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2 Ultrafast, Laser-Based, X-ray Science:
*  The Dawn of Atomic-scale Cinematography

Christopher P. J. Barty
University of California, San Diego
Department of Applied Mechanics and Engineering Science
Urey Hall, Mail Code 0339
La Jolla, CA 92093-0339

The characteristics of ultrafast chirped pulse amplification systems are
reviewed. Application of ultrafast chirped pulse amplification to the
generation of femtosecond, incoherent, 8-keV line radiation is outlined and
the use of femtosecond laser-based, x-rays for novel time-resolved diffraction
studies of crystalline dynamics with sub-picosecond temporal resolution and
sub-picometer spatial resolution is reviewed in detail. Possible extensions of
laser-based, x-ray technology and evaluation of alternative x-ray approaches

for time-resolved studies of the atomic scale dynamics are given.

Keywords: Chirped pulse amplification, femtosecond pulses,
femtosecond x-ray generation, time-resolved x-ray diffraction, relativistic

laser/matter interactions, x-ray movies.

1. Introduction

The continued development of new ultrafast amplification
technologies has led to the production of a class of laser systems which are
simultaneously capable of producing ultrafast (sub-20-fs), ultra-high-peak-
power (100-Terawatt) pulses at repetition rates which are 4 to 5 orders of
magnitude greater than previously possible.-3 The combination of high peak
power, high repetition rate and ultrashort pulse duration makes these
systems ideal for investigations of novel relativistic laser-matter interactions,
and for the production of high fluxes of energetic particles and ultrashort
duration x-rays.*

Laser-based, 10-keV, sub-picosecond x-ray sources have been used at

the University of California, San Diego for investigations of sub-picosecond,
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laser-initiated atomic dynamics via time-resolved x-ray diffraction and time-
resolved absorption spectroscopy.>’ Time-resolved x-ray diffraction has
allowed the production for the first time of atomic-scale, ultrafast movies of
crystal lattice motion. These movies reveal clearly the propagation of
coherent acoustic phonons, non-thermal melting of semiconductor thin films
and interfacial energy transfer in layered crystal structures.  Such
investigations are not presently possible with any other x-ray technology
including state-of-the-art, 3rd-generation synchrotron sources.

In this paper, an overview of ultrafast laser technology and x-ray
applications will be presented. A brief discussion of possible extensions to

much higher x-ray fluxes and more demanding applications will be given.

2.Ultrafast Chirped Pulse Amplification

Modern solid state laser materials have many favorable properties
which make them ideal for high peak power pulse generation.? In particular
materials such at Titanium doped sapphire and Neodymium doped glass
have both high energy storage and ultra-wide amplification bandwidths
capable of supporting pulses of 10 fs to a few 100 fs in duration, thus allowing
in principle one to generate pulses of many Terawatts to Petawatts peak
power with relatively low energy.

There is, however, one fundamental problem with respect to
generating ultrashort duration, high-peak-power pulses directly from solid
state media. In any single pass amplifier the stored energy can only be
extracted efficiently if the input pulse fluence (i.e. the energy per unit area) is
on order of the saturation fluence of the amplifier material.® Materials such as
Ti:sapphire and Nd:glass have relatively large saturation fluences (1 J/cm?
and 8 J/cm? respectively) and relatively short potential pulse durations. The
Fourier transform of the gain bandwidth of Ti:sapphire and Nd:glass would
imply that pulses as short as 3 fs and ~50 fs could be generated with these
materials, respectively. If the final amplifier is operated at the minimum
pulse duration and at or above the saturation fluence of the material, then the
peak intensity of the amplified pulse in the final amplifier would be on the
order of 1014 W/cm?2. Such intensities are considerably above those necessary

to induce optical breakdown of dielectric materials, e.g. ~5x10° W/cm?, and
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therefore the final amplification stage would not survive undamaged. The
common method of circumventing this fundamental problem is chirped pulse
amplification (CPA)!0 in which an ultrashort duration, low energy seed pulse
is passed through a dispersive delay line and broadened in time by a factor of
between 1000 and 100,000. This low energy pulse is then amplified to an
energy which is commensurate with the saturation fluence of the gain media
and the damage threshold of the optical materials and coatings in the
amplification chain. After amplification the pulse is passed through an
inverse optical delay line thus recompressing it to an ultrashort pulse
duration.

In practice the longer the input pulse duration is lengthened before
amplification, the more efficient the final energy extraction will be. The
minimum pulse duration for saturated amplification is determined by
dividing the maximum damage intensity of the amplification chain by the
saturation fluence of the amplifier material. For Ti:sapphire and a damage
limit of 5 GW/cm?, one must stretch the input pulse to 200 ps in order to run
the final amplifier at one times the saturation fluence. At three times the
saturation fluence, it is possible to extract more than 90% of the theoretical
maximum stored energy of a single pass amplifier. Therefore, larger initial
stretching is better. The practical limit to which the duration of the input
pulse can be stretched is set by the size of the dispersive delay elements in the
pulse compressor. 10-fs pulses compressors are composed of parallel grating
pairs. The net delay of such pairs of gratings is set to first order by the linear
dimension of the grating in the dispersive plane, e.g. a 30-cm wide grating can
be used to compress roughly a 1-ns chirped pulse. Commercially it is hard to
obtain gratings with dimensions much above 40 cm, therefore stretched pulse
durations are normally much below 1.25 ns. In this respect, the intermediate
saturation fluence of Ti:sapphire makes it nearly an ideal CPA material.
Higher saturation fluence materials require larger stretched pulse durations
for the same percentage of energy extraction from the final amplifier and
lower saturation fluence materials will not compactly store as much energy in
the final amplifier. Ti:sapphire is also the largest bandwidth solid state
amplifier material presently available. It can be produced with excellent

optical quality, has very favorable thermal properties and a high damage
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resistance. Therefore it is possible to produce 10-fs range, multiple Terawatt
to Petawatt pulses at high repetition rate with Ti:sapphire.

The properties and problems associated with 10-fs range CPA are
significant and different from picosecond CPA. So much so that it is useful to
classify 10-fs range CPA as Ultrafast CPA. Pulses produced by ultrafast CPA
have many interesting and unique properties. First of all pulses durations of
the order of 10-fs are extremely short. Light travels only 3 microns in 10-fs.
This timescale is much shorter than that of atomic vibrational motion in
molecules and therefore such pulses have potential for imaging molecular or
crystalline dynamics. 10 fs is also of the order of inner shell lifetimes in
intermediate atomic weight atoms and therefore such pulses have potential
for pumping inner shell x-ray lasers. Because Ti:sapphire is an excellent
optical material, it is also possible to produce near diffraction limited spatial
quality beams. Diffraction limited beams can be focused to mircon diameter
spot sizes and therefore in principle it is possible with ultrafast CPA systems
to produce focussed intensities on the order of 102 W/cm? or greater.
Intensities above 2x101® W/cm? are considered to be “relativistic”. At this
level, a free electron will experience a pondermotive energy equal to its rest
mass and therefore will be relativistically accelerated on each half cycle of the
laser pulse . At 1021 W/cm?, the interaction is highly relativistic and new
phenomena such as coherent, Larmor x-ray radiation and astrophysically
relevant matter acceleration are expected to be observed.!! The electric of the
laser pulse at this level is many TeV/m or more than 4 orders of magnitude
higher than the highest electric field used in state of the art particle
accelerators.  Also unique to ultrafast CPA systems is the peak energy
density which can be achieved at the focus. Because the longitudinal length
of a 15 fs pulse is only about 5 microns the volume that the pulse occupies as
it is focused to 1 micron spot is of the order of 10! cm3. With only one joule
of pulse energy, the energy density of at the instant the pulse traverses the
focus will be 10! J/cm3 which is an energy density equivalent to 20 Tons of
TNT/cm? or a mass equivalent of 1 mg/cm3.

Perhaps the most important property of ultrafast CPA systems
however is that because low energy is required to reach high peak power and

because the optical properties of the amplifier crystals are conducive to high
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average power operation, it is possible to generate terawatt level pulses at
unprecedented repetition rates. In order to generate a 100 TW’s of optical
power a decade ago required the use of the world’s largest laser facility, the
NOVA laser at the Lawrence Livermore National Laboratory. This laser
consisted of 10 beams lines each capable producing a 10 TW, 1000 ], 1 ns pulse
at one shot every hour. When fired simultaneously this laser could produce
100 TWs of optical power. The entire laser system occupied a facility with
dimensions on the order of 100m x 30m x 30m. On the other hand, a modern
ultrafast CPA system can produce 2-J pulses of 20-fs duration at a repetition
rate of 10 Hz or 36000 times greater than technology of only a decade ago.
Such a system can occupy an area of less than 10 m2.

Let us define the product of laser system peak power times laser
system repetition rate as the laser system “Utility”. It is this product that will
ultimately determine the flux of particles and x-rays generated from
laser/matter interactions and it is this product that will determine what level
of signal averaging may be employed in the investigations of relativistic
laser/matter interactions. The “Utility” of ultrafast CPA systems is
tremendous and more than 4 orders of magnitude greater than any other laser
technology. Because of this high utility many new applications are now
possible. There are many important technologies which have gone into the
development of ultrafast CPA systems, including higher order phase control,
regenerative pulse shaping, thermal lens management. 13,1223 We will not
treat these in this paper but will instead concentrate on the emerging
applications of ultrafast CPA technology, in particular ultrafast, laser-based,

X-ray science.

3.Ultrafast X-ray Diffraction

One particularly exciting application of ultrafast CPA systems is the
generation of high fluxes of ultrafast, incoherent x-rays via relativistic
laser/ matter interactions.?* Because of their potential sub-ps pulse duration,
such x-rays are potentially ideal for time-resolved studies of molecular and
crystalline dynamics. To understand fundamental dynamic processes in
physics, chemistry and biology it is necessary to observe atomic motion on

atomic temporal and atomic spatial scales. To capture one frame of atomic
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motion via x-ray diffraction, we will therefore need ~100-fs, ~10-keV x-rays.
With such a source it will be possible to obtain a sequence of stop action
pictures of atomic positions which can then be integrated into a movie of the
atomic process of interest. At the University of California, San Diego we have
investigated a number of laser initiated processes in crystalline materials with
ultrafast, time-resolved diffraction.>7.2>27 In each case we use a laser-driven,
copper K-alpha radiation source.

The generic interaction which we use is similar to that first described
by Kmetec et al. We focus a 20-fs, multiterawatt pulses at a 20 Hz repetition
rate onto a moving copper wire target. The 20-fs pulses are accompanied by a
low intensity, nanosecond duration, pulse pedestal which is due to amplified
spontaneous emission from the amplification chain. Even though the
intensity in this pulse pedestal is 5 orders of magnitude smaller than the peak
intensity at the focus, it is still sufficient to pre-ionize the target before the
arrival of the main pulse and thus to produce a low density plasma in front of
the target. The main pulse is focused to an intensity >10'® W/cm? by an
inexpensive, diamond turned off axis parabola. At these intensities, free
electrons in the pre-plasma are accelerated to energies up and beyond 1 MeV.
These energetic electrons are then incident upon the target and where they
produce x-ray inner-shell vacancies and subsequent x-ray line radiation. The
electrons also produce Bremsstrahlung radiation. Bremsstrahlung x-ray
radiation of >1 MeV has been reported previously from interactions with laser
pulses of as little as 0.3 TW peak power.24 A typical x-ray spectrum of the
radiation produced in the 4 to 20 keV spectral region with a 25 fs, <100 m]
laser pulse is shown in Figure 1. The spectrum is obtained using an x-ray ccd
camera in “single-photon per pixel” mode. The spectrum is dominated by the
copper K-alpha and K-beta radiation. At 20-Hz repetition rate, 5x10'° photons
per second per 4n steradians are produced in the K-alpha line and 75% of the
radiation between 4 and 20 keV is contained in this line. The spectrum is
therefore non-thermal in origin. To be “thermal” would require an
unrealistically high black-body temperature, i.e. a radiation temperature for
which the total radiated energy would exceed the input laser energy.

Conversion efficiency from laser to k-alpha x-rays is on order of 10-5. Itis
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Figure 1. X-ray spectrum from copper wire target illuminated with 25 fs,
~100 m] pulses.

believed that the x-ray pulse duration is simply the convolution of the laser-
driven electron pulse duration, the electron stopping distance in the material
and the lifetime of the k-shell vacancies which produce the x-rays. Since the
1/e escape depth of 8 keV photons from copper is of the order of 20 microns
and since the multiple keV to MeV electrons are only accelerated to
relativistic velocities during the peak of the laser pulse, it is believed that the
x-ray pulse duration is of the order of 100-fs. Direct measurement of the
duration of 8 keV x-ray pulses with 100-fs resolution is not presently possible
and therefore we must rely on indirect measurements and observations.

One scenario under which the pulse duration might be longer than the
convolution mentioned above would be if there were energetic, e.g. >10 keV,
electrons which streamed away from the target and latter re-collided with the
target. If such electrons were present, then the x-ray spot size would be
larger than the laser spot size and the pulse duration of the x-rays would be
considerably longer due to the long transit time away from and back to the
target. In order to evaluate this possibility a simple imaging test was
performed, in which the laser-generated k-alpha x-rays were used to pin-hole
image a fixed target. The results of this test are shown in Figure 2. The fixed
target is a 16 micron spaced copper mesh. From the resolution present in this
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Figure 2. 8 keV X-ray shadowgraphy of 16 micron copper mesh

image it is possible to conclude that the x-ray source size is nearly identical to
the laser spot size and therefore little, if any, back streaming of electrons is
present. As we will see later, our x-ray source is easily able to resolve physics
occurring on a picosecond timescale. If one were able to construct a target
which was as thin or thinner than one k-alpha escape depth, i.e. 20 microns,
then in principle the duration of the k-alpha x-rays in the forward direction of
the laser pulse would simply be the convolution of the drive laser pulse
duration and the lifetime of k-shell vacancies or on the order of 20 fs.

A schematic of a simple time-resolved, x-ray diffractometer
arrangement is given in Figure 3. In this arrangement a portion of the x-ray
generating laser pulse is split-off, sent through an adjustable optical delay line
and used to rapidly heat a crystalline target. K-alpha x-rays are then incident
upon the target in a symmetric Bragg configuration. The diffracted x-rays are
collected with an x-ray CCD camera and stored on a personal computer for
later analysis. Good quality crystals, e.g. GaAs, Si, Ge, were used in order to
increase the diffracted signal.

When the pump beam is turned off, a static diffraction image is
obtained. In Figure 4 the static diffraction image from 111 GaAs is illustrated.

The exposure for this image is 2 minutes. There are approximately 500,000
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Figure 4 Static diffraction image from 111 GaAs. 2 minute exposure

diffracted photons used to produce this lineout and the resolution is high
enough to clearly resolve the fine structure split k-alphal and k-alpha2 lines.
The exact line shape of the diffracted signal is a function of the crystal quality
and the quality of the x-ray source. In particular, if one includes the

measured x-ray spot size, the known x-ray linewidth, then one expects to see

the diffracted signal indicated by in Figure 5. The measured and expected

lineshapes show excellent agreement. The important point to take from this

figure is that the linewidith and source size of the x-ray source matter greatly.
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Figure 5. Measured and calculated lineshapes using the measured spot size.

It will be small shifts of these lines which determine the dynamic lattice
spacing information. In the case of laser heated GaAs, one expects to generate
coherent acoustic phonons which propagate into the crystal lattice.28 These
. phonons produce slight changes in crystal lattice spacing . For a point source
of x-rays, as the lattice spacing changes, the position upon the crystal at which
the Bragg condition is satisfied changes. Larger spacing will shift the lines to
smaller relative angle. The story is complicated by the fact that the pump
laser penetration depth is less than the depth to which the probing x-rays
penetrate. Nonetheless it is possible to obtain quantitative temporal and
spatial information using this technique.

Figure 6 illustrates three separate time steps during which diffraction
signals were accumulated. Note that the region of the crystal which is
illuminated by the heating laser is small. Diffracted signal from regions
outside the illuminated region can be conveniently used to normalize the
“pumped” diffracted signal at each time step. At early times we see that the
diffracted signal is split from 2 lines into 4 lines. To first order the peak lattice
spacing change can be determined by the maximum shift of the diffracted
signal. In this case the maximum shift corresponds to a lattice spacing change
of only 0.3% or 10 mAngstroms! It is possible with well established models

for coherent acoustic pulse generation and propagation to predict the exact
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Figure 6. Lineouts from three separate time delays.

lattice spacing distribution as a function of depth and time using only the
measured initial peak shift and the known values for the pump light
absorption coefficient and known values for the speed of sound in GaAs.’

From these predictions it is straightforward to then calculated the expected
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diffraction signal and compare it with the measured signal. A comparison of
the expected and measured signals is given in Figure 7. As can be seen, there
is remarkable agreement. Clearly laser-based, time-resolved diffraction can
determine ultrafast crystalline dynamics with picosecond accuracy and

milliAngstrom spatial resolution.

Figure 7. Grayscale measured (a) and calculated (b) time-resolved diffraction
from 111 GaAs. Note the horizontal axis is diffraction angle and the vertical

axis is time from minus 40 ps to plus 250 ps.

As another illustration of the power of this technique, time-resolved
diffraction was used to determine how crystalline samples melt when
illuminated by an intense laser pulse. There are two possibilities. The sample
can absorb energy at the surface creating a thin super heated liquid region
whose front then propagates into the material OR intense incident radiation
may promote enough carriers into the conduction band that the entire region
into which the laser light is deposited becomes unbound and thus
instantaneously dissociates. The former is considered to be thermal melting
and is an inhomogeneous spatial effect the latter is considered to be non-
thermal melting and occurs homogeneously. There is evidence?® using time-

resolved, visible light reflection that non-thermal melting occurs for
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sufficiently fast and mteﬁse laser illumination, however, such measurements
can only probe a small region (one skin depth of the reflecting light) near the
surface of the material and therefore cannot say anything about the bulk
crystal state. Time-resolved x-ray diffraction on the other hand can be used to
see directly the bulk lattice condition.

In order to provide a uniformly heated region, a thin semiconductor
sample was prepared which consisted of 150 nm of 111 Ge on a 111 bulk Si
substrate. Since the illuminated region is damaged by the laser on each shot,
it was necessary to raster the sample as the x-ray data is collected. 100’s of
shots are required for each time step, therefore the size of the sample
determines how many time frames can be acquired. In our case
approximately 10 time steps can be obtained from one wafer. Figure 8 shows
the raw diffraction data at 4 different time steps. Note that the laser
illuminated region is small. Because the film is thin it is no longer possible to
resolve the k-alphal and k-alpha2 split lines. Figure 9 is a plot of the
diffracted signal from the center of the pumped region and the edge of the

Pump-Probe Delay
-27 pPS G ps 40 ps 107 ps

Position [mm]
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i

0 8
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Figure 8. Diffraction images at different time delays. Note the lower
rectangle corresponds to the center of the pumped region and the upper to

the edge of the pump region
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Figure 9. Magnitude of diffraction vs. time for the center of the pumped

region (solid curve) and edge of the pump region (dotted curve)

pumped region immediately adjacent to it. From this plot it is possible to
conclude that the sample has undergone homogeneous, non-thermal melting.
The argument is as follows. The center region shows an instantaneous drop
(to within our time step accuracy) in diffraction efficiency consistent with a
homogenous or non-thermal melting process while the diffraction signal from
the “edge” region drops only monotonically as the melting front propagates
outward. Both regions decrease monotonically after the initial heating, as the
melting front propagates in all three dimensions. Later in time both regions
begin to re-crystallize and diffraction increases. At infinite time after the
initial heating pulse, the non-laser-illuminated region returns to its initial
diffraction value while the laser-illuminated region returns to a value slightly
below its initial value. This slight decrease is due to the evaporative loss of

material from the pumped region.
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As a final illustration of the potential power of the laser-based time
resolved diffraction, the thin film samples were also illuminated at an
intensity which was below that which would induce melting but high enough
for coherent phonon generation. Since the film was thin, diffracton from
both the Ge and the Si could be obtained simultaneously. In this way it is
possible to watch the expansive acoustic wave hit and reflect from the Ge/Si
interface. The position of the centroid of the normalized diffracted signal
from the pumped regions is illustrated in Figure 10. In this Figure it is clear
that the diffracted signal from the expansive strain produced in the outer thin
film undergoes a marked change in magnitude at exactly the time predicted
by the speed of sound in Ge and thickness of the thin film. At the time of this
reflection, the expansive wave in the Ge layer produces a compression of the
underlying Si substrate as illustrated in Figure 10. It is interesting to note the
difference in vertical scales of in this Figure. The magnitude of the
compressive strain that is observed in Si corresponds to a lattice change of
only 20 femtometers! Such measurements of buried ultrafast dynamics are

not possible presently with any other method.
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Figure 10. Shift of the centroid of the diffraction lines for Ge film (left plot)
and Si substrate (right plot). Note the difference in vertical scales. Doted
curves are k-alphal and solid curves are k-alpha2 data

Future laser-based x-ray diffraction investigations may allow direct

observation of optically driven phonons, single shot observation of laser

driven shocks, and time resolved studies of amorphous solids and liquids.
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Optically driven phonons should produce lattice vibrations which are
sub-picosecond in duration and therefore may yield information about the
exact duration of the laser-generated x-rays. These experiments also can be
arranged to be zero background, i.e. there will be no diffracted signal unless
the optically driven phonon is present.

Single shot investigations of laser driven shocks should be possible if
the x-ray yield is improved. Empirical evidence suggests that the x-ray yield
scales as the 3/2 power of the input energy.2* Using 100-TW class lasers it
may be possible to obtain enough x-ray line radiation to produce a high
resolution diffraction signal on a single shot. A generic experiment would
place a thin layer of material which is to be compressed on top of a good
quality crystal such as Si or GaAs. The change in diffraction from the
underlying material would be used to monitor both the magnitude and speed
of the shock propagation. In this way it may also be possible to directly
measure the photon pressure of the incident, ultrahigh intensity pulse.

Investigations of amorphous solids and liquids will require both
higher fluxes of x-rays and detectors which are able to subtend a larger solid
angle. The diffraction signal from these samples will be qualitatively similar
to that from a randomly oriented crystalline powder. High energy
Bremsstrahlung radiation which is produced concurrently with the
production of line radiation must be controlled in these low signal to noise
experiments. 100 keV and higher energy radiation is easily generated during
relativistic interactions and can be sufficiently energetic to cause traditional
Pb shielding to fluoresce. Such fluorescence background can significantly
decrease the signal to noise of the collected diffraction signal. Figure 11
shows the static diffraction signal obtained with an amorphous Ni target,
illuminated with x-rays which are refocused by an grazing incidence
ellipsoidal reflector. By refocusing the x-rays it is possible to move the
sample sufficiently far from the source that high energy background radiation
may be reduced with a low-Z/high-Z filter arrangement. The final diffraction
signal is collected with an 80 mm diameter, spatially resolved photon

counting detector.
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Figure 11. Static diffraction from an amorphous Ni foil using 8 keV x-rays
and an ellipsoidal reflector and spatially resolved photon counting detector.
The intense signal at the center is unblocked, direct radiation from the target.
The full diameter of the image is 80 mm and the exposure is 5 minutes using a
4 TW, 20 Hz repetition rate laser.

4.0Other X-ray Sources and Improvements in Laser Based Sources

The laser-based, x-ray source used in the UCSD time-resolved
diffraction experiments had a number of very useful properties. The
linewidth was very narrow, of the order of 104 AA/A. The source size was
extremely small, approximately 10 microns. The combination of small source
and narrow linewidth allowed high resolution diffraction. The wavelength
was commensurate with atomic spacings, i.e. in the 10 keV energy range. The
potential pulse duration was on the order of 100 fs. Finally it produced x-
rays at a repetition rate which was commensurate with the optical pumping
of the sample, i.e. at 20 Hz. Nominally it takes m]J’s of energy to excite all the

atoms in a sample probed by 10 keV x-rays, i.e. a sample of several tens of
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cubic microns in volume. Providing sufficient excitation energy at rates
above a kHz will be difficult. Considering all of these parameters, the laser-
based, k-alpha source appears to be an ideal choice for performing time-
resolved diffraction studies.

In principle there are a number of alternative short pulse x-ray
technologies which could be employed for time-resolved diffraction
experimentation.  Of these laser-Thomson scattering, 3rd generation
synchrotron radiation and radiation from x-ray free electron lasers are the
principle alternatives.

In laser-Thomson scattering, an intense, femtosecond laser pulse is
scattered off of an energetic electron pulse.3? The scattered laser photons are
upshifted into the x-ray regime. Advantages of this technique are that the
pulse duration can be a few 100 femtoseconds, the exact duration being set
by the crossing time of the laser pulse and the electron pulse. The x-rays are
reasonably collimated and the energy of the x-rays is tunable by varying the
energy of the electrons. These sources, however, also have some rather severe
drawbacks with respect to their use in x-ray diffraction studies. First of all the
scattered radiation is broadband, set by the energy spread of the electron
bunch. The bandwidth of the Thomson x-rays is at least 100 times that of the
laser-based, Cu k-alpha source. In the diffraction studies discussed above, it
would not be possible to observe milliAngstrom and smaller motion with this
linewidth. Secondly, the efficiency of the scattering process is small, thus
much longer accumulation times are needed for each time step. The typically
electron bunch frequency at most electron storage ring facilities is much in
excess of 1 kHz. Lasers of sufficient intensity have not yet been constructed
with high enough repetition to utilize the full electron bunch frequency.
Finally, synchronization of laser which pumps the sample which is probed
with the Thomson scattered x-rays will require careful locking of its
repetition rate to some harmonic of the RF which drives the storage ring.
Achieving ps accuracy is difficult and will require locking to better than one
part in 1000 of the RF frequency.

3rd generation synchrotrons are purpose built machines for producing
x-ray radiation. These machines presently produce the highest average

brilliance x-rays of any source and do so by several orders of magnitude.



JAERI-Cont 2000-006

With respect to laser-based, Cu k-alpha sources, the average brilliance of the
ESRF synchrotron in Europe is at least 20,000,000,000 times greater at 8keV.
Average brilliance, however, is only one consideration when evaluating the
usefulness of the source for time-resolved diffraction studies. 3rd generation
synchrotrons are broad band sources. In order, to produce the same
linewidth as a laser-based, Cu-k-alpha source would require the use of a
additional x-ray monochrometer. Even if the monochrometer were 100%
efficient the relative advantage of the synchrotron would be reduced by a
factor of 10. Next the pulse duration of the synchrotron radiation is typically
on the order of 100 ps and not 100 fs. Assuming that one could arrange to
slice a 100 fs pulse from the 100 ps initial pulse with an efficiency of up to 1%,
the relative advantage of the synchrotron would be further reduced by
another factor of 105. Finally the pulse repetition rate of the synchrotron
radiation at ESRF is very high, of order 350 MHz, and not 20 Hz. Pumping
the sample with a few mJ’s of optical energy at 350 MHz is not possible. If
one considers doing experiments at 20 Hz with the ESRF synchrotron, the
relative advantage will be reduced by another factor of 2x107. Combining all
factors, a 20-Hz, time-resolved, x-ray diffraction experiment can be performed
on the order of 1000 times faster with a laser-based, Cu-k-alpha source than
with present 39 generation synchrotrons. Furthermore, the use of
synchrotron radiation for ps time-resolved, laser-pump/x-ray-probe
experiments will once again require synchronization of the pump laser pulse
with RF of a storage ring to better than one part in 1000. It is interesting to
note also that this comparison is made between a laser-based source requiring
2 watts of optical power to generate x-rays while the ESRF synchrotron
requires 2 MW of RF power to maintain the electrons in the storage ring,

At least two proposals currently exist for producing single pass x-ray
amplification from an x-ray FEL, one using DESY in Germany and one using
SLAC at Stanford University. Of these only the Stanford University Linac
Coherent Light Source (LCLS) proposes to produce 10 keV light in the near
future. If funded and built on schedule and to specification, the LCLS will
produce in 2004, sub-100-fs, 10-keV x-rays with 10 orders of magnitude
higher peak brightness than presently possible. This source holds great

promise for a number of time resolved studies as well as for macromolecular
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crystallographic investigations. It, however, will be a unique and expensive
($100,000,000 not including the 15 GeV accelerator) device and will, like all
accelerator based setups, require synchronization to better than one part in
1000 with respect to the linac RF if visible-pump/x-ray-probe studies are to be
conducted with better than 1 ps relative accuracy.

For the near future, laser-based, x-ray sources seem to have clear
advantages for pump/probe x-ray diffraction experiments. In addition to
incoherent line radiation, 10-fs range, high-peak-power lasers can be used to
generate ultrafast bremsstrahlung x-rays from solid targets, ultrafast line
radiation from interactions with cold atomic-clusters3!, ultrafast semi-
coherent radiation via relativistic interactions, e.g. larmor radiation, and
possibly even coherent keV radiation from inner-shell x-ray laser schemes. In
all cases, the ultimate useful flux of x-rays will increase as the “utility” of
ultrafast CPA systems increases.

Possible routes to improved CPA utility include, shorter pulse
duration, higher pulse energy and higher system repetition rate. Reductions
in pulse duration are currently limited by the bandwidth of high damage
threshold optics. Presently the widest bandwidth commercial optics are only
capable of supporting 12 fs pulses. The shortest duration CPA pulses
produced to date are 16 fs. Increases in pulse peak power will be limited by
the size and damage threshold of gratings used in the final pulse compressor
of the ultrafast CPA system. Meter diameter gratings should allow the
production of between 10 and 100 Petawatt, 15 fs pulses without damage.
Increases in pulse repetition rate are limited by the availability of high energy,
high repetition rate pump lasers. This factor has probably the most room for
improvement. Present pump lasers used in ultrafast CPA systems have
average powers of order 10 Watts, while commercial industrial lasers can
operate at 10’s of kW’s. Improvements in pump laser technology will come
from both diode pumping of the pump laser gain media and the use of phase
conjugation or active beam shaping to control thermal distortions. Taken
together, it is not unreasonable to assume that it may be possible to increase
ultrafast CPA “utility” by 6 or 7 orders of magnitude over present levels. This
combined with the fact that present laser-based x-ray sources and

experimental arrangements have only been minimally optimized to date,
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would suggest that laser-base x-ray science and atomic-scale cinematography

has a very exciting future ahead of it.
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3 Development of Ultrahigh Peak Power Lasers:
° Present and Future
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Design and performance of a Ti:sapphire CPA laser system, which has produced 100
TW, sub-20 fs pulses at a 10 Hz repetition rate are described. Present developmental efforts to
extend this system to a petawatt level are discussed.

Keywords : Chirped pulse amplification, Terawatt, Petawatt

1. Introduction

The combination of chirped-pulse amplification (CPA) and ultrabroad-band solid-
state laser materials has made it possible to produce terawatt and even multiterawatt femtosecond
pulses with ever increasing average powers [1,2]. During the past decade this technique has
been extended to produce multiterawatt pulses of less than 20 fs in duration [3,4]. Such high
peak power, ultrashort pulses are useful for a variety of high-field applications.

We present here on the techniques for the generation of multiterawatt optical pulses in
the 10 fs range. As an example, the design and performance of a compact three-stage
Ti:sapphire CPA laser system at the Japan Atomic Energy Research Institute are described. The
system has produced sub-20 fs pulses with peak and average powers of 100 TW and 19 Wat a
10 Hz repetition rate [5]. We also discuss extension of this system to the petawatt power level.

2. Design and performance of a 100 TW, sub-20 fs, 10 Hz Ti:sapphire laser system

The 100 TW laser system consists of a Ti:sapphire oscillator, a pulse stretcher, a
regenerative amplifier, two multi-pass amplifiers, and a vacuum pulse compressor. The 10 fs
seed pulses from a Ti:sapphire oscillator were stretched by more than 100,000 times in a pulse
stretcher.  The stretched pulse is then first amplified in a regenerative amplifier. The
regenerative amplifier uses two 3 um thick etalons as regenerative pulse shaping to counter gain
narrowing [3-5]. The 8 mJ output from the regenerative amplifier is then introduced into a
4-pass preamplifier. The output pulse energy from the amplifier was ~ 340 mJ with 700 mJ of
532 nm pump light. The output from the preamplifier is then sent to a 4-pass power amplifier.
This amplifier uses a water cooled 40 mm diameter 25 mm long Ti:sapphire crystal and is
pumped with a custom built Nd:YAG laser which is capable of producing ~ 7 J of 532 nm
radiation at 10 Hz.
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Figure 1. Saturation characteristics of the 4-pass Figure 2. Measured (circles) and
Ti:sapphire power-amplifier. The three curves are calculated (solid line) autocorrelations
the calculated efficiencies of the power amplifier of the compressed output. Inset:
as a function of pump pulse fluence for different measured, amplified spectrum after
input pulses. the pulse compressor.

The saturation characteristics for the power amplifier is shown in Fig. 1. Squares,
circles and a triangle represent the measured efficiencies in the power amplifier. With 6.4 J of
pump light incident upon the crystal the amplifier has produced 3.3 J of 800 nm radiation.
Under these conditions, this amplifier has reached to the theoretical maximum conversion
efficiency of 532 nm pump light to 800 nm radiation. This result agrees well with our model
calculation. A typical autocorrelation trace and an amplified spectrum after the compressor
are shown in Fig. 2. The FWHM of the measured pulse duration is 18.7 fs. The transmission
of the compressor, including the multilayer dielectric- and gold-coated turning optics, was ~
57%, yielding a compressed output pulse energy of ~ 1.9 J, which implies a peak power for the
laser pulse of 102 TW. The spatial beam quality was about 2 and 2.5 times diffraction limited in
vertical- and horizontal-planes, respectively. With an f/3 off-axis parabolic mirror, focused
intensities of ~ 3 x 10™ Wicm” should be possible with this beam quality.

3. Towards a petawatt

To scale the system to peak powers above 100 TW, requires a larger size Ti:sapphire
crystal, a higher energy pump laser and larger diameter gratings. We plan to use an 80 mm
diameter Ti:sapphire disk as a final booster amplifier. The major problem with high-energy
laser amplifier such as the booster amplifier is parasitic lasing across the large-aperture
amplifier disk at high-energy pump. Parasitic lasing is due to the formation of a laser cavity
by Fresnel reflections at the material interfaces of the gain medium. Above parasitic lasing
threshold, the gain is clamped, no additional energy can be stored in the amplifier, and the
amplifier efficiency is thus reduced. A technique for suppressing these parasitic lasing modes
based on index matching the crystal edges with an absorbing doped polymer thermoplastic was
developed and demonstrated for large-aperture Ti:sapphire disk amplifiers having significantly
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higher refractive index (n = 1.76) [6]. The thermoplastic has a refractive index of 1.6849 for
800-nm light and the Fresnel reflection at the Ti:sapphire interface is thus estimated to be
~0.048 %. Therefore, parasitic lasing should not occur across the input face until the
transverse gain is reached to ~2100.  Actually, the transverse gain of the parasitic lasing
threshold would be increased by a few times, because the scattering at the frosted disk edge

Parasitic lasing threshold

Transverse gain
Outputenergy (J)

3 4 5 6 7

Beam diameter (cm) Beam diameter (cm)
(@) (b)

Figure 3. Calculation results of transverse gain (a) and output energy (b)
as a function of the beam diameter for 70-J pump energy.

contributes additional transmission loss to the transverse cavity.

Figure 3(a) shows the calculated transverse gain on the disk faces as a function of the
beam diameter [7]. The parasitic lasing limit (gain ~2100) for the crystal edge with the
absorbing doped polymer thermoplastic is also indicated.  In order to prevent the parasitic
lasing, the beam diameter should be set to be at least ~40 mm. At the parasitic lasing threshold
the pump fluence is ~5.6 Jem”. Figure 3(b) then shows the calculation result of the output
energy depending on the beam diameter for single-, double-, triple-, and four-pass
configurations. The 800-nm input energy is assumed to be 2.5 J in this calculation. At the
diameter of 50-mm, sufficient amplifier efficiencies would be achieved in the triple- or double-
pass configurations. Here, the achievable amplified energy is estimated to be ~40 J in the
triple-pass configuration and at the beam diameter of 50 mm.

We have designed the Offner triplet stretcher [8] and the Tracy-type compressor [9]
based on the mixed gratings [10] for the petawatt-class laser pulse compression. In order to
compensate for the phase distortion of the material in the laser system, we have chosen a 1200-
groove/mm ruled grating in the stretcher and 1480-groove/mm holographic gratings in the
compressor. In the stretcher, the optimized incident angle and perpendicular separation
between gratings are 8.5° and 627 mm, respectively. In the compressor, the incident angle and
separation are calculated to be 24.4 ° and 544 mm, respectively. In this calculation, we assumed
that BK7 of 112 cm was used as dispersive materials in the whole laser system. Although the
fourth-order dispersion compensation can be accomplished here, the residual fifth-order-limited
dispersion would broaden the initial 20-fs pulse to 25-fs duration. The designed stretcher
would expand into ~800-ps pulse duration of chirped pulse for spectral width of 70 nm,
although the bandpass of the stretcher is approximately 100 nm (centered at 800 nm). The
sufficiently long pulse duration of such chirped pulses should ensure the efficient amplification
without the optical damage of the materials.
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The compressor will consists of four gold coated 1480-groove/mm holographic
gratings. A four-grating arrangement is determined by the maximum available size of 1480-
groove/mm gratings and the onset of optical breakdown of the coating material on the last
grating. The sizes of the gratings are 220 mm x 165 mm for the first and last gratings and 420
mm x 210 mm for the second and third gratings, respectively. The diffraction efficiency of
these gratings was expected to be greater than 92 % over the 100-nm bandwidth (centered at 800
nm), and thus the overall efficiency should be greater than 70 %.

4. Summary

With a compact three-stage Ti:sapphire CPA system, we have produced near diffraction
limited and spectrally limited sub-20 fs duration pulses with a peak power in excess of 100 TW.
We have designed the petawatt-class Ti:sapphire laser system consisting of the 10-fs oscillator,
the four-stage amplifiers, the Offner triplet stretcher, and the Tracy-type compressor. The final
large-aperture Ti:sapphire disk amplifier has been designed to achieve efficient energy
extraction without the parasitic lasing on the disk faces, and the amplified energy has then been
expected to be as much as ~40 J for the ~70-J pump. The design of the Offner triplet stretcher
and the Tracy-type compressor based on the mixed grating scheme can allow the laser system to
generate the compressed pulse of ~25-fs duration. Based on the diffraction efficiency of the
grating, the energy of the compressed pulse is estimated to be >28 J.  Thus, the peak power for
laser pulse is expected to be >1.1 PW.

References

[1] J. Zhou, C.-P. Huang, M. M. Murnane, and H. C. Kapteyn, Opt. Lett. 20, 64 (1995).

[2] J. P. Chambaret, C. Le Blanc, A. Antonetti, G. Cheriaux, P. F. Curley, G. Darpentigny, and
F. Salin, Opt. Lett. 21,1921 (1996).

(3] C. P. J. Barty, T. Guo, C. Le Blanc, F. Raksi, C. Rose-Petruck, J. Squier, K. R. Wilson,
V. V. Yakovlev, and K. Yamakawa, Opt. Lett. 21, 668 (1996).

[4] K. Yamakawa, M Aoyama, S. Matsuoka, H. Takuma, C. P. J. Barty and D. Fittinghoff, Opt.
Lett. 23,525 (1998). '

[5] K. Yamakawa, M Aoyama, S. Matsuoka, T. Kase, Y. Akahane and H. Takuma, Opt. Lett. 23,
1468 (1998).

[6] F. G. Patterson, J. Bonlie, D. Price, and B. White, Opt. Lett. 24, 963 (1999).

[7] S. Matsuoka and K. Yamakawa, to be published.

[8] G. Chériaux, P. Rousseau, F. Salin, J. P. Chambaret, B. Walker, and L. F. Dimauro, Opt. Lett.

21,414 (1996).
[9] E. B. Treacy, IEEE J. Quantum Electrun. QE-5,454 (1969).
[10] S. Kane and J. Squier, J. Opt. Soc. Am. B 14, 1237 (1997).



AR

JP0050742
JAERI-Conf 2000-006

4 21 RN — V-2 BRHLT
. — KL —F— L Ty A R— L —F—DOH LW —

Future Prospects of Laser Diodes and Fiber Lasers

EmE—
EXEEKRE VvV —FitRFREF—
T 182-8585 RURFR R i gaAn » - 1-5-1
Ken—ichi Ueda
Institute for Laser Science

University of Electro-Communications
1-5-1 Chofugaoka, Chofu, Tokyo 182-8585 Japan

For the next century we should develop new concepts for coherent control of light generation and
propagation. Owing to the recent development of uitra fine structures in semiconductor lasers, fiber lasers,
and various kinds of waveguide structure, we can make optical devices which control the light propagation
artificially. But, the phase locking and phase control of multiple laser oscillators are one of the most
important directions of laser science and technology. The coherent summation has been a dream of laser
since 1960. Is it possible to solve this old and quite challenging problem for laser science? This is also a
very basic concept because the laser action based on the stimulated emission is the process of coherent
summation of huge number of photons emitted from individual atoms. In this paper, I discuss the
fundamental direction of laser research in the next ten or twenty years. The active optics and laser
technology should be combined intrinsically in near future.

Keywords : Fiber Laser, Laser Diode, Coherent summation, Active optics, Phase control
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5 e Simulation of Intense Short-Pulse Laser-Plasma Interaction

Mitsuru YAMAGIWA and Simulation Group for Advanced Photon Science*
Advanced Photon Research Center, Kansai Research Establishment,
Japan Atomic Energy Research Institute
1, Umemidai 8-chome, Kizu, Kyoto 619-0215, Japan

We have completed the massive parallelization of a 2-dimensional giga-particle code and
have achieved a 530-fold acceleration rate with 512 processing elements (PE's).  Using this we
have implemented a simulation of the interaction of a solid thin film and a high intensity laser and
have discovered a phenomenon in which high quality short pulses from the far ultraviolet to soft
X-rays are generated at the back surface of the thin layer. We have also introduced the atomic
process database code (Hullac) and have the possibility for high precision simulations of X-ray
laser radiation. With respect to laser acceleration we have the possibility to quantitatively
evaluate relativistic self-focusing assumed to occur in higher intensity fields. Ion acceleration
from a solid target and an underdense plasma irradiated by an intense and an ultra intense laser,

respectively, has also been studied by particle-in-cell (PIC) simulations.

Keywords: Giga-Particle Simulation, PIC, Solid Thin Film, Short-Pulse Laser, X-ray Laser,
Atomic Kinetics, Multiple Charged lon, Laser Acceleration, Relativistic Self-

Focusing, lon Acceleration, Underdense Plasma, Positron Emitting Radionuclide

1. Introduction

Computational science is a science that involves analysis, construction of new theories,
or the discovery or clarification of phenomena. Typically this type of analysis is carried out on
research objects which are difficult to do experimentally and/or observe, and problems which are
theoretically difticult to analyze, by combining and building up many known principles. In
recent years, due to the rapid development of super computers more complex close to realistic
models have become treatable.

One of the main subjects of the Advanced Photon Research Center is the 100 trillionth of
a second duration ultrahigh peak power laser (T3 laser). When such a laser is focused to its limits
and is irradiated onto a solid or something else, in an instant, an ultrahigh energy high density
plasma is generated, and in an extremely short time it is said that various phenomena occur which
up till now were not expected. To make progress in the analysis of these phenomena, large
scale plasma particle simulations are important. Now, by optimized calculations with massively

parallel computers, we have clarified in the manner below results of great interest. In this
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calculation we used the Kansai Research Establishment massively parallel Paragon XP/S
75MP834 computer which is provided with 2502 CPU'S, has the ability of 125 GFLOPS and
106 GBytes, and has the possible demonstrated ability of above 100 times that of a regular super
computer.

We are doing simulation research using massively parallel computers for the prediction
of new phenomena induced by high peak power lasers for which doing experiments is presently
difficult, along with supporting experiments of X-ray lasers and laser acceleration.

In this paper, we report some recent research activities of the simulation group for
advanced photon science of the Advanced Photon Research Center, JAERI Kansai Research
Establishment

2. Higher harmonics generation from a solid thin film irradiated by an intense laser

When a laser is irradiated onto a solid thin film, the laser is retlected from the surface.
However, in the case of an ultrahigh peak power laser, a part is transmitted through the thin film.
Furthermore, in a subject of great interest, we have found that this transmitted light is composed
of more fine intervals, and powerful short wavelength coherent light below 1/10 of the laser

wavelength (far ultraviolet or soft X-rays) is emitted as shown in Fig. 1 [1].

3. X-ray laser radiation
We have developed a collisional radiative model of electron collisional excited X-ray

lasers. We have calculated the ion abundance and soft x-ray gain for the 4d-4p transition of
Ni-like multiply charged ions, in short pulse laser irradiated plasmas. We have combined a

detajled model using the atomic data calculated by the HULLAC code and an averaged model

based on the screened hydrogenic approximation.  Calculations of the soft X-ray gain have been
carried out both for stationary plasmas and plasmas subject to the irradiation of double two short

laser pulses to show the advantage of the transient pumping scheme.  Figure 2 shows a large

transient gain for a thin Ag foil irradiated by a double short pulse laser. The transient gain is

more than 40 times greater than the steady state gain. It has also been found that the gain occurs
immediately after heating by the second laser pulse and that a larger gain is obtained at the center

of the target where the plasma density is higher. At the surface of the plasma, the density might

be too low and the temperature is too high to produce large gain [2].

4. Laser acceleration

One of the key issues in attaining high energy clectrons from acceleration by a laser
generated wake field is the maintanence ot the wake field over long distances.  To attain this the
laser pulse needs to remain focused in the plasma over distances much longer than the Rayleigh
length of the laser pulse in vacuum. One mechanism to achieve this is the relativistic selt-

focusing of the laser pulse which occurs at high laser powers.  To quantitatively determine the
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ctfects of this self-focusing for the 100 TW laser system of the Kansai Research Establishment on
the laser pulse we have performed 2-dimensional PIC simulations of a high intensity short pulse
laser propagating in a homogeneous plasma.  Figures 3 (a) and (b) show the results of the
simulation for the laser beam and the electron density, respectively. It can be seen in Figure 3
(a) that the laser pulse is self-focusing.  The intensity of the laser pulse has increased by a factor
of 1.5 and there is filamenting of the laser pulse in the directrion transverse to the laser
propagation direction. In Figure 3 (b) it can be seen that electron cavities have formed where the
electrons have been completely expelled due to the pondermotive force of the self-focusing laser
pulse. We are now investigating whether these cavities can also be used for proton

acceleration.

5. Ion acceleration

Ton acceleration and expansion in the interaction of a relativistically intense short-pulse
laser with an underdense plasma layer has been investigated.  lon and electron dynamics have
been studied by using a two-dimensional PIC simulation code with a real mass ratio. It has been
shown that the longitudinal electric field induced by electron evacuation due to the large
ponderomotive force or light pressure can accelerate ions to several MeV in the direction of the
laser propagation. It is after the laser completely passes through the plasma layer that the ion
explosion starts to be significant. Figure 4 (a) shows the electron density contour indicating that
some of the electrons have moved forward. Electron acceleration continues until when the
electrons are overtaken by the peak point of the laser intensity. lon acceleration and expansion
near the original plasma boundary are also clearly seen, as shown in (b) the ion energy spectrum

(Emax < ~ 5 MeV) and (c) the ion density contour, respectively.  Figure 4 (d) shows a contour of
the ion distribution in the x-Px plane, where Py is the ion momentum in the x-direction, indicating
that ions are accelerated in the x direction near the original plasma boundary [3].

A new method has also been proposed for producing 18F, a positron emitter, via
180(p,n)!8F reactions with fast protons from the interaction of a relativistically-intense short-

pulse laser with an underdense plasma layer. The instantaneous production rate of 18F has been
found to be two orders of magnitude larger than by the standard method using a cyclotron [4].
Using a collisional PIC simulation, which incorporates nonlocal-thermodynamics-
equilibrium ionization including optical field induced ionization, we have obtained the plasma
temperature, line shape, and maximal energy of accelerated ions, which agree well with those

determined from experimental spectra tor the irradiation of a solid target by an intense laser [5].
* T. Tajima (Univ. Texas / LLNL), H. Ihara, M. Yamagiwa, A. Sasaki, J. Koga,

K. Moribayashi, Y. Ueshima, I. Fukumoto, A. Zhidkov, L. Tsintsadze, T. Utsumi, T. Arakawa,
K. Nakagawa, T. Shirai, Y. Kishimoto, K. Suzuya, H. Totsuji (Okayama Univ.)
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Electron acceleration by relativistic laser pulse on the front of solid targets

K.Mima, Y.Sentoku, Wei Yu!, V.Bychenkov?, and Z.M.Sheng
Institute for Laser Engineering, Osaka University, 2-6 Yamada-oka, Suita, Osaka, 565-0871, Japan

' Shanghai Institute of Optics and Fine Mechanics, Shanghai, 201800, China
2Levedev Institute of Physics,Moscow, 117924, Russia

Abstract

The mechanism of electron acceleration and extraction during propagation of an ultra-relativistic
laser pulse in an underdense plasma in front of a solid target has been studied. When laser pulse
reaches the target surface the accelerated electrons move forward inertially and gain high energy which
scales proportionally to the laser intensity. The energy conversion efficiency into these electrons is
~ ¢ /2n. if the plasma thickness exceeds the laser pulse width. The backward electrons accelerated
by the reflected light accumulate significantly higher energy though their total number is less.

Keywords : Relativisitc laser pulse, Electron Acceleration, Solid target, Wake field

1 Introduction

The development of compact high intensity subpicosecond lasers are now being applied to particle accel-
eration in laser-matter interaction. In the past years there has been significant progress in the increasing
of laser energy conversion efficiency to the fast electron so that several hundred keV electrons can be
generated with the efficiency up to 30% [1]. However the efficiency of the generation of MeV electrons
is still unclear. These high energy electrons enables a number of important applications such as the
sparking of fusion reaction (fast ignitor) [2], short x-ray source in the range of several MeV and above
3, 4] and ion acceleration due to the induced strong electrostatic field [5, 6]. The latter is a promising
area for "table-top nuclear reactors” which has already made progress in the context of short neutron
sources [7] though more sophisticated nuclear applications has also been proposed [8].

Several mechanisms describe the laser energy transfer to the energetic electrons during laser-target
interaction: ”vacuum heating” due to the Brunel effect [9] or v x B Lorentz force [10], Raman scattering
[11], resonance absorption [12], and stochastic heating [13]. The crucial but not entirely resolved problem
constitutes the presence of underdense plasma near the solid target surface which can arise as a result of
weak laser prepulse and increase the efficiency of high energy electron generation and x-ray yield [1, 14}.
It has been already mentioned that in such a plasma the laser intensity, and consequently fast electron
flux, can be enhanced due to the self-focusing or plasma resonance effect (1, 14].

2 Acceleration Mechanisms

A new mechanism of electron acceleration in forward and backward directions by the incident and re-
flected laser pulse during its propagation through an underdense plasma on the front of solid target is
proposed here. The high energy electrons in forward direction are extracted when the laser pulse reaches
the target. Even more energetic electrons can be generated in the backward direction by the reflected laser
pulse, since the electrons in the underdense plasma near the target surface have got a significant initial
momentum due to the laser-induced return current caused by the v x B Lorentz force. The mechanism
considered originates from the standard ponderomotive acceleration in the ascending front of a propa-
gating electromagnetic pulse. Nevertheless the key issue is the extraction of the accelerated electrons
because of well-known fact that an electromagnetic pulse propagating in vacuum or low density plasmas
can not be used for electron acceleration: when it overtakes electrons the ponderomotive radiation pres-
sure pushes them forward in the ascending front of the laser pulse and then pushes them backward in the
descending front making no net energy gain. By destroying this symmetry one can expect a generation
of extremely high energy electrons from relativistically strong laser pulse. The simplest realization of the
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latter occurs when the laser pulse suddenly stops at the solid target surface though more complicated
schemes, which violate adiabaticity of electron motion have been proposed (15, 16, 17, 18, 19, 20, 21].
As a result, the electrons accelerated by ascending laser front continue to move forward inertially and
hence are extracted from the laser pulse. Their energy scales as the laser intensity and, therefore, is much
higher than that of the fast clectrons produced by a standing wave in front of the target, which scales as
square root of laser intensity [22]. The electron extraction mechanism is similar to that proposed in Ref.
[23] where it is suggested to accelerate the electron beam in a vacuum by the laser pulse propagating
toward a foil. In this letter we present a simple model, which clarifies the acceleration mechanism and the
PIC simulation of electron acceleration by an ultra-relativistic laser pulse propagating in an underdense
plasma on the front of solid target.

The well known analytic solution {24] describing relativistic electron motion in a plane electromagnetic
wave propagating in r—direction with velocity of light and depending only on the phase ¢ = z — ¢t leads
to the following expressions for the electron kinetic energy ¢, and momentum p

Pz — Do =€—¢€, PL-—Piro=24a, (1)

where e = v -1, v = +/1+ pZJ_ + p2 is the relativistic factor, ¢ and p are normalized by mc? and me,
correspondingly, €o and po are initial electron kinetic energy and momentum, and a = {0,a,} is the
vector potential of the laser pulse field normalized by mc?/e. For electrons initially at rest, o = 0 and
po = 0, one can get from Egs. (1) and (2):

p.=a?/2, e=y-1=d%/2, (2)

i.e. the electron kinetic energy at the peak of laser pulse can be as high as a?/2, where ap = 0.85x 10-9\I1
is the laser strength parameter, I is the laser intensity in W/cm? and X the wavelength in pm. However,
after the laser pulse overtakes the electrons, they have no energy gain in accordance with well-known
fact that a propagating planar pulse can not be used for electron acceleration. In the relativistic regime
(ap > 1) the maximum electron energy, €, for the propagating laser pulse is much higher than that for
the standing wave [22], €ém = 4/1 + a§ — 1. The former scales as laser intensity while the latter as square
root of laser intensity.

The crucial issue of possible utilization of this high electron energy is the extraction of the electrons at
the acceleration stage and especially in the vicinity of the laser pulse intensity maximum before electrons
start to loss their kinetic energy in the descending front of the pulse. A solid thin foil can be used to stop
the laser propagation while to allow the penetration of energetic electrons which move forward inertially
when laser pulse stops. The foil thickness should be larger than the laser field skin depth but shorter than
the stopping length of the accelerated electrons. An underdense plasma layer of the thickness comparable
to the laser pulse width can be placed on the front of a foil to serve as a source of electrons. In experiments
such a plasma layer can be produced by amplified spontaneous emission (ASE) or weak laser prepulse.
The importance of prepulse for laser-to-electron energy conversion efficiency has been already recognized
in practice [1] though the dominant mechanism of electron acceleration with a preformed plasma is still
indefinite.

3 PIC Simulation Results

Though in practice a plasma produced by ASE or prepulse is inhomogeneous, we consider a simplified
model which consists of an uniform underdense plasma layer adjacent to the foil target to identify the
mechanism proposed. Meanwhile, such a scheme can be attributed to the laser focusing in the high
pressure micro gas jet expanding along the solid target surface. Numerical simulation has been performed
using a 1D relativistic PIC code. A linearly polarized laser pulse has been used which has a Gaussian
intensity profile with peak amplitude ag = 7.5, wavelength A = 1pm, and pulse width L = 15pm. It is
normally incident on the underdense plasma with length d = 30um and a thin foil target behind it with
density neo = 10n, and thickness | = 8um so the foil is not transparent to a laser pulse. The plasma is
chosen to be deuterium one.

Figure 1 shows the spatial distributions of the longitudinal electron momentum as well as the transver-
sal electrie field amplitude and the electrostatic field, E, at different times for an underdense plasma with
the density n = n./n. = 1073, If the plasma length d is reduced twice, the simulation results do not
change, demonstrating that the acceleration length does not exceed L/2. Figure la corresponds to the
time moment when the laser pulse has not reached the target yet. It carries high energy electrons. Their
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momentum agrees well with the scaling p, = a%/2, that gives €, = pzm = 28. This energy is considerably
higher than the electron energy for standing wave, em =~ 4. With part of electrons being accelerated and
carried away, the plasma behind the laser pulse maximum becomes positively charged and a significant
(relativistic) electron return current is induced. A fine structure of the longitudinal electron momen-
tum are also typical demonstrating electron oscillations at double frequency in accordance with a’(¢)
dependence. The latter disappears when we use a circular polarized light.

The relativistic electrons penetrate into the target when laser pulse rcaches the target and is reflected
(Fig.1b,c). At the moment ¢ = 60 the v x B electrons appear. They are manifested in Fig. b by
symmetrical distribution of the electron momentum p; < 0 close to the target surface. It is seen a
significant return current which consists of two parts: the first one, due to the positively charged plasma,
covers the wide region before the dense target and the second one, due to the v x B electrons expelled
from the foil, is concentrated near the target surface (Fig. 1b). Forward accelerated electrons extracted
from the laser pulse penetrate through the target with a small energy loss, see Fig. ¢. This is completely
different from the case without the presence of an underdense plasma (Fig. le), where the number of
electrons which can leave the target is extremely reduced.

When the reflected laser pulse propagates back (Fig. 1c), it accelerates returning electrons to energy
even higher than the forward electron energy, pzm ~ 200 (Fig. 1d). One can easily estimate from Egs. (1)
and (2) their maximum energy €m = prm =~ Pzoad ~ 200 using for the initial electron momentum at the
reflected pulse front pg; ~ 4, i.e. the maximum energy of backward electrons is several times larger than
that of forward electrons. Note here that there is an another important mechanism for the reflected laser
pulse, the electron density on its way is actually inhomogenous, especially around the vaccume-plasma
interface. In this case, the reflected pulse speeds up because of the decrease in the plasma density and
can accelerate electrons to an extremely high energy. However, the total number of backward accelerated
electrons is less than the forward one. The extraction of backward electrons can be done by the same
way: secondary reflection of the reflected laser pulse. The practical scheme of the electron accelerator
might be based on an oblique incidence of the laser pulse on a foil with preformed plasma and another
foil placed opposite it for backward electron beam utilization.

4 Plasma Density Dependence

We have also investigated the influence of the preplasma density on the electron acceleration and discov-
ered moderate increase in the electron energy. In Fig. 2 we plot the maximum longitudinal momentum
observed at the preplasma-target interface for different plasma densities 0.001 < n < 0.2 with d = 15um.
For our laser intensity, ag = 7.5, the electron energy is practically constant at n < 0.02. The maximum
electron energy increases by 1.5 times if n increases by ten times from 0.02 to 0.2. To understand the
density dependence of p;m, observed in simulations we include the effect of laser pulse moderation in a -
plasma where it propagates with the group velocity, vg, less than the vacuum speed of light. In this case
the generalized first relation in Eq. (1) for the electrons initially at rest reads [18]

1+vgpe =y, (3)

Tt leads to the following expression for electron momentum

P =Wl —1- /3 -1-a?, (@)

where 7, = 1/(1 — v2)!/2 is the laser pulse Lorentz factor. It is evaluated by 7% = (v)/n taking into
account the relativistic mass of electron, where (..) denotes the averaging over the electromagnetic wave
period. It follows from Egs. (3) and (4) that

2 ain
'yl—n:—'y—nE( ), (5)
(1= n) = 2 () = mE
where E(z) is the complete elliptic integral. Substituting v, that follows from the solution to this equation
into Eq. (4) one can compute the maximum electron momentum. It is shown by the solid line in Fig. 2.
The theory is in quite good agreement with the simulation result in spite of small underestimation up to
~ 10%.

