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Zeeman slowing of a group-III atom
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We realize a Zeeman slower of an atom in main group III of the Periodic Table, otherwise known as the “triel
elements.” Despite the fact that our atom of choice (namely indium) does not have a ground state cycling tran-
sition suitable for laser cooling, slowing is achieved by driving the transition |5P3/2, F = 6〉 → |5D5/2, F = 7〉,
where the lower-energy state is metastable. Using a slower based on permanent magnets in a transverse-field
configuration, we observe a bright slowed atomic beam at our design goal velocity of 70 m/s. The techniques
presented here can straightforwardly extend to other triel atoms such as thallium, aluminum, and gallium.
Furthermore, this work opens the possibility of cooling group-III atoms to ultracold temperatures.
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I. INTRODUCTION

Since the achievement of Bose-Einstein condensation of
laser cooled atoms in 1995, nearly all quantum degenerate
gas experiments have been based on alkalis, alkaline earths,
or lanthanides [1]. Meanwhile, most of the Periodic Table
remains unexplored in the quantum degenerate regime. One
such unexplored class of atoms are the triels (Periodic Table
main group III), which contains the atoms B, Al, Ga, In, and
Tl. Unlike the S-orbital ground states of alkalis and alka-
line earths, or the high angular momentum (L = 5, 6) ground
states of erbium and dysprosium, the anisotropic P-orbital
ground states of group-III atoms distinguish themselves as
intermediate cases. Although no group-III atom has been
cooled to ultracold temperatures, quantum gases of these par-
ticles would have many interesting properties. Like alkaline
earths, In and Tl have narrow-linewidth electronic transitions
at wavelengths amenable to stable laser technology; however,
unlike alkaline earths, triels also have ground state magnetic
Feshbach resonances. Therefore, triel atoms could be probed
with atomic clock resolution while offering the many-body
control of alkali atoms.

Studies of optical forces on triels have largely focused on
their application to nanofabrication [2–4]. Optical forces have
been observed in Al [2], Ga [3], and In [4,5], whereas Tl
has been suggested as a laser cooling candidate [6]. However,
standard cooling techniques for ultracold gas production, such
as Zeeman slowers and magneto-optical traps, have never
been demonstrated in triel atoms. One drawback to triels
(compared to alkalis and alkaline earths) is the lack of cycling
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transitions suitable for laser cooling in their P1/2 ground states.
However, the P3/2 first excited states are long lived and the
P3/2 → D5/2 line is a closed cycling transition that is generally
amenable to laser cooling [2,3,5].

To produce a slow beam of group-III atoms suitable for
laser cooling to ultracold temperatures, techniques such as
Zeeman slowing [7] or 2D magneto-optical trapping [8,9]
would need to be realized for these particles. In this paper,
we report a Zeeman slower of a triel atom, namely indium.
Our approach laser cools indium atoms on the |5P3/2, F =
6〉 → |5D5/2, F = 7〉 transition. We use a permanent magnet
Zeeman slower in a transverse configuration [10], and the
slower’s magnet array is designed with a simulation predicting
a 70 m/s final beam velocity. Using five laser wavelengths for
state preparation and repumping, we observe a slowed indium
beam with a velocity at our design goal. This work paves the
way for realizing quantum degenerate gases of indium and
other group-III atoms.

II. INDIUM BEAM SLOWING SCHEME AND APPARATUS

Indium has two stable isotopes, 113In (4.3%) and the more
abundant 115In (95.7%), the latter of which we work with.
Both are bosons and have nuclear spin of 9/2. The dipole al-
lowed 5P1/2 → 6S1/2 transition out of the indium ground state
can be addressed with diode lasers, but it is not suitable for
laser cooling because 6S1/2 decays rapidly to 5P3/2 (Fig. 1).
Despite this, beams of ground state indium atoms were previ-
ously transversely cooled by driving both the 5P1/2 → 6S1/2

and 5P3/2 → 6S1/2 transitions [4]. Unfortunately, the energy
level complexity and the resulting dark states rendered this
attempt inefficient. A later attempt to transversely cool an in-
dium beam using the 5P3/2 → 5D5/2 transition yielded better
results [5]. Cooling on this transition was also demonstrated
for the group-III atoms Al [2] and Ga [3], but only for the
small thermal P3/2 population of hot effusive beams.

