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Abstract

We demonstrate loading of a Li magneto-optical trap using light-induced atomic desorption. The

magnetooptical trap confines up to approximately 4 x 10% “Li atoms with loading rates up to
approximately 4 x 103 atoms per second. We study the Li desorption rate as a function of the
desorption wavelength and power. The extracted wavelength threshold for desorption of Li from
fused silica is approximately 470 nm. In addition to desorption of lithium, we observe light-
induced desorption of background gas molecules. The vacuum pressure increase due to the
desorbed background molecules is < 50 % and the vacuum pressure decreases back to its base
value with characteristic timescales on the order of seconds when we extinguish the desorption

light. By examining both the loading and decay curves of the magneto-optical trap, we are able to
disentangle the trap decay rates due to background gases and desorbed lithium. Our results show
that light-induced atomic desorption can be a viable Li vapor source for compact devices and

SENsors.

l. INTRODUCTION

There is a growing interest in miniaturization of laser-cooled atomic technologies [1, 2].
Laser-cooled atoms are a promising candidate for the realization of a variety of portable
devices, including quantum repeaters [3, 4], atom interferometers [5-8], and vacuum sensors
[9, 10]. Most work toward maobile laser-cooled atom devices has focused on ultracold Rb
and Cs due to their high room-temperature vapor pressure and the proliferation of laser
technology at the necessary wavelengths [5-8, 11]. However, devices based on laser-cooled
Li would be advantageous for vacuum sensing [10], due to lithium’s low room-temperature
vapor pressure (< 10717 Pa [12]).

A central challenge to the miniaturization of laser-cooled atomic devices is outgassing of the
atomic vapor source [1]. Mobile sensors will likely have minimal vacuum pumping, so
excessive outgassing of any /n-vacuo component will limit the useful lifetime of the device.
In applications such as vacuum sensing, where a cold-atom vacuum sensor would be
attached to a larger vacuum system, atomic source outgassing could easily limit sensor
performance. Lithium’s vapor pressure at room temperature precludes the use of a vapor cell
[13]. Lithium dispenser sources must operate at high temperatures to produce appreciable
vapor pressure; leading to high outgassing rates and limiting the achievable vacuum pressure
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[14, 15]. An attractive alternative to these conventional vapor sources is light-induced atomic
desorption (LIAD) [16, 17], where atoms are liberated from a surface using photons. In the
context of laser-cooled atomic gases, the desorption surface is typically a glass or metal
vacuum chamber wall and the desorption light is usually generated by a short wavelength
incoherent source [13, 18-20]. The extra gas load from the desorption process is rapidly
reduced when the desorption light source is extinguished. Among elements amenable to
laser cooling, LIAD has previously been observed for calcium [21] and all alkali metals
except Li [16, 17, 20, 22-24]. It can efficiently load magneto-optical traps (MOTSs) with high
atom number [13, 18, 25-29], allowing for the production of quantum degenerate gases [30,
31].

We report and detail the first observed light-induced atomic desorption of lithium. We
characterize the desorption of ’Li atoms from a fused silica window for three light sources
with distinct operating wavelengths. The desorbed atoms are captured in a six-beam
magneto-optical trap. The largest MOT loading rate, approximately 4 x 103 atoms per
second, occurs when a 385 nm light-emitting diode (LED) induces atomic desorption. At
this loading rate the MOT population reaches approximately 4 x 10* “Li atoms. Light
induced atomic desorption is often explained by analogy to the photoelectric effect and prior
studies have found a quadratic dependence of the desorption yield on source wavelength [18,
24, 32-34]. Our data are consistent with a quadratic dependence of the MOT loading rate on
LIAD wavelength, from which we infer the threshold wavelength for LIAD of “Li. Our
results show that LIAD is a viable atom source for lithium-based vacuum sensors and may
be useful for other compact devices, depending on the atom number requirements.

We describe the measurement apparatus in Section Il. Section I11 shows the experimental
data and contains a discussion of the results. We have studied the variation in the MOT
loading rate and atom number as a function of the LIAD source power and wavelength. We
summarize our findings and discuss future outlook in Section IV.

