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Excitation functions have been measured for the production of fission isomers by (a,xn) re-
actions for bombarding energies of 20—29 MeV and by (d,2»), (d,p), and (d,pn) reactions for
bombarding energies of 9—14 MeV. Excitation functions for (a,xn) reactions were measured
for targets of 233y, 234y, 235y, 236y, 28y 27Np, 2py, 20py, 22py, and *Pu. Excitation
functions for deuteron reactions were measured for targets of ¥5U, 23'Np, 23%pu, 24pu, *%2puy,
24py and 2Am. New or more accurate half-lives were determined for the following fission
isomers: 2Py, 30+5 nsec; 23¥™pu, 6.5+ 1 nsec; 4™pu, 3.8+0.3 nsec; 2!™Cm, 15.3+1 nsec;
and 245mCm, 23+5 nsec. Isomers in *2Cm and 24Cm were identified but their half-lives were
too long for measurement with the present techniques. The results are analyzed with a statis-
tical model using realistic level-density expressions with many parameters fixed by compari-
son with experimental measurements of neutron-fission cross sections, neutron-to-fission
decay widths, spallation cross sections, and fission lifetimes. This model is applied to the
presently measured excitation functions and the results obtained previously by other groups
for (n,2n), (p,2n), and (y,n) reactions. With this model fission-barrier parameters are
determined for Pu, Am, and Cm isotopes. Inconsistencies in the results obtained by applying
this model to experimental isomer excitation functions indicate the directions for future re-
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finements.

I. INTRODUCTION

The discovery of isomeric states in Am nuclei,
which decayed by fission,' had relatively low spin
values, and had excitation energies of ~3 MeV,
was the first indication of the existence of shape
isomers in actinide nuclei.? The theoretical pre-
diction by Strutinski® of a secondary minimum in
the potential-energy surface for certain actinide
nuclei gave credibility to the concept of a shape
isomer which could decay by fission. The dis-
covery of gross structure in the subthreshold neu-
tron-fission resonances for *'Np* and 2*°Pu ®
gave further support for this hypothesis.

Fission isomers have been produced by a wide
variety of nuclear reactions and their properties
studied by a variety of techniques. The reactions
used to study the properties of fission isomers
have included (%, y),5"*° (n, 2n),'* (p, 2n),12~14
(d, 2n),*2=1% (a, xn),'5"1° (y, n),?* 2! and miscella-
neous direct reactions such as (4,p), (d,¢), and
(d, pn).}2"1%2-2¢ These results give details on
half-lives and production cross sections for vari-
ous isotopes of U, Pu, Am, and Cm. In several
cases!! %18 20,21 the experimental results included
excitation functions for xn reactions that could be
used to determine the excitation energy of the iso-
meric state above the ground state. These excita-
tion functions were analyzed by the experimental
groups using the simple model developed by Jack-
son®® for the neutron-evaporation reactions lead-
ing to ground-state nuclei. Recently Jigare®® has
pointed out that this simple model is not really ap-
propriate for the population of shape-isomeric
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states and has developed a more rigorous form of
the Jackson model for this case. This model is an
extension of a previous simplified statistical mod-~
el suggested by Jungclaussen.?’

In the present experiments excitation functions
have been measured for the production of fission
isomers by the bombardment of actinide targets
with a-particle and deuteron beams. A list of the
reactions studied is given in Table I. The results
presented include those given in abbreviated form
in an earlier letter.'® The results of these experi-
ments are analyzed with an improved statistical
evaporation model and parameters of the fission
barrier are determined for a series of Pu, Am,
and Cm nuclei.

II. EXPERIMENTAL PROCEDURE

Delayed fragments were detected during the time
between bursts of particles from the Los Alamos
variable-energy cyclotron. The small cross sec-
tions for isomer production necessitated keeping
the fission background due to scattered neutrons
and y rays to a minimum. We took advantage of the
physical layout of the cyclotron building; instead
of placing our fission chamber in the cyclotron ex-
perimental vault, the vault was used for steering,
collimating, and focusing beams of « particles and
deuterons (see Fig. 1). The fission chamber was
mounted between the wall of the experimental vault
and the building wall and a shielded beam dump
was constructed outside the building; thus 1 m of
concrete shielding lay between the chamber and
both the collimating slits and the Faraday cup.
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With careful collimation, focusing, and steering,
stable beams of 50 to 500 nA were delivered
through a maximum diameter of 1 cm in the tar-
get area. The stability and size of the beam were
continuously monitored by observing the current
deposited on an oversized Ta collimator (é—in.
diam) placed in the fission chamber. The “scat-
tered current” was always <1% of the beam cur-
rent deposited at the Faraday cup. In order to
eliminate the possibility of the beam striking the
target holder, 3-in.-diam target holders were
used. Targets consisted of 100-400-pg/cm? de-
posits, vacuum-evaporated on carbon backings
(the 2#*Pu target was prepared by an electroplating
process). All target material was enriched to
>98% in the isotope of interest except for *°U

TABLE I. Reactions studied, measured isomeric
half-lives, and peak values of isomer-to-prompt-fission
ratio.

Peak
Ty, isomer/prompt
Reaction (nsec) (units of 107%)

232Th(0{, 2n)234mU e <0.22
233U (e, 2m)235m Py 305 4.7
B4yY(a, n) ™™ Py 100 £50 1.5
B5Y(a, 2n)3"™m Pu 120 50 19
2367 (o, m) 239 Py >50 ¢ 1.8P
28U (v, 22)2%8m Py 6.5+1.5 5
238U(r, n)241m Py >50 ¢ 15°
28U(a, 2n)%40m Py 3.8+0.3 130
28U(a, 3m)%¥m Py >100 ¢ 15
%TNp(a, n) %™ Am >50 ¢ e
BINp(a, 27)¥m Am 180+130 8.5
39pu(a, 2n)2mCm 1531 2.3
20py(a, 2n)%4?mCm >80 © 1.0
M2py(q, 27)24mCm >100 ¢ 2.8
M2py(a, 3n)24mCm >40 ¢ 1.8
24py(a, 2n)2mCm oo <2
ipy(a, 37)2m Cm 23+5 2.0
235U(d,P)236mU >50 ¢
23TNp(d, 2n)3™ pu 1204 20
239Pll(d,pﬂ)239m Pu >50 € .
39pu(d, 22)%%m Am >50 ¢ 10
2M0py(d, 2n)240mAM >50 ¢ 80
242pu(d, 2n)24m Am >50 ¢ 160
24pu(d, 2n)*4m Am >50 ¢ 400
243Am(d, p)244"'Am >50 €

MAm(d, pn)’4*m Am >50 ¢

21f Ty,5> 20 nsec.

b Average isomer/prompt ratio over region of mea-
surements,

¢ Assumed 7'y, =« in calculation of isomer cross sec-
tion,

dvalue assumed in calculating isomer cross sections.

which was enriched to a purity of 93.2%.

The beam energy was measured by placing a
gold scattering foil in the beam and detecting the
scattered particles at 60° after they had been
passed through a series of aluminum foils. The
foils were adjusted to match the degraded energy
of the particles with the energy of particles from
a standard #°Pu « source. The beam energy was
then determined from range energy relations in
Al.%® In general, the energy of the cyclotron beam
was measured to an over-all accuracy of +0.2
MeV. This error includes both the natural width
of the cyclotron beam, systematic error intro-
duced due to uncertainty in the calibration of the
energy monitor, and drifts in the energy during
data accumulation. The full width at half maximum
of the time distribution of the beam was approxi-
mately 3 nsec; a more significant parameter is
the full width at 10~° maximum which was mea-
sured to be 11 nsec.

The experimental setup was relatively simple.
Because of the thickness of the target and backing,
the recoiling compound nuclei formed in the inter-
action between the charged particles of the beam
and target nuclei were trapped in the target. Most
of the compound nuclei fissioned promptly but
some evaporated neutrons and settled into shape-
isomeric states. With two semiconductor detec-
tors positioned ~3 cm from a target on either side
of and perpendicular to the beam direction, both
prompt- and isomeric-fission decays were ob-
served. The detectors were totally depleted (125-
w deep), low-resistivity, p-» diffuse-junction de-
tectors, 2 cm? in area and biased at greater than
150 V.

In order to increase both the rate of accumula-
tion and the reliability of the data, the beam was
allowed to traverse three targets in tandem, each
viewed with two detectors (see insert of Fig. 1 and
top of Fig. 2). Each fission detector provided a
fast-timing signal which was shaped, amplified,
and delayed; these signals were fed by pairs to
the appropriate one of three coincidence units.
Fission events were identified by a coincidence
between those fragment pulses which exceeded a
lower bound set to discriminate against scattered
beam particles. The output of the coincidence unit
was scaled and fanned; one of the fanned signals
provided the tag identifying the target and detec-
tor pair in which the fission event occurred (A, B,
or C of Fig. 2). The other fanned signal from the
coincidence unit was fed to the start of a time-to-
pulse-height converter; the stop pulse was sup-
plied from the cyclotron oscillator.

