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g factors of the 80 and 1094 kev states of ' Er
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The g factors of the first excited and 1.094 MeV states of ' 'Er have been obtained by the time integral
and time differential perturbed angular correlation methods using two large volume Ge(Li) detectors. The
results are found to be g(2+) =0.31+0.03 for the first excited state and g(4 —) = 0.24+0.01 for the
1.094 MeV state. These values are compared to the experimental results reported previously and to
theoretical predictions.

HADIOACTIVITY ' Er level; measured yy coin. , py (8,t), deduced T&~2,
relaxation constants; measured yy (8,H), yy (8,Il, t ). TIPAC, TDPAC meth-

ods, deduced g.

I. INTRODUCTION

'"Er is one of the typical deformed even-even
nuclei, and excited states of this nucleus are des-
cribed fairly well by the rotation-vibration model.

Besides the usual ground-state rotational band,
three other bands have been identified in the spec-
trum, havingK~=2+, 4-, and 3-, respectively.
The 1.094 MeV level has been identified as the
band head of aK~=4- rotational band and may be
represented by a configuration involving two neu-
trons in the Nilsson orbits (633 -', ') and (521 —,

' ).'"
This observation is supported mainly by reaction

studies, ' ' but there is only one measurement of
the g factor for this level that has reasonably
small experimental errors. ' Recently, two neu-
tron resonance measurements have been reported,
but these have large experimental errors."

In general, the spin rotation method on gamma
radiation from radioisotope decay can be carried
out with rather small experimental errors com-
pared with the results of the neutron resonance
method. However, it is fairly difficult to measure
the g factor of the 1.094 MeV level populated in the
"'Tm decay, as the strong 448-198 keV cascade
has a very small anisotropy.

In the present work, two large volume Ge(Li)
detectors mere used, and the time differential spin
rotation measurement has been performed in HI
solution for the 448-830 keV cascade whose aniso-
tropy was expected to be larger, by about a factor
of 7 than that of the 448-198 keV cascade. The
time integral rotated angular correlation measure-
ment for the 816-80 keV cascade has also been
carried out, and the g factor of the first excited
state was evaluated.

These results were compared with others ob-

tained so far. ' " Furthermore, the results from
the time differential perturbed angular correlation
measurement have been examined in order to de-
termine the relaxation time in the HI solution.

The time integral rotated angular correlation
and time differential spin rotation measurements
mere carried out at the Research Laboratory of
Nuclear Science, Tohoku University, while the
time differential perturbed angular correlation was
measured at the Faculty of Science, Niigata Univ-
ersity.

II. EXPERIMENTS

A. Source preparation

A source of about 30 p.Ci of the 93 day '"Tm
isotope was produced by the electron linac at the
Research Laboratory of Nuclear Science, Tohoku
University. A Tm target was bombarded with 60
MeV photons for 48 hours.

The measurements were carried out about two
months after irradiation, in order to let the '"Tm
(T,~, = 9.6 d) activity decay The so. urce needed
for the time integral measurement was dissolved
in HNO, solution, while the source used for the
time differential measurements was dissolved
in HI solution. The liquid solutions were then
placed in plastic source holders which had holes
with 0.4 cm inner diameter and 0.7 cm length.
The source to detector distance was 6.8 cm.

B. Experimental apparatus and measurements

Two large volume Ge(Li) detectors were used
for the time integral angular correlation and the
time differential spin rotation measurements. One
detector mas a true coaxial type, 80 cm' in vol. -
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where ~~ and ~ are the Larmor precession fre-
quency and the mean life of the intermediate state,
respectively.

On the other hand, for the time differential spin
rotation measurements, the two detectors were
separated by constant angle 135, and the total
coincidence counting rates of seven days for each
field direction were obtained for the 448-830 keV
cascade. An external magnetic field of 8900 +100
G wa, s applied in this case. I et the coincidence
rates be W(t, B+, 135'), W(t, B , 135') for the-
up and down directions of the magnetic field, re-
spectively; a ratio C(t, B, 135') was defined the

ume, having a resolution of 2.2 keV [full width at
half maximum (FWHM) at 1.33 MeV]; the other
was a single ended coaxial type, 70 cm' in volume,
having a resolution of 2.4 keV (FWHM at 1.33
MeV).

