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ABSTRACT

We compare two different experimental techniques for the magnetic-sub-level preparation of metastable 4He in the 23S1 level in a supersonic
beam, namely, magnetic hexapole focusing and optical pumping by laser radiation. At a beam velocity of v = 830 m/s, we deduce from a
comparison with a particle trajectory simulation that up to 99% of the metastable atoms are in the MJ′′ = +1 sub-level after magnetic hexapole
focusing. Using laser optical pumping via the 23P2–23S1 transition, we achieve a maximum efficiency of 94% ± 3% for the population of the
MJ′′ = +1 sub-level. For the first time, we show that laser optical pumping via the 23P1–23S1 transition can be used to selectively populate each
of the three MJ′′ sub-levels (MJ′′ = −1, 0, +1). We also find that laser optical pumping leads to higher absolute atom numbers in specific MJ′′

sub-levels than magnetic hexapole focusing.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0048323

I. INTRODUCTION

In a He gas discharge, two long-lived, excited (“metastable”)
atomic levels are formed by electron-impact excitation from the
11S0 electronic ground level: the 23S1 level (electronic energy
E = 19.8 eV1 and natural lifetime τ = 7870 s2) and the 21S0 level
(E = 20.6 eV1 and τ = 19.7 ms3). In the following, the metastable He
atoms are referred to as spin-polarized when only a single magnetic
sub-level of He(23S1) is populated. Such spin-polarized metastable
He (HeSP) is used for a wide range of applications. Special interest is
currently devoted to He magnetometry for the quantum sensing of
very small magnetic fields, e.g., see Refs. 4 and 5. In metastable atom
electron spectroscopy,6 also referred to as metastable de-excitation
spectroscopy, HeSP has, for example, been used for probing

surface magnetism.7 In atom optics, HeSP has found applications
in nanolithography, as well as in atomic waveguides and beam
splitters for atom interferometry.8,9 HeSP also serves as a source of
polarized electrons10,11 and ions,12 e.g., for atomic and high-energy
nuclear scattering experiments. Besides that, spin-polarized samples
of 3He(23S1) are used for biomedical imaging, e.g., to visualize the
human lung.13–15

Supersonic beams of HeSP are typically produced by opti-
cal pumping,16 as well as by magnetic (de-)focusing and mag-
netic deflection. Optical pumping of 4He(23S1) via the 23PJ′–23S1
transition (where J′ = 0, 1, 2) at a wavelength of λ = 1083 nm has
first been achieved by Franken, Colegrove, and Schaerer using a
helium lamp.17–19 A few years later, the optical pumping of the
23S1 level of the 3He isotope has also been demonstrated using
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a similar setup.20,21 The more recent use of narrowband laser radia-
tion has proven to be particularly efficient for the optical pumping
of He in the 23S1 state.22–25

Apart from that, the interaction of a spin with an inhomo-
geneous magnetic field has also been used for producing spin-
polarized atomic beams of 3He(23S1) and 4He(23S1). These level
preparation techniques include Stern–Gerlach deflection,26–31 mag-
netic hexapole focusing,32–38 and Zeeman deceleration.39,40

A comparison between the different techniques for HeSP prepa-
ration in a supersonic beam is of paramount importance for experi-
mental design considerations. In this article, we describe the results
of a comparative study aimed at the laser optical pumping of
4He(23S1) into a single MJ′′ sub-level (where MJ′′ = −1, 0,+1) and
at the magnetic hexapole focusing (defocusing) of the MJ′′ = +1
(MJ′′ = −1) sub-level of 4He(23S1) using an array of two mag-
netic hexapoles. We have determined the efficiency for MJ′′ -sub-
level selection using low-cost fluorescence and surface-ionization
detectors, respectively, which can easily be implemented in other
experiments.

II. EXPERIMENTS
Major parts of the experimental setup have already been

described elsewhere.41,42 Briefly, a pulsed 4He beam is produced by
a supersonic expansion of 4He gas from a high-pressure reservoir
(30–40 bar) into the vacuum using a home-built CRUCS valve43

(30 μs pulse duration). An electron-seeded plate discharge (attached
to the front plate of the valve) is used to excite an ≈ 4 ⋅ 10−5 frac-
tion of He atoms from the 11S0 electronic ground level to the two

metastable levels, 21S0 and 23S1, referred to as He∗ hereafter.41 After
passing through a 1 mm-diameter skimmer at a distance of 130 mm
from the valve exit, the supersonic beam enters a second vacuum
chamber, in which a specific magnetic sub-level of the 23S1 level
is prepared using laser optical pumping or selected using magnetic
hexapole focusing (see below). The distance between the skimmer
tip and the center of the optical pumping region (hexapole magnets)
is 228 mm (331 mm). The He∗ flux and the He∗ beam velocity are
determined using Faraday-cup detection at well-known positions
along the supersonic beam axis y.

