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Precision Microwave Spectroscopy of the Positronium 23S, — 23P, Interval
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We report the results of a new measurement of the positronium 23S, — 23P, (v,) interval. Using a
modified experimental arrangement we have significantly reduced the effects of microwave reflections,
which in previous experiments resulted in shifts and asymmetric line shapes. With the improved apparatus
we obtain an experimental value of v, = 8627.94 + 0.95 MHz, which is within 1.3¢ of the theoretical

value 8626.71 £ 0.08 MHz.
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Precision spectroscopy of simple atomic systems can be
used to test bound-state quantum electrodynamics (QED)
theory and to measure fundamental constants [1]. In recent
years such measurements, along with tests using more
complex atomic and molecular systems, have also been
employed for other fundamental physics applications,
such as searches for new particles, dark matter, permanent
electric dipole moments, and tests of discrete symmetries [2].
Some experiments in these areas make use of “exotic”
atoms, which may have exaggerated or suppressed proper-
ties compared to their nonexotic counterparts. Exotic
atoms may be loosely defined as hydrogenic atoms in
which one or more particles has been replaced by an
exotic analogue; common examples of such systems are
muonium [3], muonic hydrogen [4], antihydrogen [5], and
positronium (Ps) [6].

Of these exotic systems, Ps is the most easily produced,
since positron beams can be obtained from radioactive
sources [7], and do not require large accelerator facilities.
Since Ps has no nuclear structure it is almost entirely
described by QED, and is therefore a useful system with
which to test bound-state QED theory, and also to search
for physics not included in the standard model [8,9]. QED
calculations of Ps energy levels have been completed up
to O(ma®) [10,11], with some higher order terms
obtained [12,13]. The theory precision is in all cases much
higher than experimental results; for example, the v,
intervals [23S; = 2P, (J =0, 1, 2)] have all been
calculated with an estimated uncertainty of 80 kHz, while
the corresponding experimental uncertainties have been
> 1 MHz for 30 yr [14-16]. New measurements of
these intervals have achieved improved precision, but
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asymmetric line shapes obtained for the vy and v,
transitions prevented accurate identification of the
transition frequencies [17]. Furthermore, measurements
of the v, transition presented an apparent discrepancy with
theory [6].

We report here a new measurement of the v, transition
using a modified experimental apparatus designed to
resolve these problems. This transition was chosen because
it is the strongest of the fine structure transitions, and was
previously observed to be asymmetric. Numerical simu-
lations [18] and free-space microwave spectroscopy [19]
have indicated that microwave reflections in the vacuum
chamber were responsible for the previously observed
asymmetric line shapes, and may also have given rise to
apparent frequency shifts, without causing measurable
asymmetry. Based on these studies, we have reconfigured
the experimental apparatus to reduce or eliminate reflec-
tions, and to provide improved control over other system-
atic effects.

The methods used in the experiments we describe here
are similar to those used in previous work [17]. A Surko-
type positron trap [20] was used to generate Ps atoms by
implanting a 3 ns, 3 mm (FWHM) positron pulse [21] into a
porous silica film [22]. Ps atoms in the 1S, ground state
were then emitted from this film with transverse kinetic
energies on the order of 50 meV [23], and were excited to
n =72 states using a pulsed ultraviolet (UV) dye laser
(A =243 nm, Av = 100 GHz, Ar = 4 ns) [21]. Ps atoms
in the 2°S; state were produced using a Stark-mixing
excitation scheme described in detail elsewhere [24]; laser
excitation was performed in an electric field of 4 kV/cm,
which was turned off within 25 ns to allow pure 23S, atoms
to propagate in zero field into a WR-112 waveguide, as
shown in Fig. 1. In the waveguide 23S, — 2P, transitions
were driven by microwave radiation propagating in either the
+x or —x directions. The rectangular waveguide only allows
TE;( modes to propagate, and only the z component of the
electric field is nonzero. This means that only transitions for
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FIG. 1. Schematic representation of the target chamber and

waveguide. Ps atoms produced by positron implantation in a
target electrode (T), were optically excited to the 23S, level and
passed through a waveguide via high transmission (95%) grids.
Ps annihilation radiation was measured using y-ray detectors
placed around the chamber (not shown).

which AM; = 0 were driven [17], where M represents the

z projection of the total angular momentum J.

Microwave induced transitions were detected via changes
in the time spectrum of Ps annihilation radiation [25],
measured using y-ray detectors comprising a lutetium-
yttrium oxyorthosilicate scintillator attached to a photo-
multiplier tube [26]. Four separate gamma-ray detectors
were placed around the vacuum chamber. These were used to
record single-shot lifetime spectra [27]. Atoms driven to the
2P, level decay to the 13S; ground state in 3.2 ns, and since
the decay rate of 23S, atoms is 8 times lower than that of
13S, atoms [9], such transitions can be detected via changes
in Ps lifetime spectra. These were characterized by the signal
parameter S, (see Ref. [17] for details), and line shapes were
generated by measuring S, as a function of the microwave
frequency. An example line shape measured in this way is
shown in Fig. 2(a). The reduced chi square values (;(fed) for
the entire dataset generally vary from =~ 0.5-1.5.

