЯ 2 5 2 C f 

В . Я , Нефедов 
Научно-яссхежоватеяьсхвЯ институт атомных реакторов км. В.И. Ленива, 
Дветтровград, СССР 

В работе приведены реауяьтаты измерений, подтверднввнх суиествовавие 
дискретной стружтуры спектров мгновенных нейтронов деления. Выполнены 
прямые измерения спектра задерганных нейтронов, испускаемых пря спонтан
ном деяевки ^с f . 

3 многоаерных измерениях спектров мгновенных нейтронов деления 
- э U теплозьыи нейтронами в зависимости от киаетичес яй энергии ос
колков деления [ I ] наци была обнаружена дискретная структура спектров 
нейтронов испускаемых осколкашг с иассаик А -13? и к- 85, имещих 
один или нес-а>лько нейтронов сверх замкнутых оболочек в 50 и Р? ней
трона. Для объяснения этого явления было выдвинуто предполояекяе о 
сучествозаная небольшой доли нейтронов,названных задерванными, инео-
цих дискретный спектр и испускаемых спустя 1СГ9-1<Г7с после моаента 
деления ядра. Тонкая структура была тате обнаружена в работе [ ?] . 
Однако в ряде других работ суцествованче задержанных нейтронов не 
подтверждено [ 3 , 4 , 5 ] . 

настоящая работа была поставлена для решения вопроса о сущест
вовании задерганных нгЛтронов. Постажпг.а эксперииентоз основывалась 
на предполагаемых свойствах задераанных нейтронов (задержка испуска
ния и дискретный спзктр).йоэтоцу при изиеренки спектра нейтронов ие-
тодои времени пролета с использованием в качестве "старта" импульсов 
от осколков деления, отдельные линяй от задержанных нейтронов растя
нутся во времени э рез/льтате задержки их испускания после мокента 
деления и дискретная структура будет слаба заметна. Цогут аабладать-
ся линь линяя,образованные задерианкыни нейтронами с временен испус
кания, значительно иеньш!Ш,че'4 время пролета регистрируемых нейтронов 
(<1(Г 8 сек) . 

При использовании в качестве "старта" импульсов от х -квантов, 
сопровождавших моменты деления и вылета задержанных нейтронов,дис
кретная структура от задержанных нейтронов додана хорошо наблвдать-
ся, тах как исчезает размытие оо времени момента вылета задержанных 
нейтронов. Однако, в этом случае необходимо обеспечат» малув эффек
тивность региотрации актов деления ( < 10*15 £) о тем,чтобы исключить 
подавление регистрации у -квантов,сопровождающих испускание задер
жанных нейтронов, предварительной регистрацией мгновенных V-квантов 
деления. С учетом этого замечания были выполнены измерения спектра 
нейтронов спонтанного деления * 5 *С Т методом времени пролета. 
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Блов-cxeia эксперимента приведена на ркс.1. 

?нс.1. Схема эксперимента 
I . Детектор осколков деления. 2. Детектор у-квантов. 3. Защита из 
полиэтилена с борой. 4.3занец толщиной Ю им. 5.Детектор нейтронов. 
£ля исклзченяя регистрации рассеянных на деталях установки нейтро
нов использовалась полиэтиленовая защита с добавкой бора толщиной 
0,2 и. Детектор осколков деления представлял собой слой ^ ^ . п о 
мещенный между дзуия пленками из сцинтиллирующей пластмассы толщи
ной 1ыг/см . Зж>я укреплен в торце тонкостенной (0,05 им) трубки из 
латуни длиао.; 0,2 и, установленной открытым концом на }отокатоде 
ЭоУ-30. Лспользозался слой -5-С- актшюстьо 5.1Ф с . Регистра
ция у -квантов деления осуществлялась жидкостным сщштиллятором на 
основе ^торбензола CF2. с размерами 50x50 в сочетайте с ЗЭУ-30. 
3 качестве нейтронного детектора использовался кристалл стильбзна 
0,0^x0,02 и. .1зиерения выполнялась з следующем порядке. 3 начале 
каздол серии измерений измерялся спектр при использовали« в качест
ве "стертозого" детектора осколков деления. Затем, в тех же усло
виях, измерялся спектр нейтронов с детектором у -квантов в качест
ве "стартового", работавшего в совпадении с детектором осколков де
ления. .Тспользование метода совпадений необходимо дяя исключения 
иозмозшх эффектов от регистрации обычаых запаздывающих нейтронов. 
Были выполнены изизрения на пролетных расстояниях JL = 0,5 и I и. 
da рисунке 2 приведены результаты измерений. 
.1з рисунка видно, что на кривых, полученных в измерениях при старте 
от у -квантов, отчетливо наблюдается дискретная структура, сдвигав
шаяся пропорционально пролетному расстоянию. 3 то же время кривая, 
полученная в измерениях с использование« в качестве "стартовых" им
пульсов от осколков деления, практически гладкая. Полученный резуль
тат позволяет сделать заключение о реальности дискретной структуры, 
4 подтвервдает предположение о том, что она образована задерианными 
нейтронами, испускаемыми позпсе момента деления ядра. 3 целью прямой 
проверки существования задерзашшх нейтронов были проведены измере
ния спектра задержанных нейтронов из осколков деления, пролетевших 
расстояние в 0,05 м. .Ьиерения выполнялись методом времени пролета 
на пролетном расстоянии 0,25 и. Геометрия опыта показана на рис.3. 
Детектор осколков деления представлял собой цилиндрическую вакуумную 
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i5b Я>0 250 fr KQ ff 
P.ic.2. «кои-р.иенталыше к^.иае 

o~ атаот от осксолков деле..дя, L - 0,-J л; • - итарт от 
- квантов, I = 0,5 а; • - старт от у-квантов, t - i t . 

калеру диалетрэ:! 1.10" *ч,.1зготоз ленную из стали толцтыо.: I.IO~^i. 
Одно сторона л Л слол каи^орнля интенсивностыо З.Иг с - нанесен на 
алш:1Ш1еоуа подлодку тода7шои I.IO л. Для предотвращения распыле
ния калифорния слоЛ эа1фыт алюиинлеоой )ольгоа толд:шой 1,5лг/си-

I 
ia\i,j» 1 бимс хунт uiia га 

. Детектор нейтронов«. Защита. 3 .Детектор у -лучей. 

.СвэйJn.s (Л*) . 5.Слой калийорния. б.Закууиная кацера. 

Рис.3. Геометрия опыта 
ронов«. &£ " ' 

».Свэй'и'ГС^?)« 5.Злой i U 5отоуино1нтель ЭУУ-30. 
Злоп установлен 

в центре камеры и обращен к детектирующему слов BiS'C-4g),нанесенному 
ыа боковую грань каиеры. Световые ВСПЫШКИ,возиикавщие в слое2vi> (Д ч ) 
регистрируются фотоумнокителей J3/-30,установленном на протнвополож
ной горце вакуумной каиеры. Разиер слоевC-j и?л5Г(-?л) 0,02x0,0ч и. 
вакуумная каиера могла поворачиваться на ПВО0 так, что в первом случае 
слой3» Я (.АО был виден нейтронным детектором, а при повороте закры
вался защитой.Стартовый импульс брался от детектора % -лучен,распо-
лояенаого около слоя?г# (J?it).3 качестве детектора у-квантов исполь-
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эовался детектор.опчсашшй в первой части работы.Для уменьшения фона 
детектор у -лучей вюшчалоя на совпадения с детекторои ооколков деле
ния. Счет совпадений составлял I2-JA с при фоне лоаных совпадений 
около I с~*.3 ходе измерений поочередно проводились измерения при рас-
полоаенид слоя?« Я (A-f) вблаза от детектора V -лучей в 1-ом случгч, 
и при повороте вакуумной камеры на 180^, во втором.3 первом случае ре
гистрировался изаеряэмый эффект вместе с Тоном от нойтронов.рассеянных 
на стенке камеры.Jo втором случае - тон от рассеяния. Была такче вы
полнена экспер,[ментальная проверка эф е;та от запаздываниях нейтронов, 
который оказачся пренеарезиыо малым. 3 результате измерений на протя
жении Ч месяцев непрерывной работы была получены спектры, приведенные 
на рис.*. 
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лзсаотря на ограничен*:':) статлетлку, наделю набд г.озтея отдег^кие 11-
лт,практически совпадите с отдельны.::! лшлл'п цлог.ретьо л структуры 
спектра игноаеииых леДтроиоз дале.ля.получепиол в пзрвол чести работы. 
Лолу лепные результаты подтверждал существо ооиле задирзаьлнх иелт̂ хз -
ноз,ислускаелых отдзльньыя ооколхац» после мо ;е^та делзилл лдра и лисо-
1ДИ.-1Н диокретиуа структуру [ I ] . 
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MASS DISTRIBUTIONS OF F ISSION FRAGMENTS EMITTED 

ВУ HIGHLY EXCITED NUCLEI 

L . N . Androne к о , A . A . K o t o v , M.M. N e s t e r o v , W. N e u b e r t , 

N . A . T a r a s o v and L .A . V a i s h n e n e 

L e n i n g r a d N u c l e a r P h y s i c s I n s t i t u t e , G a t c h j n a , U . S . S . R . 

Z e n t r a I i n s t i t u t f ü r K e r n f o r s c h u n g , R o s s e n d o r f , G .O.R . 

P r o v i d e d t h a t s h e l i e f f e c t s d i s a p p e a r w i t h i n c r e a s i n g n u c l e a r e x c i t a t i o n e n e r g y 

i t i s p o s s i b l e t o c a l c u l a t e t h e c r o s s s e c t i o n s f o r the n u c l e a r f i s s i o n p r o c e s s , 

i n d u c e d by h i g h - e n e r g y p r o t o n s / 1 / , in t h e f r a m e w o r k o f t h e c a s c a d e - e v a p o r a t i o n 

model and t h e 30HR-;VHEELER a p p r o a c h . In r e f . / 1 / i t has been shown t h a t t h e 

s t a t i s t i c a l model o f PONG 41 w i t h o u t s t r u c t u r a l e f f e c t s r e p r o d u c e s s a t i s f a c t o 

r i l y t h e mass d i s t r i b u t i o n s of f i s s i o n f r a g m e n t s , w h i c h a r e e m i t t e d by h i g h l y 

e x c i t e d h e a v y n u c l e i (A > 200 E > 50 M e V ) . Д t r e a t m e n t o f the f i s s i o n p r o c e s s 

i n med i um-ле i gh t and I i g h t n u c l e i i n t he f ramework of t he same model i s a f u r 

t h e r t a s k , ' h e r e g i o n o f Ag t a k e a s p e c i a l i n t e r e s t , b e c a u s e t h e l i q u i d - d r o p 

model p r e d i c . s a d r a s t i c a l change of t h e f r a g m e n t mass d i s t r i b u t i o n / 3 / . 

The f i s s i o n p r o c e s s in m e d i u m - w e i g h t and l i g h t n u c l e i can be e x p e r i m e n t a l l y 

i n v e s t i g a t e d in n u c l e a r r e a c t i o n s w h i c h l e a d to h i g h l y e x c i t e d n u c l e i . H i g h -

e n e r g y p r o t o n - , a l l o w t o i n v e s t i g a t e the f i s s i o n c h a n n e l of such n u c l e i w i t h a 

r e l a t i v e sme ! l i m p a r t e d a n g u l a r momentum. Compared to i t t h e f r a g m e n t mass d i s -

t r i o u t i o n of h e a v y - i o n i n d u c e d f i s s i o n may be i n f l u e n c e d by a n g u l a r momentum 

e f f e c t s and the i n i t i a l mass asymmetry o f t h e t a r g e t - i o n s y s t e m , 

Our e x p e r i m e n t was p e r f o r m e d by u s i n g t h e e x t e r n a l p r o t o n beam of 1 GtV/ p r o v i d e d 

by t h e L ' lP I s y n c h r o c y c l o t r o n . The e n e r g i e s o f b o t h c o i n c i d e n t f r a g m e n t s and t h e 

v e l o c i t y of one of them were measured by 

means of a d o u b l e - a r m s p e c t r o m e t e r / 4 / . 

The b i n a r y f i s s i o n p r o c e s s can be unam

b i g u o u s l y s e p a r a t e d f r o m o t h e r i n e l a s t i c 

c h a n n e l s by t h i s m e t h o d . P i g . 1 shows t h e 

mass d i s t r i b u t i o n s o b t a i n e d f o r B i . Au , №/ 

and Ag t a r g e t s i r r a d i a t e d by 1 GeV p r o t o n s . 

The h i s t o g r a m m s d e m o n s t r a t e t he i n c r e a s e of 

t h e a s y m m e t r y w i t h d e c r e a s i n g ma's number 

o f t h e t a r g e t n u c l e i . The s y m m e t r i c f o r m , 

w h i c h i s t y p i c a l f o r n u c l e i l i k e B i , Au 

and W, v a n i s h e s in the case o f A g . F ' 9 - 1 

» W 1J 
wes ASMCmr 
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«в es 
FRM»CNT MASS I a m u I 

In 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 
after the evaporation of light partic
les. Experiment and theory are in a 
good agreement. It should be mentioned 
that both experimental and calculated Fig. 2 
mass distributions represent the result of averaging over different nucleonic 
composition and excitation energies of the fissioning nuclei. 
Fig. 3 shows the calculated distribu
tions of the excitation energy for Bi 
and Ag nuclei leading to fission. Both 
distributions extend over several 
hundred MeV. The average excitation 
energy increases with decreasing mass 
P'.mber of the fissioning nuclei an^ 
corresponds to the experimentally 
observed growth in the imparted longi
tudinal momentum for mediumweight tar
get nuclei /5/. Fig. 3 

Fig. 4 represents the influence of the excitation energy on the fragment T U S 
distribution immediately after scission of a nucleus with A, = 100 and Z, = 45. 
These calculations predict a pronounced mass asymmetry which depends strongly 
on the excitation energy 

C, - ЕЖПЖПМ ПСЯЮ <M«> 

We conclude, that the observed mass 
distribution of fission fragments 
is caused by relative high excitation 
energies involved in the fission 
process of Ag. More details of the 
fission process have to be Investi
gated experimentally in order to 
check these theoretical predictions. 

Е,**аом*г 

Е;**ООМ* 

so no 
FRAGMENT MASS (amuj 

F i g . 4 
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ABSOLUTE FISSION CROSS SECTION-MEASUREMENTS ON 233U, 235U, 238U, 237NP. 239PU 

and 242PU AT NEUTRON ENERGIES OF 2.6 MEV. 8.4 MEV AND 14.7 MEV 

R. Arlt, M. 3osch, 6. Musiol, H.-G. Ortlepp. G. Pausch, R. Teichner, W. Wagner 

Technische Universität Dresden, Sektion Physik, Dresden, DOR 

1.0. Alkhazov, L.V. Orapchineky, O.I. Kostochkin, S.S. Kovalenko, V.l. Shpakov 

Khlopln - Radiuminstituts, Leningrad. USSR 

1 . Introduction 

The requests of accuracy for fission cross section (f.c.e.) data In the energy 

region froa 1 to 2o MeV are few percent '. Eepeclaly for the standard f.c.e. 

of 235U an accuracy of 1% Is required. Also the f.c.e. of 237Np ie proposed as 

a standard cross section in the MeV region. 

One «ray to obtain this high accuracy is the normalization of f.c.e.-shape 

measurements eaploying absolute f.c.s. values at certain spot-points of neutron 

energy. The time correlated associated particle method (TCAPM) is well estab

lished now to get euch absolute values with high precision in the region of 
2-5) 

14 MeV neutron energy '. 

2. Measurements 

Absolute f.c.e. measurements have been carried out using the TCAPM in the frame 

of the joint meesurement program of the TU Dresden (GDR) end the Khlopin -

Radiuminstitute Leningrad (USSR). The experiments are Independent but correlate 

in some degree and a correlation analysis has been carried out. 

Starting with the measurements at some 14.7 MeV the use of the TSAPM for f.c.s. 

aaasureaents has been extended to neutron energies of 2.6 MeV and 8.4 MeV ' '. 

Typical values of the corrections end uncertainties are given in Tab. 1. 

Tab, 1 Typical values of corrections and uncertainties for the result of 
f.c.s. measurements using the TCAPM 

areal density of the target 

weighing 

lnhoaogonlty 

effective target thickness in the cone 

number of fission events 

statistics 

randoa coincidences 

efficiency of the fission chamber: 

extrapolation to zero pulse height 

absorption of fragments in the layer 

number of associated particles 

statistics 
background at Ep • 14.7 MeV 

6 • 8.4 MeV 

E„ • 2.6 MeV 

neutron scattering 

i 

correction 

__ 

~ 
- 0.2% 

шш 

- 5.0% 

• 2.0% 
• 2.o% 

— ив 

• o.3% 
• 3.0% 
• 2.5% 

o.2..,1 «o% 

uncsrtalnltlss 

l.o% 
0.9% 
o.l% 

0.7...1.5% 
o.5% 

0.6 % 
o.6% 

lo"5 
o.l% 
0.4% 
0.5% 
0.4% 



- 136 -

3. Results 
In table 2 the results of the f.c.s. measurements carried out at the TU Dresden 
are given. Soee of the* were done several times. Independent measurements have 
been carried out at the RI Leningrad in the 14 MeV neutron energy region. 
Tab. 2 Results of the f.c.s. measurements using the TCAFM at the TU Dresden 

Г ' 

233U 
235U 

238U 
237Np 

239Pu 
242Pu 

E n 
MeV 

34.7 
2 .56 
8 .4 

14.7 
14.7 
8 .4 

14.7 
14.. ' 
14.7 

^ f 
3 0 - 2 4 cm2 

2.244 to .041 
1.215 to .o2o 
1.801 to .043 
2.o85 *o.o23 
1.166 to .02J 
2.353 to .o45 
2.226 to .o24 
2 .394 i-o.o24 
2.343 I-n.046 

3.8 % 
3.5 Z 
2 . 4 % 
1.3 % 
3.8 % 
2.3 % 
3." % 
3.0 % 
2.3 % 

Ref . 

7 
6 
5 
5 

8 
5 
5 

For the standard f.c.e. of 235U a set of 3 absolute values has been obtained 
which can be used for normalization of shape measurements. The result of the 

gl 
renormalization of the shape measurement of Czlrr and Sidhu ' using the abso
lute values of this work is presented in fig. 1. This normalization has been 
carried out in two different ways: 
1) minimizing the sum of squeres of the differences between shape and absolute 

values (full line) 
11) taking into account a linear dependence of the normalization factor from 

the energy (dotted line). 

Fig. 3 Normalization of the shape measurement of Czirr and Sidhu in comparison 
with other experimental f.c». values 
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The f.c.e. 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 
value at 14.7 MeV has already been taken into account in a new evaluation of 
the f.c.s. for 237Np carried out by Oerrien '. Also the other value, recently 
obtained in this work at 8.4 MeV is in good agreement with this evaluation 
(see fig. 2 ) . 

—i 1 r 1 i 1 1 1 1 1 1 r 

bom 

J --г с слтьо* i«?t 

и* 
125 I—' ' ' " L - I I I i 1 ' 1—' 

S 6 7 8 9 10 11 12 13 H 15 E„/M«V 

Fig. 2 The f.c.s. values of this work for 237>ip compared to other experimental 
values and the evaluation by Oerrien and the file ENDF/B-V 
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STATISTICAL ANALYSIS 0? THE ЕХРЁНШЕИШ, DATA CP FISSION CROSS SBCTION MEASURE
MENTS ON 233,235,238^ 2 3 7 ^ 239,242^ A T „ g ^ g ^ ajEBGIES OP 2.56, 8.4, 14.5 
MEV 

V.N. Dushin, A.V. Fomichev, s.S. Kovalenko, K.A. Petrzhak aad 7.1. Shpakov 
V.G. Eilopin Radium Institute Leningrad, USSR 
R. Arlt, M. Josch, G. Musiol, H.-G. Ortlepp and W. Wagner 
Technical University of Dresden, Section of Physics, GDR 

1. Introduction 

The instrumentation utilized in 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 anc1 for the comletion of the time consuming measurements. Quite a few in
dependent runs were usually carried out in the course of a fission 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 a correlation analysis considering the single 
runs of each experiment. Pinal fission cross section values including all mea
surements perfonaed in Leningrad and Dresden ha re been obtained. 

