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This study is conducted to establish a reliable simulation model for investigating the impact of microwave pulses on
the performance of an ensemble nitrogen-vacancy (NV) center system, thereby providing a basis for optimizing microwave
parameters and enhancing quantum sensing performance. The simulation of ensemble NV centers is realized through the
design of “Single NV Center Module” + “Ensemble Control Module”. Verified by optically detected magnetic resonance
(ODMR), Ramsey, and Hahn echo experiments, the program can accurately reproduce the core characteristics of the exper-
iments, confirming the reliability of the model. Using this model to study the influence of microwave spatial inhomogeneity
on system performance, it was found that when 6 (the range of microwave axial distribution) is 90°, the sensitivity of the
Hahn echo decreases by 3.6 times, and when the amplitude gradient is 50 pT/mm, the sensitivity decreases by 1.8 times,
providing quantitative support for optimizing microwave parameters.

Keywords: microwave pulse sequences, ensemble NV centers, coherence time, spatial inhomogeneity
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1. Introduction

Negatively charged nitrogen-vacancy centers have been
extensively studied and applied in fields such as quantum com-
puting, quantum information, magnetic field measurement,
and nano-imaging, owing to their significant advantages in-
cluding room-temperature stability, long quantum coherence
time, optical addressability, and biocompatibility.!'=3 The
measurement sensitivity of the NV center system is closely
related to its coherence, and noise can cause a significant
decay of system coherence, thereby reducing measurement
performance. 13!

The energy level structure of NV~ centers in diamond is
shown in Fig. 1. In addition to the three Zeeman levels of the
ground state 3 A2 and the excited state 3E, it also contains two
metastable states, ' A; and 'E. This allows electrons in the ex-
cited state to return to the ground state through non-radiative
intersystem crossing (ISC) processes, in addition to sponta-
neous radiative transitions.3-! Since the probability of inter-
system crossing in the |m; = £1) excited state is higher than
that in the |m; = 0) state, the population of different spin states
can be distinguished by the intensity of spontaneously emitted
fluorescence. An applied magnetic field will lift the degen-
eracy of the |ms; = £1) energy levels. Through 532-nm laser
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fCorresponding author. E-mail: jieyuan @nudt.edu.cn

CSTR: 32038.14.CPB.ae24e9

pumping, spontaneous emission, and the ISC process, elec-
trons accumulate in the ground state |m; = 0) energy level.
The pumping rate I, is used to represent the rate of transition
from the ground states |m; = £1) to |my; = 0). Neglecting the
influence of the excited state 3E and the metastable states ' A
and 'E, the system can be simplified and described using a
three-level model.
|ms=+1)

: [ms=—1)

‘m's:0>

Excited state 3E

Strong
Week
1A,
532-nm laser ODMR
E;
2v.B
’Ye z |ms — +1>

Ground state 3A, = [mg=—1)
D

|ms=0)

Fig. 1. Energy level structure of NV~ centers in diamond.

In the study of diamond NV centers, the coherence de-
cay characteristics of spin systems are typically characterized
by T, and T5.I%! T is the spin free induction decay time
(also known as dephasing time), which describes the decay of
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phase coherence in a spin system under the combined action
of static inhomogeneous magnetic fields and dynamic noise.
Its rapid decay stems from external static magnetic field in-
homogeneities (such as magnetic field gradients) and inter-
nal dynamic noise (such as spin bath fluctuations). 75 is the
spin-spin relaxation time (also known as decoherence time).
The difference from 7 is that the influence of static mag-
netic field inhomogeneity can be eliminated through pulse se-
quences such as spin echo, which only reflects the decay of
spin coherence under the action of dynamic noise. Gener-
ally, T < T, near-surface NV centers have 75 values of
only 3 pus~ 50 us.B’l After spin-echo processing, 7> can be
improved to 100 ps~ 200 us,!”-81 while dynamic decoupling
sequences (e.g., CPMG, XY 8) can further suppress noise from
spin baths and other dynamic sources, extending 7> to the
millisecond level. 7 is a core metric for evaluating quan-
tum sensor performance, directly determining the detection
sensitivity.[!l For the ensemble NV centers system, the sen-
sitivities of measuring the magnetic field by the continuous-
wave ODMR (CW-ODMR), Ramsey, and Hahn echo methods

arel9-111

NEW"OBMR ~ 4 Ay L’
3V3CVR 8eln
nensemble ~ h L 1 1 VtI+T+tR (1)
Ramsey gellp A C\/N ef(T/Tz*)a T ’
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2 gellg Cv/N e~ (7/T2) T

where i/g. g is the basic constant term, g, =~ 2.003 is the
electronic g factor of the nitrogen-vacancy center, Ug is the
Bohr magneton, and 7 is the reduced Planck constant, R is
the photon detection rate, Av is the linewidth of the ODMR
spectrum, C is the signal contrast, ¢ is the decay stretching
exponent, and 7 is the free precession time of each measure-
ment, ¢ is the initialization time, and tg is the readout time.
To extend to spins with higher multiplicities, the spin state
difference Amg > 2 for interferometric measurement is used.
For negligible #; and R, the optimal measurement times are
T =T,/2 and T = D5, respectively. N is the number of NV
centers.[!?] Equation (1) can be simplified as

ensemble o Av
NIcW-0DMR >~
(1/2)%
ensemble € 2
nRamsey C- \/Fa ( )
2
1
ensemble
T’Hahn

