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Tola report eontalna the contributions presented at th» U A J A H R E 
•TIII-th International Symposium on the Interaction of 
Fast leutrons with nuclei" organised by the luelear 
Physics Croup of the Technical UnlTersity Dreeden. 

The Symposiua «as devoted to current problems in ex
perimental and theoretical investigations of nuclear 1 8 2 8 ~ l 9 7 f 
reaction mechanism, covering a broad range of aspects. 
Extending the acope of topics discussed during the preceding meetings in Gaus
sig, also experimental and theoretical investigations of heavy ion reactions 
aa «all as selected problems In nuclear physics at medium energies пате bean 
included in the scientific program containing 
- heavy ion reactions, especially deep inelaatic collisions 
- general statistical aspects of nuclear reactions 
- experimental and theoretical investigations of nucleon induced reactions 
at lower energies 

- direct reactions, preequilibrium models. 

We would like to thank all participants, especially our lecturers, for their 
active work during the sessions and all subsequent informal discussions. 
Further we want to thank the International Department of the Technical Univer
sity Dresden for the valuable support in organizing this Symposium. A special 
thanks 1» due to the staff of the rest home in Gaussig. Moreover, we would 
like to thank the Central Institute for Nuclear Research of the Academy of 
Science of GDR tor making possible the publication of this report. We srs 
much indebted to H. Ludwig, R. Krause, R. Prengel, and B. Krause for technical 
assistance in preparing this Proceedings. 

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

R. Reif 
S. Sassonov 
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son ввсашипвз or m жюштюж AID DISIBTSORATIDI OP m киви BOCLBAR 
SYSTBB fORBBD IB DBS? n i U S t l C C0LLISI0B3 ОТ COVUX BOCLBI 
T.Y.V»>lkov 

Laboratory of Buelear Reaetloi 
Dubna, USSR 

Joint Institute for Buclear Reaeareb, 

lb« «yateaa Ag+40Ar (285 Be?) and А«*11 В (8$ BaT) have Ь м в used to «tudy 
Л—р inelastic transfer (DIT) reaction*. It baa baoa «atabllabad tbat tb« nue-
l«ar structure of tb« light fragaent inflaan««a tba orooa a«etlon of lta pro
duction, в » heavy fragaanta froa DIT have been aboan to undergo a large dyna-
aleal deforaatlon. It la found tbat tba Q -«yateaatlea daaeriba eroaa aaetlono 
of different DIT ebannela In reaction« with *°Ar and heavier lc 

1. .introduction 
Studlea of tbe Interaction« of heavy lone with nuclei Ьат« led to tb« dla-

eovery of tb« new type of nucl«ar reactions — deep lnelaatle transfers, which 
proceed via the foraatlon of a double nuelaar ayataa (DBS). Tb« latest reviews 
on the DIT are contained In ref«. . The preaent paper deal« wltb SOB« regu-
larltie« of the «volution and decay of tbe DBS, which have been eetabllsbed froa 
•xp*rlaental data obtained at tbe JUR laboratory of Bueleer Reactions. 
2. The «bell effect« in PIT 

The excitation energy of the DBS foraed in DIT aaounta to aeveral tena of 
MeV. The nuclei incorporated in tba DBS interact with each other strongly. It 
nay seen that under «ueb eondltlona tba shall structure of tbe nuclei can hardly 
influence tbe DBS evolution. However, experlaent anew« tbat tb« etructure of tb« 
nuclei, especially tbat of light fragaents, baa ita laprint on the DBS evolution. 

r ig. 1 
Differential oroM seotlona 
( dr/aa )io» for tb« production 
of Isotop«« of 2 < Z < 17 In tb« 
reaction Ag-riOAr (265 BeT), 

Pig. 1 show» tb« differential eroaa aaetlons ( A r Id Л ) . Q 0 of tb« production 
of varloua l«otop«e of el«aents from CI to Be in tba reaction Ag**°Ar (289 Be»), 
The cross sections for the production of T» and bellea Isotope« bar« been ob
tained by extrapolation aoeordlng to tbe Q -aystreaties, Tb« cross ««otlons of 
isotopes with aaxlaua yields decrease Initially aa Z deoreasea, following fluo
rine, however, tb« opposite tendency is observed. A pronounced growth of tb« 
cross section Is observed for nuolel wltb closed «balls and subshslls suob set 
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1 (С, 1 5 1 , ^ n l 4 » « ааП OB for V i . Iter * • » , too «sow aaitlna 
Э00 ab, tarnt la to» м о т of 
o«aor 
tloo of 
(86 aa?) arc 
* » o m < l 

» » ^ • • » • д , EM««M«V 

la «aa Foaitloi *f>"B 
la Г1*. 2 . la «alo roaotlaa «bo j lo l ia of «bo la i t ipw 3 ao. 

. It la aoUaarttr «bat «bo 
tioao for boUam 

«bo 0 М ajotaaitloo life» 
( о м f l« . 11). Btfa 

it «ao 
of boliaa 

of MS iooay lavolvlag 
«at of «ao 

«low. f l« .3 
ol—Hot— «ao paaalolo latororototlor 
of «bo okooiroi f M t a m of BIT for 
«а* roartloa АжИ°Дг (285 во¥). 
roatlr «ao MS owolvao ia o«agoa,froa 
obtll to aboil, wltb «olaya la «bo 
eonflcazmtlono of tightly boood aaolol. 

Dlfforratial e: 
for tb« aroeoetlon of laotopof.of 
2 « Z * 9 In «bo noetlon Ac*"B 
» -40*. 

«loa» idv/da)ä0m 
laotopoa.of w 

«Ion Дс+"В (86 B»T) 

Fig. Э Fl«. 4 
niaa«fa«ion of «bo of f«« of «bo Aagalar dlotrtbmtlono of «saaafor 
•boll •«rattan, гам}loa n o m t e la «bo reaction 

A fortbor «volution of «bo Mi rofalrw «bo ЬгооИщ of a awlooo pair la «bo 
11*« naoloaa a/ «laaaforrla« OMIOOOO to «bo nabaaaj aaaa1'. B H W , «bla 
ronlroa a oaaooatmtlon of а ооввЫояМг BBPBMI of OBMBJF la «bo 11*Ъ« ai 
По «aayllas oaorglo» la 1 2 0 , *B» ава Чо ai» авва! to 9 .6 , 16.6 aal 19.8 »oV, 



- 9 

reap«otlv«ly. Tb« delay of tb« DBS «volution in configurations witb tightly 
bound nuol«i any aanifaat lta«lf in a larger laotropy of tb« angular distribu
tion (fig. 4). The Ы-cluster configuration of tb« DBS d«a«rv«s special atten
tion. Apparently tb« tightly bound o^-particle nay long b« in cloo« contact 
witb a highly «xcit«d nucleus, without being destroyed. 

Э. Sarnaalcal deforaation of the DBS 
One of the aapeota of tb« DBS «volution ia conversion of th« angular ao-

aentua of tb« eolliaion into tb« aplna of th« nuclei and dynaaical deforaation 
of tb« systea. In the oaae of fully daaped tan* *1 velocity tbe DBS ia a 
ayataa of two «ticking nuclei, which rotate« at iiole. Tbe total kinetic ener
gy (TB) of the fragaenta ia, in tbia eaa«t de*e *~j.n«d by th« sua of tb« exit 
Couloab and oentrifugal barriers, and by the eyateaa daforaatlon. Tb« calcula
tion of th« dynamical deforaation of tb« heavy fragment «a a function of tb« 
nuabsr of tb« transferred nueleona baa been don« for tb« reaction Ag+* Ar 
(285 MeV). Tb« spectra of th« TKB for th« isotopes of eleaents froa 0 to ag is 
shorn in fig. 5. 

Wg. 5 
Snergy spectra 4г0Г//Ш(Лл of iaotopea of 8«!Z<12 
for tbe reaction Ag+*°Ar (285 aeV) measured at ©-40°. 
Tbe arrowa «how «sit Couloab barrlaa. 

<% 

1яиш: .ittw «»«•»>• 
с п л т а и н i « » « « а МП 

Mg. 6 
Calculated data for tbe dynamical d«foraa£ion 

the re« of heavy fragaenta froa 

« п и н а с « i 
• • i i i t i i i t i l l >,<•> 

Z. and 
reaction Ag**°Ar 24 are tb« atoaic nuabera 

I, and I. of tb« light and heavy fragment«, ̂  «и» ^ 
ar« tb«lr spin«. reapeotivelr. Ixp«riaental 
data (open circle«) froa ref. 9 ar« alao used. 

Tb« TRI for tb« isotope« of other «l«a«nt« have also a siailar sbape* Tb« calcu
lation bas been performed for tbe aazlaua T O values and for tbe Isotop"« witb 
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tb« largest production oroaa «actions. To simplify tba calculation tb« shape 
of tb« light fragaent wae aaaumed to b« apberlcal, and tb« heavy fragment a pro
late rotational ellipsoid. Th« momenta of Inertia of tbe fragments «are assumed 
to be rigid-body ones, and the total angular momentum of tbe OSS equal to 11oti. 
Tbe calculated deformation of tba Ьеату ti rmant (tbe ratio of tbe large to tbe 

ill semlaxls) la shown in fig, 6. 

Pig. 7 
Dynamical deformation of DIT beavy fragments 
aa a function of the DIS lifetime. The increa
se of tho DHS moment of inertia with time la 
taken into account. 

Pin. 7 shows the increase of dynamical deformation of the La and Pm nuclei in 
the reactions Ag+4oAr —«.La+O (285 MeV) and Th+*oAr—.Fm+0 (379 üeV). The defor
mation was calculated from the TFJB of oxygen nuclei, the energy spectra of which 
were measured at several angles in refs.^' . 

4. Regularities of the DH3 decay 

In DIT a great variety of reaction products are formed, Including tens and 
even hundreds of various isotopes. Whatever causes the disintegration of the 
DIS into one or another reaction channel? In ref.7' the so-called Q -systema
tica have been established for the cross sections of isotoplc production in mul-
tinucleon transfer reactions. As an example, the Q^-systematica for tbe reac
tion Tb+22Ie (174 MeV) are shown in fig. 8 1) In fig. 9 one can see tbe Q«f 

Pig. 8 
The Qgg-ayatematice of tba pro
duction cross sections for tbe 0 
I, C, B, Be,U, He isotopes for 
the reaction 
232 Tb *22U (174 meV). 

»ig. 9 
The Q -systematic« of tbe pro-
ductlSl cross seotlons for tbe 
isotopes of 3 < Z < 1 0 for tb« 
reaction Ag+4°Ar (285 meV). 

a.w-l, » 
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systematica of croee aectlona for the production of leotopee of element* from 
litbiua to fluorine In the reactions Ag+* Ar (285 MeV). One can see that up to 
the oxygen isotopes the Q -eyatsmatlcs «.-* fulfilled satisfactorily. For the 
heavier elements ths sequential nuclear processes such as the evaporation of 
nucleonc and d. -particles violate the QM^«yetematice. The validity of the Q 
eysteaatics for the still heavier ions 

9) 
^ K r , 136Xe) has been checked against 

the data of ref.7/, in which by using radiochemical methods ths cross sections 
for the production of gold isotopes with ааавее 190-199 were measured in the 
bombardment of l8lTa with 4 0Ar ions (290 MeV), ̂ K r ions (550 Ms?) and 136Ze 
ions (850 MeV). The yield of these same isotopss were calculated under the as
sumption that tbsy are produced due to aultinucleon transfer reactions followed 
by neutron evaporation (fig. 10) . 

Т Г Г Т Т Г Г Г Т > » 1 Т Г Т ' 

3- *To • '*« :%-£Щч) 

Pig. 10 
Comparison of the calculated (solid curves) 
and experimental (points) data on the yield 
of the gold isotopes in .lie bombardment of 
181Ta with the 40Ar ions at 290 MeV, with 
the ^ K r ions at 550 MeV, with the 136Xs 
ions at 840 MeV. The calculated data are 
normalised to the experimental yield of the 
isotope with minimum A. 

MASS «MER 

9. 9ie-«'. l m - * xn 

The yield of primary products was calculated according to the Q-systematics, 
whereas neutron evaporation was calculated using the Jackson model. Pig. 11 
shows the Q_ -systematica of isotopic production cross sections for *be reaction 11 ^^ Ag+ В (86 MeV), which cover the isotopes produced as a result of both the 

stripping and pick-up of protons by the В 
projectile* Thus the Q -systematica describe 
the cross section of the production of Isotopes 
In DIT reactions for any target-projectile com
bination, being one of the general regularities 
of the DHS decay. 

Pig. 11 
The Q -systematica of the production cross 
section for the isotopes of 2 «s Z ̂  9 for the 
reaction Ag+1'B (66 MsV), The measurements are 
don« at ths emission angls 0 • 40°. 

Ths results presented In thi« paper bar« been obtained by a Laboratory of 
Hueleer Reaction« group Including A.O.Artukb, O.P.Orldnev, A.I.Mesenteev, V.L. 
Kikbeev, A.Popesou, D.O.Popeecu, and V.V.Volkov. The author expresses his grati
tude to Academician O.I.Plerov fo hi« stimulating Interest in and support of 
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OST D C U S T l C ftSACTIONS : Л РЯ0ВЕ PCR LARGE SCALE OOLLECTIVE MOTION STUDIES. 

С. NßS 

DPhN/пУ, CEN Saclay, BP n° 2, 9И*Ю Gif-sur-Yvette, France. 

Abstract 

He review the properties of rlow collective modes in deep inelastic reactions. The assumption of 
statistical equilibrium among the intrinsic degrees, on which are based all the theories for 
deep inelastic reactions, is justified in the light of a neutron multiplicity experiment on the 
400 HeV Cu+Au system. w» iiscuss a recent experiment devoted to the study of a fast collective 
•ode (charge equilibration) wich probably indicates that ouantal fluctuations are dominant for 
this degree of freedom. 

Since a few years experiments in heavy ion physics are devoted to deep inelastic reactions fl]. 
The huge interest in this donain comes mainly to the observation of collective phencmena. This is 
not without similarities with the fission process : In both cases large scale collective motion 
is the proeminent feature of the reaction. The rather large nunber of nucleons which are 
involved in such processes allows to study the interactions between two large pieces of nuclear 
matter. As compared to compound nucleus formation where all the nucleons are involved, much 
shorter contact times ranging between 10 and 10 s can be obtained. This alias to study 
relaxation phenomenaC?) and studies of deep inelastic reactions are of great interest in the 
understanding of the evolution of piicrosystens out of equilibrium. In the experiments not al' 
the parameters necessary to determine completely the system are measured. A consequence of this 
Ices of information is the appearance of irreversible processes. 
The deep inelastic process is binary in the sens«: that two main products are observed in the oxit 
channel. Therefore most of the studies are concerning the properties of the light fragnent. We 
always look at the experimental data with зале land of model in mind. To which extend this nodel 
is valid can only be checked by further experiments. We would like to present here our present 
understanding of the deep inelastic phenomena even if for some particular cases the experimental 
situation is not so clear. 
It is usually admitted in deep inelastic reactions that one can divide the system into slow and 
fast degrees with respect to the time. The slow degrees are of collective nature and they are 
related either directly nr indirectly to measured quantities. One can study their relaxation to 
equilibrium. The other decrees which are fast are assumed to relaxe very quickly to equilibrium. 
They are usually referred to as intrinsic degrees and are related to single particle motion. In 
addition there also exist fast collective modes which play the same role as the intrinsic degrees 
as far as the slow collective modes are concerned but which have a great interest in their own. 
Therefore during the course of the deep inelastic process it usually assumed that, except at the 
very beginning of the reaction, the intrinsic degrees are in statistical crrilibrium. 
In part 1 we shall briefly describe the main properties of these slow collective modes. In part 2 
the assumption of statistical equilibrium of the intrinsic degrees will be discussed in the light 
of an experiment recently done on neutron multiplicitiesf}). Finally part 3 will deal with a 
fast collective degree which we have recently studied at 051Щ . 

1. Slow collective nodes. 

The most striking feature of deep inelastic reactions is the large energy loss observed in rela
tive motion. The correlation between the total kinetic energy of the fragments and the deflection 
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argle is of particular interest because this later parameter is connected to the interaction time. 
Examples are shown in fig. 1 foi the 280 MeV Ar • Ni system studied by Galin et al. 5). For the 
plot corresponding to Z = 19 which only correspond." bo one charge transfer a large amount of 
cross section is observed in the region corresponding to the grazing angle (-v. 50°) and for an 
energy close to the initial energy This region corresponds to quasi elastic reactions. Another 
area can be seen at low energy, extending over a wide angular range. It corresponds to completely 
ener©r relaxed products because for tr^se, the memory of the initial ener^r has been completely 
lost. Between these two regions, there is a continuous evolution between them due to incompletely 
energy relaxed product?. When the mass transfer ncreases, the quasi elastic area ,7*adually 
disappears as well as L-completely energy relaxed region and there only remains the completely 
enerigy relaxed component. We see that we are faced with two collective modes. One connected tc 
the energy loss in relative motion and the other connected to mass asymmetry. From fig. 1 we сv. 
draw the infe^nce that the energy transfer is a faster process than the mass asymmetry degree of 
freedom because as soon as a small number of nucleons have been transferred, only the completely 
energy relaxed component remains. 
The energy loss occurs because there is a coupling between relative notion and other modes, by 
looking at the desexcitation of the products one knows that each fragment has a lot of intrinsic 
excitation energy. Because of phase space considerations the energy flow will go fror, relative 
motion to the intrinsic degrees due to such a coupling. In the bombarding onor/y range i-'-t to 
'study deep inelastic reactions it is most likely that this coupling is mainly govc-meo: by single 
particle fields or using a classical concept ttat one has to deal with one body iissirat: r.f' }. 
This means that the elementary excitations are of 1 particle - 1 hole tjoe. 
Relative Motion is not only coupled to the intrinsic notion but also to other c>'W •:..! *:o:-ti :<• 
mode:;. For l:;:;tai:oe it is coupled to п;;г faces vibrations. Indeed the compos! v.' systor. f<..rr>': 
durir»- the reaction separates into tw. highly deformed fragments. "Tie ovi.terve f r that "in be 
foijnu .r. *->:.(• nrar, t'tal kinetic energy oV the completely energy relaxed fragments. For irt-tance 
the "i ;•.'... ,;yotc»-. has bier, studied at two different bombarding energies 36е; and '<•'<* !-feV. in both 
rases tr.e nean tot.al kinetic energy of the completely energy relaxed products (qtiasifissior.,1 is 

r, Me У whereas the interaction barrier in the entrance channel (which corresponds to two sf her:cai 
nuclei} is ,'r0 MeV. Therefore at scission the two fragments are highly deformed. After separation 
the vir rations which are in turn coupled to the intrinsic degrees will be damped into intrinsic 
excitation energy- This excitation of surface vibrations has two inferences : it decreases the 
total kinetic energy of the fragments and increases their contact time. 
rotations are also excited during the deep inelastic process, this means in a classical picture 
that the fragments will spin after the interaction. The angular momentum transfer to the frag
ments can be measured by looking at their у multiplicity. It appears that the relaxation time 
connected to angular momentum transfer is intermediate between the one connected to the energy 
damping and the one connected to mass assymetry. 
As far as mass asymmetr-' is concerned it seems that the Q value corresponding to mass transfer is 
completely converted г intrinsic excitation energy. Mass transfer is closely related to the 
energy dissipation in relative motion in the sense that it may be viewed as the excitation of 
one particle in one nucleus and one hole in the other whereas the eryergy loss in relative motion 
may be viewed as 1 particle 1 hole excitation in the same nucleus. 
The proceeding results concerning slow collective degrees suggest that they can be interpreter! 
using statistical assumptions. It is assumed that during the evolution of the system the intrin
sic degrees ar? in a state of statistical equilibrium. The transfer of energy from relative mo
tion to intrinsic degrees is described in analogy to the physics of liquids and solids : A 
friction force proportional to the collective velocity is inserted into classical equations of 
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motion!'). Тгл classical limit i s just if ied because the De Broglie «ave length i s mich smaller 
than th- typiooi dimensions of the sy-ter . However because there i s dissipation, there i re also 
s ta t i s t i . a l fluctuations '.fluctuation-dissipation theorem) which are indeed observe«] experimen
ta l ly . Microscopic theories (8) have beer, derived to describe both dissipation and s ta t i s t ica l 
fiuctuat'-'tis. Applied to '„he computation. ./" experimental quantities they give a good understand-
ing of the .jeep inelastic phenomena. In f i:;. / ia shown such a model applied to the Ar + Ni 
ase "'.' f g . i I'}}. We cev that the overall pattern of the plots is well reproduced. 

Г. .'.'eutrcn mult ipl ici t ies measurements . д Just if icat ion of s t a t i s t i ca l assumptions. 

7t>- mo-iels, which have beer; develcppe.i to describe deep inelast ic reactions assume a s t a t i s t i c a l 
ei juil i ir i an for the int r ins ic decree:- of the fra^nents. If i t is so, one of the consequence will 
^e that thiT excitation energy i s shared between the two fragments in proportion to their mass. 
Ir. the very f i rs t stage of the reaction this assumption is certainly not valid and preequilibrium 
/-articles r ieht be emitted. Therefore one has to know with which probability this effect may 
c - j - ani tc wlv'oh amount of the tota l energy loss i t corresponds. 
A deep inelastic reaction can be imagined to proceed in the following way : when the two ions 
oegio to t:uoh, preequilibrium particles may be emitted,then the reaction proceeds in a s t a t i s -
• i -il way. luring the separation of the composite system in two fragments, particles rr.jy he 
orti •.:.•.»! i / ! ' ? ' or after they are fully accelerated. Finally у rays will be enitted in the last 
stare . f the J-jsexcif'-tion. Therefore to know how the excitation energy is shared between the 
fragmentг one r.as to kr.ow how many part icles and у rays are os.itted by each of them and which 
'£'•:•-jiT. • ,f kir.etic energy they carry away. 

it is :iffio;ut for technical reasons to measure a l l kind of emitted particles in coincidence with 

*he f.—irr.'••"'.-. :y che«"-sing a heavy target and projectile at not too high rorJr/arding energy above 

the ir.v::••>. :ti••:: harrier one can favor the evaporation of neutrons compared to the evaporation of 

•harge<i particle.;. We tried recently to measure the neuti'on multiplicity of each fragment on 

try '•••')' MeV o\ + Au system'}}. We measured the kinetic energy as well as the mass of the frag-

••ier.t. at two different angles. The neutrons were detected and their velocity measured at several 

oe*."-t"i angles in arid out of the reaction plane. Particular car»; has been taken to minimize 

:.,"ifr,ct. arsupt ion and background by ucing the minimum of material an possible. In neutron eype-

rir.er.t.- t:.o problem is to know the efficiency of the neutron detectors. We solved i t by rrracur-

\zr i;,c, r.ic-." 'y the efficiency by means of a ' ' ' f source which was present during the whole 

•-/.; • r i ; ' - n t ' ; /J . 

.he main cr.olusion of the analysis is that within the experimental errors (т. 10 t) ai l the 
neutrons -i.v 'flitted by fully accelerated fragments. Thererore if a preequilibrium neutron 
component .onId exis t , i t s multiplicity is smaller than 1-2. I t is interesting to look at the 
ra t io of toe neutron mult ipl ici t ies v„/v. for the heavy and light frajynent as a function of the 
mass rat io rf the products. If tne excitation i s shared in proportion to the mass of the frag
ments ( ini form temperature in the conposite cyst2m) the experimental points should be on the 
bissector line and this is the case to a good approximation. The evolution of the rat io V../\J. as 
a function of the mass rat io of the fragnents corresponds to the study of v„/v. along the mass 
asymmetry coordinate which is one of the slowest mode observed in deep inelastic reactions. A 
similar study of the rat io \>H/\>, as a function of the energy loss for the fixed in i t i a l asytnetry 
indicates that з constant vaiue i s very soon reached which mean that a s ta t i s t i ca l equilibrium 
is very rapidly reached ».ven for small interaction time (•v 10 я) . Finally the total multipli
city v_ = v.+ v„ as a function of the excitation energy indicates that in the mean, about И MeV, 
are needed for emitting a neutrtm over the whole range studied excitation energies. Furthermore 

http://os.it
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н е ixserves thz... a l l trie e x c i t a t i o n erergy i s r»mcved by neat: 'ons for t h i s p a r t i c u l a r sys:'>rn except 
about 15 Me'.' which a re removed ty > r'-ye *лгА^;..лг.. These :••?-• a l t s p r e c i s e aud о ; Л х what: has 
Leer. оЬс-л-.v-: by t h e " aatrxr; ; [ l l } : tha t a f - ta t ' .n t i . a l " . :ч: fcri га of the i a t r k . n i c legifos i s 
very sco:: reached iu r i ! \ ; the c3t;rse of the il» ep i n e i a s t i - r e ^ t i o n . 

5. ftu-iy . Г а fast c o l l e c t i v e note : quanta! f luc tua t Ums . 

Only l i t t l e i s known about the approach phase <:f deep i r .e las t i - . r e a c t i o n s , da t ty et а1.[".!?Э have 
Dhowr. that the charge e q u i l i b r a t i o n mode ir. rtvch f a s t e r thai: •'•:•» erierrry damp-ir*-. I t о t i s i s t s in 
the following : the r a t i o between the lurÄier of r a t i o n s a ra t he r&;nber of protons i s general ly 

d i f f e ren t for the p r o j e c t i l e ami t he t a r g e t . FT.' d»-ep i n e l a s t i c frat1TV''':tr, t h i s r a t i o ir. n e i t h e r 

: v l : f » i to the one uf the p r o j e c t i l e :.cr tr- che one r f the t a r n e t bot is а property •..:' the .::*•;-
posit»- .~y;-ter.. Thi.; mode can be rttudiod by fi'.o:*' the паяя asymmetry of the system and ox kinf 
a t i t o .»t-r. i : rimber d i s t r i b u t i o n . The :\o:;r pr- bable atomic nurr.cer <Z> .if a Jeep ine las t i : -
fragment i.' the me which minimise the p o t e n t i a l enerpj of the composite oyster,, bee a".«::— the 
node i:; very f a s t , i t ir. d i f f i c u l t t " study * t r. r e l axa t ion tc. equi": ihr-ii.-n. РигъЬ.еггг.оге t " .-"r-;̂ <r 
i t i". the .'•• ,'o:»i'!?-,/ products which "-ire d e t e c t e d , information at о. Л the rrirr-.чгу proi ;.'*.? is 
sir»>ti_ "i-.: n: ' : ' : -.:r. to - f a : : . . Kore i n f .".гча*,; >r. i s contained ir. tri'4 s . . . r/i т-.т'-п*. ..•:' th" ato-.i • 
r i r t ' . r Ü s t r i t ith,:: :'..•:• fix-.-1 :r,ass a s y m o t r y . Indeed t h i s q •;-.:.'. It у ;;• 1'::';: s e n s i t i v than t:.o 
tear. v'il.-г :, • t i e c a p o ration, c:' p a r t i c l e s •>:: one .tin .-he ••',: by а '!сг'.г .'•.••" t a l c , o-t! •; f :• 
iriKt.. ir 1 _•- . -.• :• fi"/"'i tas.~ asyrrrietry the pe.r,(_.rr i a . et»:!V,y of the •.:•.—.: s"' i : ; /o'c": i:" • ; a r a b . l a 
if !* ''s - »:; r v i • o o f the l:e,u:i hep ro.dei. Thc-rof-'r:; o-o r.ay •••••• :. :<o'r : : .e ' i . " : v i " 
by --'. ha::v.;.io . o i l ' - i to : - . "hi. • ^ • ' h i t . r has t ' i hr cor.r.i-ierr-i :•- :, :. • ,t i •••rh :..*. •" -. r.-i; .:••.• "' 
w:.i •'. :. • :e.:; .\::-.r. -. t1

 ß ' n t r ' i n ro : 1^Г'Ч-.-;. A^r -^ 'u ' t>e h/'.at.r. t-:th *' i- :f::?"ih'-: t y a " ' . : -
.-•: -a: ••...-.rb,./, tr.»-n o . , - ••:;• • - •-;> = — J VT» • fl,.,/i'.'x:-.!-^b; М v/hrr'«- г ic t v i :v:-t i-a:-: : ' r-

T l J ' - • i « v 

••."i • - •.-.'•• :•••.*:•-• ar.i-^.i -:;t' ph Ti т ''пе^-у . .f t iie ' o o i i l a * o r . ir: tho ca.->-' wh'-т--*!'-'>••••' : .т., - - ~ 
vh.' 'h ;.• ':. :••< .eri-i-TT :' t !x tempeiva' игчч Tr.ir no'i;;:; tha ' we r-!... •••'.(•••:.. у ••':r r- : r r ".:'.!• ii '••R: ; ha-

f . j ' t , a ; : *... iicl t'.o •':':"•! . •' t h - at -irAc r. ;mter .ii::' r-i t.'.t.iot: at r-p:". ' io ' ' u. .;. . . li •.•h.'i; '̂- a:' a 

fa:.::i: -. ,f ! ho ttorf;/ I v / . 
I-.I. 1 . . . 

i''or the '(' '" MeV 'Ki' • ' ' . cyr.tern we h.avo meaiva'e'i the na:>:-:, \.\v-- a ' - v a . 'vjr-i •'•:• ar.'l th.o si:.•-••.•,<• 
"nerpy ''*' г'[-е fn,Tner:to a' noverai ieto.-t ion a.-i»;'.es[!0. '!'r:i.; : v.<cr-ir:,i :." wa:: i 1.0 at '"ifa. I i . f i ^ . 3 
are p lo t t ed f i r sevora! na::r:t: the 1ЛЛ!У of the norri'Spondinr 'i. vii.-.-tr'; .' : :•. a., a f aoc t i i n of 
the t o t a l kinetir: nw^vtrj .,f the frappients fehutt i ' - noatt^rine; .••.:r:,e:!i«ii.' t o , ?? N'-;V). Wo '.t-
.terve that * гк.- №!•' itriche.; very лооп a p la teau when tt.e enerp:; \> :: iii-'rfar.e:;. I t ir: dor. to 
the r e i a x a t ! :i of thi ohaiye efjui l ihrat i. t, тЫ':. V^r no гяг,"~ *.;'-iric for '..k - ;>•) t h i s p la t^ao iö 
reached wh'-i. th>; '--:n:ry lo:a", i t ab^ut 'C> tfrV :." O'h "ni'inn tha t t h i r mod" ;:; m:ch f a s t e r th.an the 
enrrr.y tr'LO.-fer ot omf l e te ly er*rry r ' n a x c l pr' i .ft:: "•"гт<-г.роп1 t." чп '"r/TV"/ jo-.r; of abf a t 
l''ö №''.'!. "h" exi::t •.!;!•'.' of а ь bateau ::eei:.; to itdi/ 'at.e that at eqa;" i: -i-i oiia .a,., k: indepcnler^t 
of the tenjB'ta'. л'«' ' !' th»' int . inc.ic oysten. "';-.:;• ir/lio-iten e i t h e r t h a t -no ha:; ; ; t a t i r t i ' t a l 
i ' lii-taat ;. n:: i .' '.ha' the pr Л\,-* гпи' i.' 1а:у,е с "iparc.d t o the temperata:'»' r anp : studied her«'' 
<"ir triat no >...;• t - deai .-.'it.! auanta"'. fiactua'i^r,.". and Maat i t in the / e r - poin'. not ion of th i : ' 
male whio; !;•• ahiwrvrd. Л" !''.»:- "harf-t "o;,i lib. r a t i o n rncxte ir, rtlore'.y r e l a t o i to the Ir;.- voo'or 
d ip .de cia.nt r»-.-jrwarve, thir. could be exp.yterl. 
i h e re;, ot.r p r w o n t ^ j in part. ;: ,'JTIJ '• are- due t o th? author':: <>f r'fd'.[ rJand['.]an:1 I would 
)\V.v '• /pre.::; th'T. ггу g ra t i tude t o iet tne <.ise ttw result:; p r i o r t> pu t l i ".it.ion. 

file:///./v--
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KABIPSSTATIOB OP SHELL BPPBCTS IH THB IITBRACTIOH OP HBATY HUCLBI WITH 
IONS OP A>40 

R. Kalpakchieva, V.G. Eartavenko, Yu.Ts. Oganesaian, Tu.B. Penionxhkevich 

Laboratory of Nuclear Reactiona. Joint Institute for Suclear Research, 
Dubna, USSR - 1O10OO Uoscow 

H. Sodan 

Zentralinstitut für Kernforschung Rossendorf, DDR - 6051 Dresden 

The results of experiments to study the mass distributions of products formed 
аз a result of fi33ion of the system Ar • 3Am at low excitation energy are 
presented. The mass distributions are also calculated on the basis of the diffu
sion model. A conclusion is made for a possible asymmetric mode of decay of the 
heavy system studied. 

Shell effects are known to play a significant role in the fission of actini
ae nuclei havin- excitation energy B*i 3o - 4o MeV. They manifest themselves in 
various characteristics of the process, such as the mass distributions, the 
fragment kinetic energies, the number of neutrons emitted by the fragments, etc» 
The asymmetric mass distributions of the fission fragments ot all studied nuc
lei from uranium 1 ) to 252102 (ref.2) and 265105 (ref.3) and also the symmetric 
mas.- distributions for spontaneous fission of the heavier fermium isotopes 
258Pm (ref.*) and 25'pm (ref,') are interpreted as being due to shell effects. 

Until recently the characteristics of low energy fission have been studied 
for the nuclei formed in light-particle-induced reactions or tor spontaneous 
fission. Heavy ion reactions allow in principle the production of heavy com
pound nuclei of Z>100 with excitation energy sometimes as low as 18 - 25 MeV 
and small angular momentum, I.e. weakly excited heavy nuclei which are, in 
general, difficult to produce in the ground state. It seesed interesting to 
see whether and how shell effects would manifest themselves in reactions of 
this kind. At such low energies in heavy-ion-induced reactions, as it was shown 
for the first time in ref. *', ehell effects were well pronounced (as in the 
ease of the low energy fission of practically all actinidee) and it could be 
assumed, in analogy with the actlnides, that the characteristics of low-energy 
induced and spontaneous fission of one and the saae nucleus did not differ 
significantly. 
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Further, it is particularly interesting to investigate nuclei with Z*110, 
as an enhanced nuclear stability is theoretically predicted in the region of 
the magic number* Z»114 and H»184. These nuclei, owing to their shell structure, 
are expected to пате a high fission barrier (Bf~5-10 HeV). 

We used the angular correlation method ' t* study the products of the 
reaction *°Ar • 2*3Am at four bombarding erntetes - 3oo, 24o, 222, and 214 HeV 
of heavier systems. This method allowed us to kinemetically separate the pro
ducts of reactions occuring with a full momentum transfer from the bombarding 
ion. The contour diagrams of the total kinetic energy of reaction products as 
a function of mass are shown in fig. 1. In the distributions shown two grouos 
of products can be distinguished: one group (A) centered around the projectile 
and target masses» and another, wider distribution (С, В) covering the inter
mediate-mass region from about 6o to about 22o a.m.u. one which we are intere
sted in. It can be seen that at E*>1oo MeV the mass distribution is a Gaussian 
with its maximum in the region of A,»( А,+А. )/2 »»14o, and dispersion йА-[РЖ;]» 
loo, which can be expected for the fission of a highly excited compound nucleus. 
As the projectile energy decreases, the mass distribution becomes asymmetric 
with the most probable heavy product mass lying in the region of Af • 2оо-21о 
a.m.u. It should be noted that a similar behaviour of the mass distribution for 
the reaction -*U + "ca has been observed by H.-J. Sann et al. . Pig. 2 
shows the angular distributions for different mass regions in the reaction 
Ar -i- 3Аш at a bombarding energy of 222 iieV. It can be seen that the angular 

distribution for the region (C, B) has an anisotropy different from that of the 
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region (Л), nie angular diatrlbutioa of producta of aaasee la the rang« 
6o<A t<22o is isotropic. One eaa draw tha eoneluaion that th« products of tba 
regions (A) and (C, B) have been formed la different proceasea* 

Two assumptions can be aada concerning: tha origin of the maximum in tha 
yield of producta with aaaaee A • 2oo - 21o. the first oae la connected with 
the possible mechanism of deep ineleatle reactloae leading to the production 
of nuclei separated froa the tergot by 2o-4o aaea unite. The«« nuel«! amy hare 
an excitation energy estimated, with the help of the experimentally obtained 
value« of TKR, to be 4o - 80 HeY for the eaae, where the eystaa excitation 
energy ie ~4o MeV. Thus theae nuclei can themselvea fieaioa and will therefore 
no more satisfy th« condition of two-body «Tents' detection and this in turn 
will lead to an artificial daereaae of the detected yield of nuclei froa urani
um to lead. Th« fission probability Wf for theee heavy nuclei can be calculated 
ueiag the relation 

Wj - 1 П Jk. 
^•r, 

Г„ and Г. n p 
tailed balancing. The fission width 
Th« Quantities are calculated on the basis of the principle of de-

formula. The parametera aa, af, and 
r f la calculated using the Bohr-theeler 

eontaln«d la th« expressions for Г , 
a) n 

Г_, and Г г are chosen by comparison with experimental data 7'. However, ea 
it can be se«n from fig. Э, the probability Wf of such a proeees is very low. 
Therefore the observed aayametry in the mass distribution cannot be explained 
in this wsy. 

The second assumption i s connected with 
the existence of a shell structure in the 
composite system 283113 at в"<5о Me?. 
Traditionally the role of shell effects 
i s analysed by calculation* of the cross 
sections of reaction producta on the basis 
of different models. To do th is , the 
evolution of tha **rmed complex system 
along the esse or charge asymmetry coordi
nate i s usually studied. Por this purpose 
we have used a somewhat vereion °' of 
the diffusion model developed by Koretto 
1 1 ) , modelling the system's relaxation 
la the space of asymmetry coordinates 
(the atomic number Z of one of the frag
ments) by aeaas of a stochastic process 
obeying the master equation 

Pip. У 
lie 

dW^o/dt- E[An.W1,»)-AriWlW] 
Calculated fissiOD probabilities 
of the heavy nuclei produced 
In the reaction 4eAr*Z4-'ABf sa s function of mass 

fj(t) Is the probability to find 
the system at a moment t la an asymmetry 
configuration Z. The transition probabl-
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lltloo A XX" betaeea eoaflgaratii »• and Z are 
of the aystea Т., «bleb laeladea the bisdlag aav 

acted «1th tha potentlel 
of tho oyetea, tha 

Ceuloa* latcractlon of tho —bayata— and tha rotational energy. 

In ordar to aatlaata tha influence of the eyatea*e ahall structure OB tho 
dlffaaloB aroetea, la eBlaolatlac ?g • ahall corroetioa Л » Je(T-0)»ftO>0) 
(t lo tho teaaerature of tho ayotoB) aaa added to tho liquid-drop coaponest of 
tho biadlac oaargy. Boro, tho eorraetioB« for the «round atato, fI(TaO)( vara 
tha ezperiaeatally квоав valuta (or their titrapolatlose) taken froa the вас« 
leer ваша tablaa 12), «hire the correetioa for tho hooted nucleus, /Ж(ТД», 
«во calculated by aoana of StmtiBaky'a technique taking into account the nuc
lear teaperature, as deaerlbed la ref.13'. fig. 4 preoeata the dependence of 
tho potential energy Vg of the ayatea 3113 oa the aayaajetry paraaetor Z for 
three difforest values of tho nuclear teapereture, vis. T«0, 1, aad 2 Me? (er 
cxeltatioa energies **•<>, 4o, aad 12o Me?, reepectlvely). It can be oeea that 

Fig. 4 
Potential„energy ?. of the 
eyatea «»ЭПЭ M a'functlon 
of tho Bayaaetry paraaeter Z 
for three valueo of the nuclear 
teaperatvre T-0, 1 and 2 HeV. 
the thick end thin carves «how 
the results obteined taking and 
without taking the shell effects 
into account, reepectlvely. 

•Inntn i» 

at T*0 and 1 Ha? the studied eyatea has too «oil pronounced alnlaa la the po
tential energy corresponding to the region of the aaglc nuaber Z-82 and to 
the coapleaeatary fragaent «1th Z~3o. Tboro ia alao a relative alniaua corree-
ponding to oyaBetrie fiaalon of the ayatea, «bleb «ay be eoaewhet enhanced 
because of its closoaeos to tbo shell Z«5o. As tho excitation energy increases 
(beginning froa valueo of 1-1.2 Me?), the adaiaa at Z*"3o, 82 begin qalekly 
to «aob out aad at f > 1.4 Mo? alaoat fully Taalah. The preaenoe of alulae in 
the potential energy naturally leede to aaxlaa in the probability diotribution 
function W(Z) aad, eonseouently, to an increaae la the cross sections of pro
ducing eleaoats of Z~3o, 5o-6o, and 82. In principle, the noted dependence 
of tho potential energy on the excitation energy adequately reflects the pro-
seated experlaental data for tho reaction 4оЛг • 2 4 3Лв. In fig. 5. tha diatrl-
butions »(Z) for three rsluos of tho diffusion tlae (t«1o~21, lo"2° aad 1o~19 

see) are preacated for T-1 Me? (s*-4o Me?). It le sees that a better agreeaent 
with tho experiaental data can bo obtained at greater diffusion tiaes 
(t>1o"19 oeo). At ouch groat tlaea a nuclear aystea is close to statistical 
squillbriua 11» UK 

fb« rather» would like to thank Professor O.I. flerov for his constant 
support of the present inveetigetione. Thanks are also due to K. Cberepenev 
for carrying out tho calculations of the fission probabilities of heavy nuclei. 
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Pig. 5 
Calculated probability distributions V»(Z)0for three.. Taluea of the diffusion time t«1o~zl, 1o*"20 and 1o~19 
sec in the case of T«1 MeV. The full and dashed curves 
show the results obtained taking and without taking 
the shell effects into account, respectively. 
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SEMICUSSICAL TRABSPORT ТКЕОЯХ OF DISSIPATIVE HEAVY-IOb COIAISIOHS 

V. Hörenberg 
x) Gesellschaft für Schverionenforschung , Darastadt and Max-Planck-Institut fur Kernphysik, 

Heidelberg 

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

1. Introduction 

The initial stage of dissipative heavy-ion collisions is characterized by the mutual approach of 

the nuclei in their ground states. From our knowledge about grazing collisions we expect that 

this first stage of the process is dominated by the excitation of collective degrees of freedom, 
-21 

for example of surface vibrations and giant vibrations. After tines of order 10 s also non-
. . -21 

collective states should become important. The critical value of 1С s is associated with the 
equilibration time which is obtained in precompound reactions . At this later stage of the 
collision the complexity of the wave function suggests to take advantage of statistical proper
ties of the system. Within a semiclassical description the use of randomness for the interaction 
matrix elements between excited states of the nuclei has led to a transport theory for dissipa-

. . 2) . 
tive collisions . This treatment within a non-perturbative theory has shown thai, the coupling 
between excited states of the nuclei is too strong for a perturtative approach. Instead, a strong-
coupling limit has been formulated which gives a master equation ir. the Markoff approxiaatior.. 
The transition probabilities have been expressed completely by averages over coupling matrix 
elements. Within the Fokker-Planc4 approximation of the master equation, transport coefficients 
for mass transfer, energy 1о;г and angular momentum dissipation have been evaluated and compared 3-9) with experimental results . The theory has been generalized to include explicitly the relative 
motion ' '. The statistical approach of Weidenmüller and coworkers start out from a formulation 
of precompound reactions . After a study within a perturbative approach (van Hove limit), 

the theory has been generalized to the strong-coupling limit and has been applied to various 
11.-16) 

reactions 

The purpose of this contribution is to discuss the ingrediences and features of a non-perturba

tive transport theory. The aim i s to give, in the course of the derivation of the transport 

equation, a clear understanding of the characteristic times of the process (interaction or 

collision time, correlation time, lifetime or decay time of propagators which corresponds to 

the mean free path, memory time, relaxation time, recurrence time). Inequalities between these 

characteristic times define the different limit« and approximations which have been discussed 

in the literature (ordinary perturbation l imit, van Hove limit, strong-coupling limit, Markoff 

approximation). 

2. Semiclassical scattering theory 

For simplicity of presentation we choose a description within the ccmiclassical scattering 

theory * and neglect modifications due to non-orthogonality and antieymmetri.'-ation. We 

ass игл that tne trajectory r(t) for the relative motion of t.he colliding nuclei is known such 

On leave from tue Institut für Theoretische Physik der Universität Heidelberg 
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that we ar« l e f t with the Schrödinger equation 

in yj- I * ( t ) > - H(t) | * ( t ) > (2 .1 ) 

for the ties-dependent Hamiltonian 

H(t) • Ho U) * V ( t , ? ( t ) ) ( 2 .2 ) 

where H(£) denotes the sun of the intrinsic Haailtonians of the separated nuclei. The inter

action V((,r(t)) is the sum of Coulomb and nuclear interaction between the nuclei. 

Introducing the channel wave functions +Л() as the eigenfunctions of К (() with energies t-, 
we expand the solution l*(t)> of.the Schrödinger equation (2.1) in terms of the ••'* as 

|*(t)> - 7. a . t t ) ! ^ (2.3) 

with the occupation amplitudes a.(t). Inserting (2.3) in (2.1) yields with the assumed orthogo
nality of the channel wave functions !••>, the set of coupled equations 

1 П ^ - ^ j V V t ) ] a i ( t ) (2-u) 

with V . . ( t ) = <ф. | V(-t) |ф. >. The following description generalizes the derivation of the semi-
c lass ica l transport equation given ear l ier to the weak-coupling l i m i t s (van Hove l imit a.id 
f irst-order perturbation l i m i t ) . 

For the density matrix 

P j i ( t ) s a ^ t j a ^ t t ) (2 .5) 

wc obtain from (2.It) the von Neumann or Liouvil le equation 

и ^ Р л 1 ( 0 - [ у ( 0 . р ( 0 ] Л 1 . 1 ь.1§Л»Р1к(г) (2.6) 
1 «К 

where the Liouville operator i s defined by 

The introduction of the Liouvil le operator s impl i f ies the formal solut ion of (2 .6) s ign i f i cant ly ' 
All algebraic expressions for L.. . and p . . can be considered to be the same as for square 
matrices and vectors i f the double subscript j i i s regarded as a simple index (superspace). 

3. Coarse-grained generalized master equation 

Since we are not interested in the detai led knowledge of the system, we define averages over 
intrinsic s tates (channels i ) by dividing (coarse graining) the tota l channel space X into 
subsets К . Each subset u contains a l l channels with approximately the same values for some 
macroscopic variables l ike the to ta l exc i tat ion energy t and the mass-asymmetry given by the 
mass A. of one of the fragments. 