II. APPARATUS

We characterize light-induced atomic desorption process by loading a Li MOT within a
stainless-steel vacuum chamber. All steel components of the chamber were vacuum baked at
425 °C for 21 days to reduce hydrogen outgassing [35, 36]. We did not bake the chamber
after assembly to remove H,O. However, the chamber was held under vacuum for several
months before LIAD studies began, so its outgassing rate and base pressure are similar to
those that would have been achieved after a 48 h bake at 150 °C. A 50 L/s ion pump
removes background gases from the vacuum chamber. The base vacuum pressure, as
measured by a metal-envelope enclosed Bayard-Alpert ionization gauge [37, 38], is 4(1) x
1078 Pa (Here, and throughout this paper, parenthetical quantities represent standard
deviations). An alkali metal dispenser made from 3D-printed titanium [15] was used to
deposit lithium on the vacuum chamber’s fused silica viewports. Immediately after
deposition, the optical depth of each viewport’s lithium coating was on the order of 0.1. We
observed no reduction in the coating’s optical depth during our LIAD study. The viewports
are not anti-reflection coated for the MOT’s operating wavelength to allow for better
transmission of LIAD light.
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The MOT operates on the 2S;, (F= 2) to 2P, (F= 3) transition of the 7Li. It comprises six
independent, circularly polarized, laser beams and a set of N52-grade neodymiumiron-boron
magnets. Each laser beam has 40(1) mW of power, a Gaussian 1/€? radius of 7.1(4) mm, and
a detuning of -18 MHz from the F=2 — F = 3 transition. Two 3D-printed thermoplastic
mounts secure the permanent magnets to the vacuum chamber such that they produce a
quadrupole magnetic field with a vertical gradient of 3 mT/cm. An electro-optic modulator
(EOM) provides repumping for the MOT by adding 814 MHz radiofrequency sidebands to
the MOT beams. The +1 order sideband addresses the /=1 — F = 2 repump transition
and contains approximately 20 % of the optical power (The ratio of the carrier power to the
+1 order sideband power is approximately 3:1).

We use three different light sources to desorb Li from the fused silica viewports. The first
two sources are multimode laser diodes (LD) operating at 405 nm and 445 nm. The 405 nm
LD has a fiber pigtail and can deliver up to 350 mW to the vacuum chamber. The 445 nm
LD is free-space coupled and has a maximum power output of 1.6 W. Our last light source is
a UV LED with a center wavelength of 385 nm and a maximum power output of 1.6 W. We
collimate the LED output using an aspheric condenser lens, but the LED output’s large
divergence still limits the power available for LIAD to approximately 500 mW. The average
intensity corresponding to the maximum LIAD power is approximately 45 mW/cm2, 70
mW/cm?, and 300 mW/cm? for the 385 nm, 405 nm, and 445 nm light sources, respectively.

A longpass dichroic mirror overlaps the LIAD light with one of the MOT laser beams to
couple it onto the vacuum viewports. The dichroic mirror has a cutoff wavelength of 380
nm, which prevents us from investigating desorption at shorter wavelengths. All our LIAD
light sources are collimated and normally incident to both the input and output viewports. As
such, LIAD light passes through the vacuum chamber without directly impinging on any
stainless steel surfaces. Fresnel and diffuse reflections from the Li-coated viewports lead to a
small amount of desorption light eventually striking the interior of the vacuum chamber.
Limited tests of direct desorption from the vacuum chamber interior using the 405 nm LD
suggest that Li desorption from stainless steel is no better than Li desorption from fused
silica. Moreover, increased desorption of background gas molecules from the stainless steel
resulted in significant reductions in the Li MOT population. Because the illumination of
stainless steel surfaces is substantially dimmer than the illumination of the viewports, we
believe that it contributes minimally to the LIAD yield.

