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MEASUREMENTSOF (n,3n)CROSS SECTIONSFOR 235UAND 23*U

L. R. Veeser and E. D. Arthur

Universityaf California,Los Alamos ScientificLaboratory
Los Alanos,NJ!S7545 [us,!)

ABSTRACT

23%(n,3n) reaction from 14.8We have measuredcross sectionsfor the
to 21 h!eV,for 23sU(n,2n)from 14.7 to 19 MeV, and for 230U(n,3n)from 14.7
to 22 NeV with 3H[d,n)neutronsand a large liquid scintillatortank, and
we have calculated(n,xn)and fissioncross sectionsfrom 4 to 22 MeV for
both nuclei using a statistical,preequilibriummodel. h’ehave also cal-
culated the individualspectraof the two (n,2n)and three (n,3n)neutrons,



1. INTRODUCTION

In this paper we report (n,3n)measurementsas well as calculations
~fthe fission and (n,xn) cross sections for 235U and 238U samples at incident
zutronenergiesup to 22 NeV. We also calculatedthe spectra of the individual
>utronsin the (n,xn)reactions. Except for the need to correct for fission
Ycntsemittingthree neutrons,the experimentalmethod is similar to that
.csc.ibcdpreviouslyfor measurementsof other (n,2n)cross sections [1], and the
calculationsarc also similarto those of [1].

2. MEASUREMENTS

Two seriesof runs, one with a large sample [31 g of 23aU or 18 g of
23SU) and the other with a fissionchdmber,were necessaryfor each measurement.
We placed the sampleor fission chamber in the center of a 75-cm-diam,gadolinium-
loadcd liquid scintillatortank whc.~ it was struck by a pulsed bezm of mono-
encrgeticneutronsmade by deuteronsstrikinga tritiurngas target, and we
recordedthe number of neutronsdetected in the tank followingeach pulse.

A 5 x 5 cm liquid sciatill:.tor(in :!Iene:lt.ronbean behind the tank)
monitoredthe neutron flux. We measural the recoil protons in the upper 30”s of
the plateauand normali?cdthe data using the absolutedifferentialefficiency
measurementsof Vcrbinski, et al. [2]. The accuracyof the flux measurement is
estimatedto be + 5% or better. As a check on the flux rr,onitorwc deduced
fissioncross se;tionsfor the 23BU runs and comparedthem with the known
230U(n,f)measuredcross section [3]; wc found agreementto within ~ .5%or better
for all points except 22 NeV where the measurementswere about 10% too high,
presumablybecause tile 5.5-NeVdeuteronbeam from the acceleratormade some
neutronswhich were too low in energy to be monitoredbut high enough to cause
fissions. For the 235U runs, the measuredcross sectionswere 5-10’% too high
at all energies,suggestingthe presenceof a small lower-energycomponent in
the neutron beam.

We measuredthe detectclrefficiencywith a 2s2Cf’spontaneous fission
source WV.!correctedthe efficicnc!’for the differencein energy spectra between
the (n,jn) neutronsand those fr~~:,l‘52Cf,basetlon otjrcal~ulation~of (n,Sn)

SiJ~Ct3’~a The efficiencywas -0.i’u :Indt!~eenergy correction:<as.~0.05S,
relativeto a value of U= 3.733 prOinptneutronsper fission for Zs2Cf [4],

We measuredthe multiplicityof neutronspcr beam Fulse “fc-.a
6-cm-diamdisk of the materialof interestin the center of the tank. “1’o
measure the backgroundswc placed the sampleon the bottom of the hole in the
tank, out of the neutron beam, ihndrepeatedthe run, being careful not to change
the beam focal c~.nditiortsand intensity. Then wc rcplaccdthe sunple with a
fissionchamber irithe beam, this time recordingmultiplicitiesonly for beam
pU]SCS accompaniedby a signal from the fissionchamber, and wc determined the
fissim chamberbackgroundsfrom a run in which the multiplicitieswere rccordcd
for all beam pulses.

To find the (n,3n) cross section wc mndc a small correction to nll
Oip the runs to accoLII:t for Jcad ti~:e:;anJ then subt.racttxlthe cpproprintc bilck-

grounds. For the snrriplcrun we also made correctionsto t!w individual
multiplicityprobabilitiesof up to O.SO.for events where a fission neutron
inducedanother fissionin the sample. Next, we norma!,izcdthe fission chamber
run to the sample run by su..vningthe numbers of events of multiplicity fot,ror
more [~S at cncrgicswhurc the (n,411) cross s~:ctionwas not zero], and then we
stllltract~l~t}lcr~,lll,lbrrnf three r)pl:?rpn fi~::;i,>:~ VV:II: : (’r:i)mtli:((! by the rntio
Of !i}’l(’ ( !s 1,1, ,:”1> !!,~tlc: ):

~. \.:,)..- ~.,,:. . ,
,,, [’,,~ :,::,, ~:y, ... ::l ,L, ;:lr: ,(.

