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The photonuclear cross sections for 2*U, U, **"Np, and ?*°Pu have been measured from thresh-
old up to 18 MeV. The source of radiation was the monoenergetic photon beam from the annihila-
tion in flight of fast positrons. The branching among the neutron-producing reaction channels was
determined by measuring the photofission prompt neutron multiplicities ¥,. One interesting result is
the complete absence of any (y,2n) cross section for 2*U and 2*U. The values of ¥,(E) for **U
agree with those measured with neutrons incident on 2*U. The parameters of the giant dipole reso-
nance deduced from the total photonuclear cross sections show that these nuclei have large static de-
formations, as expected. The integrated photofission cross sections are large (as are the absolute fis-
sion probabilities), and account for 60% to 80% of the total photonuclear absorption strength.

I. INTRODUCTION

As pointed out by Bohr,' photofission reactions make
use of the relative simplicity and directness of the elec-
tromagnetic interaction as a powerful tool with which to
explore the process of nuclear fission. However, owing to
the difficulty of performing photofission measurements,
especially with monoenergetic photons, very little accu-
rate, detailed, and systematic data have been obtained.
We have made a systematic study of the photonuclear
process in 232Th, 234234235.236.238y " 237N and 2Py, the
last part of which is reported here, in an effort to provide
such data.

Work in the photofission field through the mid-1970s is
summarized in the review articles by Huizenga and Britt?
and by Bhandari and Nascimento,® and is set in the
framework of fission research in the book of Vandenbosch
and Huizenga.*

The characteristics of the giant dipole resonance (GDR)
for the actinide nuclei and the deformation parameters of
these nuclei are of particular interest. For such high-Z,
high-Coulomb-barrier nuclei, the total photonuclear cross
section o(y,tot), from which one can determine the (static)
deformation parameters,”® is, to a good approximation,
equal to the sum of the photoneutron and photofission
cross sections.

We have published the results of the first half of our
systematic study, on 23°U, 236U, 23%U, and 2**Th, previous-
ly.”® Most of the details of the experimental apparatus
and techniques and the data-analysis procedures can be
found in these papers; only those features specific to the
present results (such as the sample characteristics, back-
grounds, and certain newly developed analysis techniques)
will be discussed in detail here.

We do wish to reemphasize, however, that we have
measured the important properties of the fission process,
namely the average prompt neutron multiplicity v,(E),
the ratio of the neutron and fission widths I',/T; as a
function of the fissionability Z?/A4, and the fission proba-
bility Ps(E), as well as the important nuclear properties of
the actinides, particularly their deformation characteris-
tics, that are determined from o(y,tot). We wish to point
out as well that the analysis of the cross-section data here
depends upon the ability to assign the detected reaction
events to the various photoneutron and photofission chan-
nels based upon their measured neutron multiplicity and
average neutron energy. These, in turn, depend on the
values employed for ¥,. In this experiment the values for
7V, were measured, not assumed, as has been done in the
only previous work of this kind.’

Previous experimental cross-section work for the ac-
tinide nuclei studied here usually has fallen into one of
two categories: (1) measurements at excitation energies in
the GDR region, and (2) measurements in the low-energy
region near the fission barriers and (y,n) thresholds. For
the GDR energy region, there have been only two brems-
strahlung measurements reported, namely the very old
photofission measurement of Katz et al.'® on 23°U, 2*'Np,
and 2**Pu, and the more recent photon-absorption mea-
surement of Gurevich et al.!! on **°Pu, and only one mea-
surement with monoenergetic (positron-annihilation) pho-
tons, by Veyssiére et al.,” on Z*’Np. (Comparison of the
results of Refs. 9 and 11 for 23°U, 2**U, and %*?Th with
our previous results can be found in Ref. 7.)

For the low-energy region, data have been published
previously by Huizenga et al.'? for 233U, 2**U, and 2*’Np;
by Ostapenko et al.'® for 2*U, *¥'Np, and 2°Pu; by
Lindgren et al.'*" for 2**U; by Geraldo et al.'® for
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2Np; and by Shapiro and Stubbins'’ and Dragnev
et al.'® for 2*°Pu.

Photofission ¥, data obtained with low-energy brems-
strahlung have been published by two of us'® for all of the
nuclei studied here; no other such data have been report-
ed. Relatively recent ¥, data for neutron-induced fission

have been obtained for 2*U + n (**¥U + n corresponds
here to 2*U+y) by Manero and Konshin,?° Boldeman
et al.,’' and Gwin et al.,’* and for *2U+n and
23%py + n by Jaffey and Lerner.??

II. EXPERIMENT AND DATA REDUCTION

The experimental method and data-reduction tech-
niques employed in the present measurements are based
on those used in our other photonuclear and photofission
experiments. A detailed description appears in Refs. 7, 8,
and 19 (and earlier references therein).

Briefly, the method consists of using a positron beam
from the LLNL Electron-Positron Linear Accelerator in-
cident upon a low-Z target to produce photons by annihi-
lation in flight. The collimated photon beam passes
through a xenon-filled spherical ion chamber, which
serves as a flux monitor, and impinges on the photofission
sample under study that is located at the center of a
high-efficiency 47 neutron detector. The neutron detector
consists of 48 BF; tubes embedded in a 61-cm cube of
paraffin and arranged in four concentric rings. The ratio
of counting rates in the outer and inner rings (the ring ra-
tio) is a sensitive function of the average neutron energy.
In the present experiment the photon energy resolution
ranged from about 250 keV at energies below 10 MeV to
about 325 keV at the highest energy (~ 18 MeV).

