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Discharge and electron-impact excitation lead to the production of metastable helium atoms in two
metastable states, 21S0 and 23S1. However, many applications require pure beams of one of these species or
at least a detailed knowledge of the relative state populations. In this paper, we present the characterization
of an original experimental scheme for the optical depletion of He(21S0) in a supersonic beam which is
based on the optical excitation of the 41P1 ← 21S0 transition at 397 nm using a diode laser. From our
experimental results and from a comparison with numerical calculations, we infer a near-unit depletion
efficiency at all beam velocities under study (1070 m/s ≤ v ≤ 1750 m/s). Since the technique provides a
direct means to determine the singlet-to-triplet ratio in a pulsed supersonic helium beam, our results show
that the intrabeam singlet-to-triplet ratio is different at the trailing edges of the gas pulse.
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I. INTRODUCTION

Atoms and molecules in electronically excited states are
considered as “metastable,” if transitions to lower-lying
energy states are forbidden by electric-dipole selection
rules. Because of their long natural lifetimes (≥10−5 s)
and their high internal energy (≥ 10 eV), the metastable
states of the noble gases play an important role in a variety
of environments including planetary atmospheres, flames,
and plasmas [1,2].

Over the years, there has been continuing interest in
the use of metastable species for a variety of applica-
tions [3]. For example, metastable noble-gas species serve
as sensitive probes in surface analysis techniques, such
as metastable atom electron spectroscopy and metastable
de-excitation spectroscopy [4,5]. Metastable noble gases
have laser-accessible, electric-dipole-allowed transitions
to higher-lying states which also make them particularly
suitable for use in laser cooling [6]. Applications of such
laser-cooled species include the production of ultracold,
quantum degenerate gases, precision spectroscopy, and
atomic interferometry [6] (and references therein) [7]. Tra-
ditionally, metastable helium atoms have also been popular
test systems for new laser cooling schemes, e.g., for sub-
Doppler cooling by velocity-selective coherent population
trapping [8,9], for white-light cooling [10], and for bichro-
matic cooling [11–13]. The velocity of metastable helium
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atoms in a supersonic beam has also been successfully
manipulated using the Zeeman deceleration technique
which does not rely on laser cooling [14].

Metastable noble gases have been subject to many
fundamental studies of autoionizing collisions at ther-
mal and at ultracold temperatures [6,15]. For exam-
ple, recent studies of reactive collisions with metastable
noble gases in merged supersonic beams have enabled
the observation of quantum resonances and stereody-
namic effects [16,17]. In fact, the quantum degeneracy of
metastable noble gases could only be achieved by electron-
spin polarizing the atoms, which suppresses ionizing
collisions [18,19].

Metastable noble gases can be produced in a variety
of ways, including electron-beam bombardment, discharge
excitation, charge transfer, optical pumping, and thermal
excitation [3]. Among the sources, the electron-beam bom-
bardment and discharge sources are most commonly used.
Since the electron excitation energies are typically well
above threshold in order to maximize the metastable pro-
duction rate [20,21], two metastable states are populated
simultaneously, the 23S1 and 21S0 states in the case of
helium and the 3P0 and 3P2 states in the case of the heav-
ier noble gases. However, many experiments require either
pure beams of a single metastable species or a precise
knowledge of the relative state populations. Beam purifi-
cation can be achieved in several ways, e.g., by beam
deflection in a magnetic field [22], coherent momentum
transfer [23], or by transverse optical deflection [24]. State
purification is also achieved by optical pumping (often
denoted as “quenching”). In this scheme, the population of
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one metastable state is transferred to the electronic ground
state via optical excitation to a higher-lying electronic
state, whose decay to the electronic ground state is strongly
allowed for electric-dipole radiation. There exist efficient
optical pumping schemes for atomic beams of metastable
helium, neon, argon, and krypton [21,25–33]. The de-
excitation of metastable helium atoms in the 21S0 state has
thus far only been attained in a supersonic beam by illumi-
nating the atomic beam with 2058 nm light from a helium
discharge lamp, which is resonant with the 21P1 ← 21S0
transition [25–28,34]. The use of a discharge lamp requires
a complex, bulky setup with a coil-shaped, water-cooled
lamp that encloses the supersonic beam inside the vac-
uum chamber. Apart from its complexity, such a setup can
strongly perturb the supersonic flow and thus degrade the
performance of the beam source. If the water-cooling of
the lamp is not sufficient, such a lamp may easily heat up
and thus prevent its continuous operation.

