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REÄCTIONS ACCO1fPA:.IIED 3Y TFil ilillssIoll 0!' O;IARGED PAaTICLES
- CAUSED 3Y SLOIT NEUTROIIS

V.-N. -{nd,reov and Yu.?. PoPov

Reactions acconnpanied by the emission of charged particles are

fairly widespread angng ).igbt nuclei. For a number of nuclei (1g",
6Li, 78" 

"rra 
10n) they are the raain process of reaction with neutrons'

Tb.e large closs-sections and i;helr smooth dependence on enelgy have

given rise to tbe wide practical use of these reactions for rneasuring

neutron f]uxes. The present re.visrv collates tb.e data on the reactions

(rro), (rrre), (rrt) caused by slorv neutrons, i.e. neutrons with an

onerry of up to some tens of kev. It also includes data at higher

neutron energies, if the i,esonances at thoso energies appreciab)'y

affect the tbermal c::oss-sections and' ibe cross-sections in the keV

range. The fission of nuelei is not d'iscussed'

(n 
"s) actions rmal s

Reactions vrith the emission of a-particles und'er the action of 
,

thsrnal and slow neutrons are energetically possible for ihe majority of

nuclei. .Eolvever, the cross-sections of the (tro) reactj-on are large

only in tho lightest nuclel. The pri:rcipal factor restricting the

probability of emj.ssion of an u-pa1iic]-e aftel capture of a neutron is

the Coulomb barriei. Also inpor*'ant for intormed'iate and ]rear;1y nuclei

is the statistic$1_|::."" re].ated to ihe density of the levgls of tbe

excited nucleus ffi, 
which in healy nuclei red,uces ths proba'oility

of emission of a-particles by LOl-fO5 times. For these reasons (tt,o)

roactions have been observocl experimentally only in a snall numbel of

favourable cases. The partial alphe width Io in intermediate and heary

nuclei can be assessed by the fornulal
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'a;li': rc,duced ailiiia victh fo.,: alpäa brea};clo','ar fror,i

'ülie ii?ctil.ri :';atc t 
:,rr.

is *"1:.e sverai,;o üisi;ance betvcü11 ihe sirr.gic-;pin
Jevels j.n the cxciied, tiucLeus .after capture of a

rleutron i

the sane valua.for zero-spin Lc-rais in the

ür:excited r:ucieus;

is the per:reability of the baruier for al^cha .

pärtic3.es of angular moinent .0. ?g is üon-zelo

only fol ihe value s of X allor,l'ed by the selsction
ruLes for spJ"n and ParitY.

o

I excii (ev)

b! ßi0 eY
o
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Table I gives the data availabio in the literature on (oro) reactions

unöer the actton of therma] neurvroi's"

n I
IJ ro ac? i,;: ';h;:r,tlai teu

'inliks (nro) reactions, (,.rpi ;nü (nrt) reactions aTe energeticalLy

possib1e for slow neuircns onl.;'i:: e c:ieLi nu:nbei'o'f iigirt nucLei.
,latte I gives tire ez;cerirnentaL öata cbiained. flon invesiigation of th'ese

reactions.
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. It can be concluded lrom Tabl-e I that the reliably determined.

reactions for sLovr neutrons giving rise to emission of charg4d particJ.es

are very sma1l ln nurnber. They includs the reactions for the lightest

nuclei up to orygen rvhich have been studied. in a large number of vorks,
dztr

tbe (rrp) reaction on 22C11 the (nro) roaotion on 16Ä11 erld a numbe3 of
(rro) reactions in rare-earth'nuclei. In the renainder of cases the

available data are either basod on lndivid.ual pieces of work or contra-

dici each other

Some pieces of worl< are clearly 1n errot because of the lack of

cogespondenee between the experinrentally measured Q values and tho

atomio trtasse8.

Snergy dences of (n,q),- (n,p) ana (n,t) tions
int slon'neutron

TOr neutrons of low enerry far from ibe resonancesr the enerry

dependence of the reaction cross-section oan be presented in the form of

an expansion in powers of the enelsr:

,;i

I

,1

'I

rl.i
j,i

t

(a)

where (o"gä) are values taken at zero enerry. In the first approxima-

tion the depend.ence leads to the known law of the falL-off of the

cross-eection as lfv (v is the speed. of the' incident neutron).

The vrork of i..L. Shapiro [-65-J analyses such an expansion and gives

the relationship between the coefflcients of the expansion and the

nuclear 1evel parameters vrhich deternine the. cross-section of the re-

.,/'actlon in the given enexsr range. Tn particuLar, the constant component

of the cross-section:
d. = c(o

Herel g-= *T the statistical weight of the reaction channel with

spin 7= t- t, *d x_ is tbe relative contribution of- 'this channeL to the

thermal cross-section.

fhe precision results of moasuring the ratios of the reactions
1g"(rrrn1, 6li(nrd), 101(r,ro) una 14N(rrrp) with a neutron spectrometer

using the principl-e of slow-down time in leaA (pIRU SSSR) are given in

papers f-66-6gJ. These lneasurements made lt possibLe to obtain the

expanslon coefficients of the cross-soctions in powers of E in tbe forn:

,t;:fl"= !+a,E'"*fE*/EL;.. ' (4)

q '^)o.( e-" - o *f E"* - --),

lx!nu!)nl m /n f"
L fl- r-f- J, oo = # (;-"tl

= (c" E

(d, Fr')o. Q)
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Table II givgs the results of fliting the coefficients of this exPension.

It shoula be pointed out thet the lndicated values of dz U 
",:U 

y make it
possible to describe tho variation of the reaction cross-section analyti-
cai.ly only in the energy xange belovr 2) lceV. For higher energies,

higber terms in TUe expansion nusi obviously be taken into account.

ju,u(n,p)r

Comparlson of the a value obiained from analysing ihe variatlon of
ths cross-sections and equation (Z) allolved the authors of papers .f el ,
68l to concludo ihat the reaction proceed.s princlpaLly via the channel

with spin I = 0, the contribution of the channel rvith spin I = 1

being 6 + 5y'". This, together vrith the nature of the enerry depend.ence

of the cross-sociion of the reaciion lli*(rrrp)f, leads to the conclusion

that there exists a leve1 of t:e rryith a spin of O+ at an excited energy

of 4He of about 20 lyieV. Schorrrrer and Passet flOJ have reached a

similar coneLusion. Using polarized, neutrons and a polarized 
'Ee

target, they estabLiehed that the 15e(rrrp)n process proceecls via I = 1-*-

witlr a probability of 1.02 + O.O2"

. the availabLe experinental data on tbe lnvestigaiion of the

elastic scattering of (trp) reaetions [t5, 7L-77J and the (Art)

reaction flA-AO1 and. others either confirm the presence of a virtual
excited, state of tfe or do not contradict it" Ho'wever, the paranetors

of the level as determined in the various works do not agree with each

other. For example, phase analysis of the elastic scattering cross-
section of protons on tritiun [|tJ ]"eads to rssonance pa.xamoters

which describe only a part of the thermal cross-section of ,He(rrrp)t

(lfOO barns out of 5400 barns) and do not ful1y d.escribe the doviation
oi ttr" closs:soction from Xhe Lfv taw (15/" out of 5O/" at E = ,O keV).

MackLin and Gibbo"* [At] bave recently reported a new d.etermination of
theenerry dependence of the'n"1nrp) reaction in the range 1-150 keV.

