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Annual Progress and Future Plans of Laser R & D Group
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Akira SUGIYAMA*, Hiromitsu KIRIYAMA, Yoshihiro OCHI, Momoko TANAKA,
Yoshiki NAKAI, Hajime SASAO, Ryo TATENO,
Hajime OKADA, Atsushi KOSUGE, Masaaki TSUBOUCHI
Advanced Photon Research Center, Quantum Beam Science Directorate,

Japan Atomic Energy Agency

Main subjects of our group in this middle term program are upgrade of
J-KAREN and TOPAZ laser systems. The J-KAREN achieves the potential for
generating a peak power of 500 TW, and exceeds a contrast ratio of 10E10. The TOPAZ
achieves pulse power of 15 J at a repetition rate of 0.1 Hz. We also started a
development of laser system named QUADRA (Quality Ultra ADvanced RAdiation
Source) in C-Phost program. The QUADRA system aims a high averaged short pulse

laser pumped by high power LD at kHz-class repetition rate. This development is

essential for the elemental technology for the other new laser systems in the next

5-year program of JAEA.

Keywords: J-KAREN, TOPAZ, OPCPA, X-ray Laser, C-Phost, QUADRA
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3.2 High-Contrast (10'%), High-Intensity (500TW) J-KAREN Laser System

Hiromitsu KIRIAYMA, Michiaki MORI, Yoshiki NAKAI, Takuya SHIMOMURA, Hajime SASAO,
Momoko TANAKA, Yoshihiro OCHI, Manabu TANOUE, Hajime OKADA, Shuji KONDO, Shuhei
KANAZAWA, Akito SAGISAKA, Izuru DAITO, Daisuke WAKAI, Fumitaka SASAO, Masayuki
SUZUKI, Hideyuki KOTAKI, Kiminori KONDO, Akira SUGIYAMA, Sergei BULANOYV, Paul BOLTON,
Hiroyuki DAIDO, Atsushi YOKOYAMA, Shunichi KAWANISHI
Advanced Photon Research Center, Quantum Beam Science Directorate,

Japan Atomic Energy Agency

We have developed a femtosecond high intensity laser system, which combines both Ti:sapphire
chirped-pulse amplification (CPA) and optical parametric chirped-pulse amplification (OPCPA) techniques,
that produces more than 30 J broadband output energy, indicating the potential for achieving peak powers
in excess of 500 TW. With a cleaned high-energy seeded OPCPA preamplifier as a front-end in the system,
for the final compressed pulse (without pumping the booster amplifier) we found that the temporal contrast
in this system exceeds 10'® on the sub-nanosecond timescale, and is near 10'? on the nanosecond timescale
before the main femtosecond pulse. Using diffractive optical elements for beam homogenization of 100-J
level high-energy Nd:glass green pump laser in a Ti:sapphire final amplifier, we have successfully
generated broadband high-energy output with near-perfect top-hat intensity distributions. The performance

of this system makes it suitable for light-matter interaction studies such as laser-acceleration of particles.

Keywords: Femtosecond high intensity laser, Chirped-pulse amplification (CPA), Optical parametric
Chirped-pulse amplification (OPCPA), Ti:sapphire laser, Nd:glass laser

1. Introduction

The development of high-intensity femtosecond Ti:sapphire lasers based on chirped-pulse
amplification (CPA) schemes has opened a way to investigate and exploit a wide range of
experimental high field interaction studies at high focused intensities of order 10*° W/cm® by using
small-scale laboratory systems. For many experiments increased peak intensities require a
commensurate improvement in temporal contrast. For example, with the intensities greater than 10°°
W/ecm® and contrast in the range 10° — 10® the prepulse intensity level (and duration) is above
threshold for pre-plasma formation on a solid target. Therefore the ASE modifies the experimental
condition for the main intense pulse. In order to avoid the preplasma formation before the main
femtosecond pulse arrives, it is essential to increase the contrast level to 10'® or more.

The frequency-doubled large-aperture high-energy Nd:glass green lasers are widely used as the
pump lasers for PW-class power laser systems. The flat-top beam profile is required from the pump
lasers to maintain good beam quality, maintain reliable, damage-free operation, and to increase
amplification efficiency. The direct output beam of the Nd:glass laser system typically exhibits,
however, poor spatial beam profile which can lead to local hot spots that are responsible for strong

intensity modulations that can also enhance parasitic transverse lasing. It is necessary to carefully
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control the green pump profile where the flat-top is mandatory.

Here, we describe a temporally and spatially high quality petawatt-class laser system (named
J-KAREN). We report the demonstration of over 30 J of uncompressed broadband output energy from
this system, indicating potential for reaching peak power above 500 TW with a pulse energy of 20 J
and compressed duration of less than 40 fs and high temporal contrast exceeding 10'. We also
demonstrate beam homogenization of a 100-J class high-energy green pump laser for achieving a

highly spatially flat-toped amplified beam.

2. Optical Architecture

The simplified schematic of our laser system (J-KAREN) is shown in Fig. 1 [1]. The system
consists of two successive CPA stages linked by a saturable absorber, which acts as a nonlinear
temporal filter. The first CPA stage consists of an oscillator, a stretcher, a nine-pass amplifier, and a
compressor. The second CPA stage consists of a stretcher using 1480-gr/mm grating, a two-stage
OPCPA preamplifier, a four pass Ti:sapphire preamplifier, a four pass cryogenically-cooled
Ti:sapphire power amplifier, a three pass Ti:sapphire booster amplifier a and a compressor using four
1480-gr/mm gratings. The final booster amplifier is pumped by a single-shot Nd:glass green laser.
The other amplifiers are pumped with Q-switched, 10 Hz Nd:YAG green lasers.

E=-&ml | OPCPA preamplifier | | Stretcher |_J Saturable I__I T-sapphire oxcllaior +
2 x BBO | l>10pJ, ~ns | | absorber | | preampifier
Ultra-fast v Fimt CPA
Pockels cell Nd:YAG pump laser
~0.2J, 10 Hz
| Ti:sapphire | | crvoaenic-cooled 1 | Larae-aperture Tisaophire I I Compressor | o
| preamplifier | | Tisapphire power ampliﬁeﬂ | booster amplifier J [ n=64% |~
1 E=-260 m.J 1 E=-32J t E=31J >500TW
{382}
Nd:YAG pump laser Nd:YAG pump laser Nd:Glass pump laser
~0.8J,10 Hz ~6.5J,10 Hz ~60 J, Single-shot
Secord CPA

Fig.1 Schematic layout of the J-KAREN laser

3. Results and Discussion

The cleaned microjoule seed pulses from the first CPA stage are restretched to the ~1 ns duration
before amplification. Stretched seed pulses are amplified in the OPCPA preamplifier consisting of two
type I BBO crystals. The size of each BBO crystal is 7 mm x 7 mm x 19.5 mm. The pump pulses for
the OPCPA are generated by a commercial Q-switched Nd:YAG laser with 170 mJ (532-nm) of
energy at 10 Hz. The 4 mm diameter seed pulses are amplified in the OPCPA to several millijoules.
Output pulses from the OPCPA are up-collimated to a 6 mm diameter and then introduced into the
Ti:sapphire preamplifier for further amplification. A preamplifier using a 20-mm diameter Ti:sapphire
crystal pumped with 720 mJ from a commercial Q-switched Nd:YAG laser amplifies the pulses to the
280 mJ energy level at 10Hz. The pulses are further amplified in the cryogenically cooled Ti:sapphire
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power amplifier, which uses a 40 mm diameter Ti:sapphire crystal. The power amplifier stage is
pumped at 10 Hz by using 6.5 J of second-harmonic energy delivered by six commercial Q-switched
Nd:YAG lasers (Spectra-Physics, Quanta-Ray Pro-350). By cooling the Ti:sapphire crystal to 100 K
in a cryogenic chamber to minimize the thermal distortion, a thermal focal length of about 4,000 m is
obtained at the maximum pumping condition. Hence, there is no need to consider the thermal lensing
effect which is minimized. The 18 mm diameter pulses are amplified to over 3.2 J at 10 Hz in the
power amplifier. In order to reach the petawatt peak power level, we have added a large-aperture
Ti:sapphire booster amplifier downstream of the power amplifier chain. The stretched pulses of
energy near 3 J from the power amplifier are up-collimated to a 50 mm diameter and then introduced
into the booster amplifier. The booster amplifier consists of a 80 mm diameter Ti:sapphire crystal
pumped by a Nd:glass green laser with pulse energy near 60 J. Diffractive optical elements are used
for pump beam homogenization to maintain a uniform spatial profile. The system produces an
uncompressed output energy exceeding 30 J with a near homogeneous flat-top spatial distribution (as
seen in Fig.2), indicating the potential for peak power at the 500 TW level. We also measure the
contrast without pumping the booster amplifier. Figure 3 shows the temporal pulse trace with delays
from 500 ps prior to the main femtosecond pulse to 150 ps past the main pulse. The background level

observed is less than 107 relative to the main pulse.

on
T wt
b
= 10°
£ 10" (detection Emited)
E 10*
o™
%
500 400 8D 200 W0 O 100
Delay [ps]
Fig.2 Spatial intensity distribution of the final amplifier Fig.3 Temporal contrast

4. Conclusion

We have successfully combined multiple techniques for realizing the a high-spatiotemporal quality
petawatt-class Ti:sapphire laser system with the use of the OPCPA preamplifier in the double CPA and
the beam homogenization. Ultra-high intensity, high contrast, high beam quality optical pulses
generated in our J-KAREN laser represent a superior source for studying relativistic laser-matter
interactions.

The authors would like to acknowledge contributions by the Kansai Photon Science Institute staff at
Japan Atomic Energy Agency and Central Laser Facility staff at Rutherford Appleton Laboratory for
their support of this work. One of the authors, H. Kiriyama especially wants to thank N. Miyanaga, K.

Sueda, T. Berthou, F. Reversat, S. Tisserand, and T. Miiller-Wirts for stimulating discussions and
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Present Status and Future Prospect of Applied High Field Science :
Particle Generation and Its Applications
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Hiroyuki DAIDO

Quantum Beam Science Directorate, and Applied Laser Technology Institute at Tsuruga Head Office

Japan Atomic Energy Agency

We are studying interaction mechanisms between an ultra short and high peak power laser pulse and
a matter for the useful applications. From an interaction region, an intense short burst of proton, ions,
electrons, x-ray as well as electro-magnetic waves can be found. Among these, an intense proton beam

is a promising candidate for applications such as scientific, industrial and particle therapy applications.
Keywords: Ultra-high peak power laser, laser driven ion acceleration, high intensity physics

1. Introduction
The research and development using an ultra-high peak laser include the studies on the relativistic
interaction between a laser and a matter including its applications such as particle sources and/or
radiation sources and multi beam sources such as electrons, ions, x-ray and THz radiation [1-3]. The
most significant features are small source size, ultra-short pulse and high peak intensity which no other
techniques can produce [4-6]. We review the research activities on high intensity laser matter

interaction especially the laser driven proton beam and some of the examples of its applications.

2. Proton generation from a laser irradiated target

The Ti::sapphire laser J-KAREN [7] and JLITE-X [8] which are composed of a chirped pulse
amplification system are used for the experiments. The central laser wavelength is at 800 nm. The
pulse duration can be chosen from 30fs to 1ps (FWHM) with a pulse energy of up to 2J. The
prepulse is suppressed by an optical chirped pulse amplification system [9] and by a fast optical
switch [10]. The ASE contrast ratio is up to 10'°[7]. The p-polarized laser pulse [11] incident at
45-degree is focused with an off-axis parabolic mirror onto a target as shown schematically in Fig. 1.
The target system supplies a fresh surface to the focal spot for every shot. When we use tape target
[12], we can operate continuously at 1 Hz repetition rate which is limited by a feeding speed of the
tape target and a data acquisition time[13, 14]. For example, a well collimated proton beam in the
sub-MeV energy range (from 0.5 to 1 MeV) driven by a compact few TWt femto-second laser pulse
with an energy of ~100mJ has been characterized employing the projection imaging technique [15].
The laminar protons are emitted from a virtual source with a radius of 15 pm that is localized 2.7
mm upstream the front side of the target . The estimated transverse emittance is less than ~0.1 Tmm

mrad. As a result, the proton projection technique as used in our experiments provides a clear image

-2



JAEA-Conf 2010-002

of an object placed about 10 mm away from the source. Such a proton beam driven by a compact
high-repetition rate laser will further contribute to a wide range of fruitful applications such as
material science, surface modification and so on without a sophisticated magnetic beam guiding
system. When we use a 100 TW class laser with an ultra-high contrast ratio of > 10'°, the proton
energy increases such as 4MeV at 1J laser energy [16], 7MeV at 2] laser energy [17]. The proton
beam with an energy of >5 MeV can contribute to the production of radio-active materials [18].
Figure 1 shows the schematic view of the proton bunch length as a function of its propagation
distance. At the same time, the temporal width of the bunch is a few ps [19], then it elongates due to
the velocity dispersion of the beam. If we see more precisely, the elongated bunch is chirped [20],
which means that the fastest protons are placed at the front and then slower one is placed backside.
The beam still has a regular structure which may be an attractive nature of laser technique [21].
Another important issue to be addressed is the main mechanisms of the proton acceleration which
include “target normal sheathe acceleration [22-24], the Coulomb explosion [25], the laser piston
regime [26], the breakout afterburner [27], the near critical density plasma [28-30] and so on details

of which are described precisely in the forthcoming review article [31].

target

laser

£ 500um imm 5mm

M T

R
virtual 8ps 16ps 80Ds
source ~ops

(extended)

Fig. 1: Schematic view of the source and proton bunches at various distances from the source using

the parameters obtained in the experiment reported in this paper.

3. Guiding a proton beam and its applications

For unique applications which utilize the unique feature of the source, an experiment on the
focusing and spectral enhancement of a multi-MeV proton beam using permanent quadrupole
magnets has been performed successfully. The experiment has been carried out at the J-KAREN laser.
The pulse energy on the target and the pulse width are ~700 mJ and 30 fs (FWHM), respectively.
The ratio of an amplified spontaneous emission (ASE) to that of the main pulse is set to be 1x107 at
100 ps before the main pulse arrives, in order to control and fix the proton emission property. The
ASE duration is also controlled for obtaining the optimum shape of the proton spectrum by the
Pockel's cell switch. A p-polarized laser pulse with 50 mm diameter is irradiated onto a
12.5-um-thick, 20-mm-wide Polyimide tape target at an incidence angle of 45 degrees. The focal
length of an off axis parabolic mirror is 152 mm. The measured focal spot size is 5x3 pm’® in
horizontal and vertical directions (FWHM), respectively giving an intensity of 1x10°° Wem™. The
proton beam with a maximum energy of ~3 MeV and half divergence angle of 10 degrees at the

energy band of > 0.8 MeV is stably produced at the target normal direction. A 2.4 MeV proton beam
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is stably focused at 1 Hz repetition rate by using a pair of permanent quadrupole magnets (PMQs)
with large apertures whose diameters and field strengths are 3.5 cm and 55T/m for the first and 2.3
cm and 60T/m for the second magnets, respectively as shown in Fig.3. The proton beam has been
focused to a focal spot of 3x8 mm? in horizontal and vertical direction (FWHM) at 650~mm from
the source, which is well reproduced by the simulation [32]. With this technique, we can investigate
the physics appeared in the short time scale as well as that in a high energy density matter and so on.

We have performed the laser driven proton-induced nuclear reactions as a radiation safety
experiment and future industrial applications. A multi-MeV proton beam is used to induce the
nuclear reaction '"B(p,n)''C. The total activity of ''C produced after 60 shots of laser irradiation is
found to be 11 Bq. which we can show the requirement of constructing a thin layer activation
systems [33]. With this beam, the radiation damage of human cancer cells was also demonstrated

[34]. This beam opens unique applications including ndustrial and medical applications [35].

Proton beam Focus Position TOF spectrometer

Ti:Sap laser
0.73, 30fs,
~1x1(PWem?

1pM 2¢4pM R39 collimator
55T/m,50mmp35mm  60T/m,20mmp23mm ¢3mm

T omm 1%mm 293mm

%
930mm «
1930mm )

Fig.3: Schematic view of the experimental setup. The intensity profile of the focused proton beam
is measured by the CR-39 nuclear track detector covered with the Al range filter. The proton spectrum

is measured by the TOF spectrometer.

Since 2001, a five year project 'Research and Development of Elements of Advanced Compact
Accelerators has been performed. The team has completed multi-MeV ion beam generation as well as
the improved ion beam energy spread by the phase rotation technique [36,37]. Based on these [35],
we have started the Photo-Medical Valley Project in which we plan to develop laser driven treatment

machine with a monitoring technique in collaboration with medical and industrial people.

4. Conclusion
We describe an intense proton beam driven by an intense short pulse laser. The beam is
promising candidate for the unique source of scientific, industrial and future particle therapy

applications.
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3.4  Super-intense Electromagnetic Radiation and Fast Particles from
Relativistic Laser Produced Plasma: Recent Results and Perspectives

Sergei V. BULANOYV, Timur Zh. ESIRKEPOV, Anatoly Ya. FAENOV, Yuji FUKUDA, Yukio HAYASHI,
Takashi KAMESHIMA, Masaki KANDO, Keigo KAWASE, Hiromitsu KIRIYAMA, James KOGA,
Hideyuki KOTAKI, Michiaki MORI, Tatsufumi NAKAMURA, Tatiana A. PIKUZ,
Alexander S. PIROZHKOV
Advanced Photon Research Centre, Quantum Beam Science Directorate, Japan Atomic Energy Agency

a) The upper limit on relativistic electron energy in the LWFA regime for one-stage and multi-stage
accelerator schemes is given.

b) It is shown that the energy of the ions accelerated by intense electromagnetic wave in the radiation
pressure dominated regime can be substantially enhanced, when transverse expansion of the irradiated thin
target decreases a number of accelerated ions resulting in the ion trapping by the electromagnetic wave.

¢) The intensity scaling of radiation reflected at relativistic mirrors in various regimes is discussed.

Keywords: Laser-plasma interaction, Charged particle acceleration, Relativistic mirror

1. Introduction

The present paper reviews a part of the recent results obtained by the Laser Accelerator Group in
collaboration with other groups at APRC-JAEA [1]. The group research objective is to explore a broad
range of fields connected with the laser-matter interaction. Its scientific work covers relativistic laser
plasma physics, collective acceleration of charged particles (electrons and ions), coherent and incoherent
electromagnetic radiation sources in the range from XUV to X ray, nuclear physics, nuclear and relativistic
astrophysics, nonlinear wave theory and computer simulations.

In the laser electron acceleration studies for generating a stable high-quality electron beam, optical
injection by collision of two laser pulses has been previously proposed [2]. Ref. [3] presents results of the
experiments when it was observed a monoenergetic ultrarelativistic electron beam with high charge by the
optical injection in head-on injection scheme. The injection in the counter-crossing configulation, which
has an advantage of the safer operation in the laser, has also been realized. In Ref. [4] the results of
experiments are presented for the laser electron acceleration in the ablative capillary discharge plasma. The
plasma channel is formed by the discharge inside the ablative capillary. The intense short laser pulse is
guided over a 4 cm length. The generated relativistic electrons show both the quasi-mono-energetic and
quasi-Maxwellian energy spectra, depending on laser and plasma parameters. The analysis of the inner
walls of the capillaries that underwent several tens of shots shows that the wall deformation and blistering
resulted from the discharge and laser pulse effects.

Ref. [5] reports tenfold energy increase in laser-driven multi MeV ion generation using cluster-gas
target. In this paper an approach for accelerating ions, with the use of a replenishable cluster-gas target and
an ultrashort pulse laser of relatively low energy, is proposed. Positive electric charge ions with energy
1020 MeV per nucleon having a small divergence are generated in the forward direction, corresponding
to approximately tenfold increase in the ion energies compared to previous experiments using solid targets.
It is inferred from a particle-in-cell simulation that the high energy ions are generated at the rear side of the
target due to the formation of a strong dipole vortex structure in subcritical density plasmas [6]. The
demonstrated approach has the potential for constructing compact, high repetition rate laser-driven ion
sources for hadron therapy and other applications. In these experiments the evidence of the negative ion
acceleration in the experiments on the high intensity laser pulse interaction with the cluster targets has also
been obtained [7]. Coulomb implosion mechanism of the negatively charged ion acceleration in laser
plasmas is proposed in Ref. [7]. When a cluster target is irradiated by an intense laser pulse and the
Coulomb explosion of positively charged ions occurs, the negative ions are accelerated inward. The
maximum energy of negative ions is several times lower than that of positive ions.

Fundamental for modern physics concepts of Relativistic Mirrors stems from Einstein’s paper on
special relativity [8]. This concept plays important role in studying the problems ranging from quantum
field theory to engineering of laser resonators. Our scientific team has brought the relativistic mirror
paradigm to the physics of super-intense laser interaction with matter. Within the framework of this
paradigm we formulated three main directions connected with the high efficiency laser ion acceleration [9],
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the relativistic high order harmonics generation [10], and the light frequency upshifting accompanied by
the laser pulse intensification [11]. These three directions, based on the nonlinear wave theory,
multidimensional computer simulations and experiments with relativistic laser plasmas, have attracted a
great deal of attention of scientific groups leading in the high field science [12]. In a perspective,
Relativistic Mirror Concept will result in the development of laser ion accelerators for high energy physics
and for hadron therapy, in production of ultra-short electromagnetic pulses in XUV and X-ray ranges, with
the parameters required for imaging in material sciences and biology, in development of the sources of
attosecond electromagnetic pulses with unprecedentedly high brightness and so high intensity and power
that nonlinear QED processes will be experimentally investigated [12].

For the ion acceleration we proposed the receding relativistic mirrors, when a thin plasma slab is
pushed forward by the laser pulse radiation pressure [9] with resulting energy per ion proportional to the
laser energy. First experimental indications on the radiation pressure acceleration mechanism have been
obtained in Ref. [13].

High intensity laser pulse interacting with solid targets causes collective motion of relativistic
electrons which forms the relativistic oscillating [10] and sliding [14] mirrors, resulting in the high order
harmonic enriched spectrum of reflected radiation, observed in a number of experiments [12]. High order
harmonics (HOH) can be used in a broad range of applications.

Coherent high frequency and high intensity electromagnetic pulses can be obtained by employing the
laser light reflection from Relativistic Mirrors formed by thin electron shells moving with the relativistic
velocity. In Ref. [11] we proposed to use the breaking wake waves generated by high power laser pulses in
underdense plasma (a recently formulated novel scheme uses advantages of the mirror made by the foil
accelerated by the laser radiation pressure [15] and by ionization fronts [16]). This breaking wake wave
regime of the laser light frequency upshifting has been intensively studied theoretically, with computer
simulations, and has been realized in the experiments conducted by our scientific team [17, 18].

Here we discuss several aspects concerning relativistic electron acceleration in the laser wake field
acceleration (LWFA) regime, the intensity scaling of radiation reflected at relativistic mirrors, and ion
acceleration by electromagnetic wave in the radiation pressure dominated (RPDA).

2. Acceleration of charged particles in the electromagnetic wave interaction with plasmas
Particle-in-Cell simulation

General requirements for the laser accelerator parameters are principally the same as for standard
accelerators of charged particles [19], i. e. they should have a reasonable acceleration scale length, a high
enough efficiency and the required maximal energy, a high quality, emittance and luminosity of charged
particle beams. In the 1940-s Enrico Fermi paid attention to the high energy limit of 1 PeV= 10"eV for
accelerated particles, which could be reached under terrestrial conditions, when the accelerator size is
limited by the Earth’s equator circumference. These limitations resulted in the 1950-ties in the proposal to
use collective electric fields excited in a plasma (collective methods of acceleration) in order to accelerate
charged particles [20].

