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Experimental results are reported on fission probabilities and fragment angular correla-
tions for (t,Pf} reactions on Th, Th, U U, SU Pu, Pu, and Pu targets.
Systematic variations in the experimental results are used to qualitatively discuss properties
of the fission barrier and low-lying transition-state spectra for these even-eveR nuclei.

I. INTRODUCTION

Direct reactions were first used by Northrop,
Stokes, and Boyer' to determine the excitation
energy of the fission barrier for the '"U, '"U,
and ' 'Pu compound nuclei. These even-even nu-
clei fission readily after their formation by the
capture of a thermal neutron, indicating that the
fission barrier lies below their neutron binding
energies. The (d, pf) reaction on '"U, '"U, and"Pu target nuclei provides a mechanism for the
excess energy of formation to be carried away
from the nucleus in the kinetic energy of the out-
going proton. Fission cross sections can be mea-
sured by this technique from energies below the
fission barrier to energies well above the neu-
tron binding energy. Since this early work by
Northrop, Stokes, and Boyer, several experi-
ments utilizing arrays of semiconductor detectors
have provided data from (d, pf} (t, pf}, and (t, df)
reactions. ' ' Interpretation of the fragment an-
gular distributions obtained from direct-reaction
experiments is more complex than the interpre-
tation of similar fission data obtained by neutron
bombardment. In the neutron case the angular
momentum transfer to the residual nucleus is dis-
tributed uniformly in a plane perpendicular to the
incident neutron beam. In the direct-reaction
process, the distribution of directions for the fi-
nal angular momenta can be very complex and is
sensitive to the detailed characteristics of the
direct reaction. However, for incident bombard-
ing energies near the Coulomb barrier when the
outgoing direct particle is detected at far back-
ward angles, it has been shown"' that the angu-
lar momentum transfers are distributed approx-
imately uniformly in a plane perpendicular to the
kinematic recoil direction for the residual fission-
ing nuclei. The present experiments have been
performed under conditions where this "plane-
wave" approximation should be valid.

A survey nf the properties of some even-even
fissioning nuclei has been carried out previously

using (d, pf) and (t, pf) reactions to induce fission
in '~U, '~U, and '~'Pu nuclei. The work reported
here is an extension of previous experiments, '
providing an experimental survey of the fission
barrier properties for all presently attainable
even-even nuclei using the (t, pf) reaction. The
(t, pf) reaction has several advantages over other
direct reactions with significant cross sections.
First, it is possible to reach a more neutron-rich
part of the Periodic Table than for single-neutron
transfer reactions. Second, in the study of even-
even systems, the (t, p) reaction predominantly
involves the transfer of two neutrons coupled to
zero spin to a target with zero spin and, thus,
the sensitivity of the angular correlations to the
characteristics of the transition states contribu-
ting to fission is maximized. At energies above
the neutron binding energy fission probabilities
from the (t, pf) experiment are not significantly
affected by projectile breakup reactions which
cause difficulties in the interpretation of (d, pf)
results. ' Finally, (t, p) reactions on even-even
nuclei excite only natural-parity states (positive-
parity states of even angular momenta and nega-
tive-parity states of odd angular momenta) and
this restricted class of excited states leads to
simplification in the interpretation of the exper-
imental results.

This paper presents experimental results on
fission probabilities and fragment angular corre-
lations for (t, pf) reactions on targets of '"Th,
'"Th "U '"U '"U '"Pu and "'P The '"U

7 y y

data have been previously published' but are in-
cluded here for completeness. Some of these re-
sults have been described in more detail in a pre-
vious report, and equivalent neutron cross sec-
tions deduced from the measured (t, pf) fission
probabilities are reported in a separate publica-
tion. "

II. EXPERIMENTAL METHOD

The Van de Graaff facility at the Los Alamos
Scientific Laboratory was used to provide the tri-
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FIG. 1. Block diagram of "slow" electronics used in
data acquisition system. Key to symbols: T —time-pick-
off transformer, P —preamplifier, M —mixer for pre-
amplifier signals, A-amplifier, R-ID —router and
interface for identifying detector involved in a particular
event, THC -overlap type time-to-amplitude converter,
D —integral discriminator, & —variable delay unit, GM—
gate monitor which generates gate signals for every coin-
cidence event and for 1/100 of the single E events, ADC—
analog-to-digital converter.
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ton beams used in these experiments. A beam
energy of 18 MeV was used for all cases except
'"Pu, where the beam energy was 15 MeV. Tar-
gets were placed at the center of an array of eight
fission-fragment detectors in a multipurpose
scattering chamber as shown in Fig. 1. An E-AE
charged-particle telescope was used to detect out-
going particles from the direct reaction at 6)~

