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Ground-state potential of the Ca dimer from Fourier-transform spectroscopy
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The B'S [ —X 'S, system in“%Ca was studied by Fourier-transform spectroscopy. Transitions to 730
ground-state levels were induced by the blue-green lines of arrddiation and the single-mode radiation of
a frequency-doubled continuous-wave Nd:YAG yttrium aluminum garnet laser. An accurate potential-energy
curve, which covers 99.8% of the well depth, was derived directly from the experimentally observed differ-
ences between ground-state levels. Long-range analysis led to a revised value of the ground-state dissociation
energy, 1102.08(9) cit, which differs by more than 7 cnt from the previous experimental determination
[C. R. Vidal, J. Chem. Phyg.2, 1864(1980]. A first estimate of theswave scattering length is reported.
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I. INTRODUCTION X state using the laser induced fluoresce(id€) technique
[19] and derived new sets of Dunham coefficients for ¥he

Alkaline-earth metals currently attract both experimentalandB states describing a total of 5846 observed lines cover-
and theoretical research in the field of cold atom interactionsng Vvibrational levels fromy”=0 to 34 with a stated stan-
Cooling and trapping of several specidég,Ca,Sy was mo- dard deviationr=0.047 cm t. A potential-energy curve for
tivated by the use of group-1I atoms for realization of opticalthe ground state based on the inverted perturbation approach
frequency standarddvig [1,2], Ca[3]) and by the perspec- (IPA) was determined, which allowed the extrapolation of
tive for achievement of quantum degenerdy [5]). Pres-  the ground-state dissociation energy from experimental data,

. ' 1 : ; )

ently cooling techniques are developed for [@a7] and Sr  1095.0£0.5 cm = The calculated eigenenergies of this IPA

[8] with which microkelvin and even nanokelvin tempera- POtential, however, do not agree with the term energies cal-
tures were reported culated with the Dunham coefficients within the

_l . .
From the theoretical point of view, th&S, ground state 0.03-cm ~ uncertainty stated in Re{19]. Moreover, we

and the lack of hyperfine structure for the most abundantOund systematic deviations for hight or highJ” quantum

isotopes highly reduce the number of collision channelsnumbers’ which reached 3.4 cihfor the level with v

compared with the alkali metals. This significantly simplifies =21 andJ"=102.

. o e . Unfortunately, we could not check the accuracy of either
the theoretical description of cold collisions, also in presence, existing PEC or the Dunham coefficients directly by
of laser fieldq9].

. . ) _ comparing with the primary experimental data, since they
An important problem for making reliable theoretical pre-\ ere |0s{20]. Therefore, we decided to undertake a spectro-

dictions on cold collision phenomena in this area is to obtairgcopiC study in order to collect new data needed for the ac-
accurate interaction potentials for alkaline-earth dimers, ingyrate description of the ground-state PEC and especially
cluding the long internuclear distances. Contrary to the alkalear the dissociation limit.

metals, the available spectroscopic information is by no  atter a brief description of the experimental arrangement
means complete and often with insufficient accuracy. On the, sec. 11, we present the field of spectroscopic data obtained
other hand, there are several theoretical papers devoted to ths the ground stat¢Sec. Il). In Sec. IV we construct the
long-range dispersion coefficierfts0—13, but only for Ba,  ground-state potential-energy curve and discuss the reliabil-
Mg,, and Sy there is an advanced theoretical picture of thelrity of its long-range part. Here also an improved set of Dun-

electronic structur¢14-16. ~ ham coefficients for th@® state is given.
In this paper we report on an accurate determination of

the Ca ground-state potential-energy cur'®EQ. Our

study was motivated by the rapid progress in the develop- IIl. EXPERIMENT

ment of the Ca frequency standgd] as well as the recent  caicium dimers were formed in a stainless steel heat pipe

photoassociation spectroscopy data on t8g+'P1 asymp-  gyen with a length of 960 mm, a diameter of 34 mm, and a

tote[17]. . . . ‘wall thickness of 2 mm. The oven was filled with5 g of

The X 129 state has been the subject of several investica (natural isotopic composition, 96.94% #iCa) and He as

gations since the early experimental study of B€3,  puffer gas with pressure up to 60 mbars and heated up to

—X 12; so-called green system by Balfour and Whitlock in 1350 K. After accumulating approximately 100 h of opera-

1975 [18], where vibrational levels up to”=7 were ob- tion during several runs in air under these conditions, just a

served. In 1980, Vidal extended the spectroscopic data on theery thin layer of corrosion was present on the outer surface
of the tube. But the time of a single run was limited mainly
by the formation of solid calcium closing the optical path in

*On leave from the Institute for Scientific Research in Telecom-about 5 h. This working time was sufficient to ensure correct
munications, ul. Hajdushka poliana 8, 1612 Sofia, Bulgaria. recordings.
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TABLE |. Transitions of theB-X and an unassigned system in J'=68 =0 J'=66
4Ca, excited with a single-mode frequency-doubled cw Nd:YAG
tunable laser.

