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Stimulated Raman adiabatic passage (STIRAP) is a widely used technique for efficient population transfer between
quantum states. However, the adiabatic nature of STIRAP requires slow evolution, leading to long operation times, which
limits its practical applications. The superadiabatic method has been introduced to accelerate the STIRAP process, but
it often necessitates additional couplings between the initial and target states, which may not be available in the original
Hamiltonian. In this work, we present a novel approach to implement superadiabatic STIRAP (sa-STIRAP) between
dressed states in a three-level quantum system. By modulating the amplitude and phase of the original driving fields, the
initial and target states in dressed-state space can be effectively coupled. This approach provides a practical means of
realizing sa-STIRAP in experimental setups, making it convenient to accelerate adiabatic quantum state transfer.

Keywords: superadiabatic, stimulated Raman adiabatic passage, quantum control, shortucts to adiabaticity
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1. Introduction

Stimulated Raman adiabatic passage (STIRAP)[1–3] has
become a powerful method for the efficient transfer of popu-
lation between quantum states, thanks to its robustness against
spontaneous emission and its adaptability across diverse ex-
perimental conditions. Initially introduced in 1990,[1] STI-
RAP couples quantum states adiabatically via an intermedi-
ate state using two radiation fields, typically a pump and a
Stokes field. This technique offers a significant advantage in
quantum systems by ensuring high-fidelity population trans-
fer while minimizing losses due to spontaneous emission. As
a result, STIRAP has been widely adopted in various fields,
ranging from physics and chemistry to broader applications in
quantum technology.[3–8] Despite its considerable advantages,
the adiabatic nature of STIRAP often necessitates slow evolu-
tion of the system, leading to long operation times. This slow
evolution limits its applicability, especially in scenarios that
require rapid state transfers.

To overcome this limitation, the concept of superadia-
batic STIRAP (sa-STIRAP)[9,10] has been introduced, aim-
ing to accelerate the population transfer process while pre-
serving the high fidelity of adiabatic transitions. The supera-
diabatic approach involves the application of counterdiabatic
driving techniques[11–18] to modify the standard STIRAP pro-
tocol. These techniques often incorporate additional couplings
between the initial and target states, enabling faster evolu-

tion of the system, thereby reducing operation times without
compromising transfer efficiency. However, implementing sa-
STIRAP typically requires the introduction of auxiliary cou-
plings that may not be naturally present in the system’s Hamil-
tonian, posing challenges for experimental realization.[17,19]

There has been numerous researches aimed at realizing sa-
STIRAP, including methods such as applying invariant-based
inverse engineering to the three-level system,[20–24] using two-
photon transition superadiabatic passages,[25–28] and map-
ping or approximating the three-level system to a specific
model.[19,20,30]

In this paper, we propose an alternative approach for
implementing sa-STIRAP between dressed states in a three-
level quantum system. Dressed states, which arise from the
interaction of quantum systems with external fields, offer a
robust structure that enhances coherence protection for im-
proved quantum task performance.[31–42] By modulating the
amplitude and phase of the driving fields, we demonstrate
that it is possible to effectively couple the initial and target
states within the dressed-state space, facilitating superadia-
batic transfer without requiring additional couplings. This ap-
proach offers a practical means to accelerate adiabatic popu-
lation transfer in quantum systems, making sa-STIRAP more
accessible for experimental implementation. Our approach has
the potential to improve the speed and efficiency of adiabatic
quantum state transfer, opening new avenues for quantum con-
trol and other quantum technologies.
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The paper is organized as follows. Section 2 provides an
overview of STIRAP and superadiabatic STIRAP in a three-
level system. Section 3 explores the concept of STIRAP be-
tween dressed states. In Section 4, we present our proposed
method for implementing sa-STIRAP between dressed states.
Finally, Section 5 concludes with a summary of our findings
and potential directions for future work.