The photofission samples were located at a distance of
310 cm from the annihilation target. Up to eight samples
or blanks, including a standard Pu-Be neutron source used
to monitor the detector efficiency, were loaded into the
neutron detector sequentially with a remotely controlled
sample changer, so that beam-tuning conditions remained
the same for different samples at a given energy. The ac-
tinide sample specifications are given in Table I; the pho-
tonuclear thresholds*2* for these nuclei are listed in Table
II. The photonuclear thresholds determined in the present
experiment [in particular, that for 2*’Np(y,2n)] agree,
within the experimental limits, with those given in Table
IL
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Because the 2**U, 2*’Np, and 2**Pu samples were encap-
sulated in metal cans (see Table I), background subtrac-
tions for (y,1n) events required a knowledge of the pho-
toneutron cross sections for copper and nickel; these were
obtained from the results published in Refs. 25 and 26,
respectively.

The absolute calibration of the photon beam flux was
accomplished by comparing the response of the ion
chamber with that of a large (20X20 cm) Nal crystal.
This calibration has been done periodically (e.g., see Ref.
27), and has remained remarkably constant over a period
of over 20 years.

As a check on all aspects of the experimental calibra-
tion and monitoring, a sample of '*'Pr was used along
with the actinide samples, and the absolute cross section
obtained was compared with the results of previous mea-
surements.? 3! The total photoneutron cross section for
141pr determined here is shown (as the data points) in Fig.
1. The average of the four previous determinations done
with monoenergetic photons, which all lie within a few
percent of each other, is shown as the curve in the figure.
It is clear that the agreement is excellent. Moreover, a
very recent determination, also done at Lawrence Liver-
more National Laboratory,*? is in excellent agreement as
well.

Certain special procedures were employed in the reduc-
tion of the present data, for various reasons. For these
photoreaction experiments, the neutron-multiplicity
counting technique was modified to account simultane-
ously and independently for (y,n), (y,2n), and (y,F)
events. But because 2>*U and 23°Pu are fissile, special care
had to be taken to avoid overestimating the photofission
cross section because of fission events initiated by
moderated photoneutrons and fission neutrons. This was
accomplished by three techniques, two experimental and
one calculational. First, some data were obtained both
with and without cadmium foil wrapped around the sam-
ples; the cadmium foil virtually eliminated the slow-
neutron fission, but increased greatly the single-
photoneutron background. Second, both large and small
samples were used for 2**U and 2*°Pu (and also for 3*U),
not only to keep the counting rates within reasonable
bounds, but also so that the multiplication corrections
which must be applied would be different for the two
samples. Thus, where data for both samples were ob-
tained for a common photon energy, an automatic cross-

TABLE I. Sample characteristics.

Sample Physical description Mass (g) Purity (%)
™y (1) Metal disks in brass can, 1.91 cm diam 40.31 97.46
(2) Metal disks in brass can, 1.91 cm diam 101.06 97.46
Béy (1) Oxide powder in Lucite cylinder,
2.54 cm diam 3.325 99.84
(2) Oxide powder in Lucite cylinder,
2.54 cm diam 12.525 99.78
2Np Metal in brass cylinder, 2.86 cm diam 45.62 100.00
%Py (1) Metal disk in nickel can, 2.29 cm diam 4.98 97.67
(2) Metal cube in steel can, 1.25 cm
edge length 29.91 99.92
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TABLE II. Photoneutron thresholds and photofission bar-
riers (in MeV).

Nucleus Eu(y,n)? E(7,2n)? Bp(y,f)P°
By 5.753 13.010 5.7£0.3
B4y 6.844 12.597 6.0+0.2
2INp 6.628 12.310 5.6+0.3
239py 5.647 12.645 5.84£0.2

2From Ref. 24.

"From Ref. 4, p. 255.

check would result. Finally, a new fission-

multiplication-correction program was developed and
used in the data-reduction procedure. The fact that all of
these methods converged (while the uncorrected data
diverged significantly) gives us confidence that this effect
was accounted for correctly.

Another problem arose because the small samples or
small cross sections led to certain results having poor sta-
tistical quality. The method by which v,(E) is deter-
mined from the observed neutron multiplicity at each
photon energy is discussed in detail in Refs. 8 and 19.
Here, however, for those cases where the ring-ratio data
were not adequate to determine the neutron detector effi-
ciency for photofission events to be used in the computa-
tion of ¥,(E) and the associated multiplicity width param-
eter 2(E), the relative energy-dependent efficiency (nor-
malized appropriately) for *°U (see Ref. 8) was substitu-
ted. Also, straight-line fits to the v, data (see Sec. III A)
were used for the cross-section analysis. Finally, it turned
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FIG. 1. Total photoneutron cross section for '*'Pr measured
during the present experiment (data points), compared with the
fitted average of four previous measurements also done with
monoenergetic photons.
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out (remarkably enough; see below) that the (y,2n) cross
sections determined in this way for 23*U and **U are con-
sistent with zero up to the highest energies measured here.
Therefore, these cross sections were set identically equal
to zero in an iterated analysis in order to reduce the error
bars appropriately for the other cross sections for these
nuclei.

