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Abstract. The isotope shift and hyperfine structure in the three 3d 2D3/2,5/2 → 4p 2P1/2,3/2 - transitions
in Ca II have been studied by fast ion beam collinear laser spectroscopy for all stable Ca isotopes. The
metastable 3d states were populated within the surface ionization source of a mass separator with a
probability of about 0.1%. After resonant excitation to the 4p levels with diode laser light around 850 nm
the uv photons from the 4p → 4s transitions to the ground state were used for detection. Hyperfine
structure parameters A and B for the odd isotope 43Ca, as evaluated from the splittings observed, agree
well with theoretical predictions from relativistic many-body perturbation theory. Field shift constants
KFS and specific mass shift constants KSMS were extracted from the measured isotope shifts and are
discussed in comparison with expectation values from theory.

PACS. 32.10.Fn Fine and hyperfine structure

1 Introduction

As a member of the alkaline earth elements, calcium has
been the subject of various spectroscopic studies during
the last decades including precise hyperfine structure and
isotope shift investigations in a number of optical transi-
tions in both the atomic and ionic spectrum [1–4]. There
are different reasons for this interest in the atomic struc-
ture of calcium in addition to revealing insight into the
nuclear structure of this element. Singly positive charged
ions of the alkaline-earth elements have a simple alkali-
metal like electronic structure, consisting of an inert-gas-
like electron core and a single valence electron. Hence, cal-
culations on the atomic structure can be carried out using
a number of different theoretical methods including ab-
initio calculations and semi-empirical approaches, which
give more or less precise predictions for the parameters
involved in the experimental spectra like term energies,
isotope shift and hyperfine structure constants. The hy-
perfine structure of the low-lying atomic states, particu-
larly the 4s, 4p and 3d levels has been accurately predicted
by refined many-body perturbation theory (MBPT) in-
cluding core polarization and correlation effects [5]. In the
case of the 4s and 4p levels these values have recently been
confirmed by different experimental measurements [2,3].

As discussed by Mårtensson-Pendrill [3], particularly
the 3d states are of special importance for a test of the
validity of these refined MBPT evaluations because core
polarization and correlation effects have a rather strong
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Fig. 1. Partial level scheme of Ca II.

impact on these levels as compared to the 4s and 4p states.
In addition to these effects, the 3d electron is expected
to exhibit a pronounced influence on correlations within
the core due to its relatively high charge density inside
the core. So far only a single measurement of one of the
magnetic dipole hyperfine structure constants has been
reported with a value of A(3d 2D3/2) = −48.3(1.6) MHz
[4], which is in reasonable agreement with the theoreti-
cal predictions. To our knowledge precise results for the
A(3d 2D5/2) and both B(3d) factors have not been pub-
lished, while experimental values for the 4p-states re-
ported in the literature are contradictionary [2,6]. The
relevant part of the Ca II level scheme is sketched in Fig-
ure 1, including all allowed electric dipole transitions be-
tween the levels concerned.
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One motivation for isotope shift studies in the 3d→ 4p
transitions in Ca II is the completion of the high-resolution
measurements on isotope shifts in the different transitions
connecting the 4s, 4p and 3d states. Here, a complete set
of precise experimental results for the field shift and the
specific mass shift factors are demanded e.g. in [3] for com-
parison to the theoretical description by MBPT. Exper-
imental results for the 4s → 4p singlet transitions again
are in good agreement. The predicted field shift factor
KFS

3d = +110(1) MHz/fm2 has already been used in [4]
to separate the specific mass shift contribution from the
isotope shift, but its value has not yet been confirmed by
measurements.

Apart from these atomic physics studies, high resolu-
tion laser spectroscopy in the Λ-type system between the
low-lying levels in Ca II has important applications for
metrological investigations. In particular, the forbidden
4s 2S1/2 → 3d 2D3/2,5/2 electric quadrupole transitions at

729 nm and 732 nm, respectively, and the 3d 2D3/2 →
3d 2D5/2 M1-transition at 1.8 GHz are promising can-
didates for the development of an ultraprecise frequency
standard. All transitions in the Λ-type excitation scheme
of Ca II have the unique advantage that the required wave-
lengths for state preparation and optical cooling can be
generated easily by solid-state diode lasers and further-
more have very narrow natural linewidths [7]. For these
applications the precise knowledge of the isotope shifts
and especially the hyperfine structure splittings of the
only stable odd-mass isotope 43Ca in all levels involved
is desirable for precise laser tuning.

