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ABSTRACT

We generate an atomic beam of titanium (Ti) using a “Ti-ball” Ti-sublimation pump, which is a common getter pump used in ultrahigh
vacuum systems. We show that the sublimated atomic beam can be optically pumped into the metastable 3d>(*F)4s a°Fs state, which is
the lower energy level in a cycling optical transition that can be used for laser cooling. We measure the atomic density and transverse and
longitudinal velocity distributions of the beam through laser fluorescence spectroscopy. We find a metastable atomic flux density of 4.3(2)
x 10° s™! cm™ with a mean forward velocity of 773(8) m/s at 2.55 cm directly downstream of the center of the Ti-ball. Owing to the details of
optical pumping, the beam is highly collimated along the transverse axis parallel to the optical pumping beam and the flux density falls off as
1/r. We discuss how this source can be used to load atoms into a magneto-optical trap.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0223352

. INTRODUCTION

Atomic beams have served as the starting point for a wide range
of experiments investigating and harnessing atomic properties."
For some elements, producing atomic beams in vacuum is straight-
forward. For example, beams of alkali elements are easily produced
by sublimation from samples placed in vacuum and externally
heated to temperatures in the range of 300-600 K.* However, many
other elements require higher temperatures than what can reason-
ably be achieved by heating the outside walls of a vacuum cham-
ber. Performing beam experiments with these elements requires
in-vacuum heating of isolated samples with approaches such
as laser ablation,” high-temperature crucibles,’ or electron-beam
bombardment.”

In this work, we develop an atomic beam of titanium (Ti), a
refractory metal relevant to precision spectroscopy and of emerging
interest to quantum science. In terms of spectroscopic interest, Tiis a
relatively light transition metal in which the atomic structure of open
d-shell atoms can be studied at moderate complexity, allowing mea-
surements to be compared with tractable theoretical calculations.” '’
Previous experiments have also focused on spectroscopic probes of
the *°Ti nucleus, which is of interest to nuclear physics due to its

combination of being near the magic proton number, Z = 20, and
having the magic neutron number, N = 28."" "

Our chief motivation for developing an atomic beam of Ti is
to produce an atom source for laser cooling and trapping experi-
ments.'* As shown in Fig. 1, laser cooling can be realized on a broad-
linewidth transition at 498 nm wavelength from the 3d° (*F)4s a°Fs
state (herein referred to as the metastable or laser-cooling state) to
the 3d> (*F)4p y>G¢ state. This ] — J + 1 transition is cycling, with
a calculated dark state branching ratio of ~1 x 107® (see supple-
mental information of Ref. 15), satisfying requirements for both
laser cooling and high-fidelity optical detection. Laser-cooled Ti may
find applications as both a telecommunications-wavelength optical
clock” and a platform for quantum simulation of interesting many-
body physics involving spin-dependent forces applied by Raman
beams.'*"”

In producing an atomic beam of Ti for use in laser cooling
experiments, we face two challenges. First, Ti is highly refractory, so
high temperatures are required to produce a bright source of atoms.
Beams of Er and Cr, the two most refractory metals commonly used
in laser cooling experiments, have been produced by heating in-
vacuum crucible ovens to 1623 K'® and 1773 K,'? where their vapor
pressures are 0.06 and 0.35 mbar, respectively.”’ By comparison,
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FIG. 1. Energy levels and transitions in atomic Ti relevant to this work. Laser beams
with 391, 400, and 498 nm wavelengths are used for optical pumping, ground state
imaging, and metastable state imaging, respectively. The 524 nm line shows the
wavelength of the emitted photon for atoms that are optically pumped to the a°Fs
state.

Ti’s vapor pressure at 1773 K is 3 x 10™* mbar and only reaches
0.01 mbar at 2000 K.*”' Although we operate the source developed
in this study at considerably lower temperatures (~1350 K), these
numbers put into perspective the challenge of producing a beam of
Ti using a crucible oven.

The sublimating of Ti from a crucible is also a notoriously dif-
ficult process owing to the highly reactive nature of Ti with other
refractory elements.”” In our own lab, using the same crucible oven
used by Frisch et al.,”” we observe rapid degradation of Ti beams
after initial turn-on. Inspection of the crucibles reveals the formation
of dark surface coatings on the sample, presumably the result of high
temperature chemistry between Ti and outgassing elements of the
crucible oven. Although there may be ways around these challenges
using special crucible materials or sophisticated e-beam evapora-
tors,”* the outlook for producing reliable atomic beams for ultracold
atom experiments this way is not certain. We note that the existing
crucible technologies used to evaporate Ti, for instance, in indus-
trial applications, do not generically work in the lower flux regimes
required for ultracold atom experiments.®

Apart from the difficulties of producing a vapor, the
high energy of the a°Fs state—E=hcx6843 cm™' =kg
x 9846 K—dictates that a Ti beam produced by sublimation
will have only a small population (e.g., ~0.04% at 1350 K) in the
laser-coolable state. Therefore, the second challenge is to enrich the
atomic population in the metastable state. Recent realizations of
magneto-optical traps of In and Eu used optical pumping to enrich
the metastable states, out of which laser cooling was performed.””*

We have overcome the above difficulties and produced a bright
source of Ti atoms in their metastable state using a proven and com-
mercially available technology: the titanium sublimation vacuum
pump (Ti-sub). The Ti-sub provides a high flux source of ground
state atoms, and optical pumping (OP) enriches the metastable
state population. Operating the Ti-sub at a measured temperature
of 1345(30) K, we find a metastable atomic flux density of 4.3(2)
x 10° s7' cm™? at a distance of 2.55 cm downstream of the center of
the Ti-sub. The resulting beam has a divergence half angle of ~0.6°
along the direction of the OP beam and ~5° in the other transverse
direction. As discussed in Sec. V, the small divergence along the OP
direction is a consequence of the narrow linewidth of the OP tran-
sition, and the latter divergence is purely due to the geometry of the
OP beams in our set up.

