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Magnetic Resonance Imager

2x1.7 MV Tandem — Materials Research Large-scale AMS Faciliy
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1 Has set multiple “China’ s firsts”

The first accelerator - The first domestically produced The world’ s.first 1% energy
based neutron source superconducting accelerator spread laser ion accelerator
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The first accelerator The first 1.3 GHz 9 cell The first Chinese Human
mass spectrometer superconducting cavity Connectome Project. (CHCP)



AR Laser Plasma Laboratory

PEKING UNIVERSITY
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er petawatt laser and its dedicated experi

mental platform.
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@ rezxY  (Challenge of Charged-Particle Accelerators

PEKING UNIVERSITY

1930s: 10 cm diameter, 80 980s: 3.2 km long, 50

keV ions — the earliest GeV electrons—_ -
cyclotrons . SEAC. limae 2=
e e

Vacuum breakdown limits
the electric gradient to the
order of tens of MV/m.

To reach hlgher energies,
accelerator size and cost L

must keep increasing. 104 102 1 102 10¢ 10¢
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@ Raising the accelerating gradient;
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@ Finding one medium that can
withstand high gradients.
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B e 7k ¥ Laser can provide ultrahigh E field

PEKING UNIVERSITY

Nonlinear QED: E-e-1, = 2m,c? oIy = 1018722 W/cm?
10" 5 \1/2
1PV wg = (2) 7 >1-100 TV/m
/ EoC

Ultra-Relativistic Optics R .
0% mm EL Millions times beyond

conventional RF accelerators!

Eq=my* 7/
oo Relativistic Opti

Focused Intensity (W/cm*)

™ 1 MeV
5 Bound electrons
10 ~ CPA
<— mode locking 1eV \
10'° [ €— Q-switching R G ae

“for groundbreaking inventions
in the field of laser physics”

1960 1970 1980 1990 2000 2010

Focused Intensity vs. Year (T. Tajima and G. Mourou, PRSTAB2002)




ée\xwll,(:’ } \g

<] 2) D

¢ 5 at}ﬁJ‘ -
2598

PEKING UNIVERSITY

1.5
> 1
o
X
~ 05
o
P 0
E 0.5
u.:‘ =l
-1.5
10
8
6
~N
=
x
4
2
0

Can E .., be used directly for acceleration?
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AR How to use laser for acceleration?

The Lawson-Woodward theorem is a fundamental result concerning the
acceleration of free particles in electromagnetic fields. It states that
under certain conditions a free particle in vacuum cannot be accelerated
by an electromagnetic wave:

1. The electron moves linearly at high energy.

2. The particle is far from any sources (dielectrics, conductors, plasmas).
3. No electrostatic or magnetostatic fields are present in the region.

4. |dea vacuum with no boundary conditions.
5

. Nonlinear effects are neglected.
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AR High gradient laser accelerator

Laser accelerators deliberately break these ideal conditions to circumvent the
Lawson—Woodward prohibition.

(@ Laser Vacuum Accelerator: inverse FEL/quasi-pondermotive acceleration....(break 1/3/5)
@ Laser-induced THz accelerator: THz regime ( E « f1/2¢=1/4) (break 2/4)

(@ Dielectric laser accelerator: integration with nanophotonic materials(break 2 /4)

(@ Laser Plasma Accelerator: using plasma as the medium, combining high gradients with

extended interaction lengths (break all!)

In an IFEL the electron beam absorbs
energy from a radiation field.

High power laser <4V

Electrons to
THz E-field polarization energy
Photoemitted electrons longitudinal + radial THz mirror spectrometer

from d.c. gun ‘Accelerator on a Chlp’

-SLAC/Stanford



AEMEER Plasma and Its Advances

» Plasma is the fourth state of matter, accounting for 99 % of the visible universe.

» It is not subject to electrical breakdown thresholds.

» Plasma can sustain extreme temperatures, currents, and electromagnetic fields.

» Composed of charged particles, it can be controlled over long distances by
electromagnetic fields.




