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spin state of the particle must be identified a sec-
ond time in the AT. However, mode coupling in
the measurement of the modified cyclotron fre-
quency heats the proton toE+ ~ kB× 200Kowing
to energy exchange of bothmodes. Thus, in a next
step the particle is thermalized to E+ ≤ Eth again
and a second axial frequency measurement
{wz,AT

(1), …, wz,AT
(n1)}(i+1) is recorded. Together

with the initial axial frequency series, these two
frequency sets yield the probabilities pini,↑

(i) and
pfin,↑

(i+1) (23, 25), which are the probabilities of
being in the spin-up state at the end of the first
series (initial) and the start of the second series
(final). Thus, we can calculate the probability that
a spin flip occurred in the PT from pSF,PT

(i) =
pini,↑

(i)(1 – pfin,↑
(i+1)) + (1 – pini,↑

(i))pfin,↑
(i+1).

Typically, one of these sequence cycles takes
around 90 min. By repeating this sequence for
different drive frequencies several hundred times,
we obtain tuples (G(i), pSF,PT

(i)) that make up the
g-factor resonance.
Three individual protonswere used to conduct

a total of 1264 experiment cycles, accumulated
over a period of 4months from the end of August
to December 2016. We analyzed the data with a
maximum likelihood analysis using a Gaussian

line shape (26). Monte Carlo simulations of the
complete measurement sequence were used to
check the consistency, bias, and robustness of the
analysis and to ensure that the evaluation leads
to the correct statistical error (see supplemen-
tarymaterials). The three individual resonances,
one for each proton, are in 1s agreement with
each other, which justifies the combined anal-
ysis of all cycles. The result from the maximum
likelihood analysis over the combined data set
(Fig. 3) is

mp
mN

¼ gstatistical
2

¼2:79284734500 ð1Þ

where the standard error of the mean is
0.00000000075,which corresponds to a fraction-
al precision of 268 parts per trillion (ppt). The
resonance has a width of 1.34 ± 0.21 parts per
billion (ppb), which is in good agreement with
the expected linewidth of 1.41 ± 0.02 ppb from
independent experimental measurements of
the free cyclotron frequency (see supplementary
materials).
Systematic corrections arising fromenergy- and

time-dependent shifts of theLarmor and cyclotron
frequency (27) shift the g factor by

Dg
g

¼ DwLðEþ;Ez;E%; tÞ
wL

% DwcðEþ;Ez;E%; tÞ
wc

(2)

These corrections are causedby small deviations of
the trappotential froman ideal quadrupole config-
uration and by inhomogeneities in the magnetic
field. An important feature and key difference rel-
ative to earlier experiments that measured the
proton g factor (4) is the simultaneousmeasure-
ment of wL and w+ instead of a sequential deter-
mination. In particular, this ensures that wL and
w+ (which dominates the determination ofwc) are
measured at the same energies and times. This
eliminates many systematic contributions, such
as corrections stemming from the linear term
B1,PT of the magnetic field. The higher-order B2,PT
contribution leads to a minor correction of 8 ±
4 ppt (see supplementarymaterials). Electrostatic
imperfections affect only wc and were thus care-
fully optimized (fig. S2). The residual uncertainty
of Dwc is 9 ppt. The dominant systematic con-
tribution arises from the interaction of the parti-

cle with the image charge it induces on the trap
surface (28). The resulting correction of –98 ±
3 ppt can be calculated very accurately, where
the error accounts for deviations from the ideal
geometry (12). The relativistic correction (12)
contributes with –44 ± 26 ppt. Furthermore, we
add the uncertainty of our cyclotron frequency
determination (compare fig. S3),which is at 80ppt.
Correcting for the systematics shifts, as summa-
rized in Table 1, the final result of the protonmag-
netic moment is

mp
mN

¼ gfinal
2

¼ 2:79284734462 ð3Þ

where the statistical uncertainty is 0.00000000075
and the systematic uncertainty is 0.00000000034.
The value reported here is in agreement with

the currently accepted CODATA value (29) but is
an order ofmagnitudemore precise, and improves
the result of our previous mpmeasurement (4) by a
factor of 11. This improvement with respect to the
apparatus developed in (24) and used in (4) arises
from linewidth narrowing achieved by improve-
ments of the magnetic field homogeneity in the
precision trap and optimization of the parameters
of the Larmor drive. A considerably improved de-
tector for themodified cyclotron frequency reduced
theparticlepreparation timeandallowedadoubling
of the data acquisition rate. The improved detec-
tion was achieved by replacing a normal conduct-
ing copper coilwith a superconducting coil together
with an improved low-noise, cryogenic amplifier
that together allowed for lower detector tempera-
tures and shorter coupling times. Finally, the simul-
taneous irradiation of the Larmor drive and the
measurement of the modified cyclotron frequen-
cy in the precision trap eliminated the dominant
systematic shift seen in (4). The improvements pre-
sented here can be directly applied to the planned
high-precisionmeasurement of themagneticmo-
ment of the antiproton (30), potentially enabling
a CPT test at the sub-ppb level. This allows tests of
theStandardModel at anenergy scale of<10−25GeV
in the frameworkof the StandardModel extension
(10); these testsmay reach a higher absolute sensi-
tivity than leptonmagneticmoment comparisons
with respect to CPT violation (31, 32).
The data collection rate can be increased by

further reducing the experiment cycle times,which
are limited by subthermal cyclotron state prepara-
tion using the detector for the modified cyclotron
frequency. One way to overcome this limitation
is to sympathetically cool the proton by resonant
coupling to laser-cooled ions (33). This will pro-
vide quasi-deterministic cooling and will reduce
particle preparation times bymore than twoorders
of magnitude. With this method, we expect that
proton and antiproton magnetic moment mea-
surements on the parts per trillion level will be-
come possible.
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Fig. 3. Resonance of the g factor.The red line
shows the final g-factor resonance obtained
from 1264 accumulated data points. The Gaus-
sian line shape is calculated from a maximum
likelihood analysis (see supplementary
materials) that does not require explicit binning
of the data. Also shown are representative data
points with 1s error bars.The dark and light gray
bands indicate SEM on the g factor and on the
spin-flip amplitude, respectively. The vertical
lines show the mean value shifted by the
assigned uncertainty.