2. STIRAP and sa-STIRAP in three level system
The STIRAP protocol[2,3] is considered in a three-level

system with a set of energy eigenstates {|1⟩, |2⟩, |3⟩}, corre-
sponding to the energy eigenvalues E1, E2, and E3, respec-
tively. The transitions |1⟩ ↔ |2⟩ and |2⟩ ↔ |3⟩ are allowed,
as shown in Fig. 1(a). These states form a V-type configu-
ration in which the states |1⟩ and |3⟩ to the ancillary level
|2⟩ are driven by external control fields with the frequency
ω1 = (E1 −E2)/h̄−∆ and ω2 = (E3 −E2)/h̄−∆ , where h̄
is the reduced Planck constant. For simplicity, we adopt the
convention h̄ = 1 throughout the rest of this paper. The Rabi
frequencies of the two control fields are time-dependent and
are denoted by Ωp(t) and Ωs(t). The objective of STIRAP
is to achieve population transfer between the states |1⟩ and
|3⟩, which are indirectly coupled via the intermediate state |2⟩
while avoiding any population buildup in state |2⟩. In the ro-
tating frame and under the rotating wave approximation, the
Hamiltonian for this three-level system is given by

H0(t) =

 0 Ωp(t)
2 0

Ωp(t)
2 ∆

Ωs(t)
2

0 Ωs(t)
2 0

 , (1)

where ∆ is the detuning. The instantaneous eigenstates of
H0(t) are

|n0⟩= cosθ |1⟩− sinθ |3⟩,
|n+⟩= sinθ sinα|1⟩+ cosα|2⟩+ cosθ sinα|3⟩,
|n−⟩= sinθ cosα|1⟩− sinα|2⟩+ cosθ cosα|3⟩, (2)

where tanθ = Ωp(t)/Ωs(t), and tan(2α) = Ω/∆ , with Ω =√
Ω 2

p (t)+Ω 2
s (t). The state |n0⟩ is the dark state with instan-

taneous eigenvalue zero. If the system is prepared in the ini-
tial state |n0(ti)⟩ = |1⟩, and the evolution proceeds adiabati-
cally, the global condition for adiabatic evolution is given by
Ωmδ t ≫ 1,[2] where Ωm is the peak amplitude of both Ωp(t)
and Ωs(t), and δ t is the time delay between these pulses. Un-
der these conditions, the system will always remain in the dark
state throughout its evolution. By maintaining the condition
Ωp(ti)/Ωs(ti) ≈ 0 at the initial time ti, and Ωs(tf)/Ωp(tf) ≈ 0
at the final time tf, the system will evolve adiabatically into the
final state |n0(tf)⟩ = |3⟩, without ever populating the interme-
diate state |2⟩.

|1>

|3>
e>

d>

g>|2>

Ωrd,ωeg

Ωrp, ωed

Ωs, ω
Ωp, ω

∆

Ωrd, ωdg

(b)(a)

~

Fig. 1. (a) A three-level system characterized by orthonormal basis
states |1⟩, |2⟩, and |3⟩, with allowed transitions |1⟩↔ |2⟩ and |2⟩↔ |3⟩.
(b) The dressed states of the driven system depicted in panel (a), where
ωed, ωdg, and ωeg represent the corresponding energy gaps. Transitions
between the dressed states {|e⟩, |d⟩, |g⟩} can be realized by modulating
the amplitude and phase of the original driving fields.

The adiabatic nature of STIRAP requires a slow evo-
lution, which leads to long operation times, thus limiting
its practical applications, particularly in the presence of de-
coherence. To speed up the STIRAP transfer, that is, to
quickly transition from |1⟩ → |3⟩, superadiabatic driving can
be employed.[11–13] The sa-STIRAP approach assumes a to-
tal control Hamiltonian for the three-level system, which takes
the form[10]

H1(t) = H0(t)+Hs(t), (3)

where Hs(t) represents the additional superadiabatic correc-
tion Hamiltonian, given by

Hs(t) = i ∑
n
[|∂tn⟩⟨n|− ⟨n|∂tn⟩|n⟩⟨n|]. (4)

Here, |n⟩ refers to the three instantaneous eigenstates
{|n0⟩, |n+⟩, |n−⟩}. And Hs(t) can be calculated to the follow-
ing simple expression:[10]

Hs(t) = iΩd(t)|1⟩⟨3|+H.c., (5)

where Ωd(t) is given by

Ωd(t) =
Ω̇p(t)Ωs(t)−Ωp(t)Ω̇s(t)

Ω 2
p (t)+Ω 2

s (t)
. (6)

This term Hs(t) represents an additional coupling between the
states |1⟩ and |3⟩, which can effectively suppress diabatic tran-
sitions. However, implementing such a coupling may be chal-
lenging or impractical in some systems due to selection rules
arising from the symmetry of the states or the required phase
conditions.[17] In the following, we introduce a novel approach
to implement sa-STIRAP between dressed states in a three-
level quantum system, enabling efficient coupling between the
initial and target states.