Coincidence data were taken with a fast-slow co-
incidence system utilizing constant fraction tim-
ing. The resulting data were corrected for ac-
cidental coincidence and for finite solid angle of
the detectors. The finite solid angle corrections
were calculated with a high speed computer by
the Monte Carlo method for each energy and
source-detector distance.

An external magnetic field directed either up or
down with respect to the plane of the gamma rays
was applied to the source, which was placed in
the gap of the pole pieces of the magnet.

For the time integral angular correlation mea-
surement, the coincidence counting rates for the
816-80 keV cascade were accumulated automati-
cally at seven ang1. es from 90-225 with respect
to the symmetry axis of the two detectors. The
magnitude of the external magnetic field, 7300
+100 Gauss, was maintained constant throughout
the time period of data accumulation.

The energy was taken from a timing single
channel analyzer with a window set at 816 +3 keV,
and the time to pulse height converter was ad-
justed to provide a resolving time of about 60
nsec. The measurements were carried out in 10
runs of 8192 sec duration for each angle and for
each field direction, and about 20000 counts were
obtained at 90 . The data were then l.east square
fitted to derive 6 0„404, b„, and b,4 values
which were defined by equations (1) and (2),""

( )
[ )] ( )

b„
1+ 2'~ 'T

usual way be Eq. (3)"'":

2[ W(t, 180') —W(t, 90')]
W(t, 90')+ W(f, 180') (4)

A prompt time distribution was measured with a
"Co source. The resolving time in this case was
6.0 +0.5 nsec.

III. RESULTS

Figure 1 shows the partial level scheme of
"'Er in which the thick arrows a,re related to
several transitions measured in this experiment. "

The single spectra measured with the 80 cm'
Ge(Li) detector and with the NaI (Tl) crystal are
shown in Figs. 2 and 3, respectively. Again, only
the energy values which are related to present
experiments are indicated with arrows.

The time integral angular correlations are
.shown in Fig. 4. The angular coefficients A.» and
A4, for the 816-80 keV cascade have been mea-
sured by several authors. The values

A.» = -0.157+0.008,

A = -0.09 %0.02,

C( 135o 2[W(t, B+, 135') —W(t, B-, 135')]
W(t, B+, 135 ) + W(t, B-, 135')

(3)

For the two Ge (Li) detectors system, the
prompt time distribution was measured by taking
two pairs of energy bands selected with "Na
source. One pair involved the two photopeaks of
the positron annihilation 511 keV y rays and the
other was taken by selecting the photopeak of the
positron annihilation 511 keV y ray in the 70 cm'
Ge(Li) detector, and the 99.0+1.5 keV region of
its Compton continuum in the 80 cm' Ge(Li) de-
tector. In the former case, a resolving time of
9.2 +0.2 nsec was obtained, and it was assumed
to be roughly equal to the resolving time for the
448-830 keV cascade case. In the latter case, a
time resolution of 16.2 +0.5 nsec was obtained.

For the relaxation time measurement, a 35 cm'
Ge(Li) detector for the 448 keV transition and a
3.8 cm&0.64 cm Nai(T1) crystal for the 99 keV
transition were used.

The coincidence counting rates for the 448-99
keV cascade were taken at 90' and 180, with re-
spect to the symmetry axis of the two detectors,
and the measurements were carried out in 7 runs
of two days for each angle. Let the coincidence
rates be W(t, 90 ), W(t, 180 ) for the 90' and 180'
angle settings, respectively; a ratio X(t) was de-
fined by Eg. (4):
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FIG. 1. Partial level scheme of Er taken from

Table of Isotopes (FI,'ef. 15).

5 = —0.022 +0.005 (not corrected for solid angle).

have been obtained by Behar et al. recently. "
Because the A44 value is not negligibly small,

it is necessary to take into account the k= 4 term
in the polynomial expansion for the data analysis
and to use explicitly Eqs. (1) and (2). The fitted
values for Eq. (1) were as follows:

40, = 0.195 a0.015 rad,

40~= 0.176 +0.042 rad,
p.105 +0.004 (not corrected for solid angle)~

8'0 l60 240 320 400 480
CHAMIEL

FIG. 3. Single spectrum of y radiation from 8 Tm
decay obtained with an NaI(Tl) detector of 3.8 cm dia-
meter by 0.64 cm long.

Using Eq. (2), ~~~ was calculated:

~,7=0.206+0.016 rad (from 68,),

v~ v=0.21 +0.05 rad (from g8, ) .