RESULTS

We load our Li MOT using LIAD for 40 s while measuring the MOT fluorescence with a
charge-coupled device (CCD) camera. The long loading time ensures that the MOT
population saturates to a final number N for all of the LIAD wavelengths and powers
investigated here [39]. In the abscence of the LIAD illumination, there is no observable
MOT. After the MOT loads completely, we extinguish the LIAD light and record the decay
of the trapped atom number for 10 s. We activate the LIAD light source and MOT beams 5 s
before turning on the repump EOM to collect images for background subtraction. Our
estimated non-statistical uncertainty in the conversion from integrated CCD counts to atom
number is 50%.
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Figure 1 (a) shows a typical MOT loading curve taken using the UV LED to desorb lithium
atoms. The corresponding vacuum pressure dynamics (see Fig. 1 (b)) measured by the
ionization gauge are not caused by desorbed Li. The geometry of the vacuum chamber and
lithium’s low room-temperature vapor pressure prevent any lithium from reaching the ion
gauge: the optimal path from the viewport to the gauge still requires five collisions with the
walls of the vacuum chamber. The sticking coefficient of Li on stainless steel and Li is 1 to
an excellent approximation [40-44], so we conservatively estimate that the probability for a
lithium atom to reach the ion gauge is < 10710, Additionally, when lithium was initially
deposited onto the viewport from the dispenser, a turbomolecular pump and a residual gas
analyzer (RGA) were attached to the vacuum chamber near the ion gauge. The RGA
detected no lithium despite the lithium vapor pressure, as measured by the MOT loading
rate, being orders of magnitude higher than our LIAD setup can produce [15].

Light-induced desorption of vacuum contaminants from the viewports causes the observed
pressure variation [45-47]. The pressure rise (fall) is well-described by a double exponential
growth (decay), which has previously been observed to be characteristic of LIAD [13, 18].
We fit the pressure growth, 2%, and decay, 74, using

—t/rf -t/
P=P(-e " HtPl-e "H+P, (1)

and

~1/ -t/
Py=Pe ' Tapre 'Tip,. (2

Here, Py is the nominal pressure without LIAD; Prand Psare the asymptotic pressure
increases with characteristic timescales tsand T, respectively; and Py) = P51 = e=fioad/
Tf5) are the measured pressures after the MOT has loaded for fpag = 40 s. We find that 5=
30(3) s and T¢=3.2(2) s are independent of the LIAD wavelength and power. The fast (slow)
timescale, t¢(ty), has been associated with adsorption of the LIAD product back onto
vacuum chamber surfaces that have less than (more than) a monolayer coating of the LIAD
product [18]. This explanation is reasonable provided that the adsorption time constants are
smaller than the vacuum pumping time constant, tpymp, Which is given by the volume of the
vacuum system divided by the effective pumping speed [48]. Because adsorption and
vacuum pumping act in parallel, the LIAD pressure dynamics should occur on a timescale
faster than the pumping time constant. The N, pumping speed of our ion pump and the
volume of our vacuum system imply that tpymp ~ 100 ms. The discrepancy between the
measured and expected timescales hints that either the dominate non-Li desorption product
is inefficiently removed by the ion pump or that some desorption continues even after the
desorption light is switched off.

The MOT atom number, A, increases during loading according to the differential equation
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dN
T =R-(KP(t=1)+T )N, (3)

where Ris the MOT loading rate, £ = -5 s is the delay between LIAD source activation and
the beginning of MOT loading, and K'is a constant that relates the measured background
pressure to the MOT loss rate. We assume that the additional MOT loss due to desorbed
lithium, with rate rLi, is time independent. Because the MOT immediately begins to decay
once the LIAD light is removed and the decay does not accelerate (which would imply that
lithium vapor remained in the vacuum chamber), the lithium vapor pressure must decay on a
timescale < 1 s. The rise and fall times for the lithium vapor pressure are identical since the
effective vacuum pumping speed is independent of the LIAD process, so I'i j will reach a
steady-state value before we activate the MOT. Due to the chamber geometry and lithium’s
high sticking coefficient (see above), all Li pumping in our vacuum system is provided by
the chamber surfaces close to the LIAD source and MOT. When we extinguish the LIAD
source, the MOT atom number decays as

dN
o= ~KPON. (4
The solution to Eq. (4) is
—t Ty -t/ 7,
—K|Pyz (1 —c )+ Pyt (l—e )+ Pyt
N(t) = Nye , (5

where Mg is the atom number the LIAD source is turned off. By fitting each MOT decay
curve with Eq. (5) using parameters from the pressure decay (see Eq. (2) and Fig. 1 (b)), we
can extract the proportionality constant, K. Using this value for K'and the best fit parameters
in P{t- B), Eq. (3) is fit to the associated MOT loading curve via numerical integration. The
fit yields the loading rate Rand lithium-induced decay rate I j for each loading curve.

