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Autoresonance (AR) cooling of a bunch of ions oscillating inside an electrostatic ion beam trap is
demonstrated for the first time. The relatively wide initial longitudinal velocity distribution is reduced by at
least an order of magnitude using AR acceleration and ramping forces. The hot ions escaping the bunch are
not lost from the system but continue to oscillate in the trap outside of the bunch and may be further cooled
by successive AR processes. Ion-ion collisions inside the bunch close to the turning points in the trap’s
mirrors contribute to the thermalization of the ions. This cooling method can be applied to any mass and
any charge.
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Cooling of ensembles of ions, atoms, and molecules is a
basic requisite in many branches of physics, such as
spectroscopy [1], fundamental quantum physics [2,3], quan-
tum electrodynamics [4], and quantum computation [5].
Traps for atoms and for ions are common devices in which
cooling is done; however, beams,whether of neutral particles
or ions, are also essential for some applications, especially for
merged beams where precise control of the kinetic energies
of the two beams permits fine-tuning of their relative
velocities [6,7]. Many cooling techniques are available,
the most common among them being laser cooling [8],
stochastic cooling [9], electron cooling [10], and evaporative
cooling [11,12]. Here we report on the cooling of a bunch of
ions inside an electrostatic ion beam trap (EIBT) bymeans of
autoresonance (AR) and ion-ion collisions.
In the present Letter, we demonstrate a technique by

which Δp=p in an EIBT can be significantly reduced by
removing from the bunch ions that are at the edges of the
momentum distribution, Δp, so that the distribution in the
bunch narrows, albeit with fewer particles. At the same
time, ion-ion interaction near the turning points in the
mirrors serves to thermalize the distribution. This scheme
appears to be analogous to evaporative cooling that has
been successfully applied in various ion traps, such as an
electron beam ion trap [13–15] and Penning traps [16], and
also found to be very efficient in achieving Bose-Einstein
condensation [12] in atom traps.
An EIBT traps ions that are constrained by purely

electrostatic fields to oscillate along a linewithin a relatively
compact volume [17]. Ions are trapped between two
electrostatic mirrors with adjustable focusing, as in an
optical resonator [18]. The trap is tuned so that all ions
with a certain kinetic energy to charge ratio (Ek=q) can be
trapped, and, as in all purely electrostatic devices, the
trapping is independent of the ion mass. Here, Ek is defined
as the kinetic energy of the ion in the field-free region of the
trap. Typically, an ion beam with an energy width of

1%–2% can be trapped in the EIBT. The energy spread
determines the beam temperature, defined as the internal
velocity distribution in the frame of reference moving with
the average speed of the injected ions. For example, an ion
beam having large Ek in the lab frame (a few keVor more)
may be considered cold if the ions in the beam have a kinetic
energy distribution ≪1 eV in the moving frame. This is
similar to high energy storage rings inwhich electron coolers
can cool ions down to Δp=p ∼ 10−7. In some cases, the
cooling of the beam is so strong that a phase transition into a
liquidlike or ordered ionic beam can accrue [19,20].
The ion oscillation dynamics in an EIBT can be

described by the slip factor η ¼ −ð2Ek=foscÞdfosc=dEk,
where 1=fosc is the oscillation period of an ion with kinetic
energy Ek in the trap. From the slip factor, one can relate
the ion velocity to its frequency, as will be demonstrated
below. Tuning of the EIBT mirrors’ potential gradient can
change the slip factor from positive values through zero to
negative values [21]. When the slip factor is zero, a very
interesting phenomenon happens: The oscillation fre-
quency of an ion is nearly independent of its energy (like
a harmonic oscillator to first order) but depends only on the
square root of its mass. This characteristic is applied for
isotope separation in radioactive beam facilities [22]. When
the slip factor is positive, slower ions oscillate with higher
frequency than faster ions. In that case, and if ion-ion
collisions are introduced, a self-bunching phenomenon can
be observed [23,24]. The ion-ion collisions operate so that
ions with the same mass and similar kinetic energy stick
together as long as the ion density criterion is fulfilled [24].
This was demonstrated in several experimental and theo-
retical works [25–27]. On the other hand, if the slip factor is
negative, the faster the ions, the higher their oscillation
frequency; if one starts with all ions concentrated in a
narrow spatial distribution, after a few tens of oscillations,
the narrow bunch diffuses so that the faster ions lead and
the slower ones trail. Moreover, if one includes ion-ion
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interaction, this effective phase-space rotation is done even
faster in a process called enhanced diffusion. This enhanced
diffusion phenomenon was also demonstrated and used for
phase-space manipulation by controlled delta-kick cooling
[28]. Here we want to tune the EIBT to have a negative slip
factor as a way to slice off the tails of the phase-space
distribution in order to have a narrower momentum
(frequency) spread. The ion-ion collisions will be used
to thermalize the ions in the bunch. EIBT simulations have
demonstrated two unique characteristics [29]. The first is
that ion-ion collisions take place very close to the turning
points of the mirrors, when faster ions are reflected and
slower ones are still approaching. The second is that the ion
density at the turning points ρt can be up to ∼103 greater
than in the field-free region of the trap (ρ0), depending on
the focusing tuning [30]. The ratio between these two
densities, taken from Ref. [30], is given by

