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Neutron Scattering Cross Sections of
U'",U"' and Pu"' from 1 to 30 eV*
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Scattering cross sections for U'~, U"', and Pu"' have been measured for neutron energies between 1 and 30
eV, using the 42' neutron source technique. For Pu~', the scattering cross section and published fission data
have been simultaneously fitted with Reich and Moore's multilevel formula. A good fit to both cross sections
was obtained after allowing a sizable fluctuation in the resonance capture widths. Spin assignments were
made for all observed resonances in the 2-32-eV interval. The average fission width for the J=2 levels is
510 MeV and for the J=3 levels is 190 MeV, in accordance with the spin-fission width correlation predicted
by the Bohr-Wheeler theory.

EXPERIMENT

PITHERMAL neutron scattering cross sections on
~ U"' U"' and Pu'" have been measured at the

I.ivermore electron linear accelerator. The measure-
ments were carried out, using a 4m. neutron source in a
time-of-Aight technique. Our primary goal in making
these measurements was to obtain total spin values J
for as many resonances of V'", U"', and Pu'" as pos-
sible, and to con6rm the prediction of Bohr2 and
Wheeler' that for a given fissile isotope the total spin
and average 6ssion width are correlated. We have de-
termined the scattering cross sections of U"' and U"'
for neutron energies from 1 to 31 eV, and for Pu'" from
2 to 32 eV. In addition, total spin values have been
assigned for all observed Pu'" resonances in the 2- to
32-eV interval. No spin assignments have been made
for V'" or U"'.

The experiInental arrangement is shown in Fig. 1.
The principal feature of the 4x neutron source technique
is the spherical carbon shell. When a pulse of high-

energy (about 30-MeV) electrons strikes the tungsten
target embedded in the shell, the resulting bremsstrah-
lung radiation creates a burst of high-energy neutrons
via (y,rt) interactions with the tungsten. Some of these
neutrons scatter back and forth in the moderating shell.
After many successive scatters, these neutrons have
slowed down to the energies of interest and have
"forgotten" their point of origin and are uniformly
distributed around the shell. Monte Carlo calculations
have indicated that the inner surface of the moderating
shell is a uniformly distributed 4x neutron source to
within 5% for all neutron energies below 1 keV. For
energies below 200 eV, the time to (ttsec) after the elec-

*Work performed under the auspices of the U. S. Atomic
Energy Commission.' G. D. Sauter and C. D. Bowman, Kucl. Instr. Methods SS,
141 (1967).

'A. Bohr, in Proceedings of the Second United Nations Inter-
national Conference on the Peacefttt Uses of Atomic Energy, Geneva,
1958 (United Nations, Geneva, 1958).

3 J. A. Wheeler, Physica 22, 2103 (2956).
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FrG. 1. Plan view of the experimental arrangement. The drawing
is not to scale. The fhght path length is 18.1 m.

tron pulse for maximum intensity of neutrons of energy
E (eV) is to 2.0/E't'. T——he full width at half-maximum
intensity r (ttsec) is given by r = 1.8/E't'.

Neutrons from the inner surface of the shell are
scattered by a thin sample placed in the center of the
spherical cavity. Scattered neutrons emerging from
the sample in the proper direction pass through a small
hole in the shell and reach the boron-loaded liquid
scintillator neutron detector. A second hole in the shell,
diametrically opposite the' first hole and backed by the
"get lost" tube and a I.i' absorber, prevents the de-
tector from seeing any part of the carbon shell. Thus,
the only direct neutron source seen by the detector is
the scattering sample. Since the sample-to-detector
Bight time of Qssion neutrons and p rays is much shorter
that that of the scattered neutrons of interest, the
background associated with 6ssion and capture events
is separated in time from the scattered neutrons.

