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Abstract: We report observation of sub-Doppler cooling of lithium using an irregular-
tetrahedral laser beam arrangement, which is produced by a nanofabricated diffraction grating.
We are able to capture 11(2) % of the lithium atoms from a grating magneto-optical trap into
A-enhanced D gray molasses. The molasses cools the captured atoms to a radial temperature
of 60(9) uK and an axial temperature of 23(3) uK. In contrast to results from conventional
counterpropagating beam configurations, we do not observe cooling when our optical fields are
detuned from Raman resonance. An optical Bloch equation simulation of the cooling dynamics
agrees with our data. Our results show that grating magneto-optical traps can serve as a robust
source of cold atoms for tweezer-array and atom-chip experiments, even when the atomic species
is not amenable to sub-Doppler cooling in bright optical molasses.

1. Introduction

There is a large and growing effort to produce deployable quantum sensors based on laser-cooled
atoms [1,2]. An important step toward the goal of fieldable atomic sensors is miniaturizing
the mainstay of laser-cooling experiments: the magneto-optical trap (MOT). One promising
approach to MOT miniaturization is the grating MOT, which replaces most of the magneto-
optical trap’s expansive optical layout with a compact set of diffraction gratings [3,4]. Grating
MOTs are being integrated into a variety of quantum instruments and sensors, including atomic
clocks [5], atom interferometers [6], electron-beam sources [7], magnetometers [8], and vacuum
gauges [8,9]. Both the diffraction gratings [10, 11] and beam launch optics [12] of a grating
MOT are amenable to nanofabrication. Grating MOTs have also been integrated with compact
vacuum systems [13, 14]. Chip-scale quantum sensors appear attainable in the near future on the
grating MOT platform.

The simplicity of the grating MOT optics comes at the expense of decreased symmetry [15].
In a conventional six-beam MOT, formed using three orthogonal pairs of counterpropagating
laser beams, the trapping forces are anti-symmetric under inversion. Thus, many properties,
such as trapping forces and equilibrium temperature, are relatively easy to compute at first
order by considering three nearly-identical, anti-symmetric, one-dimensional traps. By contrast,
a grating MOT is formed using four or more non-orthogonal laser beams [3], and correct
predictions of trapping properties are only possible by considering the full geometry of the
trap [16, 17]. Sub-Doppler cooling in optical molasses becomes particularly complicated because
the polarization and intensity gradients arising from the grating beam geometry do not map onto
either of the standard lin_Llin or o*o ™ polarization gradient cooling mechanisms [18-21].

Nevertheless, sub-Doppler temperatures have been produced with tetrahedral grating beam
configurations in bright optical molasses [8, 10,21] (‘bright’ refers to an F — F’' = F + 1
transition [22], where F (F”) is the total angular momentum quantum number of the ground
(excited) state). Bright optical molasses is a powerful cooling method and it is a key component of
atomic quantum sensors such as clocks [5] and interferometers [23,24]. However, bright molasses
is not applicable to all laser-coolable systems as it requires resolved hyperfine structure. Bright



molasses is also not ideal for certain applications, such as loading optical tweezer arrays [25].

As grating MOTs are integrated into more quantum sensors and employed to cool more
species [4,26], sub-Doppler cooling methods beyond bright optical molasses must be brought
to bear. Two such methods are gray molasses [22, 27, 28] and A-enhanced cooling [29-
31]. Both methods exploit dark states that appear in F > F’ transitions and three-level A-
systems, respectively, to combine velocity-selective coherent population trapping (VSCPT) with
polarization gradient cooling [28,29,31,32]. When the cooling light is blue-detuned from the
atomic transition, bright states within the ground state manifold are optically pumped into lower
energy dark states. High-velocity atoms in a dark state can non-adiabatically transfer back to a
bright state for further cooling, but low-velocity atoms become trapped in the dark state, yielding
sub-Doppler temperatures. For systems with multiple resolved ground-state hyperfine manifolds,
A-enhanced cooling and gray molasses can be combined to reach even lower temperatures [33,34].
A-enhanced gray molasses has three main advantages over bright optical molasses. First, it is
more widely applicable since many atomic and molecular species have well-resolved F > F’
transitions [33,35]. For laser cooled and trapped molecules, A-enhanced cooling has emerged as
the standard technique for cooling from 7" ~ 1 mK to 7" ~ 10 uK [35-37]. Second, it shelves
atoms in dark states, greatly reducing secondary photon scattering within the atom cloud. The
resulting high atom densities are essential for devices [38], such as quantum memories and
single-photon sources [39], that rely on strong light-matter coupling. Third, it uses blue-detuned
light, which induces light-assisted collisions that allow high efficiency loading of optical tweezer
arrays [25,40]. Although gray molasses has been studied in four-beam configurations [22], to our
knowledge, neither it nor A-enhanced cooling have been implemented in tetrahedral or pyramidal
laser beam geometries.

