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Joint DESY and University of Hamburg Accelerator Physics Seminar

Particle Acceleration in Laser-Induced

Relativistic Plasmas
A Novel Approach for Polarized Sources?

15 January 2013 | Markus Buscher (m.buescher@fz-juelich.de)
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Need for novel approaches
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Need for novel approaches

10°

=> Accelerating fields ~ 1 MV/m

10°

10*

3
10 Laser-induced
particle acceleration

~ 100 GV/m

Electron Energy (MeV)

10° ¥F=—— —T —T T -
1930 1940 1950 1960 1970 1980 1990 2000 2010

Year
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Development of laser intensities

Non-linear QED

10%

1 PeV
Focussed ) o
intensity Relativistic lons Characteristic

(Wicm?) 1025 electron energy

1020

101

<«— Mode-locking TeVv
il / <— Q-switching

1960 1970 1980 1990 2000 2010
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High intensities ...

15 January 2013 Markus Buscher 6
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Chirped pulse amplification (CPA)

Initial short pulse A pair of gratings disperses

the spectrum and stretches

j\_ / - the pulse by a factor
/ of a thousand

Short-pulse oscillator

The pulse is now long l
and low power, safe
for amplification stretcher
/ High energy pulse after amplification n
—_— -
Power amplifiers
- J L
Resulting high-energy,
compressor ultrashort pulse

A second pair of gratings
reverses the dispersion of the
first pair, and recompresses the pulse.

15 January 2013 Markus Blischer 7
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CPA: Ti:Sa crystals

Emission and absorption spectrum
e

L N - N S N (. W

L T — | M- . S

Aol Absorption} ' _Emission \ S .

Relative Intensity

Q8 L ? ................. % ........ ““% ......... .mmé ............. ,é ..... W % .......

Ll

- p—— T
400 500 600 700 800 900 1000

Wavelength (nm)

15 January 2013 Markus Blischer 8



A jOLICH

FORSCHUNGSZENTRUM

CPA: Pulse shape

Measured at ARCturus / Dusseldorf Univ.
I, = 1020 W/cm?

1 R RN B L LU L L L L
0,1 . 19 2 '5
Example: 1,510~ W/cm 3
o1 N , Post pulses 3
o TE34 _______ He (o040ps) N _________ t 3
= ¥
SRV R He' coreps) [\ . e
S 1E5 .
= Artefacts
- 1E64 S 1
= E E
g 1E74 -
) 3 ]
0 1E-8 1 3
1E-9 ] o
1E-10 .
1E-11 T
30

Time [ps]
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LASER FACILITY
Institute flr Laser- und Plasmaphysik, Univ. Dusseldorf (Prof. O.Willi)

PULSAR Ti:Sapphire Laser: 100 + 200 TW, 800 nm
~ 2.5 Joule, less than 25 femtoseconds
focused on 10 microns

15 January 2013 Markus Blischer 10



Particle acceleration: typical setup

ultra-short target
high-intense
laser pulse / \
gas jets
underdense plasma

| ~10%° W/cm?

solid targets

overdense plasma

/

Video from: http:/Mmww.youtube.com/watch?v=jBjqT3AQkHO&feature=related
15 January 2013 Markus Buscher
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particles

electrons
up to ~100 MeV*

protons/ ions
up to ~10 MeV*

* typical values at HHUD
11


C:/Users/markus/Eigene Vorträge/Videos/YouTube- Lightning in the lab Femtosecond laser generating plasma in air.mp4
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Acceleration mechanisms

1) Radiation pressure (,direct”, thin foil targets)
2) Wake fields / bubbles (gas targets)
3) Target Normal Sheath Acceleration (foil & pellet targets)

4 ...

15 January 2013 Markus Blischer 12
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Radiation Pressure Acceleration (RPA)

Strong electro-magnetic fields” in the laser pulse accelerate
charged particles (“ponderomotive force”)

My

Incident pulse

SUolIJOos|a

SUOI

A= 4Py

Reflected
EM wave

) Typical values: E=3-1013V/m,B~10°T @ |=10% W/cm?