The »im is now to transform the Liouvi l le equation (2.6) into an equation for the macroscopic 
occupation probabilit ies 

f ( t ) : I p ( t ) (3 .1) и _. и mm tut л и 
i f % 3ubset u- The knowledge of these quanti t ies allows t o calculate the d i f f erent ia l с г о м -
section for populating s tates in the subset u by 
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^ H . f 0 & ( з . г ) dB xu dfl l J ' cl 
where (do/dQ) , denotes the classical cross-section and r denotes the asymptotic value f (t-») c l K M 
for the trajectory leading to the scattering angle Q. If more than one trajectory lead to the 
same scattering angle, the r.h.s . of (3.2) has to be replaced by a sua over the corresponding 
contributions. 

In transforming the Liouville equation (2.6) into an equation for tue macroscopic occupation 
probabilities f (t) we make use of the elegant superspace notation. Simply speaking this means 
to regard the double index i j as a vector component in the superspace. The basis vectors in the 
superspace, denoted by | i j ) , are orthogonal and normalized, ( i j | lk) * 4 . - 4 . . . Thus in the super-
space notation, the Liouville equation (2.6) is written as 

i n ^ | p ( t ) ) -L(t ) [p( t ) ) (3.3) 

which is similar in form to the Schrödinger equation in Hubert space. 

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

с i d " 1 i ! - ) ( . • - • | (3-й) 

where d denotes the dimension of^f , i.e., the number of channels contained in the subset «f . 
U W V 

The application of С is a projection on and an averaging over the diagonal elements in the 
subset u. We project the Liouville equation (3.3) on OICu and Q»1-C and obtain two coupled 
equations for C|p(t)) and Q|p(t)). Eliminating the non-relevant part ("correlations") Q|p(t)) 
we find the generalized master equation 

• V y 0 " y*.'«)*1' ° d TV t , T )Vv ( t-T ) (з-5) 

w о 

y^V " 15 l -, («Ib^tJctt.t^Qlpft,,)), (3.6) 

К ( t , t ) - (4jf) -£j- l I (•s|L1(t)0(t,t-t)L1(t-T)|nn) (3.7) 

W V 

Here we have used CLC"0 and we have divided the Liouville operator into two parts, L*L +L, 
о i 

where ЫХ,m(3() ,T , , , . / , o\ 
' ^ V n m . l k 5 V a ^ V V ^ - v V 0 ' 

is diagonal. The mean potential energy U (t) is defined by 
Ü (t)s J- I V (t) . (3.9) 

v 

The propagator (time-evolution operator) for the intermediate states in Q-ipace is given by 
the integral equation t 

0(t,tQ) • 1*fa ! d<QL(t*)«J(t;to) . (3.10) 

*o 
The generalized master.equation (3-5) ia an exact transformation of the Liouville equation (2.6) 

to relevant macroscopic quantities. It conserves the total probability 

|^ Г fw(t) • 0 . (3.11) 

with 
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The f i r s t term on the r . h . s . o f (3 .5 ) given by (3 .6 ) describes the contribution from the i n i t i a l 
correlations Q|p(t ) ) . These i n i t i a l correlat ions propagate in Q-space from t to t and then con
tribute via the coupling L . ( t ) to the relevant part of the density matrix. The second term on the 
r . h . s . of (3 .5) describes the coupling between different subsets . In analogy to the Boltzmann 
equation i t i s referred t o as the c o l l i s i o n term. According t o ( З Л ) the coupling L . ( t - t ) leads 
from the C-space into the Q-space. This amplitude propagates from t -т to t and then contributes 
via the coupling L . ( t ) to the relevant part of the density matrix. The c o l l i s i o n term consists of 
gain terms (v*ii) which correspond to trans i t ions from a l l subsets vtu to the subset v, and anotler 
term v » u which describes the l o s s from the subset p. The kernel К ( t , i ) i s non-local in time. 

(IV 
The change of the macroscopic occupation probabilities at time t depends on all earlier times 
t~r>t . Because of this property, the kernel and its chaj 

vu the memory kernel and the memory time т . respectively. men 

t~r>t . Because o f t h i s property, the kernel and i t s character is t ic decay time are referred t o AS 
vu 

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

The formal and exact transformation of the Schrödinger equation (2.It) into the generalized master 
equation (3-5) would be worthless if the macroscopic variables u have not been chosen in a way 
which allows for subsequent approximations, e.g., for the introduction of randomness of the 
coupling matrix elements. Therefore, the definition of the macroscopic variables is the most 
crucial problem in deriving useful transport equations. So far, no systematic method is known for 

19) making this choice or even for deciding wether any proposed choice is correct . Only the 
application of the resulting transport equations to specific physical problems and comparison with 
experimental results can tell us wether the choice of macroscopic variables is reasonable or not. 
In the following we assume that we have found a set of macroscopic variables such that the assump
tion of randomness for the coupling matrix elements is justified. This allows to evaluate easily 
the mean values defined by (3-6) and (3.7). 
We consider the memory kernel К (t,T) as defined by (3-7). For sufficiently small times t, the 
main contribution to К is due to the diagonal elements G (t,t—i) of the intermediate pro-yv ° nm,nm 
pagator. For finite times т, random properties of the coupling matrix elements favour the contri
butions from the diagonal elements of the propagator. For large i diagonal and non-diagonal ele
ments become small because the amplitudes are spread over all possible states. Since the density 
of states is large ard the coupling matrix elements couple only to a relatively small class of all 
these states, the total contribution to К becomes negligible for large т. For a further evalu
ation of К we approximate the propagators G by their mean value G for ait and ml/ , and 

uv " r r^r^ nm,nm * vu v |i 
hence, 

K uv ( t ' T ) ' h < T« ( t>»B .f*-T>>vw0»i. ( t' t- t ) * c-c- (U-1) 

where we have introduced the traceless coupling matrix elements 
v (t) = V .(t)-4 ,U (t) . (U.2) 
nj nj nj v 

The approximation (U.t) should be well sa t i s f i ed i f c o l l e c t i v e s t a t e s can be neglected. Only for 

co l l ec t ive s tates we expect a time dependence of the propagator which i s s igni f icant ly different 

from the mean behaviour. Similarly, we obtain for the i n i t i a l - c o r r e l a t i o n t e n (3.6) 
V ' V * И J V v < v « n ( t , , ' n « ( t o ) V v W

( t ' l . J * C - C ' «•» 
with n • m. This term vanishes i f the non-diagonal density matrix elements are i n i t i a l l y randomly 
distributed and uncorrelated with the coupling matrix elements. In the following we neglect the 
in it ill-correlation term. 
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For a further evaluation of the memory kernel ( k . l ) we have to study the time dependences o f the 

mean autocorrelation function <v ( t )v ( t - t ) > and the mean propagator G ( t , t - t ) . We d i s t i a -
mn nm vii • — vti 

guish the two l imi t s of weak and strong coupling by the re lat ion between the (auto-)correlation 
T of the autocorreln**лл ftHu*tinfi н д *к* i i f»ttB« » ^ cor 

coupling l imit i s defined by 
time T "* of the autocorrelation function and the l i fet ime T][U of the propagator. The weak-

т ^ « i ^ (k.U) 
cor dec , 

the strong-coupling l i a i t by 

TVM » ,Y» . (U.5) 
cor dec 

Since the decay cf the propagator is due ti the coupling between different channels, the weak 
coupling limit correspond» to the neglect of the coupling L in the intermediate propagator. 
Thus we obtain with (3-8) for the memory kernel (k.1) in the weak-coupling limit 

K2)(t',)4*<'aB
(t)»-lt-t,>»rf«,"t- Я ̂ t'(Ev(f)-EM(t•))]•«.с (U.6) 

where we have introduced the mean local energies E (t) ; <t > • U (t) of the channel states 
" v n w v 

within the subset v. If the coupling between different channels is very weak, the nuclei remain 
essentially in their ground states. This is the limit of ordinary perturbation theory. Integra
tion of (3.5) over t and т yields the familiar result 

^y-Wnfv'UW^ 
where с = <E > and v (ы) denotes the Fourier transform of v (t). In deriving d.7) the u n v mn ль 
difference between the aean potentials U , V has been neglected which is consistent in the 
r'.rst-order perturbation liait. This liait is justified if the relaxation times т" , of the 
probabilities f (t) are large compared to the collision time 

T . « T M, (U.8) 
col rel 

In a l l other cases of the weak-coupling l imit (U.b) where the relaxation times become comparable 
or even smaller than the c o l l i s i o n t i a e , we speak of the van Hove l i a i t . Thus in contrast t o 
f irst-order perturbation, au l t i s t ep processes are considered i n t h i s l i a i t . We note that 
VU V U • • • • 

T << T , t whenever the introduced macroscopic variable u is reasonable, i.e., if the 
macroscopic variable corresponds to the slow modes of the process. This condition is the conse
quence of the assumed local equilibrium (randomness) within the subsets u. Combining all this 
with ft.k) we find the inequalities 

tvw w < vU < < t v « « (u j 
aea cor dec rel rel col 

for the van Hove limit. In this limit the correlation time is by far the saallest characteristic 
time of the process. According to (k.9) we can neglect the tiae dependence of the occupation 

vu . • 
probabilities during time intervals of order т ' . This justifies the Hmrkoff approximation 
for (3-5) which yields the master equation 

}t V** " Г \* ( t ) tVv(t)"Vu(t)? (fc'10) 

v4w 
with the transit ion probabil i t ies 

. /t ( t ) - e ( t ) л |3 

V" г ' d T l W^»«<'v l " 1.V ) \ >„v • »•») 
0 

In contrast to (U.7) where the energy is conserved for the asymptotic region, we have here 
energy conservation (approximately within U / T V ., я/т!!е1) f ° r the local energies. 
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If the strength of the coupling between the channela increases , the decay t i e» of the propagator 
decreases. We speak of the strong-coupling l i b i t i f the decay time of tne propagator i s the 
s e a l l e s t characteris t ic t i e « in the process and in particular i f (U.5) i s s a t i s f i e d . In order to 
evaluate the trans i t ion probabi l i t i e s in the »aster equation (U.10) for strong coupling,we have 
to know the e x p l i c i t for» c f the propagator (3-10) . for s implicity не assume that the coupling 
Matrix elements are different fro« sero only for energy differences IE ( t ) -E (t) |<< « / T Y " . Then 

• и v dec we can approximate L tjr Ц in (3-10) . Because of the inequality (•>.$) ve can replace L.(t') by 
L,(t ) in (З.Ю) and finrt 

G(t.to) - exp [^ V V ^ V J 0..12) 
in the strong-coupling l imi t . Assuming Gaussian d is tr ibut ions of L. within the subsets we obtain 

G f c v ( t . t - t ) - exp [ - i < t / x ^ ) » ] (U.13) 

with trie decay time 
n[<jv(t)|*>M • <!v(t ) | *>J-1 / a , (k.M.) 

<uid hence for the memory kernel 
(s) 

(t.t) - у «iv t ) |2>«»exp t- U1^ Y] • (U-15) 
: 8 , - d e e ' 

This i s the same result derived ear l i er with a somewhat different notation for the decay time. 
Since uv . |iv „ n« \t v ,, , - . 

T 5 t : << T , T , , T , < T , ( * . l o ) 
mem dec cor rel rel i. col 

we ~an perform the T-integrmtioa in (3.5) and obtain the master equation (U.10) with the trans i 
t ion probabi l i t i es 

w 
- ( t ) - JT% ft"2 <|v ( t ) | 2 > rv.v . ( Ю П 
uv nri i»v dec 

I-, is important to real ize that (U.17) i s not restr icted to on-shel l transit ions l ike ( i » . i i ) . This 
uv i s i je to tt-.e small value for т in the strong-coupling l i m i t . Of course, the result ing off-

shs i l probabi l i t i es are not allowed to survive in the asymptotic region. When the nuclei start to 
.-.eparate, the memory time begins to increase and tend t o in f in i ty asymptotically. Thus, the 
Marfcoff approximation i s not applicable for the l a s t stage of the process. In order to retain 
trie s implic i ty cf the master equation, the coupling matrix elements v <!t) have bee« replaced 

, ч mn 
ir. г by e f fec t ive interactions which are res tr ic ted to on-shel l trans i t ions only. 

5- Concluding remarks 

We have described the derivation of transport equations for diss ipat ive heavy-ion c o l l i s i o n s . 
Starting from the time-reversal Liouvil le equation we have obtained t ime-irreversible transport 
equations by the neglect of the i n i t i a l correlat ions and the diss ipat ive nature of the c o l l i s i o n 
terms, which i s introduced by the randoa properties of the coupling matrix elements. The va l id i ty 

. vu of the transport equation i s limited to the range c f times т « t - t << т . The lower l imit mem о rec 
i s imposed by the neglect of the i n i t i a l correlations and by the Harkoff approximation. The upper 
limit i s due to tue f in i t e .ensity d of in tr ins ic s t a t e s . The system can come c lose to the 
i n i t i a l s tate after a time of the order of Poincare'i recurrence time т • 2*fid. A'rej.dy for 

rec ' 
small exc i tat ion energies t h i s recurrence time i s large compared to interaction times of heavy-
ion c o l l i s i o n s . 
Tn ref . the re la t ive motion has been treated e x p l i c i t e l y in the semiclassical approximation. 
In s consecutive moment expansion with respect t o the l e l a t i v e coordinate and momentum of the re 
sul t ing transport equation one recovers the master equation (b.10) and obtains the c lass i ca l 
equations of r e l a t i v e motion for the mean values and equations for the variances. 
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One of the basic problems in the derivation of transport equations i s the adequate choice of bas i s 

s t a t e s . At present we are trying to find a basis which allows for the treatment of further c o l l e c 

t ive variables and at the same time leads to the weak-coupling l imit (van Hove l i m i t ) . 
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.USS TRA1SP0RT AID RBUIIVB ИЭТКШ IM OBSP IIBLASTIC HBAVX IOI COUJSIOIS 

R. Schmidt ** 
Joint Institut« of Buclear Research Dubna, USSR 

Abstract 

•e investigate the maaa transport combined with a dynamical statistical treat
ment of the relative motion in deep inelastic heavy ion collision*. The defor
mation of the fragment« is taken into account implicitly. We calculate multi-
differential cross sections of deep inelastic reaction products and compare 
it with experiment. Remaining discrepancies between theory and experiment in 
the 2 3 8U • 2 3 8U reaction are diecuased. 

1. Introduction 

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

Mhereas the energy damr4ng of the initial kinetic ensrgy appears within a 
short approach phase in the relative motion the mass diffusion takes place 
mainly during the time evolution of the "double nuclear system" /1/ which is 
formed in such type of reactions. 

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

It is the purpose of this paper to combine an investigation of the mass 
transport /3/ with a dynamical statistical treatment of the relative motion 
/6/. Special attention is given to the influence of the dynamical deformation 
of the double nuclear system on the interaction times of DIC. We calculate 
single, double and triple differential cross sections of Dl-products and 
compare it with experiment. Discrepancies between theory and experiment in the 
гЗвц + 238и 

reaction are discussed. 

OB leave from TU Dresden, Sektion Physik, DDR - 9027 Dresden 
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2. The aodel 

a* lnveatigate DIC by aeana of a dyaaaieal couplinc of the claaaieal trajec
tory of the relative action to the aaaa traaafer between projectile and tarnt. 
Both the relative action aad th* aaa* tranafer are treated atatiatieally how
ever we provide that relative action and aaaa tranafer are atatiatieally un-
corr*lat*d. Then the total diatribution function ia a product 

where d, la the diatribution function for the degrees of freedoa of th* rela
tive notion H, v, PJJ, ? 0 (polar coordinate* and corresponding conjugate ao-
menta) and d2 r*pr*a*nta th* distribution function for th* BOSS asymmetry 
degre* of freedoa (aeasured at the pagectile like charge number Z 1). Sq. (1) 
we expect to be fulfilled since experimentally th* ratio of width to scan 
valu* of th* *l*B*nt distribution ia found to be saall. The coupling between 
relative motion and cudeon diffusion is taken into account through the mean 
valu* <21> in d1 and th* tin* t. 

For the calculation of the distribution function <Ц we use a model /6/ 
which has been applied earlier to study mass integrated angular distributions 
of DI-fragaenta. This aodel ia based on the theory of Hofmann and Siemens /4/ 
who derived in linear response theory a Fokker-Planck equation for the 
distribution function dj in the phase space of the collective degress of 
freedoa. Its Gaussian type solution is determined completely by the first 
(mean values) and second moments (statistical fluctuations) of th* collective 
coordinates R, w and their conjugate momenta P_, P„. The equations of motion 
for the first moments are newton-type equations including frictional terms. 
For the corresponding equations of the aecond moments a coupled set of first 
order differential equations can be derived /5, 6/. Here a time dependent 
temperature appears which is calculated with the Internal excitation energy 
produced by friction. In the equation of the first momenta we take into 
account th* deformation of the fragmenta by modifying the nuclear interaction 
in the exit channel /67. The deformation energy has a drastic influence on 
th* calculated exit channel kinetic energy. It has been shown that the consi
deration of th* deformation alao improves the agreement between theoretical 
and experimental energy and maas Integrated angular distributions of DI-
fragaents /7/. In this paper w* ar* interested in eleaent distributions too, 
and in view of the fact that the nucleon diffusion is strong correlated with 
the веап Interaction tie* w* shall study th* influence of the dynamical 
deformation on the calculated interaction times. 

We describe th* time dependence of th* distribution function for th* 
charge assymmetry degree of freedoa 4g (see «q. (1)) by th* Pokker-Planck 
equation 
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Here the reletlTO motion eaten vie tlae variable t. For the drift coefficient 
•g end diffueloa coefficient I>z analytical expression Ьвте been derived by 
Mrenberg et el» /2/ -ithin a elerescopic aodel. In these expreeeions the 
relative Botioa entere vie the seen excitation energy в" produced by friction. 
Slaee for lo« excitatloa energies the etatietleal theory /2/ la not applloable 
(la perticulex the drift coefficient diverges for vanishing exeitetion energy) 
we introduce a fora factor for the transport coefficients shich ia not inclu
ded in the theory /2/. Thle fore fector effect* в linear decay of th* trans
port coefficients for excitation energies aasller than 3o KsT /8/. 

The aolution d2(Z1tt} of eq. (2) ia a Gausaian with tiae dependent aean 
valuee <Z 1>(t) end variances S^(t) /3/. 

nth the solutions d1 and J- we obtain froa the total distribution function 
7(t) (eq.(D) aultidlfferentlal cross sections es 

d 5F 2Ъ i и ?b ( f m 
icr 

dedEd*T K 

where 0 represents the deflection angle, В the final kinetic energy and Z. 
the charge nuaber of the DI-fragment. In eq. (3)* к is the wave number of the 
relative motion, 1 ia the critical angular momentum as calculated dynami
cally, and l__x ia the maximum value of 1 that contributes. Other cross 
sections are derived by integrating over the corresponding variables. 

3. Results 
Calculated interaction tiaes aa function of the initial relative angular 
momentum T i r r t ( D аг* displayed in fig. 1. As it is seen, the deformation 
enhances the mean Interaction times, but only by up to 30%. The interaction 
time for U+U la larger than for Xe+Sn in the high-1 region due to the large 
amount of inertia, but smaller in the low-1 regime since here the Coulomb 
repulsion la the dominating effect. The interaction times for Xe+Sn show an 
exponential behaviour near th* critical angular momentum below which fusion 
occurs. 

132Xe (5.9MeV/nucl.) • 120Sn 238U (742 MeV/nucl.) + 23eU 
- i — i — i — i — i — i — г 

including deformation 
— no deformation 

Pig. 1 T l 0* as a function of th* Initial relativ* taction Xe+Sn and U+U. Solid and dashed Calculated Interaction time 
angular momentum 1 for the rea 
lines represent calculations with and without th* consideration of the deformation energy, respectively. The indicated bombarding energies refer to all figures. 
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W g . 2 Theoretical «learnt diatrlbutiona for the rtaetlona froa fig. 1 eoape-
rod with experiaental data (circles) /9/, /10/. In tht U*U eaa« the 
calculation baa to eoapara with th« prlaary alaatnt distribution 
(equarea) aa reconstructed /10/ fro« the data. 

E 

5 ю2 

Ю1 

Ю1 

T — i • i i i i • • — г 

Xe • Sn 

: 124-1U 

94-W 

U-Bi 

Tig. 3 
Calculated double differential 
croea aection d%/d?.«Jt for Xe+Sn 
la eoaparlaon with the data /9/» 
The energyloea bine are Indicated 
on the left. Tht noraalization 
nuabera on the right refer to 
both data and experiment. 

with the aaan interaction tiaea froa fig* 1 and tha excitation energy 
dependent traneport coeffieiente we calculate energy and angle integrated 
eleaent diatributiona and eoapara it with tha experimental data (fig* 2). 
Oood agreeaant la found for Xe+Sn. For UtU the theoretical eleaent diatribu-
tlon d f / « , eoaea out to be too narrow by coaparing with the exporlaantal 
polnta for the reconetruotad prlaarjr elaaent diatrlbutlon /10/» Particulary 
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th« incroM« in th« м а п interaction tin« du« to th« deformation is by far not 
sufficient to explain this di«er«pancl«s a* it was expected in /3/. In a 
schematic calculation /8/ w found that th« effect of th« closed Fb-ahell on 
th« diffusion process leads to a broadening of th« «laaeat distribution and 
thus explains part of this discrepancy. It must b« also realized that the 
extraction of th« experimental points /10/ for th« prlaary element distribu
tion in th« U+U ease involves considerable uncertainties. 

In fig. 3 we represent doubl« differential cross sections d*5" d?.,4E for 
five cuts of th« total kinetic energy loss in th« Xe+Sn reaction. The increa
sing spread of the experimental element distribution with increasing energy 
loss AS as ««11 aa the absolut« magnitude of th« cross section is well re
produced by the model. 

Finally* we Ьате calculated triple differential cross sections cf-'f c?,A?rE 
for fragments Z1 - 92, 86 and 80 in th« U+U reaction (fig. 4). Here th« calcu
lation can only be expected to reproduce the correct trend, not th« absolut« 
magnitude of th« triple-differential cross section because the experimental 
integrated elcscnt distribution cW/dZ? is not reproduced (see fig. 2). Th« 
strong Coulomb repulsion in th« U'+U system leads to a backward-angle scatte
ring for large energy loss. For elements around U a large amount of cross 

Fig. 4 
Calculated correlation between mear 
fragment energy &t, scattering angle 
• o - , and charge number Z1 of th« outgoing fragments with Z< • 92, 86 
and 80 in th« U+U collision, 
Th« upper and th« lower arrow« indicate 
the Initial kinetic energy and tbe 
Coulomb energy at th« int «motion 
radius calculated for spheres, respec
tively. 
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section ia expected in tho region corresponding, to tho erasing angle (• M * ) 
ana for kinetic energy cloae to tho initial energy, With increasing transferred 
nvclaona the distribution shifts toserda larger angle and lower energiea. In 
addition tho width of the energy and angle distributions Increase with in
creasing amount of nucleon transfer. Sleaenta with aharge nmsbers sufficiently 
far frooj that of tho projectile one we expect at energies sell below tho 
Ceuloab energy for spheres. 

A largo part of tho results presented in this paper was obtained together 
with V.O. Tone«* and С solschin. I would like to express then ny gratitude 
for tho collaboration. I aa grateful to V.T. Volkor for stiaulating discus
sions. 
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THB TOOLBAR PFICTIOH PROBLEM 

L. MUnchow, A. Pfitzner, H r Sehuls 

Zentralinstitut für Kernforschung Bossendorf, DDR - 8051 Dresden 

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

1. Outline of the problem 

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

Denoting the many intrinsic degrees by fx| and the variable for the relative 
distance of the two ions by /q) we derive an equation of motion for the ex
pectation value qTTT » tr W(x,q,t)q, W being the density operator of the 
system. Dissipative forces in this equation must have their origin in addi
tional conditions whl'ih have to be imposed on the Liouville equation for 
W(x,qtt). The Hamiltonion of the system is 

H - H0 • V(x,o), H0 - Hlfl(z) + Hc(q), H(.(q) = f̂ jj + U(q) , (1) 

and the corresponding equations of motion are 

рцш-Ш-T FsW/d</ F\irWVF. Ш 

Before the collision begins the two nuclei are well separated, and №(x,q,t) 
can be factorized: 

В (x) is the density operator for the intrinsic degrees of the two ions and 
f#(q,t) the density operator for free relative motion. As the nuclei approach 
the interaction V comes into play. This may be simulated replacing V by ̂ *V. 
In scattering theory we have to take lim(f-»0*) et the end of the calculation. 
This means an adiabatic switching on of the interaction in the remote past. 
Inking over the formal solution from scattering theory we may write[O 

Mum e*~^wsct) цш* W0(i)^!jrelLTi^v, We«+r)]. (4) 
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Thla expression ia used by Groaa to obtain from ? • l i a tre^F a fr lct lonal 
force in the claaaleal equation of motion t2} . Thia procedure la doubtfull be-
cauaa ( i ) dieelpation In heavy-ion col l ialona cannot be produced by an adla-
bat l c switching on in the remote paat, but takea place only during contact of 
the two f in i t e eyeteaa ( e . g . In a t lae interval ° * * - * 0 0 ц ) . вш* ***) d iaa i -
pation haa to do with energy aharing among many degrees of freedom during 
relaxation of the internal system. 

2. A model for relaxation 

Before considering the internal ayetem we separate the relevant part for re la 
t ive motion by a projection operator P used in the Zwanzig-formalismГЗЭ: 

** n 
trBZot)= /f, 

(5) 

?• la Just that part of Я which has to satisfy the scattering boundary con
dition (3): 

to* W)= *** www = \m ?0i(f(t) Ъ0а)=*1с><о1 t (3a) 

where |0> denotes the ground state of the internal system. How we imagine 
qualitatively the follovdng first stages of the collision: 

к 
U <olVU\ L ^ 

-** 
Pi«. 

О Та 
1t Excitation energy £ i s tranefered from relat ive motion to the Op-Oh-

state I0> forming a"p - 1h - state ld> , which "decays" into the 
complex states |y> via the internal interaction contained in H, 

Thia picture implies the doorway-concept: The relative motion couples to the 
intrinsic degrees of freedom only via the doorway-states |d> . In agreement 
with our approach we subdivide the remaining part of >V(t) according to 
O-P)W(t) a QW(t) - Q0W(t) + Q.,W(t), where { Q J represents the eubepace of 
tp-lh-statee /d> and [Я^\ the more complex np-nh-statee with n > 1. This way 
we have the following conditions for the [Q] -spacet 

(1) t<Oj QW(t) « 0; (2) t - 0« «^(0 ) - 0$ (3) t ^ T g » QQW(t) - 0 (6) 

The refinement of the ( Q } -apace by subdivision into (QO{ and {Q^} i s the new 
aspect which makes the dissipation mechanism more e x p l i c i t s . 

If one could find a tine-development operator T(t,0) in the {QO\ -space the 
third condition could be written as 

T(t,0)Q0W(0)*0 for t > T j (6a) 
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The central question i s then how to approximate ? ( t ,0 ) in a proper way in 
order to sat i s fy condition (6a ) . 

3 . A generalized master equation for the re la t ive motion 

Applying the projection operators P, QQ and Q- to the Liouville equation (2a) 
y ie lds a coupled system of equations for PW, QQf and Q̂ W: 

doorway concept: TLQ^CLLPsO. 

Elimination of Q.W in the second equation and taking into account the i n i t i a l 
condition <V(0) - 0 provides 

The memory effect contained in Q.WCt-t') can be formally extracted by 
Qo'VCt-t«) » e 1 * * QQW(t), where )£, describes the complete time-development in 
the {U.A -space, '.'в assume in the following that the energy transfer back to 
the relat ive motion i s negligeble during t c o i i * Therefore we mayiC approximate 
by the operator which describee time-development in fa A without coupling to 
jfpj . This way we get а с1озоа functional equation for it , which may be 
"solved" by i terat ion: 

£*Q^-i{«%Le'iUikL*y:ei' (9) 

There are, however, no arguments to treat the coupling QjLQ as a perturbation. 

therefore we keep the full <& in beff(*)» *А*П respect to V, however, we shall 
restrict ourselves to second order in the final equation for PW(t) and there- * 
fore we drop it completely in Leff(*)s 

Q^itl* Q.L, - И'Щ1-те- ̂'j^fe,«**', Lu-CHt.,-J do) 

The first term contains the coupling between different 1p-1h-statesf the 
second term represents the coupling of the doorway states via the more complex 
states lv> . 
To arrive at the final equation for .?(q,t) we assume as usual the diagonal 
elements of V to be already included in H end therefore tr„ V • 0. From the 
definition of P in (5) we easily deduce PLP • LCP, Q0LeP - 0 and Q0LP - Q0Iv**» 
with Lc .. - [Hc, ..J an1 Lv .. - fv, ,.J . Inserting the solution GQW(t) of 
equ, (3) into the first equation of (7), we obtain the generalized master 
equation 

(*& - О W *iw -1[dvKur)?«-r; 
о ) 

(11) 
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with 

1*0-V " Wt-ib&'L+WlbW 

This basic aquation fox f (q , t ) has the eaaa structure as the equation fox an 
open system coupled to a "heat bath"[3). i t has s t i l l tiite reversal symmetry.. 
The time-development operator T(t,0) which must sat i s fy condition (6a) i s seen 
to be just exp£-tb\ J^lr'Lsjtt'JJ . If i t would be poss ib le , for instance, 
to extract fron i t a factor expf- l j i j with Ц=»^/% , condition (6a) would be 
fu l f i l l ed automatically, but time r versal symmetry would then be destroyed. 

4. A simple estimate for dissipation 

After the I n i t i a l state |d> (see fi&. 1) has been formed we may forget how 
i t was created and imagine i t to be the f i r s t step in the formation of r. 
compound nucleus during the scattering of an incident particle with energy 
E = 2 e x + ЕдШ- £о(-4-А) on a 1h-target. In the sp ir i t of Peshbach's unified 
Theory of Nuclear Becctions the 1p-1h-states then form ths "open-channel-
eubapace" [4} • '-he corresponding component of the total wave function i s the 
solution of о Schrödinger equation with the effect ive liamiltonian 

%<lg) = H*d " ^jbl И»* ^ « 2 ьМ/̂ /аЧЧо*'/, in) 
V 

The E-dependent part contains the coupling via the more complex states IV> 
and should therefore correspond to the stationary enaloson of the time-depen
dent pnrt of b e f f ( t ) in equ. (Ю). Because the eycitation energy JLOX i s not 
sharp and the levels Sy l i e very dense around £ -t seems to be appropiriate to 
ever age over an interval &E around ii. Doing this with a Lorentzean weigh t ine 
function we arrive at 

%fif= K(£+iI)=HM-bu-ir« , 1*Ц£ (13) 
with the shift and width operators й лл end Гдд, respectively, .7e now imagine 
the real part of (13) to be already diagonalized leading to shifted 1p-1h-
energles ZJJ and the operator f".j to have only diagonal elements. Then we ob
tain 

X^"~Lä<r<-irf)t<i><<<i <14) 

The damping width /\ may me be roughly approximated by an average value inde

pendent of the special state ld>[5}: 

Here Xr is an average of lH^| and D the mean distance of levels £у 
inside ДЕ. 
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Having this in Bind we may write 

• ^ _ (16) 

It is obvious now that I(t) and k(i,Ct in (11) are proportional to QT^ and 
eTl'r , respectively, end therefore time reversal symmetry is violated. Aa a 
consequence yW^^gcftf follows an irreversible equation of notion. The 
result for Ц ia rather plausible: the relaxation time tfc «Cp/v1 decreases with 
increasing level density and coupling of the lp-lh-str.tes to the more complex 
states, »a may distinguish two cases: 
1) Tghtc* t The equation for qTt) becomes very complicated. Kay be it is 

aore convenient to introduce for these longvliving (coherent) excitations 
collective variables d , say, and include them in the subspace £p^ . This 
would lead to в density operator $(4,d,i) and, consequently, to coupled 
equations for cfCt) and of(4) . 

2) Гв^^с#аТ : The internal degrees relax very quickly to "near equilibrium". 
•?e may imagine the process to proceed by successive steps during t ..: 

\^ , \ виУМ | ._< P^-" 
Т"ГГ"' • £— 

Fig. 2: Internel and relative motion are governed by different time-sceles: 
TbS- 4иЛ • £ach step at the times t_ should start with slightly mo
dified initial conditions. n 

In the following we consider only times t >^j. Then we may drop I(t) in equ. 
(11) and extend the integration /A" to +•>, because the integral kernel К С&) 
is essential only for f^-fy • For the solutions we keep the same symbol 
f(q,t).Eea. (11) reduces to 

0"£ -I*)?«*) - -- Uv Kit) p̂ -r; 
' IT л!.- (17) 

One may ask if case 2) is real is t ic . The following values are considered at 
characteristic lor heavy-ion collisions[6)i 
10" sec jft * с о ц * 10 sec, l i fe time for a single particle excitation 
^ « ^ O - ^ s e c . With tgbtif we may expect situations where $ш**соц *• 

well satisfied. 

5. Classical eauatlon of motion 

The r.dvantage to perform an expectation value with the relevant part?(q,t) 
instead of the complete density operator W(x,q,t) is obvious. With cyclic per« 
mutation under the trace tr « txQtrB and because of £v(x,q),qj • 0 we obtain 
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instead of (2b) 

Т-Ч»*Ч«лЧ»«? Р-*&? (ie) 

with «. It resembles only formally the 
corresponding equation in[2) because our physical background is different. At 
least at the beginning of the collision we have В « (o)£o/ and therefor 
trBBo **• * ̂ ' ••• ' ° ^ * The m e m o ry contained in?(t-t') is essential only 
back to times t-Tj. For this small interval it seems justified to put yW-<7 
**»xpliLx.i'l ? (*)• IB accordance with our model we have <TC 1 d> = 0. Intro
ducing the operators W * s H^-f,-if we write the integral in (13) in compact 
form: 

The time dependence of the operator X.(t') is governed by H only: X.(t') » 
2̂ 1* e*pf-«^» J V. Expression (19) is suited to extract systematically con

servative and dissipetive contributions by succesive partial integration. 
Doing so we obtain finally 

«7»*-A-f <*r$V<" -V*fiff,e> - «№*>> (20) 

where the rest integral takes the form 

and the operators ХЛ0) follow the recurrence relations 

V*m£4ci*£l X,(>)*z/>iV . х„«')-е^'уы(р). (22) 
It i s remarkable that the time development operator of re la t ive motion 
exp£-iLcf'J i s removed from the sum and shifted to the res t integral . ..e 
shall re s tr i c t ourselves to the f i r s t three terms in (20) which correspond 
to the Taylor expansion in powers of t ' up to t ' * in linear response theory 

[7 ,8) . 

In the following we assume that average values l ike &СУА?Г £if l£# " l£w* fyo) 
vanish. This i s sa t i s f i ed , e . g . by the more res tr i c t ive Assumption thet the 
matrix elements of V and i t s derivatives ere rea l [7} . Using the formal re 
lations л 

we can express the terms in C**/by the "derivatives" of the operators "g" end 
JT 0(») with respect to Ы . As nn example we ;;ive the contributions to 

equation (18) from the f i r s t two terras in (20): 
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*-'• b,(H*<olv£vto> (24) 

It i s obvious that (24) and the third term of (25) are purely conservative. 
To get an ordinary fr ic t ion force we have to extract p i t ) from the p-depen-
dent terms. For th is purpose »a must make assumptions a b o u t ? ( q , t ) . Taking 
into account V(x,q) only up to second order we may approximate ? ( q , t ) by £(•,<) 
s / Y ( q f t ^ t ( q ( t ) / , where Jf4q,t) represents a wave packet. To havo e pract i 
cable expression we approximate th i s packet by an anaatz footing on the struc
ture of a free-mot ion-packet: , . 

£ means center-of-mass energy of the packet and y characterizes i t s width: 
vc » yil^^ 2 Ар ж const (spreading i s neglected) . Piom (26) we easi ly find 
P/£(q tt).>«£p<r/+ '^Чц-Щ)] lti4it)> and a corresponding expression for 

To apply the Ehrenfest Theorem * has to sat i s fy the two conditions ( i ) * *g_ 
2," 3 2 A 

и 5" end ( l i ) y » A * where a0 i s a characterist ic distance over which the 
nuclear potential changes eosent ia l ly . For strong energy loss of the relat ive 
motion ( i ) mey be violated as times goes by. ..e therefore keep the correspon
ding fluctuation term with Af1 in the f inal equation: 

with m(q) - «COfF̂ tfqPand the ef fect ive potential U e f f ( f / = U - if, where 

a^^o/i/ lm-^F^F/^-l^^'ijF'^fJ^^»«^. (28). 
the friction coefficient becomes 

C<0- ' lr<W,OlFlF + ± F'^F'-^ J ^ F - J F J /*, 1W> . (29) 

Because a l l derivatives of the operator V(to)are oC VM*/Ctt w e find e x p l i c i t e -
ly that f r i c t ion increases with decreasing relaxation time. Apart from the 
quantum mechanical fluctuation term eC Adequation (27) he8 exactly the same 
structure аз in linear response theory, and m(q*) corresponds to the inert ia l 
tensor in the three-dimensional case[7) . But U-/ . and c ( t ) are different from 
the resul ts of linear response theory and resemble them only for heavy masses 
and smooth potent ia ls . 
The energy-balance following from (27) i s s l i g h t l y modified by the fluctuation 
term i 

i № f+ V^J8 - c*}?- & *?j? > wr™v. (30) 
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If the fluctuation term ia not email i t makaa во mox« aana« to apeak of a 
maaa mft{ which moves 1л an average potential Ü - ^ . It ia evident that other 
dissipation mechanisms than ordinary f r i c t i o n соме into play i f we consider 
in (20) also terms «1th / > Э. «e obtain for instance, a contribution pro
portional to^DffJ^FVf^Ffo^* , and via Щ Sht/y^ftf something l ike "radia
tion damping". 
One concluding remark should be made. If we keep only the f i r s t term in 
equ. (29) we get a fr ic t ion coeff ic ient of similar fom as in l inear response 
theory [7,8}: 

C(tf**-2r<W0lFdf&faFl0,W=fy$<WlFjl^ffitt (31) 

with *о^0я Ц/i " £ e • The intermediate sum i s not performed over the compli
cated eigenstates jn>, but according to our model over the doorway states 
only. Beceuse f - > 0 is strongly forbidden, c ( t ) never vanishes inspite of the 
energy gapöL>#>0. If me follow the concept of linear response theory from 
the beginning assuming a separable potential V ( x , q ) ^ V(x,"q")«5;,\(F)«I'(x) wo 
find as usual the fr ict ion coeff ic ient to be prooortional to the f ir3t moment 

, however with a damped "гезропзе function" J5*W=e*J»£—^J^O/-
•Pf**"L ev^F'ek I f *be damping factor i s missing an rdditionc.l smoothing proce
dure i s necessary to make C(t) different f'rom zero[3}. It i s obvious that 
such a r t i f i c i a l procedures are avoided in our formalism. 
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SOME ASPECTS 07 THE STATISTICAL DBSC&LPTIOI OP IUCL8AR RBACTIOIS 

P. Midler and R. Half 
Technlache UniTeraitMt Dresden, Sektion Physik, DDR - 8027 Dresden 

The theoretical treatment of deeply Inelaatic heavy ion collisions assumes dif-
terent relaxation times for different collective and intrinsic degrees of free
dom. Prom experimental data one can conclude that the intrinsic degrees of 
freedom are rather fast modes. Therefore, they are assumed generally to be in 
• statistical equilibrium if one looks for the dynamics of the deeply inelastic 
process (see the contributions of W. Nuremberg and С Igo, p. 24 and 13 , 
respectively). 

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

—̂ » 
which can be constructed with an arbitrary chosen set of observables { p \ and 
the thermodynamic conjugated parameters ]P_(t ) } • In the limit £~»+0 this 

operator obeys the quantum-statistical Llouvllle equation and represents re

tarded solutions [1]. In eq. (1) geometry dependent effects have been neglected 

already. For a first application of this concept to relaxation phenomena in 

nuclear reactions the Fermi gas model have been used with a hydrodynamic des

cription of the relaxing system. The compound system as it is created after a 

few scattering events between the projectile and the target nucleons is divided 

into subsystems, composed of particles occupying single particle states in dif

ferent energy ranges. Then the transition to the equilibrium stage is viewed 

as a relaxation process between these subsystems. Furthermore, all subsystems 

are assumed to be in a quasi-equilibrium characterized by a Fermi distribution 

with time-dependent parameters. 

The compound system is described by th* Hamiltonian 

H - T.H-,* ^ < m f | v : j ! < > Qm a j a k Clj (2) 
(m 

The matrix elements <ml|v|jk> have been derived from parametrized free nucleon-
nucleon cross sections [2}. Ths following set of observablss has been chosen« 
{ Hlt M1, P^ ] (HA - total energy, »i - particle number, ?± - total momentum 
of subsystem i). The conjugated parameters {PB(t)} are connected with the 
inverse temperature ß ^ t ) , th* chemical potential A*i(t) and th* mean particle 
velocity v±(.t) is subsystem 1, respectively using eq*. (1) and (2) the mean 
fluxes < P B > « 11a Tr <? <*>

 r
B ) between the subsystems have been calculated. 

Connecting these quantities with th* time derivative* of th* parameters 7a(t) 
one ends up with a coupled ey*tem of strongly non-linear differential equation* 
determining th* time evolution of thermodynamic parameter* { ?Я{Х) J or, 
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equivalently, of the mean valueo < Рщ> [3]: 
о ,, 

fTiU^di'e' <t (V»')).-p iU)<? m |T;) (3) 
Hare the bracket <-.. > decotea quantua-atatiatieal correlation functions. 
In order to derive eq. (3) the time derivative ?m in eq. (1) has been neglected 
compared with the time dependence of the operatora PB(t) In the Heisenberg re
presentation. Moreover, the operator ?(t) was linearised with respect to the 
interaction which waa aaauaed to ba email. The integrale in eq. (3) representing 
•he kinetic coefficients have been evaluated using Mck'a theorem. For numerical 
calculations thaae coafficienta were computed for the equilibrium atage, but in 
the correlation functions <? Bf? 1> on the right hand aide of eq. (3) the non
linear dependence from { *M(t)j .have bean taken into account. Furthermore, 
using the principle of detained balance and the lnverae cross aections given 
in ref. "5J. la eq. (3) fluxes have been added in order to describe the deple
tion of the nucleua. This procedure gives the possibility to calculate the dif
ferential cross sections 0*5 didldX. (in a. u.). 

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

The numerical aolution of eq. (3) shows that these la a fast atage of the 
—21 —21 94 

relaxation proceaa (about 5*10 sec) and a alow one (3*10 aec for "Hb-rn 
at EQ ж 14,1 UeV). Therefore, in order to eatlmate the dependence of relaxation 
times on excitation energy B* and maaa number A It is sufficient to calculate 
the correlation functions for the equilibrium stage» In a wide range of E* and 
A the kinetic coefficients are proportional to £* and nearly Independent of A 
but <Pm, Pj>~fi* A' . Thus, for the relaxation time T follows Т~]ЦГ . from 
the numerical aolution of eq. (3) one ean draw the conclusion, that because of 
the strong coupling of the equations there la no remarkable difference In the 
relaxation times for energy, momentum and particle number. Aa an example, in 
fig. 1 it is shows that the predicted angular distribution of 14 MeV neutrons 
inelaatically aoattarad from 93Ib is In good agreement with experimental data 
aa wall as with theoretical results obtained by Yrie et al. [6] with an exten
sion of the axeiton modal suggested by direst rasetion theories. 

After equilibration one ean follow the decay of the compound nueleus by 
Integrating aq. (3) formally until the reeidual nucleus baa an excitation energy 
U below the neutron threahold. Interpreting the number of emitted neutrons 
<A,> • Aj(t) aa an eneeable avenge mean neutron daoay widths Г п, P„"1tAÄtt)» 
• r„iu), have bass estimated. The index 3 refers to pert Idas leaving the вою-
pound nueleus. Tneae values correspond to the expreaaion for the decay width, 
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which can be calculated fron the tota l decay probability extracted 
»eiaekopf expression i n the Permi gas aodel: Гп(и^ ~ fc - «о»** f ^ 
(B - neutron binding energy). 
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Pig. 1 
Reaction n'), B a • 14 MeV. Cosparison of calculated 
angular distributions with experimental data [6] and with 
theoretleal predictions froa an extended exclton model [6] 
(dotted lines). Solid linesi without precoapound decay. 
Dashed linest with prscompound decay. 
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HEAVY-ION REACTIONS IN THE LICHT OF TDNF" 

I.Kamamote 
NORDITA, Blegdamsvej 17 , Copenhagen, Denmark 

Abstract 
By solving the time-dependent Hartree (ТОН) equation in a one-dimensional Model, 
I am going to discuss the following three subjects < By taking a Single united 
system, 1) the damping of collective Motions, 2) the ultimate state of ТОН 
(related to the particle-evapolatlon spectra). By taking asyaaetrlc collisions, 
3) the particle-number transfer and the fluctuations in particle-nuMber transfer. 

The possibility of using the TDHf approximation to study significant features 
of heavy-ion collisions has been especially emphasized by the HIT group , and 
elaborate TOHF calculations »lth so-called realistic interactions and with full 
3-dimenslonal geometry have been perforeed by several groups. However, we study 
a Model , which is highly simplified but which we expect has sufficient 
structure for studying what can be reasonably studied by TDHF, what is the 
liMltation of the TDHF Model, what is the role of the normal Modes in the tiMe-
developMent of the system, and so on. 

It Is known that there is no many-body bound-state in the one-diaensional 
Model of FerMlons interacting with a ^-function Interaction. Thus, our Model is 
one-dimension, but we choose *n exponential form for the two-body interaction. 
The paraMeters of the Model are chosen, so that the form of the Hartree poten
tial is similar to that of the nuclear system. Each single-particle level is 
doubly degenerate. The system has the parity *s a good quantum nuMber. For the 
discussion of the subjects 1) and 2), I shall take the case of the excitation 
with positive-parity. 

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

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

Now, as »n example, let me take the system of 10 particles. There are 3 
bound RPA modes with positive parity, of which the quantum-energies are 16, 39 
and »* In our energy unit. Flg.l shows the two quantities which are considered 
to be a measure of the collective motion, for the case in which at t«0 the 
amplitude of the 10 % of respective RPA modes is added to the Hartree solution, 
and then as < function of time the system is developed according to the TDH 
eouatlon. Note that the excitation energy is 0.16, 0.39 and 0.M, respectively, 

I) This work was done together with B.R.Nottelson. 
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In our energy unit. 
1) The damping of collective motions 

Fig.? shows the system's length for the case In which the Hartree solution 
of the 10-partlcles systea is stretched by 10 % «t t»0, and then the systea 
develops «s • function of tlae according to the TDH equation. The excitation 
energy of this example is (.7, ahlch is considerably saeller than the quantum 
energy of the lowest RPA node. One sees that a damping of the collective 
stretching notion occurs clearly at the Initial stage, but the daaping is 
strongly dependent on the amplitude (or velocity) of the collective motion. 
Namely, after the aaplitude is reduced by a factor 2 — 3 the daaping becoaes 
auch saaller, and oe are unable to observe any further reduction in collective 
aotlon. The energy which «as reaoved froa the collective aotlon is found to 
appear eventually as eaitted particles. That is, the oave functions of the 
systea develop tails extended Гаг outside of the nucleus, and the tall describes 
a flux of particles running away to infinity. (In the nuaerlcal calculation we 
add to the self-consistent interaction In the ТОН equation *n imaginary poten -
tial far outside of the systea, so that the particles once coaing out froa the 
systea are absorbed and never coae back to the 1, stea.) Around 1 = 10—20, about 
half of the excitation energy has been taken шш»у by eaitted particles, while 
the rest reaains in the bound RPA aodes. The period of the oscillation, seen 
in fig.2, is in fact the period of the lowest RPA »ode. Oaaping is certainly 
going on also for the small-amplitude oscillation around t=10-~20, since oe 
observe the particle-flux which is continuously outgoing. However, it takes too 
auch tine to follow this very moderate daaping. 

