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The 229Th nucleus is well known for its exceptionally low-lying nuclear isomeric level, which provides a unique
platform for exploring electron–nucleus interactions and gives rise to a variety of rich physical phenomena. One such
phenomenon is the hyperfine electronic bridge, which has recently been shown to enable efficient and precise manipulation
of the nuclear isomeric levels of 229Th [Phys. Rev. Lett. 133 223001 (2024)]. However, that study used the stimulated
Raman adiabatic passage method, which requires relatively long operation times. In this work, we employ the stimulated
Raman shortcut-to-adiabatic passage method, which dramatically shortens the operation time from the order of hundreds
of milliseconds to hundreds of microseconds while maintaining a transfer efficiency of about 79.38%.
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1. Introduction

The 229Th nucleus has an isomeric state with an extremely
low energy of about 8 eV,[1–3] enabling the development of
a nuclear clock controlled by state-of-the-art vacuum ultra-
violet lasers. Such a clock has been proposed for the de-
tection of variations in the fundamental constants and dark
matter.[4–8] Moreover, the 229Th nucleus provides a unique
platform to investigate fundamental electron–nucleus interac-
tions, including recollision-induced nuclear excitation,[9–11]

nuclear hyperfine mixing,[12–22] nuclear excitation by electron
capture,[23–26] and the electronic bridge (EB).[27–35]

The EB process refers to a nuclear transition induced
by a laser-driven electronic transition, in which the cou-
pling between the nucleus and the laser field is effectively
enhanced.[28] In particular, a two-photon EB scheme en-
ables the excitation of 229Th using two laser fields of around
300 nm,[36] thereby eliminating the need for a laser at about
150 nm. However, most EB studies have not accounted for
hyperfine structure.[27–34] As the uncertainty of the isomeric
energy has already been reduced to the kilohertz level, such
neglect has become unreasonable. Additionally, the treatment
of EB is in a perturbative way, and the decay of the excited
states involved in two-photon EB is typically ignored. Re-
cently, these issues were addressed by introducing the hy-
perfine EB process and using a quantum-optical method in

Ref. [37]. In that work, efficient preparation of the 229Th iso-
mer was achieved by using the stimulated Raman adiabatic
passage (STIRAP) method. Nevertheless, the use of the STI-
RAP technique rendered the preparation relatively slow.

In this work, we employ the STIRSAP[38,39] in the quan-
tum six-level system of 229Th3+ ions introduced in Ref. [37].
Numerical simulations demonstrate that the STIRSAP method
achieves efficient population transfer to the isomeric state
within hundreds of microseconds. This duration is only a
few hundredths of that required by the STIRAP scheme in
Ref. [37]. Under identical operating conditions and pulse peak
intensities, the STIRSAP method exhibits significantly higher
transfer efficiency than STIRAP. In addition, the influence of
one-photon detuning on the isomeric population transfer effi-
ciency of STIRSAP is investigated. Finally, compared with
STIRAP, the STIRSAP method is more robust against uncer-
tainties in the two-photon detuning.

2. Method
2.1. Hyperfine EB in 229Th

The combined nucleus–electron system is coupled
through the hyperfine interaction. This system has a series
of hyperfine levels characterized by the quantum numbers
(I,Γ J,F), where I denotes the nuclear spin, J is the electronic
angular momentum, F is the total angular momentum coupled
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by I and J, and Γ represents all other electronic quantum num-
bers. Each hyperfine level (I,Γ J,F) is described by a dressed
hyperfine state |[IΓ J]FmF⟩, which is an entangled state involv-
ing both nuclear and electronic degrees of freedom.[37] By us-
ing perturbation theory, |[IΓ J]FmF⟩ can be expanded in terms
of the hyperfine-coupled basis |IΓ J,FmF⟩

|[IΓ J]FmF⟩

= |IΓ J,FmF⟩+ ∑
τKn

(−1)I+Jn+F
{

In Jn F
J I K

}
× ⟨ΓnJn‖T (τK)‖Γ J⟩

E(I,Γ J)−E(In,ΓnJn)
⟨In‖M(τK)‖I⟩|InΓnJn,FmF⟩, (1)

where |IΓ J,FmF⟩ denotes the leading hyperfine-coupled basis
state with energy E(I,Γ J), and |InΓnJn,FmF⟩ represents a dif-
ferent hyperfine-coupled basis state with energy E(In,ΓnJn). The
specific expression of the hyperfine-coupled basis |IΓ J,FmF⟩
can be found in Ref. [37]. Here, M(τK) denotes the nuclear
transition operator and T (τK) represents the electronic operator
associated with the hyperfine interaction.[40] Both are spheri-
cal tensor operators of rank K, with τ distinguishing between
electric (τ = E) and magnetic (τ = M) types.

