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ADSTRAUT

Uso was mado of a pulsod=cyclotron noutron spoctromotor (1) to carry
out measuromonts of n and the totnl croms-poctionn of 1227 ana Pu2?9,  Duta
woro obtainod on tho onorgy dupondenco of tho Tinssion and radiative-capturo
orosp~goctions of thoso inotopun for noutron onorgios ranging from thermal

to 20 oV for U7 and {rom 5 to ~ 90 oV for 0,

This 1o tho firut‘timo that moasuromontns havo boon mado of tha n of
U235 and Pu (for noutron onurglos over 40 oV). Spoctromotor romolution wan
high onough to onable parametors to bo dotorminod for a considorablo numbor
vf rosonancoan,

Apnrt from thoir puroly practical oignificanco, moasurements of the
crosu~poctions involvoed in the intoraction of slow ncutrons with fissioning
nuclod aro valuable inasmuch as they can throw light on tho properties of
tho nuclous at modium oxcitation onorgics (~ 56 MoV) and provide direct
fuformation on tho fispion procons itcolf, Thanks to the high onergy
rogolution of opoctromoters noutron-gpectromotry mothods are in a way
vniquo and can be uged to inveotigate cxtremely subtlce effects which are
boyond the roach of other nuclear-spoctroscopy tochniques.

Intoresting information can be obtained by studying the interfercnce
sffects in fission cross—scctions to which attcontion was first drawn in (2).
Cross-section intorfercnce analyses have already boen made for a number of
isotopos (3-6) but, owing to insufficicnt experimental data, they have becn
confined to tho first resonance levels, Tor a roliable analysis two basic
partial cross-scections have to be known, viz, the fission and the radiative-—
capturc scetions. Howevor, while the former has been the subject of a
large number of investigations (7--12), no measurcments have so far been made
of radiative~capture cross~sections. In the casc of low neutron cnergies
(~ up to 2-3 eV), the radiative cross—scction can be worked out as the
differonce between the total and the fission cross—sections. At higher
energies, however, this is not possible because of the fact that installa-
tions with differcnt resolutions arc generally used to measure thesc
cross—gections, | ‘ o ‘
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Vith o viow to'undortuking o dotniled study of tho onvrgy dopondonce of
tho portinl crons—soctions of fimslowing nucled ovor a widor cvnorgy rango,
uso han boon mado of a pulsod-cyclotrort noutron spoctromoter (1) to obtain
moasuromonty of n and the total cross-ncctions of U235 and Pu239, Onco
thooo paramotoers are known, it is poomible to obtain tho fission and
radiqtivo?capturo crogp~soctions pincoe at low noutron enorgics fcoonanco
ﬂéattoring con ho disrogarded. Measuromonts woro mado ovor a neutron-cnergy
rangé of 0,05 oV - 20 ¢V for U235 and 5 oV ~ 100 oV for‘Pu239, and it was
ponnible to carry out an intorforence analysic of the fission cross—scctions
for o considerablo number of resonsnces (1%, 14). The measurcment methods

cmployed and the rosults obtained are quoted and briefly discussed below,

. Moasurcement Methods

For the varicus cnorgy ranges investigatod the rosolution of the neutron
spootrometcr varied from 0,02 pscc/m to 0.8 psec/m. For measurement work

use was made of a 2048-channcl time analyser with clectrostatic memory tubes
channcl width was 0.2 usec (12).

The valuc of n was determined by rccording the sccondary noutrons;' in
the case of the total cross—-scctions, transmission moasurements wore carricd
out on models, with good goometrical arrangement. FRecording of thce slow
noutfons was pefformed by means of a scintillation counter with BlOH14 + ZnS(Ag)
(15)'ﬁsod as crystal., PFor sccondary-neutron detection usc was made of a
similar counter with a paraffin-zinc-sulphidec alloy cmploycd as crystal, and

also a scintillation counter with pulsc-~shapc particle differentiation.
The total cross-section was determined by means of the oxpression:

where T ig the transmission of the sample’

n''is the thlcknoss of the sample (atoms/bdrn).

