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レーザー航跡場加速
レーザーの力でプラズマ中にほぼ光速の波を作り電子を加速

Laser Wakefield Acceleration (LWFA)

マイクロ固体フォトニクス研究会
第11回レーザー学会「ユビキタスパワーレーザー」
専門委員会　2020.12.17



l 
������	�����
��

V<<C

レーザー航跡場加速

are left out from the object and thus the group velocity of these waves are much less (sometimes 0) than the group velocity of 

the driver.  On the upper left we show the wakes behind a motor boat.  The tsunami wave off shore has a high phase velocity 

and propagates without much energy transfer to ships on the ocean water. One the other hand, when the tsunami approaches 

the shore, its phase velocity slows down so that its amplitude goes up and begins to trap the particles (such as ships) floating 

on the water or even on the floor of the shore (see Chap. VII). And these heightened water wave amplitude of tsunami on shore 

begins to go beyond the water wave-breaking limit, showing white foamy breaking water (upper right). A duck makes his wake 

(lower left).  Geese ride on the bow wake behind the lead goose to save their energy (lower right). 
 

 
 

Fig. I.2:  Shore wave right before and about the breaking (left).   The classical water break of a large amplitude water 

wave captured by Hokusai. It also shows the foamy wave breaking in its nonrelativistic wave break. (right). 

 
 

 

   
 
Fig. I.3:  Laser wakefield (1D PIC simulation), showing a robust non-wavebreaking peaked electron density (left).  

QCD wakefield 9(right). 

  

I.2. Nature of coherence in the strong “bang”(laser pulse) in wakefields 

To embody these organizational principles, Tajima and Dawson10 proposed the employment of an 
ultrashort and intense laser pulse to excite a wakefield in such a way that the laser pulse length %& is 
resonant to the wavelength of the eigenmode of the plasma, i.e. half of the plasma wavelength %" =

レーザーの力でプラズマ中にほぼ光速の波を作り電子を加速
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電子はレーザーで作られた波（レーザー航跡場） 
からエネルギーとコヒーレンスをもらう

Laser Wakefield Acceleration (LWFA)
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レーザー航跡場電子加速のダイナミクス（シミュレーション） 
Non-linear Wake-field

レーザー航跡場加速の原理（電子の発生と加速）
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手のひらサイズのGeV 級 電子加速を目指して

XFEL SACLA
8GeV   ~800m 

SPring-8    8GeV 

阪大で開発中のレーザー加速装置（~5cm）
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加速距離 30cmで 8GeVの加速利得

 

Petawatt Laser Guiding and Electron Beam Acceleration to 8 GeV
in a Laser-Heated Capillary Discharge Waveguide
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Guiding of relativistically intense laser pulses with peak power of 0.85 PW over 15 diffraction lengths
was demonstrated by increasing the focusing strength of a capillary discharge waveguide using laser
inverse bremsstrahlung heating. This allowed for the production of electron beams with quasimonoe-
nergetic peaks up to 7.8 GeV, double the energy that was previously demonstrated. Charge was 5 pC at
7.8 GeV and up to 62 pC in 6 GeV peaks, and typical beam divergence was 0.2 mrad.

DOI: 10.1103/PhysRevLett.122.084801

Laser plasma accelerators (LPAs) [1,2] have large
acceleration gradients of tens to hundreds of GV/m, which
is several orders of magnitude larger than conventional
radio frequency technology. This could allow for compact
accelerators in a variety of applications, including free-
electron lasers [3–5], Thomson sources [6,7], and electron-
positron colliders with TeV energy [8,9]. For future
efficient colliders using PW-class laser systems, single-
stage energy gains of about 10 GeV are required [9].
Electron beams with energy up to a few GeV have been
observed using nonpreformed plasmas and petawatt laser
systems [10–12]. Preformed plasma waveguides can be
used to mitigate laser diffraction of focused laser pulses,
which increases the acceleration length and the energy
gain for a given laser power. Using a capillary discharge
waveguide to confine laser pulses over a distance of 9 cm,
electron beams with energy up to 4.2 GeV were produced
using a lower peak laser power of 300 TW [13].
The energy gain of a single-stage LPA [1] scales

