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Isotope shifts of the 4° 1S,— 4s5p P, transition and hyperfine splitting
of the 4s5p P, state in calcium
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Using a technique based on production of ion Coulomb crystals, the isotope shifts sf tt&y4- 4s5p 1P,
transition for all naturally occurring isotopes of calcium as well as the hyperfine splitting o&8pe'®; state
in “3Ca have been measured. The field shift and specific mass shift coefficients as well as the hyperfine
structure constants fd®Ca have been derived from the data.
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I. INTRODUCTION exposure period is done by first trapping them independently

Isotope shifts and hyperfine splitting of optical transitionsOf the specific isotope, and then converting aimost all ions
otop : ype pitling ot op - ~into 4%Ca* through near-resonant electron transfer collisions
provide valuable information about atomic electron configu-

with atoms in the atomic beam containing 96.9%a at-

rations and not at least properties of the nuclei. While from0 s. Finally, the number of trapped ions is counted with a

'(ZZt:pi sh|ft|:\s)éfr;lflclg]e)1r frg?r:gﬁ d';:][;r?gt'gnﬁtticnans b(ra]uclleg:rce ear-100% efficiency by monitoring the fluorescence from
€9, ' yp ptings, the 4°Ca* ions when laser cooled into a Coulomb crystal

spins, magnetic dipole moments, and electric quadrupoI?12 13. Below, the key parts of the applied technique are
moments can be determing8. diséuséed in d’etail

Although isotope shifts and hyperfine splittings already
have been measured for a large number of transitions in neu-
tral Ca(see Refs[4—6] and references thergiand in singly
charged Chaions [7-9], the 4% 'S,—4s5p P, transition The laser system used for the spectroscopy consists of a
considered in the present paper has hitherto not been metmnable, single-mode ring cw dye laser operated at 544 nm
sured. In contrast to previous experiments, the present meath an output power of a few hundreds mW which is fre-
surements use ion Coulomb crystals as means to obtain tlgpiency doubled to 272 nm by g-barium borate crystal

A. Isotope and hyperfine selective ion production

spectroscopic data. placed in an external cavity. The output power at the desired
48?15, 4s5p 1P, transition wavelength is typically about
Il. EXPERIMENTAL PROCEDURE ~10 mW, and the laser linewidth is below 1 MHz. This line-

width is much smaller than the full width at half maximum

In the experiments, we have used a frequency doubled cy\wWHM) Doppler width of ~50 MHz due to the transverse
laser system tuned to thes’4'S,— 4s5p P transition at a  velocity spread of the thermal atomic beam originating from
wavelength ot =~ 272 nm. The degree of excitation at a par- an oven at a temperature 6600°C. Hence, since the natu-
ticular wavelength is determined from the ion productionral linewidth of the 4% 1S,— 4s5p P, transition according
rate when excited neutral Ca atoms absorb yet anather to the NIST databas¢14] is known to bel'=2 MHz
~272 nm photon directly from thesBp 'P, state or from  (>50% uncertainty, the Doppler effect is the resolution lim-
the metastables8d 'D, state, populated through spontane-iting factor in the experiments. With isotope shifts typically
ous emission as depicted in Figal[10]. As shown in the of the order of GHz and hyperfine splitings of about
sketch of the experimental setup in Figag the spectro- ~100 MHz of “*Ca, not only can one selectively excite in-
scopic laser beam at~272 nm crosses a well-collimated dividual even isotopegno nuclear spij but also the three
effusive thermal beam of calcium atoms at right angles in the
center of a linear Paul trajd1]. This geometry is chosen in

. , " (@) , L)
order to obtain small Doppler shifts of the transition under %//Z .

study as well as to have a large capture efficiency of the

ions produced. Since the atomic beam is derived from an 2mm 866nm
oven containing natural metallic calcium, all the iso- 4s5p P, L 34D
topes %°Ca(96.9%), 42Ca(0.647%), *3Ca(0.135%, , 3”
44Ca(2.086%, “6Ca(0.004%, and %8Ca(0.187% are 2m 434D, s,
present. The detection of the ions produced within a given 45''s,

FIG. 1. Simplified energy level diagrams of Ca and C& (b)
of relevance to the experiments. The straight arrows indicate laser

