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Analysis of Electromagnetic Radiation of Secondary Ion Radiation
Induced by Laser Interaction with Solid Target
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Abstract Significant radiations in the frequencies ranging from gamma rays and X-rays to radio frequency
can be generated during the interactions between powerful lasers with solid targets. Gamma rays are able to
penetrate metal walls of diagnostic setups and induce secondary electrons, which can further radiate
Electromagnetic Pulses (EMPs). In this study, emissions of secondary electrons due to gamma-metal interactions
are quantitatively simulated. The results indicate that secondary ions are strongly pertinent to the incident Gamma
rays, metal contents and metal shapes. The Maxwell’s equations confirm that electromagnetic pulses partially stem
from the secondary charges, and its average energy and spatial distribution are also discussed. The resulting
conclusions are beneficial to deepen understanding of EMP generations and also offer more experimental supports
to achieve an effective shielding design for various physical diagnostics.
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Since high plasma density and temperature are
essential to realize thermonuclear reactions, the laser-
driven target is one of the viable approaches to achieve
ignition and gain with inertial confinement fusion'™,
which has attracted increasing attentions due to the
global energy crises and ever-worsening environment.
Several large laser facilities including LMJ™, National
Ignition Facility (NIF)® and HiPER! are thus

designed and constructed over the past decades.
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Particularly, NIF as the largest laser facility in the
world, developed by Lawrence Livermore National
Laboratory (LLNL), has achieved a sustainable and
reliable output up to a total laser radiation power of 2 500
WU, However, there are still challenges such as
various radiations that can severely interfere with some
critical physical diagnostics and even result in
malfunction of diagnostic setups.

When atoms in solid targets are exposed to the
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superpower laser field, a large number of photons will
be absorbed, which enables the hot electrons to escape
from the target surface during the continuous inelastic
process * and these collisional electrons are heated in
the skin layer of metal®. Afterwards, the energy
absorbed from these photons is transmitted to X-rays,

1 Previous

gamma rays, neutrons and electrons
reports indicated that high-energy secondary electrons
were found to transmit in the same direction of their
parent protons during synchrotron emission. Besides,
electromagnetic cascade occurred between these
electrons, which led to the generation of gamma
rays' .

Conrad et al. reported that the drift of these
secondary  electron-ions  accounted for  the
Electromagnetic Pulses (EMPs) generation'”". A
significant decline of EMP energy was observed
during the change of laser energy, along with a decline
of the number of ejected energetic electrons'”. When
the electrical current caused by secondary electrons
reached the interface between two different media,
EMPs could be generated'”, but differently, the main
hot electrons from laser interaction with targets would

cause more intensive EMP emissions™

. Moreover,
while metals were not connected to ground, the
emission of electrons could directly result in the

°l Electromagnetic Interference

generation of EMPs
(EMI) in a laser chamber was closely related to the
EMPs, which affected the accuracy of some crucial
physical diagnostics inside the laser chambers™'""".
However, since the progress of plasma expansion was
extremely complicated, the relationship between EMP
signals and gamma rays could hardly be directly
described by equations, yet the motion state of
secondary electrons had not been quantified during the
interactions between gamma rays and metals.

Given the detrimental effects of electromagnetic
pulses, the secondary electrons are studied by high-
frequency radiations interacting with metals under
varying conditions based on the practical experiment
obtained from high power laser facility. The
relationship between distributions and energy of the
secondary ions with laser and metals are investigated.

The conclusions drawn in this study are expected to

offer a new avenue to detect and analyze EMPs
stemming from laser shooting solid targets and helpful

to design effective shielding for physical experiments.
1 Experimental Arrangements

Measurements of EMPs were conducted at high

20 To precisely evaluate the

power laser facility'
EMPs’ origins in the large laser facility, secondary
ions induced by high-frequency radiations should be
taken into account. We have carried out plenty of
measurements regarding EMPs inside and outside the

%2224 which can be used to support our

laser facility'
simulations concerning steak camera.

