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Abstract
Laser plasmas can be produced when high-power laser beams are focused in matter. A focused laser beam of TW(terawatt)-
level high power has an extremely strong electric field, so neutral atoms are immediately ionized by the laser electric field, 
leading to a laser-produced plasma. The laser plasma can be produced by small table-top TW lasers based on the CPA 
(chirped-pulse amplification) technique, and now they are rather easily available even in university laboratories. In Korea, 
there are several CPA-based TW (or even petawatt) lasers in a few institutions, and they have been used for diverse laser 
plasma physics research and applications, including the laser acceleration for electrons and ions, high-power THz (tera-hertz) 
generation, advanced light sources, high-energy-density plasmas, plasma optics, etc. This paper reviews some of the laser 
plasma physics research and applications that have been performed in several universities and research institutes.

Keywords  Basic laser-plasma physics · Laser plasma accelerator · Radiation source · High-energy-density plasma · Plasma 
optics

1  Introduction

Laser-plasmas can be produced if a high peak power laser 
pulse is focused in matter. This can be realized if a TW-
level laser beam is focused to a small spot size, for example, 
10 μm in radius, leading to an intensity of I > 10

17 W/cm2. 

In this situation, atoms in the matter are ionized by the strong 
electric field of the laser beam given by E0 =

(

2I∕�0c
)1∕2

, 
where �0 and c are the electric permittivity and the light 
velocity in free space, respectively. According to the BSI 
(barrier-suppression ionization) model [1], laser intensity of 
I = 10

17 W/cm2 is strong enough to produce even N5+ ions 
if nitrogen atoms are exposed to the laser beam. Hence, the 
laser plasma research is closely related with the develop-
ment of high power lasers and it has a rather short history 
compared with other types of plasma research.

The focused laser intensity has increased sharply since the 
first working laser (ruby laser) was successfully developed 
by T. Maiman in 1960. Invention of the Q-switching method 
increased the laser intensity by orders of magnitude, and the 
mode-locking method made it possible to develop a short 
pulse, high peak power laser. The CPA (chirped-pulse ampli-
fication) technique [2], which stretches the original laser 
pulse in time by four orders of magnitude and compresses it 
again after amplification in energy, led to the development 
of small table-top terawatt (T3) lasers, providing a strong 
momentum for active laser plasma physics research around 
the world since the 1990s. In recent years, CPA-based lasers 
reached a record-high focused intensity up to the level of 
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1023 W/cm2 [3]. Figure 1 shows the remarkable progress of 
the laser intensity up to the nearly relativistic proton regime.

Figure 2 shows that several TW or even PW laser sys-
tems have been installed in Korea so far and that they have 
been used for diverse research and applications. The first 
TW laser system dates back to 1994. At that time, a 2 TW 
Nd:glass laser system was developed at KAIST (Korea 
Advanced Institute of Science and Technology) and it could 
deliver a laser pulse with an energy of 80 J and a pulse 
duration of 40 ps at a wavelength of 1.054 µm. In 2002, 
another 2 TW laser system was installed at KERI (Korea 
Electrotechnology Research Institute), where the CPA-based 
Ti:sapphire/Nd:glass hybrid laser system could provide an 
energy of 1.4 J and a pulse duration of 700 fs [4]. KAERI 
(Korea Atomic Energy Research Institute) developed a 30 
TW Ti:sapphire laser system and KERI had another 20 TW 
Ti:sapphire laser in 2009. The Department of Physics and 
Photon Science (DPPS) at GIST (Gwangju Institute of Sci-
ence and Technology) also developed a 20 TW Ti:sapphire 
laser system [5]. APRI (Advanced Photonics Research Insti-
tute) at GIST developed a 100 TW Ti:sapphire laser system 
and upgraded it to 1.5 PW [6], and then IBS/APRI/GIST 
increased the power to 4.2 PW (20 fs in duration) in 2017 
[7]. ETRI (Electronics and Telecommunications Research 
Institute) also installed a 200 TW Ti:sapphire laser system 

and upgraded it to 500 TW later. All of these high-power 
lasers have been used for diverse laser plasma physics 
research and applications, including electron acceleration, 
ion generation, high-energy–density (HED) plasma physics, 
THz generation, plasma optics, etc.

In this paper, we review some laser plasma research activ-
ities in several universities and research institutes in Korea, 
including GIST, PAL, UNIST, KIRAMS, KAERI, KERI, 
ETRI, and Korea University Sejong Campus. Major activi-
ties of IBS/APRI/GIST were reviewed in the separate article 
[8]; thus, they are not included here. This paper will pro-
vide a brief overview of basic laser plasma properties first, 
and then some research results from those universities and 
research institutes will be described in subsequent sections.

2 � Brief overview of basic laser plasma 
properties

Laser-produced plasmas have many unique and interesting 
features [9, 10]. For example, electrons in a plasma experi-
ence electric and magnetic forces, F = e(E + v × B) , if a 
laser pulse is applied. The quivering electrons can have rela-
tivistic velocities if the focused laser intensity is I ∼ 10

18 W/
cm2. This kind of relativistic phenomenon can be described 
by using the normalized vector potential given by 
a0 = p∕m0c = eE∕me�0c , where p is the electron momen-
tum, me the electron rest mass, e the electron charge, and �0 
is the laser frequency. In practical units, the normalized vec-
tor potential is given by a

0
= 0.85 × 10

−9
√

I[W∕cm2]�[�m] 

Fig. 1   Evolution of the laser intensity since the invention of a laser, 
showing remarkable progress up to the nearly relativistic proton 
regime

Fig. 2   History of high-power laser systems in Korea, where all TW/
PW lasers are still working and are actively used for research except 
for the first laser
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[9], where λ is the laser wavelength. Thus, a0 = p∕mec ∼ 1 
implies that the plasma electrons move relativistically, which 
can be achieved if the laser intensity is I > 10

18 W/cm2 for 
λ = 0.8 μm (Ti:sapphire laser wavelength). If the laser inten-
sity is I > 10

24 W/cm2, even protons can have relativistic 
velocities. This kind of relativistic plasma can provide a self-
focusing effect for an intense laser beam propagating in the 
plasma as the index of refraction of the plasma is given by 
� =

[

1 −
(

�p∕�0

)2
]1∕2

 , where �p is the plasma oscillation 
frequency given by �p =

(

nee
2∕�

0
�me

)1∕2 . Here, ne is the 
plasma electron density, and the relativistic factor γ is related 
with the laser intensity by γ =

√

1 + a0
2 . Hence, the on-axis 

plasma electrons have smaller �p and larger � , leading to 
self-focusing for a Gaussian laser intensity profile in the 
transverse direction. Relativistic self-focusing is known to 
occur if the laser power exceed the critical power 
Pc = 17

(

�0∕�p

)2 GW [9].
Furthermore, the laser plasma can produce a very 

strong electric field, and such a strong electric field can 
be used for charged  particle acceleration to high ener-
gies over a short distance. Generation of a strong elec-
tric field results from charge separation between negative 
electrons and positive ions in the plasma, and the charge 
separation can be caused by the intense laser pulse. If a 
short and intense laser pulse propagates in an underdense 
plasma ( ne < the critical density nc) , for example, it exerts 
a strong pondromotive force on the plasma, resulting in the 
generation of a strong plasma wave called a plasma wake 
wave. The pondromotive force is caused by a spatial gra-
dient of the laser intensity, i.e., Fp ∝ −∇

(

neI�
2
)

 , in the 
nonrelativistic regime, and the maximum longitudinal 
electric field caused by the plasma wake wave is given by 
Ez = mec�p∕e ≃ 96

√

ne[cm
−3] V/m in the 1-D linear cold-

fluid limit [11]. This result gives an extremely strong electric 
field of Ez ≃ 96 GV/m for ne = 10

18 cm−3. If the laser inten-
sity is high enough, the plasma wave becomes nonlinear 
and the so-called wave-breaking can happen, limiting the 
maximum electric field. The wake wave follows the laser 
pulse propagating in the plasma, so its velocity is almost 
the group velocity of the laser pulse vg = c(1 − �2

p
∕�2

0
) 1/2. 

