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The dynamical decoupling (DD) method is widely adopted to preserve coherence in different quantum systems. In
the case of ideal pulses, its effects on the suppression of noise can be analytically described by the mathematical form of
filter function. However, in practical experiments, the unavoidable pulse errors limit the efficiency of DD. In this paper,
we study the effects of imperfect pulses on DD efficiency based on quantum trajectories. By directly generating a pseudo
noise sequence correlated in time, we can explore the performance of DD with different pulse errors in the typical noise
environment. It shows that, for the typical 1/f noise environment, the phase error of operational pulses severely affects the
performance of noise suppression, while the detuning and intensity errors have less influence. Also, we get the thresholds of
these errors for efficient DD under the given experimental conditions. Our method can be widely applied to guide practical

DD experimental implementation.

Keywords: pulse imperfections, dynamical decoupling
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1. Introduction

Dynamical decoupling (DD), inspired by the application
of Hahn echo in nuclear magnetic resonance,!'! is one ap-
proach widely used to maintain quantum coherence in vari-
ous kinds of systems. By exerting a pulse sequence in the
quantum evolution process, this method introduces a rapid,
time-dependent control field to reduce the interaction with the
environment. It was formally introduced in a general way
by Viola,!>3! explaining how a pulse sequence is arranged
to compensate the noise effect. After that, several concrete
protocols were proposed for different purposes, including
periodic DD, 23! Carr—Purcell-Meiboom-Gill (CPMG),[4’5]
Uhrig DD, and so on. In recent years, different DD pro-
tocols have been experimentally demonstrated to preserve the

(7.8 including the su-

10,11

coherence of qubits in trapped ions,

perconducting quantum circuit,°! electron spins, ! atomic

13.141 and nitro-

ensembles,'?! semiconductor quantum dots, !
gen vacancy centers in diamond. 1!

Ideal DD involves a sequence of instantaneous perfect 7
pulses as the control field, which are used to modulate interac-
tion with the environment. With a tailed pulse sequence, this
method can suppress certain frequency components of noise,
and its effects can be theoretically described by filter func-

tions. Based on this noise filtering mechanism, qubits can also
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be used as quantum sensors to detect environment noise. %!
However, unavoidable errors in operational pulses always exist
in practical experiments. Even small imperfections, including
deviations of pulse width, rotation angle and axis, can have
a severe impact on the decoupling efficiency after the accu-
mulation of numerous pulses, which has been pointed out in

[8,17-221 Since the pulse errors destroy the sym-

several works.
metry of the DD modulation, we cannot describe this process
using concise analytical form like the filter function. There-
fore, we use a numerical method to quantitatively analyze the
DD process with imperfect pulses.

In this paper, we numerically generate the noise sequence
with time correlation according to its power spectral density
(PSD).[?% Based on the noise generation, we utilize the quan-
tum trajectory method to numerically study the impacts of im-
perfections. Different types of pulse error can be directly sim-
ulated in the given noise environment to study their effects
on DD. The simulated results illustrate that in a typical noise
environment, such as 1/f noise, phase errors have more in-
fluence than detuning and intensity errors and error thresholds
decrease with the rise of the pulse number. With these results,
we now know how pulse errors influence the DD process in
certain environments and this method therefore allows us to
instruct various kinds of practical experiments.

The structure of this article is arranged as follows. In Sec-
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tion 2, we give a brief review of the theory model about ideal
DD in the Ramsey process based on CPMG sequence. In Sec-
tion 3, a numerical model of imperfect DD is developed, in-
cluding noise generation, pulse error modeling and quantum
trajectory simulation. In Section 4, we compare the noise sup-
pression efficiency of ideal DD and imperfect DD. Finally, a
short summary is presented.

2. Theoretical model of ideal DD

In this section, we give the analytical model for ideal DD
by simply reviewing the results of Ref. [8]. In the DD opera-
tion, there are various kinds of protocols for sequence arrange-
ment. Without loss of generality, the model here is based on
the widely used CPMG sequence. [+

The noise suppression effect of DD is usually checked by
a modified Ramsey process, with a number of instantaneous
7 pulses inserted between a pair of Ramsey /2 pulses. [>4]
Particularly, the sequence arrangement of the CPMG protocol
is demonstrated in Fig. 1(a). The qubit suffers decoherence
caused by ambient noise. The noise can be simply modeled by
the energy level drift % f(t)&., where f(t) is a random func-
tion. The qubit is initialized in |0) state and finally its popula-
tion of |0) state is measured. By exerting N 7 pulses between
two 7/2 pulses in the time interval [0,7], we can study the
noise modulation effects. The CPMG sequence incorporates
N evenly spaced 7 pulses in the time interval [0,7] and the cen-
tral normalized position of the jy pulse is 6; = (j —1/2)/N.
The time durations of the 7 pulse and 7/2 pulse are T, and
Ty /2 Tespectively. Due to their short duration, environmental
noise impacts are usually neglected in pulse operation time.