For the 229Th nucleus, the summation over nuclear spin In

in the above equation can be restricted to the ground level with
nuclear spin Ig and the isomeric level with nuclear spin Ie due
to the large energy gaps between these two states and all other
nuclear levels. The dominant transition between the nuclear
ground and isomeric levels of 229Th is a magnetic-dipole (M1)
transition. Therefore, in the calculation of dressed hyperfine
states, the reduced matrix ⟨Ie‖M(τK)‖Ig⟩ is required, which
is determined by the reduced nuclear transition probability
B(M1, Ie → Ig) = 3|⟨Ie‖M(M1)‖Ig⟩|2/[4π(2Ie + 1)]. In this
work, a value of B(M1, Ie → Ig) = 0.022 W.u. is adopted.[1]

The detailed numerical method can be found in the supple-
mental material of Ref. [37].

The hyperfine EB process describes a transition be-
tween two different hyperfine levels, e.g., (Ig,Γ1J1,Fg) →
(Ie,Γ2J2,Fe), in which both the nuclear and electronic struc-
tures are changed.[41] Compared with the conventional de-
scription of the EB process,[27–35] the physical picture of the
hyperfine EB is simplified as a two-level transition, where
the numerous intermediate levels are effectively eliminated.
Another advantage of hyperfine EB is that it allows for a
straightforward construction of quantum-optical models in-
volving only a few levels, opening the possibility of employ-
ing different quantum-control techniques.[37] In this work, we
focus on 229Th3+ ions, which have been proposed as a candi-
date system for a nuclear clock.[4] We emphasize that hyper-
fine EB transitions generally exist in different 229Th ions (and
other nuclear systems). Consequently, our quantum-optical
approach is flexible and can be applied to other 229Th ions,
such as 229Th6+,[42] 229Th32+, and 229Th40+. For 229Th32+

and 229Th40+, it has been demonstrated that hyperfine EB tran-
sitions can significantly enhance the sensitivity to variations of
the fine-structure constant.[41]

In 229Th3+ ions, the most efficient EB excitation in-
volves the electronic transition 7p1/2 → 7s1/2.[29] There-
fore, in this work, we investigate the hyperfine EB transition
[Ig,(7p1/2)J = 1/2,Fg] → [Ie,(7s1/2)J = 1/2,Fe] driven by a
bridge-assisting laser field. However, the 7p1/2 level is short-
lived, with a lifetime of only about 1.1 ns.[43] In a practical
scheme, both the preparation and decay of the 7p1/2 level must
be considered. The 7s1/2 level is metastable with a lifetime of
about 0.6 s,[43] so we assume the system is initially prepared
in this level and an electron-assisting laser field is applied to
drive the transition from 7s1/2 to 7p1/2. To account for the
influence of the decay of 7p1/2, the 6d3/2 and 5 f5/2 levels are
also included. Consequently, a six-level model is constructed,
as shown in Fig. 1.

>

>

>

>

>

>

Ωb

Ωe

∆

γ24 γ21 γ25

γ56

δ

Fig. 1. The six-level model for 229Th3+ ions begins with |1⟩ ≡
|[Ig7s1/2]F = 2⟩ and aims to excite the isomeric state |3⟩≡ |[Ie7s1/2]F =
2⟩ via the intermediate state |2⟩ ≡ |[Ig7p1/2]F = 3⟩. An electron-
assisting laser (with Rabi frequency Ωe) drives the transition between
|1⟩ and |2⟩, while a bridge-assisting laser (with Rabi frequency Ωb)
couples |2⟩ and |3⟩. The decay from |2⟩ to |1⟩ (with decay rate γ21),
|4⟩ ≡ |[Ig7s1/2]F = 3⟩ (with decay rate γ24), and |5⟩ ≡ |Ig,6d3/2⟩ (with
decay rate γ25), as well as the decay from |5⟩ to |6⟩ ≡ |Ig,5 f5/2⟩ (with
decay rates γ56) are considered. Hyperfine structures of |5⟩ and |6⟩ are
ignored, as they do not affect the isomeric population transfer from |1⟩
to |3⟩. ∆ = E2 −E1 −ωe and δ = E3 −E1 −ωe −ωb denote the one-
photon and two-photon detunings, respectively, where ωe and ωb are
the frequencies of the electron-assisting and bridge-assisting lasers.

