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Optimal stimulated Raman adiabatic passage using the dynamical quantum geometric tensor
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Stimulated Raman adiabatic passage is a prominent and widely applied technique that transfers population
between quantum states in three-level quantum systems. In this paper, we propose an optimized version of
stimulated Raman adiabatic passage, which can be implemented faster than the conventional version. In order to
achieve quantum adiabaticity in shorter times, we use the geometric optimization method based on the dynamical
quantum geometric tensor to regularize nonadiabatic transitions and to eliminate nonadiabatic effects during
the evolution process. Optimal stimulated Raman adiabatic passage can shorten the operation time required
for adiabatic population transfer appreciably, thereby avoiding decoherence resulting from long-time evolution.
Moreover, optimal stimulated Raman adiabatic passage is robust against systematic and random errors. Our
results provide an optimal route for the realization of fast and accurate population transfer in three-level quantum
systems.
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I. INTRODUCTION

Precise control of the internal states in quantum systems
leads to profound insights in atomic and molecular physics
as well as novel applications, such as quantum information
processing, quantum sensing, and metrology. As a funda-
mental task in quantum coherent control, accurate population
transfer is often used for the preparation of given quantum
states or the cooling of nanomechanical oscillators. Stimu-
lated Raman adiabatic passage (STIRAP) [1–5] is a prominent
and widely used technique for the realization of coherent
population transfer between two dipole-forbidden or weakly
coupled states in three-level quantum systems.

As a kind of quantum control technique based on adiabatic
evolution, STIRAP is resilient against moderate variations
of experimental parameters such as pulse amplitudes, dura-
tion, and single-photon detuning. Because of this advantage,
STIRAP has been widely used in a variety of physical
systems, like nitrogen-vacancy centers in diamond [6–10], su-
perconducting circuits [11–13], semiconductor quantum dots
[14–16], and optomechanics [17–20]. However, STIRAP re-
quires the quantum system to evolve adiabatically. The speed
of adiabatic evolutions is limited by the quantitative adiabatic
condition [21–23], which can be generally expressed as∣∣∣∣∣ 〈Em(t )| ∂

∂t |En(t )〉
Em(t ) − En(t )

∣∣∣∣∣ � 1, m �= n, t ∈ [0, τ ], (1)

where |En(t )〉 are the entirely discrete and nondegenerate
instantaneous eigenstates of Hamiltonian H (t ) with corre-
sponding eigenvalues En(t ), and τ is the total evolution
time. Therefore, STIRAP requires long evolution time to
satisfy the quantitative adiabatic condition. This makes STI-
RAP vulnerable to environment-induced decoherence [5].
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In order to realize fast population transfers, shortcuts to
adiabaticity (STA) [24,25]—which include counterdiabatic
driving, invariant-based inverse engineering, and fast-forward
scaling approaches—have been used to speed up STIRAP
[26–46] and design stimulated Raman exact passage [47–54].
However, although STA-based schemes mimic the adiabatic
evolution in STIRAP, the robustness of STA-based schemes
is not taken for granted. Indeed, a recent comparative study
[55] on robust coherent control in three-level quantum sys-
tems showed that the STA-based schemes are sensitive to
experimental errors, such as the Rabi frequency error and
the detuning error, when compared to adiabatic population
transfer.

Therefore, optimizing adiabatic processes in STIRAP to
realize fast adiabatic population transfer is an important is-
sue in the field of quantum control. Some efforts have been
made on this issue, such as pulse shaping STIRAP [56]
based on the Dykhne-Davis-Pechukas (DDP) method [57] and
parallel STIRAP [58] by using detuning chirping. Although
these protocols have been demonstrated to be effective in
particular situations, they have some limitations. The DDP-
based pulse shaping protocol is limited to the simple quantum
systems that can be reduced to effective two-state systems.
Parallel STIRAP requires controlling the detuning, which
complicates experimental implementation. In this paper, we
propose an optimized version of STIRAP by using the re-
cently proposed geometric method [59] to speed up finite-time
adiabatic processes. In contrast to the DDP method, the
geometric method is applicable to general N-dimensional
quantum systems. Thus, the optimal protocol for STIRAP
based on the geometric method can be extended to more
complicated quantum systems, such as the Heisenberg spin
chain in which a STIRAP-like process can be used to realize
quantum state transfer [60]. Moreover, we give the general
equations that should be satisfied by the optimal pump and
Stokes fields. This means that optimal STIRAP can be con-
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veniently combined with the quantum optimal control theory
(QOCT) [61,62], which provides a systematic method for
driving quantum systems in the best way possible. STIRAP
protocols based on QOCT have been proposed in recent years
[7,44]. Combining optimal STIRAP based on the geometric
method with QOCT may improve the robustness of STIRAP
while reducing the computational overhead of the optimiza-
tion algorithm.

