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describes the relativistic effect and nuclear po-
larizability. (Similar calculations for "N, "N,
and "C agree within 0.1% with this "0 calcula-
tion. ) In this figure the data for a given beam
energy and projectile have been averaged over
the measured backward scattering angles (6&,b
= 140', 145, 150', etc. ) in order to improve the
statistics. It can be seen in Fig. 3 that above 20
fm ' (which corresponds roughly to E» = 20 MeV
for "0) the data agree substantially with the pre-
diction, but below 20 fm ' the data lie slightly
above the prediction. This enhancement below
20 fm ' may in part be caused by our neglect of
atomic polarizability. It should be pointed out
that the screening effect we are subtracting from
the data to make this plot changes by more than
0.8% from 10 to 20 MeV; thus a 10% underesti-
mation of this screening effect could give rise
to the discrepancy.

In summary we have seen unambiguous evi-
dence for the presence of a combination of nu-
clear polarizability and the relativistic effect.
It is not possible from numerically fitting the
data alone to determine the relative importance
of these two effects. Nevertheless, if one sets
nuclear polarizability at its normal value with a
25% error one has a measurement of relativistic
dynamics with 30% accuracy. By taking the
opposite tack and assuming the validity of rela-
tivistic dynamics, one has a measurement of

averaged nuclear polarizability with 25% accura-
cy. Static electron screening appears to be rea-'

sonably accurate (to within 10%) while the meas-
urement of vacuum polarization was masked by
the uncertainties in atomic screening.
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Measurement of the g Factor of the 237pu Short-Lived Fission Isomer
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The perturbed-angular-distribution method has been used to measure the g factor of the
7 =122(10)-nsec fission isomer in Pu. To eliminate unwanted perturbations, a special
cubic nonparamagnetic alloy, UIr2, was heated to 950'C and used as the target. The
quantities measured were 422=+0.21(6) and g= —0.45(3). The g factor is consistent with
the I=3 ground state of the 871 2+ Nilsson. orbital, and the fission anisotropy is consistent
with &= 2 at the second saddle point.

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

The fission isomers offer a unique opportunity
to study nuclear structure at large deformations,
and several beautiful experiments" have shown
that the isomers have axis ratios of the order of
2 to 1. With the exception of '"Pu, ' more de-
tailed information on the structure of these inter-

esting nuclei has not yet been obtained because of
the difficulty of making magnetic-moment meas-
urements in the actinides. The perturbed-angu-
lar-distribution technique usually employed for
g-factor measurements of isomeric states re-
quires that the nuclear alignment be preserved

982 1982 The American Physical Society



VOLUME 48, NUMBER 15 PHYSICAL REVIEW LETTERS 12 APRj:L 1982

for a time sufficient to observe a precession of
the isomer in an applied magnetic field. Although
a magnetic-moment measurement of "'Pu(v = 1
@sec) was reported, ' subsequent attempts to per-
form similar experiments have not been success-
ful, ' presumably because of loss of the fission
anisotropy by various mechanisms. In this Let-
ter we report a measurement of the g factor of
the v = O. l-@sec fission isomer in '"Pu where
new techniques have been used to avoid this align-
ment loss.

Since the actinides have an unfilled 5f electron
shell, they are in general paramagnetic, and this
gives rise to two difficulties. First, the effective
field at the nucleus will be the exter'nal field plus
the time-averaged hyperfine field. The effective
field depends on the temperature of the host and
on the charge state of the atom in the metallic
host. Ancillary experiments which are very time
consuming must be performed to determine these
parameters. In addition, the atomic spin fluctua-
tions of the actinide atom can relax the nuclear
alignment via the hyperfine coupling. Whether or
not this occurs depends on the fluctuation time,
7„which is not well known for the actinide ele-
ments. To circumvent these difficulties, we have
chosen a cubic nonparamagnetic alloy of uranium,
UIr„as the target host in our experiments. The
analogous alloy PuIr, is also cubic and not para-
magnetic. These alloys are extremely dense
with small atomic spacings, and their magnetic
properties are known to be quenched for small
actinide-actinide distances. In addition the
chemical stability of the alloy greatly facilitated
the target production and handling.

