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Raman cooling and heating of two trapped Ba¿ ions

D. Reiß, K. Abich, W. Neuhauser, Ch. Wunderlich, and P. E. Toschek
Institut für Laser-Physik, Universita¨t Hamburg, Jungiusstraße 9, 20355 Hamburg, Germany

~Received 15 March 2001; published 12 April 2002!

We study cooling of the collective vibrational motion of two138Ba1 ions confined in an electrodynamic trap
and irradiated by laser light close to the resonancesS1/2-P1/2 ~493 nm! andP1/2-D3/2 ~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 S1/2-D3/2 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.

DOI: 10.1103/PhysRevA.65.053401 PACS number~s!: 32.80.Pj, 42.50.Vk, 03.67.Lx
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I. INTRODUCTION

In order to implement conditional quantum dynamics
qubits represented by the internal structure of individual io
in a Paul trap, a vibrational mode of the entire ion string
used. Cirac and Zoller@1# have suggested a method for co
ditional dynamics that requires the ions to be cooled to th
vibrational ground state. Here, the vibrational state rep
sents a ‘‘bus’’ qubit that gets entangled with the ions’ intern
states by stimulated transitions, where the absorption~or
emission! of a photon is coupled with the emission~or ab-
sorption! of a vibrational quantum.

The recently proposed So”rensen-Mo” lmer scheme@2# in-
corporates two-photon transitions in order to directly e
tangle the internal states of the ions. Here, the vibratio
mode is only virtually excited. In this way the contribution
higher vibrational excitations can be made to destructiv
interfere. In this way, the scheme does not require coolin
the vibrational ground state, but admits population in hig
vibrational levels.

In general, the manipulation of the motion of trapped p
ticles by light relies on the coupling of electronic and m
tional degrees of freedom via the scattering of photons. H
the important figure of merit is the Lamb-Dicke parame
~LDP! h, its square given by the ratio of the recoil ener
transfered when scattering a photon, and the energy of
vibrational quantum@3#. For small h, transition processe
involving the creation or annihilation ofn vibrational quanta
~i.e. nth order sideband transitions! are suppressed by th
factor h2n. Therefore, a small LDP allows only linear cou
pling ~involving only single-phonon transitions! between
electronic and vibrational degrees of freedom. This Jayn
Cummings type of coupling@4# is prerequisite for many
schemes suggested in quantum information processing
cluding the mentioned implementations@1,2#.

Plenio and Knight@5# have proposed to drive the intera
tion between electronic and vibrational degrees of freed
by tuning strong laser light to the resonance frequency, i
stead of the sideband. In this case, the light intensity impo
a specific light shift on the ions that selects the desired tr
sition. By doing so, the time needed for conditional dyna
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ics is reduced, as compared with the Cirac-Zoller sche
thus reducing the effect of decoherence. Here, too, the L
plays a crucial role as the fidelity of such a fast quantum g
is f '12 1

2 h2.
While the So”rensen-Mo” lmer scheme does not requir

ground-state cooling, it still demands low vibrational qua
tum numbers„i.e., h2(n11)!1…. Thus, laser cooling is es
sential for quantum information processing in ion traps, a
it is desirable to have at hand robust cooling techniques
are suited for reaching low vibrational excitation at moder
technological expenditure on the side of the laser sources
particular, cooling of the collective motion of several pa
ticles is prerequisite for implementing conditional quantu
dynamics with trapped ions.

It has been known for some time that the motion
trapped particles strongly depends on laser cooling. Wit
single trapped particle, distinct macroscopic motional sta
have been observed with different parameters of the coo
lasers@6#. With a cloud of ions, changes in the temperatu
induced by laser cooling cause phase transitions betwe
crystalline and an evaporated state@7,8#. These macroscopi
cally distinct states indicate the specific temperat
achieved by laser cooling.

