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Fission-fragment angular correlations and fission probabilities have been measured for a
series of odd-A uranium and plutonium isotopes excited by (d, p), (¢, d), and (¢, p) reactions. The
following fissioning nuclei have been studied: (1) 235U from (d, pf ), ¢,2f); (2) 23U from (d, pf),
¢,df), ¢,pf); (3) ¥%U from (d, pf); (4) **'Pu from (d, pf), ¢,df), ¢,pf); and (5) ***Pu from
(d,pf), ¢,df). Fission probabilities and angular-correlation coefficients for each case are
compared with previously reported (z, f) results. The direct-reaction experiments show fission
thresholds at excitation energies equal to or less than threshold energies observed in (z, f) ex-
periments. Some qualitative characteristics of the transition~state spectrum for the nuclei
studied are determined from comparisons of the direct-reaction and (z, f) results.

I. INTRODUCTION

Since the concept of transition states was first
introduced by Bohr,® there have been several at-
tempts to try to deduce the spectra of low-lying
transition states for various Th, U, and Pu iso-
topes from an analysis of cross sections and an-
gular distributions for (z, f) reactions on even-
even targets. Some aspects of the transition state
spectra for several nuclei were determined by
Lamphere®? from a qualitative analysis of the
structure apparent in (r, f) cross sections and an-
gular anisotropies. More recently, attempts have
been made to obtain information on the low-lying
transition states for several nuclei from a simul-
taneous quantitative fit to (#, f) cross sections and
fragment angular distributions.*"7

In addition to the (r, f) reaction, it is also possi-
ble to excite these same nuclei to energies above
the fission barrier using various direct reactions.

Results have previously been reported® for the an-
gular distributions of fission fragments from the
234y(d, pf) reaction. A quantitative interpretation
of direct-reaction results is difficult because of
the uncertainties in the characteristics of the di-
rect-reaction process. However, for excitation
energies near the neutron binding energy, the di-
rect-reaction and neutron-capture processes ex-
cite a different distribution of angular momentum
values. This can create qualitative differences in
the fission probabilities and the angular distribu-
tions of the fragments for nuclei excited by neutron
capture or direct reactions. For example, a low-
lying transition-state band of high spin may be ob-
served in the direct-reaction fission experiment,
but may not be apparent in neutron-fission results
because the neutron-capture reaction is unable to
excite states of the appropriate angular momenta.
In this paper results are reported on the fission
probabilities and angular correlations for (d,pf),
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(t,df), and (¢,pf) reactions leading to the follow-
ing odd-A nuclei: 23U, 2¥7y, 2%y, 24Py, and 2**Pu,
Comparisons are made with similar results from
(n, f) reactions.

II. EXPERIMENTAL PROCEDURE

The experimental techniques were similar to
those of previous experiments® *° and only a few
of the more important aspects will be repeated
here. The experiments were performed using 18.0-
MeV triton and deuteron beams from the Los Ala-
mos Scientific Laboratory Van de Graaff accelera-
tor facility. A multipurpose scattering chamber
was used which could accomodate a AE-E charged-
particle telescope and up to eight independent fis-
sion detectors. Outgoing proton or deuteron en-
ergy spectra were obtained in coincidence with
each of the fission detectors yielding a full (up to
eight angles) angular correlation of fission frag-
ments in a single run. In some cases, data were
obtained for more than one fission-detector con-
figuration, yielding angular correlations with more
than eight angles.

The AE detector was a 310-u Au surface barrier
and the E detector was a lithium-drifted detector
of 3 mm thickness. The over-all resolution of the
proton or deuteron detection systems was approxi-
mately 120 keV. The detector was collimated with
a circular aperture and subtended an angle A6 ~15°
The fission detectors were phosphorus-diffused
semiconductor detectors of ~400-Q-cm silicon
which were operated at reverse biases of 100-200
V. Detectors of two sizes were used: 8 mm X8 mm

square and 8 mm X20 mm rectangular. For angles
near the recoil angle, the square detectors were
used, and rectangular detectors were used for fis-
sion detectors that were nearly perpendicular to
the recoil direction. In the reaction plane, the fis-
sion detectors subtended an angle A6 =13° in the
(d,pf) and (¢,pf) experiments and A0 =9° in the
(t,df) measurements.

The targets were prepared by vacuum evapora-
tion on 40-80- ug/cm? carbon backings. The heavy
elements were in the form of oxides with deposit
thicknesses ranging from 100-300 pg/cm? The
targets had the following enrichment in the isotope
of interest: 23U - 97.96%, 2**U - 99.7%, 2%*U -
93.25%, 2°°U - 99.88%, 2%°U - 99.97%, 2*°Pu - 94.41%,
240py - 98,0%, and ?*Pu - 99.88%.

The reactions studied in these experiments are
listed in Table I.