= 140'
relative to the beam direction except for the
'"Pu(t, pf) results, where an angle 8~ = 115' was
used. This angle is believed to be well within the
angular region for the plane-wave approximation
to be valid. The telescope consisted of a 200-p
surface-barrier transmission detector mounted in
front of a 3-mm lithium-drifted detector. Fission
fragments were detected in diffused-junction sili-
con detectors.

Targets were fabricated by evaporating a nomi-
nal 150-400-gg/cm' deposit of oxide material on
thin (60 p. g/cm') carbon backings. Table 1 lists
the material composition of the targets.

The electronics and data reduction systems used

FIG. 2. Block diagram of "fast" electronics. Key to
symbols: TC —time-pickoff control units, F —pulse
fan-in, S-pulse shaper, C —fast coincidence, G-gate,
RG- router gate.

in these experiments are modifications of the sys-
tem described in more detail in a previous re-
port. ' The logic circuits used in the experiment
are shown schematically in Figs. 1 and 2. Fast
fission signals and AE signals from the time-pick-
off transformers T were relayed to a mixer in
the fast electronics circuits. At this point both
fission and b,F. signals were split with one pair
feeding a pulse overlap unit (THC) and the second
pair triggering a coincidence gate trigger. If a
coincidence was recorded the gate trigger allowed
the fission event to be identified with a particular
detector and this information was passed on to the
interface of a SDS-930 computer. Coincident
analog signals from the pulse overlap unit and the
E detector provided a gate for the analog-to-dig-
ital converters (ADC). Analog signals from the
pulse overlap unit, and the E and ~ amplifiers

TABLE I. Target materials. All backing material 60-70-pg/cm2 carbon.

Target
isotope

Weight
fraction

Contaminants
—weight fraction

Areal density
of oxide
(pg/cm2)

'"Th

234U

236U

238U

238pu

240pu

242pu

0.8982
1.000
0.997
0.9988
0.9997
0.9948
0.9800
0.9988

232Th-0, 1018
None

'3'U-0. 003
23~U-0.0012

U-0.0008
"'Pu-0.0046, "'Pu-0.0004

3 Pu-0. 0119. Pu-0. 0016. Pu-0. 0065
30pu-0. 0002 Pu-0 0004. Pu-0. 0006

260
200
200
200
200
40

240
330
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were read into the computer through the ADC.
In addition to the coincidence data, a simulta-
neous record of the direct-reaction cross section
was made using a separate gate signal from the
E detector to record 1% of the singles (noncoinci-
dent) events.

A preliminary data reduction was performed in
the on-line SDS computer to provide a continuous
observation of the data as they were recorded. All
of the gated events were also recorded on magne-
tic tape and the final data reduction was performed
on a CDC-6600 computer. at a later time. All di-
rect-reaction fission events which are possible
using the incident 18-MeV triton beam were re-
corded. The reactions observed in this experi-
ment were (t, pf), (f, df), and (f, f'f). The (t, df)
results are reported in a report in systematics
of fission of odd-A nuclei' and the cross sections
for (f, t'f) reactions were so low that significant
data were not obtained. The analog signals from
the E-AE detectors were used to identify the re-
action by determining the mass of the detected
particle. A standard mass identification scheme"
based on the range-energy relationship in silicon
was used to generate a mass spectrum and each
reaction can be analyzed separately from this
point. Pulse amplitudes from the THC can be
used to distinguish real and accidental coincidence
events and for each detector coincidence spectra
are corrected for accidental contributions. A
series of three coincidence runs providing frag-
ment angular-distribution data for a total of 24
fission detector positions were acquired for each
target with the exception of Th and Pu. Only
16 detector positions were used in these cases.

