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Estimation of the Lyman-« line intensity in a lithium-based

discharge-produced plasma source

Majid Masnavi, Mitsuo Nakajima, Eiki Hotta, and Kazuhiko Horioka
Department of Energy Sciences, Tokyo Institute of Technology, 4259 Nagatsuta, Midori-ku,

Yokohama 226-8502, Japan

(Received 6 September 2007; accepted 27 October 2007; published online 7 January 2008)

Extreme ultraviolet (EUV) discharge-based lamps for EUV lithography need to generate extremely
high power in the narrow spectrum band of 13.5+0.135 nm. A simplified time-dependent
collisional-radiative model and radiative transfer solution were utilized to investigate the
wavelength-integrated Lyman-« line light outputs in a hydrogen-like lithium ion. The study reveals
in particular that a steady-state or magnetically confined lithium plasma radiates in the desired
spectrum band not less than 1 kW in 27 sr even at an ion density region as low as 10'7 cm™.
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I. INTRODUCTION

Recent advances in the field of extreme ultraviolet
(EUV) lithography'™ have revealed that laser-produced
lithium (Li) and tin (Sn) plasmas or discharge-produced Sn
plasma are source candidates for next-generation
microelectronics.* ™ In spite of impressive progress in the
development of discharge EUV sources over the last several
years,M0 only Sn plasma demonstrated large conversion ef-
ficiency (CE) of input power to emission in 2% bandwidth
centered at the wavelength A=13.5 nm, the so-called in-
band radiation. On the other hand, there are significant mo-
tivations for the interest in Li due to its pure spectrum and
the lower energy ion generation in which it reduces debris
problems significantly. In addition, considerably lower elec-
tron temperature (7,) satisfies the condition to generate a
required Li charge state that makes it possible to utilize vari-
ous sources. Though there are many experimental results on
Li, most of the previous works were performed in Z
discharge-based plasmasj’11 in which the commonly ob-
served low CE or in-band power is mainly due to the tran-
sient nature of such devices. In other words, for enhancing
CE and output power of Li plasma, it is crucially important
to prolong emission duration owing to its long radiative cool-
ing time compared to Sn plasma.lz_14

For high volume manufacturing, a high-repetition source
having extremely high in-band power (=180 W) in the in-
termediate focus corresponding to =1 kW in 27 sr by a
point-like plasma3’10’15 is in demand. In this work, we are
interested in estimating in-band power in nonlocal thermo-
dynamic equilibrium (non-LTE) Li plasma. Thereby, we
have calculated level populations and line intensities of vari-
ous transitions by using a simplified zero-dimensional time-
dependent collisional-radiative model (CRM) and some ap-
proximate solution methods of radiative transfer equations.

A computational model and assumptions are described
briefly in Sec. II. The calculation results are presented and
discussed in Sec. III for conditions relevant to EUV dis-
charge plasma sources. This is followed by the conclusions.
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Il. CALCULATION MODEL AND ASSUMPTIONS

Figure 1 shows a schematic energy level diagram of Li
charge states taken into account in our study. The CRM in-
volves all of the electric dipole transitions in Li- and helium
(He)-like ions based on the unresolved transition arrays
(UTAs) framework of the Hebrew University Lawrence Liv-
ermore Atomic Code (HULLAC).'®!7 Since the output of the
HULLAC is in a jj-coupling scheme, it is recognized as an
LS-coupling scheme. For hydrogen (H)-like Li, calculation
was carried out using the necessary atomic data of fine struc-
ture cited in the database of the National Institute of Stan-
dards and Technology.18
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FIG. 1. Simplified energy level diagram of Li charge states taken into ac-
count in the calculation. The principal quantum number n(n') and the orbital
quantum number (/") for charge states including the autoionizing levels are
shown. The ionization potentials (/,) are taken from the HULLAC. The
notations of Au and Di are, respectively, autoionization and dielectronic
processes. The in-band emissions, namely the Lyman-« lines light outputs
of 2psp-ls;, (wavelength A=13.501297 nm) and 2p;,-ls;, (A
=13.501 837 nm) transitions in a H-like charge state, are calculated.
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The CRM describing population distribution of atomic
states can be written as

