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Abstract. Two-photon photoassociation spectra in a A-type excitation scheme are analysed under the
systematically varied experimental conditions of frequency detunings and laser intensities. Line shape fits
are presented as well as the investigation of intensity and detuning dependent line shifts. From both we
determine the attained spectroscopic precision, that is corrected for a systematic line shift due to the
thermal distribution of atoms in the trap. An energy correction for this effect is given. Information about
the feasibility of generating translationally cold molecules in a well defined rotational and vibrational level
by the photoassociation process is derived from the analysis.

PACS. 33.70.Jg Line and band widths, shapes, and shifts — 32.80.Pj Optical cooling of atoms; trapping

— 34.50.Rk Laser-modified scattering and reactions

1 Introduction

With the development of laser cooling and trapping tech-
niques, experiments with ultra cold (<1 mK) and dilute
gas samples became possible, leading finally into the quan-
tum degenerate regime and to Bose-Einstein condensa-
tion. These condensed or thermal atomic clouds allow
studies of atomic collisions [1-4] and precise determina-
tion of molecular states with extraordinary properties by
photoassociative spectroscopy [5,6].

In the photoassociation process, two colliding ground-
state atoms absorb a photon and form an electronically ex-
cited molecule. This molecule may decay by spontaneous
emission in two atoms, that have usually higher kinetic
energy than before and leave rapidly the atomic cloud, or
may form a translationally cold molecule in the ground or
lowest triplet state [7]. A sample of molecules in a well de-
fined rotational-vibrational level would be interesting for
further experiments. Unfortunately, spontaneous emission
leads to a distribution of populated levels.

Of course, the photoassociation (PA) schemes are not
restricted to the interaction of one light field with the
atomic sample, but more sophisticated schemes with mul-
tiple photon absorption and emission can be considered.
In this way even more molecular states become accessible.

In the case of two-colour PA a photon from each field
can be absorbed or the absorption of the first photon
can be followed by the stimulated emission of a second
photon into the other laser field (termed A-like process).
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The first approach was for example successfully used for
the enhancement of the formation of cold molecules [§],
while the second A-like schemes were used for high reso-
lution spectroscopy in thermal [9-13] atomic clouds and
Bose-Einstein condensates [14]. Scattering properties and
potential curves were determined with high precision.

Nevertheless, the PA approach suffers from the non-
negligible energy distribution of colliding atoms, which
leads in general to asymmetric spectral line profiles and
line shifts [15,16]. These can only be avoided by PA ex-
periments with quantum degenerate ensembles [14] or by
completely different approaches such as spectroscopy on
molecular beams [17].

Information about the energy distribution of atoms
in the cloud is contained in the line shapes of the ob-
served PA transitions. Thus an investigation of the line
profiles can be used to derive collision properties, allowing
better knowledge of the spectroscopic precision. Moreover,
manipulation of the collisional wave function becomes pos-
sible by use of optically induced Feshbach resonances [18].

While photoassociation line shapes were the subject
of several investigations in the case of one-photon PA and
were even used to determine quantities such as the ground
state scattering length [19-22], fewer investigations have
been reported for two-photon PA.

By performing two-colour PA in a A-scheme within a
Cs magneto-optical trap we have measured several rota-
tional series of the lowest electronic states of Csy, which
correlated to the atomic asymptote 6 281/2 +6 281/2. The
experimental approach is described in Section 2. In this
article we will compare one of those series with line shape
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simulations based on the formalism developed by Bohn
and Julienne [16] (Sect. 3), while the spectroscopic in-
terpretation of the measured levels in terms of potential
curves will be the subject of a subsequent publication.

The measurements were done under different experi-
mental conditions. Spectra were recorded with quasi reso-
nant excitation of the intermediate level of the A-scheme
and for different detunings, as well as for several different
intensities of the PA light fields. In Section 4 we discuss
the behaviour of the spectra as both parameters are var-
ied. From this analysis, line shifts due to the atomic energy
distribution in the MOT are determined for our exper-
imental conditions and the uncertainty of the necessary
correction of level energies is determined (Sect. 4.3).

From these results we can deduce the mechanism,
which leads to the Cs, molecule production and if the
formation of a molecular sample in a single well defined
level is feasible under the chosen experimental conditions.
Therefore, this work follows and investigates more in de-
tail a first series of experiments, which were already ac-
complished in our group [23]. The results are summarized
in Section 5.

2 Experimental approach
2.1 Photoassociation scheme

Since the experimental setup was described in detail be-
fore [7,24,25], we will describe here only the main outline
and recent changes.

Cesium atoms are cooled and trapped in a standard
magneto-optical trap (MOT) loaded from Cs background
vapour with a pressure of about 2 x 10~7 Pa. The MOT is
operated in dark SPOT configuration [25]. In this way
an atomic cloud of 5 x 107 atoms with a temperature of
~200 pK is formed. To perform the photoassociation ex-
periments considered here, the atomic cloud is continu-
ously illuminated by two laser fields L; and Lo with fre-
quencies, v1 and vy, respectively. The field Ly is provided
by a Ti:Sa laser with maximum output power of 1 W,
while Lo is generated by a DBR laser diode of 100 mW
optical power.