III. DATA REDUCTION AND ANALYSIS

The data were obtained utilizing an SDS-930 on-
line computer with final data reduction in a larger
CDC-6600 computer as described previously.® '
From the data analysis, coincidence proton or
deuteron spectra corrected for accidental contri-
butions are obtained for each of the fission detec-
tors. The corrected coincidence spectra are nor-
malized to account for differences in the solid
angles of the fission detectors. Each spectrum is
then converted to a new spectrum of counts versus
excitation energy of the residual nucleus with
standard channel widths of 50 keV. The conver-
sion to an excitation-energy spectrum involves an

TABLE I. Characteristics of the reactions studied and the experimental setup used in obtaining the reported results.
Ab; is the solid angle subtended by the fission detectors.

Angle of proton

Ground-state or

Number of Q value deuteron detector Aby

Reaction fission angles (MeV) (deg) (deg)
B3y (¢,p)235U* 7 +3.652 130 13
284y (d, p)*3ou* 7 +3.082 150 13
285y (¢,p) BU* 7 +3.18P 150 13
8oy (d,p)tdU* 7 +2.902 150 13
26y (¢, d) 2TU* 24 —1.142 140 9
238y (d, p) 20U 7 +2.592 150 13
29pu(t,p)Mipu* 8 +3.26P 150 9
20py(d,p)?41Pu* 7 +3.022 150 13
20py(t,d) 1 pu* 24 -1.022 140 9
M2pu(d,p)23pu* 7 +2.812 150 13
2U2py(¢,d)283pu* 24 -1.232 140 9

2y, R. Erskine, A. M. Friedman, T. H. Braid, and R. R. Chasman, in Proceedings of the Thivd Intevnational Confer-
ence on Atomic Masses and Related Constants, Winnepeg, Canada, 1967, edited by R. C. Barber (University of Manitoba

Press, Winnepeg, Canada, 1968), p. 622.

by, C. Britt and J. D. Cramer, Phys. Rev. 185, 1553 (1969).
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energy calibration of the AE-E system, the @ val-
ues of the reaction, and a c.m. transformation to
the rest system of the fissioning nucleus. For each
interval of excitation energy, each detector angle
is calculated in the rest system of the fissioning
nucleus (i.e., the angle relative to the kinetic re-
coil angle with c.m. correction)., The statistical
error for each point is also calculated.

For the above data reduction, the relative solid
angles of the fission detectors are determined by
comparing the relative singles fission rates with
measured angular distributions for the corre-
sponding (d, f) or (¢, f) reaction, The energy cali-
bration of the AE-E system is determined from
known energy groups for reactions on 2C and 0.
The reaction @ values are listed in Table 1. Esti-
mated uncertainties in the calibration and the re-
action @ values lead to a +50-keV uncertainty in
the calculated excitation energies.

For a given reaction, the data from all runs are
combined into a single matrix of excitation energy
and fission angle. Then at each excitation energy
interval a least-squares fit is performed to the
function

E gLPL(COSG)] , (1)

L=2,4,6

W(6) =4, [1+

where A, and g,, g,, g are adjustable parameters,
and the angles are measured in the rest system of
the fissioning nucleus (i.e., relative to the kinemat-
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FIG. 1. Singles proton spectra (os) and coincident
fission cross sections (0;) in arbitrary units. Resultant
fission probability (P;) for the *¥Pu(t, pf) and *'Pu(d, pf)
reactions. Solid curves in o represent an extrapolation
underneath carbon and oxygen contaminant peaks which
was used to determine P;.

ic recoil angle).
Fission probabilities are calculated at each en-

ergy interval from
P;=0; /0, (2

where a relative fission cross section 0y is de-
termined from A, using measured absolute solid
angles for the fission detector, and o is the “sin-
gles” cross section for producing an excited resid-
ual nucleus in the appropriate energy interval.
For the (¢, p) and (d, p) reactions the singles cross
sections are extrapolated smoothly underneath the
sharp peaks from reactions with 0 and '*C con-
taminants. An example of the procedure for cal-
culating P; is shown in Fig. 1 for the ***Pu(t, pf)
and 2*°Pu(d, p /) reactions. Because of the larger
kinematic shifts in the (¢, d) reaction, there were
no carbon or oxygen contaminant peaks in the re-
gion of interest, and the above extrapolation pro-
cedure was not necessary.

In discussing the direct-reaction results in com-
parison with (r, f) cross-section data, it is neces-
sary to obtain fission probabilities which are de-
fined in an equivalent manner for the (r, f) and
various types of direct-reaction experiments. It
is most convenient to define the fission probability
as the fraction of all the nuclei, in a particular
excitation energy interval, which decay by fission,
Thus, for neutron experiments, fission probabili-
ties can be obtained from the ratio of the fission
cross section to the total compound-nucleus cross
section. However, for the direct-reaction results,
the expression in Eq. (2) does not necessarily give
an equivalent fission probability because not all
of the outgoing particles contained in the cross
section, 0, correspond to events which produce
a residual nucleus excited to the appropriate en-
ergy. In particular, for the (d,p) reaction leaving
residual nuclei excited above the neutron binding
energy, the singles proton cross section can be
written as the sum of two components

Os= ocompound + obreakup ’
where 0 compound is the (d, p) stripping cross section
leaving excited residual nuclei at a particular en-
ergy and Opearp iS the cross section for the direct
(d, pn) reaction involving the breakup of the deuter-
on in the field of the heavy nucleus. This direct
breakup process differs from the compound pro-
cess where a residual nucleus is excited and then
later decays either by neutron emission or fission.
Thus, the true fission probability is more correct-
ly given by

Ps=0; /Ucompound

rather than by Eq. (2). However, in the present
experiment, it is only possible to measure oy,
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and there are no available experimental or theoreti-
cal results which can be used to reliably obtain
0 compound from the measured values of og.

