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laser transmission path is deflected, and the typical con-
version efficiency of LSP is capped at <10%. This low
conversion efficiency results in bulk laser and extremely
complex thermal management structure utilized for
higher brightness LSP sources27, which limits their
application from the perspective of compact system
integration. Therefore, bright and compact LSP sources
driven with <100W laser power will generate significant
interest in high-speed inspection and spectroscopy
applications.
In this paper, we propose an innovative solution to break

through the conversion efficiency limitation of LSP sources.
Herein, the design of orthogonal lasers is demonstrated to
suppress the influence of negative lens effect on laser power
density. Precision tuning of the off-focal crossing point is to
maximize the beam overlap and, hence, the plasma
absorption. This innovation helps to establish the quanti-
tative link between pumping optics design and plasma
absorption. The overall conversion efficiency here is
defined as the ratio of UV range (300–370 nm) emission
power to the total laser power that pumps the plasma.
When the laser power is 90W, the spectral radiance of the
plasma source is 210mW/(mm2· sr · nm). The UV emission
in the range of 300–370 nm emitted by the plasma is
estimated to be 9W, and the overall conversion efficiency
from the total laser power to the mentioned UV emission
power across 70 nm spectral range is ~10%. At this time,
the laser power absorbed by the plasma is measured to be
about 45W. Hence, the calculated conversion efficiency of
the plasma source from the absorbed laser power to the UV
emission power (300–370 nm) is ~20%. To the best of our
knowledge, we achieve a bright and compact UV-VIS-NIR
source with the highest conversion efficiency. We then
demonstrate its promising applications in spectral single-
pixel imaging. Significant enhancement of 4 dB CNR in
spectral single-pixel imaging has been demonstrated,
compared with Xenon lamps of the same power con-
sumption. Notably, this orthogonal LSP source shows the
advantages of remarkable conversion efficiency, unprece-
dented brightness, compact structure, and low temporal

coherence, which is essential to high-speed inspection and
spectroscopy applications.

Results
The low conversion efficiency of LSP is caused by the

negative lensing effect of plasma. The negative lensing
effect originates from the intrinsic refractive index dis-
tribution of plasma. The propagation process of electro-
magnetic waves in plasma will drive free electrons to
generate current. According to Faraday’s law and
Ampere’s law, the dispersion relationship of an electro-
magnetic wave of frequency ω and wave number k in
plasma is given by ω2 � c2k2 ¼ 4πne2=me. Based on the
definition formula of phase velocity28, the refractive index
of the plasma is less than 1. According to the fluid model
of plasma, the temperature at the LSP center is the
highest, resulting in the highest electron density and
the lowest refractive index. Therefore, the plasma can be
approximated as a negative lens, causing the laser trans-
mission path to deviate29. Under this negative lensing
effect, laser beams are refracted and defocused, resulting
in a decrease in laser power density25,30. Note that the
conversion efficiency of LSP is positively correlated with
the volume coefficient of the laser radiation absorption μ
and the laser power density Ilaser according to the energy
conservation equation31,32. μ is related to the wavelength
of the laser, the electron density ne and the electron
temperature Te of the plasma. Raising gas pressure is a
direct way to increase the electron temperature and the
electron density33,34. Therefore, it is necessary to suppress
the influence of the negative lensing effect on laser power
density to achieve high-efficiency LSP.
The electron density in the central region of LSP is

higher than that in the edge region, so the plasma center
has the lowest refractive index. The spatial distribution of
the refractive index in the plasma region can be equivalent
to a plasma negative lens, which refracts and defocuses
the incident laser. We establish a two-dimensional
refractive index model in the plasma region to obtain
the spatial distribution of laser power density. For

Table 1 Comparison of broadband sources

Light source Wavelength

range

Brightness I Average output

power P (mW)

Footprint V

(m³)

Temporal coherence Figure-of-merit

(FOM= Δλ IP/V)

Supercontinuum light

source20
340 nm–40 μm 12990mW/mm²/sr/nm

@350 nm

70mW ~1m³ Coherent pulse ~1010

Synchrotron light

source20
8 pm–517 μm 730 mW/mm²/sr/nm

@350 nm

~600mW @350 nm ~3 × 105 m3 Coherent pulse ~109

Perovskite LED23 520–580 nm 161900 cd/m2 ~0.4 mW ~10−8 m3 Incoherent CW ~109

LSP source (this work) 250–1650 nm 267 mW/mm²/sr/nm

@350 nm

>20 × 103 mW ~0.02 m3 Incoherent CW ~1011
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Abstract
Laser-sustained plasma (LSP) source featuring high brightness and broadband spectral coverage is found to be
powerful in various fields of scientific and industrial applications. However, the fundamental limit of low conversion
efficiency constrains the system compactness and widespread applications of such broadband light sources. In this
paper, we propose an innovative orthogonal LSP to break through the conversion efficiency limitation. Driven by the
elevated conversion efficiency from absorbed laser power to ultraviolet (UV) emission, a compact broadband source
(250–1650 nm) with UV spectral radiance exceeding 210 mW=ðmm2 � sr � nmÞ is achieved with >100 W pump laser.
With the plot of a two-dimensional refractive index model, we report an important conceptual advance that the
orthogonal design eliminates the influence of the negative lensing effect on laser power density. Experimental results
unambiguously demonstrate that we achieve a bright compact UV-VIS-NIR source with negligible thermal loss and the
highest conversion efficiency to our knowledge. Significant enhancement of 4 dB contrast-to-noise ratio (CNR) in
spectral single-pixel imaging has been demonstrated using the proposed ultrabroadband source. By establishing the
quantitative link between pumping optics design and plasma absorption, this work presents a compact broadband
source that combines superior conversion efficiency and unprecedented brightness, which is essential to high-speed
inspection and spectroscopy applications.

Introduction
Bright ultraviolet-visible-near-infrared (UV-VIS-NIR)

sources have attracted general interest in advanced
inspection and spectroscopy applications, such as micro-
cavity inspection1, advanced material characterization2,3,
broadband detector calibration4,5, biomolecular dynamic
monitoring6,7, near-field nanospectroscopy8,9, nanopho-
tonics10,11, transient absorption spectroscopy12 and
hyperspectral imaging13,14. High brightness is essential to
determine the speed of defect inspection15, thus breaking
through the bottleneck for improving the system
throughput of advanced semiconductor processes. Simi-
larly, high brightness UV-VIS-NIR source is critical to
reduce the integration time required to obtain sufficient
contrast-to-noise ratio (CNR), thus promoting the
development of dynamic spectral imaging. Recently,
synchrotron light sources16,17, supercontinuum light

sources18–21, ultrabroadband light-emitting diodes22,23,
constant-wave laser-driven white light emission24 have
been developed to satisfy diverse demands. However,
despite impressive progress, the average power of these
UV-VIS-NIR sources falls short of what is required for the
latest applications. Laser-sustained plasma (LSP) is a
promising UV-VIS-NIR source with an average output
power of tens or even hundreds of watts. The common
implementation method for LSP is to generate the initial
plasma in the high-pressured noble gas bulb (usually
Xenon or Argon) by arc discharge. Subsequently, laser
beams are focused on the plasma and provide the power
for its sustenance instead of electric current. LSP has a
temperature of more than 10,000 K and a luminous size of
several hundred microns, resulting in high average output
power, wide spectral range, and high brightness25,26. We
provide the comparison between LSP sources and other
broadband sources in the discussion section Table 1.
With the surpassed figure-of-merit (FOM), LSP is a