15 January 2013 Markus Blischer 13
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Radiation Pressure Acceleration (RPA)

b= 6-102W/cm?, ny=1.1-10%8cm3(100n.), rp=10um

electrons o E field
of laser

simulation: P.Gibbon, FZ Julich

see also (for lower laser intensities):
B. Qiao et al., Phys. Rev. Lett. 105, 155002 (2010)
http:/mww.fz-juelich.de/portal/inde x.php?inde x=85#teilche nbeschleuniger

15 January 2013 Markus Blischer 14
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Laser-plasma interaction

lon

Laser pulse

L=ct Electron

Some electrons
are pushed out

Some electrons

oscillate
(“wake fields®)

15 January 2013 Markus Blischer 15
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Wake fields in plasmas

wake field
oscillating electrons

15 January 2013 16
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Wake fields: low laser intensity

Electron density perturbation & longitudinal wake field

10

1.05

5

0

r (um)

-5

-10

0.95

E_(GV/Im)

f N
3y

1
-60 -5

A
vavava

z -(um)

V.Malka et al., Nature Physics 4, 447-452 (2008)
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Wake fields: high laser intensity

Electron density perturbation & longitudinal wake field

plasma wave

- 200 \ N\ laser
E \ \ \ —
= '1 / \ o~
9 OF Y - 4 ra ‘ T ——
4 \ \
w \__~ \ \
-200! o - . . ‘ x
-60 -50 40 -30 -20 -10 0
Z (pm)

15 January 2013 Markus Blischer
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Wake fields: bubble regime

15 January 2013

A.Pukhov & J.Meyer-ter-Vehn, Appl. Phys. B 74, 355-361 (2002)

" NNy

plasma wave

A jOLICH

N -
- '-'t‘

surfing behind a wake boat

2.0 2.0
T T
= >
® 15l I
= 1.5 % 15 &
9.0} |I~ 1.0}
@ )
5 5
805 205
L w
M b i i )
0 50 100 0 50 100
Energy (MeV) Energy (MeV)

M. Geissler et al., New J. of Phys. 8, 186, (2006)

Markus Bulscher

FORSCHUNGSZENTRUM

19



#) JULICH

FORSCHUNGSZENTRUM

“Bubble® acceleration (gas targets)

simulation: P.Gibbon, FZ Jilich

accelerates
electrons

——

Time= 1.000 size=27.9%11.9%11.9 x _offset= 0.00
Laser duration: 3.0 Width: 10.0 Ampiitude: 1.0

< 0.13 S T
p: 20.0 a0: 0.0 a0: 3.0 ne: -2.0

15 January 2013 Markus Blischer 20
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Observation of plasma channel

2w probe pulse
variable delay

He gas jet
~10".10" em™
i o
0 10 20 30 40 50 60
Elektronenenergie [MeV]

‘ay
s
u
.
e
......
...
Sy
e
a

laser pulse

2 x 10" Wiem?
80 fs, /2.2

J.Hein, R.Sauerbrey, Generation of ultrahigh light intensities and relativistic laser-matter interaction,

in Springer Handbook of Lasers and Optics (2007), ISBN 978-0-387-95579-7
21
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Observation of plasma channel (2)

Shadow image " £ et
60 TW, 7.8 bar He

Images reveal plasma development
and rapid filamentation
Time resolution: few 10 fs (!)

Height above nozzle

0 100 200 300 400 500 600 700 800

Spatial coordinate parallel to laser direction
15 January 2013 Markus Blischer 22
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Target Normal Sheath Acceleration (TNSA)

Target foll

laser in B\.

®

e
accelerated ,:

: prcgons TE e

@

B>

e®
[S]

Mal,

quasi static
electric field

~ 100 GV/m

15 January 2013 Markus Blischer 23
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TNSA (foil targets)

simulation: P.Gibbon, JSC, FZ Jilich Field O: lon density
Field 1: Electron temperature
Field 2: Laser intensity

e / accelerates
yd ““““\( / protons/ions
7 !

