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Laser Produced Plasma— Orientation

Haider Al-Juboori

Expansion velocity ~ 10°- 107 ecms? For ns duration plasmas
Collisional Radiative (CR)

Equilibrium assumed

Laser beam

Average charge

= 0.67 (ZT.)¥/3 Temperature depends on laser power

density (Q),
T.(eV) a (A2®)3/5 ...CR model

Critical density

(absorption front)

High density
plasma

Critical electron density,
n_=10°-10cm3
depends on laser

wavelength
(n. ~[10%/A(pum)?] em-3)

To conserve momentum, plasma expands
perpendicular to target surface

CLPP as targets for laser-generated EUV sources




Colliding Plasmas - Orientation

Laser Beam

Making Stagnation layers

Laser Beam

Wedge prism

Laser Pulse Energy: 90 - 500 mJ/ beam
Laser Pulse duration: 170 ps, 6 ns, 15 ns
Focal Spot Size: ~30 - 100 pm

Irradiance: 102 - 10" W_cm2
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In-Band Conversion Efficiency (CE)

Slab Targets Grooved Targets:
Nd:YAG plasmas: 2%<CE<3% CO, plasmas: 2%<CE<3% I | ' ' '
2 |
e.g. CE~2.3% /2m sr for 100% CE ™ 2.6% for 100% Sn “l
Sn @D= 1.6x10Wem2 @®= 1.6x10"'Wem' £ (fane
CE~2.9% /27t sr for 5% Sn (Tao et al. 2008, APL 92, 251501) © 2} |
@O= 2x10*Wem™ _ g
(Hayden et al. 2006 , JAP 99, 9) CE increased after B
multiple shots on same number of pulses
_ target positign to ~4.5%. CO, pulse with t = 25 -
Lateral expansion reduced. 55ns, typically FWHM =
> y .y ® =6 x 10° Wem2
- cﬁ af A (Harilal et al. 2010 APL 96,
: g 111503)
i '.'ara:glenqtlﬂnm'jl 8 2_ ; ()  Planar  Grooved
Dcil“””“1|0“'“””ll'l'll'l'sld“““”cilo @ @
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Shot number e
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Optlmlzed In-Band CE

fD‘Wh.:l'rl= 107 Mfcm? 10""Wiem?2 §1072W/em?2
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(Nishihara et al 2008 Phys. Plasmas 15, 056708)

Maximum CE in a mass limited droplet

~6-7% allowing for -10 excitation

emission cycles/ion.

If kinetic losses are supressed, CE ~20%
at 25<T.<32 eV.
CE values of 11.5% under optimised

conditions

(Basko (2016) Phys. Plasmas 23, 083114)
Haider Al-Juboori

To optimise CE :

Minimise kinetic losses - low target
density

Minimise opacity effects = ion density
<10 Wem™

Mist or vapour target = dual pulse
irradiation

Laser wavelength should be long to
optimise laser plasma coupling - CO,
laser

Low density implies large plasma scale
length and gentle gradients =
reflection losses reduced

Colliding Plasma Target

CLPP as targets for laser-generated EUV sources
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Colliding Plasmas - Orientation

‘From the very BIG’

NGC2346 -

Planetary Nebula

Distance - 2,000 light years
Extent ~ 0.4 light years

Result of the collision of two stars
— believed that one became a red . NGC 2346
giant and started to swallowed its
partner in the binary system.

Credit: Hubble Wide Field & Planeary Camera - Massimo Stiavelli (NASA)
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Colliding Plasmas - Orientation

“To the very small

‘Hohlraums —
Fusion energy
generation’
10-20% of
Multiple laser plasmas formed inside a the laser
energy to

single high-Z cavity e.g., Au) which
provide an array of extremely bright
X-ray sources. The fuel pellet is
compressed by the X-ray radiation
pressure. Advantage is more uniform
compression with concomitant
amelioration of instabilities...

capsule
vt 4
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Target Geometry for HVM of EUVL

Low mass Sn content.

