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4 . РЯВР4СЖ 
B. LIST OF PAM1C1PABIS 
C. SCIZ57I?IC FBOaUtSS 

ТЫ» report contain» review looter** aid original rear** eatationa of the 
"V-th International Syaposium oa th« Interactions of Toot Boatrooo with »aelel* 
organised by the Unclear Physics Oreup of the Technical University Dresden. 
Tho orgosisod annual Seminars and Syasooiua* how* traditionally the following; 
scientific progra—a; 
- experimental investigations of foot neutron induced naeloor reactions. 
- theories of nucleor reaction mechanisms, eeoeeiolly of prscompound 

processes; 
- nuclear level densityt 
- neutron data evaluation; 
- experimental techniques and data processing. 
The limited number of participants as well as the excellent conditions in the 
recreation center of the Technical University Dresden in the Seuasic-eaatle 
permited auch useful discussions between scientists stimulating further гезе-
srch work. 
/e would like to rank al l particioants, especially our lectures for their 

active work during the Sessions, panel discussions, personal consultations 
and Sociable events« They made i t a great pleasure for the organising Ooaaitfee 
to perform this 1T/5 meeting of t'ie "Gauesig Ileutron and Preequilibriua 21ub". 
Further we want to thank t;ie Rector and the International Department of the 
Technical University Dresden for t ie valuable euoport of this Jyaoooiua» A 
eoeciel thanks i s dus to the staff of the Gaussig recreation center« Ve would 
like to thank the Central Institute for iiuclear Research of the ЛсаЛеву of 
Science for making possible the publication of this report. 
And finally, we are much indepted to Oh« Oerleeh, B. Krause, И, Ludwig, R.Krau
se, i'.. Prent e l , U. Kaiser axul R. dichter for technical assistance. 
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?rof. Dr. sc. net. D. Jeeliger 
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вваатев i 
Carrent Probleme in (a,Sm)-Bometlama 

I. Olndre z> and J. Preheat 
Sarrlaa Fhyolo.no Baelealre Centra d'Btadee da Broyerae-lm-ebetel 
B.P. 61-92120' moBtrecge-Praaee 

rredomlneat aroaad 14 maT «bare moat aaaeuramenta of tho total reeetlea aroaa 
•tetlooa пате be«a performed, (the n,2n) roaetion haa bean a lane etaadiac fa-
ronrito aaoree of lnaplration for experimentere, eTalaatara and eyeteaatlsere. 
Brary aapeot of thooe reeetlooa «aa thoroughly analysed and effeete Ilk» obeli 
oloeurer laotople aad laotonie offooto «are repeatedly axmmiaed. It would thaa 
•ppear that after twenty yeara of internal?« etudiee, there weald bo little room 
for farther InTeetigation of thla reeotion. We afaall, eoneeaaeatly, aketeh In 
thla paper only тегу few probloaa that et111 oarry эаше lnteraat. Fortunately 
for phyelelate, theae are not ainer oaea, alaea they ooaprleei 
- the onderatandlng of the meohanlem of (nf2n) resetlona, 
- the Ceikal-Peto effect. Tie., generally apeeklag, the laetoplo and leotoale 
affoota In the ayatematioa of (n,2n) oroaa aeotlona. 

Other probloaa, marginal for the global underetaading of (п,2в) reaotlona bat 
•till earrylng eeme letereet, will be dleeneeed at the end of thla paper. 

1. TUB «СНАЯ18Ш 07 (n,2n) RBACTIOBB 
It wea known for валу yaara that етеп the aiapleot oloeed fora OTaporatlon 
formalae ean aooonnt for the total (n,2n) oroaa aeotlona In a wide range af 
•nergioe and nnolol within bettor than 20 to 30 * of tho experiment. 
We are, than, at preeent. Interacted in the difference, «blob. In the light af 
reaant lnTaatlgatlona (1,2) appeare to be negative (that la the oompound auo-
leaa evaporation formulae appear to OToroatlaate the experimental Taluea). Be-
Toral meebaalama are propoaed to aooount for thia difference, eome reaalnlng in 
tba frame af the etatletloel modal auoh aa reeetiaetiog the relatlTo Taloaa of 
fp and Г в 1B the region of U M - 8 (n) , eome adding aa« aeohaalaaa, auob aa 
direct or preoqnllibrlum contributlona. The two kind* of meohanieme aot In dif
ferent atagaa af the (n,2n) proceee and tbua modify difforont ooaponenta of tho 
(n,2n) oroae aeetlon. Tho former ( £ a*/^ его und 0 M*» 8(a)) meana eoeentially 
tba abbanden of tho ffelaakopf aaaumption. The latter meohanian, on the other 
hand, meto en tho primary apeotrum by hardening lt| tbua it reduoee the frao-
tian of neutrone oapable of glTlng riee to tba eaiaelon of aeoondary naatroao. 
•• ehell examine bath ef tboae meehanirma with reepeot to the elaple somaeand 
nuoleae eraporatlon modal aa a baala. In thla aenae «a ebonld firat define ear 
beela, i.e. the compound nuoleua modal ta be meed in the oaloulatien. 

Permanent addraaai laatltnt "Rudjer ВоокетЮ", Xagreb, TngaalaTla 

http://Fhyolo.no
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1 . 1 . с п и м i Basis«* aodsl Calealatisas 

•very asslear sayalss staseat la f a a l l l a r with the feet that ander tha aaaaaa 
t ieaa thmti 

• ) *• neglsst the oaissloa ef charged pwrtlelee 
o) the ealsslsa ef • sseead asatroa takes place whsasvsr It la energetically 

poeelblo (the Vsisskopf asaaastlon) aal 
e) the logsrltha ef the aaelsar level density«* (0) at a given excitation 

energy U, 
• (0) - log со (0) 

eea be estlsfsetorily expressed la teraa ef a Taylor expansion by keeping only 
the sere аай first order teraa. I.e. thatt 

8 (0) - 8 (0^) - ( В ш - U)g 

then the eroee eeotlon for tha ealaalon of oaa single (sad no asrs than 
new! 
(3) 
neutron after the ass i ses la boabarded with a neutron of energy B_ la gives by 

I I 

*(m,*')~V„[l + VLÜBI j « , I . *» - Н») 1 (1.1) 

Here 9 i s defined asi 

d8 (0) 
5ЛГГ (1.2) 

whleh la the well known theraodynealo relationship between the entropy and the 
t«sparsturei hence the denonlnetlon of 0 as nuclear teaperature (we not* that 
here 0 has the dinen*Ions of energy, while KT rather than the teapersturs T, 
haa the dlaeneione of energy in thsraodTnsaies). The quantity G f ^ stands for 
the reeetion cross section of the nucleus with a neutron of energy I . It is 
Tlslbl« thst when th« energy different« l B - 8(n) beooaea auch larger than 0 , 
СЗГ(п.п') will repreecnt only a «sail fraction of (Уол» The re^t ie then (n,2n), 
the eroee section for the mission of two consecutive neutrons given by ths 
obvious expressiont 

GT(n,2n) .(Г.. jl- (l + \ ) « P ( ^ ) ) (1.3) 

where öR • I B - 8(n). 
Stringent as they say s«sa at first sight, th« sbovs thre« sssuaptions sppesr 
te be quite well eetlefled for neutron energloa E several aeV s^ov« the (n,2n) 
threshold Q(n,2n) • 8(n) and below the threshold ef three particle ealeeion. 
This scans thet for a wide rang« of nuclei (heavier nuclei in psrtieulsr) the 
elspls closed fora expression (1.3) gives ths gsnersl trend of the (n,2n) cross 
sections quit« w«ll. An obvlou« consequence, for Instance, Is thst ths ssssntlsl 
psrsaster governing ff*fn,2n) is th« exceaa energy Ü„ (s«« insert fig. 1) and 
that meaningful coapsrleons of «roe» sections csn bs done only st eoapsrsbl« 
vsluss of U„. It hss tsksn sbout 1$ ysars to nuclear phyaloiats to realise this 
trlvlsl point. 
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1.2. Departuree from Simple Compound Huoleus evaporation Predictlone 
In order to systematically study the departuree from compound nucleus model eva
poration predictions, we present here the orose sections oaloulated systemati
cally for about 80 nuclei in the exoese energy range U. - 5-7 HeV [4]. The rea
sons for thie choice of U_ are twofold: 
1) 3(n,2n) - S(n) being, in general, 8-9 MeV, the region of UR » 6 oorraaponds 

roughly to 14-15 HeV incident energy, where a large number of experimental 
data exist; 

2) It can be shown that the compound nucleus evaporation calculations of the 
type described below are rather independent of the choice of two crucial pa
rameters* the density parameter a and the neutron inverse cross sections 
G* i n v(n); this "flatness" (in a two parameter plans) of the calculated (n,2n) 
cross sections makes them very suitable for a systematic comparison. 

?lg. 1 Ratio of experimental and simple evaporation (n,2n) cross sections 
(ref.[4P for values of the excess energy UH centered around 6 HeV (4Uo - И M«V). Dotted le the unity line«, the full line in a 
leaet square fit of the form аД + b. 

Figure 1 gives the results of the systsmatio oaloulatlon whloh is presented in 
more detail in the contribution by Holub et al. to this Conference [4]. We find 
the above results rather gratifying, as they show that in this most frequently 
encountered energy region (UR » 6 ± 1 MeV) a simple a priori compound nucleus 
calculation rendere the experimental values at leaet ae well as any of the ad 
hoo empirical, eemlempirlcal and quaslphenomenological formulae, the distribu
tion of the relative differences between experimental and evaluated cross eeo-
tions as given by the formulae of Pearletein [5), Adam and Jeki [б] and Chaeter-
Jee and ChatterJ ее [7 J respectively and the calculation of Holub et al. is given 
in fig. 2. Although the sample of experimental results is somewhat limited, one 
would be tempted to seriously question the usefulness of enpirioal expressions 
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in view of the global eucoeee of simple a priori (that Is without adjustable 
parameters) corn;-und nucleus calculation. It ie clear, however, that thie con
clusion is limited to the above convenient region of 0 R. We shall see that 
right above the (n,2n) threehold the discrepancy with experiment beoomes more 
severe. 

eo. 
SOi 

i 

4 
a*. 

гущ 

П 
! I i 
i i ...j i 

— CMttrjMlt) 
. _ АМпммиемПО 
— PfcarMMi (1) 
— РгамЫ «пгк 

-WO -eo - M -40 4 0 0 20 «0 
OwWwstlwÄ^» ю ю w> 

Fig. 2 Distribution of relative differences between experimental and evaluated 
(n,2n) cross sections as given by the calculations of Pearlsteln [5] 
Adam and Jeki [6], Chatterjee and Chatterjee [7] and Holub et al [4 J 
respectively. 

A more thorough examination of fig. 1 reveals that the bulk of the data lies 
below the unity lino. This means that, except for the region around A - 150 
(which, let it be noted en passant, la the region of deformed nuclei) the 
simple statistical model evaporation oalculations of ref. I_4J overestimate sy
stematically the experiment. This faot was observed earlier by Holub and Cindro 
[2j for the ratio polnte of experimental data vs. the Pearlstein eetimates [b] 

A leaet square fit analysis of the data points in fig. 1 gives a straight line: 
-0.000061 A + 0.92 G'exp ! G'stat 

58, (the very low point for A • 58 corresponding to ~ N1 was arbitrarily omitted), 
A X -analysis gives a similar results. The pertinent question to be asked is 
whether the above disorepanoy between the experimental and calculated data ie 
significant. In other words, oould a suitable change of parameters bring the 
calculated values in accordance with the experiment or does one need an exten
sion of the model. 
The first possibility is discussed in the contribution by Holub et al. [4] 
While it is likely thst draetie and erratlo ohanges of input parameters for 
eaoh individual nuoleue eoald bring the ratio points to or olose to unity, the 
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overall oanolualon of raf. [4] la that no ayateaatio Variation of tha paraaetero 
appllad In a aaaoth way to all tha nuelal oonld ahlft tha laaat aquare Una up 
to unity. Tha only exoeptlon, l.a. tha only paraaatar oapabla of aorlng up tha 
bulk of tha data polnta would ba tha raaotlon oroaa aeotlon 0" around 14 MaY, 
which waa taken from Hani at al. L8J. Although a ayataaatlo unoartalnty in tha 
optical model croaa aaotlona of raf. [в] la not unoonoeivable, thara la no 
othar independent evidence for the need of, eay, a deoreaaa of 0'тш by 10 %, 
Beeidee, thia deoreaaa would even woraen the diaacreeaent around A - 150, and, 
moreover, ita effect on the calculated oroae весtlone may ba more ooaplexi 
a consequent deoreaaa ef & *m(n) valuae uaad at neighbouring onergiaa would 
aofton the primary neutron enieeion apeotrua and thua tand to inoreeae the total 
(a,2n) croaa aeetiona. Thua explanationa calling for an extenaion of the model 
appear to be more likely. 

1.3. Extensions af the Simple Evaporation Model 
Straightforward axtenaiona of tha aiaple evaporation aadal oan ba obtained by 
dropping aoae of the aiapllfioationa uaad in tha calculation. A ooaaonly 
employed extenaion eonoiete in dropping the Welaakopf aeauaptiom, i.e. aaking 
fl ooapatitive with Г „ in the region of U # x*8(n) by, e.g. treating explicit
ly the effeeta of the angular momentum in the model. 

1.3.1. Coapetitivity of L 1 the decay of atatea near the neutron eaieeion 
thraahold 

Tn the evaporation oaloulation of raf. [4J tha aaauaption that a neutron la 
emitted whenever energetically poaeible waa not atrietly applied. Vv waa oalou-
lated froa the ffeiaakopf вingle particle formula [9Jt 

J n Ml <J(I„ - I„) dl«, (1.4) 
'f u(u . вп ) 0 • ' 

The eyabola In the expraaeion (1,4) are aelf-explanatory. The normalizing co
nfident Cf is calculated froa the experimentally eatiaatad width at the ex
citation energy U • S(n). 
It appeara, however, that the above eatiaate of Г* ia unauffiolant to account 
for the gamma decay of unbound atatea near the neutron ealeaion threshold. Row 
an undereatlaate of thia probability would mean an overeatimate of tha very low 
energy part of eeoondary ealeaion apaotrua and, ooneeoutlvely, an inereaee of 
the (n,2n) croae aeotion. It ahould, at tha eame time, produoa a deoraaaa in 
the oorreoponding total (n,n') oroaa aeotion. Hence, tha eame oompound nucleus 
theory which overeetlaateo the (n,2n) prooeaa ohould, whan applied to in-
elastio aoattaring, give (n,n*) oroea sections smaller than the experisental 
ones. This feet waa eheoked by Abboud et al, [lo] who found that experimental 
(n,n*) cross asotlons for ssvsral nuolai meaaured sbovs tha neutron Mission 
threshold were aotually larger than the ones calculated by tha coapound nuc
leus evaporation aodel. 
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In order to aoeoant for the dleorepenoy Oeeowekl et al. [li] porfomad а ooa-
plete ooapoend nooleua calculation lnoludlng the effeote of angular aomantuab 
The reeent lnveotigatlon of the apln dlatrlbutlon of atstea populated In a nuc
lear reaotlon at high excitation energies and the introduction of the concept ot 
yraat levele aada thia epproaoh pooalble. The underlying Idea wee that the sta-
tea where the gamma decay competes auooesafully with the particle emission are 
states of reletiTely high angular momentum. 
Let the inooalng neutron, whioh bringe in several unite of angular momentum (up 
to about 5-6 for a 14 HoV neutron on an A • 100 target) excite a stele of high 
angular moment«. As the firet emitted neutron carries away little angular mo
mentum on the average (low energy), the residual state is likely to be • high 
apin state. Its spin cannot be carried away by the (again low energy; second 
aeutroni hens* the possibility of the gamma decay eoapetition. For excitation 
energies muoh above the neutron eaission threshold this effect will be sasller, 
since the second neutron will have «ore energy available. 

T T — I — f T f f t Г I 

Pig. 3 Comparison of th* experimental oross sootions for the 1 3In(n,n») and 
2©4рь(п,г') oross sections to isomeric states of these nuclei (tri
angles) and th* '13ln(n,2n) snd 2<>*Pb(n,2n) cross sections (oircl**) 
with calculations, (a)» ooapound nucleus formation oross sootionsi 
(b)i (n,2n) oross sections; (o)< neutron total inslastie cross 
seotionsi (•) and (d) cross seotions for th* formation of an iso-

aerlo state with and without the gamma decay of unbound ststee, 
respectively. Th* shaded areas thus oorrsspond to the integrated 
oross ssotions originating froa ths gaaaa decay of unbound states (ref. [1?J). 

The results of the calculations of ref. [11] for 113In and 204?b are shown ia 
fig. 3. It appears thst *.g. the inelastic scattering to a given isosarl* stat* 
is considerably increased. It is not possible however, to estlasts th* contri
bution of ths gsaas deoay of unbound states to ths totsl inelaatlo oross sec
tion froa ths curves on fig. 3. In an earlier calculation Deeowski et al, 
estimate this contribution to 260 aad 120 ab, for, respectively, 9I and 'in 
target nnolol at 16 M*T n*ut"on energy. These value* are larger than the over
estimate* of th* *xp*rla*ntal value* by th* slaal* ev*pe**ti*> calculation* *f 



- 12 -

It io clear that crucial to the above interpretation la the behaviour of (n,n') 
and (n,2n) croee saotione around the (n,2n) threehold (1п«*8(п)). A point in 
favour of the assumed oompetitivity of f"j/ and Г п 1« the experimental obser
vation that (n,2n) reactions appear at bombarding energies by 0.5-1 msV higher 
than the (n,2n) threshold [l4, 15, 1b]. The same Is true for (n,3n) reactions, 
which may explain the failure of simple evaporation calculations of (n,2n) cross 
sections Just abcve the (n,3n) threshold. These observations would then delimit 
the range where th* Г\> v«. Г п competitivity is effective to 0.5-1 MeT above 
the particle ealaeion threehold. 

1.4. The preaence of nonequilibriuo processes 
As mentioned in the introduction nonequillbrium prooeeees may contribute to the 
emission of primary and secondary neutrons in the (n,2n) reactions. Their in
fluence will be felt ae a reduction in the value of the cross section as compa
red to the one calculated fron the simple evaporation model. 
There are two formally different ways to treat the nonequillciium processesi 
th.« inclusion of direct transitions to oolleotive states of the nucleus and the 
inclusion of presquilibrium processes using one of the existing models. Ve shall 
discuss now some results obtained by the two above approaches. 

1.4,1. The role of direct emiesion 
It is natural to include direct processes in the calculation of (n,2n) cross 
sections, since we know that they are present in the inelastic soattsring of 
medium energy neutrons. Enhance direct transitions to low lying levels of the 
residual nuclei will partiell; deplete the low energy part of the evaporation 
spectra and thus reduce the fraction of primary neutrons capable of giving rise 
to the emleeion of aeoondary neutrons. Typical valuea of angle integrated oroas 
sections for the inelastic scattering of medium energy neutrons on the first 2 
levels of some Se, Vd and Sm isotopes are shown in Table 1 (_15j. The analysis 
ahows that the scattering is largely due to direot processes, Heueer-Feshbach 
type calculations for the above processes giving typically values of a few 
cMllbarns, It appears thus that direct (non evaporative) scattering of, say, 
1'. MeV neutrons to only the low lying oolleotive states amounts to a few hund-
rei mlllibarns. This number le by itself sufficient to aooount for the diffe
rence between simple evaporation and experimental (n,2n) cross sections at this 
energy. 

Table 1: Angle integrated cross seotlons for the lnelaetlo scattering of medium 
energy neutrons to the first 2* state 

Nucleus 76 8s 82 8« 142. Hd 148. Nd 148, Sm 152 8m 
Energy (MeV) 6 14 14 

(2+) mb 204 184 254 209 65 224 178 76(a) 286 182(a) 
(a) Estimate based on parameters used to fit absolute angular distributions at 

7 MeV (Ch. Lagrange, Prlv, Comm.) 
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A aohematlo model for inelastic scattering based on direot transitions was de
veloped recently by Lukjanov et al. [^б] . The direct transition amplitude was 
calculated under the simplifying assumption that its main contributions come 
from the external region of nuclei. Using plane waves for the elastic scattering 
wave function and a simple asymptotic form for the radial dependence of the 
bound state muclear wave functions, they obtained the direct part of the engl: 
integrated neutron emission spectrum under the parametrized form: 

<*D <« » V • t ' ' S - ' ( tn- * > °-5) 

where В and £ stand for incident and outgoing neutron energies, respectively. 
n 

It was found that this expression fits well the forward peaked part of the spec
trum. The isotropic part of the spectrum was fitted by a Maxwellian shape: 

• M (€ ,Bn) - CC £ exp ( - I / 0 ) (1.6) 

i \ * — \ч- ' —* 

Pig. 4 The angle integrated total neutron spectrum and selected angular dis
tributions from 14.4 MeV neutrons + "Hbi experimental points, re
sult of the oaloulation (solid line), oontrlbution of direct processes 
(curve 1). (from ref, 07}). 

The above decomposition of the spectra is shown on fig. 4 for the neutron spec
tra of n • ' Nb at incident energies of 14.4 and 9.1 MeV respectively. Table 2 
shows the numerical results of ref. [l6j for a number of nuclei at 14.4 MeV. The 
fraction n of direot inelastic emissions (col. 6) is given as< 

< a P > 
n • » 

<<TD у 4 < 9* > 
The cross seotion S"(n.2n) in oolumn 7 of table 2 is the (n,2n) cross section 
calculated in ref. [l6j as one half of the Integrated experimental cross sec
tion for the emission of all neutrons (dots in fig. 4) and ths value of the en
ergy Integrated inelastic cross sections ( < <yD > + <ar*> ). 6*(all neutron 
Mission) • бЧп.п.,) • S4n,n2) * (n,n') • 2ff(n,2n), where S"(n,n') stands 
for purely inelastic (no second neutron) emission. It would thus appear that 
the above value of (<(J > +<CT > ) Is equal to 0"(n,n*), whloh doss not o«me 
out clearly from ref. [i6J. The ooeparlson with experiment (col. S) is rather 
•neatlefaotery. Column 9 gives the simple evsporetion results of ft. {.4]. 
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Table 2tDirect + compound analyaia of angle Integrated apeetra (refo. [l6Jand 
[14]) at 14.4 MeV 

I 1 
•ucl. 

89Y 

93>b 

52cr 

*F. 

59Co 

*-2 
mb/MeV2 

72 

84 

51 

31 

52 

6 
HeT 

1.17 

1.18 

1.21 

1.43 

1.25 

вЬ/МеГ 

0.34 

0.28 

0.49 

0.50 

0.39 

Bb 

235 

193 

338 

345 

270 

Bb 
1 
% 

1 

1240 | 16 

1470 J 12 

940 | 26 

790 

1010 

30 

21 

Cale. Cale. 
etn,2n)(f6)*tn,2n)exp. 

вЪ at 
1120 

1040 

110 

480 

480 

860 (a) 

1380 (b) 

350 (0) 

440 (d) 

Cale. 
*(n,2n)(4l 

•b 

995 

1596 

585 

837 

790 (e) 1 814 

(a) Ref. [14], 
(b) Ref. [13]» 
(c) Н. Benenn et el.. Unci. Phye. A115 (1968) 309 
(d) Heutron Croaa Sactlona, BWL-325 (1966) 
(e) AYerage taken from values reported in Z. Body, IHDC(Hun)-10 (1973) 

The orudlty of the oaloulation of ref. [16] and the abaenoe ol experimental in-
elaatle epeotra doea not peralt to conelude whether or not the Inclusion of the 
direct component dlatrlbuted over the whole range of the apectrum correspond« 
to reality. Thus we shall now dlaouaa the other method of including noneq.-lli-
brlum proceaaee, that la the use of existing preequilibriua modele. 

1.4.2. Preequllibrium proceeeea in (n,2n) reactions 
It ia not our aim to dlaouaa the preequilibrium proeesaea in any detail since 
they will be treated separately. We ahall only show the role they may play in 
multiple nucleon emiaaion at medium incident energiea (En~10-20 MeV). 
Let ua llluatrate thie role by the reeulte on 14 MeV neutron bombardment of 93Nb 
where both experimental data and oaleulatlene eziat [17J. The underlying idea 
la to aaeuae that in the primary emieelon of nuoleona both preequilibrium and 
equilibrium proceeaea are present; the secondary emission ia alao influenced 
bat In different way. A decompoaltion of the total neutron apeotru« from 14.6MeV 
neutren bombardment of 93J»b i.e. neutrons from (n.n'jO, (n,2n), (n,pn) and 
(n,np) ia shown in fig. 5, The mummed theoretical apeotrum waa obtained by ad
ding a preequilibriua term to the uaual Weiaakopf-fwing evaporation, Thie term 
wae obtained using the method deaorlbad by Cline and Blann [is] and with the 
nucleon oollieion rate parameters A * - A ^ / S where Д m were given by the free 
nucleon-nucleon eelllaion ratее of Kiltuehi end Kawai [19]. Thie oholee la äqui
valent to eoallng the preequilibrium contributions it ia significant that it 
agreee with Independent eotimetее from the analyaia of proton apeetra [ie]. 
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An Important point steaming fro« 
the analysis of rsf. [lVJls that 
the role of praequilibrlum In the 
secondary •miaalon la quit* 
negligible (at least for medium 
energy inoldent partlolaa. Thus 
Its effeot should be examined In 
the primary omission speotrum only. 
A simple way of obtaining a rough 
idea of the preequilibrium part in 
the total emission of neutrons is 
to fit the amission speotrum with 
an ansats of the formt 

Pig. 5 

EtMtVl 

Computed neutron emission spec
trum from 9Эяъ * n (14.b HsV) com
pared with the experiment (dots); 
dashed line: preequilibrium, 
dashsd-dotted line: equilibrium 
and full linei total spectrum, 
respectively (from ref. p7J). 

where U and Б + S(n) stand for the excitation energies of the residual and 
compound aystetn, respectively. The fitting using the above ansatz la perfor
med for neutron energies £ higher than a given energy £ f i t< £tn = E n ~ s(°) 
(emission of secondary neutrons impossible). The variable parameters in the fit 
are K.], K~ and T; the range of T was nevertheless restricted to values compa
tible with existing evaporation analyses. 

Thus the physical quantity obtained by adjusting T, K1 and K, to fit the higher 
energy part of the emission speotrum is the spectrum of the primary emitted 
neutrons, G"(n,n.,;6). Let it be kept in mind that this quantity should not be 
identified with the experimental angle Integrated spectra shown in figs. 5 and 
7, where all emitted neutrons (primary and secondary) are present. The values 
of T, K. and K, obtained from the neutron spectre of Tl at E. «14 MeV and 
7^Nb at En » 14.fe MeV by using the ansatz (1.7) are shown on table 3 |_20J» A 

comparison with values for '3Bb obtained in an earlier analysis [2l] (sane ex
perimental data, ваше aneatz) shows that the determination of T, K. and K~ ie 

far from being unambiguous. Thus the above described method of obtaining the 
preequilibrium contribution hae to be taken with more than a grain of salt. 
A byproduct of the above analysis are the values of the matrix element |M|2 
extracted by the comparison of the energy integrated preequilibrium part of 
(1.7) with the complete Griffin formula [24]. These values are compared in 
tabls 3 with values suggested from Independent analyses of Osdioll [22J and 
Kalbaoh L23J. As well as the values of T and K, the values of |H|2 obtained in 
ref. [20] should also be taken as indioatlvs. 
Starting from the above numbers it is possible, under certain assumptions, to 
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calculate the (a,2n) cross sections, w« take the calculated Integrated cross 
section for the scission of primary neutronsi 

QT(n,n1) - C(n,n') • S"(n,2n) •»• еГ(п,пр) • S"(n,na) • ... 

and the experiment cross section for the total neutron emission: 

GT(n,nt) «GKn.n') • 2<S(n,2n) + ОГ(п,пр) •C(n.pn) • CJ(n,noO + <э(п/>ш) * ... 

the latter obtained fron», e.g. Integrating the experimental neutron spectra 
(17, 25). Their difference: 

C ( n , n t ) - C ( n , n 1 ) -<3"(n,2n) 

gives £ (n,2n> assuming that <3> (n.pn) end (J(ntan) are negligible. The values 

of <У(п,2п) for 48Ti and 93ltb calculated using the sbove method and with fitted 
values of Т. К, and K2 obtained front table 3, are shown in table 4. The calcu
lated value for 93Hb at 14.о MeV (1265 в-Ь) somewhat underestimates the experi
ment (И44 - 104 mb). We remember that simple evaporation calculations of ref. 
[4] (1610 mb) overestimated the experiment. The part of preequilibrium vs. com
pound emission is eetlsnted in ref. Гго1 to 10 * vs. 90 % for '3Nb end to 8 % 
vs. 92 * for Ti. T1.4BS numbers refer, of course, to primary emission; as. 
however, the secondary emission proceeds essentially by evaporation only, these 
numbers give an indication of the preequilibrium contribution to (n,2n) cross 
sections also. 
A somewhat different approach in establishing the preequilibrium contribution 
lr. the (n,2n) сгов" C!Ctir»ns was adopted by Bayhurst et al. |j4j. 
These authors have fitted excitation functions of (n,2n) resetions from thres
hold to 28 MeV for several nuclei by adding a preequilibrium term to the eva
poration formula. Their evaporation calculation differ from the one in ref. [4] 
in the values of (j inv(n) ar-d "• different estimate ofFv . Moreover, a different 
set of level densities was adopted end the effects of angular momentum were ex
plicitly taken into account for outgoing (primary) neutrons leaving the (first) 
residual nucleus with en excitation U 2 MeV. A sample of the results of ref. 
Г14] is shown in fig. <>. Table 5 compares the values for che compound nucleus 
(n,2n) cross sections given in ref. [ u ] with those of refs. [4] and [5 ] for 

Tm at En • 10-14 MeV. Even when taking into account the above mentioned dif
ferences in the calculations, the comparison is surprising, since the low va
lues of <5c(n,2n) quoted in ref. [14] are obtained without an apparent scaling 
factor. 
The absolute value of the preequilibrium contribution wee calculated in ref. 
[14 J by using decay rates \ reduced by a factor of 4 as compared to the values 
of X obtained from the free nuoleon interaction matrix element of Kikuchi end 
Kawai [l°J; the corresponding factor was 5 in the calculations of Hermann et al. 
(ref. [17J). Tr.e calculations of ref. [14] show, in general, >»n increasing contri
bution of preequilibrium processes at higher Incident energies. For 1b9Tm the 
contributions of equilibrium ani preequilibrium emisnlons become equal at E » 
П MeV (Pig. 5). " 
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Tabl« 3i Values of T, K1 end K» and|l«l obtained from fitting the expression 

(t.?) to neutron emission spectra (ref. [20̂ f) 

Sacl . ^ t h . £ f i t 
En-3(n)j K e V 

4 T i 2.4 j 3.4 

93%'b 5.9 

9 3: ib 5.e 

Я.2 

J • 

5.R 

— I ] 
T ; к, 
VeV | K e V - 2 

1.6 

1.24 

1.3 

1.24 

MeV2 
2 

X 

0.17.TO"4 C.35.10~313.5 

0.045«10"40.34-Ю"3 

0.054*1C"40.38-10"3 3.1 

0.03.1O-3 0.62.10"3 

L -

>"i 2 

Cale. 

4 .3 -Ю" 5 

1 . V 1 0 - 5 

1.2'10~5 

M 2 

Gad.(a) 

6.8.10~5 

0 .96 -Ю" 5 

0 .96-Ю" 5 

M 2 

Kal. (a) 

6.3-10~5 

. . 05 -Ю" 5 

1.05*1C"5 

Incident r.ejtron energies for Tl e-.d "Kb, E = 14 and 14.6" ~eV reapectiv. 
(3) !::. !2 lad = V , 3 :.'eV2 (ref. [??]), ;"i2 Kal =' 1<Ю/А3Е :.IeV2 (ref.[23J) 
!o) тезЛ: Г re- re f. [21] 

.asle 4; V'-il^s Tf (TCn.r..,), ffCr-.n') 3ndff(n,2n) deduced from t:-.e fitted 
-al-.i?3 of ;:1? K, a-ri : fror. :atle 3 (ref. [?ф 

.'^cle.;ö, S_ 

^Змь, 14.6 

exp. 

1576 <»> 

2910 ^ 

c i l c . 

"?59 

1й-55 

о ' ' . , п ' ) 
Cb\~.. 

055 

41? 

G(n,2n) 
CF\lC. 

30 4 

1265 

<э(п,2п) 
exp . 

1444 i Ю4 ( Ъ ) 

(я) obtained from the зл^1е integrated spectra of refs. f 17J aad f25 
•. 1) ref. [13] 
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Table 5: Compound nucleus cross sections 
c(n,2n) for Tm calculated from 

refs. [ u ] , [4] and [5]. 

E„ (MeV n 

10 

12 

14 

16 

18 

(5c(n,2n) mb 
Ref (U) 

1250 

1650 

1650 

1500 

1000 

Ref (4) 

1523 

2100 

2200 

2157 

1336 

Ref (5) 

1308 

2006 

2186 

1385 

813 

12 I« 20 24 
Neutron Energy (MeV) 

tnd experimental 

Ab ovo preequilibrium calculations 
While ordinarily the analysis of 
spectra and excitation functions is 
performed by comparing an incoherent 
еож of equilibrium and preequilibrium 
"omponents to the relevant physical 
quantities, it le tempting to undertake 
a complete preequilibrium calculation 
equivalent to stating that th* equili
brium Is the end of a long equilibration 
process. A complete calculation based 
on, aay, t.e exclton model should thus 
be able to account for both preequili
brium and equilibrium features of a 
reaction. Without discussing In detail 
tne possible difficulties of euch an approach, we present here золе preliminary 
results obtained by Berslllon and Faugere [271. 
The crucial point of 9 ich calculations is the representation of the time evolu
tion of the particle emleslon rate. In the excitor, model, thle quantity can be 
obtained by solving the set of coupled equations known ae "neeter equations" 
[24]. we can, conveniently, represent these equations by a flow diagram, where 
each considered configuration (n 

Pig. 6 Calculated an 
cross sections for '"Тпцп.гпроЭТт. 
The upper part of the figure shows 
the fits of an equilibrium plue pre
equilibrium component for three 
different values of k, the scaling 
factor for the transition rate Я 2 in the preequilibrium modal. 
The lower part of the figure shows 
the decomposition of the fit (full-
curve) into the equilibrium (short 
dashed curve) and the preequilibrium 
component with к * 4 (long dashed 
curve) (ref. Цф. 

У 2*E
exc) ie represented 0 - (2p,1h) = 3 to n 

by a box. w (p,h) represent the energy integrale of the particle emission pro
babilities w(p,h,£) for each particular box. The time evolution of a reaction 
corresponds In this schematic model to the time evolution of the population of 

the different boxes leading to •mission rates characteristic of each given in

stant. At the time the emission of the particle(e) has taken place the popula

tion of the boxes should be zero (1O0 % emission). 
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Р(г7о,0Ы 
А» 

Т^ 
д- F 

и т^ 
Thia problem ooald be treated la two waye. The master equation« can be solved 
numerically by taking f i n i t e time i n t e r v a l e At . This «as done, f a r in s tance , 
by Cllne [ г в ] and by S l ine and Blann f i e ] by taking time i n t e r v a l s A t of the 
order of one percent of the man t r a n s i t i o n time. The temporal evo lut ion of a 
t y p i c a l reac t ion a ho we a gradual e h i f t from the harder preequ i l ibr lu* to so f t er 
"Hawaiian with a t a i l " amies loa spec tra . 

ntt/MW * l лги*-«* 

W r l j =<m«wsi> 

0 2 * 4 * 

M g . 7 The re su l t of an ab ovo c a l i u l e t i o n obtained by so lv ing the master 
equations of ref . f 2 4 j . The ps inte and crosses represent the angle i n 
tegrated t o t a l neutron spectra from the i n t e r a c t i o n of 14.ft SeV neu
trons with 93jJb. The two l i n e s Сt-j and t j ) represent ca l cu la ted primary 
emission spectra at instante of time corresponding to 61 • 10~228 and 
IOC 00 . 10 -22 e , r e spec t ive ly ( re f . [2qD. 

Recently Bere l l lon and r a r e r e |_2TJ have attempted to s o l v e a n a l y t i c a l l y the 
master equat ions . ?he exnn.ple shown in Pi/?. 7 Is the emienlon of prlma-y neu
trons fo l lowing the 14.- *»eV neutron bombardment of Nb. The I n i t i a l conf igu
rat ion contained n * 3 e x c i t o n s , P(n , 0 ) = 1, the 1ecey r a t e s Д where those of 
*llll*!r.8 [ ™ ] with | x i 2 = ч/А3 i * e ' / 2 [ 2 2 ] anl the s i n g l e p a r t i c l e l e v e l dens i ty 
parameter g = A/11 .* Ve7~ . 

The spectrum of the prinary emitted neutrons i s shown at two i n s t a n t e : 
-">? »22 

t 1 » M . 1 3 *" e and t - » 10 000.10 s corresponding, r e s p e c t i v e l y , to rough.ly 
24 * and 100 I emission. The evolut ion of the spectrum towards a "Maxwellian with 
a t a l l " shape i s quite v i s i b l e ( n o t i c e the log s c a l e ! ) . 
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It is Instructive to совраге, even partially, these results with experiment. 
The potnta and oroases on fig. 7 represent the experimental total emission 
epectrum (all neutrcne). Only primary neutrons are, however, present for en
ergies £ >5.P NeV. The curve t- fite this part of the spectrum quite «ell. The 

—1R 
equilibration time t_ » 10 в Is not unreasonable either. A more extended set 
of analyses la, however, needed before a definite judgement could be rendered. 

2. THE CS1KAI-PET2 EFPBCT REVISITED 
In 19f6 Csikai and Pet3 [зо] mads the observation that a regularity exista In 
the (Я-Z) dependency of (n,2n) cross sections at a given excess energy 11ц. 
Taklns the existing .lata for 0 R • 3 meV and using the sisals fslmskopf formula 
(1.3) to adjust some other data to UR » 3 m«V, Calkal and Pate observed that 
for constant values of the neutron number H the (n,2n) cross sections for U_ * 
3 *eV plotted against R~Z 11a on straight lines approximately parallel to each 
other (except for H - 2-) and this irrespectively of Z being even or odd. Thus 
a simple empirical formula was deduced giving: 

GT<3 iA:, я) » €Г(г,я) • «(uR)Az (2.1) 
«ith m - ?31 for UR = 3 «eV and all values in alllibarne. This so called 
Calkal-?et4 effect wee extensively used by «valuators and recommended valuta 
of (n,2n) croae sections wer« siven on the basis of the above expression. 
The newly obtained values of (n,2n) cross sections for a wide range of incident 
energiee and In particular the aeaauremente on series of isotopes like the onee 
presented at this Conference j_ 13J permit, at present, a critical revaluation 
of the original observe'ions which led to the expression (2.1). 
Let us first say that simple evaooretion formulas like the Jeieekopf one (e.g. 
1.3) are unable to reproduce the Ceikai-Pets trend, as they give thr (n,2n) 
cross section essentially as в function of only one peraseter, the excess en
ergy UR. it is nevertheless plausible that at residual excess energies UR aid-
way betvaen the (n,2n) threshold end saturation (the letter roughly coinciding 
with the (n,3r) threshold) there should be • rising effect on (n,2n) cross sec* 
tione sa (R-Z) lncreeses: neutrons are more likely emitted when their relative 
fraction in the nucleus increases. Trends in cross sections for series of iso
topes shown in ref. [l3J exhibit this feet rather clearly. 
Plguree Я end 9 show whet would be the Olkal-Petö effect for в number of ieo-
tonee around N » 50 and 82 respectively end for e set of velues of the reelduel 
excitation UR. The (n,3n) threshold lies normally 7-8 HeV above the (n,2n) 
thresholdj UR » 3 HeV is thue midway between the two. It appears that the croes 
sections for givsn values of R and UR have в mounting tendency, but the letter 
is rather Irregular, the slopes varying with both UR and R, Besides, the scat
ter of experiaental points is such that substantial variations of the slope of 
the lines passing through dete polnte are permitted. 
The date shown in the figure* 8 end 9 ere froe recent compilations of B3dj [31] 
end Rondeleh [32J and from e fsw recent aeeeuremente of (n,2n) cross section«. 
We have not Included in the dete eny edjueted veluee, i.e. we have not eceled 
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tha (п,2в> eroaa aoetlooa at different wl»'. o* 0». by the uae of tha welaa-
kopf formula (1.3). 

• s w a w a a e n • • 

H g . 8 Г - flr-Z) dependency of tha (a.2a) eroma eectlooe at varloue veloea of 
the «xceao energy Oa for aavaral iaotooaa around R « 50. lotlea tha 
ohaagee in the vartTeel acala. 

л«» 
1 1 . М Ч . .>••» 

»4 

• • * * • • • » « * ! ^ v — **- • * » I I I t ) 

J» | i t l W 

* I - 20 . »••» 

и .;T i«H 
{! 

j o •* .: 

N=78 N=80 N=8* N=86 N=88 N=90 j ; / 

к » л я it 

Pig. 9 The (H-2) dependency of the (n,2n) crone aectlone at varioue valuea of 
the exceas energy "Je for eeveri 
change* in the vertical eeale. the exceas energy "Jo for ватаге .aotonea around N » 82. Rot Ice tha tie 

Thua, 10 yeara later and with a l«rg,- umber of experlaental data tnilthl*, wv 
can aay that while tha original obeen -tlon of Ca ileal and Pets atlll atande in 
the евnee that (n,2n) croaa sections for UR « 3 MeV rise when plotted та. (Ä-Z) 
the regularity of the гlee and the generality of thle statement (hence lta app
licability for evaluation purpoeea at UR 4 3 M«V) le certainly not borne out by 
experiment. 

3. CONCLUSIONS 
We have briefly discussed two klnde of problew« related to (n,2n) reactlone. 
The first one relatee to the reaction meohaniam. *e have aeen that tha (r.,2n) 
cross eectlona are reproduced to whit In about 20 К by a eiaple evaporation for
mula, at leaat Гог energiea wall above the (nf2n) but etill below the (n,3n) 
threeholde. The difference can be accounted for either by aaklng the model more 
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aophleticatad (effecte of Го a n d T ^ ) or by adding nonequilibriun oontribu-
tlone. It le possible that, e.g. near the (n,2n) threahold, both of these me
chanisms are preaent and neoeaeary. It la our feeling, however, that the In
clusion of preequllibrlum proceaaaa haa the advantage of giving a unified view 
of the process. 
As to the observed (N-Z) regularities in (n,2n) cross sections known as the 
Csikai-Petö effect, It appears that a more extensive analysis of data do not 
bear out their generality. 

The authors are indebted t- 0. Moeinski for a number of numerical calculations 
and constant assistance in writing this paper. 
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MKASUREMERT OP (n,2n) AID (n,3n) CROSS SECTIOIS AT HCIDHTC EHEROIBS BBrWEBH 
8 AID 15 MeV 

j . ланАОТ - о. M. MOSMSKI 

Serviee Physique Huoleaire Centre d'Etudss de Brujrerss-le-Chmtel 
B.P. 61-92120-Montrouge-Franoe 

ABSTRACT 
Croaa eeations of (n,2n) and (n,3n) reaotiena war» memsursd for aaveral nuoli-
dea between 8 and 15 MeV using a large liquid s c in t i l l a tor to count the neu
tron« direotly. Measurements were ma's relat ive to the f i s s ion oross section 
sf 238U for the Wd isotopes 142-144-146-148-150, for the Sm Isotopes 148-150-
152-154 and for the natural elements Ti, V, Cr, Cu, Zr, Mo and Pb. 

The relative accuracy of the measurementa was generally of the order of 5 to 
10 * . 

INTRODUCTION 
The aetlvation technique generally used to measure (n,2n) and (n,3n) oross 
sections is based on the determination of the activity produced in a sample 
after neutron bombardment, and is therefore limited to nuclides which leave a 
suitably active residual isotope. The large liquid scintillator method used in 
the present experiment is based on the detection of the emitted neutrons and 
thus can be used for any nuclide, provided that several grama of material are 
available. This method is of particular interest for providing (n,2n) arose 
sections for natural elements and for the different isotopes of a given element 

EXPERIMENTAL METHOD 
A description of the principle of the sethod and details of the experimental 
set up and of corrections are given elsewhere [l, 2J- The experiment relies on 
two properties of the neutron detector, a large Od-loaded liquid scintillators 
its high neutron efficiency and the relatively long lifetime In the scintilla
tor for neutrons before capture. This gives identification of an (n,2n) event 
by two separate pulses in the scintillator within the 30 #us following the event 

Detection of (n,2n) and (n,3n) events 
About 10 to 15 grams of the sample to be measured art plsoed at t J center of 
the scintillator and irradiated by a oollimated neutron bean. Weutrons are pro
duced by the D(d,n)3He reaction, using a gaseous target and the 14 MeV tandem 
Van de Oraaff accelerator puleed at a frequency of 2,5 MHz (pulse width ~ 2 ns). 
An electrostatic beam sweeper is used to keep only three burets within each 
60 /us Interval, 



- 25 -

After eaoh group of three burete, a 30 ,us counting gat« is opened at the oat-
put of the liquid acintlllator. The number of gates containing 0, 1, 2, ... 
•ulsee are reoorded during a run. These data are corrected for the two eeureee 
of background in the scintillator: 
- The natural background, measured for the ваше number of counting gatев with 
the aocelerator beam off. 

- The aocelerator dependent background, measured with the beam on and the samp
le out for the ваше number of incident neutrons. 

The data are rleo corrected for the detection dead time (120 ne), for the de
tector efficiency (~75 %), and for the possibility of two (n,n') or (n,n) 
events occuring in the same counting gate, being then indistinguishable from a 
(n,2n) event. 
These corrections give the number of gates containing 2 or 3 neutrons, i.e. the 
number of (n.2n) and (n,3n) events, for non fissionable materials. 
In the case of fissionable materials, it is necessary to subtract the fission 
events of neutron multiplicity 2 or 3. The total number of fieaions oan be cal
culated from the higher measured multiplicities (> 4) using fission multiplici
ty distributions previously determined with a fission chamber [_3j. These dis
tributions and the calculated number of fission thus enable one to deduce the 
number of fission events of multiplicity 2 or 3. 

(n,2n} and (n,3n) cross section determinations 
A relative incident neutron flux measurement allows the (n,2n) and (n,3n) eroea 
sections to be normalized on a reference cross section. 
In the case of fissionable materials, (n,2n) and (n,3n) cross sections can be 
directly obtained relative to their fission cross section, aince the number of 
fleelon events occuring during the measurement is also determined. Because of 
the lack of accurately determined (n,2n) cross sections, a fission cross sec
tion was also choosen es reference for non fissionable materials, the fission 
cross section of 

Relative flux measurement 
The flux monitor consists of a small liquid scintillator located 1,5 meter be
hind the sample, in the collimated neutron beam, Monoenergetic incidnet neu
trons in the energy range 6-15 MeV are produced using the D(d,n)^He reaction. 
With the pulsing system adopted, it is poseibla, by the time-uf-flight techni
que, to separate the monoenergetic neutrons, the only neutrons which induce 
(n,2n) or (n,3n) reactions, from deuteron break-up neutrons as well as from 
neutrons induced by (d,n) reactions on the target materials. This technique 
provides very preoisa relative flux measurement for (n,2n) and (n,3n) reactiona. 
A relative determination of the efficiency of the monitor versus neutron ener
gy, uelng the results of a Monte-Carlo calculation, allows, in the case of 
an aoourate determination of the apparent fission cross eeotion and of the fie-
sion neutron multlplitles. This calibration is neoeaeary ainoe, in contraat to 
(n,2n) or (n,3n) events, flaeion eventв say be induesd by the secondary neutron«. 
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RESULTS 
252 The large liquid aolntillator efficiency wae determined using a J Of eource 

aud assuming • value of \) • 3.732 - 0.000 for the average number of prompt neu
trons emitted per epontaneoua flesion. 
The etandard fission сroeв section of 34J used for the normalization of the 
results was taken from the evaluation of SOWEBBY et al. [4]. 

Error derivation 
The errore quoted are etandard errore derived by quadratic addition of the eta-
tietloal errore of the experimental data and the errors of the correctlone. Th* 
uncertainties of the standard! 
'^1, have not bean included. 

242 
uncertainties of the standards, у for J Cf and the fission cross section of 

(n,2n) and (n,3n) cross sections 
The cross sections for 7 natural elements end for the measured Nd and Sm iso-
topee are given in table 1 and 2 respectively together with the 

238ц 
fission 

cross section used as a standard. 
Enriched Isotopes were used for the measurements on Neodymium and Samarium. 
The contribution of the non measured isotopes present in small quantities in 
the eamples »as subtracted using the respective calculated cross sections gi
ven by PEARLSTEIN [5]. 
Earlier measurements using the eame technique for 16 other nuclei end 3 natu
ral demente have been reported elsewhere [б, 7J. 

DISCUSSION 
The results for the eeven measured natural elements are plotted in figures 1 
and 2. Plots for Ti, Cr and Zr show an elbow in the rising slope of the (n,2n) 
cross section at an energy just above the threshold for the most abundant iso
tope« 12 MeV for Ti (48Ti, 73,9 * ) , 12.5 MeV for Cr (52Cr, 83,7 *) and 12.5 MeV 
for Zr (90Zr, 51,5 * ) . 
In the case of vanadium, the contribution of the 0,24 % abundant V Is negli-
glbleand the measured cross section is in fact that of the V Isotope. 
Results obtained for the Cu sample are in agreement with the values obtained 
from the measurements published for the Cu and 5Cu isotopes [вJ. 
The large liquid scintillator method was also used by MATHER et al. for (n,2n) 
cross section measurements on natural elements 9 , Their results for Mo at 
12.4 and 14.3 MeV are consistent with the valuee obtained in the present ex
periment; their results for Cu at 14.06 MeV and for Pb at 12,4 and 14.06 MeV 
are however 10 % lower. 
Figure 3 presents the measured cross sections for Sm and Nd plotted versus the 
mass number A for different values of the exceee energy U« above threshold, 
which corresponds to the total kinetic energy available for the two emitted 
neutrone. 
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Table it 
Experimental results for the (n,2n) cross section of Ti, V, Cr, Cu, Zr, Ho and 
Pb. Cross sections are normalized on the fission cross section of 

238,, 
as eva

luated by Sowerby et a l . [ 4 ] 
B „ ± Л В п 

n n 
HeV 

9 ,44 *0 ,120 

9 , 9 3 * 0 , 1 1 0 

10 ,19*0 ,100 

11 ,44*0 ,090 

11 ,88*0 ,090 

12 ,36*0 ,080 

12 ,85*0 ,080 

13 ,33*0 ,080 

13 ,80*0 ,070 

14 ,76*0 ,076 

QT, mo 

238ц 

960 

952 

949 

957 

965 

978 

999 

1031 

1086 

1216 

T i 

13* 1 

4 1 * 3 

53* 3 

103* 7 

190*13 

279*19 

386*26 

501*35 

V 

18* 2 

8 0 * 6 

173*12 

288*19 

405*28 

527*36 

629*44 

Sr(n,2n) , 

Cr 

30* 2 

57* 3 

70* 4 

7 5 * 6 

143*10 

226*16 

323*22 

451*32 

Cu 

10* 2 

8 8 * 5 

160* 9 

260*18 

379*19 

487*33 

582*40 

677*48 

mb 

Zr 

199*14 

290*14 

320*15 

482*24 

516*26 

600*40 

705*47 

848*58 

992*68 

1058*74 

Ho 

199*10 

366*17 

458*21 

799*39 

895*44 

1026*68 

1115*74 

1166*79 

1245*35 

1252*88 

Pb 

934* 44 

1162* 54 

1275* 59 

1722* 83 

1780* 88 

1945*129 

2033*136 

2111*143 

2260*154 

2235*156 
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1 0 . 9 1 + 0 . 
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1 2 . 8 5 i 0 . 

1 3 , 8 0 У 0 . 

1 4 . 2 b + 0 . 

1 4 , 7 6 + 0 . 

4 
J " l , m b 

14. Nd 

, 150 

. 1 K' 

, 140 

, 12 

, 12') 

1 l о 

100 

100 

0 9 0 

0 8 0 

ото 
07 0 

ОТО 

1 2 . Ь5 * 0 . 0 8 0 

1 3 . 8 0 t 0 , 0 7 0 

1 4 . 2 8 + 0 . 0 7 0 

14 . Tb + 0 . 070 

L^_ 

'10 5 

' '57 

4 6 2 

9 6 3 

"c>4 

9 6 0 

9 5 2 

9 4 8 

9 5 2 

9 6 5 

9 9 9 

1086 

1136 

1216 

9 9 9 

1086 

1136 

12 16 

2 2 2 + 17 

470 + 26 

9 7 8 + 6 6 

1473 + 98 

1V25 + 118 

2 0 7 7 + 146 

! 4 I 
N d 

1 16 N d 148, 
Nd 

150 
Nd 

: 18, I 150. . 152 1 54 

<5~ (n , 2 n) , m b 

145 + 14 

332 + 21 

6 4 5 + 31 

8 9 3 + 4 3 

1 1 8 6 + 5 6 

1276 + 61 

1414 + 68 

1 5 6 5 + 102 

1727 + 120 

1727 + 1 2 1 

1 7 5 5 + 127 
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I 
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1049 \ 49 
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1 10 t 14 

56 5 + 29 

96 5 + 16 

12 19 t 61 
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1942 У 129 
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ВЮМЬМ 

llWate.f Ы « — 

Cr 

fr 1J. U . !«• H-

F l g . 1 Experimental (n ,2n) cross s e c t i o n s for T i t V, Cr and Cu In the neutron 
energy range 8-15 MeVs + Present experiment, Ref. [ 9 ] 

erved dependency on A eeeme t o vary with UR, Moreover, the e lopes predicted by 

CSIKAI and PETO [10J have assumed з l i n e a r dependency oi' ihe (n ,2n) cross s e c 
t i o n vereue A at constant excess energy UR and for Z con tan t . Stre igh- l i n e s 
can in f a c t be drawn through our experimental p o i n t s , but the s lope of the ob-
eerved dependency on A seems t o vary with UR, Moreover 
ref . L10J are larger than the present ly observed ones . 

