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Preface 

1-5 Recently reported macroscopic and spectrum-average measurements 
4-9 

and the analysis of fast-critical experiments have suggested an un-
certain knowledge of prompt-fission-neutron spectra. These suggestions 
re-kindled the author's long-term interest in the fission spectrum.^ 
Specifically, the applied importance of these uncertainty-is stimulated 
additional work at this Laboratory with the objective of testing certain 
of the postulates put forth as the result of the macroscopic studies. 
In preparation for new experimental work the status of prompt—fission-
neutron spectra was assayed and the results of that survey have received 
a limited distribution. The planned experimental work at this Labora-13 
tory is now complete. Essentially concurrently a number of new experi-
mental results have become available at other laboratories. In the 
following resum£ the present status of prompt-fission-neutron spectra 
is outlined inclusive of both the new and the older results. Primary 
emphasis is given to basic microscopic information with attention to 
associated experimental problems and limitations. Where appropriate 
recommendations for future work are made. 

A. B. Smith 
Argonne National Laboratory 
August 1971 



1 

I. Macroscopic Characteristics 

A. Fission-Neutron Spectra 

Current uncertainties arise, to a large extent, from the results 
of recent macroscopic studies employing various reaction indices1 and 

5—8 from the detailed analysis of fast critical assemblies. 

The interpretation and adjustment of basic data from the analysis 
of fast critical experiments, illustrated by the work of Campbell and 
Rowlands, is difficult. While the uncertainties in the deduced param-
eters are appreciable, Campbell and Rowlands suggest that the average-
fission-neutron spectrum energy is 5-10% higher than indicated by micro-
scopic measurement and that the spectrum shape may differ from a Maxwellian 
form. Similar uncertainties have been discussed in relation to the fast 
critical assemblies ZEBRA.-2 and ZPR-3 by Okrent et al.7 The details of 
the fast critical analyses are too complex for description here. How-
ever, it appears that most of the calculations give no consideration to 
the dependence of the fission-neutron energy and/or spectrum on the energy 
of the fission-inducing incident neutron. This dependence maybe signifi-

16 cant, particularly in very fast assemblies. Therefore: 

Recommendation No. 1 

The analysis of fast critical experiments should be 
inclusive of the dependence of fission-neutron spectra 
on incident neutron energy. 

Some reaction-rate measurements in fission-neutron spectra tend to 
support the suggestions resulting from critical-assembly studies.''" ̂  
However, the interpretation is again neither simple nor unique as a num-
ber of uncertain physical parameters are involved in addition to the in-
herent experimental error. The interpretation of such reaction-rate 

1 4 studies has recently been reviewed by Fabry et al. and by Grundl. 



2 

The status of available macroscopic results is outlined in Table 1. The 
recent reaction-rate results of Refs. 2, 4 and 1 (to a lesser extent) 
all tend to indicate a larger average-fission-neutron energy than micro-
scopic measurements. However, a number of other reaction-rate results 
are consistent with microscopic values including the recent work of 
Refs. 17 and 18. Generally the uncertainties in the macroscopic average 
energies are large or ill-defined. In contrast some ratios of average 
energies are given to within very small (fractional %) errors. The ratio 
values appear to be more reliable as is true in most microscopic measure-
ments. Thus the fact that the macroscopic ratio values are consistently 
smaller than the corresponding microscopic values is particularly dis-
turbing. 

Over a number of years Fabry and co-workers^ have experimentally 
studied the response of a wide range of detectors (mostly threshold re-
actions) in fission-spectrum environments. Apparently the initial work 

25 
was similar to that of Depuydt and Neve de Mevergnies. In any case, 
the fission-spectrum measurements were made with an "in-cavity" arrange-
ment. The early Fabry results indicated a 15-20% harder fission neutron 
spectrum than is usually obtained from microscopic measurements. Fabry 4 concluded that his results were consistent with those of Grundl and of 

26 
Leachman and Schmidt. The results were sensitive to the exact micro-
scopic cross sections used in the interpretation. This critical matter 
is extensively discussed by Fabry in Ref. 1. 

4 5 
Grundl ' carefully studied reaction rates using both a mono-

energetic neutron source (Van de Graaff) and a fission source. His work 
has the merit of careful relative detector calibration free of many 
cross section-associated uncertainties. However, Grundl points out the 
importance of an accurate absolute energy scale and notes that uncertain-
ties in energy of as little as 150 keV can lead to gross errors in sub-
sequently determined average-fission-neutron energy values. The impor-
tance of careful calibrations should not be underestimated. Therefore: 
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Recommendation No. 2 

Reaction detectors employed in macroscopic studies should 
be well calibrated using a carefully controlled mono-
energetic neutron source; e.g., similar to the method em-
ployed by Grundl. 

