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Sideband cooling of ions in radio-frequency traps

E. Peik, J. Abel, Th. Becker, J. von Zanthier, and H. Walther
Max-Planck-Institut fu¨r Quantenoptik and Sektion Physik der Ludwig-Maximilians-Universita¨t München, Hans-Kopfermann-Strasse 1,

85748 Garching, Germany
~Received 25 February 1999!

An experimental study of sideband laser cooling of trapped ions in miniature radio-frequency traps is
presented. In1 ions are laser cooled by exciting the narrow intercombination line 5s2 1S0→5s5p 3P1, which
shows resolved sidebands due to the vibrational motion of the ions in the trap. The influence of the micromo-
tion at the frequency of the oscillating trapping field is investigated. Heating processes through coupling with
the trapping field occur for certain regions of negative laser detuning. A method of bichromatic sideband
cooling is introduced that combines efficient cooling from high temperatures with the possibility of reaching
low mean vibrational quantum numbers^n&,1 by using narrow optical transitions. This technique allows
recording of high-resolution excitation spectra of the cooling transition in the Lamb-Dicke regime and thus
determination of̂ n&. Single ions as well as two-ion Coulomb crystals have been cooled to temperatures below
100 mK, and population of the ground state of motion to more than 50% over long time scales is demon-
strated. These values are close to the lower limit for the detection of vibrational excitation with the present
method.@S1050-2947~99!08407-3#

PACS number~s!: 32.80.Lg, 42.50.Vk
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I. INTRODUCTION

Of the various proposed and realized methods for la
cooling of atoms or trapped ions sideband cooling@1# is
conceptually the simplest and most efficient: It allows
trapped particle to be cooled to the quantum-mechan
ground state of a harmonic trap potential. The process ca
regarded as anti-Stokes Raman scattering of the pseudo
ecule formed by the atom and the trap@2#. If the linewidth of
an optical transition in this atom is smaller than the vib
tional frequency in the trap, both electronic levels of t
transition split into a ladder of resolved vibrational leve
The absorption spectrum consists of a carrier at the re
nance of the free atom and sidebands at multiples of
vibrational frequency. With a laser tuned to themth lower-
frequency sideband, each absorption of a photon will red
the vibrational energy of the atom bym quanta. Since the
subsequent spontaneous reemission will on the average
change the vibrational excitation, repeated photon scatte
leads to efficient cooling of the atom. This cooling will co
tinue until the absorption probability for the low-frequen
sidebands decreases with the approach of the ground sta
the trap. The final temperature is limited by heating throu
the photon recoil.

Despite these obvious advantages of sideband coo
relatively few experiments have made use of this method
far. This is because the regime where the oscillation
quencyv is bigger than the natural linewidthG of an optical
transition~the so-called ‘‘strong binding regime’’! is not eas-
ily accessible. Vibrational frequencies of ions in standa
electromagnetic traps are of the order of 1 MHz, wher
linewidths of electric dipole transitions in positive ions are
the range 20–50 MHz. In this ’’weak binding regime’’ wit
G.v laser cooling of trapped ions is analogous to Dopp
cooling of free atoms@3#. The minimum temperature is give
by the Doppler limitkBT5\G/2 @2#, and the mean vibra
tional quantum number iŝn&5G/2v.1. The first experi-
PRA 601050-2947/99/60~1!/439~11!/$15.00
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ments with cooling on resolved sidebands therefore use
strongly forbidden optical transition@4# or stimulated Raman
transitions@5#. In these cases, however, sideband cooling
inevitably slow and was used only to extract a few vibr
tional quanta from Doppler-precooled ions. In both expe
ments the vibrational ground state was reached to a v
good approximation~mean quantum number^n&'0.05). Ra-
man sideband cooling was also recently applied to neu
atoms in optical traps@6,7#. In the present paper we describ
experiments with trapped In1 ions that open a new regime o
parameters, since here cooling is performed on an interc
bination line 5s2 1S0→5s5p 3P1 with a natural linewidth
G/2p of 360 kHz@8#. This makes it easy to reach the stron
binding regime and also ensures fast and efficient cooling
that other methods of precooling are not required. Only o
cooling method is used to reduce the vibrational excitation
the ion from an initial̂ n&'108 close to^n&50. We report
experiments with single ions as well as with two ions, form
ing a Coulomb crystal.

Laser cooling of trapped ions was motivated by the p
sible application in an optical frequency standard@9# where
the relativistic Doppler shift as well as the Stark shift due
the trap potential are reduced at low temperatures. Coolin
the ground state also affords possibilities of studying a w
controlled mechanical quantum oscillator experimenta
This led to production of nonclassical states of motion@10#,
investigation of quantum decoherence phenomena@11#, a
proposal to use trapped ions as the register of a quan
computer@12#, and realization of a quantum logic gate@13#.

II. THEORY

Most theoretical treatments of sideband cooling consi
a static harmonic trap@2,14#, neglecting the time dependenc
of the potential in radio-frequency ion traps. In this mode
running laser wave}exp(ikr) of wave numberk induces
transitions between the eigenstatesun& and un8& of a har-
439 ©1999 The American Physical Society
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monic oscillator. The relevant transition matrix elements
@2#

Un8,n5^n8uexp~ ikr !un& ~1!

5exp~2h2/2!A n,!

~n,1Dn!!
~ ih!DnLn,

Dn~h2!.

~2!

Here h5kx05kA\/2mv is the Lamb-Dicke parameter fo
the spatial extensionx0 of the ground state,n, the smaller of
the two numbersn andn8, Dn5un2n8u, andLn

m denotes the
generalized Laguerre polynomial. In the case of high vib
tional excitationn,n8@1, Un8,n can be approximated as

Un1Dn,n' i DnJDn~2hAn!, ~3!

with the Bessel function ofnth orderJn . The argument of
the Bessel function is the product of the wave number
the classical vibration amplitude of the highly excited sta
This is also the result that one would expect for t
frequency-modulated spectrum of a classical oscillator.
big argumentsb among the Bessel functionsJn(b) those of
ordern'b have the biggest modulus. Consequently, dur
the initial stages of cooling it is most efficient to tune t
laser so that it induces transitions withDn'2hAn@1.