Thus prompt and delayed isomeric fissions were
identified by the time relationship between coinci-
dent fragment pulses and a signal from the cyclo-
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tron oscillator. The time information, identified
as to origin, was analyzed and stored in 256 chan-
nels for each target and detector pair.

The present experimental setup could detect iso-
meric lifetimes greater than 3 nsec; above 150
nsec an accurate lifetime determination was not
possible because of the ~80-nsec repetition rate
of the cyclotron although the total number of iso-
meric decays was observable. Typical accumu-
lated spectra are sketched at the base of Fig. 2.

In part A of Fig. 2, the prompt-fission peak is
shown at the right and the decay of a relatively
long-lived isomer trails to the left; in part B, the
decay of a relatively short state is seen to the left
of the prompt peak. In part C, a time spectrum for
a compound nucleus which apparently has no iso-
meric fission decay is shown, and only the prompt-
fission peak is seen. An example of such a com-
pound nucleus is that formed in the @ bombard-
ment of #*2Th or deuteron bombardment of ***U or
234J. Thus a 2%*Th sample in one of the target posi-
tions provided simultaneous monitoring of the
prompt-fission time spectrum and a check on the
fission background occurring between beam bursts
for a-particle experiments. For deuteron bom-
bardments 23*U or #**U targets were used for back-
ground.

Data analysis can best be discussed by examin-
ing a specific example: the 24.6-MeV « bombard-
ment of a 23U target. 2*?Pu is the excited com-
pound nucleus formed and it decays primarily in

FIG. 1. Schematic dia-
gram of the experimental
layout for the fission-iso-
mer experiments.

two ways; the nucleus may fission promptly or
evaporate one or two neutrons with prompt fission
competing at each stage. In the present experi-
ment all prompt fissions are observed as coinci-
dent with the beam pulse. With very low probabili-
ty the nucleus may decay to a shape-isomeric
state after evaporating one or two neutrons, and
then fission. The isomeric states are 2*™Pu and
241mpy, which decay with half-lives 7, =3.8 nsec
and 7, >100 nsec, respectively.

The data for these decays are shown in Fig. 3
(circles). Simultaneous to the @ bombardment of
238y, a target of **2Th was bombarded (triangles
in Fig. 3); the total prompt fissions in #*?*Th(a, f)
were normalized to the total prompt fissions in
#8J(q, f). Accordingly the contribution of prompt
fissions which occur in the tail of the beam pulse,
and the fission background occurring between beam
bursts can be estimated and the proper correction
made.

In part (b) of Fig. 3, the corrected decay curve
for the sum of #*U(q, 272)**°"Pu and #**U(q, n)**™Pu
is shown. A least-squares routine was used to fit
the circles to the sum of two exponential functions
with characteristic decay lifetimes of 3.8 and «
nsec (in the present experiment, lifetimes >100
nsec can be adequately represented by «). Decay
results for all of the targets investigated could be
represented by fits to one or two components.

An additional correction to the data was neces-
sary when targets of 24»24%2%4py were used. The
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spontaneous fission rate for these targets was de- the 2**U(a, 21)***"Pu the measured half-life, T, ,
termined prior to and after each experimental run, =30+ 5 nsec, is in reasonable agreement with the
and suitable corrections were made to the data. previous value!® of 20+ (30%) nsec measured by re-
coil techniques. A comparison with cross sections
III. RESULTS for the *"Np(p, 2n)?**™Pu reaction indicates that

the ?**U results are dominated by the 2*U(a, n)-

A. Isomer Half-Lives
237mpy reaction and the value 7,,,=100z 50 nsec

The isomer half-lives obtained in these experi- is consistent with this conclusion. For the #°U-
ments are listed in Table I. Because of the ~80- (a, 2r)**"™Pu reaction the apparent half-life, 7,
nsec repetition of the cyclotron beam pulses and =120+ 50 nsec, is consistent with a two-compo-
the finite width of the beam pulses, meaningful nent decay with 7}/, =82 nsec and 77/, =1120 nsec
half-life determinations could be made only for reported by Russo efal.'® For *°U two reactions
cases where 2 nsec < 7T,,, <100 nsec. A review of are observed, ***U(a, 2#)***"Pu and **°U(a, 7)**°"Pu.
half-life determinations by various authors has re- For **®*”Pu a value of T,,,=6.5z 1 nsec is deter-
cently been given by Polikanov and Sletten.!* mined. At 24.6 MeV the #®U results contain two

Typical decay curves for a-particle bombard- components, ***U(a, 27)**"Pu with T,,,=3.8+0.3
ment of uranium targets are shown in Fig. 4. For nsec and ***U(a, n)**™Pu where T,,,== was as-
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sumed. At higher energies the reaction ***U(q, 37)-
239mpy with an assumed 7T,,, =~ becomes dominant.
The value T,,,=3.8+0.3 nsec is in reasonable
agreement with the value of 4.4+ 0.8 nsec reported
by Vandenbosch and Wolf.'s

Typical decay curves for a-particle bombard-
ment of Np and Pu isotopes are shown in Fig. 5.
For »'Np(a, 272)*°"Am the value T, ,~180 nsec is
in good agreement with 7,,,=160+ 40 nsec from
Lark efal.'® The reaction *°Pu(q, 27)**'"Cm gives
a value T,,,=15.3+1 nsec which is a better deter-
mination than the values 19'* and 20 nsec'® pre-
viously reported. The lifetimes are too long and
cross sections too low for a determination of the
half-lives of isomers formed by bombardments
of *°Pu and 2**Pu, but the present measurements
do indicate the existence of fission isomers in
22Cm and 2¥Cm. Half-lives for these isomers
have been determined'® as 180+ 70 nsec and =500
nsec for ***"Cm and ***"Cm, respectively. The re-
action 2**Pu(a, 37)***"Cm yields a new isomer with

T,,,=23+5 nsec. A more recent measurement of
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FIG. 3. Representative data obtained for the ‘He + 23U
reaction showing background as measured by the ‘He
+232Th reaction. Points in part (b) have been corrected
for background, and the solid line is a least-squares fit
to the data assuming a two-component decay with half-
lives of 3.8 nsec and =,

this reaction by Wolf and Unik?® yields a more ac-
curate value of 15+ 3 nsec for the isomer in *°Cm,
and Metag ef al.'® have obtained a value of 12 nsec
for this isomer.

For the deuteron bombardments all the isomers
have lifetimes too long to be determined with the
present techniques and in most cases half-lives
have been previously determined by other tech-
niques.'*

B. Excitation Functions (« Particles)

The isomer excitation functions obtained from
the a-particle bombardments are shown in Figs.
6 and 7. In Figs. 6 and 7 the points indicated by
solid circles represent cases where isomeric half-
lives were measured and the solid squares are
cases where the half-lives are too long for mea-
surements using the present techniques. In many
cases there is more than one half-life component
contributing to the isomeric fission at some bom-
barding energies. For the 2°U, 2*%(, and ?*°Pu
targets the two components can be separated
uniquely because of the difference in half-lives.
For 2®*U, »®'Np, ?**Pu, and ***Pu the two compo-
nents are separated by extrapolating the measured
isomer/prompt ratios to higher energies. In prin-
ciple it should have been possible to separate the
two components in the 2**Pu bombardment but in
practice the statistical accuracies at a given ener-
gy were too poor to allow a unique separation.

For specific targets the following comments are
applicable:
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FIG. 4. Representative decay curves for fission iso-
mers resulting from the bombardment of uranium tar-
gets by “He particles. Solid lines represent least-
squares fits with the half-lives indicated on the figure.
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2% 77 and ** U. The data indicate contributions
from both (@, n) and (a, 2) reactions and at higher
energies the (o, 3n) reaction dominates in the U
measurements.

2477 The 2'Np( p, 2n)***™Pu data of Lark et al.®
indicate a peak isomer/prompt ratio of ~4x10-".
The measured isomer/prompt ratio of ~10~° for
the 234U results suggests that these results are
dominated by the (a,n) reaction.

25 Np, ?* Pu and ** Pu. For **'Np the tail of the
(e, n) component must be subtracted from the
(e, 2n) results by extrapolating the low-energy be-
havior. A similar situation occurs with the tail of
the (a, 2n) and rise of (a, 3x) for the 2*Pu and **Pu
results.