At high repetition rates, it is number of Sn atoms

not possible to use solid (slab) should be equal to Magnet-

targets. number of radiators. EUV l Sn Droplet
Collector /

5 Mirror 5 Qt@r
For EUV, rep. rate =10~ Hz _. . Meq;
CO2 Laser 3 =T ﬁgt‘e

e asma ¢oC

Haider Al-Juboori

Nd:YAG Laser

Magnet [ ENG_-

To minimise debris, target
should be fully ionized by
end of laser pulse.
* Gigaphoton and CYMER have obtained > 200 W
at Intermediate focus. Maximum CE ~ 5%.

* Gigaphoton: Nd:YAG prepulse, CO, main pulse,
Cymer: CO, main and pre-pulses.

CLPP as targets for laser-generated EUV sources
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Colliding Plasmas

When two plasmas collide one observes:
1- Interpenetration -counter streaming plasmas pass through each other.

2. Stagnation -plasmas collide but do not inter-penetrate and form a
'stagnation layer’. Here the local density and temperature rise rapidly.

Could a plasma stagnation layer provide a suitable target for an EUV or
BEUV source?

If n,~10" cm=3 and the stagnation layer persisted for an interaction
time matched to CO, pulse duration, perhaps a high CE could be
attained.

Haider Al-Juboori CLPP as targets for laser-generated EUV sources
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Colliding Plasmas

» Collisionality (¢) is determined by both the mean free path (4;;) and collidi
separation (D).

o . D Large &, interpenetrate,

Collisionality Parameter: ¢ = " Small £ , stagnate
ii
2.4
. i B
" 4rerZ4nnA >

v is the ion velocity -laser power density
4 is the average ionisation -laser power density
1, is the ion density
*A12 Coulomb logarithm —10 to 30 for lab plasmas

Haider Al-Juboori CLPP as targets for laser-generated EUV sources




Colliding Plasmas

Digital Delay Generator

v

Single Shot IN

@ pulse
Extractor

J Pulse Level
Translator

At,2 280 ns

Hamamatsu/ CCD Camera
ORCA-05G

Gated ICCD Camera system
C11370-10-1

Figure: the apparatus used in the colliding plasma experiments at UCD-Spaclab with external triggering set-up for Nd: YA G laser pulse experiments.

Haider Al-Juboori CLPP as targets for laser-generated EUV sources
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EUV spectroscopy — Jenoptik

linear x,y,z
motorized
actuator

spectrometer (A :9.6 to 18) nm.
: coo
j\ Jenoptlk detector
S S Light from
" laser produced Masks to pravant
% wave plate & plasma stray light "y
Y linear polarizar ——
Wedge prism / 11 Multilayer
T —— . zero order stop
4 7 Piezo
N 4 entrance slit
% ’ B
¥
2 Adjustable adjustment
base plate
= Optical axis  Hitachi variable line Rotation and height
amamatsu/Image spaced diffraction adjustment
grating
Ep ensifier controller
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Colliding Plasmas

» Collisionality (¢) is determined by both the mean free path (4;;) and colliding plasma
separation (D).

. . ) D Large ¢, interpenetrate,
Collisionality Parameter: ¢ = ” Small ¢ . stagnate
il

Key point:

One can engineer stagnation layer
characteristics; - shape, temperature
density, ..etc for specific application, by:

- varying geometry (D) and,

- laser-target interaction physics (mfp, Ai).

Haider Al-Juboori CLPP as targets for laser-generated EUV sources




Flat Target Colliding Plasma

Visible imaging Flat CP and reheat spectra
Nd:YAG Colliding plasma Nd:YAG CP + CO, reheat e - T
0 Q
- f

N 0 o f
>
3 5 1
3
Imaging system sensitive to light in o
400 =500 nm range.

\ 1 L 1 1 !
q 1 12 13 14 15 16 17
‘Wavelength (nm)

e Highest ion stages emitted along target normal
* Highest ion KE is along target normal (V,ormg =10 Ugera) < A is ~ 100 times
greater and & ~ 100 times less
— Sharply defined stagnation layer

Haider Al-Juboori CLPP as targets for laser-generated EUV sources 17



Flat Target Colliding Plasma
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Gerry O’Sullivan, et al, International Workshop on EUV and Soft X-Ray Sources (2016 Source Workshop) , Amsterdam, November 82016
Haider Al-Juboori CLPP as targets for laser-generated EUV sources 18



Why Low Efficiency!

