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We developed a novel fast measurement procedure for cyclotron frequency comparisons of two in-
dividual particles in a Penning trap, which enabled us to compare the charge-to-mass ratio of the
proton and the antiproton with a fractional precision of 69 parts per trillion. To date this is the most
precise test of charge-parity-time invariance using baryons. Our measurements were performed at
cyclotron frequencies of about 30 MHz, which means that charge-parity-time symmetry holds at the
atto-electronvolt scale.
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1. Introduction

Invariance under the combined transformation of charge, parity and time is a fundamental sym-

metry of all local, Lorentz-invariant quantum field theories combined in the Standard Model of parti-
cle physics [1]. The general validity of this invariance is an open question. This triggers a variety of
different experiments, which aim at tests of CPT invariance by comparing the properties of matter and
antimatter with highest precision [2—4]. Among those is the Baryon Antibaryon Symmetry Experiment
(BASE), which tests CPT symmetry by comparing the magnetic moments and the charge-to-mass ra-
tios of single protons and antiprotons in an advanced Penning-trap system [5].
Up to now the most precise value for the comparison of the proton and the antiproton charge-to-mass
ratios resulted from measurements performed by the TRAP collaboration in the 1990s [6]. Here a
relative precision of 90 parts per trillion has been achieved. Very recently we improved this measure-
ment to a fractional precision of 69 parts per trillion [7].In this article we discuss our measurements
and give an outlook towards a further improved comparison of the charge-to-mass ratios.
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2. Experimental Setup

To perform such high-precision comparisons of the fundamental properties of protons and an-
tiprotons, BASE operates an advanced Penning-trap setup at the antiproton decelerator (AD) at
CERN, Switzerland. Each Penning trap consists of five gold-plated oxygen-free-electrolytic copper
electrodes in cylindrical design with inner diameters of 9 mm [8]. The Penning traps are in compen-
sated and orthogonal design [9] and are placed in the horizontal bore of a superconducting magnet
at By = 1.964 T, see Fig. 1. High-precision voltage sources (UM 1-15LN, Stahl Electronics Metten-
heim) produce the electric trapping potential. In total, BASE operates four individual Penning traps
in a stacked configuration. The reservoir trap and the precision trap allow for precise and accurate
frequency measurements on single ions within the homogeneous center of the superconducting mag-
net. In addition one of these traps is used for the storage of a cloud of particles and serves as a source
of antiprotons for months during accelerator shutdown [10]. Two additional Penning traps, which
are placed at the downstream side (not shown in Fig. 1), are superimposed with an inhomogeneous
magnetic field. This allows for real-time monitoring of the particle’s energy [5] and the analysis of
the spin state [11, 12], which is important for a measurement of the magnetic moment. The individual
Penning traps are connected by transport electrodes which allow for adiabatic shuttling of the par-
ticles between the traps. The entire electrode stack is mounted in an indium sealed cylindrical trap
chamber with a volume of about 1.21 and cooled down to liquid helium temperature. This allows to
reach ultra-low pressures of 10~!7 mbar and particle storage times of several years.

The trajectory of a charged particle in a Penning trap can be described by the superposition of three
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Fig. 1. Schematic of the advanced Penning-trap system at BASE. For details see text.

independent harmonic oscillator motions, the axial motion along the magnetic field lines with fre-
quency v, = 700 kHz, and two radial motions: the magnetron motion with frequency v_ ~ 7 kHz and
the modified cyclotron motion with frequency v, = 30 MHz. The free cyclotron frequency is obtained
by applying the invariance theorem v? = v2 + v% +v2 [13]. To measure the oscillation frequency of
the particle’s eigenmotions, the non-destructive image current detection method is used [14]. Thus
each Penning trap is provided with dedicated detection systems, consisting of a high-quality super-
conducting coil and a low noise small-signal amplifier [15].

