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ABSTRACT

Powerful lasers interacting with solid targets can generate intense electromagnetic pulses (EMPs). In this study, EMPs produced by a pulsed laser
(1 ps, 100 J) shooting at CH targets doped with different titanium (Ti) contents at the XG-III laser facility aremeasured and analyzed. The results
demonstrate that the intensity of EMPs first increases with Ti doping content from 1% to 7% and then decreases. The electron spectra show that
EMP emission is closely related to the hot electrons ejected from the target surface, which is confirmed by an analysis based on the target–
holder–ground equivalent antenna model. The conclusions of this study provide a new approach to achieve tunable EMP radiation by adjusting
themetal content of solid targets, andwill also help in understanding themechanism of EMP generation and ejection of hot electrons during laser
coupling with targets.

©2019Author(s). All article content, exceptwhere otherwisenoted, is licensedunder aCreativeCommonsAttribution (CCBY) license (http://creativecommons.org/
licenses/by/4.0/). https://doi.org/10.1063/1.5114663

I. INTRODUCTION

Inertial confinement fusion (ICF) has attracted enormous at-
tention owing to its potential as a green energy source and its use for
investigating physical processes under extreme conditions.1,2 It has
been shown that interaction of a high-intensity laser pulse with a target
is critical for achieving ICF2,3 together with the production of a large
amount of X-rays,4–7 plasmas,8,9 and energetic electrons.10,11 However,
this process is also accompanied by the generation of high-intensity
(>several hundreds of kiloelectronvolt per meter),12,13 wideband (tens
of megahertz–5 GHz) electromagnetic pulses (EMPs),14–18 which not
only reduce the accuracy of experimental data collection, but can also
result in malfunction of diagnostic equipment.16,19,20

It has been found that plasmas produced by the laser–matter
interaction are responsible for the generation of X-rays, electrons, and
ions, while EMPs stem mainly from energetic hot electrons escaping
from the target. A target charging model involving the ejection of an
electron bunch from the target was established to analyze the physical
process underlying EMP generation.17,18,21 To confirm that emitted
electrons were indeed the main source of EMPs, experiments were
performed at the Lawrence LivermoreNational Laboratory (LLNL) in
which the relationship between the EMP intensity and the energy of
the emitted electrons was studied by changing the size of spherical or
flat targets in the Titan laser facility.16,22 The results indicated that the
EMP intensity and the number of high-energy electrons increased
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simultaneously with increasing target size. Identical results were
obtained at the Rutherford Laboratory.23 Moreover, the mechanisms
of electron transport and electromagnetic radiation during laser
interaction with Al and CH targets of different thicknesses were also
investigated, and the effects of the emitted electrons on EMP gen-
eration were analyzed.24 However, the relationship between transient
electrons and EMPs generated by laser coupling with polymer targets
dopedwith differentmetal contents has remained unexplored to date,
although this is crucial for a deep understanding of the mechanism of
EMP generation.

In this study, EMPs and hot electrons induced by a picosecond
pulsed laser shooting at polymer targets dopedwith different titanium
(Ti) contents at the XG-III laser facility are recorded by B-dot probes
and an electron spectrometer, respectively. The relationship between
EMP radiation and electron ejection is discussed in terms of a
target–holder–ground radiating antenna model. It is found that the
EMP intensity is closely related to the metal content of the polymer
targets. The distribution of EMPs is also discussed. The resulting
conclusions are significant for a thorough understanding of the
physical processes related to electromagnetic radiation and electrons
emitted from laser–plasma interaction, as well as for providing
guidance with regard to improvements in potential applications of
strong EMPs, such as electromagnetic pulse weapons,25,26 mineral
extraction,27 and material forming technology.28

II. EXPERIMENTAL ARRANGEMENT

The measurements of EMPs are conducted at the XG-III laser
facility at the Science and Technology on Plasma Physics Laboratory
of the China Academy of Engineering Physics, which is based on a Ti-
doped sapphire laser. XG-III adopts standard chirp pulse amplifi-
cation (CPA) technology and can synchronously output three pulse
widths in the nanosecond, picosecond, and femtosecond ranges, and
three wavelengths of 527 nm, 1053 nm, and 800 nm. Our experi-
mental layout is shown in Fig. 1, where a pulsed laser (1 ps, 100 J) is
used, with a prepulse-to-main-pulse intensity contrast ratio of 3.53
10−7. The laser is vertically incident onto the front surface of the
polymer target (1000 μm 3 1500 μm3200 μm), which has a

minimum focal spot diameter of ∼50 μm, and the corresponding
intensity is up to 1018W/cm2. TheCHpolymer targets are dopedwith
different Ti contents of 1%, 3%, 7%, and 12%. A magnetic field B-dot
antenna and an electric field discone antenna12,13 are mounted at 70°

(position a) or 25° (position b) away from the laser beam, both at
distances of 30 cm from the target. An electron spectrometer is in-
stalled at 0° (position c) or 20° (position d) to record the quantity and
energy of electrons emitting from the back of the target. An electric
field horn antenna is placed at 70° away from the laser beam, at a
distance of 20 cm from the target chamber wall. The antennas,
electron spectrometer, and targets are calibrated in the same plane.

