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SPECIAL TOPIC — Quantum computation and quantum simulation

Optimized pulse for stimulated Raman adiabatic passage on
noisy experimental platform”
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Stimulated Raman adiabatic passage (STIRAP) is an important technique to manipulate quantum states in quantum
simulation and quantum computation. The transformation fidelity is limited in reality due to experimental imperfections.
After systematically calculating the influence of dissipation caused by thermal fluctuations and instantaneous decay of the
intermediate state, we find optimized control pulses of Rydberg atom in optical tweezer to increase the STIRAP fidelity via
optimal control method. All constraints of currently available control lasers have been taken into account. The transition
error can be further depressed when control lasers with shorter rise time and accordingly proper total evolution time are
applied. Finally, the robustness of the control pulses with respect to random deviations between the theoretical pulse shape
and the implemented ones is also enhanced by additional rounds of optimizations based on ensemble averaged fidelity.

Keywords: STIRAP, dissipation, optimal control, Rydberg atom

PACS: 03.67.Lx, 03.67.Pp, 42.50.Dv, 03.67.—a

1. Introduction

Faithful manipulation of quantum states is at the heart
of modern quantum technologies.!!! Coherent transforma-
tion between orthogonal qubit states is frequently used
in various quantum simulation and quantum computation
applications.[?! To realize such transformations, a straight-
forward approach would be employing Rabi oscillation!*! be-
tween the two quantum states. This approach is fast, but the
timing has to be very precise even for single qubit. When it
comes to the scenario of multiple qubits, synchronization is an
additional difficulty. An alternative approach circumventing
the obstacle of precise timing is based on adiabatic transforma-
tion of quantum states. One prominent example as such is the
stimulated Raman adiabatic passage (STIRAP) technique, 58!
which employs an intermediate state (|m)) to mediate the tran-
sition between the initial state (]0)) and the target state (|1)).
Although the lifetime of the intermediate state can be much
shorter than the transition time between |0) and |1), the spon-
taneous decay of |m) is depressed by destructive quantum in-
terference. The STIRAP method is thus robust against spon-
taneous decay of quantum states as well as the inaccuracy of
experimental parameters. Therefore, it has been widely ap-

9101 However, like all other

plied in many quantum systems.|
adiabatic-theorem-based methods, the standard STIRAP tech-
nique can be severely influenced by the inevitable decoherence
effect in real experiments.

In order to fight against decoherence, shortcut approaches

have been proposed to speed up the adiabatic transforma-

DOI: 10.1088/1674-1056/abfccb

tion in STIRAP.I''-13] The logic underlying those shortcut-
to-adiabatic approaches is that since decoherence affects
the transition fidelity via accumulating over time, one can
speed up the transition while applying sophisticated additional
control Hamiltonians to cancel the diabatic transition. In
this regard, several theoretical ideas such as invariant-based
engineering,['*! transitionless quantum driving,['¥! dressed

[16,17]

state, etc., have been proposed and implemented on

[18]

quantum simulation experiments with cold atoms and

I7.191 However, the

nitrogen-vacancy center in diamond.!
shortcut-to-adiabatic approaches, requiring the ability to solve
the system analytically, are mainly limited to single qubit or
few qubits systems. Moreover, the obtained additional con-
trols from those approaches are sometimes less flexible to im-
plement in real experiments.

On the other hand, in the era of quantum technology the
request of precise and efficient manipulation of system state at
the quantum level has stimulated the increasing effort of de-
veloping optimal control strategies to quantum systems. Opti-
mal control has been recognized as a powerful method to fur-
ther boost the development of quantum simulation. Recent
years have witnessed the success of quantum optimal control
transforming from pure mathematical control theory to many
real-world applications on several experimental platforms with
multiple qubits. Those platforms range from NMR, % NV

(24,25 26-28]

centers in diamond, *'-23 trapped ions, I cold atoms!

to superconducting circuits. >°]

