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Simultaneous sub-Doppler laser cooling of °Li and "Li isotopes

Gentle Dash, Tim de Jongh, Maxime Dixmerias, Christophe Salomon, and Tarik Yefsah*
Laboratoire Kastler Brossel, ENS-Université PSL, CNRS, Sorbonne Université,
Collége de France, 24 rue Lhomond, 75005, Paris, France
(Dated: August 19, 2022)

We report on the simultaneous sub-Doppler laser cooling of Lithium 6 and Lithium 7 isotopes
using gray molasses operating on their respective D; atomic transitions. For "Li we show that the
sub-Doppler cooling can be achieved with two distinct A-type transitions, where the upper level
can be either of the two 22P; /2 hyperfine states. We obtain temperatures of ~ 85 K, with atom
numbers of ~ 108, and phase space densities in the range of 107% — 1075 for both isotopes. These
conditions provide a good starting point for loading the mixture into an optical dipole trap and
performing evaporative cooling to quantum degeneracy. Our work provides a valuable simplification
for the preparation of ultracold °Li — "Li mixtures, which were proven to be a successful system for

the study of impurity physics and Bose-Fermi superfluids.

I. INTRODUCTION

The study of ultracold atomic mixtures offers the pos-
sibility to explore a wide scope of quantum phenom-
ena ranging from few-body to many-body physics [1, 2].
Such mixtures provide the starting point for a variety
of systems, from immersed impurities [3-7], to Efimov
states [8-10], to ground-state molecules [11-14] and de-
generate Bose-Fermi mixtures [15-18]. A prominent ex-
ample in the field of many-body physics is the observa-
tion of dual Bose-Fermi superfluidity, which was achieved
for the first time using an ultracold mixture of Lithium
6 (°Li) and Lithium 7 ("Li) isotopes [19], unlocking a
new area of ultracold physics. Soon after, other Bose-
Fermi superfluids have been observed with mixtures of
6Li K [20] and SLi —1"Yb [21]. These experimental
advances have intensified the interest in superfluid mix-
tures, triggering a renewed theoretical effort on the topic
and raising a series of novel conceptual questions [22-26].

From the quantum simulation perspective, dual super-
fluid experiments represent promising platforms where
inter-isotope or inter-species interactions can be tuned.
Moreover, the available realizations of such mixtures al-
low exploration of the role of the mass difference between
the bosonic and fermionic particles, ranging from weak
mass-imbalance for °Li —"Li, to intermediate for SLi-*' K,
to extreme for 6Li —17*Yb. However, in practice, the ben-
efits of such platforms are limited by the significant tech-
nical overhead in development and maintenance. Even
in the case of 5Li ~7Li, which is technologically the sim-
plest owing to the ability to use solid-sate diode lasers
at 671 nm for both istopes, the preparation of an ultra-
cold mixture has historically been tedious. The difficulty
with the existing approach for SLi ~"Li [7, 19, 27] re-
sides in bringing the temperature of the mixture from the
millikelvin range, typically achieved in magneto-optical
traps, to the < 100 uK range necessary to load the mix-
ture in an optical dipole trap of reasonable power, where
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evaporative cooling to quantum degeneracy and double
superfluidity can be performed.

Here, we propose a significant simplification of this
critical stage by demonstrating the simultaneous sub-
Doppler cooling of 9Li and “Li. The method is based
on gray molasses cooling operating on the respective Dy
atomic transitions (2251/2 — 22P1/2) of the two isotopes.
While D, gray molasses cooling was already achieved for
"Li [28] and °Li [29] independently, the feasibility of their
simultaneous operation is not evident given the prox-
imity of the D; transition of “Li to the D, transition
(22512 — 2°P;)5) of OLi, as illustrated in Fig. 1. In
this work, we explore this simultaneous cooling for two
distinct A-type transitions of “Li by using either of the
two hyperfine levels |22P1/2,F6 =1) or |22P1/2,Fe =2)
as the excited state, F, being the hyperfine angular mo-
mentum quantum number of the upper electronic state.

