Outline
•

BASE: g-Factors and Charge-to-Mass Ratio

•

Cryogenic Detection Systems I:
Image Current Detectors

•

Cryogenic Detection Systems II:
Single Photon Sensors for Fluorescence Detection

•

Cryogenic Detection Systems III:
A single laser-cooled Be+ ion as a quantum sensor

Markus Wiesinger for the BASE collaboration

2

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

The

each other, which justifies the combined analysis of all cycles. The result from the maximum
likelihood analysis over the combined data set
(Fig. 3) is

determination (compare fig. S3), which is at 80 ppt.
Correcting for the systematics shifts, as summarized in Table 1, the final result of the proton magnetic moment is
mp g final
¼ 2:79284734462
ð3Þ
¼
mN
2

Collaboration

mp g statistical
¼ 2:79284734500
¼
mN
2

ð1Þ

Proton-Antiproton
Charge-to-Mass Ratio
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where the statistical uncertainty is 0.00000000075
where the standard error of the mean is
and the systematic uncertainty is 0.00000000034.
0.00000000075, which corresponds to a fractionThe value reported here is in agreement with
the currently accepted CODATA value (29) but is
al precision of 268 parts per trillion (ppt). The
resonance has a width of 1.34 ± 0.21 parts per
an order of magnitude more precise, and improves
billion (ppb), which is in good agreement with
the result of our previous mp measurement (4) by a
the expected linewidth of 1.41 ± 0.02 ppb from
factor of 11. This improvement with respect to the
apparatus developed in (24) and used in (4) arises
independent experimental measurements of
the free cyclotron frequency (see supplementary
from linewidth narrowing achieved by improvematerials).
ments of the magnetic field homogeneity in the
Systematic corrections arising from energy- and
precision trap and optimization of the parameters
of the Larmor drive. A considerably improved detime-dependent
of the Larmor and cyclotron
RESEARCHshifts
LETTER
frequency (27) shift the g factor by
tector for the modified cyclotron frequency reduced
the particle preparation time and allowed a doubling
related to particle exchange and the 5-mV detuning of the trapping
Dg aDwL ðE þ ; E z ; E % ; tÞ Dwc ðE þ ; E z ; E % ; tÞ
of
b the data acquisition rate. The improved detec20
%
¼
voltage,
which
is required
to tune the axial oscillation frequencies of
tion was achieved by
replacing
a normal
conductg
wL
wc
particles to thecoil
centre
of the axial detector. Slightly different
ing copper coil withboth
a superconducting
together
10
(2)
contact
and
offset
potentials
as well as machining imperfections
with an improved low-noise, cryogenic amplifier
are present at each individual trap electrode. Thus, the change of
0
that together allowed for lower detector temperaThese corrections
are caused by small deviations of
the ring voltage causes a relative shift of the antiproton-to-H2 equithe trap potential from an ideal quadrupole configtures and shorter coupling
Finally,
the presence
simul- of a magnetic gradient term of
librium times.
position.
In the
–10
21
uration and by inhomogeneities in the magnetic
taneous irradiation
Larmor
the B1 is the strength of the magnetic
B1of
5the
7.58(42)
mTdrive
m and
(where
field. An important
feature
and
key
difference
relmeasurement
of
the
modified
cyclotron
frequengradient) the cyclotron frequencies nc,!p and vc,H{ are hence measured
–20
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cy in the precision at
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dominantfields, leading to a systematic ratio
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different
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ment of
sented here can be directly applied to the planned magnetic fields, and Rexp has to be
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d 10–8deterL and w+ instead of a sequential
corrected byof2114(26)
partsmoper trillion. A detailed discussion of this
Fig. 3. Resonance of the g factor. The red line
high-precision measurement
the magnetic
mination.–19
In particular, this ensures that wL and
dominant
systematic
shift
is provided in the Supplementary
shows the final g-factor resonance obtained
dominates the determination of wc) are
w+ (which–20
ment of the antiproton (30), potentially enabling
p
g
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Information.
p 1264 accumulated data points. The Gausp energies and times.
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residual
uncertainty
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scatter
of
3
parts
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to
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result
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Schneider, G. et al. Science 358, 1081 (2017)
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Nature
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(2015)to laser-cooled
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et
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Nature
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ions (33). This
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prowhich corresponds
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Table 1. Systematic corrections. The table summarizes all
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corrections
with uncertainty.
Figure
3 | Results
and data analysis.
a, All measured antiproton-to-H2
vide
quasi-deterministic
cooling
and
will
reduce
frequency ratios
as a function
of time. Within 35 days, 6,521 frequency
The total error is obtained by linearly summing all errors cyclotron
to conservatively
account
for correlations.
ðq=m
Þ!p orders
particle
preparation
times by more than
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ð6Þ
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ð
q=m
Þ
of
magnitude.
With
this
method,
we
expect
bin normalized to the number of all measurements). b, Measured ratios
p that
projected to a histogram. c, Power spectrum density of the ratios
as a function
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BASE Mainz - The Proton g-Factor
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BASE Mainz - The Proton g-Factor
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frequencies of a single proton in a magnetic field:
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BASE Mainz - The Proton g-Factor
frequencies of a single proton in a magnetic field:
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The Double Penning Trap Method
analysis trap (AT)
spin flip coil

precision trap (PT)