For the experiments on optical pumping, the pulsed valve
is operated at room temperature, resulting in a supersonic beam
of He∗ with a mean longitudinal velocity of v = (1844 ± 6) m/s
(250 m/s full width at half maximum, FWHM). For the experi-
ments on magnetic hexapole focusing, the pulsed valve is cooled
by using a cryocooler (CTI Cryogenics, 350CP), and the valve
temperature is actively stabilized to 42 K using PID-controlled
resistive heating. This results in a supersonic beam of He∗ with
a mean longitudinal velocity of v = (830 ± 17) m/s (≈ 130 m/s
FWHM).

A. Laser optical pumping
The energy-level schemes and the experimental setup used for

laser optical pumping are shown in Figs. 1(a) and 1(b), respectively.
Optical pumping is achieved by laser excitation via the 23P1–23S1
transition or via the 23P2–23S1 transition at λ = 1083 nm, respec-
tively. The laser light for optical pumping is generated by a combi-
nation of a fiber laser and a fiber amplifier (NKT Photonics, Koheras
BOOSTIK Y10 PM FM, 2.2 W output power, 10 kHz linewidth).

FIG. 1. (a) Left: He energy levels relevant for the experiments described in the main text. The level energies are taken from Ref. 1. Right: Transitions relevant for the laser
optical pumping of He(23S1) via the 23P0 (top), the 23P1 (middle), and the 23P2 (bottom) levels, respectively. The relative transition strengths for σ+, π, and σ− excitation
are labeled in pink, green, and blue, respectively. (b) Schematic illustration of the experimental setup used for optical pumping and fluorescence detection. HHC = Helmholtz
coil, PBS = polarizing beam splitter, λ/4 = quarter wave plate, PD = photodiode, P = polarizer, and L = aspheric lens. (c) Schematic drawing of a magnetic hexapole array in
Halbach configuration. (d) Sketch of the detection system for magnetic hexapole focusing, including the two Halbach arrays (HAs), the wire (W) detector, and a Faraday-cup
(FC) detector. All dimensions in (b)–(d) are given in units of mm, and they are not to scale.
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The laser frequency is stabilized using frequency-modulated, satu-
rated absorption spectroscopy in a He gas discharge cell. Since the
frequency difference between the 23P1 and 23P2 spin–orbit levels is
only Δ f ≈ 2 GHz,1 the laser frequency can be changed between the
different transitions without effort.

The laser light is guided to the vacuum chamber using a
polarization-maintaining single-mode fiber, where it is collimated
to a beam diameter of 2w0 ≈ 14 mm (w0 is the Gaussian beam
waist). Before the laser beam enters the vacuum chamber, it passes
a polarizing beam splitter for polarization clean-up and a quarter
wave plate for the production of circularly polarized light. Inside
the vacuum chamber, the laser beam crosses the supersonic beam
at right angles and parallel to the direction of the magnetic field
produced by two coils in near-Helmholtz configuration (radius
R = 55 cm). The thus-produced homogeneous magnetic field of
Bz ≤ 4.5 G provides a uniform quantization axis for all He atoms in
the supersonic beam.

The level-preparation efficiency is determined by measuring
the laser-induced-fluorescence (LIF) of the He atoms in the direc-
tion perpendicular to the supersonic beam and the laser beam. The
fluorescence light is collected and focused onto an InGaAs photo-
diode (Hamamatsu, 1 mm active area diameter, photosensitivity of
RPD = 0.63 A/W at λ = 1080 nm) using two anti-reflection-coated,
aspheric lenses (Thorlabs, 75 mm diameter, 60 mm focal length).
Due to the symmetric lens configuration [as shown in Fig. 1(b)], the
fluorescence collection region in the yz plane is expected to be of
the same size as the detection region, which is given by the active
area of the photodiode. The output of the photodiode is ampli-
fied using a home-built transimpedance amplifier with a gain of
GPD ≈ 5 ⋅ 105 V/A. A rotatable linear polarizer (Thorlabs, extinc-
tion ratio > 400 : 1 at λ = 1083 nm) is mounted in between the lenses
in order to analyze the polarization of the fluorescence light. All the
optical components of the fluorescence detector are placed into a
single lens tube system to ensure the correct alignment of the opti-
cal parts. The entire detector assembly is positioned on a transla-
tional stage outside the vacuum chamber, which can be moved along
the y axis.

Under normal operating conditions, the number of He atoms
in the 23S1 level is ≈ 109/pulse, as inferred from the signal on the
Faraday-cup detector.41 For excitation via the 23P2–23S1 transition,
the time-dependent signal of the photodiode has a peak voltage of
UPD,max ≈ 41 mV and an FWHM of 27 μs. The peak flux of detected
photons is then inferred from UPD,max using

Ṅph,max =
UPD,max

hνRPDGPD
≈ 7 ⋅ 1011 photons

s
, (1)

where h is Planck’s constant and ν is the corresponding transition
frequency. From these measurements, we infer a root-mean-square
noise amplitude of Unoise = 6.4 mV for a single measurement, which
improves to Unoise = 0.4 mV by averaging over 300 gas pulses. This
results in a signal-to-noise ratio of

SNR =
U2

PD,max

U2
noise

=

⎧⎪⎪
⎨
⎪⎪⎩

16.2 dB, single measurement

40.3 dB, 300 averages.
(2)

At SNR = 0 dB, we thus infer a detection limit of Ṅph, lim ≈ 1 ⋅ 1011

photons/s (Ṅph, lim ≈ 7 ⋅ 109 photons/s) for a single measurement
(300 averages).