In this work, we demonstrate an original and very effi-
cient approach to the optical depletion of He(21S0) in a
supersonic beam using optical excitation via the 41P1 ←
21S0 transition at a vacuum wavelength of 396.58509 nm
[35]. This scheme is based on simple and inexpensive
diode laser technology, which makes it suitable for many
different experimental applications. We provide a detailed
experimental characterization of the technique, including
an examination of the quenching efficiency as a function
of laser power, detuning from resonance, and helium-
beam velocity. We also give an account of the numerical
calculations used for the determination of the depletion
efficiency.

II. EXPERIMENTS

A schematic drawing of the experimental setup, which
consists of the optical system and a vacuum apparatus,
is shown in Fig. 1. In the following, both parts will be
described in detail.

A. Vacuum apparatus

Experiments are carried out in a set of three vacuum
chambers. Inside the first chamber, a pulsed supersonic
beam of metastable helium atoms is produced by He gas
expansion into vacuum and subsequent discharge excita-
tion. The supersonic beam is generated by a high-intensity,
short-pulse solenoid valve (CRUCS, d = 100 μm orifice
diameter, 40◦ cone, copper body) whose characteristics
are described in Ref. [36]. The temperature of the valve
is controlled by a cryocooler (CTI, 350CP) whose tem-
perature is typically regulated to a set value with accu-
racy to within 0.1 K using proportional-integral-derivative
(PID)-controlled resistive heating (LakeShore Model 325).
The discharge unit used for the excitation of ground-state
helium atoms into the metastable 23S1 and 21S0 states is
described in a previous publication [37] and is thus not
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FIG. 1. Schematic drawing of the experimental setup, which
consists of the optical system (blue box) and a vacuum appara-
tus (red box). OI, 30 dB optical isolator; L1–L5, lenses; M1–M6,
mirrors; HWP, half-wave plate; QWP, quarter-wave plate; PBS,
polarizing beam splitter; FPI, Fabry-Pérot interferometer; PD,
photodiode; MS, mechanical shutter; NDF, neutral-density filter;
PID, proportional-integral-derivative controller; GND, chassis
ground; FC, Faraday cup.

detailed here. A pulse duration of ≤ 30 μs is inferred
from the sudden decrease of the plate voltage upon dis-
charge excitation. At each valve temperature, the He stag-
nation pressure and the settings at the valve driver are
adjusted to maximize the metastable helium signal inten-
sity and to avoid bouncing of the valve plunger. For the
measurements on optical quenching described here, valve
stagnation pressures between 10 and 30 bar are used.

Laser excitation is done at a distance of z0 ≈ 130 mm
from the valve exit, in close proximity to the skimmer
(b = 1 mm diameter, see Fig. 1). This arrangement avoids
a repopulation of the 21S0 state by the discharge and it
ensures a good spatial overlap between the laser beam
and the He beam, with the tip of the skimmer serving
as a handy tool for the alignment of the laser beam with
respect to the He beam. After laser excitation, the beam of
metastable helium atoms is monitored on a copper plate,
which serves as a Faraday-cup-type detector [38] (denoted
as FC1 in Fig. 1), inside the second chamber. The signal
is amplified using a transimpedance amplifier (Femto,
DLPCA-200, 106 V/A gain, 500 kHz). The detection effi-
ciency of such a detector is not well known (approximately
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equal to 50% [15]). However, only relative signal intensi-
ties with and without laser irradiation are measured so that
the absolute detection efficiency is not important for this
work. To avoid the detection of ions and atoms in Rydberg
states produced during the discharge process, the skimmer
is biased to a voltage of−300 V relative to chassis ground.

Another set of Faraday-cup-type detectors (FC2 and
FC3 in Fig. 1) is placed inside a third chamber. Since
their relative distance is accurately known (224.5± 0.5
mm), the longitudinal velocity of the supersonic beam of
metastable helium atoms can be inferred from the differ-
ence �t of the time-of-flight signal intensities at the two
detectors [36].

During the experimental runs, the three vacuum cham-
bers are held at pressures of approximately 2× 10−6, 2×
10−7, and 3× 10−10 mbar, respectively.

B. Optical system

Laser radiation at 397 nm, used to drive the 41P1 ←
21S0 transition, is generated inside a standard home-built
external cavity diode laser system (NDU4316 laser diode
by Nichia). To allow for a straightforward frequency tun-
ing of the diode laser, the laser frequency is locked to the
output of a wavelength meter (High Finesse, WS7, 60-
MHz absolute accuracy, 2-MHz relative accuracy) using
digital PID control. For this, the difference between the
measured wavelength and the user-set wavelength is con-
verted into an error signal and a corresponding analog
voltage using MATLAB code and a digital-to-analog con-
verter. This voltage is used to control the piezo element
which adjusts the laser grating, and hence the laser wave-
length. The mean sampling rate and the stability of the
laser lock are approximately equal to 100 Hz and 2 MHz,
respectively [39]. The absolute frequency of the wave-
length meter is initially obtained by comparing the wave
numbers of the two hyperfine-structure components and
the crossover resonance in the 7Li D2 line [40], obtained by
Doppler-free frequency-modulation spectroscopy, with the
output of the wavelength meter. During the optical deple-
tion experiments, the resonance frequency is obtained from
the measured line profile of the 41P1 ← 21S0 transition.

