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Photoassociative Spectroscopy as a Self-Sufficient Tool for the Determination
of the Cs Triplet Scattering Length
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In photoassociation spectroscopy, the line intensities of a given vibrational progression exhibit zero-
signal modulation reflecting the node structure of the s-wave ground state wave function of two free
colliding atoms. This leads to the determination of the scattering length. We performed photoassociation
of cold Cs atoms polarized in the Zeeman sublevel f = 4, m; = 4. We analyzed the intensities of the
lines associated with the Cs, 0, state dissociating to the 6512 + 6p3/, asymptote. This yields a value
of the Cs triplet state scattering length, ar = —530ay, while consistency requirements impose a value
of the multipole ground state molecular coefficient, C¢ = 6510 a.u.

PACS numbers: 32.80.Pj, 33.20.—t, 34.20.-b

Collisional properties of ultracold atoms are of crucial
importance for Bose-Einstein condensation. This phe-
nomenon has presently been demonstrated for rubidium,
sodium, lithium, and recently hydrogen. The scattering
length is a key parameter for the production and the sta-
bility of a condensate; in particular, in a magnetic trap, a
negative value of the scattering length strongly limits the
number of atoms inside the condensate [1]. The value of
the scattering length is also critical in the interpretation
of the collisional frequency shift. Regarding the present
development of high-precision atomic clocks using cold
atoms, the knowledge of scattering lengths is therefore very
important in metrology. The scattering length of cesium
has thus been the object of a substantial research effort
[2-6].

Molecular photoassociative (PA) spectroscopy of alkali
dimers allows an accurate determination of the long-range
part of molecular potential curves correlated to the 65 +
6p asymptotes, through the precise measurement of the ro-
vibrational energy levels of the different molecular states
[7]. In a previous article [8], we reported the PA spec-
troscopy of the Cs, 0, long-range molecular state disso-
ciating to the 6s1/, + 6p3/> asymptote. Photoassociative
excitation of the Cs, 0, long-range molecular state
produces, by spontaneous decay, translationally cold
Cs, molecules in the lowest triplet ground state a*3 "
[9]. The spectroscopic data of the 0, series have been
analyzed in terms of Rydberg-Klein-Rees (RKR) and near
dissociation expansion (NDE) procedures [8]. In that
paper, we already noticed a marked modulation in the
intensities of the spectral lines that we attributed to the PA
transition between the initial state consisting in two free
cold atoms and the final state which is a ro-vibrational
level of the 0, state. As discussed in several references
[7,10—12], the observed modulation gives access to
knowledge of the nodes of the initial wave function of the
two colliding atoms and can then lead to the determination
of the scattering length of the initial channel. There exists
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indeed a one-to-one relation between the position of the
nodes and the value of the scattering length [13], which
involves only the asymptotic part of the ground state
potential. It was, however, difficult to fully analyze the
data published in Ref. [8] because they correspond to a
degenerate dissociation limit and thus to several, a priori
distinct, scattering lengths.

In order to determine the Cs triplet scattering length,
we have now performed a new experiment consisting in
molecular PA of cold atoms polarized in the ground state
Zeeman sublevel, f = 4, my = 4. The colliding atoms
are in a two-atom state with a total angular momentum
F, = 8, with projection on the quantization axis Mr = 8;
this state is correlated only with the molecular Cs triplet
ground state, leading to a true one-channel problem. An
accurate value of the C¢ parameter is needed for the deter-
mination of the scattering length, especially in the case of
cesium where the absolute value of the scattering length
is known to be large, so that it is very difficult to fix its
sign [9]. In this Letter, by carefully analyzing the inten-
sity minima of the PA spectrum, we determine not only the
triplet scattering length ar but also the value of the ground
state molecular C¢ parameter. As experimental determina-
tion of both parameters is in general difficult, the method
described here can be very helpful to define the criteria for
Bose-Einstein condensation experiments, for cesium and
other elements as well.

The essential idea of our analysis is depicted in Fig. 1,
which shows schematically the potential curves for the 0,
state and for two ground state atoms. As already men-
tioned, the O, potential is known from previous measure-
ments of the ro-vibrational structure. Figure 1 also shows
the wave function for a particular v value, with its outer
lobe at Ry;. If the ground state wave function has an anti-
node at Ry, there is a maximum in the PA signal, while
if there is a node at Ry, the PA signal vanishes. Whether
there is a node or antinode at R, depends on the scatter-
ing length but also on the asymptotic part of the potential
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FIG. 1. Potential curves and wave functions.

[13], i.e., on the Cg, Cg, and Cyg coefficients. As no ex-
perimental value of these coefficients is available, one has
to choose among a number of theoretical values, with a
general dispersion of about 10% (see Table I). The de-
pendence on Cg and Cyg is weak, so that values calculated
to 10% accuracy are sufficient. However this is not true for
Cs, and consequently all previous determinations of scat-
tering lengths of cesium have relied upon involved calcu-
lations of Cgs. We will show here that we can determine
simultaneously ar and Cg by simply using the positions of
several zeroes.

