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Sideband cooling of ions in radio-frequency traps
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An experimental study of sideband laser cooling of trapped ions in miniature radio-frequency traps is
presented. It ions are laser cooled by exciting the narrow intercombination lisfe'S,— 5s5p *P;, 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 numbefs)<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 ofn). Single ions as well as two-ion Coulomb crystals have been cooled to temperatures below
100 K, 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@9)08407-3

PACS numbdrs): 32.80.Lg, 42.50.Vk

I. INTRODUCTION ments with cooling on resolved sidebands therefore used a
strongly forbidden optical transitiga] or stimulated Raman
Of the various proposed and realized methods for lasetransitions[5]. In these cases, however, sideband cooling is
cooling of atoms or trapped ions sideband cool[dg is  inevitably slow and was used only to extract a few vibra-
conceptually the simplest and most efficient: It allows ational quanta from Doppler-precooled ions. In both experi-
trapped particle to be cooled to the gquantum-mechanicanents the vibrational ground state was reached to a very
ground state of a harmonic trap potential. The process can @0od approximatiofimean quantum numbgn)~0.05). Ra-
regarded as anti-Stokes Raman scattering of the pseudoméian sideband cooling was also recently applied to neutral
ecule formed by the atom and the tf&@. If the linewidth of ~ atoms in optical trapg5,7]. In the present paper we describe
an optical transition in this atom is smaller than the vibra-experiments with trapped Tnions that open a new regime of
tional frequency in the trap, both electronic levels of theparameters, since here cooling is performed on an intercom-
transition split into a ladder of resolved vibrational levels. bination line %% 'S;—5s5p 3P, with a natural linewidth
The absorption spectrum consists of a carrier at the resd-/2m of 360 kHz[8]. This makes it easy to reach the strong
nance of the free atom and sidebands at multiples of thbinding regime and also ensures fast and efficient cooling, so
vibrational frequency. With a laser tuned to theth lower-  that other methods of precooling are not required. Only one
frequency sideband, each absorption of a photon will reduceooling method is used to reduce the vibrational excitation of
the vibrational energy of the atom by quanta. Since the the ion from an initiakn)~1C? close to(n)=0. We report
subsequent spontaneous reemission will on the average nexperiments with single ions as well as with two ions, form-
change the vibrational excitation, repeated photon scatteringng a Coulomb crystal.
leads to efficient cooling of the atom. This cooling will con-  Laser cooling of trapped ions was motivated by the pos-
tinue until the absorption probability for the low-frequency sible application in an optical frequency standg®fi where
sidebands decreases with the approach of the ground statetbe relativistic Doppler shift as well as the Stark shift due to
the trap. The final temperature is limited by heating througtthe trap potential are reduced at low temperatures. Cooling to
the photon recoil. the ground state also affords possibilities of studying a well-
Despite these obvious advantages of sideband coolingontrolled mechanical quantum oscillator experimentally.
relatively few experiments have made use of this method sdhis led to production of nonclassical states of mofidf],
far. This is because the regime where the oscillation freinvestigation of quantum decoherence phenomgiild, a
guencyw is bigger than the natural linewidih of an optical ~ proposal to use trapped ions as the register of a quantum
transition(the so-called “strong binding regim¢’is not eas- computer{12], and realization of a quantum logic gatk3].
ily accessible. Vibrational frequencies of ions in standard
electromagnetic traps are of the order of 1 MHz, whereas Il. THEORY
linewidths of electric dipole transitions in positive ions are in ’
the range 20-50 MHz. In this "weak binding regime” with Most theoretical treatments of sideband cooling consider
I'>w laser cooling of trapped ions is analogous to Dopplera static harmonic traf2,14], neglecting the time dependence
cooling of free atom$§3]. The minimum temperature is given of the potential in radio-frequency ion traps. In this model a
by the Doppler limitkgT=#41/2 [2], and the mean vibra- running laser wavexexp(kr) of wave numberk induces
tional quantum number ién)=T/2w>1. The first experi- transitions between the eigenstates and |n’) of a har-
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monic oscillator. The relevant transition matrix elements areP =T w3/ (I'?>+ 2w+ 46%)~T'/6, which is already one-third
[2] of the maximum scattering rate. Finally, in the case of big
) laser detuning §>1",w,wg) the energy is proportional to the
Unr n=(n"|exp(ikr)[n) (1) detuning since the lower vibrational levels are no longer de-
pleted by the laser:

=exp— 7°/2) \/m(ln)A”L "(7%). atl s

4 w
Here n=kxy=kV#A/2mw is the Lamb-Dicke parameter for If the Lamb-Dicke parameter satisfies<1 the strength
the spatial extensioxy of the ground state) . the smaller of  of the sidebands can be calculated from a power series ex-
the two numbers andn’, An=|n—n’|, andL denotes the pansion of the matrix elements in E() and the thermal
generalized Laguerre polynomial. In the case of high vibradistribution of population over the oscillator levels. The
tional excitationn,n’>1, U, , can be approximated as U, n are evaluated to first order in only. In this approxi-
mation, the height of the first lower-frequency sideband in
Unﬂn,nwiA“JM(Zn\/ﬁ), (3)  the absorption spectrum relative to the carriemf€n) and
that of the first higher-frequency sidebané({n)+1). This
with the Bessel function ofth orderJ,. The argument of information can be used to determine experimentally the vi-
the Bessel function is the product of the wave number angrational guantum number from the absorption spectrum
the classical vibration amplitude of the highly excited state[4,16]. The strengths of the higher-order sidebands contain
This is also the result that one would expect for thehigher powers ofy? and hence rapidly decrease.
frequency-modulated spectrum of a classical oscillator. For et us now briefly review some facts about the motional
big arguments3 among the Bessel functiodg(3) those of  spectrum of an ion in a Paul tr4h7,18, which is not just a
ordern~ g have the biggest modulus. Consequently, duringstatic system but possesses an explicitly time-dependent po-
the initial stages of cooling it is most efficient to tune the tential. The equation of motion for a classical particle of
laser so that it induces transitions wifn~27n>1. chargee and massan in the quadrupole potential of the trap
For the final stages of cooling one can usually assume thag(r,z) = (Vo— U, cosQt)(r?—272)/2r5 is given by the
the ion is in the Lamb-Dicke regime, i.e., that it is localized Mathieu differential equation
in a volume smaller in extent than the optical wavelength. A
detailed study of the limits of sideband cooling in a static d’r
trap has been given by Javanairetral. [15]. The final dis- g2 T (@&—20,cos2nr=0, @)
tribution of population over the vibrational states is thermal
and can be characterized by a mean occupation nufmjer with dimensionless parameters:
or a temperatur@ =7 w/kg In(1+1/n)). The numbeKn) is
a rational function of the four frequencies involved, i.e., the Q 4eV, 2eU,

