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Raman cooling and heating of two trapped B& ions

D. Reil3, K. Abich, W. Neuhauser, Ch. Wunderlich, and P. E. Toschek
Institut fur Laser-Physik, UniversitaHamburg, Jungiusstrale 9, 20355 Hamburg, Germany
(Received 15 March 2001; published 12 April 2002

We study cooling of the collective vibrational motion of td#fBa" ions confined in an electrodynamic trap
and irradiated by laser light close to the resonar&gsP,/, (493 nm andP4,,-D5, (650 nm). The motional
state of the ions is monitored by a spatially resolving photomultiplier. Depending on detuning and intensity of
the cooling lasers, macroscopically different motional states corresponding to different ion temperatures are
observed. We also derive the ions’ temperature from detailed analytical calculations of laser cooling taking into
account the Zeeman structure of the energy levels involved. The observed motional states perfectly match the
calculated temperatures. Significant heating is observed in the vicinity of the dark resonances of the Zeeman-
split S;/-D 5, Raman transitions. Here two-photon processes dominate the interaction between lasers and ions.
Parameter regimes of laser light are identified that imply most efficient laser cooling.
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[. INTRODUCTION ics is reduced, as compared with the Cirac-Zoller scheme,
thus reducing the effect of decoherence. Here, too, the LDP
In order to implement conditional quantum dynamics of plays a crucial role as the fidelity of such a fast quantum gate
qubits represented by the internal structure of individual ionss f~1— 3 2.
in a Paul trap, a vibrational mode of the entire ion string is While the Swoensen-Mémer scheme does not require
used. Cirac and Zolldil] have suggested a method for con- ground-state cooling, it still demands low vibrational quan-
ditional dynamics that requires the ions to be cooled to theitum numberdi.e., 7°(n+1)<1). Thus, laser cooling is es-
vibrational grOUnd state. Here, the vibrational state repreésential for guantum information processing inion traps, and
sents a “bus” qubit that gets entangled with the ions’internalit js desirable to have at hand robust cooling techniques that
states by stimulated transitions, where the absorp@n  4re suited for reaching low vibrational excitation at moderate
emission of a photon is coupled with the emissidar ab-  (ochnological expenditure on the side of the laser sources. In

sorption of a vibrational quantum. : . . .
. particular, cooling of the collective motion of several par-
The recently proposed/&n_l_sen-l\/_ldmer scheme_[Z] In- ticles is prerequisite for implementing conditional quantum
corporates two-photon transitions in order to directly en_?ynamics with trapped ions

tangle the internal states of the ions. Here, the vibrationa It has been known for some time that the motion of

mode is only virtually excited. In this way the contribution of raoped particles stronalv depends on laser cooling. With a
higher vibrational excitations can be made to destructivel)}. bped p rongly oep ; ng.
ingle trapped particle, distinct macroscopic motional states

interfere. In this way, the scheme does not require cooling t ) ) X
Y d d ﬁzave been observed with different parameters of the cooling

the vibrational ground state, but admits population in highe ; ; )
vibrational levels. lasers[6]. With a cloud of ions, changes in the temperature

In general, the manipulation of the motion of trapped par_inducec.i by laser cooling cause phase transitions betwgen a
ticles by light relies on the coupling of electronic and mo-crystalline and an evaporated st@fe8|. These macroscopi-
tional degrees of freedom via the scattering of photons. Hereally distinct  states indicate the specific temperature
the important figure of merit is the Lamb-Dicke parameterachieved by laser cooling.

(LDP) 7, its square given by the ratio of the recoil energy In this paper we investigate the macroscopic motional
transfered when scattering a photon, and the energy of thetates of two trapped®Ba’ under the action of laser cool-
vibrational quantum{3]. For small %, transition processes ing. In Sec. Il, the theory of laser cooling of the collective
involving the creation or annihilation of vibrational quanta motion of two charged particles trapped in an anisotropic
(i.e. nth order sideband transitionsrre suppressed by the harmonic potential is outlined. If the particles obey the
factor ?". Therefore, a small LDP allows only linear cou- Lamb-Dicke limit, the cooling rate and the achievable tem-
pling (involving only single-phonon transitionsbetween perature are calculable without any free parameter. We fully
electronic and vibrational degrees of freedom. This Jaynedake into account the multilevel structure of the involved
Cummings type of coupling4] is prerequisite for many ions, thus allowing for any type of cooling process, such as
schemes suggested in quantum information processing imoppler[9], sideband10], and Raman coolinfl1]. In Sec.
cluding the mentioned implementatiofts 2]. Il we describe the experimental setup and present the results