In this paper we investigate the macroscopic motio
states of two trapped138Ba1 under the action of laser cool
ing. In Sec. II, the theory of laser cooling of the collectiv
motion of two charged particles trapped in an anisotro
harmonic potential is outlined. If the particles obey t
Lamb-Dicke limit, the cooling rate and the achievable te
perature are calculable without any free parameter. We f
take into account the multilevel structure of the involv
ions, thus allowing for any type of cooling process, such
Doppler@9#, sideband@10#, and Raman cooling@11#. In Sec.
III we describe the experimental setup and present the res
of the measurements. Phase transitions between macros
cally distinct states are observed. The parameter value
which these transitions take place perfectly agree with
values calculated from the theoretical model. In Sec. IV
use the model to find optimized laser parameters for coo
the collective motion of the ions.
©2002 The American Physical Society01-1
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II. THEORY

A. Collective motion

We consider the collective motion of two ions of massm
in a three-dimensional~3D! harmonic trapping potential

Vtrap~r j !5
m

2
~vx

2xj
21vy

2yj
21vz

2zj
2!, ~1!

which is the same for both ions (j 51,2). Since each of the
ions carries one positive elementary chargee, they repel each
other by the Coulomb interaction

VC~r1 ,r2!5
e2

4pe0

1

ur12r2u
. ~2!

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

R[
r11r2

2
and r[r22r1 . ~3!

With the definition of total and reduced massesM52m and
m5m/2, one gets

V~R!5
M

2
~vx

2X21vy
2Y21vz

2Z2! ~4!

for the center-of-mass motion, corresponding to the mot
of a single trapped particle with the original oscillation fr
quencies, but twice the ions mass.

The potential for the relative motion is

V~r !5
m

2
~vx

2x21vy
2y21vz

2z2!1
e2

4pe0

1

ur u
. ~5!

If the trap frequencies slightly differ~as they do in our ex-
periment, see Table I! this potential does not show spheric
symmetry. Withvx,vy,vz holding, the potential has ab
solute minima on thex axis and saddle points on they andz
axis at

r0,q56
3A e2

4pe0mvq
2

eq , q5x,y,z. ~6!

Figure 1 shows the potential in the (x,y) plane. It is clear

TABLE I. Frequencies and Lamb-Dicke parameters for the d
ferent vibrational modes. Note that the geometrical factor (k l•eq) is
included in the LDPs@Eq. ~15!#. In the present experiment the ang
of incidence is 45° to all directions, yielding a factor of 1/A3.

Mode X Y Z x̃ ỹ z̃

v/2p MHz 1.0035 1.0220 1.0530 1.7381 0.1936 0.31
h493 0.044 0.044 0.043 0.034 0.101 0.07
h650 0.034 0.033 0.033 0.026 0.077 0.06
h1762 0.012 0.012 0.012 0.009 0.028 0.02
05340
-

n

that for high enough temperature, i.e., at a mean motio
energy Eex comparable with the potential barrier at th
saddle point on they axis

DVy5
3

2

3AS e2

4pe0
D 2

m ~vy
2/32vx

2/3!, ~7!

the ions can move freely in a ring-shaped region in the (x,y)
plane. However, at low temperature, the relative motion
restricted to the wells, i.e., the ions will appear at appro
mately fixed positions. The same argument can be applie
the z direction: For even higher energiesEex*DVz the mo-
tional state changes from a ring to a sphere. All three m
tional states have been observed in our experiment. H
ever, in the following we shall focus on the transitio
between the localized and the ring state, as we are ma
interested in laser cooling in the low-temperature regime

In the localized state the potential can be approxima
around the minimum atr0,x . Expanding up to second orde
in the displacementr̃[r2r0,x one gets

V~r !5V~r0,x!1
m

2
~ṽx

2x̃21ṽyỹ
21ṽzz̃

2! ~8!

with local frequencies

ṽx5A3vx , ṽy,z5Avy,z
2 2vx

2 ~9!

~cf. Table I!.

B. Laser cooling of the collective motion

The mechanical effect of irradiating ions with laser lig
leads to thermalization of the motional degrees of freedo
The corresponding cooling rate and steady-state tempera
depend on the electronic level scheme and laser param
s;they are calculated in this section. The key to the the
presented here is the well-known Lamb-Dicke limit. As lon
as the ions are localized near the minima of the poten

-

FIG. 1. Effective double-well potentialV(x,y) for the relative
motion of two trapped138Ba1 ions ~trap frequencies as given in
Table I!. The contour lines correspond toV52,4,6,8meV.
1-2



g
to
ns
a
he
hi
re
o

Th

en
a

d
n
i
th

ive
ol
m
th
th

o

d
o
it
m

a
e

s
p-
us

it-

-
le
di-

are
in
as
x-
cke

nt,
we
ing

ere

.
l
of

ical
nd

ns,
q.

