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Electromagnetic pulses (EMPs) produced by the interaction of a TW femtosecond laser with solid targets at the Com-
pact Laser Plasma Accelerator (CLAPA) are measured and interpreted. The statistical results confirm that the intensities of
the EMPs are closely related to both target material and thickness. The signal of the titanium target is more abundant than
that of the copper target with the same thickness, and the intensity of EMP is positively correlated with the target thickness
for aluminium foil. With the boosted EMP radiations, the energy of accelerated protons is also simultaneously enhanced.
In addition, EMPs emitted from the front of the target exceed those from the rear, which are also pertinent to the specific
target position. The resonant waveforms in the target chamber are analyzed using the fast Fourier transform, and the lo-
cal resonance and the attenuation lead to changes of the frequency spectra of EMPs with variation of detecting positions,
which is well supported by the modeling results. The findings are beneficial to gaining insight into the mechanism of EMP
propagation in a typical target chamber and providing more information for EMP shielding design.

Keywords: laser driven proton accleration, electromagnetic pulses, laser, target
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1. Introduction

Ultrashort and intense laser irradiation of solid targets
leads to emissions of energetic particles, which is also accom-
panied by a large amount of broadband electromagnetic pulse
(EMP) radiation.!"-?] In recent years, with the increase of laser
intensity, EMPs have been paid more and more attention due
to their close relationship with hot electrons and the target cur-
rent, which also cause electromagnetic interference with vari-
ous diagnosing devices and result in malfunction of some cru-
cial equipment.®! Previous studies confirm that laser irradi-
ation results in the ejection of numerous hot electrons, which
further bring about the return current through the target holder,
compensating for the deficit of negative charge. Hot electrons
and the target current are the two distinct sources of EMPs. 3]
The intensity and distribution of EMPs are strongly related
to the laser energy, (6.7] 1aser duration, 81 target size, 110! tar-

IL12] target thickness, '3 target materials!!*~161 and

get shape, |
target holder.!!”! All these critical factors give rise to signif-
icant influences on target polarization, potential barrier and
hot electrons escaping, which in turn affect the generation of
EMPs. 18]

To gain insight into the mechanism of EMP generation,

a target charging model including dynamics of charge accu-
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© 2022 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ac3735

mulation for short-pulse laser—plasma was proposed to reveal
the target electric polarization, which was experimentally ver-
ified in terms of the laser energy, pulse duration, and tar-

18,191 A model based on the geometry of the target

get size.
holder could also contribute to deepen understanding of EMP
generation.!"”! In addition, EMP propagation in laser-induced

20-221 which is of importance to in-

plasma was also studied,|
terpreting the EMP generating process.

However, the typical waveform of EMP recorded in tar-
get chamber shows a superposition of complex mixed signals,
which is not only determined by certain specific laser—plasma
interaction, but also affected by the configuration of target

I [23

chamber. >3] Spatial distribution of EMP resonant frequencies

is simulated by COMSOL Multiphysics, which takes into ac-
count the most important items placed inside the chamber, (141
indicating that EMPs in frequency domain can be broken down
in terms of chamber resonance. Recently, many works have fo-
cused on analyzing the distribution of EMP resonance in typ-
ical chambers using eigenvector expansion.>*l However, due
to the limitation of the sampling rate of an oscilloscope, lit-
tle evidence has been experimentally obtained to verify the
resonance inside a target chamber. On the other hand, our

preliminary results indicate that proton number and proton

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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charge synchronously affect the intensity and distribution of
EMPs, > since the energy of the laser pulse is partially trans-
ferred to protons accelerated in quasi-static electric fields, [*6]
which could be competitive with escaping hot electrons. How-
ever, there is lack of experimental support to uncover the ef-
fects of protons and electrons on EMPs.