In some cases a qualitative estimate of the ratio
Obreakup/ T compound TOT the (d, p) reaction can be ob-
tained by comparing (¢, pf) and (d, p f) results
leading to the same residual nucleus at the same
excitation energy. For the (¢, p) reaction at excita-
tion energies near the neutron binding energy, pro-
tons from a breakup reaction can be obtained only
from a (¢, d) reaction to a low-lying state followed
by the breakup of the outgoing deuteron. At the
backward angles used in these experiments cross
sections for (¢,d) reactions are much less than
(t,p) cross sections, and this breakup process
would be expected to have a negligible cross sec-
tion. Thus the fission probabilities calculated for
the (¢, p) reactions should be approximately cor-
rect. Then, if the (¢,p) fission probabilities are
correct and the (d, p) and (¢, p) process excite the
same distribution of angular momentum states,
the following relationship would be approximately
correct:

PAt,bS) q, Ooreatup (3)
Pd,pf) " Ocompoud’

where Oprearup and O compound @re the relative cross
sections going into deuteron breakup and excitation
of the residual nucleus for the (d, p) process. The
total (d, p) cross section, 0, is proportional to
Otreakup + T compound» 1N general, because the (d, p)

and (¢,p) reactions to the same residual nucleus
involve the transfer to different particles (neutron
or dineutron) to targets with different spins, it is
not a very good assumption that the angular mo-
mentum and parity distributions of the residual
nuclei following the two types of reaction are exact-
ly the same. However, at energies above the fis-
sion threshold, where fission is proceeding through
many different transition states, one might expect
Eq. (3) to become approximately correct even if
there are quantitative differences between the an-
gular momentum distributions excited in the two
types of reaction.

Figure 2 shows experimental results for the
ratio Pft,pf)/Pd,pf) for reactions leading to
residual nuclei 2°°U, 23U, 70U, and **!'Pu as a
function of an equivalent neutron energy, E, =E*

- B,. In this form, one might expect the variation
of the fraction of the (d, p) cross section going to
direct breakup to be the same for all targets. The
results shown here are for a deuteron bombarding
energy of 18 MeV. The dependence of the breakup
cross section might be different for a different
deuteron energy. Figure 2 shows that the ratios
obtained above E,~1 MeV are approximately the
same for residual nuclei 2*°U, #*°U, and ?4'Pu.
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Below E,~1 MeV the different nuclei tend to give
somewhat different results for a variety of reasons.

In the ?*°U case, where the residual nucleus is
even-even, there are no open fission channels for
states with angular momenta 1* or 0~ in the region
below the pairing gap, E,5. The (d,pf) reaction
can excite these and other states that do not have
natural spin parity, while the (¢,p) reaction is
limited to the excitation of natural spin-parity
combinations. This difference between the two
reactions leads to the relatively large values for
the Py(t,pf)/Pyd,pf) ratio below the pairing
energy.

For the odd-A residual nuclei, the values ob-
tained for the ratio in the region below the half-
rise point for the fission probability, E,/,, are
sensitive to the accuracy of the energy calibration
and to the details of the transition-state spectrum.
The deviations observed in this region for 2**U and
241py are probably not significant,

The 2*"U results tend to give ratios that are ~50%
greater than those obtained from the other reac-
tions. The reason for this difference is not clear,

The solid line shown in Fig. 2 is meant to be a
qualitative representation of all the results, with
the additional constraint that the ratio should go to
1.0 at energies below the neutron binding energy.
This solid line is used for a qualitative correction
of all of the (d, pf) results for the effect of deuter-
on breakup on the fission probability. This correc-
tion.is certainly not exact, but it is hoped that it
is good enough to allow qualitative comparisons

T T T T T T T T B T
237 Tl/a o« * % Pu

e o
. of

U

2{ et L 172

RATIO [P(t, pf)/P(d, pf)]

o i 20 i 2
E_(MeV)

>

FIG. 2. Ratio of fission probabilities for the ¢, pf)
and (d, pf) reactions going to the same fissioning nuclei
at the same excitation energy. Excitation energies have
been converted to equivalent neutron bombarding ener-
gies on the appropriate even-even target. The solid
curve is the same in all cases and represents the best
characterization of all the results within the limitations
described in the text.
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FIG. 3. TFission probability and angular-correlation
coefficients from the fission of 2¥U induced by the 233U-
¢, pf) and 2%U(d, pf) reactions. Arrows indicate the

binding energy of the last neutron.

between the fission probabilities obtained from
(n,f), (d,pf), and (¢, pf) reactions.