oil
ple
D

RAMAN COOLING AND HEATING OF TWO TRAPPED Ba1 IONS PHYSICAL REVIEW A 65 053401
their spatial extension is much smaller than the wavelen
of exciting laser light. In this case, the photon recoil opera
eikl•r, i.e., the coupling of the internal dynamics to the io
motion, can be expanded in the LDP. Since the LDP is sm
dynamics due to this coupling is slow compared with t
internal dynamics that may be adiabatically eliminated. T
reduction leads to a master equation for the motional deg
of freedom, where the involved transition rates depend
steady-state expectation values of internal operators.
procedure and its application to a single Ba1 ion has been
described in Ref.@12#.

We do not account for dipole-dipole interaction betwe
the two ions, since the separation of the two ions is large
compared to the optical wavelengths used (r 0 /l'8). Even
though processes caused by this interaction possibly coul
observed@13#, they are rarely compared with the single-io
scattering, and their influence on the collective motion
negligible. Thus, we do not consider correlations between
two ions’ internal dynamics that would lead to cooperat
effects such as superradiance. We rather calculate the co
effect that each of the two ions individually has on the co
mon motion. This effect is the same for both ions, since
foci of the lasers are wide compared with the distance of
ions ~the waist of the Gaussian beams beingw'10r 0), and
therefore, the laser intensities, and consequently laser c
ing do not depend on the ions’ positions.

We shall now give a short recap of the theory presente
Ref. @12# and apply its results to the collective motion of tw
ions in the current experiment. We start from the dens
operator% for the motional and internal degrees of freedo
The dynamics is described by the master equation

d

dt
%~ t !5

1

i\
@H,%~ t !#1L%~ t !, ~10!

where

L%5 (
j 51,2

(
l

g l S 2s l , j
2 E

21

1

dzWl~z!e2 ikl r jz%eikl r jzs l , j
1

2s l , j
1 s l , j

2 %2% s l , j
1 s l , j

2 D ~11!

is the Liouvillean allowing for spontaneous emission. It h
the usual Lindblad form@14#, where dissipation acts on th
internal~via s6) and on the motional~via e6 ik•r) degrees of
freedom. The indexj labels the two ions, and the indexl runs
over all atomic transitions involved. 2g l is the spontaneou
emission rate, ands l

6 are the corresponding transition o
erators.Wl(z) is the angular distribution of spontaneo
emission for this transition. The Hamiltonian is given by

H5
P2

2M
1V~R!1

p2

2m
1V~r !1 (

j 51,2
H in, j1VDip, j .

~12!

H in, j is the Hamiltonian for the internal levels of thej th ion.
The ion’s dipole interaction with the laser light can be wr
ten as
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VDip, j5(
l

\V le
ikl•r js l , j

1 1H.c., ~13!

whereV l is the Rabi frequency of the light driving the tran
sition l. Summing over both ions, and rewriting the dipo
interaction in terms of center-of-mass and relative coor
nates@Eq. ~3!#, gives

VDip5(
l

\V le
ikl•R

„e2~ i /2!kl•rs l ,1
1 1e( i /2)kl•rs l ,2

1
…1H.c.

~14!

Note that the center-of-mass and relative motions
coupled via the interaction with the laser light. However,
the Lamb-Dicke limit this coupling can be neglected,

^k l•R&, and ^k l• r̃ & are small and the potential can be e
panded. This expansion is characterized by the Lamb-Di
parameters

h l ,q5k l•eqA\/2mvq ~15!

for the center-of-mass modes andh̃ l ,q5k l•eqA\/2mṽq for
the normal modes of the relative motion. In the experime
all LDPs are much smaller than unity, see Table I. Now,
rewrite the coordinates in terms of the lowering and rais
operators of the corresponding vibrational eigenmodes

Rq5A \

2Mvq
~aq

†1aq!, r̃ q5A \

2mṽq

~ ãq
†1ãq!.

~16!

