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Abstract from the sold density region of the targetmetaL(See
Figure 13 Soft X-rays having peak energiestear 300 eV
areproducedin themaximal absorptionregion.

Oneof thegoals of soft X-ray projectionlithography
(SXPL) is to devise laserplasmaX-ray sources that
minimize or entirelyeliminatecondensed debris. Our
progress in developing a computationalmethodology
foranalyzingandpredicting the formationof target
debris in lasergeneratedsoft X-raysources is pre_ented.
OurnumexicalaPlm3achrequires(1) simulationof the
laser/targetinteractionusing theLASNEX radiation
hydrodynmnicscode; (2) simulationof the
thermomechanicalresponseof the targetusing the CTH

strong shock code; (3) and detailed debrispredictions Pe
from extrapolationof CTH resultsto millisecond time
scales via post-proce_ing techniques.We will discuss
scaling issues, give examples of calculations, and Figure 1. Schematic of laser pulse absorption.
discuss experimentaldata.

X-ray ablationof the metal target ocetu,s, producing

Summary of Debris Formation additional plasma and creating a highablation pressure
at the nominalsolid density/plasma interface. By this
process, kineticenergy is delivered to the solid body of

The compact laser plasm X-ray sources that we are the target.After the completion of the laserpulse, the
concerned with in this paperhavebeen documentedby residualtargetkineticenergy producesmaterial
Kubiak,et al. [3,4]. Wewill startwith an informal deformationwhich is similarto a hypervelocity impact
discussion of thephenomenology of debris production event [5]. A crateris formed, along with a variety of
in such sources, ejeOa. Dependingon pulse characteristicsand material,

Briefly,we employ 248 lainKrF lasersources, with this ejecta can vary from solid fragments to material
pulse durations of approximately 20 to40 ns FWHM, occupying thermodynamic states in the mixed liquid/
approximately 100 lainradius spot sizes, and up to I vapor region.
Joule pulse energies to yield laser pulse intensities on The plasma plume formed during the laser pulse
the order of 1011watts/cre2. Suchpulses are delivered to absorption and subsequent ejecta from the condensed
a variety of metal targets, including tin, gold, tungsten, target createthe debris which complicates the use of
and tantalum.At intensities of 10li W/cre2, inverse these X-ray sources for lithographic applications. By
bremsstrahlungdominates thepulse absorption,which degradingthe efficiency of the X-ray optical
occurs at the criticaldensity Pein a plasmaregionoffset components that areused to collect, guide, and focus



source X-rays, the lifetime of these components is small. It is our experience that the linked calculations
substantially reduced. The goal is to devise plasma X- are insensitive to the precise link time as long as "most"
ray sources that minimize or entirely eliminate the or "all" of the laser pulse has been absorbed and we do
debris. Many parameters related to target characteristics not link "too long" after the pulse has ended. Otherwise,
and laser pulse characteristics are important in any unphysical LASNEX material motion may occur. (See
attempt to engineer a solution to the problem of debris below.) Linked calculations are sensitive to the zoning
production. It is a challenge to understand the details used in both codes.

well enough to explain current data and provide analysis Although LASNEX calculations are necessary
tools for designing systems, precursors to performing linked calculations, useful

In the following section we will discuss the information is generated by LASNEX independent of
interaction of the pulse and the target in greater detail, subsequent CTH calculations. Quantities of importance
Next, we will present a simple result that identifies for debris modeling that can be extracted from
important scalings relevant to debris production. Then, LASNEX include time evolution of the target
we will illustrate linked LASNEX/CTH calculations, temperatures, densities, early time material motion, and

Frmally, we will conclude with a brief discussion of the ablalion pressure field which drives crater evolution
computational debris analysis, and material ejecta.

Two additional caveats underlie our linked

Laser Absoration Simulation calculations. First, plasma thermal conduction effects
- are not included in CTH in the present discussion.

