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Abstract. Photoassociation spectroscopy was used to determine the s-wave scattering length of *°Ca atoms
in their electronic ground state. Vibrational levels were observed in an extended range of up to 182 GHz
below the dissociation limit 4s% 'So—4s4p 'P;. Thus, the frequency interval was nearly tripled, in which
photoassociation was observed compared to previous measurements. The spectra were analyzed by means of
quantum mechanical simulations. With the new data it was possible to resolve the discrepancy concerning
the ground state scattering length presented in earlier publications [Phys. Rev. A 67, 043408 (2003); Eur.
Phys. J. D 26, 155 (2003)]. An improved dipole-dipole coupling constant C5” = 0.52306(20) x 10*> cm ™" nm?®

is obtained.

PACS. 32.80.Pj Optical cooling of atoms; trapping — 34.50.Rk Laser-modified scattering and reactions
— 34.10.4+x General theories and models of atomic and molecular collisions and interactions (including
statistical theories, transition state, stochastic and trajectory models, etc.)

1 Introduction

Photoassociation of ultracold atoms is a well established
tool for the production of ultracold molecules and the in-
vestigation of cold collision properties [1-3]. Since the as-
sociation of cold atoms takes place at comparatively large
internuclear distances, data from photoassociative spec-
troscopy contains information on the interaction of two
atoms in this region mediated by the molecular potential.
Here, the scattering properties of atoms in the ground
state as well as the excited molecular state are involved.

Photoassociation of alkaline earth-like atoms was first
accomplished with cold calcium [4] and produced lately
remarkable results for Sr [5,6] and Yb [7]. It is very in-
teresting to combine and compare the results from pho-
toassociation with complementary experiments like from
molecular spectroscopy as it was done for sodium [8] or
more recently for potassium [9]. For alkaline earth atoms,
only in the case of calcium data from molecular spec-
troscopy are available for the long range interaction be-
tween two atoms [10]. Comparison between the scattering
length in reference [10] with data from photoassociation
spectroscopy [11] showed a significant deviation.

In this paper we report on new photoassociation mea-
surements that cover an extended energy interval of the
B X state below the asymptote 45 1Sy + 4sdp 1Py
(Sect. 2). The data are modeled with a quantum mechani-
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cal formalism described in Section 3 that allows for quan-
titative description of the experimental results. To pre-
cisely reproduce the observations and to determine abso-
lute photoassociation rates, accurate potential curves are
necessary for the ground and excited state. Via the ad-
justed potentials we gain access to the ground state scat-
tering length and the dipole-dipole coupling constant Cs
of the excited state. In Section 4 we discuss the results of
the adjustment and give improved values for the lifetime
of the atomic level 4s4p 'P; and the ground state s-wave
scattering length.

2 Experiment
2.1 Set-up and sequence

We investigate the photoassociation (PA) of cold calcium
atoms in a magneto-optical trap (MOT), in which the
atomic cloud is cooled on the strong transition 4s2 'Sg—
4s4p 'P; at 423 nm to a temperature of 1.5 mK. In pho-
toassociation, a pair of colliding ground state atoms is
resonantly excited by a laser field to a bound molecular
state. The spontaneous decay of the molecule produces
with significant probability a pair of hot atoms, which is
no longer trapped in the MOT. Thus, PA induces addi-
tional, frequency dependent trap loss. The signature of
this loss is a change of the number of trapped atoms.
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The sensitivity of our experimental set-up to the PA-
induced trap loss was significantly improved in comparison
to earlier experiments of our group on this subject [4,11]:
the vacuum system has been replaced by a new appa-
ratus, in which the MOT is formed by six independent,
pairwise counter-propagating and mutually perpendicular
laser beams. The beams have a diameter of 10 mm and
power of 1 mW each. The trap is loaded from a slow cal-
cium beam, which is decelerated by a Zeeman slower. The
slow atomic beam is collimated and deflected to the trap
region by a two-dimensional optical molasses. Addition-
ally, the atomic cloud is illuminated by light from a re-
pumping laser at 672 nm to close a leak to the metastable
1Dy level. At a pressure of 10~% mbar, the trap lifetime ex-
ceeds three seconds. This is one order of magnitude longer
than in our earlier experiments and enhances strongly the
sensitivity to PA-induced trap losses.

