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Abstract 

A survey has been made of the experimental data for the cross 
sections and fission parameters of the fissile nucl ides: U 2 3 3, U 2 3 5, 
and P u2 39 for the Neut ron Physics Sympos ium at Rensselaer Poly-
technic Inst i tute, May 5-6, 1961. T he best available data have been 
used to construct the most probable behavior of the low energy 
cross sections which are presented graphically. I t is shown that the 
most probable 2200-meter/sec parameters of U 2 33 and U 2 35 form 
a set of values which are consistent with the results of ratio measure-
ments. T he values which are provisionally derived are for U 2 3 3: 
σ ηΤ = 587 ± 3, σ ηη = 12 ± 3, σ ηχ = 575 ± 4, σ ηγ = 49 ± 2, 
on1 = 526 ± 4, « = 0.0935 ± 0.0038, ν = 2.502 ± 0.014, and 
η = 2.288 ± 0.010, and for U 2 3 5: anT = 694 ± 4, ann = 16 ± 3, 
σηχ = 678 ± 5, ony = 99 ± 4, anf = 579 ± 6, α = 0.172 ± 0.007, 
ν = 2.434 ± 0.019, and η = 2.077 ± 0.010. I t is recommended 
that a least squares adjustment similar to that made for U 2 33 by Evans 
and Fluhar ty should be made for the U 2 33 and U 2 35 parameters as a 
single set. For P u2 39 the lack of precise determinat ions of 1 + α 

preclude the development of a set of parameters i n the same manner 
as done for U 2 33 and U 2 3 5. T he P u2 39 parameters of ση /, ν, and η 
which can be derived from ratio measurements with U 2 35 are shown 
to have an internal inconsistency of 4 . 3% when combined wi th the 
most probable value of σηχ. On the assumpt ion that the measure-
ments of η are most likely discrepant, the most probable values of 
the 2200-meter/sec parameters for P u2 39 are taken to be: 
σ ητ = 1018 ± 5, o nn = 10 ± 3, o nx = 1008 ± 6, σ ηγ = 254 ± 11, 
°nf = 754 ± 9, oc = 0.337 ± 0.017, ν = 2.89 ± 0.05, and η = 
2.16 ± 0 . 0 5. 

Introduction 

Dur ing the past 2 years a number of exper iments have been com-
pleted which were designed to determine low energy neut ron cross 
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sections and fission parameters of the impor tant fissile nucl ides wi th 
high precision. I refer especially to the efforts at obtaining precise 
total cross sections at Columbia University and B N L by Safford 
and Havens; at O R NL by Block, Slaughter, and Harvey; and at 
the M T R by Simpson, Moore, and Simpson. Also, impor tant 
experiments on precise determinat ions of η and ν have been made at 
O R NL by the Saussure, Mackl in, Gwin, Magnuson, and others. 
I n addit ion, a considerable effort has been expended in critical 
review of the status of knowledge of these parameters. I n this con-
nection I would part icularly ment ion the review of U 2 33 cross sections 
by Evans and F luhar ty1 and of the U 2 35 cross sections by Safford 
and Havens.2 I t is appropr iate at this t ime to combine the results 
of recently completed exper iments with these reviews and survey 
the status of our present knowledge of these neutron cross sections. 
T he results of this survey wil l show that the low energy neut ron 
parameters of U 2 33 and U 2 35 form a very consistent set of numbers, 
at least at the level of about 1 % precision. For the case of P u2 39 

the situation is not nearly so cheerful as the best neut ron parameters 
which have been obtained are of the order of 4% discrepant. How-
ever, the outlook for the near future is br ight as several definitive 
exper iments on P u2 39 parameters are now in progress. 

I n the present survey the best available information on the low 
energy behavior of the total and fission cross sections has been 
compiled and presented in graphical form. I t is in tended that this 
presentat ion wil l demonstrate the extent with which the results of 
separate measurements of the same cross section are consistent 
wit h each other. These comparisons show that small systematic 
effects are frequently present in any single measurement such that 
i t is necessary to consider the result ing dispersions of data to assign 
best values of cross section behavior. I n this way also reliable 
estimates can be made of the uncertaint ies which are involved in the 
use of these cross section curves in practical applications. 

T he survey also studies the quest ion of the best values of the 
2200-meter/sec neutron parameters of these nucl ides. I n this s tudy 
the logical approach which is at tempted leans heavily on the out-
standing review article on the evaluation of the U 2 33 neut ron para-
meters by Evans and Fluharty. One aspect of this approach is the 
solution of the problem which arises from the overdeterminat ion 
of the neutron parameters because of the experiments which involve 
the determinat ion of combinat ions of parameters. Closely related to 
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this aspect is the suggestion of Evans and Fluhar ty that U 2 33 is a 
promising standard for comparison measurements because of the 
near \jv behavior of its thermal cross sections. Actually, the present 
survey wil l show that the U 2 35 cross section behavior is sufficiently 
close to \jv that its neutron parameters are determined to the same 
order of precision as has been possible for U 2 3 3. 

T he present study determines the separate parameters for U 2 33 

and U 2 35 from the following procedure: T he best value of σηχ is 
determined from the total cross section and the est imated scattering 
cross section. T he best value of  oc is obtained from exper iment and 
a best value of η is also obtained from exper iment. These three 
parameters: absorpt ion, a, and η then determine the remaining 
parameters of fission cross section, capture, and v. T he result ing 
derived parameters are then compared with the values obtained in 
direct measurement and with the values of the U 2 3 5: U 2 33 ratios of 
parameters obtained in direct measurements. T he comparison wil l 
be seen to be an excellent one except for the case of the absolute 
values of the fission cross sections. For the study of the parameters 
of P u2 39 this procedure cannot be used because of the lack of pre-
cision determinat ions of oc. T he P u2 39 results must be obtained 
primari ly from ratio measurements with U 2 3 5. As wil l be seen this 
procedure yields P u2 39 parameters which are badly discrepant. 

y 233 

There have been three recent measurements of the total cross section 
of U 2 33 for low neut ron energies. T he results of these measurements 
are shown in Fig. 1 in the form ( ση Τ- ση η) y/Ë where a value of 
12 barns has been used for onn. T he scale is such that the small 
deviation from \jv of the absorpt ion cross section can be clearly 
seen. T he solid points represent the data of Simpson et al.3 obtained 
wit h a fast chopper using a metall ic sample. Each point represents 
an average of several experimental values in a very small energy 
interval. T he open circles represent the data of Block et al} also 
obtained with a fast chopper and a metall ic sample. T he points 
below 0.035 ev represent the average of several exper imental values 
in a very small energy interval. T he other data are those of Safford 
et al.5 obtained with a crystal spectrometer. T he tr iangular points 
were obtained using a metal foil . T he three lowest energy values are 
at wavelengths beyond the Bragg cutoff for u ran ium so that no scat-
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ter ing cross section has been subtracted from these values. T he other 
data of Safford et al. were obtained with a l iquid sample so that 
the 12-barn scattering cross section was subtracted from all of the 
data. T he liquid sample data were taken so that the irregular effects 
of Bragg scattering would not be present. However, the data obtained 
show a much larger dispersion from a smooth curve than the data 
of Block et al. and Simpson et al. and consequent ly the data of 
Safford et al. have not been included on the graph for energies 
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FIG. 1. Absorption cross section data for U 2 33 from 0 to 0 . 1 ev. A value 
of 1 2 barns for σηη has been subtracted except for the metal samples beyond 
Bragg cutoff. The data of Block et al. and Simpson et al. represent averages 
of data over small energy intervals. The solid curve estimates the most 
probable smooth behavior of the cross section. The dashed lines represent 
0 . 5 % deviations from the smooth curve. 

above 0.035 ev. I n addit ion, a systematic inconsistency is noted 
between the metal and l iquid sample measurements at the lowest 
energies with the l iquid sample results being much higher. Th is 
indicates the possibility of coherent l iquid scattering effects at low 
energies so that the pr imary emphasis is given to the results obtained 
wit h metall ic samples. A similar systematic effect is noted in the 
identical experiments performed on U 2 3 5. 

