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A cold 87Rb atomic beam∗
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We demonstrate an experimental setup for the production of a beam source of cold 87Rb atoms. The atoms are

extracted from a trapped cold atomic cloud in an unbalanced three-dimensional magneto–optical trap. Via a radiation

pressure difference generated by a specially designed leak tunnel along one trapping laser beam, the atoms are pushed

out continuously with low velocities and a high flux. The most-probable velocity in the beam is varied from 9 m/s to

19 m/s by varying the detuning of the trapping laser beams in the magneto–optical trap and the flux can be tuned

up to 4×109 s−1 by increasing the intensity of the trapping beams. We also present a simple model for describing the

dependence of the beam performance on the magneto–optical trap trapping laser intensity and the detuning.
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1. Introduction

Low-velocity intense atomic beam sources are
of increasing significance in a variety of atom op-
tics experiments and applications, such as new
atomic clocks,[1] novel precision experiments,[2] atom
interferometry[3] and lithography.[4] The exploration
of the vast area of new physics is made accessi-
ble by the routine production of the Bose–Einstein
condensates.[5] In particular, they are especially im-
portant in the development of space-qualified exper-
iments, because microgravity conditions in space do
not support the use of atomic fountains.[6] A contin-
uous high flux atomic source that is comparable to
the pulsed atomic beams or the atomic fountain using
pulsed sources helps to achieve a good signal-to-noise
ratio and enhances the ultimately achievable phase
resolution of the interferometer, which is given by the
atomic shot-noise limit.[7]

There are two different methods and techniques
to generate the low-velocity intense atomic beams,
one is by directly laser decelerating thermal atomic

beams, the other is by laser accelerating an ensem-
ble of atoms from the laser cooled atomic trap. The
former method can be achieved by using the Zeeman-
slowing technique,[8,9] chirped lasers,[10] etc. It usually
requires a spatial distance to cool the atomic beams to
the expected velocities and has been accompanied by
a serious loss of atomic flux.[11] The latter method can
be achieved by extracting slow atomic beams from an
atomic trap, which can be the vapor-cell magneto–
optical trap (MOT) or the pyramidal MOT,[12−15]

and hence it can greatly improve the system compact-
ness. Lu et al. developed a low velocity intense source
(LVIS) of atoms by using a specially fabricated mirror
with a 1-mm hole at the centre of the MOT, and the
source reached a flux of 5×109 atoms/s.[16]

In this paper, we propose an improved design
of Lu’s,[17] which produces a rubidium atomic beam
with a parabolic trajectory to eliminate the effect of
the pushing laser on atoms after they leave the beam
source. The stray light from the pushing laser is an im-
portant noise source and a limiting factor for improv-
ing the sensitivity of beam-based spectroscopic mea-
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surements, such as atomic frequency standards and
atomic interferometers.

2. Experimental setup

As shown in Fig. 1, the whole experimental setup
is based on a two-chamber vacuum system that con-
sists of a three-dimensional (3D) MOT system and a
probing system for the atomic beam. The two cham-
bers are connected only by a 1-mm hole. In the MOT
chamber, the unbalanced 3D MOT is produced and
the atomic beam is generated from the trapped cold
atomic cloud. In the probing chamber, the atomic
beam is measured through the fluorescence and the
time of flight (TOF) technologies. With the help of
two ion pumps (Varian USD 8500), the two chambers
operate under background pressures of 8×10−10 Torr
(1 Torr=1.33322×102 Pa) and 2×10−9 Torr respec-
tively when the rubidium reservoir, which is connected
to the MOT chamber through a valve, is turned off.
When the rubidium reservoir is turned on and heated
to about 36 ◦C–40 ◦C, the rubidium vapour enters
into the MOT chamber, and the chamber pressure in-
creases rapidly to ∼ 10−7 Torr, while it has little ef-
fect on the probing chamber pressure. The windows
of the vacuum chamber are coated with broadband
near-IR antireflection coatings, and they are attached
to the chamber using indium wire for sealing. Inside
the chamber, an ensemble of retro-reflecting optics,
consisting of a 0◦ mirror with a λ/4 plate on top of it,
is installed. Both elements are of 50.8 mm in diame-
ter, and each has a 1-mm hole in the centre. A pipe of
copper foam is placed just after the hole for absorbing
residual atoms leaking out of the MOT chamber into
the probing chamber. In order to avoid the laser–atom
interaction, the cold 87Rb atomic beam is injected into
the probing chamber at a small angle. The light (the
straight line in Fig. 1) goes in a straight line, and the
atomic beam (the curved line in Fig. 1) will be sepa-
rated from the pushing light with the help of gravity.

