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Optimizing the fast Rydberg quantum gate
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The fast phase gate scheme, in which the qubits are atoms confined in sites of an optical lattice, and gate
operations are mediated by excitation of Rydberg states, was proposed by gak&dPhys. Rev. Lett85,
2208(2000]. A potential source of decoherence in this system derives from motional heating, which occurs if
the ground and Rydberg states of the atom move in different optical lattice potentials. We propose to minimize
this effect by choosing the lattice photon frequengyso that the ground and Rydberg states have the same
frequency-dependent polarizabilitl w). The results are presented for the case of Rb.
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Recently, a number of schemes for quantum computation In this work, we calculate polarizabilities of the Rb atom
with neutral atoms have been proposgd-9]. In those in its ground stateqss(w), and in various Rydbergs states
schemes, qubits are realized as internal states of neutral at;(w). We demonstrate that there exists a lattice frequency
oms trapped in optical lattices or magnetic microtraps. Thev such thatass(w)~ a,{w). This finding relies upon the
two-qubit quantum gates are realized using controlled coldact [10] that the frequency-dependent polarizabilities of
collisions[1-4], controlled dipole-dipole interactiod5-7],  alkali-metal Rydberg states are close to that of a free elec-
or by conditional excitations of atoms into the Rydberg statesron, ay.d @) = — €*/m.w?, whereeis the elementary charge
by a series of laser puls¢8,9]. This approach to quantum in statcoulombs and, is the electron mass. For the optical
computation has many advantages, such as scalability, pofequencies treated in this paper,(w) for Rydberg states is
sible massive parallelism, long decoherence times of the incomparable in magnitude tas,(0), but it has anegative
ternal states of the atoms, flexibility in controlling atomic sign. As a function ofw, ass(w) increases as increases
interactions, and well-developed experimental techniques. Afom zero, but changes sign whenexceeds the first reso-
extensive experimental studies of the feasibility of usingnance frequency. We show that it will always be possible to
neutral atoms for quantum computation are under way, moréind a frequency for which the Rydberg and ground-state
detailed theoretical investigation of the various schemes igolarizabilities are equal. An optical lattice constructed with
needed. In this work, we investigate optimization of thelight of that frequency will have well depths characteristic of
quantum gate scheme realized by excitations to Rydbergar-off-resonance traps.
stateq 8]. We refer to this scheme below as the Rydberg gate. An alternative approach to polarizability matching of
The choice of this particular scheme results from its potentiahround and Rydberg states is to find Rydberg states with
for fast (submicrosecondgate operations. resonant frequencies close to the lattice frequency. In such

In the Rydberg gate scheme, the basic qubit is based orases the polarizabilities can be matched at near-resonant
two ground hyperfine states of neutral atoms confined in afrequencies, resulting in a tighter trap for a given laser inten-
optical lattice. A two-qubit phase gate may be realized bysity. Such possibilities can be identified by a straightforward
conditionally exciting two atoms to low-lying Rydberg search of tabulated atomic energy levels, and they turn out to
states. Different versions of the scheme have been propos@@ rare. The two cases of interest in Rb are discussed at the
[8]. In those schemes, either one or both atoms may occup§nd of this paper.
the Rydberg state for much of the duration of the gate opera- We begin with a description of our calculation of the po-
tion. However, an atom in a Rydberg state will, in generahlanzabnlnes._ Itis convenient for this purpose to use the sys-
move in different optical lattice potential than that experi- tém of atomic units, in whicle, m,, 4meo, and the reduced
enced by the ground state. Therefore, the vibrational state dflanck constant have the numerical value 1. Polarizability
the atom in the lattice may change after the gate operation #§ atomic units has the dimensions of volume, and its nu-
completed, leading to decoherence due to motional heatin@ﬁe”%“ values presented here are thus measured in units of
The optical potential for a given state depends on its ac podo. Where a;~0.052918 nm is Bohr radius. The atomic
larizability, so we can seek to minimize this motional heatingunits for « can be be converted to Syste International
effect by the choice of a particular Rydberg state or of theunits viae/h [Hz/(V/m)?]=2.488 32<10 %« [a.u], where
lattice photon frequencyo. In this paper, we describe a the conversion coefficient is#eyad/h and Planck constant
method for accomplishing this by matching the frequency-h is factored out. The atomic unit of frequeneyis E, /%
dependent polarizabilities(w) of the atomic ground state ~4.1341x 10'® Hz, whereE,, is Hartree energy.
and Rydberg state. The results are presented for case of Rb; The valence contribution to the dynamic polarizability for
however, the approach used here is applicable for logic gatean alkali-metal atom in ans state can be calculated using
with other alkali-metal atoms. the formula(in atomic unitg [13]
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TABLE |. Dynamic polarizabilitiese(w) of the ground state of Rb in
units ofag; w is in atomic units Ey /#).
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TABLE lll. Contributions to the dynamic polarizability of the
15s state of Rb in atomic unitsw=0.0576645 a.u.6E=E,,
—E5, D=(n’p|DJ|15s). The contributions from different terms

