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ABSTRACT We have developed a novel, high flux source of
metastable rare gas atoms (helium, neon and argon) that uses li-
quid helium cooling to reduce the initial atomic velocity. Fluxes
exceeding 1014 atoms/ster/s with He and Ne were obtained.
With average velocities of ∼ 600 m/s for He and ∼ 300 m/s for
Ne and Ar, this source will enable simpler, more compact beam
lines for loading magneto-optical traps.

PACS 34.80.Dp; 39.10.+j; 39.25.+k

1 Introduction

High flux sources of metastable rare gas atoms
are important for a range of applications in atom optics and
atomic physics [1, 2]. In particular, high flux sources are
important for the efficient loading of magneto-optic traps
(MOTs), which are the workhorse for many experiments in-
cluding the preparation of atoms for Bose–Einstein conden-
sation (BEC) [3]. A further requirement for efficient MOT-
loading sources is that a significant fraction of the atomic
velocity distribution should be within the velocity capture
range of the MOT (typically < 100 m/s [4]) in order to facil-
itate rapid loading. This can be achieved by a combination of
cryogenic cooling of the metastable atomic source, and laser
cooling/focusing of the resulting atomic beam [2, 5].

In a previous paper we reported on the development of
a liquid-nitrogen cooled metastable helium source [1] which
yielded high fluxes (up to 1015 atoms/ster/s) with average
velocities ∼ 1000 m/s. This source is used directly in applica-
tions such as atom lithography [6], or as an input to our bright
metastable helium beam line [5] which slows the metastable
He atoms to < 100 m/s. The bright beam line is used for appli-
cations such as atom guiding in hollow optical fibres [7], and
for loading a metastable He MOT [8].

However, the bright beam line requires a Zeeman slower
over two metres in length, which in turn requires transverse
collimation and finally focusing to maintain a high beam
brightness. It would be desirable to use liquid-helium cooling
of the source to reduce the initial beam velocity and, in turn,
reduce the length and complexity of the beam line for MOT
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loading. Such a source has been developed elsewhere [2]
with average velocities of ∼ 300 m/s, but with relatively low
flux (< 1013 atoms/ster/s). Here we investigate a new type
of liquid-He cooled metastable source that generates higher
fluxes more comparable with our liquid-N2 cooled source.

2 Source design

Conventional metastable rare gas discharge sources
typically employ a sharp needle cathode inside a gas reser-
voir, and an exit nozzle to allow gas expansion into a vacuum
chamber [9–11]. In order to prevent metastable density loss
arising from inter-atomic collisions during the expansion,
an external anode is employed to create a discharge through
the nozzle into the collision-free region located many noz-
zle diameters downstream [1, 12]. This requires high source
pressures and currents to sustain the discharge, which con-
sequently increases the discharge temperature and hence the
atomic velocity. For this reason, the nozzle was used as the an-
ode in reference [2]. This source was operated at low pressures
(∼ 10−2 mbar) to avoid collision losses, significantly limiting
the maximum achievable flux.

In the present experiments, we aim for a high flux source
with similar output to our previous source but with reduced
velocity through liquid-He cooling. To increase the number
of atoms in the low-velocity tail of the atomic velocity dis-
tribution, it is often desirable to operate the source closer to
the effusive [13] rather than the supersonic [14] regime. The
velocity distributions in Fig. 1 illustrate the implications for
design. The implications of the data are discussed later in
Sect. 4.

The velocity distribution is given by [14]:

P(v) ∝ v3 exp

[
−m(v−u(M))2

v2
th(M)

]
, (1)

where u(M) is the average (flow) velocity, and corresponds to
the velocity of the peak, and vth(M) the local thermal velocity,
which determines the width of the distribution. Both vary as
a function of the final Mach number M.

