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We demonstrate a method of inducing an optical Feshbach resonance based on a coherent free-bound
stimulated Raman transition. In our experiment atoms in a87Rb Bose-Einstein condensate are exposed to two
phase-locked Raman laser beams which couple pairs of colliding atoms to a molecular ground state. By
controlling the power and relative detuning of the two laser beams, we can change the atomic scattering length
considerably. The dependence of scattering length on these parameters is studied experimentally and modeled
theoretically.
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I. INTRODUCTION

Feshbach resonances have become a central tool in the
physics of ultracold quantum gases during the last years be-
cause they allow for a tuning of the interactions between
atoms. Controlling interparticle interactions is a central key
in many fields of modern physics and is especially relevant
for future applications in quantum computation and explor-
ing novel many-particle quantum effects. Beautiful experi-
ments using magnetically tunable Feshbach resonancesf1,2g
have been performed, ranging from ultrahigh-resolution mo-
lecular spectroscopyf3g to the coherent coupling of atomic
and molecular statesf4g as well as the creation of bright
matter wave solitonsf5g. It also led to the production of new
atomic f6g and molecularf7g Bose-Einstein condensates
sBEC’sd and allowed control of pairing in ultracold fermi-
onic gasesf8g.

Recently we demonstrated how atom-atom interactions in
a 87Rb BEC can also be tuned with an optically induced
Feshbach resonancef9g ssee alsof10gd, a scheme which was
originally proposed by Fedichevet al. f11,12g. Optically in-
duced Feshbach resonances offer advantages over magneti-
cally tuned Feshbach resonances since the intensity and de-
tuning of optical fields can be rapidly changed. Furthermore,
complex spatial intensity distributions can be easily pro-
duced and optical transitions are always available even when
no magnetic Feshbach resonances exist. A disadvantage of
optically induced Feshbach resonance is the inherent loss of
atoms due to excitation and spontaneous decay of the mo-
lecular statef9g. Typical lifetimes for excited molecular
states are on the order of 10 ns which corresponds to a line-
width of 2p316 MHz. Evidently, coupling to molecular
states with longer lifetime should improve the situation.
Ground-state molecules are stable against radiative decay,
and narrow transition linewidths on the order of kHz have
been observed in two-photon Raman photoassociation
f13,14g. This raises the question whether it is possible to
create optical Feshbach resonances using stimulated Raman
transitions and whether this scheme might be advantageous
compared to the one-photon optical Feshbach resonance.

In this paper we indeed demonstrate that optical Feshbach
resonances can be induced using a coherent two-color Ra-

man transition to a highly vibrationally excited molecular
ground state in a87Rb BEC. In the experiment we show how
the scattering length and loss rates can be tuned as a function
of the intensity of the lasers and their detuning from molecu-
lar lines. We use Bragg spectroscopyf15g as a fast method to
measure the scattering length in our samplef9g. To fit and
analyze our data we use a model by Bohn and Juliennef16g.
We find that using the Raman scheme for optically induced
Feshbach resonances leads to similar results in tuning of the
scattering length as for the single-photon Feshbach scheme.
The Raman scheme does not lead to an improvement com-
pared to the one-photon scheme because its atomic loss rate
is not lower for a given change in scattering length. How-
ever, using a stimulated Raman transition does offer experi-
mental advantages. To tune over the Feshbach resonance, the
relative frequency of the two laser beams only has to be
changed typically by several MHz which can be conve-
niently done using an acousto-optic modulator. This allows
for very fast and precise control of the scattering length. On
the other hand, working with a one-photon optical Feshbach
resonance in the low-loss regime typically requires large de-
tunings and scan ranges on the order of GHz. The Raman
scheme relaxes the necessity for absolute frequency control
of the lasers which can be tedious to maintain far away from
atomic lines. Since off-resonant light fields in general lead to
dipole forces acting on the atoms, a variation of the scatter-
ing length via optical tuning leads to a variation of the dipole
forces on the atomic sample. This unwanted effect can be
made negligible for the Raman scheme which tunes over
resonance within a small frequency range.

The paper is organized as follows: We start in Sec. II by
discussing the Raman scheme with a simple theoretical
model. In Sec. III we describe in detail our experimental
setup and the measurement method. In Sec. IV we discuss
the experimental results which are compared with a theoret-
ical model. The Appendix gives details of the model that is
used to describe the data.

