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Laser-plasma accelerators E?ng“ﬁlw’e

Science

Parameters

Undulator radiation

Betatron radiation

Radiation reaction

SCAPA
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Bubble structure — relativistic

First experiments on
controlled
acceleration:
2004

ALPHA-X (UK: IC,
Strathclyde, RAL)
LBNL (US)

LOA (France)

regime \F p) "g"ii:n:ia:'?ﬁhyde
ion bubble radius R ~ X2

laser

self-injected electron
bunch undergoing
betatron oscillations

y [c / o]

lon bubble

645 630 655
x [c / o
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LWFA

University of

Strathclyde

BUBBLE REGIME S

« Laser ponderomotive force
creates stable evacuated
spherical structures trailing
the laser pulse

« Trapped electrons undergo

ion bubble

transverse oscillations while 1
: o+ + X-ray beam
accelerating et
« Synchrotron like radiation is motion ectron

emitted In a narrow cone
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Time = 000[1/w,]

OSIRIS — PIC code developed by W. Mori and L. Silva
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Energy Scaling

University of

Strathclyde

Science

1011

1010

10°

10°

Energy [eV]

10’

ay: 2 — 10

106| T oo T T T oo T T
1E16 1E17 1E18 1E19 1E20

Density [cm™]
Need a combination of bubble regime (must be above critical power for
relativistic self-focussing) and linear regime to get to very high energies
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ALPHA-X: Advanced Laser Plasma High-energy
Accelerators towards X-rays — Template for SCAPA

University of

Strathclyde
WEIIE Compact R&D facility to develop and apply R

Dreambeam
femtosecond duration particle, synchrotron, free-
smpes clectron laser and gamma ray sources

Jaroszynski et al., (Royal Souety Transactions, 2006)

e Measured TR signal
s f\"

CTR: electron electron beam spectrum 2 C@ Strathe[yde
bunch duration: g | T — i\ ,* .
1-3fs & o g5 150 phase contrast
I  imaging
0 éW | 1bh( ) 15 2~ 0 FOARET W with 50 keV
avelength (um 70 75 8 8 90 95 100
1 cm Electron energy [MeV] phOtonS

gas jet Ce:YAG crystal

capillary & electron sEectrometer N
2.55 m |
ccD CCD = undulator
N | L3

® Ql Q2 Q3 @m
30-40 TW

C&:YAG crystal CCD

A=28nm-1pum
mask beam emittance: <1 = mm mrad (<1GeV beam)

Brilliant particle source: 10 MeV — GeV, kA peak current, fs duration

emittance Al foil
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Plasma media: capillary, gas jet
and plasma cells

University of

Strathclyde

Science

4 cm long gas
Cell

2 mm
10 J, 50 fs Gas jet
= 850 MeV 1J,40fs
(RAL) =100 - 300 MeV
] e FLUENT
"-’E 12l e 3D OSIRIS
2.
%o.s-'

19
(=)
o

4cm §0.4-

Plasma capillary ?,o_zj

10, 50 fs o I S

~ 1 GeV (RAL) -3 -2 -1 0 1 2 3

Propagation distance (mm)
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Charge/unit energy [a.u.]

Energy spread, beam loading _
and stabllity -

Strathclyde
Science
- 201
[
18000 A o £ 15/ r.m.s. shot to shot
: ’ —0.75% Absolute energy 3 . energy variation
16000 - spread < 600 keV ] 2.8%
| ]
14000 1 . NN S——
] 130 135 140 145 150
12000 - Energy [MeV]

No dark current

100 110 120 130 140 150
Energy [MeV]

Maximum energy obtained in 2 o]
mm = 300 MeV |
With stable laser and gas jet

0'00820 230 240 250 260 270 280 290
energy (MeV)
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Electron Beam- Pointing
Stability =

) Strathclyde
Electron 17
beam 2
recorded on I I pp—
YAG screen |
ngh Gas et i “horizontal position (mrad)
resolution = ©
)
Electron beam pointing deviation is less | oy=13mra
than one spot size