The electromagnetic field signals are collected using a shielded
oscilloscope (Tektronix, 12.5 GHz). Because of the great strength of
the EMP signals, multiple attenuators are connected to the oscillo-
scope to protect it and to ensure accurate measurement of the signals.

The electron spectrometer,with a deflectingmagneticfield of 4000
G, is calibrated before it is used formonitoring the ejected electrons, and
an image plate (IP) is used to record the deflection distance of electrons,
which can quantify electrons with different energy.

III. RESULTS AND DISCUSSION

For targets with different Ti doping contents (1%, 3%, 7%, and
12%), Fig. 2(a) shows time-domain waveforms of EMPs measured by
the ultra-wideband (0.01–12 GHz) discone antenna at position a,
while Fig. 2(b) shows themaximum,minimum, and average values of
the EMP amplitudes.

The EMP waveforms clearly change as the Ti doping content
varies from 1% to 12% in the solid CH target. The corresponding
maximum amplitude values of EMPs are 832.78 V, 1104.51 V,
1504.16 V, and 1232.15 V [Fig. 2(a)], and the corresponding average
values are 812.12 V, 1184.27 V, 1434.19 V and 1240.38 V [Fig. 2(b)],
indicating that the EMP intensity first increases and then decreases
with increasing Ti content in the CH target. The greatest amount of
EMP radiation is obtained for the target doped with 7% Ti (1.8 times
as much radiation as for 1% Ti). Before the arrival of the main laser
(the 0 ns point), all EMP signals have a period of about 12 ns, which
can be attributed to prepulse ablation, and the EMPs last for about
200 ns before they finally decay to noise (about 80 V). Thus, the EMPs
observed in our experiment are of high intensity and also of long
duration. To obtain more information about these EMP signals, the
spectra of EMPs in the time domain are subjected to fast Fourier
transformation (FFT), and the amplitudes of the spectra are then
squared to give the power density spectra for different amounts of
doping, as shown in Fig. 3(a).

It can be seen that EMPs inside the target chamber have broad
frequency bands from 0 GHz to 1.6 GHz, with six typical peaks
appearing at 180MHz, 302MHz, 815MHz, 1.03 GHz, 1.21 GHz, and
1.43GHz, andmore peaks emerging between 1.03GHz and 1.43GHz.
Many previous reports of EMP radiation have also suggested the
presence of multiple peaks in the spectra.29–31

In this study, the typical frequency peaks can be attributed to
three factors apart from noise. The first of these is the eigenfrequency
radiation, which depends on the structure of the cylindrical target
chamber, which has bottom radius R � 1.1 m and height l � 1.3 m.
Cylindrical resonators have three typical resonant modes: TE111,
TM010,

32 and TE011.
33 In the case of the TE111 mode, the resonant

frequency fr for this cavity can be expressed as32FIG. 1. Schematic of experimental arrangement.
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fr � 1
2πη

������������(μ11
R
)2

+ (π
l
)2

√
, (1)

where η � ���
μ/ε

√
, μ and ε are the permeability and conductivity, re-

spectively, of the gaseous medium in the resonant cavity, and μ11 �
1.841 is the first root of the first-order Bessel function. The gaseous
medium in the target chamber is at a pressure of just 53 10−2 Pa and
so can be assumed to be in a vacuum state, so

��
με

√ � 1/c and η � 1
c,

where c � 3 3 108 m/s is the propagation speed of electromagnetic
waves in vacuum. Equation (1) can be approximated as

fr ≅ c
�����������������
(1/3.41R)2 + (1/2l)2√

, (2)

Therefore, the resonant frequency of the target chamber in this
mode is 140.4 MHz.

In the case of the TM010 mode, the resonant frequency can be
described as32

fr � v01
2πR

��
με

√ , (3)

where v01 � 2.405 is the first root of the zero-order Bessel function.
After simplifying, we have

fr ≅
c

2.62R
. (4)

The resonant frequency of the chamber in this mode can be
calculated as 104.9 MHz.

In the case of the TE011 mode, the simplified expression for the
cavity resonant frequency is33

fr ≅ c
�����������������
(1/1.64R)2 + (1/2l)2√

, (5)

and the resonant frequency of the chamber is 202.4MHz in thismode.
Thus, the eigenfrequencies have been calculated from 100 MHz to
210 MHz.