The experimental arrangement is shown in Fig.
1. The nuclear reaction '35U(o. , 2n)'" Pu was ef-
fected by a beam of 25.2-MeV o, particles from
the Stony Brook FN tandem Van de Graaff accel-
erator. Before injection into the tandem acceler-
ator the beam was swept across an aperture
every 2 @sec, producing a pulse approximately
40-nsec wide. This pulse was bunched to about 2

nsec, and another set of plates after the tandem
accelerator was used to sweep away any particles
not arriving in the pulse. For some experiments,
an 0.5-psec repetition period was used. The dark
current between pulses was monitored by a solid-
state detector at 45 to the beam direction. Foils
were placed in front of this detector to stop all
fission fragments so that only Coulomb-scattered
n particles were observed. The total dark cur-
rent between zero crossings of the post-accelera-
tion sweeper was less than 10 ' of the prompt in-
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FIG. 1. Experimental arrangement.

tensity, as compared with the delayed to prompt
fission intensity of 10 '.

The target consisted of 4 mg/cm' of '"UIr,
sputtered onto a 4 mg/cm' molybdenum backing.
To continuously anneal any radiation damage
present in the target, it was heated to 950 C by
passing a current through the foi1.. The tempera-
ture and resistance of the target were monitored
closely. After an initial drop in resistance of
several percent associated with annealing of the
sputtered alloy, the resistance remained constant
for several days for pressures lower than 2x 10 '
Torr. This pressure was maintained by a cryo-
pump and by a liquid-nitrogen shield surrounding
the target. Even a brief pressure excursion,
such as from warming the shield, resulted in an
increase in the resistance of the target. Subse-
quent x-ray analysis of a target with increased
resistance indicated the presence of uranium ox-
ides. Targets maintained in good vacuum showed
predominantly UIr, lines and only these data were
used for the g-factor measurements. Data from
targets which showed oxidation were used only
for the lifetime and isomer ratio determination.

The fission fragments were observed by 450-
mm', 100-pm-thick solid-state detectors (see
Fig. 1). Their outputs were fed into fast differ-
ential discriminators whose levels were set well
above any pulses from cv particles. Signals from
detectors 1 and 2 were added together and used
to start a time-to-amplitude converter which was
stopped by a signal from the beam pulsing sys-
tem. A second set of signals from the discrimi-
nators was used to route these time spectra into
quadrants of a multichannel analyzer. An identi-
cal system was used for detector 0 and the o de-
tector, The electronic systems were checked by
introducing random pulses from a pulser while
the intense prompt counting rate was present,
and a constant delayed spectrum was observed.
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From the measured delayed time spectra in de-
tectors 1 and 2, the ratio R(f) = (N, —N, )/(N, +N, )
was formed as it is most sensitive to a precess-
ing angular distribution. The ratio functions for
two different runs are shown in Figs. 2(a) and

2(b), along with least-squares fits by the function
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where A„ is the coefficient of P,(cosB) in the angu-
lar distribution of the fission fragments and b, y
accounts for a small deflection of the beam.

Although individual points are in general only
two standard deviations away from isotropy, the
systematic deviations are correlated in time and
they reversed sign when the field was reversed.
The sign of the anisotropy is determined from
the phase of the oscillations in the 180' detector,
which are shown in Fig. 2(c). The parameters
obtained from the least-squares fits of these da-
ta are shown in Table I. The lifetime deduced
from the sum of the data was w = 122(10) ns. The

ratios of production cross sections for the iso-
mers were determined as o,„„,/a„„=0.36(6),
and o,„„,/o „,'= 5.4(3)&& 10 '. The values A,
=+0.21(6) and g = —0.45(3) are adopted from the
average of all the data in Table I. An upper limit
of A4& 0.12 was also determined from these data.
The A, have been corrected for finite solid angle
of the detectors. From the temperature-indepen-
dent susceptibility of the PuIr, (Ref. 6) the cor-
rection to the magnetic field was estimated to be
less than 2% and was not made.