II. RAMAN SCHEME FOR OPTICAL FESHBACH TUNING

Before discussing optical Feshbach tuning based on a
two-photon Raman transition, it is instructive to briefly recall
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the one-photon scheme firstf9,11,12g. This configuration
uses a single laser beam tuned close to a transition from the
scattering state of colliding atoms to a bound level in an
excited molecular potentialsstatesu0l and u1l in Fig. 1d.
Varying the detuningD1 or the intensityI1 modifies the cou-
pling and hence the scattering length. Atomic loss can occur
through population of the electronically excited molecular
state which has a decay width ofg1.

Introducing a second laser as shown in Fig. 1 will now
couple the collisional stateu0l to a bound levelu2l in the
ground-state potential. As we will show, this allows for a
tuning of the scattering length similar to the one-photon
scheme. We now have, however, four parameters which can
be used to influence the scattering length: the intensitiesI1
and I2 of lasers 1 and 2 and the detuningsD1 and D2 as
shown in Fig. 1.1

Fromf16g fEqs.s4.8d–s4.11dg one can extract approximate
expressions for the inelastic collision rate coefficientKinel

and the scattering lengtha in a Bose-Einstein condensate:2

Kinel =
2p"

m

1

ki

G01g1

sD1 − V12
2 /D2d2 + sg1/2d2 , s1d

a = abg −
1

2ki

G01sD1 − V12
2 /D2d

sD1 − V12
2 /D2d2 + sg1/2d2 . s2d

HereG01 denotes the on-resonance stimulated transition rate
from u0l to u1l which is proportional toI1. V12 is the Rabi
frequency for the coupling of the statesu1l and u2l and is
proportional toÎI2. "ki is the relative momentum of the col-
lision, where" is Planck’s constant divided by 2p. abg is the
background scattering length andm is the atomic mass.

Equationss1d and s2d neglect spontaneous decay from
stateu2l sg2=0d and assumeG01!g1. SettingV12=0 yields
the expressions for the one-photon Feshbach resonance as
given in f9g. Equationss1d and s2d yield a Lorentzian and a
corresponding dispersive line shape as a function ofD1. In
our experiments, however, we holdD1 constant and scanD2.
Figure 2 shows typical curves forKinel anda for two detun-
ings D1. The curves forKinel are slightly asymmetric, but for
D1@V12 they can be well approximated by Lorentzians. This
can be seen by expanding the denominator of Eq.s1d in
terms ofD2 at the resonance position. A light shift displaces
the position of the resonance toV12

2/D1. It is also interesting
to note that the resonance width decreases with increasing
detuningD1 asg1sV12/D1d2.

In a sense the two-photon Raman-Feshbach resonance can
be coined in terms of a one-photon Feshbach scheme. The
detuningD2 effectively replaces the detuningD1 of the one-
photon Feshbach scheme.3

Since Eqs.s1d and s2d have exactly the same form as for
the one-photon Feshbach resonance, it follows that, given a1As we observe a significant light shift of levelu1l, depending on

the intensityI1 of laser 1f9g, we measure the detuningD1 from the
observed position of the one-photon line at a given intensity of laser
1. Note thatD1 is a one-photon detuning whereasD2 is a two-
photon detuning.

2Kinel is reduced by a factor of 2 as compared to the case of
thermal atoms. This is because in a BEC all atoms share the same
quantum state.

3There is even a more direct way to understand the two-photon
Feshbach resonance in terms of a one-photon Feshbach resonance.
Laser 1 couples the collision stateu0l to a virtual levelu28l, which
is generated by laser 2 acting on levelu2l. The splitting betweenu28l
and u1l is given byD28=D1−D2. Its linewidth isg1sV12/D28d

2 and
the transition rateG028=G01sV12/D28d

2.

FIG. 1. Schematic diagram of the transitions used for optically
coupling the collisional stateu0l to molecular statesu1l and u2l. u1l
is electronically excited whereasu2l is in the electronic ground
state. D1 and D2 are defined to be positive for the shown
configuration.

