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Non-Hermitian dissipation dynamics, capable of turning the conventionally detrimental decoherence effects to useful
resources for state engineering, is highly attractive to quantum information processing. In this work, an effective scheme
is developed for implementing fast population transfer with a superconducting qutrit via the non-Hermitian shortcut to
adiabaticity (STA). We first deal with a A-configuration interaction between the qutrit and microwave drivings, in which
the dephasing-assisted qubit state inversion requiring an overlarge dephasing rate is constructed non-adiabatically. After
introducing a feasible ancillary driving that directly acts upon the qubit states, the target state transfer can be well realized
but with an accessible qubit dephasing rate. Moreover, a high fidelity could be numerically obtained in the considered
system. The strategy could provide a new route towards the non-Hermitian shortcut operations on superconducting quantum

circuits.
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1. Introduction

Behaving as artificial atoms, solid-state superconduct-
ing circuits based on Josephson junctions possess some dis-
crete energy levels, from which one can define qubit states
for quantum information applications.!'-6! Superconducting
qubits, holding many distinctive advantages (such as desir-
able level structure, convenient microwave control, and easily-
realized scalability), have attracted increasing attention in re-

[7-131 Although some remarkable progress has been

cent years.
made using superconducting qubits, the construction of high-
fidelity quantum operations is still a crucial topic in the current
field of information processing and state engineering.[!4-18]
The primary reasons for it are as follows. On the one hand,
superconducting qubits are inevitably subjected to their envi-
ronmental noises, which induce the adverse effect of decoher-
ence in qubits. On the other hand, external drivings are in-
dispensable for performing information processing tasks, in
which the fluctuations of control variables unavoidably cause
errors to target operations.

To implement fast and robust quantum operation, the
technique of STA!?! has been put forward in the Hermi-
tian systems. Compared with the adiabatic case, the power-
ful method of STA not only accomplishes manipulations in
an accelerated way, but also remains the robustness of oper-
ations against the fluctuations of control variables and tim-

(20211 Dye to these inherent advantages, the STA-

ing errors.
based operations on superconducting qubits have been in-
vestigated both theoretically and experimentally.!*>3*] Con-

sidering the system dissipation effect, much attention has
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been further devoted to the technique of non-Hermitian STA

35-381 by which the detrimental dissipation could

theoretically,|
be especially utilized for serving the dynamical evolutions of
interest.3%-*11 However, in order to make the non-Hermitian
effects significantly helpful to dynamical behaviors, the sys-
tem dissipation generally requires a large rate, giving rise to
a severe restriction for some systems without desirable dissi-
pation rates. Therefore, how to realize the STA-based quan-
tum operations on the non-Hermitian superconducting artifi-
cial atoms with accessible dissipation rates is an interesting
issue.

Motivated by these aspects, we present a theoretical
scheme for implementing fast population transfer in a super-
conducting qutrit by the technique of non-Hermitian STA.
Firstly, based on a A-configuration interaction between the
qutrit and microwave drivings, a non-adiabatic state inversion
can be constructed within the framework of non-Hermitian
STA, however, the needed qubit dephasing rate is inaccessi-
bly large. To this end, we exert an ancillary driving acting on
the qubit states and then achieve a A-configuration interaction,
in which the target state transfer can be rapidly completed.
Owing to the complementarity between the dephasing effect
and the ancillary driving, the dephasing rate can be reduced
remarkably to be available within the current system. Nu-
merically, we analyze the feasibility of ancillary driving and
estimate the operation fidelity. The scheme gives a potential
possibility of fast implementing state operations on supercon-
ducting qubits by means of the non-Hermitian dissipation dy-

namics.
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This paper is structured as follows. We present a super-
conducting quantum circuit driven by microwave fields in Sec-
tion 2. By the method of non-Hermitian STA, in Section 3
we first address a state transfer within a A-type qutrit with a
overlarge qubit dephasing rate. By adding a feasible ancillary
driving, Section 4 focuses on the qubit state transfer within
a A-type qutrit with an accessible dephasing rate. Discussion
and a conclusion are finally drawn in Section 5.