ωz detector

ωz detector

ω+ detector

sub-thermal
cooling:

7 mm

r
z

measure modified cyclotron energy E+
1 min
E+≤ Eth

sapphire spacer

gold plated
OFHC electrode

self shielding coil
around PT center electrode
thermalize with ω+ detector
2 min

20 min
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start

probability

ferromagnetic electrode

i=i+1
30 min
( i ) excitation
ωc( i )determination + ωL,exc
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0.4
0.3

0

0.1

0
0.5

1.0
1.5
energy (meV)

(0.6 K)

7

0

0

2.0

threshold: 0.05 meV

Schneider, G. et al. Science 358, 1081 (2017)

0

0.2

0

→ the cooling process is
very time-consuming
Markus Wiesinger for the BASE collaboration

T+ = 3.2 K
strong feedback
Q = 420

Challenges
High-Fidelity
Single Spin-Flip
Resolu
Single
Spin-Flip–Resolution
and Particle
Temperature

observation of antiproton spin transitions with high-fidelity requires ultra-cold particles (
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•

ultra-cold particles (0.1K) are
required for high fidelity spinflip detection

•

Problem: Each double-trap single-part
problem: temperature
after
measurement
heats the antiproton
in t
cyclotronmeasurement
frequency to seveal 100
frequency
measurement: 300K

4
2
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transition rate proportional to
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• transition rates scale with the cycl
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10–4

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

•

laser cooling can provide temperatures
in the mK range

0.30
0.20
0.10
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0.00

axial fluctuation (Hz)

•

spin detection fidelity (%)

z,0

–

z

Single Spin-Flip Resolution and Particle Temperature

0.17 Hz

(Hz)

Fractional pre

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.
Single Penning 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
10–7
axial frequency measurements of the spin-state identification sequence,
which is repeated until |∆| > ∆TH = 190 mHz is observed. At our rootThis measurement (1.5 p.p.b.)
mean-square-background axial frequency fluctuation of approximately
65 mHz this corresponds to an identification of the spin state with an
10–10
1985 1990 1995 2000 2005 2010 2015 2020
initialization fidelity23 of > 98%. Each of these spin-state initialization
attempts requires about 25 min. Afterwards, the cyclotron frequency
Year
νc,k,j of the cyclotron particle in the precision trap is measured three
b
Precision trap
Analysis trap
times, j ∈ {1, 2, 3}. Subsequently, this particle is shuttled to a park elecSpin-flip coils
Park electrode
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
Feedback loop
spin-flip coil, slightly saturating the Larmor resonance (see Methods).
Then the Larmor particle is transported back to the analysis trap and
Larmor
the cyclotron particle to the precision trap, where we perform three
particle
Cyclotron
additional measurements of the cyclotron frequency νc,k,j, where
Axial detection system
particle
j ∈ {4, 5, 6}. Finally, the spin state of the Larmor particle in the analysis
Cyclotron detection
1 cm
trap is identified and compared to the previously identified spin state.
Axial detection
system
system
With a total of 122 s per cyclotron frequency measurement, and about
c
79 s for the spin-flip drive and each individual transport, respecA8 s and100
0.2
tively, a frequency measurement cycle k requires, on average, about
0.1
890 s. Together with the initialization of the spin state, resitive
an entirecooling
experiment cycle
min, which is about three times faster than
0.0
= 4040mHz
Ξnabout
80takes
in our 2014 proton
moment measurement9.
–0.1
113 mHz
Ξw =magnetic
By repeating this scheme for different spin-flip drive frequencies νrf,k
–0.2
0
10
20
30
40
50
60
70
and normalizing
to the measured cyclotron frequencies νc,k, we obtain
60
Measurement
a g-factor resonance, which is the spin-flip probability as a function of
Laser cooling
the frequency ratio Γk = νrf,k/νc,k. Here, νc,k is the average of the six
Figure 1 | Historical overview and experimental setup. a, Historical
overview of antiproton magnetic moment measurements. b, The relevant
recorded40
cyclotron frequency measurements νc,k,j,PT taken in cycle k.
part of the Penning trap assembly used in this experiment. In the
Averaging is used to account for the temporal drift (1/t ) × (∆B/B 0 )≈
homogeneous magnetic field of the precision trap, the cyclotron frequency
2.5(6) × 10−9 h−1 in the field of the superconducting magnet, and to
of the cyclotron particle is measured and spin transitions of the Larmor
20impact of fluctuations induced by residual magnetic field
reduce the
particle are induced. In the inhomogeneous magnetic field of the analysis
inhomogeneities.
trap, the spin state is first initialized and then analysed after each spinTo apply this two-particle measurement scheme routinely, it is crucial
lip attempt in the precision trap. c, Single spin-flip sequence recorded in
0 energy of the Larmor particle below (E+,L/kB)TH = 0.2 K.
to keep the
the analysis trap. The resolution of the experiment is sufficient to clearly
0.001
0.01 heating of0.1
Consequently,
we minimize parasitic
the ν+-mode by1discondentify the spin eigenstate.
energy
(E+ /Multiple-order
kB)
necting all radio-frequencycyclotron
supplies whenever
possible.
frequency fluctuations that are sufficiently small to clearly resolve single filter stages are connected to the high power spin-flip drive lines. After
optimization of our particle manipulation radio-frequency networks, we
antiproton spin transitions23,24 (Fig. 1c).
To perform experiments, we load the precision trap with a single achieved the cycle-to-cycle heating rate of the modified cyclotron mode
antiproton and remove contaminants such as electrons and negatively that is shown in Fig. 2b. As expected for quantum oscillators, the heatMarkus
Wiesinger
for the BASE collaboration
charged ions with kick-out
and high
power radio-frequency
pulses. ing rate per cycle scales linearly with the mode energy E9+,L (refs 24, 25),
but remains below 22 mK per cycle for (E /k ) < (E /k ) . The mean