For the final stages of cooling one can usually assume
the ion is in the Lamb-Dicke regime, i.e., that it is localiz
in a volume smaller in extent than the optical wavelength
detailed study of the limits of sideband cooling in a sta
trap has been given by Javanainenet al. @15#. The final dis-
tribution of population over the vibrational states is therm
and can be characterized by a mean occupation numbe^n&
or a temperatureT5\v/kB ln(111/̂ n&). The number̂ n& is
a rational function of the four frequencies involved, i.e., t
natural linewidthG, the oscillation frequency in the trapv,
the laser detuningd, and the Rabi frequencyvR . For certain
limiting cases simple expressions for^n& can be derived
from the general result given in@15#: The lowest vibrational
excitation is achieved in the case of well-resolved sideba
(v@G) and under weak laser excitation (vR!G), tuned to
the first sideband (d52v):

^n&5S a1
1

4D G2

4v2 . ~4!

The constanta depends on the geometry of excitation a
photon reemission and is of the order of 1. In the case
strong saturation (vR@G) of the first sideband (d52v) the
final energy is proportional to the laser intensity:

^n&'
vR

2

8v2 . ~5!

This case is of practical relevance if one wants to dete
fluorescence signal on the cooling transition, e.g., to mea
the internal state of the ion in a double-resonance exp
ment, while keeping the ion cold. For the choice of para
etersvR5v52d, the ion is still predominantly in the vi-
brational ground state (^n&'1/8), but photons are scattere
from the wing of the saturation-broadened carrier at a r
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P5GvR
2/(G212vR

214d2)'G/6, which is already one-third
of the maximum scattering rate. Finally, in the case of b
laser detuning (d@G,v,vR) the energy is proportional to th
detuning since the lower vibrational levels are no longer
pleted by the laser:

^n&'
a11

4

d

v
. ~6!

If the Lamb-Dicke parameter satisfiesh!1 the strength
of the sidebands can be calculated from a power series
pansion of the matrix elements in Eq.~2! and the thermal
distribution of population over the oscillator levels. Th
Un8,n are evaluated to first order inh only. In this approxi-
mation, the height of the first lower-frequency sideband
the absorption spectrum relative to the carrier ish2^n& and
that of the first higher-frequency sidebandh2(^n&11). This
information can be used to determine experimentally the
brational quantum number from the absorption spectr
@4,16#. The strengths of the higher-order sidebands con
higher powers ofh2 and hence rapidly decrease.

Let us now briefly review some facts about the motion
spectrum of an ion in a Paul trap@17,18#, which is not just a
static system but possesses an explicitly time-dependen
tential. The equation of motion for a classical particle
chargee and massm in the quadrupole potential of the tra
w(r ,z)5(V02U0 cosVt)(r222z2)/2r 0

2 is given by the
Mathieu differential equation

d2r

dt2 1~ar22qr cos 2t!r 50, ~7!

with dimensionless parameters:

t5
V

2
t, ar5

4eV0

mV2r 0
2 , qr5

2eU0

mV2r 0
2 . ~8!

Here a static voltageV0 and an alternating voltage with am
plitude U0 and frequencyV are applied to a Paul trap with
the radius of the ring electroder 0. The equation of motion
for the z coordinate is obtained by multiplying the param
etersa andq by the factor22. The general solution of the
Mathieu equation in the first stability region of the (a,q)
parameter space can be written by using the Floquet an

r ~t!5A (
j 52`

`

cj cos~2 j 1b r !t1B (
j 52`

`

cj sin~2 j 1b r !t,

~9!

whereA andB are constants determined by the inital con
tions, and thecj and b r depend ona and q. In the first
stability region the value ofb r is between 0 and 1. Accord
ing to Eq. ~9! the motional spectrum of the ion has res
nances at

v r , j5S j 6
b r

2 DV, j 50,1,2. . . . ~10!

In the adiabatic approximation@18#, which is valid for
a,q2!1, the movement of the ion can be separated into
oscillation at the driving frequencyV, the so-called micro-
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PRA 60 441SIDEBAND COOLING OF IONS IN RADIO-FREQUENCY TRAPS
motion, and a slower oscillation, called the secular moti
in the time-averaged pseudopotential. This pseudopote
describes the effect of the ponderomotive force of the os
lating trapping field that drives the ion to the field minimu
at the center of the trap. Since in the quadrupole trap
pseudopotential is harmonic, the solution to the equation
motion can be approximated as

r ~t!5r 0 cosb rtS 11
qr

2
cos 2t D . ~11!

The approximate expression forb r is b r5Aqr
2/21ar and the

secular frequencies are given by

v r5
V

A8
Aqr

212ar , vz5
V

A2
Aqr

22ar , ~12!

which are the lowest-order resonancesv r ,z5b r ,zV/2 in the
Floquet ansatz, Eq.~9!. From Eq. ~11! it is seen that the
amplitude of motion at the resonancesV6v is a factorqr /4
smaller than those at the resonancev. It is noteworthy that
the frequencyV of the driving field does not appear direct
in the motional spectrum, but only in combination with th
secular frequencyv. This changes, however, if there is a
additional static force acting on the ion, displacing it fro
the center of the quadrupole. The approximate solution to
equation of motion then becomes

r ~t!5~r 11r 0 cosbt!S 11
qr

2
cos 2t D ~13!

and a resonance atV appears. The force that displaces t
ion by r 1 may be due to static electric stray fields or t
presence of a second ion in the trap. These effects can
a strong influence on sideband laser cooling of the trap
ions and will be treated in detail in Secs. IV and VI.