We measured the saturated atom number, Ns= RI(KP(lioad — %) + I'Li), and loading rate, R,
of the MOT as function of the LIAD power and wavelength. Figure 2 shows the results of
these measurements. The MOT can load as many as approximately 4 x 10* ’Li atoms using
the 385 nm LED or 445 nm LD as the LIAD light source. Inducing desorption with the 385
nm LED vyields the fastest loading rates (up to approximately 4 x 103 atoms per second).
Prior studies of LIAD of other alkali elements have reported saturation of both Nsand R
[18, 19]. We do not observe saturation of either the MOT loading rate or the saturated atom
number, except possibly when desorbing Li with the 405 nm and 445 nm LDs. The lack of
saturation implies that our LIAD light sources are not depleting the viewport’s lithium
coating [28], which agrees with our observation that the viewports’ optical depth is constant
(see Section I1). Linear fits to the loading rate data yield slopes of {8.9, 3.7, 1.5} mw~1s71
for the {385 nm, 405 nm, 445 nm} light source. A parabolic fit to the loading rate slope as a
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function of LIAD photon energy suggests that there is a threshold wavelength for Li LIAD
near 470 nm [18, 24, 34]. The quadratic dependence of the loading rate on wavelength is
justified by analogy to the photoelectric effect, but there is disagreement on the validity of
this analogy in the literature [24, 34, 49, 50]. However, the majority of experiments support
both the existence of a threshold wavelength and the quadratic dependence of desorption rate
on photon energy.

Figure 3 shows I'j (a), K (b), and Ps+ P, (c) as a function of LIAD power. The total
asymptotic pressure rise, Pr+ Pg, increases with power and photon energy. The maximum
observed pressure increase is approximately 50 %, which occurs when the 385 nm LED
stimulates desorption. We expected the background loss coefficient, K| to be independent of
power because typical vacuum contaminants have similar collisional properties with Li and
the composition of gases adsorbed to the viewport should be similar to the background vapor
composition [10]. The data for the 385 nm light source are compatible with this expectation.
K exhibits some variation with power for the two longer wavelength light sources, which
may indicate that the gas composition is changing with power. The spread of the data is large
enough that we cannot exclude the possibility of constant K. The measurements of I' j only
show a clear increase with LIAD power for the 385 nm source. The Li-induced loss rate for
the 445 nm source is consistent with zero at all powers. This observation supports the
presence of a LIAD threshold wavelength 2 445 nm, since we expect the Li vapor pressure,
and therefore I'| j, to approach zero near threshold. In principle, we could use I'| j to compute
the Li vapor density at the MOT [9, 10]. However, to do so requires knowledge of kinetic
energy distribution of the desorbed lithium atoms. Because lithium has negligible vapor
pressure at room temperature, the untrapped lithium atoms are almost certainly not in
thermal equilibrium with the vacuum chamber walls. Without a more detailed understanding
of LIAD, which is beyond the scope of this work, a reasonable calculation of the untrapped
Li density is not possible.

IV. DISCUSSION

We have observed light-induced atomic desorption of lithium and used the desorbed atoms
to load a MOT. The MOT contains as many as approximately 4 x 10* 7Li atoms and loads at
rates as high as approximately 4 x 103 atoms per second. These loading rates are lower than
those achieved with lithium dispensers, which can directly load MOTSs at rates exceeding 10°
atoms per second [15, 51]. However, dispenser sources also add a significant gas load to the
vacuum system, which could limit the useful lifetime of a compact device [1] or, in the case
of vacuum sensing, cause significant systematic effects [10]. By contrast, our LIAD source
only increases the pressure during MOT loading by < 50 %. A LIAD atom source may
therefore be preferable for compact vacuum sensors, where a pristine vacuum environment
is of greater importance than high atom number.