inversely with plasma density, n0, since the accelerating
gradient scales as Ez∝ n1=20 , and the length is limited to the
laser-depletion length, which scales as Ld ∝ n−3=20 . This
scaling shows that in order to increase the energy gain to
≈ 10 GeV, the plasma density must be lowered relative to
past experiments [10–13]. However, in order to accelerate
over the full laser-depletion length and achieve maximum
energy gain, diffraction of the focused laser pulses and the
associated reduction in laser intensity must be mitigated.
This laser pulse guiding can be achieved with a preformed
plasma channel, in which the electron density is lower on
axis, creating a refractive index profile that is peaked on

axis [14], as is the case with graded-index optical fibers.
For a parabolic channel with density rise (channel depth)Δn
at a radius rch given by nðrÞ ¼ n0 þ ðΔn=r2chÞr2, a low
intensity transversely Gaussian laser pulse can propagate
with constant spot size when the input laser mode size
equals the matched spot size of the channel (r0 ¼ rm), where
rm ¼ ½πreðΔn=r2chÞ&−1=4 and re is the classical electron
radius. The capillary discharge waveguide [15] has been
shown to be an effective method both of producing plasma
channels and increasing energy gain in laser plasma accel-
erators through increased acceleration length [13,16,17]. The
discharge current ionizes and heats the plasma via Ohmic
heating. Since the plasma cools at the capillary wall, a
temperature maximum and density minimum is formed on
the capillary axis [18]. In order to increase energy gain
toward 10 GeV [19], the laser power must be increased to
the petawatt level, the plasma density reduced to
≈ 2 × 1017 cm−3, and the guiding achieved over twice the
number of diffraction ranges (≈ 15 ZR) relative to previous
experiments [13]. However, at this plasma density, and for
the capillary diameter required to avoid laser damage, the
capillary discharge waveguide produces a channel that is not
deep enough to sufficiently confine the laser pulse.
In this Letter we show that the channel depth of a

capillary discharge waveguide can be increased using laser
pulses of nanosecond length to locally heat the plasma
along the capillary axis [20], and that this structure can
extend the LPA length to 20 cm (15 diffraction lengths) at
low (≈ 3.0 × 1017 cm−3) density. This enabled the gener-
ation of electron beams with quasimonoenergetic peaks in
energy up to 7.8 GeV using a peak laser power of 850 TW.
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focused onto the capillary entrance to a spot size of
r0 ¼ 84 μm. Here r0 is defined as the radius at which
the intensity drops to 1=e2 of the peak value. Probe laser
pulses with wavelength 800 nm and energy at nJ level were
focused to a focal spot size r0 ≈ 73 μm at the same location
and arrived at the peak of the heater current pulse. The
capillary discharge was operated with hydrogen using the
current pulse shown in Fig. 1(a), which had an amplitude of
450 A and rise time of 400 ns. The capillary had a diameter
of 800 μm and a length of 20 cm. Compared to Ref. [13],
the capillary diameter was increased to mitigate damage
from increased laser power, and the length increased to
accelerate electrons to higher energy.

MARPLE simulations were performed using the exper-
imentally measured current as input. The simulated temper-
ature and on-axis plasma density are shown in Fig. 1(a).
The temperature rises with the current through Ohmic
heating. The density rises through ionization and drops
through channel formation. After the peak of current the
temperature drops due to reduced Ohmic heating and
cooling at the capillary wall. The heater laser pulse arrived
300 ns after the peak of the discharge current, at which
point the temperature rises from 4.1 to 4.7 eV, resulting in a
reduction in on-axis density, indicating channel steepening
and matched spot size reduction.
The matched spot size was measured by tracking centroid,

spot size, and divergence oscillations of the probe pulse
[26,27], and the density retrieved from measurements of
the probe pulse group velocity in the plasma channel [28].
The relationship between the matched spot size and on-axis
plasma density is shown in Fig. 1(b). The matched spot size
without the heater (black line) was always significantly
larger than the driver laser focal size of 60 μm, which results
in poor guiding. For heater pulse arrival at the peak of current