The ADAM-JEKI phenoir.enologlcal formula [11J derived for UR * 3 MeV a l s o e x h i 
b i t s a too iargp dependency of C ( n , 2 n ) vers :s A, 

The valuee given by PEARLSTEIN's semi-empirical c n l o u l e t i o n s ere 10 to 15 % l a r -
I / O 

ger than the results of the present measurement, except for Ad, / е е fh -t 

are fehout 10 % lower. Nevertheless, the general er ape of the dependency of 
&(n,2n) versus A for ft given Z is fairly well reproducnd In both cases, except 
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(n ,2n) eroaa aaetiona f o r Zr, Ho an* РЪ i n the 
8-15 MaV: +, aPreaent experiment, a Ref. [9J 

2 Experimental (n ,2n) eroaa aaetiona f o r Zr, Ho an* РЪ i n„ t£e nautron 
energy range 
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Sm 
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3 Experimental oroee etotlona for Sa and Hd laotopaa plotted veraue the mess number A for different valuea of the exceaa energy U„ 
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for , c Nd above «R « 3 MaV. 

CONCLUSION 

(n,2n) cros s s e c t i o n s f o r s tructure mater ia ls era needed far tha des ign of f u 
s ion r e a c t o r s . The present r e s u l t s era to date the only ones t o cover the e n t i r e 
energy range from threshold to 15 MeV for severa l such m a t e r i a l s . 

Measurements of (a ,2n) cross s e c t i o n s for s e r i e s of i s o t o p e s g i v e more funda
mental information on the process i t s e l f and should help f o r a b e t t e r under
standing of the mechanism of mult ip le neutron emiss ion. 
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THE ROLI OP PRECOMPOUSD PROCESSES IE HUCLBAR REACTIONS WITH MULTIPLE Ю&ЛОЕ 

EMISSION 

A. Meister, D. Seeliger, K. Seidel 
Technische Univeraität Dresden, Sektion Phyaik, DDR 8027 Dresden, 
MommeenstraQe 13, GDR 

Abstract 

The knowledge, that precompound processes play an lncreaaing role in (n,n') 
and (n,p)-reactions with incident energies Ä 1 0 MeV and can wall described 
«lth preequilibriun models, is used to evaluate their influence on the follo
wing nucleon eniselons. Eapeclally the (n,2n), (n,pn) and (n,np) reactions 
are studied around 14 MeV incidence »noг 15/. Always cross sections, calculated 
with inclusion of preequillbrium emissions, are coopered with such, where the 
same parameters are used, but precompound emissions are neglected and ao the 
reactiona are described only as successire compound nucleua evaporations -
the ueually used procedure in the past. The Influence of precompound proces
ses on the reaction cross sections is found to ba in dependence on the mass 
number (50*A*1Bo) and incidence energy (8*6n* '° "'^ ln the »••*"• of a 
few percent up to some orders of magnitude. 
After studies of the systematica of thi» effect evaluations for several nuclei 
are carried out. 

1. Introduction 
The spectra of the (n,n*) and (n,p) reactions after 14 MeV neutron bombard
ment of nuclei show an aopreciable contribution of precompound emissions [l,2j. 
The relatione are illuminated in fig. 1, where for a mean nuclear aystern with 

mass number A = Ю 0 calculated spectra 
are given, which represent the experimen
tal values. For comparision spectra cal
culated with the ease parameters but with 
neglect of precompound processes are 
Inserted. Sucleone emitted ln the energy 
range £* 0 ... 7 MeV may leave realdual 
nuclei with excitation energies te be 
able to emit further nucleons. The number 
of these residual nuclei, their excita
tion energy distribution and consequently 

Fig, 1: Neutron and proton spectra from an 
nuclear system (A - 100)+n at an excitation 
energy E=2* MeV, taking into account pre-

iMtvi conpound emissions ( ) and not taking 
into account (- - -) 
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the eroaa sectior« of reactions like (n,2n), (n.pn), (n,np), ... ere iafluen-
ced by preconpound proeeasaa, aa can be seen froei fig« '• 
It can be tstiand, that preeonpound processes in (n.n*) and (n,p) reactions are 
described by preequillbrium aodels wi:h an accuracy [l, 2], allowing an quan
titative aetiaate of their role in reactions with urultiple nucleon emissions. 
The used formellen contains up to four possible successive neutron and/or pro
ton emissions Ггою all exciton steps of '"re preequilibrium stage and as well 
aa of the equilibria* stage. The ortequilioriua transitions are described »ith 
Blann's Hybrid model [з], the coenound nucleus emissions with the »eissicopf-
Ealng formula [4J. 

2. Systematic influence of precompound processes on the reactions (n.2n).Cn.pn) 
and (n.np) 

In this chapter model ayatems with aean parameters and clear relatione among 
them are studied to Isolate the dominsr.t systematic trends. By this «ay system 
formation cross sections and inverse cross sections are taken from a generali
zed optical potential [_5J- Single particle level densities follow from a = 
a • £^fX with a « A/7,5 • KeV"1 [<•.], the mean behaviour of the level denaity 
parameter in the Fermi gas model. Mostly, equal binding energies of neutrons 
ar.d protons of all deexcitatlon steps of the system are used and pairing en
ergy shifts are neglected. ?r.e used intranuclear transition rates between ?re-
equilibriur. stites are for all calculations /k = /1С times the collision ra
tes in nuclear setter, the extracted mean behaviour from the interpretation 
of 14 Cn,n'} precompound spectr4 [J]. 

2.1. Nucleus with mass number A = 10-0 
PI«;. 2 shows the deexcitation of this eyetem, consisting of 7. protons nn.1 N ne:i-
trons end formated with a cross aection of 17?0 mb, by successive neutron and 
croton emissions. The transition strengths of the decay are given in mb as sum 
of preequil'.brium plus equilibrium decay. The corresponding values in the case, 
if ргесотроигЛ processes are not taken into account are quotet in parenthesis. 

It's to see, that precompound emissions, 
••-, • — •?»••» • -̂ caused by the hardening of the spectra and 

"'"' ''"V •- aioecially the changed sharing between 
.••v' ',• proton and neutron leexcitation, lower tha 

/ (n,?n) cross section by about 15 / and en-
., .>„ " "" hance the (n,np) and (n,pn) cross section 
v • •••- .'•*• /•• 1. by about 20 % and 100 % respectively. Also 

' ' the total neutron and proton emission 
L- cross sections are influenced remarkable. 
Pig. 2: Deexcltation of a system The lowering of (n,?n) cross sections is 
with Z protons and N neutrons , . „ , rai . ж 
(Z+ll-100) at an excitation energy ehown ln Ref«L"J by a systematic complla-
of 21 HeV by neutron and Droton tlon of experimental values. 
emissions. Further explanations 
In the text. The portion of second neutrons emitted 

still in the preequlllbrlum stage of the 
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„atom Is In the ease of the <n.2a) and the (n.po) reaction in the order of 
2 «, ao that the spectre of thee» neutron* вал be permmeterlxed as evaporation 
spectra. 

2.2. Excitation energy dependence 
At the ваше model nucleus the neutron incidence energy 1* varied in the rang* 
fron 8 to 30 MeT. Fig. 3 ahowa the results. The (n,2n) cross section Increase* 
above the reaction throohold very rapidly end drops down at higher energies to 
such a degree as the (n.Jn) channel is opened. The hard preeompound spectrum 
causes in contrast to aasumsd multiple compound nucleus evaporations a typical 

high energy tall. The occurence of auch 
high energy tallo «a« Instructively de
monstrated with experimental (p,a),(n,p) 
and (n,n') excitation fonctlona in Hefe. 
[9J and with experimental (p,xn) and 
( ,xn) excitation functions x » 3,4 and 
5, ... in Refs. [9, 10]. So one has a si
tuation, that precoapouad amissions lower 
the (n,2n) cross section in the region of 
the resonance like maximum, whereas, be
ginning 2 ... 3 MeV above the (n,3n) 
threshold, an appreciable Increased cross 
section ie obtained. 

Because of the coulomb wall, which hinders 
the enlaalon of charged particles, the 
(n,pn) and (n,np) cross sections rise only 
some MeV above the threshold end prscom-
pound processes enhance in medium mesa 
nuclei the cross sections increasingly 
with higher excitation energiee. The in
fluence on the (n,np) reaction ie smaller 
than on the (n,pn) reaction because of the 
lower mean excitation energy of the system 
before the proton emission. 

Pig. 3: Excitation functions, ta
king into account precoapound pro-
cssses ( ) and not taking into 
account ( - - - ) . 

2.3. Maee nuaber dependence 
To see the oaln trend of the influence of orecoaoound processes In dependence 
on the mass number, the mess nuaber trends of the nucleon binding energies, of 
the level density parameter and of the optical model absorption cross section 
are taken into account, values are indicated in fig. 4 together with the re
sults. 
The (n,2n) cross section behaviour oan be understood by the help of the excita
tion function (fig. 3). The smeller nucleon binding energy with increasing mass 
number ceueee a compreeelon of the resonance like function end a shift to lowsr 
excitation energies. In the caee of constant incidence energy £ » 1 4 KcV 
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Pig, 4: Хазе nuaber dependence of the cross aectlon, taking into ascount 
precoasound processes ( — ) and not taking into account ( - - - ). 

Г1*. 4, left hand) one observed »t heavy nuclei that the high energy tail acta 
already and preeoapound proeeeeee enhance the croaa section, »hereaa at medium 
mesa and light nuclei one h«a relatione, aa dlacusaed for the A = 100 system. 
In the ease of constant excess energy E x e - a paraaeter, *l :ch la often used 
in systematic compilations, to exclude binding energy effects - one car. see in 
fig. 4, right hand, that the influence of pracoapound proceaaes iecreases with 
higher mass nuaber. Thle occurs, becsuee the coapound nucleus contribution to 
the (n,n*) cross section Increases*«'A, but the precoapound contribution only 
~ A [l], or in other words more and »ore low energy neutrons ar« emitted, 
because the level density p?r«nseter increases I « A , 
The (n,pn) and (n.np) cross sections decreaae rapidly with A because of the 
coulomb vail. But the higher the couloab barrier la, the яоге important is the 
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influence of precompound emissions with hard spectra, so that at A • 190 by two 

ordere of magnitude enhanced cross sections are obtained,. 

Ar neavy nuclei the cross sections, calculated with €0
 m const, are largor 

than the corresponding with E » const. =» £ B, because В and therefore 
also E_WÄ decrease with A. That is also the reason, why at С » const, a lar-exc ** о 
ger influence by the preeompound emission is observed. 
At A«90 precompound processes diminish the (r,np) cross section, because com
pound nucleus proton err^esions are not too strong suppressed by the coulomb 
wall, and therefore like the (n,2n) reactions, the high energetic precompound 
neutron emission reduces the proton emission probability, compared to two suc
cessive evaporations. 

3. The influence of urecompoand processes on the (n,2n). (n.pn) and (n.np) re
action cross sections for several concrete nuclei 

:>!rjl«itione were carried out for nuclei in the aase range 58 £ kL 209, for 
which neutron «rpiseion spectra were interpreted. Again cross sections, cctro-ited 

taking into account preequilibriusi emissionp are directly compared with the 

corresponding vn~. .es, where precorcpound processes are neglected, to зее the in
fluence of ti.p orecompound mechanism. 
üeoidec individual binding energies (taken from iJ1J) of ail possible rtsidual 

nuclei and level density parameters (taken from [12J ) also the pairing effect 

is taken into account -is well as in che compound nucleus and the precompound 

»tage. 

The superconductivity model of nuclei showed, that '"or heavy nuclei a pairing 

energy shift Z-Vin the preequilibrium state density does not depend on the com-

alexity of the states, that means the exciton number L.13J, Therefore Л-values 
extracted from nuclear masses [14J are used for the preequilibrium and the 
equilibrium state densities, It may only be mentioned, that also a study of the 
systematic trends of shell end pairing effects on the influence of precom-
pound processes was undertaken (J5j. 
The role of all the mentioned values, effects and their interference find its 
expression in fig, 5. 
In tie case of the (n,2n) reaction the expected main mass nuaber trend is con
firmed. The cross section« are lowered between 14 % and 29 *. The influence of 
precompound proce«««« le «»aller for heavy nuclei than for light and medium 
ease nuclei. An entlr« inverted behaviour is obeerved at ' Ni, where precon-
pound emiasion« enhance the (n,2n) cross section by a factor of two (from 0.67 
to 1.55 шЬ in the frame of the used formalism). The origin is the very high 
(n,p) cross section compared to the neutron emission probability. 
The (n,np) cross sections are generally enhanced by preconpound processes, and 
especially at high u n numbers a «trong Influence is indicated. These nuclei 
emit aleo the eecond nucleon, the proton, still from preequilibrium etateet the 
compound nucleus emission is almost completely suppressed, 
Aleo in the caae ef the (n,pn) reaction the expected trend of an enhancing in
fluence of preoonpound processes at heavy nuclei is to see, The prime nuoleon 
in the emission, the proton, ie to a very high percentage a preequilibrium pre-
ton. At lighter nuclei the compound nucleus proton emission plays a role and 
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one kaa a eampetitian between the radue-
•ion of the oempound nucleua formation 
probability by preeoapound emiaalona and 
relatively large low energy precompound 
eaieelona In the neutron channel. 
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Fig. 5» Cross sections of ватага1 concrete 
nuclei, taking into account preconpound 
processes (x) and not talcing into account 
(•). Larger eymbole: A- 100 modal ayatem. 

4. Conclusion 
The preaentad evaluation ahew, that precompound proeesaea must be taken iato 
aeeount not only for improved interpretations of neutron eaiaaion spectra at 
14 HaV inoidenee energy, but also far the interpretation of the ereaa aeetiene 
of the (m,2n), (a,pn) and (в,»р) resetiona. The main aaaa number and excita-
tiea energy trends еая be isolated, but the need of a careful conaidaratien at 
eaeh individual aueleua ia lndiaatad. 
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ANALYSIS OP DIPPEREHTIAL ELASTIC AID INELASTIC SCATTERING CROSS SECTIONS BY 
HAUSER-FBSHBACH-THEORIE 

A.H. Mohamad, T. Schweitzer, D. S e e l i g e r , К. S e i d e l , S. Unholzer 
Technische Univers i tä t Dresden, Sektion Physik, 
DDR 8027 Dresden, MommsenstraBe 13, GDR 

Abstract: 

The differential elaatio and Inelastic soatterlng cross sections of 3.4 MeV 

neutrons for the elements Na, Mg, Al, Si, P, V, Hn, Fe, Co, Pb and Bi Ьате been 
determined experimentelly. Obtained angular distributions are compared with 
optical model and Hauser-Peshbaoh theory calculations by the program ELISA. 

1. Introduction 
We have measured the angular distribution of the scattering of 3.4 UeV neutrons 
for 11 elements (Na, Mg, Al, Si, P, Bin, Fe, Co, V, Pb, Bi) for investigations 
of the reaction mechanism in the middle range of excitation energy, to proof 
the validity of the stet istleal theory in this energy region and not last to 
find a consistent and absolut description of the neutron scattering data over 
a wide range of nuclear masses. Systematical measurements are also important 
for the evaluation of more accurate neutron data. 
The experimental distributions are compared with the reeults of optical model 
calculations and predictions of the statistical theory with inclusion of level 
width fluctuations for 24Mg, 28Si, 56Fe, 209Bi. 

2. Experimental method and data preparation 
The measurements were carried out at the 500-keV pulsed beam DD-neutron genera
tor of the Technical University. Scattered neutrons were measured with the 
time-of-flight method In the energy range from 1 - 3.4 MeV between 15° and 150? 
A more detailed dlscription of the experimental method is given elsewhere ГЛ. 
The main part of data handling and analysis was carried out with computer 
techniques at the BESM-6 computer. 
Corrections for the measured cross sections were carried out with the computer 
code KOREKT. 
ALGOL PROCEDURES: 
KOREKT - main program 
GEORK - corrections for geometrical effects, computation of integrated cross 

sections,X -fitting of the angular distribution in a Legendre Po
lynom representation 

AMEISE - corrections for flux attenuation and multiple scattering effects 
for integrated and differential cross sections 

ZETCHN - graphical representation 
For unfolding of the neutron time of flight spectra, computation of cross sec
tions, estimation of the neutron energies we have written the program system 



- 40 -



- 41 -

РИМ, whloh ooneiete of a row of self contained ALGOL-PROCEDURES and FORTRAI-
SUBROUTIHES. 
PT.OCEDURBS: 
FIRM - main program 
P1T0S - forX2-fitting of diecrete time-of-flight epectra with analytical or 

experimental reference peaks 
GAUSS - for computation of analytical and transformation (in position and am

plitude) of experimental reference peaks 
GRAPH - for graphical representation 
SUBROUTINES: 
SIGMA - for estimation of croes sections and neutron energies 
PITFEL- toy compUtatlon of the experimental errors 
IH7ERS-
The main problem in data preparation is to reduce strong overlapping neutron 
peaks. The overlap is naturally caused by the final energetical resolution of 
the experimental system. The problem is enlarged with strong distinctions in 
the amplitudes and also because of the dependence in the shape of the tlme-of-
flight peaks from parameters of the pulsing system. It is here not possible to 
give any general resolution function, which can act steadily on the experimen
tal distributions. 
What we can do in this principal matter from an physical point of view? 
1. All the parameters of overlapping peaks are Independent from each other. We 

have in an analytical representation a lot of fitting parameters (number of 
overlapping peaks X*7 in the case of nonsymmetrical Gauss curves). This gives 
mostly a bad adaption to experiments 

2. Partition in analytical groups (the shape of the curves is set parameter). 
That gives a better representation of the experimental districution ii, the 
case of comparable amplitudes (even if we cannot see any structure) 

3. Partition in groups of experimental reference peaks, which contain the spe
cial structure of the equipment. The last gives most possibilities to get a 
beet fit of the overlapping time-of-flight peaks even in cases of large dis
tinctions in amplitudes. These facts are shown in fig. 1 and fig. 2, lie have 
ueed analytical functions of the nonsymmetrical Gaussesn type, which give a 
sufficient representation of the time-of-flight peaks, 

EXPERIMENTAL ERRORS 
Statistical errors of the peak arreae have been estimated to be lese than 1 % 
for elastic scattering and better than 5 % for inelastic scattering. Systemati
cal errors within the angular distributions are mostly affected by geometrical 
uncertainties in the dietance between target and scattering sample and by un
certainties in the unfolding of tlme-of-flight peaks (between 1 and 30 %) which 
in some cases overlapp strongly. 
Such errors are stated in figures 3-6. 



« -

3. Theoretical analysis 
The experimental cross sections have been compared with theoretical predictions, 
which consist of calculations of the shape elastic scattering cross sections by 
the optical model and of the compound reaction components by Hauser-Peshbach 
theory with Moldauer fluctuation corrections. Both type of calculations were 
carried out by the computer program ELISA ГгЛ, which includes the following 
possibilities: 
- calculations in the framework of a usual spherical optical potential; 
- calculations of compound nuclear processes in the framework of Hauser-Fesh-
bach statistical theory, eighter with or without Moldauer fluctuation correc
tions. In this calculations besides the discrete levels of final nuclei a 
continuous part of final states, with definite level density parameter a and 
spin cut-off factor € , may be included. 

- Calculations are possible for spins 0, 1/2 and 1 of incoming or outgoing par
ticles. 

In the present work optical potential parameters from Holmqviet [3j were used 
for all calculations, so that no fitting procedure was needed. In the statisti
cal theory calculations the open proton and alpha channels have been taken Into 
account. 

4. Results and discussion 
Cn figs. 1-4 comparison between experiment and theory is shown for some typical 
representatives of light, medium and heavy nuclei. 
Altogether, the computed elastic differential cross sections are in good accor
dance with experimental results. In all cases besides the shape elastic reac
tion a considerable somoound elastic part of the cross section must be added. 

28 In the case of Si the compound elastic part seems to be overestimated by the 
statistical theory (see fi?. 4). 
The calculated inelastic cross section is in good agreement with the experimen
tal results for the first 2* -state of 24Kg (see fig. 3). It seems, that no 
essential contributions of other reaction mechanisms in this case are evident, 

28 Por 31 (see fig. 4) there are striking deviations between calculations and 
experiment for both elastic and inelastic (2+ level at 1.77 MeV) cross sections. 
If we assume, that the compound nucleus formation cross section is overestima
ted by an factor 2, than we get a satisfactory description of elastic scatte
ring. 3ut In this case the excistlng discrepancies for inelastic scattering are 
Increased, leading to the aesumotion, that for the excitation of the 2* state 
an o'her (direct) reaction mechanism Is responsible. A reason for this behaviour 

9ft 
is probably due to the considerable deformation of the Si ground state. Fur
ther investigations of this nolnt are nestled. 
The differential elqstic scattering cross section for 5 Fe (see. fig. 5) is in 
n ?ood agreement with calculations, whereas the experimental inelastic cross 
section for the firnt ?* atnte at 0.Я« !,;eV ia considerably higher than the re
sults of coI;ul4tions by the r'tatistical theory. We assume that this is dne-to 
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Fig. 3: Differential elastic and inelastic scattering cross sections in the cen
ter of mass system for 24i/g at 3.4 MeV incident energy. 
Theoretical curves (full lines) are calculated with the program ELISA 2 inclu
ding optical model and statistical Hauser-Feshbach calculations with Holmqviet's 
optical nodel parameter set 3 . 
a) elastic scattering; T - total elastic, S - shape elsstlc and С - compound 

elastic contributions, 
b) inelastic scattering with excitation of the 1-st state. 

direct excitation processes. 
Also for the heavy nucleus Bi (fig. 6 ) elastic scattering is well described 
by the program exoloyed. In the case of inelastic scattering t'e situation is 
different for the two excited levels: For the first excited 7/2" stite at 
0.91 MeV both shape and magnitude of statistics! theory calculation ere in sa
tisfactory аггее-nent with exneriment. A small, probably direct, contribution is 
evident. T^e calculations, corresponding to the second state at 1,о1 KeV ere 
based on the spin-parity assignment J = 13/2+ [4], Theoretical predictions only 
in this one case are higher than experimental cross aections, and the shape of 
angular distrib itione is also different. Further calculations are needed, espe
cially with other 7 -assignment. 
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Nigral 
Pig. 4: The saae as on Pig. 3, 
but for 283i 

5. Summary 
- It «as shown by some examples, that the differential elastic scattering cross 
section at 3.4 MeV neutron energy may be well described by the computer pro
gram ELISA, including both shape elastic and compound elastic contributions. 
The Holmqvist'e optical parameters have been found as a very useful parame
ter set for this purpose. 

- The experimental differential inelastic scattering cross sections in general 
are not completely reproduced by the statistical Heuser-Peshbach theory in
cluding Moldauer fluctuation corrections, .Те assume, that additional direct 
contributions must be taken into account, even in this comparatively low en
ergy region around 3 I'eV. Purther theoretical investigations are needed to 
confirm this assumption. 
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Flg. 6: The same ae on ?lg. 3, but for 09B1; In thle case the first (open 
circles) and second (full oolnte) excited states пате been measured and cal
culated (broken line and full line, respectively). 
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IMPROVED CORRECTIOIS ГОК THE IMPROVED ACTIVATIOI TBCHITQOB 09 14 ИеУ IBUTR0I 

CAPTURE CROSS SECTIO! KSASURBXERS 

G. P e t s , I n s t i t u t e of Experimental Phyaice, Koaauth Unlvaral ty , 
H - 4001 Debrecen FOB. 105. Hungary 

Abstract 

A new way of correctlona la deacribed for the 14 MeV neutron capture eroaa sec
tion determination by activation technique. The method ia tasted experimentally 
by the "'in/n.T/11*"!!! reaction. 
To explain the disagreement between the capture croee eectlona obtained by the 
apectrum method [l]. [2] and by the activation technique [3] , [4] aome [5-в] 
more accurate activation meaeurements have been performed. These work using 
proper and improper, overlapping or contradicting corrections ware able to pro
duce capture croee eectlona aa low aa the reault of the spectrum method. Uaing, 
only the more realistic correcting method of the above papers: target backing 
thickneea dependence, sample thickness dependence and assuming a constant back
ground It was not possible [9J to get such low cross section for In and Au. 
These high cross sections may arise [10J from the emission the distance depen
dence of scattered neutron background. The aim of the present work is to in
vestigate this effect. 
According to the calculations of Body et ml. ̂ HJ the target backing can produ
ce a distant dependent scattered neutron background. In order to find this 
background experimentally we have constructed a aample holder for irretiationa 
at different distances. The sample holder with the earlier [э"\ target head ia 
shown in Fig. 1. The sample ia fixed by air pressure difference to a tube con-
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~iz. 1: The target-?.«»-;l: -rr^gement. The sample is fixeS to the Mi wot by the ргедр :re «iffereßce proceed by a vacuum-pump. 
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Fig. 2: The apparent a c t i v a t i o n cross s e c t i o n for the 'In/njf I in reac
t i o n ir. the function of d i s tance froa the t a r g e t . The foraula shows that t r e 
extrapolated value to the zero thic lmess s t i l l aontains the contr ibut ion fron 
the scat tered neutron background. 

nected to a vacias-aumo. The cross s e c t i o n measured with - and without the 
sample holder have not shown any e f f e c t from the holder. A tr i t ium target on an 
Al backing [12] «аз used for neutron production. The other d e t a i l s of the e x -
neri-i«?ntal technique agree with the ear ler work ГЛ. 

the ? i g . 2 shows the obtained distance dependence. As we have resiarqued before 
LJITj we do not think to get any reasonable correct ion by extraoo lat ion of t h i s 
curve to the zero d i s tance . I t »as even impossible to f i t the ca lculated depen
dence [l1J to the кеаэ-.ге? or.» because of t h e i r conr le t ly d i f ferent shape. Ho
wever t h i s e f fec t s t i l l r-.ight be important in case of a conoer target backing. 

to deterraine trie or ig in of the obtained distance ieoe-.dence the poss ib le e i n l 
i e s t r.odel '••;аз «issumed: 

1. л scatt^re-1 neatro.-. background e x i s t s arount the tflrget producing a c t i v i t y 
in *-e sarnie according to t*e fol lowing formula: 

K. n, . 6 " H . $ H /R?/ 

лг.лге s 3 constant depending on the i r r a d i a t i o i tir.e and so r.a, n , the 
r.jrber of V-.e tnrget atosts. "?" i n d i c a t e s : i t i s r.ot sure that the a c t i v i t y 
1я prorortior.%1 w'th n because of the r.elf-nhieldir.g in the sample. j „ /R?/ 
i s the scatter»', neutron f l u x . It i s a l s o not sure that i t depends on the 
-M.'tar.ce IV.I. 

'.'. t'-e sanr-le the 14 :>7 neutron f lux / $ 1 4 / produce a scattered neutron 
f lux pro?o-tion*l with tha sample thickness d, so the contr ibut ion t o the 
Э-*. ;V. t y i s K . K ' . n . d ' I 14* 
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3. Addl-_$ to th»e» th» a c t i v i t y nroixicti by th» 14 XeV neutron b»e*. th» t o t a l 
a c t i v i t y of th» »мр1е / А д - . / e»= b» «lv»n la th» fol lowing fore : 

П) Rnj - Кл (6+ • Kd ) $ * «- Kn€H $„ (в) 

I s th» present с м » th» 14 -*»' neutron f lux Is з емдг*4 bj th« 5 I n / n . n V 
1 , 5 E Tn Inner aoni tor reac t ion »o „ . 

w »re A , ie the a c t i v i t y croduced in tht *bo*# r«%ction. So • • he** 

Дпт - К К ^ • К^) Л"«' * И"^ £ , Г/?) (2) 

riot t i - s* the eeaeured Л -. a c t i v i t i e s at a giver, thic'tneee / d / in th* func
t ion of Л , a s t r a i g h t * l i n e s h»s b»en obtained Independently froe the plac» 

an 
of i r r i g a t i o n . 3aar>l»s were Irradiated In forward d i r e c t i o n at a distance 
of C.3, 2 , 5, 10 and >0 e=, at a dif ferent oo3i t ions on th» target backing 
and beckward Hrect ior .e , t oo . The r e s u l t i s shown in F i ? . 3 

ям»г i/»rs 

? 1 % 3: The new correction method. The linear dependence of the A0 -r activities on the Адд! activities obtained by irradiation of the samples at different di
rections proves that the scattered neutron background is constant and one can 
obtain it froa the Aftn. * 0 / f 1 4 = 0/ extraooletion. The thickness dependence can be leternined from the elope difference of the lines. 

The linear dependence, at least In first approximation, proves t're validity of 
t're essunntlon that the scattered neutron buckgro-ind does not depend on the dis
tance from the target. It also shows the negligiblebillty of the scattered neu
trons from the Al target backing. The two different thicknesses render it pos
sible to determine the d = 0 corrected line. In such a way, taking Into account 
only the constant bacVsround and the thickness dependence one can get a cross 
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section of 1 mb. This value would be in good agreement with other results but it 
might also be an accidental agreement because of the different way of correc-
t ions. 
Our further plan to investigate the details of the thickness dependence, the DD 
neutron background and so on, but now we think that the above simple correction 
method can advantageously applied for the determination of the fast neutron cap
ture cross section. 
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NONSTATISTICAL EFFECTS IN THE 1 1 5In (п,У)11б1п REACTION INDUCED BY NEUTRONS in 
THE 0 - 2 MeV ENERGY RANGE 
J. S. Brzosko, Institute of Experimental Physics, Warsaw University, 69 Нога 
street, Warsaw 
E. Zukowsici, Department of Physics, Bialystok Division of the Warsaw University, 
41 Lipowa street, Bialystok, Poland 
S. Zaremba, Institute of Nuclear Research, Swlerk, Otwock, Poland 

Abstract 
The problem is discussed of the Intermediate structure existing within the fra
mework of the compound nucleus including a resonance in the у-ray strength 
function for E у •* 7 MeV. The analysis is based on new experimental data as 
well as on our earlier data so far not explored which are subjected to a new 
treatment. The thermal and resonance data are take into account. The present 
authors propose explanation of the anomalous maximum in the (n,v ) excitation 
function for E •= 1 HeV by the existence of the particle-core configurations. 

1. Introduction 
In the recent years the radiative capture in the In nuclei was investigated 
by many authors. The analysis of nonstatlstical effects based in the neutron 
resonance region |_1J reveals no deviations from the statistical model. A similar 
conclusion results from Corvi and Stefanson's experimental data j 2J concerning 
the population of the low-energy states in the (n, y) procees. On the other hand 
the same data reveal important correlations (Hin« fXti ) and (Txth fA*i)for V-
transitions which do not play a significant role in the (n, v) reaction. 
For fast neutrons, E - 0-2 MeV, fluctuation of the low-energy states popula
tion was observed ̂ 3], 
Especially interesting is the abnormal maximum observed in the excitation func
tion see (fig. 2). It appears near the neutron energy of E • 1 MeV and for thto 
value it accounts for 30 % of the reaction cross section. When analysing the 
nature of the mentioned maximum of the cross section for low-energy state popu
lation against neutron energy account was taken oft 
- part of the earlier experimental data not explored as yet by our group (popu
lation intensity of low-energy states measured in oolncidenoy with gammas 
Ej^3.5 MeV [э]), 

- emission Intensity of the high energy ̂  «-rays against neutron energy [4], 
- intensity of the direct У -transitions to low-energy states and its depopula
tion intensity for resonance [3j and thermal [5J neutrons. 

2. Experimental 
The measurements of у -ray spectra were carried out in an enclosed neutron 
souroe geometry (fig, 1 [б]). It deserves emphasis that less than 15 * the to-
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tal number of the 115In(n,y) 
116ln reactions were initiated 
by s'.owing-down neutrons, and 
this contribution was controlled 
in every run by comparing the 
induced activities of In and 
115ln [б]. 
The low-energy part of the У -
spectrum, determining the popu
l a t i o n of low-energy s t a t e s , w a s 
measured using a 17 cm 
detector. 

3 Ge-Li 

Fig . 1: The enc losed n e u t r o n source geometry 
for measurements of t h e у -ray opec t r a from 
(n.f) reactions. 

The earlier data come from mea
surements in a coincidence re
gime. The ̂ »-rays, E^3.5 UeV, 
were registered using the 
i»aI(Tl) counter. These counters 
were operated in a fast-slow co

incidence system. The у -spectra were analysed by the SAMPO computer procedure, 
the statistical and peak extraction errors were of the order of 5-50 %. The co
incidence experiment eliminates the statistical part of the У -spectrum 
(E^,ax "̂  2 ileV), ar. i makes it nossible to observe the nonstatistical effects. 

3. Analysis of the data in terms of the compound nucleus model 
"Vlculatione of the total and partial excitation functions and У -ray spectre 
•леге mrformed basing of the modified method proposed by Starfeld [7j and con-
tinuated by our group [pj, [4], [9]. In this method the probability of V -ray 
emission has the form: 

Ц^6,(Е^ПЕ*3) (1) 

where: GV is the absorption cross section and у is the density of the final 
nucleus levels, TheGj*includes alongside the giant E1 resonance also the reso
nance-like emplification (EH) at energies 6-8 I.'eV, The following analytical 
form has been adopted: 

(2) 

ere: Ъ Г are the characteristics of the giant E1 and ER-re--ЦТ • B1 i EER J Г ER 
smances, b is a parameter defining the relative contribution of the ER-reso-
r.ance with regard to the giant one, and d is the resonance shape-factor parame
ter. Tn the calculations we assumed £ "У 7 KeV and f R ~ 1 ;,;eV, The predic
tions were performed uain^ the DRABINKA programme quoted in refs, [4] and[9j. 
The ER-resonance parameters were fitted to obtain agreement of the theoretical 
predictions with, the experimental data. In the calculations the level density 
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parameters [ю] and E1 giant reeonance parameters were fixed. The transmission 
coefficients were taken from ref. [ll]. It was found that the calculations are 
strongly dependent on the b-parameter. Besonable changes in the normally fixed 
parameters do not effect drastically the b-value when analysed against excita
tion energy, and do not destroy the conciatency between experiment and theory. 
In result we obtain a fairly good agreement for the (n,y ) and (n,n'у ) reac
tions, i.e. of excitation curves, high-energy parts of у -spectrum and its neu
tron energy dependences (fig. 2), isomeric cross sections for the (n, y ) pro

cesses, and of the partial excita
tion curves for the (n,n'y ) pro
cess. The b-parameter determined in 
this way was used to predict the 
population intensity of the states 
E*= 273 keV (Ey = 273 keV) and 
E* = 313 fceV (Ey = 196 keV) (fig.3), 
as well as the spin distribution 
of the low-energy states obtained 
via a V -ray cascade from the com
pound nucleus (fig. 4). 

4« Population of the low-energy 
states of TT? In and i t s relation 

OA 0.6 11 U 

Neutron Energy 
IS [Me\i\ 

to the nonstatlatical effects 
Existence of the resonance-like 
structure in the у -ray strength 
function is a well known experimen
tal fact fairly well theoretically 
exolained [l2J. The ER-resonance 
may be treated as a general proper
ty of nuclei. It ia the reason of 
the bump appearance in the V -spec
tra emitted from highly excited 
nuclei. This fact cannot bo treated 
as a nonstatistical effect and is 

Fig. 2: Comparison of the exoerimental dqta i n agreement with the statistical 
and the predicted values based on formulas 
(1) and (2). The lower oart of the figure 
oreeents the energy dependence of the b-
parameter. 

theory of the comnound nucleus [n"]. 
The dependence of the b-oarameter 
on energy discussed in Section 3 
violates evidently the Brink hyoo-

thesia [14J (*•* ^8 assumed that the nuclear nhotoef'ect is independent of the 
detailed atruoture of the initial state, so that if it were possible to perform 
the photoeffect on an excited state, Gy would have the sane energy dependence 
as for the ground state) and cannot be explained by the KR-resonanoe, buu may 
be ascribed to the existence of the intermediate configuration strongly couoled 
to the exit channel. In the case discussed above we exclude the possibility of 
the directllke process appearing because the general propertieo of the compound 
nucleus are realized (see Section 1), and this phenomenon accounts for nearly 
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30 * of total reaction oroae 
aaction. 
To investigate the nature of 
the intermediate configurations 
oloae to the excitation energy 
E - 7,8 MeV (E„ ~ 1 MeV) of 

11K the In nucleus we have ana-
lyaed the population intensity 
of the low-energy states. Pig.5 
gives a comparison of the two 
measurements. In the ratio of 
the two strongest f -transi
tions between low-energy states 
is measured for all j> -cascades 
of the compound nucleus, in the 
other the same quantity is mea
sured in coincidency with high-
energy, Etf»k 3 MeV, у -transi
tions. The data differ both 
quantitatively and qualitative
ly. Fig. 5 additionaly shows 
the difference between the abo
ve mentioned data and those ob
tained for thermal and resonan
ce neutrons L5J»L2J« T n e struc
ture observed in fig. 5 and 3 
does not provide sufficient ex
planation of the b-parameter 
phenomenon. 

Let us try to compare the co
incidence experiment results 
for many lines with the experi
ment performed for thermal and 
resonance neutrons. The data 
are compared in fig. 6 and in 
Table I for neutron energies of 
En = 230 i 150, 1060 i 100, 

1950 - 130 keV. These neutron energies lie below, in and above the phenomenon 
energy range. Pig, 6 and 4 show that the main portions of the population inten
sities and spin distributions have the same character for all energies under 
study. Since our first energy point of En - 230 and the thermal one are close to 
the same excitation energy of the compound nucleus, it is possible to compare 
the results for the coincidence regime switched on. As a result we find (see 
Table I) that the population intensity decreases tori ~0,3, whioh is in a good 
agreement with the role of the high-energy transition in the total (n, v») croea 
section (for En - 230 keV we hare £ ~0.4). 

Let us coneider the low-energy states or the V -transitions whioh fulfil eimul-

05 10 
Htsdtron Cntrgy 

го 
[HaV] 

Pig, 3: Population intensity of the levels 
E * - 273 keV (E* = 273 keV) and E* = 
313 keV (E v - 18b keV) measured when the 
coincidence regime is switched off. The 
solid lines refer to predictions obtained 
as a result of the partial calculations 
shown in fig. 2. The notation E1, M1 in
forms us that the population of The low-
energy states whose spins differ by unity 
with respect to the measured ones, has been 
added. 
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Pig. 4: The spin d i s t r i bu t ion of the 
low-energy s t a t e fed via a j» -ray 
cascade from the. compound nucleus. 
X-thermal data [5 j , Д - E„=230 keV, 
a -EB=1060 keV, о -Е«=1950 keV. The 
l e t t e r three data come from co inc i 
dence measurements. The solid curves 
present the predict ions for the co
incidence regime a t E* = 0-2 MeV 

. simple measurements at 
En = th, and at E„ = 2 MeV. 

Fig. 5: Ratio of the two strongest Г -transitions between low-energy 
ates. • and Д measurements fori» 

cascades observed at switch off and 
on regimes, respectively. 

taneously the following conditions (see Table I): 
i) belong to the group which does not realise spin distribution predicted by 

the compound nucleus model (i.e. to the group with spins I = 2 or 8, see 
fig. 4), 

ii) have a high value of the spectroscopic factor Sdpf 
iii) be directly populated from the compound nucleus decay, 
iv) have a population intensity similar to the total (n,у ) cross section or 

to the b-parameter energy dependence, 
v) not be strongly switched off by applying the coincidence technique 
Figs. 7-13 present schemetically the selected data and the realisation of the 
mentioned conditions. 
As it is seen only the cases shown in figs. 7-Ю are interesting. All the pre
sented levels have an important single-particle component vbffeor JTÜ9/ 

coupled to the rest of the nucleus. Taking into account that the population of 

the analysed atates results from the high-energy у -transitions, and the sing
le-particle components are of high 1-value tyne, we can assume ti-at the com
pound nucleus decay proceeds '•'•> exit states [15]. Its decays may be described 
as single particle tran.-'ti .. a field of the core, the rest of nucleus in 
the excited or ground t . i'igs. 11-13 show the cases when the rtatee under 
consideration are not fed in the first step of the V -cascade. 
Jumulating the single particle data (Table II), possible cores and characteri
stics of investigated levels [l&] it is oossible to suggest the configurations 
of compound nucleus responsible for the population of low-energy states. 
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?i?. ^: The observed population inten
sities meea ired in t-e coincidence 
regirae ver3üc f-e population intensity 
of the same steten for thermal neutrons 
when coincidences вге switched off. 
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Pig. 7: Interpretation of the re
sults for the case when the 3 
i-v conditions are realised. 

Pigs. 7-13 show our interpretation 
of the data, ffe suggest the type 
of single particle component in 
the compound nucleus and in the 
low-energy states which plays a 
dominating role in the high-energy 
V -transitions left-hand part of 
the diagrams. Since only some of 
the diagrams have configurations 
with maximum for E = 1 MeV, it 

is proposed to treat such configurations as the source of the nonstatistical 
effect and the o-parameter phenomenon. It is imoossible to extend our knowledge 
on the characteristics of the proposed configurations, because the Information 
чЪои̂ - the -л-ave function of the low-energy states is limited. 

5. Зияцпагу 

Аз a result of the discussion of the rich and variegated experimental meterial 
the gross structure of the intermediate configurations existing in 116In ct ex
citation energy E**7.8 MeV has been detected and explained. Of course, the 
suggestion presented in Section 4 should be veryfied on other paths because in 
fast-neutron reactions many resonances and reaction channels with different 
spins and parities take pert. The poor energy resolution of the neutron beam, 
because of the intensity problem, allowed to study the substructure with a width 
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Tabl« 1 : Data concerning low-energy s t a t e s (see Section IV - condi t ions 1-т) 

^ » t h ^«230-150 *«V В^ЮбО^ЮО к«у 8^1950*130 ksV 

»* J S<*P Sf g^ iy(4trt W i у iy(«) M iy iyd*) [»J 1y IyW W ^ 
1019 4 ~ , 5 " ' 53.6 126.4 0.18 15 25,2 0.02 90 C.6 0.10 35 2.5 0.08 35 1 Л 0'.02 
973 4 ~ 5 ~ , 6 ~ 36.0 749.6 0.06 20 8.3 0.27 20 7.9 0.45 20 11.1 0.20 30 3.6 0.95 
970.3 * ,5* ,6* 141.2 0.11 20 15.ü 0.13 15 3.8 О.19 15 4 .7 0.21 15 4.9 0.25 
892.6 4 " 6Ö.1 384.5 0.11 12 15.5 0.11 9 5.1 0.08 10 2.0 0.09 30 1.6 0.33 

433.7 0.26 20 35.4 0.26 20 7.8 0.18 30 4.J, 0.21 35 3.8 0.22 
Ö29.1 4* 11.6 171.1 0.13 18 18 0.11 40 3.3 0.35 20 8.8 0.24 5 4.4 0.18 

556.1 0.07 • 10 10 0.06 15 1.9 0.19 20 4 .9 0.13 22 2.5 0.19 
813.3 4* 11.5 155.3 0.11 22 14.6 0.13 25 3.8 0.24 24 6.1 0.24 40 4.4 0.26 
789.3 7* 9.3 140.5 0.10 20 13.7 0.11 15 3.4 0.17 24 4 .3 0.25 15 4.4 0.25 
744.8 3* 7 Л 471.8 0.18 15 25.3 0.31 20 8.1 0.42 6 9.3 0.39 12 3.9 0.32 
735*7 4 + , 5 + 7.7 608.3 0.14 30 18.8 0.37 14 11.0 0.44 16 11.1 0.68 30 12.3 0.59 
729 3 " 0.81 32.7 173.8 0.-I8 11 20 0.31 6 9.2 0.42 10 10.4 0.39 6 7.0 0.46 
665.b 8* O.J>1 315 0.03 10 4 0.18 70 4 .5 0.15 *5 2.b 

375,9 0.13 15 17.6 0.16 5 4 .0 0.23 30 4.1 
658.1 3* 7.7 385.1 0.46 12 14.3 0.29 9 9.2 0.63 10 15.9 0.52 30 ЭЛ 0.64 
648.9 6* 0.66 10.6 335.4 0.43 10 59 0.33 20 10.0 0.26 50 6.6 0.48 8 8.7 0.17 
556.8 2" 70.0 556.8 0.15 10 20 0.19 15 5.5 0.05 20 1.2 0.12 22 2.1 0.27 
508.2 3* 0.81 284.9 0.20 8 27 0.14 30 4 .3 0.40 8 10.0 0.20 30 3.7 0.16 
425.9 ** 0.26 6.1 202.6 0.08 6 10.6 0.14 35 4 .3 0.14 21 3.5 0.25 5 *.5 0.41 

298.7 0.40 9 55 0.72 5 21.6 0.58 5 14.5 0.45 8 8.1 0.39 
313,5 5* 0.51 12.1 186.2 1.00 12 138 1.00 5 30 1.00 5 25 1.00 5 18.0 0.22 
273 2* 2.4 273 1.48 15 197 1.66 5 49.8 1.49 7 37.3 1.14 5 20.6 0.25 

1 I I I I I |r I 1 1 • I I I I I I I 1 I I •• I 1 I 
I y - r e l a t i v e i n t e n s i t y per capture x 10^ i I y (186) = b ( I v > 186 koV) 

Sy • I / (D 8 ^ ) [10~9 MeV ~ 3 ] j ц » ly ( co inc . on) / I j » ( co inc . off) 
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of the order of 10 keV, only. Thle веапа that only simple configurations could 
be observed. 

"able 2: Possible single particle transitions for excitation energy of partic
les clouse to 9 SSeV 

Single particle transitions 

V * 13/2 

Xf 7/2 
1} 72 
Th 11/2 
T"V 7/2 

w h i i / 2 

Td 5/2 

i 
Tg 9 /2 
To V-: 

Г < - <eV> sp 

226 

162 

4 

30 

247 
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FURTHER MEASUREMENTS OF THE PROBABILITY OP «£ -CLUSTER PREFORMATION BY MBABS 

OP (p.tL) REACTIOBS IH HEAVY ELEMBBTS 

L. Milazso-Colli, G.M. Brage-Магсагжап, M. Milazzo, R. Bonettl 
Instltuto di Flalca dell'Universiti, Mllano 

1. Introduction 
It was shown In previous papers [l, 2, з] that the dominating reaction mecha
nism in(p,oc)reectlons on a number of heavy nuclei at v% 20 MeV incident proton 
energy ie the pre-ooapound emissions of the«C -particle, which la eseumed to 
be a preformed ©£. -like oluater in the target nucleus. This mechanism Is descri
bee! In detail in the above-mentioned papers on the basis of the "exciton model". 

In the formulation of the theory of Ы, -emission by pre-coapound mechanism a 
coefficient у is introduced that acts as a normalization coefficient, which 
can Ke interpreted as a preformation probability of the «6-like-clusters in the 
target nucleus. The value of this coefficient is extracted by fitting the ex
perimental results. 

139 This paper reports new measurements on (p.cC) reactions on the nuclei La, 
U CCe, 150Sm, 156Gd. 171Yb, *03.205Tlf 20$. 20 7,208^ 209 M e n d 232?h d o Q e ^ ^ 
experimental conditions similar to those reported in previous papers (_1 , 2J. 
It is also reported the analysis of Au(p,cc) and Ta(p,oO at incident pro
ton energies varying between 20 and 42 MeV obtained in somewhat different ex
perimental conditions by Iori et al. [4]. It Is shown below that the precoapound 
emission mechanism as outlined above is the dominant one with the exception of 
nuclei near the double shell closure Z = Я2, К » 126. The aL -cluster preforma
tion coefficients are obtained from analysis of these measurements. 

2. Experimental apparatus and experimental results 
The measurements were taken using the proton beam of the University of Milano's 
A.V.P. Cyclotron. In our measurements the eC-particles were detected at four 
anglee, 30°, 60°, 90° and 120° with an angular aperture o f ~ 5 0 ; eolid state 
surface barrier detectors and standard electronics were used; the detector 
thickness was 400 ,\л for the measurements taken at incident proton energies of 
20 and 22.8 MeV and 700 ,\x at 25 and 30 MeV. 
Actually, the thickness of the detectors limits maximum energy loss to 7.2 MeV 
for protons end to 9.5 MeV for deuterons in the measurements at 20 MeV. On the 
otherhand, the positive Э-value of (p,«t) reactions on heavy nuclei and the pre
sence of the Coulomb barrier produce high energy 06-particle spectra which can
not contain contributions from other reactions. 
At forward anglee, however, two proton peaka are present in the spectra. They 
are due to protons elastloally scattered from the target in the detector and 
scattered again by the eilioon nuclei of the detector at 90° to the detector 
axle eo that the protons are completely stopped inside the detector layer. The 
two peaks correspond to the elastio seatt«ring and to the lnelastlo scattering 
at the flrat excited eilioon nuoleue level. Overall energy resolution we«~150keV. 
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Fig. 1« •£ -partiole apaotra from 3 9La, 1 4 0Ca, 1560d and 
1 n Y b at Ep - 20 MeY, compared with the predlotlon of «6 -
preformed ppe-compound amlaelona (daahed U n a ) and erapo-
ratlon (oontlnuoua line). Vertical llnea Indicate the 
known first excited levela of realdual nuclei. 

The eC -apeotra obtained at an angle of 60eare ehown in flge. 1, 2, and 3. Pige. 
4 and 5 ehow examplea of the epeotre at four anglee for 1 5 08m and 2 0 8Pb The 
ehape of angular dlatrlbutlon for the other nuclei la тегу clmilar. 
The energy apeotra of emitted oC-partlolee In the nuclei from La to Yb ehow the 
ahape typical of pre-oompound emlealon (the theoretioal ahapa la alao ehown In 
the figure). '"Sm and *°0e ehow aome low-energy contribution from the erapo-
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fig. 2i «6-particle epetra from ^ T l , 05T1, ^ B i and 
23ZTh in the ваше condition* ae f ig. 1 . In the low part 
of the epectra peaks due to scattered protons are shown (F). 

ration meohanlsm. At the high-energy end of the epectra a fee peaks are often 
found, which reveal intense transitions to some levels of the final nucleus evi
dently due to a different effect. In the heavier nuclei (Tl, Pb), the contribu
tion to the spectrum due to precompound emission becomes lass and less import
ant, end an «£ -emission producing a spectrum with higher average energy and well 
defined structures takes piece. This effect, practically the only one present in 
20fl 

Pb, le similar to what would be expected from "dirsot interaction". It is 
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probably the еаве ев t..* one giYlng rle« to the high energy peaks in Samarium 
find Cerium, whloh Ьвооше the main effect in the lead region. Table 1 shows the 
in'.egrstel croee-eeotlon values for both the effects contributing to the (p,«£) 
reset lone. Calculation of the dlreot effect part is only approximate, because 
t'ae experimental angular distribution is not detailed enough for • strongly 
rngular dependent effect like this en«. 

Pig. 6 shews the detailed angular distribution of two peaks whloh has the usual 



dlreci pattern. 

Another Interesting faot to be observed in oonneotion with the direct part of 
the apeotrusi ia that the number of peaUo does not increase with proton energy 
(fig, 7) this ahowa that only a limited number of low-lying final states con
tributes to the direct effeot. In other words, the end of the direot part at 
the low energy side la not due to the Coulomb barrier. 

Studiea of th* (p,e£) reaction on corresponding to the first exoited le
vels of the residual nucleus *T1, have been done by Hopkins et al, [5j at 
15 MeV end by C. Olashauraer et al. [б] at 35 **eV. The highly selective reao-



65 -

I 

о 
C4 

О. 
ы 

m 

ел 

з д о о 
о 

оо <а 

о 
Е О. 
о в 

<н О 

Bi 
h P. 
в в о,* ш о ,-| 
«t-i 

«Ч в 
О 

ад 
if 

д 
•• +» 

in о 
ьо о 
г4-0 

tlon meohanlsm responsible for thee» transitions was found to be a triton pick
up, dominated by the proton-hole components in the shell-model states of the 
residual nucleus. 
As our raeaeurements show, only a email number of these states contribute to the 
direct reaction) proton-hole levels with an excitation energy of more than ~ 
4 MeV are not lnrolred, 
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Pig, 6t Angular distribu-
tione of the peaks corres
ponding to transitions to 
ground state and to unresol
ved levels at 1.5 MeV exci
tation energy in 2°5Т1. 

3. Analysis of the results 
The precompound mechanism was studied recently by Feshbach, who developed an 
exact quantum mechanical calculation for this process [7, g. The result was a 
formula for emitted particle energy distribution which is just the same as the 
one obtained in the perturbation theory [ß, 10, 1lJ which is widely used in the 

interpretation of experiments. 

As already pointed out, an Important approximation in the description of pre

compound emission is the use of the equidistant spacing model in the calcula

tion of level density. It Is well known that this model provides a good des

cription of the level density of nuclei with proton and neutron numbers far 

from magic numbers [12J, 

The level density parameter "a" in these cases has a well defined meaning and 

its value, at an excitation energy of ̂  8 MeV, is '<nown with an accuracy of 

- 5 %. Recently, the experimental values of "a" were justified by theoretical 
calculations done by Huizenga et el. [l3J bft&ed on tue Jilsson model, in which 

pairing effects were included. 

For nuclei near closed shells, matters are complicated by the fact thet nuclei 

level densities cannot ha repreeented by a formula with a constant "a". 
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Pig. 7 s eC -particle spectra from Pb at three angles (л}" = 30°, 
60°, 90°) and at different incident proton energies. Dashed, lines 
represent the «C-preformed pre-compound emission. 

This point was also studied recently by Williams et al. (_14 J . It was found 
that the level density, calculated in accordance with the Mlsson model, corres
ponds to a low value of "a" for t'̂ e first few [,'eV of excitation energy and that 
it gradually increases until it reac'r.ea a value such, as would be expected with
out shell effect, after which it remains constant. Л similar situation exists 
for the "f?w-excitoa states" level density. 
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Albreoht and Blann [l5^ have in fact mad« preliminary oaloulatione of the level 

density function c* few-exoiton states for a est of nuclei around the closed 

shells at Z = 50 and Z - 82 on the basis of the Nilsson single-perticle levels. 

Their results seem to show that the average value of the few-exciton deneity 

states is fairly well approximated by the equidistant spacing model (Ericaon's 

formula), whereas at the closed shells the level deneity curve calculated on 

the Nilason model may differ a great deal from Ericson's calculation. 

The few-exoiton level densities are very important in our calculations aimed at 

determining the theoretical absolute value of the cross-section needed lr order 

to extract the parameter f (oC-clueter preformation factor). We therefore ob

tained the few exciton level densities from the analysis of nuclear reactions 

going through precompound mechanism in the nuclei with nearly closed shells 

that we had studied. A good measurement of neutron emission under proton bom

bardment at ~ 18 MeV on 208?b was done by Verbinsky and Burrue [l6] . As they 

show, the high-energy part of the neutron spectrum can be fitted by a precom-

pound emission spectrum, starting with an n * 3 exciton number. The absolute 

value fitting of this neutron spectrum can be obtained by the pre-compound theo

ry developed in our previous work £з], where the value of the matrix element 
representing the two-body interaction was the one determined in the study of 
(n,p), [17] (n.n'l L3J a n d (Ptn) [18Jreact ions. The level deneity parameter 
"ac" of the composite nucleus-which is formed at 25 MeV excitation energy - was 
kept as a free parameter. For the "ap" of the residual nucleus, which is left 

at rather low energy (lees than 10 MeV), 
' we took the value found in slow neutron 

experiments. 
Pig. 8 shows how the (p,n) reaction on 
T"b is fitted by pre-compound calcula

tions, where the "ac" value is 12.0MeV~ . 
This value is about 50 % higher than the 
"low energy value" which is~8. A simi
lar variation of the parameter "a" with 
the excitation energy was obtained by 
Williams in the above-mentioned paper on 
208Fb level deneity function. 
Ae a test of the validity of our calcula
tions, we applied the same porcedure to 
the Та (p,n) reaction studied experimen
tally by Verbinsky and Burrus, In fig. 8 
we »how the fitting obtained for the ab-
•olute values. In this nucleus, which is 
far from the closed shell, the level den
sity parameter is constants with the 
energy. There are therefore no free pa
rameters in the fitting. The reeult le 
very good. 