3. STIRAP between dressed states
We now proceed to implement STIRAP between the

dressed states in a three-level system. As shown in Fig. 1(a),
the nonzero detuning ∆ and the Rabi frequencies Ωp and Ωs
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of the two driving fields are held constant at Ω0. The Hamil-
tonian in the rotating frame, under the rotating wave approxi-
mation, is given by

H2 = ∆ |2⟩⟨2|+ Ω0

2
|1⟩⟨2|+ Ω0

2
|2⟩⟨3|+H.c. (7)

The eigenstates of H2 include a dark state |d⟩ and dressed
states |e⟩ and |g⟩, defined as[34,42]

|d⟩= (|1⟩− |3⟩)/
√

2,

|e⟩= sinβ |2⟩+ cosβ |b⟩,
|g⟩=−cosβ |2⟩+ sinβ |b⟩, (8)

where |b⟩ is the bright state as |b⟩ = (|1⟩+ |3⟩)/
√

2, and
tan(2β ) =

√
2 Ω0/∆ . The corresponding eigenvalues are

ωd = ∆ and ωe,g = (∆ ±
√

∆ 2 +2Ω 2
0 )/2. Thus, |d⟩, |e⟩, and

|g⟩ form a new three-level system. In this dressed-state space,
we take |e⟩ as the initial state and |g⟩ as the target state, with
|d⟩ serving as an intermediate state. By introducing external
control fields Ωrp(t) and Ωrs(t) for the transitions |e⟩ ↔ |d⟩
and |d⟩ ↔ |g⟩ in this three-level system,[42] as illustrated in
Fig. 1(b), we can realize STIRAP between the dressed states.
The details of this process are discussed in the following text.

We begin by considering the original Hamiltonian in the
laboratory frame, which is given by

H3(t) = E1|1⟩⟨1|+E2|2⟩⟨2|+E3|3⟩⟨3|
+
√

2Ω0[cos(ω1t +ϕ1(t))

+ cos(ω2t +ϕ2(t))]Sx, (9)

where Sx is the Pauli-x matrix for a spin-1 system, ω1 =

E1 −E2 −∆ and ω2 = E3 −E2 −∆ represent the frequencies
of the two driving fields. The time-dependent phase variations
of the driving fields are denoted by ϕ1(t) and ϕ2(t). Next, we
transform this Hamiltonian to the rotating frame using the uni-
tary operator Ur, and apply the rotating wave approximation to
obtain the Hamiltonian in the rotating frame

H4(t) = UrH3(t)U†
r − iUr

dU†
r

dt

= [∆ − ϕ̇1(t)]|1⟩⟨1|+[∆ − ϕ̇2(t)]|3⟩⟨3|+
Ω0

2
Sx, (10)

where

Ur = exp
(

i[ω1t +ϕ1(t)]
2

(S2
z +Sz)+

i[ω2t +ϕ2(t)]
2

(S2
z −Sz)

)
.

