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Continuous Guided Strontium Beam with High Phase-Space Density
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Florian Schreck

Van der Waals-Zeeman Institute, Institute of Physics, University of Amsterdam, Science Park 904,
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A continuous guided atomic beam of 8 Sr with a phase-space density exceeding 10~ in the moving
frame and a flux of 3 x 107 at. s~! is demonstrated. This phase-space density is around 3 orders of magni-
tude higher than previously reported for steady-state atomic beams. We detail the architecture necessary to
produce this ultracold-atom source and characterize its output after propagation for approximately 4 cm.
With radial temperatures of less than 1 «K and a velocity of 8.4 cms™!, this source is ideal for a range of
applications. For example, it could be used to replenish the gain medium of an active optical superradi-
ant clock or be used to overcome the Dick effect, which can limit the performance of pulsed-mode atom
interferometers, atomic clocks, and ultracold-atom-based sensors in general. Finally, this result represents
a significant step toward the development of a steady-state atom laser.
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I. INTRODUCTION

From atomic clocks [1] to atom interferometers [2],
cold-atom and ultracold-atom devices are defining the state
of the art of precision measurement. Cold-atom sensors
are tackling fundamental questions such as detecting dark
matter or dark energy [3—6], gravitational waves, [7—10]
and variations of fundamental constants [11,12], as well
as making precision measurements of physical constants
[13—16]. In the applied domain, optical atomic clocks con-
tinue to set new records in timekeeping [17—19], while
cold-atom gravimeters, gravity gradiometers, gyroscopes,
and accelerometers are of growing importance for geol-
ogy and navigation [20-23]. Yet almost all these cold-atom
sensors and the atom sources they rely on operate in pulsed
mode, which poses a fundamental limitation. The Dick
effect [24,25], where frequency-noise aliasing arises from
the dead time between sample interrogations, intrinsically
limits the performance of a pulsed device.

Atomic clocks now reach sensitivities where the Dick
effect limits performance [26,27]. Improvements in the
optical clock local oscillator has allowed them to bet-
ter preserve phase across the dead time [28,29]. Others
synchronize multiple copies of the same apparatus to
avoid dead time [22,30,31], or increase the duty cycle by
performing multiple measurements after a single sample-
preparation phase [32—34]. Hybridization of a cold-atom
interferometer with other devices can combine the low off-
sets of atom interferometers with the higher bandwidth
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of classical devices in a single apparatus [23]. A fun-
damentally simpler approach would be to create a fully
continuous device [35-38]. Active optical clocks [39,40]
are a promising proposal for producing a new generation
of optical clocks that are inherently continuous, circum-
venting both the Dick effect and other challenges now
limiting optical lattice clocks, such as the thermal noise
of the local oscillator. These are based on the principle of
superradiant lasing of ultracold atoms inside a “bad” opti-
cal cavity. The operating principle has been demonstrated
[41], even on strontium’s optical clock transition [42], but
what is desirable is a high-phase-space-density (PSD) con-
tinuous atom source to run the clock steady state [43,44].
Similarly, other cold-atom sensors would benefit from con-
tinuous operation, such as inertial sensors for navigation
that could feature both absolute calibration and continuous
measurement [45].

The development of atomic beams with high phase-
space density has historically been closely tied to efforts to
produce a steady-state atom laser [46], perhaps the ultimate
source for many cold-atom sensors. Lahaye et al. [47,48]
demonstrated steady-state beams with a PSD of 1077 by
repeatedly out-coupling rubidium atoms from a magneto-
optical trap (MOT) and evaporatively cooling them as they
traversed a 4.5-m-long magnetic waveguide. A chromium
beam of 1 x 107 at. s~! with a PSD of 3 x 10~% was pro-
duced in the work reported in Refs. [49,50], and Knuffman
et al. [51] produced a cesium beam of 5 x 10'0 at. s™!
with a PSD of 4 x 10~ for a focused-ion-beam source.

Here we present a continuous 58Sr source delivering
an atomic beam of 3 x 107 at. s™! with a phase-space
density of more than 10~* in the moving frame. To

© 2019 American Physical Society


https://orcid.org/0000-0001-5374-2129
https://orcid.org/0000-0001-8225-8803
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.12.044014&domain=pdf&date_stamp=2019-10-07
http://dx.doi.org/10.1103/PhysRevApplied.12.044014

CHUN-CHIA CHEN et al.

