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The g factors of the 2~ states in ' ' Ce have been measured using the time integral perturbed

angular correlation technique. The levels were populated by the radioactive decay of mass-separated
'~La which was produced by thermal neutron fission of U. The measured g (2&+) values are

0.24J0.05 and 0.37+0.06 for '~Ce and '~ Ce, respectively. The results are interpreted as a probe of
the number of valence protons participating in the collective motion. Data for Ba, Ce, Nd, and Sm

nuclei in the region of N=90 show a distinct change in the value of g(2&+) as the number of neu-

trons increases from 86 to 90. This change is attributed to the effects of the strong interaction be-

tween the mh il~ and vh9/2 orbits which causes a gradual dissipation of the Z=64 subshell gap,

I. ENTRODUCTION

The fission process provides a large variety of neutron-
rich nuclei, many of which cannot be reached by any oth-
er nuclear reaction. A considerable amount of experimen-
tal work has been devoted so far to the investigation of
these exotic nuclei. In particular, isotopes at the onset of
deformation in the regions of A =100 and A =150 have
been extensively studied. The experimental methods have
included Cf sources, ' fission product separators con-
nected on-line to nuclear reactors, i' and fast chemical
separation.

Recently, a program for the measurement of magnetic
moments of excited states in neutron-rich nuclei has been
initiated at the TRISTAN fission product an-line separa-
tor at Brookbaven National Laboratory. The first experi-
ments were carried out using a conventional electromag-
net. s's In order to extend the measurements to nuclear
half-lives shorter than 0.5 nsec, a superconducting magnet
was installed on one of the five output beam lines of
TRISTAN, and in this work, we report results of g-factor
measurements of the 2i+ states in ' ' Ce obtained using
this facility.

The ' ' Ce nuclei have N =88 and X =90, respec-
tively, and thus are located at the onset of deformation of
the mass 150 region. The measured g factors will be
analyzed within the general framework of the interacting
boson approximation in terms of the effective nu~ber of
proton bosons N' which contribute to the collective
motion in this region. In such a treatment, it is necessary
to take into consideration the dissipation of the effects of
the Z =64 subshell as the number of neutrons increases
beyond N =90. This approach has been used previous-

ly 5's and it will be shown that the present results support
the previouss conclusion, namely that the value of N' '

for
transitional nuclei in the region of A =150 changes signi-
ficantly when N increases from 88 to 90. A preliminary
result for ' Ce and a lower limit for ' sCe were reported
in a previous publication.

II. EXPERIMENTAL TECHNIQUES

A. The isotope separator
and the ion sources

The TRISTAN mass separator facility is installed at
the exit port of a radial beam tube of the high flux beam
reactor at Brookhaven National Laboratory. The facility
consists of an integrated target-ion source system coupled
to an on-line electromagnetic mass separator. The target
contains about 5 g of 93% enriched U on a graphite
cloth backing. The neutron flux on the target is about
2X 10' neutrons/cm sec. Fission products from thermal
fission of U diffuse through the target material and can
be ionized by the ion source. The products that can be
ionized and their yields are dependent on which of the six
types of TRISTAN ion sources is being used for the ex-
periment. ' ' The ions produced in the source are subse-
quently extracted, mass separated by a 90' magnet, and
routed by a switching magnet into one of five output
beam ports.

For the study of ' Ce, a beam containing ' La with an
intensity of 4X10 ions/sec was obtained using a surface
ionization' ion source, while for ' Ce a thermal ion
source" was used. The latter source operates at about
2500'C {i.e., about 400'C higher than the surface ioniza-
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tion source), and provided a beam with an intensity of
4X10" ions/sec for ' 'La, which represents about 20
times more than was available from the former source for
this isotope. The radioactive beams of mass 146 and 148
were collected for a time T, on an aluminized plastic
tape, the beam was defiected, and the activity was trans-
ported within about 0.3—0.5 sec to a position inside the
superconducting magnet, and then counted for T,
seconds. While the radioactive source was counted, the
next sample was collected. T, was set at 12.0 sec for
'~La and at 2.5 sec for '4sLa.

