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Abstract

In this work, we describe the latest results for the measurements of the hyperfine structure of
antiprotonic *He. Two out of four measurable super—super-hyperfine (SSHF) transition lines
of the (n, L) = (36, 34) state of antiprotonic *He were observed. The measured frequencies of
the individual transitions are 11.12548(08) GHz and 11.15793(13) GHz, with the increased
precisions of about 43% and 25%, respectively, compared to our first measurements with
antiprotonic *He (Friedreich et al 2011 Phys. Lett. B 700 1-6). They are less than 0.5 MHz
higher with respect to the most recent theoretical values, still within their estimated errors.

Although the experimental uncertainty for the difference of 0.03245(15) GHz between these
frequencies is large as compared to that of theory, its measured value also agrees with
theoretical calculations. The rates for collisions between antiprotonic helium and helium atoms
have been assessed through comparison with simulations, resulting in an elastic collision rate
of ¥, = 3.41 £ 0.62 MHz and an inelastic collision rate of y; = 0.51 £ 0.07 MHz.

(Some figures may appear in colour only in the online journal)

1. Introduction

Antiprotonic helium (pHe™) is a metastable three-body system
consisting of one electron in the ground state, the helium
nucleus and one antiproton [1-4]. This exotic atom can be
created whenever an antiproton in the vicinity of a helium

7 Present address: Lufthansa Systems Hungaria Kft, Neumann Janos utca 1/E,
H-1117 Budapest, Hungary.
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atom is slowed down to its ionization energy of ~24.6 eV or
below. The antiproton can eject one of the two electrons from
the ground state and replace it. Due to its high mass, it is most
likely to be captured in states with high angular momentum
and with principal quantum number n = ny = /M*/m, ~ 38,
where M* is the reduced mass of the system. The electron
remains in the ground state. Therefore, these newly formed
atoms occupy circular states with L close to n, where L is the
angular momentum quantum number.

A majority of as many as 97% of these exotic atoms
find themselves in states dominated by Auger decay. Due
to the Auger excitation of the electron, they ionize within
a few nanoseconds after formation. The remaining 3% of

© 2013 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. A schematic drawing of the laser—microwave—laser
method. The dashed arrows indicate the laser transitions between
the SHF levels of the radiative decay-dominated state

(n, L) = (36, 34) and the Auger-decay-dominated state (37, 33) of
p*He™. The wavy lines illustrate the microwave-induced transitions
between the SSHF levels of the long-lived state.

antiprotonic helium atoms remain in metastable, radiative
decay-dominated states. These states are relatively long lived,
having a lifetime of about 1-2 us, a time window that
can be used to carry out laser and microwave spectroscopy
measurements [5-7].

2. Hyperfine structure of antiprotonic helium

The interaction of magnetic moments between the electron,
antiproton and helium nucleus gives rise to a splitting of
the p°He* energy levels. The coupling of the electron sp1n
S. and the orbital angular momentum of the antiproton L
leads to the primary splitting of the state into a doublet
structure, referred to as hyperfine (HF) splitting. The angular
momentum F = L+, deﬁnes the two substates with quantum
numbers F, = L + 2 and F. = L — 2. The non-zero
spin of the *He nucleus causes a further so-called super-
hyperfine (SHF) spllttmg, which can be characterlzed by the
angular momentum G = F + Sh L+ S + Sh, where
S, is the spin of the helium nucleus. This results in four
SHF substates. At last, the spin—orbit interaction between the
antiproton orbital angular momentum and antiproton spin S_})
in combination with the contact spin—spin and the tensor spin—
spin interactions between the particles result in further splitting
of the SHF substates into eight substates which we call super—
super-hyperfine (SSHF) splitting. This octuplet structure can
be described by the angular momentum J =G+ 5‘;—, =
L+S.+ 8, + 5;—,. Even though the magnetic moment of the
antiproton is larger than that of the >He nucleus, the former
has a smaller overlap with the electron cloud. Therefore, it
creates a smaller splitting. The complete HF structure (HFS)
for p°He™ is illustrated in figure 1.