The wakefield is extremely strong and it travels at nearly c, 
so the laser wakefield acceleration (LWFA) is ideal for elec-
tron acceleration. This kind of a wake wave/wakefield can 
be generated either by using a laser pulse or a high-energy 
charged-particle (electron or proton) beam pulse. In the case 
of a high-energy charged-particle beam pulse, the plasma 
electrons are pushed almost radially by the charged particles, 
resulting in the generation of a moving plasma wake wave.

If a high-intensity laser pulse is sent to a thin (for exam-
ple, ∼ 1 μm) solid film, the solid material will change to 
an overdense plasma ( ne > nc) immediately. In this case, 
the plasma electrons will be pushed backward by the 

pondromotive force of the laser pulse while the ions in the 
plasma will not move in such a short time scale due to their 
heavy mass. Hence, the electrons and the ions are separated, 
leading to an extremely strong longitudinal electric field. As 
a result, some protons/ions on the surface of the thin film 
can be accelerated to high energies. This is called the target 
normal sheath acceleration (TNSA) [12], and it is a basic 
proton acceleration mechanism using an overdense plasma. 
In addition to TNSA, there are some other proton/ion accel-
eration mechanisms like the radiation pressure acceleration 
(RPA) [13], where the radiation pressure of an ultraintense 
laser pulse is directly used for proton/ion acceleration.

There are many other interesting laser plasma phenom-
ena. For example, if a high-power laser pulse is focused in 
gas (or on a thin solid target), it can produce a strong THz 
pulse [14]. Besides, a long laser pulse can be converted to an 
intense short pulse by the Raman backscattering mechanism 
[15], the details of which will be described later. X-rays can 
also be produced by various mechanisms in a laser plasma, 
including the betatron radiation in laser wakefield accel-
eration [16], bremsstrahlung radiation, etc. In the following 
sections, some research activities and results for those phe-
nomena will be described.

3 � Electron acceleration by a wakefield 
in a plasma

As mentioned in the previous section, the wakefield in a 
plasma can have an extremely strong electric field (~ 100 
GV/m) under typical experimental conditions, for example, 
ne = 10

18 cm−3. This acceleration gradient is three orders 
of magnitude higher than that of RF-based conventional 
accelerators. As an example, the acceleration gradient 
of 100 GeV/m can give an energy of 1 GeV in 1 cm and 
10 GeV in 10 cm. Hence, the acceleration distance can be 
much shorter for high energies, compared with conventional 
accelerators, leading to the possibility for development of 
table-top high-energy particle accelerators. So far, diverse 
electron acceleration research has been carried out in Korea, 
including the plasma source development, electron accel-
eration by LWF, LWFA-based compact light sources, pro-
ton-beam-driven electron acceleration, etc. The results are 
described in this section.

3.1 � Plasma source development for laser wakefield 
acceleration

In LWFA, a plasma source is a vitally important component 
and diverse plasma sources have been developed at GIST 
and PAL. They include a supersonic gas jet, a gas cell, and 
a discharge gas cell. Each source has cons and pros. For 
example, a supersonic gas jet is simple and easy to use, but 
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it often has a shock wave, leading to an unstable gas den-
sity profile along the direction of laser propagation. A gas 
cell has a main advantage of a gas density stability, but the 
diffraction problem is inevitable in a gas jet and a gas cell. 
Hence, a discharge capillary waveguide is a good choice for 
suppression of the diffraction problem, leading to a longer 
acceleration length and a higher electron energy in LWFA.

Figure 3 shows the experimental result for transmission 
of laser pulses in a discharge capillary waveguide, which 
was performed at the Department of Physics and Photon 
Science, GIST [17]. In this experiment, a 15-mm-long cylin-
drical capillary waveguide was used, where hydrogen gas of 
50–200 mTorr in pressure was injected into the two feedlines 
in the capillary with different pressures and a high voltage 
up to 30 kV was applied to the capillary for electrical dis-
charge. This produces a parabolic-like plasma density profile 
in the radial direction, providing a focusing effect for the 
diffracting laser beam. Figure 3a indicates that the transmis-
sion of the laser pulse is about 90% when the peak discharge 
current is over 200 A. This result implies good guiding in 
the discharge capillary waveguide. Figure 3b shows that a 

fairly good (round) laser beam is produced by the capillary 
waveguide when the transmission is high (~ 90%).

A capillary gas cell was also developed for LWFA. In 
the gas cell, two different gas pressures were applied to 
the two gas feedlines, leading to an upward density profile. 
Detailed experimental results, including the longitudinal 
plasma density profile in the gas cell, are described in Ref. 
[18]. Extensive simulation studies were also performed to 
investigate the laser pulse propagation in a hydrogen gas 
cell. Figure 4 shows the PIC (particle-in-cell) simulation 
results obtained using the EPOCH code [19], showing the 
laser pulse propagation for the given gas density profiles. 
The simulation results indicate that the laser pulse can be 
self-focused in the hydrogen gas for a high intensity of 
I
0
= 4 × 10

17 W∕cm2 , while at a low-intensity laser pulse 
of I

0
= 2.5 × 10

14 W∕cm2 , it is not self-focused and the 
ionization-induced diffraction is dominant.

A hydrogen gas cell with a length of 15 mm was used 
for a LWFA experiment with the 20 TW Ti:sapphire laser 
system at GIST. Figure 5 shows the experimental results 
using the gas cell, where only a 15 TW peak power was 
used. For density tapering along the longitudinal direction, 
different gas pressures were applied to the gas feedlines. The 
experimental results in Fig. 5 show that quasi-monoenergetic 
electron beam pulses can be generated at energies between 
130 and 250 MeV and that evidently the density tapering 
effect does occur [20]. In other words, higher density taper-
ing produces higher electron energies (II and III), compared 
with the untapered case (I). Charge measurement shows that 
fairly high charges above 100 pC are generated for those 
three cases. In these experiments, the laser pulse duration 
was rather long (about 40 fs) compared with the plasma 
wavelength �p for the given densities, so some electrons, 
especially in the tail of the laser pulse, may have directly 
interacted with the laser field, contributing to higher ener-
gies to some extent.

A new type of gas-filled discharge capillary, which con-
sists of a one-body sapphire block with holes for gas flow, 
was developed at PAL, and it is shown in Fig. 6. In this 
design, the capillary is simple in structure and the fabrica-
tion is easy, so that there is no concern about the possibility 
of gas leaks. The designed capillary was already tested for 
LWFA, and it could generate a stable 300 MeV electron 
beam by using a 7 mm length and 1 mm hole capillary with-
out an electrical discharge and a 150 PW laser system at 
IBS/APRI/GIST. For the purpose of a plasma lens which can 
provide a much stronger focusing force compared with con-
ventional quadrupole magnets, the discharged capillary sys-
tem was also tested with a current of 100 A and nitrogen gas. 
PIC simulations for the plasma lens show that a high-energy 
electron beam can be focused to ~ 5 μm from ~ 100 μm with 
a plasma current of 50 A, where the PIC simulations were 
performed with a code developed by UNIST and PAL.

