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Isotope shifts and hyperfine structure splittings of the CaI resonance line (4s 'So-

4s4p 'P~, A, =422.7 nm) have been measured for all calcium isotopes between Ca and

Ca, including the short-lived isotope Ca (T~~2 ——4.54 d). Resonance fluorescence was

observed in a well-collimated atomic beam of calcium excited by a narrow band tunable

continuous-wave dye laser. Combining the result with muonic x-ray data for the stable iso-

topes, accurate values for the changes of mean square charge radii of the Ca nuclei are ob-

tained, in addition to information on electromagnetic moments from the measured hyper-

fine structure constants, The influence of ground state correlations (represented by quadru-

pole and octupole mean square deformations) on the observed peculiar variation of the Ca
charge radii is discussed as well as the relation to the droplet model and to a mixed (f7/2)"
model.

NUCLEAR STRUCTURE Isotope shifts and hyperfine structure of
Ca isotopes, 3=40 to 48, measured by laser spectroscopy, deduced

5(r ) and nuclear moments.

I. INTRODUCTION

For many reasons information on isotope shifts
and hyperfine interactions for Ca isotopes is of
great interest. The nuclides Ca and Ca are both
doubly magic and studies of the size and shape of
the nuclei in the series of Ca isotopes yield informa-
tion on interesting effects associated with the addi-
tion of neutrons in the f7/2 shell. Consequently,
there are considerable theoretical and experimental
activities investigating charge and matter distribu-
tions of Ca nuclei by many different methods. '

There is also a long tradition of measuring optical
isotope shifts which have long been a valuable tool
for precise and detailed investigations (see Ref. 2 for
a compilation of experiments with Ca isotopes).
Recently, by use of high resolution laser spectros-

copy combined with highly sensitive methods of
detection, the experiments could be extended to ra-
dioactive nuclei and these laser methods are, in
fact, the only techniques applicable to the small
amounts of radioactive material. In a series of in-
vestigations the Heidelberg group has applied
high-resolution intracavity spectroscopy to observ-

ing the very weak intercombination line 657.3 nm
(4s 'So~4s 4p P~). Although this line has the ad-
vantage of a very small natural line width (410 Hz)
and of a convenient spectral range for tunable

continuous-wave (cw) dye lasers, the sensitivity of
the technique remains restricted to radioactive sam-
ples in the range of 10 pg, and it is therefore not
feasible for Ca (Tt&2 ——4.5 d), for which only sub-

nanogram samples can conveniently be produced.
In this paper we report on high resolution laser

spectroscopic measurements of isotope shifts and
hyperfine structure splittings of the blue 4s~'So-
4s4p 'P& resonance transition in all Ca isotopes be-
tween Ca and Ca, including Ca, measured for
the first time. (The results have already been briefly
reported in Refs. 5 and 6.) The experimental tech-
nique applied makes use of isotope selective excita-
tion in a well collimated atomic beam intersected by
the light beam of a stabilized cw dye laser and
detection of the emitted resonance fluorescence
light. The combination of the results with muonic
x-ray data7 then yields highly accurate values for
the variation of the mean square nuclear charge ra-
dii in the chain of Ca isotopes. The radius differ-
ence 5(r )47 4Q proves to be very small and fits
well into the known peculiar variation of the Ca
charge radii. Values of A and 8 factors of hyper-
fine splitting observed in odd Ca isotopes are addi-
tionally given. We find a discrepancy between the
8 factor ratios deduced for the Po state and those
for the P& state, which might be an indication of a
strong influence of second order corrections.
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II. EXPERIMENTS

A. Experimental method

Laser induced atomic beam fluorescence spectros-
copy has been applied successfully in our laboratory
to the investigation of stable and radioactive Ba nu-

clides ' and provides the necessary resolution and
sensitivity in the case of calcium as well. The calci-
um 4s 'So-4s4p 'I'& resonance transition (A, =422.7
nm} was excited by jet-stream dye lasers operating
with stilbene 3 dye and pumped by the uv lines of
an argon ionon ion laser. One laser, built in the laborato-