2.2. Quantum master equation for six-level model in
229Th3+ ion

The Hamiltonian of the six-level model in the interaction
picture is written as [the atomic unit (h̄ = |e| = me = 1) is
used]:

H(t) = ∆σ̂22 +δ σ̂33 +[Ωe(t)σ̂21 +Ωb(t)σ̂32 +H.c.] , (2)

where Ωe(t) and Ωb(t) represent the Rabi frequencies of the
electron-assisting and bridge-assisting laser pulses, respec-
tively. σ ji denotes the projector | j⟩⟨i| (i, j = 1, . . . ,6). The
one-photon and two-photon detunings are defined by ∆ =

E2−E1−ωe and δ = E3−E1−ωe−ωb, where ωe and ωb are
the frequencies of the electron-assisting and bridge-assisting

064201-2
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lasers. Here, E j is the energy of | j⟩. The time evolution of the
system is described by the quantum master equation

ρ̇ =−i[H(t),ρ]+ℒρ, (3)

where ℒρ represents the Lindblad term given by

ℒρ =
γ21

2
ℒσ̂12 ρ +

γ24

2
ℒσ̂42ρ +

γ25

2
ℒσ̂52 ρ +

γ56

2
ℒσ̂65 ρ. (4)

Here, γi j (i, j = 1, . . . ,6) denotes the decay rate from state |i⟩
to state | j⟩, and the operator ℒσ̂ jiρ is defined as

ℒσ̂ jiρ = 2σ̂ jiρσ̂
†
ji − σ̂

†
jiσ̂ jiρ −ρσ̂

†
jiσ̂ ji. (5)

For the atomic electric-dipole transition between hyperfine
levels (Ig,ΓiJi,Fi) and (Ig,ΓfJf,Ff), the decay rate γi j is ex-
pressed as

γi j =
4
3

(
ωi j

c

)3
(2Ff +1)

{
Jf Ji 1
Fi Ff Ig

}2

×
∣∣∣〈Γf J f

∣∣∣∣∣∣𝒪(E1,length)
∣∣∣∣∣∣ΓiJi

〉∣∣∣2 , (6)

where ωi j is the transition energy, and 𝒪(E1,length) =

−rC(1)(θ ,φ) is the electric-dipole momentum operator in the
length gauge. If the hyperfine structure is neglected, the decay
rate between electronic levels (ΓiJi) and (ΓfJf) is obtained by
summing Eq. (6) over Ff:

γi j =
4
3

(
ωi j

c

)3

∣∣∣〈Γf J f

∣∣∣∣∣∣𝒪(E1,length)
∣∣∣∣∣∣ΓiJi

〉∣∣∣2
2Ji +1

. (7)

The atomic decay rates used in this work are γ21/2π =

35 MHz, γ24/2π = 28 MHz, γ25/2π = 100 MHz, and
γ56/2π = 0.18 MHz.[37]

The Rabi frequencies Ωb(t) and Ωe(t) are given by

Ωb(t) =
E0,b

2
fb(t)(−1)m

(
2 1 3
−m 0 m

)
Mb, (8)

Ωe(t) =−
E0,e

2
fe(t)(−1)m

(
2 1 3
−m 0 m

)
Me. (9)

Here, m denotes the magnetic quantum number, E0,b and E0,e

are the strengths of the bridge-assisting and electron-assisting
laser fields. fb(t) and fe(t) represent the envelope functions
of the bridge-assisting and electron-assisting laser fields. Both
laser fields are assumed to be linearly polarized along the z
axis.