(red squares) as in Ref. [20], the matched spot size is reduced
for a given density, consistent with IB heating. By timing the
heater pulse to arrive td ¼ 300 ns after the peak of the
discharge current (blue circles), which reduces the plasma
temperature and therefore increases the heating rate, the
matched spot size reduction is even larger. For example at
n0 ¼ 3.4 × 1017 cm−3, the matched spot size was reduced
from 101 μm to 69 μm. For td ¼ 420 ns (green triangles), a
matched spot size of 61 μm was generated with a density
of 2.7 × 1017 cm−3.
Note that for the high laser powers used for LPAs, laser

guiding is achieved by a combination of channel guiding
and self-guiding. Simulation of driver pulses with peak
power 850 TW and r0 ¼ 60 μm propagating through the
laser-heated channel of matched spot size 69 μm were
performed using the code INF&RNO. The laser intensity
increased above the initially focused value due to the effects
of self-focusing and self-steepening of the laser pulse.
Efficient laser guiding was achieved, meaning that the laser
intensity remained higher than the vacuum focal value until
the last few cm of the capillary, at which point about half of
the laser energy was depleted. This can be compared to a
simulation for the same density without the heater, where a
factor of 3.5 reduction in intensity was observed at only
≈ 6 cm into the capillary. Thus, for these parameters, self-
guiding was not strong enough to compensate for the
mismatched plasma channel. This poor guiding resulted in
the loss of injected electrons as they entered a defocusing
region of the wakefield (through the nonlinear decrease in
plasma wavelength with decreasing intensity [1]), demon-
strating the need for laser heating.
In the electron beam generation experiment, driver laser

pulses at a wavelength of λ ¼ 815 nm with spectral width
40 nm that were generated by the 1 Hz repetition rate

FIG. 2. Schematic layout of the BELLA LPA, including the heater laser system for enhancing the capillary discharge waveguide.

PHYSICAL REVIEW LETTERS 122, 084801 (2019)
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The minimum and maximum on-axis density values along
the capillary were 3.35 and 3.41 × 1017 cm−3, and the
matched spot size varied between 68 and 72 μm. As in the
experiment, the simulated spectrum shown in Fig. 4(f)
shows multiple peaks in energy. In the simulation, electrons
are first injected ≈ 5 cm into the capillary as a0 rises above
3 due to self-steepening and self-guiding. Complex laser
evolution at high power (including intensity and spectral
changes), together with the effect of electron beam loading
on the plasma, cause injection to start and stop several times
as the pulse propagates through the plasma. This gives rise
to several bunches of different final energy within the first
plasma period, and a simulated charge of 430 pC. It should
be noted that shot-to-shot fluctuations in the wave front of
both lasers, as well as their relative pointing would change
the plasma density profile and driver laser propagation. The
divergence of the energy-integrated beams as measured on
the phosphor screen was 0.2! 0.05 mrad FWHM and

0.6! 0.15 mrad rms, compared with the simulated results
of 0.19 mrad FWHM and 0.35 mrad rms. The lower
divergence from the simulation may be due to the
assumption of cylindrical symmetry, since the measured
laser mode (shown in Fig. 3) has nonsymmetric features.
Simulation of electron beam generation for td ¼ 420 ns,

presented in Fig. 4(g), showed a quasimonoenergetic peak
at 7.8 GeV as observed in the experiment. The increase in
beam energy was due to operation at lower density and
reduced matched spot size, which allowed for effective
guiding and acceleration over longer dephasing and pump
depletion lengths. However, the simulation did not repro-
duce the significant charge at lower energy, perhaps related
to the differences in the transverse plasma density profile or
nonsymmetric spatial features of the laser pulse. It should
be noted that in this nonlinear regime, trapping in multiple
buckets and locations in the plasma often leads to charge in
a broad energy range, but is sensitive to laser and plasma
parameters.
In conclusion, IB heating inside a capillary discharge

waveguide increased the channel depth and enabled the
guiding of petawatt laser pulses at low density
(≈ 3 × 1017 cm−3) over ≈ 15 ZR. The capillary discharge
was used to guide the laser heater beam and to tune the laser
heating rate and transverse density profile via control of the
capillary fill pressure and discharge timing. The matched
spot size of the channel was reduced from 106 μm to
61 μm via IB heating using self-guided heater laser pulses.
For these conditions laser pulses with peak power up to
850 TW were guided over 20 cm, resulting in the
generation of electron beams with hundreds of pC charge
and multiple quasimonoenergetic peaks, the highest of
which was at 7.8 GeV. This increase in energy compared to
previous experiments using the same laser system [13]
follows the expected energy gain scaling with density
∼1=n0 [1]. The energy gain and charge approach the
designs required for future colliders and x-ray free-electron
lasers. Further single-stage energy gain could be achieved
at lower densities with approximately matched propagation
using the BELLA PW laser system [19]. In addition to
increasing energy gain, lowering the plasma density can
mitigate dark current. In conjunction with controlled
injection techniques [30–33], this can result in significantly
reduced electron beam energy spread.