The electrostatic electric field near the target surface has spatial distribution similar to a bi-soliton.
It increases with the preplasma density and accclerates ions in forward and backward directions. We
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demonstrate the ion phase plot in Fig. 3 at the time moment when the maximum electron flux hits
the foil. The magnitude of the positive component of the bipolar electric field inside the foil target
exceeds the magnitude of the negative component outside, so that the maximum energy of the forward
accelerated ions exceeds the energy of the backward ones by a factor 2. The total energy of the ions
accelerated inward the target is two orders larger than that for the backward ions. Figure 3 demonstrates
generation of deuterons with the energy up to 1 MeV at the laser intensity [ A2 = 7.7 x 1019W /em?pum?.
Later (t=110), the maximum energy of backward ions increases and can be even slightly larger than
for the ions emitted forward from the irradiated surface though their total energy is still 2.5 times less.
Without the underdense plasma the forward to backward total energy ratio is 1.5. Thus, we observed
direct correlation between electron and ion components, i. e. enhancement of fast electron flux into the
solid target is followed by enhancement of high energy ion generation in a forward direction.

One can define the laser-to-electron energy conversion efficiency 7 as the ratio of the forward electrons
energy to the laser pulse energy. The former is the averaged energy of electron ~ mc2a3/2 multiplied by
the number of accelerated particles n,L, where we suppose that d > L. Writing the laser pulse energy as
(a3 /2)n.mc? L, we obtain

N~ ne/2n,, (6)

i. e. conversion efficiency increases proportionally to the density of preplasma. Obviously, this estimation
does not take into account the effect of additional electron energy gain due to the finite density of plasma
that may slightly increase this estimation.

5 Summary

In summary, a simple mechanism of electron acceleration by a propagating relativistic laser pulse in the
underdense plasma on the front of solid targets have been proposed. Compared to the case without
preformed plasma, the energy of escaped electrons is extremely enhanced. Also the number of forward
accelerated ions at the irradiated surface is greater as a result of efficient high energy electron generation.
The maximum energies of forward and backward accelerated electrons are 25 MeV and 100 MeV corre-
spondingly for A2 = 7.7x 10'°W/cm?pm?. The mechanism considered is related to the experiments with
ASE and specially produced laser prepulse. The laser-to-electron energy conversion efficiency practically
does not depend on laser intensity and scales with the density of underdense preplasma in accordance
with Eq. (6). Plasma inhomogeneity could also change the efficiency of high energy electron generation.
We will discuss this in a future publication. Systematic experiments may clearly identify this mechanism
of electron generation. The practical scheme of the electron accelerator has also been discussed. The
present work may have significant impact on fast ignitor applications and short x-ray sources.
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Figure 1

Spatial distributions of the longitudinal electron mo-
mentum (left vertical axis) and the transverse elec-
tric field amplitude and electrostatic field multiplied
by 20 (right vertical axis), shown by solid and dashed
curves, respectively, at different times: t=50 (a), 60
(b), 110 (c), 180 (d). The density of an underdense
plasma is n = 1073n.. Dot-dashed lines show the
front and rear surface of the dense target. The panel
(e) for t=110 corresponds to the target without the
underdense plasma.
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Figure 2
Density dependence of the maximum electron energy
observed at the target front surface at the time when
the center of laser pulse reaches the target surface.
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Ion phase plot at t=70. The underdense plasma den-
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'7 Computational Studies of Radiation and Oxidative Damage to DNA and its
¢ Recognition by Repair Enzyme

Miroslav PINAK
Center for Promotion of Computational Science and Engineering, Tokai Research Establishment
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Shirakata, Shirane 2-4, Tokai-mura, Ibaraki-ken, 319-1195 Japan

Molecular dynamics (MD) simulation is used to study the time evolution of the recognition processes
and to construct a model of the specific ‘DNA-repair enzyme’ complexes. MD simulations of the
following molecules were performed: DNA dodecamer with thymine dimer (TD), DNA 30-mer with
thymine glycol (TG), and respective specific repair enzymes T4 Endonuclease V and Endonuclease III.
Both DNA lesions are experimentally suggested to be mutagenic and carcinogenic unless properly
recognized and repaired by repair enzymes.

In the case of TD, there is detected a strong kink around the TD site, that is not observed in native
DNA. In addition there is observed a different value of electrostatic energy at the TD site - negative ‘-9
kcal/mol’, in contrast to the nearly neutral value of the native thymine site. These two factors -
structural changes and specific electrostatic energy - seem to be important for proper recognition of a
TD damaged site and for formation of DNA-enzyme complex. Formation of this complex is the onset of
the repair of DNA.

In the case of TG damaged DNA the structural characteristics of the TG were calculated (charges,
bond lengths, bond angles, etc.). The formed TG was used to replace the native thymine and then
submitted to the simulation in the system with a repair enzyme with Endonuclease III for the purpose of
the study of the formation of the DNA-enzyme complex.

Keywords : Molecular dynamics, DNA-repair enzyme recognition, Thymine dimer, Thymine
glycol

1. Introduction

The radiation, ranging from cosmic rays to ultraviolet light (UV), could lead to variety of damages
on DNA molecule that are caused mostly by low doses /1/. In addition to radiation DNA has to face
constant challenges with its genomic integrity from other external agents as chemicals, as well from
those produced during internal process of replication. The continuity of life thus depends upon the
successful repair of damages caused by these agents to DNA /2/. The repair processes of these damages
ensuring the stability and functionality of DNA are not yet well known. The frequent damages observed
on DNA upon low doses of radiation are damages to pyrimidine bases, e.g. cytosinyl radical, thymine
glycol, thymine dimer, etc. The damage which is in most cases initially located on the base may initiate
an electron abstraction from neighboring pentose and this way formed sugar radical originates a strand
break. In general, base damages if left un-repaired may cause significant biological consequences, as are
for example miscoding during proliferation (mutagenesis), inhibition of replication and thus might be
lethal for the cell.

The two examples of radiation damages to DNA discussed in this paper are thymine dimer (TD) and
thymine glycol (TG). Thymine dimers are major damages to DNA produced by solar UV of wavelength
between 260 - 320 nm. This lesion is considered as major cause of skin cancer /e.g. 3/. T4
Endonuclease V is TD specific repair enzyme that enzyme was isolated and crystallographically
described. It is shown to excise a TD from DNA strand /4/. An improved understanding of the
biochemical process of the mechanisms by which repair enzyme excise the photodimers and restore the
intact function of DNA may enhance the effort to prevent and cure skin cancer.

Thymine glycol is another example of radiation damage to pyrimidine base. It has been observed in
DNA after irradiation in vitro as well in vivo and after oxidation by chemicals. This lesion formed by
addition of water OH radical on C(5)-C(6) double bond of thymine. OH radical is common product of
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radiolysis of the water environment in cell nucleus. TG is recognized and repaired by the UvrABC
enzyme complex - endo III, exo III and endo IV. UvrABC is usually considered responsible for the
removal of lesions that cause significant distortion to DNA, e.g. TD that causes large bending at the
lesion site of DNA /5, 6/. However in experimental observation as well in our theoretical simulation, the
large bending was not observed for the TG lesioned DNA. There is a suggestion, that UvrABC
recognizes different stacking in the vicinity of the lesion, that may lead to the breaking of DNA strand.
Strand break contribute to the forming a favorable situation for docking of enzyme.

In this paper there are introduced results of computational simulations of TD and TG lesioned DNA
molecules together with respective repair enzymes T4 Endonuclease V and Endonuclease III.

2. Method

MD simulations and analysis were performed using the computer software package AMBER 5.0
that allows to carry out MD simulations, particularly on biomolecules /7/. Entire MD simulations were
performed with program SANDER (part of AMBER 5.0), that minimizes energy by moving atoms
down the energy gradient and then generates the configurations of the system by integrating Newtonian
equations of motion. In solving these equations the empirical force field is used with modifications for
the lesioned molecules.

One constructed system composed of TD lesioned DNA dodecamer d(TCGCG'TD’GCGCT); and
part of the enzyme T4 Endonuclease V. The selected part of enzyme composed of 10 amino acids
including Thr-2, Arg-22, Glu-23 and Arg-26 that form so called catalytic center active in the incision of
thymine dimer during repair process.

Another system composed of one part of human fibroblast AG9387 - DNA 30-mer
d(CCAGCGCACGACGCA'TG'GCACGACGACGGG),, and of repair enzyme Endonuclease III /8/.
TG was created during energy and structural optimization after adding two OH radicals at the C5 and
C6 atoms of thymine.

Both systems were solvated in water environment ensuring the minimal water layer of 10 A from the
surface of solute each molecule. Sodium counterions were added to neutralize to negative charges of
DNA phosphates and to satisfy the neutrality of each systems. Finally system with TD composed of up
to 30,000 atoms in total, while system with TG composed of nearly 70,000 atoms. These systems were
subjected to MD simulation of 1 ns and 400 ps respectively.

Simulations were performed on FUJITSU VPP500/42 vector/parallel type supercomputer of the
Japan Atomic Energy Research Institute. One picosecond (ps) of MD simulation of constructed systems
required approximately 1.7 hour (TD) and 3 hours (TG) of CPU time.

3. Results and Discussion

Thymine Dimer

a) structural analysis

The dynamic properties of the molecule, such a differential flexibility of its different parts
(nucleotides, amino acids, phosphodiester backbone, etc.) were analyzed from the trajectory of the MD
simulation. Analyzing the root mean square deviations (r.m.s.d.) of all solute atoms (except hydrogen
ones) from the original positions it was found that during the first 300 ps the r.m.s.d. was steadily
increasing. After 280 ps molecule stabilized and remained stabile up to performed 1 ns. The structural
changes in TD containing DNA molecule are discussed in detail in paper of Yamaguchi /5/ and in
addition with structural changes of enzyme in paper of Pinak /6/. Generally it may be concluded, that
the structure of enzyme molecule undergoes only slight changes during the process of MD. The situation
is different for DNA molecules, where sharp kink is observed around the TD site formed after 200 ps of
MD. This kink is significant for TD site and is not observed for native DNA molecule. There is also
important finding showing, that the kinked DNA form a shape that is complementary to the concave
shape of the enzyme. This structural complementarity of DNA and enzyme may play significant role in
proper binding these two molecules (Fig. 1).
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b) energetic analysis

An energetic analysis is an important mechanistic connection between the structural changes and the
thermodynamics predictions. The electrostatic energy was analyzed with aim to investigate electrostatic
interactions between enzyme and DNA and its possible role in recognition process. It was calculated
that the electrostatic energy of accessible surface of the enzyme has generally positive value, ranging
from +5 to +15 kcal/mol. Among mostly positively charged amino acids, there are 12 arginine amino
acids having significantly negative value of electrostatic energy around -50 kcal/mol. In the case the
native DNA molecule, the electrostatic energy of most nucleotides is negative and that one of native
thymines is nearly neutral. The situation is different for TD site, where the negative value of around -9
kcal/mol was found (Fig. 1). This value is specific among the nucleotides of DNA (thymines are neutral,
adenines have electrostatic energy around -15 kcal/mol, and cytosines and guanines around -40
kcal/mol). Comparing the neutral value of native thymines and negative value of TD, it can be estimated
that this negative value at the TD is significant for proper recognition by positively charged repair
enzyme.

T4 Endonuclease V

DNA dodecamer

thymine
dimer
~ - g kecalmol

Fig. 1 Structure of T4 Endonuclease V and DNA with TD at 300™ ps of MD. The highlighted parts
mark the position of catalytic center of enzyme (Thr-2, Arg-22, Glu-23 and Arg-26) and TD on
DNA. Shown are also values of electrostatic energy at the catalytic center and at the TD site.

Thymine Glycol

TG is chemically 5,6-dihydroxy-5,6-dihydrothymidine. Its molecule has been formed by adding two
OH radicals at C(5) and C(6) atoms of thymine from the C3’ direction. Experimental data indicate, that
the approach from C5’ is sterically occluded. The formed molecule was optimized by the program
AMBER 5.0 and program Insight II /9/. All inter atom distances and respective angles were calculated
during optimization. These together with TG molecule are shown on Figure 2. After stabile single TG
molecule was formed it was used to replace the native thymine at position 16 in DNA 30-mer
d(CCAGCGCACGACGCA'TG'GCACGACGACCGGG),. The TG lesioned DNA 30-mer and repair
enzyme Endonuclease III were then subjected to MD simulation. During the simulation the DNA was
slightly bending during performed 400 ps of MD. No significant bending specifically at TG site similar
to one observed at TD site was detected. Repair enzyme initially placed at the distance of about 5 A
from the DNA surface was moving closer and at 400 ps its closest atom was at around 2 A from the
DNA surface. This close proximity represents the favorable situation for formation of complex of DNA
and enzyme and thus further MD study is necessary.
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Fig. 2 Structural characteristic of TG (5,6-dihydroxy-5,6-dihydrothymidine) optimized and calculated
using software AMBER 5.0 and Insight II prior incorporating into DNA. (distances are in ).y

4. Conclusions

Results of MD simulation of TD lesioned DNA molecule suggest that there are two important factor
that lead to the proper recognition of lesion - structural complementarity of DNA and enzyme originated
by strong king around TD site, and the negative electrostatic energy that discriminate TD site from
neutral native thymine site. Both factor are recognized by the repair enzyme and significantly contribute
to the formation of complex of DNA and enzyme. Formation of stabile complex is necessary for the
onset of enzymatic repair process.

In addition to the TD lesioned DNA molecule, the oxidative type of thymine lesion (TG) has been
prepared and after replacing the native thymine on DNA was submitted to the MD simulation. Results
of MD simulation show that this lesion doesn’t originate a kink similar to one observed around TD.
Instead of structural features there are expected energy conditions that facilitate the movement of repair
enzyme towards DNA during first 400 ps of MD. These require further studies.

The presented MD simulations of TD lesioned DNA studied complementarily with TG lesioned
DNA are aimed to find common features in the repair of thymine damages. Achieved results may
provide theoretical explanation of individual steps of repair processes and may be as complementary to
existing experiments in those aspects that are not currently measurable.
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8 . Present and Next Steps of the JAERI Superconducting rf Linac
based FEL Program

E. J. Minehara, T. Yamauchi, M. Sugimoto, M. Sawamura, R. Hajima, R. Nagai, N. Kikuzawa,
T. Hayakawa, N. Nishimori, and T. Shizuma
FEL Laboratory at Tokai. Advanced Photon Research Center. Kansai Research Establishment,
Japan Atomic Energy Research Institute,
2-1 Tokai, NakaTbaraki 319-1195, Japan

The JAERI superconducting rf linac based FEL has successfully been lased to produce a 0.3kW FEL light

and 100kW or larger electron beam output in quasi continuous wave operation in 1999. The 1kW class output as
our present program goal will be achieved to improve the optical out coupling method in the FEL optical
resonator , the electron gun, and the electron beam optics in the JAERI FEL driver. As our next 5 year program
goal is the 100kW class FEL light and a few tens MW class clectron beam output in average. quasi continuous
wave operation of the light and electron beam will be planned in the JAERI superconducting rf linac based FEL
facility. Conceptual design options needed for such a very high power operation and shorter wavelength light
sources will be discussed to improve and to upgrade the existing facility.

Keywords: high power, free electron laser, superconducting rf linac, quasi-cw, heam energy recovery

1. Introduction

In a conventional laser device, there are commonly three major components of the driver like a flash lamp,
the gain medium like a crystal, and the optical resonator mirrors. In the conventional laser system. heat losses
and damages in the components give the serious limitations to the applications and intrinsic performances since
the invention in 1960. In a free electron laser (FEL) system unlike the conventional, the losses in the gain
medium will be quickly removed from the inside because the medium consists of an undulator generating an
alternating magnetic field and a highly energetic electron beam. Resultantly. no deterioration is observed in the
optical quality of the gain media during the high power operation. However, a normal conducting rf linac as the
FEL driver produces a large amount of heat, and is very inefficient like the lamp. In order to improve drastically
the efficiency and power output, and to realize very small errors of the amplitude and phase in acceleration, we
have to introduce a superconducting rf linac because of a negligibly small heat loss inside the cavities.

We summarize our results in three steps of the JAERI superconducting rf linac based FEL program[1]. Final
goal of the program is a demonstration of the high power and high efficient continuous wave (CW) FEL lasing
using the JAERI superconducting rf linac driver with a full energy recovery scheme. After a successful ending
of the program, very high wall plug efficiency will be expected. First, we spent about 6 years to build a
prototype of the driver[1-6]. We could operate the driver with a nearly 100% efficiency from the rf power to the
electron beam power optimizing the adjustable coupler. Second. we spent another 3 years to demonstrate 0.3kW
FEL power averaged in a quasi-CW operation with a 30% of the expected extraction efficiency. To realize a
1kW FEL output. we plan to improve the FEL device, resonator opticals and injection system[7]. Third, beam
energy recovery will be demonstrated by adding another electron beam recirculation balf loop in the existing
FEL facility within a few years{8].

In the following. the superiority of the superconducting f linac based FEL, the brief history and current
improvements, the world-strongest FIR FEL oscillation achievement of 0.3kW in quasi CW operation August ,
1999 are discussed. and future programs and/or related technological developments added. Especially,
conceptual design and considerations are discussed about a 20 kW CW 1.5 micron Industrial FEL.

2. Superconducting rf Linac Driver
We spent a few years to study feasibility on the FEL's in the end of 1980's. As explained already, the

first step is decided to build a prototype of the quasi-CW superconducting of linac of FEL driver, the second the
lasing, and the third the energy recovering. In the prototype FEL driver, we have developed a number of
accelerator components and technologies listed in the following. They covers the 250 kV thermionic triode
electron gun generating a 1 ns width and 1.2 nC micropulse. all-solid-state f power supplies, superconducting
bulk Nb accelerating cavity module, liquid-coolant-free cryogenic refrigerator system, a personal-computer
bascd accelerator control system, a hybrid wedge-pole permanent planar undulator and optical resonator system.
After the ending of the sccond. some demonstrations of a few applications should be planned, and we have
alrcady gotten some preliminarily results in environmental problem ones. In addition to them, an industrial
superconducting f linac based FEL machine and an academic FEL user facility have been discussed since the
beginning. Since 1989, just after the feasibility, we spent about 6 years to build the JAERI superconducting rf
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linac FEL driver. Each component of the facility is explained and discussed in the following. All of them are
planned to be used in the industrial machine.

The clectron gun consists of a SF6 gas-insulated pressure vessel. a fast grid pulsar and a high voltage
power supply. In the beginning, a micropulse width had been 4 ns or 6 ns. recently the width became shortened
to be 1 ns or less, and the peak current typically increased to be several times larger than the original. The
micropulse is compressed to be 30 ps or less by the subharmonic buncher of 83.3 MHz. There are two kinds of
time structure of the micropulses and macropulses. The gun fires once every 100 ns, and micropulse repeats at
10.4125 MHz. In the first macropulse mode. every 100 ms, the gun typically fires for 1 ms long or less. In the
second mode. at the end of the macropulsc train, the gun typically fires for 100 ms or longer and once. The final
macropulse of the second mode is adjustable and continued to fire up to 5000 ms. The second mode power
supply was successfully tested by a dummy load and the third rf power supply as long as 100 ms. We decided
to use these two modes instead of a true CW mode because of a thin shielding wall. avoiding some damages
from the beam hitting in the low energy side and a shortage of the electricity in the FEL building. After the third
step, we may use the true CW mode using the energy recovery. especially in the compact industrial machine.
The first is so long as to simulate the FEL physical process and an tf power amplifier's thermal process inside

the transistor's ceramic housing. Thermal processes in the superconducting cavity modules, and optical

resonator and optical transport systems are so slow not to simulate by the two modes within a few seconds.

The JAERI design option for the superconducting cavity and cryogenic system are explained bricfly in the
following. As we have no maintenance and operation crew and specialist, we have to run the system by
ourselves without any maintenance for one year. In order to realize an easy maintenance and an easy operation
in the JAERI FEL, we first introduced a so-called Zero-Boil-Off (ZBO) cryostat concept in the ficld of the
superconducting rf linac technologies[4]. Unique features of the cryostat are as follows. (l)Independent
modular refrigerator structure, cach cryostat for a pair of 4 K and 20 K/80 K refrigerators, (2) liquid coolant free,
no need for liquid Nitrogen and liquid Helium except for the liquid buffer to stabilize the temperature and
pressure inside the module, and (3) each module of the cryostat has a 20 K/80 K two-staged He gas Gifford-
McMahon (GM) refrigerator as a heat shield cooler and a He gas 4 K JT-GM composite refrigerator as a liquid
He recondensor inside the cavity liquid He vessel. In addition to them, the JAERI module has a vibrational
isolation steel frame between the module and the refrigerators, and Piezo fast tuner and mechanical slow one,
three higher mode couplers and an adjustable main coupler, and double heat shields. As expected in the above
explanation, we can easily replace any one module in the system for repairing and improvements, and add
another module very easily to the system for future expansion without any serious problem. In order to
minimize the heat invasion and to optimize a thermal anchoring in all heat bridges between 4 K and 300 K, and
thickness of the heat shields. we performed the finite element method simulation to calculate temperature
distribution of the heat shields. and heat invasions of the beam pipes. liquid He supply tower, higher mode
couplers and main coupler. A typical example of the 80 K heat shield temperature is ranging from 49 K to 55 K.
Heat invasions of the four modules are measured to be in the range from 2.5 W to 4.5 W, and typically around 4
W in the factory measurement. Quality factors and accelerating gradients of the cavities are in the range from
2.0x 1049 to 2.5 x 10 +9, and from 5.8 MV/m to 8.3 MV/m. Once a year in the middle of October, a regular
maintenance of the cryogenic system is usually performed to replace some sealing parts, rotary valves, oil filter
and absorber materials for a week. In the 1996 Japanese fiscal year, we could run all cryogenic systems for one
year without any stop and repairing except for the regular maintenance and scheduled and unscheduled power
failures. The main coupler was designed, and needed to be adjustable, and used to minimize an insertion loss
through it, and to maximize the efficiency.

A 50 kW all solid state amplifier has a 32 fold coaxial stripline combiner, and several microwave monolithic
integrated circuit (MMIC) and peripheral circuits in one print circuit board inside each of the 32 amplificrs of
1.8kW. In comparison with a vacuum tube amplifier, a solid state one has very wide band and resultantly fast
response features. During the beam acceleration, crrors of the field amplitude and phase were observed to be
0.05% and 0.2 degrees. respectively, except for a front tens wy shoulder of the beam loaded drop. Since the
installation of 1992, two of the 50 kW amplifiers have run very steadily without any malfunctioning.

3. World-Strongest FEL Oscillation Achievement in Quasi-CW Operation

The strongest and stable oscillation was achieved in the JAERT FEL in the 26th February 1998. Typical
electron beam energy and resolution are 15.8 MeV, and 0.4% respectively. the beam current and 10 Hz-
macropulse width 2-4 mA and 0.9 ms or less. respectively. The optical resonator with a 52 period hybrid planar
undulator (K=0.7) is 1.7 m long and uses Au coated Cu mirrors of 120 mm diameter. Remotcely controlled
actuators adjust the optical axes and distance of the mirrors in order to coincide with the clectron beam and

micropulse repetition rate, respectively. before the oscillation. The power is scattered from 1018 to 10+ times
higher than that of the spontaneous emission. During the first successful operation. the highest FEL power was
measured to be about 0.1 kW of 28um in the quasi CW average. The FWHM of the FEL spectrum is less than
0.09 wm., which corresponds to AAA=0.4% or less, and very near to the Fourier transform limited. Recently, the
power was increased to be 0.3kW or moreof 21um. The detuning range of the cavity is recently about 150pum.
The FEL wavelength spread were measured using a monochrometer with a pyro-electric line sensor during the
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measurcments. An optical resonator length was measured and matched to a half of the micropulse separate
distance with an accuracy of 0.1um or less using the JAERI quick resonator matching method(5). The third and
fifth higher harmonics were measured. the seventh, ninth and eleventh and the higher ones are not confirmed yet.

4. Future Programs and Related Technological Developments

The current goal of 1kW or larger will be achieved to modify the lasing mode. optical out coupling
method in the FEL optical resonator and the clectron beam performance upgrading in the driver. The
modification and upgrading are now under way[7.8]. The electron beam energy recovery using the
superconducting cavities and a recirculation loop will minimize resultant radiation hazards and shielding wall
thicknesses. and maximize the FEL output and total conversion efficiency from electricity to the light output. A
prototype of the energy recovery system in the JAERI FEL will be added in the FEL accelerator room by the
middle of the next year. the first recirculated beam will be expected next year.

In addition to them. we plan to use the existing and near-future-available facilities as coherent and
partially coherent light sources. Several kinds of the light sources being under consideration and their regions of
peak output power are planned in ranging from 100MW to 1 mW. Currently, available wavelengths are located
in the region from far-infrared (FIR) to near-infrared (NIR) by fundamental and higher harmonics of the FEL,
ones from a few tens nm to a few nm by an intra-cavity FEL Compton backscattering, and ones from several
tens pm to 0.1 pm by channeling radiation and coherent Bremsstrahlung. Conventional lasers, which are
currently and commercially available. are very attractive for a variety of applications in the region from NIR to
ultraviolet (UV). As well known. FEL's are very competitive with other light sources in the two regions from

FIR to mid-infrared (MIR). and from the UV to the shortest because of the tunability and a lack of another
available light source.

5 Industrial FEL Design Consideration

In order to apply the superconducting rf linac based high power FEL to every field of this world, we
have to demonstrate its superiority with all other light sources in many itemized features and performances, i.e.,
high power capability, high wallplug-efficiency, low weight, small volume, tunability, low toxicity, no harmful
by-products, little radiation hazard, low running cost, low capital cost, easy operation, maintenance free an so
on. In a shipbuilding yard, high speed welding and cutting machines being free from post and pre processing
have been needed to develop a 1.5 micron 20 kW Jodine chemical laser welder. The Iodine laser is coupled with
a small diameter of 0.3 mm and several tens meter long transmission fiber in order to realize the high speed
welding of thick steel plates. Instead of the Iodine laser, we plan to do a conceptual design work of a 1.5 micron
20 kW superconducting rf linac based high power FEL, and to do some developmental works of the components
in the FEL facility at Tokai, JAERI

Requirements to such a high power industrial FEL machine are already itemized above. An FEL device
of the industrial are rather conventional except for the huge heat load of the laser light. We need some cooling
devices and their interlocks to remove the huge heat concentration in the mirrors, windows and outcouplers.
Electron beam power also become huge, but interruption of the beam means a sudden beam stop, and no damage
in the driver like a storage ring because the rf power is planned to recycle inside the superconducting rf linac's
cavities.

Basic options for the JAERI industrial FEL are as follows.

1)A 180 degrees reflected or half-turn geometry of the recirculated energy recovery scheme shall be used
instead of the 360 degrees full-turn one to improve the recovery efficiency of the superconducting cavities up to
100% in low energy.

2)A coupling coefficient of the main coupler shall be very small or weak for each superconducting cavity to
minimize losses in the f system. Resultantly, very low powered simple main coupler and low 1f power supply
are enough to excite the cavity.

3)Low cost sputter-coated Nb cavities without higher mode couplers shall be used in order to minimize the
capital cost of the machine.

4)A laser illuminated photocathode cw electron gun at a very high working voltage up to 0.5-2 MV, or the
existing thermionic high current and high charge cw electron gun at 0.25-0.5 MV shall be used .

5)An energy recovering DC decelerator coupled with the electron gun shall be used to maximize the wall-plug
efficiency. and to minimize the radiation hazards.

6)Other options of the machine shall be the same or the similar with the existing facility.

Usually. we have to pay about 30% of the total capital cost for the superconducting rf linac modules,
the 20% for the if system. the 20% for the refrigerators, the 20% for the electron gun, injection and transport
system, and the 10% for the FEL related. We can cut about 70% or more of the superconducting cavity modules
and 90% of the rf system by developing above items. Electricity of the system is mainly consumed in the
refrigerators, electron gun and decelerator. The industrial FEL machine has about sevcral tens mA of electron
beam current, 20 kW of FEL power. and several MW of beam power.

6. Summary
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We have done nearly two of the three steps of the current program goal up to now as we mentioned
above. And. we also mentioned about the next program towards 100kW class FEL machine above. Especially,
we discussed and itemized some developmental for the JAERI industrial FEL machine for a shipbuilding
industry. We may itemize our recent activities and fruitful results except for the energy recovery work in the
following.

(1) Successful operation of the first superconducting rf electron linac in Asia[6].

(2) Successful operation and construction of the first all-solid-state rf system for an electron f linac with a
practically infinite life span{2].

(3) Successful operation and demonstration of the world-largest recondensing 11.5 W 4 K He4 refrigerators
system[1].

(%) Successful realization and operation of the world-first modular and independent Zero-Boil-Off (ZBO)
cryostat for the JAERI superconducting rf electron linac FEL driver.

(3) Successful demonstration of the first coupling-adjustable main coupler in the if electron linac, and
optimization of the power losses in the rf system.

(6) Construction of the first shift- and deflection- compensated wedge pole hybrid undulator system(3].

(7) Successful realization one of the most precise and the quickest matching between twice of the optical
resonator length with separate distance between two neighboring electron beam pulses[3].

(8) Successful demonstration of the world-first and largest recondensing 2 W 2 K He3 refrigerators system fora
future higher frequency system.

(9) Successful demonstration of the world-strongest 0.1 kW FEL oscillation in a quasi-continuous operation in
1998, and upgrading to 0.3kW in 1999.

(10) Successful operation of the 100 kW-class electron beam output using the JAERI superconducting if electron
linac FEL driver.

(11) Successful operation of the 500 MHz UHF band superconducting rf electron linac with accelerating
gradient from around 5 MV/m up to 8.3 MV/m[4].

(12) Successful 24 hour- and one year continuous operation of the JAERI FEL cryogenic system with no
maintenance and operation crew and specialist in 1996 Japanese fiscal year.

(13) Successful achievement of 1.2 nC, 1.ns, and 10 MHz quasi CW firing of the 250 kV thermionic triode
electron gun without any spurious micro puise{8].
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Abstract

The GeV photon beam at SPring-8 is produced by backward-Compton scattering of
laser photons from 8 GeV electrons. The maximum energy of the photon will be above 3
GeV, and the beam intensity will be 107 photons/sec. Polarization of the photon beam will
be 100 % at the maximum energy with fully polarized laser photons. We report the outline
of the quark nuclear physics project with this high-quality high-intensity beam. )

Keywords : Backward-Compton scattering, High energy photon beam,
Quark nuclear physics, ¢ photoproduction

1 Physics Motivation

The GeV photon beam at SPring-8 is produced by backward-Compton scattering of laser
photons from 8 GeV electrons. The maximum energy of the photon will be above 3 GeV,
and the beam intensity will be 107 photons/sec. Polarization of photons will be 100 % at the
maximum energy with fully polarized laser photons. Many experiments which utilize this high-
energy, high-intensity high-polarization photon beam at SPring-8 have been proposed and are
currently under discussions. In the following, we briefly review a physics motivation of a ¢
photoproduction experiment, for which the detector system is optimized.

It is well known that all the hadron-hadron total cross sections (including a yp total cross
section) in a wide energy range are reproduced very well in terms of two s—dependent terms with
5795 and s%08 dependences, where s is the Mandelstam s variable [1]. The Reggeon exchange
model clearly suggests that the s~%5 term originates from the p meson (T =1, J" = 17. )
trajectory. On the other hand, the s%%8 term requires the introduction of an unobserved Regge
trajectory, whose a(t = 0) has to be 1.08. The trajectory is called the pomeron because of the
great contribution by Pomeranchuk [2]. One can identify the Pomeron trajectory with a gluon
trajectory since the first particle state on the trajectory appears at m?~4 GeV? with J =2
(2% glueball).

At high energies, diffractive photo-production of a vector meson from a proton target is well
described as a pomeron-exchange process in the framework of the Regge theory and of the Vector
Dominance Model (VDM) [3]; a high energy photon converts into a vector meson and then it is
scattered from a proton by an exchange of the pomeron [4]. Within QCD, interactions between
hadrons can be due to quark-exchange and gluon-exchange. Phenomenologically, we know that
the quark-exchange processes can be simulated by meson-exchange which can be calculated from
effective Lagrangians based on QCD. This has been very successful in understanding various
photoproduction data at low energies. On the other hand, the gluon-exchange mechanism is
poorly understood.

For the ¢ production, the meson-exchange contribution is small because the couplings of the
¢ meson to other non-strange mesons are weak due to the OZI suppression. Precise measure-
ments of do'/dt and spin observables in the low energy will provide an important information on
the Pomeron exchange dynamics through interferences with the meson exchange amplitudes [5].
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Moreover, the ¢ production measurements near the threshold may reveal the existence of an-
other gluon-exchange trajectory (a 0%+ glueball trajectory) whose contribution falls off rapidly
at high energies. In the measurement of the ¢ production, one can also address the question
concerning the s5 components in nucleon. Again, polarization data obtained by using polarized
photons are crucial. Spin observables magnify small amplitudes hidden in a dominant ampli-
tude by interference effects. The interference between a pomeron-exchange amplitude and a
small amplitude due to a direct knockout of 53 in the nucleon may cause a large asymmetry of
the production cross sections between the spin parallel and anti-parallel configurations of the
polarized photon and polarized nucleon [6]-

2 LEPS Facility

\

8 GaV » beam J““"———————Lg____wq [y BL33LEP /
Laser Hutch (JAERI) —F
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(JASRYSPring-8) ector
0 10 20m
Experimental Hutch - 4

Figure 1: Plan view of the Laser-Electron Photon facility at SPring-8 (LEPS).

The Spring-8 facility is the most powerful third-generation synchrotron radiation facility with 61
beamlines. We use a beamline, BL33LEP (Fig. 1), for the quark nuclear physics studies exclu-
sively. The beamline has a 7.8-m long straight section between two bending magnets. Polarized
laser photons are injected from a laser hutch toward the straight section where Backward-
Compton scattering (BCS) [7] of the laser photons from the 8 GeV electron beam takes place
(Fig. 2). The BCS photon beam is transfered to the experimental hutch, 60 m downstream of
the straight section. Figure 3 shows the maximum energy of the BCS photon as a function of a
laser-photon energy for the cases of 8 GeV and 6 GeV electron beams. The maximum energy
depends more strongly on the electron-beam energy than on the laser-photon energy. SPring-8
is the only facility where a high-intensity BCS photon beam above 2 GeV is obtainable.

If laser lights are 100 % circular polarized, a backward-Compton-scattered photon is also
polarized. The polarization drops as the photon energy decreases. However, an energy of laser
photons is easily changed so that the polarization remains reasonably high in the energy region
of interest. The intensity, position, and polarization of the laser lights which do not interact
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Figure 2: Backward-Compton scattering process ~ Figure 3: Laser energy versus energies of a
BCS photon with a 8 GeV electron beam
(solid line) and a 6 GeV electron beam
(dashed line)

with the electron beam are monitored at the end of the beamline.

The beam energy is determined by measuring the energy of a recoil electron with a tagging
counter. The tagging counter is located at the exit of the bending magnet after the straight
section. It consists of multi-layers of a 0.1 mm pitch silicon strip detector (SSD) and plastic
scintillator hodoscopes. Electrons in the energy region of 4.5 — 6.5 GeV are detected by the
counter. The corresponding photon energy is 1.5 — 3.5 GeV. The position resolution of the
system is much better than a required resolution. The energy resolution (RMS) of 15 MeV for
the photon beam is limited by the energy spread of the electron beam and an uncertainty of a
photon-electron interaction point.

In the first stage, we use a conventional Ar laser. A 25 W Ar laser has a 2 W output at 351
nm (3.5 eV). The maximum energy of the BCS photon with this laser light is 2.4 GeV. If we use
a multi-line mode around 351 nm, the laser output power is about 5 W. The estimated intensity
of the BCS photon beam amounts to 107 photons/sec. A laser-electron photon beam at SPring-
8 was first produced on July 1st, 1999. The energy spectrum of the beam was measured with
a PWO gamma calorimeter which was placed in the laser hutch. Figure 4 shows the measured
energy spectrum of the LEP beam. The beam intensity was 2 X 108, which was about 5 times
less than the expectation. The intensity has been slowly decreasing time by time. The most
likely cause of the problem is deterioration of the first mirror and/or the second mirror in a
vacuum chamber. The detailed investigation is in progress.

The LEPS detector (Fig. 5) consists of charged-particle tracking counters, a dipole magnet,
and a time-of-flight wall. The design of the detector is optimized for a ¢ photoproduction in
forward angles. It has a large forward acceptance and good coverage of momentum transfer ¢
for the ¢ photoproduction.

The opening of the dipole magnet is 135-cm wide and 55-cm height. The length of the pole
is 60 cm, and the field strength at the center is 1 T. The vertex detector consists of 2 planes
(x and y) of single-sided SSDs and 5 planes (x,X’,y,y’,u) multi-wire drift chamber (DC1), which
are located upstream of the magnet. The stereo ambiguity (pairing ambiguity) for two-track
events are solved with DC1. The thickness of each SSD is 300um and it results in angle spread
(o) of ~ 1 mrad. The corresponding deterioration in 2-kaon invariant mass and momentum
transfer ¢ measurements are 300 KeV and 2 x 1073GeV? respectively. Two sets of MWDCs
(DC2 and DC3) are located downstream of the magnet. The active area size of DC2 and DC3 is
200cm(W) x 80cm(H). Each set has 5 planes: x,x’,y,y’, and u(v) in order to solve both left-right
ambiguity and stereo ambiguity locally.
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Figure 4: Energy spectrum of the LEP Figure 5: The LEPS detector setup.
beam measured with a PWO calorimeter.

The construction of the beamline and the laser hutch were completed in September of 1998.
The laser system was installed in the winter shutdown period of 1998-1999. The experimental
hutch was constructed in March, 1999. Each components of the detector system has been tested
by a LEP beam as well as a Bremsstrahlung gamma from out gas in the ring. An integrated
test of the detector will be done shortly.
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Abstract

Recently there has been a tremendous experimental progress in ultrahigh field particle acceleration
driven by ultraintense laser pulses in plasmas. A design of the laser wakefield accelerators aiming at
GeV energy gains is discussed by presenting our recent progress on the laser wakefield acceleration
experiments, the developments of high quality electron beam injectors and the capillary plasma
waveguide for optical guiding of ultrashort intense laser pulses.

Keywords: Laser-plasma accelerators, Laser wakefield acceleration, Photocathode
RF gun, Z-pinch capillary plasma waveguides

1. Introduction

A number of concepts of particle acceleration by laser fields have been proposed almost since the beginning
of the laser evolution. Recently advance in generation of ultraintense short pulse lasers has brought about
tremendous progress in experimental maturity of laser-driven particle accelerator concepts. Ultrahigh
fields generated by focused laser pulses have evolved a great deal of particle acceleration concepts. The
peak amplitude of the transverse electric field of a linearly polarized laser pulse is given by E[TV/m] ~
2.7 x 10~°TY/2[W /cm?] =~ 3.2a9/Ao[m], where I is the laser intensity, Ao is the laser wavelength, and ao
is the laser strength parameter given by ag =~ 0.85 x 10~9\g[um]IV/ 2[W/cm"’]. Physically ag is equal to
the normalized momentum of the electron quiver motion in the laser field.

A novel particle acceleration concept was proposed by Tajima and Dawson{1], which utilizes plasma
waves excited by intense laser beam interactions with plasmas for particle acceleration, known as laser-
plasma accelerators. In particular recently there has been a prominent experimental progress and a
great interest in the laser wakefield acceleration (LWFA) of electrons since the first ultrahigh gradient
acceleration experiment made by Nakajima et al. [2]. First-generation experiments have successfully
shown that ultrahigh accelerating gradients higher than 10 GeV/m and relativistic electron acceleration
up to more than 100 MeV with large energy spread. The second-generation experiments have aimed at
a high energy gain of more than 1 GeV and high quality beam acceleration with a small energy spread.
Here we present a design of the GeV laser wakefield accelerator experiments and our recent experimental
progress for such second-generation experiments.

2. Electron Acceleration by Laser Wakefields

Plasmas can sustain ultrahigh electric fields, and can optically guide the laser beam and the particle beam
as well under appropriate conditions. For a nonrelativistic plasma wave, the acceleration gradients are
limited to the order of the wave-breaking field given by eEwpleV/cm] = mecw, ~ 0.96n,/%[cm™3], where
wp = (4mnge?/m.)'/? is the electron plasma frequency and ng is the ambient electron plasma density.
In order to demonstrate the electron acceleration by laser wakefields, we have carried out the accel-
eration experiments using the table-top terawatt laser. The laser pulses with duration of 90 fs and the
peak power of 2 TW produced by the Ti:Sapphire laser system at 790 nm wavelength were focused by
a £/10 off-axis parabolic mirror in the acceleration chamber filled with a He gas. The measured focal
spot radius was 13 um. A single bunch electron beam with the energy of 17 MeV and the FWHM bunch
duration of 10 ps from the RF linac at 10 Hz repetition rate is brought to a focus with the FWHM beam
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size of 0.8 mm. An electron pulse was synchronized to the laser pulses within the rms jitter of 3.7 ps.
The energy gain spectra of accelerated electrons were measured for various He gas pressures and the laser
peak powers as shown in Fig. 1. The maximum energy gain up to 300 MeV was observed for the peak
power of 1.8 TW at 20 Torr(3].
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Figure 1: Measured energy gain spectra of accelerated electrons for (a) 3.4 Torr, P=0.9 TW, (b) 20 Torr,
P=0.9 TW, (c) 2 Torr, P=1.8 TW, and (d) 20 Torr, P=1.8 TW.

The wakefield excitation has been confirmed by 2-D measurements of the plasma wave oscillation with
the frequency domain interferometer. The measured density perturbation has shown the longitudinal
wakefields of the order of ~ 10 GeV/m in good agreement with the accelerating wakefields expected
theoretically. Measurements of the Thomson scattering image of the 1.8 TW pump laser in He gas plasma
at 20 Torr have indicated that the strong self-guiding of the laser beam occurs over 2 cm in a plasma. We
have also observed a jet-like formation generated with numerous energetic electrons transversely ejected
from the central region of plasmas. The detail measurements have shown that an electron jet produced
an outward electron flux with the maximum energy higher than 140 keV in a cylindrically homogeneous
distribution around the laser propagation axis. This implies that energetic electrons are accelerated by
the transverse wakefields higher than 140 MeV/cm, assuming a transverse acceleration length of 10 pm.
Since the longitudinal wakefield is higher than the transverse wakefield for the laser focusing parameters,
it is inferred that the maximum energy gain exceeds 280 MeV, which indicates a good consistency with
the acceleration measurements.

3. GeV Laser Wakefield Acceleration

As an intense laser pulse propagates through an underdense plasma, the ponderomotive force expels
electrons from the region of the laser pulse. This effect excites a large amplitude plasma wave (wakefield)
with phase velocity approximately equal to the group velocity of laser pulse, given by v, = (1 —w2/wi)/?,
where wp is the laser frequency. The maximum axial wakefield occurs at the plasma wavelength, A, {um] ~
0.577 in a plasma with the resonant electron density, nolcm™3] 2 3.5 x 10%!/7? in terms of a FWHM
pulse duration 7 [fs]. When a Gaussian driving laser pulse with the peak power P [TW] is focused on
the spot size 7o [um], the maximum axial wakefield yields
(eE;)maz|GeV/m] =~ 8.6 x 108 PAZ/(Tr870), (1)

where 7o = (1 + a3/ 2)!/2 takes account of nonlinear relativistic effects, and ag = 6.8\ P/ ?/ry for the
linear polarization(4].
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Table 1: Parameters of the GeV capillary-guided laser wakefield accelerators.

Energy gain [GeV] 05 1 5
Pulse duratuon 7 [fs} 20 50 100
Peak power P [TW] 100 40 20
Spot radius rp {uzm)] 30 20 10
Laser strength parameter ag 1.8 1.7 24
Plasma density {10'® cm™3] 88 14 0.35
Accelerating gradient [GeV/cm] 1.9 0.7 0.55
Diffraction length [cm] 11 05 0.12
Dephasing length [cm] 04 55 56
Capillary length [cm)] No 15 10

Number of particles accelerated [10%] 7 1.1 0.2

In order to achieve the acceleration energy gains of higher than 1 GeV in a single stage of cm-scale,
it is necessary to extend the acceleration length limited by diffraction effects of laser beams. We propose
the capillary-guided laser wakefield accelerators in which both the driving laser pulses and particle beams
can be guided through Z-pinch capillary discharge plasmas of cm-scale. The parameters to test electron
acceleration of GeV energies are shown in Table 1. The design of the laser wakefield accelerators is based
on availability of the 10 Hz table-top ultrashort, ultrahlgh peak power Ti:Sapphire laser with 20 fs and
100 TW developed at JAERI-KANSAIL

4. High Quality Electron Beam Injectors

In order to produce a high quality electron beam with low momentum spread and good pulse-to-pulse
energy stability, it is required that femtosecond electron bunches should be injected with the energy
higher than trapping threshold and femtosecond synchronization with respect to a wakefield accelerating
phase space which is typically less than 100 fs in a longitudinal scale and 10 pm in a transverse size. For
the second-generation experiments of laser wakefield accelerators, we have developed an electron injection
system consisting of a photocathode RF gun and a compact race-track microtron shown in Fig. 2. The
injection system can deliver the electron beam with energy of 150 MeV, pulse length of 3 ps FWHM and
charge of 0.5 nC. As results of beam tests of the Cu photocathode RF gun driven by 50 Hz UV (263 nm)
laser pulses delivered from a compact all solid-state Nd:YLF laser system, we have obtatined its excellent
performance producing the maximum beam chrage of about 3 nC with quantum efficiency of 1.4 x 1074,
the normalized emittance of a few 7 mm mrad and the pulse length of 5 ps(5].

Electron Injector Section

S-band Accelerating Tube

Beam Extraction Section

Figure 2: A schematic of the electron injection system.
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5. Z-pinch Capillary Plasma Waveguides

We have presented the first direct observation of optical guiding of high intensity laser pulses over 2
cm through a plasma channel produced by an imploding phase of fast Z-pinch discharge in a gas-filled
capillary[6]. A high current fast Z-pinch discharge generates strong azimuthal magnetic field, which
contracts the plasma radially inward down to ~ 100 um in diameter. The imploding current sheet drives
the converging shock wave ahead of it, producing a concave electron density profile in the radial direction
just before the stagnation phase. The concave profile is approximately parabolic to out a radius of ~ 50
pm, after which the density falls off. We have used a capillary with an inner diameter of 1 mm and a
length of up to 2 cm, filled with helium. A high intensity Ti:Sapphire laser pulse (A = 790 nm, 90 fs,
> 1 x 1017 W/cm? ) was focused on the front edge of the capillary to a spot size of 40 um in diameter.
The transmitted laser beam profile at the exit of the capillary was observed through a band pass filter
(AX = 10 nm) with a CCD camera. Fig. 3 shows typical CCD images of the transmitted high intensity
Ti:sapphire laser pulse profile through the capillary discharge plasma. These show clearly that a high
intensity laser pulse could be guided through the channel over a distance of 2 cm corresponding to ~ 12.5
Zpo, where Zgg ~ 1.6 mm is the Rayleigh length of the laser beam.

Figure 3: Typical CCD images of the transmitted a high intensity Ti:Sapphire laser pulse (~ 1 x 1017
W/cm?) through the capillary at an initial pressure of 0.9 Torr He; (a) t = 8.5 ns, (b) no discharge.

6. Conclusions

The laser wakefield acceleration experiments with a beam injection have accomplished electron acceler-
ation up to 300 MeV. It is of importance for practical applications to generate a high energy gain with
a high beam quality as well as high gradient acceleration. The high energy gain exceeding 1 GeV will
be achieved by optical guiding by means of the capillary plasma waveguide, presently by which 2 TW,
90 fs laser pulses have propagated over 2 cm in the plasma channel with 20 um radius. The high quality
beam with a low energy spread and a low emittance will be injected by the 150 MeV microtron with the
photocathode RF gun.
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The main issue of X-ray laser research in JAER¥/Kansai is to develop feasible and stable compact
X-ray laser sources aiming with high X-ray conversion efficiency and high coherence in soft X-ray region.
The potential of X-ray laser application capability is expected to cover a variety of fields on
physics and technology such as high density plasma diagnostics, surface physics, microscopic
observation of many kind of materials, etc, with the properties of short wavelength, high
brightness, high coherence and short pulse duration. To achieve shorter wavelength generation
of X-ray laser under 10nm, it is expected to be possible by computer simulation using thin foil

target with transient excitation.
Keywords : X-ray laser, Collisional excitation, Transient gain, Optical pumping
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12. Plasma Polarization Spectroscopy

Takashi FUJIMOTO
Department of Engineering Physics and Mechanics, Graduate School

of Engineering, Kyoto University, Kyoto 606-8501, Japan

Polarization of radiation emitted from a plasma reflects the anisotropic properties of the plasma,
especially the angular anisotropic distribution of electron velocities. Polarization has been observed on
impurity ion lines from the WT-3 tokamak and the GAMMA-10 tandem mirror machines. The soft x-ray

laser line from the neonlike germanium was also found polarized.
Keywords : Spectroscopy, Polarization, Electron velocity distribution, Anisotropy

1. Introduction

When a classical atom located at the origin is hit by an electron travelling from the -z direction on
the z-axis, and when the energy of this electron is just enough to excited the atom, the electron gives up all
of its momentum and energy to the atom. The atomic electron begins to oscillate back and forth on the z-
axis. This atom is a classical oscillating electric dipole, emitting radiation which is polarized in the z-
direction, the 7 -light. When the energy of the incident electron is very high, and it passes near the atom,
the atom is exerted a pulsed electric field, the direction of which is, roughly speaking, in the x-y plane.
The atom is excited in this direction, and emits the o -light. The situation with actual quantum atoms 1s
more complicated, but the fact that angular anisotropic excitation produces polarized radiation is still valid.

When the velocity distribution of electrons in plasma is anisotropic, e.g., a Maxwellian distribution 1s
accompanied by a beam component, the emitted radiation should be polarized. This reasoning suggests
that, from the observed polarization characteristics of emitted radiation, we should be able to investigate the
anisotropic velocity distribution of electrons. The first observation of polarization from a tokamak plasma
was reported in ref. 1.

In the following three examples of observation of polarized radiation are given.

2. WT-3 tokamak

An image reducing (1/8) optics focussed the image of the plasma on the entrance slit (10 mm in
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height) of the monochromator. Behind the slit, a calcite plate is placed, which displaced horizontally the
extraordinary ray (the = -light which is polarized in the toroidal direction) from the ordinary ray (the ¢ -
light polarized in the poloidal direction) by about 0.5 mm. These rays were dispersed and focussed on the
CCD detector. We thus obtained a polarization resolved and space resolved spectrum. Berylliumlike
oxygen triplet lines (OV 2s3s *S, — 2s3p *P,, ;) and heliumlike carbon triplet lines (CV 2s S, — 2p Py, ,)
were observed. In the former case, the weakest line, J=1<—J=0, which is never polarized, was used for the

purpose of calibrating the relative sensitivities of our detection system for the two linearly polarized com-
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ponents. It was found that, for the Joule heating mode, the 1<—1 and 1¢-2 lines had stronger o -
components than the = -components. Figure 1 shows the longitudinal alignment
A= (.-1,)/(I,+21,) at a certain time (the signal accumulation was over 0.1 ms) against the distance
from the central chord. The heliumlike carbon line, J=1¢-J=2, also showed polarization.

We have constructed the atomic kinetic model for the purpose of interpreting our experimental data,
the population-alignment collisional-radiative model.> In this model, to each ionic level two quantities are
assigned, i.e., the population and the alignment. The former quantity gives the intensity of the emitted
line and the latter gives the polarization of this line. A set of rate equations is constructed for the
populations and another for the alignments, and they are solved in the quasi-steady-state approximation.
The cross sections relevant to polarization excitation are based on the calculation by Dr. G. Csanak.®> We
tentatively assume that the electron velocity distribution is expressed by different temperatures for the
toroidal direction and the poloidal direction. The negative longitudinal alignments in Fig. 1 suggest that
the poloidal temperature is higher than the toroidal one: the pancake-shaped distribution, but we are still

unable to interpret quantitatively the result yet.
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2. GAMMA-10 tandem mirror

The image of the plasma in the central part of the mirror machine was focussed on the vertical slit,
and the image of this slit was polarization resolved by a calcite plate located just behind it and focussed by
a lens on the entrance surfaces of the optical fibers aligned in two columns. Each of the five pairs of the
optical fibers accepted the 7 - and o -components of the radiation emitted from the same line of sight
through the plasma. The other ends of the fibers are aligned in a line to fit the entrance slit of the
monochromator. We“thus obtained the polarization resolved spectrum for 5 locations of the plasma, each

7.5 mm apart. Figure 2 shows an example of the spectra for one location: The broad lines in the shorter
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wavelength side are the berylliumlike oxygen lines, which are the same as those presented in Fig. 1. The
sharp lines in the longer wavelength region are those of singly ionized iron lines. The upper traces sifows
no polarization with the former lines in this time interval, but one of the iron lines shows substantial
polarization. These lines are emitted from the different parts of the plasma; the oxygen lines from the
central part and the iron lines from the peripheral part. It is suggested that, while the central part has an

isotropic velocity distribution of electrons, the outer part has an anisotropic distribution, “shape” of which
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changes with time (See the lower traces).

2. Soft x-ray laser’

A 3-cm long curved germanium target was irradiated by double laser pulse of 0.1 ns width
separated By 0.4 ns. The irradiance of the second pulse was about 3 x 10> W/em®.  The x-ray laser light
was observed by a high resolution spectrometer with resolution of 0.6 nm/mm. The central 0.6 cm portion
of the image of the 19.6 nm laser line (3s (J=1)<3p(J=0)) went through a reflective linear polarizer, and
focussed on the photographic plate. The polarizer was contained in a housing, which can rotate around
the optical axis of the spectrometer. The relative transmittance of our detection system for the polarized
components was calibrated by using the H, line of hydrogenlike carbon. In order to monitor the
fluctuation of the laser output, a part of the laser line image was recorded simultaneously.

From the densitometer traces of the developed plates we determined the relative intensities of the
polarized components in the directions parallel and perpendicular to the surface normal of the target. The
mtensity of the parallel component was 0.14, and that of the perpendicular component was 0.45: the
polarization degree was —0.33.

The upper level of this laser line has J=0, and the spontaneous emission is never polarized. Thus,
we conclude that this polarization is due to the population imbalance in the lower level among the three
magnetic sublevels. From the observed gain coefficient and the estimated plasma parameters, we derived
the magnetic sublevel populations to be (3s),,-o = 2.6 x 10" cm™ and (3s),,,.+;, = 0.7 x 10" ¢cm™.

We performed the Monte Carlo simulation of the anisotropic radiation trapping of the resonance line
between the laser lower level and the ground state. Due to the doppler decoupling, the optical thickness
was smaller in the parallel direction than in the perpendicular direction. As its result, population

imbalance was created in the 3s level. The result was approximately consistent with the above results.
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Development of high quality large laser crystals for a CPA laser system
il BRI, HILEBGE*. B3R B AKHLER
ARG AR BRI ARTFREFEHRERS 5 —
619-0215  FUERATFERERAHAT R 58-1

*ZHERE BEUEH
362-0021 WEE FEHER1333-2

Akira SUGIYAMA, Hiroyasu FUKUYAMA, Masamichi
KATSURAYAMA®,
Yutaka ANZAI*, and Shiro NAGAI

Advanced Photon Research Center, Kansai Research Establishment,
Japan Atomic Energy Research Institute
8-1 Umemidai Kizu-cho, Souraku-gun, Kyoto 619-0215, Japan

*Corporate R&D Center, Mitsui Mining & Smelting Co., Ltd,
1333-2 Haraichi, Ageo-shi, Saitama 362-002, Japan

Uniform doped concentration along growth direction of Nd3*:YAG crystal with 110mm length
was successfully grown by the Czochralski furnace with a double crucible. The fluctuation of doped
concentration was less than 4 %, nearly 1/4 of the Nd*:YAG crystal grown by a conventional method.
We also demonstrated direct bonding without the use of adhesive materials on Ti:sapphire laser crystals
with a bonding surface dimension of 12mm x 6mm. The bonding surfaces were treated with chemical
processes to clean up and to create a hydrophilic layer for hydrogen bonding in an atmospheric furnace.
Successive heat treatment in a vacuum furnace transformed the hydrogen bonding into the direct
bonding. From the observation by a transmission electron microscope (Hitachi: HF-2000), atomic
level bonding was succeeded in the bonding surface. The performance of the bonded crystal was also
tested by laser oscillation with a second harmonics of Q-switched Nd3+:YAG at a 20Hz repetition rate.
In comparison with a normal laser crystal, there were no difference in output power or spatial profile in
an input condition of 30mJ. The optical damaged threshold on the bonding surface was estimated over
660MW/cm?.

Keywords: Laser Crystals, Nd3+:YAG, Ti:sapphire, Double Crucible,
Crystal Growth, Czochralski Furnace, Direct Bonding, CPA Laser
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1 4 . Ultrafast Molecular Processes in Intense Laser Fields
Kaoru YAMANOUCHI”), AKkiyoshi HISHIKAWA, Atsushi IWAMAE, and Shilin LIU

Department of Chemistry, School of Science, The University of Tokyo
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The momentum vector distributions of fragment ions produced through the Coulomb
explosion of small polyatomic molecules such as CO, and NO, in intense laser fields (~1
PW/cm?) are measured by the mass-resolved momentum imaging (MRM]I) technique. In the
MRMI maps for the fragment ions produced from CO, and NO,, their ultrafast structural
deformation both along the stretching coordinate and along the bending coordinate is identified.
The £0-C-O angle distribution of CO, spreads significantly (FWHM ~40°), and the ZO-N-O
bond angle of NO, increases toward a linear configuration within the ultrashort duration of the
laser pulse (~100 fs).

Keywords : Intense-laser fields, Polyatomic molecules, Ultrafast structural

deformation, Light-dressed states

1. Introduction

When molecules are irradiated by the intense laser light whose magnitude is comparable
with the valence electric-field in atoms and molecules, the phenomenon called the Coulomb
explosion occurs, in which multiply charged atomic fragments having a large released
momentum are produced [1-12]. The molecular Coulomb explosion in intense laser fields is
known to exhibit two characteristic features, i.e. (i) ultrafast geometrical deformation occurring
during the short laser-pulse duration, and (ii) anisotropic ejection of the atomic and molecular
fragment ions representing the anisotropic preparation of the parent molecular ions with respect
to the laser polarization direction.