A quadrupole magnetic field for the MOT is gen-
erated using a pair of anti-Helmholtz coils, which are
oriented along the atomic beam axis outside the MOT
vacuum. The requirement is to have both the field
and the field gradient to be zero along the symmetry
axis of the chamber. A current of 1.2 A–1.5 A per
coil produces a transverse field gradient of 10 Gs/cm–
15 Gs/cm (1 Gs=10−4 T). Three pairs of Helmholtz
coils provide an orthogonal bias magnetic field to com-
pensate the earth’s magnetic field and other stray

fields from the nearby ion pump, etc. and are used to
adjust the trapping position for optimizing the num-
ber of trapped atoms, aligning it with the beam ejec-
tion hole, and therefore optimizing the atomic beam
flux.

Fig. 1. (a) Schematic diagram of the experimental setup

and the optical probe configuration for characterizing the

atomic beam. PMT stands for photomultiplier tube. (b)

Photo of realized MOT and probing chambers, the fibre

system, and the collimator.

The light beams for the operation and the prob-
ing of the cold atom source are generated by a laser
system. Two external-cavity diode lasers (Toptica
DLX110 and Toptica DL100) and an amplifier (Top-
tica TA) are used for the trapping and repumping
beams, and a single diode laser (Toptica DLpro) pro-
duces the probing beam. All lasers are locked via
grating feedback from the saturated absorption spec-
troscopy. The DLX110 diode locked to the cross-over
line between the 5s2S1/2(F = 2)→5p2P3/2(F ′ = 2)
and 5s2S1/2(F = 2)→5p2P3/2(F ′ = 3) transition pro-
vides the trapping light at a typical 30 MHz detuned
from the 5s2S1/2(F = 2)→5p2P3/2(F ′ = 3) transition
after an additional 110-M (1 M=1 mol/dm3) AOM
frequency shifting. The frequency of the repumping
beams is locked on the 5s2S1/2(F = 2)→5p2P3/2(F ′ =
2) transition. Finally, the trapping light and the re-
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pumping light are coupled using a beam splitter (BS)
and a fibre coupling, injected into the amplifier, split
into three parts by a fibre splitter, and led to the MOT
chamber.

A fibre system is used to transfer the light from
the optical table to the vacuum apparatus. All the fi-
bres are polarization maintaining and connected to the
collimators, which are fixed on the chambers. Each
collimator consists of a λ/2 plate, a polarized beam
splitter (PBS), a λ/4 plate, and a collimation lens
with a focal length of 200 mm. We can get three
collimated Φ44 mm σ+ or σ− beams with adjustable
intensities via the collimators. These beams are re-
flected back in the opposite directions by three en-
sembles of retro-reflecting optics, including the optics
with the hole in the vacuum, which makes six counter
propagating laser beams in the MOT chamber. Then
we get the unbalanced 3D MOT with an atomic beam
in it. Figure 2 is a CCD camera image of a formed
atom beam, which is taken through a window in the
MOT vacuum and allows us to verify the existence of
the atomic beam.

Fig. 2. A fluorescence picture of atomic cloud and beam

in the 3D MOT.

3. Modeling

A numerical analysis is done to model the atomic
beam characteristics. The Rb atoms are trapped
in the MOT and pushed through the 1-mm hole by
the spontaneous force from the so-called acceleration
beam, one of the six trapping laser beams. This force
on the atoms is given by[18]

Fsp =
~kS0γ/2

1 + S0 + (2δ/γ)2
, (1)

where S0 is the saturation factor for the laser beam, ~k

is the photon momentum, γ is the natural linewidth
of the atomic transition, and δ is the off-resonance de-
tuning of the acceleration laser. The acceleration laser
beam interacts with the Rb atoms in the mF = +1
level in the acceleration region. In the vicinity of the

