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Efficient cooling of trapped charged particles is essential in many fundamental physics experiments
[1, 2], for high-precision metrology [3, 4], and for quantum technology [5, 6]. Until now, ion-ion
coupling for sympathetic cooling or quantum state control has been limited to ion species with
accessible optical transitions or has required close-range Coulomb interactions [7, 8]. To overcome
this limitation and further develop scalable quantum control techniques, there has been a sustained
desire to extend laser-cooling techniques to particles in macroscopically separated traps [5, 9, 10],
opening quantum control techniques to previously inaccessible particles such as highly charged
ions, molecular ions, and antimatter particles. Here, we demonstrate sympathetic cooling of a
single proton by laser cooled Be+ ions stored in a spatially separated Penning trap. The two
traps are connected by a superconducting LC circuit that enables energy exchange over a distance
of 9 cm. We simultaneously demonstrate the cooling of a resonant mode of a macroscopic LC
circuit with laser-cooled ions and sympathetic cooling of an individually trapped proton, reaching
temperatures far below the environment temperature. Importantly, as this technique does not
rely on the direct Coulomb interaction but rather on image-current interactions, it can be easily
applied to an experiment with antiprotons [1], facilitating improved precision in matter-antimatter
comparisons [11] and dark matter searches [12, 13].

Comparisons of fundamental matter-antimatter prop-
erties provide stringent constraints on possible violations
of the charge-parity-time reversal symmetry and aim
to explain the observed overabundance of matter to
antimatter in the universe [14]. Measurements of the
charge-to-mass ratio and g-factor of the proton and
antiproton, a prominent, stable particle-antiparticle
system, are limited by cryogenic particle temperatures
[15–17] but unlike atomic systems, protons and antipro-
tons have no electronic structure and are not amenable
to standard laser cooling techniques. Moreover, easily
laser coolable ions are not readily trapped in the same
potential well as negatively charged antiprotons or more
exotic forms of antimatter such as the antihydrogen
molecular ion, H̄−

2 [18]. Sympathetic laser cooling has
been proposed using exotic negatively charged ions [19–
21] and via the Coulomb interaction in microscopically
separated potentials [1, 22, 23]. Another technique was
proposed over thirty years ago to extend laser cooling
to antimatter and other exotic systems by coupling to
ions with a well-suited cooling transition via ion-induced
image currents in trap electrodes [9]. In other contexts,

∗ matthew.bohman@mpi-hd.mpg.de

coupling of laser addressable ions to systems with no
optical structure has also long been desired for precision
spectroscopy [24, 25], mass measurements [26], quantum
information [10], and the realisation of novel quantum
systems [5].

We have demonstrated the first sympathetic cooling of
a single proton by extending the image current coupling
technique through the use of a superconducting LC
circuit that resonantly enhances the energy exchange
between the proton and the laser-cooled ions. Our
implementation, illustrated in Fig. 1 a), uses a cryogenic
multi-Penning-trap system to store a single proton in
the proton trap (PT) and a cloud of Be+ ions in a
separate beryllium trap (BT). The traps confine the
particles by a homogeneous magnetic field B parallel
to the electrode centre axis, and an electric quadrupole
field with trapping voltage V0. The motion of the
trapped particles is composed of the circular magnetron
and modified cyclotron modes in the radial plane, and
the harmonic axial mode, at frequencies ν−, ν+ and
νz, respectively [27]. Both traps are realised with a
stack of cylindrical electrodes and are separated axially
by around 9 cm. LC resonators with a high quality
factor (in our case Q ∼ 15 000) are commonly used for
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FIG. 1: a) A single proton is stored in the proton trap (PT) while one or more Be+ ion(s) are stored in the
beryllium trap (BT). The two ion traps, with inner diameters d = 9 mm and d = 5 mm, respectively, are connected
to a cryogenic LC circuit with resonance frequency near their axial frequencies. One end of the resonance circuit is
connected to a cryogenic amplifier while the other is connected to rf ground. b) This system is described by a three
part equivalent circuit, two series LC-circuits representing the trapped particles, and the LC-resonator with effective

parallel resistance Rp as parallel RLC-circuit. The amplifier is used to read out the image-current signal of the
circuit, and drives the system with voltage noise at an effective temperature T0. c) The resulting FFT spectrum
consists of the broad resonance of the detector (∼ 40 Hz FWHM) and two narrow “dips” (∼ 0.8 Hz FWHM for a

single Be+ ion and ∼ 2.6 Hz FWHM for the proton) at the axial oscillation frequencies of the two trapped-ion
systems.

