
PHYSICAL REVIEW A 109, 033102 (2024)

Resistive cooling of ions’ center-of-mass energy in a Penning trap on millisecond time scales
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We have performed systematic measurements of the resistive cooling behavior of bunches of highly charged
ions in a Penning trap after injection from an external source. In particular, we have been able to measure the
exponential cooling rate of the axial center-of-mass motion and experimentally show its linear dependence on
the ion number within the bunch, as expected from theory. The common center-of-mass energy of the ions is
reduced by more than four orders of magnitude on the time scale of milliseconds while the single-ion cooling
occurs on the scale of seconds, representing a highly effective way to remove the dominating part of the ion
kinetic energy.
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I. INTRODUCTION

Resistive cooling is a well-established technique to reduce
the kinetic energy of charged particles that are confined in
a Penning trap [1–5]. It reduces both the particle velocity
and amplitude of oscillation, which is beneficial for a large
number of applications, mainly with respect to precision mea-
surements but also well-defined confinement close to the trap
center [4,5]. The method is based on image currents that
are induced by the particle motion [6,7] and attenuated by
an electric impedance [1,3,5]. Most commonly, it is applied
to the axial motion of the particles by a resonant electronic
circuit that is tuned to their oscillation frequency, and that
equilibrates the electronic temperatures of the circuit and the
axial particle motion on a time scale given by properties of the
arrangement [8].

For a single particle, as long as the electronic noise of the
cooling circuit is much smaller than the signal induced by
the particle motion, this results in an exponential decay of
the axial particle kinetic energy [5,8]. The cooling rate γ1 is
given by the inverse of the observed cooling time constant of
the exponential decay.
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For an ensemble of N (identical) particles, the expected
rate of cooling depends on the phase relation between the
particles: for axial oscillations with random phases (e.g., a
completely thermalized ensemble), the overall cooling rate
is expected to be identical to the single-particle value γ1

[1,3,5,9]. However, for an axial oscillation with a common
phase (e.g., the center of mass of a confined ensemble), it
is expected to be much higher, namely N · γ1, which may be
several orders of magnitude faster than γ1 [1,3,5,9].

In the following, we present measurements with highly
charged ion bunches that are injected into the Penning trap
of the HILITE experiment [10] and are resistively cooled
by a dedicated resonant circuit tuned to the axial frequency.
We experimentally show that with careful preparation of the
injected ion bunches, the axial center-of-mass energy is by far
the dominant contribution to the total ion energy, and that it
can be reduced by more than 99.99% of its initial value on
the time scale of milliseconds. At present, this is a rate ad-
vantage of a factor N ∼ 104 when compared to measurements
of resistive many-ion cooling with thermalized ion ensembles
[11,12]. This is a quantitative study of the fast exponential
center-of-mass cooling and its scaling with the number of ions
over a considerable range, in agreement with a simple model
of the cooling process.

II. RESISTIVE COOLING AND ITS EXPERIMENTAL
OBSERVABILITY

In the absence of cooling, the axial motion of a particle
with charge q and mass m in an ideal Penning trap is described
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by the differential equation [2,4,5]

z̈ + ω2
z z = 0, (1)

where z is the axial coordinate, such that the particle performs
a harmonic oscillation around the trap center at z = 0. The
axial oscillation frequency ωz is given by [2,4,5]

ωz =
√

qU0C′

md2
, (2)

where U0 is the trap voltage that constitutes the axial trapping
potential U and d is the so-called characteristic trap size
[2,5]. The quantities C′ and d describe the relative voltage
configuration of the Penning trap and its geometry, respec-
tively. Presently, we have C′ = 1.0394 and d = 9.083 mm.
In an ideal Penning trap with its harmonic trapping potential
U ∼ z2, the axial frequency ωz is independent of the axial
particle energy Ez, and the amplitude of the axial motion is
proportional to the square root of Ez [4,5].

During its axial oscillation, a particle moves with respect
to a given electrode and induces a fraction of its charge q as a
so-called mirror charge inside of it [13]. Due to the particle
motion, this leads to a current I (Shockley-Ramo theorem
[6,7]) that is given by

I (t ) = − q

D
ż(t ), with D =

(
∂�

∂z

)−1

, (3)

where � is the normalized electric potential of the electrode
in question. The quantity D is called the effective electrode
distance of the dedicated pick-up electrode. It measures the
separation required in an imagined pair of infinite parallel
plates that effects to the same induced current between the
plates as in the case of the given electrode with respect to
ground [5]. As Eq. (3) shows, D depends on the geometry of
the trap assembly and the position of the charged particle, it
can be calculated from the electric potential �.

