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Low-pressure source of slow metastable rare gas atoms
M. H. L. van der Velden, H. Batelaan,a) E. te Sligte, H. C. W. Beijerinck,
and E. J. D. Vredenbregtb)

Physics Department, Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, Netherlands

~Received 7 October 2003; accepted 11 January 2004; published 16 March 2004!

We investigate the properties of a commercial inverted magnetron pressure gauge for use as a source
of slow metastable rare gas atoms. We find that the velocity distribution of the atoms as well as the
pressure dependence of the output flux agree with a simple model. This shows that the low-velocity
output of the source is enhanced over the Maxwell–Boltzmann form due to a velocity-dependent
excitation probability. For argon, the center-line intensity per unit area of the source is measured to
be greater than 4.231015 Ar 1s5 atoms/(s sr m2) at a pressure of 23 mPa. When observing the entire
source area, the center-line intensity is at least 2.631011 Ar 1s5 atoms/(s sr). ©2004 American
Institute of Physics.@DOI: 10.1063/1.1666988#

I. INTRODUCTION

Metastable rare gas~RG! atoms find applications in
many types of experiments, such as ultracold plasma
research,1 Bose–Einstein condensation2 and collision
studies.3 They are normally produced in gas discharges. The
usual low-energy metastable RG atom source consists of a
supersonic expansion through a nozzle, through which a dis-
charge current is drawn.4 This type of source is characterized
by a narrow velocity distribution centered at a high average
speedus that is related to the source temperatureT by us

&A5kBT/M , wherekB is Boltzmann’s constant andM the
atomic mass.5 The large average velocity is undesirable for
laser slowing and trapping experiments6 since it leads to a
large stopping length~which is proportional tous

2) and large
beam divergence of the slowed beam~proportional toAus).
Thus, there has been a certain interest in reducing the aver-
age velocity, for example, by cooling the source with liquid
nitrogen7 or even liquid helium.8 These methods are some-
what cumbersome, however, and in addition do not work for
the heavier RGs since these would simply condense at such
low temperatures.

A different way of providing low-velocity atoms is to
eliminate the supersonic character of the expansion and, in-
stead, create a thermal velocity distribution. Such a thermal
source not only leads to a lower average velocityuth

5A4kBT/Mp,us , but also to a larger spread, so that atoms
with velocities far below the average become available. With
alkali-metal atoms, capturing atoms from the low-velocity
tail of a 300 K thermal distribution is a popular way to load
a so-called vapor cell magneto-optical trap9 or to create a
low-velocity atomic beam.10

To extract slow atoms from such a source, it has to op-
erate at low pressure, because otherwise the slow atoms are
lost from the extracted atomic beam by collisions with the
surrounding gas. For metastable RG sources, this creates a

quandary: a discharge is required, but in the low-pressure
regime, the mean free path for both neutral and charged par-
ticles is too large to sustain one. However, in a magnetic
field, electrons may be trapped for a long time, such that
sufficient electron density builds up to allow a discharge to
run. A commercial device that operates precisely in this re-
gime is the traditional inverted magnetron ionization
gauge.11

In its simplest form, an inverted magnetron gauge con-
sists of a central anode pin, surrounded by a cylindrical cath-
ode with ~usually perforated! end-plates~see Fig. 1!. The
cathode-to-anode voltage is typically several kilovolts. A
large magnetic field of order 1 kG is directed along the sym-
metry axis of the device, and is therefore perpendicular to the
local electric field everywhere. In such a crossed-fields con-
figuration, electrons spiral around the magnetic field lines on
their voyage to the anode. This leads to a substantial increase
of their residence time, with a corresponding increase in the
probability of their colliding with atoms and molecules tra-
versing the gauge, causing ionization. In this way, a dis-
charge can be maintained at pressures as low as 10211 Pa.11

The pressure is then inferred from a measurement of the
discharge current.