We report our observation of A-enhanced sub-Doppler cooling in an irregular-tetrahedral gray
molasses produced using a nanofabricated diffraction grating. Lithium atoms are precooled in a
grating MOT and subsequently transferred into a gray optical molasses operating on the lithium
D line. The gray molasses captures approximately 10 % of the lithium atoms from the MOT
and cools them to average temperatures as low as 50 pK, well below the Doppler temperature
Tp ~ 140 pK for lithium. Curiously, we do not see incoherent gray molasses cooling when we
detune the molasses from Raman resonance [34]. To understand the low capture efficiency and
lack of incoherent gray molasses cooling, we simulate the three-dimensional molasses cooling
process with the optical Bloch equations. The simulations suggest that both the capture efficiency
and absence of incoherent cooling are features of our experimental procedure, and not of the
grating laser beam geometry. We expect that the capture efficiency could be increased to greater
than 50 % using either deeper precooling or higher molasses intensity. Our results show that
sub-Doppler cooling methods beyond bright optical molasses can operate in the nonorthogonal
beam geometries of grating MOTs.

2. Apparatus

Our experiments take place within the grating MOT apparatus described in Ref. [4]. Additional
technical information about certain aspects of our setup can be found in Refs. [41-44]. The
apparatus has four principal coaxial components: a set of electromagnets, a nanofabricated
diffraction grating chip, an input laser beam, and an effusive Li dispenser. The common axis of
the components defines the axial unit vector Z. The electromagnets create a quadrupole magnetic
field in front of the grating chip and continuously deform that field toward the square-root profile
of a Zeeman slower behind the chip [45]. The diffraction grating chip has three linear diffraction
gratings, which are arranged so that their grooves form equilateral triangles. We define the
radial unit vectors X and ¥ to be perpendicular and parallel to the grooves of one of the linear
gratings. At Ar; ~ 671 nm, each grating has a first-order diffraction efficiency of 37(1) % and its
Stokes parameters for normally incident, left-hand circularly polarized light are Q = 0.16(1),



U=-0.37(1), V =0.92(1), where Q = 1 (Q = —1) corresponds to p (s) polarization defined
relative to the plane of incidence for each linear grating [46]. (Here, and throughout the paper,
parenthetical quantities represent the standard error). The input laser beam is normally incident to
the grating chip, generating six diffracted laser beams at an angle 6; ~ +42 ° relative to the chip
normal —Z. The diffracted beams that propagate toward the center of the quadrupole magnetic
field combine with the input beam to produce an irregular-tetrahedral laser beam geometry
suitable for magneto-optical trapping or optical molasses [10,21,47,48]. The center of the input
laser beam passes through a triangular aperture etched in the grating chip and strikes the Li
dispenser. Lithium atoms emitted from the dispenser are Zeeman slowed behind the chip and
then captured into the grating MOT after transiting the chip aperture.