Table fI

c\

Reaction

4ArI
-0r3 g 0rI
002 t 0r2
1,4 g 0rI

- OuI
0,63 + 0u27

'?nZ I 0r7

Deviation frorn 1/v
in rango
< 2l keV

5A%
=30(8" !{38

5%
zitt)/0

Hirn,ilT
Li6(n,t) H"e

g'o(n,a)l;l

N'1n,pSC'q

Bi b,p)L,r

-I+2-
-5%

(E".I5

a.lazrtcev-* ß.La2rke''fl y.Lo  
rke,tr-z

4,I + 0,5
0155 + 0'20
?,0 3 0'4
4 0,002
24 +I

)

r(33 )
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The sma1l magniiud.e of the coefficients of the expansion of the

reactibn c?oss-soction against energXr (lalfe ff) shorv that in the range

ES ,O keV the cross-section satisfies the'irfv law rvelL [ee\ 67J. This
is confirraed by recent measurements by Schwarz g!-3!. [llJ, rvhich ind.i-
cate that the defiatibn of the cross-section fr.on the lfv .aw does not
oxceed ty'o for 3 < 40 IceV. UntiL rocently it was assumed. 'that the cross-
section of tbe reaction 6fi(nrt) in tbe rango E < lOO ker/ was determined
principally by the negati.ve resonance at 750 keV and partly by the
positive level rvith Eo = 284 I 4 keV, caused, by the capture of p-neutrons
(t = 5fZ-). Analysis of Schwarzts experinental data carried out by B1uet,
Fort and Leroy I\Z-J and independent]y by ]lahaux and Robay " faSJ Ua
to the necessity of introducing for s-neutrons a superposition of the

state" fr "na f , There are insufficient experimental data to Link these
states vrith the determlned. Level of 71,i. The sets of parameters for the
positive level given by various authors d.iffer slightly from each other.
Tbey are given 1n Table rrr' 

Table rrr

E; rhev Eo.'lieY Ä1 , i.ev f-, ke'/ 
'l 

]*v lf, ,t uv Bibliography

284s4 eOtr0 60*15 30+r0 iro]
498 !20 23I + 20 -26? + 20 ZZ0 7I5 I80 g 15 39 72 l75l

The data of Bame and Cubitt flqJ and also of Gorlov et g.1. [l>-]
on the d.eviation 61 o(nra) from the dependence of the l/v type by - zAiL

at 5 - ]0 keV must obviously be regarded as erroneous since they lvere 
_

obtained with poor accuracy and contradici the nore accurate results by

Schnarz et al. fll-/ and also a]} the data given in reforences f76J ana

f ee-aoJ .

7g" (rr.ol7li

In spite of the enormous thermal cross-section tbis reaction has not
yet been investigated in the epithermal Tange, since the 73e isotope is
unstable and has a haLf-life of 51 days. 'Ihe reaction was calculated in
the vrork d.escribed. in reference [69J from the reverse reaction 7f,l(prrr)74"

[lZ1 and from the thermal cross-section measured by Hanna [tl-J. The

results of tho analysis of the cross-section obtained are given in
TabLe II. The cross-section cf the reaction for slow neutrons is duo to
the negative level. According to the data given in reference ft5J it"
parameters are as foLlovrs: l5ol.20 keV; the proton rvidtb is - 20 keV

and the neutron width is 90 !::V. Secause of the absence of a competing
(nro) reactione a spin of Z-'.tust be assigned to this level.

'l

l
-l
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!

iL

This reaction is t'id.e1;r used in vatious physical experirnente and

al so in reactor Bhysics, dosirnei:'y, etc " fn this connection precise
neasuremenis of the energy dependence of tbe closs-section of the
10-ra-lj (nrd) reaction are e:ctremely iärportant"

fn the enex3y range belor.r 210 lcet/ this reaction r,'ras rather
thoroughly studied in the work clone by Siipuch et e.1. flej who showed

that tbe ener'g'y dependence of the reaciion cross-section for E<1OO keV

obeys +,he I/v laiv io an acculacy of 5rt" The authors suggest tbat the
dependence of iho crorrs-section of the reaction 103 (.rro) can be analyti-
cally e:ipressed by the forrnula o (nrc) = 6Lf / {'6 barn.

At energies abovo 200-100 l..eV the caoss-section is Io1'rer than the

experlnental cross-seeiion in accordance s,ith the l/v 3.avi fron the

thermal Tange f A+J " This indicates thai the resonallces d.etermining
the thermal cross-section 1OB u"" at energies Ii greater than j00 lceV.

Tbe negative value g (fab1e ff) shoyrs thai capture at leve1s below the
binding ener,ry OU = tt "464 \:ieV cannot rnake & significant contribution
to the therural cross-section. This conclusion ag?ees with the

suggestion in reference f'B4J that the thernal cross-sectio,. i03 i=
doterninea ly lln levels rcith E = 11.{6 and 11.59 ideV.

Th,e analysis of ihe garnma-ray spectrum fron the capture of therma]

neutrons by the 108 ,r.l'"lu u* fS5J shows tbat the capture is mainly in
ta.e 7f2+ state; the contribution of the channel vrith ^ 5/2* spin does

not excee d, 3 ! ,)/" f egJ "

fn thellrork described in referen"e, [87, BB, 27-J a study vias

made of the enerry dependonce of the ratio of the cross-sections of the
101 (nro) ?Li 

""actions leading to the ground and excited states or ?Li

(E exclted = 478 keV).

The cross-section ratio increages snnootbly with enerB:yr -amotrnting

to 2.1 at l.! IrieV, and then falls to 0.8 at 2,5 ltieV.

I

Table IV gives the values of this ratio up to an enerry of t00 keV.
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o,31

ifu (o,p) 11C

thu 14tt (rrp) 14c 
""o""-section for slovr neutrons is mainly accounted,

for by levels with a spin of 1/2+1 ämohg vrhich negative resonances with
E - -2O keV and -120 keV.can presurnably be indicated, The question of

o
the parity of the levels is considered belovr, but the rernote levels with

the same sBin [69] rnusi also be mentioned. The necessary contribution

to th.e thernnal cross-section (2 rc/") may be associated with, l-evels vrith ,

a spin of lfZ+ and, in particular, with the wid.e resonance Eo - 0.1 X{eV

with a total vridth of 0.{ I{eV found in the reaction 14C (pry) (np = 1.{ trfeV)

(Bartholomew and Fergusson f}g, S9-7 The spins of the above levels wexe

determined in reference .]AA-J. For resonances n * -2O lceV and -120 keV

(correspond,ing to En = 646 keV and 517 ker in the l4C(pry) reaction) tne

authors preforred to draw attention to the negative parity resulting

frorn tho angular d.istribution of gamma-quanta, although these distribu-

tions are very close to those cal.cu1ated. for electrical dipole transitionst

which occur vrj-th positive parity. fn this connection tbe suggestion by

Bergman [-69J regardinglhe positivo parity of rosonances at -20 keV and

-120 keV obviousl-y cannot be regarded ag contradictoqy.-to the data in

referenc e [eaJ. -'

In the energy range beforv 15 keV thu 14w (rrrp) 14c 
""oS"-section

obeys tbe 1/v lalv, as indicated in Table II by the small size of the

coefficients of the expansion. The d.eviation froro I/v does not exceed

- 5/o. According to the data of llanna 9J-3f. "[lZ-J the ratio of the

resonance lntegtral of the ta" (nrp) 14c reaction to the the:'ma1 cross-

section is the same as. in the 103 (rrro) 7Li reaction with an accuracy
.:

ot 1/".

I

i

I

I

i
I

.l

I

i

I

I

t"

I
)
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170(n,o)14g

The only ttting heoi'rn about tire behaviour of the cross-section of

3 i5gr(r,.o)l5s

The relaiivo variation of the cross-section in the 3 < 20 keV range

was measured in the v,,ork describ,sd in lefere""u [ga-]/ and. normalized

to tbe thern:al cross-section o'(nrp) = 190 nb assuned at that ttne [t5J.

lue io ihe change in the reference crbs"-"ecii-on, the curve of the

cross-section irr ihe work described in refere"". flOl musi be increased

by a facior of S = 2"1. The proton widths of the resonances observed.
I9O

in thls reaction also change; the comected sizes are given in Table V.

li'ab1e \,I

the reaction
the therrnal

Eo, eV

"Zc(l 
ro)!!'c is that the ratio of the resonance integral to

cross-seciion is the sano e to an accuxasy of IA/', as for

-2rc r+05 - II00 4300 (I5 + I?).I03

lo3.p'eV 5 i!,5
los.Zgf,.tev i LZfi ='ooe3

IIC + 50 70 60 + 50 r- I50

50 *30 250 55. Itls

The relatively constant values of the proton r'.iidths for levels

sbould be notod.

The value In for. the rosonance So = -21O eV is obtained. on tiie

assunption that the thernral cross-section ig rnainly deternined by the

contribution of this resonance (as oecurs in the case of ttte 55Ct("ry)

1,5 fgtJ reaction). ?his d.oes not conflict with the avaj.lable experi-

nertai aa6 [90J, bui it must not be regarded as definitely establishod.

'16t"(n,o)5Js

For this reactlon llanna, Primeau and. 'funnicllffe measured the

thermal cross-section and resonance integral, vrhich proved to have, to

an accuracy of 4Cft, the same ratio to the thermal cross-section as in
ttre lol(r.ro)hr reaction .[lzJ.