In optimal STIRAP, we use a dynamical quantum geo-
metric tensor [59] that takes a similar form to the quantum
geometric tensor [63]. The dynamical quantum geometric ten-
sor can quantify the overall nonadiabatic transition rate and
guide the optimization process. By keeping the overall nona-
diabatic transition rate constant during the evolution process,
the nonadiabatic effects are periodically self-eliminated in the
adiabatic passage, and the adiabatic evolution can be achieved
in appreciably short times. In order to realize accelerated adia-
batic population transfer, we give the optimal control protocol
of STIRAP in the case of large intermediate-level detuning
and single-photon resonance. Specifically, in the case of large
detuning, we first map STIRAP to a Landau-Zener-type tran-
sition in the effective two-level system by using adiabatic
elimination, then optimize the Landau-Zener-type transition
by the geometric method, and finally obtain the optimal pump
and Stokes pulses for fast STIRAP. In the case of single-
photon resonance, the optimal pulses are obtained by solving
the optimization equation directly. Optimal STIRAP does not
require additional couplings, and accelerated adiabatic pop-
ulation transfer can be implemented by modifying the pump
and Stokes pulses. Furthermore, as an accelerated adiabatic
passage, optimal STIRAP is not only robust against small
variations of experimental parameters but also avoids deco-
herence resulting from long-time evolution. We numerically
simulate the performance of optimal STIRAP and compare it
with conventional STIRAP and stimulated Raman transition
(SRT). The results show that optimal STIRAP can achieve
fast and robust population transfer within shorter operation
times.

II. GEOMETRIC OPTIMIZATION OF ADIABATIC
PASSAGE

In this section, we shall briefly introduce the geomet-
ric method to optimize the finite-time adiabatic passage of
quantum systems [59]. Consider an N-dimensional quantum
system defined by the time-dependent Hamiltonian H (t ),
with its instantaneous eigenvalues {En(t )} and nondegener-
ate eigenstates {|En(t )〉}. According to the adiabatic theorem
[21–23], if H (t ) varies slowly enough, the system initially
in the n-th eigenstate |En(0)〉 will evolve along the instan-
taneous eigenstate |En(t )〉 up to a phase factor. However,
the adiabatic evolution strictly holds only for an infinitely
slow process that needs infinite running time. For finite-
time evolution processes, the nonadiabatic transitions will
make the time-evolving state deviate from the adiabatic
eigenstate.

To evaluate the amount of nonadiabatic transitions,
the time-evolving state can be expanded in the adiabatic
frame |ψn(t )〉 = ∑

l cnl (t )|El (t )〉. The Schrödinger equa-
tion i∂t |ψ (t )〉 = H (t )|ψ (t )〉 reduces to equations for the state

amplitudes cnl (t )

∂cnl

∂t
= −icnlEl (t ) −

∑
m

cnm〈El (t )| ∂

∂t
|Em(t )〉. (2)

The amount of nonadiabatic transitions from the adiabatic
eigenstate |En(t )〉 can be quantified as the nonadiabatic tran-
sition probability PT

n (t ) = ∑
l �=n |cnl (t )|2. According to the

high-order adiabatic approximation theory [64–67], the first-
order term of PT

n (t ) is bounded by PT
n,−(t ) � PT

n (t ) � PT
n,+(t ),

with

PT
n,±(t ) = 1

τ 2

∑
l �=n

[∣∣∣∣T̃nl

(
t

τ

)∣∣∣∣ ± |T̃nl (0)|
]2

, (3)

in which τ is the total time of the evolution process, and T̃nl

are the nonadiabatic transition rates and take the form of

T̃nl (s) = 〈Ẽl (s)| ∂
∂s |Ẽn(s)〉

Ẽn(s) − Ẽl (s)
, (4)

with the rescaled time s = t/τ , and the tildes are used to de-
note the functions of s. The overall nonadiabatic transition rate
is defined as T̃n(s) := [