Magneto-optical trapping and A-enhanced molasses cooling require distinct input laser
beams: the cooling beam and molasses beam, respectively. Both beams have a 1/e? radius of
approximately 18 mm. An iris truncates the Gaussian spatial mode of both beams at a radius of
11 mm to fit the patterned area of the grating chip. The center frequency of the cooling beam is
detuned by A, from the %S p(F=2)— 2P, /2 (F" = 3) cycling transition. An electro-optic
modulator (EOM) frequency modulates the cooling beam at approximately 813 MHz, so the +1st-
order sideband is detuned by A, from the S, nF=1)— Zps /2 (F’ =2) “repump” transition.
We set the modulation depth of the EOM to produce a 1 : 2 ratio of the repump intensity to
the cooling intensity /.. The center frequency of the molasses beam is detuned by A, from
the 2S, p(F=2)— ’p, j2 (F" = 2) transition. Another EOM, nominally operating at the "Li
ground state hyperfine splitting vy ¢ = 803.5 MHz, adds sidebands for repumping to the molasses
beam and detunes the +1st-order sideband by A; from the S, p(F=1 — 2p, n(F' =2)
transition. The modulation frequency of the molasses EOM controls the 2-photon Raman detuning
8 = Ay — A, of the A-system defined by 2S;/» (F = 1), 2S/2 (F = 2), and ?Py 5 (F’ = 2). The
modulation depth of the molasses EOM governs the relative intensity of the molasses carrier I,
and the molasses sideband I;. The 2S; 2= 2p, /2 cooling transition and the s, 2= 2p, 2
molasses transition both have natural linewidth I'7; ~ 27 X 5.87 MHz. The saturation intensity
of the cooling transition is I = 2.54 mW cm™~2. The molasses and cooling beams are combined
using a polarizing beam cube and a Pockels cell, so both beams are left-hand circularly polarized
(o™) with respect to the quantization axis Z.

We have implemented three upgrades to the apparatus in Ref. [4]. First, three pairs of magnetic
shim coils now surround the vacuum chamber. The shim coils null the ambient magnetic field
and are active throughout our experimental sequence. Second, the commercial Li vapor source
has been replaced with a lower-outgassing, three-dimensionally printed titanium dispenser [42].
Third, the dispenser is now placed approximately 2 cm behind the nanofabricated grating chip,
near the peak magnetic field of the grating MOT’s integrated Zeeman slower. Combined with
the reduced 1/e? radius of the input cooling beam [4], the latter two upgrades have increased the
maximum number of trapped lithium atoms by a factor of 7. The higher trapped atom number
increased the signal-to-noise ratio of our resonant absorption imaging, allowing us to observe
sub-Doppler cooling.

3. Experiment

We begin our measurements by preparing a cloud of cold 7Li atoms in the grating MOT. To load
atoms, we operate the MOT at a nominal axial magnetic field gradient B” = 6 mT cm™!, cooling
laser detuning A, /T = —5.1, and carrier saturation parameter s, = I/l = 4.9. The MOT
loading stage lasts for 0.65 s, which is similar to the trap lifetime 7 ~ 0.8 s. At the end of the
loading stage, the grating MOT contains approximately 7 x 10° 7Li atoms at a radial temperature
T, = 2 mK and an axial temperature 7, * 1 mK. We then compress the MOT for 2.5 ms by
jumping the cooling laser detuning to A, /T ; = —2.0 and simultaneously reducing the carrier
saturation parameter to s. = 0.5. The compressed grating MOT captures all atoms from the
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Fig. 1. Example time-of-flight sequence. (a) The x (red) and z (blue) squared 1/e radii
w?:x’z () plotted as a function of #2. Errorbars, some of which are smaller than the data
points, denote the standard error. Black dashed lines are fits to Eq. 1 with the associated
1o confidence interval (CI) shown in gray. For this sequence, Tx = 66(26) uK and
T, = 36(11) pK. (b) Average absorption images integrated over x (colored points)
at each time of flight for the sequence in (a). Black dashed lines show integrated

2-dimensional Gaussian fits to the average absorption image.

loading stage and cools them to a radial temperature 7, ~ 650 pK and an axial temperature
T, =~ 350 pK.

We transfer the atoms from the MOT into the A-enhanced gray molasses by extinguishing
the cooling beam, turning off the MOT electromagnets, and activating the molasses beam.
The nominal parameters of the molasses beam are 1-photon detuning A, /I7; = 3.1, 2-photon
detuning 6/I' ; = 0, total saturation s, = (I] + I) /Iy = 3.2(1), and sideband-to-carrier ratio
I,/I, = 0.233(4). The momentum distribution of the atom cloud evolves within the gray molasses
for 1 ms.