detection of image currents from the trapped particles
[28] and in our experiments we connect the resonator to
both traps as shown in Fig. 1 a) so that the two ion-trap
systems are coupled via image currents. The LC-circuit
with total capacitance CR ≈ 36 pF and inductance
LR ≈ 3.0 mH has an equivalent parallel resistance, at
resonance frequency ν0, of Rp = 2π ν0 LR Q. Illus-
trated in Fig. 1 b), the entire system is modelled by an
equivalent circuit in which the proton and Be+ ions are
series LC circuits with capacitances and inductances
Cp, CBe, Lp, and LBe [29] connected in parallel to the
superconducting LC circuit. The motion of the Be+

ions is also damped by the cooling laser, represented as
a variable virtual resistance RL [9]. In contrast to the
original sympathetic cooling proposal in which energy
is exchanged between the ion-trap systems via a shared
electrode [9], we use the LC-circuit resonator to couple
the axial modes of the trapped particles. On resonance,
the large inductance of the resonator coil compensates
the capacitance of the coupling electrode and enhances
the ion-induced image current by the Q-value. With
the mechanically machined traps used for precision
Penning-trap experiments, the ∼ 10 mHz coupling rates
expected from the non-resonant proposal [11] require
cooling duty cycles on the scale of minutes and are
limited by decoherence, e. g. from voltage fluctuations
of the trapping potential. For the parameters used in
our resonant cooling demonstration, energy is exchanged
between the proton and the sympathetically laser cooled
resonator at a rate of 2.6 Hz so that thermal equilibrium
is reached after a few seconds and the axial frequencies
of the two species can be easily matched. Importantly,

by coupling the ion-trap systems via the resonator, the
coupling does not rely on a shared electrode so the
energy exchange rate is not limited by the trap capaci-
tance. Consequently this cooling scheme can be realised
over long distances and with several distributed ion traps.

The noise spectrum of this coupled system is shown
in Fig. 1 c) which shows a fast Fourier transform (FFT)
of the voltage signal of the resonator. In the absence
of additional interactions, the entire system is driven
by a combination of the Johnson noise of the res-
onator and additional voltage noise from the cryogenic
amplifier resulting in an effective noise temperature
T0 = 17.0(2.4) K. Here, the axial frequencies of the
proton in the PT and the Be+ ion in the BT were set
close to resonance with the LC circuit by adjusting the

voltage of the axial potential in each trap, νz ∝ V
1/2
0 .

In the measured noise spectrum, the detector appears as
a broad ∼ 40 Hz (FWHM) resonance while the proton
and the Be+ ions short the parallel resistance of the
resonator and appear as narrow dips [29].

We demonstrate that the proton, Be+ ion(s), and
resonator form a system of three coupled oscillators by
measuring the noise spectrum at thermal equilibrium.
We detune both ion species around three resonator
linewidths away from the LC-circuit resonance frequency
ν0 to observe coupling signatures via the FFT lineshape.
In these measurements we store the proton in the PT at
constant axial frequency and gradually increase the axial
frequency of a single Be+ ion in the BT. Fig. 2 a) shows
the resulting FFT spectra, where we observe particle fre-
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FIG. 2: a) Measured FFT spectra of a single Be+ ion and the proton are presented as vertical cuts of the heatmap.
The axial frequency of the proton is fixed and the ring voltage of the BT trapping potential is scanned one step
upwards after each FFT is recorded. b) The noise spectra expected from the impedance Z(ν) of the equivalent

circuit in Fig. 1 b) are presented in the same way as in a) and are calculated using the same parameters as in the
experiment. c) An example of the energy exchange between the three oscillators at the resonance frequency of the
LC circuit is simulated and includes the energy fluctuations from environment noise of the system. The energy of
each oscillator depends on the phase relation with the environment noise so the time series shown here is one of

infinitely many that could produce an FFT spectrum used in Fig. 2a). d) The change in axial energy of the proton
after coupling to the rf-excited Be+ ions is shown when the Be+ ions are tuned away from resonance (blue) and

tuned to resonance (orange). In both cases the excitation drive is present but only excites the proton via the
resonant Be+ ions. A typical FFT spectrum (inset) shows the excited proton which appears as a narrow peak on

top of the resonator and the Be+ dip which has reduced signal-to-noise compared to thermal equilibrium.

