arXiv:2310.10208v1 [physics.atom-ph] 16 Oct 2023

Image-current mediated sympathetic laser cooling of a single proton in a Penning trap
down to 170 mK axial temperature
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We demonstrate a new temperature record for image-current mediated sympathetic cooling of
a single proton in a cryogenic Penning trap by laser-cooled ?Be™. An axial mode temperature of
170 mK is reached, which is a 15-fold improvement compared to the previous best value. Our cooling
technique is applicable to any charged particle, so that the measurements presented here constitute
a milestone towards the next generation of high-precision Penning-trap measurements with exotic

particles.

Laser cooling of atoms and ions is a widely employed
method in the field of atomic physics [I} 2]. However,
only few species offer a suitable optical transition for laser
cooling. For most other particles, sympathetic cooling
techniques have to be employed. In the established sym-
pathetic cooling schemes, the coupling is realized through
direct ion-ion Coulomb interaction, where the charged
particles are either trapped in the same potential well
[3H5] or in two separate ones whose separation distance
is a few hundred micrometers only [6] [7].

Our group has recently demonstrated the sympathetic
laser cooling of a single proton mediated by image cur-
rents [8]. Here, the two ion species are placed in two
independent Penning traps that are separated by a dis-
tance of 5.5cm but are connected to the same parallel
RLC circuit [9]. Consequently, this technique is espe-
cially suited for exotic species such as highly charged ions
or charged antimatter [I0, [I1]. Furthermore, in compar-
ison to resistive cooling with a cyclotron resonator that
only covers a single fixed particle charge-to-mass ratio
g/m [12[13], the sympathetic cooling technique is widely
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tunable and applicable to all relevant ¢/m simultane-
ously. The lowest axial temperature achieved in Ref. [§]
was (2.6 +£2.5) K, measured via the temperature-induced
axial frequency shift of about 100 mHz/K (axial) of the
proton in the presence of an anharmonic trapping po-
tential. The temperature resolution of this method is
fundamentally limited to about 500 mK by the typical
axial frequency stability of about 50 mHz. Furthermore,
this temperature measurement method required that the
beryllium ion cloud is laser cooled comparably strongly,
which is detrimental to the achievable proton tempera-
ture [I4].

In this Letter, we demonstrate axial temperatures of a
single proton in a Penning trap down to about 170 mK,
which constitutes a factor of 15 improvement compared
to the previous record. To achieve this, we utilize a
more precise temperature measurement method based on
the axial frequency shift in a quadratic magnetic field
inhomogeneity. A new temperature measurement trap
(TMT) has been implemented with an axial frequency
shift of 470 Hz/K (axial) [15]. The TMT offers a tem-
perature resolution in the mK range as well as a 17-fold
faster temperature readout time compared to a preex-
isting analysis trap (AT) with a larger magnetic field
inhomogeneity for spin state readout [I6]. In addition,
the understanding of the coupling process has been im-
proved through numerical simulations, which has led to
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FIG. 1. (a) Schematic of the experimental setup. A cloud of beryllium ions is trapped in the loading trap (LT) and a single
proton in the proton trap (PT). Both traps are connected to a common resonator. The proton is transported from the PT
into the temperature measurement trap (TMT) for measuring its modified cyclotron energy via a quadratic magnetic field
inhomogeneity. (b) Typical Boltzmann distribution of a temperature measurement. The red line corresponds to the Boltzmann
distribution with a temperature as determined by the maximum-likelihood method.

optimized experimental parameters for the cooling pro-
cess [14, [17].