This work was supported by the Director, Office of
Science, Office of High Energy Physics, of the
U.S. Department of Energy under Contracts No. DE-
AC02-05CH11231 and No. DE-FG02-12ER41798, the
Alexander von Humboldt Foundation, NSF under
Grant No. PHY-1632796, and Ministry of Education,
Youth and Sports of Czech Republic under Grant
No. CZ.02.2.69/0.0/0.0/16_027/0008465 and High Field
Initiative (No. CZ.02.1.01/0.0/0.0/15_003/0000449), to-
gether with European Regional Development Fund. The
simulations used the computational resources (Edison) of
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FIG. 4. (a)–(e): Electron beams measured by the magnetic
spectrometer for n0 ¼ 3.4 × 1017 cm−3, rm ¼ 69 μm and laser
power 850 TW. The driver laser pulse arrival was timed with the
peak of the heater pulse. The heater pulse arrived 300 ns after the
peak of the discharge current, except for (e), where the delay was
420 ns, and the heater-induced density reduction was measured
to be larger, with n0 ¼ 2.7 × 1017 cm−3 and rm ¼ 61 μm. The
white dashed lines show the regions that are plotted in the
right hand column, which shows the detailed spectrum of the
highest energy peaks. The electron beam spectrum simulated by
INF&RNO using the MARPLE-retrieved density profile (with
n0 ¼ 3.4 × 1017 cm−3) is shown in (f). In (g) a simulation is
shown for the parameters of (e) using a transversely parabolic and
longitudinally uniform density profile.
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レーザー加速機器による
ドライバーのコンパクト化
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マイクロアンジュレータ
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JST 未来社会創造事業　　　　開発体制
- レーザー加速による量子ビーム加速器の開発と実証 -  (2017-2026)

レーザー駆動による量子ビーム加速器の開発と実証

研究開発代表者： 熊谷 教孝 国立研究開発法人科学技術振興機構 プログラムマネージャー
／公益財団法人高輝度光科学研究センター 名誉フェロー

共同研究機関： 量子科学技術研究開発機構、理化学研究所、
自然科学研究機構 分子科学研究所、大阪大学、
高輝度光科学研究センター、 他

目的：
レーザープラズマ加速技術によって粒子加速器の大幅な小型化を達成し、新材料や新薬の開発、粒子線がん治療など、工学、化学、
医学や関連技術の社会実装に広く貢献する。

研究概要：

粒子加速器の革新的な小型化及び高エネルギー化につながるレーザープラズマ加速技術

粒子加速器は学術、産業、医療等幅広い分野で利用されている。しかし、装置の巨大さと高額な建設費が、その利用普及を妨げる
大きな一因なっている。本課題では、従来の加速技術と比べて加速勾配が数桁高いレーザープラズマ加速技術の開発・実用化により、
粒子加速器の大幅な小型化と低価格化を達成することで、科学技術創造立国としの基盤技術として、以下の分野への社会実装を
目的とする。

小型電子加速器の実用化で放射光およびFEL利用の利便性を高め、
基礎科学から応用までの幅広い研究および新材料や新薬の開発等
産業利用で、強力な基盤装置として、学術・産業の発展に貢献。
小型イオン加速器の実用化によって、粒子線がん治療器等医療用
加速器の導入・運用コストを低減し、既存病院への導入を可能とする
ことで、高QoLで安価ながん治療等で健康寿命の延伸と医療費の
抑制に大きく貢献。
粒子加速用高安定・高出力小型レーザーの実用化により、新しい国産
レーザーのレーザー世界市場への参入を可能し、さらに新たな応用市場
へのレーザー製品の投入など、日本の産業の拡大発展に貢献。