The lifetime obtained is in excellent agreement
with the previous measurements of Refs. 7 and 8,
but disagrees with Ref. 9. The short pulsing rep-
etition period used in Ref. 9 makes the separa-
tion of the short and the long lifetimes difficult.
The anisotropy obtained in Ref. 9 is also in dis-
agreement in sign and magnitude with the present
value, possibly because of the same reason. The
measured magnitude of the anisotropy A, should
be viewed as a lower bound, as it is still possi-
ble that some fraction of the nuclei are relaxed
by dealignment processes. The anisotropy is
consistent with an I = 2 or —,

' level fissioning
through a state with K = 2 at the second saddle
point, although other values of I and K cannot be
ruled out from this evidence alone. The meas-
ured production ratio of the short- and long-lived
isomers is consistent with the previous measure-
ments of Ref. 7 at similar bombarding condition.
When coupled with the recent electron-induced
fission work, ' the possible spin of the long-lived
isomer is most likely ~ or ~.

The measured g-factor, —0.45(3), is unusually
large in magnitude for a deformed odd-N nucleus.
The g factor for a deformed'nucleus is related to
the nuclear quantum numbers by"

(2)

g, =g~+ (glr -g ~)[K'/I(I+1)]
x [1+t(21+1)(-1)"""], (3)

I I I I I,
l00 200 500 400 500

time n sec detector
(deg)

TABLE I. Experimental results.

A 2 &y (deg)
FIG. 2. (a) Ratio function formed from detectors 1

and 2. For this data 0.5-@sec repetition period was
used. The smooth curve is a least-squares fit of Eq.
(1). {b) Ratio function as in {a) but with 2-@sec pulse
repetition period. Note the reversal of the initial phase
when the direction of the magnetic field was reversed
relative to (a). (c) Time spectrum in the 180 detector
taken simultaneously with (b) . The solid (dashed) curve
corresponds to A2 positive (negative).

+ 135
+ 135

180 b

—1.18 —0.44 (6) + 0.23 (10)
+ 0.82 —0.44(4) + 0.20 (7)
+ 0.82 —0.47(5) + 0.22 (7)

15 (22)
—2 (11)
10(16)

~The quoted values have been multiplied by 1.2 to cor-
rect for finite solid angle.

The 180' data were fitted by the function Ne (1
+ (8A2/(4+A2) ] cos2((gpB/@ t —EP]) .
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where b, the magnetic decoupling factor, is zero
except for K = 2 bands. Since the main contribu-
tion to the magnetic moment for odd-neutron nu-
clei is the spin moment of the neutron, states
with large g factors must necessarily have small
orbital angular momentum since the g factor is
the ratio of magnetic moment to angular momen-
tum. From Eq. (3), we also see that intrinsic
states with large negative g factors are made
more positive by the rotational contribution, g&.
Only if we consider K= —,

' bands with the decoup-
ling term in the magnetic moment can we achieve
large negative g factors.

Figure 3 shows the states obtained by Moiler
etal. "with a modified oscillator potential using
the standard Nilsson model parameters, p, =0.325
and ~ = 0.0635, as a function of e, deformation. In
this calculation, the second minimum of energy
was obtained at &, = 0.61, &4

——0.065. Leander"
has calculated the g factors of these states at this
deformation withg„=0. 4, g, =0, andg, =0.7
xg, (free). The only state with large negativeg
factor within 2 MeV of the Fermi level (N = 143
for '"Pu) is the 871 ~' state, where the calculat-
ed decoupling parameter, a = —1.75, puts the I=2
member of the K = 2 band lowest. The depen-
dence of the g factor and of the level ordering of
the K = 2 band on deformation was tested by vary-
ing e, and e, around the minimum energy values.
Variation of e, from 0.58 to 0.64 or e~ from
0.055 to 0.075 did not change the level order in
the band while the g factor varied from —0.53