promising broadband source for industrial applications.
However, due to the negative lensing effect of plasma, the
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laser transmission path is deflected, and the typical con-
version efficiency of LSP is capped at <10%. This low
conversion efficiency results in bulk laser and extremely
complex thermal management structure utilized for
higher brightness LSP sources27, which limits their
application from the perspective of compact system
integration. Therefore, bright and compact LSP sources
driven with <100W laser power will generate significant
interest in high-speed inspection and spectroscopy
applications.
In this paper, we propose an innovative solution to break

through the conversion efficiency limitation of LSP sources.
Herein, the design of orthogonal lasers is demonstrated to
suppress the influence of negative lens effect on laser power
density. Precision tuning of the off-focal crossing point is to
maximize the beam overlap and, hence, the plasma
absorption. This innovation helps to establish the quanti-
tative link between pumping optics design and plasma
absorption. The overall conversion efficiency here is
defined as the ratio of UV range (300–370 nm) emission
power to the total laser power that pumps the plasma.
When the laser power is 90W, the spectral radiance of the
plasma source is 210mW/(mm2· sr · nm). The UV emission
in the range of 300–370 nm emitted by the plasma is
estimated to be 9W, and the overall conversion efficiency
from the total laser power to the mentioned UV emission
power across 70 nm spectral range is ~10%. At this time,
the laser power absorbed by the plasma is measured to be
about 45W. Hence, the calculated conversion efficiency of
the plasma source from the absorbed laser power to the UV
emission power (300–370 nm) is ~20%. To the best of our
knowledge, we achieve a bright and compact UV-VIS-NIR
source with the highest conversion efficiency. We then
demonstrate its promising applications in spectral single-
pixel imaging. Significant enhancement of 4 dB CNR in
spectral single-pixel imaging has been demonstrated,
compared with Xenon lamps of the same power con-
sumption. Notably, this orthogonal LSP source shows the
advantages of remarkable conversion efficiency, unprece-
dented brightness, compact structure, and low temporal

coherence, which is essential to high-speed inspection and
spectroscopy applications.

Results
The low conversion efficiency of LSP is caused by the

negative lensing effect of plasma. The negative lensing
effect originates from the intrinsic refractive index dis-
tribution of plasma. The propagation process of electro-
magnetic waves in plasma will drive free electrons to
generate current. According to Faraday’s law and
Ampere’s law, the dispersion relationship of an electro-
magnetic wave of frequency ω and wave number k in
plasma is given by ω2 � c2k2 ¼ 4πne2=me. Based on the
definition formula of phase velocity28, the refractive index
of the plasma is less than 1. According to the fluid model
of plasma, the temperature at the LSP center is the
highest, resulting in the highest electron density and
the lowest refractive index. Therefore, the plasma can be
approximated as a negative lens, causing the laser trans-
mission path to deviate29. Under this negative lensing
effect, laser beams are refracted and defocused, resulting
in a decrease in laser power density25,30. Note that the
conversion efficiency of LSP is positively correlated with
the volume coefficient of the laser radiation absorption μ
and the laser power density Ilaser according to the energy
conservation equation31,32. μ is related to the wavelength
of the laser, the electron density ne and the electron
temperature Te of the plasma. Raising gas pressure is a
direct way to increase the electron temperature and the
electron density33,34. Therefore, it is necessary to suppress
the influence of the negative lensing effect on laser power
density to achieve high-efficiency LSP.
The electron density in the central region of LSP is

higher than that in the edge region, so the plasma center
has the lowest refractive index. The spatial distribution of
the refractive index in the plasma region can be equivalent
to a plasma negative lens, which refracts and defocuses
the incident laser. We establish a two-dimensional
refractive index model in the plasma region to obtain
the spatial distribution of laser power density. For
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Brightness I Average output

power P (mW)
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~600mW @350 nm ~3 × 105 m3 Coherent pulse ~109

Perovskite LED23 520–580 nm 161900 cd/m2 ~0.4 mW ~10−8 m3 Incoherent CW ~109
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Introduction
Bright ultraviolet-visible-near-infrared (UV-VIS-NIR)

sources have attracted general interest in advanced
inspection and spectroscopy applications, such as micro-
cavity inspection1, advanced material characterization2,3,
broadband detector calibration4,5, biomolecular dynamic
monitoring6,7, near-field nanospectroscopy8,9, nanopho-
tonics10,11, transient absorption spectroscopy12 and
hyperspectral imaging13,14. High brightness is essential to
determine the speed of defect inspection15, thus breaking
through the bottleneck for improving the system
throughput of advanced semiconductor processes. Simi-
larly, high brightness UV-VIS-NIR source is critical to
reduce the integration time required to obtain sufficient
contrast-to-noise ratio (CNR), thus promoting the
development of dynamic spectral imaging. Recently,
synchrotron light sources16,17, supercontinuum light

sources18–21, ultrabroadband light-emitting diodes22,23,
constant-wave laser-driven white light emission24 have
been developed to satisfy diverse demands. However,
despite impressive progress, the average power of these
UV-VIS-NIR sources falls short of what is required for the
latest applications. Laser-sustained plasma (LSP) is a
promising UV-VIS-NIR source with an average output
power of tens or even hundreds of watts. The common
implementation method for LSP is to generate the initial
plasma in the high-pressured noble gas bulb (usually
Xenon or Argon) by arc discharge. Subsequently, laser
beams are focused on the plasma and provide the power
for its sustenance instead of electric current. LSP has a
temperature of more than 10,000 K and a luminous size of
several hundred microns, resulting in high average output
power, wide spectral range, and high brightness25,26. We
provide the comparison between LSP sources and other
broadband sources in the discussion section Table 1.
With the surpassed figure-of-merit (FOM), LSP is a

promising broadband source for industrial applications.
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refractive index and laser power density corresponding to
the single-path LSP. The refractive index is displayed by
colored lines with the lowest value at the plasma center.
Under the negative lensing effect, the laser transmission
path deviates from the black dashed line to the solid line,
and the laser power density decreases accordingly. Note
that the laser is incident along the Y= 0 axis direction, so
the plasma grows along the laser incidence direction.
Therefore, the cross-sectional shape of the single-path
LSP is elliptical with a high aspect ratio. In the case of
orthogonal LSP, the laser is divided into two paths with
the total laser power consistent with single-path LSP. As
is shown in Fig. 1d, the deflection displacement of the
laser transmission path is suppressed by ~75%. Mean-
while, the overlapping region of orthogonal lasers marked
by purple lines has a higher laser power density. The
increase in laser power density within the region will
promote the growth in conversion efficiency. As the laser
power further increases, the plasma will grow from cir-
cular to diamond-shaped and star-shaped. The color bar
in the upper half of Fig. 1c, d represents the normalized
laser power density distribution along the X axis direction.
In the absence of plasma, the transmission path of the
laser is shown by the dashed lines in Fig. 1c, d, with the
same beam radius of 2.6 μm at the focal point (1.2, 0).
When plasma is generated, it deflects the laser as a
negative lens. For the single-path LSP in Fig. 1c, the
plasma grows in the direction of laser incidence and has
an approximately elliptical shape. For the orthogonal LSP
in Fig. 1d, the shape is approximated to be circular with
the orthogonal-path laser pumping together. In the pre-
sence of plasma, the transmission path of the laser is
shown by the solid lines in Fig. 1c, d. The deviation of the
laser transmission path in the single-path LSP is obvious,
while the orthogonal design eliminates the influence of
the negative lensing effect on laser power density.
We calculated six orthogonal LSP conditions with