Fission probabilities for the (,f) reaction were
obtained by dividing published (1, f) cross sections
by calculated compound-nucleus-formation cross
sections from an optical-model calculation!! using
parameters determined by Auerbach and Moore?
from a best fit to a variety of n +2%®U experimental
data. The neutron-fission cross sections used
were taken from Lamphere? for targets of 234U,
236y, and *%®U; from Nesterov and Smirenkin®® for
240py; and from Butler!* for 2%2Pu.

IV. RESULTS

Fission probabilities and angular-correlation
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FIG. 4. Fission probability and angular-correlation
coefficients from the fission of 'U induced by the 235U-
(¢,pf) and 8U(d,pf) reactions.
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FIG. 5. Fission probability and angular-correlation
coefficients from the fission of 24!Pu induced by the 2¥Pu-
¢, pf) and *0Pu(d, pf) reactions. Arrows indicate the
binding energy of the last neutron.

coefficients, g, and g, for the (¢,pf) and (d,pf)
reactions are shown in Figs. 3-6 as a function of
excitation energy. In these figures the fission
probabilities from the (d, pf) reactions have not
been corrected for the proton cross section arising
from the direct deuteron breakup reaction de-
scribed in the previous section. Similar results
for the (¢,df) reactions are shown in Fig. 7. In
all cases the solid curves show fission probabili-
ties for the appropriate (n,f) reaction, which are
obtained as described in the previous section, The
error bars indicate statistical errors only and
there is an additional +10% uncertainty in the abso-
lute fission probabilities for the direct-reaction
results. The excitation energies have an estimated
uncertainty of £50 keV,

For the (d,pf) results, the fitted g,, g,, and g,
coefficients were used to calculate angular aniso-
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242py(d, pf)

1.0

o.z- {“H | l[Ill .y
| f t !“11‘”1

g 1.0]‘
2 o8l [
’ IHJI{[fmIH' Bt

0.25
0.201
P oist
0.0+
005

-

oL
“u...'.,.,.‘,“.n‘,.“

[ g T b Rty [ J
1
v |

80 90 30 60 70 80 90
E*(MeV)

FIG. 6. Fission probability and angular-correlation
coefficients from the fission of 2%°U and 24*Pu induced by
the 23%yU(d, pf) and 22py(d, pf) reactions, respectively.
The arrow indicates the binding energy of the last neu-
tron for 43Py,
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FIG. 7. Fission probability and angular-correlation
coefficients from fission of 28'U, 24!py, and °Pu induced
by the 23U, df), 2'Pult, df), and **Pu(t,df) reactions,
respectively., Arrows indicate the binding energy of the
last neutron.

tropies, W(0°)/W(90°). These anisotropies are
shown in Fig. 8 compared with the results of Lam-
phere® for (n,f) reactions. In general, the statis-
tical uncertainties on the (d, p f) results are rather
poor, so that it is difficult to make a detailed com~-
parison with the more precise (z,f) results. The
(d, pf) anisotropies tend to be somewhat larger

3 T T T
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FIG. 8. Measured anisotropies for the (d, pf) reac~
tions compared with results from (z, f) experiments
(Ref. 3).

than (n,f) anisotropies but the statistical uncertain-
ties do not allow a significant determination of the
dependence of the anisotropy on excitation energy
except in a very qualitative way. A previous 2**U-
(d,pf) experiment® yielded anisotropies which
were less than those observed in the present ex-
periment and similar to the (r,f) results. The
previous experiment® was performed with 13-MeV
deuterons and a proton detection angle of 90°,
Studies®'™® of the 2*°Pu(d, pf) reaction have shown
that at a proton angle of 90° the fragment aniso-
tropies are about a factor of 2 less than observed
at 6,>120° because of Coulomb-distortion effects
on the (d, p) stripping process. The difference be-
tween the anisotropies observed in the present ex-
periment with 6,=150° and previous results® at
0,=90° is consistent with this Coulomb-distortion
effect.

Figure 9 shows fission probabilities for the (n,f),
(t,pf), and (d,pf) reactions for all the cases that
were studied. In this case an approximate correc-
tion (see previous section) has been applied to the
(d, pf) results to account for the cross section
going into deuteron breakup reactions. The ap-
parent energy shifts between (d, pf) and (¢, pf) re-
sults are consistent with the +50-keV uncertainty
in the energy calibration and reaction @ values.

The (¢, df) results are generally similar to (d,pf)
and (¢,pf) results. Because of the limited quality
of the (¢, df) data no attempt was made to correct
these results for the effect of breakup reactions,
and these results were not included in the sum-
mary presented in Fig. 9,

06 T T T ( fl)
243 —(n 0.2
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« (d,pf) o.l
04} >
S, L0
03+
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04 04
03 03
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0.l [oX}
0 (o]
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FIG. 9. Fission probabilities for the various reactions
studied compared with results for (z,f) measurements.
The (d, pf) results have been corrected for the effects
of deuteron breakup reactions as described in the text.
Arrows indicate the binding energy of the last neutron.
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V. DISCUSSION