The interest in p°He® arises from an additional
contribution to the HFS caused by the coupling of the nuclear

spin to the antiproton orbital momentum with respect to p*He*
[5]. Such a measurement would allow a more rigorous test
of the QED theory. The accurate knowledge of the HFS
of antiprotonic helium is essential for the calculation of the
laser transition energies at the level of ppb accuracy needed
for comparison to laser spectroscopy experiments and the
extraction of the antiproton-to-electron mass ratio [7]. An
experimental verification of the HFS splitting in §3He+ is
therefore of great importance.

The calculations of the HFS were developed by two
different groups [8—12]. This series of experiments, studying
the (n, L) = (36, 34) state, was the first attempt to measure
the microwave transition frequencies between HF substates of
p°He™. Transitions between the SSHF states were induced by
a magnetic field oscillating in the microwave frequency range.
Due to technical limitations of the microwave input power,
only the transitions which flip the spin of the electron could be
measured. There are four such ‘allowed’ SSHF transitions for
the (n, L) = (36, 34) state of §3He+, two of which we have
investigated in this work:

e tJTTT =L
=1 —

+ .o+
vpr - J

3. Laser-microwave-laser spectroscopy

The first observation of an HFS in antiprotonic helium was
achieved in a laser scan of the (n, L) = (37, 34) — (38, 35)
transitions in p*Het [13]. Due to the limited precision
achievable in a laser scan, a laser—microwave—laser method
(figure 1) was introduced in [14]. It is based on a three-step
process involving laser- and microwave-stimulated resonance
transitions.

After antiprotonic helium is formed, the atoms in the
HF substates are all equally populated. Therefore, at first,
a population asymmetry between the SSHF substates of the
measured radiative decay state (n,L) needs to be created.
This depopulation is induced by a short laser pulse which
transfers the majority of antiprotons from one of the HF
states of the radiative decay-dominated, metastable parent state
to an Auger-decay-dominated, short-lived daughter state. In
this experiment, the f* transition is used. The bandwidth
of the laser (100 MHz) and Doppler broadening at 6 K
(300 MHz) are small enough compared to the difference
of f~ — ft ~ 1.7 GHz, so that the f~ transition is not
affected and a population asymmetry can be achieved. The
antiprotons in the short-lived state annihilate within a few
nanoseconds. In the next step, a microwave frequency pulse
tuned around the transition frequency between two SSHF
substates of the metastable state is applied. If the microwave
field is in resonance with one of these transitions, it will
cause a population transfer and thus partial refilling of one
of the previously depopulated states. A second laser pulse will
then again cause depopulation of the same HF substate and
subsequently the Auger decay of the transferred atoms and the
annihilation of the antiprotons in the nucleus will occur. The
number of annihilations after the second laser pulse will be
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larger as more antiprotons are transferred by the microwave
pulse.

When the antiprotons first enter the helium gas, a large
annihilation peak (prompt peak) is caused by the majority of
formed pHe' atoms which find themselves in Auger-decay-
dominated states and annihilate within picoseconds after
formation. At later times, this peak exhibits an exponential tail
due to pHe™' atoms in the metastable states cascading more
slowly towards the nucleus. This constitutes the background
for the laser-induced annihilation signals. The daughter state
has a very short lifetime of ~10 ns, and thus the population
transfer is indicated by a sharp annihilation peak against the
background during the two laser pulses. The area under these
peaks is proportional to the population transferred to this
short-lived state. This spectrum, with the two laser-induced
peaks super-imposed on the exponential tail—as displayed
in figure 2—is called the analogue-delayed annihilation time
spectrum or ADATS.

Since the intensity of the antiproton pulse fluctuates from
shot to shot, the peaks must be normalized by the total intensity
of the pulse (total). This ratio is referred to as peak-to-total
(ptt). The ptt corresponds to the ratio of the peak area (/(¢;) or
1(ty)) to the total area under the full spectrum. If the second
laser annihilation peak is further normalized to the first one, the
total cancels out. The frequencies of the two SSHF transitions
can now be obtained as distinct lines by plotting I(#,)/I(t;) as
a function of the microwave frequency. The ratio I(#,)/1(t;) is
largely independent of intensity and position fluctuations of the
antiproton beam. The intensity of the transition lines is subject
to the time delay between the two laser pulses and thus also to
collisional relaxation processes [ 15—18]. This means that, once
the first laser has caused depopulation, the system will start to
relax through spin exchanging collisions between antiprotonic
helium atoms and regular helium atoms. Refilling from higher
lying states also contributes to the equalization of the HF
substate populations. In general, a short delay 7 is preferable
because the signal height will decrease for longer laser delay
times as aresult of the exponential decay of the metastable state
populations. However, the linewidth of the RF transition will
increase if the delay is too short. Furthermore, far higher RF
power will be required to complete one spin-flip. If the delay is
too long, the collisional relaxation of the system would already
have eliminated any asymmetry between the two states caused
by the first laser pulse. The signal would be too low to be
observed.