Our sympathetic cooling experiments are performed in a
cryogenic multi-Penning-trap system [14] [I5] that stores
ions by means of a superposition of a homogeneous mag-
netic field of By ~ 1.9 T and a quadrupolar electric po-
tential, shown schematically in Fig. [[{a). The result-
ing harmonic motion of a single particle consists of the
magnetron and modified cyclotron motion in the radial
plane and an axial motion orthogonal to it with fre-
quencies v_, vy, and 1,, respectively [I§]. The axial
motion of a particle is detected by tuning its axial fre-
quency to the resonance frequency of a parallel RLC cir-
cuit (also called resonator) consisting of a superconduct-
ing coil with inductance L, a stray capacitance C, and
an effective parallel resistance R [19]. The resonance is
generated by the thermal Johnson-Nyquist noise at a fre-
quency vy = 1/(2nv/LC) and has a high quality factor
Q = R/(2mL). For example, v§THT = 345250 Hz and
@ ~ 10000 for the resonator that is connected to both
the proton trap (PT) and loading trap (LT) in our case
[15]. The voltage signal of the resonator is amplified by a
cryogenic low-noise amplifier at 4 K [20] followed by an-
other amplification stage at room temperature. Record-
ing the fast Fourier transform (FFT) of the resonator
voltage signal yields the characteristic spectrum featur-
ing a dip at the ion’s axial frequency [19], shown schemat-
ically in the inset of Fig. a). The coupling of the par-

ticles to the resonator is given by their respective dip

2
width v, = i%%]\h where N is the number of ions

of the species and D an effective trap size [19]. The
proton dip width in the PT is 2.2Hz per ion and the
beryllium dip width in the LT is 0.10 Hz per ion. The
cooling measurements are performed with a single proton
trapped in the PT and a cloud of beryllium ions stored in
the LT. Both traps are connected to the same resonator,
which mediates the energy exchange via image currents
between the particles [§]. The proton is sympathetically
cooled by tuning the axial frequency of both species to

the resonator frequency and laser-cooling the beryllium
ions via the 313 nm 2S1/2 —>2P3/2 transition with a nat-
ural linewidth of about I' = 27 x 20 MHz [21].

In order to measure the temperature of the proton, we
employ a two-trap measurement scheme. Since the res-
onator constitutes a thermal reservoir, the axial mode
continuously samples a Boltzmann distribution with a
correlation time of 1/v, if v, &~ vy. The correspond-
ing time average is, according to the ergodic theorem,
equivalent to the ensemble average which we use as the
temperature definition of a single particle. In contrast,
the modified cyclotron mode remains at constant en-
ergy. However, it can be coupled to the axial mode by
irradiating a quadrupolar sideband drive at frequency
vrr = V4 — U, [22]. In this way, an axial energy is
imprinted on the modified cyclotron mode. The corre-
sponding temperatures obey the relation 7 = T,v4 /v,
where T, and T, are the temperatures of the modified cy-
clotron mode and the axial mode, respectively. Then, the
proton is transported from the PT into a dedicated tem-
perature measurement trap (TMT), where its modified
cyclotron energy F, is measured. The TMT features a
ferromagnetic ring electrode made from nickel, which in-
troduces a large quadratic magnetic field inhomogeneity,
ie. BIMT(2) = BEMT + BIMT22 The coefficient BFMT
has been measured to be BFMT = 27.8(7)kT/m? [14],
which is consistent with the design value [I5]. To mea-
sure E, we utilize the fact that the By-coefficient causes
an axial frequency shift in the TMT which is proportional
to E [18,23], in our case v MT/§E, = 5.8Hz/(K-kp)
for the proton. Thus, the axial temperature of the single
proton is obtained by repeatedly measuring modified cy-
clotron energies independently drawn from a Boltzmann
distribution. An example of such a Boltzmann distribu-
tion is given in Fig. [I(b).