In this study, we statistically record and interpret the tem-
poral and spatial distribution of EMPs generated at CLAPA.
The statistical results confirm that the intensities of the EMPs
are determined by both the target material and thickness. The
relationship between EMPs and the detector position related
to the target and the charge of the accelerated protons are dis-
cussed. An EMP signal influenced by the chamber resonance
due to the experimental arrangement is also observed, and a

model is constructed to understand this resonant effect.

2. Experiment arrangement

The EMP experiments were performed at the CLAPA
platform at Peking University, and all measurements were con-
ducted using an ultra-short (30 fs) laser beam with a full-width
half-maximum (FWHM) focal radius of 5 um and a power
density of up to 6 x 10" W/cm?, containing 30% of total laser
energy of 1.3 J. The intensity contrast is 10710 at 40 ps before
the main pulse. As shown in Fig. 1(a), the EMP generated
by the laser interacting with solid targets were measured by
B-dot antennas (SGIII BO1-1, [11]) CHI1 to CH6, which were
placed at six different positions inside the laser chamber. The
distances from the target to CH1, CH2, CH3, CH4, CH5 and
CH6 are 37.3 cm, 36 cm, 37.2 cm, 31.5 cm, 49 cm and 25 cm.
The induced voltage signals on the antennas were recorded
by an oscilloscope (WaveMaster, 813Zi-A, 13 GHz) via ra-
dio frequency coaxial cables. Because of the limited number
of probes in the oscilloscope, the six antennas could not be
used at the same time. Some of the antennas were selected
in each experiment with specific parameters. The accelerated
protons with aimed energy were collected and focused by a
quadrupole-triplet magnet placed 14 cm behind the target onto
a scintillator. An EMCCD was used to record the focal spots
of the protons with energy. The number of the protons was
proportional to the light intensity conversion of the scintillator
signal.[>7]

Moreover, the target disk with more than three hundred
targets was mounted on a six-dimensional electrical stepper
motor system, so that the EMPs could be captured consec-
utively at short time intervals between repeated laser shots,
which significantly improved the efficiency of the experiment.
Therefore, a massive amount of data was obtained to compare
and interpret the uncertainty and fluctuation of the EMP radi-
ations at CLAPA.

behind

Fig. 1. (a) Schematic layout of the experimental setup at CLAPA and (b)
site picture of target arrangement. The intense laser pulse was focused by an
OAP mirror onto a target disk with more than three hundred targets, which
was mounted on an automatic electrical motor system. A silver mirror was
deployed to reflect the laser pulse. Six B-dot antennas (CH1 to CH6) were
employed to measure the EMP generated by the laser interacting with solid
targets at different positions.

3. Results and discussion

The EMP signals of the laser irradiating different metal
targets were firstly measured by a small B-dot antenna (CH1).
The corresponding peak voltages (the highest spike value) of
the EMPs were analyzed to reveal the relationship between
the EMP radiation and the target composition as shown in
Fig. 2. The amplitudes of the EMPs show fluctuations from
nearly 0.13 to 0.19 (RMSE) for each type of target with iden-
tical laser conditions. For the aluminium target, the average
peak voltage of the EMPs tends to increase with target thick-
ness from 1.8 pm to 70 pm, mainly because of the effect of
potential barrier A¢.['°! The fraction of electrons that can pos-
sibly escape from the target is limited by € > eA¢ (€ is the
energy of electron). According to the charging model, the dif-
ferential charge density in the thinner target is much higher
than that in a thicker target assuming that the same number of
hot electrons escape from the target interaction with the same
laser beam, '8 which induces a larger potential barrier A@, in-
creasing the difficulty of hot electrons escaping and resulting
in EMP emissions.

025205-2



Chin. Phys. B 31, 025205 (2022)

26

24+t

22+

20F ‘ {

18+

16 J
°
* )

o
14} ;ﬁ?

12

4 ¢ do o

Peak voltage (V)

. 0@% O‘g .

i i i i
‘e &Ox © % %
T M Ty
2 2 % % <

Fig. 2. Peak voltage of the EMPs for laser irradiation of different metal
targets.