,., .:: !:::: ~,l;) :;:l;.\llQ

7’:1!1 !: V(’ll t’; Cl.) l’ill,i !.ii:: 11!:’’’: (’:’ (’!’ (ll,’;,ll) (!. ,.,1!1 . :: ( ;! ,!i!i.,h. i,, t,li]l .i ,’1,1. :
soctio)lv.il~lcsb!”corrc(.?i:l$l’urLlicL:IIIL~’ti’:cicfl;.!’,ttl~,L;Ir/:L’t moss, nnd tile
incidentneutron flux. At the highest cncrgics,KC USA t!~oSLIIIIe proccdurc to
dcclucc(n,fn) cross sections, In principle it should bc possible to obtain
(n,2n)cross suctions from our data, but unfort~lnntclythe back~rounds from
scattcrcdneutronswere high, We were able to obtain ilcctlr~tc (,n,2n) results
for 23elJ only whcro the dcutcroucncrgicswere low, w}lcrcasfor 2JSU wo woro
completelyunsuccessfulin mci3suring(n,2n).
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The rcsults,ofthe measurementsare given in Table I. The energy
uncertaintiesarise mainly from the spread in dcutcroncncrgics in the tritium
cell, while the uncertaintiesin the mcasurerncntsincludethe statisticalun-
certainty (standardclcviation),the uncertaintiesin the corrections,and m
uncertaintyof ~ 0.01 in the efficiency. Not includedis the estimated~ S:
uncertaintyin the neutron flux.

TABLE I

Cross Sectionsfor the (n,xn)Reactionson
235

U and 238U

En 23S
U(n,3n)

235
U(n,4n)

238
U(,l,2n)

238
U(n,3n)

23S
U[n,4n)

(hfev) (rob) [rob) [rob) (mb) fmb1

14.7 :0.15 673 :41 468 + 40

14.8 :0.20 87 + 24

16.0 ~ 0.20 <51 + ~~ 597 ~62

17.0 ~0.20 206 + 29 366 275 824 ~62

18.0 ~ 0.15 234 ~85 835 262

19.0 + 0.15 2S8 + 27 273 ~ 88 806 ~61

20.0:0.12 265 ~40 26 + 28 625 :39

21.0:0.12 277 + 46 91 + 32 607 + 62 3(J + 39—

.l.r.:=.~

t
x+
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3. CALCULATIONS
-..

We calculated (n,xn) cross sectionsu;ing multistcp llituSer-FcShb3ch

statistical model techniques[5] with prccquilibriumeffects included using the
exc$tonmodel formalismof Kalbach [6]. The equationsemployed in the statistical
portion of the calculationsare given in our earlierpaper on (n,2n) and (n,3n)
measurements[1]. To generateneutron pcnetrabilities,wc uscilspherical optical
parametersderivedhy Madland [7] from a fit to a largequantity of data (total
cross sections,elastic scatteringangular distributions,and s- and p-w~ve
strengthfunctions)for the uranium isotopes. Direct cfFects were determined
through coupled channelcalculationsmade with the JUPITOR code [8]. To represent
the fissionprocesswe used discrete and cent{.nuumfissionchannels describedby
a single harmonicoscillatorbarrier, and we adjustedthe barrier parameters of
Back et al. [9], generallywithin their quoted errors,to obtain agreement with
experimentaldata for the total fissioncross section.

F@rcs 1 and 2 show our measurements (opencircles) along with measure-
ments by Frehaut and Mosinski [10] and by Nather et al. [11] at low energies,and
the curves give the resultsof our calculations. Calculatedfission cross
sectionsarc comparedin Fi~ure3 with data of Leugerset al. [12]. For both
nuclei the calculated fiss,loncross se:tions geil:~illi~ agree with the experi-
mental data, and such agreement,aiong with the use of realisticneutron optical
parametersets, providesimportantconstraintsto values calculated for (n,xn)
cross scct~f~s. In Figure 1 the calculatedcurves are in generally good agree-
ment with U (n,xn)data. Abuve 1S MeV the agreementbetween calculatedand
experimentalcross sectionresults in largepart from the inclusion of pre-
equilibriumeffectsin the calculations;other~;isethe (n,2n)curi:ewould bc much
too low in this energyregion. Above 20 }lcVthe calculated(n,Sn) cross sections
are hi her than the measurements,perhaps in part from experimentaldifficulties.
For 23& U (Figure2) the agreementis not as good, perhaps bccwse the acquisition
of reliabledata is not as easy, althoughat the highestenergies the calculated
(n,3n)cross sectionagreesreasonablywel.1with our measurements.The dip in
the calculated(n,2n)cross sectionnear 8 NeV occurs because of competition
from the (n,n’f)reaction.

The calculationsof the spectraof the first, second, and third (n,3n]
neutronsare of interestin model studiesas well as being useful in correcting
the efficiencymeasurements. l’heresultsof.theuranium calculationsare qual-
itativelyvery similarto tl,osefound for ‘g’Au(n,3n) and other heavy samples [1].

for their
We wish to thank J. M. Anaya, N. R. Cates, R. V. Poore, and E. R. Shunk
assistancewith this experiment.
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Cross
23sscctiollsfor U (n,xn)reactions. lhc cnmn smbols arc outFigure 2,

results and the closed syml~ols-i]l.c those of N;lthcr et il. [jl]. Circles
show (n,2n), triwglcs show (n,3n),nnd :squarcsshow (n,4n) measurements.
The curves are our calculatedvalues.
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