マイクロ固体フォトニクス研究会
第11回レーザー学会「ユビキタスパワーレーザー」
専門委員会　2020.12.17
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Oscillator 

        LWFA Platform ＠RIKEN SPring-8 

Ti:Sa ultrafast oscillator

Booster XPW

Stretcher + AOPDF

Regenerative amplifier +
AOPGCF +

multi-pass amplifier

30 mJ at 527 nm

30 mJ at 527 nm

125 mJ at 532 nmMP0 amplifier

MP1 amplifier 2.5 J at 532 nm

30 µJ at 100 Hz

MP2 amplifier MP3 amplifier TWIN amplifier
2 x 2.5 J at 532 nm 2 x 4 J at 532 nm 2 x 20 J at 527 nm
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25 mJ at 10 Hz

200 mJ
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1 J at 10 Hz, 20 fs
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2 J at 5 Hz, 50 fs 10 J at 0.1 Hz, 100 fs
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Osaka Univ. Platform

Pulse energy 700 mJ on target １J 2J 10J

Pulse energy stability RMS 1% RMS 1%

No. of beam line 2 3

Pulse width 25 fs 20fs 50fs 100fs

Contrast 10-9@40~ps 10-12@40~ps

Focusing pattern Near diffraction limit
Strehl ratio: 0.96

Near diffraction limit
Strehl ratio: 0.98

Pointing RMS ±100μrad RMS ±8μrad

Pointing requirement ー RMS ±10μrad

Laser system of platformOsaka Univ. (40TW)

● Osaka Univ.
● Platform

Pointing of 
laser beam

(μrad)

Pointing Stability of Platform Laser
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多段（ステージ）加速
レーザー航跡場の機能分離による安定加速
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多段加速の原理実証
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GeV 級多段レーザー航跡場加速のパラメータ 　　
M.Kando of KPSI, QST
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実験
でも
確認

1SCIENTIFIC REPORTS |         (2019) 9:20045  | https://doi.org/10.1038/s41598-019-56654-x

www.nature.com/scientificreports

Coupling Effects in Multistage 
Laser Wake-field Acceleration of 
Electrons
Zhan Jin1,2, Hirotaka Nakamura3, Naveen Pathak1,2, Yasuo Sakai1,2, Alexei Zhidkov1,2, 
Keiichi Sueda2, Ryosuke Kodama3 & Tomonao Hosokai1,2*

Staging laser wake-field acceleration is considered to be a necessary technique for developing full-
optical jitter-free high energy electron accelerators. Splitting of the acceleration length into several 
technical parts and with independent laser drivers allows not only the generation of stable, reproducible 
acceleration fields but also overcoming the dephasing length while maintaining an overall high 
acceleration gradient and a compact footprint. Temporal and spatial coupling of pre-accelerated 
electron bunches for their injection in the acceleration phase of a successive laser pulse wake field is the 
key part of the staging laser-driven acceleration. Here, characterization of the coupling is performed 
with a dense, stable, narrow energy band of <3% and energy-selectable electron beams with a charge 
of ~1.6 pC and energy of ~10 MeV generated from a laser plasma cathode. Cumulative focusing of 
electron bunches in a low-density preplasma, exhibiting the Budker–Bennett effect, is shown to result in 
the efficient injection of electrons, even with a long distance between the injector and the booster in the 
laser pulse wake. The measured characteristics of electron beams modified by the booster wake field 
agree well with those obtained by multidimensional particle-in-cell simulations.

The laser wake-field acceleration (LWFA) of electrons is one of the rapidly developing scientific fields of the last 
decade1–17. This technique, providing potentially jitter-free sources of radiation and electrons, has already demon-
strated an electron acceleration of ~8 GeV13,14 in a single stage with laser pulse energy less than 100 J. Recently, 
interest in schemes with external injection18 has rapidly grown, with staging schemes being developed. Similar 
to conventional radio frequency acceleration schemes, the staging schemes in plasma (an injector, a buster, etc.) 
seem to be more practical, providing better scalability, stability and reproducibility of the acceleration process19,20. 
Such schemes exploiting spatially separated injectors and boosters20 have clear technical advantages in contrast to 
‘overlapped plasma’ schemes19. However, beam delivery or coupling in this case becomes a critical issue.