The field L; couples the collision state of two cold
Cs atoms to the v = 1 vibrational level of the attrac-
tive 1, 6 281/2 + 6 2P3/2 electronic state (Fig. 1). A
detailed discussion of the spectroscopy of the state 1,
is found in [25]. From reference [25] we know that each
vibrational band of the 1, state is a manifold of lev-
els strongly coupled by rotation and hyperfine structure.
As initial collision state the lower hyperfine asymptote
(f1 = 3) + (f2 = 3) was chosen for its strong PA spectra
of the v =1 level [25].

To avoid complications during the analysis by blended
lines, a free standing line in this vibrational band was
selected (in [25], Fig. 5 at 0 GHz). It can be deduced
from previous investigations of the hyperfine and rota-
tional coupling in the state 1, that the wave function of
this level |1) is mainly characterized by the quantum num-
ber f' =7 and my = 7. The quantum number f describes
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Fig. 1. Coupling scheme for two-photon PA. The two laser
fields are denoted L;, A is the detuning of L; with respect to
the level |1). The vibrational level at the ground state asymp-
tote with its rotational structure is called |2). The grey shaded
area above the lowest hyperfine asymptote 3 + 3 indicates the
thermal distribution of atoms in the MOT (|0)). For later use
possible loss channels with rates v; are shown as well.

internuclear distance >

the total molecular angular momentum without rotation
of the nuclei ¢, my is the projection of f on the molecular
axis. For symmetry reasons, only even £ values contribute
to [1).

The frequency s of the field Ls is chosen so that it cou-
ples the state |1) to a vibrational level |2) located 18 GHz
below the atomic asymptote (f1 = 3) + (f2 = 3). Its clas-
sical outer turning point is around 35aq. This level is a
mixture of the electronic X ' X% and a ® X} states, which
is generated by the hyperfine coupling. |1) is coupled to
levels with even ¢ only, since ¢ is maintained during the
emission or absorption of photons and is fairly decoupled
from the electronic motion at large internuclear distance
in the ground states [17]. Furthermore, electronic selection
rules for Af = f/ — f = 0,+1 allow only coupling to lev-
els in the f = 6,7,8 hyperfine manifold. f = 7 and 8 are
ruled out, because the symmetry of their wave functions
is purely ungerade for even £, since only one hyperfine po-
tential curve exists for each case and these correlate at
short distances to the a X} state. Therefore, coupling
to the 1, excited state by electronic dipole transitions is
forbidden. In contrast, g/u symmetry breaking appears
in the f = 6 subspace due to hyperfine coupling [26] of
the X 'Y and a ®2} states.

At short distances the degeneracy of my is removed
by the increasing spin-orbit interaction [27,28]. Since the
intermediate level |1) is described by my = 7, only levels
with f =6, my = 6 are populated in |2).

Due to the selection rules discussed above, from the
large number of potentials only three potential curves are
coupled to the excited state |1). The observed spectra are
in this way significantly simplified and show well separated
rotational-vibrational lines.

For fixed frequency vy, frequency rs is tuned and
the formation rate for Css molecules in the X 12;‘ or
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Fig. 2. Rotational series of a vibrational level 0.6 cm ™! below the hyperfine asymptote 3 + 3 measured by two-colour PA.
(a) L1 excites resonantly the intermediate level |1) while Ls is tuned. Frequencies are measured relative to the atomic asymptote
with a fixed offset for all shown spectra in the paper. (b) Same as (a), but L; is detuned about 20 MHz to higher frequencies.

a 3XF state is observed. Molecules are observed by ioni-
sation with a pulsed laser and detection of the Csj ions
with a pair of micro channel plates [24].

Two processes are likely to form Csy dimers in the X
or a state: (i) the excited level |1) of the 1, can be popu-
lated e.g. by Li in direct PA process. Spontaneous decay
of this state will form a distribution of populated levels in
the electronic states dissociating to the asymptote 65+ 6s.
(ii) |2) is populated by a stimulated Raman transition and
molecules in these levels are detected directly, or the pop-
ulation is redistributed before detection by non-resonant
reabsorption and following decay to other molecular levels.

Two situations are experimentally easily distinguish-
able, namely when L, excites resonantly the level |1) or
when it is detuned by A from the resonance:

A =E1 —th. (1)

Here, E; labels the energy of level |1) with respect to the
asymptote 3 + 3 and h is Planck’s constant. In agreement
with [16], A > 0 corresponds to a red detuned laser field.

Examples for spectra under both conditions are shown
in Figure 2. Figure 2a is taken with L; on resonance, which
produces a large Csé|r ion signal by direct PA in absence
of any resonant coupling of |1) and levels of |2) by Lo.
When the field Lo resonantly couples the levels |1) and |2),
the Csé|r ion signal is strongly reduced due to a two-photon
dark resonance. In a previous paper [23] this process was
termed as frustrated PA. Three rotational lines are visible
in Figure 2a as deep dips in the ion signal.

In Figure 2b, obtained with L; detuned from reso-
nance, only a very low signal of direct PA is visible. Now,
around the two-photon resonances three narrow and asym-
metric lines are visible. On the low frequency side of those
lines a slight decrease of the ion signal is visible, leading
to a Fano-like line shape with a sequence of maximum and
minimum.