. ~ NG
Based on the derivation using the density matrix and
Schrodinger equation (see Appendix A), we obtain the time
evolution relationship of the Ramsey signal in an ensemble
NV centers system!!0:13.14]

SRamsey(T) = % 1—C-e(@/1)" COS(COX‘L')] . 3)

The relationship between Hahn echo signal and time variation

is given by(!3

Shiahn(T) = So- e~ (F/R)% (4)

where Sy is the background fluorescence signal baseline, C is
the contrast, @, is the Rabi oscillation angular frequency, and
a is a numerical factor related to the specific noise type. The
stretched exponent o for Hahn echo decay varies between 0.5
and 3.[10:16]

2. Methods

The density matrix evolution kinetic equation of the
three-level model p = f(p) is derived from the eigen-
Hamiltonian. For the detailed derivation process, please re-
fer to Appendix A. For the ensemble NV centers system, it is
necessary to establish an output fluorescence intensity func-
tion. The fluorescence intensity is affected by multiple factors
such as microwave power, microwave frequency, and magnetic
field. The ensemble fluorescence intensity is composed of the
superposition of the output fluorescence intensities of each sin-
gle NV center in the system. Therefore, for the NV centers
with different parameter gradients, the ensemble fluorescence
intensity can be calculated by means of weighted average. The
final expression of the system’s output fluorescence intensity
is

Ign = Y kil;, Q)

where k; is the light intensity weighting coefficient occupied
by the NV center, and } k; = 1, I; are the fluorescence intensi-
ties.

We modularly design the ensemble NV center simulation
model. The orange block on the right side of Fig. 2 in the struc-
tural block diagram is the single NV center simulation module.
The physical effect module simulates physical effects such as
pump light, external magnetic field, and microwave pulses re-
spectively. The physical effect module regulates the system
evolution by modifying Hamiltonian parameters. The main
parameters include system parameters (longitudinal relaxation
rate i, transverse relaxation rate ¥, and pump rate %,), mag-
netic field parameters (NV axial magnetic field B;, magnetic
field noise AB;), and microwave parameters (microwave mag-
netic field B,, 7 pulse width 7, pulse axial deviation 8, and
microwave frequency ,). The noise source module is used to
generate magnetic field noise AB,. We mainly considered the
presence of spin bath fluctuations around the NV center, which
is the main cause of dephasing. In this paper, the Ornstein—
Uhlenbeck (OU for short) process is used to generate random
magnetic field noise AB,(z), with parameters including cou-
pling strength b, correlation time 7..!'>!”) The RK4 algorithm
module is employed to solve the time evolution equation of
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the density matrix, thus ensuring the accuracy of numerical
calculations. The signal acquisition module simulates the ex-
perimental measurement process and computes the observable
quantities of the system. The fluorescence intensity reading
module calculates the fluorescence signal based on the density
matrix, thus realizing the connection between the theoretical
model and experimental observation.

The green block on the left side of Fig. 2 is the ensem-
ble NV centers simulation module, which realizes the simu-
lation of ensemble output characteristics by integrating mul-
tiple single NV center models. Among them, the ensemble
control module provides differentiated parameter inputs for
different single NV center modules by reasonably setting pa-

Ensemble NV center simulation program

Ensemble result
analysis module
Ensemble control & processing modules

ight intensity | yr..notic field Microwave Parameter
wgggﬂﬁegﬂ [ no%se module | |noise module dlsg(l)%lllltllg n

Multi-NV center parallel
computing engine

Ensemble parameter
setting module

Single NV center simulation module

N X

Ensemble result synthesis &
statistical analysis

Final output & visualization

rameters such as light intensity weight, static magnetic field
noise, microwave amplitude noise, and microwave frequency
noise. The parameter distribution module generates the pa-
rameter distribution of each NV center in the ensemble. The
parallel computing engine efficiently completes the parallel
computing of a large number of NV centers. The ensemble
result synthesis module integrates the calculation results of in-
dividual NV centers according to weights to obtain the ensem-
ble average signal. This modular design endows the system
with good scalability and maintainability, facilitating the sub-
sequent integration of new physical effects or optimization of

algorithms.