ARTICLE pubs.aip.org/aip/rsi

In a typical Ti-sub pump, a titanium-molybdenum filament is
mounted in vacuum and heated resistively, causing the Ti to subli-
mate and coat the walls of the vacuum chamber. The exposed coating
of Ti acts as a chemical getter, absorbing residual gases and pump-
ing the chamber to a lower pressure. An alternative version of the
Ti-sub filament is the so-called Ti-ball, where current is run through
a tungsten filament that is nestled beneath a Ti shell. In all of the
following, a Ti-ball style Ti-sub pump was used. Here we are inter-
ested in the sublimated Ti atoms as an atomic beam. In related
work, the emission from a Ti-sub pump was adapted as a source for
molecular-beam epitaxy.””

Our paper is structured as follows: In Sec. II, we discuss the
hardware construction of our beam source. Section I1I describes our
methods for detecting the emission of the beam source, for atoms in
both the ground-state term (a’F4) and the metastable laser-cooling
state (a°Fs). In Sec. IV, we summarize our scheme for optically
pumping atoms into the metastable state. Section V presents our
data that characterizes the atomic beam source. We demonstrate
that the Ti-ball produces a strong beam of ground-state atoms that
is well characterized by a Maxwell-Boltzmann velocity distribution.
We observe a weak metastable beam produced directly from the
Ti-ball, and then find that the metastable population can be
enhanced greatly through optical pumping. This optical pumping
selects a narrow class of transverse velocities but produces an atomic
beam with a broad longitudinal velocity distribution. We conclude
in Sec. VI with some discussion of using this beam source to load
magneto-optical traps. A detailed discussion of how fluorescence
counts were used to extrapolate atom density is left to Appendix.

Il. ATOMIC SOURCE

Figure 2 shows the experimental apparatus. An Agilent mini
Ti-ball (Part Number 9160008)*° is attached to a conflat (CF) ultra-
high vacuum (UHV) electrical feedthrough with custom-built cop-
per clamps. The feedthrough conductor pins are copper and have
in-vacuum lengths of 8 and 10 cm. The pins are 0.64 cm in diameter
and the total thermal resistance of the feedthrough is approximately
Rg=3.5K/W.

The Ti-ball is heated using dc current up to 42 A, which corre-
sponds to 270 W of electrical power dissipated by the tungsten heater
within the Ti-ball. Using known values for the vapor pressure of Ti
vs temperature together with the evaporation rate from the Ti-ball
vs current specified by the manufacturer,””” the expected tempera-
ture of the Ti-ball at this power is ~1600 K. However, as discussed in
Sec. V, we measure a temperature of 1345(30) K. We attributed the
lower observed temperature to the fact that our feedthrough has a
higher thermal conductance than the one used by the manufacturer.
Documentation provided by the manufacturer suggests the Ti-ball
can be operated at 270 W for over 2000 h before it is depleted; how-
ever, the sublimation rate associated with the lower temperature we
observe suggests a lifetime that is at least two orders of magnitude
longer than this.

The tip of the Ti-ball protrudes 60(2) mm into a UHV cham-
ber (Kimball Physics 6" spherical-square, part number 53-140320),
measured from the CF flange of the chamber, and is surrounded by a
hollow 19 mm radius Ti cylinder (“shroud”), which has an aperture
of 5 mm radius on its front face. The Ti-ball is recessed 5(1) mm
behind the aperture of the shroud, measured from the most promi-
nent point of the Ti-ball hemisphere. The purpose of the shroud is
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FIG. 2. (a) Schematic of the experimental apparatus. The Ti-ball is attached via
copper clamp to a copper UHV electrical feedthrough. Ground- or metastable-
state imaging light (teal) is sent in along the x or —z axis. OP light (purple) is sent
in along the x-axis. A CF 4.5 in. tee housing the longitudinal viewport, an ion pump,
and a UHV valve is hidden for clarity. (b) A magnified view of the area where the
Ti beam interacts with the lasers. Representative images of the transverse and
longitudinal probes are shown at the bottom left. The imaging system (lenses and
camera) lies below the chamber (into the page).

to eliminate direct line of sight from the Ti-ball to vacuum viewports
to avoid coating by an opaque layer of Ti. The aperture provides lit-
tle collimation, with the emitted Ti beam diverging with an opening
angle of around 30°.

Il. FLUORESCENCE DETECTION OF THE ATOM BEAM

Atoms in the beam may be imaged and their velocities mea-
sured by way of Doppler shift laser fluorescence spectroscopy.”’ A
probe laser interacts resonantly with unpolarized atoms in the beam,
causing them to scatter photons isotropically. The scattered light is
imaged onto a camera, and its intensity is used to measure the local
density of atoms.