d
ZNi=EMjiNj—EMijNi+F, (1)
J J

in which N is the column vector of the energy level popula-
tions, M;; (s71) is the rate describing a transition from state i
to j, and I represents sources of the states. It is assumed that
I'=0. In CRM, all of the important atomic processes in dis-
charge plasmas involving electron collisional ionization (1),
autoionization (£)), electron collisional excitation (C) and
deexcitation (D), spontaneous radiation (A), and recombina-
tion (IT) are included. Under the aforementioned assumption,
Egq. (1) for the population density N7, i.e., the number density
of level i of an ion of charge state Z, can be rewritten as
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in which n, is the electron density, 7 is the optical depth in
the spectral line center, and [1=o'+ o’ + o+ af/ n,. Here, o/,
o, &, and of are, respectively, the three-body, radiative,
dielectronic, and single electron capture charge-exchange re-
combination rate coefficients. The effect of opacity on level
population is calculated by reducing the radiative decay rate
by a factor equal to the escape factor (). The summations
include levels within the same charge state for C, D, and A,
and among adjacent charge states for 7y, (), and II. The no-
tation j > refers to levels j that have energies greater than
that of level i. The subscripts ji refer to rates from level j to
level i. The matrix M in Egs. (1) and (2) using the notations
of S, X, R, Y, and K is illustrated in Fig. 2. Equation (2) in a
matrix form is easy to solve by a number of computer pack-
ages. Due to the nature of the problem, we used the MATLAB
ODE suite of codes. Because Eq. (2) includes the opacity
effect, the populations are calculated itelratively.]9 The elec-
tron density is determined self-consistently using the

quasineutrality condition as n,=Z n;. Here, n,=>3N? is the
total ion density and Z is the average ionic charge state.

Details of rate coefficients used in these calculations will be
discussed elsewhere. In brief, we assumed that «“=0 and the
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FIG. 2. General form of the matrix M in Eq. (2) using the notations of S, X,
R, Y, and K. It is assumed that the column vector of level populations is
given by N=[N"* NO* NO N Ng N3 N3 ONTT
in which 7 denotes the transpose of the vector. The N includes m Li-like (0*)
levels, n He-like (17) levels, and [ H-like (2%) levels as shown in M. Here,
a=m+1, B=m+n, y=m+n+1, d=m+n+I[, and p=m+n+I[+1. In our cal-
culation, m=86, n=87, and /=34. The appropriate zero elements in M cor-
respond to atomic processes, in which they couple Z to a Z+2 charge state,
such as double ionization or double charge-exchange recombination. Such
processes are rare and hence are ignored. Please note that the M is the
Jacobian of Eq. (2) and is usually sparse; it should be filled based on the
density and temperature history. Equation (2) in a matrix form, namely
dN/dt=MN, can be solved by using the MATLAB software even for a large
number of atomic states.

Maxwellian energy distribution for plasma electrons. The
rate  coefficients are approximated by empirical
formulas.'” ' The excited states of adjacent charge states
could be coupled to each other by ionization and recombina-
tion processes as shown in Fig. 2. However, Bernshtam et al.
pointed out that* the difference between the empirical Lotz
formula for the cross section of direct electron impact ion-
ization among excited states of adjacent charge states com-
pared to the distorted-wave calculation may become impor-
tant for transient plasma with rapidly varying parameters.
Please note that such an extremely transient condition is not
relevant here. Nevertheless, based on these results and fol-
lowing Ref. 19, the ground and excited states having ener-
gies less than the ionization potential of stage Z are coupled
to the ground state of ionization stage Z+1 by vy and vice
versa the recombination processes of o' and «'. The autoion-
izing states of stage Z are coupled to levels that might be an
excited state of ionization stage Z+1 by (), in which ) was
taken from the HULLAC, and the corresponding dielectronic
captures are treated by using the detailed-balance relation.

lll. RESULTS AND DISCUSSION

Under the LTE hypothesis, the radiation of thermal light
sources is governed by the fundamental laws of thermody-
namics. Their intensity and spectral distribution can be de-
termined using Kirchhoff’s law of absorption-emission and
Planck’s equation, respectively.14 In general, the LTE as-
sumption is not expected to be valid in the optically thin
region relevant to discharge-based EUV sources. However, it
allows us to calculate the maximum attainable or limiting

Downloaded 27 Jan 2008 to 131.112.125.105. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



013303-3 Masnavi et al.