Since the expansion is around the potential minimum, th
is a constant phase factor exp@6(i/2)k l•r0#, that is incorpo-
rated in the atomic transition operatorss l , j

1 . Now, keeping
only terms up to first order in~any! Lamb-Dicke parameter
yields

Vdip5 (
j 51,2

(
l

\V ls l , j
x 2

1

A2
(

q
\V lh l ,q~aq

†1aq!s l , j
y

2
~21! j

A2
(

q
\V l h̃ l ,q~ ãq

†1ãq!s l , j
y , ~17!

wheresx5s11s2 and sy5(s12s2)/ i have been used
The first term of Eq.~17! describes the driving of the interna
dynamics by the interaction with the laser light. Since it is
zeroth order in any LDP it does not contain the mechan
effect of light, i.e., no laser cooling or heating. The seco
and third term of Eq.~17! ~first order in a LDP! couple the
internal dynamics to the center-of-mass and relative motio
respectively. The ion-dependent sign in the third line of E
~17! arises from the opposite impact of the two ions’ rec
on the relative motion. Since the vibrational modes decou
in the Lamb-Dicke limit, we can restrict ourselves to a 1
description. Therefore, the indexq characterizing the specific
mode is omitted in what follows.
1-3



ti
th
s
e

y

ec

e
f t
te

d

t
a

te
t
e
n
n

ri-

n

ul
of

he
ond

c-
Its

the
lar-
ag-
ed
nm
ptic
here
a-
e

lec-
a

l rf
cies

e-
en-

he
u-

al
re-

of

m
.

ell

s of

el
ub-
the

s
ce-
m

REIß, ABICH, NEUHAUSER, WUNDERLICH, AND TOSCHEK PHYSICAL REVIEW A65 053401
Now, the fast internal dynamics of the ions is adiaba
cally eliminated and one obtains a master equation for
external degrees of freedom. This procedure finally lead
the well-known time evolution of the mean phonon numb
@15#

d

dt
^n&52~A22A1!^n&1A1 , ~18!

with the cooling rate

W5A22A1 ~19!

and~if the cooling rate is positive! the mean motional energ

EEx5\v
A1

A22A1
. ~20!

The transition ratesA6 are given by

A652@ReS~7v!1D#. ~21!

The first constituent is the fluctuation spectrum of the el
tronic dipole coupling

S~v!5(
l ,l 8

V lV l 8h lh l 8E
0

`

dteivt^s l
y~ t !s l 8

y
~0!&, ~22!

wherev is the vibrational frequency of the considered mod
The expectation value is to be taken in the steady state o
internal dynamics that in turn is calculated from the mas
equation

d

dt
% in~ t !5

1

i\ FH in1(
l

\V ls l
x ,% in~ t !G1L0% in~ t !,

~23!

derived from Eq.~10!, by using adiabatic elimination, an
keeping only the zeroth order in any LDP. Here,

L0% in5(
l

g l~2s l
2% ins l

12s l
1s l

2% in2% ins l
1s l

2!

~24!

describes the spontaneous emission in zeroth order. Via
driving by laser light, the steady state depends on the par
eters~intensity, detuning, polarization! of the light field.

The second contribution to the transition rates origina
from the spontaneously emitted photons as described by
Liouvillean L. So far, spontaneous emission has only be
considered up to the zeroth order in the LDP. The seco
order term is readily calculated and leads to the additio
transition rate

D5(
l

g l

a l

~k l•eq!2
h l

2^s l
1s l

2& ~25!
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both from un& to un11& and vice versa. Here, the geomet
cal factor (k l•eq)2 in the LDP @Eq. ~15!# is replaced bya l

5*21
1 dzWl(z)z2 that accounts for the angular distributio

of the light emission.

III. EXPERIMENTAL OBSERVATION

The two Ba1-ions are confined in a 1-mm-diameter Pa
trap and irradiated by laser light at 493 nm for excitation
resonance scattering on the2S1/2-

2P1/2 transition. This laser
is detuned slightly below resonance for cooling the ions. T
fluorescence signal is recorded by photon counting. A sec
laser at 650 nm prevents optical pumping into the2D3/2
level. A static magnetic field defines the quantization dire
tion and lifts the degeneracy of the magnetic sublevels.
direction is at 45° with respect to the plane defined by
ring electrode. The directions of propagation and the po
izations of both light beams are set perpendicular to the m
netic field. The power levels of the light fields are stabiliz
by electro-optic modulators. Precise detuning of the 650-
laser is accomplished using a double-pass acousto-o
modulator. So far, the setup has been described elsew
@16#. In addition the fluorescent light is monitored by a sp
tially resolving photo multiplier revealing the position of th
ions in the trap.