All 423 nm laser beams for cooling Ca are generated
by frequency doubling light from a titanium-sapphire laser
in an external built-up cavity, which is subsequently fre-
quency shifted and switched by acousto-optical modula-
tors (AOMs). The frequency of the laser is stabilized to
a separate calcium reference beam. In total, a power of
more than 500 mW is available at 423 nm.

The quadrupole field for the MOT stems from water-
cooled coils inside the vacuum system, which enable rapid
switching of the field. To achieve a high photoassociation
rate it is important to use an atomic cloud of high density.
With the new experimental apparatus we have increased
the peak density above 6 x 10'9 cm ™3 by efficiently loading
the trap for 600 ms at a low gradient of the magnetic
field of 0.23 T/m and then rising the current through the
coils for 400 ms until about 1 T/m is reached. The root-
mean-square (rms) radius of the calcium cloud amounts to
0.5 mm after the compression. Both density and radius of
the calcium cloud were determined by absorption images.
At high gradient, the loading rate of the trap is very small.
Working continuously at high gradient, the atom number
would therefore be only 10% of the number we get with
the compression sequence.

During the compressed phase, the atoms are illumi-
nated by light from the PA laser for 1.5 s. Here, we use a
second titanium-sapphire laser with frequency doubling
and an AOM for switching. The loading of the MOT
is turned off by extinguishing the Zeeman slower and
deflection-molasses beams. The frequency of the PA light
is red-detuned from the 'Sop—'P; cooling transition be-
tween Af = —65 GHz and Af = —185 GHz. The precise
value is measured by a wavelength meter with an uncer-
tainty of 1 MHz (Af < —73 GHz) or by the observation
of a beat note between cooling and PA laser. To calcu-
late detunings Af from the wavelength measured with
the wavelength meter, we made use of the Ca 1Sy—'P;
transition frequency of 709 078.382(1) GHz [12].

The PA laser beam has a diameter of 3.8 mm in
the trap region. Since the dimension of the trap is much
smaller than the diameter of the PA laser beam, the spa-
tial variation of the irradiance over the atomic cloud can
be neglected in the analysis. For the first measurements, a

standing wave was used for photoassociation. The inten-
sity variation of the standing wave is included in the simu-
lations to account for the different saturation behaviour in
nodes and antinodes. The standing wave was later omitted
to simplify the theoretical description. The typical peak
irradiance with standing wave ranges between 2.0 W /cm?
for v* = 72 and 8.0 W/cm? (v* = 85). The laser beams for
the Zeeman slower and the optical molasses are turned off
during the photoassociation phase. This leads to a negligi-
ble loading rate of the MOT at high gradient and simplifies
the interpretation of the PA spectra.

If the PA laser is resonant with a transition from the
collisional continuum to the electronically excited state
B 1XF atoms are bound as excited molecules and are
mostly lost from the cold atomic cloud by subsequent ra-
diative decay or state changing collisions. A small fraction
is recaptured by the MOT [11]. The atom number is de-
tected by an avalanche photodiode, which monitors the
trap fluorescence. The fluorescence signal is recorded at
the beginning (yielding Fy) and end (F:) of the photoas-
sociation phase. The ratio N = Fy/F; gives the fraction
of remaining atoms.

The whole sequence of loading, ramping the gradient
up and holding it for 1.5 s is repeated without the light
from the photoassociation laser. Accordingly, the ratio
N’ = F}/F| is determined that differs from N by the PA-
induced losses. From both, we can calculate the relative
photoassociation losses L by L = 1— N/N'. The frequency
of the PA laser was kept within +1 MHz by stabilization
on a reference cavity and about forty PA cycles were av-
eraged for each detuning Af that was investigated.

