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ABSTRACT 

U-236 neutron alxmrption was rneasirred as a fim.ct,ion o f  neutron time-of-flight 
from 20 (217 to 1 MeV. The neutron flux was monitored with a 'Li glass scintillator. 
Avcrage cross sections from 3 lieV to 1 MeV weIe derived. Estirria.tec1 uzicert,ainties 
were less than 5% below 600 keV arid increased to 9.5% at 1 MeV. R,esonarice 
paramctrizstion from 20 eV to a few keV remains to  be donc. 
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I. INTRODUCTION 

U-236 has a half-life of 23 My, so a,ny incorpora.ted in tlae rnatcrial of the solar 
systr:m 4.7 tillion years ago has clecayed to uiidetectahlc: levels, brt-:aking itp into 
natural 232Th arid 'He. It is forrnecl in considerable quantities as a cornpound 
nucleus at  > 5  MeV excitation in nuclear reactors from ncutrun absorption ljy ""'IJ. 
Most of it breaks up promptly into fission products a.ud neutrons. As the residual 
2 3 6  U builds up in reactor fuel it absorbs more rieiitrons with very little subsequent 
fission. Thus it lxcornes a sort of poison which must bc allowed for in reactor 
designs; particulaxly in designs where the fnel has a long life or is rccycled. The 
neutron a.hsorption properties of 236U as a function of ncutron energy are similar tso 
those of the naturally occurring 2.18TJ, with s-wave resonances spa,ced al.mut 15 eV 
apart. Above ;L few keV, absorption by p--wave resonances l-mxmes significaiit and 
above 100 keV or so d-wave cont'ributions iiiiist also be considered. 

, I  

Most Aiiierican and British inessurernents dttt)e from the 1.960s. Since 1932 
several Russian measurements have been reported.' -' A recent review4 p i n t s  up 
the iricornI.,atil-)ility between the old and 11en7 nieasurcments of average neutron 
absorption sild capture, particularly for Iieutrori energies aliove a few keV. 
Dnvletsliin e.t ai." specifically call for new mcasurernents giving a broad onw~;tp 
with the energy ra.nges covered in t,he diverse earlier esperirricxits. A comparison of 
mea.surementi ai-id evaluations has recently been conipiled at Brorjlcha.vt:n Satiori;tl 
Lal~orrztory.~ The world reqi-iest list WREJYDA S7/8S6 slnmvs two requests for 23FiU 
neutron capture cross sections in energy ra.1igcl.s 1 keV to 1 MeV arid 500 eV to 
1.4 MeV, respectively. 

The present measurements c ~ v e r  a nmtron energy range 20 eV to 1 MeV, h i t  
only the average absorptiori cross section from 3 lceV to 1 MeV is covered in the 
present report. At the lower energies it is plaIined to fit resonance pa,ra,meters to  
the data. 
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2. U-236 SAMPLE 

’I’he 23GU used in the present experiments originated from electromagnetic 
isotope separations in the Calutron facility at  tlie Oak Ridge National Lalmratory 
(01IiYL) in mid-1967.7 Aboiit 13 g of product wa5 designated as  Batch 201C. Part, 
of tlic Latch was sent to Los Alamos National Laboratory {LASL) where it was 
converted to iiietal aiid rolled into foils for use in superconductivity experiments.8 
A delay in t,licse experiments allowed Drs. J .  Sniith and M. Tinkle of LASL to loan 
the 236U foils to ORNL in 19% for neutron absorptioii measiirements at the Oak 
Ridge Electron Linear Accelerator { ORELA) pulsed neutron source. 

Two of the foil.; werc selected for use. wcigliing 0.7009 g and 1.5517 g, 
respectively. The uneven blackish-blue siirface coatings l-iiiitrd at extensil c 
oxidation duiirig storage. The tcto foils were mounted in thc iieiitrori beam one 
nhovc the other in a plane perpmdiciilar to the beam. After the neiitron cross- 
section measurements were completed, microscopic examination of a small slice 
showed about SO% of the thiclmcss retained a xnttallic luster. The average density 
of a foil was determiiied by a classical iininersion teclmique to be 17.1 g/ml. 
Assuming tither UOa os I 2 3 0 8  and inetal gave weight fractions of uranium averaging 
0.965 1- 0.002. in close ng.reerncnt with the microscopic observation. The thickness 
of the foils varied appreciably but averaged about 0.28 mm. The rather irregiilar 
outlines of the pieces were traced to determine tlie total area. Two independent 
attempts gave 450 mrn2 and -500 mm2. The average volime and thickness gave 
;in area of 470 mm2. 