∑
l �=n |T̃nl (s)|2]1/2. Considering that

the case of the Hamiltonian H = H[�λ(s)] is time dependent
through multiple parameters �λ(s) = {λi(s)}, the overall nona-
diabatic transition rate can be calculated by the dynamical
quantum geometric tensor

T̃n(s) =
⎡
⎣∑

i, j

(
ReDn,i j

)∂λi

∂s

∂λ j

∂s

⎤
⎦

1
2

, (5)

in which Dn,i j is the dynamical quantum geometric tensor

Dn,i j =
∑
l �=n

〈Ẽl | ∂H
∂λi

|Ẽn〉〈Ẽn| ∂H
∂λ j

|Ẽl〉
(Ẽn − Ẽl )4

. (6)

The optimal protocol for finite-time adiabatic passage is to
keep constant T̃n(s) during the evolution process,

T̃n(s) = const., (7)

which makes the time-evolving state deviate from the adia-
batic eigenstate uniformly and back to the adiabatic eigenstate
at the resonance points. The upper bound of nonadiabatic
transition probability in Eq. (3) becomes PT

n,+ = 4T̃ 2
n (s)/τ 2.

Therefore, the adiabatic control protocol designed accord-
ing to Eq. (7) can reach quantum adiabaticity in appreciably
shorter times.

III. OPTIMIZATION OF STIRAP

Considering a three-level system with states |1〉, |2〉, and
|3〉, our goal is to realize fast population transfer from the
starting state |1〉 to the final state |3〉 by optimized STIRAP.
In this section, we shall propose the optimal protocol for
STIRAP.

As a paradigmatic model, the Hamiltonian for STIRAP
under rotating wave approximation takes the form of

H (t ) = h̄

2

⎛
⎝ 0 �p(t ) 0

�p(t ) 2� �s(t )
0 �s(t ) 2δ

⎞
⎠, (8)
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where �p(t ) and �s(t ) are the Rabi frequencies of pump
and Stokes fields. The detunings from resonance are defined
as �p = (E2 − E1)/h̄ − ωp, �s = (|E2 − E3|)/h̄ − ωs, with
Ej , where j = 1, 2, 3, are the bare-basis-state energies. The
single-photon detuning is � = �p. The two-photon detuning
is δ = �p − �s for the 
 configuration and δ = �p + �s for
the ladder configuration.

On two-photon resonance (δ = 0), the Hamiltonian in
Eq. (8) has a zero-eigenvalue eigenstate, called dark state

|E0(t )〉 = cos θ (t ) |1〉 − sin θ (t ) |3〉, (9)

where the mixing angle θ (t ) is defined as

θ (t ) = arctan
�p(t )

�s(t )
. (10)

In STIRAP protocol, the Rabi frequencies of pump and Stokes
fields is set to satisfy the following conditions:

lim
t→0

�p(t )

�s(t )
= 0, lim

t→τ

�s(t )

�p(t )
= 0. (11)

Obviously, under these conditions, the mixing angle θ (t )
approaches 0 and π/2 at the initial time and final time, respec-
tively. The dark state |E0(t )〉 adiabatically connects the initial
state |1〉 and target state |3〉. Therefore, population transfer
from |1〉 to |3〉 can be realized by the adiabatic evolution along
the dark state |E0(t )〉.

The local condition for adiabatic evolution during STIRAP
reads �rms 	 |θ̇ (t )|, with �rms = [�2

p(t ) + �2
s (t )]1/2. By in-

tegrating the local condition, the global condition is given as
A = ∫ τ

0 �rms(t )dt 	 π/2. A is the rms pulse area, which is
proportional to the peak Rabi frequency �max and the pulse
duration τ , i.e., A ∝ �maxτ . The global adiabatic condition
demands that the pulse intensities and the pulse durations
must be large enough [5]. As a rough estimate neglecting the
peculiarities of the nonadiabatic transition, achieving transfer
fidelity more than 99.9% requires the rms pulse area A > 30
[56]. In real physical systems, such as atoms and molecules,
there is always an upper limit to the peak Rabi frequency
�max. Therefore, the operation time of STIRAP must be suffi-
ciently long in order to satisfy the adiabatic condition.