This transformation rotates the system’s states and operators to
match the oscillatory part of the Hamiltonian, effectively elim-
inating fast-oscillating terms. When averaged over time, these
terms simplify, resulting in a more tractable Hamiltonian. The
Pauli matrices Sx and Sz for spin-1 system are defined as

Sx =
1√
2

0 1 0
1 0 1
0 1 0

 , Sz =

1 0 0
0 0 0
0 0 −1

 . (11)

The time-dependent phase variations are assumed to fol-
low the form

ϕ1(t) =−
Ωrp(t)sin(ωedt)

ωed cosβ
−

Ωrs(t)sin(ωdgt)
ωdg sinβ

,

ϕ2(t) =
Ωrp(t)sin(ωedt)

ωed cosβ
+

Ωrs(t)sin(ωdgt)
ωdg sinβ

. (12)

Here, β = arctan(
√

2 Ω0/∆)/2, ωed = ωe − ωd and ωdg =

ωd −ωg represent the frequency differences between the re-
spective levels. Now, we rewrite the Hamiltonian in the
dressed-state basis using the transformation Ud, then,

H5(t) = U†
d H4(t)Ud

= ωe|e⟩⟨e|+ωd|d⟩⟨d|+ωg|g⟩⟨g|+[Ωrp(t)cos(ωedt)

+Ωrs(t)cos(ωdgt)cot(β )]|e⟩⟨d|
+[Ωrp(t)cos(ωedt) tan(β )

+Ωrs(t)cos(ωdgt)]|d⟩⟨g|+H.c., (13)

where Ud is the transformation matrix

Ud = {|e⟩, |d⟩, |g⟩}

=
1√
2

 cosβ 1 sinβ√
2sinβ 0 −

√
2cosβ

cosβ −1 sinβ

 . (14)

Since the control field at ωed (resonant with the transition
|e⟩ ↔ |d⟩) and ωdg (resonant with the transition |d⟩ ↔ |g⟩) are
far off-resonant with the other transitions, we can simplify the
Hamiltonian by retaining only the resonant terms. This gives
us the following approximation:

H6(t) = ωe|e⟩⟨e|+ωd|d⟩⟨d|+ωg|g⟩⟨g|
+Ωrp(t)cos(ωedt)|e⟩⟨d|
+Ωrs(t)cos(ωdgt)|d⟩⟨g|+H.c. (15)

In the rotating frame and applying the rotating wave approx-
imation, we obtain the final Hamiltonian in the dressed-state
space

H7(t) =
Ωrp(t)

2
|e⟩⟨d|+ Ωrs(t)

2
|d⟩⟨g|+H.c., (16)

where the time-dependent parameters Ωrp(t) and Ωrs(t), de-
rived from the phase terms in Eq. (12), serve as the driving
field in the dressed subspace.

The Hamiltonian H7(t) has an instantaneous eigenstate,
the dark state |D(t)⟩, which corresponds to an eigenvalue of
zero

|D(t)⟩= cosθr|e⟩− sinθr|g⟩, (17)

where tanθr = Ωrp(t)/Ωrs(t). If the system is initially pre-
pared in the state |D(ti)⟩= |e⟩, and the evolution proceeds adi-
abatically, the system will remain in the dark state throughout
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the evolution. By maintaining the condition Ωrp(ti)/Ωrs(ti)≈
0 at the initial time ti, and Ωrs(tf)/Ωrp(tf) ≈ 0 at the final
time tf, the system will evolve adiabatically into the final
state |D(tf)⟩ = |g⟩, thereby implementing STIRAP between
the dressed states.

Next, we numerically simulate the STIRAP process using
both Gaussian pulses[2,19] and Vitanov-style pulses.[21,43] The
Gaussian pulses are defined as

Ωrp(t) = Ωr0 exp
(
−
(t − tf

2 − t0)2

τ2

)
,

Ωrs(t) = Ωr0 exp
(
−
(t − tf

2 + t0)2

τ2

)
, (18)

where the parameters are tf = 10 µs, and t0 = tf/10, τ = tf/6,
as shown in Fig. 2(a). For the Vitanov-style pulses, the expres-
sions are given by

