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Photoassociation spectroscopy of cold calcium atoms
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Photoassociation spectroscopy experimenté’@a atoms close to the dissociation limg4s1S,-4s4p P,
are presented. The vibronic spectrum was measured for detunings of the photoassociation laser ranging from
0.6 to 68 GHz with respect to the atomic resonance. In contrast to previous measurements, the rotational
splitting of the vibrational lines was fully resolved. Full guantum-mechanical numerical simulations of the
photoassociation spectrum were performed which allowed us to put constraints on the possible range of the
calcium scattering length betweengg0and 30@,.
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I. INTRODUCTION x10% s71, see the level scheme in Fig(bl]. An overview
of the experimental setup is shown in Fig. 2. The 423 nm
In photoassociation spectroscopy experiments within coldadiation is generated by frequency doubling about 160 mwW
ensembles of atoms, a bound molecule is formed under thef a master-slave diode laser combination with a KNbO
influence of light. Such measurements can yield informatiorcrystal inside an enhancement cavity. The output power at
about many atomic properties such as excited-state lifetime$23 nm is 36 mW with a linewidth of 300 kHz. A separate
[1-3], ground-state scattering lengths-7], and long-range thermal Ca beam is used to keep the absolute frequency in
potentials[8]. For an overview see, e.g. Ref9—11]. Most  resonance with the atomic transition. The MOT consists of
of the experiments are performed with alkaline elementsthree mutually orthogonal retroreflected beams with diameter
However, due to their atomic fine and hyperfine structurepf 10 mm and a power of 5 mW in each beam. The fre-
theoretical calculations are in general very complicated tajuency of the trapping laser is red detuned by 29 MHz with
perform for these elements. In contrast, the most abundaméespect to the resonance. The atoms are directly captured
isotopes of the alkaline-earth metals show a nondegenerateom the low velocity tail of the Boltzmann distribution of a
ground state with no hyperfine splitting. This makes the comthermal atomic beam. The magnetic-field gradient generated
parison between experiment and theory easier than in they a pair of anti-Helmholtz coils is 21073 T/cm. A re-
case of alkali metals. In Fig.(d), a simplified molecular pump laser at 672 nm is used to prevent trap losses via the
level scheme is shown for the case of,C@he photoasso- D, state, thereby increasing the density of the atomic en-
ciation connects the ground-state asymptote to the moleculaemble by a factor of 4. Absorption imaging of the cloud on
state' . Af is the frequency difference between the pho-the cooling transition was used to determine the radiasd
toassociation laser and the asymptbé8g+ 4p 1P,. Our first  the densityn, of the trapped ensemble leading to typical
observations on photoassociation of [2d] were performed values ofr =0.3 mm andny=2x 10"° cm™3. The tempera-
with cold ensembles around 3 mK in a magneto-optical trap

(MOT) with a short trap lifetime of about 50 ms only, which 2) b)
in total leads to a poor signal-to-noise ratio for the trap loss 4s5p 'P,
by photoassociation. Only for the deepest recorded vibra- g+
tional level at the excited asymptote, we were able to observe i 'Sotp'Py 4sapp, i
rotational structure on the vibrational transition. The line , Z 1S¢+3d'D,
profile and line position were interpreted by the help of as-| 1E?g ) s 4534 D
sumptions, such as an averaged fixed frequency shift of al P S ’
transitions by 50 MHz due to a sample temperature of 3 mK. . _— 2.1223$S.1

Here, we will report on a more complete series of mea- ~ Protgassociation 23m
surements under improved conditions, doubling the spectra | Iso+1s,

