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ABSTRACT

We describe the experimental production of a beam of 2°S$; positronium (Ps) atoms obtained from charge-exchange collisions between a
positron beam and Xe held in a gas cell. The angular divergence of the emitted Ps beam was recorded using two position sensitive detectors
located at different distances from the gas cell. The fraction of the Ps beam produced in the 2°S; level was measured via the change in the Ps
count rate after driving the 2°S; — 2*P, transition with microwave radiation; with optimal experimental parameters, we estimate that up to
10% of the Ps beam is formed in the 2°S; state. The measured properties of the beam were used to evaluate the feasibility of using the system
for precision spectroscopy of the n = 2 Ps fine structure using Ramsey interferometry.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0167125

I. INTRODUCTION

Positronium (Ps), the electron-positron bound-state,' is of fun-
damental interest as a testing ground for QED theory,” a probe
of solid state materials,” and a projectile for scattering measure-
ments.” The simplicity of Ps also allows for its use as a possible probe
of physics beyond the Standard Model.” For many measurements
involving Ps, for example laser spectroscopy,” low-energy Ps atoms
are required. These may be obtained by implanting positrons into
various solid-state targets’ that generate Ps at either near thermal
(~50 meV)® or few eV’ energies, depending on the exact forma-
tion mechanism. However, these methods offer no practical way to
tune the Ps energy over a wide range; limited energy tuning can be
obtained using some meso-porous silica films'® in which Ps ther-
malization depends on the positron implantation energy,'' but the
Ps energy spread is generally broad with respect to the mean Ps
energy, and the tuning range is restricted to ~0.05-1 eV. The emis-
sion of Ps with a narrower energy spread has been observed using
Metal Organic Framework materials,'” but this mechanism does not
allow for energy tuning. Guided beams of highly excited (Rydberg)
Ps atoms'® can be produced using electrostatic field gradients.'* In
principle, time-varying electric fields can be used to directly con-
trol Rydberg Ps velocities,'” but this has not yet been experimentally
demonstrated.

For scattering measurements, an energy tunable beam is
required; these may be generated in various ways, such as glanc-
ing angle positron scattering from surfaces,'® charge-exchange of a
continuous'” or pulsed'® positron beam with low-density gases, or
pulsed photo-detachment of negative Ps™ ions.!” The glancing angle
method works in an energy range of up to ~100 eV and, in princi-
ple, can be continuous or pulsed, although only the former has been
experimentally demonstrated.'® The photo-detachment method can
produce energetic beams in the range of 0.2-3.3 keV by accelerating
ions in a strong electric field prior to the photo-detachment. This
method employs an alkali-metal covered surface for ion production
with ~1% efficiency, and since a pulsed laser is required, it can only
be used with a pulsed beam.”’ Ps formed by the charge-exchange of
a positron beam with low-density gases has been used to investigate
the scattering of Ps from atoms and molecules at University College
London (UCL) for many years,” * taking advantage of the natural
propensity for Ps production in the forward direction at interme-
diate energies (1-250 V). In this method, Ps is produced in a gas
cell with an energy distribution set by that of the incident positron
beam. Different gases and pressures can be used to optimize Ps pro-
duction over a particular energy range.”* In general, Ps produced in
this way is predominantly formed in the ground state (n = 1, where
n is the principle quantum number) and distributed according to
the available spin (§) multiplicities (25 + 1); i.e., 75% of atoms are
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produced in the § = 1 triplet states (1°S;) and 25% are produced in
the S = 0 singlet states (1'Sp). The triplet and singlet states have life-
times against annihilation of 142 ns and 125 ps, respectively.” As a
result, the singlet states do not live long enough to travel out of the
gas cell, and the resulting Ps beam is composed exclusively of triplet
state atoms, primarily in the ground-state.

The production of excited-state Ps atoms, specifically n =2
states, has been identified in low-density Ne, Ar, Xe, and H,
gases.”””* In the case of Xe, Murtagh et al.’® reported that up to
(26 £9)% of all Ps atoms formed were in the 2P levels. In that
work, the formation of excited state Ps atoms was detected via the
emission of Lyman alpha photons (A =243 nm) following radia-
tive decay to the ground state: 2°P; — 17S;. Because 2P states decay
quickly, with a mean radiative lifetime of 3.2 ns,”’ they do not exit the
gas cell in the excited-state. Owing to its stochastic nature, excited-
state production can be expected to occur across the entire n =2
manifold, and the production of 2P atoms implies that 2S states
will also be produced. Self-annihilation is highly suppressed for the
2P states,””” which decay exclusively via fluorescence. Conversely,
S states are radiatively metastable, according to electric dipole selec-
tion rules,” but can decay via self-annihilation with a lifetime that
scales”” with n°. Therefore, the mean lifetime of 2'Sy atoms is eight
times longer than that of 1'Sy atoms (i.e., 1 ns), whereas the mean
annihilation lifetime of 2°S; atoms is 1136 ns, although this may be
different if external electric or magnetic fields are present.’’ There-
fore, one can expect a beam of long-lived 23S, atoms to be emitted
from a Xe filled gas cell irradiated with a positron beam under cer-
tain experimental conditions, namely with the appropriate incident
positron beam energy and Xe gas pressure.