The ions are dynamically trapped by superimposed e
tric dc and rf fields@17# and represent particles inside
nearly spheroidal harmonic~quasi!potential. In order to de-
termine the geometry of this~quasi!potential oscillations of a
single trapped ion are excited by applying an additiona
field. Three sharp resonances are found at the frequen
given in Table I, i.e., macroscopic motion of the ion in thex,
y, and/orz direction of the trap is observed. Thex direction,
within the radial plane, is found at approximately 45° d
grees to the polarization of the lasers. While the nondeg
eracy ofvz is obvious, the asymmetry ofvx and vy origi-
nates from a slight asymmetry of the ring electrode. T
distance of the two ions in the potential minima, as calc
lated from Eq.~6! using the actual values ofm and vq is
r 053.70mm and agrees very well with the experiment
value 3.65mm obtained from the spatially resolved measu
ment.

Keeping all other parameters constant, the frequency
the 650-nm laser is scanned across the2D3/2-

2P1/2 line. The
intensity of the scattered light vs detuning of the 650-n
light, D6505v6502vP↔D , is shown in the upper part of Fig
2, wherev650 is the laser frequency andvP↔D is the atomic
transition frequency. The structure of dark resonances is w
known from the fluorescence of a single ion@18# and corre-
sponds to four dark states, i.e., coherent superposition
magnetic substates of the2S1/2 and 2D3/2 levels, respec-
tively. From a fit of this excitation spectrum with eight-lev
optical Bloch equations, accounting for the Zeeman s
structure, we obtain the Rabi frequencies of both lasers,
detuningD4935v4932vS↔P of the 493-nm laser as well a
the strength of the magnetic field. This is a standard pro
dure in our Ba1 experiments. The parameters obtained fro
the spectrum shown in Fig. 2 areV650559.032p MHz,
V493546.232p MHz, D4935244.332p MHz, and
1-4
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B/\mB57.732p MHz, wheremB is the Bohr magneton.
Additional information is derived from monitoring th

motion of the two ions. Depending on the detuning of t
650-nm laser, different motional states are observ
Whereas the ions appear at fixed positions if the red lase
tuned below the lowest or well above the highest dark re
nance, they form a ring-shaped distribution in the (x,y)
plane with certain intermediate detunings.

The lower part of Fig. 2 shows the motional state at fo
different detunings, corresponding to the fat dots in the sp
trum. Note the clear distinction of the localized state
D6505262.832p MHz from the nonlocalized state onl
2.632p MHz away: Phase transitions between the two o
served motional states appear at very definite laser freq
cies.

Obviously, the motional state of the ions depends on
ion temperature set by the laser cooling. In Fig. 3, the m
tional states observed at different detunings are shown
gether with the motional energies and cooling rates ca
lated from theory. The different motional states appear
distinct regions of detuning: The ions are observed in
fixed position for the detuningD650 below 26132p MHz.
At this limiting value a sharp phase transition occurs, and
ions form a ring when 26132p MHz,D650
,25632p MHz. At the upper boundary, they are coole
again to the fixed-position state. Such a ‘‘hot’’ region appe
with each dark resonance. At some values of the detun
e.g., at D650521932p MHz, the motion fluctuated be
tween the fixed and the ring-shaped state, thus remai
indefinite.

The motional energy has been calculated from the mo
presented in the preceding section, using the experime
values for theỹ mode. This energy should be compared w
the height of the potential barrier@Eq. ~7!#, which for the
given data isDVy57.15meV. Wherever the predicted tem
perature varies steeply upon detuning, a sharp transitio
observed. This is the case, when the corresponding coo

FIG. 2. Two trapped Ba1 ions show different motional state
depending on laser parameters. Top: fluorescence of two tra
ions as a function of laser detuning, collected in 0.1 s. Botto
spatial distribution of the two ions at the detunings indicated abo
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rate changes from positive to negative, i.e., when the la
actually heat the ion. Laser heating appears atnegativede-
tunings of both lasers when Raman transitions dominate
interaction. In the vicinity of the dark resonances, the int
nal state consists of a coherent superposition of theS1/2 and
the D3/2 states, forming an effective two level system. No
with both detunings being negative, andD650.D4931Dzee,
the effective detuning of this Raman transition is positiv
and causes heating of the motion. Here,Dzeeis the difference
in Zeeman shifts of the involved sublevels that defines
resonance condition of the considered dark state.

