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UNEXPECTED STRONG PAIR CORRELATIONS IN EXCITED 0 STATES OF ACTINIDE NUCLEI*

J. P. Maher, J. R. Erskine, A. M. Friedman, J. P. Schiffer, f and R. H. Siemssen
Argonne National Laboratory, Argonne, IBinois 60439

(Received 1 June 1970)

The (P, t) reaction has been studied with 17-MeV protons on targets of Th 3, U
and Pu ' 4. The results indicate unexpectedly strong E =0 transitions to states at about
900-keV excitation. Their cross sections are approximately 15 k of the ground-state
transitions; this percentage does not change appreciably with neutron number. This re-
sult, together with other available evidence, seems to suggest a simple and rather stable
collective mode which has not yet emerged from any theoretical calculations.

Two-neutron-transfer reactions have proved
to be especially sensitive in probing pair correla-
tions in complex nuclei. ' In our study of the (P, f)
reaction on six even-even actinide targets, the
yield of the l =0 transition to the first 0' state
at E„=900keV in each case was found to be ap-
proximately 15% of the yield of the ground-state
transition. The observation of such uniformly
strong l =0 transitions is not understood in terms
of present models.

For most even-even target nuclei, two-neutron
transfer with l =0 populates the ground state;
excited 0' states have at most a few percent of
the ground-state yield. Excited 0' states have
been found previously to be strongly excited by
two-neutron transfer in limited regions of the
periodic table. These regions can be grouped
into three categories.

(a) The vicinity of closed shells where the gap
in single-particle states is larger than the pair-
ing interaction. This can give rise to an excited
0' state for which pairing correlations produce
a large two-neutron-transfer cross section

much as they do for the ground state. Such l=0
transitions have been seen in the Pb isotopes and
in Zr, ¹,and Ca isotopes. The concept of pair-
ing vibrations' has been applied to such data with
some degree of success. '

(b) Some deformed nuclei, for which there is
a gap in the energy spacing of Nilsson orbits,
can give rise to a similar situation and also
show a. splitting of the l =0 two-neutron-trans-
fer cross sections. ' Strong excited 0' states
seen in the Yb isotopes~ have been interpreted
in this fashion.

(c) In regions of rapidly changing ec(uilibrium
shape such as is found near N = 90, the l =0
strength seen in two-neutron-transfer reactions
is also found to proceed strongly to excited
states. '

In al1 these cases the fragmentation of the l =0
strength seen in the two-neutron —transfer reac-
tion changes rapidly with neutron number. In
cases (a) and (b) the excited 0' states appear
strongly in the (P, t) reaction only when neutrons
are present in the orbits above the gap. [Strong
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FIG. 1. Spectrum of tritone from the reaction U (p, t)U . The target was 85 pg/cm of U evaporated onto a
carbon foil. The peaks are labeled by the excitation energies (keV) and spine of the corresponding states in U236.

excited 0' states were seen' in Pb2"(P, t)Pb' '
and in4 Yb'76(P, t)Yb"4 but no such strong excita-
tions were observed in Pb'"(P, t)Pb'" or Yb" (P,
t)Yb'7'. ] Also, in the N=90 region, the splitting
in l =0 strength occurs only at the transitional
nuclei.

In an attempt to find further cases of split l =0
strength, we have studied the (P, f) reaction on

targets in the actinide region. Th, U, and Pu
span the gap in Nilsson single-particle levels at
142 neutrons. 7 Effects similar to those seen in
the Yb isotopes might then be expected in these
nuclides. In this experiment the (P, t) reactions
on targets of Th-' U"4 -"3' and Pu'"'4'

were studied with 17-MeV protons from the
Argonne tandem Van de Graaff accelerator. The
tritons were detected in photographic emulsions
placed in the focal plane of a split-pole magnetic
spectrograph. The plates were scanned with a
computer-controlled automatic plate scanner. '
A typical spectrum is shown in Fig. 1.