In addition to mxqs spectrometric analyses a spark source optical spectiurn 
was searched for element a1 impurities, and a gcrinaniuni gaiiima-ray spect riiiri was 
searched for radioactive contaminants. Results are shown in Table 1. As L28T1~ was 
indicated in the last  of these tests, the lielitroil absorption yield at 22 el’ and ‘23.5 eV 
was searched to place an upper limit of 0.5% on possible 232rrh coiltamination. LIost 
of tlie 228T1i activity is attributed to decay of 232U. 
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Table 1. Sample aiialyses 
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3. EXPERIMENTAL PROCEDURES 

Neutron absorption was mcasiiretl a t  tlic OREL-4 pulsed neutron tiinc of-flight 
facility. Prompt gamiiia rays were detected ty a pair of fluorocarliori scintillators. 
~ 1 i r 3  apparatus and procedure were used prcviously for ineasurciiitnts 011 timg5tm' 
and tantaliun.1° Piilse height weighting iised to iiicaswc total  gamma cmcrgy 
1 clcnse. Divi~ling this by the excitation energ1 availalile iii tlic coinpound iiiicleiis 
lwr ca1)turccl neiitrori givcx tlic niimhcr of neutrons captiiicd. Dividing liy tlic 
Illilllhcr of 236u atoms in tlie sample and the incidcnt iiciitroii Aiix leads t o  an  
eff(1ctive iieiitroii captiirc cross section. As found earliei for '"Am hy JYc-ston and 
'Todd," this prompt gamma-ray dctection method has cysentially tlie same efficieiicy 
foi capture a n d  fission events, so tlic total responw corrr~ipoiicls t o  the \iim of thr 
t n o  processcs i.e., thc ahsorption cross section. 

Tlic nict a1 sarnplc was mouiitcd lictwcc~i tlie t l ~  ctors, facing tlie neutron soii1c.e 
and at  ail effective flight path of 40121 iiiiii. Data taking ~ v a >  nccoiiiplishwl in %OS 
hours of ORELil, beam time. The ORELA ope1 atiiig coiiditioIiS xerc SO0 seven 
naiiosecoiid pulscs per sccond and a heam power of 1 l-klf- .  Cross-section calihration 
was done Ijy tlie satuiated 4.9-eI' gold resonance mcthotl <ii usiial." Corrections 
npplied iiicliitle electronic dead-time loss and aniplifit~i gain stantl;irclizatioii, awrage 
1,acligrouiid from long-lived radioactivity, avcragc scattr.rct1 iiciitron hackgi oiiiids, 
gamma cnergy loss in the sample, average reSmiaiice self-protection arid ricutron 
scattering lxfore capturc in the sample. 
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4. EXPERIMENTAL RESULTS 

The trace of 235U (0.2%) in the sample contributed between 0.8% and 1.8% 
of the absorption yield at  mrious energies. The '3.5U alnsorption component w a s  
parsnietrized to 10% based or1  ENDF/B-V fission and caqltitre cross s 

subtracted from the sa.inple yield to get the 236U cross sc.ction. Figure 1. sliaws the 
overall result in lxoacl histogram averages. The data are listed in Table 2. Figitre 2 
shows finer steps from 100 lteV to 200 keV together with the ststistica.1 i.incwtaint8y 
of counting at each step. The slmrp drop in one bin iiear 160 keV is unexpt:cted l.xlt, 
is r i o t  due-to it single data charinel as seeli in Fig. 3 vvllere thc sample yiclrl at, tht: 
full I-11s resolution of the ~nr:asurerncnt from 15.5 keV to 1.65 keV is displayed. The 
neutron energy range from 3 keV to 100 lieV in 1/4 lteV steps is shown in Fig. 4 as an 
indication of the extent of flucti-latioils about an average cross section. Finally, Fig. 
shows the si-irnple yield at  t,he 8-lis time-of-flight bin width i.ised lielow 7.92 kt:V. 

The regioiis hetween peaks encompass the a>verage yield of the 2 3 5  U contaminant,, 
showi as a straight line, indicating that the background sub traction procedure has 
been successful. The average cross sections a,nd ststis ticid standard clevia,t,ions k;jvc: 
been submitted to the Nitclea,r Data C h t e r  at Broolihavcn 1Vatioua.l Lnhor;rr.tory for 
distribution. 
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Table 2 .  Average 236U neutron absorption 

3 ~ -1 
4 -  G 
G S 
8 1 0 

10 15 
15 20 
20 30 
30 - 40 
4 0 60 
GO ~ 50 
so -  100 

100 150 
150 ’00 
300 300 
no0 ~ 400 
400 - 500 
.500 GOO 
GOO ~ ‘100 
700 so0 
so0 ~ 900 
900 1000 

133G 
1122 
1025 
S’74 
72 1 
647 
549 
49 1 
41s 
311 
264 
219 
195 
17s 
IGO 
162 
168 
1 ss 
23s 
31G 
‘1’)O 



Table 3 .  1Jncertaint-y estiiiiates 

-3. 