2.1 On the maximal energy of electrons acceleration in the LWFA regime
Wakefield electron acceleration has been proposed in Ref. [21]. Under the condition of minimum laser
energy the one stage LWFA accelerator scaling is described as it follows. The electric field in a plasma has
the form of a wave propagating with a phase velocity, v, , . A gamma factor corresponding to the wave

phase velocity is given by the expression 7, =1/(1—v;h’W/ c®)"?. A condition of the wake wave

where v

synchronization with the driver laser pulse yields v o das

ph.Ww = vg,las ’

pulse group velocity. The wavelength of the weakly nonlinear wake wave is 4, = 4,7, , . Assuming the

~c(l-w,,/2a;) is the laser

electrostatic potential in the wake is equal to m,c’/e, we obtain for the fast electron gamma factor
v, = 7;,7’W . The acceleration length is given by [ = ﬂp}/ih’w, ie. [, = 207,3,h,w- This gives a relationship
between the acceleration length and the fast electron energy: [, =Ay.”. For A, =lumand y, =10°we
obtain / _~1km [22].

For the acceleration length equal to the circumference of the equator, /_ ~10°cm, and the laser pulse

wavelength, A, =10"*cm, we find y, =10, i.e. the maximal electron energy is equal to 5x10" eV [23].
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The required laser power and energy should be 10"*W and 30 MJ. We note that the multi-stage LWFA
accelerator utilization [24] can substantially increase the upper limit for the fast electron energy resulting

=N!"?10°, where N is the number of the stages [23].

In the opposite limit, when the laser transverse width 7, <A , we need to take into account the

in the scaling y

e,max

formation of an electron density cavity moving with the group velocity of the laser. The cavity's transverse
size is determined by the laser pulse width and its length is of the order of the Langmuir wave wavelength.
In this limit, the wavelength depends on the amplitude of the Langmuir wave, which in turn depends on the
laser pulse intensity [25]. For a given laser pulse width the electrostatic potential in the cavity is of the

order of ¢~ znyer’,, and the group velocity of a narrow laser pulse is determined by its width, i.e.
Y opaw = s ! 2 As a result we find the electron energy: y, ~r, /A, A, . It does not depend on the laser
pulse amplitude provided a,>e@/m,c’. The laser energy depletion length in this limit is given by

Ligy = A1 (4, /2,)*, i.e.itis by afactor a, greater than in the 1D case.

Considering the laser electron accelerator for the applications in the high energy physics, we find that
its parameters should satisfy several conditions in addition to the requirement on the maximum particle
energy. Parameters of fundamental importance such as the luminosity characterize the number of reactions
produced by the particles in colliding beams of a collider. The Iuminosity is given by the expression

£ =fN\N,/4rc 0o, , where N, and N, are the numbers of particles in each of the beams, o, and

o, are the transverse size of the beam in the y and z directions, and f is the frequency of the beam
generation. A product of the luminosity and the reaction cross section gives the reaction rate. We see that
the luminosity can be increased by increasing the particle number in a bunch, N, and/or by increasing

the repetition rate, f, or by decreasing the transverse size of the bunch, o, by focusing the particle beam
into the minimum size focal spot. We notice that utilization of flat bunches with o >>o_ allows us to

achieve larger luminosity [26].
Using the above given relationships and estimating a maximum number of particles in a bunch as

N =x’n A, withx <<I, we obtain the luminosity to be equal to £ =10% f(x4,/r,)* (7, /10°)"? cm?s™

inj
Here we assume a round transverse shape of the electron bunch with r~r, (7, / y)"*, where . and

inj

meczyl.nj are the radius and energy on injected bunch, respectively.
2.2 lon acceleration in the light interaction with receding relativistic mirror

The radiation pressure of a super-intense electromagnetic pulse on a thin quasi-neutral plasma slab
has been proposed in Ref. [9] as an acceleration mechanism able to provide ultrarelativistic ion beams. In
this radiation pressure dominant acceleration (RPDA) regime (also called the “Laser Piston” or the “Light
Sail” regime), the ions move forward with almost the same velocity as the electrons and thus have a kinetic
energy well above that of the electrons. This acceleration process is highly efficient, with the ion energy
per nucleon being proportional in the ultrarelativistic limit to the electromagnetic pulse energy. The idea of
transferring momentum from light to macroscopic objects goes back to  [27]. In the mid '50s of the last
century ion acceleration by a high intensity electromagnetic wave incident on an electron cloud carrying a
small portion of ions was considered by V. I. Veksler [20] for conditions when the ion acceleration occurs
in the collective electric field which is produced due to the radiation pressure acting on the electron
component. An analytical description of a charged particle dynamics under the radiation pressure can be
found in Ref. [28] (chapter 9, problem 6), where a solution is obtained for the motion of a charge under the
action of the average force exerted upon it by the wave scattered by it. There is an analogy between the
RPDA mechanism and the “Light Sail” scheme for spacecraft propulsion. This scheme, which uses the
photon momentum transfer to the light-sail, has been proposed by F. A. Zander in 1924 [29]. The use of
lasers for propelling the light-sail over interstellar distances has been proposed in Ref. [30] (for details and
further discussions see Ref. [31]).

Recently the RPDA regime of laser ion acceleration has attracted great attention (e.g. see review
article [32]). In Refs. [33] the stability of the accelerated foil has been analyzed. Refs. [34, 35] are devoted
to extending its range of operation towards lower electromagnetic wave intensities. An indication of the
effect of the radiation pressure on bulk target ions is obtained in experimental studies of plasma jets ejected
from the rear side of thin solid targets irradiated by ultraintense laser pulses [13].
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While above mentioned publications develop regimes of energy enhancement of the accelerated ions
by exploiting the dependence on the pulse polarization of the laser interaction with matter and target
structuring, in [36] we propose to use targets expanding transversally in order to increase the energy of
accelerated ions. The transverse expansion of the accelerated shell can be provided by the action of the
ponderomotive force of a laser pulse with a finite waist. It can also occur as a result of the instability
described in Ref. [33].

The nonlinear dynamics of a laser accelerated foil is described within the framework of the thin shell.
In the electromagnetic wave interaction with a thin foil, the latter is modeled as an ideally reflecting mirror.
The equations of motion of the surface element of an ideally reflecting mirror in the laboratory frame of

reference can be written in the form dp/dt = Pv /o, where p,P,v, and o are the momentum,
light pressure, unit vector normal to the shell surface element, and surface density, & = n/, respectively.
Here n and [ are the plasma density and shell thickness. We determine the surface element As as
being carrying AN = oAs particles, which is constant in time.

We take the shell initially to be at rest, at ¢ =0, in the plane x =0. In order to describe how its
shape and position change with time it is convenient to introduce the Lagrange coordinates 77 and &
playing the role of the markers of the shell surface element. The shell shape and position are given by the

equation M =M (n,¢,t)={x(n,¢,t), y(n,$,t),2(n,4,t)}. At a regular point, the surface area of a
shell element and the unit vector normal to the shell are equal to VAs=0, M x0 M dndS and

V= (Q,MX('?;M)/ |0,Mx0.M| , respectively. The particle number conservation implies

oAs = o0,As,, where o, =nyl,. This yields o =0,/ | 0,M x0,M|. Using these relationships we
obtain the equations of motion:

b,
(myc® + pepy )"

Here m, is the ion mass, &, is the unit antisymmetric tensor, i=1,2,3, and summation over

0,0,p; = 5,-/1;5;736/8495/{’ and 0.x,=c

M

repeated indices is assumed. The radiation pressure on the shell exerted by electromagnetic wave
propagating along the x-axis with amplitude E=E(t—x/c) is P=(E*/2x)(1- B)/(1+ B). Here
B=p.(m:c>+p>)"? is the shell normalized velocity.

When a planar foil is irradiated by a normally incident EM pulse, the ions achieve the energy

7, =1+2w" /(1+2w), where w is the normalized fluence, w= Jt_X/cEg(t//)dly/bmolomac. In

the limit w>>1 the resulting ion energy is equal to the ratio of the laser pulse energy, <&, to the total

number of accelerated ions, N, , ie. y, ~ & /maczN o~ The ion acceleration length in the limit

las

y,>>1 s of the order of [, =1_c/(c—v,)~2y’l, . As an example, we consider a solid density

foil, n, = 10** em™, of 1xm thickness irradiated by a laser pulse with a transverse size of 100z m. For
the laser pulse energy of the order of 200 kJ we find that the accelerated ion energy is equal to 1 TeV with
a total ion number of 10'2. The ion acceleration length in this case is approximately equal to [, ~0.5km.
We can estimate the RPDA accelerated ion bunch luminosity as
£=10"f(N,, /10"y (10*cm/r, ) em™s™, with 7, being the ion bunch radius.

Now we consider the case when the accelerated shell moves in the longitudinal direction with an
ultrarelativistic velocity, i. e. p_/m,c>>1 and the shell expands or contracts in the transverse directions

with momentum components satisfying the conditions p, /p,<<l and p_/p <<l, i e. the transverse

momentum is relatively small compared to the longitudinal momentum. Using this condition, we look for
solutions of Egs. (1) assuming a local dependence of the transverse components of the coordinates and of

the momentum in the form y=A (#)n and z=A_(¢)< . The shell expands (contracts) ballistically
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t
with p,=1n p.=1C | A =1+ m)[ dtly(e), and
t
A () =1+(x/ ma)J dt'/y(t'). Here 72'3 and 7. are constant and (f) is the relativistic
gamma-factor of the shell. Within the framework of our approximation it is given by
y=(+(p,/m,c)’)"?. Inserting these expressions into the longitudinal component of Eq. (1), we
obtain the equation for p_:
d 21—
dp. _myp| 1200, ) @
dt I, \1+p
where vi. = E*/2xn,m,.
In the case of no expansion of the shell we have 7{3 =0, 7[3 =0,and A, =A_ =1, and Eq. (2)

gives (for a constant amplitude pulse) the following asymptotic time dependence of the particle momentum
[9] for t >o0: p (H)=m,C (t/‘t'm)l/3 , where 7,,,=4lc/3v;.

In the case of transverse expansion (72';),72'5>O ), in the limit ¢#—>o0, Eq. (2) yields

1/3
p.(t)= mac(t/ 2'3/5)3/5 , where 7= (4810m20/ 125v; ﬂgﬂf) . The shell areal density decreases

5 We see that the momentum, D, oct3/5, grows faster than in the previous cases of a

as nloct”
non-expanding shell.

Now we consider a laser pulse of finite length and assume its amplitude to be constant £ = E, in
the interval 0<?¢—x/c <t and be equal to zero for #—x/c <0 and fort—x/c>t, . Introducing

the wave phase as a new independent variable
t
x r ’
l//=a)0[t—;j=a)0j(l—ﬂ(t))dt . (3)
0

t
we find that in the limit p_—> o0 Eq. (3) yields y ~ const +(m.c’®,/2) J' dt'/p2(t').
We can see that in the case of a non-expanding shell, when the momentum dependence on time is given

by p ot 1/3, , the integral in the right hand side of expression (3) diverges, while for an expanding shell

with p_oc t3/5, it follows that the phase shift between the laser pulse and the accelerated ions remains

finite. For a long enough laser pulse the ions at the pulse axis become trapped inside the pulse with their
energy formally growing unlimitedly at the expense of the particle number decrease. We notice here that
the unlimited electron acceleration regimes are well known for the electrons accelerated by the
electromagnetic wave in the cyclotron autoresonance regime [37], when electrons are trapped by
electrostatic wave propagating perpendicularly to the magnetic field [38] and in inhomogeneous plasmas
with a downgrading density [39].

Substituting the dependence of the ion momentum on time in the form p_(¢) = m_c(¢/7,)" into the
integral in r.h.s. of Eq. (3), we obtain

W = ot —o,T,

(4)

b

(/)™ (1ek 1143k (o)
l+k ' 2k°2° 2k . ) |

where ,F (a,B,7;z) is the Gauss hypergeometric function. Asymptotically expression (4) yields for

t—>w
(t/It)™ o, (2k-1)_(k+1
—>w0.T + I I , 5
VEON T e T ok 2k ©)
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where I'(z) is the gamma function. If the power index k is larger than 1/2, the first term in the r.h.s.
of Eq. (§) tends to zero for # —> oo and the phase { remains finite being equal to the second term.
When k=1/2,Eq. (4) yields

‘//:a’o[t_\/t(“‘fl/z)]"a)orl/zln m . 6)
Jen

i. e. the phase i diverges logarithmically with time.

For the ion momentum dependence on time given by px(t)=mac(t/ 2'3/5)3/5, we

haveyy — 2.804 x 075 5.

3. Frequency up-shifting and light intensification with relativistic flying mirrors
In the theory of special relativity, the problem of the reflection of light from a mirror moving with
constant velocity, v,, , close to the speed of light presents an example of the use of Lorentz

transformations (see A. Einstein paper [8]). In the case of normal incidence the incident and the reflected
wave frequencies, w, and w, , are related to each other as o =a,(1+p0,)/(1-75,),

where 3,, = v,, /¢. The wave amplitude transforms according to F /w. = E,, /w,. A solution of the

problem of reflection from a uniformly accelerated relativistic mirror can be obtained with the help of the
Rindler transformation technique and by integrating an inhomogeneous wave equation along the
characteristics [15]. When a high intensity electromagnetic (EM) wave interacts with plasmas it produces
electron density modulations that move with relativistic velocity and act as relativistically moving mirrors
[10]. The relativistic changes in the electromagnetic wave frequency and amplitude due to the reflection
from these relativistic mirrors provide a mechanism for generating high order harmonics (HOH) in the
concept of the Oscillating Relativistic Mirror [10], producing attosecond pulses [14], upshifting the pulse
frequency and increasing the light intensity [11], and providing an approach for high efficiency ion
acceleration [9].

3.1 Relativistic high-order harmonic and attosecond pulse generation

High order harmonics (HOH) provide a way for generating attosecond EM-pulses [40]. HOH
generation during the interaction of high-intensity laser pulses with underdense and overdense plasmas
presents a manifestation of one of the most basic nonlinear processes in physics. In addition to the key
role they play in the theory of nonlinear waves, this radiation presents unique properties of coherence and
pulse duration shortness, which are desired for a number of present and potential applications.

In underdense plasmas the high harmonics are produced by the mechanism of the parametric excitation
by the laser light of the electromagnetic and electrostatic waves with different frequencies. The
relativistically intense linearly polarized EM wave in the underdense plasma [41] has the transverse
component whose spectrum contains odd harmonics

ek, 38w’ +3a);e)

mlc® 8(40° —w.,)

E =-FE,cos(ot —kx)—

y__

cos(3wt —3kx) +..., (7

and the longitudinal component with even harmonics

22
L S L ey Y VS ®)
m

2
pe e

Here the wave frequency depends on the wave number as w = / ke + wpf .

A finite duration laser pulse generates in plasma a wake wave, which for a finite waist pulse has the
form of a cavity moving with the velocity close to the speed of light in vacuum [42]. Interaction of the
laser light with the thin high density walls of the cavity results in the HOH generation [43].

When the high intensity laser pulse interacts with overdense plasmas it induces nonlinear electron
motion at the plasma-vacuum interface, which, in its turn, results in the formation of oscillating layers of
electron density.
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Depending on the laser pulse amplitude, the plasma density and the scale of the plasma inhomogeneity,
we can see three main mechanisms of the HOH generation explained with: a) the oscillating mirror model
[10]; b) coherent wake emission [44]; ¢) sliding mirror mechanism [14].

The oscillating mirror model [10] describes the case when the laser pulse interacts with the electron
layer oscillating with the amplitude comparable to the light wavelength. As a result the reflected wave
frequency spectrum is enriched with HOH: w, /47’ < w < 47’w, .

In the coordinate space the reflected wave packet is comprised of extremely short (attosecond) pulses
[45]. The EM pulse width for optimal conditions scales as o7, =1/ wa, =500/ a, attoseconds.

HOH focusing by the reflection of a few-femtosecond laser pulse from a concave plasma surface was
proposed in Ref. [46] as a mechanism of light intensification and as a way for achieving the Schwinger
intensity.

As an example we consider this mechanism using the scaling obtained within the framework of the
sliding mirror model [14], when the laser pulse interacts with a thin foil target. The frequency spectrum
scales with the harmonic number, n, as S ~ O,4(4gp /m)> , where the dimensionless parameter

characterizing the foil target is £, = 2ze’nl, I mac =nmnyl,/n, A, Here n,, I, and n_, =mw; /4re’
are the electron density in the foil, the foil thickness and critical density. It is assumed that the EM pulse is
strong enough for the condition a, > ¢ to be fulfilled. The cut-off frequency of HOH produced by the

sliding mirror is equal to @, = @y, . If the harmonics with the number up to n_, =@, /@, are focused
to the spot with the size 27zc/®,. = 4,/ a,, the intensity becomes of the order of
3 2
Loy ~ 10" %[&} W2 , )
2r)"\ 4, ) cm

with D, being the laser beam diameter. It reaches the Schwinger limit at g, = 600, i.e. at the laser pulse

intensity of ~5x10** W/cm?®. Here we have taken into account the fact that according to Ref. [47] for

focused light the electron-positron pair creation starts at the intensity of the order of 10’ W/cm?.

3.2 Compact, brilliant X-ray source based on the flying mirror mechanism

The relativistic electron mirrors are made by utilizing the nonlinear interaction of multiple high power
laser pulses in plasmas, as proposed in Ref. [11]. In this Flying Mirror scheme in the wake behind the first
laser pulse the plasma electrons form thin shells moving with the speed close to the speed of light in
vacuum. The second, counter-propagating laser pulse is reflected coherently by the high density
relativistic electron shells. This process results in the EM wave frequency multiplication and in the wave
intensification. The proof of principle of the Flying Mirror concept has been demonstrated in the
experiments reported in Refs. [17], where two counter-crossing laser pulses interact with underdense
plasmas has been studied. Narrow band soft-x ray generation was observed.

Further development of the theory and results of the experiments with a higher energy laser [18] show
the way towards high efficiency and high frequency (in the hard X-ray photon energy range) regimes of
the Flying Mirror source operation. In the flying mirror experiments [18] with a head-on collision setup, a
42 mJ, 34 fs laser pulse was focused onto the flying mirror formed by the driver pulse (400 mJ, 27 f5s).

Detected by XUV normal incidence spectrograph the number of photons is equal to 1.4x10" in the
range of 12.5 — 22 nm.

The relativistic mirror with a high enough reflection coefficient for the counter-propagating laser
pulse can be formed during the breaking of the wake wave, which propagates in the plasma with phase
velocity v, close to the speed of light in vacuum, which is equivalent to relationship between the

-1/2

electron energy and phase velocity of the wave: y, =y, = (1- U;h / Cz) . At the break a singularity is

formed in the electron density distribution, which breaks the geometrical optics approximation and leads to
the reflection of a portion of the laser pulse in the backward direction and to the upshifting of the
frequency of the reflected pulse [11, 48]. The reflection coefficient in terms of the reflected photon number

scales as ~ y;; Taking into account the volume change where the reflected laser pulse is localized we

find that the intensity of the reflected EM wave is given by
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2
1. ~321, [%] 7 (10)

ph
0

with the reflected energy E~281y, and the power B =8R As an example of laser pulse
parameters required for approaching the Schwinger limit with the reflected wave, we consider the
wakefield excitation in a gas with 10"°cm * density, by an EM wave of the amplitude a, = 15. The
Lorentz factor associated with the phase velocity of the wakefield is of the order of 125. The
counter-propagating one-micron laser pulse with intensity 2x 10" W/em® is partially reflected and
focused by the wakefield cusp. For the reflected beam diameter of [); = 40pm, the intensity in the
focal spot is 510 W/cm”. The driver pulse intensity and its waist is assumed to be 4x10” W/cm®
and 40pm . The driver and source have the energy 10 kJ and 30 J, respectively.

We note that the laser pulse transverse inhomogeneity and multi-frequency spectrum can enhance
dramatically the rate of the pair creation from vacuum [47]. The Kerr constant of the QED vacuum given
by [12]

3

_ TaX,,
907mm,c’\,
where a = e’ /hc is the fine-structure constant. For \, = 1 um it is of the order of 10*"cm’/erg . In

QY

QED

the QED nonlinear vacuum two couter-propagating electromagnetic waves mutually focus each other [49].
The critical power 2 — ¢E°)? / 47, Where D, is the laser beam waist, for the mutual focusing is equal to

P = (90/28)CE(23ED/\5 Ja- For 3 ~1um it yields P =2.5% 10*W . Taking into account that the
wavelength of the laser pulse reflected and focused at the wake plasma wave becomes by the factor 4712)11

shorter and its power increases by the factor gy . we find that the nonlinear QED vacuum polarization
ph

effects are expected to be possible to observe for 50 PW one micron lasers.

There are several other schemes for developing compact, intense, brilliant, tunable X-ray sources by
using the relativistic mirrors formed in nonlinear interactions in laser plasmas, whose realization will open
new ways in the nonlinear electrodynamics of continuous media in the relativistic regime.

The interaction of regular nonlinear structures (such as subcycle solitons, electron vortices, and wake
Langmuir waves) with a strong wake wave in a collisionless plasma has been proposed for producing
ultrashort electromagnetic pulses [50]. The electromagnetic field of the nonlinear structure is partially
reflected by the electron density modulations of the incident wake wave and a single-cycle high-intensity
electromagnetic pulse is formed. Due to the Doppler effect the length of this pulse is much shorter than
that of the nonlinear structure.

Dense laser-driven electron sheets accelerated by the laser pulse interacting with a thin plasma slab
are considered as relativistic mirrors for coherent production of brilliant X-ray and gamma-ray beams [51].
The refraction index modulations induced by strong EM wave in nonlinear-media [52] and ionization
fronts [16, 53] have also been considered as relativistic mirrors.

4. Conclusion

In conclusion, the transverse expansion of a thin shell accelerated in the RPDA regime results in the
increase of the ion energy and the acceleration efficiency at the expense of decreasing number of particles.
In the relativistic limit, the ions become phase-locked with respect to the electromagnetic wave, which is
the indication of an unlimited acceleration. This effect and the use of optimal laser pulse shape provide a
new approach for great enhancing the energy of laser accelerated ions. Carried out [13] and forthcoming
laboratory experiments on the laser plasma interaction in the RPDA regime will contribute to the
development of the laser ion accelerators for hadron therapy [54] and controlled laser fusion [55],
laboratory astrophysics discipline [56, 57] and to studying of the “Light Sail” mechanism for spacecraft
propulsion.

Compact, intense, brilliant, tunable X-ray sources can be developed by using the relativistic mirror
scheme. X-ray sources have a broad range of applications from single-molecule imaging to medicine and

-33-



JAEA-Conf 2010-002

they are required in material science and for the investigation of fundamental science problems such as in
nonlinear quantum electrodynamics (QED) and relativistic astrophysics [12, 57].
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3.5  HEmsESEH EFL—Y— (EUVFEL) Z WV E DA A=V T
Imaging Studies using EUVFEL

FHAFNC, AYa. Faenov™PC, T.A. Pikuz®C, K[E 7€, HA FEC, B KD,
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Y.F ukudaA’C, A.Ya. F aenovA’B’C, T. A. PlkuzB’C, M. Nagasono , A, Azumayac, I. TomigashiC’D,
M. Yabashic, H. KimuraC’D, H. OhashiC’D, T. Ishikawa®
AKansai Photon Science Institute, Japan Atomic Energy Agency (JAEA)
®Joint Institute for High Temperatures, Russian Academy of Sciences
“XFEL, RIKEN
PJapan Synchrotron Radiation Research Institute (JASRI)

Using extreme ultraviolet free electron laser (EUVFEL), images of metal mesh (space: 344 um, wire:
18.5 pm), metal thin foil (800-nm thick Al foils), and biological objects (spider silk, mosquito, dragonfly
wing) in a wide field of view (cm” scale with high spatial resolution (700 nm) are obtained with high
dynamic range LiF crystal radiation detectors. The single shot image of the metal mesh shows a full spatial
coherence of EUVFEL light, and a beam diameter of 9.0 X 8.4 mm (fwhm). The dynamic range of the LiF
detector of at least 10° is demonstrated from the image of five layers of 800-nm thick Al foils. The detailed

structure of spider silk is also obtained.
Keywords: EUVFEL, LiF crystal, Imaging
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PIC simulation of laser-driven particle acceleration

SFHEFIE. S.V.BULANOV, T.Zh. ESIRKEPOV, J.KOGA, [Lifzif
MSATBUEN B AR Wb HRE &2 — 200 IS M bR R At =k
T. MORITA, S.V.BULANOV, T.Zh. ESIRKEPOV, J.KOGA, M.YAMAGIWA
Advanced Photon Research Center, Quantum Beam Science Directorate,

Japan Atomic Energy Agency

It is shown by PIC simulations that the highest proton energy gain is achieved at a certain incidence angle.
In addition, the proton beam energy spread can be reduced by adjusting the laser pulse irradiating position
on the target. This is shown for proton acceleration by a laser pulse obliquely incident on a double layer
target. The proton beam propagates at some angle with respect to the target surface normal as determined
by the proton energy and the incidence angle. The high energy protons are found to come from an area

shifted from the initial target center towards the propagation direction of the laser pulse.