PHYS. REV. APPLIED 12, 044014 (2019)

enable an extremely low forward velocity of approxi-
mately 10 cms™!, this beam is supported against gravity
by an optical dipole guide. This source could feed an atom
interferometer in continuous-operation mode, in particu-
lar using the 'Sp->P, clock transition in a magic wave-
length guide [52,53]. Moreover, this high-PSD atomic
beam could provide the gain medium for a steady-state
superradiant laser [39,40,42], and produce a clock laser
with linewidth substantially narrower than the transition
linewidth [54]. Lastly, this beam could possibly be the
source for a continuous atom laser [55-58].

This paper is structured as follows. Section II describes
the experimental setup and the various steps and methods
necessary to produce the beam. In Sec. 111, we discuss fig-
ures of merit for characterizing cold atomic beams. We
then present our measurement protocols and the results
we obtain for two strontium isotopes in Sec. IV. Lastly,
in Sec. V we discuss possible applications for our continu-
ous high-phase-space-density atomic beam and summarize
our results.

II. EXPERIMENT

Our approach to producing a continuous, cold, bright
atomic beam is based on flowing gaseous strontium
through a series of spatially distributed laser cooling and
guiding stages. Our scheme is illustrated in Fig. 1. The
first stages are responsible for cooling atoms, beginning
with an approximately—800-K oven and finishing with an
approximately-10-uK steady-state MOT. We have previ-
ously reported on this MOT architecture [59]. We next out-
couple atoms from the MOT into an optical dipole guide,
creating a bright, slow atomic beam. Transverse cooling of
this atomic beam together with measures to detune MOT
light and prevent it from interacting with the beam are
critical to achieve high performance. We characterize the
resulting atomic beam at a location approximately 37 mm
from the MOT. In the following section, we explain the
details of this apparatus.

A. Steady-state MOT atom source

Beginning from an 800-K hot oven, atoms are trans-
versely cooled, Zeeman slowed, and captured by a two-
dimensional continuous MOT with “push” beams, all oper-
ated on the 30-MHz-linewidth 'Sy-'P; transition. This
first stage creates a beam with a flux of 2.7 x 10° ®Sr
atoms per second at approximately 10 mK with a verti-
cal downward velocity of a few meters per second. This
beam is transversely cooled by a molasses operating on the
7.4-kHz-linewidth 'S,->P; transition, reducing the radial
temperature to approximately 10 uK and allowing the
beam to efficiently propagate to a second, lower chamber
through a baffle. The baffle and the dual chamber designs
are used to prevent ultracold atoms in the lower chamber
from being heated by the continuously operating cooling
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FIG. 1. Production of a high-PSD atomic beam. An oven emits

strontium atoms that are transversely cooled and slowed by a
Zeeman slower, the output from which is caught by a two-
dimensional (2D) MOT, all operating on the !S;-'P; transition
(beams in blue). The 'Sy->P; transition (beams in red) is then
used to radially cool the atoms by an optical molasses, before
they fall under gravity to a baffled second chamber. Here atoms
are recaptured in a steady-state five-beam MOT, again operated
on the 'Sy-3P; transition. The MOT is overlapped with an opti-
cal guide, into which atoms are launched with a mean velocity
of approximately 10 cms~'. This guided beam is radially cooled
along the way by three low-intensity molasses beams. The ROI
where we characterize the atomic beam is located 37 mm from
the MOT.

light in the upper chamber. This can be critical depending
on the time spent by the atoms in the lower chamber.

The falling atomic beam is captured by a steady-state
three-dimensional MOT operating on the 7.4-kHz 'Sy->P;
transition. The MOT geometry consists of five beams in
an orthogonal configuration. In the vertical direction, we
shine a single MOT beam from below and rely on grav-
ity to provide the downward restoring force. The MOT
quadrupole magnetic field has gradients of 0.55, —0.32,
and —0.23 Gem™! in the x, y, and z directions, respec-
tively. Atoms in the MOT typically have a temperature
ranging from 5 to 30 uK. The MOT laser detunings and
intensities are adjusted to maximize the performance of
the atomic beam in the region of interest (ROI; see Fig. 1)
rather than the MOT itself.

