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Single-Shot Ultraviolet Compressed Ultrafast Photography

Yingming Lai, Yujia Xue, Christian-Yves Côté, Xianglei Liu, Antoine Laramée,
Nicolas Jaouen, François Légaré, Lei Tian, and Jinyang Liang*

Compressed ultrafast photography (CUP) is an emerging potent technique
that allows imaging a nonrepeatable or difficult-to-produce transient event in
a single shot. Despite many recent advances, existing CUP techniques
operate only at visible and near-infrared wavelengths. In addition, spatial
encoding via a digital micromirror device (DMD) in CUP systems often limits
its field of view and imaging speeds. Finally, conventional reconstruction
algorithms have limited control of the reconstruction process to further
improve the image quality in the recovered (x, y, t) datacubes of the scene. To
overcome these limitations, this article reports a single-shot UV-CUP that
exhibits a sequence depth of up to 1500 frames with a size of 1750 × 500 (x, y)
pixels at an imaging speed of 0.5 trillion frames per second. A patterned
photocathode is integrated into a streak camera, which overcomes the
previous restrictions in DMD-based spatial encoding and improves the
system’s compactness. Meanwhile, the plug-and-play alternating direction
method of multipliers algorithm is implemented to CUP’s image
reconstruction to enhance reconstructed image quality. UV-CUP’s single-shot
ultrafast imaging ability is demonstrated by recording UV pulses transmitting
through various spatial patterns. UV-CUP is expected to find many
applications in both fundamental and applied science.

1. Introduction

Single-shot ultrafast optical imaging is of great significance in
revealing the fundamental mechanisms in physics, chemistry,
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and biology.[1] Unlike the multiple-shot
counterpart[2–4] that applies only to re-
peatable phenomena, single-shot ultra-
fast optical imaging can record transient
events that are nonrepeatable or difficult
to produce.[5–7] Depending on the image
acquisition methods, existing single-shot
ultrafast optical imaging techniques can
be divided into the active-detection cate-
gory and the passive-detection category.[1]

The former[8–11] uses specially designed
pulse trains to probe transient events,
while the latter[12–14] exploits receive-only
ultrafast detectors to record photons from
dynamic scenes. Circumventing the ac-
tive illumination, the passive-detection
scheme is well suited in imaging self-
luminescent and color-selective transient
events.
Among existing passive-detection ap-

proaches, compressed ultrafast photog-
raphy (CUP) has attracted tremendous
research interests. By integrating com-
pressed sensing into streak imaging, the
CUP system allows recording a 3D spa-
tiotemporal (x, y, t) datacube of a transient

event in a single camera exposure.[12] Since CUP’s invention
in 2014, many technical innovations in optical instrumentation
have been made to improve the system’s performance. For ex-
ample, a femtosecond streak camera assisted CUP in achieving
an imaging speed of 70 trillion frames per second (Tfps).[15]

Moreover, wide-field microscopy and phase-contrast imaging
modalities were integrated into CUP to provide high spatial
resolution and new contrast.[16] Furthermore, a galvanometer
scanner replaced the streak camera to enable all-optical operation
in CUP,[17] which extended the technique’s applicability to most
charge-coupled device (CCD) and CMOS (complementary metal
oxide semiconductor) cameras. Finally, several configurations
were proposed for CUP-based electron imaging.[18,19]

Advances in reconstruction algorithms have also en-
hanced CUP’s performance. For example, space and intensity
constraints[20] were added into the original reconstruction algo-
rithm based on the two-step iterative shrinkage/thresholding
(TwIST) algorithm[21] to mitigate the low-intensity artifacts.
Moreover, an augmented Lagrangian algorithm was developed
to decrease the dependence of the regularizer in the TwIST
algorithm to the content in the dynamic scene.[22] Finally, a
genetic algorithm[23] and a gradient descent algorithm[18] were
implemented to increase the incoherence between the spatial
encoding mask and the sparse basis of the scene.
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These innovations in hardware and algorithms, in turn,
have facilitated CUP in finding new applications. Among
them, CUP is popularly implemented to real-time visualiza-
tion of light dynamics, such as the faster-than-light traveling of
noninformation,[12] the propagation of a photonic Mach cone
in scattering medium,[24] and the temporal focusing of a fem-
tosecond laser pulse.[25] Moreover, CUP has benefited many
derivative technologies, including improving the acquisition rate
in fluorescent lifetime imaging,[26] achieving wide-field time-of-
flight volumetric imaging,[27] and assisting in secured quantum
communication.[28]