Single NV center simulation module

Output result
processing module
Physical effect modules

Pump light | | External magnetic. | Microwave | Noise source
module module pulse module module

Input parameter
setting module

Fourth order Runge—Kutta
algorithm module
Measurement and signal
acquisition module
Fluorescence intensity
calculation module

Single NV center results

Fig. 2. Structure block diagram of the ensemble NV centers simulation model. The green block on the left consists of the ensemble NV centers
simulation module, and the red block on the right consists of the single NV center simulation module.

We have built a cage-based optical system for diamond
NV center experiments. By comparing the simulation results
with the experimental output, we verify the reliability of the
simulation model. The structure is shown in Fig. 3. The sys-
tem consists of an optical module, a microwave module, a con-
trol and acquisition module, and a power supply module. The
optical module includes a laser pulse generator, a cage-based
optical setup, a microwave radiation structure, a diamond sam-
ple, and a photodetector. The microwave radiation structure

Focusing objective lens

Diamond sample

v

Focusing objective lens

adopts double split-ring resonators from CIQTEK.!'81° The
diamond sample DNVT™B1 is produced by Element Six, with
dimensions of 5 mmx5 mmx0.5 mm. The laser is a 532-nm
solid-state laser, and the maximum laser power is 100 mW.
The laser pulse generator emits green laser light, which excites
the NV centers to generate red fluorescence. After the fluores-
cence is filtered by a filter, it is focused by a lens onto a pho-
todetector, which completes the conversion of optical signals
to electrical signals and the reading of fluorescence intensity.

Filter

v

532-nm pump laser

Red fluorescence

!

Pulsed laser Collimating lens

Microwave radiation module

Cage system rods T

Focusing lens Photoelectric detector

Fig. 3. Structural diagram of the experimental system.
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3. Application and analysis

3.1. Verification of the reliability of the simulation program

Under zero-field conditions, the system’s ODMR spectra were tested at microwave powers of 26 dBm, 23 dBm, 20 dBm,

and 17 dBm, respectively (the microwave power here refers to the microwave power applied to the NV center sample after
passing through the power amplifier, not the power value set at the microwave source). Through Rabi oscillation experiments,
the corresponding Rabi frequencies Q2g,p; were measured as 2.81 MHz, 1.99 MHz, 1.41 MHz, and 1.06 MHz, and the full width
at half maximum (FWHM) Av of the spectrum under each state was obtained. When simulating the ODMR experiment, in order
to approximate the characteristics of the real experimental system, the core parameters are set as 7, = 1000 s~ !, 75 = 25000 s~ !,
% = 50000 s~!. Specific parameter settings for the experiment and simulation are compared in Table 1. Based on the Rabi
frequency obtained from the experiment, the corresponding microwave magnetic fields obtained through simulation inversion
were 100 uT, 71 uT, and 38 uT, respectively. Then, the simulated ODMR spectra are plotted, and the result data are normalized.
The comparison of the output curves of the experimental system and the simulation program is shown in Fig. 4.

Table 1. Parameter settings of experimental system and simulation program.

Experimental Simulation
Pyw (dBm) Qrabi (MHz) Av (MHz) B, (uT) LQRabi (MHz) Av (MHz)
26 2.81 12.8 100 2.81 13
23 1.99 12 71 1.99 12
20 1.41 11.6 50 1.41 11.5
17 1.06 11.6 38 1.06 11.5
comparison of the Hahn echo experiment results between the
Lok 281 MHz 1ol 1.99 MHz experimental system and the simulation program (the abscissa
is the free evolution time, and the ordinate is the normalized
< 09 0.9 fluorescence intensity). The black scatter curve is the output
Exp Exp result of the experimental system, and the red solid line is the
“l ‘ o | ‘ — Sim output result of the simulation program. The fitted decoher-
2800 2850 2900 2950 2800 2850 2900 2950 ence times Thpea = 39.2 1S, Tosim = 39.9 ps. Based on the
1.0 A Lo 1.06 MHz comparative results of the ODMR experiment, Ramsey exper-
iment, and Hahn echo experiment, the simulation program de-
£ 0.9 signed in this paper can accurately reproduce the core charac-
osl B | Exp teristics of the experimental system.
Sim Sim
2800 2850 3900 2950 2800 2850 2900 2950 L2y Ramsey ®) Hohn
Microwave frequency (MHz) Microwave frequency (MHz) b
Fig. 4. Comparisons of experimental and simulated ODMR spectra. The |
abscissa is the microwave frequency, and the ordinate is the population proba- s 0.6} _
bility of the |0) state. The black solid line represents the experimental results, = &
and the red solid line represents the simulation results. 0.31

Adjust the microwave power so that the Rabi frequency
is Qrapi = 9.25 MHz, and set the microwave frequency to
o, = 2.87 GHz. In the simulation program, set the corre-
sponding microwave magnetic field strength to B, = 330 uT,
and keep the rest of the parameters consistent with those in
the ODMR experiment. Figure 5(a) shows the comparison of
the Ramsey experiment results between the experimental sys-
tem and the simulation program (the abscissa is the free evo-
lution time, and the ordinate is the normalized fluorescence
intensity). The red scatter curve is the output result of the
experimental system, and the black solid line is the output re-
sult of the simulation program. The fitted dephasing times are
Ty = 50.7ns and T,; | = 48.8 ns.

