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r - OUTLINE

» Most used Plasma Acceleration Schemes: resonant PWFA,
external and self injection LWFA

» Plasma sources: gas filled and laser trigger ablative capillary

= Stark broadening caused by the emitter interaction
with the electric field produced by nearby particles
= Spectral lines ratio the different intensities of the spectral

lines depends on the free electron temperature in LTE.

» Plasma sources: gas jet
= Interferometry  that uses the dephasing of a probe laser
caused by the variation of refractive index of plasma
= Shadowgraphy the light of a probe laser deviates from its
initial direction due to strong variation of refractive index.
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T |Mmportance of plasma properties

Depending on the electron density :
*The accelerating electric field E[V/m] =96 n[cm3]2

-Dimensions of accelerating structures A, [um] = 3.3 101% ny[cm3]-1/2
(depending on A,)
Higher e density A

"

The efficiency of the
acceleration and the quality
of the accelerated beams
depend on plasma density!

Lower e

density

> Stark broadening » Line ratio analysis
Density > Interferometry (Shadowgraphy)  Temperature
Spatial and temporal evolution Needed to set density distribution
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=T Plasma acceleration

There are different schemes. The most investigated are:

PWFA LWFA
driver(s) Particles, space charge forces Laser, ponderomotive forces

« \Withess Drivers
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=T Resonant PWFA experiment

A train of three electron bunches is sent through a preformed plasma inside a capillary
discharge to excite a resonant plasma wave that a fourth high brightness electron
beam use to be accelerated.

Capillary with plasma

To FEL, Thomson and other
experimental lines

C and S band .

accelerating structures

. Witr&ss Drivgs IIZ

Density must match the distance between the different bunches of the bunch train.

n, = 2x10% cm-3
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T Sclf and external injection LWFA

Self-injection LWFA
Electrons are generated inside the Electrons are generated externally and
plasma due to wave breaking.
Needs for higher densities.

F. Filippi

e- bunch LASER
DRIVER

External-injection LWFA

injected in a preformed plasma wave
excited by a short high power laser.
Plasma density must be not too high to
avoid wave breaking

ne = 2x101° cm?3
Gas-jet

ne = 2x101" cm-3
Cylindrical Capillary
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=T Plasma Capillaries

Allows longer plasma channel, easier to control.
Used for PWFA and external injection LWFA.

GAS FILLED CAPILLARIES LASER-TRIGGER ABLATIVE CAPILLARIES
20kV is applied between the two 6.3kV between the two ends of
ends of the capillary to completely the plastic capillary is applied. A 1rgnsverse probing is
ionize the gas inside the capillary. short laser pulse is focused at not possible due to:
No laser is used. the entrance from the cathode pd'ff : '
triggering the discharge. _ ! ractlon _
e of cylindrical capillary
w,@‘“ AND
> low density!

Spectroscopic
measurements
are most suitable!!!
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= T Stark broadening

lonized Hydrogen emits in visible range four

Ha, A=656.3 hm . :
' lines of the Balmer series. The broaden of
1 these lines depends on many mechanisms:
— Experimental line
0.9+ iR ---Doppler broadening
08l IHI Natural linewidth
0.7 }'?ll >  Doppler broadening caused by
A FWHM 5 thermal particle motion, depends on plasma
2 55 i ’ temperature
0.4 it ANNmM]=7,13*107*T[K]32 A
03 it
02l :’ 1 (>  Stark broadening caused by the A
01} i emitter interaction with the electric field
s e w5 @ s s | produced by nearby charges.
Wavelength (nm) 9 A)\[nm]:a('l')*n[lOlscm‘s'] 23 )
@T=4eV »  Other broadenings that for visible

light, at temperatures of the order of 1-3eV can
be neglected.
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="l Stark broadening

Suitable for densities between 10% cm3-10'8 cm3 due to fine structure effects and plasma
self absorption.

Ha, A=656,3nm HB, A=486,1nm
Expected

Expected

Stark broadening
AN FWHM (nm)

Stark broadening
AN FWHM (nm)

1*1016 0,250 1*10% 1,000
5*101° 0,733 5*%1016 2,994
1*10%/ 1,163 1*10Y 4,800
5*10%/ 3,402 5*10Y/ 14,367
Doppler broadening 4eV 0,1008nm Doppler broadening 4eV 0,0745nm

Ha stronger, but more sensitive to temperature
HB weaker signal, but more insensitive to temperature
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=T Stark broadening

Current
- Solenoid monitor
valve +
_
H Pressure HV
2 regulator GND Generator
H2 gas Capillary
i
L1 <> 12 L3
o
20kV
\ / q)
£
SP 275
SPECTROMETER | IMAGING SPECTROMETER
2400 g/mm
4.025 nm/inch
I
ICCD

Proc. of IPAC16 (2016)
doi:10.18429/JACOW-IPAC2016-WEPMY007
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Single-shot measurement
Allows to detect spatial
variations

H electron density measurement 1

W)H\ | I»W\‘ ‘\

400 \

“ .'
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H
w\ | \ m |l
Woo IIH{HI [

mm ‘>
space

ISTAR Intensified gated camera
100ns gate time
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= T Stark broadening

Spectrogram

Density profile

density [cm'3]
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= T Stark broadening

Temporal and spatial characterization of the plasma

H electron density measurement 16
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Shadows of wires put on the capillary as reference :

Capillary length [mm]

Shadow Shadow
of the positive of the negative
electrode electrode
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=T Stark broadening

Temporal and spatial characterization of the plasma

e Density
% Density data excluded in the fit
10"} x * x 3 —— exponential fit
x _t[ns]
. NeXe 7
=
o
=479 ns
1 015__ |
0 500 1000 1500 2000

delay from trigger discharge [ns]

To reach the correct density need to know the decay of the plasma density

Proc. of IPAC16 (2016)
do0i:10.18429/JACoW-IPAC2016-WEPMYO007
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=T Shot to shot variation

Error values averaged over 14 mm in the middle of the capillary for different time
delay with respect to the discharge trigger.