2. Correlation analysis 

ArfJ Covariance matrices cov (S'.P ,0**" ) of the results have been calculated from 
the covariance of the partial uncertainties of the cross sections using the 
expression: cov (tf J1,^^ ) - S, cov ( x, , xk

J ) S, 
with 
C . , V ?1' - results of different fission cross section measurements 

cov ( x,1, Xi,̂  ) " covariance matrix of the partial uncertainties of the mea
surements 

5-, S. - coefficients of sensitivity 

x.1, x^ - values which are used for the calculation of the fission cross 
section and it's corrections if 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 3MPKOVBMEHT OP THE ACCURACY QP ABSOLUTE PISSION CROSS SECTION HEiSUBK-

MENTB USING PABALLEX PLATE PISSION CHAMBERS 

H. Arlt 

Technische Universität Dresden, Sektion Physik, Dresden, DDR 

1. Introduction 

following the concept of employing absolute determined reference fission 

cross section values for the normalization of shape measurements which can he 

carried out at a low level of systematical uncertainties a further improvement 

of the data basis for the fission cross sections considered 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 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 

hide 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 (iü-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) characterization of the fission foils (weight or areal density, nonunifor-

mity, chemical and isotopic composition, surface roughness, backing) 

iii) neutron fluence determination 

iv) distortions of the neutron field (scattering and absorbtion of neutrons) 

v) electronics (dead time, stability, pile up, random coincidences) 

In the following the eystematical uncertainties connected with the regietration 

of fission products (PP) using a parallel plate fission chamber (PC) 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 

for 235U. 

3. Systematical uncertainties connected with the registration of fission pro

ducts in a parallel plate fission chamber 

The inefficiency of the PC-a value amounting 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 introduces second order effects 

only 1 ). 
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Usually two sources of uncertainties are taken into accotmt-the number of 
events below the electronic threshold ("threshold losses") and the losses due 
to absorption of f iss ion products within «he f i s s ion f o i l ("absorbtion losses") 
An analysis of recent absolute f iss ion cross section measurements of different 
groups has been carried our. 
The following recommendations are made aiming at an increase of the accucacy of 
determination of the "threshold losses": 

- a standardization of the p r i n c i p l e of the PC signal processing used 
in in absolute f i ss ion cross section measurements has to be introduced in 
order to allow a clear comparison of the results of different experiments 
and to guarantee a true energy proportional shape of the PP spectrum 
especially at it's low energy region 

- a theoretical and experimental justif ication 01 the linear extrapolation 
approach to zero pulse height has to be carried out 

- tne question hay to be answered, wether the neglection of the ionization 
defect Д 2^ in the above mentioned extrapolation procedure does not cause 
a systematical uncertainty (see Fig. 1 ) . 

Pig. 1 Crude estimation of a pos
s ible systematical uncer
tainty of the "extrapola
t ion to zero height" pro
cedure caused by the neg
lection of the ionization 
defect. The valueA^ö MeV2-v 
has Deen taken from ref. ' 
for a Ar+3% C02 mixture. 
Typical values have been 
assumed for the e lectro
nic threshold and the 
"threshold losses". The 
underestimation of the 
f i ss ion cross section would 
amount to 1% in this case. 

per cent 
\ 
d " 6 MeV 

2 per cent 

/ 
t • • i|ii» 

J ^ P 
electronic thresh. 12 MeV 

zero pulse height 
zero PP energy 

The following obstacles exists in reaching a 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 becking of the deposit on the 
FP losses i s diff icult to predict 

- scattering processes of the PP contribute to the "absorbtion correction" 
but are often neglected. 

Methodical experiments are under way to determine experimentally the ineff icien
cy of the PC used in our f iss ion cross section measurements and in order to 
t e s t procedures used for the theoretical estimation of the PC ineffiency '"'. 
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ВЫСПКИПС BQDTPHEHT FOR FISSIOH CROSS SHCTIOH MBASUBEMEHTS 
AI ТЕЖ ТБСНШСлЬ OTIVJIBSITT OF ERBSEBB 

H.-G. O r t l e p p 
Technische Universität Dresden, Sektion Physik, Dresden, SDR 

1. Introduction 

A computer coupled CAMAC measurement system was developed to carry out 

absolute determination or fission cross sections using the time correlated 

associated particle method (TCAPM). Technical details of the 14.7 MeV 

neutron energy experiments are described in . For the later measurements 

at other Incident neutron energies tne same data acquistlon 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. Fast pulse Mftht spectrometry with semiconductor detectors 

A new pulse shaping system was developed consisting of a delay line shaper 

which rectangular output signals of the length T are integrated and checked 

for pile up in a gated integrator К The pulse processing tine and the double 
pulse resolution time have been reduced (table 1), allowing the delayed timing 
signal to be gated with the energy window information. 
Table 1: Comparison of the fast spectroscopy system with the spectroscopy 

amplifier uBing semigaussian shaping at the same serial noise 
response and at minimal processing time (noise level about twice 
higher) 

time to peak 

double pulse resolution 
for accepted events 
same for unaccepted 
event« 
resolution time of the 
pi le up detection 

spectroscopy 
amplifier 
T ŝ Tjs 0.25 »в 

0.7 /XB 

2.5/ua 

2.5 ,*• 

delay line shap 
• gated integr, 
T s 0.5 >ue 

0.5/1« 

1.5 / и 

0.6 us 

30 ns 

delay l ine shaper 
• gated integr. 
at minimal T 

0.07/US 

0.6/m 

0.1 us 

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. 
Spectrum distortions due to undetected pile up can be neglected up to some 
times 10? pulses per second. A special feature of this time variant system is 
the possible selection of the events before the processing in the gated 
integrator which is fired from valid events only. In the л В - S telescope 
of the 8.4 MeV experiment *> the main counting rate la coueed by scattered 
bean deutrons. Such events are not accepted because the gated integrators in 
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both channels are started by the fast 4 В - S coincidence output signals and 
deutron pulses do not exceed the /sB 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 (tr = 3 ns). It's 30 ns long 
output pulses are fed into a timing filter amplifier. Ho differentiation le 
applied. 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 ', the time information by a constant fraction trigger. The use 
of the peak current as a measure of the energy loss of the fission fragment 
excludes the induction effect as the energy information becomes independent 
on the fragment flight direction without applying of a Frisch - 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 obtained 2.4 MeV and 1 ns FWHK, 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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OPTIMIZATION Q? PAHALLEX PLATE FISSION CHAMBERS FOR PRECISB FISSION CROSS SEC

TION MEASUREMENTS 

R. Arlt, C. Herbaeh, H.-G. Ortlepp 

Technische Universität Dresden, Sektion Physik, Dresden, DDR 

The conditions of an absolute measurement 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 't 

1) the FC has to possess nanosecond time resolution to get a fast coinci

dence with the associated particle (AP) detector 

11) the inefficiency ef the FC has to be known with a high accuracy 

111) 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 minimise 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 depositee are fully placed In the neutron cone 

- to obtaine short current pulses in order to reduce «-pile up if high 

ox-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 

electronic threshold 

vi) neutron scattering corrections have te be minimized leading to 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 cc-active targets is the achievement of a 

good separation between the a.-pulses and the low energy edge jf the FP distri

bution. 

The shape of the FC spectrum is strongly Influenced by the FC geometry. Because 

of the smaller range of FP in the chamber gas compared to the ot-particles, 

FC-e working as a aE-detector are often used in fission cross section measure

ments. In a parallel FC without collimator «.-pulses with high amplitudes are 

caused by pile up of pulses from ot-partlclee 

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 

smallest pulses when they have been emited 

perpendiculare to the deposit (energy losses 

in the layer are negleceted). The region bet-

wees these FP pulses and the pulses from 

a-plle up In the pulse height distribution we 

call plateau (fig.1). It is filled by pulses 

from FP , which have lost the meet ef their 

energy before emerging ftea the target. 
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For our FC configuration the pulse hlght distribution of it-pile up has been 
calculated in dependence on the target activity, the distance between the 
plates and the energy resolution of the speci^ometer *'. All possible trajec
tories in the chamber volume and the energy losses In the layer have been con
sidered. For the calculation of x-pile up formatien corresponding the Poisson-
statistlcs rectangular current pulses have been 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 
259-Pu employing the electronics discrlbed In ' the end of the plateau 
(15.7 MeV) and the portion of FP pulses below this limit (5.4 f) for special 
FC parameters (filling gas: metham, pressure 1o8 kPa, distance of plates: 5 mm) 
have been estimated. These values completed with the calculated lowest possible 
level of electronic threshold to discriminate the a-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 <x-activities 
is given in the table 1: 

a-activity 
(2T-geom.) 

1.1 
5 
5 
10 

gated 
fission rate 
(1o"V1) 

1.6 
4.2 
7 
14 

electronic 
threshold 

(MeV) 

8.5 
9.o 
9.4 
1e.o 

correction 

(*) 

2.1 
2.2 
2.5 
2.5 

uncertainty of 
cress section 

0.28 
0.51 
o.54 
0.59 

Table 1: Correction due te the ̂ .-discrimination for different«.-activities 
from 259-Pu (pulse width - 5e ns, FWHII - 2.4 MeV, fission events-45oe) 

An extrapolation of the FP spectrum for other plate distances has been perfor
med. The widest plateau region 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 tne range of the heavy FP ). Compared with smaller dis
tances of the plates tnere Is a greater Influence of the«,-pile up, but the 
shift of the FP puloes to higher energies in the FC spectrum is dominant. In 
summary the correction becomes greater a little bit, but Its certainty Is bet
ter. 
The use of this estimated optimum of the distances contradicts the demand of a 
compact FC construction. The results of the calculations indicate, that it will 
be possible to discriminate an ct-aetivity of 5 MB employing a FC with a dis
tance of plates of 5 mm with a sufficient accuracy. Therefore for the projec
ted cross section isasurements on 259-Pu at BB-8.4 MeV a five plate FC with 
this configuration will be used. 
Further effort is made te proof experimental? the calculations. 
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ОБМЕН ЭНЕРГИЕЙ МЕЖДУ ВНУТРЕННИМИ И КОЛЛЕКТИВНЫМИ СТЕПЕНЯМИ СВОБОДЫ ПРИ ДЕЛЕНИИ 
Я Д Е Р 2 3 2 ^ НЕЙТРОНАМИ. 
Б.Д.Кузьмннов, В.В.Малиновский, В.Ф.Митрофанов, В.М.Пихсайкин, Н.Н.Семенова, 
А.И.Сергачев. 
Физико-энергетический институт, Обнинск, СССР 

Аннотация 
В работе представлены результаты измерения среднего числа мгновенных нейтронов ^ при делении ядер тория-232 нейтронами в диапазоне энергий 1,3 - 6,3 МэВ. Полученные результаты анализируются совместно с опубликованными ранее данными по кинетической энергии осколков деления IL . Отмечается наличие двух Механизмов перераспределения энергии, влияющих на энергетические зависимости у и EL . 

Совместные анализ влияния энергии возбуждения делящегося ядра на среднее число 
мгновенных неР.гронов - v и среднюю кинетическую энергию осколков деления - Е̂ , 
представляет одну из возможностей исследования процесса обмена энергией между 
внутренними и коллективными степенями свободы при делении ядер. Кинетическая энер
гия осколков складывается в основном из кулоновской энергии отталкивания осколков 
в момент разрыва и предразрывной трансляционной энергии движения ядра к точке раз
рыва. Среднее число мгновенных нейтронов характеризует энергию возбуждения оскол
ков, которая формируется из энергии возбуждения делящейся системы и энергии дефор
мации формирующихся осколков в момент разрыва. Таким образом Е^ является мерой 
энергий коллективных движений, a v - энергия внутренних движений. 
В ранее выполненной работе [i], посвященной изучению деления ядер 

2 3 2 ^ 
нейтро

нами, наблюдались значительные изменения Е^ при росте энергии возбуждения деля
щегося ядра. В настоящей работе выполнены тщательные исследования энергетической 
зависимости V при делении ядер *ЧЪ нейтронами в том же интервале энергий воз
буждения. Результаты обеих работ представлены на рисунке. Для подтверждения до
стоверности наблюдавшихся в наших работял эффектов на том же рисунке приведены 
перенормированные результаты работ [2, 3J . 
Средняя кинетическая энергия осколков быстро увеличивается с ростом энергии нейт
ронов от 1,2 МэВ до 2,5 МэВ. При дальнейшем увеличении энергии нейтронов, вызыва
ющих деления ядер 

232^ 
, скорость \ замедляется. Замечательной особенностью 

кривой зависимости Е„ от Е язляется наличие провала вблизи энергии Е =2,15 
МэВ и превышение скоростью роста Е к единицы ( dE]< / dEn > I) при Ед <. Г,С МэВ. 
Последний факт означает, что кинетическая энергия осколков забирает на себя всю 
энергию возбуждения, вносимую нейтронами, и дополнительную добавку от энергии 
деления. Если_ принять, что в области энергий нейтронов Е^-с 2,5 МэВ средняя энер
гия деления E f остается постоянной, то при величинах ciÊ  / АЕ^ ,> I следует ожи
дать уменьшения V с ростом Е п . 
Результаты настоящей работы и работы £з] (см.рисунок) действительно свидетельст
вуют об уменьшении Vp при росте Е^ от 1,2 до 1,7 МэВ. 
Принимая Ef = const , мы провели расчеты значений v с учетом изменений кине
тической энергии осколков: 
где выбрано Е° =1,9 МэВ и принято еС = - 0,1 МэВ"1. 
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а) Энергетическая зависимость средней массы тяжелого осколка 
при делении ядер 2 3 2 Th нейтронами. 

б) Зависимость средней кинетической энергии осколков (0 - [ l ] , 
V - [ 2 1 ) и среднего числа мгновенных нейтронов ( • - на

стоящая работа, х - [ 3 ] , А - результаты расчета) от энер
гии нейтронов, вызывающих деления ядер "*Th . 

Обоснование такому эначениг об дано в работе [4J . Результаты расчета приведены 
на рисунке. Они вполне удовлетворительно совпадают с измеренными значениями v . 
Таким образом ь пределах ошибок эксперимента можно констатировать наличие одно
значного соответствия изменений Е^ и ~v в области энергий нейтронов Е п < 2 ,5 
МэВ. 
Предложено несколько модельных подходов для объяснения механизма перераспределе-
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кия энергии между коллективными и внутренними степенями свободы при делении 
ядер £l]. Основываясь на рассмотренных в данной работе результатах можно сузить 
круг допустимых концепций. Отпадают разные варианты модельных представлений, со
гласно которым за меру обмениваемой энергии принята энергия переходных состояний. 
Перераспределение энергии происходит на более поздних стадиях, чем седмовая точка. 
Другое закличете СОСТОИТ В ТОМ, ЧТО В областях энергий нейтронов справа и слева 
от Е ~ 2,Ъ МэВ механизмы перераспределения энергии различны. 
Отметим, что для значений массы тяжелого осколка 132 г~^и

< 155, охватывающем 
подавляющую доле способов деления, с уменьшением Ид происходит приблизительно 
линейное увеличение Е к ( dEK / <ШН = - 1,1 МэВ). В верхней части рисунка пока
зана зависимость среднего массового числа тяжелого осколка Mg от энергии нейтро
нов Е п . 
При изменении Еп от 2,5 МэВ до 5,_8 МэВ происходит уменьшение Щ, на I аем, что 
должно соответствовать увеличению Е к примерно на I МэВ. Т.е. в этой области 
энергий нейтронов практически весь рост Ек обязан изменению распределения ос
колков по массам. Поскольку эти изменения влекут за собой также измекеия и сред
ней энергии деления E f , то количественное сопоставление энергетических зависи
мостей 7 и Е„ становится более сложным и не входит в рамки настоящей работы. 
Итак, по мере изменения энергии возбуждения происходит перераспределение полной 
энергии между коллективными и внутренними степенями свободы, причем механизм пе
рераспределения не является единым в изученном интервале энергий нейтронов, вы
зывающих деления ядер *т!п . 
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THE AMGULAH ANISOTBOFY OF FISSIOH ?RAMIEHTS WITH DIFFKHEHT XIELDS 

B.M.Goohberg,L.D .Kozlov,5.K. LisinjL.H.Jb^rozov^.A.MorozoT.V. A .Pche-
lin,L.V.CaietyakoT,V.A.Shigin,V.ll ..Shubko 
I.V.Kurchatov Atomic Energy Institute,Moscow,OSSE 

Ihe fragment angular anieotropy is a consequence of fission through a 
limited number of quantuc states.Ihe limitation of number of states involved 
in fission ie possible at the stage of low nuolear excitation.T^herefore these 
states ere commonly associated with the states of the second barrier or se
cond we l,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 scission point.Therefore the fragments with 
different masses and different yields pass through the same eet of states at 
the second barrier and hence have the ease angular anieotropy.(Here and below 
in similar cases the term "fragment" is uaed to denote the fragment pair with 
a given fragment.)The another picture arise« if the fragments are formed be
fore the second barrier.In this case the d-ifferent fragments can have the 
different barriers.This results in their different yields and different oets 
of barrier 3tates and hence in different angular anisotropies of the fragments 
with ddifferent yields. 

Experimentally this point is not clear enough. In present work: we measu
red the angular anisotropy of the fragments with highly different yields. 
The new method was used with high efficiency and h'igh mass resolution.lt 

was achieved by using a lot o.'. collimators with small cells for angular sepa
ration of fragments and a radiocemical method 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 eeparated one 
from another by collimators.The neutron irradiations were performed alterna
tively for tmo positions:with collimator axis corseted along the neutron flux 
(the yield at 0* ) and accross it(the yield e.t 90*).The neutron flux was mo
nitored by a ooiAer. After irradiation the number of fragments for several 
masses in polystyrene foils was determined radiochemically.The ratio between 
fragments yields for both positions gave the experimental anisotropy A.Hote 
the angular and energy resolution of the set was low for the sake of effi
ciency to overhead the fragment detector background. 

The measurements «ere done for and 2'2Th near the fission bar
riers at the neutron energy related to the region of relatively high aniso
tropy in each са^-э.Unlike the published experiments present measurements were 
performed for frbfejnents with very different yields(up to 700 times differenoe 
with symmetrical fiseion included).From 11 to 16 irradiations were performed 
for each nucleus.Tho statistical calculation of its permits to evaluate the 
experimental errors. 

http://resolution.lt
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The results are ehowc in figure.The anisotropy A ie shown versus the 
fragment yield Y related to the fragment yield YP for the most probable mass 
ratio of frag'mente.The anisotropics of different fragments in the region of 
the most probable mode of fission «ere found the ваше for each nucleus and 
are denoted by the points i? in figure. 

Figure. The angular anisotropy of fragments A as a function of their 
yields Y. 

One can see,that for thero are no deviations in aniaotropy for 
fragment with different yields within the limit of errors. For there ie 
a little systematic deviation in the anisotrop? for «ите fragments as compa
red with ip,reaching twofold error value at maxima». *°* d5 Th the de
viation is relyable enough and exceeds the error value by three times 
/AP = 1•33 _ 0.10. The change is of qualitative character and is accompanied 
by alteration of the predominent yield at 90°(A<1) by that one at 0° (A>1). 

Theee 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>1 occures more frequently.For 256U and 258U the anisotropy of fragmen 
ts with the most probable yields Ap is more than one and does not differ 
strongly from frequently meeted values.Therefore th» deviation of anisotropy 
A for different fragments from Ap will be expected to be small as a rule. On 
the other hand the low angular and energy resolution of our installation redu
ces the observed deviations and aa a result the deviations oan turn out to be 
within experimental errors.For 252Th the anieotropy Ap*1 and the deviations 
can be large enough to be observed. 

Hinoe present results show the different fragments can have different 
angular anieotropy and,therefore,different second barriers.In this case the 
fragments are formed near the seoond 1-irrier that is at more early stage of 
fission than it la usually proposed.Юг final solving of this problem it ia 
neseeoery to perform the measurements with another nuolei and especially in 
the region where the aniaotropy Ap ia lower than one. 
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ИССЛЕДОВАНИЕ ВЛИЯНИЯ НЕПОЛНОЙ РЕГИСТРАЦИИ АКТОВ ДЕЛЕНИЯ НА 
ИЭМЕРЛИШ) ВЕЛИЧИНУ V 

В.В.Малнновский, В.Г.Воробьева, Б.Д.Кузьминов, В.М.Пиксайкин, Н.Н.Семенова 
Физико-энергетический институт, Обнинск, СССР 

Аннотация 
Подробно изучена зависимость измеренного значения Ч> как от толщены г ляпщх-
ся слоев, так и от амплитудной дискриминации импульсев камеры деления. С уче
том проведенных исследований обсуждается расхождение полученных разными авто
рами данных по лС при делении нептуния-237 нейтронами. 

