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Abstract

We realize a combined trap for bosonic chromium (*2Cr) and rubidium
(87Rb) atoms. First experiments focus on exploring a suitable loading
scheme for the combined trap and on studies of new trap loss mechanisms
originating from simultaneous trapping of two species. By comparing
the trap loss from the 3"Rb magneto-optical trap (MOT) in absence and
presence of magnetically trapped ground state >?>Cr atoms we determine
the scattering cross section of oineirper = 5.0 £4.0 - 107¥ m? for light
induced inelastic collisions between the two species. Studying the trap
loss from the Rb magneto-optical trap induced by the Cr cooling-laser
light, the photoionization cross section of the excited 5P3/, state at an

ionizing wavelength of 426 nm is measured to be o, = 1.1+£0.3-1072! m?.

1 Introduction

The dominant interaction in atomic Bose-Einstein condensates (BEC) realized
so far, is the contact interaction. In the ultracold regime, this interaction is
isotropic and short range. Recently, increasing theoretical interest has focused
on the dipole-dipole interaction [I], 2, B]. This interaction is long range and
anisotropic and thus would greatly enrich the physics of degenerate quantum
gases. Additionally, tuning of this interaction from attraction to repulsion is
possible by applying time dependent external fields [4]. Together with the use
of a Feshbach resonance to vary the s-wave scattering length this would allow
control of the scattering properties of an ultracold sample over a wide range of
values and characteristics.

A promising candidate for the observation of the influence of the dipole-
dipole interaction on the dynamics of a BEC is atomic chromium [5]. Due to
its comparably large magnetic dipole moment of 6up, where pup is the Bohr
magneton, the dipole-dipole interaction is of the same order of magnitude as
the contact interaction. However, many of the effects proposed for dipolar gases
[6, [ |] require a much stronger dipole-dipole interaction. Magnetic dipole
moments or electric dipole moments aligned in external fields that lead to such
strong dipolar interaction can be found in heteronuclear molecules. The strongly
paramagnetic Cr-Rb-molecule, is thus expected to have a large electric dipole
moment beside its magnetic moment. In addition, the generation of degenerate
gases of ultracold Cr-Rb-molecules formed by two ultracold gases of Cr and Rb
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which are each produced by laser cooling and subsequent sympathetic cooling
[9) seems to be feasible.

The paper is organized as follows. After a short description of our exper-
imental setup, we present our findings on photoionization of the excited Rb*.
Measurements concerning interspecies collisions can be found in the subsequent
section followed by our conclusions.

2 The combined magneto-optical trap for Cr and
Rb

As afirst step, on the way to the generation of ultracold, heteronuclear molecules,
we have realized a two species magneto-optical trap for chromium and rubid-
ium atoms. For our measurement we prepare both MOTSs in the quadrupol
field of two coils oriented in anti-Helmholtz configuration. Each trap is formed
by three orthogonal and retro-reflected trapping laser beams, with the typical
o — o~ -polarization. The trapping beams of the two traps are tilted by a small
angle with respect to each other to be able to set up separate optics for both
traps. We load about N¢g, = 4 - 10% bosonic °?Cr-atoms from a high temper-
ature effusion cell via a Zeeman-slower into the Cr-MOT. The 426 nm cooling
light is generated by a frequency doubled Ti:Sa-laser. The Rb-MOT with a
steady state atom number of about Ng, = 3 - 10° Rb-atoms is loaded from the
Rb-background gas provided by a continuously operated Rb-getter source. The
stabilized Rb-cooling and repumping lasers are provided via a fiber from a dif-
ferent experimental setup. Both frequencies separated by 6.8 GHz are amplified
by a single laser diode using injection locking technique. When both traps are
operated at the same time, the steady state number of Rb atoms Ng;, drops by
a factor of 5 due to photoionization of the excited Rb-cooling state.