7%

‘.\\ (a) _\/-9/
= ok T
N 7
N /

708 ;
o 5 77 75 PO 25 30
A frr77 ]
707
e 10

“u' 705
E 7o
E 107
X o2

77
ro?
o 5 70 75 20 25
7 fel/

FIG. 3. (a) Bvs \: (1) T=10 eV, (2) 15 eV, and (3) 20 eV, respectively. The
in-band region is shown as a reference. (b) In-band power IB of a single line
at A=13.5 nm, in which the line broadening is assumed to be due to the
Doppler effect. This assumption gives the lower bound of the in-band
power. The full width at half-maximum Doppler widths, for example, at T’
=10 and 15 eV, are, respectively, 1.34 X 107> and 1.64 X 1073 nm, which are
much narrower than the in-band region. (b) shows that a blackbody source
having length=0.4 cm and radius 0.04 cm radiates the in-band power of
600 and 1.5X 10* W in 27 sr at T=10 and 15 eV, respectively.

level of emission for a sufficiently opaque plasma. The spec-
tral exitance B (W cm™2 nm™') of a black-body radiator ver-
sus wavelength \ is shown in Fig. 3(a) at different tempera-
tures of 7=10, 15, and 20 eV. Please note that Planck’s
equation (i.e., the line source function in the LTE situation)
does not give information on the width of the spectral line.
Thereby, to estimate the minimum in-band power IB (i.e., the
power per unit area, integrated over the line profile in watt/
square centimeter units), it is assumed that dominant line
broadening is due to the Doppler effect using the ion tem-
perature T;=T. Figure 3(b) shows the in-band power of a
blackbody radiator having a single line at A=13.5 nm, inte-
grated over the Doppler line profile versus 7. This is the
lower bound of the in-band power for the blackbody radiator
due to the assumption of the Doppler profile. It is expected
that, for example, the opacity broadening due to the transport
of radiation through the plasma increases the linewidth.
The CRM is used to investigate the Lyman-a (hereafter
Ly,) emission in non-LTE Li plasma. Figure 4 shows the
base 10 logarithm of g;A;; (the statistical weight g; of upper
state j times the radiative decay rate) modeled spectra of the
Li charge states versus A. As mentioned in Sec. II, the atomic
structures of Li-, and He-like charge states are based on the
UTA formalism.'® Thus, the line positions in Figs. 4(a) and
4(b) represent the mean wavelengths of UTA. Since the con-
figuration energy widths of the UTA are much smaller than

the thermal energy, it is expected that it gives us an accurate

results of Z, at least in the density region discussed here.”

Please note that all of the transitions in Fig. 4(a) and the
transitions having A <15 nm in Fig. 4(b) originate from the
autoionizing states. Although the well-known satellite lines
originating from transitions in a He-like ion (e.g., 2pnl-1snl,
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FIG. 4. The base 10 logarithm of g;A; vs \: (a) Li-like (Li%), (b) He-like
(Li'*), and (c) H-like (Li**) charge states. The Li- and He-like charge states
are based on the UTA formalism of the HULLAC. The in-band region is
shown as a reference. All of the transitions in (a) and the transitions having
N<15 nm in (b) originate from the autoionizing states. We ignored a pos-
sible contribution of the He-like ion to the in-band region. The line intensi-
ties are proportional to g;A; values in sufficiently high density plasma, when
the population of excited states approaches a Boltzmann distribution.

particularly of those with n=3) may overlap with a H-like
Ly, line,”" we ignored such a contribution of a He-like ion in
calculation of the in-band power.

