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The isotope shifts of the radii of the distributions of neutron and nucleon matter in the
samarium isotopes are deduced by combining data from x-ray, muonic x-ray, and optical
isotope shift measurements of charge (proton matter) radii with data for the isotope shifts of
Coulomb displacement energies. The average isotope shifts from A =144 (spherical) to
A =154 (deformed) are nearly the same for proton and neutron matter with yN-1. 3 or
( r2 }'~2 cc A 0 "3. The neutron matter radii increase more rapidly than the proton matter radii
in the region of the light transitional Sm isotopes. The transition from spherical to de-
formed ground states between N =88 and 90 is accompanied by a strong increase in the ra-
dius of the proton matter distribution (yN-1. 9), whereas the radius of the neutron-excess
matter distribution remains almost constant (@~=0.0). The data suggest strong even/odd
staggering effects for both proton and neutron matter radii which are out of phase. The
droplet model of the atomic nucleus when combined with experimental deformation param-
eters describes the isotope shift of the charge radii very well. The influence of zero-point vi-
brations in the light transitional Sm isotopes is apparent. The isotope shift of the neutron
matter radii appears to be overestimated. The interacting boson model is found to describe
the isotope shift of neutron matter radii satisfactorily but fails to reproduce the isotope shift
of the charge radii.

NUCLEAR STRUCTURE Deduced isotope shifts of neutron-excess,
neutron, and nucleon matter radii. Interpretation of isotope shifts of
proton and neutron matter radii with droplet model and interacting bo-

son model.

I. INTRODUCTION

Data and information on nuclear sizes and shapes
provide sensitive tests for nuclear models. ' The
most direct determination of nuclear charge distri-
butions (proton matter} comes from elastic electron
scattering experiments such as the pioneering work
done at Stanford. However, many other experimen-
tal techniques now provide additional precise infor-
mation, particularly about the isotope shifts which
reflect the variation of the spatial distribution of the
protons in response to the addition of neutrons.
Historically, optical isotope shift measurements
have played a particularly important role. The
well-known Brix-Kopfermann diagram demonstrat-
ed that enormous but systematic variations exist
over the entire range of nuclei, with an unusually
strong isotope shift for the light deformed rare-earth
nuclei (N=88}. While extensive data exist ' for
nuclear charge distributions, significantly less exper-
imental information is available for the distributions

of neutron matter. It is the purpose of the present
work to deduce information on the latter by combin-
ing experimental data for charge radii and Coulomb
displacement energies. This procedure is based on
the fact that Coulomb displacement energies depend
on the distribution of both the Z protons inside the
nucleus and the X —Z excess neutrons.

The present work involving the sequence of
samarium isotopes is of particular interest sin~. it
encompasses the transition from the spherical nu-
cleus ' Sm to the strongly deformed nucleus ' Sm.
A discontinuous transition from spherical to stati-
cally deformed ground states is known to exist be-
tween ' Sm and ' Sm, and its influence on the dis-
tribution of both proton and neutron matter can be
studied. Furthermore, contributions due to zero-
point oscillations of nuclear excitation modes may
also have to be considered.

The data and information for the isotope shifts of
the various radii as well as Coulomb displacement
energies are presented in Secs. II—IV. The results
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are discussed in Sec. V including comparisons with
predictions based on the droplet model of the atomic
nucleus" and the interacting boson model. '

II. ISOTOPE SHIFT COEFFICIENT y~
OF CHARGE RADII

Direct determinations of the nuclear rms charge
radii of Sm isotopes have come mostly from electron
scattering experiments (A =148, 150, and 152, Ref.
13; A =154, Ref. 14). One muonic x-ray measure-
ment has also been reported (A =152, Ref. 15).
Most of the data are compiled in Ref. 5.