Further details of the data-analysis procedures and dis-
cussions of the experimental uncertainties are given in de-
tail elsewhere.> %2627 Statistical uncertainties are reflect-
ed in the error bars on the data points. Systematic uncer-
tainties arising from the subtraction of the positron-
bremsstrahlung yields, from the neutron-detector efficien-
cy calibration, and from the photon-flux calibration are
about 2%, 3%, and 5%, respectively. Impurities in the
samples (see Table I) have been accounted for whenever
their effect on the results exceeded 1%. Uncertainties re-
sulting from multiplication effects in the samples are es-
timated to be less than 2%:; those resulting from subtrac-
tion of the copper and nickel backgrounds from the (y,1n)
cross sections are estimated to be less than 5% for 23°U
and ?"Np and less than 10% for 2*°Pu (at the highest en-
ergies, for the single-photoneutron cross section only).
The final (y,F) and (y,tot) cross-section values are subject
to overall systematic uncertainties that do not exceed 7%.
The statistical uncertainties for the total photonuclear
cross sections were computed by adding in quadrature
those for the partial cross sections.

III. RESULTS AND DISCUSSION

A. Photofission neutron multiplicities
and width parameters

The values determined here for the prompt-neutron-
multiplicity width parameter 2(E) and the average num-
ber of prompt neutrons per photofission V,(E) are given
in Table III, in the form of the slopes and intercepts of
straight-line fits to the data. Because of their relatively
large statistical uncertainties, the data for 3(E) for 24U
and »’Np were fitted by constant (energy-independent)
values.

The v, (E) data are shown in Fig. 2. Although there are
hints of structure in the energy dependence of V,, especial-
ly for ’Np and 2**Pu near 12—13 MeV, it is our judg-
ment that, because of the statistical uncertainties and the
scatter of the data points and because of the lack of any
corroborating data from other kinds of experiments, a de-
finite claim of anything other than a smooth, monotoni-
cally increasing dependence of ¥, on energy cannot be jus-
tified at this time. [This is in contrast with the case for
B2Th (see Ref. 8).] Therefore, we fitted the v, data with
straight lines as shown in Fig. 2 and as specified in Table
III. Strong evidence that this procedure is reasonable is
given by the high values for the correlation coefficients,
also given in Table III. Although the average value for
the slope of ¥,(E) is reasonable (0.177, or one neutron per
5.64 MeV), the slope for 2**U is considerably shallower
and that for *’Np is considerably steeper than this aver-
age value. These slopes, of course, will be reflected in the
energy dependence of the average kinetic energy of the fis-
sion fragments.
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TABLE III. Multiplicity width parameter 2(E) and average
number of prompt neutrons per photofission v,(E).

Nucleus S(E) V(EP ccb
By 0.249E +1.128 0.1693E +1.194 0.973
Wy 1.30° 0.1326E +1.582 0.922

BNp 1.40¢ 0.2266E +0.977 0.976
239py 0.0481E +0.794 0.1803E +1.760 0.908

2Least-squares fit.

bCorrelation coefficient.

For #**U and *'Np the data for = were best fitted by a constant
p

value.

Our values for ¥, at E=8.5 MeV are compared in
Table IV with those from the bremsstrahlung data of Ref.
19. It is seen that the overall agreement is excellent, ex-
cept possibly for the case of *’Np; the higher value deter-
mined in the present work owes its origin to the relatively
high (and constant) value for = used here.

When the same compound nucleus is formed during
neutron-induced fission, we can compare our photofission
v, values with those determined using incident neutrons.
For thermal neutrons, values of ¥, for three of the four
nuclei studied here have been measured. These are com-
pared with our values and also with the calculated values
of Yamamoto and Sugiyama®® in Table V. For the well-
determined case of 2**U (formed by 233U + n), the values
are all in superb agreement. For *°Pu, the agreement
with the value for ®Pu + n (Ref. 23) is good. But for
233y, the value for 22U + n (from the same reference) is
in violent disagreement with our value (it is many stan-
dard deviations too high). The calculated value®® of ¥ v, for
23U lies 17% higher than our measured one, but the value
from Ref. 23 is 24% higher than even this calculated one.

The only case studied here for which the energy depen-
dence of 7, has been measured with neutrons is that of

24U (33U + n). The results of Refs. 20 and 21 are com-
pared with the present results in Fig. 3. Although they lie
somewhat lower than the present photofission results, our
experimental uncertainties are such that we can call the
agreement good. This did not have to be the case, of
course. If, for example, the angular-momentum depen-
dence of V,(E) were significant, then because the mixture
of spin states for the fissioning **U nucleus is not the
same for incident photons as it is for incident neutrons,
especially as the incident neutron energy increases and
brings with it larger contributions of higher partial waves

TABLE IV. Comparison of values for v, at E=8.5 MeV.

Monoenergetic
Nucleus Bremsstrahlung® photons®
By 2.65 2.63
24U 2.56 2.71
ZNp 2.53 2.90
29py 3.32 3.29

2From Ref. 19.
"Present results.
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FIG. 2. Average number of prompt neutrons ¥,(E) from the
photofission of (a) 2*°U, (b) 3**U, (c) »*'Np, and (d) *°Pu mea-
sured in the present experiment (data points). The straight lines
are the best least-squares fits to these data (see Table III).