3 Photoionization of magneto-optically trapped
rubidium atoms

Photoionization of a neutral atom is a transition from a bound state |i) with
internal energy E; to a continuum state |f). Such a transition becomes possible
if the energy E, = hw, of an incident photon exceeds the ionization-energy
FEion = hwion of the bound state |7). The transition rate I';_, ¢ is given by Fermi’s
Golden Rule:

Posr = 20| (|t )] ot + ), (1

where < f ’ﬁm
nian H’m and p(E; + Ep) is the density of states in the continuum at the final
energy F; + E,. The photoionization rate can also be expressed using the pho-

z> is the transition matrix element of the interaction Hamilto-

toionization cross-section o(wp) if we define the photon-flux ® = hﬁ’p using the
intensity I, of the ionizing light with a frequency of w):

Lisp(wp, Ip) = op(wp) @ (2)
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Figure 1: Energy diagram of the pho-
toionization of Rubidium: The en-
ergy of the incident photon is suffi-
cient to ionize the excited 5P/, state.
The 55,5 ground state is unaffected.
Above E;,, the possible final states
form a continuum of states.
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Figure 2: Dependence of the one body
loss rate of the Rb trap on the popu-
lation pee of the excited 5P3/, state
at an intensity of the ionizing laser
of 100mW /cm?. Note, the straight
line is not a fit to the data, it is a
calculated line using the mean value

op = 1.140.3-107%' m? and the ex-
perimental parameters, where the er-
ror of o), is indicated by a grey area.
The dotted line represents the mean
of the measured pure background loss
rates YRy

For 87Rb the ionization threshold is at an energy level of 4.2eV (297 nm)
above the 5S;/, ground state. With an energy difference of 1.6eV (780nm)
between the ground state and the 5P3/, excited state, the ionization energy
of the excited state is 2.6eV (479nm). Thus, if we apply the Cr cooling laser
(426 nm) in the Rb-MOT, transitions of excited Rb* atoms to continuum states
become possible. This situation is displayed in figure [l During the process,
energy and momentum are conserved and the excess energy is distributed among
the electron and the ion leading to a velocity of the electron of v, ~ 3.4-10° m/s.
Therefore, recombination within the trap volume is very unlikely. Ions and
electrons are not supported by the trap. This additional loss contributes to the
total one-body loss rate, which reads 7ot = Yrp + ¥p, Where v, is the loss rate
induced by the ionization and ygp represents all other one body losses which
are mainly caused by background gas collisions. As the ionization occurs in the
excited state, the ionization rate I';_, s has to be multiplied with the population
probability pe. of the excited state:

Vo =Lisfpec ,wWhere (3)
B S B <C>2I/IS
Pee =56 +1) °7 1+ (20/T)2 (4)



Here s is the saturation parameter expressed by the average Clebsch-Gordan
coefficient (C)? = 7/15, T' the natural linewidth and Iy = 1.6mW/cm? the
saturation intensity of the Rb trapping transition in a light field with total
intensity I and detuning §.

Neglecting two and three-body losses, which is a good approximation for the
low densities we observe in our trap, the time evolution of the atom number
Npgp(t) in the rubidium trap can be described by the following well known rate
equation:

dt

where L is the loading rate. We record loading curves of the Rb-MOT with a
photodiode at different intensities of the Rb-MOT beams ranging from 20 mW /cm?
to 160mW /cm? and intensities of the Cr trapping light from 0 mW /cm? to
600 mW/ cm? and determine the total loss rate v;o; under each of these con-
ditions. In figure @ the measured loss rate v, is plotted over p.. at a total
intensity of the ionizing laser of I, =100mW /cm?. Subtracting the background
loss rate ;5 obtained from loading curves with no ionizing light present from
the total loss rate, we extract the ionization rate v, (Irs) = Vot (Irs) — Yr5- The
ionization rate shows a linear increase with the excited state population and van-
ishes for pee — 0. We therefore attribute the increase of the one-body loss rate
when the 426 nm Cr-trapping light is switched on to photoionization of excited
Rb* atoms.