T he solid line drawn through the data is a smooth curve which 
has only been fitted by eye. I t follows most closely the M T R data 
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FIG. 2 . Fission cross section data for U 2 33 of Moore et al. from 0 to 0 . 1 ev. 
The smooth curve is the curve fitted to the absorption cross section on Fig. 1 
divided by the best value of 1 + a. 

least squares fits over the energy interval of approximately 0.02 to 
0.04 ev. T he Columbia group reports values of 587 and 586 barns 
for the l iquid and metal sample data. However, the Columbia values 
are obtained from least squares fits to data to considerably higher 
energies (0.08 and 0.06 ev), and it is observed that the actual measured 
values at 2200-meter/sec are 3 and 1 barns smaller than the least 
squares values. Because of the small number of experimental points 
and the large energy region which was used in the least squares 
analysis it is not clear that the least squares values are better estimates 
than the monoenerget ic results. Th is factor must be considered in 
assigning a final uncertainty to a best value for the 2200-meter/sec 
total cross section. 

Figure 2 shows the M T R fission cross section data as a function 
of energy of Moore et al.6 obtained with a fast chopper. T he curve 

which have by far the smallest dispersion from a smooth curve. 
T he dashed lines represent deviations of ± 0 . 5% a n (i demonstrate 
that the shape of the absorpt ion cross section is probably well 
determined within these l imits. 

T he three experimental groups have each reported best values of 
the 2200-meter/sec total cross section from the data shown on Fig. 1. 
T he O R NL and M T R values are both 587 barns as obtained from 
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drawn th rough the data is the smooth curve fitted to the absorpt ion 
cross section of Fig. 1 divided by the best value of 1 + <*. Above 
0.03 ev these data are seen to be consistent to within ^ 0 . 5% wi th 
the assumpt ion of a constant oc over the energy interval shown. T he 
sudden decrease in the values of anf y[Ë below 0.03 ev is almost 
certainly an inst rumental effect. A n abrupt change in σ^/Έ in an 
energy interval much smaller than Γ in an off-resonance region 
such as this is not expected theroretical ly. I n addit ion, the multi level 
analysis of Moore and Reich7 has ascribed 8 0% of the fission 
cross section in this region to a constant \jv> noninterfer ing com-
ponent. 

I n summary, the absorpt ion and fission cross section data of U 2 35 

are consistent to within about ± 0 . 5 % with the assumpt ion of a 
constant behavior of  oc up to 0.08 ev. T he assumpt ion is further 
suppor ted by the measurements of Palevsky et al? which showed 
no variation wi th energy of η from 0.01 to 0.1 ev to within 1 %. 
I n addit ion, a significant variat ion in ν wi th energy in this energy 
region is extremely unlikely. As was previously ment ioned some 
8 0% of the low energy cross section of U 2 33 is ascribed to a non-
interfering component and for U 2 35 and P u2 3 9, where the interfering 
component accounts for the major fraction of the cross section, 
exper iments have shown that the variation of ν wi th energy is less 
than 1 %. 

Derivation of the 2200-Meter/Sec Neutron Parameters 

for U 2 33 

T he derivation of the 2200-meter/sec neut ron parameters for U 2 33 

is out l ined in Tab le I . T he arrows show the combinat ion of values 
from wrhich the remaining parameters are derived. Al l of the values 
shown are monoenerget ic 2200-meter/sec values based on the as-
sumpt ion that oc and ν are constant in the low energy region and that 
the g factors of U 2 33 at low energies are unity. T he g factors are 
certainly very close to unity, but the procedure could be refined by 
using the curves of Figs. 1 and 2 to compute ga and gf. 

T he experiments which determine the best value of anT have 
been discussed. T he error assigned is larger than would be obtained 
from averaging the experimental values which are listed pr imari ly 
because of the small inconsistency of the Columbia values previously 
discussed. 
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DERIVATION OF THE 2200 METER/SEC NEUTRON PARAMETERS FOR U 2 3 3° 

Block et al.4 
Simpson et al? 
Safford et al.5 (liquid) 
Safford et al.5 (metal) 

Oleksa9 (extrapolated) 
Vogt10 (multilevel fit) 
Moore et al.7 (multilevel fit) 

Inghram et al.11 
Kukavadse et al.12 

Macklin et al.13 
Spivak and Yerozolimsky14 
Muelhause15 
Gwin and Magnuson16 

587 ± 3 
587 ± 6 
587 ± 5 

586 ± 2 

12.5 ± 0.5 
12 
13 

0.093 ± 0.0053 
0.094 ± 0.0055 

2.296 ± 0.013 
2.28 ± 0.028 
2.263 ± 0.028 
2.289 ± 0.015 

2.502 ± 0.014 

° T h e values shown are based on the assumption that the g factors for U 2 33 at 2200 meter/sec are unity and 
that α and ν are constant in the low energy region. 
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T he scattering cross section value is that determined by Oleksa,9 

which is an average of 11 experimental values from 0.27 to 3.3 ev 
and values obta ined from multi level cross section fittin g by Moore 
and Reich7 and by Vogt .10 T he best value of 12 barns includes a 
considerat ion of a possible depression of the scatter ing cross section 
i n total cross section measurements due to coherent scatter ing 
effects. T he measurements of Safford et ah wi th l iquid and metal 
samples indicate that the effect is small near 0.025 ev. 

T he best value shown for α is that obtained by Evans and Fluhar ty 
after correct ing the exper imental results of Inghram et al.11 and 
Kukavadse et al.12 for spectral effects. 

T he best value of η is derived from four experimental results. T he 
result of Mackl in et al.13 was obtained from a manganese bath 
exper iment wi th a thermal neut ron beam. T he error shown has been 
increased over that given by the authors to reflect the uncerta inty 
i n the proper g factors. T he result of Spivak and Yerozol imsky14 

was obtained from an absolute measurement of ( η Μ — 1) made by 
comparison of neut ron absorpt ion and product ion in a graphi te 
thermal column. T he result of Mue lhause15 was obtained from a 
determinat ion of ( η Μ — 1)σηχ in a pile oscillator measurement. T he 
result given here has been adjusted to the best value of σηχ shown in 
Tab le I . T he result of G win and Magnuson16 of ( η Μ — 1)σηχ which 
was obtained from a criticality exper iment has also been adjusted 
to the best value of σηχ. 