When the D; cooling of “Li is performed via the
|22Py /2, F. = 2) hyperfine level, such that the proxim-
ity of the transitions is best evaded, we obtain efficient
simultaneous cooling of both isotopes to temperatures
<100 K on a millisecond timescale. We find that the
main adverse effect of the "Li cooling light on the ®Li
atoms is a reduced molasses lifetime to a few tens of
milliseconds, which is nonetheless much larger than the
timescale needed for the molasses to reach its equilib-
rium temperature (~ 1ms) and to subsequently load the
mixture into a dipole trap. On the contrary, when the
D, cooling of “Li is performed via the |22P1/2, F.=1)
hyperfine level, we observe a rapid destruction of the 5Li
cloud due to the near coincidence between the "Li cool-
ing beam’s frequency and the D5 transition frequency for
6Li. We circumvent this detrimental effect by applying
an alternating pulse sequence of the molasses beams and
achieve concurrent cooling to temperatures S 100 uK for
both isotopes.

In both cases we thus reach the desired temperature
range. The achieved phase space densities (PSD’s) are
on the order of 1076 — 107°, offering a good starting
point for loading the atoms into an optical dipole trap
and evaporatively cooling the mixture to quantum de-
generacy. This work shows that this simultaneous gray
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FIG. 1. Energy level scheme showing the D; transitions for
the ®Li and “Li isotopes. The upper electronic state involved
in the D transition is also shown. The blue and gray arrows
indicate the two frequencies of the D; gray molasses cool-
ing beams, which we refer to as the strong and weak arm
respectively, due to their relative laser intensity. The one-
photon detuning for the 5Li molasses is indicated by 6, while
the one-photon detunings for the "Li molasses is indicated
by 074 (resp. d7p) for the configuration with F. = 2 (resp.
F. = 1) as the upper state. The Raman condition is ensured
for all transitions. These laser cooling configurations can be
represented by a A-scheme as displayed in the inset, with one-
photon detuning d. See main text for details on the addressed
transitions.

molasses cooling method is robust and provides a sub-
stantial simplification for the preparation of superfluid
Bose-Fermi mixtures of SLi and 7Li.

II. EXPERIMENTAL PROTOCOL
A. Overview

Our experiment starts with a dual magneto-optical
trap (MOT) of °Li and “Li inside a glass cell, loaded
from a Zeeman-slowed atomic beam of lithium enriched
in 5Li. After loading the MOT for typically 8s, we ap-
ply a simple compression stage (CMOT) in which the
laser detunings are reduced. We subsequently turn off
the magnetic quadrupole field while keeping the MOT
laser beams on for 0.5 ms to hold the atoms until all tran-
sient magnetic fields have fully decayed (~ 250 us) and
only residual static magnetic fields remain. We will refer
to this stage as the D5 optical molasses phase, although
transient magnetic gradients are still present for the first

half of this phase. In the last stage of the preparation
sequence, we switch off all the MOT beams and turn on
the D; laser cooling beams for 1.5 to 3ms to create gray
molasses.

D1 gray molasses is a bichromatic laser cooling tech-
nique that applies on atoms with a well-resolved A-
type three-level structure, typically connecting two non-
degenerate hyperfine ground states Fy; and F, to an
upper state F. via a strong and weak coupling laser, re-
spectively [28]. This is shown schematically in Fig 1.
Each frequency component is blue-detuned with respect
to either the Iy — Fe or the Fyo — Fi transition. In
such molasses, two mechanisms — both involving dark
states — work in tandem to provide sub-Doppler cooling
of the atoms: Sisyphus-like cooling on a Fy; — F, tran-
sition with either F, = Fjp or F, = Fjn — 1 [30-32];
and a two-photon effect similar to velocity-selective co-
herent population trapping via a (coherent) Raman pro-
cess connecting the two hyperfine ground state according
to the A-structure[28]. This cooling method has been
successfully applied and proven to be efficient on several
alkali atoms such as SLi [29, 33], "Li [28, 34], *Na [35],
39K [36, 37], 4°K [38],41K [39], and 8"Rb [40].