2. A superconducting circuit interacting with
microwave drivings

As depicted in Fig. 1, a Cooper-pair box (CPB) circuit
under consideration contains a superconducting island with n
extra Cooper pairs, in which the charging energy scale of the
system is E.. Through two symmetric Josephson junctions
(with the identical coupling energies Ej and capacitances Cy),
the CPB is connected to a segment of a superconducting ring.

e,#243] the characteristic system pa-

In the charge-phase regim
rameters Ey and E, have the same order of magnitude, Ey ~ E.
The CPB is biased by a static bias voltage V4 through a gate ca-
pacitance Cy. A static magnetic flux @y in the ring aims to ad-
just the effective Josephson coupling Ejq. Meanwhile, ac gate
voltages V , are respectively applied to the box through gate
capacitances Cs,, and a time-dependent flux qBP threads the
ring as well. These microwave drivings, interacting with the

CPB circuit effectively, are used to induce state transitions. [44]

if Cq
=

E;

Q

Ca s

Fig. 1. Schematic demonstration of the considered Josephson circuit
driven by microwave fields.

The static Hamiltonian of the CPB system is given by
Hy = E.(n—nq)? — Ejgcos 0, where the first term stands for
the charging energy, and the second one represents the Joseph-
son coupling. The charging energy scale reads E. = 2¢2/C,
with C(= 2Cy + C4 + Cs + C,) being the total capacitance,
and the number of polarized gate charge induced by Vj is
ng = CqV4/(2e). The effective Josephson coupling is Ejqg =
2F; cos(n%), in which &y = h/(2e) indicates the flux quan-
tum. Here 6 denotes the average phase difference of the
two junctions, which is canonically conjugate to n, namely,
[0,n] = i.
{|n),|n+ 1)} (with n being integer numbers), the Hamiltonian

Within the basis of Cooper-pair number states

can be rewritten as

Hy=Y Ec(n—nq)*|n) (n|—%(|n> (n+1|+Hec)|. (1)

n

With an effective Josephson coupling Eyg = 1.5E, the first
three eigenenergies E; and eigenstates |k) at a magic point
ng = 0.5 can be derived in light of Eq. (1), with k = qo, q1,
and f. Each level state can be expressed as a superposition of
Cooper-pair number states, [k) =Y, ¢k, |n), with ¢y, being the
superposition coefficients. Notice that level anharmonicity of
the qutrit is enough for the present circuit in the charge-phase
regime.

Two ac gate voltages Vi = Vicos(wst) and V, =
Vacos(w,t) are coupled to the CPB, in which V;, are the
voltage amplitudes, and s, act as the microwave frequen-
cies. The Hamiltonians describing electrical interactions have
the forms Hs, = —2Ecfis,Y.,(n — ng) |n) (n|, where i, =
M52 COS( s ot ), With ng, = Cs,Vsa/(2¢). The transition ma-
trix elements between |g;) and |f) (|go)) induced by Vi
(V) take tg, f = Qscos(wst) and 1y, 4, = £2,cos(w,t), respec-
Differ-
ently, the magnetic interaction Hamiltonian between the time-

tively, in which €, are the coupling strengthes.

dependent flux driving &, = ®,cos(wyt) and the CPB is of
form H, = %Znﬂrz) (n+1] +H.c.). For the amplitude of
b, ml{ch smaller than @, one has ~sin(nf%g) ~ 77:% and
cos(n%) ~ 1, leading to Ej, = 2Ej%sin(7r%g). Allowed
by the level transition rule, the interaction causes a transition
between |f) and |go) (at ng = 0.5). The transition matrix ele-

ment reads 774, = £2, cos(@pt ), where £, denotes the relevant
Rabi rate. [43:44]