The neutron detector used in these measurements
consisted of a thin aluminum cup, 1.25 cm deep, fitted
over the face of a 12.5-cm-diam EMI-9579B photo-
multiplier tube and filled with boron-loaded liquid
scintillator. The detector was used with a pulse-shape
discrimination circuit' that rejected about 90% of
those p rays that gave rise to pulses from the scintillator
with heights corresponding to those of slow neutrons,
with a loss of about 25% in slow-neutron detection
e%ciency.

t'GET LOST"
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For a thin scattering sample, it is shown in the
Appendix that the neutron detection rate is propor-
tional to the scattering cross section of the sample and
the energy-dependent neutron Aux incident on the
sample. This Aux can be determined from a measure-
ment on a sample having a known scattering cross
section, such as carbon. The two measurements can
then be combined to yield the desired scattering cross
section.

Ke made measurements on two samples of each of
the fissile isotopes. With the exception of the thicker
U'" sample, which was about 0.02 cm thick, all of the
samples were less than 0.01 cm thick. Even for these
relatively thin samples, it is necessary to make correc-
tions for the reduction of the incident neutron Aux due
to neutron absorption before scattering occurs, and to
take into account the possibility that a neutron scat-
tered toward the detector will undergo a further re-
action before leaving the sample. These corrections,
which were not made to the data shown in Ref. 1, were
most significant at the peaks of the large resonances.
The largest correction was for the peak of the 2.31-eV
resonance in the thicker U'" sample, where the cor-
rected scattering cross section was a factor of 3.4 larger
that the uncorrected value. In the valley regions be-
tween resonances, the corrections were generally less
than 10%.The procedure for deducing the cross section
from the data is described in the Appendix.
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FIG. 2. The neutron scattering and fission cross sections of
Pu'4' from 2 to 12 eV. The solid curve is the simultaneous multi-
level fit using the parameters of Table I.

Plutonium-241

The two Pu'"-sample thicknesses were 1.14&(10"and
2.34&& 10'e atoms/cm'. The isotopic composition of each
sample was 0.8% Pu"', 2.7% Pu'" 85.7% Pu"' 0 8'%%u

Pu'"' and 10.0% Am'" When corrected for the effects
of nonzero sample thickness, the two measurements
yielded scattering cross sections which agreed very
closely (to within 5% at the peaks of the largest reso-

nances). The resulting scattering cross section for Pu"'
between 3 and 32 eV is shown in Figs. 2 and 3.

When the variation of the neutron scattering cross
section with energy is known, attempts can be made to
deduce the spins of the various resonance levels, using
either area analysis or shape analysis. Area analysis,
based on the single-level Breit-Wigner formula, has been
successfully used in the case of Pu"', where most of the
resonances are suKciently isolated from each other. '
For Pu'", there appear to be only three levels for which
area analysis is applicable; those at 13.38, 14.72, and
17.83 eV. We have area-analyzed our data for these
three levels. The scattering area of an isolated resonance
is given by 2vrslt'gF„'/F. From a measured scattering
area, one can 6nd gF„s/F Wi.th this quantity and known
values for gI'„and F, the relation g=L(gF )'/F]/(gF '/F)
can be used to determine g. For the 13.38-, 14.72-, and
17.83-eV resonances, our data yield values for the
scattering areas of 14.6, 29.9, and 18.2 b eV, respec-
tively. Using published values' for gF„and F, we then
calculated g values of 0,36, 0.58, and 0.41, respectively.
These indicate that the spins probably are J=2

(g= 0.417) for the 13.38- and 17.83-eV levels and 7=3
(g= 0.583) for the 14.72-eV level.

Ke have also simultaneously 6tted our Pu'4' scatter-
ing data and the Pu'" fission cross section obtained by
Moore et al. ,' using the multilevel cross-section formula
of Reich and Moore~ with one fission channel per spin
state and resolution and Doppler broadening included.
This shape analysis is based on the following concept.
Accurate values for gF and F are known from earlier
fission and total cross section measurements. The shape
fit to the 6ssion cross section is sensitive to the peak
height and total width of the resonance, and thus actu-
ally determines the quantities gF„Ft/F' and F. The
peak cross section of a scattering resonance is propor-
tional to gF„'/F'. The shape fit to the scattering data,
when combined with the total width determined from
the 6ssion Gt, should yield a value of the product gFn'
that is independent of the value of spin assumed in the
shape analysis, provided a good fit is obtained. (We
will demonstrate this independence below. ) With the
value of gF„~ from our simultaneous shape 6t and gF„
from total data, the g value (and hence the spin) can
be determined as g= (gF„)'/(gF„').