In this article, we investigate the performance of such a
gauge as a source of slow metastable RG atoms. We report
the velocity distribution and total flux of metastable atoms
that can be extracted from this device. We also study the
effect of collisions with ground-state atoms by its influence
on the dependence of these quantities on the ambient source
pressure with the aim of finding the optimum conditions for
extracting slow atoms. These studies are part of an effort to
create a table-top trap for metastable RG atoms.12

II. EXPERIMENTAL PROCEDURE

Figure 2 shows the experimental setup used in our study.
The source is an Edwards AIM-S-NW25 pressure gauge, and
is mounted at the far end of a 170-mm-long vacuum cham-
ber. The source is mounted 4 mm off-center from the axis of
the setup to avoid looking at the central electrode. We have
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modified the source by replacing the exit plate by a 60%
open, stainless steel wire mesh. The gauge is used both as
source and as pressure gauge. Argon gas is fed through a
needle valve into the source chamber, which is not actively
pumped. Atoms exit the chamber through a 2-mm-diam hole
in the wall opposite from the source and enter a 430-mm-
long differential pumping stage, pumped by a 500l /s turbo-
molecular pump. Next, they pass though a 6-mm-diam, 60-
mm-long flow resistance whose exit is located 600 mm from
the source. Here, they enter the detection chamber, which is
pumped by a 15l /s ion-getter pump.

The detector consists of a glass plate covered with a thin
indium tin oxide~ITO! layer, located 1040 mm from the exit
of the source. Metastable atoms can free electrons from the
ITO plate through an Auger process. The resulting current is
measured with a Keithley 610C electrometer, which provides
an absolute measure for the total flux of metastable atoms.
The freed electrons are accelerated toward a Burle 4039-EIC
channeltron electron multiplier operated in pulse counting
mode.

Besides metastable argon atoms, the source also pro-
duces UV photons. To discern the two, the atomic beam is
crossed by a'3-mm-wide laser beam from a home-built
diode-laser system with grating feedback.13 The laser is sta-
bilized to the 1s5→2p8 transition in argon at 801.479 nm
using the absorption in a discharge cell. The laser has suffi-
cient intensity to completely deplete the metastable 1s5 state
by transferring the population to the ground state through the
intermediate 2p8 , so that it can be used to modulate the
presence of metastable atoms. We have no means of modu-

lating the population of the other metastable state, Ar 1s3 , so
we cannot measure its contribution to the signal. The ratio
between the 1s3 and 1s5 states is typically 0.2 for other
discharge sources. The laser beam is run through an acousto-
optical modulator, which acts as a high-speed shutter. The
crossing between laser and atomic beam occurs at~30065!
mm before the ITO plate.

To obtain the velocity distribution of the metastable at-
oms, we take time-of-flight measurements14 in which we use
the laser beam as a chopper and measure the count rate on
the channeltron as the response. Because of the high back-
ground signal due to UV photons, we use the pseudorandom
modulation method14 to obtain a sufficient signal-to-noise
ratio in a reasonable time. We use a 200ms time base for the
modulation, giving a velocity resolution of typically 10%.

III. MODEL OF PERFORMANCE

At the normal operating pressures of an inverted magne-
tron gauge~below 10 mPa!, we are in the molecular flow
regime. As a consequence, the gas is in thermal equilibrium
with the surrounding walls and its velocity distributionP(v)
will be Maxwell–Boltzmann:

P~v!d3v5
4

Ap
~v/a!2e2~v/a!2 dv

a

dV

4p
, ~1!

with v the absolute value of the velocity vectorv and V
representing the angular coordinates. Here,a5A2kBT/M is
the most probable or thermal velocity, which is equal to 353
m/s for argon at 300 K. Ground-state atoms that traverse the
magnetron gauge have only a small probability of colliding
with an electron and ending up in a metastable state. In this
case, the velocity-dependent excitation probabilityh(v)!1
will be proportional to the time spent in the gauge, and there-
fore inversely proportional to the atom’s velocity, so that we
write

h~v !5haa/v. ~2!

Due to the geometry of the gauge,h in fact will also depend
on the direction of motion though the gauge, but since we
will be interested mainly in the flux of atoms leaving the
source in a narrow cone centered around the forward direc-
tion, we will ignore this fact. Here, we do not attempt to
model the dependence ofh on discharge voltage or magnetic
field, but address this issue experimentally~see Fig. 6!.

Since the gauge is mounted in a separate vacuum cham-
ber to allow for differential pumping, metastable atoms cre-
ated in the source will have to travel a distanceL
5215 mm~including an average distance of 45 mm traveled
inside the source itself! through the gas in the source cham-
ber before they can exit through an orifice in the wall oppo-
site from where the gauge is mounted. On this path, they
may collide with ground-state atoms and effectively be lost.
Using Beer’s law, we can describe this with a transmission
coefficientQ(v):

Q~v !5exp@2nL^Q~g!g&/v#, ~3!

wheren is the density of ground-state atoms,g the relative
velocity of the collision,Q(g) the elastic cross section, and

FIG. 1. Schematic view of inverted magnetron gauge, consisting of central
anode pin, cylindrical cold cathode, and axial magnetic field.