T= a:—, = —_—
T mQ2r] Gr mQ2rg

®

natural linewidthl", the oscillation frequency in the trap, Et'
the laser detuning, and the Rabi frequenayg. For certain

limiting cases simple expressions f¢n) can be derived Here a static voltag¥, and an alternating voltage with am-
from the general result given ii5]: The lowest vibrational plitude U, and frequency) are applied to a Paul trap with
excitation is achieved in the case of well-resolved sidebandghe radius of the ring electrodg. The equation of motion
(0>T') and under weak laser excitatiomg<I"), tuned to  for the z coordinate is obtained by multiplying the param-

the first sideband§= — w): etersa andq by the factor—2. The general solution of the
) Mathieu equation in the first stability region of tha,()
(ny={ a+ 1 Lz 4) parameter space can be written by using the Floquet ansatz:
44w’

o ©

The constanir depends on the geometry of excitation and '(7)= A E Cj cog2j + B, )T+B E cj sin(2j+By),

photon reemission and is of the order of 1. In the case of 9)
strong saturationgg>1") of the first sideband§= — w) the
final energy is proportional to the laser intensity: whereA andB are constants determined by the inital condi-

tions, and thec; and g, depend ona and g. In the first
stability region the value o8, is between 0 and 1. Accord-
ing to Eq. (9) the motional spectrum of the ion has reso-
nances at

This case is of practical relevance if one wants to detect a

fluorescence signal on the cooling transition, e.g., to measure .
the internal state of the ion in a double-resonance experi- @rj=
ment, while keeping the ion cold. For the choice of param-

eterswg= w=— 4, the ion is still predominantly in the vi- In the adiabatic approximatiofil8], which is valid for
brational ground state()~ 1/8), but photons are scattered a,q?<1, the movement of the ion can be separated into an
from the wing of the saturation-broadened carrier at a rat®scillation at the driving frequenc§, the so-called micro-

2

(=~ 5. ©

i%)ﬂ j=01,2.... (10)
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motion, and a slower oscillation, called the secular motion, _I
in the time-averaged pseudopotential. This pseudopotentia \I
describes the effect of the ponderomotive force of the oscil- 4, ‘ Tl 2
lating trapping field that drives the ion to the field minimum Ser J
at the center of the trap. Since in the quadrupole trap the
pseudopotential is harmonic, the solution to the equation of
motion can be approximated as { -
V + U cosQt
qr :
r(r)=rqgcospB, | 1+ 500527). (11 | -l | A

The approximate expression f6f is 8, = \/qzr [2+a, and the
secular frequencies are given by - v+ U cosot

Q Q + + U COS!

wr:ﬁ Var +2a, wzzﬁ Var —ar, (12) FIG. 1. Miniaturized radio-frequency ion traps. Left, Paul-

Straubel trap(ring electrode with inner diameter 1 mm; drive fre-
quencyQ/277=10 MHz at amplitude 1000 )/ Right, end-cap trap
(distance between the end caps 0.56 mm; drive frequén@r
=14 MHz with amplitude 200 Y. For details see Ref24].

which are the lowest-order resonanegs,= 3, (/2 in the
Floguet ansatz, Eq9). From Eq.(11) it is seen that the
amplitude of motion at the resonand@s- w is a factorq,/4

smaller than those at the resonaneelt is noteworthy that th its with iclassical th h . both th
the frequency) of the driving field does not appear directly ese results with a semiclassical theory that gives both the
fluorescence rate and kinetic energy of the ion and that is

in the motional spectrum, but only in combination with the ) ; . X .
secular frequency. This changes, however, if there is an _also valid out§|de thg Lamb-Dicke regime. In add'“OF" t.he
additional static force acting on the ion, displacing it from influence of f.“'cr?”?o“o” .due to the presence of a static field
the center of the quadrupole. The approximate solution to th@" @ second ion is investigated.

