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Xianquan Yu®,' Jinchao Mo ®,? Tiangao Lu®,"' Ting You Tan®,? and Travis L. Nicholson

1,2,%

! Centre for Quantum Technologies, National University of Singapore, 3 Science Drive 2, Singapore 117543
2Department of Physics, National University of Singapore, 2 Science Drive 3, Singapore 117551

® (Received 14 April 2022; accepted 3 May 2022; published 7 June 2022)

We realize the first magneto-optical trap of an atom in main group III of the Periodic Table. Our atom of choice
(indium) does not have a transition out of its ground state suitable for laser cooling; therefore, laser cooling is
performed on the [5Ps);, F = 6) — |5Ds,, F = 7) transition, where |5P;/,, F = 6) is a long-lived metastable
state. Optimization of our trap parameters results in atoms numbers as large as 5 x 10% atoms with temperatures
of order 1 mK. Additionally, through trap decay measurements, we infer a one-body trap lifetime of 12.3 s. This
lifetime is consistent with background gas collisions and indicates that our repumpers have closed all leakage
pathways. We also infer a two-body loss rate of 1.6 x 107! cm?®/s, which is comparable to those measured
in alkali atoms. The techniques demonstrated in this Letter can be straightforwardly applied to other group-III
atoms, and our results pave the way for realizing quantum degenerate gases of these particles.
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The magneto-optical trap (MOT) is the workhorse of ul-
tracold physics. This technique has enabled the realization
of quantum degenerate gases [1], quantum simulators [2—4],
exotic quantum matter [5], neutral atom quantum proces-
sors [6-9], record-accurate atomic clocks [10], and precise
tests of Standard Model extensions [11]. Despite the remark-
able progress in ultracold physics over the past few decades,
most ultracold experiments have been based on alkali metals,
alkaline-earth metals, and a small number of lanthanide atoms
[1]. However, the majority of the Periodic Table remains un-
explored in the ultracold regime.

One class of atom that has not been cooled to ultracold tem-
peratures is main group III of the Periodic Table, also known
as the “triel elements.” Triels have many interesting properties
that distinguish them from previous ultracold research. Like
alkali metals, triels are expected to have ground-state mag-
netic Feshbach resonances [12], which have not been found in
gases of only alkaline earths. Magnetic Feshbach resonances
allow for precise control over quantum many-body states, and
they have been the focus of many years of impactful ultracold
experiments. However, like alkaline earths, the triel atoms
thallium and indium have narrow linewidth electronic transi-
tions that are amenable to stable laser technology [13]. These
transitions (which are not found in alkali metals) are used in
highly accurate atomic clocks [10], and they also allow for
precise probes of atoms’ internal states and their interactions
[14—16]. Therefore, triels could be probed with the precision
of an atomic clock while offering the many-body control of al-
kali metals. Furthermore, unlike the S-orbital ground states of
alkali metals and alkaline earths or the high angular momen-
tum ground states of popular lanthanides (such as erbium and
dysprosium), the P-orbital ground states of triels distinguish
themselves as intermediate cases. Low-temperature scattering
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between such states has not been studied, and these interac-
tions could prove as interesting and surprising as scattering
measurements with lanthanides [17-20].

The main challenge of realizing a triel MOT is that these
atoms do not contain cycling transitions amenable to laser
cooling out of their P/, ground states. Earlier attempts to
transversely cool beams of the triel atom indium concluded
that cooling on the 5P/, — 65|, transition is inefficient even
with repumping [21]. However, the long-lived metastable P3/»
states in triel atoms offer a P;» — D5, cycling transition that
is suitable for laser cooling. Using this transition, transverse
cooling was observed in the triel atoms Al [22], Ga [23],
and In [24], and our team recently realized an indium Zee-
man slower [25]. Laser cooling of the triel TI has also been
proposed with this transition [26]. Although most MOTs are
formed using transitions out of atomic ground states, a MOT
based on a transition out of an optically pumped metastable
electronic state (in the lanthanide europium) [27] has been
demonstrated. However, a MOT has never been realized with
a triel atom.

