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We experimentally investigate deep reinforcement learning (DRL) as an artificial intelligence approach to control a quantum sys-
tem. We verify that DRL explores fast and robust digital quantum controls with operation time analytically hinted by shortcuts
to adiabaticity. In particular, the protocol’s robustness against both over-rotations and off-resonance errors can still be achieved
simultaneously without any priori input. For the thorough comparison, we choose the task as single-qubit flipping, in which
various analytical methods are well-developed as the benchmark, ensuring their feasibility in the quantum system as well. Con-
sequently, a gate operation is demonstrated on a trapped 7' Yb™ ion, significantly outperforming analytical pulses in the gate time
and energy cost with hybrid robustness, as well as the fidelity after repetitive operations under time-varying stochastic errors.
Our experiments reveal a framework of computer-inspired quantum control, which can be extended to other complicated tasks
without loss of generality.
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Introduction basic units of digital quantum computing. In this paradigm,
externally controllable parameters should be designed to ma-
nipulate the qubits, implementing fast and robust gate op-
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ions and superconducting circuits [1,2]. In this way, quan-
tum error correction can also be realized physically to reduce
the effects of quantum noises and systematic errors. From
this perspective, quantum control is bridged to quantum in-
formation processing and quantum computing. This connec-
tion leads to enormous researches devoted to producing pre-
cise quantum control of qubits with driving fields, including
adiabatic passages [3, 4], optimized resonant 7t pulses [5, 6],
composite pulses [7-12], pulse-shape engineering [13-15],
dynamical decoupling [16], and other optimizations [17-27].
A most straightforward approach to transitionless dynamics
obeys the adiabatic theorem by tuning the time-dependent
parameter sufficiently slow. However, prolonged operation
time destroys the quantum information by induced decoher-
ence, affecting information processing efficiency.

Among these frameworks, the concept of shortcuts to adi-
abaticity (STA) [28,29] is proposed, which combines the ad-
vantages of both adiabatic passages and resonant pulses. It
breaks the adiabatic regime by various techniques, including
inverse engineering [30], counter-diabatic driving [31, 32],
fast-forward scaling [33, 34], which has been well devel-
oped over the past decade. Specifically, inverse engineer-
ing leaves enough freedom to further allow other tasks such
as, suppressing systematic errors by collaborating with opti-
mal control theory [15, 35-38], dynamical decoupling tech-
niques [39], and machine learning methods [40-42]. How-
ever, invariant-based STA requires continuously tunable pa-
rameters, limiting the genre of quantum control as analog-
only. We consider a more complicated task: designing digi-
tal pulses instead of an analog controller with the same out-
put and similar features. In this manner, we would deliver a
framework that can be naturally integrated into current quan-
tum computing paradigms based on the application of several
digital quantum gates.

Meanwhile, as an artificial intelligence approach, rein-
forcement learning is a well-known tool for system con-
trol [43], and deep learning has been developed for conquer-
ing complicated tasks in many areas [44-46], later applied
in studying physics [47-52]. Framework of deep learning
can be combined with reinforcement learning, searching con-
trol pulses for quantum state preparation [53, 54], gate oper-
ation [55, 56], and quantum Szilard engine [57]. Since re-
cent researches have employed deep reinforcement learning
(DRL) for quantum control [58-63], we are inspired to inves-
tigate the connection between DRL and STA. An optimistic
expectation is that one can extend STA’s concept, introduc-
ing DRL as a new technique if it learns the features of STA
protocols.

In this work, we present an experimental demonstration of
a robust and high-precision quantum control task based on
the DRL method on a trapped "' Yb* ion. DRL agents learn
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STA-like control as we expected by showing an agreement on
features of robustness, with operation time priori suggested
by STA. We also verify the protocol’s robustness with the ex-
istence of both over-rotation and off-resonance errors at the
same time. To demonstrate its application in a natural lab-
oratory noise environment, we examine the performance of
DRL models under either fixed or time-varying systematic
errors. The results show that controls discovered by DRL
are robust enough to these errors, requiring much less opera-
tion time and energy cost than analytical pulses. We reckon
that DRL methods could lead to a promising enhancement in
quantum information processing, enabling other complicated
tasks, such as closed-loop quantum control, within a similar
framework.