-6 -4 2 0 2 4

. spread
Capillary

spread

Count

0 T 1] 1 [} 1
-20 -10 0 10 20
Angle [mrad
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* Thin tungsten mask with holes ¢ ~ 25 um

Emittance

k=)
©
P -
E
B3

-0.75

-0.50

-0.25

D0

T
0.25

T
0.50

T
0.75

X[mm]

10¢

Count

University of

Strathclyde

Science

divergence | —2 mrad with 125 MeV
electrons

average gy = (2.2 £ 0.7)Tr mm mrad
best gy = (1.0 £ 0.1)Tt mm mrad
Elliptical beam: g « > ey

Upper limit because of resolution
With PMQs emittance grows by
factor of 5 (measured)

(a) 1 (b)

Count
(6]

1 2 3
e [x mm mrad]

1 2 3
&y [x mm mrad]

See Brunetti et al., PRL (2010)
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Evidence of multiple beams

University of %
Strathclyde

Science

(d) expected pepper-
pot image

PMQ triplet field axis orientation

electron
beam perfectly aligned with the

electron transverse axis

expected pepper-

pot image
e & »
L B
electron e & »
beam
(C) alignedPMQ 3
expected pepper-
aligned PMQ 1 pot image
L
L
- L]
L
L
. ¢ .
electron skewed PMQ 2 - 4 b P
beam s

Manahan et al., New J. Phys. (2014).
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dU/dA (nJ/um)

Bunch length measurements:

Coherent Transition Radiation

0.12
0.1
0.08
0.06
0.04
0.02
0

10

field strength [kV/m]

(62

o

o

|
-10 0 10 20( 3)0 40 50 60
|

0 5 10 15
A (um)
Single shot
CTR spectrum
0 5 10 15 20

wavelength [um]

20

Strathclyde

Science

Coherent transition
radiation spectrum gives
bunch length

hirp:
e 57/ ~ 2(2 B R)ymax
5z R®

2 fs bunch measured at 1 m
from source

Peak current several S D57
kiloAmperes foil — 3
Y0
Ultra-short bunches: ~ 1 fs at source — Peak
current several kA
Electron Spectrometer
2,55 m Ce:YAG Crystal

Ex

MCT
£ |Spectrometer
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Radiation from relativistic electrons

University of

gggthclyde
undulator
A a’ a
2(t) =1+ |vt—
a
. , X(t) = —-cos(w,t)
%u: Acy Kyy
A (1+a°/2+y%°6° 2
”( - 4 ) w, =k, (1+ auz)v
Photons per electron 4
per undulator period K, =27 14,
2T,
N ot _?aau, a, <1 a, <1: undulator radiation
/3 a,>1: wiggler radiation
N oot = Tﬂa oa,>1 a: fine structure constant
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Strathclyde UV undulator
m e aS U re m e n tS g'#;'ﬁ:::lyde

Science

6 X 10° photons measured

107 photons predicted

€1.5x105

— <
% 0.2F i l; &)
= i | g
é 2 pC I %_1.0x10 -
2 o4l - a T z 42 fs
S L= & 5.0x10°f
o )
@ =
S 0.0} g _j
% . . . . . O 0.0F

80 100 120 140 160 180 200 (q%)_ 100 120 140 160 180 200 220 240

energy [MeV] waveleng\th [nm]
2
ﬂ/ 2 A2 Aﬂ/ 1 a _ eBﬂ“u
2 o°); ~ " 27me

"2y 2 A 2N,
MP Anania, et al 20 | I 2) 92 —1IN2 |

nania, et al.

! ! = G ~ (G ) N B 1 N }

Applied Physics Letters IO 4 4 |: A measured ( V ) u

104, 264102 (2014)

First experimen S

N =100. . =1.5 cm Iy HP Schlenvoigt, et al., N 4
u y Aoy— L - V'V

Nature Physics 2008
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charge density [a.u.]

5 Jlaser at RAL: Electron Beams

from Capillary

200-
150-
100-
50-
0.
300 400 500 600
Energy [MeV]
RAL GEMINI: limited by
spectrometer

resolution — maximum
energy measured 850
MeV from 4 cm
capillary.