The mean life v=2.68 nsec was taken from the
Table of Isotopes. " A paramagnetic correction
factor 6.9V (20'C) (Ref. 1V) was used to obtain the

g factor of the first excited state:

g(2+ ) = 0.31 +0.03.
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FIG. 2. Single spectrum of y radiation from 1 Tm
decay obtained with the 80 cm3 Ge(Li) detector.

FIG. 4. Time integral angular correlation for the
816-80 keV cascade obtained with two Ge(Li) detectors.
The open and closed circles indicate the up and down

magnetic field directions, respectively. No correction
is made for finite solid angle in this figure.
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This result is shown in Table I and is compared
with the measured values by several authors;
each experimental method is also indicated.

Comparing experimentally obtained b» and &44.

values with A.„and A„values, and taking into
account the solid angle corrections, the attenua-
tion coefficients 6», G4, and the relaxation con-
stants ~„~,can be assigned.

If we adopt the values by Behar et al. for A» and

A44 coefficients, CQI-

O

lO'.—

l0—

&,= (4.3 +1.6)X10' sec '

lO .-

&, = (1.6",",)&&10' sec '

are obtained.
From these results, it is inferred that the mag-

netic interaction is predominant in the HNO, sol-
ution. "

The prompt distribution curve obtained with the
two Ge(Li) detectors system is shown in Fig. 5,
and the delayed curve of 1.094 MeV level for the
intense 448-198 keV cascade is shown in Fig. 6.
From this delayed curve, we assign the half-life
T,~, =112.5 +1.0 nsec, which agrees with previous
results. ' "

Sufficiently long relaxation time is needed in
order to observe clearly the spin rotation effect
by the time differential method. Until recently,
several reports pointed out the long relaxation
time in the HF solution in which minimum
extra perturbations are seen."'" So we tried to

,measure with the source in the HF solution, but

TABLE I. The results of g-factor measurements for
the first excited state by several authors and present

- experiments. Experimental methods for each measure-
ment are shown also.

I I I I

-lO -5 0 5
TIME (n sec j

lo

FIG. 5. Prompt time distribution for the 511-511
keV positron annihilation p rays obtained with two
Ge(Li) detectors and an 22Na source.

since HF acid has very small solubility for
Tm metal, we could not have sufficiently intense
source activity.

In several. relaxation time measurements with
various kinds of solutions, we found that the re-
laxation time in the HI solution, which has a large
solubility for Tm metal, was as long as in the HF
solution. The time dependence behavior of the
anisotropy A(t) for the 446-99 keV cascade in the
HI solution is shown in Fig. 7. Since the coef-
ficient A44 is negligible small in this cascade, it
is sufficient to consider only the attenuation coef-
ficient G»(t) for the attenuation. G»(t) would be
expressed by relaxation constant ~, as follows:

Level
energy
(keV)

79.8

g factor

0.31 + 0.03
0.27 + 0.03
0.333+0.0008
0.305+ 0.010
0.348+ 0.029

IPAC'
IPAC
ME'.
RIGV
CETD

Reference

Present
8
9

10
11

IO—
V)

5—

O
C3

~~~~e
~~~~0~e

~~
~~e

IPAC: Time-integral perturbed (rotated) angular
correlation.

ME: Mossbauer effect.
RIGV: Recoil into gas and/or vacuum.
CETD: Time-differential perturbed angular dis-

tribution of y rays following Coulomb excitation.

lo I I I I I

50 l00 t50 200 250
7IME (n Sec)

FIG. 6. Delayed time coincidence spectrum for the
448-198 keV cascade obtained with two Ge(Li) detectors.
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A(t)

-Ol—

-005—
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these values, the angular coefficient &» is evaluated
tobe -0.098- &»~ 0.002. Moreover, Behar equal.

have assigned the coefficient &» = -0.07 + 0.01for the
448-99 keV cascade and the mixing ratio 6 = —0.06
+0.05 for the 99 keV transition. If these values
are taken into account, the A, value is calculated
to be 0.18-A, - 0.12 for the 448 keV transition and
then, the coefficient A» for the 448-830 keV cas-
cade is evaluated as -0.051~A»»- 0.088. Our re-
sult is approximately consistent with this value.

It is expected that the coefficient A,4 is negligibly
small in this cascade and the time dependence be-
havior would be expressed by Eq. (5):

40 60
TIME (n sec)

12k „,sin2&u~ t
8+ 2A» (5)

FIG. 7. Time differential perturbed angular correla-
tion for the 448-99 keV cascade obtained with the 35
cm3 Ge(Li) detector and the NaI{Tl) detector. No cor-
rection is made for finite solid angle in this figure.

