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Photoassociation spectroscopy of cold calcium atoms
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Photoassociation spectroscopy experiments on40Ca atoms close to the dissociation limit 4s4s1S0-4s4p 1P1

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 quantum-mechanical numerical simulations of the
photoassociation spectrum were performed which allowed us to put constraints on the possible range of the
calcium scattering length between 50a0 and 300a0.
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I. INTRODUCTION

In photoassociation spectroscopy experiments within c
ensembles of atoms, a bound molecule is formed under
influence of light. Such measurements can yield informat
about many atomic properties such as excited-state lifeti
@1–3#, ground-state scattering lengths@4–7#, and long-range
potentials@8#. For an overview see, e.g. Refs.@9–11#. Most
of the experiments are performed with alkaline elemen
However, due to their atomic fine and hyperfine structu
theoretical calculations are in general very complicated
perform for these elements. In contrast, the most abun
isotopes of the alkaline-earth metals show a nondegene
ground state with no hyperfine splitting. This makes the co
parison between experiment and theory easier than in
case of alkali metals. In Fig. 1~a!, a simplified molecular
level scheme is shown for the case of Ca2. The photoasso-
ciation connects the ground-state asymptote to the molec
state1Su

1 . D f is the frequency difference between the ph
toassociation laser and the asymptote1S014p 1P1. Our first
observations on photoassociation of Ca@12# were performed
with cold ensembles around 3 mK in a magneto-optical t
~MOT! with a short trap lifetime of about 50 ms only, whic
in total leads to a poor signal-to-noise ratio for the trap lo
by photoassociation. Only for the deepest recorded vib
tional level at the excited asymptote, we were able to obse
rotational structure on the vibrational transition. The li
profile and line position were interpreted by the help of
sumptions, such as an averaged fixed frequency shift o
transitions by 50 MHz due to a sample temperature of 3 m

Here, we will report on a more complete series of me
surements under improved conditions, doubling the spec
interval of measured photoassociation lines, giving clear
tational structure and performing a full line profile simul
tion to get the proper shift of the line center due to therm
averaging and the intensity of the association laser.

II. EXPERIMENT

The calcium atoms are cooled and trapped in a MOT
ing the strongly allowed transition at 422.79 nm@G52.16
1050-2947/2003/67~4!/043408~6!/$20.00 67 0434
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3108 s21, see the level scheme in Fig. 1~b!#. An overview
of the experimental setup is shown in Fig. 2. The 423
radiation is generated by frequency doubling about 160 m
of a master-slave diode laser combination with a KNb3
crystal inside an enhancement cavity. The output powe
423 nm is 36 mW with a linewidth of 300 kHz. A separa
thermal Ca beam is used to keep the absolute frequenc
resonance with the atomic transition. The MOT consists
three mutually orthogonal retroreflected beams with diame
of 10 mm and a power of 5 mW in each beam. The f
quency of the trapping laser is red detuned by 29 MHz w
respect to the resonance. The atoms are directly capt
from the low velocity tail of the Boltzmann distribution of
thermal atomic beam. The magnetic-field gradient genera
by a pair of anti-Helmholtz coils is 931023 T/cm. A re-
pump laser at 672 nm is used to prevent trap losses via
1D2 state, thereby increasing the density of the atomic
semble by a factor of 4. Absorption imaging of the cloud
the cooling transition was used to determine the radiusr and
the densityn0 of the trapped ensemble leading to typic
values ofr 50.3 mm andn05231010 cm23. The tempera-

FIG. 1. Excerpt from the Ca molecular~a! and atomic~b! level
scheme. The transition aroundl5423 nm is used for cooling and
photoassociation. A repump laser (l5672 nm) prevents decay into
metastable triplet levels via the1D2 state. The long-range part o
the 1Su