In fig.) the kinetic energy of collective current of the saae systea as in 
fig.2 Is drawn. Around t—0, alaost all the excitation energy appears as kinetic 
energy of collective current, twice during each period, ie can see that the 
daaping of the kinetic energy of collective current is aore or less the saae as 
that of the system's length oscillation. 

For comparison, in fig.о we show the system's length as a function of time, 
for the case where at t»0 the Hartree solution is stretched by )0 I . The 
excitation energy is 39. Also in this case, the basic period of oscillation 
seen in the figure is the period of the lowest RPA aode. 
2) The ultimate state of TDH 

*e examine what is the ultimate state of TDH, If we prevent particles from 
being emitted. Our expectation is : The TDH systea is essentially a classical 
roupled field with *n infinite number of degree of freedom. Therefore, the 
system follows eventually the "law of equl-partltion of energy" which 1» a 
characteristic feature of classical statistical mechanics though not of quantua 
statistical mechanics. (In practice, the number of degree of freedom is finite, 
since we solve the TDH equation by taking a discrete space-mesh and thus th« 
effective number of degree of freedom of the field is (particle-number) times 
(number of mesh-points). Anyhow the number of degree of freedom Is very large.) 
That means, In TDH system the temperature distribution will never be obtained. 
Namely, we will not have evaporation of particles with a given temperature, but 
rather the .Jectlon of particles whose velocities are directly related to the 
wall coupling mechanism and the separation energy. 

Let me show the result of numerical calculation. At t>0 the Hartree solution 
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of the systea ass stretch«« by 90 «. Instead ef adding; «я absorptive potential, 
•t put an Infinit« ««11 at t'.« place talc« the nuclear six«, »• that tkt 
p«rtlclcs n«««r leave the syst«« and, thus, the energy ef this syst«a reaelns 
constant for ever. Fig.J shoos tit« quantity JL*lil-tщ)Ищ) f«r th« energies of 
th« n-th Hartr«« single-particle states with pes?tive-parlty, «h«r« Гщ is 
defined as fn* Д1» } <•" | »fc>f* by using th« ТОН «ave-functlons % and th« 
n-th Hartr«« single-particle oave-'uactlens y*£ . Heaely, Г Is th« occupation 
probabilities ef th« n-th Hartr** single-particle st*tc. Dots eaoress th« points 
at the very beginning, ohlie cross-points are fer t —70. (Mot* that th« tie« 
period о **e looest-lylag positive-parity »PA aode is --0.%0) Th« slagle-
partlcle states alth positive energy are discrete du« te the finite nueber of 
aesh points taken In the numerical calculations. Note that if •• hav« th« Feral-
distribution of »citations f ̂ (WaspM*^- Л)^))" 1 •« «et б ь Ш - Г д Ш д ) * 
(«.-»£ , ohlle if the systea approaches "the equi-partitlon of energy", 

f. becoaes proportional to (С {-Л)* for Oj-AXJ, and U-fj) becoaes propor
tional to (A-t-j)"1 for 6j-A<0 . 

Froa fig.S we see that : The points expressed by dots shoos alaost the Feral-
distribution of »citations, «hile as the systea evolves as tiae, oe see »hat 
the distribution starts to shoo the feature of the classical systea aentfoned 
above. 
Э) Asyeeetric collisions 

Now, as the last subjects, I leave the problea of a single united systea, 
and talk about the asyeeetric collisions by using the saae one-diaensional TDH 
aodel, conslderinq the fact that alaost all the "realistic" )-diaensional TuHF 

16 1С calculations have been done for the syaaetric collisions such as 0* 0 or 
Ca* Ca, aainly dje to the liait4tion of the coaputation tiac. 
Since oe have only *n attractive Interaction, the systea fuses in a collision 

•lth a very seell Incident velocity. As the incident velocity increases, en 
appreciable aaount of particles (in general, not an integer nunber of particles) 
starts to coee out froa the fused systea, and thus the final state becoaes a 
binary systea, besides a very saall aaount of particles ohich are ejected froa 
respective excited vibrating systea. As the incident velocity increases further, 
the distribution of the particle-nuaber in the final binary systea becoaes 
closer to the initial distribution. Finally, for the Incident velocity larger 
than a critical value, the incident teo systees Just go through each other, 
as far as the nueber of the particles in the final states is concerned. Here 
*e talk about the nuab«r «f th« part icles in the f ina l states alaost iaaedietely 
after th« final scission, since the excitation energy in the final states is 
eventually taken eeay by particle-ejection, and thus the nueber of th« particles 
In the final binary systea becoaes saaller if <e »alt longer. 

In figs.e.l and e.2 ее see typical density-distributions during the collision 
of the (•••) systea, ehIch shoe hoe the tee (o- end ••particles) incident 
systees penetrate each ether. It is useful to define the eoeent of "the first 
scission", at ehleh the tee Incident systeas have passed through each ether, 
as far as the nueber ef particles is concerned, fe have observed the presence 
of the aoaent ef "the first scission" fer all value« ef incident energies, 
nseely even fer the ease in ehich the final state Is a fused systea. Indeed, 
the characteristic feature ef different final eystcas appears at the tine after 
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"the first scission". 
In fig.7 as an example we take the (6*8) collision-system and show the «mount 

of the particles ( 4 N . Q . . ) , which are transfered from the ^-particles system to 
the S-particles system, as a function of the incident energy in the centre of 
mass system. (Other asymmetric collisions show very similar qualitative feature-
s.) #> see that for the incident »r.ergy per particle, E__ «„„/Л • smaller than 
about 3 the systems fuse while for E ,_ /A larger than about в.5 the in-

ca,inc 
cident two systems just go through. The value 6.5 Is less than 1/3 of the 
Fermi-energy of the б-particles system and is almost equal to 1/4 of the Fermi-
energy of the 8-particles system. For the value of E inc/* = *»5Ä'3.5 a 

complicated situation happens sometimes and the final state is not alwa>s 

binary. 

In fig.7 we show also the fluctuations in particle-number transfer defined 

by ( 4 N f l )
Z S <%\(.\f \iy - а{Пц\$:$ where -71, is the particle-

number operator defined in the right half-space. It is seen that the fluctu
ations in the particle-number transfer 4N.. varies surprisingly little over the range of E _ , investigated here and remains as an appreciable value cm,inc 
even after the final transfered oarticle-number ( 4 N T n u ) becomes zero. (The 

.3) TDH' 
maximum value of 4N f. given by the restriction of the TDH model is l.S in the 
present case.) 

At least in this one-dimensional TDH calculation, the net transfered part
icles dllTD(. cannot be a measure of the amount of the energy transfered from 
the relative motion to intrinsic excitations. And the quantity UN., does not 
seem to be a measure or the transfered energy either. The smallness of the 
present 4N.-U might have a connection with the absence of Coulomb potential 
and with the smallness of the o.'fference between the chemical potentials of 
the two incident systems. 
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Fig.* The system's length as a function of time, 
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SCATTERINGS AND REACTIONS OF LIGHT HEAVY IONS 
A. Strzalkowski 
Institute of Physics, JagelIonian University and Institute of Nuclear Physics, 
Cracow, Poland 

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

In order to match as well as possible this review to its title alpha particle was 
selected as the first example. With its very tightly bound four nucleons it can 
be even considered an extreme example. To discuss also some peculiarities con-9 nected with weaker binding, the Be ion was chosen as the second case. The 9 neutron binding energy in Be is so low /1.67 MeV/ that even its first excited 
state is not bound with respect to neutron emission. 
The entrance channel phenomena are commonly described by the potential model with 
the complex optical model interaction. The question arises to what extent such 
description is physically reliable and unique for heavier projectiles. The fact 
that the interaction potential is derived from confrontation of the model predic
tions with experimental elastic scattering data leads to the well known ambi
guities : the scattering cross section is determined by the asymptotic behaviour 
of the wave function at large distances, which can be matched to different inter
nal wave functions for different potentials. The situation is even worse for 
heavy ions where the strong Coulomb interaction keeps the interacting particles 
at larger distances during collision. 
Several attempts have been made to avoid this ambiguity by using some additional 
information to fix the values of parameters of the optical model potential, as 
e.g. deriving the real part of the potential from the effective nucleon- nucleon 
interaction and density distributions of the colliding nuclei in the microscopic 
models applying some folding procedure, 1/, 2/. For interaction of alpha parti
cles with nuclei the most important conclusion from such models was that the 
form-factor of the potential differs definitely from the commonly assumed Woods-
Saxon shape. As it follows from the microscopic models and was proved in many 
phenomenological analyses this form-factor can be well approximated by the n 
power of the Woods-Saxon expression with n » 2, 3/, 4/, or n » 2.65, 5/. 
The most serious drawback of microscopic approaches using folding procedures is 
the neglect of antisymmetrization. Although in some recent studies, 6/, taking 
into account one nucleon exchange as the dominant part of the exchange amplitude, 
the main effects of antlsymmetruzation were investigated and learned at least 
qualitatively, the complexity of such calculations forces us to use partly a pheno-
menological approach in determining the depth of the potential. The real progress 
was achived by D. Goldberg, 7/, who has shown that it is possible to fix unambi
guously the parameters of the optical model potential for alpha particles from 
analysis of the elastic scattering data at sufficiently high energy, that the 
nuclear rainbow effect clearly appears, and for angles sufficiently large, that 
the great part of the nearly exponential fall-off of cross section is covered, 
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rig. l. It was shown recently. 8/. that auch an analysis could be extended conse-2 quently to the region of lower energies using energy Independent /Hoods-Saxon/ 
for«-factor. Fig.2. 
Unfortunately the 
situation is not so 
favourable for heavier 
ions. It was shown 
e.g., 9/, that the 
microscopic potential 
with density dependent 
nucleon-nucleon inter
action and exchange 
effects included, 
leads to determination 

*««•* 

40 Fig. 
of the alpha particle- Ca potential at 104 NeV, while for Li at 156 HeV some 
additional normalization of the potential depth is necessary. It is suggested 
that this behaviour is connected with the much weaker binding of Li and impor

tance of coupling 
with some break-up 
channels. 
The low binding energy 
of the projectile 
leads to some interes
ting features of the 
scattering also in the 
region of lower energy 
where scattering could 
be well described by 
the simple Fresnel 
diffraction formula, 
10/. This is especia
lly distinctly visible 
for interaction of 
particularly weakly 

9 bound Be ions with 
28 
Si nuclei on the so 

called Wegner plot, 
Fig. 3, in which the 
ratio of the measured 
scattering cross sec
tion to the Rutherford 
one is presented in 

function of the classical distance of closest approach. While for some strongly 
bound projectiles like О we obtain л sudden, almost exponential drop of cross 

g 
section below some distance due to the absorption, for Be ions two such absorp
tion regions could be distinctly observed corresponding to the direct reaction 

•Ив" 

Fig. 2. 
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processes and to the sore stronq absorption due to the total fusion, respective-
1У. 12/ 
The localization of the direct processes following from this picture could be 

confronted with the results concerning the domi-
28 9 8 nating direct transfer process, i.e. Si/ Be, Be/ 

reaction, 13/. The angular distributions for 
this reaction have a typical bell shape, and from 
their maxima the value of the distance of closest 
approach could be calculated, at which the tran
sfer process takes place according to the semi-
classical model. From the measured angular distri
butions we obtain the value of d »2.3 fm in good 

о 
agreement with the distance at which the weak 

absorption due to direct reactions sets in in the Wegner plot. 
The total reaction and fusion cross sections show also some singularity connec-9 ted with low binding energy of the projectile. For 20 HeV Be ions interacting 

28 with Si nuclei the total reaction cross section determined from the optical 
model analysis of the elastic scattering data, 14/, is equal 5*R = 1120 mb, and 
is much smaller than the fusion cross section estimated from light particle 
emission to be C» * 735 mb, 12/. On the other hand the total reaction cross 
section determined according to the well known prescription from the quarter 
point of the angular distribution has a value <o,/, » 650 mb rather closer to th« 
fusion cross section. Introducing corrections taking into account the further 
term in 6,,. and smooth cut-off as suggested by W. Frahn, 15/, we obtain correct
ed value 6j ,. = 930 mb. It leaves still some discrepancy which is even larger 
at lower energies. This behaviour could be an indication that the strong absorp
tion region, to which б,,, belongs, corresponds to the fusion process. 
Discussing the interaction of light heavy ions it is impossible not to mention 
the so called anomalous large angle scattering /ALAS/ which in last few years 
attracted attention of many physicists. This effect - most distinctly appearing 

40 in scattering of alpha particles on Ca 
nuclei - consists in considerable increase of 
the scattering cross section at extreme backard 
angles. It shows a remarkable isotope effect, 

40 44 
beeing present for Ca but not for Ca nuclei, 
as well as a energy dependence, disappearing 
for energies above ca 50 MeV, Fig. 4. In the 
very extended studies performed recently, 16/, 
17/, it was shown that the ALAS effect is con
nected essentially with censiderably diminished 
absorption at lower energies for Interaction 
with Ca as compared with Ca or other nuclei, 
fig. S, 18/. How such diminished absorption can 
lead to the obitbrved increase of cross section 
at backward angles, could be understood on 

*Са<тм)"С* "Cafa.rc* 

i 



- 58 -

1 

Fig. 5. 

basis of a seaiclasslcal laodel, 19/. In th« semiclassical approximation scattering 
amplitude can be split in two rarts: one corresponding to the reflexion at the 
external turning point in tht potential and the second arising essentially fro« 
the reflexion at the internal turning point. 
As the latter, responsible for the cross section 
at back-ward angles, is influenced mainly by the 
absorption, the decrease of absorption will result 
in the increase of cross section at backward angles. 
Fig. 6. It was also shown, 20/, that ALAS effect 
is strongly correlated with the energy levels 
density and the Q-values for the leading absorption 
process /oi ,n/, which determine roughly the ab
sorptive part of the potential. 

Although for alpha particles ALAS effects could be adequately described by the 
proper potential model, 
there exist also some 
other mechanisms 
capable to give account 
to the increase of 
cross section for 
scattering of heavy 
ions at large angles. 
One of such processes 
is the elastic trans
fer, 21/, well illu
strated on Fig. 7 for 
the scattering of 
9Be on 12C nuclei, 22/. 
As the Compound nucleus 
contribution /dotted 
line/ to the optical 

»»•«41 
Fig. 6. 

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

«V4. 

tion at backward 
angles, the 
elastic transfer 
of He cluster 
was Included in 
the DWBA approxi
mation /dash-
dotted line/. 
Such analysis 
Involves the 
information about 
cluster states in 
the Interacting 
nuclei i.e. about 

13, »c "c 

»e. »8. 
13, 

*B. 
»c 

13, 

n ' oi 

«r 
•e« »et 

Jet 
Щ 

~*e. 

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

•ttVsirt-
Ce'MMW 

•I 

».•»r 

fcrltf 

KfVf 

rig. 9. 
backward increase of cross section for the 
12C /9Be,8Be/ reaction, 23/, Fig. 9, could be 
succesfully explained as contribution from the 
alpha particle transfer reaction /line B/ using 
the same cluster parameters as in the elastic 

9 13 transfer contribution in the Be + С scattering 
9 12 The Be + С system discussed l.ere is very 

interesting also from some other point of view. 
12 For the nuclear system involving С as one 

member the problem of resonances is one of the 
very long standing but still controversial 
problems of heavy ions physics. According to the 
well established criteria such resonances could 
be observed if the level density of the compound 
nucleus is low and the number of open channels small. This conditions are rather 

9 12 well fulfilled for the Be + С system, which since some time was considered 
a good candidate for observation of such resonances. Recently, 24/, 25/, quite 
strong energy dependence was observed for some reaction channels of this system, 

9 8 especially well visible for the /Be, Be/ reaction at backward angles. However 
the lack of correlation between structures observed in the excitation curves for 
different reaction channels and limitation of the observed phenomena to the 
extreme backward angular region only do not allow to draw a definite conclusion 
which of the three possible mechanisms: resonances, fluctuations or interference 
of some multistep direct reaction processes. Is responsible for the observed 
phenomena. 

Fig. 10. 
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ON HULTIPAIR TRANSFER BETWEEN SUPERFLUID NUCLEI 

S. Landowne 

Sektion Physik, Univers i tä t München, D-8046 Garchirig, Federal Republic of 
Germany 

'. Introduction 

A fascinating conjecture was raised some time ago by Goldanski and 

Larkin about the possibility of observing a nuclear Josephson effect 

during the collision of two superfluid nuclei. Several theoretical papers 

have subsequently investigated this problem. (For a list of references, see 
2) 

rer. ) Because of technical difficulties - and in order to try tc isolate 

the most essential features - the older works have relied on a number of 

simplifying or ad hoc assumptions. First of all, the reaction dynamics were 

considered below the Coulomb barrier in order to apply the semi-classical 

coupled channel formalism. This simplifies the dynamics but severely 

hinders the possibility of forming a good contact between the nuclei. 

Secondly, the nuclear structure problem of how to accurately calculate two-

particle transfer form factors for heavy ion reactions was not solved. This 

is crucial in order to know the absolute strength of the pair tran^t>r 

coupling. Because of recent progress in both areas, we have tried t.1 

reassess the question of multipair transfer between superflmd nuclei'"'. 

2. Reaction problem - the CCWKB approximation 

When dealing with the collisian of heavy systems at energies above trie 

Coulomb barrier, se require a generalization of the semi-classical coupled 

channel formalism. This will be referred to as the coupled channel WK3 

(CCWKB) approximation. The CCWKB gives a set r.f coupled first order 

differential equations for the reaction amplitudes Cß which have the form 

f - c . ( D - TV, Ы ^ШИ'^П) с*<r) (1) 
dr P * *+ f^Tr) кА(гГ 

where Тш is the radial action integral, 

and k« is the local wave number, 

(2) 

(3) 

within the effective potential Vm . The turning point rT is defined by 
кл(г2 ) = 0. Finally, V^* is the coupling between channels. 

Eqs. (1) are integrated along a path which starts at large R and 
returns again to R, having encircled the turninf? point3 of the various 
channels. The initial values, C«(R) = f.# , express the condition that 
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there are incoming waves only in the entrance channel. The final values 
give the WKB approximation to the S-matrix elements for the outgoing waves. 
Cross sections are obtained by summing the S-matrix elements in the usual 
way. 

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

In many cases the semi-classical form is adequate. There are, however, 
a few points to observe for reactions above the barrier which are not 
immediately clear from a trajectory viewpoint. Consider a wave incident 
upon the Coulomb barrier at an energy above it. Part of the wave is trans
mitted past the barrier and is absorbed from quasi-elastic channels while 
part is reflected at the barrier, corresponding to grazing collisions. The 
absorbed part corresponds to a classical motion with a turning point at 
very small distances. The "reflection above the barrier" is described by 
turning points which are near to the barrier position but lie off the real 
axis in the lower half of the complex r-plane . These turning points are 
used to determine the integration path. In so doing, we eliminate contri
butions from distances inside the barrier and thus take into account the 
bulk of the absorption. Surface absorption can be added by imaginary parts 
of the effective potentials 

3. Structure problem - two particle transfer form factors 
Details of the two particle form factor problem for heavy ions can be 

i t ) 
found in ref. . Here we will sketch the main points. The position coordi
nates for a reaction A(a,b)B where a = b • 2 are indicated in fig. 1. Since 
we consider the projectile and tirget to be superfluid, we express the wave 

functions of a and В in terns of corre
lated pairs of particles outside of 

1 2 superconducting cores. Thus, 

Fig. 1 Two particle transfer 
coordinates 

and similarly for т _ where U,V are the 
usual BCS occupation amplitude. 
The two particle reaction is assumed to 
be governed by the potentials Vj, V, 
which bind the two particles to the 
cores. Thus (in post representation) 
the coupling Interaction takes the form 

Vr* , e
 vyuvVuvvicft,,^^ 

(5) 
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where the Xg are spherical wave functions for the angular reaXtive motions. 
Compared to uncorrelated pair transfer, this expression is super-enhanced 
by the factor 

(6) 

The integrations in eq. (5) have been done explicitly. First the two 
particle functions are expressed in terms of relative and center of mass 
coordinates. The directions of the relative coordinate are trivially inte-
grable while one numerical integration is required for the relative sepa
ration. Then eq. (5) reduces to the fore of a one particle transfer where 
the one particle is located at the center of mass Ft,- of particles 1 and 2. 
An elegant procedure is to transform to a coordinate system defined by the 
triangle b - R-2 - A. Exploiting the symmetry that the interaction depends 
only on the shape of the triangle, the orientation of the triangle can be 
integrated, trivially. This leaves a two dimensional numerica1 oyer the 
shape of the triangle. 

Note that (5) depends on the center of mass coordinate Гф in the exit 
partition. To apply (1) we require a common radial coordinate г in each 
partition. Introducing a scaling parameter % , we can Taylor expand (5) 
about a point S*r. The first term is used in eq. (1). Proper choice of Sm 
injures this is the main contribution . Thus we make a smal) approximation 
to longitudinal recoil. Transverse recoil is included in full. The main 
limitation of eq. (5) is the neglect of the successive transfer mechanism. 
Also for the two particle wave functions, we follow the usuaX method of 
binding the particles at half the reparation energy to simulate effects of 
continuum states. 

4. The collision of Sn • Sn 
122 120 

We have considered the case of Sn bombarding Sn at an energy 
ELAB = *̂ ° M e V W e allowed for the stripping and pick-up of up to three 
neutron pairs leading to ground states. Thus we have a system of seven 
coupled channels indicated schematically in fig. 2. 

The coupling between channels is*given 
IVV *•*•" by the form factor of eq. (5). It was cal-

.„ . culated for the case of 122Sn (120Sn, ]Z2Sn) 
ЮТ.М9 -70t »m» рот» |2Q 

' Sn, allowing the two particles to move IN* m -MO si* « и in eleven j-shells around the fermi level 
(MJIM -J» timnA-щ ('"«•)• T n e **ие form factor was used for 
ma.a«) -ie i..[ л wij, a11 couplings in keeping with the general 

pairing picture that the even Sn isotopes 
are a pairing rotational band based on the 
same intrinsic superfluid system. 

on.m oe «мм If one furthermore neglects energy and 
mass transfer In eqs. (1), the resulting 

Fig. 2 Coupling scheme for equations can be solved analytically with 
multipalr transfer the result (see fig. 2), 

IM «St i» i «ar««»-* 
i n « eo >rm !»«•• 
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where X , • ( » • « ) * while 

C- 5<Jr V(r1 /k f r ) 

( 7 ) 

(8) 

i s the r i r s t order amplitude for one-pair t r a n s f e r . Expanding eqs . (7) to 
leading order g ives 

C , » 7 C » ' C i « С * / * * c»/6 (9) 

For a given reaction one expects peak cross sections of 

where urn is the «crazing angle and /• is the grazing partial wsve. Thus the 
above equations give simple relations between the transfer cross sections. 

The crucial question is whether the enhancement due to the pairing 
correlations is sufficient to produce large probabilities for multipair 
transfer. Fig. 3 shows the result of the structure calculation. The curve 

labelled "superf i'-iid-superflui-l" is the 
rally correlated Гогя factor. The other 
curves result from switching off the 
pairing correlations in the projectile 
and also in the projectile and target 
(treating Sn an two independent 
particles in the U i ^ shell). This 
3hows the expected enhancement (*'j. (6)) 
of the two particle form factor due to 
the pairing interaction. 

However, the coupled channel calcu
lation does not give large absolute 
transfer cross sections. The results are 
summarized in table ?. Listed are the 
total cross sections for one to three-
pair stripping reactions with the corre
sponding probabilities for the grazing 
partial wave.(Powers of ten are indica
ted.) Similar results2' hold for the 
pick-up reactions, aa expected from eq. 
(7). The rows of table t correspond to 
two choices for the imaginary part of 

r lM) 

Fig . 3 Form factor for 

^ W ^ S n ^ S n ^ S n 
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I n O 
ReU 

1/5 

1/30 

one p a i r 

Г(гаЬ) 

9 . - 0 1 

3 . -00 

I C | 2 

6. -03 

5 . -02 

two p a i r 
r (mb) 

1.-С3 

1.-02 

1С2 

2 . -05 

5 . -04 

t h r e e p a i r 
r (mb) 

1.-06 

2 . - 0 5 

|c|2 

1.-08 

8 . - 07 

Table 1 Total cross sections and probabilities for 
multipair transfer 

5) 
the nuclear potential. (The real part was fixed according to systematics. ) 
The first choice r.ay be called an "educated guess". The second corresponds 
to virtually no absorption in the surface region. It thus gives an upper 
limit on the cross sections to expect from grazing collisions. It is seen 
that even these numbers are quite small. We concl'ide that there is no 
indication for a supercurrent transferring many correlated neutron pairs 
during the Sn + Sn collision. 

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

E. Hentschel, D. Wbhlfarth, H.J. Thomas and D. Grambole 

Zentralinstitut für Kernforschung Rossendorf, DDR - 8051 Dresden 

V.l. blanko, G.B. Novatzki, S.B. Sakuta, D.H. Stepanov and V.l. Tshuev 

IAK "Kurtsehetow" Moscow, USSR 

It is shown how in one—step processes the asymptotic» of the incoming and the 

outgoing channel are related by the transferred energy and angular momentum. 

As a consequence of it we get new informations concerning the inelastic angu

lar distribution: a small- and large angle limit of the Presnel diffractive 

region and corrected phase relations between the elastic and inelastic channel. 

1. Estimate of the outgoing asymptotic angle 

The transfer of energy, angular momentum and masses plays an important role in 

heevy ion reactions. Generally»however, it is difficult to see the consequences 

directly in the measured distributions. At energies well above the Coulomb bar

rier many channels are involved and complicate the situation,Also at low ener

gies around the Coulomb barrier the problem still exists. The relation between 

the incoming and the outgoing r.symptotics is hidden in the numerical solution of 

coupled-channel equations and a lot of parameters is used to describe the for

ces and couplings. In our paper we present a simple and rigorous method to con

struct the outgoing asymptotical angle, V/e reduce the reaction to the most circ

le ease of only two coupled channels and азе the following assumptions! 
(I) The process is only a or.e-step excitation of the one colliding pe.rticle. 

That means the transfer of energy and angular momentum occurs in one sing
le act. 

(II) The relative motion can be described in terms of classical trajectories, 
(III)The excitation process is a sudden transition from the initial quantal 

state to the final one. It occurs at that point where the colliding nu
clei have the closest distance which is allowed by the conservation laws. 

Obviously these assumptions are quite rigorous ones and should be commented. 
Assumption (I) should be reasonable where D.VBA—calculations are successful. 
Assumption (II) Is valid at large distances with a more or less pure Coulomb 
force. That means aocording to ref.[l,2} the region of the angular distribution 
where Presnel diffraction is the dominating oscillation structure. Problems can 
arise for very light nuclei where the nuclear surface is more transparent. 
Assumption (III) contains the essential geometrical aspects and has to be tested 
by the experimental data.It will be shown that the consequences of (III) direct
ly can be observed in the measured elastic and inelastic angular distributions. 

The incoming and outgoing channel are defined by the quantum numbers 
[E,l,m1,I,mI) and [Е,,1,,п^,1,,т1)шЯегв Е,1 are the energy and angular momentum 
of the relative motion, I is the intrinsic nuclear angular momentum and т.,ни 
are the projections according to the Basel convention,Unprimed and primed quan
tities label the incoming and outgoing channel respectively,The excitation is 
characterized by the transferred quantitiesЛЕ»Е»-Е and Al'l'-l,It the relative 
motion is formed by central forces then 

(1) «dlem-m« 
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The geometrical meaning of (I), (II) and (III) is shown in fig.1. The particles 
are "inseattered" till to the reaotionnpointn.There the sudden transition occurs 
and after that the particles are."outscattered". Only if we can be sure to have 
the possible states completely specified by the given set of quantum numbers we 
are allowed to identify this scattering classically in terms of an elastic scat
tering. Let rmin. and rmin» be the closest distance and t) and в* be the classical 
deflection function in the initial and final channel respectively. The essential 
point of fig.1 is that the outgoing asymptotical scattering angle of the transi
tion process Uf is not identical with в» but given by 

(2) ef «0/2)(e+e')+<f 
Classical descriptions existing so far[3} have neglected the turn of the symmetry 
axis given by <{ .This angle y,however, is important to understand the experiment
al data. To show that we assume for a first approximation the n iciear force to 
be zero and obtain for pure Coulomb hyperbolae the result 

(3) ctS(e»/2)a(1_ÄL/l) yi-JE/E ctg(©/2) 

(4) coscf » sin(e/2)[l+(1_A/lfX((1/sin(e»/?))_i) for rmin»>rmin 

(4a) tf» 0 for rniin,<rmin 

The last equation is an empirical result obtained from the experimental data. It 

reflects 3 quantum Mechanical feature: the creation—"point" is at the symmetry 

axis of the "outscattering" trajectory. 

Uote that for l-*«»the ад^1е в' is vanishing but if converges to the nocero limit 
(?) l^f(e,Ä/l,AF./E)-linnp(e,ÄL/l,4

:'VK)» arccosVi-4F./£ 

••vhish depends only on ДЕ/.1. 
The addition of the nuclear force produces in the elastic channel the well known 
rainbows. >'or numerical calculations we use the real part of the optical-model 
potential which fits the elastic scattering data. According to (1) we obtain for 
each n—substate a deflection function 6.(1, J1/1,<JE/E). This is a new and impor
tant -"eatore. It iviH be shown in the next section that the different m—substates 
,;ivo si r.iificaatly different results. 

3. Consequences for the inelastic angular distribution 

?i.;, 2 presents a typical result from which the conclusions for the inelastic 
-.insular distribution can be shown. In this figure all deflection functions for 
the hoohester data [4] 56Fe(l60,l60«y)56Fe(2+,0.841 MeV) are shown. In fig. 3 
the experimental data and the coupled—channel results from ref ̂ 3j are displayed. 
I-Yon our construction (%) of the asymptotic angle of we obtain the following 
conclusions: 
3.1. Corrected 130°-phase rule 
r'or the so called reversed Fresnel oscillations [lj and the nuclear—Coulomb inter
ference rJ,5) exists a 130°«.phase rule between the elasic and inelastic angular 
distribution.v/e obtain by (t) a modified formulation: the 1B0°-phase rule exists 
'between all pairs 9,9. related by (£). Pigs. 3,4 and 5 show how accurate this 
corrected phase rale describee the experimental data.The m-dependence in fi-.З is 
reproduced nicely and the nuclear-Coulomb interference minima in figs. 4,5 are 
1I30 v/cll located by the arrows calculated from (2),(3) and (4) (refî J) . 
3.2. The m-dependence of the rainbow 
-he classical first rainbow angle corresponds approximately to that region where 
t'no Pre3nel-diffraction pattern converges into the exponential decrease ofS'S^. 
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Prom figs. 2 and 3 *• see in the inelastic scattering the m-dependence of this 
behaviour. Thus we find with sufficiently accuracy the upper limit of the Pres— 
nel diffraction region in the inelastic scattering. Besides the strong Al/l-de-
pendence we find also a considerable 4E/E-dependence of the rainbow.This can be 
seen in fie. 4. The measurement and coupled-channel parameters are described 
elsewhere[73. 
3.3. A small-angle limit of the inelastic Fresnel diffractive region 
This effect is a consequence of (5) and illustrated in fig. 2. Unfortunately it 
is difficult to obtain experimental data. We confirmed the effect by coupled-
channel calculations. Typical results are displayed in fig.4. In spite of the 
quite different behaviour all calculated curves are cutted according to (5). At 
energies well above the Coulomb barrier this effect is disturbed by the waves 
from the nuclear intoriour. 
3.4. A small—angle rainbow for m<0—excitations 
Th-* interplay between Л1/1 and 4E/E in (3),(4) produces for sufficiently small 
value«» AE/Z the rainbowlike behaviour of only the m<0-deflection function shown 
in fig.2. The diffraction pattern in the corresponding angular distribution is 
concentrated in a narrow angular region. An experimental confirmation is given 
by data recently published by Chait and Sinclair[83. 

4. Conclusions 

The examples giver, in sect.3 are part of an extensive analysis of all the avail
able inelastic scattering data.V/e only summarize here the main results end refer 
for a detailed discussion to[93.In particular we investigated the Presnel dif— 
Tractive region which provides the most clear test of our assumptions.In ,;er.orc.l 
we can state: if the process surely is a one—step excitation the relation be
tween 6. and в given in eqs» (1) — (5) describe the experimental deta with a 
surprising accuracy. All consequences can be confirmed by experimental data and, 
therefore, this description is a consistent one.Limitations occur if the excita
tion is not a pure one—step process. In some cases the coupling of other excita
tion channels Cl0,1l3 or of reaction channels [12,133 is of importance. In all 
these cases we find a typical behaviour: the experimental data are not ir. accor
dance with the values ©f calculated by our estimate (2) but are shifted to smal
ler angles[93. Therefore, the phase relations contain informations about the 
simplicity of the excitation process. 
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STRUCTURES IN THE ENERGY DEPENDENCE OF NUCLEAR REACTION CROSS SECTIONS 

I. Rotter 

Zentralinstitut für Kernforschung Rossendorf. DOR - 8051 Dresden 

Abstract: The results of calculations In the continuua shell aodel for over
lapping resonance states are given and discussed. 

Structures with different widths have been observed for «any years over a 

very broad energy range in different types of nuclear reactions. Besides the 

well known gross structure, substructures are observed in some isobaric analog 

resonances '.In heavy ion reactions, gross and substructures have also been 

observed '.In these cases, the level density is high and the single resonance 

states overlap. Therefore, an investigation of the properties of overlapping 

resonance states is necessary in order to explain the structures observed ex-

periaentslly. 

An investigation of the properties of overlapping resonance states is pos

sible in the fraaework of the continuua shell aodel formulated by Barz et al. '. 

The advantage of this aodel is the unified description of nuclear structure and 

nuclear reaction aspects. In a first step, the usual shell model problem is 

solved and the shell aodel energies and wavefunctions of the discrete states 

(QBSEC) arm obtained. In a second step, the coupling of the discrete stetes to 

the continuua is calculated by a coupled channels method. The wavefunctions, 

widths and energies of the resonance states ere obtained by a dlagonalizing 

procedure. The reaction cross section is calculated by means of the navefunc

tion ы obtained as the solution of the Schrodinger equation (H - E) u/ » 0. 
This method working for isolated as well as for overlapping resonance states 
allows to investigate the resonance picture of the cross section. 

Numerical calculations have been performed for the N+n reaction with 
realistic nuclear structure wavefunctions. The results show that even for 
P « D individual resonance states cannot always be identified in the cross 
section (Г- average width, D - average distance between the resonance states). 
In dependence on the ratio Г/D different types of structures may appear. 
While structures which are caused by only one resonance state appear at the 
same energy in all channels this is not necessarily the case for structures 
which are generated by several overlapping resonance states. The centre of 
these structures nay be shifted in the different channels because of the dif
ferent partial widths. The "widths" of the structures are determined, to a 
great deal, by the distance of the single resonance states which lie close 
together by chance due to fluctuations in the level density. 

For illustration, the cross section for elastic and inelastic neutron scat
tering on N is shown in fig. 1 in dependence on the number of resonance 
states (0*, 1 states with 2p-2h structure). In the first caaa, there is only 
one resonance state which determines the shape of the cross section. Then two 
resonance states with C< 0 ere added. The number, positions end widths of 
the resonance states ere ehown In the middle of the figure. The ehepe of the 
cross section becomes lnteraedlate-llke. 
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6("*tf The calculations in the continuum shell modal 
show further that substructures ss "til as fins 
structures eay appear under a gross structure 
created by a doorway state. The conditions for the 
different types of structures under the gross 
structure ere also determined by the ratio P/D for 
the overlapping resonance states« Th« appearance of 
substructures in isobaric analog resonances ' seems 
to fulfill the condition Г * О formulated in the 
framework of the continuum shell model. Furthermore, 
recent experimental investigations ' of the gQ/, 
isobaric analog resonance in Mn have shown that 
it is hard to imagine the existence of other door
ways in this case as it is proposed in the schematic 
model calculations by Cole et al. 5) for explaining 

tMrvj 

Pig. 

the fragmentation problem. But the condition Г**\ О 
is fulfilled. 

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

characterizes the type of the structure under the gross structure. If Г*£ О 
then substructures can appear. These substructures as well as the gross struc
ture may show an energy shift in the different reaction channels which is how
ever not larger than the "width". Experimentally, this condition seems to be 
fulfilled 6K 

Although the nuclear molecular states ere considered here as special states 
of a nucleus this does not mean that the nuclear molecular resonances in heavy 
ion reactions are believed to be susceptible to inclusion within a statistical 
framework. It follows from the continuum shell model that nuclear states like 
the single-particle resonances or nuclear molecular states do not allow neither 
e pure statistical interpretation nor a pure nonttatlstical interpretation since 
they belong partly to the direct reaction part and partly to the resonance re
action part. Thlj conclusion from the detailed discussions in the framework 
of the continuum shell model means that the question "statistical" or "non-
statistical" ia not Important for the nuclear molecular resonances since it la 
not connected with any physical contents. More Interesting is the question 
what the nuclear structure and the asymptotic behaviour of the nuclear mole
cular atata Is. 
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HADKoa CHÄISTIII и НВАТГ к я HIACTIOB 

J. Zlsmnyl 
Central «eaeereh Iaatitute for Phyelca, Budapeat, Hungary 

A etetlatlcal model for tbe time development of flreballa la preaented 
ahowlng the possibility of tbe production of pion condenseturn of 
Bose-Unatein type. 
Introduction 

In tbe central collision of energetic heavy lone a place of very denae and 
hot nuclear matter ia formed.This proceeo being the only one for produclxg 
matter with aucb enoumoa energy density In the laboratory, lta Investigation 
la Important for nuclear phyaice, elementary particle phyaiea for atatlatical 
phyalca too. 

Ал exact, relativlatic quantum mecbanlcal treatement of the heevy ion 
colliaiona aeaaa practically impoaalble. Therefore theoretical deacrlptiona 
baa to be guided atrongly by empirical observetlore. In tbe energetic heavy 
ion reaeareh one of the moat important fact ia the auceeea of the fireball 
model[!}• Thua the main idea of tbe firetell concept can eerve aa a good 
baala for further theoretical investigations. 

The reaction model 
Tbe mein purpoae of tola paper ia tbe Investigation of time development 

of the compreaaed and hot nuclear matter. (A more detailed deacription ia 
given in ref.[2}.) For the description of the nuclear reaction mecbaniem part 
of the heavy ion collision process a very staple model ia uaed. Only central 
collisions between heavy lone of equal maesea are considered. The exact treat
ment of tbe problem la naturally impossible. Tbe model preaented bere contalna 
crude approximations but it la believed to describe tbe main properties of 
tbe reaction. 

The reaction ia deacribed aa the collision of two Interpenetrating spheres 
originally filled with cold nucleon gaa. Tbe assumptions of tbe model are summa
rized aa follows» 

a/ The target and projectlcle nuclei having A,-A,-A 
nucleooa originally are represented by moving sphere of volumea Ч " Ч 
/constant in time/. Their sum is denoted by V,»V*V • Before the 
collisions the number density of the cold nucleons v„ ia uniform within 
tbe two spheres, thus v>wV,»2A • Aa tbe reaction proceeds tbe two epberea 
begin to overlap. Tbe overlap volume Is denoted by V>t . It is assumed 
that nucleona outaide Vrt /the "collision »one"/ ere not influenced, thus 
reteln tbe original v„ denalty. Tbe cold nucleona within the collision zone 
are assumed to Mvc a spatlolly uniform tine dependent density yf (t) in 
tbe whole volume V^ft) 

b/ Aa tbe spherea rapreaenting the target and projectile nuclei begin to 
overlap tbe nucleons in V,, begin to collide with each other. There 
are elastic acetterlng as well ss Д reaonanee production. The scattered 
out nueleons and produced Д j are considered as tbe constituents of a hot 
gas cloud at rest in the c m . system and with given temperature T end 
volume V, 
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The overlap of volume 4 »1th tb* voluama of nuclei la denoted by V V . In 
tb* flrat period of tb* reaction V^«)-V^«)« V,«(n . The particle* of tb* 
cloud collide with each other and with the faat moving cold nueleona, too. 
During the eolllalon* reeonancee er* alao produced, bene* tb* bot gm* conaiata 
of nucl*on* N , Л -reeonancea , » -meaone and j -aaaona 
Denoting the "cold" aucleona In the original nuclei by N. the 11 et of different 
"lnelaatle" /tram the point of vie* of the aodel/ proeeanea we take Into account 
la the following! 

4 N , — N N , «iN-NA , M N - N N , N.N-*NA , 4 » - N w , 

с/ The bot gaa cloud la de*crlb*d aa a aultieomponent ideal relatlvletlc 
Boltaaann gaa. However, tbe Interaction between the particle* la accounted for 
to a large extent as ellowlng the production of reaonaneea. The gaa la aaauaad 
to be In thermal but not In a chealcal equlllbrlua. Aula correaponda to the 
veauwed predonlnane* of eleatlc colllalona. Ahe tin* evolution of tbe denaltl-
ee of different particle* are described In ten« of 
•tatletlcel equation* taking Into account tbe effect of changing volumes. Tbe 
tlae dependence of tbe temperature of the gaa la determined froa en equation 
expreeelng energy conaervatlon. 

d/ At the nonent t. of aaxlauB overlap of tbe colliding epberes 
( V,a.)- V^ft.) » VJr«(t>) = yf = У/, ) the gee decouplee from the Incident 
nuclei and the volume Ц « ) of the apherical gee cloud begin* ite ediabatlc 
ezpanaion. For the approximate deecriptlon of the expaneion the time dependen
ce of the radlue Я Ш of the sphere 1* borrowed froa a eimple hydrodynemic 
model[ЗЭ» The kinetic energy of the hydrodynemlc flow la eubrected from the 
total thermic energy. Tbe deneltiea and teperature are kept epetielly conetent 
within V9d) eleo in the expanalon period. 

The dlvieion of the procea* into Initial "ignition period" /when nucleone 
are scattered out from the original cold nuclei and the hot gea la conetrained 
to tbe overlap and a aubaequent "exapanaion period" when cold nucleone are 
already ignored/le, of courae, aomewhat artiflcal. In reality tbe two 
procea*** go over Into each other aaootbly and there ie eon* overlapping period. 
Our atrategy ia to conaider the two dominant proceaaee aeparately for ampli
fying thing*. 

On the beeie of theee conalderationa one obtain* a *et of oonpled different 
tlal equation* for the time dependence of the v,(t), v„<»>, vm«), v,m vfn) 
number densities and for the reclprok temperature, /»'о-1/цr«) . Theae 
somewhat lengthy equationa are alailar to the chemical reaction kinetic equati
on*. Here we reproduce one of then a* an example 1 

AMI • - J - JM\+ I vt,o - y, ltt + аг1р) ) z Г -*.!=•£«. 

^fv.(t)-v,«)v«(o _, **bW , ]f Äil^ßL , 
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wh«r« К./Ч ia tba «edified Seeaal function, />"1/»T, С •** £ axe the width 
of toe Л and « reaonaneea, dj-ttjg»«)«!.»«) ia tbe amltlpllclty of tbe 
1-typa particle, and O^/i) la tba ain«le particle partition functiont 

QM)wl5]T *»<*?>• 
According to eaauaptlon <Л>, the tin* dapandenee of volume Ц M ) la «!»•» •* 
follower 

Tbe radius of the leentropically expanding aphere cf uniform denalty baa tbe 
tiae dependencef3} 

*. B(t)--g («••O*. 

the denaltiee multiplied bj the correaponding volume« yielded the number of 
different particlea ae a function of tin*. The? are diaplayed in Pig. 1. 
Tbe chemical potential« /»; for all the particlea were alao calculated on the 
bael« of the «xpreeelon T«lld for Boltsmann gaaea: 

diOj/wA 

The «nalrala of tb« reaction wodel 

Tbe calculation ahowa that, while tbe plona play a negligible role at 
E(ak - 400 MeV/nuclcon bombarding energy, tbey have to be taten into account 

from «bout f,#k - 800 MeV/nucleon. АЬоте tbe energy of about 2 OeT/nucleon the 
highly excited nueleon and meaon etatee become preeumably more and more important. 
Their excitation may lead to a maximum temperature. 

The lnapeetion of Fig. 1 ahowa that the A reaonaaeea and plona are 
produced aalnly in th« "ignition period" of tbe reaction and their eum doe« not 
change appreciably during the exploolon period. Tbe ratio of piono to d'* 
/or to * -meaone/, bow«Y«r, varlee atrongly during tb« «xpanalon. Thla ratlo-
-lf it were poaaible to aeaeure it - would give the break up tine of the fireball. 

The £r«et«et part of tb« faat aowiag cold nucl«ona auffera «cattering for 
the time th« «phere« interpenetrated each other completely. Thia euggeat« tbat 

in central oolllaion« of Ьаату lone of equal aaaaaa all tb« nueleona participa
te in eom* way in tb« formation of the fireball. Peripheral collision« of 



те 
unequal вааа ouclol ara elaarly laaa advata«eoaa fron tale poiat of via». 

On fie* 1 It вал bo aaaa, tbat «таа bafora tb* eoaplat* ovarlap of tba 
apbarao tbo deaalty of "gee» axcoada tbat tba -eold. •neloona". Baalaaa, the 
croaa aaetloaa ara larger for tba "cold auoloon" - "gee" •catterlng btoouao of 

lowor oaarsiLThaat facta aboa, tbat tba colllaloaa of tba "cold auelaoaa" with 
th« conatltuoata of the bot gaa play an laportant rolala tbrlgaltlea" of tb* 
flraball. 

Iht fig. 1 ahow, tbat tba Una aaeaaaar? to raaeb tba chemical «eulllbrlua 
la of the aaaa ordar of Magnitude aa the total raaotloa tlaa. therefore, 
although th« ratio* of partlel« ouawara of different "cbealeal producta" don't 
roach tb* equilibria» value, the» ara not verj far froa tbaa. 

figure la« 
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t(!Oe») 

Figure lb. 
Hguve 1. 