*Email address: andersvm@phys.au.dk driving transitions, while the wavy arrow symbolizes spontaneous
"Present address: Huygens Laboratory, University of Leiden, Themission. In(a), the solid line beneath the hatched region indicates
Netherlands. the ionization limit.
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FIG. 3. Image of a purd®Ca’ Coulomb crystal consisting of
~10 000 ions.

pieces. With the trap dimensions uspmke Fig. 2b)], for
Ure~200 V, O=27X3.9 MHz andUg:-~5V, the effec-
tive trap depth becomes1 eV. This ensures that ions pro-
duced in the trapping region are efficiently trapped despite
the thermal velocities of the neutral atoms.

When ions of a certain calcium isotope, e§Ca’, are
produced, they can be Doppler laser-cooled by driving the 4
Si,—4p Pyp and the 8 Dyp—4p Py, transitions by laser
light around 397 nm and 866 nm, respectively, as depicted in

FIG. 2. (a) Schematics of the experimental setup with an insetFIg' 1(b). As the ions are coole_d to suff|.C|entIy low tempera-
showing a side view of the imaging system. For the optical ele_tures(~10 mK), they arra_mge in a spatial ordered structure,
ments in the figure, the following notation has been usedCftén referred to as an ion Coulomb crystal. In our setup,
M, mirror; DM, dichroic mirror; PBS, polarization beam splitter; these ion Coulomb crystals are imaged onto an image inten-
and\/2, half-wave-plate(b) The linear Paul trap electrodes with Sified Charge-coupled device camera by Ciollect!ng fluores-
applied rf voltages. The axis defines the trap axis. The middle cence from the Doppler cooled ions. A typical picture of a
sections are 5.4 mm long and the end pieces are 20 mm each. Tkedulomb crystal containing-10 000%°Ca" ions is shown in
diameter of the electrodes is 8.0 mm and the minimum distance t&rig. 3. Here, one clearly observes the elliptical projection of
the trap axis is 3.5 mm. the crystal, which for our trapping potential is spheroidal

with the trap axigz axis) as the axis of rotational symmetry.

hyperfine components of thesgp P, state in the case of Single-component Cou]qmb crystal_s in our trap have spa-
43Ca. As mentioned above, ions are produced from excited@lly uniform ion densities when viewed on length scales
calcium atoms either by absorbing yet another 272 nm  larger than the typical distance between neighboring ions
photon directly from the €5p P, state, or from the meta- (S€€ Ref.[15]). The specific density is set by the trapping
stable 43d D, state populated through spontaneous deca)parameterg. Hence, b_y de;ermmmg thg crystal yolumes, e.g.,
By exposing the atomic beam to the photoionization lasePY Measuring the main axis of the projected ellipse, we can
beam with a certain frequency for a fixed period of tigre ~ detérmine the total number of trapped ions. _
our experiment controlled by a mechanical light shytére Generally, when the frequency of the spectroscopy laser is
ion production will reflect the excitation degree of thesg ~ tuneéd between the resonances the various isotopes, two or
1p, state of calcium atoms at this frequency. Counting thenere singly charged calcium isotope ions will be produced

number of produced ions as a function of laser frequency®nd trapped. Such multispecies ion ensembles can be cooled
thus reveals the excitation spectrum. into Coulomb crystals as well, with the lighter isotopes more

tightly bound towards the trap axis than the heavier due to
the dynamical confinement in they plane[15]. In Fig. 4a),
an image of the fluorescence from laser cod®@k" ions in
The central element of the ion detection is the linear Pausuch a crystal is shown. The crystal consists mainl§°6&"
trap situated in a vacuum chamber which is operated at and 4‘Ca’" ions, where the nonfluorescinfCa* ions are
pressure of~1071° Torr. As sketched in Fig. ®), the trap  cooled only sympathetically through the Coulomb interac-
consists of four sectioned cylindrical electrodes placed in dion with the directly laser cooled®Ca* ions [16,17. The
guadrupole configuration. Confinement of ions in tkyy ~ number of ions in the multicomponent crystal could princi-
plane is obtained by an effective radial harmonical potentiapally be determined by imaging the fluorescence from the
created by applying a rf-potential of amplitutly- and fre-  individual isotopes. This is, however, technically very de-
guencyQgr to each of the electrodes in such a way that themanding, since each isotope ion would need its own set of
voltage on the diagonally opposite electrode is in phaséaser frequencies due to isotope shifts of the transitions
while the voltage of the neighboring electrodes is 180° out oshown in Fig. 1b). As an alternative route to quantify the
phase. Along the trap axis, tlzeaxis, confinement originates total ion production, we choose to expose the multicompo-
from a positive dc voltag&lec applied to all the eight end- nent crystals similar to the one in Fig(a to the thermal