1 molecular potential is probed in the experiment. The p
tential energies as a function of the internuclear distanceR are
indicated schematically.D f is the frequency difference between th
photoassociation laser and the atomic resonance.
©2003 The American Physical Society08-1
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FIG. 2. The setup used in the experimen
Calcium atoms are captured from a thermal be
and cooled in a magneto-optical trap with thre
mutually orthogonal retroreflected beams ins1

2s2 configuration~vertical beams not shown!.
The 423-nm trap light is generated by a fr
quency doubled master-slave diode laser com
nation. A dye laser produced the light used f
photoassociation. For details, see text.
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ture of the ensemble was deduced independently from
ballistic expansion of the cloud and from the Doppler wid
of the excitation spectrum on the narrow1S0–3P1 intercom-
bination line @G52000 s21#, yielding 2 mK,T,3 mK.
With the repump laser turned on, the lifetime of the trap
around 300 ms.

The light of the photoassociation laser is generated b
Stilben-3 dye laser, pumped by a 3-W Ar1 UV laser. The
output power is 100 mW at 423 nm with a linewidth of
MHz. The laser is frequency stabilized to a tunable h
finesse cavity in vacuum. A tunable helium neon laser at
nm is stabilized to the same cavity and its beat freque
with an iodine stabilized helium neon laser is measured.
keeping the beat frequency constant the frequency of
photoassociation laser can be held fixed with an accurac
62 MHz. Furthermore, with this scheme, it is possible
scan the frequency of the photoassociation laser
'1.5 GHz with the same accuracy. The detuningD f 5 f Ca
2 f Laser of the photoassociation laser with respect to
atomic resonance1S0-1P1 was determined by measuring i
beat frequency with the frequency stabilized trapping la
for detunings up to 20 GHz. For larger detunings, the f
quency of the photoassociation laser is determined by me
of a wavemeter that allows absolute frequency measurem
with an accuracy better than 0.2 MHz. With the transiti
frequency of the atomic resonance determined the same
the detuning can be calculated.

The rate of photoassociation was measured by recor
the increase of trap losses due to photoassociation that m
fests itself in a reduced trap fluorescence. The dissocia
decay of the Ca dimer may lead to a gain in kinetic ene
high enough to allow the atoms of the pair to escape from
trap ~radiative escape!, or the state of the dimer may underg
a state change to a molecular state dissociating into at
that are no longer trapped~state changing collision!. Possible
loss channels due to spin-orbit coupling are the3Pu states
dissociating into1S014p 3P and 1S013d 3D. Spin rota-
tional coupling leads to state changes to the1Pu state disso-
ciating into 1S013d 1D.

The photoassociation laser was switched on and off
means of an acousto-optical modulator for time intervals
500 ms that must be considerably larger than the trap lifet
of 300 ms to allow the trap to reach a new steady state.
intensity of the photoassociation laser was arou
400 mW/cm2. Before and after each interaction period wi
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the photoassociation laser, the 423-nm trap fluorescence
detected by an avalanche photodiode. The collisional l
fraction is the ratio of the reduced signal due to photoas
ciation and the signal obtained without photoassociation. T
trapping laser itself stayed on during the whole time. Due
intensity fluctuations of the trap fluorescence from 1%
2%, averaging is done over at least 30 s to increase
signal-to-noise ratio. The collisional loss fraction is direc
proportional to the atomic density of the ensemble and,
long as saturation effects can be neglected, proportiona
the intensity of the photoassociation laser.

We measured the collisional trap loss for detunings of
photoassociation laser ranging from 0.6 to 68 GHz below
atomic 1S0-1P1 transition. If counting the vibrational level
v8 from the asymptote, starting atv851, this frequency in-
terval corresponds to 34<v8<72. To smallerv8, we were
limited by the resonant interaction of the photoassociat
beam with single atoms, pushing them out of the trap
radiation pressure. For higherv8, the measurements wer
limited by decreasing signal strength.