The conventional idealized description of STIRAP does
not include the time dependence of the pump and Stokes
fields, so it does not take the nonadiabatic effects associated
with the temporal variation of the pump and Stokes fields into
account [68]. In the following, we shall propose an optimized
version of STIRAP based on the dynamical quantum geomet-
ric tensor, which adequately exploits the temporal variation
of pump and Stokes fields. By using the optimal pump and
Stokes fields, STIRAP can be realized in shorter operation
times. We present the optimal protocol for STIRAP under
different situations, including large detuning (� 	 �) and
single-photon resonance (� = 0).

A. At large detuning

At large intermediate-level detuning (� 	 �), the inter-
mediate state |2〉 is scarcely populated. It can be eliminated
adiabatically. As a result, the effective two-level Hamiltonian

in the subspace of levels |1〉 and |3〉 takes the form of

Heff = h̄

2

(−�eff (t ) �eff (t )
�eff (t ) �eff (t )

)
, (12)

where the effective Rabi frequency �eff (t ) and detuning
�eff (t ) are given by

�eff (t ) = −�p(t )�s(t )

2�
,

�eff (t ) = �2
p(t ) − �2

s (t )

4�
. (13)

In this case, STIRAP can be regarded as a Landau-
Zener-type transition in the effective two-level system [69].
Thus, we consider the Landau-Zener model described by the
Hamiltonian

HLZ(t ) = h̄�(t )

2

(
λ(t ) 1

1 −λ(t )

)
, (14)

where �(t ) and λ(t ) are the time-dependent control parame-
ters. The instantaneous eigenstates of HLZ(t ) are

|Eg(t )〉 = −
√√

1 + λ2 − λ

2
√

1 + λ2
|1〉 +

√√
1 + λ2 + λ

2
√

1 + λ2
|3〉,

|Ee(t )〉 =
√√

1 + λ2 + λ

2
√

1 + λ2
|1〉 +

√√
1 + λ2 − λ

2
√

1 + λ2
|3〉, (15)

corresponding to eigenvalues Eg(t ) = −h̄�
√

1 + λ2/2 and
Ee(t ) = h̄�

√
1 + λ2/2, respectively. Substituting the Hamil-

tonian (14), instantaneous eigenvalues, and eigenstates into
Eq. (6), we obtain the components of the dynamical quantum
geometric tensor

Dg,λλ = 1

4h̄2�2(1 + λ2)3
,

Dg,�� = Dg,�λ = Dg,λ� = 0. (16)

According to Eqs. (5) and (7), the equation that the optimal
protocol needs to satisfy reads

˙̃λ(s)

2h̄�̃(s)[1 + λ̃2(s)]
3
2

= const., (17)

where the rescaled time s ∈ [0, 1], and the dot above the sym-
bol represents the derivative with respect to s. The solutions of
the above equation are not unique, and here we present one of
them. For the initial and final values of the control parameter
λ̃(0) = −4 and λ̃(1) = 4, λ̃(s) and �̃(s) can be set as

λ̃(s) = 8s − 4,

�̃(s) = 0.4[1 + (8s − 4)2]−
3
2 , (18)

which satisfies Eq. (17). The constant in Eq. (17) is the overall
nonadiabatic transition rate, which represents the extent of
the time-evolving state deviating from the adiabatic eigen-
state. In theory, the smaller the constant is, the less time it
takes to achieve quantum adiabaticity. However, a larger peak
Rabi frequency is required to make the overall nonadiabatic
transition rate smaller. Thus, we should choose appropriate
constants to obtain experimentally achievable pulses. For the
solution in Eq. (18), the constant is set as 10/h̄.
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Until now, we have obtained the optimal control protocol
for the effective two-level system. Therefore, we can go back
to the three-level system and obtain the optimal pump and
Stokes fields by comparing the Hamiltonian in Eqs. (12) and
(14). Solving the two equations for �p and �s in Eq. (13), we
can express them in terms of �eff and �eff ,

�p = [
2�

(√
�2

eff + �2
eff + �eff

)]1/2
,

�s = [
2�

(√
�2

eff + �2
eff − �eff

)]1/2
. (19)

Substituting �̃eff (s) = �̃(s) and �̃eff (s) = −�̃(s)λ̃(s) into the
above equation, we obtain the optimal pump pulse �̃p(s) and
Stokes pulse �̃s(s) for implementing optimal STIRAP at large
intermediate-level detuning.

