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Individual addressing and state readout of trapped ions utilizing rf micromotion
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A scheme for the individual addressing of ions in a trap is described that does not rely on light beams tightly
focused onto only one ion. The scheme utilizes ion micromotion that may be induced in a linear trap by dc
offset potentials. Thus coupling an individual ion to the globally applied light fields corresponds to a mere
switching of voltages on a suitable set of compensation electrodes. The proposed scheme is especially suitable
for miniaturized rf(Pau) traps with typical dimensions of about 2@0 um. [S1050-294{®9)50611-2

PACS numbegps): 03.67.Lx, 42.50-p

Even the realization of elementary quantum informationonly one ion may be pushed from the rf node line, while
processing operations puts severe demands on the expeléaving the others there. Since this one ion now undergoes
mental techniques. A single two-qubit quantum gate, for inforced oscillations at the rf drive frequen€y;, its two in-
stance, requires two strongly interacting quantum systemggrnal levels may be coupled on one of theeromotionside-
highly isolated from environmental disturbances. In 1995bands with a Rabi frequenc, proportional to the first
Cirac and Zoller proposed a realization of quantum logicBessel functiord, (k- §) [5], where§ is the amplitude vector
gates using a string of ions trapped in a lineatR&u) trap ~ of the driven motion andk is the wave vectofor wave-

[1]. In the meantime several experimental steps towardgector difference for Raman transitionsf the driving light
quantum logic gates implemented with trapped ions havéield. The other ions reside at the node line and are therefore
been demonstrated, namely cooling ¢8and two iong3]  not coupled, although the coupling laser beam might illumi-
to the ground state, a quantum CNOT gate connecting thBate them. Similarly the final state of the individual ions may
internal and motional states of one ipH, and the determin- be read out by detecting fluorescence induced on a micromo-
istic creation of entangled statgs. tion sideband of a dipole-allowed cycling transition. The

In the Cirac-Zoller proposal, addressing individual ions ismethod turns out to be especially suitable for microfabri-
envisioned by the tight focusing of a laser beam on one andated traps with typical dimensions of 20 to 4én. A linear
only one ion[6]. In this case inter-ion distances must be quadrupole trap of this type with a distance between diago-
bigger than the diffraction limit of the addressing laser beannally opposite electrodes of 6Q@m was successfully dem-
and cannot become smaller than roughly one micron. Thignstrated by Myatet al.[8], and no technical limits seem to
requirement limits the minimum size of the trap and also thgforbid the fabrication of further miniaturized trap structures
maximum level spacing of the harmonic trapping potentialwith 30-um electrode distance. The smallest operating trap
since the inter-ion distance is determined by the balance ofo far was realized by Brewet al. They were able to store
mutual Coulomb repulsion and the strength of the externabne, two, or a cloud of ions in a microtrap with &0n ring
potential[7]. The trap level spacing in turn limits the maxi- diameter[9], only a factor of 2.5 away from the typical di-
mum speed of gate operations because all laser pulses musensions proposed in this paper, and plan to further minia-
be long enough to discriminate between different motionakurize their trap to 10—2@m ring diametef10].
levels. The limitation in inter-ion distances also rules out One way to create enough degrees of freedom for the
motional frequencies beyond the linewidth of allowed dipole*individual compensation” sketched above is to split one of
transitions commonly used for Doppler cooling in ion traps.the ground rods of the linear quadrupole trap into a number
Such motional frequencies would allow for very efficient Ng of sections that is greater or equal to the numieof
cooling without the need for special techniques, such as Raens trappedsee Fig. 18)]. The sections are individually
man cooling[2]. wired to control their voltages independently. As specified

An alternative addressing technique that does not rely ovelow in the cas®&ls=N;=N and equally spaced sections of
focused laser beams could therefore be very advantageolengthd, one can balance the individual compensation volt-
because it lifts restrictions in trap size, cooling, and processages in such a way that only one of the ions is pushed into a
ing speed inherent in the Cirac-Zoller scheme[3f state  position where the rf field is nonzero, while all the other ions
creation was based on the dependence of transition frequeremain on the rf-field—node line.
cies of individual ions on the micromotion induced by the To further elaborate how this might be done, it will be
trapping ac field. This paper describes how this basic ideassumed that all ions are initially on the rf-node line. In the
might be extended to individually address and read out singlexperiment this means the micromotion of all ions has to be
ions in a trap without the need for tightly focused lasercarefully nulled with the same set of electroddd], and
beams. then the displacement voltages introduced below will be