In this paper, we apply an optimal control method to in-
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crease the STIRAP fidelity of real experiment in noisy en-
vironment. Although using optimal control to enhance the
fidelity of STIRAP transition is a general topic for all ex-
perimental platforms, we showcase its performance via ultra-
cold single atoms trapped in optical tweezers, which serve
as a competitive candidate for quantum simulation and quan-
tum computation. We focus on two dominant dissipative ef-
fects of such system, namely, the spontaneous decay of un-
stable states and the the pure dephasing dynamics caused by
the Doppler effect at finite temperature. 3! We will apply the
dressed Chopped RAndom Basis (dCRAB) optimal control
method!! to find the control shapes to realize the function
of ideal STIRAP and at the same time suppress the detrimen-
tal dissipative effects in real experiments to the largest extent,
such that the fidelity of STIRAP transition can be greatly im-
proved. Apart from that, we will also test and enhance the
robustness of the obtained control pulse shapes with respect
to deviation of the experimentally implementations from the
calculated shapes.
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Fig. 1. Level scheme of the system. For each individual atom four relevant
quantum states are involved. Qubit is defined on the ground state |g) = |0)
and the excited state |r) = |1). The transition between |0) and |1) is real-
ized through a two-photon process mediated by an intermediate state |m).
Finally, all other states except |g) that the intermediate state can decay to are
collectively represented as |g').

2. Physical system and standard STIRAP

The physical system is arrays of single atoms trapped in
optical tweezers, which can be excited to Rydberg states by
external laser fields. Once such atoms are excited to Ryd-
berg states, they will strongly interact with each other. In
addition, they have relatively long coherent time and can
be scaled to large qubit numbers.>>=34 Thus, they consti-
tute a promising platform for quantum simulation. Coher-
ent Rabi oscillation between ground state and Rydberg state
has been observed in many experiments!>3—3°! either for sin-
gle atom or multiple atoms within Rydberg blockade vol-
ume. STIRAP excitation has also been studied on such
platform.[*%#!] The quantum states involved in this Rydberg
STIRAP scheme are shown in Fig. 1.
experimental setup reported in Refs. [30,40] as an exam-

We take a typical

ple. The atoms are 3’Rb. The relevant states are the fol-
lowing: ground state |g) = |5S, »,F = 2,mp = 2), intermedi-
ate state |m) = [5Py 5, F =2,mp = 2), and the Rydberg state

|r) = |60D3/5,m; = 3/2). The three states forming a ladder
configuration in the level scheme can be resonantly driven by
the 795 nm red laser and the 475 nm blue laser, respectively.
The Hamiltonian of the system with rotating wave approxima-
tion is
(1) hQy (1) o

2 2 i
where o, 5 = |&) (B| + |B) (| One can easily solve the
single-body three-level system and obtain the eigenstates as

H(t) =

X
Gg«,m +

ey

() = (sin6(1)|g) +[m) +cosB(r) r) ) / V2,
[b-(t)) = (sin6(1)|g) — m) +cosb(t) |r) ) / V2,
|d(2)) = cos6(1)[g) —sin6(7)|r), @

where tan 0(r) = Q.(t)/Qy(¢). The corresponding eigenen-
ergies are &+/Qy(1)2+ Q:(t)2/2 and 0, respectively. Each
atom is initialized in |g). In the ideal case, when neither dis-
sipation occurs nor disorder exists, it is possible to transfer
the atom perfectly to |r), if one slowly adjusts 6 from O to
7 in the dark state |d(¢)) following the adiabatic condition
0(1) < /2y (t)> + 2:(t)2. This adiabatic criterion can be sat-
isfied by the standard STIRAP scheme, which employs two
Gaussian pulses with the temporal profile

(t£Ar/2)?
202 } '

Qujr(1) = Qoexp [— 3)

When real experimental imperfections are taken into ac-
count, however, the actual STIRAP scheme can only transfer
the state with limited fidelity. In the Rydberg lattice gas system
the dominant physical limitations are the Doppler dephasing
effect caused by thermal fluctuations at finite temperature and

1301 To sim-

the spontaneous decay from the intermediate state.
ulate the dissipative dynamics under those real experimental

situations we adopt the master equation in the Lindblad form
p=—ilH(t),p]/h+Y, [lkpl,Z —0.5(Lihkp + k)|, )
k

where [, represents the k-th kind dissipative jump opera-
tor. Three relevant dissipation terms are in orders. For the

Doppler dephasing effect the Lindblad jump operator is [y =

\/2(|r> (r| —|g) {g|), where ¥ is the dephasing rate defined as

the inverse of the pure dephasing lifetime. There are two kinds
of spontaneous decays of the intermediate state, namely, the
process that decays back to the ground state |g) used in the
qubit, whose jump operator is [} = /I |g) (m|, and those de-
cay back to other ground states that are out of the qubit. For the
latter case we label all other states in the ground states many-
fold as |g’) and thus the jump operator is [, = /I3 |g') (m|. The
parameters I 5 correspond to the decay rates, respectively. In
this paper, we take the typical values for these dissipation rates
in ongoing experiments,*'li.e., y =27 x 120 kHz, I] = 2I" /3,
I;=TI/3,and I" =27 x 6 MHz.
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Fig. 2. Standard STIRAP for 7 = 1 ps (left) and 7 = 10 ps (right). (A,
a) Pulse. Population of each state in (B, b) coherent, (C, c¢) only spontaneous
decay, (D, d) only pure dephasing, and (E,e) both decay and dephasing dy-
namics.