In this work, to cool on the |5P3/2, F = 6〉 → |5D5/2, F =
7〉 transition, we use the following scheme to prepare atoms
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FIG. 1. Energy levels of 115In [5,11–14]. Transition wavelengths
are denoted with a λ and the corresponding linewidths are denoted
with a γ . Our cooling scheme is based on the 326 nm 5P3/2 → 5D5/2

transition, which has a γ = 20.7 MHz linewidth [5]. Atoms can
be pumped into the |5P3/2, F = 6〉 cooling state with two lasers
at 410 nm and another two at 451 nm. The lifetime of the 5P3/2

metastable state is predicted to be 10 s [15].

in the lower cooling state (Fig. 1). First, atoms are driven into
the 5P3/2 hyperfine manifold with a pair of 410.3 nm external-
cavity diode lasers (ECDLs) addressing the |5P1/2, F =
4, 5〉 → |6S1/2, F = 5〉 transitions. Atoms are then pumped
into |5P3/2, F = 6〉 with another pair of ECDLs at 451.3 nm.
The 325.7 nm cooling laser is generated by a 1302.8 nm
ECDL that seeds a Raman fiber amplifier. The amplifier out-
put is frequency quadrupled to achieve hundreds of milliwatts
of useful 325.7 nm laser power.

Our system produces an indium beam using an effusion
cell (Fig. 2). The cell contains 22 g of indium and oper-
ates at 800 ◦C, which results in an indium vapor pressure

of 10−3 Torr inside the effusion cell crucible. The output of
the crucible has a 3D printed titanium microchannel array
that helps collimate the indium beam. The array is 5 mm in
diameter, with 200 microchannel tubes that are each 1 cm long
and 200 μm in diameter. The microchannel array is heated to
900 ◦C to prevent clogging.

We estimate that less than 10% of the atoms emerging
from the effusion cell are in 5P3/2; therefore, the atoms pass
through a state preparation chamber before they enter the
Zeeman slower. The vacuum pressure in this chamber is at
the mid 10−9 Torr level when the effusion cell is at full tem-
perature. State preparation consists of three laser beams. Two
of them are at 410 nm, which drive the |5P1/2, F = 4, 5〉 →
|6S1/2, F = 5〉 transitions. We have observed that atoms decay
from |6S1/2, F = 5〉 to the |5P3/2, F = 6〉 cooling state with a
60% branching ratio, which agrees with our estimation based
on angular momentum factors. Additionally, we include a
326 nm circularly polarized laser and a pair of bias coils to
spin polarize the atoms into |5P3/2, F = 6, mF = 6〉, which
improves the efficiency of our Zeeman slower [16,17].

After the state preparation chamber, atoms pass through
a differential pump tube and then into a 470 mm long
Zeeman slower vacuum tube with an inner diameter of
16 mm. The Zeeman slower magnets are N35 neodymium
stacks arranged in a transverse field configuration [10,18,19]
(Sec. III). The Zeeman slower laser beam at 326 nm is lin-
early polarized, as is required for the transverse configuration
[10,16,18–21], and it has a beam area of 8 mm × 6 mm.
This beam is gently focused [22] such that it has an area
of 6 mm × 4 mm at the entrance of the Zeeman slower.
Due to the population decay pathway 5D5/2 → 6P3/2 →
6S1/2 as well as off-resonant driving of |5P3/2, F = 6〉 →
|5D5/2, F = 6〉, atoms have a small chance of decaying into
hyperfine states that are not addressed by the slowing laser.
Therefore, two 410 nm repumpers driving the |5P1/2, F =
4, 5〉 → |6S1/2, F = 5〉 transitions and two 451 nm repumpers
driving the |5P3/2, F = 4, 5〉 → |6S1/2, F = 5〉 transitions are
coaligned with the slowing laser.