FIG. 2. Schematic view of experimental apparatus, comprised of ionization
gauge in source chamber, differential pumping stage, and detection chamber
with ITO plate and channeltron. The population of metastable atoms is
modulated with an extended-cavity diode laser~ECDL!, which is also used
for time-of-flight measurements in combination with an acousto-optical
modulator~AOM!. Relevant lengths are indicated.
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^ & stands for averaging over the velocity distribution of the
scatterers. The cross sectionQ may be derived from the Van
der Waals coefficientC6 for the interaction of the ground-
state and metastable atoms, as15

Q58.08~C6 /\g!2/55Qa~a/g!2/5. ~4!

For argon–metastable-argon collisions, C6528
310278 J m6 ~see Ref. 15! giving Qa5730310220 m2. The
transmission coefficient can alternatively be written as

Q~v !5expF2 f ~v !
a

v
p

p0
G , ~5!

in which p05kBT/LQa52.6 mPa, and some elementary al-
gebra gives ~within 2.5% accuracy! f (v)'@ f 0

10/3

1(v/a)2#3/10 with f 058G(4/5)/5Ap51.051.
The particle detector installed in our apparatus measures

flux. To arrive at an equation for the velocity distribution of
the flux c(v) of metastable atoms measured downstream on
the detector, we note that in the experiment, only a small
solid angleV56831026 sr of the angular distribution con-
tributes to the signal~limited by the flow resistance!, and
only a limited areaA55.0 mm2 of the source can be ob-
served from the detector~see Fig. 2!. In that case,c is equal
to h(v)nvAVQ(v)P(v), so that we obtain

c~v !5
4

Ap
ha

p

kBT
A

V

4p
Q~v !~v/a!2e2~v/a!2

. ~6!

The total flux C of atoms arriving at the detector is then
simply

C5E
0

`

c~v !dv. ~7!

This has a broad maximum as a function of pressure occur-
ring at p'0.725p0 , whereC'0.0210haaAVp0 /kBT. Fi-
nally, we define the center-line intensity asC/AV to facili-
tate a direct comparison with other sources.

IV. MEASURED PERFORMANCE

In Fig. 3, we show the metastable atom flux deduced
from the current measured on the ITO plate as a function of
source pressure. This flux is obtained from the difference

between the currents measured with chopper laser on and off.
To translate current to atom flux, we assume unit detection
efficiency for Ar 1s5 , so that we obtain a lower limit. Given
the detection efficiency reported by Hotop,16 the actual flux
is probably a factor of 5 higher than shown in Fig. 3. We
observe a strong increase of the signal with pressure up to
'5 mPa, where the atom flux saturates at a value of 0.3
3106 Ar 1s5 atoms/s. At this point, the center-line intensity
of the source is 0.8931015 atoms/(s sr m2). In Fig. 3, we
also show that the measured curve compares very well with
Eq. ~7! if we assume a collision cross sectionQa5280
310220 m2 ~reference pressurep056.9 mPa) and a
pressure-independent excitation probabilityha57.231025.
The fact thatQa comes out substantially smaller than the
value measured by Kerstelet al.15 is easily explained by con-
sidering that small-angle elastic collisions do not have to
lead to a loss of atoms from the beam and should therefore
be excluded from the cross section. We also note that, in-
deed,ha!1, validating the approach in Sec. III. Figure 3
also shows the ratio of the atom signal compared to that for
UV photons. At low pressure, this reaches about 20%, while
at higher pressure it drops off because of the loss of atoms by
collisions.

In Fig. 4, we show the distribution of the flux over ve-
locity as measured with the time-of-flight technique, for
three different source pressures. At the lowest pressure~0.1
mPa!, the measured distribution fits almost perfectly with
Eq. ~6! for the expected thermal velocity ofa5353 m/s and
unit transmissionQ(v)51. At higher pressures, the data also
fit Eq. ~6!, but now the loss of atoms due to collisions is
clearly visible by the absence of low-velocity atoms, effec-
tively shifting the maximum of the flux distribution to higher
velocities. From the fits, we deduce the productnLQa

5p/p0 , and plot this in Fig. 5. Consistent with the model,
we find a linear dependence on source pressure. The corre-
sponding cross sectionQa5(292620)10220 m2 (p056.6
60.4 mPa) is in agreement with the value deduced from the
total flux measurement. These results indicate thatha is in-
dependent of pressure, probably because the electron density
is independent of pressure in this discharge regime.17

We have also looked into the dependence of the flux on
the discharge voltageV and axial magnetic fieldB of the
gauge by replacing the standard electronics and magnet

FIG. 3. Closed circles: measured total flux of Ar 1s5 atoms versus source
pressure, assuming unit detection efficiency. Solid line: fitted curve corre-
sponding to Eq.~7!. The inset shows the ratio of the current due to meta-
stable atoms to that of UV photons.