In addition to the normal coincidence mode of
operation described above, a short series of en-
ergy calibration runs was interspersed where the
E-AE detectors were moved as far away from the
target as possible to reduce kinematic broadening
of the known energy peaks from the reactions on
"C and "Q nuclei in the target. Several angles
0~ were used to kinematically change the position
of each peak. From the known excitation energy
of these peaks and the computed kinematic shifts,
the kinetic energy of the outgoing particle can be
calculated and provides several energy calibra-
tion points for the coincidence data.

The over-all energy resolution of the experi-
ments as measured from the full width at half
maximum on the triton-elastic peak is 110-120
keV.

The relative efficiencies of the fission detectors
were determined for each array geometry by re-
cording the relative numbers of triton-induced
fission events in each detector. These data were
obtained in separate short runs with low-beam
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FIG. 3. Singles proton spectra a~ and coincidence pro-
ton spectra o'& with resultant fission probability Pf 0f /
0'~. Dashed lines in the singles spectra represent extrap-
olations of the (t, p) cross sections underneath peaks
created by (t, p) reactions on ' C and O.

current in identical fission detector geometries
to the coincidence runs. When these data were
corrected for the measured laboratory angular
distribution for the (f, f) reactions on the specific
target, the relative efficiency of each detector
could be determined.

The coincidence spectra, which have been cor-
rected for accidental background, are converted
to 50-keV intervals of nuclear excitation energy
from the measured energy of the outgoing direct-
reaction product and the reaction Q value. The

q values were measured for the (t, p) reactions
on all of the targets" except '"Th and '"Pu. All
of the experimental data for each nucleus is then
represented by a normalized three-dimensional
array of corrected coincidence counts, nuclear
excitation energy, and detector position in center-
of-mass angles relative to the recoil direction.

Qualitative interpretation of this information re-
quires a more compact form of representation
than exists in the three-dimensional data arrays.
Qne very useful method of representing these ex-
perimental data is to fit the arrays W(e, E) to a
series of even Legendre polynomials P~(cos9),

12

W(0, E) =A, (E)[1+ g gi(E)Pi(cos9)], (1)
L = 2,4,6 ~ ..

allowing the variation of the parameters A, and
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FIG. 4. Fission probability and angular-correlation
coefficients for the 3 Th(t, Pf ) reaction.
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FIG. 6. Fission probability and angular-correlation

coefficients for the 4U(t, pf ) reaction.

the g~' s to fit the angular data at 50-keV inter-
vals. The fitting procedure accounts for the finite
solid angle of the detectors by integrating the Le-
gendre polynomials in the series over the detector
solid angle to obtain the computed function. Even
I. values up to 12 are necessary in the series to
achieve an optimum fit.

Experimentally, A, represents a fission cross
section 0& in arbitrary units —the fraction of the
total fission events which were observed in the
fraction of solid angle AQ/4v subtended by the
standard fission detector for the duration of the
experiment. The probability Pf that a fission will
occur if the nucleus is excited to energy E by a
(t, p) reaction can be ascertained from the ratio
of A, to the number of (t, p) reactions N, observed
in the singles spectrum. Specifically for this ex-
periment,

2.0

1.5—

94 1.0—

0.5—

1 4v A„(E)
2 Af)J 100N, (E)

The factor —,
' reflects the fact that there are two

fragments emitted per fission event, and the factor
of 100 before N, is a prescaling factor set on the
ADC gate trigger to limit the number of recorded
singles events.

The various quantities used in this analysis are
shown in Fig. 3. The fission cross section o& is
just A, and the (t, p) cross section o, is just the
singles spectrum N, . The dashed lines in o, in-
dicate the interpolated value of the (t, p) cross
section on '

U used to calculate P&. The sharp
peaks in the spectrum are the carbon and oxygen
peaks which must be eliminated for this analysis.
The value of A, versus excitation energy is shown
in the central plot (indicated by square plotting
characters) and &&, the result of Eq. (2), is shown
at the bottom of this figure.

All of the experimental fragment angular-dis-
tribution data are contained in the six energy de-
pendent angular-correlation coefficients of Eq. (1) .

III. EXPERIMENTAL RESULTS
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FIG. 5. Fission probability and angular-correlation
coefficients for the Th(t, pf ) reaction.