T T T T T T T T T q
- o { 23.,NpT(nsec)J
1 3 ; f{ 180
B $
o oop,
b 153
ot ; —
(@} i ]
ol
w b .
OF 3
‘(-g i ]
240
% [ i . I % x i I Pu ©
z| R
L:‘ i i } i 242Pu ° ‘E‘
B I R 4 24“F’u )
DA
r I 24%p, 23 1
. 1
I It 1 1 I L | | I
0 20 40 60 80 100

TIME DELAY (nsec)

FIG. 5. Representative decay curves for fission iso-
mers resulting from the bombardment of 23’Np and vari-
ous plutonium targets. Solid lines represent least-
squares fits with the half-lives indicated on the figure.
The results for *°Pu and 242Pu are summed over all
energies. For *Pu the T;;,= component is obtained
from data taken at E, ~25 MeV and the T/, =23-nsec
component from the data taken at £, =28-29 MeV.

24y, 29 py. and possibly also 2 Pu. The low-en-
ergy tail results from a background due to neutron
fission of the target nuclei. This conclusion was
verified for the 2%°Pu target by making measure-
ments with the target adjacent to, but not directly
in, the a-particle beam. The dependence indicat-
ed by the solid line for the 2*Pu isomer/prompt re-
sults corresponds to an approximately constant
equivalent background cross section of ~0.05 pb.
The effective background cross section at ~21 MeV
for #*%U is also ~0.05 ub. Thus, these results sug-
gest that the lower limit of sensitivity for present
techniques is ~0.05 ub.

C. Excitation Functions (Deuterons)

Excitation functions for isomer production from
deuteron bombardment of ?**U, #°Pu, and ***Am
are shown in Figs. 8 and 9.
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FIG. 6. Excitation functions for fission-isomer pro-
duction from ‘He bombardment of 23’Np and uranium tar-
gets. Solid circles indicate cases for which half-lives
were determined and solid squares, cross sections for
which it was assumed T'y;,=«. The solid line on the
23TNp results represents an estimate of the contribution
from the (a,n) reaction. The solid line on the 3°U re-
sults represents an estimate of the contribution from
neutron background reactions.
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For the 2%°U bombardments isomers are formed
only by the (d, p) reaction and for >**Am at the low-
est energies the isomer production should be domi-
nated by the (d, p) reaction [the 2**Am(d, 22)***™Cm
reaction should have a peak isomer/prompt ratio
of ~1-2x107°%]. A comparison of the #*°U(d, p }**™U
and ***Am(d, p)***™Am reactions indicates that the
isomer-production rates for these two targets are
essentially identical.

For 2*°Pu(d, p)***"Pu and **Pu(d, p)***"Pu isomer/
prompt ratios were obtained at E,=8.85 MeV by
fitting the experimental results to two components:
T,,, == for (d, 2n) reaction, and T,, =30 nsec for
241mpy; or 1,,= 33 nsec** for 2*™Pu. From a least-
squares fit the relative contributions from short
and long half-life components could be roughly de-
termined for known half-lives. However, the data
were not of sufficient accuracy to determine mean-
ingful half-lives for the two components. In the
240py case the results are consistent with the pres-
ence of a 30-nsec component but do not strongly
confirm its existence or half-life.’* The total iso-
mer cross section for 2%°Pu(d, p)**'™Pu was taken
as 2.7 times the cross section for the 30-nsec com-
ponent to allow for the fraction going to the 27-
pusec component.' These results along with pre-
vious measurements’® * show that the (d, p) iso-
mer/prompt ratios for ?*°Pu and ?**Pu targets are
similar to those observed for #°U and ?*Am. The
dashed lines in Fig. 8 show the limits assumed for
the correction to 2*°Pu, *¥Puy, and ***Pu results
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FIG. 7. Excitation functions for fission-isomer pro-
duction from ‘He bombardment of plutonium targets.
Solid circles indicate cases for which half-lives were
determined and solid squares, cross sections for which
it was assumed T/, =. The solid line on the 2**Pu re-
sults represents an estimate of the contribution from
neutron background reactions. The solid lines on the
22py and 4Py results represent estimates of the cross
section for («,2n) reactions.
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for the (d, p) contribution to the total isomer cross
section. For the 2**Pu target the ***Pu(d, p)**°"Pu
reaction does not contribute to the total measured
cross section because of the short half-life (3.8
nsec) for 4°mpy,

At energies near 14 MeV the deuteron reactions
on 2*Am and ?**Pu are dominated by the (d, pn) re-
action and Fig. 9 shows that the isomer/prompt
ratios are similar for the two targets. The solid
line in Fig. 9 is the assumed shape for the (d, pn)
isomer ratio used to correct the 2*Pu data to ob-
tain the isomer/prompt ratios for the ?**Pu(d, 2n)-
23¥mAm reaction. The shape for the 2*°Pu(d, pn) iso-
mer/prompt excitation function was taken from the
the results of Polikanov and Sletten’* but the abso-
lute cross section indicated by the present results
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FIG. 8. Excitation functions for (d,p) reactions on
3y, 240py, and *?Pu. The points at 8.85 MeV on 24'Pu
and %2Pu were obtained by fitting the experimental re-
sults to two half-life components as described in the
text. The 23U, p)?%¥™U data of Polikanov and Sletten
(Ref. 14) have been arbitrarily normalized to give the
best agreement with present measurements. Squares
represent results taken from Lark ef al . (Ref. 13). The
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through the 2%¥U,p )23¥my results. The dotted lines
represent limits for the corrections applied to data from
deuteron bombardments of plutonium targets for the
(d,p) contribution to the total isomer production.
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is approximately 3 times greater than the value
previously reported.**

The total isomer-prompt excitation functions for
deuteron bombardment of >’Np and Pu targets are
shown in Fig. 10. The observed isomers are pro-
duced primarily by (d, 2n) reactions with small
but significant contributions from the (d, pn) reac-
tion for 2**Pu and from (d, p) reactions for >*°Pu,
22py  and 2**Pu. In results shown later in this
paper the observed isomer cross sections have
been corrected for (d, p) and (d, pn) contributions
0 obtain estimated cross sections for the (d, 2xn)
reaction alone.

D. Comparison of Results from Various
Experiments

For xn evaporation reactions to form fission iso-
mers it is expected that the method of formation
of the original compound nucleus should not strong-
ly influence the isomer-to-prompt-fission ratios.
To check this assumption comparisons have been
made of the isomer/prompt ratios for ( p, 2n),
(d, 2n), (a,2n), and (n, 2n) reactions leading to the
same fission isomers. Results of these compari-
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FIG. 9. Excitation functions for deuteron reactions on
239py and 243Am targets. For the 2°Pu the solid line
represents the estimate of contributions from the (d,pn)
reaction and the solid triangles represent estimates of
the (d,27) contributions obtained by subtracting the
(d, pn) portion from the total cross section.

sons are shown in Figs. 11 and 12 for fission iso-
mers 2"™Pu, 2%¥mAm, 2©™Am, and ***"Am. The
results are converted to a consistent energy scale,
E* - B,,, using the nuclear-mass systematics of
Wapstra, Kurzeck, and Anisinoff.’® Except for the
(n, 2n) results which will be discussed below there
are no arbitrary normalization factors involved in
these comparisons. The results in Figs. 11 and
12 show very good agreement between results ob-
tained using different compound-nucleus reactions.
These comparisons also show the good agreement
between the present results obtained by direct
counting techniques and results from the Copenha-
gen group'® ** using recoil techniques.

For 2**™Am there is a small apparent discrepan-
cy between the (o, 2n) and ( p, 2n) results which
could be due to either a 30% underestimate of the
isomer/prompt ratio for the (p, 2n) results’® or an
error of ~0.2 MeV in the absolute energy scale for
the (a, 2n) measurements. In both cases, this mag-
nitude error is roughly at the expected limit of er-
ror for the experiment. Also for **™Am the (d, 2n)
results give an isomer/prompt ratio about 25%
greater than indicated from the (a, 2x) results.
The most likely cause of this discrepancy is that
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FIG. 10. Excitation functions for deuteron reactions
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there is a small contribution to the (d, 2xn) results
from the (d, p) reaction which has not been proper-
ly taken into account. Alternatively this discrep-
ancy could be due to an error in the (a, 2n) energy
scale or to an error in the neutron binding energy
for 2! Am which is not precisely known.3° The

very good correspondence between (a, 2n) and

(d, 2n) results for 2""Pu makes it seem unlikely
that the a-beam-energy measurements are system-
atically in error by more than +0.2 MeV.