34 PHOTOFISSION AND PHOTONEUTRON CROSS SECTIONS AND . ..

TABLE V. Comparison of values for ¥, at threshold.

Thermal Fit to present
Nucleus neutrons® Calculated® data
my 3.14 2.53 2.17
B4y 2.49 2.51 2.50
%Py 2.90 2.82 2.78

3From Refs. 22 (3*U) and 23 (?**U and #**Pu). The results of
Ref. 23 are normalized to those of Ref. 22.
®From Ref. 33.

(the photofission process is dominated by E1 transitions
for all photon energies, of course), one might see a
discrepancy between the two determinations of ¥, that in-
creases with energy. There is, in fact, a hint of this effect
in the data (see Fig. 3).

B. Cross sections

The photonuclear cross sections for 2*U, 24U, »*'Np,
and 2*°Pu are shown, as functions of photon energy, in
Figs. 4—7, respectively. The total photonuclear cross sec-
tions

oly,tot)=o[(y,1n)+(y,2n)+(y,F)] ,

where the total photofission cross section o(y,F) is the
sum of the first-chance photofission cross section o(y,f)
and the second-chance photofission cross section o(y,nf),
are shown in Figs. 4(a), 5(a), 6(a), and 7(a). All have about
the same peak cross-section value (=~0.5 b) and width
(~6 MeV). Also, they clearly are split in the fashion of
other statically deformed nuclei.”~7** All have been fit-
ted with two-component Lorentz curves (more on this in
Sec. III C). No obvious structure, other than the GDR it-
self, appears in these cross sections.

The single-photoneutron cross sections o(y,ln) are
shown in Figs. 4(b), 5(b), 6(b), and 7(b). Note that the

6 T T T 1 I T T T i | ! 1 ! v

L 234U 4

5 -

5 10 15 20
Photon energy (MeV)

FIG. 3. Same as Fig. 2(b) for 2*U+y, with the results of
233U + n measurements superposed. The circled dot is the result
of Ref. 22 for thermal neutrons, the long-dashed line represents
the data of Ref. 21, and the short-dashed line the data of Ref.
20.
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measured o(y,1n) includes o(y,pn) and o(y,an), but these
cross sections are expected to be very small below 18 MeV
because of the Coulomb barrier, not to mention the com-
petition from the photofission channels. The size of the
(7,1n) cross section varies widely for these nuclei; for 233y
it is considerably smaller than for the other three. The
(y,1n) cross sections fall sharply above the (y,2n) thresh-
olds, as is the case for essentially all other medium and
heavy nuclei.>** None of the (y,1n) cross sections (with
the possible exception of that for *’Np) has the double-
humped shape characteristic of deformed nuclei, and thus
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FIG. 4. Photonuclear cross sections for 2>*U: (a) the total
photonuclear  cross  section  o(y,tot)=0[(y,1n) + (¥,2n)
+ (v,F)], together with a two-component Lorentz-curve fit
[Eq. (1)] to the data in the GDR energy region (9—18 MeV); (b)
the single-photoneutron cross section o(y,1n); (c) the photofis-
sion cross section o(y,F)=o[(y,f)+(y,nf)]. The double-
photoneutron cross section o(y,2n) was measured to be con-
sistent with zero for this nucleus (see Sec. II). The arrows in
Figs. 4—11 and 14 locate the photonuclear thresholds and fis-
sion barriers taken from Refs. 24 and 4 (see Table II).
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a measurement of o(y,ln) alone (by the activation tech-
nique, for example) would not yield even a rough idea of
the deformation parameters for these nuclei.

The (y,2n) cross sections for 2*’Np and 2*’Pu are shown
in Figs. 6(c) and 7(c), respectively. That they are small is
no surprise, because the high fissionability of these nuclei
implies that most of the photonuclear strength will appear
in the fission decay channel. What is surprising is that
for both 23U and 2**U there is no (y,2n) cross section dis-
tinguishable (within our experimental limits) from zero,
even though these nuclei also have high fissionabilities.
These are the only nuclei [except for the light self-
conjugate nuclei having very high (y,2n) thresholds]
which exhibit this kind of behavior.>* This behavior is a
clear indication of the power of the fission process to dis-
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FIG. 5. Photonuclear cross sections for 2*U: (a) o(v,tot),
with a Lorentz-curve fit; (b) o(y,ln); (c) o(y,F). The (y,2n)
cross section was measured to be consistent with zero for this
nucleus (see Sec. II).
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tort the “normal” decay pattern of the GDR.

The photofission cross sections o(y,F) are shown in
Figs. 4(c), 5(c), 6(d), and 7(d). All are large, reaching
~400 mb at =~14 MeV, and all show a significant (and
expected) rise above the second-chance fission thresholds
at 12—13 MeV. Again we notice that a measurement of
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FIG. 6. Photonuclear cross sections for 2’Np: (a) o(y,tot),
with a Lorentz-curve fit; (b) o(y,1n); (c) o(y,2n); (d) o(y,F).
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only one photonuclear channel would give a distorted and
erroneous view of the shape of the GDR; we see that
o(y,F) alone would lead to values for the ratio of the
areas R, of the first to the second hump of the GDR that
are much too small (see Sec. III C).
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FIG. 7. Photonuclear cross sections for 2°Pu: (a) o(y,tot),
with a Lorentz-curve fit; (b) o(y,1n); (¢) a(y,2n); (d) oy, F).
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C. Giant-resonance parameters