Assuming the spin values suggested by Moore et al. ,
'

we attempted to fit both scattering and 6ssion cross
section data, holding the capture width Axed and vary-
ing gF„Ff, F and gF„'. However, we found that a satis-
factory simultaneous fit could be obtained only by
allowing a Quctuation in the capture width. The result-

4 G. D. Sauter and C. D. Bowman, Phys. Rev. Letters IS, 761
(1965); M. Asghar, Nucl. Phys. A98, 33 (1967).' J. R. Stehn et al. , Broottttaeem Nateortat Laboratory Report No.
3Z5 (U. S. Government Printing OKce, Washington, D. C., 1958),
2nd ed. , Suppl. 2, Vol. III.

6 M. S. Moore, Q. D. Simpson, T. Watanabe, J. K. Russell, and
R. W. Hockenbury, Phys. Rev. 135, B945 (1964).' C. W. Reich and M. S. Moore, Phys. Rev. 111,929 (1958l.
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TABLE I. Resonance parameters for Pu'4'.

jvo

(eV)

4.27
4.57
5.92
6.91
8.57
9.50

10.20
12.74
13.39
14.70
15.98
16.68
17.86
20.63
22.88
23.97
26.30
28.77
29.33
30.90

r, ~

(meV)

39
25
40
40
30
25
35
40
57
35
40
35
80
34
60
60
30
60
35
40

(mcV)

0.58
0.47
2.87
0.58
0.61
0.155
1.85
0.65
3.15
4.98
1.32
1.63
4.35
0.29
1.10
1.42
3.60
6.40
0.49
2.32

P~ 8,

(meV)

32+
142—

1330—
105—
85+

120—
990+
250—
36—

145+
475—
350+
37+
59+

335—
185+
315—
690+
70+

320+

gp b

(meV)

0.33
0.21
1.22
0.35
0.48
0.092
0.75
0.39
1.10
3.07
0.76
0.61
1.60
0.17
0.63
0.79
2.21
2.42
0.35
1.44

0.195
0.092
3.44
0.196
0.220
0.014
1.43
0.248
4.13

14.5
1.01
1.12
7.90
0.048
0.710
1.18
7.52

17.1
0.140
3.15

gP 20

(meV)2

0.195
0.093
3.44
0.196
0.214
0.016
1.24

0.240
4.15

15.6
1.06
0.930
7.55
0.042
0.770
1.10
7.00

18.4
0.138
3.18

0.216
0.096
3.46
0.194
0.228
0.016
1.45
0.241
4.13

13.8
1.04
0.950
7.45
0.048
0.770
1.22
7.90

15.1
0.148
3.46

0.56
0.48
0.43
0.62
1.05
0.61
0.39
0.62
0.29
0.65
0.57
0.33
0.32
0.61
0.56
0.54
0.65
0.34
0.87
0.65

AssignedJ
3
2
2
3

(3)

2
3
2

3
2

3
3

2
(3)
3

& Values obtained from final fit, using spins suggested by Moore et al. (Ref. 6) except for those resonances between 12.74 and 17.86 eV, where oppositer
spins were used.

b From Stehn et al. (Ref. 5).
e Values obtained from the fit using spins suggested by Moore el al. (Ref. 6).
d Values obtained from the fit using spins opposite those of Moore et al. (Ref. 6).' Computed from g = (gI'~)2/(gi'n2), using gI'&2 values from final fit (Ref. a).

ing values for gF ' are given in column 7 of Table I.
For each resonance we then calculated g, using the
published values' for gF„ that are listed in column 5 of
Table I. The calculated g values were consistent with
the initially assigned values except for the group of
resonances between 12.78 and 17.83 eV. The spin for
each of these resonances was opposite that suggested
by Moore et a/. ' Next we repeated the fitting process,
assuming all spins opposite to those of Moore et a/. For
this fit, which yielded calculated cross sections that were
nearly identical with those of the first fit, the computed
values of gF„' changed very little from those of the first
fit. The values for gF„' are given in column 8 of Table I.
The g values determined in this case were again con-
sistent with those proposed by Moore et al. except for
the group of resonances between 12.78 and 17 83 eV. .
We therefore showed that the fits really were not sensi-
tive to g but to the products gF„F~ and gF„', which are
related to the peak height in the fission and scattering
data, respectively.