p 24 4s4s 1S, ——

R —m

interval of measured photoassociation lines, giving clear ro-

tational structure and performing a full line profile simula- FIG. 1. Excerpt from the Ca moleculés) and atomia(b) level
tion to get the prop_er Sh'_ft of the line ceptgr due to thermalscheme. The transition around=423 nm is used for cooling and
averaging and the intensity of the association laser. photoassociation. A repump lasex=672 nm) prevents decay into
metastable triplet levels via th&D, state. The long-range part of
Il. EXPERIMENT the 1 molecular potential is probed in the experiment. The po-
_ _ tential energies as a function of the internuclear distaRcere
The calcium atoms are cooled and trapped in a MOT usindicated schematicallf is the frequency difference between the
ing the strongly allowed transition at 422.79 fifi=2.16  photoassociation laser and the atomic resonance.
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423 nm photo-
association laser
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FIG. 2. The setup used in the experiments.
Calcium atoms are captured from a thermal beam
and cooled in a magneto-optical trap with three
mutually orthogonal retroreflected beamsdn
—o_ configuration(vertical beams not shown
The 423-nm trap light is generated by a fre-
quency doubled master-slave diode laser combi-

633 nm transfer-
He-Ne laser

lodine-stabilized
Heo-Nelaser nation. A dye laser produced the light used for
@ L , photoassociation. For details, see text.

beat frequency

ture of the ensemble was deduced independently from ththe photoassociation laser, the 423-nm trap fluorescence was
ballistic expansion of the cloud and from the Doppler widthdetected by an avalanche photodiode. The collisional loss
of the excitation spectrum on the narrd@,—>P, intercom-  fraction is the ratio of the reduced signal due to photoasso-
bination line [I'=2000 s!], yielding 2 mK<T<3 mK. ciation and the signal obtained without photoassociation. The
With the repump laser turned on, the lifetime of the trap istrapping laser itself stayed on during the whole time. Due to
around 300 ms. intensity fluctuations of the trap fluorescence from 1% to
The light of the photoassociation laser is generated by 2%, averaging is done over at least 30 s to increase the
Stilben-3 dye laser, pumped by a 3-W AUV laser. The signal-to-noise ratio. The collisional loss fraction is directly
output power is 100 mW at 423 nm with a linewidth of 1 proportional to the atomic density of the ensemble and, as
MHz. The laser is frequency stabilized to a tunable highlong as saturation effects can be neglected, proportional to
finesse cavity in vacuum. A tunable helium neon laser at 638he intensity of the photoassociation laser.
nm is stabilized to the same cavity and its beat frequency We measured the collisional trap loss for detunings of the
with an iodine stabilized helium neon laser is measured. Byhotoassociation laser ranging from 0.6 to 68 GHz below the
keeping the beat frequency constant the frequency of thatomic Sy-1P; transition. If counting the vibrational levels
photoassociation laser can be held fixed with an accuracy af’ from the asymptote, starting at =1, this frequency in-
+2 MHz. Furthermore, with this scheme, it is possible toterval corresponds to 34v'<72. To smallerv’, we were
scan the frequency of the photoassociation laser byimited by the resonant interaction of the photoassociation
~1.5 GHz with the same accuracy. The detunihf=f-, beam with single atoms, pushing them out of the trap by
—fLaser Of the photoassociation laser with respect to theradiation pressure. For higher, the measurements were
atomic resonancéSy,-'P; was determined by measuring its limited by decreasing signal strength.
beat frequency with the frequency stabilized trapping laser
for detunings up to 20 GHz. For larger detunings, the fre- Ill. THEORETICAL DESCRIPTION
guency of the photoassociation laser is determined by means ) o o
of a wavemeter that allows absolute frequency measurements 1he theoretical description of photoassociation spectra
with an accuracy better than 0.2 MHz. With the transitionCONSiSts of two parts: the precise determination of the bound
frequency of the atomic resonance determined the same wa3fates close to the dissociation limit and the modeling of
the detuning can be calculated. bound—frge transition together with its detection by trap Ios_s.
The rate of photoassociation was measured by recordin@o describe the asymptotic level structure for a diatomic
the increase of trap losses due to photoassociation that marelecule such as Gawe use the accumulated phase ap-
fests itself in a reduced trap fluorescence. The dissociativeroximation that was described by Moerdgk al. [13]. The
decay of the Ca dimer may lead to a gain in kinetic energyPotential is given by the long-range branch according to the
high enough to allow the atoms of the pair to escape from th@{Omic states at the asymptote. For,Cat the excited as-
trap (radiative escapeor the state of the dimer may undergo YMPptote “So+"Py, the long-range behavior is dominated by
a state change to a molecular state dissociating into atont§€ resonant dipole-dipole interaction and the centrifugal po-
that are no longer trappeéitate changing collisignPossible ~ tential term for the rotational stai that should have the
loss channels due to spin-orbit coupling are fli, states correct behavior for dissociating into an atom pair with non-
dissociating intoSy+4p 3P and 1S,+3d3D. Spin rota- varysh'mg atomic angular momentum; for the molecular state
tional coupling leads to state changes to tig, state disso- '3, it becomes
ciating into 1S+ 3d1D. )
The photoassociation laser was switched on and off by U(R)=D— %+ ATIU0+1)+2] )
means of an acousto-optical modulator for time intervals of R3 2uR? '
500 ms that must be considerably larger than the trap lifetime
of 300 ms to allow the trap to reach a new steady state. Thelere,D is the asymptotic atom pair enerdg@; is the dipole-
intensity of the photoassociation laser was aroundipole interaction constant which can be calculated from the
400 mWicnt. Before and after each interaction period with transition moment of the'Sy—!P; transition with fre-
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which gives the detuning of the photoassociation ldsee
Fig. 1(@)]. In the theoretical description, we will count the
vibrational levelsv from the bottom of the potential well.
With vp as the noninteger vibrational “quantum number”
derived from the vibrational phase of the hypothetical state
exactly at the asymptote, one gets the relatiorvp
—(vp modulo 1»v'+1.T andE, can be evaluated in the
reflection approximation, where the scattering wave function
of the ground-state potential for the scattering enesgig
only needed at the Condon point of the transition, the above-
mentioned paper gives the following results:

