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T A B L E II 
Comparison of R e s o n a n c e I n t e g r a l s f o r t h e 192 ev 

R e s o n a n c e of U238 

U238:H Temp. 
(°K) 

h 
(barns) (barns) 

1:1 0 1.57 0.172 0.172 
300 1.68 0.178 0.180 
600 1.74 0.184 0.188 
900 1.74 0.191 0.195 

1:5 0 3.50 0.302 0.302 
300 3.82 0.329 0.335 
600 3.73 0.355 0.360 
900 3.53 0.380 0.381 

1:10 0 4.92 0.393 0.393 
300 5.11 0.443 0.446 
600 4.70 0.488 0.484 
900 4.25 0.529 0.514 

1:20 0 6.71 0.516 0.516 
300 6.25 0.608 0.602 
600 5.34 0.681 0.657 
900 4.62 0.742 0.700 

1:100 0 11.0 0.983 0.983 
300 6.74 1.23 1.20 
600 5.07 1.37 1.30 
900 4.12 1.46 1.37 

As expected, the t r end in the in terpola t ion pa rame te r 
with increasing di lut ion is towards the "na r row-resonance" 
l imit . Another t r end which becomes apparen t f rom a con-
siderat ion of di lute mixtures is t h a t /z moves back towards 
the " inf in i te-mass" value as the t empera tu re increases. 

The results as a whole show tha t , a l though the in terpola-
t ion parameter n may exhibit quite marked changes wi th 
t empera tu re in some cases, the var ia t ion has a compara-
t ively small effect on the effective resonance in tegra l . Thus 
i t appears t h a t , in apply ing the formulas of Goldstein and 
Cohen, no significant error should result f rom the use of the 
0°K value of in the calculat ion of the to ta l effective reso-
nance integral , except , perhaps , when de termining the 
Doppler coefficient, for which a more thorough inves t igat ion 
may be needed. 

I t is interest ing to note t h a t , for the values of the pa r am-
eters relevant to t he resonances of Th232 and U238 under 
pract ical conditions, the func t ion L(0, ai , a\ , x0) has been 
found to be given wi thin a few percent by the fo rmula 

L(0, 01, ax, £o) ^ - ax)J(e, ax) t a n - 1 — ~ — , (11) 
7T Cl + C\ 

which is exact in the l imit as 6 —* and also in the l imit as 
X0 —> 00 • 

The work repor ted here was under taken by one of the 
au tho r s (M. H. M. ) as p a r t of project sponsored by the 
Aust ra l ian Ins t i tu t e of Nuclear Science and Engineer ing . 
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The Average Capture/Fission Ratio of U233 

for Epithermal Neutrons 

In thermal reactors using U233 as fuel somewhere around 
10% of all absorpt ion in the fuel may be expected to involve 
epi thermal neut rons . While the capture/ f iss ion rat io a 
for thermal neu t rons is known to be close to 0.10 (1) and 
while the fission, scat ter ing, and to ta l (i.e., fission plus 
capture plus scat ter ing) cross sections have been studied 
as a funct ion of energy (1), nevertheless there remains sig-
nificant unce r t a in ty as to the average cap tu re cross section 
and capture/ f iss ion ra t io for epi thermal neut rons . If the 
la t te r ra t io were sufficiently high the consequent effect on 
the neu t ron economy of a U233 the rmal breeder could be 
serious. The purpose of the work described here was to 
to compare t he epi thermal capture and fission values to 
the thermal values by the use of Cd rat ios , radiochemical 
analyses of fission products , and mass-spectrographic ratios 
of U234/U233. Thereby an experimental aepi for epithermal 
neutrons was evaluated , as were infinitely di lute resonance 
integrals for cap tu re and fission, I c and /f , for U233. 

Microgram quant i t ies of U233 (prepared to be especially 
free of U234 by milking U233 f rom Pa233) were i r radia ted in 
both the L I T R (ORNL Low In tens i ty Test Reactor) and 
ORR (Oak Ridge Research Reactor) , bo th wi th and with-
out 40 mil Cd filters surrounding them. The thermal fluxes 
were about 2 X 1013 and 1 X 1014 w/cm2-sec respectively. 
Both thermal and epithermal fluxes were moni tored a t the 
sample posit ions wi th cobalt in a di lute Co-Al alloy (con-
taining 0.151% Co). 