In addition, with the same thickness, titanium targets can
produce more abundant electromagnetic radiation compared to
copper targets, which can be attributed to difference in work
functions between different metals. Since the work functions
of aluminum (4.2 x 107'° J) and copper (4 x 1071 J) are
weaker than that of titanium (6.6 x 10719 J), the plasma cloud
is easier created for aluminium and copper, which hinders the
propagation and adsorption of the laser and decreases the am-
plitude of EMP.[1]

The variation of the EMPs during a laser—CH target rel-
ative position scan was recorded, as shown in Fig. 3(a). The
thickness of the CH target was 5 pm. Note that the initial
position at 0 is deemed as the reference position, where the
focal spot of the low power laser coincides with the front of
the target surface. The target was moved along the path of
the focused laser at an interval of 50 wm with an accuracy
of 1 um. The anteroposterior positions are labeled with pos-
itive and negative numbers. The shifting of the target posi-
tion affected the on-target intensity of the laser pulse, hence
further decreasing the intensity of the EMPs. It can be seen
that the EMPs show little change when the target moves from
—100 pm to 100 pum, consistent with the Rayleigh length
Zr of the laser. The Rayleigh length can be calculated as
Zr = mawy/A = 98.2 um, where @ is the beam waist and A
is the wavelength of laser. The maximum EMP signal appears
at 100 um and then it gradually decays when the target shifts
further.

During laser irradiation of the CH target, the change of
physical distance has a great influence on electron density,
which is proved to be positively correlated with the intensity
of EMPs.[?81 A multi 1D simulation is thus constructed to cal-
culate the electron density around the target in varying target
positions under laser irradiation. As shown in Fig. 3(b), most
electrons are generated before the target during laser—target
interaction. Laser self-focusing in the plasma can partially

counteract the impact from target shifting, resulting in the sta-
bility of the EMPs in the scope of the target shifting distance
(within 100 um). When the target shifting distance exceeds
the Rayleigh length of the laser, the deterioration of the fo-
cal radius of the laser and a decrease in the electron density
of the plasma bring about a decrease in EMP intensity. The
relationship between EMP amplitudes and emitted electrons
was theoretically and experimentally confirmed by our previ-

ous simulations. 281
(a) I 25%~75%
8 I Range in 1.5 IQR
— Average voltage
7 -
= ==
: 1 *
)
o0
@
S
s st
>
4
o}
4T
3 -
===
1 1 1 1 1 1 1 1
—300 —200 —100 O 100 200 300 400
Target position (um)
(b) 1024
— 0 um
—— 100 ym
200 pm
1028 —— 300 pm

400 pm \
|

10%2L /

Electron density (1/cm?)

Target Target
Target
102'E  front % & behind
1 1 1 1
-2 0 2 4 6

@ (pm)
Fig. 3. (a) Evolution of the EMPs recorded with varying laser-CH target
coupling positions and (b) simulated electron density around the target in the
cases of varying laser—CH target coupling positions. The thickness of the CH
target was 5 pm.