quencies at the dip positions in dark blue, and two of the
normal modes of the coupled three oscillator system at
the maxima in red. Near the p-Be+ resonance, the axial
motion of both particles is no longer determined by the
trapping potential alone, and we observe the coupling
signature as an avoided crossing in the normal modes.
This feature is consistent with the analytic solution de-
rived from the impedance of the circuit model in Fig. 2 b)
(see the methods section) and appears when the three
oscillators exchange energy. Using simulations described
in the methods section, we show the corresponding
time domain behaviour in presence of the environment
noise - see Fig. 2 c). In the absence of environmental
noise, the energy of each oscillator as a function of
time is deterministic and can be found from the initial
phases and energy exchange rates. With environmental
noise included, energy is still exchanged and, as shown
here when laser cooling is absent, the oscillator ener-
gies are determined by this equivalent noise temperature.

We further demonstrate that the temperature of the
proton can be modified by coupling to a cloud of excited
Be+ ions, typically consisting of around 15 ions. To
this end, we apply a parametric rf drive at 2ν0 in the
BT, which excites the Be+ ions if νz,Be = ν0 but, as
confirmed by background measurements, has no direct
effect on the proton in the PT. By bringing the proton
into resonance with the weakly excited Be+ ions, we
produce the characteristic frequency spectrum of the
inset of Fig. 2 d) in which the Be+ ions appear as a
broad, shallow dip and the sympathetically excited
proton appears as a narrow peak. To quantify the
energy transferred to the proton, we measure the axial
frequency of the proton before and after coupling to the
excited Be+ ions. Coupling the excited axial mode to
the cyclotron mode with a sideband drive at ν+ − νz
transfers the energy of the axial mode to the cyclotron
mode with resulting energy E+ = (ν+/νz)Ez [30].
Similar to the continuous Stern-Gerlach effect [31],
the quadratic component of the magnetic field in the
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PT, B2 = −0.39(11)T/m2, interacts with the magnetic
moment of the modified cyclotron mode at energy E+,p,
producing the axial frequency shift ∆νz ∝ B2 ∆E+,p (see
the methods section), which we measure to determine
the increase in axial energy of the proton. Presented in
orange in Fig. 2 d) we show a clear increase of the energy
of the proton due to the Be+ ions and, for background,
compare to a measurement in which the Be+ ions are
tuned away from resonance, shown in blue. We see that
the energy distribution of the proton is modified by the
excited Be+ ions and acquires a high energy tail with
over 40 % of the measured data points outside the 5σ
width of the background.

Our demonstration of sympathetic cooling employs
similar axial frequency shift measurements in the
presence of a continuously laser cooled Be+ ion cloud.
The Be+ ions are cooled with the closed 2S1/2 → 2P3/2

transition [32] and tuned to resonance with the super-
conducting circuit and the proton, shown in Fig. 3 a).
The cooling laser damps the axial motion, increasing
the equivalent resistance RL in Fig. 1 b) and reducing
the signal of the broad Be+ dip. The laser cooled ions
reduce the effective noise temperature in the entire
circuit and lower the temperature in a narrow frequency
range. Using the narrow proton dip as a temperature
sensor for the cooled common mode of the system we
determine the temperature reduction experimentally
with well understood energy dependent shifts of the
axial dip and develop further insight into the cooling
using time-domain simulations.

A symmetric, cylindrical Penning trap provides a high
degree of control over the trapping potential. We use
a deliberately introduced trap anharmonicity in the PT
which shifts the axial frequency by

δνz (TR, T ) =
1

4π2mνz

3

2

C4 (TR)

C2 (TR)
kB T. (1)

Here, Cn (TR) are the coefficients of the expansion of
the local trapping potential along the trap axis that
depend on the ratio of voltages applied to the central
ring electrode (V0), and the two nearest correction elec-
trodes (VCE), [27, 33, 34], referred to as the tuning ratio,
TR = VCE/V0. When the laser cooled Be+ ions are tuned
to resonance, the noise energy of the common mode of
the proton, resonator, and Be+ ions is reduced from the
noise temperature of the environment resulting in an ax-
ial frequency shift,

∆νz(T0, Tp,∆TR) = νz,1(TR, T0) − νz,2(TR, Tp) (2)