By e 5% S LPA was first proposed in 1979

PEKING UNIVERSITY

Eo(V/m) ~ 96/ ny(cm?)

ng =108 cm3 —> Eo=96GV/m

John M Dawson#s S |
930'200’17*' 1 ' s A Ld — 1 cin :> Eelectron =~ 1 GeV

REVIEW LETTERS 23 Jury 1979

VoLUME 43, NUMBER 4 PHYSICAL

Laser Electron Accelerator

T. Tajima and J. M. Dawson
Depavtment of Physics, University of California, Los Angeles, California 90024
(Received 9 March 1979)

An intense electromagnetic pulse can create a weak of plasma oscillations through the
action of the nonlinear ponderomotive force. Electrons trapped in the wake can be ac-
celerated to high energy. Existing glass lasers of power density 10"*W/cm?® shone on plas-
mas of densities 10'® em™® can yield gigaelectronvolts of electron energy per centimeter
of acceleration distance. This acceleration mechanism is demonstrated through computer

simulation, Applications to accelerators and pulsers are examined,



@ ders Laser wakefield acceleration

F,=-m,*V(a*/2)

~100 pm

A,(um) =~ 3.3 x 101 /y/ng(cm3)

The term “ponderomotive” derives from the
Latin word pondero, meaning “to weigh” or
“to measure,” and the Greek root motive,
signifying “motion” or “driving." Together,
ponderomotive denotes a force that drives
and imparts motion to objects.

In 2019, LBNL accelerated electrons to 7.8 GeV
using a 20-cm-long discharge capillary channel.

BETMORKNG I THE MMUNE SYSTEM » NANCTECH BATTERES

SCIENTIFIC ==
AMERICAN ==

Phys. Rev. Lett.122.084801(2019)




@rx2Z  The picture of laser ion acceleration

> Because ions are much heavier, they cannot be directly driven by the laser;

> lon acceleration relies on the electrostatic field arising from electron-ion
charge separation within the plasma.

érget Normal Sheath Acceleration (TNS% (Radiation Pressure Acceleration(RPAN
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@222 Simulation of laser acceleration Physics process
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@222 Simulation of laser acceleration Physics process
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PEKING UNIVERSITY

Laser parameters:

Energy: 1.8J

Duration: 30fs
Intensity: 8.3x10° W/cm?
Spot size: 4.5umx5.3um (FWHM)

Target parameters:
« Mirco-thickness solid foll

AR ER The setup of laser ion accelerator
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@722 Characteristics of Laser Accelerated Protons
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Typical energy spectrum and angle distribution
of TNSA laser accelerated proton beam

Point source ~pm \

Particle number ~10°-1013

Short pulse ~ps-ns

Low emittance ~mm-mrad

Large divergence angle ~10°
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@ixkZ Laserions also have wide energy-spectra

Using the DRACO-PW laser, a30fs laser pulse with 6.5 x 102" W/cm?
intensity was focused on a 250 + 25 nm thickness plastic target, which
created the laser-accelerated protons at a record energy of 150 MeV.
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Nature Physics 20, 1211-1216 (2024)
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@577 Laser-accelerated protons with ps duration

» A synchronized chirped laser pulse tracked the transient opacity induced in
SiO, by these protons, yielding a minimum pulse width of 3.5 £ 0.7 ps and
extending ultrafast science into the regime of ion interactions.

> At 101°-102 ppp, the peak current exceeds the kilo-ampere level.
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@ 72¥  Proton Radiotherapy Based on Laser Accelerator

>In 2022, there were 19.96 M new cancer cases and 9.74 M cancer-related deaths
worldwide. In China, the numbers were about 4.82 M and 2.57 M.

» Proton therapy is an advanced radiation treatment technology that requires precise

adjustment of the proton beam to ensure the therapeutic beam accurately targets the
tumor site.

Advantages:
1.Ultra-high dose rate 10 Gy/s;
N el Je A 2.Lower equipment complexity;
: ' f 3.Compact size;
4.Combines radiotherapy with
immunotherapy.

Dose

B

Electrons H

I (4 Mev) Protons

: (150 MeV) {
\

0 cm Depth 15 cm
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High-dose-rate FLASH irradiation beam
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Experiments have verified that laser accelerated protons appear
to confer a greater suppressive effect on tumor cells (tissue)

than conventional approaches.

lez2%  Ultrahigh dose rate (FLASH) radiation

» Laser-irradiated tumors send out
“danger” signals that let immune
cells spot and kill cancer precisely.
» Laser-driven proton beams may shift
radiotherapy from localized to

\  disseminated cancer, opening new
treatment paths.
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Nature Physics | VOL 18 | 2022 | 316322



a Localized disease
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Immuno-radiotherapy?
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by imaging) using the US National Cancer Institute Surveillance, Epidemiology and End Results (SEER) registries.

THE NOBEL PRIZE
IN PHYSICS 2018

Immuno-radiotherapy?

Arthur Gérard Donna
Ashkin Mourou Strickland

LX)
Bai ® &

“for groundbreaking inventions
in the field of laser physics”

Laser accelerator + immunotherapy =
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“for their discovery of cancer th
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@222 rradiation applications with ultra-intense beam

Short Intense Small Wide
(picosecond level) (instantons current~ (source size ~ um)  (energy spread ~ 100%)
Warm dense matter kA) Proton radiography lon analysis
generation Material irradiation

under extreme

\[oiﬁ ;ﬂ conditions
' o, '
2/

Gold Crytl
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Proton source CH sample

f
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X (mm) SR 7:40415 (2017).
PRL 91(12):125004(2003). SR 7(1):1-9(2017). AIP Advances 11,085316(2021). NF 62, 106028 (2022).