2 Theoretical models

Consider the coherent manipulation of a single qubit, whose
Hamiltonian reads

H= g (O, + AD)], )

where the Rabi frequency Q is fixed, while the detuning A(f)
is time-varying. To achieve a robust qubit flipping from |0) to
|1), a standard 7t pulse, which corresponds to the Hamiltonian
gQO'X, is convenient and adequate. However, this operation
is sensitive to systematic noise and decoherence.

The invariant-based STA suggests that, one can achieve
nonadiabatic quantum control of high fidelity and robust-
ness by designed protocols, which satisfy the auxiliary equa-
tions derived from Lewis-Riesenfeld (LR) invariant. We
parameterize the eigenstates by time-dependent spherical
coordinates, which are the colatitude () with respect to
the z-axis and the longitude B(f) with respect to the x-
axis. Thus, the LR invariant of a two-level system is con-
structed by I(r) = gQO >u W (@) (2)], where the eigen-

B AT
states are |y, () = (cos fe7i2, sin ge‘i) and |y_(1)) =

. 8 B\T . . .

(sm %e’li ,—COs geli> . The dynamics of the Hamiltonian is
governed by time-dependent Schrodinger’s equation, whose
solution is in superposition of these eigenstates as [¥(7)) =

>, cx exp(yL)|y (1)), with LR phase calculated as:
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According to the condition for invariant d/(¢)/dt = 0I(r)/0t +
(1/in)[I(1), H(®)] = 0, we have the auxiliary equations
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describing the state evolution along the dynamical modes
with angular parameters 6 and 3, which characterize the tra-
jectory on the Bloch sphere. As proposed in ref. [42], the
framework can be applied to design robust quantum control,
e.g., qubit flipping, against systematic errors with an ade-
quate ansatz of free parameter a, such that

QT 2 3
6o = — |as - %(1 — 9+ %(1 — 5) + cos(rs) + A,

®

where T = —ma/[2 — a — ™*/6)Q], s = t/T, and A
7% /6— 1 determined by boundary conditions 6(0) = 0, 6(0)
Q, #(0) = 0and &T) = 7, T) = Q, (T) = 0. Specifically,
one can nullify the probability of the first-order transition

2

h2 T
P= | [ ol Gatr, + oo 1w ©
0
which yields the condition for error cancellation
T .
f dre>+® (5A sin @ — 2600 sin” a)l =0, (7)
0

where systematic errors are characterized by A(f) — A(#)+03a
and Q — Q(1 + dg), resulting in the configuration a = 0.604
and 0.728 for eliminating A and Q-error, respectively. In-
deed, smooth detuning pulse A() as analog control of single-
component is inversely engineered by substituting the ansatz
into the following expression:
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which is derived from combining auxiliary equations. The
wave-forms of A(¢) optimized for different systematic errors
in STA (Asta) are shown in Figure 1(a) and the maximal tun-
able detuning A« for suppressing A and Q errors are 1.5Q
and 1.7Q, respectively. Concerning our physical realization
in trapped ions, the Rabi frequency Q = (271)3.3 kHz is fixed,
where we calculate the corresponding operation time for ro-
bust qubit flipping against A and Q-errors as Tp = 364 us
and T = 293 us.

