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Coherent quantum transition spectroscopy is a powerful tool in metrology’, quantum
information processing?, magnetometry®and precision tests of the standard model®*.
It was applied with great success in proton and deuteron magnetic moment
measurements’, which culminated in maser spectroscopy with sub-parts-per-trillion
resolution®and many other experiments at the forefront of physics’. All of these
experiments were performed on macroscopic ensembles of particles, whereas the
coherent spectroscopy of a ‘free’ single nuclear spin has, to our knowledge, never been
reported before. Here we demonstrate coherent quantum transition spectroscopy
ofthe spin of asingle antiproton stored in a cryogenic Penning-trap system. We apply
amulti-trap technique®, detect the antiproton spin state using the continuous Stern-
Gerlach effect® and transport the particle to the homogeneous magnetic field of a
precisiontrap (PT). Here we induce the coherent dynamics and analyse the result by
quantum-projection measurements in the analysis trap (AT)°. We observe, for the first
time, Rabi oscillations of an antiproton spin and achieve in time-series measurements
spin-inversion probabilities greater than 80% at spin coherence times of about 50 s.
Scans of single-particle spin resonances show inversions greater than 70%, at transition
linewidths 16 times narrower than in previous measurements?®, limited by cyclotron
frequency measurement decoherence. This achievement marks a notable step towards

atleast tenfold improved tests of matter/antimatter symmetry using proton and
antiproton magnetic moments.

Precision measurements of the magnetic properties of simple systems
stand as a powerful tool for investigating fundamental physics, enabling
some of the most precise tests of symmetry violations. For instance,
the experiments describedinref. 11 used a*He/"?Xe comagnetometer
to place tight constraints on CPT-invariance-violating and Lorentz-
invariance-violating parameters for neutrons®. Incoherent studies of
the magnetic properties of single electrons® provide unparalleled tests
of the Standard Model, while also setting constraints on the parameter
space in which the dark photon could exist**. Meanwhile, direct meas-
urementson>He"and °Be’ ions have established the most precise abso-
lute magnetometers so far® and test multi-electron shielding factors™.
Our experiments focus on antimatter-based magnetometry” using
cryogenic multi-Penning-trap systems. We have measured the proton
(p) magnetic moment with a fractional accuracy of 300 ppt (ref. 18)
and determined that of the antiproton (p) with 1.5 ppb resolution®.
These experiments are based onincoherent spin-projection measure-
ments using the continuous Stern-Gerlach effect'*, combined with
decoherent measurements of the Larmor v, and the cyclotron v, fre-
quenciesinthe magneticfield B,=1.945 T of our PT (ref. 21). The ratio of

themeasured frequencies gives the gyromagnetic g-factor g/2 =v,/v..
Decoherent Larmor resonance spectroscopy results in suppressed
spininversion and contributes to the broadening of the measured
resonance lines, both of which diminish measurement resolution.
Establishing coherent techniques to overcome these limitationsisan
exciting prospect and represents akey advancement towards establish-
ing nuclear magnetic moment measurements at substantiallyimproved
resolution.

Here we demonstrate the coherent quantum transition spectroscopy
of asingle nuclear spin 1/2 particle—a single trapped antiproton. The
measurements are carried out in the multi-Penning-trap system of
the BASE collaboration" at the Antiproton Decelerator (AD)/ELENA
facility of CERN. By applying our unique two-particles/three-traps
technique®, supported by our cooling trap (CT)*, we observe Rabi
oscillations of asingle p spin and achieve spin coherence times greater
than 50 s. In line-shape scans, in which we vary an applied spin-flip
radiofrequency v, with respect to the Larmor frequency v, = ng XV,
we obtain spin inversions greater than 70% and a full width at half
maximum (FWHM) of the spin-transition resonance that is below
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Fig.1|Experimental set-up. a, Multi-Penning trap to demonstrate coherent
spinquantum transitions with asingle trapped antiproton. The trap stack
consists of an antiprotonreservoir trap, apark trap, a highly homogeneous and
shielded precision trap, an analysis trap to apply the continuous Stern-Gerlach
effectand atrap to cool the antiproton’s modified cyclotron mode. The trap
electrodes (golden) are spaced by sapphirerings (blue shading). b, Schematic
ofasingle-particle detectionsystem. The detectoris represented by a parallel

200 mHz. This is more than ten times narrower than in our previous
antiproton magnetic moment measurements®. We show that the FWHM
is, at present, limited by decoherence induced by cyclotron frequency
measurement noise. Thisis a crucial step towardsimproved measure-
ments of the pand p magnetic moments with afractional accuracy less
than 100 ppt and will allow for searches of time signatures of asym-
metric antimatter/dark matter coupling®atimproved mass resolution
and increased data-taking rate, thanks to the higher signal-to-noise
ratio and smaller FWHM of the coherent measurements.