Table 1. Systematic corrections.The table summarizes all systematic corrections with uncertainty.
The total error is obtained by linearly summing all errors to conservatively account for correlations.

Parameter Relative shift on g/2 (ppt) Error (ppt)

Trapping potential 0 9
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .

Magnetic inhomogeneity 8 4
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .

Relativistic shift −44 26
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .

Image current 1 1
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .

Image charge −98 3
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .

Fitting 0 80
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .

Total −133 123
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .
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deviation gives a slope of a 5 20.501(2). This confirms the Gaussian
white-noise nature of the ratio fluctuations and justifies our data
analysis.

For further verification we evaluate the Allan deviation of our cyclo-
tron frequency measurements, which is shown in Fig. 3e as the red data
points. A fit of a linear drift of 25(1) parts per billion per hour (dashed
line in Fig. 3e), a white-noise contribution with a root-mean-square
width of 160(15) mHz per cycle (dash-dotted line in Fig. 3e), and a
random walk generating a Gaussian distribution of 220(20) mHz per
cycle (dotted line in Fig. 3e) reproduce the experimental results. From
this model we simulate data, add random offsets Dr and blind-analyse
the simulation data. Within error bars the offsets Dr are reproduced,
which independently justifies our data analysis. The antiproton-to-H2

mass ratio extracted from this data evaluation is

Rexp~1:001089218872 64ð Þ ð3Þ
To further check both the data analysis and the experiment we also

evaluate the cyclotron frequency ratios for !p-to-!p and H2-to-H2

instead of !p-to-H2, but measured within subsequent cycles. For these
direct comparisons of identical particles

Rexp,id{1~{3 79ð Þ|10{12 ð4Þ
is obtained, which is consistent with 1. The increased statistical error in
the second case is caused by the random walk in the magnetic field,
which leads to slightly higher ratio fluctuations owing to the doubled
time interval between subsequent measurements of identical particles.

Several systematic corrections enter into the measured antiproton-
to-H2 charge-to-mass ratio Rexp. The dominant systematic shift is

related to particle exchange and the 5-mV detuning of the trapping
voltage, which is required to tune the axial oscillation frequencies of
both particles to the centre of the axial detector. Slightly different
contact and offset potentials as well as machining imperfections
are present at each individual trap electrode. Thus, the change of
the ring voltage causes a relative shift of the antiproton-to-H2 equi-
librium position. In the presence of a magnetic gradient term of
B1 5 7.58(42) mT m21 (where B1 is the strength of the magnetic
gradient) the cyclotron frequencies nc,!p and vc,H{ are hence measured
at slightly different magnetic fields, leading to a systematic ratio
shift. In our measurement, the adjustment of the trapping voltage
shifts the H2 ion towards lower magnetic fields, and Rexp has to be
corrected by 2114(26) parts per trillion. A detailed discussion of this
dominant systematic shift is provided in the Supplementary
Information.

The systematic uncertainty arises from the uncertainty in the deter-
mination of the offset voltages and the magnetic gradient B1. In addi-
tion to the particle position, the magnitude of the octupolar correction
C4 of the trapping potential20 also changes when the trap voltage is
adjusted. The resulting ratio correction is at 23(1) parts per trillion,
the error being due to uncertainties extracted from potential theory
and the determination of the axial mode temperature Tz of the particle.
Eventually, the stability of our rubidium frequency reference contri-
butes a systematic scatter of 3 parts per trillion per ratio comparison. In
summary, the ratio has to be corrected by 2117(26) parts per trillion,
leading to our final result

Rexp,c~1:001089218755 64ð Þ 26ð Þ ð5Þ
which corresponds to an antiproton-to-proton mass ratio of

q=mð Þ!p
q=mð Þp

{1~1(64)(26)|10{12 ð6Þ

and is in agreement with CPT conservation.
In the framework of the standard model extension developed by

ref. 29 a figure of merit rH{

~ 1{Rexp,c
! "

hvc,H{=mH{ c2 is derived,
which characterizes the sensitivity of our measurement with respect to
the CPT-violating terms added to the standard-model Lagrange den-
sity. Our result sets a new limit of rH{

, 9 3 10227. This exceeds the
previous limit by a factor of four, and probes the standard model at an
energy scale of 8 atto-electronvolts. In terms of energy sensitivity our
result is the most stringent test of CPT invariance with baryonic anti-
matter performed so far.

In addition to the above discussion, our high data accumulation rate
enables the search for sidereal variations, which might be mediated by
cosmological background fields. To this end, the data set is processed
using lock-in filter and Allan-deviation-based data analysis. A diurnal
variation of the results would appear as a peak in the lock-in spectrum
at a period of the sidereal day, which is 86,164.1 s. We do not observe
such an indication and from our data analysis we conclude that the
amplitude of any diurnal variation in Rexp is ,0.72 parts per billion at
the 0.95 confidence level.