The Hahn echo experiment adopts the same parameter
settings as the Ramsey experiment. Figure 5(b) shows the

0T T
Free evolution time (10* ns)

0 200 400 600 800 1000
Free evolution time (ns)

Fig. 5. Comparisons of experimental and simulation outputs. The black
dashed line represents the experimental results, and the red solid line rep-
resents the simulation results. (a) Comparison of Ramsey curves, (b) compar-
ison of Hahn echo curves.

3.2. Ensemble multi-peak ODMR and hyperfine coupling
simulation

In the diamond NV center sample, there are four NV axes
a, B, 7, 8, and the angle between each pair of these four axes
in space is 109°.12°1 The relative positional relationship be-
tween different axes in the ensemble within a magnetic field is
shown in Fig. 6(a). To simplify the research, we assume that
the static magnetic field B, is parallel to the o-axis, and the
microwave field Byw is perpendicular to the o-axis.
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(a) ; (b)

(c) Bo

Fig. 6. (a) In the diamond ensemble NV centers, the a-axis is parallel to the static magnetic field B, and perpendicular to the microwave magnetic field
Byw; (b) Schematic diagram of the inhomogeneous axial spatial distribution of the microwave magnetic field, where the dashed line represents Byw
when the maximum deviation angle is 30°; (c) The static magnetic field By forms unequal angles with the four axes, and shifts by a small angle to B .

Owing to the hyperfine coupling between the electron
spin of the NV center and the 4N nuclear spins (I = 1), the
resonance peak after the Zeeman splitting of the NV cen-
ter is further split into three hyperfine peaks with a peak
interval of 2.2 MHz.!">?!l Figure 7(a) shows the ensemble
ODMR spectrum when B, = 11.4 mT, Byw = 50 pT. Since
the static magnetic field has equal angles with the axes f3,
7, 8, its projections onto these axes are equal, so the reso-
nance peaks completely overlap, ultimately presenting 2 pairs
of resonance peaks, which are the resonance peak of the NV-
o and the superimposed resonance peaks of the NV-f, 7,
0. Zooming the ¢-axis resonance peak at a microwave fre-
quency of 2550 MHz reveals three hyperfine peaks with un-
equal intensities, and their resonance frequencies correspond
to 2548.3 MHz, 2550.5 MHz, and 2552.7 MHz, respectively.
Its mechanism is that when the static magnetic field meets the
polarization transfer threshold, the laser polarizes the NV elec-
tron spins, and the electron spins indirectly polarize the '“N
nuclear spins through hyperfine coupling, resulting in popu-

lation bias. Here, we refer to De Lange G 2010 Science 330
60-3, where the population ratio of '*N nuclear spins on each
energy level (m; = |+ 1), |0), | — 1)) is 5:3:2.1152%) In the sim-
ulation, we achieve this by setting magnetic field offsets and
light intensity weighting coefficients.

In contrast, in Fig. 7(b), when B, = 2 mT, Byw = 50 uT,
the population of nuclear spins in each energy level tends to
be equal, showing three hyperfine peaks with equal intensities.
Figure 6(b) shows that the microwave field has axial inhomo-
geneity in space, and its influence on the output characteristics
of the ensemble is discussed in Subsection 3.2 of this paper.
Figure 6(c) shows that when the static magnetic field has un-
equal angles with the four NV axes, the ODMR spectrum in
Fig. 7(c) presents 4 pairs of resonance peaks. When the static
magnetic field By deviates by a small angle from the magnetic
field By, each angle changes, the projection of the static mag-
netic field on each axis changes, and the positions of the cor-

responding 4 pairs of peaks also change accordingly.

(a()) s —_ODMR (b) 0.15}
’ )| By
67776 h4
% 0.10 g 0.10
« ~
ie g
=) o
S 0.05/ O 0.05

0

(c)0.25 —5

E

ODMR

0.20

—_—

Contrast
o
-
o

o
—
o

e
o
&

U

2600
Microwave frequency (MHz)

2800 3000 3200 2800

2840
Microwave frequency (MHz)

2880 2920

2500 2700 2900 3100
Microwave frequency (MHz)

Fig. 7. Ensemble ODMR spectrum, with the abscissa being microwave frequency and the ordinate being contrast. (a) The static magnetic field
B. = 11.4 mT and microwave field Byrw = 50 uT; (b) B; = 2.0 mT and Byw = 50 uT; (c) By = By = 11.4 mT and Byw = 330 uT.

