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g Factors of High-Spin Yrast States in 232Th and 23sU
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Extremely large precession angles (0.24 rad) have been observed when Coulomb-ex-
cited, 2-MeV/A actinide recoils decelerate in ferromagnetic Gd. In both ' Th and U
the g factors increase above spin I = 188. This is the first direct evidence for rotation
alignment of i&3'& protons in the actinides. In Th there is also evidence for alignment
of j&&y2 neutrons below I = 16h.

PACS numbers: 21.10.Ky, 21.10.Pc, 25.70.Kk, 27.90.+b

When the angular velocity of well-deformed
rotational nuclei increases, the angular momenta
of single-particle configurations tend to align
along the axis of rotation. ' This interplay be-
tween collective and single-particle degrees of
freedom has been extensively studied in deformed
rare-earth nuclei where it is now believed"
that the onset of strong spin alignment derives
from i»g, neutron configurations.

In contrast to the rare-earth nuclei, the high-
spin excitations in the actinides provide a much
less explored, and probably more complex test-
ing ground of rotational alignment. Multiple-
Coulomb-excitation experiments with '"Pb
beams4 ' have recently shown a very gradual in-
crease of the aligned spin i which is indicative
of strong interactions between the ground-state
band and the superband. In the actinides both

i„y, proton and j„g, neutron quasiparticles are
near the Fermi surface and cranked shell-model
calculations" ' predict that the critical fre-
quencies for alignment of these high-j particles
are nearly the same. Consequently the aligned
spin i may contain both proton and neutron quasi-
particle components. Specific information about
the alignment has come from the odd nuclei ~93Np

and '»U where the unpaired particle blocks one
of the two band crossings. ' A more direct test
is the measurement of nuclear g factors since
the aligned proton and neutron contributions are

of opposite sign.
Because of the short mean lifetimes of the col-

lective rotational states which become shorter
than I ps at I ~ 228, polarized magnetic fields
much larger than 10 MG (= 1 kT) are required to
generate substantial precession angles. Such in-
tense magnetic fields are experienced by nuclei
decelerating in polarized ferromagnetic materi-
als." These "transient magnetic fields" (TMF)
have been studied extensively in several labora-
tories" with recent emphasis on high recoil ve-
locities. They have already been exploited to
obtain g factors of collective states below" and
at" the critical frequency in some rare-earth
nuclei. In this Letter we report the first meas'-
urements of the spin dependence of g factors in
the actinides. The precession angles and the
associated TMF's are by far the largest that
have been observed.

Empirical systematics of the TMF have estab-
lished its approximate dependence on the velocity
and Z of the recoiling nuclei in various ferromag-
netic hosts, but no model is available for reliable
calculations, or even for reliable extrapolations
into the actinide region from the nearest calibra-
tion points at Z =64 and 69." The present ex-
periment was designed so that firm conclusions
could be drawn independent of the detailed be-
havior of the TMF. The basic method is a com-
parison of the spin preeessions of the lower spin
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states with that of the higher spin states of the
same nucleus, providing the same time history
of the TMF in both experiments. To reach two
different spin regimes, 1-mg/cm'-thick targets
of "'Th or "'U on thick (150 mg/cm') single
crystals of ferromagnetic Gd (kept at 80 K) were
multiply Coulomb excited, first with use of a
4.1-MeV/A "'I beam from the Max-Planck-
Institut fur Kernphysik (Heidelberg) postaccelera-
tor, and then with the 5.1-MeV/A ' Nd beam
from the Darmstadt UNILAC. The maximum
spins populated in the two bombardments were
(16-18)8 and (22-26) h, respectively. Scattered
projectiles were detected at backward angles
between 125' and 160' in an annular parallel-
plate avalanche detector, "and corresponding
actinide recoils emerged at 0 in a narrow cone
from the targets. To match the initial recoil
velocities into the Gd, a nonmagnetic buffer lay-
er of 4.6 mg/cm' Pb was sandwiched between the
targets and the Gd for the "'Nd experiments, re-
ducing the recoil energies from 3 MeV/A to the
2 MeV/A in the "'I runs. Corrections for y de-
cays in the buffer layer (transit time 0.2 ps) have
been made by using the computer code TBAFIC
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(see Ref. 16); because of large feeding intensities
from higher states they are negligible for I -168.

y rays in coincidence with backscattered beam
particles were observed in two large-volume
Ge(Li) detectors positioned at 6&=+63' where
the logarithmic slope of the angular correlation,
S=-(d1'/do&)/Y, is near a maximum for E2
transitions between high-spin states. The y ray
spectrum for "'U in coincidence with backscat-
tered "'Nd is shown in Fig. 1. The experimental
cross sections for the strongly excited yrast
bands are given in the top panels of Fig. 2; they
are in good agreement with multiple-Coulomb-
excitation calculations. " Doppler -broadened
lines from excitation of the noncollective pro-
jectiles '"I and "'Nd were only seen weakly, and
did not interfer significantly with the lines of
interest.
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FIG. 1. Typical spectrum of p rays observed in
coincidence with 2Nd backscattered from a U multi-
layer target. The inset shows the yield change for one
of the transitions when reversing the external polariz-
ing field.
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FIG. 2. Results obtained from multiple Coulomb ex-
citation of 3 Th and 3 U with beams of 'f and ~4 Nd.
Upper panel: cross sections observed in coincidence
with backscattered '"I (dashed line) and '4'Nd (solid
line). Middle panel: precession angles y for the E2
transitions from various probe states, observed ex-
perimentally and calculated with the assumed g factors
shown in the lower panel. Lower panel: the g factors
assumed in the analysis of the precession angles to be
either constant {dashed lines) or to include rotational
alignment effects {solid lines). Total errors {vertical
lines) refer to relative g factors and do not include
uncertainties from the extrapolation of the transient
field.
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The effect of reversing the polarizing field
(B,„,= 0.26 T) is shown in the inset of Fig. 1 for
one of the 6.3 detectors. With use of the total
line intensities the yield effect, e =(Y& —y'&)/(&&
+ 1'&), was obtained in the usual way" from the
double ratio of counting rates in the two detectors.
The e values varied between 10~/0 and 16/o. The
computed logarithmic slopes S vary slowly from
0.71 for the. 8-6 transition to 0.66 for the 24-22
transition. The precession angles, y=&/S, are
shown in the middle panel of Fig. 2 (the rather
inaccurate values for the highest transitions are
omitted).