In previous experiments asymmetric line shapes
were characterized using a Fano function [17]. Here this
approach was less useful because the degree of asymmetry
was much reduced, and line shape asymmetry was char-
acterized using an asymmetric Lorentz function [28], as
described in Ref. [19]. In this formalism, the Lorentzian
width I'; is replaced with a function of the form I'y(v) =
2, /{1 +exp[g(v —vg)]}, where ¢ is an asymmetry
parameter such that in the limit ¢ — 0, the asymmetric
function approaches a standard Lorentzian function. The
data shown in Fig. 2 have been fitted to both symmetric and
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FIG. 2. (a) Spectral line shape with both symmetric (solid red

line) and asymmetric (dashed blue line) fits, as described in the
text. The corresponding fit parameters and reduced chi square
values are indicated in the legend. These data were recorded in a
magnetic field of 97 G with the microwave radiation incident
from the —x direction, and the solid vertical line represents the
calculated value for the transition frequency in this field. The
inset shows the allowed transitions with stimulated (solid orange
arrows) and radiative (dashed blue arrows) decay pathways.
(b) Numerical simulations of the electric field in the waveguide
for different experimental configurations (the lines joining points
are to guide the eye only).

asymmetric Lorentz functions; these fits yield the same vp
results (within errors), as was the case for all measured
line shapes. The average g values obtained for all mea-
surements are shown in Table I. For comparison, the
previous v, measurements performed in the larger six-
way vacuum chamber [17] yielded an average value of
g = 23.2+£0.5 GHz™'; the present values for g are con-
siderably smaller than this.

TABLE I. Measured values for the parameters ¢, a, and v, for
different microwave propagation directions =+x. 14 refers to fits
made using an asymmetric Lorentz function, and [F] denotes the
presence of microwave absorbing foam, as described in the text.

+x —X
g (GHz™) —45+£0.7 -22+£0.7
g [F] (GHz™) —-6.7+0.7 -2.7+09
a (kHz/G?) —1.65 £ 0.06 —1.67 £ 0.06
a [F] (kHz/G?) —-1.71 £0.07 —1.63 £ 0.09
v, (MHz) 8628.97 £0.53 8626.77 £ 0.59
1/2* (MHz) 8629.15 £ 0.55 8626.81 £ 0.61

v, [F1 (MH2)
VA [F] (MH2)

8628.29 £ 0.66
8628.63 £ 0.70

8627.03 £0.69
8627.26 £0.71
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Numerical simulations of the microwave field in the new
experimental arrangement were performed (see Ref. [18]
for details). Variations in the average electric field in the
waveguide were obtained as a function of frequency in the
x-y plane along the center of the waveguide. Figure 2(b)
shows the fields calculated for the old and new configu-
rations, as well as that of an ideal waveguide. These data
support the expectation that the cubic chamber is less
susceptible to reflections than the previous vacuum cham-
ber, and thus explain why the line shapes observed in the
present case are more symmetric than those observed in the
previous v, measurements [17].

The experiments we describe here were conducted in an
axial magnetic field B, which is necessary for the operation
of the positron trap [20]. This means that the measured
transition frequencies were Zeeman shifted [29]; to account
for this we measured v (B), the Zeeman-shifted transition
frequencies, for different magnetic fields, and extrapolated
these measurements to find the zero-field value (i.e., v»).
The magnetic field strength in the measurement chamber
could be varied from 40-125 G. This field, including any
residual fields not generated by the magnets, was measured
with a hall probe accurate to 1%. Variations in the magnetic
field in the waveguide region were found to be below
+1 G. This was used as the error in B in the fits and was
found to have a negligible effect.

The measured and calculated Zeeman shifted transition
frequencies are shown in Fig. 3. Each vy data point is the
average of those obtained from four individual detectors,
and measurements were performed with the microwave
radiation propagating in the -+x and —x directions, as
indicated in the figure. Because of the low magnetic
fields used in the experiment, the quadratic Zeeman shift
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FIG. 3. v transition frequency measured for different magnetic

fields. The blue squares represent microwave propagation in the
+x direction and the red circles in the —x direction. Open points
were obtained with microwave absorbing foam on the windows.
The solid and dashed gray lines are the calculated Zeeman shift
and zero-field frequencies, respectively. The dashed (red and
blue) curves are fits to the data (;(fed = 2.18 and 0.62, respec-
tively). The dashed green line is the average of the v, values.