A Fabry-Pérot interferometer (FPI, finesse F ≈ 48) and
a photodiode (PD) are used to monitor the single-mode
operation of the laser. A lens is attached to the entrance of
the FPI unit to achieve the mode-matching for the cavity
(not shown in Fig. 1). In addition to that, a quarter-wave
plate is inserted in front of the interferometer to prevent
back reflections into the laser diode.

The remaining laser radiation is overlapped with the
He beam at right angles to minimize Doppler broaden-
ing of the 41P1 ← 21S0 transition originating from the
longitudinal velocity distribution of the supersonic beam.
To increase the interaction time with the sample, the laser

beam is retroreflected through the He beam using a high-
reflectivity mirror (M6 in Fig. 1). The mirror is located
inside the vacuum chamber to avoid transmission losses
through the optical windows of the vacuum chamber. The
incoming light is sent at a very small vertical angle with
respect to the retroreflected beam to avoid back reflections
into the diode laser.

To minimize influences by shot-to-shot fluctuations of
the helium-beam source, the laser beam is toggled between
open and closed in between two subsequent shots of
the pulsed valve using a fast mechanical shutter (SRS,
SR475). A servo-motor-controlled neutral-density filter
wheel allows for a fast and accurate setting of the laser
power (between 0 and 50 mW) admitted into the chamber.
The laser power is measured on a power meter (Coher-
ent, OP-2 VIS) outside the vacuum chamber. Transmission
losses at the entrance window into the vacuum chamber
(9%) are taken into account in the analysis. The semi-axes
of the elliptical laser beam parallel and perpendicular to the
He beam propagation axis are determined at the position of
the interaction region as a = 0.54 mm and b = 0.23 mm
[intensity full width at half maximum (FWHM)], respec-
tively, using a beam profiler (LaserCam-HR, Coherent).

III. NUMERICAL CALCULATIONS

To quantify the depletion efficiency, we numerically
solve the rate equations for the system using Mathematica
and MATLAB codes following standard procedures. Even
though excitation to the 41P1 state involves decay routes
via eight electronic states, as shown in Fig. 2, the pro-
cess can be accurately described by a three-level model
(marked in blue in Fig. 2). This can be rationalized by
considering that the Einstein A coefficient for the 41P1 →
21S0 transition is a factor of 35 higher than for all other
transitions from the 41P1 state. A direct comparison also
shows that the population difference obtained from the
solution to the nine-level model and to the three-level
model is negligible (less than 1%) under all conditions
studied here.

The rate equations for interaction with nonpolarized
light can be written as follows: [41–43]:

dNi

dt
= −�ieNi(t)+ AeiNe(t)+ �eiNe(t), (1a)

dNe

dt
= +�ieNi(t)− AeiNe(t)− �eiNe(t)− Aef Ne(t),

(1b)

dNf

dt
= +Aef Ne(t), (1c)

where Ni, Ne, and Nf denote the populations of the 21S0
state, the 41P1 state, and the 11S0 state, respectively. At
t = 0, all the populations are assumed to be in state i,
i.e., Ni = 1. The Einstein A coefficients are taken from
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FIG. 2. Schematic representation of the He energy levels and
the transitions involved in the optical depletion scheme. The
41P1 ← 21S0 transition at 397 nm is shown as an arrow in red
and blue. All electric-dipole-allowed decay routes from the 41P1
state are also indicated as arrows. The line style of these arrows
provides a rough estimate of the transition probability, expressed
as Einstein A coefficients. All transitions taken into account in
the three-level model are shown in blue.

the NIST Atomic Spectra Database [44]. During laser
irradiation, the pump rate �ei = �ie is given by

�ei = 3c2

2hπν3
0

Pl

Al

1
1+ [4πδν/

(
Aei + Aef

)
]2

. (2)

It depends on the incident laser power Pl, the transition fre-
quency ν0, the frequency detuning from resonance δν, and
the interaction area Al. To simplify the calculation, an ellip-
tically shaped light beam with a homogeneous intensity
distribution is assumed, so that Al = πab, where a and b
are the semi-axes of the laser beam at FWHM (see above).
A solution of the rate equations in the presence of the light
field, and taking into account the population relaxation into
a new equilibrium after laser irradiation (where �ei = 0),
results in a Lorentzian line profile which accounts for the
natural linewidth and for power broadening.