Therefore, residual hot plasma mapped into CTH during

To model target response over times from immediate the link may not cool as rapidly as it should. This may
absorption of the laser pulse (~ 100 nanoseconds tend to increase ultimate crater volumes calculated by
duration) to the ejection of solid debris (possibly up to CTIL

milliseconds) requires the coupling of LASNEX to Second, the solid target material motion computed
CTH. The two-dimensional Lagrangian code LASNEX by LASNEX even during the laser pulse may not be
[9] has ali of the physics needed to simulate the laser entirely correct, due to the absence of solid mechanic.s
absorption, but it does not model the thermomechanical effects in the material descriptions. For example,
response of the solid target accurately. While CTH, a material deformation may be greaterthanexperiments
one-, two-, and three-dimensional Eulerian code [5], is would suggest because of the absence of viscoplastic
capable of modeling the solid target behavior correctly, effects. This might then introduce errors in the CTH
including phase transitions, viseoplastic strength, and initial conditions that ultimately lead to errors in the
fracture, it does not implement laser absorption physics, cratering and ejecta analyses. Overprediction of crater

LASNEX simulations have been successful in volumes when compared with experiments may occur,
predicting characteristics of the X-ray source region but the degree to which this is true needs to be assessed
when compared with experimental data [6,8]. This is experimentally. Since our major intent is to acquaint the
encouraging because the usual applications of LASNEX reader with our approach, we will not discuss this
to fusion-related laser/target interactions are at larger further.

15 2
laser intensifies (~ 10 w/cre ). We feel comfortable in

initiating our target response calculations with ;jmvle ScalinLASNEX simulations, but we stress that the task of - -

benchmarking the overall thermomechanical response
of the target in our simulations remains to be completed. A simple equation relating the crater volume resulting

LASNEX provides an initial state for a subsequent from a given laser pulse and target characteristics can be
CTH calculation. This initial state is typically near the derived. Such a relationship is useful for gaining insight
end of the laser pulse, when essentially ali of the pulse into impollant parameters which influence crater
energy has been absorbed. A complete thermodynamic volume. The reason to focus on crater volume is that it is
and kinematic state of the target is initialized in CTH at directly proportional to the volume of material removed
this time. Some care must be exercised because from the target by a given laser pulse. Therefore,

LASNEX is a two-temperature code (separate electron parameter trends observed for the crater volume will
and ion temperatures) and includes radiation energy in also hold true for debris generation.
the total energy budget. CTH is a single temperature We make the following assumptions: (1) the laser
(ion) code, with no radiation transport. The link is pulse eyerts a constant ablation pressure Po on the target
reasonable by the end of the laser pulse because the material at the base of the crater as the crater develops;
electron and ion temperatures have equilibrated in (2) Po acts for the duration of the pulse x; (3) the
LASNEX, and the amount of radiation energy is quite pressure is applied to an area _a 2, where a is the radius



r

of the laser spot (so _ e are assuming that the laser spot data, a mean pressure can be computed and used for Po.
is circularin thefocal plane). Then, we requirethe

pressureapplied to thefull areaof the developing crater
to be a simple function of radiusr,which is constrained 1.o , ,

"2o, fis8.,o.9 ' '
to equal Po when r=0, and equal zero when r=-a.An _ o., j, 3.6x10!o wlcm 2
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Figure 3. Sample LASNEX ablation pressure.

The simplerelationship(2) is very interesting
because it suggests thatcratervolume is more sensitive
to laser pulse lz_m_et_ thanto targetproperties,

Figure 2. Simple ablation driven crater formation, althoughthe assumed rigid-plastic flow stress Y may
mask more complex viscoplastie rate and scale effects.

Using (1), we may balance the workdone on the This suggests thatlaserpulse adjustmentscan have a
targetmetal by the laserpulse throughthe pressureP "quadratic"effect on cratervolume.
and the workneeded to form a craterof given volume in For the sake of illustrating(2) further,assume that
a rigidplastic material having yield strengthY. The Po= 200 kbars,x = 34 ns, and a = 75 gin. Then, wecompute cratervolume from (2) for seven different
result that we have derivedis an equation for the crater metals andplot this vs. Y in Figure 4. We have scaled
volume in termsof pulse and targetparameters: thedataby the cratervolume for tungsten. On the same

plot, we have also presented experimental volume of
zp2a2 removed materialper laser pulse datafrom [4]. These

V = [3 ypUus (2) dataaredeterminedfor laser pulses having the sameparametersas used to determinethe cratervolume and
arealso normalizedto the value for tungsten.