The notation Mb in Eq. (8) denotes the reduced matrix el-
ement associated with the transition |2⟩ → |3⟩. The general
expression of Mb for the transition from the hyperfine level
(Ig,ΓiJi,Fi) to the hyperfine level (Ig,ΓfJf,Ff) is

Mb =
√

[Fi][Ff](−1)Ig+Fi+Jf

×∑
τK

[
M(τK,E1)+M(E1,τK)

]〈
Ie

∣∣∣∣∣∣ℳ(τK)
∣∣∣∣∣∣ Ig

〉
, (10)

with the notation [F ]≡ 2F +1 and the components:

M(τK,E1) = ∑
t
(−1)2Ig+1+Ji+Jf+2Ff

{
Ji Jt 1
Ff Fi Ig

}
×
{

Ig Jt Ff
Jf Ie K

}〈
ΓfJf

∣∣∣∣∣∣T (τK)
∣∣∣∣∣∣ΓtJt

〉
×

〈
ΓtJt

∣∣∣∣∣∣𝒪(E1,length)
∣∣∣∣∣∣ΓiJi

〉
E(Ie,ΓfJf)−E(Ig,Γt Jt )

,

M(E1,τK) = ∑
t
(−1)Ie+Ig+1+2Jt+Fi+Ff

{
Jt Jf 1
Ff Fi Ie

}
×
{

Ie Jt Fi
Ji Ig K

}〈
ΓfJf

∣∣∣∣∣∣𝒪(E1,length)
∣∣∣∣∣∣ΓtJt

〉
×

〈
ΓtJt

∣∣∣∣∣∣T (τK)
∣∣∣∣∣∣ΓiJi

〉
E(Ig,ΓiJi)−E(Ie,Γt Jt )

. (11)

The detailed derivation of Eq. (10) can be found in the Sup-
plemental Material of Ref. [37]. By substituting the configu-
rations of |2⟩ and |3⟩ into Eq. (10), the corresponding form of
Mb in Eq. (8) is obtained.

Similarly, the reduced matrix element Me in Eq. (9) is as-
sociated with the transition |1⟩ → |2⟩, and its general expres-
sion for the transition (Ig,ΓiJi,Fi)→ (Ig,ΓfJf,Ff) is given by

Me = (−1)Ig+1+Ji+Ff
√
[Fi][Ff]

{
Jf Ji 1
Fi Ff Ig

}
×
〈
ΓfJf
∣∣∣∣𝒪(E1,length)∣∣∣∣ΓiJi

〉
. (12)

Note that we have corrected the sign terms in Eqs. (11)
and (12), which were given incorrectly in Ref. [37]. Fortu-
nately, the influence of these errors on the numerical results in
Ref. [37] is negligible.

2.3. Shortcut design

In the case of two-photon resonance (δ = 0), the authors
of Ref. [37] achieved the isomeric population transfer by us-
ing the STIRAP scheme for the six-level system of 229Th3+

ions. In that scheme, time-dependent but slowly varying Rabi
frequencies Ωb(t) and Ωe(t) are involved, allowing the system
to remain in the dark state

|D(t)⟩= 1√
Ω 2

b (t)+Ω 2
e (t)

[Ωb(t)|1⟩−Ωe(t)|3⟩] (13)

throughout the entire adiabatic process, thereby realizing pop-
ulation transfer from the initial state |1⟩ to the target state |3⟩.
This method maintains stable performance despite small vari-
ations in laser parameters, such as intensity and detuning.

To realize swift population transfer from |1⟩ to |3⟩
via STIRAP within a reduced timescale, one can em-
ploy counterdiabatic driving under the two-photon resonance
condition,[44–48] which is consistent with the quantum tran-
sitionless algorithm. This technique introduces an auxiliary
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interaction expressed as

Hcd(t) = ih̄∑
n
(|∂tn⟩⟨n|− ⟨n|∂tn⟩|n⟩⟨n|) , (14)

where |n⟩ denotes the instantaneous eigenstates of H(t). The
Hamiltonian Hcd(t) can be tailored specifically as

Hcd = ih̄Ωa(t)|1⟩⟨3|+H.c., (15)

with the coefficient Ωa(t) defined by Ωa(t) = [Ω̇e(t)Ωb(t)−
Ω̇b(t)Ωe(t)]/[Ω 2

e (t) + Ω 2
b (t)]. This additional coupling be-

tween |1⟩ and |3⟩, enabled by a dipole transition in an atomic
setup, effectively mitigates non-adiabatic transitions.

