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Plasma Radiation Sources for the

X-Ray Region

Intensive radiation sources for the
vacuum-uv and x-ray region are of

great interest.

Major developments
a) x-ray lasers (coherent radiation)

b) compact synchrotrons (incoherent)

Alternative: incoherent plasma radi-

ation,
although emitted into
solid angle 47

but now multilayer mirrors'!

Applications:

x-ray lithography

X—-ray microscopy

radiation source for pumping short-
wavelength lasers

medium for stort-wavelength lasers

EXAFS

Material irradiation



Blackbody radiator at

kT =10eV, kT =100 eV, kT =1000 eV
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Plasmas and the Generation of X -Rays

Hot plasmas emit intense radiation in
the x-ray region
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/ f ™\ Blackbody
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Continuum radiation or bremsstrahlung
free — free transitions
Recombination radiation
free —-bound transitions
Line radiation

bound - bound transitions



Is it possible to realize a plasma,

which radiates like a blackbody ?

Plasma must be optically thick!

Optical depth
t = x(A)d =2 §

For bremsstrahlung

A) ~87 2 X Eyq1”72
X0 < a.asx107 22 {212
s CifF n. n,

Mit Zn; = ng

n. d
kT/ZeV | A ax/nm Z =7
m
1000 0.25 11 (Na)| 7.2 x10°%8
100 2.5 6 (C)| 4.2 x10°%
10 25 3 (Li)| 2.7 x1052




 « /cm 2
kT/eV

d = 10cm d = 1mm

1000 8.5 x 1023 8.5 % 1D “*
100 2.0 x 1022 2.0 x 1023
10 5.2 x 1020° 5.2 x 10 21

Energy of plasma ( ~1 keV):

3/2 (Nne + MKT + Ejgn — -

- B

Line zadiation !

Optical depth of a line

T(A) = mr, A% f__mn(q) S(\) d

r, = classical electron radius
fqp = oscillator strength
n(qg) = density of the atoms in the

lower level g

S(A) = line profile function

We now consider the center Aqg of a
Doppler broadened strong line

i.e. f'qp ~ 1:



t=1.08x10"1°

Ao nl(qg) d {mA/u }1/2

nm m-3 m kT/eV
t(Ag) ~ Ap
Exarﬁple:
For 1:(')\0) b2 5 where
Ao = A nas C(at X, .., be the maxi-

mum of the blackbody

radiation)

e |5 pr— n(q) / cm °
L e d=10cm |d =1mm
1000 0.25 |1.3 x 10'°|1,3 x10'®
100 2.5 4.1 x1014 (4.1 x1016
10 25 1.3 x 10'®| 1.3 x10'®

Although the spectral radiance of
these lines corresponds to that of
a blackbody, the total energy content

of the plasma can be relatively small!



Spectral radiance L(A)

- Spectral radiance L(\)

Blackbody

Blackbody

Wavelength (A-A,)




Which radiance is oDtained in a single

line ?

For 1t(Ay ) = 5 the width of an opti-
cally thick line is approximately

D

AX ~ AN,

We take again m_, = 20

D kT/eV 172
N,z = 7.7x 1078 {———1" A,

We obtain:

. kT/eV | L, AN /Wmm ?sr!
1000 , 1.2 x 1011
100 3.7 x 10 &
10 1.2 x 102

Lifetime of such plasmas ?

Emitted energy ?



(b)

low optical depth

relative spectral radiance
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The spectral radiance L; at the plasma surface:
_q (1= —r(a))
L,=5,-(1-¢

S, is the source function,
7(A) is the optical depth along the line of sight

Boltzmann distribution of the population densities n,,

=> §, corresponds to the Planck function

t(Ay)= S => L(Ay to the Planck function
=> we have a Planck radiator in 44
AA is the FWHM of this optically thick line

34
327

3
28
2.6
24
22

2
18
1.6
14

1.2
1

Al Aﬂ!)opp!er

0.1 1 10 100 110

Tptasma = const => L(A,) = const
=>for LYAAA=>AAA =>17



Radiance of optical thick lines

B P

L;AA, W/(cm® sr)

0 20 40 60 80 100 120 140 160 180 200
T, eV

: Ap=11,5 nm, M = 20,2 (Neon)

: Ap=13,5 nm, M = 20,2 (Neon)

: Lp=11,5nm, M =131,3 (Xenon)

: Ap=13,5 nm, M = 131,3 (Xenon)

e T e

2=0,05sr,A=1mm* => 10*to 10° W for 50 to 200 eV
200 mJ at the wafer => 20 to 2 ps exposure times
0,2 us radiation pulse => 100 to 10 discharges

OVI (Toptimum ~ 20 — 40 eV) 11,58 to 11,73 nm
NeVI (30 — 50 eV) 13,85 nm

KriIX (~40 eV) 11,54 nm

XeXI, XeXII



Typical plasma sources

Laser produced plasmas

Quite a number of applications are

reported in the literature

(- Radiometry, lithography, EXAFS,

microscopy, laser pumping)

Conversion of laser energy into ener-
gy of x-rays ...... up to 10%
Conversion rates up to 50% are repor-

ted, too.