)
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141wa(r.,o)140C"

The thermal cross-section of this reaction is associ"t"'i rvith the
negative leye1 l-1 with an enerry of -6 .V fnlJ. ff tho rad.iation
vridth of ihis fefef is assuned. to be equal to 86 i 15 UeV [lZ], the
tcr = (5,1 + r.4) .ro-J niev.

147s*(r,.o)144q4

The transition to the ground. state latva can bo explained. [SlJ
without reference to the negative level if a spin of 1 is assigned to
the levels 18.3 and, 27.1 eV. The transition to the excited state 1a4UA

is mainl;r assocj.ated with the levol at J.! eT, to vrhich a spin of 4

nust be assigned.

149s,o(,. 
"ot146lia

The first two neutron levels (0.0976 eV. and O.B/O eV), affecting
the thermal cross-section 149s*, have a spin and parity of q- [glJ.
These leveLs mainly determine the cross-section of the 149s*(nr*;146wa

reaction leading to the excited state of 146N0.. In order to oxplain
the reaction Lead.ing to the groun'd state of 146lfA1 reference must be i

made to the negative level v,rith a spin of l- [>l , 59J. The experi-
mental r!""a"cb on the ratio of the cross-soctions of the (rrro) reactions
Ieading to the excitod ancl gtound. state" or 145Nd in the 0.00I-0.096 eV

neutron energlf ranger carried out by Poortmans, Ceulemans, Deruytter and.

Näve de Mdvergniet [g+-J, also makes it quite clear.that the reaction
to the ground. state of 145fa is associated with the negative resonancs

5-. In the rvork described. in refere".u f9.5J a spin of J is assigned.

to tbe Ievel O.O975 eY. ?b.is seerns to us to be erroneous.

1518.,r(n,o)148pt

The crosg-section of the (rro) reaction in 15hq-.d.oes not deviate
vridetry from what we night e:cpect using the statistical theory. ffiJ.
trbom th.is it may be concluCed that the leveIs responsibLe for the thermal

cross-section are the same as those vrhich determine the radiation capture

cross-section. The negative level. -6.IO-4 fgeJ and the levels O.J2 eY

and 0.46 el' fglJ have a bearing orr tb.is. They all have a spin and

parity of ,+ f fi;t.
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PANAMETERS OF DISCRETE RESONA}ICE I,EVETSI

S.M. Zakharova a,ncl L.P. Abaryan

Tables f, II anct fff glve the parametors of rlisorete resonanoe

levels. The tables are baserl on the same assurnptions as those tn the
reference works fc elJ ana fn 64 IJ and. contain results of work
publlshed foLlowing the eppeerance of reference fg eq {-/ up to
May L965. llbe partial witlthe of resonanoes obtainecl. in the now works are
averaged. with the cl.ata in references fC 61J *na fg eq rJ it it was

clearLy establlshed that they fall wlthin a given resonance anrl the.
cllscrepancias were not greater than tbe errorg intticated.. An asterlsk
tlenotes the resonances for whloh X may be equal to 1.

For fisslonable elementse wlth the exceptlon of zl\ut 214J, z)6vt
zSTwp 

"na243l^, the parameters of al} known resonances are glven. The

elements z1lvt z54ut zl6ut zl? f,p urra 241h are not lnclud.ed ln Table rrr,
since tbe relevant ttata are given only in reference fC 6lJ. The

parameters of fiesionable nuclele except 241pu, are obtained. by single-
level analysJ.s. ro" 241po the results ln reference fu eA.f were mainly
use<[. fn" 241po resonancss are d.ivirletl lnto two groups with ctifferent
values for flsalon wictths so that Lnterference Ls observed only between
tbe resonences ln one g"oup. CoLumn 8 glves the relative slgn for the
val.ue rffir requiretl for caloulations uslng a multi-level formul.a.

Beoause of the separate averaglng of partlal wtclths in inttlvlclual
cases, they may not be conslstent wlthin the emors lnclica-tecl.. The tlata
Ln sone ner works are not glven because they clo not oontain conplete
informationn

We ghoultL llke to erpress tleep gratltutLe to AoV. !üalyshev for hls
valuable edvloe antl to thank T.F. Petnrkhlna for belplng with the naterlal,

,;,'
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Table I

Para,meters of resonanoo levels of nuclel with ?' - 18 - tl

EorkeV 
"

, F1; keV,

Eo B3B I* raB

,J
3g

H auyl

M
?.5

n

tca4 s7

r,rY 65 11

rB6ail

Ior keV
Isotope

üsoton
I

I

I
'

'l
ii

lit
fl

I
Ft

I

,f"

l- n08

f .(so a ro).,;'t'{
(rg8) J.l

0,0269
0r00014
010223
0,00146
0,403
01425
Orno

(o,oez3 oroo4).ro-o

(ortz30ro8). Io-e
0'1059 0,009
016643 0'0?
(r,9g 0,6).ro-"
010409 0'005
(or'12, o,4o).ro-:
(z,tz2 o,60).ro-"
0.0648+ 0,007I
ti,xio,äo).ro-3
0P272 0'003
0;035g 0'005
0.I72+ 0'0I2
(ä,zir,öo).ro-s
016759 0e046
012709 0'028
013509 0'039
012311 0'024
010216+ 0'0050
01200 3 01027

Or355 g 01053

(o,ooog 0,0006).ro-e

(l r5rrgoroe)
(lt,z3o,z).

nlz
{r<af

uz tt
lE 5tr)

n2o
tr<65rJ

n7n

I(o,or5to rooro) . ro-3

.ro-3
ro-3

0

I

0

5/2

0

5n

0

0

7/2

I'I48 g 01003

IpO g 0r3

0,530!0,003

01226 3 0100I
0p4569 0'003

01?8 g 0'0@

01288 g 0p002

3198
4r2

5r00
6rß
8,05
8'?5
9r7o

r0r?0
Ir,86
13,28
15165
16,8?
r.9176 6

2rr%
22r5r
24A6
25116
26,00
2?,n
Irr0

J

;
I
2

7
I

2,830 
I0,078 I

2

3

2

3
3
z
3

,0$ g 01002

,955 g 0'0ül

'II0 g 0'035
,74 g 0'045

0,0004,3fi5 2

4

3

3

i
3

4

3

4
3
4

4

4

I

L

0

;
0
0
0
0

;
0

0

:

0
0

0
0
0
0

o
0

Xfy .(troaorz).Io-3

Ii .(o$tl ! 0,054).IO'3

[ .(o,ooogo,roo).ro-3

0. (Or6tO I 0rtro0).Io-a

ft .(Ort8Og0,30).IO-3

f1 .(0,4901010?0)

t .(0,490!0,080)
ro-3
r0-3

Lk 6t tJ
O,O0II!0,0006
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Parameters of reson&noe leveLs of nuclel wlth Z '

le II

Isotope
llsoron

Eo, eV
Eo

4710 1 01I
92;2 tOQ

uBtuOE

)r mV

lt.tlIE

tt-Bt
mV

IIB

Ir9
I'4
4r7
27 rq
20
413
0r87
0r44
I3I
2

64

77
rrrS
r8r6

lmVrnt
Itu

o
rnt
I

"rlt
296735
26eü7
330960
?0s80
3t5390
e5$00
3t0f

270
3r2

3{i09 200

300
3009100

3tt0 960
2903120
325!50

380

2603120
310

4I,8 I
I5.4 +

59rr 2
489,r g
559 I

35rO 2
9.6I+
I.33+
266Iy
266 g

1208;3
2O2O I
51922

20515 y
9nJ
188'7 g
1892 t
7I2 g
785 !

