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SPECIAL TOPIC — Quantum computing and quantum sensing

A nanosecond level current pulse capture taper optical fiber probe
based on micron level nitrogen-vacancy color center diamond
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This work demonstrates a micron-sized nanosecond current pulse probe using a quantum diamond magnetometer. A
micron-sized diamond crystal affixed to a fiber tip is integrated on the end of a conical waveguide. We demonstrate real-
time visualization of a single 100 nanosecond pulse and discrimination of two pulse trains of different frequencies with a
coplanar waveguide and a home-made PCB circuit. This technique finds promising applications in the display of electronic
stream and can be used as a pulse discriminator to simultaneously receive and demodulate multiple pulse frequencies. This
method of detecting pulse current is expected to provide further detailed analysis of the internal working state of the chip.

Keywords: pulse capture, nitrogen-vacancy (NV) color center, current imaging, chip detection

PACS: 03.65.-w, 03.65.Aa, 03.67.—a, 02.20.Uw

1. Introduction

In previous studies, the nitrogen-vacancy (NV) center has
often been used as highly sensitive magnetic field sensors to
image the magnetic field generated by the current distribution
of integrated circuits. Currently, two commonly used NV cen-
ter detection systems exist. The first is the single NV center
system, which collects weak fluorescence over a significant
accumulation of detection time using a single-photon system
to complete measurements. Despite this, it achieves a sensitiv-
ity level of nT/+v/Hz.''-3! The second method involves wide-
field imaging, utilizing a large-area diamond thin film and a
CCD camera to image the static magnetic field over a broad
chip region. This approach allows for rapid quasi-static analy-
sis of large-area current distributions and can achieve different
spatial resolution imaging based on the concentration of NV
centers. !+

However, integrated circuits often contain numerous dy-
namic periodic pulsed currents constrained by internal clock
frequencies.[®! The distribution of these currents, with vary-
ing frequencies and timing sequences, often contains criti-
cal information about the chip’s operational state at a given
time.!”) The traditional methods mentioned above have limi-
tations. The single NV center system requires extensive de-
tection time, making it unsuitable for probing chips with con-
stantly changing operational states.®! On the other hand, the
wide-field imaging approach treats pulsed currents as quasi-
static, providing only a rough overview of the working area’s
distribution. It cannot capture temporal and intensity data of
the currents or provide a more detailed analysis of the working
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area’s distribution. [’

In this paper, we have fabricated a tapered fiber probe
with a spatial resolution of 2 um by attaching a 2 um dia-
mond block to the end of a tapered fiber, enabling it to de-
tect chip-level transmission lines. Then we used a copla-
nar waveguide with a transmission line width of 100 um as
the test subject. Through a tapered optical fiber diamond
probe at the micrometer level, we achieved nanosecond-level
pulse capture on the surface transmission line using CW laser
detection.!'” In the time-domain analysis, we employed an
oscilloscope with a noise reduction algorithm!!!l to capture
individual hundred-nanosecond-level current pulses in real-
time. For the frequency-domain analysis, we utilized a spec-
trum analyzer with a rapid frequency sweep analysis method
to capture periodic pulse trains with a minimum duration of ten
nanoseconds. Finally, we employed this technology to locate
and image two transmission lines carrying pulsed currents of
different frequencies on a self-made PCB board. We hope to
demonstrate the application prospects of this study in captur-
ing individual current pulses inside the chip and locating the
areas where current pulses of different frequencies are gener-
ated.

2. Basic theory and experimental setup

The Hamiltonian of the NV color center is expressed as
H=D S;+E-(Sx—S;)— 1 B-S. (1)

We sense the pulsed magnetic field through the Hamiltonian
term ¥ - B - S, and the electron spin magnetic ratio % is
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2.8 MHz/Gauss. Our system comprises an APD, spectrum
analyzer, oscilloscope, microwave source, as well as a tapered
optical fiber probe and a tapered antenna. It eliminates the
need for complex pulse control and utilizes the combination of
a fiber-optic NV center and a tapered antenna to sense pulsed
currents in close proximity to the waveguide under test. The
NV center probe is made of a 2.025 um NV center block, so
it has a spatial resolution of 2 pm. Additionally, due to the
highest fluorescence intensity of zero-field ODMR, the system
does not require the use of magnets to split the energy levels
of the color center.
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Fig. 1. (a) The energy level structure of color center. We use the Zeeman
effect to sense pulsed magnetic fields. (b) Experimental system structure
diagram.