A number of theoretical studies have been conducted
the quantum-mechanical treatment of the Paul trap. The
plicitly time-dependent potential does not allow stationa
states with time-independent energy eigenvalues. One
however, as in the case of the pseudopotential model, di
guish between two time scales and construct wave funct
of the harmonic secular oscillator that show some additio
breathing movement at the trap frequency@19,20#. A
quantum-mechanical theory of sideband cooling in the tim
dependent potential of the Paul trap exists only for spe
cases so far: Ciracet al. @21# treat predominantly the cas
where the ion is localized in the Lamb-Dicke regime at t
node of a standing laser wave and have calculated ti
averaged kinetic energies. They find minima of the ene
that agree with the results of the theory for the static h
monic trap to within a factor of 2. The strongest modific
tions to the predictions of the cooling theory for the sta
trap arise in the dependence of the energy on the laser
tuning: The influence of the micromotion gives rise to he
ing for certain ranges of negative laser detuning~on the high-
frequency side of a low-frequency micromotion sideban!
and to cooling for some positive detunings~on the low-
frequency side of a high-frequency micromotion sideban!.
In Sec. IV we present experimental excitation spectra sh
ing the heating regions for negative detuning and comp
,
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these results with a semiclassical theory that gives both
fluorescence rate and kinetic energy of the ion and tha
also valid outside the Lamb-Dicke regime. In addition, t
influence of micromotion due to the presence of a static fi
or a second ion is investigated.

III. EXPERIMENT

We use miniaturized quadrupole radio-frequency tra
that are geometrical variants of the original Paul trap a
basically consist only of a ring electrode~Paul-Straubel trap
@23#! or two endcaps~endcap trap@24#!. The alternating and
static trapping voltages are applied to these electrodes w
the potential zero is defined by shield electrodes. In this w
a field is created inside the ring or between the two endca
respectively, whose multipole expansion is dominated by
quadrupole contribution. These traps~see Fig. 1! are de-
scribed in detail in Ref.@24#. They are relatively simple to
fabricate in miniature size, making it easy to reach the Lam
Dicke regime without having to apply high voltages. Th
are also geometrically quite open structures that allow g
optical access to the trapped ion.

The experiments are performed with115In1 ions that are
sideband cooled through laser excitation of the 5s2 1S0
→5s5p 3P1 intercombination line at a wavelength of 230
nm. In this transition the hyperfine componentF→F11
~whereF5I 59/2) is excited with circularly polarized ligh
in vanishing magnetic field, so that optical pumping betwe
the Zeeman sublevels results in a closed two-level syst
The natural linewidth of the transition isG/2p
5360(30) kHz@8#. The laser radiation is produced by usin
a frequency-doubled stilbene-3 ring dye laser. To resolve
natural linewidth of the transition, the laser is frequency s
bilized to a stable reference cavity by using a hig
bandwidth electronic servo system. The laser linewidth
below 10 kHz. The saturation intensity of the cooling tran
tion is I S57.7 mW/cm2, corresponding to a saturatio
powerPS50.23 mW for a focus area of 331025 cm2. The
laser system is capable of providing up to 1000PS . The reso-
nance fluorescence emitted from the ion is detected usin

FIG. 1. Miniaturized radio-frequency ion traps. Left, Pau
Straubel trap~ring electrode with inner diameter 1 mm; drive fre
quencyV/2p510 MHz at amplitude 1000 V!. Right, end-cap trap
~distance between the end caps 0.56 mm; drive frequencyV/2p
514 MHz with amplitude 200 V!. For details see Ref.@24#.
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solar-blind photomultiplier. In all the experiments describ
below, laser excitation is performed with a single bea
~sometimes containing two different frequencies!. Cooling is
nevertheless effective in all three dimensions because
laser wave vector has nonvanishing projections along
three major axes of the trap. In addition, the differences
tween the secular frequencies are comparable to the na
linewidth of the transition. It can thus be assumed that, ir
spective of the precise value of the laser detuning, sev
sidebands corresponding to different vibrational degrees
freedom are always close to resonance with the laser. U
the experimental conditions described above, with typi
secular frequenciesv/2p51 MHz and witha51 ~cooling
with one laser beam, but all degrees of freedom are assu
to be thermalized!, Eq. ~4! predicts a minimal mean occupa
tion number̂ n&50.04 for the indium ion.

IV. INFLUENCE OF MICROMOTION

According to the adiabatic approximation the motion
an ion in a rf trap is composed of the high-frequency mic
motion and the slower secular motion@see Eq.~11!#. While
the micromotion amplitude depends on the position of
ion in the inhomogeneous field of the trap, the secular m
tion can be damped through laser cooling. In doing this,
ion spends less and less time in regions of high field stren
and consequently the energy in the micromotion is reduc
For a single ion in a quadrupole trap without static potent
the time-averaged kinetic energies of micromotion and se
lar motion are equal. In the presence of electrostatic field
when several ions are trapped simultaneously, the energ
the micromotion can be considerably higher than that of
secular motion. Limits of micromotion energy that are due
technical imperfections of the trap are calculated in@16#. In
the case of laser-cooled Coulomb crystals of several i
@25,26# the final kinetic energy is completely dominated
the micromotion since the ions repel each other from
saddle point of the quadrupole potential. Micromotion has
influence on laser cooling because additional frequencies
pear in the motional spectrum of the ion that are neglecte
the approximation of the static harmonic trap. This gives r
to strong modifications in the dependence of the equilibri
energy of the ion on the laser detuning. In the case of D
pler cooling of weakly bound ions~wherev,G) this was
first discussed in@27,28#. A quantum-mechanical theory o
laser cooling in the strong binding regime taking into a
count the influence of micromotion was published by Cir
et al. @21#; however, not all the experimentally relevant cas
were treated. In this section we present experimental res
on cooling and heating processes that arise for negative
tunings of the cooling laser and compare these with se
classical calculations.