T he values shown in Tab le I are only slightly different from those 
arrived at by Evans and F luhar ty in a least squares analysis and these 
differences result pr imari ly from differences of one barn in the 
proposed best values of σηΤ and ση η. I t is the present author 's opinion 
that a further least squares adjustment should now be done which 
would also include the parameters of U 2 35 and those of U 2 35 and U 2 33 

ratio measurements. Since this has not been done the values of Tab le I 
are given wi thout further adjustment. 

y 235 

T he O N R L ,4 M T R ,3 and Columbia Univers i ty17 groups have also 
recently reported precision total cross section measurements on 
U 2 3 5. These data are shown on Fig. 3 in the form (σηΤ — ann) y / E 
where a value of 16 barns has been used for ann. Again the M T R 
and O R NL data represent the average of several values over very 



LOW ENERGY CROSS SECTIONS OF FISSILE NUCLIDES 11 

small energy intervals. T he Columbia group has again reported 
measurements for both l iquid and metall ic samples and the data 
shown below the Bragg cutoff for the uran ium metal samples have 
not been decreased by the scattering cross section. Again the Co lum-
bia l iquid sample data at long wavelengths li e systematically higher 
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F I G . 3 . Absorption cross section data for U 2 35 from 0 to 0 . 0 6 ev. A value 
of 1 6 barns for σηη has been subtracted except for the metal samples beyond 
Bragg cutoff. The data of Block et al. and Simpson et al. represent averages 
of data over small energy intervals. The smooth curve estimates the most 
probable behavior of the cross section. 

than the results obtained with the metall ic sample indicat ing the 
possibility of l iquid diffraction effects. T he smooth curve fitted to 
the experimental data for neut ron energies greater than 0.01 ev 
seems to more natural ly extend to fit  the metal sample data. T he 
discrepancy is about 1 % at the low energies. Also shown on Fig. 3 
are older data of the A N L 18 and H L O 19 groups which are also of 
high statistical precision and corroborate the more recent measure-
ments. T he data from 0.01 to 0.06 ev all li e within ± 0 . 5% of the 
smooth curve so that the shape of the absorpt ion cross section is 
well determined to within this precision. 

T he fission cross section of U 2 35 is shown on Fig. 4 in the form 
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σηί Λ/Ë normalized to the best value at 2200-meters/see arrived at 
i n this paper. T he data shown are a small number of values recently 
reported by the Columbia group 20 obtained with a crystal spectro-
meter and older data from A N L 18 obtained with a fast chopper and 
H L O 19 data obtained with a crystal spectrometer. T he smooth 
curve drawn th rough the data is obtained from the curve presented 

F I G . 4 . Fission cross section data for U 2 35 from 0 to 0 . 0 7 ev. The smooth 
curve is the curve fitted to the absorption cross section of Fig. 3 divided by 
the best value of 1 + a. 

on Fig. 3 fitted to the absorpt ion cross section and from the constant 
best value of 1 - f α derived in this paper. Th is curve is seen to be a 
good fit to the data except for some discrepant values below 0.02 ev. 
T he three points given by the Columbia group seem to be internally 
inconsistent on any reasonable assumption of the shape of the curve 
below 0.01 ev. T he three A N L points show a systematic difference 
from the Columbia and Hanford data below 0.015 ev. Whi le the 
systematic differences at the lowest energies are + 2 % from the 
smooth curve, the curve is a good fit to the average values and can 
perhaps be accepted to a much better precision. T he fission data 
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above 0.02 ev are fitted by the smooth curve to as good a precision 
as the absorpt ion data are fitted by the corresponding curve. 

T he consistency with which the absorpt ion and fission cross section 
data are fitted by the smooth curves shown on Figs. 3 and 4 is taken 
as good evidence that α for U 2 35 is a constant in this energy region. 
T he excellent fi t of both sets of data from 0.02 to 0.06 ev assuming 
a constant oc implies also that oc wil l not change by an appreciable 
amount in the region below 0.02 ev. Such a change would be contrary 
to theoretical expectations on several grounds: First, that the energy 
interval available for a change in oc is much smaller than the average 
level w id th; second, the energy region is offresonant; and third, 
the cross sections in this energy region are dominated by a single 
(negative energy) resonance. I t should be pointed out in th is regard 
that Safford et al.17 have used only their own discrete determinat ions 
of 1 + oc, σηΤ, and the energy variation of onf to deduce a value for 
the 2200-meter/sec fission cross section which is significantly higher 
than the value which wil l be derived in this paper. T he procedure 
followed by Safford implies an increase in oc of U 2 35 by 2% from 
2200 meters/sec to 0.00291 ev. Th is is just the opposite of the 
theoretical expectation because the dominat ion of the negative 
energy resonance which has the very low value of  oc becomes stronger, 
though not necessarily significantly, the lower the neut ron energy. 

Addit ional evidence for the near constancy of  oc in the low energy 
region is given by the exper iments of Palevsky et al.,s Leonard et al.,21 

and o the rs22 which show that η does not vary by more than about 
1% from 0.01 to 0.10 ev. T he measurements of Leonard et al.23 

have also shown that ν is a constant to within 1 % over the energy 
interval 0.025 to 0.4 ev. 

Derivation of the 2200-Meter/Sec Parameters for U 2 35 

T he derivation of the 2200-meter/sec neut ron parameters for U 2 35 

is out l ined in Tab le I I . T he arrows show the combinat ion of values 
from which the remaining parameters are derived. Al l of the values 
shown in the table are monoenerget ic 2200-meter/sec values and 
where necessary the £ factors which were used to correct the results 
of spect rum averaged exper iments were taken from the latest com-
pilation of Westco t t .24 I t would be desirable to re-evaluate the g 
factors using the smooth curves fitted to the absorpt ion and fission 
cross section data given in Figs. 3 and 4. 



T A B L E I I 

DERIVATION OF THE 2200-METER/SEC NEUTRON PARAMETERS FOR U 2 3 5A 

Block et al? 693 ± 5 
Simpson et al.z 690 ± 10 
Bollinger and Saplakoglu18 694 ± 2 

Safford et al.17 (liquid) 695 ± 2 

Safford et al.17 (metal) 699 ± 5 

Vogt10 (multilevel fit) 17 
Foote25 (0.27 ev) 14.7 ± 1 

Safford et al.17 (0.00291 ev) 0.171 ± 0.009 
Cocking26 (0.0011 ev) 0.172 ± 0.022 

Tingey and Vance28 0.175 ± 0.025 

Macklin et al.13 2.077 ± 0.013 
Spivak and Yerozolimsky14 2.069 ± 0.025 
Muelhause15 2.072 ± 0.03 
Gwin and Magnuson16 2.081 ± 0.015 