Despite these remarkable accomplishments, current CUP
technologies are limited in several aspects. First, CUP has
been experimentally demonstrated only in the visible and
near-infrared spectral ranges. The lack of imaging capability
in the UV spectrum excludes CUP from imaging many sci-
entifically important transient phenomena, such as UV pulse
generation via four-wave mixing[29] and the formation-relaxation
dynamics of UV-pulse-induced absorbing defects in potassium
dihydrogen phosphate crystals.[30] Second, most CUP systems
use a digital micromirror device (DMD) to spatially encode the
dynamic event. As a programmable binary-amplitude spatial
light modulator,[31,32] the DMD consists of up to several millions
of individually addressable micromirrors, each of which has
a +12° or –12° tilt angle with respect to the device’s surface
normal. As a result, the DMD is often required to be placed
in the Littrow configuration in CUP systems to retro-reflect
the incident light.[12,15,17,20,22,23,27] This design, despite offering
good encoding adaptability, restricts the field of view (FOV)
and the imaging speed of CUP. Although these constraints
can be overcome by replacing the DMD with a transmissive
mask[23] or by using the loss-less encoding configuration,[16]

these systems are still bulky, which could hinder CUP’s applica-
bility to various field studies that require restricted weight and
size of the deployed instrument.[33] Finally, the conventional
TwIST algorithm with a total variation (TV) regularizer is still
the mainstream in CUP’s image reconstruction. However, it
is well known that the TV regularization tends to introduce
staircasing artifacts in the reconstruction,[34] which limits the
spatial and temporal resolutions as well as produces consid-
erable anisotropy in spatial resolutions between the x and y
dimensions (e.g., 19.4% in ref. [12]). Thus, the existing image
reconstruction paradigm restricts the quality of the image recon-
struction and the type of transient objects that can be reliably
reconstructed.

2. Experimental Section

2.1. System Schematic and Data Acquisition

To overcome these limitations, we have developed single-shot
UV-CUP. As shown in Figure 1a, a dynamic event, I(x, y, t), is
imaged by the front optics to the entrance port (41 mm in diame-
ter) of a customized streak camera (AXIS-2DX, Axis Photonique),
whose intrinsic spatial and temporal resolutions are 36 µm and
6 ps, respectively. The image is further relayed by the input optics
to a patterned palladium photocathode (35 mm × 10 mm in size
and 200–270 nm in sensing wavelength range) that is fabricated

by lithography. As illustrated in Figure 1b, a 200 nm thick layer of
chromium is deposited on a 1.5 mm thick fused silica substrate
by electron-beam evaporation. A pseudo-random binary pattern
(Figure 1c), with each encoding pixel having an 80 µm × 80 µm
size, is engraved using a laser lithography process. In this way,
the photons in the dynamic event are spatially encoded, which is
denoted by the operatorC. Then, a layer of palladiumwith a thick-
ness of 8.5 nm is deposited by electron-beam evaporation on top
of the chromium layer to convert photons into photoelectrons.
Next, the photoelectrons gain velocity by a pulling voltage applied
to an acceleration mesh. Subsequently, they pass through a time-
varying electric field applied to a pair of sweep electrodes. Ac-
cording to the time-of-arrival, these photoelectrons are deflected
to different spatial positions along the vertical axis (i.e., the y-axis
in Figure 1a). This process is denoted by the temporal shearing
operator S. Afterward, the photoelectrons in the spatially encoded
and temporally sheared scene are converted back to photons by a
phosphor screen, followed by a fiber taper that relays the image
onto an internal CCD camera (Nr × Nc = 2000× 2000 binned pix-
els (2 × 2 binning), the subscripts “r” and “c” denote “row” and
“column,” respectively). The CCD camera records the data by spa-
tially integrating over each pixel and temporally integrating over
the exposure time, which is denoted by the spatiotemporal inte-
gration operator T. The captured snapshot is denoted by E(m, n),
wherem and n represent the indices of pixels in the x and y axes.
Overall, UV-CUP’s data acquisition process can be described by
a forward model as

E(m, n) = TSCI(x, y, t) (1)