Here we show that this is indeed the case: we describe the pro-
duction of a 23S, Ps beam using a modified version of the UCL Ps
beam apparatus.'” A Ps beam generated in a Xe gas cell was observed
using microchannel plate (MCP) and delay line anode position sen-
sitive detectors located at different positions, as described below.
These detectors provided direct measurements of the Ps beam
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intensity and also spatial information, allowing the transverse veloc-
ity distributions to be determined. The 23S, component of the Ps
beam was measured via beam loss following microwave radiation
induced transitions 2°S; — 23P] — 135, that transfer the long-lived
2°S, population to the ground state and, therefore, reduce the
fraction of atoms that reach the detector.

The motivation for this work is the implementation of a mea-
surement scheme designed to perform spectroscopy of the Ps n =2
fine structure using techniques based on the Ramsey method of sep-
arated oscillatory fields (SOF).”” This methodology offers several
advantages over previously used techniques’”* but cannot be used
with low-energy Ps sources. In the planned experiments, a short-
lived superposition-state comprising both 2S and 2P components
will travel between two waveguides separated by a distance such that
the flight time for near-thermal Ps atoms would be much longer
than the lifetime against annihilation. A source of faster 23S, Ps
atoms is therefore required to produce a useful signal using this
technique.”

Il. POSITRONIUM BEAM APPARATUS
A. Positronium beam production

The UCL Ps beam has been described in detail elsewhere.”
Here we give a brief overview along with a description of vari-
ous modifications to the system. A schematic representation of the
present beamline is shown in Fig. 1. Fast 8" particles produced
through the decay of *Na were moderated by a thin film of Ne
frozen directly onto the cooled (~4 K) source capsule.” In the
moderation process, positrons rapidly lose energy via electron-hole
production in the frozen Ne matrix until they reach the bandgap
energy (~20 eV), whereupon energy loss proceeds more slowly via
phonon scattering, and un-thermalized (epithermal) positrons are
emitted into the vacuum, typically with an energy spread on the
order of 1 eV. Moderated positrons were accelerated by an electric
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X X X
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X X
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FIG. 1. Schematic representation of the apparatus. A slow mono-energetic positron beam is produced from a sodium-22 source using a biased Ne moderator, confined
radially by a ~100 G axial magnetic field. The positron beam is deflected off axis by a set of E x B plates, collimated to a diameter of 4 mm, and transported to the Ps
production gas cell. Both ground and excited state Ps may be produced in the cell, depending on the beam energy and gas pressure. The positron and positronium beams
are observed directly using a delay line anode position sensitive detector (PSD). For Ps measurements, the residual positron beam is deflected using a set of biased parallel
plates. The green line represents the positron beam, and the blue shaded region represents the diverging positronium beam.
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field created by a positive voltage applied to the source capsule, and
were confined radially by an axial magnetic field of strength 2-5 mT.
The positron beam was then deflected off-axis by an E xB filter*®
to remove the line-of-sight between the source region and detec-
tor. The deflected beam was collimated by apertures to a diameter of
~4 mm.

Ps production occurred in a gas cell, as indicated in Fig. 2. The
gas cell consists of an interior region 20 mm in length, bounded
by two cylindrical apertures of length 17 mm and diameter 4 mm.
Gas flow into the cell was controlled by an electronic valve (Pfeif-
fer EVR-116), and the pressure was measured using a capacitance
manometer (MKS 127A). A software-based proportional-integral-
derivative (PID) loop was used to stabilize the gas pressure against
temperature variations in the laboratory. For measurement of the
Ps beam, the positron beam was deflected away from the detector
by a set of parallel plates placed close to the exit aperture of the gas
cell. The electrodes were 8 x 5 cm” in size and separated by 2 cm.
The lower plate was grounded, and the bias on the upper plate was
adjusted according to the positron beam energy in order to stop the
beam using the minimum electric field. Therefore, the upper plate
bias varied from +125 to +300 V, generating a static electric field
ranging from 0.06 to 0.15 kV/cm. These fields were minimized to
reduce 2°S; beam loss via Stark mixing.*’

Two different types of position sensitive detectors (PSDs) were
used to characterize and cross check the Ps beam, namely Roent-
Dek DLD40 and DLD80, which contain delay line anodes and 40
or 80 mm diameter MCPs, respectively. Measurements were made
with the detectors placed at different distances of zjo, = 219 mm
(DLD40) and 25 = 475 mm (DLD80) from the center of the gas cell
(see Fig. 2). Particle hits on the detectors were only registered as
events if the MCP front and both delay lines (x and y) were all
triggered. The front MCP plate was biased negative to repel stray
electrons. Constant fraction discriminators were used to exclude
electronic noise on all channels.