It appears, though, that considerably more precise
data exist for the isotope shift of the charge radii, as
they involve the determination of radius differences
only. The techniques are more varied and include
the measurement of Ea x rays, ' ' of muonic x
rays, ' ' and of optical transitions. ' ' The re-
sults from the different types of measurements are
in good agreement with one another. The differ-
ences

are listed in Table I. The optical data ' ' yield a
quantity A, which is equal to 5(r ) only in first or-
der, as it includes small corrections from terms with
5(r ) and 5(r ). A model-dependent calculation 4

yields 5(r ) =1.046K, , in agreement with an earlier
estimate. Applying this correction improves the
agreement between the optical data and the other
data. (Only the averaged values displayed in Table I
include this correction. )

The uncertainties of the averaged values were ob-
tained by assuming that the quoted uncertainties are
statistical in nature. While this is not always the
case, the consistency of the data seems to justify this
procedure. Also shown in-Table I are standard
shifts calculated under the assumption that the rms
radii increase proportional to A' . Most measured
isotope shifts are between even-A isotopes, but
several shifts for nearest neighbors have also been
determined.

Additional extensive optical isotope shift mea-
surements for the Sm isotopes ' have revealed an
anomalous effect which involves certain optical
transitions in only one isotopic pair. It appears that
the anomaly resides in two close atomic levels in
'5 Sm (only) which mix via higher-order perturba-

I

tions. While the results from the present work make
it possible to determine the off-diagonal matrix ele-
ments with an accuracy of 2—3%, the origin of the
effect (apparently neither entirely atomic nor nu-
clear in nature) seems to be still uncertain.

Isotope shift coefficients y~ of the rms radii (or
of other quantities such as Coulomb displacement
energies) are defined by

The quantity y~ describes the shift in a radius when
the neutron number is changed. We will use the no-
tation yz(p), yz(n), . . . , to describe the shift in pro-
ton, neutron, and other radii. Equation (1) can be
rewritten as

3 ~ S(r') 3~ S(r')'"
(r2) $~ (r2) &~&

(2)

Isotone and other shift coefficients are defined ac-
cordingly. ' '

Isotope shift coefficients y~ for the nuclear
charge radii calculated from the averaged data of
Table I are included in Table III. The charge (or
proton matter) distribution, like all other matter dis-
tributions discussed in this work (for protons, neu-
tron excess, neutrons, all nucleons), are convolutions
of the distributions of proton and neutron centers
with the finite proton or neutron size.

III. ISOTOPE SHIFT COEFFICIENTS y~
OF COULOMB DISPLACEMENT ENERGIES
AND OF THE RADII OF NEUTRON-EXCESS

MATTER DISTRIBUTION

Coulomb displacement energies between isobaric
analog states depend on the distribution of the pro-
ton core and that of the neutron excess. The direct
Coulomb displacement energy which comprises typ-
ically 95% of the total can be written as

~Ec' = pcxc( r ) ~core ( r )d
2T

Here, p,„,( r ) is the matter distribution of the neu-
tron excess, and V„„(r) is the electrostatic potential
of the proton core. Equation (3) can also be ex-
pressed ' in a form which is completely symmetric
in its dependence on the two distributions,

tEc" 4ngf r ' + 'M,„,——(E~.p, ,r)M„„,(Eip, r)dr,
Ap,

where
T

M„„(EAp,r')=e f r Yxz(8,$)p,o„(r)r drdQ

(4)

(5)
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and

M,„,(EAp, r')= I I r Y~&(8,$)p,„,(r)r dr dQ

1

yN( ~Ec ) (yN(p)+ yN(n (7)

This equation is approximate to the extent that
lowest order terms are sufficient to describe the vari-
ations with neutron number. Probably more impor-
tant, it also assumes that the numerous small contri-

are generalized electric multipole operators. These
operators reduce to the ordinary electric multipole
operator if the radial integrations are carried out to
infinity.

It follows from the above equation that there ex-
ists a direct relationship between the isotope shifts
of Coulomb displacement energies, charge radii, and
neutron-excess matter radii,

butions to the Coulomb displacement energy from
exchange, the electromagnetic spin-orbit effect,
etc., ' ' will not seriously affect the isotope-shift re-
lation based on the direct Coulomb displacement en-

ergy term.
The isotope shifts M,Ec and 5(b,EC) derived

from recently determined Q values of ( He, t)
charge-exchange reactions on all stable Sm isotopes
are shown in Table II. Also shown are the calculat-
ed values which assume an A ' dependence. The
isotope shift coefficients yN(&E&) obtained from
these values are included in Table III.