The population of the excited state is calculated using Eq. @) and the inten-
sities of the beams which are measured outside the chamber and corrected taking
into account the transmission of the windows and the retroreflected beams. The
Rb-MOT laser is tuned to maximum intensity of the fluorescence of the MOT,
suggesting a detuning! of § ~ 2.25 + 0.25I'. We estimate a total systematic
error caused by the uncertainty in the detuning and spatial inhomogeneity of
the laser beams of 20%. For each intensity of the Rb MOT beams a least square
linear fit of Eq. (@) to the measured rate constants T';_, =" /pee yields op.
The mean value of these photoionization cross sections of the 5P state of 8"Rb
at a wavelength of 426 nm is:

=L— ’YtotNRb, (5)

0,(426nm) = 1.140.3- 10" *'m? (6)

This value is in good agreement with previously published values [T4, [T5] at
comparable wavelengths and with theoretical predictions [T6].

4 Inelastic interspecies collisions

In the second part of this article, we investigate the inelastic trap losses in com-
bined Cr-Rb traps. During an interspecies collision in the presence of cooling
light, each atom (Cr and Rb) undergoes several transitions from the ground to
the excited state. If the atoms approach each other they experience a molecular
potential. For ground state atoms the long-range part of this potential is domi-
nated by the attractive van-der-Waals potential V,,(r) = Cg/r%, where 1 is the
internuclear distance. Based on a two level model Schléder et al. [I7] pointed

L According to several publications (see e.g. [[3]) maximum fluorescence is observed at a
detuning of § ~ 2.25T" and we estimated an accuracy of £0.25I" of this value.



out, that this part of the molecular potential does not change its dependence on
r if one of the atoms is in the excited state V., (r) = Cg/r®. The C} coefficient
leads to an attractive (repulsive) interaction, if the excited atom has the smaller
(larger) transition frequency of both the atoms. Since Cf is always larger than
Cs, the excited state potential is steeper. This has two consequences for Cr-Rb
collisions:

First, inelastic collisions involving the excited state of Cr* are prevented,
because the steep, repulsive excited state potential hinders the two species to
get very close to each other. Second, in contrast to homonuclear collisions, where
the potential V., is proportional to =3, in the heteronuclear case, the colliding
atoms decouple from the light field at smaller internuclear distances. This leads
to a higher survival probability [I8, [[9], which means that the two atoms can
approach each other in the Rb*-Cr-potential to a internuclear distance where
fine structure changing collisions (FC) and radiative escape (RE) lead to trap
losses.

Since loss due to photoionization of excited Rb-atoms triggered by the Cr-
trapping light and loss due to Cr-light induced two-body collisions in the Cr-
MOT [10] are dominant in both MOTs, it was not possible to observe trap
loss due to interspecies collisions during the simultaneous operation of these
traps. However, because of the 6 times larger magnetic moment of Cr we are
able to prepare a magnetically trapped (MT) cloud of Cr-atoms and study the
interaction with magneto-optically trapped Rb-atoms in the absence of the Cr-
cooling light. As explained above, in a combined MOT for Cr and Rb we do not
expect excited Cr atoms to contribute to the inelastic loss coefficient, therefore,
the measured [-coefficient for inelastic collisions in the overlapped MT for Cr
and MOT for Rb should be very similar to a coefficient measured while both
MOTs are operated simultaneously.

For this measurement, we magnetically trap about 5 - 107 52Cr-atoms at
100 K in the 7Sz ground state using the continuous loading scheme presented
by Stuhler et al. [IT]. Here, the MT potential is created by the same coil
configuration as described in the previous section. During the measurements
the field gradient in the direction of the coil axis is 25 G/cm. Assuming a cut
off parameter of n = 10 this results in a calculated magnetic trap depth of
kp - 530 uK for Cr-atoms in the extreme Zeeman substate [I2]. We then apply
the Rb cooling and repumping light for a certain interaction time ¢ to load the
Rb-MOT. The temperature of the Rb cloud is about 320 uK. The light forces
in the Rb-MOT result in a much deeper trapping potential of approximately
kp -8 K. After the interaction time ¢ the fluorescence of either the Rb-cloud or of
the resonantly illuminated Cr-atoms is imaged onto a calibrated CCD-camera
while no near resonant light is applied to the other species. The number of
atoms of the imaged species is calculated from the pixel count of the image.
We perform a series of such measurements in which we record the evolution of
the number of Cr-atoms N¢.,.(t) and Rb-atoms Ngp(t). The temperature and
the magnetic moment of the magnetically trapped Cr-Atoms are obtained from
a 2D-fit to the atomic distribution in a quadrupole field under the influence
of the gravity. The temperature of the Rb-atoms is deduced from the ballistic
expansion of the cloud.