When assessing the viability of LIAD as an atom source for mobile sensors, we must
consider both the maximum achievable atom number and the loading rate. In general,
increasing atom number increases the signal-to-noise ratio. Increasing the loading rate
increases the experimental repetition rate (and measurement duty cycle), which lead to faster
averaging, better systematic rejection, and lower aliasing noise [52, 53]. However, how large
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atom numbers and fast loading rates translate into the measurement of a particular quantity
is quite dependent on the details of the measurement itself. Consider, for example, a single-
shot atom interferometry experiment. In this case, the expected Allan deviation in the phase
scales roughly as W where . is the repetition time and A is the number of atoms. For

the largest MOTS achieved in this work [39], we might expect an atom shot-noise-limited
Allan deviation of the order of 30 mrad Hz~/2 (we do not expect that this limit could be
realized in a deployable device). By comparison, a recent mobile interferometer achieved an
Allan deviation on the order of 10 mrad Hz~1/2 [54].

Vacuum sensors operating below 10~/ Pa with an accuracy better than 10 % are not
currently available and would be satisfactory for most applications [10, 55]. The relative
uncertainty in the lifetime, <, of a trapped sample initially containing Ay atoms approaches
1 /\/NT) when measuring the remaining atom number at times around 2. Thus, in a single

shot with Ap known and Ap ~ 10%, a sensor should have the necessary precision to exceed
the 10 % specification above. Further averaging is necessary to determine Ag and to look for
systematics, but we note that t,> 2t. For a 1078 Pa background gas pressure, t is typically
of the order of 10 s, implying that the loading rates we have achieved using the 385 nm LED
(approximately 4 x 103 atoms per second) will not significantly impact this measurement.

Figure 2 suggests two approaches to boosting the MOT atom number and loading rate:
increasing the LIAD power or decreasing the LIAD wavelength. In the limit of negligible
background gas pressure, the MOT atom number should saturate to a value given by Npax =
RITY [27, 28] (here we assume that Rand I'  are both directly proportional to the LIAD
power). The data taken using 385 nm LED at its highest power output implies Aiyay ~ 10°.
This analysis suggests that increasing the LIAD power, for the range of wavelengths that we
have investigated, will increase the saturated MOT atom number, but only to Ng~ Npyax.
Although the potential gain in atom number is limited, using more LIAD power will still
increase R. Our study of the loading rate as a function of the desorption wavelength
indicates that the MOT atom number and loading rate could be increased by inducing
desorption with a deeper UV light source. Such a light source would also desorb background
gases with higher efficiency, so improvements to the vacuum environment will be necessary
to fully realize the potential gain in MOT performance.

Prior studies with other alkalis suggest that LIAD from borosilicate glass, rather than fused
silica, yields higher alkali vapor pressures [30]. Lithium corrodes most silicate glasses [56—
60], but, to our knowledge, the degradation of vacuum viewports subject to lithium exposure
has not been systematically investigated. The amount of corrosion will presumably be
limited due to the small amount of Li deposition necessary for LIAD, but lithium corrosion
could shorten the lifetime of compact laser-cooled Li devices. To circumvent this potential
issue, lithium could be deposited on a glass piece contained within the vacuum system [30]
or, possibly, it could be desorbed directly from a pellet of lithium metal [61]. Both of these
strategies will be the subject of future experiments.
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Phys Rev A (Coll Park). Author manuscript; available in PMC 2019 April 12.



1duosnue Joyiny 1SIN 1duosnue Joyiny 1SIN

1duosnuey Joyiny 1SIN

Barker et al. Page 8
diodes used in this work. C. Kasik performed several early measurements that contributed to
our understanding of LIAD and informed the construction of our apparatus. DSB
acknowledges support from the National Research Council Postdoctoral Research
Associateship Program.