B. Magnetic hexapole focusing
For the magnetic focusing of He(23S1, MJ′′ = +1), we use

a set of two Halbach arrays44,45 in hexapole configuration,
sketched in Fig. 1(c), whose design has already been described
previously.46,47 Each hexapole array consists of 12 magnetized seg-
ments (Arnold Magnetic Technologies, NdFeB, N42SH; a rema-
nence of B0 = 1.3 T), which are glued into an aluminum housing and
placed on a position-adjustable rail at a center-to-center distance
of 14.6 mm.

To determine the focusing properties of the magnet assem-
bly, a thin stainless-steel wire [diameter dwire = 0.2 mm, labeled
“W” in Fig. 1(d)] is used as a position-sensitive Faraday-cup-type
detector. Its position along the y and x axes can be varied by a
maximum of 180 and 50 mm, respectively, using a set of two pre-
cision linear translators. A second Faraday-cup detector [labeled
“FC” in Fig. 1(d)], i.e., a stainless-steel plate of 30 mm diame-
ter, is placed behind the wire detector to determine the He∗ beam
velocity.

III. RESULTS AND DISCUSSION
A. Laser optical pumping

In general, the level preparation efficiency relies on the polar-
ization state of the laser radiation, on the energy-level structure
of the involved electronic levels, and on the transition strengths
for photon absorption and emission. If atoms are excited with
σ+(−)-polarized light, the change in angular momentum between
the upper and lower levels is ΔMJ′′ =MJ′ −MJ′′ = +1(−1) for every
photon-scattering event, where MJ′ and MJ′′ are the magnetic
projection quantum numbers for the upper and the lower mag-
netic sub-levels, respectively. For excitation with π-polarized light,
ΔMJ′′ = 0.

The transition strengths for the 23PJ′–23S1 transitions (where
J′ = 0, 1, 2) in He are shown in Fig. 1(a). As can be seen from
Fig. 1(a), all MJ′ −MJ′′ transition strengths for the 23P2–23S1 tran-
sition are non-zero. Hence, in this case, multiple excitation cycles
with σ+(−)-polarized light lead to equal populations in the 23S1, MJ′′

= +1(−1) and 23P2, MJ′ = +2(−2) sub-levels, respectively. In this
case, photon emission via this transition continues to occur as long
as the atoms are subject to laser excitation. In contrast to that, the
emission of photons ceases after a few pumping cycles for σ+(−) exci-
tation of the 23P1–23S1 transition since all population is trapped
in the 23S1, MJ′′ = +1(−1) sub-level. Likewise, the excitation of the
23P1–23S1 transition using π-polarized light leads to a transfer of
population into the 23S1, MJ′′ = 0 sub-level and photon emission
stops as a result of the zero transition strength for the 23P1, MJ′

= 0 − 23S1, MJ′′ = 0 transition.
As can be inferred from Fig. 1(a), the selective population of

a single MJ′′ sub-level in He(23S1) via the 23P0–23S1 transition is
more complicated, as it requires two different laser polarization
states. Therefore, we have focused our experimental work on the
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optical pumping of He(23S1) via the 23P2–23S1 and 23P1–23S1 tran-
sitions, respectively. In the following, we provide a brief descrip-
tion of the different optical pumping schemes and the meth-
ods used for analyzing and optimizing the sub-level preparation
efficiencies. Furthermore, we compare our results with literature
values.

1. Optical pumping via the 23P2–23S1 transition
As stated above, the excitation of the 23P2–23S1 transition with

σ+(−)-polarized light leads (after a few excitation cycles) to the opti-
cal cycling between the 23S1, MJ′′ = +1(−1) sub-level and the 23P2,
MJ′ = +2(−2) sub-level. In this case, the atomic fluorescence only
consists of σ+(−)-polarized light because ΔM =MJ′ −MJ′′ = +1(−1).
During the first optical pumping cycles, and for a non-perfect cir-
cular polarization of the input light, sub-levels with MJ′ ≠ +2(−2)
are also populated and can decay back to the 23S1 level while emit-
ting σ−(+)- and π-polarized photons as well. Therefore, the polariza-
tion purity of the emitted fluorescence provides information about
the sub-level preparation efficiency. Since the polarization of flu-
orescence photons is given with respect to the quantization axis,
which is the pointing of the external magnetic field vector, fluo-
rescence photons of σ± polarization that are detected along an axis
perpendicular to the quantization axis are projected onto a linear
polarization. The direction of this projected linear polarization is
again perpendicular to the quantization axis. Furthermore, fluores-
cence photons of π polarization are linearly polarized parallel to the
quantization axis. Therefore, we analyze the purity of the emitted
light using a linear polarizer plate, and the fluorescence intensity
can be ascribed to σ± polarization (π polarization) if the transmis-
sion axis of the polarizer P is perpendicular (parallel) to the mag-
netic field component Bz , respectively.48 For example, the results of
fluorescence measurements at different polarizer angles are shown
in Fig. 2.