FIG. 3. Nilsson model levels using the modified oscil-
lator parameters from Ref. 11. The g factors which
label each state are calculated at &2 = 0.61 and &4= 0.065.
For Pug/=143), ~no= 7.08 MeV.
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to —0.28 or —0.32 to —0.49, respectively. For
deformations e, &0.64 or &4(0.055 the ground-
state spin changes to I= 2, and no other state
with large negative g factor can be found in the
calculations.

Several other calculations using different poten-
tial shapes or different interaction strengths
have been made. "" The 871 &+ level appears
near the Fermi level in these calculations, but
is in general 1 MeV too high in energy. Hama-
moto and Ogle" have shown that the energy of
this level is rather insensitive to the strength of
the spin-orbit interaction, and so other higher-
order effects" may be required to bring the level
slightly lower in energy.
Libert, Meyer, and Quentin" have utilized a

self-consistent Hartree-Pock calculation and ob-
tained states in the second minimum which are
very strongly mixed. A state with I= &, K =-,',
and g = —0.55 is found for '"Pu, but the calculat-
ed decoupling parameter of = —1 does not defi-
nitely place the 2 member of the K = 2 band as the
ground state. The nature of this strongly mixed
state should be studied in more detail to deter-
mine whether it offers an alternative explanation
of the measured properties of the '"Pu fission
isomer.

The measured g factor is very unusual for an
odd-N nucleus and can only be explained by a very
limited number of configurations. This fact
should aid in further attempts to understand nu-
clear structure at large deformation.
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Isosyin Splitting of the Giant Dipole Resonance in 6oNi
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The most stringent test to date of the concept of isospin splitting of the giant dipole
resonance in a medium-weight nucleus has been performed by a study of the (p, no), (p,
po), and (p, p) reaction channels for Ni. The ground-state photoneutron cross section
for ' Ni was measured and compared with the already known (y, po) reaction cross sec-
tion in order to demonstrate isospin splitting. The relative strength and separation of
the isospin-dependent components of the resonance were estimated from an analysis of
photon scattering data.

PACS numbers: 25.20.+y, 24.30.Cz, 27.50.+e

It is widely accepted that in nuclei with a neu-
tron excess [ T = (N —Z) /2 & 0], the isovector
giant dipole resonance (GDR) is shared between
a T,=—T and a T, = T+1 component and that these
components are split in energy, primarily by the
nuclear symmetry potential. " Fallieros and
collaborators have developed an extended sche-
matic model, which we refer to as the isospin
splitting model (ISM), in which the T, and T,
dipole states are predicted to be separated by
an amount'

~ =60(T+1)/A MeV,

and to have dipole matrix elements in the ratio'

Ir, i' 1 1-1.5TA '+T(T —s)/NZ
Ir, I T 1+1.5A @' —(T —2)/NZ

where 4 =N+Z. Although both these predictions
are fairly well supported by data on light nuclei, '
previous experiments on medium-weight nuclei
have concentrated primarily on the energy split-
ting. ' There has not yet been a quantitative test
of Eq. (2) in a medium-weight nucleus. In this
Letter we reinvestigate the question of isospin
splitting in "Ni. We will show that a new meas-
urement of the "Ni(y, n,) cross section and a re-
analysis of the "¹i(y,y) data provide confirming
evidence for the predictions of the ISM.

Diener et al. ' already have considered the ques-
tion of isospin splitting in "Ni and have meas-
ured the "Co(p, y,)"¹cross section throughout
the giant-resonance region. These data [see
Fig. 1(a) ] indicate two peaks located near 17 and
20 MeV. At that time, the total (y, n) data, of
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