Fig. 3   a Transmission of laser pulses in a discharge capillary wave-
guide as a function of time delay. The solid line shows the discharge 
current in the capillary hole, and the triangles represent the laser 
energy transmission with 20 ns intervals. b Output laser pulse images 
at the focus and at the exit of the capillary hole for various time 
delays [17]



Review of laser‑plasma physics research and applications in Korea﻿	

Vol.:(0123456789)1 3

3.2 � Electron acceleration by self‑modulated laser 
wakefield acceleration

For resonant wakefield acceleration (R-LWFA or LWFA), 
the laser pulse duration should be similar to the plasma 
wavelength, i.e., cτ ≃ �p, where τ is the laser pulse dura-
tion. If the laser pulse is much longer than the plasma wave-
length, i.e., cτ ≫ 𝜆p, the Raman forward scattering instabil-
ity [21] occurs. In this situation, the long laser pulse is split 

Fig. 4   Laser pulse propagation in the capillary, showing the EPOCH 
code simulation results: (i) I0 = 4 × 10

17 W∕cm2 (fully ionized) and 
(ii) I0 = 2.5 × 10

14 W∕cm2 (partially ionized). Note that the high-
intensity laser of I0 = 4 × 10

17 W∕cm2 is self-focused in a high-den-

sity plasma as shown in c and d, but not in a low-density plasma (a, 
b) [18]. Note that the same density profile is used for all PIC simula-
tions although the maximum density varies

Fig. 5   Electron beam energies from the laser wakefield acceleration 
experiment using a density-tapered gas cell. In the figures, the input 
gas pressures at the first and the second gas feedlines were as follows: 
(I) 2.5 × 1019  cm−3/2.5 × 1019  cm−3, (II) 2.5 × 1019  cm−3/2.7 × 1019   
cm−3, and (III) 2.5 × 1019 cm−3/3.0 × 1019 cm−3, respectively [20]

Fig. 6   New gas-filled discharged capillary plasma source at PAL. a 
The 3D drawing shows the capillary, which is a one-body structure. 
The capillary has a hole diameter of 1 mm and 15 mm in length, and 
the overall size is 15 (wide) × 22 (height) × 20 (length) mm3. b Pic-
ture of the capillary with electrodes and gas feed lines installed on the 
PEEK base mount
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into shorter pulses with spacing of �p , and a strong plasma 
wave can be excited by the periodic laser pulses. Some back-
ground plasma electrons can be injected into the acceleration 
phase of the plasma wave and accelerated. This is called the 
self-modulated laser wakefield acceleration (SM-LWFA).

The first electron generation experiment using a high-
power laser and plasma in Korea was performed at KERI, 
where SM-LWFA experiments were performed with a 2 
TW laser system around 2005 [4]. For the experiments, 
a supersonic He gas jet and a 2 TW/700 fs laser system, 
which is a hybrid system of Ti:sapphire (oscillator) and 
Nd:glass (amplifier), were used. The He backing pressure 
was in the range of 30 to 60 bars, so the SM-LWFA con-
dition of cτ ≫ 𝜆p is satisfied. Figure 7a shows the Raman 
forward scattered light, the first and the second anti-Stokes 
sidebands, and the original Nd:glass laser wavelength of 
1.054 μm when the 2 TW/700 fs laser pulse was focused in 
the He gas jet. This result implies that the Raman forward 

scattering instability occurred and that a self-modulated 
laser wake wave was generated. Figure 7b shows that the 
SM-LWFA experiment generated an electron beam with 
energies of 4.3 ± 2 MeV.

3.3 � Laser wakefield acceleration for very 
high‑energy electron beam therapy

Radiation cancer therapy devices are developed in the direc-
tion of minimizing the exposure of normal cells to radia-
tion and reducing side effects by concentrating radiation on 
tumors. In particular, in the 2000s, theoretical research on 
treatment methods using very high-energy electron (VHEE) 
beams began [22, 23]. This method has several advantages 
that existing radiation therapy machines do not have. In a 
therapeutic point of view, VHEE beams can penetrate deep 
into the human body, so there is little distortion of the dose 
profile due to the air cavity inside the body. For these rea-
sons, the treatment efficiency can be increased by config-
uring the irradiation direction of VHEE beams in several 
directions without limiting the structure of the human body 
[24]. This dosimetric property can be applied to therapeu-
tic treatment planning. As in Ref. [25], the dose profile at 
different organs was calculated. Based on the Monte-Carlo 
simulation, the dose to normal tissue close to the tumor was 
lower than it was in the dose of X-ray therapy. A treatment 
plan using an electron beam from a laser accelerator was 
also attempted [26]. More localized energy deposition for 
VHEE beams compared with X-rays can reduce the side 
effect during the therapy. Another advantage is the improved 
control of the irradiation direction. Existing radiation ther-
apy machines have mechanically adjusted the position of the 
linear accelerator to control the irradiation direction. The 
shape of the irradiation site has been adjusted by using a 
large multi-leaf collimator. These methods increase the size 
of the equipment and cause life-span problems. VHEE beam 
treatment uses light electrons, so the irradiation position 
can be precisely adjusted using an electromagnet, and the 
shape of the irradiation can be made by scanning the beam 
position, thereby solving such problems. For this treatment 
device, a small high-energy electron beam accelerator with 
an energy of 50–250 MeV is essential. Typical RF-based 
accelerators are difficult to develop in practice due to the size 
and price of the equipment. A laser wakefield accelerator 
(LWFA) is a good candidate to solve this problem. In order 
to confirm this possibility, the physical quantities of VHEE 
beams, such as the dose profile and relative biological effec-
tiveness (RBE), need to be measured [27]. For this purpose, 
the physical properties of the VHEE beams accelerated by 
a LWFA were measured.

For tests of the feasibilities of treatment and to deter-
mine the physical quantities of VHEE beams accelerated 
by LWFA, a 16 TW laser at KERI was used to accelerate 

Fig. 7   a Raman forward scattered light with anti-Stokes sidebands 
in SM-LWFA. b Electron energy spectrum by a dipole magnet 
(B = 0.3 T), where the beam energy is 4.3 ± 2 MeV [4]
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electrons and to measure the physical quantities by using 
equipment at Korea Institute of Radiological and Medical 
Sciences. The laser was focused by an on-axis parabolic mir-
ror with f/# = 17 at a 3 mm long and 2 mm wide gas nozzle, 
as shown in Fig. 8. At the nozzle, the electrons were accel-
erated, and the energy and the bunch charge of the electron 
beams were measured by using a magnet and an integrated 
current transformer. The maximum electron energy was 
250 MeV with an electron density of 1019 cm−3 [28]. For 
long-term stable operation of LWFA, the electron energy 
was controlled to 100–200 MeV because measurement of 
the physical quantities of VHEE beams requires more than 
an hour irradiation to increase the accuracy of the measure-
ment. After the LWFA, a tough phantom consists of solid 
plastic with a mass density similar to that of water was used 
in place of a human. An EBT3 film was used to measure the 
dose profile because of the lack of ion chamber in electron 
energy range. Before the experiment, the film sensitivity was 
measured by using the electrons from a clinical linac. The 
RBE was measured by using the survival fraction of cells 
receiving different doses.