Grundl, like Fabry, used an "in-cavity" arrangement for producing 
a fission-neutron spectrum. Forty percent of the return flux from the 
surrounding material (a D20.iwater tank) was above 0.1 MeV. Grundl con-
sidered in detail this cavity perturbation using DSN calculations. How-
ever, the return-flux correction may not have been perfect and it is 
noted that the same laboratory went to considerable trouble to hang 
GODIVA (a bare metal critical) well above the ground to obtain a high-
fidelity leakage spectrum. 

The cavity problem has beep serious since Chadwick's time and it 
remains so. Therefore: 

Recommendation No. 3 

Generally, fission-neutron studies should give careful 
attention to the spectral fidelity with as near an "in-
vacuo" environment as possible. 

Grundl deduced ratios of the ,average-fission-neutron energies of 
U-233 and Pu-239 to that of U-235 (see Table 1). The associated errors 
are very small. The Grundl ratios are very similar to other macroscopic 

21 19 
ratio values; for example those of Bonner, Harris and Kovalev et 

24 
al. However, all macroscopic-ratios remain seriously discrepant with 
those deduced from the majority of microscopic measurements. Grundl in-
dicates an average-fission neutron energy for U-235 of ^ 2.2 MeV, ap-
preciably higher than that deduced from the majority of the microscopic 
and macroscopic measurements. He further suggests that the spectrum at 
low neutron energies is less intense than that given by a Maxwellian 
form in contrast to the opposite trend in some microscopic measure-„ 27,28,41 ments. 
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2 3 McElroy ' has extensively analyzed reaction-rate measurements, 
4 1 

primarily those of Grundl and of Fabry. He. employs an iterative pro-
cedure with the computation code SAND-II and a library of selected 
microscopic cross sections to deduce detailed spectral distributions 
from the measured reaction rates. He suggests an average U-235 fissi^n-
neutron energy of ^ 2.24 MeV, similar to that proposed by Grundl. In 
addition the spectrum deduced by McElroy is 20-40% lower than that in-
dicated by a Maxwellian distribution at neutron energies of ^ 800 keV* 
This is a large difference in a region where microscopic measurements 
are reliable. Indeed, a recent specifically designed microscopic ex-13 
periment failed to verify the McElroy spectrum at these low energies. 
To what extent the large discrepancy is due to uncertainties in the 
SAND-II procedures, the cross section library or the respective measure-
ments is a moot question. However, it has been suggested that the SAND 
results are sensitive: to small and essentially unknown sub-threshold 29 reaction cross sections. Therefore: 

Recommendation No. 4 

The sensitivity of macroscopic results to microscopic 
cross section values should be carefully assayed with 
recommendations as to what measurements and to what 
accuracies are required to give a reliable interpreta-
tion of important macroscopic measurements. 

Macroscopic measurements, particularly those dealing with critical 
assemblies, may be limited by the design of the system which is often 
oriented towards specific engineering tests not necessarily compatible 
with a sensitive data assay. Therefore: 

Recommendation No. 5 

Apparatuses for macroscopic studies should be optimized 
for data test purposes particularly in the area of fast-
critical experiments. (The extensive Los Alamos studies 
of bare critical-spheres are illustrative of the concept 
of this recommendation). 
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B. Fission-Neutron Cross Section of U-238 in ;a U-235 Fission-Neutron 
Spectrum. 

The quantity a^(x235 2 3 BU) is frequently cited as an index of the 
fission-neutron spectrum (and of o^(238)). Representative experimental 
and calculated values are outlined in Table 2. The experimental values 

26 31 30 of Leachman and Schmidt, of Richmond and of Nikolaev et al. are 
in the range 310-315 mb. The measured results of Fabry et al."*" are 
somewhat larger. All of the experimental values are appreciably larger 

4 than the result calculated by Grundl using microscopic spectra and 
selected U-238 fission cross sections. However, the calculated result 

6 32 of Campbell and Rowlands based upon the data of Hart is in reasonable 
agreement with the measurements although the fission spectrum used in 
the calculation is not clear from Ref. 32. The results depend on the 
fission cross section of U-238 in the MeV region where recent microscopic 

33 
measurements indicate larger values than found in widely used evalua-

20 txons. 

o^(x235 2 3 8U) measurements have generally employed steady-state 
neutron beams or fluxes. Precision microscopic fission cross section 
measurements employ pulsed-neutron sources and fast timing techniques 
to control background effects. Therefore: 

Recommendation No. 6 

CTf(X2 3 5 2 3 8U) should be determined using pulsed-source 
and fast timing techniques to insure against background 
distortions. 