By following the arguments of ref. 11 our measurements can be
interpreted as a test of weak equivalence. If the proton-to-antiproton
charge-to-mass ratios are identical in the absence of a gravitational
field, then the particle and antiparticle cyclotron clocks have the same
frequencies. However, if matter respects weak equivalence while anti-
matter experiences an anomalous coupling to the gravitational field,
the cyclotron frequencies of the two particles will experience different
gravitational redshifts when moved to the surface of the Earth. We
follow ref. 11, in which a possible gravitational anomaly acting on
antimatter is expressed by a parameter ag, which modifies the
effective newtonian gravitational potential U to give agU. This con-
tributes a possible difference in the measured cyclotron frequencies
ofðvc,p{vc,!pÞ=ðvc,pÞ~{3ðag{1ÞU=c2 Thus, our measurement sets a
new upper limit of jag{1j, 8.7 3 1027.
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Figure 3 | Results and data analysis. a, All measured antiproton-to-H2

cyclotron frequency ratios as a function of time. Within 35 days, 6,521 frequency
ratios were measured. Fraction, fraction of total counts (number measured in
one bin normalized to the number of all measurements). b, Measured ratios
projected to a histogram. c, Power spectrum density of the ratios as a function of
reciprocal measurements. d, Allan deviation of the measured ratios including a
fit to the data with slope 20.501(2), which confirms that the ratio fluctuations
follow a Gaussian white noise distribution. e, Allan deviation of cyclotron
frequency measurements. Details are discussed in the text.
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• frequencies of a single proton in a magnetic field:


• g-factor of the proton:

BASE Mainz - The Proton g-Factor
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• frequencies of a single proton in a magnetic field:

BASE Mainz - The Proton g-Factor
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The Double Penning Trap Method
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Single Spin-Flip Resolution and Particle Temperature

• RF noise → cyclotron quantum 
transitions


• transition rate proportional to 
cyclotron quantum number 


• ultra-cold particles (0.1K) are 
required for high fidelity spin-
flip detection


• problem: temperature after 
cyclotron frequency 
measurement: 300K
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Challenges – High-Fidelity Single Spin-Flip Resolution

• Physics
• heating by rf at a noise density of about 
100 pV/ Hz drive radial cyclotron quantum 
transitions.
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Single Spin-Flip Resolution and Particle Temperature

• ultra-cold particles (0.1K) are required for 
high fidelity spin-flip detection


• laser cooling can provide temperatures 
in the mK range
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 frequency fluctuations that are sufficiently small to clearly resolve  single 
antiproton spin transitions23,24 (Fig. 1c).

To perform experiments, we load the precision trap with a single 
antiproton and remove contaminants such as electrons and negatively 
charged ions with kick-out and high power radio-frequency pulses. 
Subsequently, the magnetron and the modified cyclotron modes of the 
particle are cooled by sideband drives and direct resistive cooling, 
respectively. To this end, the resonance frequency of the cyclotron 
detector is adjusted to ν+,PT, which couples the antiproton to the 
 thermal bath of the detector with Td ≈  12.8(8) K. The energy E+,L/kB of 
the modified cyclotron mode after such a thermalization cycle is 
 analysed by measuring the axial frequency in the magnetic bottle B2,AT 
of the analysis trap8. Once an antiproton with E+,L/kB <   0.05 K has been 
prepared, we keep it in the analysis trap and detune the resonance 
 frequency of the cyclotron detector by approximately 800 kHz. This is 
of utmost importance to prevent heating of the modified cyclotron 
mode of the cold antiproton by interaction with the detector when it 
later returns to the precision trap. In the next step, another single 
 antiproton is loaded into the precision trap and cleaned from 
 contaminants. Both radial modes are coupled to the axial detector using 
sideband drives, which cools the radial modes to the sideband  

limit22 ν ν/ = / × /± ±E k E k( ) ( )z z,c B B , corresponding to E+,c/kB ≈  350 K 
and | E−,c| /kB ≈  90 mK. This configuration, a cold Larmor particle in 
the analysis trap and a hot cyclotron particle in the precision trap, con-
stitutes the initial condition of an experiment cycle, which is illustrated 
in Fig. 2a.

The first step of an actual g-factor measurement cycle k starts with the 
initialization of the spin state of the Larmor particle in the  analysis trap. 
For this purpose we alternate axial frequency measurements νz,k,j and 
spin-flip drives and evaluate ∆ =   νz,k,j+1 −  νz,k,j. Here, j is the index of 
axial frequency measurements of the spin-state identification sequence, 
which is repeated until | ∆|   >   ∆TH =   190 mHz is observed. At our root-
mean-square-background axial frequency fluctuation of approximately 
65 mHz this corresponds to an identification of the spin state with an 
initialization fidelity23 of >  98%. Each of these spin-state initialization 
attempts requires about 25 min. Afterwards, the  cyclotron frequency 
νc,k,j of the cyclotron particle in the precision trap is  measured three 
times, j ∈  {1, 2, 3}. Subsequently, this particle is shuttled to a park elec-
trode located upstream (Fig. 1b), and the Larmor particle is moved 
to the precision trap. Here, a radio-frequency field at drive frequency 
νrf,k and spin-transition Rabi frequency ΩR is applied for 8 s using the 
spin-flip coil, slightly saturating the Larmor resonance (see Methods). 
Then the Larmor particle is transported back to the analysis trap and 
the cyclotron particle to the precision trap, where we perform three  
additional measurements of the cyclotron frequency νc,k,j, where  
j ∈  {4, 5, 6}. Finally, the spin state of the Larmor particle in the  analysis 
trap is identified and compared to the previously identified spin state. 
With a total of 122 s per cyclotron frequency measurement, and about 
8 s and 79 s for the spin-flip drive and each individual transport, respec-
tively, a frequency measurement cycle k requires, on average, about 
890 s. Together with the initialization of the spin state, an entire experi-
ment cycle takes about 40 min, which is about three times faster than 
in our 2014 proton magnetic moment measurement9.