20°

Fastest lons

DD

330°

330°
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180°
210°
240°
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270°

Stagnation layer =
small dense sheet
of plasma

Does not match the
CO, laser spot size

CO, laser spot is too
large compared to
stagnation layer

CLPP as targets for laser-generated EUV sources

7 : 1 . T
o Flat Target Colliding Plasma
* Flat Target Colliding Plasma, 80 ns delay reheat, 0.2 mm from seeds
6 -
5 ¢ 1
@
b o
84 E
5
E &
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® 3 o
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T
3
=2 % i
1+ &
| 1 | 1 1 1 L ]
QSO 100 150 200 250 300 350 400 450 500 550

Nd:YAG Energy on target (mJ)

As Nd:YAG energy increases -— Larger
stagnation layer better matched to CO: pulse.

Gerry O’Sullivan, et al, International Workshop on EUV and Soft X-Ray
Sources (2016 Source Workshop) , Amsterdam, November 82016

To make a bigger stagnation layer —need
more material and more interpenetration
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Wedge Target

7
. 2.

Higher ion currents Nd:YAG
collide, larger prepulse B8 "R

stagnation layer

Visible Imaging system
sensitive to A ~400 — 500 nm Nd:YAG colliding plasma Nd:YAG colliding
Haider Al-Juboori CLPP as targets for laser-gener3 plasma - ] COZ reheat
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Colliding Plasma images at Different At

Nc-YAG only
250 ns delay 300 ns delay

»

-

7
400 ns delay

<

50 ns delay 100 ns delay

d B

150 ns delay 200 ns delay

-

- -

450 ns delay 500 ns delay

Gerry O’Sullivan, et al, International Workshop on EUV and Soft X-Ray Sources (2016
Source Workshop) , Amsterdam, November 8t2016
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Reheating along wedge target stagnation layer

Distance from centre of wedge (mm)

Max CE @ 60 ns delay close to wedge centre
Nd:YAG, E~ 135 mJ in each pulse,

® ~ 1.0x10'* Wem™

CO,: E~ 250 mJ, ® = 1.7x10° Wem

CE =3.3+0.2%

For CO, only, CE =5.1+0.10%
Allowing for overfilling of plasma by
CO, CE approximately 7%
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Time Dynamics Imaging of Al-CLPP Al-Plasme

At = 350ns

At = 350ns

0 200 400 600 800 1000

At = 400ns At =400ns
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Laser Power= 670mJ
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Time Dynamics Imaging:

Al-Al Flat Target,
Laser Power= 670mJ
7=40, z1.=340,

At =400ns

Filter; 40040 nm

Al-Al Flat Target,
Laser Power= 670mJ
=40, z1.=340,

AT =400ns

Filter; 50040 nm

600 800 1000

Filter Sensitive

200
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Al-Al Flat Target,
Laser Power= 670mJ
7=40, zZ1.=340,

At =400ns

Filter; 450£40 nm

Al-Al Flat Target,
Laser Power= 670mJ
7=40, z1.=340,
Camera o, = 10ns
At =400ns

Filter; 650£40 nm
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Al-Al Flat Target,
Laser Power= 670mJ
7=40, z1.=340,

At =400ns

Filter; 55040 nm

Al-Al Flat Target,
Laser Power= 670mJ
7=40, z1.=340,
Camera, ;o = 10ns

At =400ns
Filter; 700£40 nm

Stagnation layer emission at different visible filters.
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Time Dynamics Imaging: Diff. Target Geo

Si-Si Flat, Si-Si, V-120, Si-Si , V-80,

laser power at 6=-10 laser power at 6=-10 laser power at 6=-10

Camera Exposure time = 10ns Camera Exposure time = 10ns Camera Exposure time = 10ns
AT = 340 ns, AT = 340 ns, AT = 340 ns,

Filter = 450 nm Filter = 450 nm Filter = 450 nm
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Stagnation layer emission at Diff Target Geometry.
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Summary

» Wedge target colliding plasma better matched to CO:

= Better control of initial conditions could give even higher CE.

= Shows good energy scaling, energy out increases as input
energy increases.

" |Indicates that with optimum control of pre-pulse conditions,

and CE>5% is possible

Haider Al-Juboori CLPP as targets for laser-generated EUV sources
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