FIG. 2. Kinel and scattering lengtha according to Eqs.s1d and
s2d, plotted for two values ofD1. Solid line: D1/2p=100 MHz.
Dashed line:D1/2p=50 MHz. The other parameters areG01/2p
=50 kHz,V12/2p=30 MHz, andg1/2p=25 MHz. The wave num-
ber ki =2.53105 m−1 corresponds to the finite size of the conden-
sate wave function.a0 is the Bohr radius.
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fixed free-bound transition rateG01, the maximum tuning
range of the scattering length for the two-photon case cannot
be larger than in a one-photon scheme. Furthermore, given a
fixed change in scattering length, the loss rate as determined
by Kinel is not lower for the Raman scheme than for the
one-photon scheme.

III. EXPERIMENTAL SETUP AND METHODS

A. Production of BEC’s

For the experiments we produce87Rb BEC’s of typically
1.23106 atoms in the spin stateuF=1,mF=−1l. Our setup
comprises a magnetic transfer linef17g to transport atoms
from a magneto-optic trapsMOTd chamber to a glass cell
where the BEC is produced and all experiments are carried
out. In a first step about 33109 atoms are loaded within 4 s
into a MOT directly from the background gas and are then
cooled further to about 50µK in a molasses cooling phase.
After optically pumping into theuF=1,mF=−1l state we
load the atom cloud into a magnetic quadrupole trap with a
gradient of 130 G/cm in thesstrongd vertical direction.
Within 1.4 s the atoms are then moved via a magnetic trans-
fer line4 over a distance of 48 cm including a 120° corner
into a glass cell which is at a pressure below 10−11 mbar. In
this cell we finally load the cloud into a QUIC trapsa type of
magnetic trap that incorporates the quadrupole and Ioffe con-
figurationd f18g, ending up with typically 43108 atoms at a
temperature of about 250µK. All three coils of the QUIC
trap are operated at a current of 40 A, dissipating 350 W.
This results in trap frequencies ofvradial/2p=150 Hz and
vaxial/2p=15 Hz at a magnetic bias field of 2 G. To achieve
Bose-Einstein condensation we use forced radio-frequency
evaporation for a period of 20 s. The stop frequency is cho-
sen so that we end up with condensates with a thermal back-
ground of about 25% of noncondensed atoms. At this value
we concurrently get the highest number of atoms in the con-
densate and good reproducibility. For our measurements we
consider only the condensed atoms.

B. Raman lasers

To realize the Raman scheme shown in Fig. 1 we use the
electronically excited molecular stateu1l= u0g

−, n=1, J=2l
located 26.8 cm−1 below thesS1/2+P3/2d dissociation asymp-
tote f9,19g. About 290 MHz below theJ=2 line, there is
another rotational level withJ=0.5 Although about 5 times
weaker than theJ=2 line, its effect cannot be totally ne-
glected in our experiment. We choose levelu2l to be the

second to last bound state in the ground-state potential. It has
a binding energy of 636 MHz3h f13g whereh is Planck’s
constant.

The Raman laser beams are derived from a Ti:sapphire
laser using an acousto-optical modulator at a center fre-
quency of about 318 MHz in a double-pass configuration.
This allows precise control of their relative frequency differ-
ence over several tens of MHz. Both Raman lasers propagate
collinearly and are aligned along the weak axis of the mag-
netic trapssee Fig. 3d. They have a 1/e2 waist of 76µm, and
their linear polarization is perpendicular to the magnetic bias
field of the trap.

The Ti:sapphire laser is intensity stabilized and its fre-
quency has a linewidth of about 3 MHz. In order to stabilize
its frequency relative to the photoassociation lines, the laser
is offset locked relative to theD2 line of atomic rubidium
with the help of a scanning optical cavity. This yields an
absolute frequency accuracy of better than 10 MHz. In all
our experiments the Raman laser intensities were set toI1
=300 W/cm2 and I2=60 W/cm2 at the location of the con-
densate, if not stated otherwise.

C. Bragg spectroscopy

To measure optically induced changes in the scattering
length a, we use Bragg spectroscopyf9,15g. This method
allows for a fast measurement on time scales below 100µs
which is vital because of the rapid photoassociation losses

4For our magnetic transportssimilar to that described inf17gd 13
pairs of quadrupole coils are used. These transfer coils each have an
inner diameter of 23.6 mm, an outer diameter of 65 mm, and a
height of 5.7 mm and consist of 34 windings. They are arranged in
two layers above and below the vacuum chamber with a separation
of 50 mm. Peak currents of 75 A are necessary to maintain a vertical
gradient of 130 G/cm during transfer.