I
_—.—_—_———\_.
___—“——%_____ J
——

Total number of particles: 2,020,480

Max. energy (MeV): 0.00

15 January 2013 Markus Buscher
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RF vs. laser acceleration

RF cavity Plasma "cavity"

1m } 100 pm }
1 Mv/m J 1Mev 100 Gv/m J 10 MeV

15 January 2013 Markus Blischer 25
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An up-and-coming technology

nature

Dream beam

The dawn of ¢

omeic- M

Eusope plagy caich up

The Earth's ham
somndsod 2ir and wea

o S
Eacape (N the ridonome

Human ancestry
D froh i pll froms

Senbwuibagy aten THA AT e

NETWORKING N THE IMMUNE SYSTEM = NANOTECH BATTERIES

AMERI | 2R
AMERICAN “=

Plasma Waves

How to Stop
Nuclear Terrorists"

Guess Who
Owns Your Geénes?

15 January 2013 Markus Blischer 26
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Technological revolutions do happen!

— 1
—

Oct 2002: largest CRT display, Oct 2010: plasma display,

102cm diagonal, 159cm diagonal,

$15,000, 63cm deep, 92kg $4,000, 3.6cm deep, 33kg

15 January 2013 Markus Blischer 27
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JUSPARC =
Julich short-pulse particle and radiation centre

Manufacturer Amplitude Technologies
Wave length 800 nm
Focus diameter 20 pm
Peak power 10 TW /200 TW /1.5 PW
Repetition rate 100Hz /1 Hz /1 Hz

Pulse length 25 -40 fs

15 January 2013 Markus Blischer 28
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Part 2

Electric fields — change particle energies — acceleration

Magnetic fields — ?

15 January 2013 Markus Blischer 29
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Magnetic fields / spin

Charged spinning particle = magnetic moment L

'Y‘ \ ‘
N - ~
=g —S
H=4g om
Sé_/ S\ g. =2.00... (+¢)

g, =5.586
g, =—3.826

1L can be manipulated by magnetic fields

15 January 2013 Markus Buscher
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Strong magnetic fields (simulation)

B field distribution 140 fs after laser hits foil ‘tarlg‘etl o | 5-102°W/cm?
60 0.0900 | | % = 0.81 um: focus @ = 5 um
I duration: 30 fs; p-polarized
50 3 Incidence angle: 45
40
g *
} 30 0.0000
20
10 - i
0 —0.0900 foil target d = 3 um
O 10 20 30 4.0 Cc b b e e
L um 0 10 20 50 40 50 o
B z/ um

- Field strength/ gradient: ~104T /109 Tm™!

Simulations: A.Karmakar & P.Gibbon, FZJ
15 January 2013 Markus Blischer 31
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Spin alignment in magnetic fields

W= QpHN
| s | I 5 |
' " A 444k
r high — jow LL high
low energy  anergy N enarngy
enerqy j._l_
| N | | N |
Bar magneat Proton spin
magnelic momeant magnetic mameni
g=278
iy = 315%10 oV

15 January 2013

Markus Bulscher

AE=2uB=29g 1y B
AE =22.79-3.15x10 "eV/T 1T

AE = 1.76x10" eV
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Spin separation: Stern-Gerlach effect

Collimating
pinhole

Nonuniform
magnetic field
Atomic beam
source

Never observed for charged particles!

15 January 2013 Markus Blischer 33
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Stern-Gerlach effect ... revisited

Stern-Gerlach effect for charged particles (e, p, ...)?

Niels Bohr and Wolfgang Pauli during the Copenhagen conference April 1929
(Niels Bohr Archive, Copenhagen)

“Does a flying electron spin?”

see e.g.: B.M.Garraway and S.Stenholm, Contemporary Physics 43, p.147 (2002)
15 January 2013 Markus Blischer 34
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How to measure beam polarization

Nuclear scattering with known analyzing powers

unpolarized nucleus

H =V (1) +Veo (1 E...) (S o).