6 was loci ed to the resonance frequency of a
in an atomic beam, thus providing an optical refer-
ence frequency. The output of a second aser
(Coherent Radiation model 599-21) crossed a
separate, highly collimated atomic beam containing
the Ca isotopes to be studied. Part of the output
was also mixed with that of the first laser on a fast
photodiode. The difference frequency was locked
to a value which was then scanned under computer
control during the recording of a spectrum. In or-
der to be able to cover the whole of the spectral pro-
f1 f C ( here the difference frequency wou d

nc of theotherwise pass through zero), the frequency o t e
reference laser was shifted by 250 MHz before mix-

ing, usmg an accousto-optic modulator. Further de-
tails of the experimental procedures, frequency sta-
bilization of the lasers, and atomic beam apparatus
can be found in Refs. 6 and 10.

The total fluorescence spectrum (from Ca4'Ca to
Ca) covers a range of approximately 1.6 z.

laser power of typically 0.05 mW was used for the
measurements. At higher power, optical pumping
effects set in for the odd isotopes. Spectra were
recorded with laser light linearly polarized either
parallel or perpendicular to the observation direc-
tion.

was 42I most spectra the observed linewidth was
MHz (FWHM) to be compared to the natural wid

n m
idth

f 35 MHz. With samples of typically 10 ng per
isotope the count rates were of the order of . z

h ks. Interference terms for the odd iso-
1 sis of thetopes were included in the computer ana ysis o e

measured fluorescence spectra.
As the available Ca sample was smaller, the

thod was slightly modified in order to
avoid optical pumping effects. A Pockels ce
driven by a radio-frequency (rf) oscillator was in-

serted in the laser beam such that the laser light po-
larization was continuously modulated between
parallel and perpendicular to the observation direc-

B. Sample preparation

The natural abundances of the six stable calcium
isotopes differ by more than four orders of magni-
tude. In order to produce samples containing ap-
proximately equal amounts of each of the stable iso-
topes or to separate target material from a radioac-
tive Ca nuclide produced by irradiation, an elec-
tromagnetic mass separator was use .11 The ra-
dioactive isotopes 'Ca, Ca, and Ca were all pro-
duced by neutron capture in enriched Ca samples ir-
radiated in the Karlsruhe research reactor FR 2.

CU

LA
II

Lt

1300 1500

{MHz)
~ ~FIG. 1. Spectrum of a 46 Ca sample containmg

only -170 pg Ca.

tion, at a rate of 5 MHz. This allows an increase o
the laser power as there is not enough time for the
atoms to get optically pumped before the polariza-
tion changes. This modulation introduces side
bands of appreciable intensity at +5 and +10 MHz,
but the resulting broadening of the fluorescence
lines is not a serious problem. Using this method,
fluorescence spectra for Ca (Fig. 1) were obtained
with a laser power of 0.5 mW without any detect-
able optical pumping effects.
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The ion beam from the mass separator implanted
the desired isotope directly into the tantalum oven,
then used in the atomic beam apparatus. Contam-
ination caused by naturally occurring calcium could
be eliminated by preheating the oven under high
vacuum.

'Ca (T~&2 ——1.3X10 a) was produced from a 3

mg sample of natural CaO. After irradiating this
1

target for 1 —, yr with a neutron flux of about
9X10' n cm s ', 18 ng of 'Ca were obtained in
the atomic beam oven following mass separation.
A sample containing 5 ng of Ca (T~~2 ——163 d)
was produced in the same way from 1 mg of CaO
with Ca isotopically enriched to 95%. Ca
(Ttrq ——4.5 d) was obtained from a target consisting
of 2 mg of Ca03 enriched to 43% Ca. After 14 d
of irradiation with 9X10' n cm s ' followed by
mass separation, 170 pg of Ca were available in
the atomic beam oven.

'Ca and Ca were implanted in the same oven,
so that they could be measured in the same run.
Similar quantities of Ca, Ca, and Ca were ad-
ded to provide reference points in the scan. Simi-

larly, " Ca and Ca were added to the Ca sample.
More than one sample was produced for each iso-

tope, and we were able to measure a number of
spectra from each sample, thus checking the inter-
nal consistency of the measurements and the repro-
ducibility of the results.