Keywords: Ion acceleration, monoenergetic ion beams, laser plasma interaction, Particle-in-Cell

simulation
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Fig.2 Proton acceleration driven by the laser pulse with ~ Fig.3 Proton energy vs laser incidence angle
normal (a), and oblique incidence (b)
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Fig.8 Proton energy spectra for each case
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Development of a Photocathode Electron Gun for an ERL Light-Source
A BiRCPE B Ak 51T
MNATEAEN AR RFFEBE A 72— DI HRRSEERM & 7Bt =y b
Ryoji NAGAI, Ryoichi HAJIMA, Nobuyuki NISHIMORI
Advanced Photon Research Center, Quantum Beam Science Directorate,

Japan Atomic Energy Agency

We have developed NEA-GaAs photocathode DC electron guns for energy-recovery linace (ERL) based
next generation light source. One is a prototype which is operated at up to 250 kV and designed to
deliver up to 50 mA beam current. A diagnostic beam line of the 250 kV gun has been constructed for
evaluation of the NEA-GaAs photocathode. Another is a practical use machine which is operated at up to
500 kV and designed to deliver up to 10 mA beam current with emittance lower than 1 mm-mrad. The
500 kV gun has satisfyed performance required as an injector for the compact ERL, which is under
construction at KEK (Tsukuba site) as a prototype of the ERL light source.

Initial emittance of the NEA-GaAs has been measured using the 250 kV gun. The measurements have
been performed by a single-slit-scan method with combination of a 50-pm slit and a YAG:Ce screen. The
minimum emittance is measured to be 0.054 mm-mrad for the laser wavelength of 633 nm and spot size of
160 pm. Consequently, the effective thermal energy of 54 meV for the wavelength of 633 nm is obtained.

In the development of the 500 kV gun, a ceramic insulator is the most challenging part. The ceramic
insulator should have good insulation and appropriate resistivity to avoid local concentration of electron
charge, which causes fatal damage on the ceramic due to cracking or punch-through. So far, ceramic
insulators with surface resistivity by special coating and ceramic with bulk resistivity have been used for
photocathode DC guns. Stable operation at a voltage of 500 kV, however, has never been achieved in
such guns, yet. We adopted a segmented insulator for the 500 kV gun, where multiple ceramics are
stacked in series. This design is similar to the JAEA thermionic cathode gun (250 kV) for a high-power
FEL and the polarized electron gun (200 kV) at Nagoya University, both of which have been operated with
a good robustness. The high-voltage test has been conditioned up to 500kV  The conditioning up to
550kV and the demonstration of 500 kV operation will be done soon.

Keywords: Photocathode, Electron Gun, Low Emittance, High-Voltage
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Fig.2. Cut-view of the 500-kV electron gun
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Chemical Reaction Control by Laser
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Tatsuya KASAJIMA, Leo MATSUOKA, Koichi HOSAKA, Masaaki TSUBOUCHI
Advanced Photon Research Center, Quantum Beam Science Directorate,
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Studies on laser isotope separation, laser element separation, chemical reaction control by laser and
ultrafast spectroscopy of biopolymers have been conducted in Laser Chemistry Group. Recent progress

on these researches is outlined.
Keywords: Laser, Isotope Separation, Reaction Control, High Intensity, Ultrafast Spectroscopy
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Table 1. Typical Results for '*0 Enrichment

Molecule Fluence | Pressure | D('°O)* (%) | Enrichment |'°O Fractionin| Reference
(J/cm®) (kPa) Factor products (%)

CsHgO 2.1 0.53 0.043 751 60 1]
2.6 0.27 1.4 169 26

(CsH7)20 1.9 0.016 <0.03 [3] 350 41 [10]
4.6 0.016 12 26 5.0 [11]

(CF3),0 4 0.067 3 95 16 [11]

CsH,00 1.6 0.13 74 13 [10]

*) Dissociation probability of C;Hs'®O, which is defined as dissociated fraction per pulse of C;Hg'®O
in the laser irradiated area.
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Fig. 2 Schematic drawing of rotational excitation by frequency comb
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3.9 Development of Focused Laser Plasma X-ray Beam
for Radiobiological Applications
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We have started to develop a laser plasma x-ray microbeam irradiation system, and demonstrated a
preliminary study of the cell survival and gamma-H2AX focus formation in the culture cells irradiated

with laser-produced plasma x-ray.
Keywords: ultrashort Ka x-rays, soft x-ray laser, radiobiological effect

1. Introduction

Recently, high energy, monochromatic x rays emanating from laser-produced plasma (LPP) are
attracting much attention as a new radiation source indispensable for high energy density physics,
bioscience, and material sciences. Aiming at these applications, we have been improving performances of
Ka lines emitted from LPP[1] and soft x-ray lasers (SXRLs). The monochromaticity is particularly
important when x rays are handled with a narrow-band optics or used to selectively excite a specific
material involved in matters. In addition, time-duration of such sources is typically an order of pico-second,
and it could be comparable or even shorter than recovery time of biologically damaged cell by irradiation,
so that the LPP source can be a new source compared with conventional x-ray sources for investigating
the mechanisms of irradiation survival and death of biological cells. Then, we propose to develop an
ultrashort, intense x-ray microbeam system to study the radiobiological effect and the bystander effect[2].
We report a preliminary study of the cell survival and gamma-H2AX focus formation in the culture cells

irradiated with Ka x-rays generated by a femtosecond (fs) laser driven plasma.

2. Experiment
2.1 Laser produced plasma x-ray source

Two types of LPP x-ray source have been developed as for the x-ray microbeam system. One is Ka x
rays generated with an ultrashort high intensity laser pulse at intensities of 10'7-10" W/cm? and duration
of 50-100 fs. Energetic electrons generated via laser-plasma interaction propagate deeply into a solid
material. As a result, bremsstrahlung and characteristic x-ray radiation are produced. A tabletop Ti:sapphire
laser system, that produces 70 fs, 150 mJ pulses at 10 Hz repetition rate was used to generate Ko x-ray

pulse from a copper (Cu) target. The conversion efficiency is about 10 of incidence, corresponding to the
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number of Cu- Ka photons (8 keV) of about 3 x 10'° photons/4nsr/pulse. The pulse width of Ko emission,
that is comparable to the life-time of hot electrons in the plasma, is estimated to be about 1 ps. The other
source is a SXRL light extracted from LPP. The soft XRL (90 eV) is generated by amplification of
spontaneous emission (ASE) in plasmas with the population inversion. The output energy is about 1 pJ,

corresponding to a flux of about 10"! photns/pulse[3]. The pulse width of the x-ray laser is about 7 ps[4].

2.2 Development of microbeam system

An x-ray micro-beam, focused down to a micrometer scale is expected to be a new tool for the study
of radiobiological effects by irradiating a single biological cell. Many types of x-ray focusing device have
been developed to generate the x-ray microbeams. The sub-micron spot size has already been achieved in
the hard x-ray region with a synchrotron x-ray source and soft x-ray region with LPP x-ray source. In these
cases, Fresnel zone plates (FZPs) are mostly used but monochromatic radiation source is primally needed.
In the case of LPP Ka x rays, we adopt a polycapillary x-ray lens in order to collect diverging x rays from
LPP to a spot of about 300 pm in diameter, and simultaneously a pinhole of 10-40 mm diam. to limit
irradiation area. In the case of the SXRL, the beam is focused to about 10-20 um with a spherical
multilayer mirror or to about 0.5 um with a FZP[5]. The microbeam system[6] is consisting of automatic
micro-stages and an optical microscope and these x-ray beams. Figure 1 shows the schematic view of

X-ray microbeam system.

A |_—~ Microscope

Culture cell

Petri dish

Stage
Air (<5mm)

Vaccum

window (SiN)

Polycapillary lasma x-rays
x-ray lens Laser
Plasma 0
Target

Off-axis parabooidal mirror

Fig.1 Schematic view of X-ray microbeam

system using Ka  x-ray
3. Results

We have started preliminary experiments of the cell survival and gamma-H2AX focus formation in

the culture cells with the Ka x-rays. The gamma-H2AX focus formation can be used for the criterion of the
double-strand break of DNA. To realize the exposure in a general culture condition, x-rays vertically
exposed a culture dish. We have used the Cell line of A549 (human lung adenocarcinoma cell line). A
silicon nitride (SiN) membrane coated with collagen was adopted as a cell adhesion substrate. A day before
the x-ray irradiation, adequate number of cells were seeded on the SiN membrane. Immediately before the

irradiation, cells cultured on the SiIN membrane were attached to culture dishes with a 1mm diameter hole.
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The dose rate was 0.1 Gy/min estimated from the photon counting method with an x-ray CCD camera.
Survival fraction was evaluated with colony formation assay, and gamma-H2AX focus formation was
detected with anti-phospho-H2AX antibody (#9719, Cell Signaling Technology) and fluorescence
microscope. The distribution of culture cells with y-H2AX foci clearly depended on the irradiated beam
size of Ka x-ray with about 2 Gy as shown in Fig. 2(a). The size of y-H2AX foci region was about 900 pm
in horizontal and vertical directions, consistent with the x-ray spot size of 950 pm. Figures 2(b) shows the

y-H2AX foci in the nucleus irradiated with the irradiation dose of about 2 Gy.

Wro X-Tay

Fig.2(a) v -H2AX focus formations by
the x-ray irradiation. (b) y -H2AX (green)
focus formation and in nucleus (blue)

at 2 Gy dose

4. Conclusion
We have started the development of x-ray microbeam system for radiobiological applications, and
preliminary experiments on the radiation-induced effect using LPP x rays. In near future, we apply apply

the system for the study of “Bystander effect” to provide the basic data of the radiotherapy including the

relation between the irradiation area and the ranges of cancer invasion.
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Evaluation for Radiation Damage of Bio-molecules Irradiated by XFEL
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Abstract. Atomic model considering photoionization, Compton scattering, Auger decay,
electron-impact ionization and field ionization for the inner electric field was developed to investigate
the damage of biomolecule irradiated with the X-ray free electron lasers (XFEL) to guide the XFEL
experiments for the three-dimensional structure analysis. We made the radiation-damage maps, which
indicate relationship between XFEL parameters and target radius for the damage of carbon clusters, to
obtain optimal incident X-ray flux. We found that the damage of carbon cluster changes from the

increasing tendency to the decreasing tendency as the target radius increases.

Keywords: X-ray free electron laser, Radiation damage, Biomolecule
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41 LOEEZ—F v bERAWEL—YF—7F X< X BRIRDOB %

Development of a Laser Produced Plasma X-ray Source by Use of
Au Thin Film Targets

LEREE O, NEREE Y, B KD, BB D, RANIRY, KRR, WRER D, /RETC?,
ZHETF Y, IWARE Y, FHE) Y, BEARY
DOHARIF R TEBR SRR, P SRR AR, Y KBOE, Y R R

Masahiko ISHINO", Masataka KADO", Maki KISHIMOTO", Masaharu NISHIKINO",
Noboru HASEGAWA", Toshiyuki OHBA", Tetsuya KAWACHI", Satoshi TAMOTSU?,
Keiko YASUDA?, Yoshimasa YAMAMOTO?, Itaru HIRAT”, Kunio SHINOHARA"

Dy apan Atomic Energy Agency, ?) Nara Women’s University, 3 Osaka University, Y Waseda University.

Laser produced plasmas are attractive soft x-ray sources for a soft x-ray microscopy, because of their
short duration time enough to stop the movement of living nature and the Brownian motion, and to capture
images before the structural changes by radiation damages. To develop an intense soft x-ray source, soft
x-ray emissions from laser produced plasmas using Au thin film targets were observed with respect to the
film thickness. Au thin films having nano-meter order thicknesses evaporated on silicon nitride membranes
were irradiated by a high contrast Nd:glass laser pulses with OPCPA system. The spectra of emitted soft
x-rays were monitored by an x-ray spectrograph from the rear side to the surface of laser irradiation. The
observed emission intensities showed a clear dependence on the film thickness. The results suggest that

most of the irradiated laser energy is absorbed by the film, and is efficiently converted from laser to x-rays.
Keywords: Laser produced plasma, Soft x-rays, Thin film target
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MiZ1T -7, SEEOEFENDLRET H T T A XBOFHART MVERE LTorE S, Fkss
JE & 2T MV ISR R BRI VE DA ET 5 2 & 2 fERB L7211,

2. EB

GOWEMES — 7 ME, BFE—LEEEICLVES 100 nm O SizN, 2 (2 mm x 2 mm) DOFE

Kﬁ%ﬁé:&ﬁi@%ﬁbto%%¢®ﬁﬁ X, AEHEEICRE OKBIEE) Flc L E=X
U7z 28GRIV IRl O 72 D12 = % FH D Si Fetlii & SisNy 7% & 3R E LU 7=, 1IEME 72 RIS IX
AT ST MR E 71T SN (7 L —A8643) 1%k UC X MBS IC X 5 X BB SRHIE &
T3 i B RS K B BERIE AT D 2 LI K VEHE L7, ARl O EER T, 16 nm 2> 5 689 nm
ECOREEZ L OB&OHERY —7 > MR LT,

Figure 1 |2 L —H¥—7"F X~ X #FRAREDOFEREE 2 ~T, 77 X~ X BT O MR 2 —
7y NRIAIZ Nd:glass L—HF— 27 AR LG SV D b —F— SV 22 HOEME T2 Z L i
L VRAESE, Ndglass L——2 X7 MIENHRNT A MY v 7BEABRA SN TEBY, 7V
NIVADEENEH N T A NERTHL—YF— UL RE[{LZENTESD, ¥—7 v MWK
T2 =P — UL 2O FEIE 1053 nm, 7SV AL 600 ps THY . 17UV 2AHT20 10 ] DR~
FNF—%H o TWND,

WS — 7y NOEENDRAET H T T X~ XORIART TRV w5 X 85
HFIBUT RV RE LT, F7o. XBORBNERITIR X T 7 X~ A Z AN TEHAI L 7=,

AuFilm
Si;Ny Membrane

> < :V \ \\ . Laser Pulse
Plasma Camera 50° ."" :
e 22.5°

X-Ray Spectrograph

8 X Ra)f bpcclrograph i

mFHm  Nd:Glass Laser

Iargu '
1
' |

7 Flat Field X-Ray
7, Spectrograph

Fig. 1. Schematic diagram of experimental setup around the vacuum chamber.
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Fig. 2. Detected soft x-ray intensities emitting from Au thin film target.

ENDIRFIZED XARRINFIRTH D, Figure 2 205, FKIE R ORI (Z 1T 22 R AT
PERFIET D2 Lo d, Au MESY —7 > NORERRKE WA, Au ¥—47 v N TRAELK
7T X2 XL, Au R (F701X Au 7T Xv) BHEIZL D RE 78 XD 7= D12 # ik £ TH
BT, RS L TR SNDTRENH 8D, KEHZ Au #—57y FOBEEN/NS < 72 5124¢
WV, AulZ £ D XIS /NS 70D 2 LD, IO ORI KT 5, Figure 2 2051
Au Z—7" v FOREED t <200 nm (2T, FEEIRENBHITH R L TWD Z LD R TE D,
Z LT, AufEs —72 > FORBEEN 28 nm D & T ITFROEHRE BB L 72> T\ D, Au HESY —
7y b OREEN 16 nm £ T 28 d &, BEFCHMEIT/ NS Role, ZhIE, &7 —F v MC
WIN LD L —P—Z g X —=f D L= B2 DM 24— > MEEZ 28 nm & 16 nm
DEETH> THHEME D SNy BICH R T 2 RIEME TR O bR ol, 2OZ b, A
FHL—PF =0V F—DIF LA EN AuERIZL VRSN TS EBEZOND,

X7 T X~ T A FI12 80 FHI U7z X BRIRO BT 20-30 pm FLE TH - 72[1],

4. & AR OB X SRBEMS SR O BE

Au #EY — 7 N EEIR & U7 E R X BRBAIEEIC L0 | KIS oA E oIl X #%
OESF A RS T, HIFEEEHIAR Y 2 % 7 Ui 2 FOURHE (PMMA) & SisNg ZRICERAIAZ, SisNy
BN H) Smm OALEIC Au #lR Y —7 > M ERE LT, Au $EY —5 Y NOEENOHRAET D
L——7 T X~ XHUZ LV, PMMA EIZHIBIORIN = T 2 MeEEE T D, £ LT, X
MROMBE %, PMMA IZBURUEEZ i3 2 L1280, IR L7 X BREIZIE T M2 PMMA O
mCE T D, BAEIL PMMA OREICHENTZMINEFARS Z LICL ) X #2555 FIETH
VNI g 8y QNS ol DAL S € e S LA QAT

Figure 3 ICAER CIG L AEE T~/ 07 7 —U O X g5 7, ZOR, X HOFEAEITH

-65-



JAEA-Conf 2010-002

Fig. 3. Soft x-ray microscopic image of living microphage.
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42  ERXHBREFERFIET AT ARTHIREEHEIE
Polarization Measurements in the Evaluation System for
Soft X-Ray Optical Elements

AT 0 AESRET 2, R A 2, R 2 2, A 2,

VeBp—HE 9, g ARG D, IEHES VR U/ NHoREA D
D H AR SRR s B B — SIS TR ZE T Y
D B LT
VEHHETIv b
Takashi IMAZONO,V Hiroyuki SASAI,2 Yoshihisa HARADA,?
Nobuyuki IWAI? Naoji MORIYA,? Kazuo SANO,? Yoji SUZUKI,V Tetsuya KAWACHIV and
Masato KOIKEYD
YQuantum Beam Science Directorate, JAEA
2 Shimadzu Corp.
3 Shimadzu Emit Co. Ltd.

Evaluation System for Soft X-Ray Optical Elements at the soft x-ray (SX) beamline (BL-11) at the SR
Center, Ritsumeikan University has been upgraded by installing a novel apparatus for polarimetric and
ellipsometric measurements in the SX region, in which it has been developed to perform complete
polarization analysis. This apparatus can realize the optical configurations required for polarization
measurements by using six independently movable drive shafts in high vacuum. As a demonstration of the
capabilities of this apparatus, linear polarization measurement in a wavelength range of 12.4-14.8 nm has
been carried out using Mo/Si multilayer polarizers (period: 10.36 nm, ratio of Mo layer to period: 0.64, and
23 bilayers with topmost Si layer) deposited on the surface of commercial Si(111) substrates by an ion
beam sputtering method. When the incident wavelength is scanned from 12.4 nm to 14.8 nm by a
Monk-Gillieson type varied-line-spacing grating monochromator of BL-11, the angles of incidence of both
the Mo/Si multilayer polarizers are also varied from 37.5° to 52.3°. The polarizances depended strongly on
the wavelength, and the best performance of over 99% has been obtained in the vicinity of 13.9 nm in
which the reflectance is evaluated to be 62%. Using these polarizers, the linear polarization degree has
been determined for the first time since the construction of BL-11 to be 85-88% in the measured
wavelength range. The test result shows that polarization measurements in the SX region can be performed

at BL-11, as well as the fabricated multilayers are usable as polarizers for soft x-ray laser application.

Keywords: Polarizer, Soft x-ray, Polarimetry, Ellipsometry, Rotating-analyzer, Polarization analysis
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2. EXRmAMBITEE (SXPE)

Figure 1 1%, (a) BIHEMRYE TIEIZEESUMIEHEE D 2 [B SRR E ORI &, (b) a8l
BRI ART S & (SXPE) O NI OIS T D O, ERE w1 (E2TB M ) P
ORI A DA AT A%, GH6fli(POARA o, FAA x. 7T—5 ¢  ADAKA o, F
Nifg o B 0) BB ETHD (Fig. 1(a)), ZNEFEBLT D2, SXPE 1% 6 D HB[EHzAT—
IZED 2 DT = A—=H AT — GSp & GS, ZHERLL TS (Fig. 1(b)) , HFAT—IIZITZNZ 4 1 H
PTOMEHFEF P L A)ZHBHTES, s D I~ A7aF v 7L — L, £, 350
—HHEEI AT —IZE) . P OFEE H A OFEE X, GSp K ALE T 2 &A1z, 2B @ X

// Detection
(a) / angle ()
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Figure 1 Schematic of a double-reflection geometry based on the rotating-analyzer method with a phase
shifter (or polarizer) (a) and photograph of the internal mechanism of the soft x-ray polarimeter and
ellipsometer (SXPE) (b). SXPE accommodates two goniometric stages indicated by GSp and GS,. P, A,
and D show a polarizer, analyzer, and detector, respectively. All angles shown in Fig. 1 (a) can be
changed by six motorized rotary stages (¥, W, ¢, n, ®, and 0). The heights (or horizontal position) of P
and A (or GSp) are adjusted by three linear stages (H, X, or T). The linear stage assigned as T is located
just below the base of GSp (not shown in the photograph).
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TABLE 1 Details of the motorized stages assigned to the drive shafts of the goniometric stages GSa

and GSp. The resolution per pulse of each axis is a nominal value under atmospheric conditions.

Symbol . . Operation Resolution
Stage Annotation of axis
of axis range per pulse
GS4 ul Azimuth angle of A -5 ~370° 0.00125°
) Incident angle of A -5~ 180° 0.001°
0 Angle of detector arm -5 ~120° 0.001°
X Height position of A -5 ~5mm 0.5 pm
GSp % Azimuth angle of P -5 ~370° 0.001°
[0) Incident angle of P -5~ 180° 0.001°
U} Angle of arm -5~ 120° 0.001°
H Height position of P -5 ~5mm 0.5 pm
T Horizontal position of GSp -15~15 mm 1 pm

NIl LabVIEW® X —2ilt H BA% U= Hil#H ~ 2275 2 TIREADS ) B— Ml CX %, Table 1 1
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Figure 2 Reflectances for s-polarization of Mo/Si
multilayer mirrors measured by SXPE and RD at a
wavelength of 13.5 nm. For reference, calculated
curve is also shown by solid line.
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Figure 3 Reflection profiles for s- and
p-polarization (R and R,) of the Mo/Si multilayer
polarizer (P) and analyzer (A) measured by SXPE
at a wavelength of 13.5 nm. The vertical axis is in
logarithmic scale.
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Figure 4 Result of linear polarization

measurement with Mo/Si multilayer polarizers. Pp
and & mean the linear polarization degree and the
azimuth angle of the main axis of the polarization
ellipse of the incident light, where o is measured
clockwise to an observer from the horizontal
plane. Z, (or Z,) shows the polarizance of A (or P).
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Angle-resolved soft-X-ray emission spectroscopy of anisotropic structured
material based on transmission electron microscopy

FNIES 'L NN 2
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DMSEATBOE N A AR T DRFe B skt &7 v — 28 Fge s g

Masami TERAUCHI ', Masato KOIKE *
'Institute for Multidisciplinary Research for Advanced Materials, Tohoku University

*Quantum Beam Science Directorate, Japan Atomic Energy Agency

Soft-X-ray emission spectroscopy (SXES) instruments attached to a conventional transmission electron
microscope (TEM) has been applied to detect an anisotropic carbon K-emission intensity from graphite.
Merit of TEM-SXES experiment is that the spectra of single crystalline specimen areas are easily obtained
under a well-controlled orientation setting. Carbon K-emission spectra obtained at 60 deg. and 15 deg.
take-off angles, which are angles between the emission (detection) direction and (0001) plane of graphite,
shows an apparent change in intensity distribution. From the two spectra, m-bonding and o-bonding

density of states of valence bans were derived and compared with a theoretical calculation.