Antiprotons provided by the AD are decelerated using a degrader structure, mounted on the upstream
side of the electrode stack, and subsequently captured in the trap applying triggered high voltage on
the high-voltage electrode, see Fig. 1. In addition, the antiproton bunches produce negatively charged
hydrogen atoms H™ from hydrogen gas frozen out on the degrader structure either by asymmetric
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dissociation of molecular hydrogen or by electron capture of atomic hydrogen. Afterward electron
cooling is applied to reduce the energies of both ion species to peV-energies. To prepare a clean
composite cloud of antiprotons and H™ ions, subsequently axial drives are applied for cleaning of
contaminants and the electrons. Figure 2 shows a spectrum of the detector after the preparation, sig-
nal peaks induced by trapped antiprotons and negatively charged hydrogen ions are visible besides
the noise resonance of the detector.
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Fig. 2. Fast Fourier Transform (FFT) signal of one of the axial detection systems after the initial preparation

of a clean composite cloud of antiprotons and negative hydrogen ions H™ ions from Ref. [5]. Besides a broad

resonance caused by the Johnson-Nyquist noise of the detector two individual signals can be seen. These
signals are due to the image currents induced by a cloud of antiprotons and H™ ions, respectively.

3. Operation of the reservoir trap

Besides being usable as a precision measurement trap the reservoir trap allows the storage of a
cloud of antiprotons and serves as a source of antiprotons during accelerator shutdown when external
magnetic field fluctuations are low. To this end, we developed a novel separation and merging method
using adiabatic potential ramps, which enables an extraction of an arbitrary number of particles, e.g.
a single one, into the measurement traps [10]. In a first step the particle cloud is centered with respect
to the central ring electrode of the reservoir trap and a trapping voltage of 13.5V is applied. Next a
potential offset AU is applied to one of the correction electrodes adjacent to the central ring electrode.
This introduces an additional electric field of AE = 0.32 V/m-AU/V, which shifts the center of mass
motion with respect to the central ring electrode. In order to separate the cloud in a next step, the
voltage applied to the central ring electrode is ramped down from 13.5V to —13.5 V. In the last step
one of the individual ion clouds is transported to and stored in the downstream high voltage electrode,
and the trap content is analyzed. Applying the method described in [14], the number of the particles in
the two individual clouds can be counted in the reservoir trap. Figure 3 shows the fraction of particles
extracted to the individual particle clouds as a function of the center of mass position of the cloud. The
method allows a reliable extraction of fractions of particles ranging down to a single one. In addition,
reversing the order of the applied separation sequence the individual particle clouds were merged.
In Fig. 3 the blue data points give the fraction of particles counted afterwards. The results show that
within our measurement uncertainties the complete sequence, including separation and merging, is
loss free.
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Fig. 3. Fractions of extracted particles compared to the initial number of particles as a function of the center-
of-mass position of the ion clouds with respect to the central ring electrode from Ref. [10]. Black data points
show the fraction extracted to the downstream side of the apparatus. Likewise red data points show the fraction
extracted to the upstream side of the apparatus. Blue data points show the fraction of particles after the two

separated particle clouds have been merged again. The solid lines are theoretical calculations. For further details
see text.

4. High-precision comparison of the proton to antiproton charge-to-mass ratio

After preparation of a clean composite cloud of antiprotons and H™ ions in the precision trap, we
apply our separation technique to load a single antiproton into the reservoir trap and a single H™ ion in
the upstream high-voltage electrode. The H™ ion is used instead of a proton which avoids systematic
shifts caused by polarity switching of trapping voltages. The mass of the H™ ion is given by

mpy- =mp +2m, — Ep, — E,. (D)

Here m, is the mass of the electron [16], m,, is the mass of the proton [17], E}, is the binding energy of
the first electron [18] and E, the electron affinity being the binding energy of the second electron [19].
In addition, the motional electric field E,, experienced by the H™ ion in its instantaneous rest frame
induces a dipole moment dj,q = apoi,n-En, which adiabatically follows the motional electric field.
Here a4~ is the polarizability of the H™ ion. This generates an additional Lorentz force, which
alters the cyclotron frequency and can be accounted for by an effective mass increase of apon- B(z)
[20]. If CPT invariance holds, the expected cyclotron frequency ratio is

_ (Vc)[; _ (q/m)p B()/Z?T_ (Cl/m),a
C - @/M)y- Bo/2n  (g/M)y-

the precision limited by the accuracy of the proton mass in the electron-to-proton mass ratio, see
Tab. I. In an ideal measurement the magnetic field strength By is assumed to be equal and cancel out
in the frequency ratio. Since actual measurements of R are carried out by sequentially measuring the
cyclotron frequencies, we investigated the temporal fluctuations of the magnetic field by a series of
cyclotron frequency measurements.