The line profile, obtained from the procedure above,
is then convoluted with a Gaussian distribution of stan-
dard deviation σ = √σD + σl to take into account Doppler
broadening (σD) and the laser linewidth (σl) as additional
line-broadening mechanisms. In our experiment, the con-
tribution from Doppler broadening is due to the transverse
velocity component of the supersonic beam. The Doppler

linewidth is linearly dependent on the helium-beam veloc-
ity v. The Doppler width at FWHM is assumed to be
[45]

�vD = 2
√

2 ln(2)ν0
v sin (β)

c
, (3)

where c is the speed of light, and the opening angle

β = arctan
(

1
2

d + b
z0

)
(4)

depends on the orifice diameter d, the skimmer diameter
b, and the distance between the nozzle and skimmer z0. A
Doppler shift of the spectral line is not taken into account
owing to the close-to-perpendicular geometry between the
supersonic beam and the laser beam. Contributions by
other line-broadening mechanisms are negligibly small
and thus not taken into account.

IV. RESULTS AND DISCUSSION

Figure 3(a) shows time-of-flight traces of metastable
helium atoms in the presence (blue line, signal intensity
Iq) and in the absence (black line, signal intensity I0) of
laser radiation resonant with the 41P1 ← 21S0 transition.
Since Faraday-cup detection measures both He(21S0) and
He(23S1) signal contributions, the signal intensity does
not go to zero in the presence of laser light, even though
the laser power of 38 mW used here leads to a full

(a)

(b)

FIG. 3. (a) Time-of-flight traces of metastable helium atoms
(v = 1070 m/s) measured at FC1 in the presence (blue line) and
in the absence (black line) of 38 mW of laser light resonant
with the 41P1 ← 21S0 transition. The time delay is given with
respect to the valve trigger pulse. (b) Helium singlet-to-triplet
ratio [obtained using Eq. (5)] as a function of beam time-of-
flight. Ratios obtained from low signal intensities are not shown
for clarity. The dotted line at r = 1 is for visibility only.
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depletion of the 21S0-state population at v = 1070 m/s
(see discussion below). When taking measurements under
conditions at which the population in the 21S0 state is fully
depleted, the remaining signal intensity originates from the
He(23S1) state only. Therefore, the signal ratio Iq/I0 can be
directly related to the helium singlet-to-triplet ratio in the
supersonic beam,

r = I0 − Iq

Iq
, (5)

if the same detection efficiency is assumed for both
metastable states. As can be seen from Fig. 3(b), the
singlet-to-triplet ratio is much higher at the rising edge
of the helium gas pulse than at other times. This effect
may be related to a more efficient collisional quenching
of He(21S0) by thermal electrons in the central higher-
density part of the beam. These thermal electrons are
produced during the discharge process and may lead to
a de-excitation of He(21S0) to He(23S1) [46]. To test
this assumption, we also measure the pressure depen-
dence of the helium singlet-to-triplet ratio (Fig. 4). The
results from this measurement clearly show that the ratio
decreases as the valve stagnation pressure p is increased,
which suggests a higher rate of the He(21S0)→ He(23S1)

conversion under these conditions.
Since the optical quenching efficiency does not depend

on the absolute value of the singlet-to-triplet ratio, inte-
grated signal intensities are used for further analysis (with
integration range between 250 and 365 μs). Using Eq.
(5), an average singlet-to-triplet ratio r̄ of 0.69 is obtained
at v = 1070 m/s (p = 10 bar). The average singlet-to-
triplet ratios at higher beam velocities (0.69 at v = 1500
m/s and p = 15 bar; 0.43 at v = 1750 m/s and p = 30
bar) are inferred by comparison with the results from
numerical calculations (see discussion below). The dif-
ferent singlet-to-triplet ratios are attributed to changes in
the valve characteristics and beam properties caused by

FIG. 4. Average helium singlet-to-triplet ratio as a function of
valve stagnation pressure at v = 1070 m/s and at a laser power
of 30 mW.

the use of other valve stagnation pressures and valve
temperatures.

To quantify the optical depletion efficiency, measure-
ments are done at various laser detunings and laser pow-
ers, and at three different helium-beam velocities. The
experimental results are then converted to He(21S0)-state
populations taking into account the average helium singlet-
to-triplet ratio. From the experimental results at v = 1070
m/s at a laser power of 38 mW in Fig. 5(a), it can be seen
that the state population barely changes over a range of
about 230 MHz around resonance. This is much larger than
the natural linewidth of the transition (�ν = 40 MHz) and
it is thus a clear indication that all of the He(21S0)-state
population is depleted over a large range of detunings.
We observe that the FWHMs of the depletion curves in
Figs. 5(a)–5(c) are reduced as the laser power is decreased,
which is also consistent with the measured power depen-
dence of the He(21S0)-state population in Fig. 5(b). This
figure illustrates that the depletion efficiency increases as
a function of increasing laser power. On resonance, the
population reaches a constant value at laser powers ≥ 10
mW, which is another clear indication for complete pop-
ulation transfer out of the He(21S0) state and it justifies
the use of Eq. (5) for the determination of the singlet-
to-triplet ratio at v = 1070 m/s. At a laser detuning of
δν = 170 MHz, the population does not reach a constant
value, even at the highest laser power used in the exper-
iment. At v = 1500 m/s and v = 1750 m/s, we observe
similar wavelength and power dependences as for v =
1070 m/s. However, the quenching efficiency at low laser
powers and at nonzero detunings is reduced owing to
the increase in Doppler width at higher beam velocities
[cf. Eq. (3)].