Figure 9 shows the results for the physical quantities of 
VHEE beams from LWFA. The depth-dose profiles are in 
Fig. 9a, b for electron energies of 120 MeV and 170 MeV, 
respectively. Due to the high electron energy, a dose distri-
bution in the form of a pencil beam with small dispersion 
was observed, and the dose was delivered to a deep place. 
The maximum dose was almost linear in the total electron 
charge so the total dose could be controlled by using the 
charge deposited to the cell for the RBE measurement. The 
survival fraction was measured by counting the living cell 
after the exposure as shown in Fig. 9c. By this method, the 
measured RBE was 1.2 ~ 1.3, which is higher than the typical 
X-ray value (RBE = 1). The measurement indicates that the 

VHEE beam of the LWFA shows physical properties similar 
to those of the particles used in the typical treatment device, 
which increases the feasibility of using VHEE beams in ther-
apy systems. Another advantage according to the measure-
ment is that the VHEE beam can focus energy on tumors and 
minimize exposure to surrounding healthy organs by using a 

Fig. 8   Experimental setup for measurements of the physical quantities of the VHEE beams from LWFA. The magnet for the electron measure-
ments was removed during the measurement of the physical quantities. Details of the LWFA setup are given in Ref. [28]

Fig. 9   Measured physical quantities of VHEE beams. a, b Show the 
depth-dose profiles for electron energies of 120 and 170 MeV, respec-
tively. c Shows the measured cell survival rate for different doses as 
obtained from RBE calculations
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well-collimated electron beam. Thus, the VHEE beams from 
LWFA can be used for a safer and smaller therapy system.

3.4 � Compact light source research using 
laser‑accelerated electron beams

The research and development on compact light sources 
has been under way using a 30 TW Ti:sapphire laser sys-
tem at KAERI developed to be utilized for laser electron 
or ion acceleration. Generations of ultrashort gamma-rays 
via Bremsstrahlung using a Ta target and a THz pulse via 
transition radiation using multifoil radiator were demon-
strated using gas-jet targets, and compact UV and soft X-ray 
sources via dipole or betatron radiations are under develop-
ment using metallic targets in collaboration with KAERI and 
Korea University, Sejong campus.

In the 30 TW laser system at KAERI, a pulse energy of 
1.1 J is typically achieved with three staged amplifiers when 
using a total pumping energy of 4 J from two 2nd harmonic 
Nd:YAG lasers. The limitation on the laser pulse energy is 
mainly due to the size of gratings presently installed. A new 
set of gratings for compressing the chirped, amplified pulse 
is required to increase the laser power. In general, 60% of 
laser pulse energy is delivered to the plasma target, corre-
sponding to a 25 TW peak power for a laser pulse with an 
energy of 1.1 J and a pulse duration of 27 fs.

The plasma source can be generated using a gas-jet target 
or a solid target. The usage of solid targets has been sug-
gested to realize high-vacuum and high-repetition-rate oper-
ation for compact synchrotron sources. In a gas-jet target, a 
supersonic jet through a tiny orifice can easily form uniform 
distribution of plasma density along the optical axis of fs 
laser, but in each shot the vacuum is degraded due to quite 
long opening time (e.g., several milliseconds) of the sole-
noid valve with a high backing pressure (e.g., 40–60 mbar). 
Compared to gas jets and/or capillary gas cells, the amount 
of plasma plum via ns or ps laser ablation on a solid surface 
is negligibly small to keep high vacuum. For a helium gas-jet 
target, the electron plasma density is only twice of helium 
density after ionization by a high-intensity laser pulse. For 
a solid target, such as an aluminum, the electron plasma 
density reaches at least ten times of aluminum ion density. 
The laser-ablated plasma ions initially in lower charge states 
are ionized to highly charged states by an intense, fs laser 
(main laser), increasing the plasma density sufficiently large 
enough for LWFA. The vacuum of target chamber was con-
firmed to be kept constant during the generation of laser-
ablated aluminum.

A 1.06 mm and 8 ns Nd:YAG laser pulse (ns laser pulse) 
is irradiated on an Al target to generate the pre-plasma. An 
elongated distribution of the plasma density is managed 
using a bi-prism and a cylindrical lens [29]. The channel 
length can be adjusted by changing either the diameter of the 

collimated laser for laser ablation or the length of metallic 
target along the direction of propagation of the main laser. 
The arrival time of the main laser pulse after generating the 
pre-plasma can be adjusted by changing the Q-switching 
time of ns laser. With the aluminum target, the electron was 
accelerated when the delay time was between 120 and 140 
nsec and the height from the target surface was confined to 
500 μm ± 50 μm. The focal position of the ns laser due for 
a cylindrical lens can be adjusted to improve the uniform-
ity and change the plasma density slightly. The position of 
the bi-prism can be adjusted for best uniformity along the 
longitudinal direction.

For plasma diagnostics, two CCD cameras are installed: 
one for capturing the interferogram due to plasma and the 
other for monitoring Thomson scattering. For the electron 
beam measurements, an integrated current tansformer (ICT) 
and Lanex screen with a 12 bit CCD camera are installed. 
For the measurement of energy spectrum of electrons, a 
C-shaped dipole with a permanent magnet including an iron-
bar added in side is placed between the Al pinhole and the 
Lanex screen. The magnetic field strength in the gap can be 
adjusted by displacing the position of side iron-bar.

3.4.1 � THz radiation using a multifoil radiator

The multifoil radiator for THz radiation and the Ta plate 
for Bremsstrahlung radiation can be mounted after a 50 mm 
thick aluminum foil at 45°, which is used for blocking the 
transmitted laser and hot electrons and ions. The THz pulse 
is emitted 30° off-axis from the propagation direction of the 
electron beam and is delivered through the crystal window 
after THz collimation and filtering by optics. The enhance-
ment of THz radiation with a multifoil radiator was demon-
strated using 50—60 MeV electron beams generated with 
a gas-jet target (1 mm dia. nozzle). The THz radiation with 
70 sheets of Ti foils was increased about 12 times compared 
to that with 2 foils [30], as shown in Fig. 10. The pulse 
duration was 30 fs as measured by using a second-harmonic 
auto-correlation system.

3.4.2 � Ultrashort gamma‑ray generation with a Ta plate

Gamma-ray generation was demonstrated using a 
25–30 MeV electron beam generated by using a gas-jet 
target (1 mm dia. nozzle) and fs laser with a pulse energy 
of 420  mJ at the target. Because the pulse duration of 
gamma-rays should be several tens of femtosecond, detect-
ing the spectrum by using 2″ NaI detector (Ortec) is hard. 
However, with reduced the gating time, the ratio of high-
energy photons greater than 2 MeV to the background sig-
nal is increased, indicating the generation of high-energy 
gamma-rays with energies up to 30 MeV. The specifications 
of ultrashort gamma-rays for applications may be calibrated 
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using the simulation results for the well-known (g,n) reac-
tion. According to the simulation results, the (g,n) reaction 
activated by Bremsstrahlung radiation was insensitive to 
the energy spread of electron beam, giving similar results 
for both 5% and 10% spread. The decay spectrum of the 
197Au(g,n)196Au reaction after activation of Au with 1000 
shots was measured. The decay lines, such as 355.7 keV, 
333.0 keV, and 426.0 keV, are in agreement with the cal-
culated ones, and the half decay time measured is about 
6.2 days [31].