Keywords: Anisotropic soft-X-ay emission, graphite, w-bonding states, o-bonding states,

transmission electron microscopy
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Figure 1. TEM-SXES instrument used for the present

measurements of anisotropic C-K emission of graphite.
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Figure 2. Upper panel shows C-K emission spectra
of single crystalline graphite taken at two different
take-off angles. Lower panel shows the derived o-

and m-bonding density of states of valence bands.
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Figure 3. Comparison of experimentally derived

o- & m-bonding density of states and a theoretical
band calculation [8] of graphite. Peak structures of
o- & m-bonding states are assigned to different

bands at Q-point on Brillouin zone boundary.
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Design of wide band multilayer grating used in the keV region

ANHREN T A BEZEE, T R,
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Masato KOIKE ' , Takashi IMAZONO ! , Tetsuya KAWACHI
'Quantum Beam Science Directorate, Japan Atomic Energy Agency (JAEA)

A multilayer laminar-type holographic grating having an average groove density of 2400 lines/mm was
designed for use with a soft X-ray flat field spectrograph covering the 2.0-3.8keV(0.33-0.62nm) region.
The varied-line-spaced grooves pattern was assumed to be generated by use of an aspheric wavefront
recording system. We present a new scheme to widen the available wavelength range in the condition of
a fixed incidence angle by use of multilayers having 5 period lengths, and discuss about the calculated

diffraction efficiency and spectral resolution.
Keywords: Diffraction grating, Multilayer, Diffraction Efficiency, Soft x-ray spectrograph
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Fig 1. Schematic diagram of flat-field spectrograph.
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Fig.2. Spot diagrams (top) and line profiles (bottom) by tracing rays.
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Table 1. Designed parameters of multilayer.

Regionl
Region2

ol

Region3

Region4

Multilayer ———

Region5

—

Laminar-type grating

Region (i) 1 2 3 4 5
Wavelength A; (nm) 0.490 0.445 0.395 0.355 0.326
Period length (nm) 7.30 6.64 5.94 5.39 5.00
Number of periods 2 4 9 15 24
Diffraction efficiency (R;) 0.038 0.083 0.211 0.313 0.415
Transmittance of upper layers 1.000 0.531 0.183 0.070 0.026
Value of Eq. (2) 0.038 0.044 0.039 0.021 0.011
o ' ' jggg:géggg ] Fig.4 |Z Table 1 C/RUTAERL D2 S IS B D
ol oo mme ) SRR TR R SO,

TR E LTz, A IZEHTRS DR &3
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I K(=(a-B)/2) & H iz, KD 5005891
e A 3 B B VXS L TR 5 12> 1T
Wavelength (nm) FEFEK 0.05nm K RMIZ 7R TEY, (A
Prk& T OLA . ZOT 7 MR IR D AR O

Fig. 4. Calculated reflectivity of Co/SiO, PR CX AT LA R LTV,

multilayer mirror vs. incidence angle.

Reflectivity
°
3

-77 -



JAEA-Conf 2010-002

Table 2. Local incident angle and grating
constant in the meridional plane (z=0).

le S L y(mm) | Incident angle(®) | Grating const. (mm)
g 0.12 RO SRR NSO SRS S -25 88.62625 1/1998.864
£ ot \ ] -20 88.63262 1/2070.713
;% 0081 ' ] -15 88.63812 1/2146.252
£ oo ] -10 88.64282 1/2225.981
Z:Z: i . -5 88.64676 1/2310.398
0.00 i 0 88.65000 1/2400.000
030 0.35 0.40W33:zng3].5(2m)o.55 0.60 065 2865258 112495 286
Fig. 5. Calculated diffraction efficiency of the =~ sk 2396755
CC)g/Sidz multilayer grating consisting of five 15 88.6559 1/2704.904
multilayer regions at the grating center (y = z =0, 20 88.65672 1/2820.232
dashed curve) and that of averaged at the points 25 88.65702 1/2943.237

shown in Table 2 (full curve).
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Development of x-ray intensity correlation measurement system by means
of two dimensional x-ray speckle measurement technique using soft x-ray
CCDh
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Maki KISHIMOTO" ¥ and Kazumichi NAMIKAWA? ¥

! Japan Atomic Energy Agency, > Tokyo Gakugei University, *’Japan Science and Technology Agency
CREST.

We developed a new soft x-ray speckle intensity correlation spectroscopy system by use of a single shot
high brilliant plasma soft x-ray laser The plasma soft x-ray laser is characterized by several picoseconds in
pulse width, more than 90% special coherence, and 10" soft x-ray photons within a single pulse. We
developed an off-axis Michelson type delay pulse generator using a soft x-ray beam splitter to measure the
two-dimensional intensity distributions of x-ray speckles from materials at the same time and succeeded in
generating off-axis double coherent x-ray pulses with picosecond delay times. We performed the x-ray
speckle intensity correlation measurements for probing the relaxation phenomena of polarizations in
polarization clusters in the paraelectric phase of the ferroelectric material BaTiO; near its Curie temperature
and verified its performance by comparing the results obtained by the present system with the results

obtained by the x-ray streak camera.
Keywords: X-ray laser, X-ray speckle, Soft x-ray CCD, Intensity correlation
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Fig. 1 Soft x-ray speckle intensity correlation spectroscopy system using off-axis Michelson type delay

pulse generator
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Fig.2 A photograph of the off-axis Michelson type delay pulse generator
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Fig.3 Soft x-ray speckle image of BaTiO; using off-axis x-ray illumination technique.
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Fig.4 Sample temperature dependence of the intensity correlation g(2)
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Development of the Circular Dichroism Measurement System in the Soft
X-ray Region
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We proposed the method of generation of the circularly polarized x-ray laser using the Zeeman
splitting for using the circular dicroism measurement. External magnetic field of 17 T was applied to the
gain medium plasma to separate the degenerated lines of nickel-like molybdenum x-ray laser. The
splitting of the x-ray laser line was clearly obtained, and the strength of the magnetic field estimated from
the quantity of the x-ray laser line splitting was quite higher compared with that of the external magnetic
field. It implies that there might be alternative mechanism for enhancement of the magnetic field in the
gain medium plasma.

keywords: X-ray laser, Circular polarization, Circular dicroism, Strong magnetic field, Zeeman splitting
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Damage Mechanism of Optical Thin Film with High Damage Resistance for

Laser Device
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Development of a beam-dump-target combined with building
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Applied Photon Technology Group, Quantum Beam Science Directorate, JAEA
Keyword: Beam Dump, Accelerator, Irradiation energy, Heat transfer analysis, Radiation fin,

Cylindrical shape, Cone shape, Melting point, Cooling water

1. IC®IT

E—AZ T, KEEENEGR 2 X U6 & T DA FNERR OBIFESC, g E R 0 B FHE
RICHWS N AEE T, I CTIE SN RO L D= R X —2 BB LT 5 2 LI
Lo TLRAICRET 2HEETH D, THF, = RLF—BH%
TEI, APEIBRFE SR, AEMR RS, RAEOIFTEBEFES
P ChnidaR 2 7 BFZEBR S 23 2 5 & (RIS N 25 oD R
WX —ZREE N OMRT2ERIZHY . B —24
ST e KRBT 5 & RIRFICHERR T 2 4k o My LI R 5t
(MR L) [CEL LD ELTCWD, £ZT, HAMK
TIPSR & BB AER . Yo XD KAt
IEDEMNT D E L HIT, IR B AT 5 2 &
CHRR 2R LE g~ e AT A 72 2 B B R IS D fHA T2,

Fig.1 Outline of IFMIF Accelerator

2. /SRR
ARFFETIE, =L 7B DR B 2 2T 572010, A= L —%1)
B E— AE TN S S 3 IRoeE i (Fig.3 (a)) e ONFe i 7> B A (IREET 2 72D DI El
RS (Fig3 (b)) & B L7z 2 =F 2 7B 2 HE L, NEBICIZFTE DN B I BVE S (Fig.3 (¢) & i
L CRE EFOBEZITV, S s UL ——MEPEE (1 30W, BRETEER] : 4h)
TSR (Fig.2) %17
7oo T OFER, Figd IZR”T L oI
IS I B — A SR A R R D
SIRWHEATZIRICT 5 Z & T, AH
TRAF—ENREL oL, NE
BERE DK T & m AR L o

2> 6 ORI D CTAITH D Z LA T I=F T EFL
L %%3}8\ L/f:o Fe-15cm X 15¢cm X 15¢cm

Fig.2 Experiment composition

-91 -



JAEA-Conf 2010-002

(1 ¥ A Smm)

. ' o N Center F Center M Center R
Old internal structure Proposal type internal structure _69_

(a) Miniature model internal structure L C)

5 & P
Middle F Middle M Middle R
& @ @

Outer F Outer M Outer R

Endothermic edge Heat radiation edge

) » (c) Installation place of thermocouple
(CPU air conditioner)

(b) Surface cooling mechanism

Fig.3 Miniature model structure

T T T T 50 T T T T
45 : : : : 45 : : : l
L — |
40 l i —— i 40 l l l l
- s | ———
0?30 / / : : g30 : : / :
i : : == ‘ : :
5 g
EYO — ; : : : ‘53*20 / | | |
ch | | | - | | |
| | | | i | | | |
10 — — <Center F> (C) — <Center M> (C) <CenterR>(C) [ 10 — — <Center F>(C) — <Center M> (C) <Center R>(C) |
s | —<MiddieF>(C)  —<Middle M> (C) <MiddleR>(C) | | | | — <MiddleF>(C)  —<Middie M>(C) <Middle R> (C)
— <Outer F> ‘(C) — <Oule‘r M>(C) <Puter R>(C) <Outer F> ‘(C) <Oute‘r M>(C) <?uter R>(C)
0 1 1 1 0 ! | |
0 1 2 3 4 0 1 2 3
Time[h] Time[h]
(a) Temperature distribution of old model (b) Temperature distribution of proposal
internal structure type internal structure

Fig.4 Experiment Result

3. BMBEMEYT

B EBRIZ LD RAR a7 M ERWGIL, 2 Ea—2 v Ialb—ray BB T, #EKR
YA XD 3IWILET NV EBE LMK — L Z T AR LI — 2 T o | —50 (B
— LR T —500kw) U TEAERI R ZIT 72, Tt D~3)ICBFEH 277,

HA 1)

ko — L T2 X — ARFHIL 2RO EE () Thololodh, TR —EENE
VVIRFED £ BB S L, RARENE— L4 MBI OS2 LR RR & 0D, ZhiiE
T HIDOIT, ASTHEZ MHER D 3ROt 285 Lo, AT UARIPIC oS, B4
MfEH - D= RN —EEEZ B ITRmMREZ Nz, £z, ©—2 X 7OMEIX., &t
M EEMBENEREMEE e D, (RO E— ALK T AR ORI RT D% R 5

-92-




JAEA-Conf 2010-002

CBRERWD ZERRTH o7, Ly LERIE. BN 1535CIC b 230 B TEVRIE R
ﬁx%WMK&W&ﬁ< BN D EIC N (BROBMEE SR 401W/mK) B\h B —Lax
I DAMERICE S LW OB T, BT LbREEIIE AR NoT, £ T, E—AF Y
THLER T, THEWED @8k Z | JE PR IX B E 2 e D 7o O I8 Ok L 7o & 35 2
&L BV & EWE O G b 2 X > 72

HH 2)

E— A LTINS B AT L [ IEC A S, B K0 AR I D O
SNnb, AREOBEEEEZ KE S LREEEZ NF 52 E0NHPOHORELZ FIFHZ Lico7%
NDH, I T, BE—AX U TRENTTEAT 4 > 2T FTHNETIREDIKTIZ L DT,

HE 3)

kDO —LF 1L, a7 ) — MRICHRBEBSND O, =7 v F FEn S O EEE
a7 V—MIEXVEINESRIZET S, RNz 7 U— h o HEFOMEVERE O |
[R1X 70°C (=227 U — hOMRENEIL LIED HIRE) L Ebh i), BE—AX 7 HIK
DIREPHERMFICH 2D bEL LT, HETIREDRERICLVABEEREL D, €2
T, INEEGET D0, =L X TEENS OB EHRET L LI —aF 7 LY
WIRO— KL E K> 7, BEMIZIE, (Y= Z v 7 FHORMEEREZ&BK (Cu)é Le—
LZ T b, QEHICHEIRITE T 4 L Z%E, QYKAT 7 HEE v b EFIH LKGT D%
DEBEZHDZ LT, ary U— MIURD DRSS 2 a0k LT,

BRI g BIE S JiE B - SR B A

HOLNER - Bk= BB S

(a) OId structure (b) New structure idea

Fig.5 Structure of BeamDump

Fig.6 |2 BMAMMIT OF5 B2 7, TRAF =B AH S5 POEBAHEL U E TIlY | wifEdE
BT Lo SRM 2 0 L. S B (B B S 2 B 5 = LT, TR IR
BROFUSLLF, PSR REL bSORALL I/ % 2 L 2 MR LT, £/, E—L2X V7 FHo
BMMERE SRR L TE—AF 7 T 5 L & b0 KIS T ¢ & ks L
KAZ7 “HEy PRI LTABT D2 L0k 0, 27 U — MR D IR R 4 I 4 [l L
77

-93 .-



JAEA-Conf 2010-002

11

PR I

Nt
\
%
S
et
=
T

£319502. 500000 : PSR e i T

e B < SRR

Bk - Sl i < EROFA

= BT
BdEEGEEEEEEE N

8gz58

a7 U—FrKR>70C

l.w
s

TEE8E8

LEEERDOIRE <150°C
BESI R ClTEL AT

(a) Old structure beam dump

(b) New structure beam dump

Fig.6 Simulation Result

4. BY—@FRe — 257 H—F vk
ARBHFETIE Q“%JT%?w’ié¢ﬁﬁ£%k3&ﬁﬁ6§%ﬁi0%%3w&&n®#
4XTM@%E 28T —100kW HFGEIR AR & S TWTZ AT —%  ZIEFR-—H A X T

5%@m%w@Aﬁﬂv~i?ﬁ@?%ét~A&/7®%%_W%Lkoa%i\H—AﬁV
7 B ZE O, EERZE N D

Zedi i, FE ORI kR &

OfEt D, 2B - A TA L ar s U—hE
— ML ENTZ 2 AT LD EEAGIZE

KMEIENT 1
FrT =5y MR

)

4

ﬁ@ﬁﬂ?%@ TS i X , (&RK)
U2 SR s S S B = -

ST E= Y
k%%ﬁ#éo /

. . BT 4

ds. AR ITRE ML TR
ERThI, HREELEE. B —E XTIk —

M. H IR T, A IR e
S, dEmE . 5 S TEOMK Fig.7 Beam-dump-target combined with building
[T AE2E Ry g

AWFFEL, REAFAL DL IEIC I > TN BER Th D, BIRE SALICHEZ R T D,

-94 -



JAEA-Conf 2010-002

4.9  Improvement of SBS Laser Pulse Compression System for the Compton

Backscattered X-ray Source

Keigo KAWASE, Masaki KANDO, Takehito HAYAKAWA, Izuru DAITO, Shuji KONDO,
Takayuki HOMMA, Takashi KAMESHIMA", Hideyuki KOTAKI, Liming CHENY, Yuji FUKUDA,
Anatoly FAENOV, Toshiyuki SHIZUMA, Takuya SHIMOMURA, Ryoichi HAJIMA,

Sergei V. BULANOYV, Toyoaki KIMURAZ, Toshiki TAJIMA
Quantum Beam Science Directorate, Japan Atomic Energy Agency

Hidetsugu YOSHIDA
Institute of Laser Engineering, Osaka University
Mamoru FUITWARA
Research Center for Nuclear Physics, Osaka University

We describe the present status in developing the sub-MeV X-ray source at KPSI-JAEA, and the
development of the laser pulse compression system to increase the X-ray flux. We achieve the stably
compressed laser pulse with a duration of 2.1 ns and with an energy of 0.84 J. By installing this system
into the Compton backscattered X-ray source, the X-ray flux will be increased by 3.2 times in case of the
present system at the KPSI-JAEA.

Keywords: Nd:YAG Laser, Stimulated Brillouin Scattering, Compton Backscattering

1. Introduction

Compton backscattered photon sources recently have been developed by several groups at various
energies from keV to GeV [1 — 7]. However, there is no photon source available in the region of sub-MeV
although some sources approach 100 keV. The extension of the Compton backscattering technique for
obtaining the sub-MeV X-ray is of great importance because a well-collimated polarized X-ray beam is
used for various applications such as the study of low-lying nuclear states, detector test for the X-ray
observation satellite, and so on. In order to satisfy these requirements, we develop the polarized X-ray
source in the sub-MeV energy region. In this article, we describe the present status in developing the
sub-MeV X-ray source at KPSI-JAEA [8, 9] and the development of the laser pulse compression system to
increase the X-ray flux [10].
2. Previous Result of the generation of Compton backscattered X-ray

The X-ray generation experiment is performed by using a 150-MeV electron beam and the Nd:YAG
laser pulse with a wavelength of 1064 nm. By combining the electron beam and laser pulse, the maximum
energy of generated X-ray photons reaches at 400 keV. Both the electron beam and the laser are operated
with a repetition rate of 10 Hz, and synchronized with each other by using the RF signal from the
accelerator. A schematic diagram of the experimental setup is shown in Fig. 1.

Electrons generated by a photo-cathode RF gun are accelerated up to 150 MeV by Microtron. The charge

"Present address: RIKEN, Hyogo, Japan.
tPresent address: Institute of Physics, Chinese Academy of Sciences, Beijing, China.
fPresent address: Japan Synchrotron Radiation Research Institute, Hyogo, Japan.
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of the electron beam pulse is 60 pC, and the pulse duration is 10 ps in rms. The Nd:YAG laser is a

commercial one (Continuum Powerlite 9010). The pulse energy is 1.6 J, and the pulse duration is 10 ns in
FWHM. The incidence angle between the laser and the electron beam is 16°. The electron beam and laser
are focused at the colliding point in the vacuum chamber by using quadrupole magnets and an optical lens

with a focal length of 200 mm, respectively.

LY SO scintillator

Generated xX-ray. ﬂ Ve

Electron beam pulse

Bendi : ‘ '
ending magnet Laser pulse
Nd:YAG laser
Photocathode RF gun

Electron beam dump - -
Synchronized operation
Fig. 1: Experimental setup for Compton backscattered X-ray generation.

Generated X-rays are back-scattered along the electron beam direction toward downstream. In order to
separate X-rays from the electron beam, the electron beam is bent by a dipole magnet and enters to a beam
dump. The generated X-rays are detected by an LY SO (Luy(1.4)Y2:SOs(Ce)) scintillator placed after the
dipole magnet (see Fig. 1). Since many X-ray photons are generated during a short collision time, it is

difficult to make a photon counting measurement.

Thus, the total energy measurement for X-rays is 60 |
performed.
. 50 i

In order to reduce systematic errors from a long term [ §

instability, the laser is alternately injected with 40 i -
- = Laser OF

respect to the electron beam pulses. The preliminary = [ P
result from the X-ray measurement is shown in Fig. 2. 6 30
We observed a clear difference between the laser
.. 20
injected case (Laser ON case) and not (Laser OFF [ \
case). The difference between the mean energy for the 10k Laser ON
Laser ON and Laser OFF cases is 33 + 15 MeV/pulse. [ ] L .
By using a Monte Carlo simulation code (EGS4) for 0% - 20 30 40 50 60 70 80
the calculation of the response function of the LYSO, Total energy (MeV)

the mean energy of detected X-rays is estimated to
be 0.25 MeV and the detection efficiency is 0.6.

Here the input energy spectrum is assumed to be obtained from theoretical calculation. Therefore, the

Fig. 2: Result of the x-ray generation measurement.

number of the generated X-rays via Compton backscattering is estimated to be (2.2 + 1.0) x 10°
photons/pulse. On the other hand, the generated photon number is estimated to be 5.7 x 10 photons/pulse
from the beam parameters. In the detailed future analyses, we expect to find a consistent result of the x-ray
flux estimation.
3. SBS pulse compression system

In case of the present setup for the x-ray beam generated via Compton backscattering, the laser pulse
duration is long compared with the electron beam pulse. Thus, we propose the pulse compression of the
Nd:YAG laser. The X-ray flux is, in principle, increased with proportional to the peak intensity of the laser
where the pulse duration is longer than that of the electron beam pulse (10 ps). For the purpose of the
compression of the laser pulse, we adopt the compression technique with the stimulated Brillouin

scattering (SBS) [11 — 14]. A schematic diagram of the SBS pulse compression is shown in Fig. 3 [11].
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The features of the SBS pulse compression is its high efficiency by means of the pulse energy transfer and

its simplicity of the experimental setup.
3.1 Experiment setup

At present, we construct a simple pulse compression
system with the SBS for the Nd:YAG laser. A schematic
diagram of the SBS pulse compression system is shown
in Fig. 4. As a compression media, we adopt a liquid
fluorocarbon (Fluorenart FC-72). It is chemically stable,
no toxicity, and its acoustic decay time is relatively short
to be 1.2 ns [13]. The compression media is filled in a
1.5-m long glass cell after filtering with a 0.025 pm-hole
filter membrane. This cell is sealed at both sides with
optical windows, and protected with a stainless steel
pipe. To prevent unfavorable reflection, optical windows
are mounted with a small tilt. Since the incident laser
pulse should have a single longitudinal mode for the
SBS pulse compression, we use an injection-seeded
Q-switch Nd:YAG laser (SpectraPhysics Quanta-Ray
PRO-350). Since the generated SBS pulse returns along
the same path of the incident laser, the SBS pulse is
extracted by using a thin film polarizer (TFP) and a
quarter wave plate (QWP). The incident laser pulse is
transported with horizontal polarization before QWP,
and the SBS pulse is changed to vertical polarization
through the QWP twice. Thus, the SBS pulse is extracted
by the TFP. In order to prevent the pulse returning to the
laser system, the Faraday isolator (FI) is installed in the
system. For the purpose of increasing the quality of the
laser profile in the front of the SBS cell, an image-relay
tube is installed in the laser path. The SBS compressed
pulse energy is measured by using a Joule-meter, and the
laser pulse shape is measured by Si-PIN photodiodes
(PIN1, PIN2). The laser profile is measured by a CCD
camera.
3.2 Result

-

-
Nd: YA laser pulse SBS pulse
generated
-

amplified and compressed

/J:_gi:

Fig. 3: Schematic diagram of the SBS

pulse compression

m2

NA:YAG laser | gWP1 Hwps  PINI

(SP Quanta-Ray) - Q\
Joule meter g‘FP

[—
f=1000 mm Lens—

SBS Cell

Fig. 4: Schematic diagram of the SBS

pulse compression system

The results of the SBS pulse compression are shown in Fig. 5. The pulse duration after the compression is

2.1 ns and the pulse energy is 0.84 £+ 0.02 J. The achieved peak intensity of the compressed pulse is 3.2

times higher than the incident laser pulse. The timing jitter of the SBS pulse is 0.2 ns. This jitter is

originated from the incident laser system itself. Because the jitter size is 10 times smaller than the

compressed pulse duration, this compression system is applicable to the Compton backscattered x-ray

source. As a result, by installing the SBS pulse compression system into the X-ray source, the X-ray flux

will be increased by 3.2 times in the case of the present system at KPSI-JAEA.
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4. Summary and future prospects

Fig. 5: Results of the SBS pulse compression.
(a) Incident laser pulse. (b) Generated SBS pulse.
(c) Incident laser profile. (d) SBS pulse profile

We succeed in generating sub-MeV X-ray with the flux of 2.2 x 10? photons/pulse. This value is near

the estimated value from the beam parameters. In order to increase the X-ray flux, the SBS laser pulse

compression system is constructed and developed. We achieve the compressed laser pulse with the

duration of 2.1 ns and the energy of 0.84 J. By installing the SBS system into the present X-ray source, we

will increase the X-ray flux over 10° photons/pulse. With the improvement of the electron beam transport

and the head-on colliding arrangement, we will achieve the X-ray flux over 10* photons/pulse in future.