In case the measurement of the cyclotron frequency not triggered with respect to the antiproton decel-
eration cycle, the Allan deviation of the cyclotron frequency shows an oscillating component caused
by a beat with a period of 21 min between magnet ramps during the antiproton deceleration cycle and
our cyclotron frequency measurement can be observed, see Fig. 4a). If the measurement is triggered
with respect to the antiproton injection trigger and the duration of the cyclotron frequency measure-
ments is matched to the antiproton deceleration cycle, this beat vanishes and only white noise with a
standard deviation of 160 mHz and a random walk component with 220 mHz contribute. Repeating
the same measurement during a decelerator shutdown did not affect the white noise contribution while

= 1.0010892187536(1), 2)

th
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Table 1. Dimensionless contributions and uncertainties to the theoretical charge-to-mass ratio.

contribution (107'?)  uncertainty (10~'2)
2m,/m, 1089234042.7 0.1
Ey/my, -14493.0 <1073
E,/m, -803.8 <107
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Fig. 4. Allan deviation of subsequent cyclotron frequency measurements and schematic of the measurement
sequence for the high-precision comparison of the proton to antiproton charge-to-mass ratio from Ref. [5]. In
a) Allan deviations of cyclotron frequency measurements of a single antiproton under different conditions are
shown. A white noise, a random walk and an oscillating contribution are shown as dashed-dotted, dashed and
dotted line, respectively. In b) the timing sequence of the measurement is shown. In c) and d) the potential
configurations during the measurement of the antiproton and H™ ion cyclotron frequencies are shown.

the random walk is further reduced to 160 mHz, which indicates the presence of additional magnetic
field fluctuations caused by the accelerator during operation.

Based on the latter results, each measurement cycle of the charge-to-mass ratio comparison is trig-
gered by the antiproton injection into CERN'’s antiproton decelerator. One cycle starts with cooling of
the magnetron motion of the antiproton by applying a quadrupole drive at the respective magnetron
axial sideband frequency v, + v_, which couples the magnetron motion to the axial motion. After-
ward, the free cyclotron frequency of the antiproton is measured at the potential configuration shown
in Fig. 4¢c). To this end the axial frequency of the antiproton v, 5 and the reduced cyclotron frequency
v4,p as described in [24] is measured. The magnetron frequency is determined by v_ 5 = Vi 5/V+.p be-
ing a sufficient approximation at the current level of precision. Finally, the free cyclotron frequency
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of the antiproton is obtained by using the relation v? = v2 + 2

2 +v2. After a simultaneous adiabatic
transport of the antiproton to the downstream high-voltage electrode and the H™ ion to the reservoir
trap, the potential configuration as shown in Fig. 4d) is applied. Subsequently the magnetron motion
of the H™ ion is cooled and its free cyclotron frequency is measured in the same way as described for
the antiproton. Note that the potential configurations during both cyclotron frequency measurements
are equal except for a small difference in the ring voltage, which reduces systematic effects caused by
particle shifts due to unequal potential configurations within a residual magnetic inhomogeneity of
B; = 7.58(42)mTm™!. Hence a single cyclotron frequency comparison takes exactly two antiproton
deceleration cycles, which is about 200 s. This is about 50 times faster than in previous measurements
[6] and thus less sensitive to external systematic drifts. Moreover, it allows us to accumulate much
higher statistics than achieved before.

Figure 5 shows the experimental results. In total we performed 6521 cyclotron frequency compar-
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Fig. 5. Results on the comparison of the proton to antiproton charge-to-mass ratio from Ref. [7]. a) About
6521 cyclotron frequency comparisons have been recorded over a time period of about one month. In b) a
projected histogram of the measured cyclotron frequency ratios are shown. From a Maximum-Likelihood fit
using a normal distribution as line-shape we extract the ratio with a statistical uncertainty of 64 ppt. In c) the
Allan deviation of the measured ratios with a fit to the data with slope —0.501(1) is shown. This confirms that
the ratio fluctuations follow a Gaussian white noise distribution.

isons over a time period of about one month. From a Maximum-Likelihood estimate using a nor-
mal distribution as line-shape model we extract an experimental value for the dimensionless ratio of
charge-to-mass ratios of

R =1.001089218872(64). 3)

The usage of a normal distribution is supported by the evaluation of the Allan deviation, see Fig. 5 c).
To further verify our data analysis we also evaluated the cyclotron frequency ratios of p-p and H™-H™
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in subsequent cycles. From these we extract 1 — 1/R = —3(79) ppt, which further justifies our data
analysis and shows that systematic magnetic field drifts are not present.