/2

/4

Science chamber

State preparation
chamber

FIG. 2. Schematic of the indium Zeeman slower apparatus. A hot indium atomic beam is produced from an effusion cell running at 800 ◦C.
Indium atoms from the oven are pumped into the |5P3/2, F = 6, mF = 6〉 cooling state in the state preparation chamber by two 410 nm lasers
and a 326 nm spin polarization laser. The atomic beam is then decelerated by a transverse permanent magnet Zeeman slower. Slowing is
accomplished with a 326 nm laser, two 410 nm repumpers, and two 451 nm repumpers, all of which are combined using dichroic mirrors
(DM) and sent through the Zeeman slower. An independent 326 nm probe laser intersects with the atomic beam at θ = 45◦ in the science
chamber. To measure the longitudinal atomic velocity distribution, fluorescence is collected with an EMCCD camera.
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Atoms emerge from the slower and enter the science
chamber, which is held at the low 10−10 Torr level. Here
we measure the indium beam velocity distribution, which is
probed with an independent 326 nm laser. This probe laser
is based on a 1303 nm ECDL-seeded tapered amplifier, the
output of which is sent to a waveguide doubler and then to
a home-built BBO doubling cavity. The maximum 326 nm
output of the BBO cavity is 10 mW. The probe laser intersects
with the indium beam at a 45◦ angle, ensuring that it samples
the longitudinal velocity distribution. Probe fluorescence is
collected with a 2 f imaging system focused onto an EMCCD
camera.

III. SLOWER DESIGN

For decades, Zeeman slowers were based on tapered
solenoids [7,22–24], but in recent years permanent mag-
net Zeeman slowers have become a popular choice
[10,16,18,19,25–27]. The particular permanent magnet slower
design we have chosen is a transverse field slower based on
a planar array of magnets [10,18,19]. This design is simple,
effective, easy to adjust, and minimizes stray fields. Here we
provide an overview of our Zeeman slower design.

An atom moving through a laser beam and a magnetic field
experiences the force [28]

�F = h̄�k�

2

s

1 + s + (
2�
�

)2 , (1)

where � = 2πγ is the transition natural linewidth in rad/s, �k
is the laser wave vector, s is the saturation parameter, and

� = �0 + �k · �v − μeffB/h̄. (2)

Here �0 = ωlaser − ωatom is the laser detuning (i.e., the dif-
ference between the laser and atomic resonance frequencies),
μeff = (geme − ggmg)μB the transition magnetic moment, ge

(gg) the Landé g factor of the excited (ground) state, me (mg)
the magnetic quantum number of the excited (ground) state,
μB the Bohr magneton, �v the atomic velocity, and B the
external magnetic field magnitude. The optical force [Eq. (1)]
maximizes when the magnetic field is chosen such that � = 0,
resulting in the optimal slower field

B = h̄

μeff
(�0 + �k · �v). (3)

Atoms moving through this field will experience a constant
deceleration given by

�a = h̄�k�

2m

s

1 + s
= �amaxη, (4)

where η = s/(1 + s) is the so-called “design parameter” de-
termined by the slowing laser intensity. The solution for the
classical motion of the atoms when � = 0 is

v =
√

v2
0 + (

v2
f − v2

0

) z

L
, (5)

where v0 is the initial velocity, z is the position of the atoms

along the Zeeman slower, L = v2
0−v2

f

2ηamax
is the length of the

slower, and v f is the desired final atomic velocity. Therefore,

the optimal field is

B = �B

√√√√1 −
(

v2
0 − v2

f

v2
0

)
z

L
+ B0, (6)

where �B = h̄kv0/μeff is the full magnetic field span and
B0 = h̄�0/μeff is the magnetic field offset.

The parameters �B, η, and B0 are determined by exper-
imental constraints. With the atomic species and transition
selected, �B is entirely determined by v0. It is desirable to
make v0 as large as possible since all atoms with velocities
less than v0 can be slowed; however, one must also try to
prevent L (which increases as v2

0) from being too large since
the transverse atomic velocity distribution causes particle loss
that scales as L2. We choose v0 = 450 m/s, which addresses
∼37% of the longitudinal Maxwell transition distribution
[29,30] emerging from the 800 ◦C effusion cell. This v0 results
in �B = 987 G, which is a reasonable value for neodymium
magnets.