From these results, we deduced that the 
"•c" value for the closed ehell minimum 

Fig. 8i The neutron e« ctra from 2°9Pb(p,n) and Ta(p,n) (taken 
from reference С23 J at Ep-17.6MeV 
and Ep»18 MeV respectively, together 
with the calculated pre-compound 
emission (deshed-line). The low ener
gy part of the spectrum is due to 
evaporation. 
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must be increased slightly to describe level densities at an excitation energy 
of 20-30 MeV, but the closed shell effect is still far fro* being cancelled out. 
The threa-exoiton level density corresponding to that "aQ" value was used to 
oaloulate the (p,oC) cross-section, where the composite nucleus excitation en
ergy ranges from 25 to 35 MeV. For nuclei other than near the closed shell 
we took the "a " values from the interpolated curve shown In fig. 9. 

С 
Table 1 lists the f values which were cal-

t culated for all the nuclei considered. 
Values for the quantities of Interest to 
the calculation are also given. 
The separation of the direct part from 
the precompound one is made on the basis 
of the spectrum shape. The contents of 
the peaks Is attributed to direct mecha
nism and the continuum part, extrapolated 
ih the peak region attributed to precom-
pound emission. 
The separation is thought to be too uncer
tain in the case of Pb 2 0 7 » 2 0 8 at 20 «-Л 
22.8 MeV and it is not considered. Рог 
these nuclei the Rvalue is deduced from 

" the higher energy measurements, where the 
precompound contribution is important. 

Fig. 9i Behaviour of the parame
ter "ac" as a function of the neutron number N. Black points are 
taken from slow neutron data ana
lysis 15 { continuous line gives 
the average trend, the dashed li
ne gives the value used in these 
calculations for the composite 
system excited at 25-35 MeV. 

For the other nuclei near doubly closed 
shell, (Tl 2 0 3- 2 0 5, Pb206 and Bl 2 1 0) the 
precompound part calculated in this way 
has the meaning of maximum allowed quan 
tlty. 
On order to study mors extensively the 
behaviour of theeC-preequilibrlum emis
sion with the energy variation of the In
cident proton, we have analyzed the reac-

197 1Я1 
tion Au (p,oC) and Ta(p,oC) measured at incident proton energy between 
20 and 42 MeV for the former case and between 20 and 30 for the latter [4]. 
These measurements have been taken with an energy resolution such that peaks 
eventually present and due to direct effect should be smeared out. An example 
of this can be seen comparing the measurement of Au (p,eC) at 18 MeV by Henning 
[_19J and the present one at 20 MeV. The first shows strong peaks and the second 
shows only a smooth shape. This *a^t does not allow us to distinguish between 
contribution to the spectrum due to direct effect in the low energy measure
ments. But, considering He&nlmr's result we can attribute at least half of the 
speotrum to direct effect. Increasing the energy, the direct effect contribu
tion remain confined to the hlg'-e.* «"ir^y part of the spectrum, as shows clear' 
ly in lead, and it is less and 1eoe imcrta-.t. 
Taking these facts into exeunt Au an* Тч ,£ .--->ectra oan be fitted very well 
using a *f -value constant at all tfe «rerj'ej, as figure 10 and 11 shows. This 
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result is in agreement with the physical meaning of this quantity, which re
presents the probability for the incoming proton of exciting and «C-cluster ir. 
the target nucleus, therefore a quantity related to the internal structure of 
the target nucleus. 
An interesting aspect of this calculation is that the contribution of the terns 
with n > n becomes more and moi о 
determining the spectrum shape. 
with n > n becomes more and more important as the energy increases, therefore 
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(p,n) :<EA3Xioss 1:; ÜIDDLE HEAVY HUCLEI 

?. Eckstein, H, Helfer, Г. Kätsaer, J. Kayser, #. Pilx, J. Rumpf, D. Schmidt, 
D. Seeliger, ". Gtreil 

Technisch» Universität Dresden, Sektion ?hysik 

DDR ЭД27 Dresden, LlommsenstraSe 13. 3DR 

Investlgatio.is of (p,n) reactions are able to give contributions to information 
about the reaction mechanism. At the 10 Me У tandem accelerator si:'- experiments 
using tine-of-flight technique are performed. 

1. Experimental rrocedч»ч>з 
The tenders accelerator in the Central Institute for Muclear Research Rossendorf 
is capable of a n-î iir.un proton energy of 1С VeV. The maximum prnton current is 
about 3 ,uA. The pulsing system consists of a ohonper 1 and buncher accelera
tion befor and а chopper 2 after acceleration, "nrier hest conditions, the follo
wing parameters are achieved (ref.[lj): 

pulse width (with 3p"»ctroT.et»r) t..,.-, = (2,0 - 0.5^ r,a 
nulse dintance Г = "ОС пз (or 1C0O ns) 
energy range E^ = 3.5 ... 10.0 MeV 
averaged proton current I = 300 nA. 

The letector consist» of a 5" 0 x i,5" NE-213 scintillator, directly coupled 
with a photo multiplier :'E'J-'3. The snace charge method ''or neutron ga.T.ma dis-
crisnination is ;3ed, and in this way a lowest neutron threshold of 0,4 :,:eV Is 
possible. The 'll^ht path In connection with the dote'tor shielding can be cho
sen between ?.5 and 4 гг»*<л-я (ref.[2J), 
Targets are in vacuum evaoorated thin films - self-suprvortlng or with backing -
•nth thickness of 0.05 to any mg/cm , depending on the actual material. 
Л specific mode of the computer program NADJA III (ref^3]) calculates from con
tinuous spectra the cross section* d2<y/d2dE with all corrections. If the neu-
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tron groups in th# ssectra are resolved, a computer progxaa {raf.f*}) calculates 
the partial cross sections, using a Gaussian curve with exponential asyneetry 
tera. 

2. Results from ^^Mn(p.n) and "зо(р.п) reactions 
For both the nuclei mentioned above angular listributions at E = 4.12 end 
i.ОС KeV are aeasured, additional the excitation function in steps of 0.5 HeV 
from 3.5 up to e.5 5£eV. 
GT (6, Ep ) and <з (E , ©o) are extracted for the neutron groups Пф - n^, 
respectively. 
The excitation functions both of nuclei don't show correlated fluctuations bet
ween the neutron groups. The angular distributions are about symmetrical to 9C 
degrees and in any cases Isotropic. Therefore, a comparison with the prediction 
of the partial statistical theory seams to be possible. The computer progras 
aystea ELISA (ref.[5]) allows to calculate absolute partial cross sections for 
particles with spin 0, 1/2 or 1 and under consideration of 40 output channels. 
It bases on the theory of 'JJOLDAUER (ref.[6])with width fluctuation correction. 
In our case, the p, n and ,£ channels are included. 
The comparison of the experinent with the results fror. ELISA gives a quite good 

agreement fcr a number of neutron groups (see also fig. 1 and 2). But it exists 

also any differences in the absolute height, in the order of Legendre polyno

mials (IU group in fig. 1) and In the 90 degrees symmetry, predicted by the 

Fig, 1; Angular distributions of 
the ground state and any excited 
states of the "Un(p,n) reaction 
(points), compared with calculated 
ones (curves),see also the text 

Pig. 2: Similar to fig. 1 at higher 
bombarding energy 
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theory (n- and n_ group in fig. 1). But the differences sees to be smaller at 
the higher energy, than at the lower one. The optical model parameters are taken 
Ггов (ref.[7])«The present work shows, that the assumption of cosolete compound 
mechanism don't seem to be sufficient. 
;:IK (refjej) found in the ^Mn(p,n) reaction for E about 2.3 MeV resonance 
structure in the excitation function and 90 degrees asymmetry. But In this en
ergy range the influence of analogous states is not negligible. Other results 
from the ^^Co(p,n) reaction (ref.[9. 10.1l]) are inconsistent and not directly 
comparable. 

3. The 109Ag(p.n) reaction 
In steps of 0.5 SeV, angular distributions and excitation function from 5.0 to 
Э.0 BieV are measured and the cross sections d6T/dE(E ,E) are extracted. The ang
ular distributions are IsotroDic. It must be assumed that the reaction mecha
nise, is completely compound one and so a description with the complete statisti
cal theory (see ref.[l2j) is possible: 

G7E) ~ E<>'invCE' S ( U ) ( 1 ) 

where E is the emission energy of the neutrons, S* * the inverse cross section 
агЛ 9 (',') the level density for the excitation energy U of the residual nucleus. 
Based on the FERMI gas model, §• (U) is given by 

S>(U) — U~5/4 expV4aU" (2) 
"а" 1з the level density parameter. 
?i?. 3 shows a function derived from (1) and (2) versus U ' , which must give a 
linear behaviour (it means, the level density parameter "a" is constant). As 
зееп, it is not the case, A more detailed calculation gives the level density 
рт.-aneter value of a = 12 MeV~ for E less about 4 KeV and a = 8 KeV~ from the 
urrer SDectrum part. The value a - 1т J>V~ for mass number A = 109 is expected. 
Therefore nre-equll'brlun er.ission is included (see also ref.n2j) corresponding, 

GTCE) = К,СГа(Е, а) + K2<TN(E) (3) 
»•-ere 6"., describes the compound emission according to (1) and G~ the pre-equi-
librium emission ( see also ref.£l2]). 
Hut in opposite to the procedure of the computer program NONEQUI (ref.[l3]) the 

a-value is set a = Ifi iTeV" and the components of equilibrium and pre-equili-

hriun emission (expressed by K1 and K2) are fitted with the experimental spec

trum. It aeeran to correspond more to the physical reality. Any results are shown 

in fig. 4. 

The difference between experiment an theoretical calculation in the high energy 

part of spectra is not clear up to now. The investigations will be continued. 
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:Z* ~4'- If. the frir.ewor'* of thn complete r i t a t i a t i c e i 
r. eory , -, he p o i n t s should ^ ive a l i n e a r f unc t i on , 
% c M r ; i v to formula (?) 
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Pig. 4: Experimental points (•) and f i t ted curve 
of the total neutron emission ( x ) , consisting of 
equilibrium Co) and pre-equilibrlum (•) contri
butions 
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SESSION I I I 

COSPbEI-PARTICLE РОЮИТТОЯ AUD PREBJOILIBBira DECAY 
Б. 3*tak and ?. OMozinaky, I n s t i t u t » of Phyj ica , Slovak \eadeay o f S c i e n c e s , 
Э9930 Brat i s lava , Czechoslovakia 

The attempts to describe the process of c o e p l e x - p a r t i c l e formation and e a i s s l o n 
are bain* ione wi th in the p r e a i u i l i b r i u a s o i e l e of nuclear r e a c t i o n s f o r s e v e 
r a l y e a r s . S l t h l a the e x c i t o n ко l e i of preequll lbrium decay we can record two 
d i f f eren t approaches £t» 2 J . froa whicv the second one supposes that a complex 
p a r t i c l e of any *lnd I s c r e a t e l from e x c i t e d nucleons only i n r e d i a t e l y before 
i t s e e l s s i o r . . 

Though the comoiex-pert i c l e fonrAtion aid i t s e a i s s i o n shoal? be t rea ted аз one 
process [ 3 ] , i t ca^ be n e v e r t h e l e s s - r e s e ite-i as a product of corresponding two 
p r o b a b i l i t i e s . The p r o b a b i l i t y o f c o - p l e x - p a r t i c i e foraatior. Vp i s usua l ly 
кле'г. l e s s the- f , whereas the er i ;" ior . probab i l i ty i t s e l f i s comparable with 
t r a t of r . jc lecns . '.'e '<now яас'-- "trout o t - p a r t i c l e forr^t ion in the nuclear 
ground s t a t e b»c-»^se of tra . l ' t ional In tere s t to об-decay L<J »ni according to 
»any c a l c u l a t i o n s f-e reg ion of «С -formatier, p r o b a b i l i t y 3ho::13 be rat! ег oroai 
*• г:"- - ? х i:~* ;ree re ' . [5]). 
"er.erai'y, :*.->rr->il" pro:: я i l i t y car. re e v a l u a t e ' on the b a s i s of the overlap 
' r.t»5T4l 0 ' *ave f;-o":^-.3 c" i n "ivi :ual r.usleons Vj with the c l u s t e r wave func
t ion "*fy . .'-*! 3:rrler,t e s i i - o t i o n , o r i g i n a l l y unei for JL-part'dec by "olhoe'-c 
я-.' r - я т " \~\, "••••• i * л" t4*r."-; prov i : ed a l l wive funct ions ore со:".я'.ягЛ i n 
* ; e rat ion '.r. »hio- f-ey s ~ o . l i ' i f f е г appreciably ГГРГ. zero: Vj i n f e nuclear 
."-•'. --* -- .* Vi i'• -"в оот.о1ех-гяг*! t i e vol;-!» 7^ . It g i v e s 

v-\%-\ %9 ds---.fi; 4 P / ^ ) 
* - < (*J 

1/3 
^ О 

f^r i.'tr oo-oo.-.ite n;:clej3 ч-.i ocr->lex ---.rt!ole .vo ' : - , ! t:~4' у о"" -jiver. '-clr.i 
of '.'• :-..-rlex - lar t lo le ieoer.!s or. the гаяз n.;r-^r on ly . .'-ere in . : » : ! » r 
ol-anr.el ег.о.-jjy ~^r exel tat :er ег.ег-;ту 'epen'e-.oe. .'• e .'- 'epe : "e to 'r v rv •". orp 
-.ч:г.1у "'or .-»avier ' r , - 4) -'-»rt' o le ., n:: the оог.'гчг.у '-< the "<?хрог:г :-.*.я1" 
v-*l;»~ A- -.1 ••' -го» or. Чу *ееЧ .'.-trer." я "' ' r i l t a i e -• я . • «1 ч •• v.«li -• c^^i 'a t ion 
•».•.erjy ••-;•» . 'o.-.;e. "F.xr^rir.er.tal" у/л (..<•• t-т:;. ') ore o';t4: -\" ' "r.-- *.h« f i t 
0 ' the '-.'.?': e-.er?y -irt"; of the o v r ^ l l ".or.rIeÄ-Г'ТГ •.; -Лч r^- . t r i to t: 0 '-i>: 
Si Xe ex^eri-.^nt^l :^ta fron protor.-in b-i:c " r -•>•»•; t '->:.' ••>-. 'o ir '=i:-.j^- ."lei in 
-.4.43 гЛ(г"з.-". r ' < A<-",0" '*ith exc : t"it ion e-.ergi»s -i: \< ~ rV. ;••" .'.->* '.n:.; .ver': 
?»rf?г"» i v't'. V e ^o 'e i e s c r ' b e i e-orlier L*J. 
'. .'•PiT",t lor. of CT.rtar.t »%v» f';T. o i l o " i.~ rath«r c . - i ' e . еж л'-,"/1гм- у^гт -.'.' ->-.."; 
:»ч' to t o ;onol .я'.сп that еч . ' 1) ?lve.i t r j ' e vni. ;e- expla'.• :-..; *'- ." я ore*' 41 
r^i a^r*er.«r.t with "experimental" entir.iationn. ''ir:: 11 у, overlap rr r e i l i r t i - . 
*4ve f; -.:*. lone, - » с а л е of t;-.eir o .oc l l la tory o: a r a c t e r , i s les.o tl-a.t ov-irlnp of 
:-!Mft=»r.t -ave f^r.otionn. . l eco . i i ly , only l i r i t e - i portion of nuclear volume '/ 
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contains highly excited nucleons with distinctly nonzero wave functions and is 

available for the formation process. 

Knowledge of v, enables us to estimate average number of clusters IIQ in a nuc

leus. Following relation has been derived in ref. [ s] 

N„ «M R0(P) ( p ) ' 
(2) 

where Rn, •. i s simple combinatorial factor (having value of the order of 0.5) 
ani p is the number of excited nucleons. Since to r e l a t i ve ly high energy com
plex-par t ic le spectra contribute e s sen t i a l l y only a few low-p s te teg of the 
composite nucleus, } ' a

e x p e r of t ab . 1 should be related to those p only. Taking 
maximum value of j > ß

e * p e r and p = p + 1 we get (зее tab . 1) probably the highest 
limit of numbers of complex pa r t i c l e s with high k inet ic energy in the nucleus, 
a part of which we ooserve subsequently in the 3pectra. 

[ a b l e l : Formation probabi l i t i es and numbers of complex par t i c les 

Particle 

deuteron 
triton 
helion-3 
alpha 

Pa 
2 
3 
3 
4 

^exper 

0.024 - 0.12 
0.001 - 0.028 
0.002 - 0.020 
0.0007- 0.094 

theor 
ft к = 50 
0.32 
0.097 
0.097 
0.033 

Na 
0.18 
0.055 
0.04 
0.24 
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КАСКАДНО-ЭКСИТОННАЯ МОДЕЛЬ ЯДЕРНЫХ РЕАКЦИЙ 

К.К. Гудима, В.Д. Тонеев 

Объединённый Институт Ядерных Исследований, ЛТФ, Дубна, (СССР) 

Аннотация 

Предложена модель, объединяющая черты трех механизмов ядерной реакции - прямого 
(каскадного), предравновесного и равновесного (компаунд-ядра). На примере двой
ных дифференциальных распределений частиц, испущенных в протон-ядерных реакциях, 
обсуждается роль процесса предравновесной эмиссии. 

Зведение 

В последние годы нуклон-ядерные реакции в области промежуточных энергий Tg < 
100 Мэв привлекли широкое внимание тем, что здесь наиболее ярко проявляются 

эффекты так называемого предравновесного распада ядер. Связанный с этим явле
нием механизм иппускания частиц на стадии установления статистического равно
весия в возбужденной ядерной системе занимает некоторое промежуточное положение 
между прямыми реакциями и распадами через состояния компаунд-ядра и не сводится 
к какой-то простой их комбинации. Предложенная Гриффином экситонная модель пред
равновесной эмиссии частиц [i] и её последующее развитие (см. обзоры [2, з]) 
позволили понять важность этого механизма, его связь с промежуточной структурой 
ядер, объяснить ряд интересных физических эффектов. 

К сожалению, все модели предравновесного распада, реализующие в той или иной 
степени идею о релаксации возбужденной ядерной системы за счет столкновений 
между ее составляющими, не ставят вопроса об угловом распределении продуктов 
реакции. Наблюдаемая на опыте асимметрия углового распределения вторичных час
тиц не получила в этом подходе своего объяснения. 

В данной работе развита модель, объединяющая характерные черты прямых реакций 
и предравновесного распада. Обсуждается чувствительность измеряемых величин к 
этим механизмам. 

Описание модели 

При обсуждении механизма ядерной реакции мы будем исходить из следующей физи
ческой картины. Влетевшая в ядро частица может испытать одно или несколько 
внутриядерных столкновений, что приводит к образованию возбужденного многоква-
эичастичного состояния типа "do»rway etate", которое - в свою очередь - путем 
испускания частиц может перейти в основное состояние непосредственно или сде
лать это, пройдя через образование компаунд-ядра. Описанная картина близка к 
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модели, предложенной Родбергом для объяснения промежуточной структуры ядра [*]. 
Используя общий формализм теории ядерных реакций, Родберг смог рассмотреть лишь 
упругое и неупругое рассеяние нуклонов с образованием входного состояния. В на
шей работе акцент сделан на реакциях >• несколькими частицами в конечном состоянии. 

Поведение первичной частицы, а также частиц второго и последующих поколений (ес
ли таковые имеются) вплоть до момента поглощения или вылета их из ядра рассма
тривается в рамках обычной каскадной модели [5, б}. Подсчет числа захваченных 
ядро« частиц и "дырок", образованных в результате внутриядерного столкновения, 
определяет входную частично-дырочную конфигурацию оставшегося возбужденного яд
ра, энергия возбуждения которого находится из баланса энергии. Дальнейшая "судь
ба" ядра прослеживается на основе модифицированной экситонной модели предравно-
весного распада, предложенной ранее в Дубне [?]. Следует подчеркнуть, что эта 
модель построена на решении кинетического уравнения с учетом испускания частиц 
и трех возможных типов внутриядерных переходов, отвечающих изменению числа час
тиц-дырок (экситонов) на - 2 или 0, усредненный матричный элемент оценен из рас
смотрения среднего свободного пробега частицы в ядерной материи. Данный вариант 
экситонной недели учитывает ЙСЗМОЖНОСТЬ последовательного испускания нескольких 
частиц и естественно переходит в модель равновесного статистического распада 
компаунд-ядра для состояний с большим чкелом квазичастиц [7J. 3 рамнах исполь
зованной модели предравновесной эмиссии была успешно объяснена большая совокуп
ность данныу по реакции ( п., п.') при TQ=^ 15 М&в [ Б ] . 

Таким образом, предлагаемая каскадно-экситонкая модель рассматривает ядерную 
реакцию как проходящую в три стадии - каскадную, лредравновесиую и равновесную 
(кемпаунд-ядро) - в отличие от двухэтапного механизма Сербера [sj. 

Все вычисления выполнены с помощью метода Мочте Карло. Для уменьшения дисперсии 
щу. расчете энергетических спектров частиц, испущенных под заданным углом, ис
пользована модификация метода локального потока, предложенного для расчетов про
хождения излучения через веществе [1С]. 

Параметризация модели 

Важным моиентом в предлагаемой модели является условие перехода от внутриядер
ного каскада к модели предравновесной эмиссии. В обычной каскадно-испарительной 
модели быстрые частицы прослеживаются ло некоторой минимальной энергии - энергии 
обрезания 7 = Т о б , - составляющей примерно (7 - 10) Нэв. Как показано ь ['s], 
вариация в разумных пределах величины Т0- не меняет существенно среднего числа 
частиц в ядерном акте, фактически в этом случае речь идет о том, какие тстицы 
называть каскадными, а какие - испарительными. В качестве нулевого приближения 
к нашей модели, ниже мы рассмотрим и такой способ "резкого обрезания" для пере
хода к предравновесному распаду ядра. 

В реальном «.пучае следует ожидать некоторого сглаженного - по анергии - обреза
ния, причем из общих физических соображений ясно, что при переходе к более низ
ким первичным энергиям вклад в поглощение частиц на периферии и во внутренних 
областях ядра будет меняться, что совершенно не передается приближением резкого 
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обрезания. Поэтому естественно попытаться связать условие поглощения быстрой 
(каскадной) частицы со степенью близости мнимой части модельного оптического по
тенциала к его экспериментальному значению, извлекаемому из анализа опытов по 
упругому рассеянию частиц на ядрах. 
Возникает вопрос: что принять за модельный оптический потенциал? В приближении 
"слабой связи" мнимую часть оптического потенциала можно выразить через сечение 
(Г рассеяния частицы на ядерных составляющих 

W fr) = =^6*-(? (r)-V . (I) 
опт, иод г j ^ I к ' 

где V - скорость налетающей частицы в среде, <? (г) - плотность ядерной материи, 
а величина б'должна включать в себя эффект принципа Паули. Учет фермиевского 
движения предполагает усреднение (I) по соответствующему спектру. Условия при
менимости этого соотношения выполняются лищь при достаточно высоких энергиях и 
для центральной области ядра. При этом радиальное поведение плотности ^ (т)t 
как видно из формулы (I), следует за поведением оптического потенциала. В общем 
случае функция $ (г) отстает C T W J n T ( r ) , что обусловлено конечностью радиуса 
взаимодействия частиц и эффектом нелинейной связиWonT к ff [ilJ. Поскольку в 
настоящее время мы не можем последовательно учесть эти факторы, мнимая часть 
оптического (модельного) потенциала для каскадных частиц оценена в двух сле
дующих вариантах: 
А) Оптический потенциал повторяет радиальную зависимость массового распределе

ния, диффузный характер которого учтен в каскадной модели путем разбиения 
объема лдра на 7 сферических зон с постоянной плотностью равной среднему зна
чению по даннсЧ зоне. 

Б) Оптический потенциал определяется согласно (I), где в качестве Q (г) взято 
распредвале Зудса-Саксона, но для значений параметров отвечающих объемной 
части мнимого оптического потенциала, извлеченного из анализа эксперимен
тальных данных, косвенным образом этот трюк учитывает эффект нелинейной связи 

w опт и f 

Расчеты, выполненные ыотодом Монте Карло для обоих вариантов, представлены на 
рис. I, там же нанесены экспериментальные значения мнимой части оптического по
тенциала W o n T эксп (т). полученные в двух работах групп авторов [l2, I3J. Ин
тересно отметить, что для T Q > 30 Мэв их результаты заметно обличаются, хотя по 
величине /* для угловых распределений в упругом рассеянии и даже для поляриза
ционных измерений они практически совпадают. При энергии Т 0 = 60 Мэв, п е разли
чие особенно сильное, значенияУОПТ мод (г) находятся между этими данными. 
Естественно, что при переходе к меньшим значениям T Q рассчитанная таким образом 
мнимая часть оптического потенциала не передает максимума поглощения, имеющего 
место на периферии ядра. К этому следует добавить, что условия справедливости 
каскадной и оптической моделей не совпадают. В частности, в мскадной модели 
рассматривается рассеяние на связанных нуклонах, а не на потенциальной яме, К2К 
в оптической модели. Таким образом о согласии между У.__ иУ/... -.„__ мож-

ипту под опт| эксп 
но говорить лишь с определенной степенью точности, которую мы будем характери
зовать параметром близости 
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P = 
w опт, мод ~wonT, эксп 

w опт, эксп 

T,=30MeV 

1 2 3 t 5 б 7 R.fm 

?v.o. I Результаты 
миимсй части опткче 
;.r,n реакции p+^Fe 
vKpe'.:T.'.Ki' к крулк/. 
с: ответственно, см. 
кривой к пункт!-;роу 
рикеитальные зкаче.ч 
работах [12, 13]. 

модельного расчета 
ского потенциала 

при энергии То. 
- варианты А и Б 
текст). Сплошной 

нанесены экспе-
«:•, полученные в 

й6_ {' 
dT . i 

102t-

10 : 

p . " F e , T,-29MeV 

Если положить, что бС-ыэвный протон удов
летворяет условиям применимости каскадной 
модели, то - как видно из рис. I - это 
соответствует значению Р=г(о,3 - 0,5). 
Более точно параметр близости может быть 
выбран из сравнения с опытом результатов 
расчета характеристик ядерной реакции. 

Все остальные параметры каскадно-экситон-
ной модели фиксированы и взяты теми же 
самыми, как в моделях внутриядерного кас
када [5, 6J и предравновесного распада 
[7]. 

Результаты и обзуждения 

Рассчитанные в различных предпо
ложениях спектры вторичных про
тонов из реакции pt- 5*Fe -• р+-.. 
показаны на ряс. 2. Как видно из 
представленных результатов, ис
пользование варианта с резким об
резанием приводит к появлению не
физического провала в спектре 
частиц вблизи Т о б . При переходе 
к большим значениям энергии бом
бардирующего протона провал мас
кируется выбором величины шага в 
гистограмме, но при T Q - 15 !Ьв 
его влияние резко искажает общую 
форму спектра. Подключение меха-
низма предравновесной эмиссии 
улучшает согласие с опытом, сгла
живая теоретическую кривую. 

т. Mev 

ис

следует заметить, однако, что 
ппо^"Тогрирг.ва?шый по всем углам 

2 Расчетный спектг. протонов, испущен- энергетический спектр не являет-
гиейЯ|§°У-и ПРИ 0 б л у ч ё н и и п Р° т о н а м и с э н е Р- ся очень чувствительной характе-

• - - каскадно-иг.г:з;;ите.',ьная модель ристикой реакции, поэтому даже 
- данная каскадно-экситонная модель, обычная каскадно-испарительная 

модель дает разумные результаты. 
вариант с резким обрезанием, 

- - вариант А, 
— - вариант Б, г , 
точки - эксперимент из работ [I4J 

Наибольшую чувчтвительность к 
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механизму предравневесной эмиссии обнаруживает спектры протонов, испущенных в 
область задних углов, что демонстрируется на рис. 3 . В частности, выход протонов 
с энергией Т > (15 - 20) Иэв практически целиком обусловлен процессом неравно
весного распада ядер. Этот эффект ке может быть имитирован никакой вариацией па
раметров обычной каскадно-испарительной модели. 

Благодаря высокой чувствительности 
к предравновзсной компоненте сог
ласие с опытом в спектрах испущен
ных назад протонов явилось основ
ным критерием для выбора величины 
параметра близости р . Оптимальные 
значения Роказались равными ( 0 , 5 -
0,6) и (0,2 - 0,3) для вариантов 
А и Б соответственно. Увеличение 
значения Рзавышает выход быстрых 
частиц, что более заметно при не
больших энергиях, скажем, TQ — 15 
Мэв. Значения Рниже указанных 
границ приводят к повышению онер-
гии возбуждения входного канала, 
что влияет на спектр частиц, испу
щенных назад, и это проявляется 
тем раньше, чем выше энергия бом
бардирующей частицы. 

Необходимо подчеркнуть условность разделения каскелного и предравчовесного меха
низмов в данной модели. Это разделение, а соответственно и выбор основана ну 
предположении об изотропии углового распределения предравновесной компоненты, 
вся анизотропия приписывается каскадным нуклоном. В действительности возбужден
ная многокваэичастичная система, обраэоранная £ результате прохождения каскада 
частиц, может сохранить некоторую "память" об пинцирующей каскад частице и тем 
оолыуу, чем меньше ччедо возбужденных ч.зотиц-дырок. Последовательно учесть этот 
.-•>;-ект сейчас не представляется возможным, однако понятно, что эффективно это 
отвечал!"' ÖL. выбору более узкого интервала >ю параметру близости Р . 

Поскольку варианты Л и £ дают близкие результаты, все приведенные ниже данные от 
носится к варианту Б с Р = ь , 3 , а в качестве wQnT э к с п впяты результаты анали
за, выполненного Бочетти к Гринлисом [I2J 

Результаты вычислений, прздетавленйые на рис. 4 - 5 , позволяют проследить зави
симость формы энергетического распределения протонов от энергии первичного про
тона и от ядра-ми:.ек-/, ты/ же указаны вклады от всех трех механизмов испускания. 
Видно, ч"о предложенная '/одель хорошо воспроизводит изменение формы спектров при 
переходе от легких ядер мишеней к более тяжелым, правильно предсказывает абсо
лютный выход частиц. Проведение абсолютных вычислений оказалось возможным бла
годаря использованию модели внутриядерного каснада. Относительный вклад каскад-
Кьл л предравновееннх частиц зависит как от TQ, так и от массового и зарядового 

9 ч « гс 2; т Mtv 

Рис. 3 Спектр протоков, испущенных под уг
лом 125 в реакции p + * v p , - » p + . . . при 
То = 29 Лэв. Зсе обозначения - как на рис 2 . 
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ЙТГ 
Проинтегрированный по углам спектр 

иичнкх протонов шз реакции p t » r , _ f p t , 
прк*ТТо -- 39 Нэв. г re r 

- равновесная компонента, 
- — - предсавнсвеска.ч компонента, 

- "улмз всех трех компонент, 
- гезулттати расчета Бланна по гиб-

Ьндной модели с учетом геометрии 
реакции [2 ] , л точку - эксперимент il«ij 

* L _ : i.l 
го зо to so 1 M*V 

Рис. 5 Спектры протонов, испущен
ных при облучении ядер железа, 
олова и висмута протонами с энер
гией То = 62 Мэв. Все обозначения 
- как на рис. 4 

чисел ядра-н;:исни, причем есга рассматривать лишь проинтеррированные по углам 
спектры, как это делается в предравновесном подходе, то вклада этих двух меха
низмов невозможно локализовать какой-то узкой энергетической областью. Соотно
шение между этими ксмпонентами меняется также и в зависимости от угла вылета 
вторичных протонов (см. рис. 6 ) . 

АЛ , 
n t y " L/i 

юЧ 

Т , - Ь 2 
—т | 
V 39M*v ; т. = 29 lev | 

e,9rod 

?хс. 6 Угловое распределение протонов из реак-циг p + **Fe —» Р + ... при энергии TQ. —* — *— равновесная компонента, — — — предравноэесная компонента, - - каскадная компонента, - сумма всех трех г •> экспериментальные точкк вэгты из работ LI^J« 
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Пример расчета двойных дифференциальных се
чений дан на рис. 7. И в этом случае сог
ласие с опытом достаточно хорошее, а в об
ласти больших углов - заметно лучве, чем 
результаты, полученные в рамках каскаднс-
испаригельной модели. Как уже отмечалось, 
проинтегрированные по углам энергетические 
спектры пвляются не очень чувствительной 
характеристикой, что позволило ряду авто
ров использовать для них минимально изме
ненную предравновесную модель вплоть до 
энчугии T Q — 6 C Мэв (ср. рис. Ч). 

^ х з е н и е 

зЗЯ-

Гаким образом, предложенная каскадно-экси-
тонкая модель успешно воспроизводит двойные 
ли ;4>ереяцйалькые сечения для вторкчнмх нук
лоне». Приведенные результаты ещё раз под
черкивают важность учета цредравновесных 
процессов, показывают, при каких условиях 
их вклад монет стать превалирующим. В то 
же время следует помнить, что граница раз
дела между тремя рассмотреннымк механизма
ми ядерной реакции - прямы« (каскадным), 

предравновесиым и равновесным (кокпаунд-ядро) - Еес.ьма условна и относительна. 
дальнейший прогресс в этом направлении связан как с оолее детальным и строгим 
теоретическим рассмотрением проблемы, так и с необходимостью новых прецизионных 
измерений. В частности, представляет интерес изучение корреляций между испущен
ными частицами, пример успешного применения такого подхода дают исследования 
процессов множественного рождения частиц в столкновениях выоокознергетических 
адронов. 

Рис. 7 Спектры Еторичных прогонов 
испущенных в реакции р + гм-е~»п+. 
под углом 9 при Тс = 39 :.'гв. 
Сплошная гистограмма - ш.я расчет, 
пунктирная - расчет Еорткк.: к др. 
по каскадио-испарителькоЛ модели 
CE5J . Экспериментальные точки вз 
ты из работа [-^]. 
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1. Introducticn 
A large number of ex2eri.-er.tal (n,2n) cross sections have been obtained by va
rious techniques darin? the last ?0 yearn. This has enable! папу authors to com-
nre the existing experimental Cn,2n) cross sections with theoretical estimates 
and make a syste:r.atics of (r.,2n) cross sections, 
(n,2n) cross sections have been mostly compared with predictions of the stati
stical theory эг. i some seir.ienrirical ready-to-use formulas such as the Pearl-
stein [lj estimates. 
The overall exclusion irav.r. frir. these systematic studies is that the simple 
evaporation theory used in Pearlsteia semiempirical formulas agrees with.in 'C ' 
Ait!-, about two t-iris of the measured cross sections |_2j. This stater«:-.!; -olin 
for inci !e:-.t r.o;tror. energies around 14,7 "eV. 
It h.33 beer, recently nointed out that experimental total (n,2r ': cross --ict'o.-is 
exhibit a systematic trend in the deviation from the Pearlst^in estimates [з]. 
This treni arpeared v/hen the comparison wan made for constant values о1" the 
excess energy V„ - ~L * . (r.,">::) rat'-er t:an for constant bombarding energies 
Cn. ih.e neces ;ity of such a com-ar'sar. appears clearly fror, the simplest evapo
ration formulas like the .Veip.~-:opf ом, where the cross section for the emis
sion of two consecutive neutrons is älven in terir.s of essentially only one para
meter, namely '..'R: 

Г UR UR 1 СГ(п.2п) =в-пе| 1 - (1 --§ exp (-g£)] 
where <j ,,e is V e nonelastlc cross section and © the (residual) nuclear tempera

ture [4 J, 

In an earlier paper nolub an-1 ,'indro [3] investigated the compnrioon of experi

mental (n,2n) cross sections and the Pearlstein estimates at constant values of 

':R. They noticed that most of f-e data in the region of UR = b" - 1 r.'.eV are sy

stematically overestimated by the Pearlstein estimates. In fact, aX?-fit to 1 

straight line in а в'ехр/<Г Pearlstein ratio as a function of mass number Л 
gave a line 

-r£2£ -- -0.0003Я A + 0.95 , 
v Pearlstein 

indicating that for nuclei heavier than A» 100 and for UD = <5 - 1 MeV the ^earl-
stein calculations overestimate the experiment by ^bout 1С 1o on an average. This 
difference was conjectured to be due to the effect of preequilibrium proceosee 

http://ex2eri.-er.tal
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in neutron «01081011. 
*e should stress, at this point, that the Pearlstein expression is not a purely 
statistical foraula, bat rather a statistical model-baaed e«miempirical formula, 
ae it contains СГ-л/б"-- *s a scaling factor ( G"_|. is the cross section for 
all reactions where neutrons are emitted, except elastic scattering). ЛГе 
thought, therefore, that in order to detect systematic departures from the sta
tistical predictions (and to ascribe '.hem to nonstatistical processes) a compa
rison with a statistical model a priori calculation was necessary. As to the 
choice of experimental data for this comparison, we used data published from 
1970 on whenever possible, i.e., we used activation data obtained by the Ge(Li) 
detection technique, ao well зз recent data obtained by the large-acintillator 
method l_5j. Otherwise, earlier data from different authors were averaged and 
their mean value taken for comparison. 

2. An a priori compound nucleus evaporation calculation 
In the present work we study in detail the applicability of equilibrium pro
cesses to (n,2n? reactior.3. to this end, we understock a systematic calculation 
of (n,2n) егозя 3ectioT3 using a statistical model, 'Keeping all the input para
meters fixe 1 or smccthly varying with A. 

2.1, Ingredient« of the calculation. The calculation was based on the 1-inde-
pendent statistical model; a computer code wae used to calculate simultaneously 
'r.,p)t (n,«i.>, (n,n'), (n,2n) end (n,3n) cross sections \_b]. 

The inout parameters were the total nonelastic сгоаз section G'_., the inverse 
ne 

егозя sections for neutrons, protons and alpha particles (which we denote by 
C^ n v(e), G"£nv(f) and GT^nv(e), respectively) end the appropriate level densi

ty parameters. By including either experimental or calculated (using the '.Veiss-

kopf single-particle transition rateo) values for Q- , it was also possible to 
calculate the (n, y> ) cross auction. 
(i) The values of nor.elaatic cross sections G"„(E ) were taken from the opti-

P -i ne n 
cal model calculations of '.'.ar.i et al.|_7J. 

(ii) The inverse cross sections for neutrons G" ?nv(c) were calculated using 

the optical model code by 3mith [_8j, A local equivalent, of a no-local po-

tenial with the Woods-Saxon form for the real and the Woods-Saxon deriva

tive for the imaginary part of the potential wae used. The optical model 

parameters were the following: 

ß (nonlosality) = 0.35 fm 

The above parameters wer« chosen in such a way as to obtain maximal agree

ment between the value of (5"n (g) calculated by this code and the values 
obtained by Lagrange and Delaroche [9] from coupled-channel calculations 

v0 -
w > 
0 

RoR 
aR -
aT = 

VS0 

71 MeV 

(7 + 0.4 

• RoI " 1' 
0.65 fm 

0.47 fm 

- 7 KeV 

E) 
.21 

MeV 

fn 
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for the nuclei 148Sm end 232Th, as well aa an extended optical model ana
lysis for the nuclei 93Nb and 197Au. .Ye note that 6Г Jnv(f) around 14 MeV 
was practically equal to the 6"ne of ref. 

(ill) The values of inverse cross sections for proton emission GT.^(c) were 
taken from the optical model calculations of Mani et el. [lo] and those 
for alpha particle emission from the calculations of Kuizenga and Igo 

(iv) The level density parameter a was systematically taken from Gilbert and 
Cameron [12] . Following the same reference, the excitation energies of the 
residual nuclei were split into two regions by an energy EQ. For excita
tion energies below £ , the constant temDerature denoity model was app-
lied, and for excitation energiee above EQ, the Fermi gae level density 

model was applied. The value of E was calculated using the procedure des

cribed in ref.L12j. The values for pairing and shell corrections were al

so taken from Gilbert and Cameron L.12J. 

(n,2n) cross sections were calculated for about 80 nuclei, for incident 

energiee satisfying the condition that the excess energy was in the regi

on 'JR = 5-7 MeV. .Ve made this choice having in mind the following reasons: 

(i) For most nuclei, the -i-value for the (n,2n) reaction is about -8 to -9 i-*T 

and most of experimental data for (n,2n) cross sections are for incident 

energies between 14 and 15 MeV, ТЬиз, the bulk of available data correa-
ponds to the excess energy range TJ_ = 5-7 iieV. 

(li) In this energy range we are well above the (n,2n) threshold, and still ts-
low the (n,3n) threshold; we shall see that this fact has important con
sequences as to the sensitivity of the calculated cross sections to the 
variation of input parsmeters. 

(iii) As mentioned in the introduction, a systematic deviation from the stati
stical predictions was observed in this energy region. 

2.2. Sensitivity of the model to the choise of input parameters. <Ve shall now 
discuss a crucial point in the analysis, that is the sensitivity of the results 
of the model calculation to the choice of input parameters. Among all the pa
rameters, the level density parameter a and the neutron inverse cross sections 

ff\n4(e) и*У considerably influence the calculated cross sections, while leaving 
at the eame time a considerable freedom of choice of values. 
It is well known that the average values of the level density parameter a given 
in ref. [12J may differ from the values deduce! from observation Qi]. He che
cked the influence of the two sets of values for the level density parameter a 
on the calculated (n,2n) total сгояя sections for the 149.150,152 and 154Sm 
isotopes in the incident energy range from 14 to 16 itieV. The results for the 
total cross eectlone obtained using the calculated and observed value for a, 
respectively, are shown in Table 1. The cross sections obtained for the two 
sets of a values are quite similar and certainly well within the uncertainties 
of the method. In addition, we drastically varied the value of a from 16 to 
24 MeV~ and calculated the total (n,2n) croas section for 152Sm at an incident 
neutron energy of 14.5 MeV, The corresponding relative change in the calcula
ted oroee eeotione wee found to be only 7 %. 

The inflmenoe of two different set* of v»luee of neutron inverse croee eeotione 
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is shown In Table ?. The (n,2.n) cross sections were calculated for 
H6,*5C,152,l54Sn a n d 197

Ja j S i n g the optical-eodel [в] and the coupled-channal 
[ч] valaes for 6'inv(€)t for incident energies in the range between 14 and 
1? :>V. In all cases the differences in the cross sections around 14 HeV (cor
responding to UR = 5 - 1 !.:eV) were rather small (*"5 %). 

It is important to note f-at the effect of the variation of the two crucial pa
rameters a and 6" inv(e) Ьесовез considerable as we nove to lower incident en
ergies, approaching the (n.2n) reaction threshold. .Те stress that this varia
tion had no appreciable influence on the calculated (n,2n) total cross sections 
only for incident energies corresponding to excess energies in the range U_ = 
r-" be'.'. Гг.-iS, we felt safe in using the model in this restricted energy range. 

3. Result9 
3.1. Comparison with other systematic calculations. As mentioned before, we 
calculated the total (n,2n) cross sections for about 9G nuclei in the excess 
energy range of b*_ -- '£1 :.>V. There exist at present several semiempirical and 
empirical formulas for (n,2n) сгозз sections, for instance those by Pearlstein 
Li], Adam sr.-i Je<: ['̂ v.-i 3. Chatterjee and A. Chatterjee [_15j . For 73 nuclei 
and incident e-.-"g:e3 corresponding to the above region, we made a comparison 
between the experimental results of the total 'r.,2n) cross sections and the 
rerjjits of t:e calculations fron refs. [l, 14, 15J and oresent work, respecti
vely, big. 1 shows the histograms of the relative differences between the ex

perimental valuee and the dif-
.^.. .__..— „—,—,—r—_-, ..- -, ferent calculations. The semi-

empirical formulas by 3, Chat
terjee and A. Chatterjee [15J 
and Adas ar.d Jeki [l4J give 
rather wld = histograms symme
tric around 0 % deviation. On 
the other ,iand, the results of 
learlstein ̂ 1J and the present 
calculations predominantly 
overestimate the experimental 
values up to ~ 20 f>. For the 
Fearlstein |_ 1J oemic^pirical 
estimates, the same has alrea
dy heer, concluded in Section 1, 
aid it артеагя that the pre
sent calculation giver simi
lar results. 
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••'!-. T: ;<:->tr:but ;on of the relative iiffe-
re:.ces between exoerimer.tal values and cal
culations or fn,2n) егозя section.! ae ei^en 
by/:, ;.-.atterjee and Л. :hatteriee [15] , 

' " " " ' * id n r e -iam a- 1 
work 

- . e r j e e a m л . Jb . a t t e r i e e \<z 
re:<i [ U ] , t e a r l a t e i n [1] a r 
, r e s p e c t i v e l y . 

3 . 2 . : imparisor. with exoer iment«! d:*sta. To atudy in more d e t a i l the comparison 
of ".be ; 'reufr,; •«al '^ lat- ione wi th exper imen ta l d a t a , we p l o t t e d the <cf , /<5" 7 „ 
r a t i o a s a func t i on of a tomic таяв number i n the chosen excess energy ra.-.ge of 
•'• - 1 .VeV. P i g . 2 shows t h e r e s u l t of t h i s i n v e s t i g a t i o n . The l e a e t - s q u e r e f i t 
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to a straight line of the data points in fig. 3 gives 

" P = -0.000061 A + 0.92 ; 
Ö"calc 

(in this calculation the very low point for A = 58 corresponding to 4li has 
been omitted, as it seems that more accurate experimental data are needed). The 
least-square line obtained oy using the present systematic statistical theory 
calculation, where no parameters were adjusted, is close to that obtained ear
lier by Holub and Cindro[3] and discussed in the introduction. The bulk of the 
calculated valuee for the total (n,2n) cross sections overestimates the experi
mental values by about 10 %, A feature observed more clearly in the present re
sults is the peak in the mass region between A = 140 and 180. 

1 
I 

00' so Ю0 ко .̂ ̂  ^ .L-... 
200 

4. Discussion 
The main point arising from the 
preceding results is whether the 
observed systematic discrepancy 
between the experimental and 
calculated values for (n,2n) 
cross sections is significant. 
In other words, would a suitable 
change of input parameters bring 
the calculated values in accor
dance with the exnerimer.tal re
sults? 
.Ve have already seen that no 
systematic variation of the le
vel density parameter a and the 
neutron inverse cross sections 
S" ?-„(£). applied within reaso
nable limits and in a more or 

less smooth way, could change 

the calculated values in such a 

way r.e to shift; ths least-square 

line to unity. On the other hani, 

the inverse cross sections for 

protons and alphas and the choise 

of П have no appreciable in
fluence on the value of G"n„ic for incident neutron energies around 14 MeV. 

The only remaining parameter is the nonelantic cross nection & . Its values 
were taken from ;,;ani et nl. [_7j. Although a systematic uncertainty in the opti
cal model cross sections cr ref.[_7J is not unconceivable, there is no other in
dependent evidence for the need of, say, a decrease of by 10 %, Besides, this 
decrease would even worsen the disagreenent around л = 150, and, moreover, its 
effect on the calculated cross sections may be more complex: a consequent de
crease of S"inv(n) values used at neighbouring energies would soften the prima
ry neutron emission spectrum and thus tend to increase the total (n,2n) cross 
sections. Thus, explanations calling for an extension of the node] ьрреаг to be 

Pig. 2: Ratios of experimental (n,2n) cross 
sections to the present compound nucleus 
calculations versus the atomic mass number 
of the target nuclei for Up = 6 * 1 MeV. 
The full line represents the linear func-
t l o n у ^ е х р 

e*cilc 
= -0,000061 • A + 0.92, 

obtained by a leastsquare fit to the data. 
(The point denoted by £ ia for 58Ni and is 
not included in the least-square fit). 
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Table 1: Influence of the level density parameter a on the calculated (n,2n) 
total cross sections: Comparison rt the results obtained using an 
average value of a (aealot **f• [12J) *nd values of a obtained from 
experiment (*ob8» ref.[13]). 

Б ^ \ C ' c a l c 
n \ ^ т Ь ) 

(MeV) \ ^ 

14.С 

14.5 

15.0 

16.0 

14SSm 

w i t h 
e ca l c *obs 

1999 1956 

2016 2004 

2026 2015 

1882 1372 

150S m 

w i t h 
a c a l c *obs 

2017 

2023 

1954 

1491 

1923 

1947 

1905 

1513 

1 52 S m 

w i t h 

*ca lc *obs 

2006 1967 

2016 1996 

1938 1965 

1442 1639 

154S« 

w i t h 

*ca lc aobs 

2092 2123 

2090 2122 

2014 2077 

1551 1767 

Table 2: Irftfluence of the inverse neutron cross sections on the calculated 
(n,2n) cross sections: Comparison of the calculated (n,2n) cross sec
tion J obtained with two different sets of inverse neutron cross sec
tions (G^y^t from optical model calculations, ref .[sjandtT^0 

from coupled-channel calculations, ref. [.9J). 

^ s C ' c a l c 
, \ ( m b ) 

(MeV N. 

14.0 

14.5 

15.0 

16.0 

1*8Sm 

wi th 

w i n v inv 

1999 2005 

2016 2021 

2026 2026 

1882 1850 

1 5° S a 

w i t h 
e n ,0M /jn.CC 
w i n v ° i n v 

2017 1986 

2023 1996 

1954 1925 

1491 1524 

152Sm 

w i t h 
G n,0M Gn,CC 

i n v inv 

2006 19Ю 

2016 1945 

1938 1925 

1442 1626 

1 5 4 S n 

w i t h 
ffn,0M Gn,CC 

inv i n v 

2092 2027 

2090 2048 

2014 2035 

1551 1814 

1 ^ A u 

w i t h 
tjn,0M rjn.CC 

inv i n v 

2374 2276 

2371 2285 

2367 2295 

2344 2269 
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more likely. A natural way Is to include nonequilicrium processes in the neu
tron emission mechanism. This point is extensively discussed in ref. [_16J and 
other contributions to this Symposium. 
The second feature deduced from fig. 2 is the peak in the б*вхр/о' о в д 0 ratio 
for mass numbers between A = 140 and 180. We are not inclined to ascribe it to 
possible systematic errors in the experimental (n,2n) cross sections in this 
mass region. Several explanations, for instance in terms of the nuclear Ram-
aauer effect or in terms of the deformability of the nuclei in this таез re
gion, come to mind, but none appear to coherently explain the observations. 
Thus, this phenomenom remains an open problem. 
.Ye acknowledge the contributions of lime Z. Cindro an-' Mr. J.P. Martin in nume
rical calculations presented in thie paper. Two of us (E.H. and N.C.) wieh to 
acknowledge the hospitality of Dr. A. Michaudon and the Service de Physique 
Nucleaire of the CEN Bruyeres-le-Chatel, where these calculations were perfor
med. 
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PRESENT STATUS OF THE RADIATIVE NEUTRON CAPTURE MECHANISMS - SONSTATISTICAL 

EFFECTS 
J . 3 . 3rzosko, I n s t i t u t e of the Experimental Phys ics Univers i ty of .Varsew and 
the Department of P h y s i c s , the Bia lys tok D i v i s i o n of the Viarsaw Univers i ty 

Abstract 
This paper is devoted to the description of the present status of our knowledge 
about neutron radiative capture jaechanissis. In the first section there are gi
ver, a review on mathematical description of the neutron capture cross section 
and possible sources of correlation effects. The point of lecture ie the expla
nation of connections between the intermediate structures and correlation ef
fects. In one of the sections the explanation cf the bump in V-гау spectra is 
discussed. The typical experimental results are presented. 

1. Introduction 
L'uring recent years physicists working in radiative capture of the neutrons ha
ve focuoel investigations on constatiotical effects. Especially, they paid 
attention to the correlation between the different radiation channels. As supp
lementary data, informations concerning the elastic scattering of the neutrons 
and V -rays or canture of the neutron in (d,py) and (d,p) processes have been 
presented. The present state of the subject is nublished in the proceedings 
from last conferences L1J~l4j» Situation in nuclear reactions was clear during 
the fifth decade. Two aooroaches - a statistical model of compound nucleus (CN) 

and a direct re*, ct ion model (DI) [з4],[зс] were U3ed. 
First of H\\, the reactions Induced by neutrons for low and middle energies have 
been a good examole for real'.nation оГ "statistical conditions. The experimental 

— 14 
value of the resonance width, revealed the lifetime of the resonances of 10 s. 6 It is enough for about 10 elementary Jnternuclear two-body interactions. After 
all, the cross-section for low energy caoture showed nice resonances that con
stituted 99 Z of the energy-Integrated cross-section. This make suggestion to 
ip.oat physic lets that decay of the O'.i can be treated in term of the statistical 
model. Improved quality of the measurements esoecially of high-resolution pro
jectiles and outgoing oarticle3 have allowed to observe disagreement experimen
tal data and statistical predictions. 
It has been observed: 
- anomalous amplification in high energy part of the v» -ray spectra [7],[з], 
- correlation between intensity population of t'-e same levels in in,*) and 

(d,p) reactions [9j,[l0j , 
- gamma and neutron widths correlations [ll] , 
- excitation functions fluctuations [l2],[l3]. 
The effects mentioned play an important part in the resonance reaction and have 
been not treated as direct process fraction. These processes violate statisti
cal picture of the reaction and must be newly interpreted. 
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2. Compound Nucleus and Intermediate Configurations - Review Based on S-Matrix 
Theory 

In the separate neutron resonances region, the amplitude of the (n,v) reac
tion may be written in the form (ignoring a ohase - factor ie1**): 

с = г ^ г«1 .с (1) 

Gin and f \ are the neutron and photon absorption widths, respectively. E is 
th» energy of the compound system: projectile and target, E A and Q are energy 
and width of the resonance Л t respectively. 3 is smoothly varying with en
ergy part. It contains potential capture term and oart proceed from tails of 
the distent resonances I £x - £ I » Q . 

