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We demonstrate efficient sub-thermal cooling of the modified cyclotron mode of a single trapped
antiproton and reach particle temperatures T+ = E+/kB below 200mK in preparation times shorter
than 500 s. This corresponds to the fastest resistive single-particle cyclotron cooling to sub-thermal
temperatures ever demonstrated. By cooling trapped particles to such low energies, we demonstrate
the detection of antiproton spin transitions with an error-rate < 0.000025, more than three orders
of magnitude better than in previous best experiments. This method will have enormous impact on
multi-Penning-trap experiments that measure magnetic moments with single nuclear spins for tests
of matter/antimatter symmetry, high-precision mass-spectrometry, and measurements of electron
g-factors bound to highly-charged ions that test quantum electrodynamics.

Experiments conducted with single particles in Pen-
ning traps play a crucial role in achieving ultra-high pre-
cision measurements of masses [1], magnetic moments
[2], and fundamental constants [3]. Moreover, they pro-
vide stringent tests for the fundamental symmetries of
the Standard Model of particle physics. Penning traps
have been instrumental in performing the most precise
direct tests of charge-parity-time reversal (CPT) invari-
ance in both the lepton sector [4] and the baryon sector
[5]. These traps also enable ultra-precise measurements
that test quantum electrodynamics [6, 7] and contribute
to searches for exotic physics [8]. General limitations in
precision Penning-trap studies are caused by magnetic
field B0 and electrostatic trap imperfections that lead
to particle-energy dependent scaling of the measured cy-
clotron frequency νc = (qB0)/(2πm) and the spin pre-
cession frequency νL [5, 9], (q/m) is the charge-to-mass
ratio of the trapped particle. These energy-dependent
frequency shifts impose systematic shifts and uncertain-
ties in the determination of fundamental constants, and
limit fractional accuracy. Furthermore, many experi-
ments that employ coherent techniques for measuring cy-
clotron frequencies of individual trapped particles [10, 11]
face limitations due to cyclotron energy scatter, which
scales proportionally to the thermal phase-space volume
of the initial energy distribution [12]. In the case of mea-
suring nuclear magnetic moments such as that of the pro-
ton [2], the antiproton [13], or of 3He2+ [14], the fidelity
of spin state detection in single-particle quantum transi-

tion spectroscopy experiments is constrained by the en-
ergy E+ in the cyclotron mode, while employing incoher-
ent quantum-spectroscopy techniques [13]. This necessi-
tates the development of efficient cooling techniques that
can reliably achieve particle energies lower than those at-
tained by the commonly used resistive cooling systems in
these experiments.
In this manuscript we report on the implementation of a
sub-thermal cooling device, that consists of two stacked
Penning traps, a cooling trap (CT) and an analysis trap
(AT), and its attached particle manipulation electron-
ics. The CT is equipped with a high-Q RLC circuit reso-
nant at ≈ 28.6MHz, that acts at its resonance as efficient
cooling resistor [15] and features high particle-to-detector
coupling. The AT has a strong magnetic inhomogeneity
superimposed [16], and allows to determine modified cy-
clotron energies E+ with 0.86µeV resolution in averaging
times of ≈ 10 s. We successfully demonstrate the prepa-
ration of a single trapped antiproton with a cyclotron
temperature T+ = E+/kB below 200mK, which is suit-
able for quantum-spectroscopy experiments with single
antiproton spins with an error-rate below 0.0005% [17],
more than 1000 times better than in previous best ex-
periment. The typical preparation time for achieving
these conditions is approximately 500 seconds, which is
more than 80 times faster compared to our previous ex-
periments [13]. This achievement represents the most
rapid cooling of the modified cyclotron mode for a single
trapped antiproton observed to date, and has enormuos
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impact on high precision comparisons on then fundamen-
tal properties of protons and antiprotons, as well as heav-
ier nuclei, such as 3He2+.
Our experimental setup involves a superconducting mag-
net with a horizontal bore, which operates at a magnetic
field strength of B0 = 1.945T. Inside the magnet bore,
we have positioned our cryogenic multi-Penning trap
system, housed in a hermetically sealed vacuum cham-
ber, in which pressures below 10−18 mbar are achieved
[18]. For the work reported here, we have extended
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FIG. 1. a.) Double trap system, consisting of a cooling trap
(CT) and an analysis trap (AT), with a superimposed mag-
netic bottle with a strength of B2,AT = 266(8) kT/m2. The
CT is equipped with a resonant cooling resistor to thermal-
ize the modified cyclotron mode. To the end-cap electrode
of the AT an Q ≈ 21 500 superconducting detection system
at 657 kHz is connected. b.) magnetic field in the center
of the AT. c.) Comparison of cooling time constants for
different trap experiments. Our experiment is operated at
τ+,CT ≈ 4.5 s, more than 10 times faster than other state-of-
the-art trap experiments.