A multi-material shield was designed to attenuate
EMP, combining 0.1 mm teflon, 2 cm Cu and 2.4 cm
lead. Extra shield was used to prevent EMP from being
externally coupled into the coaxes line and
interconnecting piece. As displayed in Fig. 1, two
antenna-oscilloscope systems were used to record
EMP signals inside and outside the shielding room
when laser beams were incident on the targets.
Antennas and diagnostic setups were placed in the
Diagnostic Instrument Manipulator (DIM), which was
pushed into the target chamber in the experiment.
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Fig. 1 Schematic experimental arrangement for EMPs’
measurement

2 Results and Discussion

EMP signals can be attenuated to undetectable
level after effectively shielding, in which teflon,
copper and lead are used as shielding materials, as
Fig. 2 shows. However, as some case shown in Fig. 3,
lower intensity signals are detected inside the shield.

The oscillatory signal lasting for 150 ns, suggests that
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an oscillation of EMP occurrs. It is worth noting that,
the decay rate of EMP signals inside the shield and
outside the shield are different. Meanwhile, the
frequency of EMP shifts from 0.7~1.4 GHz to 0~0.7
GHz. There must be a new source for EMP inside the
shield, which means that the EMP inside the shield

contains newly generated component.
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Fig. 2 EMP signals detected by the probe
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Fig.3 The detected EMP signals and corresponding frequency

distributions

The interaction between high-intense photons and
targets produces abundant secondary effects, most of
which are related to energetic electrons™. Meanwhile,
according to Maxwell's equations, since the electric
field and magnetic field are related to charge particles,
a model concerning secondary ions isthus developed
using Monte Carlo to thoroughly explore the
mechanism of EMPs formation in laser shooting solid
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targets.

Note that laser is not directly focused on the
shield in our test, EMP signals inside the metal
shielding cage are impossible to be directly induced by
laser irradiating targets. High-Frequency radiations
like gamma rays can be generated during the
interaction of laser on solid targets, which possibly
stimulates the metal walls of chamber and even metal
shielding layer to yield secondary ions, accounting for
EMP emerging in the shielding cage. To unravel the
process of electron generation due to gamma rays
striking metal walls, energy and numbers of hot
electrons from the interaction between gamma rays
and metals are thus simulated and analysed. As shown
in Fig. 4, the metal wall whose normal direction
coincides with the z-axis is irradiated by gamma rays
whose incident direction is negative along the z-axis.
There are seven particle collectors at different azimuth
directions, varying from 0 degree to 180 degrees (0
degree means that it coincides with the incident
direction of gamma rays, and the degrees
corresponding to the directions of several particle
collectors increase in turn anti-clockwise), and the
metal wall is a copper plane with a thickness of 1 cm
located at the origin of the coordinates, which is placed
3 m away from the collectors. When the metal wall is
striked by a bunch of 13.6 MeV gamma beams, which
contains one million photons, secondary electrons can
be produced. In our model, the secondary electrons are
characterized by two parameters: the number and the

average energy, which are recorded by the collectors.

Fig. 4 Model of gamma rays stimulating metals to generate
secondary ions in Monte Carlo, where the red, green and blue
coordinate axes are the x-axis, y-axis and z-axis respectively

Fig. 5a shows the number of scattering secondary
electrons in different angles when the gamma rays
strike the copper plane. The angle between gamma
rays and the normal line of the copper plane defines

the incident angle of gamma. The angles in x-z axis
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Fig. 5 Scattering secondary electrons in different directions
when gamma rays hit copper planes

It can be seen that the number of secondary
electrons reaches a maximum value when the angle of
gamma ray overlaps with the angle of collector,
suggesting that the collector is lined up with gamma
rays, where the number of secondary electrons is
remarkably reduced with the angle of collectors. The
minimum number of secondary electrons emerges at
the orthogonal view. As a good conductor, the copper
plane can accommodate a huge amount of free
electrons, which can interact with energetic photons to
generate hot electrons”. This reaction is described by

the rate equation:

d
% = Knl(nZ + I)N] —an(nl + 1)N2 (1)

Here n; refers to the number of incident photons,
n, the number of scattered photons, K is a constant
determined by the scattering cross section, N, the
number of electrons in the emis-sion process and N,
the number of electrons in the absorption process.
Kni(np, + 1)N| represents the generation of electrons in
the emission and Knj(np+l1)N; means the loss of
electrons in the absorption process. Once the electrons
emit from the plane, photons continue to interact with
hot electrons””. Most of the electrons are collected in
the incident direction of gamma ray, indicating that
most secondary electrons are generated at the

orientation of gamma ray.
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When gamma rays hit the copper plane from
different directions, secondary electrons surrounding
the plane achieve varying average energies as shown
in Fig. 5b. Secondary electrons are more energetic at
the direction of gamma ray. Afterwards, the average
energy of secondary electrons drops by enlarging the
angle of collector. The results imply that the energy of
secondary electrons is closely related to the direction
of gamma’s injection. Meanwhile, most of the
secondary electrons are collected in this direction,
suggesting the energy deposition of secondary
electrons is centralized at the direction of gamma
incidence and the primary flow direction of secondary
electron.