15 January 2013 Markus Blischer 35



A jOLICH

FORSCHUNGSZENTRUM

Scattering of a polarized beam

Simplest case: beam particle with spin ¥2 on unpolarized target

do do

—I(E, % ¢)=— E,3)1+A-P-cos

o E:9.0)=— O (E,9) o]
Analyzing power Beam polarization
A(E, 3, target, ...) P

—-1<As+]l -1<P=<1l

15 January 2013 Markus Blischer 36
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Cross sections & analyzing powers

3500
Example: Si(p, p9)Si 3000
2500 ‘
% 2000 o P
818 1500 |}
1000
500,

: . 22 18
90 3.6 34 3.2

T 2826242

Kinetic energy (MeV)

B.Becker, Universitat zu Koln (1994)
15 January 2013 Markus Blischer 38
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Polarization measurement: setup

Analyzing
= Target
Si,d =24 pm

RCF stack Analyzing

power known

Production target
Gold, d =3 um

6:1mm

Proton beam -

E,= 3.0 - 3.4 MeV
Laser pulse | e

1.2J,40fs

Detector foil

15 January 2013 Markus Blischer 39
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Polarization measurement. setup

Apertures @ = 1mm
for angular selection;:

Secondary scattering target
Si,d =24 pm

Rate monitor:

Radiochromic film Detection of

scattered protons:

Production Target: ' = r _ CR-39 plates
Gold, d =3 uym
5cm

P
<

15 January 2013 Markus Blischer 40
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Foil targets: proton acceleration

Target chamber at ARCturus / Dusseldorf Univ.

Gold foil
typical thickness 3 pm

15 January 2013 Markus Blischer 41



Proton energy spectrum

10°

15 January 2013

1— Our first attempt to measure beam polarization

Laser pulse: 1.2 J, 40 fs
Incidence angle: 45°

=t T

+

]

IIIIIIIIII[IIIIlIIIIllIIIllrIIlI1I|IIlI|II

2 3 4 5 6 7

Markus Bulscher

8 9 10

E (MeV)
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Proton scattering in Si target

15

CR39 plates

10

IIII|IIII|IIII|II_II|.II.__I.I

)
IIII4

-15":"1 A S S |.I--I--Iil.1;El | i i e Fat y;.

-15 -10 -5 0 5 10 15
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Scattering-angle distribution

Si(p, p')Si, T, = (3.240.2) MeV

2500

£ o
t:>|0.' - \4(\
Cologne Tandem ™™ 2000 \\«c{\ ARCturus Laser
X : AQ‘(Q/ X g - “..
1500 =’=
1000 I o
| ! i e < ] ’
: . —=— tandem data (1994) -
Beam time = O(days) 500 Beam time = (100 fs)*
. —— laser data (2011)
_I I L1 1 | | - | 111 | 111 | L1 1 | L1 1 | 111 | 111 | | - | |1

38 40 42 44 46 48 50 52 54 56
B (°)

* average over 10 shots
Data analysis: N.Raab, Ph.D. thesis, Univ. zu KéIn (Jan. 2011)

15 January 2013 Markus Blischer 44



A jOLICH

FORSCHUNGSZENTRUM

Azimuthal-angle distribution

Q(E,H,gp)oc [1+A-P -COS((D—(DO)]

N
T

2000 Scattering angle 9 = 50°
1800
1600
14001
Laserincidence angle: 1200
® =90°,0=45 1000[-
Proton emissionangle: 8001 | ~I_ __—
® =180°,0=8° 600
400:_ — best fit
Relative to productiontarget normal -
2001 — P=1
:IllllIIII|IIII|IIII|IIII|IIII|IIII|I
%

50 100 150 200 250 300 350
@
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Proton polarization: first result

For 3.2 MeV protons from foil target

P = 0.08 + 0.08, 55 = 0.08

3 | | |

¢ 01 02 03 04 05 06 0.7 0.8 09
P

15 January 2013 Markus Blischer 46
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Polarized beams from laser plasmas:
possible scenarios

1) Polarization is generated

Laser-acceleration process polarizes particles from
unpolarized targets (plasmas) due to large magnetic fields
and/or gradients

— foil targets 2 = (@

2) Polarization is preserved

Spin direction Is invariant in strong laser & plasma fields

— polarized 3He gas

15 January 2013 Markus Blischer 47



Polarized 3He
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Stable (days) nuclear polarization @ room temperature

Available from Univ. Mainz

SAES Getter
(oo =2

Reservoir

dichroic
mirror

[ D‘“t—: :