equation of motion then becomes
ll. EXPERIMENT

1+ &cos 2r

r(r)=(ry+roCoSB7) 5

(13 We use miniaturized quadrupole radio-frequency traps
that are geometrical variants of the original Paul trap and
and a resonance & appears. The force that displaces thebasically consist only of a ring electrodaul-Straubel trap
ion by r; may be due to static electric stray fields or the[23]) or two endcapgendcap trap24]). The alternating and
presence of a second ion in the trap. These effects can hagatic trapping voltages are applied to these electrodes while
a strong influence on sideband laser cooling of the trappethe potential zero is defined by shield electrodes. In this way
ions and will be treated in detail in Secs. IV and VI. a field is created inside the ring or between the two endcaps,
A number of theoretical studies have been conducted ofespectively, whose multipole expansion is dominated by the
the quantum-mechanical treatment of the Paul trap. The exguadrupole contribution. These tragsee Fig. 1 are de-
plicitly time-dependent potential does not allow stationaryscribed in detail in Ref[24]. They are relatively simple to
states with time-independent energy eigenvalues. One caf@ibricate in miniature size, making it easy to reach the Lamb-
however, as in the case of the pseudopotential model, distifPicke regime without having to apply high voltages. They
guish between two time scales and construct wave functiongre also geometrically quite open structures that allow good
of the harmonic secular oscillator that show some additionapptical access to the trapped ion.
breathing movement at the trap frequenfy9,20. A The experiments are performed witffin* ions that are
quantum-mechanical theory of sideband cooling in the timesideband cooled through laser excitation of the? 55,
dependent potential of the Paul trap exists only for speciat-5s5p 3P, intercombination line at a wavelength of 230.6
cases so far: Ciraet al. [21] treat predominantly the case nm. In this transition the hyperfine componeft-F+1
where the ion is localized in the Lamb-Dicke regime at the(whereF=1=29/2) is excited with circularly polarized light
node of a standing laser wave and have calculated timen vanishing magnetic field, so that optical pumping between
averaged kinetic energies. They find minima of the energghe Zeeman sublevels results in a closed two-level system.
that agree with the results of the theory for the static harThe natural linewidth of the transition isI'/2x7
monic trap to within a factor of 2. The strongest modifica- =360(30) kHz[8]. The laser radiation is produced by using
tions to the predictions of the cooling theory for the statica frequency-doubled stilbene-3 ring dye laser. To resolve the
trap arise in the dependence of the energy on the laser deatural linewidth of the transition, the laser is frequency sta-
tuning: The influence of the micromotion gives rise to heat-bilized to a stable reference cavity by using a high-
ing for certain ranges of negative laser detuniog the high-  bandwidth electronic servo system. The laser linewidth is
frequency side of a low-frequency micromotion sideband below 10 kHz. The saturation intensity of the cooling transi-
and to cooling for some positive detuningsn the low- tion is 1s=7.7 mWi/cnt, corresponding to a saturation
frequency side of a high-frequency micromotion sideband powerPg=0.23 uW for a focus area of 310 ° cn?. The
In Sec. IV we present experimental excitation spectra showlaser system is capable of providing up to 1BQ0 The reso-
ing the heating regions for negative detuning and compareaance fluorescence emitted from the ion is detected using a
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solar-blind photomultiplier. In all the experiments described —, 1000

below, laser excitation is performed with a single beam T 8ool a)

(sometimes containing two different frequengieSooling is 2

nevertheless effective in all three dimensions because the = 600}

laser wave vector has nonvanishing projections along all 3

three major axes of the trap. In addition, the differences be- g 400f

tween the secular frequencies are comparable to the natural § 200l

linewidth of the transition. It can thus be assumed that, irre- g

spective of the precise value of the laser detuning, several & 953025201510 5 0

sidebands corresponding to different vibrational degrees of
freedom are always close to resonance with the laser. Under
the experimental conditions described above, with typical
secular frequencie®/27=1 MHz and witha=1 (cooling

with one laser beam, but all degrees of freedom are assumed
to be thermalized Eq. (4) predicts a minimal mean occupa-
tion number(n)=0.04 for the indium ion.

laser detuning [MHz]
400

b)

2001

IV. INFLUENCE OF MICROMOTION

fluorescence count rate [Hz]

O35 30 25 20 1510 5 0

According to the adiabatic approximation the motion of )
laser detuning [MHz]

an ion in a rf trap is composed of the high-frequency micro-
motion and the slower secular motigsee Eq.(11)]. While FIG. 2. Excitation spectrum of a single indium ion with mono-
the micromotion amplitude depends on the position of thenhromatic excitation(a) With some residual micromotion through
ion in the inhomogeneous field of the trap, the secular mostatic stray fieldgwith an amplitude of about/10) and with satu-
tion can be damped through laser cooling. In doing this, theating laser excitationl(=20lg). Sidebands of the micromotion at
ion spends less and less time in regions of high field strength= — O and 5= —2Q are clearly visible Q/27=10.02 MHz).(b)
and consequently the energy in the micromotion is reducedyith weaker laser excitation € 41g) and improved compensation
For a single ion in a quadrupole trap without static potentialsf stray fields(amplitude of the micromotion below/20).

the time-averaged kinetic energies of micromotion and secu-

lar motion are equal. In the presence of electrostatic fields df9 N the high-frequency sidebands. Below resonance two
when several ions are trapped simultaneously, the energy &ro_mlnent strl_Jctures are visible: Starting from nega_mve d_e-
the micromotion can be considerably higher than that of théUning, there is a sharp peak of the fluorescence intensity,
secular motion. Limits of micromotion energy that are due tot€n @ wider region of elevated fluorescence followed by a
technical imperfections of the trap are calculatedlf]. ln "€ and then by an abrupt decrease of the signal. The narrow
the case of laser-cooled Coulomb crystals of several ionB€2ks are at detunings corresponding to the first and second
[25,26 the final kinetic energy is completely dominated by harmonics of the trap frequendy (at —10 MHz and—20

the micromotion since the ions repel each other from thdlHZ, respectively. The decrease of the fluorescence is at
saddle point of the quadrupole potential. Micromotion has ar2Pout the midpoint between the peaks. By applying dc volt-
influence on laser cooling because additional frequencies af9€s 0 compensation electrodes in the vicinity of the trap
pear in the motional spectrum of the ion that are neglected igtatic stray fields can be canceled at the position of the ion.
the approximation of the static harmonic trap. This gives risé-Nanging these voltages leads to changes in the heights of
to strong modifications in the dependence of the equilibriunf€ Peaks at the trap frequency or finally to the disappearance
energy of the ion on the laser detuning. In the case of Dop(-)f t-hese peaks. T,h's shows that th_ey are S|deband§ of the
pler cooling of weakly bound ionévhere w<T) this was residual micromotion. Since these sidebands are easily satu-

first discussed i27,28. A quantum-mechanical theory of rated in the excitation spectrum, this leads to an extremely
laser cooling in the strong binding regime taking into ac-Sensitive method of detecting stray fields or other imperfec-

count the influence of micromotion was published by Ciractions that cause micromotion in the trap: Let us assume that