Zdet
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FIG. 3. Energy distribution of the positron beam measured using a retarding field
analyzer. The dashed line is a Gaussian fit to the data with a FWHM of 1.3 eV.

Ps and Ps* were formed in the gas cell via the charge-exchange
reaction

et +Xe — ps™) +Xet, (1)

where Ps* represents Ps in the n = 2 excited state. The energy of the
resulting Ps beam is given by

Be= BB+ (), @
n
where E. is the energy of the incident positron beam, E; is the ion-
ization threshold of the production gas (12.13 eV for Xe), Ep is
the ground state positronium binding energy (6.8 eV), and n is the
Ps principal quantum number. Unless otherwise stated, all data pre-
sented below were taken with the Xe gas cell pressure set to 0.6 Pa
and a positron beam energy of 40 eV, which are close to the optimal
parameters for Ps beam production, as explained below.
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FIG. 2. Scale representation of the gas cell, deflection plates, and PSD. The positron and positronium beams traveling from left to right are highlighted in green and blue,
respectively. Experiments were performed using two different position sensitive detectors, the DLD40 (diameter 40 mm) and DLD80 (diameter 80 mm), located at distances
Zget (219 and 467 mm, respectively) from the center of the gas cell. The DLD40 arrangement is shown here. Also shown are two waveguides separated by a distance D that
will be used in future Ramsey separated oscillatory field interferometry experiments, as discussed in Sec. V.

Rev. Sci. Instrum. 94, 083201 (2023); doi: 10.1063/5.0167125
© Author(s) 2023

94, 083201-3

1€:11:61 €202 1SnBny 62


https://pubs.aip.org/aip/rsi

Review of

Scientific Instruments

The Ps and Ps* beams will differ in energy by ~5.1 eV, meaning
that they could be distinguished by their time-of-flight to the detec-
tor. However, this would require time-tagging the incident positron
beam,*’ which would considerably reduce the count rate. The energy
spread of the Ps beam is determined primarily by that of the incident
positron beam, which is itself determined by the positron moder-
ation process. The positron beam energy spread has been directly
measured using a retarding field analyzer (i.e., a set of grids) and a
channel electron multiplier placed after the gas cell. The results of
this measurement are shown in Fig. 3. The positron beam energy
distribution may be approximately represented by a Gaussian func-
tion, with a full width at half maximum (FWHM) of »#1.3 eV and a
peak energy ~2 eV above that of the potential applied to the source
and moderator, which in this case was 38 V.

B. Positronium beam properties

The positron and positronium beam profiles, as measured by
the DLD40 detector, are shown in Figs. 4(a) and 4(b), respec-
tively. The total background-subtracted positron and Ps beam
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FIG. 4. Normalized positron (a) and Ps (b) beam profiles measured using the

DLD40 detector as described in the text. The image shown in (a) was acquired
in 186 s, and the image shown in (b) was acquired in 6.3 h.
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count rates for these measurements were Cps = 27.8 + 0.1 s7! and

C, =48823+ 16 s, respectively. Similar measurements were
performed with the DLD80, yielding Cps = 18.6 0.1 s' and
C,+ = 47537 + 69 s™*. The count rates measured on the two detec-
tors are not directly comparable because (1) the detection efficiencies
are not necessarily the same for both devices, and (2) the frac-
tion of surviving atoms reaching the detectors will be different. The
background, which mostly comprised dark counts in the detector
and gamma-rays from surrounding annihilation events, was mea-
sured with no gas in the Xe cell. The background rates associated
with the measurements described above were Cpy ~ 20 s+ for both
the DLD40 and DLD80 detectors.

The distance that atoms must travel to reach the detectors will
depend on exactly where the atoms are created in the gas cell; how-
ever, since this distance is much longer than the dimensions of
the cell, we assume that all atoms are created in the center of the
cell and that the longitudinal flight distance is always given by
Zget (see Fig. 2). The fraction of Ps atoms that reach the detector
before decaying from their initial states is f; = exp(—t/7), where
t is the flight time and 7 is the limiting lifetime for a given Ps state
(i.e., 142 ns and 1136 ns for the 1°S; and 2°S; levels, respectively).

The kinetic energies, and hence flight times, for ground and
excited state Ps atoms will be different; for on-axis ground (excited)
Ps atoms produced from a 40 eV positron beam, ¢ is ~87 ns (96 ns),
and f; at the position of the DLD40 detector is 51% (92%). The corre-
sponding numbers for the DLD80 are flight times of 205 ns (189 ns)
and surviving fractions of 26% (83%). However, for the 23S, case,
fi is not measured directly by the PSD because excited Ps atoms
that decay to the ground state may still be detected before they self-
annihilate, meaning that, to properly interpret the corresponding
23S, signal, the count rate has to be adjusted to take this into account.
In order to do so, it is necessary to know where the transitions take
place; this is discussed in Sec. I'V.