Recently, in order to investigate the ultrafast nuclear dynamics of molecules in intense laser
fields, we introduced a novel method called mass-resolved momentum imaging (MRMI) [2-8].
In the MRMI method, atomic and molecular fragment ions ejected with a large released
momentum are detected by a time-of-flight (TOF) mass spectrometer, and the momentum as well

as angular distributions of the ejected ion species are obtained by rotating the direction of the
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laser polarization with respect to the detection axis of the TOF tube. Due to the high resolving
power of our TOF mass spectrometer, atomic and molecular ions with different charge numbers
are observed separately. The resultant momentum and angular distributions of the charged
species are plotted either on the two-dimensional (2D) momentum plane as a contour map or in
the form of three-dimensional (3D) intensity distribution on the momentum plane. By the
analysis of the imaging maps, it becomes possible to extract geometrical structure of molecules
just before the Coulomb explosion, from which we discuss the ultrafast geometrical deformation
occurring within an intense laser pulse.

In the present report, by referring to our recent studies of ultrashort dynamics of CO, and
NO, intense laser ficlds using the MRMI approach, we describe how the information of the

geometrical deformation is extracted from the MRMI maps.

2. Experiment

The details of our experimental set-up were presented previously [2-8]. Briefly,
femtosecond laser pulses at A ~ 800 nm generated by a mode-locked Ti-sapphire laser were
introduced into a regenerative amplifier system to obtain high-power short-pulsed laser light at a
repetition rate of 10 Hz.  After a pulse compression, a laser-pulse duration of 100 fs was
achieved with a total energy of up to 50 mJ/pulse.

The laser beam was focused by a quartz lens onto a skimmed pulsed molecular beam of a
sample gas in the region between the extraction parallel repeller plates of a linear TOF mass
spectrometer.

In our TOF mass spectrum with typical mass resolution of m/Am ~ 620, ion species with
different charge numbers were resolved well with no temporal overlap. The TOF mass spectrum
with a high S/N ratio was obtained by accumulating the spectra for ~1 x 103 laser shots using a
digital oscilloscope at a 1 GHz sampling rate. When the pulsed valve was not operated, the
background pressure in the main chamber was 2x10® Torr and that in the TOF tube was 1x10 8
Torr. During the experiment, the pressure in the main chamber was kept sufficiently low in
order to avoid the space charge effect.

For constructing the MRMI maps, the TOF mass spectra were taken at different laser

polarization angles by rotating the laser polarization using a zero-order half-wave plate, which
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was introduced after the pulse compression stage of the regenerative amplification system. The

half-wave plate was rotated manually or automatically with a small angle interval of ~6°.

3. Spread of bond angle distribution in CO,

We investigated the (p, g, r) Coulomb explosion processes of CO,, i.e., COy* -> Ot + Co*
+ Ot (z = p+q+r), at the field intensity of 1.1 PW / cm? [6]. The observed MRMI maps for the
fragment atomic ioms, C?* (q = 2, 3), exhibited an elliptical pattern substantially extending
perpendicular to the laser polarization with a peak at the zero momentum, indicating that the C2*
and C3* ions gain only small released momenta even though they are formed from the highly
charged parent ions, and that they are ejected more preferentially in the direction perpendicular
to the laser polarization vector.

From the detailed analysis of the MRMI maps, it was found that (i) the bond length R(C-O)
determined exhibits a gradual increase as z increases, which is consistent with the recent studies of
diatomic molecules, N, and NO, and triatomic molecules, NO, and H,O in an intense laser fields
and (ii) the Gaussian width o of the bond angle distribution becomes 0,=50 ~30°for z=3 ~
9. Considering the mean amplitude of bending, o, = 12.5°, in the ground vibrational level of
the Xl}lg* state of neutral CO,, the present results clearly show that a substantially broad y
distribution centered at the linear configuration is induced in the intense laser field.

The observed broad y distributions were interpreted by the laser-induced population
transfer to an excited state having a bent equilibrium; i.e., the linear ground and the excited bent
state are coupled strongly by the intense laser field to form a significant avoided crossing

resulting in a pair of adiabatic light-induced potential energy surfaces.

4. Bent-to-linear deformation of NO,

We also investigated the three-body (p, g, r) Coulomb explosion processes of NO,, i.e.,
NO,** -> OP* + N9* + O™, at the field intensity of 1.0 PW/ecm?[7]. The observed MRMI maps
for the fragment atomic ions, N7* (¢ = 2, 3), have a substantially elongated pattern with two
peaks at large released momenta (~ 200 x10° amu m/s) in the perpendicular direction to the laser
polarization. A closer inspection of the MRMI map of N2* revealed that the momentum

distribution extends substantially along the coordinate perpendicular to the laser polarization
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toward the center of the map from the peaks at ~200x103 amu my/s. The probability distribution
at the zero momentum reaches about a half as large as that for the two peaks.

The increase in the probability distribution at the linear configuration is more clearly seen
in the MRMI map of N3*, where the momentum distribution is almost flat along the horizontal
axis with the highest peak located at the zero momentum region. The observed momentum
distribution of N9* (g = 2,3) could also be regarded as a direct evidence for a substantial
deformation of NO, induced by the intense laser field not only along the stretching coordinate

but also along the bending coordinate.
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Biological Effects of Pulse X-rays
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Time sequence on the biological effects of X-rays was reviewed with respect to cell death.  When
cells were exposed to X-rays, interaction between X-rays and biological materials in cell begins with
physical processes (10°'*-10"" sec), followed by chemical (107'*-1 sec) and biological processes (1 sec-).
The use of pulse X-rays will reveal the dependence of biological response on the dose rate of X-rays.  In
biological processes, cell death was modified by biological repair functions at the dose rates from 0.095
Gy/hrto 7 Gy/min.  Above this dose-rate range, no significant change in the nature of the survival curve
has been reported to the dose-rate up to 10° Gy/sec.  Direct and indirect actions of X-rays are known in
biological effects of X-rays.  Detailed study of these processes using chemical scavengers showed that
more than 90% of biological effects were removable by externally introduced chemicals.  This evidence
suggests that chemical processes play an important role on cell killing by X-rays.  To study this role,
ultrashort-pulse X-rays from laser-produced plasmas may be greatly helpful since pulse X-rays at the dose-

rate of shorter than 1072 sec becomes available.

Keywords : Time sequence of radiation effects, Cell death, Chemical scavenger,

Dependence on the dose-rate, Laser-produced plasma X-rays
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Closed loop wavefront correction using deformablemirror for laser beam
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The laser beam with wavefront distortion can't be focused. The wavefront distortion of ultra-high peak
power laser is increased by the thermal effect. For compensation of the wavefront of such a laser beam, we

developed a closed loop wavefront control system consisting of a Shack-Haltmann type wavefront sensor

and a deformable mirror. As a result of the experiments, the root mean square of the wavefront distortion

was reduced to less than 1/10 of the original.

Keywords: Wavefront control system, Deformable mirror, CPA laser,
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Characteristics of a flashlamp pumped Ti:sapphire laser for high intense optical
pumping of Yb materials was investigated. Emission spectra from the flashlamp was
measured by a multi channel spectrometer. Emission below 400 nm was filtered by UV
filters. Output energy of 6J/pulse at 800 nm and 2J/pulse at 910 nm were obtained constantly.
Wide tuning performance from 730 to 950 nm was demonstrated with the use of a prism and
an etalon in the cavity. An efficient UV-visible solid state converter, a broadband quartz
birefringent filter and an acoust optic tunable filter would be effective for improving the
output energy and the efficiency.

Keywords : Flashlamp pumping, Ti:sapphire laser, Yb laser materials, Wavelength tuning,
UV cut plastics filter
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18 Transient Collisional Excitation X-ray Laser with Thin Foil
Targets

Masataka KADO, Akira SASAKI, Tetsuya KAWACHI, Noboru HASEGAWA, Momoko
TANAKA, Kenjiro TAKAHASHI, Kouta SUKEGAWA, Keisuke NAGASHIMA, Akira
NAGASHIMA, and Yoshiaki KATO

Advanced Photon Research Center, JAERI Kansai
8-1-1-2 Umemidai, Kizucho, Kyoto 619-0215 Japan

The transient collisional excitation x-ray laser scheme with thin foil metal targets has been proposed. This
scheme has higher laser energy efficiency and less x-ray laser refraction effect and makes possible to generate
shorter x-ray wavelength with a compact table-top sized laser system. The electron temperatures of plasmas
heated with a short pre-pulse and short main pulse have been calculated with 1D hydrodynamic code and
obtained electron temperature higher than lkeV with 207 laser energy. X-ray laser propagation is also calculated
with gain guiding effect.

Keywords: X-ray laser, Transient collisional excitation, Thin foil target, X-ray laser propagation

1. INTRODUCTION

The x-ray lasers have a potential to apply for many fields like medical, biology, semiconductor
technologies. There are many experimental studies generating x-ray laser radiation presented'". However only
few applications of x-ray lasers have been reported'® because high power laser drivers are needed to generate x-
ray lasers. Most of those works were done with large laser facilities for laser fusion project'’. Recently
generations of x-ray laser radiation with a compact table-top laser system have been reported'®'®. However there
are no experimental results reported x-ray wavelength shorter than 10nm. Considering of application for
biological imaging x-ray wavelength around “water window (2.3nm-4.3nm)” will be needed. Several hundreds
to kilo joule energy are needed to generate such short wavelength x-ray lasers. In order to generate shorter x-ray
laser radiation with a compact table-top sized laser system, high laser energy efficiency and high x-ray laser gain
coefficient are the most important issues. For the solid target cases most of absorbed laser energy propagate into
cold region of the solid density area and only a few percent of incident laser energy contribute to heat plasmas.
Furthermore the long plasma density scale length (~100um) for the solid target case makes difficult the laser

energy deposition onto high electron density area (~10*/cm®) which will be needed to obtain high x-ray laser
gain coefficient. Another issue to be solved is the problem of the x-ray laser refraction due to electron density
gradient. The refractive index is higher at law electron density area and the generated x-ray laser is refracted to
outward and effective gain length becomes short. The electron density gradient is even steeper at the high
electron density area needed to generate shorter x-ray laser wavelength.

We have proposed to use thin foil metal targets with irradiation of double short pulse lasers for achieving
both of high laser energy efficiency and high x-ray laser gain coefficient. Thin foil metal targets is irradiated
with a pre-pulse of pulse duration 1ps. The laser pulse duration is much shorter than the plasma expanding time.
The collisional excitation rate is much higher than as usual because the electron density is nearly solid density
through the ionization process. The most ions are ionized to Ni-like or Ne-like ions during the short laser pulse
duration. The electron temperature reaches to over lkeV and the plasma then expands quickly and the electron
temperature also drops. The three-body recombination rate is low enough to keep Ni-like or Ne-like ionization
stage for more than 100ps time period. When the peak electron density becomes 1x10?"/cm’, which is adequate
to generate x-ray laser at the density peak, the plasma is heated with a short main pulse of duration 1ps. Most of
the laser energy is absorbed near the critical density and the energy transport to the high density area. The
electron temperature of the density peak climb up to over lkeV again and produce population inversion. The
density peak area has a flat electron density gradient and the refraction effect of the generated x-ray laser
radiation is small. The calculation results show that the only 20J laser energy is needed to achieve those
processes.

2. ELECTRON TEMPERATURES HEATED WITH DOUBLE SHORT PULSES
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The electron temperatures of plasmas heated with short pulse lasers were calculated with 1D hydrodynamic
code. Silver thin foil targets were irradiated with a pre pulse of pulse duration 1ps and laser intensity
1x10"W/cm?® and a main pulse of pulse duration 1ps and laser intensity 1x10"*W/cm®. The time separation of
those pre and main pulses were changed according to the target thickness. The timing of the main pulse was
adjusted to the time that the peak electron density reached to the critical density 1x10%"/cm®. The electron
temperature of plasma heated with the pre pulse rose to over lkeV in the pulse duration and dropped to 10eV in
100ps. The plasma expanded to the scalelength 10um, which was 10 times smaller than the size for solid targets.

The main pulse heated the cooled plasma again up to 1keV and the absorbed laser energy transported to the peak
density region in a few pico seconds. The energy was used to excite electrons to produce population inversion
rather than ionization. The gain efficient was estimated larger than 100cm™.

Shown in Figure 1 is the target thickness dependence of the electron temperature of plasmas heated with a
pre and main pulses. Closed circles and triangles are the peak electron temperatures heated with the first pulse
(pre pulse) and the second pulse (main pulse), respectively. The targets for these calculations were Silver foils
and the thickness was varied from 0.025um to 0.2pum. The electron temperature due to the main pulse was higher

than that due to the pre pulse in spite of that the laser intensity of the main pulse is one order smaller than the
intensity of pre pulse. The absorption rate was higher for the main pulse due to the long plasma scalelength and
also some energy of the pre pulse were used for plasma expansion.

The electron temperatures decreased rapidly from 2keV to 1keV as the target thickness increased from
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0.025um to 0.1pm. This was due to the target mass increase which was needed to be heated. The electron
temperature decrease became very slow the target thickness thicker than 0.1um and reached to 700eV which was
the electron temperature for the solid targets with same irradiation. From the result the target thickness 0.2um is
considered to be solid targets. The requirement of the electron temperature to generate x-ray laser shorter than

10nm wavelength is or more after the second pulse. In order to obtain the x-ray laser radiation shorter than 10nm
wavelength the target thickness thinner than 0.1pm will be needed.

3. X-RAY LASER PROPAGATION THROUGH LASER MEDIA

X-ray laser propagation through laser medium is also very important to obtain short wavelength x-ray laser
since the electron density is high enough for the x-ray laser refraction to be essential. To avoid the x-ray
refraction the flat electron density profile is desirable. In the case of the thin foil targets electron density profile
becomes horse-back shape and the flat density profile will be obtained if the x-ray laser is generated at the top of
the electron density. The x-ray laser propagation through the gain medium was calculated with laser propagation

. (2 0 J’ aJ n
[210)0(5;'*'6;)"'6‘2 gr—z‘:lE=47T§t-=(OpezE, ®, = |— 1

I(z+Az) = I(z)exp(g x Az)  (2)
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equations. In the calculation the gain guiding effect is also included. Equation (1) is the laser propagation
equation and equation (2) is the equation for the gain guiding effect. Where n, is the electron density obtained
with the 1D hydrodynamic code and n,, is the electron critical density, here n,, is 5x10%cm™ for Ni-like Ag 4d-
4p transition (14nm). I is the x-ray laser intensity and g is the gain coefficient.

Shown in Figure 2 is the gain coefficient dependence of the propagation distance of x-ray lasers. Also
dependence of the target thickness and x-ray laser beam diameter has been plotted. The target thickness was
varied from 0.025um to 0.1um. Closed points show the results of x-ray laser beam diameter Sum and open

points show the results of x-ray laser beam diameter 10pum. For the case of the target thickness 0.1pm and
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0.05um the x-ray laser propagation distance increases rapidly with increase of gain coefficient. It is due to that

the x-ray laser refraction effect is relatively small for the thicker target and the gain guiding effect is stronger
than the x-ray laser refraction. For the target thickness 0.025um the x-ray laser refraction becomes stronger than

the gain guiding effect and propagation distance did not change with the gain coefficient.
4. SUMMARY

In summary the x-ray laser pumping driver laser has been developed with Ti:sapphire front end and
Nd:glass main amplifiers. This hybrid system has performance of short pulse duration 1ps and high energy 20]
output. This system has two beam lines and each beam line produce long pre pulse and short main pulse. The
pulse duration of the pre pulse can be changed from lps to 1ns and pulse separation of those pre and main is also
changeable. This hybrid laser system will be used to produce x-ray laser radiation with the transient gain scheme.

We also proposed the new transient gain scheme with thin foil metal targets to achieve short wavelength x-
ray laser operation. Using of thin foil targets improves the laser energy efficiency and reduces the x-ray laser
refraction coupled with x-ray laser gain guiding effect. The laser energy efficiency was improved two times for
the target thickness 0.05um compared with solid targets. The x-ray laser propagation distance was improved five

times due to the gain guiding effect with the target thickness 0.1um. The calculation results showed that the
optimum target thickness will be 0.05 to 0.1pum.
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: X-ray Laser by use of Charge Exchange Recombination
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Tetsuya KAWACHI
Advanced Photon Research Center, Kansai Research Establishment,
Japan Atomic Energy Research Institute
8-1 Umemidai Kizu-cho, Soraku-gun, Kyoto 619-0215 Japan

The gain coefficients of Balmer-o. and Lyman-o. lines of hydrogenlike
carbon plasma are calculated by use of collisional-radiative (CR) model. In
this calculation, we include the effect of charge exchange recombination
(CXR) process between the fully striped carbon ions and the neutral helium
atoms. Calculated result shows that the substantial enhancement of the
gain coefficient due to the CXR process is expected.

keywards :Plasma spectroscopy, Collisional-radiative model,
Charge exchange recombination, Recombining plasma laser
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20. Energy extraction performance for CPA system
in Yb-doped materials at low temperature

Junji Kawanaka", Hajime Nishioka® and Ken-ichi Ueda®

" Advanced Photon Research Center, Kansai Establishment,
Japan Atomic Energy Research Institute (Kansai/JAERI)
8-1 Umemidai, Kidu-cho, Soraku-gun, Kyoto 619-0215 Japan
Y Institute for Laser Science,

University of Electro-Communications (ILS/UEC)

Energy extraction efficiency was drastically improved at low temperature with

the reduced saturation fluence 28 J/cm® and the expanded spectral width 35 nm.

Keywords : Yb-doped materials, Chirped Pulse Amplifier, Ultra-short pulse laser,
NIR Spectroscopy

Yb-doped materials is one of the most promisihg laser materials for the next
generation of high-field lasers using a chirped pulse amplification system (CPA)."” We
first demonstrated a LD-pumped oscillator performance with a Yb:YLF.? In our LD-
pumped Yb:YLF and Yb:Glass, it was clearly found that a laser gain was quite low due
to a strong reabsorption of a lower laser level in spite of hard pumping over 50 kW/cm®,
Efficient energy extraction in a LD-pumped CPA system, therefore, can not be expected
at a room temperature. As an energy splitting separation of the resolved Yb ground state
is comparable with a room temperature, the reabsorption is very sensitive to a material
temperature. By cooling the Yb-doped materials, much higher energy extraction
efficiency must be obtained through the reduction of the reabsorption and too high
saturation fluence should be reduced with an enlarged emission cross section. A wide
emission spectral width is desired for a CPA even at such a low temperature.

Absorption and emission spectra of Yb:YLF and Yb:Glass (Kigre Inc.), both of
which have a wide fluorescence spectral width over 50 nm, were observed in a near-

infrared region. In Yb:YLF at a room temperature (289K), the emission spectrum was
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Fig. 1 Absorption and emission spectra of Yb:YLF at (a) 289 K and (b) 30 K.

overlapped ~ with  the  absorption
spectrum in the most of its spectral
range, shown in Fig.1(a). An efficient
energy extraction range without the
reabsorption was laid at over 1040 nm
with a much narrower range below 20
nm and the emission intensity in this
spectral range was quite weak. In our
hardly LD-pumped oscillator, the lasing
wavelength was around 1040 nm.
Decreasing the crystal temperature to 30

K, the overlapping was completely
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Fig. 2 Ratio of emisson to absorption of
Yb:YLF at (a) 289 K and (b) 30 K.

Table 1 Saturation fluence at 289 K and 30 K.

Host

Saturation Fluence Ugy (J/cm?)

289 K

30K

YLF

at 1040nm
239 (%0 e o)

28 at 1015nm
Ug = 7.0x102'¢m?

Glass | 147 [a‘ 1040nm

Op = 1.3x10°?! cm2]

64 [at 1020nm

Og = 3.5x102'cm 2]
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Fig. 3 Absorption and emission spectra of Yb:Glass at (a) 289 K and (b) 30 K.

— 600
vanished. The peak emission intensity was i sool  ——— 28K  yb:Glass
considerably increased by an order and the g 30K
efficient energy extraction range was § 400F
expanded by 35 nm. The ratio of emission § soor
to absorption hE/A was shown in Fig. 2 as % 200F N\
an index of extraction efficiency. The % 1or B M
hE/A at 30 K and 1015 nm was 45 times °r "
higher than that at 289 K and 1040 nm, 9(;0 l 1oloo l 112)0
where the wavelengths are available in a Wavelength (nm)

LD-pumped CPA  system.  Energy Fig. 4 Ratio of emisson to absorption of
extraction efficiency is  drastically Yb:YLF at (a) 289 K and (b) 30 K.
increased and a heating of the crystal could also be reduced. An practical saturation
fluence Usat was decreased to 28 J/cm® (at 1015 nm) from 239 J/em® (at 1040 nm) at
room temperature, showing in table 1. These characteristics were kept almost the same
at the liquid nitrogen temperature, which leads to a compact and low-cost cooling unit.
In Yb:Glass, the hE/A at 30 K and 1020 nm was 2.9 times higher than that at 289 K and
1040 nm, shown in Fig. 4. The reduced overlapping at 30 K led to an expanded enrgy
extraction range of 80 nm by 1.6 times shown in Fig. 3. The Usat was decreased to 64
J/em® (at 1020 nm) from 147 J/em® (at 1040 nm) at room temperature.

Yb-doped materials, Yb:YLF and Yb:glass, were cooled at low temperature.
Energy extraction efficiency was drastically improved and saturation fluence was

decreased. The spectral band width for an efficient energy extraction was expanded. Yb-
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doped materials cooled at low temperature will be highly efficient laser materials for the

next generation of high field lasers using a LD-pumped CPA system.

References
1) J. Nees et. al., IEEE Selected topics in Quantum Electronics Vol. 4, pp. 376 (1998).
2) H. Nishioka et. al., submitted to Opt. Lett.

— 104 —



IR

JP0050759

JAERI-Conf 2000-006
2 l . Development of High Efficiency Second Harmonic Frequency Converter
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An efficient four-pass quadrature frequency conversion scheme was developed. A high conversion efficiency
in excess of 80 % has been achieved for frequency doubling of 1064-nm in KTP with a low input fundamental
laser intensity of 76 MW/cm?2. A second-harmonic output of 486 mJ has been obtained with 607 mJ of the input
1064-nm fundamental laser at 10 Hz.

Keywords : quadrature frequency conversion, second-harmonic generatiom, Nd:YAG, KTP

1. INTRODUCTION

The technique of using nonlinear optical crystals to convert the frequency is an important and popular method
to extend the utility of existing lasers. In particular, generation of pulsed green output is important for
application for pumping Ti:sapphire amplifier. The most effective way to accomplish this has been through
second-harmonic generation (SHG) of 1064-nm Nd: YAG lasers in nonlinear optical crystals. For SHG with the
1064-nm Nd:YAG lasers, a commonly employed laser source, conversion efficiencies exceeding 50 % are
commonplace [1-6). Efficient SHG from the fundamental laser wavelength is also essentially important for the
frequency up-conversion because the performance of higher-order harmonic generation is very much dependent
on this. Additionally, in many applications and experiments, a high second-harmonic conversion efficiency is
desirable for the purpose of enhancing the signal-to-noise ratio or reducing the size of the required laser source.

In order to achieve high conversion efficiency, a quadrature frequency conversion scheme has been proposed
[7]. Figure 1 shows the quadrature doubling scheme used for SHG. In this scheme, the planes formed by the
input laser beam propagation direction and optic axes of two type II crystals are arranged to be orthogonal. The
input laser beam left unconverted from the first crystal due to nonuniformities of the input beam intensity can be
converted efficiently in the second crystal. Thus, the sensitivity to input laser beam profile, angle and thermal
misadjustment is lower than that of single crystal scheme. The second-harmonic output produced in the first
crystal is not at the correct polarization for interaction in the second. Thus, the second-harmonic output from the
first crystal passes through the second without back-conversion.

In this paper, we describe a four-pass quadrature frequency conversion scheme by using polarization rotation
for pumping Ti:sapphire amplifier and report a frequency conversion efficiency of above 80 % for SHG with a
low input fundamental laser beam intensity of 76 MW/cm?2. The incorporation of quadrature and multi-pass

features in this scheme provides a frequency conversion performance superior to that of comparable lasers m its
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class. This scheme can be easily scaled up by increasing the size of the nonlinear optical crystal to accommodate

larger input fundamental laser beam cross-section.

. E,
w
input laser E,,

5t

first crystal second crystal E,

optical axes in orthogonal planes

Fig.1 quadrature doubling scheme used for SHG.

2. EXPERIMENTAL SETUP

The experimental arrangement of four-pass quadrature frequency conversion scheme is shown in Fig.2. The
laser source used in this experiment was a Q-switched Nd:YAG laser (Continuum, Powerlite 910), operated at a
repetition rate of 10 Hz. The input 1064-nm fundamental laser beam diameter was 8.5 mm and the pulse
duration was 15 ns (full width at half maximum (FWHM)). This scheme consists of a thin-film polarizer, a high-
reflection mirror, two dichroic mirrors, a half-wave plate, two type II KTP crystals and a quarter-wave plate.
KTiOPO4 (KTP) was chosen as the nonlinear optical crystal because of its high effective nonlinear coefficient,
large acceptance angle, large temperature bandwidth, and reasonably high damage threshold. The KTP crystal
(Crystal Associates, gray-tracking-resistant KTP) size was 10mm X 10mm X 10mm. The crystal was oriented for
type 11 phase matching for SHG of input 1064-nm laser radiation at room temperature. The input faces of the
crystals were antireflection coated at both 532-nm and 1064-nm. The crystals were mounted on a rotation stage
for optimizing the angle between the input beam and the crystals at room ambient without any crystal
temperature control. A dual-output scheme was used to lower the second harmonic power loading in the
crystals. The second harmonic output beam on each direction which are elliptically polarized will be separated
into two linear polarized beams by thin-film polarizers. The polarization of the two linear polarized beams are

rotated in half-wave plates for correct orientation to the Ti:sapphire amplifier for efficient absorption.

optical iso!ator r%lay optics
I
— 1 |

N
mirror Q-switched Nd:YAG laser

thin-film polarizer

second harmonic output plate  second harmonic output

dichroic mirror
type II KTP crystal M,

dichroic mirror

M,

Fig.2 Experimental arrangement of four- pass quadrature scheme.
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The input laser beam for this scheme, which was p-polarized, was relayed and passed through an optical
isolator and a thin-film polarizer. The optical isolator (EOT, 12[1064) was placed between the Q-switched
Nd: YAG laser and the frequency conversion part in order to provide sufficient optical isolation between the two
sections. The input beam was injected into the two KTP crystals in quadrature frequency conversion scheme by
dichroic mirror M,, which was high-reflection coated at 1064-nm and anti-reflection coated at 532-nm, and then
converted, after rotating the polarization by 45° in a half-wave plate for correct orientation to the crystals for
efficient conversion. Furthermore, the polarization of the input beam was rotated by 90° atter a round-trip pass
through the quarter-wave plate before retracing its path. The mput beam made two more passes through the two
KTP crystals as it was s -polarized at the thin-film polarizer. Thus, the input beam passed through the two KTP
crystals in quadrature frequency conversion scheme a total of four times and the second-harmonic output

generated was extracted through the dichroic mirrors M, and M,.

3. RESULTS

Figure 3 shows the 532-nm second-harmonic conversion efficiency as a function of the input 1064-nm
fundamental laser intensity for conventional scheme and four-pass quadrature scheme. In the four-pass
quadrature scheme, we measured the second-harmonic output energy generated in two opposite direction as 532-
nm second-harmonic output energy. For comparison, we also measured the SHG characteristic in a single pass

with a single crystal scheme as a conventional scheme.
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Fig.3 532-nm second-harmonic conversion efficiency as a function of the input 1064-nm fundamental laser

intensity for conventional scheme and four-pass quadrature scheme.

The second-harmonic output and the fundamental laser power were measured by a calibrated power meter
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(OPHIR, ATN). The intensity was calculated from the measured pulse duration, the measured energy, and
measured beam diameter. There were no compensation for optical losses such as reflection and absorption of the
crystals, and reflection and transmission of the dichroic mirrors. As can be seen from this figure, the conversion
efficiency of four-pass quadrature frequency conversion scheme is clearly higher than that of the conventional
scheme. A maximum second-harmonic conversion efficiency of above 80 % was achieved with a low input laser
intensity of 76 MW/cm?. The high efficiency enables efficient use of energy and hardware. The low mput laser
intensity enables the use of a smaller laser source, and ensures no photochromic damage (gray-tracking) [8,9] n
KTP. Though the threshold of gray-tracking depends on the repetition rate of the laser and the growth technique
of the crystal, laser damage thresholds ranging from 100 MW/cm? to about 10 GW/cm? have been reported.

4. CONCLUSION

In conclusion, we have demonstrated efficient SHG in four-pass quadrature frequency conversion scheme. A
high second-harmonic conversion efficiency of 80 % has been achieved with low input laser intensity of 76
MW/cm?. The successful operation of the scheme demonstrates that it is applicable and scalable to the design of

a high power laser system with high efficiency.
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29 . Characterization of Phase and Contrast of High Peak Power,

Ultrashort Laser Pulses

Akito SAGISAKA, Makoto AOYAMA, Sinichi MATSUOKA,
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We fully characterize a high-peak power, ultrashort laser pulse in a Ti:sapphire chirped-
pulse amplification laser system. The phase and contrast of the 20 fs pulse are determined by
using frequency-resolved optical gating and high dynamic range cross-correlation techniques.
The result of the phase measurement of the pulse indicate that the predominant phase distortion
is quartic. The measured contrast of the pulse is of the order of 10° limited by amplified

spontaneous emission coming from the amplifiers.
Keywords : Ultrashort pulse, FROG, Phase, Contrast

1. Introduction

The high-peak power ultrashort pulse laser systems can realize pulses with a peak
intensity of >10” W/em’ [1]. Such high intensity ultrashort laser pulses are useful for the variety
of high-field applications such as the generation of ultrafast x-ray radiation [2] and high
harmonic generation [3] from solid targets and photoionization pumped x-ray lasers [4].
However the ultrashort laser pulses may, in general, have pedestals andjor amplified
spontaneous emission (ASE) associated with the main laser pulse. In a laser produced plasma
experiment, such a pedestal and/or ASE would create a low density plasma in advance of the
main laser pulse and thus significantly alter the physics of the laserplasma interaction. It is,
therefore, crucial to characterize the phase and contrast of the pulse.

A second-harmonic generation (SHG) frequency-resolved optical gating (FROG)
technique can measure the intensity and phase of the pulse over a wide range of wavelengths
using the nonlinear-optical materials [5]. However, the dynamic range of this method is usually
limited to ~ 10* which is not sufficient to measure the high contrast pulse. A slow scanning
second-order high dynamic range autocorrelation has enough temporal resolution and
dynamic range of ~10" [6] and suitable for the detection of very low intensity ASE.

Unfortunately, this technique gives information on the symmetry of the pulse shape. On the
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other hand, a third-order high dynamic range cross-correlation between fundamental and its
second harmonic pulse, it can distinguish prepulses from postpulses [7]. The time resolution is
limited by the broadening of the SHG caused by group velocity mismatch (GVM) and spectral
filtering in the doubler and tripler. In order to fully characterize the laser pulse, it is therefore
necessary to measure the phase and contrast of the pulse using these techniques
simultaneously.
In this paper, we characterize a high-peak power 20 fs laser pulse. The phase and contrast

of the laser pulse were measured with the techniques of SHG FROG and high dynamic range
third-order cross-correlation. The measured contrast (defined as the ratio of the peak pulse

intensity to ASE) of the pulse is of the order of 10",

2. SHG FROG measurement
In this experiment we used a part of our Ti:sapphire laser system operating at a 10 Hz
repetition rate [1, 8]. A laser pulse is generated from a Ti:sapphire oscillator with a pulse
duration of ~ 10 fs [9]. The pulse was stretched to > 1 ns in an expander and amplified by
regenerative and multipass amplifiers. The output energy of the amplified pulse was ~ 250 mlJ.
The separation and incidence angle of the compressor gratings were 115.219 ¢m and 62.97" ,
respectively. After the compressor, the phase of the compressed pulse was measured by using the

SHG FROG technique.
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Fig. 1 Retrieved intensitics and phases of the SHG FROG trace for the compressed pulse. (a) Pulse intensity
and phase in time. (b) Spectral intensity and phase as a function of wavelength.
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The setup of the FROG is similar to the single-shot second-order autocorrelator [1]. The
nonlinear material used in the autocorrelator was a 100 um thick KDP crystal. The SHG signal
was detected by an imaging spectrometer with a grating of 300 groove/mm and a CCD camera.
A 250 mm relay lens focused the SHG signal onto the entrance slit of the spectrometer. The
magnification of the image is 1 : 0.8. The sensitivity as a function of the wavelength of the
detection system was calibrated by using a Halogen lamp. The measured FROG trace was
extracted using the central 256 X256 pixel area of the CCD camera and then retrieved until the
FROG error decreased to less than ~ 0.01. The number of iterations was 20 in this case. Figure 1
(a) shows the pulse intensity and phase in time retrieved from the SHG FROG trace. The pulse
duration is 20 fs full width at half maximum (FWHM) accompanied with pre- and post-pulses.
The intensity and phase of the pulse in frequency are also shown in Figure 1 (b). The spectral
width is 67 nm FWHM. The duration of the transform-limited pulse calculated from the
measured spectrum is 16.5 fs. The measured pulse contains of a group delay dispersion of 2.83
X 10 fs’, a cubic phase of 3.73 X 10" fs’, and a quartic phase of 3.80X 10° fs'. Based on these

results, we conclude that the predominant phase distortion is quartic.

3. High dynamic range measurement

The arrangement of the cross-correlator is that of a Type I phase-matched, noncollinear
geometry which incorporates SHG and THG nonlinear crystals. The SHG and THG signals
were obtained with 1 mm and 500 um thick KDP crystals, respectively. To minimize the
dispersion of the SHG signal, reflective optics are used after frequency doubling. The two
beams were focused onto the THG crystal with an aluminum coated concave mirror (R =500
mm) and had a crossing angle of 8° . In the case of nonlinear phase matching, the interaction
length of the fundamental and its second harmonic pulse becomes less than the thickness of the
THG crystal. The THG signal was then recorded by a standard photomultiplier tube (PMT). A
computer controlled stepping-motor was used to vary the delay between the two cavity arms (up
to *+160 ps). Calibrated neutral density filters were also used to obtain the THG signals at a
different attenuation level. The signal from the PMT was time gated (50 ns) to avoid any other
long-time-scale noise and averaged over ten laser shots in a Boxcar integrator.

The cross-correlation signal of the compressed pulses is shown in Figure 2. Each point of
cross-correlation trace with a time resolution of 670 fs corresponds to an average of ten laser
shots. The detection limit of this apparatus is approximately 10 *. The measured contrast is of
the order of 10 * limited by ASE coming from the amplifiers. ASE can be easily suppressed by
two orders of magnitude by using a solid-state saturable absorber with a preamplifier before the

pulse expander [10].
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Fig. 2 High dynamic range cross-correlation trace of a compressed pulse. Each point of the cross-correlation
trace corresponds to an average of ten laser shots.

4. Summary
We have fully characterized a high-peak power, ultrashort laser pulse in a Ti:sapphire CPA
laser system. The contrast, temporal and spectral phases of the 20 fs pulse are determined by
using high dynamic range cross-correlation and SHG FROG techniques simultaneously. The
pulse duration is 20 fs FWHM accompanied with pre- and post- pulses resulting from the
predominant quartic phase distortion. The measured contrast of the pulse is of the order of 10°

limited by ASE.
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Optical parametric chirped pulse amplification has apparent advantages over the current schemes for high
energy ultrashort pulse amplification. High gain in a single pass amplification, small B-integral, low heat
deposition, high contrast ratio and, especially the extremely broad gain bandwidth with large-size crystals
available bring people new hope for over multi-PW level at which the existing Nd:glass systems suffered
difficulties. In this paper we present simulation and experimental studies for a high gain optical parametric
chirped pulse amplification system which may be used as a preamplifier to replace the current complicated
regenerative system or multi-pass Ti:sapphire amplifiers. Investigations on the amplification bandwidth and gain
with BBO are performed. Analysis and discussions are also given.

Key words: Broadband amplification, Ultrashort pulse lasers, CPA, OPA

1.INTRODUCTION

In the past few years, people recognized it is possible to amplify broadband optical pulses with a couple of
well- developed nonlinear crystals such as LBO, BBO, KDP etc. through optical parametric process. However
the extremely short pulse duration was still the main obstacle to higher efficiency. OPCPA [1-2] (optical
parametric chirped-pulse amplification) technique came at the time when both chirped-pulse amplification
(CPA) and broadband OPA had been well studied for many years. OPCPA is especially promising for the
amplification of extremely short (even below 10fs) pulse from a few of micro-Joules to more than hundreds of
Joules of energy with multi-PW output power by only several passes through the media, yielding small B-
integral and good beam quality. Potential high contrast ratio is another unique advantage with OPCPA.

2.SIMULATIONS

We numerically solved coupled-equations [3] in order to have a full view on OPA. A program was
developed to simulate the parametric interaction in a number of nonlinear crystals. There are input options
available for both ordinary pulse and chirped pulse. In the case of chirped pulse amplification, given the
temporal (or spectra and) inputs with arbitrarily distributions, different spectral components are first calibrated
with respect to its temporal intensity counterparts which are then calculated separately and summed up over a
certain length, yielding the parameters for all waves after interaction. The inputs include user supplied intensity
distributions, spectral distributions, relative time delay, crystal and its length, angle for non-collinear scheme.
Specific crystal parameters and characteristics such as phase matching angle, walk-off angle and spectral tuning
can also be sorted with this program.

Typical simulation results are shown in Fig.1. Fig.1(a) refers to the amplification process in which a week
signal and an idler grow exponentially in the small signal gain regime until the pump is fully depleted and
therefore the amplification is saturated. It also gives a clear picture for the interaction after saturation, where
energy begins to flow back to the bump and both signal and idler gradually dwindle. We compared our
simulation with the results based on the analytical solution which omits the pump depletion as shown in Fig.1(b).
They show good agreement with each other in the small signal gain region and remarkable deviation near and
after saturation. This indicated that crystal length has to be carefully chosen once the parameters of pump and
signal are set. The previous analytical analysis [2] is useful in small signal region but can not be used for
selection of optimal crystal length, which is especially true in case of OPCPA where strong saturated
amplification is expected in order to achieve high extraction efficiency and better stability. Previous efforts have
been focused on seeking effective way to minimize the amplified spectral width and people had not taken much
concern over the gain bandwidth until the amplification of femtosecond pulses emerged in the past few years. It
turns out that this previous unwanted effect with OPA may be useful for broadband amplification. Fig.3
represents the chirped signal temporal profiles before and after saturation. Apparent broadening occurred in the
strong saturation regime. It should be mentioned that temporal broadening in an OPCPA also associates with
spectral broadening due to its unique chirped characteristics.
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3.EXPERIMENTAL SETUP

The expe

grating stretcher, Nd:YA
Nd:glass KLM oscillator
FWHM spectral width is 8.2nm around centra
stability under our ultra-clean environmental condition. One of the femtosecond

rimental setup is sketched in Fig.4. The whole system primarily consists of a femtosecond laser,
G pump laser and double stage OPA. The femtosecond laser source is a diode-pumped
with 100mW output power and 150fs pulse duration at 100MHz repetition rate. The
| wavelength 1056nm. This laser shows excellent long period
pulses is selected and

temporally stretched to 1.2ns by a 4-pass stretcher comprising a 1480groov/mm grating, a concave mirror and
some reflectors. Minor spectral clip occurred due to limited optics aperture, resulting in a reduction of spectral

width to less

than 8nm after the stretcher.
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Fig.4. Schematic of experimental setup. M: reflectors; L: Lenses; WP: waveplates; P1: polarizer;P: prism
reflectors; TFP: thin film polarizers; DM: dichroic mirrors; BD: beam dump; BS: beam splitters; PD: photo diodes;
BA: beam analyzer.

The pump source for OPA in this experiment is a frequency-doubled/Q-switched and seeded Nd:YAG laser

operating at
pattern with

532nm with about 200mJ energy and 6 Hz repetition rate. This laser produces uniform flat-top beam
better than £2% shot to shot pulse energy stability and, most of all, fairly smooth temporal profiles
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which is crucial for OPCPA. As shown in Fig.5, the pulse duration is 8ns. Several polarisers and waveplates are
used for allocation of pump energy while the uniform flat-top near field is image-relayed to the expected
positions. According to our tests, no air breakdown was actually observed around the focus between the image-
relay lenses for pump energy up to 80mJ in our laboratory. Pump beam sizes are demagnified about 4 times and
pump fluence on crystals can be adjusted by changing either its energy or distance between imaging lenses. Seed
pulse is electronically synchronized with the pump pulse in time. A set of optical delay line comprising corner-
prisms and reflectors is also included in the schematic and turned out to be a good alternative for
synchronization. This passive delay apparently has the advantage of simple structure and low cost but the
disadvantage of its dependence upon the starting time of pump pulse. The seed beam is first demagnified and
then combined with the pump beam by dichroic mirrors and spatially overlapped along crystal for efficient
interaction. The focused seed beam is 0.3mm in diameter and is re-collimated by another lens after amplification.
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Fig.5. Temporal waveforms of (a)pump laser pulse, and Fig.6. Gain dependence upon input signal intensity.
(b)signal laser pulse. Average data error is about +10%.

BBO was used here as nonlinear crystal. BBO has higher non-linear coefficient but lower damage threshold
and a relative larger walk-off in comparison with LBO. In addition, LBO shows broader bandwidth at certain
conditions. In case of longer pulse pump like Q-switched YAG laser, BBO may be chosen for higher gain,
especially on the first stage where a weak signal with tiny beam size is to be amplified The amplification gain
and spectrum have been of top concern over OPCPA experiments. Both single and double-stage amplifications
were performed. Two BBO crystals have the same Smm X Smm cross section and different lengths, one is 18mm
Jong and another 14mm, respectively. For single crystal amplification, a relatively larger pump beam size insider
crystal were chosen in order to keep the seed beam within the interaction area all along crystal length. According
to our simulation, it is difficult for our weak signa! to saturate the pump in a single pass before complete walk-
off occurs even if the crystal is long enough. Lower pump fluence around 2.5)/ cm? was therefore kept to
facilitate experiments. The measured pump diameter is 2mm and the actual pump fluence can be adjustable by
simply changing the pump energy.
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Fig.7. OPCPA gain dependence upon pump intensity and Fig.8.Double stage OPCPA gain dependence upon
comparison with numerical simulations. Is: input signal pump intensity. Is: input signal intensity

intensity; Es: input energy. Average data error about +10%.

4. RESULTS AND DISCUSSION

We first examined the OPCPA gain dependence upon input signal intensity with the 18mm BBO. Because
the overall throughput from the oscillator to OPA is about 10% and the signal energy can be changed from
100pJ down to less than 10pJ. As shown in Fig.6, the OPA gain keeps nearly constant for various input signal
intensities when pump intensity is given. This is consistent with calculation and shares similarity with the
conventional laser amplification process. With the same BBO we measured the gains under various pump
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intensities, as shown in Fig.7. The energy of input seed is 50pJ, corresponding to 60W/cm?2 intensity. The

highest gain of 6600 was achieved with 320MW/cm? pump intensity which is the maximum available under
present beam diameter and 80mJ energy in collinear configuration. Both experimental data and calculation
clearly indicate the gain is still far away from saturation.

In order to increase the signal energy and amplification extraction efficiency, the 14mm BBO was used to
form a second-stage OPA with basically the same configuration as the previous one. The output signal from the
first stage served as the input signal to be amplified in the second stage. To prevent air breakdown, 80mJ
maximum pump energy within a 1.5mm beam diameter was delivered to the crystal. The pump beam diameter,
or the pump intensity, was carefully calculated with our computer code. It is important to keep in mind that the
analytical theory can not be employed for estimation in this case where strong saturation was expected to happen.
Fig.8 is the measured gains together with a simulation curve. Strong saturated gain of 1200 at this stage was
obtained at 560MW/cm 2 maximum pump intensity. Taking into account of the 50% loss caused by mirrors and

measurements between stages, the overall gain from two stage OPA reaches 1.4X 107 and the final output
energy is over 0.7m]. If we calculate the OPA gain with respect to crystal length, our result shows that BBO has
a gain of over 4X10%/mm at the moderate pump intensity which is far more efficient than the widely used
Ti:sapphire as broadband amplification media for the ordinary mJ leve! amplifiers. The extraction efficiency for
the second-stage and whole system are about 0.9% and 0.45%, respectively.
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Fig.9. (a)seed spectrum and (b)amplified spectrum Fig.10. Traces of (a)single shot, and (b)60 shots pulses

The spectrum of one of amplified pulses was recorded as shown in Fig.9 with comparison with that of seed
pulse. Little difference can be found between the original seed spectrum and the amplified from the first stage
OPA where the gain is far away from saturation. Obvious flattening and broadening however appears under
strong saturated amplification as in our case. We expect even more significant broadening for further
amplification by adding a few more OPA for higher energy output since the gain bandwidth of BBO is beyond
100nm. For the sake of practicality to other applications, the output stability of OPCPA was examined. The
oscilloscope photograph of both single shot and a typical overlap of 60 shots are shown in Fig.10. We estimated
the final OPA output energy instability was less than +5% while our pump laser has an output stability better
than £2% . It is certain that excellent environmental conditions partially contributed to the good OPA stability.
In addition, our simulations shows there exits a optimal working point around the saturation area for the given
crystal length and input signal, amplified output instability is minimized when the pump fluctuation varies
within+5% .

4.SUMMARY

Investigations were conducted both numerically and experimentally on the optical parametric chirped pulse
amplification. Broadband amplification gain of over 1.4X 107 in a single pass through two-stage BBO OPA
were obtained with good output stability. Although the extraction efficiency is still low, this is not intrinsic and
high efficiency of over 20% is possible with improved schematic according to simulations. OPCPA has great
potential for amplifying extremely short pulses and is one of the ideal candidates for both high energy and high
repetition rate ultrashort pulse lasers.
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Diode-pumped microchip laser oscillation of highly Nd3*-doped polycrystalline YAG ce-
ramics has been succeeded. It is found that the loss of a 2.4 at. % neodymium-doped
ceramic YAG is as low as that of a 0.9 at. % Nd:YAG single crystal. From a 4.8 at. %
Nd:YAG ceramic microchip, 2.3 times higher laser output power is obtained than that
from a 0.9 at. % Nd:YAG single crystal microchip.

Keywords: Laser materials, Diode-pumped lasers, Neodymium lasers, Solid-

state lasers

Diode-pumped microchip solid-state lasers are attractive light sources because of advantages
such as compactness, high efficiency, high power, and low numbers of longitudinal and transverse
modes [1]. A wide variety of materials has been investigated to develop more efficient and higher
power microchip lasers. Although Nd:YVOy is a suitable material for highly efficient microchip
laser owing to its large absorption cross section [2,3], high power operation is difficult because its
thermal-mechanical properties are poor. On the other hand, while Nd:YAG has good thermal
properties, high efficiency is difficult since high doping (> 1 at. %) of Nd** into the YAG crystal
is impossible, limiting pump absorption.

We have recently developed highly Nd3*-doped, transparent YAG ceramics [5-7], and found
that the thermal conductivity is as high as that of Nd:YAG single crystals even at the Nd3+
concentration of 9 at. % [4]. In this work we report measurements of the absorption spectra and
the fluorescence lifetime of ceramic Nd:YAG in order to show that it is a promising material as
a highly efficient, high power microchip laser. Moreover, we characterized its laser performance.

The measured ceramic samples were made by a developed sintering process [5]. The Nd3*
concentration of the samples — the percentage of Nd3* in the starting powders — ranged from
1.1 to 9.3 at. %. Single crystal samples were also prepared for comparison.

Figure 1 shows the absorption spectra of 2.2 and 4.8 at. % Nd:YAG ceramics and 1.1 at. %

single crystal. The measurements were carried out by use of a spectrophotometer (Hitachi,
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Fig. 1. Absorption spectra of 2.2 and 4.8 at %

Nd:YAG ceramics (solid curves), and 1.1 at % time. The open squares show the experimental
Nd:YAG single crystal (dashed curve).

Fig. 2. Nd** concentration versus fluorescence life-

data for the YAG ceramics and the solid curve is
the fitting with Eq. (1).

U3500) at the resolution of 0.2 nm. The absorption increases as the Nd3t concentration in-
creases. The 4.8 at. % Nd:YAG ceramic has an absorption coefficient of 30.4 cm™! at 808 u,
which is as large as that of Nd:YVOy.

Fluorescence lifetimes were determined by the measurement of the time dependence of the
fluorescence intensity. The pump wavelength and the pump pulse width were 808 nm and 10 ns,
respectively. The measurement was performed for 1.1, 2.2, 4.8, and 9.3 at. % ceramics and a
1.1 at. % single crystal. The Nd®**-concentration dependence of the lifetime is shown in Fig. 2.
The solid curve is the fitting with the following equation

70

= T (Cra/Co)?” W)

T

where Cnq is the Nd3t concentration, 79 is the lifetime at Cng = 0, and Cj is the quenching
parameter which was obtained to be 5.4 at. %.

In the microchip laser experiments, we used a diode laser oscillating at 809 nm as a pump
source. The thickness of every sample was less than 1 mm, and the input facet was high-
transmission and high-reflection coated at 808 and 1064 nm, respectively. The radii at the beam
waist were 20 and 90 pm in the fast and slow-axis direction, respectively. An output coupler
with a curvature of 100 mm was used, and the cavity length was set to be 50 mm.

Figure 3 shows the input-output power characteristics of 2.4 and 4.8 at. % ceramics and a
0.9 at. % single crystal. For the 4.8 at. % ceramic, 2.3-times higher output was achieved than
that for the single crystal, which indicates the advantage of Nd:YAG ceramics as highly efficient
miniature or microchip lasers.

We estimated the cavity losses by obtaining the slope efficiencies, n,’s, which were determined
from the relation between the absorbed and the output power by changing the transmittance of

the output coupler. The round-trip cavity loss, L;, is given by

. = (B/TIT) = (/)T
' ne/m—To/Tr '

(2)
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Fig. 3. Dependence of the cutput power on the in-
put pump power for the 2.4 and 4.8 at. % Nd:YAG
ceramics and the 1.1 at. % Nd:YAG single crystal
when an output coupler (O.C.) with the transmit-
tance of 4.4 % was used. t: sample thickness.

Fig. 4. Dependence of the output power on the
absorbed power for the 4.8 at. % Nd:YAG ce-
ramic. The open squares show the experimen-
tal data obtained for the output coupler with the
transmittance of 4.4 %, while the open circles
show that of 1.1 at. %.

Table 1. Slope Efficiencies and Cavity Losses

Neodymium
Concentration ™M 2 L; i
(at. %) (%) (%) (%) (em™)

Single Crystal

0.9 20.7 157 05 0.04
Ceramics

2.4 247 19.0 05 0.03
4.8 274 13.7 22 0.13

where n; and 7, are the slope efficiencies when the output couplers with transmittance of T} =
44 % and Ty = 1.1 % are used, respectively. Absorbed power was estimated by monitoring the
transmitted pump power at each input power; the input-to-absorbed power ratio was different
at different input powers or different diode currents because of spectral changes of the pump
diode. This is why the output power from the 4.8 at. % ceramic sample decreased above the
input pump power of 550 mW, as shown in Fig. 3, not because of any thermal effects.

The relation between the absorbed and the output power for the 4.8 at. % ceramic is shown
in Fig. 4, and Table 1 summarizes the slope efficiencies and the cavity losses of each sample. It
was found that the loss of the 2.4 at. % ceramic is as low as that of the single crystal. Moreover,
the slope efficiency of the ceramics was found to be higher than that of the single crystal. That is
because the mode-matching efficiencies of the ceramics are higher than that of the single crystal;
owing to their larger absorption coefficients, the absorption depths of the ceramics are shorter,

resulting in the less divergence of the pump beam in the sample.

— 119 —



JAERI-Conf 2000-006

It is concluded that highly Nd3*-doped YAG ceramics are promising as a highly efficient,
high power microchip laser material.

This work was partially supported by the Grant-in-Aid for Scientific Research #10555016,
from The Ministry of Education, Science, Sports and Culture of Japan.
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Investigation of laser produced x-ray plasma created from
high pressure gas -puff target using Nd:YAG laser
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We characterize a laser produced gas puff plasma for soft x-ray generation. Strong emission in 11.4 nm wavelength
region was observed, using krypton and xenon gas puff targets irradiated by a Nd:YAG laser with an energy of
0.7]/8ns. Space resolved x-ray spectral measurement indicated that the source size on the Rayleigth length and the
gas density profile.

Keywords :  Laser produced plasma X-ray source, X-ray generation, Gas puff target, EUV lithography
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ABSTRACT

To demonstrate high gain saturated amplification in  soft x-ray lasing, uniform and long amplification medium
must be created by novel focusing and target set-up technique. We report on the cylindrical lens array and multi
target coupling system for creating uniform line focus.Through these methods, series of x-ray lasing with the
wavelength towards the water window are obtained at the GekkoXII Nd glass laser facility in ILE, Osaka University.

Key words: Nickel like x-ray laser, cylindrical lens array, multi-target coupling, gain coefficient.
1. INTRODUCTION

Since the first demonstration of soft x-ray laser in 1984, the electron collisional excitation scheme of X-ray laser
have been studied in many laboratories worldwide with great achievements towards the water window wavelength
with higher efficiency[1~8]. X-ray lasers have already been used for many applications such as the plasma
diagnostics and so on. Recently x-ray lasing of the electron collisional excitation scheme is created in the Nickel-like
isoelectronic sequence ions by pumping the high atomic number solid target with a train of hundred ps high power
laser pulses.

In this paper, we report the series of experimental results of the x-ray laser research carried out since 1996 using the
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- GekkoXII Nd-glass laser facility at ILE, Osaka University.

All the experiments on the Nickel-like scheme soft x-ray lasing used two multi pulse laser beams at fundamental
wavelength(1053nm). To achieve high gain x-ray lasing output, two focal lines with uniform intensity were formed
by two sets of convex cylindrical lens array. Multi slab targets were precisely coupled together in order to form long
amplification length. By utilizing the above techniques, high intensity Nickel-like x-ray lasing with the wavelength
range from 13.9nm to 4.6nm were successfully obtained with different gain length product. Shorter wavelength
lasing lines in the range of water window were also observed at relatively low intensity, indicating that this
configuration is applicable for more shorter wavelength x-ray lasing with significant improvement of pumping
conditions.

Experimental setup is described with details in section 2 of this paper. Experimental results of x-ray lasing in the
series of different atomic number elements and by using different pumping pulse trains are described in section 3.
We summarize the result in section 4.

2. EXPERIMENTAL SETUP

Experiments are carried out at the target Chamber II of GekkoXII Nd glass laser facility at the Institute of Laser
Engineering. Osaka University. Figure 1 shows the schematic diagram of the experimental setup. Two 1053nm beams
of GekkoXII laser pump two sets of target from opposite direction with a 100ps duration pulse train. The number of
pumping pulses and interval between the pulses can be set for improvement of the x-ray laser performance. Each
beam is focused by the composition of a cylindrical lens array ( 4 lens are combined together) and aspherical lens to
form the

Line focus system:
Wedge plate,Cylindrical lens
array,Aspherical lens

el = =

Taregt
system
 ——
Xray |
Spectrometer (XRS)
+CCD

Fiducial wire

,_—L———]: Spectrometer (XRS)
i +Streakcamera
A=1.053p !
100ps Pulse width ?

100~600] /beam

Fig.1. Experimental configuration of double target pumping beams with its target and diagnostic system

the narrow focal line on the target surface as an amplification medium. Output x-ray radiations were recorded by the
grazing incidence flat field grating spectrometer.
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2.1 Creation of the plasma amplifying region:

Formation of the plasma amplification column in which the population inversion occurs and a X-ray beam
propagation is of the key importance to obtain high gain-length product. The intensity should be high enough to create
the required electron temperature together with uniform distribution for the purpose of elimating the early deflection
of the X-ray output of the amplification region.

We can create line focus by the cylindrical lens, but due to the circular cross section of the pumping laser beam, the
intensity of a focal line created by a single cylindrical lens cannot be well distributed. For this reason the unique
methods were developed for the creation of a uniform focal line [9, 10]. One of them is the concept of cylindrical lens
array. As shown in Fig2. multi cylindrical lens units separate the beam into several parts and each lens focuses
independently. Each focused light overlaps with each other to form a single line focus on a target surface which gives a
more uniform distribution due to average effect. During experiment, four unit convex cylindrical lens array were
adopted. The real focal line on target surface is superposed by four independent lines A, B, C, D, with different
lengths and energy ratio for each line---(E :Eg:E~Ep =0.618:1:1:0.618) where each factor comesponds to the

energy fraction of line AB,C and D respectively.The overlapping regions and energy distribution ratios were
optimized when it was designed.

Aspherical lens

2 g B

Cylindrical A B C D
lens array

Fig.2. Schematic of four overlapped focal lines created by 4 convex cylindrical lens units
together with an aspherical lens.

Each lens unit was designed to convex shape to avoid the high intensity interference patterns on aspherical lens
caused by placing the adjacent lenses. The interference fringe due to the overlapping is smaller than 10pm which
brings no obvious effect on the plasma distribution.

The cylindrical lens array forms the focal line with the intensity of 1013W/cm? and 26mm in length and 100 um
in width. In Fig3, we can compare it with single unit cylindrical lens, the width and energy distribution is well
improved. The measured integrated intensity fluctuation (root mean square) along the focal line was estimated to be
within a 15%.

2.2 Multi-target coupling for long amplifying medium.
The targets were 2-mm wide and 1-um thick stripe coated on a 1-mm thick glass substrate by using a magnetic
sputtering machine. A variety of elements with different atomic numbers, such as Ag. Nd, Hf. Yb Ta,W were tested

for obtaining different wavelength x-ray lasers, the target can be bent with a proper curvature by a metal mold in
order to compensate the refraction decoupling of the X-ray laser.
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Due to limited focal length of each beam, the amplifying region must be connected to extend the amyplifying region
for large gain length. The effect of deflection of x-ray propagation should also be well compensated during target
coupling. For this purpose, a special target holder for coupling two or multi targets and its alignment system was
employed in order to attain the precise alignment of multiple targets. Target coupling stage was aligned outside the

Width W (. m)
200

100

1 ] 1 | 1 i
9 18 27
Length L (mm)

Fig.3 a) Focal line imaging of cylindrical lens array on a target surface taken by slit camera .

400 600 800 1000
Width W (m) Fol . ‘ ‘
200 |~ ]
100 + _
1 ] 1 1 1
9 18 27

Length L (mm)

Fig.3 b) Focal line imaging of a single unit cylindrical lens taken by a slit camera

target chamber. Precise alignment is of key importance to the properties of output x-ray lasing. Position and
direction, for the target coupling can be kept as high as 10um and 0.1mrad.