To illustrate the superiority of the optimal control protocol,
we simulate the performance of optimal STIRAP and compare
it with conventional STIRAP using Gaussian pulses. We set
the operation time τ = 35 µs and the intermediate-level de-
tuning � = 1 GHz. According to Eqs. (18) and (19), we can
obtain the Rabi frequencies of pump field �p(t ) and Stokes
field �s(t ) for optimal STIRAP, as shown in Fig. 1(a). The
maximum amplitude of �p(t ) and �s(t ) is �0 = 30.79MHz.
By using these optimal pulses, the perfect population transfer
from |1〉 to |3〉 can be achieved within the operation time,
as shown in Fig. 1(b). Then, we simulate the performance of
STIRAP using Gaussian pulses. We set the Rabi frequencies
of the pump and Stokes fields as

�p(t ) = �0 exp

[
− (t − τ/2 − μ)2

σ 2

]
,

�s(t ) = �0 exp

[
− (t − τ/2 + μ)2

σ 2

]
, (20)

where the operation time τ = 35 µs and the maximum ampli-
tude of Rabi frequencies �0 = 30.79 MHz are the same as in
the optimal protocol, full width at half maximum σ = τ/6,
and separation time between the two pulses μ = τ/10, as
shown in Fig. 1(c). The perform of STIRAP using Gaussian
pulses with τ = 35 µs is shown in Fig. 1(d). Under the con-
ditions of the same operation time and the same maximum
amplitude of Rabi frequencies, the evolution driven by Gaus-
sian pulses is not adiabatic at all, so the population transfer
from |1〉 to |3〉 is incomplete. The relation between the infi-
delity 1 − P3(τ ) and the operation time τ is shown in Fig. 2,
where P3(τ ) is the population of state |3〉 at final time. As
shown in Fig. 2, there are some time windows represented by
the blue shaded regions on the horizontal axis; by choosing
the pulse duration τ in the time windows, the infidelity of
optimal STIRAP can be kept below 10−3. In the first time
window, the infidelity of optimal STIRAP drops below 10−3 at
τ = 35 µs, while conventional STIRAP using Gaussian pulses
needs operation time more than 180 µs to reach the same level
of infidelity. So, the simulation results show the superiority of
the optimal control protocol for realizing population transfer
in shorter operation times.
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FIG. 1. The shape of pulses and performance of the population
transfers. (a) Rabi frequencies of the Stokes field (solid red) and
pump field (dashed blue) for optimal STIRAP. (b) Performance
of optimal STIRAP, where the populations of levels |1〉 (dashed
blue), |2〉 (dotted black), and |3〉 (solid red) are presented. (c) Rabi
frequencies of the Stokes field and pump field for STIRAP using
Gaussian pulses. (d) Performance of STIRAP using Gaussian pulses.
Parameters: �0 = 30.79 MHz, � = 1 GHz, τ = 35 µs, σ = τ/6, and
μ = τ/10.
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FIG. 2. Infidelity 1 − P3(τ ) plotted as a function of the operation
time τ at large intermediate-level detuning for optimal STIRAP
(solid red) and STIRAP using Gaussian pulses (dashed blue). Time
windows to get 1 − P3(τ ) < 10−3 are indicated by the blue shaded
regions for optimal STIRAP.

B. Single-photon resonance

On single-photon resonance (� = 0), the STIRAP Hamil-
tonian reads as

H (t ) = h̄

2

⎛
⎝ 0 �p(t ) 0

�p(t ) 0 �s(t )
0 �s(t ) 0

⎞
⎠, (21)

whose instantaneous eigenstates are

|E+(t )〉 = 1√
2

(sin θ (t ) |1〉 + |2〉 + cos θ (t ) |3〉),

|E0(t )〉 = cos θ (t ) |1〉 − sin θ (t ) |3〉,

|E−(t )〉 = 1√
2

(sin θ (t ) |1〉 − |2〉 + cos θ (t ) |3〉), (22)

with eigenvalues E+(t ) = h̄�rms/2, E0(t ) = 0, E−(t ) =
−h̄�rms/2. The mixing angle θ (t ) = arctan[�p(t )/�s(t )] and
�rms = [�2

p(t ) + �2
s (t )]1/2. By using Eq. (6) we can obtain

the components of the dynamical quantum geometric tensor

D0,pp = 4�2
s

h̄2
(
�2

p + �2
s

)3 , D0,ps = −4�p�s

h̄2
(
�2

p + �2
s

)3 ,

D0,sp = −4�p�s

h̄2
(
�2

p + �2
s

)3 , D0,ss = 4�2
p

h̄2
(
�2

p + �2
s

)3 . (23)