Initially, the physical implementation of our combined
probe is illustrated in Fig. 2(a). We have designed the copla-
nar waveguide with a tapered shape and affixed a loop of gold
wire at its distal end to generate a strong microwave magnetic
field. This allows our optical fiber probe to traverse through
the coil. Under the condition of acquiring a sufficiently in-
tense microwave excitation, it can approach the test object as
closely as possible, enabling it to detect pulse currents that are
sufficiently weak and of sufficiently short duration.

Both the microwave source and the laser operate in CW
mode, and the pulse current to be measured is generated by
passing a current from a current source through a chip trans-
mission line controlled by a TTL switch. As depicted in
Fig. 2(c), the ODMR curve adheres to the Lorentzian fitting

formula
Aw

(& — @)’ +w?
The pulse current with a specific frequency generated by the

I(@:A,Pw, fo) = P+ @

pulse generator induces a corresponding spectral line shift of
the zero-field ODMR at the same frequency due to its mag-
netic field. Consequently, the resulting fluorescence response
exhibits periodic amplitude variations, enabling us to acquire
and analyze the fluorescence signal to determine the opera-
tional frequency of the pulse current and its location of action,
among other disturbing currents. %!

In our experiments, the capture of pulse currents is
achieved through the continuous splitting and rebound of
the energy levels of color center electrons as currents are

13.141 A shown

generated and dissipated (Zeeman effect).!
in Fig. 2(c), the energy level split resulting from the mag-
netic field of pulse currents causes the ODMR spectral line
broadening, if we lock MW frequency at 2877 MHz, due to
the broadening of spectral lines, fluorescence intensity differ-
ences will occur as AC. And this response in quantum physics
is almost instantaneous, making it highly sensitive to in-
stantaneous magnetic fields. Similar to using NV center as
a frequency-modulated RF signal receiver,!!>! they can also
serve as a receiver for pulse currents of different frequencies.
By using an oscilloscope and spectrum analyzer, we can read
out the frequency and intensity changes of the fluorescence
signal, thus capturing the pulse current. To achieve a sig-
nal with a high signal-to-noise ratio, we utilize the zero-field
ODMR for pulse capture, as it offers a fluorescence inten-
sity four times greater than that of single-peak ODMR. We
fix the microwave frequency at the waist of the ODMR peak,
ensuring optimal pulse detection sensitivity. As illustrated in
Fig. 2(d), laser readout occurs during the period of color center
energy level changes. To sense pulse currents with the short-
est possible pulse width, we need to ensure that the laser fully
polarizes the electron spins of the NV centers within the brief
duration of energy level alteration,!'®! thereby capturing the
timing of the energy level changes. Therefore, throughout the
experiment, we maintain the laser intensity at its maximum
to optimize the system’s ability to read out the energy level
changes.[17-18]

In the subsequent experiments, we define the fluorescence
contrast as the ratio of the fluorescence intensity difference at
the time of energy level change to the baseline fluorescence

1—1

AC = 7 3)

The fluorescence contrast acquired by our detection system

arises from the spin polarization of the electronic energy lev-
els by the laser during the period of energy level transitions.

According to the optical polarization spin rate equation!!

dp 1 dp
g B in [H’p] - { dr }incoh7 (4)
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if the pulse width and period of the pulsed current gradually
decrease, the laser’s read-out time for the energy levels will
correspondingly shorten, leading to increasingly incomplete
polarization of the color centers and a subsequent decrease
in contrast. This phenomenon imposes limitations on the de-
tectable pulse width and frequency range of our system. In the
subsequent experiments, we will conduct in-depth discussions
and verifications on this issue, and present the measurable
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pulse width, detection frequency range, detection sensitivity,
and other performance indicators of the system for pulsed cur-
rents. Next, we will use a NV center probe to capture the cur-
rent pulse in both time and frequency domains. Time domain
capture is mainly used to observe the waveform of a single
pulse in real time, while frequency domain capture is mainly
used to locate the generation location of specific frequency
current pulses.

Energy level
Pulsetrainl I I I I I I I

Continuous read out

Laser

Continuous excite

MW

Fig. 2. (a) The combination detection diagram of the actual optical fiber probe and the conical waveguide. (b) Simulation diagram of microwave
field for gold wire at the end of a tapered waveguide. (c) The comparison of CW ODMR with and without current. (d) Both the laser and
microwave are operated in CW mode, allowing for continuous reading and excitation of the color centers.

