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Motivations

The “Livingston plot” shows the signs of saturation, highlighting the need for the next
breakthrough in accelerator technology.
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Traditionally, accelerating structures have been made from metal (hormal conductive or
super-conductive) and are typically limited in their accelerating gradient to £,<100 MeV/m.

The “accelerating structures” made from a material that is already “damaged” (e.qg.,
plasma) will not exhibit the same limitations due to the material’s properties.

Plasma acceleration was first proposed by T. Tajima and J. Dawson in 1979, which was, in
fact, too early for laser and beam technologies to be ready to realize the proposed
approach.
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VoLUME 43, NUMBER 4 PHYSICAL REVIEW LETTERS 23 Jury 1979

Laser Electron Accelerator

T. Tajima and J. M. Dawson
Department of Physics, Unfvevsity of California, Los Angeles, California 20024
(Beceived 9 March 1979)

An intenge 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
gimulation. Applications to accelerators and pulsers are examined,

VOLUME 54, NUMBER 7 PHYSICAL REVIEW LETTERS 18 FEBRUARY 1985

Acceleration of Electrons by the Interaction of a Bunched Electron Beam with a Plasma

Pisin Chen'*’
Sranford Livear Accelerator Center, Stanford University, Stanford, California 94305

and

J. M. Dawson, Robert W, Huff, and T. Katsouleas
Department af Physics, University of California, Los Angeles, California 90024
{Received 20 December 1984

A new scheme for accelerating electrons, employing a bunched relativistic electron beam in a
cold plasma, is analyzed. We show that energy gradients can exceed 1 GeVi/m and that the driven
electrons can be accelerated from -:,.-nmcz to Jypme? before the driving beam slows down enough to
degrade the plasma wave. If the driving electrons are removed hefore they cause the collapse of the
plasma wave, energies up to dv&me? are possible. A noncollinear injection scheme is suggesicd in
order that the driving electrons can be removed.

PACS numbers: 52,75, 29.15—n
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Plasma Oscillations = =%

Applying Gauss’s law along the integral contour:
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Writing an equation for the electrons’ non-relativistic motion: :@ PP® ® ©I
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Expression for the oscillation frequency: Integral contour
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[Ex] For n ~ 10" cm?3, f, ~ 900 GHz
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Maximum Field in Plasma e

Imagine that the plasma oscillation is excited by a charged object moving with velocity c.

c

€T~ N, ~ —
Pow

p

This results in the following for the maximum field,

nec mcw
EmaX ~ — L
€oWp (&

Or equivalently

W
eF o ~ mc2 =L
c

The maximum available accelerating gradient is

v
Bmax & 14 x (n[em—3])1/2
cim

[Ex] For n ~ 10" cm?3, eE,,,, ~ 1 GeV/cm
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Early Steps of Plasma Acceleration S

The plasma wavelength is
c 1017

= —, or A,~0.1mm
Iv

[Ex] To achieve 1 GeV/cm, we need n ~ 10'8 cm=3, which corresponds to 1,, ~ 30 um (or around 100 fs)

Ap

nlcm—3]

Thus short sub-100-fs pulses are needed to excite plasma towards GeV/cm accelerating
gradient.

In the absence of such short pulses, in the late 1970s and early 1980s, other methods of
plasma excitation were suggested such as the Plasma Beat Wave Accelerator (PBWA),
and the Self-Modulated Laser WakeField Accelerator (SMLWFA)

PBWA: Two laser pulses with broad envelopes (a) and frequencies differing by w,, overlap
to create a beating at the plasma’s frequency (b). This combined laser pulse is sent into
plasma where it create plasma excitation (c).

SMLWEFA: Only a single laser pulse is sent into the plasma (a), where an instability results
in a self-modulation of the long laser pulse at 4, (b), which again creates plasma excitation
at wavelength 4,, (c).
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Rapid Progress of Plasma Acceleration ==

« As aresult of beam and laser technologies development, short sub-ps pulses of laser or
beams became available and thus prompted rapid progress of plasma acceleration.