When recommendation No. 6 has been carried out and when the fission 
cross section of U-238 is well known the parameter o^(X235 2 3 8U) will 
be a far more valuable fission-spectrum index. 
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C. Age to Indium Resonance in H2O 

The study of the age of U-235 fission neutrons to indium resonance 
in H2O has not received the attention warranted by its basic importance 
and relation to the fission-neutron spectrum. The measured and calcu-
lated results are outlined in Table 3. Experimental values prior to 

35 1961 tend to be large; 27-31 cm2. More recent experimental results 
36 37 

are in the range 26-28 cm2. " The experiments did not generally use 
point sources but rather combinations of plane and other complex reactor-
driven sources. As a consequence the deduction of the fundamental param-
eter from the measured values entailed considerable correction. Recent 22 3 theoretical calculations based upon microscopic fission-neutron spectra ' 
yield calculated ages very close to the later experimental values. Fur-

18 ther, from age considerations Story concluded that the average-fission-
19 

neutron energy is very similar to the microscopic value. Harris has 
pointed out that age is sensitive to changes in the average-fission-
neutron energy; a 10% change in age corresponding to a ̂  200 keV change 
in average energy at 2.0 MeV. He further concludes that E(Pu-239)/E(U-235) 
^ 1.04, a value similar to other macroscopic results. 

Age is a good index of the fission-neutron spectra both relatively 
and absolutely. Therefore: 

Recommendation No. 7 

The age of Cf-252 fission-neutrons to indium resonance in 
H2O should be determined to + 1 cm using an ideal point 
source. 

throughout this document E denotes average-fission-neutron energy. 
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Carrying out this recommendation will; a) provide a good "standard" 
age with an ideal point source geometry free of many experimental cor-
rections, b) provide a standard for sensitive determination of the ratio 
of U-235 and Pu-239 age to that of Cf-252 with consequent definition of 
differences in average-fission-neutron energies, and c) contribute to 
the resolution of the current discrepancies in the average energy of the 
Cf-252 spectrum. The recommendation is for a relatively simple measure-
ment and sources of sufficient intensity can be obtained. 

II. Microscopic Characteristics 

A. Average-Fission-Neutron Energies and their Ratios. 

More than sixty microscopic measurements of fission-neutron spectra 
are reported in the literature. These results are outlined in Table 4 
with the associated references giving an indication of method, range, 

39 
quality and unusual properties. More than thirty of the measurements 
pertain to U-235 and Pu-239 with the remainder distributed over the mass 
region A = 229 - 252. The incident neutron energy range extends from 
thermal to 14.3 MeV with additional spontaneous fission processes, prin-
cipaly Cf-252. The experimental techniques employed generally fall in-
to three categories; 1) time-of-flight (TOF) using proton-recoil or re-
action detectors, 2) proton-recoil spectrometers either in the form of 
counters or emulsions, and 3) reaction spectrometers such as Li-6 and 
He-3 counters. The measurements are most straightforward when obtained 
with thermal or low-energy (< 1.0 MeV) neutron-induced or spontaneous 
fission. At higher incident neutron energies the observed spectrum is 
complicated by contributions from other neutron emitting processes, such 
as inelastic scattering, and the requisite corrections lead to greater 
uncertainties. This is particularly true for emulsion and other tech-
niques which do not explicitly identify the origin of the observed neu-
tron. Some of the more careful TOF measurements are not subject to 
this criticism, for example those of Refs. 47 and 49. 
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A qualitative inspection of Table 4 reveals several general charac-
teristics. 1) No thermal or low-energy-neutron-induced fission spectrum 
for A £ 244 has been microscopically observed to have an average energy 
as large as the ^ 2.2 MeV ascribed to some of the macroscopic results. 
2) Uncertainties assigned to the average-energy values are not consis-
tent with the discrepancies between measurements. The experimentalists 
have apparently been optimistic with a certain affinity for errors of 
40-60 keV. 3) The ratio E(Pu-239)/E(U-235) deduced from microscopic 
measurements is, with one exception, consistently larger than the com-
parable macroscopic value. The exception is in doubt as the same group 

27 
obtained a larger value using an alternate technique. 4) There maybe 
some tendency for microscopic E values to grow with time but probably by 
less than 50-100 keV at most. 