The principle of the PA experiment with cold Cs atoms
and the details of the experimental setup have been de-
scribed in Ref. [8,9,14]. The novelty here consists of the
use of polarized atoms. The cold Cs atoms are first pro-
duced in a vapor-loaded magneto-optical trap (MOT) and

TABLE I. Theoretical values of the multipole expansion co-
efficients for the 6s + 6s asymptote of the Cs, molecule, in
atomic units.

Source 1073 C6 1075 Cg 1077 Cl()
[17] 6.331 9.630 15.20
[18] 6.408 9.091 13.03
[19] 6.652 9.546 13.58
[20] 6.851 £ 74
[21] 6.855 9.025 13.01

Present 6.510 £ 70

they are polarized using the following temporal sequence.
First, at time ¢ = 0, the MOT cooling laser and the mag-
netic field gradient are switched off for 8 ms and 4 ms,
respectively, and a 6 G magnetic field, oriented along the
PA laser propagation direction, is applied simultaneously.
Att = 1 ms, which is about the rise time of the magnetic
field, we apply a pulsed laser (pulse duration 3 ms, pulse
intensity ~20 wW/cm?), propagating along the same axis
as the PA laser with a o polarization and tuned to the
6512, f =4 — 6p3/2,f’ = 4 atomic transition. We then
apply, after 500 us and for a time of 2.5 ms, the PA laser
which is a Ti:Sapphire laser (Coherent 899 ring laser)
pumped by an Argon ion laser. At this time, the measured
atomic polarization in the “dark” Zeeman sublevel f = 4,
my = 4 is larger than 90%. The symmetry of the wave
function thus prohibits odd values of € and the s wave
yields the main contribution to the line intensities. This
can be checked on the 0, spectrum, as shown in Fig. 2.
The absence of a signal for / = 4 in both cases indicates
that the amount of d wave in our experiment is almost zero,
as expected at the measured temperature of 130 uK [15].
In the following, we will thus neglect partial waves with
€ # 0. The photoassociative reaction reads

CS(681/2,f =4, my = 4) + CS(6S1/2,f =4, my = 4) + hyvp — CSz[0;(6sl/2 + 6p3/2;U,J)].

That PA has occurred is detected through photoionization
of the cold ground state molecules to Cs, " ions by using
a pulsed dye laser (wavelength A; ~ 716 nm, pulse du-
ration 7 ns, pulse energy ~1 mJ) pumped by the second
harmonic of a Nd-YAG laser, running at a 10 Hz repetition
rate. The ions are expelled from the interaction region to a
field-free zone providing a time-of-flight mass spectrome-
ter which separates Cs, ™ from Cs™ ions. The ions are then
detected by a pair of microchannel plates.

Figure 3 shows the intensities of the spectral lines of the
ro-vibrational levels with J = 2 versus the frequency de-
tuning of the PA laser. Nine clear minima appear in the
modulation of the intensity. The intensities of the spec-
tral lines result from several factors corresponding to the
various steps leading from the atom pairs to the detected
Csy* ions. Zero values corresponding to given v values
can, however, only be due to PA, more precisely to zeroes
of the probability of the transition between the initial state,

I

corresponding to two free cold atoms, and the final bound
state of the excited potential.

To analyze the data, we use a procedure based on the
calculation of the electronic dipole moment between ini-
tial and final radial wave functions of the PA process. The
R dependence of the dipole moment, w(R), is taken into
account and is obtained from the relevant adiabatic asymp-
totic potential curves related either to the 6s + 65 or to the
6s + 6p asymptotes, calculated by including fine and hy-
perfine interactions, as in Ref. [16]. For the final state,
we calculate the vibrational wave functions of the 0, po-
tential determined by the RKR and NDE approaches [8].
For the initial state, we use integration from infinite R in
the asymptotic potential, with a boundary condition fixed
by I = ar/a, where a = (mCe/l*)"/* is a scaling fac-
tor (m is the Cs, mass), or, equivalently, by 8 = tan™!(]).
In this asymptotic potential, we have included the Cg, Cg,
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FIG. 2. Rotational structure of the v = 6 line of the 0; se-
ries of the photoassociation spectrum, obtained with either non-
polarized (a) or polarized (b) atoms.

and Cjp terms and the exchange interaction. As we are
concerned only by the F;, = 8, M, = 8§ asymptote, the hy-
perfine structure acts merely as an additional constant. We
have also checked that the retardation effects are negligible
for both s + s and s + p asymptotes. To avoid problems
connected with absolute intensity measurements and calcu-
lations, we focused our analysis on quasizero signals. For
each minimum, we determined by interpolation the detun-
ing A7 + o; which would correspond to zero intensity.
We then chose a given asymptotic potential. For a few v
values around each minimum, we calculated the dipole
moment integral for different values of ar. We found
by interpolation the detuning A" which would corre-
spond to a zero-dipole-moment integral and we adjusted
the value of ar to make it match the corresponding ex-
perimental value. A first trial was made using in turn the
various theoretical values found in the literature for the
multipole expansion parameters [17—-21] and for the ex-
change terms [22,23]. The values of the scattering length
that were obtained for the various sets of parameters and
also, in general, for the various minima were all different
and incompatible with the experimental error bars. The
value of the C¢ parameter, in particular, is of great im-

C52+ ion yield (arb. u.)

