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We use microwave-induced adiabatic passages for selective spin flips within a string of optically trapped
individual neutral Cs atoms. We position-dependently shift the atomic transition frequency with a magnetic
field gradient. To flip the spin of a selected atom, we optically measure its position and sweep the microwave
frequency across its respective resonance frequency. We analyze the addressing resolution and the experimental
robustness of this scheme. Furthermore, we show that adiabatic spin flips can also be induced with a fixed
microwave frequency by deterministically transporting the atoms across the position of resonance.
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Adiabatic passagg#\Ps) [1] are an interesting alternative field gradient, we furthermore realize APs by transporting
to purely resonant interaction for controlling the quantumatoms across the position of resonance. In this experiment,
state of atoms. They rely on the fact that the coupled atomthe atom-field coupling and the position dependence of the
field system remains in its instantaneous eigenstate if thgansition frequency are chosen such that the dynamics of the
variation of its parametergatom-field detuning and field system is similar to that of atoms coupled to the mode of an
Strength is SuﬁiCienﬂy slow and smooth. One can thus adia'optica| high_finesse Fabry_Perot resonéﬁjﬂ_ We show that
batically transfer a system from an initial to a final state and oy transport procedure is sufficiently smooth to guarantee
under certain conditions, fluctuations o_f the parameters W'”adiabaticity over a large range of parameters, indicating that
not affect the outcome of the AP. The pioneering works congtion-induced APs could effectively be used in our system
cemning APs were performed in nuclear magnetism Qg control the atom-field interaction in cavity QED experi-
achieve inversion of a spin systei@]. The first application 1 ents.
of this method in the optical domain was realized & to We use a specially designed magneto-optical t@T)
invert the population in Ngimolecules. Ever since, a multi- 55 3 source of a well-defined number of cold cesium atoms.
tude of different AP techniques have been proposed and sugy,orescence light from the MOT is collected by an objec-
cessfully realized4]. It has also been shown that APs can beyjye |ens and is imaged onto the photocathode of an intensi-
used to robustly prepare superpositions of energy eigenstatgg charge-coupled device camél&CD) and onto an ava-

[5]. Furthermore, it was proposed to prepare entanglemenfche photodiodgAPD), see Fig. 1. Whereas the APD
and implement quantum logic operations through adiabatigjgnal allows us to monitor the number of atoms, the ICCD
processe$6,7]. _ provides us with information about their positiofi]. The

We have recently demonstrated that a string of neutral C§ioms are transferred from the MOT to a standing-wave di-
atoms store_d in a standlng—w(_ave optical dipole trap can bBoIe trap[9,10], generated by two counterpropagating far
used to realize a quantum regist8}. There, quantum infor- o4 detuned laser beams with a wavelength of.064 nm.
mation was written into the two Cs hyperfine ground statesrpey interfere and produce a chain of potential wells of typi-
by subjecting selected atoms figsonantmicrowave pulses. c4jly 1 mK depth. Further details can be found in previous
Here, we report on the realization of adiabaticmethod for publications[10,13.
flipping the states of individual atoms out of a string. As in"  ag qubit states we employ the outermost Zeeman sublev-
[8], the atoms are discriminated through a position-
dependent transition frequency. The APs are accomplisher' 4= dipole trap
by sweeping the microwave frequency across the resonanc laser beam
frequency of the respective atom. We investigate the perfor- gy
mance of our method by recording AP spectra of a few, as modulation
well as of single, atoms, yielding high-quality data in perfect
agreement with theory. The spatial discrimination of this
scheme is comparable to resonant addressing. At the sam
time, the method is much more robust than in the resonan
case. It is therefore a useful tool for the manipulation and
control of our quantum register.

Combining fixed-frequencymicrowave pulses with our
“optical conveyor belt” techniqugd,10] inside a magnetic-
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*Electronic address: rauschenbeutel@iap.uni-bonn.de FIG. 1. Experimental setup. See text for details.
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els [F=4,m:=4) (|0)) and [F=3,m=3) (|1)) of the two  _ 1001
6S;, hyperfine ground states with a transition frequency &
wyl 27 near 9.2 GHz. In order to spectroscopically distin- = 897
guish atoms at different positions along the dipole trap axis,%
we apply a magnetic-field gradient of 13 G/cm along this % ®°]
axis. This results in a position-dependent transition fre-<
quency between states|0) and 1) of dwa/2m § 07
=3.2 kHz/um [8]. s 56
Each experimental sequence starts by loading atoms int(&
the MOT and transferring them to the dipole trap. In order to & g . . . ' . .
further lower the temperature of the atoms in the trapping 60 -40 -20 0 20 40 60
potential an optical molasses is switched on shortly after the central detuning §,/2n [kHz]