The two pulsed lasers were fixed to a wavelength of
723.877 nm, with a pulse length of 8-12 ns, to induce
the f* laser transition between the (n,L) = (36, 34) and
the (',L’) = (37,33) state. The pulse length should be
comparable to or longer than the Auger lifetime of the short-
lived state. Generally speaking, the longer the laser pulse,
the larger the achieved depopulation and thus the resulting
annihilation signal. The depopulation also depends on the laser
pulse energy. It is important to find the appropriate laser fluence
where the power is saturated and therefore the laser depletion
efficiency is optimized in order to avoid power-broadened
resonance lines and as a consequence, the partial depopulation
of the other HF transition line f~. For this experiment, a
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Figure 2. A part of the analogue-delayed annihilation time spectrum
(ADATS) with the two laser-stimulated annihilation peaks against
the exponential decaying background of the metastable cascade.

T denotes the delay time between the two laser pulses. The
photomultipliers of the Cherenkov counters used to record this
spectrum are gated off during the initial p pulse arrival [19]. Thus,
the prompt peak is cut off below 2900 ns and only the annihilations
due to the metastable state depopulation are recorded.

pulse-amplified continuous-wave laser system with a narrow
linewidth of about 100 MHz was used [20]. The laser fluence
was in the range of 20-40 mJ cm™? and the laser waist was
~5 mm, leading to a depletion efficiency of about 90%—based
on numerical simulations of the laser transition processes [18].

There are several limitations to the choice of the measured
state, such as the availability of a laser source in the required
frequency range or the splitting of the transitions between the
HF states of the daughter and parent states. The laser transition
between the (n,L) = (36,34) and (n',L) = (37,33)
states was chosen because it is easily stimulated and the
primary population is large, thus leading to a large signal. The
captured fraction of antiprotons in the measured metastable
state (n, L) = (36, 34) is (3—4) x 1073 [21].

4. Experimental setup

The antiprotons for the experiment are provided by the
antiproton decelerator at CERN [22], with a pulsed beam of
(1-3) x 107 antiprotons at an energy of 5.3 MeV, a pulse
length of 100-300 ns and a repetition interval of about 100 s.
The particles are stopped in a helium gas target, with a gas
pressure of 250 mbar, cooled down to a temperature of about
6 K. This target is built as a cylindrical chamber whose axis
is parallel to the beam direction and which is designed to act
also as a microwave cavity resonating in the TM 9 mode. The
faces of the cylindrical cavity have a 25 um thick titanium
window for the antiproton beam and a 4 mm thick fused silica
window for the laser beam to enter [23], and are equipped with
meshes to contain the microwaves.

In order to measure the annihilation decay products, two
Cherenkov counters are mounted around the target volume,
connected to photomultipliers (cf figure 3). They are gated
off during the initial p pulse arrival [19] in order to count
only the photons arriving from the induced annihilations. A
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Figure 3. Central part of the experimental setup. Antiproton and
laser beams coming from opposite sides are injected into the
microwave cavity which also contains the helium gas. Microwaves
are fed through a wave guide from the top, and the microwave
power is measured by a small antenna. Outside the vacuum
chamber, two Cherenkov counters are mounted to detect the pions
resulting from the annihilations.

vector network analyser (VNA, Rhode and Schwarz ZVB20)
synthesizes the microwave pulse that is further amplified by a
travelling wave tube amplifier (TWTA, TMD PTC6358) from
where a waveguide system transmits the pulse of ~20 us
length to the cavity. The waveguide is over-coupled to the
cavity, resulting in a low-quality factor of Q = 160. The
frequency of the microwave radiation is tuned by changing
the frequency of the VNA, increasing the input power off-
resonance so as to keep the power inside the cavity constant.
The microwave power inside the cavity is measured by a
pickup antenna and a calibrated diode (Agilent 8474B). Input
powers of maximum 40 W were used to achieve a constant
power of 7.5 W inside the cavity. A detailed discussion
on the microwave apparatus, including design, simulation,
construction and calibration, can be found in [24].