Two orientations of probe beams were used in this study: one
propagating transversely to the emitted beam and one propagating

ARTICLE pubs.aip.org/aip/rsi

toward and longitudinally to the emitted beam. Figure 2(b) shows
the typical images of scattered light from both transverse (along the
x-axis in Fig. 2) and longitudinal (along the —z-axis in Fig. 2) probes.
By quantifying the fluorescence in either situation, we characterize
the beam’s number density velocity distributions, f(vr) and f(vr),
along the transverse and longitudinal directions, respectively. Here,
f(vr) and f(vy) are defined as f(vi) = n%%f where n, is the number
density of atoms in a spatial region of the beam. A detailed deriva-
tion of how fluorescence counts are converted to atom density is
provided in Appendix.

We detect atoms in two different electronic states. First is the
3d*4s*a F, fine-structure level (referred to hereafter as the ground
state), which is located 387 cm™" above the true lowest energy fine
structure level, and is highly populated in the sublimated gas. The
second is the aforementioned metastable 3d°4s°a’Fs state that is
scarcely populated at 1345 K. As shown in Fig. 1, atoms in these two
states can be made to fluoresce by probe lasers at 400 and 498 nm
wavelength, respectively. The 400 nm wavelength light drives the
transition between the a’F; — y3F4 states, which has an Einstein
A coefficient of Ay; = 2w x 7.6 MHz and a branching ratio to other
“dark” states of ~0.1. Owing to this factor and the fact that it is
a J - J transition with a dark polarization (my) state that is not
coupled to the light, the average a®F4 atom may scatter about 5 pho-
tons at 400 nm wavelength before being pumped to a dark state
and no longer fluorescing. Here, the term “dark” state refers to any
state that is not coupled to the probe light, including polarization
states and other electronic states that the excited state can decay
to. The 498 nm wavelength light drives the laser cooling transition
between the a’F5 — ys G states, which has an Einstein coefficient of
Ayi = 2m x 10.8 MHz and a branching ratio to dark states of ~107°,
Given this small branching ratio, a metastable state atom will con-
tinue to fluoresce 498 nm wavelength light as long as it remains
within the fluorescence laser beam, or until the mechanical action of
the light pushes the atom out of resonance.'” The 400 nm wavelength
light is generated by an external-cavity diode laser (Toptica DLC DL
Pro) and the 498 nm wavelength light is generated by frequency-
doubling the output of a titanium-sapphire laser (MSquared SolsTiS
and ECD-X).

The fluorescence of the Ti atoms is imaged through a 0.17(2)
numerical aperture (NA) imaging system below the chamber [into
the page on Fig. 2(a)]. The magnification of the imaging system
is 0.17(1), and the total light collection efficiency of the system
including NA, transmission through optics, and quantum efficiency
is €408 = 2.6(2) x 1073 at 498 nm wavelength and es00 = 1.8(2)
x 107 at 400 nm wavelength. A Thorlabs Zelux camera (model no.
CS165MU1) was used.

IV. OPTICAL PUMPING SCHEME

Our setup also makes use of light at a wavelength of
391 nm to drive a transition from the a’F, ground state to the
3d*(PP)4sap(’P°)y’ D] excited state (see Fig. 1). Excitation on
this transition serves to pump the atoms optically. We discern
three different decay outcomes from the excited state: an atom
may return to the ground state [Einstein A coefficient Aground
=27 x 287(127) kHz], decay to the metastable state [Apump = 27
x 63(63) kHz], or decay to a different metastable state where it is
no longer coupled to OP light [Agak = 27 x 63(17) kHz]."” Given
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these decay rates, a ground-state atom will scatter on the order of
Aground/ (Apump + Adark) = 3 photons before being optically pumped,
with the pumping efficiency after many photon scatterings to the
a°Fs state being Pmax = Apump/ (Apump + Adark) = 0.5.

The OP transition is rather narrow, with a natural linewidth
of y,, = 2 x 414(140) kHz."” The transition from the ground state
to the optical-pumping excited state, linking a spin-triplet to spin-
quintuplet state, is weakly allowed owing to state-mixing in the
excited state manifold. The decay on the spin-allowed transition to
the spin-quintuplet metastable state is weak because of the small
matrix element for transitions from the 4p to the 3d orbital.

Light at the wavelength of 391 nm is generated from a Littrow-
configuration external cavity diode laser (MOGLabs model LDL). As
shown in Fig. 2, this light transversely illuminates the atomic beam.
The light can be passed either once or multiple times through the
atomic beam to increase the OP efficiency. Optical access limitations
of our setup permit the beam to be reflected only up to four times
through the atomic beam; straightforward improvements to optical
access should allow for several more reflections. At closest approach,
the OP light passes 2 mm from the face of the Ti-ball shroud.

The beam has waists (1 /ez—intensity radius) of 448.9(1) ym
along the y-axis in Figs. 2 and 178.2(1) ym along the z-axis (lon-
gitudinal atomic beam direction). With as much as 20 mW of power
available on the OP transition, we can thus provide peak intensities
as high as 16 W/cm?. This peak power is three orders of magni-
tude larger than the saturation intensity Isatop =~ 4 mW/ cm? for this
transition. Owing to this high power, we expect the OP transition
to be power-broadened significantly. As discussed below, this effect
broadens the range of transverse velocities at which we can optically
pump our beam.