Detuning (cm™)

FIG. 3. Relative maximum intensities of the J =2 ro-
vibrational spectral lines versus the frequency detuning of
the PA laser. The origin is taken at the atomic transition

6S]/2,f =4 — 6[)3/2,]” = 5.
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portance and the differences of about 10% that are ob-
served among the theoretical values (see Table I) are suf-
ficient to change the sign of ar. The dependence of ar
on Cg¢ is, however, different for the various minima (see
Fig. 4), and we can choose the Cg value to ensure com-
patibility between the results corresponding to each mini-
mum. More precisely, we calculated the A'"°" values for
various pairs (ar,Cg) and we found the minimum value
of xy2 = . [(A"" — A7®)/o; 2. We obtained in this
way @ = 110.7° and C¢ = 6510 a.u. Error bars coming
from the uncertainties o; on the positions of the zeros of
intensity are estimated to 1.5° for # and 12 a.u. for Cs.
However, the compatibility between the various minima is
better characterized by a doubling of the minimum y?
value, which yields an error bar of 7.5° for @ and of
70 a.u. for Cg. The value obtained for the triplet scattering
length is thus —530ag, with limiting values —825a( and
—370ay, and the value for C¢ is 6510 £ 70 a.u.

In the final result we have taken the Cg and C;¢ values
from Ref. [19], whose C¢ value is closest to our result. A
change of 15% of the Cg and C)¢ values does not change
significantly the result; it also does not yield a smaller y?,
so that we cannot derive a value for these parameters from
our data. We have used in turn the exchange terms found
in Refs. [23] and [22], which differ by roughly a factor
of two. The latter is preferable because the corresponding
value of ,\/2 is twice as small, whereas the results for ar
and Cg are almost identical. Our calculations concern the
E = 0 wave function only. In fact, a whole range of con-
tinuum states with energies of the order of kzT are initially
populated. Their influence on the intensity minima can
be estimated by using an extrapolation from the position
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FIG. 4. Scattering length characteristic  angle, 6 =
tan"'(ar/a), versus Cg parameter (« is a scaling factor,
see text). The different curves correspond to the 6 values
obtained for second to sixth intensity minima. For 6 values
superior to 90° (dot-dashed line), the scattering length ar is
negative.
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of the last node to determine the variation with E of the
phase shift of the continuum s-wave wave functions: the
variation of the position of the minimum is found to be
small, even for the last node (less than 1% for a tempera-
ture of 200 wK). The final result is based on the sec-
ond to the sixth minima only. The first one was excluded
because it was not well determined experimentally. We
have also excluded the minima numbered 7, 8, and 9. In
fact, the number of v values between successive zeroes
decreases rapidly as the detuning increases. For the last
minima, the determination of the position of zero intensity
is thus much less precise. Furthermore, this determination
involves neighbor intensities which are rather high, so that
dynamical saturation effects are suspected.

To conclude, we have simultaneously determined the
triplet scattering length of cesium, ar, and the molecular
asymptotic parameter of the van der Waals interaction Cs.
The value of ar agrees with the values given in Table II,
obtained from various experiments [2—6]. The value of
Ce differs significantly from the value 6851 *= 74 a.u., ob-
tained very recently through precise many-body calcula-
tions [20] which have been found in good agreement with
experimental values in rubidium. We however emphasize
here that our value depends very little on the chosen pa-
rameters (Cs, Cjo, and exchange term), so that it comes
almost entirely from the experiment. Our basic assump-
tion is that the PA rate near the intensity minima is propor-
tional to the squared dipole matrix element, as it is found
in a simple perturbation treatment of photoassociation, like
in Ref. [12]. Our approach, based on the analysis of the
PA spectrum of the 0, state obtained with polarized cold
atoms, is almost completely self-sufficient. The determi-
nation of the scattering length requires first knowledge of
the 0, potential curve: we deduce it from previous spectro-
scopic study of the O, series of the PA spectrum. It also
requires knowledge of the asymptotic part of the ground
state: the most important parameter, Cg, is fully deter-
mined through self-consistency requirement of the analy-
sis. The indisputable discrepancy between our value and
the one calculated in the many-body approach clearly ques-
tions the validity of theory, either in the many-body calcu-
lations or in our photoassociation model. To go further,
some new points could be introduced, such as dynamical
saturation effects or channel coupling: experimental and
theoretical studies on these points are both in progress. In
any case, PA spectroscopy clearly appears as a wonderful
tool for accurate determination of collisional parameters.

TABLE II. Determination of the triplet ground state scattering
length of cesium, in Bohr radius.

Source Triplet scattering length
[2] —1100 < ar < —200
[3] lar| > 260
[4] =380 < ar < =315
[5] lar| > 600
[6] ar = —400

Present =825 < ar < —370

It will certainly also become very useful for Feshbach res-
onance studies, already started for cesium [24].
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