B. The ion detection scheme
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FIG. 5. Semilogarithmic plot of the production rate of'Gans

FIG. 4. Image of &%a’ (fluorescing—*Ca’" (nonfluorescing  as a function of the frequency detuning of the spectroscopy laser
two-component crystal of-1500 ions beforeéa) and after(b) ex-  from the *°Ca resonance. The data points presented are the results
posure to the atomic beam which leads to the electron transfer &&f three frequency scans made at slightly different temperatures
described in the text. The white line indicates the outer boundary of(A) Tgyen=612°C, (M) T,en=630°C, and[) Tg,e,=602°C. The
the crystal. full line indicates a Voigt profile fit to thé°%Ca resonance within the

frequency range-[-1300;70Q MHz.

atomic beam of calcium until nearly all the iofis96.9% o
by near-resonant electron transfer collisions of the type ~ Same way the data indicated Wyand[J have been normal-
e a0 o dos ized to the threé®Ca hyperfine peaks.
Ca + " Ca— "Ca+"Ca (1) The temperature was during each experiment kept stable

have been converted infdCa’ ions, and subsequently we to better than +2°C corresponding to a maximum uncer-
measure the size of the now nearly pu€a’ crystal. tainty in the atomic density of about +7% during the whole
Since the energy difference between the two sides of Eqfiatd accumulation time o6f40 min. Since the time to mea-
(1) is just the isotope shift of the electronic levels, which >Ur€ @ single resonance 1s qnly a very small fract|_on of this
is much smaller than the thermal energy of the atoms i ime, any systematic errors in the resonance profiles due to
the beam, no significant energy barrier exists for the prolluctuating oven temperatures can be neglected. The Doppler
cess. Furthermore, since the kinetic energy of the proProadening of the resonances, which only depends slightly
duced %°Ca’ ions is more than an order of magnitude " the atomic mass, is best found by fitting tea reso-
smaller than the trap potential depth, essentiaDp% of nance data to a Voigt profile. By glomg this one obtains a
the ions produced through Eql) stay trapped. In Fig. total FWHM of ~54+5 MHz dominated by the Doppler

S broadening. At the laser intensity which we apply
4(b), the two-component crystal presented in Figg)has .
been converted via the electron transfer process into & 100 mW/cnf), we have assumed that neither the’ 4

nearly pure*Ca’ crystal. SO—>435_p p, transition nor the foIIowing photoioni.zation _
process is saturated. Consequently, the ion production rate is
expected to be proportional to the laser intensity squared. We

Ill. SPECTROSCOPIC RESULTS acc_ounted for fluctuations in th_e spectroscopic laser intensity
during the data accumulation time by using this assumption.
A. The 4s5p 'P; excitation spectrum That this assumption is rather good is supported by noting