We measure the temperature of the atoms with a time of flight method. After shutting off the
molasses beam, we record the distribution of the atom cloud using resonant absorption imaging
for a sequence of times of flight z. The absorption images are fit to a 2-dimensional Gaussian
to extract the radial and axial 1/e widths of the atom cloud w, (¢) and w,(¢), respectively. We
repeat the time-of-flight sequence four times and fit the average atom cloud radii to

2kpT; ,

wi(t) = w(0) + t
m

ey
where k g is Boltzmann’s constant, m is the atomic mass of ’Li, and 7} is the molasses temperature
along axis i = x, z. Figure 1 shows an example time-of-flight sequence for the nominal molasses
operation parameters. Before scanning a molasses parameter, we run a time-of-flight sequence
with the nominal parameters to ensure that the shim coils are properly nulling residual magnetic
fields.

We study the performance of the A-enhanced gray molasses as a function of 8, Ay, and 11/ 1.
Figure 2 shows the atom cloud temperatures 7, and 7T, as well as the the molasses capture
efficiency, as a function of §/I' ;. For the data in Fig. 2, Ap/T; = 3.1, s, = 3.2(1), and
I/I, = 0.233(4). We observe strong sub-Doppler cooling to Ty = 60(9) uK and 7, = 23(3) uK
at Raman resonance (6/I; = 0). The ratios of the final temperatures to the Doppler temperature
are T, /Tp = 0.43(6) and T, /Tp = 0.16(2), indicating that A-enhanced cooling occurs in our
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Fig. 2. A-enhanced molasses performance as a function of Raman detuning 6 /17 ;.
Green circles in (a) and (b) show the measured radial temperature Ty and axial
temperature 77, respectively. The horizontal dotted lines indicate the temperature of
the compressed grating MOT and the horizontal dashed lines represent the Doppler
cooling limit for lithium. (c) shows the capture efficiency of the A-enhanced molasses
(green circles). In all three subplots, pink triangles are results of optical Bloch equation
simulations of the A-enhanced cooling process (see Sec. 4). Errorbars represent the
standard error and are often smaller than the data points.

tetrahedral laser beam geometry. Our final temperatures are comparable to the approximately
40 uK temperatures achieved in conventional 6-beam A-enhanced molasses configurations with
lithium [34,49-52]. For §/T'; > 0, the A-enhanced molasses heats the atom cloud as expected
when I, > I; [50]. However, in contrast to prior experiments, we see no evidence of incoherent
gray molasses cooling when /I ; < 0 [33,34,49-57]. The fraction of atoms that are captured
from our MOT into the molasses stage at Raman resonance is 11(2) %, substantially lower than
the greater than 50 % capture efficiency seen in 6-beam lithium experiments using molasses with
similar intensity [49-51]. We explore whether the low capture efficiency and lack of incoherent
D gray molasses cooling are features of our non-orthogonal molasses beam arrangement, or
merely a result of the molasses parameters, in Sec. 4.

Figure 3 shows the change in A-enhanced molasses temperature and capture efficiency with
A, and I /I,. We note that, because optical power in the —1st-order molasses beam sideband
is wasted, s,, decreases with I, /I, in the right column of Fig. 3. For both data sets in Fig. 3,
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Fig. 3. A-enhanced molasses performance as a function of 1-photon detuning A, and
sideband-to-carrier ratio 11 /1. (a), (c), (e) show Ty, T, and the capture efficiency
as a function of A, respectively. (b), (d), (f) are the corresponding plots of the
molasses performance as a function of 7 /I,. In all six subplots, green circles denote
experimental data and pink triangles are results of optical Bloch equation simulations
of the A-enhanced cooling process (see Sec 4). The horizontal dashed lines in (a), (b),
(c), (d) indicate the Doppler cooling limit for lithium. The horizontal dotted lines in (a)
and (b) show the temperature of the compressed grating MOT. The experimental data
in (a), (c), (e) have s;,, = 3.2(1) and I /I, = 0.233(4), while the data (b), (d), (f) have
Ay /T = 3.1. In all subplots, errorbars show the standard error.