The heart of our experiment is asuperconducting solenoid magnet
with a horizontal bore, operated at a magnetic field of B py =1.945T.
Inside the bore, the cryogenic multi-Penning-trap system, shownin
Fig. 1, is mounted. Most important for this study are the AT, in which
the continuous Stern-Gerlach effect is applied”, the homogeneous
PT,inwhich precision frequency measurements take place,and a park
trap (PKT). AT and PT centres are separated by 73.4 mm and PT and
PKT centres are separated by 18.6 mm. The trap stack is placed inside
acylindrical hermetically sealed, pinched, cryo-pumped vacuum cham-
ber, in which pressures less than107® mbar and (anti)particle storage
times of years are achieved®. The trap electrodes, designed asinref. 25,
are primarily made out of gold-plated copper. The central ring electrode
of the AT is made of ferromagnetic CoFe, also gold-plated, which dis-
torts the magneticfield in the centre of the trap to By (2) = By xr + By ar X
(2= Zxr0)% inwhich By s =1.231T, B, ,y =266(5) kT m2and z,; is the trap
centre (Fig. 1a). The magnetic field in the centre of the PT is By1(2) =
Bopr+ Bypr X (2= Zpro) + Bypr X (Z = Zpr)?, With zpr o being the centre of
the trap. Achieved with alocal persistent magnet system, the coefficient
B, »r can be tuned in a range of about +350 mT m The gradient field
B, pr can be adjusted in a range between 10 mT m™ and 24 mT m™.

Loaded current (mA)

ID of the measurement (#)

RLC circuit, withinductance L = 2 mH, capacitance C,~25 pFand R, =150 MQ.
¢, Magneticbottlestrengthin the centre of the precision trap, asafunction of
currentapplied to the persistentlocal superconducting magnet. Error bars
aresmaller than the size of the data points. d, Non-destructive detection

of spin transitionsin the centre of the analysis trap by measuring the axial
frequency of the single trapped antiproton. Each frequency measurement
takesaround120s.

Also part of the magnet system is a set of self-shielding solenoids**?,

with ashielding factor greater than 50. The trap electrodes are biased
with ultrastable voltage sources. The applied voltages are selected
such that, in the trap centres, homogeneous quadrupolar potentials
D(z, p) = V,C(2* - p*/2) are formed?. Here V,, is the voltage applied to
the centralringelectrode, C,is ageometry coefficient (Extended Data
Table1land Methods) and zand p are cylindrical coordinates, for which
zpoints along the magnetic field axis. Asingle particlein such crossed
static fields oscillates at three independent frequencies®, at the
modified cyclotron frequency v, »; = 29.645 MHz, the axial frequency
v,pr = 637 kHz and the magnetron frequency v_,; = 7 kHz. Aninvariance
theorem v2=v?+ v+ v (ref. 28) relates the free cyclotron frequency
v.=(gB,)/2nm) to v,, v,and v_; here g and m are the charge and the
mass of the single trapped particle, respectively. Details on the eigen-
frequencies and their measurements using non-destructive detection
(see Fig.1b) are described in Methods and summarized in Extended
DataTablesland?2.

Toimplement the coherent spin transition spectroscopy, we use the
two-particles/three-traps technique describedinref. 8. The measure-
ment protocol is shown in Fig. 2. First, we initialize the spin state of a
cold ‘Larmor’ particle in the AT. A second antiproton, the ‘cyclotron’
particle, is prepared in the PT for high-precision v_,; measurements
to determine the magnetic field of the trap®. After initialization, the
Larmor particle is transported to the PT, at which a spin-flip drive is
applied. The particleis then returned to the AT to determine whether
aspintransition has occurred.