Figure 2 shows two experimental excitation spectra of
cooling transition1S0→3P1 of a single indium ion, obtained
by tuning a single-frequency cooling laser. In Fig. 2~a! the
laser was at 20-fold saturation intensity and static stray fie
were not fully compensated so that some residual micro
tion can be seen. At zero detuning the carrier of the spect
shows an asymmetric line profile with a sharp drop in
fluorescence intensity as the detuning becomes positive.
is due to a rise in temperature because of nonresonant
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ing on the high-frequency sidebands. Below resonance
prominent structures are visible: Starting from negative
tuning, there is a sharp peak of the fluorescence inten
then a wider region of elevated fluorescence followed b
rise and then by an abrupt decrease of the signal. The na
peaks are at detunings corresponding to the first and se
harmonics of the trap frequencyV ~at 210 MHz and220
MHz, respectively!. The decrease of the fluorescence is
about the midpoint between the peaks. By applying dc v
ages to compensation electrodes in the vicinity of the t
static stray fields can be canceled at the position of the
Changing these voltages leads to changes in the heigh
the peaks at the trap frequency or finally to the disappeara
of these peaks. This shows that they are sidebands of
residual micromotion. Since these sidebands are easily s
rated in the excitation spectrum, this leads to an extrem
sensitive method of detecting stray fields or other imperf
tions that cause micromotion in the trap: Let us assume
a sideband can be detected if it has 1% of the strength of
carrier. In an unsaturated spectrum this corresponds
modulation indexb52pa/l'0.2, wherea is the amplitude
of the motion of the ion along the laser beam with wav
lengthl @sinceJ1

2(0.2)'0.01,J1: Bessel function of first or-
der#. The minimal detectable amplitude would be abo
l/30. Using the 100-fold saturation intensity would drive
sideband withJ1

2(b)50.01 into saturation and make a sid
band withJ1

2(b)50.0001 detectable. This corresponds to
amplitude ofl/300, which would be smaller than the spre
of the ground-state wave function in the present experim
For the spectrum in Fig. 2~a!, which was taken atI 520I S ,
the unsaturated height of the first sideband is aboutJ1

2(b)
50.1, corresponding tob50.6 or a micromotion amplitude

FIG. 2. Excitation spectrum of a single indium ion with mon
chromatic excitation.~a! With some residual micromotion throug
static stray fields~with an amplitude of aboutl/10) and with satu-
rating laser excitation (I 520I S). Sidebands of the micromotion a
d52V andd522V are clearly visible (V/2p510.02 MHz).~b!
With weaker laser excitation (I 54I S) and improved compensatio
of stray fields~amplitude of the micromotion belowl/20).
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of l/10. Before taking the spectrum in Fig. 2~b! the laser
intensity was reduced to 4I S and the compensation of stat
fields was improved. An upper limit for the micromotion o
l/20 can be deduced from this spectrum. The ion is locali
well within the Lamb-Dicke regime and the carrier clear
dominates the spectrum.

To understand the structure of the excitation spectra,
has to consider the variations of the kinetic energy of the
with the changing laser detuning. Each data point in Fig
corresponds to an equilibrium situation where the ion is s
tering at least 103 photons at fixed detuning. With ever
change of the detuning, however, the kinetic energy is
tered. For laser detunings directly below micromotion sid
bands very little fluorescence is observed, indicating that
these detunings the sidebands of the secular motion are
weakly excited and that this motion is well cooled. This is
qualitative agreement with the findings of Ciracet al.
@21,22#, who predict effective cooling for these detunings

The spectral structures showing increased fluorescenc
detunings on the blue side of the micromotion sideba
indicate higher excitation of the secular motion and less
fective cooling. For this range of parameters the calculati
presented in@21# give no results for the equilibrium energ
or the shape of the excitation spectrum. To calculate th
quantities we use the following model, in which the ion
treated as a classical particle: Let us first assume an i
Paul trap without any additional micromotion caused by n
quadrupolar static fields. The solution of the on
dimensional Mathieu equation according to the Floquet
satz, Eq.~9!, is truncated after the first order, i.e., only term
j 50,61 are considered. The motional spectrum of the
thus consists of three resonances: one at the secular
quencyv and two at the sum and difference frequenciesV
6v, the latter with an amplitude that is a factorq/4 smaller
than those of thev term. Truncating the Floquet series aft
the first order is well justified sinceq!1 and the resonance
j 562 have an amplitude a factorq2/64 smaller than the
term j 50. In the interaction with the laser light the fre
quency modulation due to the ion’s motion will cause
comb of sidebands for each of the three frequencies. Bes
the carrier, the absorption spectrum will show sideband
detuningsj v, j 8(V6v), and — via mixing of the frequen
cies — alsoj 8V6 j v. At a given laser detuning absorptio
can take place through sidebands of different order for
ferent modulation frequencies. All processes that involve
sorption on a low-frequency secular sidebandj ,0 will lead
to cooling, all those involving a high-frequency secular sid
bandj .0 to heating. For the detuningd52V, for example,
the laser is simultaneously in resonance with the first lo
frequencyv sideband of the first low-frequency (V2v)
sideband — a cooling process — and with the first hig
frequencyv sideband of the first low-frequency (V1v)
sideband – a heating process. It will also be assumed tha
frequency ratioV/v5m is an integer@29# so that for detun-
ing 2V the laser is also in resonance with themth low-
frequencyv sideband, an additional contribution to coolin
which will become effective at higher excitation of the sec
lar motion. The distinction between cooling and heating p
cesses appears naturally by considering the laser spectru
the rest frame of the ion: At the detuningd52V, for ex-
ample, the laser sideband to the modulation frequencyV
d
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2v is detuned by2v and consequently cools the ion. Th
sidebandV1v already has a positive detuningv and is
heating. The change of the kinetic energy of the ion’s secu
motion that is produced through these various resonance
obtained from the product of the respective scattering r
and the detuning. In addition, each scattered photon
creases the average energy of the ion by the photon re
energyER5\R, whereR is the recoil frequency\k2/2m.