3. Time-domain pulse catch

First, we conducted a verification experiment to validate
the system’s capability of capturing current pulse waveforms
in the time domain. Using a pulse generator, we generated
a single pulse with a pulse width of 100 ns on the coplanar

waveguide. Subsequently, we captured the fluorescence sig-
nal returned by the color centers using an oscilloscope with a
sampling rate of 10 Gs. After using Gaussian filtering noise
reduction algorithm, we obtained a fluorescence response that

closely matched the reference pulse (Fig. 3).

100 ns pulse capture with Gaussian filtering
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Fig. 3. The captured data of the 100 ns current pulse demonstrates the alignment between the denoised fluorescence signal and the reference pulse.

120301-3



Chin. Phys. B 33, 120301 (2024)

In the previous experiments, we demonstrated the real-
time capture of pulse current waveforms. However, in chip
applications, pulse currents are often in the form of pulse trains
with fixed periodic frequencies, and there is a need for scan-
ning and imaging of the working area. Therefore, for periodic
signals, we adopted a frequency domain analysis approach to
extract the intensity and frequency information of the periodic
pulse currents and applied it to imaging of the working area.
Based on this principle, we used a 100 pm wide transmission
line on a coplanar waveguide as a carrier for passing pulse cur-
rents, and performed spectral analysis and surface magnetic
field imaging of the pulse currents.

4. Frequency-domain detection sensitivity

Subsequently, we estimated the minimum detectable
magnetic field and sensitivity of the induced pulse magnetic
field within the spectral system. Initially, we performed a
Lorentzian fit on the zero-field ODMR spectrum depicted in
Fig. 2(c) to obtain its mathematical expression

. 2
1=0075- 28 > . . (5)
T 4(w—2867)2 4625

With the microwave frequency fixed at 2877 MHz (the max-
imum slope point of the expression), we define the fluores-
cence intensities with and without the presence of the pulsed
magnetic field as Iy and I, respectively. The RBW parameter
of the spectrum analyzer employed in our experiments is set
to 3 Hz. After measurement of our system this RBW value in
our system indicates that the instrument can minimally resolve
periodic signals with a power spectral density that is 20 ppm
higher than the basal signal. Given the information provided,
we can deduce that the minimum resolvable fluorescence con-
trast can be estimated using the following equation:

I—1y

1

By substituting the fluorescence intensities Iy and [ into

=20 ppm. 6)

Eq. (5), we can solve for the two horizontal coordinates @
and o that correspond to a fluorescence difference of 20 ppm.
Based on the magnetic gyromagnetic ratio of the NV color
center, the minimum detectable pulse magnetic field strength
of this system can be determined as follows:

Wy — @
Bin = Y% : N

Based on the preceding discussion, the sensitivity formula for

measuring pulse magnetic fields using this system can be ex-
pressed as follows:

8 = Boin/VRBW. (8)

At this point, we substitute the known @ = 2877 MHz into
Eq. (5), and based on Egs. (6)—(8), we can get By, = 138 nT,
0 =79.7nT/vHz.

5. Frequency-domain pulse discriminator

In the subsequent experiments, we injected pulse trains
with a fixed frequency of 500 kHz into the transmission line
and gradually altered their duty cycle to examine the pulse
width range capable of capturing pulse trains. A significant
dependency between spectral intensity and pulse width was
observed. As the pulse width decreased to the order of 10 ns,
the fluorescence contrast ratio decreased significantly due to
the drastic reduction in the time reserved for laser polarization.
Consequently, it became challenging to observe the waveform
in the time domain. However, in the frequency domain, as
shown in Fig. 4(a), we effectively acquired fluorescence data
with a polarization time of 10 ns by continuously reducing the
RBW parameter of spectral analysis to 3 Hz, which minimized
the background noise. The results indicated that we success-
fully captured periodic pulses with a minimum pulse width of
10 ns through spectral analysis.

Furthermore, as the frequency of the pulsed current in-
creases, both the high and low-level time thresholds of the
pulsed current decrease simultaneously, leading to a decrease
in the laser’s reading time for these two energy level tran-
sitions. Consequently, the intensity of the spectral signal
also decreases, affecting the minimum detectable pulse period.
Therefore, we subsequently fixed the duty cycle of the current
pulse at 50% and gradually varied its frequency to determine
the frequency range of the pulsed current detectable by our
system. As shown in Fig. 4(b), based on an RBW parameter
of 3 Hz, we were able to detect pulse signals with a minimum
frequency of 20 MHz.

We further investigated the system’s performance by
scanning and imaging the waveguide using spectral intensity.
We compared the obtained scan image with a simulation im-
age, which shows a good agreement. This confirms the capa-
bility of spectral analysis for imaging pulse currents.