With the improved trap life time and the increased
density, we were able to observe trap loss signals of more
than 35%. The strongly increased signal compared to pre-
vious investigations (1% trap loss, Ref. [11]) allowed for
an increased signal-to-noise ratio and a refined analysis.

Under these improved experimental conditions it was
possible to extend the region, in which photoassociation
lines were observed, to 182 GHz below the asymptote.
Typically, the maximum trap loss was kept below 20% by
reducing the PA laser power to avoid saturation of the
rotational lines.

The photoassociation spectrum of the vibrational level
v* = 85 of the state B 1X;F is depicted in Figure 1 with
frequency steps of about 14 MHz. Here, the vibrational
quantum number v* is counted with respect to the asymp-
tote [4,11], since the absolute assignment is unknown.
Our calculations using an approximated potential for the
state B give an absolute value for the vibrational assign-
ment of about 177.

2.2 PA-induced loss coefficient

The theoretical model, which we will describe in Section 3,
predicts the photoassociation-induced atomic density loss
p = —fp? using a loss coefficient 5. This coefficient deter-
mines together with the background collision rate « the
time evolution of the atom number N (t) in the trap, when
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Fig. 1. Photoassociation spectrum of v* = 85 of the state

B !X with a sample temperature of 1.5 mK. Transitions to the
rotational levels with J = 1 and 3 are observed. The detuning
Af is measured with respect to the asymptote 'So+'P;.

other many body effects can be neglected:

N = —aN—ﬁ/dr3p2(r)
B

=N - s

N2 (1)
Here, p(r) is the local density and o is the rms trap radius.
We have assumed for the trap a Gaussian density distri-
bution and that 3 is constant over the trap dimension be-
cause of the wide photoassociation beam. This equation
describes the decay correctly if no loading of the MOT is
present, as it is the case in our experiment during the pho-
toassociation phase. The solution of the differential equa-
tion (1) is
—at —1
N(t) = Noe™** [1 + Nob( =) )] : (2)

S8aa3m3/2

with the initial atom number Ny. Equation (2) can be

used to express the relative photoassociation-induced trap
loss L(t)

I =1- 1 poB(l—e )]~ 3

O=1-1"+"n—] » O

where we made use of the expression for the initial peak

density po
No
S — 4
Po (27_(_)3/20_3 ( )

With the help of equation (3), one can express /3 in terms
of the experimentally observed trap loss L:

23/2¢

po(l =7 (1 T 1) ' )

Note, that according to its definition at the beginning of
this section § depends neither on the PA time nor on
the density. If the trap parameters pg and « are known,

8=

it is possible to derive the absolute value of § from the
experimental results.

The trap lifetime o~ was determined several times
during each PA measurement via recording the decrease
of the trap fluorescence during hold times (>10 s) at high
MOT gradient. It showed a simple exponential decay at
all times such that the assumption of negligible two and
three body losses is justified (compare Eq. (1) for 8 = 0).

The peak density pp was determined by recording ab-
sorption images initially without imaging lens. We as-
sumed cylindrical symmetry of the atomic cloud around
the strong vertical axis and o® in equation (4) is replaced
by 0205 for the weak and strong axis of the MOT, re-
spectively. For high MOT gradient we observed peak den-
sities po between 3 x 10'° cm™3 and 9 x 10'° cm 3. Addi-
tionally, we took absorption pictures of the released cloud
and modeled the expansion using the atomic temperature,
which is known from spectroscopy of the Doppler broad-
ened intercombination line 3P;—1Sy [13]. These measure-
ments showed that the density deduced from earlier ab-
sorption images was slightly too small, probably due to
a cloud seemingly enlarged by diffraction effects. Model-
ing the diffraction effects and later adding a lens to image
the shadow of the cloud on the CCD camera yielded that
though the absolute measured densities are at most a fac-
tor of 2 too small, the relative densities are correct within
a few percent. Hence, the experimentally determined abso-
lute values of 3 from equation (5) have a large uncertainty
due to the renormalization of the density but relative ones
can be compared with theory with high accuracy.