To interpret the experimental results, a global fit pro-
cedure with two adjustable fit parameters is used for the
numerical calculations. On the one hand, an effective ori-
fice diameter deff is used to factor in the spatially broad
distribution of metastable helium atoms, which results
from discharge excitation. As second parameter, an effec-
tive optical intensity Ieff is assumed to account for the
inhomogeneous intensity distribution of the laser beam in
the interaction zone. The inhomogeneous beam profile also
results in a variation of the laser interaction time with the
atoms in the supersonic beam. However, a change in laser
interaction time is analogous to a variation of the laser
intensity. Therefore, the laser interaction time is kept at
a constant value of tint = N (2a) /v at each helium-beam
velocity, where N is the number of passes of the laser
beam through the interaction volume. From a global fit to
all the experimental datasets shown in Fig. 5, we obtain
Ieff = 0.004× Al/Pl and deff = 48d = 4.8 mm. Given the
approximations used for the model and for the fit, the
results obtained from numerical calculations (shown as
solid lines in Fig. 5) are in good overall agreement with
the experimental data.
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(a) (b)

(c) (d)

(e) (f)

FIG. 5. (a),(c),(e) He(21S0)-state population obtained from experimental measurements (markers) and from numerical calculations
(solid lines) as a function of detuning from resonance at different laser powers (indicated in the legend). (b),(d),(f) Power dependence
of the He(21S0)-state populations obtained from experimental measurements (markers) and from numerical calculations (solid lines)
at two different detunings from resonance (indicated in the legend). These laser detunings are also marked as vertical dashed lines
in (a),(c),(e). The helium-beam velocities are v = 1070 m/s (a),(b), v = 1500 m/s (c),(d), and v = 1750 m/s (e),(f). The light-blue-
colored markers in (d) are obtained from a measurement at zero detuning in which the back reflection of the laser light at mirror M6 is
blocked. To allow for a comparison with the other measurements, the plotted laser power is divided by a factor of two.

The Doppler linewidths resulting from deff = 4.8 mm
are in between σD = 99 MHz (at v = 1070 m/s) and 157
MHz (at v = 1750 m/s). The Doppler widths are thus
much higher than the laser linewidth, which we estimate
as σl ≤ 20 MHz from the FPI fringe pattern. The true laser
linewidth is probably much smaller than that, but it could
not be determined to a higher accuracy owing to the low
finesse of the FPI. Therefore, the uncertainty of the laser
linewidth does not significantly alter the outcome of the
calculations. Deviations between theory and experiment
can be attributed to the assumptions made in the numerical

simulation; e.g., the use of a uniform laser intensity dis-
tribution. Experimental factors, such as small wavelength
drifts inside the wavelength meter due to thermal fluctua-
tions, can also not be ruled out. The use of a double-pass
configuration (mirror M6 in Fig. 1) indeed leads to a two-
fold increase of the interaction time, as can be seen from
the experimental results of a single-pass measurement
[light-blue markers in Fig. 5(d)]. Since the measurements
are taken at different days, the deviation from the double-
pass measurement [dark-blue markers in Fig. 5(d)] can
be related to changes in the helium singlet-to-triplet ratio
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or to a different alignment of the laser beam through the
chamber.

The uncertainty of the singlet-to-triplet ratio provides
a lower limit to the maximum quenching efficiency at
each beam velocity. At v = 1070 m/s, the ratio can be
directly inferred from Eq. (5) (see above) and the result-
ing quenching efficiency is thus known to a high accuracy.
At v = 1500 m/s and at v = 1750 m/s, Eq. (5) may not
hold owing to the decreased depletion efficiency (as a
result of the increased Doppler width). In these cases, the
average singlet-to-triplet ratios are determined by com-
parison with the results from numerical calculations. At
zero detuning, unphysical negative He(21S0)-state popu-
lations would be obtained at the highest laser powers if the
ratios are assumed to be 10% lower. If the ratios are 10%
higher, the experimental results and the numerically cal-
culated values would not agree. Therefore, the maximum
on-resonance quenching efficiencies at a laser power of 38
mW are 100+0

−1% at v = 1070 m/s, 98+2
−5% at v = 1500 m/s,

and 97+3
−5% at v = 1750 m/s.