5Due to different light shiftsf9g for the J=0 andJ=2 lines, their
splitting is intensity dependent. The value of 290 MHz is valid for
an intensity of 300 W/cm2.

FIG. 3. Top left: experimental arrangement of the laser beams
stop viewd. Top right: absorption image obtained after Bragg-
diffracting a portion of the atoms to a state with a momentum of
two photon recoilsslower atom cloudd and subsequent time of flight
expansion. Bottom: Bragg resonance curves for two different rela-
tive detunings of the Raman lasers. The relative shift of 700 Hz is
due to two different scattering lengths which are optically induced
in the condensates. The atom numbers are the same for both curves.
Shown is the percentage of diffracted atoms versus the frequency
difference of the Bragg lattice beams. For better comparison we
have scaled up the right curve by 10%.
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we experience in our experiments. A moving lattice com-
posed of two counter propagating beams with wave number
k and a frequency differenceDf is used to diffract some of
the condensate atoms to a state with nonzero momentum.
When energy and momentum conservation are fulfilled, the
Bragg lattice resonantly transfers a momentum of two pho-
ton recoils 2"k in a first-order diffraction process. For the
case of a homogeneous condensate of densityn, the reso-
nance energy for Bragg diffraction is given by the sum of
transferred kinetic energyhDf0=s2"kd2/2m and the change
in mean-field energy 4p"2na/m.6 This corresponds to a fre-
quency difference of the Bragg lasers of

Df r = Df0 +
2"

m
na. s3d

If the condensate is initially not at rest, the kinetic energy
contributionDf0 to the Bragg resonance frequencyfEq. s3dg
contains an additional term 2"kp/m, wherep is the initial
atom momentum in the direction of the Bragg lattice. In our
experiments we observe such a motional shift corresponding
to condensate momentum of up top=0.1 "k. This momen-
tum can partly be attributed to optical dipole forces of Ra-
man beams which are slightly noncentered on the conden-
sate. Partly it can be attributed to a forced oscillation of the
condensate in the magnetic trap at 150 Hz which coincides
with the trapping frequency. Since this oscillation is driven
by a higher harmonic of the line frequencys50 Hzd, it is in
phase with the line frequency and we are able to stabilize the
initial condensate momentum by synchronizing the experi-
ment to the line. A stable initial condensate momentum can
then be determined and canceled out by measuringDf r alter-
nately for Bragg diffraction to the +2"k and −2"k momen-
tum components. After these measures we were left with a
residual momentum noise level of up top=0.01"k.

In our setup the Bragg lattice beams are oriented along the
horizontal direction perpendicular to the Raman laser beams
ssee Fig. 3d and have a width of<0.9 mm. We extract both
beams from a single grating-stabilized diode laser and use
two acousto-optical modulators to control the frequency dif-
ference. The laser is tuned 1.4 nm below the87RbD2 line
which definesDf0 in Eq. s3d to be 15.14 kHz. This frequency
is much larger than the typical mean-field contribution,
2"na/m, which in our experiments was below 3 kHz.

We illuminate the trapped condensate for 100µs with the
Bragg lattice light. After 12 ms of free expansion the dif-
fracted atoms are spatially separated from the remaining at-
oms. Absorption imaging allows us to determine the diffrac-
tion efficiency. By adjusting the Bragg laser intensity
stypically 1 mWd we keep the maximum diffraction effi-
ciency between 15% and 20%. When we scan the frequency
differenceDf and measure the fraction of Bragg-diffracted
atoms we obtain curves as shown in Fig. 3sbottomd. These
curves have a width of approximately 9 kHz as determined
by the 100µs length of our Bragg pulses. The shape of the
curves is given by the Fourier transform of our square light

pulses which we use to fit the data to obtain the resonance
positionDf r f9g. The shift between the two Bragg spectros-
copy curves in Fig. 3sbottomd is optically induced by shin-
ing in the Raman lasers at the same time as the Bragg lattice.
For both curves the atom numbers are the same andD1
=60 MHz. Only the Raman detuningD2 differs by 26 MHz.
According to Eq.s3d this observed shift in Bragg resonance
frequency is then due to a change in scattering length, in-
duced by tuningD2. This demonstrates that we can tune the
scattering lengtha with a Raman Feshbach resonance.