3.4.3 � High‑vacuum laser electron acceleration 
and synchrotron radiations

A compact light source, especially in the range between deep 
UV and soft X-rays, should be operated in high vacuum. 
It can be realized using metallic targets as mentioned. The 
laser-ablated plasma density is increased via laser ioniza-
tion as long as the main laser intensity is greater than the 
ion appearance intensity. According to the ion appearance 
intensity, the final charge state of the Al ions may be Al11+ 
for a main laser intensity of 1019 W/cm2. The pre-plasma 
ablated by a ns laser pulse with its energy of 240 mJ was 
increased by a factor of 2.5 [29]. The amount of Al ions 

ablated is determined by the condition of the metal surface 
and the intensity of the ns laser. The irradiated surface, being 
annealed by heating due to the laser pulse, released insuf-
ficient ions to reach the desired final plasma density. A disk-
type target and its surface polishing system are being devel-
oped for operation with a high-repetition rate and improving 
the reproducibility of the pre-plasma under the same condi-
tion, as shown in Fig. 11.

The ionization process causes ionization diffraction of 
the main laser in the plasma, reducing the guiding length. 
The maximum energy of the electron beam is lower than 
that for a helium gas-jet. However, it increases the electron 
injection into the wake cavity. According to 2D PIC simula-
tions (EPOCH code [19]) using a 60 TW laser with its waist 
of 7 mm for nef > 1019/cm3, the central energy was reduced 
from 165 to 105 MeV with a 30% energy spread as the den-
sity was increased. At 0.7 × 1019/cm3, the peak energy of 
272 MeV with a 3.5% energy spread was estimated. So far, a 
peak energy of 50 MeV, on average, has been obtained using 
a 25 TW main laser in experiments.

The 360° bending magnet for a compact synchrotron light 
source was designed (Fig. 12). It is comprised with a ring-
shaped pole and permanent magnet blocks [32]. Two shapes 
of the magnet block were used, instead of one ring-shaped 
magnet, to reduce the cost. It gives a sinusoidal modulation 
of the magnetic field inside the dipole. The number of pairs 

Fig. 10   Enhancement of THz power by using a multifoil radiator. 
(red) THz power from 70 foils and (blue) THz power from 2 foils [30]

Fig. 11   Interferograms of the 
pre-plasma and the main plasma 
for an aluminum target: a 
interferogram of the pre-plasma, 
b interferogram of the main 
plasma, and c image of the 
electron beam

Fig. 12   Schematic of the 360° bending magnet (Ref. [32])
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corresponds to the number of modulation periods and the 
modulation depth depends on the magnetic field strength. 
For a stable circular orbit, the angular divergence of the elec-
tron beam injected to the dipole should be small enough, sat-
isfying x�

0
≤ B1�0∕n , where B1 is the field modulation with 

respect to the dipole field B0 , �0 is the radius of the electron 
orbit, and n is the number of modulations in one turn.

The LWFA using metallic targets may be a good candi-
date for producing betatron radiation. Figure 13 shows the 
difference of injected electron beam between helium and 
aluminum targets. With a fixed focusing position of the fs 
laser, the starting point of the injection is almost same for 
both, but the injection continued slightly longer and more 
for the Al target. For the Al case, the wave-breaking point 
is slightly away from the optical axis and the oscillation of 
electron beam inside the cavity is larger. 2D and 3D PIC 
simulations by using the EPOCH code are underway with 
a new target design for the compact Soft X-ray source by 
adding narrow Ti film near the injection position.

3.4.4 � External injection for the LWFA‑based future FEL

For a future compact X-ray free-electron laser (XFEL), a 
laser plasma accelerator is a promising candidate [33]. How-
ever, the present electron beam quality of the laser plasma 
accelerator is poor, i.e., a few percent of energy spread, low 
stability and low reproducibility, which does not satisfy the 
demanding criteria for the XFEL. If the requirements are to 
be met, the electron beam needs an energy spread of 0.1% 
and an energy jitter of 5 × 10–4 stability, which is difficult to 
achieve in the current level of LWFA. Therefore, one of the 
most promising ways to overcome this limitation is to use 
the electron beam of good quality from the RF photocathode 
as a seed beam for laser plasma accelerators. The PAL-ITF 
GUN-II beamline of the RF photocathode can produce a 
beam energy of 70 MeV, an energy spread of 10–3, a jitter 
of a few tens femtoseconds, and a low emittance of 0.2 mm-
mrad, which can be an excellent seed for the LWFA. The 
PAL-ITF is, thus, the place to demonstrate the most reliable 
LWFA with an external injection scheme.

In LWFA of an external injection scheme, an external 
electron beam has to be well-guided into the plasma wake 
to preserve the beam emittance. The focusing force inside 
the plasma wake is very strong, resulting in a beam size 
of a few micrometers for betatron motion. Therefore, the 
externally injected beam should be matched to the intrinsic 
betatron motion in the plasma wakefield. Thus, it is cru-
cial that the electron beam size should be matched to enter 
the plasma wake to preserve the beam emittance. For good 
matching conditions, one way is to use a slowly increasing 
plasma ramp to minimize the emittance growth. Another 
direct method is to focus the electron beam down to a few 
micrometers at the entrance of the plasma by using a plasma 
lens [34]. A key component to meet these conditions is a 
gas-filled discharged capillary plasma source with a well-
controlled plasma density gradient. Figure 14 presents the 
future plan for LWFA with matched external injection from 
the RF photocathode GUN-II. For further diverse experi-
ment schemes, some upgrades will be done. A bunch com-
pressor will be installed soon to produce a high beam current 
and short electron beam duration. The high-power laser sys-
tem will be built as the existing laser system does not have 
enough power for the LWFA. If the upgrades are done, the 
electron beam will have a higher current and it can be also 
used as a driver to excite an electron-beam-driven plasma 
wake wave for the so-called plasma wakefield acceleration 
(PWFA).

3.5 � Beam‑driven plasma wakefield acceleration

Due to the lack of experimental facilities that can provide 
high-quality high-intensity driver beams [35], beam-driven 
plasma wakefield acceleration (PWFA) activities have been 
somewhat limited in Korea. In US and European countries, 
on the other hand, steady investment and progress have been 
made in this field [36]. Examples of such activities include 
Advanced Wakefield Experiment (AWAKE) at CERN, 
FACET-II at SLAC, and FLASHForward at DESY, to men-
tion a few. Among various PWFA experiments, the AWAKE 
is noteworthy in that it uses protons as a driver beam [37]. 
The proton beam from Super Proton Synchrotron (SPS) has 

Fig. 13   Electron density maps 
for a helium target and b 
aluminum targets as obtained 
using 2D PIC simulation. The 
snapshots are captured at 1.5 ps 
for both plasma targets having 
the same final electron density 
of 1.2 × 1019/cm3. The color 
scale of the electron density is 
the same for both cases
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a stored energy of approximately 19 kJ, which is consider-
ably large compared to other wakefield driver sources [38]. 
Hence, it is expected that a single proton beam can be used 
to generate the plasma wakefield, sustaining its accelerating 
gradient without staging. In 2018, the AWAKE team demon-
strated electron acceleration through a proton beam-driven 
plasma wakefield up to 2 GeV. An ionization laser with an 
energy of 450 mJ is used to generate a 10-m-long plasma 
column from Rb-vapor neutral gas. The proton beam, which 
is self-modulated inside the plasma source due to a process 
called seeded self-modulation (SSM), becomes split into 
micro-bunches and creates the wakefield.