Since an analog quantum control can be derived from the
STA framework, it is more challenging to consider the digital
quantum control of the Landau-Zener problem. The problem
is reformulated to the following expression: how should we
manipulate a quantum system for a certain target with a step
controller of N intervals within a fixed time? The combi-
national optimization problem is equivalent to dynamic pro-
gramming, i.e., a multi-step decision problem whose com-
plexity grows exponentially with step number, allowing an
approximation solution by artificial neural networks (ANN)
or other universal function approximators; the use of deep
ANN architectures with many layers leads to the concept of
deep learning, and this, in turn, to DRL. In the framework of
DRL, one assumes that there exists an unknown global opti-
mal policy II for a task, which gives an action a(¢;) once ob-
serving an arbitrary state s(#;) at time #;,. The state-action re-
lation Il(s|a) is approximated by an Agent ANN, containing
propagation of information between layers and nonlinear ac-
tivation of neurons, whose parameters are tuned by optimiz-
ing algorithms for maximizing the accumulated reward. De-

AlD) = - — + Q cot ®) tails about the implementation of deep reinforcement learn-
0 . . . .
Q1= (5) ing can be found in Supporting Information S1.
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Figure 1

(Color online) Experimental sequences and model wave-forms. (a) Optimized detuning with time under STA method. The time is normalized to

[0, 1]. (b) Optimized detuning with time under DRL method. The time is normalized to [0, 1]. (c) Energy level of 7' Yb™ ion. (d) Evolution of state in Bloch
sphere under the driving of DRL model. Red solid line represents the trajectory optimized for Q errors while blue solid line represents the trajectory optimized
for A errors. Hollow circle and hollow triangle represent the state at the end of each driving step. (e) Experimental sequences in DRL model.
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In our numerical experiments, the tunable range of de-
tuning [—Amax, Amax] 18 renormalized into A € [0,1] with
Anax being the maximal reachable value of Agra(f), which
is the output of ANN as the encoded action at time step ¢;:
A(t,-) = [Apru(%;) + Amax]/2Amax. Information of the two-
level system, specifically, the expectation of spin on Z direc-
tion (o), the renormalized detuning A(t;_y) that drives the
system to the current state, and the system time i/N, are fed
to the input layer of the ANN. The quantum dynamics are
simulated by Liouville-von Neumann equation, which can
be generalized to the Lindblad master equation for taking
quantum noises into consideration. While network config-
uration, hyperparameters, and training details are explained
in ref. [42], we introduce the reward functions that we arti-
ficially design, which are similar to invariant-based STA that
chooses an ansatz for obtaining quantum control. For con-
verging the Agent to robust control of LZ-type, we firstly
pre-train the Agent with r(¢;) = —IA@E) - Ifj;_ll|, punishing the
deviations from linear growth of detuning, later rewarding a
constant if (o) > 0.997 at the final time step for fine-tuning
under random systematic errors.

For evaluating the DRL-inspired robust quantum control,
we perform two numerical experiments as follows: (i) We
set the operation time as 7y = 364 and T = 293 s, being
split uniformly by 20 pulses as the only hint from STA. The
digital wave-forms output from our DRL model optimized
for different systematic errors are shown in Figure 1(b) (spe-
cific values can be found in Supporting Information S4). We
emphasize that the STA framework clarifies the upper bound
of robustness in the Landau-Zener problems, which could be
employed for benchmarking the capability of the Agent, as
an artificial intelligence approach to digital quantum control
with the alike feature. (ii) The operation time is arbitrarily set
to be T = 300 us for checking if the Agent can explore de-
sired protocols against hybrid systematic errors without any
field knowledge of STA. We clarify that DRL is more general
for this task since invariant-based STA no longer eliminates
the hybrid errors perfectly but on certain proportion of 5, and
Oq instead. All wave-forms used in real experiments are from
these two numerical experiment models.