ρt
ρ0

¼
�
R0

Rt

�
2
�
Δz0
Δzt

�
ð1Þ

where R is the bunch radius and Δz its length. It was found
by simulation [30] that the radii squared can be compressed
by more than 2 orders of magnitude compared to the field-
free region by tuning the focusing electrode (Vz) of the
mirrors (Fig. 1). The longitudinal compression ðΔztÞ was
found to be much less significant. A typical number of ions
in a bunch is 105 − 107 with the density in the field-free
region ∼50 − 5000 ions=mm3. Therefore, it is expected
that ion-ion collisions will mainly take place at the turning
points. The ion-ion collisions also couple the longitudinal
motion with the transverse motion [31]. In order to both
take a slice of the phase space and thermalize it, the sliced
bunch of ions must be decoupled from the “hot” ions so that
further collisions will take place only among the sliced
ions. The way to do this is by adiabatic AR acceleration, as
will be explained below.
AR is a common phenomenon in which periodic

behavior of a nonlinear physical system can be phase
locked to an external periodic driving force—on the
condition that the driving force is adiabatic and exceeds
a certain threshold. The phenomenon has been well studied

in many systems, from particle accelerators [32] to plan-
etary science [33]. See Fajans and Friedland for a short
review [34]. Specifically for ion traps, AR has been used for
antihydrogen production in a Penning-Malmberg trap [35]
and for mass spectrometry in an EIBT [36].
Recently, a theoretical work was published [37] on AR

with electrons inside a static potential well. In this study, it
was demonstrated that AR can accelerate charged particles
located in a specific slice of the phase-space distribution
while conserving its phase-space area. However, so far, no
interaction between the charged particles was specifically
included. It was claimed that this interaction can be
included as a self-field in the equation of motion. A
self-field was already included in the case of a positive
slip factor in an EIBT [25]. Here we demonstrate exper-
imentally that ion-ion interactions can actually increase the
phase-space density (PSD) of such an accelerated slice.
The experimental setup employed in the present study

consists of an EIBT (Fig. 1) with an Even-Lavie supersonic
expansion ion source (located on a high voltage platform).
SF−6 ions (mass 146 amu) or SFþ5 ions (mass 127 amu)
produced by the source are accelerated to kinetic energy
Ek ¼ 4.2 keV. The ions are then focused and steered using
an Einzel lens, electrostatic deflectors, and a chicane beam
cleaner before entering the trap. The trap is the analog
of an optical resonator, consisting of two identical electro-
static mirrors with focusing electrodes (Vz). The ions
are injected by lowering the voltage on one of the
entrance mirror electrodes (VP in Fig. 1) from VP2 to
VP1 and then stored by rapidly raising VP before the
ions, which were reflected from the exit mirror, can escape
[17]. Typical mirror potentials are VP2 ¼ 5.75 kV,
VP1¼2kV, V1¼ 6.5 kV, V2 ¼ 4.875 kV, V3 ¼ 3.25 kV,
V4 ¼ 1.625 kV, and V5 ¼ 0 kV, and the mirror Einzel-
lens potential is VZ, which is varied. The overall voltage
settings are set so that the trap operates in the dispersive
mode, i.e., with a negative slip factor, η < 0. The actual
value of VP1 during injection affects the initial trajectories
of the ions within the trap and was exploited to vary the
number of trapped ions.
In the present experiments, the ions are detected by a

pickup located close to the center of the trap. The signal from
the pickup is amplified by a charge-sensitive amplifier and
recordedbya digitizer at a sampling rate of 2.5or 1MHz.The
digitizer is triggered after the ions are already trapped in the
EIBT, and the output of the charge-sensitive amplifier was
recorded for many ion injection and trapping cycles. The
linearity of themethodwas reported in a previous publication
and found to hold overmore than 5 orders ofmagnitude, well
beyond what is needed in this work [38]. It was also shown
that this method is equivalent to measuring directly the ions
with a particle detector [39]. In the case of SF−6 , the peak of
the second harmonic (2fosc) of the distribution for the SF−6
ions was measured to be ∼174 450 Hz (open circles in
Fig. 2). The second harmonicwas used to be compatiblewith
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FIG. 1. A schematic drawing of the EIBT with pickup and
bunching electrode (green).
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previous work [40]. AGaussian fit to the distribution gives a
standard deviation σ ≈ 250 Hz, or σ=ð2foscÞ ¼ 0.001 43,
and fosc ¼ 87 225 Hz
In order to demonstrate cooling in the trap, an AR force