К настоящему времени опубликованы три работы [ l - з ] с результатами измерений 
среднего числа мгновенных нейтронов v_ при делении Np моноэнергетически-
ми нейтронами. Различие приведенных данных превышает указанные авторами погре
шности, что свидетельствует о наличии систематических ошибок в измерениях. 
Значения V- для 238и [4] и [5,6], полученные теми же группами авторов в ус
ловиях, аналогичных работам [2] и [з] соответственно, согласуются в пределах 
погрешностей измерений. Наши работы [2] и ^4] с методической точки зрения от
личаются лишь величиной поправки в V ( 4,7$ [2] и 0,2$ [4] ) , зависящей от 
эффективности регистрации осколков деления. В связи с этим нами подробно ис
следовано влияние неполной регистрации актов деления на измерения V . 
Число, энергетический спектр и угловое распределение нейтронов деления зави
сят от массы, кинетической энергии и энергии возбуждения осколков. Поэтому вы
борочная дискриминация актов деления может привести к искажению измеренной ве
личины среднего числа мгновенных нейтронов деления V_. В подавляющем боль
шинстве измерений V события деления регистрируются ионизационной камерой. 
При этом вероятность регистрации акта деления зависит от толщины делящегося 
слоя, в котором теряется часть осколков, и от уровня амплитудной дискриминации 
импульсов камеры. 
Влияние толщины используемого слоя делящегося вещества на результаты измере
ния V изучалось в работах [7 ,8 ] . Однако, полученные результаты не облада
ют должным согласием по величине. Мы исследовали зависимость измеренной вели
чины V- как от толщины слоя делящегося вещества, так и от уровня дискрими
нации импульсов камеры деления. 
Детектор нейтронов состоял из 16 счетчиков, наполненных "Tie и расположенных в 
полиэтиленовом замедлителе. Характеристики детектора, электронная схема реги
страции нейтронов и метод обработки экспериментальных результатов описаны в 
[ 2 ] . События деления регистрировались плоско-параллельной ионизационной каме

рой, наполненной аргоном с 10^-ной добавкой углекислого 1таза до давления 
1,4 атм. Зазор между электродами составлял 3 мм, диаметр делящегося слоя 30 мм. 
Лмцульсы с камеры деления поступали на зарядочувствительный предусилитель и да
лее на спектрометрический усилитель с постоянной времени формирования 0,5 мкс. 
Для исследования использовались слои из гомогенной смеси окиси-закиси естест
венного урана и калифорния-252 толщиной от 0,1 до 1,95 мг/см2. Роль "бесконеч
но тонкого" выполнял слой Cf , изготовленный методом самопереноса в элек
трическом поле. 
Полное количество актов деления в слоях определялось по оС-активности и по ин
тенсивности нейтронного излучения для каждого слоя. Нейтроны в последнем случае 
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регистрировались детектором без совпадений с осколками деления. Это позволило 
установить соответствие между уровнем дискриминации импульсов камеры деления 
и эффективностью регистрации актов деления для каждого слоя с точностью не ху
ке 7$. _ 
Для этих слоев измерялась величина V при нескольких значениях уровня ампли
тудной дискриминации импульсов камеры деления. Метод измерений идентичен опи
санному в [2]. За "истинное" значение V ? , соответсвущее 100? эффективности 
регистрации делений, принималась величина, полученная в измерениях с "'беско
нечно тонким" слоем Cf . 
Полученные результаты позволили разделить изменение значения V 'p/V ^ 0 за счет 
потери актов деления при полном торможении осколков в слое и за счет амплитуд
ной дискриминации импульсов камеры деления. Значения Ч / v ? , соответствующие 
нулевому уровню дискриминации, получались линейной аппроксимацией ближайших к 

Б = 100? точек. 
На рис.1 приведена полученная зависимость <?= ( I - Ч / у ° ) от толщины слоя. 
Указаны статистические ошибки измерений. Описание методом наименьших квадра
тов: 

S = ((0,113+0,524) + (3,154+0,459) Д)-Ю - 3 

где А - толщина слоя делящегося вещества в мг/с»г. 
На основе результатов для 
252 

Cf , гомогенизированно
го в слое 2 3 ° U , ° Q » и дан
ных по кинетическим энер
гиям, массам и пробегам 
осколков [9,ю1 была рас
считана величина <£ для 
случаев деления 2 3 5и и 

Ри тепловыми нейтрона
ми. Результат приведен в 
таблице, где указаны ста
тистическая погрешность и 
оценка точности пересчета 
от калифорния к урану и 
плутонию. Для сравнения 
приведены аналогичные ре
зультаты из работы [в]. 
Значения о , полученные на
ми, превышают величины из 
работы [б], хотя различия 
не превышают погрешностей. 
Одна из причин этих разли

чий - в использовании нейтронных детекторов, обладающих разной энергетической и 
угловой зависимостью эффективности. К сожалению, описание эксперимента в fe] 
недостаточно подробно. Измерения для разных толщин поглотителя осколков выполне
ны, по-видимому, при фиксированном уровне амплитудной дискриминации в канале ре
гистрации осколков. Однако в этом случае по мере роста толщины слоя эффектив
ность регистрации осколков уменьшается, что может оказаться причиной завышения 
поправки, полученной в [8] для больших толщин поглотителя. 

НГ.СМ 

Рис.1. Зависимость $= ( I -^т/У%) от тол
щины слоя делящегося вещества. 
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Таблица 
Уменьшение измеренной величины Vn за счет толщины слоя делящегося вещества 

Состав слоя 
делящегося 
вещества 

Гомогенная при
месь 252сг в 
слое и,од 

235и
3 8 

235и3°8 239p3 8 

239Pu02 

Данная работа 
величина" в % 
для толщины 
слоя I ur/cvr 

0,315 
0,195 
0,350 
0,186 
0,314 

ÄJ Точность результатов работы [8' 

итатистическая 
погрешность 

0,046 
0,028 
0,051 
0,027 
0,046 

Погрешность 
аппрокси
мации 

0,010 
0,010 
0,012 
0,020 

оценивается авторами в 20 % 

Величина в % 
для толщины 
слоя I ur/ctr 

[8]*> 

0,169 
0,282 
0,165 
0,251 

Зависимость измеренного значения vD от уровня дискриминации импульсов камеры 
деления существенно меняется при смене полярности напряжения на камере, состоя
щей из двух пластин. На рис.2 светлыми кружками указаны результаты измерений в 
случае, когда положительное напряжение приложено к чистому электроду, а темными -

к электроду со слоем деляще
гося вещества толщиной 0,97 
м г / с м , Причиной различия яв
ляется то, что при смене на
пряжения заметно изменяется 
связь амплитуды импульса с 
энергией и направлением выле
та осколка деления в камере. 
На рис.2 £.= 10056 соответст
вует уровню нулевой дискрими
нации. Черев эксперименталь
ные точки проведены методом 
наименьших квадратов кривые 
второго порядка. На рис.2 ука
заны результаты измерения та
кой яе зависимости авторами 

IIIJ для 242Ри (толщина слоя 
• *- 252„ 

в 20 W 60 80 № 
ЭффектиёнссТо регистрации осксякоб 

$ процентах. 

Рис. 2. Зависимость измеренной величины v> около 0,9 мг/см*5) и """et 
от эффективности регистрации осколков каме
рой деления. О и • - результаты нашей ра
боты. D й й - результаты из [ i l ] соответс-

242 2S2 
твенно для ^"Ри и '""'et 

Рассматриваемая зависимость 
определяется, конечно, конк
ретными условиями работы ка
меры деления и используемого 
детектора нейтронов, поэтому 

данные из fllj имеют для нас скорее характер примера. (Используемый в [ I I ] дете
ктор нейтронов, впрочем, по своим характеристикам близок к нашему - набор в?д 
счетчиков в водородосодержащем замедлителе). Авторы [ I I ] использовали для вве
дения поправок показанную на рисунке линейную аппроксимацию. 
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В наши измерениях V для Np [2} использовались два варианта камер деления. 
В одном камера состояла из 6 секций с десятью двусторонними слоями делящегося ве
щества и суммарным количеством нептуния около I3C нг в каждой секции. 3 этих ка
мерах даже с использованием импульсов тока удалось получить эффективность регис
трации событий деления около 55?. 3 другом случае каждая из 6 секций камеры соде
ржала один слой нептуния (7 мг). Эффективность регистрации осколков достигала при 
этом 8Г1. Экстраполяция к 100$ эффективности осуществлялась по трем значениям v , 
одно из которых было получено для первого варианта камеры деления (эффективность -
55$) и два - для второго ( эффективность - 60 и80$). 
Учет новых результатов (рис.2) привел к изменению поправки на дискриминацию с 
4,75? [2] до 3,7?. Поправку на толщину слоя делящегося вещества следует изменить с 
0,1? [2] до 0,3?. Таким образом результаты измерений V из работы [2J следует 
уменьшить на 0,8?. 
Уточнение поправки на дискриминацию позволило обработать результаты измерений с 
малым количеством нептуния с эффективностью регистрации 80? при энергии нейтронов 
1,66 и 2,79 МэВ. 
В целях поиска оптимальной конструкции камеры деления (сочетание максимальной эф
фективности регистрации актов деления с максимальной загрузкой делящегося вещес
тва) были выполнены измерения с использованием спиральной ионизационной камеры де
ления. Слой нептуния толщиной I мг/слг (общее количество 55 мг) наносился на алю
миниевую фольгу шириной 5мм. Зазор между электродами 0,5 мм, внешний диаметр спи
рали 25 мм. Камера заполнялась смесью аргона и углекислого газа до давления 3 атм. 

Измерения проводились для двух значений 
(45? и 70?) эффективности регистрации ос
колков деления при энергии нейтронов 2,С МэЗ. 
Исправленные из работы [2] и обсуждавшиеся 
здесь новые результаты сравниваются на рис.3 
со значениями, полученными в [ 1 , 3 ] . Система
тическое расхождение между нашими результа
тами и работой [ з ] сохраняется, при том, что 
энергетический ход зависимости V_ практи
чески одинаков. В работе [12] приводятся воз
можные объяснения расхождения данных [1-3] , 
которые сводятся вкратце к следующему. Дан
ные [ I ] завышены из-за некорректного учета 
фона, а данные [2] - из-за возможного завы
шения поправки на дискриминацию. 
Действительно, в работе [ i ] измерения фона 
проводятся не в совпадении с событиями де
ления, что может приводить к недооценке фо
на, как справедливо указывается в [ б ] , Од
нако во-первых, при измерениях тХ, в диапа
зоне энергий нейтронов от I до 14 МэВ от-

ш „„™ „ * ношение фона к эффекту существенно изменя-
г-г~ . . • - исправленные зна- , ^ ^ 
чения из работы [ 2 ] , А - измерения6™ ( У « в н ы п а в т с я *Р* в ы с о к и х энергиях). По-
с малым количеством 237Np , 7 - с о

э т о м у систематическая ошибка в определении 
спиральной камерой.О- [ i l . O - Г з ] ^ Н а е Л В а ш д а С Т п Р а к т и ч е с к и параллельный 
f«™/<„„ „п,от„Лт,,™л,,„„\ сдвиг данных. Во-вторых, возможный резуль-
Iошибки - статистические) _ _ . 

тат "недоучета" фона зависит от Конкретных 

Рис.3. Результаты измерения 
для 237Np 
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условий эксперимента. Пересчет данных по г̂ , для и, ̂ 3 8и и ̂ э Р и C^J на ис
правленный фон с учетом результатов £б ] привел к увеличению значений V до эне
ргии нейтронов примерно 9-9,5 МэВ, оставив данные при более высоких энергиях пра
ктически неизменными. К тому же измерения V для "^J в работе [Д] при энергии 
нейтронов 14,7 МэВ согласуются с данными 15]. 
Замечания по поводу учета дискриминации в \2\, по-видимому, достаточно подробно 
разобраны в настоящей работе. В свою очередь следует сказать, что использовавша
яся авторами t.3,51 зависимость счета нейтронов деления от эффективности регист
рации [13] снята с полупроводниковым детектором и едва ли соответствует услови
ям измерений V с камерами деления с малым зазором, где зависимость амплитуды 
импульсов от энергии осколков имеет совсем другой характер. Это может привести в 
конечном счете к недооценке указанного эффекта авторами [з]. Однако недостаточно 
полное представление экспериментальных подробностей как работы [l\ так и [з] за
трудняет окончательное утверждение. 
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EVALUATION OF NEUTRON NUCLEAR REACTION DATA FOR FISSIONABLE NUCLEI USING NUCLEAR 

THEORY 

M. Uhl 

Institut für Radiumforschung und Kernphysik, Universität Wien, Austria 

Abstract 

Nuclear model calculations of neutron cross section 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 sections for neutron induced reactions for energies up to 75 MeV. In spite 

of the extensive- experimental efforts during the past years the needed data base 

is far from bping 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 of 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 avrilable data to higher energies or 

neighbouring nuclei and thus trove 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 

cannot 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 o(E) with respect to energy E 
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tuating cross section <o . > = <IS . I > which at moderate energies represents 

<a> = — /dE o(E) . 
In nuclear reaction theory cross sections are expressed in terms of the scattering 
matrix S . . Except for trivial factors the integrated cross section from channel 
a to channel Ь is given by 

°ab(E) = l 4ab-Sab(E)|2 (2-1-> 
For particles and photons the channel symbols a,b,... have the usual meaning as 
defined by Lane and Thomas ; fission channels will be discussed further in sec
tion 4. Time reversal invariance and flux conservation require S . to be symmetric 
and unitary. In the statistical theory of reactions the S-matrix is decomposed in
to its average <S , > and a fluctuating part S fa: 

Sab<E> = <Sab> + Sab(E> (2-2-> 
The average <S , > is related to direct reactions (DI) and can be calculated by 
models involving relatively few degrees of freedom: the single channel (or sphe
rical) optical model in case that <S . > is diagonal or the multi-channel optical 

fl 
model otherwise. The fluctuating part S h(E) reflects the excitation of many de
grees of freedom and thus describes - at least at moderate energies - compound 
nucleus (CN) reactions. The resulting average cross sections 

|2 . ic.fl,2 DI . fl ,т , . 
^ab» " IÄab " < S a b 4 + < | S a b ' " = °ab + '"ab* (2'3-1 

consist of two contributions: the DI-cross section and the average of the fluc

tuating cross sectioi 

the CN-contribution. 
2-5) 

The statistical theory of nuclear reactions which is reviewed in refs. aims 

at expressing the average of the fluctuating cross section in terms of the aveiage 

scattering matrix, i.e. at relating the CN-cross sections to the optical model 

(Hauser-Feshbach problem). The crucial quantity in doing so is Satchler's pe

netration matrix 

p u = 6. - I <S ><S. >* • (2.4.) 
ab ab ас be 

which represents the unitary deficit of <S> and thus a generalization of the 
(single channel) optical model transmission coefficients T . In fact, for diago
nal <S> we have P„, = «,,T, = 6 . (1 - l<S >l 2). 

ab ab a ab aa 
In presence of direct reactions (i.e. <S> is not diagnonal) the calculation of 
<a . > proceeds in two steps. At first the Hermitean matrix P , is diagonalized by 
means of the unitary £r:gelbrecht-Weiddnmüller transformation U 

<UPU+)ab = йаЬТа • <2-5-' 
T The matrix U and its transpose U can then be used to construct a transformed S-

matrix S' 
Sab = <USuT)ab (2-6-' 

with diagonal average. Further it can be shown that S', 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' 

<dfi> = l U* Ui.U Uhb <S
,£i S'"*> 

efah ea fb да hb er gh (2.7.) 

and the averages of the bilinear terms in S' are calculated as functions of 
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the eigenvalues T' of the penetration matrix by technics developed for the case 
*" 8 9) 

without direct reactions; see refs. ' for the justification of the procedure 
and more details. 
Several formulae have been proposed which, in absence of direct reactions (<S . > = б . <S >), express <a . > in terms of the optical model transmission ab ab aa ^ ar> coefficients T = 1 - I <S >l . As an example the results of Moldauer's "M-can-c . _ cc 
cellation priciple" ' ' are presented: 

:fl> - W ^ ! b 'ab ab IT с 
T ,1 

«ab = <1 + f «ab> '« » " • " Т*-Г1Ге + '" + 6bC> 
a ° C C C (2.8.) 

vc = 1.78 + (T K 2 1 2 - 0.78) exp [-0.228 ET ] 
For isolated resonances (T « 1) eq. (2.8.) reduces to the Hauser-Feshbach for
mula corrected by the factor W , for fluctuations of the partial widths 
In the limit of many strongly absorbing channels eq. (2.8.) gives essentially the 
Hauser-Feshbach formula with a compound elastic enhancement by a factor of two: 

"S' = (1 + 6ab> Щ = (1 + Sab ) aab H F '2'9-> 
Another method, the HRTW approach, was formulated in papers by Hofmann, Tepel, 
Richert and Weidenmuller and recently improved by Hofmann et al. '. Nume
rical studies showed that both approaches essentially agree. 
These generalizations of the Hauser-Feshbach formula are based on statistical 
properties of a S-matrix characterizing an equilibrated compound nucleus and 
hence <o h> = <a . >. 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 . For applications, however, 
preequilibrium emission is mostly calculated by various phenomenological models 

211 22) 
as reviewed by Blann ' and Seeliger '. So, for higher incident energies, 
<o j;> is decomposed into a CN-contribution <a . > and a preequilibrium contri
bution < 0

а к Р Г е > '• 
<°a> " -ab C N> +<°ab P r e> <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 

23) nuclei requires coupled channels calculations which are notorious for their 
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 Symmetrie deformed optical 
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potential of the following type 
U(?> = -VRf(r,aR.RR) + 4iaD w D § f(r,aD.RD) + 2.VS I.J I gjrf (r,as,aD> (3.1a.) 
f(r,a,R) = {1 + expt(r-R)/a]}"1 

1/3, 
(3.1b.) 

(З.1.С.] R = R(e') = r A " J(1 + E e, Y. (e')) 
О . A Ao 

where the standard notation is used. The angle e' refers to the body fixed system 
and usually only even order deformations ß 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 phenomenological 

potentials the depths v and w of the real and the imaginary components depend 

on the incident energy. Insertion of the deformed potential (3.1.) into the 

Schrödinger 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 appropriate boundary conditions gives the average S-matrix 

elements ^S . > from which the DI-cross sections and the penetration matrix ele

ments P . 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-
24) tials . 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 
25) 

is the "SPRT-method" developed by Delaroche et al. '. This method relies on 

average resonance data (s- and p-wave strength functions and scattering radii), 

total cross sections as well as on elastic and inelastic scattering. It was 

successfully applied in many optical model studies of the Bruyere-le-ChStel group 

which were reviewed by Lachkar , Haouat and recently with particular em

phasis of the application of the coupled channel method to actinide nuclei by 

Lagrange 

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, geometrical parameters a,r0 in fin 

Nucleus 
Author 

232Th 
Fasoli e t a l .?? ' 
Garg e t a l . ' 

232Th 
31) 

Guenther J " 238 
32) Lagrange ' 

238„ 

Konshin 3 3 ) 

" 9 p u 33) Konshin -"' 

VR 

4B.412-.963E+ 
+ .036E2 

1.5<E<20 

46.824-0.261E 

47.5-О.ЗЕ 

45.87-0.3E 

46.10-0.3E 

*U 

.65 

.758 

.62 

.626 

.626 

roR 

1.25 

1.217 

1.24 

1.256 

1.256 

«D 

3.0+.25E-
-6.75E"3 

4.03U.215E 

2.7+0.4E 
E<10 
677 
E>10 

2.95+0.4E 

3.0+O.4E 

•D 

.47 

.485 

.58 

.555+ 
I-.0O45E 

.555+ 
K0O45E 

rcO 

1.25 

1.212 

1.26 

1.26 

1.26 

VS 

6.5 

8.0 

7.5 

7.5 

7.5 

^ 

.65 

.758 

.62 

.62 

.62 

roS 

1.25 

1.217 

1.24 

1.2335 

1.2335 
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Young . It is based on a simultaneous fit to experimental data for Th, 
ä 239 
0 and " э Р и . 

A global optical 'potential for the actinide nuclei was developed by Madland and 
Young 3 < ). I 
233,235,238c 
In addition to the depths and radii of the potential coupled channels calculations 
require the deformation parameters Вл- usually only в, and 6. are considered as 
the determination of B6 and В- 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 potential which 
correspond to these deformations 

Q. = Zt/dr ReU(r)rV J/[/drReU(r)] 
A АО 

agree rather well with multipole moment.- 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) 

f*U 

3.5 

3J0 

?<; 

i i i i i i i i • i 
CUb) о Cm..., 

V Cm 
Am ~ — 

d < - P u 

- A . / U 
X 

tr 
IV 

1 1 1 1 1 1 1 1 . 1 

Fig. 1 taken from ref. 28', 
Quadrupole moments calcu
lated by means of the 
Hartree-Fock-Bogoliubov 
method (full circles) and 
derived from deformed op
tical potentials for neu
trons (crosses for even A 
and open circles for odd 
A). 