After a good compensation of micromotion in a linear added to the null voltages. The electric field created by an
trap[11] the whole string of ions will reside on the rf-node individual compensation electrode will of course depend on
line and will therefore not undergo forced oscillations in theits actual shape. For the purpose of this paper it will be
rf-trapping field. With a suitable static electric field, one andsufficient to approximate compensation electrgdbeld at
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and the perpendicular part that will actually push the ion into
the rf field
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with relative distance factorsn;={1+[(i—j)d/r]?} %2
The total field perpendicular to the trap axis experienced by
ion i is therefore

N
Ei=> Ej. (4)
=1

With respect to the slowseculay motion, the field will just
change the equilibrium positions of the ions but will have no
effect on the vibrational modg# the limit of small ampli-
tudes [12]. The additional spatial variation of the field gives

rise to higher-order field gradients that could in principle
lead to cross coupling of the vibrational mod&$ The cou-
W ond Ml pling is only effective if three vibrational modésl, m fulfill
a relation of the typéw, = wy,|=wy. Coupling terms of this
type are always present in a linear trap due to the repulsive
Coulomb interaction between the ions. A comparison of the
nonlinearities due to the Coulomb repulsion with those intro-
duced by the additional field gradients for addressing was
done for the parameters used in the examples below and ion
numbers between 2 and 50. It turned out that the magnitudes
- @ - of the nonlinearities due to the additional fields are at least an
order of magnitude smaller than the Coulomb nonlinearities.
The perpendicular part of the field will displace an ion of
massm and charge) off the trap axis by an amoufi 1]

c)

FIG. 1. () Schematic drawing of the two ground rods of the
trap. (b) Cut through the trap. The rf-node line is at a distance
from the split ground rod(c) Approximation of the electrostatic
situation used in the model calculation. The rod sections with spac- _ 8QE;
ing d are replaced by spheres of radui?. Yi= quﬂrzf’

®)

voIt.ager , by the field created by_ a conducting sphere ofwhereq:(sz)/(erQer) andV is the amplitude of the rf
radiusd/2 held at that voltaggsee Figs. () and Xc)]. The  field. At this position the ion will undergo micromotion with

magnitude of the electric fiel&;(r) at distance is then an amplitude of11]
2E;r?
U;d —y J_ 5T
Ej(f)zz—;z- 1) G=Yip=—y ©

The indexx;=k-y& (y is a unit vector along thg direc-
Inter-ion spacing can be controlled to some extent by the déion) with which an incoming laser beam will now be fre-
voltages applied to the trap end cdds]. Here it will be  quency modulated in the rest frame of ibdepends on its
assumed that the ions are equally spaced with an inter-iowave-vectok (or the wave vector differencék =k, —k, for
distanced and are a distanaeaway from the electroddsee = Raman excitationand will therefore be determined by the
Figs. 1@ and Xb)]. This approximation is valid for three actual experimental geometry. In the remainikgjs as-
ions and for the center part of a long string. One could Usgumed to be parallel tg,
the exact inter-ion distanc¢42], but this would only com-
plicate the following discussion without radically changing q
the underlying physics. The ions and electrodes are labeled Ki=k§i=kyi§. (7
from left to right. The electric field of electrodg at the
position of ioni can then be decomposed into a part parallel

to the trap axis Reexpressing Ed7) in terms of the compensation voltages

in EqQ. (3) yields
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microfabricated trap of Myatet al. [8] down by a factor of
20. The Rabi frequency on one of the first micromotion side-
FIG. 2. Scaled compensation voltagels/V versus electrode bands will beQ),=J;(x){2o Where(}, is the unmodulated
numberj for (top to bottom i =1,2,3. carrier Rabi frequency.
Results calculated with;(«)=0.1, which corresponds to
This defines a system of linear equations for the compensas=0.2 andk=27/(313 nm) resonant with théBe"S-P
tion voltagesU; /V expressed in multiples of the rf amplitude transition, are shown in Fig. 2 for three ions and Fig. 3 for 10
V that can be written in matrix form: ions. Figure 2 shows the scaled voltage¢s/V (i=1,2,3)
for the aforementioned parameters, while in Fige)3J;/V
m. B _ ie ) for addressing ion 5 of ten ions is displayed. Figufe) 3s a
V kd” plot of the magnitude of the electric field perpendicular to
the trap axis generated by the ten electrodes held at the volt-
with k;=«e;. The condition that only iorl is modulated ages given in Fig. @). As expected there are nine positions
with index « while all other ions are unmodulated corre- where the axial field is zero, coinciding with the ion posi-
sponds to a solution of Eq9) with e;=4; . Small correc- tions of all but ion 5. At this position the field exhibits a
tions to the actual ion positions due to the compensation fielthaximum.
component along [Eg. (2)] and the slight change in the Figure 4 shows the peak scaled voltage necessary to ad-
mutual repulsion of the ions could be incorporated in a selfdress all ions versus the ion numb¥ér It turns out that the
consistent way, but are neglected in the first-order approxipeak scaled voltage saturates at a value of 22.5 for ion num-
mation presented here. Solutions of Ef) may be found bers greater than 20. Addressing more and more ions will
analytically for small ion numbers or numerically. therefore not require higher and higher voltages.
As one might expect, the scaled amplitudigsV become The voltages seem to be easy to realize in the case of
very large ifr>d, because then the difference in magnitudethree ions(peak voltage 67 V for an rf amplitude of 250 V,
of the matrix elementsn;; is very small. The method is roughly 1/4 of the voltages used in Myat al.s microtrap
therefore more suited for traps wherés within an order of  [8]) but problematic in the limiting case of 20 or more ions.
magnitude of the ion spacing In the examples calculated The necessary peak voltage 5632 V for 250 V rf amplitude
below,r=15 um and an ion spacind of 3 um is used. would lead to electric fields above the threshold for electron
These parameters could be realized by scaling the existinfield emission(roughly 1 kV/um) probably causing uncon-

