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Resonant oscillation modes of sympathetically cooled ions in a radio-frequency trap
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Sympathetic cooling of Ca1, Zn1, Sr1, Ba1, and Yb1 as guest ions with laser-cooled24Mg1 as host ions
in a rf ion trap is carried out, and resonant frequencies of their motion in the trap potential are measured.
Various oscillation modes of the sympathetically cooled ions are observed. The resonant frequency of the
oscillation mode is different from the frequency of either the collective oscillation frequency of the trapped
ions or the oscillation frequency of each ion without host ions. This difference is well explained by a theoret-
ical model in which coupled equations of motion of the host ion cloud with a single guest ion are considered.

DOI: 10.1103/PhysRevA.66.063404 PACS number~s!: 32.80.Pj, 52.27.Jt, 52.58.Qv
-

ua
n

al
r-
d

n
a

le

is
rd
r
oo

th

ee

ith

ll
th
a
t

y

on

s

os-
ber

os-
two

c-
rre-
dy
ly
eti-
ns,

to

a-

opy
nd

s
ith

less

ec-
i-
c-

of
I. INTRODUCTION

A rf trap is a promising device for application to fre
quency standards@1,2#, high-resolution spectroscopy@3–5#,
and fundamental experiments such as observation of q
tum jumps@6–9#, because it provides an ideally isolated io
system. For these applications, cooling of ions, especi
laser cooling@10,11#, is an important technique. For the pu
pose of cooling ion species that cannot be laser-cooled
rectly, sympathetic cooling@12–19# by which guest ions are
cooled indirectly through collision with laser-cooled coola
host ions which are simultaneously trapped, is proposed
demonstrated in a Penning trap. Sympathetic cooling of m
lecular ions in a Penning trap@15# and crystallization of sym-
pathetically cooled atomic ions in a linear rf trap@16# have
been observed. Application of the sympathetically coo
ions to quantum logic is also proposed@20#. The sympathetic
cooling in a rf trap in which no magnetic field is used
preferred to that in a Penning trap for frequency standa
and high-resolution spectroscopy. In contrast to a numbe
studies in a Penning trap, demonstration of sympathetic c
ing in a rf trap is difficult to carry out owing to the difficulty
of simultaneous ion trapping of hosts and guests and to
higher ion temperature caused by rf heating@21#. Moreover,
the sympathetically cooled ion species in a rf trap have b
limited to those whose mass is similar to the host ions~for
example, MgH1 and MgD1 with laser-cooled24Mg1 @17#,
or 112Cd1 with laser-cooled114Cd1 @19#!. However, sympa-
thetic cooling in a rf trap has recently been carried out w
an ionization technique using charge exchange@22#.

In this paper we study the dynamics of sympathetica
cooled ions characterized by a resonant frequency in
time-averaged pseudopotential of the rf trap. The import
properties such as the temperature and the density of
trapped ions depend strongly on the resonant frequenc
the ion motion, and, furthermore, the resonant frequency
the ion motion is practically used to identify the trapped i
mass in mass spectroscopy@23#. Therefore, it is important to
measure the resonant frequency of the trapped ions, and
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eral studies have been carried out as follows. Collective
cillation of trapped ions is observed when the same num
of two ion species (Ho1 and Er1) with a close mass@164.93
and 167.26 in atomic mass units~amu!, respectively# are
simultaneously trapped without laser cooling@24#, and it has
been found that the resonant frequency of the collective
cillation is an average of the resonant frequencies of the
trapped ions. In the case of Xe1 and Ho1, however, the mass
difference is large~131.30 amu and 164.93 amu, respe
tively!, and two resonant frequencies are observed co
sponding to each ion species. Different points of our stu
compared to Ref.@24# are that the ions are sympathetical
cooled and therefore cold, that the number of sympath
cally cooled ions is much less than that of the coolant io
and that the mass difference is much larger~for example,
24Mg1 and 138Ba1). A new theoretical model is necessary
describe such a different experimental condition.

II. EXPERIMENT

The resonant frequency of oscillating motion of symp
thetically cooled Ca1, Zn1, Sr1, Ba1, or Yb1 ~guest ions!
by laser-cooled24Mg1 ~host ions! in a rf trap is measured
using a technique similar to laser-cooled mass spectrosc
@23#. The procedure of simultaneous trapping of guest a
host ions is described in Ref.@22#. The neutral guest atom
introduced into the trap are ionized by charge exchange w
the trapped host ions. The guest ion number is much
than the host ion number~typically 5 barium ions for 100
magnesium ions@22#!.

The ion trap consists of one ring and two endcap el
trodes of hyperboloid of revolution. A rf voltage of ampl
tude Vac5290 V is applied between the ring and cap ele
trodes at a frequency ofV/2p52.06 MHz. No dc voltage is
applied. The secular frequency along the symmetry axis
revolutionv/2p is approximately given by

v/2p5
A2QVac

pmV~r 0
212z0

2!
. ~1!
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Here, Q and m are the charge and mass of the ion,r 0 the
radius of the ring electrode, and 2z0 the spacing between tw
cap electrodes. In our experimental setup,v/2p5352 kHz
for 24Mg1.