230 234 238 242 Ш 250 
Thus theoretical deformations can be used for extrapolation; in that case one 
should account for the empirical odd even effect exhibited by the 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 . 
The quality of phenomenological optical potentials critically depenjs 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 
Lane potential formalism 5). In Lane's charge independent formulation of the op
tical model the nuclear part of the nucleon-nucleus potential U consists of an 
isoecalar and an isovector portion U and L*. respectively 

и - и0+|(?.т)иг (3.2.) 
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Here ? and т" are isospin operators for projectile and target. When averaged over 
the elgenstat.es of T = t + T eq. (3.2.) leads to U + [(N-Z)/A]U, where the upper 
sign holds for neutrons and the lewer for protons? this dependence on the nviclesr 
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,n) which excites the analogue of the target ground state at an energy fi (the 
Coulomb displacement) above the parent state. The coherent treatment of proton 
elastic and quasi-elastic scattering requires the solution of Lane's cabled 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,ii) quasi-
elastic scattering. This demand puts severe restriction on the parameters of an 
phenomenological potential. 
The Lane-formal ism can also be used to derive neutron optical potentials froiu 
proton scattering data. A simultaneous reproduction of (p,p)-, (p,p')- and (p,n) 
data at proton energy E fixes the isoscalar and isovector component and thus, 
also the neutron potential at energy E -u . Such investigations in the actinide 
region are being performed at the Lawrence Livermore Laboratory and were recently 

ict 2 42 " ЗЯ 
surveyed by Hansen '. Fig. 2 displays for Th and U the neutron elastic 
scattering cross section at 7 № V inferred from a Lane-model analysis of (p,p) and 
(p,n) data at 27 MeV (д ч. 20 MeV). The experimental data are reproduced as well as 

34) with the global neutron potential by Mad land anc" Young which is optimized for 
this mass and energy region. Thus, the applicability of the Lane-formalism Is con
firmed even for very heavy nuclei. Hansen 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,n) Includes the th.'ee 
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. 

cm. cm. 
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 deformed neutron potential of Madland 
and Young 3>t). The experimental data are from R.Batchelor and J.H.Towle, »jcl.Phye.6̂ (1965)236. 

http://elgenstat.es
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A major problem with the application of the coupled channels method is its 
eceessive computer time requirement. In particular fcr odd A nuclei the numbers 
of coupled equations 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-

281 37) 
posed by Lagrange and by Lagrange et al. . This procedure is a generaliza-

o \ 
tion of the strong coupling model of Blair J . Instead of considering the ground 
state band of an odd A nucleus with spins I = K, K+1, K+2, ... where К is the pro
jection of I on the symmetry axis, the calculations are performed for the К = О 
band with I = 0,2, ... X of an fictitious even nvcleus. The cross section for a 

X of an fictitious even nvcleus. 
final state with angular momentum l f is approximately given by 

— (I ) 
0,2, ...X 

<I XK0IIJK> 
о f 

2 _3£ (X) (3.3.) 

where -r^U) is the cross section for the state with spin X of the fictitious 

nucleus. I and К in the Clebsh-Gordon coefficient <I XK0lIx:K> refer to the о о f 2 
ground state of the real nucleus. Test calculations at 4 MeV neutron energy for Pu 
(K = 1/2) and 241Pu (K = 5/2) are shown in table 2. For К = 1/2 bands the appro
ximation is excellent. For К > 1/2 the results are less precise as far as the in
elastic cross sections are concerned but the agreement improves with increasir.q 28) energy '. 

Table 2: (taken from ref. 39) 
Comparison of Pu(K = 1/2) and Pu(K = 5/2) cross sections (in barn) 
using the "real" and the "fictitious" levels in coupled channels calculations 

"tot 

aabs 

°el 

°1 

°2 

°3 

°4 

2 3 9PU 
real 

7.797 

3.124 

4.249 

0.1233 

0.1845 

0.0522 

0.0646 

fictitious 
7.796 

3.124 

4.247 

0.1232 

0.1847 

0.0517 

0.O646 

2 4 1Pu 
real 

7. Ö? 1 

3. 171 

4.343 

0. 1533 

0.0864' 

0.0ч18 

0.0268 

fictitious 

7.831 

3.120 

4.398 

0.1660 

0.0751 

0 0674 

0.0117 

a, refers to the inelastic cross sections of the first four excited 
states. 

40) 
Raynal developed a powerful procedure to 3olve the coupled equations by sequen
tial iteration. This ECIS-method (equations couplees en iteration sequentielle) is 
incorporated into Raynal's ECIS code which recently became internationally available 
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, axlally asymmetric deformations, folding model) the program is very fast. 
So for U, 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 (-v 50 к words) is somewhat larger than that for JUPITOR (•*. 32 к words). 
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Besides direct reactions also compound nucleus processes contribute to the exci
tation i " low lying collective levels. One may distinguish two ways to calculate 
the CN-cioss sections. 
The standard formalism neglects the correlations in S . caused by direct reaction 
components. The diagonal elements of the penetration matrix eq. (2.4.) are used 
as generalized transmission coefficients T* = 1 in the genera-

Ь lized Hauser-Feshbach formulae (eq. (2.8.) or in those of the KRTW-approach). These 
transmission coefficients account for the flux going into DI channels. The impact 
of the Engelbrecht-Weidenmüller transformation is neglected. n;.;uments for such a 

9) procedure can be found in a paper by Moldauer who showed by leans of computer 

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 coupling comprises more channels. It is believed that the latte.-

applies to actinide nuclei. 

Recently an extensive investigation of elastic and inelastic neutron scattering 
on Th, iJJ'iJ3,^jou a n d ^ J , « i p u f o r епег_-1еЕ between 0.6 and 3.4 MeV was re-

41) ported by Haouat et al. . 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 HeV 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. 

0.7 MeV 

i i i i i n • i i i n JJLU I l l l l l l l l l I I 

0 7 MeV 
* • • • • • • ' • • • 

45 90 135 180 US 90 135 100 

6 (deg) 9 (deg) 41) Fig. 3 (taken from ref. ) 
Comparison of experimental and calculated (full curve) differential inelastic 
neutron scattering crors sections to the first two excited states of 232Th. 
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Recently an ambitious program concerning the interpretation of DI- and CN-reactLons 

has been started at the University of Lowell by Chan, Sheldon and collaborators 

' . These authors aim at an "unified formalism" which is based on the appli

cation of the Engelbrecht-Weidenmüller transformation as described in section 2. 

Angle integrated cross sections for inelastic neutron scattering on 2 3 2Th, 2 3 80 
240 242 

and ' Pu were compared to experimental data for incident energies up to 2.5 

MeV. The considered levels are members of rotational 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 calculations were 

performed with the program NANCY which by means of extended routines of Tamuras 
23) 

JUPITOR code generates the average S-matrix <S .> and the corresponding DI-

cross sccdons, constructs the matrix U&b of the Engelbrecht-Weidenmüller trans

formation and finally applies the most recent version of the HRTW-approach 15) 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 t ime. 

0.3 

0.2 

•PO.1 

а о 

SE
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N 

§0 
LJ 

0.3 
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0.1 

2* (774.1 kV) 

02 

0.1 
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5 02 
0.1 

0 

Q3 

0.2 

0.1 

i / ) 

се 

05 10 15 Z0 25 
a 

3+029.5 keV) 

3-(774£к«У) • «** • • 

05 1.0 15 2.0 25 
Fig . 4 (taken from re f . 4 3 ) , 

Comparison of theoretical and experimental excitation functions for 232Th(n,n') 
to 6 excited states. Full curves represent calculations employing the "unified 
formaiisn" and dashed curves are the results of the "standard formalism". The 
data points have typical errors of 10%. 
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43) Typical results are shown in fig. 4 taken from ref. '. The full curve represents 
the results of the unified formalism and the dashed curve those of the "standard 
formalism". Among the cases studied in ref. 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 
yields 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 ierally 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 competii 7 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 Bjtfrnholm and 
Lynr> and of Weigmann which contain the references to the original papers) 
for actual calculations simple static concepts are used. 

47) 
Following A. Bohr 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 E., spin J. parity П. and 
eventually the projection K^ of J^ on the symmetry axis, defines a barrier of 
height E i # Fcr 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: 
T f (E) = {1 + exp[- jj£(E-Ef )1>-1 = {1 + exp[- pi(E-Ui-Ef]}"

1 . (4.1.) 

48) 
Hexe the Hill-Wheeler formula for the penetrability through a parabolic barrier 

with curvature h"> is used; in the second step the excitation energy U. is referred 

to the barrier height E, i.e. the excitation energy of the lowest transition 

state. Usually at higher excitation energies U > (J the transition states are re

presented by a continuous level density p(0,J,n). For the total fission transmission 

coefficient T, (E) for compound nucleus states of excitation energy E, spin J and 

parity П one obtaines 
TfJII(E) = t' {1 + exp[- ̂ (E-E f-U i]} _ 1 + /dUp(U,J,n) {1 + exp[- fi£<E-Ef-U)])~1 • 

с 
(4.2.) 

The sum in eq. (4.2.) is restricted 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 collec
tive levels in case of even or upon single particle states in case of odd-A or odd 
nuclei '. The complexity of the rotational bands depends on the symmetry of the 
saddle point shape '. This fact is also very important for the level density 
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otU.J.n) . Only indirect experimental information on the transition states is 
available in form of the fission cross sections themselves and of the angular 
distributions of fission products which critically depend on the angular momentum 

52) quantum numbers J. and K. 
The fission transmission coefficients defined in equs. (4,1.) and i4.2.; can now 
be used in the generalized Hauser-Feshbach theoxy 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 f .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. , by Arthur et al. and by Konshin '; 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. 

a) b) 

> 4 
O l 
С 
с 

well I well II 

Barrier A Barrier В 
Transition 
states 

Transition % 
states 2 

Deformation Energy 
Fig. 5 
a) Some uf the concepts relevant fox a double-humped iission carrier 
b) »entrabillty through a "ouble-humped barrier (schematic) 

However, many features of fission cross sections can be tt< ated properly onlyinder 
the assumption of a doible-humped fission barrier. Pig. 5a illustrates some of the 
pertinent concepts and fig. 5b displays, in a qualitative way, the penetrability 
through such a barrier as a function of energy. In contrast to the smoot'ily riping 
behaviour character(ям- for a single barrier (see eq. И.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 Vfeigmann 
46) Bjjirnholm et al. 4 5 ) and Michaudon 55'561, 

For an excitation enargy 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-I 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-II states negligible fission width. 

Class-II 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 is much less than that of class-I states. Various extents of the 

coupling between the vibrational motion and the intrinsic degrees of freedom are 

possible (see fig. 6): no damping, partial and full damping of the vibrational 

mot'.on into the complicated class-II compound states which is determined by the 

3epl:h 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. 

class-II 
vibrational 

states 

tlass-II 
compound 

states 

class-1 
compound 

states 
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— T ~ 
/ 1 \ 

i l / 
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No Damping Partial Damping Full Damping 
2^-E 

5 6 ) , Fig. 6 (adapted from ref. •"•") 

Schematic illurtr*+tai cf the hierarchy of states relevant for intermediate structure for three 
different types cf danping nt che cl&ne-H vibrational motion into class-II compound states. 
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Residual interactions couple class-I and class-II 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-II 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 '-r»'v'. 
Near a class-II state the fission widths Г., of the fine-structure resonances at 
energy E are on the average (with statistical fluctuation of Porter-Thomas type) 
distributed along a Lorentzian form 

DI rxii ( f ) r U I ( c ) 
rX - 77 .„ " а ^ 1 г Д ' rAII = rxn< c> + rxil<f> ' (4-3') (Exii"Ex' + Trxii 

Here r.l:l(c) and r.-.ff) are, respectively, the coupling and the fission width 
of the class-II state at energy E.-. and Dj is the average class-I state spacing. 
In case of complete damping (fig. 6c) of the class-II vibrational component into 
class-II compound states the average coupling and fission width are given by 

ТП1^' ' TT TA and Т П 1 т = 7 V T B ' <4"4-> 
where T, and Tß, respectively, are the total transmission coefficients for barrier 

A and в and D-- is the average spacing. T. and T„ are given in terms of the Hill-
Wheeler penetrabilities and the transition states in the same way as the quantity 
Tj in eq. (4.2.). This coupling situation is realized in the sub-barrier fission 
of some nuclei as e.g. Pu ref. or Np ref. ' 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 state leads 
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 

Jim-- Hciijj 
rxil ( c ) - ГА '-ЯГ T A m d rxil(f> - гв - - Т Г TB <4-5"' 

where T. and T_ have the same meaning as in eq. (4.4.) and ̂ <"TT is the spacing of 
pure vibrational states which exceeds DZI in eq. (4.4.) by about three orders of 
magnitudes. 
Finally, for partial damping (fig. 6b), the coupling and tr.e fission width 
Гх__(с) and rijj(f) near a damped vibrational resonance at energy E follow on 
the average (with statistical fluctuations of Porter-Thomas type) a Lorentzian form 
r ,,., D " ГА ГР _ ,f, DXI ГВ ГР rxii<c> TT-— a „ i 2 ' r x n ( f ) - TT-— a \ i > (EXII V + 7rv (Exn V + *rv 

(4.6.) 
rv = ГА + ГВ + V 

In this equation r_ is the damping width (mostly obtained from phenomenology) 
and the quantities r. and r„ are defined in eq. (4.5.). Vibrational resonances 

591 are observed in direct reaction induced fission experiments ' and in neutron 
induced fission '. For their analysis also the rotational bands built upon 
vibrational state (not shown in fig. 6) have to be considered. 
In connection with the analysis of direct reaction induced fission experiments 611 Back et al. ' 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 model, or at least some of its special cases, is incorporated 
62) in many of the widely used nuclear reaction codes as e.g. COMNUC (LASL-version) .-

EVAPF 49), HÄUSER 63>, NRLY 64) and STAPRE 65). In order to account for damping of 

the vibrational motion in the second well an absorptive imaginary part is added tc 

the real deformation potential 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 

T, is given by the transmitted flux. The indirect contribution T, results from 

fission decay of the excited class-II compound states (with branching ratio 

T_/(T. + T_) and is therefore related to the total absorbed flux Л and affected 
by intermediate structure due to class-II compound states (see figs. 6b and 6c). 
In an energy Intervall around E which contains many class-II states but, on the 
other hand, is small enough that all other energy dependent quantities (u4, T, , 
Т., T_) are constant therein, the proposed expression for the total fission trans
mission coefficient T,(E) reads 

Tf (E) = T f
D • T^fE), T ^ E ) = Л , Д § _ f ( D i r T m , E-E0) 

Sinn (s=-rA ) <4-7-' 
f ; 0"' 7* I I' E- V = c o S h ( ^ C i ) - " o s ^ ( E - E o n ' T - " fr™' 

The normalized weight function f(DIT«7XII,E-E0) describes the intermediate struc
ture fluctuations around the average T- - Tf

D + Л ТВ/(ТД+ТВ). The result in the 
second line of eq. (4.7.) was derived by Lynn et al. ) 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 equal 
width 7 n i . 
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 Тд. At higher energies, when full damping is realized and the intermediate 
structure is smeared out, Tf is given by the well-known simple expression T T 

Tf " ЧПРГ (4.7.1) 
A rB 

If eq. (4.7.) Is used in the formulae of the generalized Hauser-Feehbach theory 
the resulting fission cross section <"nf(E-E0)> 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 
<acf" o v e r а P0*10^ D n o f t n e weight function f(DXI,Fx ,E-E ): 

__ . E o + D I I ^ 
«cf'V = Б 7 Г Л>Е <ec*«E-Eo>> (4-8.) 

Eo~DII'2 

The effect of this procedure is to reduce the cross section compared to the result 
obtained by employing the average fission transmission coefficient fT. 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 claes-II compound states die-
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regards the fluctuations of their widths and spacings. Weigmann 6 7) showed by 
means of a Monte-Carlo simulation that the effect of these fluctuations is con
siderable for sub-barrier fission. His calculations assume the full damping limit 
and consider two sequences of compound states: class-II with fission- and coupling 
width sampled from Porter-Thomas distributions with mean-values г̂ тт ff ) = "эц/2',''гв 
and r I I ( . = (D11/2ii)T.t respectively, and class-I with neutron width sampled from 
a Porter-Thomas distribution with average value <r> = (D-/2w)T and a constant 
capture width Г = (DT/2ir)T . Depending on the actual value of Г- 1 ( . compared to 
D T the coupling is treated either in perturbation - or in moderately weak coupling 

———~^— HF 
approximation. The ratio W , = о f. . i/°nf OI the average fission cross 
section о .. , . resulting from this simulation to the simple Hauser-Feshbach 

given by eq. (2.9.) is shown in fig. 7 as function of the 
evaluated in picket fence approximation 

cross section 3nf 
average fission probability P, 

V D I I / 2 Tf(E) P, =(f/«0/dE ,T\2 
E0-DlI/2 T f ( E ) + V T C 

,T' " + <Г' + 2<=->coth 7 ( T A + T B > > 
-1/2 

(4.9.) ч - тА тв/(тА+тв), T- + T. 

It turns aut that for sub-barrier fission various combinations of (тд/тв) corres
ponding to the same P7 yield similar results for о ,, . .. 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 T, ,f = p7 T ' / O - P T ) which approximately accounts for 
intermediate structure in picket fence approximation (see eq. (4.9.)). 
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0.01 

Fig. 7 (taken from ref. 
0.1 

67) Pr 
Reduction of the fission cross section due to statistical fluctuation of the 
class-I and class-II compound state parameters (see text). The symbols Д and v 
at P T - 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 Т д and T_ i.e. for extreme sub-barrier fission. As soon as more 



- 17o -

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 that account 
for fluctuations in fine- and intermediate structure are available only in some 
limiting cases which are discussed by Bj^rnholm et al. and by Lynn . Some 
of these formulae are used in Lynn's code AVXS '. This is a sophisticated pro
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 (ЕД»ЕВ) and the curvatures (пШд, tiu„) of the 
inner and the outer barrier, respectively. If partial damping is relevant one 
additionally needs the depth and curvatures (EIT, flu..) of the second well and 
the strength of the absorptive potential. The results of theoretical calculations 
of the deformation potential based on the Strutinsky method ; arc 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 

69) fissioning nucleus is axially asymmetric at the inner barrier 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 

71) 
first one was presented by Britt ' 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 Bj^rnholm et al. . As 
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 energy; the latter problem was investigated for preactinides by Ignatyuk 
et al. 7 2>. 
The second set of barrier parameters was developed by Lynn ' and is based on 
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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 caseö. For 

— 45 49) 
the most recent version of Lynn's parameter set see ref:3. ' 
Fig. 8 displays for some actinides a comparison of barrier heights deduced by 
different authors. In addition to those of Brltt and Lynn it shows results obtained by 
Weigmann from the analysis of sub-barrier intermediate structure and by 74) Arthur 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 about 5 at energies 
0.5 MeV below the top of the barrier and has still a marked effect on cross 
sections at energies 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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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 quantities 

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 Alanras set. 

Fission cross sections employing Lynn's set were reported by Fort et al. and 

Derrien et al. '. in order to avoid the calculation of microscopic level den-
74) 

sities Arthur employed for the calculation of the transition state densities 
771 

at both barriers the Gilbert-Cameron model ' with the same parameters as in the 

first well and applied semiempirlcal enhancement factors. 

Model parameters are required also for neutron-and photon emission, the other two 

important decay modes in the actinide region. Neutron transmission coefficients 

are related to the optical model described in section 3. For the dominant El-

radiation it is recommended ' ' to use the Brink Axel model that relates the 

gairana-ray transmission coefficients T £1 to the parameters of the giant dipole 

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-Cameron 
77) model the parameters of which can be determined from low lying levels and 

from resonance spacings. Recently V.A. Maslov et al. ' applied *-he semi-empiri

cal level density model of Ignatyuk et al. 9' to extract level density para

meters for actinide-; this model accounts for shell 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 tho^e 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 

between 5 and 20 MeV was reported by Bychkov et al. 8 0 ). In this paper a simple 

parametrisation of the fission probability is used instead of barrier paramters 

and transition state densities. 

9 Ю II 12 
En (MeV) 

237, Comparison of the calculated Np(n,f) cross section with experinental data. 
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As an example for the problems encountered in the calculation of cross sections 
237 for fission and other reactions some results for neutrons on Np are displayed 

g i t in figs. 9 and 10. The calculations were performed by Bak et al. by means of 
the code STAPRE 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 tempera
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 energies 
above 6 MeV, when second and higher chance fission comes into play, the more 

82) Я11 
recent data of Behrens et al. and of Carlson et al. were prefered (see 
fig. 9)-. The calculations also reproduce the experimental capture cross sections 
available up to about 3 MeV. 

V) 
С 
О 

XI 

• 0.4 

811 ) 
237». 

10 15 
En (MeV) 

Flg. IQ (taken from ref. 
Comparison of the calculated "'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 

237 between neutron and fission decay for Np. Reduction of the barrier heights E. 
237 and E B for Np 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-
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duced barrier heights the experimental (n,2n) cross sections are betterreproducea 
82) but now the calcualtec fission cross sections exceed the data of Behrens et al. 

and Carlson et al. 83'. Fig. shows that differences in the barrier heights bebreen 
0.2 and 0.4 HeV are not unusual. 
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81) The full curves were calculated with the parameters described in ref. ""'. For 

the dashed curve the barrier heights <ЕД,Е_) of Z37Np were changed from (5.99, 
5.82) to (5.79, 5.42) MeV while all othir parameters are unchanged. 
It is difficult to make a gei 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 8 4' 8 5' developed 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 p(e,l) emitted from a fragment of 
given excitation energy is calculated by Welsekopf's simple evaporation formula' 

q>(e,T) * k(T) o cU) «xpC-c/T) (5.1.) 
where t is the CM-neutron energy; O C(E) represents the inverse cross section, T 

.86! 
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the nuclear temperature of the fission fragment residual nucleus and k(T) a nor
malization constant. The temperature T depends on the excitation energy of the 

87) fragment. Based on the work of Terrel ' the excitation energy distribution of 
the fragments is transformed into a distribution KT) of fission fragment residual 
temperature of triangular shape: 

f2T/Tm2 , I S I B ., 2 , 
p i r n ) «. J 13.*.» 
* u ' I 0 T > Tm . 