After the first /2 pulse, the initial state |0) is prepared
to the superposition state (1/1/2)(|0) + [1)). Here we neglect
the global phase of the quantum state because it has no ef-
fect on our results. The ambient noise in the time interval
[0, ot —
tion between |0) and |1), and the quantum state evolves into

L S=T/2 o g
(1/3v/2)(|0) + e~ 1ho FD4r1)). When the subsequent
7 pulse is operated, the state is flipped into (1/v/2)(]1) +
i T (e ar |0)). Neglecting an unimportant global
. . S OUTR/2 L g
phase, it can be written as (1/1/2)(]0) +[1)el/o fie)ary
In the time interval [0if + Tr/2,8,f — Tz/2], there is an-
other phase accumulation and the state becomes (1/+/2)(|0) +

. (O1—1m/2 . 1O1—T1/2
o " T AOUSG SEO

Tz /2] will induce random relative phase accumula-

It shows that, in the
evolution process, each 7 pulse changes the phase accumula-
tion direction that is represented by +1 and —1, thus offsetting
the noise influence. This could be described by a time-domain
function s(r), which is the jump function and has values +1,
—1, and O to indicate the error accumulation direction. We
have assumed that there is no phase accumulation in 7 pulse
time and s(¢) remains O during 7. Detailed information of the

time-domain function s(7) in quantum evolution is shown in
Fig. 1(b). Therefore, the final quantum state is written as:

1 .
10y 4 eifisasa
0 +e

where “+” corresponds to the situation that N is an odd num-

4)), M
ber and even number respectively.
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Fig. 1. (color online) (a) CPMG sequence involves N 7 pulses evenly spaced
at the time ¢ between two m/2 pulses. The time interval between two 7
pulses is #/N. Each 7 pulse rotates the quantum state around the x-axis of
the Bloch sphere, and the 7/2 pulse rotates the state around the y-axis. (b)
During the free-precession period, N 7 pulses change the phase accumula-
tion direction alternately. It is described by a time-domain jump function
s(t), with values indicating the phase accumulation direction. When a 7
pulse is operated, the value of the function is assumed to be zero.

The state in Eq. (1) is one possible state and is seen as
one trajectory. For the final population in |0), we obtain it by
applying a 7/2 pulse on the state of Eq. (1) and taking the

ensemble average of all trajectories, thus
P (I) _ 1 _ 1<efifés(t’)f(t’)dt’>
T2

with () representing the ensemble average.

4< 1f0s f(t)dt>

In the typ-
ical case of Gaussian noise, both the exponential terms
(e~ Jos()F()di"y gpd (1 J0sW)S WAy can be transformed into
exp(_f(gf(gs(’i)-Y(’é)<f2(fi)»f(f§)>dfidfé)’[20] where <f(li)7f(fé)> is
the time correlation function of phase noise f(z). Therefore

we can obtain

Jo Jos@)s@) (e, £(z))dt} dré) )

P([)—l,l _
o) =57 3%P 2

Introducing the PSD p(®) of noise, which is the Fourier
transform of (f(¢}), f(#;)), we can rewrite the integration in
the time domain in Eq. (2) into the frequency domain as fol-

ll —/Ga)t
2 2° N

where Gy(wr) is the filter function that describes the noise

lows:

Ro(1) = dw) 3)

suppression effect of the DD sequence. The mathematical

form of the filter function is shown as %!