Operation closer to the effusive regime requires larger
nozzle diameters and/or lower operating pressures. However,
a needle cathode discharge cannot be sustained at pressures
much below 30 mbar. Consequently, we embarked upon a new
design based on a hollow cathode whose larger surface area
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FIGURE 1 Effusive (dotted) and supersonic (M = 1, dashes; M = 3, solid;
M = 5, dash-dot) velocity distributions for a source temperature of ∼ 25 K as
a function of Mach number. The data points are taken using the final version
of the hollow cathode at a pressure of 0.36 Torr and 400 volts

is capable of operation at lower discharge pressures. The in-
creased area maintains a higher current for a given discharge
voltage, and hence a lower turn-on voltage and lower power
consumption are possible to reduce heating.

A number of hollow cathode sources were tested to
determine the optimum configuration, and these are illus-
trated in Fig. 2. The source is constructed from a hol-
lowed copper block – the hollow cathode – with varying
nozzle/anode configurations. An insulating collar made of
boron nitride guarantees a region for positive column plasma
in configurations A–C.

In configurations A and B the nozzle plate is metallic (cop-
per) and acts as the anode. The nozzle is shaped to achieve
the sharpest curvature at the outer surface in order to initi-
ate the discharge at this point and maximize the excitation of

FIGURE 2 Hollow cathode discharge source with four design configura-
tions. Gas inlet – large arrow, right; nozzle – left; other arrows indicate the
discharge path. C and D have external anodes

atoms travelling through the nozzle itself. Configuration B in-
sulates the majority of the interior anode surface away from
the nozzle by using a boron nitride washer as a shield. This
concentrates the discharge around the nozzle and hence in-
creases the number of electron-atom collisions in the region of
the nozzle.

Configurations C and D use an insulator (boron nitride)
as the nozzle plate, with an external anode formed by an alu-
minium cone just outside the nozzle. This design intends to
compensate for the collisional losses within the nozzle itself
by maintaining a region of metastable excitation just external
to the nozzle (as used in our previous source [1]). Configura-
tion D removes the internal insulating boron nitride collar, to
maximise the cathode surface area available for the discharge
current.

3 Experimental description

The source block is mounted on a Janis continuous-
flow liquid-He cryostat (model ST-100), which could be
cooled to a temperature of ∼ 5 K, measured using a silicon
detector. Tests indicate that the cryostat can maintain this tem-
perature with minimal liquid-He flow for power inputs up to
2 W. A layer of indium foil is mounted between the source
block and the cold-finger to improve surface contact and heat
dissipation.

Consequently the hollow cathode is grounded perma-
nently. This has the added advantage of obviating precau-
tions against discharge breakdown leakage (as required for
our liquid-N2 cooled source [1]) as well as allowing opera-
tion using a single power supply. The discharge voltage ap-
plied to the anode can be as low as 300 V at higher pressures
(∼ 0.5 Torr) and temperatures (∼ 70 K). The discharge spon-
taneously starts at 400–600 V at these conditions, but can be
started using a short 5 kV pulse at lower temperatures and
pressures.

The source chamber is pumped by a 1400 l/s turbo-pump
(Balzers–Pfeiffer TMU1601). The background helium pres-
sure during operation is 10−5–10−4 Torr at typical source
pressures of 0.1–1.0 Torr. Consequently, losses due to colli-
sions in the source chamber are negligible. The metastable
beam then passes through a skimmer, located 5–10 mm from
the nozzle, into the differentially-pumped beamline which is
maintained at a pressure of < 10−6 Torr.

Immediately after the skimmer are several components
to condition and characterize the atomic beam, Fig. 3. First
the beam passes through a glass-coil He discharge tube. The
light from this discharge quenches any atoms in the 2 1S0
singlet metastable state. Charged particles in the beam are re-
moved by an electric potential between two parallel plates
set at ±200 V. Nitrogen can be fed into the beamline cham-
ber via a bleed valve to collisionally quench the metastable
atoms. A rotating wire detector can be moved into place to
measure the local beam current at a range of positions in the
atomic beam. The total beam current is measured by inserting
a 40 mm diameter, 50% transmission stainless steel grid (not
shown).