The UNIST research group joined the AWAKE col-
laboration in 2016 and has been actively involved in the 
experimental programs since then. The UNIST group mainly 
focused on the commissioning and the characterization of 
the witness electron beam injector used in the AWAKE Run 
1 experiment [39]. In addition, an optimization study of the 
beam transfer line for external injection [40] and simula-
tions of electron bunch seeded self-modulation [41] are in 
progress for the upcoming Run 2 experiment. Apart from 
the scope of the AWAKE, the UNIST group also investi-
gated several general issues relevant to beam-driven wake-
field acceleration schemes such as longitudinal phase space 
dynamics during Trojan-Horse injection [42], manipulation 
of the driver beam by using double emittance-exchange [43], 
and witness beam focusing with an active plasma lens [44].

In recent years, the possibilities of PWFA R&D using 
electron beams available in Korean accelerator facilities 
have been actively discussed. Through the development and 
operation of the PAL-XFEL, the hard X-ray free-electron 
laser facility at Pohang Accelerator Laboratory, considerable 
infrastructure and experience in generating and manipulat-
ing high-quality electron beams have been accumulated. 
For example, the Injector Test Facility (ITF) at PAL can be 
used as an R&D platform for advanced accelerator concepts, 
including LWFA, PWFA, structure wakefield acceleration 
(SWFA), and their combinations. An electron beam focus-
ing experiment using an active plasma lens for application 
to external injection is currently under consideration. The 

beam-plasma interaction experiments using a custom-
designed arc discharge plasma are in preparation, together 
with the beam line optimization and detailed particle-in-cell 
simulation. Additionally, external injection of the electron 
beam to the laser plasma wakefield or structure wakefield 
will follow in the near future.

4 � Acceleration of an energetic ion beam 
from a laser‑induced plasma

Since the first significant observation of energetic protons 
[45], energetic ions from a thin film irradiated by an ultra-
intense laser pulse have attracted a considerable amount of 
attention for potential applications to hadron cancer therapy, 
inertial fusion, and nuclear physics [46–48] because of their 
compact size. Many efforts have been made to understand 
the underlying mechanism [49], such as target normal sheath 
acceleration (TNSA) [12, 45], collisionless shock accel-
eration (CSA) [50], radiation pressure acceleration (RPA) 
[13], and acceleration by a resistively induced electric field 
(ARIE) [51, 52]. Recently, a proton beam with an energy of 
100 MeV was observed using a multi-100 TW and petawatt 
laser system [53, 54]. However, most of the ion beams gen-
erated in the laser acceleration show a thermal distribution, 
exponentially decreasing ion numbers with energy and hav-
ing a cut-off. In addition, the maximum energy obtained is 
still lower than the 200 MeV required for the proton cancer 
therapy.

The possibilities of a quasi-monoenergetic proton spec-
trum have been experimentally demonstrated from a micro-
structured target [55] and a heated palladium target [56], 
which exhibited energy spreads of 25% for protons and 17% 
for C5+ ions. Those targets used small transverse size and 
thin layer of target ions on the rear surface of thick metal 
foils, thus utilizing the electrostatic field at the rear surface 
of the metal foils or the TNSA mechanism. However, the 
peak energies are just 1.2 MeV/u and 3 MeV/u for protons 
and carbon ions, respectively. Other than foil targets, a liquid 
droplet [57], a hydrogen gas with a laser pulse train [58], 

Fig. 14   Schematic diagram of the future upgrade plan for the laser 
wakefield acceleration with a matched external injection of the stable 
electron beam from the RF photocathode GUN-II. The abbreviations 

in the figure are as follows: bunch compressor (BC), plasma mirror 
(PM), terahertz (THz)



	 W. Bang et al.

Vol.:(0123456789)1 3

and a micro-size plastic sphere [59] have also exhibited non-
Maxwellian proton spectra.

The ETRI group has also done research using their 500 
TW/30 fs Ti:sapphire laser system. The main research at 
ETRI is the generation of protons/ions for medical applica-
tions, especially cancer treatment, and research is underway.

4.1 � Layered‑film targets

The main acceleration field in the laser-induced plasma 
acceleration of charged particles is a surface field, or a 
sheath field which is built on the surface of a target foil by 
hot electrons energized by a laser field at the front side and 
propagated to the rear side, which can be mainly explained 
by using the TNSA mechanism. On the contrary, the KAERI 
group has paid attention to the bulk field that is formed 
inside the plasma by diffusion of the sheath field as the 
plasma expands. The advantages of the bulk field are that 
first, it drives ions for longer time, thus leading to higher 
energy and second, ions driven by the field can be confined 
at their initial positions, leading to narrow energy spreads. 
Several types of a layered-foil were proposed as shown in 
Fig. 15, which are VSDL (vacuum-sandwiched double layer) 
[60], ILEF (ion-layer embedded foil) [61], and IEDL (ion-
enhanced double layer).

An interesting, peaked spectrum from an IEDL target has 
been demonstrated, as shown in Fig. 16. Even though the 
shot-to-shot variation is very large due to the preparation 
of the target foils, it shows that the energy spectrum can 
be tailored by modifying the structure of the target. Some 
experimental observations support bulk acceleration, leading 
to higher energy and a narrower (or non-thermal) spectrum. 
However, the acceleration mechanism, especially with a high 

initial plasma resistivity, needs to be understood, and this 
can be a key parameter to reveal the acceleration mechanism 
in a layered-foil target [62].

5 � High‑energy‑density plasma

Recent advances in high-intensity short-pulse lasers allow 
the creation of high-energy–density (HED) plasmas at 
energy densities above 100 GJ/m3 [63, 64]. As illustrated 
in Fig. 17, such conditions are widespread in the universe 
and in various applications such as planetary science, iner-
tial confinement fusion, advanced laser ablation, and even 
nanosurgery [65–68]. In the HED regime, warm dense mat-
ter (WDM) represents a state where the thermal energy is 
comparable to the Fermi energy and the ions are strongly 
coupled [69, 70]. Typically, WDM exhibits temperatures 
of ~ 1–10 eV and near-solid densities. It lies at the juncture 
of solid, gas, and low-density plasma, and the investigation 
of such plasmas could provide a key understanding of the 
non-equilibrium phase transitions and the energy relaxation 
processes in extreme conditions. However, in this regime, 
our physical description is weak because of the complicated 
interplay of the physical processes from its neighbor states.

5.1 � Time‑resolved X‑ray absorption spectroscopy 
for warm dense matter research

Over the last decade, the development of time-resolved 
X-ray absorption spectroscopy (TR-XAS) techniques has 
been actively pursued at GIST. The X-ray absorption spec-
trum of matter contains useful information regarding the 

Fig. 15   Various layered-film targets developed at KAERI: a vac-
uum-sandwiched double layer, b ion-layer embedded foil, and c ion-
enhanced double layer

Fig. 16   Demonstration of a proton beam with a peaked spectrum. It 
was obtained from an IEDL target, Cu-2 mm, and PMMA brushed on 
the copper surface for a laser pulse of 2 × 1019 W/cm2 irradiating the 
copper side
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electronic structure and/or local geometry of the matter, 
which are basic experimental data to understand the fun-
damental properties of matter. We have sought novel appli-
cation of TR-XAS in the WDM regime where insufficient 
fundamental data are a major setback in the further under-
standing of extreme matter. A series of efforts include the 
development of laser plasma-based X-ray and extreme ultra-
violet sources as well as synchrotron and free-electron laser 

based diagnostics [72–74] to cover various photon energy 
ranges and time scales. As an example, the TR-XAS beam-
line at GIST is shown in Fig. 18. With the 150 TW laser at 
the Center for Relativistic Laser Science, a broadband soft 
X-ray source can be generated and used as a probe of a laser 
heated WDM sample in transmission geometry.