3.3. Inhomogeneous spatial distribution of microwaves

In this article, we do not consider the spatial inhomo-
geneity of the static magnetic field, only discuss the impact
of the spatial inhomogeneity of the microwave magnetic field
on the system. The system parameters are as follows: lon-
gitudinal relaxation rate y; = 1000 s~!, transverse relaxation
rate » = 2.5 x 10° 5!, and pumping rate 5, = 5 x 10° s~
The magnetic field parameters: microwave magnetic field
B, =330 uT and static magnetic field B, = 2 mT. Noise mod-

-1

ule parameters: coupling strength b = 3.6 us™', correlation

time 7. = 25 ps.!['3 Figure 8(a) shows the ensemble ODMR
spectrum when the microwave magnetic field is perpendicu-
lar to the o axis and the static magnetic field is parallel to
the a axis. As the microwave power increases, the broaden-
ing becomes larger, which obscures the information of hyper-
fine coupling. The 3 hyperfine peaks overlap into 1 peak, and
the ensemble ODMR spectrum finally presents 2 pairs of res-

(221 Figure 8(b) shows the m-pulse width from

onance peaks.
the Rabi oscillation is 74 ns when the microwave amplitude

B, =330 uT and the microwave frequency @, = 2813 MHz.
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(a) ODMR

0.3}
67’775 ﬁ”%(;

0.2+
s
~ 2812.94 MHz
0.1F A

2780 2820 2860 2900 2940

Microwave frequency (MHz)

1.0k (b) Rabi

0.8

0.6

Po)

0.4

0.2

 tr="T4 ns

0 1
0 50 100 150 200 250 300 350 40
Free evolution time (ns)

Fig. 8. (a) The ensemble ODMR spectrum output by the simulation system, with the abscissa being the microwave frequency and the ordinate
being the contrast; (b) The Rabi oscillation curve with the abscissa being the free decay time and the ordinate being the population probability

of the |0) state.
3.3.1. Axial inhomogeneous distribution

Ideally, the microwave axial direction is perpendicular to
the -axis of the ensemble NV centers. In reality, the mi-
crowave axial direction has an inhomogeneous distribution in
space. We assumed that the axial distribution range is 6, and
the number of NV centers is equal per unit angle. In Fig. 6(b),
the angle from the purple solid line to the purple dashed line
indicates that the axial distribution range of microwaves is 30°.
In the model, a group of 12 single NV center modules (to
achieve hyperfine coupling effects and spatial orientations of

different NV axes) is used to simulate a single microwave de-
viation angle. Then, the light intensity weighting coefficients
module is employed to set N model groups to simulate the
axial inhomogeneous distribution of the microwave. Consid-
ering both computational power and statistical representative-
ness, we conducted simulation studies with N = 4. For exam-
ple, when 6 = 30°, the axial deviation angles are 0°, 10°, 20°,
and 30°. We discussed the cases at 8 = 0°, 30°, 60°, and 90°,
respectively. Table 2 recorded the output characteristics of the
system at different 0.

Table 2. Simulation results of inhomogeneity distribution of microwave axial.

0 Av (MHz) CobMR Tz* (ns) CRamsey ORamsey 1> (ns) CHahn OHahn
0 11.7 0.122 427 0.78 1 3370 0.29 1
30 11.3 0.122 353 0.59 1 3784 0.27 1.2
60 10.1 0.118 263 0.33 1 2883 0.19 1.2
90 10.3 0.089 254 0.20 1 2765 0.09 3
0.4
(a) ODMR 0° Ramsey 0.9k (c) Hahn
— 90°
0.3 — 60° : -
— 30° "o . . 0.8

& 02/ = T S 0T
Av,, =103MHz
. " 90 — 90_fit 0.6h ) e
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Fig. 9. Simulation results of microwave axial inhomogeneity distribution, where the scatter points are simulation data and the solid lines are fitting
curves. (a) Ensemble ODMR spectrum, the small diagram at the top left is an enlarged view of a resonance peak; (b) Comparison of ensemble Ramsey
curves when the maximum microwave axial deviation angles are 0°, 30°, 60°, and 90°; (c) Comparison of ensemble Hahn echo curves when the

maximum microwave axial deviation angles are 0°, 30°, 60°, and 90°.

In a microwave magnetic field, only the component per-
pendicular to the NV axis can drive spin transitions. The spa-
tial inhomogeneity of the microwave axial direction destroys
the consistency of the effective coupling between microwaves
and spins, reducing the effective coupling efficiency between

microwaves and NV spins. We obtained broadening and con-

trast by fitting the simulated ODMR curves with a Lorentz
function. Figure 9(a) shows that when the maximum deviation
angle of axial inhomogeneity is 90°, the resonance peak broad-
ening decreases by 1.4 MHz compared with no deviation, the
contrast decreases by 27%, and the sensitivity decreases by