This target alignment and holding system is applicable to different target configuration. Single target, double target
and four target system were used to create deferent target length and amplifying scheme.

As shown in Fig.1, two identical on-axis grazing incidence flat field spectrometers(1200 lines/mm), which equipped
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with back-side illumination type soft X-ray CCD(Princeton Instrument TEA/CCD1100PB) and streak camera
(Hamamatus Photonics Model C2590 ) respectively were installed on both sides of the amplifing medium for the time
integrated, horizontal angle resolved spectral record and time resolved measurement.

In the time integrated measurement, output of x-ray laser was attenuated by aluminum and polyethylene foils while
relatively thin polyethylene foil with the transmittance of 15% was used as filters for the streak camera.

Double slit camera and bent crystal spectrometer are installed at off axis direction for monitoring the focal lines
and plasma ionization states.

3. EXPERIMENTAL RESULT
3.1 Nickel like Nd X-ray laser output under different target configuration.

The Nd target is pumped by the train of 100ps pulses separated by 1000ps, 400ps, 400ps with almost the same

Fiducial wire

Slit of x-ray
spectrometer 4

Pumping beam

’ /Mrad)
T

Double Nd slab
target

Fig.4 a) The output spectrum of 7.9 nm X-ray laser from two 10mm long Nd slab target
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Fig.4 b) The output spectrum of a 7.9 nm x-ray laser from two 10mm long Nd slab target
taken by the flat field spectrometer
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Pumping beam
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Pumping
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Fig.5a) The configuration of a set of 4 slab Nd target
pumped by two beam(Total target length 40mm).
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—————
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Fig.5b) The output spectrum of 7.9nm X -ray laser from 4 slab Nd targets
pumped by the two beams

intensity. The pumping energy per beam is 600J, giving the intensity within focal line of 5x10!13W/cm?2.

As shown in Fig.4, we start our experiment from single beam pumping configuration. The two 10mm long targets
were placed with an angle of 0~8 mrad for the compensation of X-ray beam deflection. There are several fiducial
wires before the spectrometer for the measurement of the divergence and deflection angle of the output x-ray laser.

The configuration of the four target scheme with the total target length of 20mm is shown in Fig 5. The output
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intensity from the two sets of double target was 10 times larger than that of one set double targets (10mm). The
separation in transverse direction between the two coupled targets was optimized to be 320pm,which gave the most
intense X-ray output.

Curved target can be also used for refraction compensation. We also try the curved target configuration with the
same target length and separation. Significant increase of x-ray intensity was observed. This is mainly due to the well
fitting curvature which compensates the refraction decoupling .

Taking into account the time-dependent gain with Gaussian profile and the transit time effect of x-ray passing
through the medium, the peak gain coefficient and x-ray laser pulse duration are 3.5cm™) and 130ps respectively. The
maximum output energy obtained is estimated to be 40 1 J[11,12] .

3.2 Nickel -like Ag,HL.YDb,Ta,W laser output.

The Ni-Ag x-ray laser at the wavelength of 13.9nm which coincide with the favorable wavelength of the high
reflectivity of Mo-Si mutilayer mirrors can be used for many applications. We obtained the saturated Ni-Ag X-ray
laser by almost the same configuration. The pumping pulse train is composed of a low intensity prepulse(100ps)
whose intensity is 4% of the main pulse. For the Ag target, the pulse to pulse interval was 3ns and we use a coupled

double targets. Intensity within focal line is 8x1013W/cm2. The amplification was saturated at the length of 8mm.

The data is deduced to the gain coefficient of 19cml. At the gain length product of 15, the gain started to be
saturated. Total x-ray laser energy was about 300pJ within the duration from 40ps to 60ps[13].
For Ni-Yb,Hf experiment, the length of the focal line focus was reduced giving a focused intensity of as h1gh as

3x1014W/cm?. The prepulse to main pulse interval is chosen to be 1.5ns. By use of the coupled double target
scheme, the gain-coefficient of Nickel -like Yb was 6.6cm™! with the maximum gain length product of 11. In the

Nickel like Hf experiments, the measured gain coefficient was 3.6cm™! with gain length product of 6.

Experiments of Ta and W target with the wavelength just outside and inside the water window were also carried
out by the same pumping scheme. Compared with Nickel -like Yb.and Hf cases, the output intensity of laser lines
were weak, as well as having large divergence angle. Double target scheme may be also adopted for the Nickel -like
Ta and W scheme with significant improvement of the pumping parameters[12].

4. SUMMARY

By applying the convex cylindrical lens array and multi-target coupling techniques, we obtained a laser focal line
with fairly uniform energy distribution up to the total length of 40mm. Intense Ni-like x-ray lasing at the wavelength
from 13.9nm to water window has been obtained through the quasi-traveling wave configuration. In order to
demonstrate the water window x-ray laser, we need high density and high temperature plasma, thus a shorter wave
length laser pumping together with the above target technique maybe required.

All those high intensity x-ray lasers obtained are already developed as a source for plasma probing and other
amphﬁcauons Especially for the 13.9nm Ni-Ag x-ray lasing, its advantage on easy manufacturing of high
reflectivity Mo-Si multi layer and high intensity will make it a good candidate for soft x-ray probing source.

— 131 —



JAERI-Conf 2000-006

REFERENCES

1. B.J MacGowan, S.Maxon, D.LL.Hagelstein, C.J.Keane, R.A. London, D.L.Matthews, M.D.Rosen, J.H.Scofield,
D.A Whelan Phys.Rev.Lett. 59, pp2157~2160 (1987); B. J MacGowan, L.B.Da Silva, D.J Fields, C.J Keane,
J.A Koch, R.A London, D.L Matthews, S.Maxon, S.Mrowka, A .L.Osterheld, J.H.Scofield, G.Shimkaveg,
J.E.Trebes,R.S.Walling, Phys.Fluids. B4. pp2326~2337 (1992).
2. H.Daido, Y Kato, K.Murai, S.Ninomiya, R.Kodama, G.Yuan,Y .Oshikane, M.Takagi, H.Takabe, F.Koike.
Phys.Rev.Lett.75.1074~1077(1995); H.Daido, S.Ninomiya, T.Imani, R. Kodama, M.Takagi,Y .Kato, K.Murai,
J.Zhang, Y.You, Y.Gu. Opt.Lett.21.958 (1996).
3. JNilsen and J.C.Moreno,Opt.Lett.20. 1386 (1995).
. Y .Li, G.Pretzler, P.Lu, EE.Fill Phys.Rev.A. 53. R652 (1996).
5. INilsen. J.Zhang, A.G.MacPhee, J.Lin, T.W .Barbee, Jr, C.Danson, L.B.Da Silva, M.H.Key, C.L.S Lewis,
D.Neely, RM.N.ORourke, G.J Pert, R.Smith,G.J. Tallents, J.S. WarkE. Wolfrum. Phys.Rev.A.56. pp3161(1997).
6. J.Zhang , A.G. MacPhee, J Nilsen, J.Lin, T.W Barbee, Jr., C.Danson, M.H.Key, C.L.S.Lewis, D.Neely,
R.M.N.ORourke, G.J.Pert, R.Smith, G.J. Tallents, J.S.Wark, E Wolfrum. Phys.Rev.Lett.78, pp.3856~3859(1997);
J.Zhang, A.G. MacPhee, J Lin, EWolfrum, R.Smith, C.Danson, M.H.Key, C.L.S.Lewis, D.Neely, J Nilsen,
G.J.Pert, G.J.Tallents, J.S. Wark. Science. 276. pp1097~1100.(1997).
7. S.Maxon, K.G.Estabrook, M.K.Prasad, A.L.Osterheld, R.A London, D.C.Eder. Phys.Rev.Lett. 70. pp. 2285
~2288 (1993)
8. S.Wang, Y.Gu, G.Zhou, S.Yu, S.Fu, Y.Ni, JWu, Z.Zhou, G.Han, Z.Tao, Z.Lin, S.Wang, W.Chen, D.Fan,
G.Zhang, J.Shen, H.Peng,T.Zhang, Y.Shao. J. Opt.Soc. Am.B.9. pp.360~368 (1992).
9. W.Chen, et al.Chinese Phys.12. pp 403( 1992).
10. G.Y.Yoon, T.Imani, H.Daido, T.Jitsuno, Y Kato, M.Nakatsuka, S.-Wang, Z Lin, Y.Gu, G.Huang, H.Tang,
G.Zhang. App.phys.Lett. 72, pp. 2785~2787(1998).
11. S Wang, Y.Gu, G.Huang, H. Tang, H.Daido, S.Sebban, N.Sakaya, Y.Tohyama, T.Norimutsu, K.Mima, Y Kato,
K Murai, R.Butzbach, I.Uschmann, E.Forster. J.Appl. Phys., Part 2 letters,37(10B)(1998)
12. H.Daido, S.Sebban, N.Sakaya, Y.Tohyama, T Norimutsu, K. Mima, Y.Kato, $.Wang, Y.Gu, G.Huang, H.Tang,
K Murai, R.Butzbach, I.Uschmann, M. Vollbrecht, E Forster. J.Opt.Soc. Am.B.16 No.12.(December,1999);
13. S.Sebban. H.Daido, N.Sakaya, Y.Kato, K.Murai, H.Tang, Y.Gu, G.Huang, S.Wang, A Klisnick, P.Zeitoun,
F Koike, H.Takenaka. Proc. 6th Int. Conf. x-ray lasers(1998). pp. 91~94.

i

— 132 —



HllllllllllllHllllﬂlllllllllllllllllllllﬂllllllllll

JP0050765
JAERI-Conf 2000-006

27 . EARR L XL —5—H R4 N\N— DR
Design Study of High Repetition X-ray Laser Driver

KEEIT, AREE, MLEL, nERE
AARTHWsErT BIFRRRT R TR 5
619-0215 FERHTARZEARARIE M £ 5 8-1

NAGASHIMA Keisuke, NISHIMURA Akihiko, KIRIYAMA Hiromitu, KATO Yoshiaki
Advanced Photon Research Center, Kansai Research Establishment,
Japan Atomic Energy Research Institute
8-1 Umemidai, Kizu—cho, Souraku-gun, Kyoto 619-0215 Japan

X-ray source with high brightness, high coherence and short pulse length is
expected for various applications. X-ray laser is such high performance light in the soft x—
ray region. For practical use of the x-ray laser, it is necessary to be compact, high
repetitive, high efficient, high stable and so on. In order to realize such practical x-ray laser,
development of efficient and repetitive driver is one of the most important subjects. Here,
high repetitive x-ray laser driver using Nd:glass media pumped by laser diode is designed.

Keywords : x-ray laser, soft x-ray, Nd:glass media, laser diode
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WIRIWLTEY, £ F/8NsEaRETONILABBRESNTVNS, IS5 LEREEKBRL
T, BREOXHWL —H RO LML, BFEHEREMESRD/S T+ - A 2M ETE LIS
NEMNTNS, TORTHERERERIT. YIS AZRWZBEMELSTHS2], 20K
EIL BRI EN VAT —EE L TRER I AT EERL, B/ AELT
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Nd:glassDIEERAD AN HE L TIE, ROEE1053nm. HEE4-6nm. A TRI)VF—
0.1-1mJTH B, BHEO/IVABIONSBEOEEAIQRA A v F L —H — 1R & B2 2 EE/HE
ELT, E#BOCPAL —H— IR TH D /DM HIRENEZ RN & R, EMES TOME
PR F-TEDOHIRN S F v —THBO/VIVAENINSRE L TUNMBERRBEW I &8T5 5,
B2, BEORBEIEETHD, TrNXF 92 LT520ICHATIVI A2 RKELL,
O, 1PaBUTOBE/VAICERETS/-DICBEMEZ KT IS0, /NIVAREHE
BEVESTHIENEHEIND, 51, Fyr—TFLEAMNERBHERZREIIRNEDICTS
2, DY TASTOIIICHEFTL —F —HNERLINFEEBERTA2LENDH (4], BHE
SMEEELS THEOIIBBHEESRZ2/ NS TIHERHY, Z0EDITIZL—Y—HED K—
TBEBLTHIENRDENDD, TN > THFERBEORENEL <725, /-, BRI
IRNF—FEROHTEDIZE, HRDEFEBROSE/NNABRFICTHIENARBETH S, L
FOEENREZINS, EBIBRIIT) 2 A —ATOT 4 AV RIZE/NAEBIR/EL. B2
ARESOEEFMEAZNGT 20, BEAEREZFAL, MAIS—DORHET 74—<7
NI FT—IZTBHEEHITHEERRNICT A L—2KE L. ZONd:glassilges DE AR 2
K 2i1Z7RY.

input -
>
output
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. laser ray
sapphire o

Nd:Glass ““““

sapphire . \\J

(@)

V / coolant flow direction

K3 HI7717ZERWREGAHROME

T4 A7 BUERASOBREII4 & L. TNIEIFERRE BB D HHN TR/ DX DR
ELREZ, L —EOBRAFRELTII2REZ TS, F1RIZ. V771 7E2RAW-REZES
AKX (®3) T. Nd:glassDlifli|zt 7 71 7 TRATH 7 71 7 DRidi 2 KGHT 5 HETH
B, HoATHNTY 7 71 7 DAGRERNKENWI E2FHTIDLOT, H5AEY T 71 7
DFMEANTMES NN, 7 71 7 2KEHATAETOLMBRGHRBETHIERS, L
Nl HIZAKRULY 7 74 7EN (RITHERREBERT 2H0R) (JBREAEIE L5028k
DOMENRELRBZE, B HAFREY Ty AT7TTY a— XY —ANRLB DL —F—
KOFBBRENKEZ BRI EVNSEENH S, HB2RIT. HeFAZHAWTNd:glassZEBHT

%1 10HzNd:glassi8igss s

material Nd:glass
center wavelength 1053 nm
repetition rate 10 Hz
input energy 0.1mJ
spectral width of input pulse 6 nm
stretching ratio 250 ps/nm
output energy 207
spectral width of output pulse >3 nm
pulse width before compression > 750 ps
pulse width after compression <1ps
number of disk 4

disk angle

Brewstar angle

output pulse profile

flat square (25x25 mm2)

output fluence

3.2J/cm2

cooling method

He gas or sapphire cooled by water
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S /)N 2 IEEE D IEREE BE B O HiETEHE L. L—F— DN E2EE LIRS
B, NABOIR)NF—I{EREL0 B & LIMFFEENORELZ RN F =t T2 H TR F—D
BA1320-30 BG5ND T END Mo, 4HDONd:glassD I 5 FNFN1 T/ cm2DFhiE S
ZHRE L. Ndglass®F 4 AZWTL6J/cm2U LD 7V T O ZAZ2/HLTVS (T 1A%
— A EEZEEBLIHEONATOEN 7V I A1E3.2)/cm2E72%) ., £, ZOBESOBHEMEIT1-
2THY, 1psEEETII/INAERTESEEZ NS, U EDONd:glassHasRDtbEZ2E 1ITE
EDf, ¥, R2IWEMERAL -5 14— R7 L1 OHEANLZAHEZRT,

#£2 BERLV—Y—F14 -7 L1 DK

material AlGaAs

center wavelength tolerance for stacked linear array | 803 nm <+ 3 nm
spectral width <3nm

center wavelength shift due to chirping <4 nm (0.4 ms pulse)
output mode Q-CW

repetition rate 10 Hz

pulse duration 0.2-0.4ms (variable)
power density > 1.0 kW/cm?
area,/ module <60 cm? (6 cm x 10 cm)
total power,/module 60 kW

number of module 8

total power 480 kW

micro-lens cylindrical
transparency of micro-lens for first axis > 90 %

GEROBEELTL b—F—F 13— REHEEN S DX %Nd:glass | T—HBHTE-0I1C 5
HIREANFRERET D&, R BRI E@ECFROFABRA 2 TOILENH S, £
oo U774 7 Z2AWERBRAKIIOWTIE. EHETOBHRRZERL TAREIC L5158
REOEL R T HILEND S,

BE
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28. gL U 7z Yb:glass D% m &1l
Measurement of Transmitted Wavefront on Highly Pumped Yb:glass
A BEE. RE R
KK #, FEE 7 BlL #
BAEFOMAR BEEHER XEFREREE S —
619-0215 FUERATAHISERARETHER & 8-1

Akihiko NISHIMURA, Katsuaki, AKAOKA,
AKkira Ohzu, Tsutomu USAMI and Akira SUGITYAMA
Advanced Photon Research Center, Kansai Research Establishment,
Japan Atomic Energy Research Institute

8 — 1 Umemidai, Kizu-cho, Souraku-gun, Kyoto 619-0215 Japan

Time resolve wavefront measurement was proved to clarify cooling process of the highly pumped
ytterbium glass. A Shack-Hartmann sensor and a flashlamp pumped Ti:sapphire laser were used for
wavefront measurement and high intensity pumping. Temporal change of focus and astigmatism are
dominant in Zernike coefficients. Thermal lens of 1m radius was found for the pumping intensity of 800
kW/cm?. Temporal decay of thermal lens effects on ytterbium glass agreed well with unsteady 1-D heat
conduction. The wavefront distortion completely disappears within the characteristic cooling time. The
proposed technique here can be applied to develop the effective cooling method for highly pumped gain .

media.

Keywords : Thermal Lens Effects, Ytterbium Glass Laser, Wavefront Measurement, Flashlamp

Pumped Ti:sapphire Laser, Shack-Hartmann Sensor
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SDEFEL P -EEOREZTOIEEMESR LD —BNEHODENR/GHNIR AT
LEEBELELS ET2HNAHH[4~7], BEIZ, E—ROv I L —HF 4L INERESYE
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F—DEHENKEN, BREDRE DV THAETHEORERATHEB I TV, Ll
ME, TNEOENEEMEENTADIE, L —HEORMENLETHD, FEICZ
NICHESHMBERRTILEND S, BEREEL THREERL -V -OERLEEET S
HERBECENTEHIERESTREL, INETHERBIBMERFEELTI Iy 2527
A2 D Tisapphire L —H—ZMFE L8], L —H'—EKE OEEIEZE T WRIREECH R 2R
BILTW3, JZTIRAL CXHROBB DS, Yhglas L—H—{iRB/ANZBBT DL —
PR E ORI ZELAEIC DOV THRET 5.

2 ERE@E
Fig. | WEREBOMEERT. XBIXEE U —. FEM Tisapphire L —H—B LN
Yb:glass iR L DRI NS,

Shack-Hartman type
Wavefront Sensor

Data transfer and Analysis

Measurement Computer
Stabilized He-Ne Laser
Yb:Glass e N

Figure 1  Experimental System Schematic of Thermal Lens Measurement

#0513, Shack-Hartmann B >4 —%, EFiEL —Y—REMASBEICHB W TEIBIE
FRLKP Z REMICE> TEBTH V-V - HEOMEREE L THEAZKAL. COVAT
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—H-REDVRAT LTHBAS. L —F—HOBEBEICRINL TNB9,10). £ X5 AT
INESEN D RIEMSAMMET AR —BYRERET S, 2Tl 100 Hz DBED
BLZIEN LT Yb:glass %589 5 i ORI LEHC @A L 7.

Yb:glass DREBIEICIIE T RN F—/OVADREMNTIRER T 5w > 25 > FHEhkE Ti:sapphire
b—Y—%MRL . &L — —I2HE X 8mm, £ X 190mm. Ti B 0.1wt%. FOM600 O Ti:sapphire
Oy R%& Xe 450Torr ZRELZ1FDTITv a5 T THRELE. BEETIIRA SkV &E
< 130pF DRBEF Y NI —CEAONEIXNE -2 TSS9 aF 0 T EERERE LA
TFAPOCTAA v FERDIETEEEL —F—0D QCW RIERRICEWVE 140us OO
IRVABBEFRICL ., EL3KBAR. IHOBURFAEETINIFESI v AICE
BLIZZETHD. INIDRFREROZD DKEEEMERTE =,

M L7z Ybglass i3 Kigre #3840 BH S A THU R—TBE 19wW%TH 5., AlIEDRE.
Ti:sapphire L —H—TORREEL =915 nm TIIRNEFiZo = 0.15 x 10® cm? &72of, =
NEKVWEFALEBEII he /A o1) = 72 kWiem? &73%, Z2T, hid I V&K, ciINEET
HB. Ybrglass DV XX 15x 14 x 8.7 mm THH. 15 x 14 mm DI LT Ti:sapphire L —
P—NODHANINZEE AR 25 cm DL O XICkDERLE, BEL——I13 HERD
FLEZES S LT Yhglass MU THOICANZ®. FEOD Ybglass # NdYAG L —H—
946 nm BRI EANTHEL TCW RIRS HAFI T, 2W OREXEZEZ 2mmx £X 4mm
DHZATy RITBEER 40 pm FTROAD I E T 40mW OFEH A E A T—THR 48%7
BEINTVD[11]. LLHET 40 kWem® BETHD. ZHid 946 nm 12 B1T 2 R HER
ETHB, TNICHRT, FEETIE, £EARY MEREK 1 mm &L, 1 SNV ZATHET
5T ETHILMAET 800 kW/em? ICELz, ZHUIBMNBRELD S 10 BULEEL Y1 BT
LEERMTEMTES., Fig. 1 1ITRLE Ybglass #£3R5213E = 37 cm O Plane — concave BT
Hd., INLD, A0—THRIT 53%L720 17 BEEHICIZ/ VAT RIVE— 330 mJ 2E7~,
EBTIX Ybuglass ICIIRFIRBHZT > TR, ZOHIERICKRE(L HeNe L —H—%% 7
O—7& LU TEBE . Shack-Hartmann £ 24— 28 Z i EE R 21T /=,

3 ERBRRUSBZR
31 HHEERERICDONT

Fig. 2 1T Yb:glass Z/8IVATRIVF— 13 1 THIE L AMOFEBKED 50 ms FOMELLE
Y. EES 5 MIIEBROKEZ., TH 5 BIIREMOBE THEBL L-HMELERLE, £
PROWE N 53T — & WD AHBAEE 450ms O SEAREEZR TH I EDBRAEVWELERLT
NHRZERHETES, LALRBASERSENERL /A XOLSBRMOBEHNEL ST
NTWDDRMBENFRETH S, UL T, BRI L A REIIEEE L ERgRIcE
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LTWw3, Zhicks &, B 150 ms BICIZHEIIBEMOKREICZIFZE L TED,
Ybiglass DRHINFEHMET L 2L S ICBEE NS,

ZOEBRTIIREAEICHANT Yoglass EADREVEDRBEEZISND, [>T, GH
BRIIEEE L RTREEN12,13)THHELTEREED S, Yhiglass OBILHRE a=x/ (Cp
p) 133.68x 107 (m¥s) TH B, I THRER x=085W/(mK), [b# Cp=0823kJ/(kgK) .
#EE p=2810kg/m* & L7,

Temporal change of He-Ne probe laser wavefront (@pumping pulse energy 1.3J)

Relative temporal change of the wavefront

Figure 2 Temporal change of wavefront measured by Shack-Hartmann sensor
Yb:glass DI HERITER TIZ b=05x10%(m) TH 3. #>o T, BHORHERMII L’/ =680
ms &73%, KIZEKRTTRE 0=(T,-T)/(T,-T). EXTEX n=y/b. ERTHE t=at/b”
EEHETSD. TITT, BRBERZIASAORE =FR) , T I3MELEZES b>y>0)
OERE, T, AHEEZDOBETH S, —HEMHEEHZEIHEIIET, iXb >y > 0 OREN
T—ETH3. INSERIT/NT A—F — I LB REOCHBIZLITARICI DETNIC n=0 2
Sk D ERREMTE I NS,
0=22 (-1)"/{(n+12)n} exp{ - (n+1/2)*n’ 1}
ERidn =0 (glass DFLERS) TIRARDOLDIT2D, 1A E 2D LERREERICHEDT 5,
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Fig. 1 IZRL 72 600 ms DA TIIBIER 150 ms MRBL TV, ZOBETIIT= 022 THD
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IDEBiIKEE Zernike FRICERM LU, Fig. 3 KAHERORME(LELET S, HEOHPT
1 RO XTit & YTilt QEEOBEEZRT. MERKEEHL TR LPRFFEHI-ETH
5, INSOFZYENEELEOKRERBEZH DI LI Fig. 2 OEBOEEMNKESHNOITNDS
TEEMBEL TS, BERIAYICIE 2 XD Focus & 3 RD Astigmatism 0 & Astigmatism 45 VK&
SEMHLLTNSBH, 4 RO X.Coma & Y.Coma iZP DB T—ETHS. 2 DD Astigmatism i3
Focus £V HE BE LN RIEKRD TH D Focus DAMNEFFRET S0 300 ms BRITITHE
T3, FHEIREEO 2.5 BIIAT) —BEOKIRD /2D TH 2.
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Figure 3 Temporal change of Zernike coefficients
INEVBEL—Y—DEDVIRLZ 3 Hz Ut ETF5EHIARNBICRAOERMNEL B &N
FHTES, ERTRIBEL—Y—0RDERLIZ 05 Hz THOROERIBD SNV,
Astigmatism D ERFERIIBEL ==XV ABH FAZH U THDAFH L TNE 2D EEX S
N5, Zernike FIEIIHSE 35 RETEBLAN, 4 REVBROERORMELIIERTZ S,
T 2T Focus DZALDFEIFITHK 150 ms THO ERDIEHE | RTRMcEICXHHEEL
LTWa, ZOLDKHKEE Zernike FREICEMT 2 & TR OFMRBENARRERZ O,

Fig. 4 |3 Focus BEOADOBME(LE INK D RD-HEEZRT, GHBREIEROL DT
EEE 1 ATRCEICIHAHATEEZM, U5 EMDBRICETIAARTUTOL I HE
MRESMAELTVNDEBEDNS, Fig. 4 KX2EREMBNSLE ENDDOE—-JITET D
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ETICH20ms AREBLTHED, ZHIIFSHIC Ybiglass DHFEMTH S 1-2ms LD HEWN,
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Figure4 Temporal change of the focus coefficient and the thermal lens curvature
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Photorefractive phase conjugator for Nd:YAG laser system
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BARF AR BEEMER XEFRENEEF—
619-0215 FREAFFEREBARITERE 8-l

OMATSUOKA Fumiaki, TEI Kazuyoku™, KATO Masaaki,
MARUYAMA Yoichiro. ARISAWA Takashi
Advanced Photon Research Center, Kansai Research Establishment,
Japan Atomic Energy Research Institute

8-1 Umemidai Kizu-cho, Souraku-gun, Kyoto 619-0215 Japan

An external loop phase conjugate mirror with a 45°-cut rhodium-doped BaTiO; was constructed
and characterized. The external loop is composed of an image-relay telescope, a 90°-image rotator
and a phase modulator. A phase conjugated Nd:YAG laser has demonstrated 360mJ@100Hz and a
beam quality of 1.2xDL

Keywords : Nd:YAG laser, photorefractive, phase conjugator,
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30 . Feasibility of X-Ray Laser by Underwater Spark Discharges

Takaaki MATSUMOTO
Department of Nuclear Engineering
Hokkaido University
Kita 13, Nishi 8, Kita-ku, Sapporo 060-0813, Japan

The method of Underwater Spark Discharges(USD) is one of the most effective ways for
generating extremely compressed atomic clusters (called ifonic clusters or micro Ball
Lightning(BL)). It is also associated with energetic X-rays, which are caused by the break up of
the itonic electrons. Despite of low voltage discharges of about 50 V, the high energy X-rays up
to 150 keV can be generated. This paper proposed two methods of generating X-ray laser by
using micro BL: (1) micro BL on surfaces of regularly arrayed wire cathodes and (2) gas of micro
BL generated by USD.

Keywords: Underwater Spark Discharge, Micro Ball Lightning, Itonic Cluster, X-Ray Laser

1. Introduction

The method of Underwater Spark Discharges which was newly developed by the author is one
of the most effective ways for generating a special state of clusters. The clusters are called itonic
clusters, in which many electrons are assumed to be interconnected with each other and to be
degenerated(1). Since the clusters behave very similarly to Ball Lightning which are often
observed in the natural environment, they are also called miro Ball Lightning(2). The bonding of
the itonic electrons is so strong that nuclear reactions can easily take place in the clusters(1).
When the itonic electrons are broken up, high energy X-rays are emitted. Despite of low voltage
discharges of about 50 V, the high energy X-rays up to 150 keV can be generated.

In this paper, two methods of generating X-ray laser will be proposed by using micro BL:
(1) micro BL on surfaces of regularly arrayed wire cathodes and (2) gas of micro BL generated
by USD.

2. Underwater Spark Discharges

The USD method can efficiently induce Electro-Nuclear Reactions(ENRs)(1). The key point of
the method is to make the pinch effect work well on thin wire electrodes, which enables us to
obtain high current density with a low electrical power. Figure 1 shows a characteristic curve of
I/V during USD(3). At a critical voltage of about 50 V(those value sensitively depends on
experimental conditions such as the diameter of the wire), the pinch effect begins to work and
simultaneously make little sparks appear on a cathode surface, which are consisted of many micro
sparks, as shown in Fig. 2(3). On the other hand, lightning is observed on an anode, but with a
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higher voltage.

The micro sparks, which are alternatively called miro BL or itonic clusters, are in a special
state of clusters so that several kinds of Electro-Nuclear Reactions(ENRs) occur in themselves(1).
The most significant reaction among ENRs is Electro-Nuclear Collapse (ENC), one of those traces
recorded on nuclear emulsion is shown in Fig. 3(4). ENRs are all induced by the compression
with the strong bonding of the interconnected electrons. The break up of those electrons can be
recorded on the nuclear emulsion. Intensive X-rays are emitted during USD, which are caused by
the break up of the interconnected electrons. Figure 4 shows the comparison of the energy spectra
of the X-rays(3). The spectra of the USD-X rays are continuous with a slowly decline as energy
increases. The energetic X-rays up to about 150 keV is easily obtained even with the low voltage

discharges.

3. Feasibility of X-Ray Laser

The energetic X-rays emitted during USD are generated from the break up of the itonic
electrons on the cathode. Since the bonding of the itonic electrons are interconnected with each
other, the high energy X-rays are easily generated with no high voltage supply. The energetic
X-rays up to about 150 keV can be obtained with the low voltage discharges. Furthermore, the
generation of X-rays with much higher energy could be made straightforwardly by increasing the
voltage. In this paper, two methods of X-ray laser will be proposed by using micro BL which is
generated during USD: (1) micro BL on the surfaces of regularly arranged electrodes and (2) gas
of micro BL generated by USD. Feasible arrangements of USD-X-ray laser are shown in Fig. 5.

In the first method, an incident X-ray beam could be amplified by induced emission with micro
BL which is shining on the surfaces of the regularly arrayed electrodes. When continuous DC
discharges are employed, many mciro BL are steadily shining on the surface to contribute the
amplification of the X-rays. Here, ENRs in the micro BL could supply energy to the
interconnected electrons. One problem would be to fix the position of the individual micro BL. It
could be resolved by marking little pits on the surfaces, at which micro BL could be formed and
continue to shine.

The second method is to use gas of many micro BL, which could leave the electrode by using
appropriate techniques such as ultrasonic vibration or pulsed discharges. Since the life time of
micro BL was not so long (in general, less than 1 msec), the amplication of X-ray should be
finished within the period. Therefore, the method would be suitable to make a pulsed X-ray laser.

Since the life time of micro BL depends on its diameter, an alternative method for the second
one could be proposed. A high power supply could straightforwardly generate BL with a much
larger diameter, for example about 1 - 10 cm. They could be controlled to stay at fixed and
regularly arranged positions in vacuum by electric or magnetic fields, because of their negative
charges. Here the continuous amplication of X-rays should be possible.

4. Discussion
This paper has proposed two methods of X-ray laser by using micro BL, which is easily
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generated from USD. Both of two methods would be simple ways for generating X-ray laser.
Furthermore, since nuclear reactions could be used for the amplifying energy, they also could be
cheap methods. But ENRs, upon which two methods put their physical basis, were recently
discovered and no details of important information such as the life time of micro BL were known

so far. Future studies should be recommended.
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Study of exploding type pumping x-ray laser
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We are proposing a new x-ray pumping scheme named "Exploding type pumping
scheme". A plasma is produced from a very thin membrane which is irradiated by a
short pulse laser. Effective heating and ionization of a plasma from membrane is
evaluated from Si spectral lines and theoretically hvdrodynamic simulation. Effect of
ASE from KrF amplifieres is experimentally evaluated as a negligible level when a

short pulse laser is well-synchronized.

Keywords: X-ray laser, Exploding plasma, Short-pulse laser, Membrane

target, X-ray spectroscopy, Pre-pulse free laser
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32. Study of Compact X-ray Laser Pumped by
Pulse-Train Laser

—Double-Target Experiment —

Naohiro YAMAGUCHI, Chiemi FUJIKAWA, and Tamio HARA

Toyota Technological Institute
2-12-1 Hisakata, Tempaku, Nagoya 468-8511, Japan

We have been developing a tabletop x-ray laser based on the recombination plasma
scheme. An advanced experiment has been started to improve x-ray laser output substantially.
Two 11-mm-long laser produced plasmas were produced so that their axis aligned into a line,
the double-target configuration. X-ray intensity of the 15.47 nm transition line of the Li-like
Al ion has been enhanced in the double-target configuration.

Keywords : Tabletop x-ray laser, Recombining plasma scheme, Pulse-train laser,
Double-target, Multilayer mirror

1. INTRODUCTION

Tabletop x-ray lasers which operate at shorter wavelengths less than 20 nm, are
promising tools for many important applications such as x-ray photoelectron spectroscopy,
X-ray microscopy, x-ray holography and x-ray lithography. An essential requirement for the
realization of tabletop x-ray lasers is to reduce the input energy for pumping. Introducing a
resonant cavity for the x-ray laser could improve the effective gain-length product of the
system, which would contribute to reduce the required pumping energy. Furthermore, the
development of a resonant cavity is important in producing x-rays with small divergence and
high coherence. The first experiment on an x-ray laser cavity was carried out by Ceglio et al.
[1], where multipass amplification was limited to only three passes by the short duration of
the gain medium.

As a method of achieving compact and efficient soft x-ray lasers, we proposed plasma
production by the irradiation of pulse-train lasers [2,3]. The advantages of pulse-train laser
irradiation are that highly charged ions such as Al'™* are produced efficiently through successive
plasma heating, and that the electron temperature drops rapidly as soon as the laser irradiation
ceases. Therefore, the use of the pulse-train laser enables us to achieve high gain through
recombination processes. Recently, we have observed the amplification of Li-like Al soft
X-ray transitions in recombining Al plasmas produced by a pulse-train YAG laser with an
input energy of only 1.5-2 J/cm [4].

We performed cavity experiments using multilayer mirrors for the Al XI 3d-4f (15.47
nm) transition line. Clear enhancement of x-ray from the x-ray laser cavity was confirmed
for the first time [5]. The cavity output has been characterized to have a beam divergence of

about 3 mrad with an absolute intensity of approximately 1x10® photons/shot.

We have started an advanced experiment to improve Xx-ray laser output substantially,
promising an x-ray lasing in the saturated-gain regime and to produce a highly coherent x-ray
radiation. For this purpose, we have prolonged the x-ray laser medium in a cavity by using a
double-target configuration. In this paper we will report on some preliminary results of an
advanced experiment in the double-target scheme.

2. EXPERIMENTAL SETUP

A 100 ps laser pulse from a mode-locked YAG oscillator, 1.064 um, was transformed
into a linearly polarized 16-pulse-train through an optical stacker and a delay line component.
The interval of each pulse was 200 ps. The envelope of the pulse-train was shaped so that
the former eight pulses were more than four times as intense as the latter ones. The shaped
pulse-train YAG laser has 1.5-2 J. An Nd:glass amplifier having a 25 mm diameter rod was
added to the YAG laser system. The output laser energy was increased up to 6 J. The laser
beam was divided into two beams through a half mirror and each beam impinged onto an Al
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slab target via the segmented lens system. The lens assembly consists of a segmented prism,
a beam expander and a cylindrical lens, and forms an 11-mm-long focused-line on a target.

In detail, the irradiation pattern consisted of small dots, which were about 50 um diameter

with a spacing of 140 pm [6]. So, the power density was 1.0-1.3x10'> W/cm” for the former
eight pulses. Schematic drawings of the experimental arrangement are shown in Fig. 1(a)

and (b).
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Fig. 1. (a). Schematic of the arrangemnet of the double-target experiment.
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Fig. 1. (b). Detailed schematic of the double-target configuration.

In Fig. 1(b) a schematic of the double-target configuration is given in detail. Two
11-mm long plasmas were produced aligning in a line with a gap of 4 mm distance. A Mo/Si
multilayer mirror was set 20 mm distant from one end of the target 1. The mirror was coated
with Mo/Si multilayers with a layer-pair thickness of 8.1 nm and a calculated reflectivity of
56%. A movable shutter was inserted between the mirror and target 1. The x-ray emission
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from the target was analyzed using a space-resolving flat-field grazing incidence soft x-ray
spectrograph with an aberration-corrected concave grating (1200 grooves/mm, Hitachi 001-
0437). The detector used was an x-ray CCD camera (SX-TE/CCD 512TKB, Princeton Instrum.).
Observation of x-rays was done by using the soft x-ray spectrograph along the axis of the
double-plasma from one end of the target 2. The view point was set at the position with the
same distance from each target surface along the target surface normal.

2 EXPERIMENTAL RESULTS

When the shutter was closed, the single-pass geometry, we examined the effect of the
double-target configuration by changing the distance of the two targets along each target
normal, z. The 15.47 nm x-ray intensity in the double-target configuration was higher than
the summation of those in the individual target shot, the single target configuration, only
when the observation point was set at z=0.25 mm. The data shown further in this paper were
taken with the fixed observation point at z=0.25 mm.

The 15.47 nm line intensity in the half-cavity experiment is plotted as a function of
the total input energy in Fig. 2, where the data are also shown for the shutter-closed case, the
single-pass case. The enhancement of x-ray due to the double-target configuration appears
when the input energy is larger than 4.5 J, and its factor is 1.5-3 while the value is 1.3-2 for
the single-target configuration on the target 1. Providing that the beam divergence of x-rays
from each plasma end and the reflectivity of the multilayer mirror used are 5 mrad and 50 %,
respectively, we can estimate the gain-length product for each plasma from the the double-pass
data for single target shown as triangle and circle marks in Fig. 2. Furthermore we can
estimate the intensity in the double-target and half-cavity configuration by using the above
results and assumptions for the input energy of 4.9 J. The estimation was consistent with the
measured results shown in Fig. 2.
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Fig. 2. The 15.47 nm x-ray intensity in the half-cavity experiment of double-target configuration
(rectangular mark) plotted as a function of total input energy. The data of single-target
configuration are also shown by triangle and circle marks.

— 159 —



JAERI-Conf 2000-006

4. CONCLUSIONS

We have been developing a tabletop x-ray laser based on the recombining plasma
scheme by using the pulse-train laser irradiation method. Furthermore, by applying a micro-dots
pattern irradiation, we have performed a series of compact x-ray laser experiments using a
small YAG laser that brings out a high-repetition rate operation.

We have started the double-target experiment expecting substantially intense x-ray
laser output. The enhancement of x-ray intensity in the double-target scheme has been
observed. The results in the half-cavity experiment were consistent with a simple model
estimation, where two plasmas having positive gain-length products contribute to amplify
x-rays passing through each plasma. We will proceed our research to realize a compact x-ray
laser system for practical uses.
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As a first step of a driver development for the inertial fusion energy, we are developing a diode-
pumped zig-zag Nd: glass slab laser amplifier system which can generate an output of 10 J per pulse at
1053 nm in 10 Hz operation. The water-cooled zig-zag Nd: glass slab is pumped from both sides by
803-nm AlGaAs laser-diode (LD) module; each LD module has an emitting area of 420 mm X 10 mm
and two LD modules generated in total 200kW peak power with 2.5kW/cm?® peak intensity at 10 Hz
repetition rate. We have obtained in a preliminary experiment a 8.5 J output energy at 0.5 Hz with
beam quality of 2 times diffraction limited far-field pattern.

Keywords: diode-pumped solid-state laser, laser fusion, Nd: glass, zig-zag slab, laser
amplifier

1. Introduction

A diode pumped solid-state laser (DPSSL) is a promising candidate of reactor driver [1-3]
for Inertial Fusion Energy (IFE). The specifications required for IFE driver are 2 — 5 MJ in
output pulse energy, 10 — 20 Hz in repetition rate, 500 — 200 nm in laser wavelength, and >
10 % in electrical efficiency. We have newly designed a DPSSL driver module [4] based on a
water cooled zig-zag path slab amplifier, which can deliver 10 kJ output energy at 350 nm
with 12 Hz repetition. The module consists of 15 beamlets and each beamlet is a double 4-
pass amplifier system as it plays a role of both pre-amplifier (4-pass) and main amplifier (4-
pass).

As a first step of a driver development, we are developing a small scale DPSSL amplifier
module which has a 10 J X 10 Hz laser output at 1053 nm. The module having a water-cooled
zig-zag path Nd: glass slab amplifier has a small but enough size to investigate the key issues
and to confirm our conceptual design. It will be shown experimentally that the developed
DPSSL module can nearly confirm the conceptual design along with the investigation on the
key issues of the IFE driver such as thermal effects, beam quality, energy flow and effeciency
in the system.

2. Experimental
Figuer 1 shows the experimental setup. The water-cooled Nd:glass slab thickness and the
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stored energy density were chosen to be 2 cm and 0.2 J/cm’, respectively. The zig-zag slab of
HAP-4 glass (HOYA, Nd: 1.1 wt. % doped) has the size of 523 (L) x119 (W) x20 (t) mm,
which also matches to a next 100 J X 10 Hz module. The dimensions of the laser head are 40
cm high, 58 cm long and 37 cm wide. The water-cooled Nd: glass is pumped by the 420 nm x
10 mm laser diode array from both sides through cooling water. The 803-nm AlGaAs laser
diodes (Hamamatsu Photonics) to pump the slab amplifier have in total over 200 kW peak
power and 2.5 kW/cm® peak power intensity at duty cycle 0.2 % (10 Hz) (Fig.2). The
oscillator is a CW laser-diode pumped, single transverse-and longitudinal-mode, Q-switched
1053 nm Nd: YLF laser. The single pulse laser energy is 1 mJ at 20 ns. The 10 J x10 Hz
driver module consists of four-pass pre-amplifier and four-pass main amplifier, as shown in
Fig.1. To compensate for the thermal lens and the thermal birefringence, a Galilean telescope
and a 45 degree Faraday rotator are used, respectively. To reduce the contribution of
amplified spontaneous emission, a Pockels cell is adopted. The hard aperture (AA2) is image-
relayed using a spatial filter. The laser output is extracted using a combination of thin film

polarizer and Faraday rotator.
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Figure 1. Experimental setup of diode-pumped 10 J x10 Hz 1053-nm Nd: glass zig-zag slab laser

driver module.
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Figure 2. Over 100-kw 803-nm AlGas laser diodes ((a) modulel, (b) module2) having 46 %
efficuincy, to punp the Nd : glass slab emplifier.

3. Experimental Results and Discussion

The 1053-nm small signal gain of main amplifier was measured to be 15.9 per pass with
0.35-ms LD pumping, which is large enough to have the output over 10 J. The stored energy
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and pumping efficiency of main amplifier at 1053 nm showing the design points are nearly
attained.

The thermal lens effects were measured with horizontal and vertical directions, as shown in
Fig. 3. Although the horizontal thermal lensing is completely compensated for due to zig-zag
path in the slab, the vertical thermal lens power is proportional to average LD pump power,
showing a slope of 0.0052 (1/(m-W)). Extrapolating to 10 Hz operation, the focal length of

f,=5.3mM (0.5Hz)  f,=2.62m (1 Hz)

04 F—d- T T T T T

i [-o- ~-0.1Hz 0.0052(1/m! W)) !
- - 05 Hz i /
- -4 1 Hz :

 S— ——
Theoretical (T=54;8 %)

Verﬁcal

LD current 120 A
Repetition rate 0.5 Hz
—»- LD temp. 25 deg.C |+
-o- LD temp. 19 deg.C

1 Rorzontal;

0 10 20 30 40 50 60 70 80 0 50 100 1;0 2c;}0 2‘50 350
Average pump power ( W) Input energy to main amplifier ( mdJ)

Figure 3. Thermal lens power (1/m) plotted as a Figure 4. 1053-nm output energy of main

function of average LD pump power with amplifier at 0.5 Hz versus input energy to main

horizontal and vertical directions at 0.1, 0.5 and amplifier at 19 and 25 °C of LD temperatures.
1 Hz Theoretical curve shows that 10 J output is

achievable.

Output energy of main amplifier (J )

thermal lens is estimated to be as short as 26 cm. This thermal lens, however, can be
compensated for using two Galilean telescopes set at both sides of the slab.

The 8.5 J x 0.5 Hz 1053-nm output energy was obtained as shown in Fig.4. The extraction
efficiency was 24 % in this case. The optical to optical conversion effeiciency was 10.9 %.
The output pulse width was measured to be 20 ns (FWHM). The near-field pattern of 20 mm
x 10 mm with a filling factor of 50 % and 2 times diffraction limitted far-field pattern were
observed.

In Fig.4, the theoretical curve, taking into account the estimated system transmission of
54.8 %, shows that 10 J output can be realized with extraction efficiency of 41 %, although
the measured system transmission of 20 % was too low to achieve the 10 J output. This low
system transmission of 20 % will be increased to 55 % by reducing the internal bounce
numbers from present 14 bounces to 12 bounces, because 14 internal bounces are very near to
the critical angle of internal reflection.

The temperature rise of glass slab under LD pumping was measured by means of
interferometory, as shown in Fig.5. Extrapolating to the 10 Hz operation, the design point just
at the one third of fracture limit will be still in a safety region.

The resistivity of Nd:glass surface against flowing water versus time was evaluated by
measuring the scattering loss at 632.8 nm, as shown in Fig.6. After over five months, the
scattering loss was as low as 1 % through 14 bounces path with HAP-4 Nd: glass.
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Figure 6. Scattering loss at 632.8 nm with Nd:glass surface under flowing water versus time.

4. Summary

We have designed and constructed a 10 J x 10 Hz, 1053-nm DPSSL driver module for IFE
which consists of a water-cooled Nd:glass (HAP-4) zig-zag path slab amplifier. We have
obtained in a preliminary experiment a 8.5 J output energy at 0.5 Hz with beam quality of 2
times diffraction limitted far-field pattern, which nearly confirmed our conceptual design[4].
With increasing the system transmission in the multi-path amplification from 20 % to 55 %,

the 10 J X 10 Hz output at 1053 nm can be realized by compensating for simultaneously the
thermal lens, thermal birefringence, and thermal aberration.
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An optical fiber offers a low power SBS threshold and stable performance at input energies of a few
mJ level. For long pulse duration using a longer focusing lens, fused-silica glass had high SBS reflectivity
over 90 % without any damage occurrence at the incident energy of 380 mJ in 15-ns pulse duration. These
properties of the fused-silica are almost comparable with those of highly performed gases or liquids.
Damage-free operation using a fused-silica as a better phase conjugation material would lead to construct

more compact laser-diode pumped all-solid-state laser system.

Keywords : Phase conjugation, Stimulated Brillouin scattering (SBS),

Optical glass, Laser-induced damage
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<BEXWM>

(1)H.Yoshida et al.: Applied Optics, 36, No. 30 (1997)7783.
(2)H.Yoshida et al. : Opt. Eng. 36, 9 (1997)2557.
(3)H.Yoshida et al. : Jpn..J.Appl.Phys., 38(1999)L521.
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35. Simulation on interaction of a ultra short-pulse intense
laser with foil
--- Proton acceleration with sub Peta-watt laser---

Yutaka UESHIMA, Yasuhiko SENTOKU* and Yasuaki KISHIMOTO**

Advanced Photon Research Center, Kansai Research Establishment,

Japan Atomic Energy Research Institute,

2-6 Mii-minami-machi, Neyagawa, Osaka 562-0019, Japan

*Institute for Laser Technology, 2-6 Yamadaoka, Suita, Osaka 565-0871, Japan
**also Dept. of Fusion Plasma Research, Naka Fusion Research Establishment,
Japan Atomic Energy Research Institute,

801-1 Mukaiyama, Naka-machi, Naka-Gun, Ibaraki, 311-0193, Japan

Proton and ion acceleration by sub Peta-watt laser radiation in overdense plasmas, especially for
deformed thin foils, is studied with 2D3V-PIC (Particle in Cell) numerical simulations. It is found that
the target and pulse shape design is important for the accerelation of the charged particles. When a
superintense laser pulse interacts with a thin slab of ablative overdense plasma formed by the pre-pulse
of the laser, its pondermotive pressure blows all the electrons away from a finite diameter spot on the
slab. Resultingly, the absorption efficiency of the laser is larger than 50%, but ion acceleration
efficiency is small in the case of the material composed of atoms of large mass number, for example, Al .
When the surface of the target is coated with a rigid solid or clusters, are accelerated efficiently and ions
gain energies as high as 100MeV. If hydrogen is coated on the back of the thin Al foil, due to the
Coulomb explosion of ions, protons are accelerated more efficiently than the hydrogen foil.

keyword : Ultra-shortpulse, sub Peta-watt, double layer, proton acceleration

1. Introduction

The development of short-pulse ultra high intensity lasers[1] has opened a new
regime in the study of laser - plasma interaction. Depending on the type of matter and
laser parameters, various acceleration mechanisms have been invoked in the different
regimes of the laser plasma interaction, including ion acceleration during the expansion
of the plasma in vacuum [2] and the mechanism of "Coulomb explosion". Coulomb
explosion is associated with the break of the plasma quasineutrality when the electrons
are expelled from a self-focusing radiation channel in the plasma after which the ions
expand due to the repulsion of the noncompensated electrical charge [3]. The Coulomb
explosion has also been invoked in order to describe the generation of fast ions during
the interaction of high intensity laser pulses with clusters [4]. Recently, the
experimental results on the dynamics of a plasma channel produced by a multiterawatt
laser pulse propagating in a plasma were reported in Ref. [5], where the self-focusing
and channeling of the laser pulse, the plasma channel formation, and the dynamics of
the excitation and ionization of the ambient gas were studied. In the interpretation of
the experimentally observed acceleration of the ions, it was assumed in Ref. [5] that the
ions move radially with respect to the channel under the effect of the Coulomb
explosion. However, the generation of fast ions not only radially but also in forward
direction were observed in 2D PIC simulations [6].

In the case of an overdense plasma the role of the channel is taken as the hole bored
by the laser pulse. In such plasmas, in addition to the plasma expansion in vacuum [2]
mentioned above and to the ion expulsion in the transverse direction due to the self-
focusing channel, we also notice ion acceleration in the plasma resonance region [7]
and forward ion acceleration if the laser pulse interacts with a thin foil [8]. The later
results were obtained via PIC simulations in the framework of a one dimensional planar
model which is valid as long as the transverse size of the laser pulse is much larger than
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the acceleration length. Since in a one-dimension planar model the electrostatic
potential diverges as the width of the ion cloud increases, we must perform at least two-
dimensional simulations. In addition, an ultraintense laser pulse in a near-critical
density plasma and in an overdense plasma, is subject to relativistic self focusing, the
description of which also requires at least two dimensional PIC simulations.

2. Proton and Ion Accerelation with a deformed Aluminium foil coated with
hydrogen

In the dilute underdense plasma, the attained momentum of an accelerated electron is
estimated to be P, =(y —1)m,c =m,ca,’/2 because of 8-figure motion [8], where P, ,
,m,and ¢ represent the momentum and rest mass of an electron, speed of light, and
normalized strength parameter of the laser field, respectively. When a sub Peta-watt
laser is focused strongly, 4o achieves values of about 30 ~40. Resultingly, the mass of
an electron is of the same order as the proton mass. This fact indicates that protons can
be accelerated to 1GeV. If electrons quiver as free electrons, namely in a relativistically
underdense plasma,this estimation is valid for a classical overdense plasma. However,
in an extremely overdense plasma as in a thin foil the estimation of the attained
momentum is not so easy. The attained kinetic momentum of an accelerated electron
may be estimated as P, = (y — I)m,c = m,ca, because of the break down of the figure 8
motion. Similar reasoning holds in the case of a thin slab of overdense plasma: let us
consider aplasma slab of width ly, and assume that it is irradiated by a laser beam with

. 0 ) . . .
amplitude and radius Iy >> Iy, at the focus. The electrons interacting with the laser
light are displaced from their initial position and, if their energy E, = m c*(\/1+a,> —1
is large enough, they can overcome the attractive electric field due to charge separation'.
For the electrons to be blown off , the pulse amplitude must be such that Ec > Ecoulomb,

with Ecoulomb~2 neznelrlw the Coulomb energy, i.e.

2 1 n L 1
ay, > 21K |1+ —— Kk=—*%-L->
K n. A A 2.1)

Here A, n,andn. are the laser wavelength, electron number density and classical cut
off density. Due to the Coulomb repulsion the ions start to expand and gain an energy
of the order of ECoulomb. Assuming that Ee~Ecoulomb, the ion energy gain in this

Coulomb explosion can be rewritten as mecz(‘ 1+a 02 —1} . This estimation indicates

that acceleration of protons is of the order of a few 10's of MeV at 0=30 only by the
Coulomb explosion process. To overcome this difficulty, we propose a double layer
thin foil system. The front layer is electron rich and nucleus massive matter and the
rear layer is hydrogen, namely protons. The front layer may help acceleration of
hydrogen because large electrostatc field is induced and massive ions play the role of a
Coulomb wall by which protons are pushed off. In order to investigate the interaction
of a laser pulse with the double layer foil we have performed 2D PIC fully relativistic
simulations. Below we present the results of our simulations of a linerly p-polarized
pulse with amplitude3o= 30.

The laser pulse is gaussian along the x and y axes with full width half maximum 4mm.
The 1on density corresponds to the real solid density. In our simulation, it is assumed

that the charge state of Aluminium is Al10* and that of Hydrogen is Ht because of
optical field ionization procceses under an ultraintense laser of ag = 30. Therefore,

electron parameters of the foils are 6.2%1023 ¢cm-3 , 56nm for Al and 4.8%1022 cm-3,
8nm for H. The foil is assumed to be initially deformed in the shape of a parabola as
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described and shown in Fig.1.

laser power : 400TW
peak intensity : 1.7X1021 W/cm2 -> a,=30
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- 25.7 um (8192 meshes) ———»

Fig. 1 Illustration of the geometry for the simulation of a deformed Aluminium foil
coated with hydrogen.

In this confguration we expect to obtain focusing of the plasma converging toward
the axis. This, in turn, should increase the effciency of the ion acceleration and
collimate the fast ion jet.

Fig. 2 Time evolution of the density of protons.
The interval of the snap shots is 12 femto seconds, and the snap shot on the

right side is at the end of the simulation.
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Since the target is initially deformed, the laser pulse is obliquely incident in the regions
away from the center. Here we have high absorption of the laser radiation with the
fractions of the reflected and transmitted laser light equal to 60% and 5%, respectively.

The ratio of energy conversion for ions, electrons, and electrostatic field are 8%, 16%
and 11% , respectively. Fig. 2 shows snap shots of the density of protons. The peak
energy of the protons reaches to 100MeV and the average energy is 30MeV. Protons
do not propagate in the laser reflection direction. These result indicates that
acceleration of protons is enhanced by the front layer, which plays the role of a supply
of a lot of electrons and a Coulomb wall.
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Q. N YO ddap XL — FEBBRAN
Wavelengths of the Ni-like 4d to 4p X-ray Laser Lines

Wig BT, KA K B
AARE T HIZeET BlFRS ke FREmats 5 —
T572-0019 BRI < H-RH 25-1
UTSUMI Takayuki. SASAKI Akira

Advanced Photon Research Center, Kansai Research Establishment,
Japan Atomic Energy Research Institute
25-1 Miiminami-machi, Neyagawa city, Osaka-fu 572-0019, Japan

The wavelengths of the Ni-like 4d to 4p X-ray laser lines for elements ranging from Pd(Z=46) to
U(Z=92) calculated using the relativistic multi-configuration Dirac-Fock code, i.e. grasp92, are presented.
These optimal level calculations agree well with measurements and previous calculations. To obtain
accurate lasing wavelengths is important to grasp the energy level structure of the complicated Ni-like ions,
and especially for the development of collisionally pumped X-ray lasers. The lasing wavelengths are also
essential to identify the lines and when the X-ray laser is utilized for imaging and interferometry.