}“P Short, high-energy ?Lp Short laser pulse of
particle bunch high intensity

Plasma WakeField Acceleration (PWFA) Laser WakeField Acceleration (LWFA)

[2004] [2007] [2014] [2015]

Full text access provided to Ulsan National It 8 OCTOBER 2015 | VOL 526 | NATURE | 172

natur e International weekly journal of science
ve > Letter > xt

CERN to test revolutionary

. . l
Sormathome > arc e mini-accelerator
NATURE | LETTER o 4= Plasmawakefield machines aim toreach high energies without huge gains in size.
Journal content Letter -
J— oY EBE BN
Nature 445, 741-744 (15 February 2007) | doit10.1038/nature05538; Received 21 July 2006; . pichomeofthe Large Hadron Collder WAKEFIELD ACCELERATION
Accepted 13 December 2006 T
v Hi . . .
" ’ igh-efficiency acceleration of an electron beam in
. Energy doubling of 42 GeV electrons in a metre-scale g y
urr plasma wakefield accelerator a plasma wakefield accelerator
Nature News e et i P ¢ $%e>
Tan Blumenfeld?, Christopher E. ClaytonZ, Franz-Josef Deckerl, Mark J. Hogan?, M. Litos, E. Adli, W. An, C. . Clarke, C. E. Clayton, S. Corde, J. P. Delahaye, R. J. England, A.
Archiv as " Joshi%, S.Fisher, J. Frederico, S. Gessner, S. Z. Green, M. J. Hogan, C. Joshi, W. Lu, K. A. Marsh, W.
Supplement: B. Mori, P. Muggli, N. Vafaei-Najafabadi, D. Walz, G. White, 2. Wu, V. Yakimenko & G. Yocky
web fo , Affiliations | Contributions | Corresponding author
podcasts 2 University of California Los Angeles, 405 Higard Avenue, Los Angeles, California 90095, USA
Videos Nature 515, 92-95 (06 November 2014) | doi:10.1038/nature13882
News Special Received 20 July 2014 | Accepted 01 September 2014 | Published online 05 November 2014

[Note] There are far fewer PWFA than LWFA experiments being performed worldwide. This is because there
are far fewer facilities that can provide the high-current, highly relativistic charged particle beams that are
needed for such experiments. The two main facilities are at the SLAC National Accelerator Laboratory and
the Brookhaven National Laboratory, both in the United States.
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Basics of Lasers/Photon Beams
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Laser Pulse Intensity e

« Laser intensity (in a vacuum) is defined (in Sl unit) as

1
I = —eyE?

2 max

¢ = Energy/Volume x Length/Time

— The intensity / is usually measured in Watts per cm?.

« The corresponding relation between fields and intensity is

\% I 1/2
Erar | — 1| ~ 2. 10°
lcm] 7 10 (1016W/Cm2)

7 1/2
N 6
Binas |Gauss] >~ 9.2 x 10 (1016W/cm2>

E<t) - B(t)C, Emax — Bma:pc

for EM wave in vacuum
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Atomic Intensity

In order to develop a quantitative understanding of laser intensity values, it is best to
compare the field of an intense laser with atomic fields - particularly with the field in a
hydrogen atom.
Bohr radius is given by
fh2 )
ap = =53x10"7cm
me?

,and corresponding electric field is

62

E, ~ 5.1 x 10" V/m

- 2
dmepay

« The corresponding atomic intensity is thus equal to

A laser with intensity higher than the above will ionize gas immediately. However, ionization
can occur well below this threshold due to multiphoton effects or tunneling ionization.
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Progress in Laser Peak Intensity

Around 2x10%° W/cm?: the Schwinger intensity limit,
when the laser field can produce e*e
pairs from a vacuum

Intensity (W/cm?)

eFy Velovity gained by electron in one laser cycle
aO s s "
mewc Speed of light

Relativistic optics case:
electrons become relativistic in the laser field

eocE?

I, =

1%
~3.51 ><1{)16—2
cm

CPA: chirped pulse amplification

1970 1980 1990 2000 2010
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Chi I"p9d Pulse Am p lification R

Invented for lasers by G. Mourou and D. Strickland, chirped pulse amplification (or CPA) is
a process that stretches the short pulse in time, amplifies the now-longer laser pulse and
then compresses the amplified pulse.

This multi-step process relieves the optical component of laser amplifiers from pulsed
power, thus reducing nonlinear effects and avoiding material damage.