We numerically calculate the real time dynamics of stan-
dard STIARP scheme under the decay and/or the dephasing
process. In Fig. 2 we show the control pulses for the standard
STIRAP and various dynamics with different total evolution
time 7. The left columns show the case of T = 1 us, which
is a typical choice in real experiment. One can see that, in-
deed, for the ideal case, i.e., panel (b), the STIRAP scheme
works perfectly, whereas when dissipation is taken into ac-
count, the transition fidelity drops to 0.9 (panel (e)). The
choice of T =1 us is made to balance the adiabatic condi-
tion and the dissipation. In order to fully expose and observe
the effects of dissipation, we have calculated the case of exag-
geratedly long evolution time with 7 = 10 ps and present the
results in the right panels of Fig. 2. Comparing (B) and (b) it
is quite obvious that the population of the intermediate state
|m) is completely suppressed in the case of 7 = 10 us. This
explains the counterintuitive phenomenon in (C), which shows
that under the decay dynamics the STIRAP scheme can reach
a perfect fidelity when the total evolution time is long: from

Eq. (2) one can see that the intermediate state does not appear
in the dark state |d(¢)) and therefore the spontaneous decay
itself would not affect the STIRAP scheme. However, in real
experiment the dephasing effect is inevitable and thus the pop-
ulation of the the intermediate state |m) is finite (panel (D)),
which will trigger the spontaneous decay of the intermediate
state to play its role (see panel (E)). In what follows we fo-
cus on the scenario of real experiment where both decay and
dephasing coexist.

3. Optimal control method

In this paper we apply the dressed Chopped RAndom Ba-
sis (ICRAB) method,!l optimizing the pulse shapes to in-
crease the fidelity of STIRAP transition. We first fix the to-
tal evolution time 7 as well as an initial guess of the control
parameter °(¢), and carry out the optimization. Then opti-
mizations with different 7 are performed. The dCRAB opti-
mal control strategy iteratively updates the shape of the con-
trol pulse, which is denoted as Q2 (¢) in general, by multiplying
Q0(¢) with a shape function

e
g(t)=1+A(r) Z [Afcos(wyt) + Afsin(@;t)], 5)
k=1

where A (¢) is a filter function chosen by hand such that 1 (0) =
A(T) = 0 and nonzero otherwise to make sure the obtained
shapes always have fixed values at the initial time and the fi-
nal time. The frequency o = (2n/T)-B- (k—1+rY)/nc,
where r{* € [0, 1] are constant random numbers, o takes ¢ or
s denoting the cosine or sine term, B is the bandwidth of the
control parameter representing how fast the control parameter
can vary over time, and n. is the number of frequencies we
keep in the modulation. One can see that the minimal pos-
sible frequency defined in this way is zero and the maximal
possible value is Wmax = (271/T) - B. Thus, why the bandwidth
measures how fast the parameter changes is quite obvious. Af-
ter taking Q (1) = Q°(¢) - g(¢), the shape of Q(¢) is completely
determined by the parameters Af* and then we can apply stan-
dard optimization algorithms, for instance Nelder—-Mead!**! or
LBFGS, " to iteratively optimize the shape of Q(t) to max-
imize the transition fidelity F = | (1| w(T))|. In the original
CRAB method,***] the random numbers r¢ are kept con-
stant all the way through the optimization until the stopping
criteria are met. To further improve the efficiency and avoid
the extrinsic local optimal traps, the original CRAB method
has been upgraded to the dCRAB version,3!! which calls the
original CRAB method multiple times: within each CRAB
routine r,‘j‘ remain constant, however, when the fidelity con-
verges to a local optimal value or its increasing speed is small
the CRAB routine terminates and moves on to another CRAB
routine with different random r&. The initial guess Q°(¢) for
the new CRAB routine is replaced by the best shape of the pre-
vious CRAB routine. The dCRAB optimization continues as
such until the converged fidelity satisfies the stopping criteria.
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4. Result