By repeating this scheme for different spin-flip drive frequencies νrf,k 
and normalizing to the measured cyclotron frequencies νc,k, we obtain 
a g-factor resonance, which is the spin-flip probability as a  function of 
the frequency ratio Γk =   νrf,k/νc,k. Here, νc,k is the average of the six 
recorded cyclotron frequency measurements νc,k,j,PT taken in cycle k. 
Averaging is used to account for the temporal drift / × ∆ / ≈t B B(1 ) ( )0  
. × − −2 5(6) 10 h9 1 in the field of the superconducting magnet, and to 

reduce the impact of fluctuations induced by residual magnetic field 
inhomogeneities.

To apply this two-particle measurement scheme routinely, it is crucial 
to keep the energy of the Larmor particle below (E+,L/kB)TH =   0.2 K. 
Consequently, we minimize parasitic heating of the ν+-mode by discon-
necting all radio-frequency supplies whenever possible. Multiple-order 
filter stages are connected to the high power spin-flip drive lines. After 
optimization of our particle manipulation radio-frequency networks, we 
achieved the cycle-to-cycle heating rate of the modified cyclotron mode 
that is shown in Fig. 2b. As expected for quantum oscillators, the heat-
ing rate per cycle scales linearly with the mode energy E+,L (refs 24, 25),  
but remains below 22 mK per cycle for (E+,L/kB) <   (E+,L/kB)TH. The mean 
heating rate averaged over the entire measurement campaign is less than 
17 mK per cycle, which enables us to conduct about 75 measurement 
cycles before re-cooling of the cyclotron mode is required. Figure 2c  
displays a histogram of energies E+,L/kB measured during the entire 
measurement campaign. The total mean energy is E+,L/kB =   120 mK, 
corresponding to an average axial frequency stability of 65 mHz and 
a final spin-state identification fidelity between 80% and 90% (see  
ref. 23 and Methods).

The recorded g-factor resonance is shown in Fig. 3. A maximum- 
likelihood estimate of an appropriate lineshape function Γ ΩP g( , , )pSF R  
to the data, in which we convolve the shape function χ Γ g( , )p  derived 
in ref. 26 with measurement and magnetic-field fluctuations, yields an 
experimental antiproton g-factor of / = .g( 2) 2 7928473453(30)p exp , the 
number in brackets representing the 68% confidence interval of our 
maximum-likelihood estimate. The linewidth of 13.3(1.0) p.p.b. results 
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Figure 1 | Historical overview and experimental setup. a, Historical 
overview of antiproton magnetic moment measurements. b, The relevant 
part of the Penning trap assembly used in this experiment. In the 
homogeneous magnetic field of the precision trap, the cyclotron frequency 
of the cyclotron particle is measured and spin transitions of the Larmor 
particle are induced. In the inhomogeneous magnetic field of the analysis 
trap, the spin state is first initialized and then analysed after each spin-
flip attempt in the precision trap. c, Single spin-flip sequence recorded in 
the analysis trap. The resolution of the experiment is sufficient to clearly 
identify the spin eigenstate.
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• trap design 
minimises CT 
and therefore the 
coupling time τ:
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Bohman M. et al., J. Mod. Opt. (2017) Heinzen, D. J. & Wineland, D. J., Phys. Rev. A, 42, 2977 (1990) 

• cloud of N trapped and laser 
cooled Be ions is used as 
refrigerator for the proton

• coupling time τ on the 
order of 55 s:
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The Apparatus

• double trap for g-factor measurements


• coupling traps for sympathetic cooling
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cooling laser at 313.13 

ablation laser at 532 

electron beam double trap florescence detection

ST AT PT CT BT
spin flip coils

Figure 5. The new apparatus for an improved proton g-factor measurement. The five traps are labelled

from right to left, as the source trap (ST), analysis trap (AT), precision trap (PT), coupling trap (CT), and

beryllium trap (BT).The gold plated electrodes, in the bore of a 1.95 T superconducting magnet implement

the ‘double trap’ technique used in (10 ) as well as the common endcap cooling technique described above. On

the right side of the apparatus, fibres couple in a pulsed, frequency doubled Nd:YAG laser for ion loading and

a frequency quadrupled diode laser at 313.13 nm for Doppler cooling (38 ). Finally, a sixfold split electrode in

the BT serves as a dual purpose as a rotating wall and a florescence collection system. See text for additional

details.

in which the PT with high magnetic field homogeneity is used for high precision
frequency measurements and the AT with a strong, superimposed magnetic bottle is
used for spin state analysis. The new ST is used to prepare particles, while the BT
stores laser cooled beryllium ions in a rotating wall potential and the CT is connected
adjacently to implement the common endcap coupling. Finally, a small section to the
right holds a beryllium target and optics for a pulsed Nd:YAG laser, forming an in
situ ion production region.