To begin, we first use the magnetic shimming system (Fig. 1a,c)
and use measurements with the cyclotron particle to tune the
magnetic coefficient B, »r. In the case of finite B, 51, interaction of the

Nature | Vol 644 | 7 August 2025 | 65



Article

Time ~— Analysis trap = ~— Precision trap =

Initialize

spin state

O— Measure
B field
{_Shuttle }

Spin flip
O

{_Shuttle )

Detect
spin state

-0

36
[ Conclude ]

N—————

Fig.2|Measurement protocol. Illustration of the experiment sequence
described inthe text.

particle with the axial detector causes axial rms-amplitude
fluctuations «(kBTZ/meZ). These shift the Larmor frequency by
Av, = (1/411) (v /v2) (B,/Bo) (kT,/m) with the particle-to-detector cor-
relation time of about 100 ms, causing motional spin decoherence.
We thus tune B, pr = 1.2(1.8) mT m 2, corresponding at the tempera-
ture T, = 8.5(3) K of the PT axial detector to spin coherence times
longer than1h (ref. 28). Next, we apply the cooling protocol described
inref. 22to the Larmor particle and coolittoacyclotron energy E,/k =
T. <100 mK.Owingto the presence of the strong magnetic bottle B, 4,
aspintransitioninduces anaxial frequency shift of Av, s =173(1) mHz
(ref.19). Asequence of axial frequency measurements v, ,rinterleaved
by spin transitions is shown in Fig. 1d.

Toinitialize the spinstate of the Larmor particle, we apply asequence
of v, sy measurements, each taking 120 s, followed by a10 s injection of
amagnetic spin-flipdrive at v, o,y = 51.651 MHz. At the background v,
scatter'® =, ar = 32(2) mHz achieved in this trap, we identify a meas-
ured v, ,r difference Av, s > 140 mHz as a spin transition. This leads to
spin-stateinitialization with a confidence of about 100%. Subsequently,
we use the cyclotron particle in the PT to determine B, pr in this trap.
To that end, we measure v, pr, using the technique described in ref. 29.
A single cyclotron frequency measurement of approximately 180 s
resolves v, with a fractional uncertainty of o(v, p1)/V, pr = 1.42(7) ppb.
This frequency defines the radiofrequency that is irradiated to later
induce the coherent spin transitions in the PT v¢sp pr = (€,/2) X Ve pr,
in which g,/2 =2.7928473441is used®. Next, we move the cyclotron
particle to the PKT centre and the Larmor particle from the AT to the
PT, by applying voltage ramps to the transport electrodes that inter-
connect the traps. Then aspin-flip drive at v;prisirradiated for a time
tsrpr, transmitted by a coil mounted close to the PT (Fig. 1a). After-
wards, we move the Larmor particle back to the AT and the cyclotron
particle to the PT and cool its magnetron mode. To identify whether
the spinin the PT was flipped, we record a subsequent v, ,;/spin flip
sequence to compare the spin state in which the particle was leaving
the AT and once it returns from the PT. Here we identify a measured v,
jump of Av, > Av, /2 = 0.173/2 Hz as a detected spin transition®. The
error rate of identifying the spin flips drivenin the PT depends on the
axial frequency scatter of the v, ,; sequences; the formalism to cor-
rectly estimate the error rate is described in refs. 30,31. The median
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Fig.3|Antiproton Rabi oscillations. Observation of coherent Rabi oscillations
of the spin of asingle trapped antiproton. The blue points represent the
measured dataandtheredline depictsaMonte Carlofit, whichassumes 52 mHz
cyclotron frequency measurement decoherence as determined in the related
measurements. Ingrey are the uncertainties of the Monte Carlo simulation.
The effective coherence timeis 7, ,r =50.2(4) s. Each pointisan average of

20 spinflip attempts, uncertainty bars represent the standard deviations of the
measured data distributions. Throughout the measurement campaign we have
recordedseveral of these plots for different Rabi frequencies.

axial frequency scatter of 32(2) mHz corresponds to an error rate less
than 5%.