For SLi, we use the F,; = 3/2 — F. = 3/2 and
Fyo =1/2 — F. = 3/2 transitions of the D; line. Gray
molasses cooling could in principle also be applied us-
ing the F. = 1/2 state, but the small hyperfine split-
ting within the 22P1/2 electronic state of 26 MHz ~ 4T,
with I' = 27 x 5.87TMHz the excited state linewidth, is
not sufficient to prevent competing effects between the
two hyperfine levels. For “Li, the hyperfine splitting is
sufficient such that we can explore the two possible A-
schemes on the D, transition: (A) Fj1 =2 — F, = 2
and Fyo =1 - F. =2, (B) Fy =2 — F, =1 and
Fqg =1 F,.=1.

The energy level diagram of Fig. 1 shows the D; and
Dy lines of the %Li and 7Li isotopes, which are the four
lines relevant to the present work. In the following we will
refer to these four lines as Lig, Log, L17 and Loz, with
the first digit of the subscript referring to the electronic
transition (Dy or D2) and the second digit referring to the
mass of the isotope, and we will use a superscript of the
form F, — F. to specify the hyperfine transition when
needed. Table I displays the frequency difference among
various hyperfine transitions among these lines, where
we note a close proximity of the Léézﬁl/z and Léézﬁ?’/z
transitions of SLi with L2’ on the one hand (~ 5T),
and with L?7°? on the other hand (~ 10T). Note that
the situation is particularly problematic in the former
case, as the D; cooling of “Li requires to be typically
3—5T blue-detuned from L2771, This proximity raises the
question whether it is possible to perform D; cooling on
"Li without altering the °Li cloud. This issue is addressed
throughout this manuscript.



TABLE I. Hyperfine transitions of the D1 and D3 lines of both
lithium isotopes. Frequencies taken from [41]. The rightmost
column gives the frequency difference Av between each tran-
sition and the L7’ transition.

Label

Frequency v Av
(MHz) (MHz)

Transition
Fy, — F.

3/2 = 5/2 L3*7%? 446799571 -200 (-34.1T)
SLi  3/2—3/2 L3*7%/% 446799574 -197 (-33.6T)
3/2 — 1/2 L3*7Y? 446799576 -195 (-33.3T)

Do-line

(Las) 1/2 —3/2 Ly>7%* 446799802 31.1 (5.3T)
1/2 - 1/2 Ly>7'? 446799804 32.8 (5.6T)

21 L3771 446799771 -
"Li 22 Li7"% 446799863 91.9 (15.6T)
Di-line 1 —1 Li7"t 446800575 803 (137T)
(Li7) 1-—2 Li7’? 446800666 895 (152T)

B. Laser setup

All lasers beams are derived from four distinct ex-
tended cavity diode lasers at 671nm, each being inde-
pendently frequency-locked on the relevant lines (two of
them on Lig, one on Ly7 and one on Lar). Each laser
provides about 20mW of laser power, which undergoes
a single or multiple amplification stage(s) via injection
of tapered amplifiers or seeding of high power diodes
through injection-locking, providing sufficient power at
all required frequencies for Zeeman slowing, laser cooling
and imaging.