electrode number
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254 existing technologies. The proposed mechanism of address-
T ing a quantum gate reduces a severe optics and engineering
20 / problem to a mere changing of voltages on compensation
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electrodes. No diffraction-limited focusing on single ions
d and complicated schemes to switch the beam on and off or
shuttle it around in the trap are necessary. In principle the
10+ coupling laser could illuminate the ions all the time during a
T computation, while the “pulse length” of the interaction is
51 solely controlled by switching the compensation voltages.
The scheme renders the distance limit for inter-ion spacing
0 . T . r . r . ; — set by the laser wavelength in the Cirac-Zoller scheme obso-
0 2 “© 8 8 100 lete and the modifications to push, e.g., a special pair or more
N ions off the rf-node line and thus realize multi-ion gates are
FIG. 4. Peak scaled compensation voltahg,,/V versus num-  obvious. The read-out of individual ions can be done the
ber N of ions. The peak scaled voltage saturates at a value of 22.5ame way as the addressing, since the micromotion sideband
for ion numbers roughly greater than 20. The points are connecteffequency may be chosen much higher than the natural line-
to guide the eye. width of typical cycling transitions used in ion traps. Mo-
, . _ tional heating was found to be substantially suppressed in the
trolled arching and plasma discharges. A way out of this, n_center-of-mass vibrational modES). In those modes

fsnuatlon would tk_)e to tlrtap lons a(tj "f[‘hh'gr: rf VOIt??le but uni- ok frequencies of individual ions depend on their position
orm compensation voltages, and then 1o careiully Compeny, 4, o string. These dependencies could readily be incorpo-
sate for patch fields. After this compensation it should be

possible to lower the rf voltage by another factor of 20 torated into the definition ok; so operations on all ions would

. . require the same interaction time and laser intensity. Finally,
roughly 10 V. A peak voltage of 282 V is then sufficient to . i . . L
address all ions in the string individually. To further lower reaching the Lamb-Dicke regime with Doppler cooling is

the necessary field gradients one could split both ground rod'%tralghtfomard in miniaturized traps, so one could use the

) ate operations proposed by/r8osen and Mioner [13],
wg%lzeggfﬂ;c;%tthat only half of the above peak VOItag%vhich also work with the ions in thermal motion and in the

For aq value of 0.17 the maximum ion displacements argPresence of moderate motional heating. This implies that the
on the order of 40 n'm along the trap axis and the address experimentally most demanding preconditions of the Cirac-

ion i is displaced roughly 200 nm perpendicular to the trapbouer proposal, namely ground-state qoolmg and acjdressmg

. : Lo y focused laser beams, may be circumvented in future
axis. These displacements could be further diminished b¥]uantum logic experiments
operating the trap at a highgrparametefe.g.,q=0.6). '

In conclusion an alternative way to individually address The author is grateful for discussions with D. J. Wineland,
single ions in a linear trap that is suitable for quantum infor-J. C. Bergquist, C. Monroe, C. Myatt, Q. Turchette, H. C.
mation processing was proposed. A simple calculatiorNagerl, C. Roos, and R. Blatt. He also acknowledges finan-
yielded the order of magnitude of all relevant parameterscial support from the EC under Contract No. ERB-FMRX-
For a few ions all required conditions could be met with CT96-0087.
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