was applied to drag (adiabatically accelerate) the ions. The
ions that do not fulfill the AR condition escape from the
bunch, thus reducing the width of the energy distribution of
the ions in the bunch. The undragged (residual) ions remain
trapped with different energy. The force is produced by an
arbitrary waveform generator (AWG) connected to elec-
trode V5 on the entrance mirror (Fig. 1). The AWG is
capable of sampling rates (SR) up to 100 MHz and of being
triggered at any given time after the start of trapping. The
duration T of the AWG drag-driving potential is defined by
the number of sampling points, n, divided by the SR. The
AWG is programed to produce a chirped sine wave with
four main parameters, viz., drag voltage Vd, initial fre-
quency f1, final frequency f2, and T:

Vi ¼ Vd sin

��
2πðf2 − f1Þi

n
þ 2πf1

�
i=SR

�
ð2Þ

where 0 ≤ i ≤ n denotes the sampling point index of the
AWG and n ¼ T SR. Typical operational parameters for
SF−6 are f1 ¼ 174 200 Hz, f2 ¼ 177 000 Hz, and
T ¼ 80 ms. The ion frequency at the end of the chirp is
f2=2, because the frequencies used are ∼ 2fosc, which, as a
by-product, also creates two bunches that oscillate simul-
taneously (in opposite directions) in the trap. With the
above settings, it has been observed that the bunches
can be accelerated to f2=2 only if Vd ≥ Vd0 ¼ 0.0520�
0.0005 V, where Vd0 is the AR threshold for the above
settings In this set of experiments, Vd was kept constant
during the time T.
The frequency distribution was measured again immedi-

ately after the external force was stopped (AWG rf turned
off), i.e., when only electrostatic forces were present in the
trap. In Fig. 2, the new frequency distributions after AR

dragging are presented for Vd ¼ Vd0 and at two higher
voltages. The standard deviation of the frequency distri-
bution at the threshold, σ0, is about 15 Hz, which is more
than an order of magnitude smaller than before AR
dragging. The results reflect a new frequency distribution,
with ions in the two bunches that oscillate at f2=2� σ0
making 177 000=15 half-revolutions in the trap before they
return to their original phase-space distribution. One can
define a synchronous particle as an ion that oscillates at
exactly f2=2. In the frame of reference of the synchronous
particle, the ions at þσ0 (−σ0) make exactly one more (one
less) half-oscillation than the synchronous particle before
returning to the same point in phase space. Therefore, these
ions traverse one trap effective length L=2 (L is defined by
the average ion velocity times the oscillation period)
relative to the center of the bunch in 1=15 s. Since
L=2 ∼ 40 cm, the velocity width is about 6 m=s, and the
calculated temperature is well below 1 K.
The distribution width was found to be linearly depen-

dent on Vd (more details in Supplemental Material [41]).
The height of the distribution was also linearly dependent
on Vd if Vd < 0.07 V (inset in Fig. 2); above this value, the
amplitude does not change, meaning that no more ions are
lost from the center of the ion slice.
In order to conform to the common definition of cooling,

one must look at the PSD [45]. If one defines the PSD as the
number of ions divided by the phase-space area (in the
longitudinal direction), then by measuring the velocity
distribution, the longitudinal (X) distribution, and the
number of ions, one can calculate the PSD. We have
measured the pulse widths and their frequency distribution
with the pickup. The width in X is the pulse width divided
by the ion velocity. The momentum width can be derived
from the slip factor and the frequency width. The number of
particles can be derived from the integral under the pulse.
The results of these calculations as a function of Vd show a
constant PSD, as predicted by Ref. [37]. This, however,
neither proves nor disproves that thermalization has taken
place, a necessary condition for phase-space cooling.
Therefore, further experiments were performed using a