In calculating the absorption spectrum the ion is treated
an oscillator with amplitudea at frequencyv and amplitudes
aqr /4 atV6v. The strength of a sideband corresponding
modulation orderj of the secular motion, orderj 1 of the
frequencyV1v, and orderj 2 of the frequencyV2v is
given by the product of the squares of Bessel functio
Jj

2(b)Jj 1
2 (bqr /4)Jj 2

2 (bqr /4), whereb52pa/l is the modu-
lation index of the secular motion. From the amplitude of t
secular motion the mean secular kinetic energyE
5ma2v2/2 is calculated. This classical model is justified
the heating regions, because here the vibrational energ
the ion increases to several hundred\v. Here the model
gives a good approximation for the strengths of the si
bands calculated in a fully quantum-mechanical treatm
@see Eq.~3!#. In the cooling regions the model predicts e
ergies smaller than\v, showing that the classical treatme
is no longer valid. However, if a quantum number^n&
5E/\v is calculated, this is in reasonable agreement w
the quantum-mechanical theory of Javanainenet al. @15#. In
this theory of the static harmonic trap thermal excitation
oscillator levels is found as a result of laser cooling. T
corresponding absorption spectrum would show a Gaus
envelope of sidebands. In our model of the time-depend
Paul trap the ion’s oscillation is not in thermal equilibriu
and is characterized by its amplitude. This leads to a diff
ent form of the absorption spectrum, especially for modu
tion indices bigger than two, where the Bessel functio
show first zeroes. We tried both shapes of the absorp
spectrum and found that the experimental structure of
excitation spectrum in the heating regions is much be
reproduced by the model with the Bessel function spectru
The model with the Gaussian spectrum shows more o
steplike-modulated excitation spectrum without the seco
fluorescence maximum in each structure. The results for
equilibrium kinetic energy do not differ much between t
two models. The choice of model is motivated by the co
parison with the experimental result. In experiments w
weakly bound ions under the influence of micromotion hig
amplitude nonthermal oscillations have previously been
served@28,30#.

Figure 3 shows the result for the numerical calculation
the equilibrium kinetic energy and fluorescence intensity a
function of laser detuning. The parameters were chose
approximate those of the indium experiments,qr50.2,
V/v510, G/v50.36, R/v50.032, and the laser intensit
was assumed to be well below saturation. To simplify t
calculation the effect of the finite linewidthG is neglected
and only resonant excitations were calculated for values
the detuningd52 j v, j 51,2,3. . . . Nonresonant scatter
ing was considered only for the carrier since this proc
determines the line shape close tod50 and the minimal
energy in the cooling regions.

The most prominent feature of this calculation is the he
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ing region for detunings210v,d,25v. In this region
there are two maxima of the mean kinetic energy atd5
2V and d52V12v, corresponding to laser detuning o
the first secular sideband above the motional frequencieV
2v andV1v, respectively. In the excitation spectrum th
leads to small peaks of the fluorescence intensity at the s
detunings. The mean kinetic energy of about 200\v is far
above the minimal value that is achievable at the detun
d52v, but on an absolute scale this energy is still sm
expressed in temperature units 200\v corresponds to only
kB310 mK for v/2p51 MHz.

In this heating region at negative detuning the system
multistable, i.e., there are several values of the oscilla
amplitude that give stable equilibrium between heating a
cooling. For the calculation shown in Fig. 3 the laser a
proached the resonance starting from negative detuning —
is done in the experiment — and the state of the ion w
iterated from one detuning to the next. The solutions fou
in this way were always the equilibrium situations of t
lowest energy. However, once the ion is heated up to hig
energy, it will not be cooled down again to the state of t
lowest energy but can remain in a stable situation at hig
oscillation amplitude. Our model also possesses stable s
tions of low energy for positive values of the detuning in t
range 6v,d,10v, similar to those predicted by Ciracet al.
@21#. These states will not, however, be reached when
cooling laser is continuously tuned over the carrier, since
ion will strongly heat up at the detuningd5v. Outside the
Lamb-Dicke regime there is no useful sideband cooling
regions of positive detuning. These results of the calculati
are in agreement with the experimental observations.

Let us now turn to the case of additional micromotion d
to, for example, an additional static field that breaks

FIG. 3. Numerical simulation of sideband cooling in a Paul tra
~a! Mean kinetic energy of the secular motion;~b! fluorescence
intensity as a function of laser detuning. The unit for the fluor
cence intensity is the emission of the cold ion at resonance. Pa
eters: drive frequencyV510v, qr50.2.
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quadrupole symmetry, as is the case in the spectrum in
2~a!. Since this additional micromotion has a fixed amplitu
that is not reduced through laser cooling, it is treated lik
fixed frequency modulation of the laser, i.e., we transform
a reference system that follows the micromotion. With th
laser spectrum, the same model as described above is us
calculate the average kinetic energy and the shape of
excitation spectrum. The result is shown in Fig. 4, wher
micromotion modulation index of 0.6 was assumed, cor
sponding to an oscillation amplitude ofl/10. Only the first
two pairs of sidebands at6V and 62V were taken into
account. Through the strong excitation atI 520I S the side-
bands in the excitation spectrum appear more pronoun
relatively to the carrier. The form of the calculated excitati
spectrum is in good agreement with the experimental re
of Fig. 2~a!: Below resonance there are two structures
increased fluorescence, each of them showing a maximu
the beginning and the end of a region of laser detunings w
elevated kinetic energy of the ion. The contribution of t
sidebandd522V is underestimated in the model in relatio
to the experiment, indicating that the second harmonic of
trap frequency may also contribute to the frequency modu
tion, perhaps because of the curvature of the ion’s traject

In this section we presented an experimental and theo
ical investigation of the influence of micromotion on sid
band cooling of an ion in a radio-frequency trap. The int
action of the ion with the laser radiation leads to a mo
complex dynamics than one would expect in the case o
static harmonic trap. Together with the time-dependent t
potential, a laser that is tuned below the resonance of the
ion can under certain conditions increase the ion’s kine
energy. On the other hand, there are also regions of de

.

-
m-

FIG. 4. Numerical simulation of sideband cooling in a Paul tr
in the presence of additional micromotion.~a! Mean kinetic energy
of the secular motion;~b! fluorescence intensity as a function o
laser detuning. The parameters are approximately those of the
perimental spectrum shown in Fig. 2~a! (V510v, qr50.2, micro-
motion amplitudel/10).
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PRA 60 445SIDEBAND COOLING OF IONS IN RADIO-FREQUENCY TRAPS
ings where the minimal kinetic energy is comparable to
even smaller than the value expected in the approximatio
a static trap.