With the 5 pm CH plastic target, effective proton acceler-
ation was also observed. Using the quadrupole triplet, the pro-
tons with 3.5 MeV central energy were focused on the scintil-
lator, and the energy spread within the beam spot region was
around 30%.13" Figure 4(b) shows the relationship between
the intensity of the EMPs recorded by CH4—-CHG6 and the count
of the proton signals on the scintillator during the laser—target
coupling position scan in Fig. 3. The count of the proton signal
is proportional to the charge of the focused protons. The data
acquired at different target positions are represented by differ-
ent symbols. This indicates that the charge of protons with
central energy of 3.5 MeV are exponentially increased when
the EMP signal reaches 4 V for CH6, and around 6 V for CH4
and CHS5. Figure 4(a) shows the comparison of the fluctuated
EMP raw signals (recorded at CH4) with their corresponding
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scintillator images of the focused 3.5 MeV proton at the target
position of —200 pum (above) and —100 um (below). It can
be seen that the peak voltage of the EMPs recorded at CH4
has the same tendency with the protons. Therefore, although
both the protons and the EMPs gain energy from the laser, no
competitive effect is found between them, suggesting that the
energy transfer efficiency from the laser is not high. Since the
sources of EMPs are mainly attributed to emitted electrons and
the target neutralization current,!*>%171 protons in Fig. 4(b)
contribute partially to EMPs.
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Fig. 4. (a) Comparison of the fluctuated EMP signals (recorded at CH4)
with their corresponding scintillator signals in different laser shots and (b)
correlation between the protons with a central energy of 3.5 MeV and the
voltage of the EMPs recorded at three positions (CH4 to CH6) in various
target positions.

The uncertainty of the produced plasma and the energy
jitter of the laser together result in fluctuations of the EMPs

as shown in Fig. 5 with the same laser shooting conditions.
During relatively short laser shot intervals, the EMPs detected

at the front of the target for each shot are weaker than those
behind the target. Signals at the front of the target show a fluc-
tuation of 0.85 RMSE, while fluctuation for signals behind the
target is 0.16 RMSE, as shown in Fig. 5(a). Both signals are
normalized to 1 meter position using 1/r> scaling.[3!! Since
CH4 and CHS5 were surrounded by different equipment, FFT
signals measured at these two positions show a distinct dif-
ference, especially at higher frequencies (0.8 GHz-2 GHz) as
shown in Fig. 5(b).
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Fig. 5. (a) EMP signals detected by two B-dot antennas (CH4 and CHS)

located at the front of the target and behind the target respectively for laser

pulses continuously shooting on CH (plastic) targets of 5 um thickness and

(b) the corresponding frequency spectra obtained by FFT.

The propagation of EMP in target chamber follows the

wave equation:
2

V%—%m%fza (1
where E is the electric field, yo the permeability of vacuum,
& the permittivity of vacuum, and no=-/Lo/€ ~ 377 Q and
M ~ o Q the wave impedance of the vacuum and iron, re-
spectively. As EMPs propagate from the target source through
the vacuum to the chamber wall, there is a fierce change of
wave impedance, resulting in the reflection of EMP with little
energy loss.

A 3D model is constructed to reveal propagation of res-
onant EMPs according to the geometrical parameters of the
CLAPA chamber by the HFSS program. We assume a sin-
gle source of EMP, which is stimulated by an electric current
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pulse. As can be seen from Fig. 6, the EMPs reach the cham-
ber wall at 4 ns and are reflected afterwards inside the cham-
ber. A continuous reflection of EMPs inside the chamber takes
place, resulting in its uniform phase diversity. EMP gradu-
ally spreads to fill out the chamber during the oscillation with
a mode strongly relying on the configuration of the chamber,
and attenuates 4.8 dB in 46 ns. In the experiment, the positions
of the mirror frame and the target frame are often adjusted in
the simulation process; we found that the propagation process
of the electromagnetic pulse was mainly determined by the
geometric configuration of the target chamber, which had lit-
tle relationship with the mirror frame and the target frame, so
they were not considered in the modeling. Although the ac-
cessories have little effect on the overall trend of EMP prop-
agation, the metal components of the mirror frame and tar-
get frame can possibly cause perturbations and reflections of
EMPs at a small scale, which can be observed occasionally by
using antennas placed in coincidental locations. These pertur-
bations bring slight changes to the intensity of EMPs and add
frequency components individually, but these effects are sub-
mersed in wide-band and complex frequency spectra of the
EMPs.

E Field[v_per_c

0.1 ns
p

6.8000x10°
2.2104x10°
7.1852x10°

2.3356X10°
7.5921x10*
2.4679x10*
8.0222x10°
2.6077x10%
8.4765x10°
2.7554X10%
8.9566x10!

