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Sympathetic cooling of trapped Cd" isotopes
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We sympathetically cool a trapped®Cd" ion by directly Doppler cooling &*Cd" ion in the same trap.
This is the first demonstration of optically addressing a single trapped ion being sympathetically cooled by a
different species ion. Notably, the experiment uses a single laser source, and does not require strong focusing.
This paves the way toward reducing decoherence in an ion trap quantum computer basédisot@es.
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A collection of cold trapped ions offers one of the most

PACS nuntber03.67.Lx, 32.80.Pj, 42.50.Vk

In the experiment, the probe ion i5%Cd", while the

promising avenues towards realizing a quantum computerefrigerator ion is'4Cd" (both isotopes have zero nuclear
[1—-4]. Quantum information is stored in the internal states ofspin). The respective D2 lines of these two neighboring iso-
individual trapped ions, while entangling quantum logictopes are separated by about 680 MHz, with the heavier ion
gates are implemented via a collective quantized mode oit lower frequency, and the natural linewidth of each ion’s
motion of the ion crystal. The internal qubit states can haveeXcitedPg; state isy/2m=47 MHz.

extremely long coherence timgS], but decoherence of the

The experimental apparatus is schematically shown in

motion of the ion crystal may limit quantum logic gate fidel- Fig- 1. The Cd D2 line resonant light near 214.5 nm is
ity [6]. Furthermore, when ions are nonadiabatically shuttled@&nerated by quadrupling a Ti:sapphire laser. The laser is

between different trapping regions for large-scale quantu
computer schemegt, 7], their motion must be recooled for
subsequent logic operations.

Direct laser cooling of the qubit ions is not generally pos-
sible without disturbing coherence of the internal qubit
states. Instead, additional “refrigerator” ions in the crystal
can be directly laser cooled, with the qubit ions cooled in
sympathy by virtue of their Coulomb-coupled motiQ8i.

The laser cooling of the refrigerator ions can quench un-
wanted motion of the ion crystal, while not affecting the
internal states of the qubit ioh4,9,1(. Sympathetic cooling
has been observed in large ensembles of ions in Penning
traps[8,11], impurities in small collections of ion crystals,
and in small ion crystals consisting of a single species, where
strong laser focusing was required to access a particular ion
without affecting the other§l2]. Here, we report the first
demonstration of sympathetic cooling in a small ion crystal
with two different species where both species are indepen-
dently optically addressed.

We study sympathetic cooling of individual Cdsotopes
confined in a rf trap. One ion isotoggthe refrigerator iojis
continuously Doppler-cooled by a laser beam red detuned
from its D2 line (S;,-P3;), while the other isotopdthe
probe ion is either Doppler cooled or Doppler heated by
another beam, whose frequency is scanned around its D2
resonance line. The effect of the sympathetic cooling is to
enable measuring fluorescence on the blue side of the prol’ﬁ%
ion’s resonance. Ordinarily, when the probe laser beam i

nstabilized to a molecular tellurium feature near 429 nm to
better than 1 MHz. The quadrupled UV output is split into
two parts; one part is upshifted by420 MHz, while the
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FIG. 1. Schematic diagram of the experiment. The 858 nm light
m the Ti:sapphire laser is frequency doubled, then a small por-
tion (~20 mW) of the 429 nm light is diverted to a tellurium-

tuned to the blue of the probe ion’s resonance, the ion CeaSC3turated absorption spectrometer. The double-pass acousto-optic

fluorescing due to Doppler heating, but the sympathetic coolg,

odulator (AOM) in the Te reference system allows tuning the

ing from the refrigerator ion keeps the probe ion cold andri:sapphire beam frequency by abati25 MHz while locked. The

fluorescing regardless of the probe tuning.

remaining (~-200 mW) portion of the 429 nm light is again fre-

guency doubled te-15 mW of 214.5 nm radiation. The UV beam
is then split into two parts, each of which is frequency-shifted by

*Electronic address: bblinov@umich.edu AOMs and directed into the trap.