the Raman detuning 6/T; = 0. The radial and axial temperatures increase for Ay /I'L; < 2.0
and are flat for Ap /T ; = 2.0. Most 6-beam experiments observe a temperature minimum at
Ay /T =~ 5[33,49,51,53,54,56,57]. Our molasses capture efficiency increases with A,, but more
slowly than in the 6-beam geometry [33,49-51,56,57]. The axial temperature of the gray molasses
increases with I} /15, while the radial temperature and capture efficiency are flat. Our molasses
performance as a function of 7} /15 is roughly consistent with 6-beam experiments [34,51,54,57],
which see a temperature increase and a flat capture efficiency.

4. Simulation

To investigate the lack of incoherent gray molasses and low capture efficiency of the tetrahedral
gray molasses (see Fig. 2), we simulate the molasses cooling process using the optical Bloch



equations. Our simulation numerically integrates the classical motion and density matrix
evolution of the atom in the optical field of the tetrahedral A-enhanced gray molasses for
1 ms. We generate the optical Bloch equations for the Zeeman level structure of 2S; p(F=1),
281/2(F = 2), and 2P1/2(F' = 2) with our grating laser beam arrangement using the pylcp
Python package [58]. We program the laser beams with pure circular polarization and uniform
intensity profiles [59], but we reduce the intensity of the diffracted beams to account for the
Gaussian intensity profile of the input molasses beam projected onto the measured position of
the MOT. Each simulated trajectory initializes with an atom at the origin, with a random velocity
drawn from a Maxwell-Boltzmann distribution, and a density matrix with equal populations
in each of the 2S; j2 (F = 1) Zeeman states. The initial density matrix ensures atoms are not
initialized in a coherent dark state. The simulation also includes the effects of gravity and random
recoil due to spontaneous emission.

Both A-enhanced cooling and gray molasses are sub-recoil cooling techniques [28-31].
Because our simulation does not include the effects of secondary scattering, stimulated momentum
diffusion, quantum jumps and technical noise, the simulations produce temperatures far lower
than our experimental observations. Secondary scattering is insignificant in our experiment
because the radial and axial velocity distributions are not in thermal equilibrium (see Fig. 2).
The stimulated momentum diffusion rate is not calculated by the py 1cp package. There is not a
closed-form expression for the stimulated diffusion rate as function of velocity and approximations
based on two-level atoms are not applicable to our degenerate A level structure [18, 58, 60].
Quantum jumps would heat the simulated molasses since they disturb the evolution of the
density matrix into a coherent dark state. However, prior A-enhanced cooling simulations
that included quantum jumps also did not quantitatively reproduce experimentally observed
temperatures [50,61]. We apply a uniform magnetic field B, = 40 uT along the axial direction Z
in our simulations to approximate the effect of technical noise sources (such as residual magnetic
field gradients and Raman detuning jitter due to phase noise from the frequency synthesizer
driving the molasses EOM) [62]. We chose the value of B, so the simulated and experimental
axial temperature at §/I'L; = 0 would match after 200 trajectories.

We integrate 1000 atomic trajectories within the molasses at each of 8 Raman detunings,
4 1-photon detunings, and 4 settings for 7;/1,. The nominal molasses parameters for the
simulated trajectories are 6/I; = 0, Ap/T'; = 3.0, s, = 3.2, and I} /I, = 0.24; chosen to
match the experimental conditions for Fig. 2. To increase the number of trajectories that the
molasses captures, we sample the initial atomic velocities from an isotropic Maxwell-Boltzmann
distribution at the Doppler temperature. We construct a histogram of the final velocities along
each axis following a Bayesian approach [63]. Each histogram is fitted with both a unimodal
and a bimodal Gaussian distribution to extract the molasses temperature, which is the smaller
temperature in the case of the bimodal distribution. To mitigate overfitting, we use the Bayesian
information criterion to decide whether the unimodal or bimodal fit best represents the binned
trajectories [64—66]. Fig. 4 shows the histogrammed simulation results and Gaussian fits
for 6/T',; = 0. The asymmetry of the tetrahedral laser arrangement is most apparent in the
velocity distribution along Z. To compare with the experimental data, we average the simulated
temperatures along £ and § to compute the simulated radial molasses temperature.