In this Letter, we demonstrate the first MOT of a group-
IIT atom using ''°In. This species is a boson with a nuclear
spin of / =9/2 and an isotopic abundance of 95.7%. The
5Tn energy-level diagram and relevant transitions for this
work are shown in Fig. 1(a). For efficient laser cooling, we
use the 326-nm |5P;,;, F = 6) — [5Ds;,, F' =7) transition.
Possible mechanisms that cause population to leak out of this
transition’s states are the 5P3/, — 5P, (lifetime predicted to
be ~10 s [32]), the 5Ds;, — 6P3; — 681/, decay pathway
(which occurs with a branching ratio of order 10~* [31]),
and off-resonant driving of the |5P33, F = 6) — |5Ds;, F =
6) transition. To close these leaks, we repump population
into the |5P3,, I = 6) cooling state with two 410-nm re-
pumpers (which address the |SP, F = 4,5) — |68, F =
5) transitions) and two 451-nm repumpers (which address the
|5P32, F = 4,5) — |68/, F' = 35) transitions).

©2022 American Physical Society
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FIG. 1. (a) Energy levels of '"In [24,28-31]. Relevant transition wavelengths and natural linewidths are denoted with A and y = I' /27,
respectively. Laser cooling of indium is based on the cycling transition |5P;/,, F = 6) — |5Ds;,, F' = 7), where the lower-energy cooling state
is long-lived (~10-s lifetime) [32]. We drive the two 5P, >, F = 4,5) — |65}/, F = 5) transitions at 410 nm and the two |5P;,, F = 4, 5) —
[6S1/2, FF = 5) transitions at 451 nm for initial-state preparation just after the atomic beam emerges from the effusion cell [25]. Lasers on these
four transitions are also used for repumping during the Zeeman slowing and MOT stages. (b) The magneto-optical trap setup. Three pairs
of orthogonal 326-nm cooling beams in ™ — ¢~ configuration are sent through the center of the vacuum chamber, which overlaps with the
center of the quadrupole magnetic field generated by a pair of coils in anti-Helmholtz configuration. Two 410-nm and two 451-nm repumper
lasers are coaligned with the z direction MOT beam. The MOT fluorescence signals are collected by an electron multiplying CCD (EMCCD)

camera via a 2f imaging system.

An indium atomic beam is produced by an effusion cell
operating at 800 °C, resulting in a 1073-Torr vapor pres-
sure inside the crucible. The output of the effusion cell is
collimated with 200 microchannels that are 1 cm in length
and 200 pum in diameter. Atoms that emerge from the cell
are pumped out of the 5P;, ground state with a pair of
410-nm lasers, which results in ample population in the
|5P3/, F = 6) cooling state due to a favorable branching
ratio. Additionally, we use two 451-nm lasers to pump the
remaining population that decays into |5P;,;, F = 4, 5) into
|5P;/2, F' = 6). The atomic beam is then slowed to a 70-m/s
velocity with a transverse field permanent magnet Zeeman
slower [25].

The slowed atomic beam enters a vacuum chamber with
a pressure at the low 107 !°-Torr level. A pair of coils in
anti-Helmholtz configuration generate a quadrupole magnetic
field that has an axial field gradient up to 55 G/cm at the
center of the chamber [Fig. 1(b)]. Three pairs of orthogonal
counterpropagating 325.7-nm cooling beams, which have a
1/e* diameter of 12 mm, are circularly polarized in the tradi-
tional o — o_ configuration. In addition, the four repumpers,
which also have a 1/ ¢? diameter of 12 mm, are coaligned with
the z-direction MOT beam. The cooling laser is generated by
frequency quadrupling the output of a 1302.8-nm external-
cavity-diode-laser-seeded Raman fiber amplifier, resulting in
hundreds of milliwatts of useful 325.7-nm laser power. The
325.7-nm laser is frequency stabilized to a calibrated, low-
drift High Finesse wave meter. Meanwhile the four repumper
beams are generated by external cavity diode lasers stabilized
to indium hollow cathode lamps with Doppler-free spec-
troscopy.