Vd z27/5610/3

Charge density [a.u.]

200 -

1504

100 -

50 -

Strathclyde
Science
o, /y=2.8% 3
Py
‘n
c
()
o
n - G)
3 gy B g 1 9
L | Faall B L i <
[ ] ] e
@)
T 1 '20 T 1
400 500 600 800 1000
Energy [MeV] Energy [MeV]

_

Eo =260 MeV, G,/ ygas ~ 2.5% Eo, =610 MeV, G,/ ygas ~ 4-5%

E, = 340 MeV, 6, /Y yeas ~ 2.5% Ey =690 MeV, G,/ yias ~ 4%

E, =510 MeV, GY/Y meas ~ 3% E, =770 MeV, Gy/Y meas ~ 4%

ExXHILP 2015 dino@phys.strath.ac.uk ALPHA-X
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lon Channel Laser
yh , Uni\rersityof

Strathclyde

Science

vi0)

Similar to FEL but with
variable wiggler parameter
for each electron

- o~ 1/2 ) N
p= [nﬁmnmwbzﬂﬁ / (S;vgcz)] ~3.3x10 3[(nb,r’ 10" em™3) / },ﬁ] (Rj jum).

Ersfeld et al., NJP (2014)

N\

0 100 200 7 300 400 500 600
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Betatron radiation emission during
LW FA gﬁa:?ﬁ::lyde

SCALING LAWS

Acceleration:

. Bubble radius: R =2./a, /k,

 Dephasing Length: Ly =2/30; /o], , =\/47zneezlme
- Max Energy: Ve~ 278, /3

Betatron Radiation:

. Betatron Frequency: @ =@, /2y

* Transverse momentum:  a;oc\ynr,

* Divergence: 9=a,ly
+ Critical photon Energy:  E. <7°n.r, he ~ 3a3/8
 Efficiency: N protreycie = @5

ExXHILP 2015 dino@phys.strath.ac.uk ALPHA-X
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Betatron radiation emission during
LW FA gﬁa:?ﬁ::lyde
BETATRON RESONANCE

+ The bubble partially filled |

Betat ‘oscillation

by laser pulse | N

* Electrons enter into e
resonance with the laser *
fleld

* Laser drives larger
amplitude betatron
osclillations:

Increase inrg, a, E.

ExXHILP 2015 dino@phys.strath.ac.uk ALPHA-X
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Betatron radiation emission during
LW FA gﬁa:?ﬁ::lyde

Cipiccia et al., Nature Physics, 2011 I 1

*Three different regimes:

» Non resonant (I) ool
* Weakly resonant (ll) © 0 (b)
» Strongly resonant (11 ;22} -

2o

y+Iy+ay=F, /(my) 2]
C=yly  F,=e(dA/dt—yoA/dy)

frequ.[10"% Hz]

(11 ) PP Y B o s il
(z):a)O(zj72 +27/|3) 7/2:;/(1+a§/2) Ve 0 Sz[mm1]o 15

z

ExXHILP 2015 dino@phys.strath.ac.uk ALPHA-X
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ASTRA Gemini:
Experimental Results Sirathclyde

Science

Case Il Weakly Resonant  Case IlIl: Strongly Resonant:

Experimental data
Theoretical data

1.54 1.5-
E 1.0 E 1.0-
k2 ] @
S " 5
S 05 S 054
0.0 b oodl— L
100 1000 100 1000
Energy [keV] Energy [keV]
E. = 150 keV E. = 450 keV
=7 mm ry=20 um
az =50 a; =150
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Peak brilliance [Photons/(s mrad® mm? 0.1% BW)]

Brilllance

betatron source *

Lyl

FLASH
- (seeded)
= FLASH
e FLASH (3rd)

European
AFEL
A_S

//‘// FLASH (5th)

PETRAIl

ESRF

BESSY

Illlld LLLLL

10

1 3

10 10
Energy [eV]