An attempt was also made to measure Ca
(T»2 ——8.7 min). A sample containing approxi-
mately 1 pg was prepared by neutron capture on en-

riched Ca. In spite of a mass separation, a much
larger amount of Ca was present in the atomic
beam. The photon burst method developed by
Greenlees et al. was used in order to suppress the

long Lorentzian tail of the Ca resonance line. No
resonance attributable to Ca was found. From a
careful analysis of the observed Ca line and as

Ca was there in the expected amount, we may
conclude that the shift between these two isotopes is
rather small:

hv &50 (MHz) .

m. RESULTS

A. Isotope shifts and nuclear radii

AA' I +P g (r2)AA' (3.1)

Table I presents the measured isotopic shifts for
all isotopes between A =40 and 48. The values for
the stable isotopes are compared to the results of
Brand et al. ' for the same transition. Satisfactory
agreement is found. A King plot with the results
for the intercombination line 'So Pt Q, =6-57.3 nm)
is displayed in Fig. 2. Seven of the eight data
points are located on a straight line within their
respective errors showing that these sets of data are
well consistent. This is not the case for 'Ca, where
a clear discrepancy (by about two standard devia-
tions) exists.

The measured isotope shifts 5v,
""' of a particular

optical transition (i) are the sum of a shift 5v „,
due to the change in mass of the nucleus and of a
shift resulting from the variation of the nuclear
charge radius

TABLE I. Measured isotopic shifts 5v(A —40) of the 4s' 'SD-4s4p 'P& resonance transition
(A, =422.7 nm) and derived differences of the mean square nuclear charge radii 5(r ). The
optical values 8 (r ) use for calibration results from muonic x-ray data and are therefore not
independent of these.

Atomic
number A

Isotopic shifts 5v (MHz)
This work Brandt et al. '

Mean square radii differences (fm )

From muonic x rays" This work

41
42
43

45
46
47
48

223.2(12)
391.1(8)
611.0(10)
770.8(8)
983.9(18)

1158.9{8)
1348.7(12)
1510.7(8)

389.4(30)
607.8(30)
772.8(30)

1164.6(36)

1507.5(30)

0.215(11)
0.116(24)
0.298(9)

0.164(43)

—0.001(6)

—0.012(7)
0.221(12)
0.117(6)
0.293(12)
0.128(20)
0.128(8)
0.007{10)
0.000(9)

'Reference 12.
Table II of Ref. 7.
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350-
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King- Plot resonance line I interrnmbination line
data for the isotopes ' Ca. The results are given
in the last column of Table I. We note that the
muonic x-ray shifts are primarily due to a different

type of moment (Barret radii) and that the conver-
sion into equivalent root-mean-square (rms) radii is
not completely model independent.

The mass shift of the isotope shift is traditionally
split up into the normal mass shift (NMS)

330—

04/
0 420

I

440 460 has573(GHz rnu }

FIG. 2. King diagram with the isotope shifts of the
CaI intercombination line 'So- I'~ (60.=A 'A /
(A' —A) X6~).

For light nuclei, the mass effect dominates, and the
volume effect and nuclear structure effects contri-
bute as a rule less then 10% of the total shift. F~
and M; are quantities determined by the atomic
structure and need to be known if 5 ( r2) values are
to be extracted. As values of 5(r } for the stable
Ca isotopes are known from electron scattering and
muonic x-ray studies, it is possible to determine M;
and F; experimentally. A King plot with the muon-
ic x-ray data (Fig. 3) demonstrates that the linear
relationship between 5v; and 5(r~) holds within
the accuracy of the measurements. The results are
the following:

M~(A, =422.7 nm}=362.54(44) (GHzmu),

F;(A,=422.7 nm)= —181(10) (MHz fm 2) .