The reference of the frequency scale is the same in all
figures in this paper.
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Fig. 3. Setup of the laser system used for the two-colour pho-
toassociation spectroscopy. A detailed description is given in
the text.

2.2 Laser spectrometer

To determine the position of the observed ground state
levels with respect to the atomic asymptote it is neces-
sary to measure the difference Av = v; — 1o with high
precision. Small Av can easily and most efficiently be de-
termined by rf-techniques, and this technique has been
applied in many experiments. For Av in the order of
several cm ™!, however, this becomes unpractical or im-
possible. For this reason we measure Av with a confocal
Fabry-Perot interferometer FP II with a previously pre-
cisely calibrated free spectral range (FSR) of ~750 MHz.
The whole setup is shown in Figure 3. Light from both L;
and Lo is mode-matched by a polarization maintaining
single-mode fibre before being fed into FP II to avoid
any detuning of the two detected fringe systems due to
misalignments. We modulate L, with an acousto-optical
modulator (AOM 2), which adds side bands to ve, that
are separated by ~187.5 MHz = FSR/4.
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Ly is locked on a transmission of FP II, which is tun-
able by a piezo to adjust the detuning A. When vy is
tuned to record a spectrum, we know that the correspond-
ing fringes are separated by an integer number of quarters
of the free spectral range from v;. This number is calcu-
lated from the values of v and 5 measured by comparison
with an iodine absorption spectrum [29]. Av is then deter-
mined by linear interpolation between two transmissions
of FP II plus the integer number times a quarter of the
free spectral range.

For good long term stability of 1, FP II is stabilized by
means of another coupling cavity FP I tunable by a piezo
crystal. FP I’s frequency comb is fixed, since it is stabi-
lized itself on a laser locked on a Cs saturated absorption
signal. To reach arbitrary values of 14, AOM 1 in double
pass configuration provides an interpolation between the
fringes of FP 1.

Analyzing the spectrometer we have found that we can
determine Av with an accuracy better than 3 MHz for
|Av| < 3 em~!. The uncertainty is given by the non-
linearity of the scan, errors in the determination of the
fringe positions and the uncertainty of the free spectral
range of FP II due to its calibration and the dependence
on the environment. Both calibration and stability of FP II
can be improved in the future.

We will examine in Section 4 if the frequencies of the
minima and maxima visible in Figure 2 depend on ex-
perimental parameters such as the detuning A or the in-
tensity of the light fields. Additionally, the spectra will
be compared with simulations based on the formalism in-
troduced in the next section. In this way we are able to
determine possible systematic line shifts due to the low
but finite temperature of the atoms in the trap as they
were observed in single photon PA [19]. The exact defini-
tion of what we refer to as line shifts is given at the end
of Section 4.1.

3 Theory

In this section, we discuss briefly the formalism developed
by Bohn and Julienne [15,16] for the description of pho-
toassociation line shapes. The expression given in [16] for
two-colour PA is generalized for the case we treat here
with one bound excited state coupled to three energet-
ically non-degenerate molecular levels in a ground state
potential. At the end of this section we explore the range
of validity of the Wigner threshold law and a suitable pa-
rameterization of the energy dependence of the Franck-
Condon overlap between the collision and bound wave
function.

In [16] expressions for various scattering ampli-
tudes S;; were developed that can be connected to experi-
mentally observables such as the trap loss or the formation
of molecules. Taking for example the situation sketched in
Figure 1 and assuming that we have only one level in the
manifold of |2) one can calculate the Cs] ion signal by
the sum of the squares of the scattering amplitudes Sp;
and SOQ.
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To calculate the Csj signal, Franck-Condon factors for
the spontaneous decay to bound molecular levels and the
ionizing efficiencies must be taken into account. In prin-
ciple they can be calculated [30], but since they give only
proportionality factor for a set of fixed molecular levels,
they can be later introduced as a single global amplitude
factor. Spp is given by [16]:

—ihy/AiT (6 + ihy2/2)

Sy =
T (A ik + 1)/2) (6 + 1hy2/2) — 2622

(2)
with
d=E—(e—hdv), A'=E—(A+¢) (3)

¢ is the light shift of |1) coupled to the continuum by L,
(E1 in [16]), e is the energy of the level |2) with respect
to the asymptote (f1 = 3) + (f2 = 3). The kinetic energy
of the colliding atoms is called F.

I = 2w |(1[E; - d0(E)) 4)

describes the excitation rate by L; from an energy-
normalized continuum state |0(E)) to the molecular
level [1), and

2= (1|E;-d|2) /h ()

is the molecular Rabi frequency with the electric fields Eq
and E, for the lasers Ly and Lo and the dipole moment d.
The other quantities were already defined in Section 2.1
and Figure 1.

The expression in equation (2) gives the complete
molecule formation rate only in the case of negligible loss
rate 79, otherwise Sy will also contribute to it. In the ex-
periment considered here, 5 is due to molecules that drop
out of the interaction zone, are reexcited by non-resonant
absorption of a photon from L; or the trap lasers [31],
or transferred to other molecular levels by inelastic col-
lisions. All effects lead generally to very small rates in
comparison with v; ~ 18 MHz, which is determined by
the lifetime of |1) [32]. Therefore, we will neglect in the
following losses from |2). The validity of neglecting o will
be further justified in Section 4. The interaction of Ly and
thus the reexcitation to |1) is already taken into account
in equation (2) and provides no additional loss rate 7.

