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TAGGEDPA B S T R A C T

Ionization in experiments where solid targets are irradiated by high irradiance extreme ultra-violet (EUV)
lasers is examined. Free electron degeneracy effects on ionization in the presence of a high EUV flux of radi-
ation is shown to be important. Overlap of the physics of such plasmas with plasma material under com-
pression in indirect inertial fusion is explored. The design of the focusing optics needed to achieve high
irradiance (up to 1014 Wcm�2) using an EUV capillary laser is presented.
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1. Introduction

TaggedPThe extreme ultra-violet (EUV) spectral range (10�100 nm) has
significant potential for a number of applications. EUV radiation is
being used to expose photo-resist for the latest generation of com-
puter chip manufacture [1] and purpose-built free electron lasers
operating in the EUV have been constructed [2,3]. A useful labora-
tory scale laser operating in the EUV at wavelength 46.9 nm has
been developed by Rocca et al.[4,5]. This 46.9 nm laser creates out-
put by compressing argon plasma in a capillary confined Z-pinch
arrangement. Lasing from Ne-like argon ions on a 3p-3s (J ¼ 0�1)
transition occurs by amplified spontaneous emission with laser out-
put up to 1 mJ energy in pulses of typically 1.5 ns.

TaggedPThe use of EUV lasers for the ablation of small-scale features in
solids has been explored [6,7]. The diameter dR of a focused laser
beam is determined by the wavelength λ of the radiation and the
numerical aperture NA of the focusing optic such that

dR ¼ Cf
λ
NA

ð1Þ

where Cf is a constant varying with the intensity and phase profile of
the focused laser beam with a minimum diffraction limited value of
Cf ¼ 2=p ¼ 0:64 for a Gaussian beam. A narrow focus can be formed
using EUV lasers due to the combination of the short wavelength of
EUV radiation and the ability to create optics with large numerical
aperture based on multi-layer mirrors. As well as enabling the abla-
tion of small features for applications, reducing the diameter of

TaggedPbeam focus enables higher irradiances to be produced. Harder x-rays
typically need to be focused using grazing-incidence optics which
limits the maximum numerical aperture possible and the size of
focus to a diffraction limited diameter of � 1.5mm [8]. EUV irradian-
ces from capillary lasers are now comparable to some optical laser
experiments (> 1010 Wcm�2; see [9]), with the potential to achieve
irradiances up to 1014 Wcm�2 with optimised focusing.

TaggedPThe plasma formed by lower irradiance (<1011 Wcm�2) EUV
capillary laser irradiation of solid targets has been investigated
[7,9�11]. The critical electron density for EUV wavelengths in the
range 10�100 nm ranges from 1025�1023 cm�3. Ionised solid materi-
als consequently have electron densities below the critical density,
so that the EUV laser light penetrates through ablated, expanding
plasma material and can interact directly with material at solid den-
sity. Absorption by direct photo-ionization as well as inverse brems-
strahlung occurs. The laser energy is deposited over a longer spatial
range and energy deposition is not concentrated near the critical
density as occurs with optical laser interactions. Consequently, a
greater mass/unit area of material is ablated. With the laser energy
spread over a greater mass of material, the temperatures achieved
are lower than for optical laser interactions, with significant mass of
material at solid density. An EUV laser produces a volume of warm
dense matter which during the laser irradiation has a large flux of
incoming radiation (the EUV laser itself).

TaggedPIndirect drive inertial fusion seeks to produce plasma in the pellet
shell and fuel at high density and moderate temperature which is
irradiated by a high flux of radiation from within the hohlraum [12].
We are seeking to explore the parallels between the plasmas created
in indirect drive inertial fusion and in EUV laser interaction with
solids. We have shown that the free electron degeneracy has a
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TaggedPdominant role in changing the ionization of plasmas created
by EUV radiation if the radiation intensity is sufficiently intense
(>1014 Wcm�2 [13]). In this paper, we first examine the effects on
plasma ionization likely to be observed when photo-ionization dom-
inates the creation of plasma material and then explore some of the
experimental issues in creating radiation dominated plasma using
capillary laser irradiation of solids.

2. The effects of free electron degeneracy on collisional and
radiative processes

TaggedPWe first examine the rates of photo-ionization and three-body
recombination in warm dense plasmas. The free electron quantum
states can become close to fully occupied which means that the elec-
tron energy distribution is given by the Fermi�Dirac distribution
rather than a Maxwellian distribution. The full occupancy of free
electron quantum states also means that transition rates may be
reduced as electrons cannot transition to occupied free electron
quantum states. We reduce the transition rates due to electron occu-
pancy by multiplying the necessary cross-sections or rate coeffi-
cients by blocking factors of form unity minus the occupancy of the
final free electron quantum state.