2.2. Image Reconstruction

In image reconstruction, I(x, y, t) is recovered by solving a regu-
larized least-squares optimization problem.[35] Here, we develop
a novel CUP reconstruction algorithm based on the framework
of the plug-and-play alternating direction method of multipliers
(PnP-ADMM) algorithm[36,37]

Î = argmin
I,v,u,w

{
1
2
‖E − Tv‖22 + R(u) + I+(w)

+
𝜇1

2

‖‖‖‖SCI − v +
𝛾1

𝜇1

‖‖‖‖22 + 𝜇2

2

‖‖‖‖I − u +
𝛾2

𝜇2

‖‖‖‖22
+

𝜇3

2

‖‖‖‖I − w +
𝛾3

𝜇3

‖‖‖‖22
}

(2)

Here ‖ ⋅ ‖2 represents the l2 norm. R(⋅) is the implicit reg-
ularizer. I+(⋅) represents a nonnegative indicator function.
v, u, and w are primal variables. 𝛾1, 𝛾2, and 𝛾3 are dual vari-
ables. 𝜇1, 𝜇2, and 𝜇3 are penalty parameters.[38,39] The main
advantages of PnP-ADMM CUP algorithm over existing CUP
reconstruction paradigms are manifested in twofold. First,
the variable splitting strategy is carefully designed to enable
fast, closed-form solutions to the sub-optimization in the
PnP-ADMM update routine. Second, the PnP-ADMM CUP
algorithm allows us to use state-of-the-art denoising algorithms
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Figure 1. Operating principle of UV-CUP. a) System schematic and data acquisition. b) Cross-section of the patterned photocathode. c) Partial view of
the encoding mask.

beyond the classical TV denoiser to achieve superior reconstruc-
tion results. Specifically, we implement the sub-optimization
over R(⋅) with the block-matching and 3D filtering (BM3D)
denoiser,[38] which has shown to provide superior performance
for a wide class of natural objects for solving similar inverse
problems.[40–42]

The initialization of the PnP-ADMM algorithm is conducted
as follows. Let Nx, Ny, and Nt be the numbers of pixels in the
reconstructed (x, y, t) datacube. The operator C is obtained by
measuring the encodedmask, which has dimensions ofNx × Ny.
The shearing operator S is Nx × (Ny + Nt − 1) × Nt in size. Its
first frame is constructed by padding (Nt − 1) rows of zeros below
the matrix of the operator C. The next frame is generated by
circulantly shifting the first frame downward by one pixel. This
process is repeated by (Nt − 1) times until the matrix of the
spatial encoding operator reaches the bottom of the frame. The
integration operator T performs a summation along the t axis.
I0, 𝛾1

0, 𝛾2
0, and 𝛾3

0 are set to zero matrices with dimensions
Nx × Ny × Nt. 𝜇1

0, 𝜇2
0, and 𝜇3

0 are set to 1. These inputs, along
with the acquired single image E(m, n), are fed to the PnP-
ADMM algorithm, which iteratively updates the primal variable
as well as the estimated datacube via the following steps as the
flowchart shown in Figure 2.

Step 1: update primal variables (i.e., v, u, and w) by

vk+1 = (TT ⋅ T + 𝜇k
1U)

−1 ⋅ (TTE + 𝜇k
1SCI

k + 𝛾k1 ),

uk+1 = DBM3D

(
Ik +

𝛾2
k

𝜇k
2

)
, and

wk+1 = max

{
0, Ik +

𝛾3
k

𝜇k
3

}
(3)

Here, U is the identity matrix. DBM3D(⋅) stands for the BM3D
denoiser.
Step 2: update the estimated datacube of the dynamic event

(i.e., I) by

Ik+1 = (𝜇k
1S

T ⋅ CT ⋅ C ⋅ S ⋅U + 𝜇k
2U + 𝜇k

3U)
−1

⋅

[
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1(SC)
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𝛾1
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)
+ 𝜇k

2
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)
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)]
(4)
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Figure 2. Flowchart of the PnP-ADMM algorithm for UV-CUP’s image re-
construction.