Finally, we devised a sophisticated experiment to verify
the capability of our pulse capture method in locating the po-
sition of a specific frequency pulsed current while shielding
interference from surrounding magnetic fields. To mimic the
environment within a chip where multiple signals of different
frequencies are transmitted concurrently over various trans-
mission lines, we designed a PCB board featuring two trans-
mission lines with a line width of 100 um and a separation
distance of 100 um. These transmission lines were capable of
carrying pulsed currents of varying frequencies generated by a
pulse generator. Firstly, to verify the ability of the color center
to simultaneously receive multiple frequency current pulses,
we simultaneously applied pulse currents with frequencies of
500 kHz and 505 kHz to two transmission lines, and success-
fully observed the current spectra of both on the spectrom-
eter (Fig. 5(a)). Next, we conducted frequency localization

120301-4
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experiments on these two transmission lines using a scanning
imaging system. Through the LabVIEW program, we simul-
taneously controlled the spectrometer, displacement stage and
pulse generator. After setting the laser and microwave to CW
mode and passing the fiber optic probe through the conical
waveguide near the transmission line to be tested, we con-
nected the APD output to the spectrometer. During the imag-
ing process, every time the displacement table moved, we used
instructions to simultaneously obtain spectral data of two pulse
frequency points from the spectrometer, and used their respec-
tive spectral intensity values to draw imaging maps. We po-

10 ns—1000 ns pulse train
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sitioned fiber optic probe between the two transmission lines
and simultaneously applied 500 kHz and 1 MHz pulsed cur-
rents to the respective lines. By utilizing the NV center as a
frequency discriminator, we measured the spectral intensity at
two distinct frequency points and conducted a simultaneous
scanning imaging of both transmission lines. As shown in the
results of Fig. 5(c), the two scanning images accurately reflect
the relative positions of the two transmission lines and effec-
tively shield the magnetic field interference from neighboring
non-detected frequency bands, thereby achieving accurate lo-
calization of the specific frequency pulsed current.
Different frequency current pulse frequency spectrum steps
(b) 65
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Fig. 4. (a) Fluorescence response spectrum of current pulses with different pulse widths at a fixed frequency of 500 kHz. (b) The fluorescence
response spectrum staircase diagram of current pulses with different periods but a fixed duty cycle of 50%. (c) Simulation diagram of surface
magnetic field after applying a 500 kHz pulse current to a coplanar waveguide. (d) Imaging diagram of a segment of coplanar waveguide

transmission line using spectral signals.
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Fig. 5. (a) Spectrum diagram of color center receiving two types of pulse currents with frequencies of 500 kHz and 505 kHz simultaneously.
(b) The PCB schematic diagram for a dual transmission line setup. (c) Two signals of 500 kHz and 1 MHz are simultaneously applied to two
transmission lines on a PCB, and the two demodulated signals from the color centers are imaged concurrently, the resulting figure represents the

operational locations or regions of the two frequency signals.

6. Conclusion and perspectives

In summary, we have realized a pulsed current detector
utilizing NV color centers as a receiver of current frequen-
cies whose spatial resolution can reach 2 um. This device en-
ables us to observe the waveform of individual 100 ns pulsed
currents in the time domain, and also to capture extremely
short periodic current pulses in the frequency domain. De-
tecting the spectrum of current pulses is an excellent method

for scanning and imaging the working position of pulsed cur-
rents. We have estimated the minimum detectable magnetic
field and detection sensitivity of color centers as current fre-
quency discriminators, which are 138 nT and 79.7 nT/+/Hz,
respectively. Then we experimentally perceived periodic pulse
trains with a minimum pulse width of 10 ns and a maximum
frequency of 20 MHz. By utilizing the spectral intensity as

the scanning value, we have conducted pulsed current scan-
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ning imaging of coplanar waveguide transmission lines, which
highly aligns with the simulation results. Finally, we tested
the performance of the color center as a frequency discrim-
inator for current frequencies using a self-made PCB board.
The results demonstrate the detector’s excellent capability in
locating the position of pulsed currents with specific frequen-
cies. Looking forward, through continuous optimization of the
magnetic sensitivity of the color centers and the development
of more advanced signal processing techniques, this technol-
ogy is expected to be applied in detecting pulsed currents on
actual chips and achieving precise positioning and imaging of
their distributions based on frequency spectra. Based on this,
effective analysis may be conducted on the real-time stream

inside the chip and side channel of the chip.20-2?]
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