The average-neutron energies of U-235 thermal and low-energy neutron-
induced fission are outlined in Table 5. The weighted average is 1.979 
MeV with an RMS deviation of 4.3%. This average is not consistent with 
the larger macroscopic results. A similar outline of the average-fission-
neutron energies of Pu-239 is given in Table 6. Two values of this Table 
are lower than the rest of the set with that of Ref. 50 being from a gen-
erally low set of values. The weighted average of Table 6 is 2.084 MeV 
or 2.093 MeV if the low value of Ref. 50 is omitted. The ratio of the 
average values of Tables 5 and 6 is l"(Pu-239)/E(U-235) = 1.053 + 0.050. 
The relatively large error does not makii a comparison with the macroscopic 
results particularly rewarding and the explicitly measured ratios of Table 
7 are strongly preferred for definitive comparisons. The average of the 
directly measured values is E(Pu-239)/E(U-235) = 1.084 + 0.006. This 
average is not inclusive of the exceptionally low value of Ref. 27 (which 
could not be verified by other work at the same institution). Thus the 
directly measured microscopic Pu-239/U-235 ratios are significantly higher 
than the comparable macroscopic values given in Table.1. This is disturb-
ing as the measured ratios should be experimentally reliable and, as was 
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pointed out in Ref. 13, the results are not particularly dependent on the 
spectral shape. 

Of the spontaneous-fission-neutron spectra that of Cf-252 has been 
the most extensively studied. The results are outlined in Table 8. The 
spread in the experimental values is, in part, the consequence of weak 
sources available for some of the early work (for example Ref. 61). How-
ever, more recent values obtained with stronger sources differ by far more 

72 
than their respective errors. It has been suggested by Jeki et al. that 
backgrounds have seriously perturbed experimental Cf-252 average energies 
generally reducing the true values by 100-200 keV. Some values of the 
ratio E(Cf-252)/E(U-235) have been determined (see Table 4). These ratios 
are generally associated with measurements giving lower Cf-252 average-
energy values. The discrepancies between the various Cf-252 results pre-
sent a serious problem. Accurate Cf-252 results are important to the de-
termination of an easily used "standard" fission-neutron spectrum and they 
effect the determination of other important quantities such as Nu-bar. 
The Cf-252 results strongly influence the determination of spectral depen-
dence on Nu-bar and, indirectly, on incident neutron energy. Therefore: 

Recommendation No. 8 

High priority should be given to the determination of 
the Cf-252 fission-neutron spectrum to the best possible 
precision from a few keV to at least 10 MeV. The quality 
of the results should be such as to make this THE "stan-
dard" fission-neutron spectrum. 

The experimental procedures of Recommendation No. 8 are simpler than 
those associated with neutron-induced fission. Suitable sources can be 
obtained. The result will be an easily applied "standard" spectrum not 
requiring relatively intense neutron beams or other complex facilities. 
Associated with Recommendation No. 8 are: 



10 

Recommendation No. 9 

The ratios E(X)/E(Cf-252) should be determined to 1% pre-
cision particularly where "X" is U-235 and Pu-239. The 
measurements should be triads E(X)/¥(Y), e"(X)/E(Cf-252) 
and E(Y)/E(Cf-252) so as to provide a check of internal 
consistency. 

Recommendation No. 10 

The spectral ratio V e ) / 2 52N(E) should be determined 
throughout the range several-keV to 10 MeV where "X" is 
U-235 and Pu-239. The measurements should involve two 
energy resolutions; 1) coarse (y 100 keV) with high pre-
cision for general energy dependence and 2) fine (y tens 
of keV) for assay of possible structure. 

Recommendation No. 11 

Selected reaction-rate indices useful in macroscopic 
measurements should be calibrated in the Cf-252 spectrum. 
Particularly important is the quantity 0-(x252 

Recommendation No. 12 

Generally, microscopic fission-neutron-spectrum measure-
ments should emphasize techniques that specifically iden-
tify the observed neutron as being of fission origin. 