University of

Strathclyde

Science

Betatron peak brilliance

10242 - 1023 photons/s mrad?
mm? 0.1% B.W

s 3

Laser: 18 J, a, =4
1044 photons/s mrad? mm?
0.1% B.W

HILP 2015 dino@phys.strath.ac.uk ALPHA-X
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Scaling up photon energy g

Strathclyde
Science

Current: Bigger laser:
Laser Energy: 4-5 J Laser: 18 J, ay=4
Pulse length: 50-60 fs Max electron energy : 1.5 GeV
Initial a,: 2 Electron beam charge: 300 pC
E. =10 - 150 keV N photon/shot 5-25 MeV =
6x108

No. photons/shot: >3 x 1010
Max repetition rate: 10 Hz

1010 10 MeV photons per
second:

10 mW of 10 MeV photons
ExXHILP 2015 dino@phys.strath.ac.uk ALPHA-X
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Radiation Reaction studies Strathclyde

e Semi-classical:
— Radiation reaction in a Coulomb field

« Stochastic:
— Interaction with two-colour pulses
— Chirped pulses
— Longitudinal vs. transverse beam cooling

ExXHILP 2015 dino@phys.strath.ac.uk ALPHA-X



mailto:dino@phys.strath.ac.uk

Radiation reaction

University of

Strathclyde

Science

Lorentz-Abraham-Dirac: relativistic equation of motion
Including radiation reaction

Landau-Lifshitz: treat radiation reaction as a small
perturbation to external forces

Often claimed LL is valid, provided quantum effects can be
ignored [Spohn 2000; Kravets et al. 2013]

Quantum effects can typically be ignored provided the
observed electric field £ « E, where Es = 1.3 x 108 V/m is
the Schwinger critical field

Semi-classical extension:
— Classical models overestimate radiation as quantum effects become important
— Following Kirk et al. (2009) and Thomas et al. (2012), scale the radiation

reaction force by a function of the quantum nonlinearity parameter, y = EE
S
g() = (1 + 12y + 31y +3.7x3)~4/°
ExXHILP 2015 dino@phys.strath.ac.uk ALPHA-X
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Analytical solution of Vlasov equation with LL

University of

Strathclyde

Science

«  Analytical solution to the Vlasov equation with radiation reaction according to the classical
LL model, for an electron bunch in a plane wave [Yoffe et al. 2015]

« Distribution F satisfies 3—(’; = —BF, where ¢ = wt — k - x is the phase and § < 0 results in
0.,,0
phase space contraction (beam cooling) and leads to solution of the form F(¢,v) = %

with v, replaced by v using the LL equations of motion
V¢
f((bo’@)
G($)?

- Comparison of analytical and numerical results (5-cycles, 8 x 102! W/cm?, 7 fs FWHM; 1
GeV electrons with 20% initial spread)

»  Reduced (longitudinal) distribution f satisfies f(¢,vy) =

3500 T T T T T T 1.2 D
6; =19.9%, S; =0 Numerical 6; =20%, S; =0 Analytical -
?3000 - N=5 1T N—E 1 §
i 2500 - E 0.8 ,5
2000 i 1 §
E . 0.6 é
ERN S — —
g 1000 -1 ’ =t
= 500 o 0.2 —S
6 =12.5% S = —0.46 &5 =12.5% Sy = —0.5 A7
b) f % Sy . 9 £
0 | | | | | | 0o A~

L/4 L/2 3L/4 L/4 L/2 3L/4 L

Phase, ¢ Phase, ¢

ExXHILP 2015 dino@phys.strath.ac.uk ALPHA-X
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Longitudinal vs. transverse cooling

University of

Strathclyde

Science

« Analytical solution to the Vlasov equation - two contributions to cooling: § = g, + .
 Classical: ,é|| = B, - equal cooling in longitudinal and transverse directions

« Semi-classical: reduction in beam cooling by g(x): B =90)pL
Dependence of y on v, produces an additional heating term,

2
% =1-— 5;((9‘9/‘*(;()(12 +62y +11.1yH) <1
1

* Reduced longitudinal beam cooling compared to transverse

0.9

0.8

8,/8L

0.7

0 0.2 0.4 0.6 0.8 1
X dino@phys.strath.ac.uk ALPHA-X
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Classical vs. semi-classical beam cooling