0.2 
0.1 
d .  3 -4 

<3.4" 
0.3 

c0.2 
0.4 

0.2" 

4.6 
5.0 
G . 0  
9.3 
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Fig. 1. Average cross sections from 3 kcV to 1 MeV. The solid histogram 
approxirnntes the present data whose statistical standard deviations are less than 
1% for the energy intervals shown here. The dashed histograms from 3 keV to  
5 keV arid the siiiooth curve approximate the ENDF/B-V evaluation. The dashed 
histogram from 500 keV to 700 keV is derived by subtracting the EIVDF/B-V fission 
component from the measured absorption cross section. Thresholds for inelastic 
neaitron scattering are indicated by arrows and competition above the lowest level is 
apparent in the data. 



ORNL-DWG 88-15479 
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NEUTRON ENERGY (keV) 

Fig. 2. Average cross sections from 100 keV to  200 kcV. The error bars indicate 
the statistical standard deviations of counting in each 1 keV bill .  
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5 -  
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156 158 160 162 164 
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NEUTRON ENERGY (keV) 

Fig. 3.  Sample yield from 155 keV to 165 keV. The data are shown at  the 
1 11s time-of-flight intervals at which they were recorded, withoiit averaging. The fill1 
width at half maximum of the experimental resolution function at 160 keV was abollt 
112 keV. 
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ORNL-DWG 88-15477 

236" 

illir < I 1 1 

NEUTRON ENERGY (keV) 

Fig. 4. Average cross sections fi-om 3 keV t o  100 keV. The error bars iiidicnte 
the statistical standard deviations of counting i n  each 1/4 keV bin.  Each birl, on 
average, should contain 17 s-wave resonances and many more srrrall I,-\V:Wv" and d- 
wave contribntions. 
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5 .  UNCERTAINTIES 

Tlie purity of tlie sample was re1iiarl;ably good, considering that it had to  he 
retrieved froiii reactor fuel coirta.ining a wealth of radioactivc fission products. Tlic 
detectable rndiosctivity reniaining ca.nie from decay of 2"1Arn and 22Rrrh, the latter 
a,ttuil-)utable to 233U decay. This sslmple ra,clic-~act,ivity w a s  over fivc times liigher 
tliaii tlie bsckgrouiid esperiericed with non-radioactive sa~i~r.~ples but wcll within the 
couiitiiig ratc; capabilities of the ineasurirlg apjia.r;ttus. It was snrripled a rxiil~isecoii<l 
after each accelerator burst siid avcragcd 416 counts per seco~-ici. 

The process of inelastic neutroii scattering followecl by cap t,ure a.t lower energy 
lms 1)een a probleni in soirie measurements. For a thin sample it c m  be correct&I 
for with little r.esultant uncertainty. This correction, for a sample twice i ts  t,liick as 
our 23iiU, hits been discussed earlier.'" The uncerta.inty iiitroduced b y  the srrialler 
corrections for neutron scaitering and self-protect,ion in t,lie present sa,rriple is 
estimated to  lie 0.3%. 



Instrumental uncertainties, primwily gain drift of the electionics and 
pliototubes liavc been tabiilated previously.1G 'l'he gain drifts observed before, 
hetwvceii and after oiir esperimcntal rims using long-lived radioactive sources totaled 
1.3%. It \vas corrcctcd for by linear interpolation and the resultant uncertainty in 
the cross-section results is cstiniated as LO.2%. 



6. DISCUSSION 

The present results as seen in Fig. 1 average 28% belotv the F;NDF'/B-V 
eva, lua, t i~n '~ in the energy range 4 keV to 800 1eV. The evaluation was lmsed on 
data a,nd clzlculakions 1111. to 1967. Competition with inelastic neutron sca 
the 2+ level can be seen above tlie tlircshold at 45 keV. SiIriiiar competition near 
150 keV is riot espected to be significant. The dashed ciirve frorri 500 keV to 800 keV 
results from subt,racting the ENDF/B-V fission cross se 

0x1 to inclicat,e the course of the capture cros 
U capture, activation, and c2t)sorp tion' -,'3 do 

the present results. Fluctuations in tlie average ahsoxption are shown in Figs. 2 i i , I l d  

4. The low value at 1G0 lceV is not expected but is not due to a sin@; da,t,a c.li;ui~icl 
as seen in Fig. 3. Individual resonance peak structure is slirnvii in Fig. 5 to indicate 
the lack of residual background in the sample yield data file. 
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7. CONCLUSIONS 

The present results for tlie average 236U neutron absorption cross section cover a 
broad energy range, 3 l;cV to 1 MeV, overlapping the range of earlier measurements. 
The mlues found are distinctly lower than those in the ENDF/B-V evaluation, in 
agrecriient with more recent experiments. This work should partially satisfy two 
official reqiiestsG for 236U neutron capture cross-section measurcments. 
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