To investigate the ionization balance of Li charge states
versus n; and T, the time-dependent CRM is used. Since the
electron-ion collision time is short in the density-temperature
region discussed here, it is assumed that T;=T,. Figure 5(a)

shows a typical calculation of fractional abundance f and Z
versus time ¢. The initial level population N is calculated at
equilibrium condition for 7,=0.1 eV and n;=10'8 cm™.
Then, it is assumed that 7, jumps to 12 eV, instantaneously,

at constant 7;. The time evolution of n, is proportional to Z.
The ion fractional abundances practically achieve equilib-
rium at =1 us, as can be seen in Fig. 5(a). That means if the
plasma suffers a fast heating process such as shock wave

heating, the ionization state distributions and consequently Z
do not correspond to 7, until that time. Both lag behind 7,
due to the relaxation effect of different ionization states, in
particular in the low density regime relevant to discharge
EUYV sources. Note that the population of each charge state is
fXn;. The ionization potential lowering is not addressed in
the present calculation due to its negligible effect within our
temperature and density range, in particular for He- and
H-like charge states. Using the same calculation method de-
scribed for Fig. 5(a), the ionization balance and Z vs T, at
different 7,=10'7 and 10'® cm™ are estimated as shown in
Figs. 5(b) and 5(c), respectively. Figures 5(b) and 5(c) indi-
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FIG. 5. (a) Time evolution of Li ion fraction f (solid lines: left ordinate) and

Z (dashed line: right ordinate). The initial column vector of level popula-
tions is calculated at equilibrium condition for 7,=0.1 eV and n;

=10'® c¢m™3. The initial Z is =107". It is assumed that 7, jumps to 12 eV,
instantaneously, at constant n;. The ion fractions reach equilibrium at
=1 us. (b) Ion fractions of Li at equilibrium vs 7,. (1) He-like, (2) H-like,
and (3) fully stripped charge states. The dashed and solid lines represent the
calculation results at 7,=10'7 and 10'® cm™, respectively. The ion fractions

at given T, are calculated by the same method as illustrated in (a). (c) The Z
corresponding to (b) vs 7, namely at equilibrium condition.

cate that the equilibrium value of H-like ion fractional abun-
dance becomes maximized at 7,=10 eV. This is in agree-
ment with the results of CRM using a steady-state
assumption as described in Ref. 24, in particular in the low
density region.

In pinch-type EUV sources, a high-energy-density
plasma is formed by an electromagnetic implosion accompa-
nied by a shock wave. At the final phase of implosion, the
plasma temperature increases rapidly due to the thermaliza-
tion of kinetic energy that is considered as a dominant heat-
ing process, under a condition of almost constant total ion
density. The electrons are heated by hot ions to the required
temperatures, and subsequently the plasma decays due to the
hydrodynamic expansion. Thereby, it is clear that a realistic
modeling of time-integrated in-band radiated energy would,
in principle, require at least information about ionization dy-
namics of Li plasma and the plasma temperature-density his-
tory. These calculations can be carried out, but they shift the
focus of the investigation to fluid dynamics and a given
pulsed-power driver.” Because we are interested primarily in
the kinetics behavior of Li plasma, we focus our efforts
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FIG. 6. (a) Time evolution of (1) 2p,, and (2) 2p;, level populations of the
H-like stage (solid lines: left ordinate). A Gaussian-like profile is assumed
for T,(¢) (dot-dashed line: right ordinate), in which after a few nanoseconds
it sharply increases to a maximum value of =72 eV. It is assumed that
T,(t=0)=0.5 eV and T,(r=55) ns=0.5 eV. The last is assumed to calcu-
late the recombination phase of a H-like ion. The calculation is carried out at
constant 7,=10'8 ¢cm™. The Z (dashed line: right ordinate) is also shown
where it is multiplied by a factor of 10 for a better view. (b) The half-
calculated time-integrated radiated energy E* based on (a) vs N over the
region 10—-15 nm. The spectrum is convoluted with a Gaussian profile of
0.02 nm FWHM. The total in-band energy is =3.3 mJ in 27 sr. Inside of
(b), the half-value of the instantaneous in-band power (P"*/2) of Ly, lines
radiated at £="7 ns (solid lines: in ionization phase) and 50 ns (dotted lines:
in recombination phase) is shown as a stem plot. A cylindrical plasma hav-
ing a radius of 0.04 cm and a length of 0.4 cm is assumed. (c) The total
in-band energy E; vs T, at n;=5% 107 (dotted line) and 5% 10" cm™
(solid line). The Ej, at given T, is calculated by the same method as illus-
trated in (a) and (b). The time history of T, is kept constant, however its
maximum value is changed. The calculation is carried out until 100 ns.

