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Mean-square nuclear charge radius of radioactive144Ce by laser spectroscopy
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The isotope shift of an optical transition (l5534.93 nm) in Ce1 for radioactive144Ce has been measured
by collinear laser-ion-beam spectroscopy as well as those of stable isotopes. The change in mean-square
nuclear charge radius determined from the isotope shift isd^r 2&142,14450.232(20) fm2, and compared with the
values from the reducedE2 transition probability and the theoretical predictions.@S0556-2813~99!02403-6#

PACS number~s!: 21.10.Ft, 27.60.1j, 32.30.Jc
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Precise and systematic studies of the isotope shift~IS! of
optical transitions provide the information on changes in
mean-square nuclear charge radius~MSCR!. That study in
the region of light rare-earth elements is of interest becau
gives an opportunity to investigate the effect of neutron sh
closure atN582. Also, other nuclear structural changes a
expected for the neutron-rich isotopes in this region@1#. Es-
pecially, it is well known that a drastic shape transition o
curs between the neutron numbers ofN588 and 90 in the
isotopic chains of Nd (Z560) and Sm (Z562), while not in
Ba (Z556) and Cs (Z555) ones@2#. Therefore, it is quite
interesting how the change in the MSCR of Ce (Z558) iso-
topes behaves. Moreover, octupole deformation has b
suggested for neutron-rich nuclei withN'88 and Z556
260 @3#. In the case of Ce isotopes, alternating parity str
ture, which is an indicator of static octupole deformation, h
been observed in144,146Ce but not in148,150Ce @4#.

Gangrskyet al. measured the IS for atomic Ce stable is
topes by a laser-spectroscopic method@5#. As to radioactive
isotopes, only the study by Fischeret al. with a conventional
optical method was carried out for144Ce to determine the
change in the MSCR@6#. As an extension of our previou
study for Ce stable isotopes@7#, we measured the IS fo
144Ce (T1/25284.9 d! by collinear laser-ion-beam spectro
copy and determined the change in the MSCR.

Two types of samples were prepared in this work:
sample with natural abundance and a radioactive one.
isotope144Ce was prepared from the spent fuel of the JRR
reactor at the Japan Atomic Energy Research Institute.
purification of 144Ce was carried out by using the solve
extraction technique to remove the other fission products
uranium. The total number of144Ce was found to be 6
31012 atoms by measuringg rays with a Ge detector, which
was consistent with the estimation from cumulative yield
the thermal neutron fission of235U.

The experimental setup is almost the same as our prev
one @7#. A single-mode tunable dye laser with a waveme
~Coherent 699-29! and rhodamine 110 dye was pumped
an Ar1 laser~Coherent INNOVA-100-20!. A part of the la-
ser beam was used for the polarization spectroscopy of127I2
PRC 590556-2813/99/59~3!/1794~4!/$15.00
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which provides an absolute frequency reference with
simple optical arrangement. A temperature-stabilized con
cal Fabry-Pe´rot interferometer~FPI, Burleigh CFT-500! was
used to calibrate the relative frequency of spectral lines. E
of the transmitted photons through either the FPI or the127I2
polarization spectrometer was detected by a photomultip
tube~PMT, Hamamatsu R374!. Ce ions were produced by
surface ionization ion source, accelerated to 40 keV,
mass separated by an analyzing magnet. The counterpr
gating laser beam excited the Ce ions to the upper lev
The laser-induced fluorescence~LIF! was collected by an
ellipsoidal mirror and detected by a cooled PM
~Hamamatsu R2256!. Color glass filters suppressed stra
light from the laser beam. The interaction region was defin
with a cage kept at a constant potential of23 kV, and ac-
celerated ions were Doppler tuned to resonance with the
ser frequency only inside the cage. The ion current w
monitored by a Faraday cup and was typically 5 pA f
144Ce. Signals from three PMT’s were simultaneous
counted during the laser frequency scanning, and recor
by multichannel scalers controlled by a personal comput

The 534.93-nm transition from the 4f (2F0)5d2(1G)2I11/2
0

level at 5969.01 cm21 to the 4f 5d(1G0)6p 2H9/2 level at
24 663.05 cm21 in Ce1 @8# was measured in this work. Th
lower long-lived state at 5969.01 cm21, from which electric
dipole transitions to much lower levels are allowed only w
small transition probabilities, is thermally populated. R
cently, the lifetime of the 24 663.05-cm21 level has been
measured by time-resolved LIF spectroscopy@9#, and oscil-
lator strengths of transitions in Ce1 have been calculated
theoretically @10#. According to these references, th
24 663.05-cm21 level mostly decays to the levels near th
ground state emitting the photon of wavelength about 4
nm.