B. Spectrum Shape and Structure. 

The observed fission—neutron spectra are usually described by either 
the "Watt"^ expression 

N(E)dE ^ exp (-bE) sink ZcEdE (1) 
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or a Maxwellian distribution 

N(E)dE ^ fi exp (-E/T) . (2) 

G2 The latter was theoretically proposed by Terrell from consideration 
of neutron evaporation from the moving fragment described by a Weisskopf 

6 3 
"temperature", T. As noted by Weisskopf, the temperature concept is 
only qualitative and one could reasonably expect considerable deviation 
from this simple approximation when dealing with the complex fission 
process. Indeed, experiment indicates that some of the fission neutrons 
are emitted at the actual scission rather than subsequently from the moving 

64 
fragments. Furthermore, the fragements are very highly excited and 
measurements indicate that multiple emission with varying temperatures 
does o c c u r . D e s p i t e these complexities, either of the above forms 
has been shown to be qualitatively descriptive of microscopic measure-
ments. From a pragmatic point of view the difference between the two 
spectral forms is small; less than 5% below 6 MeV. At 10 MeV the differ-
ence is 25% but at this energy the spectral intensity has decreased by 
more than two orders of magnitude from the most probable value and as a 
consequence the relatively poor experimental statistical accuracy can-
not clearly differentiate between the two above expressions. From the 
standpoint of numerical manipulation the Maxwellian is probably to be 
preferred. 

Neither Eq. (1) or (2) fully describe all of the experimental re-
sults. Several measurements indicate an abundance of low energy neutrons 

28 41 70 well above that predicted by either expression. ' ' The low-energy 
28 excess is particularly evident in Cf-252 fission as measured by Meadows 

41 
and by Zamyatin et al. A careful inspection of a number of other meas-
ured spectra reveals a consistent tendancy for a low-energy neutron ex-
cess for several of the fission processes. Good examples are the spec-
tra of U-235, Pu-239 and Cf-252 shown in Ref. 27. Furthermore, some fast 
critical studies have suggested a similar low-energy excess.^ Low-
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energy measurements that do not show the excess tend to be of poorer 
accuracy (cloud chamber studies, for example). Therefore: 

Recommendation No. 13 

The low energy non-maxwellian behavior of the Cf-252 
spectrum should be investigated to accuracies of 2%. 

The above is redundant with Recommendation No. 8 but can be followed 
with a less comprehensive experimental program and thus is separately 
stated. The Recommendation should be extended to other fissile isotopes 
through Recommendation No. 10. 

Neutron emission from highly excited fragments can be complex and 
a small portion of the emitted neutrons may arise from (f;x,n) processes. 
These could give a structure to the fission-neutron spectrum. Indeed, 

41 71 
Zamyatin et al. and Nefedov reported a structure in the measured 
Cf-252 and U-235 fission neutron spectra. Nefedov associates this struc-
ture with specific fragment energies. This structure has escaped notice 2 8 
in other detailed work such as that of Meadows. Furthermore, no struc-
ture was observed in a search of a number of U-235 and Pu-239 fission 

13 
spectra by Smith and it seems unlikely that the phenomena is peculiar 
to Cf-252. Structure of the type reported in Ref. 41 should be cautiously 
considered as a number of experimental artifacts can contribute to the 
observed effect and have done so in similar processes such as n-n' scat-
tering. Thus, before the reported structure is accepted it is suggested . 
that Recommendation No. 14 be pursued. 

Recommendation No. 14 

Structure in the fission spectrum should be assayed with a 
specifically designed ratio experiment. Properly executed, 
a ratio determination will cancel most experimental arti-
facts while revealing differences in structure. It is un-
likely that the structure will be identical for each fissile 
isotope therefore it will be apparent in the ratios. 
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Recommendation No, 14 is redundant with Recommendation No. 10 but 
is individually stated due to its simplier and more explicit nature. 

Several measurements'^ observed the fission-neutron spectra in 
correlation with the mass and direction of motion of the fission frag-
ments. The results are largely explained in terms of evaporation postu-
lates with a light/heavy fragment neutron-emission rationapproximately 
1.2 - 1.4. The results are not particularly sensitive to any reasonable 
anisotropy of the neutron emission from the moving fragment. The direc-
tion of fission fragment motion is known to be correlated with incident-
neutron direction at some incident-neutron energies dependent upon the 
particular fission channels involved. The correlation is particularly 
pronounced near threshold, for example in U-238 fission. In these selec-
ted regions one would expect a correlation between the incident neutron 
direction and the fission spectrum if the evaporation hypothesis holds 
true. A possible indication of such an effect has been observed in U—238 