FIG. 4. Measured velocity dependence of the metastable atom flux for three
different source pressures: 0.1 mPa~solid line, filled circles!, 4 mPa~dashed
line, open circles!, and 11 mPa~dotted line, open squares!. The lines are
curve fits to Eq.~6!.
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housing by an adjustable high-voltage supply and magnet
coil. The magnetic-field dependence plotted in Fig. 6 shows
an optimum at 850 G; this is reminiscent of the change-over
from a low-field to a high-field discharge mode as investi-
gated by Schuurman.17 The optimum then corresponds to the
maximum in the discharge current that occurs at the transi-
tion point. The optimum field is precisely the field present in
the commercial device. As also shown in Fig. 6, the flux
increases linearly with voltage in the range we considered,
but seems to drop off at voltages higher than the 3 kV of the
commercial device. Given the magnetic-field dependence,
this is to be expected since the low- to high-field transition is
also crossed by reducing the voltage at fixed magnetic field.
We conclude that the commercial device is already well-
optimized for our purpose. A simultaneous increase of both
V andB}AV may, however, further increase the yield.17

V. DISCUSSION

Since the measured velocity dependence of the flux
agrees with Eq.~6!, we conclude that the probability of ex-
citing the metastable state is indeed inversely proportional to
velocity. This means that slow atoms are relatively more
abundant than in a purely thermal source, such as that com-
monly used to produce alkali-metal beams. As such, this en-
hances the usefulness of the ionization gauge as a source of
slow atoms.

Given the results, we can also calculate the total flux for
the case in which the source would be mounted directly in
front of the 2-mm-diam hole in the source vessel, thereby
eliminating the loss of slow atoms by collisions in the source
chamber. In this case, we can replace the lengthL by the
average distance an atom has to traverse inside the source
itself after it has been excited, which givesL545 mm for the
Edwards AIM gauge. This should shift the pressure where
the maximum occurs and, consequently, the achieved center-
line intensity, by a factor of 4.8. We conclude that in this
case, this type of source is capable of producing 4.2
31015 Ar 1s5 atoms/(s sr m2) at this pressure. We note once
more that this number is probably substantially higher since
we have assumed unit detection efficiency for our measure-
ments. Similar results should be expected for other rare
gases. We speculate that comparable results may be obtained
with other atomic and molecular species, such as Ca and N2.

In the experiments reported here, we have observed only
a small area~diameter 2.6 mm! of the output surface of the
source. We have not investigated how the output might de-
pend on the position of the observation area within the di-
ameter of the source opening. Since, however, our source is
mounted 4 mm off-center, one may expect the measured flux
to hold at least over a 2.6-mm-wide, 8-mm-diam ring, that
is, for A532 mm2. In this case, the total output that can
be collected from the source would be 2.6
31011 Ar 1s5 atoms/(s sr).

Using the measured values ofha and p0 for L
50.215 m, we can predict the useful flux of atoms that we
can expect to collect in our table-top trap for metastable ar-
gon atoms.12 Simulations have shown12,18that we can collect
all atoms emanating from the source within a solid angle of
'0.07 sr and with velocities lower than 200 m/s. Now, using
Eq. ~7!, but with the upper limit replaced by 200 m/s, we find
an optimum value of'2.53107 atoms/s in this velocity
range that can be loaded into our magneto-optical atom trap.
The optimum requires a source pressure of 1.7 mPa. For the
setup in Fig. 2, this allows pressures below 100 nPa in the
trapping chamber. Given the typical lifetime of such traps
under these conditions, we can expect to operate traps with a
population of around 108 atoms; that is, in the range where
vapor-cell traps for alkali-metal atoms normally operate.

Finally, we remark that an advantage of using this source
is that it is a relatively in expensive, commercially available
product that does not require any modifications in a machine
shop.
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