Plenio and Knigh{5] have proposed to drive the interac- of the measurements. Phase transitions between macroscopi-
tion between electronic and vibrational degrees of freedoneally distinct states are observed. The parameter values at
by tuning strong laser light to the resonance frequency, in- which these transitions take place perfectly agree with the
stead of the sideband. In this case, the light intensity imposegalues calculated from the theoretical model. In Sec. IV we
a specific light shift on the ions that selects the desired trandse the model to find optimized laser parameters for cooling
sition. By doing so, the time needed for conditional dynam-the collective motion of the ions.
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TABLE |. Frequencies and Lamb-Dicke parameters for the dif-
ferent vibrational modes. Note that the geometrical fadtpre(,) is
included in the LDP$EQ. (15)]. In the present experiment the angle
of incidence is 45° to all directions, yielding a factor of/B/

Mode X Y Z X y Z T

wl/27 MHz 1.0035 1.0220 1.0530 1.7381 0.1936 0.3191

Tags 0.044 0044 0043 0034 0101 0079 < g

eso 0034 0033 0033 0026 0077 0060 I

Mr62 0012 0012 0012 0009 0028 0022 >

04 3.66
II. THEORY 37
A. Collective motion
We consider the collective motion of two ions of mass 37 -366

in a three-dimensiondBD) harmonic trapping potential FIG. 1. Effective double-well potential(x,y) for the relative

m motion of two trapped®Ba’ ions (trap frequencies as given in
Viad ) = 5(w§xf+ w§yj2+ cogzj2 , (1) Table ). The contour lines correspond Y6=2,4,6,8ueV.

that for high enough temperature, i.e., at a mean motional
energy E., comparable with the potential barrier at the
saddle point on thg axis

which is the same for both iong € 1,2). Since each of the
ions carries one positive elementary chaggthey repel each
other by the Coulomb interaction

2 1 3 —‘3[ ez ’ 2/3 2/3
e - _
Vc(rl,rz): - (2) AVy 2 (477'60 ,u(wy w3 )' (7)

47760 |I’1—I’2| ’

the ions can move freely in a ring-shaped region in the
plane. However, at low temperature, the relative motion is
restricted to the wells, i.e., the ions will appear at approxi-
mately fixed positions. The same argument can be applied to
and r=r,—ry. (3)  thezdirection: For even higher energiés,= AV, the mo-
2 tional state changes from a ring to a sphere. All three mo-
tional states have been observed in our experiment. How-
ever, in the following we shall focus on the transition
between the localized and the ring state, as we are mainly
interested in laser cooling in the low-temperature regime.

M e 2y2, 252 In the localized state the potential can be approximated
V(R) = S0 X+ oy Y2+ 037 ) (4) Nz p : pp

around the minimum aty, . Expanding up to second order

ri]n the dispIacemenTEr—ro,x one gets

The potential is simplified by using center-of-mass and rela
tive coordinates

ri+ro
R=

With the definition of total and reduced mas#¢s-2m and
pn=m/2, one gets

for the center-of-mass motion, corresponding to the motio

of a single trapped particle with the original oscillation fre- - o

quencies, but twice the ions mass. V(r)=V(ro,)+ E(wfinr wyy?+ w,7%) )
The potential for the relative motion is

2 1 with local frequencies

. 5 ~ ~
dmeg |r| ©® wy= 3wy, wy = wiz—w)z( (9)

V(N = S(02C+ 02y + 022?) +

If the trap frequencies slightly diffefas they do in our ex- (cf. Table ).
periment, see Table this potential does not show spherical
symmetry. Witho,<w,<w, holding, the potential has ab-