increased plasma size. The aspect ratio of the orthogonal
LSP remains at 1, but the plasma length L increases from
0.3 mm to 1.8 mm. The relative laser power density dis-
tribution along the Y= 0 axis is shown in Fig. 1e. We set
the relative laser power density of single-path LSP to 1. In
the high laser density region marked by gray shadows,
orthogonal lasers correspond to a higher power density
than single-path LSP. As the plasma size increases, the
suppression of laser transmission path deviation by
orthogonal design will gradually decrease. The relative
laser power density within the high laser density region
will gradually decrease and approach the value corre-
sponding to single-path LSP. Furthermore, the relative
power density of the plasma center (X= 0.6 mm, Y= 0) is
shown in Fig. 1f. When the plasma length is 0.3 mm, the
interference of the negative lensing effect on laser power
density is nearly eliminated. The above simulation results

indicate that the orthogonal design redistributes laser
power density in the spatial domain. The orthogonal
design eliminates the negative lensing effect and con-
structs a high laser density region at relatively low laser
power, thereby improving laser power density and pro-
moting conversion efficiency. At relatively high laser
power, the improvement of laser power density by
orthogonal lasers will gradually weaken. In summary,
based on the simulation results of higher laser power
density, orthogonal LSP is expected to achieve higher
conversion efficiency and brightness than single-path LSP
at relatively low laser power.
Based on theoretical analysis, an orthogonal LSP

experimental setup is constructed, as shown in Fig. 2a. We
provide a detailed introduction to the devices and mea-
surement instruments in the “Materials and methods”
section. A comparison of spectral radiance between
orthogonal LSP and other UV-VIS-IR sources is shown in
Fig. 2b. Spectral radiance of orthogonal LSP is sig-
nificantly higher than that of Blackbody. According to our
calculations, the continuous emission peak of orthogonal
LSP corresponding to the current Xenon gas pressure is
~450 nm. Compared with the synchrotron light source,
the difference in UV spectral radiance of 90W orthogonal
LSP is about one order of magnitude. This difference will
be eliminated by increasing Xenon gas pressure to shift
the peak wavelength of continuous emission to around
200 nm. We provide the calculation method for con-
tinuous emission intensity in the “Materials and methods”
section.
The measurement of LSP size is shown in Fig. 3. CCD1

observes plasma at the front view (XOZ plane). CCD2

observes plasma at the side view (YOZ plane), proving
that orthogonal lasers jointly sustain the same plasma. We
compare the plasma image of single-path LSP and
orthogonal LSP under the same total laser power. Single-
path plasma has a higher aspect ratio and larger plasma
size, which corresponds to the significant growth of
plasma along the laser incidence direction caused by the
negative lensing effect. On the contrary, orthogonal lasers
suppress the size and aspect ratio growth of plasma.
When laser power increases from 80W to 140W, the size
of the orthogonal LSP increases, and the plasma changes
from a symmetrical diamond-shaped to star-shaped.
These CCD images of orthogonal LSP under different
laser powers are shown in the Supplementary materials.
All images are normalized to obtain the plasma size.

The full width at half maximum in the Z axis direction of
CCD2 imaging is defined as the plasma length. Figure 3c
shows the measurement results of plasma length in the
laser power range of 80W to 150W. It can be observed
that orthogonal lasers reduce the plasma length to about
one-fifth of that of the single-path LSP and half the
plasma length growth rate. The cross-sectional area of
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conventional single-path LSP in Fig. 1a, the laser is inci-
dent from a single direction. Under the negative lensing
effect, the laser transmission path is deflected by the
plasma. Plasma grows in the direction of laser incidence,
resulting in the shape of the plasma cross-section being
close to an elliptical35. For orthogonal LSP in Fig. 1b, the
shape of plasma cross-section gradually changes from

circular, diamond-shaped to star-shaped with the increase
of laser power36. We propose a hyperelliptic model to
describe the two-dimensional refractive index spatial
distribution of LSP with various shapes. We then calculate
the laser transmission path in the plasma region based
on the hyperelliptic model and the Eikonal equation37.
Figure 1c demonstrates the spatial distribution of
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Fig. 1 Simulation results of laser power density distribution. a Schematic diagram of single-path LSP. b Schematic diagram of orthogonal LSP.
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refractive index and laser power density corresponding to
the single-path LSP. The refractive index is displayed by
colored lines with the lowest value at the plasma center.
Under the negative lensing effect, the laser transmission
path deviates from the black dashed line to the solid line,
and the laser power density decreases accordingly. Note
that the laser is incident along the Y= 0 axis direction, so
the plasma grows along the laser incidence direction.
Therefore, the cross-sectional shape of the single-path
LSP is elliptical with a high aspect ratio. In the case of
orthogonal LSP, the laser is divided into two paths with
the total laser power consistent with single-path LSP. As
is shown in Fig. 1d, the deflection displacement of the
laser transmission path is suppressed by ~75%. Mean-
while, the overlapping region of orthogonal lasers marked
by purple lines has a higher laser power density. The
increase in laser power density within the region will
promote the growth in conversion efficiency. As the laser
power further increases, the plasma will grow from cir-
cular to diamond-shaped and star-shaped. The color bar
in the upper half of Fig. 1c, d represents the normalized
laser power density distribution along the X axis direction.
In the absence of plasma, the transmission path of the
laser is shown by the dashed lines in Fig. 1c, d, with the
same beam radius of 2.6 μm at the focal point (1.2, 0).
When plasma is generated, it deflects the laser as a
negative lens. For the single-path LSP in Fig. 1c, the
plasma grows in the direction of laser incidence and has
an approximately elliptical shape. For the orthogonal LSP
in Fig. 1d, the shape is approximated to be circular with
the orthogonal-path laser pumping together. In the pre-
sence of plasma, the transmission path of the laser is
shown by the solid lines in Fig. 1c, d. The deviation of the
laser transmission path in the single-path LSP is obvious,
while the orthogonal design eliminates the influence of
the negative lensing effect on laser power density.
We calculated six orthogonal LSP conditions with

increased plasma size. The aspect ratio of the orthogonal
LSP remains at 1, but the plasma length L increases from
0.3 mm to 1.8 mm. The relative laser power density dis-
tribution along the Y= 0 axis is shown in Fig. 1e. We set
the relative laser power density of single-path LSP to 1. In
the high laser density region marked by gray shadows,
orthogonal lasers correspond to a higher power density
than single-path LSP. As the plasma size increases, the
suppression of laser transmission path deviation by
orthogonal design will gradually decrease. The relative
laser power density within the high laser density region
will gradually decrease and approach the value corre-
sponding to single-path LSP. Furthermore, the relative
power density of the plasma center (X= 0.6 mm, Y= 0) is
shown in Fig. 1f. When the plasma length is 0.3 mm, the
interference of the negative lensing effect on laser power
density is nearly eliminated. The above simulation results

