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Introduction Task statement
Simulating the emitting plasma requires the usage a self-consistent model that =|_ aser produced plasma based on tin or lithium Is considered as a
Includes gasdynamic equations, radiation transport equation, equation of state, source for EUV-lithography.
laser energy absorption equation and level kinetics. And of course, it iIs needed to »Solution of this problem requires a sufficient accuracy, since we are

have radiative properties of the plasma. In general statement it is a complex model.  considering a narrow spectral range (13.5 nm = 1%).

Various simplifications are often used. And one of these Is using of prepared tables »Comparison of steady-state approaches with an ‘exact’ solution of
of radiative properties (absorption coefficients and emissivities). This simplification non-stationary level kinetics in a self-consistent calculation with
gives a good gain in calculation time, because In this case It Is not needed to solve radiation gasdynamics Is presented.

a big system of level kinetics during RHD calculation, but the accuracy is unknown. *The goal of the work is to determine the effects which are lost when
In this work we try to compare a few methods of accounting level kinetics and using steady-state tables.

radiation transport with 1D-gasdynamics applied to EUV source problem.

The system of detailed level kinetics The ngmber of ion states which should be c_:onsidered for eler_nen_ts
- with high Z can be huge. For example, for tin the number of kinetic
()j(:s = — X, (Z R ok 1s +Z L siin s +ZTka,s-jﬂLme,s-Rku,s-ak,s Jrzllxk_l,s.lk_l,s.ﬁks +Zxk,s.Tks.ﬁk,s; equations is about of 100 00Q. It is necessary to solve this set in

: : : : : : each space cell and for each moment of time. It requires enormous

Recombinaticgn : lonization Bohund-b_ound transitions: Eadiative arsd collisional computing power even for a 1D gasdynamics. Therefore, it is
o r phr C. L 1 phi ai . . eX abs _ ex em . . .
Re g = ta™ +a7| e e =a +a™ +a™;| | = +a™, T, =a +a. necessary to use approximations that allow to reduce computing

time significantly.

Steady-state approaches: ] Non-stationary approach:

The system of level kinetics equations is solved inthe ~ ,5| T=10eV N Non-transparent | || Let us consider non-stationary solution of the system of level
stationary approximation with a fixed radiation field. YA =U"""" Ml kinetics. At Figure 3 is shown time dependency of ionization
Then, using obtained ion states concentration, the c ] — —F <\ | 1l for Li during the transition from plasma state with T=10 eV
tables of absorption coefficients and emissivitiesare § 15} / - “\~Jransparent | and Rho=1e-5 g/cc to a state with T=12.5 eV and Rho=9¢e-6
prepared. These tables are used in RHD calculations. 2 | Non-transparent in band U,=0 g/cc for 3 considered functions of radiation field. To reach a
Variants of the radiation field: |J = Planckinband T value of ionization corresponding to the steady state, it takes
1) Planckian (LTE or SAHA approximation); o5 “ Y e e I | P long time (a few ns in this case), but in RHD calculations
2) 0 (Transparent plasma); ol N temperature and density can change faster (~0.1 ns). And

3) Planckian in band (Non-transparent in band) 107 1072 107 107 107 0% 10 10°  10° || ysing steady-state tables, code will start from wrong initial

Density, g/cm3

data in the next time step. Errors will accumulated and
radiation spectra will be wrong (see right Figure 4).
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Realized in code SND RUSAM TABLE.
Figure 1. Isotherms of ionization for lithium, obtained in
All methods are very fast. steady-state approximation with Planckian, Planckian in

band and without radiation field il - Al 121-32'\\;: gﬂg;gg;gr'mni — -
Figure 1 shows that at densities less than 1e-4 g/cc there is a substantial difference between 261, e 1 & T -
LTE case and other cases. This difference in ionization of course leads to difference in radiation || . /1| // "M@m= ¢ | |
spectra. It Is very sensitive for EUV source problem where narrow spectral band is considered. 1 1/ S S S _
C gt FlQures. ]
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SND RUSAM in-line simulation results 2 e j st j
Calculation with the code SND_RUSAM shows that the usage of in-line technique (violet curves) "0 \\0'.5 '1 THE e 0 ‘ B 14 15
and steady-state methods (other curves) leads to similar distributions of plasma temperature and N e . ovelengh, im
. . . . D e . . Characteristic time step in  Time when steady- Difference in spectra between
dens'W- However, the ionization stage IS S|gn|f|cant|y different (See F'QU_re 4)- Elementary RHD calculation (~0.1 ns) state ionization is initial state and final state is
collisional and radiative processes has characteristic finite times. The Figure 4 clearly shows the reached essential
effect of "frozen ionization” associated with the fact that at low densities, the time of relaxation is || In-line method: In this approach during the radiation
much higher than the characteristic time of the problem, and plasma does not have time to gasdynamic calculation at each moment of time and in every
recombine. culati space cell the set of non-stationary level kinetics equations Is
3 5 — WO teStga Culations are solved. Realized in the code SND RUSAM IN-LINE. The
2.8 on-trangbarent in bend ¢ - A \ A & : - -
| iy oo I I [ 'S | presented. | method is very expensive.
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Figure 4. Evolution of ionization for Figure 5. Time dependency of — ghgarntion.
lithium target integral spectral purity for lithium
1 | ! T inline —— 25 ! — T T T T T 2
” Z‘ ,,,,,,,, N B (Y i, | The difference in ionization X
o7f ma ] * A\ stage leads to difference In >
g Ll W =ttt | radiation spectra. In EUV band 3
N B T L 12 Wl g\ o . e | there are difference in radiation £
o3 Il W\ 19 \  Tasae — | €Nergy for considered cases. ©
21 o A _ > Non_tranh?opﬁ-rt?g:&graennc’{ — That i1s whv spectral ouritv has Experiment o
01 et / -~ pie — | 1 N1ALIS WY Specal pUrily _ Calculation ——
O e 13 155 12 14s 15 1 0 >0 0 o0 a big difference (Figures 5,7). 0 ' ' |
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Figure 6. Calculated spectra and Figure 7. Time dependency of Experimental data: Takeshi Higashiguchi, Keita Kawasaki, Wataru
ISAN i | for ti i | | purity for ti - ’ ’
> _experlmenta §pectra or tn integra sp_ectra purtty or.tln _ L _ o Sasaki and Shoichi Kubodera, Enhancement of extreme ultraviolet
Selfconsistent solution of the system of non-stationary detailed level kinetics in-line with radiative emission from a lithium plasma by use of dual laser pulses. Appl. Phys.
gasdynamics allows to get the correct ionization state of non-equilibrium plasma and more Lett. 88, 161502 (2006); http://dx.doi.org/10.1063/1.2195904
precise spectrum (see Figure 6).
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