The sample for the measurement of144Ce also contained
stable 140Ce and142Ce isotopes as fission products. Typic
resonance peaks for the Ce isotopes together with the127I2
hyperfine structure~HFS! and the transmitted spectrum
through the FPI are shown in Fig. 1. For each isotope, d
were acquired from several scans, typically 15 GHz in wid
1794 ©1999 The American Physical Society
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and lasting 450 s each. The observed linewidths of the
and 127I2 peaks were about 100 MHz and 10 MHz full wid
at half maximum, respectively. The former is mostly due t
ripple of the acceleration voltage. The relative frequency
tween each Ce peak and one of the127I2 HFS peaks was
determined by comparison with the FPI spectrum. The
served shift in the peaks of the Ce spectra is due to a c
bination of IS and different Doppler shifts. To obtain the I
the contribution of the Doppler shift was subtracted from
observed shift by measuring the acceleration voltage.

The experimental results of IS’s for144Ce and stable iso
topes are listed in Table I. The uncertainties include stat
cal and systematic errors. The latter come mainly from
accuracy for the measurement of the acceleration volta
(;2 MHz!. The IS, which is a difference of the resonan

frequency between isotopes,dn i IS
AA85nA82nA , is composed

of the normal mass shift~NMS!, the specific mass shif
~SMS!, and the field shift~FS!:

dn i IS
AA85dn iNMS

AA8 1dn iSMS
AA8 1dn iFS

AA8 . ~1!

The NMS is calculated as dn iNMS
AA8 5nAm(MA8

2MA)/MAMA8 , wherem andMA are the masses of an ele
tron and an ion with mass numberA, respectively. The SMS
can be theoretically evaluated only with limited precisio
The FS, which is induced by the finite nuclear charge dis
bution, is written as@1#

dn iFS
AA85Ei f ~Z!l, ~2!

FIG. 1. Typical resonance peaks for the measured transit
Three upper spectra with mass numbers correspond to thos
Ce1. The second lowest spectrum is the127I2 HFS, and the lowest
is transmitted spectrum through the FPI. These are simultaneo
measured with each Ce spectrum. The horizontal positions of
Ce spectra are determined by referring to one of the127I2 HFS
peaks and by using the spectrum of FPI.

TABLE I. Isotope shifts determined from the measurements
the 543.93-nm line of Ce1 for radioactive144Ce and stable isotopes

Isotope shifts~MHz!

136–140 138–140 142–140 144–142

89.9~55! 26.0~42! 140.1~28! 108.5~89!
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whereEi and f (Z) are the electronic factor and the relati
istic correction factor, respectively. The nuclear parametel
gives changes in the MSCR and higher-order moments@11#.

To estimate the contribution of the SMS to the observ
IS, we performed a King-plot analysis, introducing the mo
fied IS dn imod as

dn imod
AA8 5~dn i IS

AA82dn iNMS
AA8 !

MAMA8

MA82MA

M1422M140

M140M142
. ~3!

The modified IS’s of two transitionsi andj are connected by
the following linear equation:

dn imod
AA8 5

Ei

Ej
dn j mod

AA8 1dn iSMS
140,1422

Ei

Ej
dn j SMS

140,142. ~4!

The slope of the King lineEi /Ej gives the ratio of the elec
tronic factor of the FS, and the intercept corresponds
dn iSMS

140,1422(Ei /Ej )dn j SMS
140,142. The 446-nm transition in Ce1

@12# was used as a reference line. A straight line was fitted
the data points for the stable isotopes because the IS o
446-nm transition was measured only for the stable isotop
Since the 446-nm transition corresponds to a p
4 f 26s-4 f 26p transition, the SMS of this transition can b
evaluated to bedn j SMS5(0.360.9)dn j NMS @13#. Using this
value, the FS and the SMS of the measured transition ca
separated from the IS. Our results of the FS and SMS for
isotope pair144Ce-142Ce aredn iFS

142,1445157.5(102) MHz and
dn iSMS

142,1445279.2(49) MHz, respectively.
Since the value of electronic factorEj of the reference

transition is known to beEj520.376(19)@5#, theEi of the
measured transition can be obtained from the slope of
King line. The correction factorf (Z) is derived from the
isotope shift constantCunif calculated by Blundellet al. @14#
as f (Z)5Cunif /lunif @15#, wherelunif is the nuclear param
eter for the model nucleus of a uniformly charged sphe
Using Eq.~2!, we obtained thel. For Ce isotopes, the mo
ments higher than̂r 2& contribute about 4% tol @16#, and
were taken into account. The value ofd^r 2&142,144 was ob-
tained to be

d^r 2&142,14450.232~20! fm2. ~5!