69 
by Knitter et al. However, the incident neutron energies of the Knitter 
and of other work do not exactly correspond to those of a strong incident-
neutron to fragment correlation and the incident resolutions employed in 
the fission spectrum measurements are usually coarse compared to the 
energy dependence of the fragment correlations. An incident-neutron to 
fission-neutron angular correlation could contribute to an anomolous 
structure observed in some measurements made at selected incident energies 
and reaction angles. This possible effect was, of course, avoided in the 
more detailed studies such as those of Refs. 13 and 49 where the spectrum 
was observed at a number of reaction angles. In any case, an angular • 
correlation, localized in incident energy, will not be of appreciable 
applied significance. 
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C. Spectral Dependence on Nu-bar* and Incident Energy. 

There are a number of microscopic results obtained at incident neu-
tron energies well above thermal (see Table 4). However, as noted above, 
some of these results are open to considerable question as the measured 
values may be heavily contaminated with neutrons originating in processes 
other than fission. The number of measurements at high incident energies 
where the fission origin of the neutrons is assured is too limited for a 
good definition of spectral dependence on incident neutron energy. How-
ever, there are a number of spontaneous fission results available, notably 
for Cf-252. These are not as subject to ambiguous interpretation and 
span a wide range of Nu-bar values. Nu-bar is fairly well known both for 
spontaneous fission and as a function of incident neutron energy. There-
fore the dependence of microscopic fission-neutron spectra on Nu-bar and, 
indirectly, on incident neutron energy can reasonably be examined. The 
Nu-bar route is that followed here. 

From basic considerations of kinetics and the equation-of-state 
g2 

Terrell relates the average-fission-neutron energy, E, to Nu-bar through 
the relation 

E = A + B /\T + 1 (3) 
where A = 0.75 and B = 0.65. 

The values of A and B were determined from a comparison with experimental 
results. The expression of Eq. 3 is compared with the experimental values 
of Table 4 in Fig. 1. The requisite Nu-bar values were taken primarily 

66 
from the IAEA tabulations and the work of Soleihac et al. and from a few 
additional sources where necessary. E is not a strong function of Nu-bar 
and thus the comparison is not appreciably influenced by the relatively 
small uncertainties in Nu-bar. 

* 
Herein Nu-bar is defined as the average number of prompt neutrons emitted 
per fission. 
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The data of Fig. 1 is grouped about the thermal neutron-induced 
fission of U-235 and Pu-239 and the spontaneous fission of Cf-252. The 
remainder of the points correspond to a limited number of recent spon-
taneous fission results, primarily from Ref. 4.1, and various measure-
ments made with incident neutrons with energies up to 14.3 MeV. The 
Terrell expression is indicated by the solid curve. A1least-squares fit 
to all of the data, weighted by 1/error2, gives the dashed curve. The 
dashed-dotted curve was obtained by a similar fitting procedure but 
omitting those values possibly contaminated with non-fission neutrons. 
Generally, the slope of the curve rises as the basic data becomes more 
comprehensive and then more selective. However, none of the curves are 
consistent with the microscopic measurements of the ratio E(Pu-239)/ 
¥(U-235) (for example, the Terrell ratio =1.04 and that of Table 7 = 
1.084). Further, none of the curves are consistent with the higher 
E(Cf-252) values nor with many of the E values corresponding to the Nu-
bar range 2.65 - 3.70. The conclusion is that a number of experimental 
values are systematically in error or that Eq. 3 is not quantitatively 
descriptive of the physical phenomena; or both. The above recommenda-
tion emphasizing the importance of the Cf-252 spectrum and of precise 
ratio values should resolve the issue. 

D. Comments on Flux Normalization and Detector Efficiency 

Microscopic fission-spectrum measurements seek to determine the 
relative energy distribution of a continuum-temperature spectrum over 
the extended energy range 1 keV to 10 MeV or more. The discrepancies 
between measured values are of the order of 1-10%. Measurements of 
this nature are exceedingly difficult requiring detailed attention to 
the calibration of the detector response regardless of the specific 
method. Some indication of the difficult nature of the problem is to 
be found in similar x-n spectral measurements which generally do not 
provide temperature distributions for nuclear processes approaching the 
accuracies sought in fission-spectrum measurements. 
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Many of the fission measurements are directly or indirectly based 
upon the n-p cross section. This cross section is known to suitable 

67 
accuracy but its utilization in the laboratory often leaves much to 
be desired. Little attention is given to the effects of multiple proc-
esses or to the presence of carbon in the hydro-carbons often employed 
as detectors. The latter may be a source of anomolous structure as 
carbon scattering is resonant over much of the range of interest. The 
sensitivity of the detection system is often deduced only from calcula-
tion. Such calculations have not proven outstandingly reliable in fast-
neutron-flux determinations. In some instances the detection efficiency 
is "verified" by observation of some "known" source reaction such as 
D(d,n). It is not clear that these source distributions are sufficiently 
well known to serve as a standard. 