2.9114x10*
9.4640

4 3.0764
1.0000

Fig. 6. HFSS model for the propagation of EMPs inside the CLAPA target
chamber.

In addition, beat frequency occurring in EMP signal was
specifically detected by the antenna CHS. Figure 7 shows the
short time Fourier transform of one typical EMP signal dur-
ing the interaction between the laser and the CH plastic target,
and its corresponding time-domain signal provides direct evi-
dence of the resonance of the EMPs inside the laser chamber.
EMPs measured behind the target consist of two phases: an
initial phase dominated by higher frequencies and a resonant
phase after 200 ns. In Fig. 7(a), the EMP signal in the time
domain shows typical features of beat frequency, suggesting
that there is a single-frequency wave modulated over higher
frequencies. As the period of the beat frequency is around
100 ns, the wavelength of the single-frequency wave can be
calculated by A = ¢/ f = 30 m (10 MHz), where c is the speed
of light in a vacuum. Accordingly, in Fig. 7(b), at the initial
200 ns, the dominant EMP frequencies of up to 1.2 GHz are
superimposed on the resonant signal. After 200 ns, the mul-
tiple frequency compositions at the initial 200 ns are replaced

by two dominated frequencies: a carrier wave ranging from
75 MHz to 375 MHz, and a carrier wave of 10 MHz. The
attenuation in a vast range of frequencies except specific fre-
quencies (75-375 MHz and 10 MHz) provide clear evidence
of resonance. Note that the wave crest of the standing waves in
the time domain corresponds well to the crest of the amplitude
in frequency, and the resonance of EMP lasts for 300 ns.
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Fig. 7. (a) Time-resolved EMP signal detected behind the target. (b) Fre-
quency spectra of EMP signal in the same shot. There is a temporal corre-
spondence between time variations in the frequency and time variations in
the voltage of the standing wave.

Considering that the EMPs are generated in the process of
laser—target interaction, the space around the antennas is free
of EMP sources. As shown in Fig. 8(a), the frequencies of the
EMP signals vary with the positions of the antennas (CHI to
CH4) set in front of the target, further confirming that the com-
plex layout of the equipment and auxiliary materials inside the
chamber affects resonant process, for example, the large super-
ficial areas such as the silver mirror and the drive motor inside
the chamber. An EMP detected by CH4 located in a narrow
space between the OAP and chamber wall has a lower fre-
quency domain, ranging from around 100 MHz to 600 MHz,
which is closely related to laser pulse.*?! However, typical fre-
quencies of EMPs detected at a broader space (CH1) are more
concentrated in a specific domain, indicating that less nonlin-
ear interaction occurs where the layout of the equipment is
arranged openly. In addition, changing the position has a huge
impact on the energy collection of antennas. The accumulated
power of the four positions is presented in Fig. 8(b). On ac-
count of the differences in resonant mode, EMP power in open
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space is much larger that in narrow regions. The small-scale
structures can disrupt the uniformity of EMP,[?3! leading to
energy loss and shift of its frequency. When EMPs propagate
through the laser chamber, currents are induced on metallic
components, ultimately resulting in the wide frequency distri-
bution of the EMPs. All in all, the EMP signals obtained in
this study are mainly attributed to the neutralization current
and the particles on the surfaces.
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Fig. 8. (a) Spatial distribution of EMPs in frequency domain recorded by four
small dot antennas (these small dot antennas are localized at four positions in
front of the target as shown in Fig. 1) and (b) the corresponding accumulated
power. Both amplitude and accumulation power are normalized to 1 meter.

4. Conclusion

Electromagnetic radiation distribution and intensity is
studied based on a statistical laser shooting solid targets at
CLAPA. The relationship between the generation of protons
and EMPs is revealed. Possible chamber resonance in the
chamber can have a significant impact on EMPs. A typical
standing wave is obtained and analyzed to supply clear evi-
dence of the resonance of EMPs inside the laser chamber.