The isotope shift coefficients yz(p) of the protons
and yz(EEc) of the Coulomb displacement energies
have been used with Eq. (7) to calculate the isotope

TABLE I. Isotope shift 5(r ) for the charge (= proton matter) radii of the Sm isotopes. 0 is the optical isotope shift;

X is the Ea x-ray isotope shift; M is the muonic x-ray isotope shift.

Oa Xb X' Od
5(r')~ (10 ' fm')

Me ~f Og

144—145
145—146
146—147
147—148
148—149
149—150
150—151
151—152
152—153
153—154

171%10 154214
80%8 81%7

224%10
-178

152+8
92+5

149+5
91+3

113.5
113.2
113.1

159+4 112.9
93+3 112.8

224+10 112.7
—186 112.6

112.6
112.5
112.3

144—148 582+ 123 503+88 486+25 532+21 517+27 509+18 529+11 452.7

144—146
146—148
148—150
150—152
152—154
144—154

332+72
489+ 104
261+54

372+54 303+10 294+15
400+58 411+12 409+24 437+4

221+13 215+16

226.7
226.0

315+19 303+16 297+11 310+6 225.5
432+14 423+22 413+15 434+4 225.2
250+14 230+12 227+8 236+5 224.8

1529+35 1463+40 1445233 1523+21 1128.2

'References 3 and 21.
"Reference 16.
'References 17 and 18.
Reference 22.

'Reference 19.
Reference 20.

I'Reference 23.
"Reference 24.
'Values from optical isotope shift measurements have been increased by 4.6/o (see text).
'Shift assuming an A '~3 dependence for (r )'~2, thus 5(r~)„d——(r&')((A & /A &

)'~ —1).
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TABLE II. Isotope shifts M,Ep and 5(EEC) for Coulomb displacement energies and
5( r2) for neutron matter radii of the Sm isotopes.

144—145
145—146
146—147
147—148
148—149
149—150
150—151
151—152
152—153
153—154

Ec
(keV)

a

—73%15
( —52)
( —61)
—33+13
—77+13
—31+13
—36+17
—25+17
( —42)
( —36)

(~Ec)'
(MeV')

—2.3420.48
( —1.66)
( —1.94)

—1.05+0.40
—2.44+0.40
-0.98+0.40
—1.13+0.55
—0.79+0.55

( —1.32)
( —1.13)

Stdb

1.191
1.176
1.158
1.141
1.129
1.114
1.099
1.089
1.075
1.062

122+40
236+69
127+63
-135

121.6
121.5
121.4
121.3
121.2
121.2
121.1
121.0
120.8
120.6

5(r')„
(10- f")

c Stdb

144—148 —219+13 —6.99+0.41 4.666 693+ 107 485.8

144—146
146—148
148—150
150—152
152—154

( —125)
( -94)

—108+13
—61+13
—78+13

( —4.00)
( —2.99)

—3.41%040
—1.92+0.40
—2.44+0.40

2.367
2.300
2.243
2.188
2.137

363+36
247+96
273+40

243. 1

242.7
242.4
242. 1

241.4

144—154 —466+13 —14.76+0.40 11.235 1602+40 1211.8

'Reference 32; values based on estimated AE~ are given in parentheses.
'Shift assuming an A '~' dependence for EEc, thus 5(b Ec )«d'= (hE & ) ((A & /A &

}~~'—1).
'This work.

shift coefficient yz(n —exc) of the neutron excess.
The results are included in Table III.

IV. ISOTOPE SHIFT COEFFICIENTS y~
OF THE RADII OF NEUTRON

AND NUCLEON MATTER-DISTRIBUTIONS

The isotope shift coefficient y~(n) of the neutrons
is related to that of the neutron core (N &62) and
that of the neutron excess (N & 62) according to

Z X—Z
yN(n) = yz(n ——core)+ yz(n —exc) .

iY

presumably more realistic. The isotope shift coef-
ficients yz(n) of Table III were obtained with
x =50/N, but with uncertainties increased to in-
clude the values for x =Z/N and the-ir uncertain-
ties. This procedure was chosen since the major
fraction of the excess neutrons (N &62) consists of
neutrons in the major shell 50&N &82. The shifts
5(r ) for the neutrons (Table II) are calculated
from the above coefficients y~(n) and the standard
shifts.