References

[1]. Rushton JA, Aldous M, and Himsworth MD, Review of Scientific Instruments 85, 121501 (2014).
[PubMed: 25554265]

[2]. Keil M, Amit O, Zhou S, Groswasser D, Japha Y, and Folman R, Journal of Modern Optics 63,
1840 (2016). [PubMed: 27499585]

[3]. Duan LM, Lukin MD, Cirac JI, and Zoller P, Nature 414, 413 (2001). [PubMed: 11719796]

[4]. Yang S-J, Wang X-J, Bao X-H, and Pan J-W, Nature Photonics 10, 381 (2016).

[5]. Bodart Q, Merlet S, Malossi N, Dos Santos FP, Bouyer P, and Landragin A, Applied Physics
Letters 96, 134101 (2010).

[6]. Barrett B, Antoni-Micollier L, Chichet L, Battelier B, Léveque T, Landragin A, and Bouyer P,
Nature Communications 7, 13786 (2016).

[7]. Abend S, Gebbe M, Gersemann M, Ahlers H, Mintinga H, Giese E, Gaaloul N, Schubert C,
Lammerzahl C, Ertmer W, Schleich WP, and Rasel EM, Physical Review Letters 117, 203003
(2016). [PubMed: 27886486]

[8]. Wu X, Zi F, Dudley J, Bilotta RJ, Canoza P, and Miiller H, Optica 4, 1545 (2017).

[9]. Arpornthip T, Sackett CA, and Hughes KJ, Physical Review A 85, 033420 (2012).

[10]. Scherschligt J, Fedchak JA, Barker DS, Eckel S, Klimov N, Makrides C, and Tiesinga E,
Metrologia 54, S125 (2017). [PubMed: 29269961]

[11]. Schkolnik V, Hellmig O, Wenzlawski A, Grosse J, Kohfeldt A, Déringshoff K, Wicht A,
Windpassinger P, Sengstock K, Braxmaier C, Krutzik M, and Peters A, Applied Physics B 122,
217 (2016).

[12]. Alcock CB, Itkin VP, and Horrigan MK, Canadian Metallurgical Quarterly 23, 309 (1984).

[13]. Anderson BP and Kasevich MA, Physical Review A 63, 023404 (2001).

[14]. Fortagh J, Grossmann A, Hansch TW, and Zimmermann C, Journal of Applied Physics 84, 6499
(1998).

[15]. Norrgard EB, Barker DS, Fedchak JA, Klimov N, Scherschligt J, and Eckel SP, Review of
Scientific Instruments 89, 056101 (2018). [PubMed: 29864797]

[16]. Abramova IN, Aleksandrov EB, Bonch-Bruevich AM, and Khromov VV, JETP Letters 39, 203
(1984).

[17]. Gozzini A, Mango F, Xu J, Alzetta G, Maccarrone F, and Bernheim R, Il Nuovo Cimento D 15,
709 (1993).

[18]. Klempt C, van Zoest T, Henninger T, Topic O, Rasel E, Ertmer W, and Arlt J, Physical Review A
73, 013410 (2006).

[19]. Zhang P, Li G, Zhang Y, Guo Y, Wang J, and Zhang T, Physical Review A 80, 053420 (2009).

[20]. Coppolaro V, Papi N, Khanbekyan A, Marinelli C, Mariotti E, Marmugi L, Moi L, Corradi L,
Dainelli A, Arikawa H, Ishikawa T, Sakemi Y, Calabrese R, Mazzocca G, Tomassetti L, and
Ricci L, Journal of Chemical Physics 141, 134201 (2014). [PubMed: 25296799]

[21]. Mango F and Maccioni E, European Physical Journal D 50, 253 (2008).

[22]. Meucci M, Mariotti E, Bicchi P, Marinelli C, and Moi L, Europhysics Letters 25, 639 (1994).

[23]. Alexandrov EB, Balabas MV, Budker D, English D, Kimball DF, Li CH, and Yashchuk VV,
Physical Review A 66, 042903 (2002).

[24]. Gozzini S and Lucchesini A, European Physical Journal D 28, 157 (2004).

[25]. Atutov SN, Calabrese R, Guidi V, Mai B, Rudavets AG, Scansani E, Tomassetti L, Biancalana V,
Burchianti A, Marinelli C, Mariotti E, Moi L, and Veronesi S, Physical Review A 67, 053401
(2003).