Sympathetic Cooling via Coupled Traps
•

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

• trap design

minimises CT
and therefore the
coupling time τ:

• coupling time τ on the
order of 55 s:

2

⌧ = ⇡!z d CT
Heinzen, D. J. & Wineland, D. J., Phys. Rev. A, 42, 2977 (1990)
Markus Wiesinger for the BASE collaboration
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Bohman M. et al., J. Mod. Opt. (2017)
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The Apparatus
ST

AT

spin flip coils

PT

CT

BT
ablation laser at 532

cooling laser at 313.13

electron beam

double trap

florescence
detection
fluorescence
detection

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
double
trap
for g-factor
measurements
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
coupling
traps for
sympathetic
cooling
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.

•
•

Bohman M. et al., J. Mod. Opt. (2017)
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in which the PT with high magnetic field homogeneity is used for high precision

The Apparatus

fluorescence detection

•

double trap for g-factor measurements

•

coupling traps for sympathetic cooling
Bohman M. et al., J. Mod. Opt. (2017)
Markus Wiesinger for the BASE collaboration
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Cryogenic Detection Systems I

Image Current Detectors
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where kB is the Boltzmann-constant, Re↵ the e↵ective parallel 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-

III. RESONATOR

Each resonator consists of a toroidal coil in a
metal housing with an outer diameter A, as show
The toroidal geometry confines the magnetic flux
inductor and consequently reduces losses caus
fields. The coils, as well as the housings, are m
type-II superconducting NbTi. This material has a
magnetic field strength18 of BC2 = 14.5 T, which
placement of the resonators close to the trap syste
resonator
in the high magnetic field B0 = 1.9 T of a supe
particle signal
magnet.
In total four resonators were developed, two w
diameter of A = 48 mm and two with A = 41 mm
−20 defined
−10
10
20
sions being
by0 geometrical
constraints o
ωz/(2π) − 633 665 (Hz)
iment. The geometry of the toroid was optimize
Sci. Instrum.
87, 113
such that the inner cross-sectionalRev.area
is maxim
shortest length of superconducting wire, when
the boundary conditions defined by the housing
the parasitic capacitance of the coil small, we use
amplitude

Axial Frequency Detection System

FIG. 1. Schematic of detecting the axial frequency
of a single
113305-3 ⌫ z Nagahama
et al. trapped
particle. The detector consists of a superconducting tuned circuit with resonance frequency matched to ⌫ z and a cryogenic ultra-low noise amplifier.
The particle’s eigenfrequency is obtained from the Fourier spectrum of the
toroidal coils
image current using an FFT analyzer. For details, see text.