The dynamics of the U-t-U heavy ion reaction at 1,4 and 0.4 GeV/nucleon bombarding 

energies. The number of particles and the gas temperature in the overlap region 

la plotted as a function of time. The shaded spheres on the top of the Figures 

indicate the geometry of the processi The interpenetratlon and eventually the 

expansion of the projectile and target nuclei. The vertical dashed lines separate 

the "ignition" pert from the expansion part. The particle numbers and temperature 

shown by the dashed branch of the curves correspond to the case, when no expansi

on was allowed after the complete overlap of the two spheres. The arrows at the 

erd of these curves point to the equilibrium values of the corresponding 

quantities. The insert in the upper right part show the chemical potential, 

/j-, ami activity, At tor plone ae a function of time. The horizontal line 

marks the /*«»">, value, where the possibility of Bose-Einstein plon 

condensation appears. 
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la Boae-Klneteln pion condensate for—d in the reaction? 

Inapecting tba inaerta in Pig. 1 one can obaerve a vary interesting point 
on the plot of tba plon chemical potential /*« versus time, lamely, near the 
break-up time it reaehee the value /<« -0,14 OeV i.e. /», - m« I Tula la 
a singular point in the present description. If the gas mixture were large 
enough and it were spending long enough time in this atate than it would 
correspond to a phase transition implying the creation of a plon condensate. 
In ideal quantum gaaea thie ia the Bose-Blnatein candenaatlon. It la Important 
to note that thie condensate la a hot one I Its existence is not reatrlcted to 
near aero temperatures. A remarkable feature la that this condensation /if it 
occura/ la Juet in the laat part of the fireball's history, therefore, directly 
observable. /Events that occur earlier in the fireball's life are "waahed out" 
to a large extent from ita "memory" by the leter thermal history./ Thta may 
provide ua w*th a rather unique tool to study the properties of dense hot and 
condensed hadronic matter. One has to realise, however, that the intermediate 
atate in the energetic heavy ion reactions baa a short lifetime. Therefore the 
formation of this new type of pion condensate /different from the much 
discussed plon condensation in cold nuclear matter/, Is to be regarded presently 
mere aa a queatior towarda experiments than a firm theoretical prediction. The 
question, how strongly this tendency of momentum space clusterization of pion 
will manifeat itself in the heavy ion reaction la to be answered by further 
theoretical and experimental investigatlona. 
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xzamplee sre oollected to abow bo* a brood m m of the lntermediate-ener-
»Italic " * * gy nuelear processes involving the continuum excitations may bo understood fi 

• unified point of view if the hypothesis of tbe гмошшоо domination is admitted. 
Similarly, the evidence la braucht foraard that tbs nnolsar strueturs details 
ere Titel for tbe understanding of the aeson- and lepton-lndoeod rsaotlona to 
tho low-lying nuclsar atatea. 

1. Introduction 
There la a lot of nuclear physicists who would argue that the intoraedlata 

energy region la a atrongly specialised aubfield that could safely be ignored 
by majority. I will bare aucoeeded In ay task if In the course of this presen
tation of a few selected results I can convince you that we are gaining consi
derable insight when eoablning tbe modern understanding of the nuclear struc
ture with the richness of tbe excitation aechanlaae provided by tbe aedltm 
energy projectiles. 

The major pert of this talk will be devoted to the resonance excitations 
in tbe light nuclei. In that ytvt I shall try to be slightly wore ayotaaatlo. 
Let as, however, start wltb two examples of the transitions to the low-lying 
nuclear levels. Tbs examples. In ay opinion, show nicely the natura of the 
questions which ws way study by using tbe lntaraedlato-enargy teebniqueo. 

2. tucloar partial transitions 
Tho plon charge-exchange (CBZ) process baa invoked a lot of theoretical 

work. In aoae oasea like e.g. CBZ on Li and ^ tbe calculation did not find 
a marked disagreement between experiment and theory. At the aaas time we have 
a Quisling discrepancy for tbs ^С(:г%я') I charge-exchange reaction, expe
rimentally, tbe cross section Is known with vary reasonable accuracy to be 
almost constant, r • 1 ab, for ths plon energies 80 mwV < T < 220 aeT. The nu-
serous calculations performed In tbe framework of DfZa (or equivalent) syste
matically undereetlaate this croas section by a factor of 3-4 at laaat. In 
spits of tbe repeated stteapts to improve this result by a. g, changing tba 
p, ,2 single-particle orbital, introducing tbs spin-flip offsets, two-step pro
cesses, constructing tbs eeeond-order optieal potential, tbe dlscrspanoy 
ins still unresolved1'. It waa, however, proposed by Auerbach2' that tbs Isobar 
doorway approach way be successfully applied to the problea. In this model tba 
incoming plon forma with a nuoleon a Д « particle bound In the nuoleue. The 
resulting Д-particle - nuoleon-bole configurations are Intermediate states 
serving aa doorwaya in tbe pion-nueleus scattering. In the charge-exchange 
reaction on -*C tbe Incoming 1t* interacts wltb the p 1 « neutron forming a 
4*1" configuration. Subsequently tbe A decay» into a p 1/ 2 proton while a 
Д 0 escapes, Auerbach, with aoae plaueible parameter valuee which almultaneouely 
account for tbe total elastlo *" - 12c cross seotion In tbs same energy region, 
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baa obtalBtd the only theoretical raaalt for tba CSX eroae eeetlon on 1 JC ablob 
la In agreement with tha experimental data. It raaaina to ba aaan whether or not 
thla tarne to ba tba eaaa i l u i aora raaliatie treatment of tha isobar-hole idaa. 

Tha aeeond example wbioh I want to diaeuaa eoaaa froa tba double-eberge-
exobange (QIZ) raaettona (r*,r") on Uta A»16 and A»18 noelai. Tba aeaaured ratio 
of tba total oroaa aaotiona at T, • 140 NaT for tba two OtZ raaetiona la 

H . (Tfli) / <Г(16) - 2.3 - 1.0. 
Qualitatively it looka atrange alnee tba A«18 eae« abould Ъа тагу strongly en-
banoad. да a aattar of fact tba 0(x*,/r")'nN reaction proeeeda via a obaln of 
жюЪаг-analogue etates, wltbln auch a wodal it la aaay to parfom an aatlaation, 
on« raaohaa tha value R * 16 ! It waa abown by Lee, Kurath and Zeidmann'' that 
taking into aoootmt tba raaliatlo аате functiona of tha raapaotlTa nuolal one 
obeorvea, daaplta tba тагу aaall (about 20% only) adalxture of tba non-cloeed-
aball oonfigurationa praaant in tbaaa тате funetiona, a eubatantlal change of 
tba raaultt tba naw Talua la Я • Э in а тагу good agreement with tba experiaant. 
The detailed analyala performed in ref. baa abown that actually a atrongly co
herent addition of tba aaall contributlona of the 2p-2h oonfigurationa la rea-
ponaibla for tha anbaneaaant affect. 

Charge-exchange, double-charge-exchange, pion elastic and inelastic scat
tering processes on nuclei raajr all be simultaneously 3tudied by the powerful 
ccupled-channel method. Such a project has been started by ue in Dubna. The 
first results concerning the T - *He proceseea are available *', further 
investigations, including the two mentioned examples of the charge-exchange 
reactions, are in prograss. 

3. Resonance excitation aechanlaa 
1л ,e proceed now to ollgfatly higher nuclear excitations, to excltatlona 

of tba giant-roeonanee type. Such states can be ereatad e. g, in 
(I) tba pnotobbeorptlon щхЛ pbotodiaintegration procaaaea ( B-. < 40 MeV), 
(II) tbe inalaatlo electron aeattertng ( I # ~ 102 MeV), 
(ill) tba anon capture reaotiona ^A(Z) -• v l ( W ) , 
(1т) tba radiative pion capture raaetiona n-'A(Z) —*» /A(Z-1), 
(т) tbo inalaatie acattering of protona, deuterons, and heavier lone 

(3He, 4He, ... ) 

On* may aak what la common for tbaaa diaaimilar exciting agenta? Anticipat
ing slightly tha dlaouaaion wa aay atata that tha aoot iaportant oommon ingre
dient bare la juat a aoderate energy- and aoaentue>tranafer to tba nuoleua. In 
all tha аЪоте eaaaa a particle-hole configuration la foraad under tha Influence 
of tba external field. And it la then tbe pertlcle-bole Interaction whlob cont
rols tha further evolution of the eyatea, Tha external field la raaponalble for 
tha type, i.e. the apln, parity and leoepln, of the oorreapondlng nuclear axel-
tad aode. To ba apaelfio, wa ahall go through tha above Hat once again. There 
wa aay eee that tha pbotoabaorption leada to the eraatlon of tha laovaetov 21 
reaonanoe, tba elect rone can exalte, depending on tbe eoattering angle and tha 
Talua of tba Boaentue-tranefer, a wbola aat of collective atataa. In tba (/u,- v ) 
and (x~ ,y ) raaetiona on tba light nuclei the iaoveetor epin-dipole mode etrong-
ly domlneteo. In tba radiative plot capture on heavier nuclei the higher epln-
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anltlpola reaoneneee atari to doalnata the process alnea plons, being absorbed 
from tbe blamier aeeoatoulo orbitale, oontrlbute the non-aero orbital momentua. 
The lnelaatlo scattering of the proton* (~ 103 **T) and lona (~ 102 - 103 MeT), 
due to a peculiar nature of the nuelson-nuolson interaction, cauae salnly tba 
creation of the laoaoalar raaonanooa. 

A. Aanroxlaatlon to the unified reaction theory 
The giant reeonanceo are nuolear atatea eabedded la the ooatlnuna. Tbe nuc

lear dialntegretlon amplitude pertaining to tba shore naaed prooaaaea amy be 
written, within the unified theory of nuclear reaction*. In the following fora 

<*!"'!via ><*.|Hio> 
V Е » * '•*/• !Hi0>* * - - - — - — - — • (1) 

The firat tera on the rigbt-^iand aide correaponda to an immediate tranaltlon 
of a nucleon into tbe (J,B) ohannel. tbe eeeond tera deaorlbea a two-atep pro-
eeaa i tbe creation and tbe subeequeni decay of tbe nuclear atatee !'/; У . 

Presently it la not feaalble to take into account simultaneously both tbe 
continuua and tbe coaplex nuolear structure phenomena. It waa therefore an ' 
important deTelopaent when the hypotheeia of the giant reaonanca domination waa 
foraulated for tbe elaaa of reactiona under consideration. Then it baceae poa-
eiDle to oalt the first tare of eq.(l) and to proceed further by analogy with 
the usual treataent of the nuclear collective etatea which lie balow the nuc
leoli emiaalon tbreahold. On tbia patb we were able to consider in a lubatantial 
detail the nuclear intermediate etatea I у,У . 

Oaing tbe bypotbeois Juat foraulated it was already possible to understand 
from a unified point of view a broad rang* of the phenomena which occur In tbe 
above named prooesaes. Theae are first of all 

(a) tbe localisation of the giant resonance, 
(b) tbe resonance atructurat quantua nuabera of the individual resonances 

which fora tbs giant resonance, 
(c) tbe general regularities of the resonance excitation and tbe specifio 

features which are connected with the particular incoming particles, 
(d) tba sain deoay channels, the type and spectra of the outgoing 

particles, population of the individual levels in the daughter nuclei. 
Certainly not all of the reactiona (1) - (v) wbiob we wish to discuss are 

investigated to tba saae extent and detail* In soae easss we shall not apeak of 
all tbe above point*, 

B. The laoscalar auadruBolo resonance» 
Let aa turn to the selected axaaplea. Fig, 1 deplete tba energy speetrua of 

the 3Ha (I(3Ha) • 130 NaT) lnslastio scattering on 1 5 0 . According to tbe experi
ment5' there is about 374 of tbe laoaoalar quadrupole energy-weighted aua rule 
(IffSR) exhausted in tba region 1 7 - 2 5 MsT, Tbe calculation performed In a 
sisple one-partlole one-bole oonfiguration alxing model baa shown 50 - 80* of 
tba WS*, in this energy region. We nave performed a more complete calculation 
in which slso tbe 2p-2b (2*w ) oonfiguratlona were taken into account both in 
tba ground «tats and in ths final 2*0 stats* of 1 60. The result6' is sraob closer 
to tbe axparlaental valuat 344 of ths f W R was locatau in the gianv quadrupola 
region. Since tbe nuclear aodel Just aentloned aball ьрреаг atill several tlasa 
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e*ZT4 . i vie T 

la thle talk I «ral« like to «44 «loo« 
erltloal M B M r t «IT—Jay at tb« wary 
Blag, loeever flaw ara tba raeulte far tb« 

wiae aay exalaaatloa «ff tho lev-lying col
lective atataa Is 1 6 0 . 

•a* I «lab to aiaoaaa the iaaapia eclee-
t m t y observed la the laelaatle eeatteriag 
of 1 0«T pretoaa, tb« «paar part of fife 2 

tba В С Ю ) valace of tba 5 e H 
lei aa ealoulated la a largo ac«l« 

and 9°Xr 

Fi«, 1 
•eaeurvd epeetre In tb« *ве 1 M 1 U < 
tie Mattering? J, Exaltation ener-
(loa of tb« 2+ «tat«« above 10 веТ 
ere Indicated. 
transition«, tb« reaction aey eerve, 
qnadrupole (T-0) reaonaneea. 

aleroeeople aodel7). three region* of 2* 
levela are clearly aeon la tbeee nuclei. 
Bealdea tba low-lylsg collective levela and 
the laoaoalar giant quadrupole reactance 
lying around 12-15 Me¥, we find alao the 
leovector OQR In the ration 2 4 - 3 0 MeT. 
lb« lower^art of fig. 2 deplete the croee 
aeetlona for the aoattering of 1 OeT pro-
tone calculated la the framework of the 
Glauber theory using tb« eaae wav« functlone 
aa for tbe B(E2) valuea. Sine« the (p,p») 
high energy scattering prefers tb« T-o 
e.g., to dleentangle tbe dlpol« (T-1) and 
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71«, 2 
Reduced prohabllltlee of К 
transition« froa the ground 
to excited «tat«e iaealngle-
partlole units for 7Sll and 
*°Zx. Tbe JT- 2* levela with 
B(B2)-.p > 1 are plotted in tbe top part. The total oroee 
eeetlona for excitation of 
tbe aaaa levela by 1 OeT 
protons are shown In the bot
tom part of tbe figure. 

C, Badlatlv« Dion oaature 
•ow I would pass to the aesonle ezol tat lone aacouaecd In tb« title. In tbe 

radiative pion capture tbe pion froa a aesoetoelo orbital la captured by th« 
nocleus. The eleaentery aet on a eingl« nueleon is assuaed, this Is tbe so cal
led lapulee approxlaatlon. Угов tb* •хрчэ-аер*. we hare the epeotrua of tbe bard 
geaaa ray« froa tbe«e reactions. Two sxaapls« of suoh spectra are ebown in figs. 
3 and 4 together with the corresponding tb«or«tloal results. 
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»If. 3 
•edlftlTe ploa capture yield 
OD '*•. Я м Ь1а£оагаи Is fron 
Aider et el. (Surieh conference 
1977, C14). theoretical bran-
ohaa (vertical bare) are apree-
ded over Brelt-Vlgner 
(dot-daebed curve;. 

о i.fe> 

1*Mt Io toe calculation8' only OACJ and '*o anelear anltatlom were 
included. A l i (sonepole and) dlpole part of tee excitation 1* 
elble for the appearance of the noet energetic genua rare. There le no 
explanation of tee fauna apeotrua near *y « 100 he». 
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Pig. 4. Calculated yield* of the f rar* In the 
A Brett-signer ahape ->f 2'heT (1,25 Ю Т ) width for reaoaanee i 
etatea o f 1 * ! wao aeerlhed to eaeh line, the broken curves а? 
the aeparate contributions fron the spln-dlpolo { \ > 105 HeT) 
aoln-ouedrupole (K# < 118 HeT). the exseriaontal bietograa 1* 

1 60 (x;r >16» reaction. 
-" --1 e (bound) 

are for 
and •piD-̂ uaerupoXe (Ir < 118 net), «be exserlssntal Uetofras le from 

Alder et al* (Zurich oonference 1977* C16). 

2fg. Bare we were able to apply a were rieh nuclear aodel. A* I have sen-
tloaed already, It contain» up to 2p-2n configurations. Ihe aubepacee 
1hu, **u) are included fully, и м lauertest Ми, oonfiguratione 
are added, too. It can bo seen that thie aodel provides а тегу food 
asplanatlon of the observed fasse epectma. fhe dlpole and owadrupole 
brasebes of exaltation correspond to the high- and low-energy 
quanta. Again, a eiswle 1p-1h aodel overeotlaates the total^i 
yield (1-3.2*). In the "fall" calculation we have obtained9' 
«he esperlsental result ie » • (2.27 - 0.24)11. 
AS soon as «be nuclear charge grew*, the genua •»••*"• •* **e (*',y) 
reaction aeauires a sera complex character. In " 0 about a half of 
the gsssa yield has corresponded to the dlpole excitation asde« la 

1*2.1«. 
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3*3 we any oboerve already • oondnatlon of tbo •,—drnpele one tbo oe-
tupol« cavitation node10), n t tool« 1. 

(able 1. 
Matrlbatlon of tbo B O M yield In tb« xalr,f) reaction. 

boltat ioa branch И З Ц - 2TZ ЗТЗ" 
t f 0.23* 0.55* 0.63* 0.26* 

P.aooa —»tor« «t wot, tb« neutron —оotra 
It «ooao to b« lnatreotlvo to соврете tb» anon capture and tbo radiative 

plon capture wroeeaeea. I ebould Halt tb« dloouaolon of tbo lh*t ) reaction to 
tbo м и of 1*0. In xof.9> we b«T« boon obi« to «bow tbst tbo ™ 0 nuclear nodol 
with 2p-2b correlation provide* о good» «uantitativ« undorotending of tbo obeer-

юо capture ratee. Onoo again X «ball brook tbo flow of tbo "raaouanee" die-
ion to «bow in tool« 2 tb« partial capture ratoe for tbo l 6l boond «tatoo. 

Tboy ««on to ««TOO nicely witb tbo experiment. I «lab to «trooo tb« тагу 
aabl« rooalt for tb« 0*-*- 0" transition wbl«b «no frequently dleoueeed ao a poe-
olbl« aource of inforantion on tbo numerical Taloo of tb« peeudoecalar (induced) 
coupling oonotant 0_. Presently, tboro la a etrong anspielen ' that tb« nooonic 
omhongo oarronto bar« to bo invoked in order to explain fully tb« situation 
which lnolndeo also tbo rate of tbo lnvorae beta decoy (l6I(0")-*160(g.e.)). 

«able 2. 
Tbe pa 
in 1/g 
Tb« partial anon capture rate* for treneltiono to tbe • hound otatee 

TT Model 
no correlation«9' 2690 2830 17990 
including 2p-2b9* 1730 1840 7720 
«cooxlotonco"l2) 1270 1640 8320 

«*i + »xporlnont 
Coluabla1?' 1100 2 200 1730 - 100 
Berkeley14* 1600 ̂ 200 1400 ± 200 
Williamebure15} 1560 * 170 1310 t 10O 
Saelay l6 ) 1570 - 130 1360 t 130 
Tb« total auon capture ratet wbleb 1« indeed aalnly due to tbe ezoltatlon of un
bound nuolear 1«те1о of tbe glant-reoonence typo are «bown la table 3« unlike tbe 
(*~,|- ) reaction, for tbe neon capture wo observe tbe «trong (90%) doninane« of 
tb« dlpole tranoltlon nod«. Indeed, aajoxlty of tbe capture« proooedo fron tbe 
aeooetonic «-orbital, therefore »его angular momenta*) le brought In by tbe captu
red aeaon. 

table 3. 
•uon oaptur« rate« in tbo l 6 0 ( p \ v ) 1 6 I reaction In 103 «ее"1, 

lo> ^l lo- lh> l«orr> - » l l - l h > • 12«-2b> 
J~ (bound) 23 11 

r (unbound; 110 91 
fefii— nJ TT? 
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Instructive and aaybe even »lightly unexpected 1* the eosaarlaon of tbe 
• M O B capture end the radiative »loo oapture reaction» for tbe * ° * Л textet ее 
eelealeted by Ibort «ad вяуег-ter-Tehn '. Bare again, tbe aeon capture proei 
predominantly fro« tbe asaoatoale e-etete, tbe radiative »Ion eaptur», however, 
from an f-«tate ( / - Э ) . Indeed, tbe 2 M P b {т;у )Р*П reaction ahow» aaxkedly 
•ore rieb plotur» of tbe excitations «blob oontalaa aany hlgber-aultlpole etetee 
Including tboee with J-6" and J-7*. 

Going back to tbe 1 0 I »lab to eoapare tbe spectra of tbe outgoing neat-
rone in tbe ( f , v ) *nd (я"»^~) reaction*. Я м у were calculated1'' la both eaeee 
In tbe framework of tbe B-aatrlx theory. The typleel peak near B n» 4 be? le w e U 
reproduced in both tbe ease», too two »poetra, however, differ oonelderably la 
tbelr high-energy part. In fig. 5 we aay eee tbe long "tall" of tbe high energy 
BOBtrono fro» tbe 0(x~(jr'>) reaction, which lo abeeat la the »non-indueed decay. 
In tbe calculation tale tall eoaee out тегу nicely becauee of the etrong quadru-
pole excitation branch of tbe radiatlv» pion capture reaction. 

0.10 

i 
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1*0<w-.|)1»N* 
Z^15N%n Fig. 5 

Spectre» of neutron» following 
the radiative plon capture on 
1*0. Bnerlaeatal data are gi
ven In tbe for» of bletograa 
(W.C.Iaa et al. Fhya.Bev. CIO 
(1974). 7 2 ) . Curve 1 1» tbTeal-
eulated epectrua, curve» 2 and 
3 are for tbe contribution» of 
•pln-dipole and •pin-o.uadrupol» 
exoltatlone in 1b«, respective
ly. 

I. Backward electron scattering 
Aaong tbe leptonio excitation», wbleb we have already etarted to discus», 

the electron ecatterlng la indeed the beat understood proeeee. In • »en»» »o»t 
Interacting by now (»ad alaoet unexplolted a» yet) appear» to be tbe 180* scat
tering, olnoe the klneaatle» her« 1» »nob that only tbe transverse part of tbe 
transition survive», Tbl» а с а м that tbe »tructure of tbe active part of tbe 
transition operator is strongly siallar to the etruoture of the effective Baall-
tonlan acting in tbe radiative plon capture reaction. We are able therefore to 
study tbe two coapleaentary procteees witb tbe additional advantage that tbe va
lue of tbe transferred aeaenta can be controlled la tbe (»,»•) scattering. »ig.» 
ebows tbe deeoapoced spectrua for tbe backward inelastic scattering of 70 seT 
electron» on 1 3C. Ibis theoretical epeetrua gives us an appropriate possibility 
to look back en tbe list of enaction» (s)-(d) « M o b we have put down at tbe 
beginning of tbl» talk. Ibe prograa looking for tbe localisation of tbe giant 
resonance» »nd for tbelr etrueture eee»» to reach an aoooapllebaentt In fig. 6 
we aay fellow tbe envelope» of the Individual peek» wblcb provide tbe poaltlon 
•ad spreading of tb» resonance» of each aultlpolarlty. We eao see vary clearly 
tbe »tructure of tb» giant peaks, tbelr ouentua auaben, tb» very intereeting 
leospin splitting in particular. 
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"C(e.e') 

и«. 6 
Calculated f o m footer of 
tbo 180* laalaatle electron 
scattering. Я м groups of 
lsrels of tbo gives «pin. 
parity and lsospla ото TISUS-
llaed by their envelopes. 
Я м Individual families a » 
clearly separated la energy. 

4. Plsousslon and outlook 
In conclusion I would llko to recall one* again tbo only formula of thlo 

talk, eq. (1), Boo it la tlao to aoutlon tbo otbor lino of lnveatlgatlon which 
«a* advanced strongly by »bo group of Zentrelinatitut fur Karnforoebung in Boo-
aendorf and Moscow State university. Яму have worked In the frawework of the 
unified tbeory of unclear reactions in wblob tbo nuclear continuum and tbe bound 
atatei are treated on an equal footing, iumerically thia approach la Indeed 
vary diffloult, tborofore tbe oaleulatlon ( I «ball only aentlon tbe 0(r,r ) 
reeults2 Owere performed in tue simplest 1p-1b nuclear model, naturally in tble 
•pproeob they found an overestlmetlon of tbe total geaaa ray yield. On tbe otber 
band that approach give* tbe pooalMllty to comider certain additional cbarae-
terlatloa of tbe reaction, e.g., tbo f - n correlation function«, 

Praeently the two approaches to the reactions involving the nuclear continuum 
excitations should be considered in the*- ooapleaentarlty. Я м unified tbeory 
provide« tbo general understanding of tbo problem and also suggests tbs way of 
calculation of tbe angular characteristics, high-energy neutron spectra, etc. 
ttte conception of tbo dominant vol« played by tbe giant resonance excitations 
permits tbe incorporation of rather complicated nuclear structure model«. In 
thi« way aeveral Important cbaraeterlatie«, especially those connected with tbe 
resonance fragmentation may bo oleered up. Simultaneously tbls approaoh make« it 
possible to compare the theory wltb tbo experimental data for a broad rango of 
tbs Intsruedlate-energy reactions. 
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INVESTIGATION OF PHOTON-NUCLEUS INTERACTIONS AT 640 HeV ACCOMPANIES BY BACK-
M O EMISSION OF ENERGETIC FftCTONS 
V.l. Koaerov, G.E. Koearev, o. Netzbend end V.O. Toneev 
Joint Institute for Nuclear Reseerch Oubne. USSR 
H. Müller. Т. Stlehler and S. Teach 
Zentrellnetltut för Kernforschung Rossendorf, 00ft - 8051 Dresden 
K.K. Gudlae and S.G. Mashnlk 
Institute of Applied Physics Kishinev. USSR 

Protons of energies between 50 and 145 Mev ejected fro* carbon have been 
measured et englee 105° to 160° with respect to the 640 MeV proton beaa. The 
aeaeureaenta have been c*rrx»-d out both inclusively and in coincidence with 
protons ealtted at forward angles up to » 40°wlth energies froa 255 to 330 MeV 
chosen in eccordence wich the klneaatlcs~*of quasifree scattering on two-nucleon 
groups« Inclusive cross sections at 140° and coincidence cross sections at the 
angle pair (-12°, 122°) have also been aeesured with Be, Al, Cu snd Pb tsrgets. 
The deta have been coapered with the predictions of several models. 

There has been considerable recent interest in nuclear reactions leading to 
the production of backward-ealtted energetic protons (ВЕР). Such reactions can 
be reelized with medium-energy protons under the conditions of large aoaentua 
or energy tranafers to the «truck few-particle systems (clusters) in the target 
nucleus. Only detailed Investigation of the ВЕР production can help to find 
out to what extent these processes are caused by short-range nucleon-nucleon 
correlations. The scaling characteristics of the ВЕР production are also widely 
discussed et present. It is known (see e. g. ') that this regularity ("nuclear 
scaling") appears at incident energies of the order of 1 Gev, l. e. auch earlier 
than the scaling behaviour in eleaentary particle interactions. Therefore, ВЕР 
production studies at aediua energies allow the settling outset to be traced 
out and яау lead to a wore profound understanding of the physical nature of the 
ecsle-lnvarlant regularities in relativlstic nucleus-nucleus collisions '. 
Inclusive ВЕР Measurements have been carried out over a wide range of energies 
and angles for Incident aedlue-energy protons 3~6'. д number of different aod
els 7~*°) have been proposed which rather successfully explain inclusive ВЕР 
deta of certain backward angles. To select the «est adequate aodel, aore de
tailed experimental information la obviously necessary. The sin of this paper 
Is to report on investigations of the angular dependence of inclusive ВЕР pro
duction and of correlations between ВЕР and accompanying energetic protons in 
the forward hemisphere. 
Fig. 1 shows the ВЕР angular dependence for three representative energies (car
bon target). The data are given in the relativlstic lnvarlsnt representation 
f • E/(p • 0"tot)d ^/dXLdp. Our calculations according to the (A-l) nucleon 
exchange mechanism ' show that rather good agreement with the data Is obtained 
*' if the incident proton interacts with a two-nucleon group (curve c). A alal
ia r result wes obtained in ref. ', were s corrslstlcn mechanism of the inter
action between the proton and the (2N]-clustsr wss proposed (dashed line). 
The results of most of the reaction models proposed to describe the ВЕР produc
tion depend very strongly on the high-momentum behevlour of the target neve 
function. On the other hand, it is expected 12' that multiple scattering pro
cesses can considerably contribute to the ВЕР spectra. We havs simulated such 
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Fig. l 
ВЕР angular distributions fro« 
640 MaV protons Incident on car
bon. Full lines - calculations 
according to the Model of ref. 9> 

!
a) (A-l)-nucleon exchange, 
b), (cl interactions with [3N]-

and [2Nj-clusters, respectively. 
Dashed line - result of calcu
lation**). 

•ultiple scatterings by using the Honte Carlo aathod. These calculations are 
based on the Oubna version of the cascade aodel 1 3 » 1 4 ) . j n fig. z the calculated 
results together with our ВЕР data are presented. As is seen, the inclusive 
cross sections In dependence on angle and target mass number are feirly well re
produced. The contributions of the preequillbrlum processes estlasted in the 
framework of the cascade-exiton aodel ' are also shown (dashed lines). The 
detailed analysis of the cascade results in comparison with our ВЕР data in
dicates that 

i — I » 1 T > T 

p.'*-». oi 
C«0M* 

' • • • ' • • 

PHOTON INOKY I I (HtV) 

Fig . 2 
Measured inclusive ВЕР spectra and cascade 
modal calculations without preequillbrlum 
eaisslon (histograms). 
(a) Results with С target, (b) Results with 
C, Al, Си and Pb tergets et 140°. Ooahed lines 
- spectra due to preequlllbrlum omission of 
protons. 

(i) only a small number of 
nucleons particlpatee 
effectively in the cascade 
process, 

(11) in one of the cascade col
lisions a plon is produced 
which is absorbed by a 
nucleon pair in the same 
nucleus. 

As Inclusive deta do not allow 
to distinguish between the dif
ferent models proposed, it is 
obviously necessary to carry 
out coincidence experiments in 
which ths characteristics of 
fast particles accompanying 
SEP urm studied 1 1 » 1 6 ) . The 
experimental conditions were 
chosen to cover Just that 
Tl - T3 energy region which 
include» the queslelaetlc 
scattering on two-nucleon 
clusters according to process 
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P • [p»0 -+• (P^) Лт0 * P 3 ( 1 ) 

Hera, p^, p 3 are tha forward and backward aalttad protona, respectively. Mea
sured In coincidence end N la the other cluster aeaber not observed 17) or 
•assured in a triple-coincidence experiment '. The main features of the two-
-proton coincidence yield can be suwaarizsd aa followst 
(I) A strong correlation between the two protons is observed in the O.-de-

pendence of tha cross section (fig* 3). The fit by a Gaussian gives the 
aaan value §x • -(10.9P± l.f) 'or T3 - 105 - 145 MeV. This vslue should 
be coaparad with в. • -12.6° following froa the kinematics of process (1) 
for в 3 - 122°. 

(II) The T3 energy spectra decrease aonotonlcally with increesing T3 for all 
angle pairs (в., 8_) aeaaured (fig* 4a, b). The difference spectrum shown 
In fig. 4c does not contradict the existence of a broad aaxiaum expected 
at about 75 MeV for process (1). 

(ill) The e.-dlatrlbutlons ars strongly asymmetric with respect to 8_ - 180° 
and depend noticeably on the ВЕР energy (fig. 5b). Again we note that the 
value 8_ • 124° follows from the klneaetlcs of process (1) for в^ > -12°. 

(iv) The cross section m C/dA.dTldil.dTS depends weakly on the energy Tl 
of the forward outgoing proton (fig. 5c). 

l-

T T I 1 r T f 1 1 I I I r - 1 r—; 
»•"c—2»«... M M * V Sffl it . a*w»v»n«Jje»i«v 

r i > M . WM>V » I M . W W 

} 

* * в i s » - < . - » - * t » я - м - я - « • я « a 
FMW/МЮ ANSLI S, (DUSCH) 

F i g . 3 
Two-proton coincidence 
cross s e c t i o n f o r th ree 
i n t e r v a l s of ВЕР ener 
g ies T3 versus angle Q j . 
Histograms end dashed 
curves - cascade model 
c a l c u l a t i o n s . 

•)»>*w...aV 

— » » — J — — — i i . t 

• ••c— »••... WOM«V ••.-в* » М У Н И Ю И « 

w n - l L * aim * ' '*r"at*T. 
PHOTON INIROV T) |mv! 

Fig. 4 
Differential cross section versus ВЕР energy T3. (a), (b) - Spectra for two ВЕР angular intervals. Histograms end dashed lines - cascade model calculations, (c) - Polynomial fits to the data given in (a)« (b) and to their difference (full circles). The arrow indicates T3 expected for process (1). 
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F ig . 5 
Comparison of two-proton 
coincidence data with cal
culation« according to the 
aodel of scattering on 
[2N]-clusters. Data points 
- the difference of experi
mental croee sections and 
cascade calculations. Cross 
sections Integrated over T3 
fro* 5 0 - 9 0 MeV. 

122«. (b) в . - - 1 2 е 

9f - -12' 1220, 
. . d i f f e r e n t i a l cross sec
tion d 4 6 ^ / d 2 u d T l 4 T 3 for 
the angle pair ( - 1 2 ° , 122») . 
The curves 1 - 4 represent 
the calculations (see t e x t ) . 

(v) Two-proton coincidence measurements have been carried out also at 
( - 12° , 122°) using Be, A l , Cu and Pb targets . I t has been found that the 
cross section per target nucleon decreases with increasing A. The A n - f l t 
of the ntegrated cross section (T3 • 50 - 145 MeV) results in n -
0.39 •, 0 . 7 . 

The cascade Model calculations of the coincidence cross sections (1) - (v) turn 
out to be considerably smaller than the experimental ones and seem to be sym
metric re la t ive to the incident beam ax le . 

The character of the Measured two-proton distr ibutions indicate that an essen- • 
t l a l contribution seems due to process 

Р • [PN] "*» Px • N • P3 • (2) 

The calculations assuming proton scattering on two-nucleon clueters in carbon 
according to proeaes (2) ere shown In f i g . 5 . First we note thet the calcula
t ion with re la t ive momentum Дш о in the p.N-eyotem results In distr ibut ion» 
which are considerably narrower than the experiment" ones (curves 1 ) . This may 
indicate thet the correlated cluster model 10) Is not supported by the experi
ment. The three-particle phase space calculations for reaction (2) reproduce 
the general behaviour of the distributions (curves 2 ) . Moreover, two versions 
of weight functions introduced In the phase space integral have been considered 
in the calculation» for process (2). These versions A, 8 correepond to a back
ward ecattaring mechanism and to a »Mall-angle scattaring mechanism, respec
tively (curve» 3, 4 in fig. 5). 
Version A Is characterized by large mean four-momentum transfers (»7 fm"1) and 
low mean excitations ( *> 12 MeV) of the nucleon pair, »no the corresponding 
values for version В »re » 2 fm and »250 MeV. The considerably smeller 
values of transferred «omenta and high excitations according to version В 
favour the smell-angle scattering mechanism. 
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Froa our inclusive and two-proton data we »ere able to estimate the quantity 

d * W /dil3 
This value can be regarded as the lower l im i t of the contribution to the i n 
clusive ВЕР y ie ld not caused by the quasi-two-part icle process 7 > б ) . 

I n conclusion wa believe that two aechanisas are quite suff ic ient to describe 
our data of inclusive aa wal l as coincidence measurements - the cascade process 
with Intranuclear pion absorption and the pro jec t i l e scattering associated with 
considerable energy transfer to a nucleon p a i r . The coaaon a t t r ibute of both 
aechanisas is the large energy transfer (of the order of the pion aass) de
posited by the incident proton into the struck few-nucleon group. Therefore, 
i t seaas that tha ВЕР production at aediuw incident energies is determined 
f i r s t of a l l by the properties of highly excited few-nucleon syste s in the 
nucleus. 
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nie efficiency of a corralation experiment. In «mich «ha aeatt«red higb-
energy projectile is detected simultaneously with th« product of imrlvsr dim-
integratiom is demonstrated in a ealealatlon on the kam* of th« unified 
theory of direct and resonance processes. 

The nuclear structure in the continuum, i.e. above the uiaintegration 
threshold, is being studied on a ever increasing scale. For the excitation of 
the nucleus in this energy region nearly all kinds of projectiles available 
fron the accellerator can be used. However, the actual structure of the nu
cleus can only be observed, if the interaction of the projectile with the nu
cleus is sufficiently weak (in the sense of the perturbation theory). The in
coming particle transfers only в certain amount of energy» mometneum, spin, 
isospin or other quanta to the nucleus. 

The weak coupling between the projectile and the nucleus can be realised 
(i) by a projectile with a high kinetic energy« or 
(ii) by a weakly (in comparison «ith the nucleon-nucleon interaction 

inside the nucleus) interacting projectile. 
In the first case the reaction time la too «mall to disturb the nuclear struc
ture, e.g. in the inelastic scattering of higb-onergy hadrons with a small 
energy and momentum transfer.A projectile interacting electromagnetically 
(photon, electron; or weakly (muon) fulfils the weak coupling condition also 
for a longer reaction time, e.g. in a capture reaction from the atomic orbit. 

The use of higVanergy projectiles can be a promising tool for the spec-
troacopy of the nuclear states in the continuum '• However, many important 
theoretical questions of spplying this method have not been developed suffi
ciently so far. Among these Is the question about the relation between the 
direct ana resonance processes of nuclear disintegration by means of high-
energy particles. In the spectra of inelastieally scattered electrons and 
protons, as wall as other high-energy particles, the inhomogenelties of the 
nuclear continuum associated with the excitation of collective states mani
fest themselves against the background of intense direct transitions. It is 
commonly assumed that the direct transitions due to the quasi-elastic scat
tering of the projectile on the indlviuual nucleons of the nucleus and possi
ble on nucleon clusters as wall, ana the giant resonance excitation «re 
causeu by entirely afferent mechanisms. Tbtlr contributions to the nuclear 
excitation probability are assumea to be additive. However, there is a wide 
region of momentum transfer «her« a correct understanding of tb« reaction is 
not possible unless using s unified theory of direct and resonance processes. 

Coinciuenee experiments like (e,e'R) acd (p,p'B). in which the scattered 
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i s the 
The characterls-

projaetlle la detect** rtsmltamcoamly alt« 

coatlaaaB the* the ceemmtional scattarlmg e^trlaeats. '~ 5 ) 

t i e s of tbe correlctlom beteeem the scattered ead ejected particles ere de
termined net only by the iatcmelty of the traasitioaa of varies» amltlpolari-
t ies bat also by the phase relations beeaen the transition amplitudes. There
fore, the description of eorreletloa eheracterlatlea Is only poaolMo in the 
framework of a sallied theory doe*rising alsnltaneoualy a l l eomtrlbutioas te 
tbe trensltiea probability. 

xn order to demonstrate the efficiency of a correlation experiment and 
i t s interpretation on tbe basis of a unified theory «e have calculated the 
spectra and angolar correlation functions for the inelastic scattering of 

12 
electrons and protons on tat nucleus C. Our nein purpose is to forecast tbe 
new, unrelated to the chosen nucleus» general problens to be encountered by 
the experimentalist uhlle applying; the coinciocnce technique not es a conven
tional method of stuylng the direct process of omssi-elastle knock-out, but 
as a method for investigating tie structure of the nuclear continuum* This 
enablea us to mae the rather aimple particle-hole basis for the description 
of the ststes of 1 2C. 

The numerical calculations hare been performed in a continuum shell model 
version described in ref. ' For the description of the electron scattering 
the plane nave impulse approximation has been useu. Considering small scat
tering angles we restrict ourselves to the Couljab component of tbe electron-
nucleon interaction. The scettering of the proton (X_m»1 GeV) has been de
scribed in Glauber's theory using tbe approximation of a single inelastic 
collision 5'. The details of the crlculation are described in refs. *". 

For fixed values of the transferred momentum q we have calculated the 
spectrs R(S,q) of inelastic scattered electrons and protons, ss well as the 
differential quantities dR(B,q(kn)/dkr, either as a function of the excita-

12 ** A 
tion energy В of the nucleus С for definite ejection angles k- ("differen
tial" spectra), or for definite excitation energies as s function of the 
ejection angle (angular correlation function). 

The main results of our calculations can be summarised as follows: 
1.Varying toe absolute value of the as »m UOfnT VUnr 

30 40 50 

Fig.1 Spectra of inelastic scattered 
electrons (top) and protons (bottom) 
on С for three values of the trans
ferred momenta* (q«0.5i 1*0» 1.5 ih-1) 

atum transferred to the nucleus, 
resonances of a definite aultlpolarl-
ty can be either pronounced or sup
pressed. Higher multipolarities are 
favoured by a larger momentum, lower 
ones by a smaller momenta. 
The used projectile can also Imply 
special selection rules for the exci
tation of certain resonances. In the 
scattering of protons practically 
only resonances with isospin T*0 «re 
excited while electrons excite both 
T«0 and T«1 resonances, (fig.1) 
Thus, informations completing each 
other may be extracted. 
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I lg .2 -Differential- spectra of the 
*2C(p,p*p}11B reaction for ejection angles •гидам! 
transfer vector qj 

action 
~ the 

in the scattering pi 

protons, neutrons and rlpha clusters fron the 
tod stats of the residual nucleus. 

2Лте coincidence 
( s . e ' I ) end (р,р*Ж) nay jlli 
valuable additional info 
tiona »bout t te 
the reectlon nochanlan. At 
FU.1 «no resonsnses st 30 -
40 ШеТ are everlcped sy s 
strong direct contribution 
stolen nenifest theaselvcs as a 
quaai-olactic knock-out of a 
nselson in the direction dose 
t o the vector q (в «Ö*) (see 
Pi«. 2) In the opposite direc
tion (aatl-qnaai-elastic s lne-
•at ies) the direct contribution 
vanishes. Further infomations 
can be extracted by studying 
separately the ejection of 

ground state or a definite exei-

Fig.3 
Polar diagrcn of the 
angular correlation 
function of the 
reaction *zC(p.p'p)11B 
in the scattering 
plane. 

E-30MeV E-30MTV 
q -1.5»«!»* 

E-iOMeV 

З.Рог the inelastic scattering of protons the influence of the distortion of 
the projectile wave function on the correlation function has bees investi
gated. Our calculations predict a strong violation of the aslnuthal 
try around the vector <f. (Tigs. 3 sad *) 

Polar diagras of the aslautbal dependence of 
the angular correlation function for the 
reaction ^C(p»p'p)'TB «round the nonentun 
transfer vector q. 
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ЪтМиДО MtTKLC SrtCTtJ» ПНИ ОПССТ «EAK-W KMTIOB* 

6. 
Institut für Kernphysik, kernfocschwngsaaleoe Jülich. D-S170 Jülich. Nest Germany 
F. Reset and 0. Trautmann 
Institut für Theoretische Physik. Universitlt Basel, ОМОМ Basel. Switzerland 

A review of the theory of break-«* reactions is presented, which was developed in recent years »n 
the fraae of direct nuclear reaction theory. Elasttc and inelastic break-up •odes, both contrib-
-jtin* to inclusive spectra, are discussed. Recently measured (d.p). ( a . I k ) and (*te.'b>} spectra 
over a «id« ranee of tarnet nuclei are coopered with our theory. Contributions fron preequili-
briun and evaporation processes to these spectra an also considered, but In east cases the 
break-up is the dominant reaction nechanisa. 

I. Introduction 

A typical spectrum of particles emitted In nuclear reactions can be explained by different reac
tion Mechanises: at the hieb energy end of the spectrum (see Fig. 1) isolate!! peaks occur which 

are due to fast one-step transitions to discrete states of the 
д ( в л ) residual nucleus. The low energy part of the spectrum is usually 

described by preeouilibrium processes, where more collisions in 
the target are necessary to loose energy. For even lower energies 
the spectrum •$ dcslnetcd by the evaporation from the compound 
nucleus. 

_ \ 

Fig. 1 
ёяТПё 

The topic of this talk is the break-up process (fragmentation) 
of the projectile a into its constituents b and x (a*b+x) in the 
nuclear and Coulomb field of the target nucleus. This reaction 

ek node contributes substantially to the total reaction cross 
section. Over the last years this break-up process has been 

Spectrum of particles studied rather extensively both theoretically and experimentally. 
П Й in a nuclear reaction. ^ p r f $ e n t ^ t h e d 1 $ t o r t r 4 M V ( t h e o r y o f l n e break-up pro

cess. Me distinguish two codes, the elastic [1] and inelastic [2-4} break-up, depending on whether 
the target remains in the ground state or not during tne collision. We apply this theory to (d.p) 
spectra measured [2) over a wide range of target nuclei. Quite recently, also the break-up reac
tion of the tightly bound a-partlcle has been observed [3,5}. Furthermore we study the break-up 
of the 4*iy weakly bound Be under subcoulomb conditions [4,6J. Although there is a great activity 
in this field at the present time. I t should be mentioned that the break-up process has quite a 
long history in nuclear physics. The break-up of the deuteron In the Coulomb field of the nucleus 
was first considered theoretically by Oppenheimtr [7). A partial solution of that problem which 
is quite close to the starting point of our Investigations was given by Landau and Lifshltz [8) . 
The early experiments of Heimholt*, McMillan and Sewell [9} in 1947 of high energy deuteron 
break-up could be well accounted for by the Serber model 110}. Nowadays the "abrasion process" 
also plays a dominant role In the new field of high energy heavy ton physics [11} as well as In 
relativlstlc deuteron-nucleus interactions [12]. Peuteron-nucleus collisions in the nulti-GeV 
region were studied theoretically hy FKldt and Pllkuhn [13]. 

* Invited talk presented by D. Trauteann at th? 8th Symposium on Interaction of Fast Neutrons 
with Nuclei, held at Grtsslg, DOR, November 13-17, 1978 
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г.1 Coincid—со Crow Sect«— 

He cewMer the reactio» 

A * a - A » b » a , ( I ) 

the projectile a disintegrates in the Ceolamb aval як1еаг field «f the target «clem« inte 
the constituents h aad я which arc jwppaud to b» betfc detected. If the awclews Д rwaiM in J» 
•round state dwring the collisiaa. the raactfaa Is called the elastic break-up, for which the 
T-aatri* element is given by the expression (pest-iataractioa form): 

T v v . ' ^rh.A.4",4>4')4)4t?h.)v(?b.)^)(|.) • <г> 
The scattering wave solutions of the particles a. b aad я generated by appropriate optical 
potentials era denoted by * and the aameata of the particles in the initial and final states де 
given by 5 . i aad 11. The interaction between b and • 4s described by the potential »ta(r0J1) 
and the wave function of the particle a is denoted by tbJ|. I t is expected that the U M 
expression (2) is a good approximation if the elastic scattering is the doari*ant channel. 