For **?Am the measured isomer cross sections’!
were converted to isomer/prompt ratios assuming
a constant compound-nucleus formation cross sec-
tion of 1.0 b. This value is about 3 the expected
value and may indicate that the reported (n, 2»)
isomer cross sections are systematically low by
about a factor of 2.
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FIG. 11. Excitation functions from various reactions
leading to fission isomers in *3Pu and 23Am. Solid
points are data from the present experiment. Open
points are taken from Lark et al. (Ref. 13).
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IV. STATISTICAL ANALYSIS OF ISOMER
EXCITATION FUNCTIONS

A. Statistical Model for Isomer Production

A statistical model has been developed to calcu-
late cross sections for the formation of fission
isomers in neutron-evaporation reactions assum-
ing a two-peaked fission barrier and standard
methods for calculating the widths for various de-
cay modes. The calculations are schematically
illustrated in Fig. 13 and will be described in de-
tail below. In the notation used A denotes the nu-
cleus containing the observed isomer, A +1 the
nucleus which feeds the isomeric state by neutron
evaporation, and A +2 or A +3 are the compound
nuclei formed in the original capture reaction.
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FIG. 12. Excitation functions from various reactions
leading to fission isomers in 24°Am and 22Am. Solid
points are data from the present experiment. Open
squares and circles are from Bjgrnholm et al. (Ref. 12)
and open triangles are from Flerov ef al. (Ref. 11).
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1. Population of A +1 Nucleus

The majority of the decays to the A +1 nucleus
populate states in the first potential well and for
purposes of calculating the population of isomers
in the A nucleus the small fraction (~10~*) of nu-
clei decaying directly from the second well can be
ignored. The fraction of nuclei which decay from
the A +2 to A +1 nuclei by neutron emission is giv-
en by (T',/(T,+T,))4,, where the ratio I',/T; is
taken from the systematics®! of Vandenbosch and
Huizenga. For a 2n reaction the distribution of ex-
citation energies in the A +1 nucleus can be satis-
factorily approximated by a Maxwellian energy dis-
tribution for the emitted neutron,

N(e) xee=Te,

where e =E*, (A +1) - E*(A +1) is the energy of the
outgoing neutron and E¥*, (A +1)=E*(4 +2) - B,(A +2)
is the maximum excitation energy possible in the
A +1 nucleus. A value T,=0.6 MeV was used in the
2n calculations which is a temperature appropriate
for the average excitation-energy region populated
by evaporation of the first neutron.

For the case of the formation of isomers by
3n reactions the fraction of nuclei decaying to
the A+1 nucleus is given by (T',/(T,+T,) 145
X(T,/(T,+T )., and the spectrum of excitations
was obtained by folding together two Maxwellian
distributions with 7,(A +2)=0.75 MeV and T (A +1)
=0.55 MeV. These temperatures are appropriate
for the average excitation energies populated by
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FIG. 13. A schematic drawing of the statistical model
used to calculate fission-isomer cross sections for (22)
evaporation reactions. Decays of the nucleus A to the
nucleus A — 1 by neutron emission were included in the
calculations where energetically allowed.
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the first and second neutron evaporations, respec-
tively.

2. Population of A Nucleus

For the relevant excitation energies the decay of
the A +1 nucleus is dominated by fission and neu-
tron emission. Neglecting y-ray deexcitation the
excited A +1 nucleus can decay by neutron emis-
sion to the nucleus A at either the normal (well I)
or isomeric (well II) deformations or it can decay
by prompt fission. In a strong-coupling approxi-
mation these decay modes are governed by the
widths for penetrating the two peaks of the fission
barrier I',, T'}, and I'} and the neutron decay
widths in the two equilibrium deformations, I'! and
Tr'’. For convenience in calculating the isomer
cross sections the effective number of decay chan-
nels for a particular mode, N=27T/D, is used,
where D is the level spacing in the appropriate
well at the appropriate excitation energy. For the
various decay modes

N,=21TY/D,=2T%/Dy,
Ng=2nT'}/Dy,

N, =21T}/D,, Ny=2T!/Dy.

If, as illustrated in Fig. 13, there is an initial pop-
ulation K of nuclei at some particular energy in
well I in the A +1 nucleus, the number of nuclei de-
caying by the three modes is given by:

(a) decay to A nucleus in well I,

P, =KN{(N,+Ny+Ng)/a,
where
a=N,(N;+Ng+Ng)+N{(Ny+Ng);
(b) decay to A nucleus in well II,
Py =KN,N;/a;
and (c) decay by prompt fission from A+ 1 nucleus,
P,=KN,Ny/a.

These expressions are equivalent to expressions
derived by Jigare®® using a time-dependent decay
formalism. In these calculations the relevant
widths are calculated using standard considera-
tions®* and are discussed in more detail in Appen-
dix A. The level-density expression used in these
calculations was taken from Gilbert and Cameron.3®
The level-density expression was generalized by
assuming the same form in wells I and II for the
neutron (or y-ray) decay widths with a,=a,=ay tak-
en from experimental systematics® and assuming
the same level-density parameter for the calcula-
tion of the transitions across the two peaks of the
fission barrier, a,=a,=a,. The ratio a,/a, was
then determined by requiring that the calculated
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widths reproduce experimental determinations of
(T,/T,) . Further details of the parameter deter-
minations and the sensitivity of the calculations to
various parameter changes are discussed in Ap-
pendix B.

3. Decay of A Nucleus

From the decay calculations for the A+1 nucle-
us the relative population of nuclei as a function of
excitation energy in the two wells is determined.
Then to determine the desired experimental quan-
tities [relative cross sections to the ground state
(well I), shape-isomeric state (well II), and
prompt fission] the decay of the excited states in
wells I and II must be considered. In this calcula-
tion the important quantities are the competition
between y~ray emission (I“’y) and penetration of
barrier A (T'}) or neutron emission to the nucleus
A -1 [TL(A4)] for states excited in the first poten-
tial well. In the second potential well the major
competing decay modes (for cases where E ,>Ep)
are y-ray emission (I‘y”) and penetration of barri-
er B (I'}) leading to prompt fission. It is assumed
that even below the height of barrier B there is
strong coupling between the fission mode and the
compound excitations so that the decay width Il
is governed only by the penetrability of barrier B
and the Dy level spacing. Implications of this as-
sumption are discussed in more detail in Appen-
dix B.

In these calculations it is assumed that after the
emission of a y ray the nucleus is caught in one of
the potential wells and will undergo further decay
to the bottom (ground state or shape-isomeric
state). This assumption is not appropriate for the
decay of states well above the fission barrier
where after emission of a prompt y ray the nucle-
us may still have a large probability of decaying by
fission. Since the contribution to the isomer popu-
lation from high excitation energies is relatively
small, the effect of y-ray emission followed by
fission was approximately taken into account by
assuming that for E*<E;+1.0 MeV all y-ray de-
cays of states in well II lead to population of the
fission-isomeric state, and all decays for E*>E,
+1.0 MeV lead to fission or prompt neutron emis-
sion. This assumption has only a small effect on
the calculations and the sensitivity of the calcula-
tions to this assumption is discussed in more de-
tail in Appendix B.

In the high-energy part of the isomer excitation
functions the major contribution to isomer forma-
tion comes from nuclei which are initially excited
in the first well and then penetrate barrier A
through to the second well and decay by y-ray
emission. This process is very dependent upon
the degree of coupling between the class I states

in the first well and the class II states in the iso-
meric well. In the present calculations this decay
is considered a two-step process dependent on the
product 'y xT'} which is appropriate for the case
where the class II levels are very broad. However,
for the case where the class II levels are very
narrow this two-step calculation gives a gross
overestimate for the process and a more realistic
calculation using first-order perturbation theory3?
gives a negligible contribution to isomer produc-
tion from states excited in the first well. In the
present case much of the region of interest occurs
in the transition region between these two ex-
tremes. In the present model a simplifying as-
sumption is made that above a critical excitation
energy the two-step approximation is valid and be-
low this energy the first-order perturbation theory
results are appropriate. In comparisons to experi-
mental results it was assumed that the critical ex-
citation energy corresponded to the energy at
which 'l ., =D;. The sensitivity of the calculated
isomer excitation functions to this assumption and
to the value used for the critical excitation energy
is discussed in more detail in Appendix B.

B. Applications of Model to Experimental
Results

Using the model described in the previous sec-
tion the ratio of isomeric-to-prompt-fission cross
sections can be calculated as a function of the ini-
tial excitation energy for 2z and 3z evaporation re-
actions. In order to obtain the most reliable fis-
sion-barrier parameters and/or provide the best
test of this statistical model it is advantageous to
specify as many parameters as possible from out-
side sources. The sensitivity of the calculations
to various parameters is discussed in detail in Ap-
pendix B. A brief outline of the considerations
used in fixing some of the model parameters and a
discussion of the parameters left to be determined
by comparison to fission-isomer excitation func-
tions are given below.

