ars CHGRUS

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Neutral-atom entanglement using adiabatic Rydberg
dressing
Anupam Mitra, Sivaprasad Omanakuttan, Michael J. Martin, Grant W. Biedermann, and
Ivan H. Deutsch
Phys. Rev. A 107, 062609 — Published 15 June 2023
DOI: 10.1103/PhysRevA.107.062609


https://dx.doi.org/10.1103/PhysRevA.107.062609

Neutral atom entanglement using adiabatic Rydberg dressing

Anupam Mitra," 2 * Sivaprasad Omanakuttan,>? T Michael J.
Martin,® 1 * Grant W. Biedermann,* ¢ and Ivan H. Deutsch' 21

L Center for Quantum Information and Control, University of New Mexico, Albuquerque, NM, USA
2Department of Physics and Astronomy, University of New Mezico, Albuquerque, NM, USA
3Los Alamos National Laboratory, Los Alamos, NM, USA
4 Department of Physics and Astronomy, University of Oklahoma, Norman, OK, USA
(Dated: 2023-02-15 09:28:46-05:00)

We revisit the implementation of a two-qubit entangling gate, the Mglmer-Sgrensen gate, using
the adiabatic Rydberg dressing paradigm for neutral atoms as studied in [1]. We study the imple-
mentation of rapid adiabatic passage using a two-photon transition, which does not require the use
of an ultra-violet laser, and can be implemented using only amplitude modulation of one field with
all laser frequencies fixed. We find that entangling gate fidelities, comparable to the one-photon
excitation, are achievable with the two-photon excitation. Moreover, we address how the adiabatic
dressing protocol can be used to implement entangling gates outside the regime of a perfect Rydberg
blockade. We show that using adiabatic dressing we can achieve scaling of gate fidelity set by the
fundamental limits to entanglement generated by the Rydberg interactions while simultaneously
retaining a limited population in the doubly-excited Rydberg state. This allows for fast high fidelity
gates for atoms separated beyond the blockade radius.

I. INTRODUCTION

Optically trapped arrays of neutral atoms with tunable
electric dipole-dipole interactions (EDDI) are a promis-
ing platform for scalable quantum computation [2-14],
quantum simulations [ |, and quantum metrology
[28-30]. A variety of protocols have been studied to cre-
ate entanglement between atomic qubits using the strong
EDDI of Rydberg atoms [1, 6, 31-37], and have been
demonstrated in alkali atoms including cesium and ru-
bidium [3, 6, 11, 12, 17, 38-43] and in alkaline earth
atoms including strontium and ytterbium [30, 44, 45].
Given rapid advances in the field, we seek to revisit some
practical considerations and fundamental limits for qubit
entanglement that are achievable with adiabatic Rydberg
dressing of ground state atoms.

In particular, we consider the use of adiabatic Rydberg
dressing [1, 30, 33, 43, 46], a powerful tool for robustly
creating entanglement in atomic-clock qubits. In this ap-
proach, the Rydberg character is adiabatically admixed
into one of the clock states through a chirp of the laser
frequency and/or intensity ramp [1, 30, 43]. The result-
ing light shift of the dressed state is then mediated by the
Rydberg EDDI, leading to entanglement [1, 30, 43]. This
tool has been implemented to create Bell states of clock
qubits in the microwave [47] and optical regimes [30] and
for studies of many-body physics [15, 16, 18]. Schemes for
implementing two-qubit entangling quantum logic gates
based on adiabatic Rydberg dressing have been studied
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theoretically [1, 33, 35,
[30, 43].

Adiabatic Rydberg dressing is most naturally imple-
mented using a one-photon transition between a clock
state and a high-lying Rydberg state [1, 15, 16, 18, 33,

]. Such an approach requires a high-power ultraviolet-
laser which is technically challenging and can lead to ad-
verse effects, such as photoelectric charging of dielectrics
and spurious electric fields. Adiabatic Rydberg dressing
would be more simply be achieved through a standard
two-photon transition that is typically used for Rydberg
excitation, but this may lead to other challenges due to
additional decoherence and spurious light shifts from off-
resonant excitation to the intermediate state [18, 19]. We
revisit this problem here and show that a two-photon ex-
citation is well-matched to adiabatic Rydberg dressing,
with additional light shifts facilitating adiabatic passages
by modulating only one laser amplitude. With the cur-
rent state of the art, decoherence will not greatly reduce
gate fidelity. Moreover, dominant inhomogeneities can be
removed in this protocol through spin echoes, as studied
in [1] implemented in [30, 43].

] and recently demonstrated

Beyond the practical consideration of two-photon ex-
citation for adiabatic Rydberg dressing, we revisit the
limits of gate fidelity from finite Rydberg state lifetime
and finite interaction energy between Rydberg states,
that can be generated using adiabatic Rydberg dress-
ing of ground state atoms. While the basic entangling
interaction is due to the interactions between Rydberg
states with strength |V|, in protocols that employ the
Rydberg blockade, the speed of the gate is limited by
the effective Rabi frequency of the coupling laser Qeg,
as in the seminal work of [31]. Rydberg dressing under
a strong blockade, where the admixture of the doubly
excited Rydberg states is small and often negligible re-
quires AiQegr < |V]. As such, one cannot achieve the
fundamental scaling in the gate error rate set by the ra-
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tio 2whl'/|V| for a characteristic decoherence rate T [5].
Adiabatic Rydberg dressing has generally also operated
in the strong blockade regime [1, 30, 33, 43, 50], but this
is not essential to the protocol. In principle, adiabatic ad-
mixtures that include doubly excited Rydberg levels will
strongly increase the entangling energy or may be used
to maintain atoms separated beyond the blockade radius
where they can be more easily individually addressed,
yet still achieve fast gates. Rydberg-mediated entangle-
ment beyond the strong blockade regime has been demon-
strated using finely tuned two-atom Rabi oscillations [12].
In addition, some quantum simulation schemes imple-
menting interacting spin models do not assume strong
blockade in a multi-atom array, allowing implementation
of elaborate interaction graphs between atoms in one-
dimensional [17, 21, 22] and two-dimensional geometries
[ ) ) ) ]