III. THEORETICAL DESCRIPTION

The theoretical description of photoassociation spec
consists of two parts: the precise determination of the bo
states close to the dissociation limit and the modeling
bound-free transition together with its detection by trap lo
To describe the asymptotic level structure for a diatom
molecule such as Ca2, we use the accumulated phase a
proximation that was described by Moerdijket al. @13#. The
potential is given by the long-range branch according to
atomic states at the asymptote. For Ca2, at the excited as-
ymptote 1S011P1, the long-range behavior is dominated b
the resonant dipole-dipole interaction and the centrifugal
tential term for the rotational stateJ that should have the
correct behavior for dissociating into an atom pair with no
vanishing atomic angular momentum; for the molecular st
1Su

1 , it becomes

U~R!5D2
C3

R3
1

\2@J~J11!12#

2mR2
. ~1!

Here,D is the asymptotic atom pair energy;C3 is the dipole-
dipole interaction constant which can be calculated from
transition moment of the1S0→1P1 transition with fre-
8-2
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PHOTOASSOCIATION SPECTROSCOPY OF COLD . . . PHYSICAL REVIEW A67, 043408 ~2003!
quencyva or from the natural linewidthga ~all linewidths in
this paper are in energy units! of this transition, givingC3

53c3ga/2va
3 for the molecular state1Su

1 ; and m is the
reduced mass of the molecule. Because of applying only
potential branch at large internuclear separations, we rep
the left boundary condition~small R) for a bound state by a
fixed phase that accumulates from small internuclear sep
tion up to a largeR, say, R0, which is still small enough
compared to the classical outer turning point for the des
bound level. If the binding energy of asymptotic states
small compared to the kinetic energy for the vibrational m
tion around the minimum of the potential, the accumula
phase up toR0 is a very slowly varying function for all such
asymptotic levels. Thus, a fit of observed levels measu
with respect toD can be performed with the above potent
branch and a simple power expansion of the phase with
binding energy as expansion coefficient. It is numerica
easier to choose a slow variation ofR0 for a constant phase
where in our case we programmed a maximum of the w
function at the slowly varyingR0.

For modeling the photoassociation profile, we apply
theory developed by Bohn and Julienne@14#. The coupling
of the continuum at the ground-state asymptote1S011S0 by
the laser field to the excited asymptote1S011P1 leads to an
excitation rateG and an energy shiftE1 of the transition. The
paper also shows that the trap loss probability by photoa
ciation for a collision pair with kinetic energy« can be writ-
ten in the following form:

uS0l u25
~gs1g r !G

@«2~D2E1!#21S gs1g r1g ts1G

2 D 2 . ~2!

S0l is the scattering matrix element of the process of t
colliding atoms on the ground state via the bound interme
ate state by the light field to the loss statel. gs andg r are the
rates for state changing collisions and the radiative esc
respectively.g ts is the molecular spontaneous decay back
trapped states.D represents the detuning between the exci
molecular bound state with energyEb(v,J) and the laser
frequency with respect to the ground-state asymptoteD
5Eb2\vL ~see Fig. 3!. D must not be confused withD f

FIG. 3. Schematic potential diagram illustrating the notat
used in the text for describing cold collision processes.
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which gives the detuning of the photoassociation laser@see
Fig. 1~a!#. In the theoretical description, we will count th
vibrational levelsv from the bottom of the potential well
With vD as the noninteger vibrational ‘‘quantum numbe
derived from the vibrational phase of the hypothetical st
exactly at the asymptote, one gets the relationv5vD
2(vD modulo 1)2v811. G andE1 can be evaluated in the
reflection approximation, where the scattering wave funct
of the ground-state potential for the scattering energy« is
only needed at the Condon point of the transition, the abo
mentioned paper gives the following results:

G52p~V0b!2
]Eb

]v
u f 0~RC!u2

DC
~3!

and

E15p~V0b!2
]Eb

]v
f 0~RC!g~RC!

DC
. ~4!