1.2 times according to formula (2). At the same time, inho-
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mogeneity will destroy the phase consistency of Ramsey in-
terference, leading to enhanced dephasing effect and reduced
contrast. Figure 9(b) shows that when the maximum devia-
tion angle is 90°, the dephasing time decreases from 427 ns to
254 ns, the Ramsey contrast decreases by 74.4%, and the sen-
sitivity decreases by 5.1 times according to formula (2). The
core mechanism of the Hahn echo lies in “7-pulse phase refo-
cusing”. However, the axial inhomogeneity of the microwave
field disrupts this process. The phases of some NV spins can-
not be fully flipped by the -pulse, preventing their subsequent
phase refocusing. Ultimately, this leads to a decrease in the
peak value of the overall echo signal and a reduction in con-
trast. Figure 9(c) shows that when the maximum deviation
angle of the microwave axial direction is 90°, the transverse
relaxation time decreases from 3370 ns to 2765 ns, the contrast
of the Hahn echo signal decreases by 69%, and the sensitivity

decreases by 3.6 times according to formula (2).

3.3.2. Amplitude inhomogeneous distribution

The microwave amplitude is inhomogeneously dis-
tributed in space, as shown in Fig. 10(a). The yellow
block is a diamond containing NV centers, with a size of
5 mmx5 mmx0.5 mm. A microwave magnetic field is ap-
plied along the x-axis, and a single-loop antenna (SLA) is used
to generate the microwave magnetic field.!**! Single NV cen-
ters are uniformly distributed within the ensemble NV cen-
ters bulk. It is assumed that the microwave amplitude on a
small circular ring with a radius of r is equal, and there is
a small circular ring area ds = 7w (r+ dr)2 — nr? = 2xrdr.
Then, the number of NV centers on the small circular ring
satisfies N, o< ds o< r, based on which the parameters of the
light intensity weighting coefficients module can be set in
the simulation model. Figure 10(b) The central position and

the corresponding microwave amplitude are (0 mm, 330 uT).
The microwave magnetic field has a linear gradient distribu-
tion in space, where k is the slope of the linear distribution

gradient. [23-24

x

() 2z
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NV centers

:dr 5 mm
()
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Fig. 10. Schematic diagram of the inhomogeneous distribution of microwave
amplitude in the diamond ensemble NV centers. (a) Schematic diagram of
the microwave magnetic field application device, where the black ring is the
microwave antenna, the yellow block is the diamond NV center sample, and
the bottom left is a small ring with radius r on the ZY plane; (b) Spatial mag-
netic field distribution curve of the single-loop antenna (SLA), where the mi-
crowave amplitude changes linearly within the range of y € [-2 mm,2 mm].

By setting the microwave amplitude and light intensity
weighting coefficients in the simulation model according to
different radii, the spatial inhomogeneity of the microwave
amplitude can be well simulated. Similarly, considering both
computational power and statistical representativeness, we
uniformly selected 4 groups of radii for simulation. The radii
are 0.5 mm, 1 mm, 1.5 mm, and 2 mm, respectively, and the
light intensity weighting coefficients ratios are 0.5:1:1.5:2. We
discussed the cases of k =0, 10, 20, 30, 40, and 50 pT/mm,
respectively. Table 3 records the output characteristics of the

system at different k.

Table 3. Simulation results of inhomogeneity distribution of microwave amplitude.

k (LT /mm) Av (MHz) CopMmR T; (ns) Cramsey ORamsey T> (ns) CHahn OHahn
0 11.7 0.122 427 0.78 1 3370 0.29 1
10 12.0 0.122 360 0.67 1 3236 0.27 1.1
20 12.4 0.123 323 0.45 1 3916 0.26 1.4
30 12.7 0.124 186 0.38 1 4292 0.19 24
40 13.1 0.125 122 0.35 1 4255 0.17 2.5
50 13.4 0.127 103 0.31 1 4389 0.14 3

As the amplitude gradient increases, the frequency con-
sistency of the ensemble NV centers spin transition is broken,
resulting in the expansion of the spin resonance frequency dis-
tribution range, which is manifested as the inhomogeneity-
induced broadening of ODMR. In Fig. 11(a), when k =
50 uT/mm, the linewidth increases by 1.7 MHz compared

to the uniform distribution, and the sensitivity decreases by

a factor of 1.1. The inhomogeneity of microwave amplitude
leads to differences in the spin transition frequencies of dif-
ferent NV centers. After the free spin precession between
the two m/2 pulses, phase dispersion occurs, which mani-
fests as an enhancement of the system’s dephasing effect. In
Fig. 11(b), when k = 50 pT/mm, the dephasing time decreases

from 427 ns to 103 ns, the Ramsey contrast decreases by
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60.3%, and the sensitivity decreases by a factor of 5.1. Mi-
crowave inhomogeneity will cause the pulses to be unable to
fully compensate for the phase dispersion caused by the inho-
mogeneity of the static magnetic field. Pulse sequences such
as Hahn echo fail to refocus, resulting in a decrease in echo
signal intensity and degradation of coherence. In Fig. 11(c),
when k = 50 uT/mm, the Hahn echo signal contrast decreases

by 51.7%, and the sensitivity decreases by a factor of 1.8. In
addition, spatial inhomogeneity will lead to complex decoher-
ence dynamics in the system, which cannot be completely de-
scribed by a single decay time constant. The stretched expo-
nent & of the ensemble decay ranges from 0.5 to 3,1 and the
higher the spatial inhomogeneity of the microwave magnetic
field, the larger fitted o.