Y- ) ! B. Laser cooling of the collective motion
solute minima on the axis and saddle points on tiyeandz

axis at The mechanical effect of irradiating ions with laser light
leads to thermalization of the motional degrees of freedom.
3 o2 The corresponding cooling rate and steady-state temperature
=+ —— =X.V.7 (6)  depend on the electronic level scheme and laser parameter-
0g= = 2% A7XY.2 . :
Ameopwg s;they are calculated in this section. The key to the theory

presented here is the well-known Lamb-Dicke limit. As long
Figure 1 shows the potential in thg,§) plane. It is clear as the ions are localized near the minima of the potential,
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their spatial extension is much smaller than the wavelength ,

of exciting laser light. In this case, the photon recoil operator Voipj= > AN Tio +H.e., (13
gk’ i.e., the coupling of the internal dynamics to the ions !
motion, can be expanded in the LDP. Since the LDP is small,

; : S : where(), is the Rabi frequency of the light driving the tran-
dynamics due to this coupling is slow compared with thesition |. Summing over both ions, and rewriting the dipole

internal dynamics that may be adiabatically eliminated, Thisinteraction in terms of center-of-mass and relative coordi-
reduction leads to a master equation for the motional degreensa,[es[E (3)], gives
of freedom, where the involved transition rates depend on q-9) 9

steady-state expectation values of internal operators. This

procedure and its application to a single B®n has been VDipzz hQ ek R kTt 4 gikiTety 1 H e,
described in Ref{12]. [ : :
We do not account for dipole-dipole interaction between (14

the two ions, since the separation of the two ions is large as

compared to the optical wavelengths useg/f ~8). Even Note that the center-of-mass and relative motions are
though processes caused by this interaction possibly could @upled via the interaction with the laser light. However, in
observed13], they are rarely compared with the single-ion the Lamb-Dicke limit this coupling can be neglected, as
scattering, and their influence on the collective motion is(k,-R), and (k;-T) are small and the potential can be ex-
negligible. Thus, we do not consider correlations between thganded. This expansion is characterized by the Lamb-Dicke
two ions’ internal dynamics that would lead to cooperativeparameters

effects such as superradiance. We rather calculate the cooling

effect tha_t each _of the two ions individually ha_s on the com- M=K eqm (15)

mon motion. This effect is the same for both ions, since the

foci of the lasers are wide compared with the distance of th?or the center-of-mass modes afly=k eqm for
_of- o=k a

ions (the waist of the Gaussian beams being 10r ), and h | mod f the relati ion. In th ;
therefore, the laser intensities, and consequently laser cootl-e normal modes of the relative motion. In the experiment,
' , all LDPs are much smaller than unity, see Table I. Now, we

ing do not depenc_i on the ions’ positions. .rewrite the coordinates in terms of the lowering and raising
We shall now give a short recap of the theory presented in

Ref.[12] and apply its results to the collective motion of two Operators of the corresponding vibrational eigenmodes
ions in the current experiment. We start from the density

operatore for the motional and internal degrees of freedom. R — / (al+ay), Ta= h 343
The dynamics is described by the master equation a4 NV 2M wg 4 7 a Z,MZ)q( q  “a/
d 1 (16)
—o(t)=—[H,o(t)]+ Lo(1), (10
dte( 'ﬁ[ en]+Le Since the expansion is around the potential minimum, there
is a constant phase factor ¢xfi/2)k,-rq], that is incorpo-
where rated in the atomic transition operatass; . Now, keeping
1 only terms up to first order ifany) Lamb-Dicke parameter
Lo= 2 2 VI(ZUHJ diI(g)eflk|rj§eelk|rj§a-l+j yields
=121 Y- '
1
- - L= X‘_ B — T y
. Lo . . —1)! o
is the Liouvillean allowing for spontaneous emission. It has _ ( 50 2+ 0). 1
the usual Lindblad fornj14], where dissipation acts on the J2 % 17.a(8q g 9