In this case (72 = 0), we see there is always a fre-
quency difference Av for given E so that Sp; in equa-
tion (2) becomes zero and thus the molecule formation
and Csj ion signal drops to zero. In this way, we have al-
ready developed a qualitative understanding of the spectra
in Figure 2a.

Furthermore, this behaviour does not depend on {2
or I'. Averaging over E or a considerable loss rate v will
lead to a non-zero signal, but nevertheless the characteris-
tics of a dark resonance between the continuum state and
state |2) are evident.

For the observed rotational levels in Figure 2 we find
that equation (2) is not sufficient, since we observe three
levels with energies eq, es, and eg that are close or even
blending within the observed line width. We have thus
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generalized equation (2) following the method given in [16]
to a set of in total four bound levels, of which three rep-
resent the rotational levels with £ = 0,2,4 and with cor-
responding detunings d1, d2, and Js.

Following equation (2.20) in [16] one defines the re-
duced K-matrix

Kred Ko — K°¢ (tan n-+ KCC)—lKCO (6)

with submatrices

K°° =0
\/ 71/2 0
K = K*! = VA 0ovpelZl
0 0 12/2
0 0 V2/2
A h.Ql h{2 th
cc __ th 1 O
tann + K = 2
hi23 0

From K™ one can calculate the scattering matrix S*

. 1 +1Kred .
8" = —ee” 8)
(el is a 4 x 4 diagonal matrix and contains the elastic
phase shifts) and identify the element Sg; when neglecting
all terms including s:

* p—
Sor =

ih\/71F515253
(A/-i-ih(’yl —I—F)/Q) 515253—h2(055253+935153+.9§(51(52)
(9)

The similarity of equations (2, 9) is obvious as the sym-
metric appearance of quantities 2; and J; corresponding
to the three rotational levels with e;.

To calculate the line profiles, it is finally necessary
to average over the energy distribution of Cs atoms in
the MOT, for which we assume a Boltzmann distribution
exp(—F/kpT) with the temperature T" and Boltzmann’s
constant kg.

Since we are dealing with relatively high temperatures
of ~200 uK, several partial waves ¢ can in principle con-
tribute to the signal. For symmetry reasons, only even £
couple with the intermediate level |1). We restrict our
analysis to partial waves s and d, higher ¢ being omitted
due to the growing centrifugal barrier. The relative pop-
ulation of the partial waves is given by the factor 2¢ + 1.
We find the expression for the number of Cs dimers NV:

No Y (20+1) /Oo dE exp(—E/ksT) |Si, (4, E)|?
£=0,2 0
(10)

Averaging over the temperature it must be considered
that Sg; depends through the rate Iy on the collisional
partial wave and the collision energy E (Eq. (4)). The
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Fig. 4. Points and triangles denote the probability density
of the scattering wave function for the asymptote (f1 = 3) +
(f2 = 3) at 35a0 as a function of collision energy E. Solid lines
show the parameterization functions used for the line fits. The
formulas used are given in Appendix A. The values for ¢ = 2
are multiplied by 20. Broken line: Wigner like behaviour for d
wave collisions.

energy dependence of I is well described by an energy-
dependent Franck-Condon density. For low E this vari-
ation can be parameterized by the Wigner threshold
law ET95. Unfortunately Wigner’s expression will break
down for s-wave scattering in the case of Cs at very low
energies of a few 10 nK due its large scattering lengths
and Cg dispersion coefficient [19,33].

Thus we have modelled the correct energy dependence
of the Franck-Condon density by calculating the probabil-
ity density of the collision wave function at the Condon
point for the excitation of |1) as a function of E (Fig. 4).
The wave functions were evaluated with a coupled chan-
nel program using potentials, that reproduce within one
percent the values for Cg coefficient and scattering lengths
given in [3,34]. We have found by comparison with calcula-
tions in a single potential scheme that the variation of the
evaluated probabilities as a function of E' does not depend
strongly on whether a coupled channel calculation is used
or not. The same holds for changes of the Cg coefficient of
several percent and the scattering length a, as long as a is
of the order of several hundred ag. Simple analytic func-
tions were adjusted to the calculated values (solid lines in
Fig. 4, explicit formulas are given in Appendix A), that
were then applied in numerical integration routines in the
thermal averaging process.

The probability densities shown in Figure 4 were eval-
uated at 35ag, which corresponds to the Condon point for
the excitation of the state 1,. It can be seen that the de-
pendence on the collision energy E is very distinct for s
and d wave collisions. For d waves, the Wigner regime
is valid up to much higher temperatures than for ¢ = 0,
which can be seen by comparison with the broken curve.