The detector positions were chosen such that the entirety
of the divergent Ps beam was encompassed within the diameter
of the PSD. The angular divergence of the Ps and Ps* beams
was set by the relevant differential Ps formation cross-sections
(which are not known for Xe) and the geometry of the exit aper-
ture of the gas cell (pencil angle ~ 4.2° from the middle of the cell).
The fraction of positrons entering the gas cell that undergo charge
exchange reactions and form Ps depends on the experimental condi-
tions, such as beam energy, gas species, or gas pressure. Based on the
DLD40 and DLD80 data described earlier, the Ps formation fractions
are both ~0.2% after accounting for in-flight annihilation. We note
that this Ps formation fraction is broadly consistent with previous
measurements.”*

Imaging the Ps beam makes it possible to determine the trans-
verse velocity components (vx,v,) if a few assumptions are made.
Background measurements were performed with the positron beam
deflection field on and no gas in the Ps production cell. The back-
ground obtained in this way was different from that obtained with
the positron beam blocked because of a small but non-zero annihila-
tion radiation signal emanating from the beam deflection plates. To
extract the Ps velocity distributions from the background subtracted
images, 2D Gaussian functions were fitted to the images from the
PSD to determine the center of the Ps beam. The images were then
shifted such that the center coincided with the (x,y) coordinates
(0,0). This was required to correct the misalignment of the gas cell
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FIG. 5. Transverse velocity distributions of the Ps beam as determined from the
DLD40 (a) and DLD80 (b) detectors, as described in the text. Panel (c) shows the
mean distributions along with Gaussian fits (lines) to each case.

and the detectors. This procedure assumes that the beam profiles are
symmetric, which is not completely correct because of distortions in
the incident positron beam. The transverse velocity components are
given by

vHx
x = —

. y= 2 )
Zdet Zdet
where (x,y) is a position on the PSD. We make the approxima-
tion vy =~ \/Eps /me. since the longitudinal Ps velocity is much larger
than the axial velocity components over the relevant energy range
(10-120 eV). The velocity distributions obtained in this way for
the DLD40 and DLD80 detectors are shown in Figs. 5(a) and 5(b),
respectively. Asymmetries in the observed beam profiles are caused
by asymmetries in the incident positron beam profile and spatial
variations in the efficiency of the detectors, and so we take the mean
of the two measurements to represent the Ps transverse velocity
distributions, as shown in Fig. 5(c).

11l. MICROWAVE SPECTROSCOPY
A. 23S, beam detection

The Ps beam, as measured on the DLD40 and DLDS80 detectors,
contains both 13S; and 23S, atoms. The excited state component of
the Ps beam was identified by driving 2°S, — 2°P; transitions using
microwave radiation. As discussed earlier, Ps atoms in 2°P; states
decay radiatively to the ground state with a mean lifetime of 3.2 ns.

ARTICLE pubs.aip.org/aip/rsi

The presence of a magnetic field means that some atoms undergo-
ing this process may decay to the short lived singlet ground state,”
but the majority (>90%) will decay to the longer-lived triplet ground
state, and some of these atoms may still travel to the detector and
be counted. These atoms will be indistinguishable from atoms that
remain in the 23S, level, and hence the apparent rate of microwave
induced transitions will be lower than the actual rate. Nevertheless,
this process will reduce the total count rate since the decay rates of
the ground and excited states differ by a factor of 8.

Measurements were performed with and without microwave
radiation present, and the corresponding background-subtracted
count rates [Son and Sorr] were used to generate the signal
parameter Sg, given by

_ Sorr — Son

Ss 4

SoFF
This parameter represents the observed fractional change in the
count rate caused by microwave radiation and is, therefore, a mea-
sure of the extent to which 23S; — 2°P, transitions occur. Line-
shapes were generated by measuring Sg(v), where v is the frequency
of the microwave radiation.

Transitions were driven using free-space microwave radia-
tion* in the frequency range 8.45-8.90 GHz, generated with a horn
antenna (Pasternack PE9857/SF-15, WR-102, 15 dBi nominal gain).
The radiation source was a signal generator (Keysight E8257D) con-
nected to a low-noise amplifier (Microwave Amps AL7 LNA). The
gain of the AL7 amplifier was 21 dB, and the maximum output
power was ~ 1.4 W. A Mini Circuits ZVE-3W-183+ amplifier was
used to measure the saturation of the transition because it could
provide up to 2.6 W. The AL7 was used for spectroscopic mea-
surements because of its superior noise characteristics. The signal
generator output power was varied over the measurement frequency
range (including a small correction to account for variations in the
gain of the horn antenna) so as to stabilize the horn output power.
The frequency dependence of the horn gain was determined from a
numerical calculation of the far-field distribution in free-space using
the CST Studio software package.”’