Figure Bl illustrates the decay of the number of magnetically trapped Cr-
atoms during the first 30s with and without trapped Rb-atoms being present.
Neglecting two-body loss, a fit of a one-body decay without trapped Rb-atoms
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Figure 3: Decay of the number of mag-
netically trapped Cr-atoms with and
without the influence of the Rb-MOT.
The inset indicates the constants of
the factor No,Ngy/V.
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Figure 4: Loading curve of the Rb-
MOT in the presence and absence of
magnetically trapped Cr-atoms. The
solid line indicates a fit of the one-
body loading equation to the measure-

ment without magnetically trapped
Cr-atoms. The dotted line represents
the initial slope of this fit.

present yields a lifetime of 10s. In the presence of the Rb-MOT the atom
number is reduced by 8 - 10° atoms (25%) after 30s.

The loading process of the Rb-MOT is documented in figure @l The mea-
surement is performed with and without magnetically trapped Cr-atoms. Ne-
glecting two- and three-body processes, we obtain a loading rate of Lg, =
2.6-10*atoms/s and a lifetime of 9s from a fit of the one-body loading equation
to the data without trapped Cr-atoms. This yields a steady-state atom num-
ber of 2.3 - 10° atoms. The additional loss channel introduced by magnetically
trapped Cr-atoms can be clearly observed.

The decay of the number of magnetically trapped Cr-atoms N¢-(t) and the
increase of magneto-optically trapped Rb-atoms Npgy(t) during loading in the
presence of the other species is governed by the following coupled rate equations:

dNc¢,

dtc = —vcrNer — Borre / d*rncrngy (7)
dN

d:b Lry — YroeNRry — Brocr / d*rncrngy (8)

Because of the different loss channels of the two types of traps, S¢rrp and Srecr
are not expected to be equal. The integral over both density distributions in
the interspecies collision term can be approximated by the following expression

200
Ncr N,
/dgrnCran = M, 9)
\%4
V = VMT/C, (10)
=2 (52 T 27
= e [+ 1) [1-FEef|—]|)—1/== 11
o = (F) (-m F]) R w



where the effective collision volume V varies between the Cr-MT volume Vir =
8723 for @ < z and the volume of the Rb-MOT Vysor for @ >> 2. The magnetic
trap and the MOT are regarded to be isotropic with a 1/e-length z for the Cr
cloud in the MT in direction of the coils axes and a mean 1/+/e-size & for the
Rb-cloud in the MOT, respectively.

In order to deduce the loss coefficient Brpo, from the Rb loading curve, Eq.
@) is solved for the first seconds by assuming a constant factor Ng, N, Rb/V
which is well reproduced by our data due to the inverse evolution of the atom
numbers (see inset figure Bl). From the initial slope «, the loss coefficient Srpc
can be calculated:
NerNey

v
Using Lpp from the measurements in which no Cr-atom was trapped we obtain
a loss coefficient of Brpcr = 1.4+£1.1-1071"m3 /s with a population probability
of the excited Rb state of about 25%. This yields an inelastic cross section
of Ginel,Rbcr = Brocr¥ = 5.0 £ 4.0 - 10~ m?, where we have used the mean

a = Ly — Brecr (12)

velocity v = \/8]“—3 (h + h) Due to uncertainties in N¢y, Ngp and V we

™ mcgr MRy

estimate a relative systematic error of 80%.