Keywords : grasp92, optimal level calculations, Ni-like ion, 4d to 4p X-ray lasing line

L RL®i

BAE. BHF - BEFICBOTRRNEETLREOME & ZDOIEHMAEFEDLNTEY | Ti:
Sapphire L —# =2k 2@/ SVA (20 7x 4 M) - Y-S (100 757 v F) THY
ELEE (10 Hz) Wik L—¥F—2E@EEsh, R - BHEIHRL - -2 0 X HiF
DERIED LN TVE, XL —F—L LTiE, BEHLV—F I VERINIR 2 KF0
Ni BESMEREA 4> 2 L —— ke LABERE I ROBFEHERHERM XKL —F — 278Kk
E - BYEREFERCEILLHFEENTVE, ZOFRIIBIE NI F D 4d - 4p X #L
—FORERMAE, BFBRT - V2 HARALR Y I 2L -2 a VICL D FHUFEELERF L2
5 TWh, LDLE Z BEFO Ni BEMEHSA A O AVTF - LANVEEIEETHY, BT
BRF— IV OTL LR THEET— Y OGBESEILEL kb, T2, V-F—-AERTT7 X<
DARY FVIZBMLR DD THAOICARY VBBV ERE CHRINTAZOICH, 4 X
BL—F2A AT 7T HBAECHBTL201Lb, BREZREFHBET -7 I2EkO( V-
FEBBEROBIEETH S,

TSNS ETRAMEE I — N grasp92Pil & o T Pd(Z=46) 2L U(Z=92)% T Ni
BAA L D4d-pXHBL —FEBBEROBHELEENRONZL2HRET S,

2. ATEFIH

B1ICHEXWE NiEA T D 4d - 4p XL —FOZANVF - L XUVEEEARETHREL
LNV GEBBBEYTET. KWL 3P4d DL —FEBLEMIZ3I DD LN, F72 344
DL —EBTEMIZIODLNL, BLU Ni k14~ ORKIKEE 34° 'S, (JE I Ni-l DK
WEEIE 38%452) DRLTH D, 2T, BIZIE3212)0 3d ¥ =)V, 4d $7213 4p ¥ 2 VDR
BEY. JIEMERELYERT S, T/, 384d (3/232) ] = 013, 3&5,4d5, p & R T 5o
SR T 40 FHER S, THEMDS- Thb, L-FEBT A NVY 13 L#fL ULU2,U3, T#
LIJ2L3 DL ARVIANF -, B AHE LBV ARV I ANVF-BOEERL Z LIZL DK
Db,
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grasp92 71— Fid, HAAYIZIT geniso, gencsl, genmep, erwf, rscf92, rci92, oscl92 L\ 71 s
TALNBRENTVE, Thon7ur 78128y &ML (1) geniso 12X 5 F45MEME
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» MCDF H#ERICESCEHIANF - LAVEALEHE, (6) rscf92 (2L AREL AV F
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Ulcesl  ©3p° 3d° RO 3p° 3d° 4d DKEDH 1 DOEF % n=4 ¥z VIZEE#| R 72IKEE,
B 3d°ORENS 2 O00EF 2 n=4 2 VIZBEHRZ ., T=0, 78T 4 + D
KEE, . J=0, 7YY T 1 + DIKEE, CSFII1 6 4TH 5,

U2csl  :3p° 38 4d DIRENS 1 DOEF %2 n=4 ¥ 2 VIZEEHZ 2 I=1. %74 + D
KEE, CSFiZ2 75 TH %,

Ulcsl  :3p° 38 4d DIRED L 1 DDBEF % n=4 V= VICBEE|Z/2.J=2.2%)714 + D
KAE, CSFiZ3 8 THTH 5,

L123.csl :3p° 3P 4p DIRED S 1 DDEF A n=4 L VIZEZHWZ 72 J=1. 8 7T14 - D
HKEE, CSFI320 1 fTH 5,

3d° 4

9
Ul 33 ,4d3/3)5-9

9

U3 3“5/2""5/2)/:2
9

U2 3dg 4ds;2) -1

9

33 4p72)1=-1 L3
9

M, 4m372)5=1 12
9

33 4n2)4=1 Ll

radiative decay

collisional
excitation

ylo
B INi KA F+ > D 4d-4p L — BB L N )L E

B ABCDE I FH#ME THNOIAVE-—DETHLNSH, BRI ANVF— 13EMED
ZINATRAEMRAT=bDELD, ZOEE, NAT A Z=46-92 |2 L THALIREL., &
# ABCDE #hFNIZOVTKD, TZTRHARYZ FLVEHIOFFEER U X 9 12 Ni-like Eu
(Z2=63) ®EMERE L, XWBHICIIE, ToREEL AL F 13, A 188.3440.0%V. B .
174.63+0.07¢V., C . 146.16£0.09¢V. D : 123.50£0.04eV. E : 118.5840.06eV TdH h ., /N1 7 A{
13%B# ABCDE DWW TZFhZFh, 1.070,0.897,1.043,-0.191,0038 eV & 7 » 72,

Fl, R2WBANATARMEL-BOL —FEBBIAVE L L -FEBBERY RT,

AEEICBWTIE, grasp92 D705 5 AHMELSEFOHCIALF -2 ED TRV

- 174 —



JAERI-Conf

2000-006

D5 RIRIIAS N L RHR L, ShESOLFEERINOBREET LA TETH S,

46 Pd
47 Ag
48 Cd
49 In

50 Sn
51 Sb
52 Te
531

54 Xe
55 Cs
56 Ba
57 La
58 Ce
59 Pr
60 Nd
61 Pm
62 Sm
63 Eu
64 Gd
65 Tb
66 Dy
67 Ho
68 Er
69 Tm
70 Yb
71 Lu
72 Hf
73 Ta
74 W
75 Re
76 Os
RS

78 Pt
79 Au
80 Hg
81 Tl
82 Pb
83 Bi
90 Th
91 Pa
92U

A(UL-LI)
87.191
92.110
97.179

102.328
107.552
112.930
118.385
123.978
129.684
135.532
141.519
147.661
153.965
160.448
167.120
173.979
181.048
188.340
195.867
203.648
211.685
220.002
228.608
237523
246.765
256.346
266.293
276.621
287.350
298.501
310.097
322.159
334.707
347714
361.377
375.546
390311
405.702
533.645
555.239
571.187

B(UI-L2)
84.572
89.295
94.132
99.006

103.908
108.916
113.943
119.054
124.215
129.455
134.767
140.163
145.646
151.228
156.915
162.700
168.601
174.626
180.778
187.074
193.505
200.089
206.829
213736
220.816
228.075
235.531
243.186
251.049
259.131
267.441
275.987
284.776
293.824
303.134
312.7119
322.590
332759
413.111
426.018
439322

C(UI-L3)
79.661
83.687
87.760
91.804
95.804
99.833

103.803
107.771
111.701
115.615
119.503
123.370
127213
131.041
134.852
138.637
142.404
146.156
149.892
153.621
157.330
161.028
164.713
168.389
172.056
175.712
179.367
183.018
186.666
190.314
193.964
197.616
201.268
204.929
208.594
212.267
215.950
219.646
245.954
249.777
253.625

D(U3-L2)
62.466
65.744
69.127
12471
75.895
79.373
82.851
86.353
89.905
93.456
97.051

100.685
104.359
108.098
111.867
115.685
119.563
123.503
127.492
131.552
135.672
139.863
144.128
148.466
152.884
157.381
161.976
166.653
171.422
176.285
181.247
186.313
191.486
196.770
202.169
207.686
213.326
219.093
263.373
270.311
277415

E(U2-L2)
60.088
63.236
66.467
69.722
72.920
76.232
79.584
82.950
86.324
89.743
93.202
96.692

100.217
103.792
107.410
111.071
114.796
118.577
122.410
126.327
130.291
134.325
138.433
142.616
146.879
151.220
155.651
160.171
164.784
169.492
174.300
179.210
184.228
189.356
194.599
199.964
205.446
211.056
254214
260.989
267930

FINATABEL RO L —FBBI ALY — (B eV)

46 Pd
47 Ag
48 Cd
49 In

50 Sn
51 Sb
52 Te
531

54 Xe
55 Cs
56 Ba
57 1a
58 Ce
59 Pr
60 Nd
61 Pm
62 Sm
63 Eu
64 Gd
65 Tb
66 Dy
67 Ho
68 Er
69 Tm
70 Yb
71 Lu
72 Hf
73 Ta
74 W
75 Re
76 Os
I

78 Pt
79 Au
80 Hg
81 Tl
82 Pb
83 Bi

90 Th
91 Pa
22U

A

142.20
134.60
127.58
121.16
11528
109.79
104.73
100.01
95.60
91.48
87.61
83.97
80.53
71.27
74.19
71.26
68.48
65.83
63.30
60.88
58.57
56.36
5423
5220
50.24
48.37
46.56
44.82
43.15
41.54
39.98
38.49
37.04
35.65
34.31
33.01
31.717
30.56
2323
2233
21.46

B

146.60
138.85
131.71
125.23
119.32
113.84
108.81
104.14
99.81
95.717
92.00
88.46
85.13
81.99
79.01
76.20
73.54
71.00
68.58
66.28
64.07
61.96
59.95
58.01
56.15
54.36
52.64
50.98
49.39
47.85
46.36
44.92
43.54
4220
40.90
39.65
38.43
37.26
30.01
29.10
2822

C

155.64
148.15
141.28
135.05
129.41
124.19
119.44
115.04
111.00
107.24
103.75
100.50
97.46
94.62
91.94
89.43
87.07
84.83
82.72
80.71
78.81
77.00
15.21
73.63
72.06
70.56
69.12
67.74
66.42
65.15
63.92
62.74
61.60
60.50
59.44
58.41
5741
56.45
50.41
49.64
48.88

D

198.48
188.59
179.36
171.07
163.36
156.20
149.65
143.58
137.91
132.67
121.75
123.14
118.81
114.70
110.83
107.17
103.70
100.39
97.25
94.25
91.39
88.65
86.02
83.51
81.10
78.78
76.54
74.40
72.33
70.33
68.41
66.55
64.75
63.01
61.33
59.70
58.12
56.59
47.08
45.87
44.69

E

206.34
196.07
186.54
177.83
170.03
162.64
155.19
149.47
143.63
138.15
133.03
128.23
123.72
119.46
115.43
111.63
108.00
104.56
101.29
98.15
95.16
92.30
89.56
86.94
84.41
81.99
79.66
7741
75.24
73.15
71.13
69.18
67.30
65.48
63.71
62.00
60.35
58.74
48.77
4751
46.27

FONATABELHOL—FEBBIEE (WAL A)
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3. ETE&RF

Pd(Z=46) . Ag(Z=4T) . Cd(Z=48)DEH B OFHMEIZ TMKR2IIC L 5 &, & 4 146.79+0.154,
138.9240.15A, 131.661+0.15A TH h . Zhiixt$ 2 Li F0OFHEAEEIL 14654, 1386A. 1314A
Thb, 2. XHRIB]D Scofield FDOFHEAEFIL 148.10A, 139.92A, 132564 THbH, £212
MUK R 146.60A, 138.85A, 131.71A TH . Scofield %X Li ZOFHER L b aHUMA I
L, BIRUERERATH L LD 5, LEK4]1TIE. Te(Z=52), La(Z=57), Ce(Z=58)D %
# B OFHEIE, &4 111A, 89A, 86A TH LA, T I THHKEIL 108.81A, 88.64A. 85.13A
ThHY., CERIDETEM 108.7A, 88.40A. 85.10A 1238 <, FHUMEL 124 DAEND B, THES)
TO Xe(Z=54)TDEHAEIZ. 100A TH DA, I TOKERIL 99814 T 02A LANEL -
Twb, g/, HER(EHN S, BEEFEOEEME L THIH S NS NdZ=60)DERK K
79.06A 13t L Tk, S ZTORKERIE 7901A THD, (TWRINIINEFRERELTNAT
ARRELTVS, ) Eid 005A THAHANZZTHW Eu OREROTHIEEL &2 ZES
BHEBMEEAMEL L TIFEEMICHL L VR D, THEBITD YbEZ=70)DE&EH ABDE Dk
£1350.23A, 56.11A, 81.07A, 84.41A TEMGAZIIH 0.02-0.05A TH 255, FHEHEFIT 50244,
56.15A, 81.10A, 8441A THH RV —HERL TV 5, W(Z=74). Au(Z=79)DEE A OFHHIK
3% 4 43.18A, 356A TdH5HH5, FHEMIE 43.15A, 3565 TH Y, XEEBIOFHEM & 1312
RLTHB,

A & FHIMEDOHE E Nd, Tal22W TR 2IZRT,

Ni — like Nd (Nd*??) Ni-Like Ta (Ta**)
3d°4d

(312,312) 1=0 (3/2,3/2) J=0

(5/2,512) 1=2
(5/2,5/2) J=1

(5/2,5/2) J=2
(5/2,5/12) J=1

collisional
excitation

collisional

radiative decay o
excitation

radiative decay

3d10 \ 3d10 »
B 2Ni A Nd, Ta DL — VB BEE, () MOMHIZTHE3].
4. FL®

AL TR, HNHRHEE TR ET — FgaspR2 ICE o TNikEA A > D 4d - 4p XL —
FEBERDOEEMEY R Lz, PAZ=46) 2»5 UZ=92)FT T Ni 14 >D X #HL —FERKE
Fid, ThEToFHIERREFERL LKL TWE I RSN,

B Uk
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377 . Relativistic Configuration-Interaction Study on the Structure
and Electron-Impact Cross Sections of Highly Charged Ions

Takashi KAGAWA
Department of Physics, Nara Women’s University, Nara 630-8506, Japan

We have developed a computer code to calculate both the structure and electron
scattering cross sections of atomic systems, especially highly-charged ions (HCI’s) by
using the relativistic configuration interaction (RCI) method for the atomic structure and
the relativistic distorted-wave Born (RDWB) approximation for the electron scattering.
Some test calculations for the optical oscillator strengths in Ne-like systems and electron-
impact excitation cross sections of H-like and He-like ions are carried out to see the

effectiveness of the theory.

Keywords : Highly-charged ion, Relativistic atomic structure theory,
Electron-impact excitation cross section

1 Introduction

Highly charged ions (HCI’s) has so far been received growing interest in studying the
relativistic and quantum electrodynamical (QED) effects on the energy levels and opti-
cal transition rates in high-Z atomic systems since recent development of experimental
techniques such as a high-power electron-beam-ion-trap (EBIT) machine to be able to
produce various HCI’s make it possible to observe optical or x-ray spectra emitted from
them with high-precision. On the other hand HCI’s display an important role in diagnos-
ing a plasma. Recently a closed-shell atomic system such as Ne-like ones attracts people
in the development of x-ray laser source because it is a relatively stable species among
various HCI’s in hot and dense plasmas so that their population becomes rich compared
with that of ions with other charge states. Ne-like ions are considered as one of the most
hopeful candidates in making a x-ray laser source. In studying various plasmas such
as the laboratory nuclear fusion, x-ray laser and astrophysical ones with an appropriate
plasma model, various atomic data of HCI’s such as not only transition energies and their
radiative transition rates but also cross sections for the electron-impact excitation and
ionization are needed.

In the theoretical treatment of the structure of HCI’s, various relativistic and quantum
electrodynamical (QED) effects on the energies and wavefunctions in the systems must
sufficiently be taken into account in the theory. Moreover, the effects are also important
in the calculation of cross sections of electron scattering processes for an ion in plasmas,

where accuracy of the calculated results could be sensitive to wavefunctions used for a
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target atomic system and a free electron. In this case the relativistic and QED effects
on the interaction between a free electron should also appropriately be treated in the
scattering theory.

Previously Kagawa et. al. [1] have developed the relativistic configuration-interaction
(RCI) theory for atomic systems and made a computer code to calculate energy levels
and optical oscillator strengths (O0S’s) for atomic systems. Recently combining the RCI
code, we have developed a code to calculate cross sections of the electron-impact excita-
tion of a2 HCI based on the relativistic distorted-wave Born (RDWB) approximations. In
this work, we carry out systematic calculations of energies and OOS’s for the n =2 — 3
E1 transitions in Ne-like systems to see the effectiveness of the RCI theory and some
test calculations for the electron-impact excitation cross sections and collision strengths
of H-like and He-like systems to see an accuracy of our numerical method adopted in

making a code.

2 Numerical results
2.1 Optical oscillator strengths in Ne-like systems

Here we carry out systematic complete calculations for the energies and OOS’s for
then = 2—3 and n = 2 — 4 electric dipole (E1) transitions in the neon isoelectronic
sequence from Z=11 through 92 and for then = 2 —3 and n = 2 — 4 M1 and E2
forbidden ones from Z=40 through 92 in the systems. In Fig. 1 we show Z-dependent
behavior of the O0S for the n = 2 —3 E1 transition in the systems together the order of
the energy level for the n = 2 — 3 excited states with J = 1 and odd parity. It is found
from the calculation that there are two typical and sharp avoided level crossings of the
excited states between the 2p;/; — 3s and 2p3/; — 3ds/2 at Z = 54 around and between
the 2s — 3py1/, and 2p; 2 — 3d3/2 ones at Z = 68 around, which lead to sudden change of
value of the OOS for the n = 2 — 3 E1 transitions. The sudden change of the value for
the OOS has been observed in the spectra of HCI’s by Nakamura et. al. (2] recently and
Biersdorfer [3]. Finally it is concluded that systematic study on the energy levels and
00S’s in an isoelectronic sequence to see Z-dependent behavior of them is important to
correctly assign the spectra in HCI’s observed because an avoided level crossing between
two excited states drastically changes the intensity of spectra for the specific transitions
of an isoelectronic sequence at a place of a certain Z.

2.2 Electron-impact excitation cross section

We carry out some test calculations for the electron-impact excitation cross sections

and collision strengths of H-like and He-like systems to see an accuracy of our numerical
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method adopted in making a code. Calculated results of RCB cross sections for H-like
atoms and integrated RDWB collision strengths for He-like iron are compared with other
theoretical ones in Table 1-3, where only the Coulomb interaction between two electrons
are taken into account in the 7' matrix. Our results are in good agreement with those of
Zhang et. al. [4,5,6] in all cases listed here. Improvement of our code to obtain accurate

cross sections in various HCI’s is now in progress.
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Fig. 1. Calculated results for the order of energy levels for n=2-3, 4 and 5 singly
excited levels (upper figure) and the oscillator strengths for the n=2-3 (lower figure) E1

transitions as a function of Z.
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Table 1. Comparison of RCB n=1-2 excitation cross sections of H-like atoms by electron

impact with the impact energy of the ionization one, that is, E; = |Fy;; .

Z=50 Z=100
Transition || This work | Walker | Zhang || This work | Walker ] Zhang
ls —2s 0.4439 | 0.4445 | 0.4438 0.8273 | 0.8304 | 0.8269
1s — 2py1 /2 0.5537 | 0.5536 | 0.5536 0.5222 | 0.5228
1s — 2p3/2 1.0124 | 1.0133 | 1.0133 0.5968 | 0.3974 | 0.5940

Table 2. RDWB collision strengths for electron-impact excitation from the ground state
of (15)%(1!Sy) to the 1s2[ excited states in He-like iron (Z=26) with scattered electron
energy Ey = 70eV.

Collision strengths ;

Transition This work | Zhang et.al. '

(1525) 7=0[2' So] 7.295 7.687 !

(1525)7=1[238,] 3.717 3.626 |
(152p) s=0[23 Py) 2.512 2.267
(152p)y=1[2°P,] 7.915 8.079

(152p) 7=2[23P)] 11.420 10.650 |

(1s2p)s=1[2' P1] 21.790 21.220 |

Table 3. Partial RDWB collision strengths for electron impact excitation from the ground
state of (15)2[1'Sy] to magnetic sublevels of M in the (1s25)[2%5,] state in He-like iron
with various incident electron energies in Rydberg. Upper and lower values of the collision
strength for each M are obtained by us and Fontes et. al. [6], respectively and excitation

energies are given as E., and those in the parentheses in reference (6]

.
[

Ei(Ry) |

M, || 550| 700| 900 | 1200] 2000
(1525)7=0[22S1]  E.. = 487.87(487.75)(Ry)
0 | 1.101 | 0.8420 | 0.6123 | 0.4060 | 0.1888
1.078 | 0.8206 | 0.5995 | 0.4051 | 0.1880

1 | 1.110 | 0.8422 | 0.6126 | 0.4146 | 0.1889
1.078 | 0.8206 | 0.5995 | 0.4051 | 0.1881
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38. XA URREBMEAF D X BRI
AREMEELERCE Y EIES LERERED? LD X BEXOHR
X-ray Spectroscopic Studies on Neonlike Highly Charged Ions:
X-ray Emissions from Strongly Coupled Excited States

MR BRET. Keea
"B, 2B A A Tae s b
T182—0024 WHEEFAMHAE 1—-40—2 7 7 > AFHi L 3 B
'EREERE, VYVttt 4 —
T 1828585 W AtHbaRm g £ 1—5—1
Daiji KATO', Nobuyuki NAKAMURA', Shunsuke OHTANI"
'Cold Trapped Ions ICORP, JST
Axis-Chofu bldg. 3F 1-40-2, Tokyo 182-0024, Japan
"Inst. for Laser Science, Univ. of Electro-Communications

Tokyo 182-8585, Japan

2p7'3s, 2p7'3d and 2s'3p excited levels of neonlike sequence were calculated by the multi-configuration
Dirac-Fock method. The calculations were compared with measurements with the Tokyo Electron Beam lon Trap
for three levels in the X-ray region: 2p,,"3s, 2p,, '3d,, and 2p,,"3d,,. A strong avoided-crossing between the
2p,, '3s and the 2p,,"'3d,, was evident in both the calculations and the measurements at Z=55. The strong and
the local avoided-crossing was associated with a large and steep enhancement (suppression) in the X-ray line
strength of the electric-dipote decay 3s - 2p,, (3d,, - 2p,,). Characteristics in configuration mixing of the two

levels were discussed.

Keywords: Highly Charged lon, X-ray Spectroscopy, Relativistic Atomic Structure,

Configuration Interaction, Electron Beam fon Trap

1. LT
S EFBFIREEIZBIT 2 ETFHBEDEIZ. Ui Ui Hartree-Fock fif & B fRORFE L L TR

ENTEY M7 Hartree-Fock fEDBRIEAE A BLEIRS) DRI TREINAH I ENEW T27E L,
Z Z T Hartree-Fock & 13 ERO—KGIIEA{RE L TE Y, FOEMKTIZ Dirac-Fock £ 1R L
ThHd, 3T, FAEBINTHIZEFRONELRFESOBERRETHD THLI, 18
F Schrédinger FRRITFEFES ZIZOVWTKD L I RAF—Y U ZRIZ#EET,

HiZr: 1] = Z2 H[r; Z) (1)
T, r EEEREZER, H X% O Hamiltonian (2R AX—) THD, (1)RNERKIZTD L,
EHMEERV,, = 1,0R =Y 7RI

Voo [2]=Z'V,, I1] )
&7 1 &E T Schrodinger 72U Hamiltonian (2% L T ZHCHBILTIE L 725 2 & Dh
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B, . ACUBGEMREIER V02 ORr— v 7Rl
V. [2Zr1)=Z"V, [r;2] 3)

T, BFRUAEERICR LT Z I L TRE 2B, BEAb, ZOKEREZ DIER)
SAliA AL Tl A E CHEA I Sh D3OSR GRS RO Z I RBN TRBIRA R
W OETRM AR LI LITBE S AN TH D, & ZAH, BAliA A TR Ha%
HEIE Z IR B RO A AEMICEZ T LE I 7m0, TS U TREBIRADED Z 17
VLI b5, ASE T, Bx OFEI N— T TRIEE TIZiTRbhic, 24 RS MMA A
D =3 TR IEIT 3513 B AR RSN RO RBRN, FERIOTIEL BET 5.

2. XA VBEMA AL D n=3 BERBIIKITIEBES
BECH.EFE—bA4y 8T v 7 (EBITOBRBEIZL Y M A OEEFBRIEIZH
F 2 EfE e EROIFFIEN TR L 72> TE -, Fox ORI N—T128WTH EBIT 2 WV TARK,
Wi L 7= Z=50-56 DIED F A o HESAMMA A D 2p,,"3s, 2p,, 30y, 2Py, 3d,, FHEIKEED © BLEK
RHE~ DRI IZ 5 X MR e 28I L, FiRIED Ef/2 = R VX — L2 RE L1, 22
<. 2303 20 BEOE T 1 o SEUEIZENE LioRiER £, £o. BERREO2AETH R
2T J=1. ROE Y F 4 —Th b, Z=50-56 |2~ 72 3 DD T F /X —HEL ORI 1) % Hi

1125

R
2p" 3/23d5,2

11z b

1118

(EEQMEgEal

1105

o
1 .
I8 2p"'y2335"

1.085

5I0 SIZ 5‘4 5I6 S'B - 60
Atomic Number

H1: xA L REBEA A ORERE 2D, '35 (X) |, 2py, 3dy, (O) |, 20y, 3dg, () 1% 2L%

AR OWBE, E, E, TENERBEREDT 50 ¥ REEKIE L IR 3, 203

25" ) DT XX —OFBEA AV, £ =FAHEEBRAER). BH TSR EE

BEED). Z=54,57 (=%t 5 uENEERT — # 13 Beiersdorfer F DO HiE[4] % Az,

< k. BNERIOMMABIFHE TFMESNIED | 2p,,'3s DTILF—HEIAMOD 2 SDTF
A —HER(FRHEEVICRb LRV EH#EN S, 20, Zhb 3 DO FAX UL
Z=50-56 ORITANEEDL D, Ziud, BUVRERIRIZE Y KA VRS A IBITD 2p

— 182 —



JAERI-Conf 2000-006

BIE O MBS /YA 3s LB & BdEE D = AN F—EL OGO TR HHRIIANE 2D
s TIhA, 1121, ZEE Dirac-Fock % AW MR RIE T VRO R bERQTT 1 >
hU7m, 2 OFEFAFHE TR LM OLEOFUAICEE SN REF & L TR T,
IR LT Z & (IR NVELTTRE )R ST A —4 & LTRSS ET, GHRIET
GRASP92 =1 — K[3]%& HW TEITLT=,

2p,,'3s & 2p,,"3d,, 12OV T, HALINER ORLEIR &R R A& A L 7o 7 Vet R (EMR) & KB
R, D) & 2HET 5L, = RAX—UEMHHHRT D Z OUFfF TRENFFHIRE LV, ALEIRG
NEE G DT TV () I ERRE B & 2RI h i o TR~ L, Z=55 OEMH TR
R EIRAIT L B T LK — iR 0328 54 (avoided-crossing) N iE o X V) LR TE 5, ML E
BRiE R L ob P akit, EFAHEICE ER TOARWERED RS FERIFRZIRICER
FTAHELOLEZLND, LA L, KENRMIETERVOTI ZTHINUELDALRVWEIZ
L. &9 EfAERIFEEIORRITEDLN). £ 25T, 2,30y, & 2p,,'3d,, DHIC bALEER

2.5 T T T T

(a) o w} a 19
g 2T E‘djj‘\r |
6 Q:ttb @] -
S ) 2p 3/23d52
S 15f A i
n g%
S 5
T tF 2p8s ]
.g % O

X X
O 05 F )ee(x < .
X

o 1 T T T LI T

S Experiment +———
3 (b) OS (Theory)  x

o 0.8 =
%)
- *

&

o 06 .
"('r; *

N 04 * &
‘T; { *

* *

N R ES i
Q 02 X *

8 M *

Er 0 1 1 ! ﬁ 5 * 3 *

50 52 54 56 58 60

Atomic Number
B2 BRI TRE GHE) » X BBEAMEL (F8), (a) 20,5 35, 2Py, 30as 2Py, 305,70
, L ECHAE ~ T IR T IR D IRBY T 38 DRI, () 2P, 38 & 2Py, 3g, 7 b BEMKE~DI
FORRICEE S X BB OPEM & . N B ITT 2 IRE 7HRE L O F BE,
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BRIENIREEE THH D, Tk 2p‘,2"3$ t 2p,,'3d,, PHIORBIRA & IXEMIC R D, A
F: Z oKkt L TRV T AREIRES THDH DI LT, %414 Dirac-Fock = /L% —H34g
B9 5 Z Ol TD IR lﬁnéﬁFﬁﬁ’mﬁL BATH D, ERERME T 2p,,"3s & 2p,,'3d,,
LIHIFFHE L WERTRA L. 2 2O 3L X — RIS ITENENLFAY 90 72 R DA77
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r-dimensional Vlasov-Poisson equation in phase space

is described. At each time step, the distribution function and its first derivatives are advected in phase
space by the Cubic Interpolated Propagation (CIP) scheme. Although a cell within grid points is
interpolated by a cubic-polynomial, any matrix solutions are not required. The scheme guarantees the
exact conservation of the mass. The numerical results show good agreement with the theory. Even if
we reduce the number of grid points in the v-direction, the scheme still gives stable, accurate and
reasonable results with memory storage comparable to particle simulations. Owing to this fact, the
scheme has succeeded to be generalized in a straightforward way to deal with the six-dimensional, or

full-dimensional problems.

Keywords : CIP scheme , Hyper-dimensional simulation, Vlasov equation.

L. INTRODUCTION

In recent years, various numerical methods have
been used for solving the ponlinear Vlasov equation
and these methods are roughly divided into two classes.
One numerical approach is the particle method that
directly follows the trajectories of particles, such as the
PIC method [1,2]. This method has been considered to
be quite stable even if only few computational particles
are used. On the other hand, it is known that this
scheme essentially involves some  serious
disadvantages stemming from statistical numerical
noise particularly when detailed structure of
distribution is needed .

Another approach is the Eulerian method that uses
a hyper-dimensional computational mesh in phase
space and the time integration of the distribution
function is carried out on each computational mesh
point with the help of Fourier-Fourier transform[3],
Fourier—Hermite ~ transform{4,5], and  splitting
method[6]. This numerical approach is more suitable
for the simulations in which the particle distribution in
a certain velocity region plays an important role [7,8,9].
However, since this method covers all the phase space
with grid points, the memg?' storage and computation
time rapidly increases as N°, N being the grid point
needed in one-dimension. With the conventional
algorithm, this N has not been sufficiently small
leaving the six-dimensional simulation in merely a
world of dream. However recent development of
numerical algorithm for hyperbolic system has a
possibility to bring this dream into reality.

The Cubic Interpolated Propagation (CIP) scheme
is a novel unified numerical scheme developed by Yabe
et al.[10-13] for the solving hyperbolic equations. The
CIP scheme is a low diffusion and stable scheme, and
can solve the hyperbolic equations by the 3rd order
accuracy in space [14]. The coefficients of the cubic-
polynomial are analytically determined from the
physical values and these first derivatives on the
neighboring two grid points without any matrix
solutions. These facts allow us to easily extend the
scheme to hyper-dimensional scheme and solve
hyperbolic equations with lower computational effort.
Therefore, it would be very interesting to apply the CIP

scheme to the hyper-dimensional Vlasov equation and

_examine a possibility of six-dimensional simulation by

the present scheme.

II. NUMERICAL PROCEDURE
In this work, we treat the following normalized
one-species collisionless Vlasov-Poisson system;

1)f—~1—vgf——Ea—f—=0

, 1
dat ax v @

9 o 2 .. 3
gE-IL—f_mfdv , )

where f=f (y,zvV,v,) and E=(E.E,E,) arethe
dimensionless distribution function and electric field,
respectively. Time is measured in the unit of the
inverse plasma frequency @ ", length in the unit of the
Debye length A, and velocity in the unit of the
thermal velocity vy;. In this model, an ion background
with uniform density is assumed.

Since the Vlasov equation (1) is merely advection
equation in six-dimensional phase space, obviously it is
possible that the CIP scheme is directly applied to the
Vlasov - Poisson system. In the CIP scheme, hyper-
dimensional advection term of Eq.(1) is split into a
sequence of one-dimensional advections in the each
directions and the time integration of the distribution
function is calculated by the shifting of the distribution
function in phase space. For example, in the solutions
of the two-dimensional phase space, the Vlasov
equation is split into three steps and this procedure is
represented by

f’(x,.,vj)=f"(x,.-vjAt/Z,vj) 3

FUv,) = TGy + BT ()A) @

Feev)=f"(x-v,Al2v;)) ()
The trajectory of particles can be solved in the 2nd
order accuracy[6].

In the solution of the first step represented by
Eq.(3), generally the starting point of the trajectory
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x;v;At/2 does not locate at the grid point. Therefore,
we have to estimate the value of the distribution
function between X; and its upstream point x;,,, where
iup =i+sgn(—vAt/2) and sgn(a) means the
sign of a. In the CIP scheme, the profile of f is
interpolated by the cubic polynomial function such as

Fj(x) = ALX* + 22X +3,f,X + f; (6

where X = x - x, The coefficients A1 and A2 are
determined so that the interpolation function and its
first derivative is continuous at the both ends of
interpolated interval:

F;‘j(xi) = fij s (an /ax) =0d,.f; @)

E’j (xiup) = fiup,j ’(aF;j /ax)

where 9 f; denotes the first derivative at the grid
point (df /dx),. As a result of above simultaneous
equations, we have

AL= 87 (3, f; + 8, fup ) + 2867 (f = fupy)
©

A2 = =57 (28, f; + 9, fup;) = 3067 (fy = fup) -
(10)

where A x;=x;,-x,. For the governing equation of the
derivative 0 .f;, let us differentiate Eq.(3) with spatial
variable X ; then we get

axf‘(x,.,vj) =d.f"(x —vjAt/2,vJ.) (11)

As is shown in [16], we can trace the time evolution of

Xmx = axfiup,j (8)

iuj

2000-006

described. Especially, we should emphasize a merit of
the computational cost; required grid points can be
suppressed by using the present method. In order to
show the numerical features, first we shall treat the
simplest case in two dimensional phase space
composed of spacex and velocity v,[15]. We use the
Cartesian mesh to represent the x-v phase space with
the computational domain R={(x,v)l0
=x<L|v|svg}where L is the spatial periodic
length and v, is the cutoff velocity. The number of
mesh points used in x and v, directions is designated
by N and 2M respectively. The first example is the
Landau damping. Figure 1 shows the time evolution of
the basic Fourier component E,(k,=0.5,t) of the electric
field E, with N=32, M=16 and At =1/8. The
amplitude of E,4(0.5,f) decays exponentially in time
according to the theory of Landau damping. The
damping rate’y and the frequency@ of the oscillation
are 0.1553 and 1.4211, respectively and agree very well
with the corresponding theoretical values 0.1533 and

10 b 18
IR R
\f ; Rt
',(u* / i
=101 IH“ / L
g i 510
kv I 53] N\
g 3\“!\\ 5N
B | ) { l .2
£ \k'f Rt
Em’ # \'\‘\\.
1 S - . (1 S
10 20 30 40 350 4 6 8 10 12 14 16
Time M

fand J,f on the basis of Egs(3) and (11), and Fig1 Lincar Landau damping Fig2 Relative error to the

advected value is given by in the two dimensional phase theoretical value. The solid and

. space. dashed curves represent the

fl_]_ = F;,(xi + E) frequer!cy and the damping rate
respectively

= A1E* + A28 +0,f[E+f], (12

axfij. = (aE /ax)

x=x; +§
= 3418 + 2425+ 0. f], (13)

where & =v;At Here, we have to pay some
attention to the solution of Eq.(3), because the CIP
scheme needs the information of the spatial derivatives.
In solving Eq.(4), (12) and (13) can be directly applied
to the v direction with the aid of Egs. (9) and (10),
simply replacing x and v by v and -E,
respectively. However, the spatial derivative in the v -

direction 0 ,f ; is not yet known because in the solution
of Eq.(3)only 0 fis obtained according to Eq.(13).

III. NUMERICAL RESULT

In this section, some numerical results are

1.4156. Furthermore, we shall examine the effect of
reduction of the mesh points in v-direction. Fig.2
shows the dependence of the numerically obtained ¥
and w values on the mesh conditions in the v-direction.
The dotted line and solid line represent the 7 andw,
respectively, and the relative error to the theoretical
values are plotted in the logarithmic scale against M.
While errors increase with decreasing M, the v and
w have been computed with reasonable accuracy
even if extremely few mesh points are employed such
as  Mx<10.

Next, we carry out a comparison with the particle
method conceming the computational cost. we
consider the symmetric two-stream instability. In Fig.3,
the development of the electric field energy is plotted.
A dotted curve represents the numerical result of the
presernt scheme with M=24 and a dashed curve
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Fig.3 The time evolution of the total electric field energy for
the two-stream instability. Curve (a) and (b) represent the
numerical results of the present scheme with 2M=256 and
2M=48, respectively. Curve(c) represents the result of the PIC
scheme with 4608 "particles” which corresponds to two times

larger storage than 2M=48 (curve (b)) as far as storage is
ncerned.
concerne t=0.00

2000 006

Fig.4 Over-view profile of the distribution function at t=20.0
using CIP (2M=48), PIC (4608 "particles", comrespond to two
times larger storage than CIP).

t=6.26 t=9.38 t=12.5 t=15.6
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Fig.5 The four dimensional Vlasov simulation of the particle acceleration by a incident electrostatic wave.

represents the numerical result of the PIC method with
72 “particles” per a spatial mesh point. While the
numerical result of the CIP scheme with M=24 is quite
similar to the case in which the much finer mesh
M=128 is used, although the number of particles
corresponds to twice larger storage than the CIP
(M=24), the numerical result of the PIC method is
unclear and the hard numerical oscillation is caused by
the statistical noise of the particles. -Furthermore, a
profile of the distribution function at t=20.0 is shown in
Figs.4. While the CIP scheme calculates a formation of
a hole structure and a trapping of particles shown as a
vortex in the hole structure clearly, the PIC method
describes the distribution function poorly and unclearly
in the phase space  because of the statistical noise of
the particles.

Fig. 5 shows a example of the four dimensional
solution. The Vlasov — Poisson equation is solved in

the phase space composed of space x, y and its velocity
vX, vy, and a schematic view of the test solution is
shown in Fig.5. The incident electrostatic wave
captures the electrons which locates around the phase
velocity v,,=2.0, and the electrons are accelerated with
the progression of the wave. The 64 X64X32X 32
computational mesh points are used and the solution is
carried out by a common personal computer.
Furthermore, if the computational mesh points in v
- direction could be reduced to 16x 16x 16 by using
the CIP scheme, the required computational memory
size is about 1G bytes when the mesh points in x-
direction is 16x16x16. By thc recent computer
development, this amount of the computational cost is
considercd to be within the capacity of personal
computers. Actually, we have completed a six-
dimensional Vlasov code based on the present method.
A numerical result of full-dimensional solution is
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shown in Fig.6.

Electric Field Energy

20

15

10
Time

Fig.6 The full-dimensional Vlasov simulation of the Landau
damping. Numerical values of the damping rate and the
oscillation of electric field are y =-0.176 and
w =1.4142, respectively while the theoretical values
predicted by the linear theory are y = -0.1533 and
w=14211).

IV. Conclusion

In the present work, we proposed a new numerical
scheme for the solution of the hyper-dimensional
Vlasov equation. The time integration of the
distribution function was calculated by the CIP scheme.
The CIP scheme solves the advection explicitly and
does not require any matrix solution. we developed a
new numerical technique for the calculation of the
gradients in the multi-dimensional CIP scheme. This
work strongly suggest a possibility that the scheme can
be applied to a solution of the six-dimensional Vlasov
equation. Actually, we have completed a six-
dimensional Vlasov code and succeeding in solving the
full-dimensional Vlasov-Poisson equation.
Furthermore, the CIP method suits parallel
computation since the scheme is explicit. Therefore, a
larger scale simulation can be carried out easily by the
supercomputer and the parallel computers. This will be
an interesting future subject.

Finally, due to limitations of space, only the
calculation result of 4-dimensional Vlasov equation
which influence of magnetic field and collision is
considered is shown in Fig.7.

The present work has been supported partly by the
Software Research Funding Program of the Center for
Promotion of Computational Science and Engineering
gCCSE) in Japan Atomic Energy Research Institute
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Fig.7. Time development of magnetic field B. Right line figures are
calculated without collision term, but left line figures are calculated
with collision term.
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Simulation of transient collisional x-ray lasers
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Advanced Photon Research Center, Kansai Research Establishment,

Japan Atomic Energy Reserach Institute

25-1 Miiminami-cho, Neyagawa-shi, Osaka 572-0019 JAPAN

We have developed a collisional radiative model of electron collisional excited x-ray lasers. We calculate the
ion abundance and soft x-ray gain for the Ne-like 3s-3p transition and Ni-like 4d-4p transition, in short pulse
laser irradiated plasmas. We combine a detailed model using the atomic data calculated by the HULLAC code
and the averaged model based on the screened hydrogenic approximation to develop a compact model. Effects
of dielectronic recombination channels and radiation trapping of the lower laser level are investigated. The
calculation of the transient gain is carried out using the plasma temperature and density obtained from a 1D

hydrodynamics code.

Keywords: x-ray laser, multiple-charged ion, Ni-like ion, short pulse laser
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Fig.1 Level diagram of Ni-like Xe.
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Fig.2(a) Atomic number dependence of the peak gain (a) from Ag(z=47) to Gd(z=64), with(O) and
without(@) the radiation trapping of the lower laser level. (b) The optimum electron temperature
and density to obtain the peak gain with(O,[J) and without(@.M) radiation trapping.
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4 1 . Interaction of intense femtosecond laser pulses with high-Z solids

Alexei Zhidkov!, Akira Sasaki!, Takayuki Utsumi!, Ichirou Fukumoto!, Masatake YoshidaZ,

Kenichi Kondo3, Toshiki Tajimal+4

! Advanced Photon Research Center, Kansai Research Establishment, JAERI
2National Institute of Material and Chemical Research, Japan
3Materials and Structures Laboratory, Tokio Institute of Technology

4Department of Physics, The University of Texas at Austin, Austin, Texas, 78712, USA

A plasma irradiated by an intense very short pulse laser can be an ultimate high brightness source of
incoherent inner-shell X-ray emission of 1-30 keV. The recently developed 100 TW, 20 fs laser
facility in JAERI can make considerable enhancement here. To show this a hybrid model combining
hydrodynamics and collisional particle-in-cell simulations is applied. Effect of laser prepulse on the
interaction of an intense s-polarized femtosecond, ~20/40 fs, laser pulse with high-Z solid targets is
studied. A new absorption mechanism originating from the interaction of the laser pulse with plasma
waves excited by the relativistic component of the Lorentz force is found to increase the absorption rate
over 30% even for a very short laser pulse. The obtained hot electron temperature exceeds 0.5-1 MeV at
optimal conditions for absorption. Results of the simulation for lower laser pulse intensities are in good
agreement with the experimental measurements of the hot electron energy distribution.
Keywords: Short-puise laser, PIC simulation, Overdense plasma, Hot electron distribution,

Relativistic resonance absorption, Ko emission

1. Introduction

Solids of high-Z matter irradiated by an intense very short (<100 fs) pulse laser can be an ultimate
high brightness source of Ko emission of 1-30 keV [1-7]. Recently developed 100 TW, 20 fs laser
facility in JAERI can make considerable enhancement here so that the study interaction of a relativis-
tically intense ultra short laser pulse with a solid target becomes very important. In contrast to first
calculations made for laser intensity ~10'® W/cm? [8-10] showing very low absorption efficiency of
solid targets, only a few percents for a normally incident femtosecond pulse lasers, in this paper we
demonstrate via particle-in-cell simulation, conforming to a direct solution of the Fokker-Planck
equation [11], the way of increasing the absorption efficiency over 30% via using a laser prepulse. This
becomes possible due to the non-linear resonance interaction of a nonuniform density plasma with a
pulse laser of relativistic intensity, eE/mcw >1.

The effective heating of plasma electrons by a normally incidence laser pulse of relativistic intensity
via the vxB force at twice the laser frequency force has been shown in [12] through 2D PIC simulation.

An uniform plasma slab at 4N, density has been considered and the absorption efficiency near 30%
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has been numerically obtained. Actually, the motion of a relativistic electron in an overdense plasma
has a set of resonance ranging near 2 and @, all of the resonance effect on the absorption process.
The effect of vxB force on the absorption of a short laser pulse may occur at low laser intensities as
well. We make calculations for moderate laser intensity and show a good agreement of our results

with previous experimental ones of Ref.[7].

2. Interaction of a short laser pulse with an overdence plasma
The electron motion in the electromagnetic plane wave
E, = Acos(wt + kx), H, = Acos(ot + kx)
irradiating the plasma can be found in the laboratory reference frame. Assuming the acting force due to
plasma electrostatic field in the following form
F = —ma);,x
where x is the electron coordinate, ®,, the plasma frequency, one can find
uyzgsin(r+,'€)+u$ ,

o 1=y . ~
ux=—a2x——2—Azsxn(2‘L’+2x)/y,

y:\/1+u,2(+gzsin2(‘r+3) ,

(X =uxlY ,

(1)
where
Z=eA/mca),i5=mcii,T=wt,E=mx/c,
o=, /o, A is the amplitude of the electromagnetic wave, 0 the initial momentum of the electron.
The x-component of the momentum can be express in the form of implicit equation
1+l —(70 - uy —a’[x? /2—j)7dr])2
Uy =

2y, - ul —@*[F2 /2~ [ %dr)) .

with ¥, the initial energy of the electron. According to Eq.(2) the resonance condition appears at @y,=
2w if A ~1. With increase of the wave amplitude the resonance condition shifts to @. At very high
laser intensity the set of resonance covers interval [@, 2w]. These conditions determine the optimal
density gradient which obviously must increase with A.

Results of the simulation of interaction of a 20 fs laser pulse with an Al slab target is shown in
Fig.1. At low intensity we observe no resonance interaction in small density gradient scale region
L~0.1-0.3A.The resonance interaction appears at laser intensity /A2>2x10'8 Wum?/cm?. Initially, the
absorption efficiency is maximal at the density gradient correspondent to the resonance at 2 while,
with the laser intensity, the density gradient increases to that determined by the resonance condition at
wy=. The temporal evolution of the electron distribution function is presented in Fig.2. Without the
resonance condition the temperature of hot electrons is quite low, about 100 keV. Due to the resonance
condition the temperature of hot electrons at the optimal density gradient considerably increases and can

exceed 1 MeV at laser parameters achieved by JAERI facility.
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To verify the model for the short laser pulse plasma interaction we perform the simulation of the
electron distribution function at conditions of the experiment [7] where moderate laser intensity was
applied. To include the effect of the laser prepulse we make the hydrodynamic calculation using
HYADES code. The parameters of a Cu plasma after 8 ns prepulse of 10!! W/cm? intensity are shown
in Fig.3. These parameters are used for further PIC simulation. The distribution function for s-polarized
and p-polarized laser pulses are shown in Fig.4 and Fig.5. The electron distribution function for the
p-polarized laser pulse is completely agree with the experimental one. The dependence of intensity of
Ko emission with the energy of the laser pulse shown in Fig.6 is determined by electron energy cut-off

and agree well with the measured.
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Figure captions

Fig.1 The dependence of the absorption efficiency on the density gradient for a 20 fs laser pulse
of relativistic intensity in Al solids, A=800 nm.

Fig.2 The temporal evolution of the electron distribution function at the optimal density gradient
in Al slab targets.

Fig.3 Parameters of a Cu plasma after irradiation by the laser prepulse of 8 ns duration and

101" W/cm? intensity {7].

Fig.4 The electron distribution function with s-polarized laser pulse of 42 fs duration and intensity
of 107 W/cm? ( see also Ref. [7]).

Fig.5 The electron distribution function with the p-polarized laser pulse.

Fig.6 The calculated dependence of Cu Ko output with the energy of the laser pulse and the results

of measurements [7].
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During the last 10 years we have published a series of spectroscopic data tables for highly ionized atoms
that occur either as impurities in fusion energy research devices or which have been injected into hot
plasmas for diagnostic purposes. These spectroscopic data are required both for modeling the energy
balance and impurity cooling effects in such plasmas as well as for applying non-perturbing spectroscopic
techniques to determine plasma parameters. In addition, spectroscopic data needs for highly ionized
atoms exist in astrophysics research. A significant amount of new spectral analysis work, both
observations and calculations, has been done in recent years. We have critically compiled these
spectroscopic data into single compilations for each element of Ti, V, Cr, Mn, Fe, Co, Ni, Cy, Kr, and Mo.

In this poster, the atomic spectroscopic database thus obtained was briefly introduced.
Keyword : Spectroscopic data, Evaluated data, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Kr, Mo
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State Analysis of High Power Laser Induced Hot Electrons
by Simulation of X-ray Radiation

fEA—ER, PIEREST, 4 A B, Alexei Zhidkov
HAR - hifschT BITERTseeT BEIIFHH
572-0019 KBRHFHER ) =3 RHT 25-1
Ichirou FUKUMOTO, Takayuki UTSUMI, Akira SASAKI, Alexei Zhidkov
Neyagawa Office, Kansai Research Establishment
Japan Atomic Energy Research Institute

25-1 Miiminami-machi Neyagawa-shi Osaka 572-0019 Japan

X-ray generation due to hot electrons induced by ultra-short pulse laser irradiation is simulated using
a Monte Carlo Method. Mass attenuation coefficients of photons by scatter, photoelectric effect, or pair
production, and stopping powers of hot electrons due to collisions and radiation are shown. The initial
distribution of hot electrons is assumed to be Maxwellian, and the x-ray spectrum due to bremsstrahlung
and the number of K, photons are calculated. As a result, the temperature of hot electrons could be

estimated by comparing with the simulation results and the measurements.

Keywords: Computer simulation, Monte Carlo method, Hot electron, K, photon, Bremsstrahlung
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Fig. 1 Schematic illustration of X-ray generation phenomena due to ultra-high power and ultra-short
pulse laser irradiation.
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Fig. 3 Stopping power of hot electron by
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Simulation of Solids Irradiated with High Power Ultrashort Laser Pulse
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2 Japan Atomic Energy Research Institute, 25-1, Miiminamimachi, Neyagawa, Osaka, 572-0019
3 Kyoto University, Yoshidahonmachi, Sakyo-ku, Kyoto, 606-8501

In order to develop an efficient electron collisional x-ray laser, the melting and evaporation
of matter due to ultrashort pulse laser irradiation onto the solid target and the expansion of
laser-produced plasmas are numerically evaluated using a hydrodynamic code including the
thermodynamic properties and transportation coefficients of materials. In the present paper, we
present the outline of the simulation model and discuss its effect on the melting and evaporation
of the solid target due to ultrashort pulse laser irradiation.

Keywords : Ultrashort laser, Numerical simulation, Cubic-Interpolated Propagation (CIP)
method
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45. STRERBEEXIGEL - —Y Il —Ya
Short-wavelength inner-shell ionization x-ray laser simulation

HIRIE, £4ABH. LEB. HEARH
AAEFHRRH BEEM%ER XEBFREMREtE 22—
T572-0019 XBRAFE B/ =HERT25&F 15

Kengo MORIBAYASHI Akira SASAKI, Yutaka UESHIMA, and Toshiki TAJIMA
Advanced Photon Research Center, Kansai Research Establishment,
Japan Atomic Energy Research Institute,
25-1 Mii-Minami-machi Neyagawa, Osaka, 572-0019, Japan

The inner-shell ionization x-ray laser is studied for the purpose of making a short wavelength x-ray laser.
The models suggested here are suitable for the wavengths of 10's of nm, nm, and A, respectively. For the
region of the wavelength with several 10nm Mg vapor is adopted as a target material. The necessary intensity
of x-rays is 10" W/cm’ for getting 10 cm™ of the gain. An example of the detailed requirement for an
experiment is shown. A hollow atom x-ray laser with Mg vapor is proposed in the region of the wavelengh of
several nm's. The necesarry intensity of X-rays is relatively lower (10"W/cm’). For A, ions with a small
number of electrons are better than atoms as a target material. The necessary intensity of X-rays is 10"W/cm’

for Na-like S ion. Then the value of the wavelengthis S.4 A.

Keywords : Inner-shell ionization x-ray laser, short wavelength, Atomic processes,
Hollow atoms
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A6. BEETSZIHTO2ETHEROCHT 2HEDR

Density Effect on Dielectronic Recombination in Hot Plasma

(AR E, MNEEME7*, R. More*, U. Safranova**, fiiaxZ&***
B EMAERER KT KU AR AR BEREREER
509-5292 I BBIR ik i R HET322-6 SCHRE BB E BIEARET

YAMAMOTO Norimasa, KATO Takako*, R. More*, U. Safranova**, FUIIMOTO Takashi***
Department of Fusion Science, School of Mathematicl and Physical Science,
The Graduate University For Advanced Studies
322-6 Oroshi-cho, Toki-shi, Gifu 509-5292 Japan
, NIFS*, Univ. Notre Dame, USA**, JTH T ***

In order to know the effect of collisional processes between dielectronic states in dense plasma
(dielectronic-capture ladder like excitation/ionization), we made a collisional-radiative(CR) model
for dielectronic excited states of 2snl and 2pnl. This CR model includes excitation, ionization, their
reverse processes, radiative transition, dielectronic recombination and autoionization. In this paper
we take into account 2snl-2pnl excitation/de-excitation by electron impact by the CR model which
includes both 2snl and 2pnl states, and study the effect of 2snl-2pnl collisional processes for He-like
Al ions. The effect of collisional processes appear at around electron density of 10°cm”. Excitation
rate coefficients for 1s-2s become larger with collisional processes than without whereas excitation
rate coefficients for 1s-2p become smaller with collisional processes than without. The density effect

of satellite line intensity is also studied.

Keywords : Dense plasma, Dielectronic recombination, Collisional-radiative model,
Satellite lines
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FH L, FOBEKEEZF -, 2snl-2pnlE RHHIEE S LR VENREERBICHL T,
1s-2sHE TR EREEHIN S, 1s2pBETIE. HMPAIEDEVIRENFON, i,
2pnl-1snT OHF 51 MEREL 2pnlf OB ERNRKEZEE T2 Z LMo/
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4’7 . Study on Electronic Structure of Clusters by Using Laser Ablation

Keiichi YOKOYAMA and Hiromasa TANAKA
Department of Materials Science,
Japan Atomic Energy Research Institute
Tokai-mura, Ibaraki, 319-1195 Japan

Ionization energies of Lin(OH)p,-1 (n = 2-5) clusters are reported. Photoionization time-of-
flight mass spectrometry of a jet-cooled cluster beam are applied to the determination of the ionization
energies of these clusters, varying the photon energy. Clusters are generated by laser ablation of
lithium metal in the presence of water vapor. The ionization energies are determined as 4.32, 4.10,
3.29, and 3.58 eV for the clusters with n = 2-5 respectively. Ab initio molecular orbital theory and
density functional theory calculations are carried out to obtain theoretical ionization energies and
structures of stable isomers. Good agreement has been found between experimental and theoretical
values for the most stable structural isomer in each cluster size. In particular, measured ionization
energy suggests that symmetry breaking occur in the most stable Li3(OH)) isomer, indicating a loss of

metallic character as seen in LiQOH.
Keywords : Laser ablation, Ionization energy, Cluster, Segregation, Hyperlithiated molecule

1. Introduction

Metal-rich non-stoichiometric binary clusters are studied extensively in this decade because
those clusters are expected to show transitional character between metal and insulating nanocrystal.
For example, LiyO (n = 2-70) clusters consist of metallic Lip-2 and ionic Li2O [1], while BayOpm (n =
2-13, m < n) clusters are not segregated into metallic and ionic part well [2]. For non-stoichiometric
alkali halide clusters, such as NayFp-1 [3], the excess electron localizes in a specific site; one type of
segregation. Here, metallic part is quite limited to a small portion of clusters. On the other hand,
hyperlithiated molecules [4] like CLig, Li30, and LipCN have totally delocalized excess electrons
which can be regarded as free electrons in metal, because such electrons can move freely within
cluster's frame. It is not clear how large cluster size can maintain metallic character like hyperlithiated
molecules.

Tonization energies quite largely depend on the location of the excess electron in Liy(OH)p-1
clusters. We performed extensive theoretical calculations on structure of isomers and their ionization
energies to elucidate a relation between ionization energy and structure [S]. As a result, number of
terminal lithium atoms (connecting to only one oxygen) was found to correlate strongly to the vertical

ionization energy. Using this relation, we can depict cluster structures from ionization energies.
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2. Experiment

Jet-cooled cluster beam were generated by an ablation source originally developed by
Smally's group [6]. Lithium-excess lithium hydroxide clusters were produced by laser ablation of
lithium metal in the presence of water vapor which were injected into a clustering channel by a pulse
valve synchronized with ablation laser pulse. Frequency doubled Nd:YAG laser pulses were used for
ablation. The pulse width was 6 ns. The pulse energy was 8 mJ. After 25 cm field-free flight, jet-
cooled clusters were ionized by another Nd:YAG laser pulse through two frequency doubling crystals;
fourth harmonic wave generation system. The pulse width was 6 ns and the pulse energy was 1-2 mJ.
Cations generated were accelerated by Wiley-Mclaren type ion accelerator and detected by a micro
channel plate located 1 m away from the accelerator. The ion signals were recorded in a digital
oscilloscope as a function of flight time. To obtain threshold ionization energy for each species, the

photon energy of ionizing laser pulse was varied from 3.5 10 5.0 eV.

3. Results and discussion
Ton signals from Lip(OH)p-1+ (n = 2-7) were

detected at m/z = 31, 55, 79, and so forth. The assignment n=_ '2'[”;”'4" ' [5 ”"6”“
were confirmed by the isotopic pattern coefficients calculated ? 15 —11; n(OII{)n_ll 1
from the natural abundance of OLi and 7Li. A recurrence of g 100 12{7501;2_
intense peaks with 24-mass interval were observed in mass g sk Li 3,0 25
spectra as shown in Fig. 1(a), indicating the presence of LiOH E T
units in the cluster system. The mass spectral pattern 0

observed here shows photon-energy dependence, that is, st 332.5nm _
lower-energy photons give weaker signal intensity for the E,

smaller clusters but unchanged intensity for larger clusters. E 107 }
For example, peaks for n =2 and 3 vanished as shown in Fig. <§ Sr 1150 .
1(b). We can determine the ionization energy of each species = | | ‘
by measuring the photon energy from which signals begin to 0 20 410 . 60 ‘80 100 120 140
appear. The ionization energy of Lip(OH)p-1 (n = 2-5) Fig. 1. Typical mass ::ezctra measured
determined in this manner are listed in Table 1 together with at 275 and 332.5 nm.

theoretical ionization energies for the most stable o ) )
Table 1 Ionization energies of Lip(OH),-1 clusters

i . h red ionization - —
isomers. Apparently, the measured ionizat Species Tonization onorgy

energies agree well with the calculated vertical Expt. Calc.
ionization energies of the most stable isomers except Vertical Adiabatic
for the case of n=3. Li2OH 432+£0.10 449 4.07

As reported in Ref. [5], calculated most stable Li3(OH)2 4.10+0.10 i'?ga i'?ga
isomer has an electronic structure segregated into Li4(OH)3 329+020 340 3.38

Li5(OH)4 3.58+0.10 355 3.50

ionic part and metallic part in the case of n=4 and 5.
) a Jonization enegies for the second most stable isomer

On the other hand, most stable structure for n =
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shows totally delocalized excess electron distribution; hypermetallic electronic structure. The
ionization energies measured in the present study confirm these theoretical results.

For n = 3, the second most stable isomer has the closest ionization energy to the measured
value and has virtually the same stability as the most stable isomer. The potential energy difference is
calculated as only 0.6 kJ/mol between these two isomers. Figure 2 shows typical isosurfaces of the
singly occupied molecular orbitals (SOMO) accommodating the excess electron of these two isomers.
The most stable isomer 1 has a SOMO spread
over the all lithiums as can be seen in other
hyperlithiated molecules. The second most
isomer 2 has a SOMO localizing around the

terminal lithium, exhibiting segregation. The *

present experimental ionization energy
indicates that the real most stable structure is 1 2
electronically segregated isomer 2. Fig. 2. Singly occupied molecular orbitals of the two
lowest isomers of Li3(OH)2.

4, Conclusion

The present experiment elucidated the transition from metallic electronic structure to ionic one
with increasing cluster size of non-stoichiometric clusters. The transition has been found to occur at n
=3 in the Lip(OH)p-1 cluster system from the measured ionization energies with the aid of ab initio

molecular orbital theory calculations.
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48. ERHEEFE—LAMEBOMR

Development of High Quality Electron Beam Accelerator

MM, HSP S, NE BT, O &R, R AE
&R Y, il A, PE —A
HAB AR BEIIER ABRTFREMRELZS 57—
T619-0215 SUATHFAHREEAERTEES 8-1

Masaki KANDO, Hideki DEWA, Hideyuki KOTAKI, Shuji KONDO, Tomonao HOSOKAI
Shuhei KANAZAWA, Takashi YOKOYAMA, Kazuhisa NAKAJIMA
Advanced Photon Research Center, Kansai Research Establishment

Japan Atomic Energy Research Institute
8-1 Umemidai, Kizu, Souraku, Kyoto 619-02135, Japan

A design study on a high quality electron beam accelerator is described. This accelerator will be
used for second generation experiments of laser wakefield acceleration, short x-ray generation, and other
experiments of interaction of high intensity laser with an electron beam at Advanced Photon Research
Center, Kansai Research Establishment, Japan Atomic Energy Research Institute. The system consists of a
photocathode rf gun and a race-track microtron (RTM). To combine these two components, injection and
extraction beamlines are designed employing transfer matrix and compute codes. A present status of the
accelerator system is also presented.