1

3 Theoretical description

The trap loss signal, which is experimentally observed, de-
pends on three factors: the excitation process, the subse-
quent decay mechanism including the recapture probabil-
ity and the response of the trap to the PA-induced losses.
The combination of the first two factors leads to the pho-
toassociative loss coefficient 3, which was introduced in
Section 2.2. The trap response on the PA-induced losses
was analyzed in the same section. The aim of this section
is the theoretical modeling of 5. If 3 is known for the ex-
perimental conditions of laser power and frequency, as well
as for a given temperature of the atoms in the trap, the
relative losses can be calculated according to equation (3).

To calculate the § parameter, we follow the approach
developed by Bohn and Julienne [14] that can be applied
very successfully for the description of photoassociation
spectra [15]. Using the reflexion approximation, the exci-
tation/stimulated emission rate I'/h and the light shift F
of the transition due to coupling of the photoassociation
laser field can be calculated:

OB\ | fo(Re)l”
W) ODC ’ (©)
%) fo(Rc)go(Ro)
ov DC

r = 2a(Viaa)? (

B = —n(Via)* o
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This requires for a given collision energy e the regular
(fo) and irregular (go) scattering wave function of ground
state atoms at the Condon point Rc. Note the minus sign
in equation (7), which corrects a typing error in equa-
tion (3.7) in reference [14]. The vibrational spacing in the
excited state B !X is expressed by 0E},/dv at the energy
of the molecular level (Ejp). The ground state asymptote
1Sy+1Sy serves as energy reference.

Viad is the radiative coupling between the continuum
state and the excited bound molecular level. It incorpo-
rates selection rules and relative transition strengths to
different rotational levels J from various partial waves ¢
according to the Wigner-Eckart theorem [16] for a transi-
tion £, my — J, M for polarization ¢ (¢ = 0: w polarization;
q = +1: o polarization):

_ 3rc’h I

(V;ad)2 - Fmeol(RC)(2g + 1)(2‘] + 1)

X< 01 >2<£1J)2 ®)
myg q —M 000 ) -

Here, 7 is the lifetime of the atomic level 4sdp Py, w
denotes the angular transition frequency of the 'Sy to 1Py
transition, and I is the intensity of the PA laser field. The
function fme(R) describes retardation effects of the dipole
moment and is given in equation (4) of [17]. The zeros in
the second 3J symbol appear, since we are dealing with a
so-called parallel transition between two ' X states.

Additionally, the derivative of the potential U(R) of
the excited state is needed at the Condon point

U

Do= 5| .
“7 OR|,,

(9)

The regular and irregular wave functions are determined
using the potential curve of the ground state given in
reference [10] as starting point. The B state potential
curve is represented at large internuclear distance by the
atomic pair energy D for 'Sy+'P;, dispersion coefficients
Cs and Cg, and the rotational barrier involving the re-
duced mass u:

R2[J(J + 1)+ 2]

Cs Cs
=D - —= ret 7 5@
U(R) 3 fret 76 + R

(10)

fret denotes the retardation of the resonant dipole-dipole
interaction according to e.g. equation (3) in [17]. The in-
ner part of the potential (R < 0.95 nm) is replaced by
a boundary condition following the idea of the accumu-
lated phase method [18]. The boundary condition and
the dipole-dipole coupling constant C3 can be adjusted
to match the observed level structure. The constant Cg is
included to check the sensitivity of the C35 determination
on higher order dispersion coefficients.