within the framework of zero-dimensional CRM. We now
present some calculations that might be considered as a first
approximation on the value of the in-band emission in tran-
sient EUV Li sources. Although the equilibrium value of the
H-like stage becomes maximized at 7,= 10 eV, in the tran-
sient case it might be observed at much higher Tg.26

Figure 6(a) shows the temporal dynamics of 2p,,, and
2p3, level populations of the H-like stage in a transient case.
A Gaussian-like temperature profile is assumed for the elec-
trons at a constant 7;=10'® ¢cm™. The dot-dashed curve in
the figure shows the temperature profile used with the tem-
perature scale on the right of the figure. Its full width at
half-maximum (FWHM) is assumed to be =20 ns, which

Downloaded 27 Jan 2008 to 131.112.125.105. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



013303-5 Masnavi et al.

corresponds approximately to the time-scale characteristic of
the Bennett equilibrium, i.e., the mean Alfvén transit time.”’
Please note that in some pinch-type EUV sources, the
FWHM of T, could be longer than this time due to the ex-

perimental conditions; see, for example, Ref. 11. The 7 is
also shown in Fig. 6(a), where it is multiplied by a factor of
10 for a better view. The time-integrated radiated energy for
the emission between the upper state € and the lower state &
is E.. (Joule in 44 sr) =f Pﬁg(r)dt, in which the instantaneous
power for the emission line could be determined using a
well-known  formula  as Pﬁ;’ (watt in 4 sr)
=N_ (D) (1A ,hcV/IN,.>" Here, h is Planck’s constant, ¢ is the
light speed, and V is the volume of plasma. The notation o
in P"” means the first formula that we used to estimate radi-
ated power in the present calculation. The half-calculated
time-integrated radiated energy based on Fig. 6(a) after a
convolution by a Gaussian profile of 0.02 nm FWHM,
namely E* (J nm™! in 27 sr), is shown in Fig. 6(b) versus \
over the range 10-15 nm. We calculated the P"* and E using
an escape probability factor for a pure Doppler profile line.
For cylindrical geometry, values of the Doppler profile es-
cape factor have been calculated by Bhatia and Kastner,”®
and expressed for convenience as the logistic function
= a, /{1 +exp[ a,(log Tp—a3)]}, where for the normal to cy-
lindrical axis a;=1.001 0796, ®,=2.3212136, and aj
=0.223 355 45. Here, 7 is the optical depth in the center of
the Doppler profile. The effect of opacity among excited
states is also calculated. To estimate the opacity effect, it is
assumed that the photon path length or plasma radius R
=0.04 cm is constant. According to the étendue limit
(=3.3 mm? sr),” the plasma length is assumed to be 0.4 cm.
The assumption of a pure Doppler profile line might be a
good approximation in the low density regime relevant to
discharge EUV sources because, for example, the FWHM
Stark widths of Ly, lines within the framework of Griem’s
semiempirical approach30 are approximated to be 4.5
X 10™ nm at n,=10" cm™ and 7,=10 eV, whereas the
FWHM Doppler widths are 1.3 1073 nm. Inside of Fig.
6(b), half of the instantaneous in-band power P" of Ly,
lines radiated at t=7 and 50 ns is shown versus N. The
in-band radiated energy Ej; vs T, at n;=5X10'7 and 5
X 10" cm™ is shown in Fig. 6(c). The E;, at given T, is
calculated by the same method as described in Figs. 6(a) and
6(b). The time history of T, is kept constant, however its
maximum value is changed. Figure 6(c) shows that for T,
=50 eV, the E;, reduces mainly due to the shorter ionization
time of the H-like stage. Figures 6(b) and 6(c) reveal that
although the instantaneous in-band power in ionization and
recombination phases is high (=10° W in 27 sr), the total
in-band radiated energy for short-lasting Li plasma is very
low. This conclusion is qualitatively in agreement with the
experimental measurements in short-lasting Li plasma; see,
for example, Ref. 7. Please note that in general, a typical
discharge transient non-LTE plasma source presents strong
temperature and density gradients. Thereby, the assumption
of perfect homogeneity of the plasma is somewhat question-
able. However, we think that this fact does not change our
conclusion.