The design parameter is determined by the slowing laser
intensity I . In the case of In, the 326 nm cooling transition
has a saturation intensity Isat = 78.3 mW/cm2. This relatively
high saturation intensity (compared to alkalis and alkaline
earths) makes it difficult to operate in the regime where s =
I/Isat is much greater than 1, particularly when we account
for the fact that 50% of the slowing laser power is associated
with a polarization helicity that is not useful for slowing [31].
However, making η small would again increase L and result in
particle loss. We choose s = 2/3 (η = 0.4) for a good balance
between available power and reasonable slower length. Addi-
tionally, we choose v f = 70 m/s because this is a reasonable
value for future studies like magneto-optical trapping. These
numbers result in L = 356 mm.

To determine B0 = h̄�0/μeff , we consider three com-
mon Zeeman slower field configurations: The increasing
field slower, the spin-flip slower, and the decreasing field
slower [22]. These configurations work equally well for a
two-level atom, but indium hyperfine structure complicates
the story (Fig. 3). For the increasing field configuration
[25,32–36] (also referred to as the “σ− configuration”), in-
dium atoms would need to be driven into the |5D5/2, F =
7, mF = −7〉 state; however, this state mixes with other
|5D5/2, F = 6, 5, 4, 3〉 hyperfine levels in the required mag-
netic fields [Fig. 3(a)]. Driving these mixed states may cause
atoms to decay to levels that are not resonant with the
slowing laser and ruin the slowing efficiency [16,20,25,35–
38], especially when the slowing laser contains both σ+
and σ− components. Zeeman state mixing also occurs in
the |5P3/2, F = 6〉 cooling state when the magnetic field is
between 350 G and 1300 G. Some alkali Zeeman slowers
overcome this mixing by adding an offset to the magnetic
field until all the Zeeman sublevels are fully split [25,35–
37]. With alkali atoms, only a modest magnetic field offset
is needed; however, with indium, an external field of 1600
to 2600 G would be required to fully split the Zeeman sub-
levels. According to our calculations, this high field cannot be
achieved with neodymium magnets without considerable field
inhomogeneity along the transverse atomic beam direction.
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FIG. 3. 5D5/2 energy states in different magnetic field configu-
rations as a function of position along the Zeeman slower (black
curves). Here we assume the ideal magnetic field of Eq. (6) with
v f = 70 m/s. The red curves indicate the Zeeman shift that the 5D5/2

cooling state requires for slowing. The blue curves show the mag-
netic field profiles for the different Zeeman slower configurations.
Panel (a) is the increasing field slower, (b) is the spin flip slower, and
(c) is the decreasing field slower.

Another popular Zeeman slower field configuration that
results in much less state mixing at reasonable fields is the
spin-flip configuration [22,24,38–40], which has a zero cross-
ing in the magnetic field [Fig. 3(b)]. Although this approach
has its merits, the literature [36] implies that transverse field
spin-flip slowers must be specially designed with transverse
optical access in the zero-field region to allow for the nec-
essary repumping and spin polarization [41]. Additionally,
the indium spin flip slower still suffers from state mixing at
the end of its length, which is a critical region for achieving
well-slowed atomic beams.

Finally, the third option is the decreasing field configura-
tion [7,17,23] (also referred as the “σ+ configuration”). In
this approach, an unmixed transition can be driven over the
entire length of the Zeeman slower [Fig. 3(c)]. Opting for this
configuration, we choose �0/2π = −220 MHz, resulting in
B = 0 at the end of Zeeman slower with exit velocity v f =
70 m/s. Although a smaller v f may be beneficial, this would
require �0 to be closer to resonance, and at small detunings
atoms exiting the slower can scatter so many photons that they
reverse direction and become untrappable [42].