The fragment angular-correlation coefficients
and the fission probabilities for all nuclei studied
are shown in Figs. 4 through 11. Error bars in
these plots represent statistical errors reflecting
the number of counts observed at each detector
position and serve only to indicate the expected
point -to-point fluctuation of the data. Uncertain-
ties of +1{8/0 are assigned to the absolute value of
the fission probabilities reflecting the uncertainty
in the measured solid angle of the fission detector,
dead time in electronic apparatus, and relative
normalizations of combined runs in addition to
the statistical fluctuations indicated in the figures.
Additional uncertainties in the angular-distribution
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data are small compared with the indicated statis-
tical errors and include uncertainties in relative
detector efficiency and relative normalizations
of combined data. The neutron binding energies
for all eight nuclei are indicated by the a.rrow la-
beled B„on each plot.

A typical characteristic of these data is a rise
in the fission probability as more excitation en-
ergy is supplied to the nucleus, until the neutron
binding energy is reached. The indication of the
opening of new transition states is suggested by
correlated structure observed in both the fission
probability and the angular-correlation coeffi-
cients as the barrier is surmounted.

At the neutron binding energy, neutron emission
becomes energetically possible and strongly com-
petes with the fission and y-decay processes, re-
sulting in a sharp drop and continued decrease in
the fission probability at that point. Below the
nucleon pairing energy (-2 MeV), only collective
transition states are present in the vicinity of the
fission barrier and the fission fragment anisotrop-
ies are sensitive indicators of the appearance of
each new state and its respective K value. Mem-
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FIG. 9. Fission probability and angular-correlation
coefficients for the Pu(t, pf ) reaction.

bers of the K' =0' rotational band are the lowest-
lying barrier states for even-even nuclei. Fission
through these levels is characterized by forward
peaking of the fragments corresponding to the
large values for the angular-correlation coeffi-
cients g~ observed in all of the data as fission
first becomes probable. Similarly the E" = 0
band —the mass-asymmetry vibrational mode —is
characterized by large g~ values. In principle,
K= 0' and 0 can be distinguished because for a
K= 0' band values of g4, g„and g» should be larg-
er than values of g„g„and g» and the reverse is
true for a K=O band. This characteristic is a
direct result of the selection of natural-parity
states by the (t, p) reaction. As the higher K
bands enter, successive decreases in the frag-
ment anisotropies are observed.

The experimental fission probabilities for each
nucleus studied are also shown in the semilog
plots of Figs. 12—14. Of particular interest in
these plots are the similarities in sub-barrier
structure which occur in these data and the (d, pf)
data. ""The ' Pu sub-barrier resonance at 5.0
MeV in Fig. 5 has been previously reported from
both (d, pf)""and (p, p'f)'~ experimental work.
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FIG. 8. Fission probability and angular-correlation
coefficients for the 2@U(t,pf ) reaction.
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indicate an additional sub-barrier peak at 4.5 MeV
which is also apparent in the '~Pu(t, pf) results of
Fig. 14.

Although statistical errors are large, there ap-
pears to be evidence of two subthreshold peaks in
the '"Pu(t, pf) results confirming the ' 'Pu(d, pf)
results" which also indicate double subthreshold
resonances. Futhermore, it is seen in the"U(t, pf) data in Fig. 4 that a plateau exists at
5.05 MeV. This feature is also evident in the
(d, pf) data. " These sub-barrier structures are
currently believed to represent the enhanced trans-
mission due to the influence of quasibound levels
in an intermediate well in the fission barrier.

The significant general features of the data for
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tigation of the thorium data in Figs. 4, 5, and 12.
The "'Th nucleus is not readily fissionable as in-
dicated by the very small fission probability for
'"Th(t, pf), and as a direct result of this fact, the
statistical errors in the angular-distribution data
are very large. An interesting anomaly is dis-
played in the '"Th fission probability; after rising
to a slight peak below the neutron binding energy,
the fission probability continues to increase above
the neutron binding energy. Two explanations
are possible. The first peak could result from a
sub-barrier resonance in the penetrability or, al-
ternatively, the neutron binding energy lies be-
tween the K=O' and E=O bands. Both situations
could produce the observed effect. Both '"Th and
'"Th are distinguished by the persistence of the
large angular -correlation coefficients above the
fission barrier.