JEy |to(Ro)I?
Jdv DC

['=2m(Vgp)? (3

FIG. 3. Schematic potential diagram illustrating the notation
used in the text for describing cold collision processes. an

JEy, fo(Re)9(Re)

guencyw, or from the natural linewidthy, (all linewidths in E,= W(VOb)Za— 5
v c

this paper are in energy unitsf this transition, givingCs
=3c%y,/20] for the molecular state'S | ; and w is the  Here, the derivative oE, with respect taw gives the vibra-
reduced mass of the molecule. Because of applying only thgonal spacing around the considered bound state f iaahd
potential branch at large internuclear separations, we replagg are the regular and irregular solutions of the scattering
the left boundary conditiofsmallR) for a bound state by a function for kinetic energy. Rc is the Condon point of the
fixed phase that accumulates from small internuclear separgotentials interacting by the laser field at the detumindd ¢

tion up to a largeR, say, Ry, which is still small enough s the potential gradient of the excited state at the Condon
compared to the classical outer turning point for the desiregoint, the contribution from the ground-state potential plays
bound level. If the binding energy of asymptotic states isng rule at large internuclear separation considered in the
small compared to the kinetic energy for the vibrational mo-present case, because this behaves |l Ttompared to
tion around the minimum of the potential, the accumulatedy/R3 for the excited stateVy, is the laser interaction that is
phase up td, is a very slowly varying function for all such  cajculated with the help of the laser intensitythe atomic
asymptotic levels. Thus, a fit of observed levels measuregdatyral widthy,, and the molecular enhancement fadtgy,
with respect tD can be performed with the above potential 4t js determined by the molecular symmet®y; and s
branch and a simple power expansion of the phase with thgs e transition and is to good approximation her@ee, for

binding energy as expansion coefficient. It is numericallyexamp|e the dipole formula in RefL5)):
easier to choose a slow variation R§ for a constant phase, ’

4

where in our case we programmed a maximum of the wave 62y, f
) ° 2 a' mol
function at the slowly varyingR,. (Vop) ' =————1,
For modeling the photoassociation profile, we apply the “a

theory developed by Bohn and Julienfied]. The coupling  \yherew, is the atomic transition frequency, here of tHg,
of the continuum at the ground-state asympttg+ Sy by o 1p, transition. The photoassociation r€A,T) at the
the laser field to the excited asymptdtB,+'P; leads 10 an  getuninga from a thermal ensemble at temperatliris then
excitation ratd” and an energy shiff, of the transition. The  gptained by thermal averaging of the trap loss probability

paper also shows that the trap loss probability by photoassggng summing over all contributing partial wavésto the
ciation for a collision pair with kinetic energy can be writ-  pqund state:

ten in the following form:
K(A,T,J)

(ysty)l
Yst ¥t vist 1
2

|SOI|2: 2 2 :i - — /KT 2
hQJO dee ; (2¢+1)|So(e,€,3,A,1)|2.