1) a ) a ) a are given in columr(contr). The accumulated values are given in
column a(acc).
0 318.56) 0.0576500 —815(23) 0.0578  393120)
0.02000 360.07) 0.0576645 —290(23) 0.058  1075631) n'p D SE (SE)—w? a(contr) a(acc)
0.04000 597.8) 0.0576700 —97(22) 0.059 —11548(16)
0.04298 693.8) 0.0576722 —21(22) 0.060 —4737(5) 14p,, —111.8 —0.00034 —0.00333 424 545
0.05000 12101) 0.0576728  0(22) 0.065 —1206(1) 14pz, —161.0 —0.00033 —0.00333 858 1403
0.05500 313®@) 0.0576734 2122 0070 —667.1(9) 15p,,  144.0 0.00026 —0.00333  —536 867
0.05700  1385@3) 0.0576800 24622 0080 —330.3(8)  19Pa2  201.2 0.00026 —0.00333 —1072 —204
0.05760 —2869(29) 0.0577000 90721) 0.100  —138(1) 16p, 161 0.00073 —0.00332 -19 -223
16p3/ 23.9 0.00073 —0.00332 —42 — 265
En'p,,~ End(n' P12 D[ns)?
ans(w):% (Enpyy™ EnsX p21,2|| l' ) [11]. The general behavior of the frequency-dependent polar-
n’ (Enpy,~Eng— @ izability of the ground state of Rb has been investigated pre-

(Enrp,,— Ens(n’ padDlIns)?
+

(En’p3/2_ Ens)z_ w?

whereD is the electric dipole operator ark is the energy
of the statei. In this formula, w is assumed to be at least
several linewidths off-resonance with the corresponding tran
sition. The core contribution to the polarizability is small
(9a3) [12] and is weakly dependent an in the frequency

viously in Ref.[18]. A result for one particular value ab
=0.04298 a.u., corresponding t8=1.06 um [19], has
been calculated in the same worky < 711.438) using a
model potential method; our resutt= 693.5(9)a8 is in good
agreement with this value.

Second, we calculate the dynamic polarizabilities of the
Rydberg states for a specific value of the lattice photon fre-
guencyw and then investigate the dependence of polarizabil-
ity on w for several Rydberg states. The most likely realiza-
tion of the Rydberg gate scheme involves two-photon

range considered here. In calculating the valence contribu;,sitions from the ground state to eithes or nd states.

tion, the term withn’ =5 dominates the sum over states, and
the contributions from higher values of converge rapidly
for all values ofw considered in this work. We have con-
ducted the calculation of the groundq)5stateasg(w) in Rb,
including terms withn’=5, 6, 7, and 8 using matrix ele-
ments from Refs[13-15 and experimental energies from
Ref.[16]. The contributions to the ground-state polarizability
from states withn’=8—<, including the continuum, and
from terms withn’=2,3,4 are estimated to be very small
(0.2a3 and —0.3a3, respectively. The results for the values
of w near first two resonancess®pq, and 5-5p5,, are
listed in Table I. The second set of valuesagf(w) listed in
column four illustrates the existence of the,(w)=0 point
between the §5p4, and 5-5p3, resonances.

Molof et al. [17] measureduss(0) to be 47.3:0.9 A3,
equivalent to (312 6) ag. Our calculated value agrees with

For clarity, we calculate the polarizabilities of tihe states

in this work. To make an estimate of thms Rydberg state
polarizability a,s(w), we first calculate relevant matrix ele-
ments and energies in Hartree-FdélF) approximation. We
use the resulting matrix elements to calculate frequency-
dependent polarizabilities of thes states in HF approxima-
tion. The results for thens state polarizabilities withw
=0.0576645 a.u. are listed in Table Il in the columns la-
beled @r. This frequency corresponds to the value of the
as(w)=—290a3 and to a detuning=1/3 of the distance
between the two resonances;.d{ )= —301a3 at this fre-
quency. We observe that there is no significant change of the
polarizability values aften=8. The summation oven’ in