We show here that by going beyond the perfect block-
ade regime one can use adiabatic Rydberg dressing to
reach the fundamental scaling of entangling gate fi-
delity [51]. Such an approach may become more feasi-
ble, e.g., using bound states of doubly excited Rydberg
macrodimers [52] that have been well resolved [52, 53],
and can be employed for such coherent control of entan-
glement [53]. In addition, we find that one can implement
entangling gates in the weak blockade regime using an
adiabatic Rydberg dressing scheme that requires only a
limited population in the doubly-excited Rydberg state,
similar to [412] and unlike some other protocols for en-
tangling gates [1—6, 40]. Thus, protocols that extend be-
yond the perfect blockade regime may enable even more
powerful schemes for neutral atom quantum information
processing.

The remainder of this article is organized as follows. In
Section II we discuss the implementation of two-photon
adiabatic Rydberg dressing passages for creating high fi-
delity entangling gates. We show that fidelities F > 0.99
are possible with state-of-the-art experiments. In Sec-
tion IIT we study the scaling of the Rydberg dressing en-
tangling energy in the regimes of strong and weak block-
ade and show that we can reach the fundamental scaling
as predicted in [51] when we allow a small admixture of
doubly excited Rydberg states during adiabatic Rydberg
dressing. In Section IV we conclude and give an outlook
toward future applications.

II. ENTANGLING GATES WITH ADIABATIC
DRESSING

We study the implementation of two-qubit gates
with qubits encoded in clock states, e.g., |0)
|(ns), 251/2,F,m = O>, 1) = |(ns)7 251/2, F'.m=
for alkali atoms and [0) = |(ns)?, 'So), |[1)
|(nsnp), 3Py) for alkaline earth-like atoms. Entangle-
ment is generated by the adiabatic dressing of the |1)-
state through a one- or two-photon transition to an ex-
cited Rydberg state |r) with high principle quantum

=
=1

number n,.. For a one-photon ultraviolet transition, |r) =
|(nrp), 2P;) for alkalis and |r) = |(nsn,s), 351 for alka-
line earths. In the two-photon case, |r) = |(nrs), 251/2>
for alkalis, and |r) = ‘(nsnrp), 3PJ> for alkaline earths,
with an intermediate auxiliary state |a) = |(nap), 2Py)
or |a) = |(nsn,s), ®S1) respectively. Generation of en-
tanglement is fundamentally limited by decoherence due
to the lifetime of |r) and |a), which depend on the choice
of principal quantum numbers n,. and n,. Schematics for
one- and two-photon coupling are shown in Fig. 1(a) and
Fig. 1(b) respectively.

We consider two atoms symmetrically coupled by uni-
form laser fields. As only the |1)-state is coupled to |r) (in
a one- or two-photon transition), the Hamiltonian takes
the form

H = H, ® |0)0] + |0)0] © Hy + Hi 1, (1)

where Hj is the Hamiltonian for one atom in [1) cou-
pled to |r) and Hj ; is the two-atom coupling, including
the Rydberg mediated EDDI. We define the Rabi fre-
quencies Q,3 and detunings A, for each of the corre-
sponding |a) > |5) transitions as shown in Fig. 1(a) and
Fig. 1(b). For a two-photon excitation, we consider the
regime 1, < |A1,] so that the intermediate state can
be adiabatically eliminated. In that case, we have the
universal single-atom Hamiltonian

Hy = —hAg |r)r| +

P gl + 1) (@)

For the one-photon ultraviolet excitation, Qg =
Qir, Aeg = Aqr.  In the two-photon case Qeg =
(16Q0)/(2A1,) and A = A1q+ Ay + (61 +;-), where
51 = (93,)/(4A1,) and 4, = —(92,)/(4A,,) are the light
shifts of levels |1) and |r) respectively due to their cou-
pling to |a). Finally, the entangling two-atom Hamilto-
nian is
Hl,l = |1><1| ® Hy+ H ® |1><1| +V |’I“, T‘><7’7’I"‘

— BB + )]
£ (V = 20 ®

h
+ 5\/5983 (|b)1, 1] + |r, )b + +h.c.),

where V is the atom-atom potential energy arising from
the EDDI when both atoms are in |r), and |b) =
(|177’> + |T’ 1>)/\/§7 ‘d> = (‘1,T‘> - |T7 1>)/\/§ are the
bright and dark states, respectively, for symmetric cou-
pling [1, 33, 54]. When |[V| > hQeg, h|Acg|, excitation
to the doubly excited Rydberg state is strongly block-
aded. In that case we can reduce this Hamiltonian to a
two-atom, two-level system