Coupling in the spaced-apart staging schemes for LWFA is apparently a key problem. Coupling problems orig-
inate from a possible mismatch in the sizes of the injected electron bunches and the sizes of the laser wake fields. 
The transverse size of a laser wake field is limited by the value of a0 (the normalized vector potential of the laser 
field, a0 = eEL/mcω, where EL is the laser electric field strength and ω is the laser pulse frequency21), which is nec-
essary for efficient acceleration and implies an upper limit on the value of the laser pulse waist, w0. On the other 
hand, the longitudinal size of the acceleration field is determined by the plasma electron density: the smaller the 
electron density is, the longer the wave of the laser pulse wake. However, laser pulse guiding in plasma becomes 
possible with an electron density Ne > 1.7 ×  1010 Ncr[cm− 3]/P[W], where Ncr is the critical density for the laser 
pulse frequency and P is the total power of the laser pulse. Moreover, an electron density that is too low results in a 
weaker acceleration field strength E = a0 λ/λp, where λ is the laser wavelength and λp = λ(Ncr/Ne)1/2 is the plasma 
wavelength. The sizes of electron bunches coming out of the injectors are determined by (i) the geometrical emit-
tance and (ii) the energy spread ∆γ (γ is the relativistic factor, γ = [1 + (p/mc)2]). If a distance between an injector 
and a booster is L, the bunch length at the entrance point will be equal to l = L∆γ/γ0

3, where γ0 is the mean energy 
of electrons in the bunch. [We assume that ∆γ << γ0 and that l exceeds the initial bunch length]. In the case of 
l > λp, an essential portion of electrons cannot be injected into the acceleration phase of the laser wake field.

1Institute of Scientific and Industrial Research, Osaka University, 8-1 Mihogaoka, Ibaraki, Osaka, 567-0047, Japan. 
2Laser Acceleration Development Team, Innovative Light Sources Division, RIKEN SPring-8 Center, 1-1-1, Kouto, 
Sayo-cho, Sayo-gun, Hyogo, 679-5148, Japan. 3Graduate School of Engineering, Osaka University, 2-1 Yamada-oka, 
Suita, Osaka, 565-0871, Japan. *email: hosokai@sanken.osaka-u.ac.jp
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低密度プラズマでのパッシブプラズマレンズ効果を発見
輸送部のダウンサイズの可能性
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アンジュレーター実験を開始
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Prototype XFEL (SCSS)
2005

http://xfel.riken.jp/sacla/index00.html
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　　　Welcome to Laser-driven Accel. Platform’LAPLACIAN’Ti:Sa ultrafast oscillator

Booster XPW

Stretcher + AOPDF

Regenerative amplifier +
AOPGCF +

multi-pass amplifier

30 mJ at 527 nm

30 mJ at 527 nm

125 mJ at 532 nmMP0 amplifier

MP1 amplifier 2.5 J at 532 nm

30 µJ at 100 Hz

MP2 amplifier MP3 amplifier TWIN amplifier
2 x 2.5 J at 532 nm 2 x 4 J at 532 nm 2 x 20 J at 527 nm

3 mJ at 100 Hz

25 mJ at 10 Hz

200 mJ
at 10 Hz

350 mJ
at 10 Hz

100 mJ
at 10 Hz

1 J at 10 Hz, 20 fs

Compressor1 Compressor2 Compressor3

2 J at 5 Hz, 50 fs 10 J at 0.1 Hz, 100 fs
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まとめ

高強度超短レーザーパルスとプラズマの相互作用で励起される超高強度の電場は 
従来高周波加速器の加速電場の1000倍以上の強度を持つ。

→ 高エネルギー加速器を１／1000以下にダウンサイズできる可能性
→ 卓上型の超高エネルギー加速器の可能性

チャープパルス増幅法の発明により高強度超短レーザーパルスが実現

理研SPring-8キャンパスにてオールジャパン体制の機関連携で研究開発を推進中　 
（JST未来社会創造事業（大規模型））
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レーザー航跡場加速研究は原理実証の段階からリピータブルな高品質ビームの
生成へとシフトしつつある。