Here, the derivative ofEb with respect tov gives the vibra-
tional spacing around the considered bound state, andf 0 and
g0 are the regular and irregular solutions of the scatter
function for kinetic energy«. RC is the Condon point of the
potentials interacting by the laser field at the detuningD. DC
is the potential gradient of the excited state at the Con
point, the contribution from the ground-state potential pla
no rule at large internuclear separation considered in
present case, because this behaves like 1/R6 compared to
1/R3 for the excited state.V0b is the laser interaction that i
calculated with the help of the laser intensityI, the atomic
natural widthga , and the molecular enhancement factorf mol

that is determined by the molecular symmetry1Su
1 and 1Sg

1

of the transition and is to good approximation here 2~see, for
example, the dipole formula in Ref.@15#!:

~V0b!25
6pc2gaf mol

va
3

I ,

whereva is the atomic transition frequency, here of the1S0
to 1P1 transition. The photoassociation rateK(D,T) at the
detuningD from a thermal ensemble at temperatureT is then
obtained by thermal averaging of the trap loss probabi
and summing over all contributing partial waves, to the
bound stateJ:

K~D,T,J!

5
1

hQT
E

0

`

d«e2 «/kT(
,

~2,11!uS0l~«,,,J,D,I !u2.

Here,S0l is shown with all dependencies given in the equ
tions above andQT is the partition function forT for the
atom pairs with reduced massm:

QT5S 2pmkT

h2 D (3/2)

.

For the simulations of photoassociation profiles, especi
for the comparison of relative intensities between differe
vibrational states, one needs a reliable estimate of at leas
8-3
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DEGENHARDT et al. PHYSICAL REVIEW A 67, 043408 ~2003!
relative dependences ofgs and g r on the vibrational level.
The losses can be either state changing collisions or radia
escape processes, for both we need an inward motion o
photoassociated state. Thus, an estimate of the relative p
ability of the loss will be the vibrational frequency of th
state if one assumes that each crossing of the inner regio
the potential leads to an equal amount of loss. The vib
tional frequency can be estimated from the LeRoy-Berns
formula @16# for bound states close to the asymptote:Eb
5D2X(vD2v) i , whereX is a constant depending onCn of
the long-range behavior and the reduced mass of the m
ecule. In the case of the dipole-dipole asymptote,C3 is in-
volved andi becomes 6. With this approximation, the lo
rategs1g r becomes proportional to 6X(vD2v)5; this value
was introduced into the simulations of the profiles. The va
of X is used as a calibration factor to overlap experimen
observations and theoretical calculations. The value ofvD
was taken from Ref.@12#.

For calculating the eigenenergies with the accumula
phase approximation and the scattering wave function,
conventional Numerov method was applied with sufficien
small integration steps, which was always checked by
merical convergence.

IV. EXPERIMENTAL RESULTS

Figure 4 shows the trap loss spectrum for the vibratio
levels v8569 and 72 of the1Su

1 state at a detuningD f of
the photoassociation laser around 52 and 68 GHz from
atomic resonance. Three rotational lines correspondingJ
51, 3, and 5 are observed. The sample temperature is a
2 mK, at which the collisional partial waves with,>6 have
too low probability for leading to an observable signal
level J57 of the excited state. The solid curve shows
simulated spectrum. It is obtained by starting with a poten
that is known, e.g., from our earlier spectroscopic meas
ments @12#, from which the eigenenergies of the rovibr
tional levels are calculated with the accumulated ph
method. These do not necessarily coincide with the positi
of the vibrational levels as measured in the experiments
to the finite temperature, ac Stark shifts, and the poten
itself. The position of rotational levels withJ values of 3 and
5 are shifted up to 120 MHz by these effects. The shift