V. BICHROMATIC SIDEBAND COOLING
OF A SINGLE ION

According to the theory@15# the lowest temperatures ar
expected if the cooling laser is tuned to the first lo
frequency secular sideband with an intensity well bel
saturation. Under these conditions very little fluorescenc
emitted and, should the ion temporarily heat up after a c
lision with a residual-gas molecule, the cooling power for t
hot ion is small because of the small detuning. To prov
faster cooling at higher temperatures and, furthermore,
able to record high-resolution spectra of the cooling tran
tion in the Lamb-Dicke regime, the method of bichroma
sideband cooling was developed~see Fig. 5!: Cooling is per-
formed with two lasers of different frequency and intensi
A strong laser~called laser 1! is tuned to a low-frequency
sideband of high order and produces nearly no fluoresce
from the cold ion. This laser is responsible for effective co
ing from higher vibrational levels, should these become
cited. At the same time a weak laser~laser 0! is tuned to the
first red secular sideband to provide cooling to low vib
tional quantum numbers, or can also be tuned across
carrier to record a spectrum while the far detuned laser
sures continuous cooling. These spectra will be used late
determine the temperature of the ion.

The presence of laser 1 has an influence on the mini
achievable temperature since at low vibrational quant

FIG. 5. ~a! Scheme of bichromatic sideband cooling: The stro
laser 1 is far detuned and ensures efficient cooling for higher vi
tional excitation while the weaker laser 0 allows cooling to t
vibrational ground state on the first low-frequency sideband.
excitation spectrum of the ion can be recorded by scanning las
across the carrier.~b! Relative cooling power for the two lasers as
function of the vibrational excitation~parameters are those of th
experiment in Fig. 6!.
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numbers it practically does not contribute to the cooling, b
produces some heating through nonresonant photon sca
ing. To estimate the minimum vibrational quantum numb
let us consider the problem in the approximation of a sta
harmonic trap. It is assumed that laser 0 with intensityI 0
!I S is tuned to the first red sideband (d052v), while laser
1 with intensityI 1.I 0 is in resonance with thel th red side-
band (d152 lv). The sideband of orderj and with strength
Sj , excited with a laser of intensityI, will scatter photons at
the rate

Pj5
G3SjI /I S

G2~112SjI /I S!14d j
2 , ~14!

whered j5(vL2v02 j v) is the detuning of the laser with
frequencyvL from the j th sideband of the atomic resonan
v0. The heating and cooling powers through scattering p
cesses on the different sidebands can be estimated as
lows: Every absorption on a red sideband2 l will reduce the
vibrational energy byl\v, while every absorption on a blu
sidebandl heats the ion byl\v. Every absorption on the
carrier increases the energy of the ion on the average ba
times the recoil energy\R. SinceR is much smaller thanv
~for the indium ion:R/2p532.6 kHz andv/2p'1 MHz;
h2'0.03), recoil heating through scattering on the sideba
is neglected. It is also assumed that^n&,1 andh2!1, and
only scattering on the carrier and on the first-order sideba
j 561 is considered. Only one-photon processes are ta
into account, i.e., the interactions of the ion with the tw
laser beams are treated independently of one another.
main influence of the strong and far detuned laser 1 is
produce a small light shift of the atomic frequencyv0 that
can easily be compensated for by a slight change in the
quency of laser 0. The intensityI 1 can be bigger than the
saturation intensityI S , but (112I 1 /I S),4l 2v2/G2 should
hold, so that the scattering rate that this laser produ
through nonresonant excitation of the carrier is well bel
G/2. Using these approximations, one can write the equi
rium between heating and cooling processes as

I 0

I S
G^n&h2v1

I 1

I S

G3

4~ l 21!2v2 ^n&h2v

5
I 0

I S

G3

4v2 aR1
I 0

I S

G3

16v2 ^n11&h2v1
I 1

I S

G3

4l 2v2 aR

1
I 1

I S

G3

4~ l 11!2v2 ^n11&h2v. ~15!

Since ^n&,1, l @1, and R5h2v, the expression can b
simplified to yield

^n&5
G2

4v2S a1
1

4
1

I 1

I 0

a11

l 2 D . ~16!

For I 1→0 Eq. ~4! is recovered. Typical parameters of th
indium experiments arel 540, I 151000I 0 , G2/v250.13,
anda51. In this casê n& increases from 0.041 in the opt
mal monochromatic case to 0.081 in the case of bichrom
sideband cooling. However, the cooling power for high
vibrational quantum numbersn. l is increased by roughly

a-

n
0
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the factor l I S /I 0 ~for I 1.I S), which is about 400 for our
typical experimental parameters@see Fig. 5~b!#.

To record an excitation spectrum of the cooling transit
the weak laser 0 can be scanned across the carrier. The
ing power from this laser will drop and the temperature w
rise until cooling through laser 1 becomes effective. Acco
ing to Eq.~6! this is expected for̂n&' l /2. Since two laser
frequencies can contribute to the fluorescence signal, it m
be asked whether the relative strength of the first lo
frequency sideband to the carrier is simply given by^n&h2

and can be used to determine^n&. As laser 0 is in resonanc
with the first red sideband,̂n&,1 and some resonant sca
tering is observed with amplitudeG^n&h2I 0 /I S . With laser 0
in resonance with the carrier, the quantum number^n& rises
to l /2 and the scattering rate of laser 1 from the sideba
will increase slightly, while the strength of the carrier for th
resonant laser 0 is somewhat reduced. Both effects are s
as long as the ion stays in the Lamb-Dicke regime (Anh
,1), which is fulfilled in the experiment. The contributio
from laser 1 to the carrier resonance curve is small beca
laser 0 can scatter on the averagev/R'30 photons until the
energy of the ion is increased by one vibrational quantu
which can subsequently be extracted by one additional p
ton from laser 1. So the spectrum obtained in this way qu
closely resembles the unsaturated spectrum of the io
fixed temperature and the ratio of the strength of the
sideband to the carrier is given by^n&h2 for the minimal
vibrational quantum number.