A. Transition State Spectra

Recently attempts*~7 have been made to quantita-
tively fit (r,f) cross-section and angular-distribu-
tion measurements with a detailed model of the
(n,f) process. In this model the neutron capture
and decay widths are calculated and the character-
istics of the transition-state spectrum and the fis-
sion barrier are used as adjustable parameters in
an attempt to fit observed experimental results.
This model used a parabolic-shape fission barrier
and in order to quantitatively fit the experimental
results, the curvature of the parabolic barrier was
allowed to vary for different transition -states.
However, recent discoveries’® that the fission
barrier is double peaked instead of having the pre-
viously assumed parabolic shape add considerable
complexity to the problem. In particular, calcula-
tions of penetrabilities through double-peaked
barriers, 1% which appear appropriate for nu-
clei in the U-Pu region, show complex penetrabili-
ty functions that are capable of producing, as a
function of excitation energy, both sharp changes
in the fragment angular distributions, and relative-
ly smooth changes in the fission cross sections.
The rapid energy variations in the angular distri-
butions, coupled with relatively slowly varying
cross sections for some (z,f) reactions, required
the use of different barrier shapes for different
transition states in the model fits*~7 with parabolic
barriers. If a more realistic double-peaked bar-
rier were used to fit the (n,f) results, it is not

RELATIVE NUMBER OF STATES

ne
N

L=0 12345

oo

clear that the data would still require more than
one barrier shape for a given nucleus. Fits to the
(n,f) data with a more realistic barrier shape
would probably indicate that the important low-
lying transition states are those identified in the
fits?~7 with parabolic barriers but the detailed en-
ergy spacing and ordering of these states could be
quite different. Until the complexities of fission
through a double-peaked barrier and the relevant
barrier shapes are better known, it must be as-
sumed that both the “quantitative”*”7 and qualita-
tive®3 interpretation of (r,f) experimental results
give only an indication of the particular transition
states which lie low in a particular nucleus, and
the details of the spacing and ordering of the states
may change when data are analyzed with a more
realistic model.

Similarly, because of the complexity of both the
fission and direct-reaction processes, it is not
possible to determine details of the fission barrier
shapes or the transition-state spectra from the
present direct-reaction fission results. However,
it is possible to determine a few general character-
istics of the transition-state spectrum and the fis-
sion decay process from a qualitative comparison
of the direct-reaction results with (z,f) data.

The fundamental difference between the (n, f)
and the direct-reaction fission processes is in the
distribution of angular momentum values which
can be excited in each case. Figure 10 shows cal-
culated angular momentum transfers for the (n, f)
reaction at various energies compared with the
calculated distribution for the (¢, p) reaction. The
parameters' used for the neutron calculations pre-

(t,p) REACTION

ANGULAR MOMENTUM ()

FIG. 10. Calculations of the relative probability of various orbital angular momentum transfers for the (z,f) reaction
at various energies and for the 18-MeV (¢, p) reaction.



2 FISSION OF ODD-A URANIUM AND PLUTONIUM ISOTOPES... 1765

dict a strong enhancement for odd-! transfers.
This is evident in the dominance of /=1 for the
range of 0.1 <E,<1,0 MeV. However, this effect
may be sensitive to the parameter set used in
these calculations and, thus, the results presented
in Fig. 10 should be used for a qualitative compari-
son of the results. Nevertheless, certain features
of the angular momentum transfers are relatively
invariant to reasonable parameter change. In par-
ticular, the calculated average angular momentum
transfers in the (r,f) reaction (1=0.6, 1.2, 1.7,
and 2.3 at £,=0.1, 0.5, 1.0, and 2.0 MeV, respec-
tively) can be compared with similar calculations
for the direct reaction [l =3.1 and 4.3 for the (d, pf)
and (#, pf) reactions, respectively].

From the neutron angular momentum transfers
shown in Fig. 10 and similar calculations for the
(d, p) reaction it is possible to qualitatively de-
termine both the fraction of the fission cross sec-
tion which excites states that are appropriate for
fission through a particular transition-state band
with a given K projection and parity, and the aver-
age angular coefficient g, for fission through these
transition states, Table II shows results of these
calculations for the (d, pf) reaction and for (n,f)
reactions at neutron energies of 0.1 to 1.0 MeV.
From Table II the following general characteris-
tics should be noted: (1) For E, <0.3 MeV the (n,f)
reaction can strongly excite only states appropriate
for fission through K=3", 37, and 3  bands, where-
as the (d, pf) process can also strongly excite
states in K =3* and 3 bands; (2) for E,<0.3-MeV
fission through states from K=3", 17 and 2%
bands should not be seen at all in (n,f) reactions;
(3) for E,>0.5 MeV both the relative strengths of
excitation and the average coefficients g, should be
similar for (n,f) and (d, pf) reactions; (4) for the

(d, pf) reactions the g, coefficients should be
strongly positive for K=3* or 3~ bands and nega-
tive for all other bands.

In the following discussion we will try to use the
above characteristics to make some qualitative con-
clusions about the low-lying transition-state spec-
tra for some of the nuclei studied. In some cases,
it is possible to identify the approximate excitation
energies at which particular transition-state bands
start to make noticeable contributions to the ex-
perimental distributions. These “threshold” en-
ergies should not be interpreted as actual level
positions for the transition-state bands, because
of the complexities introduced by fission through a
double-peaked fission barrier, which may or may
not have the same shape for fission through all
transition states.