D. Determination of scattering length

We use Eq.s3d to determine the scattering lengtha from
the measurements of the Bragg resonance frequencyDf r.
Equations3d, however, is derived for the case of a homoge-
neous condensate. Our trapped condensate, in contrast,
which is subject to photoassociation losses, exhibits a time-
and position-dependent densityn. This can be taken into ac-
count by replacing the densityn in Eq. s3d by an appropriate
effective valuen̄.

A simple approach to estimaten̄ is to calculate the spatial
and time average of the condensate densityn over the dura-
tion of the Raman pulse lengthT. For this we use the rate
equation for the local densityṅ=−2Kineln

2 for two-atom
losses. The inelastic collision rate coefficientKinel governing
this process is obtained from measuring the atom number at
the beginning and end of the light pulse. This procedure
already yields good results which differ less than 10% from
an improved approach which we use for our data analysis
and which is explained in the following.

The improved approach consists of a full numerical simu-
lation which describes Bragg diffraction in a dynamically
and spatially resolved way. We divide the condensate into
density classes and treat their time dependence individually.
The Bragg diffraction process is identified as a Rabi oscilla-
tion between a coherent two level system—i.e., the BEC
component at rest and the Bragg-diffracted component. The
changing density of the condensate due to loss is reflected in
a time-dependent resonance frequencyfsee Eq.s3dg. As a
result of these calculations we obtain for each density class a
Bragg resonance curve similar to the experimental ones
shown in Fig. 3. Averaging over these resonance curves and
determining the center position yields the simulated value for
the Bragg resonanceDf r. Using Df r=Df0+2"n̄a/m we can
then determine the effective densityn̄.

IV. RESULTS

A. Raman scans

Figure 4 presents measurements where the detuningD1 of
laser 1 from the excited molecular state is set toD1/2p
=60 MHz. The intensities of the Raman lasers 1 and 2 are
300 W/cm2 and 60 W/cm2, respectively. Figure 4sad shows
the atom number after illuminating a condensate of initially
1.43106 atoms for 100µs with the Raman lasers. Scanning
the Raman detuningD2 we find a strong loss of atoms on
resonance. As already expected from Eq.s1d the line shape is
slightly asymmetric. Figure 4sbd shows the resonance fre-

6This is valid in the limit that only a small fraction of the conden-
sate is diffracted.
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quencyDf r as measured by Bragg spectroscopy. When we
analyze the data in Figs. 4sad and 4sbd with the improved
procedure described in Sec. III D we obtain values for the
scattering length which are shown in Fig. 4scd. The scattering
length a shows a dispersive variation between 50a0 and
140a0 as we scan over the resonance. The dispersive scat-
tering length curve is offset by about 20a0 from the back-
ground scattering lengthabg=100a0 for 87Rb in the uF=1,
mF=−1l statef20–22g. This is due to the one-photon Fesh-
bach tuning of laser 1, in agreement with our previous mea-
surementsf9g.

We find that Eqs.s1d ands2d are not sufficient to describe
these data properly, mainly because they neglect the decay
rate g2. A more complete modelssee the Appendixd, also
taking into account both theJ=0 andJ=2 rotational levels,
was used for creating fit curves,7 depicted as solid lines in
Fig. 4. The fact that the data for atomic loss as well as for the
scattering lengtha are both well described by the theoretical

curves is an intrinsic consistency check for our model and
our data analysis.

The shape of the signalDf r in Fig. 4sbd is a combination
of the effects of the varying scattering lengtha and the vary-
ing atom numberfsee Eq.s3dg. This is illustrated by the
dashed and continuous lines in Fig. 4sbd: The dashed line
shows the expected signal if only the variations in atom
number would occur and the scattering length stayed
constant.8 The solid line takes the variations in both atom
number and scattering length into account. The deviation of
the measured data points from the dashed line is due to an
optical induced change of the scattering length.

B. Dependence on detuning

We now investigate how detuningD1 affects the scattering
length a. Figure 5 shows a set of three curves showing the
scattering length for detuningsD1/2p=40, 60, and 90 MHz.