The (n,u) cross section is defined as: 

^ - ir\£ni \l (2) 

Since, the energy resolution in incoming and outgoing channels i s l imited, ex
perimental data give us the average reaction amplitudes. It i s easy to show [14] 
that after averaging the slow-varying part of the £„[ , the amplitude.O(Äv) 
has form: 

S n f Cs.v) - Re < Sn{ > (3 ) 

The fast varying oart of the S»t produces fluctuations and adequate cross sec

tion сзп be written as: 

<4v<vr>-<Ji»£>-w (4) 

U is the density of Д. resonances per energy unit, 

^ - F l m < 5 n f > = i J ^ - > 

А ш <fin> . л = < Г« 
(5a) 

(5b) 

The formulas (5) contain definitions of the strength function s. 
The existence of the statistical condition in compound system is related to rea
lization the next relations: 

'Art Uf 
and 

tf n* « 0 

ЛВ Z_i ДЕ Kn 1 Д£ l_ , Гц (7) 
are elowly varying function of the energy, and 

С I . . I у 1 1У Г7Л (8) 
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The first condition means independent decay of the CH in all channels. It is the 
result of many component construction of the wave functio" and randomly distri
buted phases of the components. This leads to additive sum of the resonance and 
background cross sections. Additionaly, neighbour resonances can be treated as 
constructed on similar way basing on the same configurations. The role of the 
distant resonances and potential term can be neglected (8). 
There are many examples of experiments where energy spread of the projectile 
beam is higher than resonance spacing A E » \ o r resonances are strongly over
lapped IJ» J)\ . As the result, many resonances are excited simultaneously. 
Taking into account conditions (6 * 8) the formula (4) may be written as: 

< S > a < rA > 
This formula demonstrates independence of the creation and decay of the com
pound nucleus - the fundamental property of Bohr's theory. 
Let us introduce a number definitions ilumlnating equations discussed above.The 
amplitudes of the transmission width used in eq. (1) tell us about overlap the 
resonance wave function and reaction channel or final state f. 

С *<*!)£«> ; tfj.<\\M\Xf>
 ( , 0> 

wheres | X > - is the isolated state of the CN, 
| У_ > - is the projectile state in the complex potential, 
| Xt > - ie tne final state of the system, 
£-f - is the electric dipole operator. Those transitions are taken into 

account, only. 

One can assume that residual potential is a superposition of two body inter
actions. Then, the|Xf> state can be written in orthonormal set of configura
tion constructed аз: 

xf>-Ec,fk<H> (и) 

In such an explanation the simplest component of the|Xi> oonsists of a target 
in its ground state and highly excited quasi-partlcle| fj, <f£ >• T h e next group 
of the configurations is constructed as quasl-partlcle in field of the 1p1h 
type excited core, |fy <fy,<(>. A further step of complexity will involve\y Ф a> 
configurations and so on, 
The \Xt ?states can be presented in similar form, there is a natural continua
tion of the shell model states on positive energy regions 

xE > = E c; i % % > <12> 

In eqs. (11) and (12) the antisimmetrization effects are omitted. Detailed dis
cission on these effects you can find in papers £15], [16] and РввпЬаоп[з]. 
Let us now turn to experiments with poor energy resolution of projectiles, en
ergy resolution ie 10 keV in order. As a classical example of this type of data 
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the averaged excitation function for elastic scattering of the neutrons can be 
given. The mentioned excitation curve exhibits a broad, so-called giant reso
nance ( П в ~ 4 MeV) [l7J. The existence of the giant resonances can be explained 
as an interaction of the projectile and the average complex potential of the 
target. Solution of the problem of the particle moving in complex potential in
duced exlatence of the maoroscopic amplitude of the reaction. By analogy to the 
eq. (1) one can obtain: 

_JZaa b-> + Г (13) 
e m-t-i Gm-iv/ O 0 54=E 

where. G and 0 . deecribe the single particle resonance width for absorption 
of the neutron and photon, respectively. E and G are the energy and 
width of a single particle resonance m. W - is the depth of the imagina
ry part of the optical potential and the width for transition from|y„, ̂ > 
configuration to next complexity. For neutron elastic scattering the 
eqs, (1) and (13) lead to the relations: 

С = У _ Ь , С" 

С = У ^fl- , С 

(14) 

/-"» (15) 

The relations between П . and G__ can be obtained from mean value of the diffe-
*•" mn 

rence between the eqs. (14) and (15). The mean value must be equal to zero: 
л 
<~ s~ Ы. П (16) <S -S > - o МП ^ПП. 

In a separate resonance region the eq. (16) leads to dependences: 

7Г 

and 

E 

< r i n > ~ Gmn l W » t G m » ) 

Г = С (18) 

- the strength of the single narticle configurations is distributed among a 
large number of CV, resonances. Its distribution is determined by the Lorentzian 
forn. 
Similar information concerning relation between macro and micro-structure gives 
us the neutron strength function as a mass number function, * (j* (E ="0). The 
mass number increasing plays Che same role as an increasing in the projectile 
energy. The single particle levels localised on a top of the potential depth 
are shifted down as a mass number increase. The giant resonances observed In 
neutron strength function are shown on fig, 1 [l8J, 
The (n,n') excitation function measured with energy resolution of 0,01 MeV, 
fig, 2, reveals fine reeonanoe structure built on a giant resonance maoroetruo-
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Pig. 1: The neutron strength func
tion: experimental points and theo
retical predictions based on opti
cal model [19J. 

Pig. 2i The (n,n') excitation function 
measured with energy resolution of 
0.01 MeV [1] 

ture. Thia substructure (P-0.1 • 0.2 MeV) may be understood as neutron scatte
ring on the two quasiparticle excited target, jfg ^ipih** 
An equivalent model quaeiparticle - vibration configuration might be assumed. 
The data mentioned involve a similar relation to eqs, (17) and (18), this means 
that j •f E ф^п-ц! > configuration is realy observed in the experiment and its 
strength is distributed among many СЛ resonances. This reasoning should be re
peated for succesively incrasing complexity of the substructures. Generally, 
increasing step of the configuration comolexity involves decreasing of the mac-
roreeonances width. Bxctraction of the defined tyoe of the configuration leads 
to the conditions: 

Q, « I « Г„ Q « A £ « R (19) 

where: I - is the energy interval in which experimental data are averaged, 

is the energy resolution of the incoming and outgoing reaction channels. 

Normally, it Is very difficult to analyse the inter-mediate structure because 

macroresonances are not equidistant and one can to account of tre interference 

effects. (For identification o^ the intermediate resonances tests proposed in 

0?1 зГе useful3 •. 

Up-to-date physicists know a good evidence concerning the role of the scatte
ring states if E Ф о > type an-! doorway states one step more complicated i.e. 
' У Е ^Plplh y tvPe« ^- е doorway state means the intermediate state between 
incoming or outgoing configuration and nore complicated configuration included 
to a set of CN). 

The baeic result of this tyv« or investigations is the explanation of the role 
of averaging the experimental data and using them as a method for the interme
diate structure investigations and tests for OH concept. 
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3. The Correlation Analysis aa an Invaatlgati ; Method of the Siaple Configura
tion Contrl> 'ted to the Total »»те Function of the Highly Excited Stataa 

In section 2 thara were presented troubles In extraction of the intermediate 
configuration baaing on the measured structure of the excitation curvea. The 
correlation coefficient method omita these difficultea. 
The correlation Q (at; b^) between quantities a. and bj ie defined as: 

i i 
where a, b are the mean values. 
Using the above definition to the radiation widths amplitude F7*£ and neutron 
widths amplitude Гхпо or *° t h e soectroecopic factors S.., one can denote eq. 
(?0) as follows: 

У4«'1«'' L? С? с?] - L< C>< C.^ " 

[i m Set •Im bee']'" 
- where с and c' represent reaction channels. 
The relations include the fact that mean value of the width amplitudes are zero 
and take to account eqs. (3* 5 ) , 
In exoeriment one can пеазиге the widths and square of the spectroscopic fac
tors, but for theoretical purposes, it is more convenient to work with the 
width amplitude correlation i.e. ?(£?*; f^'f) . Provided that the correlation 
ar-'-ses from a linear relation like Q l = * f ^ • C U [zoj.fcl], where Лк is 
random, this is related to the width - correlation thus: 

f С r i i c . ) * [ y f i ^ ;/;>)]» •') 

Jo-.firratior. that ^('(^i Г Г ^ ^ О means violation of the statistical conditions 
ê .(')on'-: indicates the existence of Intermediate stricture configurations. 
Tr. o--r*. icular cas» the radiation width amplitude can be derived i-. т;егпя of the 
components couple"! to intermediate structure of a different atep of oomolexity. 
^hen, it is aesumed that a series of two-body interactions occurs and V-e follo
wing cases are allowed: 

The compound system i3 described as the particle a--I t-ole excitations [го] ,[?.?], 
[?}], [:?4j. In equivalent way the phonor. excitation makes a good renresentatton. 
~oth models assume t^at equlpartition of energy o*" the system is realised as 
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excitation of the eucceeive step of free
dom. Practically, the set of configura
tion has been devided into two parts. One 
of them contains a thoucsnds of the com
plex configurations, condition (19) is 
not realised and eq. (6) ia true. This 
part may be treated statistically. Ano-
tner part contains the numerous simple 
configurations, condition (19) is true 
and thia part involves nonstatistical 
effects. 
Type of the exoeriment, efficency, energy 
and angular resolution define the possi
bility to extract the fine class of con
figurations, better one of them. A satis
fied extraction one can obtain in V -ray 
transitions meaturement to low - energy 
states of the final nucleus. There are 
approximated by wave function of the simp
le quasiparticle configurations, first of 
all 2p1h type. 
This fact allows to interpret the emis
sion of high energy у -rays feeding se
lectively the low-energy states in accor
dance with step of overlap of the simple 
configuration of the C.N. and the exit 
channel. Hence, one can observed oelecti-
ve feeding of the low-energy states. The 

role of the exit channels is discussea in numerous oapers LL. Papinou -1J, [_15j. 
[25]. 
To find an interpretation that would account for all these phenomena is quite 
challenging. The S-matrix is found to be the sum of three oarts, a direct-single 
particle term, a term which involves doorway state interactions, and a term 
which proceeds through the С.Я. The Beer's results [40] for the resonance re
gion can be summarized by an expression for a partial radiation width amplitude: 

Fig. 3: Dia?ramic representation 
of the two body interactions chain. 
The potential well3 represent va
rious nuclear configurations. The 
horisontal arrow shows a particle 
aeatterir.3 mode involve p.irticle-
liole creations or recombitatiens. 
Its length qualitatively represent 
transition probability between con
figurations. 

Л 
Л J. i ц. S 

(23) 

1 i iT "~ ff^~ 
Pig. 3 diagrammatically summarizes the connections among the configurations 
which lead to eq.(23). 
The first term of eq.(?3)(fig. 4) describes the process in which |y E ф . > 
configuration 1B produced daring collision of the incident neutron and nucleus. 
Another way is due to the nucleus emerging from the C.N. proceeding through the 
doorway configurations! У £ . fyp1h> , moving into the exit channel end in the 
end radiating to a single - particle component of the final state. The transi
tion amplitude ie proportional to the resonance neutron width amplitude (Ĵ J* 
end to the final state neutron width Ца"~£р ' The f "гаУ emieeion is realised 
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on two ways. One of then ie a transition of a valency nucleon, it is tha ao 
celled valency erode 1 [/If?], channel capture [гб] or radiation on the way out |_27|. 
Second one is realised aa anihilstlon 1p1h system and leads to the same single-
particle final configuration. .Ve talre into account configurations 2plh strongly 
coupled to Incoming channel only. In result *>-ray ecission and neutron emis
sion may take place at the same doorway, the ao called common doorway. The tf -
ray radiation can be finished in one step or the system can oscillate between 
exit channel and C.N. before radiating. The cyclic process allows a "multiplier" 
effect is represented by a coefficient A1. 

1 
1 

-

" 

T" 

• - © - — 

Pig. 4: Diagramoc representations of 
the processes described by the first 
term of Eq.(23jL Curly vertical arrows 
show */ -emission. 

?i». 5: Representation of the second 
tern of Eq.(23) 

.i._ 
— # -

•x И 
и 

"j 

Pig. 5: Penresentation of the third 
term of Бт.(23) 

7i<% 7: Reoreeentation of the bourth 
term of F,q.(23) 

In the second term the internue]ear co l l i s ions also proceed to the 2p1h configu
rations, strongly couoled to incoming c^nnel but in t b e end, radiates to a 
particle-holel у £ . <f ,

1p1h> portion of t^e final 3tate ( f i g . 5 ) . The amplitude 
i s nrooortional to Г^£ and "multiplier" factor A2. First two term« are based 
on an assumption that nsrtlcle-hole system ig decounl»d off giant E1 resonance. 
The processes shown in ( f ig . 5) ind right nart of the ( f i g . 4) have been d i s 
cussed in doorway state model [?8J, L29J »UCJ anf1 common doorway model [ 2 1 ] . 

The third term ( f i g . 6) has not connections with incoming channels. The C.N. 
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•volutes via 3p2h configurations to ?p1h one. At the end an immediate radiation 
to a single-particle component occurs via annihilation of a particle-hole pair. 
The amplitude contains a spectroscopic factor proportional to the final state 
neutron width Г^г~5.« and lp1h annihilation amplitude of the decaying confi-
guration <J. lL.̂ ik • 
The fourth term (fig. 7) is the result of J» -transition of one of the 2p1h ty
pe configuration to another one. This process proceeds after entering the exit 
configuration from 2.Л. in a similar way as in the third term. In this case ra
diation to the nonsingle-pirticle final state component involves the retention 
of the 1-зТл cair but the de-excitation of the attached single-particle part,and 

луЛ>" * T h e t!"-lrd лп& fourth tern» are based on 2p1h con
figurations uncoupled to incoming channels. This case was analysed in oapers 
[зОХзз] and in exit state model [зз]. 
The fifth term is the result of v -radiation from 3p2h, 4p3h and more complica
ted configurations of the СЯ and can be treated statistically. 
The expressions we have obtained encompass several special cases which we shall 
no* exaaiiP: 
i) Tie statistical aodel is r. »Used and partial radiation width amplitudes 

are rar.dom and normally distributed. One consequence of the model that cor
relations dis3apear: 

9 fi*V, irfi) - f ( i^ ; Q.) - 5 (К« ; 5Д) - 0 
It is important that t-e resonance averaged oartial radiation widths are 
near-e;ually for the final state of the same spin and provided they are 
the зате multipolarity [47j. 

li) "any 2p1h configurations contribute to v -transitions but numerous strong
ly overlap incoming channel-correlations are negligible. 

iii) A single-oarticle transition is important and is reached via randomly re
lated 2p1h config irations from the CM. 
A result correlations are large {.40}: 

9 fa.; Ctl) = "'s» ffij« " s i 

cbft\4Afi >J 

iv) Many randomly related 2plh configurations are connected to incoming channel 
and very few of them are involved In f -ray emission. The correlation is 
small due to small "multiplier1» coefficents, A., » A2 *? 0, 
and 

? fr»„ •• ф * s f irri - . 0 * 0 
If the earns 2p1h configurations radiate to several fiaml states, thsn 
S^tfJEji'' "*У b* large end described by correlation (term third and 
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fourth in ea..(23)). It would be taken into account that each excited state has 
an E1 giant resonance built on i+ [ з б ] . This fact effects the partial radia
tion width correlation decreasing i t i f in ^- trans i t ions tax« part many 
different dipole resonances. In this situation: 

0 < е ^ 1 - for 2p1h configurations decoupled off the Б1 giant reso
nance , 

0* ?^1 and fTf i^E*- f o r 2 p 1 h configurations coupled to one E1 
giant resonance, 

Oitf< 1 and|7«jeC£j- for 2p1h configurations coupled to several 
E1 giant resonances. 

v) A eingel i so l ' ^1h configuration plays a dominant role in exit channel 
and i s respont . for radiation to several f inal s tates , then gflj^ir j)» 
"?^/i''l*A'b 1# T h e c a a e i e 8 i m i l e r t 0 i i i ) » Difference is that f inal states 
under consideration contain a small S.^ and correlations is O^ljOlyii S^nK"! • 

As an additional information one can use parameter R "^ (̂Си»')1лм)̂  defined as the 
averarge value О ([7ио')Туу ) over many final states j . An equally important cor
relation parameter i s T -< $ (IAW i Qsi' ^i • T h e parameters R and T are near-
zero for non-zero correlations, when several 2p1h configurations are involved 
in the radiation. 

4. Experimental Evidence of Intermediate Structures 

In this section typical experimental examples of nonstatistical effects have 
been presented. A main part of data i s related to nuclei 3S and 4S or 3P shel ls . 
They are localised on the top of the potential well . 

1. T h e r e s o n a n c e - r e s o n a n c e i n t e r f e r e n c e 
e f f e c t s a n d d i r e c t p r o c e s s e s 

It i s practical, experimentally, to measure in detail the partial cross-section 
for a given final state. It can be f i t ted by a formula (1) containing a sun of 
Brelt-wigner amplitudes and a slowly varying background, representing potential 
capture and distant resonances portion Qjhrien - 4 ] \ 

6* » S o r—1 p * p 1 k »A 

. 4-N -line Mvj 
(24) 

If resonances are well separated the attention should be focused on the off-re
sonance regions and for aporeciable correlations, the s9 terms may be discernab-
le. By this method the Brookhaven group determines the s9 term extract. It is 
10 b in order in the numberoue transitions. An example is shown on fig. 8, 
2, T h e a v e r a g e c r o s s s e c t i o n s 
The case discussed in sec. э i) predicts that cross-section averaged over many 
resonances [зт] should not exhibit correlations. However, for nuclei in 3P giant 
resonance region i.e. mollbdenum isotopes, may be violated statistical distribu
tions of the transition intensity, Riamawi and Chrien [4] are making use of an 
external 24 keV, Fe - filtered, neutron beam on a P*HK of 2 keV, An example a 
comparison of a reduced intensity of v -transitions Iu tZn, (1*ns«5) and spec-



- 104 -

troecopic factors of the final states is shown in fig. 9. It can be stressed 
that population intensity of the same spin states are different and quantities 

tt andf^u: are strongly correlated. The authors suggest 
andl y e ф)-ь|ф| (J) > valency components as a source of the observed nonatatl-
stical effects. 
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и» -an 
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•i/2' 
яг и-V 
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-1/Г 

э/г 
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]?ig. 8: Excitation function Pig. 9: Coraparision fff a reduced in-
JP Dy(n,у )'62Dy reaction E =5.961 keV tensity of j- -transitions and spectros-
[Chrien - 4] » Dashed and dotted line - copic factors of the final states. The 
predictions based on eq.(24) (n,*-) experiment [Riamawi - 4] based on 

24 *eV, Fe f i l tered neutron beam. 

3. T h e c o r r e l a t i o n \\ut a n d J* 
The radiative capture in the case of the "neutron magic" nuclei can involve 
either valency transition or potential capture role. In thermal neutron energy 
region the type of caüture mechanism is relatively easy to separate taking into 
account consideration its different V -rays energy dependences: 

- potential capture [26j: 

,2 C„j, ~ const (Z,A) • En" SJk E f 

caoture via distant levels [20]: 

(25) 

(26) 

<Гп(вЬв.) - the neutron absorption cross-section, 
- valency capture [25] or channel capture [26Js 

С иу • const (Z,A,J) • E n' 1 / 2 Sj| fTnO E3 (27) 

- statistical capture treated as simultaneuos excitation of many E1-giant reso
nances [38J can be written as [lfl]: 

GL . ) H^ * const, • ^„ (abs . ) EuG'jj (abs 
(23) 
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Above approximation is reasonable far from the E1 giant resonance maximum, 
i (Е- Г в ) - is a function of E1 giant resonance parameters and informs on the 
wave function of the final state. 
Prom a comparison eqs. (25 • 29) one might hope to obtain the method for the 
reaction mechanism to define. The potential and valency captures are directly 
proportional to spectroscoDic factor of the final state, and the models differ 
in v> -rays energy dependence. Usin? this, the intensity ratios of two strongest 
t>-raya noDulating fin=l 3tates with large are considered [Mughabghab - 4] . On 

fig. 10 the experimental ratio of 
the intensities is compared with 
a calculated ratio based on the 
relation Ь Ы (2J+1)EJ . The ag
reement is reasonably good for 
the majority of cases when a re
duction factor n = 1 for A = 
24 * 64 and r, - 1,5 for А=13б-И4б 
is considered. This cases indica
te that capture process can be in
terpreted in term of hard sphere 
caoture. The similar way for ana
lysing the radiative capture me
chanism is to study the variation 
of the^CE^lXyj j 3^) with the 
reduction factor n and optimali-
zation of the correlations. ?he 
summary of both methods is sche
matically illustrated on fig. 11 
[4]. 

The capture .тесКпгЛзт sugge
s t ion ( f ig , 11) i s consistent 
with other experimental informa
t ions concerning the subject [ 4 ] . 

Fig, 10: Comparison of measured and pre
dicted in tens i ty r a t i o s of two strongest 
jA-rays in two гг.аяа regions [Mughabghab-4] 
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HO W> Fig. 11: Diagramic representation of 
optimal value of the n with atomic 
maee. The capture mechanism euggeeion: 
Ы, valency model M and СЯ are con
sistent with other experimental in
formation 
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4. C a p t u r e m e c h a n i s e i n t h e r e s o n a n c e n e u 

t r o n r e g i o n 

High energy V -transitions for resonance eaoture can not be explained in term 
of the direct or valency model. The important part of the cross section is cou

pled to more complex configurations. The analysis of data is based on correla

tion but conclusions are not so clear as for thermal and off-resonance region. 

As additional information one can use correlation between (n,v) and (</ ,n) re

action or comparison of measured and predicted absolute values of the partial 

cross-sections. In sect. 3 it has been shown that simultaneuos correlations 

$(IIno ) Q*«) and S^Yt'l S1k^ *nd ^nv0*-E>* dependence do not mean valency 
process. 

.Up to date for resonance neutrons, we know numerous examples of different kinds 

of the process [4J: 

- hard sphere capture i.e. Ba [iKughabghab - 4 J 

- distant level capture i.e. 162Dy, l64Dy [cole, Chrien -4] 

- valency capture i.e. 24Mg,
 98Mo [39] 

- capture via doorway state i.e. 2*Si, 93Ko, 124Kd [wughabghab - 4] 

- statistical capture i.e. 1 2 7I, 197Au [jain - 4]. 

These results are not complete and it is difficult to discuss a general trend. 

5. C o r r e l a t i o n o f t h e i n t e g r a t e d ^ - s p e c 

t r a a n d n e u t r o n w i d t h s 

As it has been mentioned in Sec. 3 iii) for dominance a one single particle 

configuration in ^-transition, and population it via many 2p1h configurations, 

one can predict large correlation J (£ fyj \ ГКт> )• I n t h e experiment the inte
grated intensity ratio of the total intensity Ex> > 5 MeV to that for E.<1.5 MeV 
is obtained for each resonance. If one assumes that the low V -ray energy speo-
tra are constant then this ratio measures L, f*yj . Significant correlations 
are reported: J= 0.96 for 1f resonances in 1^Tb £jain - 4] , Q = 0.40 for 
Ti, Cr, Fe, Ni isotopes [41] and £ = 0 for 59Co [Spencer - 4]. 

5. High Er.ergy Average fl*-ray Spectra 

The anomalous amplification in the ^-ray spectra, so called "bump" measured 

in the fifth decade was a first information concerning nonstatietical effects 

in <JN decay. Up to date the bump has been observed for nuclei in the range 

around: A = 60, 110, 140, 200, The experimental naterial is based on (n,J>) [7], 

[e]fUs], [49], ty.J»') [и* Lucas - 4],[50] and (d.pjO [51] reactions (fig,12) 
for wide excitation energy range of the CN different energies of projectile. 
The V -rays in bump region are generally of E1 type. 
The anomalous amplification of the high energy part of the f -spectra has been 
observed for all mass numbers. They take part in 50 1. Qt radiative capture 
events (fig. 13), They aeoounted of numberous. A region has a special property-
the J>-transitions are concentrated in region - 5.5 MeV and the distribution 
width is about 0.5 MeV, 
The existence of the bump oaa be explained as a result of she strength funo-
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? i g . 12: The experimental data 
concerning high-energy part of 
^ - s p e c t r a induced in (n , jO, 
fd.pirt and \y,v) r e a c t i o n s . 
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t i o n shape around 5.5 MeV tf - ray energy. 
The anomalous form of tl-s s t rength func
t i o n i s supported by the e x c i t a t i o n curve 
data. I n i t a maororeeonancee were o b s e r 
ved near 5 .5 MeV f -ray energy. 

Different kind of experimental data 
s trongly suggests that the V -raye i n 
bump reg ion are coupled t o a s i n g l e par
t i c l e t r a n s i t i o n component. For mass num
ber: 
A ~ 60 ft-transitions are interpreted i n 

term of valency model, 
A ^ 140 and A ~ 200 f i r s t of a l l , high 

energy tf-rays are s i n g l e par
t i c l e t r a n s i t i o n s in f i e l d of 
the 1p1h or one-phonon exc i t ed 
core . [ 3 1 ] , [ З З ] , [ 4 3 ] , [ 4 4 ] . 

At present the basic quest ion i s the na
ture of the decoupling of S1 s i n g l e par
t i c l e t r a n s i t i o n s of low 1-values from 
the E1 giant resonance. Generally, a l l 
E1 strength of the nuclear s t a t e s i s r e 
moved from energy region of the 1pih s t a 
t e s and relocated in giant resonance 
(Brown-Bolstereli model). 

In numerous cases decoupling may be e x 
pected; 

- The p r i n c i o i a l quantum nurr.ber for t! e 
p a r t i c l e and hole components are d i f f e 
rent *nd 1p1h configurat ion i s decou-
plfi'd from the giant resonance. Addi t io 
n a l l y , when only sue;. £ tntes зге a l l o -
wed 3p 2d conf igurat ion i s decouole : 

N i . e . in 2 0 3Pb the 3p"14s, 2f~13J 
- 1 . 

120 to 160 m ш 220 2M) 

Pig. 13: Relat ive par t i c ipat ion of 
high-energy'part of f -rays in t o t a l 
Cn,*) croea s e c t i o n s . A - E n « 0 . 4 MeV 
[ 5 0 J O - E„ - th [Nucl. Data Tj. 

and 3p 3d are decouple 1, 
- The 1p1h configuration i s i t s e l f spread 

in energy by mixing into complicate'! 
configurations and only a f r a c t i o n of 
configuration i s coupled to the g iant 
resonance [4^. 

- The 1p1h and giant resonance i n t e r a c 
t ion ie complex, i t c rea te s condi t ions 
Tor weak coupling [5?] . 

Let ue assume that in 5.5 I«eV region the 
V - r a y strength function has a s t ruc ture 

and i t i s understood from the point of 
view of the theory. In t h i s oaae the bump 
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ia the result of a proparity of the strength function and can not be treated 
as nonstatistical effect. Of course, if correlation 1э observed, i.e. 
s (|*w 'Ы д c or s^ti^t^ k ° t h i s ffieans an existence of intermediate 
structure. Such an examples are known. 

S. Summary 
"re status of stadias on neutron radiative capture reflects present tendencies 
in investigations and understanding of nuclear reactions. The material resul
ting fröre reactions (п,<у) played an important role in assessing nonatatistical 
effects ond directed it to studying intermediate structures. 
Interpretation of statistical theory of C.K. includes a situation where wave 
function of the high excited state has many components [15], [40], [33] , [So-
loviev - 4! , [f'ahaux - 4J. Selection of analysed components depends on the en
ergy resolution of the bemas used for experiment and on the exit channels or 
tr.e final statee of the nucleus type [25], [Papinou - lj . 
statistical approach consists in an account that the components of the wave 
function of the ".*!. are not correlated. The probability of decay of each of 
then within the intranuclear chain interactions and particle or photon emission 
in proportional to the decay width in a definite channel. This approach differs 
from that one applied previously when a statistical description of population 
of the nuclear levels after reaction \va3 additionally included. Recently,subtle 
techniques have made possible separation of final states heaving the same con
figuration in the wave function. Population of such states is governed by ano
ther laws than the remained groups and these properties are the key for under
standing the composed structures in a CM. 
Sue'' approach enables to understand the correlations for reaction channels 
(section 3 ) and makes clear the occurrence of the structure in excitation 
curves. Mostly generalized approach to the description of radiation width and 
correlation coefficients has been presented in the Beer's paper [40J . Particu
lar models analysing extreme situations of the Beer's model [26J , [20] ,Гзз] , [15] 
are known, but are baaed on various mathematical formalisms. 
The variety of this formalism applied lea-is to an aoparent desorientation. Ho
wever the fact that t'-e results of aclency model have been confirmed with four 
various approaches speaks for its reliable physical basis (projection operator 
formalism [27], S matrix formalism [25], [42], quaaiparticle-phonon excitation 
[soloviev - 4j , shell model [r.lahaux - 4]). 
Present state of our knowledge incude that decomposition of the radiation width 
amplitude eq. 23 causes t'-at configurations 3p2h and more complex are treated 
statistically. Improving of the techniques and of studying other types of reac
tions can reveal the effects of more complex components, for example in reac
tions of (n.j'oC) tyne [Popov -2] or in heavy ion reactions [3]. 
Let us return to the traditional reaction mechanisms. Pig. 3 suggests that the 
main part of intranuclear collisions is the evolution to more complex configura
tions, and later t̂ e oscillations between simple and complex configurations. 
Such a way of description of the event seem to confirm long life-times of the 
neutron resonances, and on the other hand, a fact that majority of the reaction 
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cross-section shows connections with simple configurations. Explanation of this 
fact is related to a rather small radiation width of high complexity configura
tions and in particu7ar, to very snail partial widths for transitions to low 
energy states. In generali, the probability of photons emission to the states 
described by the simple components i.e. low energy levels plays an important 
role [Brzosko - 4J. In special cases, as for instance for magic nuclei, one 
expects [Uahaux - 4j that the probability of transition of valency or doorway 
configuration to more complex configurations is less than particles or photons 
emission probability; in this case the cascade of internuclear collisions would 
stop at the beginning that could correspond to traditional direct or semi-direct 
reactions. 
3oth mechanisms are the source of the same type of correlatione and fluctuations 
in the excitation curves if the same configuration is formed in the two mecha
nisms. The difference is in the quantity of cross-sections predicted in both 
aporoaches. It cannot be the criterion of the mechanism at the present step, 
rather qualitative, of the theory. 
It seems that the part of research discussed above has already created a suc
cessful tool for investigations of the wave function components of highly ex
cited nuclei. 
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SBSSIOH IV 

DIRECT INELASTIC NUCLBOH SCATTERING TO HIGHER BZCITED PIHAL STATES 

E. Arnst and R. Ralf 

Techniaoh« Universität Dresden, Sektion Physik, DDR 8027 Dresden, 

MommsenatraBe 13. GDR 

Recent experimental investigations of inelastic proton and deuteron scattering 

with bombarding energise of 17 KeV and 12 MeV demonstrate a strong correlation 

of the transition strength of both reactions up to excitation energies of the 

nucleon separation energy L1J« Prom these results one can conclude, that the 

final states in both reaction are excited by a similar mechanism simple in na

ture. One can expect that first order direct processes are not only responsible 

for the transitions to low-lying collect ire states but contribute to a large 

extent also to the smooth back-ground as well as some resonance-like structure 

(giant resonances [2CJ ) of the continuous spectra for higher inelasticity. 

In a previous paper [ 21 the spectra and angular distributions for different ex-
116 

citation energies in the reaction Sn(p,p'), E = 17 KeV have been calculated 

with statistical assumptions on the phase end energy distribution of the two 

quasi-particle components of the nuclear wave functions in the mutual interac

tion. In extending these investigatlone the inelastic scattering of 14 KeV neu

trons from Ca and was considered and compered vrith experimental data of 

Hermsdorf et al. ̂ 3j. The microscopic approach to inelastic nucleon scattering 

has been used mainly with an effective two-body interaction of Gaussian shape 

and a range of 1.7 fm. Excitations up to about the nucleon binding energy were 

treated. In order to get absolute differential cross sections the strength of 

the effective Interaction have been chosen to reproduce the collective excita

tions. The cross section obtained for each final state was transformed to a 

continuous spectrum according to the resolution of the time-of-flight spectro

meter using a Gaussian distribution function. The calculated spectra are also 

compared with results from the Hybrid model [4] for precompound decay with a 

transition rata from the optical model. 

40Cafn.n') 

The inelastic proton scattering experiments performed with high-energy resolu

tion for 25 MeV [5] and 17.1 MeV [б] protons allow to analyse the double diffe
rential cross sections of inelastic scattered neutrons. The first broad bump at 
an excitation energy between 3 T'eV and 5 MeV corresponds mainly to the excita
tion of the 3" ohonon state at 3.73 MeV and a 5~, 4.49 MeV level, while the 0+, 
3.904 MeV states contributes only with a cross section of 10 % of the collecti
ve state. Also the second broad peak is built up from the excitation of negati
ve parity states (3" (6.285 MeV), 1" (6.948 MeV), 2" (6.026 MeV and 6.751 MeV)) 
and some states of positive parity (2* (6.909 MeV) and 4* (6.505 MeV)). In the 
calculations the negative parity states have been taken into account only ueing 
the lp1h wave functions of Oillet and Sanderson [7], which are given in RPA for 
the 3" and 5" levels and in a modified TDA (diagonalizetion of the symmetric 
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Table 1; Optical parameters for D»BA calculations (in KeV and fm) 
v г V 1 B la 'la 

4 0 Ca(n,n ' ) 
ref. [9] 

^FeCn.n«) 
r e f . [12] 

1.25 C.S5 1.25 0.7 

V * 49.3 - 0 . 3 3 « , * a u r f = 

1.17 0.75 1.25 0.53 

V = 5?.3 - 0.32 - 24 2 ^ 

Wy = 0.22fc - 2.7 , '.TD => 11.В 

5.5 1.25 

5.75 

6.2 1.01 

- 0.25£ • 12 ^ 

0.65 

0.75 

Pig. 1: Differential cross section for the 
excitation of the 3", 3.73 î eV level in 
4oCa(r,,n*), Вд = H :'eV calculated in D.VBA 
in coirjarieon with exoerimental date from 
refs. [7, 19J. 

f n 
E'/lMtVi 

Pig. 2i Spectrum of neutrons inelastic-lly 
scattered from 4<>Ca, Solid line* experimen
tal data [7]. Dashed line: D.VBA calculation 
described in the text. Dotted line« angle 
integrated spectrum calculated from the 
Hybrid model. 

part of the BPA matrix) for the 
higher excited states. The form 
factor have been computed with a 
TToodsT-Saxon ootential (r0=1.29 fm, 
a » 0.65 fm, v l B = б UeV [в]) ta
king into account the single par
ticle levels Id 
If, 

5/2» 2s 1 / 2, И 3 / 2 , 
1f7,2. The 5/2« 2p1/2» 2 p3/2' 

depth of the potential was adju
sted seperately to reproduce the 
neut-оп single particle energies 
of ref. [7]» For the non-normal 
parity states a value of V../V« = 
0.3 for the ratio of Bartlett and 
'7igner forces have been used. In 
order to perform the DV7BA calcula
tions the optical pqrameters given 
by Rosen et al. [9] have been used. 
The optical parameters for the 
outgoing channel have been deter
mined from interpolation formula 
given there. 

5Se(n.n') 
56, The level schema of •''"'Fe is known 

from inelastic proton scattering 
experiments at 17.5 MeV [10I and 
50 MeV [11] incident energy. In 
order to compose the neutron spec
trum the excitation of 2*, 4* and 
3~ levels are taken into account. 
More than 30 states with these va
lues of spin and parity are known 
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Table 2i Single neutron (п) and proton (p) transition» in 5 Fe(n,n'). 
Ground etat« configuration: 0*7/2)" W » ^3/2» 2р1/2» 1f5/2* ^ 
Lt tranafered angular momentue, % : parity 

L 
2+ 

4+ 

3" 

initial state 
lf7/2 (P) 
1f7/2 («0 
2p3/2 £n) 

1*7/2 (P) 

1f7/2 (n) 

1f7/2 (P) 

2p3/2 (n) 

1f5/2 (n) 

final state 

2p3/2 t 1*5/2 

2p3/2 . 1*5/2 

2p1/2 . 1*5/2 

2p3/2 . 2p1/2 , 1f5/2 

2p3/2 . 2p1/2 , 1f5/2 

1e9/2 

1e9/2 

1e9/2 

»t 

1 

5 

£•„ - u M»V 

9 

I (-

о oirej "3 

Г 't-ЮМл/ 1̂ 

f' • ?•»«№ 

up to about 7;5 SfeV. Among then are the 
collective excitations 2*, O.S49 MeV, 
4+, 3.159 KeV and 3", 4.512 "TeV, which 
were calculated with a collective model 
form factor in complex coupling. The 
coupling parameters '/ere chosen to repro
duce the relative transition strengths 
observed in the proton scattering. The 
non-collective states were calculated as 
an incoherent superposition of the single 
particle transitions in the neutron and 
proton configurations shown in table 1, 
which are possible from the ground state 
configurations (1f7/?) *• for protons and 
C2p 3/2« 2p 1/2" 

'7/2. 
1f5/2)< for neutrons above 

90 IK 

closed shells. The mean potential of 
.Voods-Sazon shape was adjusted to the 
experimental single particle energies 

71?. 3: Calculated and measured 
angular distribution of inelasti-
cally ncattere-i 14 STeV neutrons 
for different regions of the «ii-
*-'6J of outgoing leutrons. 

'2>3/2 " 
7.65 MeV and £ 

2p 1/2 
»6.59 MeV, 

The strength of the effective interaction 

was chosen to reproduce the observed re

lative transition strength to the collec

tive excitations in the inelastic proton 

scattering. The optical parameters of 
Becchetti and Greenlee* [12J were used in the DW3A calculation with different 

parameter values for the incoming 2nd outgoing channel. 

Тле distribution of the single particle transitions over the range of excita
tion со.responds to a Lorentz form with an energy independent spreading width 
of 7 t.ieV for all transitions, which is near to the strong coupling limit.Such 
a value is consistent with other strength function phenomena, Fron (d,p) stu-
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Pig. 4: Same as Fig. 2. ,D?e(n,n'). 

о x ее ic че чг т 

?ig. 5: Same as Pig. 3.5 Fe(n,n'). 

dies one gets a 2p l / 2 strength function of Г * ? WeV in б 1П1 [19]. Strioping re
actions on deformed rare earth nuclei show alea for excitation energies below 
»4 f'eV a large spreading width for the aingle particle states, increasing with 
excitation energy according to a quadratic law [15]. As mentioned in ref. N. 
for the width of the giant dipole resonance at E x = 13.4 :.'eV in ' "Pb one has 
measured *,1 r.TeV. The width of the giant quadrupole resonances observed at 
lower energies have a width of about € MeV L13J. 
The results given in fig, 1-5 may be summarized аз follows: 
1. In 4öCa'n,n') the differential cross section for the first group of inelasti-

cally scattered protons (E* - 10-11 MeV) in which the excitation of the 3~ 
level is 3onir,&ting is quite well reproduced with * reasonable strength of 
the effective interaction of V = 30 MeV. 

о 
2. The gross structure observed in the exnerlment is indicate'? and results from 

the energy distribution of the rinal states or of the elementary excitations. 
3. normalizing the transition strength to the collective excitations the abso

lute spectrum of inelastically scattered neutrons is reproduced .vit'̂ in a 
factor of two up to excitation energies of about 7 r.'eV, 
The shape *f the spectrum calculated in DA'BA гезетЫея the spectral shape 
predicted by t'-e Hybrid model. 

4. The forward peaked angular distribution in the hlg^-energy preeorr.pound re
gion is reproduce-3. 

5. The -nissing tranaition strength at higher excitation energies expresses part
ly the neglect of transitions to ooeitive parity states or of the truncation 
of the space of single particle states in 40Ca or s 6Fe, respectively. But It 
also indicates the influence of higher-order effecte. 
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Similar results have been obtained within a collective model approach by Lewis 
[lg} and with simplify lag assumptions on th» font factor and usin« plana waves 
instead of distorted waves by Lukjanov at al. [l*]. *l«o Teal and Bartsch [iTJ 
саже to such conclusions in the response foraalismus for the transition 
strength. 
From these results one can propose an aporoach to the •valuation of inelastic 
nucleon scutterins -lata, which should have the advantage (cocpared with the Bc-
citon or 4ybri<i n©3el) to reproduce the high-energy tail of the epectra toge
ther with the angular distribution. The spectra may be decomposed in (i) an 
evaporation part giviruj rise to isotropy or sysrsetry around 90° in the angular 
iistribution, (ii) a direct part, which n»y be calculated in collective nodal 
coupling Ü3tributir.T t*-e strength of different multipole transitions according 
to en»rgy weighed sum rules an* (iii) a precompound part calculate-* from a 
згесояроапЗ aodel excluding the n = 3 ten. 
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DETERMINATION OF THE EFFECTIVE RANGE PARAMETERS OP THE NBUTROS-KWTROH-INTER-

ACTIOS 

B. KUhn, ZentralInstitut für Kernforschung der AdVT der DDR Rossendorf, 

DDR 9051 Dresden, Postfach 19 

It is well known, that the nucleon-nucleon interaction at snail energies is des

cribed in good approximation by the effective range theory. It turns out in 

this theory that the interaction can be characterized by only two parameters, 

the scattering length a and the effective radius r, A fundamental problem of 

nuclear forces is the question of charge dependence, that means the question we

ther the forces betv/eer. two protons, between neutron and proton and between two 

neutrons are the same if the electromagnetic forces are switched off. As the 

scattering length depends very sensitively on the strengt!- of the potential it 

is the prooer parameter for checking this problem. 

The proton-proton and t: e neutron-proton scattering legnths can be measured di

rectly in scattering experiments. Due to the lack of neutron targets a direct 

observation of the neutron-ue irron scattering is not possible. The only possibi

lity up to now to observe the rüjtron-.-.eutron interaction is the stiJy of nuc

lear reactions from whic1- simultaneously emerge two neutrons. Sue1" reactions 

are: 

(1) 

The two emerging neutrons interact in the final state .".id from t.u.is effect the 

effective range parameters can be extracted. 

The principle of determining the scattering lenrrth from these reactions is based 

on the principle of detailed equilibrium. According to this principle the cross 

sections of the reactions depend on the cross section of the neutron-neutron 

scattering in t'-e final state. In thp effective range theory t'r.is cross section 

can Ъе ехргезэе^ in the following form 

'!егч к is tl-.e wave number of the relative motion of the neutrons. Рог к —• 0, 
tat r.eana relativ energy towards zero, formula (2) reduces to 

<3o(o) -hTal
m »> 

7e see, the scattering length can be determined measuring the cross section at 
zero energy, But in three particle reactions the cross sections depends not on
ly on that of the neutron-neutron interaction but aleo on seveveral other fao-
tore. Therefor« a method based on formula (3) doesn't work. For small к 

d + n 
d + d 

t + n 
t + d 
t + t 
1Г"+ d 

= 
= 
= 
= 
= 
= 

p + r. + n 
p + p + n 
d + n + n 
3He + n + 

lie + n + 
If- + П + П 

*• 

n 
n 
• 

n 
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I if k*<C -i~) we can derive from equation (2) the following approximation 

G.(K')- Tri C W 
(4) 

It represent a peek of the eroee section at к = 0 which decreases to its half 
value for к 1/e nn' 
These very simple considerations show the main conditions for the experiment. 
We have to observe the reactions (1) in such kinematic conditions in which the 
relative energy of the neutrons is near zero. 
For the extraction of the scattering length from the experimental spectra seve
ral theoretical methods were used. The most simple, already exoressed in equa
tion (4), is the üif̂ al-'Vatsoii approximation. Further theoretical approaches are 

the i-r>ouls approximation, the Born approximation and the graph summation method. 

All these annroximations consider in more or less detail only the main features 

of the three narttcle eystem and of the wave functions of the initial and final 

states. They are aonlieable only in the region of the peak of final state inter-

act-ion, thp.t neens at snail relative energies of the neutron pair. This is also 

>r'-e reason, wny uo to mo'< no measurements of the effective radlua r were pro-
nn F 

dace- It follows from eiuation (?), that г has a remarkable influence on the 
p-ioctra only at higher einrgies were the spectra are already obsured by effects 
not included in t'e appropriations. Recently, however, at least for the three 
r.ucleon sy.item 3 + n solutions of the exact three particle theory, the Paddeav 
equations, could be calculated. By this means the determination of the scatte
ring length is oossible with more confidence and it isn't further hopeless to 
attempt a measurement of the effective radius also. Such an experiment is in 
preparation in our group at Rossendorf. 
"low some words concerning t̂ e experimental methods. In all the reactions (1) we 
have i'-vee particles in the final state. To fix a certain kinematic of the final 
state it is necessary to measure the energy and the direction of two particles. 
This can be done by means of two detectors, arranged at different angles and 
working on a coincidence circuit which allows to registrate a two dimensional 
spectrum in a multichannel analyser, ?ig, 1 shows the general arrangment of the 
exoeriment. On the axis of the two dimensional plot of the spectrum we have the 
energies of the two registered particles. Due to the kinematics of the three 
particle reaction all true events are collected on a certain line in this plane, 
the kinematic locus (fi». 2). It is easy to choose the angle setting of the de
tectors in such a way, that on a certain point of the kinematic locus the rela
tiv energy of the neutrons is zero. In the neighbourhood of this place the peak 

of the final state interaction is to 
be expected. As one knows the values 
of the relativ energy along the whole 
kf.nematio locus the scattering length 
can be adjusted by fitting the theo
retical spectrum according to equa
tion (2) or (4) to the experimental 
results. 

Fig. 1s Scheme of a kinetnatReally T h l e 1я t h e „.* «i«.t.MAOi т»*ьлл complete experiments T h " " t h e moe* •«»•ntefieiM method. 

ЙИЗ-

http://sy.it
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Pig. 2: Kinematic locus of a three 
particle reaction. On the locus are 
shown the places of the final state 
interaction of the oarticle paire (12) 
and (23). The curve Ei2 demonstrates the dependence of the relative energy 
E12 of the particle pair (12) on the energy E-|. 
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(0 50 60 
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We have produced two experiments in 
this way. The first was based on the 
reaction t(d, He n)n[l]and the se
cond on the reaction t(t, 4He n) n[2j. 
Fig. 3 and 4 show the spectra obtai
ned, projected on the time of flight 
axle of the registered neutron. 

Fig. 3: Two dimensional spectrum 
of the reaction t(d,->He n)n pro
jected on the time of flight axis 
of the registered neutron. From the 
spectrum ann = -16.0 fm was derived. 

'Hd.n'M)» Е-1ЯМ 

Many measurements were produced by kl-
nematically incomplete experiments, 
that means, only one of the emerging 
particles was registered. In this way 
one integrates over the kinematics of 
the second particle and a one dimensio
nal continuous spectrum is obtained. 
If final state interaction ie dominent, 
this spectrum exhibits a peak at the 
high energy end. The form and the width 
of the peak can be related to the scat
tering length. This method is more simp
le from the experimental point of view 
but it hardly provides results of the 
same reliability as the kinematically complete method. Especially it is diffi
cult to take into account the finite experimental resolutions in angle and 
energy. 
Up to now about 40 measurements of ann were published using all reactions (1), 
different experimental methods and different theoretical approximations. It 
isn't possible to discuss all these results in such a short leoture. This was 
dona in detail in a paper published in the Dubna Journal "Physice of Elementary 
Particles and Atomic Uuolti"[3J« it follows from this discussion, that about 

Fig. 4» Two dimensional spectrum of 
the reaction t(t, *He n)n projected 
on the time of flight axis of the 
registered neutron. From this spec
trum ann • -15.0 fm was derived. 
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10 pub'.lshed values oust be excluded from further consideration due to (insuffi

ciencies in the experiments or in the interpretation. This is true especially 

for these measurements, which resulted in values near - 23 fm. 

In fig. 5 all results are compiled. Results with broken error bars were exclu

ded. Kinematically complete measurements are designated by triangles. The about 

30 reliable results fullfill the conditions of a standard distribution. This 

is shown in fig. 6. From this distribution the following weighted average of 

the scattering length could be obtai

ned: 

- 16.61 fm. 

Fit. 6: Standard distribution of the 
accepted values of a , 

In the averaging procedure the results 

were weighted by the errors given by 

the authors. The more reliable kine

matically complete measurements were 

taken into account with twofold weight. 

The standard deviation of the average 

value la 

S = - 1.45 fm 

and the right value can be found with 
95 % confidence in the Intervall 

nn 
« - 16.61 i 0.54 fm. 

This value can be compared with t^e pp and np scattering lengths. The differen

ce between the np scattering length for the singulett state 

•b 23.715 * 0.0015 fm. 

and ä ~ is well established. That means, the nucleon-nucleon interaction is 

oharge dependent. This effect can be explained by the mass differences of char

ged and uncharged pione and у -mesons exchanged in the interaction, 
"or a coimarieion of a and a__ it is necessary to calculate from the experi-

nn pp 
mental value of a a theoretical one for uncharged protons. The result of this 
calculation depends on the nuclear proton-proton potential. The well known lo
cal realistic potentials lead to a value of 

epptneor - - 17.2 fm. 
The uncertainty due to different potentials is * 0.2 fm i.e. very small. 
H, JCumof has shown, that nonlocal contributions in the interaction result in 
an incereasing difference to ann [*J. Therefore there exists apparently also a 
slight violation of charge symmetry of nucleer forces. By means of meson theory 
violation of charge symmetry may be described by meson mixing during the ex
change. Henley and Keliher discussed t̂ e influence of g° - o° and r\ ° - 1Г ° 
mixing and found an effect of the right order. 
ffe see, that the determination and compulsion of the scattering lengtne throw 
light on rather fine details of the nucleon-nucleon interaction. 
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PRE-EQUILIBRIUM MODEL DESCRIPTION OF NUCLEAR DE-EXCITATION FOLLOWING THE AB
SORPTION OF 1Г " AT REST - PART I - MEDIUtf HEAVY NUCLEI 

E. Gadioli and E. Gadioli-Erba 
I n s t i t u t e di F i s i c a d e l l ' U n i v e r s i t ä r Ki lano, I t a l i a 

Abstract 

The exclton model is used for describing the de-excitation of a medium-heavy 

nucleus which absorbs a IT ~ at rest. Particle multlplicl ties and spectral dis

tributions and the yield of isotopes produced are calculated and compared with 

the experimental findings. The comparison shows that the model allows one to 

describe in a quantitatively correct way the de-excitation irocess. 

1. Introduction 

The absorption of Tf " at rest in nuclei has been studied in the past by means 
of nuclear emulsions, neutron dosimetry and activation techniques. 

More recently the angular correlation of fast nucleon oairs emitted by excited 

nuclei and the spectrum of neutrons comin? out during the de-excitation process 

have been measured by means of coincidence and time of flight methods. 

The availability of meson factories and the possibility of using 1Г" beams for 
biomedical applications renewed the interest in the field [1-3J. 
The above mentioned measurements aimed to deduce: 
a) tbe average number of neutrons emitted! per pion absorbed (neutron multipli

city) snd their energy spectrum, 
b) in the case of nuclear emulsion exoeriments, the fraction of pion absorp

tions without the emission of ionising oarticlee, the orong distribution of 
otetara, the energy aoectrum of charged particles emitted, the ratio between 
the number of emitted d. 's and protons, 

c) in a few cases the yield of different isotopes produced, 
d) the angular correlation of fast n-n and n-p pairs and the ratio of n-n to 

n-p emissions. 
All the experimental results reported up to now concur to strengthen the hypo
thesis that the pion interacts with a small number of nucleone which have an 
epnreciable probability of exoaplng befor sharing their energy with other nuc
leone. The simplest hypothesis constat« in assuming that the pion is absorbed 
by a couple of nucleone, a neutron and a proton or two proton«. A model of thia 
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orocess was developed by Brueclcner et al. [A] and thereafter many theoretical 
refinements have been introduce*. 
A review of the field which reports a detailed list of references on t>-ie sub
ject has been written by Koltun [5]. 
Coincidence measurements show that the emission from the de-exciting nucleus of 
two fast neutrons is much more likely than the emission of a neutron-proton 
pair and, in addition, the two particlee are emitted at 180° to each other mush 
more frequently than at a different angle [6, 7]. A great simplification in the 
calculations to be reported later is achieved by assuming t^at t'-e total momen
tum of the absorbing couple of nucleons is zero. This assumption is certainly 
not accurate [5, 7] but should have a minor influence on most of tre re3ults v»e 
win. obtain and will be retained for simplicity. 
The sequence of processes developing in the nucleus after t>ion absorption can 
be schematized as follows. 
Due to the short range of nuclear forces the pion absorDtion is assumed to 
occur in a rather well localized region of the nucleus. The two interacting 
nucleons that share the rest energy of the pion acquire an energy of ainroxi-
mately 70 :.;eV and an oooosite momentum, ^y interacting with the surrounding 
nucleons they start a cascade oroeess which eventually leads to t'-e compound 
nucleus state. Due to their high energy, the nucleons excite' in t's first sta
ges of the cascade ргосеяь have an appreciable probability of bei-r» »mittel 
without s'-aring their enerrv. is a consequence the averse »иегзу of the exci
ted nucleus at t'-e en-' or the fast stage of the de-excitation process is ex
pected to be considerably lower than the rest паэч епогягу о" tue air-orbed pion 
(rv 14: > 7 ) . T:ie nucleus further '''e-ixcites by evaporation 0* lov w ^ i m nar-
ticier; en-' # rays. 
Or. t' e ba<?is of t;-is • eebanism, 'Oe oa'obata et al. [_TJ reporte" a "orte 'arlo 
calculation which arovided a qualitative agreement rlth nuclear er.ulsion ;lata 
concerning г ion absorption in \* ",r.d "̂ r. Tiear? nati:-"actors resultn hnve bec:-_ 
obtain»? by "ertini f^J. ""̂ e above referred r'ec'-anlar: я ее г..« to be veil suite-
for а ргее*чЧ: '~r* \ir e^i^sion Tiodel 'e^eriotion an-' detail«!' cnlculet ions t'-aJ: 
•rave results in а roarjoiable a^rce'^nt ":*t-- e"oa" ine.ntal fin 1 i n " :"' Vc 'ri<*p-
:;n 'erta'cer.. 
T'is paper reports t'-e results concerning TT" э'-яоп^о"! in .-e.'.'r ' 'avy •• iclei 
Г'.г^О. 

?. Зшп-.агу of e^^erim°ntal re.aults concerning 1?" absorption -' n ~>nAl-'iLi'i.YlÄ 
nuclei 

? , 1 . 'luclegr emulsion data 

The r e su l t s obtained by different authors [ч, 1П-1?1 before 1̂ 5Г> '••.*ve h«en au:-.-
narizei by Oerreur et a l , [ l 3 j . Fnrf ;er r e su l t s have been reporter1 by Azirov et 
a l . [14] and ^rown an* Uug'-ee [15J. 