Since the intensities of the applied light fields are not
spatially constant over the atomic cloud, {2; and I, are
spatially dependent as well. Therefore, we also average
over the atom density distribution in the cloud and the
profile of the laser beams. The atomic cloud was assumed
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Fig. 5. (a—c) Two-colour PA spectra (dots) measured with different values of I and fixed Iy = 74 W/cm? with A = 0. Solid
lines are best line shape fits. (d) Difference between positions of maxima and fitted values for e; for £ = 0,2,4 for L; detuned
from the intermediate level |1). No intensity dependence was observed for A =~ 0, so only results for A # 0 are shown in (d).
Connecting lines are for the sake of clarity and have no physical significance.

to be spherical Gauss-shaped [35], while the laser beams
L1 and Lo were treated as a cylindrical Gauss profiles with
equal and constant waists.

4 Results

In this section we will discuss spectra like in Figure 2
recorded for systematically varied detunings A and inten-
sities of L1 and Lo. They were analyzed in several respects:
firstly, the frequencies of maxima or minima were investi-
gated on their dependence on the experimental conditions.
No line shape analysis is necessary for this.

Secondly, the measured spectra were compared
with simulations. The simulations are based on equa-
tions (9, 10) and the averaging processes discussed at the
end of Section 3. From those simulations, level energies e;
for the ground state levels were determined that were com-
pared with the values found in the first step. From this we
learn about line shifts, which arise from the finite temper-
ature, and about the validity equation (9) to describe the
measured spectra. The latter point is important to deter-
mine the mechanism which forms the Cs, dimers from the
variety of possible processes discussed in Section 2.1.

The line shape analysis was performed by means
of a non-linear least square fit routine, which var-
ied the parameters in equation (9) to minimize

x* =201 (Aj — 8;)?/A;. n is the number of points in the

spectrum, typically about 700, A; and S; are measured
and simulated amplitude respectively of a give point j
with frequencies v;. The normalization takes into account
the uncertainty of the signal due to statistical noise, which
is proportional to \/A_] The temperature T' ~ 200 4K and
the parameters for the geometry of laser beams (waists
w =2 225 pm) were determined once by a fit in one group
of four spectra with different intensities of Lo and were
kept fixed in later fits. The trap size was assumed to be
about 300 ym (FWHM). Actually only the ratio of the
laser waists w and trap size is relevant for the calculation,
which is the reason, why only one of both geometry factors
was fitted.

4.1 Intensity dependence

We measured the rotational series shown in Figure 2 with
different laser intensities for L; and Lo with L; on reso-
nance (A =~ 0) and L, off resonance, with A/h ~ 35 MHz.
On resonance spectra were recorded for peak intensities Iy
of 25 W/cm? and 74 W/cm? (L;). Under both conditions,
intensities of Ly of Iy = 43,34,24,13 and 4 W/cm? were
used (Figs. ba—5c). For A # 0 three scans were recorded
with I; = 43 W/cm? and I = 38,19 and 4 W/cm? (line
shifts summarised in Fig. 5d).

Since it is not the interest of this work to determine the
continuum light shift € in equation (3), we did not distin-
guish between e and A but used one fit parameter (A +¢)
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which contains both. This is an approximation, which as-
sumes that ¢ does not strongly depend on the collision
energy E. This is indeed true for low F, as it was pointed
out in [16]. Furthermore, ¢ itself is expected to be small
here, since ¢ is proportional to I; and the experiments
were done with small intensities more than a factor ten
lower than the intensity leading to ¢ & —15 MHz in [16].
Furthermore, we know that the Condon point for the ex-
citation of v = 1 in the state 1, is near a maximum of
the collision wave function. The irregular wave function,
which contributes to the amplitude of ¢, will correspond-
ingly have a node at this internuclear distance. For sim-
plicity, we will replace the generalized detuning (A + ¢)
with A in the following. Common fits of data sets with
different intensities I; were omitted to avoid influences of
the intensity dependence of €.

Fitting was started with a common fit for the spectra
with different Iy for fixed I; in the case of frustrated PA
(A = 0, Figs. ba—5c¢). Values for e; and A were adjusted for
all spectra in common, as were excitation rates I'y and I.
Ratios {25/ and §23/2; of Rabi frequencies were com-
mon parameters, too, while 2; and the proportionality
factor in equation (10) were the only individual parame-
ters for each particular spectrum.

The ratios between the values of (2; are not com-
pletely determined by tensor algebraic expressions for the
asymptotic levels considered here. Indeed, the rotational
energy changes the wave functions to modify the Franck-
Condon factor significantly. Therefore, independent values
for §2; are necessary, if explicit knowledge about the poten-
tial curves is not included in the analysis. Fits including
the loss channel v, did not improve the results further. A
comparison of fitted parameters is given in Appendix B
to demonstrate the consistency of the results.

After having found an already good agreement, each
spectrum was fitted alone a second time, using the previ-
ously found values for I'y and (2; allowing an individual
variation of e; and A. The second fit led usually to a slight
improvement, probably due to not optimal reproducibility
of the detuning A and frequency scale from scan to scan,
leading to differing values of e;. Nevertheless no changes
of parameters appeared, that were greater than 1 MHz for
A/h and 2 MHz for each e;/h.