During a g-factor measurement, beryllium atoms are first sputtered o↵ the target
and ionized by an axial electron beam. Once shuttled into the BT, a single laser along
the magnetic field lines, detuned from the 2S 1

2
! 2P 3

2
transition at 313.13 nm cools

the ions and a sixfold split rotating wall electrode thermally couples the axial and
radial modes of the ions. The split electrode serves an additional purpose by allowing
florescence to be detected by silicon photomultipliers (SiPMs) through small sapphire
blocks. On the opposite side of the apparatus, the electron beam produces protons
from a target and a single proton can be prepared using standard techniques (21 ).

During the coupling, the proton and the beryllium ion are brought to the CT and
BT respectively and are each coupled to an axial detector. The potentials are then
tuned so that the axial frequencies match and the detector is switched o↵ resonance.
Once the proton-ion system thermalizes the cold axial mode can be coupled to the
cyclotron mode, and the particle can be transported throughout the apparatus with
minimal heating. In contrast to previous measurements, the spin state can be deter-
mined immediately nearly 100% fidelity, given a cyclotron temperature of even 20mK,
reducing the time of the entire cooling cycle to around one minute.

10

fluorescence detection

Bohman M. et al., J. Mod. Opt. (2017) 
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• double trap for g-factor measurements
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fluorescence detection

Bohman M. et al., J. Mod. Opt. (2017) 



Markus Wiesinger for the BASE collaboration

Cryogenic Detection Systems I

 13

Image Current Detectors
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Axial Frequency Detection System

• toroidal coils


• inductivity ~ 3 mH


• crucial: materials


• resonance frequency ~ 500 kHz
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113305-2 Nagahama et al. Rev. Sci. Instrum. 87, 113305 (2016)

spectroscopy experiments16,17 and will be used in our planned
high-precision antiproton magnetic moment measurements.

II. DETECTION PRINCIPLE

Fig. 1 shows a schematic for the detection of the axial
frequency ⌫z of a particle in a Penning trap. The detector
consists of a superconducting tuned circuit with high quality
factor (Q-value) and a cryogenic ultra-low noise amplifier. The
trap and resonator form a parallel RLC tuned circuit, L being
the inductance of the superconducting coil and Cp the sum of
the parasitic capacitances of the trap and the coil itself. At
resonance, the reactances compensate each other and appear
as an e↵ective parallel resistance, Rp = 2⇡⌫0LQ.

The axial frequency of the trapped particle ⌫z is tuned to
the resonance frequency ⌫0 of the tuned circuit by adjusting
the voltages applied to the Penning trap electrodes. A voltage
drop Vp = RpIp is detected, where

Ip =
2⇡q

D
⇥ ⌫zz (1)

is the image current induced on the trap electrode, z is the axial
coordinate, and D is a trap-specific length, for the geometry of
our traps, D = 11 mm. The signal Vp is subsequently amplified
by a cryogenic ultra-low-noise amplifier, and the time transient
is recorded and processed by a fast Fourier transform (FFT)
spectrum analyzer. Typical image currents are on the order of
fA; therefore, it is crucial to operate the detectors at high Rp.

When tuned to the resonance, the trapped particle is
cooled resistively. Once cooled to thermal equilibrium, the
particle acts as a series LC circuit14 and shorts the resonator’s
impedance. This produces a sharp dip at the eigenfrequency of
the antiproton in the thermal noise spectrum of the detector, as
shown in Fig. 2. The signal-to-noise ratio (SNR) is the ratio of
the Johnson-Nyquist noise of the detector un to the equivalent
input noise of the amplifier en given by

SNR =
un

en
/
p

4kBT Re↵ · 
en

, (2)

where kB is the Boltzmann-constant, Re↵ the e↵ective paral-
lel resistance of the whole system, T the temperature of the
detector, and  the coupling factor between the tuned circuit
and cryogenic amplifier. Note that high SNRs can either be
achieved by optimizing Re↵ or by increasing the tempera-

FIG. 1. Schematic of detecting the axial frequency ⌫z of a single trapped
particle. The detector consists of a superconducting tuned circuit with res-
onance frequency matched to ⌫z and a cryogenic ultra-low noise amplifier.
The particle’s eigenfrequency is obtained from the Fourier spectrum of the
image current using an FFT analyzer. For details, see text.

FIG. 2. Example of a dip spectrum of a single antiproton stored in the
precision trap. SNR is defined as the ratio of the Johnson-Nyquist noise of
the detector un to the equivalent input noise of the amplifier en. �⌫z is the
3 dB width of the dip.

ture of the system T , e.g., by coupling external noise to the
circuit. However, the second approach will also increase the
particle temperature and therefore systematic shifts in fre-
quency measurements,12,13 which is to be avoided. By fitting a
line-shape modeled dip to the measured spectrum, the axial
frequency ⌫z is obtained. The scatter �(⌫z,k � ⌫z,k�1) of a
sequence of axial frequency measurements ⌫z,k is given as

�(⌫z,k � ⌫z,k�1) /
s

1
4⇡
�⌫z
tavg

1p
SNR

, (3)

where tavg is the averaging time and

�⌫z =
1

2⇡
Re↵

m

q
2

D2 (4)

the width of the particle dip. To enable fast particle detection
with high frequency resolution, the SNR should be as large
as possible. In addition, by tuning Re↵ and consequently �⌫z,
the frequency resolution at constant averaging time can be
improved.