We checked the validity of the reflexion approxima-
tion, on which the formalism relies, by comparison with
calculations involving the full integration over both wave
functions. For this purpose, the potential of the state B
had to be parametrized over the full range of internuclear

distance, and the inner part was taken from reference [19].
No significant deviation was found. Thus it was possible to
use the reflexion approximation to reduce the numerical
effort to a level that allows for systematical investigations
of different experimental conditions and potentials.

Values of I' and E; were tabulated for the vibrational
and rotational levels of interest for a series of collision
energies € with h x 500 kHz energy spacing at the respec-
tive experimental PA laser intensity. Partial waves £ are
considered up to £ = 6. Using I" and E7, the excitation
probability |S|? to a given molecular level (v*,J) can be
expressed by

1S(A, €, 6,0*,J)]> =
1 hyI'(my)
20+ 1 me) \ 2
T - (At Bam)? + ()

(11)

The decay rate v is determined by the lifetime of the
excited molecular level, which is for the long range lev-
els of the state B in good approximation twice the
atomic lifetime of the level 4s4p 'P;. The detuning
A/h = [v(v*,J) — 1] is defined between the molecu-
lar level at energy hv(v*, J) and the laser frequency vr,.
We define a modified trap loss probability S*, that
reflects the probability that a spontaneous decay leads to
a trap loss
S = (1= p)lIS[. (12)

The pre-factor (1 — p) in equation (12) takes into account
the probability p that a decay does not lead to a trap loss.
Simulations of our MOT show that decay processes that
produce atom pairs with a kinetic energy of below 0.7 K
lead most likely to a recapture and therefore do not ap-
pear as trap loss. The probability of such decay processes
can be calculated within the Franck-Condon approxima-
tion, which is well justified for the long range part, at
which the decay predominantly takes place. The recap-
ture probability p is calculated for each molecular level
(v*, J) summing over outgoing partial waves ¢. It is in the
order of 40% to 25% for v* considered in this work.

Integrating |S*|? over collision energies e assuming a
Boltzmann distribution in the trap and summing over /¢
yields the trap loss parameter 3

B(A V", ) = hQiT S0+ 1)/deexp(—e/kBT) 1522
4

(13)
The factor 2 accounts for the fact that two atoms are lost if
one molecule is decaying. The integration is truncated for
high energies at values, for which the Boltzmann factor
has dropped to 10~ of its maximum value for the ex-
perimentally determined atom temperature T'. Q7 is the
partition function for the atomic temperature T

o pkT\ >/
or = (75 .

(14)

Knowing our experimental conditions, equations (13) and
(3) can be used to quantitatively describe the observed
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Fig. 2. Saturation behaviour of the photoassociation reso-
nance v* = 72, J = 1. The line is a fit according to equation (3)
assuming a linear dependence of § on the irradiance.

photoassociation spectra. As we will discuss in Section 4.3,
the relative intensity of the rotational lines is very sensi-
tive to the ground state scattering wave function and in
particular to the ground state scattering length [20].

4 Results

4.1 Saturation behaviour

To compare the relative intensities of the rotational lines
belonging to one vibrational level observed by photoas-
sociation, it is important to avoid saturation of the trap
loss and thus leveling of the line intensities. On the other
hand, strong signals with good signal-to-noise ratio are
preferable for a precise determination of the line intensity.

Since we observe comparatively high atom loss and ac-
cordant density reduction, saturation due to the depletion
of the trap can be expected [21]. This effect depends on
the number of photoassociated molecules and therefore on
the PA laser intensity and the photoassociation time. But
saturation may also arise from the irradiance dependence
of the PA loss coefficient (3 itself.

To distinguish both processes and to determine a good
working point, we have measured relative trap loss L as
a function of the PA laser irradiance on the line v* = 72,
J = 1. The results are shown in Figure 2, saturation is
clearly visible. The line depicts a fit of the observed trap
loss by equation (3) under the assumption that g is pro-
portional to the irradiance, thus not saturated. Only this
proportionality constant was fitted, the other quantities
in equation (3) were determined independently.