Comparison of classical and semi-classical longitudinal beam cooling

Top: N =5 (8 x 102 W/cm?, 7 fs FWHM) and N = 20 (2 x 10%1 W/cm?, 27 fs
FWHM) plane-wave pulses;

Bottom: N = 10 (4 x 10%* W/cm?, 13 fs FWHM) and N = 100 (4 x 102° W/cm?,
135 fs FWHM) plane-wave pulses;

1 GeV electron bunches, with initial spread 20% and zero skewness

Final spread increased from 12.5% to 16.6% (N = 20) and 18% (N =
5) — REDUCED BEAM COOLING

Skewness reduced - semi-classical final distribution more Gaussian
than the classical

3500 ; ; ;
6; =19.9%, Si=0 Classical 6; =19.9%, S;i=0 Quantum

?3000 B N=20 [ N =20

E 2500 F

2,

72000 F 4k -

‘2 1500 ‘ & [7 | —

g
£ 1000 -

M

500 R

0

1.2

n, f(L,p)

Final distributio

0

65 =125% Sy = —046 ||
1 1

67 =16.6% Sy =—013 |
1 1

L/4 L/2 3L/4

Phase, ¢

1 k-

0.8

0.6 -

0.4

0.2 -

Classica 1
N =100
N =10
Quantum
N =100 --------
N=10 -

oo

500 1000 1500 2000 2500 3000 3500

Momentum, p (me)

.p)

f(o

function,

Distribution

%)

Momentum spread, & (

L/4 L/2 3L/4 L
Phase, ¢
g 2000 .
= SR
= 1800 | =
E 1600 L )
5 R
2 1400 | A
- kS
= 1200 | (b)
0 L/ L/2 3L/4
Phase, ¢

University of

Strathclyde

Science

3500 T T T
3000 - 6; =19.9%, Si=0 Clai?iiasl 1L 6; =199%, S; =0 Qua:tl:r; B
2500 + _
2000 + 4k =
1500 F ‘ i 1
1000 - -
5 - - = -
500 F () 65 =12.5% Sy = —0.46 Gy =18% S5 = —0.06
0 1 1 1 1
0 L/4 L/2 3L/4 0 L/4 L/2 3L/4 L
Phase, ¢ Phase, ¢
20 ——nt 0 —
T T
19 | RN n R
S T £ -0.1 [ N
18 L 5'*!‘ z \
17 N E N
£ 02t
B \
16 Z :~.
5 E -0.3 - ‘\.\
g *
1'4 | M 5 04 e
Br (e - 1 = (d) |
12 L L L ,(]5 L 1 1
0 L/4 L2 3L/4 L 0 L/4 L/2 3L/4 L
Phase, ¢ Phase, ¢
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Beam cooling with chirped pulses

Semi-classical model: properties of the final state electron beam
depend on the distribution of energy within the pulse - not only the
total amount as in the classical case.

The chirp modifies the distribution of energy within the pulse — how
does this affect beam cooling?

University of

Strathclyde

Science

Number of cy

1.2 T T
Initial — .

a s 20 b0 b
= 1+ (&) i Classical = m“\-ﬁh& (b)
b A=05 © R
= 08} . A=—05 -] 18 N R
o ::{."‘:'. Quan‘l‘.um E . ) .:};; ——— —
S 06t CON A=05 & 16 [ e Classical . 7]
Ei P ’%\ A=-05 s | A=05
T 04dr Y SR P S o f A= -0
=2 Y Y o o Quantum
A 0.2 é?f "Ei_;___ h E A=05 e

/ ) \‘ = 12y A=—0

0 I | e | o 1 1 1
500 1000 1500 2000 2500 3000 3500 0 La/4 La/2 3LA/4 La
Momentum, p (mc) Phase, ¢

cles and total energy fixed to facilitate comparison

* Classical predictions insensitive to the chirp —as expected

 Positive chirp: pulse length reduced due to decreasing wavelength,

so increase in peak intensity and increase in y. This suppresses
radiation reaction effects, and hence beam cooling is reduced.