The second typical frequency can be attributed to the metal
target holder fixed on the chamber ground, with the target holder
acting as a dipole antenna and the chamber ground as amirror.11 The
emission frequency is given approximately by fa � c

4lh
, where lh is the

length of the target holder. In this experiment, lh � 26 cm,
so fa � 289 MHz.

FIG. 3. (a) Power density spectra (the main portion from 0 Hz to 2.5 GHz) of EMPs
obtained by FFT and squaring of the time-domain signals. (b) Integrated power
density spectra of EMPs from 0 Hz to 6.25 GHz.

FIG. 2. (a) Time-domain waveforms of EMPs measured by the electric field discone
antenna at position a for targets with different Ti doping contents. (b) Maximum,
minimum, and average (dashed line) values of the EMP amplitude for targets with
different Ti doping contents.
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The third typical frequency is attributed to the emitted hot
electrons and is in the range from 0.7 GHz to 1.6 GHz.

The power density spectra from Fig. 3(a) are integrated
from 0 GHz to 6.25 GHz, and the resulting total powers are shown in
Fig. 3(b). The total powers (in arbitrary units) are 39.37, 49.04, 83.22,
and 68.07 for 1%, 3%, 7%, and 12% Ti doping, respectively, which are
consistent with the trend of the EMPs in the time domain.

The power density spectra of EMPs measured by the horn
antenna outside the target chamber are displayed in Fig. 4(a). It is clear
that the EMPs outside the chamber have frequency domains from
0.4 GHz to 1.6 GHz, with typical peaks being observed at 0.41 GHz,
0.55 GHz, 0.8 GHz, 1.48 GHz, and 1.74 GHz, and that the intensities
are remarkably weaker than those inside the chamber. It should also
be noted that the eigenfrequency radiation32,33 and target holder
frequency radiation disappear, but EMPs generated by the escaping
hot electrons still exist. This is mainly because the eigenfrequency
radiation and electromagnetic radiation from the target holder de-
pend on the internal structure of the target chamber. However, the

EMPs outside the target chamber are only slightly affected by the
cavity structure, so EMPs in the eigenfrequency and target holder
frequency ranges are weakened after penetrating the wall of the
chamber. In addition, since the half-wavelengths of EMPs with
frequencies of 0.5GHz and 0.6GHz are 30 cmand 25 cm, respectively,
and since the distance between the horn antenna and the target
chamber wall is 20 cm and the depth between the middle of the horn
antenna and the hornmouth is 9 cm, a half-wavelength resonancewill
occur between the target chamber wall and the horn antenna,
resulting in much stronger EMP emissions in this frequency band.

The power spectra outside the target chamber are integrated for
different doping ratios, and the resulting total radiant power of EMPs
is given in Fig. 4(b), where values (in arbitrary units) of 0.11, 0.15, 0.38,
and 0.36 are obtained for 1%, 3%, 7% and 12%Ti doping, respectively,
which aremuchweaker than those inside the chamber, indicating that
EMPs undergo more than 200-fold attenuation after passing through
the target chamber wall. Figure 5 shows EMPs from the shots with 3%
Ti doped targets in the target chamber. The EMP (lasting 50 ns) at 25°

is 1.6 times stronger and survives longer than that at 70°, which can be
attributed to more hot electrons being produced at the location closer
to the laser propagation direction,34,35 confirming that stronger and
wider-band EMPs are generated at 25° than at 70°. Moreover, it is
found that the EMP durations measured by the magnetic field B-dot
detector are shorter than those measured by the electric field discone
antenna, which is mainly because the B-dot detector only receives
EMPs from its front, since its other side is shielded, thus excluding
reflected waves.

When the laser power density exceeds 105 W/cm2, the electric
field of the laser is sufficient to overcome the Coulomb field in some
atoms to allowdirect extraction of electrons from these atoms, and the
state can be basically considered as a plasma.36 Subsequently, the laser
energy is deposited in the plasma region through multiple mecha-
nisms, including resonant absorption,37 vacuum heating,38 and J3B
heating,39 thereby generating super-high-temperature electrons. In
our experiment, the intensity of the laser reaches 1018 W/cm2, and
when the targets are irradiated by femtosecond pulses, EMPs and hot

FIG. 4. (a) Power density spectra of EMPs measured by the horn antenna outside
the target chamber (the main portion from 0 Hz to 3 GHz). (b) Integrated power
density spectra of EMPs from 0 Hz to 6.25 GHz.