&l KB+ V282 (YL, 1]+ |1, 1)01) . ()

The effect of the blockade is seen explicitly in the driving
of |1,1) to the entangled bright state |b).
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Two-atom energy levels for implementing adiabatic Rydberg dressing. (a) One photon |1) <> |r) transition, with

Rabi frequency Qi and Rydberg decay rate I'r. (b) Two photon |1) <> |a) <> |r) transition with Rabi frequencies 1, and
Qqr respectively, intermediate state decay rate I'y; and Rydberg decay rate I',. (c) Effective three-level system in regime of
adiabatically eliminating the intermediate state |a), with effective Rabi frequency Qes and effective detuning Aeg due to the
difference of light-shifts experienced by |a) and |r) and effective decay rate ~, from |r) and v1 from [1). (d) Energy levels and
lights-shifts in one-atom dressing, where each atom is dressed independently. (e) Energy levels and lights-shifts in two-atom
dressing, where both atoms are dressed together in the presence of interaction energy V. (f) Energy shifts of atomic states as
a function of detuning, in the strong blockade (h21, < |V, h|A1r| < |V|) case, which play a role in the adiabatic passage
between ground-like states and Rydberg-like states. The shaded region shows the entangling-energy [Eq. (5)], which is used to

accumulate entangling phase.

The eigenstates of the Hamiltonian in Eq. (1)
are the dressed states. In particular, we denote
the dressed clock states (computational basis states)
{10,0), [0,1), |1,0), |1,1)}. The eigenvalues E,; = Ej

and 5 contain contributions from light shifts, Eﬁls) with

one atom or EIEQS) with two atoms coupled to the Ryd-

berg state. The entangling energy, denoted by Ak, is the
energy difference between the interacting and noninter-
acting atoms,

1 2 1
K= % (EI(JS) - 2EI(JS))

Aeg | 1
Hiz( 2Q§H+A§H—2./Q§H+A§H), (5)

where the approximation in the second line holds only in
the limit of a perfect blockade, with entangling Hamil-
tonian Eq. (4), and =+ refers to the two branches of the
dressed states in Fig. 1.

An entangling gate is achieved through the dynami-
cal phase accumulated from the entangling energy o =
[ @)dt’ [1, 30, 33, 43, 47, 55]. As discussed in [1], we
consider generating a two-qubit entangling gate using a

spin-echo sequence, as shown in Fig. 2 and demonstrated
in [30, 43]. The echo sequence consists of a 7/2 pulse
about the z-axis, followed by an adiabatic ramp accumu-
lating non-local phase ¢, = [ k(¢')dt’, an echo a 7 pulse
about the z-axis, followed by another adiabatic ramp ac-
cumulating nonlocal phase @2 = [ k(t')dt’ , and a final
/2 pulse about the z-axis, as shown in Fig. 2(a). An
equivalent circuit diagram with the shorthand v/ X rep-
resenting a w/2 pulse about the x-axis, X representing a
7 pulse about the x-axis and Un(gpl, 2) representing the
unitary,

Uy (1, 02) = exp (icpz (02 ® 2))

xexp(—i<p1<]l®(722+g;®]l)>,

implemented during each adiabatic ramp, is shown in
Fig. 2(b). Importantly, the spin-echo removes all phases,
1, arising for single atom-light shifts, including the dom-
inant errors arising from atom thermal motion, and the
resulting inhomogeneities [1, 30, 43]. Designing the adi-
abatic ramps such that ¢o = 7/2 in each ramp, the re-

(6)



sulting unitary transformation is a Mglmer-Sgrensen YY-
gate (MS,,),

A T .
UMSyy = €exp (409 & Uy> ) (7>

which is a perfect entangler for the qubits, that is a gate
that can output maximally entangled states from input
product states [1, 56, 57]. This robust protocol extends
to two-photon excitation. Off-resonant coupling to the
intermediate state leads to additional light shifts and po-
tential noise due to intensity fluctuations. The spin echo
removes this noise in its contribution to the single-atom
light shift. There will still be some residual error that re-
mains, and cannot be canceled in the spin echo, but this
is minimal and in practice can be reduce with further
robust control techniques.

The fundamental source of decoherence is due to the
decay of the Rydberg state at rate I',. and the inter-
mediate state at rate I';. To good approximation the
decays will lead to leakage outside the qubit subspace.
In that case we can treat decoherence simply through a
non-trace-preserving Schrédinger evolution with a non-
Hermitian Hamiltonian Heg = H — % Zu LLﬁM, where

J

Amax + Amax—Amin X (t _ tl)a

ta—t1

Amin7

4

{j/u} are the Lindblad jump operators. In the one-
photon excitation, »_ ELIA,;L = I, |r)r| for each atom.
In the two-photon excitation,

Y LiLy =51 (O e I e ()L + 1K), (8)

for each atom. Here levels |1) and |r) and their coher-
ences decay due to off-resonant photon scattering with
rates

02 02 Qrally
= 5 Fa r = <1 Fa FT' r = - aFa~
TTaay Ay T Ay,

(9)
High-fidelity gates for two-photon excitation require suf-
ficiently long lifetimes of level |a).