The stretching and compressing of the pulses are based on the time(path length)—
energy(frequency) correlation property of the laser pulse.

Initial Af -~ l
pulse Stretcher
/ Angle of reflection from the grating
depends on the wavelength
ATAGY,
Stretched WM” '

pulse
Ampllfled
stretched
pulse

-

Amplified
ultrashort

Compressor pulse
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Laser Pulse Stretcher/Compressor R

« Compression of laser pulses relies on the dependence of the light reflection angle from the
grating on the light wavelength. - Path length through the system depends on the light’s

wavelength.
Mirror, - Mirror
0"}9'“5’“ pulse - Pulse Stretcher
Stretched pulse Longer wavelength - Shorter path length
€—om b, - Ahead of the pulse
# Focal plane
Grating H N Grating
iy \
<2< > < H
L f f
Grating
~-Mirror
Stretched pulse
Pulse Compressor A H““m
Longer wavelength - Longer path length Mirrore—" Grating
= Ragging of the pulse Compressed pulse
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Energy-time correlation and bunch compression™

Achieving ultra-short electron bunches is usually done at higher energies, when the beam
is relativistic and space charge effects are less severe.

A typical arrangement that can compress the bunch is a beamline made of four bending

magnets of opposite polarity.
Particle velocities are nearly constant at ¢
(Energy difference is different from velocity difference!)

ﬂEiE ﬂE;"E &E:E AE/E AE/E
E hi
tail head nergy chirp
-l iz >z >z >z
RF cavity

"

In this chicane, the time of flight (or equivalently

Zero crossing the path length) is different for different energies.
or Off crest
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OPCPA: Optical Parametric CPA —

Its principle is based on nonlinear properties of crystals. When it is subjected to radiation of
wavelength wq, it generates radiation at two frequencies w, and w, where, as energy is
conserved, w;+ w,= w;.

In optical parametric amplification, the input consists of two beams: the pump at w, and the
signal at w,. The OPA output is the amplified w; beam and weakened w, beam, plus an
additional idler (H| S &£840|) beam at w,.

Nonlinear crystal

bepleted pump
W

Amplifying the stretched beam
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Types of ionization

 Potential well of an electron in an atom

Direct lonization

—

Multi-Photon lonization Tunneling lonization

With somewhat larger laser field intensity, Tunneling
lonization will turn into another ionization mechanism
called Barrier Suppression lonization (BSI).

L

' V(x)
-eEx e2

Lo L
256
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Laser Contrast Ratio @ ‘oo

« The spatial contrast: the ratio of intensity at the laser focus to the intensity outside of the
focus.

 For CPA-compressed pulses, it is appropriate to introduce the notion of the temporal
contrast ratio a function of time given by the ratio of the peak laser intensity to the intensity
in the front or back of the pulse.

1 ________________________________

The high contrast ratio

is often the key

parameter in plasma
acceleration, as even a
relatively low intensity 1 0-5
can either ionize or

destroy the target long

before the arrival of the

main high-intensity

short pulse.

Pre-pulses * P Post-pulses

&

Contrast ratio

-
)

| |
-200 -100 0 100 t(ps)

10-10

« ltis typical that a short sub-ps pulse (main) is accompanied by many tens of ps low-
intensity pulses, as well as short pre-pulses or post-pulses, which are typically caused by
nonlinear properties of the elements of the CPA system and non-ideal properties of the
initial laser pulse.
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Laser Plasma Acceleration
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The concept of laser-plasma acceleration = ===

« A powerful laser pulse enters gas, which can either be pre-ionized or not.

« The contrast ratio of the laser is not infinite, and so the ionization front starts in the gas at
the front tail of the laser pulse, much in advance of the arrival of the main laser pulse.

Trapped
electrons

Intense laser

T, - pulse duration

lonization front

Due to the finite contrast ratio

The main laser pulse needs to be of a length similar
to or shorter than the plasma wavelength in order to

| excite the plasma efficiently.

‘ A,- plasma wavelength

Instantaneous
electron density

« The electrons of the plasma can be trapped in the wave and then accelerated (self-
injection).

« Maximum acceleration can occur when the laser pulse causes total separation of the
electrons and ion charges of the plasma; this regime is nonlinear (or blow-out).