Compared to traditional accelerators, laser-accelerated proton beams exhibit unique beam
characteristics, offering novel opportunities for research and potential applications across

a wide range of scientific fields. -



e ik Plasma Based Beam Device
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Plasma can serve as an ideal medium for neutralizing space charges. It can be employed
as a novel component for controlling the transmission of particles.

When interacting with strong lasers and particle beams, plasma exhibits various
nonlinear effects.
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Plasma used as the extraction for high-energy colliders
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Plasma as the injection for heavy ion driven fusion



75 2e 75 ¥ Pictures of passive plasma lens
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Passive plasma lens (PPL) :
« Beam self-generated magnetic field
« Magnetic field gradient ~MT/m

 Bottleneck: focusing characteristics strongly depend on beam parameters

Small perturbation

Periodic wakefield

harge

Self-generated magnetic field

n (em™)
charge

29



@222 Pictures of for active plasma lens

Active plasma lens (APL):

« External current

« Magnetic field gradient ~kT/m

« Good stability and adjustability

« Bottleneck: complex structure, multiple external
devices, high power consumption, Z-pinch effect

laser target plasma channel

curved-channel
plane

PRAB 24, 031301 (2021). PRAB 27, 052802 (2024).

A

focal plane

Light: Sci. Appl. 5, e16015 (2016)

Hill equation
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PRL 132, 215001 (2024)

30



Outline

« Institute of Heavy ion Physics@ Peking University
* Introduction to Laser Plasma Accelerator
» The Compact laser plasma accelerator (CLAPA-I and CLAPA-II)

e Summary



AT - J, N
@iy CLAPA!
Y/ PEKING UNIVERSITY

» 2013-2018, Peking University built the first 1% energy spread laser proton
accelerator, which can generate proton beam with 1-15 MeV energy ps-ns
duration and ultrahigh dose rate.

» Compact LAser Plasma Accelerator, CLAPA-I.
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PEKING UNIVERSITY

(b) Proton beam distributions on radio chromic film(RCF) stacks
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(c) Envelope evolution of proton beam in the bear

BPD #1(scintillator)

BPD #2 (scintillator)

Bending magnet

line

1% energy spread proton beams

Slit #2

Quadmpole-doublet lens

T —x —v

4
X Quadrupole-triplet

9

Y X/Y (cm) 2 [ T P92

Z (cmy

L fem)

d [cm]

PRAB 22, 061302 (2019). PRAB 23,031302 (2020).

(@) 30}

Proton Charge (pC)

20

10

)

Y(mm)

0)

=

Y(mm)

|
-
1=}

Y(mm)

o

5 6 .
Proton energy (MeV))

33



@722 The emittance of laser driven protons

» The emittance of CLAPA proton beam was measured to be 0.01-0.1 mm mrad, using three
different methods at different positions along the transport beamline: pepper-pot method,
quadrupole triplet scan, and single-shot emittance measurement.

0.15 — - T : T . .
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—— QST
£o) —a— Single-shot
g 0.10 L | — Normalized RMS trace Emittance 1
£ ' Normalized RMS Emittance
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8 0.05 | Q1Q2Q3 * 1A
£
|
}JM NIM A 955, 163249 (2020).
N PRAB 23, 031302 (2020).
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Position (m)



@ 527 Beijing Laser Acceleration Innovation Center
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@227 The world highest-average-power PW laser

-
FWHM = 52.6 nm | =

e
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2PW laser system

> Peak povz"er: 2.44 PW (IRBIEEIIR)
> Pulse energy: 72 J (EBfK/HPEER)

> Pulse duration: 39 fs (FXE5)

> ns contrast ratio: >10" (ZRFLIFLLE)

Acceleration section



rz+¥  Beam delivery and treatment room
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Jer 2 Data and control system

\

Auxiliary Equipmeht
Control System

T

Laser accelerator control system
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@i Summary
{sos PEKING UNIVERSITY

> Laser proton accelerators feature TV/m high gradients and can generate
beams with extremely high peak current and dose rate, showing unique
applications in tumor radiotherapy, material irradiation under extreme

conditions, etc.

» Peking University is constructing a PW laser proton accelerator and the
first laser accelerator-based tumor radiotherapy device.

HiFK  [REH Gerard Mourou X LSDXE KREE AN= TR
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