indicate that the orthogonal design redistributes laser
power density in the spatial domain. The orthogonal
design eliminates the negative lensing effect and con-
structs a high laser density region at relatively low laser
power, thereby improving laser power density and pro-
moting conversion efficiency. At relatively high laser
power, the improvement of laser power density by
orthogonal lasers will gradually weaken. In summary,
based on the simulation results of higher laser power
density, orthogonal LSP is expected to achieve higher
conversion efficiency and brightness than single-path LSP
at relatively low laser power.
Based on theoretical analysis, an orthogonal LSP

experimental setup is constructed, as shown in Fig. 2a. We
provide a detailed introduction to the devices and mea-
surement instruments in the “Materials and methods”
section. A comparison of spectral radiance between
orthogonal LSP and other UV-VIS-IR sources is shown in
Fig. 2b. Spectral radiance of orthogonal LSP is sig-
nificantly higher than that of Blackbody. According to our
calculations, the continuous emission peak of orthogonal
LSP corresponding to the current Xenon gas pressure is
~450 nm. Compared with the synchrotron light source,
the difference in UV spectral radiance of 90W orthogonal
LSP is about one order of magnitude. This difference will
be eliminated by increasing Xenon gas pressure to shift
the peak wavelength of continuous emission to around
200 nm. We provide the calculation method for con-
tinuous emission intensity in the “Materials and methods”
section.
The measurement of LSP size is shown in Fig. 3. CCD1

observes plasma at the front view (XOZ plane). CCD2

observes plasma at the side view (YOZ plane), proving
that orthogonal lasers jointly sustain the same plasma. We
compare the plasma image of single-path LSP and
orthogonal LSP under the same total laser power. Single-
path plasma has a higher aspect ratio and larger plasma
size, which corresponds to the significant growth of
plasma along the laser incidence direction caused by the
negative lensing effect. On the contrary, orthogonal lasers
suppress the size and aspect ratio growth of plasma.
When laser power increases from 80W to 140W, the size
of the orthogonal LSP increases, and the plasma changes
from a symmetrical diamond-shaped to star-shaped.
These CCD images of orthogonal LSP under different
laser powers are shown in the Supplementary materials.
All images are normalized to obtain the plasma size.

The full width at half maximum in the Z axis direction of
CCD2 imaging is defined as the plasma length. Figure 3c
shows the measurement results of plasma length in the
laser power range of 80W to 150W. It can be observed
that orthogonal lasers reduce the plasma length to about
one-fifth of that of the single-path LSP and half the
plasma length growth rate. The cross-sectional area of
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conventional single-path LSP in Fig. 1a, the laser is inci-
dent from a single direction. Under the negative lensing
effect, the laser transmission path is deflected by the
plasma. Plasma grows in the direction of laser incidence,
resulting in the shape of the plasma cross-section being
close to an elliptical35. For orthogonal LSP in Fig. 1b, the
shape of plasma cross-section gradually changes from

circular, diamond-shaped to star-shaped with the increase
of laser power36. We propose a hyperelliptic model to
describe the two-dimensional refractive index spatial
distribution of LSP with various shapes. We then calculate
the laser transmission path in the plasma region based
on the hyperelliptic model and the Eikonal equation37.
Figure 1c demonstrates the spatial distribution of
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equation: P ¼ ð4R2=r2Þ ´Ppm. The results prove that the
orthogonal design is beneficial for improving the UV
emission power of the plasma and its growth rate with
laser power. To analyze the reason for the increase in UV
emission power, we use the line-to-continuum ratio
method to diagnose the plasma electron temperature38.
Based on the emission characteristics of Xenon plasma,
we use the emission spectrum at 980 nm for the diagnosis.
In Fig. 4d, we diagnose the electron temperature te of LSP
based on the line-to-continuum ratio Rlc obtained in the
spectral measurement and NIST database. The electron
temperature of orthogonal LSP is ~1000 K higher than
that of single-path LSP. The higher electron temperature
leads to a higher laser power absorption rate by the
plasma in Fig. 4e, thus increasing the laser power

absorbed by plasma through reverse Bremsstrahlung.
Note that the absorption rates of the plasma on the two
branch lasers are different by ~5%, which might be due to
the difference in the transmission path length of the two
branch lasers within the plasma.
Subsequently, we describe the conversion efficiency and

spectral radiance of the LSP source quantitatively in
Fig. 4f, g. We define the conversion efficiency from total
incident laser power to UV emission as ηl�UV while the
conversion efficiency from laser power absorbed by
plasma to UV emission as ηa�UV . When the laser power is
below 100W, the conversion efficiency from laser power
absorbed by plasma to UV emission of orthogonal LSP
exceeds 20%, and the conversion efficiency from total
incident laser power to UV emission exceeds 15%,
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LSP is obtained by counting the pixels with intensity
greater than half of the peak in CCD1 imaging. As is
shown in Fig. 3d, orthogonal lasers significantly reduce
the cross-sectional area of plasma and suppress its growth
rate. The experimental results of plasma imaging
demonstrate that orthogonal design can suppress the
negative lensing effect. The laser power absorbed by the
plasma will tend to increase the plasma temperature
rather than just the plasma size, which is beneficial for
improving the conversion efficiency of LSP.
The normalized spectrum of orthogonal LSP under

90W laser is shown in Fig. 4a. LSP spectrum is composed
of line emission and continuous emission. The typical line
emission wavelength corresponding to the spontaneous
emission process between the energy levels of Xenon
atom is labeled. Figure 4b demonstrates that the 2.4 dB
power increase of the orthogonal lasers resulted in a more
than 5 dB spectral intensity increase. The difference in UV
spectral intensity exceeds the difference in laser power,

which corresponds to an improvement in conversion
efficiency for orthogonal LSP. We compare the estimated
plasma UV emission power, electron temperature, con-
version efficiency, and spectral radiance of single-path
LSP and orthogonal LSP under the same total laser power.
In Fig. 4c, the estimated plasma UV emission power is
calculated based on measurement results in the experi-
ment. The spectral range for the measured UV emission
power is 300–370 nm, which is the transmission band of
the bandpass filter. The power meter is placed at a dis-
tance R from the plasma source center, and the bandpass
filter is placed in front of the power meter. The radius of
the power meter sensor is r, and the power measured by
the power meter is Ppm. Considering the nature of the
Bremsstrahlung radiation for the LSP source, and R is
much larger than the plasma length, so we assumed the
plasma source emits uniformly into space within a 4π
cubic angle. The UV emission power P within
300–370 nm can be calculated according to the following
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equation: P ¼ ð4R2=r2Þ ´Ppm. The results prove that the
orthogonal design is beneficial for improving the UV
emission power of the plasma and its growth rate with
laser power. To analyze the reason for the increase in UV
emission power, we use the line-to-continuum ratio
method to diagnose the plasma electron temperature38.
Based on the emission characteristics of Xenon plasma,
we use the emission spectrum at 980 nm for the diagnosis.
In Fig. 4d, we diagnose the electron temperature te of LSP
based on the line-to-continuum ratio Rlc obtained in the
spectral measurement and NIST database. The electron
temperature of orthogonal LSP is ~1000 K higher than
that of single-path LSP. The higher electron temperature
leads to a higher laser power absorption rate by the
plasma in Fig. 4e, thus increasing the laser power