= κ∆TR × (T0 − Tp), (3)

where νz,1(TR, T0) = νz + δνz(TR, T0) is the axial
frequency measured at T0 when the Be+ ions are
detuned and νz,2(TR, Tp) = νz + δνz(TR, Tp) is the
axial frequency measured when laser cooled ions are
in resonance and reduce the temperature to Tp. The

trap anharmonicity is characterised by an offset from
the ideal tuning ratio ∆TR = TR − TR(C4 = 0)
and a constant determined from the trap geometry
κ = 45.4 Hz/K that we crosscheck with additional
measurements that use electronic feedback to change
the temperature of the resonator. We measure ∆νz as a
function of ∆TR and the measured slope s determines
the change in temperature, ∆T = T0 − Tp = −s/κ.
The results of an example measurement are shown in
blue in Fig. 3 b). With 10 Be+ ions in resonance we
measure a slope s = −350 (14) Hz and in a background
measurement with the Be+ ions detuned, shown in
orange, obtain a slope s = 4 (13) Hz. This corresponds
to a temperature reduction of ∆T = 7.7 (0.3) K and is
the first demonstration of sympathetic laser cooling of
a single trapped proton. With a significance of more
than 20 standard deviations, this also constitutes the
first demonstration of remote, image current mediated
sympathetic cooling, applicable to any charged particle
without convenient cooling transitions.

The temperature of the proton is determined by the
noise power dissipated by the laser cooled ions. In
the circuit representation, increasing the damping of
the laser cooling γL increases RL and has the effect
of lowering the coupling rate of the Be+ ions to the
resonator γ̃Be. In the absence of laser cooling is given
by the dip width γBe ∝ NBe. For a given number of
laser cooled ions NBe, γL must be optimised and in the
limiting case when γL ≪ γBe the Be+ ions are driven by
the resonator and the dip signal is unchanged. Likewise
when γL ≫ γBe, the Be+ ions are decoupled from the
resonator and the dip signal vanishes. In both limiting
cases, the temperature of the resonator and the proton
remains unchanged.

However, increasing NBe increases γ̃Be and laser cool-
ing reduces the temperature of the resonator and the pro-
ton, even at large γL. To lower the temperature and to
investigate the scaling of Tp, we performed a series of fur-
ther measurements with varying NBe and laser detuning
δ shown in Fig. 4. We additionally analysed the temper-
ature scaling by comparing to a temperature model in
which the common mode temperature TCM of the equiv-
alent circuit is arises from competing dissipation sources
- the noise temperature of the environment, T0, at a cou-
pling rate given by the width of the LC resonance γD,
and to the Be+ ions at temperature TBe. As a result, the
system comes to thermal equilibrium at

Tp = TCM (4)

TCM =
T0 γD + TBe γ̃Be

γD + γ̃Be

. (5)

When γ̃Be ≫ γD, the proton temperature is approxi-
mated as

Tp ≈ T0

γD
γ̃Be

+ TBe, (6)
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FIG. 3: a) A cloud of laser cooled Be+ ions appears on
the resonator as a broad dip that reduces the

temperature of that resonator mode. The proton
spectral dip is much narrower and continues to short
the resonator noise and can be used as a temperature
probe via Eq. (3). b) A characteristic measurement of
∆Tz is shown for NBe ≈ 10 and the laser red detuned
by δ ≈ 100 MHz. Error bars represent the standard
deviation of the measured data and the change in

temperature is extracted from the slope. Calculated
slopes, the red and green dashed lines, illustrate the

scaling of the slope with ∆T .

reproducing the 1/NBe scaling, by γBe ∝ NBe, that ap-
pears in the non-resonant proposal [9, 11] and related
proposals in the context of trapped ion quantum infor-
mation [10, 35, 36]. The data point for the largest ion
cloud γBe = 164 (5) Hz and largest detuning from the
centre of the cooling transition δ = −90 MHz in Fig. 4
is representative for the lowest temperatures observed in
our measurements. Here, we achieve a temperature re-
duction of

∆Tp = 14.4 (0.7) K. (7)

The uncertainty of the final temperature of the proton is
dominated by the uncertainty of the environment tem-
perature at T0 = 17.0(2.4) K and we obtain

Tp = T0 − ∆Tp = 2.6 (2.5) K, (8)

demonstrating a temperature reduction of 85 %.