MOT, the Zeeman shift ∆δB increases approximately
linearly as the Rb atoms move out of the MOT. As
the Rb atoms gain their speed, the Doppler shift ∆vD

also adds to the effective off-resonance detuning. We
therefore obtain the total off-resonance detuning for
Eq. (1) as

δtotal = δ0 + ∆δB + ∆vD, (2)

where δ0 is the fixed detuning of the acceleration laser.
Substituting Eq. (2) into Eq. (1), we obtain

Fsp =
~kS0γ/2

1 + S0 + [2(δ0 + ∆δB + ∆vD)/γ]2
. (3)

In a similar way, we can also obtain the effect of
the optical repumping laser from Eq. (1). The off-
resonance detuning is the Zeeman shift ∆δBr and the
Doppler shift. The Doppler effects can be ignored as
the repumping laser beam propagates perpendicularly
to the atomic beam. This effect is incorporated into
the model, and we obtain

Fsp =
~kS0γ/2

1 + S0 + [2(δ0 + ∆δB + ∆vD)/γ]2

× a~kS0rγ/2
1 + S0r + [2∆δBb/γ]2

, (4)

where S0r is the saturation factor for the optical re-
pumping laser beam, and a is a proportional constant.
Ignoring the initial thermal velocity of the cold atoms
in the beam, we obtain the acceleration of the Rb atom
and therefore the velocity of the beam. The accelera-
tion is given by

aatom =
Fsp

mRb
=

~kS0γ/2mRb

1 + S0 + [2(δ0 + ∆δB + ∆vD)/γ]2

× a~kS0rγ/2mRb

1 + S0 + [2∆δBr/γ]2
, (5)

where tl is the time of the atoms flying out of the
trapping and repumping region, in which the Rb atom
absorbs photons and is accelerated.

The atom flux of the source is proportional to the
loading rate of the MOT,[19] which is given by

RMOT =
nbV 2/3v4

cap

2α3
=

1
2
nbSv4

cap

(
m

2kBT

)3/2

, (6)

where V and S are the volume and the surface area
of the MOT cell, respectively, nb is the background
density, α = (2kBT/m)1/2 is the most probable veloc-
ity of the atoms in the MOT, and vcap is the capture
velocity given by

vcap ≈ γλ/π. (7)
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The capture velocity mainly depends on the physical
properties of the Rb atom. The flux of the atom with
time can be expressed by

Φflux =
dN

dt
= RMOT − N/τ, (8)

where τ is the average time between two collisions with
the background atoms.

The flux is also limited by the MOT parameters,
such as the intensity and detuning of the trapping
laser beams. These effects can be deduced by incorpo-
rating the total scattering rate γp into Eq. (8). Then
we obtain the model of the atomic beam

Φflux =
dN

dt
µpγp

= (RMOT − N/τ)
µpS0γ/2

1 + S0 + (2δtotal/γ)2
, (9)

where µp is a proportional constant.

4. Characterization and analysis

To measure the flux of an atomic beam, a 0.5-
mW/cm2 probing beam with width 1 mm is aligned
orthogonal to the atomic beam inside the probe cham-
ber, and the laser frequency is swept across the reso-
nance or locked on the 5s2S1/2(F = 2)→5p2P3/2(F ′ =
3) transition. The resonance fluorescence signal from
the atomic beam is detected using a photomultiplier
tube (PMT, Hamamatsu H7422-50) placed outside the
vacuum chamber.

The fluorescence detection system allows the de-
termination of the total flux of the atomic beam from
the fluorescence signal of the beam. For a cold-atom
beam traveling with mean velocity 〈vz〉 through a res-
onant probe laser with diameter ∆z, the integrated
atom flux Φflux is given by[14]

Φflux =
U0

GPMTRη(λ) · e
4π

dΩ

1
K4

lens

× vz

∆z

(
2
Γ

1 + S0p

S0p

)
, (10)

where U0 is the fluorescence signal collected by the
PMT of the detection system with detector efficiency
η(λ) and collection solid angle dΩ, S0p = I/Isat is the
saturation parameter for the probe laser, I and Isat

are the acceleration laser intensity and the saturation
intensity for the atomic transition, respectively, Γ is
the natural linewidth of the atomic transition, GPMT

is the gain of the PMT, and Klens is the transmit-
tance of the lenses. In our PMT collection system,
the collection solid angle dΩ is 0.18 sr.