internal(via o) and on the motionalvia e-'*'") degrees of
freedom. The indeklabels the two ions, and the indéruns  whereo*=¢"+ 0~ ando¥Y=(o"— 0o ")/i have been used.
over all atomic transitions involved.12 is the spontaneous The first term of Eq(17) describes the driving of the internal
emission rate, and-;- are the corresponding transition op- dynamics by the interaction with the laser light. Since it is of
erators.W(¢) is the angular distribution of spontaneous zeroth order in any LDP it does not contain the mechanical
emission for this transition. The Hamiltonian is given by  effect of light, i.e., no laser cooling or heating. The second
and third term of Eq(17) (first order in a LDP couple the
p internal dynamics to the center-of-mass and relative motions,
ZJFV(”JFJ-:};{Z Hinj+ Voip,j - respectively. The ion-dependent sign in the third line of Eq.
(12) (17) arises from the opposite impact of the two ions’ recoil
on the relative motion. Since the vibrational modes decouple
Hin,j is the Hamiltonian for the internal levels of thth ion.  in the Lamb-Dicke limit, we can restrict ourselves to a 1D
The ion’s dipole interaction with the laser light can be writ- description. Therefore, the indexcharacterizing the specific
ten as mode is omitted in what follows.

P2

T 2M

2

H +V(R)+

053401-3



REIR, ABICH, NEUHAUSER, WUNDERLICH, AND TOSCHEK PHYSICAL REVIEW &5 053401

Now, the fast internal dynamics of the ions is adiabati-both from|n) to |n+1) and vice versa. Here, the geometri-
cally eliminated and one obtains a master equation for theal factor 4<|«eq22 in the LDP[Eq. (15)] is replaced by,
external degrees of freedom. This procedure finally leads te- [ ,d¢W,(£)£? that accounts for the angular distribution
the well-known time evolution of the mean phonon numberof the light emission.

[15]

IIl. EXPERIMENTAL OBSERVATION

d
a<”>= —(A_—A)(N)+A,, (18) The two Bé& -ions are confined in a 1-mm-diameter Paul

trap and irradiated by laser light at 493 nm for excitation of
with the cooling rate resonance S(_:attering on tB8,,-°Py), transiti(_)n. This_ laser
is detuned slightly below resonance for cooling the ions. The
A _ fluorescence signal is recorded by photon counting. A second
W=A_—-A, (19 . T
laser at 650 nm prevents optical pumping into tH@s,
level. A static magnetic field defines the quantization direc-

nd(if th ling rate i itivethe mean motional ener ) ) .
and(if the cooling rate is positivethe mean motional energy tion and lifts the degeneracy of the magnetic sublevels. Its

A direction is at 45° with respect to the plane defined by the
EEx:ﬁw—+ (20) ring electrode. The directions of propagation and the polar-
A_—A, izations of both light beams are set perpendicular to the mag-
netic field. The power levels of the light fields are stabilized
The transition rateé\.. are given by by electro-optic modulators. Precise detuning of the 650-nm
laser is accomplished using a double-pass acousto-optic
A.=2[ReS(+w)+D]. (21)  modulator. So far, the setup has been described elsewhere

[16]. In addition the fluorescent light is monitored by a spa-
The first constituent is the fluctuation spectrum of the electially resolving photo multiplier revealing the position of the
tronic dipole coupling ions in the trap.
The ions are dynamically trapped by superimposed elec-
B ® ety Y y tric dc and rf fields[17] and represent particles inside a
S(‘”)_2 Oy ”I’jo dte”(o7(t)ay,(0)), (22 nearly spheroidal harmoniguasjpotential. In order to de-
h termine the geometry of thigjuasjpotential oscillations of a
single trapped ion are excited by applying an additional rf

wherew is the vibrational frequency of the considered mOde'f'eId Three sharb resonances are found at the frequencies
The expectation value is to be taken in the steady state of thee o P q

internal dynamics that in turn is calculated from the maste@' VN N Tab_le I,_|.e., macroscopic motion of the lonin e
equation y, and/orz direction of the trap is observed. Thalirection,