Let us first study the (d.pn) break-up process for lower enereies in the »--го rang« approxima
tion, where an especially "clean" situation arises for deuteron bombarding energies well below 
the Coulomb barrier. In this case, the distorted waves of the deuteron and of the proton шп 
given by the pure Coulomb wave functions, whereas the neutron wave function is always distorted 
by the nuclear interaction of the neutron and the target nucleus [14}. Due to the Coulomb repul
sion, the contributions to the Integral in eq. (2) art strongly suppressed for distances Л<Ш 
where R denotes the nuclear interaction radius. Therefore, only the asymptotic neutron wave 
function X^(4.R) enters into expression (2). This wave futction can be expressed entirely in 
terms of the S-matrix elements S, of elastic 
expression for the break-up T-oatrix element: 
terms of the S-matrix elements 5, of elastic n-A scattering, which leads to the following 

Ъ Ч Д • Tp.c + I 7 <st -1»1! • ( 3 ) 

v v » „ p.c. . < »n *n 
n 

The first term, T , describes that part of the T-aatrix which corresponds to a plane wave of 
the neutron fa,15), the sc "id term takes the scattered part of the neutron wave function into 
account. The matrix elements T c and T. can be calculated either analytically [1,8,15) or 
with the Vincent-Fortune integration method [ lQ . Calculations [13 based on eq. (3) lead to a 
very good agreement with experimental data Tie). This Is very gratifying since the theoretical 
calculation was performed with essentially no free parameter. (The S. 's ware calculated with a ln 
standard optical model potential.) 
Above the Coulomb barrier the nuclear interaction Is taken into account by means of the appro
priate optical potentials. In Fig. 2, taken from ref. ! l7)t the theoretical calculations »rt 
compared with experiment Г19), again the agreement Is good. Corrections due to "finite range" are 
found to be small, but they seem to further improve the agreement with experiment. 

2.2 Elastic and Inelastic Break-Up 

Now we want to treat this kind of cross sections where only particle b Is detected ("inclusive 
cross section"). The contribution of the elastic break-up to that cross section can simply be 
obtained by an Integration over the angle of the unobserved particle x. This can be done analyt
ically by virtue of the orthogonality of the spherical harmonics leading to the following ex
pression for the elastic part of double differential cross section: 
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A<el> _ w » v» •^^.[..'Vv1'- <«> 

ЯК* thet UM) 
T-oBtria 

t m tx-val«ts kas t . Ntreby ме ha«« intremmced the 

1 Ж ^ 9 Ж Ж Ж Д Q, 
(5) 

Fig. 2: Comparison of theory and experiment Г19) in the 
deuteron break-up reaction above the Coulomb barrier. 

•y deriviiMj expression (4) me have 
used again the »re-range amproai**-
tiom (the иг» rang« constant D 
corresponds to the vertex а*Ь*ж). 
Finite range- amd non-localit." effects 
are given by the functions A(r) and 
• ( r ) , respectively 2). 

For the inclusive type of rpectra we 
also have to consider all kinds of 
inelastic processes between particle x 
and target A, i.e. we have to consider 
processes of the type A*a-b*c, where с 
is some specific two-body final state 
cf tne syst«» в*А*х. The form f.ictor 
for surh a transition can be Witten 
as 

/•Vfc^A * <\l l S A Wi . < '> ' l . «Чс)' t i *x "x~x x̂ x 
X X 

<*> 

where »д denotes the ground state wave function of nucleu A and « ^ describes a complete 
scattering state of the system Г- with the boundary condition c. The internal coordinates of 
nucleus A are denoted by ?.д. In principle, i t would !»e possible to calculate this form factor 
with the help of a model wave function for t i " ' . However, this would be very difficult and 
impracticable if tnere »rt many open channels. But fortunately, there is an approximative pro
cedure which allows us to make use of the unltarlty of the S-matrix (for the system B«A*x). This 
simplifies the whole calculation enormously. He note (see ref. [17]) that the main contribution 
to the DWBA integral comes from the region outside the nuclear interaction r>R0. There we ;an 
express the radial form factor Xi entirely In terms of the scattering r>itrix elements S, , 

X X » c 

which connects the elastic channel i and the Inelastic channel с In complete analogy to the 
situation for the elastic break-up the integration over the angle of q can be carried out in 
order to obU>n from the triple differential cross section the double differential cross section 
for the (a,b) reaction Somehow arbitrarily the radial form factor x, (r) is extended into the 

x 
interior region r<R , however i t Is expected that the contribution of this region is small 
compared to the whole MBA Integral, so this is not expected to be a serious approximation. The 
entire dependence on the channel index с rests then in the S-matrtx element S. , . Kith the 

x ,c 
help of the unitarity of the S-matrix 

к Vе' vv (7) 
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the seam tea ever all statt* с* . 
sectiea fa the fellewia« ceapect 

he carried «at. leadiag to the inelastic »нал щ crass 

dW.).W. V, j 
.roacttaa 

IT, [•) 

»•«• intra««!« tat elastic and total 
respectively and T ? ^ deaates tat isdated T-eatrii ее,- (5 ) . 

lacei ay tat spherical aessel fenctiea j f t (o^r). 

tian crass section j , and «. 
» . » 

tat radial 

tin« 

reaction ef 
particle в is reali 

For tat (a.a) doable differential crass section, the elastic and inelastic centriawtiens. ее*. 
(4) and ( • ) , have te at added a». 

3. »salts and Discussion 
3.1 The етеак-Мр a» a heavy Ion: Tat (*et,Se)-neectioo 

The break-»» of b e aas stadied exatriaeatally In ref. i Q far sabcealaab canditiors and it «as 
in ref [4) that tat aeasared spectre can be «ell described within the present theory, 

for a close lamaent of the eaperiaeetal data with the theoretical calculation the 
effect of the recoil has to be taken into account, as can be seen ia Fir. 3. Since the metric*! 

W~~^ - 4 --• 
^ ( ir i * i 

*f vt- x»*» 

^ 8 1 
L^uiifr^ 

»^ •** • * 

Fig. 4; Coaparison of the theoretical 
spectra with the experimental data of 
ref. CO- Tl* recoil correction is 
IncH 

Fia. 3: Coaparison of the theoretical inclusive spectra 
wTOTTbe experimental results [Q for the reaction 
"(WCee.'Be). The theoretical carves are tat sot of 
the elastic and inelastic break-up aides. The 
spectroscopic factor for the *te around state was taken 
to be S'O.SS. 

evaluation of the T-natrtx, eq. (2), is too cuabersoae, the recoti effect is *Dproxinatcd by the 
Buttle-Goldfarb prescription [20). Although the elastic break-up gives the largest contribution 
to the inclusive cross section, the inelastic break-up cannot be neglected. This can be seen in 
Fig. 4, where also the pure Couloab break-up cross section, obtained by neglecting the n-Au-
interactton is shown for coaparison. 

In ref. [6} i t is claiaed that the Couloab excitation of the 1/2* resonance Just above the 
neutron threshold is the aain reaction eechanisa, but according to ref. [4J this is only a saall 
additional effect at these low boabarding energies. In principle, however, this aechanlsa cannot 
be excluded. For the treak-up of *U i t is expected that the Couloab excitation of the 'li-pro
jectile will be very iaportant. 
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1.2 Tfce «Г tk» Oemternt: Рм («4p}-«*acti— 

reactions «kick 
I . • 2S.S ЯИ 2}. In Fi«. S angle inte-

•4 
I 

4*! 
« : 

fi§. 5: Capcriaental anale intefrate« pretaa 
ipectrvn. tnnitktr with the eaailikria*. 
e«ailikri«a an« н ц г ш т ) kreaa np cantri 
Rations (L, « 25.S • * * ) . f*r forth*- «rtaits 
tee ref П ) . I« tke kettea pert, tkt eaperi 
• tout ertek-oa spectma is ceajirel to tkt 
elastic, inelastic en* tota! kreek-«p 
calculation. 

Ft risen ef »Ul eni theortt-
prv- teal proton spectra at fewer« ana,1es for tke 
«r i - ( « » rcacMe« o* **•* (£* * » . 5 He*). Tke 
lils contieneos '.fees «tnete tie eaperieental 

reMlts. tke oasha« lines *n tke theoretical 
calcalotioes. 

«rate« («.p>)-spectro «я ле> *r 
«it» «or cheery, «here tke 'enperieeata) ar*ak-«p 
cam" is «Maine« fcy Mktrectin« ргееанШкНмв але 
evaporation precetses free tke aeasore« cress 
section. Mete tkat er атомам iMtf of tke inci«ent 

e/ a praataeat swap is foane. Ir. Fif. 6 
i l «eta are ceaaare« fer several proton 

•a«:» wttfc tke theoretical calculations. Tke eeree-
aaat Is satisfactory, especially IN tke keep reaior. 
Fee lewer arete*) «nereies с tke inperiaewtel «eta 
lea* te Маки cress section, since tkere are 
aaoitienal ceetritvtiees frea precaal libriva a « 

precesses. 

Fia. 7: Deaole «tfferentlal cress sections 
for IKr " Ш (»,'"») reaction i t [ „ > 172.5 
He». Fell lines inJtcate tkearetical cal-
cwlatiens. Tke eneraies cerrespeatfiiNj to 
tkt «теми) state transilien am» tke tkree-
boey tkresk>14 «re ineicatee ey arrows. 
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: .3 The Break-Up of the o-Particle: The (a . 3He)-React1on 
3 

Let us f inal ly consider the (a. He) break-up process 3 ) . In Fig. 7 the double differential cross 
62 3 

section for the Ni(a, He) reaction at EQ • 172.5 NeV is shown. Agreement between experiment and 
theory is found for large F ) H e energies, whereas for decreasing energy discrepancies occur, 
especially for larger He angles. This is caused by multlstep processes, which will become 
important for He particles emerging with lower energies. I t was furthermore shown in ref. Г5) 
that the (a, He)-reaction excites favoured ^-values. This selectivity makes this reaction a use
ful tool for studying single neutron strength distributions in nuclei for high tn-value* and high 
excitation energies. 

4. Conclusion 

We have seen that a wealth of da;a on continuous particle spectra can be explained by the break
up mechanism. Our theory Is formulated in the frame of direct reaction theory. This mechanism is 

g 
especially important for loosely bound part1c'cs like deuteron or Be. The agreement of the 
theory with (d,pn) coincidence measurements is very good, this 1s especially important in the 
"clean" subcoulomb region. Also for the most tightly bound part icle, the a-particle, a substan
t ia l fraction of the total reaction cross section at higher a-energies is due to the break-up 
mechanism. When the cross section for break-up is a large part of the total reaction cross 
section, its influence on other channels (e.g. the elastic one) cannot be neglected. The in
elastic break-up mode is responsible for a substantial part of the experimental break-up y ie ld. 
The stripping reaction to unbound states Is an interesting tool to study the hitherto unexplored 
high lying single particle properties, much in the same way as inelastic scattering probes the 
giant resonances and pickup reactions the deep lying hole structure of nuclei. 
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CONTINUUM SHELL-MODEL DESCRIPTION OF EXCITED STATES IN LIGHT DEFORMED NUCLEI 

H.W. Bar2 

Zantralir.atitut für Kernforschung Rosaendorf, DDR - 8051 Dresden 

During recent years auch effort has been done to extend the range of applica

bility of the continuum shell-model to nuclei consisting of a non-magic number 

of nucleons. In a spherical basis one is forced to handle a complicated aixture 

of shell-model configurations '. The difficulties increase the more the nucleon 

number differs from the magic r*tmber. But, it la well known that the states of 

statically deformed nuclei con be described in a good approximation by a single 
Olater determinant built from deformed single-particle orbits. This suggests 

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

work of the lp-lh model which has been applied succesfully for spherical 

nuclei. 

o\ 20 

Recently ' the giant dipole resonance in Ne has been analysed using a dis

crete deformed single-particle basis and taking into account the coupling to a 

spherical one-particle continuum. We ain to apply the lp-lh model to very light 

nuclei where most of the unoccupied single-particle orbits already belong to 

the continuum. We restrict us to strongly deformed nuclei which are assumed to 

exist for mass numbers 7, 8 and 9. 

The model proposed is based on the adiabatic approximation in which it is as

sumed that the Hamiltonian can be decomposed in an intrinsic Hamiltonian H' and 

a rotational term H • h2/23 (1(1+1) - 2K ) with Э, I and К being the total 
angular momentum, its projection on the body-fixed symmetry axis and the mo
mentum of inertia. Then in the strong coupling limit 3' the wave function r»f 
the target nucleus reads 

о ::y J"r< f Г ьl\ (с)*к ( 0 • (-/'"* <-Цг№^1) 
И Л 1*дЧ'-*»)/ L "гКг Кт "" r -*TJ. 

The v/lgner D-function depends on the orientation Q of the deformed nucleus witrf 
respect to the space fixed frame and projects out the spin I. as well as its 
projections KT (M_) on the body (space) fixed z-axis. The intrinsic state wave 
function /t is an antisymmetrized product of single-particle states obtained as 
solutions of a Schrödinger equation with a deformed potential well given in 
the body fixed frame 

The potential contains a woods-Saxon potential V, a spin-orbit potential V » 
the nuclear radius R and the deformation parameter 6. 
Now,assuming the adiabatic approximation the continuous states of the nucleus 
are described ' by wave functions similar to eq. (1). But now the intrinsic 
wove function ^ K does not vanish asymptotically because one nucleon is pro
moted into the continuum. Therefore we expend the wave function ft^ in lp-lh 
components In the intrinsic system; 
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«hare tha ayabol | h «J j 1 ^ ••ana the raaldual 
nucleus n i t i . * hole in the orbi t h. The 
rad ia l wave functions £ h i ] ( 0 represent the 
•ot ion of the eecaping nucleon carrying the 
angular eomenta 1 , J and tha projection 

К - "h* The radia l wave function are 

Е Г М 

F ig . 1 . Photo-neutron cross 
section neer the neutron thresh
old of 1.67 MeV with I • 1 /2* . 
Experimental data are taken 
fro« re f . 6 ) (—— 9 channel, 
- - - l channel). 

calculated by solving e syttea of coupled-
channels aquations 5 ) which is derived fro« 
the Schrodinger equation (E' -H") XK » 0 
where the in t r ins ic energy I s connected with 
tha l a b . energy v ia 
E - E' • fc2/23 [1 (1*1) - 2 K 2 ] . The rad ia l 
wave function are coupled due to both the 
deformed potent ia l and the residual force 
of H ' . 

о 
Now, the model i s applied to the nucleus Be. 
The e lngle-part lc le energies can be derived 
fro« the experimental energy spectra of 

fl Й and the neighbouring nuclei Be and Li. 
Be 

Then we adapt the potential parameters and 
use V • 52/44 MeV for 1 - 1/0,2 and vso • 
5 MeV. A deformation parameter of ß * 1.3 
is needed to obtein the correct splitting 
of 16 MeV of the spherical 9Ъ,2 °rblt. The 
parameters of the potential depths for 
1 • 0,2 are chosen to produce the first 1/2 
resonance neer the threshold energy of 
1.67 MeV. For the residual interaction a 
strength of 650 MeV f«3 (0.7 • 0.3 P,f )£ц1в 
aaeumed. In fig. 1 the calculated (.,n) с roe's 
section with I • 1/2 near the threshold la 
compered with experiment '. The broken line 
reaulta fro* a one-channel calculation in 
which only the weakly bound neutron la re
garded. Taking into account all the nine 
nucleons (heavy line) the cross section ln-
craaaea by 25 %. The B(E1, 3/2" -e»l/2*) 
value of 0.25 e2mb obtained fro* the energy 
Integrated cross section la wall coapetlble 
with experiment, we also calculated tha 

longitudinal formfsctor for excitation of tha 1/2* reaonanee in Inelastic elec
tron scetterlng (fig. 2). A recoil corrected affective charge 

e, - et e A • ̂ 1 — . e л w , - « 0 , 
eharga, q - tranaferred aoaentun). 

UqlM 

F ig . 2 . Longitudinal forafac
tor for tha electro-excitat ion 
of the 1/2* resonance near tha 
threshold compared with experi
ment 7 ) and the result of e 
molecular o rb i ta l aodel BJ 
( - . . « . ) . 

( j | « j J 0 ( * r ) | j ) haa been used (ed 
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* * Е,|Й* 
F ig . 3 . The calculated photo-
nucleon cross sections compared 
with the experimental data. 

The t o t a l photo-absorption cross section for Be is represented in f i g . 3 . 
Below 12 MeV the weakly bound neutron deteraines the cross sect ion. However, 
the giant dipole resonance at 25 MeV is formed by excitat ion of the I s and the 
p , nuoleons with m , * •, 1 /2 . The resonance structures calculated resembles 
that found in experiment although the calculated giant resonance appears to 
narrow which may be a hint to neglected ground state correlat ions. The calcu
lat ions proof the a b i l i t y of the l p - l h model to describe the continuous states 
in deformed nuc le i . 
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РШТВ-RAIGB DWBA AIALYSIS 09 THS 9Be(n, aft)6»« КВАСПОаТ 

I.M.Turklewiex, S.Bursyuakl, K.Ruaek, A.Tracinakl, J.Turkiewicx, P.Zupranaki 
Inst i tute of luclear Research, Warsaw, Poland 

The aubject of the preaent paper la to study the influence of cluater etructure 
of Be on the aultinucleon-transfer reactions induced by fast neutrons on the 
'Be nucleua. The angular dlatrlbutlona of the 9Be(n,«U He reaction «ere measu
red by ua at 12.2 , 14.1 and 18.0 Me** l ) . Zero-range DVBA analysis hea provided 
a good description of the ahapes of the angular diatrlbutlona but could not be 
considered aa aatiefactory becauae of too crude approximations used. The pre
aent paper uaea f inite-range DWBA analysis in the hope to obtain more re l iable 
spectroscopic inforaetiona. Aa main contributions to the Зе(п,*»^Рне reaction 
we consider the two following proceasest 
1. l ight part ic le pick-up ( d i r e c t process): n +(3He • Sie)-» (n • 3He) + 6He 
2 . heavy particle pick-up (exchange process): n *('Не + He)-»(n + 5He) + He 
These two pick-up modes are related to three-nucleon and four-nucleon c luster 
components of the Be ground s ta te wave-function. We have calculated the 
yBe^n,«ufHe d i f f erent ia l cross -sect ion aa a coherent sum of both these trans-
fere . Knock-on process waa omitted as i t s contribution i s expected to amount 
to l eas than 5% of pick-up contributions 2) * The cross-sect ion for a c luster 
pick-up can be calculated from a familiar DWBA expression equivalent to that 
applied in one-nucleon transfer. Por the reaction В + b -> A + a where 
В • A • x and a • b + x in the re lat ive s ta tes with radial quantum numbers 
N1L1 and N-Lj respect ive ly , the cross-sect ion can be written in terms of a 
structural part A and dynamical part в as 

where the symbols and the coordinate system are those used in the paper of 
Austern et a l . 4 and in the f i n i t e range DWBA programme "Lola" of DeVriea з) . 

ia a f i n i t e range amplitude with two-dimentional fo-m factor * я т, к * contai
ning the product of the e f fect ive interaction potential and the wave functions 
of the re lat ive motion of tire cluater pairs in the i n i t i a l j H , and f ina l 
^кя L e t a t e e * The jC are distorted waves. The coherent sum 

i s taken over a l l l ^ L ^ L , quantum numbers cocmt ib le with an orbi ta l angular 
momentum transfer 1 . (N-jL^-^fUgLg^contributione allowed by angular momentum 
select ion rules for 'Be • n «» o( • He g . a . are given in Table I . 
The values of radial quantum numbers for the re lat ive motion of c luster pairs 
were determined by the re lat ion of o s c i l l a t o r energy conservation in a Talmi-
Moshlnsky transformation from single nucleon to c luster coordinates assuming 
clusters in their ground s t a t e s . The wave functions ^ I L U M * ** b o u n d •*•*•• 
to calculate the form factors wars generated in Saxon-Woods potential so as to 
reproduce the separation energy of the c l u s t e r s . The parameter values that were 
used to calculate bound state wars functions are l i s t e d in Table I I . 
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YAJU I 
Bound atatea participating la elaater tranafer for tbe 
reaction 

i n i t i a l 
atate 

'не • 6He 
5He • 4He 
5Яе • 4He 

»1 

2 
3 
2 

Ц ftAal 
•tat« 

1 *fc • n 
0 5H» + n 
2 5H» • n 

TABLE 11 
Bound atatea potential parameter* ) R • * 0 (* i • 

State »SB r o 
KeV fa 

»2 

1 
1 
1 

V")] 
a 

fa 

4 
0 
1 
1 

1 

1 
1 
1 

Me? 

3He • 6He 
4He • 5He 
4He • 5He 

n • 5He 
n • *He 

2p 
3* 
2d 
lp 
Is 

21.172 
2.524 
2.524 
1.919 

20.566 

1.12 
1.12 
1.12 
1.03 
0.93 

0.65 
0.65 
0.65 
0.65 
0.65 

67.2 
46.5 
46.9 
53.6 
57.0 

The interaction potentials responsible for He and He transfer are Woods-Saxon 
bound state potentials of n • He and n + He respect ive ly . 
Geometric psraaeters of the Saxon-Stoods s e l l in which bound atate wave funct* 
ions were solved should be discussed. Generally speaking theee parameters are 
not well determined for cluatera. Wa have tried eeveral values of R from 2.? fa 
to 5*3 fm i . e . from the range suggested by different optical potential f i t s to 
•'He and He e l a s t i c scattering on l ight nuclei 5.6) and applied in cluster 
transfer ca lculat ions . In th is range we have observed the dependence of the 
d i f ferent ia l cross section on It not only i n absolute value but a lso in i t s 
shape. We have chosen H( He + He\« 3.65 f a and a • 0.65 fa to reproduce expe-
rimental root-mean-square radius of the Be nucleus and we kept tbe same para-
metrization for ч!е + He bound s ta te . The optical nodel paraaetere for calcu
lat ion of the distorted waves i n the entrance and ex i t channels are shown in 
Table I I I . The optical potential for n + Be was obtained fron an analysis of 
the available e laa t i c scattering data of Lutz et a l . 7) at 14 ИеУ. Гог tbe ex i t 
channel, elnce no data exlata forc< acattaring on potential from an ana-
lyaie of the scattering of 18.54 XeV alpha particle** on Li 6) waa need, from 
different paraaetere given by authors wa have ehoeen two aeta without spin-
orbit term. They are l iated a* AI and All In Table I I I . 

TABLI III 
Optical aodel paraaetem for the entrance and ex i t channels 

aystsa V 
MeV 

R 
fa 

a 
fa 

w 
HsY 

"0 
Be? 

"I 
fa 

• i 
fa 

AX 
All 

n • *8e 
4Hs • *H» 
4Hi • *Ht 

48.76 
167.6 
193 .3 

2.49 
2.29 
3.64 

0.65 
0.61 
0.45 

0 
0 
0 

11*42 
8.6 

17.9 

2.91 
2.29 
3.64 

0.28 
0.61 
0.45 
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lha potential All gave eroaa aactiona ова oMar of aacnituda amaller tban th* 
axparlaantal valuea. the raaulta praaantad balow have bean obtainad with po
tential AI. 
9м tranaltlon amplitude* у ш ь*Н»Ь« * o r *** P° e e i D l * tranafara were computed 
«lth the aid of a f inite галса DOA code "tola" з ) . The atructure fact ore 
weighting the contrlbutione of each reaction 

I * 

Sz ia the epin of tranafared cluater, Jj • Ц+Sg* 
4*x 

W !Ы+1 51/2 

are the apectroecoplc smplltudee, aa defined in ref. в) , for the break up of 
nueleue В into A and x cluetera, and outgoing particle a into b and x. The о three-nucleon and four-aucleon atructure aaplitudea for Be ground atate have 
been calculated by Eurath 9) and knrath and Millener lo) . The *He-»5He + n 
amplitude ae have calculated uaing the definition and phaae convention of ref 
в ) . Pirelly the atructure factora for the three tranafara liated in Table I 
are the following! 
- 0.201 for B̂o pick-up 
• 0.23O for 'He pick-up froa 3a atate 
• 0.123 for *He pick-up froa 2d atate. 
The differential croaa-aactiona of 

Be(n, of«f He transition have bean calcu
lated uaing theae structure factora. Con
tributions to the croaa-eectiona froa the 
various processes are plotted in fig.1 
together with their coherent aus. It ia 
evident that interference baa a very 
important influence on the final result. 
The coapariaon of calculated differen
t ial croaa-aactiona with 12.2 and 14.1 
MeV experlaental angular dlatrlbutlona 
ia shown in f ig.2 and 3* The angular 
diatributione aa well aa the abaolute 
aagnitudea of the croaa eectiona are 
reproduced fairly wall by the theore
tical curvea. The fact that the 
agreement between data and calcula
tions have been obtainad with the 
spectroscopic aaplltudea not adju
sted but taken fron the independent 
predictions offera the indication 
that the applied finite-range ana
lysis waa appropriate. 

#M l*fl 

Pig.1 Separation of the eoaplets 
cross-section predicted by the pick-up 
mechanisms ( solid curve) into Ĥe 
pick-up component (dashed curve) and 
'He components ( 3a - dash-dot and 2d -
dotted curve). 

It bee to be mentioned, however, that to perform the complete analysis of this 
type of reaction i t would be desirable to use a code without the usual MBA 
potential cancellation aeeuaptlon. 
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l«f> 

Pig.2 Angular distribution of the 
9Be(n,oU)6He reaction at 12.2 KeV. 
The curve i a the sum of f i n i t e -
range DWBA calculations for ^He 
and He pick-up mechanism. 

Fig.3 lhe same aa in ? ig .2 but for 
14.1 NaT. 
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PIMITB-RAIGE ШВА ABALYSIS OP THE 1 S ( n , o l ) 1 1 B RBACTIO« 

K.Ruaek, S.Burzj.iaki, IJl.Turklewlca, J.Turklewlcz, A.Tracineki, P.Zupransk^ 
Inatituta of Huclear Research, Waraaw, Poland 

In eontinuaticn of our previous atudiea of (n , *t) raaetlona on light nuclei 
we Ьата aeaaured at 12.2, 14*1 and 16.0 MeV* neutron energies the angular d i s -
tributiona of ti.4^ * l (n , *0 В reaction going to the ground and the f i r s t exc i 
ted atata of th* В nucleus. An attempt haa been made to analyse the data 
uaing a aimple tare« nucleon pick-up mechanism. In thia proceaa three nucleona 
fron 1p ahell of Я are tranaferred to 1a ahell of He. Aa i t haa been proved 
by Rotter 1) the tranaition atrength i a determined i n thia caae by the spectre-
aeopic amplitude for the transfer of a • l ike cluater with apatial symme
try [ 3 j t apin 1/2 and iaoapln 1/2. The apactroacopic anplitudea for the sepa
ration of auch a cluster from 1p ahell nuclei have been calculated by Xurath 
and Millener 2 ) . Decoopositiou of the К into the В g . a . and the clueter 
'He containa three states of relat ive aotiont 2P. 1/2' 2P./2 ^ 1 P5/2 w i t h t n e 

spectroscopic amplitudes equal + 0.017, + 0.463 and - 1.292, respect ively . Por 
the 14N -* B 1 e x c • 3He only two atatea are possible: 2P- / 2 ( • 0 .90l) and 
~*3/2 ( + 0 , o e 6 ) • According to the eng- lar momentum select ion rule- and energy 
conaervation and aaaumlng that the directions of spins 4*0 and ?n do not 
change in the reaction, one obtains the transfers Hated in Table 1. 

TABLE 1 

3He • 11B 
W1L1J1 

g.a* -'He + n angular 
momentum 
transfer 

1 e j 

he • 11B 
H1L1J1 

lexc 'He • n 
H 2 ^ J 2 

angular 
momentum 
transfer 

1 a i 

2P 
2P 

1/2 

1P. 
3/2 
5/2 

1S 
1S 
IS 

1/2 
1/2 
1/2 

1,1/2,1/2 
1,1/2,3/2 
3,1/2,5/2 

2 P 1/2 
2 P 3 / 2 

1S 
1S 

1/2 
1/2 

1,1/2,1/2 
1,1/2,3/2 

Prom Table 1 one can bee that different bound state contributions reault i n 
different orbital angular momentum transfer« Aa the transfer amplitudes 
P f V • L, for different 1 and j tranafera contribute to the eroar aaction 
incoherently 3) the general expreaeion DWBA for the di f ferent ia l oroee aection 
can be in thia caee rewritten aa 4)1 

dJl km 
"*»•*»ft*«He ' % » Ч * л 

The tranaitlon amplltudea у have bean calculated with the f in i ta range DWBA 
coda LOLA aupplied us kindly by BeVrle* 4)« The optloal-model potential used 
in our calculations had the form 

U*- V ( t " 4 ) - 1 t^.&U"'*!) •1 
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Т-ТФЦ А* 
а. *'- г ~ т"* ** 

• - th* Couloab potential of a 
uniformly charged sphere of 
radius 1.34 A1'3. 

The parameters of the optical-sod*1 potential for incident channel n • *•" were 
obtained by fitting the elastic scattering data at 12*25 and 13,96 MeV neutron 
energies 7). Fits were performed using the optical-model search code SHOOFY в). 
The parameters for EQ« 18.0 MeV were obtained by linear extrapolation. Distor
ting potential in the exit channel for 18.0 MeV calculation was obtained from 
the analysis of the o( + В elastic scattering data at В » 21.9 MeV s ) . As 
there is no available data at lower energies we used the same set of parameters 
for 12.2 and 14.1 MeV calculations decreasing only surface absorption. Optical 
model potential parameters used in calculations are listed in Table 2. 

TABLE 2 

En 

12.2 
14.1 
18.0 

Entrance 
V roR 

51.91 1.2 
50.55 1.2 
47.76 1.2 

channel 
ao WD roI 

0.65 4.75 1.2 
0.65 4.71 1.2 
0.65 2.80 1.2 

*I 

0.558 
0.603 
0.696 

V 

213.6 
213.8 
213.8 

Exit channel 
roR ao WD 

1.343 0.492 2.0 
1.343 0.492 3.25 
1.343 0.492 4,0 

roI *I 

2.565 0.507 
2.565 0.507 
2.565 0.507 

Unite are MeV and fm 

Ml 
m («gl «см •«•> 

Pig.1 The angular distributions of 
alpha particles leading to the 
ground (c(t\ state of В at 
three neutron,energies 

Fig,2 The angular distributions of 
alpha particles leading to the f irst 
exclted (o4i ) state of 
neutron.energies• 

11 В at three 
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1h« bound atata wave functiona vara calculated in tha Saxon-wood* wall with tha 
dapth adjusted to raproduea tha corresponding Ĥa aaparatlon energiea. The gao-
aatr ica l paraaetera for the Ĥa • В g .a . bound atata ware choaen to give tha 
experiaantal root-aean-aquare radiua of tha * • nucleus 10 ) . The aaaa paraae
tera were used for B.| + -*He. The ^He • n paraaetera were taken i'roa 6 ) . 
All paraaatara uaed In the fora factor calculations are l i s t e d i n Table 3 . 

TABLE 3 

atata E g E rQ a 
UeY fm fm 

^ H e •• n 

h* • "B 
20.58 
20.70 

0.9 
1.08 

0.5 
0.65 

( . , ' » . « , ' « ) й . г 0 

In f igs . 1 and 2 the comparison of the measured cross sec t ions with the ca lcula
ted ones i s shown. The f a i r l y good agreement obtained for the shapes and for 
the absolute values as wel l seem to indica te that f i n i t e range D'tfBA. c a l c u l a 
t i o n s for He pick-up process are adequate to describe *Jl(n,o() В reac t ion 
i n the s tudied neutron energy range . The con t r ibu t ions of other mechanisms 
cannot however be excluded. 

REFERENCES 
1 . I . R o t t e r , Nucl .Phys. , A135 1969 З^в 
2 . D.Kurath, D.J .Mil lener , Kucl.Hiya. , A238 1975 269 
3 . N.Austern, R.M.Drisko, E.C.Halt ; r t and G.R.Satchler, ih: /3.3ev.l33 1964 B3 
4 . R.M.DeVries, Code LOLA, unpublished. The University of Rochester 
5 . R.M.DeVries, Thesis , unpublished. Universi ty of Ca l i fo rn ia , Los Angeles 
6 . R.M.DeVries, J .L.Perrenoud, J . S l a u s , J.W.Saunier, Nucl.Ihys.A178 1972 424 
7 . R.W.Bauer, J.D.Anderson, U.P.Lutz, C.Wong, J.V?. McClure, b .A . loh l , Nucl. 

Phys. , A22 1967 673 
8 . P.Schwandt. Report 8 /5 /69, University of Wisconsin 
9 . J . S t e y a e r t , Thesis , unpublished, Universi te Catholique de Louvain 

10. Atomic Data and Nuclear Data Tablee a>l4_Ro 3 

http://Nucl.Ihys.A1


- 115 -

ENERGY AIID AHGUUR DISTRIBUTIONS OF ALPHA PAKT1CLBS ВИТЯМ) IM THE 
1 4 ' S a ( n , < x ) 1 4 S d REACTIO« IIDJCED НГ PAST NEUTROBS 

C.Augustynlak, L.Glowacka, M.Jaskoia, J.Turklewicz, L.Zeslo, Le Van JChoi* 
Inst i tute of Hueleer Research. Warsaw, Poland 

The interest i n the ( n , a ) reactions i s mainly due to the possible role of the 
clustering phenomena i n the emission of the alpha p a r t i c l e s . The ( n , exj reac
t ion could be a tool for quantitative determination of the four-particle cor
relat ion in nucle i , of course i f the reaction mechanism i s known suff ic ient ly 
well to describe correctly the whole process including the tested elements of 
the nuclear structure* 
In the recent years a number of invest igations of rare-earth nuclei have been 
performed [ 1 . 2 ] . In aany cases i t i s extremely d i f f i c u l t to state a priori 
what should the reaction mechanism be. This i s especial ly true for the study 
of the (n,oC) reactions induced by fast neutrons on heavy nuc le i . The cross 
sections for these reactions i s quite low, also the level density in this 
atomic паев region i s hi^h and the enersy resolution эГ our raeaaurenent does 

1 * '̂  not allow a separation of the single l e v e l s except for the "" Sc,(ii,o(.) and 
Kd(n,x) reactions where we observed excitat ion of the ic : luted l e v e l s . 

In thia work the energy spectra and angular distr ibutions of the ОС-particles 
?nitted in the ^Sm(n,Ot) Sd reaction have been aeaaured for neutron ener
gies 12.3, 14.1 and 13.2 VeV. The re la t ive ly large leve l spacing in the 14cNd 
nucleus люке i t possible to separate some of the l e v e l s . 
The experimental arrangement was similar to that used in our ear l ier work Г з ] . 

3 r \ 4 *" 
'teutrons were produced in the ^H(d,n)^He reaction with deuterons accelerated 
in a Van i e ciraaff accelerator . The neutron flux waa determined by coxit-in.; 
the protor.9 reccl led fron a thin polyethylene f o i l in a Csl(Tl) s c i n t i l l a t i o n 
counter. о The alpha particle spectra were measured at an average angle of 3*' with a 
large an^ilar spread of - 20°. The target was made of SnuO, ( samariua enriched 

149 \ J 

to 97,* with ST«. J which was deposited onto a thick carbon backing by eedir.&r.-
' 2 

tation method. The target thickness was about 3 rag/cm . 
The angular distributions of the alpha particles were measured at 2-14.1 and 
18.2 MeV. These distributions contain all ec -particles with energies corres
ponding to the excitation of the final nucleus up to 5.0 MeV. 
The results have been analysed in terms of statistical, pre-equilibrium and 
knock-on models. 
The predictions based on the Hauser-Peshbach theory [4,5] are shown in fig.1. 
In the calculations the channels with n,p and X as a first particle were taken 
into account. The results of the calculations show that the experimental 
•pectra are shifted considerably towards higher energise and the measured va
lues of the cross sections ere greater by a factor of about 100 as compared 
with the predictions of the Hauser-Peehbach theory. 

* On leave from University of Hanoi, Vietnam 
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W.g.1 Comaerleon of tb« measured mad cal 
culated eroar sect ion» , lb« aol id l l aee 
are the predictions baaed on the knock-
on model with the parameter b • 0 . 1 . The 
daehed and dotted l inee are the predic
tiona baaed on the pre-equilibrium and 
nauaer-rwahbach models« respect ive ly . 
The experimental reaolutlona ^ПШ] are 
360 kef for Ед - 12.3 and 18.2 BeT 
440 keT for fc^ - 14.1 me». 

In the pre-equiliorium calculation« the formula given by Colli and Xarcazzar. 
[б] was used. Thia model implies eome probability for four nucleons to b« cor
related in а л -part ic le - l ike etructure in the target nucleus. The calcula
tion« «how that the pre-equilibriuo model reproduce« the shape of the experi
mental spectra quite « e l l except for the hiph energy part. This model does not 
reproduce the structure whico we observed in our spectra . 
The existence of high-energy a - p a r t i c l e s in the experimental spectra and the 
fact that the angular distributions of the emitted alpha part ic les are strongly, 
forward peaked suggest a s ignif icant contribution froo a direct mechanism. 7o l -
lowing Shapiro [7] we assume the amplitude of the direct reaction to be descr i 
bed by a set of nonrelativiat ic reynman diagrams. Analyaia . * the location of 
the s ingular i t i e s of the amplitude of the (a,aL) reaction led to the conclusion 
that for rare-earth nuclei the knock-on mechanism dominates. In accordance with 
r e f . [ 2 ] the d i f f erent ia l cross section for the (nf<X) reaction can be «r i t t en 

Cl2<ö 

wheret doVdft describes the d i f ferent ia l cross section for the population of 
s tates in ths f inal nucleust R(E X ,B O I ) describee the energy resolution of the 
experiment, the fragmentation width f[ • bU^ was assumed according to [в] de
pendent l inearly of excitation energy U^. 
The leve l etructure of the doubly-even f inal nucleus calculated by Vdovin and 
Stoyanov [9] were used. As calculations d l t not give the absolute values of the 
cross sect ions , normalization to the experiment «as performed up to the 4 MeV 
excitat ion energy of the f inal nucleus. In t h i s exci tat ion energy region the 
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oa af tha aaaavrat t a t r 0 satitia» 
«latrlaatlaaa of a -part idae ara 
• f at -partialaa aaoa «latiact 
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t r r la aaaUar that 
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COJFIGURATIOI HIXIIG EFFECT III THE oC-TRAISFER RBACTIOHS 

B. Apagyi 
Technical University, Budapest, Hungary 
T. Vertaa 
ATOMKI, Debrecen, Hungary 

In tha ?aat tan years much attention has baen devoted to the o<.-transfer experi
ment a. This intereat can ba explained by tha fact that the oc-particle transfer 
reactions represent important tool for studying oc-clusterization in nuclei, 
thereby, they fur.ish us with new type of informations on the wave functions of 
the nuclear states involved in the «*-transferring processes. This information 
cannot be obtained from any other experiment (with the exception of detecting 
oc -decay from the states lying above the «-threshold energy). All the works 
aimed at getting infornation about the / Li,d/ reactions (e.g. [1,2] ) made 
use of phenomenological method for calculating the reaction form factor (FF). 
It means that they neglected the contributions arising from the configuration 
mixing effect being present in the nuclear states. One of the first attempts to 
include the configuration mixing effect into the description of the « -transfer 

1 2 
reaction was the calculation of Apagyi and ertse ГЗ] who showed on the C/ 
Ll,d/ °0 example that the neglect of the contributions arising from the mic-
roscopic structure of the 0 wave function may lead to incorrect conclusions. 

To estimate the importance of the configuration mixing effect in the <ч-
transfer reactions, five of these have been investigated systematically by ma
king use of phenomenological F? /PPP/ as well as microscopical FF /i*lFP/ in the 
theoretical description. The five reactions investigated are the C/ Li,d. „ ./ 
4 ft ж *=U—4 
0 reactions Г 2,4] at bombarding energies 18, 20 MeV. In these reactions the 

fint five states of 1 6 O " are populated, namely, the oJ/0/, Og/Ö.OS/, 3"/6.13/, 
2+/6.92/, 1"/7.12/ states which lie below the *• -threshold energy of 7.16 I,:eV. 
Apart from the UFF calculation, the standard method has been applied for the 
description, i.e., one-step <*-cluster transfer mechanism has been assumed, and 
the ZR DWBA computer coda DWUCK [5] has been adopted for the differential cross 
section calculation. The optical potentials in the entrance and exit channels 
have been taken from elastic scattering analyses f6,7j as described in ref.[3]. 

To calculate the PFF, the usual way is to write it in a form 

T.00 .s"* /*0/ fM/VS/CD (1) 
consisting of tha absolute value of the square root of the «<-spectroscopic 
factor and a normalized aigenfunction of a real fcoods-Saxon /WS/ potential. 
Usually, the parameters of the WS potential are chosen aa followst the depth 
parameter V 0 Is determined by the separation energy /SE/ condition method, the 
diffusenesa a is equal to 0.65 fm, and the radius Is calculated generally from 
two t>* s of forms; in certain oases from that which does not include the с • 
particle mass number / R M I - r^ A J ^ | ^ /, in other easea from that which does 
it include /B W S I 1 • *0Ul£g9t + 4*'*) /. According to these two choice», two 
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theoretical сшпгеа hare been obtained for the angular distributions of the re
actions investigated. These phenomenological results denoted by WSI and WSII 
are presented in the upper part of fig. 1, «here also the experimental findings 
[2,4] are shown (dots). We see that neither the № 1 PPP-s (broken lines), nor 
the WSII PPP-e (dotted-broken lines) are able to describe the experimental 
angular distributions in the c m . scattering angle region titween 0° and 90°. 
It is suspected therefore that beside possible other effects (mechanism, ZR and 
so ч-э), the simple PPP calculation may be responsible for the lack of agree
ment. For that reason, all the calculation have been repeated by making use 
UPP-s. 

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

which can be expanded in terms of any orthonormal set of functions. The appea
rance of more than one term with different B-e in the ИРР is a direct conse
quence of the configuration mixing effect in the 0 wave function. The expan
sion coefficients A,~ (the A-spectroscopic amplitudes) have been calculated 
by Apagyi and Pal [8] using harmonic oscillator /HO/ basis set and Zuker wave 
functions /ZBM/ as f 160 • Applying these amplitudes, one can determine the 
^РР-э which include the configuration mixing effect. As a result of this effect, 
the internal part of the UFt is diminished, the outer part is enhanced when 
comparing them with the PPP case. The MFP calculated in such a way is denoted 
by HO indicating the HO basis set. It is well known, however, that the asymp
totical behaviour of the HO functions is not appropriate for the reaction cal
culation. Therefore, a WS tail with proper asymptote has been matched to the 
outer part of the ii?P beyond its last maximum/minimum to ensure the physical 
external behaviour of the liPF. In such a way, one obtains the UPP denoted by 
S£ remembering of the separation energy condition imposed on the tail» Accor
ding to these two choices in the UPP-s, two theoretical angular distributions 
have been obtained in each ease of the five reactions investigated. 

These microscopic results denoted by HO end SE are presented on the bottom 
of fig. 1. It can be seen from the figure that, compared to the PPP case, a 
significant improvement could be achieved In all the cases considered. These 
improvements are entirely due to the microscopical or configurational mixing 
aspect of the FP calculation. (All the theoretical curves of fig. 1 are multip
lied by a factor n (less than ten) to get the magnitude agreement with the 
experimental points at w * 20°. la the normalisation procedure 
D* S/4l/ - 3.7 103 MeVZfm3 [9] . S/1*o"/ are taken from [8].) 

In summary, it has been demonstrated In a systematic way that the configu

rational mixing property of the nuclei baa an Important effeot in the et-

transfer reactions. Its inclusion late the theoretical calculations is, there

fore, desirable. 
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ПОДХОДЫ И МОДЕЛИ ДЛЯ ОПИСАНИЯ УГЛОВОЙ ЗАВИСИМОСТИ ПРБДРАВНОВЕСНОГО ИСПУСКАНИЯ 
ЧАСТИЦ СПЛОШНОГО СПЕКТРА 

Д. Зелнгер • С. Сасонов 
Technisch* U n i v e r s i t ä t Dresden, Sekt ion Physik , DDR - 8027 Dresden 

i . Введение 

Описание механизма ядерных реакций при средних энергиях в рамкьх представлений 
об образовании долгоживущего состояния статистического равновесия , т.е. так на
зываемого хоипаунд-ядра приводит, как известно, к определенным расхождениям с 
экспериментом. Это, в частности, касается относительно высокого вклада высоко-
энергетических частиц в экспериментальных спектрах испускания а также их угловой 
ассияметрии. Учёт так называемых предравновесвых процессов в дополнении с в.н. 
механизмов дает значительное улучшение согласия с экспериментом. 

Для теоретического описания таких процессов в прошлые годы были разработаны раз
ные формализмы на основе экситонной модели [1-4J. Они позволили успешно описать 
сечения реакций, функции возбуждения а также спектры испускания частиц, интегри
рованные по углам. 

Однако, эти подходы не позволили описать также и угловые распределения испущенных 
частиц в процессах, в которых остаточное ядро является высоко возбужденным. Линь 
в последнее время появился ряд работ, исходящих из экситонной модели, которые 
ставили задачу включения угловых распределений в данный формализм. 

Параллельно появились работы на основе хорошо разработанных теорий прямых ядерных 
реакций, в которых также предпринималась попытка описания угловых распределений в 
сплошной части спектра испущенных частиц. 

Наконец, использовались независимо от выше названных подходов, возможности класси
ческой термодинамики и неравновесной статистика для получения результатов в желан
ном направлении. 

Многообразие подходов с одной стороны и очевидный интерес многих авторов в данной 
проблематике, по-видимому, связаны не только с практическим значением её в связи 
с расчётом ядерных данных, но и с фундаментальной задачей выяснения механизма 
ядерных реакций. 

В данном докладе принимается попытка, сравнить и критически оценить разные 
подходы. 

2. Подходы на основе экситонной модели 

Существенным недостатком исходной экситонной модели [l-4j состоит в том, что в ней 
учитывается только закон сохранения энергии но не учитывается сохранение угловых 
моментов, откуда вытекает непригодность этой модели х описание угловых распределе
нии. Разине усовершенствования этой модели сохраняют статистический одночастичный 
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характер описана», а путем введения дополнительных предположений предпринимается 
попытка расширить область пргиен :ний этой модели [ 5 . 6 » v j . 

Таким образом, Мантцуранис и др . [5 ,6J исходят иэ дополнительного предположения о 
том, что угловое распределение предравновесной эмиссии определяется только направ
лением движения "лидирующей частицы", т . е . падающей частицы. Авторы [ 5 , б ] рассмат
ривает процесс двухчастичного остаточного взаимодействуя между частицей и ядром, 
классифицируя состояния промеждуточной система не только /как в исходной эксктон-
ной модели/ числом экентонов и энергии возбуждения но и направлением движения 
"лидирующей частицы". Основываясь на этом, авторы расчитывают предрлвновесике ве
роятности заселения п-экситенкых состояний либо на базе т . н . обобщенных мастер -
уравнения [ ö j либо в рамках аналитической формулы, сходно:": с ггтбридио': модели [ б | . 
Иэ вероятностей заселения пол; ^агтея энергетичсс... -е спектр;: а также угловое рас-
предйяен»:я предрнвноаесн'. й эмиссии, причем з ряде случаев получено хорошее согла
сие с эксперкмггнтоа. 