ση,Τ 

694 ± 4 

ση,η e f f 

16 ± 3 

0.172 ± 0.007 

2.077 ± 0.010 2.434 ± 0.019 

Westcott g factors, CRRP-960, were used throughout the analysis. 
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T he values listed for σηΤ were taken from the results of measure-
ments shown on Fig. 3. T he value of 693 i 5 barns reported by 
Block et al? was obtained from a l inear least squares fit to their 
data over the energy interval 0.02 to 0.04 ev. Measurements made 
on different samples gave a total spread of 6 barns in the result. 
T he value of 690 ± 1 0 barns reported by Simpson et al? was obtained 
from a l inear least squares fit to their data over the energy interval 
0.02 to 0.05 ev. T he largest uncerta inty in these measurements 
was an est imated error of 1.2% due to the nonuni formity of thickness 
of the samples used. T he results of different measurements made 
on the same sample differed by a max imum of 10 barns. T he value 
of 694 ± 2 barns reported by Bollinger and Saplakoglu18 was ob-
tained from the results of measurements at a single neut ron energy 
near 0.0253 ev. T he deviation of experimental values of σηΤ versus 
energy from a smooth curve due to coherent scattering effects might 
be as large as the quoted error. I n addit ion, the details of considera-
t ions of uncertaint ies result ing from sample parameters are not 
known. For these reasons this reported value is given less weight in 
obtaining the best value than the weight which would be assigned 
by the quoted error. T he values of 695 ± 2 barns and 699 ± 5 barns 
reported by Safford et al17 as obtained with l iquid and metal 
samples, respectively, are the results of measurements at a single 
neut ron energy. A n inspection of the l iquid sample data of Fig. 3 
shows that the result obtained at 2200-meters/sec is lower than the 
value which would be obtained from a l inear least squares fit to the 
values obtained with either the l iquid or metal samples over an 
appropr iate energy interval (e.g., 0.01 to 0.04 ev). T he indicated 
systematic difference here is approximately the same as the error 
quoted for the 2200-meter/sec value (-^ 2 barns). For this reason 
and because of the observed systematic difference between the 
l iqui d and metal sample results at very low energies, this reported 
value is given less weight in obtaining the best value than the weight 
which would be assigned by the quoted error. T he best value 
obtained from averaging the listed values is 694 ± 4 barns where 
the error in the final value has been increased in accordance with the 
considerations given to the separate measurements. 

T he evidence for the assigned value of the scattering cross section 
of U 2 35 is very poor. T he measurements of F o o t e25 at higher neut ron 
energies indicate a value higher than expected from potential scat-
ter ing and a variation that is increasing with lower neut ron energies. 
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Theoret ical fits to the U 2 35 cross sections have consistently indicated 
the presence of a large negative energy resonance which might 
contr ibute appreciably to the low energy value of the scattering 
cross section. T he multi level fit  of Vog t10 has predicted a value of 
17 barns for the low energy scattering cross section. Th is is essen-
tiall y the value which has been accepted along with a decrease of 
one barn for coherent scattering effects. A rather large uncerta inty 
of i 3 barns has been assigned to this value. 

Safford and Melkon ian20 have made a determinat ion of 1 + α 
at the energy of 0.00291 ev using a crystal spectrometer. Cock ing26 

has made a similar measurement using a filtered neut ron beam with 
an effective energy of 0.0011 ev. These results have been taken to 
be equal to the 2200-meter/sec value for 1 + α because of the 
indicated constancy of α at low neutron energies which was previously 
discussed. T he transformation of  oc from a very low neut ron energy 
to a 2200-meter/sec value is expected to contr ibute an uncertainty 
smaller than the quoted error. T he value of 0.175 ± 0.025 was 
obtained from an analysis of the irradiation history of M T R fuel. 
T he quoted value was derived by Evans and F luhar t y27 by cor-
recting the pile neut ron value given by T ingey and Vance28 for the 
effects of neut ron spectrum. T he result is quoted here pr imari ly 
to show the consistency of pile neut ron spect rum determinat ions 
wit h the values obtained in monoenerget ic measurements. Previous 
measurements of 1 + oc in pile spectra have given values which 
range upward to about one percent greater than the value obtained 
by Safford et al. A further precision measurement of 1 + α which 
could be compared with the value of Safford et al. would be very 
desirable. 

T he best value of η is derived from four experimental results. 
T he result of Mackl in et al.13 was obtained from a manganese bath 
exper iment with a thermal neut ron beam. T he error shown has been 
increased over that given by the authors to reflect the uncertainty in 
transforming the value obtained in a spect rum to a 2200-meter/sec 
value. T he result of Spivak and Yerozol imsky14 was obtained from 
an absolute measurement of ( η Μ — 1) made by comparison of 
neut ron absorpt ion and product ion in a graphite thermal column. 
T he result of Mue lhause15 was obtained from a determinat ion of 
(VM ~ 1 ) ση χ m a pile oscillator measurement. T he result given here 
has been adjusted to the best value of anx given in Tab le I I and the 
latest tabulat ion of g factors.24 I n addit ion, the value which was 
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originally reported w a s ^M rather than a monoenerget ic2200-meter/sec 
value as might be inferred from the publ ished article and this 
adjustment has also been made. T he result of Gwin and M a g n u s o n16 

°f (VM ~~ 1 ) ση χ which was obtained from a criticality exper iment 
has also been adjusted to the best value of σηχ given in Tab le I I and 
the latest tabulat ion of g factors.24 

T he best values of σηΤ, σηχ, ση /, 1 + α, η , and ν given in Tab le I I 
all agree within about 0.5 % with the values recommended by Safford 
and Havens.2 Most of the errors assigned in the present analysis are, 
however, significantly smaller than those assigned by Safford and 
Havens. A least squares adjustment to the present set of values 
would almost certainly lead to even smaller assigned errors. However 
a least squares adjustment done for the U 2 35 parameters as a single 
set would not reflect the logical uncertainty in the transformation 
of the low energy monoenerget ic determinat ions of 1 + oc to a 
2200-meter/sec value. However, the comparison of the derived 
parameters of ση/ and ν for U 2 33 and U 2 35 wi th the results of ratio 
measurements of these parameters is strong evidence that this 
assumpt ion is a very good approximat ion. 

Comparison of the U 2 33 and U 2 35 Parameters with 

Ratio Measurements 

Tab le I I I shows the comparison of parameters of U 2 33 and U 2 35 

where precision ratio measurements exist. T he first entry compares 
the values of anj for U 2 33 and U 2 35 which were derived separately 
from the best values of σηχ and 1 + oc. T he measurement of the 
fission cross section ratio is that of Bigham et al.29 made in a thermal 
column and adjusted to a 2200-meter/sec value. T he comparison of 
the ratio of onf wi th the experimental value shows a difference of 
0 . 2 5% which is well within the uncertainty assigned to the derived 
values of ση /. T he comparison of the absolute 2200-meter/sec value 
of ση/ for U 2 33 also reported by Bigham et al. is the major discrepancy 
in the comparison. I t should be pointed out, however, that a recent 
measurement of the alpha half-lif e of U 2 33 with a claimed precision 
of 0 . 5% by Dokachaev and Os ipov30 is larger by 1 % than the value 
measured by Bigham. If the half-lif e value used by Bigham et al. is 
1 % low, their result for oni would be 523 barns which would be in 
satisfactory agreement with the derived value of 526 barns. A n error 
in the absolute fission cross section value of Bigham et al. due to the 



T A B L E I I I 

COMPARISON OF THE BEST VALUE 2 2 0 0 METER/SEC NEUTRON PARAMETERS FOR U 2 33 AND U 2 35 WITH EXPERIMENTS 

U 2 U 2 

Parameter 

« n , / ( B . V . ) 

*(B.V.) 