The $ s t a r s produced in 7?~ absorption In a-: heavy nucleus (..g, ~)r) ^ave been 
discriminated against those produced in a light, nucleus (C,.;,o) according to 
different c r i t e r i a : 
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a) the total charge of <5* stars, 
b) the influence of the Coulomb barrier that forbid th*t cursed particles b* 

emitte.l from an heavy nucleus with energy lower than ~ 3-4 "eV in the case 
of protons and " ',5 *>V in the сазе of cü particles, 

c) t̂-e presence of tr»c'<3 op slow \uger electrons emitted Hiring the mesic sta

ge of the absorption process, 
d) the use or" emulsions of different compositions. 

The distribution of prongs due to ionizing particles, obtained as an average of 

t'e data reported by the above quoted authors, is reoorted in Table 1 and fi»,1. 

Table 1: Prong listribution of heavy emulsion nucleus 6" stars 
1 

0 
1 
2 

3 
4 

5 

Percentage of stars with n 

Exp. 

36 
40.7 

15.= 

5.5 
1.54 

0.5? 

Theor. 

41.1 

39.2 

17.2 

2.5 
C.10 

-

prongs ( *) 

3 3 * 5 
PHONG NUMMER 

i^ . 1: ~. rnn* ' - i s t r ibut ion of 
ет/у »"'il-iton nucleus (7 s t e r 9 . 

--e o-i«;-. po'lnt" ?ive the ex-
--••••: :-.-~tal p"roeritaj»e of s t ^ r s 
•:!i'- n Tiro-: •". •"-.« f a l l l ine 
",;rve~-.r! t'i» theore t ica l ^is— 
* гГо-;* ' о "., 

T îg, 2: 7he fu l l l ine hietoerar- gives the 
experimental energy d is t r ibu t ion of char
ged pa r t i c l e s emitted by Silver and Bro
mine nuclei assuming that al l the oa r t i c -
les are orotone. The broken l ine h i s to -
zrar is the theo re t i ca l d i s t r ibu t ion cql-
culsted -vith t*e sane assumption. 

The mean number of c-argel -^articles emitted per pion absorbed amouits to 0 .93. 

Т'ч r a t io between the number of emitted Q C B and the number o" pa r t i c l e s of unit 
charge has been estimated as 0.3 - 0,04. 

r h e i e n " S y ' J i 8 t r i b i i t i o n o f eharged pa r t i c l e s emitted has been obtained by Azimov 
[14J (see . f i g . 2) from the range d i s t r ibu t ion under the assumption that a l l the 
par t ic les were protons. 

file:///uger
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This assumption causes an overestimation of the low energy particle yield but 
should effect in a minor way the high energy portion of the apectrum. 
A considerably lower number of charged particles emitted per pion absorbed has 
been reported by Fowler and Kayes [ l 5 ] as a result of an experiment performed 
usin water-soaked emulsions. Their results are summarized in Table 2. 

Table 2: 

protens 
oL's 

ГшяЬег of Darticles 
p e r l T -

Exp. 

0.52 - .02 
C.08 - .01 

I 

Theor. 

0.62 
0.192 

Mean 

Exo. 

21 .4 -
14 . i 

X i n e t i c 
(WeV) 

1 . 

energy 

Theor . 

19.5 
12. 

2.2. I'eutron Multiplicities and Soectral 'Uetrjbution of Kiaitted Ileutrone 

The multiplicity o' neutrons enitte* by Qediuffi heavy nuclei during the fast s ta 
ge of the de-excitation ргосезз C'ast neutron multiplicity) has been rnesoured 
in tine of f l ight experiments [17-19J. The different authors sgree in estima
ting that the mean number of fant neutrons emitted i s ~ 2, "nderson et a l . [ l 7 j 
measured, in the eise of C,i, ".n f=»3t neutrons oer T " absorbed, Gaapoe 7en.it i 
et a l . [ i s ] gave, for п,ч. з-.d Sn, t*e value 2.1 - 0 .5 , Hattersley et a l . [19] re
port for Cu 2.19 - 0.30. The tlow neutron mult ipl ic i ty , that i s the number of 
neatrons evaoorate'f fror, excited nuclei surviving after the fast atzge of the 
de-excitation process, has been measured directly by Tongiorgi and Edwards [20J, 
in ths case of elements varying from С to Pb, by comparing the density of neu
trons produce! in V~ absorption and thermalised in a block of paraffin with 
that of neutrons emitted by a calibrated Ra J- Эе source. Their results are r e 
ported in f ig . 3. Total neutron mult ipl ic i t ies have been estimated by means of 

time of f l ight experiments [l7-19] and 

e 

• 

у 

У* 
0 

A 

1 

r' 
• / * 

0 0 

4' 

/' 

' 

aoo A 

activation measurements [?1-?3j • 
The different results are compared in 
fig. 4. The comparison of different re
sults shown that these data are cha
racterized by a considerable uncertain
ty. The caee of lead in striking: 
two authors agree in neasuring a multi
plicity ~ 5 [l7f19] and two authors in 
measuring a multiplicity almost twice 
(~9.4) [14, 2o]. Also the average kine
tic energies carried out by alow an'» 
feat neutrons are measured with a scan
ty accuracy. The values reported by 
different authors greatly differ [l7-19]. 
An indirect estimate of the kinetic en
ergy carried out by fast and slow neu

trons can be obtained if one knows the neutrons «ultiolicities md the energy 
«rried out by charge* particles. For instance in the case of Silver BromM. the 

plg. Э; Slow neutron multiplicities as 
measured by Tongiorgi and awards [20] 
(open points). The full line -Irawn 
through the measured points is as sug
gested trend. The crosses are the cal
culated multiplicities. 

http://7en.it
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average energy decrease due to charged particle emission (kinetic and binding 
energy) is ~ 24.8 KeV, the total binding energy of emitted neutrone (we assumed 
a total multiplicity of« 5.5 KeV) and the aTerage energy carried away by f 
rays amount t o ~ 51.3 MeV. As a consequence the total mean kinetic energy car
ried away by emitted neutrone should amounts to «~ 63.9 MeV. 

2.3 Activation Measurements 
The yield of radioactive nuclei 
produced in pion absorption on 
nude' ranging from 0 to Hg has 
been measured in a series of ex-
perinents performed at Chicago 
University (see ref. [21J and re
ferences therein). In some cases 
also the total oercentage yield 
of th<? various elements produced 
can be inferred. In two of the 
reported cases, namely pion ab
sorption in Br and 127I [21,24] 
the results allow a detailed соя-
parisan with the theoretical pre
dictions. The nercertage yield of 
deceits produced in pion absorp
tion in these elements is reported 
in Tables 3 and 4. In figs. 5 and 
? the isotopic yield of Те and 3b 
produced in tie case of absorption 
in iodine is reported. 

• 

rt'i 

\ 

P 
\ 

\ 

\ 

\ 

\ 

О МО МО 
A 

'ig. 4s Total neutron multiplicities. 
The different data are from Andereon et 
al. П7] (0), Hattersley etal. [19] (л), 
Turkevich andFung [22] (x), Campos Ve-
nuti et al, [18] (0), Turleevich and Fri
day [23] (v), Winsberg [21J (+). The cal
culated multiplicities are also shown 
(0)* The line drawn through the calcu
lated multiplicities is a suggested 
trend. 

. . . . . . • J — ' 

/ \ 

7 V-
' 

. , 

Pig, 6: The same as fig, 5 
for Sb isotopes. 

Pig. 5: Percentage yield of Те isotopes produced 
in ir- absorption in 12'I. The open point« are the 
experimental percentages measured by Winaberg [21] 
The full curve is the predicted yield distribution, 
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Table 3;Yield of elements produced in V~ absorption in Br. [24] 
Element 

Se 
As 
Oe 
Ga 

Percentage 
Exp. 
34 
31 
21 
7 

Yield ( % ) 
Theor. 
37 
33 
18 
11 

Table 4: Yield of elements produced in absorotion in 127 I [21] 
Element 

Те 
Sb 
3n 
In 

Percentage Yield ( % ) 
Exp. 
58 
22 
11 
3 

Theor. 
56 
29 
14 
1 

3. Theory 
The exciton model that we intend to apply for describing the deexcitation pro
cess outlined in section 1 has been described elsewhere [25-32]. 
The two nucleone that share t'-e rest energy of the pion are assumed to give ri
se to two parallel intranuclear cascades each characterized by a I particle-I 
hole initial configuration. 
Coincidence experiments p,7j which allowed one to meeure the n-n and n-p nuc-
leon pairs arising from IT" capture, indicate that the ratio of the number of 
n-p to p-p pairs that can absorb t!-e incident pion is anoroximately 4 [ЗЗ] . 
This value tins been utilised in ̂ resent calculations in order to evaluate the 
probability of starting the <?e-excitation process with a J у , Iv~ or apir J.r~ 
initial configuration (thereafter the notation 1T,y , t ~ , у " , will be utilised 
to indicate proton, neutron proton hole, neutron hole states). 
The eensitivity of the results obtained to 3uch assumption will be discussed la
ter. The competition between the different decay modes оГ the intermediate sy
stem during the cascade Is exnressed, as usual, by means of the decay rates for 
particle emission If (n) (U) and exciton exciton interaction W 

asc 
(n) 

(n) (U). 
Assuming, in the course of tv-e cascade process, a oredominant neutron and pro
ton emission the expression of '.T£ '(U) is given by: 

Wc
(n)(U)' 

fmM.Y 

f t $ *jf* ф(й) «Vw/Cv fWp-f, h (U M) 
( 1 ) 

* deytkiMf'^htir(c*)bu™h(u™uev) 
where s and m are the soin and t*e mass of the nucleons, Л is the mass of the 
nucleus which abeorpe t*e pion, n = p+h is tbe number of particles and holes 
which characterizes the configuration of the intermediate system considered, 
t? P fh ( u )' «^7-1 ,h(UR fV>' and <-'p-1,h(urr' } are the Btete d««* 1**" of the in-
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U(M«V) 

?i<% 7: Decay rate3 ror exciton- »'CM: i-.tar-
act 1опз 4S a f-riction o* the e-:-'"•-' io'. ̂ '.^r;; -5 
f-» excitoi number n (n = P+1-, P - h). 

T-e lecay rates for exciton exciton interactions evaluated accord in» to the 
^eniohenomenologie procedure of refr. [ЗО-1?] are reported in fig. 7. 

The calculation of the emis
sion of neutrons, protons du
ring each of t'-e two paral
lel equlbr^tloT cascades 
took into account second 
and third chance ore-equi
librium emis3ion3 (their 
contribution -'as small In 
all the cases considered). 
At the end of the intra
nuclear cascade stage of 
the process a quantity of 
highly excited nuclei are 
produced (in t'e actual ca
se 15) ivH'- a percentage 
yield varying from'1' 0,01, 
for residual nuclei after 
t'-e e"nisrrion of t^ree pro-
tonT "-d one neutron, to 
** Ю-35, Гог residual nuc
lei "ftsr t'-e eniGRion оГ 
two neutrons. The mean ex
citation energies ra.^e 
"ror~30 to~ HC "e'.r. 

Ml these nuclei furt: er decay by evapor'tJOT. The evaluation of the particle 
e.Ti33ion during this la^t ptage r>? :'•«» -i."->-•--:; 'OP:: not introduce °ny basic 
•HTacuity, however, due to t^e large г..:т';г̂  оГ e:ccited nuclei, and their great 
excitation energies, requires a big conoutii" tire, 
Tn order to re-uce this time, the anproxiTutio:" ".as been adopte-7 of ainutr.in̂  
tuat the excitation energy a* each nucleus, at t'e en" o:~ t/e "ant stage o'" the 
de-excitation process, irr the calculated, mean e-.erjy. Thin assAmption '-an a 
-^тог influence o~ the calculated nultiplicitiec and t'-e sr.ectr?l п;-аре оГ emit
ted particles near the evaporative pea':, vut is unsatisfactory 1Г о те ains to 
reproduce the isotope yields measured in activation measurement..;, giving unrea
sonably о Rial I yields ror isotopes at the edge of measured distributions. 
However t̂ e followlr.r procedure give3 геазо-.ably gon-' result": t'e yield calcu
lated 'vith the above approximation "or eac!- isotope is subdlvlle-1 in three equal 
portions. The three yields obtained in this чау т е attribute-1 to the conside
red isotope and to t̂ e ones preceding e,:d ."nllov.'iij It. The results obtained in 
t'is way have beer, compared with the ones obtained hy taking properly into 
account t'e calculated energy distributions, at f-e end of the fast stage, in 
the case of the production of Те isotopes in V canture in 'I. It was found 
that though the yield of lowest and highest mess isotopes, which contribute 
with a very small percentage to the total distribution, is again greatly under
estimated, the yield of the isotopes in the central region of the distributions 
is reproduced with a reasonably accuracy (e*10-15 Z.) 
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terr.ediate and residual nuclei, б*1яч у "d 6̂  ̂ „ ^ »re the inverse егозе 
sections that have been calculated according to ref. [34] and k Y (n) and ky. (n) 
numerical coefficients which take into account that, depending on the assutad 
initial configuration and charge conservation, not all the configurations of 
the composite system and of residual nuclei, corresponding to a given nanber of 
particles and holes, are allowed. ?or the lo'*e3t n values the coefficients 
ky fn) an" '</y (г.) are ?iven in Table 5. 
T^hls 5: "unerical coefficients to be used ror evaluating ._ 
Initial configuration: <fy 1y~ 

(n) (У) 

V n 

Чу (n) 

2 
i 
- • 
r. 

4 

1.2 

6 
1.0526 
0.9474 

7) 

1.0143 
0.9П55 

litial configuration: ATI" A» 

Утл density of p,h states 
has been calculated by reans 
of the recursion formulae 
explicitly reported in ref. М-
""he Fermi energy h»s "nee". 
assurced equal to T : e7 and 
t h e d e n s i t y of s i n g l e n u c l e -
on s t a t e s has been assumed 
t o be cons tan t and equal t o 
gQ = ( 3 / 2 ) \/€f :"e7_ 1«s 
A/13.3 eV~1 . Thi" c a l c u l a 
t i o n a l l o c s one to take ex
p l i c i t l y i n t o account the 
f i n i t e depth o" t » -»ote-i-

t l a l "ral1 t-, -v'-'c'" t'-~a s i r . - i a r.uclaon s t a t e s a r e confined t h a t a t ' i-~I". a ' - r -
?io<? - o t i c a a b l ? r educes t f cs d e n s i t y of '-ola s t a t e n , ?hi: ; e f f e c t ,-••.? r . i r e n t s i t -

X: 
ky Cr.) 
kr(n) 

2 

С 
2. 

£ 

1.2 

•5 

C.9474 

1.052S 

:n 

0.9Г55 
1.0145 

s e i ' a:; i ro r ••aa1: in t ' a f,i"'"'. " n r t o" the a - i t t o d no'ttro". s^a.^trnr 
J .a to t ' " ' a c t t a t , a t t ' e V'^iT'V",- of t*-o сапсане пгосо^г, ••:'a- par t ;.л1е 
«•ri.ision i c - o r e l i v e l y , no r e s i d u a l n^cls-is s t a t » s with e"^r~; i : "xcanr; of 
t' -« denth of t1-» p o t e n t i a l ve i l car, be e x c i t e d . 

T'-.a e*"act in proton spactrurn i s g r e a t l y reduced -'ne t o t.1-« зг.оЦ r.u-bar of 
11Г , v T " i n i t i a l c o n f i g u r a t i o n s , T-.e peak, sue'- as i t a^-enr.n in the o a l c u l - -
t e J ; ; -"Ctra , fn too i ' a rp dje t o tv« sin- .pl ifyin- 4 : : ? i " i t 1 o n о*- :aro t o t a l r o -

••»'.t'j.-. o: t a n^rorb" 
m l з Л - t « - 1 o-.-, *•-» -
•v*t' а ^-"•^"п-'я'г! 
.-• .-_,•] p .- - ,"1 „ - , „ - l T b,n 

p a i r , "hi Is r e a l n»-;l: n o^l-; roa" 
a 5V;r^»e k i n e t i c "r_a'-"y o" r>r. •- - ;t,-0 ч г ' о .1'" bo e n t i •.at»1 

i ^ c u r a o ' , 7 b. о ap rox i ;"n t ior. о*" > ? i , ; 1 ' l : ; ' T ' t fjpaoi i -;я о** f a 
t"~ in m a r t i a l l y coun te rba lance ' ' '- • t ! n ""vunnt ion £»="" a7f 

•tlfl". ""Р.аГТ/ Of ОГ.п '"O'.a " t " * " ? , '0 "t ir'^Or't' 
:a' r -,i • 

•••'•: г " 1 - . • 

-.-)*.'' 

- ; о ; ! • r*^?nrio.iahly «ятt^ na t^^ . "t 
t e опл • -, у л. л ^ 

a rv 
' л -, « '. 

r a " l : ' t i.c o o ' ' 
•;t , o- • о о* 

И--1 

'-•'•->f? n 'ould r a r e ' y т ч г f"a bo^^or o" f " n o t n - . t i _ l 

ч-1-гз': -. !0-.~, i - . ' r o ' j n e ' i-. o r ! to M :! n i l* t io-
?a- le 4 . . ' 

I • ; ' 

:л ; t ro •" a-, i r r т . 
•••• a i~ to " " t l . - " !*" . 
".оt ^i^anr* a t iron-"* 

:» n-.ly on t'-a c a l ^ j l t n ^ "-<e-;»,r-i -; one o" i ' 
... * '-- yn » no-rl i ' i b lo i ' 1 ;-* '.n° о "о. t i' *, • -

*:• " a ' " o r t or a l i m i n t ' . j ;• •; n ' t - i l ^ r a- ' -ro 'f i" 
", '"'.ill.-.' :' l"ti*"ied п1пза f a hi ;ц я :Ar — no:-t 'o 

- ;a-. t :) 
• t:.o.:r! 
• г. пГ 

'oe.-
ax -

-̂  » y t a l j t ro" . n - ' proton .Toactra ara -annura-1 •v'th a чса.-.ty ассп".0" 
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The total element yield are, for each element, reproduced within a few percent. 
This accuracy 1з considered sufficient for present work, however а мог« detai
led calculation, in the case for Instance of the eleoent» of greater biological 
interest, should be baaed on the more accurate procedure. 
The evaporative decay of excited nuclei waa calculated with a £onte Carlo pro-
Згав lllce the one developed by Dostrovskl et al.[35]. The«« authors, in order 
to deduce analytical expressions for the ratio« tß- *аЛт~ «••** «lnpllfied ex-
oressions for the level density of excited nuclei* (y (0) • exp (2 VaTT)) and the 

.•• 2 
inverse cross sections for charged pirticles (6T(E) « T » C-T'c/E)), sagte
st ing f-e values to be used for H and V . However, is order to obtain »ore ac
curate results, values for S end V different by th« ones suggested by these 
authors have been used. These values are the ones that allow one to reproduce 
*ttr the analytical expressions of Dostrovski et al. the ratios -f» and 
Я агИ tbe mean energies of the evaporated particles evaluated with a standard 
.ooputer code which utilises Feroi Gas «odel level i'-nsity expressions and Op
tical *:oiel inverse cross sections. In each of t'.e considered cases the produ-
re above outlined allowed or.e to obtain, for all the nuclei involved in a £iven 
evaporative cascade, values of R and V which show a simple dependence on, re
spectively, Л and 2. 
In the calculations of pre-equilibriun emissions, pairing energy corrections 
•»ere not ta^en into account, tne binding energies were laker, from "apstra and 
'.ove [з$]. I", the calculation of the evaporation stage, the pairing energies 
*ere ta'<en from "enirovski and Wasichuck [37] and the 'r.inling energies (y.ost of 
t'-ег. are not exoerinentally '<r.own) have лее-, calculate! b7 U3ing t:-:e Гуегз and 
3wi=»tecici шазз formula Гз^]. 

4. Comparison with the Sxperlsnental Pete 
I-» — 127 

"̂ he calculations have been C4rried on for " 4bcorption in ?u. 3r, Ag and 'L 
Come of the results obtained are summarized in fir. G There predicted neutron, 
proton aid* particle multiplicities are resorted. The naas dependence of the 
ratio ot /p, the fraction of T * absoi'ptionn without t-e eniissior. of charged 
particles Cl^? yield) anr! the aver-â e excitation en^r^y ( 2 e > of the com
pound nuclei 4fter t'-e pre-equilibrium emissions are also shown. One should, 
го-.vever, keep in nind thtt the model outlined in previous section predicts a 
very broal -üntrihut'.on for t̂ - excitation energy of residual nuclei at the end 

of the eiuilibraticn cascade aid the av>r4ge excitation energy alone casnot cha

racterise this Hstribution. 

Our estimated values for < E e x c ) , that n?ree -.-m the estimate of Pe Sabbat?» 

et al. [ij -re сопзН-гчЫу io"er t'8-i t'-e or.er: reported in refs.[<)-11, 1е?]. 
Tue linen drawn t rou^! t'-e calcslitM pnintn are suggested trends ar.d could be 
used for interoolqtioi. In Addition to the above shown result, tue calculation 
prs'Ucts f-at during the f*nt nt3<j" of the de-excitation ргосегя the average 
total kinetic »n-?r?y cnrried away ;,y f» nroton3 end the neutrons amounts rt-
snectively to <~ <o und/»»50 "«•;, 

4.1 "uclgar Smulalon Data 
The calculated distribution of топ; ofG stars, for Absorptions in Silver Яго-
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^ig. 8: Some of the predic
tions of the theory: 
<n>, <p >,<<*.>, neutron, pro
ton, -particle multiplici
ties. ".0? is the percentage 
yield of absorptions wit'-out 
charged oarticle emi nionr;, 
<Eexc> is the averse exci
tation energy of reoi-'ual :-:л 
lei at the end of the fart 
stage of the de-excitition 
process. 

mine is compared with the experimentul one of 
aection 2.1 in fig. 1 and Table 1. The mean num
ber of charged particles emitted per IT'~ absor
bed is estimated from previous distributions to 
be respectively 0.9в (experimental value) and 
0.31 (theoretical value). 
The value we calculated for the ratio between 
f-e number of emitted d-'e and particles of unit 
charge is 0.31 in good agreement wit'- the esti
mate of РегЧ1пз and :.:enon et al. [l0,1l] (=0.30 -
C.04). As previously reported, ^owler and Г.Гауез 
-rave for t̂ e multiolicity оГ charge'.' particles 
a value considerably lower than t'-e nreviou3 
one [l"J. These aut'ors, ir. ad-'it ion, estimated 
the mean 'cir.etic energy carried out by charged 
par''.r.le-з. Our theoretical predictions are com-
n»re:'; with their fi'̂ in.̂ o in Table ?. 
The most relevant discrepancy between the cal
culated values and the rssult3 of "ov/ler an 1 
1"зуеэ concerns the fll -particle multiplicity. 

The ratio ot/p 'ереп'з sensitively or. the heists 
of the Coulomb barriers fork's ал-' nrotono. 
i4ie леап kinetic oner^y of 4, 's as deduced by 
Slower and "ayes is« 1,5 " a1/ hi^' er t'-an the 
one predicted by our calculations that reproduce 
reasonably well the ratio «t/p аз ^iven by the 
other authors. Thin fact show t'-at theetbarrier 
height as deduced by T4ov.'er and '.'ayes is higher 
than the one 3u,x~?sted by Previous experiments 
and аееяш to indicate that the origin of the 
discrepancy is t'-e estimate o" t'a yiel* 0^ <jl 'з 
of lowest energy. 
Т'"'-Э е-,егя*У d 5.ntr !"• .'• t i o n 0** C' oj»Tr*l 
predicted by the model * г, conaere'i 
peridental one on '^irov et 
"ince t! eae authors -ade *:'•-> 
t'e neipMcler; -ere nroton" we 

*̂ nrt ides 
wit' t! e e» 

U. [U] ir. fi*.?. 
""-urption ',':at all 
l.so assumed that 

t: e aL 'n were coxite1 »3 protons or about one 
Tjarter 0' their enerj;.,. ?'- e two distributions show a s ibsta.itî l ?.«jree.--ent. 
The dlscrepanc; on the high energy side in lar^aly due *э tie 333u.-;ntion оГ ze-
ro total momentum for the absorbing nair. Л more raallitic consideration оГ the 
r.onentun distribution of the absorbing pair would remove t'e discrepancy. 
The discrepancy at the lowest e-crgias, at least in part, could be due to tue 
fact that ( percentage of all the stars attributed by Azimov et al. [if,"] to 
heavy nuclei pertains to light nuclei. This suggestion is justified by the con
sideration that a) the prong distribution as given by these authors predicts в 
larger mean prong number than the ones reported by the other authors and b) the 
selection criterion adopted by these authors (they separate heavy nucleus from 
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Tho ooapariaon between the calculated yield of isotope* of To and Sb an* tbt 
measured ease in shew» la fig* 5 «ad fig* ̂ » 
The agreement between the calculated and measured yields is surprisingly tee* 
if one tokos into account that alto at t!<e neximu* ef the distributions the 
yield of different isotopes м a email percentage of the yield of all the dif
ferent nuclleea produced. 

S. conclusion« 
The comparison between the predictions ef the model and the experimental results 
seems to indicate that the exeiton model allem one to describe in a quantita
tively correct way the de-excitation of a medium heavy nucleus which absorbs a 
*Wm at rest. 
This result confirms that this model constitutes a eewerful tool for describing 
the sequence of processes which occur daring the equilibration of a nucleus 
w'ose excitation energy is inttislly shared by a small повоет of osrtielee end 
holes. 
*7e assumed a value equal to 4 for the ratio ef \-p to o-p pairs that esn absorb 
the pion. Some authors suggest thst t*is ratio should be dual to 3. ?his choi
ce should not alter most of our sonslusions but should reluce t'?e ̂ окЬэг of fast 
neutrons and should increase fie number of fast orotons end th* ratio of the 
yiells of fast sir! slo^ charged ^articles worsening t'-e agreenent between the 
theoretical nrecHstio-JS чгЯ the sxperi-nntal results. 
The suf-ors wish to thank pro'. P. 0, Зоза for useful зц^зяНопв ^nd enlig'ite-
ning discussions ard prof. G. Ttgliaferri for his continuous ia+ersst arv! en
couragement. 

References 

[ 
1) Е.и. "owler, Proe. Phys. Soc. 85. (1965) W51 
2] :.:.P. a u t i J i e , П.З. Alsmillsr j r . <vvl Г. ' . ' e r t i n i , **jcl. i n e t r . '».ethods 

2£ (iq.':->) 29 
[ э ] **.П, R*jur Europ, J . Senear, 1£ C19?4) 211 
[ 4 ] -„г. nruekner, R. Serb-r in6 :'.:.!. , - t aon , Р'^уя. 3ev. 2 i O W ) 25* 
[ 5 ] 0 . 3 . ;Coltun, Advances in "uclesr fhycic- , " . п-,гзпт*г а-л '%. "ez% " d t s . , 

*>lenum Vreso, ':e* York - London 1939 
[ < j S, Osalci, Й. ,;ein!3tein, 9. Slaes , 2 . Loh. L. " e i m l a лпЛ A, :attenb'- .^ , 

Pbys. Hev, Le t t . 4 (19*0) 533 
[ 7 ] :: ,*. "ordb^ru i r , "Г.". ;:i™ay in J ?..т„ ->.trnan, гьуз. !tev. 135. (1953)1095 
[ 4J V, 'Jc "V.bita, •;. ;..qnoresi в-id I , Puppi, !,iovo :im. I (Т^Г) 70(5; 

10 CVH) 17С4 
[ ?] . . . . . e r t i n i , Phye. Sav, 21 С197П) 4"3 
[ ic] O.K. j e rk ins , Phil,«'flg. 4£ (1940) 601 
[11] П.З.л. l.enon, F, r.uirheed end O, Rochst, Ph i l , ;,!ag. 4J. (1 f l ro) 5^3 
[121 S. Enomoto, Y. Fujimoto, 5 . "forie and Y. Tsusuki, Progr, ?heor. Phys. 

2 (1952) 353 
[13J 'Г. Demeur, A, Ifulsux агИ в. Va.v>erhaeghsf luovo 3im, £ (19S?) 509 



- 1 J 9 -

[14] S.A.Asiaev, 9.0, etfltaaaw, B.A. Taawrhalera. B. Ilaaaetdiaava, 1 .1. fed-
aaretakii aad A. Iuldeane-r, »via« Pay*. ЛТТ 4 (1957) 6*§ 

f i s ] 5. Brown an* X.S. Bam***, Phil, tag. 2 (1957) 7T7 
16J P.H. Fowler aad Т.Н. вшуаа» Bra«. *ay*. See. £ (1*7) )77 

[17] H.L. Andereon, I.P. Hlaata, CS. Jotaeen, С Bay aad A.B. Seaar, 
Phya. Кат. 1 Ш (1964) 392 

[ is] G. Caapee Veaatl, 8. Preaterotta aai G. Hatthle«, Pays. b e « . 2 0 * 4 ) 
45s t!«a*e Dia. ЗД (1964) 1446 

19] P.E. Itettereley, H. Uoirhaed aad J.I . «aalte. » » 1 . Paya. 67 (196$) 309 
2o] 7. Coccoai Toaclorfi aad S.A. Idaarda, Phya. lav. "£ (1952) 145 
21 L. Jinabarf, Phya. Re». 9£ (1954) 198 
2? '. Turkevieh and S. Fan«, Phya. Rev. *£ (1953) 521 
23 Л. ТагЧеПеп ana J.B. Hiday, Phya. lev. 9£ (1953) 342 
24 Т.Г. Sa*ihera an* У.Р. Libby, Рвуа, 8a». • £ (1952) 587 
25 J.J. Griffin, Phya. 8a*. Lett. Д (1966) 478 
25 :.:. аавп, Phya. Be», b e « , 21 (196S) 1357 
'27 ?. -. 3ltna «a* a. Haas, ?«el. Гауа, | Щ (1959) 225 
29 2. 3-<-loU, Time 61a. Lett. 2 (1972) 515 
29] ".S. 2raga :>rca*t»n, B, Gedielt Srba, b. Milasse Call! and P.S. Sons, 

»луз. Be». # (19?2) 1394 
[?c] ;. 3irattsrl, 2. ündioli, S. Ge-Ueli ЗгЬа, Л.Е. Sraeai Strini, G. Strini 

ев* "». ;<itll«*«nri, itaei. Phya. £2Щ (1973) 579 
3, Sadioli, 2 . Oriioli Srba aal P.S. Зава, Steel. Phy». A217. (1973) 539 
г. 3n<Heli, s . Gadloli Srba. I . Sejo Sehne and G. frglieferri, 
Rivista TUOTO 'Jin., to be oublieheö 
".I . ?t.iotov, Seviet J. iTuel. Phya, £ (1966) 335 
?,. »a^ioli, E. 3a*ioli Srba aad ?.G. Sana, Паото Cia. Lett. 10. (1974)373 

351 I . i'ostrovsici, 2. Fraenkel and 0. Priedlaoder, Pnya. Rar. Д1£ (1959)583 
34 A,K.7apetra aa» T.3. Gove, Uuel. Data Tablaa 5., пае 4 and 5 (1971) 
37] p . 2 . "emirovski and Yu. v. Adaaahoak, Heel. Phya. 3J (1962) 551 

i,?>, : yera snd T.J, Swiataeki, Heel. Phya. 81 (1966) 1» Ark. ?ув. ЗД 
(19S<) 343 

И 
И 

"ül 

l?1 



- 1 Ü -

X» Better, R.Vi 
SeatrallarUtet ff* 

i» eetÄieB VRVN*» 

The vwatlea he» etronjth» ooatümu» changee tat r*««n«wo« pareaetcr» calculated 
ia • bound atate «viel в м Ь и в «tienwii frequently darie« the l»»t tiM («.g. 
1,2 ). Firet. there aey M threshold effeet« wMeh ш lead te an additional 

ehanc* ef tat reaction ere** aeetioe ia th« neighbourhood «Г particle» decay 
thraahalda Ъеееове af the enlarged axtenaien ef the ayatem. Secondly, the aixlng 
of th» iteomne» level« Tie the eontlnma aay eneag« the poeitions ea «ell aa 
th* width» ef the r»»»n»ae» level« calculate« in e bound »tat» a*del. The еваа-
gee aey a* ef auch a type that they «an net b» eeapeaeeted by ueing effective 
paraaetere. 
It ia the aia ef thia paper te iaveetigate the infleeaee ef the eeatinuua ea 
«ietha and position» ef reeeaanee ievela ia a eaae ia which tee reeeaaaae level» 
bavea eeaalleated »hell aodel structure. The ealculationa ere den» in the con-
tinoaa «hell eodel <C3») far the reaction 1 5 » H U П а iy2 aiagla partiel» reeo-
nanee ia treated like a bound »tat» up te a cut-off radlua in order te define 
the «pee» ef bound »tat»» in analogy to the configuration «pace ef tbe uaual 
•hall aedel (at). Th» details ef the calculation» are given ia sect. 2 ef thi» 
paper while the effect» investigated end the result« obtained are described ia 
«he aeet». 3, 4 a«1 5. Sea» conclusions are drew» ia the laat aeetiea. 

The baeic equation» of the aodal are given ia refa. [?, 4J. The whole wave func
tion of the Bedel ia given by 

у-|^(Ч-(|^)<^|д=»тг|^><Ф*.|н„|?> »i 
Here, Htj, »tanda for QHF «to,, th» operator 9 project» onto the apaee ef dia-
erote resonance »tat»» and the operator P onto the eontinuua (P • Q • 1),whil» 
H la the Hamilton operator. The function»J and #R er» solutions ef th» eque-
tiona 

(KPP * « }f- • <2> 

The wave function« #„ are eigenftteetleas of the operator H ^ , Та« operator 

is effective in the Q «paee. 
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The method of ntawrteml ealeulatioa« eenaleta la eelving the ueoml Ж problem 

•hieb giv«« th« eigenvalue* *$ end eigenfunetione # a of th« operate* H^, 
a«ing thtea elgenfunetieee, the «tattle*» (2) «ad (3) are «elves with tern 
pled channel method £3 . 4J. 

The diagonal matrix elemente 

<^Кг1н>-^-1 ч m 
contain the energies Oj and the width* Tft of th* resonance levels described by 
the a: wave function •_. Here, th« configuration nixing of tha diacrete rceo-
nanoe states is taken into account like in a amual SB calculation. The channel 
coupling, i.e. t** interaction of the raaonanno levels via the eontimun, is 
considered in the eigenvalues % "* $ fg •** «tgaaf«met lone ф^ , 

which follow from the diagonalisatiea of H*^f . 
the numerical calculations reported her« are performed for the 15!f -HI reaction. 
The SM etrueutre of the internediete nucleus 16W and th« target nucleus 15tt ia 
obtained in the 1p - lh and 2p - 2h configuration apace«, and th« 1 fa «ad 1p-2h 
configuration apace«, respectively, using • <T-force for the nucleon-nueleon in
teraction, 

V (r\ - «J) - 70 (a • b pJl ) / (r̂  - 7г) . (в) 
Th« parameter« are ? e • 500 HeV » fm3, • - 1.0, b • 0.05» Th« para» tare of th« 
Woode-Saxon potential are th« ««a« «a in ref. [з]. Together with th« bound «ta-
tes th« &jj2 eingle particle resonance is included in fi« 3-spaee up to the cut
off radiua 7.5 fa» while the A J / 2 continuum pert and the single particle scatte
ring states of the other angular momenta 1, define the P-space. The continuum i« 
raetricted to 1m 6 in the coupled channels cmloulstions. Th« calculation« «re 
performed by taking into account four channel« corresponding to the two hoi« 
atataa 1/2" (o MaV) and 3/2* (6.3 Me?) of 15B and to th« two states 5/2* and 
1/2* at 5.3 MeV of 15H with 1p - 2h etrueutre. 

1. The KtolM of Resonance» Vi» th« Continuuj» 
In order to investigate the mixing of th« resonances via the continuum in more 
detaila, aix 0 + reaonenoe state« of 1бЯ are investigated. ?ne energise 1'^ of 
these statae are choaan different from the eigenvalues of K ^ in auch • manner 
that the distances between the resonanoes ar« constant (200 keV), The wave funo» 
tions ̂ R are taten from the »-calculation without any change. 
In fig. 1, the width« ?(I) »nd Г C D defined in «as, (6) and (7) «re «hewn for 
one of th« considered 0* levels. The energise Ijjĵ  of the other levels are cho
sen in auch a manner that г,Ц} > в<*> (fall line), iJJ> < « Ц * (dashed lint}, 
•nd t $ < «£„*< *.£* (dotted and dash-dotted lines), reepeetively. The е м у 
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Fig. 1: Tho i m i o dependence of the «ridth* 7 
end p of th« 0* resonance state So. 1. Tho wl<1th« 
П (I) are given for four different positions of 
tho fire surrounding 0* reaoneneee. Sequence of 
*he reoeneneeai 1 2 3 4 5 6 (deahed, 2 3 4 5 6 1 "* ------ (d„h. 

ergies 
•na wicitns P B ож • " *п« говопопеоэ его: 

4797 MoV - 23 keVf 5.03 «eV - 27 keV, 5.30 UeV -^ fcoV, 5.53 Ii«V - 5 keV, 5.72 K#V - 4 k»7, 5.99 ^07 
- 0.5 k«V. 

gy *«p—t«BM «f рае* * 
1« eiedlar 1а «11 еааже» 
but Г (Eg) end 7(0,> tif-
f «r free eaefc ether by • 
faetor up to thro«. In oJO. 

tho wieth of th« 
lying et the le» 

io enlarged 
•t th« eoot of the reso-
aeneee lying «t higher 
energies. This effect 
•««— to «• similar to 
th« effect ««11 квот la 
structure ealeulatieas 
by wtrteh «ho lowest level 
ie aoot collective. The 
only Üfforon«« 1« that 
th« onorgy Ej, of tho lo-
weat rnoauet io almost 
not changed compered with 
0 R in tho свое oeaaidered 
ia fig. 1. 

Th« mixing of the reso
nances Ti» th« oontinaam 
would bo very different 
froa that «hewn ia fig.1 
if tho aola port ef tho 
'3/2 single particle reee» 
nance inside the nuclei» 
would not be included ia 
tf-e 3 space of diaerete 
states. Thus, a aixing of 
the resonances Tie the 
continuum exists though 
almost all components ef 
the wave functions which 
have large amplitudes in
side the nucleus are ta
ken lato account already 
in diagonalislag ft^. 

4. Tho Influence of the Level overt«»!« on the Hesonaaeo Parameter«? 
The mixing of the resonances via the continuum is expected to depend on their 
mutual overlapping. Therefore, It oeoms to bo reaeonsblf to vary tho energy dis
tances between the resonant«« ia order to invest iget о «he mixing ef «he reso
nances via tf<e continuum). 
The calculation are done for five 0* resonances of the 161» nucleus. In «he first 
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50 ке*. fkft *•*• 
, the tiMantt bitiia %M •MttliM» iJJ1 •# *»• 

200 «•?, ia th« oeaoad MM 100 k«T «n« ia the tnir« 
fuaetieaaf, «Mi ia tM MlMlatlM* a** Mt H*mil . 
Is tM MM *f M B H leval everlewrteg th* faaatleMf, «re elaMt pat* la th* 
м м fanetiaaa«», (nearly W 0 *t 200 Mr itMMM «at M l«w thaa Я # at 
ЮС k»Y dietanee), »Ьегме they «ra etrangly ai*ed in thaf>ft i f «*• evariaaeiag 
la atronger (at 50 »V « « м а м between the l ^ 1 " ' . la fit» »t **• »ввгаДм 0 , 
aad «j «ad the Wiethe T, aai f*m af a l l fl-»a теммпаов ara «heaa «hieb •*••»•• 
talned ay ehaäglnf the ilataaaM вЧмав tea гамаааам. Пм attlfta Ощ-«^"' 

ава tha wl«the ? , are aat ммаМав аа tba level 
diatanee*. The «M am la ta* ааедажм B J * [ at th» 
reeeaaneee вами*** «Its th« wqueaM *-ь *• 
eonaeeted with th* feat that 0 t - 1 ^ * Г | 1 diffe
rent for tha different roaonenee atatM aai 
tines larger than th« dlataaaaa between the 
naneea. tM energiaa Жд and widtha Гц eaatalalag 
tha eaapling of the reaoaeneee via the еовМашт 
вам aaae regftlerltlee in deaeae« «a the level 
overlaeaL&t The wUth *' the leweat reaaaanee l e 
vel ia enlarge* at t*~* cost *f tha Wiethe af th« 
higher lying level». Mereever, the lernet level ia 
ehlft«d Addltlaaally to lener energy аай tha hig-
heet level t* higher energy aa that the diataaMe) 
between them beeooes larger then in tbe мае wit-
haut ehaaael aaapli.ig. The obäerved effect* heee-
m larger if th* reaonaaee levela are лага ever-
laeplng. Far the loweat and t se higheat reaonaoee 
levela th« «hifte aad widtha чге gives in table 1 
in tha »aee af 90 fc*V distance between tha ener-

The effeota ahown in f ig. 2 aai in table 1 are of 
the «мне type aa tha effeete which ara well known 
froa nuclear structure ealeulatiene, lite« in atrae» 
tort calculatien«, th« lowest leval la wre call««* 
tlv* than the bisher lying levela. It ahoull b* 
remrked late* that th« energy dependence af p ia 
•aeoth far overleaping reaonartaaa like far iMla-
t«i гааемяаав thaugh tha abMlute value Гц ttraaa» 
W «aaenia »n th« alxiag of the гееепаме level 
ria the centiauua. wiitha ef five 0* rea«-

naneea in 76"? 
Pig. 2» The energlea aad 

" • 0* r«aa-
befor« th« 

diagenaliMtion (Щ, Та) 
aad after tha diagonals-
Mtiao ( % А ) *f th» 
ratar iba*«. The dietaa-
ешш between th« 8М швю-
**•• W 7 •*• ehenged 
free 50 k*V to 100 te*V and 
200 keV. The obtain«« die
tetic* д b«tw**n th» loeoot 
and hlgheat lying reoonan-
•«• i* given in the figara. 
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i Па ehitte % - » Ä № > » % * "a**** ** !fc ***** V b ** 
~* level «a* " i , The Ml — hlgheet lySag в» _ - — 

M m ! atth ftta в* м н и м » lerne the емШем e^*" af 
a n eeeelly мама а/ 90 h»f. 

par* 

VV 0 1"" 

Flg.3t Tat агам eeetlen af 
«ha elMtie 15l*n aoattarinc 
with fIva 0* гааамвм «ta-
tee, The dietaneea between 
«he energiM !*.(>) are м -
riee free) 90 bit t t 100 кат 
and 200 ha», The energiee fa 
aaa width* / - | •* *M 

• are eheeg bela» tha •гам eeetien, far д ам 
f i«. 2 

V-W*>/M 
1S9 
О 

* , / •*? 

31 

Г . / aa f 

»т 

Par taa aaaaa afaeaa ia fi«. г the 
tum ar taa elaetle ваа*»ев амИаПащ а» 
' S 1» eeleeleted (fi«. J). тин IM tha dif-
fereitt t w u i i i aaa ее identified ia the 
мае alt« aaall lava* awrlaaptas (200 ha* 
itataaM w w w tfc» авагвДаа t ^ n \ «hie 
aaaaat fea «ава in tva м м af atraager level 
averWaptag (10 he* dietanee eetaaea tea ea* 

tha ereaa eeetien are eenneetee; with later-
fereaee effeete. Ia all aaaaa, tha асам aaa
tiaa haa an iatenwdiete-like etraetere tha 
width af whieh ia dttwalaa« by tha distance 
Д attwaaa tha laaaat and hlgheet 
In fig, 4, tha area* eaetiaM ot «ha laelee-
tia efteaaela ara еЬевв ia «to м м ef 90 keV 
diataaM aataaaa «ha eaergiee f.,/1*. Tha in~ 
teraadiate-likt a«ruetare af «he ervea ме-
tiea ia obtained alee ia «Нем ehaanele. The 
peeition af «ha aaatre af gravi«? depeaee, 
however, a l ittle en «ha valuee ef «he parti» 
• 1 wid«ha. 

the elaetie агам eeetion ef «he 15f*n гаде-
tiae ia depandenea af the matter ef гемма* 
ем la »hewn la fig, 9. la «he fire« eaee, 
«ha ereaa eeetlea i* detrained by #Bly one 
0* геммам (daehed earra). If ether o* re-
маааам are added, «has «ha «мае af «he 
«roe« eectien ia changed, hut as lattraediete-
like etrueture reaaiae whieh ia detrralned by 
«ha velae ef «he laterrel л. ia whleh «he гам-
MMM ara lying. 
The fige, 3,4 and 9 «a» «ha« » ia diff ieul« te 
identify differen« гаммаам area la «ha м м 
Г * ». AIM ia «he м м la «Meh «he гамма

ам ehaaged only a li«tle by «ha 
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Ft«. 5t Th* его** section of th* 
•lestie ond inelsstie 15n*n scatte
ring for • different number of О* 
reeonaneee. Th* number, th* oo*l-
tion* Sfc *nd th* width* Г» of th« 

In th* 

65 «0 «5 
Ef^MaV) 

Fig. 4i The eres* **etion of th* 
inelaetie -̂.T-fn scattering with 
f iv* 0* reeonaneee »t 50 k*V iifv 
t*ne* between th* energies В в в

л и'. 
Th* energies B» end width* Г, of 
th* r**on*ne** »r* Bhown in th* 
uooer pert of the figor*. 

r**en*ne*i *r* shown 
of th* figure. niddl* 

•ixiog Ti* th* continuum, th* его** 
section would hav* en int*rmedi*t*-
lik* at motor* depending on tho level 
density. 

g. Condylom 
In this pap*r th* mixing of tho rosonsne* states via th* continuum is shown to 
exist even in those e*s*s in whish th* contribution of tho eingle-oartiele re-
sonene** in*id* th* nucleus is *xelud*d froa th* contlnuou* *p*ctrum. Effects 
in th* mixing vi« th* continuum »r* observed which er* analoguous to effect* 
wall known in th* mixing of diserot* stetss. Th* width of th* low**t l*r*l is 
found to «nlergo st th* coat of tho width* of tho higher lying level*. Pivthor-
aor*, th* interval Д between the reoonsnoee enlarge* lik* ia «trustor* ealoa-
lations. 
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tae « м м Met Im м а м м laterartlate-llte »traetere « I M la t te м м vita 
Matt letal orerlapolnt. ft» iieteaMat tetwoou tat l owi t 1 m l Mt tae hlateot 
lerel oalaa to eaareeterletio fM tat емсау м м в м м е af tM « M M Motion da» 
м а м M %te iajrM ef tue lew«! alxlaa. Tterefere, alM tea м а м «Г tae « м м 
MetiM depeaoa м tte аДОас «f tae м м м м м vi* tte eeMlaaaa. 
At hiater «c lUt ioa евегаДм, fleet oat 1ом in th« le*»i «Malty «ra of ама ia-
м**ем». Tterefere, intoraadioto etruetwM ia t te отма oMtion aay евмаг at 
tteM oatrglM which arc eaaMotad with lovol «Malty flaetMtloM. Tte "aiatb" 
of »Mb aa iatemedlete i t m l i i w whioh ia «atondaae ay A la larger м i t would 
te expected froa t te емгвДм S . h

( 1 ) eBteiae« la а ама! SB ealoalatioaa. lore-
ewer, tM м м ш я м levtla aixed atroacly via the eoatiaBM do aat ома м е1ем 
ta taoh otter м tte СЗЖ caleulettoae without ehanMl coupling prodiet. 

£ l j <S, teteoz. 8,«, tetdeaattller, SteU-Model Approach to Beeleer Reaetlone, 
Aaeterdte, Жег*Ь-Яе11ев«, 1969 
CMateux, A.M. Sarala, Bael, Phye. | Щ rif/n) 103 
П.*. Вам, I . Bettor, 3. BSBB, Phya. bettor» £J1 (1971) 4 
I. totter, R.W. Bars, R. Юанен, J. HShn, 
PortiolM end ffueleua (US») £ (1975) 435 

roasts РАСПРЦШНЕЯ OCXOIKOB o n дызняи 255U витгош« с ЭНЕРГИИ г* кэв 

Е. Дериевджвев, Н. К а т к о м , I . Интов, В. Чвков 

Институт ядерно исследомвиЯ и ядеряо! энергетики Волгарем! АН, Бодгарм 

Аииотапяя 

Измерено угловое молредевеяве осколков при жменям 2 3 5 Ц нейтронами с энергией 
24 жав. Экспермеятядмюе рвспраделенке »пяроксиинровено &та*9*\/(1)*4*Лшл& 
с к * - (1,8 * 1,6)* КГ*. Покамво, что отрицательный знак аниэотрояяя обуслов
лен желеяяем черев пиаям с 1Т* Z* в 4*(К • 2 ) . 

В рвбопж [ t , 2 ] Знло обмрумно, что яря энергия боа^ржяруввях иеитроим 
м а > 0,1 в»в угловая акмеотрояяя осколков деления 2 3 5 Ц отряцлтелмв. Болм 
поздние ясследомьля И яодтвердилл яалячяе вебояио! отркцвтелмо! «яязтрогшв 
1 ^ 0 , где 

Д е т V l f l « J ( I ) 



Мею [г, з] циеод цм so « K l <ве ив. 
мяте» ввивав рви» [г - •] 

V ^ «jHB__i|aMpHHjBJfe яМвВКЙВк jÄ _ _ А _ * В 

F(K)~#*|>i:-Ky2KjJ 
* в 

(t) 
eK,«I,5 - 2,5. 
• оаввоваоете о* в • 
омрпв воабувжввввавинмги вдра в» _ 
варвара аававвя щу*** g « i •»», осяотса 
жеяавво Е • ф-ва (2) . Юшисцвшм 
i n m т щ ц т н р о и в и т яир Ц вовтрпии п in m с to f ТТЛ . ••. 
н ю о авторам работ £з , «3 п б м # •"• '»"•• ABjwpooio бартера ввшв» [ в ] 
вокааме, н е p n w w П И Н И И |Al 
н о я store ввввдвж ввторва;_11ри1пг1 HJWJBBIBBBU вв и р я я , «те ям в > 100 

в работе [ I * *] 
обше» в < 50 ков, вав 

~%щ 

о а в в 50 вав, бшо бв ввтевесво 
pol в а м веввровов о . * > ! 

Дм втев ваш м одвов во горвоовтапта вввмов реактора вТТ-гОдО бвв уставев-
«он фиитр at Рш, М " 5 , ввжеаявввв векреш е й " » ввв. Уетровство |вамра 
«ив i ими и м и н и и вас. X. о жовстшгввп Авжмгае. ж в в в т и 
пучка в |овошо уевеава боям подроби оввсаш в работе [7 J . Каира е 
вввовив во 2 5 5 U тоявваев ~Х вг/ar уетааеаавваве» в пучка #вжирввоввж 
венревов е даитров вуви • * X ев в аавевввямов угжовов раеходявоепв ~ 2° 

1. (ГИЛТЪР 'АВНК0* 
2. ШИЛТЪР'ААУМИНИ' 
3. РЬ КОЛИМАТОГИ- • 15с«, 0 »Рся 
4. ПАРАФИН С В 
5. Cd ЗАЩИТА 
6.КАМЕ*СДЪРЖАТ1Л 

ИД1ТЕКТ0ГИ 
7. МИНИНА 
& НЕГГР0ННА ПОША 

4 - 6 *7 S 

* ^ Ъ в | ' *А»**0-
*«&-*»» 

ТИ\ТЫ-
'АЛГМИНИ" 

W IV. 
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Ваавивое расположение мишеней в стеков два регистрами* освовов долевая " и 
показано ва ряс. I . Для учета вжняквя толанвы урановых мнвеве* в вовравок ва 
геоветрвв опыта намв было проделано контрольное облучевве мваеяей тешовыяв 
нейтронами. Метод введения поправок аиалогвчев описаввому в работа [ в ] . Время 
облучения мивеней яейтрокамв с Ее ~ 24 кэв Т « 119 час. Число осколвов, эаре-
гястрированных ва свмветричных относительно плоскоств вввевей стеклах сувввро-
валось. Для определения фона, т . е . числа фотоделеввй ядер * * 5 Ц гамме-лучама 
высоких энергий (лвввя At с Ef = 7,72 Зав, лвввя Fe с Е«. = 7,63 Пав) воэвв-
каввямм за счет (л.^О-рвакции ва конструкцвонкнх ватервалах актовой зоаы реак
тора, было проделано отдельное "фоновое" облучевве каверн. При атом пучок ней
тронов на выходе фильтра перекрывался пробкой на снеся парафина с боров. Было 
обнаружено, что угловое распределение осколков фотоделеяяя 2 3 5 U хорошо описыва
ется функцией 

причем значение анизотропна А' ~ 0 , 3 . Эта величава близка к полученному в рабо
те [ 9 ] значена» А' ~ 0,25 для 2 3 8 U при B f « 7,72 Мэв. Такав образов было уста
новлено, что в условиях вашего эксперввевта число фоновых делеквй ве превышало 
15 % от полного числа делений при открытом пучке фильтрованных вейтровов. 

Угловое распределение осколков деления 2 3 5 U с вычтенных фоаоа в «•«« 
правками представлено на рис. 2 . Оно аппроксимировалось фувкцвей вида 

W(#) = 4 + Ас**& 

по-

(*) 

W6 

IU 

U2 

N' 

Методом навиевьвнх квадратов 
было вычислено значение коэффи
циента А. Оказалось, что А * 
- (1 ,8 * 1,6) I0"2 прв уровве 
значявоств <j* 0 ,05. 

Величина А, полученная наш яра 
Ев » 24 кэв меньше эксперимен
тальных значена! угловой анизо
тропии прв Ев ~ 50 - 150 кэв 
[2 , з ] . Качественно этот факт 
согласуется с укеньненяеи вкла
да -волны прв невмах значе
ниях Ев. Для выясвения вляяввя 
раэлнчша факторов аа звав в 
веяачвяу угловой анизотропна, 
вы пытались расчвтать угловые 
распределевня осколков деле-
ввя, которые в вавболее общем 
1вде отсылается выравеввев 

& ' is» зо* 4är «r V 9if Q, VW-JGt^OXf Е ^7*). 