Acknowledgments

Project supported by the National Natural Science Foun-
dation of China (Grant Nos. 11975037 and 11921006) and
the National Grand Instrument Project of China (Grant
Nos. 2019YFF01014400 and 2019YFF01014404).

References

[1] Consoli F, Tikhonchuk V T, Bardon M, Bradford P, Carroll D, Cikhardt
J, Cipriani R, Clarke J, Cowan T, Danson C, Angelis R, Marco M,
Dubois J, Etchessahar B, Garcia A, Hillier D, Honsa A, Jiang W,
Kmetik V, Krasa J, Li Y, Lubrano F, McKenna P, Metzkes J, Poye A,
Prencipe I, Raczka P, Smith R A, Vrana R, Woolsey N C, Zemaityte E,
Zhang Y, Zielbauer B and Neely D 2020 High Power Laser Sci. 8 €22

[2] Hatchett S, Brown C G, Cowan T, Henry E, Johnson J, Key M, Koch
A, Langdon A, Lasinski B, Lee R, Mackinnon, Pennington D, Perry M,
Phillips T, Roth M, Sangster T, Singh M, Snavely R, Stoyer M, Wilks
S and Yasuike K 2020 Phys. Plasmas 7 2076

[3] Brown C G, Ayers J, Felker B, Ferguson W, Holder J, Nagel S, Piston
K, Simanovskaia N, Throop A L, Chung M and Hilsabeck T 2012 Rev.
Sci. Instrum. 83 10D729

[4] Cikhardt J, Krasa J, Marco M D, Pfeifer M, Velyhan A, Krousky E,
Cikhardtova B, Klir D, Rezac K, Ullschmied J, Skala J, Kubes P and
Kravarik J 2014 Rev. Sci. Instrum. 85 103507

[5] KréasaJ, Marco M, J Cikhardt, Pfeifer M, Velyhan A, Klir D, Rez4d K,
Limpouch J, Krousky E, Dostdl J, Ullschmied J and Dudzik R 2017
Plasma Phys. Contr. F. 59 065007

[6] Marco M D, Krasa J, Cikhardt J, Velyhan A, Pfeifer M, Dudzik
R, Dostal J, Krousky E, Limpouch J, Pisarczyk T, Kalinowska Z,
Chodukowski T, Ullschmied J, Giuffrida L, Chatain D, Perin J and
Margarone D 2017 Phys. Plasmas 24 083103

[7] Bisesto F, Anania M, Botton M, E Chiadroni, Cianchi A, Curcio A,
Ferrario M, Galletti M, Henis Z, Pompili R, Schleifer E and Zigler A
2018 Nucl. Instrum. Meth. A. 909 398

[8] Bradford P, Woolsey N, Scott G, Liao G, Liu H, Zhang Y, Zhu B,
Armstrong C, Astbury S, Brenner C, Brummitt P, Consoli F, East I,
Gray R, Haddock D, Huggard P, Jones P, Montgomery E, Musgrave I,
Oliveira P, Rusby D, Spindloe C, Summers B, Zemaityte E, Zhang, Li
Y, McKenna P and Neely D 2018 High Power Laser Sci. 6 €21

[9] Varma S, Spicer J, Brawley B and Miragliotta J 2014 Opt. Eng. 53
051515

[10] Yang Y, Yi T, Yang M, Wang C and Li T 2019 Laser Phys. 29 016003

[11] Yang M, Li T, Wang C, Yang J, Yang W, Yi T, Liu S, Jiang S and Ding
Y 2016 Chin. Opt. Lett. 14 101402

