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Outline(

•  Mo,va,on:(Why(plasma(diagnos,cs(necessary(
•  Pump;probe(scenarios:((

Which(different(types(of(probe(pulses(can(be(applied?(
•  Electro;magne,c(probe(pulses:((

o  Shadowgraphy(
o  Interferometry(
o  E;(and(B;field(sensi,ve(techniques(

•  Par,cle(probe(pulses:(
o  Proton(probing(
o  Detec,on(of(magne,c(and(electric(field(distribu,ons(
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Mo,va,on(

•  Laser;produced(plasmas:((
o  forma,on(and(modula,on(occuring(on(,me(scales(of(driving(
laser(

o  density(distribu,on?(
o  temperature?(
o  internal(fields?(

•  High(relevance(for(par,cle(accelerators(
o  plasma;wakefield(accelerators:(detect(details(of(plasma(wave(
o  plasma(ion(accelerators:(e.g.(sheath(field(of(accelera,ng(
fields(from(solid(targets(

•  Pump;probe(geometry(well(suited:(probe(interac,on(driven(
(„pumped“)(by(main(pulse(
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Outline(

•  Mo,va,on:(Why(plasma(diagnos,cs(necessary(
•  Pump;probe(scenarios:((

Which(different(types(of(probe(pulses(can(be(applied?(
•  Electro;magne,c(probe(pulses:((

o  Shadowgraphy(
o  Interferometry(
o  E;(and(B;field(sensi,ve(techniques(

•  Par,cle(probe(pulses:(
o  Proton(probing(
o  Detec,on(of(magne,c(and(electric(field(distribu,ons(



P
la

sm
a 

D
ia

gn
os

tic
s 

5 

Electromagne,c(Probe(Pulses(

•  Genera,on(of(synchronized(op,cal(probe(pulses:(
o  split(off(part(of((
the(main(pulse(

o  guide(it(towards((
interac,on(along(
different(path(

o  adjust(temporal(
delay(

! perfect(synchroniza,on(
! probe(pulse(dura,on((

similar(to(main(pulse(
! record(movie(from((

subsequent(shots(at(different(delays(
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Electromagne,c(Probe(Pulses(

•  Delay(scan(of(interac,on(of(10;TW(laser(pulse(with(preformed(
plasma(at(different(shots:(

(
•  How(can(we(deduce(the(plasma(density(from(these(images?(
•  Use(interferometry!(
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Interferometry ((

•  Refrac,ve(index(of(a(plasma:(

•  Integrated(op,cal(path(length((
or(integrated(phase(ϕ depends((
on(plasma(density(distribu,on((
seen(by(light(rays:(

•  Visualize(phase(difference((
between(probe(ray(and((
ray(going(through((
vacuum:((
interferometer*

(
•  Challenge(for(short(pulses:(rays‘(path(lengths(need(to(be(

iden,cal(within(pulse(length((few(µm)!(easier:(Wollaston(prism(

www.wikipedia.com 
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Interferometry(

•  Wollaston(prism(=(polarizing(beam(spli_er,(combina,on(of(two(
birefringent(prisms(

•  Probe(pulse:(
polariza,on((
under(45°(w.r.t.((
both(op,cal(axes(

•  Two(replica(separated(
by(α,(polarized(perpendicularly(to(each(other(

•  Imaging(system:(genera,on(of(two(images(shieed(transversely(
•  Polarizer(under(45°:(interference(between(to(replica(possible,(

„mixing“(of(beam(parts(going(through(interac,on(region(and(
through(vacuum(

•  Separa,on(distance(i(of(fringes(on(CCD:(
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Interferometry(

•  Deduce(plasma(density(distribu,on(by(assuming(cylindrical(
symmetry:(

•  Phase(shie(difference((
between(ray(going(through(
the(plasma(and(through((
vacuum:(

•  Deduce(plasma(density(via(Abel(inversion:(
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Interferometry(