Taking ¥ =+/8ksT/nm =773 m/s as the mean longitudinal
thermal beam velocity, with T = 1345 K being the Ti-ball tempera-
ture and m = 48 amu the mass of the most abundant **Ti isotope,
an atom at ¥ passes through the 0.18 mm beam radius in about
0.2 us, somewhat shorter than the natural lifetime (0.4 us) of the
y°Dy state. Thus, even at very high power, such a fast atom may
scatter only one photon from one pass of the OP light. While we
can ensure that several photons may be scattered by using multi-
ple passes of OP light, we suspect our setup is still sub-optimal for
optically pumping the fast atoms within the atomic beam. However,
considering the specific application of our setup toward laser cooling
of atomic Ti, we are most interested in optically pumping atoms at
longitudinal velocities lower than ¥, perhaps even only those below
the ~30 — 100m/s capture velocity of a magneto-optical trap. For
these slower atoms, the finite transit time through the OP beams
does not degrade the efficiency of optical pumping.

V. BEAM CHARACTERIZATION

Figure 3 shows the results of longitudinal fluorescence probes
of the atom beam. In each of the datasets shown, we step the laser
detunings, A, over a range corresponding to the plotted Doppler
velocities. At each detuning, we average 5 fluorescence images like
those found at the right of the figure. The number of photons
detected in the highlighted region of interest during the exposure
time is used to extract f(v;) per an equation analogous to Eq. (A6).
We are able to measure f(v.) both for the a°F, ground-state beam
and for the optically pumped a’ Fs metastable-state beam. The signal
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FIG. 3. Longitudinal velocity distributions for ground-state (purple) and optically
pumped metastable state (teal) atoms. The distributions are normalized to 1.
The solid purple line shows a Maxwell-Boltzmann fit to the a°F, data, giv-
ing a fit temperature of T = 1345(30) K. The solid teal line shows the same
Maxwell-Boltzmann distribution multiplied by a function that models the efficiency
of optical pumping as a function of forward velocity (see Appendix). These data
(highlighted in the inset figure) confirm the presence of a low-velocity population
of metastable-state atoms, suited for loading a magneto-optical trap either directly
or with the aid of a Zeeman slower. Shown to the right of the Doppler profiles is
a representative image and the region of interest in which we sum fluorescence
counts.

from the unpumped, thermally produced metastable-state beam was
too weak to observe.

The thermal beam of a’F; atoms is expected to have a
Maxwell-Boltzmann longitudinal velocity distribution, of the form

2
fw) = 332 exp (—4vi /7)), (1)
T
where V= /8ksT/nm.”! We note that this velocity distribution
pertains to the number density of atoms in a spatial region of
the beam. The velocity distribution pertaining to the atomic flux
is commonly referenced in the literature and related by fau(v)
= (v/¥) f(v). Fitting this function to our @’Fy4 beam data, we deter-
mine the mean forward velocity to be ¥ = 773(8) m/s, corresponding
to a temperature of T = 1345(30) K.

In the optically pumped beam, the population of fast atoms is
suppressed because their finite transit time in the pumping beam
reduces the OP efficiency. We see this effect qualitatively by the
observation that the peak signal from optically pumped metastable
atoms is found at lower longitudinal velocities than that from ther-
mal ground-state atoms. The distribution of these atoms can be
predicted by multiplying the distribution for ground state atoms by
a function that takes into account the efficiency of optical pump-
ing as a function of interaction time (see Appendix). As shown in
Fig. 3, this pumping-efficiency-modified distribution fits our data
well, supporting our characterization of the OP process.

We highlight the fact that the optically pumped beam contains
an ample population of atoms at low velocities, for example, those
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FIG. 4. (a) Transverse velocity distributions of thermal (unpumped) a®F;4 (purple),
thermal a°F; (red), and optically pumped a°Fs (teal) atoms. The thermal and opti-
cally pumped metastable distributions are multiplied by factors of x200 and x10
for visibility. Shown above are characteristic fluorescence images. Pixels in the
highlighted region of interest are summed and converted into atom density per
velocity bin as plotted below. The propagation direction of the atomic beam is from
the top of the images to the bottom. The four images show that as the detuning of
the probe laser is scanned, the probe interacts with atoms in different regions of
the beam. (b) Enhanced view of the optically pumped transverse velocity distribu-
tion. The half-width half-maximum peak width of y* = 18.7(7) MHz corresponds
to a transverse velocity spread of Avyq, = 7.1 m/s, showing artificial collimation
of the beam. Owing to uncertainties in transition rates, the metastable-state data
carry an additional 4% systematic uncertainty and the ground-state data carry an
additional 7% systematic uncertainty.

below the ~100 m/s typical capture velocity of a magneto-optical trap
(see inset of Fig. 3). Thus, this optically pumped beam is suitable for
directly loading magneto-optical traps.

Next, we examine the transverse velocity distribution of the
atomic beam, shown in Fig. 4. The poor collimation of the atomic
beam in our setup is evidenced by the large longitudinal velocity
distribution of the beam, even when detected within a small region
of interest within the transverse fluorescence image. From Gaussian
fits to the frequency variation of the fluorescence data, we extract an
rms transverse velocity width of 0“T3F * = 150(10) m/s for the ground

a° Fs

state and of o7, =152(11) m/s for the unpumped, thermally

produced metastable atomic beams.