The longitudinal velocity and the velocity distri-
bution of the atomic beam are measured using the
TOF method by suddenly switching off the atomic
beam. This is accomplished by switching on an
additional resonant “plug” laser beam that pushes
the atoms away from the axis before they reach the
exit aperture, as shown in Fig. 1. In our system,
a 1 mm×10 mm plug laser beam with a power of
∼ 20 mW is placed 10 mm away from the centre of
the MOT and is turned on or off by using a mechan-
ical shutter. The accuracy influence of the longitudi-
nal velocity caused by the mechanical shutter is about
0.2 m/s. When making measurements, the plug beam
is unblocked so that the atoms are forced out of the
extraction column and returned to the centre of the
trap.

From the decay of the fluorescence signal Φfl as a
function time (Fig. 3(a)), we obtain the apparent TOF
distribution, which is proportional to dΦfl/dτ and can
be transformed into the axial velocity distribution us-
ing the flight distance L of 220 mm. The procedure
is illustrated in Fig. 3 for a push-beam intensity of
I = 6 mW/cm2 and a detuning of δ0 = 5.5Γ . We can
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Fig. 3. (a) Fluorescence signal curve of the atomic beam

using the TOF. (b) The TOF velocity distribution of the

atomic beam. The smoothing solid line is the derivative

of the solid line in panel (a).
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get the mean apparent arrival time τ = 18 ms and the
full width at half maximum (FWHM) ∆τ = 3 m/s.
Therefore the most-probable velocity vp = 12 m/s
is given by L/τ and the flux of the atomic beam
Φflux = 4×109 s−1 is given by Eq. (10). The resulting
velocity distribution of the atoms extracted from the
MOT is presented in Fig. 3(b).

We obtain a maximum atomic flux of ∼ 4.5 ×
109 s−1 by adjusting the intensity and the detuning of
the trapping laser beams. Figure 4 characterizes the
dependence of the atomic beam flux on MOT trap-
ping laser detuning. The maximum values for the
atomic flux are observed under trapping laser detuning
of about 4.5 Γ . Figure 5 characterizes the dependence
of the atomic beam flux on the MOT trapping laser
intensity. As shown as Fig. 5, we can get the satu-
ration intensity of 2.8 mW/cm2 for the atomic beam
flux. When the trapping laser intensity is lower than
2.8 mW/cm2, the atomic beam flux reduces rapidly.
And the beam flux remains essentially unchanged af-
ter the intensity reaches 2.8 mW/cm2.
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Fig. 4. Dependence of atomic-beam flux on laser detun-

ing (with Itrapping = 6.7 mW/cm2). The points with the

standard deviations are the result of the measurement.

The continuous curve is the result of the fitting.
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Fig. 5. Dependence of atomic-beam flux on trapping laser

intensity (with δtrapping = 4.4Γ ). The points with stan-

dard deviations are the result of measurement. The con-

tinuous curve is the result of fitting.

We present the experimental study of the phe-
nomenon and can explain the results with the above
theoretical model of Eq. (9). By adjusting the detun-
ing of the trapping laser δ0 to an appropriate value,

the total off-resonance detuning δtotal reaches the min-
imum value, and the flux of the beam can obtain the
maximum value. With the increasing trapping laser
intensity, the value of Φflux increases and then goes to
a constant in the model.

Dependences of the longitudinal velocity in the
atomic beam on the laser detuning and intensity are
shown in Figs. 6 and 7, respectively. The experimental
results are in quantitative agreement with the numer-
ical simulations based on Eq. (5) (with a = 90).
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5. Conclusion

We have demonstrated a high-flux, low-velocity,
and well-collimated atomic beam of 87Rb atoms based
on a 3D vapour-cell magneto–optical trap. The beam
source of the 87Rb atoms has been generated with
a most-probable velocity of ∼ 12 m/s, a longitudi-
nal FWHM velocity width of ∼ 3 m/s, and a tun-
able atomic flux from 1×109 s−1 to 4.5×109 s−1. We
present the model for describing the dependence of the
beam performance on the MOT trapping laser inten-
sity and the detuning, which is well validated by the
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experimental results. Future works will be focused on
improving the stability of the beam source and state-
preparing the atoms for the experiments of a Raman
atomic interferometer.
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