FIG. 2. Fluorescence intensity as a function of polarizer angle for excitation with
σ+-polarized light via the 23P2–23S1 transition. The experimental data points are
shown as red circles. The black curve is a sine fit to the data. The dashed vertical
lines represent the two angles at which the transmission axis of the polarizer P is
perpendicular or parallel to the magnetic field component Bz , respectively. Here,
an efficiency of η

+1 ≈ 93% is determined from the fit to the data.

In order to compare the sub-level preparation efficiencies, we
define

ηi =
ρ(MJ′′i )

∑iρ(MJ′′i )
(3)

for producing a specific magnetic sub-level population ρ(MJ′′i ) of
He(23S1) (where i = −1, 0,+1). For the 23P2–23S1 transition, the effi-
ciency for optical pumping into the 23S1, MJ′′ = +1(−1) sub-level is
thus obtained using

η+1 (−1) = 1 −
IF(P ∥ Bz)

IF(P ∥ Bz) + IF(P�Bz)
, (4)

where IF(P ∥ Bz) and IF(P�Bz) are the fluorescence intensities for
emission at polarizer axes P ∥ Bz and P�Bz , respectively.

2. Optical pumping via the 23S1–23P1 transition
Excitation via the 23P1–23S1 transition allows for the selective

optical pumping into each of the MJ′′ sub-levels in He(23S1). When
the atoms are excited with pure σ+(−)-polarized light, all popula-
tion is pumped into the 23S1, MJ′′ = +1(−1) sub-level. Since this
is a dark sub-level, fluorescence emission should only occur in the
first few pumping cycles. However, by using a mixture of σ+- and
σ−-polarized excitation light, the dark sub-level is remixed so that
optical cycling (and thus fluorescence emission) continues to occur.
In the present configuration, the input polarization is changed by
varying the angle Φ of the quarter wave plate compared to the axis of
the incident linear laser polarization. The observed change in the flu-
orescence intensity as a function of quarter wave plate angle is shown
in Fig. 3. The efficiency for pumping into the 23S1, MJ′′ = +1(−1)

FIG. 3. Red circles: Measured fluorescence intensity for excitation via the
23P1–23S1 transition as a function of quarter wave plate angle Φ. The quarter
wave plate angles for excitation with pure σ+-polarized light and with an equal
mixture of σ+- and σ−-polarized light are indicated as dashed vertical lines. The
inset shows the results of a measurement in a region around Φ = 45○ taken under
different experimental conditions.
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sub-level is determined using

η+1 (−1) = 1 −
IF(σ+(−))

IF(σ+ + σ−)
, (5)

where IF(σ+(−)
) and IF(σ+ + σ−) are the fluorescence intensities for

excitation with pure σ+(−) polarization and with a mixture of σ+ and
σ− polarization, respectively.

For optical pumping into the 23S1(MJ′′ = 0) sub-level, we have
used an additional coil pair in near-Helmholtz configuration (a
radius of 76 mm and a coil distance of 255 mm), placed at right
angles to the other Helmholtz coil pair, to generate a well-defined
quantization axis along the x direction. As a result, the laser beam
direction is perpendicular to the magnetic field component Bx. In
addition to that, the quarter wave plate is replaced by a half wave
plate. By rotating the half wave plate, the angle of polarization is
adjusted to be either parallel or perpendicular to Bx. In the latter
case, the excitation light is projected onto an equal mixture of σ+
and σ− input polarization, which again causes a remixing of the oth-
erwise dark sub-level 23S1, MJ′′ = 0. Figure 4 shows the change in
the fluorescence intensity as a function of half wave plate angle. For
pumping into the 23S1, MJ′′ = 0 sub-level, the sub-level preparation
efficiency is thus obtained using

η0 = 1 −
IF(π ∥ Bx)

IF(π�Bx)
, (6)

where IF(π ∥ Bx) and IF(π�Bx) are the fluorescence intensities
for excitation using π-polarized light in a direction parallel and
perpendicular to the magnetic field component Bx, respectively.

3. Optimization of the sub-level preparation efficiency
We have identified several parameters, which strongly affect

the sub-level preparation efficiency: the interaction time between the
excitation laser light and the sample, the laser intensity, the magnetic
field strength, and the purity of the input polarization.

FIG. 4. Red circles: Measured fluorescence intensity for excitation via the
23P1–23S1 transition as a function of half wave plate angle Φ. The half wave
plate angles for excitation with π-polarized light parallel and perpendicular to the
magnetic field direction Bx are indicated as dashed vertical lines.

During the excitation process, an atom typically scatters sev-
eral photons before it is pumped to the designated magnetic sub-
level. Since the radiative lifetime of the 23PJ′ levels in He is long
compared to typical optical pumping transitions in other atoms
(τ = 1/Γ = 97.89 ns1), a comparably long interaction time between
the laser beam and the sample has to be achieved. In our case, we
have found that a large 1/e2 laser beam diameter of 2w0 ≈ 14 mm
is most practical for this purpose. For a supersonic beam with a
mean velocity of 1844 m/s, this beam diameter translates into an
interaction time of Δtint = 7.6 μs≫ τ.