III. RESONATOR

Each resonator consists of a toroidal coil in a cylindrical
metal housing with an outer diameter A, as shown in Fig. 3.
The toroidal geometry confines the magnetic flux within the
inductor and consequently reduces losses caused by stray
fields. The coils, as well as the housings, are made out of
type-II superconducting NbTi. This material has a high critical
magnetic field strength18 of BC2 = 14.5 T, which enables the
placement of the resonators close to the trap system mounted
in the high magnetic field B0 = 1.9 T of a superconducting
magnet.

In total four resonators were developed, two with an outer
diameter of A = 48 mm and two with A = 41 mm, the dimen-
sions being defined by geometrical constraints of the exper-
iment. The geometry of the toroid was optimized in a way,
such that the inner cross-sectional area is maximized at the
shortest length of superconducting wire, when considering
the boundary conditions defined by the housings. To keep
the parasitic capacitance of the coil small, we use three-layer

−20           −10               0               10              20
ωz/(2π) − 633 665  (Hz)

am
pl

itu
de resonator

particle signal

113305-3 Nagahama et al. Rev. Sci. Instrum. 87, 113305 (2016)

FIG. 3. Sketches of the axial resonator. The toroidal core is made out of PTFE, and PTFE insulated NbTi superconducting wire is used for the windings. The
toroid is mounted inside the NbTi housing and kept stable with PTFE holders. It is enclosed by inserting a cap from outside. Geometrical lengths di↵er for the
two resonator designs.

chamber windings. The individual chambers are machined
onto the toroid. Losses induced by dielectric polarization ef-
fects are kept small by making the cores of the toroids out
of polytetrafluoroethylene (PTFE). At cryogenic temperatures
and in our frequency range of interest, this material has a
dielectric loss tangent of � < 0.0001, which is supported by
the experimental results described below.

For the superconducting wire, PTFE insulated NbTi wire
with a diameter of 75 µm is used. The windings are fixed to
the core by PTFE thread-seal tape to ensure a good thermal
contact between the wire and the PTFE core. This is crucial
to allow appropriate thermalization. At each end of the coil, a
5 cm long copper wire of 0.5 mm diameter is connected. To
keep resistive losses in the Nb/Ti-Cu joint small, we carefully
degrease the respective metal contacts, place the ends in silver
plated copper-ferrules, add Pb/Sn solder, and heat the joint
slowly to 290 �C. This toroid assembly is placed into PTFE
holders, which are then mounted into the resonator housing.
Finally, one end of the coil is directly soldered to ground (cold
end), the other one is kept open, but e�ciently thermalized by
means of a custom-made sapphire capacitor.

For experimental reasons, we designed for di↵erent axial
frequencies in di↵erent traps and as a consequence di↵erent
inductances L. In test experiments with the copper wire, we
found that

L =
µ0S

2⇡b
N

2 (5)

reproduces the measured inductances within an error of 10%.
Here µ0 is the permeability constant of the vacuum, S the cross-
sectional area of a toroid, b the radius of the central axis of a
toroid, and N the number of turns.

For characterization, the coils are cooled to 4 K and the
S21-transmission is measured using a vector network analyzer.
The measurement setup is similar to the one described in
our previous article.19 From the transmission, the resonance
frequency ⌫0 and the 3 dB width �⌫r are determined and the
quality factor is calculated as Q = ⌫0/�⌫r . Summarized results
of these measurements are shown in Table I.

For all unloaded resonators, we achieve quality factors
Q > 190 000, corresponding to e↵ective series resistances
Rs < 0.06⌦. These resistances may arise from residual losses

in the dielectrics present in the resonator housing, as well as
small residual resistances in the critical NbTi-to-Cu joints.
However, the quality factors achieved here exceed the require-
ments of our trap-experiment by a factor of 10 and further opti-
mization of the measured Rs was not required. The obtained
Q-values correspond to a factor of 10 improvement compared
to our previously used solenoidal detection systems.19

IV. AMPLIFIER

We use custom-made cryogenic amplifiers based on
dual-gate GaAs MES-FET to amplify the particle signals.20

They consist of a common-source circuit at the input and
a source-follower circuit at the output. We use NE25139
(NEC) or 3SK164 (SONY) transistors for the input and
CF739 (Siemens/Tricomp) for the output stage. The parts are
assembled on a high-quality PTFE based laminated printed
circuit board material, which has a cryogenic loss-tangent21 of
order tan � ⇠ 10�4. This is important to prevent the reduction
of the resonator Q-value by dielectric losses.

For the FETs used at the input stage, high e↵ective input
resistance Rin and low equivalent input noise are crucial. At
4 K, the equivalent input noise en of the transistors at the
resonance frequencies of the detectors is 680(30) pV·Hz�1/2.
This was measured by using the noise marker function of a
Rohde & Schwarz FSVR-spectrum analyzer. The equivalent
input resistance Rin is obtained by coupling the amplifier to a
resonator with a known quality factor, measuring the loaded

TABLE I. Summary of the characterization measurements of the resonators.
The left column indicates the name of the dedicated Penning trap in the
BASE apparatus: the analysis trap (AT), cooling trap (CT), precision trap
(PT), and reservoir trap (RT).11 Abbreviations: L - Inductance /Cp - Parasitic
capacitance / ⌫0 - Resonance frequency / N - Number of turns / Rp - Parallel
resistance.