As studied in [1], the highest fidelity gates are achieved
for strong dressing, with the exciting laser close to Ry-
dberg resonance, and a large admixture of |b) in the
dressed state |1A,/1> For a one-photon transition, we con-
sider an adiabatic sweep involving a Gaussian laser in-
tensity sweep and the linear detuning sweep, according
to,

1 <t <tig
tg <t <3

Apig + Smin=Buax x (t —13), t3 <t <ty

Ulg1,¢2)

T

FIG. 2. Adiabatic passages interleaved in a spin-echo se-
quence. (a) Pulse and ramp sequence. (b) Equivalent cir-
cuit diagram. When @2 = 7/2 the result is the MS,, gate

[Eq. (7)]-

The resulting MS-gate was demonstrated in [30, 43].
For the two-photon case, the effect of the light shift
arising from the intermediate detuning affords additional
possibilities for coherent control. We consider the case
of exact two-photon resonance in the absence of the
light shift, and a fixed Rabi frequency 2, and detun-
ing A, on the |a) > |r) transition. Adiabatic dressing

Y
min + (Qmax - Qmin) exp (_ (tgtti) ) ) tl S t < t2

(10)

ty <t <ty.

(t—t3)?
- Qmin) exXp | — 22, , 3 <t<ty

(

is achieved solely through a Gaussian ramp of the inten-
sity of the laser driving the |1) <> |a) according to the
Rabi frequency,

rlrtllax’ - ‘tstop| S t S |tstop|
Qla =

t—|te 2
max exp (7 ( ‘2;t;p|)
w

(11)

i ) , otherwise.

One can modulate [tsop|, the time after which the Rabi
frequency remains constant, and ¢, the width of the
Gaussian pulse, to obtain to the desired gate of interest.
Fig. 3 shows an example of ramps for the two-photon
adiabatic passage as well the population as a function of
time during the pulse sequence.

As discussed above, to implement the Mglmer-
Sgrensen gate we consider two adiabatic ramps inter-
twined by the spin echo sequence as shown in Fig. 2, sim-
ilar to [1]. The adiabatic ramps are obtained by numer-
ically maximizing the fidelity defined using the Hilbert-
Schmidt overlap,

Flie) = g | (Ohs, 0t 012)
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FIG. 3. Adiabatic passages to implement Uﬁ(gol, p2) with o = 7/2 [Eq. (6), Fig. 2] in the strong blockade regime (hQex =
0.1|V]). (a) One-photon adiabatic passage Gaussian sweep of Rabi frequency and linear sweep of detuning as in [1, 43]. (b)
l-atom populations during a one-photon adiabatic passage (c) 2-atom population during a one-photon adiabatic passage. (d)
Two-photon adiabatic passage using a Gaussian sweep of Rabi frequency 21,, with all other parameters fixed, which leads to
an effective sweep of the two-photon Rabi frequency Qe and two-photon detuning Aeg as shown in (e). (f) 2-atom populations

during a two-photon adiabatic passage. Bottom axes show time

measured in units of 27 /Qmax, top axes show time measured

in units of |V|t/(27h). In the strong blockade, as expected, |V|t/h > Qmaxt

with respect to ramp parameters {c¢,;} for both one pho-
ton and two photon cases; here U({c,}) is the unitary
map implemented using the spin-echo sequence in Fig. 2.
Replacing H with Heg gives an estimate of the fidelity in-
cluding effects of finite lifetimes of the intermediate state
|a) and the Rydberg state |r).

The short lifetime of the intermediate state |a) poses
a challenge for implementing adiabatic passage using a
two-photon schemes. We explore the dependence of the
achievable Mglmer-Sgrensen gate fidelity on the interme-
diate state lifetime and the Rabi frequency in Fig. 4. We
fix the Rydberg state decay rate I',., vary the maximum
Rabi frequency Q%** and the intermediate state decay
rate I'y, and then optimize over the intermediate state
detuning Ay, = —A,, to maximize the fidelity. As in
other two-photon approaches, the choice of an interme-
diate state with a larger lifetime gives a higher fidelity
as this is the fundamental source of error in the model.
Moreover, as expected a larger power gives higher fidelity,
but in the perfect blockade regime this is constrained by
hQex < |V|. With reasonable experimental parameters,

one can achieve fidelity larger than 0.99 as seen in Fig.
4.

A key metric quantifying the temporal duration of
the adiabatic Rydberg dressing passages is the time-
integrated Rydberg population, summed over both
atoms, ¢, [4, 5]. In order for the loss of fidelity due to Ry-
dberg state decay to be small, we require ¢, < 7,, where
7. = 1/T,. is the Rydberg state lifetime [1]. For one pho-
ton adiabatic passages, we found ¢, ~ 0.89 x 27 /Q%*,
while for the two photon passage, we find ¢, ~ 0.95 X
27 />, with initial state |1,1). Initial states |0,1) and
|1, 0) lead to smaller time-integrated Rydberg population
and initial |0,0) does not lead to any Rydberg popula-
tion [1]. In both one and two-photon cases, since we
are considering the strong blockade regime, the adiabatic
passages, t, is significantly larger than 27h/|V], the time
scale set by the interaction energy V. Nevertheless, using
finely tuned parameters, adiabatic Rydberg dressing pas-
sages can be used to implement high fidelity entangling
gates.
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FIG. 4. Dependence of the fidelity of the Mglmer-Sgrensen gate on the intermediate state decay rate, I'; and the Rabi
frequency 1,, both measured in units of the Rydberg state decay rate I',.. Similar to other two photon approaches the choice
of intermediate state with smaller decay rate gives a better fidelity. Moreover, as expected a larger power gives better fidelity.
However, this gives us the constraint that we need a larger |V| and thus posing some additional challenges. With a reasonable
experimental parameters one could achieve an infidelity less than 1072, The data are obtained by fixing the ratios I'y /T and