FIG. 4. Top: Residuals between the simulated field and measured
field profiles for the region most relevant to slowing (i.e., when the
simulated values are larger than 35 G). Residuals remain low except
near high field gradients. Bottom: Comparison between the ideal
field (red curve), the numerically optimized field (black curve), and
the measured field profiles (blue dots). Inset: Field ripples at the
beginning of the slower.

To realize the desired field profile, we model our perma-
nent magnets as magnetic dipoles [10,19]. Using 18 pairs
of magnet stacks, we develop an iterative field optimization
algorithm that varies the size of the magnets in each stack
pair as well as their separation. The algorithm attempts to get
the field of the magnet array as close as possible to the ideal
field expression of Eq. (6) (Fig. 4). The optimized magnet
design achieves close agreement with the desired field except
for unavoidable discrepancies when the ideal model has sharp
changes [19,25,36]. To confirm that the numerically deter-
mined field is acceptable, we perform an atomic trajectory
simulation [22] of atoms moving in our optimized permanent
magnet field. The simulation suggests that efficient slowing is
still possible with our design. Separate measurements with a
magnetometer confirm that our calculated permanent magnet
field is realized (Fig. 4).

IV. ZEEMAN SLOWER PERFORMANCE

The performance of our Zeeman slower is characterized
by measuring the longitudinal velocity distribution of the
atomic beam entering the science chamber (Fig. 2). These
measurements are performed by collecting atom fluorescence
as a function of the probe laser wavelength λp (as determined
by a precise HighFinesse wavemeter). Wavelength values are
converted to velocities as c( λ0−λp

λp
) sec(45◦), where λ0 is the

zero-velocity cooling transition wavelength and c is the speed
of light. λ0 is measured as the center of the cooling transition
line shape when the atoms are probed at a θ = 90◦ angle with
respect to the atomic beam (Fig. 2) [43].

Figure 5 shows the measured longitudinal velocity distri-
bution under the influence of the Zeeman slower. For both
curves, we use 12 mW per beam for both 410 nm state
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FIG. 5. Longitudinal velocity distributions with and without the
slower laser. The slowing laser detuning is kept constant at �0/2π =
−325 MHz during the measurement. Inset: The slowed atomic beam
in flux units (Appendix A 2).

preparation lasers and 20 mW for the 326 nm spin polarization
laser. For the repumpers, we use 30 mW for each of the
410 nm lasers and 23 mW for each of the 451 nm lasers.
The 326 nm probe power is 490 μW. The Zeeman slower
takes effect around 500 m/s (similar to the v0 = 450 m/s
design value). We observe a depletion of the distribution for
velocities greater than 120 m/s, and we see a pronounced
fluorescence peak near our design goal of v f = 70 m/s (at a
slowing laser detuning of �0/2π = −325 MHz). Increasing
the slowing laser beam waist would likely further slow the
remaining fast atoms [27]. We note that the negative counts
shown in the fluorescence measurements are an artifact of
background subtraction (Appendix A 1).

We have also characterized the slowed atomic beam as a
function of slowing laser power (Fig. 6) and detuning (Fig. 7).

FIG. 6. Slowing laser power dependence. The slowing laser
detuning, state preparation laser power and repumper power are
the same as in Fig. 5. The science chamber probe beam power
is 420 μW. Inset: Slowed atomic beam amplitudes and central
velocities obtained by fitting the fluorescence with an asymmet-
ric pseudo-Voigt profile [44]. The trend indicates saturation above
70 mW.

FIG. 7. Slowing laser detuning dependence. Here the slowing
laser power is fixed at 80 mW. The probe power is 480 μW. Inset:
Fitting the peaks with an asymmetric pseudo-Voight profile, we find
that the fluorescence maximizes at �0/2π = −346 MHz, where the
slowed atomic beam peaks at 81.5 m/s.