In the theoretical treatment presented so far the time
pendence of the potential of the Paul trap has been negle
As shown in the preceding section, it has an important in
ence on the absorption spectrum of the ion. The far detu
laser can excite not only secular frequency sidebands of
order but also secular frequency sidebands of the micro
tion, leading to stronger interaction of this laser with the io
As can be seen from Eq.~16!, a smaller effective detuning o
laser 1 will lead to a higher-temperature limit. The detuni
has to be chosen on the low-frequency side of a micromo
sideband to avoid the heating regions identified in the p
ceding section. The presence of micromotion sidebands
improve the stability of bichromatic cooling for high tem
peratures, as more laser frequencies are added to the co
curve shown in Fig. 5~b!. Also, while laser 0 is scanned ove
the carrier the ion will heat up less because of the sma
effective detuning of laser 1.

The experimental result with a single ion in the Pa
Straubel trap is shown in Fig. 6. For the actual realization
bichromatic sideband cooling, a single laser beam was u
that was passed through an electro-optical modulator w
variable modulation frequency. Through phase modulat
two weak sidebands containing about 0.001 of the to
power each were created around the original laser freque
The carrier of this spectrum served as laser 1 and was
tuned by about240 MHz, corresponding to240v or
2110G. This beam had about 200 times the saturation int
sity. The high-frequency phase modulation sideband w
used as laser 0 and was tuned by changing the drive
quency of the electro-optical modulator. This method sim
taneously produces a weak sideband at280 MHz detuning,
whose influence on the ion can be neglected. The data in
6 were fitted by a single Lorentzian curve with a const
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background. The width of this Lorentzian is 650 kHz and li
above the natural linewidth of 360 kHz, indicating som
saturation broadening and a slight drift of the resonance
quency due to a changing light shift from laser 1~32 spectra
were averaged over a total measurement time of 2 h!. The
deviations of the data from the fit are shown in the lower p
of Fig. 6 in tenfold magnification. In the region of lase
detunings corresponding to the secular frequencies~880,
950, and 1450 kHz; these frequencies were measured
identical trap parameters by electronically exciting a cloud
trapped ions! an increase of the signal by about 2~1!% of the
height of the Lorentzian is observable. The wing of t
Lorentzian for positive detuning in Fig. 6 shows a rais
fluorescence level. This is due to the heating that is produ
by laser 0 as it is scanned over the blue sidebands. For t
detunings the temperature and the scattering rate are hig
The sideband structure can also be made clearly visible
increasing the power in laser 0 to enhance the heating.

Since the three secular frequencies are not well resolv
an exact analysis of the three-dimensional situation and
partition of the vibrational energy is not possible. We the
fore determine a mean vibrational quantum number in
spherically symmetric oscillator potential with an avera
frequencyv/2p51090 kHz. This gives an estimate of th
average quantum number for the three vibrational mode
the ion. Withh5kA\/2mv50.174 and a relative strength o
the red sideband of 0.02~1! the result for this quantum num
ber is ^n&50.7(3),corresponding to a temperature of abo
60 mK. This result indicates that the ion is in the vibration
ground state with a probability exceeding 50% for a basica
unlimited time duration~several minutes in the actual exper
ment!. In this respect the experiment is different from prev
ous demonstrations of ground-state sideband cooling@4,5#,
where states with low quantum numbers^n&'0.05 were pro-
duced at the end of a cooling sequence, but were also rap
destroyed through the state measurement itself or para
heating processes.

Theory predicts much lower quantum numbers^n&
'0.08@see Eq.~16!# for sideband cooling of the indium ion
This discrepancy may be attributed in part to this theory t
neglects the influence of micromotion, but it may also be d
to the limited experimental sensitivity. A problem of the e
periment is that the sidebands in the spectrum of the coo
transition are not completely resolved, making it difficult

FIG. 6. Excitation spectrum of a single indium ion with bichr
matic sideband cooling. Power in laser 1, 43mW; in laser 0, about
30 nW; detuning of laser 1,242 MHz. Below, deviations between
the data and the fitted Lorentzian curve in tenfold magnification
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PRA 60 447SIDEBAND COOLING OF IONS IN RADIO-FREQUENCY TRAPS
measure these low temperatures from the strength of
sidebands. However, In1 also possesses the narrow1S0
→3P0 transition, which is a favorable candidate for an op
cal frequency standard@8#. A double-resonance experime
@31# will allow more precise temperature determination us
the much better resolved sidebands of this transition. In
spectrum the sidebands can also be saturated and det
more sensitively@16# without impairing the cooling through
too strong excitation of the cooling transition. This wou
allow an experimental test of the limits of sideband cooli
under various conditions.

VI. COOLING OF COULOMB CRYSTALS

The formation of Coulomb crystals of laser-cooled io
— rigid structures of equally charged ions held together
the trap — was first observed with weakly bound ions
small Paul traps@25,26#. The crystallization of a strongly
coupled plasma is expected when the ratio of Coulomb
ergy to thermal energyGC5e2/(4pe0dkBT) reaches a value
of about 150@32#. For a typical interion distanced of 10 mm
this happens at a temperature of 11 mK, a value easily
cessible with Doppler cooling. However, for a vibration
frequency of typically 1 MHz this energy still corresponds
a vibrational excitation̂n&'200, so that the mechanical be
havior of these crystals is basically classical. The ques
arises whether it is possible to bring such a Coulomb cry
to the quantum ground state of all its vibrational modes
using the more efficient sideband cooling method. The in
est here is to create a mesoscopic quantum object consi
of several separable atoms in one common quantum sta

For an experimental realization of a quantum Coulo
crystal some difficulties have to be overcome: With the nu
ber of ions in the crystal the number of vibrational mod
that have to be cooled at different frequencies increases.
Paul trap the ions in the crystal will also show strong pha
coupled micromotion with a kinetic energy far exceedi
that of the thermal secular motion. To circumvent this pro
lem, two-dimensional quadrupole traps~i.e., storage rings
@33# or linear traps@34#! were considered to be the mo
suitable systems to cool a Coulomb crystal to the quan
regime. In such a trap a linear chain of ions can be trap
along the field-free axis without any micromotion. A stron
motivation for the experimental realization of such a syst
came from the proposal to use the chain of ions as the
ister of a quantum computer@12#, where each ion represen
one quantum bit and the coupling between the ions is m
ated by the common center-of-mass motion of the crys
which, however, has to be cooled to the motional grou
state as an initial condition. A disadvantage of the linear t
is the relatively low axial frequency, which makes it le
efficient to cool this degree of freedom. So far cooling
small Coulomb crystals to the quantum regime has only b
successful in miniature quadrupole traps that lead to str
binding in all three directions: in the experiment report
recently in @35# and in the experiment reported here. T
NIST group @35# used a quadrupole trap with elliptic rin
electrode that allows short chains of ions to be trapped al
the longer axis of the ring. Two Be1 ions were cooled to
near the vibrational ground state by pulsed Raman sideb
cooling. The experiment described here uses bichrom
he
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sideband cooling of two In1 ions in a miniature endcap tra
~see Fig. 1!. First experiments on laser cooling of two-io
crystals of indium on the narrow intercombination line1S0
→3P1 have already been reported in@36#, but under condi-
tions where the laser linewidth did not allow full resolutio
of the sideband structure.