In order to convert the distribution of axial frequency
measurements in the TMT to an axial temperature in
the PT, we employ a maximum-likelihood approach. The
maximum-likelihood estimator for the axial temperature



in the PT, TXT, is given by the mean axial frequency
shift,

PT pPT 2
PT _ Vg By~ Aw m yIMT <V1,TMT _ VTMT> (1)
z = PT pTMT [ z,0 z z,0 )
Vit b B

Here, l/;[:(lJVIT ~ 550 875 Hz is the unshifted axial frequency
in the TMT at B, = 0 and vX™T are the individ-
ual axial frequency measurements. BFT = 1.899T is
the magnetic field in the PT and v}" ~ 28.9 MHz and
vPT = 345250 Hz are the modified cyclotron and axial
frequencies of the proton in the PT, respectively, and kp
is Boltzmann’s constant. This formula incorporates not
only the axial frequency shift due to non-zero E,, but
also the temperature relation due to sideband coupling
and the relative modified cyclotron energy change during
transport into a different magnetic field, in our case by
the magnetic field ratio of the traps, B§T/BIMT.

In support of the experimental effort, we performed first-
principles simulations of the experimental setting that
is shown in Fig. [[[a) [14, 7). We found that the on-
resonance cooling scheme employed in this work, where
the proton and beryllium ion cloud are tuned to the res-
onator frequency, can be understood by the formation of
a symmetric and antisymmetric normal mode of the axial
motion of the coupled proton-beryllium system. The an-
tisymmetric mode decouples from the resonator, so that
the laser cools it close to the Doppler limit. In contrast,
the symmetric mode couples and thermalizes to the res-
onator and the relative proton and “Bet component are
given by their respective dip widths. Since image-current
coupling relies on the motion of the particles, for an opti-
mal proton temperature the damping rate of the cooling
laser 1, must be sufficiently weak in order to not decou-
ple the beryllium ions from the resonator, i.e. 71, < v, Be,
where 7, p. denotes the dip width of the beryllium cloud.
Then, the axial temperature of a proton with dip width
Va.p 18 given by [14] [I7]

1
Tz,p - 7Tre3a (2)

14 JeBe

where T,es is the effective resonator temperature. Thus,
besides Ties, the ratio of the proton and beryllium dip
widths determines the final proton temperature. In or-
der to compare theory with experiment, Tyes is measured
as the first preparatory step to Tyes = (8.6 £ 0.8) K. The
cryogenic amplifier is turned off for this measurement
as well as for the sympathetic cooling measurements,
since otherwise the amplifier’s input noise gives rise to
a slightly higher effective axial temperature.

It is crucial to minimize the axial frequency difference of
the two species for efficient sympathetic cooling. Hence,
in the following their individual frequency stabilites are
examined. The axial frequency stability of the single pro-
ton in the PT is 0 (v, ) ~ 40 mHz for 60 s averaging time,
which is negligibly small for the sympathetic cooling. In
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FIG. 2. Axial frequency drift of a cloud of beryllium ions
in the LT after applying the magnetron sideband drive at
VRF = VzBe + V-Be. The drift is related to the tuning ratio
(TR) of the trap and becomes stronger the larger the cloud
is. The TR design value is 0.442 [15].

contrast, the axial frequency stability of the beryllium
cloud is adversely affected by the radial cloud expansion
due to the Coulomb interaction [24] 25]. In order to pre-
vent an uncontrolled radial expansion, the radial modes
of a large beryllium cloud must be regularly cooled. How-
ever, in our setup the laser is applied nearly parallel to
the trap axis so that the cooling of radial modes [26] is not
efficient. Since large laser powers are not feasible because
the cooling scheme requires low photon scattering rates,
a magnetron sideband drive at vrrp = v, Be + V- Be [22]
is applied in addition to the cooling laser. We observe
axial frequency drifts of the beryllium ion clouds after
turning off the magnetron sideband drive, as shown ex-
emplarily in Fig. 2]for two ion clouds of 840 ions and 2000
ions [I4] [I5]. These drifts are related to the harmonicity
of the electrical trap potential, which is adjustable via
the tuning ratio (TR) of the trap as defined in Ref. [I8].
We attribute these frequency drifts to the change in the
aspect ratio of the beryllium ion cloud while the cloud ex-
pands due to Coulomb repulsion in an anharmonic trap-
ping potential [25]. The accumulated frequency shift can
be reset by applying the magnetron sideband drive again.
Figure[2a) demonstrates that a TR optimization allows
to control the frequency drifts of clouds of < 1000 ions
to < 1Hz on the relevant time scale, which is sufficiently
stable for the sympathetic cooling process. In contrast,
for larger clouds the drifts are not only stronger, they also
exhibit a quadratic component, as shown in Fig. [2[b).
For large clouds above 1000 ions, this requires us to in-
troduce small frequency offsets and apply the coupling
procedure during the times when the change in detuning
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FIG. 3. Axial temperature measurements of a sympathet-
ically cooled proton. Three differently sized beryllium ion
clouds were employed. The red line is the prediction by
Eq. and the shaded red area the associated uncertainty. In
(d) the individual measurements for each cloud size are com-
bined and plotted as a function of the beryllium ion cloud dip
width v, Be-