We find that the slowing effect saturates above 70 mW (where
s = 1.2) and peaks at �0/2π = −346 MHz. For these mea-
surements, we use the same state preparation and repumper
laser powers as in the Fig. 5 data. One exception is the spin
polarization laser, which is not used for the detuning charac-
terization (Fig. 7) since it originates from the same source as
the slowing laser and would not function properly if its detun-
ing is varied. The detuning is set to be �0/2π = −325 MHz
for the power measurement and the power is fixed at 80 mW
for the detuning measurement. A −325 MHz detuning is cho-
sen because this is the where our design goal of v f = 70 m/s
occurs. Although the fluorescence is better at −346 MHz, we
only lose ∼4% of the fluorescence amplitude by operating at
−325 MHz.

To further optimize our Zeeman slower, we characterize
our spin polarization and repumper lasers [45]. Atoms in
the |5P3/2, F = 6, mF = 6〉 state are most efficiently slowed;
however, only applying two 410 nm lasers in the state prepa-
ration region would cause population to be distributed among
all 13 mF states in |5P3/2, F = 6〉. For this reason, the spin
polarization laser improves slower performance. To define
a quantization axis for spin polarization, we erect a pair of
magnetic coils in the Helmholtz configuration, which provide
a magnetic field of 3 G. The 326 nm spin polarization laser is
slightly red detuned and circularly polarized, and it is aligned
through the centers of the Helmholtz coils.

Spin polarization is characterized by measuring the popu-
lation in the Zeeman sublevels of the lower cooling state. For
this measurement, the Zeeman slower laser is shut off, and we
apply a 160 G bias field in the science chamber to split the
sublevels. Meanwhile, the probe laser is aligned at θ = 90◦
with respect to the atomic beam (Fig. 2), and its polarization
is oriented along the bias field. This transverse probe align-
ment allows for better resolution of the sublevels since the
transverse linewidths are much smaller than the longitudinal
ones. We then scan the probe laser frequency to measure the
population of the |5P3/2, F = 6〉 Zeeman sublevels. Although
the bias field is not large enough to fully resolve each mF

state (Fig. 8), the Zeeman splitting is large enough for us to
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FIG. 8. Fluorescence signals of spin polarized atoms with vari-
ous spin polarization laser powers. These data were acquired in the
science chamber in the presence of a 160 G bias field and without
the use of the Zeeman slower. At maximum power, atoms are well
polarized into |5P3/2, F = 6, mF = 6〉. Inset: Peak fluorescence of
the slowed atomic beam as a function of spin polarization laser
power. Here the system is run in its normal configuration, without
the science chamber bias field and with the slower laser present. The
effect saturates above 20 mW.

observe substantial polarization into the |5P3/2, F = 6, mF =
6〉 state when the spin polarization laser power is above
20 mW (Fig. 8).

To confirm the effect of spin polarization on the slowed
atomic beam, we restore our system to its normal configura-
tion (i.e., no science chamber bias field, the optimized slower
laser present, and the probe at θ = 45◦). We find that, above
20 mW, the spin polarization laser doubles the output of our
Zeeman slower (Fig. 8 inset).

The slower performance also depends on repump detuning.
This is because the value of μeff for the repumper transitions is
different than that of the cooling transition, so the repumpers
cannot be resonant with all velocities throughout the slower
[25]. We determine the repumper detunings empirically by
using them to maximize the slowed atomic beam fluorescence.
The optimal values are shown in Table I. The uncertainties in
these values reflect the range over which there was no change
in the fluorescence signal. It has been suggested that insensi-
tivity to Zeeman slower repumper frequency is the result of
multiple leaking mechanisms along the slower [25].

The saturation behavior of the repumpers is depicted in
Fig. 9. Here we vary the 410 nm (451 nm) laser power while
fixing the 451 nm (410 nm) lasers at maximum power. The
x axis represents the combined power of the two 410 nm or
451 nm lasers. For the 451 nm repumpers, the peak fluores-
cence of the slowed atomic beam saturates when the power

TABLE I. Optimal detunings for each repumper transition.