et al.[21]; however, not all the experimentally relevant cases? Sideband can be detected if it has 1% of the strength of the
were treated. In this section we present experimental resul@1er. In an unsaturated spectrum this corresponds to a
on cooling and heating processes that arise for negative d&odulation indexg=2ma/\~0.2, wherea is the amplitude
tunings of the cooling laser and compare these with semil(—)f the motion of the on a'°”9 the laser beam with wave-
classical calculations. ength\ [sinceJ7(0.2)=0.01,);: Bessel function of first or-
Figure 2 shows two experimental excitation spectra of thedefl. The minimal detectable amplitude would be about
cooling transition*S,— 3P of a single indium ion, obtained A/30. Using the 100-fold saturation intensity would drive a
by tuning a single-frequency cooling laser. In Figa)2the ~Sideband withJ3(,8)=0.01 into saturation and make a side-
laser was at 20-fold saturation intensity and static stray field®and withJ?(8) =0.0001 detectable. This corresponds to an
were not fully compensated so that some residual micromoamplitude ofA/300, which would be smaller than the spread
tion can be seen. At zero detuning the carrier of the spectruraf the ground-state wave function in the present experiment.
shows an asymmetric line profile with a sharp drop in theFor the spectrum in Fig.(d), which was taken at=20lg,
fluorescence intensity as the detuning becomes positive. Thitee unsaturated height of the first sideband is abﬁ(J}S’)
is due to a rise in temperature because of nonresonant heat-0.1, corresponding t@=0.6 or a micromotion amplitude
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of N\/10. Before taking the spectrum in Fig(h? the laser —w is detuned by— and consequently cools the ion. The
intensity was reduced tol4 and the compensation of static sideband(}+ » already has a positive detuning and is
fields was improved. An upper limit for the micromotion of heating. The change of the kinetic energy of the ion’s secular
\/20 can be deduced from this spectrum. The ion is localizednotion that is produced through these various resonances is
well within the Lamb-Dicke regime and the carrier clearly obtained from the product of the respective scattering rate
dominates the spectrum. and the detuning. In addition, each scattered photon in-
To understand the structure of the excitation spectra, onereases the average energy of the ion by the photon recoil
has to consider the variations of the kinetic energy of the iorenergyEg=%R, whereR is the recoil frequencyik?/2m.
with the changing laser detuning. Each data point in Fig. 2 In calculating the absorption spectrum the ion is treated as
corresponds to an equilibrium situation where the ion is scatan oscillator with amplituda at frequency and amplitudes
tering at least 19 photons at fixed detuning. With every aq,/4 atQ* w. The strength of a sideband corresponding to
change of the detuning, however, the kinetic energy is almodulation orderj of the secular motion, order* of the
tered. For laser detunings directly below micromotion sidefrequency()+ w, and orderj~ of the frequency() —w is
bands very little fluorescence is observed, indicating that fogiven by the product of the squares of Bessel functions:
these detunings the sidebands of the secular motion are orLDj(,B)JJ.Z+(ﬁq,/4)Jj2,(Bq,/4), whereg=2mal\ is the modu-
weakly excited and that this motion is well cooled. This is in|ation index of the secular motion. From the amplitude of the
gualitative agreement with the findings of Ciraat al. secular motion the mean secular kinetic ener@y
[21,22, who predict effective cooling for these detunings. =ma2w?/2 is calculated. This classical model is justified in
The spectral structures showing increased fluorescence fgge heating regions, because here the vibrational energy of
detunings on the blue side of the micromotion sidebandshe ion increases to several hundrkd. Here the model
indicate hlgher excitation of the secular motion and less Efgives a good approxima’[ion for the strengths of the side-
fective cooling. For this range of parameters the calculationgands calculated in a fully quantum-mechanical treatment
presented if21] give no results for the equilibrium energy [see Eq.(3)]. In the cooling regions the model predicts en-
or the shape of the excitation spectrum. To calculate thesgrgies smaller thah w, showing that the classical treatment
quantities we use the following model, in which the ion isjs no longer valid. However, if a quantum numbé)
treated as a classical particle: Let us first assume an ideal g4 is calculated, this is in reasonable agreement with
Paul trap without any additional micromotion caused by nonthe gquantum-mechanical theory of Javanaieeal. [15]. In
quadrupolar static fields. The solution of the one-hjs theory of the static harmonic trap thermal excitation of
dimensional Mathieu equation according to the Floquet anyscillator levels is found as a result of laser cooling. The
satz, Eq(9), is truncated after the first order, i.e., only terms corresponding absorption spectrum would show a Gaussian
j=0,=1 are considered. The motional spectrum of the ionenvelope of sidebands. In our model of the time-dependent
thus consists of three resonances: one at the secular fremy| trap the ion’s oscillation is not in thermal equilibrium
quencyw and two at the sum and difference frequendies  and is characterized by its amplitude. This leads to a differ-
* o, the latter with an amplitude that is a factpid smaller  ent form of the absorption spectrum, especially for modula-
than those of thew term. Truncating the Floquet series after tion indices bigger than two, where the Bessel functions
the first order is well justified sincg<1 and the resonances show first zeroes. We tried both shapes of the absorption
j==*2 have an amplitude a facta’/64 smaller than the spectrum and found that the experimental structure of the
term j=0. In the interaction with the laser light the fre- excitation spectrum in the heating regions is much better
quency modulation due to the ion’s motion will cause areproduced by the model with the Bessel function spectrum.
comb of sidebands for each of the three frequencies. Besidghe model with the Gaussian spectrum shows more of a
the carrier, the absorption spectrum will show sidebands adteplike-modulated excitation spectrum without the second
detuningsjw,j’ (Q* ), and — via mixing of the frequen- fluorescence maximum in each structure. The results for the
cies — alsoj ' (1 * jw. At a given laser detuning absorption equilibrium kinetic energy do not differ much between the
can take place through sidebands of different order for diftwo models. The choice of model is motivated by the com-
ferent modulation frequencies. All processes that involve abparison with the experimental result. In experiments with
sorption on a low-frequency secular sidebartO will lead  weakly bound ions under the influence of micromotion high-
to cooling, all those involving a high-frequency secular side-amplitude nonthermal oscillations have previously been ob-
bandj>0 to heating. For the detuning= — (), for example,  served[28,30.
the laser is simultaneously in resonance with the first low- Figure 3 shows the result for the numerical calculation of
frequency w sideband of the first low-frequency)(—w)  the equilibrium kinetic energy and fluorescence intensity as a
sidebad — a cooling process — and with the first high- function of laser detuning. The parameters were chosen to
frequency w sideband of the first low-frequency)(+ w) approximate those of the indium experiments,=0.2,
sideband — a heating process. It will also be assumed that th@/w =10, I'/v=0.36, R/w=0.032, and the laser intensity
frequency ratid)/w=m is an integef29] so that for detun- was assumed to be well below saturation. To simplify the
ing —( the laser is also in resonance with thth low-  calculation the effect of the finite linewidth is neglected
frequencyw sideband, an additional contribution to cooling and only resonant excitations were calculated for values of
which will become effective at higher excitation of the secu-the detuningd=—jw, j=1,2,3.... Nonresonant scatter-
lar motion. The distinction between cooling and heating proing was considered only for the carrier since this process
cesses appears naturally by considering the laser spectrumdetermines the line shape close &0 and the minimal
the rest frame of the ion: At the detunint=—(), for ex-  energy in the cooling regions.
ample, the laser sideband to the modulation frequeficy The most prominent feature of this calculation is the heat-
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FIG. 3. Numerical simulation of sideband cooling in a Paul trap. £ 4. Numerical simulation of sideband cooling in a Paul trap
(@ Mean kinetic energy of the secular motiof) fluorescence , the presence of additional micromoticia) Mean kinetic energy
intensity as a function of laser detuning. The unit for the fluores-o¢ ha secular motion(b) fluorescence intensity as a function of
cence in_tensity is the emission of the cold ion at resonance. Paranlsger detuning. The parameters are approximately those of the ex-
eters: drive frequencf)=10w, g,=0.2. perimental spectrum shown in Figa (Q=10w, g,=0.2, micro-