With the cooling beams and all four repumpers in place, we
observe a bright MOT signal. MOT fluorescence is collected

with a 2f imaging system focused onto an EMCCD camera.
The number of atoms N in the MOT is inferred from a fluo-
rescence image as [33]

N — 87N, - +4A2 n
T Qs U 0T T )

where N, is the total number of fluorescence counts in a
MOT image, 2 is the solid angle subtended by the imaging
system, 7 is the imaging system’s quantum efficiency, f.x
is the exposure time of the camera, A is the MOT detun-
ing (in rad/s), and I' is the natural linewidth (in rad/s) of
the cooling transition. The saturation parameter of the MOT
lasers is sg = I/ My, where I is the total intensity of all
six MOT laser beams and I, = 78.3 mW /cm? is the satura-
tion intensity of the cooling transition. The multiplicity factor
M =3Q2F 4+ 1)/(2F + 3) = 2.6 (where F is associated with
the lower-energy cooling state) accounts for the fact that the
cooling transition is not a two-level system; rather, the MOT
acts on the Zeeman sublevels of each cooling state, and popu-
lation is assumed to be distributed roughly evenly among these
sublevels [27,33-39].

Although Eq. (1) ignores the magnetic field, the field’s
fractional contribution to the atom number calculation is [33]

AN _ (2n 0B\’
N \T o

2, 1.2
0; + 20%
T o, 4Ar” )
L+s0+ 55
Here AN is the change in the computed atom number due
to the magnetic field, p is the effective magnetic moment,
0B/0z is the z derivative of the magnetic field evaluated at
the trap center (taken to be the origin), and o, , . are the rms
radii of the Gaussian atomic density distribution. We estimate
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FIG. 2. Optimization of the MOT atom number. We vary the
MOT detuning A, the MOT laser intensity (expressed in the fig-
ure as the saturation parameter sy = I/ M, ), and the magnetic-field
gradient 0B/dz at the trap center projected along the z axis. The
measurement is taken by fixing the detuning and then varying s¢ and
0B/0z until the atom number maximizes. Each bar represents the
best atom number observed for a given detuning. The trapped atom
number fluctuations are estimated from the standard deviation of
multiple atom number measurements for the same MOT parameters.

that including the magnetic field results in a 4% correction to
Eq. (1), so we neglect this.

To optimize the total atom number, we systematically vary
A. Once a value of A is fixed, we vary the per-beam MOT
laser power P and dB/dz until the atom number is maximized.
We find a global maximum of the atom number when A/I" =
—1.6, 0B/9z =36 G/cm, and P = 24.5 mW, the latter of
which corresponds to so = 1.3 (Fig. 2). With these values, we
observe a MOT with 5 x 10% atoms. The uncertainty due to
random fluctuations in N is obtained by measuring the atom
number several times for a fixed set of MOT parameters. The
standard deviation in these measurements divided by their
mean is treated as the fractional uncertainty in N and applied
to the remainder of the optimization data (Fig. 2).

With the MOT parameters fixed at their optimum values,
we measure the temperature of the trapped gas with a time-of-
flight measurement [33]. We observe the vertical (horizontal)
temperature to be 4.5 mK (3.6 mK) for optimal MOT param-
eters, whereas the predicted temperature from Doppler theory
is 1 mK. MOT temperatures above the Doppler value have
been observed in multiple experiments [40—46].

An important characterization of a MOT is its one- and
two-body loss rates. A small one-body lifetime can indicate
that our repumping scheme has not closed all population
leaks out of the cooling states. This is especially a concern
since our cooling is based on a metastable state, which re-
sults in many more levels lower in energy than the cooling
transition (and, therefore, more decay pathways) compared to
alkali-metal and alkaline-earth-metal MOTs that cool out of
a ground-state hyperfine manifold. In fact, another realization
of a MOT using an optically pumped metastable electronic
transition found a small one-body lifetime and identified un-
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FIG. 3. Atom number decay for optimal MOT parameters. The
red solid curve is generated by fitting Eq. (4) to the data. The black
dashed curve is the solution to Eq. (3) with 8 taken to be zero
and fit to the data for times larger than 15s. The 8 =0 case is a
pure one-body model, which is expected to be valid at longer times
after two-body processes have decayed. The discrepancy between the
data and the black dashed line at short times illustrates the extent
of two-body effects. The inset: Observed MOT loading curve and a
false color MOT fluorescence image. The fitted loading rate for these
datais 1.30(2) x 10® atoms/s. A two-dimensional Gaussian fit of the
steady-state MOT fluorescence image yields root-mean-square radii
o, =1.0and o, = 1.3 mm.

controlled population leaks as the cause [27]. Additionally, a
measurement of the two-body rate can determine the severity
of unwanted effects, such as light-assisted collisions.