3. Qubit state inversion within a A-type qutrit
via non-Hermitian STA

We first treat a A-type interaction between the qutrit and
the microwave drivings. As demonstrated in Fig. 2(a), two
classical microwave fields V; and i)p, behaving as the corre-
sponding Stokes and pump drivings, are employed to induce
the desired level couplings |f) +— |g1) (|g0)), and their Rabi
frequencies are Qg and €, respectively. Here |go) and |g;)
are encoded as qubit states, while | f) is an auxiliary state. The
microwave frequency @ (®,) is largely detuned to the transi-
tion frequency @sq, (@yry,). In addition, due to the sufficient
level anharmonicity, the V,-caused transition between |g1) and
|go) gets vanished nearly. Behaving as non-Hermitian deco-
herence terms, £i7 represent the dephasing effect regarding
qubit states, as mentioned in the following.

Within the bare state basis {|qo),|f),|q1)} and with no
dephasing effect £i7y, a Hamiltonian characterizing the two-
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photon resonance interaction is!*!]
0 2,0
H1:5 Q, 26 & |, 2)
0 Q 0
where 6 = @7y, — 0, = W7, — O is a common detuning. The

instantaneous eigenstates of the Hamiltonian H; are denoted
as |wy), |wo) and |y ), which are connected to the bare states
lg0), |f) and |q1) as follows:

|wy) = sin@sin@ |qo) +cos@|f) +sin@cosB|q),
|wo) = cos 8 |qo) —sinb |q1),
) = cospsinBlgo) — sing| ) +cos @cosOla1), (3)

in which the angles 6 and ¢ fulfill tan6 = ,/Q and

tan(2¢) = Q /4, respectively, with Q = ,/Q2+0Q2. The
probability amplitudes a(t) = [a;(t),a0(t),a_(t)]" of the
[Bag (1),57(0), by ()] of the
bare states by the unitary transformation

b(t)

where the superscript T indicates matrix transposition, and the

eigenstates are linked to b(r) =

— Wa(s),

transformation matrix W satisfies

sin@sin@ cos@ cos@sinf
cos @ 0 —sing . (@)
sin@cos® —sinO cos@cosO

W =

By making use of Hl(a) =W IH\W — ihW~!W, the system
evolution within the eigenstate basis can be addressed accord-
ing to the Schrodinger equation, ifid(t) = Hl(a) a(t). The choice
of eigenstate basis is convenient to judge the adiabaticity of
system evolution.

After introducing the non-Hermitian dephasing term +iy
to the Hamiltonian H;, we then have
—iy £, 0
Q, 26 £ |. (5)

2\ 0 a iy

As mentioned in Ref. [45], the dephasing could physically
originate from environmental effects or the fluctuating fre-
quencies of the external fields. Within the eigenstate basis
{lv+),vo),|w-)}, the Hamiltonian H}y can be expressed as

HY =w-

7 YHy W —inw W, (6)

whose matrix elements of interest are

[Hl(;l/)]m = —ising[ysin(26) —26]/2,
[H}y) )2 = —icos plysin(20) ~ 262,

which give the transition strengthes from |yp) to |y.), re-
spectively. To make the system evolution only along an initial

state |yp), these two non-adiabatic coupling terms need to be

[Hl(%lz = [Hl(‘;,)]gg = 0, meaning

26
~ sin(20)°

(N

In this situation, the state transitions from |yp) to |y.) are cut
off completely.!4"]

Numerically, we consider the dynamical behavior based
on two pulses £, ; as the Gaussian functions of time 7 € [0,#],