The isotope shift coefficients y~(nucl) for the
matter distribution of all nucleons are obtained from

(8)

However, y~(n —core) is not known, and Eq. (8)
therefore has to be approximated by

yJy(n) =xy/(p)+yy~(n —exc)

Z 1V
y„(nucl) = y&(p)+—y~(n)—

and are included in Table III.

V. DISCUSSION

(10)

with x +y =1. Here, the proton core consists of all
62 protons. Three cases are considered: (i)
x =Z/N, (ii) x =50/N, and (iii) x =0. Cases (i) and
(iii) are limiting cases implying that the n core has
an isotope shift equal to that of the p core or the n

excess, respectively. The former assumption is

A. General considerations

The isotope shift coefficients y~ between even-A

isotopes (Table III) are displayed in Figs. 1 and 2 as
a function of mass number A. The data points are
plotted for the lower value of A. Figure 1 displays
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TABLE III. Isotope shift coefficients y~ for the Sm isotopes.

Neutron

144—145
145-146
146—147
147—148
148—149
149—150
150—151
151—152
152—153
153—154

144—148

Proton
matter'

1.41+0.04
0.82+0.03
1.99+0.09
-1.65

1.17+0.03

Coulomb
energies

—1.97+0.40
( —1.41)
( —1.68)

—0.92+0.35
—2.16+0.36
—0.88+0.36
—1.03+0.50
—0.72+0.50

( —1.22)
( —1.06)

—1.50+0.09

excess
matter'

0.43+0.70
3.50+0.71

—0.23+0.72
-0.40

1.83+0.18

Neutron
matter'

1.01+0.33
1.94+0.57
1.05+0.52
-1.11

1.43+0.22

Nucleon
matter'

1.18+0.19
1.48+0.33
1.44+0.31
-1.34

1.32+0.13

144—146
146—148
148—150
150—152
152—154

1.37+0.03
1.93+0.02
1.05+0.03

—1.52+0. 18
—0.88+0.18
—1.14+0.19

1.67+0.36
—0.17+0.37

1.23+0.38

1.50+0.15
1.02+0.40
1.13+0.17

1.45+0.09
1.40+0.23
1.10+0.10

144—154 1.35+0.02 —1.31+0.04 1.28 +0.07 1.32+0.03 1.33+0.02

'References 3, 16—24.
"Reference 32.
'Deduced; this work.
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FIG. 1. Isotope shift coefficients yN of proton matter
(charge) and neutron-excess matter radii and of Coulomb
displacement energies (absolute values) of the even-A Sm
isotopes. The data are plotted for the lower value of A,
and the shifts between A =144 and 148 are displayed at
A =144 and 146.
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FIG. 2. Isotope shift coefficients y~ of proton, neu-

tron, and nucleon matter radii of the even-A Sm isotopes.
The data are plotted for the lower value of A, and the
shifts between A = 144 and 148 are displayed at A = 144
and 146.
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y~ for protons, neutron excess, and the Coulomb
displacement energies (absolute values). Figure 2
displays y~ for protons, neutrons, and all nucleons.
As mentioned previously, nucleon sizes are included
in all the distributions. Also, the yz for neutron ex-
cess and for all neutrons are not the results of a
direct measurement but are deduced from Eq. (7) or
(9), respectively. The shifts between A =144 and
148 are plotted at both A = 144 and 146 to facilitate
the discussion.

The neutron-excess radii increase at a substantial-
ly higher rate than the proton radii in the light tran-
sitional Sm nuclei. This behavior is dramatically re-
versed between A =150 and 152 where the neutron-
excess radii remain practically constant, yz —0,
while proton radii increase at an exceptionally high
rate with yN-1. 9. The rates of increase beyond
A =152 are again similar to those in the lighter Sm
isotopes.

The isotope shift coefficient y~ for all neutrons,
Fig. 2, does not display the strong decrease between
A =150 and 152. The core neutrons are apparently
influenced less by the effect which causes the sudden
change for the protons and the neutron excess. The
isotope shift coefficients yz for all nucleons remain
practically the same over the entire range, and there
is no anomaly at A =150—152. Another interesting
observation is apparent from the figures: Whereas
the individual shifts for the protons and neutrons
differ greatly, their average isotope shift coefficients

yz from A = 144 to 154 are essentially identical.
A simple qualitative explanation of the observed

phenomena in the Sm isotopes is provided by con-
sidering the dependence of deformation on neutron
number. The semimagic nucleus ' Sm is spherical,
while ' Sm is strongly deformed. A discon-
tinuous transition from spherical to statically de-
formed ground states is known to take place between
A =150 and 152. The coexistence between spheri-
cal and deformed shapes manifests itself by strong
two-neutron stripping reactions from the spherical
ground states with N =88 to spherical excited states
with N =90, and by strong two-neutron pickup re-
actions from deformed ground states with N =90 to
deformed excited states with N =88.