our multi-Penning trap stack [19] by the CT, and use
the AT/CT two trap system shown in Fig. 1 a.). Both
traps are in cylindrical five-electrode geometry [20] with
an inner electrode diameter of 3.6mm. A carefully rf-
shielded helical resonant cooling resistor [15, 21] is con-
nected to a radially segmented correction electrode of
the CT. This device is cooled to environmental temper-
ature of ≈ 5K, and has a varactor-based resonance fre-
quency tuning bandwidth of 4.5MHz around a center
frequency of 26.8MHz. To suppress stray-noise pickup
of electromagnetic interference and to maximize the sys-
tem inductance LCT, the cooling resistor is mounted in-
side the trap vacuum chamber. In thermal equilibrium,
the quality factor of the resonant cooling resistor is at
Q ≈ 1050(50), leading with L ≈ 1.78(3)µH and a res-
onance frequency of ν+,CT ≈ 28.632MHz, to a cooling

resistance of Rp,CT = 2πν+,CTQL ≈ 340 kΩ. Once the
detector’s resonance frequency is tuned to the modified
cyclotron mode ν+,CT of a single particle in this trap,
particle/detector interaction thermalizes the modified cy-
clotron energy E+ within a correlation time of [22]

τ+,CT =
m

Rp

(
D+,eff

q

)2

, (1)

here D+,eff = 4.82mm is the effective pickup length of
the trap at the chosen electrode geometry. By design we
expect τ+,CT,D = 4.5(2) s, corresponding to a more than
10-fold improvement compared to other state-of-the-art
trap experiments [2, 10, 23], and to a 100-fold reduction
compared to the performance of our previous antiproton
experiments [13], see Fig. 1 c.).
The magnetic field BAT(z) = B0,AT + B2,ATz

2 of the
analysis trap has a magnetic bottle with a strength
of B2,AT = 266(8) kT/m2 superimposed, as shown in
Fig. 1 b.), the background magnetic field of that trap
is B0,AT = 1.212T. The strong B2,AT is used for the
high-resolution determination of the modified cyclotron
energy E+, reducing the determination of E+ to a mea-
surement of the axial frequency νz,AT. In the strong
magnetic inhomogeneity, the orbital magnetic moment
µ+ = (q/m)(E+/ω+) of the modified cyclotron mode is
coupled to the axial frequency νz,AT, which becomes

νz,AT = νz,0,AT +
1

4π2mνz,0,AT

B2,AT

B0,AT
E+, (2)

where νz,0,AT ≈ 657.92(1) kHz. For the parameters of
our trap, the axial frequency νz,AT of a single trapped
(anti)proton shifts by (1/kB) ·(dνz,AT/dT+) = 69.7(5)Hz
per 1K in the modified cyclotron mode, corresponding
to an E+ energy resolution of 14.7mK, or 1.2µeV per
1Hz axial frequency shift.
To determine the axial frequency νz,AT of the trapped
proton in the analysis trap, a superconducting detection
system with a quality factor of about QAT ≈ 21 500, a
detection inductance LAT ≈ 1.7mH and a signal-to-noise
ratio of 27 dB is used [24]. Appropriate adjustment of
the voltages applied to the trap electrodes tunes the
particles to resonance with the axial detector. In ther-
mal equilibrium with the detection system, the particle
shorts the thermal noise of the device at the particle’s
resonance frequency [22], and the axial frequency νz,AT

is determined by fitting a well-understood resonance line
to the Fast Fourier Transform (FFT) of the recorded
time-transient signal.
An important factor for the execution of efficient
sub-thermal cooling protocols is the optimization of the
time that is required to determine νz,AT. To efficiently
sample axial frequencies, we subtract detector reference
shots with 800Hz bandwidth from spectra that include
particle signatures, and identify the signature created by
the particle at its axial frequency using peak threshold
detection. The selected frequency window of 800Hz
covers an equivalent E+/kB-temperature range of
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≈ 12K, sufficient to resolve measured E+ distributions
at appropriate resolution. By tuning the trap parameters
such that cold particles appear within the 3 dB-width
of the detection resonator, within a spectrum averaging
time of ≈ 10 s particles with energies E+ < 440mK can
be identified with better than 2σ detection significance.
For the preparation of a particle with low modified
cyclotron energy E+, we first prepare a single particle
in the AT, and cool its magnetron mode to an energy
of E−/kB = T− < 7(1)mK, using similar techniques as
the ones described in [25–27]. Subsequently, we apply

sub-thermal cooling protocol

AT/CT transport (5s)

cold particle

CT thermalization 𝑡𝑡ℎ,𝐶𝑇

CT/AT transport (5s)

stop

20 quanta

frequency analysis (12s)

threshold ?

a.)

b.)