In the new experiment two ions are stored in the end
trap with parametersV/2p513.78 MHz, qr50.14, leading
to secular frequencies of 810 kHz in the radial direction a
1250 kHz along the trap axis. The two ions are located in
radial planez50. Because of tolerances in the assembly
the trap we assume that the radial frequencies are not ex
degenerate but differ by a few percent. The direction of
weaker axis along which the ions are aligned is not knowa
priori , but the crystal is not rotating since there is no torq
acting on the ions. The distance between the ions isd
54.5 mm, as calculated in the pseudopotential model fro
the radial frequency. The amplitude of micromotion alo
the crystal axis isqrd/45160 nm, resulting in a maxima
modulation index of 4.3 for a cooling laser directed alo
this axis. Because of this strong micromotion the excitat
spectrum of the cooling transition under monochromatic
citation shows strong heating regions above the lo
frequency micromotion sidebands as discussed in Sec.
but also efficient cooling for detunings below these sid
bands. We use the method of bichromatic sideband coo
and tuned laser 1 slightly below the fifth micromotion sid
band. Compared with the single-ion experiments descri
in Sec. V, it was necessary to increase the laser intensit
about 1000I S in order to obtain long-term stable cooling. A
excitation spectrum obtained by tuning the weak laser 0
vealed three prominent micromotion sidebands below
carrier. This indicates that the effective micromotion mod
lation index is about 2 and that the crystal is oriented in
radial plane at an angle of 60° to the laser beam, wh
forms an angle of 20° with the radial plane. Figure 7 sho
an excitation spectrum of the two-ion crystal in the vicini
of the carrier, averaged over 11 scans.

To analyze the spectrum we have to consider the vib
tional degrees of freedom of the two-ion crystal in t
pseudopotential@26,35,37#. There are three center-of-mas

FIG. 7. Excitation spectrum of a two-ion Coulomb crystal wi
bichromatic cooling. Power in laser 1, 280mW; in laser 0, about
50 nW; detuning of laser 1,272 MHz. Below, deviations between
the data and the fitted Lorentzian.
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448 PRA 60PEIK, ABEL, BECKER, von ZANTHIER, AND WALTHER
modes~in-phase movement of the two ions! with frequencies
vx , vy , andvz . ~Let vx be the smaller of the two radia
frequencies, so that the crystal is aligned along thex axis.! In
addition, there is the axial breathing mode~out-of-phase
movement! at frequencyvxx5A3vx and two modes of out-
of-phase vibration perpendicular to thex axis with frequen-
cies vxy5(vy

22vx
2)1/2 and vxz5(vz

22vx
2)1/2. Since vxy

,G, this mode is not resolved in the excitation spectrum a
will not be cooled tô nxy&,1, but only to the Doppler limit
^nxy&'G/2vxy . The motional spectrum should consist
resonances atvx'vy52p3810 kHz,vxz52p3950 kHz,
vz52p31250 kHz, and the breathing modevxx52p
31400 kHz. The experimental data were fitted with a sin
Lorentzian resonance curve centered on the carrier
quency. The lower curve in Fig. 7 shows the deviations
the data from this fit. The noise level is somewhat high
than in the case of the single-ion experiment because of
higher intensity in laser 1, which leads to a higher stray lig
intensity, and because of the shorter total measurement t
The data show no systematic increase of the fluorescenc
the range of detunings corresponding to the vibrational
quencies. An upper limit for the relative strength of the m
tional sidebands can be derived from the noise level of 4
As in the analysis of the single-ion experiment in Sec. V,
will only determine an average vibrational quantum num
for all degrees of freedom with a mean frequency of 10
kHz. With h50.177 the result iŝn&,0.04/h251.3. Within
the experimental uncertainty, the vibrational quantum nu
ber achieved with the two-ion crystal was as low as that w
the single ion. The crystal is in the ground state for five of
six modes with about 50% probability over long time scal
The total kinetic energy of the micromotionmV2(qrd)2/16
is four orders of magnitude higher than the energy of
d
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secular motion. This indicates appreciable decoupling
tween the two motions.

With increasing number of ions in the crystal the propo
tion of the micromotion energy will increase, so that, if sc
ing to higher ion numbers is desirable — as for the regis
of a quantum computer — a micromotion-free linear or ring
trap will be the better suited system. Although the indium i
can be laser cooled very effectively, it is not a very favora
candidate for realizing a quantum computer following t
proposal of Cirac and Zoller@12#, since it does not possess
suitable internal degree of freedom with sufficiently long c
herence time. The ground state has no hyperfine struc
and the lifetime of the metastable3P0 level is only 140 ms
@8#, probably too short for more complex quantum logic o
erations. It is conceivable, however, to use a linear ch
consisting of ions of two different elements where115In1

would be used for cooling and a second, preferentia
lighter, ion such as25Mg1 would represent the quantum b
in its ground-state hyperfine structure. Both ions are stron
coupled via the Coulomb interaction and form a single cr
tal with eigenmodes involving both elements. These can
cooled even though only the indium ions are excited by
cooling laser. In this scheme the cooling does not affect
state of the quantum bits so that additional flexibility is o
tained in the sequence of cooling and logic cycles in a qu
tum algorithm. In addition, the indium ions serve as ‘‘spa
ers’’ between the quantum bits and would facilitate th
individual addressing through focused laser beams.
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