Note that the transition to the ring state, at positive det
ings from the Raman resonances, appears where the exp
energy is still considerably lower than the potential barri
However, this does not contradict the model, which assum
the ions close to the potential minima. As soon as they
smeared out over a region of considerable size, the harm
approximation around the minimum no longer holds. T
cooling gets less effective for the broadened velocity dis
bution. This happens when the thermal energy is subs
tially lower thanDVy . Still, the observed phase transition
agree very well with the results of the model.

At low speed of scanning, for example,dD650/dt
'132p MHz/s, we observed hysteresis effects: The m
tional state upon up-tuning the laser frequency differed fr
the state observed upon down-tuning. However, this ef
vanished when the scanning rate was decreased. Scans
very low speed (dD650/dt&0.132p MHz/s! showed that
the motional state solely depends on the laser parame
Therefore, a steady state exists, which is approached
finite motional relaxation time.

The final temperature is, in principle, not only set by t
laser cooling, but it is subject to additional heating mech
nisms, such as fluctuations in the trapping electric fie
However, the calculated transition ratesA6'105–106 s21

equal the number of scattered phonons per unit time,
thus exceed the rate of parasitic heating ('10–104 s21) ob-

ed
:

e.

FIG. 3. Top: observed motional states for different detunings
the 650-nm light. The dots correspond to individual observatio

Middle: mean motional energy in theỹ mode calculated from

theory. Bottom: cooling rate for theỹ mode calculated from theory
1-5



ke

in
as
d

he
od
in

is

n

a
te
-
w
er

e
w
s

rk
65
fo
at

ha-
m
ters

ied
tem-

e of
with
nce
ag-

ity

t ei-
lse
si-

this
ld
r,
ust
ht,

arp
igh
ers’
. In
in-

a

ne

t
lcu-
low

r is

is
over
re
en

to

t

th

lin

a-
e-

REIß, ABICH, NEUHAUSER, WUNDERLICH, AND TOSCHEK PHYSICAL REVIEW A65 053401
served in ion trap experiments@19#. Therefore, this addi-
tional heating can be neglected as long as the ions are
laser cooled.

IV. OPTIMIZATION OF LASER COOLING

The discussed model is now employed to numerically
vestigate the influence of various parameters on the l
cooling, and to find optimized conditions for effective an
robust cooling. We concentrate on thex̃ ~stretch! mode, since
it is less affected by perturbations from stray fields of t
trap @20# and, therefore, is suitable for serving as a bus m
between the ions. A promising candidate for implement
qubits in trapped Ba1 is the S1/2-D5/2 ~1762 nm! transition
@21#. The LDP corresponding to this infrared transition
smaller than those of other transitions~see Table I!, and the
So”rensen-Mo” lmer criterionh2(^n&11)!1 yields the condi-
tion ^n&!104 that is easily fulfilled in practice. In fact, a
mean phonon number^n&,1 can be reached: This is show
in the middle part of Fig. 4, wherên& is plotted vs the
detuning of the 650-nm light. The lowest vibrational excit
tion was found by randomly searching the 4D parame
space for the lowest achievable^n&. Then, three laser param
eters were kept constant, while the red-laser detuning
varied, in order to generate the graph. The minimal temp
ture is achieved aroundD650'632p MHz. Note that the
lowest value^n&50.9 indicated by the vertical dotted lin
does not match a particularly large cooling rate, as is sho
in the lower part of Fig. 4. Looking at the expected fluore
cence signal~upper part of the figure!, which corresponds to
the population of theP1/2 level, we note that the optimum
detuning is on the red side of the dark resonance atD650
54.932p MHz, as is expected for Raman cooling. The da
resonance is power broadened by the high intensity at
nm. On the other hand, we find low temperatures only
low intensity of the 493-nm light. This fact indicates th

FIG. 4. Fluorescence, mean number of vibrational quanta in

x̃ mode, and cooling rate vs laser detuning. The vertical dotted
indicates the minimal ^n&, laser parameters: V650

589.632p MHz, V49352.132p MHz, D493520.2132p MHz.
Other parameters as in Sec. III
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scattering of the blue light is the dominant heating mec
nism. We do not claim to have found the absolute minimu
of achievable temperature: Other sets of laser parame
may yield similarly low temperatures, and also the appl
magnetic field to some degree influences the achievable
perature.