3 Results and discussion

Our experiments are performed on a 7' Yb* ion trapped in a
harmonic Paul trap, with the simplified structure being de-
scribed in detail in Appendix. As shown in Figure 1(c),
the two-level system (TLS) is encoded in the 2S;/, ground
state of the ion, with |0) = |281/2,F =0,mp = O> and |1) =
|ZSI/2, F=1mp= 0>. The difference of energy level |0) and
[1) is about wy; = 12.6428 GHz. The microwaves used to
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drive the TLS are generated through a mixing method. More
specifically, a signal generator (Agilent E§257D) generates a
microwave around 12.4428 GHz and an arbitrary waveform
generator (AWG) generates a 200 MHz microwave signal.
These two microwave is then mixed with each other through
a mixer (see Appendix). After a high pass filter (HPF), this
signal will be amplified to about 10 W and then transmit-
ted to the ion with a microwave horn [64]. Our trap device
is shielded with a 1.5-mm thick single layer Mu-metal [65],
making the final coherence time about 200 ms for [0) < [1)
transition, which is characterized by Ramsey experiments.

In each cycle, the experiment takes the following process:
after 1 ms Doppler cooling, the state of the ion is initialized to
|0) state through 20 us optical pumping with 99.5% fidelity.
The wave-form output from DRL model is transformed into
driving microwave through modulating the detuning, which
is shown in Figure 1(e). Then the driving microwave is trans-
mitted to the ion to drive the TLS. Finally, a NA (numerical
aperture) = 0.4 objective is used for state-dependent fluores-
cence detection to determine the probability in state |1) (the
qubit state preparation and measurement can be found in Ap-
pendix). In all of our experiments, we set the Rabi frequency
to Q = (2m) 3.3 kHz. That is to say, the corresponding 27t
time is about 300 ps.

To verify the robustness of the DRL control method
against static errors, we compare the performance of STA,
DRL, standard 7t pulse and BB1 (BroadBand 1) [66] or
CORPSE methods [67] (Compensate for Off-Resonance with
a Pulse SEquence, BB1 and CORPSE are described in detail
in Supporting Information S2) in a single-qubit X gate task
under different over-rotation (6g) errors or off-resonance (65)
errors, respectively. The DRL models are pre-trained accord-
ing to the preliminary information provided by STA methods
optimized in 0 and 0, errors. The state evolution under DRL
driving in Bloch sphere is shown in Figure 1(d). The compar-
ison results are shown in Figure 2(a) and (b), and the more
refined information presented on a log-scale is shown in Fig-
ure 2(c) and (d). The solid lines represent numerical results
while the distinct points correspond to the experiments in all
Figure 2. The DRL method performs as well as STA in most
cases, in addition to the case that g and 0, errors are too
large. Meanwhile, they are all more robust than the 7t pulse
method and a little worse than the BB1 method under static
over-rotation errors. As for detuning errors, DRL and STA
methods perform better than 7t pulse methods and perform as
well as CORPSE method. It is worth noting that the opera-
tion time of BB1 and CORPSE are 750 and 650 ps, respec-
tively, which are more than twice that of DRL method. Since
the microwave power is directly proportional to the Rabi fre-
quency Q of the system. The energy cost depends only on
and operation time, this means BB1 and CORPSE methods
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Figure 2

(Color online) Noise robustness comparison of 7t pulse, STA, DRL and BB1 or CORPSE methods in single-qubit X gate task under different

over-rotation or off-resonance errors, respectively. (a), (b) The performance of four control methods under different 6 and 5 errors. The DRL method is as
robust as STA method in most cases and they are all more robust than 7t pulse in both kinds of errors. (c), (d) The detailed comparison presented on a log-scale
of results. For each point, the experiment was repeated 1000 times. The error bars correspond to quantum projection noise. The solid lines represent the result

of numerical simulation.

will consume twice as much energy as DRL method for the
same task.