The dominant systematic shift is related to a mV-detuning of the trapping voltages, which is required
to tune the axial oscillation frequency of the antiproton as well as the hydrogen ion into resonance
with the axial detection system. In presence of different contact potentials, offset potentials and ma-
chining imperfections the change in ring voltage leads to a shift of the equilibrium position of the
antiproton with respect to the equilibrium position of the H™ ion. In presence of a magnetic field gra-
dient B; = 7.58(42) mT m™', both cyclotron frequencies are measured at slightly different magnetic
fields. In total the experimental result has to be corrected by —117(26) ppt, which gives the final result

R =1.001089218755(64)(26). 4

Here the first value in parentheses gives the statistical uncertainty and the second value in parentheses
the systematic uncertainty. Our final result is within error bars in agreement with the theoretical
prediction. From this we conclude that in this case CPT is conserved. Since our measurements probe
the kinetic energy of the cyclotron mode E. = fiw. ~ peV with a relative precision of 107! our
measurements are sensitive at an absolute energy scale of 10~ !8eV.

5. Outlook

To overcome the previous limitations two improvements have meanwhile been implemented.
First, a new superconducting magnet has been installed. This allows for a precise shimming of the
residual magnetic field inhomogeneity by more than one order of magnitude, which means that the
associated systematic uncertainty of 26 ppt will be reduced by a factor of at least 10. Second, we
implemented a so-called self-shielding coil, which significantly reduces external magnetic field fluc-
tuations in the center of our Penning trap [21]. Hence, in the new setup we reduced the cyclotron
frequency fluctuations by a factor of four, see Fig. 6. Under the same experimental conditions this
also reduces the statistical uncertainty by the same factor. In combination the first measurements with
the improved setup suggest that in future an improved charge-to-mass ratio comparison at the level
of 20 ppt is feasible.

Even higher precision can be reached by simultaneous storage of both ions in the same Penning trap
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Fig. 6. Cyclotron frequency fluctuations. In a) the cyclotron frequency fluctuations observed with the appa-
ratus used for the high-precision comparison of the antiproton-to-proton charge-to-mass ratio are shown. In b)
these fluctuations could be reduced by a factor 4 after installing a new superconducting magnet which allows
for a precise shimming of residual magnetic field inhomogeneities, and the installation of a self-shielding coil.
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and applying phase-sensitive detection methods as demonstrated in [20,22]. Here the storage of both
ions at the same orbit in the same Penning trap allows to balance out many sources of noise and error,
for example magnetic field fluctuations, which might become relevant at higher precisions. Applying
these methods to charge-to-mass comparisons of the proton and the antiproton relative precisions of
10 ppt or better are possible.

Up to now the test of CPT invariance by comparison of the magnetic moments of the proton and the
antiproton is limited by the knowledge of the antiproton magnetic moment. Using a single Penning
trap method, the antiproton magnetic moment has been measured to a relative precision of 4.4 parts
per million [4]. BASE aims at an improved comparison by three orders of magnitude by applying
the double Penning-trap method [23], which we successfully implemented to measure the proton
magnetic moment with a fractional precision of 3.3 parts per billion [24].

6. Conclusion

By comparing the cyclotron frequencies of an antiproton to an H™ ion with a relative precision
of 69 ppt we performed the most precise test of CPT invariance in the baryonic sector so far. The
measurements were performed at cyclotron frequencies of about 30 MHz, which means that in this
case CPT violating contributions to the Standard Model of particle physics can be excluded at the
atto-electronvolt scale. Further upgrades of the apparatus suggest that an improved comparison by a
factor of four is possible.
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