With the known values of M~ and F; we calculate
the mean square (ms) charge radii differences of the
unstable isotopes '* ' Ca and improve the accura-
cy of the (comparatively imprecise) muonic x-ray

Ze bp;(0)
F; = — (Hzm )

6heo
(3.2)

is essentially determined by the change of the elec-

tron density b,p; (m ) at the nuclear site during the

atomic transition. We find experimentally

bp;=12.4(7) (A ') .

For Ca we conclude from the upper limit of the

isotope shift quoted in Sec. IIB that the radius

difference between Ca and Ca is rather large
(5(r~) &0.5 fm ). This comparatively large jump
is not unexpected since a large increase in radius

has been observed in many cases at the beginning of
a neutron shell.

[M;(normal) =v;/1822]

which is the familiar reduced mass correction, and

the specific mass shift (SMS), which is due to
( pj.pk ) correlation terms of the electron momenta
and is not easily calculated. The calibration by help
of the muonic x-ray results allows us to determine
the SMS part,

SMS/NMS = —0.069(1) .

It proves to be very small, as expected for an ns-
nsnp optical transition. '

In a simple nonrelativistic approximation (see

Ref. 6) the coefficient

~O~227

(this
work)-

(6Hz) 40

350

King-Rot: resonance line / muonic data

) 40,46~40.43

340

330

I

50

40 4g

100muonic data aQ&r &(fm2}

FIG. 3. King diagram using muonic x-ray result
from Ref. 7 (60 =A'A/(A' —A))&5v).

B. Nuclear moments

Table II gives the A and 8 factors calculated
from the hyperfine splittings of the transition fre-

quencies for the four odd isotopes. The values for
Ca, the only stable odd isotope, are in good agree-

ment with results of a level crossing experiment. '"
In Table III hyperfine structure (hfs) constants rela-

tive to the value for Ca are presented and com-

pared to the corresponding ratios obtained for the

4s4p P& level using laser and combined laser rf
spectroscopy. Corresponding A factor ratios are in

good agreement for the two transitions. Using the
well known value' for the magnetic moment of
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Isotope
A

(MHz)
8

(MHz)

41
43
45
47

—18.84(13)
—15.46(15)
—15.45(12)
—16.20(23)

—9.2(6)
—9.7(7)
+ 1.8(5)
+4.1(6)

TABLE II. Measured A and 8 factors of the 'I'&

state hyperfine structure for the odd Ca isotopes.
those obtained for the P] state. For the ratio
B( 'Ca)/B( Ca), the discrepancy is of the order of
30%, for which higher order effects might be re-
sponsible. But we find it difficult to believe that
this could also explain the large difference in the
B( Ca)/B( Ca) ratios. In view of this discrepancy
(and before second order corrections have been cal-
culated), we therefore prefer not to quote any values
of the nuclear quadrupole moments.

Ca [p, = 1.2172(6) p~] as normalization and
neglecting any hyperfine anomaly, the magnetic
moments given in Table III are derived.

The relatively small B factor values reflect small
values of the nuclear quadrupole moments. In such
a case, it appears to be somewhat dangerous to ap-

ply the usual formula relating the 8 factor

2 eB=—
Qht, (r, )R,(cm ')

3 hc

to the spectroscopic quadrupole moment via (r, )
values [taken from ab initio calculations or deduced
from atomic data' with a relativistic correction R„
(Ref. 15) and an additional antishielding factor due

to the Sternheimer effect' ]. Such a first order re-

sult does not include polarization and correlation
effects which have been shown to be occasionally
important. Estimating these effects, Grundevik
et al. ' deduce a value for the quadrupole moment

Q ( Ca)= —0.065(20) (e b) [this value agrees well

with a recently reported result' Q= —0.062(12)
(e b)] from the value

B(3Pp)= —5.436(8) MHz,

precisely measured for the 4s 4p p3 metastable state
of Ca. As seen in Table III, the B factor ratios
found in our experiments deviate severely from

IV. DISCUSSION

The normal variation expected for the ms radius
of nuclear charge distributions is an increase with
the mass number A. Figure 4 displays the peculiar
behavior of the Ca isotopes showing a decrease of
(r ) when filling up the second half of the neutron
shell at %=28. The following features emerge
from Fig. 4:

(i) The rms charge radii of Ca and Ca are
equal within experimental uncertainty, whereas the
even nuclei in between have a charge radius larger
in size by about 1%.