When the detuning of the intermediate level becomes sub-
stantial (∆ ≫ Ω max

e ,Ω max
b ), the population in state |2⟩ remains

negligible (ċ2(t)≈ 0), allowing for its adiabatic elimination by
neglecting fast-oscillating off-diagonal terms. This procedure
yields an effective two-level Hamiltonian within the {|1⟩, |3⟩}
subspace[49]

Heff =
1
2

(
− |Ωe(t)|2−|Ωb(t)|2

∆
− 2Ωe(t)Ωb(t)

∆

− 2Ωe(t)Ωb(t)
∆

|Ωe(t)|2−|Ωb(t)|2
∆

)
. (16)

With this effective two-level description, the counterdiabatic
driving term can be systematically derived based on the time
evolution of the effective Hamiltonian: [44]

Hcd =
1
2

(
0 iα(t)

−iα(t) 0

)
, (17)

where α(t) is derived from the time derivatives of the ef-
fective Rabi frequency and detuning,α(t) = [Ω̇eff(t)∆eff(t)−
Ωeff(t)∆̇eff(t)]/[∆ 2

eff(t) + Ω 2
eff(t)] with ∆eff(t) = (|Ωe(t)|2 −

|Ωb(t)|2)/∆ and Ωeff(t) = −2Ωe(t)Ωb(t)/∆ . The complete
driving Hamiltonian becomes Htotal = Heff+Hcd. By applying
certain unitary transformations,[50–52] Htotal can be recast into

H̃total =
1
2

(
− |Ω̃e(t)|2−|Ω̃b(t)|2

∆
− 2Ω̃e(t)Ω̃b(t)

∆

− 2Ω̃e(t)Ω̃b(t)
∆

|Ω̃e(t)|2−|Ω̃b(t)|2
∆

)
(18)

with

Ω̃e(t) =
{

∆

2

[(
∆̃

2
eff(t)+ Ω̃

2
eff(t)

)1/2
+ ∆̃eff(t)

]}1/2

,

Ω̃b(t) =
{

∆

2

[(
∆̃

2
eff(t)+ Ω̃

2
eff(t)

)1/2 − ∆̃eff(t)
]}1/2

, (19)

where the positive and negative signs in the square roots are
chosen to ensure Ω̃e(t) and Ω̃b(t) correspond to the electron-
assisting and bridge-assisting field amplitudes, respectively.
We note that ∆ appearing in Eqs. (18) and (19) should have
an additional modulation. However, such a modulation can
be negligible [50] and has been neglected. This suggests that,
upon reverting to the full three-level description, we can en-
gineer modified electron-assisting and bridge-assisting laser
pulses to replicate the transformed effective Hamiltonian, en-
suring consistency with the two-level approximation.

3. Realization of STIRSAP
Within the STIRAP method, the envelope functions of the

bridge-assisting and electron-assisting laser fields are modeled
as slowly varying Gaussian pulses:

fe(t) = exp
[
− (t − te)2

σ2

]
,

fb(t) = exp
[
− (t − tb)2

σ2

]
. (20)

Here, σ represents the full width at half-maximum, while te
and tb denote the center times of the respective pulses. To sat-
isfy the adiabatic condition, which is crucial for high-fidelity
population transfer, these pulses must evolve slowly, neces-
sitating sufficiently long durations and a significant tempo-
ral overlap. As a benchmark, we consider the STIRAP im-
plementation in Ref. [37]. In that work, the laser intensity
I0 (≡ ε0E2

0,b/2 with vacuum permittivity ε0) of the bridge-
assisting laser field is set to 2×107 W/cm2, corresponding to a
peak Rabi frequency of Ωb(tb)/2π = 6.8×105 Hz. The pulse
parameters were set to σ = 18 ms, tb = 55 ms, and te = 82 ms,
with a total operation time of ttotal = 140 ms. This configura-
tion achieved a remarkable final transfer efficiency of approx-
imately 99.7%.

In the STIRSAP scheme, based on Eq. (19), the modi-
fied electron-assisted and bridge-assisted laser pulses replace
the original pulses in Eq. (20). The peak Rabi frequencies,
before any modification, are set as Ωb(tb)/2π = Ωe(te)/2π =

6.8 × 105 Hz. Let us first consider the case of two-photon
resonance (δ = 0), and the one-photon detuning is chosen
as ∆ = 1000 |Ωb(tb)|. By optimizing the pulse parameters to
σ = 54 µs, tb = 120 µs, and te = 160 µs, the resulting Rabi fre-
quencies of the modified pulses, Ω̃b(t)/2π and Ω̃e(t)/2π , are
shown in Fig. 2(a), whose peak values are 12.9×105 Hz; the
total operation time is ttotal = 280 µs, which is merely 1/500 of
the time required for STIRAP in Ref. [37]. Under these con-
ditions, the population transfer efficiency reaches 79.38% [see
Fig. 2(b)].