•  Deduce(plasma(density(distribu,on(by(assuming(cylindrical(
symmetry:(

(

H.-P. Schlenvoigt, PhD 
thesis, Uni Jena (2009) 
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Interferometry(

•  Deduce(plasma(density(distribu,on(by(assuming(cylindrical(
symmetry:(

•  Density(given(in(units(of(ncr(
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Electromagne,c(Probe(Pulses(

•  2;color(probe(pulses:(
visualize(different(,me(
steps(of(evolu,on(
during(a(single(shot(by(
taking(2(images(at(
different(,mes(

•  2(pulses((1ω(and(2ω)((
go(through(window(at((
different(speed((GVD)(
=>(separa,on(by(few(ps(

•  Separate(pulses(aeer(
interac,on:((
get(2(images(of(the(same((
interac,on(at(2(different(,mes(
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Electromagne,c(Probe(Pulses(

•  2;color(probe(pulses:(
visualize(different(,me(
steps(of(evolu,on(
during(a(single(shot(by(
taking(2(images(at(
different(,mes(

•  2(pulses((1ω(and(2ω)((
go(through(window(at((
different(speed((GVD)(
=>(separa,on(by(few(ps(

•  Separate(pulses(aeer(
interac,on:((
get(2(images(of(the(same((
interac,on(at(2(different(,mes(

earlier 

later 
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Electromagne,c(Probe(Pulses(

laser incidence 

hot electron 
cloud 

accelerating 
electric field 

blow-off 
plasma 

metal foil with 
contamination layer 

ion front 

hot electron 
cloud 

exponential electron 
density profile 

IL ~ 1019 W / cm2 

•  laser pulse generates relativistic 
electrons, 

•  they propagate through the foil and 
•  form an electric sheath field  

 

~ TV/m 
 

•  charge distribution starts to expand,  
•  acceleration length ~ µm 

 

~ Debye-length 
•  lifetime of electric field ~ f (τL) 

• max. ion energies 

TNSA (Target Normal Sheath Acceleration) 

P. Mora, PRL 90, 185002 (2003) 
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Electromagne,c(Probe(Pulses(

accelerating 
electric field 

metal foil with 
contamination layer 

ion front 

hot electron 
cloud 

exponential electron 
density profile 

Investigation of rear-surface TNSA-sheath 
at onset of acceleration process:  
optical probing with fs and µm resolution 

reflective geometry 
laser incidence 

blow-off 
plasma 

hot electron 
cloud 

IL ~ 1019 W / cm2 
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Electromagne,c(Probe(Pulses(

accelerating 
electric field 

metal foil with 
contamination layer 

ion front 

hot electron 
cloud 

exponential electron 
density profile 

laser incidence 

blow-off 
plasma 

hot electron 
cloud 

IL ~ 1019 W / cm2 

Investigation of rear-surface TNSA-sheath 
at onset of acceleration process:  
optical probing with fs and µm resolution 

transverse geometry 
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Electromagne,c(Probe(Pulses(

without main pulse with main pulse 

prepulse  
activity 

main pulse 
arrival 

rarefaction 
of sheath 

sheath 
build-up 

Δt = 0 
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Electromagne,c(Probe(Pulses(

R. Benattar et al. (1979); G. Pretzler et al. (1992) 

Abel inversion 

phase shift (measured  
tangentially) ⇒ 2D signal 

3D electron density distribution 
(cylindrical symmetry) 

Nomarski interferometer: 
f/2 imaging onto 12-bit CCD 
Wollaston prism + polarizer 

•  spatial resolution  ~ 1.1 µm 
•  temporal resolution  ~ 100 fs 
⇒ match dimensions of accel. process! 

bent thin 
foil target 
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Electromagne,c(Probe(Pulses ((
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longitudinal distance z to target / µm 

at t = 0  
(onset of acceleration process) 

J. Crow et al., J. Plasma Phys. (1975) 

1st all-optical measurement of ne-distribution driving laser ion acceleration! 