To address atoms with Doppler shifts much larger
than the 7.4-kHz atomic linewidth, we use acousto-optic
modulators to frequency broaden the MOT beams to a
comblike structure with a spacing of 6 ~ 20 kHz (cor-
responding to 2-3 x I'ig 3p /27). The detuning ranges
(A1;68; Ay) are (—2.2;0.015; —0.66), (—5.2;0.02; —0.95),
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and (—2.2;0.016; —0.82) MHz for the x, y, and z axis,
respectively. The power in each x-axis, y-axis, and z-axis
MOT beam is 1.2, 10.8, and 1.14 mW and the 1/ beam
diameter is 47, 68, and 48 mm, respectively. The single
beam in the y direction is focused 22 cm above the cen-
ter of the MOT quadrupole magnetic field and its 1/¢?
diameter is approximately 35 mm at the MOT location.
The MOT beams along the z axis provide confinement
that can prevent the emission of an atomic beam along the
z direction. To mitigate this problem, we bore an §-mm-
diameter hole in the center of the two mirrors directing
the z MOT beams from each side of the vacuum cham-
ber (see Fig. 1). This allows the insertion of an extra pair
of low-intensity MOT beams down the z axis of the MOT,
strong enough to trap the cold MOT atoms but weak com-
pared with the other MOT beams, which are optimized
to capture hot incoming atoms. These additional beams
fill up the holes entirely with a 1/¢* diameter of approx-
imately 8 mm, and they have a smaller detuning range
of (—1.25;0.017; —0.85) MHz and a much lower power
of 5 uW. In addition to facilitating the out-coupling of a
guided atomic beam, the resulting MOT cloud is also elon-
gated along the z axis, resulting in greater spatial overlap
with the guide. Further details describing the steady-state
three-dimensional MOT can be found in Ref. [59].

B. Transport guide

We continuously load atoms from the steady-state MOT
into a “transport” guide, formed by an optical dipole beam
overlapped with the MOT cloud and propagating along
the z axis. The guide is produced by focusing 12 W from
a 1070-nm ytterbium fiber laser (IPG YLR-20-LP with
a linewidth of 1.1 nm) to a 92-um 1/e? radius waist at
the location of the MOT. To extend the guide length and
increase the uniformity of the guide potential depth we
retroreflect the (incoherent) beam, focusing its second pass
approximately 35 mm from the MOT along the z axis in the
direction of the atomic beam propagation, with the same
waist as in the first pass. The 35-mm distance between foci
is chosen to be on the same order as the Rayleigh length
(25 mm) of both of these beams. By adapting the power
of the retroreflected beam with a polarizing beam splitter
and a A/2 waveplate, we can tune and flatten the poten-
tial landscape along the guide. The effective trap depth
at the MOT location is approximately 3540 uK, and
37 mm away, where the potential is flattened the depth is
approximately 25 puK and the radial trapping frequency
w, = 2w x 185 Hz. This deep, large-volume trap at the
MOT location increases the loading efficiency, and the flat
potential for the final beam helps with further laser cooling
stages by reducing light-shift variations. The off-resonant
scattering rate in the guide is negligible at approximately
0.1 Hz.

C. Dark spontaneous-force-optical-trap cylinder

In our implementation, two MOT beams are overlapped
and collinear with the transport guide in the z direction. It
typically takes approximately 0.4 s for atoms in the atomic
beam to propagate the 37 mm from the MOT to the char-
acterization location. Over such a long interaction time
even a very small amount of resonant MOT light would
be sufficient for the MOT restoring force to return atoms
from the atomic beam to the MOT, thus devastating the
beam’s flux and temperature. Two factors mitigate this
effect. Firstly, the MOT-light intensity is much lower in
the 8-mm-core beam. Secondly, the *P; m; = —1 state
experiences a 0.48 MHzcm™! Zeeman shift due to the
MOT’s quadrupole magnetic field, quickly shifting the
atoms propagating in the beam out of resonance with
the MOT light. However, these measures alone are not
sufficient.

To further reduce the interaction between the MOT
beams and the atomic beam, we adapt the dark
spontaneous-force-optical-trap (SPOT) technique [60].
Along both MOT beams in the z direction, we image a
20 cm-long, 600-pum-outer-diameter cylinder. By over-
lapping this shadow with the transport guide, we further
darken the MOT region extending far beyond the char-
acterization location 37 mm from the MOT. The cylinder
is assembled by our suspending a stainless-steel capillary
within each inner z-axis MOT beam. The capillary has an
inner diameter of 400 pum, through which three 50-um-
diameter twisted wires pass. At the ends of each cylinder,
the three thin wires are pulled taut triangularly sideways,
forming a tetrahedron shape, and are glued to an x-y trans-
lator (Thorlabs, CXY1, 30-mm cage x-y translator); see
Figs. 2(a) and 2(b). The x-y translators are used to precisely
position each cylinder within a MOT beam. In front of each
collimated MOT beam, we use a simple two-lens system in
the f -2f -f configuration (f'= 500 mm) to image the cylin-
der’s shadow onto the transport guide with a magnification
of 1.