motion amplitudex/10).

ing region for detunings—10w< < —5w. In this region
there are two maxima of the mean kinetic energydat  quadrupole symmetry, as is the case in the spectrum in Fig.
—Q and 6=—Q+ 2w, corresponding to laser detuning on 2(a). Since this additional micromotion has a fixed amplitude
the first secular sideband above the motional frequerfeies that is not reduced through laser cooling, it is treated like a
—w andQ + w, respectively. In the excitation spectrum this fixed frequency modulation of the laser, i.e., we transform to
leads to small peaks of the fluorescence intensity at the sanzereference system that follows the micromotion. With this
detunings. The mean kinetic energy of about200is far  laser spectrum, the same model as described above is used to
above the minimal value that is achievable at the detuningalculate the average kinetic energy and the shape of the
6=—w, but on an absolute scale this energy is still small:excitation spectrum. The result is shown in Fig. 4, where a
expressed in temperature units 2@9 corresponds to only micromotion modulation index of 0.6 was assumed, corre-
kgx10 mK for w/2m=1 MHz. sponding to an oscillation amplitude af10. Only the first

In this heating region at negative detuning the system iswo pairs of sidebands at () and =2Q were taken into
multistable, i.e., there are several values of the oscillatiormccount. Through the strong excitationlat 20l 5 the side-
amplitude that give stable equilibrium between heating andands in the excitation spectrum appear more pronounced
cooling. For the calculation shown in Fig. 3 the laser ap-relatively to the carrier. The form of the calculated excitation
proached the resonance starting from negative detuning — apectrum is in good agreement with the experimental result
is done in the experiment — and the state of the ion wa®f Fig. 2(@): Below resonance there are two structures of
iterated from one detuning to the next. The solutions foundncreased fluorescence, each of them showing a maximum at
in this way were always the equilibrium situations of the the beginning and the end of a region of laser detunings with
lowest energy. However, once the ion is heated up to higheslevated kinetic energy of the ion. The contribution of the
energy, it will not be cooled down again to the state of thesidebands= —2() is underestimated in the model in relation
lowest energy but can remain in a stable situation at higheto the experiment, indicating that the second harmonic of the
oscillation amplitude. Our model also possesses stable soltrap frequency may also contribute to the frequency modula-
tions of low energy for positive values of the detuning in thetion, perhaps because of the curvature of the ion’s trajectory.
range Gw< §<10w, similar to those predicted by Cirat al. In this section we presented an experimental and theoret-
[21]. These states will not, however, be reached when théal investigation of the influence of micromotion on side-
cooling laser is continuously tuned over the carrier, since théand cooling of an ion in a radio-frequency trap. The inter-
ion will strongly heat up at the detuninf= w. Outside the action of the ion with the laser radiation leads to a more
Lamb-Dicke regime there is no useful sideband cooling incomplex dynamics than one would expect in the case of a
regions of positive detuning. These results of the calculationstatic harmonic trap. Together with the time-dependent trap
are in agreement with the experimental observations. potential, a laser that is tuned below the resonance of the free

Let us now turn to the case of additional micromotion dueion can under certain conditions increase the ion’s kinetic
to, for example, an additional static field that breaks theenergy. On the other hand, there are also regions of detun-
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a) absorption numbers it practically does not contribute to the cooling, but
laser 1 of the ion produces some heating through nonresonant photon scatter-

/ ing. To estimate the minimum vibrational quantum number

/ laser 0 let us consider the problem in the approximation of a static

harmonic trap. It is assumed that laser 0 with intensjy
<l gis tuned to the first red sidebandy= — w), while laser
1 with intensityl ;>1, is in resonance with thith red side-
band (6;= —lw). The sideband of ordgrand with strength

frequency S;, excited with a laser of intensity will scatter photons at
b) 1 the rate
laser 1
3g
041 12seT 0 \ b =S/ (14

U T2(1+2S1/19) +487

\

0.0 where ;= (o —wo—jw) is the detuning of the laser with

frequencyw, from thejth sideband of the atomic resonance

wq. The heating and cooling powers through scattering pro-

cesses on the different sidebands can be estimated as fol-

lows: Every absorption on a red sidebandl will reduce the

10 100 1000 10000 vibrational energy by# w, while every absorption on a blue
<n> sidebandl heats the ion byZw. Every absorption on the