0 50 100 150 200
Be+ dip width (Hz)

5

10

15

T p
 (K

)

 = -90 MHz
 = -70 MHz
 = -50 MHz
 = -40 MHz

FIG. 4: The temperature of the cooled proton-resonator
system is shown as a function of the laser detuning δ
and the coupling of the laser cooled Be+ ions to the

resonator parametrized by the dip width. Here, vertical
error bars represent the fit uncertainty of the measured

slope and the horizontal error bars represent the
standard error of γBe. Fits to the data are shown to

illustrate the 1/NBe scaling when the dip width becomes
larger than the resonator width - around 40 Hz.

Lower temperatures can be achieved by lowering
the noise temperature of the amplifier, T0, increasing
the Q-value of the resonator, or by operating with
smaller traps that increase γBe quadratically with lower
radius. In addition, by performing these demonstration
measurements fully on resonance for maximal coupling
rates, the balance of heating by the resonator to cooling
by the Be+ ions is maximally inefficient, and future
cooling work will be done off-resonantly to balance the
coupling rate and the temperature limit with engineered
cooling sequences [37].

In the context of our experimental goals, this
technique can be readily applied to sympathetically
laser cool protons and antiprotons in the same large
macroscopic traps that enable precision measurements
of the charge-to-mass ratio and g-factor [1, 11]. In
measurements of nuclear magnetic moments this will
enable nearly 100% spin-flip fidelity [11, 16, 17, 38] and
can reduce the dominant systematic effect proportional
to the particle temperature in the highest precision
mass measurements [39–41]. In addition, this technique
can also be used to cool other exotic systems such as
highly charged ions [24, 25] or molecular ions [18, 42]
for sideband resolved spectroscopy, using only a single
cooling laser. The sympathetically cooled resonator can
also be used as a sensitivity enhanced probe of new
physics, for example in dark matter searches [13, 42, 43].
Most importantly though, this demonstration realises
a long sought experimental technique that will enable
enhanced precision experiments of any charged species
at lower temperatures.
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I. METHODS

A. Equations of motion for the coupled ion-trap

systems

The axial motions of the trapped proton and Be+

ion(s) are described by a harmonic oscillator driven by
the oscillating voltage on the trap electrodes connected
to the resonant LC circuit, VLC , and in the case of the
Be+ ion(s) by an additional photon scattering force from
the cooling laser, FL:

mpz̈p + mpω
2
z,p zp =

q

Dp
VLC

mBez̈Be + mBeω
2
z,BezBe =

q

DBe

VLC + FL.
(9)

VLC is composed of voltage noise from the environment,
Vnoise, and the voltage arising from image currents in-
duced by the proton and Be+ ion(s), Ip and IBe, respec-
tively. On resonance ωR = ωz,p = ωz,Be, the impedance
of the LC-circuit is given by its equivalent parallel resis-
tance, Rp, and

1

ω2
R

V̈LC +
1

QωR
V̇LC + VLC = LR

(
İnoise + İp + İBe

)
.

(10)
Inoise is the noise current from the environment, and Ip
and IBe are the induced image currents of the proton and
the Be+ ions, respectively:

Ip,Be =
q

Dp,Be
żp,Be, (11)

where Dp,Be are the trap dependent effective electrode
distances [29].

The equations of motion and the equation for the
voltage in the LC-circuit form a set of coupled stochastic
differential equations without closed analytic solutions
available. As a result, we analyse the frequency response
of the system by calculating the impedance of the
equivalent circuit in Fig. 1 b) and estimate the energy of
the proton by calculating the temperatures of each com-
ponent based on their energy exchange rates. Finally, we
numerically integrate the differential equations in simu-
lations that allow the comparison of FFT spectra and the
visualisation of the time-domain behaviour in the system.

B. Impedance analysis of the equivalent circuit

The FFT spectrum shown in Fig. 1c) results from
the noise on the image current detector u2

n =
4kBT0 Re [Z(ω)] ∆f at effective noise temperature T0,
FFT bandwidth ∆f , and the impedance Z(ω) of the cir-
cuit in Fig. 1 b). The lineshape of resistively cooled par-
ticles stored in a single trap based on the impedance of
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the equivalent circuit is well understood [29, 44]. Here,
we evaluate the impedance for two independently biased
ion-trap systems as:

Re [Z(ω)]

Rp
=

(
1 +

kL
k2L + δBe(ω)2

)
/

((
1 +

kL
k2L + δBe(ω)2

)2

+ δR(ω)2 + δp(ω)−2+

δBe(ω)2

(k2L + δBe(ω)2)
2
−

2δR(ω)

δp(ω)
−

2δR(ω)δBe(ω)