We characterize the performance of these dark SPOT
cylinders by imaging the shadow actually produced on
the atoms, by collecting leakage light transmitted through
MOT mirrors and imaging it onto a camera. By varying
the image plane on the camera chip, we can select a spe-
cific object plane along the transport guide, as shown in
the example in Fig. 2(c). Using this method, we check the
alignment of the dark volume across the atom’s whole 37-
mm traveling distance. We measure an attenuation of the
MOT light by a factor of approximately 30—40 along the
center of the transport guide due to the dark SPOT cylin-
ders. The darkness is ultimately limited by imperfections in
the cylinder’s surface and imaging, and by Poisson’s spot
from diffraction. Another MOT-beam geometry, without a
beam in the z direction, could be envisioned, but some sort
of dark slit would still be required to darken the region
where the guide crosses out of the MOT beam.

044014-3
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FIG. 2. MOT-beam shadow-casting structure. To protect the
guided atomic beam from the copropagating MOT light, two
cylinders are imaged at the guide location, one for each MOT
beam along the z axis. This structure consists of a capillary sus-
pended with the use of three threaded 50-um-diameter wires.
The picture shows the MOT-light attenuation due to one cylinder,
imaged at the plane corresponding to one end of a single cylin-
der. A dark cylinder achieves an attenuation of approximately
3040 throughout its imaged length. The lines toward the edges
are from the imaged suspension wires.

D. Launch beam

With both the reduced MOT-beam intensities along the z
axis and the effect of the dark SPOT cylinders, we observe
out-coupling of atoms into the transport guide, followed
by propagation across 37 mm. However, the atoms’ speed
is extremely low, dictated mainly by the MOT temper-
ature, and is beyond the experimentalist’s control. The
resulting flux varies strongly, and any imperfection in the
engineered darkness results in a beam that appears to stop
at seemingly random places. Moreover, low propagation
speeds render the beam more vulnerable to losses such as
background-gas collisions and off-resonant scattering from
the transport guide. To remedy this situation, we add a
“Jaunch” laser beam resonant with the ' Sy-> P, 7 transition.
This 250-um-waist beam shines 30 nW of light at the over-
lap between the MOT and the transport guide, forming an
angle with the guide of 6° (see Fig. 1). With the help of this
launch beam, we can out-couple MOT atoms into the guide
with a well-controlled mean velocity ranging from 8 to
25 cms~! (see Sec. IV). During the remainder of this work,
we typically use a launch-beam intensity corresponding to

a measured velocity of 89 cms™.

E. Transverse cooling

By applying transverse cooling with the !Sy-*P; 7 tran-
sition to atoms propagating along the guide, we can both
minimize the atomic beam’s transverse temperature and
optimize flux by removing evaporative losses. To this end,

we place three single-frequency laser beams with propa-
gation axes perpendicular to the atomic beam, a 36 mm
1/€? diameter beam propagating upward along the y axis,
and a counterpropagating 28.8 mm 1/¢?> diameter beam
pair along the x axis, as shown in Fig. 1. These beams
are centered approximately 35 mm from the MOT center
and have powers of 1.4 and 6.75 uW for the horizontal
and vertical axes, respectively. This gives a peak combined
intensity of approximately 0.5 times the saturation param-
eter. These transverse cooling beams have a frequency
80 kHz blue detuned from the !Sy->P; 7 transition for free
atoms. As a result of the differential light shift from the
guide, this corresponds to an approximately-200-kHz red
detuning for atoms passing along the center of the guide.
With this transverse cooling, the radial temperature is ulti-
mately lowered to about 1 K and the flux is increased by
a factor of approximately 2.

I11. FIGURES OF MERIT: AN OVERVIEW

In the literature a variety of measures have been used
to characterize the performance of atomic beams, with
each measure optimized for different applications. In this
section we introduce and summarize these figures of merit
as well as put them into context for applications such
as interferometry, gain media for superradiant lasers, and
atom lasers.