Phys Rev A (Coll Park). Author manuscript; available in PMC 2019 April 12.



1duosnue Joyiny 1SIN 1duosnue Joyiny 1SIN

1duosnuey Joyiny 1SIN

Barker et al.

[26].
[27].
[28].

[29].

[30].
[31].
[32].
[33].
[34].
[35].
[36].
[37].

[38].
[39].

[40].
[41].
[42].
[43].
[44].
[45].
[46].
[47].
[48].
[49].

[50].
[51].

[52].

[53].

[54].

[55].

Page 9

Aubin S, Extavour MHT, Myrskog S, LeBlanc LJ, Estéve J, Singh S, Scrutton P, McKay D,
McKenzie R, Leroux ID, Stummer A, and Thywissen JH, Journal of Low Temperature Physics
140, 377 (2005).

Telles G, Ishikawa T, Gibbs M, and Raman C, Physical Review A 81,032710 (2010).

Torralbo-Campo L, Bruce GD, Smirne G, and Cassettari D, Scientific Reports 5, 14729 (2015).
[PubMed: 26458325]

Agustsson S, Bianchi G, Calabrese R, Corradi L, Dainelli A, Khanbekyan A, Marinelli C,
Mariotti E, Marmugi L, Ricci L Stiaccini, Tomassetti L, and Vanella A, Scientific Reports 7,
4207 (2017). [PubMed: 28646176]

Du S, Squires MB, Imai Y, Czaia L, Saravanan RA, Bright V, Reichel J, Hansch TW, and
Anderson DZ, Physical Review A 70, 053606 (2004).

Mimoun E, Sarlo LD, Jacob D, Dalibard J, and Gerbier F, Physical Review A 81, 023631 (2010).
Fowler R, Physical Review 38, 45 (1931).

DuBridge LA, Physical Review 43, 727 (1933).

Xu JH, Gozzini A, Mango F, Alzetta G, and Bernheim RA, Physical Review A 54, 3146 (1996).
Sefa M, Fedchak JA, and Scherschligt J, Journal of Vacuum Science & Technology A 35, 041601
(2017).

Fedchak J, Scherschligt J, Barker D, Eckel S, Farrell A, and Sefa M, Journal of Vacuum Science
and Technology A: 36, 023201 (2018).

Arnold PC, Bills DG, Borenstein MD, Borichevsky SC, and Arnold P, Journal of Vacuum
Science & Technology A 12, 580 (1994).

Fedchak JA and Defibaugh DR, Journal of Vacuum Science & Technology A 30, 061601 (2012).

For optimal loading conditions, the MOT atom number reaches 10% atoms in about 3 s and
saturates within 20 s.

Sugai H, Toyoda H, Nakamura K, Furuta K, Ohori M, Toi K, Hirokura S, and Sato K, Journal of
Nuclear Materials 220-222, 254 (1995).

Kleine H, Eckhardt M, and Fick D, Surface Science 329, 71 (1995).

Farmer JA, Ruzycki N, Zhu JF, and Campbell CT, Physical Review B 80, 035418 (2009).
Skinner CH, Capece AM, Roszell JP, and Koel BE, Journal of Nuclear Materials 468, 26 (2016).
Knaster J, Kanemura T, and Kondo K, Heliyon 2, 00199 (2016). [PubMed: 27981246]

Halama HJ and Foerster CL, Vacuum 42, 185 (1991).

Herbeaux C, Marin P, Baglin V, and Grébner O, Journal of Vacuum Science & Technology A 17,
635 (1999).

Koebley SR, Outlaw RA, and Dellwo RR, Journal of Vacuum Science & Technology A 30,
060601 (2012).

Jitschin W, in Handbook of Vacuum Technology, edited by Jousten K (Wiley-VCH GmbH,
Weinheim, 1981) pp. 83-166.

Marinelli C, Burchianti A, Bogi A, Della Valle F, Bevilacqua G, Mariotti E, Veronesi S, and Moi
L, European Physical Journal D 37,319 (2006).