K B . V . ) 

526 ±4 0.9083 ± 0.011 

Experimental value 
5 1 8 ± 4 (Bigham et al.29) 

2.288 ± 0.010 

Experimental value 
0 . 9 1 0 8 ± 0 . 0 0 1 3 (Bigham et al.29) 

1.102 ± 0.014 +-

Experimental value 
1 . 1 0 8 ± 0 . 0 1 0 

[ 1 . 1 1 2 ± 0 . 0 1 6 Gwin and Magnuson31 (reactivity) 
1 . 1 0 0 ± 0 . 0 2 1 Gwin and Magnuson16 (critical exps.) 

2.502 ± 0.014- 1.028 ± 0.010 

Experimental value 
1 . 0 2 6 ± 0 . 0 0 6 

1 . 0 2 0 ± 0 . 0 1 0 de Saussure and Silver35 
1 . 0 3 0 ± 0 . 0 1 0 Kalashnikova et al.36 
1 . 0 3 4 ± 0 . 0 0 8 Colvin and Sowerby37 
1 . 0 0 6 ± 0 . 0 1 7 Sanders38 

L 1 . 0 4 2 ± 0 . 0 2 8 Diven et al.33 

Parameter 

579 ± 6 aN I /(B.V.) 

2.077 ± 0.010 v(B.V.) 

2.434 ± 0.019 K B . V . ) 

Experimental value 
2 . 4 2 2 ± 0 . 0 3 1 

Γ 2 . 4 2 1 ± 0 . 0 3 7 

Kenward et al.32 
2 . 4 2 6 ± 0 . 0 5 7 

Diven et al33. 
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U 2 33 half-lif e value would not affect their reported value for the 
ratio of fission cross sections. I t would be desirable to recalculate 
the ratio of 2200-meter/sec fission cross section values obtained by 
Bigham using g f factors obtained for the fission cross section curves 
presented in Figs. 2 and 4. 

A comparison of the derived values of onf for U 2 35 with the result 
of absolute measurements is not shown in Tab le I I I because of the 
internal inconsistency of the results of direct measurement. Suffice 
i t to say that the experimental values bracket the derived value wi th 
no apparent systematic t rend. 

T he second entry of Tab le I I I compares the best values of η 
which were derived from absolute measurements wi th the values 
obtained by ratio exper iments. T he ratio obtained by Gwin and 
M a g n u s o n31 from a comparison of reactivities is a measure of the 
ratio of ησηχ. T he reported value has been adjusted for the best 
values of σηχ and the g factors used consistently in this paper. T he 
quoted ratio value of Gwin and M a g n u s o n16 which is referred to as 
being obtained from critical exper iments is simply the ratio of 
absolute values of η which were reported by Gwin and previously 
used in the assignment of the best values of η . These values are 
included as a ratio exper iment here because it would be expected 
that certain possible systematic effects which might exist in obtaining 
absolute values of η from the critical exper iments would cancel out 
i n determining the value of the η ratio. 

T he derived values of ν depend on the input values of σηχ, 1 + α, 
and η for each nucl ide. T he derived value of ν for U 2 35 agrees well 
wi thi n the experimental uncertainty with the best value obtained 
for ν in absolute measurements. T he measurements of Kenward 
et al32 and of Diven et α/.33 are referenced to determine the experi-
mental value. Al l of the listed values of ν have been corrected to 
include the delayed neutron fractions as given by Keepin et al.z* 

Five experimental determinat ions of the ν ratio have been used to 
determine the best experimental value of the ratio. Al l of the listed 
experimental results are admissible by the quoted errors wi th the 
weighted average result. Al l of these exper iments 3 3, 3 5 - 38 have 
been adequately discussed by Evans and Fluhar ty. 

T he ratio of the derived best values of ν for U 2 33 and U 2 35 agrees 
to well wi thin the quoted error of 1 % with the best experimental 
value. 

I n summary, best values of σ η Τ, σ η η, 1 + α, and η have been 
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assigned in a consistent manner for the separate cases of U 2 33 and 
U 2 3 5. I t is noted that the assigned values of η are in excellent agree-
ment with the best values obtained from ratio measurements. T he 
derived values of σηί agree to within 0 . 2 5% with the best value 
obtained in a ratio exper iment and the derived values of ν agree to 
wi thi n 0 . 2% with the best value obtained from ratio measurements. 
T he only serious discrepancy which results from this analysis is in 
the disagreement of the value of  G nf wi th absolute measurements. 
T he over-all consistency of the comparisons presented here, however, 
make it appear that the derived best values are very close to correct. 

T he over-all consistency of the best values of the U 2 33 and U 2 35 

parameters and their ratios indicates the advisabil ity of a least 
squares adjustment of the whole set of values in order to improve 
on the estimates and their uncertaint ies which have been given here. 

F rom the foregoing it is clear where further experimental work 
would be desirable. One would be in the determinat ion of the values 
of σηη. I t is not clear that this exper iment could be done with present 
techniques. Another precision determinat ion of 1 + α for U 2 35 

which would eliminate the uncertainty int roduced by a possible 
variation with energy or other spectral effects would also be of 
great importance. Better exper iments on the absolute value of the 
fission cross section are of great importance in removing the only 
apparent remaining discrepancy. A last very impor tant exper iment 
which probably can be done is the absolute determinat ion of ν to 
a precision equal to that of the other neut ron parameters. 

Pu2 39 

Several experimental determinat ions of the total cross section of 
P u2 39 are shown on Fig. 5. T he measurements which are shown 
were chosen to be those with the smallest dispersions of the data 
from a smooth curve and with the least indications of systematic 
errors. T he data are plotted as (anT — ann) y/Ë where a value of 
10 barns has been assigned to ann. T he data of Bollinger et al Ρ 
were obtained with a fast chopper and a metal sample. T he points 
shown below 0.05 ev represent the average of several values over a 
small energy interval. T he data of Leonard et al?° were obtained 
wit h a crystal spectrometer and a metal sample. Because of the 
uncerta inty of the sample thickness used in these measurements, 
these data have been renormal ized to agree best in shape with the 
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F I G . 5 . Absorption cross section of P u 2 39 from 0 to 0 . 0 6 ev. A value of 1 0 
barns has been used for σηη. The data of Bollinger et al. and Palevsky represent 
averages of data over small energy intervals. The smooth curve estimates the 
most probable behavior of the cross section. 