Given that there are some diagnostic instruments
having the aluminum outer wall, we also investigate
the secondary electron during the gamma ray
interacting with aluminum as displayed in Figs. 6a and
6b. In general, aluminum wall shows the same
tendency in emission of secondary electron and its
average energy is similar to that from copper, but
electrons can hardly be found at the gamma incident
side (collected at above 90 degrees). Considering all
the settings are identical in the copper case, the results
are thus determined by aluminum in nature.
Furthermore, electrons derived from aluminum are
fewer than those from copper, but the average energy

is higher.
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Fig. 6 Secondary electrons in different directions when
gamma rays hit aluminum plane

To deepen understanding on the distinction
between copper plane and aluminum plane, the gamma
rays are injected along the normal line on the metal
walls
thicknesses. As presented in Figs. 7a and 7b, the

(Aluminum and Copper) with different
number of secondary electrons is significantly affected
by the thickness of the plane, while the average energy
of secondary electrons decreases with the thickness.
Fig. 7c clearly shows the deviation of total energy
deposition of electrons between copper and aluminum.
Generally, more energies are converted to electrons
during copper-gamma interactions than aluminum-
gamma interaction when the metal wall is thinner than
1 cm. More energies are gained by electrons in
aluminum than in copper when thickness is further
enlarged, which mainly originates in the decline of the
production of secondary electrons in copper.
Furthermore, total energy deposition of electrons
rapidly increases ranging from 0~ 10 mm, which
reveals that energy transfers from gamma ray to

secondary electrons at the outer part of metal.
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Fig. 7 The calculated number and energy of secondary
eletrons with different metal thickness

Moreover, the effects of different metal shapes on
the electrons are studied as shown in Fig. 8, where it
can be seen that more emitted electrons are generated
when gamma rays focus on a metal corner, but the
average energy is the lowest. Besides, the number of
secondary electron generated at the spherical surface is
the minimum, while their average energy is the
highest. Therefore, a conclusion can be drawn that
when the energy of gamma ray remains constant, the
number of emitted electrons is negatively correlated

with its average energy.
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Fig. 8 The number and average energy of electrons generation
stemming from different metal shapes

Positive charges tend to gather on surface of
metal when electrons are flushed out. Besides, the
metal potential depends rarely on the metal
materials"”. To gain the insight into the effects of
metal shapes on the ejected secondary electrons, a
Multiphysics model is thus constructed to verify the

results. Fig. 9a indicates the corner between two

mental flats is likely to gain a large number of positive
charges. When the distribution of charges on sphere is
balanced as shown in Fig. 9b, thepotential of sphere is
larger than that of a flat metal, but it is lower than a
metal corner. Intensities of electric field on different
shapes provide different attractions between the surfa-
ces and the secondary electrons, and the energy loss
occurs to these escaping electrons affected by positive
charges, which is reasonable for variations of the
emitted electrons from different shapes of the metal

surfaces.
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3 Conclusions

Gamma rays generated from the interaction
between powerful lasers and solid targets can interact
with metal to generate secondary electrons, which
induces secondary EMP radiations. A model combined
with Monte Carlo and multiphysics model 1is
developed in this study. Energy spectra and spatial
distributions of secondary electrons are revealed. The
results indicate that most energy of the secondary
electrons gathers near the direction of the incident
gamma rays, and more electrons with lower average
energy are produced from a thicker metal wall. The
shape of the metal strongly affects the generation of
secondary electrons. Negative correlations are found
between average energy and numbers in shapes. The
resulting conclusions are beneficial to deeply
understand the EMP generation during the power laser
shooting targets and to the shielding design on some

precious diagnostic setups.
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