Af ter i r radia t ion , the uranium was separa ted f rom fission 
products and other impurit ies and analyzed mass-spect.ro-
graphically for U234 produced. Analyses were made on the 
four fission products , 12.8-day Ba140, 67-hr M o " , 54-day 
Sr89 and 65-day Zr95, by using s t anda rd procedures (2) 
with few modifications, in order to determine the number 
of fissions which occurred during i r radia t ion. 1 

x The yield of I131 was also measured and found to give a 
resonance integral some 36% higher t h a n t h a t computed 
f rom Sr89, Mo99, and Ba140. Since I131 is on the slope of the 



246 LETTERS TO THE EDITORS 

T h e 2200 meters / sec cross section cr0 and resonance in-
tegral I (above 0.54 ev),2 used for Co were 37.0 and 75 b, 
respectively. The Maxwell ian tempera ture was assumed 
to correspond to Em = 0.029 ev. In the O R R i r radia t ion 
used for measuring the cap ture parameters , t he (Maxwellian 
f lux) / (epi thermal (1 / E ) flux per le thargy un i t ) was found 
to be 16.453 and the in tegra ted thermal flux-time, 3.65 X 1020 

neutrons/cm 2 . F rom the l a t t e r figure and the average ob-
served U234/U233 mass ra t io , the effective the rmal (not 2200 
meters/sec) cross section for capture was 61.3 b. By the use 
of Westcot t ' s value (5) for " g " , the thermal flux, the flux 
rat io , and the mass analyses for bo th fi l tered and bare 
samples, the following values were obtained for the 2200 
meters /sec cross section and resonance integral for U233 

capture 

(ro = 51.7 b ± 5% 
I (above 0.54 ev) = 147 b ± 5% 

The 2200 meters /sec value may be compared wi th t he World 
Consistent Set va lue of 53 =b 5.5 b or the U. S. value of 
51 =fc 5.5 CO. Westcot t (5) quotes a value of t he difference 
between the resonance integrals for absorpt ion and fission 
(which should equal the cap ture integral) of 117 b ; however 
this value being the difference between two large numbers 
may be subject to appreciable error. 

By comparison of the fission product analyses in the bare 
and filtered samples and by using the moni tored flux-time 
values, an average fission resonance integral of 865 =t 40 b 
was obtained for Ba140, Sr89, and M o " analyses (6). This 
value compares favorab ly wi th the resonance integral of 
900 b est imated f rom resonance da ta in BNL-325 (2nd ed.) 
and with the 820 b of Terasawa ' s computa t ion (7) also using 
cross section vs. energy da ta . 

Although direct measurements of the fission product 
yields of Sr89, Mo99, Ba140, and Zr95 for resonance neu t ron 
spectra have not been carried out, for the purpose of this 
s tudy their values may be inferred. Varia t ions of fission 
product yields in the thermal and resonance regions have 
generally been ascribed to varying contr ibut ions of sym-
metr ic and asymmetr ic fission in different levels of the 
fissioning nucleus (8). Rat ios of asymmetr ic to symmetr ic 
fission for reactor epicadmium neutrons, 

asym /A sym)epi 
(A asym/ -4sym)th 

have been measured for bo th U235 and U233 as 1.18 and 1.12 
respectively (9). A change in this rat io f rom u n i t y is pri-
mari ly due to a change of the yield in the region of t he valley 
of the fission product yield curve. The yield a t the peak is 
essentially unpe r tu rbed . This is borne out by the constancy 
of the ra t io of yields (10) of Mo99/Ba140 a t bo th thermal and 

fission product yield curve, its yield is more sensit ive 
to symmetr ic -asymmetr ic competi t ion t h a n those fission 
products in the peak of the curve. For example, in U235, 
t he 14 Mev neu t ron fission product yield of I131 is about 
40% greater t h a n the the rmal yield (3). 

2 All resonance integrals mentioned here refer to the to ta l 
react ion ra te above the specified lower l imit , i .e., no l/v 
" t a i l " has been sub t rac ted . 

3 For conventions used, see Stoughton and Halperin (4); 
one difference is t h a t the subscript zero has been dropped 
in the symbol for infinitely dilute resonance integral . 

epi thermal energies in U235. Since U233 has an even smaller 
value of Repi t h a n U235, the yields for peak fission products 
can similarly be expected to remain approximate ly con-
s t an t for thoss resonances contr ibut ing to the fission res-
onance in tegral . Selected fission product yields in U233 

have been measured for a fast neut ron fission spect rum by 
Bonyushkan (11). The yields for Sr89, Mo99, and Ba140 were 
found to be in essential agreement wi th thermal yields 
within the l imits of error of the measurement . There appear 
to be no similar da t a available for Zr95. In the present work 
the yield ra t io of 

Y(Zr
9^)epi / HNJepi 

F(Zr
95)th / 7(NJth 

was found to be 1.14 where N; = Sr89, Mo99, or Ba140. In 
view of t he in ternal agreement of the Sr89, Mo99, and Ba140 

and the direct evidence of their una l te red yields in a fas t 
spect rum and t h e lack of da ta for Zr95, we have not included 
the value derived f rom Zr95 in the resonance integral 
average. 