For time-of-flight velocity measurements, the atomic
beam is chopped using an in-vacuo mechanical chopper.
A 100 mm wheel with a 1 mm slot rotates at ∼ 60 Hz.
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FIGURE 3 Experimental apparatus, showing beam conditioning devices
and detectors, with time-of-flight system at right. The opto-switch operated
across the chopper slit provides the timing trigger for the TOF signal

Both UV photons and metastable atoms in the 2 3S1 triplet
metastable state emitted from the source are detected after the
1120 mm drift distance LTOF by an ETP electron multiplier.
To control the detected flux, improve the temporal resolution
and reduce stray UV light reflections, the atomic beam is col-
limated by a 1 mm fixed slot at the chopper wheel and a 1 mm
pinhole at the detector. The electron multiplier signal is col-
lected by a multi-channel scaler (MCS) which is triggered by
an opto-reflective switch aligned with a hole in the chopper
wheel.

4 Results

The atomic flux from all four source configurations
showed a similar dependence on the discharge current and on
the source pressure. As for the liquid-N2 cooled source [1],
the flux was linear with the discharge current. The flux in-
creases with drive pressure to a maximum at ∼ 0.5 Torr, at
which pressure the metastable flux is limited by quenching
collisions, Fig. 4. Under typical operating conditions, with
the ion contribution removed from the beam, photons typic-
ally comprise ∼ 20% of the total beam flux, and singlet ( 1S0)
metastables ∼ 10% of the total flux. The transverse profile of
the beam is measured with the rotating wire, and has a typical
full width at half maximum (FWHM) of ∼ 40 mm approxi-
mately 260 mm downstream from the skimmer.

The TOF spectra exhibited two signal peaks: an instanta-
neous peak due to UV photons from the discharge, and the
2 3S1 atom peak following the drift time. The photon peak is
used to determine the zero of the time scale t0, and the TOF
distribution I(t) is given by [15]

I(t) ∝ (
LTOF

tvth
)5 exp

[
−(

LTOF

tvth
− u

vth
)2

]
. (2)

Using the transformations

v =LTOF/(t − t0) and

P(v)dv =(LTOF/t2)I(t)dt

yields the experimental velocity distribution, which can in
turn be compared to the theoretical velocity distribution given

FIGURE 4 Atomic flux as a function of drive pressure for source voltages:
600 V (∇); 1000 V(♦); and 1500 V (�). Note that there is a discharge mode
change at ∼ 0.45 Torr, especially for lower discharge voltages

by (1). Deconvolution of the TOF instrument function (rep-
resented by the light peak) was not necessary because the
light peak was significantly narrower than the He* time-
of-flight signal, and because we use the average velocity
simply as a general indicator of the performance of the
source.

Inspection of Fig. 1 indicates that the best source vel-
ocity distribution is supersonic, rather than effusive. The ex-
perimental data best fits the peak location and width with
a Mach number of ∼ 3. The missing counts in the low vel-
ocity edge are attributed to the higher interaction times and
susceptibility to quenching and trajectory altering collisions.
The velocity ranges and atomic flux are shown for the var-
ious source configurations in Fig. 5. Note that at the meas-
ured cryostat cold-finger temperature during source operation
(5 K), the average velocity for an effusive molecular beam is

FIGURE 5 Atomic flux and velocity ranges (∝ drive pressure) for the four
source versions in Fig. 2, at minimum operating voltages



488 Applied Physics B – Lasers and Optics

1.33α ∼ 200 m/s [13] where

α = √
2kT/m (3)

and k is Boltzmann’s constant with m the mass of the atom.
The fact that the measured average velocities are significantly
higher is a combination of the discharge temperature being
higher than the surrounding environment, and the source op-
erating in the supersonic regime.

There is little difference in average velocity between the
source configurations operating under similar conditions. As
expected, the external anode sources (configurations C and D)
yield higher fluxes as a result of the discharge being present
well into the collision-free region. The highest flux is pro-
duced by the external anode source without the insulating
collar (configuration D) for which there was only a small in-
crease in average velocity. Consequently, this configuration
was adopted for subsequent investigations.