Eqg. (1) is truncated ah’ =23. The contribution of the states
with n’>23 and continuum is evaluated by carrying out a
calculation of the polarizability of the BGstate withB-spline

this result to within the experimental uncertainty. The staticy g sef20]. The summation over the entire basis set yields

polarizability of the ground state of Rlas5(0), wasprevi-

ously calculated using the techniques described above in Regj

TABLE II. Dynamic polarizabilitiesa,(w) (in units ofa3) for
Rb, ®=0.057 6645 a.u., i.eN=790 nm.

n [T a n AyE n [a9T= n ayE

8 —-304 —-295 11 -—288 14 —286 17 —282
9 —292 12 —287 15 —285 18 —280
10 —289 13 —287 16 —284 19 -—277

#High-accuracy value obtained using experimental energies and al
order matrix elements for the dominant terms with=7,8.

the result—292 a.u. which differs from the value in Table Il

y only 1%. To evaluate the uncertainty of the HF approxi-
mation further, we repeat the calculations using HF matrix
elements and experimental energies from R&6] in Eq.

(1). We find a substantial, from 10% to 30%, difference be-
tween these two approximations despite only a few percent
differences between Hartree-Fock and experimepig) ,
—E,¢] energies. Such a large discrepancy is explained by
severe cancellations of the different terms in the sum of Eq.
(). As an illustration, we list the contributions to the polar-
izability of the 1% state from several dominant terms to-
gether with the values for the corresponding dipole matrix
elements (n’p||D[|15s), energy differences SE=E,
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15p
A =779 nm tp
A =784 nm
6s
ad
5Py
A =780 nm
5s
s s . FIG. 2. Levels with transitions energies neas-5p;, reso-
765 775 785 795 805 nance. Levels are not to scale.
A (nm)

We predict that value ab where these polarizabilities match
equals tok,,=790.14(2) nm for 18 state. This value in-
cludes 10% uncertainty in the value of the 15s state polariz-
ability and 6% uncertainty in the value of the ground-state
polarizability. The next point at which the polarizabilities can
—E;iss, and denominators of E@l) in Table Ill. We find that  be matched is close to thes®p,,, resonance which requires
the dominant contributions come fronf=14 andn’=15 much larger detuning. The above discussion is valid for
terms which have different sign owing to the sign change irhigher Rydberg states, which may be chosen for the gate
the energy differences. We also find the cancellations of themplementation because of the longer lifetin[@4], since
smaller pairs of terms with’ =13, 16 anch’ =12, 17. Gen- we found Rydberg state ac polarizability to vary weakly with
erally, the values obtained using sets of data of the consistettte principal quantum number.
accuracy are more reliable when such cancellations occur Next, we consider an alternative approach to the issue of
[13,15, so we use HF data below. The accuracy of the valuethe matching polarizabilities of the ground and arbitrary Ryd-
can be increased by estimating correlation correction contriberg state. This discussion is not limited ts Rydberg
butions to the values of the dipole matrix elements. We constates. It follows from the expression for the dynamic polar-
duct such calculation forgs(w) for the same frequency as izability that if the energy differencee, s—E,/, or Eng
data in Table Il using experimental energies and high—E,, is accidentally close to the value of eithes-5p,,, or
accuracy all-order matrix elements for the dominant term&s-5p,, transition energy then the polarizability of the cor-
with n’=7,8. The result £ 295a3) is listed in Table Il and respondings, p, or d state can be made large by detuning to
agrees very well with Hartree-Fock value. We note that subthe appropriate frequency. We have investigated the spec-
stituting HF energy by experimental values and leaving matrum of Rb to locate energy differences which are close to
trix elements unchanged yields substantially different the resonance $5p;,, or 5s-5pz, transition energies. The
(—356a3 o) value, thus confirming our conclusion that using closest matches ares€.5p and 4d-11p transmon energies
HF values for both matrix elements and energies produceV;lthh differ from the SE=Ess—Esp,, by 20 cm * and 60
more accurate values than replacing HF energies by expergm™!, respectively. The corresponding energy level scheme
mental results. We note that current accuracyrf{w) (es- is illustrated in Fig. 2. However, in both of these cases the
timated at 10%is sufficient for the purpose of present paperterms with such denominators contribute to the polarizabil-
since the polarizability of the ground state varies vary rapidlyities of the p states. The required detuning in this case is
with w as illustrated in Table | and the variation of the value smaller but only 1 and 1% levels may be used in this
o within the uncertainty of the Rydberg state polarizability is method. We note that there are no such Na levels for the
small. Consequently, the exact point wheresi(w) situation where the lattice light is near Ng3levels. The
=aps(w) can be determined experimentally by detuning ofadvantage of this scheme is high value of the ac polarizabil-
the lattice frequency near the matching point. We find thaities at the matching point; in the previous scheme the value
the dynamic polarizabilities of the Rydbergs states vary of the ac polarizability at the matching point is relatively
very weakly with w in the vicinity of the 5%-5p;, and  small, leading to the higher laser power requirement and sub-
5s-5p5,, resonances. sequent higher scattering rate. The disadvantage of uging
Summarizing the results above, we find that the values ofs ns states in a Rydberg gate scheme is that excitation of
the ground state and Rydbeng state polarizabilities can be transitions from the ground state requires either ultraviolet
matched near the point betwees-5p,, and 55-5p5,, reso-  radiation or a three-photon process. Another difficulty of this
nances where the ground-state polarizability changes sign approach is the necessity of the very fast gate operation times
demonstrated in Fig. 1. The horizontal dashed line correto achieve high gate fidelity because of the shory & 22],
sponds to polarizability of the Rydberys level. The reso- lifetime of the 1% level.
nances are shown by the vertical dashed lines for clarity as We note that by choosing the appropriate Rydberg level
we assumedv to be a few linewidths from the resonances.and a longer wavelength trapping lagetg., CO; lase) it