transfer. Then the trap depth is lowered from 1 mK to
140 uK in order to reduce the differential light shifsee
below). A guiding magnetic field of 4 G is applied along the
dipole trap axis, which shiftsv,/27 by 9.8 MHz. Optical
pumping to the staté0) is accomplished by exposing the
atoms to ac*-polarized laser beam along the guiding field
resonant with theF=4<F’'=4 transition, together with a L o : - -
repumping laser beam on tife=3< F' =4 transition. Ir;esr;(:.s critically on the polarization purity of the optical pumping
The microwave radiation for the APs is generated using
two frequency synthesizeksee Fig. 1 The first one(Agi-  atoms is detected using a “push-out” laser bg¢a#j. It ex-
lent 8375A generates a signal at 10.2 GHz. Its output is senpels atoms if0) out of the trap with 99% efficiency, while
through ap-i-n-diode attenuator that allows a fast modula-atoms in|1) remain trapped with a probability higher than
tion of the signal amplitude{AM)_ The second generator 99%. The final number of atoms is revealed by transferring
(Rohde & Schwarz SMLORis frequency modulatedFM)  them back into the MOT and by detecting their fluorescence.
and operates at 1 GHz. Both signals are mixed and the diffhe recorded spectrum is presented in Fig. 2, using the fol-
ference frequency at 9.2 GHz is amplified to 36 dBm. Fi-lowing microwave-pulse parameterstly,,/2m=28 kHz,
nally, it is sent through an open-ended waveguide and didmax 27=40 kHz, and;,=2 ms. We have stepped the central
rected to the trapped atoms. This microwave setup combindl€Uningé./2m from -65 to 65 kHz in steps of 1 kHz.
the excellent frequency stability of the 10.2-GHz source with 1 "€ Wide plateau in Fig. 2 shows a population transfer

_ : : : fficiency P;>90% for —30 kHz 6./27m <40 kHz. It is
'Erclaethsa(;sueré:eontmuous frequency sweeping capacity of the gonstant over a large interval of the central detuning demon-

The computer-generated FM and AM control signals al_stratlng robustness of the spin-flip efficiency with respect to

| i i | £ arbi h F frequency drifts and fluctuations. Beyond this frequency in-
Ow US to realize microwave puises of arbitrary shapes. Fofgy 5| the efficiency rapidly drops to zero. The asymmetry of

inducing APs, we have chosen the pulse shape suggested jf, spectrum is due to an inhomogeneous broadening of the
[14] atomic resonance frequency, which is caused by the energy-
- ; dependent differential light shift§s=AEy—AE; of the indi-
Qr(0) = Qe sine(atly), vidual trapped atom$16], where AE; is the light shift of

FIG. 2. Spectrum of adiabatic population transfer. Each data
point shows the average population transfer to diatéor ten shots
with about five atoms each. The solid line is a theoretical fit, de-
rived from optical Bloch equations. The maximum population trans-
fer efficiency predicted by theory is 100%. The fit yields 95+0.4%,

" limited mainly by imperfect initialization of staté), which de-

—_— leveli=0, 1, caused by the dipole trap laser.

8(t) = & + gt = ty/2) SpaxV1 = sirf(t/ty) @ We model the experimental data by calculating the trans-
for O=t=t,. Here,(ayis the maximum value for the Rabi fer efficiency P1(6,) using Bloch equations for the set of
frequency,d(t) = w(t) - w, is the detuning of the microwave Parameters used in the experiment. The thermal distribution
frequency from atomic resonanced, is the span of the ©f atoms is then accounted for by convolutiRg(s;) with

pulse duration. light shifts[16],
The population transfer efficiency of the APs depends on (8- 5{na><)2 g — O
the adiabaticity of the frequency sweep, which is reflected by Pa(dis) = 25; exp(— 5 S ) (3)
th

the condition[15]
. - where §1% is the maximum differential light shift and, is
[ QR ~ SHQR(M] _ (27 the change of the differential light shift when the energy of
2(QR(1)2%+ 8(1)?)%7? ' the atom in the trapping potential is increasedkq¥. The
resulting function

The pulse shape of E@) fulfills this adiabaticity condition

over a wide range of the central detuniag ~ _ 0
We first demonstrate adiabatic population transfer in a P1(8) = Prnax f ﬁaxpg(ds)Pl(éﬁcis)dé]s (4)
homogeneous magnetic field. Atoms are loaded into the di- Is

pole trap and are initialized in sta@. Then the frequency- is then fitted to the data, with the maximum population
modulated microwave pulse is applied. The final state of thé®,,,=95%, &,/27=1.7 kHz, and&y®/2w=~-11 kHz as fit
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1001 I . larger number of atomic qubits, they will have to be shuttled
= Il 1 1 1 + )} into and out of the interaction zone. If this transport is suffi-
o 807 ciently smooth to guarantee an adiabatic variation of the rel-
o evant parameters, one could therefore envision to adiabati-
£ 607 cally modulate the coupling strength of the atoms to the
c resonator by moving them into and out of the mode. This
g 401 technique could even be used to reliably and robustly create
i entangled states through AR&7].
3 201 Here, we show that our transport realizes this adiabaticity
8 . d t;; L1 condition over a wide range of parameters. We move atoms