Finally, we carried out the fitting process for a third
time using the spins suggested by Moore et al. for all
resonances except those between 12.78 and 17.83 eV,
for which the opposite values were used. Again the
calculated cross sections were nearly identical with
those of the previous fittings, and the computed values
of gl„', which are shown in column 6 of Table I,
changed only slightly. The resulting g values, which are
given in column 9 of Table I, were the same as those
obtained from the two previous fits. Furthermore, the

g values for the 13.38-, 14.72-, and 17.83-eV levels in
all three fits were consistent with those determined by

In4
I

' I '
I

& I

IO'

$ IO

IO'

0
cQ

I(P
0

80-

60
an
o ~

4o

20

I2 I6 20 24 28
Neutron Energy (eV}

FIG. 3. The neutron scattering and fission cross sections of
Pu'4' from 12 to 32 eV. The solid curve is the simultaneous multi-
level fit using the parameters of Table I.

area analysis as described earlier. The final parameters
resulting from the fitting procedure for Pu'4' are shown
in the first four columns of Table I. Figures 2 and 3
show the experimental fission' and scattering cross sec-
tion data. The solid curves are the cross sections calcu-
lated from the multilevel formula using the resonance
parameters listed in Table I.

The uniqueness of a multilevel fit has often been
questioned owing to the large number (six) of param-
eters associated with each resonance. By requiring that
two partial cross sections be fitted simultaneously, we
believe that the uniqueness of the fit is significantly
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FIG. 4. The neutron scattering and capture cross sections of
U'" from 1 to 11 eV. The solid and dashed lines are the multilevel
fits described in the text.

strengthened. The possibility that levels with small
neutron widths are missed also may weaken the validity
of the multilevel fit. In fact, from a statistical analysis'
of resonance widths obtained from a multilevel fit to
the 6ssion cross section of Pu'4', at higher energies it is
estimated that about 30% of the levels (those with
small neutron widths) are missed. Since the scattering
cross section is proportional to I" ', this means that
resonances with small F„, which appear weakly in the
6ssion cross section, will be entirely invisible in the
scattering cross section since F„((Ff or I'. Thus, the
resonances with larger I „that are observed in the scat-
tering cross section are essentially undisturbed by the
resonances with smaller F„ that are missed. The in-
huence of missed resonances may be measured by the
quality of the simultaneous fit to two partial cross
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Fzo. 5. The neutron scattering and capture cross sections of
U'33 from 11 to 31 eV. The solid and dashed lines are the multilevel
6ts described in the text.

' O. D. Simpson, R. G. Fluharty, M. S. Moore, N. H. Marshall,
B. G. Diven, and A. Hammendinger, in Proceedings of the Con-
ference on Neutron Cross Section Technology, Washington, D. C.,
1966 (unpublished).

sections and by the degree of scatter of g around the
expected values of 0.417 and 0.583. Our values agree
with the values suggested by Moore et a/. for all levels
except the group between 12.78 and 17.83 eV, where
our values are opposite to theirs in every case.

Of the 20 levels considered here, w'e find 7 levels with
J= 2 and 13 levels with J=3. The average 6ssion width
of the J= 2 levels is 510 meV and is 190 meV for the
J=3 levels. These numbers are in excellent agreement
with the average width 500 and 180 meV of the two
groups found by Simpson on the basis of multilevel
interference at higher energies. These values support
the prediction of the Bohr-Wheeler theory' ' that the
J= 2 levels should have a larger average Qssion width.
Bohr and Wheeler' have used the formula 2e(i'y/D),
where D is the level spacing, to calculate the number
of channels open for the hssion process. For the J=2
and 3 states, the values are 0.77 and 0.55, respectively.
Since a satisfactory 6t to the 6ssion cross section was
obtained assuming one 6ssion channel per spin state,
these values can be interpreted as evidence that, for
either spin state, one hssion channel is at least half-way
open.