The ra t io of the average capture / f i ss ion ra t io for epi-
thermal neu t rons « e P i should be given by the ra t io of t he 
resonance integrals , or 

«ePi(U233) = 147/865 = 0.170 =fc 0.017 

The effect of this value of a e p i on the rmal breeding may 
be seen by expressing the effective number of neut rons 
p roduced /neu t ron absorbed in fuel , r)ei{ , in terms of t he 
thermal value ?7th , the thermal and epi thermal values of 
a (i.e., cxepi and ath), and the f rac t ion of adsorpt ions in fuel 
which occur in the epi thermal region / e p i . On the assump-
tion t h a t t he number of neut rons emi t t ed per fission (which 
is equal to 77(1 + a ) ) is near ly independent of the incident 
neu t ron energy over the range in quest ion the rj rat io be-
comes 

1211 — 1 j (aepl ~ a t h [ 
*7th bP1 \ 1 + «epi / 

If a value of 0.100 (1) is t aken for ath , the above equat ion 
becomes 

Veff/Vth = 1 - /epi (0.060 ± 0.015) 
= 0.994 for /epi = 0.1 
= 0.988 for /epi = 0.2 
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The 01 6(n,p) N16 Reaction Cross Section 

The 0 1 6 ( n , p ) N1 6 react ion produces the pr incipal radio-
ac t iv i ty in the coolant dur ing operat ion of water-cooled 
reactors . High energy gamma rays accompany the decay 
of N16 . The cross section for this reaction has been the 
subjec t of several exper imental invest igat ions, the resul ts 
of which have at t imes been in apparent agreement and a t 
o ther t imes in apparen t disagreement . I t is the purpose of 
th is note to summarize a review (1) of the avai lable in-
format ion concerning the cross section for th is react ion 
with regard to appl ica t ion to water-cooled reactors . 

The reaction cross section averaged over the fission 
neu t ron spect rum has been deduced f rom ac t iva t ion meas-
urements obtained using water circulated th rough a reac-
tor . The ac t iva t ion flux used by Henderson and Tunnicl i ffe 
(2) in arr iving at a cross section of 18.5 ± 1.5 ^b is deter-
mined f rom a calculat ion of the average p a t h length of a 
fission neutron in the cooling water channel of the reactor 
fuel element. Honeck has calculated this average p a t h 
length using Monte Carlo techniques which account for 
self-shielding in the fuel element, thereby obvia t ing the 
need for an assumed angular dis t r ibut ion of the neu t rons 
enter ing the coolant channel . The results, as repor ted by 
the Neu t ron Cross Section Eva lua t ion Group (3), are about 
one half as large as Henderson ' s , and would increase t he 
cross section by about 2. When the integral ac t iva t ion cross 
section, of 19 ± 5 jub, repor ted by Roys and Shure (4) is 

ad jus ted for t h e more recent informat ion on the yield of 
0.74.high energy gamma rays per N1 6 d is integrat ion and 
the improved confidence of the magn i tude of the A l (n , a ) 
cross section which had been used as a moni tor of the act iva-
tion flux, t he 0 1 6 ( n , p ) value becomes 21 dz 4 ^b. 

Mar t i n (5) had measured the exci ta t ion funct ion of t he 
0 1 6 ( n , p ) N1 6 react ion f rom 12.4 to 18 Mev. DeJuren , Stooks-
berry, and Wallis (6) have extended the range of the meas-
urements , covering the region f rom 11 to 19 Mev with im-
proved energy resolution. Their more accura te technique 
for moni tor ing the i r radiat ion flux gives results lower t han 
those of M a r t i n by about a factor of 2. The i r results exhibit 
a prominent resonance near 11.8 Mev previously unob-
served. Similar measurements have been made between 
12.6 and 16.3 Mev by Seeman and Moore (7). 

In averaging the excitat ion func t ion , i t is impor tan t 
t ha t the absolute value and shape of the fission neut ron 
spect rum wi th in several Mev of t he react ion threshold of 
10.23 =h 0.01 Mev be used. In the energy region above 10 
Mev, exper imenta l informat ion on th is spec t rum is scanty . 
The results of W a t t (5) and of Frye and Rosen (9) are given 
in Fig. 1 wi th a rb i t r a ry normalizat ion a t 7 Mev, with con-
sistency noted even above 10 Mev. Also seen in Fig. 1 is 
the shape of t he Wat t spect rum (e~E s inh -%/2E) and t h a t 
ol the Cranberg spec t rum ( e -^ /°- 9 6 5

 s i n h \/2.29E), both 
normalized to the experimental resul t s in the 3-4 Mev 
range. These shapes are consistent wi th the available 
experimental informat ion in this region, wi th the Wat t 
spect rum providing a somewhat be t t e r fit. The relat ive 
number of neu t rons with energies grea ter t h a n 10 Mev 
predicted by these representat ions differs by about 17%. 

When the resul ts of DeJuren , S tooksberry , and Wallis 
are weighted wi th the Wat t spec t rum, the average cross 
section is 19 txb. When weighted with the Cranberg spect rum, 
the average cross section is 16 jub. These results agree with 
the ad jus t ed integral act ivat ion cross section of Roys and 
Shure, 21 =t 4 jub, to within the uncer ta in t ies of the ex-
perimental in format ion . 
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