The measurements clearly show that the position and
width of the resonances depend onD1. The change in posi-
tion can be mainly explained as light shifts of levelsu1l and
u2l due to laser 2. The decrease of the resonance width with
increasing detuningD1 follows directly our discussion in
Sec. II. The solid lines are model calculations as described in
detail in the Appendix. They are derived from a simultaneous
fit to the data shown in Fig. 5 and a large number of atom
loss measurements with different detuningssnot shownd. The
set of fit parameters is listed in the Appendix. We also use
this same set of parameters for the theoretical curves in Figs.
6 and 7.

7The resulting fit parameters are similar to those given in the
Appendix.

8To account for the one-photon Feshbach tuning of laser 1, a value
for the background scattering lengthabg=80a0 was used for the
calculation.

FIG. 4. Optical Feshbach resonance using a Raman scheme.sad
shows the measured atom number after the Raman pulse,sbd the
measured Bragg resonance frequency, andscd the scattering length,
as determined fromsad andsbd. In sad the solid circles correspond to
measurements where Bragg spectroscopy was used to determine the
scattering length, while the small open circles stem from additional
loss measurements without Bragg spectroscopy. From our measure-
ments we estimate the uncertainty of the Bragg resonance fre-
quency to be smaller then ±100 Hz, as indicated by the error bar in
sbd. The solid lines insad, sbd, andscd are from a model calculation
ssee the Appendix and textd. The dashed line insbd shows the ex-
pected signal if there was only loss in atom number but no change
in scattering lengthssee also discussion in textd. The vertical line
indicates the location of maximal loss insad and helps to compare
the relative positions of the three curves.

FIG. 5. Variation of the scattering length with Raman detuning
for three various detuningsD1 from the excited molecular state. The
solid line is a calculationssee the Appendixd which uses a single set
of parameters for all curves.
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It is interesting to note from Fig. 5 that the amplitude of
the dispersive scattering length signal decreases asD1 be-
comes larger. This is not to be expected from the simple
model Eqs.s1d and s2d. To investigate this effect we have
performed scans for atom loss and scattering length for sev-
eral detuningsD1. Figure 6 shows the maximum variation in
scattering length,Da=amax−amin, obtained for detuningsD1
ranging from 40 MHz to 200 MHz. Here,amax andamin are
the maximal and minimal scattering length values for corre-
sponding scan curves. Typical scan curves are shown in Fig.
5. Each data point in Fig. 6 was derived from a complete
scan and corresponds to one day of data collection.

An analysis of our data using our theoretical model indi-
cates that the decrease ofDa as a function ofD1 is a conse-
quence of two effects.

sid To properly model these measurements we have to
assign to the molecular stateu2l in the ground-state potential

a non-negligible decay widthg2/2p<2 MHz. For compari-
son, two calculations of a three-level model are plotted in
Fig. 6. For smallg2/2p=100 kHz sdashed lined Da de-
creases only weakly. Forg2/2p=2 MHz sdotted lined the
theory fits the data much better. Such a large decay rate of a
ground-state level is surprising. It seems too large to be ex-
plained purely by collisions. We find that the decay rate in-
creases with the light intensity. At low light powers of a few
W/cm2 we have observed very narrow linewidthsg2/2p on
the order of a few kHz, similar to the values reported by
f13,14g. The broadening of the molecular ground level could
be due to coupling to excited molecular levels. We can ex-
clude, however, from our experimental data that these levels
are located within our experimental scanning range between
the statesu1l andu3l. This would lead to additional resonance
features in the scattering length, absorption, and light shifts,
which are inconsistent with our data. In contrast, our data
indicate a relatively constant background loss rate of the
ground level over the experimental scan range. This allows
us to analyze the data successfully with our simple few-level
model. Besides coupling to excited molecular states, we sus-
pect that coupling to thed-wave shape resonance of the scat-
tering channel also gives rise to a sizable contribution to the
molecular decay rate. Because thed-wave shape resonance is
located very closesa few MHzd to threshold, it is resonantly
coupled to the molecular ground-state level via the Raman
transition. To include the shape resonance is beyond the
reach of our simple model and has to be investigated later.

sii d The second reason for the decrease inDa is a quan-
tum interference effect involving both theJ=2 andJ=0 ro-
tational levels as predicted by our model. At a detuning of
D1/2p<250 MHz the interference effect leads to a complete
disappearance of the optical Feshbach resonance. We ob-
serve this in a corresponding disappearance of the atom loss
feature in our measurementssnot shownd. The interference
effect alone—i.e., without a 2 MHz linewidth—is not suffi-
cient to explain the experimental data in Fig. 6.