V. CONCLUSION

In this paper, we describe an original and very efficient
technique for the optical depletion of the He(21S0)-state
population in a supersonic beam. This scheme is compara-
bly inexpensive and easily implemented using commercial
or home-built diode laser systems. In the future, we are
planning to use a laser lock based on saturated absorption
spectroscopy. This will ensure a continuous on-resonance
operation of the diode laser, and it will avoid the use of an
expensive wavelength meter.

The optical depletion scheme will be especially ben-
eficial for collision experiments. For example, in our
laboratory, this setup will be used for the study of quantum-
state-controlled reactive collisions between metastable
helium atoms and lithium atoms. The optical quenching of
He(21S0) will allow us to elucidate the relative contribu-
tions of the two metastable states of helium to the reaction,
and it will thus make it possible to accurately describe the
different reaction channels.

ACKNOWLEDGMENTS

J. Guan and V. Behrendt contributed equally to this
work. We thank the group of S. Willitsch (University of
Basel) and L. Petralia (University of Oxford) for technical
advice on the diode laser design and on the implemen-
tation of the wavelength meter lock, respectively. This
work is funded by the German Research Council (DFG)
under projects No. DU1804/1-1 and No. GRK 2079. J.
Grzesiak is grateful for additional financial support by the
International Graduate Academy of the Freiburg Research
Services. K. Dulitz acknowledges support by the Chemical
Industry Fund through a Liebig Fellowship.

[1] T. Makabe, N. Nakano, and Y. Yamaguchi, Modeling and
diagnostics of the structure of rf glow discharges in Ar at
13.56 MHz, Phys. Rev. A 45, 2520 (1992).

[2] S. Falcinelli, F. Pirani, and F. Vecchiocattivi, The pos-
sible role of Penning ionization processes in planetary
atmospheres, Atmosphere 6, 299 (2015).

[3] T. J. Gay, in Atomic, Molecular, and Optical Physics:
Atoms and Molecules, Experimental Methods in the Physi-
cal Sciences, Vol. 29, Part B, edited by F. Dunning and R.
G. Hulet (Academic Press, San Diego, 1996) pp. 95–114.

[4] Y. Harada, S. Masuda, and H. Ozaki, Electron spectroscopy
using metastable atoms as probes for solid surfaces, Chem.
Rev. 97, 1897 (1997).

[5] M. Onellion, M. W. Hart, F. B. Dunning, and G. K. Wal-
ters, Spin-polarized Metastable-atom Deexcitation Spec-
troscopy: A New Probe of Surface Magnetism, Phys. Rev.
Lett. 52, 380 (1984).

[6] W. Vassen, C. Cohen-Tannoudji, M. Leduc, D. Boiron, C.
I. Westbrook, A. Truscott, K. Baldwin, G. Birkl, P. Cancio,
and M. Trippenbach, Cold and trapped metastable noble
gases, Rev. Mod. Phys. 84, 175 (2012).

[7] W. Vassen, R. P. M. J. W. Notermans, R. J. Rengelink, and
R. F. H. J. van der Beek, Ultracold metastable helium: Ram-
sey fringes and atom interferometry, Appl. Phys. B 122, 289
(2016).

[8] A. Aspect, E. Arimondo, R. Kaiser, N. Vansteenkiste, and
C. Cohen-Tannoudji, Laser Cooling Below the One-photon
Recoil Energy by Velocity-selective Coherent Population
Trapping, Phys. Rev. Lett. 61, 826 (1988).

[9] J. Hack, L. Liu, M. Olshanii, and H. Metcalf, Velocity-
selective coherent population trapping of two-level atoms,
Phys. Rev. A 62, 013405 (2000).

[10] E. Rasel, F. Pereira Dos Santos, F. Saverio Pavone, F.
Perales, C. Unnikrishnan, and M. Leduc, White light trans-
verse cooling of a helium beam, Eur. Phys. J. D 7, 311
(1999).

[11] M. T. Cashen and H. Metcalf, Bichromatic force on helium,
Phys. Rev. A 63, 025406 (2001).

[12] M. Partlow, X. Miao, J. Bochmann, M. Cashen, and H.
Metcalf, Bichromatic Slowing and Collimation to Make
an Intense Helium Beam, Phys. Rev. Lett. 93, 213004
(2004).

[13] C. Corder, B. Arnold, and H. Metcalf, Laser Cooling With-
out Spontaneous Emission, Phys. Rev. Lett. 114, 043002
(2015).

[14] K. Dulitz, A. Tauschinsky, and T. P. Softley, Zeeman
deceleration of electron-impact-excited metastable helium
atoms, New J. Phys. 17, 035005 (2015).