Additionally, a rf voltage of a few millivolts is applied
between the cap electrodes for excitation of the resonan
cillation in the trap potential@23,25#. The resonant frequenc
is measured by observing the24Mg1 fluorescence intensity
as a function of the frequency of the additional perturbat
rf voltage. If the perturbation frequency coincides with t
resonant frequency of guest ion motion, the guest ions
heated and the24Mg1 ions are also heated through collisio
with the heated guest ions@15,23#. The amplitude of the
perturbation rf voltage should be large enough to obtai

FIG. 1. Fluorescence intensity of laser-cooled24Mg1 trapped
with Ba1 as a function of perturbation rf frequency. Perturbati
amplitude is~a! 0.25 mV,~b! 0.5 mV, or~c! 2.5 mV as described in
the figure. Sweep time is 80 s.

FIG. 2. Fluorescence intensity of laser-cooled24Mg1 trapped
with ~a! Sr1 and~b! Yb1 as a function of perturbation rf frequenc
The secular frequency for Sr1 without 24Mg1 is calculated as 96
kHz, and for Yb1 49 kHz.
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signal, but too large an amplitude ejects ions from the tr
Thus it is necessary to choose a suitable amplitude in
experiment.

III. EXPERIMENTAL RESULTS

Figure 1 shows the fluorescence intensity of24Mg1 in-
duced by the cooling laser at 280 nm as a function of
perturbation rf frequency at several amplitudesVrf when
barium ions are simultaneously trapped and sympathetic
cooled. In this case the temperatures of Mg1 and Ba1 are
estimated to be 100 K and 500 K, respectively, by observ
the Doppler broadened optical spectral line of each ion s
cies @22#. When Vrf50.25 mV @Fig.1~a!#, a change in the
fluorescence intensity is not observed. This implies that
perturbation field cannot excite the ion motion enough.
the other hand, whenVrf52.5 mV @Fig.1~c!#, the perturba-
tion field is too large for the ions to be kept in the potenti
The irreversible increase of the fluorescence intensity
shown in Fig. 1~c!, because barium ions are removed fro
the trap and the temperature of Mg1 decreases@26#. This
result implies thatVrf50.5 mV @Fig. 1~b!# is the most suit-
able for this observation.

The observed resonant frequency of sympathetic
cooled Ba1 is 115kHz in Fig. 1. However, the secular fre
quency of pure barium ions without24Mg1 is calculated to
be 61 kHz from Eq.~1!. Similarly, the higher resonant fre
quencies of 170 kHz for Sr1 @Fig. 2~a!# and 90 kHz for Yb1

FIG. 3. Dependence of observed resonant frequencies of s
pathetically cooled ions on the guest ion mass. A solid line imp
the calculated secular frequency of pure ions. Observed ion spe
are Ca1 ~40.1 amu!, Zn1 ~65.4 amu!, Sr1 ~87.6 amu!, Ba1 ~137.3
amu!, and Yb1 ~173.0 amu!, and the host ion is24Mg1.

FIG. 4. Schematic representations of~a! ion configurations and
~b! oscillation modes. There are two oscillation modes for ea
configuration.
4-2
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@Fig. 2~b!# are observed, while the secular frequencies of
pure ions are 96 kHz and 49 kHz, respectively. The obser
resonant frequency of motion for each ion species is sum
rized in Fig. 3 as a function of guest ion mass. It is found t
the resonant frequency of sympathetically cooled ions
definitely larger than that without24Mg1 but much lower
than the secular frequency of24Mg1 ~352 kHz!. It is consid-
ered that a sympathetically cooled ion oscillates rather in
pendently but is perturbed appreciably by the cloud of h
ions, and the resonant frequency is shifted as a result.
collective motion with other ions is not expected~in the case
of the collective motion, the resonant frequency should
close to the secular frequency of24Mg1 because few gues
ions are trapped in the present experiment and the charg
mass ratio of the whole ion cloud is close to that of Mg1).
The observed frequency is rather independent of the num
of host and guest ions~in the case of the longer loading tim
of the guest ions, which means a smaller number of the h
ions and a larger number of the guest ions, the obser
resonant frequency is not different from that in Fig. 1!.

IV. THEORETICAL MODEL AND DISCUSSIONS

There are two characteristic results in the experime
First, the resonant frequency of sympathetically cooled i
is shifted from that without host ions. Second, the signific
dependence of the resonant frequency on the number
both host and guest ions is not observed.

The weak dependence of the resonant frequency on
guest ion number is considered to be caused by the we
Coulomb interaction between the guest ions themselves
between the guest and the host ions owing to the sma
guest ion number. Thus we consider the theoretical mode
which a single guest ion is confined and interacting with
cloud of the host ions. The guest ion is likely located outs
the host ion cloud because a heavier guest ion is in a s
lower trap potential. The host ions are regarded as a si
ion with the massN3m and the chargeN3e (N is the host
ion number!. The effect of micromotion is eliminated by us
ing the time-averaged pseudopotential.