To determine whether the source could be operated closer
to the effusive regime, the average velocity was measured as
a function of source pressure. Figure 6 shows a reduction in
average velocity to just over 450 m/s at the lowest pressures
at various discharge currents. The lower pressures resulted
in a significant reduction in flux, so a compromise operating
condition of 300–350 mTorr and 400–600 volts was typically
employed.

The average velocity can also be reduced by increasing
the nozzle diameter and operating closer to effusive source
conditions, while at the same time increasing the flux. Fig-
ure 7 illustrates the effect of nozzle size on the beam flux
at the operating conditions above. Both the highest flux
and the lowest velocity were obtained for a 1.0 mm noz-
zle diameter, which was adopted as the optimum source
configuration. The decrease in flux for the largest noz-
zle size may be the result of quenching collisions in the
source chamber due to the higher background pressure. The
data also clearly show the supersonic effect of higher vel-
ocities from the narrower nozzle. The maximum flux (ex-
ceeding 1014 atoms/ster/s) is an order of magnitude less

FIGURE 6 Peak velocity, for source D, as a function of drive pressure for
source currents: 2.7 mA (∇); 5.0 mA (♦); and 8.2 mA (�)

FIGURE 7 Range of beam flux vs velocity for liquid He (�) and N2 (♦)
cooling for nozzle diameters: 0.5 mm – solid; 1.0 mm – dots; 1.2 mm –
dashes

than our previous liquid-N2 cooled source [1] but the aver-
age velocity is reduced by a factor of two. A greater vel-
ocity reduction might be expected given the relative tem-
peratures of liquid helium and nitrogen, so we conclude
that the discharge temperature has a greater influence on
the velocity distribution of the liquid helium-cooled, He*
source.

The continuous flow cryostat could be operated using li-
quid N2, and Fig. 7 shows the flux and velocity obtained at
these temperatures. Once again the 1.0 mm nozzle yielded the
best performance with a velocity (∼ 1000 m/s) comparable to
our liquid-N2 cooled source reported previously [1] and a flux
exceeding 1014 atoms/ster/s.

Since the cryostat is capable of operating at a fixed tem-
perature (monitored by the silicon detector and adjusted using
a heating element), the source can be used to generate a range
of metastable atomic species when operated just above their

FIGURE 8 Flux and velocity for metastable gas sources: for the new source
three metastable species (cold-finger temperature): helium (5 K) (+); neon
(25 K); (×); argon (90 K) (∗); other referenced sources at 300 K (∇), 77 K
(♦) and ∼5 K(◦). Numbers give citations for the data
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condensation point. Figure 8 shows the source flux and vel-
ocity obtained using He (5 K), Ne (25 K) and Ar (90 K)
at optimum flux conditions. Although the α values for He
(∼ 200, 5 K), Ne (∼ 150, 25 K) and Ar (∼ 260, 90 K) are
similar at these source temperatures, the average velocity for
He is found to be considerably higher. The flux for Ar is also
notably lower under these operating conditions, which may be
due to cluster formation.

5 Conclusion

We have developed a new source for metastable
rare gas atoms based on a liquid-He cooled hollow cathode
discharge. This source generates fluxes exceeding
1014 atoms/ster/s, which is an order of magnitude lower than
our previous liquid-N2 cooled source [1] but with consider-
ably lower average velocities (450–700 m/s). The optimized
source configuration comprises an external anode placed in
the collision-free region downstream from a 1.0 mm diameter
nozzle in a boron nitride cap, located at the end of a cylindri-
cal hollow copper cathode. The source has also been shown
to yield similarly high fluxes of metastable Ne (and to a lesser
extent, Ar) at average velocities ∼ 300 m/s.

By comparison, the liquid-He cooled source described
in [2] yields a flux of < 1013 atoms/ster/s at average veloci-
ties ∼ 300 m/s. The somewhat higher average velocity for
our source is offset by almost two orders of magnitude in-
crease in flux. Future experiments will investigate the effi-
ciency of this high flux, liquid-He cooled design as a source
for loading a metastable helium beam line and a magneto-
optic trap.
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