The addition of neutron pairs to the spherical nu-
cleus ' Sm increases the neutron radii more rapidly
than the proton radii. This appears to continue at
about the same rate with the addition of up to three
neutron pairs. Whereas the ground states of the
even-A nuclei from ' Sm to ' Sm are believed to
have no static deformation ((P) =0), measurements
of electromagnetic E2 transition rates show that
dynamic vibrations lead to (P )+0. These may be
viewed microscopically as zero-point motions of col-
lective two-particle/two-hole excitation, which give

rise to long-range ground state correlations. '
Root-mean-square radii (as well as Coulomb ener-
gies) are affected by both, (P) and (P )'~, and at
least part of the increase of the proton, and particu-
larly the neutron radii from A = 144 to 150, is likely
the result of dynamic vibrations.

The addition of the fourth neutron pair leads to a
statically deformed collective ground state at
N =90. As a consequence, the effective neutron-
proton interaction seems to cause a sudden increase
in the radius of the proton distribution compensat-
ing for the earlier lag, whereas the neutron-excess
radius remains practically constant. Strong collec-
tivity probably also accounts for nearly equal aver-

age isotope shift coefficients over the range
A =144—154.

An exceptionally large isotope shift from N =88
to 90 of the nuclear charge radii has been observed
not only for Sm but also for Nd and Dy. ' ' Furth-
ermore, the experimental charge deformation param-
eters ' P2 show a strong increase from N =88 to
90 for Nd, Sm, Gd, and Dy (see also Ref. 37). It
thus appears likely that the effect described in this
work is present in all these nuclei.

B. Odd-even staggering

The data of Tables I and II show very pronounced
staggering between odd-N and even-N isotopes for
the radii of both protons and neutrons. The addi-
tion of one unpaired neutron increases the neutron
radii significantly more than the average, and the
proton radii accordingly much less than the average.
The addition of a second neutron, which leads to the
formation of a neutron pair, has the opposite effect.
The radii of all nucleons, on the other hand, increase
at the "normal" average rate in both instances. The
isotope shifts of the Coulomb displacement energies
seem to display a weak odd-even staggering over the
entire range of the Sm isotopes, suggesting an in-
creased influence of unpaired excess neutrons.

Odd-even staggering of nuclear charge radii has
been observed in numerous instances and theoretical
attempts have been made to interpret this
phenomenon (see, e.g. , Refs. 1, 38, and 39). Pairing
correlations betw'een neutrons have been con-
sidered, including the dependence on angular
momentum as well as the Pauli blocking effect ini-
tiated by an odd neutron. In another approach, de-
formations associated with zero-point vibrations,

(P ), and the blocking of ground state correlations
by an odd neutron are used to explain odd-even
staggering. It appears, though, that a generally ac-
cepted explanation of odd-even staggering in the iso-
tope shift of proton (charge) and neutron distribu-
tions does not yet exist. The results from the
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present work suggest that contributions from isovec-
tor multipole core polarization may play an impor-
tant role.

Here,

(r &„=—5, R'(1+ft(az, a4)) (12)

is the dominant contribution resulting from the size
of a distribution of uniform density and radius R.
The spherical droplet-model radius R for protons
and neutrons can be taken from Ref. 11, and
ft(az, a4) is a shape correction. The redistribution
term

(r &„=—,R —„C'(1+fz(az,az))

C. Droplet-model predictions
including deformations

The liquid-droplet model of the atomic nu-
cleus" can be used to calculate mean square radii
of proton and neutron ~atter from the expression

C'=0.0156' ' for protons,

C'=0.0073' '~ for neutrons.