1050-2947/2002/68)/0403044)/$20.00 65 040304-1

©2002 The American Physical Society



RAPID COMMUNICATIONS

B. B. BLINOV et al. PHYSICAL REVIEW A 65 040304R)

1200 |

1000 |

800 |

600 |

400 |

N

(=1

o
T

1600 |

Count rate (sec")
o

1400 |

1200 |

1000 |

800 |

600 |

400 |

200 F

[ 3 2 S T —
0 1 1 1 1 1
-100 -50 0 50 100
1 (MHz)

FIG. 2. UV fluorescence count rate from th&Cd" probe ion
(a) with and (b) without sympathetic cooling, plotted against the
probe beam frequency detuning from resonance. Solid lines repre-
sent fits to the data usir(@) a Voigt profile andb) a Voigt shape for N [ D
the below-resonance part of the data and a straight line for the
above-resonance part of the data. The upper resonance line is
shifted about 10 MHz blue of the lower resonance line, consistent FIG. 3. Images of thé*“Cd" and *“Cd" ions while illuminated

with the expected ac Stark shift of thé?Cd" levels due to the DY (&) both the refrigerator and the probe bedh), only the probe
off-resonant!*“Cd" cooling radiation. beam, andc) only the refrigerator beam. ThECd" ion is on the

left, while the**4Cd* ion is on the right. The two ions are separated

other is downshifted by-400 MHz using acousto-optical by ~2 wm. Note very faint images of th&Cd" ion in (b) and
frequency shifters. The two beams are then directed into thée *“Cd" ion in (c) from the residual fluorescence from the far-
ion trap through separate windows. Both beams uniforml)ﬂetuned beams, part_lally o_bscure_d in this picture by the Airy rings.
illuminate the ion crystal in the trap. The upshifted UV beam 1he belqw s_cale is linear in th_e integrated photon counts. The ex-
(the probe beairis scanned in frequency around thgcd* ~ Posure time is 10 s for each picture.
ion’s D2 line, while the downshifted UV beaitthe refrig-
erator bearn frequency is always kept to the red of the times of the ions are greater than 1 hour, apparently limited
14cdt ion’s D2 line. The UV fluorescence from the ions is by the interaction between the UV beam edges and the trap
collected by an f/5.6 lens and imaged onto a microchannetlectrode surfaces. We estimate that the background pressure
plate detector. The fluorescence counts are integrated for 10sabout 101! torr. We set the trap’s compensating electrode
for each data point in a frequency scan. voltages such that th&?Cd" (probe ion is near the rf null

We use an asymmetric quadrupole rf ion t{d3] with of the trap to minimize its micromotion and thus simplify its
the electrode radius of about 200 microns. The trap’s rf idine shapd 14].
O /27=38.8 MHz, the rf potential amplitude is about 200V,  In Fig. 2 the fluorescence from th&’Cd" ion is plotted
and the trap’s electrodes are kept at the same static potentiagainst the probe beam frequency. In Fi@) doth the probe
The measured secular trap frequency along the ions’ separand the refrigerator laser beams are on, while for the data in
tion axis isw,/27m~2.8 MHz. Fig. 2(b) the refrigerator beam is turned off. Note the telltale

To study sympathetic cooling, we load'#Cd" ionand a  drop in fluorescence as the probe beam is tuned to the blue
114Cd" ion into the trap by directing-1 mW of UV radia-  side of the 1*2Cd" resonance line in Fig.(B) caused by
tion focused to under 2Qum onto the trap electrodes, which Doppler heating. On the other hand, the fluorescence curve
have been previously coated with neutral cadmium. Presumn Fig. 2@ is symmetric, which demonstrates that the
ably, the UV radiation ablates cadmium from the electrodes“Cd" ion is sympathetically cooled by thé“Cd* ion even
in ionic form. Due to the high abundance of isotopes 112 anés the probe beam is tuned to the blue of the resonance.
114 in natural cadmiunt24% and 29%, respectivelyload- Images of the two ions at different lighting conditions are
ing the proper two isotopes is not unlikely. Typical trapping shown in Fig. 3; the probe ionf?Cd") is on the left, while
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While the current experiment only investigates Doppler
1200 | ] cooling, quantum logic gates with trapped ions generally re-
quire cooling to the Lamb-Dicke limit, where the ion’s spa-
tial extent is much smaller than the optical coupling wave-
length. A similar setup should enable sympathetic cooling of
Cd" isotopes to the Lamb-Dicke limit using stimulated-
600 | ] Raman sideband coolingl6], polarization-gradien{Sisy-
phug cooling[17], or cooling using electromagneticallly in-
duced transparendy.8].
a0 | ] Ultimately, we plan to sympathetically codt'Cd* qubits
(nuclear spin-1/Rwith 1*6Cd" refrigerator ions. The isotope
ol—. = . = e shift between Cd isotopes 111 and 116 isA/27