« The cavity that is formed in the plasma and can trap and accelerate electrons is called a
bubble.

« Usually, electrons are trapped and accelerated in the first bubble.
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Ponderomotive force —

The formation of a bubble is the result of ponderomofive force.

Let’s consider homogenous laser field,

E = Eqcos(wt)

— The corresponding transverse motion is Opposite phase
d? F E E E
CY =T T TR0 g (or) s (1) = L7 coswi)
dt2  m  m m w2

We then assume that the field has a gradient in transverse direction,

OF E OF
E = Fy(y) cos(wt) ~ Ey cos(wt)+y8—0 cos(wt) ~ Ey cos(wt)+ (— - 02 Cos(wt)) =Y cos(wt)
Y mw

oy

B B ¢Eo OE, 1 ¢ 0By ¢ O]
(F), = (¢F), = << o cos(wt)> 9y cos(wt)> — 2mw2E0 oy dm? Oy
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Ponderomotive force @~ &

« The ponderomotive force is proportional to the gradient of the laser intensity
I x EZ, (F), x —q"

« The direction of the force is such that the ponderomotive force pushes electrons out from
the high intensity region.

Laser I(y)

A "
Fo

« We also note that the ponderomotive force is independent on the sign of the charge.
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Ponderomotive force: For Alternating Focusing “***

For sinusoidally varying focusing system:
" + K3 sin(kyz)z =0

The motion can be broken down into two components, one which contains the small
amplitude fast oscillatory motion (the perturbed part of the motion), and the other that
contains the slowly varying or secular, large amplitude variations in the trajectory.

T = Zose T Tsec

We assumed

(EZSC > JZ;/SC, |xosc'| < |~T5cc|

12

2 _
T + kGsin(k,z)Tsee =0

Inhomogeneous component of the above solution is

112

b el 0.
Tose = bln(kpz)—zisec
7

2

Ko
<1, o<1
| sec| k2

|Zosc|
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Ponderomotive force: For Alternating Focusing

The original equation of motion is modified as

2
. . . . K
2 = —/4;3 sin(k,z)x ~ —fig sin(kpz) (Tsee + Tose) = —K,g sin(k,z) [1 + sm(kpz)k—g] Tsec

‘D

By averaging over one period of the fast oscillation,

1 o k2

<33N> = x{s/ec = _5/10 ﬁxscc
P

In standard simple harmonic oscillator form:

4

T+ o 0— A cos Gl + Bsi a
Lgee ~ToLsec = Lgee = z mn z
et g VoS vk,

The full solution with constants of integration is

K Ko
A cos z | + Bsin z
\/§k‘p \/ik‘p

k‘S ec

2
x = [1 + sin(kpz)—0]

.2
p
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Ponderomotive force: For Alternating Focusing

1.50 ——>
r Phase advance per period:
1.00 2 2
[ kgL K
~ e, = 0% /510
: ILL sec—p \/ikjp k‘%
0.50 |
0.00 |
[ 21
[ ky = —
-0.50 L,
~1.00
] [Example]
_]50 M B R SR T T S T T R ST N
0.0 1.0 2.0 3.0 2.0 5.0 6.0 CROSS-SECTION
kSSC: -
2
ko ® %
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Nonlinear Regime = "=

« Ponderomotive force plays a key role in the formation of the accelerating bubble in the
nonlinear (also called blow-out) regime.

« The ponderomotive force of a short (typically ~50 fs) and intense (typically ~10'® W/cm?)
laser pulse expels plasma electrons while heavier ions stay at rest.

« The expelled electrons are immediately attracted back to the ions, forming the first bubble.

/ \ Laser fields

« The gradient of the density of electrons creates spatial oscillation of the electric field within
plasma (reaching ~100 GV/m) which can accelerate particles.
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Nonlinear Regime = "

Having formed the first bubble, the electrons continue their oscillations around the ions, but
their motions quickly become incoherent and so the second and subsequent bubbles
gradually become smaller.

Bubble

Expelled
electrons

Only the first bubble (and sometimes the second) is useful for acceleration.
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Wave breaking: Self-injection AR

« The high accelerating gradient in the plasma is useful only if a particle beam can be
injected into the bubble.