Assuming a Gaussian density distribution of the atoms
in the radial direction, the beam flux @ can be represented

by
o »
b= / ny exp (— 2) 2 rdr v,
0 2Ar (1)

= 2 A ngv, = ppUs,

where Ar is the root-mean-square one-dimensional (1D)
spatial spread, ng is the peak density, p; is the linear den-
sity, and v, is the mean longitudinal velocity. All these
parameters can be directly measured in our experiment.
The flux density is the flux per unit cross-section area,
given by po = ¢/ A

We also give the beam performance in terms of the gas
phase-space density, usually used for ultracold and quan-
tum degenerate gases. The PSD is expressed in the moving
frame as

2
PPSD = No Agg . AdB.z

e e
~ N\ SammkeT.) 2w mk T

where % is the Planck constant, kz is the Boltzmann con-
stant, m is the atomic mass, and Agp, (A4 ) is the thermal
de Broglie wavelength associated with the 1D temperature
T,(T>) in the radial (axial) direction. Since we observe that
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the velocities follow Gaussian distributions, these effective
1D temperatures are directly related to the measured root-
mean-square 1D velocity spreads by the relations Av, =
kT, /m and Av, = /kgT,/m.

There are two ways in which we estimate the peak
atom number density ny. Firstly, we can use absorption
imaging and fit a Gaussian profile to estimate the peak
density. Alternatively, we may assume that the atom den-
sity inside the guide follows a Boltzmann distribution with
radial temperature 7,. The density distribution then fol-
lows n(r) = no therm €Xp [—(U(r) /kpT,)], where U(r) is the
potential energy due to the transport guide. This is valid
in the case of a gas in thermal equilibrium because of
a high collision rate. For a guide that is deep compared
with the radial temperature, its radial potential can be
approximated by a harmonic oscillator potential with trap-
ping frequency w,/2m. With Eq. (1), the peak density in
the thermalized case is then related to the linear density
by pr = 1o therm 27k T, r/ma)f, and the expression for the
phase-space density in Eq. (2) can be written as

2
OPSD,therm = 70,therm )‘dB,r AdB,z

( hew, >2 h 3)
=P 2 kT, ) 27w mkgT,

The temperatures 7, and 7, the trapping frequency w, /27,
and the linear density p; are directly accessible from the
experimental data.

Another quantity of interest for establishing the useful-
ness of a beam source is its brightness (or radiance). In the
literature it is often expressed by the flux density divided
by the solid angle 2 of the beam divergence, and it is of
primary interest to characterize ion beams [61]. Since our
beam is strongly confined by the transport guide and since
the axial speed is very low, the beam divergence can be
negligible between, for example, two regions of interroga-
tion in an interferometry scheme. The brightness is thus
not the most-suitable quantity to characterize our beam.
We nonetheless provide it for completeness in the case of
a cold atomic beam [62,63]:

O]

R= TAPQ’ @)

where Q = m(Av,/v.)?. Similarly, the brilliance B of the
beam is given by

_ 3
v D v;
Av,  m2Ar2 Av,Av?

B=TR )

Since our beam is guided, a better-suited figure of merit is
the velocity brightness R, expressed as the flux per unit

beam area per three-dimensional velocity spread:

P
o sres eremra (6)
T A Av, Av?
This expression is commonly used to characterize atomic
beams for interferometry-based precision measurement
[64—67] and to characterize atom lasers [46,68,69].

IV. RESULTS

We now present the results obtained from characteriz-
ing the atomic beam at a location 37 mm from the MOT
center, in a region out of the MOT laser beam and out of
resonance with scattered light from these beams. We mea-
sure the axial mean velocity and velocity spread, and the
radial velocity spread. We also measure the density, lin-
ear density, and transverse spatial spread. From these we
infer the beam flux, phase-space density, and brightness.
All these quantities are summarized in Table I.

A. Axial velocity and velocity spread

Owing to the extremely low temperatures reached in a
strontium MOT operated on the narrow 'Sy->P; line, the
resulting atomic beam can be extremely slow. This often-
welcome feature prevents us from characterizing the beam
velocity and velocity spread by the conventional method of
Doppler-sensitive laser-induced fluorescence [70]. To have
a laser-induced-fluorescence signal with sufficient veloc-
ity resolution, the Doppler shift has to be large compared
with the transition linewidth of the fluorescent light. The
velocity of our atomic beam is on the order of 10 cms™!,
corresponding to a Doppler shift of only 217 kHz for
the 30-MHz-wide 'Sy-! P; transition, clearly an insufficient
resolution. Alternatively, the weak 7.4-kHz-wide 'Sp->P;
transition would give a shift of 145 kHz but insufficient
fluorescence signal due to the low scattering rate.