The maximum temperature Tm is related to the inital average total excitation 
energy of the fragments <E*> by the Fermi-gas relation 

Tm - <<E*>/a)1/2 (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 = A/11 (MeV). (5.4.) 
The Initial average total excitation energy <E*> of the fission fragments is 
given by 

<E*> - <Er> + Bn + En - <Eft0t> (5.5.) 
Here, <EJ;> is the average total energy release, En and 3n are kinetic and separa
tion energy of the neutron inducing fission and <E- > is the average total ki
netic energy of the fission fragments, which can be taken from experiment. The 
overage total energy release is calculated by averaging the individual mass diffe
rences over the fission fragment charge and mass distributions; experimental or 
systematic masses are used in this procedure. 
Th9 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.) 

OB 

ф(е) = /dt P(T)«p(e,T>. (5.6.) 
о 

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 .ider the assumption that the neutrons are emitted isotropically 

((?+ ГЁ^)2 

N(E,Ef) » j ^ - /de ф(е)1 . (5.7.) 
f (IF- Щ)2 

Here, E is the laboratory system neutron energy 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 A, and the heavy 
fragment with mass K,; the respective kinetic energies per nucleon are E- and 
E. . The total neutron spectrum in the laboratory system N(E) is calculated as 

L H average of the spectra N(E,E- ) and N(E,E- ) of •"he light «nd the heavy fragment: 
N(E) 

E L 
E f 

= £ [N(E,E f
L > + N ( E , E €

H ) ] , 

Ч А ' Ef - x ^ 
0 t o t 

«Е» > 
Л 

1 
(5.8.) 

The calculations of Madland and Nix rather well reproduce experimental prompt 
neutron spectra for energies of the emitted neutron чр to about 15 MeV. An example 
is shown In fig. 12. 
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c ^ ,x * Experiment 
" Й — ec = Constant 
=> f — «c («) = Becchetti - Greentess 
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Energy, E (MeV) 

15 

Fig. 12 (taken from ref. 84) 
235, Prompt fission neutron spectrum in the laboratory system for the fission of "*u 

induced by 0.53 MeV neutrons. For the dashed curve the inverse cross section 
о (с) in eq. (5.1.) is energy independent while for the full curve o_(e) is de-
dSced from the optical model using the potential of Becchetti and Greenless 
(Phys. Rev. 182 (1969) 1190). The experimental data are those of Johanneon 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 

88) the Dresden group 
The results for the prompt fission neutron spectrum can be used also 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
ile just described procedure can be extended to account for neutrons from (n,n'f) 

841 and <n,2nf) processes '. 
Due to its success in reproducing experimental data and its simplicity the model 
proposed by Mad: id and Nix is extremely valuable for nuclear reactor related 
applications. 
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WCLEAR DATA EVALUATION KM» FISSILE NUCLEI 

- Aa and Cm Isotopes -

B. Goel and F.H. Fröhner 

Kernft-rschungszentrum Karlsruhe, Institut für Neutronenphysik und Reaktortechnik, 

P.O.Box 3640, D-7500 Karlsruhe, Ffde»-»! Republic of Germany 

Recant'у at KfK the neutron nuclear data wer« e\aiuated for the isotopes of Am and "'Co 
for the use in thermal and fast reactor calculations, these nuclei are produced in .'eactors 
in quantities sufficient Vo influence the core neutronics and they contribute substantially 
to the radiation hazard nf the .spent reactor fuel. Their fission and capture cross sections 
Kre needed Kith a', accuracy of 10 - 30 X for the core design and for the production of 
hazardous isotopes and with 20-50 X accuracy for more general studies of transplutonium. 
nucleus production In the context of fuel recycling or nuclear incineration. Tne energy range 
for which these data 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 or the artinide isotopes it was stated that theoretical 
calculations can predict the crc/is se.;"ions to an accuracy of 25 - 30% . In the light of this 

u [ ' r T —-; - . m j e n c o u r a g i n g statement it is disturbing to see 
,, _-. *•" i that different nuclear data libraries show 

• • • . " - . ! ' large discrepancies even for the total cross t I section (Fig. 1 ) . The uncertainty in the 
! total cross section should be of the order of 
a few per cent, its calculation being 

i straight forward, and its dependence on mass 
i 

] is small. Thus a new evaluation based on well 
j established theoretical tools and the 
• available experimental data was required. The 
availablr experimental information on these 

24t isotopes is marked by wide ranges of 
1: Jua totel crot» »action In different nuclear data 

libraries (etatua 19791 missing data. In regions where experimental 
data are available they are often duped with strong discrepancies, as is the case for fission 
or the thermal capture cross section for ' " A m . In addition to the prediction ot 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 used. 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) To- each nucleus л complete set of point cross 
sections is £?nerated coherently (1. e. for all reaction types from the same parameters) for 

zero temperature with the nmlti 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 is 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 locelly 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 

3 4 5) shown ' ' 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 measurement for the Air -эг Cm isotopes was 
available, the optical model parameters were determined for the neighbouring nucleus 
11,'J. Total, elastic and inelastic cross sections were carefully analysed to fix the 
parameters of the real Woods-Saxon and imaginary Woods-Saxon derivative potential (for ietail 
see Ref. 5). The result of this search is: 

V = 47.01 MeV - 0.267 E - 0.00118 MeV"1 E2 

R = 1.21 fm A 1 / 3 , a = 0.66 fa , г г 

W = 9.0 MeV - 0.53 E 
R = 1.30 fa A1'3 , a = 0.48 fm . 

Capture transmission coefficients were calculated with giant dipole resonance profiles 
according t? the prescription given in Ref. 6. To calculate fission transmission coefficients 
a double-h' r> fission barrier, approximated by two inverted parabolas, is used. The 
penetrability of each barrier is calculated by the Hill-Wheeler formula . 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 
con be obtained by the additior of the reciproce of the two fission probabilities. 

Table I - Re'"««ended Fission Barrier Parameters 

Target 
Nucleus; 

•"A. 
»"ИАв 
"'As. 
"»Cm 

First 
Eb 

6.4 
5.9 
6.2 
5.9 

Barrier 
-hw 

0.65 
0.75 
0.58 
0.6 

Second 
Eb 

4.8 
4.8 
4.8 
5.0 

Barrier 
-n« 
0.48 
0.55 
0.55 
0.52 

О \ 

The level density is calculated using the usual Gilbert and Cameron formula . The energy 
dependence of the level density parameter a is calculated by using the prescription of 

q\ 
Ignatyuk et al. . Width fluctuation corrections were calculated in the approximation of 
Tepel et al. . The computer code used in this region is a modified version of the code 
HAUSER*4 (see 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 
th« newly developped program FITACS. This code adjusts level statistical parameters for 
1»1,2,3,4 by a simultaneous fit to all angle Integrated average cross sectiun data (total, 
capture, fission, scattering) available for a given nucleus up tu 100-200 keV, ensuring 
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compatibility with strength functions, level 

densities, average radiation and fission 

widths derived froa resolved resonance 

parameters (see Ref. 13). Inelastic 

scattering is fully taken into account. Width 

fluctuation corrections are calculated 

according to Moldauer . The necessary 

s-wave strength functions and level spacings, 

corrected for missing levels, are obtained 

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 STARA*5 

An+n. 

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) . 

10 
D 

1.0 

0 .1 

0 . 0 ! 

0.001 

... 
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In the followings we describe the evaluation in different energy regions. 

Thermal Cross Sections 

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 

Cd-cutoff energy (Fig. 3). The information on 

the cutoff energy is not always well documented. 

Fig. 4 shows the change in tho 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 

effective thermal cross section and differential data 

the accurate total cross section measurements by 

Adamchuk et al. ' and by Kalebin et al. . 

e v 
tl ti Й—м <u ÜÖÜüii 

Fig. 3 Capture cross sections for some 
fissionable nuclei. 

putting the constraint set by 

The effect of low energy resonances on the thermal 

cross section is less dominant 

isotopes studied here 22) The 

for the other 

recommended 

Recommendet thermal cross sections: 

Target c\ ar щ a„ 
Nucleus (b| |b) (b) |b) 
»<Am 625116 610±19 3.15±0.16 12±3 
»Am 82SO±900 1400±860 6840±180 10±5 
'«Am 85*5 7O3±2.0 0 5.7*45 
"Cm 23±3 14.4±1.1 1.03±U18 7.57±a20 

Fig. * Effect of Cd-cutoff energy on the 
thermal cross section of ""Am. > > > 

O.W 0 . U O.tO 0.70 
UffOt-flJTflFf DOST 
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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*1Am were taken as weighted averages over all available data. 
These data were renormalised or discarded whereever deemed necessary. For 2 % 1Am good 
agreement between the absorption measurement of Weston and Todd and the transmission 

181 measurement of Derrien and Lucas is reported. However, the thermal cress 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 4 % . First it was feared that this 
would destroy the good agreement between the two measur~..aent5. Although for many of the weak 
levels this happens to some extent, the agreement for the strong levels is mostly improved. A 
mean value of Гу = 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 
X2-distribution. 

For 1 к г 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 2 , ,Am the "barn book" values (based essentially on the results of Simpson 

27) et al. ) are used except for a redetermination of the bound level. Evaluation of 
2b*Cm resonance parameters required reassessment of the radiation wi tl.b. The 
weighted average of the first two resonances gives a value of Г = 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 

32) fluctuations of Г_ as reported by Simpson et al. are thus removed. 

Unresolved Resonance and Fast Neutron Region 

To obtain level statistical parameters 
for " ' A m a FITACS fit to all 

17 31 33) available capture data ' ' and 
to the parameters from the resolved 
resonances is made. Fission barrier 
parameters are adjusted so as to be 
compatible with the average fission 
width in the resolved resonance region 
and fit the best fission 

34-37) data in the fission threshold 
region up to 200 keV. At higher energies 
the results from HAUSER*4 calculations 
are adopted, with neutron transmission 
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Fig. 5 fission cross section for 2*1Am 

coefficients from the optical model described earlier. Both codes give similar results in the 

overlap region so 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 's good and well below the experimental spread. 

This evaluation supports the results of Shpak and more recent data and 
38) agrees well with the evaluation of Fort et al. but is totally incompatible with older 

39) boob shot results in the low energy region. 
When the transmission results of Philipps and 

40) Howe became available they agreed well 
with the HAUSER*4 results. It is pointed out that 
these data were not available at the time 
evaluation procedure and the parameters were 
fixed. Tius the good agreement shown in Fig. 6 
strengthens the <•«•> nfidence in the optical 
potential used. 

Due to the lack of experimental data for "'Am in 
the region of unresolved resonances results of 
HAUSER*4 calculations are adopted above 1 keV. 

Fig. 6 calculated and experimental The fission barrier parameters were chosen so as 
total cross section for »'Am t Q „ p r o d u c e B e h r e n s. f l s s i o n d a ta 4 2 ). Fig. 7 

shows the capture cross sections thus obtained together with the ENDF/B-V evaluation and new 
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data of Wisshak and Kappeler 45) These experimental data became available after the 

evaluation was completed and reflect on the predictive value of the evaluation procedure. 

The s-wave strength function for ,4*Cm is а 
compromise between a statistical analysis of 
resolved resonances and the value obtained from 
the optical model for actinldes. The radiation 
width is that from the resolved resonances. 
Fission parameters were adjusted to fit the data 

30) of Moore and Keyworth . The FITACS 
calculation was adopted up to 140 keV, HAUSER*4 
results above. Agreement between both in the 
overlap region is good. 

KEDAK 1981 
EN0RB-V 
Mtehok>Kappeler19e2: 

• SO m m flight path 
О 72 

10 20 30 40 SO 70 100 
Fig. 7 Capture cross section for '"i 

Discussion of Results and Conclusions 

The evaluation proceedure and data for the KEDAK-4 library have been confirmed by the 
differential measurements which 4-came available either during the evaluation nr after the 
evaluation was completed. The KEDAK evaluation for these actinides is based to a large extent 
on consequent utilisation of nuclear theory. All cross sections are coherently calculated 
from suitably parameterised reaction formalisms. The various tests and experience with newly 
published data seem to Indicate that with our optical potential for actinldes total cross 
sections can be predicted with about 2-5 % uncertainty and capture cross sections below a few 
hundred keV with perhaps 5-20 X, at least in cases where good resonance data defin« the 
radiation width and the level density reasonably well. In cases where the data base is poor, 
as for '"Am, the latter margin may be somewhat larger, but still the giant dipole 
resonance model seeaa 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 consistent with those calculated with 
the KEDAK-4 data except for '"шАш. For this isotope the experimental information both 

44] 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 

22 44) fuel with good accuracy ' 

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. Lfmmel and D.E. Cullen 
IAEA l'uclear Data Sec t ion 

A-1400 Vienna, Austria 
P.O. Box 100 

When we speak of evaluated nuclear data we mean 

best available nuclear data resulting from a critical analysis of all available 
experimental data and from best available nuclear theory, 

- presented In a form suitable for the data user, specifically for computer 
calculations In reactor physics, shielding, dosimetry, radioisotope production, etc. 

Ideally, there should be a single nuclear data library with internationally 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 been created independently from 
each jther for national projects of reactor design, whereby 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 Croup 
(CSEWG); 

- ENDL at the Lawrence Livennore National Laboratory, USA; 

- UKNDL at Wlnfrith and Harwell, UK, partly In cooperatijn with Australia and Italy; 

- KEDAK at the Kernforschungszentrum Karlsruhe, FRG, partly in cooperation with Israel; 

- JENDL at JAERI, Japan; 

- S0KRAT0R in the USSR, in cooperation with the CDR and other socialist countries; 

- and, more recently, ChENDL at the Nuclear Data Center in Peking, People's Republic of 
China. 

In addition, there exists a large variecy of nuclear data libraries for various specialized 
applications. 

Most of the national data libraries had different formats which could not easily be converted 
into each other. Consequently, there was a lot of duplication of efforts despite of the fact 
that none of the supporting countries had sufficient manpower to keep its data librarv 
up-to-date. The -ituatton started to improve only a few years ago by two developments forming 
the basis for an improved international cooperation. 

1. The so-called "7 Standards File" of the US ENDF/B library gained international 
recognition. This file contains neutron reaction data for the nuclides 1-H-l, ?-He-3, 
3-L1-6, 5-B-10, 6-C-12, 79-Au-197, 92-U-235. The cross sections of these nuclides are 
frequently used as reference standards for other data, and it was an essential progress 
when evaluators In different countries used the sane standard reference values for their 
evaluations. Tne standard data are recurrently reviewed bv suhcommittees of the 
International Nuclear Data Committee INDC and of NEANDC, t;ie nuclear Data Committee of 
the OECD Nuclear Energy Agency (NEA). In addition to the ENDF/b-formatted computer 
file, the "1982 INDC/NEANDC Nuclear Standards File" is being published b> the IAEA In 
the form of a handbook. 

2. The Japanese and subsequently also the West and East Europeans decided to adopt the 
American ENDF/B format, which can now be regarded as the International format for 
evaluated neutron nuclear <Jata< (Tor experimental nuclear data the international 
exchange format EJCFOR exists already since 1969.) At the OECD Nuclear Energy Agency the 
West European and Japanese evaluation efforts are now coordinated and з Joint Evaluated 
File, JEF, Is being created. 

The IAEA Evaluated Nuclear Data Library INDL was started in 1980 in F.NDF/B format. At 
present, INDL contains approximately 200 evaluations for 150 nuclides contributed from 13 
institutes in 11 countries. However, so far only about 30 of the evaluations are 'complete 
evalutlons' covering all rtactlons in the full energy range from 0 up to 15 or ?0 MeV. 
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INDL meets several purposes: 

1. It collects evaluations that are not part of one cf the large recognized libraries -
These evalutlons would be Ignored, if they were not made available through INDL. 

2. Considerable effort was devoted to convert eval'tations from special formats Into the 
International ENDF/8 format. This relates to the libraries SOKRATOR, BOSPOR and a 
collection of evaluations compiled earlier In EXFOR format. 

3. In the field of actlnldes neutron crobs-sectlons the IAEA organized an International 
coordinated -esearch programme with the result of a comprehensive actlnldes data library 
that can be used for fuel burnup calculations. This ENDF/B formatted file will also 
Include actLnlde decay data based on recommended values resulting from another 
international coordinated research programme. 

All the evaluations mentioned so far do not have the statue of Internationally recommended 
data. The library represents merely a collection o* existing evaluations. In the case of 
actlnldes, however, we have started a project of testing and validation of the neutron 
cross-sec'ion data in order to obtain an Improved and well tested с ata file. 

4. The first part of INDL which Is likely to be recognized as an internationally 
recommended fi'e Is 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 Issued in January 198?. An improved 
version 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, Is not a trivial 
problem. The work of an evaluator involves some elements of personal judgment about the 
reliability of nuclear «odels and experimental data. It may therefore be quite desirable 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 applications, a single International file Is essential in order to be able to 
compare results from different Institutes. 

As the evaluation efforts of the OECD countries are now coordinated in the projects of the 
libraries ENDF/B and JEF, the IAEA 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 libraries are distrinuted 
through the IAEA without any change to the data; INDL, on the other hand, is our working file In 
which we aim at improving the data by checking and hy updating with new experimental data, in 
close contact with the author of the original evaluation. In this case a clear documentation Is 
Indispensable for the original evaluation and for the subsequent Improvements performed. Data 
users are therefore advised to Identify the evaluations used not only by library name and 
accession-number (called "MAT" number in ENDF/S) but in particular also by the revision number, 
which shews 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 i ore 
data and more uptodate data will become available. The common format also allows the development 
of a rich fund of computer processing codes, which can he adapted to a variety of different 
computers* 

The main disadvantage is t'.at a common format necessarily represents a compromise 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 case we must enter in the file the hest approximation and must 
store additional Information elsewhere, „nd here we have two options: Either we can store 
additional information In a special section of the file, so that It is not lost hut does not 
disturb the ENDF/B processing codes. Or we can store 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 Important evaluations, for example reaction data of neutrons above ?0 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" subserles. 

First 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 be adopted for ENDF/B-6. It Is 
obv'oue, 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 coaputer codes avallaMe cover a wide spectrum of data checking, various format 
conversions, group data calculations, etc- A modern 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 which 
are available at the IAEA Nuclear Data Section. No evaluator can he expected to have all of 
these codes in operation, and we recommend a close cooperation between evaluator and data center 
which will assist the evaluator In the computerized checking of nls evaluations. 

The checking codes which we apply to INDL data, have two important purposes, 

1. to validate the accuracy of the data as presented In the ENDF/B format and insure 
that all ENDF/B conventions are corformed to, 

2. to validate the physical accuracy of the data by comparison to models and 
experimental data. 

The codes presently available are used in the following sequence: 

(1) CHECKER - ENDF/B format checking code. This code should be applied first and all detected 
errors should be eliminated before proceeding to use any of the other codes 
listed below. 

(2) FIZCON - ENDF/B physics checking code. This code includes a wide variety of checks to 
insure that the evaluated data is physically acceptable. For example, It is 
checked that the resonance parameters or Legendre coefficients given do not 
Imply negative values of the corresponding cross-sections. The consistency 
between reaction threshold rnd 0-values is checked, etc. 

(3} LINEAR - Reconstruct energy dependent, Doppler broadened crors sections from the sua of 
(4) RECEirT resonance and background cross section contributions- LINEAR converts all cross 
(5) SICMAl sections to linearly Interpolahle form, RECENT adds the resonance contribution 

and SICMAl may he used to Doppler broaden cross sections. The resulting cross 
sections may be compared to experimentally measured energy dependent cross 
sections. 

(6) GROUPIE - Calculate multlgroup cross sections for any arbitrary user-specified energy 
group structure. The result may be compared to experimentally measured broad 
energy group data. 

(7) EVALFLOT - Plot cross sections, angular distributions and energy distributions. Visually 
checking of data la a« extremely helpful means of checking on the consistency of 
data. 

(8) COMPARE? - Compare two evaluation bj examining the ratio of physically comparable 
reactions and indicating where they differ. This program Is a very convenient 
means of comparing different versions of the same evaluation (e.g. ENDF/B-IV vs. 
V) or evaluations from different evaluated libraries (e.g. KEDAK vs. ENDF/B). 

All of these codes are used at the Nuclear Data Section of the International Atomic Energy 
Agency in order to validate the accuracy of evaluated data, before it is distributed for use. 