TABLE II. Resonance parameters for U»3.

jVo

(ev)

1.59
1.74
2.29
3.61
4.72
5.77
6.77
7.46
8.67
9.17

10.30
11.30
11.81
12.74
13.54
15.28
16.14
16.49
17.91
18.41
18.90
20.57
21.81
22.35
23.62
25.20
25.72
26.53
28.76
30.76

Fa gF F~'
(meV) (meV) '

645 3.9
255 66
95 4.1

180 2,8
995 8.7
300 1.1
210 28.1
135 0.3
745 4.7
240 1.6
280 33.1
220 15
200 6.9
295 23.2
345 9.2
260 40.3
395 14.5
225 13.8
160 2.9
160 1.9
325 43.0
615 46.0
225 25.2
390 71.5
945 31.6
270 15.6

75 02
250 10.1
505 31.1
445 28.8

gP 2b

(meV)'

0.0051
0.15
0.063
0.046
0.31

gr.
(meV)

0.050
0.28
0.18
0.15
0.39

gP lI

(meV)

0.087
0.151
0.090
0.071
0.14

& Obtained from our fit to U»3 capture data (Ref. 13).
b Obtained from our fit to U»3 scattering data.
& Computed from the values in column 4 from the relationship

gr. -(0.5gr.~)«~.
~ Taken from Ref. 5.

' X, Bohr and J. A. Wheeler, Phys. Rev. 56, 426 (1939).
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From the Quctuation in capture width we have used
Wilets's' formula to obtain the number of exit chan-
nels y,« for the capture process. We hand y,))~18.
There is no apparent correlation of capture width with
the spin of the compound nucleus.

Uranium-233

The two U"' sample thicknesses were 4.83)(10' and
9.42&&10"atoms/cm'. The isotopic composition of each
sample was 97.3%%u

U"' 1.6'%%uo U"', and 1.1% U"' with
trace amounts of other isotopes. For neutron energies
above 15 eV, the data from the thicker sample were of

"L.Wilets, Phys. Rev. Letters 18, 31 (1965).

poor quality, because of the effects of the large p Qash
created when each electron pulse was stopped by the
tungsten target in the carbon shell. Thus for energies
above 15 eV, only the thin sample data were used. For
neutron energies below 15 eV, the two measurements,
when corrected for the eBects of sample thickness,
again yielded scattering cross sections in good agree-
ment. The measured neutron scattering cross section
for U"' between 1 and 31 eV is shown by the data
points in the lower section of Figs. 4 and 5.

The areas under scattering resonances in U'" appear
to be too small, and the interference eGects too large,
to make area analysis feasible. We attempted a shape
analysis by trying to simultaneously fit our scattering
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data and the fission data of Nifenecker, " again using
the multilevel formula of Reich and Moore with one
fission channel per spin state. We could not obtain an
acceptable simultaneous fit. Inasmuch as this same
simultaneous fitting procedure was successful for Pu'",
this failure indicates that more than one fission channel
per spin state is required to describe U"', in agreement
with earlier work "

We next attempted to derive a value for gF ' by
fitting, simultaneously, the capture data of Weston et
cl."and our scattering data. Since the capture process is
associated with many exit channels for p rays, no inter-
ference between resonances is expected. A single-level
fit to the capture cross section will determine the total
width F and the peak height, and hence the product
gF F,. With the value of F thus determined, we at-
tempted to fit the scattering data to obtain values for
gF„~. The fit to the capture and scattering data is
shown in the upper and lower sections of Figs. 4 and 5
by the line through the experimental points. The line
through the scattering data is dashed above 6 eV since
the fit above that energy is rather unsatisfactory. The
parameters derived from this fitting procedure are given
in the first four columns of Table II. As for Pu'", we
computed values of g for these levels from our values
of gF„and the values of gF obtained from other experi-
ments. ' These computed g values were too far from the
true values (0.583 or 0.417) to be meaningful. The dis-
crepancy is related to a significant diRerence in our
results for the neutron width in comparison with other
measurements. We illustrate this by calculating ap-
proximate values of gF„ from our data from the expres-
sion gF„(gF '/2)"'. These gF„values are shown in
column 5 of Table II. Values from BNL-325' are shown
in column 6 of Table II. For the three prominent levels
(],.74, 2.29, and 3.61 eV), our values for gF„are roughly
a factor of 2 larger than those previously reported. If
we assume that the BNL-325 values are correct, this
result implies that our resonance scattering cross sec-
tions are a factor of 4 too high, since the peak height is
proportional to the square of the neutron width. We
believe that the accuracy of our data excludes this
possibility. We have no explanation for the large diRer-
ence between the two sets and conclude that reliable
values for g can not be obtained from our scattering
measurements on U"'.