The comparison between experimental and calcu-
lated values is displayed in Figs. 3 and 4. Figure 3
shows the differences between the mean-square radii
of the even-3 isotopes; Fig. 4 shows the mean-square
radii directly. The experimental values are shown as
filled circles connected by solid lines. The experi-
mental mean-square values of Fig. 4 have been arbi-
trarily normalized at %=82 to the droplet-model
predictions. Also shown in Fig. 4 are absolute ex-
perimental mean-square charge radii' ' (filled
squares) which are significantly less precise, but con-
firm the normalization used for the relative charge
radii.

Values obtained assuming y~
—=1 are included in

Fig. 3 as dotted lines. Several droplet-model predic-
tions (LDM) are included in the figures for both
protons and neutrons. They are displayed as dashed
lines, including results for Pz ——P& ——0. Other LDM
curves are obtained using deformation parameters pz
and p4 calculated from a simple semiempirical

(rz&d=3oz, (14)

with shape correction fz(az, a4) accounts for the
central depression in the proton and neutron distri-
butions. Diffuseness, finally, is included (from a
folding procedure) by

0.6-
OJ

E

I i I I i i t I i i

Neutron Mot ter

with o=0.95 fm. The shape correction functions
are

10 3 27
fl(az a4) az + 33 az 35

&~ 0.4-
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~z. 0.2-

I
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14 2 28 3 29 4fz(az, a4)= —,az +—„az ——,az
116 2 2+ —,5 a2 Ct4+ 27 Ct4

1/2
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Here, Pz and P4 are quadrupole and hexadecapole
deformation parameters which can be taken from
calculations or from experiment. Additional quanti-
ties needed for the calculation are

Ld

00
R
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2
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MASS XUMBER A

r
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where E and J are compressibility and symmetry
parameters, respectively. The two signs are for pro-
tons and neutrons and Eq. (18) yields

FIG. 3. Mean-square radius differences (r~+3' )
—(rq ) of proton and neutron matter of the even-A Sm
isotopes. Filled circles and solid lines: experimental;
dashed lines: liquid droplet model with P.=O, P= calcu-
lated, and P= experimental (open circles); open squares:
interacting boson model; dotted line: ( r ) cc A z~

(y~ = l).



SHAPE TRANSITIONS AND ISOTOPE SHIFTS OF PROTON. . . 2289
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28 — ~ EX P (Abso lute)

p I/2
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LDM'.

cantly less (50%%uo) than that of the proton matter
(charge). This is unlikely. In fact, recent experi-
ments ' ' suggest

CV

E 27— 5.2-

CU Z

w 26K

C3
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I

Z:
LLI

25-

5.1-—

5.0--

82 84 86 88 90 92
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parametrization of the experimental charge defor-
mation parameters as well as (for protons only; open
circles connected by dashed lines) for the experimen
tal charge deformation parameters P2 and P4.

Both figures show basic agreement between the
LDM predictions and the experimental values for
the radii of the charge distribution. In particular,
the relative values for the mean-square radii of the
spherical ' Sm and the statically deformed

Sm are in excellent agreement. The LDM pre-
dictions using experimental deformation parameters
for the vibrational nuclei ' ' Sm are slightly lower
than the experimental values. This deviation can
easily be accounted for by a slight increase of the
surface diffuseness o (see Fig. 3 of Ref. 40).

Disagreement appears to exist between the LDM
predictions and the experimental values for the neu-
tron radii. The LDM predictions are too high un-
less the deformation of the neutron matter is signifi-

FIG. 4. Mean-square radii (r„' ) of proton and neu-
tron matter of the even-1V Sm isotopes. Filled circles and
solid lines: experimental, normalized at N=82; filled
squares: experimental (absolute); dashed lines: liquid
droplet model with p=O, p= calculated, and p= experi-
mental (open circles); narrow-dashed lines: liquid droplet
model (neutron matter only) with P=0 and P= calculated
(but with artificially reduced isotope shift of the neutron
sharp radius R; see text).

for ' ' Sm and P(n) & P(p) for ' ' Sm. (Ratios
deviate from unity by about 5%%uo to 20%.)