v’ J’ v” J’ vlem 1]

0 97 ~ 7 96  18787.67386) . vi=3

0 101 <~ 7 102  18788.30280 A il

1 111 — 13 110 18787.38046) I

2 21 — 9 20 18788.363®0) |

2 25 o 9 26 18788.284(1)

2 69 — 11 70 18787.623B9)

R (65 P (63) P (69

2 77— 12 76  18788.38580) R (63) (6 1] R(69) ri(71) o8 o 3’(71)

2 99 > 15 100 18788.30881) ’ X

3 57 — 14 56 18788.30582) f i T i T * T r T i 1

19700 19705 19710 19715 19720 19725

3 85 — 18 84 18788.34781) 1

4 27 <~ 16 28 18787.450205) wave number [em]

4 79 - 24 80 18787.504@3) FIG. 1. Example of laser induced fluorescence spectrum of the
11 - 24 12 18787.48628) B3 —X!3; system in“Ca, excited by the 514.5 line of the
33 o 15 32 18788.42588) Ar™ laser. Collisional induced lines are denoted with(J') and
45 > 22 44 18787.581¥3) R,»(J").
55 — 16 54 18787.43085)
59 . 16 60 18787.37784) by a photomultiplier tube(Hamamatsu, R9238through a

Bruker IFS 120HR Fourier-transform spectrometer with ab-
solute accuracy better than 0.01 chrrelative accuracy bet-
The sample was irradiated using the 514-nm, 496-nm antkr than 0.001 cmt) at 500 nm. Each collected spectrum of
476-nm lines of a multimode argon ion lag€oherent CR- the B— X system results typically from 20 scans, while for
2000K, used output power of 1-1.5)YWhich are known to  progressions extending up to the dissociation limit 40 scans
excite a number of transitions in tHéCa, B-X system listed were averaged. The instrumental resolution was chosen to be
in Ref.[19]. In our experiment most of these transitions were0.05 cnm 1-0.06 cm !, which is a compromise between the
observed and we were also able to determine the groundxpected value of the observed linewidths and a reasonable
state level of the previously unassigned transition at 514.%ime of recording.
nm to theB statev' =9, J' =83 level azv”"=24, J"=84. Different optical filters were used, especially color glass
Comparing the Franck-Condon factors for tBeX sys-  filters to suppress radiation from the oven, and interference
tem, we found that the most favorable conditions for induc-filters (AN~8 nm) centered on 550 and 546 nm for the ob-
ing transitions to the ground-state levels near the dissociatiogervation of the last lines of the progressions going to the

limit are realized when exciting thB state level withv' dissociation limit.

=2. From the available laser sources we chose a single-

mode frequency doubled cw Nd:YAG lasgsttrium alumi- . RESULTS

num garnet(532.4 nm), since two convenient transitions fall

into its tuning range €90 GHz), namely, (2,23%)-(9,20) In Fig. 1 a portion of theB 13 | — X 125 transitions ex-

and (2,25)—(9,26). The laser linewidth was less than 10 cited with the 514.5-nm line of the Arlaser is shown. The
kHz and the output power was typically 150 mW. An untun-typical width of the observed lines is 0.07 ¢h Taking into
able high power cw green Nd:YAG las¢€oherent V-10, account the Doppler broadening at 1350 K (0.05 ¢jnand
applied output power 1-3 YWvas also used because of the the instrumental linewidth (0.04 cm), the residual width
accidental coincidence of its frequengyithin the Doppler  of ~0.02 cm ! remains most likely due to collisions of €a
profile) with the frequency of the (2,23)(9,20) transition. molecules with the buffer gas and the atomic Ca. As the
Transitions excited by both Nd:YAG lasers in the range ofcollisional broadening was not a purpose of this study, a
18787.2—18788.7 cit are listed in Table I. For several of thorough investigation of the line profiles was not performed.
them it is not possible to assign an upper state level from th@levertheless the above-determined residual width gives
B state. Probable assignments could be toAH& state or  some impression about the order of magnitude of the colli-
to the recently reportedIl, state, observed in the study of sional linewidths and line shifts, which are expected to be
Ca dimers deposited on argon and neon van der Waals clusemparable.
ters[21]. In the spectral region of interest, however, few or ~ The uncertainty in the positions of the line centers was
no data are available for these states and the problem @&fstimated by a simulation, which takes into account the
assignment was postponed. Nevertheless the ground-state aggnal-to-noise ratidSNR), the linewidths, and the number
signment could be obtained unambiguously. of experimental points falling on a line profilgypically six
Laser induced fluorescence was collected in a directioo eigh). In this way, for lines with SNR>5 the uncertainty
antiparallel to the laser beam propagation and was recordeslas estimated to be lower than 0.01¢hbut reaches
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FIG. 3. Example of shape resonance #6k=9, J”=160 in the