FIG. 2. Flow-chart of the sub-thermal cooling protocol that
is described in detail in the text. We cycle frequency mea-
surements, particle transports, and particle thermalization in
the CT until a threshold energy E+,th is reached. For ener-
gies E+ < E+,th the sequence is stopped. a.) illustrates axial
resonator spectra, the peak features are signatures of parti-
cles at different E+. b.) illustrates the measured trap-to-trap
transport scatter, which is for AT→CT→AT at 20 cyclotron
quanta per attempt.

the scheme illustrated in Fig. 2. First, we determine
the particle’s axial frequency by recording a single 12 s
detector FFT spectrum as explained above. Next, by
applying voltage ramps to 10 electrodes that connect
the traps, the particle is shuttled from the AT to the
CT. One transport takes 4.8 s, currently limited by the
time constants of filters that connect the voltage supply
lines to the trap electrodes. The used transport routines
induce a scatter of about 14(2) cyclotron quanta per
executed transport protocol, see left lower inset in
Fig. 2. This induces in temperature determinations a
fluctuation background of 18mK (≈1.2Hz), negligibly
small compared to the several 100Hz fluctuations that
need to be resolved. Subsequently, the particle is
brought for a time tth,CT in contact with the radial
thermalization resistor Rp,CT in the CT. Using the
varactor [15], the resonance frequency of this device is
tuned to the CT modified cyclotron frequency, that was
earlier determined by single particle cyclotron resonance
spectroscopy [27]. Next, the particle is shuttled back
to the AT (4.6 s), and its axial frequency is determined
again. Following this protocol, one thermalization
cycle requires about 22 s of frequency measurement
and particle shuttling time, as well as the time tth,CT

for thermalization of the modified cyclotron mode in
the CT. In contact with Rp,CT, the particle’s modified

FIG. 3. a.) Frequencies measured in the AT within the sub-
thermal cooling procedure. b.) Data shown in a.) plotted to a
histogram (blue), and compared to measurements performed
with an earlier version of the apparatus c.) Cumulative den-
sity functions of the results shown in a.).

cyclotron mode is performing a random walk in E+

energy space, once decoupled from the thermal bath, the
walk “freezes” at a modified cyclotron energy E+,CT,k,
and reaches the AT with a radial orbital magnetic
moment µ+,k(E+) = (q0E+,k)/(2πmpν+), inducing the
E+ dependent axial frequency shift ∆νz(T+). From
experiments where tth,CT = 20 s was used, we obtain
the AT axial frequencies shown in Fig. 3 a.). These data
represent an ≈ 12K truncated Boltzmann distribution of
a weakly-bound one-dimensional thermalized oscillator.
To determine the mean temperature of the particle’s
modified cyclotron mode after thermalization in the
CT, and hence the temperature of the thermalization
resistor RP,CT, we determine the lowest found frequency,
use Eq. 2 and the measured B2,AT ≈ 266(8) kT/m2 to
scale the measured frequency shifts ∆νz,k to equivalent
absolute temperatures Tk. Then we determine the
number of measured events Nk(Tk+1 − Tk) in the
temperature interval ∆T+ = (T+,k+1 − T+,k) = 0.001K,
and evaluate the normalized cumulative density function

1/N0 ·
∑N0

k (Nk(Tk+1 − Tk)), where N0 is the number
of executed thermalization cycles. We fit to the re-
sulting data the thermal cumulative density function
CDF(T+,CT) = ((1− exp (−T/T+,CT)), from which we
extract the temperature of the thermalization resistor
T+,CT = 4.3(1)K. Figures 3 b.) and c.) show results
of this data treatment, blue for the current experiment,
and red for thermalization in an apparatus without
the cooling trap, where E+ = 12.8(5)K was measured
[13]. For fully optimized parameters, the accumulation
of the data set shown in Fig. 3 requires 3.7 h, whereas
acquisition of the data set without cooling trap and
optimized transport and readout procedures took 55 h.
We account the three-fold reduction in the temperature
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of RP,CT to the relocation of the detection resistor closer
to the trap, added cryogenic shielding and capacitive
decoupling of the radio-frequency particle manipulation
lines.
To investigate and optimize the limits of parti-
cle/detector interaction time tth, we vary tth in the CT,
and measure the frequency scatter between the deter-
mined axial frequencies νz,AT,k before the thermalization
and νz,AT,k+1 afterwards. Illustrated in Fig. 4 a.), the
width of frequency scatter histograms increases linearly
with tth, consistent with Monte-Carlo simulations of the
expected dynamics. Once the correlation time τ+,CT is