The induced current I (t ) can be used to detect and cool the
axial particle motion. To this end, an RLC resonant circuit is
connected to the electrode and the current produces a voltage
U (t ) = ZI (t ) across its complex impedance Z . This voltage is
detected and used as a measure of the particle kinetic energy
[1]. At the same time, the current I (t ) through the impedance
leads to energy dissipation in the form of heat with power
P(t ) = ZI2(t ) that is absorbed by the cryogenic surrounding
and thus drains kinetic energy from the axial particle motion
(resistive cooling). A suitable heat sink, at least for small num-
bers of particles, may alternatively be provided by coupling
the RLC circuit to separately trapped particles that are cooled
by other means such as, e.g., laser cooling [14,15].

The method of resistive cooling has been described in
detail previously [1,3–5,8,9,16–18]. During resistive cooling,
the particle kinetic energy decays like

E (t ) = E (0) exp(−γ t ) (4)

until an equilibrium is reached between the circuit’s noise
temperature and the temperature corresponding to the particle
energy [4,5,8]. For a single particle, γ is the single-particle
value γ1 that is given by

γ1 = q2R

D2m
, (5)

where R is the real part of the RLC circuit’s impedance Z at
the axial oscillation frequency ωz. When the RLC resonance
frequency ωR is identical to ωz, the acting impedance is purely
Ohmic and takes the value Z = R = QLωR, where L is the
circuit’s inductance and Q its quality factor [19].

In strong contrast to single-particle cooling at a rate γ1 that
is commonly of the order of a fraction of Hz to several Hz
[4,5,16,20], the cooling of the center-of-mass (CM) motion of
a particle ensemble has an expected rate of

γ = γ1N, (6)

which may be several orders of magnitude faster than γ1. In
order to be able to directly observe the exponential decay
of the center-of-mass energy, three conditions need to be
fulfilled:

(i) The time resolution of the measurement needs to be
better than 1/γ ;

(ii) There must be a sufficient amount of energy within the
CM mode to be able to track its time evolution;

(iii) Energy exchange with other motional degrees of free-
dom needs to be negligible.

Previous dedicated measurements of resistive cooling of
ion ensembles in Penning traps have taken place under con-
ditions that were not favorable for the present observations. In
particular, when the ion ensemble is close to thermalization
initially, only a negligible fraction of its kinetic energy is in
the CM mode, such that condition (ii) is not met, see, for
example, Refs. [5,11,16,20]. Also, when significant amounts
of energy from radial motion of the ions are transferred into or
from the axial motion, the observed axial decay rate may be
obscured and condition (iii) is violated. This leads to nonex-
ponential decay as has been observed and discussed in detail
in Refs. [5,12,16]. At present, since the ions upon their capture
into the trap are one nearly monoenergetic bunch, the CM
mode is dominant when compared to the relative axial and
radial motions. Hence, the CM cooling can be observed as
long as N is small enough not to violate condition (i). For
the present ion numbers of up to several tens of thousands,
condition (i) is fulfilled.

III. SETUP AND PROCEDURES

A. Penning trap

For the present measurements, we use a Penning trap
inside a magnetic field of up to 6 T that is produced by
a horizontal-bore superconducting magnet with a harmonic
region of 10 mm in the center around z = 0. The electrode
stack shown in Fig. 1 consists of seven central electrodes that
constitute the trap and one additional electrode on either side
to decelerate the ions and compress the ion bunch axially. The
central ring electrode is split into eight identical segments.
The trap is located in the center of the magnetic field, with
its z axis falling together with the central axis of the magnetic
field. The end-cap electrodes have a separation of 22.4 mm,
and the inner diameter of the trap is 15 mm. The end caps have
a central hole with a diameter of 4 mm to allow for loading the
trap with externally produced ions [21] and axial ejection of
the trap content. By using a set of seven trap electrodes, we
have an additional degree of freedom compared to five-pole
traps that consist of a ring electrode, two correction electrodes,
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FIG. 1. Sectional drawing of the Penning trap. The trapping po-
tential is created by the seven central electrodes (ring, four correction
electrodes, and two end caps), the outer electrodes support the ion
capture process. The trap has mirror symmetry with respect to its
center, so only one half is labeled. The RLC circuit is connected to
both inner correction electrodes, which are labeled with + and −.