Step 3: update the penalty parameters (i.e., 𝜇1, 𝜇2, and 𝜇3) by

𝜇k+1
i =

⎧⎪⎪⎨⎪⎪⎩

𝜏𝜇k
i , if p > 𝜎q

𝜇k
i

𝜏
, if 𝜎p < q

𝜇k
i , otherwise

(i = 1, 2, 3) (5)

Here, p = ‖Ik+1 − vk+1‖2 is the primal residual and q =
𝜇k
i ‖Ik+1 − Ik‖2 is the dual residual. 𝜏(𝜏 > 1) is the balancing fac-
tor, and 𝜎(𝜎 > 1) is the residual tolerance.[43] In our experiments,
we chose 𝜏 =1.1 and 𝜎 =1.5.
Step 4: judge the relative change in results and the parameters

𝜇k+1
1 , 𝜇k+1

2 , and 𝜇k+1
3 in adjacent iterations by

if 𝜂 = Ik+1 − Ik

Ik
< 𝜌 and 𝜇k+1

i = 𝜇k
i (i = 1, 2, 3) (6)

Here, 𝜌(0 < 𝜌 < 10−3) is the pre-set tolerance value.
Step 5: if the convergence is unmet, update dual variables (i.e.,

𝛾1, 𝛾2, and 𝛾3) by

𝛾1
k+1 = 𝛾1

k + 𝜇k+1
1

(
SCIk+1 − vk+1

)
,

𝛾2
k+1 = 𝛾2

k + 𝜇k+1
2 (Ik+1 − uk+1), and

𝛾3
k+1 = 𝛾3

k + 𝜇k+1
3 (Ik+1 − wk+1) (7)

These steps are repeated until all criteria in Step 4 are satisfied.
The image reconstruction recovers the spatiotemporal datacube
of the dynamic scene. The output movie has a sequence depth
(i.e., the maximum number of frames in the movie) ofNt = 1500

frames, each of which has a size of Nx × Ny = 1750 × 500 pixels.
The imaging speed of UV-CUP, R, is calculated by

R = s∕db (8)

where s = 9 mm ns−1 is the shearing speed, and db = 18 µm
is the binned pixel size of the internal CCD camera. Thus, UV-
CUP’s imaging speed is R = 0.5 Tfps.

3. Results

3.1. Evaluation of PnP-ADMM-Based Image Reconstruction

To demonstrate the superior performance of the PnP-ADMM al-
gorithm to the TwIST algorithm, we compared the reconstructed
image qualities using a simulated dynamic event, namely, a static
“Mandrill” image with the intensity changing as a Gaussian func-
tion. The event datacube had a sequence depth of 40 frames, each
of which had 512 × 512 (x, y) pixels. The simulated snapshot, Es,
was obtained by applying the forward model (i.e., Equation (1))
to this event. Es was input to both the PnP-ADMM algorithm
and the TwIST algorithm for image reconstruction. The initial-
ization of the PnP-ADMM algorithm was detailed in Section 2.2.
For the TwIST algorithm, the weighting parameter for the regu-
larizer was set to 0.2.
The reconstructed images (see the full evolution in Video S1,

Supporting Information) from both algorithms are compared
in Figure 3. In particular, Figure 3a shows the 21st frames of
the ground truth, TwIST reconstruction, and PnP-ADMM recon-
struction. Zoomed-in views of the three areas in the ground truth
and in the reconstructed results are shown in Figure 3b. These
results reveal that PnP-ADMM can accurately recover the spa-
tial details, while the TwIST reconstructed images appear blurred
withmany spatial features lost. To quantitatively evaluate the per-
formance, we analyzed 3 dB bandwidths of the Fourier spectra of
the three images in Figure 3a. The results are shown in Figure 3c.
The profiles of normalized power spectrum density in x and y
axes from these results are compared in Figure 3d. The TwIST
algorithm reduces the spatial bandwidth by 33.3% and 47.3% in
the x and y axes, respectively. In contrast, PnP-ADMM degrades
the bandwidths by 12.1% and 16.4%. Therefore, PnP-ADMM al-
lows a more reliable reconstruction in UV-CUP. Moreover, the
resolution anisotropy between the x and y dimensions of TwIST-
based reconstruction is 21.0%, while the PnP-ADMM-based re-
construction produces 4.9%. Thus, PnP-ADMM shows superior
performance in suppressing resolution anisotropy.