These codes are also available to data evaluators or users from the NEA Data Bank. As a 
minimum evaluators should use program CHECKER in order to insure that their «valuation as coded 
In the ENDF/B format confirms to ENDF/B formats and conventions- Failure to do ao can result In 
an evaluation being improperly Interpreted by users. In addition to CHECKER, the physics 
checking code FIZCON is also highly recommended to evaluators. This code is now quite 
sophisticated and Is continually being improved to perform a multiple of physics validity teats. 

The two codes CHECKER and FIZCON are snail and very Inexpensive to run on a computer; as such 
the} are Ideal to use by evaluators. In contrast, the other codes (particularly LINEAR, RECENT 
and SICMAl) can be quite expensive to run and as such are better suited to use at a centralized 
data center, which provides evaluated checking services for users. 

The codes LINEAR, RECENT, SIGMAl and GROUPIE are also used by data users In order to process 
ENDF/B cross sections into a form that can he used in trans'art or diffusion calculations. 
LINEAR, RECENT and SIGMAl can be used to prepare energy dependent ".roes sections for use in Monte 
Carlo calculations and GROUPIE can be used to prepare self-shielded multlgroup constants. 
C0MPARE2 la a convenient code to use in order to determine how a new generation of a multlgroup 
library differs from the preceedlng library; this allows the data user to estimate which of this 
calculations may be effected by a change In data library. 
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In the past It becane evident that scat 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 their codes are uptodate. 

In the near future, the work related to the IAEA evaluated nuclear data llhrary will include: 

- to continue 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 val'datlrn of data in the fields of actlnldes 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* 

References: 

The nuclear data libraries 
IAEA-NDS-... documentation series 

IAEA-NDS-7 Rev. 1 (1982): 

IAEA-NDS-31 Rev. 2 (1982): 

IAEA-NDS-I2 Rev. 6 (1982): 

IAEA-NDS-46 (1982): 

IAEA-NDS-41 (1982): 

IAEA-NDS-10 Rev. 1 (19R1): 

IAEA-NDS-10/102 (1979): 
microfiche 

IAEA-NDS-39 (1981): 

IAEA-NDS-29 (19R0): 

INDC(KDS)-134 (1982); 

IAEA-NDS-34 Rev. 1 (1982) : 

IAEA Technical Report . . . 

held at the IAEA Nuc.ear Data Sect ion are documented in the 
Related to INDL are the fol lowing documents: 

Index of Nuclear Data Libraries a v a i l a b l e from the IAEA Nuclear 
Data Sect ion . (H.D. Lemmel). Rev. 2 (1983) i s in preparation. 

INDL/V - IAEA Nuclear Data Library for various neutron react ion 
c a l c u l a t i o n s In ENDF/B-5 format; contents and dor-tmentation. 
(V. Pronyaev, D.E. f ü l l e n , H.D. Lemrnel, P.K. McLaughlin, 0. 
Schwerer). Rev. 3 (1983) i s in preparation. 

INDL/A - IAEA Nuclear Data Library for evaluated neutron 
react ion data of a c t l n i d e s ; contents and documentation. 
(H.D. Lemmel). Rev. 7 (19ЯЗ) I s In preparation. 

IRDF-82, the International Reactor Dosimetry F i l e ; 
energy-dependent form. (D.E. Cul len, N. Kocherov, P.K. 
McLaughlin). Rev. 1 (1983) Is in preparat ion. 

TRDF-82, the Internat ional Reactor Dosimetry F i l e , multigroup 
form. (D.E. Cullen, N. Kocherov, P.K. McLaughlin). Rev. 1 
(1983) i s in preparation. 

ENDF/B Format, brief summary. (M.A. K h a l i l ) . 

Data Formats and Procedures for the ENDF/B-5 formet. 
(Edltor R. Klnsey). 

Summary of ENDF/B Pre-Processing Codes. (D.E. Cul l en) . 

ENDF/B Processing Programs. (N. DayDay). 

V e r i f i c a t i o n of nuclear c r o s s - s e c t i o n processing codes . (D.E. 
Cul len, W.L. Zl jp , R.E. MacFarlane). 

EXFOR-V, IAEA Evaluated Nuclear Data F i l e for various 
eva luat ions In EXFOR format. (K. Okamoto, 0 . Schwerer, H.D. 
Lemmel). 

( t o be published in 1983): The 1°P? INDC/NEANDC Nuclear 
Standards F i l e . (Edltors H. Conde, A. Lorenz, A.B. Smith). 

INDC(NDS)-127 (1981): Proposed recommended list of heavy element radionuclide decay 
data. (Editor A. Loren«) The 1982 edition is in preparation. 
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ОЦЕНКА СЕЧЕНИЯ РАДИАЦИОННОГО ЗАХВАТА БЫСТРЫХ НЕЙТРОНОВ НЕЧЁТНЫМИ ИЗОТОПАМИ НЕОДИ
МА, САМАРИЯ и ЕВРОПИЯ. 
Т.С.Беланова, А.И.Блохин, А.В.Игнатюк, В.Н.Кононов, Г.Н.Мантуров, Б.Д.Юрлов 
Физико-энергетический институт, Обнинск, СССР 

Аннотация. 

На основе анализа экспериментальных данных по сечениям радиационного захвата и 
систематики нейтронных и радиационных силовых функций получены рекомендуемые 
кривые сечений для изотопов I 4 3 ' I 4 5 N A , I47 , l49 ,T5I S m „ I 5 I , I 5 3 , I o F £ w 

в области энергий нейтронор до I МэВ. 

Нечётные изотопы неодима, сау~оия, европия относятся к числу наиболее важных про
дуктов деления, определяющих отравление активной зоны реактора. Для всех этих 
изотопов существует значительный разброс в оценках сечений захвата нейтронов, и 
устранение этого разброса оценок является весьма актуальным. Экспериментальная 
информация о сечениях радиационного захвата представлена на рис.1. Большинство 
измерений выполнены методом, основанным на регистрации мгновенных у -лучей зах
вата с применением техники времени пролёта или времени замедления длл определе
ния энергии нейтронов. В имеющихся экспериментальных данных наблюдаются некото
рые общие закономерности. В интервале энергий от 15 кэВ до 80 кэВ данные как 
правило согласуются в пределах экспериментальных погрешностей. Ниже 15 кэБ сече
ния, измеренные на электростатических ускорителях обычно идут выше других данных. 
Выше 100 кэВ наблюдается превышение над осталльными данных, полученных на линей
ных ускорителях электронов. Что касается результатов, полученных на спектрометре 
по времени замедления нейтронов в свинце, то они практически всегда лежат ниже 
данных других работ. Причины такого своеобразного поведения данных, повидимому, 
связаны с особенностями используемых экспериментальных методик. Более детальное 
обсуждение возможных погрешностей соответствующих методик и данных содержится в 
работе / I / , и эти погрешности принимались во внимание при проведении рекомендуе
мых кривых сечений захвата. Мы использовали общепринятую процедуру оценки сече
ний '2-4/ , основанную на соотношениях статистической теории ядерных реакций. Од
нако, в отличие от работ /2-4/ ' , требуемые очачения нейтронных S« и радиацион
ных S . силовых функций для различи:« парциальных волн определялись из совмест
ного анализа параметров изолированных реэонансов и средних нейтронных сечений 
в диапазоне энергий до I МэВ. При расчётах сечений учитывались вклады парциаль
ных волн с орбитальным моментом до 3 включительно, и оптимальные рекомендуемые 
кривые сечений находились методом максимального подобия. Энергетическая зависи
мость радиационных ширин вычислялась в предположении логенцовой зависимости 
функций дипольных переходов и плотности уровней модели ферми-гаэа с учётом кол
лективных эффектов / 5 / . В широком диапазоне энергий нейтронов чувствительность 
сечения радиационного захвата к различным параметрам расчётной модели разная. В 
частности, при энергиях до 50 кэВ ffc( En) определяется в основном значениями 

Ь© и So - ^Ри болеч высоких энергиях начинают играть заметную роль р - и d-
волны, и их вклад п^и £ п ^ I МэВ становится определяющим. Кроме того, уже ощу
тимым становится влияние принятой энергетической зависимости радиационных ширин, 
параметров плотности уровней и схемы уровней ядра-мишени. Полученные нами опти
мальные значения средних резонансных параметров представлены в таблице I . Соот-
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Таблица I. Оптимальны параметры статистического описания сечений захвата. 

Изотоп 
Параметр 

143 145 147 149 151 151 1ЬЗ 155 

I 0 4 S o 

IOJ.S, 
lÖ*.$i 
icf-s. 
fc ,фм 
а ,мэв~х 

ае<зо кэВ) 
мбарн 

<3*(30 кэВ) 
мбарн 

3.43 
0.30 
1.30 
33.4 
5.6 
13.1 

285 

10250 

3.43 
0.31 
4.65 
65.5 
5.0 
16.6 

482 

9620 

4.6 
0.15 
1.30 
420 
7.5 
18.79 

1650 

14260 

5.1 
0.30 
1.50 
900 
7.5 
20.1 

2602 

14960 

3.65 
0.25 
4.0 
1200 
8.0 
20.2 

г^94 

I28II 

3.70 
0.10 
2.5 
3200 
7.68 
20.26 

4092 

13371 

2.50 
0.24 
4.4 
2100 
8.16 
20.44 

3105 

12539 

2.35 
0.65 
3.5 
2200 
8.2 
18.0 

3146 

12503 

ветствупцие этим параметрам рекомендуемые 
кривые сечений радиационного захвата нейтронов 
ронов приведены на рис.1. Для сравнения 
на рисунке нанесена также оценка ЭЕМ&1-1, 
сопоставление которой с более ранними 
оценками других авторов / 3 - 4 / можно найти 
в работе / 2 / . Аналиэ имеющихся данных, тео
ретических расчётов и других оценок позво
ляет сделать следующие выводы: экспери
ментальной информации по сечениям захвата 
исследованных продуктов деления по-преж
нему недостаточно. Необходимы новые изме
рения сече «й как в области энергий нейт
ронов до 50 кэВ, так и при зн-n иях I МэВ, 
где надежные экспериментальны., данные 
практически отсутствуют, б)Различные оцен
ки сечений захвата продуктов деления ещё 
не удовлетворяют требуемой точности. Прак
тически для всех рассматриваемых ядер 
оценки не совпадают между собой, образуя 
полосу значений шириной в 20+3056. Это раз
личие существенно увеличивает в области 
энергии нейтронов * I МэВ. в)Для коррек
тировки оценок сечений захвата продуктов 
деления в последнее время привлекаются 
интегральные эксперименты. Для неодима 
и самария соответствующие изменения сред
них сечений захвата в одногрупповом пред
ставлении после учёта интегральных изме
рений показаны в таблице 2 . Можно видеть, 
что для RCN -2А / 6 / хорошо согласуется 
с нашей оценкой. Аналогичное согласие 
имеется между нашими результатами и от-

Рис.1. Совокупность эксперимен
тальных данных и рекомендуете 
средние сечения (сплошные кривые) 
радиационного захвата нейтронов 
нечётными изотопами неодима, са
мария и европия. Пунктиром пока
зана оценка 3CNOL -I (2). 
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корректированными сечениями EN0F/6-V / 7 / для 14^ЫА , *47,*4*5пг». Однако 
для этих элементов обращает на себя внимание значительное расхождение изменений 
одногрупповых сечений, требуемых в разных интегральных экспериментах, в частнос
ти на STEK и на ЕЬЯ>-2 / 6 , 7 / . То есть, имеющихся интегральных данных, по-ви
димому, ещё также недостаточно для однозначной корректировки результатов оценок 
микроскопических сечений захвата. 

Таблица 2. Спявнение сечений Сс , усреднённых по 
спектру быстрого реактора 5NR-300. 

Оценка RCN-Я RCM-2A ENDF-IV ENDF-V Настоящая 
'Изотоп / 3 / / 6 / / V П/ работа 

1 4 3 Nd 
1 4 5 Nd 
1 4 7

 Sra 
I 4 9 S m 
1 5 1 EU 

247 
•Э47 
1003 
1662 
1Ь26 

?28 
.361 
911 
1659 
I3Ü3 

241 

670 
1496 
1Ы0 

292 
352 
1042 
2050 

-

234 
384 
1094 
1823 
1659 
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РОЛЬ НЕСТАТИстичвсюис Э И Е К Г О В В ОЦЕНКЕ: СЕЧЕНИЙ РАдащионного ЗАХВАТА 

НЕЙТРОНОВ ИЗОГОНА!« ЦИРЮНШ И МОЛИБДЕНА 

О.Т.Грудзеяжч, А.В.Игнатюк, В.И.Пдясшн 
Фмзшно-8нергвт»чвси1й тнстатут, Обнинск, CCCf 

Аннотация 

Анализируется влияние модельных представлений о механизме захвата на описание 
энергетической зависимости средних сечений радиационного захвата бисрых нейтро
нов. 

Изучению нестатистических эффектов в радиационном захвате нейтронов в последнее 
десятилетие уделялось достаточно много внимании. Для -.-яда ад';:, оыли получены 
убедитёяышь докл.^ательстьс существования арос;,.огс ме':а:;/зме. валентного з-.Хп-. :г 
резонансных нейтронов / I / , а д;:я значит-,-;:i>j > •'. УЛЛ^'Л со-»скудное:Л ЛД-- „-6--ui-y-
£'.;ны оффикты, .:. ...„^'чльог^щне о /i;x-vibj;̂  .л/. .- • .и "•••;-. <Ч-::.Я1Х 'ЛУ.УИ:-,'.'Л:- ''..'•. 
d J ^ e i O I ' ^ [МуО.ц. - . л * с / . О ДНННОП T . i J O - — М Л ЛСГ-Л. ' . : У 'СУ--^ • 'TAeT^T/ С • V : " . у , " 

HLpu: +̂t-c;K--_-i' :-it. ;,'йуо-те.ы .-io,.-.- ^ho- j ro ..ч..^.л .• ;..;•:.; yjy енсчч;. • ;.-. .-.-'• 
нансам се^ни;': ".-.:•::••-IT-J НЬ^.ОЧОВ. 

h i записи м.' о:' г.Г1'.'!,,положениЙ о ;-.-r:.-;i._-
ных ширин :<;;':• .'iiaiicoi; соотнОЖгУ.я ..:. 
вить Е виде 

• ; . : ш ' :•< . 

;.-. у,-;:-.Д!-;-; 

1 'S*. ? + 
( < Статистическая * неетатистич<.::кая компоненты рйдич:д/'" .чч>. лиловых р/нкций t • / • 

-2Г1ГГ^'Ж/ Г)^Р i гДе 2)* ' ~ среднее- расстодни'. M--vy ;*зонансазд/ могу-; 
иметь совершенно разные энергетические зависимости, я также сильно отличаться 
своими флуктуационными свойствами. 3 частности для -валентного захьа-та нестатисти
ческая компонента радиационных ширин оказывается «коррелированной со входными 
нейтронными ширинами, и флуктуационная поправка f^r. определяется соотношения' 
ми, аналогичными каналу упругого рассеяния нейтронов. 
Рассмотрим описание средних сечений радиационного захвата быстрых нейтрояоа чет
но-четными изотопами стронция и циркония, в которых валентный механизм захвата 
проявляется наиболее сильно / 3 / . В табл.1 представлены экспериментальные зна
чения средних резонансных параметров для этих ядер / 4 / , и на рис.1 - соответст 
вуюшие расчеты сечений захвата. Чтобы получить согласие с наблюдаемыми сечениями 
в расчетах несколько варьировалась величина среднего расстояния между резонансаы] 
и найденные значения D'caa приведены в последнем столбце табл.1. На рис.1 по
казаны также результаты расчетов, выполненных в предположении о чисто статисти
ческом механизме захвата р -нейтронов, Даже для изотопа Sr • в котором не
статистические эффекты наиболее сильны, диаметрально противоположные предположе
ния о механизме захвата р -нейтронов сравнительно слабо отражаются на энергети-
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ческой мваожмоета полного сеченая захвата, а различия в абсолютной величине 
сечений легко устраняются вариациями J)eap • 
Таблица I . Средние параметра нейтронных резонаноов для изотопов с болшшн 

значениями шрян валентного захвата 

Чдро-
шиень 

'Зг 
'0„ 

.'.Г •2 , -..г 
Ч' г 

г/. 
мвВ 

2 2 0 t 50 
130 t 20 
I35± 20 
85 t 20 

/У, 
мгВ 

390 ± 90 
2 5 0 t 50 
220 t 50 
150 t 30 

ru! 
мэВ 

340 
120 
75 
75 

•"res, 
кэВ 

- 40 
8,6 t I i6 
3,1 t 1.0 
3,8 t 1.0 

Лрар, 
кэВ 

im 
2C 
3.C 

Валентная ширина оцен-.ча на основе каблвдаемых коэффициентов корреляций 
нейтронных и радиационных ширин резонансов / 3 / 

Таким образом в области энергий до 100 кзВ описание средних сечений захвата оп
ределяется главным образом „убором радиационных силовых функций S - и Р -ней--
,.снов, и вопрос разбиения их на статистическую и нестатистичзскую комлгк'злты v.'-. 
;:/;&-т зущестьенкой pcr-.i. Однако решение этого вопроса становится важным три пс— 
..:.•.?;,:. :: * •;,е-э эысозиы эолнаы, для которых мы не имеем прямой экспериментальное 
, :;;уыа..»и '.•. родиацисн;шх ниринах, Ооычно в расчетах радиационння: аи>*-.чь: четны* 
.. .j-'.к :*рднкмавтсл раанымя Г7 ; ' , а нечетных - / .,' . для яде), со значит-г/тышми 
•-: -сгатййти'^о.ними '-:фектамк результаты расчетов полных сечений захвата оудут 
., • .т.'.точкс -ил;ли зависеть от аримененил данного предположения к полным аиринам 
.!/., :ч.-::-.л;1 :•. их L та мистическим компонентам. Дм выбора между этими альтернатав-
^ щ .̂ .еддс.тожениями большой интерес представляли бы достаточно прецезионные из-
мерекид течений захвата нейтронов данными изотопами в области энергий дг. 1 МаВ. 
пх-<,ие рассмотренных выше гдер валентный механизм захвати нейтронов отчетливо 
и.-t .--льллот^: также г. изотопах молибдена / 5, 5 / . В этом случае, однако, его 
ь:иьд Й ките свальную ширину Г# оказывается заметно меньшим, чем в изотопах 
циркони,-, и соответственно более слабой будет зависимость результатов расчета се
чений от моделирования радиационных ширин четных и нечетных волн. Для изотопов 

95,97,98,100 J^Q ^ которые чходят в список наиболее важных продуктов деления, 
отравляющих топливо быстрого реактора, имеющиеся экспериментальные данные по се
чениям захвата представлены на рис.2 вместе с результатами теоретического описа
ния сечений. Использованные в расчетах резонансные параметры приведены в табл.2. 
[Таблица 2. Параметры нейтронных резонансов изотопов молибдена 

Ядро- Оценка DENDL-1 Настояпря оценка Анализ резонансов 
мишень /},мэВ Ц\эВ Г/,ыаВ Г/,мЛ ££,мэВ • # • * Я\ъЪ 

" f.'o 
•v.. 

"V, 
''•'''Mr, 

180 
170 
93 
75 

69,2 160 
72,3 130 

не приведены 85 
- « 7 70 

180 
150 
125 
90 

20 
20 
15 
0 

съ 
50 

И 50 
040 

80 ± 25 / V 
42 ± 15 / V 

950 * 150 / 4 / 
700 ± 50 / 8 / 
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Ч« 41 10 ЖМ»Ш У« IM* 

Ряс.2. Сечения радиационного захвата 
нейтронов изотопами молибдена. Сплош
ные кривые - данная работа, пунктир -
оценка 3ENDL-I / ? / 

B i d . Описание сечений радиационного 
захвата нейтронов в предположении чис
то статистического механизма (пунктир) 
и с учетом валентного механизма 
(сплошные кривые) 

Несмотря на определенные расхождения параметров наших расчетов и работы / 7 / , 
качество описания экспериментальных данных оказывается примерно одинаковым. Со
поставление этих экспериментальных данных с оценками других авторов содержится в 
работе / 7 / , и сравнительно слабое расхождение различных оценок позволяет сде
лать вывод, что для изотопов молибдена требуемая практическими задачами точность 
оценки средних сечений захвата быстрых нейтронов ~ 15* в области энергий до 
200 кэВ, по-видимому, достигнута. 
При более высоких энергиях на результаты расчетов сечений аахвата наряду с при
веденными радиационными силовыми функциями с( - и f -волн существенное влияние 
начинает оказывать выбор энергетической зависимости плотности уровней и сечения 
фотопоглощения. Ыак экспериментальные данные / 6 , 8 / , так и последовательные 
микроскопические модели / 9 / демонстрируют целый ряд значительных отклонений 
низхоэнергетичеохого участка сечений фотопоглощения от широко используемой в 
расчетах радиационных жирен лоренцовой параметризации хвоста гигантского резонан
са. Дальнейшее накопление экспериментальных данных по сечениям аахвата нейтронов 
в области энергий до 3 t 4 ИвВ представляет несомненный интерес для уточнения 
микроскопических расчетов ширин. 
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EVALUATION OP flSUTROIi NUCLEAR DATA POR SILICON 

D. Hermedorf, В. Faf f ra th , H. Phi l ipp and L. Keumann 
TU Dresden, Sektion Physik, Dresden, DDR 

1. In t roduc t ion 

An independent eva lua t ion of neutron nuclear data for S i l i c o n appeared des i r ab l e 
a f t e r 1975 by the reasons t ha t ava i l ab l e f i l e s offer c o n t r a d i c t o r y data and / or 
i n s u f f i c i e n t data to s a t i s f y oost recen t r e q u e s t s . This s i t u a t i o n has been r e 
viewed by the au thors formerly • Producing a r e -eva lua ted data f i l e care was 
paid to neutron-induced cha rged -pa r t i c l e and -d-quanta product ion c ross s e c t i o n s . 
Some prel iminary r e s u l t s have been published a l ready ' . In t h i s c o n t r i b u t i o n , 
we repor t on spec ia l methods applied to ob ta in the f i n a l se t of evaluated data 
for S i l i c o n . 