Gr(or) = 3| Z[s0)] P
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— @ |1+ (—1)M exp(—ior)

N
+2 Z (—l)jexp(—iﬁjwt) cos(0Tr/2) \2, )
j=1

where % represents the Fourier transform. The value of
Gy (ot) ranges from O to 1 and it plays the role of band pass
modulation of noise PSD. If we transform circular frequency
to frequency, its band center and band width are determined by
N /2t and 1/t respectively and they can be modified with a dif-
ferent sequence and time arrangement. In Fig. 2, we plot the
filter function Gy(wt) with different pulse number N at time
intervals of 600 ps.

filterwave with varied pulse number
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Fig. 2. (color online) Filter functions with various pulse numbers. The
filter function has a window of a specific range of frequency while it
nearly remains zero in other frequency components, which shows the
general effects of noise suppression. When there is no DD pulse, the
filter function focuses on the low-frequency range.

The above theoretical model and filter function are de-
rived from ideal pulses, in which case the noise accumulation
direction can be described by a concise and symmetrical jump
function s(¢). However, the imperfections of the pulse will de-
stroy this symmetry, leading to difficulty in obtaining the an-
alytical results. In addition, the imperfections are hard to de-
scribe and the accumulation of hundreds of pulses would make
the theory form extremely complex. Therefore, a numerical
method is required to replace the theoretical model, because
it can simulate noise and pulse errors directly, obtaining the

evolution results on a large scale of the ensemble average.

3. Numerical model of imperfect DD

In this section, we develop a numerical method for imper-
fect DD based on the quantum trajectory method. It should be
emphasized that, to conveniently consider the time correlation
characteristics of the ambient noise, we adopt a semi-classical
model to describe the noise.

The quantum trajectory method, also known as the quan-
tum jump method or quantum Monte Carlo wave function
method, is one option to simulate quantum dissipation in an

open system. 2! The main principle of this method is to evolve

the system wave function in time with a pseudo-Hamiltonian,
simulating randomization in every time step. The whole pro-
cess of figuring out one result is called one quantum trajectory
and the final result is the ensemble average of many trajecto-
ries. To simulate imperfect DD with this method, we must
construct the numerical pulse error model and generate the
noise sequence.

In the interaction picture and rotating wave approxima-
tion, the typical Hamiltonian of a two-level system with pulses
in DD can be expressed as

H; = %5@—&-%Q(é’*exp(—i(l))+6'7exp(i¢)), 5)

where 7i = 1 has been assumed and neglected, 0 is the pulse
detuning to the resonant frequency of the qubit, Q is the cou-
pling strength, and ¢ is the phase of the pulse. Because of
the instantaneous pulse assumption, we neglect the influence
of noise during the pulse time. When there is no pulse, the

Hamiltonian is
1
Hy = 380+ /1), ©)

where f(¢) is a random function and represents the ambient
noise which will induce the random phase accumulation and
04 is the detuning of the 7/2 pulse in the beginning of the
evolution.

As is known, any unitary transformation of the qubit state
can be described as a rotation of the Bloch vector on the Bloch
sphere, U = exp(ik)R,(0), where exp(ik) is a term about the
global phase and R,,(0) is the rotation operator which has a

specific form:

Ra(6) = oxp (i) ) =cos (§)1
—isin <g>(n-&)7 7

where 0 is the rotating angle, n is the rotation axis vector, and
6 is the Pauli operator. In the CPMG sequence, the function
of the ideal /2 pulse and 7 pulse correspond to R, (7/2) and
R\ (m) respectively. On the other hand, the unitary evolution
operator according to H; can be calculated in the form of

02+ Q%) . 82+ Q2%
U; = cos (+)I—isin (+>

2 2
o . Q R
X (\/62+920Z +\/62+.(22 cos(9)dy
Q . .
JF\/W Sln(¢)‘7y>~ (®)

By choosing 6 =0, ¢ = /2, and Qr = /2, we have the ideal
m/2 pulse Ry(7/2). By choosing 6 =0, ¢ =0, and Qr =,
we have the ideal 7 pulse R, (7).

In this numerical simulation tool, pulse errors are intro-
duced in the form of parameter fluctuations of pulse detuning,
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intensity, and phase. Each parameter is fixed in every sim-
ulation time step and fluctuates in different time steps. The
fluctuations are considered as random terms added to the stan-
dard parameter in the simulation. It is shown from Eq. (8) that
the parameter fluctuations of detuning and coupling strength
contribute to errors in the rotation angle, and parameter fluc-
tuations of detuning, coupling strength, and phase all have im-
pacts on the rotation axis. Because the coupling strength cor-
responds directly to the laser intensity, the fluctuation of the
coupling strength can be seen as a fluctuation of the laser in-
tensity. These parameter fluctuations of pulse are added in the
simulation and their influences are then detected according to
the decoherence process in Ramsey curves.