Ti. Getter

2x15W
] fibre-laser

T |  Optical pumping cells (OPC)
Polarization :F'_ n i
monitor via
fluorescent light
o v:> Bofield o doees j’

ch ¢p
oD

ﬁhuﬁ'cr-u.']l]

hydraulic- transportable
system *He-cell

compression volume

TP 2 TP 1

Production

15 January 2013 Markus Blischer
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Polarized 3He: Magnetic holding fields

Halbach array of permanent magnets
Homogeneous field distribution at target location

top
3D

permanent magnets bottle with *He
of Halbach-array

1*plan: Laser beam

| m I ’ coil-system Hl I | [[I

15 January 2013 Markus Blischer 49
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CPA: Rapid ionization

Measured at ARCturus / Dusseldorf Univ.

|, = 1020 W/cm?

1 R RN B L LU L L L L

0,1 . 19 2 '5

Example: 1,510~ W/cm 3

o1 N , Post pulses 3

o TE34 _______ He (o040ps) N _________ t 3

= ¥

SRV R He' coreps) [\ . e

S 1E5 .

= Artefacts

- 1E64 S 1

= E E

g 1E74 -

) 3 ]

0 1E-8 1 3

1E-9 ] o

1E-10 .
1E-11

30

Time [ps]
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Conclusion

Laser-particle acceleration:
on the verge of a technological revolution

Laser-based radiation facilities (e.g. JUSPARC)

First steps towards polarized ion sources

15 January 2013 Markus Blischer 52
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Response of electrons to plane waves

mooving system
Lab system
t* A ﬁ ~ 8% E field
e I A
y z v ‘

electron trajectory

A

A\
W

B field

Electron is at rest again when laser pulse is gone!

15 January 2013 Markus Blischer 54
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Response to finite wave packet

Response to
focused light pulse

plane wave

F ool

Ponderomotive force

15 January 2013 Markus Blischer 55
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Ponderomotive force

Force that a charged particle experiences in an
Inhomogeneous oscillating electromagnetic field

S e?

F,=— VE?
& 4mow?

U,[eV] =9.33-107"* - I[W cm™*]A[pum]

15 January 2013 Markus Blischer 56
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Plasma oscillation

Rapid oscillations of the electron density in conducting media
such as plasmas or metals

Frequency only depends weakly on the wavelength

2
nge

D
\ EOme

f,[Hz] ~ 8980+/n,[cm=3] | n.=electondensiy
e = electroncharge
m, = electronmass

& = permittivity of vacuum

15 January 2013 Markus Blischer 57
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Critical plasma density

nelem™3] ~ 1.1-10%1 /(A [um])*?

n, K n., — wave speed = speed of light
— plasma transparent, “under-dense plasma“
— gas targets

n, >n., — plasma electrons “short-circuit” Laser E-field

— wave is damped & reflected, “over-dense plasma”“
— solid (foil) targets

15 January 2013 Markus Blischer 58
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Plasma observation: interferometry

T o SRR S T YN L 1 T
1 3R i £

Polarizer

15 January 2013 Markus Blischer 59
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Target Normal Sheath Acceleration (TNSA)

Titanium foil 5 pm

laser incidence

8
Q‘%@ hot electron
cloud

P
’Ea_ rget-normal,
~quasi static
electric field

~ 100 GV/m

H. Schworer et al., Nature 439, 445 (2006)
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Proton rich dot
20x20x0.5 um

Laserparameter:

E=600mdJ, 1=80fs, P=7
| = 3-10" Wiem?

LICH

UNGSZENTRUM

S5 TW

b 10Q, Universitiat Jena
T S ——
— oy

= 3000f

0

:‘ -

2 2000}

ie) -

E -

2 1000} - "

% Pam "

= . "o

] 0 1 i 1 - "
o 00 05 10 15 20 25
<

Protonenenergie / MeV

E,=1.5 MeV £ 10%

3.0

Anzahl der Teilchen: n,= 108in 24mSr
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Polarization of a particle beam

1 particle = 1 spin direction ¢

Ensemble of particles
disordered spins
no polarization

P=0
¢ ¢ ¢ ¢ Polarization P

NP _ Ndown

N up + N down
all spins show into same direction
fully polarized beam N = occupation number
P=1=100%