With these diagnostics, the temporal evolution of X-ray 
absorption and the transient electronic structures of warm 
dense copper and metallic silicon dioxide have been meas-
ured [75, 76]. The thermodynamic properties of WDM, such 
as the electron–ion coupling rates, heat capacity, and thermal 
conductivity of copper and iron at temperatures of a few 
eV have been also reported [77, 78]. These provide unique 
sets of experimental data to the HED community and shed 
lights on developing an advanced theoretical description and 
further improving our understanding of ultrafast excitations, 
phase transition dynamics, and thermodynamic properties of 
plasmas under extreme conditions.

5.2 � HED plasma produced using an X‑ray 
free‑electron laser

The advent of the X-ray free-electron laser (XFEL) allows 
a light intensity over 1016 W/cm2, which is now feasible in 
the X-ray regime. Such an XFEL pulse can heat solid sam-
ples to temperatures of 10–100 eV to produce ideal HED 
plasmas to be investigated. The typical deep penetration of 
X-rays enables a large volume of the target to be heated 
uniformly. Because of the femtosecond pulse duration, this 
heating is isochoric with an initial density. These establish 
well-defined high-density-high-temperature conditions in a 
larger volume of samples.

Fig. 17   Phase diagram of high-energy-density matter. Warm and hot 
dense matter lie at the confluence of condensed matter, gas, and clas-
sical plasmas. In this regime, both classical and quantum effects are 
important, but have not been described adequately. Figure is extracted 
from reference Ref. [71]

Fig. 18   Time-resolved X-ray 
absorption spectroscopy 
beamline at GIST. Broadband 
(200–1000 eV) soft X-ray 
pulses from a tantalum plasma 
irradiated by a 150 TW laser 
pulse are generated in the X-ray 
chamber. In the sample cham-
ber, a solid target is superheated 
by a separate femtosecond laser 
pulse and WDM is formed. 
The transmitted X-ray probe 
is dispersed and detected by a 
spectrometer detector system
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At GIST, we have focused on X-ray emission and absorp-
tion spectroscopic studies on intense XFEL – matter interac-
tions and hot dense plasmas created as results. Figure 19a 
illustrates the general concept of the experiment and gives 
typical examples of X-ray spectroscopic data for aluminum 
targets interacting with an X-ray laser at intensities of 
1016~17 W/cm2. K-shell emission (Fig. 19b) spectra indicate 
that the solid density aluminum plasma has electron tem-
peratures of 100–200 eV [79, 80]. Figure 19c shows the 
experimental demonstration of saturable and reverse satura-
ble absorption in the X-ray regime [81, 82]. It is noted that 
the theoretical advances, such as re-evaluation of the ioniza-
tion potential depression and the collisional ionization rates 
in HED plasma, should be included in the modeling of these 
sets of data [83, 84]. The nonlinear responses in the X-ray 
regime would be of great importance in photonic applica-
tions, such as modulating X-ray beams and the development 
of atomic X-ray lasers.

5.3 � Laser cluster fusion

Modern high-power lasers are so powerful that they can 
be used to study nuclear fusion reactions. In laser-cluster-
fusion experiments, intense (> 1016 W/cm2) laser pulses 

irradiate ~ 10 nm radius spheres of solid density deuterium 
(called deuterium clusters) [85, 86]. If the incident laser 
field is strong enough, laser matter interactions result in an 
explosion of individual spheres, producing energetic deute-
rium ions. The so-called Coulomb explosion model has been 
fairly successful in predicting how much the ions gain kinetic 
energy from the incident laser beam [87–90]. According to 
the model, electrons within the cluster first absorb the laser 
pulse energy as deuterium atoms are ionized. The electrons 
further absorb the incident laser pulse energy and escape 
from the cluster, leaving a positive charge buildup on the 
cluster. Subsequently, the highly charged spheres of deute-
rium ions at solid density undergo Coulomb explosion, and 
a high temperature (~ 108 K) deuterium plasma is produced 
[90, 91]. The resulting deuterium ions are very energetic, so 
they can produce nuclear fusion reactions when they collide 
with each other inside the hot plasma. Nuclear fusion is also 
possible if energetic deuterium ions run into cold deuterium 
ions or atoms in the cold background gas [90].

As shown in Fig. 20, energetic deuterium ions colliding 
each other can produce DD nuclear fusion reactions. Since 
the fusion cross-section increases very rapidly with ion tem-
perature in the several-keV to several tens of keV region, it 
is important to know how we can increase the temperature 

Fig. 19   a General concept of the spectroscopic study of XFEL-heated 
HED plasmas. An XFEL pulse is tightly focused on a solid density 
target to create WDM and HDM. b X-ray emission and c X-ray trans-

mission/absorption spectroscopy data to map out the charge states 
and the ultrafast electron dynamics for X-ray–matter interactions in 
HED plasmas. The figure is reproduced from Refs. [79–82]
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of the fusion plasmas created by this technique. In recent 
experiments, we investigated the dependence of the ion tem-
peratures of fusion plasmas on the incident laser intensi-
ties. Based on our study of the dependence of fusion plasma 
temperature on incident laser intensity, we can now pro-
duce a deuterium fusion plasma with a specific temperature 
by controlling the incident laser intensity on a cluster jet. 
With this technique along with neutron yield measurements 
and plasma volume measurements, we aim to measure the 
DD fusion cross-sections directly from laser cluster fusion 
experiments [92].

6 � Laser‑plasma‑based THz wave generation 
and applications

Generation of a strong THz wave is a very important 
research issue. Laser plasmas can be used for that purpose. 
When a single-color laser pulse [93] or two-color (sum of 
the fundamental and second-harmonic frequencies) laser 
pulse [94] is focused in a gas, a strong THz wave pulse can 
be generated. A good advantage of this method is that the 
laser plasma is electrically broken down already, so there 
is no concern about any damage in the THz source. So far, 
diverse methods for strong THz wave generation and appli-
cations have been studied. One of them is the application of 
the laser plasma-produced THz wave for the plasma diag-
nostics. The laser plasma-based THz wave is very useful for 
diagnostics of some plasmas, for example, a tokamak fusion 
plasma with a density range of 1013–1014 cm−3, where THz 
frequencies have a good coupling with the plasma. Further-
more, the laser plasma-based THz wave has a broad range 
up to a few THz for the single-color method and tens of 

THz for the two-color method, which can cover a very wide 
range of plasma density ranges. Here, one example of the 
laser plasma-based THz wave generation and applications 
is introduced [95].