FIG. 5. (a) Scheme of bichromatic sideband cooling: The strong(?arrler mcreasgs the e”eng of thg ion on the average by
laser 1 is far detuned and ensures efficient cooling for higher vibrallmes th? re_COII_energﬁR. SinceR is much smaller thaw
tional excitation while the weaker laser 0 allows cooling to the (for the indium ion:R/27=32.6 kHz andw/27~1 MHz;
vibrational ground state on the first low-frequency sideband. Ann°~0.03), recoil heating through scattering on the sidebands
excitation spectrum of the ion can be recorded by scanning laser & neglected. It is also assumed tjap <1 and <1, and
across the carrietb) Relative cooling power for the two lasers as a only scattering on the carrier and on the first-order sidebands
function of the vibrational excitatioiparameters are those of the j==*1 is considered. Only one-photon processes are taken
experiment in Fig. B into account, i.e., the interactions of the ion with the two

laser beams are treated independently of one another. The

ings where the minimal kinetic energy is comparable to ommain influence of the strong and far detuned laser 1 is to
even smaller than the value expected in the approximation gfroduce a small light shift of the atomic frequeney that
a static trap. can easily be compensated for by a slight change in the fre-
quency of laser 0. The intensity can be bigger than the
saturation intensity g, but (1+21,/1g)<4l2w?/T'2? should
hold, so that the scattering rate that this laser produces
through nonresonant excitation of the carrier is well below

According to the theory15] the lowest temperatures are I'/2. Using these approximations, one can write the equilib-
expected if the cooling laser is tuned to the first low-rium between heating and cooling processes as
frequency secular sideband with an intensity well below
saturation. Under these conditions very little fluorescence is I—°F<n> 2 +|_1 2
emitted and, should the ion temporarily heat up after a col- g KTy _1)7w?<n>” @
lision with a residual-gas molecule, the cooling power for the

0.001F

cooling power [arb. units)

"

0.0001k

V. BICHROMATIC SIDEBAND COOLING
OF A SINGLE ION

3

hot ion is small because of the small detuning. To provide _lo T® +|_or_3 120 re R
faster cooling at higher temperatures and, furthermore, be 15402 %" Ig 16(1)2<n yre Is H202“
able to record high-resolution spectra of the cooling transi- 3

tion in the Lamb-Dicke regime, the method of bichromatic +|_l r (n+1)p2w (15)
sideband cooling was developé&ke Fig. 5 Cooling is per- ls4(1+1)%w? 7o

formed with two lasers of different frequency and intensity.

A strong laser(called laser 1is tuned to a low-frequency Since (n)<1, I>1, and R= 7w, the expression can be

sideband of high order and produces nearly no fluorescencgmplified to yield

from the cold ion. This laser is responsible for effective cool- 5

ing from higher vibrational levels, should these become ex- (n)= rp t liaetl

cited. At the same time a weak lagéaser 0 is tuned to the 202\ a7, 17 )

first red secular sideband to provide cooling to low vibra-

tional quantum numbers, or can also be tuned across theor 1,—0 Eq. (4) is recovered. Typical parameters of the

carrier to record a spectrum while the far detuned laser enindium experiments aré=40, 1,=1000,, I'’/w?=0.13,

sures continuous cooling. These spectra will be used later tanda=1. In this cas€n) increases from 0.041 in the opti-

determine the temperature of the ion. mal monochromatic case to 0.081 in the case of bichromatic
The presence of laser 1 has an influence on the minimalideband cooling. However, the cooling power for higher

achievable temperature since at low vibrational quantunvibrational quantum numbens>1 is increased by roughly

(16)
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the factorll g/l (for 1,>1g), which is about 400 for our A
typical experimental parameteirsee Fig. ®o)]. 400
To record an excitation spectrum of the cooling transition 300 I
the weak laser 0 can be scanned across the carrier. The cool- ¥ A
ing power from this laser will drop and the temperature will ‘g 200
rise until cooling through laser 1 becomes effective. Accord- 2 ¥
ing to Eq.(6) this is expected fofn)~1/2. Since two laser § 100_
frequencies can contribute to the fluorescence signal, it might ° 9
be asked whether the relative strength of the first low-
frequency sideband to the carrier is simply given{iny 7> 100, .
and can be used to determi(i®). As laser 0 is in resonance 3 2 4 0 1 2 3
with the first red sidebandn)<1 and some resonant scat- laser detuning [MHz]

tering is observed with amplitud&(n) 5?1 /1 5. With laser 0

. - - . FIG. 6. Excitation spectrum of a single indium ion with bichro-
in resonance with the carrier, the quantum numfmerrises P g

. . matic sideband cooling. Power in laser 1, 43V; in laser 0, about
to I/2 and the scattering rate of laser 1 from the S|deband§0 nW: detuning of laser 1-42 MHz. Below, deviations between

will increase S“ghtly' while the strength of the carrier for the the data and the fitted Lorentzian curve in tenfold magnification.
resonant laser 0 is somewhat reduced. Both effects are small
as long as the ion stays in the Lamb-Dicke regimé £ background. The width of this Lorentzian is 650 kHz and lies
<1), which is fulfilled in the experiment. The contribution above the natural linewidth of 360 kHz, indicating some
from laser 1 to the carrier resonance curve is small becaussaturation broadening and a slight drift of the resonance fre-
laser 0 can scatter on the averagR~ 30 photons until the quency due to a changing light shift from lasef3R spectra
energy of the ion is increased by one vibrational quantumyere averaged over a total measurement time oj.2lThe
which can subsequently be extracted by one additional phadeviations of the data from the fit are shown in the lower part
ton from laser 1. So the spectrum obtained in this way quitef Fig. 6 in tenfold magnification. In the region of laser
closely resembles the unsaturated spectrum of the ion aetunings corresponding to the secular frequencgso,
fixed temperature and the ratio of the strength of the re®50, and 1450 kHz; these frequencies were measured for
sideband to the carrier is given ky)#? for the minimal  identical trap parameters by electronically exciting a cloud of
vibrational quantum number. trapped ionsan increase of the signal by aboufil®6 of the