The good description of the data by the fit shows that
the saturation is due to the depletion of atoms from the
trap by photoassociative-induced losses. Indications for
the saturation of § are not visible. For the experiments
described below, the irradiance was chosen such that a
trap loss of 25% was not exceeded.

Table 1. Summary of level binding energies Ej in the B 1 X3
potential curve determined by the line shape simulations (see
text). The corresponding detunings Ep/h from the asymptote
are given in GHz. The last column gives the classical outer
turning point Rc.

v J=1 J=3 R
85 —182.470(10)  —182.115(10) 4.4 nm
80  —126.611(10) —126.323(10) 5.0 nm
72 —67.087(10)  —67.901(10) 6.2 nm
69  —51.916(10)  —51.777(10) 6.7 nm

4.2 Level structure

The newly observed photoassociative resonances down to
—182 GHz below the asymptote 452 1So+4s4p 'P; allowed
for an improved long range description of the state B 1 3.
The asymptotic model described in Section 3 was used to
fit the observed level energies. Since the classical outer
turning point of v* = 85 is located at 4.4 nm only, the
potential description (see Eq. (10)) was extended with re-
spect to reference [11] by the van der Waals coefficient Cs.
As energy reference the lowest asymptote 45215y +4s2 1S,
was chosen. Hence the atomic pair energy D is given by
the transition energy hw of the Ca resonance line !Sy—'P;.

In the determination of the level energies from the pho-
toassociation spectra, special care has to be taken to avoid
errors by two effects: most importantly, the thermal av-
eraging (see Eq. (13)) leads to a line shift, which is not
negligible at a temperature of the atom cloud of 1.5 mK.
Secondly, light shifts as described by equation (7) can be
significant.

Both effects can be modeled quantitatively by the for-
malism described in Section 3. As we will discuss in the
next section, a very satisfactory description of the spec-
tra can be achieved. The level energies used to calculate
the detuning A in equation (11) can be regarded as free
of the above mentioned effects. Of course, the analysis
invokes the potential of the excited state itself via equa-
tions (6) and (7) and the dependence of the rotational
structure on the potential. Consequently, the calculations
have to be done iteratively, but require a few iterations
only to achieve convergence. A list of the determined level
energies is given in Table 1.

Since the leading C3 coefficient originating from the
resonant dipole-dipole interaction in the potential descrip-
tion (see Eq. (10)) is connected to the decay rate 7, of
the atomic level 4s4p 'P; via the expression

2w3
at = ——=C 15
VYat 3hed 3 ( )
we can give an improved value for .. With

Cs/he = 0.52306(20) x 10® cm~!'nm?, one finds v,y =
2.1558(8) x 10% s~1. The uncertainty stems mainly from
the correlation with the Cg coefficient, which was set to
Ce/hc = 32.2 cm™'nm® and is varied by a factor of 2 to
give the error limit above. The fit quality of the observed
photoassociation levels is not altered significantly. The
uncertainty from the validity of the asymptotic descrip-
tion plays a minor role, which we verified by replacing the
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Fig. 3. (Color online) Mea-
sured photoassociative spec-
tra of v* = 72 (right hand
side) and v* = 80 (left hand
side) are depicted by dots.
The lines show simulations
according to the respective
experimental conditions with
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-67.2

nodal line by an approximated short range potential (see
Sect. 3) and fitting the repulsive potential branch. The
relative variation of C3 was found to be below 5 x 10~%.
The new value for v, is in agreement with our previous
one (2.150(19) x 10® s~ in Ref. [11]) and in remarkable
agreement with the theory value of 2.156(30) x 108 s~1
in reference [22], but shows some deviation from recent
calculations (Ref. [23], 2.169 x 10® s71).