absorbed by plasma through reverse Bremsstrahlung.
Note that the absorption rates of the plasma on the two
branch lasers are different by ~5%, which might be due to
the difference in the transmission path length of the two
branch lasers within the plasma.
Subsequently, we describe the conversion efficiency and

spectral radiance of the LSP source quantitatively in
Fig. 4f, g. We define the conversion efficiency from total
incident laser power to UV emission as ηl�UV while the
conversion efficiency from laser power absorbed by
plasma to UV emission as ηa�UV . When the laser power is
below 100W, the conversion efficiency from laser power
absorbed by plasma to UV emission of orthogonal LSP
exceeds 20%, and the conversion efficiency from total
incident laser power to UV emission exceeds 15%,
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LSP is obtained by counting the pixels with intensity
greater than half of the peak in CCD1 imaging. As is
shown in Fig. 3d, orthogonal lasers significantly reduce
the cross-sectional area of plasma and suppress its growth
rate. The experimental results of plasma imaging
demonstrate that orthogonal design can suppress the
negative lensing effect. The laser power absorbed by the
plasma will tend to increase the plasma temperature
rather than just the plasma size, which is beneficial for
improving the conversion efficiency of LSP.
The normalized spectrum of orthogonal LSP under

90W laser is shown in Fig. 4a. LSP spectrum is composed
of line emission and continuous emission. The typical line
emission wavelength corresponding to the spontaneous
emission process between the energy levels of Xenon
atom is labeled. Figure 4b demonstrates that the 2.4 dB
power increase of the orthogonal lasers resulted in a more
than 5 dB spectral intensity increase. The difference in UV
spectral intensity exceeds the difference in laser power,

which corresponds to an improvement in conversion
efficiency for orthogonal LSP. We compare the estimated
plasma UV emission power, electron temperature, con-
version efficiency, and spectral radiance of single-path
LSP and orthogonal LSP under the same total laser power.
In Fig. 4c, the estimated plasma UV emission power is
calculated based on measurement results in the experi-
ment. The spectral range for the measured UV emission
power is 300–370 nm, which is the transmission band of
the bandpass filter. The power meter is placed at a dis-
tance R from the plasma source center, and the bandpass
filter is placed in front of the power meter. The radius of
the power meter sensor is r, and the power measured by
the power meter is Ppm. Considering the nature of the
Bremsstrahlung radiation for the LSP source, and R is
much larger than the plasma length, so we assumed the
plasma source emits uniformly into space within a 4π
cubic angle. The UV emission power P within
300–370 nm can be calculated according to the following
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temperature of the sun) in the wavelength range of 250–1650 nm
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significantly exceeding that of traditional single-path LSP.
The high conversion efficiency enables bright UV sources
with low power consumption. We estimate the average
spectral radiance between 300 nm and 370 nm based on
the method in our previous work. The estimation results
indicate that the spectral radiance of orthogonal LSP is >7
times higher than that of single-path LSP. The average
spectral radiance (300–370 nm) of orthogonal LSP is
about 210 mW=ðmm2 � sr � nmÞ under 90W laser. LSP
source with the highest reported UV spectral radiance to
our knowledge has been achieved.
The intrinsic characteristic of Bremsstrahlung and

recombination emission makes the LSP source with low
temporal coherence. We measure the spatial and tem-
poral coherence of the orthogonal LSP source and Xenon
lamp. The coherence measurement details are shown in

the Supplementary materials39. The coherence area is
used to describe and compare the spatial coherence of a
light source. The coherence area of the orthogonal LSP is
0.401 mm2. We quantitatively characterize the temporal
coherence by the coherence length, which is about 4 μm.
The short coherence length indicates that orthogonal LSP
source is suitable for imaging systems, which can avoid
the influence of interference fringes and speckles on
imaging results.
We use a spectrometer to compare the spatial intensity

uniformity of the output light. Spectra at different posi-
tions from the optical axis within the object plane are
plotted in Fig. 5a, b. For Xenon lamp, the spectral
intensity will decrease by ~22.0% at a distance of 3 cm
from the optical axis. For orthogonal LSP, the reduction
in spectral intensity is ~9.5%. Based on the above
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Fig. 5 Application results of LSP source in spectral single-pixel imaging. a Spatial distribution of Xenon lamp spectral intensity on the object
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setup. d Comparison of imaging results between LSP source and Xenon lamp at different wavelengths. e Comparison of normalized intensity
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significantly exceeding that of traditional single-path LSP.
The high conversion efficiency enables bright UV sources
with low power consumption. We estimate the average
spectral radiance between 300 nm and 370 nm based on
the method in our previous work. The estimation results
indicate that the spectral radiance of orthogonal LSP is >7
times higher than that of single-path LSP. The average
spectral radiance (300–370 nm) of orthogonal LSP is
about 210 mW=ðmm2 � sr � nmÞ under 90W laser. LSP
source with the highest reported UV spectral radiance to
our knowledge has been achieved.
The intrinsic characteristic of Bremsstrahlung and

recombination emission makes the LSP source with low
temporal coherence. We measure the spatial and tem-
poral coherence of the orthogonal LSP source and Xenon
lamp. The coherence measurement details are shown in

the Supplementary materials39. The coherence area is
used to describe and compare the spatial coherence of a
light source. The coherence area of the orthogonal LSP is
0.401 mm2. We quantitatively characterize the temporal
coherence by the coherence length, which is about 4 μm.
The short coherence length indicates that orthogonal LSP
source is suitable for imaging systems, which can avoid
the influence of interference fringes and speckles on
imaging results.
We use a spectrometer to compare the spatial intensity

uniformity of the output light. Spectra at different posi-
tions from the optical axis within the object plane are
plotted in Fig. 5a, b. For Xenon lamp, the spectral
intensity will decrease by ~22.0% at a distance of 3 cm
from the optical axis. For orthogonal LSP, the reduction
in spectral intensity is ~9.5%. Based on the above
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that determine the two-dimensional refractive index
distribution model.

Experimental setup of orthogonal LSP
We divide the 1080 nm continuous laser into two beams

by a 50/50 beam splitter. The beam diameter on both
lenses is 10 mm, and the focal length of these lenses is
30 mm. The effective F-number is 3. The measured M2 of
the laser is 1.25. The calculated beam radius at the
focusing point is 2.6 μm, and the calculated Rayleigh
range is 21 μm. Subsequently, the two laser beams pass
through a series of planar mirrors and are focused by a
pair of lenses in the orthogonal direction at the center of
the Xenon lamp. For the Xenon lamp, the distance
between the anode and the cathode is 2.5 mm, and the
voltage applied to start the plasma is 10 kV. Plasma tends
to move and grow along the direction of laser incidence
driven by the electric field force. The focal points of
orthogonal lasers are separated, so that a highly symme-
trical plasma is sustained within the laser cross-region.
Plasma emission comes from the region with a dimension
of several hundred microns, which is much larger than the
pumping beam dimensions at the focal point. The preci-
sion tuning of the off-focal crossing point maximizes the
beam overlap and, hence, the plasma absorption. The
plasma shape of the XOZ and YOZ cross-sections is
measured through the lens and CCD imaging. The XOZ
and YOZ cross-sections of LSP are defined as the front
view and side view, respectively. We measure the plasma
emission spectrum with a spectrometer, and we use a
power meter to measure the plasma emission power
within the corresponding solid angle. Finally, we calculate
the spectral radiance based on the measurement results
of plasma cross-sectional area, emission spectrum, and
emission power.

