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Spin and Magnetic Moment of the 1.Q94-MeV State in Er168
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The time-differential directional-correlation function of the 448- 198-keV p-p cascade has
been measured and the half-life of the 1.094-MeV state in @Er is found to be 107.3+ 2.2 nsec.
The time-differential behavior of A22(t) shows a possible time-dependent interaction with a
decay constant ~2= {1.0+0.5) &&10'nsec '. Extrapolation of A22{t) to zero time-delay gives
A 22(0) = 0.007 + 0.004, which is compatible with spin 4 for the 1.094-MeV state and multi-
polarity M1+&8%&2 for the 448-keV transition. The g-factor of the 1.094-MeV state has
been measured, by use of the constant-angle-differential-delay method, and is found to be
g =+0.45 + 0.02. The time-dependent perturbation is interpreted in terms of rapidly fluctuat-
ing 4f electron magnetic hyperfine fieMs with a time-averaged value of 0,9 MG in Er ' at
room temperature.

NUCLEAR MOMENTS Er level; measured yy coin. , deduced J, Tf/2 y rnDc-

ing. Measured yy(O, H), D. D. C, A. method, deduced g, Ere+ hyperfine field.

I. INTRODUCTION

The decay scheme of "'Er has been studied
extensively by many workers, yet the spin and
magnetic moment of the 1.094-MeV state have
not yet been measured directly. From consider-
ation of "'Er as formed from the compound nu-
clide ('"Zr +n'), a spin of 2, 3, or 4 for the 1.094-
MeV state would be reasonable. ' Early rotational-
band calculations indicated a spin of 3 or 4 for the
1.094-MeV level. ' The spin-parity of 3- was
postulated on the basis of the assignment of E1
multipolarity to the 273-keV transitions, from the
measured K/f. conversion-electron ratio. The
electron-capture branching ratios and the log ft
values supported this also. ' Logft values, how-
ever, admitted the possibility of spin 4. Recent
thermal-neutron-capture experiments' ' have
studied the deexcitation mechanism of '"Er and
give a good indication that the 1.094-MeV level
is the band head of a K7t =4- rotational band. This
is supported by recent average-resonance neutron
capture, ' the (d, P) reaction' on "'Er, and angular
correlation studies. ' ' So at present it appears
that a spin-parity of 4- is favored for the 1.094-
MeV level, with 3- also possible.

The 1.094-MeV level serves as the intermediate
level for a rather strong 448-198-keV y-y cas-
cade. The intermediate-level lifetime makes this
cascade an ideal candidate for use in perturbed
angular-correlation work, yet its magnetic di-
pole and electric quadrupole moments have never
been measured. Early time-integrated correla-
tion measurements' gave zero anisotropy for the
448-198-keV cascade. The large hyperfine fields"

of Er", however, suggest that the observed an-
isotropy has a strong time dependence. Because
of the potential of the 1.094-MeV level for use
in perturbed y-y directional correlations, it was
decided to examine the time dependence of the
anisotropy for the 448-198-keV cascade decay
of '"Er and to measure the magnetic dipole mo-
ment of the 1.094-MeV level by using the con-
stant-angle-differential-delay technique.

II. EXPERIMENTAL MEASUREMENTS

A 20- p, Ci source of 87-day ' Tm was obtained
commercially in 6 N HCl and housed in a 3-mm-
diam glass capillary. Source-to-detector distance
was 5.0 cm and NaI crystals were used, with di-
mensions of 3.8&3.8 cm for the 448-keV y ray
and 3.8&&1.2 cm for the 198-keV transition. Coin-
cidence data were taken with a time-differential
coincidence system utilizing crossover pickoff
timing and nominal time-to-pulse-height con-
verter spans of 1 and 2 p.sec. Time resolution
for the energy windows used was 18 nsec. Energy
windows were set at 160 keV &E &220 keV and
330 keV &E & 600 keV for the 198- and 448-keV
transitions, respectively. All coincidence mea-
surements were corrected for accidentals and
the channel-by-channel anisotropies obtained were
corrected for finite solid angle of the detectors.

The constant-angle-differential-delay method"
was used for the measurement of magnetic mo-
ment of the 1.094-MeV level in "Er. The mag-
net used was a Ealing large research electro-
magnet with in-house-constructed pole pieces
having diameters of 2.6 cm. The gap spacing used
was 3.25 cm, and a constant magnetic field with
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magnitude 3750 + 50 0 was maintained between the
pole tips throughout the time period while the data
were being taken. The paramagnetic correction
factor" of Er" at 300 K is known to be 6.83.
Therefore, the effective field at the nuclear site
of Er3' mas 25600+400 0 throughout this experi-
ment.

The two detectors were separated by 135' and
the distance betmeen the detectors and the source
was 12,5 cm at 0' and 20 cm at 135' . Double-
layer magnetic shielding was used, with an inner
layer of iron sheet and an outer layer of fine-
mesh iron screen. Shifts in detector gain due to
the magnetic field applied to the source mere neg-
ligible.

Coincidence rates with applied magnetic fields
directed upwards and downwards were taken and
used to calculate the time-differential behavior
of the ratio C(t), defined" from

W(e„a&, f) -W(e„J3&, t)
W (6o, Bt, f) +W (8O, B0, t)

For I90 135' in our experiment, and assuming that
A»(0)»A«(0), C(f) becomes

12A.»(0}sin2&ust
8+ 2A„(0}

The time-differential behavior of C(t, —,
' v) was ob-

tained by averaging over 112 runs of 10000-see
duration for each magnetic-field configuration.