(k2L + δBe(ω)2)
+

2δBe(ω)

δp(ω) (k2L + δBe(ω)2)

)
, (12)

where kL = RL/Rp allows for additional damping in one
of the traps. The lineshapes of the individual components
arise from δi(ω) = 2(ω−ωi)/γi which are parameters pro-
portional to the ratio of the frequency detuning (ω− ωi)
to the oscillator linewidth, γi. The index i ∈ {R,Be, p}
corresponds to the resonator, the Be+ ions, and the pro-
ton, respectively. In the absence of additional damping
kL = 0 the impedance simplifies to:

Re [Z(ω)]

R
=

1

1 + δ2R + δ−2
p + δ−2

Be − 2 δR
δp

− 2 δR
δBe

+ 2 1
δpδBe

, (13)

which describes the lineshape of the data shown in
Fig. 1 c). Similarly, the heat maps in Fig. 2 a) and
Fig. 2 b) compare the FFT spectra from experiment
to ones calculated with Z(ω), and observe consistent
behaviour.

-3 -2 -1 0 1 2 3

0.0

0.2

0.4

0.6

0.8

1.0

(ω -ωR) / γR

R
e
[Z
(ω)]

/
R
p

No Damping

RL = 1.0 Rp

RL = 5.0 Rp

RL = 10.0 Rp

No Be+ ions

FIG. 5: The normalised impedance Re [Z(ω)] /Rp is
plotted for different values of RL, where no damping
corresponds to RL = 0, and no Be+ ions to RL → ∞.
Here, γR = 2 γBe = 20 γp, corresponding in experiment

to about 30 Be+ ions and a single proton.

With laser cooling included, RL > 0 and the dip fea-
ture of the Be+ ions is modified as displayed in Fig. 3 a).
The corresponding impedance is calculated for varying
RL in Fig. 5. In both cases, regardless of the value of

RL, the proton shorts the noise of the LC-circuit on res-
onance. As described in the main text, the Be+ ions de-
couple from the LC circuit as RL reduces the fraction of
noise power dissipated in the series LC-circuit of the Be+

ions - ultimately leading to a vanishing dip signal. This
decoupling effect is well known from other coupled oscil-
lator systems [45] and motivates the reduced coupling of
the Be+ ions to the LC-circuit, γ̃Be < γBe.

C. Temperature Model

The temperature model presented here is described
in [46] and assumes that each component of the three
oscillator system consisting of the trapped proton, the
trapped Be+ ion(s), and the resonator comes to thermal
equilibrium with the rest of the system at tempera-
tures defined by the energy exchange rates in the system.

The Be+ ions, are damped by the resonator as well as
the cooling laser and the power transmitted by the Be+

ions is then written,
〈
dEBe

dt

〉
= kB TBeγ̃Be +

〈
dEBe

dt

〉

laser

, (14)

where
〈
dEBe

dt

〉
laser

is the the power dissipated by scattered
photons. An identical analysis applies to the resonator
which is coupled to the environment with a coupling rate
γD given by the width of the resonance, or the Q-value,
and to the Be+ ions with a coupling rate, γ̃Be. These
relations produce the system of equations shown in the
main text,

Tp = TCM (15)

TCM =
T0 γD + TBe γ̃Be

γD + γ̃Be

. (16)

The power dissipated by the resonator while the Be+ ions
are laser cooled can be written as

kB TCM γ̃Be =
〈
J̃z

〉
Rp, (17)

and in combination with the power dissipated by the res-
onator in the absence of laser cooling,

kB T0 γBe = 〈Jz〉Rp, (18)

allows the reduced coupling rate to be written as,

γ̃Be =
T0

TCM

k γBe, (19)

where k is defined by the ratio,

k =

〈
J̃2
z

〉

〈J2
z 〉

. (20)

Although k can, in principle, be extracted from the FFT
spectrum, the extraction of individual k values is impre-
cise and k and TBe are treated as constant fit parameters
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in Fig. 4. A more accurate determination of
〈
dEBe

dt

〉
laser

can be performed by measuring the photon scattering
rate [9] and is planned for future measurements.

D. Simulations and Time Domain Behaviour

We access the time domain behaviour of the proton-
ion-resonator system through simulations, which are per-
formed by numerically integrating Eq. (9) and Eq. (10).