B. The perturbed
angular correlation system

The experimental technique used for the g-factor mea-
surements is the integral perturbed angular correlation
(PAC) method. ' An external magnetic field was applied
perpendicular to the y-y correlation plane, causing the
correlation pattern to be shifted by an angle 68 which is
determined by the product gBTi&2, where g is the g fac-
tor, Ti&2 the half-life of the state, and 8 the apphed mag-
netic field. The g factor can be detrumined by measuring
the full correlation with field up and field down and cal-
culating the shift 58, or by measuring the double ratio
R (8):

where I(8,8) is the correlation intensity at angle 8 with

magnetic field up.
As in previous experiments of this kind, ' we measured

R (8) using a four-detector system, which was mounted
around the superconducting magnet so that the correla-
tion center coincided with the position inside the magnet
to which the radioactive source was transported by the
tape collector. The experimental system, which consisted
of four high-resolution Ge detectors, has been described in
detail elsewhere, '5 and it enables measurement of six an-

gles simultaneously. This feature is crucial for PAC mea-
surements at TRISTAN, as it saves a considerable amount
of running time. Note that the double ratio R(8) is in-

dependent of detector efficiency, geometry, beam intensi-

ty, and counting time with field up and down so that the
corresponding systematic errors can be avoided.

At any given angle 8, R (8) is determined by the angu-
lar correlation coefficients A2z, 244 and by the product
gBTi~i. Therefore, for short half-lives large values of 8
are needed. In the present work we used the
Oz+~2~+~0&+ cascades: 785-258 keV for ' Ce and 612-
158 keV for ' Ce. These are very anisotropic correla-
tions (theoretical values Ai2 ——0.356, A~ ——1.14), and give
quite large values of R, with a maximum in R (8) near
150. The four detectors were arranged in such a way as
to give three angles of 150', two of 120', and one of 90'.
This configuration gives maximum statistics at 150, and
the g factors were extraced from R (150'). The results at
90, 120' were used only as a consistency check since
R (90') = 1.00 and R (120') is close to 1.00.

The data were accumulated on magnetic tape in event-
by-event mode using a CAMAC system interfaced to a

III. RESULTS

The running time was one week for each isotope stud-

ied, during which about 10 events were accumulated for
A =146 and 5X10 events for A =148. The direction of
the magnetic field was reversed several times during each
run. The data were sorted off-line using a PDP 11/34
computer. In addition to the 0+~2+~0+ cascade, the
3 ~2+~0+ and 1 ~2+~0+ cascades were also
analyzed for each isotope. The theoretical values of R (8)
are close to 1.00 for all angles of the 3 ~2+~0+ corre-
lation, due to the rather weak anisotropy (Ai2 ———0.07)
of this cascade. We therefore used it as a check against
systematic errors.

The results at 8=150' for the 0+—+2+~0+ cascades
were used to obtain the g factors of the 2i+ states, using
the half-lives from Eq. (2), and the solid angle corrections
for the coefficients Azz, 344 as given by Camp and van
Lehn. ' The g factors and errors were extracted from a
plot of R(8) vs g factor, as shown in Fig. 1. The data
and results are summarized in Table I. The final values
are

g(2,+)=(0.24+0.05) for ' Ce,

g(2i+)=(0.37+0.06) for ' 'Ce .
(3)

As a consistency check, we used the above values of
g (2i+) to calculate the ratios R (8) at 8=90' and 120' for
all cascades, and these results are shown in Table II to-

PDP 11/40 computer.
The half-lives of the 2i+ states are'

7 i/i(2]+)=(().25+().()3) nsec for Ce,

&~q2(2i+ ) =(1.01+0.06) nsec for ' sCe .

These values are averages of the results of the two mea-
surements described in Ref. 16.