The classic collective description of the GDR predicts
that the total photon-absorption cross section o(y,tot) for
statistically deformed nuclei is characterized as the sum
of two Lorentz-shaped curves,

[E2—EX()] }

(1)
EITi)

a(y,tot)=20m(i)/ 1+

where o,,(i), E,,(i), and I'(i) are the peak height, reso-
nance energy, and full width of the ith Lorentz curve.
Accordingly, the (y,tot) cross sections in Figs. 4(a), 5(a),
6(a), and 7(a) have been fitted with two-component
Lorentz curves. The fitting interval used for all four nu-
clei was 9—18 MeV, which includes the entire GDR re-
gion. The resulting fits to the data are shown in the fig-
ures, and the Lorentz parameters of these fitted curves are
given, together with their statistical uncertainties, in Table
VI

Values of the parameters for the classified theories are
given in Table VII. These include a and B, the propor-
tionality constants characterizing the mean GDR energy
E,, with mass number, and K, the nuclear symmetry en-
ergy computed from the relation

WLL E,(1)
NZ 1—[T(1)/2E,(]?

4/3

N
X , @)
(14-0.018 60e —0.033 14¢€2)?

K =9.935x10"

where 7 is the nuclear deformation parameter, defined as
the ratio of the semimajor axis b to the semiminor axis a
of the (prolate) deformed nucleus, and computed from the
relation

En(2)/E,(1)=0.9117+0.089 , (3)

and € is the nuclear eccentricity, defined as (b2—a?)/R?,
where R is the radius of a sphere of equal volume (for a
prolate spheroid, R*=a?b), and computed from the re-
sulting relation

e=(n*—1)n~2"3. 4)

The value for E,, for a prolate spheroid should be given
by

E,=[E,(1)+2E,(2)]/3, (5)

two-thirds of the way from the lower- to the higher-
energy peak of the GDR; this value has been adopted for
all the nuclei studied here. The present values both for K
and for E,, follow very well the systematics for these
quantities discussed at length in Ref. 5.

Values for various nuclear shape parameters, computed
from the Lorentz parameters of Table VI, are given in
Table VIII. These are R 4, the area ratio defined as

R =0,(1)(1)/0,,(2)T(2) (6)

and predicted to be one-half for prolate nuclei; 7, the de-
formation parameter of Eq. (3); €, the nuclear eccentricity
of Eq. (4); B,, a deformation parameter more commonly
used than 7 or €, defined as
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TABLE VI. Parameters of Lorentz-curve fits to the GDR.2
E,(1) om(l) ' E,Q2) om(2) Q)

Nucleus (MeV) (mb)® (MeV) (MeV) (mb)® (MeV)

3y 11.08+0.06 221+26 1.94+0.26 13.86+0.14 433+13 5.47+0.30
234U 11.13+0.10 371136 2.26+0.38 13.94+0.16 401+22 4.46+0.47
27Np 10.98+0.04 31116 2.17+0.14 14.08:+0.07 540+12 4.66+0.23
237Npc 11.02+0.09 256+21 2.94+0.34 14.1110.11 392+16 4.71+0.37
29%py 11.28+0.20 .325+90 2.48+0.47 13.73+£0.43 384+60 4.25+0.83
239pyd 11.01+0.14 225+31 3.22+0.45 13.95+0.17 371423 5.38+0.41

Lorentz parameters defined by Eq. (1). The fitting interval for all cases is 9—18 MeV.
*The uncertainties for o,, given here are relative. The absolute uncertainties for the present data are 7%.

‘From the data of Ref. 9.
9From the data of Ref. 11.

B,=3(m/5)""%~0.53¢ , @)

and Q,, the intrinsic quadrupole moment defined as

Q0=%ZR 26 ) (8)

where R =RyA!”? is the equivalent nuclear radius. For
two of the nuclei studied here (333U and 23"Np), R, is not
equal to the hydrodynamic prediction of one-half; rather,
a value close to one-fourth is indicated in Table VIII. We
have no ready explanation for this feature of the data;
similar behavior occurs for nuclei on the fringes, rather
than in the center, of the deformed rare-earth region.®

Values for Q, computed from Eq. (8) with R, taken to
be 1.15 fm are given in the sixth column of Table VIII, in
keeping with the results of the analysis in Ref. 7. Other
determinations (by a variety of techniques) of Q, are list-
ed in the last column of Table VIII. The agreement is
seen to be excellent in all cases except that for **Pu, and
for this case the present uncertainty [see Fig. 7(a) and
Table VIII] is much larger than for the others.

D. Integrated cross sections and their moments

The integrated cross sections and their first and second
energy moments measured in this experiment are given in
Table IX. Up to the highest photon energy measured
E, max, listed in column 2 of Table IX, the integrated
(v,n), (7,2n), (v,F), and (y,tot) cross sections are given in
columns 3—6 and the first and second moments o _; and

TABLE VII. Parameters for classical theories.?

Nucleus E,° a® B K¢
33y 12.94 79.6 32.1 27.7
B4y 13.00 80.1 32.3 27.7

2Np 13.04 80.7 325 28.2
239py 12.92 80.2 32.2 27.7

2All quantities given in MeV.