between the proton and beryllium ions is minimal.

With a precisely adjusted TR, we were able to sufficiently
stabilize beryllium ion clouds with dip widths of up to
120Hz or 1200 ions. Assuming the proton is initially
trapped in the PT, one sympathetic cooling cycle con-
sists of the following steps: First, in order to start the
cooling process, the axial frequencies of the proton and
the beryllium ion cloud are matched in between two iter-
ations of applying the magnetron sideband drive to the
beryllium ion cloud. The cooling laser is kept contin-
uously on with a weak damping rate during the whole
cycle. During the sympathetic cooling, the modified cy-
clotron sideband frequency of the proton is continuously
applied at vrr = vy p — v,p with about 1Hz Rabi fre-
quency. The total cooling time is set to 90s. The cooling
time constant has not been explicitly measured, however,
it was verified that after 90s the resulting temperatures
have converged and two subsequent values of F; are un-
correlated. Afterwards, the proton is transported into
the TMT to measure E,. Finally, the proton is trans-
ported back into the PT and the next cooling cycle is
carried out. A single temperature measurement consists
of > 20 individual cooling cycles. A more detailed de-
scription of the individual steps can be found in Ref. [14].
This cooling process has been conducted for three differ-
ently sized beryllium ion clouds, namely with dip widths
of 48Hz, 84 Hz, and 120 Hz, corresponding to 480, 840,
and 1200 ions. For the 48 Hz cloud, the cooling laser was
set to 84 MHz red detuning and its power was adjusted
to 5—15pW, which corresponds to 1.5-4.5% of the sat-

uration power of the cooling transition. The saturation
power of Psyy = 340 pW was measured by in-trap detec-
tion of fluorescence photons [I5], 27]. For the 84 Hz and
120 Hz clouds, the laser power and red detuning were in-
creased to 100 pW and 200 MHz, respectively. In contrast
to our previous work [§], both parameter sets fulfill the
condition that the beryllium ion cloud is damped only
weakly and that no loss of the SNR of the beryllium dip
occurs. Several independent proton temperature mea-
surements have been conducted for each beryllium cloud
with results shown in Fig. where the uncertainty of
each temperature measurement is dominated by the sta-
tistical uncertainty. The horizontal red line is the tem-
perature predicted by Eq. and the shaded red area
is the corresponding uncertainty, which is dominated by
the statistical uncertainty of the measurement of Ties. In
Fig. (d) the individual measurements are combined and
plotted as a function of the dip width and thus particle
number of the beryllium ion cloud. In general, we ob-
serve excellent agreement between the theoretical predic-
tion and the experimental data. The lowest reproducibly
measured temperature of about 170 mK constitutes a 15-
fold improvement compared to the previous record mea-
surement [8]. We emphasize that not only the temper-
atures agree, but also the method to reach them: The
prediction by the simulations that a weak laser damping
rate is required [I7] has been confirmed as well.
Moreover, our results demonstrate the capability of the
two-trap temperature measurement technique. By sep-
arating the temperature determination from the cooling
process a broad range of temperatures between 5 mK and
10K can be measured and resolved. In this regard we also
measured a negligible heating rate of < 2mK per cycle,
where we repeated the cooling sequence but detuned the
modified cyclotron sideband frequency for the proton by
10kHz [14].