as demonstrated in Fig. 2(b),

Q, = Qgexp[—(t—tf/Z—T)z/Gz],
Q, = Qoexp|—(r—1;/2+1)* /07,

in which £ is the peak amplitude, 7 and o are the pulse-
related parameters, and #; is the duration time. From Eq. (7),
the non-adiabatic coupling condition yields y = 47/02. Note
that the dephasing rate ¥ becomes a constant, which is ex-
tremely consistent with the usual quantum system having a
fixed decoherence rate. Quantitatively, these parameters are
selected as Qy/2m = 0.2 GHz, 6/2n = 2.0 GHz, 7 = /14,
and 6 =1;/4.7, with #y = 20 ns. When the system is initially
in |yp), the system evolution is only along the eigenstate dur-
ing the whole time domain 7 € [0, ], see Fig. 2(c). Since the
states |y ) are not populated all the time, the non-adiabatic
excitations from |yp) to |y ) do not exist completely. Unlike
the unitary case, the probability of |yp) keeps non-conserving
in the middle stage of evolution process. Correspondingly, we
have qubit state transfer from |go) to |g;) within the basis of
bare states {|qo),|f),|q1)}, as demonstrated in Fig. 2(d). Al-
though the state transfer has a high inversion probability, the
operation needs a very large dephasing rate v/27 = 50.2 MHz,
which is not applicable to superconducting quantum circuits.

Ll SN
« 0.10 / \
N / \
|Q1 =~ 0.05 J/ AN
) y Ny
—lao) +iy & ok== =
—iy 0 5 10 15 20
t (ns)
1.0F - 1.0f
Sosh oy 1 Fos
Z06f v -—-p) S| Z06
o4l ) | o
gL 0.2 S g 0.2
0 Ot ==
0 5 10 15 20 0 5 10 15 20
t (ns) t (ns)

Fig. 2. (a) Schematic diagram of a A-configuration interaction between
the microwave drivings and the qutrit with non-Hermitian qubit dephas-
ing. (b) Rabi rates £, /27 (dashed line) and £, /27 (solid line) as Gaus-
sian functions of time ¢ € [0,20 ns]. (c) Population of three eigenstates
|wo) and |y ) versus time 7. (d) Qubit state inversion from |go) to |g1)
within the time duration.

We further consider the dependence of # on the dephas-
ing rate y. As shown in Table 1, with the decrease of ¥, the
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operation time f; becomes longer. If one chooses y with a rel-
atively small value, for instance, y/2m = 2.0 MHz, the time
tr could reach up to 500 ns, which is highly contrary to the
construction of rapid information processing. The dependence
implies that the operation with a shorter duration time requires
a larger dephasing rate. Obviously, the direct application of
the method proposed in Ref. [40] to investigate fast operation
on non-Hermitian superconducting qubits could pose a sever
challenge. Thereby, with the accessible dephasing rate 7, the
exploration of fast operations on superconducting systems via
non-Hermitian STA is an active area of research in quantum

science and technology.

Table 1. The operation duration time # versus the qubit dephasing rate

Y/2m.
t¢ (ns) 10 20 50 100 200 500
v/2n (MHz) 100.4 50.2 20.1 10.0 5.0 2.0

4. Population transfer within a A-type qutrit via
non-Hermitian STA

As depicted in Fig. 3, after introducing an ancillary driv-
ing Q, that is used to directly couple |go) to |q1), we have the
following Hamiltonian within the basis of {|qo0),|f),|q1)}

. —iy £, i,
Hyy = 3 Qp 26 QS . (8)
-0, Q iy

Mention that the ac gate voltage V, (having an appropriate fre-
quency @, and amplitude V,) is capable of resonantly inducing
the desirable coupling £2,. By means of the transformation W,
the Hamiltonian H>, can be expressed as H2<;1,> within the basis

{lve),lwo),ly-)},

HY) =W Hyy W — W ='W ©)

We concentrate its two matrix elements:

[HY) )12 = —ising[ysin(20) —26 — Q,]/2,

[Hy )52 = —icosg[ysin(20) — 26 — 2]/2.
which characterize the couplings from |yp) to |w.), respec-
tively, as mentioned above. When the non-adiabatic coupling
terms meet [Hz(;)] = [Hé‘;,)bz =0, we have

Q,+26
=—-. 10
sin(26) (19)
Compared to the restriction shown in Eq. (7), the dephasing
rate is related to both the Gaussian pulses £, and the an-
cillary driving £2,. Thereby, for two chosen pulses €, s, the
variation of y can be obtained using the adjustable driving £2;.