T he smooth curve drawn through the data is a curve which was 
fitted to the σηχ data up to an energy of 0.23 ev by Leona rd .43 Th is 
curve was fitted prior to the measurements reported by Safford 
and Havens. T he criterion of the fitted curve was one of mathematical 
smoothness. Most of the plotted points agree with the shape of the 
fitted curve to within 1 % al though the energy region over which 
the fit  was forced extended to much higher energies. 

curve which is shown. T he data of Palevsky41 were obtained with a 
slow chopper and a metal sample. These plotted data points represent 
averages of data obtained over small energy intervals. Unt il recently 
the data of Palevsky were the only set of data at energies below about 
0.025 ev which were of a precision adequate to define the shape of 
the curve. Recently, however, Safford and H a v e n s42 have completed 
the measurements shown on Fig. 5. These data were obtained with 
a crystal spectrometer and a metal sample. These data agree very 
well with the shape of the curve given by a fit to the data of Palevsky 
at low energies. 



22 B. R. LEONARD, JR. 

Three measurements of the fission cross section are shown on 
Fig. 6 in the form onf y / Ë VS. E. T he data are normal ized to agree 
i n shape with the smooth curve which has been fitted to the data 
up to an energy of 0.23 ev. T he smooth curve is normal ized to a 
value of 754 barns at 2200 meters/sec. 

I 1 1 1 1 1 1 1 1—ι 

I ι ι ι » « » « » ι 
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 

E( t v ) 

F I G . 6. Fission cross section of P u 2 39 from 0 to 0.08 ev. The data of 
Bollinger et al. and Richmond and Price and the two low energy points of 
Leonard represent averages of data over small energy intervals. The smooth 
curve estimates the most probable behavior of the cross section. 

T he data of Bollinger et al.39 were obtained with a fast chopper. 
These data fit the smooth curve to about ^ 1.5% from 0.03 to 0.1 ev. 
Below 0.03 ev significant systematic errors are known to exist in 
these measurements. T he data of R ichmond and P r i ce44 represent 
results obtained with a velocity selector, a crystal spectrometer, and 
a pulsed l inear accelerator. Considerable averaging has been done 
i n the presentat ion of these data. These data agree in shape with 
the fitted curve to wi thin ± 3 % over the energy interval of 0.007 
to 0.15 ev. T he data of L e o n a r d45 were obtained with a crystal 
spectrometer. T he value shown at 2200 meters/sec is known to 
contain a systematic error. T he two low energy points shown 
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represent averages of several values over small energy intervals. 
These data agree in shape with the fitted curve to within 1 % over 
the energy interval 0.03 to 0.2 ev. 

Several exper iments have shown that any variation in ν wi th 
energy in the low energy region is very small. Auclair et al?6 have 
measured the relative value of ν at seven energies between 0.04 
and 0.35 ev. These measurements indicate a max imum variation 
of ± 0 .9%. Leonard et al?1 have measured the relative value of ν 
at seven energies from 0.025 to 0.4 ev. These measurements indicate 
a max imum variation of ± 2 .4%. Bollinger et al?8 have measured 
the relative value of ν at nine energies from 0.025 to 0.3 ev. These 
measurements indicate a max imum variation of ± 0 .6%. 

V 

2.30 

ι 1 ι ι ι τ -ι Γ Γ 

2.20 

2.10 

9 9 · 

o Bollinger et al. 

Δ Seppl et al. 

• Skaregard et al. 

-

2.00 -

1.90 

Δ 

1.80 - o / -

1.70 
1 1 ι ι ι ι ι ι I 

0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 
E(ev) 

FIG. 7. Energy variation of η for P u 2 39 from 0 to 0 . 4 5 ev. The smooth 
curve is obtained from the smooth curves fitted by Leonard to the absorption 
and fission cross sections as shown in part on Figs. 5 and 6 normalized to a 
value of 2 . 1 6 at 2 2 0 0 meters/sec. Each set of data has been normalized to best 
fit the smooth curve. 

Since ν has been determined to be a constant for P u2 39 to a good 
precision, the variation wi th neut ron energy of 1 + α can be deter-
mined from measurements of the relative variation of η with neut ron 
energy. T he results of such measurements are shown on Fig. 7. 
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T he curve which is shown on Fig. 7 was obtained from the curves 
which were fitted to the σηχ and onf data as shown on Figs. 5 and 6 
by Leonard4 3. T he η curve is normalized to a value of 2.16 at 
2200 meters/sec. T he relative η data were normal ized to best fi t the 
smooth curve by the criterion of least squares. 

T he relative η data of Bollinger et α/.39 were obtained from 0.02 
to 0.5 ev with a fast chopper. T he rms deviation of these data from 
the smooth curve is 0.7 %. T he results of Seppi et al?9 were obtained 
from 0.03 to 0.45 ev with a crystal spectrometer. T he rms deviation 
of these data from the smooth curve is 0 .94%. T he data of Skarsgard 
et al.50 were obtained wi t h a crystal spectrometer over the region 
0.008 to 0.36 ev. T he rms deviation of these data from the smooth 
curve is 0 .87%. 

T he precision with which these experimental results are fitted 
to the .η variat ion by the curves fitted to the absorpt ion and fission 
cross sections implies that the shapes of the individual cross section 
curves are correct to a corresponding precision. T he excellent 
consistency of the results presented here on the variation wi th energy 
of σηχ, σηρ η and the constancy of ν indicates that serious systematic 
errors must exist in several publ ished measurements of these quan-
t i t ies; most notably the results of Palevsky et al?1 which indicates 
an energy variation of η significantly different than that evaluated 
here and also a variat ion in ν obtained with a statistical precision 
comparable to the results considered here. Th is discrepancy clearly 
demonstrates the necessity for corroborat ing measurements of equal 
precision in order that systematic errors in a single exper iment can 
be discovered. 

Derivation of 2200-Meter/Sec Parameters for Pu2 39 

T he derivat ion of the best value of the 2200-meter/sec absorpt ion 
cross section is shown on Tab le IV . Th ree total cross section values 
have been considered. T he value given by Safford and Havens42 

is the result of a measurement at a single energy and therefore 
possibly contains an addit ional uncertainty because the irregular 
effects of coherent scatter ing have no oppor tun i ty to average out. 
T he result of Bollinger et al.39 is reported to be the result of averaging 
several values in the energy region near 0.0253 ev. Averaging of 
these data which has been done by the present author indicates that 
the quoted error may well be too small. T he result of Palevsky41 is the 
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average of several values near 0.0253 ev. T he best value for σηΤ 
which is derived from the measurements is observed to be about 
2 % smaller than values that have been recommended in the past. 

T A B L E I V 

ABSORPTION CROSS SECTION OF P U 2 39 

o n , τ 1018 ± 6 Safford and Havens42 
1015 ± 10 Bollinger et α/ .39 
1020 ± 10 Palevsky41 

ση >η 9 Havens et al.52
 o e ff 

10.5 ± 0.5 Bollinger et al.39 ae ff 
10 Skarsgard et al.50 ae ff 

) 1018 ± 5 
°n,X 

1008 ± 6 

> °n,n 

) 10 ± 3 

T he P u2 39 scattering cross section has not been directly measured. 
T he values which are listed have been obtained from theoretical 
fit s to total cross section data. T he result of Havens et al.52 was 
obtained from successive approximat ions to obtain a best fi t of single 
level formulas to σηΤ(Ε) data below 6 ev. T he value given by Skars-
gard et al.50 resulted from a fi t to the total and fission cross sections 
and η variations. T he result of Bollinger et α/.39 was obtained from 
an analysis of the total cross section and η variation in the nonresonant 
region from 29 to 38 ev and is presumably a measure of the potential 
scattering cross section. 