1. %y (Figs. 3 and 9)

The (d, pf) and (¢, pf) results both show a weak
threshold (P;~0.02, P;/P; 1, ~0.05) at E*~5.2
MeV. For the (n, f) reaction there is no signifi-
cant fission for very low-energy neutrons suggest-
ing that the (¢, pf) and (d, pf) results correspond
to fission of states other than 3*. There are two
possible explanations for this weak threshold.
First, it could correspond to fission through a
high-spin transition-state band (K = £, %* would
give P;/P; max 0.05-0.09, see Table II). Alterna-
tively, fission in this region could be due to a sub-
barrier resonance for a lower-spin transition state
(other than 3*). These two possibilities could be
separated by observing the angular correlation of
the fragments in this region. Unfortunately, the
present results are not of sufficient accuracy to

allow this.

TABLE II. Calculations of the relative cross sections and angular correlation coefficients g, for exciting states ap-
propriate for fission through various single-particle transition-state bands for the 18-MeV (d,pf) reaction and (z,f) re-

actions at various energies.

Transition- 18-MeV 0.1-MeV 0.3-MeV 0.5-MeV 1.0-MeV
state band @, pf) @, f) n,f) @, f) @, f)
KT Zoun 2 Zoyh 230G™ z PILIVA 2oy 2
or 2 or 2 or 2 or : or :
v 0.52  +0.7 0.45 +0.0 0.39 +0.1 0.41  +0.6 0.42 +0.8
3 0.32  —0.1 0.04 -0.3 0.16 —0.4 0.24 —0.3 0.31 —0.2
& 0.21 -1.1 0.02 -1.4 0.08 —14 0.13 -14 0.18 -1.3
¥ 0.05 -0.8 0.02  -1.1
¥ 0.48  +0.8 0.55 +0.7 0.61 +0.7 0.59  +0.7 0.58 +0.8
r 0.40  —0.6 0.38 1.0 043  —0.9 042  —0.8 0.46 -0.3
3 0.09 —0.8 0.02  —0.6 0.06 —0.6 0.20 -0.7
¥ 0.05 =1.7 0.01 -1.7 0.04 -1.7 0.13 -1.7
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The (n, f) results show an apparent threshold at
E*~5,5 MeV which is more strongly excited in the
(d,pf) and (t,pf) experiments than in the (n, f)
reaction. The relative fission probability (P,/

P ax ~0.1) for the (n, f) reaction is consistent
with fission through a K =3* or $* band, and the pre-
dicted probability, P;/P; .y ~0.2~0.3 (Table II),
for the (d, pf) reaction is consistent with the (d, p f)
and (¢, pf) experimental results. The value of
£,~0.5 in the energy region E*=5,5-~6,.0 MeV in-
dicates a strong contribution from fission through
a K =3* band, and the apparent threshold at E *
~5,7 MeV in the (n, f) data has a relative fission
probability consistent with a K =% band.

In summary, these results indicate the presence
of low-lying states, K=(3 or £*), K=(3% or 3%,
and K =%* in the transition-state spectrum for 23U,

2. By (Figs. 4 and 9)

In this case the (¢, pf) and (d, pf) fission probabil-
ities are very similar to the results obtained from
the (n, f) reaction. This similarity is consistent
with the fact that the first threshold is at £,~0.8
MeV. The first threshold at E*~6,0 MeV corre-
sponds to g,~0 for the (¢, pf) and (d, pf) measure-
ments and an anisotropy of ~1 for (r, f) measure-
ments, and it is excited with large probability in
all experiments. These results are most consis-
tent with a K =3* band. The second rise at E*~6.3
MeV corresponds to a significant rise in g, for all

experiments and is most consistent with a band

1%
=3,

3. %y (Figs. 6 and 9)

In this case the (d, pf) results are of rather poor
quality because of the small fission probability for
2897, The fission threshold is at a neutron energy
E,~1.5 MeV and, therefore, the P, distributions
are approximately the same for (d, pf) and (n, f)
results. The character and accuracy of the re-
sults do not allow any serious conclusions regard-
ing the low-lying transition states for this nucleus.

4. #'py (Figs.5 and 9)

The major characteristic of these results is that
in the region 5.3-5.8 MeV the fission probabilities
observed in the (d,pf) and (¢, pf) experiments are
much larger than those observed in (r, f) experi-
ments. This indicates strong contributions in this
energy region from one or more transition state
bands with K =3* or 3* since these are the only
bands which can give strong contributions in the
(d,pf) and (¢, pf) results and be weakly seen in
(n, f) experiments. The weak apparent threshold
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(P#/P; max~0.1) at 5.2 MeV in the (d,pf) and (¢,pf)
experiments is most consistent with fission through
a K =% band and the negative value for g, in this
region is consistent with this assignment (see
Table II). The peak in g, for both (¢, pf) and (d, p f)
results in the region E*=5,3-5.5 MeV indicates
significant contributions from fission through a

K =%* band in this energy region.