By replacing VLC = LRİL, where IL is the current flow-
ing through the inductance LR, these equations can be
rewritten as,

mpz̈p + mp ω
2
z,pzp =

q

Dp
LR İL

mBe z̈Be + mBe ω
2
z,Be zBe =

q

DBe

LR İL + FL

LR CRÏL +
LR

Rp
İL + IL + Inoise +

q

Dp
żp +

q

DBe

żBe = 0.

(21)
The integration is performed in time steps of ∆t = 1 ns
for most simulations and the equivalent thermal noise〈
I2noise

〉
= 4kBT0∆f/Rp is computed in each step n as

Inoise,n =
√

2kbT0/(Rp∆t) ·Gn(µ = 0, σ = 1), (22)

where, due to the discrete time steps, the noise band-
width is defined as ∆f = 1/(2∆t). Gn(µ = 0, σ = 1) is
a Gaussian distribution with mean µ = 0 and standard
deviation σ = 1 which is sampled every step, conserving
the standard deviation of the noise while fulfilling the
criterion that two subsequent values must be uncorre-
lated.

Laser cooling is implemented as a force FL resulting
from the absorption and emission of individual photons
from a cooling laser at frequency f0 + ∆f , which is
red detuned from the centre of the cooling transition
at frequency f0. In each simulation step in which the
ion passes the absorption velocity, i.e. vn+1 > vabs and
vn < vabs, the ion absorbs a photon with probability
defined by the laser intensity and receives a momentum
kick ∆p. In the excited state the ion is not allowed to
absorb photons and decays to the ground state with
probability exp

(
∆t
τ

)
where τ is the excited state lifetime.

Upon decay, the ion receives an axial momentum kick,
pz = |∆p| cos(φ), where φ is evenly distributed from 0
to 2π to account for the random direction of the emitted
photon.

Data preparation and analysis is performed in R
[47], while the calculation intensive part is outsourced
to C++ via the Rcpp-package [48]. We employ a
fourth order symplectic integrator [49] to calculate
the particle trajectories and the voltage across the
RLC circuit to ensure that energy is, on average, con-
served for numeric integration with more than 1010 steps.

In simulations of the p-Be+-resonator system we apply
the conditions of the experiments described in the main
text to reproduce the frequency domain behaviour, with
Fig. 6 a) and Fig. 6 b) corresponding to the experimental
results shown in the inset of Fig. 2 d) and Fig. 3 a),
respectively. The evolution of the oscillator energies
with 10 Be+ ions, NBe = 10, is shown in Fig. 6 c).
Starting from t = 7.5 s a parametric drive is applied
resulting in a significant increase of the energy of the
proton and the Be+ ions from an initial temperature of
17 K. Similarly, Fig. 6 d) shows the energy exchange
between a single proton, a single Be+ ion, and the
resonator all on resonance, where the cooling laser is
applied from t = 10 s, resulting in rapid cooling of the
Be+ ions and a temperature reduction of the proton.

E. Axial Frequency Shifts

A particle in a Penning trap is subjected to shifts of the
mode frequencies due to the inhomogeneity of the mag-
netic field and the anharmonic contributions to trapping
potential [27, 34]. The magnetic field in the trap centre
can be written with the lowest order corrections as:

B(z, r) = B0 ẑ + B2

((
z2 − r2/2

)
ẑ − r z r̂

)
, (23)

where a quadratic gradient B2 shifts the axial frequency
as a function of the radial energy by:

∆νz =
1

4π2 mνz

B2

B0

E+. (24)

We use this effect to demonstrate the energy exchange
between the heated Be+ ions and the proton in Fig. 2 c).
Here, the proton axial mode and modified cyclotron
mode are sideband-coupled with a quadrupolar rf-drive,
so that after the sideband coupling the proton cyclotron
energy freezes out at an energy E+ = (ν+/νz)Ez, where
Ez is the axial energy while coupling the axial mode to
the excited Be+ ions.

The proton trap is optimised to have a homogeneous
magnetic field and is unsuited for energy measurements
using Eq. (24) at low energy, with a temperature reso-
lution of < 0.1 mHz/K. In the the sympathetic cooling
measurements presented here, we instead used the trap-
ping potential anharmoncity that we introduced in the
PT to determine the temperature of the trapped parti-
cle. The trapping potential can be expanded in terms of
Cn coefficients [27, 33, 34], and the higher-order terms
C2n, n ≥ 2 shift the trap frequencies νi by

∆νi ∝ C2nE
n−1
j (25)

where Ej is the energy of a trap mode. The coefficients
Cn can be written in terms of a “tuning ratio”, TR, de-
fined by the ratio of the voltage applied to the central ring
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b)

c)

a)

d)