within the radial plane, is found at approximately 45° de-
grees to the polarization of the lasers. While the nondegen-
+ Lo0in(1), eracy ofw, is obvious, the asymmetry ab, and w, origi-
nates from a slight asymmetry of the ring electrode. The
(23 distance of the two ions in the potential minima, as calcu-
. . . S lated from Eq.(6) using the actual values qf and wy is
derived from Eq.(10), by using adiabatic elimination, and r =3.70um and agrees very well with the experimental
keeping only the zeroth order in any LDP. Here, value 3.65um obtained from the spatially resolved measure-
ment.
Keeping all other parameters constant, the frequency of
the 650-nm laser is scanned across tBe,,-2Py,, line. The
(24) intensity of the scattered light vs detuning of the 650-nm
light, Agsg= wgs0— @wp..p, IS Shown in the upper part of Fig.
describes the spontaneous emission in zeroth order. Via th& Wherewgs, is the laser frequency anop.p, is the atomic
driving by laser light, the steady state depends on the parantransition frequency. The structure of dark resonances is well
eters(intensity, detuning, polarizatigrof the light field. known from the fluorescence of a single ifi8] and corre-
The second contribution to the transition rates originatesponds to four dark states, i.e., coherent superpositions of
from the spontaneously emitted photons as described by tiagnetic substates of théS;, and 2Dy, levels, respec-
Liouvillean £. So far, spontaneous emission has only beerively. From a fit of this excitation spectrum with eight-level
considered up to the zeroth order in the LDP. The secondeptical Bloch equations, accounting for the Zeeman sub-
order term is readily calculated and leads to the additionastructure, we obtain the Rabi frequencies of both lasers, the
transition rate detuningA 493= w493~ ws.,p Of the 493-nm laser as well as
the strength of the magnetic field. This is a standard proce-
o dure in our Bd experiments. The parameters obtained from
D=Z yl—l 77|2<0'|+0'|_> (25)  the spectrum shown in Fig. 2 af@g50=59.0<27 MHz,
T (ki-ey)? Que=46.2X2m MHz, Agg=—44.3<27 MHz, and

d 1
qron(O=57| Hint 2 200 0in(D)

Eoem=2| %207 @inoy — 0 0| Qin— Cin0y 07 )
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FIG. 2. Two trapped B& ions show different motional states FIG. 3. Top: observed motional states for different detunings of
depending on laser parameters. Top: fluorescence of two trappetie 650-nm light. The dots correspond to individual observations.
ions as a function of laser detuning, collected in 0.1 s. Bottom:Middle: mean motional energy in thg mode calculated from
spatial distribution of the two ions at the detunings indicated abovetheory. Bottom: cooling rate for thg mode calculated from theory.

B/fipupg=7.7X27 MHz, whereug is the Bohr magneton.  rate changes from positive to negative, i.e., when the lasers
Additional information is derived from monitoring the actuaiiy heat the ion. Laser heating appeara@ativede-
motion of the two ions. Depending on the detuning of thetunings of both lasers when Raman transitions dominate the
650-nm laser, different motional states are observedinteraction. In the vicinity of the dark resonances, the inter-
Whereas the ions appear at fixed positions if the red laser iga| state consists of a coherent superposition ofSheand
tuned below the lowest or well above the hlghest dark resothe D3/2 states, forming an effective two level system. Now,
nance, they form a ring-shaped distribution in they( with both detunings being negative, angse> A 493+ A ce,
plane with certain intermediate detunings. the effective detuning of this Raman transition is positive,
The lower part of Fig. 2 shows the motional state at fourang causes heating of the motion. Heke,.is the difference
different detunings, corresponding to the fat dots in the specn zeeman shifts of the involved sublevels that defines the
trum. Note the Clear diStinCtiOI’l Of the |Oca|ized State atresonance Condition Of the Considered dark state.
Agso= —62.8<27 MHz from the nonlocalized state only  Note that the transition to the ring state, at positive detun-
2.6X27 MHz away: Phase transitions between the two ob-ngs from the Raman resonances, appears where the expected
served motional states appear at very definite laser frequenergy is still considerably lower than the potential barrier.
Cles. However, this does not contradict the model, which assumes
Obviously, the motional state of the ions depends on thehe jons close to the potential minima. As soon as they are
ion temperature set by the laser cooling. In Fig. 3, the mosmeared out over a region of considerable size, the harmonic
tional states observed at different detunings are shown tqgpproximation around the minimum no longer holds. The
gether with the motional energies and cooling rates calcucooling gets less effective for the broadened velocity distri-
lated from theory. The different motional states appear irbution_ This happens when the thermal energy is substan-
distinct regions of detuning: The ions are observed in thejally lower thanAV, . Still, the observed phase transitions
fixed position for the detunindeso below —61xX27 MHz.  agree very well with the results of the model.
At this limiting value a sharp phase transition occurs, and the At |low speed of scanning, for examplejAgs,/dt
ions form a ring when —61X27m MHz<Ag ~1x27 MHz/s, we observed hysteresis effects: The mo-
<—56X27 MHz. At the upper boundary, they are cooled tijonal state upon up-tuning the laser frequency differed from
again to the fixed-position state. Such a “hot” region appearghe state observed upon down-tuning. However, this effect
with each dark resonance. At some values of the detuningsanished when the scanning rate was decreased. Scans at a
e.g., atAgso= —19X2m MHz, the motion fluctuated be- very low speed Ags,/dt<0.1x27 MHz/s) showed that
tween the fixed and the ring-shaped state, thus remaininghe motional state solely depends on the laser parameters.