For each isotope, the MOT operates with two frequen-
cies: one cooling frequency and one repumper frequency.
The cooling beam is red-detuned by 4.4T (resp. 3.9T)
from the transition L3,*7°/% for SLi (resp. L33 for
"Li). The MOT repumper frequency is red-detuned by
2.9T (resp. 2.2T) from the transition L}*~"/? for SLi
(resp. L1372 for "Li ). Note here that the SLi MOT
repumper operates near the D; line instead of D, in
order to avoid losses of "Li due to the vicinity of Log
and Li7 [42]. Four laser beams, each at one of these
four frequencies, are generated and spatially superim-
posed to follow the same optical path where they are
each split into six independent beams to create pairs of
oT— 0~ counter-propagating beams along three orthog-
onal directions. The same twelve beams are used for the
CMOT and Ds molasses phases, where their frequencies
are shifted (typically by a few I') to optimal detunings.

For the gray molasses we use laser beams with two
frequency components, which we obtain by generating
a small amplitude (approximately 8%) side-band via
an electro-optic modulator. This ensures phase coher-

ence of the (large amplitude) carrier and (small ampli-
tude) sideband, which is essential in order to obtain A-
enhancement of the gray molasses cooling [28, 40]. For
each isotope the side-band is generated at a frequency
corresponding to the hyperfine splitting of the ground
states: +228 MHz (resp. +803.5 MHz) for °Li (resp. "Li).
The laser frequencies are blue-detuned from the relevant
D, transitions as depicted in Fig. 1.

For SLi, the strong (resp. weak) amplitude component
of the molasses beams is blue-detuned by dg = 5.2 I" from
L?é2_)3/2 (resp. L}éQ_}s/Q). For 7Li, as indicated, we in-
vestigate two possible A-schemes: configuration A where
we use |22P1/2, F, = 2) as the upper state, and configu-
ration B for which the upper state is |22P1/2, F.=1). In
configuration A, the detuning of the strong (resp. weak)
amplitude component from L3732 (resp. Li;’?) is de-
noted by d7a. We study the effects of d7a on both the
"Li as well as the 5Li atoms in order to assess whether the
proximity between Log and Lj7 is detrimental to the si-
multaneous cooling. In configuration B, the strong (resp.
weak) amplitude component of the molasses beams is de-
tuned from Li7"! (resp. Liz’!) by d7p = 2.5I". This value
of d7p sets the two frequencies at over 10" red-detuned
from the transitions involving the [22P, /2, Fe = 2) state
of "Li, making the off-resonant scattering due to this level
negligible.

The D; cooling beams follow the same optical path
as the MOT beams and form three pairs of counter-
propagating beams in a ot-o~ configuration. At the
science cell, each of the six resulting gray molasses beams
has a power of 9.0mW and 4.5mW, and a waist (1/e%-
width) of approximately 3 mm and 2 mm for Li and “Li,
respectively, resulting in peak intensities in the range of
I 361 and I ~ 7—11 Ly, with Iy, = 7.6 mW /cm?
the saturation intensity for the D; transition.

C. Detection

Following the gray molasses stage we switch off all
laser beams and let the atoms expand freely. After a
certain time-of-flight (ToF) we detect the atoms through
low-saturation absorption imaging using a 10 us pulse of
circularly polarized probe beams that are resonant with

3/2—5/2
6

the respective Do-lines L and L3773, For each iso-

tope, we shine a repumper beam (tuned to L%Q—}?’/Q and
Li77?) for 10 us before imaging, in order to transfer all
atoms to the upper hyperfine ground state (F, = 3/2
for °Li and F,, = 2 for "Li), and then during the imaging
phase, apply a second repumping pulse to compensate for
pumping effects into the lower hyperfine ground states.
These repumping beams are directed along the two axes
perpendicular to the imaging direction. The absorption
shadow of the atoms is then collected by a CCD camera
and converted to an optical density profile.