We have studied the influence of the interaction time on the
sub-level preparation efficiency ηi by monitoring the fluorescence
intensity at different fluorescence detector positions along the y axis.
As can be seen from the colored markers in Fig. 5, the efficiency η

+1
for σ+ excitation of the 23P2–23S1 and 23P1–23S1 transitions, respec-
tively, increases to a nearly constant value as the detector is moved
toward the midpoint of the excitation laser beam. This confirms that,
in our experiment, the interaction time does not limit the sub-level
preparation efficiency.

We have simulated the population transfer process using
rate-equation calculations. A detailed description of the rate-
equation model can be found in the Appendix. The best fit
to our experimental data for excitation via the 23P2–23S1 tran-
sition and via the 23P1–23S1 transition, respectively, is found
by assuming that the excitation light is a mixture of 95 % σ+-
polarized light and 5 % σ−-polarized light. The admixture of
wrongly polarized light also explains why the observed sub-level
preparation efficiency is below 100 %. In addition to that, as
can be seen from Fig. 1(a), the relative transition strengths for
optical pumping with wrongly polarized light are 1/6 for the
23P1–23S1 transition, while it is only 1/30 for the 23P2–23S1 tran-
sition. Thus, optical pumping via the 23P1–23S1 transition is more
sensitive to wrongly polarized excitation light, which explains
the observed difference in the sub-level preparation efficiency.

FIG. 5. Sub-level preparation efficiencies η
+1 for σ+ excitation of the 23P2–23S1

and 23P1–23S1 transitions (see legend), respectively, at different positions of the
fluorescence detector along the y axis. The origin of the position axis denotes the
midpoint of the laser beam. Experimental values are shown as markers, and the
results of the rate-equation calculations are shown as solid lines. In the calcula-
tions, a mixture of 95% σ+-polarized light and 5% σ−-polarized light is assumed
for both excitation schemes.
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In our setup, such an admixture of wrong input polarization might
be caused by imperfections of the quarter wave plate or by the
birefringence of the vacuum window.

Second, the laser intensity has to be high enough so that the
laser-induced power broadening compensates for a detuning of the
laser frequency from the atomic resonance. This detuning is caused
by the Doppler broadening due to the transverse velocity of the
atoms (ΔDoppler ≈ 12 MHz FWHM) and by the Zeeman shift of
the atomic levels (ΔZeeman < 14 MHz). The FWHM of the power
broadening can be expressed as

Δpower =
Γ

2π
⋅

√

1 +
I

Isat
, (7)

where I is the intensity of the laser light and Isat ≈ 0.16 mW/cm2

(assuming a two-level system) is the saturation intensity of the tran-
sition. Therefore, in order to compensate for the Doppler broaden-
ing and for the Zeeman shift, the laser intensity has to be I ≥ 12 mW

cm2 ,
corresponding to a laser power of ≥ 9 mW for our experiments.
From Fig. 6, we can see that the sub-level preparation efficiency
for σ+ excitation of the 23P2–23S1 transition is constant for laser
powers P > 50 mW. Unfortunately, measurements of the sub-level
preparation efficiency at lower laser powers suffer from low sig-
nal intensities and are thus less representative. For σ+ excitation of
the 23P1–23S1 transition, we observe that more than 300 mW of
laser power are required to reach a constant sub-level preparation
efficiency. This power difference might be attributed to a weaker
power broadening of the 23P1–23S1 line compared to the 23P2–23S1
line as a result of a higher saturation intensity for this transition.
As both transitions have the same linewidth, the same initial level,
and approximately the same transition frequency, we can see from
Eq. (A4) that the squared dipole matrix elements ∣μJ′ ∣

2 are propor-
tional to the degeneracy factors 2J′ + 1. As Isat ∝ 1/∣μJ′ ∣

2, it follows
that Isat(23P1 − 23S1)/Isat(23P2 − 23S1) = ∣μ2∣

2
/∣μ1∣

2
= 5/3.

FIG. 6. Sub-level preparation efficiency η
+1 for σ+ excitation of the 23P2–23S1

and 23P1–23S1 transitions (see legend), respectively, at different laser powers.
The data are taken at a 6 mm distance downstream from the midpoint of the laser
beam in order to represent the efficiencies at equilibrium.

Third, the magnetic bias field has to be large enough to ensure
a uniform quantization axis within the optical pumping region so
that the contributions of stray fields along other spatial directions
are small.

In Fig. 7, a scan of the sub-level preparation efficiency η
+1 for

σ+ excitation of the 23P2–23S1 and 23P1–23S1 transitions, respec-
tively, is shown as a function of the magnetic field component Bz .
The highest efficiency is achieved at field strengths between 2 G ≤
Bz ≤ 3 G for both transitions. This magnetic field range is in line with
previous observations reported in the literature.24,49,50 At magnetic
field strengths Bz > 3 G, the sub-level preparation efficiency for exci-
tation via the 23P1–23S1 (23P2–23S1) transition is decreased (remains
constant) compared to the optimum Bz field range. This is consistent
with a decreased scattering rate at higher magnetic fields caused by
the increased Zeeman detuning.