L (mH) Cp (pF) Q-value ⌫0 N Rp (G⌦)

AT 2.73 9.5 500 000 896 kHz 1100 7.7
CT 2.14 11 250 000 948 kHz 940 3.2
PT 1.75 11 194 000 1.09 MHz 800 2.3
RT 1.71 11 196 000 1.07 MHz 800 2.3

Nagahama, H. et al. Rev. Sci. Instrum. 87, 113305 (2016) 
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Nagahama, H. et al. Rev. Sci. Instrum. 87, 113305 (2016) 

N = 950 - 1200

Q = 200k - 500k


L = 2-3 mH

νz = 400-800 kHz


Rp > 1GΩ
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superconducting coil

fres = 28.96 MHz
SNR = 20 dB
Q = 1500
tcool  = 60 s
T = 5 K, with feedback T = 2 K 
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Single Photon Sensors  
for Fluorescence Detection
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Fluorescence Detection
• BT ring electrode:


• features 6 slits


• application of rotating wall drive


• allows detection of fluorescence light
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Figure 5. The new apparatus for an improved proton g-factor measurement. The five traps are labelled

from right to left, as the source trap (ST), analysis trap (AT), precision trap (PT), coupling trap (CT), and

beryllium trap (BT).The gold plated electrodes, in the bore of a 1.95 T superconducting magnet implement

the ‘double trap’ technique used in (10 ) as well as the common endcap cooling technique described above. On

the right side of the apparatus, fibres couple in a pulsed, frequency doubled Nd:YAG laser for ion loading and

a frequency quadrupled diode laser at 313.13 nm for Doppler cooling (38 ). Finally, a sixfold split electrode in

the BT serves as a dual purpose as a rotating wall and a florescence collection system. See text for additional

details.

in which the PT with high magnetic field homogeneity is used for high precision
frequency measurements and the AT with a strong, superimposed magnetic bottle is
used for spin state analysis. The new ST is used to prepare particles, while the BT
stores laser cooled beryllium ions in a rotating wall potential and the CT is connected
adjacently to implement the common endcap coupling. Finally, a small section to the
right holds a beryllium target and optics for a pulsed Nd:YAG laser, forming an in
situ ion production region.

During a g-factor measurement, beryllium atoms are first sputtered o↵ the target
and ionized by an axial electron beam. Once shuttled into the BT, a single laser along
the magnetic field lines, detuned from the 2S 1

2
! 2P 3

2
transition at 313.13 nm cools

the ions and a sixfold split rotating wall electrode thermally couples the axial and
radial modes of the ions. The split electrode serves an additional purpose by allowing
florescence to be detected by silicon photomultipliers (SiPMs) through small sapphire
blocks. On the opposite side of the apparatus, the electron beam produces protons
from a target and a single proton can be prepared using standard techniques (21 ).

During the coupling, the proton and the beryllium ion are brought to the CT and
BT respectively and are each coupled to an axial detector. The potentials are then
tuned so that the axial frequencies match and the detector is switched o↵ resonance.
Once the proton-ion system thermalizes the cold axial mode can be coupled to the
cyclotron mode, and the particle can be transported throughout the apparatus with
minimal heating. In contrast to previous measurements, the spin state can be deter-
mined immediately nearly 100% fidelity, given a cyclotron temperature of even 20mK,
reducing the time of the entire cooling cycle to around one minute.

10



Markus Wiesinger for the BASE collaboration

The SiPM Sensor

 19

Introduction to SiPM
TECHNICAL NOTE

SensL © 2011 4

SiPM is shown in Figure 5. Each microcell detects photons identically and independently. The sum of the photocurrents from 
each of these individual microcells combines to form a quasi-anlog output, and is thus capable of giving information on the 
magnitude of an instantaneous photon flux. The response to low-level light pulses is shown in Figure 6, and a charge spectrum 
of these pulses is shown in Figure 7.

1.5. SensL’s Fast Output

SensL has developed a unique modification to the standard Silicon Photomultiplier structure that results in a third terminal (in 
addition to the anode and cathode) carrying an ultra-fast output signal. The microcell structure schematic in Figure 8, shows 
how each microcell has a capacitively coupled output. This fast output signal is the derivative of the internal fast switching of the 
microcell in response to the detection of a single photon. The fast output, like the anode-cathode output, is formed from the sum 
of all microcells, as shown in Figure 8, and so proportional information on the magnitude of the photon flux can be obtained, in 
addition to the timing information. A typical fast output pulse is shown in Figure 9. This signal can be used to make ultra-fast 
timing measurements, using the ability to clearly distinguish the arrival time of the first photon in the pulse, and also allow higher 
count rates or the capability for second photon timing. In addition to fast timing, the fast output also has considerably lower 
capacitance which can be beneficial when designing readout systems for the sensor. The fast output from a 1mm sensor has a 
capacitance of ~1pF, whereas, reading out from the anode or cathode would have a capacitance of ~100pF. 

                  
1.6. Pulse Shape

A typical SiPM anode-cathode output pulse is shown in Figure 10. The rise time of the SiPM is determined by the rise time of 
the avalanche formation and the variation in the transit times of signals arriving from different points on the sensor’s active area. 
Minimizing this transit time spread by careful design of the tracking can improve the rise time. In addition, the rise time is affected 
by the output impedance of the sensor and the package.

The recovery time of the sensor, or decay time of the pulse, is determined by the microcell recharge time constant, which is 
given by: 

		 	 t
RC

 = C
d
(R

q
+R

s
·N)  

Figure 7,  Photoelectron spectrum of the SiPM, 
achieved using brief, low-level light pulses, such as 

those from Fig. 6.

Figure 8, Simplified circuit schematic of the SensL SiPM (left) showing each 
microcell which is composed of the SPAD, quench resistor and fast output ca-
pacitor (top right). The SensL SiPM component symbol is shown (lower right).
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where C
d
 is the effective capacitance of the microcell, R

q
 the value of the microcell quench resistor, N is the total number of 

microcells in the sensor and R
s
 is any resistance in series with the sensor (e.g. sense resistance, signal tracks on the sensor). 