QR /(2nT,) and optimizing over the choice of the detuning from the intermediate state A1, =

—Aqr. (a) Contour plot of the

logarithm of infidelity, log,,(1 — F) across different values of 'y /T", and Q72 /(2nL';). (b) Fidelity, F as a function of the ratio

To/Ty, for Q1 = 1477 and Q72 /(27,) = 10%.
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FIG. 5. Entangling energy in units of the interaction energy as
a function of the ground to Rydberg Rabi frequency in units
of the interaction energy, for different detunings. For small
detunings, in the strong blockade regime hQdeg < |V, the
entangling energy scales linearly the Rabi frequency. and in
the weak blockade regime heg > |V|, the entangling energy
is independent of the Rabi frequency and scales linearly with
the interaction energy. For large detunings, the entangling
energy is negligible.

III. DRESSING BEYOND THE PERFECT
BLOCKADE REGIME

In the previous section, we studied entangling gates
in the case of a perfect Rydberg blockade, but this is
not intrinsic to the adiabatic dressing protocol. Relax-

ing this assumption and studying protocols in the weak
blockade regime is important in order to address the fun-
damental limits of Rydberg-atom quantum information
processing, potentially improve the fidelity of our gates,
and allow us to operate in new regimes. We note that
in practice, quantum fluctuations in the atoms’ motional
states always affects the fidelity of the implemented gate.
The way in which this uncertainty causes gate infidelity
depends on the particular protocol. If atoms are released
from a trap and are in free fall during the gate (as is
commonly the case), the uncertainty in momentum can
lead to Doppler shifts and the uncertainty in position can
lead to fluctuations in the atom-atom coupling strength.
In principle atoms can be cooled very close the motional
ground state of a sufficiently deep trap (a nearly pure
state), and for some atomic species and specially chosen
transitions, the gate can be done with the trap on. If
the motional state of the atom is not entangled with the
internal state, there will be no error arising for the po-
sition and momentum uncertainty. Loss of gate fidelity
due to atomic motion, arising from uncertainties in posi-
tion and momentum of the atoms have been considered
in [1, 33, 54].

Besides limitations due to uncertainties in atomic mo-
tional states, no matter how cool the atoms are or how
well we can remove these effects by special protocols,
implementation of an entangling gate using Rydberg-
meditated interactions is fundamentally limited by two
energy-time scales — the Rydberg state lifetime 7, and the
magnitude of the interatomic interaction energy |V [4, 5].
Wesenberg et al. showed that the minimum time that
the atoms need to spend in a Rydberg state to achieve
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d, f) show populations of dressed states, when the initial detuning Aeg < 0.

a maximally entangling gate scales as t, ~ h/|V] [51].
The standard protocols which employ a strong Rydberg
blockade [6, 31] cannot achieve this bound because the
speed of the gates is set by (g, and since they require
Qe < |V, we cannot make use of the full scale of
the interaction energy [4]. Jo et. al. implemented Ryd-
berg mediated entanglement outside the strong blockade
regime using finely tuned two-atom Rabi oscillations [12].

The minimum time scale for ¢, can be understood in
a simple protocol using the limiting case of very large
Rabi frequency AQJE*/|V| — oco. An entangling gate
can be achieved using a collective m-pulse from |1) to
|r) on both atoms, followed by an interaction for a time
[V|t,/h = 7 and a m-pulse from |r) to |1). In the limit of
infinitesimally short m-pulses, the time spent in Rydberg
states, or time-integrated Rydberg population, is 7h/|V].
All of the time spent in the Rydberg states is in the

doubly excited Rydberg state |r, 7).

While this simple protocol helps us understand the
time scales, it is generally not practical for implemen-
tation. For small interatomic separations, the two-
atom spectrum becomes a complex tangle of “Rydberg
spaghetti” [47, 50]. To achieve the fastest gates in this
strongly interacting case, it is thus useful to avoid dou-
ble Rydberg population which can lead to unexpected
inelastic processes. In addition the complex potential
landscape at such small interatomic separations can lead

to high sensitivity to atomic motion. In this section we
show that using adiabatic Rydberg dressing, we can get
close to the minimum time scale ¢,., while working in the
weak blockade regime, RQI* > |V|, without significant
double Rydberg population. Moreover, for large inter-
atomic separations protocols requiring a strong block-
ade would lead to exceedingly slow gates. The adiabatic
dressing protocol considered here can achieve reasonably
fast gates with high fidelity even for atoms separated be-
yond blockade radius.

To understand the different regimes of operation, we
estimate how the interatomic interaction energy V limits
the entangling energy fix in the strong blockade and weak
blockade regimes. For simplicity, we consider the case
in which the atoms see the same Rabi frequency, given
in Eq. (3). It is useful to consider a pseudo-spin with
[t.) = |r) and [{.) = |1). Note that this is different
from the dressed pseudo-spin considered in [I, 30, 43],
where the pseudo-spin levels corresponded to the dressed
ground states. In this pseudo-spin picture, the two-atom
Hamiltonian can be written as a sum of two terms

Hyw =V |r, ), r| = 2(5’3 + S’Z>,

Hdrivc = *hAcﬁ" 1- hAcff Sz + thf‘f Sz (13)

= — N 1+ hy/AZ; + 02 Sp,
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FIG. 7.