Measurements of Sg as a function of the microwave radiation
frequency are shown in Fig. 6. For these measurements, the input
power to the horn antenna was Piyput = 0.25 or 1.20 W, as indicated.
The resulting lineshapes were fitted to a Lorentzian function [L(v)]
of the form

o [

L(v)=C 5)

[

(v—wr)" + (g)2

where C is a constant related to the intensity of the transition,
I' is the full width at half maximum (FWHM), and vy is the
resonance frequency of the transition. The natural width of the
23S, — 2°P, transition is ~50 MHz, predominantly determined by
the 2°P, radiative lifetime. The theoretical field-free transition fre-
quency*! is v, = (8626.71 £ 0.08) MHz; the parameter vg differs
from v, as it represents the resonance frequency of the transition
in the presence of external electric or magnetic fields. Both of the
measurements shown in Fig. 6 yield widths of ~150 MHz and res-
onance frequencies 30 MHz above the theory value. As discussed
below (see Sec. IV), we attribute these observations to the electric
field caused by the positron beam deflector plates.
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Xo = 8657.4 = 1.5 MHz B Pipu=120W
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Xo = 8654.1 % 4.3 MHz
4r =134.6 = 10.2 MHz
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¥ Simulated Data

FIG. 6. Sg for microwave frequencies in the range 8.45-8.90 GHz for Pjyt = 0.25
W (circles) and Pipy = 1.20 W (squares). The dashed and dotted-dashed lines
are Lorentzian fits with y of 1.97 and 0.79, respectively. The solid (red) line is the
result of a simulation as described in Sec. [Il B. The solid vertical line at Av = 0
corresponds to the theoretical field-free transition frequency (v,, see text).*! The
dashed vertical line at Av = +37 MHz represents the Zeeman and Stark shifts
expected from the experimental conditions, as explained in the text.

The observed lineshapes shown in Fig. 6 unequivocally demon-
strate the presence of a 23S, beam. In order to estimate the excited
state fraction of the Ps beam, it is necessary to understand both the
fraction of induced transitions that are detected and the extent to
which the transition is driven by microwave radiation. The latter
was measured by varying the microwave power, as shown in Fig. 7.
Here, Sp is measured with the microwave radiation on-resonance
(i.e., v = vr) as a function of the power (Pinput) applied to the horn
antenna. These data were fitted to a function of the form™**

: ] ®)

Sg=A[l-———
[ 1+bpinput

where A and b are fit parameters that are related to the unsatu-
rated absorption coefficient and the saturation parameter (bPinput),

T T T T T T
6F
S 4r é AL7LNA
> B ZVE-3W-183+
I ¥ Simulated Data
0 2 Saturation curve:
—— A =7.39 +0.47 i
b=1.70 £ 0.33 W1 |
O -
U ST R SR [ SN TR SN TR N SR S ST S NN S SN ST S SN SR ST TR S N T
0.0 0.5 1.0 1.5 2.0 2.5

Pinput (W)

FIG. 7. Sp determined for Pjy in the range 0-2.6 W using two amplifiers
(AL7 LNA and ZVE-3W-183+) and a microwave frequency of 8.65 GHz. Also
shown is a fit of Eq. (6) to both sets of experimental data in combination. The para-
meters extracted from the fit are listed in the legend. These data were recorded
using the DLD80 detector. The simulated data were generated with QUTIP as
described in Sec. Il B.
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respectively. These data show that saturation of the transition occurs
for a horn input power of 0.59 W, with a concomitant maximum Sp
value of 7.39%. This information makes it possible to determine the
degree of saturation for any arbitrary horn antenna power, which
in turn can be used to evaluate the fraction of the Ps beam that is
in the excited state once the detected fraction has been established
(see Sec. IV).

When the microwave radiation is tuned to the 2°S; — 23P; res-
onance, the corresponding Sp value is proportional to the fraction
of 2°S; atoms in the Ps beam; this means that it can be used to
measure the dependence of 2°S; production on other experimental
parameters.

Figure 8(a) shows the (normalized) Sg dependence on the
positron beam energy. We find that 2°S; production occurs over
a broad range of energies, extending from a threshold value of
10 eV up to ~120 eV, which defines the useful tunable range of
the 2°S; beam. Also shown in Fig. 8(a) is the (normalized) exper-
imentally measured integral cross-section for Ps formation in the
2°P; levels [Qps(2P)] obtained by Murtagh et al.? The observed
range of 2°S; production is considerably broader than the ~10 - 50
eV range of the [Qp,(2P)] cross sections. We note that the calcu-
lated 2°S; and 23P/ Ps-formation cross-sections for positron-helium

o~ [ (a) Qps(2P): Murtagh et al. (2009) @ |
= Sg: This study W 1
a1r o ]
s [ L
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FIG. 8. (a) Dependence of the observed 2S signal on the positron beam energy
(E+ ), determined with a microwave radiation frequency of 8.65 GHz and an input
power Piyout = 1.4 W. Also shown are the Qps (2P) experimental determinations of
Murtagh et al.?6 Both datasets are normalized to the maximum value. (b) Pressure
dependence of the 23S, signal measured using the DLD80 detector, as described
in the text. In addition, the total signal from Ps formed into all states is shown.
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collisions determined using the multi-center convergent close-
coupling method also show a broader energy-dependence for the
23S, case.”’