50.0 +

309I t
t2r5r 7

76r,2 t
17 rl9 7

?/2 611 1 013
I16 g 01I

3172 2 OlT
27,3
3019
r,64
0r44
0r06

6$6 7 0,62
30'6 t Ir7
5e60 3 0y42

Ic 6tt It
;
I

2
2
I
2

;
I
2
I
2

2

I

2

I

I

2

2
I

2

3
3

3
3

i,
6
5

25217 2
3181? 2
326,8 g
45515 7
4?619 7
49313 2
53314 g

5

?.r
7
I

664,8 g
13319 2
77t 13 7

0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
0,
I
I
r,
r,
r,
r,
2

r,
r,
r,
r,
r,
r,
r,
r,
T,
r,
r,
I,
r,

! Ir5.
+ 2.4
+ O.2

3 0'04
3 0'02
26
+ 0.7
7 2135
+ 2.8
I 0'04

II5
r0r3
44,60
1tl ,4
O'2

353'22I

97416
895,?
g2grg

IIIO
1299

1442'-
r479,
1683,
1739,
1806,
r845,
r903,
202t,
2047 )

52
I4,0
II4
58

T2

+

+

+

+

+

72
3+
8+
0+
6+
6+
32
I+
9+

5

5
5

5

52.5 +

I9.4 +

20r8 g
I.3 +

7513 I
0'I g

I7.9 +

0140 I
69.I +

312
I'6
312
014
3'0
or08
IrI
or06
315

,0
0
0
0
0
0

7,)
5
5

5
5

i-r

490

310

,io

200

g I0;8
+ II.I
2 I23
77915

,8
J53

280

IO

4;
2n

r15
I15
Ir5
I15
2rO
2r0
2rO
2rO
2rO
215
2r5
2t5

t5r4
r22
3rA
47 12

2r58
r52
3,60
50

3r74
r,89
2r85
4 r78
Ir93
4186

2r9l
r,96
4r97
6I
4,06
n7
4r14
275
22I
4,3I

nßt
r?rgg g

426 t
TT,2J T
5.67 +

I6pI5 a
2319262
IQ162 7
87 r53 2
I7$2 3
4.90 +

14'9I 1
1436 !
15123 2
24s5.t 2
trrll I
n44 +

35o.j i!
30rI? g

0
9
0
0
0
0
0
I
0
0
0

,4
r08
,3
,4
r08
)2

+.I
+O
+0
+0
+0
g0
+0
+0
+0
+0
+I
+0
+6
+0
+5
+0
+0
+0

,4
r4I
,24
,12
,9
)5
,22
,8
,%
,r
,3

t€i08

2190;0 g
229210 2
2256$ a
228810 g
2330P 7
236419 y

239510 I
240310 I
247010 g
25IOr9 t
257710 g
26I6tT g
26?310 g
277210 g
28N1? g
2902,0 g
2939rO t

3144r0 g
,lnro g

II
08
04
06

48

t626
4?or3

2817
or30

48,0
or22

7T16
66r0

0156
0r9

,r
r04
,r
r06
r04
,I
,2

'08

0e96 g 012

29r0 !2;2
?140 I I140

I

2N
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I

I

I
I

I

\
I

i

I

:

i
I

i

LIL tollsoron

g 0rI0
+ 3.0
+ 7.4
! 4tB
+0.4i
10,08
g 0153
+ 2.2
+ 5.7
g 5'31
+ 0.2 .'l
+ 0.8
+ 0.3
+ 0.8
+ 2.0
g 0pI0
g 0120

t 0'20
g 0110

3 4r0
+ I.4
+ 6.0
+ 6.0
+ 0.2
+ 8.0
+ 8.0
!oft
+ 4.0
+ 0.2
+ O.2
+ 0.2
+ 4.0
+ 2.0
+ 0.2
+I0
+I0
t20

0rIg
4rB

40rr
69rI
45r3J
0r6
216
Ir3
5r0

12,0
0rI
0r90
0r54
0rr8

22r0
?16

@r0
48r0
0rB

52rO
54,0

o12
20r0
0'5
016
0t7

23rO
8r0
0r5

0126
4612
T2,?
62rI
I16

(npQloere-
Ere)

( con-
itnued )

3T610 g 215
A59r3 ! 3'0
350518 ! 3'0
nl2r2l 3'0
V49rO g 3$
7n7 P ! 3'0

I419 g 518
2714 yl79
5490 g 436
7783 9292
97 j8 2 2415
II'069 4'92
2n t33
2490 g I79
43V+ 7355
2866 2311ft
S;4 g 1218
16fl $g 5Ie5
84rT1219156

3t1,4 952$
79212 y13€,p
19185 g 6162

60'0 y L313
36'8 g I3e4
I2rI ! 6t7
14790 t268
5I4'I g 94p7
4I00,0g 4I0r0
3312eOg 4I4'0
55186 g 13'96
3642r09 560s0
3820 g 56510

14,20 g 14r20
1427 t,285e0
36r0 g 14;40
43159 3 14156
5I'00 t 14'59
1688 9294
59014 g I4?p6
%1969 T4'79

nfl g 746

nuJd
3;
300
2n

2r0

an

t

z
2

I
z
2
I

3rO
315
3.15

- 3r5
315
4r0
4r0
4r0
t[,r0

4Il8 g 4p0
4442 g 4'0
44?0 g 410

4488 g 4r0
4514 g 4p0

ß?2$ tr
ß5lft 2
39?16 7
3998'0 g
409610 g

4146 g
4253 2
4289 +

4358 s

+ 4.045r6

n45 9749
7156 g I5II
273I ! 13

229 g fr6
8210 g 1549
Tl r9I y 31116
3nT 2 629
4P4t9 yl5r83
398'0 g 79160
4808 g 64I
5100 2642

4659 g 4,0
4"16I g 4r5
48?5 tr 4,5
4905 g 4'5
5005 g 510

5043 g 5,0
5090 g 510
5t83 s5$
5fr3 y5,0
5324 2 5rO
5ß7 tr 5r5
5446 7 515
5466 g 5r5
55?3 2 5,5
56IQ y 5r5
5709 g 6e0
5755 g 610
57?5 g6$
5863 g 610
5998 g 6,0
6070 1 615
6I?8 a 615
6265 7 6g
6375 g 6.15

6423 27.o
6450 g 7e0 -
6506 g ?rgr)
6549 g ?e0
6593 gTrO
6iß5 t7ß

(

+ 4.0
+ 0.2
+ 4.0
t20
+ 0.4
!._8
+ 0.2
+ I.0
+ 8.0
3 8r0
+ 0.2
+ 6.0
toP
ü 0'{

124
50.

r00
%

0r5
30r0
I06
Ir0
42

0r6
5r0
60r0
64r0
012

26rO
0r6
0r9

.,\*'
.t1

I

16'I3g 16'I3
2104 g {85
481'12 9T6ft4
74p2 g 3Ps9

I Eo roo J rr, trB Irr.rllS
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0

3/2

)

Eo, oa

n6
855

2550
3315
5fr0

270

6%)4 17 15

6959 y 7 15
7O7T 2715
7I2I 7 7 ,5
7254 2 7 ,5
72ll g 8,Q
7}70 3 8'0
?443 3 810
7tt79 I 8r0
7596 19e0
7627 L 9rO
7680 g 9'0
7706 29$
7778 a 910
7875 3 1010

7920 g I0,0
8026 3 I0e0
8240 3 1010

8315 g 1010

8?80 g I0'0 .
8449 g IOrOr/
8508 g 10'0
8556 g II'0
8590 g II10
8650 3-IIe0
8756 g II10
8823 g IIe0
8880 g IIr0
90I I II'0
9135 7I2rO
9173 2TZP
9215 + I2,O
9ll5 2I2rO
94I 3 1210
e520 2I3P
9557 2 t3,O
9647 g I3'0
9686 g 1310

J llruB

250 270

lc fr

4059 g Igt

216'0 1 83109

,339 7 667

420,4 + 84r09
168'8 1 168'B
?5r55 a8.52
I7108 1 8'54
2576 y 5I5
Il25 7 3tt5

I713 3 8'6
6101I I I39
1747 !'.A9
525,8 y
17516 1
T723 I
124 +

658 I
269 t
9.49 !
27% g
5856 !
I8r4 !
2214 g
222 +

83r+ !
74r4 3
28I !
7It4 t
I4I3 l

10830 g
57.4 +

76.6 +

1248 i
775 i
I24 !
4293 !
29,6 C
589 g

'tq76 I

r05
87,8
264
27

B9
89
726
547

9r5
Igr4
%9'o,
r85
J7 12

94

7l 15

n'l
r900
57,4
ßr3
zffi
I94
w
n6
587
I95
394

290 g 70

2750 725O
I5500g 2000
I5400g 2000
II800+ 2000

_27 _

llsoron

o-4t

(npo.qoa-

teRIe

3tr Se

tc s4 o1

,6

, l{B

216 y I'O
64 385 tr
21Q 2 2r0
013 3 01I
0r2 I 0,I
n +6
20r03 llr0
0'2 3 0'I
7'O y116
20'01 410