Adiabatic passages to implement U, (@1, @2) with ws = 7/2 [Eq. (6), Fig. 2] in the weak blockade regime (hQes =

0.1|V]). (a) One-photon adiabatic passage Gaussian sweep of Rabi frequency and linear sweep of detuning as in [1, 43]. (b)
l-atom populations during a one-photon adiabatic passage (c) 2-atom populations during a one-photon adiabatic passage. (d)
Two-photon adiabatic passage using a Gaussian sweep of Rabi frequency 21,, with all other parameters fixed, which leads to
an effective sweep of the two-photon Rabi frequency Qe and two-photon detuning Aeg as shown in (e). (f) 2-atom populations
during a two-photon adiabatic passage. Bottom axes show time measured in units of 27/Qmax, top axes show time measured
in units of Vt/(2nh). In the weak blockade, as expected, Vi/h < Qmaxt

Energy Eigenvalue Eigenvectors
—hAei + I/ Qo + Ay o) ® [T6)
“hAer — /2§ A, o) ® [Lo)
—hAes (Ito) ® [Lo) + Lo} ® [16)) /V2

TABLE 1. Eigenvalues and eigenvectors of the atom-light
Hamiltonian, Hayive. Here |T9) = cos (6/2) [1:)+sin (6/2) |{.-),
[do) = cos(0/2) |{.) —sin (6/2) |1.) and tan 0 = Qesr/(—Aesr).
The first two rows represent the upper and lower branches of
the single atom dressed states.

where S’M is the p-component of collective angular
momentum operator S, = 1 ® 6,/2 + 6,/2 ® 1,
Sy = cosfS, + sinfS, with tanf = et/ (—Aofr)-
The collective symmetric spin-1 eigenstates of S, are
the triplet of the pseudospins |S=1,M,=-1) =
|171>’ |S: 1, M, :O> = (‘1,7‘> + |7‘71>)/\/§ = |b>v
|S=1,M, =+41) = |r,r). The eigenvalues and eigen-
vectors of the driving Hamiltonian and the interaction
Hamiltonian are in Table I and Table II respectively.

Energy Eigenvalue|Eigenvectors
v |r,7)
0 b), 11,1)

TABLE II. Eigenvalues and eigenvectors of the atom-atom
interaction Hamiltonian, Hin, in the symmetric subspace,
spanned by |1, 1), |b), |r, ).

First we consider the well-known strong blockade
regime with |V| > hQ.s, where the interaction term
is the dominant Hamiltonian and the driving term is
the perturbation. The zeroth order eigenvectors are
the states |S =1, M,). The leading order correction is
calculated using degenerate perturbation theory in the
zero eigenvalue subspace spanned by |S =1, M, = —1) =
|1,1) and |S =1, M, = 0) = |b). Using Ps n. to denote
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FIG. 8. Time integrated Rydberg population ¢, as a function
of Rydberg interaction V for the one- and two- photon ramps.
In both cases, the integrated Rydberg population becomes
lower and lower as we increase hfeg/|V| for the two-photon
adiabatic passage as in Eq. (11) and One-photon adiabatic
passage as in Eq. (10)

the projector on the subspace of S, M.,

(Ps=1mt.=1 + Ps=1.11.-0)5
(Ps=1,M.=—1 + Ps=1,M.=0)
=—cos(0)|S=1,M,=—-1}S=1,M, = —1]
sin(6) (14)
S=1,M, = —1Y5 =1,M. = 0
7 (1 X )
sin(6)
+
V2

The perturbative corrections to energy eigenvalues are
the two-atom light shift experienced by the atoms to-
gether, in the presence of V. The leading correction to
the energy of the logical state [1,1) =|S =1, M, = —1)
in perturbation theory, is the two-atom light shift under
perfect blockade,

hAe | B
B = - S 5\ 202 + A (15)

Subtracting out the energy shifts in eigenstates of each
atom to obtain the entangling energy x using Eq. (5),

(IS=1,M, = 0XS =1, M, = —1]).

lim &
hﬂeff/|V | —0

1 (16)
Ly 2( AZg + 202 —2\/A§H+Q§ﬁ>.

Note that here by design, h|k| < |V, since we assumed
Qe < |V|. The maximum useful k scales with the Rabi
frequency Qqg. Under a perfect Rydberg blockade regime
[V| > hQeg, the state |r, ) is not populated. Thus, there
is an adiabatic passage from the |1, 1) to |b) and back as
shown in Fig. 1(f).