FIG. 2. Vibrational progression from th@, 21) B state level, . - . .
excited by a frequency-%ogbled single-mode cw Nd:YAG laser. The\”br"’mon"jll progression from the2, 167 B state level, excited by

; o . S the 514.5-nm line of the Afr laser.
weak lines are due to collisional induced transitions.

an example of such satellites, corresponding to transitions
0.03 cm ! for SNR~1-2. In order to improve the accuracy from the B state levels withv’ =5, J'=63,65,69,71 and
of our measurements, certain LIF spectra were recorded segopulated by collisions from the’ =5, J' =67 level.
eral times. For several rovibrational levels, which in the presence of

Spectroscopic information about the energy levels neagentrifugal barrier lie above the dissociation limit of the

the dissociation limit was collected by tuning the Nd:YAG ground state, additional broadeniagp to 0.5 cn?, see Fig.
laser frequency to the (2,24)(9,20) and (2,25}-(9,26)  3) was observed due to significant tunneling probability
transitions. A vibrational progression reachin§=35 for  through the barrier. The linewidths for such shape resonances
J"=20,22 is shown in Fig. 2. Collisionally induced satellites were not used in the procedure for the determination of the
are readily followed fow” up to 31. It should be noted that potential-energy curve. Therefore, the agreement between
both the (2,213-(9,20) and (2,25)-(9,26) transitions are the calculated widths with the experimental ones confirmed
excited simultaneously and accompanied by the much stronhe consistency of the determined PEC.
ger (0,101)—(7,102) transition, because of the overlap of
their Doppler profilegsee Table ). Due to the strong fluo- IV. CONSTRUCTION OF PEC
rescence fronv’ =0, J’ =101 level to the continuum of the
ground state, progressions from the levels (2,21) and (2,25) Based on the LIF technique, the current experiment pro-
to the energy region close to the dissociation limit are alway¥ides relatively little data about the excited states. So it is not
recorded on a relatively strong background of bound-fre¢easonable to try to describe the experimentally observed

emission, which affects the signal-to-noise ratio. transition frequencies by simultaneously fitting the potential-
In Fig. 4 we present the range of the 730 ground-state

energy levels involved in the observ@&iX transitions. A 160 sssiillin,

comparison with the data set from RE19] shows that we 1 ¢ s se

covered the same range 8f quantum numbers (KJ” 140'.

<164), but more levels with high vibrational quantum num- 1204888 § ss sss s

bers were collectedfour levels withv” =34 and two with 1s §ssggsegyg

v”"=35). The observation of the”=35 itself has already 1001 |=|”| l' ”Ill i,

indicated that the asymptotic behavior of the earlier reported. 80_' l H || | ll!:" g.88 8

ground-state potential needs revision as with the given value™ ; |' h |“"| T |: i; h Y LELL

of the dissociation energy (1095-@.5 cm ! [19]), the last 60 ']l.l O INIAR T

bound level forJ”= 20,22 would have been’=34. We also ] 888 8 8 B

found that with the sets of Dunham coefficients from Ref. 40'_ 1 ]

[19] it is not possible to reproduce all the observdeX 20 |"||||||l|'ll'"ulllﬂﬂ""lllll-

transitions within the stated uncertainty (0.047 ¢ Tran- 1 $58 5 3 33 '

sitions involving highv” and highJ” deviate systematically 0 o s 1o 15 20 25 30 35

from the predicted frequencies by up to 3.4cmn

In addition to the transitions in Table I, induced by the
laser radiation, the experimental information was enriched FIG. 4. The range of the” andJ” quantum numbers of the
by several collisionally induced transitions. Figure 1 showsobserved levels in th¥ 'S state of*’Cap.

W
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energy curves of both involved electronic states. Instead the A. Analytic potential

information that concerns only the ground state can be ex- Tne first method represents the potential as a truncated
tracted from the spectra. By comparing the frequencies of th%xpansion over analytic functiohig2]:

transitions, which originate from a common excited-state en-

ergy level, one directly determines the differences between i R—Ry '

the corresponding ground-state levels. The fitting procedure U(R):zo a; m) ' )
then tries to find such a potential-energy curve, which repro- "

duces these experimentally measured differences. wherea;, b, and R, are parametersR;, is close to the

An advantage of this approach is that the influence of thequilibrium distance For short and long internuclear dis-
excited-state level positions is excluded. The excited state igances, the potential is smoothly extended, respectively, for
expected to be perturb¢d9], and in addition, as we already R<R;,, with
mentioned in Sec. lll, the collisional shifts are comparable
with the measurement accuracy. Because in practice the A+BIR", 3)
excited-state levels are more sensitive to collisions; by fitting
only the differences between the ground-state levels we dénd for
crease also the influence of this effect. If fluorescence is X 6 8 10
induced by a single-mode laser which is not tuned exactly to De—Ce/R"~ Ca/RT=C1o/R™ @