To measure the axial atomic beam velocity and veloc-
ity spread, we instead apply a 1-ms pulse of light resonant
with the 'Sy-!P; transition, with a horizontal beam per-
pendicular to the guided atomic beam. This pulse ejects a
packet of atoms from the guide; see Fig. 3(a). We assume
that spontaneously emitted photons are equally distributed
in all directions during the ejection process, so the z-axis
mean velocity is not affected. We infer the mean veloc-
ity v, and velocity spread Av, by examining the evolution
of the atom packet propagating alongside the transport
guide. We perform this characterization for atoms in the
transport guide located 37 mm from the MOT, within the
approximately-4-mm-long ROI of our imaging setup. As
a result of the architecture of our tunable transport guide
(see Sec. 1I), the potential landscape along the guide axis
is essentially flat across the ROI. We therefore assume the
beam velocity to be constant throughout the ROI. We mea-
sure the velocity for several launch-beam intensities, and
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TABLEI. Characteristics of the beam, for both 38Sr and 34Sr, measured 37 mm away from the MOT. The symbols and their expres-
sions are detailed in the main text. All uncertainties are taken as the standard deviation from the fitted data. v, and Av, could not be
measured for 34Sr as the flux is not large enough, so we assume the same values as for ®Sr, scaled by the mass ratio.

Parameter 8Sr beam 84Sr beam
Axial temperature T, (1K) 29(2) 29(2)
Radial temperature 7, (1K) 0.89(4) 2.0(1)
Axial velocity v, (cms™!) 8.4(4) 8.8(4)
Axial velocity spread Av. (cms™!) 5.2(2) 5.3(2)
Radial velocity spread Av, (cms™!) 0.92(2) 1.41(4)
Spatial spread Ar (um) 23.3(4) 19.7(1.0)
Linear density p; (at. m™!) 3.88(8) x 108 1.04(5) x 107
Peak density ng (at. m™3) 1.14(4) x 10Y7 4.2(5) x 101
Flux & (at. s7}) 3.25(14) x 107 9.1(6) x 10°
Flux density pg (at. s~' m~2) 1.02(5) x 10%° 2.9(4) x 10V
Radial trapping frequency w,/2m (Hz) 185(10) 185(10)
Collision rate g (s™1) 3.5(2) x 1074 0.11(2)
PSD ppsp 1.5(2) x 107 2.7(4) x 107
Alternative PSD 0psp therm 1.3(2) x 1073 7.1(1.2) x 1076
Brightness R (at. s™! m™2 sr™!) 5.0(7) x 10" 9(2) x 10%3
Brilliance B (at. s™' m™2 sr™!) 2.5(5) x 108 5(1) x 10'®
Velocity brightness R, (at. s> m™>) 4.3(4) x 10% 7(1) x 10"

confirm that we can adjust the mean velocity within the
range from 8 to 25 cms~! [see Fig. 3(b)]. We observe that
for all launch-beam intensities the atomic beam has a sim-
ilar axial velocity spread of 5.2(2) cms~! [see Fig. 3(c)].
This velocity spread corresponds to a 1D axial temperature
0of29(2) uK. By looking at the momentum imparted to the
atomic packet by the ejection pulse in the radial direction,
we check that the heating due to this pulse is negligible
compared with the measured axial temperature.

B. Radial velocity spread

We measure the radial velocity spread in a more-
conventional way, by switching off the transport guide
and measuring the atomic beam size after ballistic expan-
sion [see Fig. 4(a)]. We obtain a radial temperature of
1.93(5) uK averaged over the entire ROI. With the addi-
tion of transverse cooling light (see Sec. II), the flux
increases by a factor of approximately 2 and the radial tem-
perature reduces to 0.89(4) uK, corresponding to a radial
velocity spread of 0.92(2) cms™! [see Fig. 4(b)].

Within the ROI, we observe a mild variation of both the
density and the radial velocity spread along the transport-
guide axis. More precisely, as the atoms propagate, both
the flux and the radial temperature reduce. Without trans-
verse cooling light, this can be explained by radial losses,
which could be enhanced by eventual corrugations of the
guide potential that transfer momentum from the axial
direction to the radial direction. When the transverse
cooling light is applied, the radial temperature slowly
decreases, as expected, with the atoms’ travel time. The
losses are thus strongly reduced, leading to a slower
decrease of the flux.

C. Density, flux, and brightness

Our imaging system resolution of 4.5 um is sufficient
to image the beam density profile by absorption imaging
(with a negligible time of flight of 0.1 ms) while staying
within the dynamic range of the camera. The linear den-
sity py can be estimated by integrating the atom number
over the radial direction and along the full length of the
ROI. We fit the beam averaged along the propagation axis
to the Gaussian profile in Eq. (1) in order to estimate the
peak density ny and the spatial spread Ar. From all the
measured quantities and the expressions given in Sec. I,
we extract the results summarized in Table I for the Sr
and 3*Sr isotopes. From the measured flux captured by the
MOT and the flux observed at the end of the guide, we esti-
mate the transfer efficiency from the MOT to the beam to
be approximately 30%.