Figure 8(b) shows the (normalized) Sg dependence on the Xe
gas cell pressure obtained using the DLD80 detector. Also shown
are the background-subtracted total Ps beam measurements. Similar
data were observed using the DLD40 detector. We find that ground
state and excited state production both follow a similar pressure
dependence. This is to be expected since both formation processes
involve similar mechanisms, and the signal in both cases will include
a trade-off between increasing Ps formation and increasing loss
through scattering and breakup processes at higher gas pressures.

B. Simulations

In order to verify that the observed microwave spectroscopy
data are consistent with the expected Ps properties, simulations of
the excitation process were performed. Numerical calculations of the
microwave fields expected in the apparatus were obtained using CST
Studio.”’ This software evaluates electromagnetic fields in arbitrary
configurations using the finite element method (FEM). By building a
representation of the experimental chamber and microwave source,
a calculation of the phase and magnitude of the electromagnetic field
may be performed using a time domain solver. The results of the
FEM simulation are shown in Fig. 9.

As observed in previous experiments,’” reflections and inter-
ference effects within the vacuum chamber result in a highly
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FIG. 9. (a) Top-down view of the experimental chamber and 8.65 GHz microwave
radiation field in the y = 0 plane, simulated using numerical methods as described
in the text. The position of the horn antenna, vacuum chamber walls, vacuum
window, gas cell, and DLD80 detector are indicated. The deflection plates are not
shown for clarity but were included in the simulation. (b) Microwave radiation field
in the x = 0 plane at 8.65 GHz shown in the space between the deflection plates.
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anisotropic radiation field that strongly depends on the local condi-
tions. In the present case, the presence of the deflection plates used to
stop the positron beam causes a local enhancement in the radiation
intensity, as highlighted in Fig. 9(b).

Using the measured Ps velocity distributions (see Sec. IT B), we
generate a set of particle trajectories and extract the microwave field
strength along each individual path. The trajectories were generated
by sampling the (x,y) velocity distributions in Fig. 5(c) and setting
the z component of the velocity according to Eps [Eq. (2)], including
sampling from the positron beam energy spread (see Fig. 3). Then,
following the same procedure employed in previous work,** we cal-
culate the probability of a transition taking place for each atomic
trajectory as a function of time. These calculations were performed
by solving the Lindblad master equation’®"” for a model four-level
system using the open-source Python framework QUTIP."**’

The state populations were calculated for the same frequencies
and power as those used in the measurements, the latter set via a
scaling factor determined from fitting the simulated saturation data
to measurements, as shown in Fig. 7. From the state populations at
each frequency, a simulated line shape was generated, as shown in
Fig. 6, where the amplitude has been scaled to match the peak ampli-
tude of the higher power measurement. The Stark and Zeeman shifts
present in the experiment were included in the simulation by vary-
ing the relevant shifted energy levels in the different spatial regions.
Since only the AMj = 0 transitions were included in the simulation,
the shifts and associated broadening of the linewidth will be slightly
underestimated,’” but there is nevertheless good agreement between
the simulated and observed linewidths. NB: If the electric field is
not included in the simulation, we obtain a much narrower line
shape.

As shown in Fig. 9(b), the intensity of the microwave radiation
has a local maximum just after the Xe gas cell, and as a result, there
is a sharp increase in the 2°S; — 2°P, transition rate in a narrow
region around z ~ 50 mm. This is demonstrated explicitly in Fig. 10,
which shows the results of a QUTIP calculation of the probability
P of Ps atoms being in the initial 238, level, averaged over all Ps
atom trajectories. The calculated time evolution of the 2°S; popula-
tion was converted to the z dependence using the mean velocity (v;).
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FIG. 10. The mean 2°S; state population (P) along the flight distance (z) from
the center of the gas cell (z = 0) to the PSD. The microwave power corresponds
to Pinput = 1.20 W. The shaded region indicates dP/dz for the former case, along
with the position (z = 50.4 mm) at which the 2°S; — 2°P, transition probability is
highest (vertical dotted line).
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These data show a rapid drop in the 2°S; population near z = 50 mm.
The z variation in this region can be seen more clearly by the shaded
area in Fig. 10, which shows the rate of change of P with respect to
z (i.e., dP/dz); the region where transitions are most likely to occur
has a width of ~20 mm and is centered on z = 51.3 mm.