®Mean energy of the GDR, defined by Eq. (5).
*Hydrodynamic parameter, defined by E,, =ad ~'/3.
dCollective parameter, defined by E,, =84 ~'/°.
“Nuclear symmetry energy, computed from Eq. (2).

o _, of the total cross section in columns 7 and 8, respec-
tively. Again it can be seen that the decay of the GDR
for all of these nuclei is dominated by the fission channel
(also see Sec. IIIF). The value of o_, is proportional to
the nuclear polarizability (see Ref. 5).

In columns 3 and 4 of Table X, we compare the value
of the integrated total cross section (up to E, ,,,) with the
total area under the two-component Lorentz-curve fit to
the GDR (integrated from zero to infinite energy) for
each nucleus studied here, in TRK (Thomas-Reiche-
Kuhn) sum-rule units, whose values are listed in column
2. The values listed in column 4 give an indication of the
maximum amount of exchange-force enhancement of the
dipole sum-rule values that might be needed to account
for the GDR. The results for 23°U, **U, and 23°Pu agree
with the value for 2*U (Ref. 7) and with the systematic
result of 1.21+0.11 sum-rule units of Ref. 5, whereas the
result for 2*’Np lies higher, but is comparable to those for
2%y, 8y, and »*’Th (Ref. 7).

The present experimental data for all of the integrated
cross sections and their moments are shown in Figs. 8—11
in the form of running sums of the quantities plotted as
functions of the photon energy up to which they are in-
tegrated. This form of displaying the integrated cross-
section data is useful for information-retrieval purposes,
and also shows whether the various plotted quantities ap-
proach asymptotic behavior at the highest photon energies
measured. These figures show that the integrated cross
sections and their moments do not approach asymptotic
values, except for the (y,1n) channel, but this merely re-
flects the fact that the present measurements were carried
out only up to E, .y =~ 18 MeV.

E. Comparison with other experiments

1. The GDR energy region

Measurements of photofission and photoneutron yield
cross sections made prior to the 1970s are neither accurate
nor detailed enough to be compared profitably with the
present data. The annihilation-photon experiment of
Veyssiere et al.® was performed in much the same way as
the present work, except that the authors of Ref. 9 as-
sumed values for ¥,(E) instead of measuring them. For
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TABLE VIII. Nuclear shape parameters.

Nucleus R,? n° € B.° Qo b) Qo (b)
™y 0.18 1.275 0.533 0.282 9.8+0.5 10.3+0.3f
™y 0.47 1.277 0.536 0.284 9.9+0.8 10.0+0.48

9.8+0.9°

237
Np 0.27 1.310 0.598 0.317 11.3+0.4 1204118
39py 0.49 1.238 0.463 0.245 8.9+1.8 12.0+0.3f

Area ratio, defined by Eq. (6).

®Deformation parameter, computed from Eq. (3).
“Nuclear eccentricity, computed from Eq. (4).
dDeformation parameter, computed from Eq. (7).

“Intrinsic quadrupole moment, computed from Eq. (8), with R, taken to be 1.15 fm.

fFrom Ref. 35.
8From Ref. 36.
"From Ref. 37.

2Np, the values assumed by Veyssiere et al.” up to ~ 14
MeV lie substantially higher than our measured ones.
This results in lower values for the cross sections in much
of the GDR region; in terms of integrated total cross sec-
tion, the value of Ref. 9 for *’Np is about 25% lower
than the present result, although the shapes of the partial
cross sections are not very different. Another way to
compare the present data with those of Ref. 9 is to com-
pare the Lorentz parameters of the latter when they are
fitted in the same way as the former. These parameters
all are listed in Table VI. Of course, if the data of Ref. 9
were reanalyzed using our measured values for v,(E),
these parameters would change somewhat.

The photon-absorption measurement of of(y,tot) of
Gurevich et al.!! yields a result for **Pu that, like their
results for 233U, 239U, and 2**Th (see Ref. 7), is about 10%
smaller than the present result. The uncertainties quoted
in Ref. 11 range from 10% to 13%, which, added to the
7% uncertainty for the present measurement, place the
two sets of data in agreement within the experimental lim-
its. The overall shapes of the cross sections of Ref. 11 are
likewise similar to the present results, especially for **U;
the Lorentz parameters for the 2*°Pu data of Ref. 11 also
are given for comparison purposes in Table VI. However,
the subtraction of the large atomic absorption (50—100
times the photonuclear absorption) for these high-Z
atoms makes the total photon-absorption measurements
difficult.

2. The low-energy region

The photofission cross sections for the energy region
below 10 MeV are plotted in Fig. 12 with an expanded
cross-section scale so that the details of the data can be
seen clearly. For comparison, all of the other low-energy
photofission data for these nuclei also are shown in Fig.
12. Although comparison of the present results with
cross-section data obtained by unfolding bremsstrahl-
ung spectra yields satisfactory agreement, most brems-
strahlung experiments were not undertaken to obtain ab-
solute cross sections, but rather to measure the angular
distributions of the fission fragments or the cross-section
shapes at very low energies. In particular, the results of
Katz et al.,'° Ostapenko et al.,’® and Shapiro and Stub-
bins'’ for 2*U, *'Np, and **’Pu are in reasonable agree-
ment with the present data. The 2**U data of Lindgren
et al.'' lie below the energy range of the present data
for that nucleus.