We have also analyzed the influence of stray magnetic fields
along the x and y directions. Using a high-accuracy, three-axis Gauss
probe (Stefan Mayer Instruments, ≤ 1 G, 0.05 mG resolution), we
obtain Bx ≈ 0.2 G and By ≈ 0.1 G. At Bz = 3 G, this results in an
angle of θ =

√
B2

x + B2
y/Bz ≈ 80 mrad between the magnetic field and

the z axis (cf. the work of Gillot et al.49). We have observed that a
further compensation of the magnetic stray fields using additional
coils along the x axis (resulting in θ < 40 mrad) does not result in
an improved sub-level preparation efficiency. In addition to that, a
non-perfect alignment of the laser propagation direction parallel to
the quantization axis can induce a similar limit to the achievable
sub-level preparation efficiency as the presence of magnetic stray
fields. Furthermore, small magnetic-field inhomogeneities within
the interaction region, resulting from, e.g., a not perfect Helmholtz
coil arrangement or electronic devices in the laboratory, may also
limit the sub-level preparation efficiency.

In summary, we conclude that the imperfect polarization of the
laser light (see the discussion above) is the main limiting factor for
the sub-level preparation efficiency.

FIG. 7. Sub-level preparation efficiency η
+1 for σ+ excitation of the 23P2–23S1 and

23P1–23S1 transitions (see legend), respectively, at different bias magnetic field
strengths. The data are taken at a 6 mm distance downstream from the midpoint
of the laser beam in order to represent the efficiencies at equilibrium.
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4. Comparison with literature values
In Table I, we present a summary of the maximum sub-level

preparation efficiencies ηi,max obtained from our experimental data
and a comparison with literature values. As can be seen from the
table, our ηi,max values are in good agreement with previous results
for the laser optical pumping of He(23S1). To the best of our knowl-
edge, we are the first to obtain a maximum efficiency > 90% for opti-
cal pumping into MJ′′ = 0. The only previous attempt to selectively
populate MJ′′ = 0 was made by Giberson et al.22 using linearly polar-
ized light resonant with the 23P0–23S1 transition and propagating
along the quantization axis.

For optical pumping into the spin-stretched sub-levels (MJ′′

= ±1), we report a somewhat lower maximum efficiency than pre-
vious groups, which we attribute to the aforementioned imperfect
laser polarization in our experiments. In addition, we see a devia-
tion of ηi,max for optical pumping with σ+ and σ−-polarized light,
especially while exciting via the 23P1–23S1 transition. This might be
induced by a systematic asymmetry in our setup resulting from, e.g.,
small magnetic-field inhomogeneities as discussed above.

B. Magnetic hexapole focusing
The red circles in Fig. 8 show the results of a series of mea-

surements, which were obtained using the setup for the mag-
netic hexapole focusing of He(23S1, MJ′′ = +1) [cf. Figs. 1(c) and
1(d)]. In order to interpret these results, we performed numeri-
cal three-dimensional particle trajectory simulations in MATLAB.
For these simulations, we use random number distributions
for the particle positions and velocities (deduced from the

TABLE I. Summary of maximum efficiencies ηi,max obtained for the laser optical

pumping of He(23S1) into selected MJ′′ sub-levels in our experiment and a com-
parison with literature values. The given uncertainties (two standard deviations) of
our experimental results are statistical only.

ηi,max (in %)

MJ′′ = +1 MJ′′ = 0 MJ′′ = −1

23P2–23S1 transition

This work 94 ± 3 ⋅ ⋅ ⋅ 90 ± 3
Granitza et al. (1995)25 98.5 ⋅ ⋅ ⋅ 98.5
Lynn et al. (1990)23 96 ⋅ ⋅ ⋅ 96
Giberson et al. (1982)22 ≈ 66 ⋅ ⋅ ⋅ ≈ 66

23P1–23S1 transition

This work 87 ± 5 93 ± 4 75 ± 5
Granitza et al. (1995)25 < 98.5a

⋅ ⋅ ⋅ < 98.5a

Wallace et al. (1995)24 97 ⋅ ⋅ ⋅ 97

23P0–23S1 transition

Kato et al. (2012)26 > 99 ⋅ ⋅ ⋅ > 99
Schearer and Tin (1990)50 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 96
Giberson et al. (1982)22 ⋅ ⋅ ⋅ 56 ⋅ ⋅ ⋅

aNo specific values given.

FIG. 8. Red circles: Measured He∗ signal intensities on the wire detector at dif-
ferent positions y along the supersonic beam axis and at different transverse
positions x after magnetic hexapole focusing. The y axis scale is given relative to
the center of the two Halbach arrays. Black lines: He∗ signal intensities obtained
from a numerical particle trajectory simulation.

experimental data obtained at the Faraday-cup detector) and a
velocity-Verlet algorithm. An initial number of 5 ⋅ 106 particles in
each Zeeman sub-level of He(23S1) and He(21S0) is propagated at
a time. The magnetic field by the two Halbach arrays is imple-
mented using the analytical expressions given in Ref. 47. Particles
are removed from the simulation if their transverse position inside
a Halbach array exceeds the 3.0 mm inner radius of the assembly
[cf. Fig. 1(c)].