We measure these rates by disrupting MOT loading and
observing the resulting atom number decay (Fig. 3). The MOT
loading rate is changed by shutting off the Zeeman slower
laser, which results in a greatly reduced steady-state MOT
number. Our decay data is taken with the optimal MOT pa-
rameters (found above) as well as 7 mW of combined 410-nm
laser repumper power and 7 mW of combined 451-nm laser
repumper power.

The decay of the trapped atom number N(¢) in the MOT
can be modeled by a rate equation,

dN

dt
where L is the MOT loading rate (in this case, the rate without
the Zeeman slower laser), t is the MOT one-body lifetime,
and B is the two-body rate constant. When the MOT has a
Gaussian atomic density distribution, we can simplify Eq. (3)
by rewriting the two-body loss term as —I'; N2, where ', =
B/(8rn%%0,0,0.). The decay of the trapped atom number N ()
is, therefore, given by

2Lt — (1 — k)Ny — [2Lt — (1 + k)Nple /"
1+« 4+ 2NgTat — (1 — k + 2NgTp1)e %1/t
where k = /1 +4LT»12 and N, is the atom number at t = 0.
The MOT lifetime and two-body loss rate can be extracted

from fitting the decay data to Eq. (4). For the one-body
lifetime, we obtain a value of v = 12.3(3) s. This number
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FIG. 4. MOT lifetime as a function of repumper power. These
data are collected under the optimal MOT parameters mentioned
above. The x axis is the combined power of both repumpers for
a given wavelength. With the repumper lasers, the MOT lifetime
extends up to two orders of magnitude. The inset: Trapped atom num-
ber as a function of repumper power under optimal MOT parameters.
The trapped atom number increases up to two orders of magnitude
with the application of repumpers.

is consistent with decay due to collisions with the back-
ground gas, which is the technical limit of the MOT lifetime.
Meanwhile, the fitted two-body rate constant is 8 = 1.6(5) x
107! ¢cm3/s. We have observed that the fitted value of B
varies by 30% between different runs of our experiment, and
this variation is reflected in our quoted uncertainty for S.
For comparison, two-body rate constants measured in well-
functioning MOTs of alkali-metal atoms are found to be
4 x 107" ecm?/s for »*Na [47], 5.8 x 107" cm?/s for ’Rb
[48], and 7.6 x 10~'" cm? /s for '33Cs [49].

To further study repumping efficiency, we vary repumper
powers and measure the effect on the MOT one-body lifetime
and steady-state atom number. Data are collected by varying

the combined power of both 410-nm (451-nm) repumpers
whereas the power of the 451-nm (410-nm) repumpers is
fixed at its maximum value. Below 4 mW (1 mW) of 410-nm
(451-nm) laser light, we observe that the one-body lifetime
and steady-state atom number depends strongly on repumper
power (Fig. 4). Above this regime, the repumping transitions
are saturated, and the MOT has a large atom number and
a long one-body lifetime. Comparing the 410- and 451-nm
repumping data, it is clear that 451-nm repumping saturates
more easily. This is because the 410-nm lasers are somewhat
effective at populating |5P;/,, F = 6) on their own due to a
60% branching ratio for decay into this state.

We compare this result to MOT realizations that are re-
portedly limited by repumper power or population leakage
pathways that are not fully closed [27,37,50-53]. In these
cases, one-body lifetimes are an order of magnitude shorter
than in our apparatus. The data reported here suggest that
population leaks are well closed by our repumpers.

In conclusion, we demonstrate a magneto-optical trap of a
group-IIT atom. Over 5 x 10® atoms are loaded to the MOT
from a Zeeman slowed atomic beam. With ample repumper
power, measurements of MOT decay implies a one-body
lifetime of v = 12.3(3) s. This lifetime as well as repumper
characterization confirms that all leakage pathways are suffi-
ciently closed. Meanwhile, we observed a two-body rate of
B =1.6(5) x 10~ cm?3/s. Further improvements are possi-
ble by increasing the atomic density using dark spot MOT or
compressed MOT techniques, and lower temperatures can be
achieved with Sisyphus cooling. Techniques demonstrated in
this Letter can be extended to all atoms with similar atomic
structure, such as the group-III atoms TIl, Al, Ga, and B.
Furthermore, our work paves the way of exploring group-III
atoms in the quantum degenerate regime.

This work was supported by the National Research Foun-
dation, Prime Minister’s Office, Singapore and the Ministry
of Education, Singapore under the Research Centres of Ex-
cellence Program.
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