The best fit obtained from the curve in Fig. 7
gives

A.,= (0.81+0.25)X10' sec ' .
This result corresponds to the value (0.75 +0.10)
x10' obtained in HF solution by Behar et al.

The spin rotation measurement for the 448-830
keV cascade by the time differential method is
shown in Fig. 8. The spin rotation effect is clearly
seen. Since the two Ge(Li) system was utilized,
a narrow energy region for the two y transitions
could be selected, and, moreover, since the re-
solving time was approximately as short as for
large Ge(Li) detectors, it is assumed that this
measurement was not much affected by the com-
peting y-y cascades.

The mixing ratios & of the 448 and 830keVtransi-
tions have been reported recently to be -0.06 ~ &

~-0.17 and 0.01~ & ~-0.09by Behar et al. , andusing

prom the best fit of the data to Eq. (5), the
precession frequency was obtained iri an external
applied magnetic field:

(u~ = (7.3 +0.3)X 10' sec '

This value yields g(4-) = 0.24 +0.01, and the sign
is assigned to be positive from the observation of
the direction of the spin rotation with respect to
the applied field direction and of the sign of the
A» coefficient. This result is shown in Table II
and is compared again to the values measured up
to now.

IV. DISCUSSIQN

The g factor for the first excited state of the
present experiment agrees with the previous data
shown in Table I, and particularly agrees with the
results of the RIGV (recoil into gas and/or vac-
uum) and ME (Mossbauer effect) methods. We think
that our result is better than previous results by
the IPAC [time-integral perturbed (rotated) angu-
lar correlation] methodbec, ause we measured
with two Ge(Li) detectors and the data analysis
was done by solving explicitly the relevant equa-
tions; the error in the 6, 0, assignment due to the

0.05-

000
~a

C3 "005- Level energy
(keV) Method Reference

TABLE II. The results of g-factor measurements
for the 1.094 MeV state bJJ several authors and
present experiments. Experimental methods for each
measurement are shown also.

20 40 60
TIME (n sec)

80 IOO & 093.9

0.24+ 0.01
0.45 + 0.02

-0.11+0.18
0.22+ 0.10

DPAC
DPAC
NRESb
NRES

Present
5
6
7

FIG. 8. Time differential spin rotation behavior for
the 448-830 keV cascade obtained with two Ge(Li) de-
tectors. No correction is made for finite solid angle in
this figure.

DPAC: Time-differential perturbed {spin rotation)
angular correlation.

NRES: Neutron resonance energy shift.
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perturbation effect by internal fields, "and to the
contribution from the k=4 term in the polynomial
expansion, is very small.

On the other hand, it is found that there are con-
siderable differences in the results for the g
factor of the 1.094 MeV state, as shown in Table
II. Our result is consistent with the data by Al-
fimenkov e3I al. , who utilized a NRES method, but
is inconsistent with the data by Kim et al. , who

used the '"Tm decay.
The 1.094 MeV level has been assigned to be

I =4 and identified as the band head of aK~=4-
rotational band as mentioned before, and the (d, P)
reaction studies suggest this level to be represent-
ed by a configuration invo1ving two quasineutrons
in Nilsson orbits having 0 = (633 —', ')+ (521-,' ).
The g factor for this configuration can be obtained
from so-called additive theory which is given by

(6) 21 23

where g(I ) is the g factor of a state I, which is a
two particle configuration with the spins j, and j,

and the g factors g, and g„respectively. The value
of the g factor is thus calculated to be g(4 —) =
—0.013 using g['"Er, (633 -', ')„]= —0.162 and
gP"Er, (521 —,

' )„]= 1.03, which were obtained ex-
perimentally for the neighboring odd neutron nu-
clei. It appears that the resulting g cannot be in-
terpreted with the above configuration completely,
and therefore one should take into account the two
quasiprotons state, which is reasonably assigned
to be (523 -', )& and (411 —,")~. Then the g factor
of the 1.094 MeV state can be explained by a mix-
ture of about 3(P/p of the quasiprotons state con-
figuration, with g['"Ho, (523 -', )~]=1.19 and

g['"Tm, (411 —,")~]= —0.643 which were obtained
experimenta11. y in neighboring proton odd mass
nuclei.
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