Next, we consider the weak blockade regime where
V] <« hQeg. In this case, the laser driving term is

Energy Eigenvalue Eigenvectors
—Lcosf + 11/cos? 6 + 2sin2 0 |cos & |b) + sin 2 [1,1)
2 2 2 2 15

—1cosf — %\/(30820+2sin20 cos 2 [1,1) —sin £ |b)

TABLE III. Eigenvalues and eigenvectors of Sp in the zero-
eigenvalue subspace of Hin. Here, tan © = v/2Qeq/(—Actr)-
The upper and lower rows represented the upper and lower
branches of the two-atom dressed states in the perfect block-
ade regime, shown in Fig. 1.

the dominant Hamiltonian and the interaction term is
a perturbation. The eigenstates of the driving Hamilto-
nian are the one-atom dressed states, which are rotated
spin-triplet states |S = 1, Mp) given in Table I. The en-
ergy eigenvalues are the one-atom light shift. The en-
tangling energy hx can be estimated as the correction
to the dress-ground state |1,1) = |S=1,My=-1) =
(cos g |1) +sin g \r>)®2 The unperturbed energies of
the dominant Hamiltonian include the single-atom light
shifts. Therefore the leading order correction to the non-
interacting energy is the asymptotic value of hik,

2
lim hk = <1 + COSH) vV, (17)
|V|/hQlege—0 2

where + refers to the relative sign of the initial detuning
and the detuning at peak dressing during an adiabatic
passage, and the corresponding (unnormalized) dressed
state, in leading order perturbation theory, is

®2
11,1) = (cosg 1) + Sing |r>>

+ cos? (9) —2‘/ > |r,r),
2) 2n/Q% + A%

now including the doubly excited Rydberg state.

We calculate the entangling energy hix numerically be-
yond the perfect blockade regime for different detunings
as shown in Fig. 5. We focus on entangling protocols that
limit the population in the doubly-excited Rydberg state,
|r, ), in order to avoid potentially deleterious decay and
inelastic processes. To ensure this, we consider adia-
batic ramps that are far from the anti-blockade condition,
V = 2hAqg. In practice, this is done in the weak blockade
case with a detuning at peak dressing (minimum |Ag|)
satisfying h|Aeg| < |V|. As predicted from perturbation
theory, we see that entangling energy scales with the Rabi
frequency in the strong blockade regime and reaches V/4
at resonance, in the weak blockade regime.

Theoretically, all of the interaction energy V is avail-
able as the Rydberg dressing entangling energy fix. How-
ever, this occurs when 6 € {0,7} or |Aeg|/Qe — 0
when the dressed state is simply the bare atomic state
|r,r). As we saw in [1], an adiabatic passage that starts
far from ground-Rydberg resonance, goes close to reso-
nance, and returns to far off-resonance is most effective at



limiting double Rydberg excitation. In this weak block-
ade case the adiabatic passage stays far from the anti-
blockade condition, leading to a dressed state |1,1) that
is primarily an admixture of |1,1) and the bright state
|b), with a small |r,r) component.

In Fig. 6 we consider examples of strong (V' > hQeg),
intermediate (V' ~ hQeg), and weak (V < AQeg), show-
ing the dressing energies and the populations of bare
states |1,1),|b),|r,r) in the dressed state |1,1). Given
the energy gaps, we see that the adiabatic dressing proto-
col allows for a gate as fast as a time scale of ~ 27h/|V]|,
and importantly, by sweeping the detuning close to reso-
nance, while avoiding the anti-blockade condition, there
is negligible excitation of the doubly excited Rydberg
state |r,r). For example, we study |V| = 0.17Qn for
both the one and two-photon excitation; the ramps are
shown in Fig. 7 using the same parameterization used for
the strong blockade case, Eq. (10), and Eq. (11). Despite
the weak blockade, we see that the population accumu-
lated in the state |r,r) is bounded, which overcomes one
of the significant hurdles in going beyond perfect block-
ade.

Let us return to the question of the maximum possi-
ble achievable entangling gate fidelity, assuming loss of
fidelity due to uncertainies in atomic motion is negligible.
When considering adiabatic Rydberg dressing, the entan-
glement is generated in the form of the dynamical phases
from the entangling energy, [ dt's(t') [1, 33]. Fundamen-
tally, the time spent in the Rydberg state is bounded by
an energy scale proportional to the entangling energy hk.
Using adiabatic Rydberg dressing in the strong-blockade
regime leads to ¢, that scales inversely with the Rabi
frequency as k ~ Qnax, and therefore is far from the
minimum, ¢, ~ 27/Qumax > 7h/|V|. In Fig. 8, we plot
the time-integrated Rydberg population as a function of
the ratio of Rabi frequency to the interatomic Rydberg
interaction energy AQ*/|V| for both the one-photon
case using Eq. (10) and the two-photon ramps as given in
Eq. (11). The analysis indicates that the time-integrated
population required to create the perfect entangler, while
avoiding the anti-blockade condition, decreases as we in-
crease the Rabi frequency h€p,.x, compared to the inter-
action energy |V| and it eventually saturates to slightly
above 47h/|V|.

This result is consistent with the bound found in [51].
Since the value of A|x| reaches |V|/4, near resonance in
the weak blockade regime [Eq. (17)], the theoretically
achievable maximum fidelity, while limiting double Ryd-
berg excitation is

47h

F<l-——
STV

(19)
where 7, is the Rydberg state lifetime. For contempo-
rary experiments, with |V|/(2rh) = 40 MHz and 7, =
150us, the theoretical minimum infidelity is about 1073,
With cryogenically enhanced Rydberg lifetimes, around
7, = lms and stronger interactions, |V|/(2rh) = 1
GHz, the theoretical minimum infidelity would be 1075,
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In practice achieving this would require working in the
weak blockade regime, with large laser power such that
Qo > |V|

The ability to design gates with adiabatic dressing
beyond the perfect blockade regime also loosens other
constraints and potential sources of error. Maintaining
atoms beyond the blockade radius reduces the require-
ment for transporting atoms, which leads to motional
heating. Our results show that even for moderate EDDI,
with |V'|/(2nh) of a few MHz, one can achieve fast gates
with gates times of the order of a few us. Moreover, at
moderate separations the shifted doubly excited states
are well resolved and well defined, reducing spurious reso-
nances. A potential downside to operation in this regime
is the sensitivity of the entangling energy to atom sep-
aration and also the resulting forces on the atoms. We
address this in Appendix A.