6'0 3 Ie2
2'0 3 110

15'09 310

I14 I 0;3
7r4 + Ir0
3e0 3 IsO
38 ! 8r0
30109 6'0

5410 .3 I0
012 30p

24'0 1 4e0
214
9r0
0r8

3

01761 014

15 g 4e0

II4 g 20
016 !016
018 9014

I3r0 g 3'0

+ I.0
! 2'0
+ 0.4
+ I.0

y2
3I
tI0
!6
22
+4

I,
2

44

24
5

15

24610 a I11?

srse 15 ! 316

94 gI0
Tlg40
268 935
162 927

Ic 6,tt l

r"
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f,söron

orS'

tc 6tr ü)

2g I

n28O
*I0

0114 g 0102
0,026
0r048

I0499
0r7g 01I

?106 1 0'35
0130 g 0'14
0146 1 0105

90'4 3 61?

n
2n !fl
32s5 12i1.
20 16

t'i, to

T5r7 2 0172

721 a21I

,l

i

rr 
ge ffi+70 T5r's t 3r9

tc 6tt ül

JT
cte

LC6tt

Lc61
J6t

tXss g

5 rI5
46r8
56r7

12715 (ne 77)
240

354

IOI 3

I670
I?I9

213.rO-5
rr?5.rc':
I,4.I0-r

r,or.Io-5
5,8.r0-4
5,9 .IO-4
0,0016
0r0026
0,0042
0rr9
0,34
rr23

7 ,33 y Ol4
4,47 1Or?-I
5157 7 0116

3912 a 3

3129y Qr23

7219 aIp
91381 016I

0,0r8
0r04
0,08

6
I4
5I

0s880 1 0'126
9156 g IrTI
10;46 g 0'9I
016383 0'116

or80
0,66
0,86
0r43
8,?
8r7

o,07!0r0I
0G57t O1TZ\
O,7T'2OP63
0,0449 0s008
0r12 3 0p0tt

0,II83 01036

0rI5tH 0'044
0106 3 0102

2r90 1 0148

336 L 0,36

2)
2)

2)
2)
?)
2)
2)
2)

2) lltc ,agFn values are givene ln wblcb a ls lsotopic contrlbutron.
?

"rBz"
IG61trl
tJ65At

,,8,

,rB;*ttt
Lo e4 frl

39O + 60

98g0
72 2Oo to

r57
I92
205
2ro

IO
I5
T5

20|t)
20
15

,2O

2 f

25512
3%rg
%9rT
464,3
467 19
49312

l0'
+0.
I0.

+ 0.3
+ 0.3
! 0'3

+0

T.92 +

2.I7 +

2.96 +
'1.29 +

6T.7 +

7It6 g

I

i
I
I

j
,1

r/2

I
fi?-
I5I,6
r7614
209
289
340

440

48r
688

855
99r

1259
I480

Eo, br

0
I
I

I
0

(t
0
I
I

I

)

J

l"' I soor)

- l00l rnVAutbors aesume fyI)
0

?00 + 200

50or)-..
500r)

4I0 g 15

5;r)
540 3 500

50oI)
270 + 400

50ö'r)

frrn

920

7100 s 700
1156 1 96
750 7250

2 %5 r70

r500 +T20
+

+

+

+

+

I15 g 0r2
0'3P-

0r64

12

r30
6

IO

I
II
3
I

I.r, lIE

3/2

3/2

I0I'16 I 0104
I35160 3 0r07

35'84 g 0104
53r7I 2

189'50 3
238,50 !
293180 g
318'50 3
J94t5 !

0r04
0r12
0rr8
0r2I
O126

0r20

2

I

t

I
I
2
2

2
I

274
285

+

+

25
52
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Parameters of resonance Levels of nuclei witb Z = 84 - 95
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Ir95 + 0,03

2,t6 X 0,04
2160 1 0104
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INSLASIIC SCATTER]I{G OF NEUTNONS

V.M. SluchevskaYa

This part of the Bultetin sets out oxperimental resuLts obtained- when

measuring the following valuest cross-sections of lnelastic interactipnsr

o-; inelastic scattering eross-sections, Orte CIosE-Sections from itrelastic
x'

sca,ttering involving excitation of leve]sl cross-sections of y-ra'y emissions

with inelastic scattering, angular d-istributions of inelastically scattered

neutrons and y-rays emitted. with inelastic scatteringl nuclear temperatures '

cross-sections are given ln barns, d.ifferential cross-röections in

mb/steradian and temperätures in DieV'

Lithium

[Zg_7 The recommended. cross-sectionsy obtained- on the basis of

analysis of published. experimentai d.ata and' theoretical calculations '
are 3

Lt6
Ct 6n,n,tr 6^

LL, L

0r505
014??
0r643
01647
0,6?0
0r58?
0,554
Q,539
or5I3
0r49r
0r480

Li,
6t fn.n'r 6^

ir
E

0,00r
0r0I0
0,I00
0rr50
0r200
ot26O
0rt00
0r500
r,00
I r50
?,0
5'0

6n,ptr

0,I55
0r20
0,I95
0,2r5

E
4'0
5r0

I0r0
rr,o
12t0
r1,0
I4r0

6aa?
4r8
r ,50
0'?f
0r89
I r55
2t?0
2rIo
0r59
0,505
0t24
0 

'235
at435

0r20
0,I95
or2r7

0,705
0r?84
ot77r
0r70?
0,616
A t5?
01539
0r550
0t525
0,525
0 1525

0

0,002
0r002
0,003
0r004
0r008
0,0Ir
0,0I5
0,0r9
0,020
0,020

0,285
0,282
Q,263
0r22?
0rr95
0,165
o,I18
0,II5
0r096
0,085
0,080

6'0
?r0
8'0
9'0

0

0

0
0
0

0

0

0

0,r55 t

,BerY11i}ry
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Carbon

Cross-sectlons for excitation of levels

D

5,04
I4rr

01225 2 0

0,209 1 0

Elevel = 4'4 Elev"l = 9'6

- 0r0I
- 0rI9
- 0135

- 0150

- 0,65
- 0t?5
- 0r84

orrT
0 rr4

4a3

6t5
6t3

Reference

lzej
L8l

2. [Ze_] E = 6.04. Differentia]- cross-sectlons for inelastio
scattering of neutrons in carbon with excitation of the 4,41 MetI level

C,os 0" 6",(A) C;OSQI 6",(9)

0t92
0rg2
0'?t
0'5,
0r35
0rr7

t025
,025 0,045 1 0'010

24t4
?3 

'02?,6
?I,3
I9,0
20rG

t?
tz
tz
1,2
t?
tz
Jz

t,t
t2
1,?
1?
!?
+?

19t5
19r4
?oJ
2r,8
2TJ
2r,8
22t2

'.[zo.7Eol4.l.Theangulard.istrlbutionof4.4,MeV.y-raysemitted. as a result of the inelastic scattering of neutrons in carbon is
expressed. by the fornula;

6f(9)= ra,+ + 4,r P*(usO) - 1te Pq(@!9) .
Tbe totat cross-"ecliorr_-lo{ !qg_-tTiä".,|r"_1,*r" is 6710,212 g 0,018.

4. fzg-I Cross-seotlon for yield. of y-quanta with energy of 4.44 MeV ;

E6tr
15 16. 16,0

Nltrogen

1. frcJ lifrerential ""o""-""ctions for rectangular (goo) emission
öi y-r"Vs wlth energies in speciflc ranges

6'{eo\
E Ep2-2,5 2'5-3 3-3,5 3 t5-4 4-4,5 4'5-5 5-5'5 5t54 64t5

8'5* 
?r5
615
5

4t5

2r$r
I019
I33II
8$0
5t5

0j5 0t4
0t6 I+4
ot? rt5
1+7

ot4
3t3
I+4

?t5
6tZ
5rt

2t3
T:7?

rg3

1t5
+!2
5!5

rtZ



tr_ ,8ü 1B0.

ifferentiaL
energ es

75

Oxygen

Inelastic scattering cross-sections with accuracy of

E 6n'

2t95 - 3J7
3r25
5J5
5Je

t$8 - ,195
4105 - 4rI5

cross-sectlons for roctangular
es in sPecifio ranges.

+ Q.2 barno

EEtr=i$-6 6-5$
8t5

6$ - ? ? -'lt5
2 tZ I t2

oross-sections for rectangular-in spocific ranges.

5$-6 6.-6$ 6$-? ?-?,5

40t
0,
0,

2
2

?
o

?