C. Dependence on intensity

From the simple model Eq.s2d it is clear that the maxi-
mum variation in scattering lengthDa is proportional toG01
and consequently scales linearly with the intensityI1 of laser
1. We have verified this dependence recentlyf9g for the case
of a one-photon optical Feshbach resonance.

In contrast, the dependence ofDa on intensityI2 of laser
2 is not so trivial. According to the simple model, Eqs.s1d
and s2d, which neglects the decay rateg2, the maximum
changeDa is independent ofI2. It is also clear, that forI2
=0 we haveDa=0 since there is no dependence of scattering
length onD2 at all. This unphysical discontinuous behavior
can be resolved if we introduce a finite decay rateg2.0. We
then find that for increasing intensityI2,Da rises mono-
tonously from zero to a value where it saturates. We observe
this general behavior in our measurements presented in Fig.
7. Our full model, as described in the Appendix, describes
the measured data well if we set the decay rate tog2/2p
=2 MHz ssolid lined. In contrast, the dashed line in Fig. 7
shows the calculation for the same model whereg2 is set to

FIG. 6. Maximum variation in scattering lengthDa=amax

−amin versus one-photon detuningD1. Solid line: full model calcu-
lation ssee the Appendixd. Dotted line: three-level modelssee Fig.
1d, with g2/2p=2 MHz. Dashed line: three-level model, with
g2/2p=100 kHz.

FIG. 7. Maximum variation in scattering lengthDa=amax

−amin versus I2. For this data setI1=300 W/cm2 and D1

=60 MHz. The solid line is a full model calculationssee the Ap-
pendixd. The dashed line stems from the same model, but with
g2/2p set to 100 kHz and is scaled by a factor of 0.84 for better
comparison.
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g2/2p=100 kHz. Saturation then occurs at a much lower
intensity I2 than forg2/2p=2 MHz.

V. CONCLUSION

Our experiments demonstrate the use of an optical Fesh-
bach resonance for tuning of the scattering length via stimu-
lated Raman coupling to a bound molecular state. Our results
show that there is no advantage over a one-photon scheme
when comparing tuning range and loss rate. However, for
certain applications a Raman scheme is experimentally more
favorable since it demands a lower tuning range of the lasers.
Our presented theoretical model is in good agreement with
our data and might be helpful when tailoring experimental
parameters for a specific application. Furthermore, it gives
insight into the process of creating stable ultracold molecules
via two-photon photoassociation.
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APPENDIX: THEORETICAL MODEL AND FIT
PARAMETERS

We use a theoretical model by Bohn and Juliennef16g to
fit the data in Figs. 4–7. In the following we give a short
summary of this model and present the procedure to calcu-
late the scattering matrixS, the loss coefficientKinel, and the
scattering lengtha. The model has the advantage that it is
concise and intuitive and it allows treatment of multilevel
systems with several couplings between the levels. The nu-
merical calculations involve simple manipulations of small
matrices.

In Fig. 8 the level scheme for our two models involving
four and six levels are shown. We first restrict our description
to the four-level model as shown in the right part of Fig. 8. In
this way our description stays compact and matrices are kept
small. The extension to six or more levels follows the same
scheme.