In order to obtain a reasonable value R (150 )= 1.10 for
'~Ce, a field of the order of 5.0 T is needed due to the
short half-life of the 2i+ state. For ' Ce, a lower field is
sufficient, but the rather poor statistics (of the order of
300—500 net counts per week per pair of detectors in the
given cascade) require a large effect in order to attain a
reasonable error bar on the g factor. Thus, in both cases
the use of a superconducting magnet was found to be
essential. The apparatus used in the current measure-
ments was manufactured by Oxford Instruments. It con-
sists of a split-pole Nb-Ti magnet housed in a He cryo-
stat, especially designed to permit four Ge detectors to be
placed at about 10 cm from the center of the field. The
activity is transported to the measuring point via the mov-
ing tape system running in a room temperature horizontal
bore tube through the center of the magnet. The max-
imum field available is 6.25 T when the system is operat-
ed at 4.2 K, and 6.75 T when a A, point refrigerator is used
to cool the magnet to 2.2 K. The field is homogeneous to
better than l%%uo over a sphere of diameter 1 cm at the tar-
get position. In the current measurements, fields of
6.25 T and 4.5 T were used for ' Ce and '4'Ce, respec-
tively.
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neutron-proton interaction between spin-orbit partner
states, which causes protons to occupy the h»&z orbit
when the h9~2 neutron orbit begins to be filled near
N =90. The resulting mIi»&z-vh9&2 interaction induces a
rapid onset of deformation, similar to the situation in the
A =100 region, ' and also has the effect of essentially
eradicating the Z=64 subshell closure. The isotopes
studied in this work have X=88,90, and thus are exactly
where the above transition takes place.

We now proceed to analyze the values of g(2i+) ob-
tained in the present experiment in view of the
vibrational-rotational transition in the A =150 region.
The analysis is essentially similar to the one we used pre-
viously ' for g(2,+) values of Ba, Ce, Nd, and Sm iso-
topes.

Following Sambataro et al. o we write the expression
for the g factor of a 2i+ state which is fully symmetric in
the neutron and proton degrees of freedom as

FIG. 1. Plot of g factor vs R(e) for a 0+-2+-0+ cascade
with 8=150'. Values for the applied magnetic fields and the
half-lives are given in the text. The shaded regions show the ex-
perimental means and standard deviations for R (150').

gether with the experimental values. We see that all mea-
sured ratios are in very good agreement with the calculat-
ed values. Therefore, any systematic errors that are not
canceled by the double ratio, if present, are smaller than
the statistical errors.

The perturbed angular correlations W(8,8) and
W(e, —B) were also determined for all the cascades mea-
sured in this work. In order to normalize the intensities
of the different pairs of detectors, singles spectra gated by
the constant fraction discriminators were taken for all
detectors during the experiment, and these were used to
calculate the relative efficiencies as described in detail in
Ref. 15. The resulting correlations are given in Figs. 2
and 3. The solid lines in these figures were obtained by
calculating W(e, +8) with the g factors of Eq. (3). We
see that all the experimental points are in agreiment with
the expected curves, which reflects the absence of signifi-
cant systematic errors, as mentioned above.

IV. DISCUSSION

The even-even cerium isotopes are known' to undergo
a transition from vibrational to rotational-like structure as
the nu~ber of neutrons changes from N =86 to N =92.
For example, the ratio E4+/E + changes from 2.4 to 3.2,

and E2+ drops from 397 to 98 keV between ' Ce and

Ce. This transition has bali attributed' to the strong

(4)

where N and N„are the number of proton bosons and
neutron bosons, respectively, and N, =N +N„. g and
g„are the g factors of a proton boson and a neutron bo-
son, respectively. In a previous studys we found that one
can use constant values of g and g„ for a large number
of nuclei around A =150. In fact, a best fit procedure in
which experimental g(2i+) values for 12 nuclei were used
yieldeds

g =0.63+0.04,

g„=0.05+0.05 .
(5)

Now we use the measured values g(2i+) for ' Ce and
Ce and Eqs. (4) and (5) in order to extract N', the ef-

fective number of proton bosons. We assume N„=3 and
4 for ' Ce and ' 'Ce, respectively, and obtain

¹
=1.5+0.6 for '~Ce,

N' =4.9+2.1 for ' 'Ce .
(6)

b N =3.4+2.2 .