The modified pulses exhibit higher peak intensities and
different pulse durations compared with the original pulses.
To ensure a fair comparison, the peak Rabi frequencies and
durations of the pulses in the STIRAP scheme were matched
to those in the STIRSAP scheme. Therefore, the parame-
ters of the STIRAP scheme were optimized accordingly as
σ = 67 µs, tb = 120 µs, and te = 122 µs, with the same peak
Rabi frequency Ωb(tb)/2π = 12.9×105 Hz and a total oper-
ation time of ttotal = 280 µs. In this case, the STIRAP scheme
achieved a population transfer efficiency of only 35.63% from
state |1⟩ to state |3⟩ [see Fig. 2(c)]. Compared to the STIRAP
scheme, the STIRSAP scheme achieves a higher population
transfer efficiency while operating in a significantly reduced
time.
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Fig. 2. The upper and lower panels correspond to total operation times of ttotal = 280 µs and ttotal = 140 µs, respectively. (a)–(d) Rabi
frequencies Ω̃e(t) and Ω̃b(t) employed in the STIRSAP scheme. (b) and (e) Population transfer efficiencies from state |1⟩ to state |3⟩ achieved
via the STIRSAP scheme, which are 79.38% and 35.63%, respectively. (c) and (f) Population transfer efficiencies obtained with the STIRAP
scheme, corresponding to 41.88% and 0.36%, respectively. The parameters are: (a)–(b) σ = 54 µs, te = 120 µs, tb = 160 µs, Ωb/2π =
Ωe/2π = 6.8× 105 Hz, ∆ = 1000|Ωb(tb)|; (c) σ = 67 µs, te = 120 µs, tb = 122 µs, Ωb/2π = Ωe/2π = 12.9× 105 Hz, ∆ = 1000|Ωb(tb)|;
(d) and (b) σ = 20 µs, te = 67 µs, tb = 73 µs, Ωb/2π = Ωe/2π = 1.8× 105 Hz, ∆ = 1000|Ωb(tb)|; (f) σ = 23 µs, te = 56 µs, tb = 84 µs,
Ωb/2π = Ωe/2π = 1.8× 105 Hz, ∆ = 1000|Ωb(tb)|. Throughout all subplots, two-photon detuning is zero (δ = 0), and the atomic decay
rates are γ21/2π = 35 MHz, γ24/2π = 28 MHz, γ25/2π = 100 MHz, and γ56/2π = 0.18 MHz.

To further explore the performance limits, we reduce
the total operation time to ttotal = 140 µs, a further reduc-
tion from the previous case. For the STIRSAP scheme, the
peak Rabi frequencies, before any modification, are set as
Ωb(tb)/2π = Ωe(te)/2π = 1.8 × 105 Hz. The detuning is
∆ = 1000 |Ωb(tb)|, with the system under two-photon reso-
nance (δ = 0). The Rabi frequencies of the modified pulses
derived from Eq. (19), Ω̃b(t)/2π and Ω̃e(t)/2π , are shown
in Fig. 2(d), whose peak values are 6.8 × 105 Hz. The
corresponding optimized pulse parameters are σ = 20 µs,
tb = 67 µs, and te = 73 µs, achieving a population transfer
efficiency of 41.88% [see Fig. 2(e)]. In contrast, the peak
Rabi frequencies and half-widths of the pulses in the STIRAP
scheme were matched to those in the STIRSAP scheme. The
optimized parameters are set as σ = 23 µs, tb = 56 µs, and
te = 84 µs, yet the population transfer efficiency is only 0.36%
[see Fig. 2(f)]. This demonstrates the superior performance of
the STIRSAP scheme under such compressed timescales.