For tho flSSlon cross—scctlon the calculatlons Wore ‘as follows, Nf -

thc number of socondarJ neutrons recorded by thc dotedtor ~ can be llnkod

with the cross—secction values by means of thc follow1ng equatlon° ;
’ G‘ 0‘ . _!
Isc ‘

N, ~ velle | Be (1~1) { . -G—t—— (1- K1)|~ G% + Gt (1—1(2).,“,_.] (2)




vhoro VW E ig tho olow-noutron flux,

v is tho numbor of smocondary noutrons por fission ovont,

Y90’ ae, ..

o 5! arv tho scattoring, fission and total cross—poctions for
’ f L < o N
L the firat and for ropoatod noutron interactions, and
O’_t’ o_'t "o
"

12K

pe e s is the fraction of noutrons cscaping from +the sample after

tho ith scattering,

The valuce inside the braces take account of the contribution of
noutrons which undergo repcatod interactions with the target nuclei.
Allowance for thesc tecrms is only of importance on the wings of recsonances
where the cross—sections arc small and vary relati%oly slowly as a function

of onergy. It can therefore be assumed that

. t fl . 1 "
Of Uf_ Gf . [9) g (o8

O.t G.t O.b : Ot Ut O-b

and equation (2) can be rewritten in the following forms

| O Yo Ysc
N, ~veW-nNE (1-T) = {14-E2( 1k )+(=2
f oy U oy 17 g

2(1—1<l)('1-1<2)+..‘,.} (3)
Curves showing the functions of K1 and K2 ~ which were obtained by,
numerical integration - are given in Pig. 1. Limitation to the first two
terms of the expansion (3) ensures an accuracy to within 2-3% where
‘3%2-< 0.5, The radiation cross-section was obtained by subtracting the
fission and scéttering cross-sections from the total cross—section.,'

U255. Measurements of n and the total cross—section of U 55 were

performed on a sample hav1ng a thickness of 5.6 g/om2 in the following,

partly overlapplng, neutron-energy intervals:
(1) From 0.025 to 2.5 eV with a resolution of 0.8 usec/ms
(2) From 0.8 to 4.0 eV with a resolution of 0.2 psec/m3
(3) From 2.1 to 20,0 eV with a resolution of 0.3 usec/m.

The wvalue of 7 was normalized directly fto a thermal point. The value adopted

for N thermal (= 2.07) was taken from (7). The scéttering cross—section was



npprorimnted by the oxprossion 11 Tﬁ~%g—7?jg~ barn over the whole range

of noutron cnorgics (7)° The correction for scattoring was greatest in tho
cage of parts of cross-scctions betweon rosonances; the valuen were 15% in
the 2,5-eV region, 237 at cnorgios around 4.5 oV and 25% at encrgics of

7.5-8 oV, Tor gma]l crosr~scct10n~ Lho sbatlsblcal crror of the measurcments
was not hlgher than 10% it was considerably lower for large cross—scctions.
The background of the fasi-necutron countor wag botween 5 and 10% ingide and,
about 30-40% between womonances. To onsurce roliable background climination,
all meagsurements in the enorgy range up to 4 oV werc donec with the help of

an 0.1 mm Ag filter placcd in the beam of neutrons. The size of the effect
in the resonance at E ® 5 ¢V coincides with the background becausc of the
fact that neutrons of .this cnergy are completcly absorbed by the filtor.
Crogs—sections for neutron energies of 2-20 oV wcro measured witnout filters
the background was assumed to be equivalent to thc cffect where the U254
resonance was situated at 5 eV In the case of thc gamplc—trapsmission
measurements, the background was determined on the basis of the absorption
in the resonanccs of U255 (Oaﬁ and 8.8 eV) and U254 (5 eV); the méximum
background/effect ratio did not oxcood‘5—7%g,

Pu259

"+ Measurements werc carried out in the necutron-energy range of
5~100 oV with a resolution of 0.02 psce/m. -For the basic measurements use
was made of a sample with a thickness of 0.5 g/cm2§ for the cross—scctions

between resonances a sample with a thickness of 4.5 g/cm2 was employed.