We convert the optical densities into atomic densities
using absorption cross-sections of 0.59 oy and 0.48 o for



6Li and "Li, respectively, where oo = % with A the
wavelength of the resonant imaging light. These values
correspond to the theoretical values computed at zero
magnetic field by assuming that for each isotope all atoms
occupy the upper hyperfine ground state (F, = 3/2 for
®Liand F, = 2 for "Li) with equal populations in the m p-
levels, mp being the quantum number associated to pro-
jection of the hyperfine angular momentum onto a quan-
tization axis. In practice, the magnetic field is non-zero
and we measured it to be 0.4(2) G using "Li hyperfine ab-
sorption spectra as a magnetometer, yielding a reduction
of the absorption cross-sections stated above by about
5% and 10% respectively according to our calculations.
For simplicity, we will however deliberately ignore this
reduction, which implies that the atom numbers stated
throughout the paper are slightly underestimated.

The resulting atomic density profiles are fitted with a
two-dimensional Gaussian function yielding peak density
ng, atom number and cloud sizes. By varying the ToF we
determine the ballistic expansion rate of the atoms and
extract temperatures 7' of the clouds. Finally, we deter-
mine the peak phase space density (PSD) ngA3 where
Ar = ﬁ is the thermal de Broglie wavelength.

Note that the uncertainty on the imaging system magni-
fication was measured to be 2.3%, resulting in systematic
relative errors of 4.6% and 9.2%, respectively, on temper-
atures and PSD’s reported in this paper.

IIT. RESULTS

When loading the MOT for 8s, we routinely capture
9(1) x 107 SLi atoms and 13(2) x 107 "Li atoms in the
D5 molasses and obtain temperatures of approximately
0.7 mK for both isotopes. All atoms present at the Do
stage are captured in the gray molasses. Optimization
and characterization of the gray molasses for each cooling
configuration are discussed below.

A. Cooling on the F. = 2 state of Li

In configuration A, where 7Li is cooled via the F, = 2
upper state, the "Li transition is 10" blue-detuned from
the LY/*7'/%*/% lines of SLi. Additional blue-detuning
of the “Li gray molasses beams (given by d74) move the
cooling lasers further away from the SLi resonance. In
Fig. 2, we report °Li and "Li temperatures for 1.5 ms si-
multaneous gray molasses cooling at several values of 074
while maintaining the respective Raman conditions.

We observe that the “Li gray molasses cooling is effi-
cient for a broad range of one-photon detunings, becom-
ing less effective only for d74 < 3I', and that for this
entire range the influence of the "Li cooling light on the
Li temperatures and atom numbers is negligible. We
readily obtain temperatures of Ts = 105(2) uK and T7 =
56(2) uK and phase space densities of 3.0(1) x 10~¢ and
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FIG. 2. Temperatures (a) and PSD’s (b) of the clouds after
1.5 ms of simultaneous gray molasses cooling in configuration
A as a function of d7a. Black (Red) data points correspond to
values of °Li ("Li). Error bars represent statistical uncertain-
ties at one standard deviation determined with the bootstrap
method [43]. Dashed lines show average temperatures and
phase space densities for the respective isotopes for d7a > 4I'
and the shaded regions indicate the corresponding standard
€rror.

1.4(1)x 1075, for °Li and 7Li, respectively, which is well in
the range of parameters for efficient loading into a dipole
trap, although the factor two between T and 77 could re-
veal unpractical. Upon intensity ramp of the D molasses
laser beams, we were able to obtain a better compromise,
with T = 90(3) pK and T7 = 83(3) K, leading to phase
space densities of 3.1(2) x 107 and 9.0(7) x 1076, re-
spectively. These SLi temperatures are slightly higher
than reported in previous experiments [19, 29, 33, 44],
which we ascribe to imperfect magnetic field cancellation
in our set-up where the residual magnetic field is ~ 0.4 G.
Nonetheless, this simultaneous cooling method still pro-
vides a good starting point for loading the cloud into a
dipole trap and initiate evaporation.