The magnetic field in this region is 70 G, and there is a corre-
sponding Zeeman shift of -8 MHz** with respect to v,. This region is
enclosed by the deflection plates, used to prevent the positron beam
from reaching the detectors, in which an electric field is present
(see Sec. 11 A). For the 40 eV positron beam energy used in the line
shape measurements, the applied electric field was 100 V/cm, which
results in a Stark shift of +46 MHz.*! These shifts are broadly con-
sistent with the total measured and simulated shifts, shown in Fig. 6,
that include the field variations along the entire trajectories of all
atoms. We also note that anisotropic radiation fields similar to those
shown in Fig. 9 are known to produce shifts in measured Ps fine
structure line shapes*” on the several MHz scale.

IV. DISCUSSION

As discussed earlier, the measured Sp values will underestimate
the fraction of Ps atoms in the excited state because some atoms
may still be detected, even if they are driven to the ground state by
microwave radiation. If the average position for 2°S; — 2°P; transi-
tions to occur is z ~ 100 mm, the mean remaining flight path to the
DLD80 detector would be zget — 100 = 375 mm. For 40 eV positrons,
the corresponding Ps* flight time to the detector would then be
164 ns, and 31% of the radiation-induced ground state atoms would
survive. The maximum value of Sp observed was ~6%, and the sat-
uration value was 7.39% (see F'ig. 7). Therefore, without taking into
account any possible differences in Ps and Ps* detection efficien-
cies, we conclude that the maximum Ps” fraction of the Ps beam is
9.68%.

The absolute Ps beam count rate observed using the present
apparatus was ~20 s~', giving an inferred maximum Ps* rate of
~2 s7'. This was obtained using a measured positron beam inten-
sity of %50 x 10° s™', which likely corresponds to 100000 s™' when
the detector efficiency is taken into account. The source strength
was 400 MBq meaning that the beam intensity is on the order of
10 times lower than is possible. Therefore, with a new *Na source,
a re-designed moderator assembly, and avoiding excessive collima-
tion losses, it would be possible to generate a positron beam of
~1 x 107 s™1, which would correspond to Ps* rates of 400 s~'. How-
ever, without employing large-scale high-intensity beam facilities
(e.g., Ref. 50), this represents the maximum possible. Additional fac-
tors of two or so could be obtained by using large open area ratio
MCP detectors. In previous measurements, waveguides with high
transmission (90%-95%) grids were used, and a four-grid arrange-
ment could incur a loss of ~30%. Realistically, one could expect
to obtain stable long-term Ps* rates on the order of 100 s™' with
straightforward improvements to the experimental apparatus.

An increase in Ps* production could be obtained by re-
designing the Ps production gas cell. This was originally built to
produce a narrow Ps beam for scattering measurements, with the
Ps beam collimation fixed by the physical geometry of the gas cell.
Relaxing the constraints of this design could allow for a higher
Ps* emission fraction but at the cost of increased beam diver-
gence, which may not be compatible with a SOF-based measurement
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scheme (see Sec. V). The SOF measurements are also sensitive to the
Ps* energy spread, which is mostly determined by the positron beam
energy spread. The intrinsic energy width of the neon moderator
(AE; ~ 1 eV) is unavoidable, but positrons may also be gener-
ated from other (less efficient) moderator materials.” For example,
positrons may be emitted from metals with negative positron affini-
ties (e.g., single crystal Ni or W) with energy spreads AE+ ~ 100 meV
via a work-function emission process.’’ Even colder positrons
(AE+ ~ 10 meV) can be obtained using a cryogenic buffer gas trap.”
Using such sources, Ps* beams with similarly narrow energy spreads
could be generated, but with at least an order of magnitude reduction
in intensity.

V. APPLICATION: SEPARATED OSCILLATORY
FIELD MEASUREMENTS

The motivation for producing a fast Ps* beam is to make it
possible to implement new measurements of the Ps fine structure
(i.e., 2°S; — 2°P; transitions) using Ramsey spectroscopy.”” Recent
measurements using microwave spectroscopy’* have revealed some
systematic effects that, despite extensive modeling™ and additional
measurements,’” have not been fully eliminated; this has limited
the obtainable precision™ to ~1 MHz. One of the reasons for this
is that the 50 MHz natural linewidth of the transitions requires
scanning the microwave radiation frequency over a large range, for
which a non-uniform system response is more likely. The Ramsey
method™ of separated oscillatory fields can partially mitigate this
problem since it effectively results in a narrower line shape aris-
ing from interference effects. However, even using SOF methods,
the measurements are still susceptible to variations in the frequency
response of the system, albeit over a narrower range.