Dynamics of a guest ion~with massM and chargee) and

FIG. 5. Calculated resonant frequencies of ion motion when
number of the host ionsN is 1 ~solid line!, 5 ~dashed line!, or 10
~dotted line!, with the experimental results~solid circles!.
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the host ion cloud (N3m and N3e) is described by the
equations of motion,

Nm
d2r

dt2
1Nmvs

2S x/4

y/4

z
D 1

Ne2

4p«0

R2r

uR2r u3
50, ~2!

and

M
d2R

dt2
1Mn2vs

2S X/4

Y/4

Z
D 2

Ne2

4p«0

R2r

uR2r u3
50. ~3!

Here,r5(x,y,z) andR5(X,Y,Z) are position vectors of the
center of mass of the host ion cloud and the guest ion,«0 the
electric permittivity of vacuum,vs/2p the secular frequency
of the host ion along the symmetry axis of revolutionz
direction!, andn is m/M . The secular frequency of the gue
ion is equal tonvs/2p. The perturbation force and the dam
ing force by laser cooling and sympathetic cooling are
included since these do not affect the resonant frequenc

Because the perturbation voltage is applied along thz
direction, we consider resonant frequencies of thez compo-
nents in Eqs.~2! and~3!. SinceVrf is small, Eqs.~2! and~3!
can be approximated as a set of linear equations by repla
uR2r u with that in equilibrium. There are two possible equ
libriums as shown in Fig. 4~a!. In the configuration perpen
dicular to thez axis, the distance is written as

uR2r u15F 4e2~n1N!

4p«0mvs
2n

G 1/3

, ~4!

and along thez axis,

uR2r u25F e2~n1N!

4p«0mvs
2n

G 1/3

. ~5!

The resonant frequency of a set of the linearized equation
calculated as

e

FIG. 6. Observation of the oscillation mode ofv2
(2) for Ba1 in

Mg1. In this trace,Vrf is 100 mV.
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v1
(6)5vsA3n14n31N~413n2!6A~4N13n13Nn214n3!2248n2~N1n!2

8~N1n!
, ~6!

for the configuration of Eq.~4! and

v2
(6)5vsA3n1n31N~113n2!6A~N13n13Nn21n3!2212n2~N1n!2

2~N1n!
, ~7!
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for Eq. ~5!. The oscillation mode of each frequency is sch
matically shown in Fig. 4~b!. For N51, 5, and 10, the de
pendence of the calculated resonant frequency of Eqs.~6!
and ~7! on the guest ion mass is shown in Fig. 5 along w
the experimental results. It is found that the observed re
nant motion completely agrees with thev2

(2) mode. Further-
more, the predicted weak dependence of the resonant
quency on the host ion numberN in Fig. 5 agrees with the
experimental result. The curves forN larger than 10 remain
almost unchanged.

The frequencies ofv1
(1) andv2

(1) modes are very close t
the frequency of pure Mg1 ion, and it is hard to resolve them
from each other. The modev1

(2) , however, can be observe
together withv2

(2) as shown in Fig. 6 whenVrf5100 mV,
which is a much larger value ofVrf than those in Fig. 1. The
sudden increase of the fluorescence signal atv2

(2) is due to
escape of Ba1 from the trap. The observed frequencyv1

(2)

of ;60 kHz agrees well with the predicted value of 54 kH
~Fig. 5!.

The reason why the larger perturbation amplitude is
quired for detection ofv1

(2) may be explained as follows. In
the experiment we do not observe the ion motion direc
but rather the intensity change of the fluorescence of24Mg1

induced by the excited ion motion which includes microm
tion. The amplitude of micromotion is proportional to th
distance between the ion and the trap origin. The modev2

(2)

readily changes the distance between the ion and the
origin, while the modev1

(2) does not change this distanc
nearly as much as the modev2

(2) . The modev2
(2) easily

excites the ion motion and increases the temperature
pl.

d

.N

d

n
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24Mg1. This causes a change in the fluorescence inten
~signal amplitude!. The excitation of the ion motion throug
the modev1

(2) requires a much stronger perturbation.

V. CONCLUSION

We have observed resonant modes of motion of ions s
pathetically cooled in a rf trap. It is found that the resona
frequency of the sympathetically cooled heavier ion spec
is larger than that of the pure ion without24Mg1 present and
is almost independent of the trapped ion numbers of b
host and guest ions. The observed results are well expla
by the theoretical model, in which the ion system is trea
with the composition of a host ion cloud and a single gu
ion, and interaction between them is taken into account. I
found that the ions behave independently rather than col
tively in the present condition of a much smaller number
heavy guest ions than the host ions, although the oscilla
frequency of the guest ions is affected by the host ion clo
The present theoretical model explains well the dynamics
the sympathetically cooled ion system. In future, we w
investigate the sympathetically cooled ions in the crys
state, which may be preferred for application of the sym
thetically cooled ions to frequency standards, high-resolut
spectroscopy, and so on, because of the much lower temp
ture compared to the cloud state.
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