(ii) There is a distinct odd-even staggering. The
odd Ca nucleus is considerably smaller than its
neighbors as far as the charge distribution is con-
cerned.

(iii) There is only a minute difference (if any) be-
tween the charge radii of Ca and 'Ca.

There is a striking similarity ' between the varia-
tion of the ms charge radii and the trends of the
quadrupole transition strengths inferred from in-

elastic a-particle scattering, B(E2) values of the
lowest 2+ states, and transition radii measured for
the 0~+~02+ monopole transitions by inelastic elec-
tron scattering ' (Fig. 5). This similarity suggests

Magnetic
moment

{pg)

I'I state

8/8 ( Ca)8/8 ( Ca) A/A ( Ca)A/A ( Ca)Isotope

TABLE III. A and 8 factors for the two states 'I'~ and 'I'& normalized to the respective values for Ca. The last
column gives the nuclear magnetic moments p, calculated from the known value for Ca using the ratios of the A fac-
tors from our data, thus neglecting any hyperfine anomaly.

'P& state (this work)

41
43
45
47

'From Ref. 17.
"From Ref. 4.
'From Ref. 14.

1.219(15)
1.000
0.999(12)
1.048(18)

0.95(9)
1.00

—0.19(5)
—0.42(7)

1.210242(21)'
1.000000
1.0076(5)

1.647(6)'
1.0000

—1.22(30)b

—1.606(20)
—1.3172(6)'
—1.316(16)
—1.380(24)
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FIG. 4. Variation of the mean square nuclear charge
radii of the Ca isotopes.
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40 L1 42 43 L4 45 46 47 48

FIG. 5. Trends of E2 strengths and transition radii

of the Ca isotopes.

an explanation based on fluctuations of the long
range ground state correlations phenomenologically
represented by the ms deformation (p ).

Splitting up

5&"&=5("&.+ &").5&p. ')
4m.

(4.1)

into a monopole part and a deformation effect
5(pL, ) and introducing experimental 5(p2 )
values derived from measured 8 (E2,0+—2i+)

values, we find indeed the major part of the
variation of the even Ca nuclei to be attributable to
the variation of the quadrupole deformation and
5(r2)0 =0 This -exp. lanation (see Ref. 3) tacitly as-
sumes that the strongest effects result only from the
8 (E2}values of the first 2+ states and that contri-
butions from giant resonances and higher mul-

tipolarities give rise merely to a smooth and negligi-
ble background. However, Ca isotopes also show
pronounced fiuctuations of the octupole strength.
A marked development from a strong 3~ state in

Ca towards a weak one in Ca is observed.
Moreover, electron scattering experiments (see Ref.
1) have shown that the skin thickness of the charge
distribution of sCa is considerably smaller than for
the Ca nucleus. These findings should be con-

sistently included into the consideration of defor-
mation effects.

Recently, Friedrich and Voegler systematically
analyzed elastic elix:tron scattering form factors on
the basis of a convenient parametrization (Helm's

model } of the nuclear charge distribution. This
parametrization folds a homogeneously charged
sphere (with radius R) with a Gaussian of variance

p(r) =fp„, (r;R) pG(r —r ', 0)d r' . (4.2}

t =2.540 =4.39a . (4.3)

Friedrich and Voegler have shown that the exten-
sion parameter R is identical to the "diffraction
minimum sharp" (dms) radius extracted from the
minima of the electron scattering form factor.
Moreover, as Friedrich and Voegler 5 have shown,
this dms radius agrees well with the droplet model
radius.