[e—(A—Ep]*+

Here, Sy is shown with all dependencies given in the equa-

Soi is the scattering matrix element of the process of tWotions above and); is the partition function forT for the
colliding atoms on the ground state via the bound intermediatom pairs with reduced mags

ate state by the light field to the loss sthtgs andy, are the

rates for state changing collisions and the radiative escape, 27 ukT
respectively.y, is the molecular spontaneous decay back to T h2
trapped state\ represents the detuning between the excited

molecular bound state with enerds,(v,J) and the laser For the simulations of photoassociation profiles, especially
frequency with respect to the ground-state asymptdte: for the comparison of relative intensities between different
=E,—fw_ (see Fig. 3 A must not be confused with f vibrational states, one needs a reliable estimate of at least the

(3/2)
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85.2a,

trap loss (%)

«—— trap loss (arb. units)

v'=72 J :
I"‘A=6Iﬁ)'“Wk,“I2 Jl=1 Il
88.6 66.9 67.2 67.5
4f{(GHz)
FIG. 4. Vibrational linesv’=69 and 72 with three resolved v' =69

rotational lines corresponding td=1, 3, and 5. The solid curve . 1 . 1 . L .
represents the prediction of a full quantum-mechanical calculation 51.0 51.5 52.0 52.5 53.0
assuming a scattering length of 8&y2 Af (GHz)

relative dependences of, and y, on the vibrational level. FIG. 5. Simulat%d spectra for.th_e vibratio_nal Iev_péI: 69 for 2 _
The losses can be either state changing collisions or radiati\{‘gK and 400 mw/crm photoassociation laser intensity for three dif-
escape processes, for both we need an inward motion of th(ére_nt val_ues _of the scat.terlng length. The curves are shifted in the
- : - ertical direction for clarity.
photoassociated state. Thus, an estimate of the relative prol:l)—
ability of the loss will be the vibrational frequency of the
state if one assumes that each crossing of the inner region dfeen the observed spectrum and the simulated one is used
the potential leads to an equal amount of loss. The vibrain an iteration procedure to modify the potential described by
tional frequency can be estimated from the LeRoy-BernsteilC; and the power expansion &;. After two to three itera-
formula [16] for bound states close to the asymptog;  tions, convergence is achieved. The procedure gigs
=D—X(vp—v)', whereX is a constant depending @), of ~ =0.5217(45)x 10° nm®x cm™ ! resulting in an atomic de-
the long-range behavior and the reduced mass of the motay rate ofy,/#=2.150(19)x 10 s~ 1. This value is smaller
ecule. In the case of the dipole-dipole asymptdlg,is in-  than that reported in Refl2] by three times the quoted
volved andi becomes 6. With this approximation, the loss uncertainty. This can be explained by the fact that in Ref.
rate ys+ ¥, becomes proportional toX{vp—v)®; this value  [12] shifts of the line positions due to temperature have only
was introduced into the simulations of the profiles. The valuéeen accounted for by a global shift of all frequencies of 50
of X is used as a calibration factor to overlap experimentaMHz. From the calculations presented here, this is not justi-
observations and theoretical calculations. The value of fied and, thus, leads to a different value. It was also checked
was taken from Refl12]. that the retardation effect of the dipole-dipole interaction
For calculating the eigenenergies with the accumulated15] must be included in the fit. Especially, the levels close to
phase approximation and the scattering wave function, théhe asymptote’S,+ P, for v’ <40, otherwise show non-
conventional Numerov method was applied with sufficientlynegligible deviations. The literature dealing with the experi-
small integration steps, which was always checked by numental determination of the decay rate reaches from 1961 to