The relative competition between neutron emis-
sion and the penetration of barrier A leading to fis-
sion is dependent on the parameters E, and the ra-
tio of level-density parameters a ,/a,,. For certain
odd-neutron nuclei the larger of the two fission
barriers can approximately be determined from
measured neutron-fission thresholds or equivalent
fission thresholds determined from (d,pf) or (¢,pf)
reactions. From fits to isomer cross sections dis-
cussed below it is found that for the Pu, Am, and
Cm isotopes of interest the first barrier is higher
and, therefore, measured fission thresholds can
be equated with £ ,. Experimental fission-thresh-
old measurements for odd-neutron compound nu-
clei indicate values®** of E,~5.8, 5.8, 5.5 MeV
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for 2#'Pu, %Py, *puy, values’*3" of E,~6.4, 6.3
MeV for **Am, ?**Am; and values® of E ,~6.3, 6.1,
5.6 for ***Cm, 2*'Cm, ?**Cm. Unfortunately, most
of the nuclei involved in the fission-isomer reac-
tions are lighter than those for which threshold
measurements are available. For lack of more
detailed information isomer calculations were per-
formed assuming that E, does not depend on A and
has values 5.8 MeV for Pu isotopes, 6.4 MeV for
Am isotopes, and 6.2 MeV for Cm isotopes. This
assumption appears reasonable for the Pu and Am
isotopes but may not be as well justified for Cm
isotopes. After E, was fixed, the ratio a,/a,

could be determined by comparison with experi-
mental (T,/T;) measurements (Appendix B).

The isomer cross sections are not very sensi-
tive to the curvatures of the two barriers but for
240py these curvatures can be estimated by com-
parison with experimental half-lives for spontane-
ous fission from the ground and shape-isomeric
states. For E,=5.80 MeV, hw,=1.30 MeV; E;
=2.60 MeV, hw;=1.00 MeV; and E;=5.30 MeV,
hw,;=0.60 MeV, lifetime calculations®® give 7.3,
=0.8x10" yr and T8y =6 nsec, which are in rea-
sonable agreement with experimental values® of
T)),=1.45x10" yr and 7,53 =3.8 nsec. Since
there are no other measured even-even fission-iso-
mer half-lives for decay from the lowest isomeric
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FIG. 14. Fits to experimental (2z) and (3n) data for
production of fission isomers in various plutonium iso-
topes. Solid curves are calculated excitation functions
obtained as described in the text. Data for 2%6Py were
taken from Lark et al. (Ref. 13).

state the values hw, =1.30 MeV and hwgz=0.60 MeV
could not be checked in this manner for other nu-
clei, and these values were used in all cases.

With the values for E ,, hw,, Zw,, and the statis-
tical parameters fixed from a comparison with
other experimental results, the present statistical
model contains only three adjustable parameters
whose values may be determined from a compari-
son with experimental isomer excitation functions.
These three independent parameters are: (1) E (4),
the height of the secondary minimum above the
ground state which is determined from the mea-
sured isomer threshold (i.e., energy intercept);

(2) Ez(A+1) = E(A), which is contained in the fis-
sion-neutron competition for decay from the (A+1)
nucleus and determines the maximum isomer-to-
prompt-fission ratio; and (3) E4z(A) — E(A), which
is involved in the fission y-ray competition in the
final deexcitation of states populated in the A nu-
cleus.

C. Fits to Experimental Fission-Isomer
Excitation Functions

Using three adjustable parameters E(A),
Eg(A+1)-E(A), and Egz(A) = Ef(A) calculations
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# (d.2n) Py
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‘ I

8 2 4
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FIG. 15. Fits to experimental (2z) data for production
of fission isomers in various americium isotopes. Solid
curves are calculated excitation functions obtained as
described in the text. Open points are obtained from
Refs. 11-14. For *3%Am the (p,27) data were multiplied
by a factor of 1.3 to obtain better over-all agreement
between (p,2n) and (@, 2n) results.
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were performed as described in the previous sec-
tions, and fits were obtained to experimental exci-
tation functions for forming fission isomers in
various Pu, Am, and Cm isotopes. The data and
fitted curves are shown in Figs. 14-16 and the fis-
sion-barrier parameters obtained from those fits
are listed in Table II. The experimental data used
in these fits include (o, 27), (a, 3n), and (d, 2n) re-
sults from the present experiment (solid points);
(p, 2n) and (d, 2n) results reported by the Copenha-
gen group'?~* (open points); the (r, 2n) measure-
ments of Flerov et al.''; and results from the ***Pu-
(a, 3n)*3™Cm reaction and the 2*Pu(a, 31)4"Cm
reaction® from Wolf and Unik.?® The minimum er-
rors (x0.2 MeV) quoted on parameters in Table II
include estimates for possible errors due to un-
certainties in the various fixed parameters of the
statistical model (see Appendix B). The errors on
the parameters do not include possible systematic
changes that might occur if different level-density
functions were used in well II and on top of barrier
B. In cases where only the initial rise of the exci-
tation function is measured the parameter E B(A)
—E;(A) could not be determined.

In addition to the excitation functions shown in
Figs. 14-16, measurements have been made on the
population of isomers of ?*'™Pu, 2*°"Am, and ?**"Am
from the (y, n) reaction.?>?! The present statistical
model cannot be used directly to fit these results,

because of the complicated spectrum of excitation
produced by the bremsstrahlung y-ray beam. How-
ever, the authors have fitted these results with cal-
culations based on the Jackson model®® for neutron
evaporation and they obtain apparent thresholds Ey
=3.25+0.25 MeV and E;=3.30+0.20 MeV for 2*°"Am
and *#*™Am, respectively, as compared with values
of 3.0+ 0.2 and 2.9+ 0.2 MeV from present fits to
(27) evaporation data leading to these same nuclei.
These results suggest that the present model gives
values for E; which are ~0.3 MeV lower than ob-
tained with analyses based on the Jackson model.

A similar shift is observed between the E values
in Table II and those originally deduced for (2#%)
and (3n) reactions using the Jackson model.2"1%18
From this comparison the value E;=2.9+0.15 de-
termined by Gangrsky, Markov, and Tsipenyuk*
from 2#'Pu has been decreased by 0.3 MeV and is
listed as 2.6+ 0.3 MeV in Table II.

As discussed previously'* %18 the isomers #¢"Pu
and 2**™Py appear to be anomalous in that they have
thresholds 1-1.5 MeV higher than their odd-even
neighbors and longer half-lives than expected.
These isomers are believed to correspond to the
decay of excited states in the second potential well
with the lowest isomeric states decaying with a
lifetime too short to be observed. The isomers ob-
served in ***™Cm and 2**"Cm appear to be similar
and the limited data suggest a similar case for

TABLE II. Fission-barrier parameters from fits to experimental fission-isomer excitation functions. In all cases
values fw,=1.3 MeV and #wg=0.6 MeV were used.

E,? Eq EglA +1) - Ey EglA +1) EglA) - Eq Egl4)

Nucleus (MeV) (MeV) (MeV) (MeV) (MeV) (MeV)
235py 5.8 24+0.2 2.6+0.2 5.0 2.6+0.2 5.0
236 py 4.0+0.3"
23Tpy 5.8 2.9+0.2 2.7+0.2 5.6 2.5+0.2 5.4
238py 3.7+0.2P
239py 5.8 2.6+0.2 2.4%0.3 5.0
::‘:Pu 5.8 2.6+0.3 2.65+0.2 5.25 2.75+0.2 5.35

Pu 26+0.3°¢
BTAm 6.4 2.4+0.2 2.9+04 5.3
238Am 6.4 2.7+0.24 2.8+0.34 5.5
239Am 6.4 2.5+0.2 2.7+0.2 5.2 2.7+0.2 5.4
240Am 6.4 3.0+0.2 3.2+0.2 6.2 3.05+0.2 6.05
MiAm 6.4 2.2+0.2 2.920.2 5.1
2Am 6.4 2.9+0.3 3.1+0.2 6.0 3.1:0.2 6.0
Mem 6.2 2.3+0.2 2.4+0.2 4.7 2.7+0.2 5.0
242 b

Cm 3.2+0.3
243Ccm 6.2 2.0+0.3 2.4+0.3 4.4 2.8+0.3 4.8
24cy 3.7+0.3P
245Cm 6.2 2.4+0.3 2,1+0.3 4.5 2,5+0.3 4.9

# Values of E, were determined from neutron-fission-threshold measurements as described in the text.

> Assumed to be thresholds for excited states in the second well (see text and Table III).