Further, we study the effect of a relative axial frequency
detuning between the proton and the beryllium ion cloud.
To this end, the 120 Hz cloud was tuned to slightly dif-
ferent axial frequencies than the proton. All other steps
remain the same as before. The resulting proton temper-
atures are shown in Fig. |4l Notably, these measurements
were also recorded with the cryogenic amplifier turned
off, so that the relative frequency detuning is estimated
based on the initial center frequency as well as the TR-
related frequency drift. This gives rise to a small offset
of about 2Hz. As a result, the detunings should only be
considered a coarse estimate. Nevertheless, the existence
of a cooling resonance is evident and the minimum cor-
responds to the prediction by Eq. .

To achieve lower proton temperatures, an alternative to
increasing the number of beryllium ions is to reduce the
resonator temperature. Thus, we have also conducted
temperature measurements where the effective resonator
temperature was reduced to T2 = (2.6 + 0.3) K by the

res

application of negative feedback [28]. However, here the
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FIG. 4. Temperature of the sympathetically cooled proton as
a function of relative axial frequency detuning between the
proton and beryllium ions. The data was recorded with the
120 Hz cloud.

proton temperature was limited to > 300mK indepen-
dent of the number of beryllium ions [14], which is a
strong indication for a feedback-induced noise limitation.
In summary, we have demonstrated image-current medi-
ated sympathetic cooling of a single proton to axial tem-
peratures down to about 170 mK, an improvement by a
factor of 15 compared to the previous record [8]. As such,
this work constitutes a crucial milestone towards the next
generation of high-precision Penning trap measurements
with particles that require sympathetic cooling with sep-
arate trapping regions.

Several routes towards lower proton temperatures are
conceivable:  An optimized beryllium ion trap for
which the dip width per Be™ is maximized and the
anharmonicity-related frequency drifts are minimized
would directly enable lower proton temperatures [14), [I5]
29]. Alternatively, with an independent cooling laser in
radial direction it would be possible to control and sta-
bilize significantly larger beryllium ion clouds via laser
cooling only. Then, the magnetron sideband coupling
with its associated frequency drifts would become ob-
solete. Another option would be to confine large ion
clouds radially with a rotating wall potential [30], which
could enable the use of significantly larger beryllium ion
clouds as well. Besides, the simulation studies [I7] as
well as independent work in Ref. [31] predict that a cool-
ing scheme with several kHz particle-resonator detuning
and pulsed laser cooling can achieve 10 mK axial particle
temperatures with about 100 beryllium ions only. The
excellent agreement between experiment and simulation
in this work further corroborates the fundamental feasi-
bility of these cooling methods.

Regardless which cooling scheme turns out to be the most
suitable one for further temperature reduction, the fact
that all of them rely on image-current coupling makes
them in principle applicable to any trapped charged par-
ticle and experimental systems beyond Penning traps
[32]. Consequently, these cooling methods are of special
interest for charge-, parity-, and time (CPT) symmetry
tests with protons and antiprotons [I0], magnetic mo-

ment measurements of light nuclei [33], as well as high-
precision mass measurements [34] and tests of quantum
electrodynamics with highly charged ions [31], 35 [36] in
Penning traps. In particular, once even lower temper-
atures of about 10mK (axial) can be reached [37], the
sympathetic cooling will significantly boost the sampling
rate and spin state detection fidelity [38), B9] of future
g-factor measurements on protons [40], antiprotons [13]
and other nuclear moments, as well as reduce the domi-
nant systematic uncertainties in mass measurements with
the highest precision [41].
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