In the theoretical treatment presented so far the time déheight of the Lorentzian is observable. The wing of the
pendence of the potential of the Paul trap has been neglectédorentzian for positive detuning in Fig. 6 shows a raised
As shown in the preceding section, it has an important influfluorescence level. This is due to the heating that is produced
ence on the absorption spectrum of the ion. The far detunebly laser O as it is scanned over the blue sidebands. For these
laser can excite not only secular frequency sidebands of higéetunings the temperature and the scattering rate are higher.
order but also secular frequency sidebands of the micromoFhe sideband structure can also be made clearly visible by
tion, leading to stronger interaction of this laser with the ion.increasing the power in laser 0 to enhance the heating.
As can be seen from E(L6), a smaller effective detuning of Since the three secular frequencies are not well resolved,
laser 1 will lead to a higher-temperature limit. The detuningan exact analysis of the three-dimensional situation and the
has to be chosen on the low-frequency side of a micromotiopartition of the vibrational energy is not possible. We there-
sideband to avoid the heating regions identified in the prefore determine a mean vibrational quantum number in a
ceding section. The presence of micromotion sidebands wibpherically symmetric oscillator potential with an average
improve the stability of bichromatic cooling for high tem- frequencyw/27=1090 kHz. This gives an estimate of the
peratures, as more laser frequencies are added to the cooliagerage quantum number for the three vibrational modes of
curve shown in Fig. ). Also, while laser 0 is scanned over the ion. Withp=k%/2mw=0.174 and a relative strength of
the carrier the ion will heat up less because of the smallethe red sideband of 0.0B) the result for this quantum num-
effective detuning of laser 1. ber is(n)=0.7(3), corresponding to a temperature of about

The experimental result with a single ion in the Paul-60 wK. This result indicates that the ion is in the vibrational
Straubel trap is shown in Fig. 6. For the actual realization ofground state with a probability exceeding 50% for a basically
bichromatic sideband cooling, a single laser beam was usaghlimited time duratior{several minutes in the actual experi-
that was passed through an electro-optical modulator witlneny. In this respect the experiment is different from previ-
variable modulation frequency. Through phase modulatiorous demonstrations of ground-state sideband codkn§,
two weak sidebands containing about 0.001 of the totalvhere states with low quantum numbérs ~0.05 were pro-
power each were created around the original laser frequencduced at the end of a cooling sequence, but were also rapidly
The carrier of this spectrum served as laser 1 and was delestroyed through the state measurement itself or parasitic
tuned by about—40 MHz, corresponding to—40w or  heating processes.
—11d". This beam had about 200 times the saturation inten- Theory predicts much lower quantum numbefs)
sity. The high-frequency phase modulation sideband was-0.08[see Eq(16)] for sideband cooling of the indium ion.
used as laser 0 and was tuned by changing the drive freFhis discrepancy may be attributed in part to this theory that
quency of the electro-optical modulator. This method simul-neglects the influence of micromotion, but it may also be due
taneously produces a weak sideband-8 MHz detuning, to the limited experimental sensitivity. A problem of the ex-
whose influence on the ion can be neglected. The data in Figreriment is that the sidebands in the spectrum of the cooling
6 were fitted by a single Lorentzian curve with a constantrransition are not completely resolved, making it difficult to
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measure these low temperatures from the strength of the 0.60
sidebands. However, Thalso possesses the narrot, '
—3P,, transition, which is a favorable candidate for an opti- 0.55
cal frequency standar8]. A double-resonance experiment
[31] will allow more precise temperature determination using _ 0.50 s
the much better resolved sidebands of this transition. In this T 045 &
spectrum the sidebands can also be saturated and detected Iy g
more sensitivelyf16] without impairing the cooling through g 0.40 §
too strong excitation of the cooling transition. This would 3 0.35 5
allow an experimental test of the limits of sideband cooling ' 8
under various conditions. 030} 1°%° &
"—M‘*\—‘—wwto.oo 2
025F  adhT W, s =
VI. COOLING OF COULOMB CRYSTALS 4 3 r » 5 00 &

The formation of Coulomb crystals of laser-cooled ions laser detuning [MHz]

— rigid structures of equally charged ions held together by r G, 7. Excitation spectrum of a two-ion Coulomb crystal with
the trap — was first observed with weakly bound ions inpichromatic cooling. Power in laser 1, 280W; in laser 0, about

small Paul traps[_25,26:|. The crystallization of a strongly 50 nw; detuning of laser 1 72 MHz. Below, deviations between
coupled plasma is expected when the ratio of Coulomb ente data and the fitted Lorentzian.