¢ Reference 21, with corrections for difference in analysis techniques (see text).

d Results obtained from a fit to unpublished ®Pu(p, 22)2%¥m Am results from G. Sletten, private communication,
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246mCm. The cross sections for populating these
isomers cannot be obtained from the present mod-
el. Thresholds were estimated by shifting the
calculated fits for 2¢°"Pu to fit the 2**™Pu and **™Pu
data and by shifting the calculated *"Cm fits for
the 2*3"Cm and ***™Cm results. Some properties
of these anomalous isomers are listed in Table III.
Estimates for peak values of the ratio of isomer-to-
ground-state cross sections were obtained using
(T,/T,) systematics.®

Fits to experimental data with the present statis-
tical model give values for Ey that are on the aver-
age about 0.3 MeV lower than those obtained
using the previous constant-temperature Jackson
model.?® These results give E values about 1
MeV greater than those estimated by Jigare®® us-
ing a similar approach. The major differences be-
tween the present statistical model and that used
by Jigare is that: (1) Jdgare used an unreasonably
large temperature 7=1.25 MeV as compared to
T~0.4 MeV which has been shown by Gilbert and
Cameron®® to be appropriate for actinide nuclei at
low excitations; and (2) Jigare effectively assumed
that a;/a,= 1.0, whereas in the present calculations
the ratio a,/a, was adjusted to reproduce experi-
mental (T,/T,) values. The large temperature

used by Jigare would tend to underestimate Ey val-
ues.

D. Systematics of Fission-Barrier Parameters

The fission-barrier parameters obtained from
fits to experimental fission excitation functions are
listed in Table II and plotted as a function of mass
number in Fig. 17. The results give isomer exci-
tation energies which are similar (~2—3 MeV) for
all the Pu, Am, and Cm nuclei studied. The depths
of the isomeric wells also appear similar with a
slight maximum for Am nuclei and a definite de-
crease for Cm nuclei. In all cases the fits give
E , > E; with the largest difference E, -Ez;~1.5
MeV occurring for Cm isotopes. As will be dis-
cussed in more detail below there are some incon-
sistencies in the parameters obtained and in com-
parison of the fission barriers determined in these
experiments with those implied by other types of
experiments. Thus, there may still be some sys-
tematic errors in the barrier parameters due to
inadequacies in the formulation of the present sta-
tistical model for calculating fission-isomer cross
sections.

The most serious internal inconsistency obtained
in fitting the experimental results occurs for the
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[} s @ N
’ IO5
68l :
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FIG. 16. Fits to experimental (2z) and (3n) data for production of fission isomers in various curium isotopes. Solid

curves are calculated excitation functions obtained as described in the text. Open points are obtained from Wolf and
Unik (Ref. 29). 245Cm data have been renormalized as described in Ref. 41.

a6 8 0
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TABLE III. Properties of “anomalous” even-even fission isomers.
Peak Peak
Isomeric Ty Ey isomer/prompt isomer/ground state
nucleus Z N (nsec) (MeV) (units of 107%) (units of 1074
236m py 94 142 3482 4.0£0.3 0.4 0.1
238m py 94 144 6.5+1.5 3.7+0.2 5 04
242m cm 96 146 >80 3.240.3 1 0.1
24m Cm 96 148 >100 3.7£0.3 3 0.1
26m Cm 96 150 e e <2 <0.03
2 See Ref. 13.

Am isotopes where the data require the following
characteristics in order to obtain acceptable fits:
(1) E, values are ~0.5 MeV greater for **°Am and
22Am than for neighboring odd-A isotopes, (2)

E g, - Ey is approximately independent of mass
number, and (3) Ez(A+1) = E(A)=Eg(A) - E,(A).
These three characteristics lead to different val-
ues of E, deduced for a particular nucleus de-
pending on whether it is involved in the produc-
tion or decay of the isomeric states. For exam-
ple, the fits give E;=6.05 MeV from the decay of
249Am isomers in the fit to the 2*°"Am excitation
function and they give E;=5.20 MeV for **Am in
the calculation of the formation of 2**"Am isomers.
This inconsistency could be dueto error inthe @

values for the (p, 2n) reactions®*® or more likely to
an error in the level-density functions used in the
isomer calculations. Since the level densities used
in the calculations reproduce the odd-even effects
for measured D, values at the neutron binding ener-
gy and reproduce observed odd-even effects in
(T,/Tp, this discrepancy suggests that the present
statistical model should be modified to allow for
either: (1) an odd-even variation in the nuclear tem-
perature used in the low-energy portion of the lev-
el-density functions, or (2) a level-density function
in well II that is different from that in well I and/or
a different level-density function for the calcula-
tion of I'; than for the calculation of I',. Because
29%py is the only even-even ground-state isomer ob-

_40f é’EB(,A+l;—EI;(A)’ | 1 I :

E tEg(A)-E(A) : { !

T30 1. bt ]
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FIG. 17. Variation of the parameters Ey,Eg(A+1) —E[(A), and Eg(A) — Ey (A) obtained from fits to experimental data
with the statistical model as described in the text.
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served and its threshold is not very well deter-
mined, it is not possible to tell whether there is an
odd-even discrepancy in the fits with the present
model to results for the Pu isotopes.

Another check on the barrier parameters for
222Am can be obtained by comparing to the mea-
sured isomer-production cross section for the re-
action 2! Am(n, y)***™"Am. Measurements of Flerov
el al.® give a value of the fraction of the neutron-
capture reactions which form isomers, 0;/0cy~0.5
x10-® for neutrons in the energy region 1-2 MeV.
Calculations using the present model with E ;=6.0
MeV predict 0;/0,~2x10-% or roughly a factor of
20 larger than measured. However, if E; is as-
sumed to be 5.5 MeV, then the model would pre-
dict 0;/0,~2x10-5 and furthermore at excitation
energies of 1-2 MeV above E ; many of these nu-
clei might be lost to fission in a prompt (7, v, f) re-
action. Thus, this comparison also suggests that
the E; (and maybe also E ) values obtained from
fits to the even Am isomer data are too large.

A final check on the consistency of the present
statistical model can be made by comparing calcu-
lated and experimental values for the average lev-
el spacings in the two wells. A comparison of ex-
perimental and calculated D, and Dy values is giv-
en in Table IV. From Table IV it is seen that the
experimental and calculated values of D| are in
reasonable agreement but there are large discrep-
ancies between experimental and calculated values
of D;;. From the limited data available there
seems to be an odd-even dependence in the discrep-
ancy between experimental and calculated Dy/D,
values. For 2‘°Pu the calculated D;/D, is about
twice the experimental value but for the odd-A iso-
topes 2*°Pu, 2''Pu, and ?*°Cm, the calculated val-
ues of Dy/D; are 5-10 times greater than mea-

TABLE IV. Comparison of calculated and experimen-
tal level spacings in the two potential wells for angular
momentum states appropriate for the neutron-capture
reactions.

Dy Dy Dy1/Dy
Compound Calc., Expt. Calc. Expt. Calc. Expt.
nucleus J (eV) (eV) €eV) (eV)

2¥py 43 132 1700 10002 400 80
2o0py 1+ 1,5 32 500 4602 360 150
Ulpy ¥o12 142 6000 7002 500 50
“2Am  2-,37 0.26 0.56% ---

em ¥ o11 14¢ 2700 1000°¢ 250 70

2 Reference 32,

b For Ey; =2.6 MeV from Ref. 21, with corrections
for difference in analysis techniques.

¢ Reference 38.

sured. With the present model this discrepancy in
calculated and measured D;/D; values could prob-
ably be eliminated by either: (1) using a level-den-
sity function in well II that has a different form
from that used in well I; and/or modifying the low-
energy dependence of the level density to allow for
an odd-even dependence inthe nuclear temperature.
Thus, the inconsistencies in the Am barriers,
the comparison of calculated experimental (»,v)
cross sections, and the comparison of calculated
and experimental D;/D; values all suggest that the
level-density function in the second well (and may-
be on top of barrier B) should be modified. In all
of the presently available cases the experimental
results relevant to level densities in the first well
|D/(B,), and (T',/T),,] sample primarily the prop-
erties of the level density at energies greater than
~4 MeV where the Gilbert and Cameron prescrip-
tion® gives a level-density function p(E)x e? YU
Experimental results appropriate to the second
well [Dy(B,) and isomer-production cross sections]|
sample primarily the properties of the level den-
sity for energies less than ~3 MeV where Gilbert
and Cameron prescribe a level density p(E)
a e ®~E0)/ T Because different regions of the level
density are sampled in the different processes, it
is difficult to determine whether the discrepancies
described above are due to a faulty description of
the low-energy portion of the level-density func-
tion or whether the assumption that the same form
of level-density function can be used in the two
wells is not valid. Further theoretical guidance on
the dependence of the nuclear level density as a
function of deformation is needed before much
more progress can be made in the detailed inter-
pretation of phenomena associated with fission
through a two-peaked barrier.