IV. CONCLUSION

In this article, we explored some practical consider-
ations and fundamental limits of the adiabatic Ryd-
berg dressing protocol for two-qubit quantum logic gates,
where entanglement is generated by the modification of
ground state light shift introduced by the interaction
energy between Rydberg atoms. We studied adiabatic
Rydberg dressing via a two-photon ground-to-Rydberg
transition and found adiabatic ramps that can be used
to achieve high fidelity entangling gates by modulating
only one laser amplitude as a function of time, with all
laser frequencies fixed, allowing an easier experimental
implementation and alleviating the need for a high power
ultraviolet laser (Section IT). A major bottleneck for adia-
batic Rydberg dressing-based entangling gates in the case
of a two-photon ground-to-Rydberg transition is the in-
termediate state lifetime. We found that with the current
state of the art, gates with fidelity > 0.99 are achievable
in a regime that adiabatically eliminates the intermediate
state, but still maintains reasonable two-photon Rabi fre-
quencies. This protocol is applicable for both alkali and
alkaline-earth like atoms.

We also studied the fundamental limits of implement-
ing an entangling gate using adiabatic Rydberg dress-
ing of ground states, set by the finite Rydberg lifetime
and the entangling energy obtained in the dressed states
(Section IIT). We showed that in the well-known strong
blockade regime, the entangling energy scale is limited
by the ground-Rydberg Rabi frequency, that is, laser
power, and in the weak blockade regime, the entangling
energy is limited by the interaction energy between the
atoms. Moreover, we showed proof-of-principle feasibility
of rapid adiabatic passages without significant double-
Rydberg population in strong, intermediate, and weak
blockade regimes, thereby loosening the requirements of
atoms being within a blockade radius for implementing
entangling gates in a few ps. A more precise model
of the entangling energy using atomic species and Ry-



dberg state specific treatment, for example as in [19],
can be used to design adiabatic passages for specific ex-
periments.

In conclusion, adiabatic Rydberg dressing is a promis-
ing approach to implementing two-qubit entangling gates
for neutral atoms. It can be implemented in sev-
eral atomic species with one- or two-photon ground-to-
Rydberg transitions and can be designed beyond the
strong blockade regime to yield fast, high fidelity gates.
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Appendix A: Quantifying force on atoms

Outside the strong blockade regime, it is important to
consider the interatomic forces that could potentially ef-
fect the motional state of the atoms. Two atoms directly
excited into the Rydberg state will experience a large
Van der Waals force from the EDDI. However, in adia-
batic dressing a force will arise from the spatial gradient
of the light shift, i.e., the “soft core” adiabatic poten-
tial force arising from the |r, 7) component in the dressed
state |1,1).

Consider, thus, the adiabatic interatomic potential ex-
perienced by atoms in instantaneous internal “adiabatic
state” | (R)). We treat here the center of mass motion
of the atoms classically, in which the interatomic force is
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given according to

Vaa = (W(R)|H(R) [$(R)) — F=-VV,, (Al)
where |[¢(R)) = ¢11(R) |1,1) + ¢,(R) |b) + ¢ |7, 7). The
coefficients depend on the interatomic distance R. If the
state is an eigenstate of H, for example, the adiabatic
potential of the dressed ground state |1,1) is

Vaa(1,1) = E(1,1) = is(R) + 2BL¢ +2E1,  (A2)
which gives a force
F(1,1) = ~hVk(R), (A3)

as the one-atom light shift E](Jls) and bare energy F; are
independent of R.

When the interatomic distance is well within the block-
ade radius, where we have a perfect blockade, k is inde-
pendent of R. This leads to a “soft-core” potential which
has been observed experimentally [15, 16, 43, 47]. This
can also be analyzed on the basis of bare atomic orbitals.
For simplicity consider the case of zero detuning, the adi-
abatic potential between dressed ground states is

Vaa(1,1) = V2Qeg (Re (c11 (R)¢j (R)

(A4)

+Re (c11(R);,(R))) + e [V (R).
Note, the force is not simply |c..[*VV (R); the interfer-
ence terms in the adiabatic potential reduces the other-
wise large force.

For simplicity and generality, we calculate x as a
function of distance using a Van der Waals potential,
V = Cg|R| 75, and the interatomic force as a function of
distance in Fig. 9. As is standard, we define the blockade
radius where the energy of Rabi frequency of Rydberg
excitation is equal to V, hfdeg = OﬁRglng. At short
interatomic distances the adiabatic potential has a soft-
core form and is the entangling energy hx, up to additive
constants, as observed experimentally in [15, 16, 43, 47].
At large distances, the interatomic potential asymptotes
to a quarter of the vans Der Waals potential, Cg |R| ™ /4
for Van der Waals interactions. The transition occurs
roughly between |R| /Rplock ~ 1/2 and |R|/Rplock ~ 2,
where the potential energy has a nonzero gradient, giving
rise to a non-trivial interatomic force (Fig. 9). From these
results, we see that the operation of an adiabatic dress-
ing gate outside the perfect blockade regime will lead to
bounded perturbing forces on the atoms.
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