Then, it becomes possible to perform the test experiment for studying the nuclear structures of low-lying

states with nuclear resonance fluorescence.
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Control of the Laser Accelerated Electron Beam

Hideyuki KOTAKI, Yukio HAYASHI, Keigo KAWASE,Michiaki MORI, Masaki KANDO,
Takayuki HOMMA, and Sergei V. BULANOV
Advanced Photon Research Center, Quantum Beam Science Directorate,

Japan Atomic Energy Agency

Monoenergetic electron beams have been generated in the self-injection scheme of laser acceleration.
In applications of these laser accelerated electron beams, stable and controllable electron beams are
necessary. A stable electron beam is generated in the self-injection scheme by using a Nitrogen gas jet
target. We found the profile of the electron beam was manipulated by rotating the laser polarization. When
we use a S-polarized laser pulse, a 20 MeV electron beam is observed with an oscillation in the
image of the energy spectrum. From the oscillation, the pulse width of the electron beam is calculated to at

most a few tens femtosecond. The direction of the electron beam is controlled by the gas jet position.

Keywords: Laser acceleration, Ultrashort pulse, Electron beam

1. Introduction

Laser wakefield acceleration (LWFA) [1], based on the effect of plasma wave excitation in the wake of
an intense laser pulse, is now regarded as a basis for the next-generation of charged particle accelerators,
competing with conventional accelerators in the energy gain per unit length. Recently electron bunches
have been accelerated up to 1 GeV by LWFAJ2]. In experiments, it has been demonstrated that LWFA is
capable of generating electron bunches with high quality [3,4]: quasi-monoenergetic, low in emittance, and
a very short duration of the order of ten femto-seconds. Such femtosecond bunches can be used to measure
ultrafast phenomena [5].

In order to generate a bunch with high quality, required for applications, the electrons should be duly
injected into the wakefield and this injection should be controllable. The injection can happen
spontaneously, due to a longitudinal or transverse break of the wake wave, caused by its strong
nonlinearity [6] and with cluster-gas targets [7]. This regime leads to the acceleration of fast particles,
although in an uncontrolled way. Several other schemes of electron injection were proposed in order to
provide more controllable regimes including tailored plasma density profiles [8] and optical injection [9].
Recently we generated a stable electron beam by using an Argon gas target in the self-injection scheme [4].
When we use a Nitrogen gas target, we can also generate a stable electron beam. The electron beam can be
manipulated by controlling the laser pulse and target.

In order to generate a controllable electron beam with high quality, we have three approaches. The first
one is the laser control. The second one is the target control. Another is multiple laser pulse control like
optical injection. In this paper we present the results of the electron beam control in the self-injection
scheme. We manipulate the electron beam profile by controlling the laser polarization. The electron beam
is in the laser field and is oscillated by the field. From the oscillation, we measure the electron pulse width
of 4 fs. In order to control the electron beam position, we control the direction of the electron beam by the

target position.
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2. Experimental setup and condition

The experiments have been performed with a Ti:sapphire laser system at the Japan Atomic Energy
Agency (JAEA) - Advanced Photon Research Center (APRC) named JLITE-X [10]. The laser contrast
ratio within picosecond timescales is 10°. The contrast ratio within nanosecond timescales is significantly
suppressed to the order of 10°. The laser pulse, which is linearly polarized, with 160 mJ energy is focused
onto a 3-mm-diameter Nitrogen gas jet by an off-axis parabolic mirror (OAP) with the focal length of 646
mm (f/22). The pulse width of the laser pulse, <, is 40 fs. The peak irradiance, I, is 9.0x10'7 W/cm? in
vacuum corresponding to a dimensionless amplitude of the driver laser field ap = 8.5x10™° Ao[um] (I
[W/cmz])l/2 = 0.65, where A is the laser light wavelength of 800 nm. The profile of the electron beam is
measured with a scintillating screen (Kyokko, DRZ-High), and a charge-coupled device (CCD) camera.
The electron energy is measured with a magnetic spectrometer composed of a dipole magnet, a scintillating
screen, and a CCD camera. The CCD camera records the scintillation pattern. The charge of the electron
beam is calculated from the scintillation signal. The signal was calibrated by using a conventional electron

accelerator.

3. Results and discussion of the electron beam control

A quasi-monoenergetic electron beam is generated in the self-injection scheme by using a Nitrogen gas
target at the plasma density, n., of 2.0x10" cm™ assuming 5 ionization of N,. The quality of the electron
beam is stable, because the laser pulse is guided a long distance in a channel produced by cascade
ionization due to the low ionization threshold [4]. The ionization is caused by a 500 ps ASE pedestal. We
control the stable electron beam by the control of the laser pulse and the target.

In order to manipulate the profile of the electron beam, the polarization of the laser pulse is controlled
by a half wave plate. Our experimental condition is T = 40 fs and n. = 2.0x10" ¢cm™. From the plasma
density, the period of the plasma wave is 24 fs. The profile of the electron beam in the first bucket of the
wake wave can be manipulated, because the beam is in the laser pulse [11]. Profiles of the electron beams
are shown in Fig.1. The profile is parallel to the electric field of the laser pulse. The electrons oscillate in
the laser pulse due to the electric field. The result shows that the electron beam profile can be controlled by
the laser polarization and the quasi-monoenergetic electron beam is in the first bucket of the wake wave.

The electron beam oscillates in the electric field of the laser pulse. The oscillation is on the time axis of
the electron beam. The electron beam is accelerated in an acceleration phase and is decelerated in a

deceleration phase. If the electron bunch is in the acceleration or deceleration phase, the electron energy

spectrum can be converted to the electron pulse width.
At an optimum phase of the electron acceleration
- - L] »
(around the crest of the electric field), it is difficult to see \ I /
p

the elect illati in th t t

e electron oscillation in the energy spectrum due to Oblique S Oblique
dephasing. Before and after dephasing, we can observe it, (a) (b) ©) (d)
and the energy spectrum can be converted to the electron  Fig.1 Typical profiles of the electron beams,

pulse width. Figure 2 shows a typical image of an energy the direction of the electric field in the
laser pulse, and the polarization of the

laser pulse. The profile can be
has S-polarization (vertical polarization). This is the manipulated by the laser polarization.

distribution at n. = 2.2x10"’ cm™ when the laser pulse
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energy spectrum after dephasing. The direction of
the electric field of the laser pulse is longitudinal in
this image. The direction of the energy distribution
is horizontal. The direction of the oscillation (the
electric field) is perpendicular to the direction of the
energy axis. When the laser pulse has P-polarization,
the image of the energy distribution has no
oscillation, because the direction of the oscillation
is parallel to the energy axis. The oscillation
depends on the laser polarization. The pulse width
(FWHM) of the electron is 1.5-cycles. The pulse
width is at most several tens femtosecond. A 3D-
PIC simulation result of the electron beam
oscillation in the laser field is already published
[12]. The simulation result shows a result similar
with our experiment.

For application of the laser accelerated electron
beam, the electron beam position should be
controlled. Figure 3 shows a top view of an
experimental setup for the direction control of the
electron beam. The gas jet nozzle has a circular
shape of 3-mm-diameter. The "y" is the difference
of the laser axis from the center of the gas jet. In
order to control the electron beam direction, we
control the gas jet position. The electron beam
position is measured with a scintillating screen and
a CCD camera. Figure 4 shows the result of the
direction control. The electron beam bends to the
outside. The electron beam follows the laser pulse.
The laser pulse bends due to the plasma density
distribution when the laser pulse is focused on the
side of the gas jet. As a result, the electron beam
bends to the outside of the gas jet. The fluctuation is
very small. It is possible to control the direction of

the electron beam by changing the gas jet position.

4. Conclusions

Laser-plasma interaction generates an electron
beam in the self-injection scheme. The ellipsoidal
profile of the quasi-monoenergetic electron beam is

rotated in such away that the major axis of the

- 101 -

1410* .

1210* b

110* |

8000

Intensity [a.u.]

6000

4000

10 15 20 25 30 35 40 45 5

Energy [MeV]

(b)

Fig.2 A typical image of the electron beam in the

energy distribution (a) and a projection of the
image onto the energy axis (b). The electron
oscillation can be observed when the laser
pulse has S-polarization.

Scintillating Screen

“CD Camera

e

Gas-jet

Electron
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Fig.3 Top view of the experimental setup for the

direction control of the self-injected electron
beam. The "y" is the difference of the laser
axis from the center of the gas jet. y = 0 means
that the laser pulse passes through the center
of the gas jet.
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Fig.4 Control of the direction of the self-injected

electron beam. When the laser pulse is
focused to the center of the gas jet, the
electron beam is generated near the laser axis.
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ellipsoid follows the laser polarization axis. This result also indicates that the quasi-monoenergetic electron
beam is in the first bucket of the wake wave. In the image of the energy spectrum, the electron oscillation
is observed. The energy spectrum can be converted to the electron pulse width. The result of the 1.5 period
oscillations indicates that the pulsewidth of the electron beam is at most several tens femtosecond. As a
control of the electron beam, we have succeeded in controlling the electron beam direction by changing the

gas jet position.

References

[1] T. Tajima and J. M. Dawson, Phys. Rev. Lett. 43, pp.267-270 (1979); E. Esarey, et al., IEEE Trans.
Plasma. Sci. 24, pp.252-288 (1996); E. Esarey, et al., Rev. Mod. Phys. 81, pp.1229-1285 (2009).

[2] W. P. Leemans, et al., Nature Phys. 2, pp.696-699 (2006); K. Nakamura, et al., Phys. Plasmas 14,
056708 (2007); N. Hafz, et al., Nature Photonics 2, pp.571-577 (2008).

[3] S. P. D. Mangles, et al., Nature 431, pp.535-538 (2004); C. G. R. Geddes, et al., Nature 431, pp.538-
541 (2004); J. Faure, et al., Nature 431, pp.541-544 (2004); A. Yamazaki, et al., Phys. Plasmas 12,
093101 (2005); E. Miura, et al., Appl. Phys. Lett. 86, 251501 (2005); M. Mori, et al., Phys. Lett. A356,
pp.146-151 (2006); B. Hidding, et al., Phys. Rev. Lett. 96, 105004 (2006).

[4] M. Mori, et al., Phys. Rev. ST Accel. Beams 12, 082801 (2009).

[5] B. Brozek-Pluska, et al., Radiat. Phys. Chem. 72, pp.149-157 (2005); D. A, Oulianov, et al., J. Appl.
Phys. 101, 053102 (2007); M. J. Bronskill, et al., Rev. Sci. Instr. 41, pp.333-340 (1970); Y. Muroya,
et al., Radiat. Phys. Chem. 60, pp.307-312 (2001); S. Fujita, et al, Radiat. Phys. Chem. 48,
pp.643-649 (1996).

[6] S. V. Bulanov, et al., JETP Lett. 53, pp.565-569 (1991); S. V. Bulanov, et al., Phys. Rev. Lett. 78,
004205 (1997); A. Pukhov and J. Meyer-ter-Vehn, Appl. Phys. B 74, pp.355-361 (2002); A. Zhidkov,
et al., Phys. Plasmas 11, pp.5379-5386 (2004).

[7]1 Y. Fukuda, et al., Phys. Lett. A 363, pp.130-135 (2007).

[8] S. V. Bulanov, et al., Phys. Rev. E 58, pp.R5257-R5260 (1998); H. Suk, et al., Phys. Rev. Lett. 86,
pp.1011-1014 (2001); C. G. R. Geddes, et al., Phys. Rev. Lett. 100, 215004 (2008).

[9] D. Umstadter, et al., Phys. Rev. Lett. 76, pp.2073-2076 (1996); E. Dodd, et al., Phys. Rev. E 70,
056410 (2004); E. Esarey, et al., Phys. Rev. Lett. 79, pp.2682-2685 (1997); C. B. Schroeder, et al.,
Phys. Rev. E 59, pp.6037-6047 (1999); E. Esarey, et al., Phys. Plasmas 6, pp.2262-2268 (1999); P.
Zhang, et al., Phys. Plasmas 10, pp.2093-2099 (2003); H. Kotaki, et al., Phys. Plasmas 11, pp.3296-
3302 (2004); G. Fubiani, et al., Phys. Rev. E 70, 016402 (2004); X. Davoine, et al., Phys. Rev. Lett.
102, 065001 (2008); J. Faure, et al., Nature 444, pp.737-739 (2006); H. Kotaki, et al., Phys. Rev. Lett.
103, 194803 (2009); C. Rechatin ef al., Phys. Rev. Lett. 103, 194804 (2009).

[10] M. Mori, et al., Laser Phys. 16, pp.1092-1096 (2006).

[11] S. P. D. Mangles, et al., Phys. Rev. Lett. 96, 215001 (2006).

[12] K. Nemeth, et al., Phys. Rev. Lett. 100, 095002 (2008).

-102 -



JAEA-Conf 2010-002

411 SRR BELIC L OB IENTSE

Nuclear Structure Investigation by Nuclear Photon Scattering

] 1T
MNATBOEN B AR DR &7 — 2SR tE Rt =y
Toshiyuki Shizuma
Advanced Photon Research Center, Quantum Beam Science Directorate,

Japan Atomic Energy Agency

The magnetic dipole (M1) response is one of the fundamental low-energy excitations in atomic nuclei.
Since the electromagnetic field couples the spin of the nucleon via the nuclear magnetization current, the
MI response provides direct information on the spin-dependent parts of the nuclear interaction. In the
present investigation, closed shell nuclei and its neighbours are excited in a process of nuclear resonacne
fluorescence (NRF) or nuclear photon scattering which provides a model-independent way to extract a
wealth of information on the low-energy nuclear response. Here, we report recent results of NRF

measurements using laser Compton scattering y rays.
Keywords: Nuclear Structure, Nuclear Resonance Fluorescence, Magnetic Dipole Response
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4.12 Nuclear Photon Science with “Coherent” Inverse-Compton Scattering

Mamoru Fujiwara
Research Center for Nuclear Physics, Osaka University, Mihogaoka 10-1 Ibaraki, Osaka 567-0047,
and
Japan Advanced Photon Source Development Unit, Quantum Beam Science Directorate,
Japan Atomic Energy Agency

Recent developments of the synchroton radiation facilities and intense lasers are now
guiding us to a new research frontier with probes of a high energy GeV photon beam and an
intense and short pulse MeV y-ray beam. New directions of the science developments with
photo-nuclear reactions are discussed. The inverse Compton y-ray has two good advantages
in searching for a microscopic quantum world; they are 1) good emmitance and 2) high
linear and circular polarizations. With these advantages, photon beams in the energy range
from MeV to GeV are used for studying hadron structure, nuclear structure, astrophysics,
materials science, as well as for applying medical science. We discuss the method to obtain
a high intensity photon beam from “coherent” inverse-Compton scattering

Keywords: Laser, Back Compton Scattering, Laser Research, Advanced photon, Nuclear Structure

1. Introduction

In the scientific field called "nuclear photon science", many applications from basic science research to the

biotechnology are performed with photon beams. Nuclear excitation, synchrotron radiation,
bremsstrahlung, and inverse Compton scattering are used to obtain these photon beams. Starting from the

observation of X rays by Reontogen in 1985, the applications now reaches at the sophisticated technology

developments with help of the fast computer such as PET (positron electron tomography) and the
observation of chemical dynamics. These fields will be more widely extended for contributing to nuclear
science and human life. For these applications, we need more high intensity photon beams. In the present
report, I would like to discuss a new possibility to obtain a high intensity photon beam by using coherent
inverse Compton scattering.

2. What is the future of inverse Compton beam?

Recent technologies to deliver a high intensity photon beam
are enormously enhanced with an appearance of the 3rd
generation synchrotron radiation facilities. Intrinsic feature
of photon comes from the fact that photon is boson, which
can be coherently overlapped in space and in time. Because
of this reason, photon energy density increases without
limitation whenever the coherence condition is satisfied. A
good sample is the laser acceleration of monochromatic
electron beam at E.= 20-200 MeV with a resolution of about
5% [1,2,3,4]. One can say that the dream predicted by
Tajima and Dawson [5] in 1979 really comes true. This
feature is also applied for the inverse Compton scattering
process.

qH-
High enegy
electron

Figure 1: Scheme of inverse Compton

electron and laser light. When a laser light
collides with a high energy electron, the

Figure 1 shows a schematic illustration of the inverse ) . . .
N photon is recoiled and is boosted up its

Compton scattering. When the laser light is backscattered
to the electron beam direction, the maximum photon
energy becomes

E™, = 4vE.’/((mec®)’ + 4VE,),

relativistic effect, where FEe/mec2 is the
Lorentz-FitzGerald contraction factor.
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where v is the energy of incidence laser, E. is the energy of the electron beam, m, is the electron mass. It is
noted that when the energy of incidence laser photons is relatively high compared with the electron beam
energy, almost mono-energy beam is available [6,7,8,9,10]. Thus, using this relativistic kinematic, it is
possible for us to obtain the quasi-monochromatic photon beam at high energies.

An important question to be addressed is "how can we generate a high intensity photon beam?". In fact, the
intensity of photon beam is weak in the past. This is a serious disadvantage in case of the nuclear physics
experiment, which requires a high-intensity photon beam to deduce small nuclear cross-sections. The
hadron beam intensity is now exceed to 10" /second and widely used for the studies of nuclear science
whereas the photon beam intensity in the MeV - GeV energy region remains at a level of 10° /second. This
unfavorable situation for photon beams is now at the turning point thanks to the recent novel developments
of 1) short-pulse and high-intensity electron gun, 2) acceleration of electron beam, 3) control system with
high-speed personal computers, and 3)short-pulse and high-intensity laser.

At present, the modern storage ring can store the electron beam at the GeV energies with an intensity more
than 100 mA (6x10'” electron/second). The laser intensity amounts to the 10 kW range. If this laser is a
far-infrared laser with a wave length of 100 um, the laser energy is about 0.01 eV. The photon intensity is
6x10°" /second. Assuming the laser and electron beams can be focused with the same size of the order 1
mm?’ and the inverse Compton process is used for obtaining a MeV photon, the intensity of such photons is
estimated to amount to 10'® /second. This intensity is extremely higher than the present level of the photon
intensity. Many scientists imagine a dream that the photon beam with an intensity of 5x10" becomes
feasible in the near future [11]. For example, the Ruth group [12,13] at the Stanford accelerator facility
now test a new machine to obtain a photon beam in the X-ray energy region from the inverse Compton
scattering. Ruth's statement is somewhat shocking. The essential point of his statement is the fact that big
machines like a 3rd generation synchrotron radiation (SR) facility may not be necessary for developing the
science with X-rays in future, and it would be possible to obtain a compact alternative machine delivering
an intensive X-ray beam compatible with those from the expensive SR machine. Remarkable
developments of the free electron laser (FEL) are a remarkable mile stone in recent years. A high power
FIR laser of 10 kW class is competitively developed [14.15]. As a promising extension of this rapid
scientific developments, the construction of the energy recovery linear-accelerator (ERL) facility is
discussed [16]. If the dream comes true, the photon intensity from the inverse Compton scattering will
reach at 10" /second, and new kinds of nuclear photo-science will be promised. At TUNL (Triangle
University Nuclear Laboratory), a high intensity photon beam has been achieved using the inverse
Compton scattering process between the stored electron beam and the FEL light [17] . Some fruitful
experiments aiming at the studies of nuclear physics and nuclear astrophysics are pursued with a photon
intensity of 10’ /second. If the photon intensity of the order 10" /second will be realized, the world of
these studies will be completely changed.

Figure 2:  Synchrotron radiation with a single
electron and an electron bunch with a number of
N. If the N electrons in the bunch are bent in
coherent in a dipole magnet, the synchrotron
radiation from the electron bunch is enhanced by
a factor of N> compared with that from a single
electron.

(Ne)?

First, let's consider a different challenge of obtaining a high energy photon beam using the coherency in
the collision process between electron and photon. Figure 2 illustrates what happens for the synchrotron
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radiation if the electrons move coherently in a dipole magnet. When a single electron is bent in the dipole
magnet, the basic QED process is described in terms of the coupling constant with the bare electron charge
e, resulting the radiation is proportional to € x €. In this case, the intensity of synchrotron radiation is, of
course, proportional to the number of electrons in the beam bunch passing through the dipole magnet.
When the bunch of the electron beam is short enough to move together in the size of the wave length of
radiated photons, a strong photon radiation is expected to be emitted thanks to the coherent effect. In fact,
such enhanced radiations have been experimentally observed at the linear accelerator facility of Tohoku
University [18].

Second, we consider the case of the inverse Compton
scattering. Figure 3 shows three types of the Compton scattering
processes. It is well known that the cross section of the Compton

- scattering process from the nucleus with an atomic number Z is
(b) —O—*M/ proportional to Z. Since the individual protons in a nucleus are
Ze trapped in the nuclear potential governed by the strong force and
_p the size of the nucleus is very small as the order of 10" cm,
(©) ® S(WN\\N/\N\/ photon colliding with the nucleus interacts with protons
coherently. The process with the electron bunch is more
complex. Usually, the size of the electron beam bunch is not
small, and the individual electrons in the beam bunch are not
trapped in the potential, and moved randomly in the space of the
beam size as a molecule of an ideal gas. If the electrons are
trapped in the beam bunch and the size becomes small as the
order of the wave length of incoming photons, the cross-section
could be enhanced with the order proportional to N*x ¢°7,
where ¢°r is the Thomson cross-section for the photon-electron scattering. This situation is illustrated in
Fig. 3(b). In fact, the mirror or polished mirror-like metal surfaces used in our common life reflect light
with a 100% reflectivity. This is due to that many electrons in metal move coherently against a photon, and
as a result the photon is completely reflected.

Figure 3: = Compton scattering
processes of photons from (a) single
electron, (b) atomic nucleus with a
charge Z, and (c) a beam bunch
with N electrons.

i
(Ne)™  Inverse Complon scattering

Figure 4: Schematic illustration of the coherent
—@'V UMM~ backscattered Compton process via the collision
between high energy electron and laser light. When a
laser light collides with a high energy electron, the

ki x‘&r Laser creates potential to photon is recoiled and is boosted up. When a bunch
Tnput electran beam confine electrons of the electrons are trapped in a strong laser
——F L — potential, the electrons in the potential move
e M coherently, and scatter photon with a large
\\{\@ cross-section. In such case, the reflection rate is
enhanced by a factor of N?, where N is the number of
Pump Laser Probe Laser electrons associated with the collision process.

s
¥

Now let's consider the collision between photons and the shortly bunched electron-beam under the special
condition illustrated in Fig.4. What we wish is to trap the electrons in the beam bunch with a special
potential. The key ingredient is the method for generating the electromagnetic field to confine electrons
even for a short instance. On the basis of the idea given by Hartemann et al. [19] , this trapping mechanism
is given by irradiating the electron beam with a short-pulse and high-intensity laser along the same
direction of the electron beam direction. Since the laser provides a very strong electromagnetic field, the
electrons in the beam bunch is trapped for a short period. This kind of trapping mechanism of electrons is
now a well known concept when we consider the FEL machine: the SASE (Self-Amplified Stimulated
Emission) mechanism is the most important ingredient.

When the electron beam bunch is irradiated with a high intensity laser, some parts of the electron group in

the beam would be confined in the laser potential for a short period. In the same instance, we shoot the
electron beam from the forward direction with another laser light split from the same laser. For example, if
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1000 electrons associate with the coherent scattering, the cross-section of the inverse Compton scattering
is enlarged by a factor of 10°. This means that the reflectivity of the laser becomes large, and the laser
energy is boost up by a 4 x y* factor as well. The possibility of obtaining the coherent scattering with many
electrons is not small: The electron beam bunch with a intensity of pA with MHz repetition contains about
10° electrons. If 1000 among 10° electrons is confined in the laser potential in the short period of the laser
irradiation, the coherent Compton scattering is expected to happen. Such trails with the N? effect in
coherent inverse Compton scattering are made to generate a high flux X-rays and for the application of
cancer therapy [7,8,9,10] .

At Kansai Photon Science Institute (KPSI), there is a betatron accelerator. The beam bunch from this
betatron accelerator is rather short. A high intensity laser is also guided into the same experimental room.
Thus, the KPSI is the best place to check the feasibility of the coherent inverse Compton scattering with
the N? effect.

accerelated electron spectrum

g

Figure 5:  Schematic illustration of

Energy . ;
inverse Compton scaltering  he coherent backscattered Compton
Laser : r process via the collision between high
—_— electron beam N
4 | ! . energy electrons from laser driven
Short pulse laser laser acceleration and laser light.

gas jet target
\ i d

Another possibility of testing the N” effect is to use the electron beam from the laser acceleration. Recently,
the laser acceleration of electron beam has been realized [20]. The beam bunch of this laser driven electron
beam should be extremely small with a size much less than the laser wave length of about 0.1 pm. It is
interesting to consider what happens when the laser collide with this electron beam from the laser driven
acceleration (see Fig. 5). We can expect the same coherent inverse Compton scattering from the electron
beam since the electron beam bunch is expected to be very short because of the laser acceleration
mechanism.