E. Comparison of Experimental and Theoretical
Fission-Barrier Parameters

There have been attempts by several groups to
calculate the shape of fission barriers for actinide

TABLE V. Comparison of experimental and theo-
retical fission-barrier parameters for *9Pu. Energies
are measured relative to ground-state energy.

Theoretical results

Experimental Pauli et al. Nix et al.

results (Ref. 44) (Ref. 45)
E, 5.82 5.2 5.8
Eq 2.6+0.3 2.3 2.7
Eg 5.35+0.2 5.5 5.6

2 Average value for plutonium isotopes obtained from
measurements of neutron-induced-fission cross sections
as described in the text.
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nuclei using the general approach of making single-
particle corrections to a liquid-drop mass surface.
The early calculations® %2 allowed only symmetric
shapes for the nucleus and it was found that the re-
sults generally overestimated the height of the
second barrier relative to the first barrier. Re-
cently calculations by Méller and Nilsson*® have
shown that in the vicinity of the second barrier the
nucleus is unstable toward reflection-asymmetric
shapes and when these shapes were allowed in the
calculations the predicted height of the second
barrier is lowered substantially. Detailed calcu-
lations allowing asymmetric shapes in the region
of the second barrier have been performed for
240py by Pauli, Ledergerber, and Brack® and by
Nix ef al.*® and the results of their calculations
are compared with the present experimental re-
sults in Table V. It is seen that there is remark-
able agreement for ?*°Pu between the present ex-
perimental barrier parameters obtained using the
statistical model described above and results of
theoretical calculations.
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APPENDIX A

Level-Width Expressions

Standard statistical theory allows us to write ex-
pressions for the widths involved in our model (or
more strictly to the transmission factors that are
proportional to the ratios of width to level spacing)
that are dependent almost entirely on the parame-
ters of the chosen level -density expression.

We outline first the neutron-width expressions.
In reaction theory the width for neutron decay
through a single channel with given channel spin s,
and orbital angular momentum ! from a state with
total angular momentum and parity J" to a state of
the residual nucleus A, Z with angular momentum
and parity I™" is normally expressed as the prod-
uct of a penetration factor through the centrifugal
barrier P, and a reduced width y% ., [i.e., T /e
=2P;Y%ursp]- The penetration factor depends on the
neutron wave number k and the effective nuclear-

| >

force radius R,

kR

=7 Z(kR) + n,2(kR)’ (A1)

P,
where j; and n, are the spherical Bessel and Neu-
mann functions.

The reduced width is a much more complicated
quantity but the simple expression from the “strong-
coupling” model is probably as good an expression
for its gross average behavior as any. This is

Yim') 1

= 2
D 7KR "’ (42)

where K is a measure of the wave number of a “sin-
gle-particle” neutron inside the nucleus. To evalu-
ate this numerically, the nucleus is assumed to
have a well depth of approximately 48 MeV, and
the nuclear-force radius R is taken to be R=1.35
A3 fm. The total neutron width that we require
for the isomer-decay calculations is the sum of

the individual widths over all final states of the
residual nucleus and all spin and orbital angular
momentum channels. In statistical theory the sum
over final states is replaced by an integral over
level density of the residual nucleus. Thus,

1

T I+3 J+s E=Sp 9
~J@n) -
D )OI fo KR %

I s=|I-}| 1=|7=s]|

xp(4, Z, €, I, 1 =n(=1)")P,(kR) . (A3)

In this expression % is computed for the neutron
energy E - S, —€, € being the excitation energy of
the residual nucleus. This is the expression cal-
culated in our computer program, the limitation
on the sum over 7 being governed effectively ei-
ther by the spin attenuation factor in the level-
density law or by the negligibly small values of the
penetration factor for high /. In principle, differ-
ent level-density laws should be used for the cal-
culations of neutron widths to class-I and class-II
shapes of the residual nucleus. In our calculations
the same level-density law is used. Equation (A3)
is hence the expression for the class-I neutron
width; the expression for the class-II-state neu-
tron width is obtained simply by replacing the neu-
tron separation energy S, by its sum with the iso-
mer excitation energy E .

In our model of shape-isomer excitation, radia-
tion widths concerns us only for the residual nucle-
us A4, Z. Here we make the standard assumptions
of statistical theory that only electric dipole transi-
tions are significant and that the radiation widths
for individual transitions are proportional only to

the phase-space factor 6.’3. The total radiation
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width is then given by

J+1 E
Tirom =C Z

£ dep(A, Z,e, I, T’ =n)(E —€)®
Jm

= - o]
Jf | =1

(A4)

for states with excitation energy E. This again is
the expression for class-I states. That for class-
II states is obtained by replacing E by E - Ey. The
proportionality constant C for Eq. (A4) is obtained
by requiring the expression to give the observed
total radiation widths for the slow-neutron reso-
nances.

The expressions for transitions across the de-
formation barriers, A and B, are taken from the
original Bohr-Wheeler expression for fission
widths across a single barrier,

Iy N

D _ET—, (AS)

where N is the number of states of internal exci-
tation of the system that are energetically avail-
able at the barrier. This expression was extend-
ed to near-barrier energies by Hill and Wheeler
who included a Gamow type of tunneling factor,
which, for an inverted-harmonic-oscillator (with
circular frequency w) form of barrier, can be
shown to be

Tf(E) =1 +ezvr(E,-E>/ﬁu (A8)

for each internal state with energy E, (with re-
spect to the normal ground state of the nucleus).
With this extension the total fission width (of the
decaying nucleus A+1, Z) becomes

rﬂm_l_f“’ p(A+1,Z,J,Es =V, )
D,r 21 dE s 1+ " Ef=Bhw - (an)

Provided that 27/hw is rather greater than the re-
ciprocal of the effective temperature correspond-
ing to the level-density law at E - V, the integrand
of this expression has an exponential attenuation
for E;>E. The integral, in fact, is not expected
to be very sensitive to the value of hw except at
low energies. The widths for barrier transitions
Ty, and Ty, are obtained from Eq. (A7) simply by
substituting the barrier heights E, or E; for V,
and tunneling parameters 7w, and Zw, for Zw.

APPENDIX B

1. Determination of Nuclear Level Density

The formalism of Gilbert and Cameron® was
chosen for determining the level densities needed
in the calculation of the various decay widths.
This formalism includes the effects of both pair-
ing and ground-state shell corrections on the level
density. The parameters for the stable deforma-

tion have been deduced® by comparison with a
variety of experimental data for nuclei throughout
the periodic table.

The level-density formulas used are:
for E<E,,

(2 +1) exp[ - + 2)?/20?]
20

s

1 -
pl(E,J)=72(E Eg)/
(B1)
for E>E,,

J Vr_e¥U 27+ 1) exp[-( +2)/20%]
P2(E, )—12 27574 V27 08 ’
(B2)

where U=E -P(Z)-P(N) and P(Z), P(N) are em-
pirical pairing corrections determined by Gilbert
and Cameron.** The matching energy E, was tak-
en from the systematics of Gilbert and Cameron
as

E,=3.13+P(2)+P(N) MeV.

The spin-cutoff factor o was taken equal to 5.45
MeV for all cases. For a particular value of the
“level-density” parameter a in p,, the values of
E, and T in the expression for p were determined
by requiring that p, and p, be matched in value and
first derivative at the transition energy E, .

In the model proposed by Gilbert and Cameron,
the level-density parameter « is a function of the
shell correction

a/A=0.009175+0.120, (B3)

where S=5(Z)+S (N) are shell corrections deter-
mined empirically from comparison with experi-
mental data. In this model it is natural to let a

be a function of deformation, since the two-peaked
fission barrier is created by the variation in the
shell correction with deformation. At the two min-
ima in the potential surface the value of S is a
minimum and consequently a should have a mini-
mum value. For lack of evidence to the contrary
the present calculations assume q,=a;=¢q;. At
the tops of the two maxima in the fission barrier
the values of S are at maxima and again for lack of
information to the contrary it is assumed that a;
=a,=ag.