.. друго'; работе £ 7 } экситоил- е СОСТОЯНИЯ классифицируются число« G.:CKTOKOB, энер
гии" возбугсдения и спиноч. При эток предполагается, что состояния с раа;:;:а ч::слом 
ск^/гонсв :: сп::но.\\ но с разными орбитальный,; момента:.:;: ж г.олнкш: спинами ие::ду 
coftoü ик"'~ртеркру?')7 только линь в простейте? „лсктскно;! конфигурации с. п * п

0 -
Кроме того прекебреггштсл корреляции между состояниям;: с рпгнь:м г.ксито:.ш:м укслом 
л полны:! епкнон. Т.е . предполагается, что п-г>кситоннне состояния, за исключением 
состоян;!? с п»п , являптся относительно до.-гоживущижи квагиста^гончрнЕлн: кванто
выми состояниями. Расч::таннвя таки:* путс-.т анизотропия угловчх распределений, кчк 
к ожидается, зависит от начального чиелг. э;:ситоксв n a Тйк;гге от энергии испуска
ния. 

3 . Расчёт на основе теорий ПРЯМЫХ ядерных реакций 

В ряде работ для описания начальной стадии предравновесных реакций с возбуждением 
континуума состояния остаточного ядра применяется соответствующие образом усредне
ния по энергии расчёты в рамках теорий прямых ядерных реакций. Так, в работе [ в ] 
предполагается, что дважды дифференциальное сечение испускания нейтронов состоит 
из испарительной и прямой части. В [ 9 ] в подобии к этому, ко более последователь
но, предполагается, что это сечение складывается иэ равновесно!», предравновесной 
/хроме самой простой реакции/ и прямой реакции. Разделение предравновесной компо
ненты делается для того , чтобы испоьэовать простую экситонную модель для описания 
процессов испускания иэ более сложных состояний / п $ 5 / . Ассимметричную часть угло
вого распределения приписывается только тем продуктам реакции, которме покидают 
составную систему после первого акта взаимодействия /соответствупщего п*Ъ/. Для 
расчета их вклада используют феноменологические выражения, основанные на хорошо 
известном приближении с плоскими волнами PV.3A , учитывая немногие ха;>актериис 
для данного ядра одкочастичкые переходы в модели оболочек, Расчитаннке таким об
разом угловое распределения покалывают хорошее согласие с экспериментом. 

Своего ряда "гибрид" между эхеитониой моделью и Р Л З А -теории представлена в работе 
[ ю ] , ь рпмках зпситонной модели вводятся скорости испускания зависящие от угло
вого момента и таким образом получаются предравновеенне спектри испуекпник для 
каждого орбитального момента имитированной частицы. Угловая зависимость дается 



123 -

сечением PVVOA для саоте^тствуг: г эедкчину переданного орб:.гр.«ь:гс го яо*^нта. С * 
таким формализмом авторы l̂O'J TI- -же достигает хорошего опис&ккя углового распре
деления для ряда ядврких реакций. 

Микроскопическое опксанне в приближении ГХЗА *ля дважды г^ч'еренпяальнкх сечеииа 
•спускайел ччстяц в коктинууче состояние Окдо предхотено • рабсть [ l l ] . В рамках 
этого подхода иэ полных волновых :уккцир рхссчатриваится lplh-комг.оненты, тпк кпк 
только онм могут возбудиться путей одяого частично-дырочного остаточного взаимо
действия, атричные элементу усредняется по энергетическому интервалу, соответ
ствующему эксперименту, получая таки-: образом усредненные сечения по многим сос
тояниях остаточного «дра. Результата согласуются с экспериментом. оп/.:ан:чь.й fop-
зализм однако, неприменим для .-нергий возбуждения остаточного ядре jure несколь
ких '.!эв вследстаяе пренебрежения многократных соударений а также ?спус:-;ан;:я из 
квнзк-связанных состояний, что приведет к недооценке абсолютного яклада таких 
процессов и пгевыаеняа их угловой анизотропия. 

альне'-сиЯ sar в этом направлении представляет работа Тимуры и др. £ l 2 j . Так?:» 
в пркблк-ении C.V3A, но на основе одно- и двухступенчатых прямых возбуждение вы
числяется спектры и угловые распределения нредравноаесно;' V-I^CHK. Всзбуу'агтск 
l o l h - и ?р?ь-ссстояния остаточного ядра, чти позволяет г-хв.-^вть г.кспер?аентпльнс 
найденное поведение танзе и при б^хле высоких энергиях возбужден;^ ост-.точного 
ядра / n i сравнению с теорией с одноступенчатыми возбуждениями/. 

JSS;:M Н'-'.-с-гтиткоч всех предложен«':* методов в рамках теог!:й прямых ядвг.:и.х реак-
•:;:* /лс-:;:мс м-1Те:'а7и«сс-<*!Х трудностей, связанн'-е с -'/.-роскопхческим опкеакдем/ 
яэ.-кется необходимость их стыковги с расчётом по другой, коренным образом отлича-
юхе:?ся теории / в пе. а.ую очередь это статистическая модель/. Только в стоя случае 
удается удоалетЕор:-тельное o:;zcanze всего спектра z углов х раенр^дел-ний при 
всех энергиях. 

4. Применение геометрических представлений о траектория частиц 

3 т . н . К1скаднс -эксктончой мидели [13]объединяются полу-классические предстивлэ-
ния из каскадной и экситенной моделей с полной статистической теории ядерных ре
акций. С помощью Юрмалиэма каскадной »одели описывается соударения нпдетлгц-.? 
частипн с нуклонами ядра, приводящие к образование возбужденных частиц и дырок 
в начальной фазе ядерного процесса. Этот формализм дает также анизотропное угло
вое распределение испуаекных чьстиц. Дальнейшее "развитие" составной системы 
описывается с помощью экситонко?! модели, на- иная с тем числом п частиц плюс ды
рок, которое образовалось во врэч, "каскадно-!'", бсетрой ^аэу процесса. Поело до
стижения статистического равновесия, дальнейиая "с,у.;:>ба" ядерно? системы описк-
вается а рачкаг полной статистическое теории. И в гасч ;T-IX С экситонног; модели 
и со статистической теорией угловая зпяисимость принимается изотропное. Расчитви-
кне се'-ения находятся » хорошем согласи* с экспериментом. 

5. Применение классической термодинамики 

дечиер и Вестрэм [,14 j разработали метод описания предрпвновесиоге развития сос -
т-iBiio" системы на основе классических термодкна-.ических представлений, ЛДРО в на-
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чадьиой фазе ялерио! реакция прияимается локально нагретым. Путем процесса диф
фузии ядерное возбуждение во яремя конечного временного интервала распространя
ется по всему ядру пока не достигается термодинамического равновесия. Локальная 
ядерная температура заввеяная от вреиеян определяет спектр и угловое распределе
ние испущенных иэ "нагретого" ядра частиц, она определяется путем ранение урав
нения диффузии со соответствующими краевыми и начальными условиями. Время реак
ции определяется постоянноЯ транспорта энергии • ядерно! матерки. Нужно отметить, 
что дайной формализм, так-же как и касвадио-экентонная модель, примбкмм» «и*» 
при достато- но высоких энергиях, при которых полу-классическое рассмотрение оп
равдано. Сравнение с экспериментом данного метода пока ещё предстоит. 

6. Заключение 

Разнообразие возникших за последние годы подходов и моделей для описания угловых 
распределений предравновеенгх спектров указывает на актуальность этого вопроса 
и эначвтельн й интерес к нему со стороны многих групп. Это связано с одно!» сто
роны с желанием, более полно понять и описать механизм ядерных реакций при сред
них энергиях а с другой стороны с необходимостью расчета ядерных данных для при
кладных целей. 
Окончательная оценка и сравнение раэ.-!г:х подходов пока трудно вследствие разной 
степени разработки эт;х методов и выбора авторами различных случаев кх примене
ния. По --исто физическим соображениям, кажется, пока нельзя выбрать тот или иной 
"ед;;нствеклс правильный" подход к решение рассмотренной проблематики. Наоборот, 
ситуа;ил скорее указывает на то, что экспериментально хорошо известный факт на-
ли---;тя лргх;as iOBecHoti эмчиссии преимущественно в переднус полусферу можно в той 
ил:. кно" мере яоропо описывать совершенно разными модельными представлениями. 
Поэтому, хотя бы иэ Эвристических соображений целесообразно дальше развивать и 
усовершенствовав разние направления описания, млп широких практических примене
ний коне-но, .критерий ппостотч приобретает особое значение, -j, будущее для боль
ней наглядности сравнении требуется проведение анализов одних и тех-же экспери
ментов в рамках разных подходов. 
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AIALYSIS OP 3.4 М П ODrROI SCAWaWIO FROM 2m-1d-SHBIA BUCLBI II THE 
FRAHBMPJl OP STATISTICAL AID DIBJCT 1BACTIOI MODELS 

T. Schweitzer, D. Seeliger and S. Uaholaar 
Teehnieehe Unlvereltttt Dresden, Sektion Physik, DOS - 8027 Dresden 

The Interpretation of our differential croaa aeetion experiaental data In neu
tron acatterlng froa Ba-23, Mg-24, Al-27, S1-2B le laprOTed by isclueion of 
coupled channel affeeto in the calculation of the direct reaction parte. We 
have aucceefully explained differeneea in the ahape and amplitude of experimen
tal angular diatributlona froa atatiatieal calculationa for eeattering of 3.4 
üeV neutrone froa Ia-23, llg-24, Al-27» Si-28, kn-55, Pe-56 by «ay of direct 
reaction eontributiona It2» Direct parte were then calculated by uae of Distor
ted вате В о т Approximation. 

The physical reaction nodal of our inveetigation ia all the ваше an Incohe
rent superposition of statiatical and direct reaction parte. There is not any 
general nodal to calculate such problems for nuclei more coaplicated as 1p-
ahell nuclei. Because of that,we can uae only limited models as statistical 
and direct theories. Applications within the bounds of these models are atan-
dard techniques and yield a description of experiaental data, which is eucceo-
full , but our problem lies near or behind the limita of validity for such 
models. 

We have mainly two reasons for physical reliability in our investigationst 
- consistence in the experiaental data 
- the absolute basis of theoretical calculations. 

The baeie of our calculations is absolutely because of resignation of any fit
ting together theoretical curves and experiaental data. All free parameters of 
the theoretical modele are fixed by uas of a generalised optical model parame
ter aet [2^ about the full range of nuclear masses and for all theoretical cal
culations and by use of в-deformation parameters from reliable literature valu
es. 

Haueer-Feehbaeh-calculatione corrected for level width fluctuations (HFC) 
were carried out with the computer code 2LIBSA [3]. The codea CHUCK [4] and 
JUFIfOR 1 [5] were used for coupled channels calculations (CC). Two examples of 
our analysis are given in figs. 1 and 2. The correspondence between experiment 
and theory is very wall for an absolute model. We can explain the groea atrue-
ture and amplitude of the experimental angular distributions in the frame of 
our reaction modal. Fine structure ie probably caused by violation of the sta
tistical assumptions in the compound nucleus. 

2ШШ. 
- We have carried out a systematical study of the nuolear reaction mechanism 
by neutron scattering experimente at 3*4 HeV neutron incident energy about 
a wide rang* of nuclear aassas* 

- It gives experimental evidence for direct reaction contributions In the 
excitation of all low-lying collective 2*-statee (and auch states which are 
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coupled to that 2*) 
- We can succesfully describe our experimental reaults in the fraaevork of a 

simple reaction model of incoherent superposition of statistical and direct 
reaction parte. 

- The base of our caleulationa ia absolutely because of no fitting experiment 
tal end theoretical results together. 

• Coupled channels effect must be considered for the excitation of rotational 
states. Such inclusion leada to further improTeaents in the conformity of 
our experimental and theoretical curves. 

- The used optical model parameter aet enables a good overall representation 
over a wide range of nuclear masses. 
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FIRST RESOLTS РВОМ ITOMIGATIOI Of TO " s K n . n 1 ) BIACTIOI I I TBI ШЯС1 

НАХл BJT.r^N 6.8 AND 12 ЮТ 

Adel-Fawxy, H. Portsen, W. Pile, D. Schmidt, D. Seeliger «ad T. Strell 
Technische Universität Dresden, Sektion Physik, DDR - 8027 Dresden 

Experimental results and first theoretical analysis are represented for 

elastic and inelastic scattering of neutrons in a larger energy range 

on 28Si. 

1 . Introduction 

In earlier tine the investigation of the reaction mechanism on light 

nuclei was done for small energy range only, in the most cases near 3 MeV 

and 14 KeV, respectively. These experiments differ regarding the measuring 

technique and also the models and parameters of the theoretical analysis 

used. 

The work given here has been begun with the aim to measure and de-

scribe the Si(n,n') reaction in a wide energy range uniformly. The model 

is a incoherent superposition of compound and direct reaction part. 

Furthermore, such measurements are important for nuclear data require

ment . 

2. -.xpsrimental procedure 

The nicasurenents were performed with tandem facilities in the ZfK Rossen

dorf, using a computer-coupled multi-angle TOF-detector system with 8 

detectors. 

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

As -nonitor another TOF-deteetor was inserted in the whole system. 

For deternination of abeolute cross sections the neutron flux with monitor 

detector was checked, that means the product flux times monitor efficienc) 

ir determined. Additionally by measurement the efficiency ratio of the 

monitor and measuring detector the monitor efficiency is eliminated. 

The flight path is in order of 3 meter«, the time resolution is about 3 ns. 

The -a~.plr consists of natural silicon with a diameter of 3 cm and a 

heirht. if i en. The incident neutron energy spread depends slightly on 

th» Vo-iVirHnj energy and was near 120 keV. 

Suitable computer programs for peak area determination and multiple scat

tering correction were commonly used. 

http://-a~.pl
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Э. Aaalyale of the «xperla—tal data 

The elastic scattering la daacrlbad aa a sua of shape aal cneaoanrt part 
(a«a alao f lg .1 ) . Th« calcolatloa of the shape elastic scattering is de
duce* from th« apherlcal optical aodel with pareaetere from OSST et a l . 1) 
slightly varied la MM apla-orfclt tare. 

flg.l 
Angular distributions of 
the elastic scattering 2-OD "i>i 

m m - » • • * • ш ш 

The coapound clastic scattering was calculated with the .XC-SR-Tu. r *cv. 
program "KXISSE" 2) with the saae peraaetera Including ilTv-.i-pirti"-^ 
and proton channel, respectively. The agreeaent as well лг -<-«т. .-ho*.- r-.e 
paraaeters to be usefuH for the calculation of the sirt-trt rentier j.ar*.. 

For analysing the inelastic scattering cross section data were cospared 
up to now with HlUbSR-reSHBACK calculation* (Я7С) and additionally for 
10 KeT only adding a direct reaction part uaing the coupled channel aethod 
(CCC). This CCC has been based on the collective aodel with rotational 
excitation Including coupling between the first four excited states of 
51, but excluded the 3* anomalous parity state, 

fig.2 show* the angular dlstrlbutlona for the first excited state (2*). 
As expected th« difference between experimental poiata and the calculated 
compound oontrlbutlons increases with energy. As It can be seen, for 10 
MeV the shape and absolute value of the distribution can be described 
quite well by Including of the direct reaction part. 
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Ч Л * 

tlg.2 ава 3 
Ietlastie scattarlaff •» a*>i • «scalar «lstrlaatloaa of tht я , - , а^- aad 
uygroof for scvvral oaorgloa 

Flf.3 0*— f irstly th« angular distribution* of th« soeoaS «xc!t«4 «tat« 
(•**) la coaaarlsoa »1th th« BIC rosalta. th« «rear of aaealtado of tit* 
•xporlaeetal aolata Is raprodaca* la fsaaral *y this rnaaniinil roactloa 
part oaly. uasxptctsa a» to th* hlfaost «a*Tffl«s. 
0a the other hast th« »tractor« eaaaot t* o«serl»ea as w«ll as OMNCSIJ. 
The CCC ?r*llal»ar«lT doa« giT*a а тагу saall eoatrlbatloa to th« eroas 
s«etloa. 
this theoretical aaalrsls will »• eoatlanad. 

4. Mfratare 

1) B. 0»at, privat« i и—•• I ни 11 и• 
2) C. little* «Mala, Taehalaeh« OttvarsltBt ftroaaea (1975) 
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ИССЛЕДОВАНИЕ ГАММА СПЕКТРОВ И СЕЧЕНИЙ ОБРАЗОВАНИЯ ГАММА-КВАНТОВ ИЗ РЕАКЦИЙ 
Р е т К 3 0 N b + n В РАГДКАХ СТАТИСТИЧЕСКОЙ ТЕОРИИ ХАУЗЕРА-ФЕШБАХА 

Б. Базаррагчаа , Д. Хермсдор* 
Technische Universität Dresden, Sektion Physik, DOR - 8027 Dresden 

I.Введение 
При решении многих практических задач,в частности при конструкции ядерных 
раекторов и расчете запиты от излучений,требуется точные сведения о полном 
сечении производства f-квантов из конструктивных материалов и продуктов реак
ций, а также о у-спектрах.Эффективное сечение образования сплошной части Of-из-
лучения из реакций с нейтронами высокой энергии на тяжёлых ядрах,как показы
вают результаты некоторых экспериментов,является преобладающим по сравнению 
с сечениями образования дискретных ^р-линий.Однако,в связи с экспериментальной 
трудностью определения таких спектров,обусловленной наличием фона рассеянных 
на образце нейтронов и сложностью обработки результатов эксперимента«теорети
ческое исследование сечения производства и спектров^-излучений различных 
ядер в реакциях с нейтронами с помощью той или инй нодели приобретает большое 
актуальное значение. 
При взаимодействии нейтронов высоких энергий/до 20 Мэв/ со средними и тяжёлы
ми ядрами,средняя энергия возбуждения остаточного ядра лежит в области боль
шой плотности уровней и снятие возбуждения происходит,главным образом,каскад
ным излучением гамма-квантов, носящим статистический характер. Поэт ому для опи
сания данного процесса будет более разумным привлечение статистической теории 
ядерных реакций. 
В данной работе вычислены сечения возбуждения некоторых дискретных ^линий, 
сечения производства и спектры непрерывного ^-иэлучеш:я из реакцийиЯе+п и 

* 4 l + u на основе хоо^ии Хауэера-Фешбаха/I/ с коррекцией на флуктуацию ширин 
/ 2 / и детального рассмотрения ^-каскадов»идущих из высоковозбужденных состоя
ний. На начальном этапе испарительного каскада учитывалась предравновесная 
эмиссия нейтронов по экситонной модели/3-8/. 
При этом были исследованы влияние учета предравновесного распада,вклад излу
чений высокой мультипольности и других возможных каналов реакции на эти в е 
личины.Расчет проводился с помощью программы "STAFK"/9/ на ЭВМ БЭСМ-6 вычис
лительного центра Дрезденского Технического Университета. 
2.Входные данные для расчет;« 
Проведение вычислений эффективных сечений производства и спектров ")(-квантов 
по программе "STAPSE" требует знания коэффициентов проникновения ядер Fe.Mn 
Cr или Nl ,7r ,Y для нейтронов,протонов,альфа-частиц,соответственно,и коэффи
циента проникновения ^-кванта,а также информации об энергетических уровнях и 
схемах распада ядер,участвующих в реакциях. 
2.1.Коэффициенты проникновения для частиц и f-лучей 
Коэффициенты проникновения ядер для нейтронов,протонов и eC-частиц получены 
с помощью программы " ОМО " путём решения уравнения Шредикгера с оптическим 
потенциалом.Параметры потенциала выбирались из сопоставления вычисленных и -

Гос. университет Улзанбаатор, 'Монголия 
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экспериментальных дифференциальных сечений. 
Для вычисления коэффициентов проникновения jf-лучей были использованы одночас-
тичная модзль Вайскопфа/Ю/и гипотеза Бринка-Акселя/II/.ß работе Бартоломева 
и др./12/ силовая функц"ч(к,1 f-излучения определена как 

Vv«- lV= fa ^<ritLU^nvfM,,n')7 ^ (I) 

где ̂ X L U W I V J ) -средняя ширина распада иэ состояния lE.l.n) к состоянию 
(Е'г'.̂ Я путём X -эмиссии с мультипольностьюН и энергией t^f-t" . 
Усреднение берется по начальному состоянию (t,l,n), средняя ширина которого рав
на D п .Если предположить независимость силовых функций от спина и чётности 
состояний,то коэффициент проникновения у-лучей имеет следующий вид: 

T, t lU^W^ nC9 . (2) 
Силовые функции для М1,Е2,И2,ЕЗ,МЗ-излучений вычислены из одночастичной модели 
и нормированы относительно EI-излучения,а EI-силовая функция находилась иэ 
среднего сечения фотопоглощения<.^-'^посредством гипотезы Бринка-Акселя: 

W V s Aftö* It t*j<в|и( V? . (3) 
Предполагается,что<6-нЮ>может выражаться через параиетры El гигантского резо
нанса.Для его зависимости от энергии принималась следующая Лоренц-форма: 

rr-, E,,^-энергия и ширина EI резонанса, 6^-сечение его в пике. 
Глобальные значения этих параметров взяты из работы/11/. EI-силовая функция 
может быть нормирована также на среднюю радиационную ширину при энергии воз
буждения, равной энергии связи нейтрона,полученную по формуле Гартнера/13/. 
2.2.Плотность уровней и схемы распада 
Плотность уровней является важной величиной в статистической теории,от которой 
результаты её предсказания чувствительно зависят.В данной работе плотность 
уровней вычислялась согласно модели Ферми-газа с смещённым основным состоянием 
/^/•Значения параметров плотности уровней взяты из работ/15-18/,а схемы рас
пада и соотношения разветвления из / 19 / . 
3.Результаты вычисления и обсуждение 
На рис. 1-2представлены вычисленные значения функции возбуждения некоторых дис
кретных Tf-квантов,возникающих при неупругом рассеяния нейтронов на ядре.Вкла
ды от ^-излучений высокой мультипольности/Рис.1/ и предравновесной эмиссии 
нейтронов/Рис.2/ на эти величины начинают сказываться при энергии бомбардирую
щих нейтронов около 14-15 Мэв.На спектрах у-эмиссии из чРе+чи *М1+п /Рис.З-4/ 
видны роль различных каналов реакций и влияние предравновесной эмиссии нейтро
нов.Функции возбуждения производства гамма-квантов в этих реакциях показаны 
на графиках 5-6 . 
Из результатов вычисления и их сравнения с новейщими экспериментальными дан
ными можно сделать следующие заключения: 
-Вклад излучения высокой мультипольности приводит к росту функции возбуждения 

при больших ?огиях 
-Влияние предрелновесной эмиссии нейтронов на форму эмиссионных ^-спектров 

начинается при Е„> 14-15 Иэв и её учет улучщает описание экспериментальных 
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данных.Это ещё раз подтверждает важную роль предравяовесной эмиссии в меха
низме протекания ядерных реакцжй/20/. 
-При энергиях нейтронов до 20 Мэв доминирующим процессом в производстве гам
ма-квантов для этих ядер является неупругое рассеяние нейтронов»затем при 
больших энергиях налетающих нейтронов начинает конкурировать(п.Ыреакция. 
-Путём выбора значений параметров в рамках статистической теория можно дос
тигнуть хорошего описания эффективного сечения производства и спектров 
Tf-квантов из реакций с нейтронами на средних м тяжёлых ядрах при энергии 
падающих нейтронов до 20 Пав. 
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НИТРОНЫ 13 ( p , n ) РЕАКЦИ НА ЯДРАХ 9 0 » 9 I ' 9 # ? r . 

Н.С. Бирюков, Б.В. Журавлев, А.П. Руденжо, O.A. Салманов, В . 1 . Трнкова 
•иэико-энергетичвскнй ннстнтут, Обннвск, СССР 

Спектры нейтронов вз (р.г,) реакций на ядрах ^ ^ I » 9 * ^ измерялись вря энергии 
протонов 11,2 * 0,1 МэВ под углами 30°, 60° , 90° , 120°, 150°. измерения прово
дились на спектрометре нейтронов по времени пролета на 150 см циклотроне *ЭМ. 
Определены параметры плотности ядерных уровней. Показало, что учет вклада пря
мых процессов, определенных как асимметричная компонента наблюдаемых угловых 
распределений нейтронов, приводит к более согласованным значениям параметров 
плотности ядерных уровней. 

Данная работа является продолжением исследований ГI - 6 ] по изучению энергети
ческих и угловых распределений нейтронов из реакций ( п . п ' ) и (р ,п) с целбю вы
яснения особенностей их механизма и структуры исследуемых ядер. В работе из
мерялись спектры нейтронов из реакций 9 0 , 9 I , 9 * £ r ( p . n ) 9 0 ' I f Nb при энергии 
протонов 11,2 * 0,1 МэВ под углами 30°, 60° , 90°, 120°, 150°. Энергия протонов 
выбрана так, чтобы в реакциях 2r(p.n) *>ь( йр.п* -1,920 МэВ) и * г ( г . п ) 9 \ ь 
(Qp,n = -1 ,704 МэВ) реализовать такой хе интервал энергий возбуждения, как и 
в ранее исследованной нами реакции Nb(n,n ') Nt>(I]. 

Измерения проводились спектрометром нейтронов по времени пролета на 150 см 
циклотроне *ЭИ, разрешающая способность которого составляла 1,1 нсек/м при про
летной базе 2 ,5 м. В качестве мименей использовались металлические фольги тол
щиной 2,43 иг/см2 , 2 ,04 мг/см2 , 4,91 мг/см2, соотьетственно для *2«Ч9б,8 %), 

£•(63,63 %), -Zr(9I,2 %). Основной примесью в миненях из 9*Zr и ?г был 
исследуемый в данной работе изотоп ?г, что позволило сделать соответствующие 
поправки. Более подробно техника эксперимента, процедура измерения и обработ
ки данных описаны в работах Г6, 7J. 

Результаты измерений представлены на рис. I , 2 . Видно, что спектры нейтро
нов из ( р п ) реакций не имеют характерного для неравновесных процессов высоко-
энергетичного хвоста, наблюдаемого в реакциях неупругого рассеяния нейтронов, 
хотя асимметрия в угловом распределении указывает на их наличие. 

Предварительно интегральные спектры нейтронов из реакций 9 I ' 9 * - 2 r ( p n ) , 9 V 
были проанализированы в рамках предравновесной модели распада ядер [8J, анало
гично тому, как это было сделано в работе Шдля спектра нейтронов, неупруго-
рассеянных на Nb, также представленного на рис. I . 

(ЛЛ-1) 

где: и - энергия возбуждения остаточного ядра, 
Е - энергия нейтронов, б (Е„) - сечение обратной реакции 
т- ядеоная температура, 
Е*- энергия возбуждения составного ядра, 

п,Р - число возбужденных квеаачастиц я частиц, соответственно 
- V t - коястаиты 
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Использование приближения "ПОСТОЯННОЕ ядерно! ташмратурм" дал ояясаяяя рав
новесной частя спектра исследуемых ядер представляется мам иаяболее оиравдаииии, 
такой характер изменения плотности ядерных уровней около магических чисел яв
ляется следствием дискретной структуры спектра одяочастичмнх состояний С9, 10J. 
Чтобы избежать вклада нейтронов из реакции (р.рп) я (р.г#0. анализ спектра на
чинался с В П =2,3 МэВ. Сечение ооратной реакции принималось независящим от 
энергии нейтронов. Начальное число возбужденных кваэячастиц п0= 3. Результаты 
анализа представлены на рис. I и в таблице I. 

Таблица I 

Реакции 

-*,<r 1р,п) 4 1 N b 

£.j Mb In.nKiNb 

T (МэВ) 
0,83 * 0,01 

0,9* * 0,01 

0,73 * 0,01 

Параметр 

•К» 
1.9 

1.6 

18,2 

С^гс (мбари) 
816 * 65 

840 * 67 

1740 * 140 
Из таблицы внднэ, что наблюдаемое отличив в доле нейтронов, испущенных до на
ступления равновесия,в реакциях (р>п) и (п.п1) суиественно превынает предсказы
ваемое моделью предравновесного распада ядер отличие в 2 раза [II]. Это согла
суется с результатом, полученным нами в работах [4, 6] для реакций Та(р,п) 
181 w и

 I8ITa(n,n-)I8ITa. Однако, в данной случае наблюдается противоречащее 
известным представлениям изменение ядерной температуры вблизи магических чисел 
( N = 5С). Для ядра ^Nt»*3 ядерная температура должна быть приблизительно на 
10 % меньше, чем для магического по нейтронам ц^иь* CI2J, а нэ анализа спектров 
получается на 12 % больие. Такое аномальное поведение ядерной температуры мо
жет быть связано с некорректным выделение* в рамках модели предравновесного рас
пада спектра нейтронов, испущенных до наступления статистического равновесия. 

Нам представляется физически более правильный выделить такие процессы на ос
нове имеющейся информации об асимметрии в угловом распределении С2, 7J. 

Для этого угловое распределение нейтронов по энергетическим интервалам 0,5 
МэВ аппроксимировалось разложением по полиномам Лежандра до второго порядка 
включительно, вклад асимметричной коипаленты при таком представлении опреде
ляется коэффициентом при первом полиноме. Полученные таким образом интегральные 
спектры (гистограммы) асимметричной части угловых распределений в реакциях 
U?r 54p,n)^Nb* и £ Zr*4p л)^>ь 5 3 представлены на рис. I 

Характерной особенностью этих спектров является то, что они резче изменяют
ся с энергией, чем спектры предравновесной эмиссии. Кроме того, спектр асиммет
ричной части углового распределения нейтронов в реакции *>1г (р,п ;5*ь 3 3 по 
абсолюту вдвое больше, чем спектр предравновесной эмиссии и спектр асимметрич
ной части в реакции ^гг*1 (p,n)^Nt>*. 

Однако, хотя асимметрия в угловом распределении несоиненно указывает на на
личие прямых процессом, она позволяет определить линь нижнюю границу их вклада. 
Процессы, отличные от равновесного, по-видимому, более часты, чем указывает 
этот критерий, они могут иметь и изотропное угловое распределение. Оценки вкла-
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да изотропной составхямей этнх процессов, сделанные ва анализа угловых распре
делений неупругорассемиых иеЕ тронов в работах С2, 13J , показали, что он ревев 
вкладу асимметричной части. В первом приближении можно предположить, что такое 
же соотношение между асимметричной и изотропной компонентами имеет место н в 
(р.п) реакциях, н что полный интегральный спектр нейтронов, испущенных до дости
жении равновесна, равен удвоенному спектру асимметричной части. 

•нтегральвые спектры нейтронов нз реакций &2г(р .п)2>ь и ^ ? г ( Р | П ) ^ ы ь после 
вычитания асимметричной компоненты н удвоенной асимметричной компоненты анали
зировались в рамках статистической теории равновесного распада ядер н определя
лись параметры плотности ядерных уровней. 

NUr^dEr,- супы Е„ Sc<.En) $Чи) dEn l 2 ) 

где: Ге»Р ( - Е „ / г ) - приближение постоянной ядерной температуры, 

I и~г e«piz *? и ')- модель ферни-газа, 
Q Q . - параметры плотности ядерных уровней в модели 

ферми-газа, 
u -E 0 -E n fu -A - энергия возбуждения остаточного ядра, 

& - энергетическое онемение, значения этого параметра 
взяты нз работы [14] . 

Результаты анализа представлены на ряс. 3 и в таблице 2 . 

Видно, что учет вклада прямых процессов приводит к более согласованным зна
чениям параметров плотности ядерных уровней. Ядерная температура для йиь'"' пос
ле вычитания удвоенной асимметричной компоненты становится меньие (параметр э -
больае), чем для ^'Ч*-'» как это и следует из оболочечной модели ядра. При этом 
значение параметров плотности ядерных уровней в модели ферми-газа для VJNO хоро-
но согласуется с данными по нейтронный реэонансам С15, 16, 17 3 , являющимися 
наиболее прямой экспериментальной информацией. Хорошее согласие получается так
же с параметрами плотности ядерных уровней ?' * > э г , определенными по мягкой части 
спектра неупругорагсеянных нейтронов [1.1, и *?(чь*э , средняя энергия возбуждения 
которого была вдвое меньие, чем для iJNo50 и ^ ^ ь " . Спектр нейтронов из реак
ции 3oZr(p,n)^Nb анализировался без учета прямых процессов, так как характер 
углового распределения, практически, не указывает на их наличие. 

В таблице 2 приведены также сечения погловения протонов, определенные как 
сумма равновесной части спектра нейтронов из ( Р П ) реакции (площадь под кривой) 
и соответствующей доля прямых процессов, вкл.д прямых процессов в энергетичес
ком интерзале (0 - 0,5)11эВ, где нет экспериментальной информации, предполагался 
равный нуля. Величина определенного так сечения существенно зависит от того, с 
каким значением параметра плотности ядерных уровней (в данном случае, ядерной 
температуры; производятся экстраполяция спектра в нуль. Результаты показывают, 
что лучшее согласие с расчетами по оптической модели с потенциалом Беччети-
Гринлиса [ 1 8 ] , дающими для ^ а - , 9 I 2 r , y V , соответственно 930, 950, 990 мбарн, 
получается опять хе при вычитании из интегрального спектра нейтронов удвоенной 
асимметричной компоненты. 
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Рис. I Интегральные спектры нейтронов: •- ' *«-(р,п)9^1чь(1), о - 9I£r(p n)91*ь (2), д - *и2г(р,п )90Nt>(5>, х - 93hbCn,n')93Xb(Vk. Сплошные кривые - расчет по модели предравновесного распада для реакций I, 2, <* и равновесного распада для реакции 3. Пунктирная и штрихпунктирные кривые - спектры предравновесной эмиссии, соответственно, для реакций 2, I. Гистограммы - асимметрианая компонента интегральных спектров в реакциях ™&(р.п)э**ь{1) и 9I2r(p,n)9INb(;iI). |- нижняя граница анализируемого участка спектра в реакциях I и 2. 

./» r«4?f */,• t„j/t Фьф "<*VjW* 

Рис. 2 Угловые распределения нейтронов. Кривые - аппроксимация эксперимен
тальных данных разложением по полиномам Лежандра. 
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Рис. 3 Спектры нейтронов из реакций М р . п ) ЫьЮ) и г«Чр,п) *ь(*) после вычитания асимметричной компоненты (вверху) и после вычитания удвоенной асимметричной компоненты (внизу, шкала для «г справа). Кривые - расчет в рамках "приближения постоянной температуры". 

Таблица 2 
Тип Ядро анал. Т ИэВ а _ мэв-1 МэВ-I МэВ ИэВ*"1 ^оьъ *неравн. мбарн (%) 

•»-iNb 

*пь5> 

* м ь 4 9 

9* W k 5 i 

I 
2 
3 
I 
2 
3 
I 
I 

0,91*0,01 
0,87±0,01 
0,81*0,01 
0,99*0,01 
0,91*0,01 
0,78*0,01 
0,70*0,01 
0,77*0,03 

8,5*0,2 
9,1*0,2 

10,2*0,3 
8,8*0,2 
9,2*0,2 

12,0*0,3 
11,2*0,3 
14,7*0,9 

10,1*0,2 
10,8*0,3 
12,1*0,3 
10,2*0,2 
11,4*0,3 
14,4*0,3 
14,0*0,4 
18,4*1,1 

6,01 

6,12 

3,00 
7,56 

702*58 0 
755*68 1,5 
871*85 2,6 

1 3 , 1 5 ^ ; ^ [I5J 789*63 0 
12,81*0,25 &6J 882*79 3,1 
12,86 Q7J 1061*100 5,1 

852*69 0 

Примечание: 
I - анализ без вычитания неравновесных процессов, 2 - вычтена асимметричная 
компонента спектра, 3 - вычтена удвоенная асимметричная компонента. 
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ПАРАМЕТР СПИНОВОЙ ЗАВИСИМОСТИ И З УГЛОВЫХ РАСПРЕДЕЛЕНИЙ НЕЙТРОНОВ В ( Р , П ) 
РЕАКЦИЯХ 

Н.С. Бирюков, Б.В. Журавлев, А.П. Руденко, O.A. Сальников, B.I. Трыкова 
Физико-энергетический институт, Обнинск, СССР 

Из Анализа спектров и угловых распределений нейтронов из (р.п) реакций на 
ядрах 52.53,54Сг> 56,5^е, « . К « , 90,91,«*^ Ш ^ 1 1 5 ^ 1 2 2 ^ I 8 I T Q < 
1 9 7Au при энергии протонов 11,2 * 0,1 МэВ определены параметры спиновой зави
симости. 

Изучение спиновой зависимости плотности ядерных уровней, одной из фундамен
тальных характеристик ядра, представляет принципиальный научный интерес и не
обходимо для практических задач при вычислении сечений взаимодействия в рам
ках статистических моделей ядерных реакций. Одним из путей получения информа
ции о спиновой зависимости является изучение угловых распределений частиц, ис
пускаемых в ядерных реакциях, так как характер углового распределения сущест
венно зависит от того, в какой степени угловой момент частицы связан с угловым 
моментом составного ядра вследствие закона сохранения углового момента. Сте
пень этой зависимости определяется параметром спиновой зависимости, пропорцио
нальным среднему квадрату углового момента нуклонов вблизи поверхности ферми 

<з , < m * > <jt - 3-t (J) 
где: <J " ПЛОТНОСТЬ одночастичных состояний вблизи поверхности ферми, 

i - термодинамическая температура, 
3- момент инерции ядра. 

Эриксон и Струтинский [I] показали, что для равновесных процессов в приближении 
не слишком сильной связи спина составного ядра со спином остаточного ядра и ор-' 
биталыши моментом испущенной частицы, т.е. при малой анизотропия, угловое рас
пределение имеет вид 

где: Е„ - энергия испущенных частиц, 
» - угол в системе центра масс, 

Э'и Ъ%- среднее квадратичное значение углового момента составного ядра и ис
пущенных частиц, соотвественно. 

Из сравнения отнормированяых на % коэффициентов при \ в разложении по полино
мам Лежандра экспериментальных угловых распределений с аналогичным коэффициен
том в выражении (2) можно определить параметр спиновой зависимости. 

В данной работе измерялись спектры и угловне_распределеяия нейтронов из (р,п) 
•, I I 3 e * t

 1 I 5in, I 2 2s„, 
Измерения проводились на 

спектрометре нейтронов по времени пролета на 150 см циклотроне Ф9И, разренамая 
способность которого составляла 1,1 нсек/и при пролетной базе 2,5 м. Подробно 

в данной раооте измерялись спектры и угловые распредел« 
реакций на ядрах Я . 5 3 . Ц , , 5 6 , 5 ? ^ 60,62,,, Я « . * * , 
I 8 IT Q, *^Ач при энергия протонов 11,2 х 0,1 МэВ. Измерен! 
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техвака эксперимента, процедура вавереввя • обработав экспермменталгннх даввых 
опвсааы в работе [2] . На рве. I вредставхевн угловые распределевяя вейтронов 
для соответствувщвх ввтервалов эвергяй. 

to 55 Г -US -и и и о -is -<!# 

Ряс. I Угловые распределенвя нейтронов. Крввые - аппроксимация эксперимен
тальных данных разложение« по полиномам Лежандра до 2-го порядка методом 
наименьнвх квадратов. 

Выбор указанных интервалов энергий обусловлен стремлением избежит* вклада 
нейтронов вэ (р,ргт) в (р ,2 п ) реакций в нейтронов, испувевных до наступления 
статистического равиовесвя. Характерной чертой наблюдаемых угловых распреде
лений нейтронов является малая анизотропия, что отвечает основному требоваввв 
применимости выраженяя ( 2 ) . Средние квадраты угловых моментов составных ядер 
и нейтронов определялись с ясполъэоваваем коэДОщвевтов провацаемоств, вычве-
ленннх по программе КОП ГЗ]. 

г1 » iei«»i)-ue«i) TcCEh)/nic»i)Tfifn) (J) 

На рве. 2 представлены эяачеввя параметра спиновой ааввсамости, опредеяеввме 
в данной работе. 
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Рис. 2 Зависимость паоааетра 7 от швсеового члена. 
< - 5 , о - 6 , А - 7 \ о - 8 , а - 9 , е - 10 . 

работа, • - • 

Указанные ошба обусловлены только ояабкаан экслеряиьла. на ераваеавя с ре
зультатам другие раоот Г*. 5, 6, 7, 8, 9. 103 ввдво, что пааш давши ваходят-
ся в определенное согласав с аараяетравш еямовов завлеявоств, яелучеяявшя в 
эти работах. Однако, разброс »кснеряиеитальлмх зяачелв! аараветра, ояределея-
ных вэ угловых распределен*! частиц, ислуцеивых в различных ядервих реаияяят, 
достаточно веляк; в областв А - «5, где ввеегея иксяыальаое количество даавнх, 
он составляет 30 %. Таков разброс связал с ряде« сястсаатвчесввх оливок, выз
ванных присутствие* частиц, испуценных до яаступлеявя статистического равнове
сия, частвц, аспуяеияых в сонутствуалях реакциях твва (*.*«). (г>»>. lp.p-0 • 
др., а тавяе из-за варуленви условии врвв»вшюств вираяеввя ( 2 ) . las показало 
в работе СII3 для неравновесного распада входных есстоявай оалдается суяеетвев-
но больаая анизотропия в угловом распределаввв по срамеявя с у г л о м расяреде-
леняел равяовеевнх процессов в ааблвдаелал на эвсаервшеяте авязотрояяя вояат 
бить в значительно! степепн внзвева вераввовесаыл распяло«. Эта , преднолояи-
тельво, вояно объяснять залявеввне авачеввя 6", получеивые в работах С8, 9 ) . 
Так как энергия возбуядеввя остаточного ядра посла ислареяяя второ! частицы 
•ала, то присутствие частвц ва упоаявутнх соцутствувялх реекцв! в асследуеаоа 
диапазоне эяергя! тоже «оват прявестя к увеяьпеяо варааетра спином! аамса-
•оств из-за влияния парных корреляция сверхлроводяаего тина. Определенные систе-
натическне опбкн вогут бить емвавн с ярвлелеяяеи ярлблияеяяя (2) для 
угловнх распределеянй с достаточно глубоко! анизотропна! Г7). 

Обил! результат, теш ва инее, указнвагг ва востоянство i 
вависилости от нассового числа дм 4>ч0, » то врам ям поде» •ервш-газа 
вредсказыэает <Г(А)~А7/12. 

На рве. 3 поваэаяо отвоаевва помято» ннерцяя ядер, соответствуй«*! эксверя-
•автадьаш змчепияи варавяпра сиимво! аамопвостя, к твердо* 

подали певзаяводайствувянх частвц. 
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Эффекта, сааэааваж с 
структура ядра 

183 а 
вал аа рас. 3 
г. « 1.25 К 
А < 100 даав», 
6, 71. реаудататв. 

Г8. 9J. 
Р« 
ласта вассовнж часах, дав А > 100 аса 
бот укаэмааст аа от. 

(3 / j«# * C,57j в а работах С*, 5, 
;за утяоввх рвсвреламавв" веувруюрвссеяв 

* воаеата вверавв ядер дм это! об- -
яаяк аа вас. 3 ра-

адер от твердотелмого в (2 t 5) раа. 

Тасяисава вовеата вверяла аоаат овть обусяовлово, аоавво уаа учтеавегс 
арках ворааляярЛ в ооодочечвоа структура, вамчвев асяаветрвчаого во 

савву ядервого вэаеюдяаствая Г123. Волучеввое а работа CI2] ввраваааа ддя ао-
ipaaa с учетов такого а »ввода!» два уваамааат аа аоэвоквоа уваамавва 

!вта вверцвв в (1,5 • 2,0) рам, одваао, оодасп ото врваевввеств раевростра-
вяется яреявуасствеяво ва депше в сводам ядра. 

Воэвояао, что ваомдеевое аа эксвернвеяте увеамииме вовевта вварава дав 
тяяеднх ядер яамется уваэамев ва то, что эверппс «азового верехода в* остает
ся яоетояякоя с ростов А, как это сасдует ва водам саерхяроводввоств II3J, а 
уаелачваается, в результате чего уевдваается влаяаае остаточвых »эааводеяствяв 
аа структуру аоабуадеяанх ядер а аааов а ва вовеат вверажв ядра а частвоста. 
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ЗАВИСИМОСТЬ СЕЧЕНИЙ РЕАКЦИЙ (п,р) И lnt2n) ПРИ ЭНЕРГИИ 14-15 МЭВ ОТ 
ПАРАМЕТРА (N-г^/Д 

В,7 . Бычков,. А.Б. Пащенко, В.И. Пляскин 
Физико-энергетический институт,- Обнинск, СССР 

На осяо** теоретических представлений о протекания ядерной реакция 
подучены простые формулы, связывающие сечения реакций (п.,Р) ш (n,2nl 
при энергия нейтрона 14 - IS 1эв с параметром [Н~2)/А. 

1.Сеченя» реакция Ш.Р). 

Исходя иэ предположения, что сечение реакция (п,Р) пропорционально 
произведение вероятности образования составного ядра на вероятность 
эмиссии яэ него "Ротона , можно получить следующую Формулу: 

здесь: бле -сечеяяе поглощения нейтрона, Sp -энергия связи протона 
в составном ядре, б* -яулоновскяй барьер ядра, Я -параметр 
плотности уровней, 6-<V ос, где о<.,СР - поправки на спарива
ние в составном и остаточном ядрах, £.т -энергия нейтрона. 

Определив энергию связи Sp no формуле ВаЯцэеккера, получим зависи
мость еечеяяя реаяция (п,Р) от чясла протояов и нейтронов ядра-мияеня: 

Параметры этой формулы, определённые нэ сравнения с эксперименталь
ными данными при энергия нейтрона 14 - 15 Мэв, имеют следующие вяачения 

б „ - 7,06 JTlf (ft** 4)* ябаря, г«,- 1,4 Ю- , 35 

С, • SO Мэв, С2 - 0,58 Мэв, Д - 3,26 Мэв, а » А/10 Чэв*£ 

Подученные ооотяояеяия можно сравнять с эмпирической формулой 
Левковского ЗЙ/, которая часто используется ддя оценки сеченяй / 3 , 3 / : 

с», »e„ew/-зз (N-?j/*j ; (5) 
Из пря*едёяяых ооотяояеняй видно, что эхеперяментаяьяо обнаруженная 

зависимость сечения от параметра (А/-2)/А является следствием завяси-
мостяот этого параметра энергия связи протона в составном ядре. Сравнен 
ияе ивотопической эавяоимостя сеченяй, предсказываемых формулой ( 2) и 
Формулой Левковского, приводится на ряс. 1,2. Результаты расчета по 
формуле (2) согласуется о экспериментальными данными по оечеянв реак
ция (п,Р) я пределах 20* отялояеяяя ддя 804 рассмотренных ядер. 