Keywords: High quality electron beam, Laser wakefield acceleration, Photocathode rf gun,
Microtron

1. ECBIZ

L —H — R8N (Laser Wakefield Acceleration; LWFA) 3IEEICEWNIENEZHFS,
FEONEZEEZDHDOTHEN, BENVEGEY— I HEAL—F—ORRBIZLD, HAZHTE
M END L5125 TE-. LWFA OEBRIERITT TIIWS DM HRESNTWSA],
FOMEXNEBFOIRNE—ARY MNIHE N> T, £z, MESNLZETED
M., THhSOE—LDRBERSAZZEZADBICFERI NRERS AN, ZoMEETOME
DEXIZI-ET0AE, MBFEAOEYREFOAHMNTATVWAYL, TRhbEE-LBENL
NTWRWEDTH S, AR LWFA ERTIE, L—¥F—0/VVZEF 100fs, L—H—D
HEHEEIT 10 pm BETH Y, BHMICEATHARETORABEOA —F—ICERERST,
MEBETENENSAFRTEIHRBFICEEKEOBETIE—LMNLEERDS. £, GaRERETE
— L, L—H—COMEERATO 7 A MNDEFRRELE, XBREDETFL -T2 EDIEAIC
HURELINTVEDHDTHS.

AABET HHEFEENET LR FREWSELY Y — (UF, Eif) T, NTERER
BFE—LE2ERTEAHENLV—A R T v I/IA70 O I EHEBTETHLIBFHD T
4+ MHY— REARETHEHAGDOE T, LZOER, HICLV—Y—FMBEMEERIIERATS
TETHS. UFTIE, RF HOORAMERROKEER, BLUV RTM NOAHF I AT L E RTM
DIS5 A—F %3, RTM B OED L ROHEOFEMIIOVWTRARD . 2, AMERI X
FAOEZROBER GRS,

2. KB AT LOEE

M1l1ICEREETFE—LAMEROLENERT. ZOMERIE, 74 MY —RERARETH
(LLF, RE ) & 150 MeV L—A bTw o347 b0 (RTM) NSRS, RTM AD
AHE—LABER RTIMM SO — LB L ZNFNT NSNS, RF H i, 2E4 Nd:YLF
L—H—2 A7, (FEE, PULRISE I TEHIND. ZOIATLE, MITHLIHSET
F—L%&%ERTES RIM 12, ET3I vy A, BN FRAARR RF A2 280 HR
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e

Electron Injector Section

S-band Accelerating Tube

%a_ﬁﬁ —
> e == BN

Race-track Microtron

Beam Extraction Section
1. L—XbhSwrasrokor (RTM) OBEER

THHND TOMER AT LATHY, ROKBFEEEZFD : (1) 150 MeV TI RT3 REE
DRV (01%) ZNHOEBETERTS. (2) EXTIvH A (BREET~10-30 wpmerad) ,
BIIVA (<3 ps) OBGHEBTE—LEREFRETHS. (3) EROEZHMHE (4) TR)ILVF—
M.

3. 74 bWV - FEMEETH g ST Sy
RA IR EBT AV F—IEBIE ] i N
ZHEH (KEK) , FREBRI¥EL DK’ 53_.MM;F§ e
AEICED, 1997 £&L0 T+ AV — S R SR N
REERETHEMVEERERBLY  § {re” T - e Z S0k
ERERERFoTERRL REHE, 7 0 ; | |

Wy 7 N7 EIHER (BNL) , HY & ol o . . .] _[Pulsewidth] |
7 # W7 K% Los Angels B (UCLA) , E" e 7 { S
A5 Tr-R@BmMERL s — & ue
(SLAC) THIRBRENZBDBIZ, & = j¥
IR LEE (~50 Hz) ICHEX DK IITHR 3

ENEBbOEFAHALTWS. £, 73
FhHY—RRERL—Y—IZIZ2EHKL
—H—% N, HARSOLEE 03 %%
ERLTWS, M2IRERIINTEL—
H—DARMHIZH L TORETIET
Y—ADOEME, TRNF—, NOFE,

IIvY L AREFNEFNRELEDHDOT
HB. L—H—AFMMEN 50 ° FHEA,

BREE—-ANEGONBZEBEER > TN
BT EMbh3.

Energy (MeV)

Charge (nC)

4. BTU—AAMRORE 0

ﬁ}\’ BRHAWSL—A (N v N{r7n k Laser Injection P:l(:;c (degree) ?
o> (RTM) 3, EREBBRIEETS K2. 7+ MY - REREETROMEARE. Al
D, bEHLBABEBTH (MFEZRINF— IINEZERICHT S L —Y—D AR,

120 keV) ZAHFHTHRIFERHO>TNS.

SEDORL DY AT LTIE, AFIRIVF—M 45MeV ERABFRICHRTEAINITE WD,

RTM DX F A—FDEFEZ Ltz siamnhoiz. &, SFEHBI—RMIC[41ZHANT,

(RIMERA OME, MEMHE, INEEDME, REDNTA—IFRELZTHO>TE—LEZBABROR
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+ Hoi :
R I £, =54 mm.mrad
i le=3mmmrad | ]

Energy (MeV)

Horizontal / Vertical Angle (mrad)

Horizontal / Vertical Axis (mm) Phase (deg.)

K3. MICIZE> TRDIERIMOT 7 T45 2 X.

WLEfT-o. CDOEXITKRDE RTM OF7 7279 > A%K3I1Z7RT. RE A5 RTM ~ND
AR ZO7 Ty ACBETHEIICHRFLTRNIX W, T, RETHERICKD,
FHOOARTA v IRRTEETSHLIICHREL, FOB, ZHMEMDIREEANT, HREEBI—F
TRACE-3D TEiE{LZfr-> /=,

5. BTYr—LHWMELA

RTM I 1 DkRIC2 DOEBREZEDN, MEEVEMINTVLERTIIIEIRT, 51
SOBMHLUAORAOERAVENN TVAEKTIL, RTM OFFHAICEI20BNELCTHS
HrThsd. HHETIE, BEFE—LOIFNF—EAHEGROIENDIZRS D, E—LAY
AXIWATE (LI VI ABK) . RIM TRIFINF—2EMNEN (01%) BOD, MIC T
LBBEICENE, KEHATLI v A% 2BEREBARIETLES Z&8bh o7 /0T
THOTT A v I BB LEERATHIEICLE. GEFEAWEFEICL DK 2T
mEZA, 2ODRABAEZAWERTIREEMNRERZITRY /70T v 7 ETERNWILEL
NEBAL. 3DDORAIBHEAE4DOMNERBRAREZMGOESETE T 70T 4 v M
OHRIOEESBONDI I ENIN DT INE2HFATEHIEICLE. ZORTIE, 15°
RALTEROHEINZE—LIT 75 ° 02 DORAIERAO TRENRBRE—LTAM AEHEN
5. ZHICXDBREIIZTRILF— 151MeV, 78 0.1%, KEAMBLILI vH A 25T pmerad,
FTEAMLI Y A 8mwpmerad, /N> FE 3ps FWHM)DE—LMNRFSND T ENFho T,
FHEINDEED RTM TOE—LBBRIZ 58%THD, ZNEIRKROBRBEBTHEZHNWE RTM D
BRBROBLZF THIIKEINTVS., ZHRETE-LBEIAETFHEN S ERED RF H I
BERIATNRTHEHLEEZIONS.

6. B

EHEIRERL 141 1 BREOMER AT LAOBBETHS. BHE, ERBZZEFELETO
BRI N, SEBROERETA MMM TbNTw5s., EEERIIT TIZiITbN, RF H®T
1x10° Torr, RTM B T 1x107 Torr BREMNEREINTWVS. 1 2 AFHNS RFL—J 2T Z2THY,
KEBHEBEORAUNBORE, BTE—LFABEZEDZ FET, EEFOII v a2 %
BIgLTWA. REENMSE L —F—HBINEERROLDOBFE—LABBLVOEREED
BHEED TV TFETHS.
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{0t

B

. RTM DOEIRM.

7. FED

V=Y — MG IR O d0RBBEETE—ANEREE LT T4 MY — REREETH®
EV=AbTv o470 b0 EHEGORAIATLAZBEL. FERI—RIZENE, T
FIVF— 151MeV, 71 0.1%, AEHMBEBILII vy >R 25mpmerad, TE A EHBLET I
v & A §rpmerad, N> F &K 3ps (FWHM) OEAEETE — AWNHOINERS AT LATHES
NHRBELERL. AMEFISEEROII v a2 V2EEL THERZMNED SN TH
D, REELE, L—Y—HSnEERIEATLTETHS.

8. BHEr

RF W VBRI E TS, Helk¥o bikFE, &HHER, LHE, BHEs, SROBHICEK
HBLUET. £/, MIC I—REAICEL, TAEBR T L2ORAIE, WHibxE sKotBhiz
BB L 7.

2% K

{11 K. Nakajima et al., Phys. Rev. Lett., 74, 4428 (1995); A. Modena et al., Nature (London) 377, 606
(1995); D. Umstadter et al., Science 273, 472 (1996); H. Dewa et al., Nucl. Instr. and Meth. in Phys.
Res. A 410, 357 (1998); F. Amiranoff ef al., Phys. Rev. Lett. 81, 995 (1998).

[2] M. Uesaka et al., Nucl. Instr. and Meth. in Phys. Res. A 410, 424 (1998).

[3] D. T. Palmer et al., Proc. of Part. Accel. Conf. 982 (1995).

[4] M. Sugitani et al., Proc. of 1st Europ. Part. Accel. Conf. 596 (1988).
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49. ST RUBEALV—Y DRV E A I TREN

Pulse Timing Stabilization of a Laser for Compton Scattering

IR AT, S R, BE R GHEE M EEE
'Zx A NBT 7 u VTS
300-2635 ZKIMBRH ITHEAE 5-5
‘EBRERERRFETERER LSRN
Katsuyuki KOBAYASHI", Taisuke MIURA?, Kazuya TAKASAGO!, Shinji ITO! and Akira ENDO'
'The Femtosecond Technology Research Association
5-5 Tokodai Tsukuba Ibaraki 300-2635 Japan

Dept. of Electro Engineering, Keio University

We stabilized the pulse timing of a mode-locked Ti:sapphire laser for electron-laser Compton scattering.
The short-term jitter was reduced to 77 fs and the long-term drift was reduced to 70 pHz. We achieved the

synchronization of two independent mode-locked lasers, and proposed a new method for shingle-shot

Jitter measurement.

Keywords: Compton scattering, mode-locked laser, regenerative amplifier, stabilization, synchronization,
jitter, drift

1. a7 b UBEL X BB A

BF - L—Y-EETEIDZ TP UOBELICE Y BAET S X ik, EEE  Baman k-
BrxIy AR ROFETHEAT S XRICHERTERZHERZ DL, R 222K
IEDOFHEY =& LTRIAWVEABRBPBFIN TS, BET S5 XBROSARBIIFERET LR
EV—HF— AU ZAOHEAEEARBEEICRD, 0 EHILOBSITMI B EETFL—2% L —H
=R LEHMAHEEERARETH LD, BIICEVWEF IV A EZAWRL TH /LR X B3R
ENREHRTED, PIZIEBFOE—LBRE SO umITEKD &, 200 fs RED/ LV AERBGETEX 5,
TelZl, ZOBRICBF AN RE U—HF — L ZANREEICEH ET L LBNRD O, FH V2D
EREE R REE RN LE L 2B,

FalTB ANV X BEFRESEIZLZHENC, R1DOL—F—R"AREBF /UL A% 90 KB
REEDHILEZFEL TS, BEHE 'WCLY, B20XBERETEITFETHD, ETD/S
JVAREH 1 ps %&;57‘:&)\ BF NN REV—=HF =NV RAFRETH 1 ps MTORBEE CES X
NTWHBLERDD, STEBEFASNVRIERAT T RABOSMmMERY, BLEIZZL OBEFNED
LTWB, B4 XBOKTEES T HEDINE, B PLBTL—F— LR LEHET S
TEBREFELW, £Z T, b—H—DFA IV IVREEZEF/ UL RBD 1/10 TH 5 100 fs % B
BIEEICED T, Th oD% T3 72, Tisapphire ® CPA L —H#—% B\ 3, CPA DK E

" HEORE: ERERR TERSEINIZCRT, 188-8585 K AE MET A FE 2-1-1
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Laser pulse X-ray pulse

Energy 100 md/pulse Photon energy 268 keV
Wavelength 800 nm Wavelength 4.6X10° nm
Pulsewidth 100 fs Pulsewidth 248 fs
Focused beam size | 50 um Photon number 2.6X10° /pulse
Electron bunch #z 2 X BV AR
Energy 150 MeV

Charge 1 nC/pulse

Pulsewidth 1 ps

Focused beam size 50 um

K1 L—¥— BF LR

RO BLRICE— FRHL—YV—RBRYOBERIXNNAEZRAIEIRLERTHAED, =
DES TCREAEFBREVETRBODIZRETH > THLEOREEIIRETE RV, FO7=
B, T— FE#HLV—F—0oBEEELIT. B NVZAXBREOEDOBEELBERBEETH S,

2 E— FR#LV—F—DRVRE AL IV ITEB)

F— FRHLV—F —Tik, XERBEXED —FRIT IRV ZAZRIET S, HIRBOAKE
NEBNT DL, "VAREZAI VI BEETHI LIRS, KREEBHOERE LT, 1 BE
TENCHE D PR, 2 RE - B - REEBICHE S ZROBITEES). 3 EBNHIRENC X 2 HAE
ML T—B)DMNBEBRETLNE, Z05H 1 BIV2 REDLLHEBRICO3FERICE
WEBITHY . 3IIBEIVEIL I HEEOEVWERTHS, . 3 —RIIHBMEBEDILIC
REIT 2D LT, 1 BXP2ETHLFOLOREEIT S VI EF-,
NWNWAREZAI VIR EBTEL) —2OKRERFERE LT V—F—ERFTOFAN L DE
BRbhd, HEFOFA VEBRIFTCEXRROBEEBCI>»ThbENb, 1 VEHiC
HEWEBCMNHEEROREREH L, ThABAVRAFS IV TOERBLR->THND 2,

3 NNVREA IV TRE
A IVITREBAE—FRML—F—%K 112777, s-band MEBL A I I DL —H—
O 0 LABKE 119 MHz IKRUE LI, 37— 0 5 % 1 #1377 (2 BI% L 7 Broadband SESAM?
ThHhd. BRLEL—Y—IREREISW, #

DRS00 um, 5 820 am, SR E o
56 fs(sech? #{RE)TH 3, FHHAIX 100 mW ﬂAnng Pump Source

T, 60 Sy DORE THAEENL 0.4%((ms) & FE
BIIRBETH D,

SF10 Prisms

FA I IEHELELTRERNS S IIBE ﬁ“";A kﬁ“
E#icERT 5, xOEREITZ 7 X 1000 Fhoto Diode PZT Tizsapphirc Crystal

2 Y= — AT, BEESITL0.1 CTLLTF(60 Trandrion St
SEEENWIEI SN TWS, £z, REXHE L Bl ¥4I 7B8IEE—FE
LTHEEmMAEIN TV ARIZERY L1358 L —
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S, HPERS ETMBFTHLRENTWS, ZROFABREILZFIEEZTOT, V—F—137
ZINKRy 7 ATELN, SOLIEHFEREERE=—NBI—TF  THbLATWS, L—¥—
WG, HFZIT—FNS—ORBIIWBOBBNICKESEETILD, BONCEBHE Ay Yy
FoVaDINEWLDEEBEIZEELE,

HIEICRE LI LI, VAT A IV EBIREROABELE,. BL UL —F—FRHTTD
TACEIRERFRLRoTEIERZENE, BT TOFA VEBRIRERBEEREEZ B
HDILETHEBIEDIIENTED B IpEXFEE L TOREKL—Y—HE Nd.YVO, L—¥
—DFE2BEBRBICLIBEEEBE ) — v b—Y—FH\iz, XBEEHTOVWTIT, HiREE
IT—D12FEMTILRIVARERBIC—RBICEEZND XS, BPHRTFT -V V%
FORBIZL 2B 7 « — NNy 275 EITo 72,

L—HPF—RNVRFNE T+ hFAFT—FTRIBL AN FRRT7 4 V7 — 2 AVWTERKEICEHRT
5. T DIEFKIEA 119 MHz E¥EE B L —F 3 5 & 5 IZ PLL(phase lock loop) % A\ T 3LiR 2R & % 4
3%, B1D$ I 5 —iX L5E Broadband SESAM Th 5, U VEFLXHAVWTERICHHET -0
WCIINRBRERIT—BEEINE, £Z T, 41X 5mm FFH TE X 300 pm @ Broadband SESAM
ML, 74— I N —7OEFERGEIIN 10kHz TH D, Y BFIXEEHIH R AT
BThIRE., BEEHEN/ MW, BBERCIIXRBEOLEH R RFOBEEMY & X
BEAIE. BORAT—CEAWCEY Y RFOBBREICETHEZITS.

4 FAIVTREEE

PNWVAGAI VI OREERIFEANCEARBRZREEF v ¥ ) ERBREE(RY 7 Moy
TEZXBZENTED, PoF—i3 NV AHEBEZAIEL., BAIRBEROE NV RIZHSWVWTHOEY
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5 O o Interaction between TW-Laser Pulses
and Dense Gas-Jet Targets

Kazuyoshi KOYAMA, Naoaki SAITO, and Mitsumori TANIMOTO
Electrotechnical Laboratory

Umezono, 1-1-4, Tsukuba, Ibaraki, 305-8568, Japan

Experiments on producing high-energy electrons by intense laser pulses (7 x 107 W/cm®) were
curried out at moderately high-density plasmas (n/n.= 0.17) by using ultra-short laser pulses (100 fs).
The transition of laser pulse propagation from smooth channeling to the complex filamentation was

-0.8

observed. The measured time to the transition of the propagation was P'“‘Pgm. The electron

energy of above 1 MeV was observed. The dependence of the maximum electron energy on the laser

1.4)

power of P*7'“ and on the gas density of P,,'* *¥ suggests that electrons gain energy by the

stochastic heating.

Keywords : TW-laser, Plasma, Experiment, Relativistic electrons, Wake-field, Heating

1. INTRODUCTION

A self-modulated laser wake-field accelerator (LWFA) seems to be the simplest scheme for producing
relativistic electrons among a lot of concepts of plasma-based accelerators.! Previouse experiments on the
self-modulated LWFA were carried out by using sub-picosecond pulses of Nd-glass lasers.>® The typical
duration of output pulses of Nd-glass lasers (= 400 fs) is long enough to excite electron plasma waves even
at the low electron density of 10" ¢cm? (n, =0.01 n, , where n, and n_ are the electron density and the cutoff
density, respectively.).

For shorter laser pulses of 100 fs which are provided by Ti:sapphire lasers, the sclf-modulated LWFA
regime can be reach by operating at sufficiently high density in order to satisfy the condition that the laser
pulse duration (1) must be longer than an inverse of an electron plasma frequency, 1,>2n/w,, where ®, (=

5.64x10* n,'?) is the electron plasma frequency. The high-density operation can satify the condition for a
relativistic self-guiding of the laser pulse (P>P,, = 17 w/w,” GW ) easily, where P, P,, and ay, are the laser
power, the critical power for relativistic self-guiding and the laser frequency, respectively. *

In this report, experiments on high-intensity laser interaction with moderately under-dense plasmas
(n/n,=0.17) will be discussed.

| 2. EXPERIMENT

; The experiment was performed by using a Ti:sapphire laser system which provides the peak power of
! 1.8 TW in 100 fs (FWHM). The wavelength of the laser was 790 nm. The Gaussian beam with a diameter
« of 20 mm (FWHM) was focused by a 165 mm focal length off-axis parabolic mirror. The vacuum intensity
in a focal spot was 7 x 10" W/cm®. The Rayleigh length in the experimental condition was Zg = 170 um.

Laser pulses were focused on front edges of 2 mm-diameter supersonic gas jets which have sharply
bounded flat-topped gas densities of 3.4 x 10'° cm™ at reservoir pressutres of 8 bar (= 800 kPa). Nitrogen
(N,), argon (Ar) and helium (He) gases were used in the experiment. The charge state of Ar-plasma ionized
by the tightly focused TW-laser pulse is estimated to be Z = +8, ® corresponding to the electron density of n,
~ 2.7% 10 ¢cm™ (n/n. = 0.17). The maximum laser power of 1.8 TW is approximately 5P, for a fully
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ionized He-plasma (19P,, for the Ar-plasma). 7 time resolved optical probing (a Schlieren photography
and a shadowgraphy) as well as a scattered light imaging of the TW-laser pulse at 90° to the main beam
direction were adopted in order to diagnose the laser pulse propagation in the plasma.

For measuring the encrgy of electrons emitted from the plasma. an clectron energy spectromeler was
placed in the forward direction along the main laser beam. The uniform magnetic field of 7-20 mT was
produced by an electromagnet. A plastic scintillator (NE102A) was used for an electron detector.

3. RESULTS and DISCUSSION

A typical photograph of a short-pulse shadowgraphy and a time-intcgrated image of a perpendicularly
self-scattered light under the condition of MeV electron generation are shown in Fig.1. These pictures show
the transition of the propagation of the laser pulse; a smooth propagation with a constant diameter, a
complex and filamentary propagation, and a breaking up. As the laser power (P) or the gas density (P,,,) is
increased, the length of the smooth part becomes shorter by PP, % The time integrated side-scattering

Lgus

image of the TW-laser consists of a slender and pale filament and a following extremely bright region,
which correspond to the smooth propagation and the complex-filamentary propagation, respectively. In
case of the low laser power (< 1TW) or the low gas density (< 7 bar) of N, and Ar, the bright scattering was
not observed. For the He jet, no complex-filamentary structure was observed.

Side scattering
Laser Beam I mm
Laser Beam _Sha_dograph
Focus in Vacuum | - o= — — Gas Jet
T 0

Fig.1 A typical sidescattering image and the shadowgraph. The smooth part and the
complex part are labeled by Ly and L), respectively.

The smooth plasma column of the constant diameter suggests the self-guiding of the laser pulse in
plasmas. The observed result that the guide length is at least 6Z; at the laser power of 19P,, resembles the
previously reported result® except the sudden transition to the complex-filamentary phase as scen in Fig.].
One of the possible mechanisms of the transition of the propagation is the laser-hosc instability, which is
driven by an asymmetric ponderomotive force.® According to Ref.6, the interaction distance to grow the
instability to some amplitude is scaled by P"*n, " for our experimental parameters. These dependencies
are similar to the parameter dependence of experimentally obtained lengths of smooth propagation.

The energy spectrum of the electrons measured by using the magnelic spectrometer consists of two
temperature components in the region of the laser power above 1 TW at the fixed reservoir pressure of 8.5
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bar (N, or Ar). The two-temperature spectrum is also observed when the reservoir pressurc of N, or Ar is

increased above 7.7 bar, while the laser power is fixed to 1.8 TW. The high-temperature component was

not observed for He-gas. The maximum electron energy varies by P07 14 p, (18-23

as shown in Fig.2.

Gas density (x10!9 cm-3)
2.5 3.0 3.5

1 ®E.. Paas(1.82.3)
—~ ! ° T o - ) ¢
> - ] .
L2} i
= =
x (¢
uf s
0.1 lll;lllll?lrllllllllllllllllll 0.1 .
0.5 .0 1.5 2.0 6 7 8 9
Laser Power (TW) Reservoir Pressure Py, (bar)

Fig.2 The laser power dependence (left) and the gas density dependence (right) of the
electron energies. Ejy,,y and T), are the maximum detected energy and the temperature of

the high-energy tails, respectively.

The angular distribution of the encrgetic electrons (>0.1McV) shows a narrow half-angle of 3 t0 4° ina

single shot exposure. The directions change around the laser axis shot-by-shot. The accumulated
distribution of 300 shots shows a Gaussian angular profile with a half-maximum half -angle width of 14° .

The correlation between the production of the energetic electrons and appearance of the complex-
filamentary structure of the plasma column is one of the interesting results in our experiment. The bright
scattering of the TW-laser beam from the complex region indicates the presence of other scattering
processes than the incoherent Thomson scattering. If the plasma density is modulated with a wavelength
comparable to the laser wavelength, the laser light may be strongly scattered to the direction satisfying a
matching condition. Fine scale density modulations and super-strong magnetic field excited in plasmas may
disturb the phase of electron oscillation in the laser field and heat the electrons to the relativistic energy.

For growing the Raman forward scattering (RFS) instability to the sufficient amplitude for the electron
acceleration, the difference in phase velocity between the pump light and the Raman scattered light should
be kept small over a distance sufficient for the RFS instability growth. For relatively high-density plasmas,
it is difficult to keep the phase-matching condition over the long distance, because the phase velocity of the
pump and the scattered wave differs large. The difference of the phase velocity between the pump light
(=1.1¢) and the Raman scattered light (=1.4¢) leads to the dephasing length of the RFS of 1um, where ¢ is
the velocity of the light in a vacuum. This implies that the RFS instability can not be excited under present
experimental condition. Furthermore, obvious satellites due to the RFS were not observed in our
experiments on the forward-scattering spectrum measurement. Besides the RFS instability, there is another
process to excite a large plasma wave, which is caused by focusing and defocusing of the light in the laser
pulse. The maximum amplitude of the plasma wave, which is cxcited by any mechanism, is limited by the
wavebreaking. The electric ficld at the wavebreaking limit is proportional to the plasma frequency (E,,
®,). Mcanwhile, the acceleration length is limited not by the plasma length but by the dephasing length’
which is approximately proportional to ®,”. These relations imply that the clectron energy scales as ,”

e<n,’!, which can not explain the present experimental result of E,,,,, o Py,'* 2V oc 1, (18-23),
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As the electron acceleration due to the large amplitude plasma wave is not expected. other acceleration
mechanisms must be considered. The density dependence as well as the laser power dependence of the
measured electron energy suggests the stochastic heating of the electrons which occurs at the region of the
complex structure.

4. SUMMARY

The high cnergy electrons above 1 MeV were observed in the underdense plasmas (n/n. = 0.17) by
using the ultra-short laser pulses of 100 fs. Shadowgraphs and side-scattring images show the occurrance of
the transition of propagation of the laser beam which correlated with the maximum energy of electrons as
well as the electron-beam intensity. The measured time of the transition of the propagetion of P%/P, 0%
suggests that the complex structure of the density is caused by the laser-hose instability.

The dependences of the maximum electron energy on the laser power of P°7" 'Y and on the gas density
of P,,/"* " were obtained. Experimental results suggest that the stochastic heating is one of the possible
mechanisms of producing relativistic electrons in the moderatively high density plasmas.
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5 1 . Design Study of Energy-Recovery Beam Line
at the JAERI FEL Facility

T. Shizuma, R. Hajima, M. Sawamura,
R. Nagai, N. Kikuzawa, N. Nishimori, E.J. Minehara

Free Electron Laser Laboratory, Advanced Photon Research Center,
Kansai Research Establishment, Japan Atomic Energy Research Institute
2-4 Shirakata-Shirane, Tokai, Ibaraki 319-1195, Japan

An energy-recovery beam line has been designed for high power free-electron laser at the Japan
Atomic Energy Research Institute(JAERI). To realize the energy-recovery under the present JAERI
FEL system, a 180 degree arc has to be installed for beam recirculation, and the 2 MeV injector
should be modified to match to the main recirculating beam line. Using the TRANSPORT code,
beam transport simulations have been performed for design study of the beam line.

Keywords: free-electron laser, energy recovery, superconducting linac, beam transport

1. Introduction

The JAERI FEL system driven by a superconducting rf linac has been developed to produce
high-power infrared light sources. Up to date, output average power of ~300 W in 20 — 30 pgm
wavelength has been achieved. The current status of the accelerating components is reported
elsewhere[1, 2]. To increase the FEL average power, we plan to recover the electron beam energy
after the FEL interaction; the electron beam returns to the rf modules. When the length of the
path through the recirculating beam line is chosen properly, the electrons will be decelerated and
their energy will be stored in the rf cavities. Therefore, the recovered beam power can be recycled
to accelerate electrons from the injector. Since the superconducting accelerator naturally has a
high efficiency for converting rf power to beam power, the energy-recovery experiment may bring
out the essence of the superconducting linac. In the following, we present a current design of
the recirculating beam line, and results of beam transport calculations using the TRANSPORT
simulation code [3].

2. Injector Design

The JAERI FEL injector consists of a 250 kV thermionic triode electron gun and an 83.3
MHz Sub Harmonic Buncher(SHB), followed by two units of a 500 MHz superconducting rf
one-cell cryomodule with maximum energy gain of 1 MeV. The injection beam line for the
energy-recovery transport scheme should fulfill several requirements. Firstly, the injector beam
line should be designed to fit to the main recirculating beam line described in section 3. Since
the accelerating room is spatially limited, the geometrical configuration of the beam line has
to be carefully considered. Secondly, the injection lattice should be achromatic to avoid beam

degradation at the injection point to the main cryomodule. The third requirement that the
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lattice should be symmetric to prevent an emittance growth, and their bending angle should be
small as possible. These would contribute to construct a compact achromatic lattice with the
smallest beam envelope function through the beam line. In fig. 1, a layout of the injection beam
line for the energy recovery transport is shown. We chose a chicane type lattice consisting of
four square dipoles with bending angle of 22.5 degree. To optimize the beam envelope function
inside the chicane, two quadrupole singlets and one quadrupole triplet are placed between the
inner dipoles. The quadrupole strength can be varied with keeping the achromatic condition.
This bending lattice is non-isochronous with Rss = —0.56 m. For the beam matching, two
quadrupole dipoles and one quadrupole triplet is added between the pre-accelerator and the
four square chicane lattice, while one quadrupole triplet is placed between the chicane lattice

and the main cryomodule.

QD QT Qo
an aan il
o uud ug

L

Pre. Acc.

—_—
injected beam cryomodute

S5m

fig.1 Layout of the energy-recovery injection beam line from exit of the pre-accelerator to entrance of
the main cryomodule.

Figure 2 shows the horizontal and verti-

cal beam envelope functions and the hori-
zontal dispersion function along the injection
beam line, simulated by the computer code
TRANSPORT. The betatron oscillations in
both the horizontal and vertical plane are

minimized at the dipole positions by adjust- L (m)
ing the quadrupole strength inside the chi- fig.2 Horizontal and vertical betatron functions and
cane. The horizontal betatron function has horizontal dispersion function through the injection
the maximum value at the second and third ~Peam line.
dipoles, while the vertical one is maximum at the center quadrupole triplet. Since the horizontal
dispersion function also has the maximum value at the second and third dipoles, these dipoles
should be wide enough to accept the electron beam with energy spread of ~ 1%. The normalized

rms emittance of €,,,s = 30m mm-mrad was used in the calculations.
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3. Recirculating Transport Design

In the present JAERI FEL system, the 2 MeV electron beam from the pre-accelerator is
injected to two units of a 7.5 MeV superconducting rf five-cells cryomodule. The accelerated
beam is then turned by 180 degree before reaching the undulator. This 180-degree arc consists
of three 60-degree bending dipoles with two sets of a quadrupole doublet. It is known that the
three-60-degree-bend arc is the minimum configuration of achromatic and isochronous lattice
[4]. For the energy-recovery scheme, the electron beam should be turned by 180 degree once
more to be reinjected to the cryomodule. Although several arcs with both the achromaticity
and isochronicity exist, we decided to choose the three-60-degree-bend arc with advantage in
compactness, cost and compatibility to the existing arc. Since the electron beam has large
energy spread (~ 3%) after the FEL interaction, energy acceptance and second-order aberration
are critical issues in the design of the second arc. To compensate the second-order aberrations
such as Tigg, Toes and Tsee, two families of sextupoles are added at both sides of the quadrupole
doublet in the second arc as shown in fig.3.

The entire lattice design of the recirculating beam line has been determined by the TRANS-
PORT code. Figure 4 shows the horizontal and vertical betatron functions and the horizontal
dispersion function. The betatron functions are less than 10 m over the beam line. In the second
arc, the horizontal dispersion function is maximum (n, = 0.6 m) at the focusing quadrupoles.
Therefore, the energy acceptance of the arc is determined by the quadrupole bore radius. Since
the energy spread after the FEL interaction is estimated as about 3%, the bore radius of 35
mm is enough to accept the entire beam. More discussions for the recirculating beam line are
presented in ref. [5]

undulator 0o o P 1starc
60 deg. 60 deg.
dipolegs %= sextupoles quadrUDOleS< dipoles
quadrupoles
~ 7.5MeV cryomodule x 2 2MeV dump
2nd arc

oo |

injection chicane

5m

fig.3 Layout of the recirculating beam line.
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fig.4 Horizontal and vertical betatron functions and horizontal dispersion function from the accelerator
to the undulator (left panel), and from the undulator to the accelerator (right panel).

4. Summary

The recirculating beam line to be used for the energy-recovery experiments at the JAERI FEL
facility has been designed. A four-square bending lattice with two quadrupole singlets and one
quadrupole triplet at the center was chosen for the injector chicane. It was shown that both the
horizontal and vertical betatron functions can be optimized with keeping the achromaticity by
adjusting the quadrupole strength. For the recirculating transport, a 180 degree arc consisting
of three 60 degree dipoles together with quadrupole doublets and sextupoles was selected. It
was also shown that this arc could meet the design requirements of the energy acceptance and

the second-order aberrations.
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Commissioning of the Electron Ring, KSR
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Toshiyuki Shirai, Yasuhisa Iwashita, Takashi Sugimura, Hiromu Tonguu, Akira Noda, Hirokazu Fujita
NSREF, Institute for Chemical Research, Kyoto University
Gokasho, Uji-city, 611-0011 Kyoto, Japan

KSR (Kaken Storage Ring) is a compact electron ring in Kyoto University. The circumference of KSR
is 25.7 m and the maximum beam energy is 300 MeV. It is designed as a synchrotron light source and as an
electron pulse stretcher. The lattice is a triple bend doubly achromatic and has 5 m straight sections to
install the insertion device.

The beam commissioning started September 1999. Last October, a beam of 3 mA was stored
successfully. Beam measurements and operating parameter adjustments were carried out. At the end of
1999, the beam current is 10 mA. The typical beam lifetime is 1000 seconds.

Keywords: Electron storage ring, KSR, Synchrotron radiation, Electron pulse stretcher

1. 3UHIC

SR LR T, EFIRI)NF—1 0 0MeV OBEIMEIEDO FHRIZ, BT Y (K
SR) ZEBRLTEEN][2] 2DV VD1 DOREIL, BFIxNF—300MeVDOEHET
— K&, 100MeVOARLwTFr—EFE—REWVWD 2BEOEET—R2H5, EEE—LLR
DHLAEETE-LOHEEERICFATELRIIH S,

KSROHS —DORKMIZ. I5mOARL—rtE72alz22XbDIETHS, ZDD6
OKBIOARL—htErZ a3 il EWRE-RTEREBIRD LEICAHVWONS, BAXE
BEDFNAARRBITAFETHD, b —00t 7 a idid. 10775 —BHEGPRF
ZZROMIZ. ARL Yy Fr—E—RTE—LZROHTZDOHEL TS L. 75 LABBEN
BREINTND,

ZARLyFr—F— RTOERT—T &L T, HIZIL. Parametric X-ray Radiation (PXR),
Resonant Transition Radiation (RTR) 72 E D, #¥AEEBTFROMEIMERICET SM%5EMN,. BIE
WHEINTWS[3]. FHEE—FTIR. RAEBRALSOBSARRALUNMT, A b —FEI 3
NI4T —DERBEBRBLUTOEEENNORMA. 754N IF4 2 O ICk5EHE
BT —F—(FELYOI%E. L—H—ED MLV BEZHAW: X BRE, REVBRHINTL

%1 KSR 0¥tk

Maximum Energy 300 MeV

Injection Energy 100 MeV

Extraction Energy 100 MeV . o] s : n & & sxa
Lattice Triple Bend Doubly Achromatic v : ] 2

Circumference 25.689 m

Bending radius 0.835m

RF Frequency 116.7 MHz —a

Harmonics 10

M1 KSRDOLA7Dhb

— 234 —



JAERI-Conf 2000-006

60

2. KSR @ Lattice

KSRIE, REFHHAOHA NS SHBOHEANICBNT. AL —bEVa0kx%
TEBETESL., D, HAKXFEORBEOE—-LBD/FLEZRBLT. ARL—hErI 3
T Dispersion 0 IZ2B X DITKEIINTWVWS, E—LAEBHE— R TO. KEHEOF 2 — 213
2.3THD. ZNRFHII VI AZE/METHEDITRDSNTVNS, ALYy Fr—F—
RTIX, 2.33D3XR#EBEHNTROHTZD. L0 I OHBRITENEZATEEKTS, &
EAMOREGFa—23, 1.275TH5H. 2. BEAROT 7T ARRARERS L
HITRHENTz, £ HEICHEBRNZNWZEHO, BIIN-BHO—DTHB. K212i3.
BEFa—2 &, 6 RETOHBEIRINTNS, AFHHI, ETEY—L0EBRIZEMND M
+-1%HB120. Fa—IZBILNORELDN., 6BEBAT/7OYT A>T 42 1L TICH
ELTWADT, 4 RELFOIIGRITHNS Z L1370, TOEESTO BB L Dispersion %
RUTZONPKE 3 THBH., AL —bhtr 32 Tid. Dispersion 730 T, BEAXKIISmLATICH
STWD, £2IT1F. TDEED Momentum compaction factor(a), Radiated power (P,,),
Damping time (1), Equilibrium emittance (¢), Equilibrium energy spread 2RI T1 5,

ad

_n i DJLD_D_D
15 T T T L Z B(m} U U Dx (m)

3 KSR @ Lattice D& 59 . BB &

2 BERL 6 KX TOHRBH, Dispersion 2R ENTW B,
2 KSROE—L/INNTFA—F . g’%{,ﬁ;
100 MeV 300 MeV ni
Tune (2.300, 1.275) — E 2
o 0.106 — % [ o
P, at100mA | 1.OW 82.7TW ?;’ - 9 -
T, 3.36 sec 124 msec 5ok e . ,“,J'i. /7
T, 1.68 sec 62.2 msec [ l, _ /_\\{.f e . ‘ k\i ]
1, 0.671 sec 24.9 msec EEA AR AT I
£, 15.4 mnmrad 138 tnmrad v N W _
SE/E 8.23x 107 247 x 10* 0 s 10 15 20 2

KSR Position (m)

B4 KSR OHEZEEOHIEME. HE
fli. BEfEiZ. 9OHEL 1 2ADHO%ER
LTw3

— 235 —



JAERI-Conf 2000-006

3. E—Lazxvaz=V

KSR Z. 19994 2HOMOM LAY LERADA A= E2H- T, FERESE
DOFAZRRT L. AEHLABLY. BRAO - SABEERORBELRZMML7-. FL T, 7HIC
BEBRION—F 2 TEBIRok. TOH, F3EOR—F>72BI ko720 Fhicks.
o NBIATOEZEOERILERLEZONRK4ATHS, AN IEEHOR—F V%0, B
ErEaRL, BAI3HBOR—F L FEOEEEEZRL TWS, ERIIHEETHS. chhbd,
EREREROD D) T FRBERS & E—LADRBWRETIE, REHETH S 10 °Torr 125D
NWTWBDNRHM5,

E—L33vaz 7319999 AKUBKL,. 10 AITiZ3mA O ¥—ABHRITHK)
L. ZO#%. ZOE—LZHWT., V2T ORENRTIA—YDRIEEBIR>7. TOREMN,
RIITREINTWS, ZOEFETEIIMAD 2ANWTH I R2-%4]. Fa— 13, RF-knock out
BRICHBHEESZ0T. BRAZRWEE—LTO7 7M1 IVEZY T, BlEg2B o/, *
DR, ERMEEFBEMIZ0.0 1LTOECBIEH> TS,

BREEIE. LIFOLOERZRAAL. NEBBRAOKRBARK 2ELIVTFa—2 0%

5V:j&4f ds
BovEAETSZEIZLDRDE, K508, BEIZhZhEE, KEHAOREEEEL.
ERIIEEERLTVNS, ZOMBTIR. BESELOMANTHAEIIES —BLTWS,
K613, BEL YTy T THRAMLEE—LEBOASBOMBELERL TN, Ml
E—LBMEEMEFRLTVS, Thhb, AFEBIIE —LAHEMN4 0 ODBETHLN. ¥
—ABRMETTHE, FHRAEE, 100 0BEBEXTORSZ EMbNS, ZORNE—A

#&3 KSR E—LNTA—% DEEME & KHlE

Design Measurement
Tune (2.300, 1.275) (2.309, 1.270)
Storage Current 100 mA 3mA
Beam Life --- 400 sec (at 3 mA)
1000 sec (at 0 mA)
Natural Chromaticity (-24,-8.2) (-2.6,-6.1)
Chromaticity — (-0.1,-0.3)
with Correction
Dispersion at Straight 0.0m <0.05m

— betax —@-—

~—— betay ®
!

Beta function (m)
Beam Intensity

1 1 1 1
0 5 10 15 20 25 30 120 sec/div
Distance (m)

nsirs s [6 HHBERIROTHHT. W
5 BRRORHE L REME . BEE =5 DTS

— 236 —



JAERI-Conf 2000-006

BRANOKRGFEIL, TEHHHICEDHTAHRENZ WD THBEEbN S,

Natural Chromaticity 1%, /KEAHMIIEFEE LB LAY, BEHRIZ. TLRAE-S>TW
2. Z3HUI. FBEANOBEBEMRABRADEZATRKEL., TORAERGD 7 P74
— VRO BRI MELS NN TNE D EBDNS, ZOMREZERICANIZOAT, 2HD6
MEMRA%H 5T, Chromaticity Correction 23 2725 &, 1Z1X Chromaticity 2 01233 Z
EMn[EEIZ o T,

IHOLREHREELEIZ. E-LADAFYA 2V E, KEHFRDY 2 E L THRRIZEL W,
0.3Hz IZAHEL, E—LDAIVFUUFTFAMBIYL, 300Me VETOMET A b ZHREE
Lo LT, 99FD 1 2AFETICER. ZHUTRINLZ. K713, ARKODEEER % DC
Current Transformer THIEL 2K TH 5. AFNEIZH ImA OBRVEFEIN. 1 OmA BESE
BMLUTHALTWS, ZOBRRAS. BEHICX2HBENZ EO#MELNFEEEBbN 5, BIE 5l
EHREBEELTHILICED, EEF 2 ON—BEOIC T4 a7 E2BIRoTNW5S,

DC-CT (7 mA/div)

Time (10 sec/div)

M7 E—LARYvFTROFEFEER. BEIZIE. DC-CT HMEONTNS,

4. YV —EL5BOTE

19994 9ALY KSRIBE—LOIvaZ V2BBLE. TO% Fa—2, BEHK,
Dispersion, Chromaticity 72EDE—AL/NT A—F—%HE, HBL. ZEREFHERVITIE->T
WBZEAEERL. 99401 2 ABRETIE. THEEHRNM1 O0mA. E—LFMII4L400~1
00 0MEETHS.

A3, AT 4 a UV EERBETAEHIZ. KDHBEDE N Close Orbit Distortion
ORIER., BHANREZY—Z2ANIEE—AIIVY CAREZED TN FETH 5.

5. References
{1] A.Noda, et al., "KSR as a pulse stretcher”, Proc. of the Particle Accelerator Conference, Vancouver,

Canada, 339 (1997).

[2] A.Noda, et al., "Electron Storage Ring, KSR for Light Source with Synchrotron Radiation”, Proc. of the
PAC, Dallas, USA, 278 (1995).

[31 Y.Hayakawa, et al, "Analysis of the Angular Distribution and the Intensity of Parametric X-ray
Radiation in a Bragg Case", Journal of the Physical Society of Japan, 67, 3, 1044-1049. (1998)

[4] H. Grote, F. Chistoph Iselein. The MAD Program. (Methodical Accelerator Design) Version 8.10 User's
Reference Manual. CERN, 1993

— 237 —



HII\\\II\\“\\\\I|\I\|||Il||lll||l|ll||l!l|\|\ll|\lIIl

JP005079
JAERI-Conf 2000-006

53. F5x<v w40 TrPal—F—0OHRER

Formation Test of the Plasma Micro-Undulator
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An electrostatic plasma micro-undulator was demonstrated by utilizing methods of a laser
interference and resonant photoionization. An ion-ripple can be formed across a relativistic electron beam
injected into the micro-undulator. Thereby, synchrotron radiation light can be projected. Neodymium (Nd)
target is ablated by a pulsed Nd-YAG laser beam, and the vapor is ionized by another laser beam with a
wavelength tuned to a resonant ionization line of Nd atom. The laser beam for ionization is irradiated into
Nd vapor using interference optics, and a micro-sized plasma-ripple corresponding to the interference
fringes is shaped. In the experiment, the interference fringe with a periodic length from 10 to 300 pm was
formed, and the plasma-ripple was observed. The plasma density of order of 10" cm?, under the
experimental condition, was not sufficient to obtain an effect expected as an undulator. However,
optimization of a distance from the ablation spot to the laser plasma fringe and increase of laser power

could achieve an undulator parameter K of more than 0.1.
Keywords : Plasma micro-undulator, Laser interference, Resonant photoionization, Laser ablation
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5 4 . Generation of Electron Jet from Intense Laser Plasma
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The generation of high energy electrons by high intense laser was examined. The laser pulses with 2 TW, 100 fs were
used for generating plasma. They were focused in nitrogen gas, which generated thin plasma and electron jets transversely.
We measured the radiation of the jets with imaging plates and emulsion track detectors. It was confirmed the radiation is
transversely symmetrical x-ray and the mean energy of the x-ray is around 5 keV. The x-rays may be generated by
bremsstrahlung of electrons of jets. The measurement of the radiation of the jets with imaging plate and emulsion track
detector is discussed.

Keywords : short pulse laser, laser plasma, electron generation, electron jet, bremsstrahlung x-ray

1 Introduction

We have already carried out an experiment of the laser acceleration of injected electrons[1]. In the experiment, we found
the generation of jets from plasma that spread transversely. The jets were visible to the naked eyes through a glass window.
These jets were thought to be electron flows because they were bent in the external magnetic field. The length of the jets
was from 10 to 20 mm long. Computer simulations also got results of the generation of jets from the laser plasma [2]. In
order to measure the jets, we used some imaging plates(IP) and emulsion track detectors. The IP is a two-dimensional
detector to measure radiation. Though it is used for measuring the two-dimensional distribution of radiation, it can be also
used to estimate the energy of radiation with covering thin Al foils. The mean energy of x-rays is determined by the
absorption coefficient in aluminum foil, while the energy of the electrons is estimated by the energy decrease of electrons in
the foil. The emulsion track detector is used to measure the tracks of high energy particles. Because the high energy
electrons leave tracks in the emulsion while x-ray leave small dots or crumpled tracks of compton scatterings, it is possible
to separate the electrons and x-rays by track shapes.

2 Experiments

The experimental setup for the measurement of the generation of laser plasma electrons is shown in fig.1. The plasma
was generated in a gas chamber filled with Nitrogen gas by focusing laser pulses with a wavelength of 790 nm, a mean
pulse energy of 200 mJ, a pulse length of 100 fs and a diameter of 40 mm. The laser pulses were generated by a Ti:Sa laser
system with a chirped pulse amplification at 10 Hz. The laser pulses were injected into a vacuum chamber through a glass
window and were focused by an off-axis parabolic mirror with a focal length of 480 mm.

Imaging plates or emulsion track d

[y

Vacuum Chamber

Ti:Sa 790 nm laser
200 mJ, 100 fs

40 mm diameter

Fig. 1 Experimental setup for the generation of laser plasma electron.

The radius of the beam waist in vacuum was estimated as 12 um. The laser pulses ionized the gas at the focus and then
generated thin plasma there. The images of plasma were taken through a window at the side of the chamber by a CCD
camera synchronized with the laser system. In order to measure electrons or x-rays from the plasma, we set the several
imaging plates on upper and lower sides or right and left sides of the focus. Their distances from the focus are around 23
mm long.
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The IP is very useful for the measurement of x-rays and particles, because of its high resolution, wide dynamic range,
and the possibility of computational analysis. It is very similar to the x-ray film, but it does not need to be developed. After
the irradiation on IP, we can read it by an IP scanner. The profile of the IP is shown in Fig.2. The luminescence layer is
made of BaFBr:Eu®" fine crystals of 3-5 um which is photo-stimulated fuminescent material. The BaFBr:Eu®* crystals emit
light of the wavelength 400nm after the stimulation of He-Ne laser light from IP reader if they have been excited by x-ray or
high energy electrons. The IP scanner can detects the photo-stimulated luminescence from the crystals with a photo
multiplier tube. As the signals are taken by scanning the laser position and are converted to 8 bit or 16 bit digital data, the
numerical radiation image information can be obtained. For the protection of the surface, there is a protection layer of 11

um polyethylene terephthalate (PET) on the luminescent layer. As the IPs lose their information by even faint light, they
must be covered with an envelope of black paper.

Aluminum foil

envelope of black paper PET 11 um protection layer

L. 180 pm BaFBr:Eu2+
luminescent layer

PET 250 um base layer

Fig. 2 Profile of Imaging Plate.

In order to estimate the energy of the electrons or x-rays, we put some sheets of aluminum foil on the IP. The ionization
energy loss of electrons in materials is given by

dE _ 4Cm,c* B*m,c? 1
dE _ _dlme Bmee” Ly %)

dx B 2 2

where C=nr,’ZN/A=0.150Z/A, Z is atomic number, A is mass number, r, is classical radius of electron, N is Avogadro
number, I is the mean ionization energy, m, is mass of electron, ¢ is the speed of light, B is the ratio of the speed of the
electron to the speed of light c. The minimum energy of an electron that can penetrate in nitrogen gas, some sheets of

aluminum foil, a paper envelope and a surface protection layer was calculated by eq. (1). Minimum penetration energy in
materials are shown in Table. 1.

Material Energy [MeV]
A 23 mm path length in N, gas at 40 Torr 6.75
B A + Surface protection layer of 1P 28.0
C B + asheet of black paper 93.2
D C + 15 um aluminum 106
E C + 30 pm aluminum 117
F C + 45 pm aluminum 128
G C + 60 um aluminum 139
H C + 75 um aluminum 149

Table 1 Minimum penetration energy of electron in materials.

We can also estimate the x-ray energy from the intensity attenuation on an IP with several sheets of aluminum foil. The
intensity of radiation depending on the thickness of aluminum foil is given by the following formula,

I=1Iyexp(-£ %) )
p

where I, L, u/p, x are radiation intensity, an incident intensity, mass attenuation coefficient and mass thickness of aluminum
foil respectively. As p/p is a function of energy of x-ray, we can estimate the energy of x-ray by p/p. The function p/p was
calculated by the NIST x-ray mass attenuation database [3]. The calculated ratio IN, is shown in Fig. 3. The strong
attenuation at 2 MeV is due to the K-shell absorption at 1.56 MeV.

Some images of the laser plasma for several gas pressures from 22 mTorr to 760 Torr were taken by a CCD camera as
shown in Fig. 4. The plasma was the thinnest at 22 mTorr, but it got wider as the gas pressure was increased. The plasma
was the widest at 50 Torr and generate jets transversely. The direction of the jet was not exactly transverse but somewhat
tilted to forward. The jets were symmetrical but not stable and changed the tilt angle at every pulse. They seemed to have
two modes of jet generation as they had two kinds of tilt angles. We thought jets were high energy electron’s flow, because
they were bent by magnetic field.
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10 keV
Q000

p 1 i
10 20 30 40 50 60
Thickness of aiminum {pim]

Fig.3 The x-ray attenuation ratio for several x-ray energies as a function of the thickness of aluminum.

Fig. 4 The CCD images of laser plasma taken through a side window. The jets appeared from 10 torr to 100 Torr.

The radiation images of the jets were measured by IP at the bottom and side of plasma at 20 Torr. As the both images had
almost same radiation intensity; the bottom one had 8.6 PSL (Photo-Stimuiated luminescence per Square) and the side one
had 7.8 PSL, the radiation from the jet was symmetric and did not depend on the direction of the laser polarization.

Then we measured the intensity on IP from 6 Torr to 150 Torr of nitrogen gas pressures. Any aluminum foil was not
used in this measurement. The intensity at the maximum point for each gas pressure is shown in Fig.5. The intensity was the
strongest at 40 Torr. Because the jet was the largest at 50 Torr as described above, the intensity of radiation and the
generation of jets are closely related.

Intensity [PSL / hour]

U D T N D
0 20 40 60 80 100 120 140 160
Gas pressure [Torr}

Fig. 5 Gas pressure dependence of the radiation from the plasma.

We also measured the radiation from jet with IP covered with aluminum foil. The pressure of the nitrogen gas was fixed
at 40 Torr and the number of the sheets of aluminum was changed from zero to four. The radiation images on IPs are shown
in Fig. 6. There are radiation images except (e). If the radiation is electron, the energy is estimated above 139 keV,
considering the range of electrons in the materials from the plasma to IP (see fig. 3). If they are x-rays, the energy of x-ray is
estimated as much as 5 keV by eq.(2). We could not identify the radiation by the measurements only.
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(a) (b) (c) (d) (e)

Fig. 6 The radiation intensity distribution on IP with and without aluminum foil. (a) reference measurement without
aluminum foil, (b) with I sheet of 15um aluminum foil, (c) 2 sheets, (d) 3 sheets (e) 4 sheets. The intensity on (e) is
almost background level. The maximum intensities for each are 22, 6.5 4.5, 2.5 and 2.0 PSL respectively.

In order to identify the radiation, we measured the radiation with emulsion track detectors. The profile of an emulsion
track detector is shown in Fig. 7. The emulsion was covered with an envelope made of aluminum and shading paper,
because faint light could expose the emuision. A window of thin aluminum foil was on a rectangular hole of the envelope.
The emulsion detector has to be developed after the irradiation is finished. The track images can be obtained with a
microscope operated automatically. The emulsion can measure not only the position but also the direction of the track.

Aluminum foil of 6 or 15 um thick

electrons i
R 50 um emulsion layer

]
[
[T

3

—

™~

envelope for shading light

Fig. 7 Profile of an emulsion track detector. In order to reduce the energy decrease of electrons in material, a window with
thin aluminum foil is on a hole of an envelope.

A image on the emulsion is shown in Fig.8. We could get only small dots and no connected chain-like tracks. It implies
that high energy electron more than 100 keV did not go through the emulsion.

Fig. 8 Image of emulsion with radiation from jets of laser plasma. Dots are intrinsic fogs in emulsion or tracks of X-Tays
from jets.

3 Discussion

The electron jet of laser plasma was measured by three ways: CCD images, radiation images on IPs and emulsion track
measurements. We could not measure electrons directly except the x-ray from the electron jet, because the electron energy
from the jet was not high enough to penetrate nitrogen gases, a paper envelope and a protection layer of the IP or a sheet of
Al foil for emulsion track detector. The mean energy of electrons is estimated as about 5 keV from the bremsstrahlung x-ray
energy. As the gas jet image and the x-ray image on IP are symmetrical, the electron emission may be also symmetrical.

The process of the generation of electron jet still unclear. Symmetrical radiation suggests that it is due to the transverse
laser wake field. This interpretation may also be supported by a large acceleration gradient of laser wake field acceleration
at the gas pressure of helium larger than 20 Toor [1].
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55. JAERI-FEL IZBT B ANAF 27 « B—R RO RN
Possible Spiking-mode Operation at JAERI-FEL

PE R—
A& N5 BERERT AR FR#EEE ¥ —
319-0051 JRIRIE IRE] BR B HEAT 2 H AR 2-22

Ryoichi HAJIMA
FEL Group, Advanced Photon Research Center, Kansai Research Establishment,
Japan Atomic Encrgy Research Institute
Tokai-mura, Ibaraki 319-0051 Japan

[t is known that the temporal profile of an optical pulse in an FEL oscillator has spiking shape
under certain condition, and the conversion efficiency from electron beam to laser becomes larger
than usual, non-spikng, lasing. In this paper, we discuss the possibility of spiking-mode lasing in
the JAERI-FEL for the enhancement of FEL output. It is found that the JAERI-FEL has small-
signal gain of 50%, which is large enough to achive the spiking-mode lasing, the enhancement
of FEL output is, therefore, possible by using an optimized optical resonator.

Keywords : Free electron laser, Efficiency, Supermode, Spiking-mode
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50. L—HF—MEDED ZEFT 5 X HERH DR

Development of Z-pinch Optical Guiding for Laser-Plasma Accelerator

MR AE, s EsL W sk, N BT, aRE &,
2R EE, HE —A
BAET IUERT  MEmER XRTR¥EHAL & —
T619-0215 FEFHERARITBERS 8-1
W —=
HRIERY BET AIETX¥-HK
T226-8502 %) R RAHE T % X F= 3 FHET 4259

Tomonao HOSOKAI, Masaki KANDO, Hideki DEWA, Hideyuki KOTAKI, Shuji KONDO,
Shuhei KANAZAWA, and Kazuhisa NAKAJIMA
Advanced Photon Research Center, Kansai Research Establishment
Japan Atomic Energy Research Institute
8-1 Umemidai, Kizu, Souraku, Kyoto 619-0215, Japan

Kazuhiko Horioka
Department of Energy Sciences, Tokyo Institute of Technology,
4259 Nagatsuta, Midori-ku Yokohama 226-8502, Japan

We have proposed optical guiding of intense laser pulse by fast Z-pinch for channel guided laser
wakefield acceleration (LWFA). It has been developed based on capillary discharge-pumped X-ray laser
technique. The discharge driven by current of 4.8 kA with a rise time of 15 ns through preionized helium
gas could produce an uniform guiding channel with good reproducibility. With this new guiding method an
intense Ti-Sapphire laser pulse (A = 790 nm, 2.2 TW, 90 fs, 1 x 10" W/cm?) was transported through the

channel over a distance of 2 cm corresponding to 12.5 times the Rayleigh length.

Keywords: Laser wakefield acceleration (LWFA), optical guiding, channel guide, Z-pinch
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The Status of the Nonlinear Compton/Thomson Scattering Experiment
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ARBKY BEFE 739-8526 ABRBELE TS 1-3-1
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EB T 3 ¥ — MR 305-0801 FKIRR-O IR 1-1

Koji MATSUKADO?, Ichita ENDO®, Tohru TAKAHSHI?, Masataka [INUMA®
Shuji SAKABE® °, Fuminobu SATOQP, Toshiaki TAUCHI®
AFaculty of Science, Hiroshima University, Higashi-Hiroshima, 739-8526, Japan
B Graduate School of Advanced Sciences of Matter, Hiroshima University,
Higashi-Hiroshima, 739-8526, Japan
€ Graduate School of Engineering, Osaka University, 2-1 Yamada-oka, Suita Osaka 565-0871, Japan
D Institute of Laser Engineering, Osaka University, 2-6 Yamada-Oka, Suita, Osaka 565-0871 Japan
¥ High Energy Accelerator Research Organization, 1-1 Oho, Tsukuba, Ibaraki 305-0801 Japan

We constructed an experimental system to observe nonlinear effects in the Compton
scattering. The electron beam is supplied by an electron gun and a photon beam comes from a
Table-top tera-Watt laser system. As a test experiment, we measured the Compton scattering
in linear regime and had a good agreement with simulations, indicating that the background
level of the system was under control and that the detection efficiency was properly estimated.
The simulation study shows that it is necessary to use a laser beam with an inclined
polarization plane to obtain a maximal amount of second harmonics in photon-electron

scattering.