Uranium-235

The sample thicknesses used for the U"' measure-
ments were 2.84&(10" and 4.18X10' atoms/cm'. The
isotopic composition of each sample was 1.1'Po U234,

93 3%%u
U"' and 5.6% U" After corrections for effects

1 H. Nifenecker, J. Phys. (Paris) 25, 877 (1964).
"For example, M. S. Moore and C. W. Reich, Phys. Rev. 118,

718 (1960); E. Vogt, ibid. 118, 724 (1960)."L.W. Weston, R. Guin, G. deSaussure, R. W. Ingle, R. R.
Fulhvood, and R. %. Hockenbury, Oak Ridge National I,abora-
tory Report No. ORNL-TM-1751, 1967 (unpublished).

of sample thickness, the scattering cross sections deter-
mined from the two measurements are in satisfactory
agreement. The resulting scattering cross section for
U"' between 1 and 31 eV is shown in Fig. 6 for each
sample thickness. The arrows in the figure indicate the
positions of known resonances in U"'. Because of the
complex resonance structure of U"', we have not at-
tempted any area or shape analysis of this data.

CONCLUSIONS

From our measurements on U"', U"' and Pu'" we
have determined the neutron scattering cross sections
for these nuclides for neutron energies below 31 eV.
For Pu'4', we have deduced the spins of 20 levels be-
tween 2 and 32 eV and confirmed the correlation be-
tween average fission width and resonance spin pre-
dicted by the Bohr-Wheeler theory. Although no spin
assignments could be made for U'", we have obtained
provisional values for F and gF F~ for the resonances
between 1 and 31 eV.
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APPENDIX: EXTRACTION OF CROSS SECTIONS
INCLUDING EFFECTS OF FINITE

SAMPLE THICKNESS

As previously pointed out in this paper, the eRects
of nonzero sample thickness on the scattering data
obtained using the 4' source technique are significant
even for samples less than 0.01 cm thick. In analyzing
the data, consideration must be given to such processes
as depression within the sample of the incident neutron
Aux, and further reactions in the sample after neutrons
have scattered in it. This Appendix outlines a method
of determining the scattering cross section from the
measurements, which is shown to be accurate to a few
percent.

Consider the geometry of Fig. 7 for a scattering
sample of thickness e atoms/cm'. Let the strength of
the 4w neutron source (the inner surface of the graphite
shell) be Io(Eq) neutrons/cm2 sec eV. Io(Eq) is spatially
independent but varies smoothly and slowly with en-

ergy. Further, let 6 be the area of each of the two small
holes in the source, and let 0 be the solid angle sub-
tended by the neutron detector. The effective area of
the sample is the area A seen by the detector through
the collimation. As a first approximation, assume that
the absorption cross section of the sample is negligible
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and that no neutron is scattered more than once in the
sample.

A surface element da of the source emits Ip(Eq)da
neutrons sec eV, of which Ip(E~)LAg/4xrP jda reach the
effective region of the sample, where p= cose. Assuming
isotropic scattering (a good assumption for low-energy
neutrons and heavy scattering nuclei), the probability
for any such neutron to be scattered into the solid
angle Q is p., (E~) t nQ/4~pj, where o, (E~) is the scattering
cross section of the sample for neutrons of energy E&.
Thus, the rate per unit energy at which neutrons of
energy E& from da are scattered and reach the detector
is Ip(Ey) p', (Ey)LnAQ/16m'r'ada. Integrating over the
area of the source, the total rate per unit energy at which
source neutrons of energy E~ are scattered and reach the
detector is Ip(Eq) p.,(F~)nAQt (4~r' 25)/1—6m'rpj.