3.2. Quantification of Spatial and Temporal Resolutions

To characterize the spatial and temporal resolutions of the
UV-CUP system, we imaged a dynamic scene of two 1 µJ UV
laser pulses sequentially transmitting through a cross-wire target
(Figure 4a). In the experimental setup, an 800 nm femtosecond
laser pulse was converted to a 266 nm UV pulse with the same
pulse width via second harmonic generation and subsequent
sum-frequency generation. The UV pulse was then equally split
into two arms by a beam splitter. In each arm, the laser pulse was
retro-reflected by a mirror. A manual translation stage was added
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Figure 3. Comparison of the ground truth with the reconstructions using the TwIST algorithm and the PnP-ADMM algorithm. a) The 21st frame in the
dynamic scene. b) Zoomed-in views of three selected areas (marked in the first panel in (a)). c) Spatial frequency distributions of the images in (a).
d) Cross-sections of the normalized power spectral density in the x and y axes of the images in (c).

into one arm to generate a tunable optical delay of up to 100 ps.
For spatial resolution quantification, the two daughter pulses
with a 35 ps time delay propagated collinearly to a spatial pattern
composed of two crossed 600 µm diameter wires. The UV-CUP
system, synchronized with the laser, captured this event in a
single shot. Figure 4b presents the reconstructed results in six
selected frames, showing the temporal intensity changes of laser
pulses whose shapes were modulated by the crossed wires (see
the full evolution in Video S2, Supporting Information). Selected
cross-sections along the horizontal and vertical directions in the
frame at t = 54 ps were extracted, as shown in Figure 4c. To
quantify the spatial resolution, the calibration of the nonuni-
form intensity distribution of the laser pulse was applied to
the reconstructed image. Then, the line profiles of the wire’s
edge were averaged to calculate the edge spread function (ESF).
Taking the derivative of the ESF yielded the line spread function
(LSF). The spatial resolutions of the UV-CUP system, defined by
the full-widths at half-maximum (FWHMs) of the fitted LSFs in
the horizontal and vertical directions, were determined to be 99

and 109 μm, respectively (Figure 4d). The resolution anisotropy
was determined to be 10.1%. This result echoes PnP-ADMM’s
superior performance in suppressing the resolution anisotropy
as demonstrated in Section 3.1. To obtain the temporal reso-
lution, we imaged the same event with seven time-delays Δt
ranged from 5 to 60 ps (Figure 4e). Three measurements were
acquired for each time delay. We did not observe any unwanted
surface reflections from optical components. Representative
time courses of normalized average intensity with different time
delays are plotted as the inset of Figure 4e. ΔI is defined as the
intensity dip at the half of Δt. The experimental result was fitted
with a model that represents incoherent addition of two identical
Gaussian functions with normalized intensities with the time
delay of Δt, i.e.,

ΔI(Δt) =
⎧⎪⎨⎪⎩
1 − 2 exp

[
− ln(2)Δt

2

a2

]
, (ΔI > 0)

0, otherwise
(9)
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Figure 4. Characterization of spatial and temporal resolutions of the UV-CUP system. a) Experimental setup. BBO1-BBO2, barium borate crystal; BS,
beam splitter; DM, dichroic mirror; L1–L2, lens; M1–M2, mirror; TS, translation stage. b) Six representative frames of the reconstruction scenes, where
two spatially modulated UV pulses had a 35 ps time delay. c) Intensity profiles of two cross-sections marked in (b). d) Analysis of the spatial resolution
in the horizontal and vertical directions. The LSFs were fitted by cubic spline interpolation. Error bar: standard deviation. e) Analysis of the temporal
resolution. Error bar: standard deviation. Inset: Time courses of averaged laser intensity of the two pulses with different pulse delays.

where a is the FWHMof the reconstructed time course. The tem-
poral resolution of the UV-CUP system, defined by Δt that gives
ΔI ≤ 0.25, was quantified to be 14 ps.

3.3. Visualization of Transmissive Targets

To demonstrate UV-CUP’s 2D imaging capability, we imaged
two spatially and temporally separated UV pulses transmitting
through hollow patterns that contain engraved letters of “INRS”
and “AXIS”. The two UV pulses had a 40 ps time delay. The
mirror M2 was slightly tilted with respect to the normal of the
incident beam to generate a lateral shift to the reflected pulse
(Figure 5a). The reconstructed movies are shown in Videos S3
and S4 in the Supporting Information. Figure 5b–e presents the
reconstructed results of “INRS” and “AXIS” at two specific time

points. Representative cross-sections show good conformity with
the pulses’ intensity profiles.