2 . Зечеяяе веаяпян [n.2nl. 
Аналогичный подход бмд использован для вывода эавяоимостя еечеяяя 

{(l,lri) при энергия налетавшего не трона 14 - 15 Мэв. Пря выводе Фор
мулы яопольэовадось предположение о последовательном яспуояаиия двух 
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ьтштт и я мм» «•»>»•« т т — * 
Отонмый вес изотопа 

Рис.1. Изотопическая зависимость сечения реакции (П,Р)ъ области 
масс ядер 50 -120. Сплошной лияие"• показав расчёт по 
Формуле (.2), пунктирной - по Фор*„ ,.е Левковского. 

mm * mm т т т т т mm mm m mm 
Ятопный вес изотопа 

Ряс.2. Изотопическая зависимость сечеяяя реакции (П,Р) в области 
маос ядер 120 - 200. Обозначения те же, что я яа ряс. I . 
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нейтронов составят ядром с учётом предреввовесвоД эмаесви первого 
ве!трова| вря этом яоввуревцвей эаражеввмх частиц в гаки« - кваатов 
во втором каскада превебрегалоъ. Получевваа я ре»ультате этих 
предположевий формула имеет следуваий вад: 

Соотаовааве (А) по своей форма совпадает о эипиричесяой формувоя 

вэ работ / 2 , 4 / , есвя пренебречь ааввсвмосты) предэксаовевцвальаого 
яшожятеля от параметра (tf-2)/A . Оредсвазаввя Формула (4 ) сог
ласуются с экспериментальными давяымв в пределах првводвмой оавОкн 
в 75* случаев. Больвинстю ядер, для которых соотвоаеяяе ( 4 ) я (5) 
плохо описывают экспериментальные сечення,лежат в областв зиачеяяй 
параметра (N~?l/A< 0,1. Более строгай раече*т с учетом ховкуревцин 
каналов (П.лр ) ,(п,пл) ,(п,П^) показывает, что это расхождевве 
связано с пренебрежением аероятвостьв распада по каналу (П,пр) . 

В таблице I приведены результаты расчетов для ядер с {N~1)/R< 0,1 
из которых видно, что сечеиве реакции(л, пpj на этих ядрах сравнимо 
с 1е.личяноЛ Gn2n , а в некоторых случаях значительно превосходит её . 

Таблица I . 

Элемент : N-1 IQ3 : г- расчёт : ^ расч;:т : ,- эксперии. 
: А х : 0 „ 2 Л s Эппр • ° *IU 

34 50 454 34,8+ 1,7 
34 3,5 469 10,7+ 2,2 
40 47 333 27, 3£ 1,8 
43 39,3 251 :7,L+ 7,5 
67 346 374 322 +, 25 
60 549 185 501 •• 36 -

Предложенные нами формулы могут применяться для оценки сечений 
с точностью порядка экспериментальной ошибки / 1 0 - 15$ для сечения 
<7/i,?/7 и 20% для o.i,^ / . Граяиггн применимости этих ?ормул вытекают 
из упрошения, сделанных при их выводе. 
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ON /n,2n/ EXCITATION FUNCTIONS 

Z.T. Body 
Inst i tute of Experinental Physics, Kossuth University, Debrecen, Hungary 

A systeaatics is recommended to obtain the parameters for describing 
/ n , 2 n / excitation functions by the constant teaperature Weisskopf formula. 

In order to describe / n , 2 n / excitation functions, the formula 

<S.2n- O o M 1 - 4 ) e ] • * " * 7 I En * ^n.2n 
was chosen and a search was nade for a systenatics of the parameters ö* and T. 

о 
The following formulae for T were tested: 

1/ The result of the simple statistical model using free Feral gas 
T x ш 4!£ with а ш const.A [l] 

2/ The shell model approach to level densities 
T„ ш м- with a from the Newton formula [2J 

3/ T- - >lU with a froa a systeaatics \z] 

U was taken at 14.7 MeV in each case. 
4/ A new formula /see Appendix/ has also been developed as 

6.7 4 " .1/11/6 /*•*/. "here N - Nz+NN A v ""N 
is the number of nucleons outside the closed shells /subshells/ with the 
prescription that N.. can not be zero /if it would be the case then the last but 
one shell must be taken into account/. This formula is derived, in fact, in the 
spirit of Izumo's partial equilibrium statistical model \л] , namely that in 
calculating the equilibrium system only a part of the nucleons would be taken 
into account. However, the way of deduction, the A and N dependence as well as 
the prescription for obtaining N is different from that of Izumo. 
5/ Finally, the T„M constant choice is also tested. 

The T values were extracted by least square fitting from experimental 
excitation functions. Two different methods were followed to do this: 
a/ Each experimental excitation function was used separately, the weights were 

the reciprocal squares of the errors. The resulting T values were finally 
averaged with equal weights omitting highly deviating values, 
b/ The former method has the disadvantages that the number of experimental 
points and the energy intervals — which these points lie within — are very 
different for the different measurements. This introduces additional 
fluctuations. Therefore, to handle uniformly the data the following procedure 
was followed: 
first « each excitation function was normalized to the same value at 14,7 MeV; 
second — they were plotted on the same graph, 
third -- an eye-guided curve was drawn through these points; 
fourth — equally spaced and an equal number of points were taken from these 

curves in such a way that the first point was at « 1 MeV above the 
threshold; 
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fifth — with these sample points and with equal weights the least square 
fitting for T was performed. 

For testing the 1/ - 5/ suggestions for T a selected set of Tex_ values 
obtained by method b/ was used /ste fig./. In the figure only the temperatures 
T, and T were plotted. The "order of goodness* has been found to be: Т.. Т_, 
T. and T „ However, when considering higher cass number region only, the above 
sequence changes to T_, T T_ and T„. 

T, could have been calculated only for a limited number of cases due to 
the lack of a complete a_ value list and the results were not too good. This is 
not surprising because the suggested "matching energies" were well below the 
ones used here \Z]. 

Because there is a belief [3] that the value of the a_ parameter depends 
rather on neutron than on proton number, the formula for T. was tested also by 
using NN instead of N«N_»NN. This improves the fit in the higher mass region^ut 
its quality still does not surpasses that of T, here/ and makes it worse for 
A £ 120. So, this is in concordance with the above expectation that the level 

density parameter depends mostly on neutron number, at least for heavier nuclei, 

but shows the importance of proton shells for A £ 120. Here, being the neutron 

excess not so high, proton single particle states, too, would play a role in 

populating the neighbourhood of the Fermi level. 

Owing to the fact that mostly the same /odd-even/ type of nuclei 

provided the data for the selected set of T values, no odd-even effects 
exp. 

were taken into account. I f one wants to take this into correction he could use 
approximately 

T . v n - . v . n - Todd-.ven ( I ' O . ^ A - 1 ' * ) and 

Todd-odd " Todd-even (l-O.^A"1/2). 

Being only a few percent in most cases, this correction is neglected in 

calculating the temperatures for the figure, but — in fact -- it generally 

improves the fit with experimental data. 

So, the use of 

Тд for 20 £ A £ 120, and 
T5- 1.16 for 120£A£ 200 

can be recommended for odd-even nuclei /and also the use of the correction 

mentioned for the others/, in such cases when no experimental values are 

available. 

Neither of these formulae can reproduce some exceptional temperatures, 

e.g. that for N, F, Zn, ^Pb which nuclide» are near to closed shells. 

For calculating <УФ the use of <T -n values at 14.7 MeV [s] and the T 
values obtained before could be recommended. 

A preliminary test was also perforned for the Investigation of the 

n,2n 
,ePWle '„„.-О; [!-!#] 

2**2 2/*3 

with В w- £f!)* i ' ( fc"4|-vV 
obtained as a s t a t i s t i c a l equilibrium l imit in pre-equillbrium foraallem [7 ] . 
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The parameter n here is in close relation with the nuclear tenperature, it is 
approximately a linear function of 1/T. It seers, trar this formula with fitted 
fr and n car. net be distinguished from the Weisskopf formula within 
experimental errors. 
Appendix 

In the case of a strongly degenerate ncnrelat iv ist ic and nor.-interacting 
Fervi gas \fil one obtains for the to ta l energy 

«л* • •£(»)*• »a. 
where the E, Ferri energy 

^2/3 h2 / N , 2 / 3 
P 1 (3\"J h ' (N\ and E • о' S NEP 

being N the number of part icles and V* -g- • 0-
the excitation energy U- E-E, one obtaines 

о r — i 
kT 

л4Г з. 
'• ig- r^A is the nuclear volume. Introducing 

If no degrees of freedom era supposed to be frozen in, then N can be 
identified with A and thus the ordinary statistical model result will follow 

" ~ & 
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ВОПРОСЫ ТЕОРИИ НБЙТРОННОМЗИЧЕСК0Г0 ЭКСПЕРИМЕНТА 

В.Н. Души 
Радиевый м е т н у т мм. Хлопняа, Ленинград, СССР 

Необходимость точных расчетов параметров ядернофвянческих устройств привела в 
последнее время к заметному росту требована! к точности и достоверности ядер
ных данных [I]. Как известно, (например [2] ) расчеты, проводимые с использо
ванием различных библиотек не обеспечивает необходимой точности. Проводимые 
корректировки данных по результатам интегральных экспериментов позволяют повы
сить точность предсказания параметров до необходимого уровня. Однако наличие 
погреиностей и приближений расчетной модели и другие причины неадекватности 
эксперимента и расчета делают задачу корректировки внутренне противоречивой, 
а результаты - всегда до некоторой степени формальными [I, 2]. Как показывает 
анализ, основную погрешность в значения ядернофизических констант (ЯФК) вносит 
неопределенность вводимых поправок. Повышение точности поправок связано с уве
личением их количества и требует полного рассмотрения процесса получения экс
периментальных данных и их связи с измеряемыми ЯФК. Кроме введения поправок, 
важным моментом при определении ЯФК является оценка ковариационной матрицы ре
зультата [2, 3]. Такая оценка может быть не простой ввиду сложного и не всегда 
явного характера поправок и способов их учета. Поэтому следуя [4], представ
ляется целесообразным описать искажения экспериментальных результатов с единой 
точки зрения, рассматривая задачу извлечения значений ЯФК, как обратную зада
чу теории переноса излучения. Такой подход может оказаться полезным при плани
ровании экспериментов по уточнению ЯФК с учетом корреляционных свойств экспери
ментальных методик [5]. 

Большинство экспериментов по измерению ЯФК описывается системой уравнений 
(I). 

*',«, * f l*C> • ^*> ) ИвГ> 
Здесь (1а)-уравнения переноса излучения типа L, (1б)-уравнение описывающее рож
дение излучения типа L, уравнение (1в) связывает свойства детектора (оператор А) 
и измеряемое значение ЯФК (Ги)) с показаниями детектора Ф^)» Так как для опре
деления операторов системы (I) привлекается большое количество оцененных ранее 
констант, вновь получаемые ЯФК уже не будут независимыми и следует оценивать 
ковариационные свойства ЯФК. Отметим, что интегральное уравнение (1в) является 
некорректным [6], кроме того в системе (I) присутствует также в общем случае 
некорректное уравнение переноса (1а). Таким образом решение обратной задачи (I) 
требует, вообще говоря, применения методов регуляризации [6, 7]. 

Можно выделить два больших класса обратных задач. Задачи первого типа £нели-
нейные) характеризуются тем, что неизвестные параметры входят не только в урав
нение (1в). Ко второму типу (линейные задачи) отнесем задачи, в которых уравне
ния (1а) и (16) полностью определены априорной информацией. 
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IIa физических соображений следует вывод о суяествовании ранения системы (I). 
В тоже время так как система [I) может не быть полностью адекватна условиям 
эксперимента, и Ф и ) известна с оиибкой, может не существовать реяения обратяой 
задачи в обычной смысле. Согласно [6J будем искать обобяенное реяение Т'м об
ратной задачи как 

•IS1)- in» (»К)' •u,»*^u. t ü l (2) 

Здесь фи)вычисленные показания детектора, ф^} экспериментальные показания. Об
ласть определения Е, и задается классом физически допустимых значений и может 
быть дополнительно ограничена априорной информацией. Определение реяения с по
коем соотношения (2) эквивалентно некоторому методу регуляризации (7]. Для 
поиска экстремума (2) можно рекомендовать метод стохастического квазиградиента 
[8]. Это вызвано тем, что для реяения уравнения переноса в условиях произволь
ной геометрии эксперимента наиболее удобно приненять метод Монте-Карло, ста
тистическая природа результатов которого делает невозможным точное вычисление 
функции цели и ее градиента, что не влияет на результаты поиска методом стоха
стического квазиградиента. Как можно видеть, линейные задачи сводятся к инте
гральным уравнениям, которые после дискретизации имеют вид 

Г в г, « ф, сз) 
При реяении (3) применяют различные методы Г9, 10, 7, 8], основанные на форму
ле (2) или аналогичных соотнояениях [7]. 

Корреляционные свойства ЯФК удобно определить с помощью коэффициентов чувст
вительности S, вводимых как 

£г. - 51 s. «Тег 
i * * Тогда ковариационная иатрица будет 

fc - S T £3. S 
и коэффициент корреляции 

В - t/ t o (б ; ) ( s T D ( s ) S ) ) 1 , г 

Для вычисления S можно применять различные методы: I . конечноразностный метод, 
2. формулу 

s - ± L • ( IS. 1I_ ) 
где £|>. удовлетворяют уравнению переноса вида 

L aw; У bs. ъ*ь ' 
производные $£ можно вычислять одновременно с определением потока г методам 
работ [II], 
3. с помощью теории возмущений [12] 

V Щ* «т*, 4^»-1 'М*5^ 
где L* ?" - 1 5 
Зная коэффициенты S с помощью методов работы С 5J можно реяать экстремальные за
дачи планирования дифференциальных экспериментов. 
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Описанная математическая схема нейтроынофизнческого эксперимента ж методы 
решения обратных задач теории переноса излучения были использованы при состав
лении пакета прикладных программ TEST ДЛЯ ЭВМ БЭСМ-6 для обработки эксперимен
тальной информации с целью уточненного определения ЯФК в экспериментах проводи
мых в Радиевом институте им. В.Г. Хлопмна г. Ленинград и Техническом универси
тете г. Дрезден. В пакете TEST для рекения некорреюных уравнений СЗ] линейных 
обратных задач используется метод статистической регуляризации [Ю], который 
заключается в том, что дополнительная информация о реиенни, сообщаощая свойство 
устойчивости вводится в виде априорного распределения вероятности некоторого 
функционала от реиения (например гладкости f * i £ $ , ^ ) и л и ограниченности 
*•(£,£}). 

Пакет TEST был использован при рещении таких задач как определение: 
1. сечений неупругого рассеяния ряда элементов методом времени прэлета, 
2. сечений деления нейтронами 14,7 МэВ и нейтронами делительного спектра, 
3. множественности мгновенных нейтронов деления, 
4. спектра нейтронов деления Cf я 
5. сечений и положений уровней неупругого рассеяния делящихся изотопов. 
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ОТНОСИТЕЛЬНЫЕ ИНТЕНСИВНОСТИ РЕНТГЕНОВСКИ J74EI К-СЕИШ НЕКОТОРЫХ ЭЛЕМЕНТОВ 
С 2= 53 - 96 

Ц. Вылсв (ОИЯИ), В.М. Горожанкм (ОШШ), A.I. Иванов (ВНИИ, Ленинград), 
Г. Муаиоль (TT, Дрезден), Е.1 . Фролов (ВНИИ, Ленинград), В.Г. Чумни (0МЯ1), 
Г. 1орнак (ТУ, Дрезден), Н.Ф. Юдин (ВШИМ, Ленинград) 

С помощью б« U-'>) - н &е- детекторов измерены относительные интенсивности рент
геновских лучей К-серии для 24 элементов с 2= 53 - 70, 73, 81 , 82, 84, 94 и 
96, а также энергий К2-лучей для Z = 82, 83, 94 и 96. Полученные результаты 
сравнивается с расчетными данными. 

С помопью разработанной нами методики СИ измерены относительные интенсивности 
рентгеновских лучей Н-серии для 24 элементов с 2 = 53 - 70, 73, 81, 82, 84, 94, 
96. Использовались полупроводниковые детекторы со следующими характеристиками: 
25 мм2 х 5 мм Ge(энергетическое разрешение дЕ = 150 эВ при Е ~ 5 кэВ), 100 мм2 

х 7 мм Ge(4E. = 150 эВ при Е ~ 5 кэВ) и 200 мм2 х 5 мм Gelü) (лЕ = 240 эВ при 
Е ~ 5 кэВ). Измерения проводились с учетом эффектов, искажающих форму аппара
турного спектра, а именно: 

а) для снижения роли обратного рассеяния источники изготавливались на алюми
ниевой (13 икм) подложке, 

б) для устранения вклада самопоглощения и возбуждения флюоресценции большая 
часть источников приготавливалась с помощью электромагнитного масс-сепара-
тора (энергия внедрения ионов 25 кэВ), 

в) все измерения проводились на расстоянии не более 6 см, причем более низкие 
измерялись ка детекторах с малым диаметром, так как при этом энергетическое 
разрешение лучше и, кроме того, устранялись до минимума эффекты поглощения 
в воздухе и эффекты суммирования 1 „ - и к х - лучей. 

Проведены более 100 серий измерений с помощью 44 различных нуклидов. Пред
варительные результаты экспериментов приведены в таблице. Погрешности рассчи
таны по формулам, приведенным в [ I ] , причем погрешность калибровки спектро
метра на узком энергетическом участке не учтена. 

Полученные результаты сравниваются с расчетами Скофильда [ 2 ] . На данном 
этапе анализа можно константировать систематическое превышение эксперименталь
ных отношений I ^ / I i e o над расчетными на величину ~0 ,6 %. Обращает на себя 
внимание значение 1^г

п»^-> Для 2= 82, которое ниже расчетного на величину 
»-1,4 %. Дополнительные эксперименты требуют также данные с Z= 94 и ?= 96. 

В предположении Е г (411,8 - Hg) = 411,794 * 0,007 кэВ измерены также 
энергии Кх - лучей для I = 82, 83, 94 и 96. В частности, получены следующие 
результаты: Ъмг(г= 82) = 72,806 ( 4 ) , £„» , (2= 82) = 74,972 ( 4 ) , E t o , ( 2 = 83) 
= 74,818 (2 ) , Е Ы 1 ( г » 83) = 77,110 ( 2 ) , Е ^ ? ( 2 = 94) = 99,532 ( 3 ) , Е ^ ( * = 
= 94) = 103,734 (2 ) , E _ , ( a * 96) « 104,573 (2) и Е ^ г * 96) = 105,255 (2 ) . 
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Табло»: Эпшврамеяташне давши об ппамшшп шяшежшюепШ ревпчаовслх 
луче! К-сера. 

г 
53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

6в 
69 

70 

73 
81 

82 

84 

94 

96 
1 

К А 2 ' К*1 
0,5406*0,0030 

0,543010,0014 

0,545210,0023 

0,5459*0,0021 

0,5504* 0,0Ct5 

0,547710,0032 

0,5527*0,0026 

45532*0 ,0020 

0,555410,0010 

0,557710,0020 

0,5613±0,0031 
0,5633 4 0,0030 

0,563710,0010 

0,5630*0,0015 
0,5654 40,0021 

0,5660 10,0028 

0,5724*0,0036 

0,5745 4 0,0022 

0,578010,0070 

0,5960 10,0033 
0,5870 t 0,00 50 

0,5960 10,0080 

0,6160 10,0070 

0,612210,0019 

к * ; / **1 
0 ,2823- 0,0017 

0,28641 0,0007 

0 г2920t 0,0070 

0,292610,0010 

0,29951 0,0010 

0,29921 0,0017 

0,297510,0008 

0,3032*0,0011 

0,301610,0018 

0,305910,0009 

0,3127*0,0034 
0,31214С,0С21 

0,310210,0013 

0,312710,0027 

0,320710,0013 
0,321910,0020 

0,31984 0,0019 
0,3211*0,0020 

0,3242*0,0030 

0,344010,0040 

0,3450*0,0070 

0,3530 10,0060 

0,3660 10,0050 

0,3936*0,0029 

к и ' **< 
0,0632*0,0005 

0,06691 0,0003 

0,070710,0023 

0,07451 0,0005 

0,077210,0005 

0,077110,0007 

0,075410,0009 

0,078510,0005 

0,076010,0004 

0,078410,0004 

0,0809*0,0014 
0,081 С tO,0C06 

0,079610,0004 

0,081010,0009 
0,083810,0006 

0,0846 tO,ОС 1С 

0,084810,0009 

0,0840 ±0,0005 

0,088810,0010 

0,1026 10,0009 

0,103310,0009 

0,110910,0014 

0,133510,0018 

0,1411 10,0090 

К * / Ж < 

0,224210,0014 

0,22901 0,0005 

0,235010,0070 

0,237810,0007 

0,242910,0007 
0,243210,0012 

0,240010,0014 
0,2458*0,0008 

0,242510,0014 

0,246710,0007 

С, 2506 10,0031 

0,25071.0,0013 
0,249010,0012 

0,251610,0020 

0,258410,0009 

0,259910,0015 

0,2568*0,0017 

0,258910,0014 
0,2618*0,0020 

0,2793 t 0,0025 
0,283010,0040 

0,2900 t o , ообс 

0,310910,0035 
0,331010,0120 

ГЦ :;. Э::лов, о::я::, P6-i<4i7, лувиа, г,77 
[2] J.H. Scofield, Phys. Rev, Д9. (1974) 1041 



158 -

STODY OP ШЛЛНЛ 
nrrsiK o n ояпшвкхстт. 

AT тж rasTiTuT ptni 
АСАМИ» ОП «11 

• . Voaech 
i M t l t u t fttr Kadi« 
•Uaeenschaftea, VI 

sferaphyslk dar Qatar r e i c h t 

itterlae 
A survey la «Ivan of oar praaaat proaran for atadylaa 14 
reactions consletlas of aeeeureaeats of alaatlc aad leolaetic 
crnae-eectloae, —мига—at« of aaarfy aad eaaular dletrlbatloaa of 
4-partlclM from (a.p) aad (a,*) raactloaa. conaarlaoa of the raaalta with 
lad channel aad statistical nodal calculations aad croea-aectloa evalnatloae f< 

lnportaat thraabold raactloaa. 

1) t of differential alaatlc 1—laatic ttarlna 
with good enoray resolution « a flieht path) 
С Winkler, K. aaasjakob, С Staffel 

In order to study alaatlc scatterlee of 14 MtV aewtrone with claax ь«aeration 
fron all Inelastic events and also for nasser Ina tha hieb a—lay part of the in
elastic neutron spectra with eood a—raj raaolation a tinat of fllaht «yet 
about 1 я flieht path baa bean aat ap at our accelerator aa shoiai la fie. 
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Pi«.2. Tlsw-of-flieht вращав fro* 14 "*v 
neutron acattarlaa; on Chroalaa at 115°. 
•ackaroaad sahtracted, Chronloai aaaevle 
40 к 120 ж 4 am, •мааеПае. tine Э00 ala 
CCS caaals m «***•« peaks 

Pla.l. Experimental eat op for 
eant of differential elastic and in-
elastlc acattarlna croaa-aactlona for 
14 HaV neutrons with oood enerey rt-
•olvtlon 
Pulsed 14 HsV neutrons (palae width 1-2 neec) are 
d.c. accelerator by aaans of the T(d,n) reaction. 

by aaana of a 2SO kev 
acattexed lato the 
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direction of tb* colllmatcr are *>UctW by м и of • S" #. 2" thick BY 213 
scintillator, lb* scatterlns anele is determined by the sample position «kick 1* 
»«rle* aloof ta* cellin«tor axis by as aas of a precision laser-baaed posltiomlm« 
system, л Шатен bar 1» used to shield tko collimator oatraac* aealast «tract 
source neutron*. The efficiency calibration of tba aaatroa detector ts dome by 
•easarln«; tba scattering on hydrocex la a polyethylene «aapl« ualaa tb* well-
kacwa a-p croaa-sactlon. 
(Tain« tkla syataai ecatterlaf of 14 Mr* neutrons for both nataral Serien and Chro
mium baa baaa investigated la tb* angular ran«* 20° - 1ЭО° ta 5° stapa with aa 
energy resolution of акоил 0.5 HeV at 14 la»V. Fig. 2 »кома a typical tlaa of 
flight spectrum. Да apparaat from tk* figure th* scattering to th* flrat 2 level 
of Cr caa be clearly resolved, likewise thl* was poealble for the first 2* le
vel la ;3в»а. 
data analysis is still la progress, cross-sectloa* will be available witkia a few 
•oaths, the overall accaracy Is expected to be aboat 15«. For >ari«B. which is of 
technical Inportance aa shielding material, this is the first measurinant of elan-
tic and inelastic neatron scattering at 14 He». For Chrom 1—, which is even nore 
lnportaat technically ap to now only one elastic scattering neasareaent existed 
at 14 HeV /1/ which according to oar preliniaary analysis is la good agreement 
with the present resalts. 

2) Haasarenent of the angle-ii-tcgrafd sacomiari neutron spectra fram interactloo 
of 14 nj»v neatrons with various naclel for Mconaift nestron energies 
O.l - 4 HeV 
A. Chalopfca, M. Von ach, F. Wenninger 

The high energy parts It > 2 HeV) of tb* •acondari neatron spectra fron the in-
ft 

teractlon of 14 HeV neutross with naclei are rather well known at presect for 
most materials of practical interest, a large part of this infomation being doe 
to the work of Frof . Seelieer and co-worfc*rs / 2 / . Th* low «и*ray parts of the se
condary spectra, however, are rather poorly known in nost cases da* to expeimen
tal difficulties especially with a-т discrimination background and multiple scat
ter lna at low •teondtry neatron energies. Therefor* aa experimental program to 
determine those spectra for a lare* aoaber of elenents has been Initiated last 
year. Fie. 3 show« th* experinental set ap. Fa 1sod neatrons are produced by neans 
of th* 2SO k*V Cockroft-**lton accelerator of th* Inst1to*in an «xtrenely small 
low mass TIT tareet constractioa. Th* scattering samples (hollow cylinders) sur
rounded the tareet and the neatron time of flieht «paction is neasared at a dis
tance of 1 m by means of i K 213 liquid scintillator . Ute scintillator is ope
rated at a very low threshold (equivalent to aboat 200 k*V proton recoil energy) 
and a palse-shap* (PSO) method is «sad to discriminate between neatrons and pho
tons. As reported earlier /3/ the application of the FSO method is possible down 
to the very low threshold. Tim« of flieht, recoil proton «aerey and pals* shape 
detector output for each event la recorded on disc in order to enable optimal 
off-line analysis with respect to а-т discrimination and bsiksioand redaction, 
moth the direct neatrons and the neatrons from inelastic scatterins and (a,2a) 
reactions are detected simsltaneoesly in the РЖ 213 detector and thus absolut« 
production spectra cam b« derived directly from the measured time of flieht spec
tra, the tareet sample stomatry and the energy dspandanre of the detector effi-
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Fig. 3. Experimental set up for measurement of the angle-integrated low energy 
parts of the secondary neutron spectra from the interaction of 14 MeV neutrons 
with nuclei (Tritium target i s located in the center of the scattering sample) 

ciency. The latter i s determined at low energies (0.3 - 4 MeV) by means of a 
252 

Cf calibration measurement, whereby the TiT target is replaced by a fast ioni-252 zation chamber containing a Cf source. The special low-masя chamber developped 
in this way exhibits a time resolution of about 0.5 nsec and an efficiency of 
about 99% for detection of fission products. For 14 MeV neutrons the scintillator 

24 is calibrated by means of the well-known Al(n,«i) Na activation cross-sections. 
Neutron spectra measurements of the described kind have very recently been per
formed on Al, Ti, Cr, Fe, Ni, Cu, Zn, Zr, Mb, Ко, Ag, Sn, Ba, W, Та, An, Pb and 
Б1. Data analysis has just started. As an example of the data, fig. 4 shows the 

93 93 
background-subtracted time of flight spectrum for the Nb(n,n') and Nb(n,2n) 
reactions from a preliminary data analysis. It is hoped that reliable cross-sec
tions with 1 о uncertainties of 5-10% can be extracted from the data over most of 
the investigated energy range. 

cU/ck 

С**«*«'« 

Fig. 4. Secondary neutron spectrum from the interaction of 14 MeV neutrons, with 
93 

№ (background subtracted, Nb sample hollow cylinder 20 mm o.a., 5 mm l . d . , 
20 mm high, measuring time 1 h detector threshold approximately 30 kev electron 
energy) 

http://PH0T0MU.TFt.YER
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3) Investigation of the energy and angular distributions ot protons and »-parti
cles from (n.p) and (n,a) reactions. 
С Derndorfer, R. Fischer, P. Hille, G. Stengl, H. Vonach 

A new combination of a small multiwire proportional counter and a scintillator 
has been constructed, which allows simultaneously the measurement of the energy 
and angular distributions of charged particles of neutron induced nuclear reac-
ions and the determination of the background. 
In a cylindrical chamber (20 cm diameter, 12 cm height) (fig. 5) 32 sense wires, 
32 shielding wires and a grid of 64 wires are arranged around a central scintil
lator. The thin target foil is laid in a semicircle outside the sense wires. A 
graded shield, consisting of a graphit ring and a gold foil is put behind the 
target foil as well as on the other half of the chamber to reduce background from 
the construction materials. 
The origin of a charged particle is traced by a coincidence between the central 
crystal and one of the sense wires. As the direction of the incoming neutrons is 
known, the reaction angle can be derived. On the average *he angular resolution 
is 13 degrees at PWHM, which is sufficient for experiments studying compound and 
precompound reactions. 
The energy resolution i*» mainly determined by the thickness of the target, the 
pressure of the filling gas, the distribution of path length in the chamber and 
the properties of the scintillator. The resolution varies between 0.5 and 1 MeV 
depending on the energy the type of the particle and the target thickness neces
sary for sufficient count-rate. 
The central scintillator is a CsJ(Tl) crystal (1 inch diameter, 1 mm height) and 
has good pulse shape properties for particle identification. Charged particles 
up to an energy of 20 MeV are stopped. 
The proportional chamber is operated with a mixture of 95% argon and 5% COj at a 
pressure of approximately 100 mbar and uses 20 u gold coaled tungsten wires as 
sense wires. The chamber is operated at a voltage of + 650 volts, the field on 
the wire therefore is approximately 1.0 x 10 V/cm and the gas amplification ap
proximately 1500. 
The chamber has been tested with an Am-241 foil in the place of the target foil. 
The outputs of 16 wires were connected to a charge sensitive preamplifier and an 
energy resolution of the proportional counter (in coincidence with the scintilla
tor) of 15* was obtained in accordance with calculations. 
Fig. 6 shows the block diagram of the associated electronics. Each wire produces 
both an analog and a logical signal (Time-out). The logical signals are fed to 
an address logic which transforms them to 5 bit address characterizing the dif
ferent sense wires, simultaneously they are used as timing signals in a fast co
incidence with the photomultiplier anode signals to identify the coincidences 
between the proportional counter and the scintillator pulses. 
The analog pulses from the proportional counters are at first combined in 4 sum
ming amplifiers summing 8 preamplifier outputs each. The output of these summing 
amplifier are fed into linear gates, which are opened in case of coincidence 
with the scintillator and eventually all proportional counter signals are com
bined in a final summing amplifier. By means of this arrangement 4 times higher 
се nting rates can be admitted to the proportional counters than in case of di
rect summing of all proportional counter outputs (DE signals) in one summing 
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amplifier. The CsJ scintillator is used to produce a timing signal, an energy (E) 
signal and a pulse-ehape-sigr.al (PSI) which allows to discriminate between photon, 
proton and d-particles. 
Finally for each event the E, PS and DE signals and the wire address are stored 

•uentlally in an on-line computer enabling simultaneous measurement of the 
-rgy and angular distribution of all kinds of charged particles emitted by the 
investigated target. Particle identification can be done both by means of PSD 

J e 
information in the Csl scintillator and the _ Information of the proportional 

dx 
counters. 
The counter with the complete electronic system is non being tested with a-par-
ticles and will be used for studies of the (n,p). (n,d) and (n,e) reactions on 
50Cr and 93Nb in the first half of next year. 

Fig. 5. Multiwlre proportional-counter-sclntlllator-syetem for 
study of (n, charged particle) spectra and angular distributions. 

"1—EEH~Jfi— 

lEh^Eb 
НЬН fH 

rig. 6. Slock diagram of the electronics for the multi-
wire proportional-counter-scintillator-syetein. 
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4) Comparison of the results of 1-3 with nuclear reaction calculations Including 
coupled channel calculations preequllibrlu» and statistical model 
B. Strohaaxer, M. Uhl 

For comparison of an neutron cross-section measurement and for cross-section pre
dictions in general the computer code STAPRE /4/ based on the preequilibrium and 
equilibrium model of nuclear reactions has been developped. 
This code is designed to calculate cross-sections for particle induced nuclear 
reactions with several emitted particles and y-rays under the assumption of se
quential evaporation. 
Each evaporation step is treated within the framework of the statistical model 
of nuclear reactions with consideration of spin and parity conservation. For the 
evaporation of the first particle preequilibrium emission is taken into 
account . For a specified sequence of up to six emitted particles the following 
quantities can be obtained for all nuclei Involved in the cascade. 

1) Activation cross-sections 
2) population of isomeric states 
3) production cross-sections for gamma-rays from low-lying 

excited levels 
4) angle Integrated energy spectra for all emitted particles and 

T-rays. 
Recently the program has been extended to include fission, ir. addition the coup
led channel code JUPITOR has been set into operation at the Vienna University 
computer and is used to calculate cross-sections for elastic scattering anC in
elastic neutron scattering to low lying levels and to generate the neutron trans
mission coefficients needed as input for the STAPRE program. 
Using these code complete evaluations of all neutron cross-sections on Barium /5/ 
and Phosphorus /6/ have been performed, demonstrating its ability to fit a large 
variety of different cross-section data simultaneously with one set of parameters. 
At present calculations concentrate on neutron, proton and a-spectra from those 
(nn'), (n,2n), (n,p) and In,a) reactions which are simultaneously studied experi
mentally (see section 1-3) and on calculations of excitation functions in connec
tion with our evaluation work on dosimetry reactions (see section 5). 

5) Cross-section «valuations for neutron dosimetry reaccions 
S. Tagesen, H. Vonach 

In order to fullfill an increasing demand of the users of evaluated neutron 
cross-sections, an evaluation program for threshold neutron reactions has been 
started which includes also both calculations of the uncertainties of the evalu
ated cross-sections and of the correlation coefficient between these cross-sec
tion uncertainties. In this year evaluations of the Mg(n,p), Cu(n,2n), 

2n(n,p) and Zr(n,2n) reactions have been completed /7/, evaluation of the 
103Rh(nn,)103Rhm, 3 1P(n,p), 19f(n,2n), 93Ю>(пп')93НЬт and 27Al(n,a) reactions 
will be performed next year. 
As an example of this work fi 
in comparison with previous evaluations /8, 9/. 
As an example of this work fig. 7 shows the results of our Cu(n,2n) evaluation 
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"СиДОСи 

ямам« тяЛ^йш 

Pig. 7. Comparison of the present evaluation 
with the previous evaluations of Lapenas /8/ 
HcElroy and Simoons /9/ 
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ВРЕМЕНА ЫЗШ ЮМПАУНд-ЯДЕР 236U I 239U DPI ЭНЕРГИИ В03БУ1ДЕШП 6,7 - 10 МэВ 

O.E. Воротваиов, О.В. Грум, D.B. Манков, H.A. Морозов, 
D.I. Отставков, 1.Н. Свткава, А.Ф. Тухвиов, Н.Г. Чечена*, O.A. Наянов 
институт ядерно! физвхн Московского государствеаого унаверсатета, 
институт атомной эяергяя кв. I.B. Курчатова, СССР 

Методов основанным на аффекте теней, измерены вревева квакв ядер 2 3 €и в 2 5 9и 
в катерванах энергия возбуждения Е* = 6,7 - 11,2 МэВ в 6,4 - 9,1 в»В, соот
ветственно. Полученные эначеввя сравннвавтсв с реауаьтатавв расчетов, исполь-
эувашх зависимость плотноста уровней •» (Е * ) в модели ферма-газа в эмпнрнческув 
а» (В" ) , вычясленнув на основе анализа сечений (n,f) в ( п . о ) реакцяк. 

В работе [I J на основами анализа реакций nj и on' был сделан вывод о возмож
ном суаестваваиии в тяжелых ядрах при энергии возбуждения Е" ~ 8 МэВ фазового 
перехода, при котором происходит изменение зависимости плотности состояний 
f*on* °* Е"- Т а к к а к више Е* м̂анп (£ ' ) Доена была расти быстрее, чем до это/. 
энергии, иохно было ожидать замедления скорости распада, т . е . увеличения ъсе
мени жизни Г компаунд-ядра по сравнению с расчетной или экстраполированной сни
зу величиной. Уникальную, по-видимому, возможность проверки этого явления пред
ставляет метод измерения с помояью эффекта теней, каолгда^яегоо: э я-.ерных реак
циях на монокристаллических мишенях [23. Метод осноэан на том, вто форма угло
вого распределения заряженных продуктов ядерной реакции в окрестности кркстал-
лографиской оси зависит от среднего сведения компаунд-ядра из узла ресетки 
кристалла под действием импульса калетаюаей частицы, т . е . в конечном итоге зт 
времени жизни компаунд-ядра. Нами были предпринята такие измерения с использо
ванием монокристаллов 2 3 T J C 2 И U02. 

2. Монокристаллы ио, изготовлялись электролитическим разложением уранилхл'-ркла 
из его расплава в хлориде калия и свинца прк контролируемой величине тока но 
единицу поверхности растущего фронта кристаллов. В качестве источников моип-
энергетических нейтронов, бомбардирующих монокристалл uC->( L) (рис. I ) , ис .̂-.-.ь-
зовались реакции и ( р п ) , ^Н(р п) и H(<j,n). Регистрация осколоков делен«-;: 
стеклянными детекторами (2) производилась в окрестности двух кристаллогг-itvkч:-
ких осей I I I , одна из которых составляла угол 1С0 с направление« пучка (<; на
летающих заряженных частиц, а другой угол 60°. На основе измеренного распрей • 
ления плотности треков на стеклах-детекторах строились профили теней от наз
ванных осей, два из которых приведены на рис. 2. Видно, что тени от дзух сссй, 
отличающихся лишь величиной нормальной составляющей импульса компаунд-ядра, 
имеют различную форму и разные значения относительной интенсивности частиц в 
минимуме X. Разность Д>= «„,„(80°)-х^,п (10°) представляет собой наблюдаемый 
эффект конечного времени жизни коипаумд-ядра. Зтг величина, а также соответст
вующие изменения "площади сечения" я "объема" теневой лунки были использованы 
для определения среднего временя жизниTC3J. 
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3. Результаты измерения т , ^ для ядер 2 3 9 и я 2 3 6 и приведены на ряс. 3 и *, 
соответствено. На »тяг же рисунках показаны результаты, полученные при охлаж
дения монокристалла до температуры жидкого азота нами (темные точки) и группой 
физиков в Орхусе, Дания (треугольники) С*, 5 ] . Видно, что тепловое движение 
атомов кристалла не сильно влияет на результаты. Сапожными линиями на рисунках 
показаны зависимости 

T I E " ) - ь / г ( е " ) 
где полная нирина распада Г вычислена по Хаузеру и Фешбаху [б] с использованием 
фермм-газовых (2 А , = 1,1 МэВ, о = 25,7, жирная линия) я эмпирических (тонкая 
линия) р(Е*;. Эти р с Б*) воспроизведены на рис. 5. Как следует из работы [I], 
для четно-четных по 2 я N ядер эмпирическая J>IE*) совпадает с ферми-гааовой за
висимостью, а для А-нечетных ядер существенно отличается от нее, но хороно соот
ветствует расчетам работы С7], результаты которой изображены на рис. 5 квадра
тами. Подтверждавт эмпирическую piE*) для А-нечетных ядер я данные по плотностя 
резонансов этих ядер, показанные на рис. 5 точками. При малых Е* кружками обо
значены ^ ( Е * ) оцененные по прямому подсчету числа уровней в «.-спектрах [8J и 
спектрах неупруго рассеянных нейтронов [93. 

Как видно из приведенных рисунков, экспериментальные результаты согласуются 
с расчетом, использующим эмпирические j>(t*) до Е* ~ 2,5 МэВ для ü и Е*~0,5 
МэВ для U. При больших Е* измеренныет?,д и T^ig лежат значительно выве рас
четных. В рамках статистической теории 

где *' иуЧг,.„) - парциальный матричный элеиент и плотность конечных состояний 
для -того способа распада составного ядра, и какое поведение Т»«^ можно объяс
нить либо изменением матричного элемента, либо изменением зависимости Р^Е*) выше 
Е\пк - 7»5 i °t2 аэВ« Заметим, однако, что при этих Е* ядра 2 3 9ц и 2 3°Ч рас
падаются со сравнимыми вероятностями двумя путями - исканием нейтронов и деле
нием, - причем сохраняющееся с точностью до нескольких процентов "плато" сече
ния деления показывает, что отношение иирин Г( /Г„ для конкурирующих процессов 
не меняется. Если считать их независимыми, то представляется маловероятным, 
чтобы матричные элементы для столь разных процессов изменялись сильно и одина
ково. Более вероятной причиной такого поведения (Е*) представляется соответст» 
вуюжее изменекяе|Ц2*), общей для обеих ветвей распада. 

Зависимость ц, (Е*), позволяющая объяснить полученные результаты в ш е Е*»7,5 
МэВ, показана на рис. 5 штриховой линией. Изменение зависимости^, т.е. энтро
пии s.e„pe , от Е* мохяо трактовать как фазами переход в ядре при Е ^ * 7,5 
МэВ. Интересно отметить, что выше этой анергии возбуждения зависимость р»(Е'), 
по-видимому, одинакова для ядер обоих типов четности по и, и относительный ход 
/. (Е*) очень близок к рДЕ*) для А-нечетных ядер при малых I". Такое объясне
ние, однако, требует осторожности, так как ядерная температура Т -dE*/d«np,Ce*) 
при переходе через Е * ^ довольно резко уменьшается до величины ~300 КэВ. Сам 
этот факт и столь низкое значение Т при Е* ~ 8 МэВ трудно понять. Быть может, 
мы шмеем дело лмшь с некоторой имитацией этой характеристики более сложным 
процессом. 
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Другое возможное объясненае может быть связано с возбужденней прн Е*>7,5 МэВ 
некоторых новых состояний, сильно замедляющих распад ядра, например, типа ги
гантского резонанса. В »тон случае В ^ ^ является пороговой анергией для воз
буждения таких состояний. Выбор между этими возможностями может быть сделав, 
например, после аналогичных измерений на 3 н р. Можно ожидать, что появление 
новых состояний произойдет при таких же энергиях возбуждения, в то жвемя как 
фазовый переход - при близких значениях энтропии, т.е. р„ (Е), достигаемой для 
нечетно-нечетного 2' 8N P при Е* примерно на I МэВ. Данные по ъ п / . для 237NpClO] 
показывают как-будто, что соответствующие явления наблюдаются при Е*~6,3 МэВ, 
т.е. свидетельствуют в польау фазового перехода. Однако, более определенный от
вет могут дать только пряные измерения Т ^ ^ (Е-*) для этого ядра. 
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ИЗОМЕРНЫЙ СДВИГ НЕЙТРОННЫХ РЕЭОНАНСОВ 
К.Зайделъ, А.Маястер, Д.Пабсг, Л.Б.Пжкельнер 
Объединенный институт ядерных исследований, ЛНФ, Дубна, СССР. 

На импульсном реакторе ИЕР-30 методом времена пролета измерены спектры пропускания различных химических соединении урана-238. Получены предварительные данные об изомерном сдвиге нейтронного резонанса и изменении среднеквадратичного радиуса ядра. 
В 1973 г. в работе ' было предложено использовать изомерный сдвиг нейтронно
го резонанса для определения изменения среднеквадратичного радиуса ядра 
д < Г * > при возбуждении ядра, обусловленном захватом нейтрона. Изомерный 
сдвиг уровня происходит в резул.лате сверхтонкого электрического взаимодейст
вия электронов с ядром. Изменение энергии нейтронного резонанса можно пред
ставить в виде 

A£f* =^; е'2*1% (0)1* д<г"> (I) 
где ь\%(о)\* - разность плотности электронов на месте ядра для двух различ

ных химических соединений. 
Сложность эксперимента по измерению изомерного сдвига обусловлена малостью 
ожидаемого эффекта: &Е/% порядка 1СГ4 эв при ширине резонанса около 1и-1эв. 
Кроме того, различие кристаллических решеток у разных химические соединений 
приводит к изменению формы резонанса, что необходимо учитывать при обработке. 
Для определения изомерного сдвига измерялось пропускание нейтронов мере:* г о 
дичные соединения урана. Схема эксперимента приведена на рис. I. Для обеспе
чения постоянства экспериментальных условий измерения велись с тремя образ
цами, вводимыми в пучок поочередно на 5 минут. Управление и контроль в ход о 
измерения велись с помощью малой ЭВМ ТРА-с . В пучке постоянно находился 
образец из тербия, резонансы которого служили как реперные для объективного 
контроля спектров. На рис. 2 показан один из спектров, полученных за 10 часоь 
измерений. Величина изомерного сдвига резонанса урана 6,67 эВ определялась 
при совместной обработке на ЭВМ спектров разных химических соединений, как 
это описано в нашей работе '. Процедура отделения изомерного сдвига от эф
фектов, связанных с кристаллической структурой образцов, подробно рассмотрена 
в работе '. Для расчета разности плотности электронов, которую необходимо 
знать для перехода от д £ / 5 к Д<г*> , были использованы данные о хими
ческом сдвиге рентгеновской L „ y -линии в уране, зависимость константы 
распада урана-235 от вида химической связи, а также некоторые теоретические 
расчеты. Подробнее этот вопрос рассмотрен в работе . 
В результате обработки экспериментальных данных для нескольких химических 
соединений урана получены предварительные данные об изомерных сдвигах, из 
которых выведена величина ^<л-'> , составляющая ( -0,6 i 0,3) • I0~^bcvr. 
Полагая, что параметр деформации урана-238 в основном состоянии ß = 0,24, 
заряд распределен по ядру равномерно, а диффузность края ядра не меняется 
при возбуждении, можно получить для возбужденного состояния ядра 2 3 9 £ / 

л ~0,20, т.е. деформация несколько уменьшается. Эти результаты находятся 
в качественном согласии с теоретическими оценками Бунатяна . 
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*9ть 2 3 V 

IBR-30[ 

Рис» I . Схема эксперимента. J BR -30 - импульсный реактор ИБР-30 в бустерном 
режиме'7'' ; 1,П,Ш - образцы из трех разных химических соеднненжВ ура
на и принадлежащие ям накопленные спектры по времен! пролета; 

*LL + ФЭУ-49 - сцинтилляционный детектор нейтронов; Т - таймер; 
CI и С2 - счетчики; А и АС - блоки управления для смены образцов; 
ВК-5 - временной кодировщик; СС - контролер камаковского каркаса; 
ТРА- I - малая ЭГ^ 
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Рис. 2. Экспериментальный спектр одного образна. К - яомр врвивяного 
с шириной 2 мксек, /V - число отсчетов. 