[12] Wang W, Cai H, Teng J, Chen J, He S, Shan L, Lu F, Wu Y, Zhang B,
Hong W, Bi B, Zhang F, Liu D, Xue F, Li B, Liu H, He W, Jiao J, Dong
K, Zhang F, He Y, Cui B, Xie N, Yuan Z, Tian C, Wang X, Zhou K,
Deng Z, Zhang Z, Zhou W, Cao L, Zhang B, Zhu S, He X and Gu Y
2018 Phys. Plasmas 25 083111

[13] Consoli F, Angelis R, Robinson T, Giltrap S, Hicks G, Ditter E, Et-
tlinger O, Najmudin, Notley M and Smith R 2019 Sci. Rep. 9 8551

[14] Consoli F, Angelis R, Marco M, Krasa J, Cikhardt J, Pfeifer M, Mar-
garone D, Klir D and Dudzak R 2018 Plasma Phys. Contr. F. 60 105006

[15] Kumar L, Manikanta E, Leela C and Kiran P 2014 Appl. Phys. Lett.
105 064102

[16] Torrisi L, Marco M, Krdsa J, Cikhardt J, Consoli F, Angelis R, Pfeifer
M, Kris M, Dostdl J, Margarone D, Picciotto A, Velyhan A, Klir D,
Dudzik R, Limpouch J, Korn G and Cutroneo M 2018 EPJ Web of
Conferences 167 03009

[17] Minenna D, PoyéA, Bradford P, Woolsey N and Tikhonchuk V 2020
Phys. Plasmas 27 063102

[18] Dubois J, Lavaderci F, Raffestin D, Ribolzi J, Gazave J, Fontaine A,
Humieres E, Hulin S, Nicolai P, Poye A and Tikhonchuk V 2014 Phys.
Rev. E89 013102

[19] Poye A, Dubois J, Lavaderci F, Humieres E, Bardon M, Hulin S, Grand-
vaux M, Ribolzi J, Raffestin D, Santos J, Nicolai P and Tikhonchuk V
2015 Phys. Rev. E 92 043107

[20] Bogatskaya A, Volkova E and Popov A 2019 Laser Phys. 29 086002

[21] Krésa J, Consoli F, Cikhardt J, Pfeifer M, Angelis R, Krupka M, Klir
D, Rez&d K, Dostal J, Kris M and Dudzdk R 2020 Plasma Phys. Contr.
F. 62 025021

[22] Zhang G, Xia Y, Yi T, Wang Q, Wang C and Li T 2019 Fusion Eng.
Des. 141 21

[23] Marco M, Pfeifer M, Krousky E, Krasa J, Cikhardt J, Klir D and Nassisi
V 2014 J. Phys. Conf. Ser. 508 012007

[24] Marco M, Krésa J, Cikhardt J, Pfeifer M, Krousky E, Margarone D,
Ahmed H, Borghesi M, Kar S, Giuffrida L, Vrana R, Velyhan A,
Limpouch J, Korn G, Weber S, Velardi L, Side D, Nassisi V and
Ullschmied J 2016 J. Instrum. 11 C06004