As stated in Sec. I, line emission is calculated based on

J. Appl. Phys. 103, 013303 (2008)

3
[N
37

[
V%
SV S Wern -

‘(/— (4) {7

;7

< (9

1077

D

ez
7 em 3/

1919

FIG. 7. The radiated power resulting from the 2p,,-1s,/, and 2p5/,-1s,, line
transitions vs n; for constant 7,=10 eV at steady-state condition, in which
they are calculated based on two approximate solution methods of the ra-
diative transfer equation. To estimate the opacity effect, it is assumed that
the plasma radius R=0.04. The steady-state level populations are calculated
using the same method as illustrated in Fig. 5(a). The bold solid lines are as
follows: the P calculated on transitions (1) 2p,, and (2) 2p;, to the
ground state with the scale on the left of the figure. The dotted lines: (3) and
(4) are, respectively, the PV calculated on the aforementioned transitions
with the scale on the right of the figure. The light solid lines in the figure
correspond to the bold lines of (1) and (2), in which they are calculated
using the assumption of F=1.

two approximate solution methods of the radiative transfer
equation. The first formula used here, which we call Pho_is
described in the last paragraph, in which it is expected to
have a small error, at least for a strong spectral line.”' The
second solution is based on the integrated spectral exitance
on the line profile emerging in a normal direction from a slab
medium with an assumed spatially constant source function,
which we call P°¢. The P°¢(W cm™2) between two levels can
be written as Pé=mE W, in which Z is the non-LTE source
function and W is the equivalent linewidth."**'2 In this for-
mula, the total broadening of spectral lines will be affected
by a combination of opacity effects and broadening mecha-
nisms inherent to plasma (e.g., Stark and Doppler). We ig-
nored natural line broadening, which becomes important
only at extremely low temperature and density region. Note
that opacity effects include modifications to line intensities
as well as to linewidths. Here, a pure Doppler profile line is
assumed. Thereby, the W can be written as W=ANpF, in
which A\, is the FWHM of the Doppler profile line and F is
a dimensionless function of the TD.31’32 Please note that F'is
equal to the line-center intensity factor multiplied by a cor-
responding half-width as defined in Ref. 32.

Radiated powers resulting from the 2p;,-1s;, and
2p3/5-151, line transitions versus n; at constant 7,=10 eV, in
which they are calculated using both approximations, are
shown in Fig. 7. The steady-state level populations are cal-
culated using the same method as illustrated in Fig. 5(a). The
bold solid lines in Fig. 7 are as follows: the P“¢ calculated on
transitions (1) 2p,,, and (2) 2p;,, to the ground state with the
scale on the left of the figure. The dotted lines, namely (3)
and (4), are, respectively, the P per plasma volume V cal-

Downloaded 27 Jan 2008 to 131.112.125.105. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



013303-6 Masnavi et al.

culated on the aforementioned transitions with the scale on
the right of the figure. A comparison among powers on dif-
ferent transitions reveals that the calculation results based on
the P" and P°¢ are approximately in agreement for a given
plasma dimension, however the P"*° somewhat overestimates
compared to the P°¢. The light solid lines in Fig. 7 corre-
spond to the bold lines of (1) and (2), in which they are
calculated using the assumption of F=1. Although this is not
a mathematically correct assumption in the framework of the
formula for P4, it allows us to compare non-LTE and LTE
source functions. Note that the 7,=2 gives F=1. The Ly,
lines become optically thick quite easily, for example 7,
=6 at ;=107 cm™, T,=10 eV, and R=0.04 cm. A com-
parison between the light solid lines in Fig. 7 and Figs. 3(b)
at T=10 eV shows that the non-LTE source function in our
calculation is less than the LTE case, namely in the case of a
blackbody radiator, even at n;=10" cm™. Note that for n,
=5x% 10" cm™, the Voigt parameter a=\In 2(AN,/ANp)
=0.14. Here, A\, is the FWHM of the Lorentz profile line.
In such a situation and in homogeneous plasma in which
self-reversal does not develop, a higher power is expected
compared to values as shown in Fig. 7, due to the enhance-
ment of W and the escape factor.****%3 Nevertheless, we are
interested primarily in the lower density region.