Keywords : Nonlinear Compton/Thomson scattering, Nonlinear QED, T¢-Laser

1. i

B, BHRETF L FOMELBREITHMMERE L 208208, ARABESBRIIKEWVEE®
ZiE. ER 1pm T 10"~10%W/em?) Tik, EXFRIBUIH ) MKEFAZORE, BT HERK
P CHENERLWET S I L ICRERT 2HELNEEOE(LPBEEOEEOTHE, AHME
ICEETODRPERTERLRB([1-4], BRLIBERILL L RERR--BRETFLEFOD
BELBRZ R I 7 o/ b A Y VEELCAT TIIBIZHERB 2 7 b #EL) & RS,
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Foxid, FEREa I UOBELZBRITATZDOERI AT LB LEDB, 6, TOVARTF
LTI, BFHEELAVTHEBEIND 10keV O XA XF—DOBTREKRKFEL —F—BEMEH
gL Z—D T L—HY—[7, 8] IR D TW-L—F—L R F LD L —F— b — AP HEERN
THESE T, HEXZBAT S, 7AMERE LTOREERTOBEBEO 27 b #ELOE
BEFTD, YIa2b—va B —BTH2HRER/, 51&EHE Tv—F—DF—F v b1
—AIZBWT, REPROBRICH T - ERERIETHTH D,

ZRTIE, ERER. X MEROFBRBIV 2 EEREOBEI I 2 L—v a3 V2oV TR
~_D,

2. EBRER
2-1 BT, U —LHERBITBRHA

X1, EREBOLV—F—U X7 A5 OHGETYT, EFRIT. EFHENLLBHEL, L—
P L AEENT 46 EORETHET S, 2o Fodh— L XL REI 53 EAREHK
L. TDERICE—L2DEERADB BT HLOXEBELTHD, E—LDOEERTHRAE L-BEL
¥k, #ITFMEREESICFEITICMA O TREBELZRBT 5, £0#%, ZMT7 4157 —TE—
AHEEFMEPDLDORIZITERBUHL, 5NV FRRAT AT —TCHERIREITH, BEIC
BWEEIT, RBFRETOL Y — RIZEX, RIS,

2.2 TS L —HF— 2F 5(1999 4E 9 A BEDHLER)

BB EOBENZIT, T-L—F— LTINS FBO CPA BRET ¥ 4774 T L—HF
—Z B3, TED4&#HIL. Table-top Ten-TW Ten-Hz Tunable Ti:Sapphire Laser {2 X 5, T%-
MOPA v RF A, T— Fu v 7 Rigem. "L ABESR. VAL IF— 3R FYT UL,
FNENE RNZARUE RNAD 2BDNAT—T o TRIVBANVRAERBBENOHEREIND(E 2), &
BRERIT. V) VARERETRE SR TWS, 3EDOT 71X Q-SW Nd:YAG L—H#—nD 2
TEAE RIS, HA, 100fs OV AE SV ATRIAF T 300md T, Ko7V
—PF—DHAEEHDOH, 10%RMSBEOCERZFRTA. FHHAIZ 1 R TEBA 3%LN
EWVWOIRERERT D,

3. ¥ 2 hER

EBOT A ML, BT P UBELIZOVWT 2 EICDE>TiTo 7, —2ik, B 1IRLE
B2 RBRETHELEBICLBRERB AN E L ¥ — T, hFEIRKERKFEV—F—BFD T
L—HF—DF =4y M—AZBWTThhiz,

3-1 EBIBITBTAE

BIFBRD/AF A—HF—|T 10keV DT FILF—T 10mA OE—LEHRK. C—L¥RIT 1.9mm
Tholz, L—¥—i32.Q-SW NA:YAG ? 2 {E&H M (532nm) % AV /-, H /11 420md/Tns X 10Hz
T, 1500 DEML X THEHX L, BERITKFERIC—HTHILIICR K, Lb—F—DE—
LAERIZBE LR D o703, BREEEO 27 A BEL T, EFRICH L TL—F—0&M+2
WZNEWES, ARV FRIIL—YF—E—ARIEKFELRV[S], #HREE 3(EM)irT, 7
By MIvIalb—valy, ZARERBELZRT, YIalb—TaIRHTARETES TN
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O ORHBEE L REROZBRORKRELX RS, EREOEZIKHEAXLRDT,
32 TL—P—DF—4y h—AIBITHT A b

BWFRONT A—F13 10keV DX NAVF—T 10mA O E—AEH, v'—2%L1 1.5mm ¢
Hol, T-L—P—nbDL—PF—NVRiL, HFBREBREFEILDD, "V REHBEA
A 7R L., HE 800nm. T XA ¥—100md/200ps X 10Hz THELAIC AN 87, EHEIL, X
PHEMICER -, #RER SEENTRT,

4. 2ERWBERHY Iz 1—Va v

2 FERMBEORHY I2L—Yar&fTol, BFRIIH LTI, =R V¥ —10keV, ¥'—A
B 5mA. Y'—A¥E 0.73mm, 7 TS-L—F—{Zxf L Tik. 200mJ/100fs X 10Hz DR/
F¥—T, MELATOREN 18um O —ANRFGA—F—2BELE, L—F—DOREFMIRE
PDRICHEZDIPDREBRDED, V—F—DORBEEEHR, KFEHE, RUSHDE46 EHH
CEithyIar—=varEEFTLE®E 4.

HRERS5ICTT, BEIX, T INVRORHBEL AFEROBERORKRELBER L,
RESEOZRIT, #HCKEL, V—F—FOPTCOBFOF AT I 7 AETHEREEL
BATNDZENTFRINBEHERE, £z, KNP B 077570 FOLBIZHLAHTHY
[4). RBREEZHITHETCHEETHS,

6. £t¥ ‘

FREa T PP LY HEARROLDORBEMAB L, ZORRBTIX. EFHILH
#T 5 10keV DBEBFREARBPOAF IR A V—F—E— 0% 45 EORER/ THEZE, 20
BRAECIHEXLTBAT S, 2 i3 7 X FPERTIR, BERTCOa 7 FU#ELITH L
TYIalb—YaYiRV—BERTT—FABON, RBRIERORUELITORNEHETS
ZEBHLMITRD T, '

2 FERREOREY I 2 L—2 a3 VBTV, ARXOREAFRIIRE RBRZEDL, KD
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Linear Compton scattaring (0ein-Nishina regimes)
Laner : §32nm, 420md/Tneec, 10H2 Linear Compton scettering (Klsin-Nishina regime)
Eleciron : 10keV, 10mA, 1.8mm spot radius Laser (T6): 800nm, 100m3/200psec, 10Hs

| Blectron : 10keV, 10mA, 1.5mm spot radius
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An Apparatus for picosecond electron pulse irradiation
and optical spectroscopy®

FA B, B &, SEEFESC, WEASUHE, BAPRE. B HE, MEEL BE ¥
ERERR T 2RSS - REHINTZET. HETSFE 2-1-1 (T188-8585)

Yasushi AOKI, Jinfeng YANG, Masafumi HIROSE, Fumio SAKAI, Akira TSUNEMI,
Masafumi YOROZU, Yasuhiro OKADA, Akira ENDO
R & D Center, Sumitomo Heavy Industries, Ltd., 2-1-1, Yato, Tanashi 188-8585

A compact apparatus for time-resolved absorption spectroscopy is under development,
using a photocathode RF electron gun. The apparatus can produce electron pulses with the
energy of 3.7 MeV and with the width of 5 ps. Fast phenomena induced by the pulse will be
investigated by photo-absorption method in this apparatus. The analyzing light pulses are
supplied through optical parametric generation system excited by a picosecond Nd:YLF laser.
The covered wavelength range and the pulse width will be 210 to 2000 nm and 10 ps,
respectively. Time-dependent behaviors of transient species produced by electron pulses are
to be followed by pump/probe method ( or stroboscopic method ) in which the electron pulse
and the light pulse is temporally controlled by phase-shifting of RF fed into the laser with
respect of RF for the gun. The time resolution of the measurement is estimated to be about 10

ps.

Keywords : Time-resolved absorption spectroscopy, Photocathode RF electron gun,

Optical parametric generation, storoboscopic method

1. LB

WA, b2, B LFEEOSF T/ OV A BERE BV BB LR RS OB EA TR
TW3, ZOEDEMICAVONEERFETRIZSNVAT OF Y Y REEFTN, 7SV AK
FROBHE TER LI-EEMORNEHEORE N8 2 R ENRINE, EREEAEE. &
BVIRER IR COBRES AV CGEBT 2 FETH B[1,2l, ThHORIERED S L THE
MRFEFAVELOBRERLEVRESERE (Faf)) OFEZERLTWER, SHITEED
KEEZEDTT = A MNPOFRRICE THMRBEZIERT2ENRB/ I TN S([3,4],

—7%, FELEBRA L LT, 8N R MBI v AETFRERESED DI TA MY

*ARFZED 1 EBIX, Fro pl¥— EEHTTRASEREENEDO) Y bR %2 &I I N Hifprs
A 7x b " T2 ) a P — BB (FESTA) DD —RE L T2 bDTH S,
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— FRF BFHEPRREN. B FNANF—EFIMEROAL B L LTHESED LR TWB[5-7],
WA, BNL, B rLX—ERIIEMEE, EREMRTE (k) 3F L 2HFAMRT, Bk
IR UEER T RELHHOBETFEH (GUNIV) BERENhKZB., ZOEBFHEIT. G v .
B I v & RHEITMZ, MITH MeV OBFRSVAERAESEB LN TE, REDF A
I 7% RFOMARIC L Y EaRBE CHERRETH A Z L BBETH S,

74 bHY— FRFEFHIIEET, SVRTUFY L RRAVLNEEF L RIEL LT
B, OQESNVARETRE, OO V—Y — L B ER IS, O MeV UL LOET
FOVARAE, ZWRLTEY . EBIZ. BNL OBSHMLEHIE RF BEFHE AW ALR T Y
FY U AREEBREL, FREZED TS 9], Tk, NYBERETHILEIWTEIC RF &7
ZEATHEE (ELYSE #HE) MB#ED LR TS [10], FREERIETIZ, S/ METHS
TEIHEBLT, T A MY w7 RAE (OPG) ZHAVWESHY AT AERELE DY T/
NWAZVF) VAEBOBRBEIT> TV, 22Tk, ZOEBOBELHERICHOWTENT 3,
2. CapBEFRBAEVRAT A

FERARTONNNVR T OF ) VARBOFER S Fig. 1ITR”T, FEBIX, 7+ bW Y—F
RFEAYATH I TARA B VAT A E—MMEER, 74 b Y — FREAE 28 Nd.YLF
L—H— RO OPG v AT A, BLUOREHE/EEQEL XF AL BRI TS,
OB aEFHRULARAED
B 5 BREBIX RF VAT A,

254 A ny, HY—FREAL Kiswon b S o
—F—Th 5,

FPTETRELEOFLEBTH S
74 b A Y—F RF 8F#i%. BNL
ZATD SN PR 1.6 B
EDBETFHTHY, MEERE 7+
FhY—RE7 TR 1 OEMEER
REACLVBUYEL b D TH B, L peNG YLF PG psNOYLE
— AT O DDR— A Y
— FEOERICH LT 68 BEMERFL
TRYMITenTHS, BYIRL Fig. 1 The conceptual design of the pulse
A & LCH% Shi ABTHIC radiolysis apparatus
X /3D —RF AR M2 R
FZESNWT, 3EROBHKEENEDRAETNTWS, ZORHBTINERERERE 0.1CH
WHEARF 7 —ER S h, IEEROFKRFAEROBRECLAVONS, EFHEHOIE, B
BREBRAOK7 L— b i FomH—Y L /A FERENER SN, BEBFH A VAOTI v H
VARECHAWLRTWS [11],

BFMEROE T —RF RIZIL S/ K27 54 2 bua s (TH2074F, Thomson-CSF) % Fv
TEY ., BRIV RIE Lps, A 2856MHz, ©—27 /XU —4MW @ RF # B F#HICEAT 5,
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T4 b Y— FREAOEaFP NAYLF L—H
—DfAk% Table 1 1Z/R LT, BIREFDOE I
X7 9MHz T, V—¥—FRERIZ 1047nm
Thb, 74 bhY— FRENTIT, FERAFER
PRWTAERSIEZH 4 BRE (262nm) ZH
VW, FOTFAF—E NV ARITENLEN 0.2
mJ & 5ps THD, b —F—HORER

Table 1 The specifications of the laser for photocathode

Wavelength 1047 nm

Oscillator Frequency 79 MH:z

Energy 0.2 md/pulse @262nm
Pulse width 5 ps @262nm

Time jitter 0.5 psrms

Pointing Stability 10 urad

Energy Stability 1 % rms

EDEBILEA F— FRREOEEEKRL —F -V AT A T5 L HITHRBEBOHBREREL 7 41— F
Ny 7HIETAEERIT TABAARFICH LT 05ps MTORY v #—D IV R FEAEZFES

RT3,

Table 2 IZIXRFEFHIZISA A by nbDRF & L—HF— L2 E AL LTHELNRS E
HRELTWABFHR IV ADRKRENRE LD TH S, ETHMEZRANOEMRRBRE LEFE— A
O#\GE %38 2— F SUPERFISH & PARMELA Z AW THB LR, 274 A br b0
4AMW v —27 U —@ RF N R K THIEZERICAS LTIEH I 3.7 MeV UL EOBFRO =2V
X-NESNDZ LR LE (Fig.2), £, 262nm AN LN O DXEFREDORTF
INEIE 5 x 10° BF/ RAFLBESNTVWB[12|DOT, 12V 2AHEY DBEHIX1 nCLLELEF

LTS, EBFR VIVADOSNVRBIE, L—F—BRAFO

W L= =DV REGps) & W bR R DD,
RF MEIZ X B VRERRBEZ D, M
WICREETH B, BURTIX, tentative IZ 5 ps
LLTW3,
3. RHLFERISI AT AT b
ALEE T, REORSERBIIR 7T r
—7Hh (R bhaRRa—7%) ERALTWA,
ZHIXEFR SNV ABERT DEFMEHED
ST e —T VALY T A FET
H5, LEBo THEOMESHEEITIAVSE
TRESHV—F—DRASNVRBEEEN D DF
ORFEFIEEEIC LYV REZND,
15348 (SSG) M6 DEERF K (79.3
MH2)EHBIZE VW L—F—DRIRL 7 T A X b
»® RF BALZFIHETZZ LA TE, RFEF
FA VAT v Te—F —REOBHEHREEA
LTV AEORBZELZFEE 1 v 3 LU THIE
XETWV3,

3.85

SfFCEL Y — FEEZRBFT 57

T

3.8

w
~
2]

Energy [MeV]

Lad
-~

3.65

T

T

Ll
-10 -5

Phase [degree]
Fig2 74 bAY—FRFBFHOBEET
TRNAF— L U—F— AR & DB,
BFIN#E RF (2856MHz, 4AMW t'—2 /37 —)

Table 2 The specifications of the generated electron
pulse from the photocathode RF gun

Energy
Charge/pulse
Pulse width

Repetition rate

>3.7 MeV
1 n 1 2nm
5 ps @262nm

10 Hz
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DHAV—F — Ot E Table IR Lz, K37 A MY v 7 BAMIINEYLF L —¥—0D5%
3 EFAEE (348nm) THEMEE X, FMRELRESRIC KV FRREA - RIBEERITH I L THAXOER
¥ 21025 2000 nm ECRAEREL L, 7ULAEIX 10ps AT, HASNAVZRTZRIAVF—DRE
BV 7% rms TH D, HA/ NV ZITRBMARMT 2 2ICHBEL, =R F -0 EOBM L K
ISy 2 RRRCAT . A HFREMBE L TEY | A% PIN XY A A — FTRET 5, 12
— ROMMHEBIIR Y 7 A —FEN3 x5 s Table3 The specifications of the analyzing laser

MBXh, AT AEF S NVADBREIZEY A

Tuning range 210-2000 nm
FEENAAEVATLLERoTNS, HELEV X Energy 60 ud @peak
— o o Pulse width <10 ps
T L ORI FEREIXE TV A (5ps). Tt v Spectral width <10 cm!

Z(10ps). FRIHIEEE (<1lps) TRE I L. B
NI 10ps BBE & 2 B,

4. ¥¢9

BEZ74+ MY —FRF ETHEBWEDEOANZAS OF ) VAEBEYRRT THD, A
BH 5L, 3.7MeV T 5ps DETFHR/SVANR, 7V RHY InC DEMET, BEFTRTHD &
EZ2 515, O RIEL LT OPG Y AFA%ALTHEY 210-2000nm DFERHFET 10ps
UTFTONRVABON IV RAEREAETED, ELIKHE NVAOBRERBRELZT 22 AWT,
RFEI S AREER 10ps DB RICHAT R RIREREEE L LT 5,
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59. Femtosecond Time-resolved Optical Polarigraphy (FTOP)

S. Aoshima, M. Fujimoto, M. Hosoda, and Y. Tsuchiya

Central Research Laboratory, Hamamatsu Photonics K.K.
5000 Hirakuchi, Hamakita-city 434-8601, Japan

ABSTRACT

A novel time-resolved imaging technique named FTOP (Femtosecond Time-resolved Optical Polari-
graphy) for visualizing the ultrafast propagation dynamics of intense light pulses in a medium has been
proposed and demonstrated. Femtosecond snapshot images can be created with a high spatial resolu-
tion by imaging only the polarization components of the probe pulse; these polarization components
change due to the instantaneous birefringence induced by the pump pulse in the medium. Ultrafast
temporal changes in the two-dimensional spatial distribution of the optical pulse intensity were clearly
visualized in consecutive images by changing the delay between the pump and probe. We observe that
several filaments appear and then come together before the vacuum focus due to nonlinear effects in

“air. We also prove that filamentation dynamics such as the formation position and the propagation
behavior are complex and are strongly affected by the pump energy. The results collected clearly show
that this method FTOP succeeds for the first time in directly visualizing the ultrafast dynamics of the
self-modulated nonlinear propagation of light.

Keywords: Ultrafast Measurement, Femtosecond Pulses, Kerr effect, Polarization, Birefringence, Propa-
gation, Laser Plasma, Nonlinear Effect, Filamentation, Ultrafast Dynamics.

1. INTRODUCTION

Over the past three decades, the propagation of intense laser pulses has attracted much interest due to its
self-modulating nonlinear effect.! In recent papers, the propagation of intense femtosecond laser pulses in
under-dense plasma has been actively studied because of its importance to laser fusion, particle acceleration,
and the high-field physics of laser plasma interactions.” It is very important in laser ablation to monitor the
beam quality such as the spatial- and time-distribution. To observe this propagation behavior, indirect tech-
niques such as the Schlieren method have been used.* However, these methods cannot take an instantaneous
image of the laser pulse interaction with the material, because only the long-lived gradient in the refractive
index is measured after the excitation.

We propose a novel time-resolved imaging technique called FTOP (Femtosecond Time-resolved Optical
Polarigraphy) for visualizing the ultrafast propagation dynamics of intense light pulses in a medium.® The
method probes the instantaneous birefringence induced by the laser’s electric field in the atmosphere. Since
the induced birefringence has an ultrafast response in air, an instantaneous image of the laser pulse in the
interaction region can be visualized. By using FTOP, we are able to observe the ultrafast temporal evolution
in the two-dimensional spatial distribution of the optical pulse intensity through consecutive femtosecond
snapshot images. Information about the propagation dynamics is useful for laser ablation.

2. PRINCIPLE OF FTOP MEASUREMENT

2.1. Experimental setup and an obtained image

Figure 1 shows the experimental setup of FTOP. Horizontally linear polarized intense optical pulses (100-
fs, 7.0-mJ, 10-Hz, 800-nm) from a Ti:Sapphire amplifier system are split into a pump and a probe. The pump
beam carries most of the incident beam’s energy.

After the beam passes through the variable optical delay, the A/2 plate makes the polarization of the pump
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A2 plate 4 Plano-convex lens (f = 50 mm)

Ti:Sapphire laser and amp. system

Beam splitter

(800 nm)

Variable optical delay CCD camera

Pump
Figure 1 Experimental setup of Femtosecond Time-resolved Optical Polarigraphy (FTOP).

vertical, before it is focused in the air by a 30-mm
diameter plano-convex lens (f = 50 mm). The lens
diameter is larger than the cross section of the pump
pulse, which has a diameter of 20 mm and a 1/e diam-
eter of 12.8 mm. Meanwhile, the collimated probe
pulse synchronously irradiates the area around the fo-
cal point. The polarizer is used after the A/2 plate,
and the linear polarization angle of the probe is set to
exactly 45 degrees with respect to the horizontal plane
of the optical bench. After the beam passes through
the interaction region, the analyzer only extracts the
components perpendicular to the polarizer. The relay

lenses magnify the image, which is then detected by Intensity
the CCD camera. The CCD camera is rotated 90 de-
grees to improve the recognition in the perpendicular
direction to the light pulse propagation, because the
CCD has an insensitive area between the horizontal
scan lines.

Figure 2 shows an example of FTOP images. The
direction of pulse propagation is from top to bottom
as indicated by the white arrow. The bright area is
magnified and inset. The observed area is 2.3 mm x
3.1 mm at the interaction region. The CCD camera
has 480 x 640 pixels, and the corresponding spatial
resolution is 4.8 pum/pixel.

2.2 Vertical axis in ¥TOP image

Figure 3 is a diagram of relating the position of
the pump and probe pulses in the interaction region at
five different moments. In the figure, the pump and the probe pulses propagate from top to bottom and from
left to right, respectively. Since the speed of both light pulses are the same, the spatial distribution of the
pump pulse intensity is detected as the spatial intensity distribution of the probe pulse. Therefore, the FTOP
image is created like a top view as shown in the right side figure, despite the fact that the probe pulse passes

Distance (mm)

Figure 2 Image taken by FTO®

Pump pulsc

Figure 3 Diagram of reiations between positions of
pump and probe pulses in interaction region
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across the interaction region horizontally.

Furthermore, the vertical length of the image corresponds to the pulse duration (shown as the thickness of
the pulses) and the response time of the optical Kerr effect. Then, the vertical axis of the FTOP image relates
to both the time- and space-axis, because the interaction time upon the spatial distribution of the pump pulse
provides this information.

3. ULTRAFAST DYNAMICS OF LASER PULSE PROPAGATION IN ATMOSPHERE

The FTOP image changes according to time, which is determined by different arrival times at the pump
pulse and the probe pulse interaction region. We can vary this timing by changing the optical path length of
one of those pulses to another one by using a “variable optical delay” (Fig. 1). The experimental condition 1s
the same as that described in the section 2.1. The energy of the pump pulse in front of the focusing lens is 3.5
mJ.

The consecutive time-resolved images for propagation in the atmosphere are taken at 91 temporal points
with a 66.7-fs delay step. The images are quite stable on a shot-to-shot basis. In order to improve the signal-
to-noise ratio, we integrate 10 shot profiles to produce data for onc image. The background, such as the
emission from the breakdown plasma, is subtracted. Figure 4 shows 48 typical continuous snapshots. The
same areas of CCD images are extracted in the figure. The spatial distribution of the pump pulses are clearly
measured and move from top to bottom according to the change of time.

1311 jJo uondanp uonededoid

Figure 4 Typical FTOP images of 48 continuous snapshots with a 66.7-s delay step.

4. CAPABILITY OF SINGLE-SHOT PULSEWIDTH MEASUREMENT BY FTOP

As mentioned in section 2.2, the vertical axis of the FTOP image simultaneously represents the time and
distance, and the time depends on the pulse duration and the response time of the media. When the spatial
distribution is suppressed, the vertical axis of the FTOP image becomes the time-axis. As an example, we
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analyzed the right image of Fig. 5 (a) ,which is suit- 1.0+
able for the condition. The intensity profile data was
created by adding data in the horizontal axis direction
from the data in the image. Figure 6 shows the pro-
file data. The right side corresponds to the bottom of
the image.

We found that the profile has 13 FWHM pixels,
and our calculation shows that the measured width is
208 fs using the spatial resolution of 4.8 pm/pixel and
a refractive index of air at 1.0. There are two impor- ool
tant points regarding an optical pulse duration of 100 0 M :
fs. First, we can experimentally confirm that the re-
sponse time of the Kerr effect of air is ultrafast in the
order of 100 fs. Second, this method can be used to
non-invasively monitor the pulse duration. In prin-
ciple, single shot monitoring can be performed. In addition, phase matching such as in the SHG autocorrelator
or SHG-FROG?® is unnecessary when using this simple measurement method. Therefore, FTOP can be one of
the suitable methods for measuring atto-second pulses with a very wide spectrum. In addition, there is the
possibility that the response time of the Kerr effect in the medium can be accurately measured by FTOP.

208 fs FWHM (13 <h)

Normalized intensity (a.u.)

T
150 200

100
Pixel number of Y-axi

Figure S Intensity profile using right image of
Fig. 8 (a) and measured pulsewidth
(FWHM).

5. CONCLUSION

We have proposed a novel time-resolved imaging technique named FTOP (Femtosecond Time-resolved
Optical Polarigraphy) for visualizing ultrafast propagation dynamics of intense light pulses in a medium. By
using the optical Kerr effect, we have observed two-dimensional images of intense femtosecond laser pulse
propagation in air with femtosecond time resolution and clearly captured phenomena such as the ultrafast
temporal dynamics of filamentation. This information including the two-dimensional spatial distribution is
very useful for laser processing and laser ablation. This method can be applied to measurements of pulsewidth,
the optical Kerr constant and its decay time, and high-power pulse monitoring for space and time. Moreover,
a single shot record of the pump pulse propagation can be obtained by using a pulse train as a probe beam.
This will ensure precise observations even with shot-to-shot instability.
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Collinear Laser Spectroscopy on Radioactive Isotopes
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Collinear laser-ion-beam spectroscopy is superior to conventional spectroscopy methods
because it provides mass separation and sub-Doppler resolution. We have used this technique to study
hyperfine structure and isotope shift in some light rare-earth ions such as Eu, Prand Ce. In addition
to measurements for stable isotopes, those for radioactive isotopes have also been carried out with
samples produced by a reactor. These measurements have yielded interesting information on the
nuclear structure of these isotopes, which includes the electromagnetic moments and the change of

nuclear charge radii.

Keywords : Collinear laser-ion-beam spectroscopy, Mass separation, Hyperfine structur,

Isotope shift, Nuclear structure
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Fig.1. Set-up of experimental apparatus. FPI: Fabry-Pérot
interferometer, PMT: photomultiplier tube, MCS: multichannel

scaler, PC: personal computer, FC: Faraday cup.
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Fabrication of Soft X-Ray Multilayer Mirrors by means of Ion Beam Sputtering
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Masahiko ISHINQO, Masanobu NISHII, Osamu YODA
Advanced Photon Research Center, Kansai Research Establishment,
Japan Atomic Energy Research Institute
8-1 Umemidai Kizu-cho, Souraku-gun, Kyoto 619-0215 Japan

We fabricated Mo/Si soft x-ray multilayer mirrors on Si wafer and polished ceramic glass
(CLEARCERAM-Z) substrates by ion beam sputtering method. The deposition system was
pumped down to a base pressure of 2x10°Pa and working pressure was around 2x10?Pa. The
Ar ion gun was operated at 1000V for acceleration with an ion beam current of 50mA. Si and
Mo target plates were mounted on a water-cooled holder and particular target was selected by
rotating the holder. Substrates were rotated similarly to the planetary motion for thickness
uniformity. Deposition on substrates was carried out at an ambient temperature, and layer
thickness was controlled by deposition time through fabrication.

The surface rms roughness of substrate was estimated by total reflection of CuK a, x-rays to
be 4A and 10A for Si wafer and ceramic glass, respectively.

In-plane uniformity of multilayer thickness was within *1% for both substrates.

We measured total reflectivity of multilayer mirrors by means of CuK @, x-rays. Reflectivity
of the first Bragg peak of Mo/Si multilayer on Si-wafer was as high as 95% of calculated ideal
reflectivity.

Keywords : Soft x-ray, Multilayer mirror, lon beam sputtering, Rms roughness
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3, . Si EREICEBIVLZBEOAD. ATAOKZXLEROE—-7ETiE-%D
EBNTWAI Ebb, ZHiT. REMIONIBERICHBIEIZRBEOAFN, XA -
RENBOMNTHAI EERLTNS, . CuKa , BICEBERHBO Y I 2 L—Y a VEHER
BEIH~REE, SIHFLICHEBEIES-ZEEO 1 RE—7 ORHRIZ. REHIDOLOEENL
RETHFTEXARHED I5%ICHEL TN 5,

M4 ZEHRD X

Mo/SiZEIE 60/8

Mo/SiZBIE 60/

10°

10°

—— V) EiR
REHE 0=0.4nm

lo*l.

— HFREIR
FHEEX 6=1.0nm

)(l?‘ﬁ( )us"ﬁ( )
& 5 MMh%Eﬁﬁﬁﬁ@Xﬁ&ﬁ$ﬁﬁ Si#ER (F) &4 7 ZER (B

6. &

AAVE—LRNy FEFANT. BE 13nm ASHH 45° Ok X #AIC Mo/Si LB §H8E
ABUELT, SIEREN S ZERD 2 BHOERE. TN oD LIZHEE X872 Mo/Si LB &
80D CuKa I L AR BAUEEIT 720 TORRNS SI BREHN 5 ABABORIMA I EZH
ZNo=0.4nm. 0=1.0nm EFML 7o 7. Si EH EICHEEZI B/ Mo/Si ZEED 1 IRE—7
DORGTRIT. ZREE IO NHEENLEOTEFTEARHFERD 5% ICHELTWAE I Ebh

=712

E. F33

X BRNBAETIE. BHFEBAEFROE FTREREZ I LD ET 2 EBEMEE 2 FREOR
BIcbHEEIcn0FE Ui, $h. EFREMEICLAZBEOMASERE T3 RSB HR
OFEEKICEMERICL DT Lic, SZiCBfLELETED,

— 272 —




RIS

JP0050800
JAERI-Conf 2000-006

B2. L—¥-77L—arvElCLsBlRt Y —ARMOEY
Fabrication of Thin Films for Electro-Magnetic Field Sensors
by Laser Ablation

MM, hEAEHL. ME=BL B0, EEEE2S
ThikZ RE¥ERS AT LAEBRERAR
812-8581 f@ M i X FMi6-10-1
2 () BARRPIFEAR IR
201-8511 REEAIL M EFIL2-11-1
SAMKE KERBEETFHAR
816-8580 FHFHMHHLNME-1

Tatsuo OKADA!, Yoshiki NAKATA!, Mitsuo MAEDA!, Sadao HIGUCHI?, Kiyotaka UEDA?23
1Graduate School of Information Science and Electrical Engineering, Kyushu University,
6-10-1 Hakozaki, Fukuoka 812-8581, Japan
2 Komae Research Laboratory, Central Research Institute of Electric Power Industry,
2-11-1 Iwado Kita, Komae, Tokyo 201-8511, Japan
3 Graduate School of Interdisciplinary Science and Engineering, Kyushu University,

6-1 Kasuga-Koen, Kasuga, Fukuoka 816-8580, Japan

BSO (Bi,,Si0,,) and Ce:YIG (Ce,Y3 (FesO,,) films have been fabricated by laser-ablation
deposition for electric and magnetic field sensor applications. In the case of Ce:YIG, the control of
the charge state of Ce ions was very critical to obtain the garnet-structured thin films and the appar-
ent Faraday rotation was observed for the films deposited in an Ar background gas. In the case of
BSO, it was found that all the films deposited on YSZ and SiO, substrates were crystallized with a

preferential growth along the (310) axis.

Keywords : Laser ablation, Thin film deposition, Electric field sensor, Magnetic

field sensor, Plume dynamics, Pulsed-laser deposition

1. RCBHIC

L—H—7 T —>a aHALRBEEMNIT. FTERLYMEORBYERICE L /GE
ELTERINTVWS, RXDVIN—T T3, BEBRBHATNIANOBREZBRERLT. b—
-7 —2alik (LA CEXAREMONMEEMEOERETZ>TVS, INETIE,
L —H—H# & & L TTi:sapphire [1], @B HE#R L L TBaTIO; (2] DML BFEIT DO
THRELTVWS, TITiR L AHERBLUCEEA Y —HE L THERL TWS BSO
(Bi;,51045y) & Ce:YIG (Ce, Y3 ,Fes0,,) M@BBHOEM L EOREIIDVTHRET D,

2. MBFRFTIE & FREE
1 CRBEBOBRERT, EBIX. HEAR 77/ —ya AAFIFII—b—Y-—
BLUHE - HARLIDBRINTVS, EHLAVBERA—HRORRKES —F v hEENR
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BEKIHAPT, ArF L—H— (20 Hz) &
Eb77b—¥allik, -7y bR B—
EHTO7 /L —aleBiiskd. 15M
ZH 10 BOREGETEEREL TWS,

7TV —raricko>TH—4y b s K
IhRERERTER. 5y bedad a6 B
Ehh/EH (10 mm X 10 mm ) EICHER
Tha, ZHEOmMRIT. SIC EHmMBEL—
-t EREEEI Uy ITEHEL T
2o E—F—i31000 CETMRAIETHS.

ArF Laser

1 pREREE

EROBEIT, ANBESFTE=SF LA ERNBHTH 50 THRRAEETOOORLTLY

ERETREWEEDNS.

EBL RO, DANERTKDHABRARY MIVORE, MEARFEHICLIREDOH

&, X ®EH XRD) K L3 &RIEDONME. &
BTEMEICLSRABROBR, TXIF—
SHBRH X W (EDX) 12 & 5 Bk AR D 4.

7737 -RABRKIIBANAZREORMEE
fro.

8. BSO WM

9, BSO MZYSZ (100) EHR LicEML
HEAEERNE, B2IZXRD XY —OHER
9. BAKAREELSH 500 mTorr OFEITON
T, ERMRBEZELCL THEMELEROAT
H3. BREEEZZERH»S 500 CETLTSIZ
L7=nt>T, 20 A 28 EEfHEDXRD EHRE
MM D, HREXERIBIONEEBIH
Feo R, (310) EARERICPTICEMLT
NWBZERFDo[3]. BERBHIAZEAH
500 mTorr OEIHFN SR~ (310) MOBKRTF
EXIZ. 0.321nm &0, NIV IEROEE
—HLTWw3., B2 TRSMDI< WA, =R
DORED 28 EHMICEML HIERITHEMN - /2
E—2 (EEET S ERE) 285N, £R
THOOTOIKERIEOKLNA I, ZRT
ERL 2% 400 CTT 1 RM7 =) T3 &
13D (310) Fmickm L RN &S,

BSO LRAULK U LF 1 bETHS Bl ,(Ga,

4 BSO (310)

MRBEAE 500 mTorr

PN S SRS

24
20 AKX (O

B2 YSZEAR EICESRL 7= BSO BROXRD

S —
310)
B8 S0, 492

EKEKX 40T
RRES 10 mTorr

T Ty

(-

20 25

L

38 L

30
AKX ®

X3 S10, ZEKR LIS L /= BSO BEOXRD
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Bi, )05 (BGaO) % Bi;,GeO,, (BGO) %, LA ¥ T YSZ (100) ZKIZHKKT 3 & (310)
EACRRMICRET 5 Z EAREINTNS4,5]. iR, P LFA MNEODRFEMD 310 &
FROBMMN, YSZ D 110 i MOBEBEBZ>TVEEDHELEDRTVWS, bLESIRE
THhiZ, (100) BXARALAEEESICR. HOERERWHTLERS S,

3. Sio, HSAER EIZTER L BSO MO XRD Xy —>%57T., HHEEIZ 400
T, BEEHIZ 10 mTorr TH3. Zhns, XRD TRAENED, YSZ B LICHENL 18
BEBAOLVEERKRLLANENESh. BTFEXI 0.318 nm THD., Bt 1% UF
LRIFTHD, TOZLIZ, BEEOMBEENL THRRBLE. SI0, H5AXK LT bRALL
EEAEND ZLE, EANREANSbAEREKBNIETHS. LAL, LoH—REAR
RT3 IRBORME c WEAKTIAMFELLOT, RNHESNSBORETS 5.

4. Ce:YIG M 160 |- .
41 BERY E‘”:‘ ——— 2omTorr ]

¥3 CeYIG 2GGGUID EMREIZ & [ ——eeee i
HEML XRD Iz OREBRMEE ML §w5 ]
7. B 412, Ar AABESRTHEN S b ]
LABBOXRD AR5 bLERT, E :
SESHAEAZ 10 mTorr TH 3. 0

49 4;5 SIO 50'.5 5'1 SlI.S ‘52
405, (444) EMTHRRBILLZR 2 6 angle (degrees)
ORENERINE. RS ICHERER
RESHEBRENSEEEZEIEDE. &
HEAr AANEANEL, BERBEENREVWEEERLELLBEWI IR, £, Ce 2 R—
TUTWRW YIG ZDOWTit, BRBEKPTOLV—HF -7 —a itk oREROE
UNBEINTNB[6]. LHrL, CeYIG DRA, BRRBHEKTTIIN 5 OENEHE TR
{ELBRRESN2ho T,

TOREELTIE, Ce OMBRBLAREBL TSI ELEISNS, Cel YY1 M IMHTR
RTILENDS, LML, BREBEZKP TR, Ce BEHPOEBRERET
Ce + 0, = CeO + O, CeO + O, = CeO, + O
ORUERIEI LD, 4 HCRDBVESXSN  Sub. Ar pressure (mTorr)
3, £t At HZEARBOE TN —L0BL *™ vacuum 10 20 50 100 200

X4 Ar A BEZ R THERL = Ce:YIG BOXRD

RBORD. TS a TEIIv IR O

5By M SEERE LEBEIC L BB © 000
BIDBRD, ARICHUEDCe BaEgRxhT 350 0 O x X
HREMBASNEEEAGNE, OAICH 80 O X X

LTIk, 4%Ce, CeO DFAFIv 7 ARL— 180 x X gimﬁmbﬂ
HF—EHBRIPHHBICLOBARSITFETHS(7- % Y Amorphous
101,

B5 CerYIG DHERAHA SRR
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4.2 MECEMREE

HEiREE 850 CTRIS Ar HAEAH
THEMLUHERO, RETRELELEZT 7
77— Bl DEBEFEER 6 ITRT,
PERFOMEIT 3000 0c THD. #aH
LR Ar AAEHOBEVRICKER
77 SF—ERANE SN, BKDT 7
77 —EEAREER 430 nm fHETHS
nr. .
ERCRLTHRROERR o Ey 00 00 LT
BREND D, REOKBBERET—F
NS, HE—FEOBBBIINTEZI7 I X6 Ce:YIG D7 7 7 F—EGA DR REFE
F—BlEAOHEEKFEEZFMEL . €O
MR, HEBEEL 780 nm ELTHREZES LERIIBADO7 7 27 -HEANELSND Z
R o7,

-»

Substrate temperature 850°C

w

Ar pressure
10mTorr

20mTorr

-

Faraday rotation angle (degrees/am)
t 54

saah Yo v sl e s a bt as s laag

0
-t

2 P 1 " 1

§

5. £&®

BR-@BFEH-HALLT BSO, CelYIG #RZL—HF—T7 T —2a v BICLDIEUD
THEHMLE, TOKR,
(1) YSZ ERZHEHM L 72BSO &, BALVWTNORETH(310) EARERKICETICRELE.
(2) HSAZERETH, (310) @ L 7% H BSO RN/ LN,
(3) Ce:YIG DHEBREICIIMEBHKLD Ar HABRKMBEL TWBE I &MNH9hok, Th
2. Ce DMEBECRBOHBEIBERL TNBLEZA OGNS,
(4) BIHAFEDHREZRT Ce:YIG ODEMITHRIIL 2. EHL Ce:YIG MR TRAT Y —%2H
R 2BE0RBHERIT 780 nm FIETH 5,

254
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63. L—¥—TIIXTXBREAFH AT S5 =7y kOBIF
Development of rare gas cryo-target for laser-plasma x-ray
source

WIRTER, EIEMEA, AR, KHER
N. OGIWARA, K.SUGANUMA,Y.SUZUKI, and S. NAGAI
HAR T O Zer B rEmrserT, RERRTAE KB AR BRATHEE S 8-1 (T 619-0215)
Kansai Research Establishment, Japan Atomic Energy Research Institute,
8-1 Umemidai, Kizu-cho, Soraku-gun, Kyoto 619-0215

Abstract: In order to realize a high-intensity ultrafast soft x-ray source, we are now
developing a cryo-target of rare gases for a laser plasma. Making closely packed cryo-
condensed rare gases enables us to operate a laser plasma x-ray source with Ar and Kr
targets for more than 2-3 hr without any debris. In addition, these sources can be run

without any supplementary pumps.

1. 1ZU®DHIZ

INETEEEZONTW XBREME, XBL —Y—F0BRN X HREE
THERLUI A HEZRTOHBRICLVRRIGERLDDH 2. IO XD ITRHKIC
HEHLUET S X BAFEORBICBNTIREMNICER U A RZTFORRENNAT
HD, TDEDITIE, HFERTOFMETOEBNORELT 4 — BNy 7B
AARTH B, TO X BAFFRFHERBIZBNWTL, TOBEICHM D
STLUBAEEDEVWLETHE I ENGL—Y—T7IX7 X BENMEE TN
T&ER, £, IBEOWRE/)NNVA L —F—ORREIZHEN, BEERZEHEICE
AT E2BHNETL—Y—TSXIXBRENMERZINDODDOH S, 2

T, Bad, LR 2ARICERREREEESE VAL —Y—T5 X7 X
BREOBRFIZEFLZEZATH S,

A XBRFEIHLTE, =5y "MAOERFEELT, 1) ¥ om D5 10nm
DEEHHEZNIN—TIHEOBWHIETH DI &, 2) BHANFRREDET
OHRERERI ZEDRNWT T T —DOHETHB I &, 3) ERETL B
K 23 BRI OEFEEENTRTH DI E, TLT, 4) BEENETHE &,
LEHTBIENTES,

BRald, ERERZEATHIOELT, KrXe ZOFHADEEREEZ Y —4
v hETBL—TF-T I XBEEZRIL TS, 1) HIDWTIIEADL
—HF—LHABDOEERRESERERT I TFTETH S, EEEEOBELE
WIMBZEICED, 2) 5 4) HETERERFTHMETEY—4 v NOBERITHRY
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L. BETIZ, ZOFHRAIIAF5—7 Y bORROHREZBENRD.,

2. BEOHE

EFEREEROBES Fig 1I1ICRT. 774 FRTOBEBEHAWTEZERIC
AN T L — NEBHTS, BRI bFORERE—F LHBEDE
B E12LD. +0.1 EURNOEET 10K L EOHE TEBEDIREICEE HE
THb, T, COBKTL— NI, ZIMEEELZ>THBD, BEzZHED Z
HAHETH D,

FHABHRBEAETIZ, F70CHOMRERER I, KEDBERRZFH
LCERICEET S NS,

) OBRIT. BT — b5 ~80mm BN BEICBMA N ST o —
N—ZHWTTFbhs, —ED L —Y—REEREZIC, HEEME. SEM 2L
EZRAWTT Y OBREZFET 5.

O, EEOE=_SYHAD CCDARAT, L—HF—HOBARBLUENLR.
ZFL T, RXBOABEFNRTISNTVS,

3. FHABREBEEOBB LB LB

BmEAZEB LT EMNIE. 1) LTS XI0EEE LT TRAXR
ErXAIESZZE, BLWK 2) HEHEEYEL, Al L —F— ORI
2530 ETBIE, THB. FiRLOEWIZ, EREIZEIC X #2RE
XEBEDICL—F—ORFMNEEZFEIC—EICLTHEILTHS.

BHEERIIEFDPTHD. BHEBEL T, Ar, K, Xe D 3EDOHAIZDONWT
HRZEZLTICONS,

3.1 Ar

BT — NOEBEER~40K UTIILEHEIR. BRICERELZ, s
ROFBRENVEESLTNEDBDEEZ OGNS, BRaEE 1 LLEEEOREE
i3, ~05 THY, MRVEEETHZ I EBDND,

TOERD Ar 2RAGEL (~80K) 1275 &, BMBILWEAZ., S5, T
TOVRERAVWTEETAZ LKL DBERARKERDL ZENTER,

TNEIRRIC. BREEAES~FOK DEETB LD, BERERNIC Ar
PEHEIRAZENTE, BVINOGERARKERDIENTER,

EE50FFHICLOTHEH 10mm BED Ar OBERKEFL I ENTE
AH. 10K BREICARHTSE, BE7L—bF (Cu ) EORBERREDENT
RBET2EEDLNZBERHCLOKICOVENEET S, CNIZFTRICHER
BINBREBETH S,

KETOLIBEIIFERICE0.1mm ETH5IENTE,
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32 Kr

KriZDWTH, TN EET Ar EIZBRCTH 5,

Tabb, ~T0K L TFTIIBEROBKRELD, 75K UL TRAONSEHT
BB E Lz, Kr DFES, 50KLAFICT 3 &, KicoEnz £,

3.3 Xe

Xeld L 2BOH X EHEFNL VRIS,

Ar, Kr BRI EBHZ2E T 2BEBIRKEERT 5 2 E3PETH 5, 72771,
B TEREIZTSDENAELCKE, L. BEFOHEINCLD $HROFEREMN
BELTOL ZDEEZ LGNS, CORETHERBOL —Y—BEIIFEE T
Ho7zht, BB A BRI T 5D ORFAVBETH 5,

4. L —Y —HRHFEER

Ar, Ke, Xe IZDWTKAIIC L —H—WBEZ2{To72, L DY —4 v b s DR
XBAENEHER LTz, BIE, DHEBOKIE, BAE, BHEORE I EDIHME
BROEFFRTH 5,

TR, TTUQAEE., L—Y—-BEIINT B KOREME, BLX EHZe
RPEICDWTHRZENL TRRS, 2B, UTFOERIZBWTEICAWE L
— =1,

Nd:YAG 532 nm, 250 mdJ/150 ps,5 Hz TdH 5.

41 77 ORIE

Ar DBEX L IZKAND L —F —BERICTSI T 2 —/N\—DE{L % FH/=.SEM
BROMENS Si 7 x—N—LIZT 7 BLXUHREESE DRI NEL - T,
Kr, Xe IZX U TH RO R EEZ,

UEDEDIZ, FHATZFAFTY—T v MZBWTRETF 7Y 7Y —TH0,
MDD, FA-TT7Y—EWNZ B,

42 L —HY—BEIZHT BKkOLEENE
IR OBEEITIE, Ar, Kr & H12 20-40 um/pulse TY —47 v hE2BEITS &,
L—H—HB8& L 7=KE EIZE~0.5 mm, {£E~0.5mm O J 772 ENER I N
Fro E72. 2-3 R OEBGREICHEIEME T L — NOBRELRIZ05 ERETH
D, KOREIZEIZEMh->7-, Fig2 BROI L) Z0XIIT, BELZKT
3, BEICEFREIOL Y —BE 2T EMNARETH S,

ZHuzx LT, BIREEOBEIZIR. AAFEIZLST. 1 HO L —H -84
EXDEZIHmm, BEE]1 mm ULEORNECTLEY, EREMOEIGIIERET
Holz,
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4.3 HZERE

BELKOEEIZIE, 1EO L —F—BEITHEN, ~0.1 Torr 0 ORHEH 2 E
NH5, L—F—2EGRELTHRETL— M OBERENBZ20T, &
BIyR > 77 U THEBHEGRARETH 5.

IHUTH LT, BEAEL TWARWEEIZIE, WEHZARIT 1 FikE<., B
RTRLUOHEGERIINHETH S,

5. £&8

HERTEZIHET 50O EZT L THRENIVZ X BHEOERH2EELT
MHAD SAFH =7y bOBEFEEZTo-. Ar, Kr I L T3, KERREIZ
EEL D BESSY —7y NERBEIENTES .

GRIT. TDY—Ty bSO XBREEZFANR, ERLETID S,

ZE R
[ X #aEEoes, WMk, (WFANE R GEEEE  1999)
[2] C.Rischel et al., Nature 390, 490 (1997).

Ar, Kr, Xe Refrigerator

Thermal shield
Heater
':‘ Cryopanel
E Pump
CCD camera Laser SWer
RBREROHE
Fig. 1 Schematic of the experimental setup. Fig. 2 Taces after the laser beam iradiated

on the polished Ar surface.
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64. X3 5 —ERORE & Bk

Design and Fabrication of Soft X-Ray Mirrors

JE B . BH OET . KR —#
(Bk) BEBUERT - £ESINTZFERT
T604-8511 IRERAIAIRXFE., RERAT 1
Masaru KAWATA , Hiroyuki SASAI , Kazuo SANO

Shimadzu Corp. Production Engineering Laboratory
1 Nishinokyo-Kuwabaracho,Nakagyo-ku,Kyoto 604-8511,Japan

Soft x-ray photoelectron spectroscopic technology is important for measuring the chemical
status of material surface in the LSI manufacturing process. We report on non-spherical
mirrors focusing laser-induced plasma soft x-ray to fine sample surface.

We designed toric and ellipsoidal mirror as soft x-ray condensing means, simulated focusing

image, manufactured mirror surface on fused quartz substrate, and measured form accuracy.
Keywords : toric mirror, ellipsoidal mirror, non-spherical mirror, soft x-ray

1. 3LU®dic

XBE—LDVA 27 0REY NEXEBIE UENEEFRERE LT NERBMRETRL B
BEXRDZIrE2ENIKC. KK CRIERIERFEROMIENOR L2 BISL 2o W
Kz, ZOENFEZRAVEF LVEIIRBEORBIIRILIT S,

2. hoA FIVEDOFE

f oA FNVEDRHEL 2 DOMEEFE rl, r2 2 RHDZI L THD. DML a. QXF—HK
SSRERERE 2P b 5 Yl — I S —FROREHE f1 & 35— — Y HRIRENE 2 kD 5, Wi, ORASA
Og #HbE CEMMADKTEA L HAEHAOEERCHTID S, £N52D2DKA5 rl,
r2 ZERIZIIRATEI L NS, RI1SROZ L,

f1=2PL/ Q1+ a*2+2xcosOg)

f2=afl

r1=2afl/(a+1)/sinBg

r2=2afl1 sinBg /(a+1)
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K1 P4 FTNVBEBORNNTA—Y—2EDTK

WAWAKRS LR N4 I VBOLEEERD LS IR,

OfE/NE 1 1/1. QHF~EN ARIERE - 2P=2000mm . Q@RI ALK : 16deg. @ 2 DDHFRY:
£ rl. r2:r1=3774.2mm. r2=286.7mm. G X : 153mm. @ : 140.3mm, Z D& FH.LA
& 27deg LD AN—T v b 1 35— DA LRONEADEERI, 0.817X100-3 LR Do
H£HAHT 04X 1.5mm O&EHICINE 2,

HIEMTORBICEB L. BREECHEIDLBEINIFEHI LOBAEZRAZBDENH /20
T, I7—%2/MABIZATT. 22N 0ES A% YRGB L TKRD=, FEIREIEZ N
ZRR2TRULELSICA B, C. D, E| F&Lk, stEDOKER. A. B. D. F. C. E DM
WINESWEXAFEERT Db oM, LENSTMTICE LTI, ZOBEBEEMITEE OB
HMAIICT B,

EHR

M2 bogFNVEONESEIERD LK
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3. hOSTNVEOML

POAYNVEEOQRBRIIMT Uz ABFERONETHRIIRFICHTE 140.3X 153.3 ¥
t44.5mm & U7z, SEHHZER 3RS,
HEs#E T in % O FE B b & moH & 32w
ZYGO. MAXIM3D)IC & ¥ #iE. @
YGO F¥EHc L2 EmREfE. OFKH
BB ) Y—7 S6 BN X 2 RAET
AR L 7=
XDV TIX 0.2~0.3nmRMS IZ A -
TED. BBEIX. 1.5AUTF. 2 VY¥—7
X B TARBE CIXRRFTHI R EE DB ET,
1:8mm B, r2:0.0lmm MAICIFE -

Wb Zehbhol,

3 MHEERHA b O FIVEM

4. HMEKEOKXE

FEFESIEX 4 10R U BIERT
(x/a)* 2+ (y/b)* 2+ (z/b) 2=1
TERIHEINVWANWARGEDSHET L TRKRINCRD L 5 Iz,
OfE/NHE 1 1115, QRIF~E N AR : 2P=2000mm . @WD=40mm. @R AFA : 16~
23.6deg. @A @ B=60deg. ®MOHEE a. b : a=1009.024131. b=134.6465624
HU. @DI7—-0REx AH) : 1=69.1365151mm. ®3I > —0D Z 5EODHK : H=63.225766mm

y A 16deg yl1°~ yl~

23.6deg Ay

M4 MAEEOR/NZ A -5 —2FHHT DK
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5. fEMHEEOMT

AEARITIL U= MM EHEER 2 X 5 12R Y. BHEOARDHHEI TR THRMSHER @ T
Hbo

FHHIE TE 2 TERIAE L 2o £ DFRER.
BHEERDPSD>RD D TNIPVIET
BHRAEICDOWTIX 0.6 4m LA, #wb)
DEIC DOV TIE 4um IRICE > T
W3 EeDbhrol,

X5 HMESEOAEMTER

6.X®
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6o. Vacuum Ultraviolet Ar Excimer Emission
Initiated by High Intensity Laser Produced Electrons

Shoichi Kubodera and Wataru Sasaki

Department of Electrical and Electronic Engineering and Photon Science Center, Miyazaki University
Gakuen Kibanadai Nishi 1-1, Miyazaki, 889-2192 Japan

We have observed Ar,* emission using a tabletop femtosecond high intensity laser as an excitation source.
High intensity laser produced electrons via an optical field induced ionization (OFI) process initiated the
Ar,* production kinetics, which made themselves analogous to those produced in an electron beam
produced plasma. A fast conductive cooling of the OFI plasma was found to be appropriate to initiate the
excimer formation kinetics more efficiently.

Keywords: Vacuum ultraviolet, Excimer molecule, Short pulse laser, Conductive cooling

There have been considerable demands for the development of compact short wavelength lasers in
the vacuum ultraviolet (VUV) spectral region. Such compact short wavelength lasers would be applicable
to various scientific and industrial ficlds, such as photochemistry, biological science, and new types of
materials processing. Currently available practical compact VUV lasers are the ArF excimer laser at 193
nm and the F, laser at 157 nm, both of which are excited by a compact discharge device. Recently more
attention is paid to short wavelength lasers in the VUV in the future optical lithography industry. Rare gas
excimers have long been one of the very few laser media in the VUV spectral region [1]. The emission
wavelength of Ar,* is 126 nm which is long enough to usc transmission optical elernents such as MgF, and
LiF. The Kr,* laser has an even longer emission wavelength centered at 147 mr which relaxes the
conditions for optics and would become a competitor to the F, laser at
157 nm. Rare gases have a contrast to chemically active fluorine in the F; laser.

A recent rapid progress of the ultrashort pulse high intensity laser technology makes it possible to
control major plasma parameters in an optical field induced ionization (OFI) plasma [2]. We have pointed
out that this OFI plasma may simulate certain plasma parameters of an electron beam produced plasma,
where rare gas excimer production kinetics are optimized for laser oscillation. The temperature of an
electron beam produced plasma could be simulated by choosing appropriate high intensity laser parameters
such as a focused intensity, wavelength, and the degree of the polarization. The electron density found in
an electron beam produced plasma may also be reproduced by producing a desired charged state of a
plasma by an adequate choice of such laser parameters. High pressure operation in the electron beam
excitation for efficient excimer production may be reproduced in a vacuum chamber by using a pulsed gas
jet to provide a temporally and spatially localized medium. The use of a pulsed gas jet will minimize
unfavorable nonlinear effects such as beam focusing and defocusing caused by high intensity laser
propagation and will maximize a three body recombination process for the efficient rare gas excimer
production [1]. In order to obtain a large excitation length, a plasma channeling or the use of a hollow
optical fiber may be utilized although this has not been verified yet.

In this paper, we report on the demonstration of the Ar,* production using a tabletop femtosecond
high intensity laser as an excitation source. High intensity laser produced electrons via the OFI process
initiated the Ar,* production kinetics, which made themselves analogous to those produced in the electron
beam produced plasma. A fast cooling of the OFI plasma was found to be appropriate to initiate the
excimer formation kinetics more efficiently.
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A tabletop Ti:sapphire oscillator amplifier system produced a femtosecond high intensity pulse at
800 nm. Maximum output energy was 2 mJ in a pulse width of 130 fs at a repetition rate of 10 Hz. The
laser pulse was focused into a rare gas jet placed in a vacuum chamber by using a thin lens with a focal
length of 35 cm. A maximum focused laser intensity in vacuum was measured to be 5 x 10'* Wem, which
was high enough to tunnel ionize Ar to singly ionized Ar ion [3]. A pulsed gas jet was synchronized to the
laser operation at 10 Hz by a pulse generator. Laboratory grade Ar was used as rare gases and their
maximum backing pressures were 35 atm, which was limited by a capacity of our vacuum system. A A4
waveplate was inserted in a laser axis to control the degree of the polarization of the laser beam.
VUV emission from the interaction region was detected by a visible photomultiplier tube with a
sodium salicylate scintillator coupled to a 0.2-m VUV spectrometer. Typical spectral resolution was 0.5
nm. An optical axis of a VUV spectrometer was placed either parallel to or orthogonal to a short pulse laser
irradiation axis in a vacuum chamber to observe VUV emissions. When it was placed onto the laser
irradiation axis, a Ceratron detector was used instead of a photomultiplier to minimize the detection of the
intense 800 nm laser light. Time-resolved signals of the VUV emissions were reccrded using a 2 GHz
digital oscilloscope. Time-integrated spectral information was acquired using a boxcar integrator. Both
electronic devices were connected to a personal computer for data storage and further data processing.
Fig. 1 shows time-integrated spectra observed using an Ar gas jet. In both spectra, the laser beam
was linearly polarized and its focused intensity was 5 x 10" Wem™. A backing pressure of Ar was 20 atm.
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Fig. 1 Emission spectra from an Ar gas jet observed
orthogonal to the laser irradiation axis (a), and onto
the laser axis (b).
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Fig. 1(a) shows a spectrum observed when a spectrometer was placed such as to observe the VUV
emission orthogonally to the high intensity laser irradiation axis. We have observed Ar,* emission centered
at 126 nm and two Ar* resonance lines at 105 and 107 nm. No other emissions including ionic lines were
observed in the spectral region between 30 nm and 300 nm. Ar* acts as a precursor of Ar,* in the three
body recombination process.