5 1)
£
2,
|90) A/E +|?71>
90 5 T

Fig. 3. A A-configuration interaction between three microwave drivings
and the three-level system with non-Hermitian qubit dephasing.

Without loss of generality, we assume that 7y is still a con-
stant rate. The Rabi frequency caused by ancillary driving can
be derived from Eq. (10),

Q, = ysin(26) — 20, (11)

as numerically plotted in Fig. 4(a), where we have chosen two
Gaussian-typed drivings £, and € again. It is found that £,
is a continuous and smoothed function of time ¢. Here the
peak amplitude of |,|/27 is about 48.2 MHz. Thus, such a
microwave driving is easily available under the current condi-
tion. By the assistance of the auxiliary driving, system evolu-
tion only along eigenstate |yp) and then qubit state inversion
from |go) to |g1) can be well performed, see Figs. 4(b) and
4(c), where we take an accessible dephasing rate y/27w = 2.0
MHz.[%%] Different from the previous schemes in the case of
Hermitian STA,?®! the driving £, together with the dephas-
ing effect plays the role of eliminating the non-adiabatic ex-
citations from |yp) to |y ). Within the framework of non-
Hermitian STA, the addition of £2, intends to assist dephasing
effect to perform the non-adiabatic quantum operation. As a
result, for a given dephasing rate Y that is accessible to the
present non-Hermitian system, one can construct faster ma-
nipulations by alternatively monitoring €2,, which is highly
beneficial to quantum information processing.

< o0 L 1O0FTT I o=
= 3 0.8} (b) T
& _g0} () :S 0.6 —— |¢y)
5 2 0.4 - == |vo)
F —40 £ 0.2 — |y-)
c 0
0 5 10 15 20 0 5 10 15 20
t (ns) t (ns)
— N
=1 1.0 \\ jas 50
g 0.8 = (d)
% 0.6 —— |q0) ~ 48
ERY 1H | S
2 0. l
£ 0.2 Nlod | 5 46
0 = G
0 5 10 15 20~ 0 1 2 3 4 5
t (ns) v/2m (MHz)

Fig. 4. (a) The dependance of auxiliary driving 2, /27 on time 7 € [0,20
ns]. (b) The occupied probabilities of three eigenstates versus time.
(c) Qubit state inversion from |go) to |g1). (d) For the considered state

transfer, the peak amplitude |!2,§,“) |/27 of auxiliary driving versus the
dephasing rate y/27.
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We quantitatively analyze the relation between the an-
cillary driving €, and the dephasing rate y. For the men-
tioned state transfer displayed in Fig. 4(c), the peak amplitude
\.Qém) | /27 versus dephasing rate y/27 is our concern. In terms
of Eq. (11), |.Q§m)| /27 gets reduced linearly as the /27 in-
creases in a broad range, see Fig. 4(d). Physically, |.Q§m) |/27
and y/27 are complementary in the present case. By increas-
ing the value of |.Q§m>\ /27, one can diminish the dephasing
rate Y/2m to be completely available to the considered super-
conducting circuit system. We stress that the dephasing effect
having a smaller rate gives a minor contribution to the non-
Hermitian dissipation dynamics, as mentioned above. More-
over, for different dephasing rates, the corresponding ancillary
drivings hold the time profiles similar to that demonstrated in
Fig. 4(a), but have different peak amplitudes. Consequently,
from the perspective of technical operation, the protocol could
provide an effective approach to study dissipative dynamics by
means of the non-Hermitian STA.