In each xy detection plane, the output of the trajectory simu-
lation (black lines in Fig. 8) is analyzed over a certain interval of x
positions corresponding to the diameter of the wire detector. The
experimental results are matched to the simulated data by compar-
ing the ratio of areas beneath two Gaussian distributions fitted to
the datasets (not shown). Very good agreement between the exper-
imental and simulated datasets is achieved by using an effective
remanence of B0,eff = 1.0 T < B0 and an effective wire diameter of
dwire,eff = 5.0 mm > dwire in the simulations. The decreased rema-
nence compared to B0 could be due to the demagnetization of the
material as a result of the prolonged storage time of the magnets.
Likewise, deviations from the ideal Halbach configuration may also
be possible as a result of manufacturing defects.

The analysis of the simulated results suggests that the strong
increase in the He∗ signal intensity around x = 0 is due to the
transverse focusing of the MJ′′ = +1 sub-level of the 23S1 level. The
strongest signal increase, corresponding to the focal point of the
device, is at a distance of ≈ 110 mm from the center of the two
Halbach arrays. The remaining signal intensity is mainly due to a
mixture of He atoms in the 23S1, MJ′′ = 0 and 21S0, MJ′′ = 0 sub-
levels. This is also consistent with previous observations.34 At time
t0 = 0, we assume a He(21S0)/He(23S1) ratio of 66%, which is in line
with the results of previous measurements in our laboratory.42 At
the focal point, the signal contribution by He atoms in the 23S1,
MJ′′ = −1 sub-level is decreased by more than a factor of 7 compared
to the signal intensity by atoms in the 23S1, MJ′′ = 0 sub-level. This
is a result of the strong transverse magnetic defocusing forces, which
are exerted onto the atoms in the MJ′′ = −1 sub-level.
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The output of the simulation also provides an estimate of the
sub-level-selection efficiency for He(23S1, MJ′′ = +1), η

+1. Under the
conditions of our experiment, η

+1 is nearly constant over a region of
Δy ≈ 20 mm around the focal point. However, the efficiency strongly
depends on the He beam diameter considered for the analysis. If we
assume that the supersonic beam is collimated to the diameter of the
wire detector (i.e., 0.2 mm) just in front of this device, we obtain a
maximum efficiency η

+1,max = 99% at the focal point. If we assume
the same He beam diameter as in the optical pumping experiments
described above (i.e., 2.9 mm), the maximum efficiency η

+1,max at
the focal point is reduced to 84%. To further improve the sub-level
selectivity, we suggest the use of a bent magnetic guide47,51–54 or the
use of a central stop behind the Halbach arrays.35–38

IV. CONCLUSION
We conclude that both laser optical pumping and magnetic

hexapole focusing are very efficient methods for the selective prepa-
ration of magnetic sub-levels of He(23S1) in a supersonic beam.
We find that optical pumping into the spin-stretched sub-levels of
He(23S1) via the 23P2–23S1 transition is more efficient than excita-
tion via the 23P1–23S1 transition. The best performance is achieved
for σ+(−) excitation via the 23P2–23S1 transition, yielding a maxi-
mum efficiency of 94% ± 3% (90% ± 3%) for optical pumping into
MJ′′ = +1 (MJ′′ = −1).

Magnetic hexapole focusing is observed to be highly sub-level
selective at low forward velocities of the supersonic beam. At v = 830
m/s and at the focal point of the hexapole lens system, we infer that
up to 99% of the metastable atoms are in the MJ′′ = +1 sub-level
if an 0.2 mm-diameter region around the center of the supersonic
beam axis is considered. The magnetic-hexapole-sub-level-selection
technique is attractive because it allows for the quantum-state
manipulation of all atomic and molecular species with non-zero
spin. Compared to optical pumping, the mechanical setup for mag-
netic focusing is rather simple, especially when commercial magnets
are used.53

However, optical pumping has several advantages compared
to magnetic hexapole focusing. While magnetic focusing is limited
to the preparation of sub-level-selected samples in low-field-seeking
sub-levels only, optical pumping allows for the selective population
of all MJ′′ sub-levels, as shown here for the 23P1–23S1 transition
in He. For optical excitation with π-polarized light, we obtain an
efficiency of 93% ± 4% for population transfer into MJ′′ = 0. The
creation of a pure MJ′′ = 0 sub-level might be possible by using mag-
netic focusing as well but would require a strong overfocusing of the
low-field-seeking quantum states. In our experiments, this may be
realized by further reducing the forward velocity of the He∗ atoms
or by using a longer hexapole magnet array. However, we observe
that the number of metastable helium atoms decreases by a factor of
≈ 2 when the valve temperature is decreased from 300 to 50 K. At
the same time, the peak He∗ flux within the gas pulse decreases by a
factor of ≈ 50, because the longer flight time to the detection region
leads to a larger longitudinal spreading of the beam. Optical pump-
ing can be applied independently of the velocity of the atoms as long
as the discussed requirements for reaching the equilibrium sub-level
efficiency are fulfilled. Thus, this technique results in a greater flex-
ibility in choosing the valve temperature, and as mentioned above,
running the valve at higher temperatures leads to much higher peak