III. RESULTS

The time-to-pulse-height spectrum for the 448-
198-keV cascade is shomn in Fig. 1. The sharp
spike in the coincidence spectrum indicates the
presence of a competing y-y cascade involving a
nuclear level lifetime small compared to the 18-
nsec time resolution of the coincidence system.
From 1nspectlon of the decay scheme of Erq
this seems likely due to the 448-831-184™keV
cascade, mith the 831-keV transition not observed.
A least-squares fit of the data beyond 40-nsec
delay gives I;„,=107.3+2.2 nsec, which is in fair
agreement with previously published results. ' "

The time dependence of the 448-198-keV an-
isotropy is shomn in Fig. 2. The first data point
at 5-nsec delay me again attribute to the 448-831-
184-keV cascade. Beyond this, there is some
indication that the anisotropy is decreasing with
time. Theoretical calculations of A.« for spin
sequences of 3-2-3, 3-3-3, 3-4-3 all give A«
values ranging from 10 4 to 10 ', so A.«will be
neglected here. The coefficient A»(t) was cal-
culated from the anisotropy A(t), corrected for
finite solid angle of the detectors, and a meighted
least-squares fit was done for an attenuation co-
efficient of the form

G»(t)=e ~'.
The best fit was obtained for

=(1.0+0.5)x107 nsec
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Use of this attenuation coefficient to extrapolate
the data back to t=0 gives A»(0) =+0.007+0.004
for the 448-198-keV cascade. Qur results for
A»(0) and A, (t) agree quite well with very recent"
work done with solid-state detectors, in which
effects of the 448-831-184-keV cascade mere not
present.

The multipolarity of the 198-keV transition has
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FIG. 1. Time-to-pulse-height converter spectrum of
448-198-keV cascade. Arrows indicate region over
which the lifetime of the 1.094-MeV state in ~ Er was
evaluated.

FIG. 2. Time-differential behavior of A22 for the
448-198-keV cascade decay of ~~ Er 6 N HC1 at room
temperature. Solid curve is for a perturbation factor
6 =e ~2~ withe, 2= (1.0+0.5)&107 nsec ~.
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the 1.094-MeV level, the magnetic moment is then
p, = (2.01 a 0.09)p,„.
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FIG. 3. Time-differential behavior of the ratio C(t)
for a relative detector angle of 135' and an effective
applied magnetic field of 25 600 + 400 G. The solid curve
is calculated, using g= +0.45 for the 1.094-MeV level
in '68zr,

been reported' previously to be El + &1%M2.
Using these limits we have compared our experi-
mental A.»(0) with the theoretical A»(0) for spin
sequences 3-2-3, 3-3-3, and 3-4-3. Spin 3 for
the 1.094-MeV level may be ruled out unless one
assumes 5~48=-0.4, which means a 16/0 E2 ad-
mixture for the 448-keV transition, which should
then be strongly hindered. Our data do allow I=2
if 5», = 5«, =0, but this spin is ruled out by many
other experiments. For I=4, we obtain 0.1 &5«,
&0.17 if we assume -0.01 & I5», &0.1. The 448-
keV transition is thus M 1+&3% E2 admixture and

our data strongly favor spin I=4 for the 1.094-
MeV level.

The channel-by-channel C(t, 4 v) is shown in
Fig. 3. Because of the competing cascade, the
first four data points were ignored in obtaining
the g factor. Beyond that, it is very obvious that
C(t, ; v) is a periodic function of time. The theo-
retical C(t), with A««A» and A„=0.007+0.004,
ls

C(t) = 0.011 sin2~st,

where (d~ is the Larmor presession frequency.
A best fit of the experimental data to theory was
found for a period T =58.4+1.4 nsec, which gives,
with B,« = 25 600 + 400 G, g =+0.45 + 0.02 for the
1.094-MeV level in ' Er. Using the spin of 4 for

The attenuation coefficient A (t) may be the re-
sult of aftereffects or due to fluctuating fields
caused by molecular collisions and Er" 4f elec-
trons. We feel that aftereffects may be ruled out
since the environment is 6 N HCl and the hole
caused by the electron-capture decay of ' Tm
should propagate out of the atom within a time
of 10 "to 10 "sec. Fluctuating electric and
magnetic hyperfine fields due to 4f electrons,
however, must be considered seriously.

In the region of '"Er, excited-state quadrupole
moments may be as high as 3 b. If we use this
value and assume a correlation time of 10 " sec,
then the time-averaged field gradient necessary
to explain the observed value of ~, is found to be
on the order of 5x10» V/m', which is much high-
er than ionic fields expected for a normal liquid.
The contribution of Er" 4f electrons to the elec-
tric field gradient at the nuclear site must then
be considered. This has been calculated" to be
-2.7 x10" V/m' at zero temperature, but falls
off rapidly with increasing temperature and is
expected to be negligible at room temperature.

To examine a possible time-dependent magnetic
interaction, using our experimental g factor for
the 1.094-MeV level and again assuming a corre-
lation time of 10 "sec, the time-averaged mag-
netic hyperfine field of Er" necessary to explain
our va.lue of 4 (t) found at room temperature is
0.93 MG. This appears to be quite reasonable,
since Er" is known" to have a magnetic hyper-
fine field of 7.5 MQ at zero temperature and this
averaged field decreases much more slowly with

increasing temperature. We thus conclude that
the time dependence of the observed anisotropy
is due to rapidly fluctuating magnetic hyperfine
fields in Er".

An examination of highly deformed nuclides" in
the mass region of '"Er shows that measured g
factors of those states with negative parity lie be-
tween 0.4 and 0.7. Therefore, the value of the g
factor of a 4- rotational state, as obtained here,
seems reasonable. A direct comparison with

theory cannot be made, however, since rotational-
model calculations of g factors have not been made
for the quasiparticle states of "'Er.
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