Ω̃rp(t) = Ωr0 sin
(

π

2
1

1+ e−(t−tf)/τ̃

)
,

Ω̃rs(t) = Ωr0 cos
(

π

2
1

1+ e−(t−tf)/τ̃

)
, (19)

where tf = 10 µs, and τ̃ = tf/10, as illustrated in Fig. 2(b).
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Fig. 2. (a) The Gaussian pulses have the following parameters: tf = 10 µs,
and t0 = tf/10, τ = tf/6. (b) The Vitanov-style pulses are characterized by
tf = 10 µs, and τ̃ = tf/10. In both panels (a) and (b), the dashed red line
represents the shape of pump pulses (Ωrp/Ωr0 or Ω̃rp/Ωr0), while the solid
black line represents the shape of Stokes pulses (Ωrs/Ωr0 or Ω̃rs/Ωr0). Pan-
els (c) and (d) show the state evolutions during STIRAP. The solid black line
represents the population of the state |e⟩, the dashed red line represents the
population of the state |g⟩, and the green line represents the population of
the state |d⟩. Panel (c) presents the results for Gaussian pulses, while panel
(d) displays the results for Vitanov-style pulses. The population is defined as
|⟨m|ψ(t)⟩|2, where |m⟩ ∈ {|e⟩, |d⟩, |g⟩}. The parameters used in the calcu-
lations are as follows: E1 = 5 GHz, E2 = 0, E3 = 10 GHz, Ω0 = 200 MHz,
∆ = 200 MHz, and Ωr0 = 20 MHz.

We perform numerical calculations using the original
Hamiltonian H3(t) (i.e., Eq. (9)) in the laboratory frame with-
out any approximations. The system is initially in the state
|ψ(0)⟩ = |e⟩ at t = 0, and the final state at t = tf is given
by |ψ(tf)⟩ = Urexp[−i

∫ tf
0 H3(t)dt]|e⟩. This approach decom-

poses the unitary evolution into products of small time in-
tervals ∆ t , and takes the limit as ∆ t → 0. The parame-
ters used in the calculations are as follows: E1 = 5 GHz,

E2 = 0, E3 = 10 GHz, Ω0 = 200 MHz, ∆ = 200 MHz, and
Ωr0 = 20 MHz. The results for STIRAP using Gaussian pulses
and Vitanov-style pulses are shown in Figs. 2(c) and 2(d), re-
spectively. These results clearly demonstrate that the system,
initially in the state |e⟩, can undergo an adiabatic transfer to
the final state |g⟩. When tf = 1 µs, the adiabatic condition is
not well satisfied, leading to an incomplete STIRAP process,
as shown in Figs. 3(a) and 3(b). The lines in these figures
are non-smooth due to the numerical calculations performed
without the rotating wave approximation.
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Fig. 3. The parameter tf is set to tf = 1 µs, and the other parameters used
in the calculations are the same as those in Fig. 2. The results are as fol-
lows: (a) STIRAP process using Gaussian pulses, (b) STIRAP process using
Vitanov-style pulses, (c) sa-STIRAP process using Gaussian pulses, (d) sa-
STIRAP process using Vitanov-style pulses. In each panel, the solid black
line represents the population of the state |e⟩, the dashed red line represents
the population of the state |g⟩, and the green line represents the population
of the state |d⟩.

4. Superadiabatic STIRAP between dressed
states
To accelerate the STIRAP transfer between dressed

states, specifically to transition from |e⟩ to |g⟩, superadiabatic
driving can be employed. In general, superadiabatic control
requires an additional coupling between the initial and target
states, which effectively suppresses diabatic transitions.[10] By
modulating the amplitude and phase of the original driving
fields, we can create an effective coupling between the initial
and target states in the dressed-state space. Starting with the
original Hamiltonian in the laboratory frame H3(t), we intro-
duce a new driving field. The Hamiltonian then becomes

H8(t) = H3(t)+Hsa(t), (20)

where

Hsa(t) =
√

2Ωrd(t)
[

cos
(

ω1t +ϕ1(t)+
π

2

)
+ cos

(
ω2t +ϕ2(t)+

π

2

)]
Sx. (21)

Applying the rotating wave approximation in the rotating
frame and transforming to the dressed-state basis, the first term
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H3(t) is given by Eq. (16). We now detail the transforma-
tion process of Hsa(t). First, we transform Hsa(t) to the rotat-
ing frame using the unitary operator Ur and apply the rotating
wave approximation to obtain

Hsa1(t) =− i
2

Ωrd(t)|1⟩⟨2|+
i
2

Ωrd(t)|2⟩⟨3|+H.c. (22)

Next, we rewrite the Hamiltonian in the dressed-state basis us-
ing the transformation Ud