For generation of a strong THz wave, the Ti:sapphire 
regenerative amplifier at GIST was used. As Fig. 21 shows, 
the laser pulse with an energy of 3 mJ and a pulse duration 
of 40 fs was split into an intense pump beam and a weak 
probe beam. The pump beam goes to the BBO crystal for 
frequency doubling and overlapped laser pulses of the funda-
mental and second-harmonic frequencies are focused in air, 
producing a strong THz wave pulse. This THz wave passes 

Fig. 20   A schematic diagram 
showing DD nuclear fusion 
reactions from exploding deute-
rium clusters

Fig. 21   Experimental setup for THz generation and diagnostics. The 
pump beam is focused in air for generation of a strong THz pulse 
and the THz pulse is sent through the plasma. The probe beam is fre-
quency-chirped in the SF6 glass and overlapped with the THz pulse in 
the ZnTe nonlinear crystal
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through the inductively coupled argon plasma that can pro-
duce a density similar to that of typical tokamak plasmas. 
On the other hand, the probe laser pulse is frequency-chirped 
in the dispersive material of SF6 glass, and it is overlapped 
with the pump beam in the ZnTe nonlinear crystal. Due to 
the electro-optic effect of ZnTe, the THz wave form with a 
phase shift from the plasma can be obtained.

BS: beam splitter, GM: gold-coated mirror, OAP: off-axis 
parabolic mirror, DWWP: dual wavelength waveplate, LPF: 
low-pass filter, LP: linear polarizer.

Figure 22a shows the frequency-chirped and unchirped 
pulses of the probe beam, and Fig. 22b shows the measured 
THz pulse waveform. Here, THz waveforms from two dif-
ferent measurement methods are compared: one is from the 
THz-TDS (time domain spectroscopy) [96] and the other is 
from the spectral encoding (SE) method [95], showing simi-
lar results. Compared with the THz-TDS method, however, 

the SE method has a very important feature. In other words, 
the SE method can provide plasma density information 
immediately, while the THz-TDS method takes a minute for 
scanning the probe pulse over the THz signal. Therefore, the 
SE-based plasma diagnostic method is better. As this exam-
ple shows, a laser plasma can be used for the generation and 
application of a strong THz wave pulse.

7 � Plasma optics for laser pulse compression

Most applications from laser plasma interactions exploit the 
ponderomotive force of the laser pulses to generate peri-
odic structures out of randomly distributed plasma particles. 
The laser wakefield accelerator is a good example of that. 
The ability of the lasers in manipulating particular periodic 
structures in a plasma gives a wide opportunity for using the 
plasma as an optical component. The periodically modulated 
density, which is an alternating refractive index, changes 
the dispersion relation of electromagnetic waves as in the 
photonic crystals. Depending on the periodicity and ampli-
tude of the modulation, the plasma can be used as a mirror, 
gratings, or radiation emitter. In the sense that the plasma 
can generate photons of desired frequency, it can be consid-
ered an active photonic device, not just a passive one. The 
great advantage of using the plasma as an optical device is 
that a very highly intensity, which is far beyond the damage 
threshold of regular matter for optics, can be readily handled 
in the already-broken-down (so no additional damage) state 
plasma.

The modulated density of a plasma is usually oscillating 
either with the electron plasma frequency or the ion-acoustic 
frequency. The oscillating behavior gives a unique feature 
to the plasma as an optical device. Since the dispersion can 
be made to alternate over time, the plasma can play the role 
of an active photonic device that can generate or amplify 
photons or change the frequency of the photons, in contrast 
to just being passive optical components for reflection or 
diffraction. The aspect of the plasma as a photonic device 
is well demonstrated by backward pulse compression via 
nonlinear backscatter in a plasma.

The idea of pulse compression [15, 97] is based on the 
three-wave interaction between the pump, seed, and plasma 
waves. The scheme of pulse compression using a plasma 
was motivated by the need for damage-free gratings in the 
chirped-pulse-amplification technique. The fabrication of the 
super-large gratings required for the CPA (chirped-pulse-
amplification) technique to go beyond currently available 
petawatt (and almost exawatt) power, has almost reached 
the technological limit, setting a bottleneck in further devel-
opment of CPA. The already-broken-down plasma is free 
from material damage and hence can be useful for pulse 
compression in the post-exawatt era. The mechanism of 

Fig. 22   a Temporal profiles of the unchirped and the chirped probe 
beams (the intensities are in arbitrary unit). Inset: wavelength spectra 
of the unchirped and the chirped pulses. b Comparison of THz fields 
obtained from the SE and the THz-TDS methods [95]
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the plasma scheme of pulse compression can be intuitively 
understood from Fig. 23. A long pump laser pulse, which 
should be compressed, is allowed to let propagate through 
a plasma (from right to left in the figure). At the same time, 
a short seed laser pulse is made to collide with the pump 
pulse inside the plasma, with the frequency slightly detuned 
down from the pump frequency by the amount of the plasma 
frequency. In the overlap, the ponderomotive force due to the 
beating of the pump and the seed pulses generates a density 
modulation with a wavelength roughly equal to a half of the 
laser wavelength. Here, the plasma density modulation, or 
just the plasma wave, moves in the direction of the pump 
with a slow velocity determined by

where the subscripts 1 and 2 represent pump and seed, 
respectively. With this motion, the pump laser pulse is 
backscattered red-shifted by the Doppler effect. Because 
the down-shifted frequency coincides with the seed laser 
frequency, the scattered pump pulse can add onto the seed 
pulse, eventually resulting in compression of the pump pulse 
into a narrow seed pulse. The seed pulse also scatters, but 
with up-shifted frequency. From the Manley-Rowe relation, 
energy flows from the high-frequency wave to the low-fre-
quency. The scattering process should satisfy conservations 
of momentum and energy for each wave.

Plasma-based backward pulse compression has been stud-
ied for a couple of decades. The state-of-art is 35% pump 

vPM =
�1 − �2

k1 + k2
,

�1 − �2 = �p,

k1 − k2 = kp.

compression realized in full three-dimensional particle-in-
cell simulations [98] (with inclusion of as many realistic 
effects as possible). Experimentally, the compression effi-
ciency is about ten percent with the Joule-level pulses [99, 
100]. The exact reason for the lower efficiency in the experi-
ment is not fully clear yet. The pre-depletion of the pump 
in the plasma noise is believed to be one major factor that 
deteriorates the compression efficiency. Also, the grating 
structure, which is easily broken by the wave-breaking 
mechanism, can also significantly ruin the compression 
procedure [101–103]. Incomplete ionization of the gas and 
accompanying neutral-electron collisions may also be the 
origin of the lower efficiency, though this effect has not been 
addressed intensively. If the grating structure is to be more 
robust, Brillouin scattering, which utilizes the ion-acoustic 
wave as a grating, is also a very promising variation. In this 
case, the ion density is also modulated, leading to the forma-
tion of more solid plasma gratings. Diverse variations are 
under study to have a firm compression process. The plasma-
based optics and photonics may pave a promising road to 
extremely high-power laser technology as shown in Fig. 24.

8 � Future prospects

In this paper, the laser plasma physics research and applica-
tions in Korea were reviewed. Although the laser plasma 
research activities have a rather short history compared 
with other types of plasma research, remarkable progress 
has been achieved in basic laser plasma physics research and 
applications. The progress includes the novel particle accel-
eration of electrons and protons/ions, THz wave generation, 
future light source development, high-energy-density plasma 
physics, plasma optics, medical applications, etc. We expect 
scientific advances in laser plasma physics to continue with 
the rapid advances in high-power laser technologies and 
more scientific achievements to be utilized for industrial and 
medical applications. Furthermore, some dreams of laser 

Fig. 23   Schematics of pulse compression in a plasma (green box). 
The right-going seed (red) and the left-going pump (blue) laser pulses 
generate a local plasma wave (black)

Fig. 24   Trapping of electrons in the plasma wave
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plasma physics, for example, LWFA-based X-ray FELs, 
might be realized in the near future.
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