A cryostat with a compressor-based cooling system was
built to cool the experimental apparatus without the abundant
use of coolants, to allow an efficient cooling procedure and

thus little loss of measurement time. The microwave cavity
is filled with helium gas and cooled down directly to about
6 K by mounting it on a coldhead [23]. By using additional
degrader foils (polymide film foils® of about 70 zem thickness),
the antiprotons could be stopped in the centre of the cavity in
a volume of about 1 cm? [25].

5. Results

In preparation for the actual investigation of the HF
substructure, via microwave resonance, several studies are
required to optimize the parameters such as laser power, laser
resonance frequency, laser delay time and microwave power.

The frequency and the splitting of the two resonance lines
fT and f~ are determined by scanning our laser system over
a range of about 5 GHz centred around the two transition
frequencies. The laser power was adjusted to observe a clear
splitting of the two transition lines to ensure that only one of
the two HF levels of the (n, L) = (36, 34) state is depopulated
by laser stimulation. The measurements were all performed at
a target pressure of 250 mbar and a delay time of 7 = 350 ns
between the two laser pulses. Due to limited measurement
time, only one target density was used. However, previous
studies in §4He+ [5] as well as calculations [15—-17] suggest
that the target density should have no effect on the resonance
line shape, width or amplitude of the resonance lines at the
level of precision of this experiment [18].

It is important to choose the correct microwave power in
order for the electron to undergo one electron spin-flip [24],
i.e. to achieve a m-pulse that results in the highest signal.
For this, the ptt ratio is measured at the predicted resonance
frequency for several power values in the range between 0 and
20 W microwave power inside the cavity, as determined by the
pick-up antenna. The points measured at 0 W were recorded
on resonance. Points were also taken sufficiently off resonance
(a few hundred megahertz away) but at some non-zero power.
Off resonance, the microwave pulse should have no effect on
the atoms, thus confirming that the observed signal is real and
not caused by some kind of fluctuations. Figure 4 illustrates
such a scan. According to these data, a w-pulse is completed
at the first power maximum of about 7.5 W. The microwave
power study is performed for a laser delay of 350 ns.

Figure 5 displays the frequency dependence of the
microwave power over the scan range in the case of the two
11 GHz transitions—with an average drift of 10-13% over
the recorded spectrum. Despite a thorough calibration of the
system, there appears to be a linear tendency of the power
over the frequency range. This behaviour could potentially
lead to a distortion of the line shape and an increase of errors.
However, from figure 4, it can be seen that the ptt ratio does
not change considerably within the error between a microwave
power of 7.5 and 10 W. Therefore, it is not expected that this
linear tendency of the power over the frequency range has a
significant effect on the error and the fit of the transitions lines.

8 Upilex foil made by UBE Industries.
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Figure 4. Signal-to-noise ratio measured for several microwave
powers in comparison to a numerical simulation based on the used
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inside the target. 7.5 W was finally chosen for the microwave
spectroscopic measurements.

5.1. The microwave transitions

Two of the four allowed SSHF resonance transitions in
}_)3He:4r could be observed. In the analysis, all recorded data,
including the previously published data of 2010 [6] and new
ones obtained in 2011, were taken into account. The two
resonances were measured and fitted separately. For each
microwave frequency scan, 20-25 frequency points were
recorded, equally spaced over a range of 9 MHz, centred
around the theoretical transition frequency. Two analysis
methods were used to average over data collected in different
years and under different conditions: for average scan fitting
(ASF) in the case of identical conditions and frequency points,
the data taken at the same frequency were first averaged using
the method of weighted average, then the resulting scan was
fitted. For simultaneous individual scan fitting (ISF) the data
points were not averaged but simultaneously fitted using the
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same values for central frequency and width but individual
values for height or background levels. Also, using ISF,
scans taken with different microwave power or with different
frequency points can be analysed together. In the case of the
11.125 GHz transition, the values for each frequency were
averaged over a total of 40 data points, and for the 11.157 GHz
transition, over a total of 42 data points. These values were
obtained using the simultaneous fitting of individual scans.
The fit results are displayed in figure 6 in comparison with
simulation curves.