FIG. 4. Vibrational linesv8569 and 72 with three resolve
rotational lines corresponding toJ51, 3, and 5. The solid curve
represents the prediction of a full quantum-mechanical calcula
assuming a scattering length of 85.2a0.
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tween the observed spectrum and the simulated one is
in an iteration procedure to modify the potential described
C3 and the power expansion ofR0. After two to three itera-
tions, convergence is achieved. The procedure givesC3
50.5217(45)3103 nm33 cm21 resulting in an atomic de-
cay rate ofga /\52.150(19)3108 s21. This value is smaller
than that reported in Ref.@12# by three times the quoted
uncertainty. This can be explained by the fact that in R
@12# shifts of the line positions due to temperature have o
been accounted for by a global shift of all frequencies of
MHz. From the calculations presented here, this is not ju
fied and, thus, leads to a different value. It was also chec
that the retardation effect of the dipole-dipole interacti
@15# must be included in the fit. Especially, the levels close
the asymptote1S011P1 for v8,40, otherwise show non
negligible deviations. The literature dealing with the expe
mental determination of the decay rate reaches from 196
1983@17–28# applying various experimental techniques. T
weighted average isga /\52.212(39)3108 s21. Thereby,
we neglected the two earliest publications@17,18#, because
the value given there is obviously too big compared with
other published values. Recent theoretical high precision
culations of the decay rate yieldga /\52.156(30)
3108 s21 @29#.

It turns out that the relative height of the components
the rotational substructure depends significantly on the va
of the scattering length for the ground state potential. F
varying the scattering length in test calculations, one m
change the potential slightly at the repulsive branch at sm
R or around the minimum of the potential. The result a
slight shifts of the last bound levels not only for,50, but
also for,Þ0. Here for,52, the position of the correspond
ing shape resonance moves to the asymptote for decrea
scattering length, which results in the variation of the inte
sity ratio of the peaks forJ51 and 3. Figure 5 shows th
numerical simulation of the vibrational levelv8569 for
three different scattering lengths of 52.4a0 , 85.2a0, and
324a0, respectively, with the Bohr radiusa0'0.0529 nm.

n

FIG. 5. Simulated spectra for the vibrational levelv8569 for 2
mK and 400 mW/cm2 photoassociation laser intensity for three d
ferent values of the scattering length. The curves are shifted in
vertical direction for clarity.
8-4



n
p-
ur

rin
r
th

b

ie
a
p
th
ne
-
a

in
-
ea

b
o
lli-
e

at
a
ic
d
ity
a

that
d.
ith

the
er-
ra-

at

e

he
ing
.
tate
, at
ch a
ib-
ith

ould
an

be-
per
fer
n-

old
the
the
ro-
ob-
io of

vi
-
ec

or

g
re

ak

sed

PHOTOASSOCIATION SPECTROSCOPY OF COLD . . . PHYSICAL REVIEW A67, 043408 ~2003!
For clarity, the curves are shifted in the vertical directio
The ratio of theJ51 andJ53 components, and the dee
ness of the dip between the two components of all meas
vibrational lines with resolved rotational substructure (v8
>62) are best reproduced by the potential with a scatte
length of 85.2a0. The quite different form of the two othe
curves (52.4a0 and 324a0) suggests that the scattering leng
lies somewhere between 50a0 and 300a0. This is the same
order of magnitude of the scattering length as determined
other spectroscopic methods@30#. In Ref. @30#, the scattering
length could be limited to between 250a0 and 1000a0.