There have been some experiments for Ce stable isot
and 144Ce to acquire thed^r 2&. For comparison, we quote
the previous value@13# d^r 2&142,14450.238(25) fm2. The
value of Ref.@13# was obtained by evaluating the result of
conventional optical study using a hollow cathode source@6#
with the screening factor calculated by King and Wils
@17#. Since Aufmuthet al. @13# gave thel, the correction of
4% from the higher-order moments is applied to their val
The values obtained in this work and the previous one ar
good agreement within the errors. Figure 2 shows our exp
mental d^r 2&140,A including those of stable isotopes fo
which the weighted averages are taken from our previ
values@7# and the present ones.

A behavior ofd^r 2& has been interpreted as the superp
sition of a difference in spherical nuclear charge radii an
change in the MSCR due to deformation, i.e.,

n.
of

sly
e

n



a
-

th
-
ua

lle
nt

ion

f

tions

let
ky

ng

e

n
r

the
h
the

as
to
s, it
on-

i-

e

lu

le

1796 PRC 59BRIEF REPORTS
d^r 2&5d^r 2&01
5

4p
^r 2&0d^b2

2&, ~6!

where ^r 2&0 is the MSCR of the corresponding spheric
nucleus with the same volume andb2 is the quadrupole de
formation parameter. In Eq.~6! contributions from higher-
order deformations are not taken into account. By using
droplet model of Myerset al. @18# to describe the contribu
tion of the change in spherical shape, the root-mean-sq
quadrupole deformation parameters^b2

2&1/2 were obtained
from d^r 2& values. The results are shown by the para
dotted lines in Fig. 2. Here, the droplet-model coefficie

FIG. 2. Changes in the MSCR,d^r 2&140,A, for the Ce isotopes
(A5136, 138, 142, and 144! from this work ~circle!. Those from
theB(E2) ~triangle! together with the theoretical predictions of th
FRDM ~solid line!, ETFSI ~dashed line!, and RMF ~dash-dotted
line! are also shown for comparison. The root-mean-square va
of the quadrupole deformation parameterb2 are indicated by par-
allel dotted lines, of which the gradients are given by the drop
model.
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were quoted from Ref.@19#. In Fig. 2, theb2 value of 140Ce
deduced from the reducedE2 transition probabilityB(E2)
by the formula@20#

b25
4p

3ZR0
2 @B~E2!#1/2 ~7!

is assumed to be equal to the^b2
2&1/2 value from thed^r 2&,

which is used as a reference point for the isodeformat
lines. For comparison, Fig. 2 indicates thed^r 2& from the
B(E2) by using Eqs.~6! and~7!. Theb2 values fromB(E2)
are taken from Ref.@5# for 136Ce and Ref.@20# for 140,142Ce.
The B(E2) value for 138Ce is a weighted average o
0.461~50! e2 b2 @5# and 0.45~3! e2 b2 @21#, both of which
were obtained from the measurements of the cross sec
for Coulomb excitation. Theb2 for 144Ce is deduced from
the lifetime of the excited 21 level @22#. Also, Fig. 2 in-
cludes the theoretical predictions by the finite range drop
model~FRDM! @23#, extended Thomas-Fermi and Strutins
integral ~ETFSI! @24#, and the relativistic mean-field~RMF!
theory@25#. Those of the FRDM were calculated by us usi
the deformation parameters given in Ref.@23#.

At N.82, especially atN584, discrepancies between th
d^r 2& of this work and that ofB(E2) are larger than atN
,82. In theZ556260 andN'88 region, a strong octupole
correlation was anticipated theoretically@3#. From the
FRDM, Möller et al. @23# predicted the octupole deformatio
parameterb3520.082 for 144Ce. By taking the higher-orde
deformation parameters of Ref.@23# into account, we can
obtain a correctedd^r 2& value of 0.533 from theB(E2). It
agrees with the value from this work. However, there is
discrepancy atN584 despite the expectation of muc
smaller deformations. Such a discrepancy also exists in
vicinity of neutron shell closures atN550 and 126, and the
influence of collective zero-point motion on the MSCR h
been suggested@18#. To resolve such discrepancies and
deepen our understanding of the structures of Ce isotope
is strongly desired to extend this study to the more neutr
rich side including146Ce(N588) and 148Ce(N590).

We would like to thank Prof. I. Endo at Hiroshima Un
versity for helpful discussions and encouragement.
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