Then we examine the DRL model under 5 and g hybrid
errors. It is worthwhile to mention that we set operation time
and tunable range of detuning without any knowledge from

(see Supporting Information S3 for details of time-varying
systematic errors) [69]. The experimental results, which are
shown in Figure 4(b), indicate that DRL model is more ro-
bust than 7t pulse and CinBB methods under time-varying

STA when pre-training the DRL model locally. The perfor- @) mpulse —logyg(1-F)  (b)  DRL —logp(1-P)
mance of 7t pulse and DRL method under hybrid errors is 0-10 0-10
shown in Figure 3, in which the probabilities are represented . 0.05 0.05 2(2)
in a logarithmic scale to better distinguish the difference be- 5 g
tween these two methods. The DRL method is more likely a0 ﬂq 0 i:
to accumulate errors than 7t pulse due to the multi pulses —0.05 005 1:4
driving operation; besides, we just stop our training once 010 010 1o
(o) > 0.997, which can be further improved theoretically. -0.1 -0.05 50 005 01  -0.1 —0.05 0 0.05 0.1

Q Q

As we can expect, the 7t pulse method performs a little better
than DRL in the case of almost no errors. Nevertheless, with
the increase of hybrid errors, the DRL method’s performance
is much better than 7t pulse in most cases, which is essential
in precise quantum manipulation.

Besides, we also examine the DRL model at the Zeeman
energy level of the ion with |1), = |251/2,F =1, mp = 1).
The Zeeman energy level is first-order sensitive to the dis-

Figure 3 (Color online) The performance of 7t pulse and DRL model un-
der hybrid errors. The 7t pulse method (a) performs a little better than DRL
method (b) in the case of almost no errors, because the pulses of DRL are
more complex that it is easy to accumulate operation errors. However, with
the increase of hybrid errors, the performance of DRL model is much better
than 7t pulse control.

turbance of the magnetic field, which could induce realistic (a)1.00 :11_; 3 (b)1.00 i‘f ' . L E—
laboratory noise into the TLS. The corresponding coherence \I\ii o %%s
time of %) & |1), transition is about 0%)35 msf.% We com- z 0931 :§ i}} ¢ i 4 £ 095F ¥ 1 i ng‘f
pare the performance of 7t pulse, DRL and CinBB (CORPSE ;; 0.90 - \ } % i; *s
in BB1, described in detail in Supporting Information S2) E \E S E 0.90 - ‘i\ -
[66, 68] methods in the single-qubit X gate under only the 0851 o mpube X1 . E\
magnetic field noise with different numbers of 7t flips. As osok e ) L 0.85 e ) )
0 5 10 15 20 0 5 10 15 20

shown in Figure 4(a), the final probability decreases rapidly
with the number of 7t flips in 7t pulse method owing to in-
evitable decoherence. However, the DRL method is more
robust with the increase of the number of 7t flips than 7t pulse
and CinBB method. For the propose of examining DRL
model under time-varying errors [12], we introduce white
noise both in over-rotation and off-resonance errors through
mixing and microwave modulation methods in our system

Number of 7 Number of 7

Figure 4 (Color online) Noise-resilient feature of DRL method under sys-
tematic and time-varying errors. (a) The performance of 7t pulse, CinBB and
DRL methods under systematic errors with different number of 7t flips. (b)
The performance of 7t pulse, CinBB and DRL methods under time-varying
errors with different number of 7t flips. For each point, the experiment was
repeated 1000 times. The error bars correspond to quantum projection noise.
The dashed lines represent the linear fitting of the data.
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errors, which is of great significance in noisy quantum infor-
mation processing experiments. Besides, the operation time
of CinBB is 1250 ps, which is almost four times as long as
DRL method.

4 Conclusion

In summary, we experimentally demonstrate a fast and robust
quantum control task based on DRL, realizing better robust-
ness and lower energy cost in qubit flipping as a simple task.
Compared with STA, BB1 (over-rotation error), CORPSE
(off-resonance error), and CinBB (both errors) under vari-
ous noise and errors, the results verify the advantage of the
DRL method on driving the system under laboratory environ-
ments, providing sufficient and reliable information for pre-
cise quantum control and quantum information processing.
Besides, this framework allows further fine-tuning for better
fidelity, allowing one to study the trade-off between fidelity
and robustness under various environment. The framework
of this work can also be fitted to other tasks, e.g., design-
ing robust two-qubit gates, controlling many-body physics
models without much effort. Another extension could be di-
rectly training the DRL agent in interactive quantum systems
for other complicated tasks, e.g., closed-loop quantum con-
trol with continuous measurement and weak value feedback,
which shares the same framework but is challenging for both
analytical design by theory and experimental implementation
in quantum optical systems.
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Appendix