2. Neutron Cross Sec t ions In the Resolved and Unresolved Resonance Region 

In the resolved resonances energy range C i e r j a c k ' s da ta have been proved to be 
the most r e l i a b l e and beet resolved ones. S t a r t i ng from parameters taken from 
l i t e r a t u r e the resonance s t r u c t u r e has been f i t t e d by successive v a r i a t i o n of 
Single-Level-Breit-Wigner (SLBW) parameters . Within the l i m i t a t i o n s of the SLEW 
formalism a s a t i s f a c t o r y approximation was achieved in the range from 10" ' eV t o 
1.5*10 eV by an adjusted se t of parameters . 

The eva lua t ion of data i n the unresolved resonances reg ion proceeds from e x p e r i 
mental data smoothed by a Gaussian-shaped p r o f i l func t ion to reduce s t a t i s t i c a l 
e r r o r s . 

3 . Neutron Sca t t e r ing and Production Cross Sect ions 

To evaluate neutron e l a s t i c and i n e l a s t i c s c a t t e r i n g c ro s s sec t ions op t i ca l model 
as well as equi l ibr ium and preequi l ibr ium models applied convent ional ly have been 
used whereas angular d i s t r i b u t i o n s for i n e l a s t i c s c a t t e r i n g to low-lying l e 
ve l s were t rea ted by S t r e i l in terms of CCBA. Specia l care was taken to ca l cu 
l a t e neutron emission spec t ra r e s u l t i n g from m u l t i - s t e p p a r t i c l e emission. 

4. Charged P a r t i c l e Production Cross Sect-ons 

In most pe r t inan t s t ud i e s of data reouer ca the importance of cha rged -pa r t i c l e 
c ross sec t ions are emphasized for S i l i c o n . According to t h i s , a sys temat ica l i n 
t e r p r e t a t i o n of experimental data have been ca r r i ed out y i e l d i n g c lea r evidence 
for d i r e c t r e ac t i on con t r i bu t i on to ( n , p ) , (n ,d) and (n,o£) r e a c t i o n s ' , These 
modes have been inves t iga ted in terras of charge and mass-exchange r e a c t i o n models 
of knock-out and pick-up types in DWBA. 

Total cha rged -pa r t i c l e production c ross s ec t ions have been ca lcu la ted in terms of 
the extented H-P-raodel including c o n t r i b u t i o n from m u l t i - s t e p - r e a c t i o n s a l s o . So, 
the He-generation c ross sec t ion a t 14.8 MeV predic ted to be 200 mb compares f a -
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8) vourable with a value of 218+11 mb measured recently by Kneff e t a l . . 

5. Gamma-Ray Production Cross Sections 

Because of a stringent? lack of data any evaluation of **-ray emieaion cross sec 
t ions must re ly upon more ore l e s s jus t i f i ed theoret ica l ca lculat ions . Generally, 
a reasonable prediction can be achieved by the s t a t i s t i c a l model formulation for 
part ic le trans i t ions taking into account f-**J cascades in terms of Axel-Brink 
approximation for the strongest multipol orders of electro-magnetic t rans i t i ons . 
This concept y i e l d s good resu l t s for A-rays with trans i t ion energies below 10 
MeV roughly 3 \ 

At higher energies trans i t ion enhancements due to d irect modes became important. 
Formulations in frame of a pre-equilibrium model have been proved to produce data 
in better agieement with experimental ones . 

6. Data Compilation and Checking Procedures 

All data have been compiled and formatted according to BNBF/B-V. \t present some 
t e s t s are underway to check the numerical f igures against consistency and i n t e g 
ral measurements. A f u l l descriptors of the data scored in the f i l e i s in press 
10) 
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COMPILATION AND EVALUATION OP / n , t / CROSS SECTIONS 

Z.T.BSdy 
Institute of Experimental Physics, Kossuth University, Debrecea, Hungary 

K.Mihdly 
Training Reactor, Technical University, Budapest, Hungary 

A compilation and evaluation programme has been started to survey the 
available data. Some previous results are the following: 
1/ The vast majority of the experiments i s related to the l ightest elements 

/Li,Be,B/. E.g. about the third of the measurements concerns the Li /n , t / 
process i f one takes into account data at a l l energies. 

2/ For other elements the experimental data are very scarce. 
3/ Neglecting cross sections integrated for a broad energy range /the 

f iss ion average cross sections of Heinrich ' and those measuud by Qaim 
2/ using deuteron break-up neutrons ' / , the following statements appear to 

be true for the atomic number range lo -Z- Э'- > 
a/ Measurements were periormed on*/ for thirty elements or at least for 

one isotope of then. /In four cases for two isotopes of the same 
element./ 

b/ For more than the half of the elements there are no experimental 
data st a l l . There are wider atomic number ranges /Г"33-37, 53-56, 
62-67 And 69-78/ where no experimental data is available, 

c/ In the 14*2 *En- 14.9 MeV energy range 54 "гоов-sectlon measurements 
were performed. In addition to this In 7 cases upper l imits were given 
and In 8 cases partial cross sections were determined /lower l imi t s / , 

d/ Excitation functions /measurements at least for two energies/ were 
determined only in 8 cases, 

4/ Cross-section measurements by different authors frequently yield very 
different resul ts . The maximum discrepaoy can reach three order of 
magnitude / S, Ca/. These c ises uight be exceptional, however, a one 
order of magnitude deviation i s not unfrequent. In many oases — i f 
activation method i s uaed — high cross-section /n,2n/ or other reactions 
leading to the ваше product nucleus can increase the value of the meaa-

32 31 
ured / n , t / cross section. E.g. In the case of S the. P contamination 

sction. E.g. 
4on. + b . 39, and in the case of ''"Ca the '̂K contamination must be less than about 

o.ol % in order not to dlsturbe the results appreciably. 
A further probleme arises i f one uses the annihilation radiation» here 
the separation of the /n,t/-product radioactive nuclei from the d i s 
turbing other ones can only be achlved by the difference between the 
hal f - l ives . E.g. in the case of *°Ca the act iv i ty of /7 .7 min./ ^K must 
be separated from oat of /9.98 min./ resulting fron /n,2n/ reaction 
on the nitrogen in the a i r . 4 ' 

In accordance with a previous investigation^'lt can be stated that / n , t / 
cross sections on odd target nuolel are greater by about an order of mag
nitude than those on even target nuolel. /See F ig .2 . / For the Z>2o atomlo 
number region I t can be established that a l l experimental data are Inside 
in the following .Interralsi 
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76 exp/-9.2 g-Z / * 6 /n, t / * 2oo exp/-8.3 H=2. / /pb/ for етеп, 
45oo exp/-23.5 g-g. / * ^ /r , t / i 54oo exp/-13.9^H-2 / fpb/ for odd 

target nuclei. 

.03^r 

i : 

IT 

19 

IT ? 
I« 

il in H j o 

-I 1—4 k—M M 1—I- I I t I 

BTsi?i?b№^ 
L'BoBC NAlS KCaTiCrtFe|N;CuZnGeSrYZrNb|Rhf CaSnT« lof Ei Ml i'o U 

Mn Co Mo Pd Pf A. 

Pig.lo Cross sections for / n , t / reactions at 14 MeV. 
The quality of the empirical for
mula of (Jain ' 
6'/n,t/-4.52/A/S+ l/2exp/-lo N-Z / 

and that of Woo7/ 

6'/n,t/-7.684/A'l/+ l/2exp/-13 N-Z / 
A 

was analysed. /Both fonaulae give 
cross 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 2o<Z^44 
the formula of Qaim is better, 
while for Z>44 Woo's formula is 
preferable. For odd nuclei the 
calculated values should be multi
plied by about ten in order to have 
a reeonable estimate /except 5T1/. Pig.2. Dependence of 6a,t on N-Z. 
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The measured data of excitation functions were described by fumtions of 
the form eip/ax + bx + o/ with f i t ted parameters a; b and o. /See Table 1. / 
Here x - / A En + Q/~*, where En t bombarding neutron energy / i n lab. 
system/, A T+fflaes number and Q : reaction energy /In cm. system/. 
Table 1. Empirical and 
target Q 
nuclei /MeV/ 
27A1 -10.92 
32S -12.72 
4oCa -12.92 
55Mn -9.32 
59Co -8,92 
58Ni -11.12 
93Nb -6.22 

p a r a 
a /MeV/ 

-5.00 
-30.57 
-7.47 
-58.25 
-27.95 
-34.81 
214.09 -

semi-empirical excitation function parameters. 
m e t e r s 
b /MeV/ с 
2.21 8,29 
24,39 2.28 
4.25 4.71 
37,67 1.74 
Ю.43 6.9o 
9.31 9.32 

151.77 32.85 

energy range 
/MeV/ 

13.5 - 19.5 
14.5 - 2o.o 
14.5 - 2o.o 
13,5 - 15.5 
14.5 - 19.0 
13.5 - 15.5 
14.5 - 19.0 

comment 

pure empirical 
pure empirical 
pure emp.^only 
semi-empirical 
semi-empirical 
semi-empirical 
pure empirical 

The parameters of Table 1. with the prescribed function give the cross 
sections in microbams. The "pure empirical" excitation functions are re
commended in the given intervals except The "semi-empirical" ex
citation functions are the Hauser-Peshbach calculations of Sudar ' f i t ted 
to the experimental points. 

In order to develop a semi-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 
a /nearly/ linear dependence was established: 

/d In б N • ot + /3z, where J*= -0.667 MeV-1 and fh = o.o56 MeV"̂  
\ IE / E=5 MeV 
The reason for choosing just 5 MeV excess energy i s that around this 
energy value we have common interval where al l /used/ excitation functions 
have measured values. The above linear form has a theoretical basis: i f we 
want to describe the energy dependence by the product of the Gamow penetra
tion factor — exp/- B/E/"**Z/ — and a slowly varying function /f/ of E, 
then we have 

/ d l n 6 \ о /f» + 1 BZN m a£ + fb' Z , with / i ' - o,o76 MeV"1 . 
V ЯП / E-5 MeV \7 2 £W E*5 MeV 
The constant aCcannot be determined without knowing f. It can be seen that 
although /bf ft , the two values are near each other. 

By using this result for the 13 * Z * 28 region, one can estimate a 
cross-section value / 6/ at & - E + AS from the value of the cross section 
/ 60/ at EQ. Let us denote by у the quantity /o£+ fb Z/ ДЕ , then we have 

6'60 / 1 + y/ for y > o , / 1 / 
tf- 60 / 1 + l y | / - 1 for y < o . / 2 / 

A pure empirical observation that instead of eq. /2 / we can use 
6.6o / 1 +|y|/exp/2y/ / f o r y < o / / 3 / 

and reach a far better result If ly/ i s nearer the unity than zero./For 
small arguments the two formulae yield about the same result . / Otherwise, 
eq.,/1/ has a precision, better than 7 % tor AS - o,5 MeV and better than 
15 % for AS m l .o MeV, Similarly, eq . /2 / gives values within 2o % for 
ДЕ • -0.5 MeV and within 85 % for ДЕ • - l . o MeV. These later two pe>-
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centagea should be compared to 11 % and 2o % obtained from eq. /3/ for thd 
ваше energy differences. 

The authors wish to acknowledge the financial support of the International 
Atomic Energy Agency, Vienna, under contract Bo. 3114/RB. 
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COLLBCTIVS ЕШ1ТАТ10В IH HEUTROH SCATTBRIHG 0 1 2 8 - S I FOR BHERGIES 
6 .8 TO 14.8 HEV 
T. Streil, D. Schmidt and D. Seellger 
Technische Universität Dresden, Sektion Physik, Dresden, DDE 

1. Introduction 

The direct excitation Is known to give an essential contribution to the reaction 

mechanism in neutron scattering on lowlylng collective states in the target nuc

leus. 

The aim of the present work is the theoretical analysis of the experimental data, 

obtained under the same conditions with a consistent set of parametere in a wide 

energy end including higher excited states to get more information about reac

tion mechanism and also the nuclear structure. 

2. Experimental procedure 

The differential cross eections were measured with the 
tandem fac i l i ty in the CINR Rossendorf. The measure
ments were carried out with a computer-coupled multi-
angle TOP-detector system consisting of eight de tec-
tors 1 ' 2 > . 
The background from elast ical ly scattered non-monoener-
getlc neutrons of deuterium gas target ^' have been 
into account for the calculation of the cross sections 
of higher inelastic neutron groups using a special 
computer code. 
The 14.8 HeV data were measured at a 150 keV DT-genera-
tor *>. 

3 . Analysis of the experimental data and conclusions 

The aim of the theoretical interpretation i s to show, 
that the superposition of compound and direct reaction 
contributions Including multlstep processes describes 
sufficiently well the experimental data in the full 
energy range called above. As shown in refs . 1 »'» 6 ' 
the HP-contribution as well as the CC-part have been 
calculated using the same energy-dependent imaginary 
term * e(S) - 0.6«B. 
The nucleus 28-31 has an interest intermediate posi
tion between nuclei with typical rotational structure 
(as 24-Mg) and ones with vibrational mode in the col 
lective excitation (as 32-S) " . The analysis has been 
performed for oblate and prolate gro nd state deforma
tion, respectively (see f i g . 1) , and shows that the 
ground and f irs t 2+ state angular distributions can be 
described quite well in both the cases. If the higher-
excited states are included, the analysis points out a 

nl"Si En*K>0iO06Mrt 

i x -] к к <.x 

в.Л'в! 

Mg. 1 
Angular dietr . to 0 ,2 , 
4 , Г , 2 1 , г : level (- -HP, 
• ••CC; xxxffC; —H?+CC ; 
-•-НР-ЛС). 
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GO 1 
Flg. 2 . Couplinj 

s l i g h t l y preference of the prolate 
g . s . deformation. For t h i s ca lcu la 
t i ons the coupling scheme due to f l | 
2 has been used. As shown in re f . 
the 2? and 4t s t a t e s are excited 
dominantly from the g . s . (see coup
l ing Cs '1 ) . The 2 j , 2 l doublet wae 
interpreted in the following way: 
the 2t state i s assumed to be the 
member of a rotat ional band Гormed 
in a second minimum of the a x l a l l y 
deformed potent ia l . Than the it 
vibrational s ta te i s coupled th th i s rotat ional band 
(see Cs2). As seen in f i g . 1 the ca lculat ions for tLis 
doublet are s ens i t i ve with respect to deformation mode, 
whereby the assumption of a prolate g . s . deformation | 
and the oblate deformed second minimum of the potential^ 
energy using Ca2 g ives a good descr ipt ion. The de pen- ш 

dence of the react ion mechanism from the bombarding 
energy can be conclude from the exc i ta t ion functions 
related to the excited s t a t e s resolved. P ig . 3 shows 
for the 3? l eve l a d irect contribution which i s already 
at В »12 MeV In the same order as the HP-part and о 

:* E (lieY) p ro la te obla te 
1 * П 1.ЛП 

a,=+o.ie в2=-о.ча 

.0.48 tf-rfO 48 
Tib =>.2 

b =0.3 

"=0.25 
Ь=0.3 

" Л . 2 5 

c s 3 
С Ca' ( without coupling -« •• ) 

ElMeVI 

doesn't change e s s e n t i a l l y with energy. The compound 
part decreases strongly because of the rapidly increa 
sing number of open channels, thus the d irect mecba-

Pig. 3 
Bxcltation function to 
the 3* level (for nota
tion «ее fig. 1,A , A 

nlsm will be dominant relatively. The dlreot excitation angle Integrated experl-
shows threshold behaviour. It Increases after opening «ental cross sections). 
of the Inelastic channel, but than a decreasing occurs 
by coupling to the higher-lying states. 
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НЕУПРУГОЕ РАССЕЯНИЕ НЕЙТРОНОВ В ОБЛАСТИ ЭНЕРГИЙ 5 - 8 МэВ НА ИТТРИИ 

С П . Симаков, Г.Н. Ловчикова, В.П. Лунев, O.A. Сальников, С.Э. Сухих 
Физико-энергетический институт, Обнинск, СССР 

Аннотация 
Методом времени пролета измерены дважды дифференциальные сечения неупругого рассеяния нейтронов с энергиями 4,86; 6,08;"7,02 и 7,94 МэВ на иттрии. Приведены основные параметры спектрометра, кратко освещены методики постановки эксперимента и обработки первичной информации. Проведено сравнение полученных результатов с данными других авторов. Теоретический анализ показал, что реакция неупругого рассеяния нейтронов протекает посредством двух механизмов -статистического и прямого. Расчеты сечений выполнены по модели Хаузера-Фешбаха и в рамдах борновского приближения искаженных волн. 

I. Эксперимент 
до 

Дважды дифференциальные сечения неупругого рассеяния нейтронов на Y измерены 
с начальными энергиями Е0 = 4,86 ± 0,06; 6,u8 ± 0,07; 7,02 ± 0,08 и 7,94 ± 0,09 
МэВ под шестью углами рассеяния 0'= 31°, 46°, 61°, 91°, 121° и 151° (при Е0 = 
7,02 МэВ дополнительно еще под углами #'= 76°, 106° и 136°). 
Эксперимент выполнен методом времени пролета. Источником нейтронов служила га
зовая тритиевая мишень ', бомбардируемая импульсным пучком протонов из ускори
теля ЭГП-ЮМ. Длительность протонных сгустков на мишени -»-I не при частоте сле
дования 5 МГц и среднем токе 1,5 мкА. При давлении трития в мишени 2 атм в цен
тре рассеивателя, расположенного на расстоянии 16 см от мишени, создавался 
поток нейтронов /~-6» 10 н/см . с. Исследуемый образец (рассеиватель) был вы
точен из металлического иттрия в форме полого цилиндра с размерами: внешний 
диаметр 4,5 см, внутренний - 3,0 см, высота 4,4 см. Образец содержал 1,94 моля 
ядер °*Y • Рассеянные нейтроны регистрировались на пролетной базе 200 см 
сцинтилляционным детектором, окруженным массивной защитой. Полное временное 
разрешение спектрометра составляло 3 * 4 не. Эффективность нейтронного детек
тора определялась по спектру нейтронов спонтанного деления (^/(предполага
лось, что его форма описывается распределением Максвелла с температурой Т -
1,42 МэВ 2 ' ) . Абсолютные значения сечения реакции jf(n,tV) получены из их 
привязки к сечению п.- Р рассеяния \ Мониторирование отдельных измерений осу
ществлялось по спектру сцинтилляционного детектора, регистрирующего выход ней
тронов из тритиевой мишени под углом 49° на пролетной базе 410 см. Разделение 
упруго- и неупругорассеянных нейтронов проводилось во временных спектрах. Фор
ма пика упругорассеянных нейтронов определялась на основе измерений спектра 
прямого потока нейтронов из мишени под углом 0°. 

В дифференциальные сечения рассеяния вводились поправки на ослабление и много
кратные взаимодействия нейтронов в образце. Необходимые для этих расчетов се
чения взаимодействия нейтронов с иттрием при энергиях меньших 5 МэВ взяты из 
комплилляции *'. Из дифференциальных сечений неупругого рассеяния получены 
полные сечения 6 ^ , для чего экспериментальные спектры экстраполировались в 
область ниже пороговой энергии гкеперимента 0,6 МэВ в соответствии с распреде
лением Максвелла. Параметр этого распределения Т определялся в интервале 
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энергий рассеянных нейтронов Е 7 = 0,6 - 2,0 МэВ. Значения Т и(£пп>приведены в 
табл. I. Численная информация о дважды дифференциальных сечениях неупругого 
рассеяния и дифференциальных сечениях упругого рассеяния нейтронов (~1300 то
чек) направлена в Центр по ядерным данным (г. Обнинск). Методика измерений и 
обработки данных более подробно излагалась в предыдущих работах '. 