Electron temperature diagnosis method
The line emission intensity of the spontaneous transi-

tion from upper-level u to lower-level l satisfies the fol-
lowing formula38:

εl ¼ Aulhc
4πλul

nenigu
2UiðTteÞ

h3

ð2πmkteÞ expð
Ei � Eu

kte
Þ ð4Þ

where c is the speed of light, Aul is the Einstein emission
coefficient, gu is the statistical weight of high-level u, λul is
the central wavelength, Ui is the partition function of
xenon ions, Ei is the Rydberg energy, and Eu is the energy
of the upper-level u. Continuous emission comes from
recombination and Bremsstrahlung processes in which
free electrons participate in LSP. The continuous emis-
sion coefficient Ic is approximately constant within a
limited spectral bandwidth range Δλ. Therefore, the
relationship between continuous emission intensity εc

and continuous emission coefficient Ic is εc ¼ IcΔλ. Ic can
be approximated by the following formula:

Ic ¼ C1
neni

λul
2 ffiffiffiffi

te
p

� �
ξðλul; teÞ ð5Þ

where the constant C1 ¼ 16πe6

3c2
ffiffiffiffiffiffiffiffiffiffi
6πm3k

p , ξ λul; teð Þ is the
Bibermann correction factor at the central wavelength
λul and temperature te. The line-to-continuum ratio Rlc is
a function of the LSP electron temperature:

Rlc ¼ εl
IcΔλ

¼ C2
Aulgu

teUiξðλul; teÞ
λul
Δλ

exp
Ei � Eu

kte

� �
ð6Þ

where the constant C2 ¼ 33=2h4c3
256π3e6k. We diagnose the

electron temperature te of LSP based on the line-to-
continuum ratio Rlc obtained in the spectral measurement
and NIST database.

Spectral single-pixel imaging
Single-pixel imaging is based on second-order correla-

tion of light, which has the advantage of high sensitiv-
ity40–42. Spectral single-pixel imaging is a method that
combines high spectral and spatial resolution43,44. The
light reflected from the object is modulated by DMD and
collected into the spectrometer. The signal intensity
detected by the spectrometer can be expressed as follows:

Sij ¼
Z Z

Iðx; y; λjÞPiðx; yÞdxdy ð7Þ

where x and y correspond to the two-dimensional spatial
information of the object and λ corresponds to the
wavelength information of the object. I is the spatial
intensity distribution of the original image. Sij corresponds
to the detection ordinal number i and the wavelength
ordinal number is j. P is the spatial distribution of the
modulated speckle pattern loaded by DMD. In this
experiment, DMD is loaded with 1639 matrix patterns
and switched sequentially at a refresh rate of 8 Hz. The
integration time of the spectrometer is 100ms to ensure
that the collected signal strength is sufficient for image
reconstruction. For a selected wavelength, we reconstruct
the grayscale imaging result from the signal collected by
the spectrometer and speckle patterns loaded in DMD.
We subsequently reconstruct the colorful imaging of the
object using data in the 380–780 nm range. We use CNR
for the quantitative comparison of image quality.

CNR ¼ 10log10
jμo � μbjffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2o þ σ2b

q

0
B@

1
CA ð8Þ

μo and μb are the average gray value of object and
background, while σo and σb are the standard deviation of
the gray value of object and background.

Shi et al. Light: Science & Applications ���������(2024)�13:274� Page 10 of 11

advantages, we test the LSP source in spectral single-pixel
imaging.
The experimental setup for spectral single-pixel ima-

ging is shown in Fig. 5c. Broadband light illuminates the
object, and the reflected light is imaged onto the digital
micromirror device (DMD) through an achromatic lens.
The beam modulated by DMD is finally focused into the
spectrometer by a collection lens. The spectral resolution
of the spectrometer is ~1 nm in the range of 380–780 nm.
64 × 64 pixel images with a sampling rate of 20% are
obtained. The comparison of imaging results at different
wavelengths is displayed in Fig. 5d. The purple pattern is
printed with a mixture of blue and red ink, resulting in
clearer imaging results at the corresponding wavelength.
Figure 5e shows the comparison of normalized intensity
measured by the spectrometer. The measurement results
indicate that the high brightness characteristic of the LSP
source increases the intensity of the signal detected by the
spectrometer by up to 4.3 dB. The final imaging results of
the object are reconstructed using data in the wavelength
range of 380–780 nm, as shown in Fig. 5f. Significant
enhancement of 4 dB CNR in spectral single-pixel ima-
ging has been obtained, compared with Xenon lamp of the
same power consumption.

Discussion
In this paper, we establish a two-dimensional refractive

index distribution in the plasma region to analyze the
propagation path of the orthogonal lasers. The simulation
results indicate that the orthogonal design eliminates the
influence of the negative lensing effect on laser power
density at relatively low laser power. When the laser
power is 90W, 70% of which is absorbed by the plasma,
while the remaining 30% passes through the plasma and
can be recycled by reflective optics. The use of air-cooled
small-sized fiber lasers will significantly improve the
compactness of the broadband source, ultimately achiev-
ing a broadband source that combines high brightness
and miniaturization. In our case, the conversion efficiency
from laser power absorbed by plasma to UV emission
exceeds 20%, indicating a minimal thermal loss in such
broadband source.
The average spectral radiance (300–370 nm) is about

210 mW=ðmm2 � sr � nmÞ. We report an important
conceptual advance that the orthogonal design elim-
inates the influence of the negative lensing effect on laser
power density. Excitingly, under this conceptual advance,
there is still potentials for improvement in the brightness
of orthogonal LSP source. The essence of high brightness
is to elevate the plasma density and temperature within a
constraint region. The gas pressure inside the Xenon
lamp is 1 MPa, we expect to further improve the
brightness by using a higher-pressure chamber. More-
over, when laser power exceeds 90 W, the suppression of

the negative lensing effect weakens with the increase in
plasma size. With the plot of a two-dimensional refrac-
tive index model and the quantitative link between
pumping optics design and plasma absorption, we believe
that the negative lensing effect can be eliminated at
higher laser power by dividing the laser into more
beamlines and beam shaping.
We define a FOM (FOM=ΔλIP/V) to compare broad-

band sources comprehensively. Δ λ represents the spectral
range of the broadband light source, P is the average power
output by the light source, I is the brightness of the light
source, and V is the footprint of the light source. The state-
of-the-art for representative broadband sources are sum-
marized in Table 1. The estimated FOM of orthogonal LSP
is more than one order of magnitude higher than other
broadband sources. Therefore, this work presents a com-
pact broadband source that is essential to satisfy the
demands in sensor calibration, metrology, microscopy,
imaging, inspection, and spectroscopy applications.