While the SLi clouds are hardly affected by the 7Li
cooling beams for D; molasses durations of a few mil-
liseconds, we observe a marked effect at longer times,
which is revealed in the lifetime of the %Li atoms in the
molasses. Fig.3 displays the number of 5Li atoms as a
function of hold time in the molasses, in the absence and
in the presence of “Li molasses light for two distinct val-
ues of d74. We observe a faster decay of the atom number
in the presence of “Li molasses light that gets stronger as
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FIG. 3. Semi-logarithmic plot of the ®Li atom number as a
function of D; molasses duration tp, for three distinct situa-
tions: in the absence of “Li molasses light (dark gray circles),
in the presence of "Li molasses light with 674 = 4T (gray cir-
cles), and in the presence of "Li molasses light with 674 = T
(light gray circles). Error bars represent statistical uncertain-
ties at one standard deviation.

the "Li cooling light frequency is shifted towards the 5Li
resonance, as is expected from the enhanced photon scat-
tering rate. Overall, the main adverse effect of the 7Li
cooling light on the 5Li atoms is thus a reduced molasses
lifetime from ~ 150 ms to a few tens of milliseconds. This
relatively short lifetime is nonetheless much larger than
the timescale needed for the molasses to reach its equi-
librium temperature (~ 1ms) and to subsequently load
the mixture into a dipole trap.

B. Cooling on the F. =1 state of Li

In configuration B, where cooling of "Li is performed
via the F, = 1 upper state, the spectral line proxim-
ity does hinder the simultaneous cooling of the two iso-
topes: At 67 = 2.5T the 7Li cooling beam that acts
on the L37"! transition is only 3T red-detuned from the

LééQﬁl/Q"gﬂ lines. At such a detuning the “Li light is ex-
pected to considerably heat up the SLi cloud, which we
confirmed experimentally. Moreover, we observe that si-
multaneous operation of both molasses leads to stronger
detrimental effects with a rapid destruction of the 6Li
cloud (see Sec. IV). To circumvent this, we employ a tem-
porally alternated pulse sequence by shining the °Li and
"Li molasses in successive pulses, see inset Fig. 4. This
technique is very similar to earlier work on atom tweez-
ers [45], single-atom imaging of Li [46], and molecule ex-
periments [47-49], whereby adverse effects of laser light is
circumvented via periodic amplitude modulation. Here,
we aim to find an optimal pulsed scheme in which we al-
ternate between cooling and heating cycles on the °Li
atoms such that the heating due to the "Li molasses
beams is largely compensated by the cooling power of
the 6Li molasses. This additionally prevents the rapid
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FIG. 4. Optimization of the individual pulse duration for gray
molasses cooling in the alternating cooling sequence of config-
uration B. Black (Red) data points correspond to values of 5Li
("Li). (a) Temperatures after 3 ms of pulsed gray molasses
cooling. Dashed lines show temperatures obtained when cool-
ing each isotope individually with a continuous pulse of 1.5
ms, the shaded areas indicating the statistical error at one
standard deviation. The solid gray line shows an exponential
fit of the °Li temperatures to guide the eye. The inset shows
a schematic representation of the pulse sequence. (b) PSD’s
for Li and "Li. Dashed lines represent PSD’s for individual
cooling.

destruction of the SLi cloud observed when simultane-
ously operating both molasses.

We therefore employ a pulse sequence for which the
6Li and “Li molasses beams are exactly out of phase. We
refer to tg and t7 as the pulse durations of °Li and 7Li,
respectively. The pulsed sequence always starts with a
6Li light pulse but can end with either a 5Li or 7Li light
pulse. Typically, the total D; gray molasses duration
is 3ms to obtain similar effective cooling periods as in
configuration A (~1.5 ms molasses time). In order to
optimize the pulse sequence we first explore the situa-
tion where tg = t; = At, with a final pulse of °Li light.
The results are shown in Fig. 4, where we observe that
for At 2 50 us we obtain temperatures S 100 K, which
are comparable to those obtained for separate cooling of
each isotope with continuous molasses of 1.5ms. The
cooling of 6Li atoms, however, is seen to be less efficient
at smaller values of At. From this we infer that at these
shorter pulse widths the °Li molasses is not able to com-
pensate for the heating induced by the "Li beams. Note
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FIG. 5. Temperatures (a) and phase space densities (b) for
different pulse sequences employed for the alternating cooling
of 5Li (black) and "Li (red) for the configuration in which "Li
is cooled via the F. = 1 state with 75 = 2.5I". Sequences
ending on a "Li light pulse (I) lead to higher temperatures of
the °Li cloud compared to a sequence ending on a SLi light
pulse (II). For a ramped sequence (IIT) higher PSD’s are ob-
tained for both isotopes. See text for details on the sequences.
Dashed lines represent the optimal temperatures and phase
space densities reached in configuration A, as shown in Fig. 2.
Shaded areas correspond to the statistical error at one stan-
dard deviation.