From the difference in the number of Cr atoms in the presence and absence of
the trapped Rb cloud, we extract an upper and lower limit for the loss coefficient
taking the maximum and minimum value of the factor No, Ngp/ V and assuming
this factor to be constant over the first 30s: 4.7-107%m?/s < Berry < 5.5 -
10~ m3/s. For this approximation we used the data points between 20s and
30s, where the data are well separated. The systematic relative error of these
limits is again about 80%. The loss coefficients Srpc and Ber-gry We obtain, thus,
differ by one order of magnitude. We attribute this to the large difference of the
trap depths of the dissipative Rb-MOT and the conservative Cr-MT. Losses arise
if the energy gained by inelastic collisions between unpolarized Rb and polarized
Cr atoms is sufficiently high to eject an atom from its trap. Due to energy and
momentum conservation 63% of the released energy is transferred to the Cr
atoms. While in the Rb-MOT only fine structure changing (FC) and radiative
escape (RE) interspecies collisions lead to additional trap loss, in the shallow
Cr-MT FC, RE and hyperfine changing collision in the Rb atom, interspecies
dipolar relaxation and depolarizing collisions which end in un-trapped states
reduce the Cr atom number.

The atom loss in the Cr-MT in the presence of the Rb-MOT is accompanied
by a temperature increase (~ 8 uK) of the Cr cloud. Figure H depicts the
evolution of the temperature with and without the presence of the other species.
Without Rb atoms present, this heating rate is reduced to 4 uK/s and is mainly
caused by anti-evaporation due to Majorana losses in the Cr-trap. We exclude
thermalization with the Rb-MOT as the cause of the additional heating, because
the same heating rate of the Cr cloud was measured in Cr traps prepared at
temperatures lower and higher than the temperature of the Rb-MOT. Since the
cloud is not collisionally dense, the atoms are expelled from the trap without
depositing any energy in the cloud after most inelastic processes. Therefore,
we attribute this increase to anti-evaporation caused by the mentioned loss
mechanism within an inhomogeneous gas of Rb atoms and to collisions which
lead to depolarization of the magnetic sublevels. In latter collisions, the energy
difference between the substates of Cr and Rb (Rb*) whichis 3/2upB (4/3upB)
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Figure 5: Temperature increase of the Cr-cloud in the MT. Depicted is the
temperature evolution of the cloud in presence and absence of the Rb-MOT

in the small magnetic field near the trap center, is released and heats up the
cloud.

5 Conclusions

The first results on a combined Cr-Rb trap which are presented in this paper
show that the operation of both MOTs is limited by the photoionization of
the excited state of the Rb-atoms which occurs with a cross section of o, =
1.1£0.3-102'm2. Due to other dominant loss mechanisms interspecies collisions
could not be directly observed in the combined MOTSs. By overlapping the Rb-
MOT and the Cr-MT in space and time, we measured light induced interspecies
collisions with a cross section of Giner rper = 5.0£4.0-10718m?, in the Rb-MOT.
Since collisions involving the excited state of Cr are prevented in a combined
MOT of Rb and Cr atoms, a very similar cross section is expected for light
induced collisions in a combined MOT. Due to the contribution of additional loss
channels, the loss rate of Cr-atoms in the very shallow MT is more pronounced.
Simultaneous operation of both MOT's could be improved by alternating cooling
laser pulses for the two species which would suppress photoionization. If a
Rb ground state trap is prepared before the Cr-MOT is loaded, light-induced
interspecies collisions could be prevented.

The discussed measurements have already indicated the richness of the in-
teraction in a combined system of trapped Cr and Rb atoms. An improvement
of our Rb-source should allow us to load a significant number of Rb-atoms into
a Rb-MT and study ground state collisions. These measurements will allow
us to extract the elastic and inelastic interspecies ground state cross sections
which are important for sympathetic cooling. Here, studies of inelastic pro-
cesses resulting from the interaction of two species with very different internal
structures are of theoretical interest to gain a deeper understanding of these
relaxation processes.
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