The simulations reproduce the main features of the experimental data. Pink triangles show
the simulated radial molasses temperature as a function of §/I';, Ay /I'Li, and I} /I in Fig. 2(a),
Fig. 3(a), and Fig. 3(b), respectively. Pink triangles in Fig. 2(b), Fig. 3(c), and Fig. 3(d) show the
corresponding simulation results for the axial molasses temperature. In Fig. 2(a) and Fig. 2(b), the
simulations exhibit sub-Doppler cooling when 6 /I ; ~ 0 and strong heating when 6 /I'L; < —0.25
or 6/T; = 0.1. The simulations also show that the lack of incoherent gray molasses cooling
near 6/I; ~ —0.5 is expected for our molasses parameters. Lithium atoms with velocity
v > 2.7 ms™!, corresponding to a thermal energy of kg x 6 mK, escape the field of view of
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Fig. 4. Example simulated velocity distribution of A-enhanced gray molasses in our
tetrahedral laser beam geometry. The fraction of atoms in each velocity bin Ny, /N
(blue pillars) along the x, y, and z axes are shown as a function of velocity v in subplot
(a), (b), and (c), respectively. Black errorbars on each pillar are the uncertainty in
Ny, /N, calculated following Ref. [63]. We fit the velocity distributions along each axis
to a unimodal Gaussian distribution (green line) and a bimodal Gaussian distribution
(orange line) to extract the temperature. The example velocity distributions were
constructed from 1000 simulated molasses cooling trajectories with A, /I ; = 3.0,
6/Ti =0, sy, = 3.2, and I1/I, = 0.24. The wavenumber of the molasses cooling
transition is k = 27r/Ay;.

our imaging system in approximately 1.5 ms, which is the final time-of-flight for the data with
6/TLi = —0.5 in Fig. 2. The escape of high velocity atoms from the field of view at least partially
explains the comparatively large disagreement between the axial simulation and experiment
near §/I; ~ —0.5. In Fig. 3(a) and Fig. 3(c), the simulated molasses temperatures increase
when A, /T ; < 2.0 and plateau when A, /T ; > 2.0. The simulated axial molasses temperature
increases as a function of 1, /I, (see Fig. 3(d)), while the simulated radial temperature is flat
(see Fig. 3(b)). The agreement between simulation and experiment in Figs. 3(a), 3(b), 3(c),
and 3(d) is better for the axial temperature, but the level of agreement for the radial temperature
is comparable to prior 6-beam simulations of A-enhanced cooling [50,61].

We simulate the capture efficiency of the molasses by integrating 200 trajectories with initial
velocities sampled from an anisotropic Maxwell-Boltzmann distribution with radial and axial
temperatures matching the compressed MOT. Once again, the nominal simulated molasses
parameters are similar to the experiment: §/I7; =0, Ay/I'; = 3.0, s,, = 3.2, and I, /1, = 0.24.
After 1 ms of integration, we construct empirical cumulative distribution functions (ECDF) for
the final velocities along each axis. (Histograms of the final velocities do not reliably extract the
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Fig. 5. Simulated temperature of A-enhanced gray molasses as a function of 17 /1,. (a)
shows simulated radial temperatures and (b) shows simulated axial temperatures. Pink
triangles and blue squares show simulation results for the grating beam configuration
and a conventional 6-beam configuration, respectively. The horizontal dashed lines
indicate the Doppler cooling limit for lithium. The grating molasses and the 6-beam
molasses have the same total intensity. Each temperature was extracted from 200
molasses cooling trajectories with Ay /I ; = 3.0, §/T; = —0.5, and B; = 0 uT. At
I1/I, = 0.24, 5, = 3.2. In both subplots, errorbars show the standard error.