4.3 Scattering length

Due to the comparatively high temperature in our exper-
iment, the influence of higher partial waves than the s-
wave is of importance. At least g-waves contribute consid-
erably to the spectra, as can be seen by the presence of
J = b5 resonances in the spectra depicted in Figure 3. The
lines show results of simulations using the model described
in Section 3 under the respective experimental conditions
for selected different ground state scattering lengths. The
scattering length was changed by slight variation of the
repulsive branch of the ground state potential. As was
mentioned before in Section 2, the atomic density had to
be adjusted by a factor of about 1.5 to match simulations
and experiment. The long range potential of X 12; is
given by the parameters reported in [10].

As can be seen in Figure 3, the new measurements
are well described by the simulations and fit best to a
ground state s-wave scattering length in the interval of
340ag to 700ag (ap = 0.052918 nm is the Bohr radius). The
sensitivity of the relative line intensity J = 1/J = 3 on the
scattering length is due to a strong variation of the relative
amplitude of s- and d-wave over the internuclear distance,
which is probed at different Rc by the vibrational levels
in the excited state (see Eqgs. (6) and (7)). The range of
Rc = 4.4 nm...6.7 nm is around the maximum of the d-
wave rotational barrier at about 5.85 nm.

For these measurements, the temporal stability of the
set-up is of great importance, since changes in the trap
lifetime, atomic pair density, or PA laser power change the
observed trap loss. Hence, in addition to the recordings in
Figure 3 several spectra of the discussed lines were quickly
recorded with low frequency resolution to be insensitive

1 1 1
-67.0 -66.8 -66.6

detuning A f(GHz)

different ground state s-wave
scattering lengths.

0.5 — T T T T T T

0.0

o
3
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Fig. 4. (Color online) Photoassociation data of v* = 72 from

2003 (dots) [11] together with a simulation according to the

model described here (full line) and a s-wave ground state

scattering length of 465a0. The dashed line is a simulation us-

ing a scattering length of 85a¢. Experimental details are given
in [11].

to drifts in the set-up. These measurements confirm the
interval of the scattering length given above.

In a previous publication [11] we reported on a deter-
mination of the ground state scattering length by similar
means but with data up to v* = 72. Then we found a de-
scription that favored scattering lengths around 85ay. We
did not notice the ambiguous description of our previous
data by the two scattering lengths 85a¢ and 465a¢ due to
the lack of data at large detunings and a limited range
of investigated scattering lengths. With the new measure-
ments it became apparent that the small scattering length
of 85a¢ cannot describe the whole data set as can be seen
in Figure 3. Therefore, a scattering length of 85a¢ has to
be ruled out now. The new analysis is also in much bet-
ter agreement with data from classical spectroscopy [10],
which gives a value between 200ag and 800ay. Obviously,
the old photoassociation data should be describable with
the new potential parameters to give a consistent picture.
We have checked this and as example a scan of v* = 72
from 2003 is given together with a new and old (85ag scat-
tering length) simulation in Figure 4. The description is
quite satisfactory.
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5 Conclusion

We described new photoassociation experiments at the
asymptote 4s% 'Sy + 4sdp 'P; of °Ca. A considerably
extended energy interval was covered, which is related
to an enlarged range of Condon points in internuclear
separation. Therefore, we deduced more accurately the
ground state scattering length from our new photoasso-
ciation data.

The observations are quantitatively very well described
by a model that uses the molecular potentials and experi-
mental conditions to predict the photoassociation spectra.
By comparison of simulation and experiment we are able
to give an interval for the ground state s-wave scatter-
ing length of 340ag to 700ag. This is in good agreement
with values from classical spectroscopy [10] and resolves
the discrepancy to previous PA experiments [11].

With the new data, we are also able to give an im-
proved value of the long range dipole-dipole coupling con-
stant C3 of the excited state B 1 X", from which we deduce
the decay rate v,, = 2.1558(8) x 10® s~! for the 4sdp 1Py
state of 9Ca.
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photoassociation.
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