dominates [30], and the data were fitted to a function of the
form vg = aB? + c, using an orthogonal distance regres-
sion package in PYTHON [31]. The intercept ¢ corresponds
to the field-free transition frequency v, and the error in B
was £1 G. The obtained values for v, are shown in Table I,
where the reported errors are statistical only. The a
coefficients obtained from the fits are also shown in
Table 1. As the v, transition includes two different tran-
sitions between different substates (see inset to Fig. 2), the
theoretical curve shown in Fig. 3 has been calculated using
a weighted average based on the individual transition
strengths. From this the theoretical value of the a coef-
ficient is a.,. = —1.60 kHz/G? which is largely consistent
with the measured values shown in Table I.

The main changes in the current experiment are that we
have (1) reduced microwave reflections using a different
vacuum chamber, (2) reversed the direction of propagation
of the microwave radiation, (3) retroreflected the excitation
laser beam, and, (4) added a grounded grid between the
target electrode and the waveguide. The grounded grid (the
G electrode in Fig. 1) was installed in case the target
potential varied during the measurement. Previously the
waveguide itself was used as the ground plane for the
excitation electric field. The 23S, production method [24]
involves rapidly switching off an electric field, and we have
found that the high-voltage switch used to do this can ring
at a low level, meaning that there was a possibility that a
small electric field might have been induced in the wave-
guide during the measurements. Although the magnitude of
any such fields was expected to be negligible, the additional
erid was installed as a precaution.

Retroreflection of the UV excitation laser was imple-
mented to counteract any effects that might arise from laser
wavelength drifts during the measurements. Although
Doppler profiles of the 13S; — 27P, transition were
measured between runs, the laser frequency was not
monitored continuously, and so the overall stability during
the measurements was not known. The retroreflected beam
also removes the recoil effect arising from excitation with a
single beam exactly on resonance [17].

The most significant improvement in the experiment
was the reduction of reflected microwave radiation. In
previous experiments the v, transition was found to be
highly asymmetric [17], to the extent that line shape fitting
using symmetric and asymmetric functions resulted in
inferred transition frequencies that differed by several
MHz. Subsequent simulations [18] and free-space mea-
surements [19] indicated that this was likely due to a
frequency dependence in reflected microwave radiation
entering the waveguide. The new experiments were
performed in a cubic vacuum chamber in which the
waveguide extended to within 1 cm of a large fused silica
vacuum window, as shown in Fig. 1. This window is
expected to have a very low reflection coefficient for
microwave radiation, and also allows the UV excitation

043001-3



PHYSICAL REVIEW LETTERS 131, 043001 (2023)

laser to enter the vacuum chamber without introducing
additional reflective elements.

Additionally, measurements were taken with and without
broadband microwave absorbing foam (Eccosorb-AN [32])
mounted near the windows (see Fig. 1) with a nominal
reflectivity of —25 dBm in the relevant frequency range.
With the exception of some asymmetry g values (see
Table I), no difference was observed between data taken
with and without the foam (see Table I), supporting the
prior conclusion that reflected microwave radiation effects
in the cube geometry are negligible.

Reversing the direction of propagation of the radiation
takes into account any Doppler shifts arising from a
possible misalignment of the excitation laser path with
the axis of the waveguide. We estimate that the misalign-
ment could be at most 5°, and using trajectory simulations
we determined that associated Doppler shifts would be less
than 250 kHz. The separation of the incident and reflected
laser beams after a 1 m flight path indicated that the angle
between them was less than 0.6°.

As shown in Table I, the transition frequencies obtained
from fits using symmetric and asymmetric Lorentz functions
were identical (within errors); the average value obtained
from asymmetric Lorentz fits (for both microwave directions)
was 14 = 8628.12 +0.31 MHz, which differs from the
symmetric case by only 0.14 MHz. In free-space experiments,
shifts on the order of 10 MHz were observed by rotating the
horn antenna used to generate the microwave radiation.
However, the corresponding line shapes did not exhibit
any significant asymmetry (¢ = —0.5440.56 GHz™!) [19].
We conclude from this that, within our current statistical
uncertainty, symmetric line shapes do not necessarily indicate
that the measurements are free from perturbing effects.

The final result is obtained from the average value of the
measurements made for each microwave direction (see
Fig. 3). Fits were made in each case using all data points
(i.e., with and without the microwave absorbing foam);
the average value obtained is v, = 8627.94 + 0.30 MHz.
We note that we obtain almost the same result
(8627.75 + 0.27 MHz) if the data are averaged at each field
and then fitted. A comparison of this result with previous
measurements of the same interval is shown in Fig. 4.