Now the fidelity of state inversion is our concern. As-
sume that the error of control variables can be neglected,
the dominant factor that degrades the operation fidelity could
be the qubit relaxation since the dephasing effect has been
utilized for serving the non-adiabatic evolution within the
present system. The reduced density matrix regarding the
qutrit (|go),|f),lq1)) is p, the dynamical evolution follows
the Lindblad master equation:

dp _

4 = ~i[Hy.p] +¥Dlo ]p,

where the first term of the right side represents the ideal evo-
lution governed by H>y, and the second term characterizes
the effect of qubit relaxation with a rate y,.. The superop-
erator is D[o_]p = (20_poy —640_p — poy0_)/2, with
o_ = |q0) {q1| and o} = |q1) (go| being inversion operators.
To quantify the overlap of the resulting state with the ideal
one, we adopt the fidelity F = /(y;(t)| p (#) [wi(tr)),[*"! in
which |y;(#)) is an ideal state (at the final time 7 = #) in the
absence of relaxation effect, and p(#r) = |y (#)) (w(#)| is as-
sociated with the resulting state |y(z)). With a viable rate
¥:/2% = 0.2 MHz, 146! the fidelity F could reach up to 99.93%
numerically, implying that a high-fidelity transfer from |go) to

|g1), as given in Fig. 4(c), could be realized using the tech-
nique of non-Hermitian STA.

5. Discussion and conclusion

The scheme could have the following distinct merits: (i)
For the coherent unitary dynamics, the qubit dephasing ef-
fect acting as a detrimental factor generally causes the sys-

¢.18] On the contrary, the dephasing effect in

tem decoherenc
our device has been utilized to construct a non-adiabatic qubit

state inversion by the technique of non-Hermitian STA, which

is thus an appealing protocol to high-fidelity operations on dis-
sipative Josephson qubits with large decoherence rates. (ii)
Apart from the non-Hermitian effect of qubit dephasing, an
ancillary driving (directly acting upon qubit states) is intro-
duced for performing the fast operation within the framework
of non-Hermitian STA. By taking advantage of complementa-
tion between the dephasing and the ancillary driving, the fast
non-Hermitian operations with a given dephasing rate that is
fully accessible to superconducting qubit can be achieved by
means of the flexibly adjustable ,. Compared with the pre-

e,[*0 the strategy could broaden the avenue to in-

vious cas
vestigate dissipative dynamics with superconducting systems.
(iii) In contrast to the method of invariant-based STA,[*3] Rabi
couplings £, ; (behaving as Gaussian functions of time) and
the ancillary driving €, (having the smooth and continuous
waveform) are readily generated in our scenario, which are
beneficial to precisely implement quantum operations.

As an open question of fast quantum control, the exper-
imental investigation of the STA-based state transfers with
superconducting artificial atoms needs to be concerned. By
taking advantage of the approach of STA, some rapid oper-
ations on the Hermitian systems have been demonstrated in

25.28,29.311 However, the application of the non-

experiments. |
Hermitian STA to constructing fast operations on supercon-
ducting qubits is less studied in the present stage, in which the
main challenge could be the establishment of non-Hermitian
Hamiltonian with an appropriate dissipation effect. In our sce-
nario, with the help of an ancillary driving, the dephasing ef-
fect has been effectively utilized to perform a non-adiabatic
qubit state inversion within the framework of non-Hermitian
STA. For a viable dephasing rate, the key point to realizing the
dynamical process could be the alternative control of external
drivings, which could greatly relax the experimental require-
ment for the non-Hermitian shortcut-based manipulations.

In conclusion, we have proposed a promising scheme for
implementing fast population transfer with a non-Hermitian
superconducting qutrit. First, by utilizing a A-configuration
interaction between the qutrit and microwave drivings, the
dephasing-assisted qubit state transfer can be rapidly per-
formed within the context of non-Hermitian STA, however,
the dephasing rate is greatly beyond the range of dissipation
strength. After adding an ancillary driving acting on the qubit
states, the non-adiabatic state transfer can be well realized but
with an applicable qubit dephasing rate. Moreover, we ana-
lyze the dependence of the ancillary driving on the dephasing
rate and simulate the transfer with a high fidelity. Thus, thanks
to the dephasing effect as a favorable factor, the strategy could
provide a novel approach towards the shortcut-based state op-
erations on the non-Hermitian superconducting artificial atoms
experimentally.
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