In the numerical simulation, every trajectory means the
evolution with one possible noise sequence. The correspond-
ing evolution includes the unitary evolution of Hy with envi-
ronmental noise and H; with parameter fluctuations in pulses.
The parameter fluctuations are white noise with different stan-
dard deviations, while the environmental noise is generated
as a noise sequence according to its PSD which is assumed
here or obtained from the experiment. To generate it, we dis-
cretize the PSD by sampling in its majority range and create
frequency spectrum random variables.[>?] Then the noise se-
quence is generated by Fourier transformation into the time
domain. Here we choose a typical 1/f noise with its PSD
p(f) = 50000/[1 + (f/1000)?] to generate a noise sequence
and test its effectiveness by PSD estimation.

comparison of ramsey curves in perfect operation

« numerical result in 1/f noise

g 06 theoretical result in 1/f noise
2
Lg 0.5 /VA P W
2 0.4 /
2 /
s 0.3
S
2}
g 0.2 )
b=
%01 /
&)

0

0 500 1000 1500 2000 2500 3000

Time/us
Fig. 3. (color online) Comparison of simulated and theoretical results. For
noise with 1/f PSD p(f) = 50000/[1 -+ (f/1000)?], theoretical and numer-
ical results of Ramsey process show nearly perfect fitting and conversely
prove the effect of the noise numerical simulation.

In this comparing simulation, we set the ensemble amount
as 200. Each trajectory represents a whole Ramsey process
with a given noise sequence. Through the trajectory average,
this numerical tool simulates the real physical system to the
most extent. In the 1/f noise environment, the Ramsey pro-
cess with no pulse is simulated in Fig. 3, showing good com-
pliance with theory, which proves the reliability of our simula-
tion. Situations with pulse errors will be simulated in the next
section.

4. Results of the influence of imperfections

To study the impact of pulse errors, we add parameter
fluctuations to pulse physical parameters, including detun-
ing, phase, and intensity, which directly influence the cou-
pling strength. The quality of pulses is determined by these
pulse parameters and they are set based on general experi-
mental conditions. In the physical parameter arrangement,
we assume 7T pulse detuning & to be 0 Hz, phase ¢ to be
0, and coupling strength Q, as well as Rabi frequency, to
be 10° Hz. In the simulation, number of quantum trajecto-
ries is 1000 and we get the ensemble average as the final re-
sult. With regard to the noise environment, we choose 1/f
noise because it is one typical type of noise in the experi-
ment. The 1/f noise mainly focuses on the low-frequency
components because such noise derives from the fluctuations
in electronic devices. Here we adopt a general 1/ f noise form,
with its PSD p(f) = a/[14(f/f3)"]. Most frequency com-
ponents and energy is focused within the low-frequency range
while only a small proportion of noise power is distributed in
the high-frequency range. Therefore, we choose one specific
form of PSD p(f) = 50000/[1 + (f/1000)?] to guarantee that
most power is concentrated within the low-frequency range. In
the simulation, we assume parameter fluctuations to be white
noise and Gaussian distributed. Different levels of the stan-
dard deviation of parameter fluctuation are set on pulse de-
tuning, phase, and coupling strength. They are written as oy,
0y, and Og respectively. With this numerical simulation tool,
we explore the general influence of these pulse error sources.
But for specific experiments, environmental noise should be
detected as a prerequisite and then the particular influence of
imperfections can be analyzed to direct the experiment.