Materials and methods
Analysis of laser transmission paths in the plasma region
We calculate the electron density by the Saha equa-

tion30:

neni
na

¼ 2
2πmk
h

� �3=2 gi
ga

te
3=2 expð�Ei=kteÞ ð1Þ

where ne, ni, and na are the densities of electrons, ions,
and neutral atoms, respectively. h is Planck’s constant, k is
Boltzmann’s constant, m is the electron mass, gi and ga are
statistical weights, te is the electron temperature, and Ei is
the ionization potential of Xenon.

We then calculate the refractive index in the plasma
region n as follows:

n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ω2

p

ω2

s
ð2Þ

where ωp ¼
ffiffiffiffiffiffiffiffiffiffi
4πnee2

m

q
is the plasma frequency, ω is the laser

frequency, and e is the electric charge. The refractive
index at the plasma center in this work is ~0.97. Using a
hyperelliptic model, we analyze the laser transmission
path within the plasma region by the Eikonal equation37:

∂uðx;yÞ
∂x

� �2
þ ∂uðx;yÞ

∂y

� �2
¼ n2ðx; yÞ; ðx; yÞ 2 R2

uðx; yÞ ¼ φðx; yÞ; ðx; yÞ 2 Γ 2 R2

j x�x0
h1

j2a þ j y�y0
h2

j2b ¼ j nðx;yÞ�0:97
0:03 j2c

8>>><
>>>:

ð3Þ

where u(x, y) is the laser propagation path. φ(x, y) is the
boundary condition, n(x, y) is the refractive index of
the plasma region and (x0, y0) is the coordinate of the
plasma center. A, b, and c are the power exponentials
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that determine the two-dimensional refractive index
distribution model.

Experimental setup of orthogonal LSP
We divide the 1080 nm continuous laser into two beams

by a 50/50 beam splitter. The beam diameter on both
lenses is 10 mm, and the focal length of these lenses is
30 mm. The effective F-number is 3. The measured M2 of
the laser is 1.25. The calculated beam radius at the
focusing point is 2.6 μm, and the calculated Rayleigh
range is 21 μm. Subsequently, the two laser beams pass
through a series of planar mirrors and are focused by a
pair of lenses in the orthogonal direction at the center of
the Xenon lamp. For the Xenon lamp, the distance
between the anode and the cathode is 2.5 mm, and the
voltage applied to start the plasma is 10 kV. Plasma tends
to move and grow along the direction of laser incidence
driven by the electric field force. The focal points of
orthogonal lasers are separated, so that a highly symme-
trical plasma is sustained within the laser cross-region.
Plasma emission comes from the region with a dimension
of several hundred microns, which is much larger than the
pumping beam dimensions at the focal point. The preci-
sion tuning of the off-focal crossing point maximizes the
beam overlap and, hence, the plasma absorption. The
plasma shape of the XOZ and YOZ cross-sections is
measured through the lens and CCD imaging. The XOZ
and YOZ cross-sections of LSP are defined as the front
view and side view, respectively. We measure the plasma
emission spectrum with a spectrometer, and we use a
power meter to measure the plasma emission power
within the corresponding solid angle. Finally, we calculate
the spectral radiance based on the measurement results
of plasma cross-sectional area, emission spectrum, and
emission power.

Electron temperature diagnosis method
The line emission intensity of the spontaneous transi-

tion from upper-level u to lower-level l satisfies the fol-
lowing formula38:

εl ¼ Aulhc
4πλul

nenigu
2UiðTteÞ

h3

ð2πmkteÞ expð
Ei � Eu

kte
Þ ð4Þ

where c is the speed of light, Aul is the Einstein emission
coefficient, gu is the statistical weight of high-level u, λul is
the central wavelength, Ui is the partition function of
xenon ions, Ei is the Rydberg energy, and Eu is the energy
of the upper-level u. Continuous emission comes from
recombination and Bremsstrahlung processes in which
free electrons participate in LSP. The continuous emis-
sion coefficient Ic is approximately constant within a
limited spectral bandwidth range Δλ. Therefore, the
relationship between continuous emission intensity εc

and continuous emission coefficient Ic is εc ¼ IcΔλ. Ic can
be approximated by the following formula:

Ic ¼ C1
neni

λul
2 ffiffiffiffi

te
p

� �
ξðλul; teÞ ð5Þ

where the constant C1 ¼ 16πe6

3c2
ffiffiffiffiffiffiffiffiffiffi
6πm3k

p , ξ λul; teð Þ is the
Bibermann correction factor at the central wavelength
λul and temperature te. The line-to-continuum ratio Rlc is
a function of the LSP electron temperature:

Rlc ¼ εl
IcΔλ

¼ C2
Aulgu

teUiξðλul; teÞ
λul
Δλ

exp
Ei � Eu

kte

� �
ð6Þ

where the constant C2 ¼ 33=2h4c3
256π3e6k. We diagnose the

electron temperature te of LSP based on the line-to-
continuum ratio Rlc obtained in the spectral measurement
and NIST database.

Spectral single-pixel imaging
Single-pixel imaging is based on second-order correla-

tion of light, which has the advantage of high sensitiv-
ity40–42. Spectral single-pixel imaging is a method that
combines high spectral and spatial resolution43,44. The
light reflected from the object is modulated by DMD and
collected into the spectrometer. The signal intensity
detected by the spectrometer can be expressed as follows:

Sij ¼
Z Z

Iðx; y; λjÞPiðx; yÞdxdy ð7Þ

where x and y correspond to the two-dimensional spatial
information of the object and λ corresponds to the
wavelength information of the object. I is the spatial
intensity distribution of the original image. Sij corresponds
to the detection ordinal number i and the wavelength
ordinal number is j. P is the spatial distribution of the
modulated speckle pattern loaded by DMD. In this
experiment, DMD is loaded with 1639 matrix patterns
and switched sequentially at a refresh rate of 8 Hz. The
integration time of the spectrometer is 100ms to ensure
that the collected signal strength is sufficient for image
reconstruction. For a selected wavelength, we reconstruct
the grayscale imaging result from the signal collected by
the spectrometer and speckle patterns loaded in DMD.
We subsequently reconstruct the colorful imaging of the
object using data in the 380–780 nm range. We use CNR
for the quantitative comparison of image quality.

CNR ¼ 10log10
jμo � μbjffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2o þ σ2b

q

0
B@

1
CA ð8Þ

μo and μb are the average gray value of object and
background, while σo and σb are the standard deviation of
the gray value of object and background.
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advantages, we test the LSP source in spectral single-pixel
imaging.
The experimental setup for spectral single-pixel ima-

ging is shown in Fig. 5c. Broadband light illuminates the
object, and the reflected light is imaged onto the digital
micromirror device (DMD) through an achromatic lens.
The beam modulated by DMD is finally focused into the
spectrometer by a collection lens. The spectral resolution
of the spectrometer is ~1 nm in the range of 380–780 nm.
64 × 64 pixel images with a sampling rate of 20% are
obtained. The comparison of imaging results at different
wavelengths is displayed in Fig. 5d. The purple pattern is
printed with a mixture of blue and red ink, resulting in
clearer imaging results at the corresponding wavelength.
Figure 5e shows the comparison of normalized intensity
measured by the spectrometer. The measurement results
indicate that the high brightness characteristic of the LSP
source increases the intensity of the signal detected by the
spectrometer by up to 4.3 dB. The final imaging results of
the object are reconstructed using data in the wavelength
range of 380–780 nm, as shown in Fig. 5f. Significant
enhancement of 4 dB CNR in spectral single-pixel ima-
ging has been obtained, compared with Xenon lamp of the
same power consumption.