When the spectrometer was placed onto the high intensity laser axis, several high order harmonic
signals were observed as well as Ar,* and Ar* emissions as shown in Fig. 1(b). This spectrum has not been
corrected for the spectral response of the Ceratron that had a rapid decrease of its sensitivity toward a
longer wavelength in this spectral region. Referring to the intensity ratio between Ar,* and Ar* found in
Fig. 1(a), the Ar,* emission intensity would become twice as large as that of the 7th order harmonic
observed in Fig. 1(b). Making an estimate with solid angle correction based on an emission geometry, Ar,*
intensity becomes at least several tens of times as large as that of the 7th order harmonic, indicating the
difference of the pulse duration of both emissions which was beyond the time resolution of this
measurement.

Note that no excimer emissions were observed when a self breakdown plasma was produced by a
nanosecond Q-switched Nd:YAG laser at an intensity of 10" Wem™. A nanosecond laser produced plasma
was uncontrollably heated and its density also uncontrollably increased, that did not fulfill the conditions of
the excimer production.

Fig. 2 shows the intensities of Ar,* emission and the 5th order harmonic signal as a function of the
degree of polarization of the laser beam. A circularly polarized laser beam emerged at 0° and 90°, and
linear polarization occurred at 45°. The 5th order harmonic signal becomes its maximum and minimum
when the laser beam was linearly and circularly polarized, respectively, as the nonlinear optics predicts. On
the other hand, the Ar,* emission intensity has almost no dependence on the degree of the polarization. The
electron temperature of the OFI plasma should be very sensitive to the polarization of an incoming laser
beam [2]. Calculated average electron temperatures of our Ar plasma are 4 eV and 70 eV for linearly and
circularly polarized laser beams, respectively. Such a large difference should have been reflected in the
excimer production kinetics. The resulting emission intensities, however, have no difference, indicating a
rapid cooling of the laser produced electrons in a plasma.

A cooling mechanism of an OFI Ar plasma has been evaluated numerically based on the energy
transport of electrons [4,5]. Neglecting the hydrodynamic motion and density gradients of such a plasma in
a subpicosecond time scale, the plasma cooling is considered due to thermal conduction of electrons after
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Fig. 2 Emission intensities of Ar,* and the S5th order harmonic

as a function of the degree of the polarization of the laser
beam. Scales at 0° and 90° correspond to the circularly
polarized beam, and that at 45° represents a linearly
polarized beam.
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the plasma initiating laser pulse. For a plasma with strong temperature gradients or in the collisionless
regime, electrons are assumed to be free-stream rather than diffuse. In this collisionless regime, the heat
flow is simply limited by the maximum flux and thus represented as (1),

w

0 J
—n, —(&T) = — (fmkTv,)
ot ox

(3]

O]

where n, and T, are electron density and electron temperature, respectively. v, is the electron thermal
velocity. f is the so-called flux limit and is used as a maximum value of 0.6. The choice of the flux limit
makes a minor difference for the result.

By integrating the equation (1), the temporal change of the electron temperature of the OFI plasma
was evaluated. We have found out that the initial electron temperature of 70 eV decreases to 4 ¢V within
40 ps, which is a typical mean temperature of the secondary electrons found in electron beam excited rare
gas excimer lasers [1]. A conductive cooling, therefore, proceeds much faster than any of the kinetics for
the production of Ar,* excimer, which are typically on the order of nanosecond at most [1]. The difference
of the initial electron temperature of an OFI plasma caused by the difference of the degree of polarization
of the laser beam, therefore, should not be reflected on the behavior of the Ar,* emission intensity. This
cooling is favorable to initiate the excimer formation kinetics more efficiently. This type of plasma cooling
indicates that the appropriate choice of the degree of the polarization may play a role to minimize
competitive nonlinear effects such as high order harmonics observed in this measurement.

In summary, we have observed Ar,* emission using a high intensity laser produced plasma. The
production kinetics of the Ar,* excimer were initiated by the high intensity laser produced electrons. A fast
conductive cooling of the electrons plays an important role for the efficient excimer production. The
similarity between characteristics of the OFI Ar plasma and the electron beam produced Ar plasma that
was found in this study may be utilized to realize compact rare gas excimer lasers.

This research was partially supported by the TEPCO Research Foundation and a grant-in-aid for
scientific research of the Ministry of Education, Science and Culture, Japan.

References

[1] M. V. McCusker, The Rare Gas Excimers in Excimer Lasers edited by C. K. Rhodes (Springer-Verlag,
New York, 1984).

[2] N.H. Burnett and P. B. Corkum, J. Opt. Soc. Am B 6, 1195 (1989).

[3] M. V. Ammosov, N. B. Delone, and V. P. Krainov, Sov. Phys. JETP 64, 1191 (1987).

[4] W.L. Kruer, The Physics of Laser Plasma Interactions (Addison-Wesley, 1988).

[5] K. Midorikawa, Y. Nagata, S. Kubodera, M. Obara, and K. Toyoda, IEEE J. Selected Top. Quantum
Electron. vol. 1, pp. 931-940 (1995).

— 288 —



lllllHlllllllJll!ll!(H)llllllHﬂIIIIHIHHIHIlllHlll

050804
JAERI-Conf 2000-006

00. 8 X 18T R S RN 57 ¢ S [E 4B 7D AR L 3T i

Fabrication and Evaluation of Holographically Varied Line-Spacing Gratings for
Soft-X-Ray Flat Field Spectrographs
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Recent progress in the design of aspheric wave-front recording systems has enabled
the manufacture of holographic gratings with strongly varied groove densities suitable for
soft X-ray flat field spectrographs. A holographic grating thus recorded was processed to
produce a laminar profile by reactive ion-etching. Measurements are reported here of the
absolute diffraction efficiency of this grating and of a comparable mechanically ruled grating
using a synchrotron radiation. It is found that the holographic grating is effective at
suppressing the higher orders. The spectral resolution was determined using a Carbon Ka
X-ray generator and a spectrograph with an imaging detector. The spectral resolution of the
holographic grating was about three times worse than that of the ruled grating.

Key words : Diffraction grating, Spectrometer and spectroscopic instruments.
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Development of a Laser Ion Source for the TIARA-ISOL
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Lasers can be used for the study of unstable nuclei in combination with an Isotope
Separator On-Line (ISOL). Aiming at isobar-free isotope separation for heavy-ion reaction
products, we are developing an element-selective laser ion source, in which atoms are
resonantly excited and ionized with pulsed laser beams. Because the ion source is heated up
to about 2000°C, a certain number of atoms with low ionization potentials are also ionized
through surface ionization, and then become background ion beams. To suppress the surface
ionization, we have applied a Nb foil with a low work function as the wall of the laser ion
source. Pulse shapes of non-radioactive Ba ion beam from the laser ion source were measured.
The difference in pulse shape between the ion source with Nb foil and that with Re foil is

discussed.
Keywords: Isotope, Photo-ionization, Laser, Resonance, Ba, ISOL
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B8. E/UVAEREL YTk AETRIN T A D &P TR
High Energy lons and Neutrons Produced by Ultrashort Intense Laser Pulses
ERESCE Y. MEH-—M®, mEEEs, BHET
FANFELF L. BRI, BREIEAT S, BREE Y 2
D RRKFE L —Ememat oy —
565-0871 WKHMILAR 2-6

LORBRRERFER LEMAR BRI F - TFER
565-0871 WKHITLLH . 2-1

Fuminobu SATO!, Shinichirou OKIHARA?, Koji TAKAHASHI?, Takahiro SHIMADA?,
Takayoshi NORIMATSU', Yasukazu IZAWA', Toshiyuki IIDA, and Shuji SAKABE"?

! Institute of Laser Engineering, Osaka University
2-6 Yamadaoka, Suita Osaka 565-0871
? Department of Electronic, Information Systems and Energy Engineering, Osaka University
2-1 Yamadaoka, Suita Osaka 565-0871

Generation of D(d,n)’He neutron in plasmas produced by ultrashort intense pulse laser was
studied with a table-top TW Ti:sapphire laser. The 130fs, 200mJ pulses with a prepulse, 300ps prior to the
main pulse were focused on a deuterated polystyrene target by an aspherical lens, and the focal intensity
was 10"*W/cm® 10 neutrons per shot on the average were measured with a *He detector. By ion energy
spectroscopy with CR-39 track detectors, it has been found that the number of high-energy deuterium ions

generated from the laser plasma was about 10° ions per shot in the energy range above 150keV.
Keywords: Ultrashort laser pulse, Laser plasma, Nuclear reaction, Neutron, High-energy ion
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69. B2~ R X RS A BT T

Production of the Laminar Gratings
in the VUV and Soft X-ray Region.

R, BT, EF . REEE
() BEBUERT AEEWNPTZRT
T604-8511 REHPRXE / RRRET 1
Makoto SATO « Hiroyuki SASAI - Kazuo SANO - Yoshihisa HARADA

Shimadzu Corporation, Production Engineering Labolatory,.
1, Nishinokyo-Kuwabaracho, Nakagyo-ku, Kyoto 604-8511, Japan

The appearance of third-generation synchrotoron radiation sources has demanded the
high performance grazing-incidence monochromators for VUV and soft x-ray region. Also the
diffraction gratings which were optical elements have been required the characteristic of high
heat-resistant, well cooling, with a large size and low-micro- roughness. In this paper, how to
product of the laminar gratings by means of holographic exposure method and ion-beam
etching technology, with direct etched in the silicon crystal blank are reviewed.

Keywords : grating , holographic exposure ,ion-beam etching, silicon crystal, soft x-ray
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'7 O . Soft X-ray Reflectivity and Structure Evaluation of Ni/Ti-based
Multilayer X-ray Mirrors for Water-Window Region

HisatakaTAKENAKA, Yasuji MURAMATSU*, Shigeki HAYASHI**, Hisashi ITO, Naoji
MORIYA**, Eric M. GULLIKSON*** and Rupert C. C. PERERA***

NTT Advanced Technology Co., Musashino, Tokyo 180-8585, Japan
*NTT Lifestyle and Environmental Technology Laboratories, Musashino, Tokyo 180-8585, Japan
**Shimadzu Co., Hadano, Kanagawa 239-1304, Japan
*** | awrence Berkeley National Laboratory (LBNL), Berkeley, CA 94720, USA

We fabricated Ni/Ti and Ni-N/Ti-N multilayer mirrors use as a grazing-incident angle reflector
to focus x-ray micro-beams. The multilayer structures were fabricated by magnetron sputtering. The
layer structures were evaluated by using an x-ray diffractometer and the soft x-ray reflectivities were
measured at Beamline 6.3.2 at the Advanced Light Source (ALS). Although the Ni/Ti multilayer has
a high interface roughness of about 1.36 nm, the soft-x-ray peak reflectivity of this mirror showed
fairly high reflectivity of 39%, at just above the Ti-absorption edge with a 9-degree incident angle.
The peak reflectivity of Ni-N/Ti-N multilayer mirrors was 36% in almost the same conditions as the
reflectivity measurement of the Ni/Ti multilayer.

Keywords : Multilayer mirrors, Water-window, Ni/Ti, Layer structure, Soft x-ray reflectivity

1. INTRODUCTION

The development of highly-reflective multilayer mirrors for use in the water-window region has been
desired for x-ray microscopy and x-ray photoemission spectroscopy, for example. For these applications,
reflectivity is one of the most critical parameters determining the performances of multilayer mirrors.
Ni/Ti-based multilayers are appropriate candidates for such mirrors because the combination of Ni and Ti
theoretically has high reflectivity at just above the Ti absorption edge (around 2.8 nm) because of the
optical constants of Ni and Ti. The reflectivity of multilayer mirrors is also related to their structures. The
interface roughness, intermixed widths, and the thickness ratio between each layer are important facts
affecting the performances of multilayer mirrors.

We have designed Ni/Ti and Ni-N/Ti-N multilayer mirrors to make an x-ray micro-beam with high
reflectivity, We used grazing-incident type optics, such as ellipsoidal mirrors, and have fabricated the
mirrors using a sputtering technique. We evaluated the structures and reflectivity of these multilayers using
a soft x-ray reflectometer.

2. DESIGN AND FABRICATION OF NI/TI-BASED MULTILAYERS

We calculated the soft x-ray reflectivities of many kinds of multilayers (Ni/Ti, Ni/Sc, W/Ti etc),
assuming that the multilayers had an ideal structure. The calculations were performed using the Fresnel
equation and Henke's optical data. Each of these multilayers has 20 layer pairs, at a wavelength of around
2.76 nm, with the peak reflectivity at a 9 degree grazing incidence. The periodic length was around 9.2 nm
and the thickness ratio between the high-Z layer and the low-Z layer was almost 0.35: 0.65. The calculated
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peak reflectivities of the high-Z /Ti multilayers have high reflectivities at 2.76 nm. For example, the peak
reflectivity of a Ni/Ti multilayer is a 78%, and that of a Co/Ti multilayer is also almost the same value.
Figure 1 shows the reflectivity profiles for five multilayer material combinations as examples.

A magnetron sputtering deposition system was used to fabricate the Ni/Ti-based multilayers'. It
basically consists of three fixed-source targets, a rotating substrate table, a substrate rotation-speed control
system, and a shutter-opening and -closing controller synchronized with the substrate rotation. The Ni/Ti
multilayer was deposited on Si wafers under an Ar gas atmosphere. In the Ni/Ti multilayer, the periodic
length of this multilayer was about 9.2 nm, and the thickness ratio between the Ni layer and the Ti layer
was about 0.35 : 0.65. The layer pairs were 20. In addition to this multilayer, we had also fabricated an Ni-
N/Ti-N multilayer under in an Ar +N2 (80% / 20%) gas atomosphere.

80 . r 80 —r—r—r—r— r— .
Ni/Ti A =2.76 nm AN A =276nm ]
oF f’ N=20 1 0t N=20 3
= 60 3 l Wi 6 =9 deg 3 = 60 F 6 =9deg .:
o 3 i o ) ) 3
~ 5K0F ¢ L 4 ~ 50F Ni-N/Ti-N 3
> Iy Calculated reflectivities > L
= a4t i (ideal structure) S 4t ;‘ 3
° . b i3] ]
2 a0t Ni/C r!;i : 3 2 gt 3
2 N 2 ]
20F wce 4%‘ a Ni/Se E 20¢ j L Calculated reflectivities E
4 3 - (ideal structure) 3
: I N \f.u o]
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FIGURE 1. Calculated reflectivies of multilayers FIGURE 2. Calculated reflectivies of Ni/Ti and
at wavelengths around 2.76 nm at grazing incidence. Ni-N/Ti-N multilayers at wavelengths around 2.76

nm at grazing incidence

3. SOFT X-RAY REFLECTIVITIES AND LAYER STRUCTURES

Reflectivity for soft x-rays was measured at Beamline 6.3.2 * at the Advanced Light Source at
LBNL. In this beamline the reflected beam from the multilayer sample is measured as the current from a Si
photodiode. The absolute reflectivities are obtained by dividing the reflected beam intensity by the full
beam intensity.

Figure 3 shows the measured and ideal reflectivities of the fabricated Ni/Ti multilayer. The
measured peak reflectivity is 39% at a 2.74 nm wavelength at the incident angle of around 9°. This peak
reflectivity is sufficient for our grazing incidence x-ray optics.

We estimated the periodic length, the layer thickness ratio, the interface roughness, the intermixed
layer thickness, and the density of the fabricated multilayer by using this measured reflectivity. The fitting
curve of the measured reflectivity is also shown in Fig. 3. The curve was calculated using the following
parameters: a periodic length of 9.21 nm, a layer thickness ratio of 0.43 : 0.57, an interface roughness of
1.36 nm, an intermixed width of 1 nm, and a density of 0.9 times the bulk of Ni and Ti. In this calculation,
we used NiTi as the intermixed layer, because x-ray diffractometer measurements of the annealed ( at
500°C, for 1 hour, in an Ar atmosphere) Ni/Ti multilayer showed the existence of a NiTi phase. There is
large deviation in the reflectivity between the measured and fitting reflectivity under 2.74 nm. We assume
that this is because of the Ti- and Ni-oxide layers on the surface of this multilayer.
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reflectivities of the fabricated Ni/Ti muitilayer, reflectivities of the fabricated Ni-N/Ti-N
and the fitting reflectivity. multilayer, and fitting reflectivity.

Figure 4 shows the measured and ideal reflectivities of the fabricated Ni-N/Ti-N multilayer. The
measured peak reflectivity is 36% at a 2.74-nm wavelength and an incident angle of around 9°. This peak
reflectivity is slightly smaller than that of the Ni/Ti multilayer in spite of the big differences in the optical
constants between the Ni and Ni-N layers, and of that between the Ti and Ti-N layers. It is supposed that
the interface of the Ni-N/Ti-N multilayer is smoother than that of the Ni/Ti multilayer.

We estimated the periodic length, the layer thickness ratio, the interface roughness, and the density
of the fabricated multilayer by using this measured reflectivity. The fitting curve of the measured
reflectivity is also shown in Fig. 4. The curve was calculated using the following parameters: a periodic
length of 8.84 nm, and a layer thickness ratio of 0.36 : 0.66, an interface roughness of 0.76 nm, and a
density of 0.9 times the bulk of Ni and Ti. We did not consider intermixed layer in this calculation, because
" x-ray diffraction of the annealed ( at 500°C, for 1 hour, in an Ar atmosphere) Ni-N/Ti-N multilayer only
revealed Ni and Ti phases. The interface of this multilayer is smoother than that of the Ni/Ti multilayer.
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program, which was assigned to the R&D Institute for Photonics Engineering by the New Energy and
Industrial Technology Development Organization (NEDO) of Japan.
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Femtosecond technology for science, industry and medicine

Andreas Stingl
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Marubun Corporation
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Five years after introduction of the first ever prism less sub-20 Femtosecond

oscillator,inventor of the chirped mirror technology are ranging from 10-fs-high power

Oscillators with peak power levels up to MW regime, to ultra fast amplifier system in

the GW regime, which became commercially available now. Advances in the optical and

mechanical design yield highly compact and reliable laser systems ready to serve for

scientific application as well as for real world application in diagnostics, medicine and

micro-machining.

Keywords : chirped mirror technology , short pulse laser
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2. Time-resolved absorption spectroscopy of optically pumped
Si by using fs-laser plasma x-ray

Hidetoshi NAKANO, Peixiang LU, Tadashi NISHIKAWA, and Naoshi UESUGI

NTT Basic Research Laboratories
3-1 Morinosato Wakamiya, Atsugi, Kanagawa 243-0198, Japan

Femtosecond laser-produced plasmas emit ultrashort x-ray pulse that is synchronized to a
femtosecond laser pulse. By utilizing this feature, we demonstrated time-resolved soft x-ray
absorption measurements of optically pumped silicon near its Lz absorption edge by means
of pump-probe spectroscopy. As a result, we observed more than 10% increase in the
absorption near absorption edge caused by laser pulse irradiation, which means that the
transition of core-electrons was rapidly modified by excitation of valence electrons.

The recovery time constant of this change was measure to be about 20 ps.

Key words: Soft x-ray absorption, Time-resolved spectroscopy, Short pulse

1. Introduction

High-density plasmas created near a solid surface by an intense femtosecond laser pulse have
become more attractive for their potential use as ultrafast bright x-ray sources with recent
development of high-power ultrafast laser technologies [1, 2]. These plasmas emit x-rays
with ultrashort durations in the range from sub-keV to MeV energy regions. These x-rays
not only have short duration, but also synchronize to the femtosecond laser pulse. These
features are extremely important to be utilized as diagnostic probes to realize pump-probe
type experiments for observing dynamic response of materials pumped by ultrashort laser
pulse in atomic scale and with high temporal resolution. From this point of view, efforts
have been made to demonstrate time-resolved diffraction [3, 4] and absorption measurements
[5, 6] using femtosecond laser-produced plasma x-rays. Among them, more attention is paid
in diffraction measurements, since x-ray diffraction provides direct information of atomic
positions and molecular structure. However, x-ray absorption measurements also play
important roles in material study. From x-ray absorption spectrum, we can extract
microscopic information on material such as electronic states of atoms, chemical bonds, local
structures, and so on. Also, by pump-probe absorption spectroscopy using short x-ray probe
pulse, we can expect to probe dynamics of core-electrons in optically pumped materials
instead of that of valence electrons, which have been well studied by laser spectroscopy.

In this paper, we will demonstrate time-resolved absorption measurements in soft x-ray
region by means of pump-probe spectroscopy [7]. We observed that the soft x-ray absorption
in silicon membrane near its Luur absorption edge was modulated by an irradiation of a
femtosecond laser pulse, which excites valence electrons.

2. Experimental setup

As shown in Fig. 1, the experiments were carried out using a 100-fs, 10-Hz Ti‘sapphire laser
system operating at a wavelength of 790 nm. The 50-mJ laser pulses were sent into a beam
splitter, where 80% of the energy was reflected. Reflected light was focused onto a flat target
using a 200-mm focal length MgF?2 lens at the normal incidence to generate broadband soft
x-ray pulses. The intensity of the focused light was 1.5x101¢ W/cm2. We used a 4-pm-thick
Ta film deposited on a Si wafer as a target, and scanned it to expose fresh surface for each
laser shot. The emitted soft x-rays were focused by grazing incidence concave mirrors onto a
100-nm-thick silicon membrane. The sample was set on a pinhole with a diameter of 100 pm.
Soft x-rays that passed through the sample were again focused onto the entrance slit of a
flat-field grazing incidence spectrograph. The spectrograph had a ruled unequally grooved
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grating with a nominal groove number of 1200 mm't. To detect soft x-rays (10~15 nm), we
used a microchannel plate detector combined with a cooled CCD. The remaining 10 mdJ of
laser light was sent into an optical variable delay line and a variable attenuator, and then
softly focused onto the sample by a 500-mm focal length lens. To ensure the spatial
overlapping, the spot size of the focused laser beam was set at 5 mm in diameter. Incidence
angles of soft x'ray and laser light to the sample were 0° and 45°, respectively. The estimated
soft x-ray photon flux at the detector was ~1000 photons/A in each pulse. The spectral
resolution of our setup was higher than 400 (in A/AA) near 100 eV.

Figure 2 shows the spectral and temporal characteristics of soft x-ray pulse used as a probe.
The soft x-ray pulse duration was measured by using an x-ray streak camera having a

temporal resolution of 3 ps. This figure shows that the temporal resolution of our system
was limited to ~10 ps.

3. Change in soft x-ray transmission by femtosecond laser pulse irradiation

Figure 3 shows typical transmission spectra with and without laser pulse irradiation. In
each curve, 45 shots were accumulated. In this case, the time interval between laser and soft
x-ray pulses was 0. Curve a, the thick dotted one, shows the transmission spectrum when
the pumping laser light was blocked. Curve b, the thick solid curve, was obtained when the
sample was irradiated by a laser pulse with intensity of 3x1010 W/cm2, which was well below
the damage threshold (~0.1 J/cm2). The thin dotted curve, curve c, shows the normalized
difference between curves a and b. The differential transmittance 7p is defined as

Ti:sapphire laser
100 fs, 40 mJ p
Plasma forming pulses”

BS
7 Variable delay
<>

Grazing incidence
flat-field
spectrometer

Pump puise
'/

N

Focusing lens
(f= 200 mm)” ¢

McP
Target +
4-um T
(4-pm Ta) =7 ma X-ray focusing _» > Toroidal mirror cco
mirrors (=300 mm)
(f= 400 mm)

t
Laser Soft x-ray
pulse pulse

Fig. 1 Experimental setup for time-resolved soft x-ray absorption measurements by means of
pump-probe spectroscopy.
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Fig. 2 Time-integrated spectrum (a). streak image (b), and line trace of the streak image (c) of
the soft x-ray pulse emitted from Ta-plasma created by a 100-fs Tisapphire laser pulse.
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To=(Tp- TdITs, where T, and Tu
represent the transmittance of the sample
with and without laser pulse irradiation, Wavelength [nm]
respectively. = Curve c¢ shows that a
significant change in transmittance only
appeared near the L absorption edge.
The most significant dip in the differential
transmittance appeared at 99.5 eV, which
corresponds to the energy difference
between the Lz level and the top of the
valence band.

Intensity [arb.]

(T, - T/ T,

100
Figure 4(a) shows the differential Photon energy [eV]
transmission spectra at various time
delays 7p between pump and probe pulses Fig. 3 Transmission spectra of Si membrane
when the intensity of the pump pulse was  1D€ar Lp,mr absorption edge. Thick solid and
3x1010 W/em?, The delay step is 6.6 ps. dotted curves [(a) and (b)] represent

At each step, 45 shots were accumulated. transmission spectra observed with and
Change in transmission was clearly without laser pulse irradiation, respectively.
observed only at the delay 20 ps < b < Thin broken curve (c) shows the differential
10 ps. Here, o represents the time delay &3?;’:;8}?;0&?; ﬁuo;r;::;:?;:fiﬁerence
of the arrival of the probe pulse at the

sample surface. To obtain these curves, irradiation.

we confirmed at each step that there was no big difference among transmission spectra
measured in the case of no pumping laser pulse. Therefore, we can exclude the possibility of
irreversible processes induced by strong laser pulse irradiation on the sample, such as
destruction. In Fig. 4(b), the depth of the dip in the differential transmission at 99.5 eV is
plotted as a function of delay time 7p. In this figure, the dependence of the relative increase
in absorption on time delay at 7p <0 ps fitted the pulse shape of the soft x-ray within error
bars. This means that the absorption change built up almost instantaneous (< 10 ps). On
the other hand, in the positive delay region, we can clearly see the recovery of absorption
change at 99.5 eV. By fitting this result to an exponential function, we obtained the recovery
time constant of about 20 ps.

4. Discussions
The most possible reason for absorption change is a shift of the absorption edge. Since the
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Fig. 4 (a) Differential transmission spectra of Si membrane induced by laser pulse
irradiation at various delays of soft x-ray probe pulse. (b) Depth of differential transmission
at 99.5~eV as a function of soft x-ray pulse delay time. The dotted curve represents the

temporal profile of the soft x-ray probe pulse, which was observed with an x-ray streak
camera.
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Lz mr absorption edge is sharp, a sharp dip near the absorption edge can appear in the
differential transmittance if the edge shifts. We observed that the absorption edge shifted
about 0.2 eV toward lower energy side when the sample was pumped by a laser pulse with an
intensity of 3x1010-W/cm?2. However, the amount of the absorption edge shift was close to the
resolution of our equipments. The initial density of photo-induced electron-hole plasma was
estimated to be 1020 cm3, which is high enough to modify the band edge. It is well known
that in highly excited semiconductors, the band gap energy shifts downward due to
renormalization of the band energy [8]. By using an empirical formula given in Ref. [8], the
amount of band gap reduction is estimated to be 0.15 eV when the density of photo-induced
induced carriers is 1020 cm3. This estimation supports our assumption in which the Limr
absorption edge downward shift is related to the band gap renormalization in optically excited
semiconductor. Downer et al. observed the temporal evolution of absorption in the visible
region modified by 2x1011-W/cm?-intense laser pulse irradiation [9]. In their paper, strong
absorption change was reported to recover within tens of picoseconds. They concluded that
the initial change was due to light absorption in high-density electron-hole plasma. In our
case, soft x-ray absorption change was observed within the period of electron-hole plasma
decay time. When the high-density electron-hole plasma exists, the electronic structure of
the silicon is modified. Therefore, the L-absorption edge corresponding to ionization
potential could have shifted when the plasma existed. To make the origins clear, further
studies are required.

5. Summary

By using a femtosecond laser-produced plasma x-ray with pulse duration of 10 ps, we
demonstrated time-resolved soft x-ray absorption measurements of optically pumped silicon
by means of pump-probe spectroscopy. As a result, we observed, that more than 10%
increase in soft x-ray absorption near the Lz absorption edge in silicon was induced by
irradiating with a 3x1010-W/cm?2-femtosecond-laser pulse. This absorption change recovered
within about 20 ps. To our knowledge, this is a first observation of rapid modulation in soft
x-ray absorption induced by a laser light, which excites valence electrons. The origin of this
absorption change is most likely an absorption edge downward shift related to the band gap
renormalization due to creation of high-density photo-induced electrons and holes.

Further applications of ultrafast x-rays from femtosecond laser-produced plasmas can

potentially be used to study dynamics of core-electrons, photo-induced phase changes,
chemical change in materials, and so on.
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Generation of Hard X-rays by Irradiation of
Femtosecond Terawatt Laser
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Ultra-short pulsed hard X-rays are generated by focusing femtosecond laser beams onto metal
targets with a table-top-terawatt system. Temporal and energy profiles of the generated X-rays are
measured with an X-ray streak camera and an X-ray CCD camera, respectively. X-rays with a pulse width

of 6ps and an energy of 8 keV are generated from a copper target with a power density of 107 W/em?.

Keywords: Terawatt laser, Hard X-rays, Picosecond pulsed X-rays, Laser plasma
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74 . Super-broadband, Ultrafast Optical Measurements

Hajime NISHIOKA, Kazuto KUSAKABE, Nozomu KON, and
Ken-ichi UEDA

~ Institute for Laser Science, University of Electro-communications

1-5-1 Chofugaoka, Chofu, Tokyo 182-8585

Ultrafast coherent detection with monocycle temporal resolution has been demonstrated.
Frequency-resolved phase sensitive mapping (phasescope) of the coherent transient
phenomena in the 300-800 nm spectral ranges was carried out using spectrally divided
transform limited pulses. The hypercontinuum coherent light source having a bandwidth of
1.6 PHz was used for both the pump and probe beam. Optical phase mapping of transient

phenomena in an active medium was shown with a temporal resolution of 1.4 fs.

Key words: ultrafast phenomena, coherent transient phenomena, ultrafast measurements,

supercontinuum

The super-fast phenomena down to sub-femtosecond region essentially have very
broadband width that covers entire light wavelength region: from the UV to IR. The
super-fast and super-broadband measurements certainly show intrinsic information of
transient response relating with all of energy levels in the material. On the other hand for
real time measurements, group delay dispersion determines shortest pulse width. The
dispersion in a sample itself is usually more critical than the laser pulse limitation; the
REAL measurements below 10 fs time scale still have some difficulties.

A weakly chirped, coherent ultra-broadband light source, for example femtosecond
super-continuum generated in rare gas, has sufficient bandwidth for the sub-fs phenomena,
but it is not transform-limited. We cannot compress this broadband and chirped pulse to a TL
pulse with present dispersion compensation techniques. However, the light source has
continuous phase structure and possibility to form the super-short TL pulse. When we divide
this coherent light source into narrow spectral components, the Fourier phases between
different frequencies are fixed. Each spectral component should have relatively long
temporal duration and forms a TL pulse. By measuring cross-correlation traces
simultaneously in these frequency components, we can detect frequency resolved super-fast

coherent phenomena.
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In this paper, we have demonstrated
frequency resolved coherent detection by
using of the transform  limited
multi-channel cross-correlation techniques.
The hyper-continuum femtosecond light
pulse [1] covering from 150 nm to the far
infrared was generated in rare gas by a
self-trapped Ti:Al2Os laser pulse. The
frequency bandwidth of 1.6 PHz
corresponds to 0.2 fs temporal resolution.
This broadband laser beam was splited into
two beams by grazing incidence quartz
plates. The frequency-resolved
phase-sensitive cross-correlation was taken
by a broad range polychromator
(HAMAMATSU PMA-11) which covers
300-800 nm spectral region with a 1024 ch
CCD array. The spectral bandwidths of 1.5
nm in each channel fairly form TL pulses in
these spectral regions. Not only light source
but also photo detectors must have flat
frequency response for the desired spectral
regions. Measuring spectral function of
these apparatus by the polychromator itself,
the flat frequency response in the detection

system was achieved with software

calibration. Figure 1 is showing the 3D
phase of frequency resolved
auto-correlation. The resolution in optical
delay was 0.04 fs (12 + 0.5 nm). The lower
trace of Fig.1 showing intensity is given as
the Fourier transform of the upper phase

diagram. The temporal resolution of 1.4 fs
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was obtained for the 300-800 nm bandwidth. The phase resolution in the common Fourier

spectroscopy is given by number of fringes so that the resolution is decreased with increasing
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of temporal resolution. The resolution
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for monocycle phenomena is only unity.
---- Pumping

In our technique, the resolution is given § — Probing

by product of number of band-limited

(extended)  fringes and  spectral

resolution of the polychromator i.e.

. Probe output
1000x1000=10¢. The scaling in the ( to polychromator )

resolution is given by squire of the

spectral resolution of polychromator. The Fig.2 Experimental setup for the pump-probe

ultra-high phase resolution also makes phase mapping measurements.

possible that mono atomic layer scale

positional detection in the optical delay.
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demonstrated transient response of the
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shown in Fig.2. Excited spectra of the

dye and corresponding phase maps are E

shown in Fig.3. After the pumping pulse, %
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In the phase maps Fig.3, anomalous
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Fig.3 Femtosecond response of an excited dye solution. Transient absorption and

gain spectra (a), initial view of absorption (b) and transient phase shift (c).
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band and the advance in the absorption band are clearly observed.

In conclusion, we have demonstrated phase mapping of coherent transient phenomena
in the active medium by the hypercontinuum coherent light source. The phase resolution of
greater than 106 was achieved. Extending this technique to the pump-pump-probe echo

regime, femtosecond phase sensitive excitation and detection are possible.
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75. Target Surface Structure Effects
on X-ray Generation from Laser Produced Plasma

Tadashi NISHIKAWA, Hidetoshi NAKANO, and Naoshi UESUGI
NTT Basic Research Laboratories
3-1, Morinosato Wakamiya, Atsugi-shi, Kanagawa 243-0198, Japan

We demonstrated two different methods to increase the x-ray conversion efficency
of laser-produced plasma by modifying the target surface structure. One way is
making a rectangular groove on a target surface and confining a laser-produced
plasma in it. By the plasma collision process, a time and wavelength (4-10 nm)
integrated soft x-ray fluence enhancement of 35 times was obtained at a groove
width of 20 #m and a groove depth of 100 pm on a Nd-doped glass target. The
other way is making an array of nanoholes on an alumina target and increasing
the laser interaction depth with it. The x-ray fluence enhancement increases as the
ionization level of Al becomes higher and the x-ray wavelength becomes shorter.
Over 50-fold enhancement was obtained at a soft x-ray wavelength around 6 nm,
which corresponds to the emission from AI8+9+ jons.

Keywords : Laser plasma, X-ray, Grooved target, Nanohole target

X-ray generation from femtosecond laser-produced plasma is an attractive way to obtain
short pulse x-rays. However, due to the formation of solid density plasma at the target surface,[1]
most of the incident femtosecond laser pulse is reflected[2] and this limits the conversion effi-
ciency. Thus, there is a need for the laser-pulse energy to be more efficiently converted to the
x-ray wavelength region from the viewpoint of practical application. One of the attractive way
to increase the efficiency is to adopt a structured surface target which has a low average density
with a high local density. Experiments have been conducted with colloidal metal (gold and
aluminum) targets[3, 4] made by evaporating metal in a background of several Torr of gas and
porous Si targets[5, 6] made by anodizing. In hard x-ray energy regions (>1 kev), they achieved
large x-ray conversion efficiency enhancement of one or two orders of magnitude.[3, 6] On the
other hand, no large enhancement was obtained in soft x-ray energy regions (<1 kev).[4, 6]
This report demonstrates two different methods to increase the soft x-ray conversion efficency
of laser-produced plasma by modifying the target surface structure.

The targets were mounted on an xyz translation stage in a vacuum chamber and was rastered
to expose a fresh surface at each laser shot. The Ti:Al;O3 laser beam at 790 nm was focused on
the target at a normal incidence. The pulse duration was 100 fs and the spot size at the focal
point was about 30 um. The peak laser intensity on the target was 1.5 x 1016 W/cm?. The soft
x-ray spectrum was measured with a flat-field grazing-incidence spectrograph and the soft x-ray
pulse shape was measured by a single-shot x-ray streak camera. They were mounted at a 45°
angle to the target normal.

The first method is confining a laser-produced plasma in a rectangular groove formed on a
target. In order to make a narrow groove width similar to the laser beam spot size, Nd-doped
glass targets [7] were used. A minimum groove width of 20 ym can be made on the target. The
Ti:Al;O3 laser pulse was focused on the bottom of a groove at a normal incidence as shown in
Fig. 1.

Figure 2 shows the soft x-ray pulse shapes dependence on a groove width measured from a
45° angle to the target normal and parallel to the groove direction. The time-integrated soft
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x-ray fluence on the groove target increases as the groove becomes narrower and deeper. The
35 times x-ray fluence enhancement was obtained with a grooved Nd-doped glass target with
a groove width of 20 pm and a depth of 100 pm. It is also observed that the soft x-ray pulse
shape consisted of two components. The primary part was an x-ray pulse with a short pulse
duration (several picoseconds) generated just after the laser pulse irradiation. The secondary
part was an x-ray pulse with a long pulse duration (sub-nanosecond) generated after the primary
part with sub-nanosecond delay. The delay time and the x-ray pulse duration of the secondary
part became longer as the groove became wider and deeper. It is found that this delay time
corresponds to the expanding plasma arrival time at the groove sidewall calculated with the
plasma expansion velocity[1]. This result indicates that the secondary x-ray part was generated
by the collision of the laser-produced plasma from the bottom of the groove with the plasma
reflected at the groove sidewall. The enhancement of the soft x-ray fluence was obtained by this
plasma collision process. The peak intensity of the primary x-ray pulse can also be increased as
the groove becomes narrower due to the plasma confinement, and an enhancement of 2.4 times
was achieved.

The second method is making an array of nanoholes which are perpendicular to the target
surface on an Al plate. The targets were made by utilizing the anodic oxidation of an aluminum
plate. After degreasing an Al (99.99%) plate in acetone, a mirror surface was achieved by
electro-polishing it in a solution of perchloric acid and ethanol. Then, the anodizing was carried
out at a constant voltage of 40 V in a 0.5 wt% oxalic acid solution at 17°C for several hours. By
a field-assisted dissolution mechanism,[8] an anodic-alumina layer which has central, cylindrical,
and uniformly sized pores that run perpendicular to the surface is formed on the aluminum
plate.[9, 10] Figure 3 shows the schematic diagram of this structure.[9] The mean cell size
(distance between the adjacent pores) which can be controlled by the anodizing voltage was
around 100 nm. The mean pore diameter of the target was around 40 nm. This pore diameter
can be widened by dipping it in 5 wt% phosphoric acid after the anodizing. Therefore, the
porosity of the target can also be controlled by the dipping time. The structure of these targets
are quite different from the previously reported colloidal metal target[3, 4] which consists of
fractal chains of clusters and the porous Si target[5, 6] which has winding pores.

Figure 4 shows the time-integrated soft x-ray spectral fluence from the target obtained with
the 150 minutes dipping. In order to clearly show the x-ray fluence enhancement effect with
this target, soft x-ray fluence from an ordinary flat surface (electro-polished) aluminum plate
was also shown by the dotted line. The intensity scale on the aluminum plate was expanded
10 times. The fluence drop seen below 8 nm is due to the low sensitivity of our measurement
system in this wavelength region. Around 30 times x-ray fluence enhancement was achieved by
the anodic-alumina target over the entire soft x-ray wavelength region from 5 to 25 nm. The
conversion efficiency was estimated as 0.008%/(A-sr) at a wavelength of 14 nm. This value is
almost the same as that obtained by the pre-pulse technique.[11] At a wavelength longer than 15
nm, the anodic-alumina target has several emission lines which do not appear on the aluminum
target. These lines correspond to the emission lines from oxygen ions (0%, 0%, O5). It is
also observed that the enhancement increases as the soft x-ray wavelength becomes shorter and
the ionization level of Al becomes higher. Over 50-fold enhancement was obtained at an x-ray
wavelength around 6 nm. There are no emission lines from oxygen ions in this spectral region,
and this emphasis was occured on the emission from highly charged Al ions (A8, A1°Y).

The mechanisms of this large soft x-ray intensity enhancement by the nanohole-alumina
target can be explained as follows. On the usual solid density material, energy penetration
depth of the femtosecond laser pulses is much shorter than the laser wavelength, i.e., around
50 nm.[3, 12] Thus, the interaction volume between the laser light and the solid material is
limited. However, laser penetration depth can be expanded by using a structure which has
cylindrical pores that run perpendicular to the surface on the anodic target. In order to estimate
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the laser penetration depth of our target, nanohole-alumina layer thickness dependence of the
generated soft x-ray intensity was measured. Various targets with different nanohole-alumina
layer thicknesses were made by controlling the anodizing time. The soft x-ray intensity from
these targets increases as the nanohole layer becomes thicker until the thickness reaches 20 pm
which is much larger than the laser penetration depth of the solid density material. The larger
surface area of the target also increases the size of the area that interacts with the femtosecond
laser pulses. Furthermore, by widening the pore diameter of the anodic target by dipping it in
phosphoric acid, the wall thickness of each pore becomes thinner than the energy penetration
depth of the solid density matter and the whole volume of the material can be heated by the
* laser, and plasma cooling due to heat conduction into the underlying cold bulk is suppressed.
These mechanisms increase the amount of the material which can interact with the femtosecond
laser pulses and rise the plasma temperature. Thus the soft x-ray emission enhancement can be
obtained especially at the shorter wavelength region.

Figure 5 shows the x-ray (> 0.1 keV) pulse shapes measured with an x-ray streak camera
(time resolution of 3 ps). The x-ray pulse duration (full width at half maximum) generated from
the anodic-alumina target obtained with the 150 minutes dipping in phosphoric acid was 17 ps.
We also measured the x-ray pulse duration generated from the ordinary flat aluminum target
with the same conditions, and that was 5 ps. Due to the lower heat conductivity of the anodic-
alumina target, the x-ray pulse duration expands 3 times. However, it still much shorter than
that obtained by using a pre-pulse technique (over 100 ps).[11] The x-ray pulse peak intensity
of the anodic-alumina target was 5 times higher than that of the flat aluminum target, and 3
times higher than that obtained with a pre-pulse.

By making a rectangular groove and nanohole arrays on the target surface, the laser produced
plasma formation process can be controlled. With this methods, both the time-integrated soft
x-ray emission fluence and the peak intensity of the x-ray pulse can be increased.

References

[1] H. M. Milchberg and R. R. Freeman, J. Opt. Soc. Am. B 6, 1351 (1989).

(2] M. M. Murnane, H. C. Kapteyn, and R. W. Falcone, Phys. Rev. Lett. 62, 155 (1989); M. M.
Murnane, H. C. Kapteyn, and R. W. Falcone, Phys. Fluids B 3, 2409 (1991).

[3] M. M. Murnane, H. C. Kapteyn, S. P. Gordon, and R. W. Falcone, Appl. Phys. B 58, 261 (1994);
S. P. Gordon, T. Donnelly, A. Sullivan, H. Hamster, and R. W. Falcone, Opt. Lett. 19, 484 (1994).

[4] C. Wiilker, W. Theobald, D. R. Gnass, F. P. Schifer, J. S. Bakos, R. Sauerbrey, S. P. Gordon, and
R. W. Falcone, Appl. Phys. Lett. 68, 1338 (1996).

[5] T. Nishikawa, H. Nakano, H. Ahn, N. Uesugi, and T. Serikawa, Appl. Phys. Lett. 70, 1653 (1997);
T. Nishikawa, H. Nakano, N. Uesugi, and T. Serikawa, Appl. Phys. B 66, 567 (1998).

6] R. V. Volkov, V. M. Gordienko, M. S. Dzhidzhoev, B. V. Kamenev, P. K. Kashkarov, Yu. V.
Ponomarev, A. B. Savel’ev, V. Yu. Timoshenko, and A. A. Shashkov, Quantum Electronics 28, 1
(1998).

[7] H. Nakano, T. Nishikawa, and N. Uesugi, Appl. Phys. Lett. 72, 2208 (1998).
(8] J. P. O’Sullivan and G. C. Wood, Proc. R. Soc. London A 317, 511 (1970).
[9] F. Keller, M. S. Hunter, and D. L. Robinson, J. Electrochem. Soc. 100, 411 (1953).

(10] H. Masuda and K. Fukuda, Science 268, 1466 (1995); H. Masuda, F. Hasegawa, and S. Ono, J.
Electrochem. Soc. 144, L127 (1997).

[11] H. Nakano, P. Lu, T. Nishikawa, and N. Uesugi, in “X-ray Lasers 1998”, ed. by Y. Kato, H. Takuma,
and H. Daido, Inst. Phys. Conf. Ser. 159, 535 (1999).

[12] A. Zigler, P. G. Burkhalter, D. J. Nagel, M. D. Rosen, K. Boyer, G. Gibson, T. S. Luk, A. McPherson,
and C. K. Rhodes, Appl. Phys. Lett. 59, 534 (1991).

— 323 —



Fluence [a.u.]

40

20

10

JAERI-Conf 2000-006

Rectangular
groove

Poré diameter 40-100 nm

Width 20-100 pm Cell size ~100 nm

Fig. 1 Grooved target Fig. 3. Anodic alumina target
10 v . ’ r _ 10
; sl Flat glass target E st Grooved glass target
> > Width = 100 pm
2 6} 2 ¢} Depth = 450 pm
o [
€ e
> 4 > 4 1
S g
>'< x
2t 2
£ 5
» @
0 - - . ]
05 00 0.5 10 15 20 05 00 05 1.0 15 20
Time [ns) Time [ns]
10 . r , r 10
; sl Grooved glass target ;_5. st Grooved giass target
> Width = 50 pm = Width = 20 pm
2 & Depth = 450 pm & oL Depth = 100 um i
2 2
& =
> 4 > 4 E
g g
= 2 & 2
=3 O
@ @
o A n e 0 A F.
05 00 0.5 1.0 15 20 05 00 0.5 1.0 15 20
Time [ns} Time [ns]

Fig. 2. Shapes of soft x-ray pulses from the grooved Nd-doped glass target.

301

T T T T I T T T T I T los.l T l T T T T ] g 12 v T v L
—— Anodic alumina ] a
F Flat aluminum (10x) ., b 5 — Anodic alumina
- 4+ i o
L 5 0 ] x 8+ |y e Flat aluminum -
X a9 o ] >
L 54 0" . - ‘@
A Al (e} c
L o* 033.: e
4 i £ | ;
[ Al , & 10x 5 > 4
- \ i 8
[ AT e piteg ot VS ] o
[ //’ & »it \‘,’ R oo ] §
[~ .
S B T R 0
10 15 20 25 0 50 100 150 200 250

Wavelength [nm] Time {ps}

Fig. 4. Soft x-ray spectral fluence
from the anodic alumina target.

Fig. 5. Shapes of the soft x-ray pulse
from the anodic alumina target.

— 324 —



ARV AR

JP0050814
JAERI-Conf 2000-006

76. GHERBME BT L — T — B OBER

Development of high-avarage-power-laser medium based on silica glass
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We have developed a high-average-power laser material based on silica glass. A new method using
Zeolite X is effective for homogeneously dispersing rare earth ions in silica glass to get a high quantum yield.
High quality medium, which is bubbleless and quite low refractive index distortion, must be required for
realization of laser action, and therefore, we have carefully to treat the gelation and sintering processes, such as,
selection of colloidal silica, pH value of for hydrolysis of tetraethylorthosilicate, and sintering history. The
quality of the sintered sample and the applications are discussed.

Keyword: high power laser, silica glass, sol-gel, zeolite X

1. INTRODUCTION

For the fusion driver, a high thermal tolerant material is required to achieve high repetition rate of laser
operation and large scalability of the material. Silica glass is one of the most attractive materials for high-

average-power laser, because of the favorable thermal and mechanical toughness, high optical transmittance in

ultraviolet to infrared region (200 nm~2500 nm), low nonlinear refractive index (n2=0.95x10-13) compared to

the other commercial laser glasses, and its capability for larger scalability.
There are two main problems to fabricate a laser glass based on silica glass, that is, to get high quantum
efficiency of the medium and high optical qualities, for example, bubbleless glass and no refractive index

distortion. At first, we have developed a new method to disperse homogeneously rare earth ions in SiO2 glass

using Zeolite X, in order to get a high quantum yield on silica glass based laser medium [1]. The quantum yield
reached to 50+3.4 % at 1.0 wt% Nd20O3, this is superior to the other method [1,2].

We have been developing to make a high quality laser medium with lower scattering and optically
homogeneous medium using zeolite method for the ICF use and industrial application. Scattering and distortion
of materials are caused by small bubbles or fluctuation of refractive index in silica glass. Generation of bubbles
depends on conditions of the gelation, drying processes, and sintering history.

In this report, we describe the quality of laser material based on silica glass and its applications.
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2. SAMPLE PREPARATION

Sol-gel method with colloidal silica was used to fabricate rare earth doped SiO2 glass samples [3],

because of convenience to laboratory use, crack less bulk samples, and a good match for zeolite which is used as
a doping precursor. The sol-gel method is composed of five main processes, hydrolysis of
tetracthylorthosilicate (TEOS), admixture of colloidal silica and zeolite, gelation, drying and sintering. We
should carefully treat the processes to reduce bubble and optical distortion.

Although low sintering temperature (1100~1200°C) to make quartz glass is an advantage of the sol-gel
method, heaf treatment at 1760°C is required to get a transparent material if we use zeolite for a doping
precursor. The high temperature induces bubbles derived from silanol species (Si-OH) in the samples.

Silanol species should be removed to reduce bubbles in the glass. Silanol species are included in gelation
samples like follows; 1. silanol species at the surface of colloidal silica or in it, 2. silanol species in hydrolyzed
tetracthylorthosilicate (TEOS) which we call binder. Therefore, we have carefully to chose the colloidal silica
which has the lowest silanol species, and have to determine effective parameters of silanol reduction in
hydrolysis process which effectively reduces the silanol sbecies {4].

There are two types of colloidal silica, that is, a liquid phase synthesis type (L-CS) and a gas phase
synthesis type. Infrared spectra show gas phase synthesis type, OX50 (Degssa), includes the lowest silanol
species, in fact, OX50 was the most effective to reduce bubbles. As pH value of hydrochloric acid is decreased
or the stirring time is increased, the substitution of silicon is increased, and therefore we determined the pH
value of hydrochloric acid is selected between 1.0 and 1.5 [4].

We have carefully to choose appropriate control scheme of temperature and atmosphere to remove the
hydroxyl species in the samples. Gelation samples, as the pore is collapsed, gradually shrink with temperature
rising, temperature and atmosphere should be controlled before the shrinkage of sample is finished.

An effective history of temperature and
atmosphere is as following three processes; 1. the
sample was heated at 800°C for 8 hours in air to
remove organic matter in the sample, 2. after that
samples were heated from room temperature to
1000°C in vacuum, and kept at 1000°C for one hour
in He gas flow, and then, heated to 1300°C in
vacuum and down to room temperature, 3. finally
the sample were heated from room temperature to
1760°C in the air, and then kept at 1760°C for one

hour in the air and down to room temperature.

Figure 1 shows a rare earth doped silica glass with
above temperature history, and the sample is very Fig. 1 A rare earth doped silica glass.
clear and transparent.

Granular distortion often remains in rare earth doped silica glasses. Figure 2 shows the distorted He-Ne
beam patterns through samples and a He-Ne beam pattern.  Although the distorted beam pattern was observed
due to the internal optical distortion in Fig.2 (a), the beam pattern is nearly the same as the He-Ne beam pattern

when we used rapid cooling in sintering process (Fig. 2(b)). It is shown that the rapid cooling method is
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effective to remove optical distortion. We are making larger samples and planning to examine more precise

optical quality and laser operation.

(a) Er doped SiO5 glass(1.0wt%); (b) Nd doped SiO5 glass(1.0wt%)
Sample thickness; 3.20mmt Sample thickness; 2.35mmt (c) HeNe laser
- without rapid cooling method - - with rapid cooling method -

Fig. 2 Optical distortion of the rare earth doped silica glasses

3. APPLICATIONS

The method for homogeneous dispersion of rare earth ions in silica glass can be also applied for the other
luminescent centers, for example, the other rare earth ions, and also transition metal. Many luminescent
material can be made by silica based materials, and we found the other useful luminescent materials based on
silica glass, such as, copper and bismuth doped silica glass [5 ,6]. Both glasses are very attractive, because Cu
doped silica glass (CuQG) works as an energy converter of UV absorption (around 300nm) to green luminescent

(around 550nm) with high quantum yield (n=0.78) [S], and Bi doped silica glass has wide band infrared

fluorescence (peak wavelength;1140nm, FWHM;220nm) which can be used for the uitra-short pulse generation
like Ti:Al,O, [6]. A few contamination in the silica glass may not change the thermomechanical properties of
doped silica glass, in fact, aluminum dopants in Nd doped silica glass does not effect the thermal expansion
coefficient until several Al,O,mol% [7], so silica based laser material can allow high repetition rate operation.
Figure 3 shows that an idea of laser system using silica laser material [8]. Nd or Bi doped silica glass
can be used as an amplifier material. As the figure of the silica material is easily changed to optical fiber,

luminescent doped silica glasses are also useful as an osciilator material. Oscillator can be made by Nd or Bi

doped fiber with fiber loop mirror (figure-8 ring oscillator), figure-8 ring oscillator generates 100 fs pulse train
[8]. The generated pulse is stretched by fiber grating, and then the stretched pulses are amplified by a fiber
amplifier, after that the pulses are induced to main amplifier chain. A fiber oscillator has many advantages,
alignment free, smooth beam pattern, compact system, and so on. Cu or Ce doped silica glass can also be
useful of a UV energy converter of flash lamp excitation source. High efficiency and high repetition rate laser

system will be constructed by using luminescent doped silica glasses.
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. o ge Nd or Bi do silica glass amplifier
Main amplifier ped siica 9 P

from oscillator pulse compression

Cu or Ce shieid glass (energy convertor)

Pump
l Nd or Bi doped fiber amp.
Stretcher WDM WDM @
Sp— ~pJ pulse to Main
T F T T I q = Amglifier
Output
100 fs pulse
wDM
<= Pump
Oscillator

Isolator

Polarization controllers

Fig.3 An idea of laser system using silica glass material

4. CONCLUSION

We described about the fabrication method and the quality of the rare earth doped silica glass. For
bubbleless glass, it is important to determine the selection of appropriate colloidal silica, pH value of the binder,
the stirring time of binder and temperature control. We also show a potential of silica based material for high-

average-laser system.
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7 7 . Generation of Linearly Polarized Resonant Transition Radiation
X-ray Beam

Kazuaki YAJIMA, Takaaki AWATA", Mitsuharu IKEDA, Kenichi IKEDA, Akifumi YOGO, Akio ITOH,
and Nobutsugu IMANISHI
Department of Nuclear Engineering, Kyoto University,
Sakyo, Kyoto 606-8501 Japan

We have proposed a method to generate almost linearly polarized resonant transition radiation X rays by
using a rectangular slit placed on an electron beam axis. Our calculation predicted that the linearity is 93.5% for
the resonant transition radiation X-ray beam extracted through a slit of 0.5 mrad long and 0.2 mrad wide in case

of 1-GeV electron beam irradiating a 7.5-pm thick Kapton foil stack.
Keywords: Resonant transition radiation, X-ray source, linearly polarized X-ray beam

1. Introduction

In recent years, resonant transition radiation (RTR) has been studied from a point of an X-ray source
because of the increasing demand for an inexpensive intense X-ray beam in various fields [1-6 and refs. cited
therein). Transition radiation (TR) is an electromagnetic wave emitted when a charged particle crosses a
boundary of different dielectric media. When a relativistic electron passes many thin foils placed periodically in
vacuum, that is a foil stack radiator, TR X rays emitted from the respective boundaries can interfere with the
others and the interfered TR is called RTR. RTR has a high energy-conversion efficiency from electron to
photon, and X rays can be efficiently produced by lower energy electrons in RTR than in synchrotron radiation.
Therefore, RTR is expected to be an alternative brilliant X-ray source on the laboratory accelerator basis.

In our previous study, we experimentally confirmed that the energy spectrum of RTR depends on the
material and foil thickness of the thin-foil stack radiator. We showed that a brilliance of 10 (photons/s/mrad?/
mm?%0.1%b.w. /mA) can be obtained and it is comparable to that of the synchrotron radiation emitted from a
bending magnet in GeV-electron facilities [7]. The next step is to clarify the polarization property of RTR as an
X-ray source. Here, we propose a method to obtain a linearly polarized RTR X-ray beam originating from RTR

and show the calculated polarizability.

2. A method to obtain a linearly polarized RTR X-ray beam

RTR emitted when an electron is incident on a radiator to the surface normal is polarized in the radiation
plane spanned by the emitted photon and the incident electron beam directions as shown in Fig. 1 [8]. The
radiation planes are symmetric with respect to the electron axis because of the angular distribution property of
RTR, whose cross sectional view is shown in Fig. 2. Therefore, the integrated RTR is not polarized, but RTR is
linearly polarized if we extract a part of the RTR beam passing through a rectangular slit along the radial

direction of radiation plane distribution.

* Present address: Naruto University of Education, Takashima, Naruto-cho, Naruto, Tokushima 772-8502 Japan
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TR photon
electric field 3

radiation plane

FIGURE 1. Polarization of RTR photon emitted when the electron beam is incident on a radiator to the surface
normal. The hatched plane defined by two axes of the emitted photon and the incident electron is referred to as
the radiation plane.

vertical slit

horizontal slit
radiation plane

FIGURE 2. Cross-sectional view of the distribution of the radiation plane. The electron beam direction is
normal to the paper. RTR X-ray beam extracted through a rectangular slit shown in the figure as a horizontal or
vertical slit is expected to be almost linearly polarized.

3. Calculation

We have done a calculation for the linearity of the extracted RTR X-ray beam. RTR X rays are produced
from a 7.5-pm thick Kapton foil stack radiator irradiated with a 1-GeV electron beam. Fig. 3 shows the
calculaied angular distributions of RTR X rays at a photon energy of 4.3 keV. As known from the Fig. 3, RTR X
rays are concentrated in a small forward hollow cone. Then, we caiculated the percentage of the horizontal and
vertical components of the radiation plane direction, that is the polarization direction, for the X-ray beam
passing through a rectangular slit of 0.5 mrad long and 0.2 mrad wide. For the case of horizontal slit as shown
in Fig. 2, the horizontal and vertical components are 93.5 % and 6.5 %, respectively. It can be said from the
result that the extracted RTR X-ray beam is almost linearly polarized.
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FIGURE 3. Calculated angular distribution of RTR X rays at photon energy of 4.3 keV. RTR has doughnuts
like distribution if it is sliced normal to the electron beam axis.

4. Conclusion

We have proposed a method to generate linearly polarized RTR X-ray beam using a rectangular slit
crossing an electron beam axis. The calculated result shows that the linearity of 93.5 % is achieved for the
mentioned parameter, and we conclude that the proposed method can produce almost linearly polarized X-ray
beam. We have already done an experiment to verify the calculated result and are going to persuade an analysis

for its results now.
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