Several conclusions follow from the precession
values as a function of spin:

(1) The static magnetic fields on Th and U nu-
clei are small (-20+20 T). This follows from
the fact that the precession angles for the lower
states are independent of the mean lives which
range from 87 ps (at I= 6R in "'Th) to 4.7 ps (at
I=14h); the stopping time is 3 ps.

(2) For both 'Th and "'U the g factors for the
high-spin states (18-24)S are higher than those
for the lower states (10-16)h. This follows from
the observed increase of the mean precession
angle ~ y~ for the transitions 14-12-10-8when
these states are probing the higher-spin states
in the '4'Nd runs. For the probe states preces-
sions in the static field and y decays in flight
(see line shapes in Fig. 1) are negligible. In
going from "'I to '4'Nd beams

~ P ~
increases

from 159+8 to 197+ 11 mrad in "'Th and from
219 + 6 to 240*8 mrad in "'U, whereas the probed
average spin of precession increases by -2.8h.
From a statistical t test we find probabilities of
only -5/0 that the probe-state precessions are
caused by constant g factors.

(3) Further evidence for proton alignment can
be seen in the "'Nd data only. With constant g
factors one would expect a marked decrease of

~ y~ above I=165 because of y decays in flight
(see discussion in Ref. 16). The near constancy
of the data indicates that the g factors are in-
creasing with spin and compensate for the effect
of finite lifetimes.

(4) The g factors for the lower [(10-16)h] states
in BU are significantly higher than those in Th
since it appears unlikely that the large change in

~ P~ from 159 to 219 mrad can be ascribed to an
increase in the TMF on increasing Z by -2~/p.

The qualitative features of the g factors are in
agreement with recent cranked shell-model cal-
culations. ' " The calculations indicate that the
interaction V between the ground band and the

lowest j»y, quasineutron band is at a maximum at
M=142, and near a minimum at M=146, while V

between the ground band and the lowest i/3/2
quasiproton band is near a maximum for both Z
= 90 and 92. Thus early neutron alignment is
expected in gpThy42 but not in '»U, ~, while proton
alignment is expected in both.

For a quantitative analysis we have followed
Ref. 16 in calculating the precession angles for
various trial values of the g factors, taking into
account the initial populations and angular-corre-
lation tensors, and the level lifetimes' up to the
26' level. For the TMF we have assumed the
expression B(v, Z) = aZv/v, exp(-Pv/n, ), where
n/v, is the recoil velocity in units of the Bohr
velocity o, =c/137. The parameters a=27+1.5 T
and P =0.105+0.020 were determined for Z =64
and 69 recoils. " The heavy-ion stopping powers
were derived as described in Ref. 16 and are in
excellent .agreement with recent experiments"
using 0.6-1.4 MeV/A "'U beams. The dashed
lines in the middle panels of Fig. 2 are fits to
the '"I data sets assuming constant g factors.
The values are g(~'Th) =0.28+0.02 and g("'U)
=0.37+0.02, where only statistical errors are
quoted. The differences in g are larger than
would be expected in these well-deformed nuclei.
Furthermore, the precession angles observed
with ' 'Nd beams are significantly above the
dashed lines.

More reasonable fits to the data are obtained
when rotation alignment effects are included on
the basis of the conclusions given above, i.e.,
under the assumptions of proton alignment in
"'U (see also Ref. 7) and a combination of both
proton and neutron alignment in ' Th. Each unit
of aligned proton spin adds an amount (g,~-g~)/
I-0.9/I (Ref. 19) to the constant rotational g fac-
tor g~, whereas each unit of aligned neutron spin
subtracts (g;"-g„)/I--0.5/I (Ref. 19) from it.
The aligned spins i can be estimated from the dif-
ference between the experimental spins and those
of a smooth reference band. '

The set of g factors g(I) represented by solid
lines in the lower panels of Fig. 2 is one of sev-
eral similar ones that are in good agreement with
the precession data. It implies rotational g fac-
tors, g~("'Th) =0.30+0.02 and g„("'U) =0.32
+ 0.02, that are reasonably similar. Our analysis
suggests that, to an estimated total uncertainty
of 40~/0, the aligned proton spin increases with I
in both nuclei, under the assumption of a value of
i~ -2.8A at I=20A, whereas the aligned neutron
spin reaches a value i„-1.6h at I=16' in "'Th.
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These aligned spins are possibly larger than
those derived from the experimental spins by
using adopted reference bands. In 'U we find
a factor of 2.5+1.0 over the proton alignment
i~(20+) =(1.1+0.5)h obtained in Ref. 7.

In summary, we have observed extremely large
transient field effects for actinide recoils in
single crystals of ferromagnetic Gd. From a
comparison of accurate precession angles for
probe-state transitions which sample g factors
in two different spin regions, we find evidence
for the onset of proton alignment at spins 1=(18-
24)h in both "'Th and "'U, and for partial neu-
tron alignment below I= 168 in "'Th. These quali-
tative findings are independent of details of the
TMF, of the static field, and of the level life-
times. They demonstrate the importance of high-

j intruder orbitals for yrast states in the acti-
nides.
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