The angular distributions obtained were suf-
ficient in each case to establish the sharp mini-
mum at -35' characteristic of l =0 transitions.
The most complete data were obtained for the
reaction U'a'(P, t)U ", for which the angular dis-
tributions are displayed in Fig. 2, along with
distorted-wave Born-approximation (DWBA) cal-
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FIG. 2. Angula. r distributions for the reaction U (P, t) U . The relative yields for the various experimental .

data sets are correctly shown. The cross section at -60' for the ground-state transition is 220 ~80 pb/sr. The
DWBA curves were calculated with a spherical 3d&g2 form factor for the solid curves and 1j~5y2 for the dashed
curve. Relative error bars are shown on a few representative points.
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culations. We note a strong l =0 transition to a
hitherto unknown 0 ' state at 920 keV and an / = 2

transition to the known 2' state at 959 kev. The
DWBA calculations fit the shapes of the angular
distributions reasonably well. They were car-
ried out with the computer code TWOPAR' which
assumes spherical single-particle orbits. The
shapes of the calculated angular distributions for
l =0 transitions were not sensitive to the choice
of form factor, while those of l =2 transitions
are unstable in both the calculations and the data,
as shown in the figure. The variation in / = 2

shapes is a characteristic of all our data and has
also been noted elsewhere. " This instability in
shape may be caused by the sensitivity to form
factors or by higher-order processes. In any

case, empirical determinations of l transfer can
be reliably made at present only for l =0; we
have made no spin assignments on the basis of
angular distributions for higher / transfers. One

should note the slight difference in the positions
of the minima in the two l =0 transitions in Fig. 1.
This seems to be a real, structure-dependent
difference; the ground-state Q values for the U

targets studied span the range in Q values be-
tween the ground state and the excited 0' states
and the corresponding angular distributions show

no such shift in shape.
The 0', 2', and 4' members of the ground-

state rotational band were seen in all the reac-
tions studied here. Our results for all states
are summarized in Table I. Absolute cross sec-
tions were also obtained for the three uranium
isotopes with approximately 40/o accuracy; the
ground-state cross sections are constant within
these limits. The most striking result shown

in Table I is the fact that the ratio of the yield
for the excited 0' state to that of the ground
state does not vary sharply for the targets stud-
ied. This precludes an explanation in terms of
the Nilsson-level gap at 142 neutrons because
the U" and Th'" targets have 142 and 140 neu-
trons, respectively, and should show no strong
excited 0+ state under such an explanation. The
excited l=0 transition leading to Pu'4 is in two
fragments whose yields add up to about that of
the one excited transition to Pu' '.

Excited 0' states, and rotational bands based
on them, have long been known in several of
these nuclei. " They have been characterized as
P vibrations though they are not connected to the
ground state by E2 transitions as strong as would

be expected for such a collective shape vibration:
The observed B(E2) values are about twice the

single-particle estimate. In U'", for which care-
ful one-nucleon transfer work has been done with
both the U'"(d, f) and U"'(d, P) reactions, no sign
of this excited 0' band was seen. " These bands
show two additional characteristics. They exhib-
it EO transitions (about one single-pa, rticle unit,
p=0. 2) between members of this K =0 rotational
band and the corresponding members of the
ground-state band. " Rasmussen'~ has calculated
the ratio of EO to E2 transitions expected from
P vibrations if the requirement for volume con-
servation is imposed. Bjornholm" has shown
that the data for these nuclei are in qualitative
agreement with Rasmussen's expectation. It is
interesting to speculate whether the systematic
shift noted in the (P, t) angular-distribution pat-
terns reflects a difference in radius between
the ground state and the excited 0 ' state and has
its origin in the same features that lead to the
EO transitions. Strong alpha-particle decays
to these excited 0' states (with hindrance factors
of -7 relative to the ground state) have been
observed in the few cases in which alpha decay
is possible. This property must clearly be re-
lated to the enhancement we see for these states
in the (P, t) reaction. We also note that the sep-
aration between the excited 0' and 2' states is
systematically less than the 0'-2' spacing in
the ground-state rotational band, and is also
more nearly constant. The spacing for the ex-
cited band decreases from -43 to -40 keV in
going from Th to U and Pu isotopes, mhile the
ground-state value over the same isotopes de-
creases from -55 to -44 keV. The moment of
inertia for the excited band would thus be 10-20'%%up

larger than that for the ground-state band, and
is less sensitive to neutron number in this re-
gion.