Hsa2(t) =U†
d Hsa1(t)Ud =

i√
2

Ωrd(t)|e⟩⟨g|+H.c. (23)

We set Ωrd(t) = 2
√

2Ω̃rd(t)cos(ωegt), where ωeg = ωe −ωg,
and apply the rotating wave approximation. The Hamiltonian
becomes

Hsa3(t) = iΩ̃rd(t)|e⟩⟨g|+H.c. (24)

Finally, the total Hamiltonian H8(t) becomes

H9(t) =
Ωrp(t)

2
|e⟩⟨d|+ Ωrs(t)

2
|d⟩⟨g|

+ iΩ̃rd(t)|e⟩⟨g|+H.c., (25)

where the term iΩ̃rd(t)|e⟩⟨g| represents the effective coupling
between |e⟩ and |g⟩. To ensure the superadiabatic driving is
properly satisfied, we define Ω̃rd(t) as

Ω̃rd(t) =
Ω̇rp(t)Ωrs(t)−Ωrp(t)Ω̇rs(t)

Ω 2
rp(t)+Ω 2

rs(t)
. (26)

This approach facilitates the implementation of sa-STIRAP
between dressed states in a three-level quantum system. We
perform numerical simulations using the original Hamiltonian
H8(t) (i.e., Eq. (20)) in the laboratory frame, without the rotat-
ing wave approximation. The parameter tf is set to 1 µs, and
the other parameters are consistent with those used in previ-
ous calculations. The results of sa-STIRAP are presented in
Fig. 3(c) for Gaussian pulses and Fig. 3(d) for Vitanov-style
pulses. By comparing these results with the STIRAP process
shown in Figs. 3(a) and 3(b), it is evident that superadiabatic
driving enhances the STIRAP process, especially when the
adiabatic condition is not well satisfied.

Figure 4 shows the fidelity of the final state as a func-
tion of the total evolution time tf for both the STIRAP and
sa-STIRAP processes. The fidelity is defined as F(tf) =
|⟨g|ψ(tf)⟩|2. The inset provides a zoomed-in view of the fi-
delity for a shorter time interval. The results demonstrate that,
for the STIRAP process, the fidelity of the state transfer ap-
proaches 1 when the total evolution time tf > 3 µs, while
for the sa-STIRAP process, the fidelity approaches 1 when
tf > 0.1 µs. The oscillations in the curves for tf < 0.1 µs are a
result of numerical calculations performed without the rotating
wave approximation.
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Fig. 4. The fidelity of the final state as a function of the total evolution time
tf in both the STIRAP and sa-STIRAP processes. The fidelity is defined as
F(tf) = |⟨g|ψ(tf)⟩|2. (a) Results obtained using Gaussian pulses. (b) Results
obtained using Vitanov-style pulses. In each panel, the dashed red line rep-
resents the fidelity of the final state for the STIRAP process, while the solid
black line represents the fidelity of the final state for the sa-STIRAP process.
The inset shows a zoomed-in view of the fidelity for a shorter time interval,
ranging from 0 µs to 0.2 µs.

5. Conclusion
In summary, we have introduced a novel method for im-

plementing sa-STIRAP between dressed states. By modulat-
ing the amplitude and phase of the original driving fields, we
demonstrate that the initial and target states in the dressed-state
space can be effectively coupled, facilitating faster population
transfer without the need for additional couplings that are typ-
ically required in traditional sa-STIRAP protocols. This ap-
proach offers a practical and experimentally feasible solution
to the challenge of accelerating adiabatic state transfer, making
sa-STIRAP more accessible for quantum systems in a variety
of experimental setups.

Future research could focus on optimizing the driving
field parameters further and investigating the robustness of this
approach in the presence of noise and imperfections, which is
essential for its practical implementation in real-world quan-
tum devices. Moreover, this sa-STIRAP method could be ap-
plied to a variety of three-level quantum systems, including
nitrogen-vacancy centers in diamond,[22,27,44] superconduct-
ing circuits,[24–26] cold atoms,[29,45,46] trapped ions,[47,48] and
quantum dots.[49,50]
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