The results of high-resolution mononenergetic-photon
measurements performed with nuclear gamma rays agree
with the present data for some cases, but do not for oth-
ers. The cross sections reported by Huizenga et al.'? for
23y, 34U, and P'Np tend to lie higher than ours, al-
though some data points agree quite well. There are seri-
ous discrepancies between our results and many of the
data points of Geraldo et al.'® for 2*’Np and of Dragnev
et al.'® for ¥°Pu. However, these measurements are of

TABLE IX. Integrated cross sections® and their moments.>®

Eymax  Oin¥:0)  Oin¥,20) 0Oy, F)  oin(y,tot)  o_,(y,tot) o _(y,tot)
Nucleus (MeV) (MeVb) (MeV b) (MeV b) (MeV b) (mb) (mbMeV 1)
23y 17.8 0.58 2.44 3.02 239 19.6
Lt 8] 18.3 1.06 2.26 3.32 270 23.3
ZNp 18.3 1.17 0.35 2.28 3.80 298 24.4
239py 17.8 0.63 0.15 2.15 2.93 235 19.6

il Y, X) = f o(y,x)dE, integrated from threshold to E, yax.
b0 _(y,tot) = f o(y,tot) E ~'dE, integrated from threshold to E, max-
‘o _s(y,tot)= f o(y,tot) E ~*dE, integrated from threshold to Ey may.
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TABLE X. Integrated total cross sections.

0.060NZ /A Oim(y,tot) (7/2)[om(DT(1)+0,(2)(2)]
Nucleus (MeV'b) 0.060NZ /A 0.060NZ /A
™y 3.340 0.91* 1.32
B4y 3.350 0.99° 1.23
BINp 3.390 1.12° 1.48
39py 3.422 0.86* 1.12

*E.y max = 17.8 MeV.
PE) max =18.3 MeV.

such high resolution (comparable to or smaller than the
spacing between levels in the compound nucleus) that the
data points measured could easily coincide with peaks or
valleys in the underlying fine structure of the cross sec-
tions, so that direct comparison with the present data is
not very enlightening.
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FIG. 8. Running sums of the integrated cross sections and
their moments, plotted vs the upper-energy limit of integration
for 2¥U: (a) integrated cross sections oy, for (y,tot), (¥,1n), and
(y,F); (b) first moment of the integrated cross sections, o _;; (c)
second moment of the integrated cross sections, o _».

F. Neutron and fission probabilities

The important branching ratio of the neutron-emission
width to the fission width I',,/Ts can be determined at
low excitation energies directly from o(y,n)/o(y,F) be-
cause only first-chance photofission reactions are energeti-
cally possible. At higher energies, however, second-
chance photofission reactions become possible (the
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FIG. 9. Running sums of integrated cross sections and mo-
ments for 2*U: (a) oy, for (y,tot), (7,1n), and (v, F); (b) o_;; (©)
ag_).
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TABLE XI. Fissionabilities.

Uint(’y’F)

Nucleus Z*/A Oin 7, tOt) I./Ty
22T 34.91 0.11 15
B3y 35.56 0.30 3.9
ey 35.86 0.46 2.1
By 36.02 0.62 1.4
¥y 36.17 0.68 0.99
™y 36.33 0.81 0.49
2Np 36.49 0.60 0.68
239py 36.97 0.74 0.62

second-chance fission barriers generally lie between 12
and 13 MeV), and one must separate these two com-
ponents in order to determine I',/T' ;. Details of how this
has been done previously are given in Ref. 7. Poor statis-
tics or large multiplication corrections make this pro-
cedure statistically uncertain for the nuclei studied here.
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FIG. 10. Running sums of integrated cross sections and mo-
ments for 2’Np: (a) oy, for (y,tot), (y,1n), (y,2n), and (v, F); (b)
oO_y, (c) ag_j.

Integrated cross sections

Nevertheless, for all of the nuclei that we have studied,
because I',/T s reaches an asymptotic value in the energy
region above 9—10 MeV, the values for I',/T', deter-
mined at 11 MeV should be characteristic of all of these
nuclei. These values for I',,/T s are plotted in Fig. 13 as a
function of the nuclear fissionability Z2/A4 (see Ref. 4,
pp.- 16 and 17). Also shown in Fig. 13 are values for
I',/T s deduced from our previous photonuclear data and
those of Veyssiere et al.’ and from the charged-particle-
induced fission data of Gavron et al.*® The open symbols
in the figure, other than those for the charged-particle
data, represent previous values for I';,/T ; obtained from
o(y,n)/o(y,f), while the solid symbols represent values
for the target-minus-one-neutron nucleus obtained from
o(y,2n)/a(y,nf). [The values for o(y,nf) used in Ref. 9
were obtained by an extrapolation procedure rather than
by a direct determination.] The present results are shown
in Fig. 13 as the circled dots.