D. Thermalization

As shown in Table I, there is a clear discrepancy
between the ppsp and ppspmerm Values, with the latter
being higher by a factor of approximately 10 for ®Sr and
approximately 3 for 8Sr. The expression for ppsp esti-
mates the density on the basis of the measured atomic beam
radius rather than assuming a Boltzmann distribution in a
harmonic trap. We can therefore understand this discrep-
ancy to be due to the absence of thermalization, which can
be seen from the differences between the axial and radial
temperatures. Without a thermalized sample, ppsp therm 1S
not reliable, so we use the smaller value for the PSD given
by ppsp.

Following the work reported in Ref. [71], we can
estimate the elastic collision rate within the beam. From
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FIG. 3. Axial velocity and velocity spread of the atomic beam.
(a) Steady-state atomic beam after the application of a 1-ms
pulse of light resonant with the 'Sy-!P; transition. The ejected
wavepacket is in free flight along z for time #, after which an
absorption image is taken. (b) Center-of-mass position and (c)
width Az of the ejected wavepacket for three different intensities
of the launch beam (see Sec. II). The lines are linear fits, from
which we extract (b) the axial velocity v, and (c) the velocity
spread Awv,. Error bars on data points in (b),(c) show the standard
deviation from Gaussian fits of the ejected wavepacket.

our measurements of the anisotropic density and velocity
distributions, we can estimate the elastic collision rates to
be [y 8, = 3.5(2) x 10~4s~! and [ sag, = 0.11(2) s
Given the propagation time from the MOT of less than 0.5
s, the scattering rates for both isotopes are insufficient to
thermalize the atoms.

Despite the much higher density, the collision rate for
88Sr is approximately 300 times smaller than for 3*Sr, due
to the scattering length ag, sss, = —1.4 ap being much
smaller than ag, sss, = 122.7 ap, where ay is the Bohr
radius. These rates can be expressed as I'ej = 7190 crossVeolls
where 005 = SJragcat is the elastic cross section and
Veoll = ~/2kpTer/Tm is the mean relative velocity, for
an effective isotropic temperature T.gssg, ~ 8 K and
Tegrsag ~ 10 uK.

V. DISCUSSION

There are three essential elements that enable the per-
formance demonstrated by our steady-state beam. First,
our architecture [59] spatially separates regions requiring

(a) . _(b)
No transverse cooling Transverse cooling T T T
0.06 ¢ No transverse
| cooling

Transverse

_.0.04F cooling

0.00E o o .-
0 100 200 300

Tror (ms?)

FIG. 4. Effect of transverse cooling on the beam radial velocity
spread. (a) Absorption images of the steady-state atomic beam,
taken after switching the transport guide and laser cooling beams
off and letting the cloud expand for various times of flight TroF.
The beam is shown both without (left) and with (right) transverse
cooling applied (see Sec. II). For clarity, we set the maximum
optical density to 0.5 on the color scale, which means that some
pictures are saturated. (b) Expansion of the beam size A, in
free flight, from which we extract the radial velocity spread.
The lines are linear fits, giving Av, = 1.36(2) cms™' without
transverse cooling and Av, = 0.92(2) cms~! with transverse
cooling. This corresponds to radial temperature 7, = 1.93(5) uK
and 7, = 0.89(4) uK, respectively. The small error bars in (b)
give the standard deviation from Gaussian fits of density profiles
integrated along the whole ROI.

laser cooling on the 30-MHz-linewidth 'Sy-' P, transition
from regions using laser cooling on the 7.4-kHz-linewidth
1Sp->P| transition. This spatial separation allows us to
simultaneously combine the strengths of both transitions:
slowing fast atoms from an oven to a few meters per sec-
ond, then cooling them further to demonstrate a continuous
atomic beam with extremely low velocity (approximately
10 cms~!) and velocity spread. Second, we carefully engi-
neer the Sy-3P; laser-cooling light intensity and frequency
in order to decouple the atoms inside the beam from harm-
ful photons. This is achieved by using the dark SPOT
cylinders, and by selecting the frequency ranges and geom-
etry of the various MOT beams (in particular the two
MOT beam pairs copropagating along the z axis using
hollowed-out mirrors). Third, we radially cool atoms as
they propagate inside the transport guide, using the non-
magnetic 'Sy->P; transition. In this way we increase the
beam flux and reduce its radial velocity spread in the region
of interest.