0.4
(a) ODMR_ .50 0.7+ (b) Ramsey 0.9N (©) Hahn
ke =30 0.6 e kel —ke0

k=0 o5 » k=30 — k=230
o <« k=50 —k=50

© 0.4

0.3

0.1p 0.2
O 0.1 [ - <
2800 2850 2900 2950 0 2000 4000 0 2000 4000 6000 8000

Microwave frequency (MHz)

Free evolution time (ns)

Free evolution time (ns)

Fig. 11. Simulation results of microwave amplitude inhomogeneity distribution, where the scatter points are simulation data and the solid lines are
fitting curves. (a) Ensemble ODMR spectrum; the small figure in the upper left corner is an enlarged view of a resonance peak. (b) Comparisons of
ensemble Ramsey curves when the microwave amplitude gradients are 0, 30, and 50 puT/mm. (c) Comparisons of ensemble Hahn echo curves when the

microwave amplitude gradients are 0, 30, and 50 pT/mm.

4. Conclusion

In this work, we designed a multi-module simulation pro-
gram consisting of a single NV center simulation module and
an ensemble control module. By constructing a cage-based
diamond NV center experimental system, as well as the veri-
fication via ODMR, Ramsey, and Hahn echo experiments, the
output curves by the simulation are highly consistent with the
experimental data. The model also realizes the ensemble 8-
peak ODMR spectrum and the hyperfine coupling effect.

Based on this model, we studied the influence of the in-
homogeneous spatial axial and amplitude distributions of the
microwave magnetic field on the performance of the ensemble
NV centers, respectively. When the axial inhomogeneity of
the microwave magnetic field is the largest, the ODMR spec-
trum contrast decreases by 27%, and the sensitivity decreases
by 1.2 times. The dephasing time decreases from 427 ns to
254 ns, the Ramsey contrast decreases by 74.4%, and the sen-
sitivity decreases by 3.9 times. The Hahn echo signal con-
trast decreases by 69%, and the sensitivity decreases by 3.6
times. When the microwave magnetic field amplitude gradient
is k =50 pT/mm, the ODMR spectrum broadening is 1.7 MHz
larger than that in the uniform distribution, and the sensitivity
decreases by 1.1 times. The dephasing time decreases from
427 ns to 103 ns, the Ramsey contrast decreases by 60.3%,
and the sensitivity decreases by 2.52 times. The Hahn echo
signal contrast decreases by 51.7%, and the sensitivity de-
creases by 1.8 times. The model provides quantitative support
for microwave parameter optimization, along with a basis for
pulse sequence optimization and microwave field uniformity
improvement. The modular design facilitates the subsequent

inclusion of multi-physics coupling effects, further enhancing
the predictive ability of the model. In the future, this model
could be combined with artificial intelligence (Al) to develop
new pulse sequences and achieve intelligent parameter regula-

tion.

Appendix A: Theory

When conducting theoretical analysis of NV center quan-
tum sensing, the Hamiltonian energy operator is usually used
to analyze, study, and perform theoretical calculations of the
quantum spin state. The intrinsic Hamiltonian of the NV cen-

ter is[25-26]

H="2s 8BS,

W (A1)

where wp = 27 x 2.87 GHz is the zero-field splitting, . =
28.03 GHz/T is the electron spin gyromagnetic ratio, 7 is the
reduced Planck constant, i = h/27, h is the Planck constant, S
is the spin operator, Sy, Sy, S; are the projection components of
S on each coordinate axis, and B is the external magnetic in-
duction field. For a system with spin quantum number S = 1,
Sy, Sy, S; can be expressed as

i 0
0 —i|,
i 0

0 0
1 S:i i
0 0

szi ’ y \/i

01

10

V201

10 0

s.=n|00 0 |, (A2)
00 -1
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Substituting Eq. (A2) into Eq. (A1) gives

Ye .
op + ¥eB; % (Bx - lBy) 0
Y . Ye .
H=h ﬁ (Bx + lBy) 0 % (Bx — lBy)
Ye .
0 % (Bx + lBy) wp — YB;

(A3)

where B, is the static magnetic field, and By, By are mi-
crowave fields applied in different vertical directions. Accord-
ing to the standard Liouville equation of quantum statistical
mechanics?”]

N
p=—[H.p] -

| e

{F.p}+A, (A4)

o
N —
ol

where dp/dr represents the rate of change of the density ma-
trix with time, [I:I ,ﬁ] /ihi represents the basic evolution pro-
cess of the quantum system, (1//2) {f ,p } represents the pro-
cesses of decoherence and dissipation of the quantum state,
and A represents the contribution of additional correction
terms or other physical processes.