In this paper we report the study of the isotope shifts
in the three allowed 3d 2D3/2,5/2 → 4p 2P1/2,3/2 transi-
tions for all stable isotopes of calcium and of the hyper-
fine structure of 43Ca (I=7/2). The measurements have
been carried out using fast ion beam collinear laser spec-
troscopy. Direct population of the 3d states in a surface
ionization source has been utilized, avoiding the use of
a second laser for state preparation by optical pumping.
Field shift constants, specific mass shift constants and all
hyperfine constants A and B of the levels involved are
derived and compared to the theoretical predictions.

2 Experimental procedure

Collinear laser spectroscopy on fast beams of ions or atoms
has become a standard experimental procedure for the
investigation of isotope shifts and hyperfine structures.
Up to now it has been applied to a large number of
stable and radioactive isotopes from all over the nuclid
chart [8]. The method combines a number of striking ad-
vantages, which are only partly accessible by other ex-
perimental techniques: The direct investigation of an ion
beam from a mass separator avoids sample preparation
and handling, and implies long interaction time as well
as high excitation efficiency. The Doppler width of the
optical transition is strongly reduced during the accelera-
tion of the ions, allowing for high-resolution studies near
to the natural linewidth limit. In addition to this, high
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Fig. 2. Experimental setup for fast ion beam collinear laser
spectroscopy.

sensitivity is achieved by involving all ions or atoms in
the optical excitation, thus enabling the analysis of low
abundance trace isotopes or artificially produced short-
lived radioisotopes. Doppler tuning of the frequency can
easily be performed by changing the acceleration poten-
tial without the necessity of precise laser frequency tun-
ing. Most important for our work is the direct access to
metastable states, which can be populated either during
a charge exchange process or directly in the mass sepa-
rator ion source. In the spectrum of Ca II the method
has previously been used for high-resolution studies in
the 4s 2S1/2 → 4p 2P1/2,3/2 transitions [3]. In the spec-
trum of Ca I a variety of precision measurements has also
been performed using other methods either in the strong
4s2 1S0 → 4s4p 1P1 transition ([9] and references therein)
or in the 4s2 1S0 → 4s4p 3P1 intercombination line ([10–
12] and references therein). Also these measurements cover
long sequences of stable and radioactive isotopes and give
precise δ〈r2〉 values and nuclear moments. Furthermore
the development of isotope shifts in the 4s nd series has
been studied [13].

A schematic diagram of our experimental setup is
shown in Figure 2.

It is divided into four major parts: the ion source,
the mass separator, the apparatus for collinear laser spec-
troscopy with the fluorescence detection region, and the
laser setup. The Ca+ ions are efficiently produced from
Ca(NO3)2 in a surface ionization source of the Dubna
type [14]. After reduction and atomization in a tanta-
lum oven, the calcium atoms are ionized in a 2500 ◦C
tungsten tube and extracted into the mass separator by a
35 kV potential. Typical Ca+ beam currents are 500 nA.
The high temperature in the ion source leads to a ther-
mal population of the metastable 3d states of about 0.1%.
Mass separation is accomplished in a 60◦ sector magnet. A
10◦ electrostatic deflector is used to superimpose the ion
beam onto the laser beam in strict antiparallel geometry.
To avoid depopulation of the 3d state by laser excitation
before reaching the detection region, the laser frequency
is tuned several GHz below the resonance frequency. A
postacceleration potential of up to ±10 kV within the
detection chamber allows for precise Doppler tuning into
resonance. Fluorescence detection is performed by single-
photon counting on a 4 cm long part of the beam with an
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Fig. 3. Experimental data points with statistical error bars
and Voigt-profile fit for 44Ca (a) and 46Ca (b) in the transition
3d 2D5/2 → 4p 2P3/2.