йоаИяциеиты fg вмчя*вялясь во оятвмсявв иодеян. Эмчеяяя даявяяшвй j - * • * * . * 
расчитывались в ярвбявяяняш двугорбого барьера яеааяяя. Виравеаве (*) содаржвт 
коэЗДвцяеатн ЬибмЧЪрявяя я |вяввва Вятаера, ютвгвщва от %*,П. Dpa Вв « 2% 
юв в соотватствяв с оввиесиой надвяьв ввжвд »-яеятрояов составвн — 8 % от 
обяего числа делеви!. Оря расчетах дешяаэсти ядер 2 3^U через вааавя с реэляч-
нымя эначеивямя*р^К исможьаовався набор яареиетроа, хараитеряэуняиох двугор
бы! барьер деяеяяя, авторы! быв вредяояея авторами работ [ з , »J. вмяв рассяо-
трены раэлвчяме ааряаяты, в яоторвк волоса ноложятеяьао! чатяостя с I « 2 ааяят 
ва 0,5 вэв, 0,7 вэв в 0,9 вэв вняе воюем с Н « О. Оказалось, что отрвяятавь-
иы! знак авваотровяя обусловлен яви ваяв дехекяя с у « 2*, 4*(1 « 2) я Ч* « 
4*(в* * 0 ) , хотя расчетные авачевяя А ояля неяьве экспериментальных. 

Выше отмечалось, что ждя согласовал« велвчян А, получевяых расчетным путан я яа 
эксперняеята авторы работ [ з , ч ] считала, что вря Ен ^ 1 0 0 вэв все делеявя выа-
вавнр-веятроваия. По все! вндкиостн, с точкя эреаая оптической яодежв это пред-
воложенне ве совсеж корректно. Анализ ваакх результатов показывает, что более 
правдоподобным кажется предположение об ускленкя вероятности делеявя составвого 
ядра 2 3 6 ичерез каналы с ^ = 2* в *+(К « 2) nf** **(K * 0 ) . 
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ÜPliEHEEIE НЕРАВНОВЕСНОГО СТАТИСТ1ЧЕСКОГО ОПЕРАТОРА Д.Н. ЗУБАРЕВА НА ОШСАНИЕ 
ПРЕДРАВНОВЕСНЫХ ПРОЦЕССОВ В ЯДЕРНЫХ РЕАКЦИЯХ 

П. ивдиер, Р. Райф, Г. Рэрке 

Технический Университет Древ дев , (ГДР) 

Всходя яэ неравновесной статистики открытых квактомеханяческнх систем ставятся 
цель, найтя описание я статистических к динамических аспектов временной зависи
мости ядерных релаксационных процессов. 

В работах Д.Н. Зубарева (см. например [ l j ) описан метод конструкции матрицы 
плотности в любой момент времеях включая сильно неравновесные стадии, который 
монет быть использовал при описанял предравновесных процессов в ядерных реак
циях [ 2 ] . Метод довольно обили я сводятся к следующему: 
Выбирая набор динамических переменных [ В п ] , которые следует учесть в данной фи
зической задаче, мояяо написать статистический оператор в любой момент времевя 
как j 

?(t)«£e*pC4*B) Q-Tr(e*p [/ÜB]) 
A--r.Fm(l) Pm 

m 

В« jfdt'« £i> £ [FJt'tIfMib 4 Fmlt*f) PmU')] 
При этом параметры Fm(t) приобретают смысль термодянамяческяй сопряженных пара
метров, определяющие средние значенияR», если требовать 

TrCfflJ-TrCfl, Pm) 
V*ij fxPA Qq-TrCexp/l) 

Предельный переход £—+0 следует вмполявть в конце выкладок. В этом пределе ?(*) 
удовлетворяет уравнению лиувилля. 

Для первого применения на релаксационные процессы в ядре мы используем модель 
ферии-rasa н пренебрегаем "охлаждением" ядра. 

После невольного числа столкновений «влетающей частицы в ядре образуется (сильно 
неравновесная) система, которую будем подразделять на различные подсистемы с о 
стоящие яз частиц с энергиями в определенных интервалах. 

Переход к равновесию описывается как процесс релаксации между атямя подсистема
ми, которые предполагаются находиться в некой квавяравновесии, которое характе
ризуется йерми-распределвмвм с параметрами зависящими от временя. Такое рас
смотрение вовмояяо, если времена релаксация внутри подсистем нельме времени р е 
лаксация между подсистемами [ з ] . 
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д и простоты сначала рассмотрен дна» две подсистемы: "горячая" {£> £г) н "хо-
лоднаяй {£*ef) подсистемы. О ш связаны вааймодеДствяем V. Полин! Гапильтоини 
сястеш пняем топа важ 

H.-̂ e,ot at , б*е> ; K-Lti-ab ai. , &•>£, 

W * » E < w e l V l i r > a » a j о - в , / 
где индекс i обоавачает вабор квантовых чвсел (в простейиеи случае - без учета 
спина - i есть только внпулвс 1? частицы). Заитриховаквые вежичвяы соответствуют 
"горячей" в не заитрихованные "холодной" системам. 

Хотя для релаксацяошого процессы в ядре трудно ярко выделать раалвчяые стадии 
(кинетическая, гидродяваяяческая), поскольку длина свободного пробега по поряд
ку сраввяно с радиусом ядра ны ограничиваемся гядродинаияческой стадией, т . е . 
будем характеризовать реваксациоявый процесс средними величинами потоков <Ч»> -
Если не учесть спив частиц, то набор динамических переменных в случае двух под
систем выбирается как 

- полная энергия Ц , полный импульс ? н число частиц ц каждой подсистемы. 

P » 5 ^ k a i c a J c / N'Z^i ак 
соответствуете термодинамически сопряженные параметры Гт есть тогда: 

{F*} ~{ß,ß', -ß?, -ß?\ -ß(m- t n - Д Т - ' - f V*)] 
я [ßt >ßi . ßvßxi0ь >ßi ] 

где ß - обратная температура 
* - средняя скорость частиц 
т - химический потенциал. 

С поыоиью статистического оператора f(i), который составляется для данного на
бора Рт и Fm ыояно считать средние значения потоков 

Яя-тНВи.и]- ~Й»' 
которые отстают транспорт ввергни, импульса и числа чаотвц между подсистемами, 
обусловленный остаточный взаимодействием V. 
Разлагая ?( t ) по интегральному члену 3 я учитывая только линейный член разложе
ния (слабое остаточное вмииодействве), получается 

< Р« > « £ ( * 'ßilfdtt* < PW( /3 > t > - 4,l,S 
где вводилась корреляционные функции 

< A., R > - Г d r Tr [Й> е * ?< в « е * J / * е 4 -< А, >< Р*> 
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Кинетические яоаЦящяаятн 
< FUiPt > - f d t e f t <A.,R| > 

можно, неяошьяу* теорему Вика, явно представать как функции числа ааполиаиия я 
квадрата матричного маяеята остаточного взаимодействия У включая ваяоя сохра-
яеяня ввергая. 

Связав потоки < R , > с времевныив пронаводншш /•» 

<ß,>sE<pL,ft>/i 
похучян систему связанных нелинейных дифференциальных уравненяй первого порядка 
для термодинамических параметров: 

Если рассмотреть только диагональные члены иатркц<Йп;Р£>и<Яп |РЬ>и кроме 
того кал простейнее приближение рассчитать ях с поноцьв равновесякх значений 
параметров ß'm»Д^., то ян получаем простую сястену уравнений 

<Я»,Рь>*0т *(/8„-ß'm)< рт} ртУ 
Эта уравнения дают временную зависимость термодинамических параметров ß * j ß m я 
тем самым дают распределение частиц по импульсам в любой момент времени 

n'(p.t) = V+**p[ptt)(C-m(tl+ $ V'ltf-VU)?)}]"' 
(аналогичное вырахение для другой подсистемы) если известны ях начальные зна
чения в момент времг.ч» t = t,- Зная распределение для "горячей" системы в зави
симости от временя легхо очятать спектр яспущенных нуклонов, ях угловое распре
делена я т.д. Начальное распределение следует получить нз следующих соображе
ний: Каким-либо способом считается распределение после несколько столкновений 
(в простеЯщен случае после первого). Оно отнюдь не будет фермневским распреде
лением. С помощью этого распределения считаются моменты для каждой яз подсистем 
(т.е. энергия, импульс я число частиц). Начальное (фермиевское) распределение, 
наконец, находятся яз требоваяяя равенства его моментов соответствующим момен
там "истинного" распределения. Ясно, что такой способ тем точнее, чем больяе 
число подсястем в которое мы подразделяем всю систему. 

Первые расчеты, в которых переходная вероятность ф \ < т е Ы \ k > \ заменялась 
усредненным по конечным состояниям е * т выражением 

гдв6"(£)- сечеяие свободного нуклон - яуклояного рассеяния по U j , £ - объем 
ядра, дают в случае двух подсястем релаксационные времена около 5 • Ю " 2 0 сек, 
прячем между релаксационными временами энергии, импульса я числа частиц выхо
дят соотношения 

Т« < Т' < Т» 
Это обстоятельства объясняется тем, что яе вое процессы связанные о потоке« 
энергия даю« я поток ямлульса м л числа частиц между подсястемамя. 
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Давши формален позволяет дажыейвее ужучвевве. Чтобы у ч е с « в хаветвческув ста-
две в f(t) сведу ет представать операторы чнсжа частвц в качестве дввамвческвх 
переменных. Легко продевать в обобаенае на учет "охжавдевая" ядра добаввеввеи 
дополнительной подсистемы - ковтввуув вве обжаств ядра. Данный метод способов в 
опясать процессы взавводействвя мевду тяжелой вовамв. Тут основная пробаема сво
дятся к удачному выбору днваыическях переменных. 
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SESSION V 
COEXISTENCE OP DIPPEBBUT NUCLEAR SHAPES IN THB ISOTOPES OP THE LEAE-RBGION 
S. Frauendorf x', Zentralinetltut fUr Kernforachung ftoaaendorf 
x) The leotura la baaad an corn-eon work with ?.V. Paehkevioh and P.R. Hay 

JIN» Dabna [l-з]. 

In order to Investigate the coexistence of different nuclear ahapee one must 
пате at onea disposal a method to calculate the deformation energy. We ahall 
uae the shell-correctlon-metnod [4]. According to thla approach the deformation 
energy has the form 

все) - B L M (e) + «TB (ß) (О 
where В denotes a, eet of parameters fixing the nuclear shape. The liquid drop 
part BTJJH(B) haa a smooth behaviour leading to only one minimum of the deforma
tion energy» Therefore a coexistence of nuclear shapes must be caused by the 
ahell-oorreotion о"В(В). This quantity haa an oscillating behaviour as a func
tion of the elongation parameter £ . The period is about 0.4. As /в is the sum 
of a proton and a neutron part one can distinguish two cases: 
1. The neutron and proton contributions are oscillating in phase. 
2. The two contributions are out of phase. 
Let me start with the discussion of case 1. It corresponds to a ground state mi
nimum and a second minimum with a mutual distance ot&£ * 0.4. The neutron and 
proton shell-corrections are in phase if both the number of neutrons and pro
tons corresponds to the same relative filling of shells. This condition is sa
tisfied for the 8-stable nuclei from the rare-earth till the actinlde region. 
For the actlnidee there is a deformed ground state minimum at £ • 0.2 - 0.3 and 
the famous second minimum at £ » 0.6 - 0.7, which appeara as an isomer in the 
fission process. With decreasing mass number both minima move to smaller defor
mation. In the Pb-isotopes the first minimum corresponds to the spherical ground 
state and the second minimum lies at £ « 0.4» For still lighter nuclei the 
first minimum moves to negative deformations and the deformation of second mini
mum further decreases. After the Os-Pt-nuolei, where both minima have approxi
mately the same energy, the second minimum becomes the deformed ground state of 
the rare-earth region. A second minimum analoge to the fission isomeric state 
la again expected for the rare-earth nuclei. However» because of the very steep 
barrier of E ^ the corresponding minimum of o*B is flattened out. 

Aa the seoond minimum In the actinlde has been discussed in detail elsewhere, 
let me oonslder the nuclei around On fig» 1 the deformation energy of the 
?b-isotopee is shewn. In double magic ^ b there are very pronounced first and 
second minima. The energy difference between the two minima amounts to 15 MeV. 
With deoreaeing neutron number the pronounced structure gets more flat and the 
second minimum gradually disappears. This refleots the faot that with decreasing 
neutron number the neutron and proton shell-oorrections are getting out of pha
se, Ooing along the line of в-stablllty both parts remain in phase. As the li
quid drop barrier is lower for larger mass number the energy difference between 
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the two minis» deereeeee with Increasing pro
ton number. 
In our oaloulationa only axial-symmetric sha
pe* are considered. Thus we cannot exclude 
that the second minimus becomes a saddle point 
if three-axial shapes are taken Into conside
ration. Calculations for the Pt-nuclei 5 and 
the actinlde region 6 show that the barrier 
between the minima persists when «-deforma
tion is allowed. The level structure near the 
feral-surface, which Is reponsible for the 
shell effoots, does not тегу strongly change 
when going from Pt to Th (for £ * 0.4). This 
is revealed by the fact that the second mini
mum for axial deformations has a rather con
stant shape for all nuclei in the considered 
region. Thus, it is тегу likely that in the 
whole Pt-reglon the second minimum seen for 
axial shapes remains a minimum If three-axial 
shapes are taken into acoount. 
Let me now discuss the population of the se
cond minimum. We assume that a compound nucle
us Is formed by means of some nuslear reaction. 
The compound nucleus deexcltes by evaporating 
neutrons, «hen the excitation energy gets lo
wer than the barrier between the minima the 
nucleus can stay within the second minimum be

cause in this case the transition rats between the minima is limited by the ra
pidly decreasing penetration factor of the barrier. Therefore as a rough esti
mate the ratio of population is given by the ratio of the leTel-denaities in the 
two minima taken at the energy where the traneitlon rate Tfe through the barrier 
equals the transition rate of ^-decay If. The most rapid decay mode is 21 with 

Pig. 1: Tne deformation 
energy of the Pb-lsotopes 2 , 
The single particle schema 
is the same as In ref. [ty 
The strength of pairing,,1' 
given bf &' 12 MeV/A^r , 
(for definition see ref.|.4j) 

a single partlole estimate of T 21 101V 
In order to estimate the transition rate from the second to the first minimum 
the barrier is approximated by a parabola. If, furthermore, a constant mass pa
rameter В is assumed for the deformation mode Tfc reads 

Tu-;- ни t*\>(--feye(Eb-E)' AZ) (2) 

where Ife i s the energy of the top of the barr ^ A£ is i t s width at the en
ergy B. Taking for в the semlempirlcal Talus of ref.[7J at £ • 0,3 and A-210 
and for ITw- 1020s"1, which corresponds to tb> • 0.5 "sV (see e.g. ref. [4]),one 
obtains 

^ (т0) - 3.05 V <»ь- » Г Д 6 . (3) 
.-1 where 1b la measured in s ' end I la lev. Prom (3) it is found that T f 1 > Tfc 

for 2 < 2^ - 1 lev. Henoe, the ratio nyn- of population of the first and *e-
ooad minima is givsa by 
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j£ - « P (2V«2 (*ь - «г - 1 ••*> - « Y a ^ - П . Т ) , (4) 

where a- and a, are the parameters of the single-partiele level-densities la 
the two minima. E, denotes the energy of the second minimum measured from the 
first one. If the nucleus is non-suprafluid in the first minimum one should 
etlll add to E_ the pair-correlation energy. Assuming for a~ and a? the values 
of the fermigas plus a shell correction (taken from ref. [4]) one obtains for 
210Po n^/n, - 10""'. In heavier nuclei the ratio increases because Eg decreases. 
In the case of Bn n,,/^ amounts to 10 . 
Considering the dependence of a,/^ on the angular momentum It la necoessary to 
count the thermal energy from the minima of deformation energy for a given va
lue of angular momentum (up to now we have referred to angular momentum equal 
to zero). The rotational energy in the second minimum is given by that of an 
axial rotator. The moment of inertia obtained from the cranking model (see e.g. 
ref.[в]) has approximately » constant value of 50 MeV" in the whole lead-ra-
gion. As for the first minimum it is not possible to calculate the rotational 
energy in the same way, because ":he nuclei considered are nearly spherical. Ho
wever, one can refer to the experimental yrast-levels. For example, one obtains 

208 for Fb that n1/n, increases by a factor of 15 if the angular momentum equals 
to 61» . 
As shown by the calculations of ref.[9j (for Po) the energy of the yrast-le
vels increases mors slowly at higher angular momentum approximately correspon
ding to the rigid body value of the moment of inertia. Therefore, for angular 
momentum of the order 10-20ft the ratio of population should again decrease,' 
because the moment of inertia in the second minimum is still reduced by the pai
ring (compare ref. [в]). Only for" angular momentum larger than about ЗОЙ the 
energies of the two minima may become comparable. However, at those.large values 
of angular momentum one expects appreciable changes of the shell structure [10J 
which may completely change the ehape of the function E(0) we are referring to. 
When the system is caught in the second minimum it decays to the ground state. 
This is expected from the calculated decay-rates for tunneling into the first 
minimum, which are given in table 1. The transition rates for collective E2-

• •*• с _i transition are greater than T-2(2 —• 0 ) • 10 e . Therefore, in most cases the 
barrier is high enough that the system may reach the ground state of the second 
minimum by emitting El- and E2-radiatlon, The ground state of the second mini
mum decays by emission of f -radiation or by emission of neutron; if the second 
minimum lies above the neutron binding energy. As both processes are fast in 
comparison with tunneling through the barrier the decay-time of the ground sta
te of the second minimum is determined only by Tb, If the energy of the second 
minimum lies above the threshold of neutron emission (see table 1) this decay 
mode should prevail. 
Let me now turn to ease 2, when the oscillation« of d* *p and £гп are out of 
phases In this case the first minima of ft and d"In correspond to different 
deformations. This may lead to two minima of the deformation energy at relati
vely small deformation. One is oaussd by the protons tbs other by the neutrons. 
The minima are less pronounoed because «f E p and <T»n partly cancel each other. 
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Table 1» 
Huolid 

82™ 

ph200 
8 2 F b 

Pfc202 
8 2 " 

8 2 P b 

P h 2 0 6 

8 2 P b 

P h 2 0 8 

8 2 P b 

P h 2 1 0 

8 2 F b 

P h 2 1 2 

8 2 P b 

P « 2 0 0 

8 4 P o 

P « 2 0 2 
8 4 F o 

P o 2 0 * 
8 4 P o 

3 4 P o 

1« (*b O 1 ] 

16 

13 

11 

9 

6 

4 

3 

4 

14 

10 

7 

8 

>М"#Т] 
! 9 

• 
i 
i 10 
1 
111 
i 
t 

i 13 
1 

• 15 

i 15 

13 

i 10 

I 6 
i 
: e 

9 

10 

Wuclid 

84™ 

Р л 2 1 0 

8 4 " 
p « 2 t 2 

84** 

8 4 P o 

„.202 
86*" 

вб1™ 
B n 2 0 6 

86 R n 

86 R n 

, „210 

e n 2 1 2 

86 R n 

86 B n 

1« (*b [« - 1 ] ) 

6 

4 

4 

2 

14 

11 

9 

8 

6 

4 

3 

4 [«•*] 
12 

13 

12 

8 

4 

5 

7 

9 

10 

12 

9 

A situation like that ie expected if the number of one kind of partieles is 
near the cloeure of a spherical ehell while the number of the other kind of 
particles lies near the closure of a deformed ehell x'* 
As an example 1 shall dlecuas the very neutron deficit isotopes of mercury L1]» 
The proton number of Я0 is only two units away from the cloeure of the spheri
cal shell. Going away from the line of 3-stability the neutron number approa
c h ^ the closure of the deformed shell 102 corresponding to the stable deformed 
rare-eerth nuclei. Therefore, one expects the coexistence of an almost spheri-

»£ *al shape and a deformed shape with С * 0.2 - 0.3. On fig. 2 the deformation 
.energy of 184Hg is shown. In the ground otate the nucleus is slightly oblate 
with С ш -0.12, However, at the very low energy of 0.29 MeV there ie a prolate 
minimum with £ • 0.23. 

In order to calculate the deformation energy of the higher levela of the yrast-
line we have added to expression (1) th» rotational energy of an axial rotator, 
i.e., a term 1(1+1)/2H, where J(3) la the moment of inertia of the cranking mo
del (for detaila aee refe. [l,8j). The moment of inertia ie smaller in the obla
te than in the prolate minimum. Therefore, the rotational levela are more clo
sely epaoed in the prolate minimum than in the prolate one leading to a pre
fer ranee of the prolate shape with increasing angular momentum. In the 2*-etate 
the two minima are almoet degenerated, however, the 4*-etate la already prolate. 

Shells for arbitrary shape* can be defined by the minima of the level densi
ty (see ref.[4]). 
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Pig, 2t Deformation energy of the rate-
tionsl stetes in 184Hg (taken from refill). 
The heavy bare indicate the experimental 
yraat~levele. The arrows indicate the 
deformation calculated from the BE2-velue 
of the corresponding transition. The sha
dowed area is the experimental error. 

[MtV] 

Fig. 3« The deformation energy of the 
odd-mass flg Isotops* (taken from refjl)). 
The arrows Indicate the experimental 
• • lues of deformation (sse t e x t ) . 

As can be aeea in f i g . 2 th i s tran
s i t i o n from the oblatm to the pro
la te «hap* provides a rather pecu
l i a r apaelag of the yrmet-levele, 
which la experimentally observed. 
The large energy of the 2*—*0 + 

transition correeponda to the samll 
oblete deformation. Above the 4* -
level the rotational band correspon
ding t o the large prolate deforma
tion im eeen. In addition i t ie a l 
so possible to reproduce the experi
mental B2-l i fet iaeo, which are a 
direct measure of the quadrupele~ 
moment. The deformation calculated 
by means of the rotor model from 
the experimental BB?-veluea of the 
6*—» 4* and 2*—e. 0* transitions 
are indicated by the arrows in f i g . 
2. 

The experimental resulta for 186Hg 
are similar to the dlacusaed ones 
and are also reproduced with good 
accuracy. In accordance with the ex-
perimentel findings the oblate-pro-
late-transit ion occurs in 188Hg 
between the 4*- end the 6*-atate. 
This shift i s due to the gradually 
increasing difference between the 
energiee of the two minima. The ea
se l i f t i n g up of the prolate mini
mum appeera in the odd-maes ieotopee. 
It can be eeen that the isotopes 

'Kg have a large prolate 
ground state deformation, whereas 
the heavier isotopes are oblate in 
the ground s t s t e . This jump in the 
ground s te te deformation permits a 
natural explanation of the sudden 
decreaee of the sean-squsr* radius 
between 185Hg and 1 8 7Hg, which has 
been aemeured in optical pumping ex
periments. Prom the experimental 
valu. of A r 2 - <r2> - < r \ b U t , f 

where < r > e b , a t # im obtained by l i 
near extrapolation of the experimen
ta l values for the isotopes heavier 
than 185Hg, and the theoretical de-
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formation of the ob Ute minimum one obtalna a (aami) experimental value of the 
prolate deformation. In fig. 3 It la ehown that the experlaental and the theore
tical equilibria* •»lues of deformation coincide with an excellent accuracy. 
Sven the alight Increase of deforestion between 185Hg and 181Hg la reproduced. 
Our caleulatione Indicate that all етеп ваша leotopea heavier than ^Hg era 
oblate In the ground state. The different ehepee of adjacent етеп- and odd-aaaa 
leotopea can be traced back to a different loss of pair-correlation energy when 
a level In the oblate or in the prolate minimum is blocked by the odd neutron. 
A still open question is the f «dependence of the deformation energy. Calcula
tions [11J for 182Hg ahow а тегу flat barrier of 0.2 XeV between the minima. 
Tbia aeoma to be in accordance with the experimental BB2-valut of the 4* -» 2* 
transition in 

184,186^ 
which doea not Indicate any noticable hindrance for the 

prolate-oblat« transition. However, In the experimental study of ref. £12] it 
is claimed that the 2*- and 0+-levele in the prolate minimum era seen. This 

would indicate a noticable barrier between the two minima. 

Let me finish with a discussion of the overall trends in the Ft, Hf, Pb region 

as predicted from caleulatione of the deformation energy^1, 2, 3J. In the Pt-

laotopes because of the smaller proton number the oblate minimum lies higher and 

at a larger deformation than in the adjacent Hg-isotopes. Therefore, the very 

neutron deficite Isotopes are already prolate in the ground atate.With 
140 192 

lncreaaing neutron number the prolate minimum la lifted up. In * Pt both 
•inlaw ere degenerated. The heavier [MtV] 

Pig. 41 The deformation energy of 
18ьрь [2] . The single particle schema 
Is the earn« aa In r e f . [ l j . The pai
ring i s treated as in r e f . [ 8 ] . 

isotopes are oblate in the ground eta-
t e . In * P t the second minimum e t £ -
0.4 appear» which, as already discus
sed, i s typical for a l l B-stable nuc
l e i in the lead-region. The experi
mental spectra of the Pt-isotopea do 
not indicate any barrier between the 
minima. This i s in accordance with the 
calculations of ref .[13] where a 
smooth ^-dependence or a f la t mini
mum at v $ 0 i s predicted. As already 
mentioned the prolate and oblate mi-
nlma are degenerated in Hg. Thus, 
a l l heavier Hg-ieotopes are oblate in 
the ground state . The low lying prola
te minimum in 1 8 4 _ 1 8 8Hg leads to the 
interesting phenomena discussed above. 
All Pb-isotopea heavier than 184Pb are 
spherical in the ground state . This 
corresponds to the proton number 82, 
Por the l ightest Isotopes the low-ly
ing prolate minimum again appears. I t 
disappears for the isotopes heavier 
1 9 0Pb. Aa shown in f ig . 4 the coexi
stence of the spherical and deformed 

1RA 
shape in °Pb should lesd to a very 
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interesting apeetrumi One expects a phonon tr iplet of 0*. 2*, 4+ and a rotatio
nal band with a large aosent of Inertia and a band-head at about 0.5 MeV. 
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W.-P. Fromm, Zentrslinstitut für Kernforschung Rossendorf 
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Vereinigtes Institut für Kernforschung Dubna, UdSSR 

1. Introduction 

The phenomenon of the spontaneously fissioning isomers [l] csn be interpreted 

as fission from a shspe isomeric state e.g. a state characterized by s much 

larger nuclear deformation than the ground state. Theoretical calculations [2J 

on the base of the liquid drop model with shell and pairing corrections inclu

ded are able to describe the shape isomerism quslitstivly. In the framework of 

this model isomeric fission occurres from a state at the second minimum of the 

potential energy curve at large quadrupole deformation. 

A systematical study of all hitherto known fission isomers [7] shows that their 

formatloa cross sect lone are decreasing in going from Z » 94 to lower Z-values 

and for Z««2 no isomers are known st all. Calculations of the double-humped 

fission barrier [SJ predict a higher outer than Inner barrier for Z«:94, which 

was experimentally supported [9]. Whereas for shape isomers with Z 1* 94 fission 

in the dominating deexcitation channel for nuclei with Z<94 snd lowered inner 

barrier J -decay into the first •inimus should oompete with fission. A strong 
Y--branch would allow to regularize the observed formation cross sections and 

to establish precise excitation energies for the shape isomeric state. 3earoh 

experiments for the observation of the ehapeieomerio у -decay hare been perfor
med by vsrioue groups employing the motions 235u (d,p) 236mu [ю], 238u4p,n) 



-156 

238вЯр £lÖ| **»а 2 Э 8° (ä,pn)23^J [и] . Only the authors of [ll] succeded to ob
serve Y -traneitione from the ehape isomeric decay and precised the excitation 
energy of this state to 2.559 MeV. One possibility to get physical information 
about the existence of large deformations is the observation of rotational eta-
tee in the second minimum through which the shape isomeric state is populated. 
In [3] the conversion electrons from such highly converted it -transitions pre-
aurring the isomeric fission of Pu were observed. Prom the energy spacings 
of this states a moment of inertia as high as twice that of the ground state 
band wae determined, which strongly supports the conception of shape-isomeric 
states with large deformations. 
Another independent method would be the use of the sensitiveness of the muon to 
the nuclear charge distribution as was proposed in [4]. According to calcula
tions from [̂ 5. б] the high quadrupole moment of the shape-isomeric state should 
lower the muonic binding energy for the 1s state by several hundred SceV. Corres
pondingly the barrier heights would be changed, allowing the isomeric state mo
re easily to backtunnel and depressing the fission channel. The observation of 
an energetically shifted shape-isomeric state in the presence of the muon would 
give another hint for the validity of the double-humped barrier description. 
Furthermore the lifetime of the shspe-iaomerie state in the muonic atom would 
be changed, because one has to take into account the capture of the muon on the 
1S state by the nucleus. A preemption for a successful search of the rf -branch 
in muonic atoms is a sufficiently stron excitation of the shape-isomeric state 
by the muonic cascade. From the different lifetimes observed for delayed fissi
on Q3, u ] and electronic decay of the muon [15J in muonic 238U a strong popu
lation of the shape isomer was postulated Г12] . 

The aim of the oresent work is to search for delayed V -radiation after forma
tion of muonic atoms of 238U. в 

2. Experimental Arrangement 
The measurements were performed at the separated ,u~ -beam of the Dubna synchro
cyclotron. A special extension of the muon channel into the heavy shielded, so 
called low background laboratory, was used. At this site the effect to back
ground ratio was much improved compared with an earlier run £22] with the ex
perimental arrangement in the main experimental hall and in comparision to the 

experiment [23]. 

Fig, 1i Blockdiagramm of the electronic 
device withaut amplifiers, delsybloolcs and 
-lines and stabilisation 
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A simplified block diagram of the electronic apparatus la given in fig. i. The 
,u-etop signal ««a registered by means of • scintillation counter teleecope ful
fill in« the coincidence relation 127. »1th an typical Intensity of the ,u~ -bee* 
of 10*a~1 the number of /U-stops in the 115 g urenioa tercet amouata to 650 a~ 
The f -radiation was reeordet by meeas of a 60 en3 Ge(Ll) diode (2.8 keT Р*щ 
at 1 Me7) end two teJ(Tl) oryatale (8 cm diameter by 8 ea length). The timing 
ayetea [24] provides ua with en lntegrel tine resolution of 7 no FwBV for the 
energy range fro« В • .1...4.7 HeT in the Ge(Ll)-brench. 
The experinent was operated on-line with the HP 2116 computer [25]. The follo
wing inforaetione were oonbined end transferred to the computer: 
1. the energy of the <t -quantum registered by the Geti.i)-deteetor (up to 4.7 MeV 

in 8192 channels) " 
2. the time between the rU-atop event and the Ge(Li)-signal (2.5 ,us range in 

4096 ehannela) 
3. the aignal from the inspection circuit, if 3 >us before and after the ,u-stop-

moment no other muon passes through the first counter (threshold 100 keV) 
4. the signal of the BaJ(Tl)-detectorst if at least one of them had registered 

a hard -Г -ray in the time interval from 20 to 120 ns after the Go(Li)-aignal. 
The data were stored in the event-by-event mode on magnetic tape. Integral en
ergy and time spectra were sampled and displayed simultaneously. After the 45 
hour data-taking run t*e events were sorted into 4 ground of 8 apeetra each.The 
groups were determined by the presence of the signals indicating single nuon 
and/or delayed SaJ-coincidence events. The spectra were derived according to 
eight time intervals producing one prompt, six successive delayed and one cali
bration spectra. The internal calibration lines were provided by radioactive 
sources of Co and 5 Eu registered as chance coincidence in the course of the 
experiment. The time scale was calibrated with a 1С MHz frequency generator. 
In the delayel soectra from muonic atoms the main part of the background acti
vity is formed by V -radiation following the nuclear muon caoture. As far аз we 
are mainly interested in the detection of weak delayed lines as they were ex
pected from the decay of the shape isomeric state in muonic the delayed 
background should be suppressed as much as possible. Except of measurements with 
good spectroscopic resolution a delayed coincidence between the Ge(Li)- and the 
NaJ(Tl)-deteetors was introduced. The coincidence condition is fulfilled only 
in that case where a Y -ray registered by the Ge(Li)-detector «as followed by 
other у -rays in a time interval typical for nuclear muon capture. Therefore all 
events from <u-capture without precurring T -activity could be removed from the 
delayed spectre. The efficleny of the delayed coincidence circuit was measured 
to be about 10 Й from the intensity ratio of prompt muonic X-rays wit and with
out the coincidence aignal. The registration or very short halflifes cannot be 
improved by this additional coincidence condition, 
fith the spectrometer described a lower intensity detection limit for delayed 
/f -rays of about 0,3 % per one stopped muon wgs reached. 

3. Results and Disoueelon 
The prompt peak has for the у -гаув recordst from the 2 3 9U target a P'WM of 7ns. 
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Tht decay tie* of the delayed ?-rays « м determined by tit« least soasrss method 
for two exponential decay», the looser on» »hould aooouat for the anon capture 
in constructional naterlals of aamll Z and wee found to be (760 * 120) n». The 
llfetlae of the component belonging to the ^u" -capture in г3в01Г« (78,5*1,5)m» 
remain* unchanged within error Unite if the second decay la emitted. In table 1 
the lifetiaee for yU-capt ire in measured ria fiaeion, f -rays and electro
nic decay ere compared. Por the assumption of a strong population of ths shape 
Isomeric state by the auon a shortened lifetise for fission as well as for the 
r -decay chainel with respect to the free decay of the suon is essential [l2J. 

ГаЫе li Intensity of the delayed *• -tracsitlons with T1 »2 • 9 ns per ,a-stop 
in the muonic atone 

239. * 
Ef (keV) 
I,s (*) 

708 
0,6*0,2 

917 * 1 
0,4*0,2 

834 * 1 
0,5*0.3 

962 * 1 
0,4*0,2 

1015 * 1 
0.65*0,25 

2215 * 1,5 
0,5*0,2 

3131*2 
0,5*0,2 

The prospt spectrum exhibits a n features of th» complex interaction of the suon 
and the heavy deforsed nucleus. Results of the investigation of the dynamic 
^usdrupole hyperflne splitting of auonic X-rays are «Iren in a forthcoming pa
per [l5J. The ealibratlonal spectrum developed from «--events separated by sore 
then 200 r.s from the /u-stop sosent shows in addition to the it -transitions from 

= 7 '142 » ЗЧЯ. 
the decay of ^ Go and -"^BuT-raye known from the radioactive decay of TJ. The 
sain interest in this investigation wee devoted to delayed it -ray activities 
which can be produced in different wsye. Except of the *• -ray decay of shape 
isomeric states excited by radlstionleee transitions in the auonic cascade which 
was searched for, delayed r -lines are emitted in the nuclear ,u-capturs process, 
by the capture of neutrons emitted In connection with <u-capture 4nd by inela
stic scattering of neutrons, by de-excitation of spin laomers excited in fiseion 
fragments as well as in the target nucleus. 
A careful search for delayed activities revealed two groups of* -гауз disting
uished by their halflivee. The first group of transitions has a lifetime of 
about 75 ne, which is typical for the /U-copture process in uranium nuclei. The 
energies and intensities of these linee are In good agreement with the transi
tions observed in the 238U(n,f )-reaction [l7,18]. That means, that the neutrons 
emitted from the nucleus after ,u-caoture, where an energy of about 95 UeV le 
released, produce eecondary react lone in the thick uranium target. Transitions 
from the TJ(n,n*)-reaction however have not been found. Also transitions from 
the excited residual nuclei after the 238U(/u,xn)238"xPa reaction oould not be 
identified. 
"uclear rnuon ceoture can be accompanied by fission too, for 2 3 8U the delayed 
fission branch has a partition of 3 * per captured auon [14]. The eosplox r -ray 
spectrum produced by the deexcitetion of leomerio states in the variety of fis
sion fragments was studied in very detail using the spontaneous fissioning 

cf [19]. Every isoserlo transition fro» a fission fragment produced by suon 
ceoture induced fission is fed by a delayed process with respect to the /u-stop 
moment. Lines fro» fission fragments should therefore appear in our speotra with 
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enlarged lifetime. Caused by the small probability of the fission process and 
the wide spread-out of its intensity by the statistical nature of thia phenome
non, no-)f -transitions from fission fragment isomers could be detected with an 
intensity exceeding 0,3 % per stopped лиоп. 
The second group comprehenses delayed % -transitions with a shorter mean life
time of about 13 ns. In general the existence of a £ -line was admitted if in a 
aeries of successive spectra the counting rate of neighbored channels was hig

her than the background. Unfortunately for this short lifetime region the addi

tional delayed coincidence with the ;:aJ(Tl)-counters was not applicable. A to

tal of seven transitions were found in different time windovs. The decay of 

their intensities is presented in fig. 2 together with a least squares fit of 

the corresponding lifetimes. The intensities of the transitions are eucraari2ed 

in table 2. The normalization of the delayed intensities to the number of ^u-

stops was performed with the 

intensity of the anionic 4f-3d 

transition in the prompt spec

trum and the percentage of 

thia transition determined by 

a caacade calculation [2SJ 

starting with statistical dis

tribution at n » 20. The re

duction of the intensity of 

the detected main components 

of the muonic 4f-3d transi

tion group due to dynamic quad-

rupole interaction [J2f] waa 

taken into account using the 

charge distribution parame

ters of [28] in the calcula

tion for 23°U. 

\1лт 

Pi« 23t 2: Halfe-lifee (T1/2) of the muonic 
* -lines 

238, Table 2: Intensi ty of the delayed ft - l ines ( t 1 / 2 - 9 na) per ,u-stop in 3 (U+y u) 

E-y (keV) 

l /zu-stop 
00 

708*1 

0,6*0.2 

817*1 

0,4*-C,2 

834*1 

0,5*0.3 

962*1 

0.4*0,2 

1015*1 

0.65*0.25 

" ' • • " ' ! 

2215*1,5 

0.5*0.2 

3131*2 

0.5*0,2 

Because of the short lifetime of the ft -transitions under consideration any ex
planation of their existence with processes connected with the oapture of the 
muon from the 1a-atate is not concessive. In principle, prompt fission after 
radiationlesa excitation of the nucleus by the muon oould excite iaomera in the 
fiaaion products which then would be recorded with their natural lifetimea. 
Prompt fiasion, however, oocurrea only in 0,2 % of the ,u-etops in the J4J tar
get [14^, Therefore, even in the case where all fiaaion evente would produce twc 
definite fragments with full exoitation of a abort-lived isomeric state, thia in-
teneity would be lower than the deteotion limit of this experiment. 
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Further one пае to investigate, whether or not the ehort-lived traneitlona ob-
eerved eould be explained by an iaomerle atate In 2 3 8 0 . The level structure of 
2 3 eD haa bean studied from the decay of 23T>e [29), by meana of coulomb exci
tation [30J and by (n,n',<r )-reectlons [20]. The ground atate band waa follo
wed up to the 14 member at about 1,5 HoV. No ehort-lived iaomerle tranaitioaa 
wsre reported ao far. Alao in the accurate inveatigation of the 38U (d,pn) re
action by Ruaso [11] no isomeric stetes ware found. The exiatenoe of auoh imc-
ners, however, cannot be excluded in thle maaa region. Рог example, the study 
of the 2 3S(d,pn) reaction [10] dedicated the detection of the Г-branch from 
the ahape-isomerio state yielded in a new iaomer in the firat minimum with 
M * - 4,4" at 1.052 MeV exoitation energy in 2 3 б0 aeoond isomer with К,11Г -
2,2" at 0.687 MeV and a halflife of 4,4 ns ia alao known in 23 U. Beoauae of 
the high excitation energy of the atate observed in this experiment (« 2 MeV) 
and the limited possibilities of the excitation of atatea with significant apln 
difference to the ground state by the muon, the identification of the observed 
delayed £ -raya with the de-exoltation of a yet unknown apin- or K-iaonerlc 
state is very Improbable. 

Two of the seven transitions from table 
2 fit into the level scheme of 2 3 8U 
(fig. 3). The 1015 keV transition re
presents the deexoitation of the lowest 
member of the ^-vibrational band (K»2) 
to the 2* state of the ground state 
bend, the 818 keV transition de-excites 
the 2 + member of the second rotational 
band to the 4 state of the groundatate 
band. It should be mentioned that the 
4*-» 2+ (Ef = 103 keV) and 2+-» 0* 
(Ef * 45 keV) transit lone in the ex
perimental arrangement eeuld not be re
corded due to their low energy and high 
cenvereien. Furthermore, all liaee with 
inteneities lower than 0,3 % are unde
tectable, thua, in the case of branching 
at one level the de-excitation path may 
be loet. In addition all transitions re
corded in the preaenoe of the muon on 

the 1e-state are spllttsd and shifted due to the influence of the interaction 
ef nuoleua and muon. The magnitude of the magnetic hyperfine splitting of nuc
lear levela is of the order of 1 keV, and in aost oases larger than the ieome-
rlo ehif*. The intensities of the delayed tranaitiona and the therefore limited 
energy aeouracy are not sufficient to extract thie peculiarities from the data. 
Therefore in fig. Э all levels are shown like uneplitted ones. The isomeric 
ehift has a minor Influence on the level energies, if the nuclear charge die-
tribution (or deformation) for the levels under consideration are neuvely equal. 
For large diffo-enoee in the shape of the nuclear charge dietribution the ieo-
meric eM.ft becomes the dominating part of the muonio-nuclear interaction. Hen
ce a large ehift of the ahape isomeric levels relative to atates from the firat 

Fig. 3s Decay schema of the proposed 
23»u ahapa isomere r •• 
I: from the (d,pn)-reactIon L11J 
Hi with the muon on the 1e-orbit 
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minimum hae to be expected. 
In ruling out other poaaibilitiee for short-lived high-energy transitions the 
two trenaitione with В <y • 2215 keV and B f - 3131 keV oan be aaoribed as the 
decay of the shape isomeric state in auonic 2 3 в0 to the 2* levels of ground-cta-
te and ¥ -vibrational band. The level schemes for the <Jf -ray decay of the ahape 
isomer in 2 3 8U [ll] and muonie 2 3 8U are shown together in fig. 4. Three of the 
observed delayed transitions could not be placed in the decay scheme. It is 
possible, that intermediate states with low spin at energies higher than the 
* -vibrational band are connected by this transitions with the ehapeisomerie 
decay. There is no experimental information of states with low apin in the ex
citation band brom 1.2 to 2.5 HeV in 2 3 8U available at preaent. The moat stri
king features comparing the two level schemes presented in fig. 3 are the large 
iaomer shift for the shape isomeric state in the presence of the muon of Д 1 » 
617 keV and its shortened lifetime. In the early work of Zareteki [5] an esti
mation of л E « 500 keV for the isomer shift in muonie aetlnide nuclei was gi
ven. To account for the change in the barrierheight one can uae the change in 
the binding energy of the muon in the 1a-etate. The binding energy of the muon 
was calculated by solving the Dirae equation for a deformed Fermi type charge 
distribution. 

P[1 + £»(r) - ggh + exp (4 In 3 
r-c (1 * B? Y?0 ЧУ]"1 

Pig. 4» Potential barriere of 2 3 8U without (I) 
end with (II) muon on the 1j-orbit. Parameters 
from references« EA »„(5.,90*0,20) MeV [9] , _ . EB - (6,12*0,20) MeV [11] , B n -2,559 MeV m ] . 
-* - 1,00*6,10 [9V»«V-Of 6 2* 0' 1 0 Г9], L J 

etere from solving the Dirao-equatioi Hulk 
Paramet fion with 
У(В) - Гг-с (1+0 Y2ol /*» c " 7,10 ft t 
1,80 f)i л ! , - 320 Ш, At« - 990 keV, A BJT -
640 keV, Experimental result of the isoaerio shift 
is л E n (exp,) «617 keV, 

For the parameter B4 values 
determined as giving mini
mal potential energy for 
every fl2 value calculations 
of Pashkevich [31] where 
used. In fig. 4 the poten
tial energy curve for 238ц 
and muonic 

238u 
are shown 

together* The value of the 
isomer shift of states in 
the second minimum л Ед • 
620 keV is in good agree
ment with the experimental 
value. The results of a re
cent paper of Leander and 
Möller [б], where the non-
relativietic Schrödinger 
equation for a charged par
ticle in the Coulomb poten
tial of a deformed charge 
dietribution was solved,are 
in good agreement with the 
values given for the charge 
in the auonie binding energy 



- 162 -

of fig. 4. The experimental lifetime t - 13 na of the delayed flf-rmya ob
served comprehenaee the lifetime tlBQ of the shape isomeric state in the pre-
eence of the muon and the lifetime t.„ of the muonlo atom itselft /u 

'iso 
1 

^xp /ц 
The value for tieo can be compared with the lifetime of the shape isomer eeti-
mated on the base of parabolic fission barriers. In this framework the barrier 
penetrability is given as 

ГА,В exp пи А, В 
with RJJ as excitation energy of the shape isomeric state and the curvature pa
rameters Huk B for the inner barrier A and the outer barrier В respectively. 
For equal penetrabilities fission will dominate over * -decay by a factor of 
about 106'5 [в]. Using for the partial lifetime of fission decay of the isomer 
the expression 

*ieo,f 10" 

where n is the number of barrier assaults per second fo. the vibrational fre
quency in the second minimum of Й<^ • 1 MeV, the partial lifetime for <f -decay 
of the isomer becomes 

б 10 -15 
Чво.У P 

ГаЫе 3: Parameters of f i ss ion barrier of «1° 

I . 

ÄtfA(u«v),Jb,B№ev) 

гзвц LOO I 0.62 
9 2 1.18 i 0 .63 

2 | | ( C + / u 1 / 2 s ) 
1.18 0 .63 

^ n ( M e V ) 

0 . 9 
1.0 

0 .9 

i 

EA(MeV) ' EgfMeV); EjjfMeV) 

5.90 6.10 
5.90 J 6.12 

6.22 
I 

7.10 

2.60 
2.559 

3.176 

hf (ne) 

a) 
200 b) 

11 

a) re 
b) re -:1 
In table 3 t,i г estimated martial lifetimes for 2' U and muonic 

238„ 
are compa

re'?. The barrier oarär.et.eru where taken from re/,[9J. The augmentation of the 
fission barrier was calculated as described above. The shortening of the isome
ric decay with t'-e muon in the nuclear system is reproduced. However, there are 
.v*y4 left open to enhance the agreement between the experimental ani the theo-
r-tic*l values. For example the curvature parameters of the fission barrier 
./'»re ta'<en not rno'Hfie'J by the barrier height changes by the muon. Furthermore 
lamping of nuclear states according to the theory of Lynn [i?lj was not included 
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since it was felt that the scarce experimental material did not permit to give 
such refinements physical significance. The most astonishing fact is the large 
population probability of the second minimum by the muonic cascade. Radiation-
less transitions which are responsible for the excitation of the isomeric state 
establish about 15 to 20 % of the muonic cascade. The total intensity of the 
Y--rays deexoitlng the shape isomeric state was found to be 1.6 % in this ex
periment. Therefore the feeding probability for the shape isomeric state by 
radiationlese transitions is of the order of 10~ , which is surprisingly high 
compared with the corresponding values for neutron induced excitation or char-

—3 —4 ged particle reactions of 10 and 10 respectively. The physical reason for 
this phenomenon could be resonance excitation of states in the second minimum 
via vibrational states in the first well. Such resonances were observed in neu
tron subthreshold excitation work [32j, but at present more experimental mate
rial should be accumulated to yield in a better understanding of the excita
tion process governing the discussed effect. 
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поиск 1ЭОМЕРШ t o m i в поюоах ооюшш 

Р. Арльт, М. t u , Г. йуаиожь, Г. Хайвер*, Г. Хоффжаии 

Технический Университет Дрезден, (ГДР), 
*ШИШ Россеидорф, (ГДР) 

I . Введение 

В теоретпескнх работах рядя авторов [i J было предсказано существование второго 
минимума потенциальной энергии ядер в раЮне свинца как функция от параметра 
деформация. Авторы работы [г] рассматривают причина этого эффекта и его зависи
мость от числа нейтронов н протонов. Кроме того они дают численные результаты 
свойств второго минимума в ряде ядер около 2gfft, полученные на основе собст
венных вычислении. Второй минимум согласно этим расчетом характеризуется сле
дующими свойствами: 
1) второй минимум расположен сколо £ ~ 0 , *, глубина его достигает несколько Мэв 

(см. рис. I, работы [г]), 
2) энергия освовного состояния второго минимума в ряде случаев расположена выше 

энергии связи нейтрона (таблица I, работа [2]), 
3) экстраполируя свойства ядер от Pi до ТК можно ожидать сохранение второго 

минимума даже в случае, когда допускается ^-деформация, 
4) второй минимум дольжен быть особенно выражен в ядрах около полосы ß-ста

бильности, то есть в ядрах, которые легко можно исследовать в реакциях с 
легкими заряженными частицами или нейтронами. 

•акт суиествавания второго минимума установлен экспериментально в области актм-
мдов. Целью настоящей работы является поиск таких свойств у ядер около ^ f P b » 
которые позволили бы проверить экспериментально результаты работ fl, 2] и начи
нать соответствующие эксперименты. 

2. Распад состояний второго минимума 

Когда второй минимум потенциальной энергии существует над уровней, превышающем 
энергию связи нейтрона, тогда в нём при достаточной его глубине в следствии 
ядерных реакций могут возбуждаться квазисвязанные состояния. Разрядка этих со-
состояний может идти разным путем. Проникновение внеииего барьера (рис. I, ка
нал I) ведёт к спонтанному делению. Так как этот барьер достаточно аирок в яд
рах около свинца, этот вид распада нале вероятен. В работе [3J было например 
показано, что сечение этого канала дояьано быть иеньие 0,1 мкбари. Вторым ка
налом распада состояний во второй яме является проникновение внутреннего барьс' 
рв (рис. I, канал II). Время жизны для разрядки уровней этим процессом оцени
валось в работе [г]. Оно составляет от I0"'5 до 10"3 сек в различных ядрах 
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данной области. Ори атом ядро может испускать наряженные « с ш ш , нейтроны нжн 
V-кванты. Ив за кулоновского барьера испускание заряженных частиц сильно под
дав ляется, тан что в основном остается испускание нейтронов н f -квантов. 

Вероятность эмиссии нейтронов додьж-
но расти с увеличением энергии основ
ного состояния во втором минимуме, а 
также в том случае, когда дочернее 
ядро A _ 1 2 обладает малоэнергетичес
ким состояния с низким значением спи
на. В другом случав, когда энергия 
второго минимума близко или ниже 
энергии связи нейтрона, или когда 
дочернее ядро отличается больвим зна
чением спина предимуиественным кана
лом распада будет испускание каскад 
v-квантов. Как известно, процессы 
эмиссии нейтронов н f -квантов про
исходят за очень короткое время по 
сравнению с временем, необходимым 
для прозачивания барьера, в этом слу

чае внутреннего. Таким образои существование второго минимума может привести к 
появлению изонерии формы. 

Рис. I Схематическое изображение распада ядер около 'Серь из основного состо
яния второго минимума 

3. Проводимые нами эксперименты и полученные результаты 

3.1 Возбуждение состояний во втором минимуме в реакции (PCnf) 

При облучении свинцовой мишени с 27 Иэв-ными et -частицами на ядрах ^ ^ п р о и с 
ходит реакция (fC,Zn). Энергия возбуждение коыпаундядра g ^ ° Д° с т а т о ч но для ис
парения двух нейтронов. После испускания первого возможны две пути дальнейшей 
разрядки. Либо остаточная энергия возбуждения снимается испусканием еще одного 
нейтрона и з'-квантов (eC,2n,jO либо она освобождается только испусканием ̂ -кван
тов, хотя энергия возбуждения после эииссии первого нейтрона больше энергии свя
зи нейтрона (сС »f>). Последний процесс иожет вести к заселению состояиий во вто
рой ̂яме ядра 94^°* в Р а б о т е L 2] вероятность такого процесса оценивается как 
10 -3 10"э по сравнению с переходом ядра в первый минимум. 

3.2 Поиск задержанных f-квантов 

Облучалась мишень из естественной смеси изотопов свинца 27 Мэв-ными ос -частица
ми на циклотроне Ц-120 ЦИЯИ в Россендорфе. Регистрировались спектры мгновенных 
и задержанных <у -квантов. В качестве сигнала стоп были использован синхроимпуль
сы циклотрона. Методика обще известная гамма спектроскопия с6е(Li)-детекторами. 
Поиск задержанных у-квантов проводимая на хороио излученных низко-энергетичес
ких переходах изотопов Ро, учитывая что распад высоко возбужденных состояиий с 
большой вероятностью идет через этие уровни. В эксперименте мы искали слабые 
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эадержаяные коюгоненты этих переходов. В изотопах Ро известно иного состояли! 
в вреиенюш жизни в наносеиуидной области. Поэтому мы искали только в мидхи- и 
ммкросекундной областях. 

В мгновенной спектре были идентифицированы переходы нейду низколежаиини уровня
ми изотопов Ро от А * 206 до А » 211. В исследованной области времени не были 
найдены задержанные компоненты изотопов Ро. Задержанные ^-жучи также не были 
найдены. Экспериментальный результат позволяет таким образом оценить линь верх
ний предел сечения распада изомерного состояния Ро по каналу испускания f -кван
тов. Он составляет около I ибарн. 

3 .3 Поиск задержанных нейтронов 

Выведенный пучок 27 иэв-ных еС -частиц циклотрона Ц-120 был тщательно сфокусиро
ван, чтобы предотвратить попадеиие отдельных частиц на стены ноно провода или 
на диафрагму. Все оС-частипн были заторможены в толстой иниеин. Эти меры были 
необходимы для того, чтобы вне мивеви не образовались нейтрона. В качестве ней
тронных детекторов использовались однослойные ионизационные камеры деления с 
изотопами 2 3 8 Ц н 2 з г Т к и сцннтнлляционннй спектроме?р с кристаллом из стильбе-
на н схемой для (гцгЬдискрнминапни. Фактор поддавлечия f -квантов составлял 
1С"* при анергии нейтронов выие I Иэв и скорости счета * Ю^/сек. 

Ъ 

Рис. 2 спектра задержанных нейтронов, снятые при помощи сцинтиляя-ционного детектора с кристаллом стилбен при установлении парого п.у-дискриминари на энергию нейтронов равную I Изв. 

Первые намерения были проведены в ваносе-
кундной области. В качестве «имени были 
использованы свинец и визмут в естествен
ной составе изотопов. В обоих случаях во 
временном спектре (рис. 2) ваблвдыся ко
роткий экспоненциальный участок с периодом 
полураспада 2,5 нсек. Этот эффект также 
имеет место при облучении алюминии. При
чиной его может быть разброс ot -частиц по 
времени. В этом диапазоне времени других 
задержанных эффектов не удалось наблюдать. 
Соответствующая оценка верхнего предела 
сечения распада возможных изомеров по ней
тронному каналу составляет приблизительно 
100 мкбаря с периодом полураспада от 20 
нсек до 100 нсек, 

Однако, как видно из рис. 2 фон задержан
ных нейтронов в случае свинца приблизи
тельно в три раза больше нежели в случае 
висмута. При этом нормировка проводилось 
по мгновенному пику. Возиожена следующие 
варианты объяснения: 
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1) Повет быть, что втвовеввив знергетвческвв спектр • дох десмхрюаашх слу
чаях вввевв сшно отлвчается, так что вроведванав ворввровва веловуствна. 