Таблица I. Параметр Т и полные сечения неупругого рассеяния нейтронов 
для 8 9 у . 

Е0, МэВ 
Т , МэВ 
б^г.', Ь 

4,86 * 0,06 
0,72 ± 0.G4 
1,73 ± 0,14 

6,08 ± 0,07 
0,56 ± 0,03 
1,89 ± 0,15 

7,02 ± 0,08 
0,70 ± 0,04 
1,97 ± 0,16 

7,94 ± 0,09 
0,68 ± 0,04 
1,80 ± 0,14 

Сечения рассеяния нейтронв на иттрии в рассматриваемой области энергий ранее 
измерялись авторами работ 6 " '. В работе ' при EQ = 6,04 МэВ получено 

<£пЛ = ( 2,3 ± 0,3)5 и Т = (0,56 ± 0,06) МэВ, а в работе 7) при Е0 = 9,1 МэВ -
£ .= (1,88 ± 0,21)5 и Т = (0,69 ± 0,05) МэВ. Как видно, эти данные совпадают 
с результатами настоящего эксперимента в пределах погрешностей измерений. В 
работе ' измерены сечения возбуждения отдельных уровней (групп уровней) ° у 
при неупругом рассеянии нейтронов с энергиями от 4,19 до 8,56 МэВ. С целью 
сравнения эти сечения были распределены по энергии возбуждения остаточного 
ядра в соответствии с функцией энергетического разрешения нашего спектрометра. 
Полученный спектр показан на рис. I вместе с данными настоящей работы. Прини
мая во внимание разницу начальных энергий, можно отметить хорошей согласие 
интегральных спектров, полученных в двух экспериментах. 

1,0 

п 

£ 
э. 
Ю 0! 

/ 

0.1 

( 

. .... ,,.. , г , г 

а А Ао° 
о»ЬР 

Р ас 

рс ? ff 
О 
• 

» 

0 в 

0 

i ОО00° 

• К * оо 0о0
в 

0 1 °о«в 

л* " 
• • • « 

* о«оР" 

Э 1 2 3 4 
U, МэВ 

• 

1 
0°° 

. 

• 
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Рис. I. Сечения возбуждения 
состояний в ядре у " при 
неупругом рассеянии нейтро
нов. Данные работ: 
а) + - 8), Е0 = 5,00 МэВ, 

о - настоящей, й0 = 
4,86 МэВ, 

б) t и х - 8>, Е 0 = 5,50 
и 6,44 МэВ, 
о - настоящей, Е0 = 
6,08 МэВ 



- 2o8 

2. Теоретический анализ 
Анализ сечений неупругого рассеяния нейтронов на иттрии проведен в предположе
нии, что взаимодействие быстрых нейтронов с ядрами происходит посредством двух 
механизмов: статистического и прямого. Справедливость такого подхода ранее де
монстрировалась на других элементах ' . 

Сечения неупругого рассеяния в рамках статистического механизма рассчитывались 
по медели Хаузера-Фешбаха (ХФ), алгоритм которой реализован в программе СМТ-80 

К В расчетах использованы параметры оптического потенциала Лагранжа \ 
подобранные по совокупности экспериментальных данных о взаимодействии нейтронов 
с Л^в диапазоне энергий от C.UI до 2G МэВ. До энергий возбуждения 3,8 МэВ в 
раглках статистической модели рассматривались переходы на дискретные состояния 

ро* * то л 
ядра J '. Выае неизвестная схема уровней моделировалась функцией плотности 
состояний, предсказываемой моделью ферми-газа *•*', так как при таких энергиях 
возбуждения парные корреляции сверхпроводящего типа в ядре ^ г отсутствуют, а 
влияние оболочечных эффектов не существенно. Параметр энергетическо«1 зависимо
сти плотности состояний Д, эффективное смещение энергии возбуждения А и f-'омент 
инерции ядра ^(выраженный в единицах момента инерции эквивалентного твердого 
кара) определялись из условия наилучшего описания энергетических и угловых 
распределений неупругорассеянных нейтронов (для анализа были взяты ниэкоэнер-
геткческие части спектров S < 2,0 * 2,5 :,1эВ, где вклад прямого механизма не 
значителен). Для ядра b 9Yзначения параметров плотности уровней получились 
следующими: а = 6,9 МэВ-1, Д = 1,8 ± 0,2 МэВ, »^= ь,45 ± 0,30. 
Расчет сечений неупругого рассеяния нейтронов в рамках прямого механизма про
водился в первом порядке борновского приближения искаженных волн (БПИВ), Форм-
факторы прямых переходов рассматривались в макроскопическом подходе - обобщен
ной модели ядра. Возбужденные состояния вибрационной природы характеризовались 
мультипольностью и четностью Д ти параметрами динамической деформации й\. В 
расчетах по методу БПКЗ использован такой же нейтронный потенциал, что и в рас
четах по модели ХФ. Значения А и ß взяты из аналогичного (макроскопического) 
анализа сечений реакции Л'Чр, р') при энергиях протоков 24,5 МэВ **' и 
20,5 МэВ 15'. Следует отметить, что исследования природы первых возбужденных 
состояний в ядре у в микроскопическом подходе I*_I°J показывает, что эти 
состояния имеют одночастичный характер или промежуточный между одночастичнын 
и коллективным. В таких случаях расчеты в рамках обобщенной модели следует 
рассматривать как параметризацию вклада прямого механизма рассеяния. 

В табл. 2 приведены результаты расчетов сечений неупругого рассеяния нейтронов 
на иттрии по модели ХФ и методу БПИВ с указанными выше параметрами. 
Для удобства сравнения с экспериментальными данными, расчетные сечения возбуж
дения дискретных уровней были распределены по энергии в соответствии с функ
цией энергетического разрешения спектрометра. Полученные интегральные спектры 
и угловые распределения неупругорассеянных нейтронов показаны на рис. 2 и 3. 
Как видно на рисунках и из данных табл. 2, статистический механизм является 
доминирующим в реакции неупругого рассеяния нейтронов с энергиями 5 - 8 МэВ на 
иттрии. Однако, с ростом начальной энергии в высокоэнергетической части спектра 
станорчтся заметным вклад прямых процессов: энергетическая зависимость спектров 
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становится более слабой, а угловые распределения приобретают направленность 
вперед. 
Таблица 2. Расчетные сечения неупругого рассеяния нейтронов на V " . 

Сечения даны в мб, энзргии - МэВ,в(.-в%. 

E ö 

4,86 
6.G8 
7.Ü2 
7,94 

Ü,9<UA<2,9 

55 
57 
57 
56 

6 БПИВ 
3,I<ÜX<4,6 
Н™ <5) 

24 
31 
34 
33 

0,9<17д<4,6 

79 
88 
91 
89 

б'хФ 

1884 
1836 
1843 
1848 

<я •-
*-'п« -

<^ХФ + 

^ БПИВ 

1963 
1924 
1934 
1937 

• б* БПИВ скг р бпи1 

4,6 
4,7 
4,6 

Рис. 2. Сечения возбуждения состояний 
в ь у у при неупругом рассеянии нейтро
нов. 
ОАО,* 

4 5 6 
и.МзВ 

экспериментальные данные, 
расчетные кривые : - - - - по модели 
ХФ, - сумма ХФ и БПИВ. 

Рис. 3. Угловые распределения нейтро
нов неупругорассеянных на у с е ч е 
ния проинтегрированны в указанных ин
тервалах энергий возбуждения У ) 
при Е0 = 4,86 (а),* 6,08 (б); 7,02 (в) 
и 7,94 МэВ ( г ) . 
о - экспериментальные данные, 
рассчетные кривые: 

- по модели ХФ, 
по методу БПИВ, 
сумма ХФ и БПИВ. 

'0 JÖ 60 90 «20 «О «О 0 30 60 SO »й> «О »W 
6««. <Г*Э в»». Ч* 

Т) М » » I» « «О Ч) Л 60 90 120 ЯО «О 

а). б). в). «•>, Ч> г) . 
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При расчетах сечений прямых переходов следует иметь в виду различие параметров 
£ х ПРИ рассеянии протонов и нейтронов. Эти отличия объясняются вкладом изовек

торной компоненты ядерных сил ' и для состояний коллективной природы получили 
убедительное подтверждение в соответствующих экспериментах ' . В частности, 
для ядер с заполненной нейтронной оболочкой jj = 50 ( ^ Г ' ^f^ отношение па
раметров квадрупольной деформации, извлеченных из рассеяния нейтронов и прото
нов, составляет ß 2 / * = 1,2. Для состояний одночастичной природы такие от
личия могут быть еще значительней * К Нижайшие состояния в B ° Y (ty^ 2 М э В) м0~ 
гут быть рассмотрены как одночастичные переходы в протонной оболочке ' , по
этому учет изовекторной зависимости ядерных сил улучшил бы соглосие результатов 
расчета и эксперимента в высокоэнергетической части спектров. 
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BLOCKING EFFECT AT FINITE TEMPERATURE FOR SPHERICAL NUCLEI 

W. Auguatynlek 
Laboratorio Oatl Nucleari del ENEA, via Mazzini 2. 4ol38 Bologna, Italy and 
Institute of Nuclear Research, Hoza 69, 00681 Waraaw, Poland 

1. Introduction 
Experimental data on level densities have been analysed traditionally by sta
tistical «ethod. Frequently used, alaple analltlcal formulae with adjustable 
paraaeters were derived froa schematic assumptions like equally spaced and 
non-degenerated single particle states '. Great progress was Bade in cal
culation owing to the BCS procedure with equidistant single particle state 
4" 5) or realistic set 6 ~ 7 ) , 

In the closed analitical formulae it has been found possible to reproduce 
the experimental level densities of neighbouring doubly even, odd-A end doubly 
odd nuclei by a proper shift of excitation energy. Also Behkami and Huizenga -
using the 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 
consisted 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 wee found by Abboud et al. '. 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 accounts for the fact 
that in vicinity of the closed shell, the addition of an odd nucleon affects 
the properties of highly excited nuclei. 

Maiho et al. ' 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 parameter. 

In this paper the blocking method for spherical nuclei with Aarбо was in
vestigated. The calculations have been made without adjustable parameters for 
two sets of single particle states: Seeger (data from Hlllman and Grover ' ') 
and Seeger-Howard . Three mentioned above methods: Behkaml-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 grand partition function method for the 
system containing the pairing interactions. This method was discussed In de-
tail in many papers '. 
The density of states for odd Z(N) and even N(Z) nuclei ui was determined from 
the density of states of doubly even nuclei Oe„- calculated with the blocked 
two single particle states with energy £„ . It was defined in the following 
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иау: 

b o i Z f l . N j U j - ^ Z C O j U . N . U ) , (1) 
К 

where N , 2 его even. 

The ground state energy was ca lculated according t o : 

E g U * \ * > - M i n t ^ U . N ^ t J - £*"• + eKo (ie) 

The e x c i t a t i o n energy then becoaes 

Ü - E t 4 • € k - E^*» v e ^ . (lb) 

A l l values labeled by t i l d a in th is paper were ca lcu la ted wi th blocked s ingle 

p a r t i c l e s ta tes - the s tates wi th the same quantum nuabere except for the sign 

of the spin p r o j e c t i o n . As can be seen froa foraulae ( ) ) • (Ja ) end (Jb) the 

densi ty of statee for odd-A nuclei was def ined by set of theraodynaalcal ayateaa 

wi th d i f f e r e n t degrees of freedoa created by blocked s t a t e s . Foracle (1 ) aay be 

extended to doubly odd nuc le i by changing the s ingle sua to a double sua: 

o ( £ тЧ, N^-1) - £_ W 6. . ( . 2 . N ) . (2) 
k,i_ fcv>fct ' 

where ^ K and &, aean energies of blocked s ta tee i n neutron end proton systeas . 

I t i s easy to expect, keeping i n aind the exponent ia l behaviour of the funct ion 

u i ( U ) . tha t only few teres of that sua w i l l be s i g n i f i c a n t . However, a degenera

cy of e ing le p a r t i c l e s ta tes resu l ts i n a d d i t i o n a l s i m p l i f i c a t i o n . For that 

reeaon foraulae ( 1 ) aay be r e w r i t t e n : 

tt t l * 1 # N , U ) - E l 2 j u » " » ) « 4 t 2 , N , U ) , ( 3 ) 

where: L ( n , L . j L ) i s the index of subshal l ; £, and J L are energy and spin of 

s u b s h e l l . Looking i n f o foraulae (3 ) i t is easy to deduce that the function of 

the l e v e l denaity and spin d i s t r i b u t i o n w i l l be determined by the set of spin 

c u t - o f f parameters: 

(*) 

(5) 

3 . Results and discussion 

I n t h i s sect ion a eoaparlson of the l e v e l dens i t i es ca lcu la ted i n aicroscoplc 

theory wi th experimental ones 1 4 » , 5 ' 1 6 > f o r
 5 5 м п , 5*Co and 6SCu n u c l e i l a p r e 

sented. The ca lcu la t ions were c a r r i e d out wi th two sets of s ingle p a r t i c l e 
s t a t e s : the one of Seeger's and the other of Seeger-Howard's. The pa i r ing I n 
t e r a c t i o n constants 6 »5.12 A - 0 * 7 4 1 and G »4,o4 A * 0 , 7 3 4 i7K determined for 

P P 
N l lason 's set froa the aass d i f ferences In a wide range of A, have been used. 
Add i t iona l analysis of mass d i f ferences for A * 6 o , performed with Seeger's set 
and Vapstra data ' gives the values for these constants being i n reasonable 
agrseaent with those chosen in c a l c u l a t i o n s . A l s o , the comparison of e x p e r i 
mental l e v e l s dens i t ies wi th t h e o r e t i c a l ones for F e , N i approves used 
paraae te re . I t should also be noted that for Seeger 's set the superconducting 
parameter« obtained i n t h i s paper ars consistent w i th adjustable ones of r e f . , 
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For 5 6 Fe there are equa l : u n » l . J 3 MaV, др»..!.58 t h i s paper and д п « ч . 1 MeV. 
A p » 1 . 4 MaV r e f . ( 8 ) . 

I n order to present the v a l i d i t y of blocking method for odd-A i t I s necesea-
ry to check the used paraaetere . The coaparison of experimental l e v e l density 
with the theory for 56, 

,/ 

>-'Л 

о-ч- Ж «„., „,,., 
О ! /f. « ;ь-ц.. г , - 9;-

LX. 
EXCITATION ENfM»V.Mav 

F i g . 5 Coaparison of experimental 
l e v e l density of 5 6Fe with the 

Fe has been phown i n f i g . 1 . As can be seen the micros
copic theory works bet ter with Seeger and 
Seeger-Howard then wi th Nilason s e t . The 
s i m i l a r descr ipt ion has been obtained also 
for on other even-even nuclei from th is 
reg ion . Apart fron the good descr ipt ion of 
experimental data provided by the theory 
with Seeger and Seeger-Howard s e t , the l e v e l 
densi t ies predicted by theory l i e higher 
than experimental ones at low e x c i t a t i o n 
energy but lower than experimental ones at 
low e x c i t a t i o n energy. In the end of the 
discussiot of parameters i t should be em
phasized that the theory i s very sens i t ive 
to the G v a l u e s . An io% change of the G 
value could change the resul ts of the c a l 
culat ions by more than a factor 2 . 

I n the f i g s . 2 a , 2b and 2c, the comparl-
cc eg 

son of the experimental data for Mn. Co 
and Cu wi th three ca lcu la t ion methods: 
Behkaai-Huizenga, Abboud e t a l . and the 

microscopic theory including the 
nuclear pai r ing i n t e r a c t i o n . The 
ca lculat ions «ere performed with 
single par triple s t a t e s , of 
Nilsson 5 1 ) , Seeger * ' and 
Seeger-Howard 1 3 T . 
blocking method have been shown. The Behkami-Hulzenga ca lculat ions have been 

19) done with Seeger-Perisho set , Abboud et a l . with Seeger-Howard s e t . I t can 
be seen that the data predicted by the blocking method are higher than the 
o thers . 

Behkami-Hulzenga conclude that the methods consist ing i n the energy s h i f t 
and reducing superconducting parameter are equ iva len t . They found that the 

55 l e v e l density for Mn may be described by 2 .0 MeV energy sh i f t or by 5o% 
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F i g . 2 

Coaparison of the experimental 
l e v e l densi ty wi th microscopic 
theory inc lud ing the nuclear p a i r i n g 
i n t e r a c t i o n . The c a l c u l a t i o n for 
the blocking nethod were performed 
r i t h Seeger 'a and Seeger-Howard'a 
s e t a , f o r Abboud Method wi th 
Seeger's one. 

Fig. 2c 
reduced Д ^ for Fe. For the pair of Co and N1 this numbers are equal: 
1.2 MeV and 58%. However it is easy to find certain correspondence between the 
method of Behkaml-Huizenga and Abboud et al. If the averaging is omitted and 
"shell shift" neglected the Abboud et el. and Behkeni-Huizenga methods will be 
equivalent. Th< shell ahift is snail for nuclei far fro« the closed shell but 
important ' for the nuclei near the closed shell and produces the fictive 
ground state. However, there may be found some points of similarity and contrast 
between the Behkami-Huizenge method end first term of the blocking method. In 
the case when the calculation will be done with the same set of single particle 
levels and G values the observed difference in the slope coaes only from the 
blocked state. 

From the analysis of particular terms of the blocking method it need be noted 
that for Mn only one term is important, just opposite to Co and Cu where 
only at low excitation energy the total level density is mainly determined by 
one tera. 

The blocked levels generated a different structure of accesible single par
ticle states. At low excitation energy it would change also the superconducting 
parameters. Therefore at low excitation energy the irregular behaviour at par
ticular terms are observed. At high excitation energy, where auperconductlng 
effects vanish, only the influence of changes in the sets particle states are 
expected. The curves are much more regular but .--»rallel only if l€ K-€ Ll«'u. 
The exact numerical values of all contributions for excitation energies: 5, lo, 
35, 2o, 25 and 3o MeV have been shown in table 4. This information completes 
of table 2, where characteristics of configurations at T • 0 are given. The 
data at T - 0 are reduced to those predicted by Wahlborn 
energy is lower then |£x-fc.^ | 

38). the excitation 
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TABLE 1 Dependence of t o t a l l e v e l density on p a r t i c u l a r Cera« generated 
by blocked s ta tes for Mn calculated with Seeger-Howard s e t . 

Exc i ta t ion 
energy(MeV) 

5.о 
l o . o 
15.0 
2o.o 
25.о 
Зо.о 

To ta l l e v e l 
density 

1.5437.10 2 

8 . 9 7 7 4 - Ю 3 

2 . 8 7 6 6 - Ю 5 

5 .6135 -Ю 6 

B.1844'10 7 

9.4495-10 8 

Per cent of l e v e l de 
fol lowing sub-shel l 
" 7 / 2 
94.12 
83.09 
67.37 
60.44 
54.90 
50.73 

2 8 V2 
1.22 
2.66 
4.05 
4.83 
5.4o 
5.84 

" 5 / 2 
1.72 
5.60 

11.77 
13.04 
14.20 
14.91 

ns i ty calculated for the 
with blocked states 

Z P 3 / 2 
0.75 
2 .47 
5.78 
6 .81 
7.68 
8.28 

^ 9 / 2 
0 . 0 0 
1.21 
3.36 
5.63 
7.4o 
8.95 

" 3 / 2 
2.17 
4.95 
7.66 
9.23 

10.39 
31 .29 

55^ TABLE 2 Properties of states at T • 0 for Mn generated by bocked states 
for Mn calculated with Seeger-How--'1 set. 

Protons subshell 
with blocked states 

1 V? 
2 S l / 2 
1 f 5 / 2 
2 РЗ/2 
1 9 g / 2 
1 d 3 / 2 

Exc i ta t ion 
energy(MeV) 

0 . 0 

2.36 
З.00 
3.44 
5.26 
2.45 

Exc i ta t ion energy 
with G-0 (MeV) 

0 . 0 

3.21 
4.48 
4 .94 
6.84 
3.30 

Corre la t ion functions 
ЛР (MeV) 

1.53 
1.78 
1.77 
1.78 
1 .81 
1.79 

д п (MeV) 

1.19 
3.19 
1.19 
1 .19 
1.19 
1.19 

The consequence of the fact that bloc1,ing method describes the odd-A nucleus 
by иеапв of the set of thermodynamics! systems with the different degrees of 
freedom is not Gaussian spin distributions, even when the Gaussian spin distri
bution i9 valid for even-even. In agreement with the formulae (5) the function 
describing the spin distribution is parametrized by a set of the spin cut-off 

55 
factors. The spin distribution for Mn at 3o MeV excitation energy has been 
shown in the fig. 3. It can be seen that the lower values of spins are popula
ted with higher probability than in the case of random populations. 

Fig. 3 
55., The spin distributions for Mn generated 

by different blocked states at 3o MeV 
excitation energy 
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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 increases with excitation 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 author 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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