To fit the two transitions, a function of the natural line
shape for a two-level system which is affected by an oscillating
magnetic field for a span of time 7 was used. It is given by
[26]

26

MO = A oy w2

sin? {%[|2bl2 + (wo —w)2]ir}.
(D

Here, X (w) is the probability that an atom is transferred from
one HF state to the other, w is the angular frequency of the
magnetic field and wy is the angular frequency of the transition
between the two energy levels. A is a scaling term which equals
1 in an ideal two-level system. In the fitting procedure, this term
takes into account the fact that in reality the two-level system
is not ideal. The parameter b = 2/2 is a time-independent
part of the transition matrix elements between two energy
levels, with the Rabi frequency 2 = (uBy)/h and u denoting
the calculated average magnetic dipole moment. The Rabi
frequency is dependent on the microwave power. Using the
calculated values for the average oscillating magnetic field
amplitude of By = 0.24(4) x 10~* T and the magnetic dipole
moment, we obtain a Rabi frequency in the range of 10 MHz.
In the case of a complete w-pulse, one obtains |b|T = m /2.
This is referred to as the optimum case, since together with
X(w) = 1 at resonance, this gives the smallest width for the
transition line I' = 0.799/T = 2.28 MHz for T = 350 ns. The
two observed microwave resonance transitions were measured
and fitted individually with this function, adding a constant
background. The side peaks in the fit are caused by the Rabi
oscillations. From the fit, the frequencies for the measured vy
and vy transitions can be obtained.
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Figure 5. The change of the microwave power over the measured frequency range for the (a) 11.125 GHz and the (b) 11.157 GHz transition.
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As can be seen in table 1, the fit results of the scans
show a normalized x?/ndf that is larger than 1. This is a
general feature of our analogue method to measure the delayed
annihilation time spectra: the ADATS consists of the digitized
current output of the Cherenkov PMTs that does not directly
carry the statistical information on the observed number of
annihilations per time. From the observed fluctuations, the
digitization error and other parameters, an error is calculated
that systematically underestimates the fluctuations in the
data. Therefore, the errors of all data points of a scan are
multiplied by /x2/ndf to obtain the correct errors of the fit
results.

Regarding the errors, there are several systematic effects
which had to be considered. The largest influence was due to
shot-to-shot fluctuations of the antiproton beam. These effects
were reduced by normalizing to the total intensity of the pulse
and further normalizing the second annihilation peak to the
first one. Therefore, mainly shot-to-shot fluctuations of the
microwave power and deviations in the laser position and
fluence from day to day—although considerably smaller—
contributed to the error quoted in table 2. The individual
contributions from fluctuations of antiproton beam and laser
beam cannot be assessed separately. They are contained in the
error obtained from the fit.

The laser power as well as the wavelength and the overlap
between the two laser pulses were monitored and measured,
concluding that the fluctuations do not give any relevant
contribution to the measurement error. The mean laser energy
changes by about 0.07% over one measurement shift of 8 h
and the laser wavelength drifts by about 0.002%. It is difficult
to quantify how much fluctuations of the laser parameters
influence the measured annihilation signal.

The transition processes were numerically simulated by
solving the optical Bloch equations in order to estimate
important measurement parameters, in particular the required
microwave power and the signal-to-noise ratio [18]. The
Bloch equations describe the depopulation of states, in this
experiment induced by laser light and microwave radiation

Table 1. The table displays the uncorrected fit results v} for the
fitting of the raw data, together with the reduced x2/ndf and vy
after inflating the errors of the individual data points by / x2/ndf.
The fit transition frequencies are displayed for the two different
fitting methods, ASF and ISF. At higher resonance, the frequency
points differed slightly between 2010 and 2011. These data can only
be combined in the averaging over all single scans. The microwave
power for the 11.157 GHz resonance was further lower by about

2.5 W compared to 2011. Therefore, the values obtained by the ISF
method were used as final results.

Transition  method vi: (GHz) X2 /ndf vur (GHz)