sub-Doppler features for this simulation set). Single, double, and triple Gaussian error functions
are fit to each ECDF with the Bayesian information criterion determining the best model for
the simulated data. The triple error function is only fit to the axial velocities, which are not
fully described by a bimodal distribution when the capture efficiency is low. Most simulated
trajectories escape the molasses along the axial direction Z, so we compute the simulated molasses
capture efficiency using the amplitude of the coldest error function from the fit to the axial
velocities. Pink triangles in Fig. 2(c), Fig. 3(e), and Fig. 3(f) show the simulated capture efficiency
as a function of 6 /I, Ax/I'L, and 11 /1, respectively. The simulations in Fig. 2(c) predict a
higher capture efficiency at Raman resonance, but otherwise agree with the experimental data.
In both Fig. 3(e) and Fig. 3(f), the simulated capture efficiencies are substantially higher than
our experimental observations, but are still much lower than observations in 6-beam lithium
molasses experiments [49-51]. The simulated capture efficiency initially increases with A, /I ;,
but flattens when A, /I't; > 2.0. In Fig. 3(f) the simulations follow the trend in the data: the
capture efficiency is flat as a function of I, /I,. The trajectory set that we initialized at the Doppler
temperature had a capture efficiency of approximately 60 % at §/T1; = O (see Fig. 4), so the
small experimentally observed capture efficiency is not inherent to the tetrahedral laser beam
arrangement. The number of atoms in the molasses would be improved with better precooling in
the grating MOT or, possibly, by increasing the molasses intensity s,,.

The apparent lack of incoherent gray molasses cooling in the tetrahedral beam geometry
is due to our choice of experimental parameters. When /I ; < 0, atoms in 2S; n((F=1)
Zeeman states gain kinetic energy whenever they are optically pumped into 2S; /2 (F =2). Gray
molasses cooling still occurs because the 2S; np(F=2)— 2p, 2 (F’ = 2) transition still has
a dark state. However, the gray molasses cooling rate only exceeds the heating rate due to
2S, pF=1)— 2s, /2 (F = 2) optical pumping when I; < I;. Figure 5 shows the simulated



I, /1, dependence of the gray molasses radial and axial temperatures at 6/I7; = —0.5. Each
temperature was extracted from a Gaussian fit to the binned final velocities of 200 trajectories
initialized at the Doppler temperature. To avoid washing out the sub-Doppler feature, B, = 0 uT
for this simulation set. The simulations of the grating beam geometry indicate that incoherent
molasses temperatures near the Doppler limit are achievable when I;/I; < 0.05, comparable
to both measurements in 6-beam experiments [34,52] and our own simulations of 6-beam gray
molasses cooling (see Fig. 5).

5. Conclusion

We have demonstrated A-enhanced gray molasses cooling in a tetrahedral beam configuration.
A single input laser beam striking a nanofabricated grating chip produces the molasses light
field. The A-enhanced molasses cools ’Li atoms to radial and axial temperatures as low as
T, = 60(9) puK and T, = 23(3) uK, respectively. The molasses captures 11(2) % of the lithium
atoms from a grating MOT. Optical Bloch equation simulations of the A-enhanced cooling
process adequately reproduce our measured temperature and capture efficiency. The simulations
suggest that the capture efficiency of the molasses can be improved by either increasing the
molasses intensity or reducing the temperature of the compressed grating MOT. The simulations
also indicate that the lack of incoherent gray molasses cooling to the red of Raman resonance is
not a feature of the irregular tetrahedral beam geometry, but a consequence of our experimental
setting for 7, /I,. By reducing the amount of molasses repumping light, sub-Doppler temperatures
should be attainable at a small red detuning from Raman resonance, which maximizes the gray
molasses capture efficiency [49,51,57]. Our work demonstrates that sub-Doppler temperatures
are attainable in the beam geometries produced by diffraction grating chips, even for atomic
species or molecules that are not amenable to bright molasses cooling. The realization of
dark-state-based laser cooling with a diffraction grating chip opens new application spaces for
grating MOTs, allowing them to serve as atom sources for quantum network nodes [39], primary
vacuum gauges [9], and Rydberg-atom quantum computers [25].
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