Examples for measurements and fits for the resonant
case are shown in Figures 5a—5c. The agreement of exper-
imental results and simulations based on equation (9) is
remarkably good. It is clearly visible that the line width
decreases strongly with decreasing intensity Is, while the
depth of the dips is not strongly affected. For low inten-
sity (Fig. 5¢), the measured dips are not as deep as the
simulated ones. This is probably due to averaging over fre-
quency fluctuations of the lasers, especially of Lo, which
is provided by a DBR diode with a line width of about
3 MHz. The full width half minimum of these lines is
10 MHz or less. The resonance for ¢ = 2 shows the largest
width and (2, has the largest value, which indicates that
the coupling of the level e to |1) is the strongest in the
rotational series.
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Different tests have shown that the quality of the fits
does not strongly depend on the parameterization for
the collision wave functions discussed in Section 3 and
shown in Figure 4. For these tests, parameterizations for
the probability densities calculated for a single scattering
channel and different values of @ and Cg from [3,36] were
used.

We have not observed any dependence of the line
positions on the intensity I; or Iy for L; resonant or
nearly resonant with |1). This changes dramatically when
L, is detuned from resonance as in Figure 2b. For
fixed A, the measured position of the maximum depends
strongly on the intensity of Lo. In Figure 5d the differ-
ence hAvmax,; — e; between the energy of the maxima in
the spectra and the fitted level energies e; is plotted. We
will refer to this difference in the following as line shift.
The position of ¢ = 2 is especially sensitive to the laser
intensity. This is explainable since ¢ = 2 has the strongest
coupling to the intermediate level, as we have already de-
duced from the line widths and the fit parameters {2; (see
Appendix B). The dependence of the line shift on the laser
intensity is a first indication that the process which leads
to the Cs] signal is not mainly based on a stimulated
Raman transition, with or without redistribution of the
population before detection (Sect. 2.1).

4.2 Detuning

In Section 4.1 we have shown that under our experimen-
tal conditions the frustration of the PA signal seems to
be preferable to the detuned case for spectroscopic pur-
poses, since the measured line positions do not depend on
the applied laser intensities over a wide range. We investi-
gate in this section how the transition from one detuning
to another takes place, which means we vary A at fixed
intensities I; and Is.

The procedure of fitting the spectra was the same as
was described in the previous section with the exception
that A is an individual and {2, a common parameter now.
Some results are given in Figures 6a—6¢. In Appendix B,
some fit parameters are compared with results from Sec-
tion 4.1. The simulations are again in good agreement
with the measurements. The transition from spectra with
a high Csé|r ion signal and pronounced dip structures to
the inverse situation is clearly visible in part (b). Very
asymmetric dispersive line shapes appear, that are never-
theless well matched by the fit. For larger detunings (c),
the sequence of minimum — maximum for a rotational line
becomes less obvious but remains. It should be remem-
bered that the simulations are based on equation (9) and
therefore contain no contribution from population in the
levels |2) by the scattering amplitude Sps.

Only for large detunings A a systematic mismatch of
the intensity for lines with £ = 4 is found, which is pos-
sibly due to the neglecting of terms Spe. Although the
amplitude of the signal by losses v2 would be indeed neg-
ligibly small with a loss rate 2 the order of several 10 kHz,
a resonant excitation by L; to a molecular level may by
coincidence lead to a much higher rate ~s.
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Fig. 6. (a—c) Two-colour PA spectra (dots) measured with different detunings A and fixed intensities (I1 = 44 W/cm?,
I, = 28 W/cm?). Solid lines are best line shape fits. (d) Shift between positions of maxima and minima and fitted values for e;
for £ =0,2,4 as a function of A. Open symbols are related to maxima, full ones to minima. Data from Section 4.1 with A ~ 0
is also represented. Connecting lines are again for the sake of clarity and have no physical significance. The grey shaded area is

discussed in Section 4.3.

A resonance like this will lead to a local enhancement
in a limited energy interval, so that only one rotational
line may be enhanced. Nevertheless, the measurements are
well described with a formalism including only Sp1, which
means we can indeed in general neglect the amount of
population in level |2).

Consequently it does not seem likely that we can, un-
der the conditions discussed here, form a significant num-
ber of molecules in a well defined rotational-vibrational
level by a stimulated Raman transition. Even if we observe
an enhanced loss by reexcitation, this leads to a distribu-
tion over many ground state levels by spontaneous decay
or even to dissociation of the dimers.

This hypothesis is supported by spectra recorded by
detuning the ionisation laser. In a first measurement, sin-
gle photon photoassociation was used to populate several
vibrational levels in the X and a state by spontaneous
emission. Consequently, the ionisation spectrum shows a
dense structure of lines due to this distribution. In a sec-
ond measurement, two PA laser fields in the A-scheme dis-
cussed above were applied, that were tuned and stabilized
on a two-photon resonance, while being far detuned from
the intermediate level |1). Detuning the ionisation laser,
a spectrum very similar to the one measured before was
recorded. This indicates again a distribution of population
over several molecular levels [30].

Also of interest is the difference between fitted en-
ergies and the positions of extrema as a function of A
and the rotational quantum number ¢. The determined
dependence is shown in part (d) of Figure 6. It can be
seen that the minima in the spectra are displaced for
all £ in the same way within the experimental errors dis-
cussed in detail in Section 4.3. At a first glance no such
shift would be expected from equation (9), since the dark
resonance appears always on the two-photon resonance
0; = 0. But in this argument the thermal averaging pro-
cess was neglected. By detuning L different collision en-
ergies E of the thermal distribution are preferred by the
coupling to |1). Starting out from an other collision energy
E leads to changed difference frequencies Av at the reso-
nances, since F contributes to the two-photon detuning ¢
in equation (3).