and two end-cap electrodes [22]. This allows for tuning out the
trapping potential imperfections of orders z4 and z6 simultane-
ously purely by choice of voltages. Table I shows the relative
voltages required for a harmonic potential. The voltage source
is capable of setting voltages of up to 400 V with respect to
ground with a voltage resolution of 0.0125 V. The entire set
of electrodes can be biased against ground by a voltage Uf

for additional deceleration of incoming ions. The whole trap
arrangement and cooling and detection electronics is cooled
close to liquid-helium temperature by a pulse-tube cryocooler,
making the RLC circuit an effective heat sink for resistive
cooling. At the same time, it ensures efficient cryopumping
such that charge exchange of the ions with neutral gas is not
observed on the present time scales.

B. Ion capture into the trap

The present measurements are performed with Ne8+ ions
(heliumlike neon) from a commercial electron-beam ion trap
(EBIT) [23] that can deliver several tens of thousands of such
ions per extraction pulse. The choice of this ion species is
guided mainly by practical considerations and the expected
results are qualitatively independent of this choice. The ions
are extracted with a kinetic energy of 1895 eV per charge and
deflected onto the central axis of the trap setup. An overview
is shown in Ref. [10]. The distance between the deflection
device and the ion trap is about 2 m. The ions are aligned
with the magnetic field axis by a set of so-called Sikler lenses
[24]. These lenses are fourfold-segmented ion-optical lenses,
which can be used both to focus the ion beam and to steer it
in the lateral direction. The ions are then decelerated by two

TABLE I. Relative electrode voltages for a harmonic potential.
The ring electrode is set to 0 V.

Electrodes Applied voltage

Inner correction 0.059U0

Outer correction 0.434U0

End cap 1.000U0

pulsed drift tubes, the second of which has a crown-shaped
structure comparable to the one described in Ref. [25]. With
this configuration, the ion bunch is compressed axially to
reduce its axial extent and axial energy distribution. When the
ions enter the trap for dynamic capture [21], the first end-cap
electrode is set to zero potential to allow the ions to enter
across a low potential barrier. Then the end-cap electrode is
switched to 95% of its final voltage with a rise time of about
200 ns. The full trap voltage is achieved after about 10 ms.

C. Detection system

For the present measurements, we use destructive and non-
destructive ion detectors, namely:

(i) a nondestructive single-pass charge counter with a sig-
nal amplitude directly proportional to the number of ions in a
passing ion bunch [26,27].

(ii) a microchannel plate (MCP) with a fluorescence
screen that yields spatial information about the ejected ions
and their time of flight from the trap to the detector.

(iii) a normal-conducting RLC resonant circuit with a
subsequent low-noise cryogenic amplifier to detect the ions
nondestructively in the ion trap.

1. Charge counter

To determine the number of ions in an ion bunch, we use a
charge counter based on the amplification of mirror charges.
This is a nondestructive technique, and the ion bunch can be
characterized concerning ion number, ion energy, and bunch
length within a single pass. The working principle and char-
acterization methods are described in detail in Refs. [26,27].
The most important measurement here concerns the absolute
number of ions N , which is determined from the relation

N = Vmax

q · S
, (7)

where Vmax is the measured peak voltage of the charge counter
signal, q the charge of a single ion and S the sensitivity of
the charge counter, which has been measured to be S = α

Cdet
=

1800(71) nV e−1.
To calibrate the detector we measured both the capaci-

tance Cdet of the assembled pickup electrode and the overall
amplification factor α at room temperature. At the working
temperature of 52 K the amplification factor of the amplifier
will increase significantly. To determine the resulting value of
S we applied a capacitively coupled harmonic signal both at
room temperature and under cryogenic conditions. The rela-
tive increase of the sensitivity is given by the relative increase
in the measured amplitude. For the present conditions, the
counting accuracy is better than 10%.