If the thermal motion of the scattering nuclei is
neglected, the scattered neutrons which left the source
at energy Ej will reach the detector with energies
between Eq and nEq, where n =(M——1)P/(&+1), ~
being the mass number of the scattering nuclei. This
spread in energy, which results from variation of energy
loss upon scattering with scattering angle, is about 2%
for Gssile nuclei. In the time-of-Right technique used
here, the measured neutron energy, which characterizes
the detector response, is the energy of the scattered
neutrons. If the scattered neutron energy is E2, the
detector response at E2 will be due to neutrons that
left the source with energies E~ between Ep/u and Ep,
the average energy E& being E& 2E&/(1+n)——. Thus,
the rate per unit energy at which scattered neutrons of
energy E2 are detected can be closely approximated by

R(Ep) = Ip(Eg)p, (Eg) p(Ep)nAQ

)& L (47rr —28)/167r'r'j, (A1)

where p(E&) is the detector eKciency at energy E&.
The thermal motion of the scattering nuclei increases

the spread of source energies which contribute to the
detector response R(E&) and slightly reduces the value
of E~ for a given E2. Neither of these effects is significant
here. The resolution of these Ineasurements, which is
affected by both the thermal motion of the nuclei and
the variation of energy loss upon scattering with scat-
tering angle, has been previously described. '

The desired scattering cross section can be determined
from Eq. (A1) if the neutron source strength Ip(E&) is
known. This quantity can be determined from a mea-
surement with a scattering sample for which the scatter-
ing cross section is known and the absorption cross
section is negligible. It is particularly convenient to
pick a sample, such as carbon or aluminum, for which
the cross section is energy-independent in the region of
interest. Let such a sample be of thickness n~ and have
an energy-independent scattering cross section 0-& such
that n~a~((1. Then, with Ep ——(1+ng)Eq/2,

R~(Ep) =Ip(E~) p.~p(Ep)n~AQP(4~r' —25)/167r'rPj (A2)

Fio. 7. The geometry of the 4m neutron source technique. Neu-
trons from element du of the spherical source are scattered by the
element dn' of the sample into the solid angle 0 subtended by the
detector. The dashed lines indicate A, the effective area of the
sample seen through collimators by the detector. The sample
thickness is n atoms/cm'. Cos8=—p, .

is the detection rate per unit energy for scattered neu-
trons of energy Ep. Combining Eqs. (A1) and (A2) then
yields

R(Ep) n(o( p(Ep)
p.,(Eg) =

R((E,) n p(Ep)
(A3)

where o(Eq) is the total cross section of the sample.
The probability that such a neutron is scattered in the
element dm' into the solid angle 0 and leaves the sample
without further reaction is

p, (E&)r Qdn'/4vrp)e-' &E&"'.

Thus, the rate per unit energy at which source neutrons
of energy Ej from du are scattered in dn' and reach the
detector is

Ip (Eg)p, (Eg)LAQ/16m'r'j

Xexpf —n't ~(E,)+n(Eg)/p$)da dn'.

where Ep —,'(1+n)Eq, and——Ep —,'(1+ng)Eq. F——or our de-
tector, p(Ep)/p(Eg) =1.

The scattering cross section a, (E&) given by Eq. (A3)
is the cross section one would obtain if absorption and
multiple scattering in the sample are neglected. This
neglect is reasonable in the spectrum sample, where
m~0-~&&1. However, in the region of a resonance in the
6ssile sample generally eo-,«eo., 0.1, so that the ef-
fects of neutron absorption and multiple scattering
must be considered. Equation (A3) can be used to
calculate o, (E&) if R(E&) is computed more accurately
than in Eq. (A1). In recalculating R(Ep), the value 8,
which does not affect the result for p, (E~), will be as-
sumed to be zero.