Values for a, were obtained from Gilbert and
Cameron®® with average values of S used for all
isotopes of the same element. Similarly average
values of the total pairing energy were used. Then
the values of a; were determined by comparing cal-
culations of the average values (T',/T',) with pre-
vious compilations® of experimental results. The
actual parameters used in the calculations are
given in Table VI. These parameters are in rea-
sonable agreement with results from heavy-ion re-
actions*® which indicated that a,/a,=1.2+0.1.
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TABLE VI. Statistical parameters used in level-density calculations.

Pu isotopes Am isotopes Cm isotopes
ap g1 26.5 MeV™! 26.2 MeV™! 25.5 MeV ™!
ay 28.5 MeV™! 32.0 MeV~! 32.0 MeV™!
Ty 0.411 MeV 0.414 MeV 0.421 MeV
T 0.394 MeV 0.368 MeV 0.367 MeV
Pairing E 0.61, 1.11 MeV @ 0.0, 0.48 MeV? 0.72, 1.16 MeV?

2 Values for odd- and even-neutron isotopes, respectively.

Calculated values of I',/T; are compared with
experimental results and the empirical systemat-
ics (solid line) of Vandenbosch and Huizenga® in
Fig. 18. The results show that using the parame-
ters in Table V and V, values discussed in Sec. IV
B, the calculated values of T',/T, for an energy of
4 MeV above the neutron binding energy are in rea-
sonable agreement with experimental results. How-
ever, for plutonium isotopes the calculations give
an increase of a factor of ~1.5-2 when the equiva-
lent neutron energy is increased from 4 to 10
MeV, while for curium isotopes I',/T', is seen to
decrease by a factor of ~2-3 for this change in en-
ergy. This dependence is contrary to experiment-
al evidence which suggests that I',/T'; varies less
rapidly with excitation energy. Another way to
compare the calculations with experimental re-
sults is to compare directly to the spallation cross-
section measurements which were used to derive
the I',/T, values shown in Fig. 18. A comparison
to experimental spallation data*’~%° for various
cases is shown in Fig. 19. The results in Fig. 19
show that the present model gives a reasonable
representation of data in the energy region where

[ + 4 MeV-calc
| *I0OMeV-calc J
| °3 MeV n - EXPT

212MeV y - EXPT | 1
= SPALLATION DATA t

s | it " .
240 238 2492 242
MASS NUMBER
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236 246

FIG. 18. Comparison of calculated and experimental
average values for I, /T'; for plutonium, americium,
and curium isotopes. Experimental values and the solid
line are taken from the compilation of Vandenbosch and
Huizenga (Ref. 31).

the 2% reaction is dominant. However, the calcu-
lated % spallation drops much more rapidly than
experimental results when the (3%) reaction starts
to come in. This discrepancy is because the cal-
culated T',/T; values are varying too rapidly with
energy. This comparison suggests that putting in
a simple variation of ¢ with deformation may not
give an adequate description of the change in the
level-density function with deformation. A level-
density function where « is a function of energy
may give a better representation® of the effect of
shell corrections on the nuclear level density and
such a function would tend to give better agree-
ment between calculated and experimental (T',/T'p)
values. For the curium isotopes the comparisons
in Figs. 18 and 19 suggest that the present aver-
age parameter set gives too large an odd-even fluc-
tuation in the calculated values of 1",,/ T';. Inprin-
ciple the values of a; determined in these compari-
sons could be converted to shell-correction ener-
gies via Eq. (B3) above and then compared to theo-
retical calculations of shell corrections. At pres-
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o ¢
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FIG. 19. Comparison of calculated and experimental
measurements of the percent of the total compound-
nucleus-formation cross section going into (2z) and (37)
spallation reactions. Experimental results are obtained
from the following sources: @ +235U — Vandenbosch et al.
(Ref. 47); a +%38U —Wing et al. (Ref. 48); o +3%pu—
Glass et al. (Ref. 49); and @ +23"Np,d +%3%Pu— Gibson
(Ref. 50).
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ent it is believed that the model being used for lev-
el-density calculations is too crude to allow much
meaning to be attached to such a comparison.

2. Sensitivity of Statistical-Model Calculations
to Various Parameters and Assumptions

The calculations plotted in Figs. 20 and 21 indi-
cate the sensitivity of the isomer calculations,
based on the present statistical model, to all of the
important parameters involved in this model. Fig-
ure 20 shows variations of parameters around the
best-fit values for the population of the fission iso-
mer in 2*°Pu by the 2z reaction.

Figure 20(a) shows the two components which
contribute to production of the fission isomer. At
energies near threshold the cross section is domi-
nated by direct evaporation to the isomeric shape
and subsequent y-ray emission (P,,). At high en-
ergies the process is dominated by evaporation to
a highly excited state in the first well followed by

1073 —— ,
| f \
(c) [ (d) |
. T i
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E”-E rpresnoLpMeV)

FIG. 20. Sensitivity of the isomer-excitation-function
calculations to various parameters in the statistical
model for the reaction #38U(x,27)?4™Pu, In part (a) the
two components Py, and Py come from direct population
of states in the second well and population of isomeric
states by penetration of barrier A and subsequent y-ray
deexcitation, respectively. In part (d) the effect of chang-
ing the low-energy cutoff in the decay calculation from
the excitation energy corresponding to I'g =10D; to the
excitation energy corresponding to I'g =0.1D; is illus-
trated.

penetration of barrier A and subsequent y-ray
emission (P,,). As described in Sec. IV A3 the low-
energy side of the P,, contribution is sensitive to
assumptions about the degree of coupling between
class-I and class-II states and in the actual calcu-
lations a sharp cutoff was used at the energy
where the width of states in the second well was
equal to the spacing of levels in the first well
(r;=D,). Figure 20(d) shows that changing this
assumption over wide limits has little effect on
the calculated curves. The high-energy slope of
P,, is sensitive to the sharp-cutoff assumption that
in the second well the (y, f) decay process domi-
nates for E*>E;+1.0 MeV. If a more realistic
smooth-cutoff approximation is used (or if more
than one step of the y-ray deexcitation process
were included in the calculations) better agree-
ment between calculated and experimental slopes
for the high-energy portion of the excitation func-
tions could probably be obtained. In addition,

some of the events in the high-energy tail may cor-
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FIG. 21. Sensitivity of the isomer-excitation-function
calculations to change in E, for the population of fission
isomers in 2%Pu and 23%Am.
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respond to events involving a direct neutron-knock-
out reaction followed by the subsequent evapora-
tion of one or more neutrons. This type of reac-
tion is not taken into account in the present model.

Figure 20(b) shows that variation of the major
parameters of the model, Ez(4+1) and E z(A), by
0.1 MeV gives a change of 20-30% in the calculat-
ed isomer cross sections. Figure 20(c) shows
that variations of a,; and hiwy within reasonable lim-
its do not have dramatically large effects on the
calculated isomer cross sections. It has recently
been shown®? that the odd-even variations in iso-
mer and ground-state half-lives can be correlated
with a possible odd-even variation in Zw (i.e., a
variation in the effective mass for penetration of
the fission barrier). Introduction of these hw val-
ues® into the present calculations produce system-
atic changes in the fitted E ; values of the order of
0.1 MeV.

The sensitivity of the calculated cross sections
to E, is dependent on the absolute value of T',/T;.
Figure 21 shows that for one of the least fission-
able cases (**Am) a change of 0.4 MeV in E, for
both 2*°Am and *°Am is roughly equivalent to a
change of ~0.05 MeV in E, [see Fig. 20 (B)], while
for a very fissionable nucleus (***Pu) a change of
0.4 MeV in E, for both **°Pu and **°Pu has a much
smaller effect on the calculated isomer cross sec-
tion.

S

An assumption of the present model is that the
decay of states in the second well is governed onl¥
by the penetrability of the barrier B and the level
spacing D;. Below the top of barrier B it is know "
that the fission strength is concentrated in narrovz
vibrational resonances so that at energies remov(
from these resonances decay by fission is probab y
further inhibited by the weakness of the coupling
between the fission vibrations and the compound
levels. The practical importance of this effect in
the present model is dependent on how far below
the top of barrier B the penetrabilities allow com~
petition from fission decay. To test this sensitiv!”
ty the 2°"Am and **°"Am data were refit with a
modified model which assumed that for energies
less than E; — 0.5 MeV the nucleus was caught in
the second well and could not decay by fission.
When equivalent fits were obtained to the experi-
mental data it was found that this “sharp-cutoff”
model gave the same fitted values for E (A+1) art
gave values for E z(A) which were 0.2 and 0.1 Me\
lower than originally obtained for 2*°Am and 2*°An™
respectively. From this comparison it is con-
cluded that the strong-coupling assumption used i"
calculating the fission decay from well II does no
have a serious effect on the values obtained for E2
from fits to the experimental data.
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