* Negative chirp: pulse length increases due to increasing
wavelength, requiring a decrease in peak intensity to maintain
total energy. Decrease in y leads to further beam coolin

ExHILP 2015 dino@lohvs.sﬁfath.ac.uk ALPHA-X
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Electron energy

Stochastic effects

Stochastic:
Electron emits (multiple) photons, each
with energy less than its total energy

-

__.(}__

O
O

%
University of X

Strathclyde

Science

B O B

o

Time step

ALPHA-X: dino@phys.strath.ac.uk
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Stochastic radiation emission

 As y increases, stochastic nature of photon emission becomes important. ST

« Stochastic model based on the differential probability dW = I'd¢ 2&:’2"“‘3“'6

[Ritus 1985; Green and Harvey 2014]

r=fldipr(e,8) and P(0,0)=—"[(224 L)k, .(p) - [ dx Ky y3(x0)]

V3rQ2 [\ Q
: . _ kgp®* = kqk® . 2mQ)
The invariant parameters 0 = ——, (1 = =, and ¥ = Bha@)(-R)]"

« Electron propagates according to Lorentz force. At each step emits a photon if
random number r € [0,1) < dW.

«  Determine random outgoing momentum by finding Q such that foﬁ dx P(Q,x) =
(T with ¢ € [0,1).

« Comparison of stochastic and semi-classical models: 11 . —
— N = 10 pulse with intensity I = 4.3 x 1022 W/cm? : u}; HERERN S
— Classical prediction shows significant beam cooling S os L Stochastic

{Stochastic)

0.7 + N

0.6 L —
0.5 L et
0.4 L |

0.3 L e

— Single stochastic prediction displays “steps”
« Ensemble of 1,000 stochastic runs in excellent
agreement with semi-classical model,
despite (y) = 0.8

Electron energy (GeV)

0.2 +
0.1

0 L/4 L/2 3L/4 L

Phase, ¢
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Summary - radiation sources

University of

A wiggler (a, >1) and undulator (a, <1) Strathclyde
Science
hao, ~107 eV ,
A K
- - )\ — w 1 - 292
—_— ~ 2
A, mmtocm; y: 10— 104 hw : up to 100’s keV N phot/cycle ™~ 015 as 0 for Aso < 1
N chotreyele =-033a,, fora,  >1

2y A,
Max: y = 104 (5 GeV)
Undulator: <10 keV
Wiggler: <100 keV
e Betatron: <20 MeV
* Thomson: <400 MeV

« Compton: Linear and
ho ~ 4ha,y*when a, <1 (4 - 400 MeV) nonlinear <5 GeV

30 < ho, ~3ha,y°a, when a, >1 (< 1 GeV - nonlinear Compton)
Thomson/Compton back-scattering

=
N
L
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L
R
@
QD
=
=
=
@D
>
Q
=
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[HEN
—~
[E
o
<
@D
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Scottish Centre for the Application of
Plasma-based Accelerators (SCAPA)

University of
Crunmibanla -‘le

* Expansion of ALPHA-X laser-plasma accelerator facilities at
Strathclyde with new laboratories.

* In-depth programme of Applications.

* Accelerator and source Research & Development.

* Knowledge Exchange & Commercialisation

* Engagement in European and other large projects.

* Training: Centre for Doctoral Training in the Application of
Next Generation Accelerations

Compact GeV electron accelerator
and gamma-ray source

* 3 shielded areas with 7 accelerator beam lines.

APPLICATIONS

* Radiobiology

e Ultrafast Probing
 High-Resolution Imaging
* Radioisotope Production
* Detector Development

* Radiation Damage Testing

ExXHILP 2015 dino@phys.strath.ac.uk ALPHA-X

* High-intensity femtosecond laser systems:
a) 350 TW (with provision for PW) @ 5 Hz,
b) 40 TW @ 10 Hz,
c) sub-TW @ 1 kHz.
* High-energy proton, ion and electron bunches.
* High-brightness fs duration X-ray & gamma-ray pulses.
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