To elucidate the advantages of the STIRSAP scheme over
the STIRAP scheme for population transfer in the 229Th3+

ions, we systematically compare their performance in the to-
tal operation time, the detuning, and the peak Rabi frequency
under the condition of two-photon resonance. These com-
parisons highlight the advantages of STIRSAP, which bene-
fits from the counter-diabatic driving. First, under identical
conditions of the peak Rabi frequencies Ωb(tb) = Ωe(te), the
detuning ∆ , and fixed Gaussian pulse shapes, the total opera-
tion time ttotal significantly affects the population transfer ef-
ficiency. As shown in Fig. 3(a), reducing ttotal from 140 ms
to 140 µs leads to a decrease in population transfer efficiency

from nearly 100% to 75.91% in the STIRSAP scheme (red
dashed line). In contrast, the population transfer efficiency of
the STIRAP scheme drops sharply to only 6.78% (blue solid
line).

Second, under identical conditions of the peak Rabi fre-
quencies Ωb(tb) = Ωe(te), the total operation time ttotal, and
fixed Gaussian pulse shapes, the detuning ∆ affects the two
schemes differently and varies with the operation time. For a
long time (ttotal = 140 ms), as shown in Fig. 3(b), both schemes
maintain efficiencies above 99.7% in various ranges ∆ . How-
ever, under large detuning, the population transfer efficiency
of STIRSAP (red dashed line) slightly outperforms that of
STIRAP (blue solid line). For a short time (ttotal = 140 µs),
as depicted in Fig. 3(c), the behaviors are markedly different.
For small detuning, the efficiencies are comparable; for large
detuning, the population transfer efficiency of the STIRSAP
scheme (red dashed line) increases with detuning, while that of
the STIRAP scheme (blue solid line) decreases slightly. This
enhancement of the STIRSAP scheme arises from the role of
detuning in counteracting dissipation effects, effectively pro-
tecting population transfer from intermediate-state decay (the
state |2⟩).

Under identical conditions of the detuning ∆ , the to-
tal operation time ttotal, and fixed Gaussian pulse shapes, the
peak Rabi frequencies Ωb(tb) = Ωe(te) affect the population
transfer in the STIRSAP scheme. For a long time (ttotal =

140 ms), the increase of Ωb(tb) results in a slight efficiency
increase (from 93.45% to 99.97%) [see the black dotted line
in Fig. 3(d)]. For a short time (ttotal = 140 µs), as depicted by
the purple dashed line in Fig. 3(d), the efficiency rises signif-

064201-5



Chin. Phys. B 35, 064201 (2026)

icantly from 38.46% to 94.13% with the increase of Ωb(tb).
Thus, we must fully consider the influence of enhanced pulse

intensity, which is also the reason for conducting comparisons
at the same pulse intensity in Fig. 2.
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decay rates are the same as those in Fig. 2.

Finally, in Fig. 4, we further examine the influence of
two-photon detuning δ on the isomeric population transfer,
fixing the one-photon detuning at ∆ = 1000Ωb. For com-
parison, the corresponding result for STIRAP is also shown.
For the STIRSAP scheme (red dashed line), when the two-
photon detuning reaches about 3.9× 10−3 Ωb (i.e., δ/2π ≈
2.7× 103 Hz), the isomeric population transfer decreases to
half of its maximum value, reaching about 39.69%. Beyond
this threshold, the isomeric population transfer drops rapidly

to zero. In contrast, the STIRAP scheme (blue solid line) is
more sensitive to δ : the corresponding half-maximum thresh-
old occurs at about 2.7×10−3 Ωb, which is smaller by a factor
of 1.4 compared with the STIRSAP scheme. Consequently,
STIRSAP is more experimentally advantageous in the pres-
ence of measurement uncertainties in nuclear or electronic en-
ergy levels. These results collectively demonstrate that STIR-
SAP not only accelerates population transfer by orders of mag-
nitude but also maintains high efficiency over a wide range of
detuning, making it particularly suitable for nuclear quantum
optics applications where dissipation and time constraints are
critical.

4. Conclusion
In summary, we have demonstrated that the STIRSAP

method provides a rapid and efficient approach for achieving
isomeric population transfer in the 229Th3+ ions. Compared
with the STIRAP method, STIRSAP significantly shortens the
operation time from the order of hundreds of milliseconds to
hundreds of microseconds, while maintaining a high trans-
fer efficiency of 79.38%. Even under shorter pulse durations,
where the STIRAP method becomes almost ineffective, the
STIRSAP method still achieves an isomeric population trans-
fer exceeding 40%. Compared with STIRAP, the STIRSAP
method is more robust against uncertainties in the two-photon
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detuning, which is particularly advantageous in the presence
of uncertainties in nuclear or electronic energy levels.
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