Spectrum can be variied easily by

changing targets.



Laser heated cavities:

280pum

soft—X—ray streak
camera

™ photocathode slit

——transmission grating

spherical cavity

N [(0.25 + 1) mm]

jodine laser
100J/300 ps

absolutely calibrated
X-ray diode



Radiation from laser heated cavities

( Sakabe,

Sigel,

Tsakiris,

Foldes, and

Herrmann, Phys. Rev. A38,5756 (1988)
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Z pinch

High-current discharge through a gas
(at high pressures, preionization
by an intense laser beam)

Discharge through a fiber

Early experiments

typically n. ~ 101 cm™3
kT =~ 10 eV
At =~ 0.1 - 1 us

Today

large pulsed power generators, PGS



Recent report:
Z-machine at Sandia
a wire array z-pinch

1-2MJ inx-rays in 100—200 TW bursts



Gas—-puff pinch

Plasma focus




vacuum spark chamber

uF

>copoci’rors 0.2 or 0.7
) HF

up fo 60

B bross

B cluminium
B delin
& |ucite
BB clectrodes

Mg, Al, Ti, Fe,
Cu, Zn, Nb, Mo

Rogowski loop

6 * 24 uF 6 * 24 uf
up to 30 kV up to 30 kV
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parameter (final stage) Al Fe Mo
optimum Upyc range (kV) 4-8 10-12 14-16
applied Upc (kV) 5 10 16
Ipinch (kA) 70 190 350
A [Kq - Kg] (A) 7-8 172 0.62-0.72
R min (Lm) 20-30 4-8 4-£(<1%
kT, (keV) * 0.4-05 3.5 >10
ne (cm-3) 0.3-11022 1-1023 >1-1023
lifetime 7He (ps) 200 30-50* 1-5%
emission phase He compression compression expansion ?
emission phase H compression expansion -
I(Kq, Kp)/I(He) 0.1 x5 >20
comparison theory/exp. excellent excellent good




Capillary discharge at the Ruhr-University Bochum

@ metal
(I insulator

50 mm

argon, neon
reservoir:
Q000 cm’

2 - 10 mbar

[ THERMOVAC turbo
vacuum gauge pump
pumping
Spalk gup —— capillary slit - IV
= 3 L
COTM ~§_.r : . to spectrograph
; N ]
! i anode
.| rogowskicoil
capacitor bank
| 2Xx24pF = dl/dt-signal
-L J_ of the
l discharge
15 kv - -
trigger
HV-charging device
Fug HCN
pulse device: 400 K - 35000
100V U=10KV
Technical Data
Capacity 4.75 uF  Capillary Al O, (ceramic)
Charging voltage 10 kV 93.5 mm lang, 6mm ID, 10 mm OD
Energy 240 J Gas pressure
Resistance 0.2Q Argon 5-60 Pa
Inductance 50 nH Neon 10 - 100 Pa
Discharge current 60 kA Electron density ~7x10" em™

Current rise time

0.7 us

Electron temperature ~ 30 - 40 eV



Time integrated spectrum of the plasma

radiation at the argon pressure of 20 Pa.
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PM-pignals, mV

PM-pignals, mV

Radiation time dependence of the resonance
ArVIll and NeVlll lines at different filling gas
pressures for the mixture with Ar:Ne at 1:1 ratio.

——AVIII 7002A —ArVIlI 7138 A NeVIll 7704 A NeVIll 780,4 A
10, 10,
ot o}
-10} -10
20} 220}
-30} .30}
-40+ -40}
50l 50}
60t 60}
-T0} -T0t
-80¢ 80}
A TR 3 »
tous
10 10p
ot ot
-10} -10t
220 20}
a0k 30}
40} -40}
50} 50}
80} 60
70} 70}
-80} 80}
e 2 3 ey 2 3
tous t us

total energy emitted from the plasma in the
spectral region of 700 - 800 A is 1.5 mJ/sr



Radiation time dependence of the
resonance ArVIll and NeVIll lines.