2) Вела спектры мгвовевяых вейтроаов в достаточво! нерв отлвчавтел друг от дру
га, тогда спектры рассевванвя, регветркруевые в детекторе лосве отравевка ва 
спектрах поыещевш «огут отлвчатсв еле более евльао. 

3) В четво-четвых нзотовах Ро вогут воэбувдатся срававтельво ввого еввволых вао-
веров, которые разрллаютсв череа f -каскады. Вслв ова частнчво ве была охва-
чевы (п^)-двскрвввяавв1, тогда его првведет в волывеввоыу фоку в зкеперк-
вентах со еввнцово! кввеив. 

*) Возмошо существовавве долговввуаего состояввв в одвоы ва ввотовов Ро, кото
рое аэлучает эадервеввне вевтрове. Два вровервв этого предполокенвя в блв-
каваее вревв проводвтея звеверввжв* во вакросевувдвон двапаэове вравшая. 

Авторы работы счвтавт свовв врвлтвш долгов воблагодарвть C.I. Оолвкаяову аа 
стквулвруввме двекусевк, групп цввлотрова ЦШ в Россевдорфе за вредоставлевве 
пучка, 1 . «увке за воддервшу, а В. Вагвер аа вовкицв врв проведеввв зкеперв-
мехталзаых работ. 
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0 ПОСТАНОВКЕ НОВЫХ ЭКСПЕРИМЕНТОВ 00 ИССЛЕДОВАНЫ) СВОЙСТВ СПОНТАННО ДЕЛЯЩЕГОСЯ 

1Э0МЕРА 2Н2Ат НА •МОШСШВ РВАЖТОРАХ 1БР-30 I 1БР-2 ДО 01ЯМ 

Е . Дермендпев 

Институт ядерных мсснедованнй и ядерной энергетики Болгарской АН, 
С о ф т (Болгария) 

Аижотадяя 

Покаааво, что нейтронные спектрометры по времени пролета на базе импульсных 
реакторов НБР-30 м 1БР-2 ДО OBffl могут быть использованы для постановки новых 
экспериментов: 
а) по измерению среднего числа нейтронов на акт изомерного деления v , ядра 

б) по нсследованнв корреляции между вероятностями изомерного деления н дели
тельными правами нейтронных резонансов т^щ. 

Введение 

Открытие изомерного деления ядер %п [i] с точки зрения представленний о про
цессе деления, основанных на модели жидкой капли казалось явлением аеобичным 
я трудно объяснимым. Однако открытие больного числа спонтанно делящихся изо
меров дает основание предполагать, что такой "способ" деления тяжелых возбуж
денных ядер не является чем-то исключительным. Скорее наоборот - большинство 
изотопов тяжелых ядер при определенных условиях напитывают изомерное деление. 
В настоящее время на баве концепции двугорбого барьера деления [2J можно до
вольно правдоподобно объяснять ряд свойств спонтанно делящихся изомеров [з, 4]. 

Изучение подбарьерного деления ядер №> С5]» Rt [&]# 2 3 * U [ 7 ] привело к 
открытию явления "группирования" нейтронных резонансов и "модуляция" их силы. 
Пока эти факты можно понять только используя представление о барьере деления 
с двумя минимумами я двумя взаимодействующими через промежуточный барьер систе
мами уровней составного делящегося ядра в нянинумах [б]. 

Среди многих интересных проблем, связанных с нэоыерно делящимися ядрами можно 
выделить и такие, которые являясь важными для понимания процесса изомерного 
деления н получения новой информации о нем, в то же время могут быть реяены 
методами нейтронной спектроскопии ядер и, в частности, с использованием им
пульсных реакторов ИБР-30 м ИБР-2 ЯГО ОЯЯИ. 

Ниже будут рассмотрены возможности постановки экспериментов по исследованию 
характеристик деления спонтанно делящегося нвомера 2 * 2 A M « реакторах ИБР-30 и 
ИБР-2. 
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I. Измерение среднего числа нейтронов \?i/ на акт изомерного деле—я 2 ^ 2 А т 
I. В 1971 г. по предложению С И . Полмканова нами была рассмотрена возможное» 
постановки эксперимента по измерению среднего числа нейтронов "у«г на акт изо
мерного деления Sin- СУ» опыта состоит в сравнении величины щ для состав
ного ядра >4я« образованного при облучении * ^ А т тепловыми нейтронами со 
средним числом нейтронов ~yth при делении 2 ^ т тепловыми нейтронами. 
В принципе, измерение величины "V« . которая сама по себе представляет несом
ненный интерес, является важным еще и по следующей причине. В настоящее время 
обычно предполагают, что изомерное деление - это спонтанное деление ядра нз 
основного состояния во 11-ой яме (см. рис. I). 

МГНОй. ДСЛС«. 

изонерн. &£Л. 

ДЕфОрМАЦИЯ 
Поскольку энергия основного состояния во 11-ой яме A*i меньше энергии возбуж
дения Е # составного ядра на величину разности Б" -Aj/ то можно предположить, 
что значение "у^ будет отличаться от \7<ь "• 4I0Vtf < V « l Количественная 
оценка атого о$$екта весьма затруднительна, однако можно надеяться, что из
вестная формула 

окажется справедливой к при значениях Е* ̂  В в , где Efl - энергия связи ней
трона в составном ядре. 
Выбор ядра-мишени тобусловлен следующими соображениями: 
а) К настоящему времени достоверно известно линь одно спонтанно делящееся изо
мерное ядро, - ядро Am которое образуется в реакции с тепловыми нейтронами 
[loj. Ядро-мишень 2Ч4»и имеет относительно большое сечение деления на тепловых 
нейтронах - &* * 3,13 барн /II/, кроме того для ядра 2 * % п определена вели
чина <o^/<3fth ~ Н Г * [ ю ] . 
б) Щяйл полураспада по отношению к изомерному делению7^> для Km I* веек. 
Ядро Am обладает наибольшим среди изученных делящихся изомеров значением 
ТуЧ , и поэтому является наиболее благоприятным объектом для исследований на 
импульсных реакторах ИБР-30 и ИБР-2. Ниже этот вопрос обсуждается более под
робно. 
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Используя формулу (I ) я с л е д у е т аначеяня: В* ~ 5,5 мяв, Д ^ ~_3 вав, 
Vth » 3 J 2 [12] можно получить оценку дал ояадаемого п м и м V«f во срав-

с V t t : 
(2) A V ш 0,101, Е* Г 0,101.(5,5-3) « 0,253 
Относительное язмеяеяне 

(3) Д У / Л * «* 8 * 
Таким образом оценка по максимуму дает для ожидаемого а Пакта величину ~ 8 %. 

2 . Постановка опита во намерению Уа 

Для определения уц предлагается следующая схема опыта (см. ряс. 2 ) . 
МИШЕНИ 

A3 ИБРл Чоппер Не-счштчик* 
Используются две нянеян из m с одинаковой плояадью 5 (принимаем S = 20 см2): 
а) тонкая яниень с толкнной слоя fy ~ 2 иг/си2, 
б) толстая мяиень с толщиной слоя^х ~25 иг/см2. 

Обяее количество Am не превыяает « 1 г . Тонкая мяиень ставятся в детектор 
осколков (искровая камера, газовый сцинтяляцношшй счетчик) и служит для счета 
осколков деления ДО и №[ при тепловом и изомерном деления ядер америция. 
Толстая мишень устанавливается вблизи тонкой мияенн так, чтобы обе ниненн про
низывались одним и тем-хе потоком нейтронов. Рядом, вне пучка, устанавливается 
детектор нейтронов, который регистрирует число нейтронов /у* я f/fl при тепло
вом и изомерном делении соответственно. Прерыватель нейтронного пучка, синхро
низированный с импульсами ИБРа, пропускает на мяиеяя только тепловые нейтроны. 
Во время облучения меменей нейтронами соответствующая электронная аппаратура 
регистрирует осколки /Ц*Л / и мгновенные нейтроны деления / N * /- В интервалах 
времени, когда нейтронный пучок перекрыт, регистрируются величины ffM и /у'' . 

Число тепловых делений Д/** регистрируемых детектором осколков: 'h 
(<0 
где 

w (1 Ч 
№ - полное чясло делений в тонком слое, 
if - эффективность детектора осколков. 
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Число мгвовеввмх веятроаов 
(5> . «C-(£**5)-v«-f. 
Здесь */Й - вопм чвсжо девввв! в толстом своо. 

(j - тввесвмй угол регистровая веатроаоа, 

Предодамется, что в ф-лах (*) в (5) в вдвое фов учтем 
сап в два ваоиервого деаеава: 

<6) N* « II* •£, 

(?) 

Оосяа 

(8) 

*? - И ? + <)^«4 
^ . TI «2 

Таким сбрваом, авая велвчвяу у^ в вввервя остадвма веввчмии, ва формулы (8) 
вояво определять "v -̂. 

3. чяслеваме одевав 

На основании результатов раьоты LI3J для реактора 1БР-30 нраянмаеи средявй 
поток теолгвкх веятроаов фл* 1(г'в/сек »я. Детекторвая аппаратура устаааь-
ливается ва расстояввв L = 1° " от актяввоя аовн 1БР-30 (выбор величавы L рас
сматривается ваяе). Приближенно величава М/* определяется по формула 

(9) *С~ %,mrSf"'«<if 
Прааавая 9%, * Ю^в/сек *п. S • 20 ев2, L • Ю в, ft* ж 3,13 6>рв, 

н, « 5 IO i 8 яд/с*2 ^ » 0 , ч , 
получаев tt* » 100 дм/сек. 

За 250 час: М* (250) * I08 дел/250 ч. 

Число изомерных долевая аа 250 час: 

Поскольку для ядра гцгАт fsJtf~*t** *° 

Htf (250) - 10* дед/250 чае. 

Регистрации втвовеввмх вайтрояов вояво осувастввть вря помоям: 
а) *йе - счетчякоа, 
б) свяятялдяввояяого счетчвяа е раадалаявав ввяуяьеов от "ц "* V " по форма 

импульса. 
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Прв валвчвв достаточвого количества 3Не - счетчиков, этот метод имеет ряд пре-
вмуяеетв. Ооатому здесь обсуждается афйектввкость детектора нейтронов ва баае 
^Не - счетчиков. Предполагается, что дваметр я*= 3,5 см, давление *Не р « 10 атм 
аффектвввость регвстрацвв быстрых веитровов (Вщ » I Мав) €м ~ 5I0" 3 я эффек
тивность регвстрапвв тепловых нейтронов € ц ~ 1 » 

Воэможвы два варвакта вспольэоваввя 3Не - счетчиков: 
а) с аамедднтелем веитровов, 
б) беа замедлителя веитровов. 

Какой ва вах более выгодев - в смысле максимального отномевмя аффект/фон, опти
мального времена для проведеввя аксперимевта я т.д. - покажет опыт. 

Ниже рассматриваются оба вармавта. 

Полное число тепловых делений в обеих мишенях: 

(Ю) < ~ % ' W ' < ? * '*•"*> 
прв и.»« 5-I018 яд/см2 и г ц а 6,25 I0 1 9 яд/см2 

1 $ * 3 , V I 0 3 дел/сев, 
N* (ISÜ • З.Ю9 дел/250 час. 

Полное число изомерных деления 
W^C**»)« 3-I05 дел/250 час. 

Число нейтронов деления, которые регистрируются детектором нейтронов беа за
медлителя: 

(и) С(*л)~л/^*^чЛ^ 
При Ц , ~ 0,5, f ^ S - I O " 3 и V t b " 3 , I 2 

Н* U5öJ» 2,3-Ю7 в/250 час 
А# Uso) * 2,3-Ю3 я/250 чае 

При использовании замедлителя нейтронов вокруг 3Не-счетчиков 
Hf(lS0)9 5'I09 и/250 час 
Njf Uso) « 5-I05 в/250 час 

Таким образом, оценки показывают, что такой »ксперимент на ИБР-30 является яе-
воамоявмм. 
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4, т р ^ п ^ - я к чистоте моема! жа 2 4 Ц » 

Првмесн спонтанно делящихся ядер создают нежелательны! фон. В завнснжостж от 
требуемого соотношения между уровнем фона спонтанного делевня ж "аффектом" в 
таблице I пржводятся допустимые количества для некоторых спонтанно делящихся 
изотопов. 

5. Выбор базы, прерыватель птчка. электроника 

При измерениях ~Vi/ для Am на ИБР-30 (частота импульсов f * 5 сек' 1 ) наиболее 
подходящим является пролетное расстояние с L - 8 - 15 м. В таблице II приводится 
время пролета для нейтронов разных анергий В„ при L = 10 м. 

Таблица II 

эв 

Т 
иксек 

10 5 2 

22* 326 510 

пучок перекрыт 

I 

723 

0,5 

IO20 

г,2 0,1 

1620 2240 

облучение 

0,01 

7230 

0,005 

I02C0 

порекр. 

Облучение мишеней нейтронами проводится в следующей последовательности. В те 
чении 1,5 - 1,8 мсек после всгашки ИБРа пучок перекрыт, затем в интервале вре
мени 1,5 мсек - 10 мсек после момента вспыики мивеки облучаются, после чего 
вплоть до следующей вспышки реактора пучок снова перекрывается. Такому режима 
облучения мишеней удовлетворяет прерыватель (чоппер) со скоростью — 150 об/мин. 
Возможны разные варианты конструкции чоппера, однако каждая из них должна мак
симально ослаблять пучок в момент перекрытия. Требования к синхронизации вра
щения чоппера с импульсами ИБРа повидимому ие являются слишком жесткими. Из 
таблица II видно, что смещение во времени момента открывания пучка может дости
гать величины/~(С,5 ысек/200 мсек) 100 % > 0,25 % без существенного изменения 
его интенсивности. 

Заключение 

Выше было показано, что при измерении величины ~Уц за не слишком большое время 
измерения О 250 час) число зарегистрированных актов изомерного деления 2*2Aw> 
может быть доведено до ~ ю \ а число зарегистрированных мгновенных нейтронов 
изомерного деления ~ 1 0 * (3Не - счетчики с замедлителем). В тоже время при 
требуемой чистоте 2 а д Д т ( с м . т а б л « *) Ф°" °* спонтанного деления примесей может 
быть сделан достаточно малым. Спонтанное деление 2 Ч 4 т создает заметный фон, 
однако он может быть учтен с необходимой для опыта точностью. 
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Таблица 1А 

Максимально допустимое содержание спонтанно делящихся изотопов а аиерицяевой 
мивени 

I 

Изотоп 

2 3 б Р и 
2 3 8 Р и 
2*°Р, 
2«Pli 

™Ат 

гььг 
Um 2^С« 

гч9С{ 

250g 

252Cf 

(год) 
I 

3,5-Ю9 ; 

4,9-Ю10 

1,2-ЮП 

6.7.I01 0 ; 

2,3-Ю14 1 

1,4-Ю7 ! 

3-Ю7 j 

1,5-Ю9 | 

I.4-I0* j 

66 ; 

(год) 

2,7 

90 

2,4 I03 

6,6 Ю3 

4,7 I02 

18,4 

4 Ю3 

470 

10 

2,2 

(г.час)"1 

5,8 Ю 7 

4-Ю6 

1,6-Ю6 

2,9-Ю6 

I02 

I.4-I01 0 

6,4-Ю9 

1,3-Ю7 

1,3-Ю12 

2,9 I01 5 

Содериавие 
изотопа * 
(г/г) 

ю-5 

юг* 
3 10* 

1,7 Ю"4 

-» 

3,5- 1СГ8 

8-Ю-8 

41СГ5 

4-Ю"10 

2-Ю -13 

* - предполагалось, что фон от спонтанного деления для данного изотопа должен 
быть в 50 раз меньие числа изомерных делений ̂ н Д ш 

Таблица 1Б 

Максимально допустимое содержание изотопов с больнин значением Ж г в аиери
цяевой мивени 

Изотоп 

235 и 

239 Р* 
2 « P u 
2<*4m 
2*Mm 

'(баря) 

580 

754 

1060 

6000 

2300 

« 
Содерваиие изотопа 

ИГ* 

КГ* 

5-Ю"5 

10-5 

2,5-Ю" 5 

(г/г) 

# - предполагалось, что фон от деления ядер данного изотопа тепловыми нейтро
нами должен быть в 50 раз меньие числа изомерных делений 2lf24m 
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Наиболее неопределенным является вопрос о "собственном" фоне искровой камеры н 
Tie - счетчяков. Источниками этого фона являются рассеянные нейтроны, космичес
кое излучение и др., а также аппаратурные эффект (наводки, разряды н др.) . 
Если исходить из требования, чтобы "собственный" фон камеры и *He - счетчиков 
был в 10 рае меньме полезного эффекта, то тогда фон искровой камеры не должен 
превыиать I имп. за 15 млн. а фон гелиевых счетчиков - I имп./мин. 

Такии обраэои, при подходящих условиях нэмерення величины у^ можно надеяться на 
точность в определении "w "Z - 3 % 

Выше было отмечено, что измерение величины \/ ( / для спонтанного делящегося изо
мера An представляет несомненный интерес для физики д->ления. Действительно, 
если окажется, чтоу^ < Vtt «то этот факт будет рассматривать как важный аргу
мент в пользу гипотезы двугорбого барьера. 

Важность такого эксперимента по нашему «нению очевидна. Что касается численных 
оценок, то они тоже свидетельствует о возможности постановки такого экспери
мента уже на реакторе ИБР-30. 

С целью повышения точности измерений, этот эксперимент в будущем может быть 
продолжен на реакторе ИБР-2. С другой стороны, многократное возрастание интен
сивности нейтронного пучка открывает новые методические возможности (использо
вание совпадений "осколок - нейтрон" и др.) для более точного определения W 

II . Измерение отношения вероятностей изомерного и мгновенного делений Ofy/afr 
в нейтронных резонансах гц1/Ьп 

Анализ величины <3"<г иб^ для изомерного и мгновенного делений в тепловой об-
'-сти для 4m[I0J и при делении быстрыми нейтронами для Am * Am 6*0 
показывает, что имеется "очень сильная корреляция между двумя процессами -
мгновенным делением и образованием делящихся изомеров... Существование указан
ной корреляции позволяет заключить, что образованию делящихся изомеров пред
шествует возникновение колебаний, соответствующих делительным степеням свободы" 
[3]. 

Выше было отмечено, что ядро ^т» образующееся при бомбардировке Am нейтро
нами, обладает наибольшим значением TJf = 14 мсек и благодаря этому оно являет
ся подходящим объектом для исследования процесса изомерного деления методами 
нейтронной спектроскопии, С другой стороны в интервале \& 10 эв значения дели
тельных ширин П в ней' ронных резонансах Am отличаются в несколько раз. На
пример ^ /Г(Е Н = С,575 эв) = 0,34 * С,05,/?/Г(Ен « 10,05 эв)» 3,2 * 0,6 (Д5]. 
Полагая Г = 5С Мэв [ l5j , получаем Г/ ~0,17 Мэв и - 1 , 6 Мэв соответственно. 
Изходя из отмеченной выше корреляции между вероятностями мгновенного и изомер
ного делений и наличия довольно сильной флюктуации величин Г^было бы интересно 
измерить отношения в;^/ <3i в первых низколежащих резонансах 

г/ оылс 
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Нейтронный спектрометр по времени пролета на базе импульсного реактора ИБР-2 
будет иметь рекордную интенсивность резонансных нейтронов и, что особенно важно 
для исследования изомерного деления, сможет работать с малой частотой повторе
ния нейтронного импульса (f~ 5 - 50 сек"1). Таким образом ИБР-2 является наи
более подходящей для предлагаемой работы установкой. 

Схема опыта. Измерения будут вестить на короткой базе / L = 15 - 30 м/. Как м в 
предыдущем эксперименте перед мишенью (или мишенями) из Ми» ставится прерыва
тель нейтронного пучка, вращение которого происходит синхронно с импульсами 
ИБРа. Прерыватель настрат, дется на данный резонанс и в момент облучения мивенн 
регистрируются мгновенные деления. При перекрытом пучке регистрируется изомер
ные деления. 

Следует отметить, что конструкция прерывателя нейтронного пучка для данного 
эксперимента должна удовлетворять ряду довольно жестких требований: 
а) Больная светлосила при достаточно низком фоне. 
б) Высокая степень синхронизации оборотов прерывателя с импульсами ИБРа. 
в) Возможность настройки на данный временной интервал, который соответствует 

данному нейтронному резонансу в мировом диапазоне В„ ~ Ю ~ 2 - 10 эв. 

Так например, для резонанса при Eg * 0,575 эв интервал в 0,1 эв (0,575 * 0,05эв) 
соответствует времени облучения A J * Ш } * сек, а для резонанса при Ед = 5,48 эв 
интервал Е„ = 0,5 эв соответствует д Т = 40/« сек. Здесь мы не будем касаться 
технических проблем, связанных с реализацией такого прерывателя нейтронного 
пучка, поскольку этот вопрос само по себе является достаточно сложным. Ограни
чимся линь обсуждением вопросов физического характера. 

Численные оценки. Для расчетов использовались данные по |Г/Г для резонансов 
241Дтиэ работы [15], причем для определения значений в реэоиавсах полагали, 
что Г = 50 Мэв. 

Для средней мощности реактора ИБР-2 принималось значение Р = ЗОСО квт. Значения 
нейтронных потоков в резонансах определялись из графика рис. 5 в работе [хз] 
для Р з 3000 квт. База L s 17 м. 

Для регистрации осколков деления используется многослойный детектор осколков 
(многослойная искровая камера). Число мишеней - 10, толщина каждого слоя 
^ ~ 2 мг/см , площадь5 * 10 см2. Общее количество I A m ~ 0,2 г. 

Сумма счетов делений в резонансе определяется по известной формуле 

(12) £ Wf » п. £f. f А , 
где П - поток нейтронов (сек. см2 эв)" 1, 

If - эффективность детектора осколков, 
А - юэовская площадь резонанса. 



Таблица III 

г Г Г • ! J 1 

1 

ев Уээ барн яв ^c=ije« e V p L ) - I игаов дел/сок • мгпов дел/24час изомерн дм/2*ч*с 

^,3L6 С, 76^. 12 .,36 12,5-1<Г3 IL* 3ÜL 2,5-M7 2.5.I03 

L,575 0,3<А:,С'5 Ü.I7 I,5.Iü*3 4,5 IÜ7 16 1,6.106 160 

1,27 1,7<A,Ü7 L,3? II-IL"3 2,5-IC7 65 5,5>IC6 55C 

5.L6 u,55±C,25 Ü,2C C,8-I0~3 6,5-IÜ6 1,3 I.MC 5 Ц 
5,48 I,LI±c,Ic L.5C 6,2 I0~3 6.1С6 9 7.5-I05 75 
IC.C5 3,2±C,6 1,6 7.2Ю"3 3,5.IG6 б 5 IO5 50 

- - J I, I . - • ~ 1 
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Д п тонко! иияеии: 

(13) А ш - Ь а - - £ Г , 

где и - чясяо ядер имена яа см2, 
в: - амачемме водного сеченая в максимуме резонанса, 
Г - волнам нервна резонанса. 

Суммарный счет делена! в сен со все! площади минами н всех мниеме! 

(I*) Ety»ElB}.40S. 
Окончательно (S « Ю см2, и • 5-I01 8 ем - 2 , tf • 0,3) 

(15) Е ^ » I.U4QP . П.б; f 
Число изомерных делена! а реаояансах можно оценить, полагая что 

(ад E< f~*-•.£/; 
Все исходные данные вместе с результатами расчетов приводятся а табл. III. 

Пои оценке допустимого содержания спонтанно делящихся прнмесе! в иниенях аз 
*А* исходили на требования, чтобы число фоновых отсчетов в резонансе прн 

Eg * 5,48 ев было в 2 раза меньме величиям £ н9 (5,48)~ 75. При атон концен
трацию изотопов из табл. II следует уиеньинть еще в 3 рааа, а собственный фон 
детектора осколков должен быть меньме I нип./час. 

Заключение. Наблюдение изомерного деления составного ядра 
2424 

т в нейтронных 
реэонаясах **т1т, монет, в какой то мера, пролить свет на возможную корреляцию 
между вероятностями мгновенного деления и образования споятаяио делящегося изо
мера 2*2Аж. С этой точки зреняя предлагаемый эксперимент представляет опреде
ленны! интерес. 
Заслуяает внимания и то обстоятельство, что параметры импульсного реактора 
ИБР-2 нанлучинм образом удовлетворяют требованиям данного эксперимента. 
В ^включение автор выражает благодарность СМ. Поликаяову аа ценные обзусдення. 
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КИНЕТИЧЕСКИЕ ЭНЕРГИИ ОСКОЛКОВ И ЛИНАШЧЕСКИЕ ЭФФЕКТЫ ПРИ ДЕЛЕНИИ 2 3 9 f t 

РЕЗОНАНСНЫМИ НЕЙТРОНАМИ 

Е. Дерменджиев 

Институт ядерных исследований и ядерной энергетики Болгарской АН, 
София (Болгария) 

Аннотация 

Обсуждается возможность наблюдения динамических эффектов, связанных с относи
тельный движением осколков в момент деления составного ядра Рц 

В каналовой теории деления [i] предполагается, что деление тяжелых ядер S-ней
тронами реализуется через малое число каналов деления с определенными значени
ями спина и четности J x составного ядра и проекции К спина на ось симметрии 
ядра. Четные значения *>*" и, в частности, 7 Г = 0 + для составного ядра Рц, 
связаны с повышенным выходом симметричного деления, по сравнению с делением 
через канал с Гр*'* 1+ для того же ядра [г]. Предполагалось, что такие харак
теристики деления, как средняя кинетическая энергия осколков Е к и среднее число 
нейтронов на акт деления "v, которые определяются массовыми распределениями 
осколков [з,4], также должны зависеть от выхода симметричных способов деления 
и, следовательно, от величины 7 [5,7], хотя последние работы [8,9] свидетель
ствуют об отсутствии заметной зависимости между у и спином'Ь 

рта — 
Ожидаемое при делении "'Tu 5-нейтронами уменьшение Е к за счет более высокого 
выхода симметричного деления в резонанснах с fT* 0* по сравнению с реаокансами, 
для которых JT* I* наблюдалось в работе [ ю ] . Найдено, что значение Е к в резо
нансе при £ к • 0,29 эв (утш 1*) превышает на 0,75 * 0,05 Мэв значение Ё"к в 
области крыла "отрицательного" резонанса, для которого предполагается **• О*. 
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С другой стороны Андреевым [II], Блвикиной к др. [12} было предположено, чти 
если знергжя возбуждения В* делящегося ядра больше высоты барьера дененжя В*"", 
то за счет динамических эффектов (ДЭ), связанных с относнтельвын жвижвнжеш еще 
не разделившие» осколков значение В^ может возрасти на величину А В « В* - В? г>*. 
В случае деления 2 3 9Р* 5-нейтронами, такая точка эрення дает осиованке ожидать 
для В, изменения противоположного знака по зравнеиав с зкспериментальио иаблш-
даемым в работе [ ю ] эффектом. 

Действительно, поскольку принятая в настоящее время структура каналов деления 
составного ядра 2*Т>ц в седловой точке такова, что канал с 5 Г = О"*" лежит ниже 

относительного движения еще не разделившихся осколков [I2J можно ожидать, 
В К(0 +)>В К(1 +). 

Наблюдение каждого кз обсуждаемых выше эффектов изменения J L , которые в случае 
деления "'й» 5-нейтронами имев? прстнвоположные знаки, представляет несомненный 
интерес. Для наблюдения изменения Eg, обусловенвого ДЗ, предлагается сравнение 
значений Б к для наиболее вероятных о"к:яков деления. 

Известно, что каждому осколку с массой 2! соответствует распределение кинетичес
ких энергий И (Е к) м с дисперсией <5 — 1С - 15 Иэв [*]: 

N(fc»)H ~ С exp [-C Ё„ - tj/ler] 
Здесь lfK - наиболее вероятное значение Ек для осколка с массой М, С - константа, 
учитывающая относительный выход осколка данной массы. Вследствие малого выхода 
осколков симметричного деления (~ I /6Ü0 для 2 3 5 Ц и — I / I 0 0 для 2 3 9ftO влияние 
"крыла" М (Ек) для симметричного деления иа величину кинетической энергии < £к> , 
которая усредняется по узкому интервалу около значения кинетической энергия для 
наиболее вероятного способа деления оказывается достаточно малым. Кроме того, 
в соответствии с законом сохранения импульса изменение Ек для легкого осколка 
окажется больше, чей для тяжелого осколка. Поэтому сравнивая значения <в£> для 
наиболее вероятного легкого осколка в резонансах с разными спинами, в принципе 
можно обнаружить обсуждаемые выь« ДЭ. 

Интересно отметить, что ожидаемые в резонансах составного ядра _U изменения 
1 К , которые обусловлены ДЭ, будут того-же знака, что я изменения Ё~к за счет раз
личных выходов ^симметричного деления в резонансах с fT* 3~ и МГ. С другой сто
роны, значения П (3~) и j ^ ( 0 (79 i « и 25 иэв соответственно [15]) отличаются 
не столь сильно, как в случае 2*°Pt», энергетический интервал между каналами 
с 7 Т > 3~(К » 0) и fT* *"(К • I ) оценивается примерно в 0,5 Мэл или меньше 
[ l 3 j . Вследствие этого, ожидаемое при делении 2'5Uf-нейтронами изменение В„, 
которое обусловлено ДЭ, может оказатся существеяо меньше, чем изменение Ё^ при 
делении 2 ^ Р а . 
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КИНЕТИЧЕСКИЕ ЭНЕРГИИ ОСКОЛКОВ ДЕЛЕНИЯ 2 3 5 U B РЕЗОНАНСЕ 8,8 ЭВ 

Г. Илчев, Е. Дермеядянев, Н. Калнякова, Н. Чихов 

Институт ядерна исследований и ядерной энергетики Болгарской АН, 
София (Болгария) 

Аннотация 

На нейтронном спектрометре по времени пролета на базе импульсного реактора 
ИБР-30 ОИЯИ в Дубне яэиерекм средние кинетические энергии Тк осколков деления 
2 3 5 U B резонансе 8,8 эв и в тепловой точке. Найдено, что §g (8,8)» Й"к (th) ва 
(1,3 * 1,5) Мэв. 



-183 

Измерения средних кинетических энергий осколков Sg в 5-нейтронных реэонаисах 
для которых значения спяяов"} известны, могут оказаться полезными 

для понимания процесса диссипации энергии возбуждения В * делящегося ядра при 
разных деформациях ядра в седловой точке fl]. В случае деления 2 3 9Ри установ
лено, что IL(I+)» 1,(0*) на ~ 0,7 Нэв [2]. При исследовании вариации 1^ в рв-
эонансах ^ » U n o выходам наиболее высокоэнергетических осколков [3,4J установ
лено наличие двух групп реаонансов с отличающимися на величину <~ 0,65 Нэв эна-
ченнпия i, [4,5J. Прямые намерения Ё, для 2 3 5 U B резонавсах при Ен = 0.3 эв и 
EgS 0,005 эв (крыло "отрицательного" резонанса), спины которых различны [б], 
показывают, что 1,(0,005 эв)=» Eg(0,3 эв) [7]. 

Нами было предпринято намерение Е к в наиболее сильном ннэкоэнергетическом ре
зонансе 2 3 5ипрв Ец = 8,8 эв, которая сравнивалась со значением I V в тепловой 
точке. Измерения проводились на нейтронном спектрометре по времени пролета на 
базе импульсного реактора ИБР-30 ОИЯИ в Дубне. Реактор работал в бустерном ре
жиме со средней мощностью 4 - 6 квт, полушириною импульсов «*» 4 мксек и частотой 
повторения 100 сек'1. Камера с урановой мишенью, толщиной ~ 2 0 мкг/снг н полу
проводниковым детектором с площадью ~ 3 см2 устанавливалась на расстоянии 15 м 
от активной зоны реактора. Усилительный тракт состоял нз высокостабильных пред-
усилителя NE 5287 м усилителя Н£ 5259. Регистрация импульсов осуществлялось при 
помощи двухмерного анализатора с временными "окнами" для амплитудного анализа 
осколочных импульсов, ширина "окна" при Eg • 8,8 эв была равна 64 мксек. Время 
измерения в резонансе 8,8 эв ~ 65 час. Время намерения в тепловой точке - II 
час. и резонансе при Е„ » 8,8 эв зарегистрировано ~ 10* осколков, а в тепловой 
точке ~ I05 осколков. Обработка данных на ЭВМ показала, что 1,(8,8 эв) больше 
Ё,Р на величину (1,3 i 1,5) нэв. Хотя по знаку эффекта наши предварительные 
результаты согласуются с результатами работ [3,4] и могут служить аргументом 
в пользу того, что спин резонанса 8,8 эв имеет значение J*"= 3" [2,3], однако 
значительная статистическая погремность измерений затрудняет интерпретацию 
найденного эффекта. 

Следует отметить, что намерение Ёк осколков деления 2 3 5 U B резонансе 8,8 эв, 
выполненное в настоящей работе, является первым прямым измерением Б~к в нейтрон
ных реэонансах 2 3 5 Ц В то же время оно свидетельствует о том, что несмотря на 
большие технические трудности, повышение точности в определении Eg и увеличение 
число исследованных резонансов 235Uявляется реальной задачей. 

В заключение авторы выражают благодарность Л.Б. Пякльнеру за ценные обсуждения, 
ц. Пантелееву, 3. Длоухи и В. Назарову за содействие при измерениях. 
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ПОЛНЫЕ СЕЧЕНИЯ ВЗАИМОДЕЙСТВИЯ БЫСТРЫХ НЕЙТРОНОВ С КОНСТРУКЦИОННЫМИ ЭЛЕМЕНТАМИ 

А.И. Тутубалин, В.П. Бойко, В.Ф. Поздний, В . Г . Болдалин 

Харьковский Физико-технический институт АН УССР (СССР) 

Аннотация 

Методом пропускания измерены полные сечения взаимодействия нейтронов с ядрами 
конструкционных элементов 4 1 , Fe, Zr, ЫЬ, Т о и Р Ь при энергии нейтронов 1 4 , 7 Мэв. 
В измеренные сечения введены поправки на рассеяние в детектор. Получены с л е 
дующие значения полных сечений в барнах: 1 , 7 6 * 0 , 0 1 ( / I t ) , 2 , 5 8 * 0 , 0 4 ( F e ) , 
5,93 * 0,03 (Zr), 4,03 * 0,03 (Mb), 5,59 ± 0,04 (Ja), 5,47 ± 0,04 (flb). 
Пр едено сравнение с данными других авторов. Отмечено хорошее согласие измерен
ных пилных сечений с усредненными в интервале 13 - 15 Мэв значениями для всех 
элементов, за исключением тантала. Для тантала измеренное сечение превышает на 
7 % усредненное значение. 

I . Введение 

Полные сечения взаимодействия нейтронов с атомными ядрами являются ванными ядер-
ной-физическими константами, потребность в которых возникает при решении многих 
практических задач. При проектировании ядерных и термоядерных реакторов знание 
констант необходимо для выбора конструкционных материалов, расчета отдельных 
конструкций, защит и т.д. Чтобы обеспечить требуемую точность расчетов, погрев-
ности в исходных константах не должны превышать допустимые пределы. Так, напри
мер, для расчетов защиты реакторов величины полных сечений в области энергий 
нейтронов от 0,1 до 15 Мэв должны быть заданы с точностью I - 3 % [i]. В других 
случаях требования к точности еще более жестки (I - 2 %). 

Для ядер большинство конструкционных элементов данные о полных сечениях полу
чены несколькими исследователями, особенно при энергии нейтронов вблизи 14 Мэв. 
Приводимые экспериментальные погрешности, как правило, удовлетворяют указанным 
выше требованиям. Однако, сравнение результатов разных работ показывает, что 
различия в абсолютных значениях полных сечений в некоторых случаях значительно 
больше, чем можно ожидать из приведенных авторами погрешностей отдельных из
мерений (си. рис. I - б) . 
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Больше различия в измеренных полных сечениях обусловлены, по-видимому, неучтен
ным! систематическими ошибками эксперимента, однако, обмктямая опенка резуль
татов разных работ и исключение систематических ошибок представляет собой до
вольно сложную задачу. Сказанное хорошо иллюстрируется рас. 2 н б, не которых 
представлены данные нескольких авторов [ 2 - I2J по полным нейтронным сечениям 
для хедеэа м свинца в диапазоне энергий 13,6 - 15,6 Изв. 1з рис. 2 видно, что 
результаты работы [з] для железа систематически занижены по сравнению с резуль
татами других работ [ 2 - 9 ) . Однако, нахождение источника систематической ошибки 
затрудняется теш, что результаты этой же работы для свинца (рис. б) достаточно 
хороио согласуются с давними других авторов [2 - *, 10 - 12] . Отсюда ясно, что 
для получения более достоверных данных, рекомендуемых в качестве констант для 
прикладных целей, необходимы повторные измерения, желательно разными методами 
или в разных экспериментальных условиях. 

В настоящей работе изложены результаты измерения полных сечений взаимодействия 
нейтронов с конструкционными элементами At ,Ft, Zr, Hb, Та. • Pb при энергии 
нейтронов 1 4 , 7 Мэв* 

2. Методика эксперимента 

Измерения полных сечений взаимодействия выполнены методом пропускания. 

Источником нейтронов служила реакция TfcLnJot, протекающая при бомбардировке 
титан-тритиевой мишени дейтронами, ускоренными до энергии ~ 200 кэв. 

Образцы исследуемых элементов естественного изотопного состава имели цилиндри
ческую форму с диаметром 3,3 см и толщиной t от 2,38 до 2,84 си для разных эле
ментов. Образцы располагались на расстоянии Li - 30 см от источника нейтронов, 
расстояние от образца до детектора нейтронов /_х = 190 см. 

В качестве детектора нейтронов использовался сцинтилляционный счетчик, состоящий 
из пластического сцинтиллятора диаметром Ъ ж 1 см и высотой Н = 9 см, соединен
ного коническим световодом с ФЭУ-36. 

Для уменьшения фона, обусловленного регистрацией рассеянных в помещении нейтро
нов, была произведена коллимация узкого пучка эффективных нейтронов путем отбора 
быстрых совпадений нейтронов с сопутствующими Л -частицами, регистрируемыми в 
в налом телесном угле детектором, установленным под углом 145° к направлению 
пучка падающих дейтронов. 

Детектор сопутствующих сС -частиц состоял из ФЭУ-36 и тонкой сцинтиллирующей ор
ганической пленки, нанесенной на торец цилиндрического световода. Перед сцинтил
лирующей пленкой устанавливался танталовый коллиматор, закрытый алюминиевой 
фольгой для предохранения детектора от засветки рассеянными дейтронами и мягким 
ß-излучением яз тритяевой мишени. 
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дмафамвиавял f -излучения яа обраавов прояавохяваов методом временя пролета. 
Раврмавщее время еаеятрометра во временя вровете составвяво ояово 2 ясен. 

}j Ргт1итте т̂ тrтpттll̂ l, n ?ntfiw 
Полные сечения определял: ?ь яа явмереяммх величии провтсиаяия Т » 7 & • где 
7 - лотов нейтронов на де.ектор с установленным образцом я 7» - поток а отсут
ствие обраецв. Определяемое в эксперименте значение полного сечения 

где rt, - число ядер в I см3 образце. 

Иамереяня потоков 7 я 7» проивводвлись попеременяо череа достаточно короткне 
интервалы времени, чтобы исключить влияние нестабильностей аппаратуры. Дня учета 
влияния медленяых дрейфов аппаратуры проводилось несколько серяй таких ввмеренвй 
с болъаим интервалом временя между сериями. Набираемое во всех сериях число от
счетов обеспечивало статистическую точность не хуже 0,3 %. Дня нахождения пол
ной омнбки в каждой серии намерений определялось среднее значение пропускания 
и среднеквадратичная онябха, а затеи по результатам всех серий находилось сред-
невэвененяое значение пропускания я его среднеквадратичная омнбка. 

8 определенные по формуле (I) полные сечения 9̂ ' вводилась поправка на рассеяние 
в детектор [20], величина которой зависит от геометрия эксперяиевта я массового 
числа А изучаемого элемента. Исткнное значение полного сечения & находилось из 
выражения 

9t ST 

! • { • волновое число нейтрона, 

p - r s . A r / j - К Г 1 3 см. 
При введении поправки в полные сечеяяя может вноситься дополнительная система
тическая овкбие за счет неопределенности величины г , . Обычно г, выбирается в 
пределах ( 1 , 3 - 1 , 4 ) Ю"13 ом, я вносимая погрепость не превыиает 10 % от вели
чиям самой поправки. В использованной вами геометрии эксперимента величина по
пран« составляла от 1 до 3 % величины полного сечения, а вносимая месте о по
правкой возможная систематическая яогреяиость - соответственно от 0,1 до 0,3 %. 
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Результаты измерений представлен« • таблице I. ОряамдешшФ овяомя являйся пол-
кшш я для изученных в настоящей работ« моментов находятся в пределах от 0,7 
до 1,5 Jb. В таблицу включены тахяе реаужьтаты проведенных н а ш ранее [э] на-
яереяяй полных сечений для рааделеяяых яаотопов ft »F*56 • нредварятельнне 
результаты для никеля, намеренные с недостаточно высоко! точности (~2 % ). 

4. Соавненне с янешншмнся Г Т " 

Полученные наня оря В„ « 14,7 Мвв эяачеяня полных сечеянй представлеян для на
глядности на ряс. 1 - 6 вместе с некоторыми данными других авторов [2-1?) в 
диапазоне анергий примерно от 13,5 до 15,7 Мвв. 18 рисунков видно, что для всех 
элементов, за исключением тантала, имеется достаточно хорошее общее согласна 
навях результатов с больиинствои приведенных данных, хотя в отдельных случаях 
наблюдаются значительные расхождения, превыиааяде пределы оцененных ояибок. 

Для количественной оценки степени согласуемое» навях результатов с данными 
других авторов во второй колонке таблицы I приведены средние значения (6*)средн.» 
взятые на работы [ и ] . Эти значения были получены путем усреднения результатов 
многих работ в интервале энергий от 13 до 15 иэв. Процедура усреднения [zij поз
воляла при некоторых дапущениях учесть как статистические, так и систематические 
ошибки. Из сравнения видно, что дляМ,Vit, Ht, Hb • РЬ значения <Tt и (6$ )срвдн. 
совпадает с точностью I J», т.е. различия лежат в пределах ояибок. Расхождение 
в случаеZг можно объяснить тем, что для него (&Ocpta». определено с больной 
(~ 5 %) погрешностью. Усредненные в более узком интервале энергий результаты 
работ [2, 4, 14] приводят к величине (6f )Средв. * С3»9' ± 0,05) баря, что сов
падает с полученным нами значением ф{ « (3,93 * 0,03) барн (см. также ряс. 3). 
Наибольнее расхождение наблюдается в случае тантала (рис. 5), для которого из
меренное нами значение превывает почти на 7 % усредненное звачесне. Посколь
ку хорошее согласие для остальных исследованных нами ядер свидетельствует от 
отсутствия неучтенных систематических ояибок эхеперямсята, то для выяснения 
причин расхождения в случае тантала необходимы дополнительные экспериментальные 
данные в интервале энергий от 14,5 до 15 Иэв. 
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ОРЯШЕ ШЗШЕРЕНЮ ЗШПДОЫХ йШРСВОВ СПОвТАННШ) ДЕДЕШ 2 S 2 C f 

B.R. Нефедов, Д.«. Семенов, Б . 1 . Стяростов 

ШШАР ишитровгряд, (СССР) 

Аннотация 

С помощью нетодякк, обеспечивающей яскявчеяяе сястеиятяческях ояябок, свяэав-
ных с регистрацией рассеянных нейтронов, подтверждено существовеяяе нейтронов 
деления, излучаемых после яомеята деденяя, с врененея яспускявяя в ваиосекуяд-
ной обввстя. 

В ряде работ [I - б ] описаны эксперименты, результаты которых обменяются су-
яеетвованкем задержанных нейтронов, кспускаемнх м 10~ - I0" 9 сек после ионен-
та деления ядра. Испускаяяея задержанных нейтронов яожно обменят» тонкую 
структуру спектров яейтроиов деления [ I , 2 ] я наблюдаемое экслерямеяталио [ ? ] 
превышение спектра нейтронов спонтанного деления 2 С / над теоретический в 
областн энергий нейтронов иеяьие 0,7 - I Иэв. Однако нмевяяеея данные по эа-
дерханяыя нейтронам имевт недостаточную точность нз-за систематических оннбоя, 
возникавщкх при учете фона рассеянных в окружающих преднетах нейтронов и за
паздывающих г -квантов деления [ б , 7 ] . 

Надежные измерения эффектов от задержанных яейтроиов спонтанного деления 2 5 2 £ / 
были выполнены с помоям методики, исключающей эти систематические онябкя. На 
рис. I приведена схема экспериментальной установки, использованной в работе. 
С помощью этой установки снимались кривые запаздывающих совпадений между мо
ментами регистрации осколков деления 2 5 2 С / * вакуумной камере делений и момен
тами регистрации яейтроиов деления кристаллом lLiJ(tu\. Измерения проводились 
время-амплитудным преобразователем для двух положений камеры делений. В первом 
положении каиера устанавливалась тая, что слой ZnS (Ay), регистрирующий осколки 



ОСНОВ— 
в свой ZnSfAjl ж» втором 

дась ва 180е вокруг ввртииявьиой оея. В атом случае зМеитиваость 

веяных нейтронов в t o n от 

пред
ставляет собой цвлмидр диаметром 210 ни н высотой 150 ш нарвавевадай ставя тол-
анаой 1,5 ни. В центре нажри верваддвшудярво во дну установлена односторонняя 
ияиеиь на калифорния дванмтрон 20 на. йалвфорвяй навесов в« адняншневув яодлож-
ну говняной 0,2 на и дан предовраваяая расямваяня авнрнт водотой фольгой тол-
виной 100 икг/си2 . Оснолхя далення регистрировались слоен ZnS ^ д и а м е т р о м 
*0 в«, нанесеявнн на боковув поверхность каверн. Всвмшхи слета, возвмаяаше в 
слое ZnS(Hf)noA воздействием осяолкоа далення, регистрировались черев кварцевое 
окно фотоунноннтелен 167-97. Вктенсивиость счета осколков ледени била р а п а 
200 дел/сен к не менялась прн навороте каверн. Эффективность ретястрацня оскол
ков дедення достигала 90 - 95 %. 

Для регистрация нейтронов в работе использовался кристалл'/.»7(£и) с фотоумно
жителей 0ЭУ-36. Использование кристалла Li J (Ей) позволяет избавиться от фона 
эалаэдывавщах у -квантов деления [*, 8] благодаря высотку уровне днекрнмянации. 
соответствующему / / -лучам с энергией 2,2 и » , устаиавлнмеиоку в регистрирующей 
аппаратуре для обеспечения полной эффективности регистрации тепловых нейтронов. 

В результате изнереиий были получены временные распределения совпадений для 
двух положений вакуумной камеры делений. На рис. 2 приведены полученные после 
вычитания фона случайных совпадений к приведения к одинаковой полцади временные 
распределения совпадений, а также временное распределение совпадений, подтверж-
даюцее отсутствие запаздывающих совпадений от * -лучей деления. Это распределе
ние измерялось с камерой делений, установленной в первой положения для if-кван
тов с энергией Е * 2 * 0 ,1 язв, вырезаемых одяокавалышн дифференциальный дис
криминаторов. 

Из ряс. 2 видно, что в области времени задержки, болмнх 40 - 50 нсек, наблюда
ется значительное превыненяе временного распределения, подученного в первом по
ложении камеры делений, над распределением с канерой делений, установленной во 
второй подменяя. Наблюдаемое превыненяе ножет быть интерпретировано только су-
шествованием задержанных нейтронов, испускаемых в яаносекундном диапазоне вре
мен задержек после иомента деления ядра. 
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« ?r-üSSS«-!E!= 5 : ш эксперимента: I - веятшая камера делений, - г/п . 
кварцевое окно, 3 - слой калифорния, 4 - слой ZrjMAtyJ, 
крясталд L$J(£u) , ж 30 х 10 мм 

2 Временные распределения совпадений: I - распределение 
для первого положеяяя камеры делений, 2 - распределение 
для второго полояеяия камеры делений, 3 - распределевхе 
совпадений для г -лучей с энергией 2 * и,1 иэв 
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Радиевый институт вв. В.Г. Хловвва, Ленинград (СССР) 

аннотаивя 

Приведена экспериментальная оцевка вероятвоств исдусиаивя вевтрояов 
делеввя С/ 2 5 2 после эмиссии гамма-квантов. 

Осколкк спонтанного деления тяжелых ядер имеют в средаев угловой ноиевт около 
81i. Хотя это значение ие является больная, влвяаве такого мовевта должво ска
зываться кя характере процесса снятая энергия возбуждения. В теоретвчесхвх ра
ботах Гровера [iJ рассмотрены вопросы конкуренции эмиссии нейтронов в гаима-
квантов, испускаемых возбужденными ядраня, обладакчиии угловыми вомеитанв. Вела 
результаты расчетов Гроэера применять к девозбуждеинв осколков спонтанного де
ления тяжелых ядер, то можно оценить, что верхний предел вероятвоств эмнеевв 
гамма-квантов до эмиссии нейтронов может достигать величавы Ю " 1 во отвовеввв 
к обвей вероятности. Однако, вероятность такого процесса может быть и значи
тельно меньне, так как точность оценки невелика яэ-эа отсутствия достаточной 
информация, например, о распределениях угловых моментов я энергии возбуждеявя 
осколков деления. Если вероятность более К Г 2 , то можно попытаться ее опреде
лить путем измерения времени эмиссии нейтронов, которое определяется в рассма
триваемом случае временем испускания гамма-квантов. В данной работе это время 
оценивалось путем прецизионного сравнения спектров нейтронов деления при дви
жении эмвтирувцих осколков в вакууме и в плотвой среде. Осколки иачякавт завет
но замедляться в среде через время ~ I0"1* сек, а полное время торможения 
~10" 1 2 сек. Если гамма-кванты и соответственно нейтроны испускаются за время 
больнее, чем 10*** сек относительно акта деления, то это может быть замечено 
по разнице в спектрах нейтронов. 

На рис. показаны нави расчетные данные по изменению отновения таких спектров 
для случаев, когда осколки перед эмиссией нейтронов уже потеряли часть своей 
скорости в среде (потеря ft %. 10 51 я 20 % скорости соответствует вревевав за
медления 2»10"'* сек, 6.I0"1* сек и 1,5«10"13сек [гЗ . В качестве спектров 
нейтронов в системе осколка использовались даяиые яз работы [3J. Кз рве. видно, 
что чувствительность метода сильно повивается пря регистрация нейтронов низких 
и, особенно, высоких энергий. Использование я« данных по всему спектру • целом, 
как это было сделано л работе [*], существенно снижает точность эксперввевта. 
Иэнерения спектров нейтронов деления производились с помов]» источянвв нвяк-
форяяя-252, в котором происходило I05 Щ. Слой калифорния бия нанесен и ни-
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Б) Аппаратурные распределении нейтронов по времени продет« (I - пласт
массовый сцивтиллятор, 2 - кристалл *Ь 7 (£«)• 
В первой часта рисунка для удобства изображения области низких энергии 
иасятаб по энергетической вкале каменея. 
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келевую фольгу толщиной 0,2 мм. Для регистрации осколков применялся кремниевый 
поверхностно-барьерный счетчик пиощадьв I см2, расположенный на расстоянии 
1,5 см от слоя С/2 . Для регистрации нейтронов использовались пластмассовый 
сцинтиллятор Б интервале энергий 0,5 - 10 Мэв и кристалл 6Li 7 (tu)* интервале 
0 , 0 — 2,0 мэв. Нейтронный счетчик устанавливался под углами 0° и 180° к на
правлению регистрируемых осколков. Измерения энергии нейтронов производились 
по методу времени пролета. Временное разрешение установки было около 1,5 нсек 
для обоих типов нейтронных детекторов. Краткое описание использованной аппара
туры дано в работе [5]. Измерения производились на пролетных расстояниях 12,5см, 
25 см и 50 см. Было зарегистрировано более 10 нейтронов под каждым углом. 

Результаты и;л. ;ии (см. рис.) показывают, что несмотря на небольшие отклоне
ния в области редких энергий, спектры не отличаются в пределах эксперименталь
ных ошибок. Путем сравнения экспериментальных данных и расчетных можно оценить, 
что среднее время эмиссии нейтронов деления Cf 2 5 2 менее I I0"1* сек, а доля 
нейтронов в временами эмиссии более Ю - 1 3 сек не превышает 2 - 3 %. 

Авторы выражают признательность FJ.A. Баку за обсуждение результатов работы и 
А. С. Вещикову за помощь при измерениях. 
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Abstract» 
Thia contribution alas at a brief aurvey on neutron data evaluation activitiae 
at the Technical University of Dresden. The aainly uaed methoda, tachniquea and 
modele will be diaeuaaed here by aoae repreaentative reeulte obtained in eroaa 
section evaluation of the ayatea 93Ib*n finlahad now at the TU. 

1. History and present status 
Nowadays compilation and evaluation of neutron nuclear data rapreaant a taak of 
world-wide interest, which haa been mainly initiated by reactor physics. All 
efforts concerning measurement» and compilation» of nuclear data are co-ordina
ted by the 4-data-eentre-aystea under the guidance of the NDS of the IAEA Vien
na organising the international exchange of data and informations also. 
To the contrary, data evaluation ia dona eaaentially for use in national lib
raries. Such evaluated-data-librariea like BRD7/B, K5DAK, UKNDL, ILL HDP aa 
well aa SOKRATOR exist or are builded up in varioua countries. An international 
exchange ia strongly hindered by aspecte of the economic and atrategic importan
ce of euch data aa well ae by the quit* different structure (formats) of these 
librariea. 
To overcome these difficultiea, the USSR-evaluated-deta-file la planned for free 
exchange and /or use in all socialistic people'a republics. In this sense the 
activities in nuclear data evaluation, which are reported upon here, represent 
a contribution for completing the SOKRATOR file and making it available as soon 
ae possible. 
At the TU nuclear data evaluation haa begun in 1972. In agreement with the 
Centr po Yadernim Dannim (CJD) at Obninsk /USSR we atart to evaluate the cross 
aectVona for the «yetem 9%b+n, First preliminary reaulta have been published 
in the ваше plaoe in 1973 [l]. 
In the meantiae varioua methods in mathematics, etatistice, and theoretical 
nuclear physios aa well ae computer codes have been investigated and elaborated 
for use in data evaluation. Thess tools will be described in paragraph 3 of this 
paper. 