2. Fluorescence MCP

We use a MCP with a fluorescence screen to obtain timing,
quantity, and spatial distribution information of the ion bunch
upon its ejection from the trap:

(i) Time-of-flight information is given by the MCP signal
relative to ion ejection from the trap, see Fig. 2 top.

(ii) For fixed ion energy and MCP voltage, the area �MCP

of the MCP signal (see Fig. 2, top) is proportional to the
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FIG. 2. Top: Ion signal on the MCP as a function of time with
the peak area �MCP ∼ N . Bottom: Measured radial ion distribution
in the trap as visualised by the MCP fluorescence screen. The scaling
of the axes is given by Eq. (8).

number of ions N , as we have verified by calibration with the
charge counter.

(iii) From the spatial distribution of the ions on the MCP
fluorescence screen as recorded by a CCD camera we can
deduce the radial position of the ions at the moment of ion
ejection from the trap.

The divergence of the magnetic field as depicted in Fig. 1
leads to a defined widening of the ions’ radial motion between
the trap and the MCP screen given by [28]

rMCP =
√

Btrap

BMCP
rtrap, (8)

where Btrap and BMCP are the magnetic field strengths in the
trap center and at the position of the MCP detector, respec-
tively. Hence, rtrap can be calculated from the measured rMCP,
presently

√
Btrap/BMCP ≈ 4.38.

The fluorescence image is used to optimize the ion injec-
tion on the central z axis, hence avoiding undesired effects
from off-axis capture such as large initial radial motion. Fig-
ure 2 shows on-axis ion injection resulting in a Gaussian ion
distribution around the trap center with a width (FWHM) of
600 µm (σ = 255 µm) as used for the present measurements.
This corresponds to an average distance from the trap center
of 112 µm for the inner 95% of the ions.

TABLE II. Capacitance Ctot, inductance L and series resistivity
RS of the normal-conducting resonant circuit.

Ctot/pF 21.51(69)
L/µH 592(19)
RS/� 141.20(57)

3. Resonant RLC circuit

We use a normal-conducting resonant circuit made of high-
purity copper wire that is wound around a toroidal core made
of polytetrafluorethylene (PTFE). The resonator circuit con-
nects the two inner correction electrodes of the trap, see also
Fig. 1.

We have separately measured the overall inductance
L = 592(20) µH of the circuit and have recorded the response
curve of the resonator. From the obtained quality factor Q =
37.16(31) and the central frequency f = 1.410510(200) MHz
we have determined its characteristic values given in Table II.
When compared to superconducting circuits [29,30], where
quality factors of several thousands are possible, the deter-
mined quality factor of our normal-conducting resonator is
much smaller. However, in the present case of ion ensembles
with several 104–105 charges, the signal strength and hence
the cooling power is sufficiently high and does not come
with requirements to maintain superconductivity. Also, the
comparably large resonator width of f /Q ≈ 35 KHz makes
the detection and cooling insensitive to axial frequency shifts
due to residual trap imperfections at the presently high initial
ion energies.

D. Effective electrode distance D

The effective electrode distance D as used to determine the
induced current I in Eq. (3) is presently given by

D =
(

∂�+
∂z

− ∂�−
∂z

)−1

, (9)

where + and − label the respective electrode as shown in
Fig. 1. We have used the COMSOL multiphysics FEM solver
to calculate the electric potentials and electric fields of the
electrodes and determine the effective electrode distance D
from these fields. It depends on the position of the ions relative
to the trap center. The z dependence of D can be seen in Fig. 3.
The curve is symmetric around z = 0 because both oppos-
ing inner correction electrodes are used to pick up induced
current. In the trap center, D has a value of 12.5 mm. For
larger z, the value of D increases, which results in a weaker
coupling between the detection electrodes and the ion motion.
This is presently of relevance, as we are trapping ions with
a high axial energy of approximately 30 eV per charge and
ion, as was verified by lowering the trap voltage U0 until
significant losses from the trap were observed. This means
that the size and motional amplitude of the ion cloud requires
an appropriate average of D over all relevant ion locations.