Introduce the relaxation matrix I"1?7-8]

A h+l, 0 0
I'= 0 ;m 0 ) (AS)
0 0n+I,

where 7y represents the longitudinal relaxation rate, and I,
represents the transfer rate of non-polarized energy levels to
polarized energy levels caused by optical pumping. Substi-
tuting the term (1/2) {I",p} into the Liouville equation (A4)
gives

(v+) e (n+I/2)po (n+Ip) pi-i
(v +15/2) por ¥1P00 (n+I/2)po-1 |,
(n+L)p-ti (n+L/2)p-10 (1 +Ip) p—1-1

(A6)

where p;; is the probability that the quantum system is in the
quantum state | i) at a certain moment, and p; ; characterizes
the quantum coherence between different pure states in the
quantum system.

Considering that there are other factors affecting the
transverse relaxation, after expressing the transverse relax-
ation with 9, and 73, it is

(v +13) P11 1P10 13P1-1
Y2Po1 Y1Poo Y2P0-1 (A7)
Be-11 P10 (M+Ip)p-11
Introduce the repopulation term A [27]
n/3 0 0
A= 0 n/3+Lpu+Ilp-1-1 0 |, (A8)
0 0 n/3

Substituting Egs. (A3), (A7), and (A8) into the Liouville equa-

tion (A4), and making the following substitutions according to

the properties of the density matrix,>>! we have
P11 — P1, Poo — P2, P-1-1—7P3,
Po1 = pa+1ips, Py — P4 —1ips,
Po-1 = Ps+1ip7, P_19 — Ps — iP7,
P1-1 = ps+ipy, P-11 —> Ps—ipy. (A9)

Finally, the dynamic equations for the evolution of the den-
sity matrix of the three-level model with all real terms can be
obtained

p1= \6% (BXPS _Byp4) - (’}’1 +1—£’) pr+
P2 = V2% [By (ps — ps) — B (ps + p7)]
fy1p2+%+1—f,(Pl+P3)a

7
3 )

p3 = V2% (Bip7+Byps) — (v +1}) p3 + %7

P4 = —\% [Bxpo + By (P2 — p1 + ps)] — 12pa — (&b + Y%B:) ps,
p5:5§%ugmy—34pl—pz+pw}—wps+(uD+%Bap%
o = % [Bxpo + By (p2 — p3 + ps)] — 12pg — (&b — %eB:) p7,
p7 = \% [Bypo + Bx (P2 — p3 — ps)] — 12p7 + (@p — ¥%B:) P,
ps = 5 [Be(ps+p7) + By (pu = po)] — 1Py + 20Bepo.

Po = % [Bx (P4 — Ps) — By (s + P7)] — 13P9 — 2% B:ps.

(A10)

According to the characteristics of the density matrix, its
diagonal elements pi1, poo, P—1—1 are the probabilities, i.e.,
the populations, of the quantum system being in the |+1), |0),
|—1) states at a certain moment, and the trace of the matrix
always satisfies p11 + poo +p—1-1 = 1.

Since the probability of radiative transition of electrons in
the |0) state after pumping is relatively high, while the prob-
ability of electrons in the |£1) states returning to the ground
state through intersystem crossing (ISC) after pumping is rela-
tively high, it can be considered that the radiative fluorescence
intensity is proportional to the population numbers poo, P11,
p—_1-1 of the three energy levels, but the proportionality co-
efficients are different, which are a, B, B respectively, and
o > B. Therefore, the fluorescence intensity measured in the
experiment can be expressed as!>’]

I=o0po+B(pr1+p-1-1)=(a—PB)po+ph. (Al

For the given set of equations for the density matrix evo-
Iution dynamics, to solve this ordinary differential equation,

we consider using the RK4 algorithm3%)

y =f(ty),
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h
Y+l =Yn+ 5 (k] +2k> + 2k3 +k4)7

ki = f (tw,yn)s

ko= f(ta+h/2,yn+kih/2),

k3 = f(tn+h/2,y0+k2h/2),
I

In
ka = f(ty+h,y, + ksh). (A12)

For Eq. (A12) multiple coupled equations, there are

pi=fi(t,{p;}),
h
Pin+1 = Pin+ 3 (ki1 +2kin +2kiz+kia),

ki,l =fi (lm {pj.n})7
kio = fi (tn +h/2, {pj,n +kj,1h/2})a
kiz = fi(tn+h/2,{pjn+kj2h/2}),
kia = fi (ta+h, {pjn+kj3h}). (A13)
When solving the density matrix dynamics equation, the
RK4 algorithm has high precision, high stability, and simplic-
ity of implementation. It has significant advantages in balanc-
ing accuracy and computational cost and handling the evolu-
tion of complex quantum systems.
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