Discussion
In this paper, we establish a two-dimensional refractive

index distribution in the plasma region to analyze the
propagation path of the orthogonal lasers. The simulation
results indicate that the orthogonal design eliminates the
influence of the negative lensing effect on laser power
density at relatively low laser power. When the laser
power is 90W, 70% of which is absorbed by the plasma,
while the remaining 30% passes through the plasma and
can be recycled by reflective optics. The use of air-cooled
small-sized fiber lasers will significantly improve the
compactness of the broadband source, ultimately achiev-
ing a broadband source that combines high brightness
and miniaturization. In our case, the conversion efficiency
from laser power absorbed by plasma to UV emission
exceeds 20%, indicating a minimal thermal loss in such
broadband source.
The average spectral radiance (300–370 nm) is about

210 mW=ðmm2 � sr � nmÞ. We report an important
conceptual advance that the orthogonal design elim-
inates the influence of the negative lensing effect on laser
power density. Excitingly, under this conceptual advance,
there is still potentials for improvement in the brightness
of orthogonal LSP source. The essence of high brightness
is to elevate the plasma density and temperature within a
constraint region. The gas pressure inside the Xenon
lamp is 1 MPa, we expect to further improve the
brightness by using a higher-pressure chamber. More-
over, when laser power exceeds 90 W, the suppression of

the negative lensing effect weakens with the increase in
plasma size. With the plot of a two-dimensional refrac-
tive index model and the quantitative link between
pumping optics design and plasma absorption, we believe
that the negative lensing effect can be eliminated at
higher laser power by dividing the laser into more
beamlines and beam shaping.
We define a FOM (FOM=ΔλIP/V) to compare broad-

band sources comprehensively. Δ λ represents the spectral
range of the broadband light source, P is the average power
output by the light source, I is the brightness of the light
source, and V is the footprint of the light source. The state-
of-the-art for representative broadband sources are sum-
marized in Table 1. The estimated FOM of orthogonal LSP
is more than one order of magnitude higher than other
broadband sources. Therefore, this work presents a com-
pact broadband source that is essential to satisfy the
demands in sensor calibration, metrology, microscopy,
imaging, inspection, and spectroscopy applications.

Materials and methods
Analysis of laser transmission paths in the plasma region
We calculate the electron density by the Saha equa-

tion30:

neni
na

¼ 2
2πmk
h

� �3=2 gi
ga

te
3=2 expð�Ei=kteÞ ð1Þ

where ne, ni, and na are the densities of electrons, ions,
and neutral atoms, respectively. h is Planck’s constant, k is
Boltzmann’s constant, m is the electron mass, gi and ga are
statistical weights, te is the electron temperature, and Ei is
the ionization potential of Xenon.

We then calculate the refractive index in the plasma
region n as follows:

n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ω2

p

ω2

s
ð2Þ

where ωp ¼
ffiffiffiffiffiffiffiffiffiffi
4πnee2

m

q
is the plasma frequency, ω is the laser

frequency, and e is the electric charge. The refractive
index at the plasma center in this work is ~0.97. Using a
hyperelliptic model, we analyze the laser transmission
path within the plasma region by the Eikonal equation37:

∂uðx;yÞ
∂x

� �2
þ ∂uðx;yÞ

∂y
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¼ n2ðx; yÞ; ðx; yÞ 2 R2

uðx; yÞ ¼ φðx; yÞ; ðx; yÞ 2 Γ 2 R2

j x�x0
h1

j2a þ j y�y0
h2

j2b ¼ j nðx;yÞ�0:97
0:03 j2c

8>>><
>>>:

ð3Þ

where u(x, y) is the laser propagation path. φ(x, y) is the
boundary condition, n(x, y) is the refractive index of
the plasma region and (x0, y0) is the coordinate of the
plasma center. A, b, and c are the power exponentials

Shi et al. Light: Science & Applications ���������(2024)�13:274� Page 9 of 11



2766  | Light Sci Appl | 2024 | Vol 13 | Issue 11 LSA

Huang et al. Light: Science & Applications ���������(2024)�13:268� Official journal of the CIOMP 2047-7538
https://doi.org/10.1038/s41377-024-01623-x www.nature.com/lsa

ART ICLE Open Ac ce s s

One-dimensional photonic crystal enhancing
spin-to-orbital angular momentum conversion
for single-particle tracking
Mingchuan Huang 1, Qiankun Chen1, Yang Liu 1, Chi Zhang2, Rongjin Zhang 2,
Junhua Yuan2✉ and Douguo Zhang 1,3,4✉

Abstract
Single-particle tracking (SPT) is an immensely valuable technique for studying a variety of processes in the life sciences
and physics. It can help researchers better understand the positions, paths, and interactions of single objects in
systems that are highly dynamic or require imaging over an extended time. Here, we propose an all-dielectric one-
dimensional photonic crystal (1D PC) that enhances spin-to-orbital angular momentum conversion for three-
dimensional (3D) SPTs. This well-designed 1D PC can work as a substrate for optical microscopy. We introduce this
effect into the interferometric scattering (iSCAT) technique, resulting in a double-helix point spread function (DH-PSF).
DH-PSF provides more uniform Fisher information for 3D position estimation than the PSFs of conventional
microscopy, such as encoding the axial position of a single particle in the angular orientation of DH-PSF lobes, thus
providing a means for 3D SPT. This approach can address the challenge of iSCAT in 3D SPT because DH-PSF iSCAT will
not experience multiple contrast inversions when a single particle travels along the axial direction. DH-PSF iSCAT
microscopy was used to record the 3D trajectory of a single microbead attached to the flagellum, facilitating precise
analysis of fluctuations in motor dynamics. Its ability to track single nanoparticles, such as 3D diffusion trajectories of
20 nm gold nanoparticles in glycerol solution, was also demonstrated. The DH-PSF iSCAT technique enabled by a 1D
PC holds potential promise for future applications in physical, biological, and chemical science.

Introduction
Single-particle tracking (SPT) is an immensely valuable

technique used in microscopy to follow the motion of
individual objects within a medium or in living cells,
providing valuable information on their dynamic behavior
over time, such as nanoscopic protein motion on a live
cell membrane1. It can reveal the dynamics of individual
particles or even molecules, and the motion of small
objects can also serve as a probe for nanoscopic

potentials2,3. If the particle is fluorescent, this technique is
also referred to as single emitter tracking. There are a
range of methodologies utilized in emitter localization
and trajectory reconstruction, which achieve 2D and 3D
subdiffraction tracking for wide applications in cell biol-
ogy and other materials, such as localization microscopy
by point-spread-function engineering4,5. The main
advantage of fluorescence-based tracking is the low
background intensity because the excitation wavelength is
different from the emission wavelength, and the use of a
bandpass filter can remove the background noise caused
by the excitation beam. However, fluorescence-based
tracking is limited by the photobleaching effect of fluor-
escent particles, and the intensity and duration of fluor-
escence emission impose fundamental limits on the
imaging speed and precision for tracking studies6. Cur-
rently, much attention is being given to inventing brighter
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