that we restricted the pulse duration to At < 750 us in
order to limit the free expansion of the cloud when the
cooling light is off. Indeed, the characteristic velocity of
atoms at 100 uK is approximately 0.37m/s, yielding a
size of 0.37mm after a free expansion of 1ms, which is
to be compared to the initial size of the molasses clouds
of <1mm and the laser beams waists of ~ 2 — 3 mm.

In order to improve further the performances of the
pulsed scheme we varied a number of parameters. First,
we investigated the role of the duty cycle by fixing tg to
100 ps while varying t7 from 25 to 200 us, which did not
show any influence on the final temperatures. Second,
we also explored the situation where the pulse sequence
ends on “Li light, which we find to yield systematically
higher temperatures and lower PSD’s (see below), as ex-
pected from the proximity of the L' and Ly*~"/*3/2
lines. Finally, we implemented diverse schemes of in-
tensity ramp-down, which we found to yield the best
results. In Fig. 5 we present an overview of three dif-
ferent pulse sequences (I, IT and III). In sequence I, we
use tg = t7 = At = 100 us and end on a “Li light pulse.
In sequence II, we use tg = 100 us and t7; = 50 us while
ending on a °Li light pulse. Finally, sequence III corre-
sponds to ramped pulse sequences (ending on SLi light)
in which intensities are reduced by half over the total
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FIG. 6. Heating effects of the "Li gray molasses cooling light
on the °Li atoms. The same pulse sequences are used as for
the data in Fig. 4, but a final pulse of “Li cooling light is
added. Black (Red) data points correspond to temperatures
for SLi (“Li). The dashed lines represent temperatures ob-
tained for individual cooling of each isotope using a continu-
ous 1.5 ms pulse, with the surrounding shaded areas indicat-
ing the statistical error at one standard deviation. The solid
gray line represents a linear fit of the °Li temperatures taken
for At > 50 ps yielding a heating rate of 0.82(4) K/s. The
inset shows a schematic representation of the pulse sequence.

molasses duration of 3 ms.

The results summarized in Fig. 5 show that it is most
favorable to combine ending the sequence on a pulse of
6Li light together with an intensity ramp, yielding PSD’s
on the order of ~ 4 x 107 and temperatures of approx-
imately 85 uK for both isotopes. This is obtained at the
cost of a reduction in the atom numbers by only 18%
(resp. 16 %) for °Li (resp. “Li). With this optimized
pulsed scheme we are thus not only able to circumvent
destruction of the 6Li cloud due to the near-resonant light
of the 7"Li molasses beams, but also reach PSD’s which
are suitable for loading the atoms into an optical dipole
trap, yet lower than PSD’s obtained in configuration A
for "Li.

To understand the effect of the “Li molasses light on
the Li atoms, we repeat the temperature measurements
of Fig. 4, altering the sequence by adding a final pulse of
"Li light of width At, deliberately heating the °Li cloud.
Fig. 6 shows the obtained temperatures. First we ob-
serve the occurrence of an optimum at At ~ 50 us with a
SLi temperature of ~ 180 uK that is substantially higher
than the lowest temperatures reported above.