The above indicates that the microscopic measurement of fission 
spectra is a difficult flux measurement problem and that greatly in-
creased attention should be given to the quantitative calibration of the 
detectors employed using the n-p cross section over the entire energy 
range and/or the carbon scattering -cross section at lower energies (be-
low 1.8 MeV). Any measurement without such careful calibration of the 
detection system using a well controlled mono-energetic neutron source 
may be subject to systematic uncertainties. Therefore: 

Recommendation No. 15 

Measurement systems employed in microscopic-fission-
spectrum experiments should be well calibrated using 
a controlled mono-energetic neutron source and a stan-
dard reaction such as n-proton or n-carbon scattering. 
The calibration should be inclusive of corrections for 
multiple processes and other perturbations. 

The above statements are not as applicable to spectrum-ratio meas-
urements wherein the detection efficiency does not directly relate to the 
result. 
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E. Isomeric Fission' 

It has recently been reported that U-235 fission induced by 30 keV 
neutrons proceeds to an appreciable extent through an isomeric state in 

68 
U-236 with a half-life in the order of 100 nsec. Such processes in 
this and similar fissile nuclei could distort fission-neutron-spectrum 
measurements based upon the time-of-flight technique wherein the experi-
mental time scale is in the range 0-500 nsec. In view of this possibili-
ty a detailed search for such isomeric fission was carried out with 30 
keV neutrons incident on U-235. The method employed the fast-pulsed-beam 
technique and a rapid response gas scintillation counter. Of a total of 
3.67 x lO4 observed fission events approximately 0.12% were non-prompt 
and at least 75% of these were attributed to the measured room background. 
It was concluded that the relative contribution of the U-236 isomeric 
process at a 30 keV incident-neutron energy was less than 3 x 10-2 per-
cent. This is one to two orders of magnitude lower than that indicated 
in Ref. 68 and too small to be significant in fission-neutron-spectrum 
measurements employing fast-neutron-time-of-flight techniques. 

Ill• Concluding Remark 

The above is a resume of current knowledge of fission—neutron spec-
tra with emphasis on microscopic quantities. Clearly, there is a dis-
crepancy between some macroscopic results and the microscopic values 
which, on the average, have remained relatively static for a number of 
years. The discrepancy is by no means universal nor is it becoming, more 
acute with time. It should be stressed that microscopic knowledge of 
the fission-neutron-spectrum is good in the context of the difficult na-
ture of the problem and in comparison with our understanding of other 
neutron processes. For example, few percent differences between the 
"Watt" and Maxwellian forms or between measured E(Pu-239)/E(U-235) ratios 
are no larger than current discrepancies in fast-fission cross sections 
of U-235; one of the most basic cross sections. It will not be easy to 
_ 
The isomeric studies reported here were carried out by J. W. Meadows 
and W. P. Poenitz, Argonne National Laboratory. 
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grossly Improve the already relatively good quality of the microscopic 
information. The recommendations made herein involve many man-years of 
effort and even if exactly followed will likely not lead to an order of 
magnitude improvement in the basic information. Hopefully the recommen-
dations will forestall inappropriate or ill-conceived endeavors and im-
prove the basic data by a factor of 2-5. 

It has been suggested that an evaluation of the basic data is now 
in order. The contemporary merit of such an effort can be questioned. 
Many of the available results, though of good quality, are old and poorly 
documented. As a consequence the evaluator may tend to equate newness 
with goodness to the detriment of physical fact. At present an evalua-
tion can massage and renormalize to remove some of the more glaring dis-
crepancies between, for example, average energies and ratios; but it is 
unlikely that it will resolve the basic issue — the difference between 
some macroscopic deductions and microscopic values. It is here suggested 
that an evaluation would be more pregnant several years hence.when, hope-
fully, the concepts and criticisms of this and similar meetings have born 
fruit. Until that time, in this author's opinion, the fission-neutron 
spectra stands as indicated by the microscopic results outlined above. 
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IV. Summary of Recommendations 

No. 1 The analysis of fast critical experiments should be inclusive 
of the dependence of fission-neutron spectra on incident neu-
tron energy. 