By applying this protocol and adjusting the radiofrequency inter-
rogation time ¢ pr to drive spin transitions in the PT, we repeat the
procedure 20 times for each value of ¢, thereby obtaining the
spin-flip probability P(t;pr), shown as the blue data points in Fig. 3.
This corresponds to the first observation of Rabi oscillations with a
single nuclear spin 1/2 antiparticle. The red line is a Monte Carlo fit
(Methods and Extended Data Table 3) of

L@6,8,0=] Py pr(QoA+0,0G(0;1,0)do,

in which the function

2

fifAz x sin2(11«/()02+A2 x t),

P 0Oy, A t) =
se.p1(Qo ) 0

is the spin-flip probability with Rabi frequency Q,, detuning A = v,¢pr — v,
and interrogation time t. The function G(u, 0) is a Gaussian distribu-
tion, defined by the scatter o = 52 mHz, arising from the v, ,; measure-
ment noise present during these experiments. This noise leads to an
observed decay of spin inversion, to which an effective spin coher-
ence time of 7, ,r = 50.2(4.8) s can be assigned. For further details on
the analysis, see Methods. This indicates that, in an optimized Rabi
resonance scan, executed onthe t-pulse,a FWHM Avgyy v = 20 mHz or
250 ppt could be achieved. We note that magnetic noise imposed by
theaccelerator reduces the spin coherence time to 5.6(4) s (Extended
DataFig.1).

To optimize the spectral response of the coherent dynamics for
measurements at optimum line-centre resolution, we first record Rabi
oscillations at different drive amplitudes and determine the tsprin the
PT at which maximum inversion is achieved. At the determined opti-
mum ¢ pr, We perform Larmor resonance scans, keeping ¢,y constant
while scanning the frequency v, of the spin-flip drive with respect to
v, =(8/2) X v pr. Here v pris obtained with the cyclotron particle in the
PT, extracted from a sequence of six frequency measurements, taken
before the application of the spin-flip drive. To resolve the resonance,
wesampleten points perirradiated v;prand scan each resonance with
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and 100 mHz. b, Measured coherent v, resonance at the optimized parameters
foundintheexperiment, bluescatters and best least-squares fit of a Voigt profile
tothedata (solidredline). The grey data points are from the previously measured
antiproton g-factor resonance®. The coherentline has1.54 times higher signal-
to-noiseratioand aFWHM (green verticallines) thatis about 16 times narrower
thanthewidthinref. 8. Forboth plots, the uncertainty bars represent the
standard deviations of the measured datadistributions.

aminimumamount of eight discrete frequency offsets, which typically
takes 60 h. The recorded cyclotron frequency sequence allows us to
study Avgyyy and the inversion Sas a function of v, pr averages used to
reconstruct v, at the time when the spin-flip drive is applied in the PT.
Averaging several magnetic field measurements for the v, reconstruc-
tion decreases the cyclotron frequency scatter g, p; to about 30 mHz,
which narrows the width of the Larmor resonance while increasing the
inversion. Thisisshownin Fig. 4a, in which we plot the ratio of inversion
S €[0,1] overthe measured Avy,,y as afunction of the Rabi frequency
0,/(2m) applied to sampled spin resonances. The purple data points
areforone v,y measurementand the blue points are for four averages
thatareused to extrapolate v,. The grey lines represent the calculated
scalings for different cyclotron frequency fluctuations between o = 30
and 100 mHz. More than four v, averages, due to arandom walk in
the field of the superconducting magnet, adds further fluctuation,
broadening the Larmor resonance line again.

By systematically scanning the interrogation times and Rabi frequen-
cies,we obtainat Q,/(2m) =~ 50 mHzand adrive time of 16 sasignaliinver-
sionof 0.77(4) at AV, =156(4) mHz, as shown in Fig. 4b. The blue data
pointsrepresent the measurement described hereandtheredlineisa
fit of a Voigt profile. Compared with the previous most precise meas-
urement of the antiproton magnetic moment® (grey data in Fig. 4b),
this corresponds to anincrease of the inversion by a factor of 1.54 ata
16-fold reduction of the FWHM of the resonance line. The line-centre
determination of the dataset is at a level of 12 mHz or 150 ppt statisti-
cal uncertainty, ten times more accurate than in ref. 8. Note that this
resonance was sampled during a data-taking period of only about 60 h,
whereas the data accumulation in our previous measurement took
place over a period of two months.