estimated detection efficiency of approximately 3× 10−3.
The use of a photomultiplier, which is sensitive only in
the blue spectral region with very low efficiency for in-
frared photons eliminates background from laser stray
light. The laser system consists of a diode laser in an ex-
ternal Littrow geometry resonator which is actively sta-
bilized to a commercial stabilized Helium-Neon-laser by a
300 MHz reference etalon and comparison of the fringing
pattern by a computer. The laser is operated at an output
power of 5 mW and has a linewidth of 3 MHz, limited by
acousto-mechanical noise. Using the external resonator
together with precise current and temperature control,
the diode laser can be tuned and stabilized at the
wavelengths of all three 3d → 4p transitions around
850 nm, 854 nm, and 867 nm, respectively. Single-photon
counts are recorded as a function of the postacceleration
voltage with stabilized laser frequency. Alternatively laser
scans were applied to test the precision of the acceleration
voltage. Measurements of all stable isotopes in all three
3d → 4p transitions were performed with respect to the
most abundant isotope 40Ca to minimize the influence of
voltage or frequency drifts. A signal for the rare isotope
46Ca (natural abundance 3× 10−5) was observed only in
the strongest 3d 2D5/2 → 4p 2P3/2 transition.

3 Experimental results and discussion

3.1 Resonance peak positions and shapes

We determined the peak positions of the even isotopes
from the experimental data by fitting a Voigt profile to
the experimental observed resonance curve, which con-
tains natural lifetime (lorentzian) and residual Doppler
(gaussian) components. A typical example is shown in Fig-
ure 3a for the isotope 44Ca.

The obtained Voigt linewidths (FWHM) of the reso-
nances are 40(2) MHz for the less abundant isotopes of
calcium and 54(2) MHz for the dominant isotope 40Ca. In
both cases the lorentzian contributions to the total widths
are similar at 30(3) MHz, which compares well to the nat-
ural linewidth of 23 MHz and an additional 5 MHz of

transit time broadening. The gaussian contribution varies
from 22(3) MHz to 34(3) MHz, respectively. The reason for
this discrepancy is partly ascribed to space charge effects
in the intense 40Ca beam, and saturation effects in the
photomultiplier and the subsequent counting electronics,
as no dead-time correction has been applied. Neverthe-
less, the uncertainty in the peak positions resulting from
the fitting procedure is smaller than 1 MHz in both cases.
This precision is verified by comparison of the center fre-
quency for the isotopes performed over a period of two
hours. Under all experimental conditions the long term
variation was less than 2.5 MHz, reflecting the good fre-
quency stability of the stabilized diode laser. Because of
the low signal-to-noise-ratio for the least abundant iso-
tope 46Ca, all recorded scans of this isotope were added
and a Voigt profile was fitted to the sum with gaussian
and lorentzian linewidths fixed to the values determined
for the other minor isotopes. The result is shown in Fig-
ure 3b. The uncertainty of the line center for this spectrum
was pessimistically estimated to amount to 5 MHz.

3.2 Hyperfine structure of the odd isotope 43Ca

43Ca is the only stable odd isotope of calcium with a non
vanishing nuclear spin (I=7/2). Magnetic dipole and elec-
tric quadrupole interactions between the core and the nu-
cleus leads to a hyperfine splitting of all atomic states with
non-vanishing angular momentum J . The size of the en-
ergy shift for the different hyperfine structure components
relative to the center of gravity is given by the well-known
formula [15]

∆E =
A

2
C +B

3
4C(C + 1)− I(I + 1)J(J + 1)

2(2I − 1)(2J − 1)IJ
(1)

where C = F (F + 1)− I(I + 1)− J(J + 1) is the Casimir

factor, A =
µIHe(0)

IJ
the magnetic dipole coupling con-

stant and B = eQsφij(0) the electric quadrupole coupling
constant. He(0) and φij(0) are the magnetic field and the
electric-field gradient produced by the electrons at the nu-
cleus. Different scans over the 43Ca hyperfine structure
have been added to form an experimental hyperfine spec-
trum as shown in Figure 4.