indefinite. Therefore, a steady state exists, which is approached in a
The motional energy has been calculated from the modé&inite motional relaxation time.

presented in the preceding section, using the experimental The final temperature is, in principle, not only set by the
values for they mode. This energy should be compared withlaser cooling, but it is subject to additional heating mecha-
the height of the potential barri¢Eq. (7)], which for the nisms, such as fluctuations in the trapping electric field.
given data isAV,=7.15u.eV. Wherever the predicted tem- However, the calculated transition ratés ~10°-1¢° s+
perature varies steeply upon detuning, a sharp transition isqual the number of scattered phonons per unit time, and
observed. This is the case, when the corresponding coolintius exceed the rate of parasitic heatirgl0—1¢ s~ 1) ob-
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FIG. 5. Mean number of vibrational quanta for fixed laser pa-
rametergdotted and averaged over nine combinations of both de-

§ tunings(see texk (solid). Laser parameter$)gsg=59.5< 27 MHz,
& 0 493=3.8X27 MHz, A 9= —10.9X27 MHz. Other parameters
= as in Sec. lll
T 25 20 5 10 5 0 5 10 15 20
Agso (2m MHZ) scattering of the blue light is the dominant heating mecha-

o .. hism. We do not claim to have found the absolute minimum
~ FIG. 4. Fluorescence, mean number of vibrational quanta in th%]c achievable temperature: Other sets of laser parameters
x mode, and cooling rate vs laser detuning. The vertical dotted “n‘?nay yield similarly low temperatures, and also the applied
indicates  the ~ minimal (n), laser parameters: Qeso  magnetic field to some degree influences the achievable tem-
=89.6X 27 MHz, () 495=2.1X 27 MHz, A 495= —0.21X 27 MHz. perature
Other parameters as in Sec. lll We have restricted the parameter search to the range of

dini . heref his addi negative detuning. Even lower energies may be reached with
s_ervel h In lon trap experllmen(ag]. IT ere Ori’ this a I_k both lasers detuned to the blue side of the atomic resonance
tional heating can be neglected as long as the ions are kephy the parameters adjusted to yield so-called electromag-

laser cooled. netically induced transparency coolifg2]. Here, the dy-
namic Stark contribution to the nonlinear susceptibility
IV. OPTIMIZATION OF LASER COOLING dominates the interaction of ions and ligi&3]. However,