When applying optimal control strategies to obtain prac-
tical control schemes one has to ensure all the constraints
in actual experiments be satisfied. In this paper we adopt
typical constraints for ongoing Rydberg lattice gas experi-
ments. The strength of the Rabi coupling is between zero
and 27 x 50 MHz. The bandwidth of the control parameters
constrains how fast one can modulate the shapes. The rise
time and the fall time of the control laser are also related to
the bandwidth B. We assume that the rise time is identical to

the fall time, and further approximately identify them to be
foo — 1 2m
TS = 4 Gy
experimentally easy to implement, we first chose a slow-pulse

constraint, i.e., frjse > 0.05 ps. With this we performed the op-

= %. To obtain a set of control pulses that are

timization with different 7 ranging from 0.8 us to 1.3 ps. The
best case yielded a fidelity larger than 0.98. Details can be
fond in Fig. Al in Appendix A. Compared with the standard
STIRAP shown in Fig. 2(e) with approximately 0.9 fidelity,
the error (measured by infidelity) has been reduced from 10%
to 2%.

To further reduce the infidelity, one has to improve the
current technology either reducing the dissipation rates or
boosting the control. We take the second avenue. The strength
of the Rabi coupling in this case reaching 27 x 50 MHz is al-
ready large enough considering the microsecond time scale.
Therefore the key ingredients should be the rise time and the
total duration of the control laser. Next we carried out more
extensive optimizations to test how much extra gain one can
expect, if the rise time of the control laser is further shortened.
We decrease the rise time down to 0.01 us and show the re-
sult in Fig. 3. For each given rise time we perform several
independent optimizations with differing pulse duration 7" and
select the best case. Note that for #ic = 0.01 ps the infidelity
is shown to be 10~* because lower than 10~* infidelity is a
sufficient condition in our stopping criteria of the optimal con-
trol.

The key advantage of STIRAP is the independence of
the pulse shapes, which is of particular importance when con-
sidering real experimental implementation, where deviations
from aimed pulse shapes are inevitable. Therefor, we also
tested and then further enhanced the robustness of our op-
timized control shapes against this experimental limitation.
We assume that the experimentally implemented control pa-
rameters can have random deviations from the theoretically
optimized values over time. In order to evaluate the degree
that the actual control shapes are different from the theoretical
ones, we define the deviation rate for a given realization of
the control pulses as the largest absolute deviation divide by
the theoretical value. We thus generate many ensembles of
random realizations with 5% deviation rate. Each ensemble
has 50 members. We then further optimize the control shapes
using ensemble average fidelity (The initial guess for the en-
semble optimization is the optimized shape for the single shot

realization, which already works fine for many members in
the ensemble; after all, the realizations in the ensemble de-
viate from the theoretical shape only very little. Therefore,
the iteration steps for the ensemble optimization to converge
is not too many) as the figure of merit for the dCRAB opti-
mization instead of the single shot fidelity. In this way, the
obtained control shapes may not be the optimal ones for each
individual realization, but it works commonly well for most
members in the representative ensemble. We carried out this
ensemble optimization based on a set of ensembles with 5%
deviation rate for different rise time and then applied the en-
semble optimized control shapes to an ideal realization with
no deviation as well as two sets of ensembles with at most 3%
and 10% deviations, respectively. The results are shown in
Fig. 4. The error bar represent the worst and the best case in

1072

1-F
T

10—3 3

0.015 0.02 0.025 0.030 0.035 0.040 0.045

Rise time (us)

Fig. 3. Infidelity of the optimized STIRAP with different rise time. Dissipa-
tion in actual experiment is fully taken into account. The optimized control
pulses for each case can be found in Fig. Al in Appendix A.
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Fig. 4. Optimized STIRAP infidelity subject to different rise time in the
presence of dissipation and pulse noise in terms of random deviations from
the optimized control shapes. Three kinds of ensembles of disordered real-
izations as well as the case of no disorder are considered. Ensemble I to III
correspond to the scenario of at most 3%, 5% and 10% random deviations
from the optimized control shapes. Each ensemble has 50 such members.
The optimizations are carried out based on the 2nd ensemble, i.e., the one
with at most 5% deviations randomly occurs over time. The ensemble av-
erages of the obtained final infidelities are shown with empty markers. The
error bars represent the range of all fidelities for the realizations in the corre-
sponding ensemble. We slightly shift the markers as well as the error bars of
the disordered cases to the right in order to avoid overlaps in the plot, so that
the rise time considered is respectively 0.01 ps, 0.02 ps, 0.03 ps, 0.04 ps,
and 0.05 ps sharp.
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each ensemble. In order for the figure to be more transpar-
ent to read, we shifted the overlape data along the horizon-
tal direction for the ensemble averaged data. It is very clear
that the deviation noise indeed has certain influence on the fi-
delity. However, when the deviation rate is small, the influence
is negligible. In Appendix A we show the ensemble optimized
control shapes as well as the dynamics in Fig. A2.