Included in the figure are the positions and intensities
of the individual hyperfine components as derived from a
fitting routine given below. The hyperfine structure of the
3d state is not fully resolved in all cases. This problem
is most pronounced for the 3d 2D5/2 → 4p 2P3/2 transi-
tion. Hence a sophisticated fitting routine was needed to
deliver reasonable experimental A and B factors from the
observed hyperfine structure patterns. Voigt profiles with
identical gaussian as well as lorentzian linewidths for all
components were interconnected by the hyperfine struc-
ture formula assuming theoretical intensity ratios. Any
change of intensity ratios by hyperfine pumping is negli-
gible because less then 10% of the excited atoms in the
4p state decay back to a 3d state. With this function a
χ2 minimization was performed comparing the calculated
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Fig. 4. Experimental hyperfine structure data with statistical
error bars, fit curve, hyperfine transition positions, and inten-
sities. (a) 3d 2D3/2 → 4p 2P1/2, (b) 3d 2D3/2 → 4p 2P3/2, (c)
3d 2D5/2 → 4p 2P3/2.

pattern with the experimental data. Variable parameters
in the fitting procedure were: the A and B factors of the
states involved, gaussian and lorentzian linewidths, over-
all intensity, isotope shift of the center of gravity and a
baseline offset (noise). The error of each data point was
assumed to be purely statistical. With the theoretical hy-
perfine structure parameters from [3,5] as starting points
the fit routine converged well in all three transitions un-
der study. The resulting line shapes as shown in Figure 4
accurately reproduce the patterns observed as well as the
positions of the different hyperfine structure transitions.
Severall runs of the fitting routine with distinctly differ-
ent starting parameters led to similar results within less
than one standard deviation. Reduced χ2 values of about 2
were reached in the fitting routine, thus an uncertainty of
2σ is used for each parameter for further calculations. Ex-
cept for the weakly contributing small B factors, all errors
are well below 1 MHz. For all transitions the lorentzian
and gaussian linewidth contributions to the Voigt profile
of about 27(3) MHz and 21(2) MHz, respectively, were
found to be equal within their experimental uncertainty

and agree well with the results for the less abundant even
isotopes. Particularly the A and B factors of each individ-
ual fine structure level, as extracted from the three dif-
ferent transitions, showed a perfect agreement with devia-
tions of less than 0.5 MHz, confirming the numerical data
analysis approach. To form final results, A and B factors
from different transitions have been combined weighted
with their individual errors.

A compilation of our results with earlier experimental
and theoretical results is given in Table 1, covering the
complete hyperfine structure of all 4p and 3d states. The
4p state A and B factors of [2] are confirmed with high
precision, while the A(2P1/2) results from [6] are clearly
ruled out. Theoretical predictions for A andB factors were
calculated by extensive MBPT calculations for the 4s, 4p,
and 3d-states. The approach includes all third order con-
tributions for core polarization effects. In addition, corre-
lation contributions were taken into account completely
up to second order with inclusion of certain important
higher order correlation effects, as discussed in detail in
[5]. The results of these calculations for the A-factors have
been revisited in [3] showing very good agreement with
available experimental results for the 4s and 4p-states.
A first result for the A(3d 2D3/2) constant has been re-

ported [4] while the corresponding B(3d 2D3/2) factor is
very unprecise and the remaining hyperfine structure con-
stants of the 3d 2D5/2 state have not been measured so
far. In comparison to our set of experimental results, the
theoretical MBPT expectations from [5] and [3] deviate
less than 5% even in case of the small values of the 3d
state hyperfine structure parameters of only a few MHz.
This confirmation agrees well with the expected precision
of the MBPT calculations and gives confidence into the
modelling of the alkaline-like spectrum of Ca II by this
technique. Furthermore, the improved calculations from
[3] fit the experimental values slightly better than the ear-
lier values from [5], except for A(4p 2P3/2). In case of the

large A(4p 2P1/2) factor the precision of the theoretical
prediction is as good as 0.5%. A second set of theoret-
ical calculations from [16] show larger deviations of 8%
for this A-factor, while the other A and B factors of the
4p configuration are also nicely reproduced. This gener-
ally good agreement between theory and experiment, with
discrepancies in the prediction of the hyperfine structure
parameters, which in no case exceeds 2 MHz, is a stringent
test for both theory and experiment and imply the use of
these precise results for metrological and quantum optical
studies.