3. Summary and final remarks

Thanks to the recent laser and accelerator technologies, it is turned out that photon beams in the energy
range from sub-MeV to a few GeV become usable for various scientific developments. One of the
important subjects to be studied with such photon beams are the new technology development to generate
the high intensity MeV photons with a full usage of the quantum effect of coherency, where we can
examine the nobel posibility of testing the non-perturbative QED processes.

Recently, in Japan, South-Korea, China, Taiwan, US, and EU countries, many scientists discuss to install
the beam lines for inverse Compton scattering at the SR facilities. There are great possibilities of having a
high-intensity photon beam due to the boson nature of light, which is not fully used in the past.
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4.13 Energy Increase in Multi-MeV lon Acceleration in the Interaction of a Short
Pulse Laser with a Cluster-gas Target
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We demonstrate generation of 10-20 MeV/u ions with a compact 4 TW laser using a gas target mixed
with submicron clusters, corresponding to tenfold increase in the ion energies compared to previous
experiments with solid targets. It is inferred that the high energy ions are generated due to formation of a
strong dipole vortex structure. The demonstrated method has a potential to construct compact and high

repetition rate ion sources for hadron therapy and other applications.

Keywords: Ion acceleration, High intensity laser, Cluster, Hadron therapy

1. Introduction

Recent development of ultrashort-pulse, high peak power laser systems enables us to investigate
high field science under extreme conditions (1). Ion acceleration with intense laser pulses has been one of
the most active areas of research in high field science during the last several years (2, 3), because it has a
broad range of applications including cancer therapy (4, 5), isotope preparation for medical applications
(6), proton radiography (7), and controlled thermonuclear fusion (8).

We describe here a new approach where high energy ions are generated from the irradiation of a gas

mixed with submicron-size clusters by a compact ultrashort pulse laser.

2. Experiments

The experiment has been conducted using the JLITE-X 4-TW Ti:sapphire laser at JAEA-KPSI. A
schematic of the experimental set up is shown in Fig. 1A. The laser delivers 40-fs duration (FWHM)
pulses of 150 mJ energy at a 1 Hz repletion rate with a temporal contrast near 10°. A pulsed solenoid valve
connected to a specially designed circular nozzle having a three-stage conical structure with an orifice
diameter of 2 mm was used to produce submicron-sized CO, clusters embedded in a He gas. With the aid
of a numerical model, the gas parameters were optimized for the production of submicron-sized clusters
for a 60-bar gas of 90 % He and 10 % CO,. The laser pulse was divided into the main pulse and a lower
energy probe pulse. The main laser pulse was focused to a spot of 30 mm diameter (1/¢* intensity) with an
off-axis parabola of effective focal length, 646 mm. This yields a peak vacuum intensity of 7x10'7 W/cm®.
Soft x-ray spectra were acquired using a focusing spectrometer with two-dimensional spatial resolution

equipped with a spherically bent mica crystal and a back
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Soft X ray
spectrometer Shadowgraph
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CR39 stack Fig. 1 (A) Schematic of the experimental
Main setup. (B) Measured soft X-ray spectrum
Ia—sn;.'l of the Hep and Ly, lines of oxygen (solid
curve), and the calculated spectrum
(dotted curve) for the near-critical
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corresponds to maximum energies of 10,
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carbon, and oxygen ions, respectively.
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91.84 1.88 1.92
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illuminated CCD camera. The position and timing of the nozzle emission with respect to the laser pulse
arrival were adjusted to maximize the intensities of the Hep (665.7 V) and Ly, (653.7 V) lines of oxygen
(see Fig. 1B). The high energy ions were generated when the laser beam was focused near the rear side of
the gas jet and 1.5 mm above the nozzle orifice (see Fig. 2A). It is expected that significant enhancement
of the laser intensity will occur during propagation through the gas, because the peak power of the main
laser pulse is well above the critical power for relativistic self-focusing. The shadowgraph image shown in
Fig. 2A reveals the formation of a channel of approximately 5 mm in length, substantially longer than the

nozzle orifice diameter (2 mm) and the Rayleigh length (900 mm).

.\ He+ CO, clusters:

Fig. 2 (A) The shadowgraph image for a mixture of
— He gas and submicron CO, clusters, revealing
formation of a channel of ~5 mm length. (B) The
shadowgraph image for a target composed only of a
60-bar He gas.

3. Results and Discussions

The high energy ions were measured with a stack of solid state nuclear track detectors (SSNTD)
placed on the laser propagation axis at a distance of 200 mm from the laser focal plane. The SSNTD stack
consists of ten sheets of 10-um thick polycarbonate film and twelve sheets of 100-pum thick CR39 with an
area of 40x40 mm. A single 6-um Al foil was placed in front of this track detector to protect it from

damage induced by the transmitted portion of main laser pulse. Ions were accumulated for about six
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thousand laser shots. Fig. 1C shows a typical image of the etched pits, which was registered in the 11th
layer of CR39, observed with a differential interference microscope. Observations of the pit images
through the whole layers of CR39 reveal that these pits penetrate through several successive CR39 layers
at exactly the same lateral position, and vanish at some layer which corresponds to the depth of Bragg peak
for ions in the CR39 stack. In contrast to typical solid target experiments, as the pits are inhomogeneously
distributed in CR39, it is difficult to estimate the number of ions accelerated in this method. The track
images show that these high energy ions are well collimated with a divergence (full angle) of 3.4° in the
forward direction.

The energy range of the ions is determined quantitatively from the extent of the tracks recorded in the
CR-39 stack by calculating their stopping ranges. Since the target gas is a mixture of He and CO,, highly
charged helium, carbon, and oxygen are the possible accelerated ion candidates. We observe the ion tracks
in CR39 up to the 11th layer and none in the 12th layer. This penetration depth corresponds to maximum
energies of 10, 17, and 20 MeV per nucleon for helium, carbon, and oxygen ions, respectively. We note
that there are at least two different sizes of tracks. It is likely that the smaller ones are from helium ions
and the larger ones are from carbon and/or oxygen ions.

We note that with the cluster target, ions were accelerated up to approximately 20 MeV per nucleon
with a laser pulse energy of only 150 mJ. This corresponds to approximately a tenfold improvement of
accelerated ion energy compared to previous experiments, where 1.3-1.5 MeV protons were produced at
laser pulse energies of 120-200 mJ in solid targets (9,10).

Two-dimensional particle-in-cell (PIC) simulations were conducted to better understand the ion
acceleration process. The laser pulse irradiates the gas density plasma which is composed of the electrons
and the ions with Z/A=1/2 such as He*", C®" and O®" with the density profile shown in Fig. 3A by the red
line. The laser and plasma parameters correspond to those of the present experiment. The simulation was
run for a 100-pum thick plasma slab, because high energy ion generation has been observed when the laser
pulse is focused near the rear side of the gas jet. The density was kept constant at 0.1n, for 20 < X < 65 pm,
decreasing linearly to 0.02n, in the region, 65 < X < 80 um, and kept constant at 0.02n. for 80 < x < 110

Fig. 3 The results of 2D PIC simulation for a

‘E‘:1L15I)-C ; & : -E'EE 100-mm thick plasma slab of the density

= ~.‘# .' ~0.1n,. The density profile is shown by the

10']'E}r red line in (A). (A): the electron density

50 100 150 normalized by n¢, (B): the magnetic field B,

e .. x[?m] normalized by the laser field, and (C): the

E"oz ¢ :;Eﬁ‘:{:&}ﬂem longitudinal electric field E, normalized by

f mnr : the laser field at t=900 fs, respectively. (D)

. . ‘ '1::‘: { shows the calculated spectra of the ions in

50 x1{t:£n } 00~ CAFL— 1‘0- —20 3¢ unit of MeV/u and the electrons in MeV at
Particle Energy

t=6 ps.

The laser pulse undergoes the relativistic self-focusing leading to the plasma channel formation filled
with the a quasi-static magnetic field of about 35 MG (Figs. 3A-C) (11,12). Fast electrons accelerated in
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the channel form a dipole vortex in the slope plasma region of 70 < x < 90 (18,19), which is associated
with the strong bipolar magnetic field as illustrated in Fig. 3B. The magnetic field presses out the cold
plasma electrons forming the low density regions surrounded by dense thin shells. The density profile of
Fig. 3A resembles the shadowgraph image observed in the experiment (Fig. 2A). As is well known, the fast
electrons produce a quasi-static electric field at the plasma-vacuum interface (Fig. 3C, region X > 110),
which is associated with the acceleration mechanism known as TNSA. However we find in the present
case that a much stronger electric field is generated at the shells wrapping the dipole vortex (Fig. 3C,
region 70 < X < 90). Since the electric field reverses sign, the ions are accelerated in the direction
perpendicular to the shell surface to the maximum energy of 8.5 MeV per nucleon (Fig. 3D). The electrons
have a quasi-thermal energy spectrum with an effective temperature of 1.9 MeV and a maximum energy of
~20 MeV. The simulation shows that the ions are accelerated along the laser propagation axis in a time
dependent electric field generated during the magnetic field annihilation. This process is similar to the ion
acceleration in plasma pinch discharges. In addition, accelerated ions directed perpendicular to the shell
originate from the Coulomb explosion of the shells when the electrons of the shells are expelled by the
inhomogeneous magnetic field pressure. Both processes give comparable ion energies. Our simulations
suggest that increasing the areal density, nl, of the target and the energy of the laser pulse will result in the
increase of the ion energies.

The contribution of the TNSA mechanism acting at the plasma-vacuum interface is estimated to be
about 2 MeV/u. Thus the presence of the dipole vortex structure is essential for high energy ion generation
under the present experimental conditions. Our computer simulations indicate that generation of such a
magnetic field requires an optimal slope-step profile and optimal plasma density (~0.1n.in our case). This
level of plasma density cannot be created by the background He gas (~0.02n.), but can be created by
addition of the CO, clusters which are initially at solid density and then expand during laser irradiation. In
fact, analysis of soft X-ray spectra (Hep and Ly, lines of oxygen) shown in Fig. 1B determines the plasma
electron density to be of order 10*° cm™ which is about 0.1n,. Thus the use of a mixture of He gas and CO,

clusters is crucial for securing the proper plasma density and the slope-step profile.
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4.14 The X-ray Source: Double-Sided Relativistic Mirror
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An ultra-bright high-power X-ray source is proposed. A solid-density thin plasma slab accelerating in
the radiation pressure dominant regime reflects a counterpropagating electromagnetic radiation causing its
frequency multiplication and intensification. Frequencies of high harmonics generated at the plasma slab

undergo multiplication with the same factor as the fundamental frequency of the reflected radiation.
Keywords: X-ray generation, Laser-plasma interaction, Relativistic mirror

1. Introduction

The concept of relativistic mirror plays an important role in theoretical physics since the time when
A. Einstein derived formulae for the frequency and amplitude of an electromagnetic (EM) wave reflected
off a moving mirror using Lorentz transformations [1]. If the EM wave is co-propagating with respect to
the mirror, its frequency and energy decreases upon reflection. If it is counter-propagating, the reflected
light gains energy and becomes frequency-upshifted, making this effect an attractive basis for a source of
powerful high-frequency EM radiation. Relativistic plasma whose dynamics is governed by the strong
collective fields provides numerous examples of moving mirrors which can acquire energy from
co-propagating EM waves or transfer energy to reflected counter-propagating EM waves [2]. This is seen
in the concepts of the flying mirror [3], sliding mirror [4] and oscillating mirror [5]. In these concepts
laser-driven plasma produces ultra-short pulses of XUV radiation and X-ray.

The flying mirror formed by breaking wake waves in plasma partially reflects a counter-propagating
EM wave, focusing it into a spot determined by the shortened wavelength of the reflected light. The
resulted intensification [3] can increase the electric field up to the Schwinger limit when electron-positron
pairs are created from the vacuum and the vacuum refractive index becomes nonlinearly dependent on the
EM field strength [6]. The sliding mirror is formed by a thin foil whose density is so high that the electrons
are confined within the boundaries of the ion layer. Irradiated by a relativistically strong laser pulse, which
is not capable to quickly break the confinement condition, these electrons perform nonlinear motion along
the foil, enriching the (partially) reflected radiaiton (as well as transmitted radiation) with high harmonics
[4]. In a less dense foil the electrons can perform collective motion in the direction perpendicular to the
foil, thus forming a mirror oscillating with relativistic velocity. A portion of an incident relativistically
strong EM wave, driving the oscillating mirror, is reflected in the form of strongly distorted wave carrying

high harmonics [5].
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Here we discuss the scheme of the accelerating

Driver A A Source
double-sided relativistic mirror, Fig. 1, which reflects the
counter-propagating relativistically strong EM wave
enriching the reflected radiation with high harmonics, all reflected reflected

frequency-upshifted with the same factor. The role of the M
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mirror is played by a high-density plasma slab accelerated di =472,

Double-sided mirror

by an ultra-intense laser pulse (the driver) in the Radiation
Pressure Dominant (RPD) regime (Laser Piston regime) [7]. Fig. 1 The double-sided mirror scheme.
In this acceleration the energy is transferred from the driver pulse to the co-propagating mirror (plasma
slab), which acquires the fraction ~1—(2y)’ of the driver pulse energy [7]. The plasma slab is a mirror
also for a counter-propagating relativistically strong EM radiation (the source). It exhibits the properties of
the sliding and oscillating mirrors, producing relativistic harmonics. The source pulse should be
sufficiently weaker than the driver, nevertheless it can be relativistically strong. In the spectrum of the
reflected radiation, the fundamental frequency of the incident radiation and the relativistic harmonics and
other high-frequency radiation like bremsstrahlung generated at the plasma slab are multiplied by the same
factor, (2y)*, Fig. 1. Compared with previously discussed schemes, the double-sided mirror concept
benefits from a high number of reflecting electrons (since the accelerating plasma slab initially has solid
density) and from the multiplication of the frequency of all the harmonics. This concept opens the way
towards extremely bright sources of ultrashort energetic bursts of X- and y-ray, which become realizable

with present-day technology enabling new horizons of laboratory astrophysics, laser-driven nuclear

physics, and studying the fundamental sciences, e.g. the nonlinear quantum electrodynamics effects.

2. Particle-in-Cell simulation

In order to investigate the feasibility of the accelerating double-sided mirror scheme we performed
two-dimensional particle-in-cell (PIC) simulations using the Relativistic Electro-Magnetic Particle-mesh
(REMP) code based on the density decomposition scheme [8]. The driver laser pulse with the wavelength
A, = A, the intensity I, =1.2x10"W/ecm® x (1um/A)*, corresponding to the dimensionless amplitude
a, =300, and the duration 7,=207zc/A is focused with the spot size of D, =101 onto a hydrogen
plasma slab with the thickness /=0254 and the initial electron density n, =480n,
=5.4x10"cm” x(1um/A)* placed at x=101. The plasma slab transverse size is 284 . The driver is
p-polarized, 1. e., its electric field is directed along the y-axis. Its shape is Gaussian but without the leading
part, starting 54 from the pulse center along the x-axis. At the time when the driver pulse hits the plasma
slab from the left (x <104 ), the source pulse arrives at another side of the slab from the right (x <10.251).
The source pulse is s-polarized (its electric field is along the z-axis). It has the same wavelength as the
driver pulse. Its intensity is 7, =1.2x10"W/cm® x(1um/A)*, corresponding to the dimensionless
amplitude a, =3, its duration is 7,=1207c/A and its waist size is D, =204 . The source pulse has
rectangular profile along the x- and y-axes; such the profile is not necessary for the desired effect but helps

to analyze the results. The simulation box has size of 504 with the resolution of 128 steps per A4 along
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the x-axis and 304 with the resolution
16 steps per A along the y-axis. The
number of quasi-particles is 10°. We note
that the p-polarization of the driver may
be not optimal for a smooth start of the
slab acceleration in the radiation pressure
dominant regime [9], nevertheless it was
chosen in order to easily distinguish
between the driver and the source pulses.
In addition, our choice demonstrates the
robustness of the double-surface mirror.
The results of the simulations are
shown in Figs. 2,3, where the spatial
coordinates and time units are in the laser
wavelengths and  wave  periods,
respectively. The driver laser accelerates a
portion of the plasma slab making a
cocoon where it remains confined, Fig.
2(a). At the time t=37x27/® from the
beginning of the driver-slab interaction,
the ions are accelerated up to 2.4 GeV
while the majority of ions in the
accelerated "plate" carry the energy about
1.5 GeV. The cocoon structure appears in
the ion angular distribution as a "needle
eye" pattern, Fig. 2(b). The source pulse
is reflected from the accelerating plasma,
Fig. 2(a). Its frequency increases as the
mirror moves faster. A portion of the
source pulse reflected from the curved
edges of the expanding cocoon acquires
an inhomogeneous frequency upshift

determined by the angle of the reflecting

¥
Q
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LB EL

0 500 1000 1500

E [MeV]
Fig.2 (a) The z-component of the electric field, representing the
source pulse, and the ion density (black) for t=37x27/w.
Driver pulse goes from left to right. (b) The energy (curve) and the
angular (grayscale) distributions of ions for the same moment of
time. Here ¢ =arctan(p, / p,), where p, and p, are the ion
momentum components.

2000 2500
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Fig. 3 (a) The electric field component E, representing the
reflected radiation for t*=32x2z/@ . (b) Colorscale: the
modulus of the spectrum of E,(t—t*), taken for each t with the
filter of width A . Dashed curves: the odd harmonics frequency
multiplied by the factor (1+ 8)/(1— ) calculated from the fast
ion spectrum maximum. Modes aliasing occurs at later times due
to the fixed width of the filter and a fast change of the frequency
multiplication factor.

region. At the beginning the magnitude of the reflected radiation is greater than that of the incident source

(3 times higher at maximum) due to the frequency upshift and due to the plasma slab compression under

the radiation pressure. Later the reflected radiation magnitude drops because the accelerated plasma slab

becomes more and more transparent for the incident source pulse whose frequency becomes higher with

time in the instant proper frame of the accelerating slab. Eventually the source pulse is transmitted through

- 118 -



JAEA-Conf 2010-002

the plasma. This is seen in Fig. 2(a) where the transmitted radiation is focused due to the cocoon-like
spatial distribution of the plasma.

The reflected radiation spectrum has a complex structure, Fig. 3. It contains not only the fundamental
mode of the source pulse, but also high harmonics due to the nonlinear interaction of the source with the
plasma slab. Since the mirror moves with acceleration, the reflected spectrum shifts as a whole towards
higher frequencies, Fig. 3(b). The high harmonics generation efficiency is optimal for a certain areal
density of the foil, according to the condition a, =(n,/)A/r, [4], where A is the source wavelength in the
plasma slab proper reference frame and r, = ¢’ / m,c” is the classical electron radius. Initially far from this

condition, the accelerated plasma slab satisfies it at certain time.

3. Conclusions

In conclusion, a solid-density plasma slab, accelerated in the radiation pressure dominant regime,
efficiently reflects a counter-propagating relativistically strong laser pulse. The reflected EM radiation
consists of the fundamental mode and high harmonics, all multiplied by the factor (2y)*, where the
Lorentz factor of the plasma slab, y , increases with time. With a sufficiently short source pulse being sent
with an appropriate delay to the accelerating mirror, one can obtain a high-intensity ultrashort x-ray pulse.

We estimate the reflected radiation brightness in two limiting cases. For 2y < (nexlf)l/ %, the reflection
is coherent and the brightness is B,, ~ E,(ho)’ A, / 47°hc’ , where ho is the reflected photon energy and
E_ is the source pulse energy. For larger y , the interaction becomes incoherent. Assuming that the EM
radiation is generated via the Thomson scattering, we obtain B, ~ a,E, (ho)’r.A? [8z*i’c* 2] . For example,
if £,=10J,A,=0.8um, ho=1keV (y=13), then B,, =8x10* photons/(mm” mrad” s), which is orders
of magnitude greater than any existing or proposed laboratory source [10]. For the same parameters of the
source pulse and A, =0.8um ,a, =300, hw=10keV (y=40), we have B, =3x10% photons/(mm’
mrad” s). With the concept of the accelerating double-sided mirror, relatively compact and tunable

extremely bright high-power sources of ultrashort pulses of X- and y-rays become realizable [11].
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This paper shows the mechanism of the production of hollow atoms and the behavior of photo-electrons
produced by high intensity x-rays irradiating a bio-molecule. We have also proposed the x-ray flux using
them. Furthermore, it discusses advantage and disadvantage of these two methods and shows the suitable
x-ray flux and sizes of targets for them.
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4.16 Efficient Second-Harmonic Generation of
Nd:YAG Laser in CsB;05 Crystal
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We have demonstrated efficient second-harmonic generation (SHG) of high energy fundamental
Nd:YAG laser pulse energy of the multi-joule (J) level at a high repetition rate using high optical quality
top-seeded solution growth CsB;05(TSSG-CBO) crystal. SHG (532 nm) output energy of 1.2 J at 10 Hz is
obtained with a conversion efficiency of 60 %. This result has been obtained at the multi-J level by the
growth of high optical quality TSSG-CBO crystal with the large effective nonlinear coefficient and high
damage threshold. These results indicate that TSSG-CBO is a good candidate material for high energy SHG
of Nd-doped lasers at the several J level or more with high repetition rate.

Keywords: Frequency conversion, Nonlinear optics, High energy green laser pulse

1. Introduction

Nonlinear optical behaviour in crystals has extended available laser source frequency conversion from
the near infrared (IR) to deep ultraviolet (DUV) regions [1, 2]. In particular second-harmonic generation
(SHQG) of fundamental Nd-doped (Nd:YAG or Nd:glass) laser pulse is useful for pumping the Ti:sapphire
chirped-pulse amplification (CPA) laser systems that now can routinely provide high energy, high intensity
pulses of ultrashort duration. The SHG of Nd:YAG or Nd:glass laser has been generated widely by
KTiOPO, (KTP), LiB;O5 (LBO), B-BaB,0, (BBO), and KH,PO4 (KDP). Although KTP, LBO, and BBO
have a large effective nonlinear coefficient [1, 2], the input laser pulse energy is limited by crystal size (~1
cm3), and therefore SHG energies have been typically no more than several hundred milli-Joule (mJ). To
obtain the several ten J level of SHG, KDP has mainly been used, because KDP crystals can be grown to
adequately large sizes with high optical quality [2]. However the efficiency of SHG for KDP is not so as
high due to its lower nonlinear coefficient (degxpp:0.37) [2]. As a novel nonlinear crystal for frequency
doubling of high energy laser pulses, CsLiBsO;o (CLBO) and Y Ca;O(BO); (YCOB) crystals have been
stably grown to large sizes recently [3, 4]. SHG pulse energy of 25 J with a conversion efficiency of 74 %
from CLBO of 11 mm length has been demonstrated by using Nd:glass laser [5]. For YCOB, 31.7 J of SHG

with efficiency of 52.8 % have been achieved in Mercury laser system [6].
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The CsB;05 (CBO) [7] crystal also has potential for high energy SHG because of the large size of crystal
growing, the large effective nonlinear coefficient at the wavelength of 532 nm and the high damage
threshold (26 GW/em®) [2]. In particular, the effective nonlinear coefficient of CBO (defr cpo: 1.00) is
higher than that of CLBO (Uerc180:0.95) and YCOB (degrycos:0.98) [1, 8]. However, the most promising
advantages of CBO are the large effective nonlinear optical coefficient at the wavelength of 193 nm (d.g
cgo:1.05) by comparison with CLBO(d.sc1p0:0.91). Lithography for semiconductor devices is of interest at
this wavelength. Consequently there has mainly been interested in third and fourth harmonic generation of
a fundamental Nd:YAG laser pulse via the sum-frequency generation (SFG).