According to Eq. (7), the optimal pump pulse �̃p(s) and
Stokes pulse �̃s(s) satisfy the equation

4
(
�̃2

p
˙̃�2

s − 2�̃p�̃s
˙̃�s

˙̃�p + ˙̃�2
p�̃

2
s

) 1
2

h̄
(
�̃2

p + �̃2
s

) 3
2

= const.. (24)

Moreover, to ensure the realization of population transfer,
�̃p(s) and �̃s(s) must satisfy the conditions in Eq. (11). In
this case, the simplest solution of Eq. (24) is

�̃p(s) = �0 sin
(π

2
s
)
, �̃s(s) = �0 cos

(π

2
s
)
, (25)

where �0 is the maximum amplitude of Rabi frequencies.
Substituting Eq. (25) into Eqs. (7) and (24), we obtain the

0 4 8 12 16 20 24 28
10-6

10-5

10-4

10-3
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FIG. 3. Infidelity 1 − P3(τ ) plotted as a function of the operation
time τ on single-photon resonance for optimal STIRAP (solid red)
and STIRAP using Gaussian pulses (dashed blue). Time windows to
get 1 − P3(τ ) < 10−3 are indicated by blue shaded regions for the
optimal STIRAP.

trade-off between the Rabi frequencies, and the overall nona-
diabatic transition rate reads T̃n(s) = 4/h̄�0. In order to make
the overall adiabatic transition as small as possible, the Rabi
frequencies can be set as the maximum that can be achieved.

We compare the performance of the optimal STIRAP with
STIRAP using Gaussian pulses by numerical simulation. The
maximum amplitude of �p(t ) and �s(t ) is set as �0 = 3MHz.
The Gaussian pulses take the form of Eq. (20), the maxi-
mum amplitude of Rabi frequencies �0 = 3MHz, full width
at half maximum σ = τ/6, and separation time between the
two pulses μ = τ/10. The relation between the infidelity
1 − P3(τ ) and the operation time τ is shown in Fig. 3. By
choosing the pulse duration τ in the time windows on the
horizontal axis, the infidelity of optimal STIRAP can be kept
below 10−3. The infidelity of optimal STIRAP drops below
10−3 at τ = 4 µs for the first time, while conventional STIRAP
using Gaussian pulses needs operation time of more than
26 µs to reach the same level. Moreover, the optimal STIRAP
is always superior to conventional STIRAP using Gaussian
pulses in short operation times.

IV. DISCUSSION

In this section, we first discuss the relation between the
infidelity 1 − P3(τ ) and the operation time τ for the optimal
STIRAP developed in this paper and for STIRAP using Gaus-
sian pulses, as shown in Figs. 2 and 3. These results show the
superiority of the optimal protocol. Furthermore, it is worth
noting that there are some points of resonance where the
infidelity plummets to zero, which is because the nonadiabatic
transitions are regularized by keeping a constant overall nona-
diabatic transition rate during the evolution, and the evolving
state in the adiabatic frame undergos periodic evolution and
back to the adiabatic eigenstate at the resonance points. In
other words, the nonadiabatic effects are self-eliminating
in the optimal adiabatic passage. This adiabatic resonance
phenomenon is first discovered in the adiabatic quantum tele-
portation protocol [70]. Essentially, keeping a constant overall
nonadiabatic transition rate [Eq. (7)] is the general condition
for achieving adiabatic resonance. As shown in Fig. 3, there
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FIG. 4. (a) Population of state |3〉 at final time plotted as a
function of the systematic Rabi frequency error for optimal STIRAP
at large detuning with τ = 35 µs (solid red), optimal STIRAP on
single-photon resonance with �0 = 30 MHz and τ = 4.2 µs (dashed
blue), and SRT with �srt = 100 MHz, �srt1 = �srt3 = √

50π MHz
and τ = 4 µs (dotted black). (b) Population of state |3〉 at final time
plotted as a function of the detuning error for optimal STIRAP at
large detuning (solid red), optimal STIRAP on single-photon reso-
nance (dashed blue), and SRT (dotted black).

are some time windows near the resonance point. Within these
time windows, one can implement fast and accurate popula-
tion transfer. The length of the time windows increases with
the operation time. It means that optimal STIRAP is robust
against small variations of pulse timing.