FIG. 4. a.) frequency scatter histograms for different
particle/Rp,CT interaction times, blue 0.5 s, green 3 s and red
15 s. b.) widths of the histograms shown on the left as a
function of widths of histograms shown in a.) as a function
of interaction time tth in the CT.

reached, the widths of the measured frequency scatter
histograms converge to a mean value, weakly τ+,CT-
structured by the correlation time of the thermalization
of E+. This behaviour is shown in Fig. 4 b.) for the
particle parked in the center of the segmented electrode,
which is the closest possible distance between particle
and detection electrode, and provides the strongest
particle-detector coupling. From these measurements
we determine τ+,CT = 4.7(4) s, within uncertainties
in perfect agreement with the theoretically expected
τ+,CT,D = 4.5(2) s.
Applying this CT-based optimized Maxwell-daemon-
cooling protocol, we achieve for single trapped antipro-
tons E+/kB < 200mK, at a particle preparation time
of ≈ 500 s, which is the fastest sub-thermal resistive
cooling of a single particle in a Penning trap that has
ever been demonstrated.
We apply our cooling scheme, to demonstrate non-
destructive high-fidelity quantum jump spectroscopy
with a single antiproton spin using the continuous
Stern-Gerlach effect. The strong magnetic bottle
B2,AT of the AT couples the spin magnetic moment
µp̄ to the axial frequency νz,AT = νz,0,AT ± ∆νz,SF/2,
where νz,0,AT is the axial frequency without spin, and
∆νz,SF = (µp̄B2,AT)/(mp̄νz,0,AT)) = 173mHz is the axial
frequency shift induced by a spin transition. Such exper-
iments have been demonstrated with electrons, electrons
bound to highly charged ions, as well as protons (p) and
antiprotons p̄, being however outstandingly challenging
to realize with the p/p̄-system, due to the small magnetic
moments µp,p̄ and the comparably large mass mp,p̄.
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FIG. 5. Top: axial frequency of a single trapped antiproton in
the AT, between two subsequent νz,AT-measurements a reso-
nant saturating spin flip drive is applied. Bottom: Histogram
of measured axial frequency differences νz,k+1,AT − νz,k,AT.
The left/right part of the histogram represents a | ↓⟩ → | ↑
⟩/| ↑⟩ → | ↓⟩ transition, for the central historgam the antipro-
ton spin was not inverted. The rms-widths of the histograms
are consistent with the stability of the power supply that bi-
ases the trap electrodes of the AT.

Quantum transitions ∆n+ = ±65mHz in the modified
cyclotron mode E+, driven by tiny noise densities on the
trap electrodes [28], lead to axial frequency fluctuations,
and therefore to considerable error-rates in the spin state
identification protocols that are applied in Penning trap
based measurements of µp,p̄. The heating rates dn+/dt
scale however ∝ E+ [29], such that for colder particles
the contrast in the spin state identification increases.
We apply the sub-thermal cooling protocol and prepare
a single antiproton at E+/kB < 100mK in the center
of the AT. Subsequently, we apply a sequence of axial
frequency νz,AT measurements, interleaved with resonant
saturated spin-flip drives that incoherently invert the
spin state in the AT [30]. Results of these measure-
ments are shown in Fig. 5, the upper plot displays the
measured frequencies νz,AT, the two antiproton spin
quantum states | ↓⟩ and | ↑⟩ can be clearly distinguished.
The lower histogram shows the measured frequency
differences νz,k+1,AT − νz,k,AT plotted to a histogram.
The sub-histograms at ∆νz,AT = ±171(1)mHz represent
transitions | ↓⟩ → | ↑⟩/| ↑⟩ → | ↓⟩ respectively, for the
central histogram, the antiproton spin was not inverted.
The rms-widths of the histograms σ(νz,AT) = 21(1)mHz
are consitent with power-supply and detector-based
frequency measurement noise. The error rate ES - the
probability to incorrectly assign an observed frequency
shift ∆νz to a spin transition, given a defined detec-
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tion threshold ∆TH - is at that performance of the
experiment at a level of 2.3 · 10−5, which corresponds
to a > 1500 times improvement compared to the
previous best reported ES [19], dominantly thanks to
the sub-thermal cooling protocol developed in this work.
This also opens perspective towards direct precision
measurements of heavier nuclei, such as 3He2+, which
is an attractive standard for absolute magnetometry
[2]. Another application of the cooling presented here
are coherent measurements of cyclotron frequencies in
high-precision mass spectrometry and measurements of
the bound electron g-factor [11]. In those experiments,
sideband-cooling techniques are applied, that lead to

mode-temperature related phase-scatter, which could be
considerably suppressed by applying the above cooling
trap technique.
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and K. Blaum, Classical calculation of relativistic
frequency-shifts in an ideal penning trap, International
Journal of Mass Spectrometry 361, 34 (2014).
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