fluxes of MJ′′ -sub-level-selected atoms. These high peak fluxes are
particularly important for applications that benefit from high local
densities, such as collision experiments. Besides that, optical pump-
ing relies on a transfer of population from a statistical mixture of
MJ′′ sub-levels into a single sub-level, whereas magnetic hexapole
focusing relies on the spatial focusing (defocusing) of the desired
(unwanted) MJ′′ -sub-level population. Further transmission losses
are due to an aperture, which has to be inserted into the beam path
behind the magnet assembly in order to eliminate contributions by
the 23S1, MJ′′ = 0 and 21S0, MJ′′ = 0 sub-levels, whose motion is not
influenced by a magnetic field.

In the future, we will use the presented sources of
MJ′′ -sub-level-selected He(23S1) for quantum-state-controlled
Penning-ionization studies.41 Furthermore, magnetic-sub-level-
selected beams of He(23S1) are useful as a starting point for the
generation of coherent superposition states. The coherent control
of Penning and associative ionization cross sections with such
superposition states, for instance, involving the MJ′′ = 0 sub-level
of He(23S1), has been predicted.55 In addition to that, helium is of
particular interest for high-precision tests of few-electron quantum
electrodynamics theory, because it is the simplest two-electron
atom.56,57 Accurate transition frequency measurements have
been performed on ultracold trapped samples58–60 and on atomic
beams28,61,62 of He(23S1) atoms. The measurement of transitions
with a zero first-order Zeeman shift (i.e., MJ′ = 0← 23S1, MJ′′ = 0
transitions) would greatly reduce the experimental uncertainty.
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APPENDIX: RATE-EQUATION CALCULATIONS

The equations used for the characterization of the optical
pumping process are of the form

Ṅ′′i = −N′′i ∑
j

Wij +∑
j

WijN′j + Γ∑
j

ξijN′j , (A1)

Ṅ′j =∑
i

WijN′′i −N′j∑
i

Wij − ΓN′j∑
i

ξij, (A2)

where N′′i and N′j denote the populations in the ith and jth magnetic
sub-levels of He(23SJ′′=1) and He(23PJ′ ), respectively, and Γ = 1/τ
is the spontaneous decay rate of the excited sub-levels according
to their natural lifetime τ. The matrix elements for the excitation
rate and for the branching ratio between the ith and jth magnetic
sub-level are denoted as W ij and ξij, respectively. The former are
expressed as

Wij =
2∣μij∣

2I
h̵2Γcε0(2J′ + 1)

⋅ V(ΔZeeman, ΔDoppler, Γ), (A3)
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with the laser intensity I, the reduced Planck constant h, the speed
of light c, and the vacuum permittivity ε0. The line-broadening fac-
tor V(ΔZeeman, ΔDoppler, Γ) results from a Voigt profile taking into
account the Doppler broadening ΔDoppler, the natural linewidth
Γ, and the detuning of the transition from resonance due to the
Zeeman shift, ΔZeeman. The squared dipole matrix element ∣μij∣

2 is
calculated using the Wigner–Eckart theorem

∣μij∣
2
= ∣μL∣

2
⋅ (2J′ + 1)(2L′′ + 1)(2J′′ + 1) ⋅ {L′′ L′ 1

J′ J′′ S
}

2

⋅ (
J′ 1 J′′

MJ′ ,j q −MJ′′ ,i
)

2

, (A4)

where L′′ = 0 and L′ = 1 are the quantum numbers for the orbital
angular momenta of the lower and the upper levels, S = 1 is the
quantum number for the total spin, and q =MJ′′ ,i −MJ′ ,j = 0,±1
denote π and σ∓ polarization, respectively. The spontaneous decay
rate Γ is used to calculate the squared reduced dipole matrix element
∣μL∣

2,

Γ =
ω3

0

3πε0h̵c3
2L′′ + 1
2L′ + 1

∣μL∣
2. (A5)

Here, ω0 is the zero-field transition frequency.
In addition to that, we consider a Gaussian distribution of the

laser intensity along the y axis,

I = I(y) = I0 exp(−
2y2

w2
0
), (A6)

where w0 is the beam radius and I0 = f ⋅ 2Plaser/(πw2
0) is the peak

intensity calculated from the laser power Plaser. The factor f = 0.1341
is used to correct for the limited spatial overlap between the laser
beam and the supersonic beam. We use the mean forward velocity
of the He∗ beam in order to transform from the time frame of the
rate equations to the position frame of the intensity distribution and
to the detector position along the y axis.

The matrix elements for the branching ratio are calculated
using the 3-j symbol

ξij = (2J′ + 1) ⋅ ( J′′ 1 J′

MJ′′ ,i −q −MJ′ ,j
)

2

. (A7)
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