3.3 Isotope shifts of the even calcium isotopes

The isotope shift between two isotopes of masses A and
A′ is defined by ISAA

′
= νA

′
− νA and has a twofold

origin: the change of the nuclear mass A and the change
of the nuclear charge distribution. Thus the isotope shift
is divided into two parts, the mass shift

δνMS
AA′ = KMS MA′ −MA

MA(MA′ +me)
(2)
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Table 1. Hyperfine structure constants of the 3d→ 4p transition of 43Ca.

Author A(2P1/2) A(2P3/2) B(2P3/2) A(2D3/2) A(2D5/2) B(2D3/2) B(2D5/2)

this work −145.4(0.1) MHz−31.0(0.2) MHz−6.9(1.7) MHz−47.3(0.2) MHz−3.8(0.6) MHz−3.7(1.9) MHz−3.9(6.0) MHz

[4] Exp. −142 (8) MHz −48.3(1.6) MHz −0.5(6.0) MHz

[6] Exp. −158.0(3.3) MHz−29.7(1.6) MHz

[2] Exp. −145.5(1.0) MHz−31.9(0.2) MHz−6.7(1.4) MHz

[5] Theory −148 MHz −30.9 MHz −6.3 MHz −52 MHz −5.2 MHz −2.8 MHza −4.0 MHza

[3] Theory −144.8 MHz −29.3 MHz −49.4 MHz −4.2 MHz

[16] Theory−135.7 MHz −30.8 MHz −6.0 MHza

a These values have been derived from the B/Q factors of [5,16] respectively, by using the tabulated quadrupole moment of
Q(43Ca) =−40.8 (8) mb [17] disregarding a small Sternheimer correction.

and the field shift

δνFS
AA′ = KFSλAA′ ≈ K

FSδ〈r2〉AA′ . (3)

The field shift constant KFS is given by

KFS = −4π
Z

6

e2

4πε0
∆|Ψ(0)|2 (4)

where ∆|Ψ(0)| 2 is the change in electron density at the
nucleus between the lower and upper states in the tran-
sition. Contributions of higher order radial moments of
the nuclear charge distribution are included in λ. As these
corrections are very small for calcium (λ/δ〈r2〉 ≈ 0.996
[18]) they can be neglected and the approximation given
in equation (3) is very good. The mass shift is usually sep-
arated into the normal mass shift (NMS) due to the vari-
ation of the reduced electron mass and the specific mass
shift (SMS) caused by a change of the correlation between
the different electron momenta (KMS = KNMS +KSMS).
While the normal mass shift constant KNMS can easily be
obtained from the transition frequency ν as KNMS = meν,
the specific mass shift constant KSMS = 〈

∑
i>j pi · pj〉/h

is notoriously difficult to evaluate accurately because it is
extremely sensitive to correlation effects. Ab initio calcu-
lations of isotope shift constants in Ca II have been carried
out by single-configuration Dirac-Fock calculations [18] for
the 4s→ 4p transition and also by MBPT for other tran-
sitions [3,4].

For calculating the isotope shifts from our experimen-
tal data, the voltages of the resonance peak positions are
converted to frequencies for each isotope and frequency
differences from 40Ca are extracted. The resulting isotope
shifts for all stable isotopes are given in Table 2. The errors
given are the sum of the statistical error from the fitting
procedure and a systematical error, arising primarily from
the uncertainty of about 1×10−4 in the acceleration poten-
tials. The systematic uncertainty for the different isotopes
are 2.0 MHz (42Ca), 2.4 MHz (43Ca), 2.9 MHz (44Ca),
4.6 MHz (46Ca), and 5.8 MHz (48Ca) respectively. For
comparison earlier experimental values obtained for the
isotopes of mass 42, 43 and 44 by spectroscopy in an ion
trap [20] are included in the table. For the even isotopes
these values agree well within their rather large error bars,
for the odd isotope 43Ca a large discrepancy of about 250

to 300 MHz is observed. This deviation is ascribed to hy-
perfine pumping in case of the ion trap experiments and
a resulting shift of the center of gravity which has only
been taken into consideration in the corresponding data
evaluation by somewhat artificially increasing the errors.