We have restricted the parameter search to the rang
negative detuning. Even lower energies may be reached
both lasers detuned to the blue side of the atomic resona
and the parameters adjusted to yield so-called electrom
netically induced transparency cooling@22#. Here, the dy-
namic Stark contribution to the nonlinear susceptibil
dominates the interaction of ions and light@23#. However,
Doppler precooling is still necessary and the lasers mus
ther be switched from negative to positive detuning, or e
additional light sources are required. Moreover, the inten
ties of the lasers must be precisely controlled, since for
type of cooling to work, the dynamic Stark shift shou
match the vibrational frequency particularly well. Howeve
cooling mechanisms are desirable, that are more rob
against variations of intensity and detuning of the laser lig
and thus are easier to implement experimentally.

The robustness of the cooling is affected by the sh
boundaries between parameter regimes of very low and h
temperature, because in these regions any drift of the las
frequencies may cause drastic deterioration of the cooling
order to find ‘‘safe’’ parameters we repeated the search,
corporating a tentative drift in the following way: For
given point in the (D493,D650) parameter plane,^n& was cal-
culated at this point and at eight additional points, where o
or both of the detunings differ by6132p MHz, and then
averaged over thên& values at all nine points. The bes
robust parameters found differ from the ones used to ca
late Fig. 4 and the achievable ion temperature is not as
as in the ideal situation, but one still finds^n&53.3. The
result is shown in Fig. 5, where the mean phonon numbe
shown as a function ofD650 ~solid line!. The dotted line
shows, for comparison, the vibrational excitation that
achieved with the same parameters, when the averaging
nine points isnot carried out. The regions of safe cooling a
narrower, since detuning close to a ‘‘boundary’’ betwe
cooling and heating is penalized. It seems not advisable
use a rather narrow region of cooling~as, for example, close
to D650'2732p MHz!, because spurious laser drift migh

e

e

FIG. 5. Mean number of vibrational quanta for fixed laser p
rameters~dotted! and averaged over nine combinations of both d
tunings~see text! ~solid!. Laser parameters:V650559.532p MHz,
V49353.832p MHz, D4935210.932p MHz. Other parameters
as in Sec. III
1-6
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easily impose unexpected heating. However, some reg
@e.g., D650'(222 to 217!32p MHz and D650'(25 to
532p! MHz# are broad enough to allow for some laser dr
with satisfactory cooling.

V. CONCLUSION

We have observed the effect of laser cooling and hea
on the collective motion of two trapped Ba1 ions by moni-
toring the macroscopic motional states of the ions. Th
states indicate the vibrational excitation, or temperature
the ions. In this way, Raman heating is demonstrated
dominates on the blue side of the dark resonances~i.e.,
D650.D4931DZee).

The observed phase transitions are a remarkable ma
scopic manifestation of dark states, i.e., of the coherent qu
tum superposition of atomic levels. Raman cooling on
red side of the dark resonance is implied, though it is
directly observed with this method, since no macrosco
change of the motional state shows up.

The good agreement of the calculated excitation with
experimental observations shows that the outlined theory
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scribes well the laser cooling of the collective motion of t
ions. The predicted cooling rates greatly exceed spuri
heating rates of the vibrational motion, for example, fro
fluctuations of the trapping electric field. Thus, such heat
is negligible as long as the cooling light is on.

The model comes with no free parameters; however, i
applicable only if the ions are localized near their poten
wells. Nevertheless, this is not a strong restriction since
regime is supposed to be used in any experiment implem
ing conditional quantum dynamics. This allows us to ident
parameter regimes that imply effective and robust laser c
ing. We find that the collective motion can become coo
close to the ground state, if the dark resonances are not m
broadened by laser power or fluctuations. But even wh
fluctuations in laser parameters are allowed for, low levels
temperature emerge that are suitable for quantum infor
tion processing using the scheme for conditional quant
dynamics suggested by So”rensen and Mo” lmer @2#. We note
that the level scheme of Ba1 has the same structure as, f
example, Ca1 @24#, a type of ion often suggested, and th
results obtained here are applicable, with appropriate m
fications, to the cooling of these ions, too.
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