« Luckily, self-injection of background plasma electrons into the plasma bubble can occur
through the wave breaking phenomenon.

« Wave breaking transpires when, within the nonlinear regime, certain particles outrun the
wave.

y"+k2y:0

More nonlinear

*  Other methods:
— Injection of an external electron beam (challenging if the bunches are short)
— Using multiple laser pulses
— Mixing of gases with different ionization potentials
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Wave breaking: Self-injection

ULSAN NATIONAL INSTITUTE OF
SCIENCE AND TECHNOLOGY

Simulation using PIC code (Prof. Hae-June Lee’s group/PNU)

oo beT WL Wavebreaking
a) fe and self-injection
x=0.18323 mm / \
e
e S A f i
b) ° w
£
!
__________ * ™ A Oscillation of
c) ° accelerating electrons
-40 -30 -20 -10 0 10
x -ct (um)
. d) ° w}"
In the moving window
Photon energy:
1~ 100 keV (Hard X-ray)
oM™ | Betatron radiation
------------ S --=--  produced by oscillating
e) beams
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Transverse fields in the bubble

« We assume the ions are heavy and stationary within the bubble. The ions produce a
focusing force.

1
%E-dS:— pdV
€0

* Assuming cylindrical symmetry
E(27r)l = ne(rr®l) /e

1
F=—¢FE=——nec’r
260

 Arelativistic electron will oscillate in the electric field as

d*r 1 d*r 1 w?

2 P
YM—— = ——Ner — = — ner = — r
) dt? 2¢€p ds? 26[)’)/77102 Q,YCQ
2
w
T// + p2 r = 0
2vc
N——
=k?=w?/c?
. oy . . 2T 2me
« The period of oscillation is thus given by Ap ===
P p
Wp
w = . A= V294 Only for electrons inside the bubble,
m Y A\p nly 1or electrons insiae the ou e

which are ultra-relativistic
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Estimation of betatron radiation parameters =

« The synchrotron radiation is the result of the charged particle leaving part of its fields
behind (as the field cannot catch up with the motion of the particles)

Field left
behind\ML
/"”

”

+%7 (R+7)A0  RAO
N\ >
C v
Lo
A\
Field lines

« The part of field moving further away (r) would be left behind. Fory > 1,5 = 1,

—n(Co1)— RSt RSP0

1-6* R
it T2 Ty
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Estimation of betatron radiation parameters =

« Based on the relativistic kinematics, we note that the radiation of relativistic particles is
emitted into a cone with angular spread of 1/y.

Eil\
vV, =C _I
I —— Observer

light pulst
to observer

Y

, , , , 3 2R |1
Time for first photon to arrive at point B: ¢ = 2Rsin(1/7) 0t =ty —t) = — [— - Bsin(l/'y)]
v
2R
Time for the particle to arrive at point B: 1o = — 2R R
YU R~ E(l —fB) = o

« Estimate the characteristic frequency of emitted photons as the inverse of the time

duration of the light pulse.
1 cy 3¢y

We R — & > —

t R 2 R

{




WrisT

ULSAN NATIONAL INSTITUTE OF
SCIENCE AND TECHNOLOGY

Estimation of betatron radiation parameters

Energy loss per unit length due to synchrotron radiation: W x /EQdV, oS
dW 2 ()2,)/4 .dV ~ /DC r2 sin Odrd0dd ~ /gc rdrds
ds N 5 R2 — W i—zds

Number of photons emitted per unit length:

dN 1 dW 1 dW  ay e?
s s T ds 7 ine structure constant: a (dmeo)ie /

The radius of the curvature of the beam trajectory:

r, = amplitude of beam oscillation in the bubble

A = period of beam oscillation in the bubble

Tbi
® A/2 R — Rcos(0/2) =,
H EIE &I BN § BN B BN f =EE O E = -l-"llll '-l-l RSin(6/2>:A/4
o R
2 2
., R 2y

~ —
327y, 427y,
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Estimation of betatron radiation parameters =

e The radius of the curvature is

R A2

N 47T27“b N 271'27“()

« Radiation wavelength for the laser plasma betatron source:

« The number of photons emitted per A:

dN Tp
N, ~ — N~ /292120 -2
T ds ’Yﬂa)\p

[Example] A beam is accelerated in the bubble with 4, = 0.03 mm up to 1 GeV (y = 2 X 103).