We simulate parameter fluctuations of detuning, phase,
and coupling strength with 6 and 30 pulses respectively to
compare the effects of error accumulation. In consideration of
the current experimental developments, we simulate the im-
perfect DD sequences containing 6 and 30 pulses, which cor-
respond to the cases of short coherence time qubits and rela-
tively long coherence time qubits respectively. With regard to
various parameter fluctuation sources, we set different stages
based on different 05, 0y, and 0 on each source to consider
how errors influence decoherence. In the simulation, different
standard derivations are set in the form of ratio value to Q2. We
calculate the Ramsey fringe contrast of every curve and con-
sider the qubit to become decoherent when the fringe contrast
is below 1/e, at about 0.37. For convenience, we simplify the
Ramsey fringe contrast as V. According to Eq. (3), we calcu-
late the fringe contrast as 1 —2P(¢). Because of the numerical
accumulated error, the simulated results of population in the
|0) state may slightly deviate from the analytical results and
induce a negative contrast value around zero.
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Fig. 4. (color online) (a) and (b) Ramsey fringe contrast with detuning fluctuations in 6 pulses and 30 pulses. We set a series of 65 as 107*Q, 1073Q,
10722, 1071Q, and Q. In the 6-pulse situation, the simulated results of G5 that are within 10722 fit well with the perfect results. When G5 equals
10~1Q, the simulated result deviates from the perfect result, while for 65 = Q, the qubit becomes decoherent at the beginning. In the 30-pulse situation,
the coherent time is prolonged by more pulses. On the other hand, the simulated curves do not fit well with the perfect curve like that in the 6-pulse
situation because of the error accumulation. As is shown, for 65 within 1072, the results nearly remain the same as the perfect result. For 65 = 1071,
the qubit tends to be more liable to dephase than in the situation of 6 pulses. Therefore, the detuning deviation thresholds are approximately 10~1Q for
the 6-pulse operation and tend to be lower than 10~!Q for the 30-pulse operation. (c) and (d) Ramsey fringe contrast with intensity fluctuations in 6 and
30 pulses. Gg varies among 1074Q, 1073Q, 107202, 10~'Q, and Q. The coherent time of the perfect operation in 6 pulses and 30 pulses is similar to
the detuning situation. For the 6-pulse and 30-pulse situations, when o does not exceed 10~1Q, the simulated results fit well with the perfect results,
but the derivations of the 30-pulse situation are amplified because of the error accumulation. In the 6-pulse situation, the curve of 6o = Q is deviates
notably from the perfect results, while this trend is exaggerated in the 30-pulse situation. The threshold of fluctuation in pulse intensity is a little below
Q according to these two figures. (e) and (f) Impacts of phase fluctuations with 6 and 30 pulses compared with the perfect operation. We set a series
of 0y as 1 rad, 0.1 rad, 0.01 rad, 0.001 rad, and 0.0001 rad. For Ramsey fringe contrast (‘¥') with 6 pulses in different deviation groups, when oy is
less than or equal to 0.01 rad, the phase error seems to be less influential on the decoherence and fits well with the perfect results. When oy is 0.1 rad,
the simulated curve is slightly deviated from the perfect pulse curve. For 6y = 1 rad, the qubit becomes completely decoherent in the beginning. In
the situation of 30 pulses, the influence of errors is notably amplified compared to that with 6 pulses. The qubit is more sensitive to phase noise. When
0y exceeds 0.1 rad, the coherence is destroyed completely. In addition, for a oy of 0.1 rad, the curve is split from the perfect situation clearly. The
thresholds of both situations are a little below 0.1 rad.
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First we introduce detuning fluctuations and compare
their impacts with different pulse accumulation in Fig. 4(a)
and Fig. 4(b). As is seen from the figures, the impacts of
fluctuations are accumulated with the pulse increasing. For
a certain number of pulses and given pulse parameters, there
is a threshold for fluctuations, which is assumed to be a little
lower than 0.1Q2. When o5 does not exceed this threshold,
the qubit remains coherent. Therefore, this numerical tool can
be used to explore this threshold with different pulse numbers
and the given noise environment. In this simulation, the max
o5 is 10 kHz, which is completely controllable in the experi-
ment. We can be sure that this deviation is within the thresh-
old. As for the fluctuations in coupling strength, with 6 pulses
and 30 pulses respectively, the results are shown in Fig. 4(c)
and Fig. 4(d). The impacts of 0 are similar to that of de-
tuning, with the error influence amplified by the pulse accu-
mulation. If we consider the DD process in the Bloch sphere,
the vector rotation driven by the 7 pulse represents the offset
of noise effects. The phase of the & pulse defines the rotation
axis and directly influences the symmetry of the offset. There-
fore the phase fluctuations are considered as a vital factor in
decoherence. As is seen, decoherence is extremely sensitive
to phase error, and even minor noise can easily destroy co-
herence. We set different levels of fluctuations to check the
impact on the final results. Detailed information on the com-
parison of 6 pulses and 30 pulses is shown in Fig. 4(e) and
Fig. 4(f). It shows that the threshold of phase fluctuations is
below 0.1 rad.