The beam thus produced is stable over time, and the
setup described has been operated (although not continu-
ously) for months without the need for any major changes
or beam realignments. The main contribution to long-
term performance drifts is from variations in the back-
ground magnetic field. These can significantly affect the
positioning of the MOT due to the very low magnetic
field gradients used (approximately 0.3 Gem™!). When
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required, we compensate these drifts using three magnetic
coil pairs producing uniform offset fields along each axis.
The most-sensitive component in the setup is the alignment
of the dark SPOT cylinders. This is due to the significant
force that resonant scattering from residual MOT light can
impart on the extremely slow atoms propagating within the
guide. However, once the cylinders have been aligned, the
beam performance remains stable.

The steady-state beam we demonstrate here has a
phase-space density around 3 orders of magnitude higher
than any previous steady-state atomic beam. The veloc-
ity brightness R, = 4.3(4) x 10%! for ®Sr is approaching
what has been reached by pulsed quasi-cw atom lasers
[46,69]; for example, R, = 2 x 10%* in Ref. [68].

An immediate application for such a system might be
continuously replenishing the gain medium of a steady-
state superradiant active clock. There has been signifi-
cant interest in the development of active optical clocks
in recent years [39,40]. There have been pulsed demon-
strations on the strontium clock transition [42] and a
great deal of theoretical work [54,72—76], but any active
clock requires replenishment of the atoms used for the
gain medium. For the 'Sy->Py clock transition, model-
ing suggests that an ideal atomic source would consist
of a guided continuous beam with a flux of more than
1 x 107 8Sr atoms per second and a velocity of approxi-
mately 10 cms™!, criteria fulfilled by the beam we have
demonstrated.

Another interesting application is steady-state interfer-
ometry schemes that aim to operate in a continuous mode,
eliminating the Dick effect. This might be particularly
important for long interrogation times, for example, mak-
ing use of the 'Sp->Py transition [52,53], which has been
proposed for gravitational-wave detectors [9], although
most likely an additional cooling stage is necessary for
interferometry applications.

While the low axial velocity is ideal for some appli-
cations, it reduces the brightness and brilliance figures
of merit typically used for applications such as milling
with ion beams. This, along with the reduced flux com-
pared with other systems [61], would likely limit direct
use in applications such as high-current ion-beam sources
or high-rate doping. However, it can be a good starting
point for ion-beam sources where the goal is to achieve the
highest resolution. Similarly, this continuous, low-spread
beam is a good source for high-repetition-rate determinis-
tic single-ion sources [77,78].

For many applications the ultimate atomic beam source
would be a steady-state continuous atom laser, and efforts
toward this goal produced the highest phase-space-density
beams reported [47,48]. The work here represents a major
step toward this goal even though it is preliminary in
many aspects. A better control of the axial beam veloc-
ity is possible in several ways, one of which was recently
demonstrated in our group [79]. By reducing the velocity

and increasing the density, it might be possible with the
843r isotope to increase the elastic collision rate I'y; and
reach a regime where collisions dominate [47,58]. This
would enable evaporative cooling along the dipole guide
[48,57,80], which would increase the beam PSD and hope-
fully produce a continuous atom laser [46,68].

To summarize, we demonstrate a continuous guided
atomic beam of ®Sr with a phase-space density more
than 3 orders of magnitude higher than in previously
reported systems. Our beam has an extremely low
mean velocity v, = 8.4(4) cms™!, radial spatial spread
Ar=23.3(4) um, and radial velocity spread Av, =
0.92(2) cms~!. This corresponds to a radial tempera-
ture of just 0.89(4) uK. The beam flux & = 3.25(14) x
107 at. s7!, and it reaches a PSD of ppsp = 1.5(2) x 1074,
Using the 3*Sr isotope (abundance 0.56%), we obtain
a reduced phase-space density, but the longer scattering
length means that our beam is approaching the collision-
ally dense regime, where evaporative cooling can be used
to rapidly increase phase-space density. This represents a
significant step toward the demonstration of a steady-state
atom laser. Moreover, this beam is likely to find imme-
diate application in efforts to demonstrate a steady-state
superradiant active optical clock. A beam with such output
performance could fulfill the demands of other applications
requiring both ultracold atoms and uninterrupted opera-
tion, such as continuous atom interferometers, clocks, ion
sources, and steady-state atom lasers.
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