2. Alas of data evaluation 
Our device is« an evaluator should not be a "book-keeper" but mora a physicist 
having founded experiencee in experimental and theoretical nuolear physios and 
knowledge about the practical demands and the use of his results. 
Therefore w* restrict ourselves on evaluation of cross sections for the inter-
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setion of fast neutrona (i.e. neutron incidence energiea from roughly 100 keV up 
to 20 KeV) with, in the next fatore only non-fissile nuclei. Thie limitation ia 
not strictly decisive beeauaa this energy ranee in the medium weicht aaaa-region 
is assumed to be o" further increasing iitereat for the development of fast bree
ders and thermo-nuelear arrangements especially {_2j. 
The aoat important fact ia, that at the TU this energy and masa range haa been 
Investigated quite wall concerning measuring techniques and usually applied nuc
lear reaction models. So, evaluations can be 'lone founding on an estimate of the 
validity of different exnerimental results ^ vl calculations in the frame of in
dependent reaction mechanisms. This should result in arguments and decisions for 
data reco.nnendation besing on nuclear physics knowledge as wall aa experiences 
in apolying theoretical models and informations about their accuracy, limitations 
aid further developments an' improvements. 

3. "etho-t:. J3«H Гэг Jat^ " ^ l ^ i o u 
Fi5. 1 shows in form of a bloc'^-di^sr*-: t'e iiain steps and features for obtai
ning recomsnden lata, у *.':.*> :o I ving context *)hese steps have to be exolai-
ne" taking into consultation illustrative results of the Hb-evaluation. 
tuclear ^ita evaluatюл ieals with two problems mainly: 
- the handling of a large amount of informations a:vl 
- their interpretation, concentration and representation in a way convenient 
for practical require:!ents. 

To attack sue'' tasks, a large scale computer is needed. At the TU the aoviet 
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computer type BB5K-S can be employed for this work. Operational speel, fas* 
memory capacity and the periphery-equipment enable this «acfti.i* for treating 
auch problems. 

3.1. Data handling and managing 
Besides several computer codes for the numerical solution of special problems 
in statistical mathematics ani nuclear theory, a comprehensive ?v:ket of оо^аг 
has been prepared for data managing and handling. For instance special codas 
for magnetic tape transfer and transmission guarantee the compatibility of our 
internal machine system (1' tapes,11 tracks, Iso-code representation) with 
other data centres like "IDS Vienna and CID Obninsk (1/2* tapes, 7 tracks, BCD-
геэгезег-itation). An other code enables us to handle EXPOR-data-tapes by use of 
selection criteria defined in the EXFOR-dictionary as well as to connect these 
tapes •*it*-. data processing programs directly. 

3f?« Data processing and analysis in terms of statistical mathematics 
If there are a large amount of independent experimental data for a given егозе 
section tvp, a statistical analysis is indicated. An example is demonstrated 
in fig. 2. In such cases, li4e the total cross sectiorw m .Ib+n, evaluated 
data .vere obtained by fitting experimental results in different таппег* from 
simple averaging procedures up to least-squares-fits with weighting functions 
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data recommended by Smith et el, in ANL-AiyCTR/TIM 
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according to «peridental error*, estimated validity of experimentel techniques 
and normalisation errora by uae of standard croes aections. Pitted date can be 
represented in polynomial expansions (aeriea in energy power», Legcndr* or 
Teohebyahev-polynoaiala). 
In this category a code for automatic drawing of data should bo Mentioned aa 
an important tool for an effective optical comparison and publication of re
sults. 

3.3. Data analysis In tens» of nuclear theory 
In energy regions or reaction channels «here experimental data are acarce, spre
ading in wider limits than the given errors by different authors or are absent 
totally, recommended data have to be obtained by uae of calculated values. The 
application of nuclear reaction models yield (in dependence on the reliability 
of these models) selection criteria for supporting or exclusion ef any experi
mental results as well as the only possibility to define cross section data. 
Varying from nucleus to nucleus and depending on the investigated energy rang», 
existing theoretical models have to be choosen carefully in order to work with 
the most eucceesful and powerful toola [ 3j. 
We orefer the use of reaction models which enable us to calculate different re
action channels simultaneously and in a consistent manner by us* of an unique 
set of oarameters like nuclear structure informations and optical potentials. 
Meeting these conditions the following models have been proved successfully in 
the 93ИЬ evaluation: 
- the optical model [4, 5J 
- the Haueer-Feshbach-formalism [4] and 
- other statistical models including equilibrium end pre-equilibrium particle 

emission [б, 7, 8, 9j. 
Here only the main featurse can be discussed, whereas they have been published 
in more detail elsewhere [ю, 11, 12j. 

The use of the optical model (OH) 
не known, the OM is very well eulted for dieeription of total and elastic scat-

ел 
tering cross section». In the case of "Nb+n a systematic examination of seve
ral ootential parameter eete wae carried out in order to verify the partially 
unknown elastic scattering cro&e section above 5 MeV neutron incidence energy 
using the quite exakt knowledge of the energy dependence of the total cross sec
tion and some informations about the angular distribution of elastieally scatte
red fast neutrons (eee fig. 3). 
As an important result this procedure yields a set of transmission coefficients 
(for inverse сговя eeotione for instance) and the nonelaetio cross eeoti'-i,which 
were used for calculations in the frame of other statistical models. 

The use of the HauBcr-yeshbaoh-formallsin (HP) 
At lower neutron incidence energies up to about 5 MeV compound processes have to 
be tnken into account necessarily for a correct estimation of elastic scattering 
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crosa aectiona. This «ere dome in th« frame Pf the H-F-a»dal also for calcula
tion of reaction croaa sections for the excitation of lorn-lying iaolatad legale 
including all reaction channels like (n.n ), (n,p), (n^t) and (n.y). Taking the 
whole Known spectroscope infomationa about the level etrueture of the diffe
rent residual nuclei the excitation functions for (n.nj) proceaaea were treated 
exactly up to a neutrcn incidence energy of 1.5 »aV (see fig. 4). Above thie 
energy the continuum region of nuclear levels was considered by use of nuclear 
level .lensitiea with a-parameters. 

The use of equilibrium and Drc-equilibrium models 
As now well established, pre-equilibrium processes play a very important role 
above some 10 MeV particle incidence energy. To test the applicability of some 
ore-equilibrium emission models in a were moderate energy range (between 5 to 
20 МеЯ we used two conouter codes baaing on the Hybrid-model [a, f. They pro
ved very succesful for consistent calculations of the excitation functions for 
some reaction channels like (n,n'), (n,p), (n,2n). (n.3n), (n.np) and (n.pn) as 
well аз for neutron and proton emission spectra (see fige. 5,&). By pre-equili
brium е&1зз1.оп the particle spectra are changed in the high energy part resul
ting in harder spectra. In order to get an adequate representation of such emis
sion spectra this contribution has to be taken into account necessarily. 
This formalism employed for the above mentioned channels has been extended also 
for the description of reactions with complex particles in the input and or exit 
channels successfully (see fig. 7). 
These models are estimated as very valuable tools for data evaluation [J2j. 
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The uee of other formulations of the statistical modal for equilibrium emlssloa 
of particles 
Baaing on the complete statistical modal (laiaekopf-Brtng-formaliom) there are 
some know» computer codes for data evaluation purposes and a variety of diffe
rent empirical formulae. We uaed some of them for comparison. Bapecially Pearl-
stein* a cods [?] has bean teated extensively to find a beais for the adjustment 
of calculated eroaa sections for soma azotic reactions like (ntt), (n,3He), 
(n.ntttn), (n,neb+«Cn) and other, which play a minor role for a consistent eva
luated data file. 

3.4. Bemerke on theoretical method« being in discussion or preparation 
To sketch the situation in data evaluation some open problems meny not be oai-
ted. So, no attention «as given to a theoretical description of gamma-ray pro
duction cross sections and gamma-ray apeotra as «all as the angular distribu
tions of inelastic neutron scattering. 
Nowa days the growing demands of such «lata for practical yurposee (shielding 
problems [2]) and for nuclear theory (t*at of models) cannot be ful filled be
cause of a decisive lack of experimental i'ata. 
Some trials »are undertaken to ealculat excitation functions for *»-ray emis
sion of certain isolated f -ray energies utilng the H-F-formalism (see fig. 8) 
snd experimental in formations about Lr.tnching ratios and f -ray-multiplicities. 
Stronger difficultiea arise from the treatment of the continuum of f -rays emit
ted after neutron capture and reactions like (n,n*) and (n,2n). In order to 
overcome this problems more sophisticated models have to be tested. 
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Analogous conditions exist from the point of • theoretical founded interpreta
tion of angular distributions of inslastieally scattered neutrons. Apart from 
inelastic scattering to resolved levels, which can be described in terms of the 
H-P-formalism and/or direct reaction models (ШВА) in common, some methods were 
elabroeted for an understanding of the angular dependence of the inelastic 
scattering of neutrons to contineouely distributed levels in nuclei. Results 
which have been obtained using these models were offered or summarised in some 
other contributions to this seminary [l3, 14, 15]. 

4. Abstraction of recommended data 
Recommended datm have been abstracted in two lndependend ways, i.e. the evalua
tion of integral cross sections likeff^, 6"_у sad &a- and separatly all par
tial cross sections, which have to fulfill several conditions (sum rules) for 
consistency with integral data. This is the only possibility to meet the need 
for avoiding arbitrary correlations between uncertainties in some cross sections. 
An essential problems in this process results from the determination of the re
liability of evaluated data, which can be estimated from statistical distribu
tion functions (standard deviations) on the one hand or comparisons between 
calculated and measured data on the other side. 
Now final works are in progress for the representation of all numerical results 
corresponding to the format and the included laws of the USSR evaluated data 
library SOKRATOR [is] . 
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FAST REACTOR NEUTROH EXPERIMENTS 0Я CRITICAL ASSBtBLIBS 
D. Albert, Central Institute of Muclaar Research, Roaaendorf near Dresden, GUR 

A survey report was given about fast reactor phyalca Investigation at Rossen
dorf. 
The difference between nuclear neutron physics and reactor neutron physics haa 
been pointed out. After having given the explanation what ia meant by "critical 
assembly* and how the Roaaendorf assembly SEG ia constructed, the teak of fast 
reactor physics experimenta la described aa a checking of caleulational methods 
and group constants, eepeeially data adjuatment. 
Then the experimental methoda have been characterised which wa have concentra
ted our forces on at Roaaendorf: 
1. Reactor oscillator (K. Fährmann, G. HUttel). Application at SEG and at 

KOBRA (PEI Obninsk). Accuracy of reactivity measurements 10 . Measurements 
of central probe reactivities and adjoint flux spectrum by means of diffe
rent neutron sources. 

2. Proton recoil counter spectrometer (D, Albert, w. Hansen). Application at 
SEG and at EFS-I {PEI Obninsk). Measurement of flux spectrum in the range 
2 ... 1200 keV, accuracy s» 5 % and resolution cHO % if В»»20 keV. 

3. Transmission measurements (B. Böhmer, К, Dietse) at neutron beam of IBR-30 
(Dubna), total and partial (in inverse shere geometry) ss well. Evaluation 
to resonance parameters in unresolved region and to doppler effect and 
group constsnts. 
Such experiments hsve to be continued up to 1935 in order to get s complete 
physical understanding of large end diluted feet breeder cores of commer
cial scale (я»;50С M'Ge), 
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THE TREATMENT OP RESOHAHCS CROSS SECTIORS HI REACTOR CALCUIATIORS 
E. Seifert, Central Institute of Nuclear Research Roaaendorf near Dresden, GDR 

Reactor physics is a field quite different from nuclear physios. Both fields 
are coupled by the neutron cross sections. In reactor physics the croaa sections 
are considered as gi'-en quantities. In the energy region of interest (below 
10 Me7) the cross sections of many materials in a reactor ahow a typical reao-
nance structure whose correct consideration is of greet importance. The Dopoler 
effect as a oure resonance effect ia an example for the influence of the reso
nances on reactor oaraaeters. The Doppler effect playa an important role for 
the security of fast reactors. 
The fundamental quantity in reactor physics is the neutron flux ф because all 
the parameters describing a reactor can be calculated with the help of this 
function. The flux depends on the position vector x, the unit vector of flight 
direction о *md the energy E (the time t is omitted here). It has to be de
termined as a solution of an equation of the Boltrmann type [ij: 

• boundary (1) 
conditions 

with 

[?fttEtao]<.(7lÖ,£)=yCJ1Ö,Ö 

where 
V = macroscopic cross section for the reaction of the typed (elastic, 

inelastic scattering, fission, n2n-reaction) 
C«c» mean number of secondary neutrons as a reault of the reaction Л 
fa » transfer function for reaction cC 
Q ж external neutron aource (may be zero) 

This is a linear equation becauee we can neglect the Interaction between the 
neutrons themselves as a result of the low density comoared with the density of 
the nuclei. Furthermore the neutrons csn be treated as classical particles out
side the nuclei. 
Disregarding few simole special cases (1) has to be solved numerically. There
fore we need a discrete representation of all variables. But by reason of com
putation time we cannot choose such a great number or energy oointe necessary 
for the resolution of the complicated resonance structure of the cross sections. 
Therefore the energy group model is usually aoplled. The energy region of inte
rest is divided Into some Intervals each of them containing many resonances. 
(1) Is integrated over each interval and the result Is the coupled system of 
"group equations"t 

[Z & *Ц„С?,и>] 4>„ СЯЗ) - Y„(7.ff) C"-12,...,N) (2) 

wh.re у r ? Z ) . •iMWWt*MJiMXJ (3) 
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•ra the "affectiv* eroaa sections" *nd t>n »/eiEvtöHwJ*** *»• "«reu» fluxee". 
Th* basic quest loa is now whether w» sen derive gaod approximations for 4* la 
order to oaleulat* the affectiv* его** eeetlon* (3) or not. If у л then the 
problem le separated Into twe Independent problea*: Th* calculation of tha> ef
fective eroaa section* and the solution of th* coupled *y*t*a of croup equa
tions. Obviously an exact aeparatioa 1* impeaslble. 

1. Infinit« medium with * homoaea*ou* m*t*rl*l composition 
All the quantities sr* independent on ~x and w and (3) ia simplified to 

г Juwun 
Aecordinc to (1), ф(В) ••tief!** th* equation 

whose solution is no aerious problec. tfith som* assumptions for th* resonance*, 
simple approxiaationa for ф can be derived from (5). Por example, a widely 
used approximation is ф(S)-»yJrt(E), valid under the aasuaption of sufficient
ly narrow resonances [г]. Some difficulties arise in the ess* of th* broad re
sonances of the lsotopee with medium atomic weicht. In order to taken into 
account these resonances correctly it is sufficient to us* son* hundred* of 
energy groups. Then the broad resonances can be resolved, and the narrow reso
nances which cannot be resolved are considered by the us* of effective ereeo 
sections shielded by a spectrum like •(S)—y£ t(E), Then (5) can b* «olvad nu-

ir.erically in this fine group mesh, e.g. with the very effective "continuous 

elowing-down method" (CSD). With the solution, effective cross sections can be 

coxouted in a more coarse group meah according to (4). 

2. Son-homogeneous material composition, large zones 

In l»i*ge material zc-»s (lar«;e comnared with the mean free path of th* neutron*) 

we can neglect boundary effects. Par from boundaries we have a spectrum siailar 

to that in an infinit* medium. Therefore we can apply th* method mentioned 

above, A computation of such a system consists of the following steps: 

a) For each of the different material zones, d*ter*in* a spectrum ф(Е) and ef
fective cross sections according to (4). 

b) Solve the system of group equations. Usually some further approximations of 
(2) are necessary. Some of the methods are the following (see e.g. [l]»[3j): 
- starting from the differential form of the Soltzmann equation: 

diffusion method 
Pjf-m*thod 
Sjj-method 

- starting from th* integral form: 
collision probability method (CP) 
discrete Integral method (DIT) 
Monte Carlo method 

Th* permitted number of energy group* depends on the geometric complexity of 
th* system. A« an example, in an one-dimensional problem w* can use some 
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W O groopa. 1в a taa-41aaaai*aaL aaa net eeaantaally вата than № 
aad In «. three-dineneioaal an» aat eaeeatuelly вата than 2 аг 3 «тавра. An 
exception la tb« Boot* Carle aethed (aaa later). 

}щ У?1»«тТ1 «**ае*в 
In th» vlelalty of boaaaariee between taa caaaa with a different aatertal eae-
poaltien tha flax la a eoaplleated noa-eepereble functlen »f t , w u l B, ̂ here-
fore tea effective aroaa aaatlaoa ara alaa eoapllcated functlone of "x and «In 
the vleialty ef aaah baendariaa. Tha reale« •—at by tha eraaa aectieaa ef the 
Infinitely artende«: Beilen) vhlah ara independent en *x and u la net justified. 
Bat tha deviatlona are ef laporteiK* »aly «hen the dlaaetara ef the жевав are 
eoapareble «1th the aaaa free paths ef the neutraaa. In large saaea a« can neg
lect the eeaplleated behaviour ef the effective creee eectiene near the вешав-
rlea. 
The uaa ef effective eraee aeetlena la net very edvaatageeee In order te take 
Into aeeeaat theae boundary effect«. There are aeaa alternative aethoda. 

The aalaaioa denelty Y{?,S,S) la defined by the right hand aide ef (1). It 
baa the aaanlng of the denolty of tboee neutron« which after «offering a 
colllelon at 7 «ill travel in direction W «1th energy B. Under the asouap-
tion of «uffieicntly narro« reeonenaea, the aalaaion denaity ie a eaooth 
function of the energy. This reaalt can be obtained by an investigation of 
the defining expression in (1). A« a good approximation, «e can as«urn 
VCx*,«3 ,В)*»У(?,ь») ̂ 5J. «ithln an energy group. Therefore «• can proceed 
a« folio««. 
There 1« an unique relation between flux end «nisei .. denaity. Therefor« «• 
can uae the eaieslon density в« a basic quantity instead of the flux. Firstly 
we have to derive th« equation for the emission density. Secondly *e have to 
convert this equation into the corresponding eyatem of group equationa. As a 
result, the interaction between neutrons and natter j now described by 
transalasion functions: ф/ ^ 

«herer is the optical distance between Tend x" at B. With the «bove approxl-
aation. (6) can be elapllfled to 

The transmission functions are the counterpart of the effective cross sec
tion* in the flux equation. As an advantageous property, (7) la Independent 
on the solution function. In the speolal свае of an infinite aedlua «e have 
>(B) - £ф(В)ф(Е). The aaeuaption V (B)*const «ithin a group eorreaponde 
to the assumption f(в) a» 1/ £ t(B). But In a finite aedlua, ealeelon denaity 
and collision denelty Zx • •*• different quantities. Keverthtleos the Bathed 
la baaed on the assuaptlon of sufficiently narrow reaonaneea (ИЖ-spproxiaa-
tlen [г]). 
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b) Monte Carlo oethod,. 
А very important property of this method [4] is the independence of the com
putation time on the number of energy groups or points chosen for the repre
sentation of the cross section functions. The computation time depends on the 
number of collisions per neutron between start and absorption or leakage. Ob
viously this number is independent on the way of subdivision of the energy 
axis into several intervals. Therefore we have the possibility to increase 
the number of energy groups or even to use a continuous energy variable. In 
this way all the difficulties can be avoided in a very natural manner. In 
non-Monte Carlo methods the number of energy groups is strongly limited be
cause their computation time is about proportional to that number. 
By the Monte Carlo method we are able to solve the basic equation (1) without 
any anproxitnations. This concerns also auch points as the scattering mecha
nism, a complicated three-dimensional geometric arrangement etc. At Rossen
dorf we have some experience in the soolication of the Monte Carlo method [б]. 
According to this exoerience this method works very well at selected prob
lems. The decision between different solution methods must be based on a com-
oarison of the computation times. Such a comparison leads to the general rule: 
The more complicated the system, the more advantageous the Monte-Carlo-method. 
With t! e Monte Carlo method we have the oossibility to avoid approximations. 
The question is whether it is really necessary to avoid that or another app
roximation. If not (e.g. in the infinite medium) then other and more simple 
methods give the results with the same accuracy in much shorter times. There
for.» the first step in any reactor calculation has to find an answer on the 
question: '.Vhat is important to take into account and what can be neglected? 
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SESSION VII 

STOCHASTIC FILTERS РОВ NUCLEAR UBASUREKBKTS 
E. Hentschel, Zentralinstitut fUr Kernforschung Rossendorf, Bereich 2 

The talk is concerned with data processing methods, wüich are used in space re
search. Everybody who has seen pictures from other planets like Hare of Venus 
is impressed by their quality. This high quality, however, is the result of e 
lot of computations [ 1]. It is encouraging to use these restauration methods 
also for nuclear measurements. 

Nuclear physicists mainly use fut procedures for data processing. The main fea
tures of such procedures are the following ones: 
fit procedures: Comparison of the detected signal with 

an input model 
applications: 

many different kind of research, e.g. 

energy spectra (nuclear. X-ray, optical,...) 
comparison between experiment and theory,... 

advantages: 
good accuracy 
it la easy to include previous knowledge 
about the signal 
a well established theory of error 

drawbacks: 
The result in some cases is strongly dependent on the start 
situation 
there is no explicit inclusion of the noise in the theory; 
the X -criterion is a mathematical one, and it is difficult 
to define a physical meaningful criterion of fidelity. 
Difficulties arise in cases with large noise. 

Stochastic filters are very useful 
to overcome the drawbacks of fit 
procedures. The combination of the
se methods nowadays seems to be the 
tyoioal way of modern data proces
sing [lj. '.That is a stochastic fil
ter? 
Let us look to the following model 
of a measuring process, which is 
shown in fig, 1, л measurement con
sists in modern language of two 
parts: the detection of the signal 
and the rsstauration process, which 
is performed by means of a filter. 
Because the noise n appearing in the 
detection process is a stoohaatio 
variable, the filter is called a 

1-1 T i ^ 
»•* 

~«D 

Fig, 1: Model of the measuring process. 
The A denotes an operator «oting on the 
signals which are elements of a Hilfert-
spsoe. 
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stochastic filter. It is optimal in the senae of Wiener and Kolmogoroff. if tha 

condition 

S »IIX-Ull Minimum! (D 

is hold. Of course, there exiataleo other definitions of tha optimum and other 
filter constructions [2], and the schema given in fig. 1 is the most elmple one. 
However, the Wiener-Kolmogoroff-filter defined by the optimum condition (1) la 
very useful to learn the handling of the statistical noiae, which occurs in nuc
lear measurements. 
With the notations given in fig. 1 we get 

A widely used assumption ia that the noise n and the signal * are uncorrelated. 
Then one obtaines by taking into account the zero mean value of n 

£*« I! M-bffca>//% ll hfnlf (2) 

By a Fourier-transfonnetion of this equation (this is a unitary transformation 
and, therefore € is invariant) one obtaines 

In this equation HD(w) and Hp(w) are the transfer functions of the detector and 
the filter respectively. The functions Sz(<*) and Sn(to) are the spectral power 
densities of the signal x and the noise n respectively. This are non-negative 
functions and, therefore, one obtaines the minimum condition for every frequency 
point and the following expression for the transfer function of the Wiener-Kol
mogoroff -filter: 

till»! (4) U A., . Н*ГЫ) 
nFl ' IH,Mi'*-Cs„rt,)/s„(u))-1 

It is important to note, that Hp( ) depends only on Н~( ) and the so called sig
nal to noise-ratio 

rl - S,M/S„(b) (5) 
which ie related to measured things. The square is only a matter of definition, 
which is convenient for detailed calculation. From the physical meaning of the 
spectral power density one can find by simple end rough modele for the behaviour 
of nuclear spectra like that given in fig. 2. 

r*mm A%B,A mccnst (6) 

The important points is the following one» 
Prom the explicit inclusion of the noise one obtaines a quantitative orlterlon 
how to handle the statistics. The choice of r has drastic oonsequenoes for the 
real meaning of the filtering. Let us disoues limiting situations1 The ease n-o 
obviously would result in hf * hD"1 which means a complete deoonvolution or in
version of hD, If as the other limit IIxIIS lint the obvious way of data prooeeslng 
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I 

В 

is an averaging in order to smooth the 
noise fluctuations, and hence one 
obtaines fron the equ. (4) a concept of 
optimal smoothing or the seasured data, 
where optimal means a minimal damping of 
the interesting structures. In this way 
stochastic iliters are valid for the 
whole scale or possible situations 
between n and x. According to numerical 
experience one can define the following 
"criterion of fidelity"t no wrong inter
pretation of statistical rluctuations! i 

Г-Х- ji£_ 
1 SBIA х- ai....,* 

Fig. 2i Itodel of a typical 
situation arising in measured 
spectrat a Gaussian peak and 
linear background. 

The value V depends on the complexity 
of the spectrum and of the sampling. If 
the sampling is poor, that means if 

there are only rew channels over a peak there is more danger of a wrong inter
pretation, because the aoi»e «nu ьЬе .-.igiml uüimot be «ell aeperated in the 
fl-wquency space. 

In practical calculations the measured spectrum is divided into several part 
with different signal to noise-ratios. In this way one overcomes the difficul
ties with a solution of the Wiener-Hopf integral equation and has a possibility 
to examine critically the measured data. Fig. 3 illuatrates this method. In this 
figure are shown the measured data and filter outputs with different values r2 

which are meaningful by the structure of the measured spectrum. Аз one can see 
from this example the concept of optimal filtering is a powerful tool to esti
mate the "true" signal x. 
However, there are also difficulties with this method. A serious problem for 
example are the spurious oscillations. They are produced by the structure of 
the filter response function (fig. * ) . The amplitude of these oscillations 
increase with increasing r or increasing degree of deconvolution. In particular 
in cases of drastic improvement of the resolution one has to be careful to 
remove these oscillations. From numerical experience the following ашвагу of 
the main features of optimal filters can be concludedt 

optimal filterst frequency separation between signal 
and noise, partial deconvolution or 
correlation analysis 

application«( signal processing in space research 
picture processing, sound analysis 
parameter etimetion in control 
systems only few results in spectra 
evaluation [з] 
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advantages! the noise is included expli-
citely Hif-h speed (FTC), 
reasonable accuracy less 
detailed input information 
is песеззагу good results 
at larte noise (optimal 
smoothing) 

drawbacks: spurious oscillntions 
"integral" error treatment 
difficulty to include 
further knowledge about 
raore accuracy. 

The combination of stochastic filters with 
fit procedure:} seen to Ьэ the most effec
tive way of data procc3öin;> 

-ao -ю V 20 

Fie. *: Structure of the filter 
response function derived from a 
Gaussian detector response function 
and a 3i(_nal to noise ratio 
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RESULTS AND ?LASS OH THE DEVELO PUEHT OP A rXJLSBD NBUTROH GENERATOR 

. T. Sztaricskai. L. Vasvary and C. Pata 

Institute of Experimental Physics, Kossuth University 4001 Debrecen, FOB 105, 

Hungary 

In the last years a good cooperation was founded on the field of neutron phy

sics by regular meetings aeong the institutes in Dresden, Bratislava, Obninsk, 

Kiev ?nd Debrecen. In addition to the angular meetings, there are mora possibi

lities to males this cooperation stronger for common devalooments and utilisa

tions of the experimental technique based on the common peculiarity the use of 

neutron generators \JJ* The study of neutron emitting reactions on the basis of 

the neutron tie» of flight analysis is well developed in Dresden, ICiev and Ob

ninsk [2, 3, 4J, An other method, is used to study this reactions on the basis 

of activation technique since long tines in Debrecen [ij. 

Measuring the prompt ganuna rays, the time of flight technique gives a good pos

sibility to decrease the background in the gamma ray spectrum. 

In our former experiment it is pointed out, that the use of Ge(Li)-detector in 

an ÄP1I arrangement gives not so good results as expected [5J. The possibility of 

the practical help of Salni'-cov's group from Obninsk in the construction of a 

pulsed neutron generator in Debrecen coincide with our plans to investigate the 

(n,n') and (n,2n) reactions on the oasis of prompt gamma ray analysis, 

"e handed over our old ooen-air Van de Sraaff machine to the Technical Museum 

3rd we began to plan the pulsed neutron generator in the 7x7 m area, 8,5 m 

high accelerator hall. Only a small part of the earlier vacuum system is used 

from the old Van de "reaff machine which was placed on the ceiling of the lower/ 

earlier target-/ ha 1. The general plan of the new generator is shown in fig. 1 

and fig. 2. The accelerator tube was placed in the center of the urper hall and 

so .ve have to use a negative high voltage on the target. 

Fig, 1: The block diagram of the pulsed neutron generator 
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The ion bunchin« system is placed bet
ween the vacuum system opening and the 
accelerator tube [б]. The ion source 
and the focussing electrodes are con
nected to the vacuum system in the lo
wer hall. While the focus electrode is 
on the ground potential, so the ion 
source is on the focusing 30 kV. This 
set up has an advantage: the ion bun
ching system is on ground potential, 
and a disadvantage: the target is on 
the accelerating high voltage. 
To supply the accelerators tube we use 
a 300 IcV high voltage power supply. 
This high voltage is controlled by a 
motor driven variable autotransformer. 
The input of the variable transformer 
is driven by 5 kW regulated AC power 
supply. The rectifiers are two 5 шА 
190 kV selenium rectifiers. 

•x 
In the vacuum system a 20 m /h roughing 
pump and a 1000 Ув oil diffusion pump 
with booster stage is used. Hear to the 
diffusion pump a 5 1 volume liquid ni
trogen vacuum trap is placed. In front 
of the bunching system is used a 60 mm 

diameter ball vacuum valve. The target can be separated by a similar, but smal
ler diameter ball vacuum valve. To measure the vacuum in the system some Pirani 
and Penning vacuum gauges were used. 
In the radiofrequence ion source we use a 45 Mc/s, 200 W power push-pull oscil
lator where two SI б В power tube with ceramic to metal seals are used to gene
rate the oscillations. The ion extraction electrodes \jj are placed on the oppo
site aide of the quartz balloon. To regulate the D2 flow a mechanical needle 
valve is used. 
In consequence of the vertical arrangement it was necessary to develop a special 
form quartz cap to the negative extraction electrode. The ion source deliver 
about mA D currents. In order to focus the deuterium ion beam a simple electro
static cylindrical ion lens was used. Since the focussing electrode is on the 
ground potential the base plate voltage of the ion source is floating between 
0-30 kV relative to the ground. 
The accelerator tube is a homogenous field accelerator tube with 16 electrodes. 
The diaphragms of the tube are supplied from a voltage divider of about 300 Mohm 
full resistance. 
To measure the ion current of the target and to pick up the start signal an op
tical isolation method was developed. At the target current measurements we use 
a current to frequency converter - based on the application of a programabla 

Fi5. 2: The scheme of the neutron gene
rators arrangement 
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unijunction transistor - to convert the target currant to the frequency of 
light pulse produced by a light emitting diode. The converter ia linear in an 
1 : Ю * input current range. The target current measurements «ill be taken on 
the earth potential by a rotameter with photodlode detector in the range of 
C,01 - 100 /UA target currents. 
To get the start signal on the ground potential • similar LBD-PIH photodlode 
optolsolation wee developed. By 5 ns length light pulste on the fast LED, ««al
ler as» 40 рз time Jitter was arrived et the use of PIB fast Dhotodiode on a 
distance of 2 o. To drive the LED at the target in the leading edge time pick 
оГГ агИ to resive the light pulses on the zero potential Schottky clamped ana
log and iigital Integrated circuits was used. 
Florov's Ion bunching systes is practically t*e same as the one used in Obninsk. 
The len Ьеая is Reflected fcy 10 Ыс/s frequency, and the bunching ie on 20 Be/a. 
In the л-} today »täte, the bunching electrode system end the 10 and 20 llc/s 

Ptefces are reaiy on workshop level. The quartz controlled base oscillator and 

the phase shifter stage will be placed In the control pult of the generator,the 

output stages will be built around the bunching vacuum system on the ground in 

the upper accelerator hall. In our system more integrated circuits and vacuum 

tabea were изеЭ. After the set of t>-e full bunching system on the accelerator -
.vith the help of the collaborators of the Selnikov's group from Obninsk - we 
s^sll develope the electronics for the selector deflection plates. The help fro* 
Canir.sk is for us very valuable, while on the field of ion bundling we have aot 
experiences. Pig. 3 shows the arrangement of the bunching system and tre wave 
forms of the individual electrodes. 

Те hooe that the generator shall be finished as soon as possible and so we can 
investigate the final states populated by the (n,n') and (n,2n) reactions. 
Through these investigations we hope to get more information on the (H-Z) de
pendence of these reactions. Parallel with the development of the pulsed neu
tron generator, the timing system for Ge(Li) measurement* and a neutron detector 
system [b], has been developed. This experimental technique and the experience* 
can be used also for the prompt radiation investigations at the XBR-2 reactor 
in Oubna. 

http://Canir.sk
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Fig. 3t The electrode system of 
the Ion bunching parte and the 
wave fame on the electrode« 
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о возшшоста приминая СПЕГГРОСКОШЧЕСШ МЕТОДОВ Ш ЯССВДОВАОТЯ ВРЕМЕННОГО 
ПРОЦЕССА ТОНИЗАЦИИ АТОМОВ В Э1ЕГГРОННОИ С П О К Е У П О Р Н Е Е ! ТЯЖЕШХ ИОНОВ 

Х.-У. Зиберт, 2. Леманн, Г. Иузноль, Г. Йорик 

Объединенный Институт Ядерных Исследований, ОНИУ, Дубна, (СССР) 

В Отделе Новых Методов Ускорения Объединенного Института Ядерных Исследований 
ведутся работы по запуску ускорителя тяжелых ионов на основе нового принципа 
коллективного ускорения. Основная идея коллективного шятода состоит в тон, что 
поле, ускоряющее частицу, создается не только виеяники источниками, но и возни
кает как результат взаимодействия группы ускоряемых частиц с другой группой за
рядов fl]. На коллективном ускорителе тяжелых ионов (УТИ) ускорявшее ноны поле 
создается электронным сгустком с числом частиц /-5-I01 , что приводит к значи
тельному выигрышу в величине ускорявшего поля по сравяенив с обычным линейным 
ускорителем. Суть метода состоит в том, что небольное число ионов, захваченных 
электронным сгустком, ускоряется при некоторых условиях его собственным полем. 
В свою очередь, сам электронный сгусток может быть ускорен внешними полями 

где: т - эффектифнея пасса электрона, Ч - масса иона и Ек - напряженность поля, 
действующего на ион со стороны электронов. В силу больнего различия масс ионов 
и электронов, конечная энергия ионов значительно, а именно в *Ут раз, превосхо
дит энергию электронов. Дубненский ускоритель тяжелых ионов [г] состоит из силь-
точного импульсного линейного ускорителя электронов в качестве инжектора с энер
гией электронов в пучке до Е в » 3 иэв, максимальном током в импульсе J e~ I0O0 А 
и длительностью импульса т * 10 * 15 нсек. В Адиабатическом ГЕнераторе Заряжен
ных ТОРов (Адгезатор) формуруется электронный сгусток на орбите R * 40 см. Под 
действием сильных магнитных полей электронный сгусток сжимается до Й • 4 см при 
уменьшении его размеров и увеличении энергий электронов в нем примерно на Ю * Е е . 
На орбите R * 4 см электронный сгусток загружается ионами, т.е. запущенные в 
адгезатор атомы пересекают орбиты электронного сгустка, ионизируется л захваты
вается полем электронов 

е*- du • f t 
где й- радиус кольца, а - радиус сечения тора. Ускорение кольца осуществляется 
в спадающем вдоль оси магнитном поле засчет перехода части вращательной энергии 
электронов в энергию движения по оси магнитного поля. 
Ожидаются параметры такого ускорителя: 
энергия ионов Е; * 10 Мэв/яуклон 
количество ионов в импульсе Ц; * 5 • 10* • при At я» 5 • 10** 
частите посылок I • 5 Гц 

Н а ш подготавливается эксперимент для исследования одного из важнейших парамет
ров пучка тяжелых яояов - степень их ионизация в зависимости от временя [5]. 
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Очеввдво, что гредвевт вола ве доавев ареаосходн» »вачеаме, которое оаредовв-
етса эяачеавеа сала удврввваввя вовов в аааятроааоа сгустке, вотороа авамтса 

сгустке определяется в основном, враашм ах вребвваввв в сгустке, т.а. весвалв-
ко сотен вксек. Добавочвой воввааввей вв вравв ускоренна ввачвтелвао ваввва 
(г* ю нсек), чев вравв форияроаавяа воиво-електроввого копав. Орв столквовеаав 
между злектроваив в атовввв обраауатся аследствае вовваащвв в коиввуув вал 
эффекта Ове дмрвв в эаектрояннх обовочквх. Opa этом омовение сечеввй ивогокрет-
воя в однократной воннаацяй еоставвкат " I : 10. Эавоававве дурак с ваевгроваав 
ва более шсоворасполоаеаамх оболочек соаровождаетса ректгеаоасквн валучеяиея 
атома ала приводят в всаускавв» алевтроаа аследствве аффекта Ове. каждое обра-
эоаавве дырок в электронной ноафигурации еваааве с вэаеаеааев эффектвввого во-
тевввала, в вотороа ввходатса алектронн. йанеяевве вотевввала врваодвт в сдвагу 
откосвтехыаа воловеввй электронных ободочек в таккм образов, к вменения» »вер-
гак реятгежовсках вереходов. 

Прявцяпов аксверввеата является эксверкмеитадмое ввбввдояие сдввгов ввергай 
ревтгеиовсквх лучей пря использования расчетных даввмх. йэиеаеввя орбитальных 
экергий атома в зависимости от кояфвгурацвй алевтроввмх состояиай вмчвеяявтса 
с помоцьв релнтнакстякок иулвтиковфигурацнонной программ» твва Дярека-Фока. Эва-
чеявя сдвягов энергия реятевовсках луче! волучавтса ара сраввеавв равтгеяовсякх 
энергий яона с определенной конфигурацией электрокяых состовввя с реятгевовскя-
мл эяергвявв атома с одой дыркой в Е-оболочке в заполненным* ввеввввв оболоч-
каая. 

На рас. I взобравеш в качестве 
вредварателваой оцевкв эначеяяя 
вяергетвчесявх сдввгов реятгеяовс-
кжх лучей дав рваных стапелей иони
зации в случае ксеяова. Эиергетя-
ческве сдвагу была получена врв по
веяв вевее слоаяой програвш во ме
тоду Хартра-Фок-Сяетера. На верхней 
абсцвссе отловевн вакоявтеямаю вре-
вева соответствеввмх стевеяей воии-
вацвв с повощм программы, которая 
лрв яавествмх napaaeipax коанв яс-
яолвзует лвтературвне давние о се-
чевяях яояяаацвв атомов. Видно, что 
более »аветвне сдватв ваблвдавтся 
дм Iß - луче! в, что со стеяева 
I I* 15 сдватв доствгввт такве велв-
чввы, которые модно в ходе обработ
ка регистрировать• 

Вблизи адреаатора УТЛ овадевтея сле-
дувцае компояеитм »лектро-вагввтного 
ивлучеввя: 

Ряс. X 

l l ^ l * • * Ш ^ Д — ^ — ^ 
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I. 
г. 

врояесся. 
Время вссяедоамавв вроцвсса 

I, в мотором 
вре-

чвсяо ЕХ-лучеа в течевве 
«ее 200 ввсев, ва дам уевореава яряаерво « 1 0 е • «вело «я*«*»» тормоавого валу-
чевма щямерво 1,5-10е (врв Ä « • см, а - 0,2 ем в • * - 5-ГО13). 

1э отвосатодьяо мввого авачавва едввг« реатгвмавсввх лучей, условна ваяучевая 
вбввав адгеаетора в 
вва вытекает рад 
лучвего эвергетвчеевого реэревеяяя врв висовоя аМеятяввеств репстраввм врад-
яагается врвиевеяяс сверхчвстого Ge - детектора с эяергетвчесавм разревеявем 
~180 эа ва дввмв 5,9 кэш. Ооилеые яоядах »свммек ааевтрсмвгаатвого вяяучеяяя 
перед в после веяователмого времевв, воааввяхавас всдедетвва тормоавого яалуче-
ввя ирв ввхешшв в сброса кольца требует вадаввого ввравнроваввя детектора я 
строгого коллвивроваввя телесного угла детектора. Пошло выбрать такую геометрам, 
врв которое детеято»* увалит сватов хэдою вам част» его, которая воэволяет ва-
вереяве с раауився течка ареввя мертвого времевв аввлвтудво-авфрового вреобра-
эоватежя в яажохеввя ввпульсов (вагруаяо««3-10* ввя/еея). Как ввдво вэ рас. 2, 
ва которое вредставлеяи результат* расчета вревенвоге раавятвя вовваасвв сте
пей вовваалвв мевяатся во »ревя с раалвчвой скорость». Для яолучевяя яфрма-
цвв о средяев стеяевв вовязацяя в рааане вомевти времевв требуется яаверевяе 
КХ -луче! во »ремеавмв окнам, ярвчен длима ввямвнвого овма долява бить иеяьме 
времевм вэмеаеявя среде! стеяпш воввэаджл. 1в этого вытекает длявн »ремевкого 
двапаэона в случае ксевояе: 

~ 10 ввсев врв I £ 25 
~100 мвеев врв I & 25 

60 

f-

чясло мылимое * » W 
CIЧСИИС ЯОЛЫ1* • в Оси' 
вОЧМЯИ МД0ГС КОЛЫ1» • i f I* 

Iff* 

Рве. 2 

!•» 140 1-Й I-CO 
140 

10* КГ» 
ВРЕМЯ НАКОПЛЕНИЯ, сея 

fr*)1 
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IX СИОС «ОЛ»ЦА 
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, L L__ 
> « • мгяспчль 

Рис. З 

Принципальная схема аналоговой и цифровой электроники предложенного эксперимен
та представлена на рис. 3. В спектроскопической ветви схемы образуется энерге
тический сигнал, в то же время цифровой счетчик представляет соответствующий 
сигнал, который позволит приписать временную отметку к каждому зарегистрирован
ному энергетическому импульса. Блок управления согласует одновременную запись 
энергетической и временной информации в буферы Е и Т. После сброса кольца до 
до начала нового цикла информация буферов £ и Т читается в память ЭВМ М-6000. 
Этот способ дает возможность рассортирования энергетической информации по вре
менным окнам различной ширины. Пики рентгеновского излучения будут сложными, 
так как в каждом временном окне складывается пики, соответствующие разным степе
ням ионизации. Энергия, на которую будут отнесены все энергетические сдвиги пи
ков К^-лучей, является энергия пика К/}, -лучей, например изотопа, распадающего 
вследствие электронного захвата. С помощью расчетов энергии КХ-лучей при разных 
степенях ионизации по релятивистикой мультиконфигурациоиной программе типа Ди
рака-Фока можно заранее точно сказать, что в каком канале спектра появляется пик 
К^-лучей определенной степени ионизации. Это значит, что при заданных положе
ниях всех возможных компонент суммарного пика и, требуя для всех компонент пика 
одинаковую полуширину, можно с помощью подгоночных процедур разделить все от
дельные пика, из которых состоит суммарный пик одного определенного временного 
окна. Решение такой задачи требует знания полуширины одиночного пика в рассма
триваемой области энергии. Такое значение может быть получена при обработке 
суммарного пика Кос*-лучей первого временного окна ширины с 100 мксек как одиноч
ной. 

Исходя из разрешающей способности спехтронетра и того, что точность определеямя 
положения пиков с помощью подгоночных процедур составляет примерно одну сотую 
полуширины ликов, можно тенить точность определения средней степени ионизация 
в разные времена. 
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I£ 25 At = 10 иксек л 1 £ 3 
I~ 25 д< = 100 мксек Д 1£ 2 

При этом следует учесть, что точность определения средней степени ионизации зна
чительно зависит от ширины выбранного временного ог.на. 
В заключении заметим, что данное предложение эксперимента представляет интерес
ное применение спектроскопических методов для исследования степени ионизации 
пучка УТИ. Важно, что этот эксперимент позволяет такие исследования без вмеша
тельства в процесс формирования ионно-электронкого кольца. 

Литература 
fl] И.Н. Иванов и др. ЭЧАЯ том I, выпуск 2, Москва, Атомиздат 1971 г. 
[?] Л.С. Барабаш и др. Сообщение ОИЯИ, Р9-7697, Дубна, 1974. 
[3] X. Зиберт и др. Сообщение ОИЯИ, Р9-9366, Дубна, 1975. 

РАЗРАБОТКА МОДУЛЕ.* В СТАНДАРТЕ КАЫАК И ИХ ПРИМЕНЕНИЕ В СВЯЗИ С МАЛОЙ ЭВМ 
KRS 4200 Robotron 

В. Майлинг, Ф. Вайдхазе 
Технический Университет Дрезден, (ГДР) 

I. Введение 
Система КАМАК [i, 2] представляет собой систему электронных блоков для обработ
ка и передачи данных между ЭВМ и экспериментальным устройством. Систе?ла КАМАК 
хорошо выполняет требования физиков, имеющих в своем распоряжении современную 
и мощную электронную аппаратуру. 
Стандарт КАМАК обеспечивает связь многих внешних приборов с ЭВМ в реальном вре
мени. Как и прежние стандарты, КАМАК основан на модульном принципе, в нем нор
мализованы механические конструкции, разъемы, напряжения питания и параметры 
входных и выходных сигналов. Каждый модуль состоит из двух частел устройства 
связи с магистралью и устройства для осуществления конкретных операций совместно 
с внешним прибором. Нумерация станций в крейте ведется слева направо, если смо
треть на крейт спереди. Первые 24 станции называются нормальными, а 25-я управ
ляющей. 
Наиболее простой способ создания многокрейтной системы - это непосредственное 
подсоединение каждого крейта к система ввода-вывода ЭВМ (рис. I). 
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РИС. I Радиальный метод связи с ЭВМ СКК - специальный крейт контроллер 

Наибольшее распространение получала 
многокрейтная система типа ветви. 
Система допускает объединение в одну 
ветвь до 7 крвйтов (рас. 2). Контрол
леры системы также стандартизованы, 
она не зависят от применяемой ЭВМ. 
Эта контроллеры получала название 
"A-I". Через контроллеры всех крей-
тов проходит так называемая вертикаль
ная магистраль, которая соединяет их 
с общим драйвером ветви. Он обеспе
чивает связь всех крейтов с ЭВМ в яв
ляется единственным блоком, зависящим 
от нее. 

Ü J L 9 Ü S 

цгп :•• с » г 

FT 

9 - ' . . . 
еогмеомтя.п 

•ертвкллмал агисграА 

I Щ » 
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- 1 , 2 . . . . 

Kpt̂ T I: г » I 

• ^ 

MfU • (• MI): С • • 

^ 

п ш п т п и ip4Mp 

ЭВМ 

Рис. 2 Ветвевой метод связи 
с ЭВМ 

Рис. 3 Последовательная многокрейтная 
система 

Имеется и третья возможность соединения с ЭВМ, так называемой последовательной 
иагистрали, связывающей все крейты системы, число которых может доходить до 62 
(рис. 3) 

Описаны модули в стандарте КЛМАК, предназначенные для обработки данных и для 
управления ядерныии экспериментами. Предусмотрено использование этих модулей в 
экспериментах с быстрыми нейтронами. 

I I . Разработаны модули 

Следующие модули были разработаны: 
1. Крейт-контроллер типа А [ 3 ] 
2 . Дисплей магистрали крейта (3321) 0 0 
3 . Двоичный счетник импульсов (НЮ) [5 , 6J 
4 . Параллельные входные ворота ( I2 I I ) [ 7 ] 
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5. Параллельный входной регистр (1220) СвЛ 
6. Параллельный выходной регистр (1420) [ 9 ] 
7. Сдвоенный таймер ( I3 I I ) [ ю ] 

Эти модули были представлены в 1975 г. на VIII -ом Международном Симпозиуме по 
Ядерной Электронике в г. Дубне. Для интересующихся имеется в распоряжении ли
тература. [II] 

Обсуждаются ещё два новых модуля этой системы. Такие блоки пока без примера за 
счет последовательного использования управляющих действий и возможности кон
троля с помощью ЭВМ. 

8. Модуль-блок для общих задач управления (номер характеристики 1520 по номен
клатуре [12) 

Разработанный блок может осуществить множество отдельных действий управления. 
Он применяется, например» для управления временного режима "старт - стоп" или 
при управлении приборов вне системы "КАНАК". 

Блок состоит из четырех идентичных каналов, как показано на рис. Ч. Не входя в 
подробности, здесь только указан принцип работы одного канала. С помощью элек
тронного переключателя ES 7инвертируются входные сигналы. Электронным переклю
чателем ES l можно пропустить входные сигналы, а также создать на выходе высокий 
или низкий потенциал. 

A(4)FH7) Win) регистр упраЬмния 
1 

-тти 

# -

NIM/ 

TTL 

<fy*Mf 
ной 

тригер 

A(O)FIO) 

•ш* 

1—0 LAM ÜLL 

1АМ,„ 

Каждый канал выполняет следующие 
задания: 
- Вход для запроса: т . е . контроль 

логического сигнала на переход 
от L до нуля или наоборот. Каж
дый переход вызывает другой за 
прос. 

- Вход и выход сигнала выполнены 
как по уровню 'ДОМ" так и по 
уровню "TTL". 

- Вход для ввода сигнала от кла
виши. 

- Преобразование сигнальных стан
дартов TTL в ММ , Ш *TTLJTL 
aNlM отрицание, /V/M B/V//W отри
цание и т . д . 

- Переключение регулирующих кон
туров: т . е . ЭВМ с помощью этого 
блока может включать или выклю
чать автоматическое управление, 
причем она получит информацию 
о состоянии контура. 

Рис. 4 Построение одного канала > блоке 
для общих задач управления 1520 
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В отличие от различных специальных блоков этот прибор соединяет основные их 
свойства, причем блок занимает только одиночную ширину. 

9. Реверсивный счетчик (может работать как установленный счетчик, номер харак
теристики 1170) [13J 

Модуль-блок предназначен, прежде всего, для задач управления, зависящих от чис
ла импульсов (как, например, управление потоком частиц или локализации прибо
ров). Возможность снятия сигнала, который зависит от знака содержания счетчика 
(больше или меньше нуля), позволяет использовать его в автономных регулирующих 
контурах. 

Блок имеет защитные схеш, которые не допускают ошибок при чтении содержания во 
время счета. Также не допускаются ошибки в случае, когда на соответствующие 
входы для считывания вперед и назад одновременно поступают импульсы. 
Благодаря его универсальному построению блок может быть использован для решения 
многих задач счета импульсов. 
Режим работы блока определяется содержанием регистра управления с подадресон 
А ( П ) . ЭВМ может установить в счетчике три главных режима. 
а) Вход Ei считает вперед. 

Вход Ej> считает назад. 
б) Вход Е., считает импульсы, а уровень сигнала на входе Ei определяет считывание 

вперед или назад. 
в) ЭВМ определяет, считался ли импульсы, поступающие на вход Е? вперед или на

зад. 

Запрос на ЭВ'.' ь:полняется так, как указано в таблице первой. Блов имеет пять 
возможных источников залросочного сигнала. Все они могут быть маскированы и об
работаны в отдельности. 

номер значение 
запроса 

1 счётчик переполнен при счете вперед 
2 счётчик переполнен при счете назад 
3 при счёте назад содержание достигло нуля 
4 то же при счёте вперед 
5 Уровень внешнего управляющего сигнала перешел 

из высокого состояния в низкое 

Таблица I • Запрос на ЭВМ от счетчика 1170 

Важные технические данные: 
- стандарт входных сигналов NIM или 771, по желанию потребителя 
- выход по TTL 
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- максимальная скорость счета: 18 Мгц и при работе на совпадение: б Мгц 
- максимальное содержание счетчика: 24 двоичных разрядов, включая знак 

III. Рекомендация для конструкции 

При разработке блоков в стандарте КАНАК мы старались повторять удачные схемные 
комплексы в разных приборах. Разработана рекомендация с указанием для ковструк-' 
ции, применяемая в ГДР JJ4]. 

Ширина блоков 17,2 мм, ширина крейт-коитроллера и таймера 34,4 мм. Все блоки 
кроме крейт-контроллера обладают показателем модуля [12]. Чтение показателя 
производится с командой A(I5)f(1). В модулях используется единая структура об
работки запросов L. Исходя из предложений для многих источников запросов [I, 14] 
мы предпочпгаем в модулях следующие команды: 

чтение запросов без маски 
выборочный сброс регистра запросов 
чтение регистра маски 
запись регистра маски 
чтение маскированных запросов 
проверка всех маскированных запросов . 

Для декодирования сигналов и подадресов А используется дешифратор на основе 
интегральных схем 7442 (рис. 5). 

Рис. 5 Дешифратор сигналов N,A, fuß 
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Г• Эксперименты 

Выше указанные блоки в стандарте КАНАК вместе с блоками, разработанными в ОИЯИ 
Дубне (ЛЯП), планируется использовать по концепции [ 1 5 ] . Для этого созданы 
блок-схемы для экспериментов, которые проводятся в ядерной секцнн Технического 
Университета Дрездена: 

I . ( n , f ) , эксперимент двухмерного анализа параметров энергии и времени, как 
указано в рнс. 6. 

Рис. б Блок-схема эксперимента {",f) 

2. (n.Zn), эксперимент, использующий время-пролетнув технику, как указано в 
рис. 7. 

Рис. 7 Блок-схема эксперимента (п.2л) 



- 233 -

3. (n,Z), эксперимент с многомерным анализом сигналов от кремневых Е и В де
текторов, как указано в рис. 8 

Ряс. 8 Блок-схема эксперимента (.-?,Z) 

Все эти эксперименты подключаются "on-line " на типичную малую ЭВИ KRS 4200 ком
бината Robotron, имеющую длину слов в 16 бит и емкость памяти в 16 К. При этом 
ЭВМ управляет КАНАК крейтами содержащими электронику эксперимента и выполняет 
роль памяти для экспериментальных данных. Кроме того, используются различные 
блоки в стандарте КАИАК для ввода данных и вывода накопленных спектров на дис
плей, на рисующее устройство и цифропечать. Реализация первого управляемого ЭВМ 
эксперимента находится в подготовительной фазе. 

Эти три схемы были разработаны совместно с экспериментаторами К. Аядерт, 
Р. Арльт, К. Зейдель, В. Вагнер и С. Сассонов. 

Легенда 

I;:T 
1эог 

Предусилитель D 
Таймер с 
Интегратор Amp 
дискриминатор AD 
Быстрый усилитель PS 
Фотоэлектронный умножитель CLD 
Калибровочный генератор ADC 
Дискриминатор с временной привязки ог 
Конвертор "время-двоичное слово" 

Линия задержки 
Счетчик 
Усилитель 
Порочовой усилитель 
Управляющий счетчик 
Интегральный дискриминатор 
Амплитудный преобразователь 
Дискриминатор длительности 
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