The shifts in Figure 6d are not symmetric to A =0
for the same reason. We compare the energy hAwvy, of
the minima with the binding energy e; of the levels de-
rived from the fits. There exists a systematic shift, since
selecting a collision state with £ > 0 is more likely than
exciting a pair of colliding atoms with E ~ 0 due to the
threshold behaviour of I' discussed in Section 3. By this
effect, larger values of |Avpyin| than the actual |e;| are
determined. It should be recalled that both energies are
negative (vo > v1), which leads to negative values for the
line shifts in Figure 6d.
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If L; is on the maximum of the one-photon PA line,
we expect the line shift to be equal to A, which represents
the red shift of the photoassociation line in direct PA by
the thermal distribution [19]. We find a line shift of 3 MHz
for L1 on the maximum of the direct PA line, the fit pa-
rameter A/h is in the order of 4 MHz for those measure-
ments. Simulating the direct PA process (L; alone) with
the parameters determined from the fit and the equations
given in [16], we also find a red shift of the maximum of
the line of about 3.5 MHz with respect to the energy differ-
ence between the level and the ground state asymptote.
This value is in good agreement with fitted value of A
mentioned above. Of course, this analysis will hold only
with relative low intensities I, so that no strong satura-
tion effects have to be taken into account [19].

As for the intensity dependence discussed in Sec-
tion 4.1, the spectral line shifts found for A # 0 and the
maxima are less favourable for precision measurements.
Their positions depend also on the detuning, but in a dif-
ferent way for the different rotational lines. As in the case
of the intensity dependent shift, the lines for £ = 2 are
displaced much more strongly than for the other ¢ values.
One can also see at the point at A/h = 25 MHz, that
the dispersive line shape is inverted with respect to neg-
ative A. Thus the observed lines for larger detunings are
probably not due to stimulated Raman population trans-
fer, but to the population of |1) and spontaneous emission
to molecular levels other than |2).

In a dressed state picture of |1), |2) and Lo the mecha-

nism becomes clear. Even for big detunings A = E; —e; —
hvg of Lg from the resonance |2) — |1), an Autler-Townes
doublet exists, although the mixing of the molecular lev-
els is weak. The doublet can be observed by tuning 14
for fixed v [23]. This can also be used for an experimen-

tal determination of the Rabi frequencies §2;. For big A
the splitting of the Autler-Townes components is mainly
determined by A plus a small repulsion of the dressed
states. Then, Csy molecules are probably formed by the
excitation by Lp of the small |1)-component in the pre-
dominantly |2) dressed state. The intensity dependence in
Figure 6d is readily explained by Rabi frequency (£2;) de-
pendent repulsion of the dressed levels, which leads to an
intensity dependent resonance condition.

The effects discussed here lead to difficulties in spec-
troscopic analysis under our experimental conditions even
in the case of A =~ 0, since not all parameters are pre-
cisely known and controllable. The achievable precision in
the case of frustrated PA will be discussed in the next
section.

4.3 Spectroscopic precision

In Section 2.2 we have discussed that the resolution of our
laser spectrometer allows us to measure the position of
spectral features with an error of a few MHz. In spectra
like Figure 5, we can determine the minima in the case of
saturation broadened lines to better than £8 MHz, and at
lower intensities, better resolution is possible. In the case
of worse signal to noise this uncertainty may be consider-
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ably larger. Under these conditions line shifts in the order
of 10 MHz and more due to the thermal energy distribu-
tion or asymmetric line shapes increase considerably the
possible error limits.

Thus we find that under our experimental condi-
tions for spectroscopic analysis an approach with detuned
field L1 must be avoided for the reasons discussed above.
More promising is the scheme of frustrated photoassocia-
tion, which does not show any significant dependence on
the laser intensities used here. The influence of the detun-
ing is much easier to control, since L; can be locked on
the frequency corresponding to the maximum excitation
probability of |1). This condition is relatively well defined
when a narrow line for this step is chosen. It was men-
tioned in the previous section that this is only true for
sufficiently low intensities I1, so that strong saturation is
avoided.

By simulations of the one-photon PA process, we can
determine the energy range for A, in which we allow a
+10% deviation from the maximal signal of direct PA
by L;. This is a reasonable range that we can reproducibly
maintain under our experimental conditions. Using Fig-
ure 6d this uncertainty in the experimental value of A can
be transformed in an error limit for the line shift between
the measured line positions and the fitted e;. This mar-
gin is indicated in the graph as grey shaded area. In this
region we found an uncertainty below +4 MHz, which is
slightly larger than the shift of —3.5 MHz to be corrected.

Besides the uncertainty in the determination of the
minimum of the line and the 4 MHz uncertainty discussed
above, we have to take into account the error from the
laser spectrometer of +3 MHz. Consequently, we end up
with a statistical error of 10 MHz, if we correct the mea-
sured energies by the shift of —3.5 MHz, otherwise the
shift adds on the error.