TaggedPIf the density is high and the temperature of a plasma is low, the
chemical potential associated with the near-full occupancy of free
electron quantum states is important. The chemical potential of the
free electrons is the energy required to add another electron per unit
volume to the free electrons. The chemical potential is found, in
practise, by integrating the Fermi�Dirac distribution containing the
relevant chemical potential, so that the total number of free elec-
trons in unit volume is correct.

TaggedPAs the chemical potential m is related to the electron density by
the requirement that an integration of the electron distribution
function over all energies gives the total free electron density ne,
we can write

ne ¼
Z 1

0
fFDðEÞdE ¼ 4ffiffiffiffi

p
p 2pm0kT

h2

� �3=2

I1=2ðm=kTÞ ð2Þ

where Im(hC) is the Fermi�Dirac integral of order m. We introduce
a reduced chemical potential hC ¼ m=kT and write for the Fermi�
Dirac integral

Im hCð Þ ¼
Z 1

0

xmdx
exp x�hCð Þ þ 1

: ð3Þ

The reduced chemical potential hC ¼ m=kT can be determined using
Eq. (2). We plot a scaling of electron density and temperature as
a function of the reduced chemical potential hC (see Fig. 1). The
vertical axis of Fig. 1 corresponds to constant adiabats.

TaggedPFor indirect drive inertial fusion design studies, the pressure of
the imploding fuel relative to the Fermi pressure of degenerate elec-
trons is kept below 1.7 [14] which corresponds to a reduced chemi-
cal potential hC > 1.5 (see [15]) . For EUV laser-plasmas, we can
deduce the chemical potential range from Fig. 1. Assuming an ioniza-
tion of Zav per atom and that plasma is formed at material density r
in units of g cm�3; the electron density in cm�3 is given by

ne ¼ rZav
1:67A

� 1024 ð4Þ

where A is the atomic mass of the target material. Eq. (4) and Fig. 1
show that it is relatively straightforward to create high density
plasma material using an EUV laser focused onto a solid target
which exhibits a reduced chemical potential in the range of interest
for indirect drive inertial fusion. Many elements at room tempera-
ture have r/A > 1/6 g cm�3 suggesting from Eq. (4) that their
use as targets for EUV laser ablation can enable electron densities of
ne � 1023 cm�3 with Zav � 1. For electron temperatures kT < 20 eV,
the corresponding reduced chemical potential NC > 1.5. This is the

TaggedPsame desired chemical potential range as required for indirect drive
inertial fusion.

2.1. Collisional ionization and three-body recombination

TaggedPA collisional ionization rate coefficient Kion evaluation requires a
knowledge of the differential cross-section s(E, E1) where we
assume, say, that the incident electron has an energy E and the
ejected electrons have energy E1 and E2 ¼ E�E1�Eion. We can
write [15] that

KionNe ¼
Z 1

Eion

2E
m

� �1=2

f ðEÞ
R E�Eion
0 sðE; E1Þ PðE1Þ PðE2Þ dE1R E�Eion

0 dE1

" #
dE ð5Þ

where the blocking factors P(E1) and P(E2) are appropriate for
the two ejected electrons. We assume that the initial bound state
has an ionization energy of Eion. The integrations in the square
bracket average the differential cross-section and blocking fac-
tors over the range of ejected electron energies (from zero
energy to the impinging electron energy minus the ionization
energy).

TaggedPWe can assume for an approximate treatment that the differ-
ential cross-section is constant with ejected electron energy E1
and simply varies as sðE; E1Þ ¼ sðEion;0ÞEion=E. With the assump-
tion that the differential cross-section is independent of the energy
distribution between the two electrons, the rate coefficient can be
written as

KionNe � 4ffiffiffiffi
p

p 2pm
h2

� �3=2 2
m

� �1=2

Eion sðEion;0Þ JionðEionÞ kT ð6Þ

with

JionðEionÞ ¼
Z 1

Eion

1

exp �m�E
kT

� �
þ 1

1
E�Eion

Iin dE ð7Þ

and

Iin ¼
Z E�Eion

kT

0
1� 1

exp �m�E1
kT

� �
þ 1

0
@

1
A 1� 1

exp �m�E2
kT

� �
þ 1

0
@

1
Ad

E1
kT

� �
: ð8Þ

The inner integral Iin is over the blocking factors for the two elec-
trons after the collision. For non-degenerate free electrons, the
solution of Eq. (7) is

JionðEionÞ ¼ exp
m�Eion

kT

� �
: ð9Þ

Fig. 1. The scaling of electron density ne in units of cm�3 and electron temperature kT
in units of eV as a function of the reduced chemical potential hC ¼ m=kT. At negative
chemical potential, the free electron degeneracy is not significant and there is log lin-
ear variation.
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