Then, we turn to discuss the robustness of optimal STIRAP
against different systematic errors. To this end, we numer-
ically simulate the perform of optimal STIRAP under the
influence of systematic error and compare it with SRT [71],
a popularly used technology for fast population transfer. SRT
is realized by applying two highly detuned driving fields
with the intermediate-level detuning �srt and Rabi frequency
�srt1 = �srt3. At large intermediate-level detuning, according
to Eq. (12), the system reduces to a two-level system con-
sisting of levels |1〉 and |3〉 with an effective Rabi frequency
�srt = −�srt1�srt3/2�srt. Then, the fast population transfer
between states |1〉 and |3〉 can be implemented. Here, we
set �srt = 100 MHz and �srt1 = �srt3 = √

50π MHz, and the
population transfer from |1〉 and |3〉 can be approximatively
implemented at τ = 4 µs. The simulation results are shown in
Fig. 4. Figure 4(a) shows the robustness against the systematic
Rabi frequency error when the Rabi frequencies of the pump
and Stokes fields change from �p and �s to �p(1 + η) and
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FIG. 5. Population of state |3〉 at final time plotted as a function
of the strength of random Rabi frequency errors for optimal STIRAP
at large detuning (solid red), optimal STIRAP on single-photon reso-
nance (dashed blue), and SRT (dotted black). The parameters are the
same as in Fig. 4.

�s(1 + η). As one sees, optimal STIRAP has better robust-
ness against the systematic Rabi frequency error than SRT.
Particularly, on single-photon resonance, the final population
of optimal STIRAP is almost unaffected by the vibration of
Rabi frequencies. Figure 4(b) shows the robustness against
the detuning error, when the single-photon detuning changes
from � to � + �e. It can be seen that the robustness of
optimal STIRAP against the detuning error is much better
than that of SRT. At large intermediate-level detuning, the
results of optimal STIRAP are not affected by small vibration
of detuning.

Finally, we consider the robustness of optimal STIRAP
against random errors that make the time shapes of the
pump and Stokes pulses deviate from the ideal pulses. We
model the time-dependent perturbation of Rabi frequencies
by Ornstein-Uhlenbeck processes [72], where perturbation
εe(t ) is a random variable obtained by solving the Ornstein-
Uhlenbeck equation

dεe = −εe − μe

τe
dt + σe

√
2

τe
dW, (26)

in which μe is the mean, σe is the standard deviation, τe is
the correlation time, and W is the standard Wiener process.
Here, we set τe = 1 µs and μe = 0; the value of the standard
deviation σe indicates the strength of random errors. We nu-
merically simulate the performance of optimal STIRAP when
the Rabi frequencies of the pump and Stokes fields change
from �p and �s to �p + εe and �s + εe, and compare it with
SRT. As shown in Fig. 5, the robustness of optimal STIRAP
against the random Rabi frequency error is better than SRT.
Therefore, optimal STIRAP is robust against the random vari-
ation of the time shapes of the pump and Stokes pulses.

V. CONCLUSION

In conclusion, we have shown how to realize accelerated
adiabatic population transfer between two quantum states
by using the geometric method to optimize finite-time adi-
abatic passage. In optimal STIRAP, the nonadiabatic effects
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resulting from fast evolution are eliminated by keeping the
overall nonadiabatic transition rate constant during the evo-
lution process. Thus, accurate population transfer can be
implemented at appreciably shorter times. We concentrate
on two cases of large detuning and single-photon resonance
and give the optimal shapes of pump and Stokes pulses to
implement fast population transfer. We numerically simulate
the performance of optimal STIRAP and compare it with con-
ventional STIRAP using Gaussian pulses. The results show
that the evolution time of optimal STIRAP is about six times
shorter than that of conventional STIRAP under the premise
of achieving the same fidelity. Moreover, we numerically
simulate the perform of optimal STIRAP under the influence
of different types of errors and compare it with SRT. The
numerical results clearly show that the robustness of optimal
STIRAP against the systematic and random errors is better

than SRT. Therefore, optimal STIRAP not only avoids deco-
herence resulting from long time evolution but is also robust
against small variations of experimental parameters. Optimal
STIRAP is a promising protocol to achieve high-fidelity pop-
ulation transfer. We hope optimal STIRAP can shed light
on accurate population transfer in quantum computation and
quantum sensing.
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