4. Conclusions and Discussion

We have demonstrated CUP in the UV spectral range for the
first time. The UV-CUP system was constructed by integrating
a patterned photocathode into a streak camera. Therefore, this
compact design is not subject to the limitations in FOV and imag-
ing speeds imposed by the tilted DMD in previous CUP systems.
Moreover, the PnP-ADMM algorithm was implemented, for the
first time, to improve the quality of CUP’s image reconstruction.
At an imaging speed of 0.5 Tfps, the UV-CUP system can record
up to 1500 frames, each of which has 1750 × 500 (x, y) pixels in
size. The system’s spatial and temporal resolutions, determined

Laser Photonics Rev. 2020, 14, 2000122 © 2020 Wiley-VCH GmbH2000122 (6 of 8)
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Figure 5. Single-shot UV-CUP of two UV pulses transmitting through spatial targets. a) Experimental setup. b) Representative (x, y) frames of laser
pulses transmitting through the target containing letters “INRS”. c) Cross-sections marked in (b) with comparing to incident pulses’ intensity profiles.
d) As (b), but with the target “AXIS”. e) As (c), but shows the results marked in (d). The orange and the yellow solid lines in (c) and (e) represent the
intensity profiles of the first and the second pulses.

by the overall magnification ratio and the sweep voltage, were
quantified to 99 µm in the x-axis, 109 µm in the y-axis, and 14 ps,
respectively. UV-CUP’s single-shot ultrafast imaging ability
was demonstrated by capturing the transmission of UV pulses
through spatial patterns.
In the UV-CUP system, the size of encoding pixels on the

palladium photocathode was determined jointly by the noise per-
formance and the design of the streak camera. Due to the limited
quantum yield of the palladium photocathode to the 266 nm
light, the signal-to-noise ratio (SNR) in the acquired raw data was
moderate. Thus, 2× 2 pixel binningwas used in the internal CCD
camera to improve the image quality. Moreover, considering the
0.92 × magnification ratio of the streak camera and the Nyquist
sampling theory, each encoding pixel should have a size of at least
∼40 µm × 40 µm. Finally, the design needs to facilitate the recon-
struction algorithm to accurately identify the encoding mask un-
der the limited SNR. Therefore, we chose the size of the 80 µm ×
80 µm for the encoding pixels, which balances the image recon-
struction reliability with the spatial and temporal resolutions.
The PnP-ADMM-based image reconstruction shows its su-

perior performance, adaptability, and potential. By splitting
the overall optimization into several secondary minimization
problems (i.e., Equation (2)) and precisely solving them in par-
allel with the flexibility to incorporate state-of-the-art denoising
algorithm, PnP-ADMM improves the quality of reconstructed
image than conventional TwIST algorithm. PnP-ADMM assisted
UV-CUP in increasing the spatiotemporal resolutions, suppress-
ing the resolution anisotropy, and reconstructing spatial features
without artifacts. Despite only demonstrated in the UV-CUP sys-
tem, the PnP-ADMM-based image reconstruction is universally
adaptable to other CUP systems for diverse experiments. Espe-
cially for high SNRs in the acquired data, the reconstructed image

quality is critically determined by the software. The PnP-ADMM-
based image reconstruction can outperform the TwIST algorithm
in recovering dynamic scenes with complex spatiotemporal
features.
Future investigations will be carried out in both technical im-

provement and application exploration. For example, by adopting
streak cameras with optical shearing units[17] and by using pho-
tocathodes with higher quantum efficiencies at the targeted UV
wavelengths,[44] SNRs in the acquired raw data can be improved,
which can allow using a smaller encoding pixel and thus preserv-
ing more spatiotemporal features in the image reconstruction.
In this way, UV-CUP’s spatial and temporal resolutions could
be further boosted. In addition, other photosensitive materials
(e.g., gallium nitride[45] whose sensing spectrum is 150–400 nm)
could be used in the fabrication of the patterned photocathode
sensing other UV wavelengths. In software, the quality of the
reconstruction may be further improved by incorporating state-
of-the-art deep-learning-based denoisers into the PnP-ADMM
framework.[46,47] UV-CUP will open up many new possibilities
in single-shot observation of transient UV phenomena, includ-
ing laser-induced UV plasma emission[48] and UV-fluorescence
in graphene oxides.[49]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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