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Abstract

An overview of the ongoing advanced accelerator re-
search at KERI is given, of which the research uses a 7°
(table-top terawatt) laser and plasma to generate an ultra-
strong electric £eld for particle acceleration. The ongoing
advanced accelerator research includes the self-trapping
and acceleration of background plasmaelectronsin asharp
downward density transition, self-modulated laser wake-
feld acceleration, photon acceleration, and ion accelera-
tion. In this paper, recent research results and future plans
are presented.

1 INTRODUCTION

Scientists have studied to develope 1-TeV-level next gen-
eration linear colliders. If present RF-based accelerator
technologies are used, the acceleration gradient is limited
to less than 100 MeV/m at most so that the linear collid-
ers will be tens of kilometers long and they will be very
costly. Hence, alternative accel eration methods have been
explored to overcome the limit of conventional RF-based
accelerators.

One of the dternative acceleration methods is to
use plasmas as plasmas can support ultrastrong electric
£elds[1][2]. It is shown that the plasma wave can produce
an electric £eld of E,[V/m] ~ 96+/no[cm~1], where ng
is a plasma density. According to this result, for exam-
ple, a plasma of ny = 10'® cm~3 can generate an elec-
tric £eld on the order of 100 GV/m, which is at least three
orders of magnitude higher than that of RF-based con-
ventional accelerators. Such an ultrastrong electric £eld
can be generated by a plasma wave that can be produced
by severa different methods [3][4]. Since the so called
CPA (Chirped-Pulse Ampli£cation) technique [5] was in-
vented in 1988, table-top terawatt lasers have been devel-
oped rapidly. Hence, nowadays compact and relatively low
cost, but multiterawatt lasers are availably and they can
be used to excite a plasma wave known as a laser wake-
£eld (LWF). If the multiterawatt laser pulseisfocused in a
plasma, an intensity of 7 > 10'® W/cm? is achieved and
in this case plasma electrons are forced to move relativisti-
caly. If the pulse length c7 is approximately equal to the
plasma wavelength )\, arelativistic LWF is generated ef-
£ciently and the resulting strong electric £eld can be used
for charged particle acceleration.
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Last year we launched an advanced accelerator re-
search program using lasers and plasmas at Korea Elec-
trotechnology Research Institute (KERI). The ongoing re-
search topics include self-trapping and acceleration of
background plasma electrons in a sharp downward den-
sity transition, self-modulated laser wakefeld acceleration
(SM-LWFA) [6][7], photon acceleration [8], and ion accel-
eration. In this paper, an overview of the present research
activities at KERI is given and future plans are presented.

2 TRAPPING OF PLASMA ELECTRONS
AT A DENSITY TRANSITION

In order to accelerate electrons with a LWF, particles
should be injected into the acceleration phase of a wake-
£eld. The injection can be done with several methods. For
example, an injection accelerator or laser beams [9][10]
can be used for injection. Another way is self-injection
methods that do not require any external accelerator or
laser beams. One of the self-injection methods is to send
a plasma wave through a sharp downward density transi-
tion so that some background plasma electrons are trapped
by the LWF due to the sudden increase in A, at the den-
sity transition. This idea [11] was originally proposed
for an electron beam driver propagating in an underdense
plasma (plasma density ny < beam density ny), but it is
believed that a similar trapping phenomenon would hap-
pen for a laser beam driver if the laser intensity is high
enough. As mentioned above, compact T3 lasers are avail-
able nowadays and they have more rexibilities than accel-
erators. Hence, it would be better if an electron beam driver
is replaced by an intense laser pulse. In this section, the
self-trapping method with alaser isinvestigated.

2.1 2-Dimensional Laser-Plasma Smulations

In order to study the trapping phenomenon, 2-
dimensional (2-D) particle-in-cell (PIC) simulation studies
have been performed. For the simulations we used the 2-D
OSIRIS code [12] that was developed by the UCLA group.

In the simulation, the moving window has 1800 by 200
grids with 1.44 million particles and the plasma has a
downward density transitionfrom 5x 108 cm=3 to 3x10'8
cm~3. Figure 1 shows the simulation result, which is a
phase space plot (r, z) of the plasma electrons and the laser
wake wave is moving to the right direction in the £gure.
Figure 1(a) shows the phase space plot when the laser wake
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wave is passing the density transition. In the £gure, some
high density electrons are being separated from the £rst
node of the wave. Astime goes on, the electrons are com-
pletely separated from other electrons and they are self-
injected into the acceleration phase of the laser wakefeld
(see Fig. 1(b)). The trapped electrons are accelerated to a
high energy by the ultrastrong electric £eld which leads to
an acceleration gradient of dE/dz > 10 GeV/m. In addi-
tion to accel eration, the trapped particles are observed to be
strongly focused transversely by the background ions.