Within the accuracy of our measurement of about 10−3

the three transitions exhibit identical isotope shifts. Due
to the closeness of the expected normal mass shift factors
of KNMS

2D3/2→ 2P1/2
= 189.81 GHz amu, KNMS

2D3/2→ 2P3/2
=

193.47 GHz amu and KNMS
2D5/2→ 2P3/2

= 192.48 GHz amu

this identity is also valid for the residual isotope shifts
(RIS) evaluated by extracting the normal mass shift. Us-
ing a King plot [21] from the known mean square nuclear
charge radii the field shift constants as well as the spe-
cific mass shift constants of the individual transitions have
been determined. Two types of experimental data on nu-
clear charge radii do exist for calcium in literature: (1)
absolute radii 〈r2〉 extracted from combined analysis of
electron scattering and muonic atom spectra [22] and (2)
radii changes δ〈r2〉 determined by optical isotope shifts
[23].

Experimental data from both different approaches are
combined to form a set of reliable accurate δ〈r2〉 and 〈r2〉
values for a long sequence of isotopes by Palmer et al.
[1], and in a more recent publication by Nadjakov and
Marinova [19]. The root mean square charge radii from
[19] have been used to calculate the δ〈r2〉 values for the
King plot. These values are included in Table 2. The mea-
sured RIS values as well as the δ〈r2〉 values calculated are
“modified” by the factor M40MA/(MA −M40), to form
the linear relation

δνRIS
AA′

M40MA

MA −M40
= KSMS +KFSδ〈r2〉

M40MA

MA −M40
· (5)

In the King plot the “modified residual isotope shifts”
are plotted as a function of the “modified mean square
charge radii differences” and a linear regression can be
performed with KSMS given by the intersection point and
KFS given by the slope of the resulting line. The King
plots of the different transitions are shown in Figure 5,
the results of the linear regression are given in Table 3.
The linear fit is perfect for the 3d 2D3/2 → 4p 2P1/2

and 3d 2D3/2 → 4p 2P3/2 transitions, the experimental
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Table 2. Measured isotope shifts for the 3d 2D3/2,5/2 → 4p 2P1/2,3/2 transitions in Ca II. δ〈r2〉 values from [19] as used in the
King plot are included.

A Author IS40,A [MHz] δ〈r2〉40,A

2D3/2 →
2P1/2

2D3/2 →
2P3/2

2D5/2 →
2P3/2 [fm2]

40 0 0 0 0

this work −2353.4 (2.8) −2352.2 (2.1) −2350.4 (4.3) 0.2204 (7)
42

[20] −2366 (59) −2359 (64) −2272 (74)

this work −3464.3 (3.0) −3462.4 (2.6) −3465.4 (3.7) 0.1215 (4)
43

[20] −3163 (94) −3243 (106) −3187 (112)

this work −4501.8 (3.5) −4498.7 (3.0) −4495.2 (4.3) 0.2904 (10)
44

[20] −4509 (24) −4538 (27) −4510 (19)

46 this work - - −6477.8 (7.5) 0.1285 (4)

48 this work −8301.3 (6.2) −8297.7 (5.8) −8287.8 (7.0) 0.00279 (1)

Table 3. Isotope shift constants of the 3d→ 4p transitions in Ca II.