7

0,
0l

<0;

Eg E = 7.! and B.!. Differential
(gOo)remission of y-rays with energi

6Y (eoo)

?,5
4!5
5J2

2

2

9

5

+

+

Magnesium

1. [B-7 f, = 1{.1. Total cross-seotion for excitatlon of the

L.1? ne-Vj9y!r_;_9.168 1 0._0_2!.

(goo) emission2. EgJ_ lof 1-rays wi

6y Qoo)

Ef,'€-z$ 2$-t t-3$ 5,5-4 t*4$ 4,5-5 5-5,5
E

8t5

?,5

615

5r5 I
4r5

0 5t6

IIX5

II15
I5g5

2t2

It4 2t4 4t5 2!5 Il3 0!2 ItZ 0t2 ZtZ

3t3 ?t3 8g2 2t2 2t2 2t2 I+I
2t3 6t3 1012 ItZ
It5 3t3 9tZ lt2 2!2

0t? ItZ

0$
3gB

0!8

4t8

ot,5

3. trg E = 14.1. lhe angu}ar d.istrlbutlon of L.3? MeV Y-rays
emlttetl as t result of the lneLaetlo scatterlng of neutrons ln nagne-

_ *un is exprossed. by the formula

;i: 6t(0)=+s,t + 8,e P*(ws7) - T2,7 Pt,(eos 0) ; \
TotaL cross4'sectlon for emission of l.J7 IaeV y-tays = 0.619 ! o.o1?.

*rrr*iu^'

-f*-'
_ , d+r+4F6!!':F r?
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.Aluminium

1. [ll-7 Cross-sections for yield of y-quanta (rb),

E (; frro,sa r,ol ?&3 rt75 Tt?t 5108

I4
I8
4I
63
82
5I
66

rt02
rrr2
Ttzl
If5I
r,58
Ir50
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r$e
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I r8?
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5?9
50I
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569
58'
522
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IO
?I
84
?5
r60
r53
T4?
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IIO
r23
I09
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I4I
I50
L29
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T?5

T29
IO?
T22
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?9
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II4
r69
T4?

T96
I98
2?5
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?54
?89
25t
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26?
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226
zTT
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I95
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22?
r42

I8
36
II?
I4I
I85
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22I
?r7
245

r90
207
T?4
I55

9
T9
I9
29
22
25
50

i 1. [t!J Differen_tlgl-:fgfq-ections to" ""ct"nsuLar 
(rco; emlssion

of y-rays' with energi-es tn sFeoffi--iänges-.

E E{=I,5-? 2-2,5 2$-t 5-3$ 3,5-4 tr+$ 4tr5 5-5,5 [fi 6at5_S-r5-?J4'2_>fz vz
3!2 t+3I

ltz ItZ

25
,I
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85

z+z t+r r+r
3+I

ur) JU$v rulu '{!5 vj4 E5
7,5 9215 1526 1214 ISti 2t?
6,5 32715 22yS ISga $13 3!2
5,5 2ag6 2$!t I7$ 3t5 It?
4,5 I?18 1415 9!2 ttjz ItI
3,5 \!? !2y5 5ti 5t5

+t5
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6tZ
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I
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:'
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I
I
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L
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Sllicon

t. rB7
h_f_ E - 14.1. Cross-section for excttation of the 1.TB t,tef

leve1 =0.109+0;016.
s-sections for rectangular (loo; emisston
speo

( e00)

ifiö--iänges.

6r

Ir5-2 2-2t5 ?n5-3 5-315 3,5-4 t+-4r5 4$-5 5-515. jr54 6.415 6$-? ?-?,j

2,
of

Et=
E

2.
of the 2.

0

8,5 74+18 5fB
?,5 lot-f.4 3fl
6,5 88$5 51?
5,5 85$6 8J7
4,5 58+14 536
3,5 54716 598

6!5 2t4
I4ga 615
6!4 4tj
0t5 E3
It5 ItZ

4t?
6t2
I+2

ot2
I+2
0+2

otj
0t?
ot5

3t2 I+? ZtZ ZtZ ZtI
5tr

Chlorine

r. [ls] E=Zp? 3 o,o6o

Ey ox
. 0,55 01164

It20 01095

- 
r'74 

:':r:Sulphur

- ^ 1. f8-7 E = 14.f. croes-seotlons for exor.tatlon of the2.24 IüeV level 1 0,O6! t 0.010 and a group of Levels in the 4._6 I,tIeVenergy rang€ - 0.050 I 0,@O.

fzzJ
2Q, MeV

E - 14.6. DlfferentlaL cloea-a€otione for exoitation
Level and. a group of Levels in the {-! MeV range

Eyp=z,24 Eyp=+-s 0i Evp=2,24 Eyp=q-s

9'I
5'9
7.'7
8r?
6'9
3r7
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o
L

I 2'0
J 2'0
1f '5! 2r5

I I'9
t I'4
+ Ir5

16,3 ! ?,4
8,5 I 2r0
8r0'+ Ir5
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3,9 gTr?
Tr? 7 Ir2
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40"
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r08
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I47
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619 g 2r5 3

4r0 2 216 6

4r0 + 116 7

5r0 1Ir5 I
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!, Itf
t 2'0
! 2'9
t I'8
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t I'0

r0
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t9
9

9

6
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Differential cross-sections for rectirngular (gO")
rvith energies in specific ]-ir.n€les

,5-2 2-?t5 2,5-5 5-3$ 3,5-4 4'4$ 4$-5 5-5,5

8 t5 t9!20
7,5 22920
6,5 75224
5,5 36y24
4t5
515

E

I'I
I'2
I'5
I,4I
r15
I,6r
T,?
I,gr
I'9
2pr
2rT
z3r
2r5
2t4T
215
216T
2r?
2rgI
5r0I
SrZI

2100 0
2$2 r
3,00 I
3r50 I

351e ry5
5279 I5J5
a83I0 1136
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[ß-7 Cross--sections for excitation of levels
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SIASTIC SCÄtTERI}TG OI NSUTROIfS

lT.O. Bazazyanis and. V.I. PoPov

The results of experlmental work on elastic scattering of neutrons

are given in this chapter. Table I sets out the angular d.istributions

of scattored neutrons in the forrn of serios expansion coefficients

with the Legend.re polynonial. using these, rvith the formulas glven in

the tab1e, it 1s possible to cal-culai;e the differential cross-seetions

for any scattering angle.

fhe graphs following tho table show the angular distributlons gi'ven

in the works published. in 1964-1965 and. earlier but not included. in the

prevlous , issuo of the 3ulletin [ßJ.
Table II sets out concise infornation on the nethod.s used in

experlmental work, the results of which are given in this publication.

A oonplete list of the literature used 1s given at the end'

of the chaPter.
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0
0
0
0
0
0
0
0
0

071

n4
ory6

089

w
)28
06a
059
085

L O^ 6^b ü)t 8u, ü)z td,, uL Sult ü)" fiuo d' fiut'
cr900
0,950
0r400
0,450
0,500
0r 550
0r600
0r 650

0r'rco
0,750
0r800
0r850
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0n pa6'es 125 to 154 ,the unlt of
crocrs-section 1s mb/sterad'ian'
The energY to whlch each diagram
refers iJ everYwhere glven ln MeV.
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DELAYID .imUTR()lIS Ä:D Ti.iX (n,nf ) lir;ict'toii
Ili UltAiII-rt; f SClo}f,S

i.;'

')

B.P. i;'aksyutellio

ilesid.es the data pub,lishod. ear'ller [trZ-J, new tlaia rvere obtaine3.

oi: the change in i;he relaiive yiold.s of d.eIayed. neutrons rvitii the increase
in energy of neutrons prod.ucing fission, lTe si;ud.ied. uraniurii-Z)jt in
which fj-sslon lvas produced- by neutrons vrith a rnaximun ener6y o-f 2.j ILIY,

!.6 lleTr' and. 1.2) i,,e\I, and u:'anivrt-'255 rviih a rnaxiriium orlerglr of 7.22 'rteT.

The e>:periraents v/ere carriecl out using a Van d.e Graaff genera,tor with a

tZ mgf crnz tz'itium target and a d.euteriur: targei of - 20 ,rgf"r,,z. ?he

calculateci values of t?:.e relative yield.s are given in Table.1. irlgs. I-J
shor.r the chang;es in the ratio of yielös for uranium isotopes in the
energy rang'e of neutrons frora iherr^ral energy to tiie mld.d.Ie of tl:e step
in tiie :lission cross-section rvith intervals of - 2lieV and. viiren

3,, = 1! Llev (the yield. of the group witir a nalf-life of 55 s is aLr;ü.ys

assumed to be ur:ity).