025205-6


http://dx.doi.org/10.1017/hpl.2020.13
http://dx.doi.org/10.1063/1.874030
http://dx.doi.org/10.1063/1.4739313
http://dx.doi.org/10.1063/1.4739313
http://dx.doi.org/10.1063/1.4898016
http://dx.doi.org/10.1088/1361-6587/aa6805
http://dx.doi.org/10.1088/1361-6587/aa6805
http://dx.doi.org/10.1063/1.4995475
http://dx.doi.org/10.1016/j.nima.2018.03.040
http://dx.doi.org/10.1017/hpl.2018.21
http://dx.doi.org/10.1117/1.OE.53.5.051515
http://dx.doi.org/10.1117/1.OE.53.5.051515
http://dx.doi.org/10.1088/1555-6611/aaf22a
http://dx.doi.org/10.3788/COL
http://dx.doi.org/10.1063/1.5000991
http://dx.doi.org/10.1038/s41598-019-44937-2
http://dx.doi.org/10.1088/1361-6587/aad709
http://dx.doi.org/10.1063/1.4893279
http://dx.doi.org/10.1063/1.4893279
http://dx.doi.org/10.1051/epjconf/201816703009
http://dx.doi.org/10.1051/epjconf/201816703009
http://dx.doi.org/10.1063/5.0006666
http://dx.doi.org/10.1063/5.0006666
http://dx.doi.org/10.1103/PhysRevE.89.013102
http://dx.doi.org/10.1103/PhysRevE.89.013102
http://dx.doi.org/10.1103/PhysRevE.92.043107
http://dx.doi.org/10.1088/1555-6611/ab1f03
http://dx.doi.org/10.1088/1361-6587/ab5c4e
http://dx.doi.org/10.1088/1361-6587/ab5c4e
http://dx.doi.org/10.1016/j.fusengdes.2019.02.059
http://dx.doi.org/10.1016/j.fusengdes.2019.02.059
http://dx.doi.org/10.1088/1742-6596/508/1/012007
http://dx.doi.org/10.1088/1748-0221/11/06/C06004

Chin. Phys. B 31, 025205 (2022)

[25]

[26]

[27]

[28]

Liao Q, Wu M, Gong Z, Geng Y, Xu X, Li D, Shou Y, Zhu J, Li C, Yang
M, Li T, Lu H, Ma W, Zhao Y, Lin C and Yan X 2018 Phys. Plasmas
25063109

Fernandez J, Cobble J, Montgomery D, Wilke M and Afeyan B 2000
Phys. Plasmas 7 3743

ZhuJ, Wu M, Liao Q, Geng Y, Zhu K, Li C, Xu X, Li D, Shou Y, Yang
T, Wang P, Wang D, Wang J, Chen C, He X, Zhao Y, Ma W, Lu H,
Tajima T, Lin C and Yan X 2019 Phys. Rev. Accel. Beams 22 061302
Xia'Y, Li D, Zhang S, Wu M, Yang T, Geng Y, Zhu J, Xu X, Li C, Wang
F, Lin C, Li T and Yan X 2020 Phys. Plasmas 27 032705

[29]

[30]

(31]

(32]

025205-7

He Q, Kang N, Ren L, Tian C, Wang C, Zhang Z, Liu D, Yang L, Liu H,
Sun M, Zhu B, Zhou W and Li T 2021 Plasma Sci. Technol. 23 115202
WuM, Zhu J, Li D, Yang T, Liao Q, Geng Y, Xu X, Li C, Shou Y, Zhao
Y, LuY, Lu H, Ma W, Lin C, Zhu K and Yan X 2020 Nucl. Instrum.
Meth. A. 955 163249

Brown C G, Bond E, Clancy T, Dangi S, Eder D C, Ferguson W, Kim-
brough J and Throop A 2010 J. Phys. Conf. Ser. 244 032001

Consoli F, Andreoli P L, CiprianilM, Cristofari G, Angelis R, Giorgio
G, Duvillaret L, Krédsa J, Neely D, Salvadori M, Sciscio M, Smith R
and Tikhonchuk V T 2020 Phil. Trans. R. Soc. A 379 20200022


http://dx.doi.org/10.1063/1.5025239
http://dx.doi.org/10.1063/1.5025239
http://dx.doi.org/10.1063/1.1287134
http://dx.doi.org/10.1063/1.1287134
http://dx.doi.org/10.1103/PhysRevAccelBeams.22.061302
http://dx.doi.org/10.1063/1.5140585
http://dx.doi.org/10.1088/2058-6272/ac21b7
http://dx.doi.org/10.1016/j.nima.2019.163249
http://dx.doi.org/10.1016/j.nima.2019.163249
http://dx.doi.org/10.1088/1742-6596/244/3/032001
http://dx.doi.org/10.1098/rsta.2020.0022

	1. Introduction
	2. Experiment arrangement
	3. Results and discussion
	4. Conclusion
	References