In a very rough approximation, 7,~1% — 10% of the bubble size 4,,. Therefore, we may
assume r, = 0.001 mm.

Ae = 0.025 nm (~ 50 keV) — Hard X-ray

N, ~ 0.3 per each accelerated electrons

Considering that the accelerating bunch can carry tens of pC to nC charge, we can conclude
that such a light source can generate many hard X-ray photons.
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Compact radiation sources

« Laser-driven plasma accelerators can already generate electron beams with several GeV
of energy, 10 fs bunch duration and 10-100 pC of charge per bunch. - potentially suitable
for creating compact radiation sources.

X-ray CCD
detector
Electron X-ray
O Transmission.~
dump. beam ey rotnes > W=

Movable

phosphor - aia el /
screen -" / g
I.:c)cusmg : .\,‘>
hlg h power : Quadrupole Ie_n\fes o =
laser s, \\ Mag;etic Pghosphor
. - " X-ray i spectrometer screen
".. P "-. detector Gas cell /( Undulator
‘l - % .
. Dipole SpeCImen ) b %
aser beam
magnet Alumlnlum foil

' Gas jet /
« Challenges:

— Repetition rate (~ Hz yet)
— Wall-plug efficiency
— Beam quality (energy spread and emittance)

«  Outlook: All types of light sources (conventional + laser-driven) will continue to co-exist and
national-scale facilities will be complemented by a variety of compact plasma acceleration
based light sources.
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Competing Effects

« As alaser pulse travels through the gas or plasma, several competing effects are taking
place.

Valid for wgy > 2\/7

— Diffraction: A laser beam focused to a size of several tens um will diffract very fast.

— Dephasing: The gradual separation of the accelerating beam (which quickly become relativistic)
from the laser (which propagates in gas or plasma slower than the speed of light).

— Depletion: The gradual decrease of the laser intensity.

— Longitudinal compression of the laser pulse by plasma wave

— Self-focusing: Due to the relativistic effect (the electrons of plasma at the axis become relativistic
and have higher masses, affecting the plasma refraction coefficient)

— lonization-caused diffraction: Gas on the axis where intensity is higher will be ionized first, affecting
diffraction.
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[Review] Plasma Wave: Laser pulse in plasma

So the dispersion relation is given by

w? = u.-'ge + k22
9 nee?
NOTES Pre = o
For transverse waves,
e Phase velocity:
o_ W _ 5w 2
2o pe
v, = 2 c” + 12 >
e Group velocity:
dw 2
Vg =——=—<2¢
9 dk Up

e The index of refraction: n? = (£)2 = (k)2 =1 — “he <1,

Up w w?

w22

e Since k2 = =

1. w > wpe: k is real so that the wave is propagating.
2. w=wpe: k=0 (cutoff)

3. w < Wpe: k1s Imaginary so that the wave 1s evanescent.
ikx €—|k|x — E,—ij

[
where 4 = |T1.| = ————: skin depth.
Woe—W

>
3
®

é
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Laser guidance

« Capillary channel: A special density profile n(r) will be formed to assist guiding the laser
pulse for a significant distance (refraction-assisted).
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Electrode

Sapphire is far more scratch resistant than glass

Sapphire is one of the hardest, most wear-resistant materials available after diamond
Sapphire has much a higher IR and UV transmission than glass

Sapphire is also more temperature & chemical resistant than glass

Sapphire is also a good thermal conductor, much better than standard glasses

Sapphire is a superior dielectric material with a high dielectric constant and low loss tangent

« First realized at the Oxford University in 2006.
« Broke the GeV barrier in laser plasma acceleration.
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Capillary plasma source

capillary Discharge plasma
[GIST, 2009]
C=17nF
|
: [ oV Thratr Power supply charges the
j \ e capacitor up to 25 kV and
Spectrograph h‘= the thyratron switch is
]< = gﬁu ‘ ' | Lﬁa triggered for conduction.
AN 351 B r-1 $ R=2MQ e
== High voltage
% ¥ o power supply
Rise time ~ 10 ns

Peak current ~ 275 A

tj ICCD  Solenoid valve >-<j

‘ Delay generator

Gas 50 ~ 300 Torr
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Dephasing L1

« The laser pulse propagating through a medium (plasma) has v < ¢ and the accelerating
electrons that quickly become relativistic will soon dephase from the plasma wave.