FIG. 6: Computed FFT spectra are given in a) and c) to compare to the experimental results presented in the inset
of Fig. 2 d) and Fig. 3 a) in the main text, respectively. In c) and d), we show representative time domain behaviour
during heating and cooling measurements where the excitation drive or cooling laser is applied at times t = 7.5 s and

t = 10 s, respectively.

electrode to the voltage applied to a correction electrode,
as

Cn = En + Dn TR. (26)

Dn can be calculated from the trap geometry and the
axial frequency shift due to the leading energy dependent
trap anharmonicity C4 can be written as,

∆νz =
1

4π2mνz

3

2

D4

C2

kB Tz ∆TR, (27)

where ∆TR is the offset in applied tuning ratio from the
ideal tuning ratio at which C4 = 0. Ultimately the axial
frequency shift as a function of TR and the axial energy
Ez can be expressed as

∆νz = κD4
Ez, (28)

where, for a proton stored in the PT, κD4
=

45.4 ∆TR Hz/K. This effect is used to determine
the change of the proton axial temperature while the
resonator is cooled with the laser-cooled Be+ ions, and
is the underlying method for the data shown in Fig. 3
and Fig. 4.

Temperature measurements using this method are
limited by the determination of T0 to the ∼ 1 K level. We
have previously performed higher precision temperature

measurements using a dedicated, spatially distant trap
with a ferromagnetic ring electrode that uses the shift
of Eq. (24) to obtain a cyclotron energy resolution of up
to 80 Hz/K [16, 50] and have developed a similar trap
to reach 10 mK temperature resolution in future cooling
measurements.
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Figures

Figure 1

1: a) A single proton is stored in the proton trap (PT) while one or more Be+ ion(s) are stored in the
beryllium trap (BT). The two ion traps, with inner diameters d = 9mm and d = 5mm, respectively, are
connected to a cryogenic LC circuit with resonance frequency near their axial frequencies. One end of the
resonance circuit is connected to a cryogenic ampli er while the other is connected to rf ground. b) This
system is described by a three part equivalent circuit, two series LC-circuits representing the trapped
particles, and the LC-resonator with effective parallel resistance Rp as parallel RLC-circuit. The ampli er is
used to read out the image-current signal of the circuit, and drives the system with voltage noise at an
effective temperature T0. c) The resulting FFT spectrum consists of the broad resonance of the detector
( 40 Hz FWHM) and two narrow \dips" ( 0:8 Hz FWHM for a single Be+ ion and  2:6 Hz FWHM for the
proton) at the axial oscillation frequencies of the two trapped-ion systems.



Figure 2

a) Measured FFT spectra of a single Be+ ion and the proton are presented as vertical cuts of the
heatmap. The axial frequency of the proton is  xed and the ring voltage of the BT trapping potential is
scanned one step upwards after each FFT is recorded. b) The noise spectra expected from the impedance
Z(v) of the equivalent circuit in Fig: 1 b) are presented in the same way as in a) and are calculated using
the same parameters as in the experiment. c) An example of the energy exchange between the three
oscillators at the resonance frequency of the LC circuit is simulated and includes the energy �uctuations
from environment noise of the system. The energy of each oscillator depends on the phase relation with
the environment noise so the time series shown here is one of in� nitely many that could produce an FFT
spectrum used in Fig: 2a). d) The change in axial energy of the proton after coupling to the rf-excited Be+
ions is shown when the Be+ ions are tuned away from resonance (blue) and tuned to resonance (orange).
In both cases the excitation drive is present but only excites the proton via the resonant Be+ ions. A
typical FFT spectrum (inset) shows the excited proton which appears as a narrow peak on top of the
resonator and the Be+ dip which has reduced signal-to-noise compared to thermal equilibrium.

Figure 3



Please see the Manuscript PDF �le for the complete �gure caption.

Figure 4

Please see the Manuscript PDF �le for the complete �gure caption.

Figure 5

Please see the Manuscript PDF �le for the complete �gure caption.



Figure 6

Computed FFT spectra are given in a) and c) to compare to the experimental results presented in the inset
of Fig: 2 d) and Fig: 3 a) in the main text, respectively. In c) and d), we show representative time domain
behaviour during heating and cooling measurements where the excitation drive or cooling laser is applied
at times t = 7:5 s and t = 10 s, respectively.
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