20
0

-20
>
E -
o 40 PM-signals, P = 20 Pa
< ——— ArVIIl, 700.2 A
D 60 |-
g —— ArVII, 713.8 A
2 a0 —— NeViIll, 770.4 A
= —— NeVIll, 780.3 A
£ -100 |
(o]
E |
£ 120

-140

-160 A las s a3 Las s s a1 Las s s a3 La s s a3 ]

0 1 2 3 4 5
t, us
argon lines neon lines
700.2 and 7138 A 7704 and 780.3 A

duration 700 ns 500 ns
maximum intensity 700 W/sr 1200 W/sr 850 W/sr

energy 370 pJ/sr 400 pJ/sr 330 pd/sr



Maximum intensity, W/sr

Radiation energy, pJ/sr

Dependence of the maximum intensity of argon
and neon lines on the filling gas pressure.

1200 ta
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Dependence of the radiation energy of resonance
argon and neon lines on the filling gas pressure.
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Density of the photographic plate, Arb. units

Angular distribution of the radiation of the resonance ArVIll lines
at the gas pressure of 20 Pa and a discharge voltage of 10 kV.

0.2 (200pg!cm2) +5nm ALO, + 5 nm PbO,
200 +~ i 05
*® 04
2 03
% 0.2}
150 E o1}
00
400 500 600 700 800 900
2 A
45 300
100 L R -Sygnal
‘:‘:_ 0 . {200
— 3 Stﬁ"n, | =60kA | ¥
- 15 \ 100 ~
50 OF fpmee/ \ : per——— 0
Yot CEE Wi e T R
t s
0 !
-5 0 5 10 15 20 25 30

=> angle within which the plasma emits most intense and
uniform: ~0.16 rad => solid angle: 2 x 107 sr

=> minimum plasma length from which up the radiation of
the resonance argon lines becomes optically thick: 1 cm



Maximum intensity, W/sr Maximum intensity, W/sr

Maximum intensity, W/sr

Dependence of the maximum intensity of argon
and neon lines on the filling gas pressure
for different mixtures of argon and neon.
——ArVIl 7002 A ——ArVIl 7138 A

«—NeVIIl 770,4 A ——NeVIll 780,4 A

—_— , values measured in the discharges with pure argon or neon at the same
: conditions: U, = -700 V, entr./exit = 25/50 um, U =10 kV, p =20 Pa
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Time dependence of the electron density
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| — 6h - Sg, pm-signal
4- = = =Rogowski signal
L & current (30 kA in maximum)
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Messung von n.: Stark-Breite von ArVIII, Krlll,
geeicht im Gas-Liner-Pinch



Time integrated spectrum of the plasma
radiation at the argon pressure of 10 Pa
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ArIX,35eV,7x 10" em”, CRE
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EUYV lithography
Mo:Si and Mo:Be multilayer mirrors at 135 and 112 A

LiAA 2 => Tygoma 7

temissi”” z => high ionized ions With Tupn}"“m = Tpkuma

Boltzmann distribution of n,, =>
3 1/2
E —-E
ne 29’1()!7' £ 4 = kT cm_33
Ey Ey
where Ey = 13.6 eV => at Tyjgma =50 €V n, > 7-10*’ cm’

=> 7 along the plasma diameter > 5

Resonance doublet of KrIX: 115.4 A



Spectral energy, J/(sr A)

Spectral energy, J/(sr A)

Spectral energy of Kr and Xe radiation

0.35_| Kr,U=8kV,P=37 Pa, | =32 kA
o,so-
0,25 -
0,20 -
0,15 ||fl
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Too a2 10 qe0 a0 200 220
A, A
Xe,U=8kV,P=20Pa, | =32kA
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0,12 -
0,10 - .

100 120 140 160 180 200 220
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Radiation energy, pJ/sr Radiation energy, pJ/sr

Radiation energy, uJ/sr

Dependence of the radiation energy of resonance
argon and neon lines on the filling gas pressure
for different mixtures of argon and neon.

——AVII 7002A ——AVII 7138A ——NeVIl 7704 A —~+—NeVIll 780,4 A
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, values measured in the discharges with pure argon or neon at the same
; conditions: U, =-700 V, entr./exit = 25/50 um, U =10 kV, p =20 Pa
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Time dependence of Kr and Xe
radiation at 20 Pa
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Industrial application in lithography
Conversion efficiency is crucial : 't'd‘rgct 2%
Main‘reason: ' of electrodes sets a
limit
13.5 um wmu bt b yer ama’lﬂ“’é
Mo : S

S,ncd"u.e bamd wrdth 2
re. ©2/nm

Power at jmfer fmed:c'zﬁ fow-f
> /oo W

Debris pvoée""
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PVC with 0.37% Sn as stabilizer
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Inband radiant energy at 13.5 nm, (2% bandwidth)