The systematic effects in the current work are similar to
those of previous measurements, except we have eliminated
Doppler shifts arising from possible laser misalignment or
laser wavelength drifts. Other effects, such as stray electric
fields, ac Stark shifts, or motional Stark shifts are expected
to contribute less than 10 kHz to the total uncertainty
budget [17]. Detailed simulations indicate that misalign-
ment of the magnetic field could cause Lorentz fits to be
shifted by 32 kHz (for a 10° tilt) [18].

The impact of quantum interference (QI) effects of the
type arising from neighboring resonances (e.g., [33-35])
has been calculated explicitly for our experimental arrange-
ments [18]. We found that QI shifts depend on the

orientation of the gamma-ray detectors and the degree of
saturation of the transition, but for realistic experimental
parameters give rise to errors in the measured transition
frequency of less than 30 kHz. Since the individual line
shapes exhibited fitting errors on the order of 1 MHz [e.g.,
Fig. 2(a)] it was not feasible to fit the data using a line shape
that explicitly included the QI perturbations (e.g., as in
Ref. [36]). We therefore used standard Lorentz functions to
fit our line shapes, and include QI effects as a systematic
error in the present measurements. As a conservative
estimate we take the total systematic error contribution
due to QI and all Stark and Zeeman effects in the experi-
ment to be 100 kHz.

It is evident from the data shown in Fig. 3 that there is a
significant difference between the v, values obtained for the
+x and —x cases, amounting to 1.8 MHz. This difference is
too large to be caused by Doppler shifts, which contribute
less than 0.5 MHz. Since we obtain two different results
from nominally identical arrangements we conclude that
there exists an additional intrinsic systematic effect occur-
ring via a physical mechanism in the waveguide that is
distinct from the reflected radiation effect previously
identified. Conti and co-workers have suggested that, in
a waveguide similar to that used here, standing waves
with nodes located over the mesh covered holes could be
present [37]. If the shape of the transmission meshes affects
such waves then a directional asymmetry could arise from
corresponding asymmetric mesh properties. S-parameter
measurements (S, and S»; [38]) using a network analyzer
(Agilent N5224A) were performed to test this, but no
significant difference between the two directions was
observed. It is possible that different radiation field dis-
tributions exist within the waveguide for different propa-
gation directions, even if the power transmission, and hence
the § parameters, remain the same. In the absence of a
qualitative model we cannot conclusively rule out an effect
of this type.

We expect that, at most, 0.5 MHz of the 1.8 MHz
difference between the £x measurements can be attributed

T T T T
—— Theory : 8626.71 + 0.08 MHz
UCL 2022: 8627.94 = 0.95 MHz
Mainz 1993: 8624.38 + 1.50 MHz
Michigan 1987: 8619.6 + 2.9 MHz
Brandeis 1975: 8628.4 + 2.8 MHz

emrae

—&—
A

1 1 1 1 1 } 1 1 1 .1
8620 8625 8630

Transition frequency (MHz)

FIG. 4. Measurements of the 23S, — 2P, interval over almost
50 years, obtained by groups from Brandeis [14], Michigan [15],
Mainz [16], and the present work (UCL 2022). Where available,
systematic and statistical errors have been added in quadrature.
The vertical line represents the theory value, taken from Ref. [11].
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to Doppler shifts caused by laser misalignment (i.e.,
0.25 MHz in each direction). We take account of the
observed difference using an associated systematic error of
1.8/2 = 0.9 MHz. Including this makes our final result
vy = 8627.94 + 0.304, + 0.91,,, MHz. This differs from
the theoretical value by 1.23 MHz, or 1.36.

The precision of the current measurement is dominated
by an unknown systematic effect that appears to be an
intrinsic property of the waveguide, possibly connected to
the (unavoidable) use of meshes. This kind of effect may be
reduced by using an improved waveguide design, but may
also be mitigated by using a different approach, in which it
is not necessary to scan the microwave radiation frequency
over several hundred MHz, as is dictated by the (50 MHz)
natural width of the transition. This may be accomplished
by using the Ramsey method of separated oscillatory
fields [39,40], and in particular the frequency offset
separated oscillatory field (FOSOF) technique developed
by Hessels and co-workers [41]. FOSOF measurements are
not sensitive to the full frequency response of the system,
and should therefore be free of many of the limitations
of the present measurement techniques. However, slow Ps
atoms do not live long enough to pass between separated
field regions, and a Ps FOSOF measurement will require
the development of a fast 23S, Ps beam [42]; an experiment
along these lines is currently being constructed [43].
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technical assistance. This work was supported by the
EPSRC under Grant No. EP/W(032023/1.
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the production process in the first sentence of the fourteenth
paragraph and has been fixed.

Second Correction: After the first Correction was
implemented the production group discovered that the
production error in the fourteenth paragraph also affected
wording in item (2) of the tenth paragraph and has
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