tr_le cer_wter of the absorptlon pr0f|le aI_I the transition frequen- Initially, it was decided that onlg; had to be determined
cies will be Doppler shifted. This shift is frequency depen-qyring the fitting procedureCs and Cg were fixed to their
dent and therefore it will not be the same for the differentmost recent theoretical values from Refs2] and[13], re-
transitions and strictly speaking cannot be completely elimispectively, whileA,B,C,o, and DX were adjusted by the
nated When the diﬁerences are Calculated. In our case thﬁrogram in order to ensure a Smooth Connection between the
may lead to residual “shifts” of the differences, which we extensions and the analytic form,,, b and the connecting
estimated as not exceeding 0.003 ¢nand therefore could points R;,, and R, were kept fixed to values, which allow
be neglected within the given experimental uncertainty.  fast convergence of the fitting routine. The fitted parameters
Due to the large number of observed transitign®re  were determined in a nonlinear {for details see Ref22]).
than 2800, we restricted the possible combinations of line  Several analytic potentials were constructed with different
frequencies within a fluorescence progression only to paireumbers ofa; parameterg21, 23, and 39 The inner con-
of oneP and oneR line. That is, we calculated only differ- necting pointR;,, was varied between 3.5 A and 3.7 A and
ences between ea¢hand allR lines of a given progression. Ry, between 12 A and 13 A. The so-defined PECs had
By ignoring the differences among tielines or theR lines  similar accuracy and reproduced all the observed differences
only, the total amount of differences was reduced approxiwith a normalized standard deviatier=0.41 and an abso-

R=R,,; with

mately by a factor of 2. lute standard deviation of 0.0065 crh
As it has been already mentioned, some fluorescence pro-
gressions were recorded several times. In such cases differ- B. Numerical potential

ences between the ground-state energy levels were deter-
mined separately for each record and then statisticall)ov
averaged with weights calculated from the correspondinqh
line center uncertainties. As a result more than 6500 diﬁerfunctions are used. The basic idea of IPA is to iteratively

ences between' 730 ground—s?atle levels were obtajseel improve an initial potentia[usually a Rydberg-Klein-Rees
Fig. 4). The estimated uncertainties of the differences rangerRKR) one by adding small corrections. In our case the
from 0.004 cm* to 0.05 cm * and for 67% of the differ-  corrections are also represented in a pointwise form and their
ences they are below 0.015 th parameters are determined by a linear fit procedure, based on
For construction of the PEC for the ground-state, two dif-the first-order perturbation theory and using the singular
ferent fully quantum-mechanical methods were used, whiclyalue decompositioiSVD) technique(for details see Refs.
are discussed separately in the following sections. Botli25-27).
methods determine the potential curve directly from the ex- For the case of Gathe potential curve was defined ini-
perimental observations and the accuracy of a given PEC isally in the interval 2.7 A—13.1 A by using different num-
evaluated by comparing the differences between its energger of grid pointgfrom 50 to 118. In order to ensure proper
levels, found by solving the radial Schtinger equation, boundary conditions for solving the Schlinger equation the
with the experimental differences. Although the representapotential was extended by a long-range expansion whose co-
tions of the potential for intermediate internuclear distance€fficients were determined by fitting the shape of the numeri-
in both cases are different, the same expression is used fegl potential between 12 A and 13.1 A wihy—C4/R®
the long-range region: —Cg/R8—C,0/R™¥. The value ofC4 was fixed close to the
theoretical valug12], DX, Cg, and C,, were fitted, while
the connecting poinR,, was chosen in order to ensure a
Ur(R)=D,—Cg/R®—Cg/RE—- ... (1)  smooth connection with the pointwise potential.

The second method defines the PEC as a set of points,
hose values are determined by using a modified version of
e IPA[23-25. For connecting the points, cubic spline
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0.6
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FIG. 5. The standard errdin logarithmic scalgof the points of R[A]

the numerical potential curve for three different values of the sin-

qularity parametet (see the text for details. FIG. 6. Differences between two pointwi$80 and 78 points

and two analytic(21 and 39a; parameterspresentations of the
The numerical potentials reproduced the observed differPotential-energy curve for thi '%. state in*’Ca. The analytic

ences with a standard deviation of 0.0068¢mand o curve defined with 21 parameters is taken as a reference.
=0.45.

By using the SVD technique one is able to determine thé.5 A and 13 A might be constructed in slightly different
fitting parameters, on which the fit depends only weaklyways and one should take this into account when using it for
[27]. In our case the fitting parameters are the values of thextrapolation to larger internuclear distances.
corrections to the potential. Because it is given also in a
pointwise form, the set of badly determined parameters may C. The X 12; state dissociation energy
be interpreted as regions of the PEC, which are insufficiently

characterized by the given set of experimental dagd. In The lack of fine ar_1d hyperfine intgractions as well as the
Fig. 5 the errors of the fitting parameters for different values@rge energy separation from the excited states make the Ca

of the singularity parametef are presentedfor details see ground-state a good testing ground to study the possibility of
Refs.[25,26)). Only parameters whose error does not changé!Sing a spectroscopically determined potential-energy curve
with ¢ are considered as significant. From Fig. 5 one mayor description of cold collisions between two calcium at-
conclude that presently the potential for tKestate is deter- 0ms. Therefore, it is of particular interest to investigate how
mined reliably between~3.5A and 9.5 A. It must be reliable the potential curve is, especially its long-range part
stressed that except for this qualitative treatment, we woul@nd dissociation energy, and whether it is possible to set
avoid the direct interpretation of the errors, presented in Figsome reasonable limits on the value of theave scattering