In the past there were scattering centres in the CBO crystal grown by the stoichiometric melt technique
[9]. Therefore it was difficult to stably grow high optical-quality CBO crystals of large size without
scattering centres. Consequently the maximum SHG efficiency with CBO was approximately 45 %
although the input fundamental laser intensity was 8 GW/em® [9]. High quality CBO crystals without
scattering centres can now be grown to larger sizes using a top-seeded solution growth (TSSG) with a
slightly Cs,O-enriched melt [10]. This novel technique affords opportunities for THG and SHG at high
energy. In this proceeding, we report the first demonstration of SHG of Nd:YAG laser pulse with energy of
2.0 J at 10 Hz repetition rate with pulse duration of 10 ns in a TSSG-CBO crystal. A maximum SHG energy
of 1.2 J has been obtained with a 60 % efficiency using an input Nd:YAG laser pulse energy of 2.0 J. This
study indicates that efficient SHG in CBO crystals can reach the multi-J output levels.

2. Experiments

Experiments are performed at 10 Hz repetition rate with a commercial Nd:YAG laser (Spectra Physics,
Quanta-Ray PRO-IS350) at 1064 nm that delivered 10 ns (FWHM) pulses with an energy up to 2.0 J. The
detail of diagram on experiment was described in Ref. 11. To preserve the almost flat-topped transverse
intensity profile of Nd:YAG laser, an image relay telescope with convex lens used. The output energy of
Nd:YAG laser is controlled by using first half wave plate (HWP;) and a thin film polarizer (TFP). The
optimum polarization of Nd:YAG is set with a second half wave plate (HWP,) and the beam diameter is
down-collimated from 12.5 mm to 7.5 mm with a convex-concave lens pair. The beam divergence is <0.5
mrad. The SHG is converted by type I TSSG-CBO crystal with size of 10x10 mm and length of 10 mm.
The cutting angle of this crystal is 6=55.8°, ¢=0°, and both surfaces are optically polished without
anti-reflection (AR) coating. To avoid degradation from stress of crystal hydration, cutting, polishing and
thermal shock in high power laser absorption, the crystal is heated in an argon gas purged cell at a
temperature of 160 °C with an accuracy of 0.1 °C by oven (SDR-S30-P TC, Sakaguchi E. H. Voc Corp.).
The oven windows were AR coated. The SHG and fundamental laser pulses from TSSG-CBO crystal are
separated with the dichroic mirror (DM) and the energy of SHG is measured with a power meter
(PM;OPHIR, FL-250A-EX-SH, LASER STAR, LS-R,). To monitor the output beam profile as a
reference, the spatial profile of the SHG beam at the crystal surface is measured with a CCD camera

(WAT-902H2, Watec) and an imaging lens.
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3. Results and discussion

Figure 1 shows the SHG output energy at 532 nm as a function of the input fundamental Nd:YAG laser
energy at 1064 nm. The input fundamental energies were measured without the TSSG-CBO crystal. By
changing angle of HWP,, the fundamental laser pulse energy can be varied from 0.25 to 2.0 J. At the 2.0 J
fundamental input levels we obtained the highest SHG energy of 1.2 J. At an incident laser intensity of
450 MW/cm” which is calculated from measured values of energy, pulse width, and diameter both surfaces
and the bulk material of the TSSG-CBO crystal remained damage-free. The damage threshold of the
TSSG-CBO is 26 GW/cm” but that of the AR-coated window in front of the TSSG-CBO is only about 800
M/em” which limited the laser intensity for our investigation.

Figure 2 illustrates the experimental result and the numerical calculation [12] of the SHG efficiency as a
function of the fundamental input pulse intensity. A maximum conversion efficiency of 60 % has been
achieved with the 2.0 J input. This conversion efficiency of this study is 1.3 times higher than that of
previous work (input intensity: 8 GW/cm®) performed at much lower intensity. This is because we produced
higher optical-quality crystal with the TSSG method compared with the early stage of CBO crystal growth
process. As a method for assessing crystal quality, optical scattering could be inferred by the optical
transmittance of a crystal at short wavelengths. For example, the transmittance of our crystal at the
wavelength of 200 nm is about 85 % [13]. By contrast that of the previous one was about 52 % [7]. This
result indicates that our crystal is of higher optical quality than the previous one. As another improvement,
the phase matching angle (6=55.8°) with TSSG-CBO is slightly smaller than that of previous CBO type
(6=58.2°), and therefore the effective nonlinear coefficient of TSSG-CBO (1.00 pm/V) is larger than that of
previous one (0.96 pm/V).
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Fig. 1. Output energy at the wavelength of 532 Fig. 2. A conversion efficiency of second-harmonic
nm from TSSG-CBO crystal as a function of as a function of the input laser intensity. The solid
input laser energy at the wavelength of 1064 nm. square is experimental result. The gray solid line is

the numerical calculation.
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4. Conclusion

In conclusion, we have demonstrated highly efficient SHG of the high energy Nd:YAG laser pulse at 1064
nm using a TSSG-CBO crystal of 10 mm length that has been grown using the TSSG technique. The output
pulse energy of 1.2 J at 10 Hz corresponds to a 12 W average power at the input energy and average power
of 2.0 J and 20 W respectively. The high conversion efficiency of 60 % has been achieved without any
optical damage to the crystal. Because the intensity damage threshold for CBO is estimated to be about 26
GW/cm?, efficient SHG further is expected with even higher energy 1064 nm input. These results show
TSSG-CBO is a good material for high average power SHG of Nd-doped lasers at the several J level or

more.

Acknowledgements

This work was supported by the Special Coordination Fund (SCF) for Promoting Science and Technology
commissioned by the Ministry of Education, Culture, Sports, Science and Technology (MEXT) of Japan.
Thanks are due to Mrs. Y. Okada, and M. Tanaka of Kogakugiken Corp. for their technical support.

References

[1] W. Koechner, Solid-State Laser Engineering, 6th ed. (Springer-Verlag, Berlin, 2005), Chap. 10.

[2] V. G. Dmitriev, G. G. Gurzadyan, D. N. Nikogosyan, Handbook of Nonlinear Optical Crystals, 3rd ed.
(Springer-Verlag, Berlin, 1999).

[3] Y. Mori, I. Kuroda, S. Nakajima, T. Sasaki, and S. Nakai, Appl. Phys. Lett. 67, pp. 1818-1820 (1995).

[4] M. Iwai, T. Kobayashi, H. Furuya, Y. Mori and T. Sasaki, Jpn. J. Appl. Phys. 36, pp. L276-L279
(1997).

[5] H. Kiriyama, N. Inoue, and K. Yamakawa, Opt. Express 10, pp. 1028-1032 (2002).

[6] A.Bayramian, J. Armstrong, G. Beer, R. Campbell, B. Chai, R. Cross, A. Erlandson,Y. Fei, B. Freitas,
R. Kent, J. Menapace, W. Molander, K. Schaffers, C. Siders, S. Sutton, J. Tassano, S. Telford, Ch.
Ebbers, J. Caird, and C. P. J. Barty, J. Opt. Soc. Am. B 25, pp. B57-B61 (2008).

[7] Y. C. Wu, T. Sasaki, S. Nakai, A. Yokotani, H. G. Tang, C. T. Chen, Appl. Phys. Lett. 62, pp. 2614
-2616 (1993).

[8] Z.M. Liao, L. Jovanovic, C. A. Ebbers, Y. Fei, and B. Chai, Opt. Lett. 31, pp. 1277-1279 (2006).

[9] Y. Wu, P. Fu, J. Wang, Z. Xu, L. Zhang, Y. Kong, and C. Chen, Opt. Lett. 22, pp. 1840-1842 (1997).

[10] Y. Kagebayashi, Y. Mori, and T. Sasaki, Bull. Mater. Sci. 22, pp. 971-973 (1999).

[11] M. Suzuki, H. Kiriyama, Y. Nakai, H. Okada, 1. Daito, Y. Kagebayashi, T. Yokota, P. R. Bolton, H.
Daido, and S. Kawanishi, Opt. Commun. 283, pp. 451-453 (2010).

[12] J. A. Armstrong, N. Bloembergen, J. Ducuing, and P. S. Pershan, Phys. Rev. 127, pp. 1918-1939
(1962).

[13] Y. Kagebayashi, Y. Morimoto, S. Miyazawa, and T. Sasaki, Jpn. J. Appl. Phys. 39, pp. L1164-L.1166
(2000).

]
]

- 127 -



JAEA-Conf 2010-002

4.17 [ElEzab—L R[EINLA5EE

Rotational-coherence Molecular Laser Isotope Separation
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We have proposed new laser isotope separation method, utilizing rotational coherence of a simple
molecule. In the present method, photoexcited molecules are isotopically separated by difference of
rotational period between them. To demonstrate efficiency of this method, two-pulse photodissociation
of mixed "’Br,/*'Br, isotopes has been investigated theoretically. The photodissociation probabilities of
"Br, and *'Br, have been calculated as functions of time delay between the photoexcitation and
dissociation laser pulses. We have demonstrated that isotope enrichment factor of "’Br to *'Br can be
changed from 0.34 to 1.8, by just changing the time delay only by 0.2 ns. Additionally, we have shown
that this method is effective for heavy isotopes, based on mass dependence of the isotope enrichment

factor.

Keywords: Molecular laser isotope separation, Rotational coherence, Bromine molecule, Mass

dependence of isotope enrichment factor
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Fig. 3 (a) and (b) Photodissociation probabilities
for ’Br, (solid) and *'Br, (broken), as functions of
time delay between the excitation and dissociation
laser lights. (c) and (d) Enrichment factor of ’Br,
relative to 81Brz.
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Fig. 4 (a) and (b) Photodissociation probabilities
for virtual isotopomers *°X, (solid) and **X,
(broken), as functions of time delay between the
excitation and dissociation laser lights. (c) and (d)
Enrichment factor of 2*°X, relative to 2**X,.
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Multilevel Effect on Ultrafast Isotope-selective Vibrational Excitations:
Quantum Optimal Control Study

H AR 2B R RS &1 v — A0 FAF9EE Y
Yuzuru KUROSAKI

Laser Chemistry Group, Quantum Beam Science Directorate, Japan Atomic Energy Agency

We demonstrate, using optimal control theory, that perfect isotope-selective molecular vibrational
excitations in multilevel systems can be completed in much shorter time scales than those in two-level
systems. Considering the mixture of cesium iodide isotopomers (‘**CsI and '*°CsI), we try to obtain
electric fields that drive different isotopomers into different vibrational levels. As a result, we find that in
multilevel systems the vibrational excitations can be controlled much faster. It is likely that this multilevel

effect makes use of the large isotope shifts of higher vibrational levels than the lowest two.

Keywords: Multilevel effect, Vibrational excitation, Isotope separation, Cesium iodide molecule

(Csl), Optimal control theory (OCT)

1. 1ITHIT

[FNLAR AR SN D | BT 2WEOREW Z M E BT D & v ) RIS, S
OISO 2 HEFERB O —>Th %, Fxilt, Rabitz F[1]IC X > THFwRIICIRE S
Optimal Dynamic Discrimination (ODD)iEIE, fiii L — % — /L A2 X > THE D i’g@%#iﬁ%ﬁ
ZHAE 5 2 & THRAKBINCENR DO B Z T 5 L WIHOER T REHIETH D, A5
I bt o A(CsDy F DO RAIEAS (' FCsl & P Csh A %4 & LT, 0DD O& x F| C%O%Iﬁ]
PNEAREIR BOIREEhE |2 DWW CEEGRIIC B £ LT,

2. HFEE
ODD V£ TIE LA F OB % J3:

EDIN vamle,) —a, [, de®’
] 1)
23 P Re| (ra DI, atza O] A ), )

BBEZ D, T =DDHEMNB D (1) WEBE ) D Z —7 > MRIED, ~DER =R DFIAK A
IZOWTOF, ZZC, palXFNLK A OFEMHR, TIZSVARHTH D ; Q)ELH()D 7 L=
VARIKET D NFAT 4 —HH, ol TIEOETH S ;5 (3) ya(t)2’ Schroginger HFER A2 9 L9
PRSI+ 2, 2T, gat)lE Lagrange REFH. Ho" T field-free Hamiltonian, = 7=,

-132-



JAEA-Conf 2010-002

UIBBE—RA L N ThHDH, ZZTOHMIL, J ZHERRNICTIELa()EEMEICL VKD Z
ECTHhHDH, FAEFHE TIE, BPaIZ %072 Density-matrix (% FE1T4]) % & Wave-packet ()
Ba Lt bIcHA L,

EAREIZIE PCsT & PCsT D 101 IRA R (Prascst = Prascst = 0.5) % 5 2, DDA T8 & b
ZILEIRFE(XO) D T o % /LR L OIRBY LIRS & B IRHE(CsI (v = 0); 'P°CsI (v =0)) %
BEZ] t = 0 1SR D HIREE L L, °CsI O B3 — IR IR AR I B3 - 7 IRBE(CsI (v = 0);
Pesl(v=1)) Zt=TIZBITHX—4 v MREEL L=, CsI DRT v /L if & BB R F-E—
AV MZOWTIE, BEICFKRx DG T— 2 2 H (2],

3. REREEZ

Table 1 (ZF2FHEFER (OSOV R T, MEA2EL Nyasisn BB yield) & F & O72[3,4], TTH
FEATHIETIE, 2 YEOLR (cases A1-A3) 1Z&F L T=3,680,000 35 X 781,840,000 au D & = (cases Al
and A2)100%DEB MR Z 5 2 5 ol s 35 H AL, T = 920,000 au D & X (case A3)FHEFH L
oty & TAN, HEMHAE 12HD0E20127T 5 & (cases A4-A6) . TS HIZELMT H23H
DOHTIEE 100%DEBMR L 52 DB SN GO, TOZHENDFIT, mOIREIEN O X
RERRENMRY 7 bERZN ELFAT L EnbAETREZbDEBEZLND, —F, FHRIET
1% T = 920,000 35 X TX 460,000 au ® & & (cases Bl and B2) (FI1F 100% DBEBHER % 5 2 2 I
DG DIV, BEATHEEZ W L BIf e —H &2 R Lz, ZOFIETIE, ZR7 0 v RO
EHOREL ENIERETORMENZZETEX 50T, BEAREOKERITEETINECEL Y PRI
NI HERL DR D K0 58 I AT T & 72 B,

Table 1. Sets of total time T and the number of basis functions Np,gs considered in the present OCT
calculations and the maximum field amplitudes and the yields for the resultant optimal electric fields.

Number of  max. field amp.

case T/au Npasis time steps /au yield

Density-matrix formalism

Al 3,680,000 (~ 89 ps) 2 65,536 1.165 x 107 1.000, 1.000

A2 1,840,000 (~ 45 ps) 2 32,768 4.924 x 107 1.000, 1.000

A3 920,000 (~ 22.2 ps) 2 16,384 8.450 x 10™ 0.896, 0.897

A4 460,000 (~ 11.1 ps) 12 16,384 3.752 x 107 1.000, 1.000

AS 230,000 (~ 5.6 ps) 12 8,192 4.806 x 107 0.986, 0.985

A6 460,000 (~ 11.1 ps) 20 16,384 5.204 x 107 0.997, 0.996
Wave-packet formalism

B1 920,000 (~22.2 ps) 8,192 1.177 x 107 0.999, 0.999

B2 460,000 (~ 11.1 ps) 8,192 1.046 x 107 0.979, 0.976

“The left value is for **CsI and the right for '*>Csl.

BE R

[1] B. Li, G. Turinici, V. Ramakrishna, and H. Rabitz, J. Phys. Chem. B 106, 8125 (2002).

[2] Y. Kurosaki, L. Matsuoka, K. Yokoyama, and A. Yokoyama, J. Chem. Phys. 128, 024301 (2008).
[3]Y. Kurosaki, K. Yokoyama, and A.Yokoyama, J. Mol. Struct. THEOCHEM 913, 38, (2009).
]

[4] Y. Kurosaki, K. Yokoyama, and A.Yokoyama, J. Chem. Phys. 131, 144305 (2009).

- 133 -



JAEA-Conf 2010-002

4.19 Transition into ICP Connected with Internal RF Antenna

Toshihiko YAMAUCHI®, Seiji KOBAYASHI®, Hideyuki SUGIBAYASHI®, Masako KOIZUMI®,
Yoshinori KANNO®
(a) Quantum Beam Science Directorate, Japan Atomic Energy Agency,

(b) Advanced Institute of Industrial Technology, (c) Ibaraki National College of Technology

A chemical vapor deposition (CVD) system based on 27.12-MHz-RF-heated plasma discharge was
developed to investigate the synthesis of diamond. A multi-turn RF antenna coil was installed inside the
vacuum chamber.

Inductively coupled plasma (ICP) changed from capacitively coupled plasma (CCP) was investigated,
and the three types of transitions were observed for the first time as follows: “Direct transition”, “Hysteresis
transition” and “Repeated self-pulse transitions”. The threshold power curve into the ICP transition of Ar

gas is similar to the Paschen’s curve, which is in contrast to that of hydrogen gas.
Keywords: Diamond synthesis, CCP, ICP, Plasma transition,

1. Introduction

The diamond is useful for the industrial material because of the superior characteristics as the higher
thermal conductivity, the stronger hardness, the higher optical transparency in the wide wavelength region,
the element for a new semiconductor with the wide band gap and so on.

A laser method as well as a chemical vapor deposition (CVD) method was studied for the diamond
synthesis. In our experiment, the successfully synthesized diamond was already achieved with the high
power laser of 6943 A, 20 J, 20 ns, and 70 GW/cm® as shown in Tab.I. Hydrogen (H) or deuterium (D) gas
was used to produce the JFT-2M tokamak plasma, and also the pyro-graphite (PG) plate was used to absorb
the repeated Ruby laser beam used in the JFT-2M Thomson scattering experiment'. It was lucky for the
diamond synthesis to use the PG as the laser beam absorber. The clear diamond layer was produced on the
PG plate, whose size was about 50 mm’ and about 100 um'. It was clear and formed a rugged surface for
the shift of the laser beam.

Table I Research progress of RF plasma and diamond synthesis

Remarkable results / 1990 2000 2010 Outline

Year

Clear diamond Ilayer ¢ N 6943A,20J,20ns,Size:~50mm2x~IOOMmt
on PG by laser (Through tokamak Thomson experiment)
Invention of “New * Plasma confined by superconducting
laser oscillator” capillary in ref.2, Prize from STA
Ball-like diamond > Below 1pum®,CCP

Acceptance of thesis * Ph.D. Nakagaki in ref.3

for doctorate.

Three types of —s Discovery of new transition mode, new
transitions plasma physics

A diamond on the carbon tile which was used for the inner wall of JT-60 tokamak was not produced, but

the tile was only evaporated to make a long hole inside.
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On the other hand, a CVD technique has been applied to produce the diamond after the prize was
conferred from scientific technology of agency (STA), for the invention of “a new laser oscillator™®. Here,
the investigation of a RF plasma has hardly been tried with the internal antenna but the external antenna. It
is very interesting that the transition from the CCP-mode into the ICP-mode happens at some RF power,
and the transition draws the hysteresis curve by the change of RF power. But it had been said that the
transition with the internal antenna was not produced like the external antenna®. However, the transition
was observed in our experimental device composed of the internal RF antenna. This transition physics has
been studied using the RF plasma. Recently three types of transitions are found as written in Table I and it
is discussed in chapter 3.

While, the ball like diamond was produced in the CCP-mode using Argon (Ar) and methane (CH,) gases
in the initial experiment. The doctor of engineering was given to the student for the study of plasma and the
success of diamond synthesis within two years®).

These transitions were named as “Direct transition”, “Hysteresis transition” and “repeated self-pulse
transition”.

2. Experimental arrangement

Figure 1 shows the experimental apparatus. Three types of gases were used, and each gas flowed through
the mass flow controller (MFC) into the electric gate valve after being mixed. The gas flow rates were
10~30 sccm for Ar (H) gas and 0.1~0.3 sccm for CH4 gas. The mixed gas flowed into the chamber through
the fused quartz pipe (inside diameter: 7 mm, the outlet diameter of gas at the top: 1 mm). The gas flowed
through the center of the antenna coil (the inside diameter of the 4-turn antenna coil was 31 mm and the coil
was made of a water-cooled cupper tube of 5 mm¢). The mixed gas reached the surface of the Si substrate
on the stage. The vacuum chamber (26 cm in diameter and 40 cm in depth) was evacuated by the turbo

molecular pump (TMP) and rotary pump (RP). The valve between the vacuum chamber and TMP was

almost closed to control the gas pressure in the chamber.

After the chamber was evacuated down to 10 Pa, the mixed

o \Y
CH,+Ar — \
gas was usually allowed to fill the chamber till ~500 Pa.
The characteristics of the RF heating system were as Matching ===
follows: the maximum RF power was 1 kW and the RF box
frequency was 27.12 MHz. The input and reflected RF m

powers were stored in a personal computer through the data

logger. The parameters such as electron density (n.) and Observation
_r ’ window

temperature (T.), radiation power (P;) and holder temperature | [pcp s

(T) were measured by using the double probe (DP), the photo 7 Isolation

diode (PD), and the thermocouple (or the thermal infrared

radiometer), respectively.

3. Experimental result Fig.1 Experimental arrangement

3.1 Fundamental plasma characteristics

The characteristics of plasmas are represented in Fig.2 and Fig.3. Figures 2 (left) and (right) show the
CCP-mode and the ICP-mode of Ar plasma, respectively. The former plasma is produced outside the
antenna coil, and the latter is inside. The fast transition plasma between the outside and the inside has

recently been investigated. Figures 3 (left) and (right) show the Te profile and the ne profile, respectively.
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Te in the ICP-mode shows the
exponential decay with the distance
from the bottom of antenna z~10 mm
(outward diffusion), which is in contrast
to the inverse gradient temperature
profile in the CCP-mode of Fig3
(inward diffusion). On the other hand,
though the ne profile in the ICP-mode is

similar to the Te profile, the profile is

different from the linear decay profile in Fig.2 Plasma lights radiated from CCP (left) and ICP-mode
the CCP-mode, which shows the poor (right)

confinement. g
. _— *|CP OCCP Qoes *ICP SCCP
Though the magnetically confined o A 5
6 £ . Al gas £
plasma (ne and Te), shows the outward % . E o z
i L 02 o 2R
diffusion, it is understood from the each 4 * g : e £
. . . Pig oy
gradient of Fig.3 that the particle ) 0020 oeony ‘e .t o? i S
o [+ ] e o
diffusion coefficient is smaller than the °
thermal diffusion coefficient. As the 0 * ¢ 0
1] 10 20 Zimm o Q 10 2°Z[n‘m] 30

potential of the RF antenna coil is i i i
Fig.3 Electron temperature (left) and density (right) profiles

negative, it is found that the ion particle o
from bottom of antenna coil. Pin~40 W (CCP) and 80 W (ICP)

runs to hit the antenna coil surface.
3.2 Sharp transition between CCP-mode and ICP-mode

The plasma suddenly showed a unique

140
phenomenon, when RF power reached a 120 | ;
oint
certain value called as the threshold 100 | P
- Ar gas

power. 2 80 | ICP-mode
At first, the plasma was turned on at the & 80 |
first threshold power level Py=5~110 W 40 r

. . 20 |

h 1 f Fig.4. CCP-mod .

rep.resented as the bottom line of Fig . ode
This was the threshold power for 1 10 100 1000
obtaining the CCP-mode. This discharge Pg (Pa)

was caused by an avalanche increase in an Fig.4 Direct transition through point J
electric field between the antenna coil and
the inner surface of the vacuum chamber as shown in Fig.2 (left). The threshold power Py obeys the
Paschen’s law as shown in Fig. 4. Here, the plasma absorbs the RF power based on the collision between
the heated electron and the neutral gas. As shown in Fig. 4, the region between Py and P; is the CCP-mode,
and the region above P, is the ICP-mode. (P, corresponds to the upper line in Fig.4, which is in contrast to
that of hydrogen gas.)