In our previous photoassociation experiments on40Ca
@12# it was not possible to determine the relative intensit
of the vibrational lines. This was mainly due to the short tr
lifetime of 50 ms which leads to maximum collisional tra
loss fractions of 1%. In the experiments reported here,
collisional loss fraction at the center of each vibrational li
was measured~Fig. 6!. For vibrational lines where the rota
tional structure is not resolved, the collisional loss fraction
the expected maximum of the resonance line was determ
~full circles!. For largev8, the rotational structure is suffi
ciently resolved and the collisional loss fraction was m
sured at the position of theJ51 ~full triangles! and theJ
53 rotational lines~open triangles!. The collisional loss
fraction with the photoassociation laser tuned to the gap
tween two vibrational lines is shown by open circles. F
v8,47, the vibrational lines begin to overlap and the co
sional loss fraction does not drop to zero between two lin
Before and after each measurement session of approxim
ten hours, the atomic density was determined by taking
sorption images on the cooling transition. Due to mechan
drifts in the setup, the density decreased over this perio
time by up to 20%. A linear variation of the atomic dens
with time was taken into account to normalize the collision
loss fraction to a density of 231010 cm23. In addition, the

FIG. 6. Measured collisional trap loss as a function of the
brational quantum numberv8. For vibrational lines where the rota
tional substructure overlaps the loss was determined at the exp
maximum of the resonance line~full circles!. For lines with suffi-
ciently resolved rotational structure, the loss was measured fJ
51 ~full triangles! andJ53 ~open triangles!. Open circles denote
the trap loss with the photoassociation laser detuned to the
between two vibrational lines. The curves indicate theoretical p
dictions with simplified assumptions about decay rates~see text!.
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change in the intensity of the photoassociation laser
showed fluctuations of'10% during a scan was correcte
From the measured variation of collisional trap losses w
the intensity of the photoassociation laser~Fig. 7!, the fluc-
tuations were corrected to an intensity of 280 mW/cm2. It
was not expected to find intensity modulations due to
overlap integral of the bound state function with the scatt
ing wave function of the colliding atoms since the tempe
ture of the atoms is too high for pures wave scattering. Our
simulations show that those modulations should show up
temperatures of a few microkelvins.

The curves in Fig. 6 depict the intensity variation of th
trap loss as a function of the vibrational quantum numberv8
as expected from theory, where the functional form of t
trap loss in its vibrational dependence is simplified be
proportional to (vD2v)5 from the local vibrational spacing
This approach does not distinguish the contribution by s
changing collisions from those by radiative escape. Thus
least a two-parameter ansatz would be necessary for whi
functional model does not exist in the literature for descr
ing the vibrational dependence. We were experimenting w
different exponents for (vD2v) instead of 5 and with adding
a constant to the loss rate as a second parameter which c
model the different weights of the two mechanisms. Such
approach gives a nicer looking graph for the comparison
tween experiment and theory, but not a convincing dee
physical insight. Thus we suppressed it, but we would pre
to indicate clearly with Fig. 6 the status of our present u
derstanding.

V. CONCLUSION

In conclusion, photoassociation measurements on c
calcium atoms for an extended range of detunings of
photoassociation laser ranging from 0.6 to 68 GHz below
asymptote were performed and compared with full line p
file simulations. We find good agreement between the
served and calculated spectra. The observed intensity rat

-

ted

ap
-

FIG. 7. Dependence of the collisional loss fraction at the pe
position ofv8539 ~open circles! and linev8549 ~full circles! on
the photoassociation laser intensity. At the highest intensities u
in the experiments, saturation effects begin to show up.
8-5
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J51 and J53 resonances determines the range of
ground-state scattering length between 50a0 and 300a0 tak-
ing the long-range behavior as determined by spectrosc
experiments@30# or by theoretical predictions@31#. The mea-
sured relative intensities of the vibrational transitions are
well explained. New studies of loss mechanisms are nee
or better electronic structure calculations on Ca2 would be
desirable to improve on the model calculations that w
published by Machholmet al. @15#.

Up to now, we only observed the creation of calciu
dimers in the1Su

1 state. Besides this, the formation of ato
pairs in the 1Pg state is allowed due to retardation. Tho
ws
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od

e
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vibrational levels should show up as very sharp features~a
few MHz width! in the spectra@15#. It may be possible to ge
signatures from these states in the experiment when sw
ing to ultracold calcium atoms with a temperature of a fe
microkelvins.
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