ARTICLE pubs.aip.org/aip/rsi

The signal from the thermal metastable-state beam is far weaker
than that of the ground-state beam (note the x200 factor in com-
paring data for these two populations in Fig. 4(a)). The ratio of
atomic density in the a°Fs metastable state and a’Fy ground state
is, presumably, determined by the Boltzmann factor that accounts
for the energy difference between these two states, the temperature
of the sublimating Ti-ball source, and the degeneracy of the two
states. Using the longitudinal fit temperature of 1345 K, we find an
expected population ratio of 4 exp (-AE/kpT)) = 1.27 x 107, From
integrating the Gaussian fits in Fig. 4(a), we ascertain from our fluo-
rescence data a ratio of ~1.1(2) x 1077, in excellent agreement with
expectation.

From Boltzmann statistics, the fractional population in the
a°F, state at 1345 K is 0.35. Considering that from the position
of the detected fluorescence volume, the Ti-ball looks like a uni-
form Lambertian emitter, we surmise a total sublimation rate of
nav m = 1.8(2) x 107> gs~"m™2, which is about a factor of 10 higher
than expectation for a Ti surface at 1345 K and is consistent with
a temperature of 1430 K. This discrepancy may suggest incorrect
accounting of the collection efficiency of our imaging system or
other systematic effects that shift the overall normalization of the
data but not the fitted temperature or ratio of the integrals of the
curves. Given the surface area of the Ti-ball, the total sublimation
rate we deduce is 0.10(2) mg/h, considerably lower than the 6 mg/h
specified by the manufacturer at 42 A running through the Ti-ball.
As mentioned, we expect the lower observed temperature to be the
consequence of our copper feedthrough having a larger thermal
conductance than the steel feedthrough designed by Agilent.

Let us now compare the density of metastable state atoms
produced with (teal data in Fig. 4) and without (red data in Fig. 4)
OP light. The transverse probe of the optically pumped metastable
beam reveals two striking features. First, we find that optical pump-
ing enhances the population of metastable state atoms but only
within a narrow range of transverse velocities. As shown in Fig. 4,
while the fluorescence of the unpumped metastable beam is a broad
function of probe-light detuning A, the fluorescence of the pumped
beam varies sharply with probe detuning. We apply a Lorentzian fit
to the pumped beam data, finding a half-width at half-maximum of
y' =2mx18.7(7) MHz. Roughly relating Y =y s+ 1)+ K
(Avt,gp)z, with y being the natural linewidth of the laser-cooling
transition, s = I/I being the saturation parameter of the atomic
transition (I is the light intensity and I, is the saturation intensity),
and k the wavevector of 498-nm-wavelength light, we find a trans-
verse velocity width of Avio, =7.1 m/s for the optically pumped
beam.

This narrow velocity selection reflects the narrowness of the
power-broadened linewidth of the 391 nm OP transition as com-
pared to the large transition Doppler width of the poorly colli-
mated Ti-ball emission. The measured width y’ agrees with our
order-of-magnitude expectation for power broadening in the OP
beam.

Second, we find that the metastable atom density at zero trans-
verse velocity, that is, the peak values in the transverse Doppler
broadened distributions, is strongly enhanced in the optically
pumped beam as compared to the unpumped beam. The maximum
enhancement factor we observe, as shown in Fig. 4(a) for a setup
with four passes of maximum-intensity OP light through the cham-
ber (see Fig. 5), is ~40. From geometry, we ascertain that the ratio of
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FIG. 5. Variation of the metastable-state population with (a) the intensity and (b)
the number of passes through the atomic beam of OP light changes. The sub-
linear increase in the metastable-state population with intensity indicates that the
OP transition is highly saturated, that is, fop >> fsat,0p ~ 4 mW /cm?. The increase
in metastable-state population with the number of passes of OP light through the
chamber reflects the fact that, even at saturation, the number of photons scattered
by an atom within a single pass of the OP light is insufficient to guarantee optical
pumping.

atoms that pass through the OP light and the probe beam to those
that pass only through the probe beam is 0.23. Taking into account
this geometric factor, the enhancement we see among atoms that
pass through the OP region, is ~170. As discussed above, the maxi-
munm efficiency of optical pumping is estimated to be &g, = 0.5 on
the transition we have chosen. By comparison, in the absence of
optical pumping, the ratio of population in the metastable state to
that in the ground state is measured to be Fermat = 1.1(2) x 107°.
The maximum enhancement ratio expected for optical pumping is
thus epmy/Ttermal = 450. The fact that we observe an enhancement
ratio significantly smaller than this maximum may reflect an inef-
ficiency in pumping atoms with fast longitudinal velocities owing to
finite transit time and saturation (as discussed above), and also an
overestimate of &by owing to uncertainty in the transition rates and
branching ratios.

The efficiency of optical pumping is explored further in Fig. 5.
We find that the peak signal in the 498 nm wavelength fluorescence
increases with the power of the OP light, indicating an increase in
the density of zero-transverse-velocity atoms being pumped. This
increase is sub-linear, supporting the assumption that the OP transi-
tion is highly saturated. In this regime, we presume that as power is
increased, a v/s + 1 increase in the velocity width of addressed atoms
takes place as well as an effective increase in the area of our OP
beam, thereby increasing the population of metastable atoms that
reach the down-stream region probed by our fluorescence beam.
We also observe that the overall pumping efficiency increases when
the OP beam is retro-reflected multiple times through the chamber,
which supports the hypothesis is that, for short interaction lengths,
fast atoms are not pumped efficiently.