f (MH2) =5.2 GHz. Below, we estimate the decoh.erence_ of a

1lcd™ qubit under the influence of'%Cd" cooling radia-
FIG. 4. UV fluorescence from a singlé?Cd" ion while illumi- tion, assuming a background heating source is quenched by

nated by both the refrigerator and the probe beam plotted again§ideband cooling in the Lamb-Dicke limit. The photon scat-
the probe beam frequency detuning from the resonance. The soli@" rate by the'®Cd" refrigerator ionI's=(1/1s,y) y/2 sets
line is a Voigt fit to the data below the resonance and a hand-draw@n Upper limit on the cooling rate, which itself must be at
line above the resonance. least as large as the heating ratefor useful sympathetic
cooling. The off-resonant spontaneous emission rate of the

Cd" qubit ion is then of orderl gupi=n(y*/4A%)
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the refrigerator ion {*4Cd") is to the right. Both the probe . "
and the refrigerator beams are turned on for Fig) & Fig. =0.02/sec for a heating rate af=10%sec[6]. Under the

3(b) only the probe beam is on, while in Fig(c3 only the ~ S2M€ conditions, the ac Stark shift of theCd" qubit ion is
refrigerator beam is on. Note very faint images of #cd®  dac/2m=(n/2m)(y/4A)=0.3 Hz, and only the fluctuations
ion in Fig. ab) and the 12Cd* ion in Fig. 3c) from the of this already small shift will cause decoherence. A similar
residual flﬁorescence from the far-detunea beams analysis can be given for other methods of cooling. We find
For the data shown in Figs. 2 and 3, the probe bea hat the 5.2 GHz isotope shift appears large enough to com-
INteNSiy iSlprove=0.38 ., While the refrigerator beam in- (0 120lY neglect qubt decoherence from spontaneous emis-
tensity is |, o.t=12 ¢4, Where the saturation intensith sion and ac Stark shifts, while it is small enough so that

= n . i . L optical modulators can provide the cooling radiation without
=0.6 W/cnt. Such high refrigerator beam_mtensny IS N€C- the need for additional laser sources.
essary because of the large amount of refrigerator ion micro- |, summary, we have sympathetically cooled a single

motion. This significantly Doppler broadens the refrigeratortrapped112Cd+ ion through Doppler cooling of a neighbor-

ion line shape and makes cooling less efficigri] than the ing 114Cd* ion. This is the first demonstration of optically

comparable cooling/heating of the probe ion, which experi-jqressing a single trapped ion being sympathetically cooled

ences Iittle_micromotion. The a_ppro_ximately 10 MHz sh_ift of by an ion of a different species. The sympathetic cooling of
the probe ion resonance line in Figa2 compared to Fig.  miiple ion species is an important step toward scaling the
2(b) is consistent with the ac Stark shift from the off- 455564 jon quantum computer, as it can reduce decoherence
resonant refrigerator beam. _ o associated with unwanted motion of trapped ions, while pre-
To demonstrate that the cooling seen n FigRas not  goping the internal qubit coherence. The'Gxystem is con-

caused by directly Doppler cooling tHéCd" probe ion by enient, as the sympathetic cooling can be accomplished
the refrigerator bearfwhich indeed is red detuned from the without extra lasers and without strong focusing.

112cd* ion's D2 line) we load a single*2Cd* ion into the
trap, while shining both the refrigerator and the probe beams We wish to thank J. Zorn, R.S. Conti, and D. Wineland for
onto the ion. The curve in Fig. 4 shows the resulting fluorestheir useful advice, and R. Jennerich for his help with the
cence as a function of the probe laser frequency. When tuneghrlier parts of the experiment. This work is supported by the
to the blue of the resonance, the ion’s fluorescence quickly).S. National Security Agency and Advanced Research and
drops to zero, indicating that the ion is heated by the prob®evelopment Activity under Army Research Office contract
beam; the direct Doppler cooling by the far-detuned refrig-DAAD19-01-1-0667 and the National Science Foundation

erator beam is not sufficient to keep the ion cold. ITR program.
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