Figure 5 shows the relative ion production rate or, equiva-_that the relative measqred resonance peak values in Fig. 5 are
lently, the relative rate at which calcium atoms are being 900d agreement with th(g natural aburldances of the cal-
excited to the'P; state, as a function of the detuning of the SU™ Isotopes, V\thCh aré Ca(96.33%), 2Ca (0.647%,
spectroscopy laser. These relative rates were obtained frog’nsc"’l (0.135%), *%Ca(2.086%), Ca(0.004%, and
knowledge of the volumes of the created Coulomb crystals, Ca (0.187%).
the laser exposure times, and the intensities of the spectros-
copy laser. The spectrum contains resonances of all the natu- )
rally abundant isotopes, including the one corresponding to B. Isotope shifts
6Ca which has a natural abundance of only 0.004%. The Before deriving the isotope shifts from data like the ones
results presented in Fig. 5 have been obtained from thregresented in Fig. 5, the uncertainty of the individual data
partially overlapping frequency scans. The three data serigsoints has to be estimated and taken into account. The un-
were measured at slightly different oven temperaturescertainty is essentially due to three effects. First, due to in-
Toen=612°C(4),  Tpen=630°C(H), and  Tuen tensity fluctuations of the laser intensity there will be a fluc-
=602°C(0). The relative rates of tha data and thdll data  tuation in the number of ions produced. Since for
have been normalized, so they share the same fitted maxieighboring data points around a resonance this intensity
mum value and position at thf&Ca resonance peak. In the fluctuation is maximally a few percent, the expected square
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TABLE I. Isotope shifts of the transitions4 1S,— 4s5p P, in
calcium derived from the experimental data like the ones presented
in Fig. 5. All shifts are with respect to th&Ca resonance. The
errors stated represent one standard deviation originating from the
statistical errors in the experiments. In addition, the shifts are sub-
ject to an overall linear scaling uncertainty of 1% due to our fre-
quency scan calibratiofsee text The isotope shift fof3Ca is the
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48 3528+16 the relation given in Eq4).
’ A _A ’
M =M ot F&r2yA, (2)

dependence on the intensity of the ion production leads to an

estimated uncertainty of5%. Second, in determination of \hereM is the mass shift coefficients and A’ denote the

the Coulomb crystal volumes, both systematic and randoratomic masses of the two isotopésijs the field shift coef-

uncertainties due to the measurements of the main axis of ”ﬁ’cient, and&r2™’ is the difference in mean square nuclear

elliptical projections of the crystals occur. Both these €Ol harge radii between the isotopes.

are of about~59%, but since the systematic errors are equal The mass shift is usually written as a sum of the normal

for points symmetrically positioned around a resonance, ifhass shiffNMS) and the specific mass shiMS), which

will have a small effect on the determination of the resO-means that we can write the mass shift coefficientiVas

nance frequencies. Hence, in our analysis, we have only aeM,,,s+Mgys Here the NMS coefficient is given by the

counted for the random errors of 5%. Finally, due to thesimple expressioMMyys=rome/m,, Where v, is the transi-

finite number of ions produced within one measurement, weion frequencyjm, is the electron mass, amd, is the atomic

have included an uncertainty of the square root of the estimass unit. The NMS originates from the reduced mass cor-

mated number of ions. If all these uncertainties are accountection for the electron, while the SMS comes from the

for in a weighted least-squares Gaussian fit, the uncertaintghange in the correlated motion of all the electr¢see, e.g.,

on the resonance position becomes lower than 2 MHz. Ref. [18]). Subtraction of the NMS from the total isotope-
A more critical error arises when we compare similarshift gives the residual isotope shifRlS),

scans. Here we find that the measured resonance peak posi-

tions are associated with much larger uncertainties than the SUB = Mgud A = AJJAA + FrM (3)

ones from the Gaussian fits. This additional error originates

from local frequency drift of the spectroscopy laser during aRewriting Eq.(3) by multiplication by the factorAA’/(A’

whole scan which typically lasts about 40 min. From a series-A) leads to

of scans, we have found that this laser drift error leads to a

rms uncertainty in the resonance frequencies of about A'A AR _ A'A oo

9 MHz. This last error source is the dominant one for the mé Ris = MsustF A,—_A‘%r ) (4)

estimated errors of the isotope shifts given in Table I. In this

table, the isotope shift fof*Ca is found as the center of \which shows thaMsys and F can be determined from a

gravity of the three hyperfine components*a which will |inear fit when thex(r2*A"s are known. Using values of the
be discussed in Sec. Il C. In addition to these statistica