: : : : of up/down state

15 January 2013 Markus Blischer 61
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Proton acceleration = foil targets

Laser pulse Proton ,,beam*

—

Aluminium foil 3-4 MeV

Conversion efficiency ~ 5%

Point-like source (< 10 pm) _ _

Emission angle ~ 30° (15 MeV) } small vertical emittance

Broad, exponential energy spectra o _

Short duration (sub-ps pulses) }small longitudinal emittance

15 January 2013 Markus Blischer 62
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Particle detection

detector stack |,

bunches of many particles,
extremly high particle rates particles

—_—

— use detectors without dead time

photofilms: calibrated, usable only once
Gafchromic
photoplate

image plates: usable several times
not calibrated

CR-39: usable only once
insensitive to xrays and photons
etching with NaOH and scanning
reveals crates produced by particles

none of the detectors can be read out online

15 January 2013 Markus Blischer 63
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Time stability of electron beams

40 fs
23 bar He

15 January 2013 64
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Frozen Pellet Target (FZJ, ITEP, MPEI)

L ¥ R

Target prototype, COSY hall

Frozen pellets & ~ 20 um
H,, N,, Ar (D,, Kr, Xe)
Pellet rate ~10 kHz

Pellet velocity ~80 m/s

Pellet beam @ <1 mm

15 January 2013 Markus Blischer 65
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Hydrogen pellets as target

2-D Simulations from the JSC Jilich

Laser pulse with A=1 um and fokus @ =10 pm hits a 10 pm
frozen H, pellet

Max. proton energy sc:almU

(2D H-pellet simulations; n, =0.088 gm/c m ; p-pol)
= 7

100 —
A/~ FEEEEEEEEEEESR J EEEEEEEEEEEENEEESR lgly»I ...........
- /f, 39
¥} - /‘,
= 152 -7~ 729
— -’ - o
- gﬂ . e
S I s 13
- - = u 0 s e =
e - = oy
O 36 14
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maximum proton energy can further be increased (factor 4)
}/ optimization of the focus size
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Cluster-Jet Target (Univ. Mlnster)

cluster

virtueller Entstehungsort

Kondensationspunkt

Skimmer |

tibersittigtes Gas Clusterstrahl

Gasstrahl
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Proton energy and intensity

Number of protons

Maximum proton energy (MeV) ina 1 MeV bin around 10 MeV
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Research Centers: 18
Total staff: ~ 33 000

Total budget ~ 3.4 billion €

Research Fields:
Energy
Earth and Environment
Health
Key Technologies
Structure of Matter
Aeronautics, Space and
Transport
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“Big” lasers in the HGF: e.g. DESY Hamburg
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Sept. 2010:
Laser/plasma group established

PHYSICS
jens Osterhoff (UHH) Ly ~600 k€ until Dec 2012 AT THE
Plasma Acceleration Group "
Eckhard Elsen (DESY)
FLA ILC Group <
W3 professor t.b.a. (UHH) e g Helmholtz Alllance
starting August 201 | % | ¢ same amount
W3 Humboldt professor t.b.a. %
O et e A up to 2.7 ME from # HELMHOLTZ
O\ 2011 until 2015 ASSOCIATION
%
5.0 M€ until 2015 &29,) Accelerator Research and Development
(od
ot done deal yet,
but Looks promising
Alexander von Humboldt e.g. funding for a

Stiftung/Foundation

~100TW class laser

J. Osterhoff, Talk at 470 W.-E. Heraeus-Seminar, 12/2010

-> Plasma-based particle accelerators
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PHELIX (Petawatt Hoch- Energie Laser
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“Big” lasers In the HGF: e.g. Dresden-Rossendorf

2008: High-Power Laser Laboratory
150 TW laser DRACO (Dresden laser
acceleration source)
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2012:
PW Laser

@ Zeuthen
Niemegk Teltow

BRANDENBURG

BAYERN

@ Stuttgart

BADEN-WURTTEMBERG
Neuherberg O O Garching

-> Laser particle acceleration
-> Cancerresearch
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