There have been several published calculations
of excited 0' states in which the pairing and the

P vibration modes were allowed to mix. The
numerical work in the rare-earth regions in-
dicates large fluctuations in two-neutron trans-
fer amplitudes for neighboring nuclides —in other
words, it indicates great sensitivity to the under-
lying microscopic population of Nilsson orbits. "
Calculations for actinide nuclei have also been
carried out, though the two-neutron-transfer
amplitudes are not available. " Every expectation
is that such calculated wave functions would re-
flect fluctuations in two-neutron-transfer ampli-
tudes similar to those found in the rare-earth
region.

The interesting and surprising result of this
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Table I. Properties of states observed in the present study. In addition to the
states shown belo~, preliminary results indicate excited 0 states in Th230 Rnd
Cm248 at 633 and 1173 keV with 0.18 and 0.12 of the ground-state cross section.
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0
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0
+

(2 )

0. Z4
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The estimated uncertainty is 10 keV.
The estimated uncertR1nty 18 2 keV fol the U and U levels Rnd 5 keV fox'

levels in the other nuclei.
'Spin and parity assignments taken from Ref. 11, except for previously unob-

served E =0 transitions, and the 2+ states in parentheses whose spins are ten-
tatively assigned from the fact that they are -40 keV above a 0+ state.

For 0+ states the ratio of the cross section of the excited state to that of the
ground stRte 18 given. If we wexe to- BxtrRct the Q dependence, Rs g1ven by
D%BA calculations, this mould increase this ratio by 15-20%. The ratios are
accurate to -25 k. Because the E =2 shapes fluctuate drast1cally, the ratio is
that of the averages of the cross sections observed at two angles (30' and 60').
The angular distributions for L =0 shapes are sufficiently stable for the ratio to
be neRrly 1ndependent of Rngle.

State previously unobserved.

study lies in the population of the first excited
0' state for each actinide target with substantial
and approximately constant strength. '~ The
properties of these 0' states-namely, the rather
weak E2 transitions to the ground state, the EO
transitions, the strong e decays, and oui large
values for the Q, f) cross sections —do not seem
consistent with the expected properties of either
P vibrations or pairing vibrations. All the evi-
dence seems to point to this 0' state being a
simple and rather stable collective mode, closely

related to the ground state and not included
among the presently known collective excitations.
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SEPARATION OF DIRECT-REACTION AND COMPOUND-NUCLEUS CONTRIBUTIONS
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By comparing energy spectra of protons from {P,P') reactions on various tin isotopes,
a clean separation between direct-reaction and compound-nucleus contributions is made
and the two processes are studied independently. The compound-nucleus results are in
good agreement with predictions from the Gilbert-Cameron level densities. The direct-
reaction angular distributions become quite isotropic for large —Q; the direct reaction
cross section at 17 MeV is about one-third of the total reaction cross section.

Measurements were made of energy distribu-
tions of protons emitted at various angles follow-
ing bombardment of various Sn-isotope targets
with 17-MeV protons. Typical results are shown
in Fig. 1. The cross lines on the curves there
show the maximum proton energy for which sub-
sequent neutron emission is energetically possi-
ble; the increased intensity to the left of these
cross lines in the spectra from Sn'" and Sn" are
clearly due to (p, np) reactions, so we will tem-
porarily ignore that part of the spectrum. The
peaks in the spectra, for Q ( —9 MeV are due to
(p, np) reactions from excitation of isobaric ana-
log states in direct (p, n) reactions, and the
peaks in the spectra for Q )—6 MeV are due to
excitation of individual collective states by direct
reactions, but these are of no concern here. The
aspect of Fig. 1 we emphasize here is the differ-
ence between the spectra from light and heavy

isotopes, and its regular progression with mass
number in the region above and a short distance
below the (P, nP) threshold where there are no
peaks or where these peaks can be averaged
over.

There are two well-known processes leading to
(P,P ) reactions in this mass region, direct re-
action (DR) and compound nucleus (CN). The DR
process is controlled by the relationship between
the nuclear structure of the ground and excited
states, and this relationship is extremely simi-
lar for all even-A Sn isotopes; we therefore ex-
pect the DR contribution from these isotopes to
be virtually identical. The cross section for the
(p, p') CN process, on the other hand, is very
sensitive to competition from (p, n), and hence
is highly sensitive to the Q value for the latter
reaction. In the heaviest isotopes where Q(P, n)
is near zero [the value for Q(P, P')], neutron
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