Four-level model

Compared to Fig. 1 an additional excited levelu3l is
added. This level corresponds to the rotational levelJ=0 and
lies 290 MHz below theJ=2 rotational levelu1l f9g. We
work in the dressed atom picture and every leveluil is attrib-
uted a detuningDi ssee Fig. 8d. D0 is arbitrarily set to 0. The
transition strengths from the continuumu0l to levelsu1l and
u3l are described by stimulated ratesG01 and G03 which are
proportional to the intensityI1 of laser 1. The transitions
between the bound levelsu2l andu1l , u3l are characterized by
the Rabi frequenciesV12 and V23, respectively, which are

proportional toÎI2. Spontaneous decay from the bound lev-
els leading to atomic losses is formally taken into account by
introducing artificial levelsuail for each leveluil to which a
transition at rategi takes placesnot shown in Fig. 8d. All
these couplings between different levels are summarized in
the symmetric reaction matrixK. We arrange the level names
in the orders0, a1,a2,a3, 1, 2, 3d and use them as row and
column indices. The nonzero matrix elements of theK ma-
trix then readK01=ÎG01/2, K03=ÎG03/2, Kiai

=Îgi /2, K12

=V12, andK23=V23. Levels 0, a1,a2, and a3 are referred to as
open channels, levels 1, 2, and 3 as closed channels. The
reaction matrixK is partitioned into open and closed channel
blocks,

K = S 0 Koc

Kco KccD .

Koc reads in our case

Koc =1
ÎG01/2 0 ÎG03/2

Îg1/2 0 0

0 Îg2/2 0

0 0 Îg3/2
2 .

Kco is the transposed matrix ofKoc and

Kcc = 1 0 V12 0

V12 0 V23

0 V23 0
2 .

From K the reducedK matrix

Kred= KocsD − Kccd−1Kco

is calculated, eliminating the closed channels 1–3, whereD
denotes a diagonal matrix with diagonal elements

FIG. 8. Extended level schemescompare to Fig. 1d for the four-
level modelsright-hand sided and its extension with six levels. State
u3l corresponds to theJ=0 level and lies 290 MHz below theJ
=2 level u1l. The four-level model is based on levelsu0l , u1l , u2l,
and u3l. The auxiliary levelsu18l and u38l are introduced in the
extended model to describe the coupling betweenu2l and u1l , u3l,
respectively, due to laser 1ssee textd.
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sD1,D2,D3d. This determines the unitary 434 scattering ma-
trix S:

S= s1 + iK redds1 − iK redd−1.

From the matrix elementsSij of S the trap loss coefficient
Kinel is calculated by

Kinel =
p"

mki
o

i

uS0ai
u2 =

p"

mki
s1 − uS00u2d,

wherem=mRb/2 is the reduced Rb mass and"ki the relative
momentum of the colliding atoms. The scattering length is
obtained fromS00 via

a = abg −
1

2ki

ImsS00d
ResS00d

,

where ResS00d and ImsS00d denote the real and imaginary
parts ofS00, respectively.

In the limit of small relative momentum"ki and small
coupling strengthsG0i !gi, Kinel and the light-induced
change of the scattering lengtha−abg are independent ofki
because theG0i are proportional toki sWigner threshold re-
gimed f16g.

Extension of the four-level model

The four-level model neglects that laser 1sof which the
intensity is typically 5 times greater than that of laser 2d also
couples the levelsu2l-u1l andu2l-u3l. However, this coupling
should be taken into account since laser 1 is not far detuned
from these transitionsssee Fig. 8d due to the small binding
energy of stateu3l s636 MHz3hd which is comparable to
typical detuningsD1. It mainly leads to broadening and light
shifting of level u2l. The additional coupling can approxi-
mately be taken care of by adding another two auxiliary lev-
els u18l and u38l with detunings D18=D1+D2+2p
3636 MHz andD38=D3+D2+2p3636 MHz as shown in
Fig. 8. The coupling strengthsV182 and V238 are fixed by
V182=V12

ÎI1/ I2 andV238=V23
ÎI1/ I2. Compared to the four-

level model no new fit parameters are introduced. We can
calculateKinel and the scattering lengtha following the same
recipe as for the four-level model, only with larger matrices.
Fitting the data in Figs. 4–7 this extended model produced
much better results than the four-level model. For complete-
ness we give here the fit parameters which were used in the
calculations in Figs. 5–7 sI1=300 W/cm2 and I2
=60 W/cm2d: G01/2p=42 kHz, G03/2p=8 kHz, V12/2p
=32 MHz, V23/2p=12 MHz, g1/2p=25 MHz, g3/2p
=22 MHz, andg2/2p=2 MHz. We usedki =2.5310−5 m−1.
Due to the limitations of our model, these fit parameters
should not be mistaken as the true values of the correspond-
ing physical quantities.
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