The statistical uncertainty in determining the line centre of such
g-factorresonances scales proportionally to Avg,,,/S. Consequently,
on the basis of our coherent spin spectroscopy data, we infer that,
under present experimental conditions—relative to those reportedin
ref. 8—an approximately 25-fold improvement in the statistical preci-
sionof the g-factor line-centre determination is achievable. However,
the two-particle method introduces systematic limitations on the
interpretation of the measured line centre. Specifically, the transfer
of particles between the AT and the PT induces magnetic field varia-
tions and voltage settling drifts. These effects undermine the critical
assumption that the magnetic field remains constant between the v p;
measurements and the application of the Larmor drive—arequirement
for the precise determination of the antiproton magnetic moment.
Quantifying the complete systematic uncertainty budget within the
limited three-month annual shutdown of the accelerator remains a
substantial challenge. Because accelerator operation reduces the spin
coherence time by nearly an order of magnitude, systematic shifts dur-
ing onand off periods differ. Although using a single-particle double-
trap technique? could mitigate the present systematic uncertainties,
thisapproach would substantially extend the required dataacquisition
time—beyond what is feasible during the short shutdown windows.
To address these limitations, we have developed the transportable
antiproton trap BASE-STEP*, enabling the relocation of antiprotons
to dedicated, quiet laboratory environments at HHU Diisseldorf and
CERN. These facilities will host precision experiments not exposed
to accelerator-induced magnetic field fluctuations. By combining
coherent spin quantum spectroscopy with phase-coherent cyclotron
frequency measurements in such an environment, it will become fea-
sible to suppress magnetic field noise by at least a factor of five. This
would allow statistical resolutions of the g-factor line centre at the level
of approximately 10 ppt. The application of these techniques to the
proton would open the path towards one of the most stringent tests
of CPT invariance in the baryon sector®.
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Methods

Penning-trap frequencies

A Penning trap is a superposition of a strong magnetic field, for BASE
B, =1.945 T and electrostatic potential ¢ = V,C,(z* - p*/2).Herezand p
are cylindrical coordinates, the z-axis is defined by the magnetic field
axisandz=0Qisthecentre of the centralringelectrode of the trap. The
voltage V,isapplied to the central ring electrode of the five-electrode
traps® used and G, is a trap-specific geometry coefficient, related to
thesize of the trap electrodes. In magnetic field B,, a particle of charge
g and mass m s oscillating at the free cyclotron frequency

1
=L,
2mtm
The electrostatic potential confines the particle in the axial direc-
tion, leading to an axial oscillation along the magnetic field lines at

1 [2qCV,

ol m

The potential also modifies the cyclotron frequency to the modified
cyclotron frequency v.. Also, the crossed magnetic and electric field
leads to aslow drift at the magnetron frequency v_, both modes oscil-
lating perpendicular to the magnetic field lines at

v+:%(vc+,/vcz—2vzz)

and
v_:%(vc—‘/vcz—ZVf).

The most relevant parameters of the AT and the PT are summarized
in Extended Data Table 1.

Image current detectors

The particle frequencies v,, v,and v_are measured by image current
detection®. A schematic illustrating the working principle of such a
detector is shown in Fig. 1b. The concept is that a superconducting
inductor L is connected to one of the trap electrodes. Together with the
capacitance C, of thetrap, it forms aparallel tuned circuit thatacts atits
resonance frequency v, as an effective parallel resistance R, = 21tv,QL, in
which Qis the quality factor of the tuned circuit. The particle-induced
image current (for example, axial oscillation)

. _q
i=—@Q2mnv, )z
P D, Z,p

theninduces a voltage drop
—pxj=pxd
u,=Ryxip=R,x —(21mv, )z.
DZ

Here the parameter D = 0.01 m is the effective electrode distance,
which depends on the trap geometry and the distance to the pickup
electrode towhich the detectoris connected (Extended Data Table 2).

Sensitivity. For the detector resistances of typically R, ~ 100 MQ and
the thermal noise of e, = [4k;T R, the top noise level of the detector
atitsresonance frequency v,, it is possible to detect a particle at an
oscillation amplitude of about 100 pum, inducing an image current of
about10 fA.

Owing to the particle-detector interaction, once the particle fre-
quency v, is tuned to v,, excited particles are damped with a cooling
time constant

o D
P 2mvQL g%

Aparticleinthermal equilibriumwith the detector shorts the detec-
tor’sthermalJohnsonnoise and appears asadip atits axial frequency v,
onthe measured noise spectrum?®. The FWHM of the dip is proportional
tothedamping Av,=1/(2m7,). This ‘dip detection’ technique—in which
we determine v, by fitting a function to the measured detector noise
spectra—is used for the axial frequency measurementsinthe AT as well
as for the cyclotron frequency measurements in the PT, as discussed
in detail inref. 29.