FIG. 5.EMP signals measured by amagnetic field B-dot antenna at positions a (70°)
and b (25°) for the shots with 3% Ti doped targets.
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electrons are found to be generated simultaneously. To reveal the
relationship between them, the hot electrons escaping from the
plasma are recorded by the electron spectrometer installed at 0° or 20°.

Figure 6 displays the evolution of the electron energy spectra of a
7% Ti doped target, and the values of the energy spectra from
0.32 MeV to 20 MeV are integrated to describe the hot electric
quantum yield per unit solid angle. In Fig. 6(a), the number of hot
electrons ejected from the plasma first increases to a peak value and
then decreases, with a high energy of up to 20MeV at 0° and an energy
of 14 MeV at 20°, and with the peak values of both energy spectra
being about 2.21 MeV. In Fig. 6(b), the total number of electrons per
solid angle is 1.073 1011/sr at 0°, which is 1.41 times asmany as at 20°,
7.58 3 1010/sr. These results indicate that more hot electrons with
higher energies escape from the plasma in the laser propagation
direction.

It has been reported that the absorption efficiency of lasers in
metal targets is larger than that in nonmetal targets, and that the total
number of hot electrons ejected frommetal targets is greater than that
from nonmetal targets,40 which can be accounted for by the ability of
metals to produce more free electrons to neutralize charges from the
target. Therefore, a small amount of metal content in a CH target will
affect the number and energy of the electrons escaping from the
plasma.

According to the target–holder system model,11 the process of
multiple reflux and ejection of hot electrons will induce EMPs with
varying intensities and frequencies, and the total quantity of charge of
electrons that are able to break through the potential barrier can be
expressed as

Q � eNe ∫∞

ThΔϕ̂th
fe(εe)dεe, (6)

where e is the electron charge, Th the thermionic temperature, ϕth the
potential, Ne the total number of hot electrons, εe the hot-electron
energy, Δϕ̂th the potential barrier, and fe(εe) the hot electron
distribution.

Figure 6(a) presents the number of escaping electrons that have
overcome the potential barrier Δϕ̂th at 0° and 20°. The divergence
angle is 40° (HWHM), which is equivalent to 1.6 sr. Therefore,
Ne � 1.223 1011 according to a linear fitting estimate. The quantity of
charge can be estimated as Q ≅ eNe, and Ie ≅ Q/tlas.

11 In this ex-
periment, tlas� 1 ps, andQ is thus calculated to be 1.953 10−8 C and Ie
to be 1.95 3 104 A.

The intensity of the radiated electromagnetic field in the
target–holder–ground dipole model illustrated in Fig. 7 is given by

Be �
μ0Ie cos(12 π cos θ)

2πD sin θ
, (7)

where μ0 � 4π3 10−7 Tm/A is the permeability of the vacuum, Be the
electric field intensity, D the distance between the B-dot antenna and
the center of the ground, and θ the angle from theB-dot antenna to the
dipole antenna axis, as shown in Fig. 7. In this case, sinceD � 39.7 cm
and θ � 49.1°, Be is estimated as 1.303 3 10−2 T. According to
Faraday’s law of electromagnetic induction,

V � −
dφ

dt
, (8)

φ � BS, (9)

FIG. 6. (a) Original hot electron energy spectra for a 7% doped target at 0° and 20°,
where 0° is the laser incidence direction and the black and red lines are for 0° and
20°, respectively. (b) Integrated spectra from (a). FIG. 7. Target–holder–ground dipole radiation model.11
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where V is the voltage generated by electromagnetic induction, φ the
magnetic flux, B � Be the magnetic induction intensity, and t the time
at which the magnetic flux passes the B-dot. In Fig. 8, it can be seen
that the duration of the main peak is 0.87 ns, and so we can take
t � 0.87 ns, and S � 7.853 10−5 m2 is the equivalent area of the B-dot
antenna. The absolute voltage of induction is calculated to be 1175 V,
which is decreased in the actual experiment owing to attenuation in
the cable and to ambient noise (about 80 V). Therefore, the simulated
result is in good agreement with the magnetic field signal voltage of
the electromagnetic pulse of 1032.7 V, as shown in Fig. 8, confirming
that EMPs can be attributed to hot electrons ejected from the plasma.

IV. CONCLUSION

The characteristics of EMPs generated by the interaction
between a picosecond laser and polymer targets doped with different
Ti contents have been analyzed. The EMPs have broad frequency
bands from several megahertz to 1.6 GHz, and the energy of EMPs
outside the target chamber is degraded 200-fold compared with that
of EMPs inside the chamber. The EMP intensity first increases and
then decreases with increasing Ti doping content, with the peak
intensity being observed for the target doped with 7% Ti. An analysis
based on a target–holder–ground equivalent antenna model has
shown that the EMPs originate from emitted hot electrons.
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