VI. CONCLUSION

We now turn to the question of loading a magneto-optical trap
(MOT) with a Ti-ball beam. As mentioned in the introduction, we
find a metastable atomic flux density of 4.3(2) x 10°s ' em ™2 ata
distance of 2.55 cm away from the center of the Ti-ball. The half-
angle divergence of the beam is ~0.6° along the OP direction (x)
and ~5° along the other transverse direction (y). We note that this
is the flux density in the spatial region directly behind the small OP

ARTICLE pubs.aip.org/aip/rsi

beams. Suppose we expand the OP beam waist along the direction
transverse to the atom beam so that the entire output of the Ti-ball
aperture is covered and the optical pumping provides no additional
spatial filtering. Suppose also that additional power is supplied to
maintain the same saturation as in our system.

Because of the narrow collimation along the OP direction, the
flux density only falls off as 1/r with the distance away from the
source (circumference law as opposed to surface area law). The flux
density as a function of distance r from the source is approximately
/A~ 1.10(5) x 10" s'em™" x 1. Noting the measured forward
velocity distribution of the optically pumped beam and considering
a conservative MOT capture velocity of 30 m/s, for a MOT with 1 cm
beams located 10 cm downstream of the Ti-ball, we estimate a MOT
loading rate of 1.5 x 10° s™'. For an optimistic capture velocity of
100 m/s, the number is 5.4 x 10%s7".

We note two crucial points about these loading rates. First,
our measured forward velocity distribution and sublimation rate are
consistent with a Ti-ball temperature in the range of 1345-1430 K.
It will be straightforward to increase the temperature of the Ti-ball
up to around 1600 K, within specifications for operating the Ti-ball.
Achieving this in our setup would require a simple replacement of
our copper electrical feedthroughs with a less thermally conduc-
tive feedthrough, for example, using narrower-gauge steel rods. At
this higher temperature, with the Ti-Ball sublimating up to 6 mg/h,
we expect all measures of beam flux and density to increase by a
factor > 60, with only slight variations in the beam’s velocity distri-
butions from the moderately higher source temperature. In addition,
at 1345 K (1600 K), only 0.013% (0.011%) of the optically pumped
beam has a forward velocity lower than 30 m/s (here we are using
the modified Maxwell-Boltzmann distribution, which describes the
forward velocity of the optically pumped beam). If a 10 cm Zee-
man slower is added to the system to slow atoms at 300-30 m/s, the
population becomes 8% (7%).

In the case of a 1600 K optically pumped Ti-ball feeding into
a 10 cm Zeeman slower with a total distance of 20 cm from the
beam source to a MOT region, we estimate a MOT loading rate of
23x10°s7), assuming 30 m/s capture velocity.

This work raises the possibility of using a Ti-ball-like source as
the starting point for laser cooling other transition-metal elements.
Among the elements considered in Ref. 14, there are five other
near-refractory elements with sublimation temperatures in the range
produced by a Ti-ball-like device, these being Sc (with a sublima-
tion temperature of 1064 K, at which the equilibrium vapor pressure
reaches 10™® mbar), Y (1236 K), V (1427 K), and Fe (1115 K).2 A
Ti-ball-like source, that is, a solid mass of elemental material placed
around an electrically heated tungsten filament, could be used for
each of these to produce atomic beams.
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APPENDIX: MODELLING SCATTERING RATES

To infer a measurement of atomic density from collected flu-
orescence, a detailed understanding of the atomic scattering rate
is required. A single atom prepared in the lower-energy state of a
particular atomic transition, with an initial position in the beam
aperture 1o and velocity vy, passing through a probe laser of Inten-
sity I(r), wavevector k, and detuning A will fluoresce photons
at a rate,

T = yP(t), (A1)

where y = ¥,A" is the total decay rate out of the excited state and
P“(t) is the time-dependent population in the excited state induced
by the probe field. The population, P’(¢), is the solution to a sys-
tem of rate equations conditioned upon ry, vo, I(r), k, and A. If
the lower state of the transition is denoted g, the excited state e,
other dark states d, and supposing the states are fine structure lev-
els with magnetic sublevels 1y, the populations obey the following
rate equations:

; 4
Py =3 Rif,,m; (Phy = Phy) = (A% + APy,
my

g e ¢ eg e
Psr’n; = _%; an,,m; (Pgn] - Pm;) + %; Am,,m;Pm;’ (A2)
7

7
hd ed ¢
Py => Ay P
my
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Here, A is Einstein coefficient between levels and Rff] . is the rate of
>

optical pumping between magnetic sublevels of the lower and upper
state, which is given by

(A3)

my,mj ) e [ —kv\2\’
ceph” A% 1+4( 5 )

where dg is the reduced dipole matrix element between the e and
g sates and A, are the Zeeman shifted detunings. The index q
indicates the polarization of light in the spherical basis. The rate
equations capture the effects of power broadening, Doppler broad-
ening, optical pumping among myj states, and scattering to dark
states on the total photo emission rate. It is implicitly assumed that r
and v are themselves functions of time with the component v along
k growing in proportion to the integral of the instantaneous scatter-
ing rate. Therefore, the mechanical effect of the probe light on the
atom, which accelerates the atom so its Doppler shift is pushed out
of resonance with the probe beam, is also captured.

Consider a beam of atoms interacting with a fluorescence probe
as shown in Fig. 2. We define a three-dimensional region of interest
(VROI) formed by the boundaries of the camera region of interest
(ROI) in the object plane and the cross-sectional area of the probe
beam. We consider the situation where the beam radius and cam-
era ROI are small compared to the extent of the atom beam, so the
steady-state density of atoms in the VROI is approximately uniform.