Figure 1: Phase space plot (r, z) of plasma electrons (a)
when the laser wake wave is just passing the downward
density transition and (b) when the laser wake wave just
passed the density transition.

As the laser wake £eld continues to propagate, the
trapped particles are further accelerated to a higher en-
ergy. Figure 2 shows a momentum phase space plot (p., 2)
of the plasma electrons, where the trapped plasma elec-
trons gained energies between 5 MeV and 50 MeV. The
energy can be increased further, but it should be pointed
out that there is a limit in gaining the energy. Several
effects can lead to the energy limit. One is the dephas-
ing effect that is caused by the velocity difference be-
tween the laser wake £eld and the trapped electrons. As
well known, a laser wakefeld propagates at the speed of
v =~ ¢y/1— (wp/wp)? < cin aplasma, where ¢ is the
velocity of light in free space, w, and w, are plasma and
laser frequencies, respectively. Hence, the wake £eld ve-
locity becomes smaller than that of highly relativistic elec-
trons. As aresult, the trapped electrons are gradually out
of phase and they are not accelerated any more. Another
important factor in energy saturation is the diffraction ef-
fect of alaser beam, which limits the interaction distance
between the laser wake£eld and the trapped electronsto the
order of 2L = 27r2/\o. Here, Ly, isthe Rayleigh range,
ro isthe laser beam radius, and ) is the laser wavelength.
In most cases, the diffraction effect is a dominant factor in
energy saturation, but to some extent it can be compensated
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Figure 2: Momentum phase space plot (p., z) of the plasma
electrons after the laser wake wave passed the downward
density transition. Note that the major particles are trapped
by the £rst period of awake£eld.

by afocusing effect that is caused by the relativistic motion
of plasma electrons or by a parabolic-like plasma density
profle. If the so called optical guiding [13] is employed,
the interaction range of the laser wake£eld and the trapped
electrons can be considerably extended, so the energy gain
can become much higher.

So far the simulations were performed for the density
scale length L, = 0, which implies that the density tran-
sition is inEnitely sharp. However, this is not realistic.
Hence, simulations were conducted for a £nite density
scale length to investigate the effect. The result is shown
in Fig. 3, which indicates that the trapped charge @ is
reduced gradually as the density scale length increases.
When L, /A" reaches 1, the trapped charge is reduced
about 50 %.
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Figure3: Relativetrapped charge Q vs. L,/\L!, where X7
isthe laser wakefeld wavelength in the low density side of
adensity transition.
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2.2 Planned Experiment

In order to verify the self-trapping phenomenon, we plan
to conduct experiments. In the above simulations, rather
high plasmadensities on the order of 10'® cm—2 were used,
but using high densities was just to reduce the calculation
time. In experiments, however, signi£cantly lower density
plasmas (~ 10'6 em~3) will be used aslower densitieswill
mitigate the requirement for sharpnessin density transition.
Furthermore, more particles are expected to be trapped for
lower densities because the trapped chargeisscaled as Q
1//no.

For the experiments, the 2 TW T® laser at Cen-
ter for Advanced Accelerators of KERI, which is a
Ti:sapphire/Nd:glass hybrid CPA laser, will be used. Fig-
ure 4 shows the 2 TW laser system that we have. In the
£gure, short laser pulses with aduration of about 150 fsare
generated by the mode-locked Nd:glass oscillator and they
are stretched in time by two gratings. And then, they are
sent into the Ti:sapphire regenerative ampli£er for energy
ampli£cation to about 0.5 mJpulse. The amplifed laser
pulse is sent to the £nal glass amplifer, which increases
the energy to more than 2 Jpulse. The high energy, but
long pulse laser beam is then compressed to less than 700
fs by gratings in the pulse compressor. The compressed
short laser pulse has an output power of about 2 TW and
this is sent into the laser-plasma interaction chamber. The
laser beam will be focused to a small spot with a radius of
about 21 m in He gas. In this case, the laser intensity 7
will exceed 3 x 10'7 W/cm? and a laser-produced plasma
will be generated. The gas density isadjusted in such away
that the laser wake wave has a wavelength of A/ = 210
pm as awake wave can be ef£ciently excited for A, ~ cr.
Under these conditions the acceleration gradient dE'/dz is
expected to be afew GeV/m.