5 as measurement uncertainties of the derived PEC. This Iength.

due to the fact that the fitting procedure restores the shape of In the previous sections, ground-state PECs of identical
the PEC exclusively by searching for an agreement betweeaccuracy were derived from the experimentally determined
the calculated energy levelsr differences between levgls differences between energy levels. The differences between
and the experimental ones. There is no built-in criteriontwo pointwise(50 and 78 pointsand two analyti¢21 and 39
which can distinguish between the so-called physical an@; parameterspotentials are plotted in Fig. 6. The relatively
nonphysical shapes. That is why the errors between 9.5 Aarge deviation for short internuclear distances is explained
and 13 A should be understood in a purely mathematicaby the fact that the positions of high-lying energy levels are
sense. By varying the number of fitted parameters and th&irly insensitive to the shape of the steep inner wall of the
values of, a variety of PECgnot necessarily with a physi- potential well.

cal shapg may be obtained, which differ significantly for Because all four potentials reproduce the experimental
these internuclear distances. Of course if only smooth andata with similar accuracy, obviously the effect of the fast
physical curves are considered, this will restrict to some exescillating differences for intermediate internuclear distances
tent the possible variations of the PEC. Such a choice, how-<10 A) is below the experimental uncertainty. Therefore,
ever, may not be unique, as generally there is no unambiguhese differences could be reduced by improving the accu-
ous criterion for determining which shape is physical andracy of the experimental data. On the other hand, according
which is not. In contrast, the shape of the potential forto Fig. 5, the potential beyond 9.5 A is not uniquely deter-
3.5 A<R<9.5 A is fixed by the available set of experimen- minable. Consequently, the difference in this region may be
tal data(within the experimental accuracynd is indepen- interpreted as an ambiguity due to the small number of ex-
dent of the number of fitted parameters, as well ag (fig.  perimental levels close to the asymptote. Indeed, the outer
5). We will discuss this problem further in the following turning points of 712 levels fall in the region of internuclear
section and demonstrate that although the potential accuwlistances 4.5 AR<9.5 A, while there are only 18 in the
rately reproduces all the experimental data, its shape betweénterval between 9.5 A and 13.1 A.
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This example demonstrates that the classical turning TABLE Il. Parameters of the long-range expansion for the
points of the last observed leveli® our case~13.1 A) do X', state in**Ca, applied in this study and compared with the
not always determine the range in which the PEC is accumost recent data from the literature.
rately known.

An important exception is the case for which the experi- This study Other sources
mental data extend to the long-range region where analytig x (cm1) 1102.089) 1095.45) [19]
expression for the shape of the potential is available. If th%g (cm™1) 1069.889)

PEC is already reliably determined beyond the region with 1'% ' 2 7
small contribution of the exchange energy, the dispersioncs (om™* A%) (1.02-1.12)c10 1102%(8631%)9 532]
coefficients could be determined in the fitting procedure. 1 i510><107 [[19]]

As an estimation for the exchange energy, we used the PR ' 5
expression from Ref28)): (o (cmi A®) (1.1-3.8)x 1¢° 3.2710x 108 [13]

Cio(cm 1 A9 (3.7-17.0x 10° 4.74x10°[13]
Uexed R)=BR%exp(— BR), 5
where the values for the Gaground-state areB If we takeDX=1102.08-0.09 cnmi* as a mean estimate

=0.067 a.u., «=4.16 a.u., andp=1.356 a.u. At 9.5 A for the ground-state dissociation limit, the energy separation
Uexer(R) is only 0.07 cni®. This should be compared with Petween the turning point of the highest observed vibrational
the contribution of the weakest dispersive term used, witdevel (" =35J"=22) from the asymptote is only 2.3 crth

Cio: ~1.5 cni L. Therefore, we examined whether it is pos- For comparison, the same separation for the second exten-
sible to describe the experimental data by smoothly extenos—'g’ely studied alkaline-earth dimer, Mg(v"=12), is

_1 . . .
ing the PEC after 9.5 A with the long-range expansith c¢m *, which was obtained in the recent study devoted to
only. the determination of the magnesium ground-state scattering

. . — length[29]. In Table Il the parameters of the long-range ex-
A number of PECs with similar accuracy&0.45) was gth[29] P g-rang