Recent experiment upgrades

In comparison with our previous measurement of the antiproton
magnetic moment®, the experimental set-up has undergone a com-
prehensive upgrade, resulting in notable performance gains. Key
enhancementsinclude acomplete overhaul of the cryogenicelectron-
ics: the cyclotron and axial detection systems have been improved,
the frequency tuning range of the cyclotron detectors has been
extended and the cryogenic filtering and switching stages have been
optimized. Moreover, the implementation of a dedicated cooling
trap* has led to a substantial increase of cold-particle preparation
time.

Further stability has been achieved by reengineering the cryogenic
trap inlay and integrating a magnetic tuning and self-shielding system,
ensuring precise magnetic field control and long-term operational
reliability. Together, these developments enable higher experimental
throughput, faster particle preparation and faster and more robust
dataacquisition.

These technical advancements directly translate into improved
control over the spin degree of freedom. Spin-state initialization now
reaches fidelities of F=100%, whereas quantum projection measure-
ments of spin flips in the PT consistently achieve fidelities exceeding
95% (ref. 22).

Simulated likelihood estimation of Rabi oscillations

When applying a spin-flip drive in the PT, we define the frequency v,
todrive the spin transitions based on the cyclotron frequency meas-
urements executed with the cyclotron particle in the PT. The used
double-dip frequency measurement method, explained in detail in
ref. 29, has anintrinsic frequency fluctuation o, ,;(¢) that depends on
the frequency measurement time. For short frequency averaging
time, the fluctuation of the determined v, is dominated by thermal-
noise fluctuations of the frequency spectrum; for very long frequency
averaging times, the magnetic field of our superconducting magnet
is drifting away. At the optimum frequency averaging time of about
540 s, we obtainafrequency fluctuation of g, p1(¢)/v. pr = 800 ppt. To
understand our data, which evolve under both deterministic laws
andrandom influences, we use Monte Carlo simulations and model
the experiment protocol described in the main text, in which we
execute for one particular interrogation time ¢ ,r a total of 20 spin-
flip experiments at drive frequency v, that is defined by (gﬁ/Z) XV pre
Note that the fluctuation o_,; limits our ability to irradiate the exact
on-resonant v,.=v,, which effectively leads to a convolution of the
time-dependent spin dynamics Pg;pr(Q,, A, £) givenin the main man-
uscript with the frequency measurement fluctuation g pr. Our meas-
ured results are mean values of Pg;pr(Q,, A, £) for different values
of the detuning parameter A that is noised by the measurement
fluctuation o, pr.

To evaluate the data, we use a simulated maximum likelihood
method. We first simulate the influence of measurement noise using
aMersenne Twister pseudo-random number generator to model the
distribution of g, fluctuations. These are used to generate a set of
randomly detuned spin-flip responses Ps;pr(Q,, A, £), whose averages
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are calculated. We estimate the likelihood L of the data by averaging
over thesimulated likelihoods and applying a Nelder-Mead algorithm
to maximizeit to find the best-fit parameters. The confidenceintervals
onthefitparameters 6, are obtained by evaluating {(6) = 1og(L(6)) and
numerically solving—2 (/) - [(8)) = 1,inwhich 8is the parameter value
that maximizes thelikelihood. Theredlinein Fig. 3 represents the opti-
mized average result obtained by this algorithm and the grey-shaded
arearepresents the results of 10,000 simulations for different random
detuning parameters A.

Finally, the effective spin coherence time is extracted by fitting
an exponentially damped oscillator to the average outcome of the
Monte Carlo simulations optimized through this likelihood ana-
lysis. The results of the best fit are summarized in Extended Data
Table 3.

Rabi oscillations with the accelerator on
The experiments were conducted in the AD/ELENA antimatter facility
of CERN. The magnetic ramps of the antiproton decelerator magnets
running in the background induce magnetic field fluctuations with
amplitudes onthe 1.6 puT level, which reduce the spin coherence time
t05.4(6) s, as shown in Extended Data Fig. 1.