5 Conclusions

In this paper we have analyzed two-colour photoassocia-
tion spectra of Cs atoms in a magneto-optical trap. Sim-
ulated spectra were fitted to the measurements and the
influence of experimental conditions such as laser intensi-
ties or the detuning to the intermediate level were inves-
tigated.

For the fits we used an expression derived from the
formalism developed by Bohn and Julienne [16]. We have
shown that simulations and measurements are in very
good agreement for a large range of experimental condi-
tions even in the case of nearly blending rotational lines.
Fits were done for systematically varied intensities of both
optical fields and the detuning A. The parameters found
by the fitting procedure are consistent.

In this paper, we have discussed more precisely the
process already described in a preliminary paper [23].
The transition from frustrated photoassociation wvia the
intermediate level |1) to a far detuned regime was in-
vestigated, in which sharp peaks appear instead of dips.
Those line profiles are well explained by the scattering ma-
trix element Sp1, which describes losses from |1). Thus we
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conclude here that the observed Csj ion signal is not due
to selective population of a single well defined molecular
level. This conclusion is confirmed by simulations of the
molecule formation due to Spa, which gives no significant
contribution.

Despite this general conclusion, PA A-schemes in ther-
mal atomic clouds may be used to preferably populate a
chosen molecular level. For this purpose, the loss rate o
has to be enlarged with respect to 41 by some experimen-
tal manipulations. This could be an additional laser field,
exciting the population in |2) to a level with an exception-
ally good Franck-Condon factor with the vibrational level
to be populated. A distribution over rotational levels by
spontaneous emission can more easily be avoided by excit-
ing a level with J' = 0, that will decay to J = 1 levels only
due to selection rules. More generally applicable would be
a sophisticated transport mechanism, which avoids further
coupling of molecules in |2) to the laser fields by spatial
displacement.

We found for the frustrated photoassociation that the
line positions depend within our experimental resolution
only on the detuning A of the first field L; to the ex-
cited level |1), while for the off-resonant situation also an
additional dependence on the intensity of the laser fields
was found. Consequently, frustrated photoassociation is
preferable for spectroscopic purposes under our experi-
mental conditions. We could show that the uncertainty
due to the detuning from the resonance of the direct PA is
in our experiment below 4 MHz. The systematic shift due
to the thermal distribution of atoms in the trap is about
—3.5 MHz.

Based on these investigations we will analyse in a fur-
ther publication the spectroscopic results we have found
for a number of rotational vibrational molecular levels be-
low the ground state asymptote of Cs.

An investigation of the modification of ground state
wave function by the light-induced embedding of molecu-
lar levels in the continuum would be of interest as well. Ex-
periments in this manner were done before with one bound
level coupled to the continuum state [18]. The experiment
discussed here can be regarded in a comparable manner,
since two dressed states are prepared by the molecular lev-
els |1) and |2) and the light field Ls. These levels are then
coupled to the continuum by L; as an optically induced
Feshbach resonance. This is even a double Feshbach reso-
nance due to the doublet nature of the molecular dressed
states. The energy splitting between both quasi-bound lev-
els as well as their amplitudes in the dressed states can be
varied by the intensity and detuning of Lo. This kind of
coupling scheme promises a very rich field for experiments.
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Table 1. Selected fit parameters determined in fitting sessions
for the intensity dependence of Lo with intensities for L; of
I = 74 and 25 W/cm? and for the session with variable de-
tuning A.

Session I =74 VV/cm2 I =25 VV/crn2 A#£0

2/ 2.0 2.1 2.0

25/ 1.2 1.2 1.1
Io 472 x10° st 347 x 10% 571

v/ Ty 0.62 0.62 0.10

Table 2. Fit parameters (21, that were determined for the
Ir-intensity dependent fits with I = 74 and 25 W /cm?. Values
for I are given in VV/cm27 for 21 in 10% s~

21 (I, =25 W/em®)

[2 .Ql (Il =74 W/ch)

43 94.4 90.4

34 64.7 82.0

24 43.4 78.8

13 27.2 49.4

4 25.8 24.7
Appendix A

The parametrization functions f; plotted in Figure 4 are
calculated by the following expressions:
£ =0, below 0.8 pK:

fo(B)|p<o.sux = —69.98456 exp(—E%%%575 /0.15241)
472.22824 — 18.86039F

¢ =0, above 0.8 uK:

fo(E)|p>0.8ux = 2.80085 + 71.20469(E + 0.84336) 0-33218

{=2:

f2(E) = 4.04428(1 — (1 +9.7731 x 10”7 E> 2817471,

Appendix B

In the following tables parameters determined in different
fitting sessions are compared. The shown parameters are
taken from common fits of several spectra.

The fitting parameters listed in Table 1 were de-
termined in independent fitting sessions and show good
agreement with exception of the ratio I's/Ip, which is in
the case of the variation of A too small compared with
the first two values. Though, this discrepancy is not very
important and explicable, since the d-wave contribution
to the signal amplitude is only in the order of ten percent
even for the higher value of the ratio I/ I.

The fitted values of (2; in Table 2 vary as expected
approximately proportional to the square root of the mea-
sured laser intensity Is. The deviations are probably due
to errors in the laser power measurements.
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