. ) ; : ) tension derived in this study are compared with the most
co_nstructed, Wh.'Ch had wrtually |dent_|cal sha(peth Nana- racent data from the literature. The value of the dissociation
lytic and num_encal repr_esentan()rfer mtermedlate_lnternu-_ ((a:pergy for Ca with respect to v”=0J"=0 is Dz,(
clear separations but different long-range extensions defined 1069.88(9) cm'?
by Eqg. (1) and including terms wittCg, Cg, andC,y. The . i

. . ) In Tables Il and IV the final parameters of the analytic
connecting point was varied bgtween 9.5 A and 10 A Un'and the numerical potentials are presented. Their eigenener-
fortunately, the existing experimental data8 levels with

outer turning points in the range from 9.5 A to 13.1 A) aregles agree with a standard deviation of 0.0035 &nin or-

not enouah in order to allow reliable determination of Con_der to calculate the value of the numerical potential in the
g rangeR<9.496 61 A, a natural cubic splin&7] through all

tributions due to different dispersive forces. For example, thet-he grid points should be used. The coefficients for the long

i H 4 —1 R 6
gbotixmig valyiz AOJCGNva”eﬁ Ifrom ﬁ'k dl.o cm A® to range expansion are listed in order to extrapolate beyond
‘Y cm ' eyert eless the 'SS(_)C'atlon energy Rou=9.496 61 A. For short internuclear distances we found
DX was_lalready falrly_1 wellconstrained  betWeen - oyiranolation of the potential up R~3.1 A should be
1101.9 em and 1_102'6 C)En ' ) ) _sufficient to correctly reproduce the observed energy levels.
A better estimation oDg can be achieved if we restrict Tha tactors2/2m in the Schidinger equatiorin the system

the variation of the leading term in the long-range extensionys | nits: energy, cm®; length, A; and mass, atomic mass
Ce to within 5% of the theoretical prediction of 1.070 \nits (amy] i e>’<pressec,i as azmelola}Rw(4w)2m

% 10" cm™*A® from Ref.[12]. We prefer this value since the _ 16 857629 083h cm™* A 2 [30]. R.. is the Rydberg con-
authors give an estimate for its uncertainty: 0.6%. In thisgiant in cml a the fine-structure cgnstant, ang the elec-
way the 5% range used by us seems to be a loose constraigly, mass in amu. For the reduced mass of, Ghe value
The remaining parameters, i.&€g, C4o, and Dﬁf and the  fom Ref. [31], m=19.981 295578 amu, is used.

parameters for the short-range representations were varied | Fig. 7 we compare the PEC from Table [solid line)
within ranges that allowed an accurate description of the exyith the IPA potential from Ref[19] (squaresnear the as-
perimental data and a smooth connection between the angmptote. The change of the value of the dissociation energy
lytic or the pointwise and the long-range sections of the PEC more than 7 cm! compared to Ref[19] explains the
This narrowed further the possible values @f between discrepancies between the observed differences and those
1101.99 cm* and 1102.17 cm'. It is worth mentioning  calculated with the IPA potential by Vid4lL9]. Below v”

that the lower limit forDé given above is set exclusively by =29 (classical turning point-8.6 A) this potential repro-
the position of the last observed level’=35J"=22). For  duces the experimental data with a standard deviation of
D§< 1101.99 cm? the calculated differences including this 0.1 cni® (the natural cubic spline was used to interpolate
level deviated from the observed ones by more than twdetween the points from Rgf19]). The calculated positions
times the experimental uncertainty (0.017 ch The inter-  of the levels with highew”, however, were systematically
val obtained forCg is 1.1x10°-3.8< 108 cm™* A8, which  shifted to lower energies, which leads to disagreements with
is in a good agreement with the theoretical value of 3.2%he experiment reaching 2.7 crhfor the differences includ-

% 10° cm™* A8 [13] (see Table ). ing v"=234.

042503-6



GROUND STATE POTENTIAL OF Ca DIMER FROM . .. PHYSICAL REVIEW A6, 042503 (2002

TABLE lll. Parameters of the analytic representation of the  TABLE IV. Parameters of the numerical representation of the
X's; state potential-energy curve itfCa. The parameters are X'X state potential-energy curve fiCa.
chosen such that the minimum of the PEC is set to zero.