The above conclusion is consistent with the ideas dis-
cussed above concerning the dissipation of the Z =64

These values of N' indicate that when N increases
from 88 to 90 the number of valence proton bosons in the
Ce nuclei changes by

TABLE I. Experimentally determined values of R(8) at 150 for the 0+~2+~0+ cascades in
146,148C

Isotope
Applied field

(T)

6.25
4.50

~l /2

(nsec}

0.25+0.03
1.01%0.06

R (150')

1.13+0.02
1.56+0.08

Derived g factor

0.24+0.05
0.37+0.06
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subshell when N increases beyond N =88. As mentioned
in previous publications, ' ' the simplest considerations,
which neglect the effects of pairing correlations, suggest
that N should be counted in the Z=50—64 shell for
N(88, and in the major 50—82 shell for N &90. Ac-
cording to this counting procedure, one expects N =3 for

Ce and N =4 for ' Ce; i.e., a change ~ =1 in the
number of proton bosons takes place simultanceusly with
the onset of deformation. More generally, the total
change might be expected to be spread over a broader
range of N values. However, the experimental results
given in Eqs. (6) and (7) are consistent with the full
change, although the absolute value for ' Ce is signifi-
cantly smaller than expected.

Significant changes ~ were also inferreds from g-
factor data for Nd and Sm isotopes as N increases from
86 to 92. The values for N' deduced for isotopes of Ba,
Ce, Nd, and Sm are summarized in Fig. 4. The values as-
signed to N corresponding to the extreme assumptions of
a shell closure at Z =50—82 and Z =50—64 are also in-
dicated. The figure shows not only the distinct change in
N, but also the tendency of the N change to begin at
lower neutron number and become more gradual as Z in-
creases. This effects can be understood in terms of the
proton occupation of the h»&i orbital beginning at lower
neutron numbers' ' ' for nuclei with higher Z. In other
words, the effectiveness of the m'h»~2-vh9/p interaction
will depend on the energy gap between the Fermi surface
and the relevant orbit, for both neutrons and protons.
Thus as this gap becomes smaller in the proton space, the
effects of the interaction will become apparent at a lower
neutron number.

It is interesting to mention two more points. First, one
expects hN =0 for the Ba isotopes around N=90,
which was indeed confirmed by experimental results for

Ba and ' Ba. Second, a recent parametrization of en-

FIG. 2. Angular correlations obtained for '~Ce for the indi-
cated cascades with field up and field down. Ba

I
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FIG. 3. Angular correlations obtained for the ' SCe 0+-2+-0+
cascade with field up and field down.

FIG. 4. X deduced for isotones of Ba, Ce, Nd, and Sm.
The values of N expected for major shell closure at Z =50—82
and Z =50—64 are indicated by the dashed lines. The solid line
indicates the region of transition between shells (Refs. 5 and 21).
The Ce data are from this paper; the Ba, Nd, and Sm data are
from Ref. 5 and references therein.
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TABLE II. Experimental and calculated values of R(0) at 90', 120', and 150' for all cascades mea-

sured in this work. We used a magnetic field of 6.25 T for ' Ce and 4.5 T for ' Ce.

Isotope

146Ce

Cascade

0+-2+-0+

1--2+-0+

3--2+-0+

90
120
90

120
150
90

120
150

Experimental

0.96+0.04
0.94+0.04
1.01+0.03
0.97+0.02
1.02+0.02
1.03+0.04
1.04+0.03
1.01+0.03

Calculated'

1.00
0.93
1.00
0.98
0.98
1.00
1.00
1.00

0+-2+-0+

1--2+-0+

3--2+-0+

90
120
90

120
150
90

120
150

0.98+0.07
0.85%0.05
1.12+0.07
0.91%,0.04
0.90+0.05
0.96+0.06
1.01+0.04
1.02%0.05

1.00
0.83
1.00
0.93
0.92
1.00
0.98
0.98

'The calculated values were obtained using the g factors [Eq. (3)] which were extracted from the experi-
mental ratios R (150') of the 0+-2+-0+ cascades.

ergies E + and ratios E +/E2+ for transitional nuclei in
1+

terms of the product E .N„was found to imply similar
changes of E around N =90 as those observed from g-
factor data.

In summary, we have shown that g factors of 2t+ states
can help us follow the change in the number of active pro-
tons as the Z =64 subshell is dissipated with the onset of
deformation. This conclusion becomes more and more
evident as new experimental data are accumulated. More
generally, it is now clear that this type of data can serve in

the future as a sensitive probe for identifying the existence
and role of proton subshells in new regions far from sta-
bility.
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