Ethics Statement

Ourworkvalues diverse perspectives, promotesdiversity and upholds
the highest standards of integrity in research and communication. We
strive to ensure that science serves the global community responsibly.

Data availability

Alldatapresented in the manuscript willbe made available onrequest
to the corresponding author.

Code availability

All code used for data evaluation will be made available on request to
the corresponding author.

33. Wineland, D., & Dehmelt, H. Principles of the stored ion calorimeter. J. Appl. Phys. 46,
919-930 (1975).

Acknowledgements We acknowledge technical support by CERN, especially the Antiproton
Decelerator operation group, CERN’s Cryolab team and Engineering Department and all of
the other CERN groups that provide support to Antiproton Decelerator experiments. We
acknowledge financial support by HHU Dusseldorf, RIKEN, the Max Planck Society, CERN, the
European Union, the Helmholtz-Gemeinschaft and the Max Planck-RIKEN-PTB Center for Time,
Constants and Fundamental Symmetries.

Author contributions The experiment was designed and built by S.U., C.S. and B.M.L. Several
important technical upgrades were developed and implemented by M.F.,, S.R.E., PG., J.IJ.,
PM.and J.A.D.S.U., B.M.L., S.R.E., M.F,, EW.,, J.I.J. and J.A.D. developed and commissioned the
experiment control code. S.U. developed the strategy of coherent antiproton spin spectroscopy
that was implemented by S.U. and B.M.L., supported by new instrumentation developed

by S.R.E. and M.F. B.M.L., S.U. and J.I.J. took part in experiment commissioning and the data
acquisition. B.M.L., S.U., J.l.J., EW., T.Il. and B.P.A. contributed to the maintenance of the
experiment during the measurement campaign. The data were analysed by S.U. and B.M.L. and
discussed with A.M., K.B., C.S., A.S. and C.O. during analysis and with F.A., M.L., D.S., FV. and HY.
during group meetings. S.U., K.B., C.0., C.S., B.M.L., .M., WQ., A.S., JW. and Y. contributed

to the financing and supervision of staff who operate and maintain the experiment and who
conducted the measurements. The manuscript was written by S.U. and B.M.L. and revised by
K.B., C.S., J.A.D. and A.M. All co-authors discussed, iterated, improved and approved the content.

Competing interests The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41586-025-09323-1.

Correspondence and requests for materials should be addressed to S. Ulmer.

Peer review information Nature thanks Jens Dilling, Jeffrey Hangst and the other, anonymous,
reviewer(s) for their contribution to the peer review of this work. Peer reviewer reports are
available.

Reprints and permissions information is available at http://www.nature.com/reprints.


https://doi.org/10.1038/s41586-025-09323-1
http://www.nature.com/reprints

1.0 A

— fit AD off
--=- fit AD on
¢ ADon
® AD off

0 1 2 3 4 5
time (s)
Extended DataFig.1|Rabi oscillations ‘accelerator on’. Spin coherence values of atleast 10 attempts per individual setting, uncertainty barsare the

duringaccelerator uptime. The magnetic field ramps of theacceleratorreduce  standard deviations of theindividual datasets.
the antiproton spin coherence time to about 5.4(6) s. Datarepresent mean
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Extended Data Table 1| Trap parameters for the PT and AT

Quantity PT AT
Bo 1LA5T 1.212T
Vo 4,572V 0.855V
C 18500/17 114000/m?
v 82.813MHz 51.651MHz
Ve 29.652MHz 18.494MHz
Vi 29.646MHz 18.482MHz
Vz 637kHz 658kHz
Vo 7kHz 12kHz




Extended Data Table 2 | Axial detector parameters for the PT and AT

Quantity PT AT
Pickup Correction Endcap
Electrode Electrode
Q 10400 24600
L 1.71mH 2.19mH
Vz 637kHz 658kHz
R, 71MQ 223MQ
D 10.0mm 11.2mm
T 0.092s 0.037s
Av, 1.7Hz 4.3Hz
T 85K 14.7K
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Extended Data Table 3 | Fit parameters of the simulated maximum likelihood estimate. C.L. of the fit parameter as defined in
the text

Quantity Parameter C.L. (0.68)
Inversion S 0.89 011
Rabi Frequency Qo 0.155Hz 0.003Hz
Coherence time g pr 50.2s 4.8s
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