171 

Днаратура 
1. В.К.Игватовмч, В.М.Остшвнп, Д. Чар. ОНИ, Р4-7296, Дубна, 1973. 
2. В.В.Роянов ш др. 0WW. 3-5736, Дубм, 1971. 
3 . Г.Г.Акошш, В.А.Вагов. К.Са£двжь, А.Мвкстер. Д.Па6ст, 1.Б.Шшмьмр, 

В.СаШ. ОИЯИ, РЗ-1Г740, Дубна, 1978. 
4. К.ЭаДдель, А.ИаДстер, ДЛабст, JLEjanansep. ОИЯН, P3-II74I, Дубна, 1978. 
5. К.Эаадаль, А.Мвйстер, Д.Пабст. ОНИ, РЗ-1Г742. Дубна, 1978. 
6. Г.Г.Бунатян. Ящерная фазжжа 2g, вш.5, 979 (1977). 

Г.Г.Буштп. ОИЯИ, P4-III3I, Дубна. 1977. 



- 172 -

Т В ВЗЖ ОТ ТЯЖ Т1Ш СОЯЯЛЛН» IWOCIstO lUSICU ЯВЯМ РОЯ АЖШЯТЯ ГШ10Я 
caoss sacrioa и н и м и » 

Я. Arlt 
Teehnteeha Valvaraltat teaatan. Saktlaa rayalk. MB - «027 Besäten 

1 . Introduction 

Tbe absolute aaatian counting with aa accuracy ia tha erder af 1« la a ciffl-

cult experlaaatal task, which aast be resolved la «vary praciaa craas aactlaa 

asaaaraaent. Ia aany caaaa it ia possible te overcoae this problem by countlag 

the chargai particle«, which are produced tagather with tha neutrons ia a tea 

body nuclear raactian. Straag felloe free the reaction nechaaiaa correlations 

la tine, energy and angle af the tea body endear reaction betaaen tha neat ran« 

aas tha associates charged particles (AP). 

In one group of axperiaenta tha angular and energy correlations are uses to 

produce a sail known neutron flux through a target. If the target ia a neutron 

detector with tiaing properties, the tise correlations can be used, too. This 

tiae correlated associated particle net hoc" /1/ nil owe a strong reduction of 

background events induced by unwanted source or scattered neutrons. If the 

neutron target-detector systen is loner than the neutron cone, no jreoaetrieal 

facters au?t Ъ« ж* own if the cross section of a neutron induced nuclear reac
tion should Ъе «let rained. 

2. Ih* use of the '• las correlated associated particle aothod (ТСАРУ) in fis.-lon 
егоез section ateaaureweats 

One way to succeed a higher accuracy in fission cross aactioa •seaureacnts ia -
аз ал alternative to aaasureaents in a broad energy range - tha precise ($? -
1-2£' absolute deteraination of (he fission cross section at few spot point 

neutron energiea 12/. The TCAFU ia тегу suitable for this purpose, if the ranee 
of the covered neutron energies could be extended. 

Until now triis aethod has been used by Aicha SOT et al. /3/, Crenier et al. 
/4/ and later by a joint Dresden - I-eningrad group 15/, to aeaaure fission cross 
sections at 14.7 XeV. The T(d,n)4He reaction has boon used. The aasoclated alpha 
particles have been registered with s thin film detector /3, 5/ or a surface 
barriere detector /4/. Then a thin flla detector coupled to a fust photoaulti-
plier is used, store than lo alpha particles per second could be counted /6/. 
This is a sufficiently high counting rate to use a single plate fission cheaher 
for cross section aeasureaents. 

At the Technical University Dresden a associated particle eysten has been 
designed using the u(d,n)3He reaction 111. »ith 13o keV deuterona 2.6 Kef neut-

2 IS rone have been produced and used for fission cross section aeaaureaento on U 
/8/. Up to 2*10* 'Ha particles per second have bean counted with a surface 
barriers detector. This is a lower Halt, when working with a single plate 
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flealea 

• a r t l e at a l . Щ uses th« fCATS t« 
«ago ffeaa 2 to 2a aeV. | ц ч и • 

« l th a efXlcleacy оГ aheat I*"4 i t « H I 
f l s s l o a era«« sec t iea 
could aelva t e la arables . 

ceHlaetea aast 
• • h e r l a a aast 

« l f t l c a l t . ta use hla 
a af au l t lp la te f i s s ion 

l a the 
«etaetwr 

far 

3 . Iaacnracies sad error» af the t l — c o r r e l a t l «a—elate« •ar t i c l e —thee 

Ike prlaclale e f the TCafW l e 
aheem ea f l « . 1 . A charged pert lc -

rT l e heaa (В) l a h i t t ing a aoatrea 
proaaclag target ( • ? ) . **te eeae-
clated part ic le detector (AFC) 
la caantine; a l l charred paxtlclea 
l a ea eagle * ,£д р defined by the 
diaaaraga D. So bach jeawd e.cata 
should he registered in the AFD. 
This detector dei ieeers the sere 
t i e * point for a l i neutrons of 
the сове defined by &Q*» ' - e 
f l s s i c - target (FT) should b« 
1*Г£ег than the neutron сов«, so 
that «eery neat res of the con« has 
a chance for a f iaaion. I* the 
f i s s ion producta are counted in 

.rlg„ 1 The basic priaclpl« of the ?CAP"_ coincidence «it!*, the %s~ocia:cd 
part i c l e s , the f i s s ion cross section «111 b« get by the foraul». <5.- n*. / *._ n 
( 5 f -nucber af coincident f i s s ion products, ü^-euaber of associated part ic les , 
с - abater or the f iss ionable atoae per ca ) . The re lat ive error or t'r.e f i ss ion 
cress section i s gieea bj the expression: 

^ - t < 4 ^ ) ' - ( ^ - > ' - (JB.f 
3.1 irrors and inaccuracies connected with the registration of '.he fission 

producta 
3.11 Statistical error 

isurlng tie Гае necessary to gat a atatiatical error of 1* has been estiaa-
ted for a aingla plate fission chancer with а 25o ̂ ««/ee2 target and a fission 
cross section of 2 b a n . The aoaouriag tlae aaounts to shout 1.2 - 12 days for 
AP rates between Ю * la9 cpa. 

3.?1 Fission chaaber efficiency 
Xa an abeolute fission creea section aaaoareaent the fiaaion detector efficien
cy auet he known with aa accuracy leas than 1*. Usually, the fission detector 
la construct«* in such s aenaer, that the efficiency for fission producta la 
•early loo *, hut eery aaall for the alpha particles free the natural alpha 
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activity of the fission target. The resulting problems will be discussed below 

in the case, when a parallel plate fission chamber is used. 

3.211 Counting losses due to the timing threshold 

In the TCAPM the threshold of the timing discriminator usually ie determining 

the counting losses of the fission products. This threshold is set as low as 

possible, so that some of the alpha particles will trigger the CPT too. This 

alpha particles will be eliminated by the coincidence between the associated 

particler and the fission products, so that a small alpha counting rate can be 

tolerated. On fig. 2 the block scheme used in our experiments /10/ for timing 

and determining the counting losses due to the CPT bias is shown. In the compu

ter memory the direct and coinciden

ce spectrum of the PP is accumulated 

as it is shown on fig. 3a, b. If a 

linear extrapolation to zero bias 

is carried out, the total PP losses 

due to the CPT bias have beer, esti

mated less than 2'1. If the error 
of this extrapolation is less than 

2o£, the contribution to the rela

tive error of fTf due to the CPT 
bias will be less than 0.4/;. This 

small values can be reached only 

with a very low CPT bias. 

J 
9A ' ТА 

r err cwwc 4, AH 

Tl&SlOM CHAMKR 
L. s - ADC 

• • * ' 

мтояг 

Fig. 2 Block scheme of the fiasion chamber 
electronics (PA preamplifier, PA fast 
amplifier, CPT constant fraction trigger, 
COIEC. fast coincidence, S stretcher, ADC 
analogue to digital converter 

* 4 

„--I 

M 

v / ViVOH 

1-2% 

^ _ » -

URtCT 
/пясткам 

/ mr 
a I err tub 

Ch 

») 
Fig. 3a, b Р1зе'.,п chamber spectrum and 
low energy cut off due to the CPT bias. 

However, it should be mentioned, 
that the linear extrapolation to 
zero bias is arbitrary. If the PP 
spectrum in this region has a more 
complicated character, an additio-' 
nal error could be appear. Since 
calculation or measurement of the 
PP spectrum at very low (£ 1o KeV) 
energies is difficult, this pos

sible source of an error should be 

minimized by setting the CPT three-

hold as low as possible. 

3.212 Absorbt.ton of the fission products in the target material 

If the fission product is emitted in a small angle to the target surface, the 

energy loss in the target can be large, even if a thin target is used. Due to 

the Impuls of the incident neutrons the resulting counting bosses are depending 

on the neutron energy« The resulting inefficiency of the fission chamber has 

been calculated in dependence on the target thickness, neutron energy and an-

lootropy of the fission product angular distribution /11, 12, 13/* Although 

these looses can he calculated with a good accuracy, additional problems can 

lead to a larger uncertainty as deduced from the calculations* The range of 

the fission producta should be known for tin chemical compocltion of the used 
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'fission tar^t. A further uncertainty is caused by the surface structure of the 
fission target. As haa been shown by P.H. White /14/ the surface roughness of 
the fission target has a definite influence on the escape of the fission pro
ducts from the foil. 

To get a real value of the fission chamber efficiency - including all the 
factors discussed above - an experimental teat should be carried out. Рог this 
purpose the method, described in /15/ for a 2"cf source, has been modified. 
The fission chamber, loated with a non threshold target f.g. 23^U, is irradiated 
with thermal neutrons or 24 keV neutrons from a 3b-Be photjnuclear source. The 
fission neutrons are counted in coincidence with the fission products. As has 
been shown in /15/ on this way the inefficiency of a fission chamber - if it 
is small - can be determined with a high accuracy. 

T — г - i — i — г 

ASSOCIATED ALPHA PAPTIClES 

4. Errors and inaccuracies of the associated particle counting 

The main source of n error is the background of non-associated particles in 
the energy window of the associated particles discriminator. Every background 
particle leads to a higher N^, count and in this way to a smaller fission cross 
section. On the other hand it is not necessary to know the efficiency of the 
AF counting system, because only such fission products will be counted, for 
which a coincident AP haa been registered. 

Рог every neutron energy A special Л? counting system must be developed. 
Therefore the errors strongly depend on the special detection system and should 
be analysed for every system. 

As two examples we show 
the AP spectra for the two 
systems, which have been 
developed recently at the 
Technical University Dres
den /6, 7/. On fig. 4 the 
alpha spectrum of the 
T(d,n)*He reaction registe
red with a thin NE 102A 
scintillator is shown. The 
background is produced 
mainly from the protons of 
the D(d,p)T reaction end 
from low energy gammas, 
electrons and elastical 
scattered deuterons. Because 
the background is less than 
o.1% of the alpha counting 
rate In the window, it can 
be neglected. However the 
extrapolation of the back
ground shown on fig.4 has 
to be cheeked carefully by 
test experiments* 

PROTONS FROM 
0(в,р1Т 

m m «• m m я» т ш я» т 
CHANNELS 

Pig. 4 Alpha particle spectrum of the 
T(d,n)4He reaction 
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In the case of the D(d,n)^He reaction the situation is sere cosplicsted 
(see fig. 5). The background - mostly caused by the trltone and the protons 
of theD(d,p)3H reaction - reaches values of few percsnts of the 3He counting 
rate in the discriminator window. The background apectrum of the trltone and 
protons is тегу smooth, so that an extrapolation with an error leas than 2o % 
can be carried out. The background from neutrons, deuterons a.s.o. пае been 
found to be negligible. 
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Pig. 5 Charged particle apectrur of the D(d,n) He and D(d,p)T reactions 
(protons out of scale) 

5. Errors and inaccuracies connected with the cone 

5.1 Beutron scattering 

Some of the neutrons will be scattered out of the cone on the neutron target 
backing, on the fiesion chamber entrance window, on the fission target backing 
or on the air. The different cases of neutron scattering schematically are 
shown on fig. 6. Only in the case 1 the neutron will be scattered out of the 

Pig. 6 
Schcmatlcal drawing of the 
different neutron scatter
ing processes. (AP associa
ted particles, MTB neutron 
target packing, FCEW fission 
chamber entrance window, 
FTB fission target packing, 
£ electrode, PC* fission 
chamber wall) 
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beam. In the eases 2, 3, 4 the neutrons «ill interact with the fission target 
with a lower energy (inelastic scattering). The ease 5 can be neglected because 
the correspondent associated particles are not registered. All these cases can 
be calculated and пате found to be less than 2% for 14.7 HeT neutrons and a 
thickness of the copper between neutron and fission target of about 1 ва /5/. 
The results of the calculations have bean checked, by measuring of the fission 
cross section with different material layers between the neutrons and the 
flesion targets. 

ПНЮ* TtKutT 

5*2 Scattering of the associated particles 

The scattering of the associated particles gives one of the most serious limi
tation of the accuracy of the TCAPlt, because it is very difficult to proof the 
calculations under realistic conditions. The different cases are classified on 
fig. 7. The case 1 can be minimised by diaphragmas along the AP channel or by 

large distancy to the wall. The 
case 2 cannot influence the re
sult. The most serious problems 
result from the case 3» if the 
AP is scattered into the detector, 
but the corresponding neutron is 
outside the cone. A careful map
ping of the cone with a small 
(0 1 mm) scintillator in coinci
dence with the assoc.'4t«d partic
les is necessary, to estimate the 
influence of the different AP 
scattering processes on the result 
of the measurement. Когеотег, 
the fission target should be 
placed тегу close to the neutron 

target, so that the central part of the neutron cone delivers only less than 
about 10% of the total fission counts of the chamber. In this way the chance 
coincidence rate is higher, but the scattering corrections will be smaller, 
because small angle scattering is decreased. 

Fig. 7 Schematicel drawing of th* different 
associated particle scattering processes 

6. Brrora and corrections connected with the electronics 

The following sources of errors should be carefully analysed, if the electro
nic block scheme for a precise measurement using the TCPAM is designed: The 
dead time of the associated particle channel including the f">et coincidence, 
the efficiency of the CPT, the chance coincidence rate. 

During the experiment a complete documentation of the following data is 
necessaryi U.p, Я-с, fission chamber spectrum in coincidence with the associa
ted particles and without (for correction of the countirg losses due to the 
CPT bine), spectrum of the time Intervalls between the associated particles 
and the fission products (to check the function of the fast coincidence and 
to correct for chance coincidences), Hpectrum of the associated particles (to 
estimate the background of поп associated particles in the discriminator 
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window), divers monitor rate«, An cm lis* calculation of the uncorrected fis
sion cross section is desirable, to proof th« proper function of the equipment 
during the runs. These requirement* can b« fullfillad only by a computer coupled 
experiment, Per our fission cross section measurement we use a KRS 42oo mini
computer (TKB ROB0TR0I Dresden) together with a СЛМАС measurement system /10/. 

7. Errors and corrections connected with the fission target 

All the problems connected with the target weight are similar as in cross sec
tion measurement with other methods and will not discussed here especially. 
However a high uniformity of the target is required. In the ease of targets 
with a high specific alpha activity the uniformity can be checked emailly by 
a alpha scanning sethod. Difficulties arise in the case of Optical meth
ods have been used, to measure the non uniformity of such targets 1431. 

8. Summary and conclusions 

The use of the time correlated associated particle method for precise absolute 
measurements of fission cross sections has been analysed. In comparison to 
other methods all problems connected with an absolute neutron monitoring are 
eliminated. As specific problems of the TCAFlf, which can give the limitation of 
the method the following questions have been found: Background of the associa
ted particle detector, small angle scattering of the associated particles in 
the neutron target and the low counting rate. Further efforts ar* necessary, 
if the method should be extended to other neutron energies away from 14 KeV. 

The author wish to thank prof. С Mueiol and the doctors I.D. Alkhasov, 
DrapsclnskiJ, H.-G. Ortlepp, V.l. Spakov, R. Teichner and W. »agner for valu
able discussions. 
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Взвезпанве мизенеи проводилось счетов естественной ал*>лс.-акт1твностк в чало"; 
геометрия и • геометре* 2 * и 2/3W . Кестород.чость слоев была определена ис
пользование* ра хгчяых дгафрегм г.ру. аль^а-счете и неэавксшо слтическкм к 
мякроакадхтяческкж иетэхаак / I I / в случае 236 урана.. 

Таблица I . Параметры апшенеЯ 

куклжх 

2 Э 5 и - i 
2 3 5 0 - II 

2Э8„ 

2 3 71р 

2?*Ъ 

поверхностна» 
о 

плотность в -.кт/г-
267.2 

256.7 

386.3 

226.6 

геэ.с-

1ГОТР*В!!осТЬ 
вэвезнвакия 

0 . 7 5 "•, 

0.75 :1 

0.75 -Z 

0.5 ' 

0.5 ' 

тевзшяяохететь 
слоя 

0 .5 75 

0 .5 .« 

-J J 

С . ~ '̂  

А Г" .- " * 

I I I » Поправив и ПОГРСДЯОСТИ сечения 7етс:-:"д 

~ Гавоте / 1 0 / пояробно эбосяовглается неэ'!:"сд:?-:ость э-,з"??::'я !;ея-?то--:" 
РОК, свяэаяньгх со систег.:ат"чес--:;-"т о:'«5кг-:г ; v : •Tr-T '̂v •;•"•;'.- -• •..: ••.-•;;-•. • ... -
чгт'х vacmr с осяолха:л! пеленг.. - с -:т: ,-Т"мп:с;: --л •..-.-••or. --.-;::::.- •• •, с-

•*">". катере ле.тенгя. "то осуществляется, по аналог:-" с ->.'тг^ /IL/, i •-••• 
к-?:-:трольн:*х сттгктров, кетовые "спрергтено !Т>яс:<-у?т~л г^ -: я э-гепс- • . .т 
oo-llne с тало:? с-зч /13/ . 
Лт.-аэгга на по г.то пение оскслко2 = с^ое :л'аек:1 •:сс-то-у^тзл : --"--.-; л : / . 
'ет->л »орре^ц"» сечения па рассеяние я поглощение :•:•••':•"::.';;• - :7-он-":-._:: •••::-:-

-•-/ала:: i-ласатуры г в по^.чочже -::гзенк ол::сая 2 работа / £ " / . 
Т.» . эту mtriis-r' по пел:«чине не *~льпе 3 *' Е о.'.уч~-? I-'«." .'зП :•: ::: ' :" : 
7 * в случае 2.Ö '<эЗ яг поггетжости могут достичь 1Г)-£Г >. 

П т - е т н - с т к яопгавок е лпгзметпов -'шпене? п->к тосто?" üi" *O.V-T;O.. ;т-:-:-~?:-:-е 
с-влатеняС! onpeterfliT ^остич:-мут> точность сеч°ч/л те "^к:1.-!. J Т-:'•• - . 11 -;• v •-
яття пт^елътг пог--ет!нлсти, вуо.плтг'е в сумзгнуч " т - с :!:г;-•• егч ?:•!••?.. 
Гезул'Тчт:: лг-г ' ::с^ги/ .2.ч ''эЗ прек^тавлй )Т е-т*."": гпс.з •.-•.•т-м'' ^ • t:!':: , ::.--
т г _ . .„ <ь;.-;. --..-угон!.: я я?-|П"! экспе-и:,»"нте ' япк:ла;°г."с- ••"Т'-.л о :~.-,-тс-;у.-
частик *> сов-:атем:пт с осколкачи !гелеи::я / Г / . Лок n n v : ::•-.'.т-т.аса 1С' ••-:"' 
вре"л •:л--»?-енся тлится около 1э г.не;'. Лоиьпениг точмостг: оч'"Т"!Сто>; п-отупг-.:-: 
сове^чекотвовзичеи оаэделения "He-частиц от гюсеяннм:-: то Стонов к тр:тт~::ог.. 
лаг P " T ; I Я Т Ч Л Л . П , повышение точности сечена* пр/ эиерг-ла 11.7 <эЗ дости:-;:-
:.:т .т:г:ь ^-злез аккуратным определениоа п^пвчзтг-гт. •.•Г-ТПНР;:, что л°пчът2и -оволь-
но сло-но -; залач-;"» 

IV. 'оэ.удьтати :; ТИ'.'СУССГТЯ 

"озул^пт-: •'.т,-,-)енкЯ т^й'ст-влекы в гаЧл. I I I . Лотучешпс энтченио c^'ir-y.: 
лелен::я лри Т 1.7 ЧэЗ для нуклида 235 уран совпадает :о -.'л^чаникр/и -а^от / i " / 
к / 1 7 / . Растотденио я 7 "5 наблвдчется со ян^-пняя"»:! -^чеяия »елония "^ :-а^от 
/TS/ и / 1 5 / , иэ-'вреним^ютиосительнс сечения г-'.ссеян;»я не"троког на Е1^о;'те . 
'гчянеярге сеченття »елеггя других нуклидов с -ачим"" ^абот/1'7, Ю,,':^,;•.[,:-;,;/ 
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Таблица I I . Погрешности поправок и сечений деления в % 

энергия 

нуклид 

источник 
погрешности 

взветквание 
миченм 

неоднородность 

статистика 
совпаденкй 
с.туча'ныг 
совпадения 
•чсстраполяцгя 
у. ну.теЕо": энер-
ги:: осколков 
гг^те-г' осколков 
в •"яенк 
-^ссеян:*е и ло-
гтогтешге тгеПтр. 
"'П"'в"е._г!Н!;е ч"с— 
.--1 с^ггутств. част. 

Г ^ ? " ОСТЬ 

2.6 аэВ 

23% _г*) 

14.7 ЛэВ 

2 3 5U - I I 
238и 2 3 7 Ц р ^ 239 р их) 

0.75 

С.50 

I.5C 

0.G6 

С.42 

0.20 

0.8 Х> 

0.С2 

2 •= х > 

0.75 

0.50 

0.46 

о.ое 

0.04 

0.20 

0.20 

10" 3 

I . I 

0.75 

1.50 

0.4Б 

0.12 

0.09 

С. 20 

0.20 
п 

10 ° 

i . e 

0.75 

0.40 

0.58 

С И 

0.05 

С.20 

0.20 

Ю - 5 

ы х ) 

0.75 

0.75 

С.53 

0.12 

0.05 

0.20 

0.20 

1.2 Х ) 

".'Ti";:i:a I I I . Значения сечений деления в Ю -"4 см' 

то-:е показывает, что абсолютно иэ-
иеренкяс значения сечения деления 
ка 5 - 10 % меньае те;:, которое бы-
Л1: получены и относителен:-: изме
рениях. 
3 случае нелорсговтг:: нухлкдов это 
гложет Лыть связано с теи, что :.?е-
тод совпадений сопутствующих ней
тронам частиц с осколками деления 
эМехтивно исхлючзет ,гон медленных 
нейтронов. Кроме того возможна кор

реляция ошибок, если абсолютное яначение сечения деления определен© из относи
тельны: га:,:зрени'1, напр. по отношении к сечениа деления 235 урана / 2 3 , 2 4 / . 
Унтересно сравнить отношения сечений деления, вычисленные из абсолютно изме
ренных сечений,со значениями, непосредственно полученными в измерениях отно
шений сечений деления /см. табл» IV/. 
2 случае отношений 236U/225U и 239Pu/235rj наблюдается совпадение результа
тов с данными работ /25 ,24 ,25 / , полученными в экспериментах с белым спектром 
нейтронов. Для отношения 237Hp/235TJ расхождение выходит за приведенные интер
валы ОЛ7Ö0K. 

энергия 

н.-клт'.д 

235 п 

2 : e ü 

2 3 7 Яр 
239 га 

14.7 :эВ 

2.0731 0.023 

I . I 0 4 1 0.022 

2.1721 0.023х) 

2.3601 0.028х) 

2.G Maß 

I.2.T51 о.огс*5 
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Таблица IV. Отнопенмя сечений деления при энергии 14.7 МэВ 

отношение 

П /235 тт 

2 S 7 H p / 2 3 5 0 

гзэр^ззби 

абсолятное 
измерение 

0 .576t 0.012 хх) 
0 .557t 0.OI7 / 1 7 / 

1.048 t 0.0I6 хх) 

1.138t 0.018 хх) 

измерение 
отноаения 

0 .3S7t 0.0I3 / 2 5 / 
0 .557t О.СОЭ /24 / 
0 .374t 0.C06 /26 / 
0 .343t 0.014 / 2 7 / 

I.OCOt 0.004 /2f,/ 
0 .9841 0.02G / 2 3 / 

1.130 t С .005 /.23/ 
1.560 t 0.009 / 2 4 / 
I . I 5 1 0.03 / 2 9 / 

**) настояизя работа 

у. Заключения 
Метод сопутствующих час
ти., в совпадении с оскол
ками деления позволяет оп
ределить абсолютное сече
ние деления о гогозкм 
экергэткческ:: : расрешени
ем ::З';ТПОНОБ с точностью 
.тучпе 2 ".. 
Течения деления ~Ис?.т~.т:п-!х 
••з.уорени:: на 3-х? 1 •-•-•:• v~e 
с^чени': ла "тногггтс"»..;:-' 
••з •епегл" . 
Отпопепкя солппл ' дол^.л.. 
•". и?лол:.зоЕялле" г\'"-г :-
но H3y:-i-iei:::::" зллчок-л' - -
БОЛЬ:.о -or,--с -;ог:и"- -т о 
' С П Л ' 1 5 * | " ! " ' ' 1 ' ! ' (̂  * 'п '•"'•".^•." • •— 

" " CT '.[О 'С'"..•.'•",' Г ^ Л ' Л : ' ' ч*4 — 

лелт'я, что "0~ло лнт?"П'.'етлроп.ят!, к?лс тчтзкзк иолестеп:;":: : ;л: г ' г т 
Что<*:г иск."-эч:"ть с-оте-- 1?гческ"Х onirtOK лучго т таг ель.-о "зучлт; гее ;, 
тола солутствуэллх частли /ТО/, аклурлтно ввести поттп--.г;;"' " провеет 
•т::те измерения в гаэлгчннх зкспрр"-:знтптг^н1г>: услоз"я;с. r2o^ng n: ••••-•.; 
"^^чт"!'! !'0 "3t отоп"чм:*о т* л ее лэдопзкяя •:!-:яя5:'.| 
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6Li*d REACTIONS BELOW Ed- 200 keV 
O.Szabo. M.Varnagy, Z.T.Body 
Institute of Experimental Physics, Kossuth University, Debrecen, Hungary 

Cross sections »»ere determined for the Li/d,n/ Be, Li/d.p/7Li and 
reactions between 100 and 180 keV deuteron energy. 

1. Introduction. 
The investigation of nuclear reactions Induced by low—energy charged particles 
on light nuclei is important fro« the point of view of nuclear astrophysics 
as well as for planning controlled thermonuclear reactors /CTR program/. From 
the present stage of our knowledge, the first prototype will be most probably 
a DT-reactor. However, there are some other exoergic reactions which can be 
taken into account as nuclear-fusion reactions. In 1973 a request list was 
issued for the fusion research asking cross-section data with errors less than 
25% for a lot of reset ions in the energy range E .«0.1-5 Mev'i). Among these 
the Li+d reactions are of the highest priority. On the other hand, since there 
are only few measurements Г2-7} for the /d.n/, /d,p/ and /d.of/ reactions at 
E -<500 keV, it seemed to expedient to measure the cross-section data for this 
energy region. 

2. Experimental techniques. 
For the measurements a Cockcroft-Walton generator of 180 kV was used. The in
tensity of the analysed deuteron beam on the target was about 1-3 AIA. Thick 
targets of LiF were prepared by sedimentation onto Си backing, the enrichment 
being to 87,9% in Li. Measurements were performed in the interval E .• 100-180 
keV in steps of 20 keV. 

3. Cross-section determination. 
A. fl-i/d,n/7Be 

This reaction is exoergic, (J«3,38 MeV. To determine the cross-section data the 
activation method was used. The decay scheme can be seen in fig.l. 

N/;**r 
V»' 

V 1 Г 

1 r 
4» 

4 « J » 

Fig.l, Energy levels involved in the Li/d,n/ Be reaction. 
With the knowledge of the branching ratio of 477.6 keV 7-line one can deter-7 • mine the number of Be nuclei produced and the value of the cross section. 
The 477,6 keV f-rayi from the decay of Be / Ti/2 - 5 3 days/ "лге detected by 
a 40 cm Ge/Li/ detector fed to a 4000-channel pulse-height analyser. For 
this T-line the energy resolution and the photopeak efficiency were 2,8 kev 
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and 9,57x10' 
f о rau la 

- 3 respectively. Им cross-section values «ere calculated by the 

«hich is val id for a thick target, «here м la the number of * L l nuclei per 
ca in the target . (dr/dE)E is the slope of the yield curve at С and 
(d€/dx)E is the stopping роет of the boobardlng part ic les In the target 
•a ter ia lCo} . Cross-section values are plotted In f i g . 2 vs. bombarding energy. 

1 : •.* 

Fig,2. Cross-section values for Li/d.n/ Be vs. bombarding energy 
Owing to the peculiarities of thick-target measurements, it is not easy to 
separate the uncertainties into purely statistical and systematic- one can 
generally estiaate a 10 or 20% error for cross-section data. The real errors 
are possibly between these values. 

B. fLi/d.fi/^Li and Ъ-УШЛН± 
For these reactions Q values are 5.02 and 22.37 MeV, respectively. To obtain 
cross-section data for /d,p/ and /d.it/ reactions on Li, a new aethod was 
developed for the simultaneous deteraination of the angular distribution of 
protons and «f-particles applying SSNTC, This type cf detector has a lot of 
advantages: the detection efficiency is very high /s*-100% for protons and 

Fig.3. Schematic view of the experimental arrangement used for the angular-
distribution measurements. 
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«(-particles/, low background, long stability, to a-ntion only the aost 
iaportant properties of that. The schematic drawing of the experiaental arran
gement can be seen in fig.3. The SSNTD stacks, bant on the 10 ca diaaeter cy
linder, covered an angular interval of 45-165°. The 2 a« diaaeter circular 
holes on the cylinder served as diaphragas for the protons and «(-particles 
to enter the SSNTD at right angles. At 120° there was a 2 яа diaaeter hole on 
the SSNTD stacks for a aonitoring Si-detector, Two 100 yua thick cellulose-nit
rate sheets were used as detectors. In front of the first detector and between 
the two detectors polycarbonate degrader foils were applied to screen the 
background particles aa well aa to reduce the energies of protons and cC-par
ticles to the desired values c }~600 kev, E,, — 8 MeV/. The irradiation tiae 
was chosen so that there ware ä nuaber of tracks of about 2000 at each angle. 
The angular distributions of protons and «(»particles were proved to be isot

ropic. The cross-section values were calculated oy the foraula /1/. The results 

are shown in figs. 4,5. To our knowledge this is the first case of the 
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Fig.4 , Cross-section values for F ig ,5 , Cross-section values for 
L i / d , p / 7 L i vs. boabarding energy 6Li/d,oc/*He va. bombarding energy 

application of SSNTD for cross-section aeasureaent when the outcoaing par t ic le 
is proton. Using the direct detection nethod applying the SSNTD, the nuaber of 
the error sources тгл less than the act ivat ion method. So thus, the errors of 
the cross-section values for the / d , p / and - /d,a/ / reactions are ~ 10%. 
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COBB POLABIZAXIOI AID ОВОЖ1С BPMCTS MAIIPS3TBD BY l»VORBIDDBS Ш TRAISITIOIS 

ff. Andrejtschaff 
Bulgarian Academy of Sciences, Inat . for f u e l . Research and Buel. Bnergy, Sofia 
K.M. MuadooT and Т.К. Muminov 
Joint Ins t i tu te for Huelaar Ree'tarch Dubna, USSR 

The nucleon-number dependence of 1-forbidden B(M1) values i s studied. Open 
problems in the interpretation of the systematica «repointed out. 

1. General гчпагка 
Core polarizat ion phenomena and aeaonic e f f ec t s are frequently discussed 

in the l a s t years in connection with magnetic dipole moments and trans i t ion 
strengths experimentally determined in heavy-ion in-beam invest igat ions as 
wel l as in decay studies^ ' . The present talk i s not intended as an exhaustive 
review of these subjects . I t s aim i s merely to present a new systematization 
of 1-forbidden B(M1) values and to c a l l attention to some open problems. 

In the pure s h e l l model, HI transit ions between s ta tes with Al=2 are 
forbidden as the Ml operator 

mi^frt+fri 
does not change the orbital quantum number 1 by two units. Nevertheless, 1-for
bidden transitions (S«<—» d^ »d««—»g*^etc.) are often observed in real nuclei, 
however, with B(M1) values smaller than those of allowed transitions. 

Two effects are considered now as mainly responsible for the occurence 
of such transitions: the spin polarization of the core and mesonic exchange 
curren'. s. 

The spin polarization of the core (illustrated by the graph taken from 
ref/ ' ) arises from a residual interaction of the odd nucleon j with nucleons 
in open shells of the core. As a result, core nucleons from the orbit JT"1IT It-
are excited to the orbit J2 * 1 ^ i giving rise to core excited p-h states 
j ^ - 1 ^ with I* = 1*. In this way, beside the main 

components of the wave functions, additional configuration admixtures arise 
allowing the Ml transitions in question: 

)i> -o/.Jj,ic^;i./>T Z<*i\hi£\№X*f> 
Por our present considerations, two features of th i s interact ion are of 

special importance, ( i ) Core polarization phenomena should be s e n s i t i v e to 
she l l e f f ec t s : 

( i i ) Рог quantitative treatment, 
assumptions for the two-body Interaction should be mads. Arlma and Horlt *' 
who f i r s t performed such calculat ions used a o^-funotlon force 

v.*v,fämv$d$S. njajjE' 
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with [v. J « 1 , 5 IT | . I t i s of in teres t that r e a l i s t i c force« used In l a t e r 
calculat ions *' hare s imilar V f A , r a t i o s . With t h i s r a t i o , the interact ion 
between l i k e p a r t i c l e s ( e . g . odd proton with core protons) provides a contrib
ution of about four timms larger than that of unlike par t i c l e s ( e . g . odd prot
on with core neutrons). 

The influence of mesonic e f f ec t s on magnetic dlpole moment« and trans
i t i o n s i s associated with the general dependence of the magnetic operator on 
currents in the nucleus inc lus ive aeson exchange currents. Two of the graphs 
describing one-pion exchange current contributions' ' should be displayed 
here. The f i r s t of then (A) presents meson exchange 

associated with the electromagnetic interaction and graph В describes a pion 
emitted by the second p a r t i c l e which exc i tes an isobar N* deexcited by an 
electromagnetic t r a n s i t i o n . 

Generally, both e f f e c t s mentioned here: core polarizat ion and meson ex
change currents are usually taken into account by a modification of the magnet
i c dipole operator: -» 

The core polarizat ion i s thereby described by the la s t tera (spin-quadrupole 
in terac t ion) , which allows HI transi t ions with Al*2 , In the determination of 
the constants &8ч e , g - t l i e influence of the mesonic e f f e c t s are taken into 
consideration. 

2 . Lifetime measurements. Multidimensional nanosecond analys is with Ge(Li) 
detectors 

Lifetime measurements in the nanosecond region from which B(Ml) values 
were deduced ( f i g . l ) are performed in different laboratories with the delayed 
coincidence method. Here, a modern variant of t h i s method should be shortly 

A / presented' -" . 
In-c-eam experiments in heavy-ion reactions with several reaction channels 

open and off-beam studies of short- l ived radioactive isotope* deal with gamma-
ray spectra of high l i n e - d e n s i t y . Such spectra can be successful ly analyzed 
only by Ge(Li) detectors which however have modest timing propert ies . The ex
perience in the l a s t years, e .g . in Rossendorf and Dubna, resulted in a new 
modification of the delayed coincidence method which enables the multidimension
a l invest igat ion of nanosecond isomers with h a l f - l i v e s down to « 0 . 2 ns by the 
inclusion of the centroid-shi f t ana lys i s . The real p o s s i b i l i t i e s of th i s method 
can be only exploited when the f u l l energy-time information i s recorded, e .g . 
on the basis of a mini-computer ( e . g . HP 2116C in the Dubna var iant ) . 

Gamma-gamma delayed coincidences are measured by a TAC with a s c i n t i l l 
ation counter ( s tar t ) and a Ge(Li) detector ( s top) . After the experiment, 
windows are se lected in both energy spectra and the corresponding time curves 
are obtained. The energy dependence of the centroid pos i t ions along the gamma-
ray Ge(Li) spectrum i s deduced i n diagram form. Then, "delayed" gamma-rays 
can be eas i ly ident i f i ed and quantitatively analysed. 
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3. Syet«a.atlcs of 1-forbidden Ml transit ions 
The reduced transi t ion probabil i t ies B(H) of 1-forbidden KL transit ions 

in non-deforeed nuclei with 130<A<210 are presented in f i g . l . Thereby, the 
» - 1 
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Pig . 1 Nucleon-number dependence of the values B(M1) with A l " 2 . The 
t r a n s i t i o n in 2 « B i 1 ? 6 included i s of the type f 7 / ? - » h c 

The e r r o r s are evaluated to Ъе about 20^. 
r7/2-*n9/2" 

Э(М1) values are plotted versus the odd-nucleon number (e.g. transitions of the 
odd r.eutron are presented versus the neutron mraber Я). Additionally, average 
B(M1/ values for nuclei with the same even-nucleon number are shown. In this 
way, the dependence on the neutron number N as well as on the proton number Z 
can be studied simultaneously. Por some nucleon numbers only the B(M1) value 
in one nucleus is Known: for Z»58,60 (N=79,81, respectively), N«68 (Z"53)t 
H»118, 122, 124 (Z«*79, 81, respectively). The averaging procedure could not be 
applied in these cases. 

Por odd-ne»tron nuclei with 55^^681, the B(M1) values decrease strong
ly in the vicinity of R»82. A certain decrease is also appreciable for Z=50 
nuclei. Unambiguously, these are shell effects. They are expected according to 
the core polarization picture: the closed shell of like nucleons is stronger 
"felt" than that of unlike nucleons. 

The proton transitions in the region 51*Z*65 reveal a pronounced mini
mum for N"82 and considerably less appreciated minimum for Z»50. In this case, 
the filling of the unlike-nueleon shell seems to influence stronger the B(M1) 
values considered here as a "measure" of core-polarization. This is in sur
prising contradiction to the Vt/Vs ratio usually assumed (seel) which pre
dicts larger contributions from the interaction between like nucleons. 

In spite of this contradiction, it should be stressed that both cases 
discussed so far are in principle to understand in terms of tho core polariz
ation theory. 

This is not the case for the proton transitions in nuclei with 77^Z£83, 
Beside the irregularities in the general tendency with increasing values of If 
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and 2 , the most s tr iking fact i s that the average quantity B(M1) for 11=126 and 
2 s 82 (from OTT ,~g and (jiBij^g) i s not the lowest value as expected from 
the simple core-polarization picture but the highect one in th i s region. 

A simple sat is factory explanation for t h i s <?ramat4e behaviour of the Ml, 
Д 1*2 values in the region 774*Z£83 i s d i f f i c u l t to propose. Arima and Huang 
Lin/*/ found the contributions fron sesonic exchange currents for Za 82 nuclei 
to be nearly aa large as those from core polarization and with opposite phase. 
According to Towner et a l / ' , higher-order core-polarization contributions 
and vibrational admixtures' ' turn out to be more important than aesonic cor
rections in the formation of Ю. transit ion matrix elements i a closed shel l 
plus or minus one nucle i . Paar and Brant' ' found that quadrupole vibrational 
admixtures pract ica l ly does not influence Ml, Al*2 matrix elements of the 
operator CYJS)* 

Two further remarks of more general nature should be added. Recently, 
Greeksch et a l . " ehowed that Ml transit ions in different complex nuclei (bot-
ween С and Ca) can be s igni f icant ly influenced by the inclusion of Д(1236) 
resonance v irtual excitations into the conventional particlo-holc model (cf . 
graph В, з е с . 1 ) . 

Magnetic properties of nucle i , especia l ly 1-forbidden Ю-transitions are 
considered in the la s t years in connection with a possible existence of T-con
densate. The invest igat ions reveal that a detai led inclusion of one-oion e s -

/ 1 Л / change effects i s important for the correct description of these transitions/ ' . 
A talk about 1-forbidden Ml transit ions should include the Informatjon 

about a Ml "anomaly" in deformed odd-A nuclei concerning transit ions between 
orbitale 5/2"[402] and 7/2"[404] , ar is ing from the spherical s tates d^/-, arid 
®7/2 ^c*' f i S ' D « Рог a long time i t has been assumed that the strong deviation 
of the B(M1) value in Та i s eomewhat l ike a "pathological" exception. Cave-
ful l i fet ime measurements/11/ -n Rossendorf and Dubna (1 5 3Tb, 1 ^ 1 ' 1 ? 3 ' l 7 ^ ) Lu, 

' 'Та) revealed that we have to do with a systematical deviation which i s 
up to now not wel l understood. Nevertheless, i t seems sure that again mesonic 
currents and spin—polarization ef fects should be made responsible for this 
phenomenon/ ' . 
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ИССЛЕДОВАНИЕ ИЗМЕНЕНИЯ СТРУКТУРЫ АТОМНОЙ ОБОЛОЧКИ ПРМ М0НМ8АЦП АТОМА УРАНА 
ПО МЕТОДУ ЛМРАКА-40КА-С1ЕТЕРА 

Г. Норнах 
Обьедииеиний институт ядержмх неследований, Дубна, СССР 

Аннотация 
С помощью метода Днрака-Фока-Слетера рассчитано влияние вненных вакансий в 
атомных оболочках урана на энергетическую структуру оболочек атома и на энер
гии рентгеновских переходов. Обнаружены, наряду с возрастанием энергий рент
геновских переходов при последовательном удалении электронов с нанменьней энер
гией связи, отрицательные сдвиги рентгеновских энергий при удалении электронов 
из подоболочек 4f-уровней атома. 
1. Введение 
С развитием современных диагностических методов на основе спектроскопии харак
теристического рентгеновского излучения для анализа плазмы, ряда космических 
объектов, исследования процесса ионизации атомов в ионных источниках современ
ных ускорителей тяжелых ионов и для диагностики электронно-ионных колец, как 
они существуют на прототипе коллективного ускорителя тяжелых ионов [IJ, тре
буется в растущей мере знание энергетической структуры оболочек етома как функ
ции ионизационного состояния. 

В настящей работе исследуется влияние внешних вакансий на энергетическую 
структуру оболочек атома и на энергии рентгеновских переходов. Рассматриваются 
изменения энергетической структуры атома урана вплоть до ядра, полностью обо
дранного от электронов. 
2. Энергетическая структура атома урана в зависимости от ионизационного 
состояния 
В данной работе используется программа тнпа Дирака-Фока-Сл »тера [ 2J. Эта про
грамма рассчитывает самосогласованное потенциальное поле и радиальные орбиталь
ные функции для атомов или ионов на основе уравнения Дирака. Как потенциаль об
мена используется потенциал Слетера СЗ]. Для больних расстояний от ядра в асимп
тотическое поведение потенциала внесены поправки по методу, предложенному Ла-
тером С 4]. При всех расчетах принимается;, что между угловыми моментами сущест
вует jj-связи. 

Рассчитанные энергии уровней для всех степеней ионизации атома урана опуб
ликованы в работе Мориака и др. Г5]. На первом рисунке представлена зависимость 
полной энергии атома E t и её отдельных компонентов (кинетическая энергия электронов Ек, потенциальная энергия электроны-ядро Е„, средная энергия электростатического взаимодействия между электронами Ее и энергия обмена 2тг ) от степени ионизации атома. 
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Рис. I Зависимость полной энергии атома урана В* и её отдельных компонентов от степени ионизация I атома 

3. Сдвиги рентгеновских линяя 
При расчёт« сдвигов рентгеновских линял 
в зависимости от ионизационного состоя
ния атома урана принимается, что как об
разование дырок во внутренних оболочках 
атома, так м заполнение из расположенных 
выше оболочек происходит за время, зна
чительно меньне времени релаксация атом
ных состояний, т.е. при этом условии 
можно использовать для расчета анергии 
рентгеновских линий энергии уровней атом
ных состояний, имеющихся перед возникно
вением вакансий внутри атома. 

Рассчитанные из анергий атомных уров
ней урана сдвиги некоторых рентгеновских 
переходов в зависимости от степени иони
зации атома, представлены на ра<ч 2. 
Энергии рентгеновских переходов растают 
при последовательном удаления электронов 
из О-, Р- и Q-уровней. Однако, при уда
лении электронов из 4f -подободочек мож
но наблюдать противоположное поведение 
сдвигов рентгеновских энергий. Расчеты 
для ряда других элементов, имеющих за
полненные электронами 4 -подоболочки, 
в том числе свинец и гафний, показывают 
тот же самый эффект, как обнаружено у 
урана. 

Такое поведение сдвигов рентгеновских переходных энергии можно понимать сле
дующим образом: электроны, занимающие 4f -подоболочки, находятся на относитель
но больной радиальном расстоянии от ядра. Однако электроны со сравнительно низ
кими квантовыми числами сконцентрированы ближе к ядру в узком радиальном диапа
зоне. Так как электроны 4f -подоболочек находятся в сравяеняи с другими состоя
ниями электронов с больяими квантовыми числами, в маленьком радиальном диапазо
не, изменение плотности электронов *м -оболочек меньне влияет на экранирование 
электронов К-оболочки, чей иа выне расположенных состояниях. Вследствие такого 
эффекта изменение энергии связи электронов К-оболочки будет меньне, чем для ви
не расположенных уровней, что является причиной отрицательных сдвигов энергии 
рентгеновских переходов, потому что вообще изменение энергии связи электронов 
К-оболочки превышает изменение энергии связи других электронных состояний. 

Описанная выше особенность поведения сдвигов энергий рентгеновских лучей яв
ляется важным эффектом, который иеобходимо иметь ввиду при анализе характеристи
ческого рентгеновского излучения с целью определения ионизационного состояния 
атома. 
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Чтобы вроверать м о г аффввт, вроводваасв 
T U M расчет с вояощм програш тавов 
1артрв-4ока-Схетвра [б] • 1врака-*ока 
[7]. Прв 8тм полудевы те аг сване ва-
чесгвеввые ревуаьтатн, что еще рва под
тверждает суяествовавве ваадеввого эф
фекта. 

Рве. 2 Эвергетвческае ежввгв внбрвввнк евтгмовсквх переходов атома урава как вкцвв ковввацвовного состовввя I атома 
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