Since the capacitance of the microcell will depend upon its area, the reset time will vary for different microcell sizes, with a 50mm 
microcell SiPM having a significantly longer reset time than a 10mm microcell SiPM. 

It is important to note that the microcell can still fire during the recovery time before the overvoltage has recovered to its nominal 
value, but the gain will be reduced in proportion to the reduced overvoltage.

The sensor output is a photocurrent, and the total charge Q generated from an event is given by,

        Q=Nfired·G·q 

where Nfired  is the number of fired microcells, G is the gain (discussed in section 2.2) and q is the electron charge. The total 
charge is also equal to the integral of the photocurrent pulse. 

1.7. Fill Factor

The fill  factor refers to the percentage of  the SiPM sensor surface area that  is sensitive to  light. Due to the structure of  the 
SiPM, each microcell needs to be separated from its neighbor for optical and electrical isolation purposes. In addition, some 
surface area is required for the quench resistor and signal tracks. All of these considerations result in a ‘dead space’ around 
the microcell. The separation between microcells and the space required for the quench resistor and tracking is more or less 
constant, regardless of the microcell size. Therefore, larger microcells result in a higher percentage of active surface area (active 
area/total area). 

A higher fill factor (larger microcells) results in higher PDE and gain, but also in higher capacitances, longer recovery times and 
lower dynamic range.

A lower fill factor (smaller microcells) results in lower PDE and gain, but also in lower capacitances, shorter recovery times and 
higher dynamic range. 

Figure 9, The fast output pulse from a 6mm sensor. The 
FWHM of the fast output allows the sensor to resolve 

high-repetition, fast pulses.

Figure 10,  Output pulse read out from the anode-
cathode, showing the recovery time of the microcell. 

5676 cells



Markus Wiesinger for the BASE collaboration

Introduction to SiPM
TECHNICAL NOTE

SensL © 2011 4

SiPM is shown in Figure 5. Each microcell detects photons identically and independently. The sum of the photocurrents from 
each of these individual microcells combines to form a quasi-anlog output, and is thus capable of giving information on the 
magnitude of an instantaneous photon flux. The response to low-level light pulses is shown in Figure 6, and a charge spectrum 
of these pulses is shown in Figure 7.

1.5. SensL’s Fast Output

SensL has developed a unique modification to the standard Silicon Photomultiplier structure that results in a third terminal (in 
addition to the anode and cathode) carrying an ultra-fast output signal. The microcell structure schematic in Figure 8, shows 
how each microcell has a capacitively coupled output. This fast output signal is the derivative of the internal fast switching of the 
microcell in response to the detection of a single photon. The fast output, like the anode-cathode output, is formed from the sum 
of all microcells, as shown in Figure 8, and so proportional information on the magnitude of the photon flux can be obtained, in 
addition to the timing information. A typical fast output pulse is shown in Figure 9. This signal can be used to make ultra-fast 
timing measurements, using the ability to clearly distinguish the arrival time of the first photon in the pulse, and also allow higher 
count rates or the capability for second photon timing. In addition to fast timing, the fast output also has considerably lower 
capacitance which can be beneficial when designing readout systems for the sensor. The fast output from a 1mm sensor has a 
capacitance of ~1pF, whereas, reading out from the anode or cathode would have a capacitance of ~100pF. 

                  
1.6. Pulse Shape

A typical SiPM anode-cathode output pulse is shown in Figure 10. The rise time of the SiPM is determined by the rise time of 
the avalanche formation and the variation in the transit times of signals arriving from different points on the sensor’s active area. 
Minimizing this transit time spread by careful design of the tracking can improve the rise time. In addition, the rise time is affected 
by the output impedance of the sensor and the package.

The recovery time of the sensor, or decay time of the pulse, is determined by the microcell recharge time constant, which is 
given by: 
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q
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Figure 7,  Photoelectron spectrum of the SiPM, 
achieved using brief, low-level light pulses, such as 

those from Fig. 6.

Figure 8, Simplified circuit schematic of the SensL SiPM (left) showing each 
microcell which is composed of the SPAD, quench resistor and fast output ca-
pacitor (top right). The SensL SiPM component symbol is shown (lower right).

Test Setup
• multiple photons:


• fast vs. slow signal:

 20



Markus Wiesinger for the BASE collaboration

Fluorescence Detection Progress 
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✅ test in the cryostat at 4K


✅ test with 315±5 nm light


✅ cables:


❌  cryo coax


❌  twisted pair


❌  shielded twisted pair


❌  low noise cryo coax 


✅  small diameter kapton insulated copper 
coaxial cable (but 55 mW heat load)


✅ test in the apparatus


we are working on:


readout


cables: semi-rigid coaxial cable made of 
BeCo/SS or SS/SS
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Recent Results

• Tests of the SiPM in the apparatus at 4K:


• excellent background count rate: < 1 Hz


• laboratory lights background: 1000 Hz


• 313 nm cooling laser background: 60 kHz 

• estimated fluorescence signal: > 10 kHz
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Cryogenic Detection Systems III
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A single laser-cooled Be+ ion 
 as a quantum sensor
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Laser cooled Be+ as quantum sensor
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Heinzen, D. J. & Wineland, D. J., Phys. Rev. A, 42, 2977 (1990) 

a) cooling of a source to the 
ground state of motion 

b) detecting single quantum 
excitations of the source
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