[15] P. E. Siska, Molecular-beam studies of Penning ionization,
Rev. Mod. Phys. 65, 337 (1993).

[16] A. B. Henson, S. Gersten, Y. Shagam, J. Narevicius, and E.
Narevicius, Observation of resonances in Penning ioniza-
tion reactions at sub-Kelvin temperatures in merged beams,
Science 338, 234 (2012).

[17] S. D. S. Gordon, J. Zou, S. Tanteri, J. Jankunas, and
A. Osterwalder, Energy Dependent Stereodynamics of the
Ne(3P2)+ Ar Reaction, Phys. Rev. Lett. 119, 053001
(2017).

054073-7

https://doi.org/10.1103/PhysRevA.45.2520
https://doi.org/10.3390/atmos6030299
https://doi.org/10.1021/cr940315v
https://doi.org/10.1103/PhysRevLett.52.380
https://doi.org/10.1103/RevModPhys.84.175
https://doi.org/10.1007/s00340-016-6563-0
https://doi.org/10.1103/PhysRevLett.61.826
https://doi.org/10.1103/PhysRevA.62.013405
https://doi.org/10.1007/s100530050573
https://doi.org/10.1103/PhysRevA.63.025406
https://doi.org/10.1103/PhysRevLett.93.213004
https://doi.org/10.1103/PhysRevLett.114.043002
https://doi.org/10.1088/1367-2630/17/3/035005
https://doi.org/10.1103/RevModPhys.65.337
https://doi.org/10.1126/science.1229141
https://doi.org/10.1103/PhysRevLett.119.053001


JIWEN GUAN et al. PHYS. REV. APPLIED 11, 054073 (2019)

[18] P. O. Fedichev, M. W. Reynolds, U. M. Rahmanov, and
G. V. Shlyapnikov, Inelastic decay processes in a gas
of spin-polarized triplet helium, Phys. Rev. A 53, 1447
(1996).

[19] N. Herschbach, P. J. J. Tol, W. Hogervorst, and W.
Vassen, Suppression of Penning ionization by spin polar-
ization of cold He(23S) atoms, Phys. Rev. A 61, 050702
(2000).

[20] R. D. Rundel, F. B. Dunning, and R. F. Stebbings, Velocity
distributions in metastable atom beams produced by coaxial
electron impact, Rev. Sci. Instrum. 45, 116 (1974).

[21] F. B. Dunning, T. B. Cook, W. P. West, and R. F. Stebbings,
Selective removal of either metastable species from a mixed
3P0,2 rare-gas metastable beam, Rev. Sci. Instrum. 46, 1072
(1975).

[22] C. Weiser and P. E. Siska, Magnetic deflection analysis of
supersonic metastable atom beams, Rev. Sci. Instrum. 58,
2124 (1987).

[23] H. Theuer and K. Bergmann, Atomic beam deflection by
coherent momentum transfer and the dependence on weak
magnetic fields, Eur. Phys. J. D 2, 279 (1998).

[24] A. Aspect, N. Vansteenkiste, R. Kaiser, H. Haberland,
and M. Karrais, Preparation of a pure intense beam of
metastable helium by laser cooling, Chem. Phys. 145, 307
(1990).

[25] E. S. Fry and W. L. Williams, Production of a 23S helium
beam, Rev. Sci. Instrum. 40, 1141 (1969).

[26] H. Hotop, A. Niehaus, and A. L. Schmeltekopf, Reactions
of excited atoms and molecules with atoms and molecules,
Z. Phys. A - Hadron Nucl. 229, 1 (1969).

[27] H. Hotop, J. Lorenzen, and A. Zastrow, Penning ionization
electron spectrometry with state-selected, thermal-energy
neon metastable atoms: Ne(3P2), Ne(3P0)+ Ar, Kr, Xe,
Hg, J. Electron. Spectrosc. 23, 347 (1981).

[28] Y. Harada and H. Ozaki, Penning ionization electron
spectoscopy: Its application to surface characterization of
organic solids, Jpn. J. Appl. Phys. 26, 1201 (1987).

[29] T. D. Gaily, M. J. Coggiola, J. R. Peterson, and K. T.
Gillen, State purification of a fast neon metastable beam
by collinear optical pumping, Rev. Sci. Instrum. 51, 1168
(1980).

[30] M. J. Verheijen and H. C. W. Beijerinck, State selected
total Penning ionisation cross sections for the systems
Ne∗(3P0, 3P2)+ Ar, Kr, Xe and N2 in the energy range
0.06 < E0(eV) < 8.0, Chem. Phys. 102, 255 (1986).