5. #py (Figs. 6 and 9)

In this case both the (d, pf) and (n, f) results
show a broad threshold near E*~5,7 MeV with
relatively small values for g, in this region. The
data are not good enough to make any serious con-
clusions but the small g, values in the region of
large fission probability suggest a low-lying K=3*
band.

B. (I,/T;) from (¢, pf) Results

In Fig. 9 a comparison of the fission probabilities
from the direct-reaction and neutron experiments
shows that for neutron energies above about 1 MeV
and above the fission threshold, the fission proba-
bilities are the same to within £10% for all the dif-
ferent experiments. In this energy region the dif-
ferences between the (d,pf), (¢,pf), and (n, f) fis-
sion probabilities are well within the uncertainties
in the experiments and in the optical-model calcu-
lations used to determine P; from the (n, f) cross
sections. In the region E,=1-2 MeV the angular-
momentum-transfer calculations described above
indicate that the average angular momentum trans-
fer for the (¢,pf) reaction was 2-3 times greater
than for the (r, f) reaction, The fact that the fis-
sion probabilities for the two cases are essentially
the same indicates that the fission probability (and,
therefore, (I',/I;)) is not a strong function of an-
gular momentum when there are a reasonable num-
ber of open fission channels. Values for (I, /L;)
deduced from fission probabilities obtained in
(t,pf) experiments are given in Table III and com-
pared with values obtained in other experiments.
These results indicate that under appropriate cir-
cumstances it should be possible to estimate (1, f)
cross sections to the order of +10% from measured
fission probabilities.®

VI. SUMMARY

The results of the present experiment show that
in cases where fission thresholds exist at excitation
energies less than about 0.5 MeV above the neutron
binding energy, a qualitative comparison of (d,pf)
[or (¢,pf)] results with (r, f) data can give infor-
mation on the low-lying transition states, which
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TABLE III. Comparison of (I, / T';) values obtained from analysis of fission probabilities for (£,pf) experiments
with the compilation for (T, /T;) values obtained by Vandenbosch and Huizenga (see Ref. b) from other types of experi-

ments.
Vandenbosch and Huizenga
(&,p01) 3-MeV
Compound experiments 12-MeV neutron
nucleus +15%) Systematics photofission fission
232Th 162 15 12
241 302 40
35y 1.5 1.4 1.6 1.17
238y 1.72 1.8 2.1 1.64
31y 3.3 3.0 3.01
238y 4.62 4.0 4.0
2oy 6.13 7.5
Ulpy 1.4 1.0 0.74
2U2py 1.32 1.2
2Uipy 1.8% 2.5
2See Ref. 19.

bR. Vandenbosch and J. R. Huizenga, in Proceedings of the Second United Nations Intevnational Confevence on Peace-
ful Uses of Atomic Enevgy, Geneva, 1968 (United Nations, Geneva, Switzerland, 1968), Vol. 15, p. 284.

are important in the fission decay. This condition
is met and some information is obtained for the
transition-state spectra of 2*°U and ?*'Pu. For
heavier uranium and plutonium isotopes the lowest
fission thresholds are at higher neutron energies
and there are enough possible channels open in the
neutron experiments that very few conclusions can
be drawn from a comparison of (d, pf) with (r, f)
results. The results do not give unambiguous in-
formation on the transition-state spectra for any
nucleus, but they may be useful in future attempts
to quantitatively analyze the fission of these nuclei
with a detailed model.

At neutron energies above ~1 MeV, in cases
where there are a relatively large number of fis-
sion channels open, the fission probabilities ob-
tained in (1, f), (t,pf), and (d,pf) experiments

are remarkably similar even though the average
angular momentum transfers for the (¢,pf) re-
action are 2-3 times greater than for the (r, f)
reaction.  These results suggest that the average
ratio of fission to neutron widths ((I', /I;)) is not a
strong function of angular momentum.

ACKNOWLEDGMENTS

We would like to thank J. R. Nix for many helpful
discussions on the interpretation of these results
and S. C. Burnett for help in obtaining the data
presented. We are indebted to Mrs. Judith C. Gur-
sky and J. G. Povelites for preparing the U and
Pu targets and to J. S. Levin, M, P. Kellogg, and
W. S. Hall for developing the computer programs
used for data reduction.

*Experimental work performed under the auspices of
the U. S. Atomic Energy Commission and otherwise sup-
ported by U. S. Atomic Energy Commission Contract No.
AEC(30-1)-2098.

IA. Bohr, in Proceedings of the International Confer-
ence on the Peaceful Uses of Atomic Enevgy, Geneva,
1955 (United Nations, New York, 1956), Vol. 2, p. 151.

’R. W. Lamphere, Nucl. Phys. 38, 561 (1962); Phys.
Rev. 104, 1654 (1956).

SR. W. Lamphere, in Proceedings of the Symposium on
the Physics and Chemistry of Fission, Vienna, Austvia,
1965 (International Atomic Energy Agency, Vienna,
Austria, 1965), Vol. I, p. 63.