merical convergence. 1983[17-28 applying various experimental techniques. The
weighted average igy, /A =2.212(39)x 10° s 1. Thereby,
IV EXPERIMENTAL RESULTS we neglected the two earliest publicatidis,18, because

the value given there is obviously too big compared with all

Figure 4 shows the trap loss spectrum for the vibrationabther published values. Recent theoretical high precision cal-
levelsv’ =69 and 72 of the'S state at a detuningf of  culations of the decay rate yieldy,/n=2.156(30)
the photoassociation laser around 52 and 68 GHz from th& 10° s~1 [29].
atomic resonance. Three rotational lines corresponding to It turns out that the relative height of the components of
=1, 3, and 5 are observed. The sample temperature is aboilite rotational substructure depends significantly on the value
2 mK, at which the collisional partial waves witte=6 have of the scattering length for the ground state potential. For
too low probability for leading to an observable signal of varying the scattering length in test calculations, one may
level J=7 of the excited state. The solid curve shows achange the potential slightly at the repulsive branch at small
simulated spectrum. It is obtained by starting with a potentiaR or around the minimum of the potential. The result are
that is known, e.g., from our earlier spectroscopic measureslight shifts of the last bound levels not only f6=0, but
ments[12], from which the eigenenergies of the rovibra- also for{ #0. Here for{ =2, the position of the correspond-
tional levels are calculated with the accumulated phaség shape resonance moves to the asymptote for decreasing
method. These do not necessarily coincide with the positionscattering length, which results in the variation of the inten-
of the vibrational levels as measured in the experiments dusgity ratio of the peaks fod=1 and 3. Figure 5 shows the
to the finite temperature, ac Stark shifts, and the potentiahumerical simulation of the vibrational level’=69 for
itself. The position of rotational levels withvalues of 3 and three different scattering lengths of 584 85.2a,, and
5 are shifted up to 120 MHz by these effects. The shift be-324a,, respectively, with the Bohr radiugy~0.0529 nm.

043408-4



PHOTOASSOCIATION SPECTROSCOPY OF COLD. .. PHYSICAL REVIEW6A, 043408 (2003

L] L] T L] L] T L] L] L] L] T L] L] L] L] L]
o
0 T ° a S of & 1o
T g° 4 aanogh ] ]
AAMASRA [+)] =)
s 2k ° A g RS ‘I'I) 2L § _ﬁl
< .op A > >
3r o PRl S E = ~
7 AP - o%e ) 41 =
] & =
S a4t L 4 — ~
a o L w 4F é 2]
o 7] @
g sf . eee ] 8 8
a (=1
ef ° EO'. ] ¢ [
®qe --J=1 - 6 2 -
7F o ° — =3 _ 4
oe® =« = maximum
of 4 ] ’
L L " 1 A L " L i 1 " L " L A L " L " 1 A 8- E
39 42 45 48 51 54 57 60 63 66 69 1 N 1 . 1 . 1 N 1

v 0 100 200 300 400

Intensity (mWIcmz)
FIG. 6. Measured collisional trap loss as a function of the vi-

brational quantum number’. For vibrational lines where the rota- FIG. 7. Dependence of the collisional loss fraction at the peak
tional substructure overlaps the loss was determined at the expectgdsition ofv’ =39 (open circleg and linev’ =49 (full circles) on
maximum of the resonance liréull circles). For lines with suffi-  the photoassociation laser intensity. At the highest intensities used
ciently resolved rotational structure, the loss was measured for in the experiments, saturation effects begin to show up.

=1 (full triangles andJ=3 (open triangles Open circles denote

the trap loss with the photoassociation laser detuned to the ga@hange in the intensity of the photoassociation laser that
between two vibrational lines. The curves indicate theoretical pregp\ved fluctuations of 10% during a scan was corrected.
dictions with simplified assumptions about decay raes text From the measured variation of collisional trap losses with