0+

T e in state|0) along the dipole trap in the magnetic-field gradi-
-16 -12 -8 4 0 4 8 12 16 . " ..
position offset Ax [um] gnt. Beforg transpprtmg the atoms, the microwave ra_dlatl_on
is adiabatically switched on. Then, during transportation, its
FIG. 3. Position-dependent adiabatic population transfer of in@Mplitude is kept constant, corresponding to a Rabi fre-
dividual atoms in an inhomogeneous magnetic field. The grapiluency of{g/2mw=26 kHz. The initial atom positions are
shows the population transfer induced by the AP as a function of th@istributed over 1Qum, due to the size of the MOTL2].
position offsetAx along the trap axis. Each data point is obtained Because of the magnetic-field gradient this position spread
from about 40 single atom measurements. The solid line is a thegsorresponds to a frequency spread of 32 kHz. We therefore
retical fit of Eq.(4) with P,,,=93+1.7% limited by imperfect state tune the microwave frequency 72 kHz to the red side of the
initialization. |0y« |1) transition, such that all atoms are initially out of
resonance. We then transport the atoms over a distance of
parameters. The fisolid line in Fig. 2 is in excellent agree- d=132um and thereby tune the atomic transition frequency
ment with the experimental data. by &Xwap/2w:429_ kHz to t.he red. These values are muph
In order to demonstrate position selective spin flips welarger than the initial detuning of the atoms and the effective
now switch on the magnetic-field gradient. AS/8] we load ~ Width L=20g/dw,=16 um of the region of interaction.
one atom on average into the dipole trap, determine its posiLherefore, after transport, all atoms, independently of their
tion from a fluorescence image, and calculate the correlnitial positions, have crossed the region of resonance and
sponding resonance frequeney, After initializing the atom ~ are again far detuned from the microwave frequency.
in state|0) we apply a microwave pulse of shaph). We '_I'he atoms are transported using a unn‘orm acceleratjon
deliberately detune the central microwave frequency fromvhich undergoes a sign changedi?. Neglecting the ther-
wy by 8. This corresponds to a position offsetx ~ Mal motion o_f t_he atoms |n5|de_ the_dlpole trap, the resulting
=8,/ dyw.. We detect the hyperfine state after application oftemporal variation of the detuning is thésee Fig. 4a)]
the microwave pulse and record the single-atom population
transfer as a function of the position offsket along the trap 8, + adyw,t?l2 fort< 7/2,
axis. _ 2
The result of this measurement is presented in Fig. 3. a0 = 5r+a(9xwat(7_2_ (t-7
Every data point is obtained from about 40 post-selected 4 2
single atom measurements. As expected, the spectrum has a
broad plateau with a population transfer efficiency aboveHere, 8, is a random initial detuning due to the spread of the
90%. At the edges this efficiency drops to zero withip®.  atomic initial position,a=4d/ 7 is the accelerationj,w,; is
This addressing resolution is comparable to our resonant adhe gradient of the atomic resonance frequency, aigdthe
dressing scheme presented[B]. However, the regime of duration of transportation.
high-efficiency population transfer extends over an interval In Fig. 4b) the percentage of atoms transferred to stBte
that can be tuned by varying the span of the frequencwfter transport is shown as a function ofr¥/v, wherev is
sweep, Ja and that can thus be much largd8 um in  the average speed with which the atoms cross the position of
Fig. 3 than in the resonant case, providing robustnessesonance. The population transfer has been normalized to
against frequency drifts and fluctuations. In principle, thethe transportation efficiency, which has been measured inde-
spatial resolution could further be increased by using gendently, and exceeds 85% feranging from 300us to
longer pulse duratioty,. However, due to dephasing mecha- 20 ms. The maximum transfer efficiency is most probably
nisms[16], this would at some point decrease the maximumlimited by imperfect state initialization in this case. The solid
transfer efficiency. line results from a numerical simulation and is normalized to
We now examine the possibility of inducing adiabatic 85%. It predicts a reduced transfer efficiency forz1/
spin flips with afixed microwave frequency by transporting >3 ms* due to the loss of adiabaticity, in good agreement
the atoms across the position of resonance with our opticakith the experiment. For larger xAalues, the experimental
conveyor belt techniqug9,10]. This option is particularly data falls off faster than predicted by theory. This is most
interesting for quantum information processing schemes iprobably due to the increasing excitation of axial oscillations
neutral atom cavity QED, where the atomic qubits interactof the atoms inside the potential wells caused by the abrupt
through photon exchange inside an ultrah@loptical reso- changes in acceleration, which further reduce adiabaticity
nator, see, e.g[17]. In order to scale up such schemes to a[10]. For 1/7<0.05 ms* the experimental data also falls