2. Uranium Nuclei

The fission probabilities of all of the uranium
nuclei shown in Figs. 6-8 and 13 are similar with
the only major difference produced by the variation
pf the neutrpn, bindi. ng energy frpm U tp U.
The fission barrier for these three nuclei must be
very similar. Angular-correlation coefficients
display the early rise due to the K=O' states; how-
ever, in contrast to the thorium data, at E*-6.0—
6.5 MeV, a sharp decrease is apparent especially
in g4 and g„ indicating the opening of bands with
K ~2 at an energy of -0.5 MeV above the fission
barrier.

IV. DISCUSSION

l.4—

l.2—

--To

In order to obtain detailed information on the
properties of the fission barrier and the transi-
tion-state spectra from the (t, pf) data, the results
must be compared with a detailed model of the di-
rect-reaction fission process. Preliminary at-
tempts at such a comparison' have indicated qual-
itative agreement between calculation and exper-
iment but the uniqueness of the shapes of the dou-
ble-peaked barrier determined was in doubt be-
cause of the large number of parameters neces-
sary to describe such a barrier. In addition, com-
parisons of model calculations and experimental
results for the "Pu(d, pf) reaction"'~ have in-
dicated the necessity of including damping in the
secondary minimum of the fission barrier and
the possibility that the E quantum number may
not always be conserved over the entire region of
penetration of the fission barrier. Also it has
been demonstrated"" that the detailed interpreta-
tion of the direct-reaction fission results is very
sensitive to the assumptions made concerning the
characteristics of the direct-reaction process. It
is hoped that in the future realistic theoretical
barrier shapes" can be coupled with a better un-
derstanding of the direct-reaction process and
data from fission isomer studies" to give a qual-
itative interpretation of the experimental results.

Even though detailed analyses have not yet been

3. Plutonium Nuclei

The plutonium nuclei are the most fissionable of
all of the nuclei studied here as seen by the large
fission probabilities in Figs. 9—11 and 14. The
neutron binding energy in these plutonium isotopes
is well above the fission barrier allowing the fis-
sion probability to rise higher than the others be-
fore neutron emission occurs. For the plutonium
isotopes the angular-correlation coefficients also
show a sharp decrease indicating the opening of
K ~ 2 states and in this case these states become
important to energies of -0.2—0.3 MeV above the
fission threshold. The results from ' Pu(f, pf)
are compared with "Pu(d, pf) and ' 'Pu(p, p'f) re-
sults, " in Fig. 15. The correspondence of a
strong dip in g, at -5.5 MeV in both the (,t, pf) and

(d, pf) results supports the previous hypothesis'"
that this structure is caused by the opening of a
K= 2' band followed by the K=0 band. This con-
clusion is strengthened by the (t, pf) results which
show the peak at -5.8 MeV is more prominent in

g, than in g~.
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FIG. 15. Fission probabilities and angular-correlation
coefficients g2 for (t, pf), (d, Pf), and (P,P'f) reactions
leading to the fissioning system Pu.
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obtained, this experimental survey illustrates sev-
eral general trends in the fission process as one
scans from thorium to plutonium in the actinide
region. First. sub-barrier structure in && pro-
vide evidence of a resonance in the intermediate
well in the fission barrier in virtually all of the
nuclei studied. Even where resonant structure is
not apparent near the barrier peaks, knees or
changes in slope appear in the fission probabili-
ties for some of the nuclei studied.

Some conclusions about general trends in the
transition-state spectra for these nuclei can also
be made from a qualitative examination of the an-
gular-correlation coefficients. The sharp decrease
which is most evident in the g4 and g, coefficients
is characteristic of the onset of fission through
K=2 transition states. The results indicate that
the K= 2' vibration increases in energy as Z /A
decreases from plutonium to uranium. In the thor-
ium nuclei the K= 2' vibration has either further
increased in energy or the shape of the fission
barrier has changed to give a second peak which
is higher than the first peak and tends to favor
K=0 states for a considerable energy region above
the apparent threshold. This systematic variation
of the K= 2' vibrational energy is consistent with
previous analysis of (d, pf) results' and with re-
cent theoretical calculations. "