For clarity, the curves are shifted in the vertical direction.the intensity of the photoassociation lageig. 7), the fluc-
The ratio of theJ=1 andJ=3 components, and the deep- tuations were correcteq to. an |n.tenS|ty of 280 mW/cr
ness of the dip between the two components of all measure§as not' expected to find intensity mod.ulatlo.ns due to the
vibrational lines with resolved rotational substructure’ ( OVerlap integral of the bound state function with the scatter-
=62) are best reproduced by the potential with a scatterin§’d wave function of the colliding atoms since the tempera-
length of 85.2,. The quite different form of the two other Ure of the atoms is too high for pusswave scattering. Our
curves (52.4, and 324, suggests that the scattering length simulations show that thgse modulatlons should show up at
lies somewhere between &and 30@y,. This is the same (€Mperatures of a few microkelvins. , L
order of magnitude of the scattering length as determined b%/ The curves in Fig. 6 depict the intensity variation of the
other spectroscopic methofB0]. In Ref.[30], the scattering UaP loss as a function of the vibrational quantum number
length could be limited to between 2&0and 100@,. as expectgd .from the'ory, where the funptlonal f_o_rm of Fhe
In our previous photoassociation experiments ¥ga trap Ios_s in its V|brat|50nal dependencg is _S|mpl|f|ed _bemg
[12] it was not possible to determine the relative intensities?roPortional to ¢p—v)® from the local vibrational spacing.
of the vibrational lines. This was mainly due to the short trap! NiS @pproach does not distinguish the contribution by state
lifetime of 50 ms which leads to maximum collisional trap changing collisions from those by radiative escape. Thus, at

loss fractions of 1%. In the experiments reported here, thé@St @ two-parameter ansatz would be necessary for which a
collisional loss fraction at the center of each vibrational linefunctional model does not exist in the literature for describ-

was measure(Fig. 6). For vibrational lines where the rota- Nd the vibrational dependence. We were experimenting with
tional structure is not resolved, the collisional loss fraction agifferent exponents fori{p —v) instead of 5 and with adding

the expected maximum of the resonance line was determinedconstant to the loss rate as a second parameter which could
(full circles). For largev’, the rotational structure is suffi- Model the different weights of the two mechanisms. Such an
ciently resolved and the collisional loss fraction was mea-2PProach gives a nicer looking graph for the comparison be-
sured at the position of thé=1 (full triangles and theJ ~ tWeen experiment and theory, but not a convincing deeper
=3 rotational lines(open triangles The collisional loss ~Physical insight. Thus we suppressed it, but we would prefer
fraction with the photoassociation laser tuned to the gap bdl® indicate clearly with Fig. 6 the status of our present un-
tween two vibrational lines is shown by open circles. Fordérstanding.
v' <47, the vibrational lines begin to overlap and the colli-

sional loss fraction does not drop to zero between two lines.

Before and after each measurement session of approximately

ten hours, the atomic density was determined by taking ab- In conclusion, photoassociation measurements on cold
sorption images on the cooling transition. Due to mechanicatalcium atoms for an extended range of detunings of the
drifts in the setup, the density decreased over this period gfhotoassociation laser ranging from 0.6 to 68 GHz below the
time by up to 20%. A linear variation of the atomic density asymptote were performed and compared with full line pro-
with time was taken into account to normalize the collisionalfile simulations. We find good agreement between the ob-
loss fraction to a density of 210'° cm 2. In addition, the served and calculated spectra. The observed intensity ratio of

V. CONCLUSION
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J=1 and J=3 resonances determines the range of thevibrational levels should show up as very sharp featlees

ground-state scattering length betweemb@and 30@, tak-  few MHz width) in the spectr@l15]. It may be possible to get

ing the long-range behavior as determined by spectroscop&ignatures from these states in the experiment when switch-

experiment$30] or by theoretical prediction81]. The mea- ing to ultracold calcium atoms with a temperature of a few

sured relative intensities of the vibrational transitions are notnicrokelvins.

well explained. New studies of loss mechanisms are needed

or better electronic structure calculations on, @&uld be

desirable to improve on the model calculations that were

published by Machholnet al. [15]. We gratefully acknowledge O. Allard and A. Pashov for
Up to now, we only observed the creation of calciumkindly providing us with their data for the potential curves.

dimers in the'S state. Besides this, the formation of atom This work was supported by the Deutsche Forschungsge-

pairs in the 1HQl state is allowed due to retardation. Those meinschaft.
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