Al Trapped ion platform

The type of platform used in our experiments is needle trap.
As shown in Figure al, the needle trap consists of 6 needles.
Two opposite needles are connected to radio frequency (RF)
potential to trap the ion and the others are connected to direct
current (DC) potential to fine tuning the position of the ion.
The size of the needle trap depends mainly on the distance
between the two needles tips near the trap center, which is
set to 180 pm in our experiment. The trap is installed in an
ultrahigh vacuum below 107!! torr, and a helical resonator
provides the RF signal with frequency 24 MHz and ampli-
tude of 180 V to the trap. Ion fluorescence is collected by an
objective lens with 0.4 numerical aperture, and detected by
a photo-multiplier tube (PMT). The total fluorescence detec-
tion efficiency is about 2%.

A2 Microwave waveform used in deep reinforcement

learning method

We generate required waveform of the microwave field
through setting the waveform of arbitrary waveform gener-
ation (AWG) for modulation. The carrier microwave B.(t)
Arsin(w.t), where A; is amplitude and f, = w./27
12.4 GHz is the frequency. The waveform generated by

Objective
TTL NA=0.4

PGA
sequence boardi
- RF
DC

935 nm

2 £ §
5 £ 8
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© 0 o

Figure al  (Color online) Experimental setup. A single '7'Yb* ion is
trapped in the center of the needle trap. Two 369 and 935 nm lasers are used
to cooling the ion and 369 nm laser is also used to detect the state of ion.
The microwave used to drive the ion is generated through mixing method.
The whole experimental sequences are controlled by a TTL sequences board
based on field programmable gate array (FPGA).
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AWG for modulation is I(f) = A;sin(é(¢)). After mixing, the
microwave field will be B(t) = f%(sin(wchp(t)) +sin(w.t—
#(1))), where the phase function ¢(¢) can be expressed in a
piece-wise function for the microwave composed of 20 steps
in our DRL experiments. With the qubit resonance frequency
Jo = wo/2m = 12.6 GHz, we filter out the low frequency
components of the microwave through a high pass filter. In
our experiments, we only adjust A(r) with discrete steps by
changing phase ¢() as follows:

(U)O —(,()C)t+A1t, (07 t1)9
(wo —wt+ Mot +¢1, (0,10 —11),

¢ = (wo — W)t + Azt + ¢y, (0,13 — 1), (al)
(wo — we)t + Aot + ¢19, (0,120 — 119),

where A,(n € [1,20]) is the step-wise detuning and ¢; =
(wo — w)ty + Arty, ¢ = (wo — w2 — 1) + Ma(t2 — 11) + ¢4
and so on.
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A3 Qubit state preparation and measurement

In ion trap experiments, the state preparation and measure-
ment cannot be perfect and there will always be some limi-
tations. We characterize these errors as follows. The ion is
prepared in |0) state through optical pumping and ideally, no
photon should be detected as the ion is in dark state. How-
ever, due to the dark counts of the photon detector as well
as photons scattered from the environment, we will collect
some photons sometimes. Then, we apply a 7t pulse to flip
the |0) state to |1) state and detect the fluorescence. Because
the collection efficiency problem, no photon will be collected
sometimes. The threshold is selected as 2 in our experiments.
When the photon number is > 2, the qubit is identified as
bright state and the probability of being mistaken as dark
state is €p. By contrary, the probability of being mistaken
as bright state when photon number is < 2 is €. The total
error can be taken as € = (eg + €p)/2, which is 0.5% in our
experiments.