« The group velocity of a laser pulse:
Vg =y /1 — w%/oﬂ
« The dephasing occurs when an electron outruns the wave by a half of a period:

(¢ —vg)ta = Ap/2

cty (1 —4/1 —wg/oﬂ) =\,/2

~ /\pwz/wg

* The dephasing length:

[Example] For a laser with a wavelength of 1 pm and 4, = 30 m, the dephasing length is L;=
30 mm

- Needs multi-stage laser plasma acceleration !

- How to preserve beam qualities during the multi-stage acceleration ?
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Beam-driven plasma acceleration T

« Plasma can be excited not with a laser pulse, but with a short intense bunch of charged
particles. The bubble will be formed due to the bunch’s field.

— The driver beam has v = ¢, and thus dephasing of the witness beam from the driver is no longer an
issue.

— The driver beam can carry much more energy than a laser pulse.

... (=) Accelerating
4 @@@Decelerating

. Disadvantage: ~N
[ witness N. Transformer ratio R is at most two for longitudinally
R— _max o5 witness symmetric drive bunches. This upper limit can in
Eﬁllge — Niyrive principle be overcome by non-symmetric bunches,

but this could be difficult.
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Beam-driven plasma acceleration
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CERN to test revolutionary

mini-accelerator

Plasma wakefield machines aim to reach high energies without huge gainsin size.

BY ELIZABETH GIBNEY

The home of the Large Hadron Collider

WAKEFIELD ACCELERATION

The AWAKE experiment at CERM will test whether pulses of protons can be used to
turn a plasma-filled machine Into a particle accelerator.

MAKING WAY|
A pulse of pratons Injected Into an lonzed gas, or plasma, sets electrons bobbing In its wake,
creating raglons that constantly cycle betwean being positively and negatively charged.

(LHC), the world'slargest particle accel-
erator, s getting a new machine — and
this time, the whole point is to keep it small.
On 18 September, the council that governs
CERN, Europe’s premier particle-physics labo-
ratory, near Geneva, Switzerland, approved a
boost in funding for a planned experiment
called the Advanced Wakefield Experiment, or #ﬁ:;:r:lvha p a
AWAKE. Due to switch on next year, AWAKE strongly pulling the
will accelerate particles by ‘surfing’ them on
waves of electric charge created ina plasma,

Proton pul - - -

.:._’ Plasma =

Praoton = =
the centre. > - pulss

orionized gas. It is a method that could allow

future accelerators to probe matter and the
forces of nature at ever-higher energies, with-
out the usual accompanying increase in the
Instruments’ size and therefore cost.
Although plans are afoot to build bigger
machines once the LHC reaches the end of its

Positive [ L)
charge : 4 ..." -

life in the 2030s (see go.nature.com/a%m2m),
many fear that accelerator size is nearing its
limit and that such proposals may simply
prove too expensive to implement.

“When you look at cost estimates for these
machines and the scale of machines, you
understand that maybe a new breakthrough

smvely charged, = = ..I .

rt to move Inward

begins again.

Transformer ratio limit > Proton-driven > AWAKE (CERN)
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Laser-driven acceleration “without plasma”
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In depth Events

Tiny terahertz accelerator could rival
huge free-electron lasers

Oct 12,2015 D2 comments

Thumbnail accelerator: the new terahertz module is tiny

Physicists in the US, Germany and Canada have built a miniature
particle accelerator that uses terahertz radiation instead of radio
waves to create pulses of high-energy electrons. A single accelerator
module of the prototype is just 1.5 cm long and 1 mm thick, and the
technology has the potential to create facilities that are much smaller
than current radio-frequency (RF) accelerators. Potential applications
include free-electron lasers, whereby the electrons are used to create
coherent pulses of X-rays. However, the team cautions that much
more work is needed to develop the technology so it can be used in
medicine, particle physics and material science.
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http://www.youtube.com/watch?v=V89qvy8whxY
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