Äs the figures shol/, a snooth change is observed in il:.e ratio cf
yields betlvcen ihe steps in the fission, cross-sec;tion togeiire r. rvith
abrupt clianges (particularly for the ratio of yield.s of i,;roups r,,rj.ih a
half-life of 2.2 s and. 55 s) in the steps.

In order to interpret fully this cornplex relationship, i'; j.s

necessaly to know tbe correspond.ing rnass and. charge d.istribution of
prinary frag::,ronts at the above-rnontloneC. energies of flssion-prcdircin3
neutrons and aiso to neasute the absolute'yield.s of d.elayed. ncutl-on;;.

;eanvrb.ile, 1ve are tri'1n* to änalyse the causes of th.e o):.ange i:.r r,':ic
rsitio of yieid.s p:'od.uced. by tlre nrnf reaction. In this casc, of cour--t,,
t',vo nuclei., e.g. uraniwn-2)6 and. uraniuin-z|!, eplit - thc seconi. nuclcus
a'ü a. lower excitation enel'gy. Äi the sal:e ezcitaiion energy tite
distribution of frag'r,:ents by the number of neutrons -dirii protons can be

clearly seen by refeming to Fig, + [lJ flom v,rhich it is oi,rious tiiat,
vrith the change in the atomic rveight, the rrlightrr peak of the rnass

d.istribution shifts toward.s l:,igher values of Z and. N. In the case of
californiurn-252, for exanple, thls Lea,Ls to the conrpletä d.isappearance of
the group with a iralf-life of 55 s, The rrheavy[ peak also shifi;s. This

,
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lead.s to a change in the ratio of group yield.s [qJ, the ratio of t]te

yielcl in ihe group lvith heavy-type prirnary prod.ucts to iire'5'ield. in tl:e

group with a half-life of !l s d.ecreasing with a decrease in the lf,ass

number. d

llileen the tvio äuc1ei, i.e. uraniun-216 and uraniwa-Z}5, split, ihe

latter splitting ai a lor.,'er excitation energy, tire ratio of the yle1d 5.n

the group rvith a haif-life of 55 s for uraniun:-2J5 nust be Lorver than tbe

samo ratio vrith the correspond.ing e:ccitation energy for uranir:rn-2i6 and.

this rnust lead, to a red.ucti.on of ihe total ratio. This effeci 1s also

observed. vr.ith uranivn-Z1| and uraniw;t-215. As shoi'rn in Fi.g. !, anorralous

behaviour is observed. in tire sase of uranium-zr8.

One of the consequences of this behaviour of the ratio of yieliLs in
d,iffereni groups of d.elayed. neutlons resulting frorn the action of the

nrnf reaction may be tire comirlete d.isappearance of any parent of the

d.elayed. neutrons. fhe consequent increaso 'observed. in the yield. in this
group when the fission-prod.ucing neuirons have an energy of 1l i.{e1,I rnay be

explained. by ihe appearance of another primary fragment vrith nearly the

sance half-]ife.

'lhe effects observed. obviously lnd.icate that much more complex

proce;ses are involved. than appeared. to be the case earlier. Itt
particular, an especially cornplex d-epend.ence lvas found. in the case of
thoriun, where tve measureÖ the ratio of tire yield.s not only in the mid.d.le

:,f the second. step but at its peak. A complex d.epend.ence \Tas found. in
n)easui'ernenis of the relative yield.s 1n this -e'lement at tbe fission
threshold". Once neasurements have been rnade at sonre ad.d.ition ene:';y

points, these data'vrill be published..

Table I

lialf-
''l i -ira

(")

Relative yield.s . --.-

55

24

15,5

512

2r2

I
Ir851 0,05

1r44g0r05

2r5810rI4

4,5410,I7

I
I,35g0r05

I,?510,08

I,8tt0rI2
5,5610,15

I
I , 5030,05

I,5610,0?

2r?4t0,T6

3,i7l0oII

I
5,?090,04

1r9410,04

5,8010,I2

6,7670,4?

.rJlement
ir-eutron energy

UranLwn-211
2.J l;ieY

Uranium-2J1
5 .5 I'lev

Uranium-2Jj
7.25 i"eY

Urenirun-2i5
7.22 !:'eY
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cliOss-gECtIOi'IS OF I]SUTRo]{ lillAcTrolis r,ccOfiPANIED BY
.$rfissroN 0r cr{]utoED PAn[I0LES

L'P' Aba5lran and' S'l'{' Zakharova 12

I.tro. I of tlfe 3u11etln f'8 64-7 contalned experimental d.ata on the

cross-sections of reactions &ccompanied. by escape of charged. particles

for elements with Z = 2-I2. F\rrther information on the subject is
given in this section, which contains experintental d.ata for elements

with Z = L5-28 published. up to [fay D65. Experinental data on nuclei

with. Z <I, published. since No. I of the }ulletin was issued are not

includ.ed..

fhe graphs (figs. l.-At) show the cross-seciions o.f (nrp) and (tro)
reactions as a function of enerry. Whonever the partial ,cross-sections,
correspond.ing to the fornatlon of the resid.ual nucleusr we:ne rneasured. j.n

the ground., first and. other excitation states, only the totaL cross-

sections of the reactions are given. The cross-s€ction of the reaction
59t<(r,rp) 19/v , obtained. by ad.d.ing up the partial cross-sections measured

'' in the work d.escribed. in referen " fn 6L IVJ, is given only up to
.t, 

1,5 l,teV since, above J.J tieV, the cross-section of the reaction (trpt),
lvhich makes an importance contributlon to the total cross-s€ction, is I

;i krro*rr. . \

' Fig. 26 gives the results of the work d.escribed. in reference
' fZ 62 :J];fJ. In view of the faot that tbe cross-section of the reactj.on

Lz'lt(nrc) in this enerry range is of the ord.er of a few millibarnsr lve

consid.er that the cross-s€ction KI(Nro) is d.ue completely to tbe reaction

in natural Potassium.

It should. also be noted that the cross-section of the reaction
58t'fi(rrp), measured. in the work d.escribed' in reference fl 65-J, is,
* 4;5 times lower than the cross-sections obtained. by other authors. The

cause of the d.iecrepancy could. not be explained by t-q1 authors f I 6lJ.

e enerry threshold. is indicatecL in the graphs by an arrow. Since

there is a scatter in the experimental d.ata on the measurernent of

thresholds, ws used. for tbe most part, in ord.er to be surei the d-ata

given in refere ncet [K 1gJ and. $ 6lJ.
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fätte I contains some ad.ditional d.ata on'nea$urements of, cross- /

sections of d.ifferent reactions involving the ascape of charged.

particles at an ener€fr of -I4tr[eV. Eable f also givos the cross-sections

for a natural mifture of multiple-isotope el'ements.

Tab1e fI shows the cros's-soctions of reactions measursd. in the

fission spectrum or in reactor spectra whichr in the high-energy range,

are sirnilar in shape to the fission spectrum. The table also shows

cxoss-sections measured. in the fission specttrun, using threshold. d,etectors.

In the latter case the value of the effective thresbol'ö enerSy is given in
}leV. . .

For a number of eLements (Af, Si, Pr $, Fe, Co, l{t) we usod. the

d.ata collected. by II. liskien and A. Paulsen fl et tl, suppLemented.

by d.ata from recently published. works.

V/e are d.eeply grateful to'lri.lü. Nikolaev .for bls constant interest
and. help in our work.

''rVe also wish to thank K.f . llesterova and L.U. $tarikh for their
assistance.
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SECTION CONTAT].III{O GRAPHS OF CROSS-STCTIOI.IS
OT TILT FOLiJO?II,IG REACIIOI'IS

P

2L

20

I9
I8

t?

T6

I4
I5

T2

T3

IO

TT

I

7

I

5

6

t
4

I
2

l{e,}&

n;r

22

ofe 
w (na)us*e

C€rl (np)Jrr

of a( (n") tirt
Jrs (nd) ofiae

8r2(n/ P'e

Put(n 4 neu

put ( nd ofiel

8e 'e(na)tqfo

olc28 (np)0e28

P027 ( n*)/Ude

fr€3|(np /4f"

Reaction

flr36 ( na)Eu"
flrt"(np)e€"c

0+I0
I0+20

0+I0
I0+20

'0+I0
I0+20

Energy
range in
r,re J

3+I?
Cttt(na)?te lr+rs
CF (n doft'Jo ev-loo Mev

0+14
I+4.5

0+I0
I0+20

0*?
T0+24

2+9
0+I0

I0+20

5+12
12+19

I+9
0+7 43

42

4I

40

t9

36

35

t?