In Ref. [11], the average value Davr was determined by
taking the mean value of D2 over the estimated radial ion
cloud distribution. Figure 3(a) shows that in the present ex-
periment, the small radial ion extension of well below 1 mm
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FIG. 3. (a) z dependence of the effective electrode distance D
plotted for radial positions r = 0 and 1 mm, to show that small r
have no influence on D. (b) energy dependence of Davr due to the
amplitude of the axial motion in the trap. Davr was determined by a
time average of D(z) over a period of axial oscillation.

has no effect on D. However, to account for the strong axial
dependence of D we have performed a time average of D over
a period of axial oscillation. The time average is calculated by

Davr =
〈

1

D(z0 cos(ωzt ))

〉−1

, (10)

where z0 = √
2Ez/(mω2

z ) is the maximum axial amplitude
of the ion motion. Figure 3(b) shows that the effect of the
nonzero axial energy: For the present initial ion energy of
30 eV we estimate an average D of Davr ≈ 33 mm, which is
much larger than the low-energy value of 12.5 mm.

IV. RESULTS

A. Resistive cooling

Directly upon capture, an ion bunch is stored in the
Penning trap and the signal induced in the RLC circuit is mea-
sured. We have performed the measurement with a spectrum
analyzer in the zero-span mode, i.e., the device performs a
time-span measurement of the induced power P(t ) ∼ I (t )2 ∼
Ecm in a small frequency window 	 f = 1 kHz around a
center frequency. This is sufficient to cover all frequency shifts
due to cooling and potential fluctuations in the initial state
of the created ion cloud and sufficiently small to suppress
background noise. The zero-span scan is triggered such that
the measurement starts immediately upon capture. Before
each measurement of a cooling curve, we have performed an
independent measurement of the axial frequency of the ion
bunch to set the center frequency of the spectrum analyzer to
this individual frequency.

Figure 4 shows an example of a recorded trace of the
induced power P(t ) for Ne8+ ions in resonance with the RLC
circuit. Initially, the signal rises within 20 ms to its maximum
value. This is slower than the expected charging time of the
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FIG. 4. Induced power P(t ) as a function of time for N =
35000 ± 3000: (a) Logarithmic plot of P(t ) up to t=5 s and compar-
ison with noise floor. (b) Zoomed-in view of the first 120 ms with an
exponential decay fitted to the initial fast axial cooling. A reference
measurement without ions shows the noise floor.

RLC circuit of about 50 µs, which we attribute to the time re-
quired to reach the full trap voltage and the axial ion frequency
to come into the measurement window. From then on, the
observed axial energy decays within 40 ms by a factor of about
15000, which can be described very well by an exponential
decay with a decay time constant of presently 5.928(60) ms
that corresponds to a rate of γ = 168.7(60) s−1. This is mainly
attributed to resistive cooling of the center-of-mass mode of
the axial ion motion. After this initial fast decay, we observe a
decay of P(t ) on much longer time scales. During this decay
the signal is well above the noise level indicated by the green
dashed line. The details of these observations will be modeled
and discussed below.

B. Scaling of CM cooling with the number of ions

The main expected feature of the CM cooling is the scaling
of its rate with N . To investigate this, we have varied the
number of injected ions by the chosen breeding time of the ion
source. To determine the number of trapped ions we use the
signal area �MCP of the fluorescence MCP detector, which has
been calibrated by use of the image charge detector. With this
method we have varied the number of ions from 3500–35000
and measured decay curves as the one shown in Fig. 4.

Figure 5 shows the observed cooling rates as a function of
the ion number (measured in units of �MCP). The data verifies
that the measured cooling rates scale as γ ∼ N for suffi-
ciently large N , currently above N ≈ 8500 (�MCP = 0.1 µVs),
which corroborates this being the center-of-mass cooling.
For smaller ion numbers, the observed decay is faster than
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FIG. 5. Measured cooling rate as a function of the ion number in
units of the MCP signal area �MCP ∼ N . The dashed line is a linear
fit to the data.

expected from γ = N · γ1. This can at present be explained by
an additional decay mode with rate γax ≈ 25 s−1 that does not
depend on the number of ions. We attribute this to the transfer
of energy from the axial CM motion to uncorrelated axial
motion, as will be justified by the model presented below.

C. Model for the cooling process

1. Description of the model

In this section, we discuss a model for resistive cooling
based on Ref. [12], where it was used to interpret resistive
cooling of ions with negligible CM energy. Here we apply the
technique to a case where the ion cloud is far away from ther-
mal equilibrium and the CM energy is dominant. In general
we can split the motion of N trapped ions into three modes
with a total of 3N degrees of freedom:

(i) the axial center-of-mass motion with a total energy of
Ecm and one degree of freedom;

(ii) N − 1 degrees of freedom for the uncorrelated axial
motions with total energy Eax;

(iii) 2N degrees of freedom for radial motions with total
energy Er.