(5

) fort> 7/2.
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(a) o) perimentg 11]. Furthermore, the most promising schemes for
: the generation of entanglement in optical cavity QED rely on
resonance | four-photon Raman processes. Based on the propofarin
5 *width 20 | we have calculated an effective Rabi frequency of 18 kHz
e for this Raman process using optimized experimental param-
: f eters. This value is comparable with our microwave Rabi
; i frequency Q. Our experimental results therefore indicate
/2 Tt that our optical conveyor belt allows us to transport two
atoms sufficiently smoothly through a resonator mode to re-
alize entangling schemes based on cavity-assisted APs.
Summarizing, we have demonstrated that microwave-
induced adiabatic passages in a magnetic-field gradient pro-
vide an efficient and robust tool to manipulate the states of
individual atoms in our neutral atom quantum register. The
spatial resolution of this method is comparable with what can
be achieved with resonant pulses under similar experimental
. . . . . . : conditions[8], while offering reduced sensitivity to fluctua-
0.001 0.01 0.1 1 10 100 1000 tions of experimental parameters. We have furthermore
inverse transportation duration 1/t [ms~'] shown that adiabatic population transfer can also be realized
_ S with a fixed microwave frequency and amplitude by trans-
FIG. 4. Transport-induced adiabatic passadasA sketch of  porting the atoms across the resonance position using our
the temporal variation of the atom-field detuning during the trans'optical conveyor belt technique. The wide range of transpor-
port of durationr [see Eq(5)]. (b) The population in statdl) after  a4i0n times for which efficient transfer occurs demonstrates
transport as a function of ¥/ Each data point is an average OVer .+ 1his scheme could indeed be used to adiabatically modu-
ten sho?s with about five atqms each. The solld.llne is the theoretlcq te the coupling of the atoms to spatially varying external
population transfer, neglecting the thermal motion of the atoms an . . .
decoherence of Rabi oscillations. ields. I_n part|.cular.|n the context of cavity quantum electro-
dynamics, adiabatic entangling schemes, induced by the de-

terministic transport of two atoms through the resonator

below the theoretical curve. This can be explained by the,sde, appear to be within the scope of our experiment.
decay of the driven atomic dipole caused by various dephas-

ing mechanism§16]. This work was supported by the Deutsche Forschungsge-
Note that the effective width of the region of interaction meinschaft(SPP 1078 and the EC(IST/FET/QIPC project

is comparable to the diameter of the Gaussian mode of typ*fQGATES”). I. D. acknowledges funding from INTAS. D. S.

cal ultrahighQ Fabry-Perot resonators for cavity QED ex- acknowledges funding by the Deutsche Telekom Stiftung.

-
o
o

(b)

N A OO @
o o o o

population in state |1) [%]

[1] L. Allen and J. H. EberlyOptical Resonance and Two-level [8] D. Schradeet al, Phys. Rev. Lett.93, 150501(2004).

Atoms(Wiley, New York, 1975. [9] S. Kuhret al, Science293 278 (2001).
[2] A. Abragam,The Principle of Nuclear MagnetistClarendon,  [10] D. Schradegt al, Appl. Phys. B: Lasers Opf73, 819(2001J.
Oxford, 1962. [11] K. J. Vahala, NaturéLondon 424, 839(2003, and references
[3] M. Loy, Phys. Rev. Lett.32, 814(1974. therein.
[4] N. V. Vitanov, M. Fleischhauer, B. W. Shore, and K. Berg- [12] I. Dotsenkoet al,, e-print quant-ph/0411062.
mann, Adv. At., Mol., Opt. Phys46, 55 (200J). [13] Y. Miroshnychenkeet al, Opt. Expressll, 3498(2003.

[5] P. Marte, P. Zoller, and J. L. Hall, Phys. Rev. #4, R4118  [14] S. Guérin, S. Thomas, and H. R. Jauslin, Phys. Rew65
(1991); M. Weitz, B. C. Young, and S. Chu, Phys. Rev. Lett. 023409(2002.

73, 2563(1994. [15] N. V. Vitanov, T. Halfmann, B. W. Shore, and K. Bergmann,
[6] R. G. Unanyan, N. V. Vitanov, and K. Bergmann, Phys. Rev. Annu. Rev. Phys. Chemb2, 763(2001).
Lett. 87, 137902(2002. [16] S. Kuhret al, e-print quant-ph/0410037.
[7] C. Marr, A. Beige, and G. Rempe, Phys. Rev.68, 033817 [17] L. You, X. X. Yi, and X. H. Su, Phys. Rev. A67, 032308
(2003. (2003.

031404-4