Var ASF 11.125 50(04) 8.71 11.125 50(08)
Var ISF 11.12 548(03) 7.13 11.125 48(08)
vﬁ; (2010) ASF 11.158 30(07) 8.26 11.158 30(17)
vﬁg' (2011) ASF 11.157 60(07) 8.42 11.157 60(14)
vﬁ; ISF 11.15793(04) 7.92 11.157 93(13)

and under the influence of collisional effects. For most
parameters, such as microwave power, Q value and laser
delay, the measured values were taken. To assess the rates
of collisional effects which induce relaxations between the
SSHEF states, the simulations are adjusted to the experimental
results. Two types of collisions can be distinguished—elastic
and inelastic collisions. While elastic collisions can cause a
broadening and shift of the resonance line, inelastic collisions
will result in a spin exchange between the HF substates which
can lead to a decrease of the measured signal. Both, the
elastic collision rate y, and the inelastic collision rate y;,
can have considerable systematic effects on the signal height,
line shape and frequency of the transition line. The resulting
calculated resonance curves are represented as dashed lines in
figure 6, showing good agreement with the experimental data.
Extracting the elastic and inelastic collision rates y, and y; for
the two transitions gives

for 11.125GHz: y,~ = 3.45707 MHz
__ 0.09
y ™ =0.5170% MHz
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Figure 7. This graph summarizes the results for the two measured SSHF transitions vy, and vy as well as the frequency difference Av,
(E/10 [6], Er1g;711) for the first measurement period in 2010 and the combined result of all data recorded in the years 2010 and 2011. It further
provides a comparison of these values with the respective theoretical calculations (Korobov [12, 27], Kino [11]). The frequency difference
of the experimental data for the 11.157 73 GHz resonance between the first year of measurements and the combined results of all recorded

data may be explained by the slightly different microwave power used for the measurement period in 2010 and also by the lower statistics

for this transition in the first year.

Table 2. The experimental results for the vy and v}};’ in comparison with three-body QED calculations, where vy denotes the SSHF
transition frequencies, ey, is the relative error of the measured frequencies and I the resonance linewidth. The relative deviation of
experiment and theory is defined as 8in—cxp = (Vexp — Vin)/Vexp- The quoted theoretical precision is ~5 x 1073 from the limitation of the
Breit—Pauli approximation that neglects terms of relative order 2. This does not include numerical errors from the different variational
methods used. For [11], Avi, was calculated from the difference of the tabulated antiproton spin-flip transitions J~=* — J~~~ and

JT=F — J*7, resulting in a relative error of 3 x 1074,

Vexp Bexp r Korobov [12,27]  Sphcxp Kino [11] Sih—exp
(GHz) x10° (MHz) (GHz) x10°  (GHz) x 10°
Ve 11.12548(08) 7.2 1.69(11) 11.12500(56) 43 11.125 15(56) 29
v;":r 11.15793(13) 11.7 2.20(15) 11.157 73(56) 18 11.157 56(56) 33
x 103 x10° x10?
AvﬁiF 0.03245(15) 4.7 0.0327219(16) —8.4 0.032408(11) 1.3

for 11.157 GHz: y,+ = 3.48* )20 MHz

yi T =0.52%01 MHz. )

To obtain the errors for these rates, the annihilation signal
amplitude was calculated for different values of the elastic
and the inelastic collision rates for both transitions. The fitted
annihilation signal amplitude of the transitions and its errors
were then used to assess the collision rates for the minimum
and maximum amplitude values within the +1o level by
interpolation.

Based on theory, the collision rates are expected to be
equal for different single electron spin-flip transitions within
a state [17]. To calculate the weighted mean of the values
for the individual transitions, a mathematical model presented
in [28] which accounts for the asymmetric errors of the
single values is used, resulting in an elastic collision rate
of Yy, = 3.41 £ 0.62 MHz and an inelastic collision rate of
y; = 0.51 £ 0.07 MHz. These rates go into the optical Bloch
equations in the simulations as angular frequencies. Thus, in
order to compare them to the total linewidths I' = 0.799/T

of the measured resonances (see table 2), given as linear
frequencies, they have to be divided by 2r:
v =2 —0.54+0.10MHz

2

e

y/ =21 = 0.080.01 MHz. 3)
2

Only the elastic collision rate affects the width of the resonance
line while inelastic collisions affect the transition rate and thus
the height of the resonance signal. The measured rates agree
within a factor of 2 with theoretical calculations which obtain
an elastic collision rate of approximately 0.48 MHz and an
inelastic collision rate of approximately 0.16 MHz, given as
linear frequencies [17].