Again referring to Fig. 7, for 0&tII&-,'m, the rate per
unit energy at which source neutrons of energy E& from
du reach the effective area A of the sample element
dpi 1S

Ip(E~) $A p/4prr'je ""&~» ~&da,
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For the region ~ vr & |3)4x, we can get a similar result by
replacing p "'~(~»» by p ~" " ) ' &~')» and again letting
0 &p, & 1. It should be noted that we have neglected
any neutrons that reach the detector after more than
one scattering in the sample. This multiple-scattering
contribution will be very small for samples where
no.,((1, such as was the case in our measurements.
Letting du = 2m.r2dp, the rate per unit energy at which
scattered neutrons of energy 82 are detected is

n I

R(E2)= o(E2)f AQ/82r] Io(E1)a,(E1)
0 0

Xe-n'a &»)Le-n'a &»)&P+ e
—&n-n') a &») lngd&(4dn' . (A4)

The energy Z&, for a given value of E2, will be a func-
tion of p .

If the thermal motion of the sample nuclei is again
neglected, an approximate evaluation of R(E2) can be
made by again assuming that a single energy E&,
independent of the scattering angle, can be used to
characterize all the incident neutrons. A reasonable
value of El is again E2= 2 (1+n)E&. For convenience,
let o (El)—=ol and o (E2)=0.2. The integrations can now
be carried out in a lengthy but straightforward manner,
using the well-known functions

where

fl(n al g 2) = 1 e-nal(1+aalal) e n—a2$1 e nar (1-rrllal))

—(al/o 2) (Elt nal (1+a2/o 1)$+El(na 1 (1—a,/o 1)$e-"'2

+ln(1+o2/al)+ln(1 o—2/al)e n")
+El(nal)L(al/a2+nal)e + (al/a2 n—al)j (A6a)

and

f2(n g 1 g2)
—1 e nrrl—(1+allal)+e —na2/enal(allrrl —1)

—(01/0..)(E)Lnal(1+a2/al) j—E&Lnal(o2/o 1—1)fe ""
+ln (1+o2/01)+ln (o 2/o 1

—1)e "")
+El (na1) ((al/a2+na1) e-" +' (al/a2 —na, )). (A6b)

IQ(E1) can be determined from Eq. (A2) as before, this
time with 8=0. Then 0, (El) can be determined from
Eqs. (A5a) and (A5b) as

R(E2) o(E3) nlo1 2n02
o,(E1)=

Rl(E3) o(E2) n f1(n,al 02)'
if 0,)0 2 (A7a)

and
R (E2) o(E3) nlo. l 2no. 2

0.,(E1)=
Rl(E3) o(E2) n f (2nlrara)2

if al(a2 ~ (A7b)

00 1
El (x)—= e'll and El—(x)= e'dl—

and their series expansions for small x:

x2

El(x) =—ln(1 ~ 7811x)+x— + +
2X2 J 3X3 '

x3

El(x)=ln(1.7811x)+x+ + +.
2X 2 t 3X3 t

The results are

R(E2) = Io(E,)o(E2)t AD/82rh

X f aa (El)a2jf1 (nralra2) r lf al) a2 (A5a)
and

R (E2)= Ip (El)o (E2)LAO/82rg

X[a (El)/o2]f2(n, ol, o2), if ol(02 (A5b)

A more precise approximation to the integral over p,

in Eq. (A4) can be made by dividing the spherical-shell
neutron source into many intervals with respect to p
and evaluating o (El) at the average incident energy in
each interval for a given scattered neutron energy E2.
The neutron-source spectrum Ip(E1) varies slowly with
El, so it can still be adequately represented by Ip(E))
as given by Eq. (A2) ~ The scattering cross section is
again assumed to be o, (E1)~ The resulting form of the
equation for o, (E1) is the same as that of Eqs. (A7a)
and (A7b), but the factors fl and f2 are considerably
more complicated than shown in Eqs. (A6a) and (A6b).

Using published values for total cross sections, ' we
have evaluated 0, (E1) for Pu'4' between 12 and 20 eV,
both by using Eqs. (A7a) and (A7b) and by the method
outlined in the preceding paragraph with twenty equa, l
intervals comprising the source. The agreement be-
tween the two methods was very good, the resulting
cross sections agreeing in every instance to within 1%.
The remaining data for Pu'" and all the data for U"'
and U"' were analyzed using Eqs. (A7a) and (A7b).