As phase errors almost determine the length of coherent

time, much caution should be applied on this parameter. The
preciseness of the pulse phase should be stressed particularly
in pulse control. Its electronic error that causes phase instabil-
ity should also be eliminated completely. Fluctuations in de-
tuning and coupling strength have similar impacts on the evo-
lution process. This is partially because their fluctuation range
is tiny compared to the energy level and coupling strength.
But it also depends on the real experimental conditions. As a
result, we can conclude that the phase noise is the most impor-
tant error source in the Ramsey process.

The threshold of different kinds of imperfections with dif-
ferent pulse numbers is one important parameter in the exper-
imental implementation. We can compare the fringe contrast
between the case of perfect pulses and imperfect pulses with
various amounts of fluctuations to get the threshold. As we
have defined before, the time when the analytical fringe con-
trast is around 0.37 is the coherence time. At this time, we
observe the fringe contrast of other simulated results and cal-
culate the difference from 0.37. This difference indicates the
decoherence caused by pulse imperfections. We can also state
that the imperfections have no obvious effects on decoherence
if the difference is less than 0.05. The detailed comparison of
detuning, intensity or coupling strength, and phase imperfec-
tions is shown in Fig. 5. Generally, the difference of fringe
contrast would be notably increased if the imperfections were
beyond the thresholds. In consideration of the pulse accumu-
lation, the threshold tends to decrease as the pulse number in-
creases.

Detuning imperfections/Hz
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A 103 104 10° a 103 10* 107 a 103 02 e

Coupling strength imperfections

Phase imperfections/rad

Fig. 5. (color online) (a) Threshold behavior of detuning with imperfections increasing in 6- and 30-pulse situations. Several data points are adopted to show
the difference of fringe contrast from the analytical result. For certain detuning imperfections, the fringe contrast difference is increased for the 30-pulse
situation because of error accumulation. For the threshold of detuning, the point where the curve rises sharply is around the threshold. As is seen, the
detuning threshold for the 6-pulse situation is 5 x 10* Hz and for the 30-pulse situation it is around 3 x 10* Hz. The accumulation of pulses can continuously
decrease the thresholds. (b) Threshold behavior of coupling strength, as well as intensity, with imperfections increasing in the 6- and 30-pulse situations.
We select many data points that range from 10> Hz to 7 x 10° Hz. It is shown that the threshold for the 6-pulse situation is around 1.5 x 10° Hz and for 30
pulses, it is about 3 x 10* Hz. (c) Threshold behavior of phase with imperfections increasing in the 6- and 30-pulse situations. It is shown that the threshold
of the phase is 0.05 rad for the 6-pulse situation and 0.01 rad for the 30-pulse situation.

The simulation of pulse imperfections is beneficial to in-
struct the experimental practice. Our simulation can reveal
the thresholds of pulse errors in detuning, intensity, and phase
under certain experimental conditions. In practical experi-
ments, the frequency drift, fluctuation in the power of lasers,
and phase fluctuation induced by various sources can be mon-
itored as parameter fluctuations. When these fluctuations ex-

ceed their thresholds, they are inclined to induce decoherence.

The results of the simulation indicate which part of the laser
parameters need to be improved and to what extent they need
to be optimized. For this reason, we are able to guarantee the
efficiency of the DD operation.

5. Summary

We have demonstrated the application of CPMG, for one
specific sequence, in the Ramsey process. This process can be
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completely described by the theory of filter function, which is
determined by the pulse number, time interval between pulses,
and pulse operation time. In this process, the quality of pulses
is fundamental for the final result as an accumulation of pulse
errors would destroy the coherence. Due to the fact that it is
difficult to calculate the influence of pulse imperfections, we
adopt a numerical method to generate noise to build a numer-
ical tool for the simulation of the Ramsey process. According
to the PSD of the noise environment, it is reliable to simulate
the whole Ramsey process with the DD sequence. We assume
atypical 1/ f noise environment and simulate the Ramsey pro-
cess with fluctuations of the pulse parameters. Generally, the
quantum state is robust to intensity and detuning errors but ex-
tremely sensitive to phase noise. In addition, through simula-
tion, we know the thresholds of the fluctuations of these phys-
ical parameters of the pulse. Some improvements can be made
to the pulses to reduce fluctuations below the threshold value.
Therefore, this simulation tool guides us in improving the ex-
periment, especially when environmental noise is roughly de-
tected by a spectral analyzer. If the pulse noise is designed in
the simulation, the results could be an important reference to
the real experiment.
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