R (A) U (ecm™ Y R (A) U (ecm™ Y
R<3.66 A
R, 3.66 A 3.096980 9246.6895 5.678571 636.3741
A —0.2977402428 10° cm~ L 3.188725 6566.7325 5.809524 684.9589
B 0.721345176 10° cm ™t A 12 3.280470 4525.7282 5.940476 728.9235
3.372215 3090.9557 6.071429 768.5976
3.66 A<R<10.00 A 3.463960 2134.2175 6.202381 804.2551
b 0.5929 3.555705 1475.2425 6.333333 836.2419
R, 4277277 A 3.647450 1004.5043 6.464286 864.8746
ag 0.00042747 critt 3.739195 661.4123 6.595238 890.4666
a, —0.2540830927647730%710 cni t 3.830940 410.6117 6.726191 913.2923
a, 0.379611002601149210% cm 1 3.922685 234.0001 6.857143 933.6417
as 0.38207030202249524110° cm1 4.014430 116.0996 6.988095 951.7718
a, 0.274390396954679318L0° cm- ! 4.106174 44.5437 7.119048 967.8632
as —0.32273633419080092610* cm™! 4.197920 8.6885 7.250000 982.2159
ag 0.363113805693018548LG° cm- 4.289664 0.1760 7.500000 1005.2497
a, 0.63437054218975527010° cm 4.381409 11.9571 7.750000 1023.6698
ag 0.74015183596084688310" cm- - 4.500000 48.5948 8.000000 1038.3262
a —0.1907389130037290671C° cm- - 4.630952 106.9081 8.358974 1054.3861
a0 0.54234739243301758410° cm- - 4.761905 175.7311 8.717949 1066.0579
ay 0.44039230437301106610° cmt 4.892857 248.8199 9.076923 1074.5969
as —0.15538794495452611610° cm 1 5.023809 322.3873 9.435897 1080.8961
ass 0.8366283813532361821CF cm-1 5.154762 393.7222 9.794872 1085.5974
ay 0.2138310670831568%10F cm™* 5.285714 461.4555 10.303419 1090.2990
age 0.15592244922282683510F cm-* 5.416667 524.6311 10.811966 1093.5160
as —0.15626087299948313710° cm 1 5.547619 582.9870
a; —0.146711120959219668L0° cm ™ * “ .,
as 0.277542999772230869L0° cm . De=1102.0714 cm e
ass 0.7129080155793391¥710° cm . Rou=9.49661 A Cg=2.4504<10° cm™* A
A —0.126115550408998979L0" cm 1 Ce=1.074<10" cm " A®  Cy=1.1550<10'% cm* A0
10.00 A<R
Ryt 10.00 A frequencies of theB 'S —X!S ] system were chosen,
DX 1102.096077 cmt which provide a balanced spread of rovibrational levels in
Ce 1.0740< 107 cm~ A8 the B state. They resulted in 320 levels spanning the range
Cq 2 4505¢ 10F cm~t A8 0$v'$16,2:!_$3’$161. Their t.erm energies were calcu-
Cio 1.1691x 101 -1 A 10 lated by adding the corresponding ground-state level energy

(calculated form the newly derived potential from Table IV
to the reported transition frequency. To estimate the uncer-
D. Molecular constants for the B> state tainty of theB state energy levels we took into account the

The B3 state in Ca correlates to the'S-1P atomic reported experimental error of 0.05 ch[18], which was
u

asymptote. It is involved as an upper state in the photoasscs(—adu.ced in the sense of Fhe statistical average for levels ap-
ciation procesg17] and may be considered as a pOSSibIepearlng more than once in the selectedfdata set, as well as a
intermediate state for formation of cold calcium molecules 9"0und-state level uncertainty of 0.007 ch

The most recent description of tli state comes from the The energy level data set for F'B’ state was comp_le-
analysis of theB-X band system in Ref19]. In that paper mented by 56 accurate term energies of the levels excited by

+ . H H !

sets of molecular constants for both states were determine}ge Ar an,d<the Nd-T]AG lasers in our expefnment%ﬁ)
by simultaneously fitting them in order to reproduce the ob-\24'17i‘J \16f3)' r;r ?.'r l;]ngertalntlgs Ivary. Lom 0.001 to
served transition frequencies. As this constants turned out n&92 cm_l,_but or the fit their statistical weight was set to
to be consistent with the experimental observati@es Sec. 0-02 ¢m ~ in order to avoid the influence of possible pertur-
IIl), it was necessary to reanalyze the existing information off@tions(several levels of th@ state were found to be per-

the B state. turbed and deviations up to 1.26 chmwere reported19]).
The raw experimental data from Refl8] (more than In Table V the improved Dunham coefficients for the
) . R 3 1 + . .

3800 lines were not available in electronic form and there- B >y state are listed. They reproduce 367 term energies

fore, in order to reduce our manual work, only 583 transitionwith a standard deviation of 0.032 ¢thand o= 0.92. Nine
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Further experimental study of thgstate is needed to inves-

1106 - tigate in detail the origins of the observed perturbations, and

) e to extend the description of the state to longer internuclear
distances, where already accurate photoassociation data exist
[17].