The isotope shifts of the neutron radii deduced in
this work are not from a direct measurement. Equa-
tion (7} is the basic relationship between the isotope
shifts of proton and neutron-excess matter and that
of Coulomb displacement energies. It is valid only
for the direct part of the Coulomb displacement en-

ergies; exchange terms, the electromagnetic spin-
orbit interaction, or other small terms may contri-
bute if their dependence on N is significantly dif-
ferent from that for the direct term. Their influence
for the sequence of Sm isotopes, however, is not
judged important because of the collective nature of
the wave function. Moreover, the essentially equal
isotope shifts deduced for protons and neutrons over
the entire range A =144—154 are taken as an indica-
tion of the validity of the procedures.

The narrow dashed lines labeled LDM' for the
neutron radii in Fig. 4 are obtained with radii R
which were artificially reduced (smaller isotope
shift). Deformation parameters P2 and P4 equal to
zero and from the semiempirical parametrization
were again used for the shape corrections. The as-
sumptions yield good agreement with the data and
with recent results concerning the differences be-
tween the deformations of the neutron and proton
distributions.

D. Interacting boson model predictions

The interacting boson model (IBA) (Ref. 12) has
been used extensively to describe spectra and other
properties of the Sm isotopes. It includes (Fig. 13 in
Ref. 43}a comparison between calculated and exper-
imental differences of mean-square charge radii.
The agreement is generally good, but the calcula-
tions do not reproduce the sharp increase from
N=88 to 90.

The version of the interacting boson model which
treats protons and neutrons separately (IBA2) has
been used in the present work to describe the isotope
shifts of both proton and neutron radii. The mean-
square radii for both protons and neutrons can be
written as

&r'& = &r'&...+P~ +y(n'+n ) (20)

(superscripts m or v on all quantities have been
dropped). Here, n' and n are the number of (dipro-
ton or dineutron) bosons; N=n'+n" is the total
number of bosons of each kind; and p and y are
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parameters of the IBA2 Hamiltonian (unrelated to
the previous deformation parameters). The differ-
ence of the mean-square radii is obtained from Eq.
(20),

& rN+2 & & rN & p(81V+2 nN )+ 3
2 d d

(with superscripts v) for the neutrons, and

& re+2'& —
& r~'& =P(rtx+2 —&x)+0

(21)

(22)

(with superscripts ~) for the protons. The quantity

y (&0) does not enter into Eq. (22) because the
1

number of proton bosons ( —,Z=31) is constant.
Values of y"=0.3 and g =P =0.02 are typical,
but small variations are possible. The differences in
the number of proton (neutron) d bosons have been
calculated. They are in the range 0.2—1.0 for both
proton and neutron bosons, increasing with neutron
number. The results are displayed in Fig. 3 as open
squares. Whereas the experimental neutron mean-
square radius differences are well reproduced, the
calculations fail to describe the observed proton
mean-square radii.

Two problems can account for this behavior. The
v-boson-m-boson interaction resides in the quad-
rupole-quadrupole interaction but individually con-
serves the number of neutron and proton bosons.
Hence,

is predicted for the protons. Perhaps more impor-
tantly, the step from Eq. (20) to (21) assumes that
& r &„„remains constant for both neutrons and pro-
tons when neutron bosons are added. However, core
polarization is believed (e.g., Ref. 39) to play a major
role in the interpretation of isotope shifts.

VI. SUMMARY AND CONCLUSIONS

The radii of the excess neutrons increase more
rapidly than the proton radii in the light Sm iso-
topes. This appears to be the result of neutron
dynamic zero-point vibrations. When the phase
transition takes place at %=88—90 the neutron-
excess radius remains essentially constant, whereas
the proton radius i.ncreases at an exceptionally high
rate and compensates for the earlier lag. The aver-
age isotope shifts for all neutrons and protons from
the spherical ' "Sm to the statically deformed "Sm
are about equal, as is expected from the strong col-
lectivity.

Strong odd-even staggering is suggested by the
data whereby the addition of a single odd neutron
increases the neutron radii much more than the pro-
ton radii. The addition of a second neutron to form
a pair has the opposite effect. A comprehensive ex-
planation of odd-even staggering does not seem to
exist.

The droplet model of the atomic nucleus" com-
bined with experimental deformation parameters de-
scribes the isotope shifts of proton radii very well,
but appears to overestimate that of the neutron ra-
dii. The interacting boson model (IBA2) describes
neutron radii quite well but fails for proton radii.
This may indicate the presence of strong core polari-
zation effects.
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