When the RF power (Pin), which appears on the transverse axis in Fig.5, was increased, the reflected
power (Pref) was increased together with the absorbed power (Pabs=Pin-Pref). Reaching the next threshold

power P; (point A in Fig.5), Pys suddenly dropped to less than a ninth. The plasma radiation power (P;)

- 136 -



JAEA-Conf 2010-002

suddenly jumped to a value over ten times

. e o, . = 300F v
higher. The first “Direct transition” is § B =7
represented as the “point J” in Fig.4. The values g 200k ccp -l IcP
of n. and T, are extremely higher than that of & 100 C,””
the CCP-mode as shown in Fig.3. When the RF ‘CPHCCPII'
power was decreased till P; in Fig.5, the 8?) _ D T
ICP-mode was kept yet. When the RF power flopa

L gas
was decreased furthermore, the ICP-mode s 60 ! X’CCP_,ICP
40 Nice—

suddenly changed to the CCP-mode at the E 2o ccp -}‘CP CC: ICP
threshold power P, (point C in Fig.5). Pier 0 . LT .IL_._I._._._T--————-I—h'
jumped to a value over six times higher in Fig. 0 50 100 150 200 950 300 350 400
5. P, dropped to less than a hundred. This is the P, (W)
second “hysteresis transition”. Fig.5 Hysteresis transition between CCP and ICP-mode

Figure 6 shows the third “repeated self-pulse transition”, which may correspond to the automatical

hysteresis transition. These plasma investigations are described in ref. 3.

4. Summary 100
The sudden ICP transition in RF plasma
produced by the internal multi-turn RF antenna 80
is presented .It is concluded as, o
1. Three types of transitions are observed for S Sl
the first time as follows: “Direct” transition®, % 0
“Hysteresis transition” and “Repeated
self-pulse transitions”. 20
2. The threshold power curve of Ar gas to Py
change into ICP transition is similar to 0 = <=
0 50 100
Paschen’s curve, which is in contrast to H Time (ms)
gas. Fig.6 Repeated self-pulse transition between CCP

and ICP-mode. Pg=160 Pa and Pin~60 W
We wish to express our gratitude to Dr. Dirck Dimock (PPPL) and the late prof Hideyuki Sasaki (Shimoda
laboratory in Tokyo Univ.) and the late prof Takayoshi Okuda (Nagoya Univ.) for supporting the study of a

few kinds of intensive laser systems.
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Formation of h-BN Thin Film using Double-Pulsed Laser Deposition
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Hironori OHBA", Morihisa SAEKI", Fumitaka ESAKA?, Atsushi YOKOYAMA "

1)Quantum Beam Science Directorate, YNuclear Science and Engineering Directorate, JAEA

The effect of double-pulsed laser irradiation upon the composition of the plume plasma ablated by
nanosecond pulsed UV and IR laser of hexagonal boron nitride (h-BN) in a vacuum has been
examined. By irradiating two pulsed laser beams the charge number and number density of ionized
boron and nitrogen atoms in the plume plasma changed respectively depending on the time difference
of two laser pulses. A stoichiometric and crystalline h-BN thin film with no impurities was

successfully formed by using an appropriate time difference of two laser pulses.
Keywords: h-BN, Pulsed laser deposition, Double pulse irradiation, Stoichiometric thin film,

1. ITBHI

ANFEEELE 7R (h-BN) TRE RN KXy v 7 2FD, $R4MK (215nm) OFKT A
A ZMERE LTHIFRSILTO D[] 73 AEIROERIZ L—H =7 7 L —3 3 VHERTE(PLD)
TR TFBETH DM, BERT T L— 3 AN L BN BIEOMAM LT Y —5 M & R
ID T &R0, WK SIS 5 7= DI VB O WA 155 O3 LU [2]. £ D7-HIT BN IC
RE SN D ZEAWHEIRIT Ny & 5V IE NH FEUSHET 2 2 A9 % PLD TER &5 (3] Lol
BID, BIRROGIRRICHR 2 ZE L, HAFAS AT DEMRRAMOBREIC & > CEE
MAET 2. E72, ARBRIHHE T A CRISENICE D MM OZEZ 52T D[4].
HATZNFETICESEH h-BN ¥ =7y oD L—F =T 7 b—y g URHEZR~R, =% v
v L —%—% h-BN [ZHHFFT 2L, 77 L —va V72— 2A1E BT, B, N, N, BLOE 0
BRSNS T T A< LR DN, HFTIAXF—RENDICT T A DA F L AEREN T L
ERLIZ[5). —7, AROMEEREI L —F =2 ERICRI T2 &, 2R KRN TH Y, L
AWNTRAELLET I A=A RN X —DWINENT, HTFnD7 T AvBEF~DTRLF—
TRIC LD i T 7 A REETER L, ZORE, mOEE= L X — 28OSl A2 2k
T5[6]. £7-, AN R L —F— DN T R F— T L 7T X BRI N 572012,
RENDHOT 7T L= a VRIS T = A A AR, Fex F IR D IS L — =0
EWIZK DB T NV— LT 7 v ORI S &, FFRISEE L2 >0 7 B Lr—H%— 1
Ak B =0y MO THENT 2 2 L1280 77 A= OBERIN L 77 X~ th oL R o il
INARETIZ AWM E E 27—, AR TIE, AT UL A L —P e L 57 T L —2 a7
R~ Ol 2RI, SO 22 0D Z L7 <, BB O h-BN @il 2 (R L2/ 2 WS T 5.
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Fig.1 (2353 O 2”7, 17UV A L LT Nd:YAG
. § Pulsed gelay | |__1084nm |
XeCl =F v~ L —HP— ({ﬁﬁ 308 nm, /N A generator e
IChOIKC
& 25ns), 2V A L LTNAEYAG L—H— o mirror
%2&?& (?EZE 1064 nm, /\O/I/XTI]E 7nS) %fﬂzjl/\ fh'bl'K{‘Chl’O- . f=350mm

2. B, H1 20N ABIOE2/LZAD L — mater
o » ) . PMTU ams
PR — I Z N ZF I 1.64~6.57 X 10 _ ;
Wem?, 9.1X10°~3.8X 10° W/em® i CZE (L, o

Plume
SH7-. T L—v a7 At ~10° Pa i T

UTICEEFRENTZHZHZENT, FFofo~
L—HF—% ikt h-BN &% —/4 > MBS LTI
XA, fO CHRIERFE 2 0~500 ns O T
L& T NA:YAG L —H— K& Wl EIC AR U TERT T A~ 2 {NEN LTz, X7 L X R
HREIZL ST, TN—ATTXFO 1UliA AU PR, 2MfiA A BNEbT52 L%,
Z—0y NEETOD B OFNEAXT MVEBIRIT L Z & Cresd Lz, (bt ofilEic >
WL, T b—va VA A &, =5y NEISKRH L CERER T A 1000 mm O E
[CYERRE ESHEHQMS)ZRE L T, MEEEA 4 OFRATRHEIESZHIE L CHEFE L
7o, HRERTIE, A A AR Z 5T A O S 7o A A2 2 o 01 5 — I
ERA L, @OVIEB) T )L — A FF KT A A SO & A TSR MR- & XBI L TE D%
A A% 90 FEfmIn L CEMRICAE S 7. AR X AR, FT/IR, XPS Z HvCakfl L 7-.

Fig.1 Schematic experimental apparatus

3. BRBLUEE

(1) FT AL ZBEOSHR
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Fig.2 Diagram showing the propagation of (a) B” and (b) B*" in the expanding boron plasma
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Development of novel separation and recovery technique for platinum-group
metals based on particle-formation process induced by laser reduction

VEARA . Per Rt T8k 303+ K akAl
MSATBOEN B AR W FEBR e HERE &7 ©— LS HMFFEET (- ) S oY)
Morihisa SAEKI, Yuji SASAKI,* Fumitaka ESAKA,* Hironori OHBA
Quantum Beam Science Directorate (*Nuclear Science and Engineering Directorate),

Japan Atomic Energy Agency

New separation and recovery technique based on particle-formation process induced by laser
reduction was designed for platinum-group metals (PGMs). lons of PGMs in mixture solution of PGMs
and lanthanide elements are reduced by excitation of charge-transfer band using UV pulse laser, which is
followed by formation of nano-particles. Only platinum-group metals are recovered by filtration because
their efficiency of the particle formation is much higher than those of lanthanide elements. The technique
was applied to extraction of PGMs from mixture solution of PdCl,, RhCl;, RuCl; and NdCl;.  Analysis
using ICP-AES elucidated that the PGMs are extracted from the mixture solution with the separation
efficiency of ~100% in Pd and Rh and with that of ~50% in Ru.

Keywords: Separation and recovery technique, Platinum-group metals, Laser reduction,

particle-formation process
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Fig.1 Idea of separation and recovery technique for platinum-group metals based on particle-formation process induced

by laser reduction
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Fig.2 UV-Vis spectra of mixture solution of
PdC12, RhCI3, RuCl3 and NdCI3 (a) before
laser reduction (b) after laser reduction and (c)

after laser reduction and filtration.
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Table 1 Concentration and separation efficiency of Pd, Rh, Ru and Nd

in the simulated high-level liquid waste measure by ICP-AES

JLHR A A PR (ppm) B R

L — — B i L— P — G+ Al (%)
Pd 5.719 0.000 100
Rh 8.001 0.076 99
Ru 4.413 2.111 52
Nd 13.100 12.748 3

Vb, Fexid b —V 850 X 200k A GEfR 2 R Uz A8k oo E - FIEE S
% L. (Pd, Ru, Ru, Nd)1 4> ORAWHEEFERR /> D Pd, Ru, Ru 721F 2 38R0 - B9 2 2 &

R L7z,

BE MR
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Development of Inspection Technology for the Inside Wall Nuclear Reactor Heat Exchanger Pipes
-Development for Effective Utilization of a Fluorescent Magnet Powder Microcapsule-
HRE M, vartiZ
MSIATEAEN BAREF WFFER SRR 7 & — LIS HRIER M
Fuyumi ITO, Akihiko NISHIMURA

Quantum Beam Science Directorate, Japan Atomic Energy Agency

Fine magnetic particles having UV fluorescence were specially developed in magnetic crack detection
technique. To apply this technique for inspection on the heat exchanger tubes of aging nuclear power
plants, hundreds micron sized capsules containing the fine magnetic particles were chemically synthesized.

The resultant microcapsules indicated the collective sensitivity by distribution of leakage magnetic flux.

Keywords: microcapsule, magnetic particle testing, magnetic crack detection
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(b) crack

The principle and the state of the magnetic particle testing.

= Polystyrene/Mixed solution of
benzene and 1 2-dichloroethame:
(O phaw)
= dispersed magnetic powderin
0.05wt% polyving alcohol
(PVA) (W1 pham)

ST WIO emulsion

stir . heati
i Sutkl pya 71O W emulsion ﬁ WiO IW capsule

(W2 phaw)

Fig.2 Procedure of the micro capsule containing the

fine magnetic particles.
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Fig.3 Micrograph of the micro capsule

containing the fine magnetic particles.
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Fig.4 Photo of the micro capsule containing the
fine magnetic particles. (when an electric current

flows throueh an electromaenet)
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magnetized.
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Development of a Health Monitoring System Using Thermally Stable Fiber
Bragg Gratings for Fast Reactor Power Plants: Experimental Demonstration of
Strain Measurement
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Koichi SARUTA "', Kazuyuki TSUKIMORI"', Yukihiro SHIMADA ", Akihiko NISHIMURA
and Takao KOBAYASHI
'FBR Plant Engineering Center, Japan Atomic Energy Agency, 1 Shiraki, Tsuruga, Fukui 919-1279, Japan.
*Quantum Beam Science Directorate, Japan Atomic Energy Agency, 8-1-7 Umemidai, Kizukawa,
Kyoto 619-0215, Japan.
3Graduate School of Engineering, University of Fukui, 3-9-1 Bunkyo, Fukui, Fukui 910-8507, Japan.

A thermally stable fiber Bragg grating (FBG) written by a femtosecond laser is examined to evaluate the
performance in strain measurement, compared with a conventional FBG. Each FBG was affixed on a metal
beam with a strain gauge, and the reflection spectrum was measured when the metal beam was bent. To
determine the Bragg wavelength, we used the weighted mean algorithm in which the intensity of the
spectrum was employed as a weighing factor. The sensitivity of the thermally stable FBG to strain was
found to be 0.34 pm/ue. Despite this low sensitivity, by employing the Bragg wavelength determination
algorithm, the thermally stable FBG can measure strain with an accuracy of £3 pe, which is comparable to

an accuracy of +2 pe for the conventional FBG.

Keywords: Fiber Bragg Grating, Strain Measurement, Temperature Measurement, Structural

Health Monitoring, Fast Reactor
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Fig. 1. Schematic diagram of experimental setup.
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Fig. 2. Reflection Spectra of the thermally stable FBG (solid curve) and the conventional FBG (broken

curve).
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Fig. 3. Bragg wavelength shift as a function of Fig. 4. Bragg wavelength shift as a function of
applied strain for the conventional FBG. applied strain for the thermally stable FBG.
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4.24 High-power Laser Contrast Diagnostics Using Target Reflectivity
Measurement

A.S. PIROZHKOV," I. W. CHOL? J. H. SUNG,” S. K. LEE,” T. J. YU, T. M. JEONG,”
1J. KIM,” N. HAFZ,” C. M. KIM,” K. H. PAE,” Y.-C. NOH,” D.-K. KO,” J. LEE,”
A.P.L. ROBINSON,” P. FOSTER,” S. HAWKES,” M. STREETER,” C. SPINDLOE,”
P. McKENNA," D. C. CARROLL,” C.-G. WAHLSTROM,” M. ZEPE,” D. ADAMS,”
B. DROMEY,” K. MARKEY,” S. KAR,” Y. T. LI,” M. H. XU,” H. NAGATOMO,”
M. MORL" A. YOGO," H. KIRIYAMA," K. OGURA," A. SAGISAKA," S. ORIMO,"
M. NISHIUCHL" H. SUGIYAMA," T. Zh. ESIRKEPOV," H. OKADA," S. KONDO,"
S. KANAZAWA," Y. NAKAL" A. AKUTSU,"” T. MOTOMURA," M. TANOUE,"

T. SHIMOMURA," M. IKEGAML," 1. DAITO,"” M. KANDO," T. KAMESHIMA,"

P. BOLTON," S. V. BULANOV," H. DAIDO," and D. NEELY"

1) Advanced Photon Research Center and Photo-Medical Research Center, JAEA
2) Center for Femto-Atto Science and Technology, Advanced Photonics Research Institute, GIST
3) Central Laser Facility, STFC, Rutherford Appleton Laboratory
4) SUPA, Department of Physics, University of Strathclyde
5) Department of Physics, Lund University
6) Department of Physics and Astronomy, Queens University Belfast
7) Laboratory of Optical Physics, Institute of Physics, Beijing

8) Institute of Laser Engineering, Osaka University

We present a simple and convenient on-target diagnostic of high-power laser contrast. The diagnostic is
based on measurement of the reflectivity of flat solid target irradiated at full laser power. When the
contrast is sufficiently high, no preplasma is generated and the reflectivity is large even at ultrarelativistic
intensities. In the opposite case, when the preplasma is generated, the reflectivity drops to nearly zero. The
diagnostic has been tested at three laser systems and the consistent results have been obtained.

Keywords: High-power laser, Contrast diagnostic

1. Introduction

Contrast of high-power lasers is an issue in most applications, including the laser-driven ion
acceleration. [The contrast is the ratio of intensities of the main pulse to the preceding light, including the
Amplified Spontaneous Emission (ASE), prepulses, and picosecond pedestal]. In order to use the highest
available intensities (>10*° W/cm?) and thin targets, which are required for achievement of highest ion
energies, it is absolutely necessary to have a clean laser pulse without preceding light, so that the target is
not damaged before the main pulse arrival. At present, many efforts are paid to improve the laser contrast,

and it is indeed gradually improved. However, despite of its importance, up to now there was no
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satisfactory technique of contrast diagnostic. We present a convenient and simple contrast diagnostic [[1],
[2]] based on measuring the specular reflectivity from solid target. The technique is robust, works on-target
and at full laser power, and requires only several shots. The diagnostic has been tested with three different
laser systems at different contrast levels. The consistent results have been obtained, which proves the
technique accuracy and reliability.
2. Experimental Setup

We measured the dependence of the specular reflectivity R of flat solid targets on the target position T
measured along the laser beam direction; T = 0 corresponds to the focus point. The reflectivity was
measured with the calibrated in-vacuum calorimeter. Simultaneously, we measured the reflected beam
profile by imaging the calorimeter surface and the surrounding teflon screen on the CCD. The schematic
layout of the experimental setup is shown in Fig. 1. We performed the experiments with three laser systems
at different contrast conditions (Table 1). The experiment A was performed with Astra Ti:Sapphire (Ti:S)
laser [[3]] with the plasma mirror (PM) using 50 nm Al targets. The experiment B was performed with the
Ti:S laser at APRC, GIST [[4]] using 7.5 pm and 12.5 pm polyimide tape targets. The experiment C was
performed with J-KAREN hybrid OPCPA/Ti:S laser [[5]] using 7.5 um polyimide tape targets.

Calorimeter

Fig. 1. Experimental setup. P-polarized multi-TW femtosecond laser irradiates few-pum or nm-thick target
at oblique incidence. The calibrated calorimeter measures the target specular reflectivity R, the CCD
measures the reflected beam profile. The spot size and corresponding intensity and fluence are
varied by moving the target by distance T from best focus. The insets (a) and (b) show examples of
the reflected beam profile for the case of target out of focus (a) and in focus (b) (the gray scales are
same); the dashed ellipses show the edge of the circular calorimeter observed at an angle.

Table 1. Experimental parameters. Eq, 79, and 1y are the on-target laser pulse energy, duration, and
wavelength, f/# is the OAP f-number, dy is the FWHM spot size, |y is the maximum intensity (average over
FWHM), 0 is the incidence angle, Casg, Tase, and Easg are the ASE contrast, duration, and energy.

Experiment Eo, J 7o, S Ao, nm | f/# do, um lo, W/cm2 0, ° Case TASE, NS Ease/Eo
A with PM | 0.4 50 800 3 |5 2x10" 35 10° 1 2x107
B 0.8/1.6 | 35 800 34 |4 4x10" 45 10° 0.9 3x107
C 0.5 35 820 3 |34 5x10" 45 5x10° | 3 2x10™
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3. Results

The dependences of reflectivity R vs. the target position T, main pulse intensity | and fluence F, and
ASE fluence Fasg are shown in Fig. 2 (a-c). When the contrast is high, no preplasma is generated and the
reflectivity is large even at highest intensity, exceeding 10" W/cm?. When the contrast is not sufficient, the
reflectivity decreases due to the increased absorption in the preformed plasma and reflected beam break-up
(Fig. 1 b). The dependence R(Fase) has similar trend in all three experiments; further, the preplasma
appears at the same value of Fasg ~ 40 J/cm®, which roughly coincides with the nanosecond damage
threshold. These indicate that the target was disturbed by the ASE rather than possible prepulses. From the
dependence R(F) or R(Fasg), it is clear how many times the contrast improvement is necessary.

The maximum energy of protons emitted from the target rear side is shown in Fig. 2 d. For the high
contrast cases, the highest proton energies were achieved at the highest intensities near the focus. On the
contrary, in the lower contrast case, the proton acceleration was not observed at the focus due to the target

rear side destruction before the main pulse arrival.

1.0 . . . 5x10 _5x107_5x10° 5x10° _F .J/em’
- (a) E . ()
208 50.8 (ﬂ 2%10 l
S=a| = Eo s ==
Q E -~ 7
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§04 ‘s_g : F@ 2><10'4
50.2 502 0.03

o a :

097 00 00" 10" T Wem

1.0 4 ' ; ' '
| & E sk 5| (d)
0.8 Eﬂ = |
9 2
20.6 o
o 5 2| y ]
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= 8 Py
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2021 1~ \ \
Aot A 7 To OAP : \

O.q ~ , , 4 Ly - N . o O L Al , R mmmumd* LA 1A| -

0 1 10 107 10 Fasg, J/em -1.0 -0.5 0.0 0.5T, mm

Fig. 2.(a) — (c) The specular reflectivity R vs. the target position T (a), average main pulse intensity | and
fluence F (b), and average ASE fluence Fasg (c). (d) Maximum proton energy vs. T. The
experiments A (©), B (A), and C (m). The numbers in the rectangles show the ASE energy fraction.

4. Conclusion
In conclusion, using three different lasers systems, we have demonstrated an efficient diagnostic of
high-power laser contrast. The technique is based on measurement of the target reflectivity. It is robust,

works on target and at full laser power, and requires relatively small number of shots.
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Surface modification by highly intensive fs-pulse laser irradiation
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Surface modification of Silicon Carbide (SiC) by highly intensive femtosecond pulse
laser irradiation was investigated.  Ablation threshold was estimated to be
approximately 2 x 1013 Wem2 for single pulse laser irradiation. The morphology and
the depth of the craters produced by laser ablation were strongly depended on
irradiation intensity. The depths of the crater produced at irradiation intensity of 2 x
1014 Wem'2 slightly higher than ablation threshold and at highest one of 2 x 1017 Wem 2
were 50 and 23000 nm, respectively.

Keywords: Femtosecond laser, Surface modification, Silicon Carbide, Crater, Scanning

electron microscopy
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Generation of intense terahertz radiation
by ultrashort high power lasers 3

OxIg XE' #HE '
s L A B B8R BAL XKE ET?
VR BT ST A F B R
PR WFFERT BAVERIFZETT B TRV gE s 2 —
OShigeki NASHIMA, Kohei Shimizu, Makoto HOSODA,
Satoru ORIMO, Koichi OGURA, Akito SAGISAKA, and Hiroyuki DAIDO
'Department of Applied Physics, Graduate School, Osaka City University
% Advanced Photon Research Center, Kansai Research Establishment,

Japan Atomic Energy Research Institute

We have investigated the polarization characteristics of terahertz radiation from Ti-plasma excited by
J-LITE laser. We found that the polarization azimuth and ellipticity of the radiated terahertz wave was changed
at observed vertical directions to the incident plane. These results indicate that THz radiation from Ti-plasma

might originate from transition radiation at a plasma-vacuum boundary.
Keywords : Terawatt laser, terahertz (THz) radiation, laser plasma, transition radiation
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Figure 1: Schematic illustration of experimental setup for the detection of terahertz radiation.
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Figure 2 : L —¥— & F7 O AR HEEE S AIZI1T 5 THz I OHUH R EEFFME. (a) 105 degree,
(b) 90 degree, (c) 75 degree
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Figure 3 : L — W — & J5 0O NS 35 7 281 5 THz W OMRIEFHE. (a) 105 degree, (b) 90
degree, (¢) 75 degree
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Electron acceleration from a solid-gas hybrid target with double-line
Ti-sapphire laser beating

& FiFE, AUIKE
e Il PNEST PN S
Yoshitaka MORI and Yoneyoshi KITAGAWA

The Graduate School for the Creation of New Photonics Industries

We developed a double-line Titan saphire beat laser. The laser enebales exteranal wake field
excitations by a beat wave scheme. The resulting wake amplitude was 11 GV/m in the electron density of 2
x 10" cm™. In order to accelerates electrons, we injected external electrons from the solid target. These
electrons were succesfully accelearated by the wake fields resulting in over 1MeV energy gain which

beyond the detection limit.

Keywords: Laser plasma accelerator, Beat wave acceleration, Electron injection
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Fig.1 Beat laser specification of (a) pulse shape and (b) spectrum.
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Fig.2 Experimental Setup of beat wave electron acceleration.
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Fig.3 Electron energy spectrums of beat wave acceleration with hybrid target.
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Laser Processing by Short Pulse, Short Wavelength Lasers

HIRAS—, IEEN, B FRERRR*, &Sk, PR IEZ
AHERE, BRNERH Y — RUFGEAr:, B AR 71 00F 58 B A
Kyoichi DEKI, Hiroto KANO, Keitaro MIYASHITA*, Yukihiro SHIMADA**, Akihiko NISHIMURA **

Ariake National College of Technology, Tokyo Cathode Laboratory*, Japan Atomic Energy Agency**

Automatic feeding of the test piece around the focal point along the optic axis is added to the sample
holder of the laser-drilling apparatus and has been investigated its effect on reducing the difference
between the surface diameter and the back-surface diameter. The wavelength effect on long-hole drilling of
soda-lime glass is also investigated with Nd:YAG THG and FHG lasers.

Keywords: double wedge, polyimide, trepanning, high aspect ratio, micro-drilling
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