In this'seriem'of measurements, no attempt was made’to obtain data in
the neutron—oncrgy range below about 5 e¢V. The 130310n ‘eross—-section was
normallzed on tho basis of rosonance 7. 84 eV, for whlcn it was assumed — from

T
an analy31s of oarllor moasuromont data (9, 10, Ll) - that Fi = 0.465c

The total normalization error probably does not cxceed 5%.' -
The spontaneous fissioﬁ of the Pu24o admizx turo in the sample was
rcsponsible for a relatlvcly hlgh background in the secondary-neutron
counter (betwocn 20 and 40% of the elfect in the resonanceo) The calcula-
tion of the background is particularly important. in the small cross—-section
range., In determlnlng the 1ntor—rcsonancc oross—sectlons, therefore,
special measurements were made at a hlghor neutron—ilux 1ntons1ty (approx1—

matcly tenfold 1ncroaso) but wlth a WOrse Tes olutlon (O 2 ugoc/m * The



hackground lovel for those moasuromonts wns dotorminod by moans of a

O.1l-mm Ag filter. As in tho case of tho ahgorption cross~section moasuro-

235

fow per cent.

monts of U s tho background in tho slow-ncutron countor did not oxceed

The scattoring cross~scction -was takon to be oqual to 10,5 barn. In
the neutron-onergy range of up to 30 eV, {this involved a maximum crror of
approximately 3% (resonance 22.2 eV). At higher noutron energies (50~100 oV)
regonance scattering accounted for a considorable part of thoe total croso-
scection and i is not possiblc to obtain the radiation cross—section from

measurements of n and 4o

The use of thick mamples, nccessary for the measurement of cross—sections
by mcans of secondary—heutron recording, makes it difficult to determino
the values of cross~scctions in the resonance peaks, In order to isolate the
interfercnce effects, however, onc has to know the exact trond of the cross-
scctions on the wings of resonances, and herc the sccondary-neutron recording
method offers considerablc advantages. The values.for the ecross—gections in

the peakswere obtained by analysing the cross—soctions by the areas method,

Results of Measurcmenits

Figs. 2-5 show measurcment data for the cross~scctions and n of 3255

for ncutrons with encrgics of up to 20 e¢V. Table 1 gives valucs for Fi
as well as for the fission and radiation widths. To obtain the parameters
for the first twelve levels wc relied on cross—scction interference analysis
(14). For thc other casos Pp was determined via the oncergy dependence, it

being assumed that r& = 40 McV,
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I denotes that valuces for I'e and. PY vierc obtained by cross-scction

Notes:

In all other cascs it was agsumed that

interference analysis.

r

40 McV and Pf =

-
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In o numbor of canon, taking wecount of intor-rosonance intorforonco
hos u noticoable offoct on tho fimoion widths of the lovols, Tho naturc of
the wridth distridution ip not, howover, affoctod, and this lattor can he
approxzimatod by moans of Portor-Thomatn curvos (16) for various dogrcon of
froodom (Fig. 6). If ono takos into account tho fact that the number of
Uz:l’5 lovale of oach momontum (J = % and 4) is approximately the same and if
one takes oo averago valuos f& = 20 McV and 116 MoV (14) for various J, it
io possible to obtain an eovon bettor it between computod distribdbutions and
nzperimontnl dato.