‘R. Vandenbosch, Nucl. Phys. A101, 460 (1967).

5A. N. Behkami, J. H. Roberts, W. Loveland, and J. R.

Huizenga, Phys. Rev. 171, 1267 (1968).

6A. N. Behkami, J. R. Huizenga, and J. H. Roberts,
Nucl. Phys. A118, 65 (1968).

'J. R. Huizenga, A. N. Behkami, and J. H. Roberts,
in Proceedings of the Second Symposium on the Physics
and Chemistry of Fission, Vienna, Austvia, 1969 (Inter-
national Atomic Energy Agency, Vienna, Austria, 1969),
p. 403.

8R. Vandenbosch, J. P. Unik, and J. R. Huizenga, in
Proceedings of the Symposium on the Physics and Chem-
istvy of Fission, Vienna, Austvia, 1965 (International
Atomic Energy Agency, Vienna, Austria, 1965), Vol. I,
p. 547.

SH. C. Britt, F. A. Rickey, Jr., and W. S. Hall, Phys.
Rev. 175, 1525 (1968).

05, D. Cramer, Los Alamos Report No. LA-4198,
1969 (unpublished).




1768 H. C. BRITT AND J. D. CRAMER 2

'we would like to thank E. H. Auerbach for providing
us with a copy of the ABACUS Code which was used for
these calculations.

2E. H. Auerbach and S. O. Moore, Phys. Rev. 135,
B895 (1964).

13y, G. Nesterov and G. N. Smirenkin, At. Energ. 9,
16 (1960) [transl.: Soviet J. At. Energy 9, 511 (1961)].

4p, K. Butler, Phys. Rev. 117, 1305 (1960).

bR, L. Wolf, R. Vandenbosch, and W. D. Loveland,
Phys. Rev. 170, 1059 (1968).

8See, for example, V. M. Strutinsky and S. Bjgrnholm,

PHYSICAL REVIEW C

VOLUME 2, NUMBER 5

in Proceedings of the Intevnational Symposium on Nu-
clear Stvuctuve, Dubna, 1968 (International Atomic En-
ergy Agency, Vienna, Austria, 1969).

15, D. Cramer and J. R. Nix, Phys. Rev. (to be pub-
lished).

184, C. Britt, S. C. Burnett, and J., D. Cramer, in Pro-
ceedings of the Second Symposium on the Physics and
Chemistry of Fission, Vienna, Austvia, 1969 (Internation-
al Atomic Energy Agency, Vienna, Austria, 1969), p. 375.

9. D. Cramer and H. C. Britt, Nucl. Sci. Eng. 41, 177
(1970).

NOVEMBER 1970

Self-Consistent Calculations of Shell Effects Including the Proposed Island of Stability*

W. H. Bassichis
Deparvtment of Physics and Labovatory fov Nucleav Science,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
and Lawvence Radiation Labovatory, University of California, Livermove, Califovnia 94551

A. K. Kerman
Depaviment of Physics and Labovatory for Nuclear Science,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
(Received 20 April 1970)

A study is made of the characteristics of magic nuclei displayed in a Hartree~Fock calcula-
tion. It is seen that the known doubly-closed-shell nuclei are clearly distinguished by the be-
havior of the energy as a function of neutron and proton number. The existence of these char-
acteristics for the superheavy nucleus with Z =120 and N =178 indicates that this may also be
a magic nucleus. Single-particle-model calculations have indicated Z =114 as the magic nu-
cleus. Possible reasons for this difference are discussed.

I. EXISTENCE OF SUPERHEAVY NUCLEI

The possibility of accelerating heavy ions (e.g.,
Ar?) has resulted in much experimental and theo-
retical research on an island of stability with Z
>100. Recent experimental progress has been re-
viewed by Flerov.! Though nuclei with Z>105 have
not as yet been formed in these experiments, the
existence of such stable nuclei might be determined
when it becomes possible to accelerate the heavier
ions.

Theoretical calculations have been performed®™*
which indicated that an island of stability might ex-
ist in the region of Z=114, N=184. In general,
the theoretical techniques applied consist of single-
particle calculations of the Nilsson type® combined
with certain features of the liquid-drop model.
Though such calculations may well provide a de-
vice for extrapolating from the known nuclei to
heavier nuclei, because of their uncertainties it
would also be desirable to investigate less phenom-
enological methods for calculating properties of

superheavy nuclei.

A step in this direction has been made in the ap-
proach taken by Meldner,® where a degree of self-
consistency has been added to the single-particle-
Hamiltonian method. The technique is, essentially,
to solve the single-particle equation

<h2 82

%m 37% €u) <p“,Tt(r)= d3v'K,z(r,r')<p“,,z(r’), (1)

where K, rather than being a single-particle poten-
tial directly derived from a two-body interaction,
is assumed to be a nonlocal potential with a specif-
ic density dependence of the form

K,z<f,f')=v<|f-f'|){1 -[%;z@]z'g}p(x) )

Here
x=3([F|+[F']),
A 2
pr, =HZ=)1 [
and the nonlocality is contained in the factor v