34

33

32
'I

50

29

28

2?:
26

25

24

?5

l&.1&

IIO II

t"o' (na) KoL

/Ti6" (np)Cb"'

ili58( np) Cosr

Co"s ("u) Hn&

Fe* ( nd /,lnß
k to ( nil ftln'!
Mits ( na)v*
Cntu (np) Vtl
Vrt ( na)&c'r
Y6t (np)ftul
Tiu" (np)Scer
Ti tt (nv)fice'
Ti on (nP) ohe6

o\cq'("dCa'f
K (na)

11w ( ne) C€36

Kte ( np) Frec
ßreo ( na)Sat

Reaction

I0+I7
I0+20
0+I0

I0+20
3+I0

I0*20
l+I0
I+15

I0*24
I0+24
T0+24
I0*24
I0+24
I+15

I0+?4
6+20

I0+I?
I0+24
?+9
I*15
4+II

Bnergy
range in
l.ier/

I

,

The russian abbreviations for
uni.ts of time in the tables'
that follow on page6 t67 to
1"f) irave not been translated-.
They are explainecL heret

MI4H, = minute(s)
eäc _= hour(s)

AH = ,l"y(s)
roÄ = year(s)

CeK = second ( s)

I

'4')

!
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Table I

of,v I n"t) si,3t

,gst (na<)Ps,

n

E-'a (na1 Pat

f" (nt) Pt"

{ (n,")
,trn (n;) fiT

Ptt (n4e/ F*e

Put (na) oliro

*{t-(yl $!'-
{;ro (nn) /qgr'^

ofiro ( nr) Pero

{tx! (n e/ LlgL?

Jiet (nf/ freee

/Va.'0

(np)

ptet(na) t'lgLe

I

Reaction

?r7 uac

12r4 cer

12,4 cen

2r5 uun

5,56 uuu

I0 uIlH

2I,5 '{ac

5.7 ulttt

60 cer

2

T tlz Enerry
fhreshold.
of reac-
tron (nev)

6,Bt 14'? 2512

I4,5 14,5 : Z OrlO ]J 62T
I4 4 2169tr6 H62

2 o I4 5 I P53
1314 14,7 4 0r50 8 63U

6 5n I4 I80+60 p63
I4 t23 5 C 6lrl

4 2 I4 5 46 5 p53
+J 14rI 2I,8!Tr?

14,5g5,0

<0r25

B 65 I[

4 ,I a 6lllr
rt,2 I4,5 R 627

14,4 206127

5B1B

20,4$,5

H62
K58
I etu
l 6,u
I6rn

6r?x
Ia r8
14,r

I4,I I1+1
0.004+0,00I

0,02010,005

12,6 I4r6

14,7

413 14t5 85,2138

tü ez

P53
X,24 14r5

I4, I
14,5

I4
14t2

I5Bg35

126fl

I58150

165721

r40$0

a 53

n 5?n

A 65 It

C6rür
G ot+

l'rz 1415 52726 Pst
7 f

t$

3

14r8

4 5

1i'Ieutron
renergy
i(l:ev)

30+4

Effective
ClOss-
section of
reaction

(ott, )

G65

B 65[I

6

Reference

J

tl

hh/ce Yo
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T'e (n
"fc

n K

Sevs(n Qil Kvv

Caw(nr) Kw

Cooo (np1 X'n

' Cau(aa) flrvr

Co*(nil,fY

n 55 5 uns

(nr) xvo

Ca. vo ae)h

KH (na)ees

Kot(n ee)ggtto

Ku (nV)flrqt
Kre (n4cea
frn@hil Cgre
nntu(nt )ftr
I

I14 uun

58 uutl
I

0,85

II0 unc - Ir45

I0B uras :

I

2

,

i8 tlas

?2 s.ac

22 unx

? r? uaa

IrJt

II.4
12.2

2r'15

* 5r3*

2r6x

1216

0r54

T?'6

I4r5

2r4E

3

I4r8
14.4

14.?

14.7

I4r9
I4

I4r5

I4r9
I4r5

14r5

14,9

I45

14,?

6

I4
6

I4

14$
14'?

I4,5
14t2

I4
I4

14r?

r4.5

I4,5
14r7

I4
14r7

I4r?

4

2995

>35x4

< 0130

<0,?I

35$0

II3920

29t6

25-I2

,Ut

I60t50

I40145

< 0,020

4 0,I

4309I00

451358

520!50

*5I8

12r5

10 J5

5I,4$I
50725

Lft;5

5tü
30gI?

39tB

8I152

6\;T7

II0+I6
2,970,5

?4+?

5

H52
P59 n

863 l\

863fr

H6TN
c63U
P65

HfiN
l, 63

L63
H 6TN

861 \
w62

u6I

n6r
u6T
c58

8627
86tN

P5t
tt 55

860
c55U
B63U
P65

I6ff)
P55
863W

G65

e65

6

i
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(np)3.6
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'Fe Ltt

F"58 Hnf,

Fe6r (np) Hnn
Hn&^Fefl n

CoNfud Fese
ufs

2

MI,IS8'8

Ir55 unn

IrB utlu

Ir? uqE

I6

57 ul4ts

I ? - ulttt

55 cer

Ir? unu

21Ar5unn

5 6Ag

25 Aa

45 AH

I I unn

2T uua

3

1615

t,58x

*515*

T5,?

2r04

I r?0

13 0

0126

T2 6

ß 6

0'8

13,2

0r6

I 5

5,?

I 9

It92
rr,5
Itrz

14,5

I4
14r8

14r7

4

I4r8

I4r8

I4 I
I4

14,8

I4r5

I4 ,

14r8

I4

I4
I4,4

1415

I4r8

14,8

I4'?

I4
I4

I4
I4,8

I4 6

I4
14r5

T4t7

14t7

4 0r50

5

45t?

II

44+?

57

0,20

265y27

0r5]

<0,030

10r29

I
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2?#

282I?

5

5

I4r8 82gB

-2Ir5!e,0
231021,5

50+I6

01610,I
$?5

I 0

2707135

I5I+I8

0

90+I5

10t42

2t6

4 0,05
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861 \
ll6r
862T
ß65 W

863 W

H6?T

K59n
Psgn
Eesw
p59n

P60T

862r.
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F65

B6tU

n6r
e6?ü

A6t
o62W

c6r
c6I,

P6t I
c6I

c6I
8$n

c6T
P6T I
c62 tl

H6?
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cRoss-sxc?roiüs oF 1BlT", Re, Pt, r97l*, Pb, 2091i,

212tv, 215üt 218u ron Frssrotn PRoDUoED BY

150-660 ideV PROT0i{S

V.A. Konsbine E.S. Matusevich, V.I. Regusbovsky

In this work the oross-sections o, for nine slements with Z2/,t

from 29.4 to J6 for fission prod.uced by protons possessing an enerry

of L5O-660 MeV wore measured.. the measurements wers mad.e in the

internal and externe). proton boa"ms froro the s;mchro-cyclotron of the

JIilR (Joint Institute for Nuclear Resoarch). Tho number of fission
evonts was determined. by tho tracks left in the glass by the fission
fragments, Tbe cross-section for 2)Bu ri""ion procluced by 2Eo Mev

protons - (t.46 + 0.06). 10-24 o*2 ftJ - was taken as the rrreferenoetl

oroas-geotion.

The measured. fission cross-sections (or) a,re shown in Figs'. 1-6

togetber with the values measured. by otber authors. fhe curves are

fitted. to the points measured in the present wort {). The synbols

are explained. in the Table.

Table

Explanation of synbols in Figs. 1-5

Refer- I
enoe

23 9n

9:r 4

Prosont
work

Symbols I L t
Partlcle
producing
fission ,iP n P PN P

The results of the present work \ryere subrnitted. for publication in tb.e

jou:r,ral trJad.ernaja Fizlka[ and. presented. at tbe Symposiun on Fission held.

in Salzburg (Austria) tn March 1965.

PPn

+oa

456

PPP

olä

?89

PP P

vso

14 15IO II t2 I5

P PP

sO s

P PP

B 6c

16 I? I8
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