Transition Detuning (MHz)

|5P1/2, F = 4〉 → |6S1/2, F = 5〉 −300 ± 40
|5P1/2, F = 5〉 → |6S1/2, F = 5〉 −260 ± 40
|5P3/2, F = 4〉 → |6S1/2, F = 5〉 −450 ± 30
|5P3/2, F = 5〉 → |6S1/2, F = 5〉 −530 ± 30

FIG. 9. Slowed atomic beam fluorescence amplitude as a func-
tion of repumper power. The x axis represents the combined power
for two repumper beams of a given wavelength. Here the slowing
laser power is fixed at 80 mW and its detuning is set to be −325 MHz.
The probe beam power is 420 μW. Compared to no repumping, the
slowed atomic beam brightness increases by a factor of 5 with the
repumper lasers.

reaches 30 mW. For the 410 nm lasers, modest gains still
seem possible beyond our maximum power of 60 mW. Higher
power 410 nm lasers might provide a marginal benefit and
frequency broadened 410 nm lasers might also substantially
improve repumper efficiency [25,46]. With ample repumper
power, the slowed atomic beam is five times brighter than in
the absence of repumpers.

V. SUMMARY AND OUTLOOK

We demonstrate a slowed atomic beam of a triel atom.
Our setup is a transverse permanent magnet Zeeman slower
in decreasing field configuration. We characterize slowing,
state preparation, and repumping, and we ultimately achieve
a 70 m/s final velocity. Further improvements are possible
with larger slowing laser waists (to target more of the atomic
beam), modulating repumper frequencies [25,46], and imple-
menting a longitudinal field slower to reduce the required
slowing laser power [19]. Furthermore, a blue-detuned slower
might allow for smaller final velocities [17]. Our work extends
to all atoms with similar energy structure, such as those in
main group III of the Periodic Table. This opens up possibil-
ities for laser cooling and trapping of triel atoms, which are
unexplored in the ultracold regime.
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APPENDIX: DATA PROCESSING

1. Negative fluorescence counts

Figures 5–7 depict negative values for fluorescence counts,
which is due to background subtraction. The background lev-
els for each measured curve in the three figures is taken to
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be the counts recorded at zero velocity where the probe and
slower overlap. The main contributor to this background level
is scattering of the slower laser from higher-velocity particles
in the atomic beam.

When the probe and slower laser have equal frequencies,
we observe a depletion of the background counts below our
subtracted level, resulting in the negative fluorescence regimes
in Figs. 5–7. We attribute this depletion to a small amount of
additional slowing of the atomic beam. Before atoms enter the
permanent magnet array and after they emerge from it, those
that are Doppler shifted into resonance with the slower laser
will experience a bit of additional slowing due to scattering
slower laser photons.

2. Flux calculation

The inset of Fig. 5 shows the slowed atomic beam in flux
units. The flux F is given by F = nv, where n is the atomic
density. The density is extracted from fitting the distribution of
probe fluorescence counts when the probe is resonant with the
slowed atomic beam. The fit provides the physical dimensions
of the volume of overlap between the probe and the atomic
beam.

The atomic density is given by

n = Ncounts

QE texP��sV
, (A1)

where Ncounts is the number of camera counts measured in the
overlap volume, QE is the quantum efficiency of the camera,

tex is the camera exposure time, �s = �
2

s
1+s is the single-atom

scattering rate, and V is the overlap volume obtained from the
fluorescence distribution fit.

The angular emission probability P� is determined as fol-
lows. The probe laser polarization is perpendicular to the
camera imaging axis to maximize dipole emission into the
camera, so the angular probability distribution of dipole emis-
sion [47] is

f�(θ, φ) = 3

8π
(1 − sin2 θ cos2 φ). (A2)

Here we choose a coordinate system where the imaging axis
points in the z direction and the probe polarization is along
x, resulting in the polar and azimuthal angles θ and φ (note
that this z axis is different than the one in the main text). The
angle subtended by the imaging system is α = tan−1(D/4 f ),
where D is the imaging lens diameter and f is the focal length.
Therefore,

P� =
∫ 2π

0
dφ

∫ α

0
dθ sin θ f�(θ, φ) (A3)

= 1

2
− 3

8
cos α − 1

8
cos3 α (A4)

� 3

8

(
D

4 f

)2

(when D � 4 f ). (A5)
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