The total kinetic energy E of the ion cloud is given by the
sum of the three energies over all N ions. In our case the RLC
circuit is connected to an axially symmetric set of electrodes.
This means that on average the motion of the uncorrelated
axial mode will not induce current in the resonator. Therefore,
only the CM motion interacts with the RLC circuit and only
Ecm is cooled restively. Due to this, the total energy E is
cooled according to

dE

dt
= γcool(Ecm − kBT0). (11)

In principle, E can be cooled down to the ambient tempera-
ture T0. We model energy transfer between the three modes
according to the following diagram:

Each arrow shows the rate and direction at which energy is
exchanged. Considering the individual degrees of freedom,

the set of rate equations is given by:

dEcm

dt
= −γcool(Ecm − kBT0) + γax

(
1

N − 1
Eax − Ecm

)
dEax

dt
= −γax

(
1

N − 1
Eax − Ecm

)
− γr

(
Eax − N − 1

2N
Er

)
dEr

dt
= γr

(
Eax − N − 1

2N
Er

)
. (12)

The expected cooling rate γcool of the CM motion is given
by N · γ1. The rate γax is a result of the finite axial energy
distribution of the trapped ions that in the presence of resid-
ual trap anharmonicities leads to a finite distribution of axial
frequencies ωz [2]. As a result, the relative phases of the axial
ion motions change constantly, which represents an exchange
of axial kinetic energy between the correlated motion Ecm and
the uncorrelated mode Eax [1].

To discuss the implications of the model we will, for now,
neglect the radial mode, since γr is typically much smaller
than γcool and γax. In the case of the measured initial fast decay
of Ecm, the ion cloud is far away from thermal equilibrium,
i.e. Ecm � Eax/(N − 1) and Ecm � kBT0. Thus the first rate
equation simplifies to

dEcm

dt
= −(γcool + γax)Ecm = −γ Ecm. (13)

This means that the observed decay rate γ of Ecm is given by
the sum of γcool and γax, which justifies the additional decay
mode with γax that was introduced in the discussion of Fig. 5.

After the fast initial cooling, the CM energy reaches a
plateau. It is now in thermal equilibrium with the uncorrelated
axial energy. The first rate equation shows that this is the case
when Ecm = Eax/(N − 1), which results in the following rate
equation for the total energy:

dE

dt
= γcool(Ecm − kBT0) = γcool

N
(E − NkBT0). (14)

This equation shows that, as expected, the total energy of
an thermalized ion cloud cools with the single-particle cool-
ing rate γ1 = γcool/N . As this cooling takes longer than the
recorded time, we do not expect any significant decay of Ecm

from this point on. Hence, the value of the measured signal
P(t ) at the plateau is a direct indicator of the remaining energy
in the axial direction.

To describe the observed decay of Ecm at later times, it is
necessary to consider the radial motion with energy Er that
couples to Eax with rate γr. As Fig. 2 shows, the ion cloud is
small and we can expect a small radial energy Er . This means
that energy can flow from Eax into Er with rate γr, which in
turn results in slow decay of Ecm. This will continue until the
radial and axial motions are in equilibrium [12]. In the present
case of a large ensemble of highly charged ions in a well-tuned
trap, we expect this to occur mainly through long-range ion-
ion interactions, hence we estimate the equilibration rate from
the Spitzer self-collision time [31]

γ −1
r ≈ ts ≈ (4πε0)2 3

√
m(kBT )3/2

4
√

πnq4 ln �
∼ T 3/2

n
, (15)
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FIG. 6. Fit of the model for resistive cooling to the measured
decay curve in Fig. 4. The modeled Ecm is scaled up and trans-
formed to dBm to match the value for t = 20 ms. For the fit we
only consider the time window from t = 20–320 ms. The result-
ing rates are shown in the figure and the energies are presented in
Table III.

where n is the ion number density in the trap and ln � ≈ 18
is the Coulomb logarithm that only depends weakly on the
temperature and the density. From the measured cloud radius
and an axial ion energy of 30 eV per charge this results in
γr ≈ 2 s−1.