O. Jäckel, MCK et al., New Journal of Physics 12, 103027 (2010) 
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Electromagne,c(Probe(Pulses(

A. Pukhov, PRL 86, 16 (2001) 

3D-PIC results by A. Pukhov for 
comparable laser conditions 
 
⇒  comparable shape  
⇒  deviation of absolute 

numbers (measured density 
smaller by a factor of 5)    

ra
di

al
 e

xt
en

t 
/ 
µm

 

longitudinal  extent / µm 

Comparsion with numerical simulations 
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Electromagne,c(Probe(Pulses(

Conversion efficiency 
Elaser ⇒ hot electrons: 

 
 
 
(deduced from sheath’s 
electron density and 
radial extent, assuming 
similar hot-e-density 
inside the target) 

Energy content of electron sheath: 

O. Jäckel, MCK et al., New Journal of Physics 12, 103027 (2010) 
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Electromagne,c(Probe(Pulses(

JETI parameters: 
Elaser = 800 mJ, τlaser = 85 fs,  
f/6 OAP, Ilaser ≈ 3×1018 W/cm2 

probe pulse: 
τprobe ≈ 100 fs @ 1ω 

LWS-20 parameters: 
Elaser = 80 mJ, τlaser = 8.5 fs,  
f/6 OAP, Ilaser ≈ 6×1018 W/cm2 

probe pulse: 
τprobe ≈ 8.5 fs @ 1ω 
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Electromagne,c(Probe(Pulses(
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Electromagne,c(Probe(Pulses(

Two polarograms from two (almost) crossed polarizers: 

polarogram 2 polarogram 1 

560 µm 

34
0 
µm
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Electromagne,c(Probe(Pulses(

Two polarograms from two (almost) crossed polarizers: 

Deduce rotation angle φrot from pixel-by-pixel division of 
polarogram intensities: 

polarogram 2 polarogram 1 

560 µm 

34
0 
µm
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Electromagne,c(Probe(Pulses(

polarogram 2 polarogram 1 

560 µm 

experimental Faraday feature 

simulated  
 
 
 

feature 

Experimental evidence for B-fields from MeV electrons and bubble! 
MCK et al., Physical Review Letters 105, 115002 (2010) 
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Electromagne,c(Probe(Pulses(

polarogram 2 polarogram 1 

Electron bunch length: Δz = 4 µm 
τFWHM= (6±2) fs, τRMS= (2.5±0.9) fs 

A. Buck et al., Nature Physics 7, 543 (2011) 
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Electromagne,c(Probe(Pulses(

•  Polarimetry:  
visualize e-bunch via 
associated B-fields 

•  change delay between 
pump and probe  
⇒ movie of e-bunch 
formation 

•  observe e-bunch formation on-line! 
A. Buck et al., Nature Physics 7, 543 (2011) 
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Electromagne,c(Probe(Pulses(

•  Shadowgraphy:  
visualize plasma wave 

•  change electron density ⇒ 
change plasma wavelength 

•  Polarimetry:  
visualize e-bunch via 
associated B-fields 

•  change delay between 
pump and probe  
⇒ movie of e-bunch 
formation 

•  observe e-bunch formation on-line! 
A. Buck et al., Nature Physics 7, 543 (2011) 
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Electromagne,c(Probe(Pulses(

•  Shadowgraphy:  
visualize plasma wave 

•  change electron density ⇒ 
change plasma wavelength 

A. Buck et al., Nature Physics 7, 543 (2011) 
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Electromagne,c(Probe(Pulses(

•  Few;cycle(probe(pulses(
•  Similar resolution with 35-fs driver laser: 
•  frequency-broadening of probe pulse  