The average rate at which an atom with initial position ro
and velocity vy fluoresces photons during its time in the VROI is
Tavg = {for P(t,r0,v0,I(r),k,A)dt, where 7 is the time between
when the atom enters and exits the VROI and is itself a function
of ry and velocity vo.

If the atoms that pass through the VROI have initial position
and velocity distributions d(ro) and f(vo), then the rate at which
atoms are detected by the camera is

Ryet =€r1Vnaff {%fTPe(t,ro,VO,I(r),k,A)dt}
0

x d(xo) f (vo)d’rod’ vo. (A4)

g 164z (g 1qlferny)[*1(x)
i

Here, V is the volume of the VROI, n, is the steady-state density of
atoms in the state under consideration, e quantifies the total pho-
ton collection efficiency of the imaging system, including numerical
aperture, optical losses, and detector quantum efficiency, and 7z
quantifies the fraction of fluoresced photons that are emitted within
the optical bandwidth of our detector, that is, in our setup, the
branching ratio for decay from the atomic excited state that cycles
atoms to their original lower-energy state. We note again that 7 is
determined by ro and vy and must be included under the integral.
From Egs. (A2) and (A3), it can be seen that P(¢) depends dis-
tinctly on the components of vy that are parallel and perpendicular
to k. Denoting these v| and v, we see v dictates the Doppler shift
of the atom and is changed by the interaction with the probe light,
whereas v, may only affect the interaction time of the atom with
the beam and is not altered by the probe (ignoring small momen-
tum kicks from isotropic scattering). Consider a configuration where
atoms always enter and exit the VROI through the sides of a Gaus-
sian probe beam as opposed to the planes defined by the boundary of
the camera ROI in the object plane. Then the interaction time of the
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atom in the VRO is 7 = I./v,, where [ is the chord the atom’s path
makes with the circular beam profile. For instance, this would be the
case for a probe beam directed transversely to the atomic beam. In
this configuration, I uniquely determines the intensity profile the
atom sees. Considering this situation and assuming a fixed radial
profile I(r) and wavevector k, we can change variables and write

Raet(A) =€v1Vanffff{%Pe(f’vu»%lc»A)
C

< F(n )g(n)h(lc)}dt dvydv, . (AS)

It can be seen from solving the rate equations that, to a
very good approximation, P°is peaked at v| = A/k. If the power-
broadened linewidth of the atomic transition is much narrower than
the Doppler width of the beam, f(v|) may be considered slowly
varying in v compared to P and be evaluated at v = A/k and
pulled out of the integral. In addition, from Eq. (A3), it can be seen
that P¢ depends only on the difference A — vk and not on A and v,
separately. Therefore, making the coordinate change vﬁ =v - Ak
and then dropping the prime, the dependence on A can be dropped
in the integral. The velocity distribution parallel to the beam can
then be related to the number of photons detected at a particular
detuning by

na f(AJK) ~ R:;ti\(/Ay)f_l
- ‘[ff[ {%Pe(t’v\\"’bk)
xg(Vi)]’l(lc)}dt dVH dv, dl. (A6)

The rate Rget(A) is measured in the lab by tuning the probe
laser over a range of A and measuring the number of photons
detected within the camera ROI during an exposure time f.x. From
this, f(v|) can be found by normalizing the resulting distribution.
To extract n, in addition to f(vH ), & must be calculated. & can be
evaluated first by numerically solving for P and integrating with
g(vy) and h(l:). Moreover, g(v,) can be measured and h(l.) can
be determined from geometry. We reiterate that Eq. (A6) applies to
the situation where atoms enter and exit the VROI out of the sides
of the beam, that is, for a transverse probe. A similar expression can
be derived for the situation where atoms enter and exit the VROI
through the planes defined by the boundaries of the camera ROI in
the object plane instead.

REFERENCES

TH. M. Goldenberg, D. Kleppner, and N. F. Ramsey, “Atomic beam resonance
experiments with stored beams,” Phys. Rev. 123(2), 530-537 (1961).

21, 1. Rabi, “Atomic beam resonance method for excited states,” Phys. Rev. 87(2),
379 (1952).

SW.D. Phillips and H. Metcalf, “Laser deceleration of an atomic beam,” Phys. Rev.
Lett. 48, 596 (1982).

“K. Dieckmann, R. J. C. Spreeuw, M. Weidemiiller, and J. T. M. Walraven, “Two-
dimensional magneto-optical trap as a source of slow atoms,” Phys. Rev. A 58,
3891-3895 (1998).

SK. P. Selter and H.-J. Kunze, “Analysis of atomic beams produced by
laser-induced ablation,” Phys. Scr. 25(6B), 929-932 (1982).

ARTICLE pubs.aip.org/aip/rsi

6K. J. Ross and B. Sonntag, “High temperature metal atom beam sources,” Rev.
Sci. Instrum. 66(9), 4409-4433 (1995).

7A. Krzykowski, E. Stachowska, B. Furmann, A. Jarosz, A. Kajoch, and D. Ste-
fanska, “Study of the hyperfine structure of Titanium atom by laser induced
fluorescence on an atomic beam,” Z. Phys. D: At., Mol. Clusters 42(2), 97-99
(1997).