Lucchesini A, Gozzini S, Marinelli C, and Marmugi L, Coatings 6,47 (2016).

Ladouceur K, Klappauf BG, Van Dongen J, Rauhut N, Schuster B, Mills AK, Jones DJ, and
Madison KW, J. Opt. Soc. Am. B 26, 210 (2009).

Meunier M, Dutta I, Geiger R, Guerlin C, Garrido Alzar CL, and Landragin A, Physical Review
A 90, 063633 (2014).

Schioppo M, Brown RC, McGrew WF, Hinkley N, Fasano RJ, Beloy K, Yoon TH, Milani G,
Nicolodi D, Sherman JA, Phillips NB, Oates CW, and Ludlow AD, Nature Photonics 11, 48
(2017).

Hauth M, Freier C, Schkolnik V, Senger A, Schmidt M, and Peters A, Appl. Phys. B Lasers Opt.
113, 49 (2013).

Scherschligt J, Fedchak JA, Ahmed Z, Barker DS, Douglass K, Eckel S, Hanson E, Hendricks J,
Klimov N, Purdy T, Ricker J, Singh R, and Stone J, Journal of Vacuum Science & Technology A
36, 040801 (2018).

Phys Rev A (Coll Park). Author manuscript; available in PMC 2019 April 12.



1duosnue Joyiny 1SIN 1duosnue Joyiny 1SIN

1duosnuey Joyiny 1SIN

Barker et al.

Page 10

[56]. Barsoum M, Velez M, Tuller HL, and Uhlmann DR, in Surfaces and Interfaces in Ceramic and
Ceramic-Metal Systems, edited by Pask J and Evans A (Plenum Press, New York, 1981) pp. 567—
577.

[57]. Maschhoff BL, Zavadil KR, and Armstrong NR, Applied Surface Science 27, 285 (1986).

[58]. Bunker BC, Douglas SC, and Quinn RK, Journal of Materials Research 2, 182 (1987).

[59]. Maschhoff BL and Armstrong NR, Surface and Interface Analysis 14, 76 (1989).

[60]. Sun Q, Zhang B, and Fu ZW, Applied Surface Science 254, 3774 (2008).

[61]. Kock O, He W, Swierad D, Smith L, Hughes J, Bongs K, and Singh Y, Scientific Reports 6,
37321 (2016). [PubMed: 27857214]

Phys Rev A (Coll Park). Author manuscript; available in PMC 2019 April 12.



1duosnue Joyiny 1SIN 1duosnue Joyiny 1SIN

1duosnuey Joyiny 1SIN

Barker et al.

Page 11

10° 5
(a)
9]
Q
§1O4:‘
z ]
=
S U ——
x1078
8 .
(b)
©
e
o
3
a
g
[« W

60 80 100 120 140 160
t(s)

FIG. 1.
MOT loading with 490 mW of light from the 385 nm LED. (a) shows the atom number as a

function of time in green and fits to the data using Equations (3) and (5) in purple, with solid
lines indicating loading and dashed lines indicating decay. The vacuum pressure measured
by an ionization gauge is shown in (b). The solid (dashed) black line in the bottom subplot
indicates a double exponential growth (decay) fit to the pressure data (see Equations (1) and
(2)). The vertical dotted lines denote the beginning and end of MOT loading.
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Page 12

Saturated atom number (a) and loading rate (b) for the ’Li MOT as a function of LIAD
power. Data are for LIAD sources operating at 385 nm (lavender circles), 405 nm (purple
triangles), and 445 nm (blue squares). The solid lines in (b) are linear fits to the measured
loading rate. The errorbars in both subplots represent the standard deviation of at least four

measurements.
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FIG. 3.
Loss processes and pressure rise during LIAD as a function of power: (a) Loss rate, I'| j, of

7Li from the MOT due to untrapped ’Li, (b) background loss rate coefficient K, and (c) total
asymptotic pressure increase Pr+ P, Data are for LIAD sources operating at 385 nm
(lavender circles), 405 nm (purple triangles), and 445 nm (blue squares). The errorbars in
each subplot represent the standard deviation of at least four measurements.
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