T he multi level fit  of Vog t10 to the total and fission cross sections 
indicates that there are no large contr ibut ions to the scattering 
cross section at low energies from negative energy levels or level 
interference. T he net effect of resonance scattering and interference 
of resonance and potential scattering has been est imated by the 
present author to be — 1.5 barn. An addit ional uncerta inty results 
from coherent scattering effects. As is the case for all of the fissile 
nucl ides direct experimental determinat ions of the low energy 
scattering cross section would be very desirable. 

T he lack of precision measurements of 1 + α for P u2 39 preclude 
the development of derived parameters from accepted values of 
σηχ, 1 + a, and η as was done for U 2 33 and U 2 3 5. Values of σ ηΡ ν, 

and η can instead be determined from ratio measurements with U 2 35 
as shown on Tab le V. T he first entry derives a value of cnf from the 



T A B L E V 

DERIVATION OF THE 2200-METER/SEC NEUTRON PARAMETERS OF P U 2 39 FROM RATIO MEASUREMENTS 

U2: p u2 3 9 . T J 2 3 5 p u2 3 9 

Parameter 

onJ(B.Y.) 579 ± 6 

KB-.V.) 

*(B.V.) 

2.434 ± 0.019 

2.077 ± 0.010 -

1.302 ± 0.007 (Bigham et al.29) 
(1.291 ± 0.023) 

Î 
1.534 ± 0.010 (Jaffey et α/.5 6) 

ι 
(1.178 ± 0.010) 
1.188 ± 0.02 Ave 

1.230 ± 0.036 Diven et al.zz 
1.225 ± 0.01 de Saussure and Silver35 
1.163 ± 0.011 Sanders38 
1.177 ± 0.01 Wi lson55 
1.191 ± 0 . 0 1 2 Colvin and Sowerby37 
1.185 ± 0.010 Kalashnikova et al.36 

0.9965 ± 0.011 

Γ1.003 ± 0.017 Gwin and Magnuson3 1] 
L0.990 ± 0.015 Rose et al.hl J 

754 ± 9 

2.89 ± 0.05 

2.070 ± 0.025 

Experimental value 
"2.089 ± 0.05 Meulhause15 
2.081 ± 0.025 Spivak 

and Yerozolimsky14 
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precision determinat ion of the ratio of fission cross sections in a 
well- thermalized flux by Bigham et al.29 T he g factors which were 
used in this t ransformat ion were from the tabulat ion of Westcot t. 
The re are no direct measurements of the P u2 39 fission cross section 
wi t h a precision comparable to that obtained from the ratio measure-
ment. However, the values which have been obtained have been 
considerably smaller than the derived value. Among these are a 
determinat ion by Raffle and P r i ce53 of a value of 702 ± 20 barns 
and a value obtained by Leonard et al.h/k at an energy of 0.1 ev which 
implies either directly a value of 680 barns at 2200 meters/sec or 
indirectly a value of 713 barns based on a ratio measurement wi t h 
U 2 35 and the value of 579 barns assigned to U 2 3 5. 

Several exper imental determinat ions of the ratio of ν of P u2 39 

and U 2 35 have been reported. Al l of the values shown have been 
adjusted to include the delayed neut ron fractions given by Keepin 
et al.u T he most recent determinat ion is that of the Saussure and 
Si lver35 and with the quoted error their value is highly discrepant 
wi t h the weighted average value obtained in this paper. T he value 
obtained by Diven et α/ .33 is shown here because it does agree wi th 
the discrepant value obtained by de Saussure al though the quoted 
error is not comparable with that of the other results. T he result of 
Diven is statistically admissible however wi th the weighted average 
value. T he results of Sanders ,38 Wi l son ,55 Colvin and Sowerby ,37 

and Kalashnikova et α/.36 all have nearly equal quoted errors and have 
also been included to obtain the weighted average result of 1.188 ± 
0.02 where the error is the variance about the mean obtained from 
the results shown. I t is observed that the value obtained by Sanders 
is also nearly discrepant al though the discrepancy would decrease 
slightly if the result of de Saussure was discarded. 

A comparison has also been shown on Tab le V of the result 
obtained by Jaffey et al.5Q of the ratio of gafv for P u2 39 and U 2 35 

i n a thermal neut ron beam. I n this comparison the best values of g 
from Wes tco t t24 have been used. Th is ratio result is in good agree-
ment wi th the separate values used for the ratio of ση/ and ν and 
hence tends to corroborate the validity of the values derived for anf 
and ν for P u2 39 by this path. 

T he values derived for ση/ and ν for P u2 39 along with the accepted 
value for σηχ is discrepant wi th the measured value of η and the 
value derived from ratio measurements of η for P u2 39 and U 2 3 5. 
T he ratio value repor ted by Gwin and M a g n u s o n31 was obtained in 
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a reactivity measurement which determined the ratio of gny]gaonx. 
T he reported value has been adjusted for the best values of σηχ and 
the g factors given by Westcot t. T he result credited to Rose et al.57 

is the value obtained from a measurement of reactivity in a D20 
thermal column. These measurements are consistent and imply a 
value of 2.070 ± 0.025 for the 2200-meter/sec value of η for P u2 3 9. 
Th is value agrees with that obtained by direct measurement of 
(.VM — 1) by Spivak and Yerozol imsky.14 T he value reported by 
Mue lhause15 was obtained from a determinat ion of (ηΜ — \)gvnx. 
T he reported value has been adjusted for the recommended value 
of σηχ and Westcott g factors. Again it should be pointed out that the 
value given by Muelhause is ηΜ and not a 2200-meter/sec value as 
might be inferred from the publ ished ar t ic le .15 Muelhause also has 
reported a value of η of 2.05 ± 0.04 which was obtained by Harr is 
and Rose. I t is not clear whether this is a value for ηΜ or for 2200 
meters/sec. I f i t is a measure of ηΜ the corresponding value of η 
at 2200 meters/sec would be 2.12 ± 0.04 when adjusted to present 
best values. 

Tab le V I i l lustrates the discrepancy which exists between the 
values of σηχ, v> and η obtained from the best values of the ratio 

T A B L E V I 

ILLUSTRATION OF THE MAGNITUDE OF THE DISCREPANCY BETWEEN SEPARATELY 

DERIVED BEST VALUES OF ση > /, ν, AND η FOR P U 2 39 Α 

Parameter (2200 meters/sec) 

σπ.Χ 1008 ± 6 1008 ± 6 1008 ± 6 

I I I 
°n.f 754 ± 9 754 ± 9 722 ± 16 

I i t 
OL 0.337 ± 0.017 0.337 ± 0.017 0.396 ± 0.030 

I t 
V 2.89 ± 0.05 2.77 ± 0.05 2.89 ± 0.05 

I t t 
V 2.16 ± 0.05 2.070 ± 0.025 2.070 ± 0.025 

a The italicized values in each column are the accepted input values for 
that column. 
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measurements. T he magni tude of the discrepancy is 4 . 3 %. Th is 
discrepancy is about 2% larger than has been presented in the past 
because the present evaluation of σηχ is lower by the same amount. 
I t is clear that a least squares adjustment could be made to obtain 
a set of consistent values wi th about ± 2% precision. T he present 
author, however, does not consider that the most probable values 
would result from such an adjustment but rather that one of the 
derived quanti t ies, ση /, ν, or η accounts for the major part of the 
discrepancy. Some considerat ions can be made of the uncertaint ies 
inherent in the determinat ion of each of these parameters in an 
at tempt to discover which parameter is most likely discrepant. 