Limited information on the K=0 band can be ob-
tained using the fact that the (t, pf) reaction fis-
sion through a E =0 band should give g;1.0 and

g~-1.5, while equal contributions from K=0' and

& = 0 bands give g, =g4-1.2. In the plutonium nu-

clei the peak in g, and g4 in the region E*-5.5-6.0
MeV indicates that the E=O vibrational energy
is slightly greater than the K= 2 energy, while
for thorium nuclei the g, and g4 coefficients indi-
cate that the K=O' and K=0 bands are almost
degenerate in energy. These results indicate that
the K=0 vibrational energy decreases as Z'/A is
decreased from plutonium to thorium. This trend
is consistent with the analysis of previous results, '
with the interpretation of photofission data' and
with theoretical liquid-drop calculations. '

These trends in the K= 2' and K=0 vibrational
energies are illustrated more quantitatively in
attempts~ to fit the experimental results with a
semiquantitative model of the direct-reaction pro-
cess employing fission through a double-peaked
barrier. This model and fits to a variety of ex-
perimental data are presently being refined and
will be reported in detail in the future.
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y rays emitted in the radioactive decays of 5 Eu and Eu have been studied with Ge(Li) and
NaI detectors. Energies and relative intensities were derived from singles experiments with
large volume Ge(Li) detectors and assignments of y rays to transitions in the level schemes
were made with the help cf Ge(Li)-NaI coincidence measurements. In all, 71 y rays were ob-
served in the 5 Eu decay and 51 in the Eu case. Three members of each of the P- and y-
vibrational bands were observed. In addition the results of the coincidence experiments are
used to assign a level at 1649.8 keV as the probable 2 member of the E= 2 band in ~52Sm. The
properties of this state and of the K"= 0" and 1 bands are compared with the properties of
the corresponding states in Gd. It is found that there is evidently less Coriolis coupling be-
tween the negative-parity states in Sm than in 5 Gd. The members of the E~ =1 band in
the former are not inverted as in the latter, and the B(E1) ratios from the K~ =0 states in
the former are in better agreement with the predictions of the rotational model. The low-
energy levels in 5 Gd are considered in light of two possible interpretations. We find that it
is preferable to consider these states as resulting from quasirotations and quasivibrations
than to treat them as members of one-, two-, and three-phonon vibrational excitations about
spherical equilibrium shapes. Finally, a new 2+ level at 1293 keV in 5 Sm is discussed in
light of recent experiments involving two-neutron-transfer reactions to levels in this nucleus.

I. INTRODUCTION

The onset of nuclear deformation is rather
abrupt at the beginning of the rare-earth region
of deformed nuclei. The ' 'Gd nucleus with 88 neu-
trons has been characterized as nearly spherical
in shape, partially on the basis of a vibrational-
like spectrum. The N= 90 nuclei, for example
'"Sm and '~Gd, display the low-lying excited
states characteristic of rotational spectra and are
considered to be deformed. However, these three
nuclei are better referred to as transitional, since
their properties preclude classification as well-
formed spherical or deformed nuclei. For exam-
ple, the first excited state of '"Gd occurs at 344
keV, lower than expected for a quadrupole vibra-
tion about a spherical shape. The levels of the ro-
tational spectra of '"Sm and '~Gd deviate more
widely from the I(I+ 1) energy spacings expected
for rigid rotators than do the levels in heavier

rare-earth nuclei. Also, the quadrupole-vibration-
al states of the two latter nuclei are found at low-
er energies than the corresponding levels in the
heavier nuclei. Comparative studies of these three
nuclei can lead to a wealth of information concern-
ing collective effects in transitional nuclei, and
thus several years ago we initiated experiments on
the y rays emitted in the radioactive decays of

Some preliminary results of this work have been
published. ' Many additional investigations of these
level schemes have been performed, as reported
earlier. 2 In recent years, particularly during the
course of our work, other studies have been re-
ported by Dzhelepov and his coworkers, ' ' Liu et
aE. ,

' and Varnell, Bowman, and Trischuk (VBT),'
who have investigated the '"Sm, '"Gd, and '~Gd
excitation spectra through radioactive decay tech-
niques. Bisgaard, Nielsen, and Sodemann (BNS), '
Katoh and Spejewski, "Malmsten, Nilsson, and