In contrast to the experimentally observed varia-
tion of the rms radii, the proton radii predicted by

The parameter cr is rather accurately related to the
skin thickness t and the diffuseness a of a Fermi
distribution by
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the droplet model increase monotonically with in-
creasing atomic number, indeed in agreement with
experimental dms radii of the even Ca isotopes.
Consequently the experimental variation of the ms
charge radii

5&r'& =-,'5~'+35~' (4.4)

is projected into a "shell effect" of the surface
thickness 0.. Figure 6 displays the variation of the
diffuseness parameter a as required by the experi-
mental 5 (r ) values when combined with the drop-
let model predictions for 5R [for calculating R, we
used the parameter set recommended in Ref. 25 and
a( Ca) =0.566]. As the ms deformation is
contributing to the surface diffuseness, we define a
reduced skin thickness cr by

5&r'& =-', 5Z'+35@'

( —,R'+3o')5(pl') . (4.5)

The trend of the reduced diffuseness parameters of
the even isotopes is also shown in Fig. 6. Obviously
the difference in the ms octupole deformation [ex-
tracted from known B(E3;0+—3~ ) values '] is able
to explain the diffuseness difference of the two
magic nuclei Ca and Ca. It is interesting to note
that after such a deformation correction

5(r )"" is in excellent agreement with the
droplet model. However, though the results do re-
veal the distinct influence of long range correlations

on the surface diffuseness, the remaining back-
ground diffuseness shows the same parabolic trend
as seen for the ms radii and appears to be the true
and unexplained origin of the observed radius varia-
tion.

The outstanding features of the Ca nuclei have
also been the subject of various theoretical ap-
proaches based on a microscopic description of nu-

clear structure. ' The overall trend in 5(r2) can
be fairly well reproduced. ' The superimposed odd-
even staggering, which has been ascribed to a block-

ing of ground state correlations by the unpaired
neutron has been considered by Caurier et al. ' in
the framework of the isospin projected Hartree-
Fock procedure. Configuration mixing is qualita-
tively able to explain the odd-even staggering, but
inclusion of a larger number of orbitals becomes
rapidly intractable.

In order to retain the essential physical features,
Talmi has proposed a simple model mixing to the
shell model states

[I„„=Of"& (I ) I=I ),
some other excited states

I o =2 f7n(Ii) I=Io

(f7/2 configurations coupled to an excited, presum-
ably deformed core state). Assuming that the
mixing amplitudes do not depend on more detailed
structure effects, a most simple expression is ob-
tained

a (fm)
Oiffuseness of Ca charge distribution

r

~ „~ ( ~) IC)&n(8 —n) even A

K &([n(8—n) —4] odd A
(4.6)

0,56-

0.54-

0.53-

0.52-

0.51 -'/

0.50
41 42 43 44 45 46 47 48

FIG. 6. Variation of the diffuseness parameter of a
Fermi distribution as required by the measured 5(r )
values, with and without {full curve) ms deformation
correction.

The parameter K includes the mixing amplitudes or
nuclear matrix elements (expressing the n particle
intraorbit interactions in terms of two-particle in-
teractions). Formula (4.6) is related to a slightly
more general expression ' (originally given for the
variation of the binding energies) with three param-
eters, which are, however, basically not independent
and determined by the same matrix element. Even
if such a simplified description (with E as an ad-
justable parameter) is not expected to fit the data
extremely well (Fig. 7), it is impressive how clearly
the general features of the experimental results are
reproduced.

In addition to charge radii differences, elec-
tromagnetic moments provide further nuclear struc-
ture information and critical tests of microscopic
theories. The experimental values of the magnetic
moments of the odd isotopes (Table III) agree fairly
well with theoretical results. ' Using the operator
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6(r'&
( fm2)

0.3—

02—

0

Experiment

for the free nucleon (i.e., single particle dipole mo-
ments pz ——2.79 /Mz and /M„= —1.95 pz for protons
and neutrons, respectively) for Ca, a theoretical
value /u =—1.38 /M~ is quoted. The trend of the
measured 8 factors confirms the change of the sign
of the nuclear quadrupole moments in the middle of
the shell as expected by shell model considera-
tions. ' As mentioned above {Sec. IIIB), a first
order evaluation of the measured B factors would

yield a value of the spectroscopic quadrupole mo-
ment of Ca which disagrees with previous experi-
mental results, but within the common uncertainty
all first order results are not inconsistent with re-

cent shell model calculations.
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