5. Discussion

In this paper we have systematically analyzed the influ-
ence of major experimental limitations on the performance of
STIRAP transformation from ground state to a Rydberg ex-
cited state via an intermediate level for a single atom trapped
in an optical tweezer. The limitations include the Doppler de-
phasing effect and spontaneous decay of the intermediate state.
We then applied dCRAB optimal control strategy taking into
account all relevant constraints of real experiment to obtain
a set of implementable control shapes that can decrease the
transition error. It is found that the transition error quantified
by infidelity can be reduced from nearly 10% to 2% using the
currently available control lasers. We next showed that if one
continues to shorten the laser rise time and accordingly adapt
the duration of the control pulse, the error can be further de-
pressed. At last we enhanced and verified the robustness of
the optimized control shapes with respect to the deviations of
implemented control from the theoretical ones. Thus, the op-
timized control pulses are implementable and robust.

In most STIRAP experiments a detuning at the interme-
diate state is applied to achieve better performance. This trick
can suppress the influence of instantaneous decay for the inter-
mediate state because the detuning can reduce the possibility
of occupying the unstable intermediate level to certain extent.
However, we would like to find the optimal control pulses
working even for the worst situations, and thus in our opti-
mizations no detuning is applied. Our results show that even
in the case of resonating controls, we manage to optimize the
control pulses such that the intermediate level is almost never
occupied. See the red curves in Fig. A1l representing the pop-

ulation of the intermediate state. It is natural to expect that
if one applies detuning and carries out new optimizations, the
performance of the optimized STIRAP with detuning should
only be better.

In the scenario of multiple single atoms trapped in ar-
rays of optical tweezers, which constitutes a working platform
for quantum simulation, it is more difficult to perform the
STIRAP transformation. The interactions between Rydberg
atoms will change the dynamics, and moreover, the interaction
strength depends on the intra atom distance, which will be af-
fected by thermal fluctuations at finite temperatures. This is
particularly important for the set-up employing Rydberg state,
since the tweezer traps have to be switched off when applying
the Rydberg lasers and thus the (thermal) motion of atoms is
significant.

It is pointed out in Ref. [10] that for certain quantum
simulation platforms, for instance NV centers, neither the
shortcuts to adiabatic passage nor the counterdiabatic coupling
scheme can effectively suppress the nonadiabatic excitation of
the NV excited states to the desired level when taking into
account real experimental limitations. Encouraged by the suc-
cess of optimal control of STIRAP based on Rydberg atoms,
it is an interesting and appealing attempt to try optimizing the
STIRAP scheme on NV centers in the future.

Appendix A: Optimized control pulse shapes and
the dynamics

In this appendix, we present the optimized control pulse
shapes and the corresponding dynamics. the optimization is
performed in two steps. First, we focus on depressing the in-
fluence of various dissipation and neglect the possibility that
the experimentally implemented control pulse shape may de-
viate from the theoretical one. Namely, the robustness of the
control pulse is not taken into account in this step. For each
minimal rise time, ranging from 0.05 us to 0.01 us, we per-
form independent optimizations with various fixed total evo-
lution time. The best case results are presented in Fig. Al.
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Fig. A1. The optimized STIRAP with different rise time decreasing from 0.05 ps to 0.01 ps from left to right. Top: Optimized control parameters.
Bottom: Dynamics of the populations for different states. The result in Fig. 3 of the main text is obtained using the optimized pulse shapes in this figure.
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Fig. A2. The optimized STIRAP with rise time 0.01 ps. Top: Ensemble of disordered realizations of the optimized pulse shapes. Bottom: Populations of
different states averaged over the ensemble. Ensemble I, IT and III are arranged from left to right. The result with rise time 0.01 ps in Fig. 4 of the main text

is obtained using the pulse shapes in this figure.

The second step is to enhance and verify the robustness
of the optimized control shapes. To this end, we carried out
the second rounds of optimizations taking the average fidelity
over a sample of disordered realizations of the control pulses
as the figure of merit. The previously optimized control pulse
shapes are used as the input for the second optimizations. The
second rounds of optimizations are performed over three in-
dependent samples with at most 3%, 5% and 10% deviations,
respectively. We show the results for each sample in Fig. A2
for rise time 0.01 us.
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