FIG. 1. Dynamic polarizabilityx(w) for the ground state of Rb
in atomic units. The horizontal dashed line corresponds to polariz-
ability of the Rydbergns level.
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should often be possible to find a matching scheme. In thesground-state energio=3%wy/2. If the trap is turned off
situations, because of the number of nearby resonances feuddenly, the wave functio®{r,t} for the center-of-mass
the Rydberg state, one probably would have to consider corsoordinater evolves during timé as
tributions from several intermediate states. 2112 ]

In summary, we have found two ways to match Wit = exd —r</2dy(1+iwet)]
frequency-dependent polarizabilities of the Rydberg state and ' 773/4d8/2(1+ i wot)3?
the ground state for optical lattices tuned near the Rp(5
states. First, the value of the ground-state polarizability awvheredy=yA/Mwq. In free expansion of the atomic wave
\,ac=790.032(8) nm crosses zero and changes sign. Ther@acket from the released trap, its mean kinetic eng(gy,
fore, it can be matched with polarizabilities of various Ryd- = Eo/2 remains constant, while its mean-square radius grows
berg levels near that point as demonstrated in Fig. 1. For thas (r%(t))=3d3(1+ wjt?)/2. If the trap is suddenly turned
case of 1§ state, polarizabilities match atr,,, back onagain attime, the mean energy of the wave packet
=790.14(2) nm. Second, the value @fcan be detuned to in the restored trapping potential iSE=Ey/2
nearly match the values of the s and 1p-4d transition ~ +Mwg(r?(7))/2=Eg(1+ w57%/2). This corresponds to a
energies which are accidentally close to BE=E(5py,)  heating ofkgT=(fiwo) w§7°/4 per cycle of trap release and
—E(5s) energy. Then, the dynamic polarizability of thepl5 restoration. Such heating can be avoided by use of a matched
or 11p state can be made large enough to match the polari2otential scheme of the type proposed here. For a trap fre-
ability of the ground state nearpg,5s resonance. The duency éa 1 MHz and 1lus gate time one obtainkgT
matching of the frequency-dependent polarizabilities of the™0-006¢wo). In general, if the polarizabilites of the ground
atom in its ground and Rydberg states results in the matching"d the Rydberg states are of the same sign there will be less
of the optical potential seen by the atom during the gat otional heating t_han n the. trap ?hUt'Oﬁ case; however, if
operation and provides the optimal scheme for the Rydberﬂfy are of opposite sign it IS optlmum. to drop the trap to
gate operation with respect to the motional decoherence. . inimize th_e eff_ect_of the motional h_ea_tmg. The gate opera-

Another way of eliminating the differential in the trapping t|on_ time, in principle, can be OP““?'ZGO' by appropriate
potential between the ground and Rydberg states is to switcﬁﬁhoIce of the Rydberg level, the applied dc field, and laser
the trap off during the time of the gate action, and turn itPOWer.
back on after the action is completed. This procedure also We gratefully acknowledge discussions with Steven
induces heating of the atomic center-of-mass motion, the efRolston, Wendell Hill, Walter Johnson, Philippe Grangier,
fect of which can be characterized as follows. Suppose thaMark Saffman, and Thad Walker. This work was partially
at timet=0, an atom of masM is in the ground state of a supported by the Advanced Research Development Activity,
trap site, where for convenience we assume the potential tthhe National Security Agency, and NIST Advanced Technol-
be that of an isotropic oscillator of frequenay,, with  ogy Program.
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