Generating a sharp density transition is critically impor-
tant for the self-trapping experiment. To achieve the goal
severa different approaches will be tried. One of them
could be to use a thin foil for gas separation. If the foil is
thin enough, this method may work and high-energy elec-
tron beams are expected to be produced. Several important
parameters of the beams, such as charge, energy, energy
spread, emittance, beam size, etc., will be measured by var-
ious tools that include a Faraday cup, dipole magnet, emit-
tance meter, OTR (Optica Transition Radiation), respec-
tively. According to the simulation result and scaling laws,
the self-trapping is expected to yield a signi£cant amount
of self-trapping in the range of tens of pC for ng ~ 106
cm—3,

At present, preparations for this experiment are under
way at Center for Advanced Accelerators of KERI. A new
laser laboratory was built recently in a clean room (class
10,000) and installation of the T2 laser system is scheduled
to be £nished by October, 2002. After laser beam charac-
terizations, the self-trapping experiment at a density transi-
tion and the self-modul ated laser wake£eld experiment will
be performed £rst.

Table 1: Designed experimental parameters.

Laser power P >2TW
Laser pulse duration 7 < 700fs
Laser wavelength \q 1.053 pm
Laser beam radius o, 21 pm
Rayleighrange Ly 1.3mm

> 3 x 1017 W/cm?
nd =3.4x10 cm=3
ndl =25x10% cm=3
210 um
afew GeV/m

Laser intensity 1
Plasma densities :

Plasma wavelength \J/
Acceleration gradient dE/dz
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Figure 4: Layout of the 2 TW Ti:sapphire/Nd:glass laser
system at Center for Advanced Accelerators of KERI.

3 SELF-MODULATED LASER
WAKEFIELD ACCELERATION

When an intense laser beam with a long pulse length
¢t > A, propagates in an underdense plasma (wp, < wo),
the laser beam (wy, ko) decays into aplasmawave (wp, kp)
and forward-propagating laser light (wo — wp, ko — k) due
to the Raman scattering instability. As a result, the long
laser pulse is split into many laser pulses with a period of
Ap. The self-modulated laser pulse train then excites the
|aser wake wave resonantly. When the self-modul ated | aser
wakeEed is generated, some background plasma electrons
are self-injected into the acceleration phase. Thisis caused
by some hot electrons that result from the Raman scatter-
ing instability, transverse or longitudina wave breakings,
etc. The self-injected electrons are then trapped by the self-
modulated laser wake£eld and accel erated to ahigh energy.
In this case, however, the injection is randomly done in the
acceleration phase. Therefore, the energy spread is nat-
urally almost 100 %. Energy gain in the self-modulated
laser wake£eld acceleration is dominated by diffraction of
the laser beam unless the relativistic self-focusing occurs.
If the laser beam is strong enough, the laser is self-focused
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due to the relativistic effect and in this case the energy can
be increased signi£cantly.

il

Figure 5: Interference pattern from the Mach-Zehnder in-
terferometer when aHe gasiis gjected from the gas nozzle.
In the £gure, the He gas jet is sowing upward from the
round nozzle with a diameter of 500 xm and the backing
pressure is 50 bars.
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Figure 6: Density profle across the gas nozzle for different
backing pressures.

At Center for Advanced Accelerators of KERI, we have
an experimental plan for the SM-LWFA. For the experi-
ment, a few gas nozzles were developed and tested. Test
result of one nozzleisin Fig. 5, which shows an interfer-
ence pattern of a He gas jet from a Mach-Zehnder inter-
ferometer. In the £gure, the gas jet is moving upward and
the fringe patterns are observed to be shifted. The shifted
fringes can be analyzed to obtain a density pro£le and the
result is shown in Fig. 6. The £gure indicates that the
density profle across the nozzle is amost Gaussian. In
experiment, a gas density in the range of 10 cm~—3 will
be used. Compared to a Gaussian-like density profle, a
ogt profle is better, so development of a long rectangu-
lar nozzle is under way and it is expected to give a better
result. The experiment will be conducted with the 2 TW
Ti:sapphire/Nd:glass hybrid laser system at KERI in 2003.

The 2 TW may not be high enough for ef£cient particle
acceleration. In this case, another SM-LWFA experiment
will be performed at K-JIST that will have a few tens of
TW Ti:sapphire laser system by the end of 2003.