Transition Author 2D3/2 →
2P1/2

2D3/2 →
2P3/2

2D5/2 →
2P3/2

this work 79(4) 80(5) 78(12)
KFS [MHz/fm2]

[3] 88(3)

this work −2179.6(4) −2182.4(6) −2180.0(1.1)

KSMS [GHz amu] [4]a −2191(23) −2173(11) −2161(19)

a Separation of field shift and specific mass shift was done by using the theoretical
field shift constant KFS

3d = + 110(1) MHz/fm2 from [3,24].
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Fig. 5. “Modified residual isotope shifts” in the different 3d→
4p transitions ((a) 3d 2D3/2 → 4p 2P1/2, (b) 3d 2D3/2 →
4p 2P3/2, (c) 3d 2D5/2 → 4p 2P3/2) versus “modified charge
radii differences” from [19].

error bars are clearly overestimated due to cancellation of
systematic errors. In the 3d 2D5/2 → 4p 2P3/2 transition

a deviation for the isotope 43Ca by about the size of the
error bar is observed. The reason for this small shift is
not yet clearly understood. It could be due to a perturb-
ing state, which affects one or more hyperfine structure
components and which has not been taken into account in
the hyperfine structure fitting procedure. As can be seen
from Table 3 the field shift constants KFS for the dif-
ferent transitions are equal within their uncertainties. A
J-dependence of KFS has been measured for the 5d states
in Ba II [25], where it amounts to 5%. The dependence of
this effect on the proton number Z leads to an expectation
of less than 1% for the similar states of Ca II. Due to the
large uncertainties of KFS of about 7% (15% in the case of
the 3d 2D5/2 → 4p 2P3/2 transition due to bad statistics),
this J dependence cannot be observed. In contrary, the
errors of the specific mass shift constants are very small.
As 40Ca and 48Ca have identical mean square charge radii
the field shift between 48Ca and 40Ca vanishes completely.
ThusKSMS can be extracted precisely with an uncertainty
of only 2×10−4, increasing the precision in this number by
about a factor of 20. For the specific mass shift no direct
expectation for the J dependence does exist, but a con-
tribution of about 1% can be assumed from the reference
data from [4] in agreement with our results. Both results
can be compared with theoretical expectations from the
MBPT calculations [3,26]. The resulting field shift con-
stant of KFS

3d = +110(1) MHz/fm2 for the 3d state is
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rather large, indicating the relatively strong perturbation
of the core s electrons by the valence d electron. The field
shift constant of the 4p state (KFS

4p = +21.8(2) MHz/fm2)
is about five times smaller. A precision of about 1% for
these numbers is expected. Combining these values we ob-
tain a theoretical transition field shift constant of about
88(3) MHz/fm2 in reasonable agreement with the average
of the experimental field shifts of 79(4) MHz/fm2. The dis-
crepancy of about 10% only slightly exceeds the combined
errors. It is ascribed to the d-electron perturbation of the
core mentioned above or to higher order effects not fully
included in these MBPT calculations. Nevertheless, its ab-
solute value of only 9(6) MHz/fm2 must be compared to
the size of the 4s electron field shift of −261 MHz/fm2,
again underlining the high precision of recent MBPT cal-
culations.

4 Summary

The 43Ca hyperfine structure and the isotope shift for all
stable isotopes of calcium have been measured for all three
3d → 4p transitions in Ca II by fast ion beam collinear
laser spectroscopy. By fitting the hyperfine formula with
assumed Voigt profiles to the experimental observed hy-
perfine patterns of 43Ca, precise A and B hyperfine con-
stants for upper and lower state were obtained. Experi-
mental errors usually do not exceed 1 MHz. The A and
B factors of the 3d 2D5/2 state and the B factors of both
3d states have been measured for the first time. The other
hyperfine structure results agree well with experimental
data existing so far; they drastically increase the precision
and thus permit a stringent test of the theoretical expec-
tations achieved in the MBPT approach. The good agree-
ment confirms the validity of this theoretical description.
From the measured isotope shifts the specific mass shift
and the field shift constants have been extracted by means
of a King plot. Also these results are in good agreement
with the theoretical MBPT predictions. The complete and
precise knowledge of the hyperfine structure and isotope
shifts in all low lying states of Ca II is seen as an ideal
basis of the metrological and quantum optical studies in
this alkali-like spectrum.
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