2. Application to the data

We will now fit the free parameters of the model to the
measured curve P(t ) ∼ Ecm from Fig. 4. The calculated curve
Ecm(t ) is scaled such that Ecm(t ) is numerically equal to P(t )
for t = 20 ms. This means that the resulting energies can only
be expressed relative to the total energy E . The resulting
energies and decay rates can be seen in Fig. 6 and Table III.

3. Interpretation of results

The fit results in the following conclusions for the deter-
mined decay rates:

(i) The fit result for the decay rate of Ecm given by γ =
γcool + γax = 169.4(19) s−1 agrees well with the measured
value of 168.7(60) s−1 as shown in Fig. 4(b).

(ii) The axial decay rate γax agrees with the observed
additional decay mode seen in the discussion of Fig. 5.

(iii) γr is of the correct order of magnitude such that the
later slow decay can be explained by energy transfer from the
axial motion to the radial motion.

This supports the validity of the presented model for resis-
tive cooling even far away from thermal equilibrium. In this

TABLE III. Relative energies determined by fitting the model to
the measured P(t ) curve. In thermal equilibrium the energy of each
degree of freedom would be ê = E/3N , thus we present the energies
in units of ê. In these units the ion cloud is in thermal equilibrium
when all energies are equal to unity. The results is shown for t = 20
ms and t = 300 ms.

20 ms 300 ms

Ecm/ê 2260(110) 0.16
1

N−1 Eax/ê 2.932(40) 1.18
1

2N Er/ê 0.0017(17) 0.90

regime, it remains appropriate to look at the kinetic energies
of the ions rather than assuming a temperature picture like in
studies with thermalized ensembles [11,12]. Correspondingly,
other than in those discussions, the ion cloud is in a weakly
correlated state with a plasma parameter 
 � 1 [5].

Table III shows the resulting energies at the start and the
end of the fit procedure. The energies are normalized such
that in thermal equilibrium they are all equal to unity. In the
column for 20 ms one can see that indeed the CM motion
has the most energy per degree of freedom and the cloud is
far away from thermal equilibrium initially. After 300 ms,
the CM motion is cooled below thermal equilibrium with
the other motions. This can be understood from the first rate
equation, as the cooling of Ecm has to be considered as well.
In this case equilibrium is reached when d

dt Ecm = 0, which
results in Ecm/ê < 1. One can also see that the radial and axial
motions have almost thermalized with each other. Due to the
unknown behavior of the RLC circuit and its interaction with
the ions before t = 20 ms, we can not extrapolate the model
to t = 0.

V. SUMMARY AND OUTLOOK

We have measured the resistive cooling behavior of large
ensembles of highly charged ions (Ne8+) in a Penning trap.
In contrast to previous many-ion measurements [11,12], the
trapped ions’ axial CM motion is far from equilibrium with
the other modes of motion initially. In this situation, we have
demonstrated the fast exponential cooling of the axial CM
energy by a factor of 15000 within 60 ms after trapping. We
have confirmed the expected linear scaling of the cooling rate
γ with the ion number N for a wide range of ion numbers N
that are large enough such that resistive CM cooling domi-
nates over other decay paths. Thus, the CM energy of a large
ion ensemble can be efficiently cooled on the time scale of
milliseconds even with a normal-conducting resonator. This
has implications for trap experiments that use an external ion
source: By using a well-defined dynamic capture process,
an ion bunch can be trapped directly in a highly harmonic
potential such that a broadband RLC circuit cools the CM
motion fast enough to avoid the decay into an uncorrelated
motion.

We have used a model based on coupled rate equations to
describe the exchange of energy between different motions
in the ion cloud. From a successful fit of the model to the
measured decay curve we have extracted the energy exchange
rates. They are in agreement with the measurement and with
the expected values. We have also determined the initial
energy distribution and the distribution for the thermalized
ion cloud. The presented measurements show the validity of
this model of resistive cooling not only for thermalized ion
ensembles [11,12], but also for an ion cloud far away from
equilibrium.

We will use the demonstrated methods to minimize the
final temperature of the ion cloud by optimizing the employed
capture process. At present we are already able to trap the ion
bunch without significant radial energy. By minimization of
the measured plateau value we can also reduce the remaining
axial energy and therefore the final temperature of the ion
cloud.
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