The total in-band power in 27 sr per plasma length (L)
resulting from the 2p;,,-1sy,, and 2p5),-1s), line transitions
versus T, and n; is shown in Figs. 8(a) and 8(b), respectively.
It is assumed that the plasma radius is R=0.04 cm. Note that
the P (W cm™2) and P/ V (W cm™) are in different units,
that is, the first one depends on the plasma area and the
second on the plasma volume, as shown in Fig. 7. Thereby to
make the same units, we define P°/L=P° X 2mR and P"/L
=P" X 7R?/V. The P°/L and P"/L are in watts in 4 sr per
centimeter units. Therefore, the P, (W cm™' in 2 sr)
=P¢/2L and P, (W cm™" in 27 sr)=P"/2L in Fig. 8 should
be multiplied by L (cm) to obtain total in-band power radi-
ated in 27 sr at a constant R. The dotted and solid lines in
Fig. 8(a) show the calculated value for P, and P, vs T, at
n;=5x 10" and 5% 10'"® cm™. The dotted and solid lines in
Fig. 8(b) show the calculated value for P, and P, vs n; at
T,=11 and 15 eV. To find out the population distribution at
steady-state condition, the same calculation method as dis-
cussed for Fig. 5(a) is carried out. Figure 8 reveals that at
high density, the results of P; and P, are almost the same. In
the high density and temperature region, the in-band power
of Li plasma is high, as can be seen in Fig. 8(a). For ex-
ample, the solid line (2) in Fig. 8(a) shows the total in-band
power Py XL=80 kW in 27 sr for n;=5X10'® cm™, T,
=20 eV, and L=0.4 cm. Imaging a long-lived plasma is
possible, that is, radiation time #,=5 us. In such a situation,
the Li plasma can radiate in-band power P;XLXt.Xv
=1200 W in 27 sr using a v=3 kHz repetition-rate pulsed-
power driver. One possible method to make such a high den-
sity, temperature, and long-lived plasma might be the hypo-
cycloidal  pinch apparatus.34 However, the unique
characteristics of such a device should be investigated and
verified. An inspection of Figs. 8(a) and 8(b) reveals that a
steady-state or magnetically confined Li plasma could also
be an efficient EUV source even in the low density region.
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FIG. 8. The total in-band power in 27 sr per plasma length (L) resulting
from the 2p;,-1s,,, and 2ps3,-1s,,, line transitions: (a) vs 7, and (b) vs n;.
Here, it is assumed that R=0.04 cm. The steady-state level populations are
calculated using the same method as illustrated in Fig. 5(a). The dotted line
(1) and solid line (2) in (a) are calculated using the P; (left ordinate) at n;
=5%10" and 5% 10" cm™, respectively. Two other lines, namely the dot-
ted and solid lines, correspond to the power estimated using the P, (right
ordinate) at n,=5X 10" and 5% 10'® ¢cm™, respectively. The lines in (b)
have the same definition, however they are calculated at 7,=11 and 15 eV,
respectively. The P, and P, are, respectively, calculated using P°¢ and P°.
Please note that the value of P; and P, should be multiplied by the plasma
length L (cm) to obtain total in-band power radiated in 277 sr at a constant R.