No. 2 Reaction detectors employed in macroscopic studies should be 
well calibrated using a carefully controlled mono-energetic 
neutron source, e.g., similar to the method employed by Grundl. 

No. 3 Generally, fission-neutron studies should give careful atten-
tion to the spectral fidelity with as near an "in-vacuo" en-
vironment as possible. 

No. 4 The sensitivity of macroscopic results to microscopic cross 
section values should be carefully assayed with recommenda-
tions as to what measurements and to what accuracies are re-
quired to give a reliable interpretation of important macro-
scopic measurements. 

No. 5 Apparatuses for macroscopic study should be optimized for 
data test purposes particularly in the area of fast-critical 
experiments. (The extensive Los Alamos studies of bare 
critical spheres are illustrative of this recommendation). 

No. 6 o^(x235 2 3 8U) should be determined using pulsed-source and 
fast timing techniques to insure against background distor-
tions . 

No. 7 The age of Cf-252 fission-neutrons to indium resonance in 
H2O should be determined to + 1 cm2 using an ideal point 
source. 

No. 8 High priority should be given to the precision determination 
of the Cf-252 fission-neutron spectrum to the best possible 
precision from a few keV to at least 10 MeV. The quality of 
the results should be such as to make this the "standard" 
fission-neutron spectrum. 
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Summary of Recommendations (Contd.) 

No. 9 The ratios E(X)/E(Cf-252) should be determined to 1% precision 
where "XM particularly is U-235 and Pu-239. The measurements 
should be triads 1"(X) /E(Y) , E(X) /E(Cf-252) and E(Y) /E (Cf-252) 
so as to provide a check of internal consistency. 

No. 10 The complete spectral ratio XN(E)/252N(E) should be determined 
throughout the range few-kev to 10 MeV where "X" is U-235 and 
Pu-239. The measurements should involve two energy resolutions; 
1) coarse (few 100 keV) for generaly energy dependence and 2) 
fine (few tens of keV) for assay of possible structure. 

No. 11 Selected reaction-rate indices useful in macroscopic measure-
ments should be calibrated in the Cf-252 spectrum. Particularly 
important is the quantity o^(x252 238U). 

No. 12 Generally microscopic fission-neutron-spectrum measurements 
should emphasize techniques that specifically identify the ob-
served neutron as being of fission origin. 

No. 13 The low energy non-maxwellian nature of the Cf-252 spectrum 
should be investigated to accuracies of 2%. 

No. 14 Structure in the fission spectrum should be assayed with a 
specifically designed ratio experiment. Properly executed a 
ratio determination will cancel most experimental artifacts 
while revealing differences in structure. It is unlikely 
that the structure will be identical for each fissile isotope 
therefore the differences will be significant. 

No. 15 Measurement systems employed in microscopic-fission-spectrum 
experiments should be well calibrated using a controlled mono-
energetic source and a standard reaction such as n-proton or 
n-carbon scattering. The calibration should be inclusive of 
corrections for multiple processes and other perturbations. 



Fig. 1 Dependence of average-fission-neutron energy, E, on Nu-bar. Data points are from 
Table k. Curves indicate the Terrell62 expression with various parameter choices 
as described in the text. 
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Table 2: Measured and Calculated Values of 0f(X235 238U) 

Ref. . mb 

Measured 

Fabry et al.1 353 + 30, 374 + 30 
30 Nikolaev et al. 310 + 10 

26 Leachman and Schmidt 313 + 5 

Calculated 

Grundl4 273 - 282 + 5 a 

Campbell and Rowlands^ 301 

lower value was obtained with a Maxwellian temperature = 1.29 MeV. 
The higher value from the Cranberg expression34. 

Table 3: Age to Indium Resonance in H2O 

Ref. Age (cm2) 

Measured 
35 Summary of pre-1961 values 27 - 31 

o £ 
Doerner et al. 27.9 + 0.1 
Paschall37 26.6 + 0.3 

Calculated 
Dunford and Alter22 26.46 + 0.32 00 
Staub et al. 25.4 + 26.4 

18 
Story Deduces Average 

fission energy to 
be ^ 2.025 MeV 
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