1090 1

T 1080 The revised description of the €ground state leads to a

8 PEC for the X's. * state in Ca new value of theB state dissociation energy. Taking the

£ 10701 o 2 value of T, from Table V, the separation between the atomic

S = Ref [19] asymptotes (23 652.304 crh[32]) and 1102.08 cm! as a
1060 - — This study dissociation energy for th¥ state, forDE one obtains

1050 DS=D.+AE(*P-'S)—T,=5790.289) cm . (6)

T
9 10 11 12 13

RIA] The error is mainly due to the uncertaintylbﬁ. The energy

distance between the (=0,J’=0) level and the'P-S as-

FIG. 7. Comparison between tf8Ca, ground-state potentials YMptote isD§=5722.18(9) cm™.
from Ref.[19] (squareps and from this study(solid line) near the
dissociation limit. The dashed line indicates the old value of the
dissociation limit. The outer classical turning point of the last level
observed in our experiment is around 13.1 A. In this paper we report on a spectroscopic study of the

groundX 'S ; state of “°Ca, by the laser induced fluores-
levels were removed from the fit, because their deviationgence technique. A total of 730 energy levels were observed
exceeded twice the experimental uncertainty. Except for pod0=<v"<235,10<J"<164), which allowed not only to revise
sible perturbations, typographic errors or misassignments ithe existing description of the stdt&9], but also to extend it
the original data lists cannot be excluded, since several suakp to 2.5 cm! below the dissociation limit. In order to ex-
examples were foundT, is calculated with respect to the clude the influence of the possible perturbations of the ex-
minimum of the ground-state potential. In order to avoidcited states, only information that concerns the ground state
possible uncertainty due to the position of the ground-stat#vas extracted from the spectra. It was done by comparing the
minimum, we calculated also the valueTy, i.e., the energy frequencies of the transitions which originate from common
separation between the'(=0J"=0) and ¢'=0J'=0) excited-state energy levels. Thus one can directly determine
levels, 19 000.02% 0.034 cm L. It is worth mentioning that the differences between the corresponding ground-state lev-
the improvement of th& state description at present is lim- €ls.
ited by the accuracy of the data from REE8], by the single- An accurate potential-energy curve was constructed by
channel model which excludes the influence of the neighbortsing two different representations: analytic and pointwise.
ing states, and also by the presence of collisional level shiftsThey reproduce all the experimental data up te-35 with
a standard deviation ¢=0.0065cm?!, and o

TABLE V. Dunham coefficients/o, and T, for the B S, state =0.0068 cm !, respectively, which is_ a_significant improve-
in 4°Ca, (determined for O<v’<24,17<J' <163, see the text for MeNt of the Ca ground-state desjcr'pt'on' compared ¢o
detailg. All values are given in cm. T, is calculated with respect — 0-036 cm * for v”<34 reported in Refl19] (actually we

V. CONCLUSIONS

to the minimum of the ground-state potential. found ¢=0.1 cn * for v"<29).
The analysis, based on the constructed PECs and the most

Tet+ Yoo 18964.10412) recent theoretical value &g [12], sets limits to the value of
Y10 136.56812540) the dissociation energy of the X state D’e(
Y0 —0.697074740) =1101.99-1102.17 cht [mean value DX
Y30 —5.6326(340K 103 =1102.08(9) cm?, Djy=1069.88(9) cm?]. The calcu-
Yso —1.0708(200x 10°® lated values of theswave scattering length are between
You 5.816493(260% 102 112a, and 85@, (the Bohr radiusi,~0.52918 A). The ex-
Y11 —2.95041(590x 104 treme values of around 808, were found for the lowest
Yo —3.8762(390) 1078 values of Cg=1.02x10"cm *A® and DI
Y —2.4511(340x 10°° =1101.99 cm?. Small changes dDé to even lower values
Yoz —3.989(21)x 1078 could lead to negative values af It has been already men-
Y1 —8.183(120) 107 1° tioned, however, that lower values ﬁ are in contradiction
Y3, —1.374(37)x 10712 with the experimental observations. Therefore we believe
Yo3 —5.124(550)x 10~ that if the deviation ofCg from the theoretical prediction

does not exceed the 5%, limit the stated uncertainty interval
Yoo —0.045 for the scattering length is reliable.
To 19000.02134) For unambiguous determination of the long-range part of

the X state PEC, further work is needed. An example of the
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experimental technique used for the precise determination qfi 8] and from the present study. The Chang@@f by more
the dissociation energy can be found in R&B]. A possible  than 7 cmi? as compared to the value determined in Ref.

complementary approach might be to use the photoassocigrg), necessitated revision of the dissociation energy ofthe
tion measurements in G&17]. The most recent experiments gtate.

of the same group34] covered a significantly wider region
of detunings from the !S-'P atomic asymptote(720
MHz-67 GHz, compared to 2.5 GHz—30 GHz in Rf7])
and it might be possible to check the parameters of the This work was supported by DFG through Sonderfor-
asymptotic expression for the ground-state potential by comschungsbereich SFB 407. The authors are grateful to C. R.
paring the predicted line intensities of the photoassociatiovidal for making available the experimental data from Ref.
spectra with the observed onéer example, Refs[35,36]). [18] and to M. Klug for the help during the measurements

The accurate description of the £ground-state made it with the Nd:YAG laser. A.P. kindly acknowledges the
possible to derive also an improved set of Dunham coeffiresearch stipend from the Alexander von Humboldt
cients for theB '3 state, based on combined data from Ref.Foundation.
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