The dotted line (1) in Fig. 8(a) gives the P; X L=10 kW in
27 st for n,=5%X10" cm™, T,=20 eV, and L=0.4 cm.
Also, the solid line (2) in Fig. 8(b) shows the P, XL
=1 kW in 2w sr for n,-=1017 cm™3, T,=15 eV, and L
=0.4 cm. Please note that the magnetic field in the region of
1=B=4 T is enough to trap such a plasma, namely, the

mean beta value B=2uokT,n,(1+Z)/B>=1 under assump-
tion of 7,=T;. Here, parameters have their usual meaning.
Such a magnetic field could be generated by discharging a
capacitor bank through a magnetic field coil or even by using
permanent magnets. It should be noted here that we calcu-
lated and compared the power in the low density region to
the available theoretical results of the Atomic Data and
Analysis Structure (ADAS) and Los Alamos National Labo-
ratory (LANL) suite of codes, as pointed out in Ref. 24. We
found a good agreement among the results, although our cal-
culation somewhat underestimates the power. A possible in-
teresting venue where these results may be applied will be in
confined plasma by magnetic fields in cusp-shaped configu-
rations, or, in particular, in pinch-cusp devices.”>® Such in-
vestigation is in progress in our laboratory, but the details are
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FIG. 9. Ton fractional abundance of H-like Li (Li**) vs donor ion density n,,
namely the density of the neutral Li beam. The relative velocity between the
atom-ion undergoing charge exchange is assumed to be v=10" cm/s. Here,
the constant ion density of 7,=10'7 ¢cm™ is assumed. The lines (1) and (2)
are calculated at 7,=10 and 12 eV (left ordinate), respectively, and the solid
line (3) at 7,=8 eV (right ordinate).

beyond the scope of the present study. To make such a
plasma, it seems that plasma loss should be compensated by
Li injection. Up to now, it was assumed that «“=0. The
expected effect of charge-exchange recombination on ioniza-
tion balance due to the injection of neutral Li might be esti-
mated in the framework of the classical overbarrier
model.**"*® The cross section of charge transfer due to
atom-ion collision can be written as o(cm?)=2.7
X 10715(2\Z+1)2. Here, it is assumed that the donor atom is
neutral Li (Ip=4.92 eV) and Z is the charge of the acceptor
ion. Thereby, the rate coefficient o (s™')=noW,,, in which
ng, is the donor atom density, v is the relative velocity of the
atom-ion, and W, is the [-distribution probability factor as
discussed in Ref. 38. Considering a Li plasma already
formed, the effect of charge-exchange recombination on
H-like ion abundance versus n, due to the injection of a
neutral Li beam having constant density is shown in Fig. 9.
Here, it is assumed that v=10" cm/s, and single charge
transfer among neutral Li and other charge states is calcu-
lated. Figure 9 reveals that although the effect of charge-
exchange recombination is high, in particular in high n,; and
v, our result seems to indicate that in such a situation a few
higher electron temperature compared to Fig. 5(b) is enough
to obtain approximately the same average ion charge state as
well as the in-band power.

IV. CONCLUSIONS

Using a simplified time-dependent collisional-radiative
model and two approximate solution methods of the radia-
tive transfer equation for an isotropic Li plasma, we have
calculated the Lyman-« lines in-band power versus ion den-
sity and electron temperature for conditions relevant to EUV
discharge plasma sources. The calculation results show that
the total in-band radiated energy for short-lasting transient Li
plasma is very low, even at high density and electron tem-
perature. Thereby, it is expected that the inherent conversion

J. Appl. Phys. 103, 013303 (2008)

efficiency of Li plasma in such a situation also becomes low
owing to its long radiative cooling time. Our results show
that a long-lived Li plasma (=5 wus) in the high ion density
(=5x%10" cm™) and electron temperature (=20 eV) re-
gion has the potential to radiate in-band power not less than
1 kW in 27 sr by using a pulsed-power driver having a 3
kHz repetition rate. One possible method to make such a
high density, temperature, and long-lived plasma might be
the hypocycloidal pinch apparatus. The analysis shows in
particular that a steady-state or magnetically confined Li
plasma could also be an efficient EUV source even in the
low density and temperature region. An in-band average
power not less than 1 kW in 27 sr is expected in the ion
density n;>10'7 cm™ and electron temperature 7,> 10 eV
region. A possible approach to make such a long-lasting Li
plasma could be a combination of both pinch-cusp configu-
rations.
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