Vd that decreased linearly during the AR process as

VdðiÞ ¼ V0 − ðV0 − VTÞ
i
n

ð3Þ

where V0 is Vd at the beginning of the AR drive (i ¼ 0) and
VT is the value of Vd at the end of the AR drive (i ¼ n).
VdðiÞ replaces the constant Vd in Eq. (2). V0 was changed
in small steps from VT (constant Vd, as before) up to 3VT .
In this set of experiments, SFþ5 ions (rather than SF−6 ) were
trapped to test settings for positively charged ions, and the
only parameter that was changed in each measurement was
V0. The results are presented in Fig. 3. It can be seen that
there is a maximum at ∼V0=VT ¼ 2. The results indicate
that more ions can be dragged to the same final position and
velocity distribution just by controlling V0. This was
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FIG. 2. Normalized distribution of the second harmonic of the
oscillation frequency of SF−6 plotted as the deviation from the
mean frequency for different drag voltages Vd. The inset shows
the actual peak height vs Vd. Note that, for Vd ≥ 0.07 V, the peak
height is approximately constant.
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determined by measuring the frequency distribution of each
bunch after the AR signal was stopped, which was found to
be almost independent of V0 within the experimental error.
Therefore, the measured heights of the frequency distribu-
tion shown in Fig. 3 represent the relative change in the
PSD. Additionally, besides the dragged ions in the peak
oscillating at f2=2 at the end of the chirp, there are the rest
of the ions around the initial ion frequency (fosc). These
ions can also be measured as an indicator of the number of
ions in the trap (see Supplemental Material [41]). The
square points in Fig. 3 represent the dragged peak height
divided by the number of residual ions in the trap. Although
it was shown that one can increase the PSD with different
AR settings, it might very well happen with a single set of
parameters of V0 and VT , including V0 ¼ VT and with a
different number of trapped ions.
In order to check the PSD behavior of a single V0 and

VT , an additional set of experiments was performed in
which VP1 was varied for the purpose of changing the
number of trapped ions from zero to all the incident ions. In
this set of experiments, a sine wave generator (SWG) was
connected to electrode V5 along with the AWG so as to
monitor independently the number of ions in the trap before
and after the AR process. The two generators were operated
at different times: The SWG was turned on 280 ms after the
injection for ∼30 ms, while the AWG was turned on
320 ms after the injection for 80 ms. The digitizer began
recording the pickup signal from the time the SWG was
turned on and continued to record for 200 ms (more details
in Supplemental Material [41]). Two main observables
were measured: (i) the number of ions before AR, indicated
by the peak intensity of the Fourier transform at the SWG
frequency [46] during the first 10 ms of digitizing data,
and (ii) the peak intensity of the Fourier transform of the
ions after AR (from data recorded for 10 ms starting

immediately after AR, when only electrostatic fields are
present). The results of the dragged ion intensity as a
function of the number of ions in the trap are presented in
Fig. 4. We have tried to fit the data with the polynomial
ax2 þ bxþ c (x is the injected ion intensity). The dashed
line is a parabolic fit to the data with a single parameter
(b ¼ c ¼ 0). The mean squared error (mse) for the fit is
86.43. Using a single-parameter fit to a straight line
(a ¼ c ¼ 0) gave mse ¼ 916. Similarly, using a two-
parameter parabolic fit (c ¼ 0) gave mse ¼ 85.98, which
is a very small improvement compared to a single-param-
eter parabolic fit (Fig. 4). The error bars along the x axis
indicate the standard deviation of the injected ion intensity
after many consecutive injections for each Vp1 setting. The
increase in intensity with the square of the number of
trapped ions is a clear indication that ion-ion collisions
indeed occur and influence the PSD.
In summary, a new cooling technique has been demon-

strated in an EIBT. The same technique may apply equally
well to storage rings with focusing points for thermal-
ization. The velocity distribution of the ions trapped in a
bunch is modified by applying an autoresonance drag force
that results in a significant reduction in the width (standard
deviation) of the frequency distribution from about 250 to
15 Hz. The velocity distribution of ions within a bunch was
reduced from an initial value of ∼1000 to ∼6 m=s by this
technique. The number of ions in the dragged bunch was
found to depend quadratically on the total number of ions in
the trap, thus confirming the importance of ion-ion colli-
sions (at the trap’s turning points) to the thermalization of
ions in the bunch. During the cooling process, most of the
ions escaping from the bunch remain in the trap for further
manipulation, e.g., successive cooling. If needed, it has
been shown that the ions that are not within the bunch
can be ejected from the beam by a kick-out electrode [47].

FIG. 3. Dragged bunch height of SFþ5 vs ratio between the
initial and final values of Vd. The circles are the direct height
measurements of the dragged ion intensity, while the squares are
the same divided by the residual (not dragged) ions in the trap.
The lines are a guide to the eye.

FIG. 4. Dragged ion intensity vs number of SFþ5 ions in the trap.
The number of ions in the trap was measured using ion bunching
before the AR process. The dashed line is a fit to a single-
parameter parabola.
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The results reported here are preliminary; it is expected that
parameters such as chirp rate, rf waveform, final frequency,
and mirror potentials can be optimized to cool the ions even
further and/or faster.
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