T he determinat ion of the neut ron parameters of P u2 39 suffers 
generally from the prob lem of averaging over a neut ron spectrum. 
T he problem is more severe for P u2 39 because of the large deviation 
from \\v of its low energy cross section. If , however, i t is assumed 
that ν is a constant at low energies, then the determinat ion of ν 
or its ratio is not complicated by the spectral problem. Consider 
again the exper iments which determined the average ratio of ν 
for P u2 39 and U 2 3 5. T he uncertainty which was assigned to this ratio 
was larger than should be necessary because the input values con-
tained a severe discrepancy. T he value which would be obtained 
for ν if the values of ση/ and η obtained from ratio measurements 
are assumed correct is indicated in the second co lumn of Tab le VI . 
T he derived value shown for ν of 2.77 implies a value of 1.138 for 
the ratio of ν for P u2 39 and U 2 3 5. Th is value is 2.5 standard deviations 
from the best est imate of the measured value of 1.188 ± 0.02 even 
wi t h the relatively large uncerta inty which was assigned because 
of the discrepant exper iments. T he value of 1.138 is lower than any 
of the six exper iments which determined the best value and is 
statistically inadmissible for each exper iment. I t thus seems higly 
unlikely that the value of 2.89 ± 0.05 derived from the ratio measure-
ments is badly discrepant. 

Consider next the determinat ion of the fission cross section from 
ratio measurements. I n this type of measurement a spectral problem 
does exist. T he problem should not be too severe, however, because 
the measurements are made in well thermal ized spectra and very 
th in foil s are used so that flux depressions, spectral distort ions, and 
flux at tenuat ion effects are minimized. A l though only one very 
precise ratio result was shown on Tab le V the value which was used 
is suppor ted by a number of similar measurements, some of them 
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unpubl ished. If the values of η and ν which were derived from ratio 
measurements are assumed correct then a value of 722 barns would be 
obtained for ση/ as shown in the th i rd co lumn of Tab le VI . Th is value 
would be given some support by the direct absolute measurements of 
anf but the reliability of the absolute determinat ions is not good. I t 
seems very unlikely that the value of ση1 derived from exper iments 
which determined the ratio of fission cross sections in a thermal 
flux can be badly discrepant. I n addit ion, the values of onf and ν 
obtained from the ratio measurements are suppor ted by the ratio 
of anfv for P u2 39 and U 2 35 determined experimental ly which is 
consistent with these values to wi thin 1%. 

I t seems apparent then that the parameter which is most likely 
discrepant is η . Why should the η exper iments be discrepant ? T he 
opportuni t ies which exist for errors in interpretat ion seem to be 
much more numerous for the P u2 39 η exper iments. Th icker samples 
are used so that flux depressions, spectral distort ions, and effects 
of nonuni form flux attenuat ion are more likely. A more exact 
knowledge of the neut ron spect rum may be required for the deter-
minat ion of the spectral effect because of the large variations of the 
P u2 39 cross sections and η . A further possibil i ty exists that the fast 
neut ron fission spect rum is sufficiently different from that of U 2 35 

that the worth of fission neutrons in a reactor is different for the 
two nucl ides and has caused systematic errors in reactivity measure-
ments. I t does not, however, seem possible to examine any one 
experimental determinat ion and determine a most likely source of 
systematic error. 

T he most likely set of 2200-meter/sec parameters for P u2 39 are 
taken at the present t ime to be those shown in the first co lumn of 
Tab le VI , and these are the values to which the curves of anf and η 
given in this paper have been normal ized. T he derived best value 
of η of 2.16 ± 0.05 is almost four s tandard deviations from the best 
value derived from ratio measurements on η . As was previously 
pointed out, however, the result of Harr is and Rose may be consistent 
wit h the value of 2.16. 

T o summar ize the si tuat ion for P u2 3 9, it now appears that the 
cross section variations and η variations th roughout most of the low 
energy region have been established to wi thin about 1 % precision. 
A discrepancy greater than 4% does exist in the derived values of 
ση /, 1 + α, η , and ν and one must take care to use consistent sets of 
these numbers in calculations. T he need for further precision 
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determinat ions of these parameters is obvious. Exper iments are 

now in progress to determine the absolute value of ν to within 1 % 

and to determine an absolute value of η for monoenerget ic neut rons 

of low energy. Whi l e these determinat ions should help to resolve 

the existing discrepancies, further measurements are extremely 

desirable. 
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Discussion 

CORNGOLD : I n the case of the discrepancy in, say, U2 3 5, and the 

low energy range of the Columbia data for the l iquid-metal samples, 

has there been an at tempt to interpret this on the basis of chemical 

b inding effects ? Th is prob lem has a mean velocity of the target 

atoms involved here. 

LEONARD : I am sure there has been. 

HAVENS : I n metal samples you have a microcrystal l ine st ructure 

which allows some coherent scattering and consequent ly interferes. 

Therefore you do not know exactly what effective values of the 

scattering cross section should be subtracted from the total cross 
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section to give the absorpt ion cross section. Since the coherent cross 
section of u ran ium is not known, you cannot even determine exactly 
how large the coherent effect is, so you do the best you can. T he 
l iqui d sample does not have a microcrystal l ine s t ructure and con-
sequent ly there is no coherent scattering. 

T he measured values of the U 2 35 total cross section using l iquid 
samples are systematically higher than the values obtained using 
metallic samples. T he subtract ion of the scatter ing cross section is 
one of the l imit in g factors in the accuracy obtained for the absorpt ion 
cross section. 

CORNGOLD : Lack of knowledge of the coherent scattering in t ro-
duces the difficulty . 

HAVENS : Yes. 

CORNGOLD : D i d the exper imenter measure the l iquid and metal 
cross section at the same temperature ? 

HAVENS : He did. 

NESTOR: T he discrepancy in the measured values of the fission 
cross section of U2 3 5: is the situation still basically the same as was 
presented in Hanna 's review paper last July ? 

LEONARD : So far as I know. 

YEATER: I might just ask in that regard if Dr. Leonard has 
any feeling that the situation is likely to improve drastically in the 
immediate future. 

LEONARD : The re are people working hard on the fission cross 
section ; certainly a number of exper iments which are highly precise 
and which agree in values to within a percent or better are necessary 
to establish a good value of the fission cross section by direct measure-
ment. 

HAVENS : Your data showed our uncertainty on the P u2 39 cross 
section as ± 6. Th is should be i 8. A mistake was made in copying, 
so the accuracy is not as good as you stated. I hope this is put in 
the record. 