At short pulse duration, the °Li laser pulse cannot
compensate the heating induced by the 7Li light, simi-
larly to what was observed in Fig. 4. For longer pulse du-
rations (At > 50 us) we observe a linear increase of tem-
perature, signaling a heating mechanism with a steady
heating rate of 0.82(4)K/s. This heating can be ex-
plained by analyzing the photon scattering of Li atoms



exposed to “Li molasses light. The coupling of the carrier

"Li molasses light to the °Li atoms via the L;é2_>1/2’3/2

and LgéQﬁl/Q"g/Q'ﬁ/Q transitions yields successive photon
scattering cycles with two characteristic scattering rates
of = T'/5 and =~ I"/400, respectively. Taking into account
the combined effect of these photon scattering processes
we quantify the resulting momentum diffusion and ob-
tain a heating rate of ~ 0.9K/s in agreement with the
measured value.

IV. DISCUSSION

In addition to the heating observed in Fig. 6, there
are two other detrimental effects one may consider as a
result of the proximity of the “Li molasses light to the
Log transitions: light shifts and net radiation pressure
forces resulting from imperfect intensity balance of the
molasses beams. Light shifts induced by the “Li beams
can indeed alter the Raman condition for the A-scheme
of the SLi molasses. However, we estimate these light
shifts to be only on the order of ZI' and negative, such
that the resulting change in the Raman condition merely
leads to less efficient cooling; it would still allow us to
reach temperatures of ~ 100 K, as observed in previous
studies [28, 29, 44]. Furthermore, the light shifts cannot
account for the fact that, when both 6Li and “Li act on
the SLi cloud, the latter is rapidly expelled with an overall
center-of-mass velocity of ten times the recoil velocity.

On the other hand, a net radiation pressure resulting
from intensity imbalance among the molasses beams can
have an important effect. Indeed, for scattering rates on
the order of those discussed in section III B, one would
expect extremely high radiation pressure forces in the
case of a cycling transition. When only the 7Li light acts
on the 5Li cloud, this effect is transient and not domi-

nant, due to the non-cycling nature of the L;ézﬁl/z’?’/z

and L%Qﬁl/z’?’/zé/z transitions. However, when the SLi
and "Li molasses beams are shone simultaneously, the
effect of an intensity imbalance becomes dominant. In
this case the strong %Li molasses light plays the role of a
repumper for the L;é2_>1/2’3/2 transitions, making them
effectively cycling with a scattering rate that we esti-

mate to be ~ I'/10. For such a high scattering rate, an

intensity imbalance of only 1% would lead the atoms to
experience an acceleration of 3 km/s?, which can indeed
explain our observations. The pulsed scheme employed
in configuration B therefore not only serves to alternate
between cooling and heating cycles on the 5Li atoms, it
also prevents the large radiation pressure which causes
the observed rapid destruction of the SLi cloud.

V. CONCLUSION

In this work we have demonstrated simultaneous D;
gray molasses cooling of SLi and “Li. Two possible cool-
ing configurations were explored. With the first config-
uration, in which we cool “Li via the upper hyperfine
state (F, = 2) of the 22P1/2 level, simultaneous cooling
is straightforward and readily allows to reach tempera-
tures of ~ 85 uK, with atom numbers of ~ 108, and phase
space densities of ~ 5 x 107° for both isotopes. When
operating simultaneous cooling in which we cool “Li via
the lower hyperfine state (F, = 1) of the 22P1/2 level,
we find that the proximity of "Li cooling light with the
D, transition of 51i leads to the destruction of the SLi
cloud. We resolved this issue by employing an alternating
pulsed sequence of the cooling light, with which we were
able to reach performances comparable to the above. In
conclusion, we have shown that °Li and “Li can be simul-
taneously laser cooled to temperatures < 100 K, thus
providing a significant simplification in the preparation
of degenerate Bose-Fermi mixtures of these isotopes.
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