Figure 13 shows that the values for I',,/T; decrease
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FIG. 11. Running sums of integrated cross sections and mo-
ments for 2°Pu: (a) ojy, for (y,tot), (y,1n), (y,2n), and (y,F); (b)
o_y;(c)o_,.
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more or less exponentially with the fissionability of the
nucleus. The deviation from an exponential decrease at
the higher values of Z?/A probably shows the need for a
surface-symmetry correction term to the fissionability.*
Figure 13 also shows that the present value for I', /I
from o(y,n)/o(y,f) for 3*U coincides with our previous
value from o(v,2n)/o(y,nf) for 2**U, and that our previ-
ous values for I',/T; from o(y,n)/o(y,f) for *°U and
from o(y,2n)/o(y,nf) for 23U also are in excellent agree-
ment. This agreement demonstrates an important internal
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FIG. 12. Low-energy photofission cross sections o(y,f) for
(a) ¥U: solid date points—present work, open data points—
Ref. 12, solid curve—Ref. 13, dashed curve—Ref. 10; (b) 2*U:
solid data points—present work, open data points—Ref. 12, dot-
ted curve—Ref. 14, dotted-dashed curve—Ref. 15; (¢) **'Np:
solid data points—present work, open circles—Ref. 12, open
triangles—Ref. 16, solid curve—Ref. 13, dashed curve—Ref. 10;
and (d) *°Pu: solid data points—present work, open squares—
Ref. 18, open triangles—Ref. 17, solid curve—Ref. 13, dashed
curve—Ref. 10.
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FIG. 13. Neutron-to-fission branching ratio I',/I'y at 11-
MeV excitation energy vs nuclear fissionability Z2/A4: circled
dots—present work, from o(y,n)/a(y,f); open circles—work of
Ref. 7, from o(y,n)/o(y,f); solid circles—work of Ref. 7, from
o(y,2n)/o(y,nf); open squares—work of Ref. 9, from
oly,n)/o(y,f); solid squares—work of Ref. 9, from
o(y,2n)/o(y,nf); triangles—work of Ref. 38, from (*He,df) and
(*He,tf) reactions.

consistency in the experimental data.

The values of T',,/T' for all of the eight actinide nuclei
that we have studied are contrasted in Table XI with the
ratio of integrated photofission and total photonuclear
cross sections. As the fissionability Z 2/A4 increases,
OinlV,F)/0in(y,tot) increases sharply and I',/T; de-
creases sharply, with a slight irregularity near
Z?/A4=36.3 (***U), thus demonstrating once again the
importance of the fissionability in determining the decay
properties of the compound nucleus.

Another important nuclear parameter is the fission
probability Py and its energy dependence. We obtain
values for P;(E) here by dividing the measured (v,f)
cross sections by the values of the two-component
Lorentz-curve fits to the GDR obtained in Sec. IIIC.
This procedure smoothes the data in a meaningful way,
because the representation of the total photonuclear cross
section by such a curve follows the reasonable (for these
nuclei) prescription of the hydrodynamic model. The
values for Py(E) so obtained are shown in Figs.
14(a)—14(d) for 2°U, 34U, »'Np, and 2*°Pu, respectively.
The values of P; near 7—8 MeV for U and »*'Np are in
reasonable agreement with those obtained from charged-
particle-induced fission by Britt and collaborators.’®4
The heights of the fission barriers are related closely to
the shapes of these Ps—versus—excitation-energy curves,
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FIG. 14. Fission probability P,(E) obtained from the ratio of o(y,f) and the value at each energy of the two-component Lorentz-
curve fits to the GDR shown in Figs. 4—7 for (a) 2°U, (b) 2*U, (c) 2*’Np, and (d) 2*°Pu.

the height of the inner barrier to the shape near threshold,
and that of the outer barrier to the asymptotic value.
Further discussion of this subject can be found in Refs. 7
and 38. Here, we only wish to point out that the asymp-
totic values Py, are determined here much better than
those for the threshold region, and are all large:
Pra=0.7, 0.5, 0.6, and 0.6 for **U, 24U, ¥'Np, and
239Py, respectively.

IV. SUMMARY

All of the major photonuclear cross sections have been
measured for the four actinide nuclei 2**U, 234U, ¥'Np,
and 2°Pu (Sec. IIIB, Figs. 4—7). The (y,2n) cross sec-
tions for 233U and 2**U are found to be consistent with
zero up to the maximum photon energy used (~ 18 MeV).
The sum of the measured partial cross sections o(y,1n),
o(y,2n), and o(y,F) is a good approximation to the total
photonuclear cross section and varies little from case to
case within the range of nuclei studied here, thus making
possible the analysis of the total cross sections by means
of the semiclassical hydrodynamic model. Nuclear pa-
rameters extracted by this procedure (Sec. III C) include
giant-resonance parameters (Table VI), nuclear symmetry
energies (Table VII), and nuclear shape parameters (Table
VIII). The integrated cross sections and their moments
(Sec. III D, Figs. 8—11, and Tables IX and X) produce no
unexpected results when compared with sum-rule predic-
tions.

Properties of the nuclear fission process which have
been measured include the average number of prompt
neutrons per photofission ¥,(E) and the associated
neutron-multiplicity width parameter Z(E) (Sec. IIIA,
Fig. 2, and Table III). These quantities are compared
with other data (Fig. 3 and Tables IV and V); the v,(E)
data for **U + y are found to be reasonably close both in
magnitude and energy dependence to those for »**U + n.
The low-energy photofission cross sections are found to
increase smoothly and monotonically with energy, in
agreement with most previous results (Fig. 12). The mea-
sured ratio of neutron and fission widths I',/T; fits the
general exponential fall with fissionability Z*/4, in keep-
ing with previous results (Fig. 13 and Table XI). Finally,
absolute fission probabilities P(E) were extracted from

the data and are determined well in the asymptotic region
(Fig. 14).
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