4 PHOTON ACCELERATION

The speed of light is constant in vacuum but it is possi-
ble to increase or decrease the speed of photons by using
a medium which has nonuniform index of refraction. For
anonuniform plasma, the dispersion relation of an electro-
magnetic waveis

w(kyz,t) = wi(z,t) + Pk, (6h)

where w, = (nge?/mey)'/? is the electron plasma fre-
quency and k is the wave number. Here, e, m., and ¢y are
the electron charge, electron mass, and permittivity in vac-
uum, respectively. If alaser pulseislocated on adownward
density gradient, the phase velocity at the front of the pulse
is slower than that at the tail from Eq. (1), and thus the
wavelength becomes short and the frequency is upshifted.
Finally, the group velocity increases, and this phenomenon
is called photon acceleration [8].

The interaction length between the laser pulse and the
density gradient can be extended signi£cantly by using a
wake £eld generated by a short drive pulse. A probe pulse
is launched with a time delay following the high inten-
sity drive pulse propagating through a plasma. The in-
teraction is most effective when the group velocity of the
probe pulse is same as the phase velocity of the plasma
wave generated by the drive. For this purpose, the fre-
quency of the probe and the drive pulses are set to be same
wp. The plasma density n is assumed to be uniform with
a plasma frequency wpo. The wavelength of the plasma
wave is \pg = 2mc/wyo. When the driven plasma mo-
tion is not highly relativistic, the density perturbation én
shows a sinusoidal shape and increases with the increasing
drive pulse intensity. From the dispersion relation of elec-
tromagnetic waves propagating through plasmas, the max-
imum frequency shift is calculated as[14]

Aw _ e dno v,T @
wo W Mo Apo

where v,, T" are the group velocity of the probe pulse and
the propagation time, respectively. With this mechanism,
it is possible to vary the laser wavelength continuously
within the frequency upshift limit by changing the inter-
action length, v, T

We simulated photon acceleration using the one-
dimensional (1-D) electromagnetic particle-in-cell code, 1-
D XOOPIC [15], and 2-D OSIRIS code. Figure 7 shows
a 1-D simulation result in which about 40% of frequency
upshift was observed after 2.0 cm of interaction length.
The used parameters are ny = 10® cm=2 corresponding
to Ao = 33 um and drive laser intensity of 1.18 x 10'®
W/cm? corresponding to the normalized vector potential
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Figure 7: One-dimensional simulation results : (&) the
pulse shape at the initial time, (b) the pul se shape when the
interaction length is 2 cm, and (c) contour plot of frequency
vs. interaction length.

ap = eE, /mcwy = 1.0. Moreover, 150% of frequency up-
shift was observed with an increased intensity of the drive
pulse, ap = 2.0. In 1-D simulation, however, diffraction
of the laser pulses is not considered and thus the interac-
tion length is much longer than that of real situation. In 2-
D simulations with the OSIRIS code, it was observed that
photon acceleration saturates at smaller interaction length
with only 10% of frequency upshift because of laser pulse
diffraction and the transverse plasma motion.

There are saturation mechanisms of photon acceleration
such as diffraction, wave dispersion, drive pulse depletion,
and dephasing between the probe pulse and the plasma
wake£eld. Asshownin Eqg. (2), thefrequency upshiftisef-
fective for large ng and ag. However, they have limitations
because the probe pul se disperses when the scale length of
the density gradient is shorter than the pulse length of the
probe. The density gradient becomes sharp and appears
within a narrow region for large ny and ag. Moreover, if
we decrease the laser spot size to increase the intensity of
the drive pulse, the Rayleigh length decreases and the inter-
action length becomes shortened by diffraction. The inter-
action length, v, 7, is restricted to a few Rayleigh lengths
by diffraction, and aso restricted by the drive pulse deple-
tion which gives its energy to plasmawake £elds. Diffrac-
tion can be controlled by optical guiding of the laser us-

ing plasma channels. As the group velocity of the probe
pulse increases by photon acceleration, the difference in-
creases between the group velocity of the probe pulse and
the phase velocity of the wake £eld. As the probe pulse
is accelerated, it deviates from the acceleration phase. De-
phasing can be controlled by changing the plasma density
gradually as the pulse propagates.

5 CONCLUSIONS

Recent progress in advanced accelerator research is
amazing. One of major reasons for such a remarkable
progress may be attributed to the rapid progress in high
power laser technologies. Nowadays terawatt table-top
lasers are common around the world and they are used
for laser and plasma-based advanced accelerator research.
Such a T2 laser system will be used for particle accelera-
tion experiment at KERI, too. If the self-trapping scheme
at a density transition is verifed with a laser beam, it will
be an important progress in advanced accelerator research.
In addition, planned experiments for the SM-LWFA, ion
acceleration, and recursive photon acceleration scheme for
higher frequency upshift may lead to important results.
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