A recent innovation that practically eliminates this problem is
the method of frequency offset separated oscillatory fields (FOSOF)
developed by Vutha and Hessels.”® This technique also uses two sep-
arated fields but introduces a small frequency offset that causes a
phase shift in the Ramsey interference signal that depends linearly
on the resonance frequency and the applied offset frequency. This
method has two significant advantages, namely that (1) only a small
frequency range around the offset has to be scanned so that the sys-
tem frequency response becomes much less variable, and (2) there
is a linear relationship between the phase shift and the offset fre-
quency, making data analysis less complicated. The FOSOF method
has been used to measure the hydrogen lamb shift”” with an uncer-
tainty of 3.2 kHz and the helium fine structure™ (i.e., 23p, - 2°p,
transitions) with an uncertainty of 25 Hz. The FOSOF method is
very well suited to Ps spectroscopy since large scanning ranges and
distorted line shapes have been shown to be limiting factors in these
measurements.”

The basis of both SOF and FOSOF measurements is that atoms
(or molecules) excited to superposition states travel through a field
free region before they enter a second field, tuned to drive the tran-
sitions of interest and with a well-defined phase relationship. This
can be achieved using waveguides of width d separated by a dis-
tance D, where D > d, as indicated in Fig. 2. For monoenergetic
Ps* atoms with speed vps«, this is equivalent to atoms experienc-
ing two pulses of duration t = d/vps« separated by time T = D/vp;.
For Ps fine structure measurements, the resonant frequencies set
the dimensions of the waveguides.‘1 For convenience, we consider
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here the lowest frequency transition, v, = 8626.71 MHz, in which
case d = 1.26 cm (WR-112 waveguide). The optimal Ps* production
occurs for a positron energy of ~40 eV, or vpss = 2.3 X 10® cm/s, and
the time to travel a distance D = 5d = 6.3 cm would be T =27 ns.
In the experiments we plan to conduct, the atoms initially enter
the first waveguide in pure 23S, states, where they are excited to
superposition states comprising both 2°$; and 2°P, components.
Even a small admixture of 2°P; character will significantly reduce
the lifetime of the superposition state; in the most extreme case, the
lifetime will be ~3.2 ns, meaning that the 27 ns flight time would
incur a 99.98% loss of signal, whereas the pure 2°$; states will expe-
rience practically no loss. This immediately shows why an energetic
beam is required: the Ps* produced by optical excitation in previous
work® has energies of around 50 meV (vpsx = 9.4 x 10° cm/s), and
the equivalent flight time would be 670 ns, making the experiment
impossible.

Based on the measured transverse Ps speeds (Fig. 5), we find
that a WR-112 waveguide could be placed up to 20 cm away
from the gas cell without Ps* beam loss. It is, therefore, possible
to install a double waveguide arrangement with, for example, 54
separation (i.e., a total length of 8.8 cm) and still retain the full
geometric acceptance for the Ps* beam, along the lines indicated
in Fig. 2.

As a preliminary test, we introduced a single waveguide into
the apparatus, located 46 mm from the gas cell. Lineshapes were
measured using microwave radiation generated from one of two
antennas placed at opposite ends of the waveguide (see Ref. 54),
which makes it possible to reverse the direction of propagation of
the microwave radiation and thus cancel out any Doppler shifts.
The results of these measurements are shown in Fig. 11; the mean
value obtained from the two waveguide measurements (for which,
in contrast to the free-space measurements, there is no significant
Stark shift) was v, = 8627.05 + 2.65 MHz, including an estimated
1 MHz systematic error related to the fields in the waveguide.™
The magnetic field in this region was 42 G, leading to a Zeeman
shift of —3.2 MHz,* meaning that the expected resonance fre-
quency was 8623.51 MHz. This differs from the measurement by
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FIG. 11. Sg measured using a WR-112 rectangular waveguide with antennas
located at each end. The solid and dashed curves are Lorentzian fits to the mea-
surements performed using each antenna, as indicated in the legend. The vertical
dashed line at Av = 0 GHz corresponds to the field-free transition frequency of
8626.71 + 0.08 MHz.
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3.54 MHz, which amounts to a 1.3 ¢ difference. This test measure-
ment is already competitive with some of the older measurements
(e.g., Ref. 59) and demonstrates that the two-waveguide Ramsey
approach should be possible but that systematic effects arising from
fast atoms must be carefully studied. For example, we have seen that
the faster beam can exhibit relatively large Doppler shifts, so the
waveguides must be carefully aligned to the beam and to each other
to minimize these effects.

VI. CONCLUSIONS

A beam of 2°S; Ps atoms has been formed via charge-exchange
collisions between positrons in a cell filled with Xe gas. For opti-
mized experimental parameters, we find that ~10% of the Ps atoms
produced in this process are at the 2°S; level. The excited state
component of the beam was identified using microwave radiation
to drive 2°S, — 2P, transitions. The relative positron, Ps and Ps*
count rates were directly measured, taking into account in-flight
decay and the position of the microwave induced transitions. The
transverse velocity components of the Ps* beam were determined
from the spatial distribution of the beam, observed using posi-
tion sensitive detectors. The observed properties of the Ps* beam
and preliminary waveguide measurements indicate that Ramsey
spectroscopy will be possible using this arrangement.
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