8M. S. Safronova and W. R. Johnson, “All-order methods for relativistic atomic
structure calculations,” in Advances In Atomic, Molecular, and Optical Physics
(Elsevier, 2008), Vol. 55, pp. 191-233.

9A. O. Neely, K. Cassella, S. Eustice, and D. M. Stamper-Kurn, “Isotope shifts in
the metastable a’ F and excited y°G° terms of atomic titanium,” Phys. Rev. A 103,
032818 (2021).

0B, Furmann, D. Stefanska, A. Krzykowski, A. Jarosz, and A. Kajoch, “Isotope
shift in titanium atom,” Z. Phys. D: At., Mol. Clusters 37, 289 (1996).

""W.-G. Jin, Y. Nemoto, and T. Minowa, “Hyperfine structure and isotope shift in
TiIby UV laser spectroscopy,” J. Phys. Soc. Jpn. 78(9), 094301 (2009).

2. J. Lombard, “On the size of light nuclei,” Europhys. Lett. 12(2), 119-122
(1990).

31 Angeli and K. P. Marinova, “Table of experimental nuclear ground state
charge radii: An update,” At. Data Nucl. Data Tables 99(1), 69-95 (2013).

143, Bustice, K. Cassella, and D. Stamper-Kurn, “Laser cooling of transition-metal
atoms,” Phys. Rev. A 102(5), 053327 (2020).

153, Eustice, D. Filin, J. Schrott, S. Porsev, C. Cheung, D. Novoa, D. M. Stamper-
Kurn, and M. S. Safronova, “Optical telecommunications-band clock based on
neutral titanium atoms,” Phys. Rev. A 107(5), L051102 (2023).

T®M. Lecomte, A. Journeaux, J. Veschambre, J. Dalibard, and R. Lopes,
“Production and stabilization of a spin mixture of ultracold dipolar Bose gases,”
arXiv:2407.08702 (2024).

"7N. Q. Burdick, Y. Tang, and B. L. Lev, “Long-lived spin-orbit-coupled
degenerate dipolar Fermi gas,” Phys. Rev. X 6, 031022 (2016).

'8J. J. McClelland and J. L. Hanssen, “Laser cooling without repumping: A
magneto-optical trap for erbium atoms,” Phys. Rev. Lett. 96, 143005 (2006).

19R. Chicireanu, A. Pouderous, R. Barbé, B. Laburthe-Tolra, E. Maréchal, L.
Vernag, J.-C. Keller, and O. Gorceix, “Simultaneous magneto-optical trapping of
bosonic and fermionic chromium atoms,” Phys. Rev. A 73, 053406 (2006).

20C. B. Alcock, V. P. Itkin, and M. K. Horrigan, “Vapour pressure equations for
the metallic elements: 298-2500 K,” Can. Metall. Q. 23(3), 309-313 (1984).

217, W. Edwards, H. L. Johnston, and W. E. Ditmars, “Vapor pressures of inor-
ganic substances. XI. Titanium between 1587 and 1764 °K., and copper between
1143 and 1292 °K.!,” J. Am. Chem. Soc. 75(10), 2467-2470 (1953).

228 Fashu, M. Lototskyy, M. W. Davids, L. Pickering, V. Linkov, S. Tai, T. Ren-
heng, X. Fangming, P. V. Fursikov, and B. P. Tarasov, “A review on crucibles for
induction melting of titanium alloys,” Mater. Des. 186, 108295 (2020).

23 A, Frisch, K. Aikawa, M. Mark, A. Rietzler, J. Schindler, E. Zupani¢, R. Grimm,
and F. Ferlaino, “Narrow-line magneto-optical trap for erbium,” Phys. Rev. A 85,
051401 (2012).

25K W. Westerberg, T. C. Merier, M. A. McClelland, D. G. Braun, L. V. Berzins,
T. M. Anklam, and J. Storer, “Analysis of the e-beam evaporation of titanium
and Ti-6Al-4V,” Electron Beam Melting and Refining State of the Art 1997
Conference, Reno, NV, 5-7 October 1997, https://www.osti.gov/biblio/292592.
25X.Yu, ]. Mo, T. Lu, T. Y. Tan, and T. L. Nicholson, “Magneto-optical trapping
of a group-IIT atom,” Phys. Rev. A 105, L061101 (2022).

26R. Inoue, Y. Miyazawa, and M. Kozuma, “Magneto-optical trapping of optically
pumped metastable europium,” Phys. Rev. A 97, 061607 (2018).

27C. D. Theis and D. G. Schlom, “Cheap and stable titanium source for use in
oxide molecular beam epitaxy systems,” ]. Vac. Sci. Technol., A 14, 2677 (1996).
28Mini Ti-Ball™ Titanium Sublimation Source User Manual.

29C. Yaws, The Yaws Handbook of Vapor Pressure, 2nd ed. (Gulf Professional
Publishing, 2015).

30W. Husinsky, “The application of Doppler shift laser fluorescence spectroscopy
for the detection and energy analysis of particles evolving from surfaces,” J. Vac.
Sci. Technol., B 3, 1546-1559 (1985).

3'N. R. Hutzler, H.-I. Lu, and J. M. Doyle, “The buffer gas beam: An intense, cold,
and slow source for atoms and molecules,” Chem. Rev. 112, 4803-4827 (2012).

Rev. Sci. Instrum. 95, 113201 (2024); doi: 10.1063/5.0223352
Published under an exclusive license by AIP Publishing

95, 113201-8

22:95:81 G202 AelN 90