(in gas-filled hollow fiber)  
⇒  shorter τprobe 

 
⇒  sub-main pulse temporal resolution, 

 1.1 µm spatial resolution with optimized imaging system 

τprobe =    (5.9±0.4) fs 

M. Schwab et al., Appl. Phys. Lett. 103, 191118 (2013) 

P
la

sm
a 

D
ia

gn
os

tic
s 

32 

Electromagne,c(Probe(Pulses(

•  Few;cycle(probe(pulses(

100 µm 

10 µm 

100 µm 

10 µm 

LWS 20 

JETI  
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Electromagne,c(Probe(Pulses(

electron screen 

10 mrad 

sideview 

•  Length of 2nd plasma period vs. density after ~ 1.1 mm propagation 

P
la

sm
a 

D
ia

gn
os

tic
s 

34 

Electromagne,c(Probe(Pulses(

electron screen 

sideview 

10 mrad 

S. P. D. Mangles et al., 
PRSTAB 15, 011302 

(2012) 

Above threshold: increase of λp (beam loading) 

•  Length of 2nd plasma period vs. density after ~ 1.1 mm propagation 
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Electromagne,c(Probe(Pulses(

•  After plasma wave evolution into single bubble: 

ΔE/E ≈ 3% 
4 pC 
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Outline(

•  Mo,va,on:(Why(plasma(diagnos,cs(necessary(
•  Pump;probe(scenarios:((

Which(different(types(of(probe(pulses(can(be(applied?(
•  Electro;magne,c(probe(pulses:((

o  Shadowgraphy(
o  Interferometry(
o  E;(and(B;field(sensi,ve(techniques(

•  Par,cle(probe(pulses:(
o  Proton(probing(
o  Detec,on(of(magne,c(and(electric(field(distribu,ons(
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Par,cle(Probe(Pulses(

•  Probing(with(laser;accelerated(proton(beams:(
o  broad(energy(spectrum((up(to(few(10‘s(of(MeV)(
o  laminar(flow(;>(excellent(imaging(proper,es(

(

T. E. Cowan, PRL (2004) 

protons from POLARIS @ 20 TW 

Energy spectrum in forward direction Transverse beam profile for different energies 
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Par,cle(Probe(Pulses(

•  Probing(with(laser;accelerated(proton(beams:(
o  broad(energy(spectrum((up(to(few(10‘s(of(MeV),(
o  laminar(flow(;>(excellent(imaging(proper,es(
o  energies(detected(separately(in(radiochromic(film(stack(

(

L. Willingale, PhD thesis 
Imperial College (2007) 
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Par,cle(Probe(Pulses(

•  Probing(with(laser;accelerated(proton(beams:(
o  broad(energy(spectrum((up(to(few(10‘s(of(MeV)(
o  laminar(flow(;>(excellent(imaging(proper,es(
o  energies(detected(separately(in(radiochromic(film(stack(
o  ini,al(dura,on(≈(few(,mes(laser(pulse(dura,on,(stretching(
due(to(different(veloci,es(

•  Different(images(from(different(proton(energies(=(snapshots(
from(different(,mes(during(the(interac,on(

•  Record(movie(of(evolu,on(of(field(distribu,on!(
(
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Par,cle(Probe(Pulses(

•  Transverse(probing(with(laser;accelerated(proton(beams:(
o  proton(deflec,on(mainly(due(to(electric(fields(

o  record(TNSA;sheath(evolu,on(in(single(shot,((
o  deduce(sheath;field(strength(from(mesh(warping:((
ETNSA(≥(3x1010(V/m(

L. Romagnani, PRL (2005) 
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Par,cle(Probe(Pulses(

•  Longitudinal(probing(with(laser;accelerated(proton(beams:(
o  proton(deflec,on(mainly(due(to(magne,c(fields(

P. Nilson, PRL (2006) 
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Par,cle(Probe(Pulses(

•  Longitudinal(probing(with(laser;accelerated(proton(beams:(
o  visualize(B;field((
geometry(in((
2;beam(interac,on(

o  see(merging(of((
B;field(structures(
between(two((
plasma(plumes(

o  example(of(magne,c((
reconne,on(

P. Nilson, PRL (2006) 
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