6. Conclusion

Two of the four favoured SSHF resonance transitions in p°He
were observed and are in agreement with the theory within
the estimated theoretical error (cf table 2 and figure 7). The
experimental errors have been decreased by 43% for vy and
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25% for vy compared to previously published results [6].
The value for v, agrees better with the theory than before.
Also, the frequency difference AvﬁF agrees with theoretical
calculations. However, the experimental error for Avlj_ltF is still
very large compared to the theory.

The measured HF transition frequencies agree with
the theory within 0.2-0.5 MHz (18-43 ppm). The current
precision is still worse than that for the most recent results
with p*He*t, which gave an error of 3 ppm for the individual
transition lines [5]. Due to limitations in antiproton beam
quality, this precision for p*He™ is not likely to be improved
anymore. However, it is also unlikely to achieve an uncertainty
for p°He* transition frequencies as small as that for p*He™.
There are eight instead of four SSHF energy levels in p°He™
and thus, the measured signal will be only about half of the
signal obtained for p*He™. Therefore, much higher statistics
would be required.

A comparison of the theoretical values for the two SSHF
transitions at 11 GHz with the measurement results shows
that there is a small shift in frequency towards higher values
for both transitions (cf figure 7). According to Korobov [27],
this discrepancy is most likely due to the theoretical limits
of the Breit—Pauli approximation that has been used for the
calculations. The relative error of the theoretical frequencies
is estimated to be @®> = 5 x 107>. The relative error of
the theoretical frequencies is estimated to be 5 x 107> ~
0.56 MHz. Together with the experimental error of ~0.2 MHz,
there is agreement between experiment and theory.

A density-dependent shift could also contribute to this
deviation. The density dependence is found to be much smaller
for an M1 transition, the electron spin-flip transitions induced
by the microwave, than for an E1 transition induced through
laser stimulation [29]. In the case of §4He+, the theoretical
calculations of Korenman [15, 16] confirmed that the density
dependence is very small. Also for p°He™, the theory predicts
a collisional shift at the kHz level, much smaller than the
experimental error bars [17].

For the frequency difference AvﬁF = v — Vg between
the two SSHF lines around 11 GHz, there is an agreement
between both the theoretical results and the experiment within
1.5 o of the experimental error of 150 kHz (0.47%). Avﬁp is
important due to its proportionality to the magnetic moment
of the antiproton. The error of the theoretical value is 1.6 kHz,
which is considerably smaller than the experimental error. The
reason is that in theory the splitting between the transition lines
can be calculated directly and the errors are the same for all
transitions within the HFS, whereas the experimental value
of the splitting is received from the difference of the single
transition lines.

The two transitions at 16 GHz could not be measured
anymore due to lack of beamtime—even though the microwave
target was readily tested and calibrated. However, we came to
the conclusion that the observation of these two resonance lines
would deliver no additional information on the investigated
three-body system and primarily serve to accomplish a
complete measurement of the p°Het HFS.

This study with p°Het was considered a test of
QED calculations using a more complex system compared

to p*Het and thus provided a stronger confirmation of
the theoretical models. With more statistics and careful
investigation and accounting for systematic effects such as
frequency dependences of the single parts of the microwave
setup, the precision might realistically increase at most by
a factor of 2. Nonetheless, this would not reach the results
achieved with p*He™" and thus not give a better experimental
value for the antiproton magnetic moment, i.e. a better test
of CPT invariance. Recently, the antiproton magnetic moment
has been measured for the first time using a single trapped
antiproton, reaching a precision of 4.4 ppm [30], which is far
outside the reach of the technique presented in this work.

With this study, the spectroscopic measurements of
the HFS of p°Het are concluded. There are no further
measurements planned. Based on the current experimental
conditions, no improvement of precision can be expected.
Also, the theory reached its limits using the calculation
methods available at present.
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