errors, there is also a systematic uncertainty of +1% arisin%r2>AA 's for calcium from Ref[2], in Fig. 6, we have plot-
from the calibration of the spectroscopy laser frequency scaked the left-hand side of E¢4) using the values of Table I
to an optical spectrum analyzer with a known free-spectrags a function of A’A/ (A’ =A)]&r3AA for the fixed value of
range. A=40. The SMS coefficient and field shift coefficient, ob-
For completeness, we have estimated that we might hav&ined by weighted linear regression fit to the data points
introduced an unimportant error of a few hundred kHz due tdn Fig. 6, are listed in Table II.
the fact that we have determined the resonance frequencies The field shift coefficient for thes# 1S,— 4s5p P, tran-
from single Gaussian fits instead as from a more realistisition (Table ll) is, within the stated error, almost equal to the
multipeak Voigt profile fit. experimentally determined field shift coefficient for the? 4
The isotope shift for a given transition is usually de-'S,—4s4p P, transition of F=-175.8+1.2 MHz/fm re-
scribed as a sum of the mass and the field shift in the folported in Ref[5]. This can be attributed to the fact thapa
lowing way [1]: electron has negligible overlap with the nucleus compared to
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TABLE Il. The specific mass shifigysand field shiftF coef- TABLE IlIl. hfs constants for the g6p 1P, state in*3Ca. The
ficients for the 4 1S,— 4s5p 'P; transitions of calcium derived first stated uncertainties originate from statistical errors in determin-
from the the linear fit presented in Fig. 6. The first stated uncering the resonance positions, while the second account for the sys-
tainty estimate is the one standard deviation obtained from the lintematic errors due to frequency calibration uncertainty.
ear regression to the data of Fig. 6. The systematic error in the

isotope shifts due to the frequency scan calibration is included as A (MHz) B (MHz)

the second uncertainty estimate. For completeness the NMS coeffi=

cient is Myys=604.3 GHz amu. 39.840.840.4 -0.33+0.03
Msus(GHz amy F (MHz/fm?) work of Ref.[5], where the hfs constants for thedp 1P,

state in “Ca have been measured to beé\
=-15.54+0.03 MHz andB=-3.48+0.13 MHz, the gbp
p, state has an opposite sign for tAeonstant and th&
constant is the same order of magnitude or smaller.

243+3+9 -179+39+2

an s electron, so the main contribution to the field shifts is
expected in both cases to come from thelectrons. IV. CONCLUSION

With a technique based on determining the number of

C. 3Ca hyperfine splitting ions produced, collected, and cooled into Coulomb crystals

The nuclear spin of=7/2 for 3Ca leads to three hyper- through resonant two-photon ionization, the isotope shifts of
fine levels of the'P; state with total spin§=5/2,7/2, and he 4’ §,—4s5p 'P, transition for all naturally occurring

9/2, respectively. The hyperfine structytes) constants and isotopes of calcium as well as the hyperfine splitting of the

1 " . .
isotope shift of*3Ca are determined by fitting to the normal 4s5p “Py state in 3Ca. have pegn measured. The field Sh'.ﬁ
Casimir formula[3] and specific mass shift coefficients as well as the hyperfine

structure constants fdfCa have been derived from the data.
A B %C(C+ D-21(1+1)JJ+1) Though in the presented experimental scheme, near-resonant
AEg =Apeg+ EC*' 2 2 - 1)(23- DIJ ; charge exchange collisions were used to gain information
about the ion number, it is not a requirement for the tech-
whereC=F(F+1)-1(1+1)-J(J+1), Avis the isotope shift nique for these to be used. Actually, the technique should be
of the center of gravity of the hfs, and and B are the applicable to many atomic species as long as some laser
magnetic dipole and electric quadrupole coupling constants;ooled ions are simultaneously trapped and can sympatheti-
respectively. Several scans across the three hyperfine rescally cool the species of interest into a Coulomb crystal
nances were made to increase the level of confidence of thHd.7,19,20. From the spatial organization of the observable
A and B constants. The hfs constants derived from thesdaser cooled species, one can easily deduce the number of
scans are summarized in Table IIl, while the center of gravihe, e.g., nonfluorescing ions of interest.
ity for 43Ca has been given in Table |. The small value of
the B constant indicates that the magnetic dipole coupling ACKNOWLEDGMENTS
has the most prominent contribution to lifting the degen- This work was supported by the Danish National Re-
eracy of the 45p P, level for *Ca. Compared with the search Foundation and the Carlsberg Foundation.
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