ergy to thermal energl - =e?/(4me,dkgT) reaches a value
of about 15(32]. For a typical interion distanagof 10 um  sideband cooling of two I ions in a miniature endcap trap
this happens at a temperature of 11 mK, a value easily adsee Fig. 1 First experiments on laser cooling of two-ion
cessible with Doppler cooling. However, for a vibrational crystals of indium on the narrow intercombination lifg,
frequency of typically 1 MHz this energy still corresponds to — 3P, have already been reported|[i86], but under condi-
a vibrational excitatiofn)~ 200, so that the mechanical be- tions where the laser linewidth did not allow full resolution
havior of these crystals is basically classical. The questio®f the sideband structure.
arises whether it is possible to bring such a Coulomb crystal In the new experiment two ions are stored in the endcap
to the quantum ground state of all its vibrational modes bytrap with parameter®/27=13.78 MHz, q,=0.14, leading
using the more efficient sideband cooling method. The interto secular frequencies of 810 kHz in the radial direction and
est here is to create a mesoscopic quantum object consistidg50 kHz along the trap axis. The two ions are located in the
of several separable atoms in one common quantum state.radial planez=0. Because of tolerances in the assembly of
For an experimental realization of a quantum Coulombthe trap we assume that the radial frequencies are not exactly
crystal some difficulties have to be overcome: With the num-degenerate but differ by a few percent. The direction of the
ber of ions in the crystal the number of vibrational modesweaker axis along which the ions are aligned is not knawn
that have to be cooled at different frequencies increases. Inpriori, but the crystal is not rotating since there is no torque
Paul trap the ions in the crystal will also show strong phaseacting on the ions. The distance between the iong is
coupled micromotion with a kinetic energy far exceeding=4.5 um, as calculated in the pseudopotential model from
that of the thermal secular motion. To circumvent this prob-the radial frequency. The amplitude of micromotion along
lem, two-dimensional quadrupole trafse., storage rings the crystal axis ig,d/4=160 nm, resulting in a maximal
[33] or linear traps[34]) were considered to be the more modulation index of 4.3 for a cooling laser directed along
suitable systems to cool a Coulomb crystal to the quantunthis axis. Because of this strong micromotion the excitation
regime. In such a trap a linear chain of ions can be trappedpectrum of the cooling transition under monochromatic ex-
along the field-free axis without any micromotion. A strong citation shows strong heating regions above the low-
motivation for the experimental realization of such a systenfrequency micromotion sidebands as discussed in Sec. IV,
came from the proposal to use the chain of ions as the redut also efficient cooling for detunings below these side-
ister of a quantum comput@t2], where each ion represents bands. We use the method of bichromatic sideband cooling
one quantum bit and the coupling between the ions is mediand tuned laser 1 slightly below the fifth micromotion side-
ated by the common center-of-mass motion of the crystalpband. Compared with the single-ion experiments described
which, however, has to be cooled to the motional groundn Sec. V, it was necessary to increase the laser intensity to
state as an initial condition. A disadvantage of the linear traabout 10005 in order to obtain long-term stable cooling. An
is the relatively low axial frequency, which makes it lessexcitation spectrum obtained by tuning the weak laser O re-
efficient to cool this degree of freedom. So far cooling ofvealed three prominent micromotion sidebands below the
small Coulomb crystals to the quantum regime has only beenarrier. This indicates that the effective micromotion modu-
successful in miniature quadrupole traps that lead to strontation index is about 2 and that the crystal is oriented in the
binding in all three directions: in the experiment reportedradial plane at an angle of 60° to the laser beam, which
recently in[35] and in the experiment reported here. Theforms an angle of 20° with the radial plane. Figure 7 shows
NIST group[35] used a quadrupole trap with elliptic ring an excitation spectrum of the two-ion crystal in the vicinity
electrode that allows short chains of ions to be trapped alongf the carrier, averaged over 11 scans.
the longer axis of the ring. Two Beions were cooled to To analyze the spectrum we have to consider the vibra-
near the vibrational ground state by pulsed Raman sidebartibnal degrees of freedom of the two-ion crystal in the
cooling. The experiment described here uses bichromatipseudopotential26,35,37. There are three center-of-mass
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modes(in-phase movement of the two ionsith frequencies secular motion. This indicates appreciable decoupling be-
wy, oy, andw,. (Let w, be the smaller of the two radial tween the two motions.

frequencies, so that the crystal is aligned alongxhgis) In With increasing number of ions in the crystal the propor-
addition, there is the axial breathing modeut-of-phase tion of the micromotion energy will increase, so that, if scal-
movemenk at frequencyw,,= 3w, and two modes of out- ing to higher ion numbers is _desirab_le — as _for the re_gister
of-phase vibration perpendicular to theaxis with frequen- ~ Of @ quantum compute— a micromotion-free linear or ring
Cies wyy= (02— 022 and w,,= (w202 Since ,, trap will be the better suited system. Although the indium ion

<T, this mode is not resolved in the excitation spectrum and@n be laser cooled very effectively, it is not a very favorable
will not be cooled to(n,,)<1, but only to the Doppler limit candidate for_ realizing a quantum computer following the
(Nyy)=T/20,,. The motional spectrum should consist of pr(_)posal_ of Cirac and Zolldgr 2], since _|t does_ not possess a
resonances ab,~ w,=2mx 810 KHz, w,,= 27X 950 KHz, suitable m_ternal degree of freedom with sufﬂmen;ly long co-
wZ=27-r><125OXksz, and the breath)iﬁg Mode,. = 27 herence time. The ground state has no hyperfine structure

X 1400 kHz. The experimental data were fitted with a sing| and the lifetime of the metastabRP, level is only 140 ms
Lorentzian resonance curve centered on the carrier fr 8], probably too sho_rt for more complex quantum logic op-
quency. The lower curve in Fig. 7 shows the deviations oferations. It is conceivable, however, to use a linear chain
. . - . : +

the data from this fit. The noise level is somewhat higherconslasugg of |c(Jjnsf of twol_dlffere;t elementz Whetg’ln il
than in the case of the single-ion experiment because of th\ﬁfohu De useh ggMCOS Ing |?jn a seconh » Pre erentlt? y
higher intensity in laser 1, which leads to a higher stray Iighﬂ'g_ ter, lon such as®Mg" would represent the quantum bit
intensity, and because of the shorter total measurement timi§! 1ts groupd-state hyperf'r.‘e struc.ture. Both ions are strongly
The data show no systematic increase of the fluorescence fipuPled via the Coulomb interaction and form a single crys-

the range of detunings corresponding to the vibrational fre!@ ‘1Vi':jh eigenrr?odehs in\I/oIvring_ bdqth elements. Th_es?j %an r?e
quencies. An upper limit for the relative strength of the mo-¢00'€d even though only the indium ions are excited by the

tional sidebands can be derived from the noise level of 4%(_:ooling laser. In this scheme the cooling does not affect the

As in the analysis of the single-ion experiment in Sec. V westate of the quantum bits so that additional flexibility is ob-
- fained in the sequence of cooling and logic cycles in a quan-

will only determine an average vibrational quantum numbet: . o L9 ST :
for all degrees of freedom with a mean frequency of 1040UM algorithm. In addition, the indium ions serve as “spac-
kHz. With 7=0.177 the result i¢n)<0.04/72=1.3. Within ers’ .between the_quantum bits and would facilitate their
the experimental uncertainty, the vibrational quantum numindividual addressing through focused laser beams.
ber achieved with the two-ion crystal was as low as that with ACKNOWLEDGMENTS

the single ion. The crystal is in the ground state for five of its
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