•
•

inductivity ~ 3 mH

•

crucial: materials

•

resonance frequency ~ 500 kHz

Nagahama, H. et al. Rev. Sci. Instrum. 87,

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 wi
toroid is mounted inside the NbTi housing and kept stable with PTFE holders. It is enclosed by inserting a cap from outside. Geometrical lengths d
two resonator
designs.
113305
(2016)

chamber windings. The individual chambers are machined
Markus Wiesinger for the BASE
collaboration
onto
the toroid. Losses induced by dielectric polarization ef-

in the dielectrics present in the resonator housing, a
14 residual resistances in the critical NbTi-to-C
small

Axial Frequency Detection System
N = 950 - 1200
Q = 200k - 500k
L = 2-3 mH
νz = 400-800 kHz
Rp > 1GΩ

Nagahama, H. et al. Rev. Sci. Instrum. 87, 113305 (2016)
Markus Wiesinger for the BASE collaboration
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Modified Cyclotron Frequency Detection System
fres = 28.96 MHz
SNR = 20 dB
Q = 1500
tcool = 60 s
T = 5 K, with feedback T = 2 K

from trap

superconducting coil

amplifier

45 mm

68 mm

low noise cryogenic amplifier
NbTi wire

teflon core
42 mm

•

split electrodes necessary

•

crucial: choice of materials

Schneider, G. Doctoral Thesis (2018)
Markus Wiesinger for the BASE collaboration
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Cryogenic Detection Systems II

Single Photon Sensors
for Fluorescence Detection

Markus Wiesinger for the BASE collaboration

17

Fluorescence Detection
•

CT

BT ring electrode:

•

features 6 slits

•

application of rotating wall drive

•

allows detection of fluorescence light
BT
ablation laser at 532

cooling laser at 313.13

florescence detection
Markus Wiesinger for the BASE collaboration
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The SiPM Sensor
5676 cells

Introduction to SiPM
FigureNOTE
8, Simplified circuit schematic of the SensL SiPM (left) showing each
TECHNICAL
microcell which is composed of the SPAD, quench resistor and fast output capacitor (top right). The SensL SiPM component symbol is shown (lower right).

etects photons identically and independently. The sum of the photocurrents from
s to form a quasi-anlog output, and is thus capable of giving information on the
he response to low-level light pulses is shown in Figure 6, and a charge spectrum

to the standard Silicon Photomultiplier structure that results in a third terminal (in
an ultra-fast output signal. The microcell structure schematic in Figure 8, shows
fast output
pulse from
6mm sensor.
The
Figure internal
10, Output pulse
readswitching
out from the anoded output. ThisFigure
fast9, The
output
signal
isa the
derivative
ofcathode,
the
fast
of the
FWHM of the fast output allows the sensor to resolve
showing the recovery time of the microcell.
high-repetition,
fastthe
pulses.anode-cathode output, is formed from the sum
gle photon. The fast output,
like
o proportional information on the magnitude of the photon flux can be obtained, in
where C is the effective capacitance of the microcell, R the value of the microcell quench resistor, N is the total number of
ast output
pulse
issensor
shown
Figure
9.in series
Thiswith
signal
can
used
to signal
make
ultra-fast
microcells
in the
and R in
is any
resistance
the sensor
(e.g.be
sense
resistance,
tracks
on the sensor).
arly distinguish
the
arrival
time
of
the
first
photon
in
the
pulse,
and
also
allow
higher
Since the capacitance of the microcell will depend upon its area, the reset time will vary for different microcell sizes,
with a 50mm
Markus
Wiesinger
for
the
BASE
collaboration
microcell
SiPM
having
a
significantly
longer
reset
time
than
a
10mm
microcell
SiPM.
ton timing. In addition to fast timing, the fast output also has considerably lower
d

q

s
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Introduction to SiPM
Test Setup
TECHNICAL NOTE

•

multiple photons:

•

fast vs. slow signal:

Figure 7, Photoelectron spectrum of the SiPM,
achieved using brief, low-level light pulses, such as
those from Fig. 6.

Markus Wiesinger for the BASE collaboration

m
p

SiPM is shown in Figure 5. Each microcell detects phot
each of these individual microcells combines to form a
20
magnitude of an instantaneous
photon flux. The respons

Fluorescence Detection Progress
✅

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

Markus Wiesinger for the BASE collaboration
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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

Markus Wiesinger for the BASE collaboration
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Cryogenic Detection Systems III

A single laser-cooled Be+ ion
as a quantum sensor

Markus Wiesinger for the BASE collaboration
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Laser cooled Be+ as quantum sensor

a) cooling of a source to the
ground state of motion
b) detecting single quantum
excitations of the source

Heinzen, D. J. & Wineland, D. J., Phys. Rev. A, 42, 2977 (1990)
Markus Wiesinger for the BASE collaboration
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Cryogenic Detection Systems for
Low-Energy Particles in a Penning Trap