[31] J. A. Brand, J. E. Furst, T. J. Gay, and L. D. Schearer,
Production of a high-density state-selected metastable neon
beam, Rev. Sci. Instrum. 63, 163 (1992).

[32] R. Kau, I. D. Petrov, V. L. Sukhorukov, and H. Hotop,
Experimental and theoretical cross sections for photoion-
ization of metastable Ar* and Kr* atoms near threshold, J.
Phys. B: At. Mol. Phys. 31, 1011 (1998).

[33] F. A. U. Thiel, L. Thiel, A. J. Yencha, M.-W. Ruf,
W. Meyer, and H. Hotop, Experimental and theoreti-
cal electron energy spectra due to ionizing collisions of
metastable Ar∗(3P2), Ar∗(3P0) and Kr∗(3P0) atoms with
ground-state Hg atoms, J. Phys. B: At. Mol. Phys. 37, 3691
(2004).

[34] K. Kato, D. W. Fitzakerley, M. C. George, A. C. Vutha, M.
Weel, C. H. Storry, T. Kirchner, and E. A. Hessels, Selective
detection of metastable helium atoms by elastic scattering
collisions, Phys. Rev. A 86, 014702 (2012).

[35] W. C. Martin, New wavelengths for some helium (He I)
lines, J. Opt. Soc. Am. 50, 174 (1960).

[36] J. Grzesiak, M. Vashishta, P. Djuricanin, F. Stienkemeier,
M. Mudrich, K. Dulitz, and T. Momose, Production of rota-
tionally cold methyl radicals in pulsed supersonic beams,
Rev. Sci. Instrum. 89, 113103 (2018).

[37] J. Grzesiak, T. Momose, F. Stienkemeier, M. Mudrich,
and K. Dulitz, Penning collisions between supersonically
expanded metastable He atoms and laser-cooled Li atoms,
J. Chem. Phys. 150, 034201 (2019).

[38] H. Hotop, in Atomic, Molecular, and Optical Physics:
Atoms and Molecules, Experimental Methods in the Physi-
cal Sciences, Vol. 29, Part B, edited by F. Dunning and R.
G. Hulet (Academic Press, San Diego, 1996) p. 191.

[39] In this estimate, frequency drifts caused by thermal fluctu-
ations inside the wavelength meter itself are disregarded.

[40] C. J. Sansonetti, B. Richou, R. Engleman, and L. J.
Radziemski, Measurements of the resonance lines of
6Li and 7Li by Doppler-free frequency-modulation spec-
troscopy, Phys. Rev. A 52, 2682 (1995).

[41] H. J. Metcalf and P. v. d. Straten, Laser Cooling and
Trapping (Springer, New York, 1999).

[42] D. A. Steck, Ph.D. thesis, The University of Texas at
Austin, 2001.

[43] D. Budker, D. Kimball, D. Kimball, and D. DeMille,
Atomic Physics: An Exploration through Problems and
Solutions (Oxford University Press, Oxford,
2004).

[44] A. Kramida, Y. Ralchenko, J. Reader, and NIST ASD
Team, NIST atomic spectra database (Version 5.6), (2018),
http://physics.nist.gov/asd.

[45] U. Hollenstein, Ph.D. thesis, ETH Zurich, 2003.
[46] A. V. Phelps, Absorption studies of helium metastable

atoms and molecules, Phys. Rev. 99, 1307 (1955).

054073-8

https://doi.org/10.1103/PhysRevA.53.1447
https://doi.org/10.1103/PhysRevA.61.050702
https://doi.org/10.1063/1.1686422
https://doi.org/10.1063/1.1134403
https://doi.org/10.1063/1.1139474
https://doi.org/10.1007/s100530050141
https://doi.org/10.1016/0301-0104(90)89122-7
https://doi.org/10.1063/1.1684181
https://doi.org/10.1007/BF01394439
https://doi.org/10.1016/0368-2048(81)85045-1
https://doi.org/10.1143/JJAP.26.1201
https://doi.org/10.1063/1.1136400
https://doi.org/10.1016/0301-0104(86)85136-9
https://doi.org/10.1063/1.1143000
https://doi.org/10.1088/0953-4075/31/5/010
https://doi.org/10.1088/0953-4075/37/18/010
https://doi.org/10.1103/PhysRevA.86.014702
https://doi.org/10.1364/JOSA.50.000174
https://doi.org/10.1063/1.5052017
https://doi.org/10.1063/1.5063709
https://doi.org/10.1103/PhysRevA.52.2682
http://physics.nist.gov/asd
https://doi.org/10.1103/PhysRev.99.1307

	I. INTRODUCTION
	II. EXPERIMENTS
	A. Vacuum apparatus
	B. Optical system

	III. NUMERICAL CALCULATIONS
	IV. RESULTS AND DISCUSSION
	V. CONCLUSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