) ) ) ~ Doppler precooling is still necessary and the lasers must ei-

The discussed model is now employed to numerically inther he switched from negative to positive detuning, or else
vestigate the influence of various parameters on the lasgfygitional light sources are required. Moreover, the intensi-
cooling, and to find optimized conditions for effective and ties of the lasers must be precisely controlled, since for this
robust cooling. We concentrate on théstretch mode, since type of cooling to work, the dynamic Stark shift should
it is less affected by perturbations from stray fields of thematch the vibrational frequency particularly well. However,
trap[20] and, therefore, is suitable for serving as a bus modeooling mechanisms are desirable, that are more robust
between the ions. A promising candidate for implementingagainst variations of intensity and detuning of the laser light,
qubits in trapped Ba is the Sy;»Dsp, (1762 nm transition  and thus are easier to implement experimentally.
[21]. The LDP corresponding to this infrared transition is  The robustness of the cooling is affected by the sharp
smaller than those of other transitiofsee Table), and the  boundaries between parameter regimes of very low and high
Strensen-Mtmer criterion7%((n)+1)<1 yields the condi- temperature, because in these regions any drift of the lasers’
tion (ny<10* that is easily fulfilled in practice. In fact, a frequencies may cause drastic deterioration of the cooling. In
mean phonon numbg&n)< 1 can be reached: This is shown order to find “safe” parameters we repeated the search, in-
in the middle part of Fig. 4, wher¢n) is plotted vs the corporating a tentative drift in the following way: For a
detuning of the 650-nm light. The lowest vibrational excita- given point in the Q 493,A50 parameter planén) was cal-
tion was found by randomly searching the 4D parameteculated at this point and at eight additional points, where one
space for the lowest achievaldie). Then, three laser param- or both of the detunings differ by-1x 27 MHz, and then
eters were kept constant, while the red-laser detuning waaveraged over thén) values at all nine points. The best
varied, in order to generate the graph. The minimal temperarobust parameters found differ from the ones used to calcu-
ture is achieved aroundgsp~6X27 MHz. Note that the late Fig. 4 and the achievable ion temperature is not as low
lowest value(n)=0.9 indicated by the vertical dotted line as in the ideal situation, but one still finde)=3.3. The
does not match a particularly large cooling rate, as is shownesult is shown in Fig. 5, where the mean phonon number is
in the lower part of Fig. 4. Looking at the expected fluores-shown as a function ofAgs, (solid line). The dotted line
cence signalupper part of the figupe which corresponds to shows, for comparison, the vibrational excitation that is
the population of theP,,, level, we note that the optimum achieved with the same parameters, when the averaging over
detuning is on the red side of the dark resonancé& g,  nine points isnot carried out. The regions of safe cooling are
=4.9X 27 MHz, as is expected for Raman cooling. The darknarrower, since detuning close to a “boundary” between
resonance is power broadened by the high intensity at 656o0ling and heating is penalized. It seems not advisable to
nm. On the other hand, we find low temperatures only foruse a rather narrow region of coolitas, for example, close
low intensity of the 493-nm light. This fact indicates that to Agsq~—7X 27 MHz), because spurious laser drift might
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easily impose unexpected heating. However, some regiorscribes well the laser cooling of the collective motion of the
[e.0., Ags=(—22 to —17)X27m MHz and Agg~(—5 to ions. The predicted cooling rates greatly exceed spurious
5% 21) MHz] are broad enough to allow for some laser drift heating rates of the vibrational motion, for example, from
with satisfactory cooling. fluctuations of the trapping electric field. Thus, such heating
is negligible as long as the cooling light is on.
The model comes with no free parameters; however, it is
applicable only if the ions are localized near their potential
We have observed the effect of laser cooling and heatingvells. Nevertheless, this is not a strong restriction since this
on the collective motion of two trapped Bdons by moni-  regime is supposed to be used in any experiment implement-
toring the macroscopic motional states of the ions. Theséng conditional quantum dynamics. This allows us to identify
states indicate the vibrational excitation, or temperature oparameter regimes that imply effective and robust laser cool-
the ions. In this way, Raman heating is demonstrated thahg. We find that the collective motion can become cooled
dominates on the blue side of the dark resonanies, close to the ground state, if the dark resonances are not much
Agso™ Aozt Azed. broadened by laser power or fluctuations. But even when
The observed phase transitions are a remarkable macrfluctuations in laser parameters are allowed for, low levels of
scopic manifestation of dark states, i.e., of the coherent quariemperature emerge that are suitable for quantum informa-
tum superposition of atomic levels. Raman cooling on thetion processing using the scheme for conditional quantum
red side of the dark resonance is implied, though it is notdynamics suggested by/@msen and Mimer [2]. We note
directly observed with this method, since no macroscopidhat the level scheme of Bahas the same structure as, for
change of the motional state shows up. example, C& [24], a type of ion often suggested, and the
The good agreement of the calculated excitation with theesults obtained here are applicable, with appropriate modi-
experimental observations shows that the outlined theory ddications, to the cooling of these ions, too.

V. CONCLUSION
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