Radiation~width valucn wore determined for fivc resonances. Attention
has boen drawn by various investigators fo the considorable variations -
which cannot be accountod for in torms of oxperimontal crror -~ that are
posuible for PY for various lovels of 79 (12). The valucs we have obtaincd
for PY vary much less and the fluetuations from lovel to level do not excced
tho limitas of orror to which this type of dctormination ig subject. The
conatancy of the radiation width can be inforrod from the nature of the
gpectre of tho gumma rays emitted following noutron capture for the resonancoe
lovols of hoavy nucloi (17). In view of the complexity of the spcctra, the

poselbility of approciableo fluctuations in the total radiation widths is
sligh’b »

Tho avorage valuc of the radiation width for the five lecvels was
Fv = 40 + 2 MoV,

Tho fission and radiativc—-capturc cross—scctions for Pu239 in the

" 527 eV range arc given in Tigs. 7 and 8. Pigs. 9 and 10 show the total
and fission cross~gections for plutonium at ncutron cnergies of 40-100 eV.
The graphs show the combined rcosults of various scrics of determinations

carricd out with differcent resolutions and with samples of difforent
thicknesses.

.
Table 2 gives the values of e-n Fi and Ean for the levels resolved,

a
The valuce for the fission widths werc obtaincd, on the assumption that

0
PY n 40 MeV, from the formula pf = x% ; MeV; for the resonance where
B, » 15.5 ¢V, Pf woas obtained dircetly from an analysis of the fission cross-
scction., Comparison ¥ith the data in (11) shows a satisfactory fit with the

measurcd results of Fi and Zan for recsonances up to 30 c¢V.
a
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Consideratioﬁ‘of the interference cffocts only slightly affects tho
pardmeters for the ievols of Pu259, This can be accounted for by the
relatively large distances between interfering levelsg the only exception
is the group of levels around 14-15 eV. With thc heclp of data given in (18)
and interference—analysis results it was ﬁossiblo to make spin identifications
for mogt of the levels of Pu239 below 30 ¢V, Tho difforence in the average
values for the fission widths (Pf = 40 whore J = O and Pf = 160 MeV where
J =1 (14)) is mainly attributable to the prescnce of two very broad levels
in this energy range. Hencc considerable interest attaches to cross—-section
measurement data in the 50-~100 eV range, where therc is a substantial number

of strong resonances.

The fission-width distributions of levels (Fig. 11) in the 0-30 eV and
40-90 ¢V levels are very similar (no strong lovels arc observed vetween 30
and 40 cV). In the 40-90 ¢V range there arc also a fow resonances with very
large fission widths. The valucs of Pf for broad levels (EO = 57.5 eV,

59.2 eV, 62.5 eV and 82.5 cV) given in Tablc 2 may even he somewhat low.
___For the level at Eo = 62.5 ¢V, for example, a dircct analysis of the cnergy

depndence of the fission cross-section (Fig. 10) yields a valuc of Fp & 1 eV,

Inaccurate determination of the broad—resonance parameters is mainly
responsible for the error in dctermining the average value ffo Averaged out
over the whole energy range from O to 90 eV, the value of I, is 114 + 25 MeV.

The average distance betwcen levels D = 2.9 + 0.5 ¢V for neitron energies up
to 7O ¢Vy in this interval spectrometer resolution is sufficient to enable
most of the rcesonances to be detected. The value of D is in agrcement with
the data given in (11); for spin states of the nucleus with J = O and J = 1,

the value of 5& is 11.6 eV and 3.9 ¢V respectively.

The present paper is merely concerned with giving an account of the
measurement methods omployed and the results obtained; a detailed analysis
of the data can be found in (13) and (14). This analysis shows that therc
is (1) g correlation in the amplitude signs of the reduccd resonance widths;

and (2) a gtrong spin dependence on the part of the fission width.

In conclusion, thc authors would like to cxpress appreciation for the

valuable assistance they have received, in conncction with the preparation
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and carrying out of moasuroments and tho procossing of cxporimountal data,
from V.V, Pavlov, V.V, Rotman, A.N, Soldatov and A.D. Knaritonov and aloo,
on the mathomatics sido, from 8. Borovlev and L.I. Panova, Thoy would nlso
like to thank the porsonnel of the cyclotron at the Instituto of Thooretical
and Exporimental Physics for thoir co-oporation in making those determina-

tiong possiblo,

Reccived by printers 2% March 1963%.
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