Average error %
40

o 1\ ;

A\ Vi

10

=9—"H alpha average error %

Error %

== H beta average error %

200 300 400 500 600 700 800 900 1000 1100 1200
Time [ns]

JINST 11 C09015 (2016)
dx.doi.org/10.1088/1748-0221/11/09/C09015
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W Balmer lines ratio

1.6
- ——139 Torr
i A r 346 Torr
The ratio between the s o[ —553Tor
emitted lines gives the free T ! ggg Prr
2 10F — orr
electron temperature. 5 I 1174 Torr
s 08F — 1381 Torr
@ " " -
% 06k 1536 Torr
The acquiring system must Z§ 04l
be absolutely calibrated! 02l
0.0}
-0.2
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=T Balmer lines ratio

Assuming the LTE it is possible to measure the plasma temperature from the
ratio of the intensities of the spectral lines emitted by an element with same

degree of ionization.

hb"ﬂk Ankgn
. . Enk =
Emission factor k ir S

Nexp (—E/kT)

VAN

Energy Temperature

Parameters
depending on emitter
atom and the excited |

states Emitter density
T [E’V} _ _ 4k Uik
In Zekoonkin ]y ok
VhkAhkdh €hk
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vy [T

It allows to control gas flux in order to obtain densities of the order of n, = 2x10° cm=3.
Mainly used for self injection LWFA.

Transverse Transverse probe

direction is diagnostics

accessible! are commonly
used
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e TR [nterferometry

The refractive index of the plasma at a given A PLASMA REFRACTIVE INDEX

depends on its electron density. n= /1 ne 4~ Free e density
"W Gritical
density
Mach-Zehnder interferometer
M / BS 8
LASER PLASMA ~ = Duo
—/W ‘ "?%m i
(400nm) BS M — —

Supersonic gas-jet

The refractive index variation causes a dephasing that is directly related to
the electron density

zZ2

2 [ n(2)
Ao =— dz
v A f 1,

Z1
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T Interferometry

Abel inversion allow to reconstruct the plasma density assuming cylindrical symmetry

Unperturbed
interferogram Plasma channel

018InterfDelay23300M 10"

o

n

n
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= TR [nterferometry

Snapshot of the laser evolution inside the gas is possible with multishot acquisition.

Spatial resolution is given by the imaging system
Temporal resolution is given by the probe duration
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=T Shadowgraphy

Refractive index is determined from the angle of deviation of the light from its initial

direction.

CCD [1d
Refraction angle a= / —

n. dx

0
. AT i 1 [d®n  d°n
ccD Intensity var. — =1 fn— [? + d—yzl dz
0

The defocusing effect of the plasma produces a shadow on the CCD.
It allows only for qualitative analysis! (not reliable for quantitative)
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=T Shadowgraphy

The self emitted light of the plasma
channel is well visible on the
image.

Plasma channel

gasjet »
A bit of laser impinge on it
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=T CONCLUSIONS

» Diagnostic setups for different plasma sources
have been implemeted.

» The temporal and spatial evolution of plasma
density in gas-filled capillaries has been
studied.

» Plasma temperature in hydrogen plasma is
going to be examinated.

» Plasma density in gas-jets has been measured
and characterized with interferometric and
shadowgraphyc technique.
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e T Stark broadening

H2 gas
20kV
Suitable for densities [ A \
between 104 cm-3-1018 HS H H Ha

cm-3
due to fine structure effects . 4341n  486.1nm 5 e
and plasma self absorption. m Wavelength ) inNanometers
Suitable for PWFA and "
ext.inj. LWFA! [ il U
08l Natural linewidth
0.7+
9 _ Ha stronger, but more
< i sensitive to temperature
0.3 II: IE
02 i HB weaker signal, but
F. Filippi @T=4ev ] 1k more insensitive to .

65L‘5 655.5 636 6\5?5.5 657 65L7.5 658
Wavelength (nm) tem pe ratu re



Discharge
circuit

Nd:Yag laser
10ns pulse
30mJ
1064nm

SP 275
SPECTROMETER
2400 g/mm
4,025 nm/inch

Imaging
spectrometer

o
E
%
X
&
i
Pz

S

PIXIS 1300 E
Back llluminated Back illuminated @:
Camera camera -
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A test chamber is used
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="l A\h|ative capillaries

Set of 5 capillaries with 500um diameter. Ta pered capiIIary

R .

Nd:Yag laser

10ns pulse 1 |
30m)J i ‘ |
1064nm %

‘_ The tapering of the capillary allows
e - Electrodes to change the electron density along
the capillary!

All capillaries are connected in parallel to the
discharge circuit but only the one triggered by
the laser produces plasma.

Electrodes
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=" Analvsis: results

The density variation caused by the tapering was detected.
Data were averaged over 9 shots

Density in tapered capillary

12 T T T T I I
Fitted Data
* Data
10}
. 8t
o
£ «
S5
Fl=
g T
) ar
o
2_
%5 20 5 10 5 0 5
(mm)
Longitudinal position (mm)
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The results are fitted
with a polynomial
function of the third
order
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="l Cirst measurements

The image acquired from the exit of the spectrometer is binned and the background
(previously acquired) is subtracted.
Spatial references allow to determine the longitudinal dimension.

Spectrometer output  shadows of
A reference wires

Reference wires
of 450um thick >

Spectral dispersion

Longitudinal dimension

Electrode 1mm
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