In (2), V is the cratervolume, p is the targetdensity, Us
As mentioned above, the volume of material

is the wave speedin the targetmaterialat thepressure
removed by a given laser pulse is some fractionof the

Po, and_ is a constantthat dependsupon the exponentn developedcratervolume, and this will depend upon
in (1). material.Thus, we see significant quantitative

Pocanbe estimatedin a variety of ways. For differencesbetween the experimental and theoretical
example, in [7] Pirri shows that data in Figure 4. However, this simple theory is able to

predict the trendof the experimental data with variation

Po tc M 7 ' 18. _-2/9. I. a 1/3 (3) of targetmetal forali seven metals. Itis our opinionthat
simple relationshipssuch as (2), and elaborations of

whereM is targetatomic mass, Xis laser wavelength, them thataremore specific to SXPL dynamic loading
conditions,can providereal engineeringinsight into the

and I is the pulse intensity.We can also evaluate Pofrom debrisformationprocess. For example, both experiment
LASNEX simulations.An illustrationof a LASNEX andtheory in the presentdiscussion suggest that
resultis shown in Figure 3. There, we see thatthe tungstentargetswill produceless debris than tin.
ablative pressure is far from constant. This particular Quantitative differences in the debrisbetween these two
data is somewhat noisy, as shown by the signal that metals, such as fragment sizes or velocity distributions,

appe_ _r,.. ,hs ..a ,,f,h_ pulo,, r:.,,_ such LAS..rgEY _r_not n_e_q_d hy this simplo_ Lh¢O_. (2) also _tlooeqt,q461LKL.4,.11t.JUlV _w'ti*._.J_Va. _lUl_ lO%ml Jt &Vgl • it, i u_i _ _1 _ ...... oo --_
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that if the mean ablation pressure could be reduced by a gold appears by 750 ns in our calculation. This jet is a
factor of 3, for example, the resulting crater volume manifestation of a real physical effect - low density
would be a faoor of nine smaller. The ejecta from the plasma accelerating a high density material is a
crater would then be _ed by this proportion also, hydrodynamically unstable material motion. The jet
depending on the scaling of ejecta volume with crater observed in the calculation is a numerical artifact of this,
volume, although it is enhanced somewha t by the peculiarities of

computed flows near the axis of symmetry. Evidence for

10 3 the presence of unstable flow is observed in the residual
,r craters of single pulse experiments. These instabifities

can contribute to debris production in laser/tP.rget
c_ ['] EXPT interactions, but require further study.Ikl
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Figure 4. Relative crater volumes and volume of
removed material.

Linked Calculation ; An Example

Simple relations like (2) are very important for
understanding both experimentaland computational

data. They also underlie more detailed analyses of CTH Figure 5. Crater evolution in gold.
simulations of the debris ejected during the cratering

process, such as velocity and mass distributions of Calculations such as that seen in Figure 5 are very
ejecta, and the expected thermodynamic state of the sensitive to changes in laser pulse parameters and target

ejecta. We will illustrate linked LASNEX/CTH material properties. The calculations support the general
calculations in this section, trends found in our previous analysis. As an illustration,

Figure 5 demonstrates the growth of a crater in a for a given laser pulse the computed crater in tungsten is

gold target produced by a laser pulse having the same much smaller than in copper, wldch is, in turn, smaller
characteristics as depicted in Figure 3. The spot size for than in gold. We have also foun_ that computed crater
this particular pulse is 200 _ in diameter (shown in the volumes qualitatively obey the scaling stated in (2)
50 ns computer snapshot). The link time from LASNEX (increase strongly with intensity and laser spot size, less
is 50 ns in this case. The CTH calculation is carried out strongly with laser pulse duration). Details of the

for I I_sbeyond this time. The growth of the crater can calculations, such as the instability features, speeds of
be seen in these pictures, along with the upwelling of the upwelling material near the crater edges, and the
material at the edges of the crater. Inspection of the thermodynamic state of the incipient ejecta also change

CTH calculation reveals that this material is moving with laser pulse parameters and target material.
upward at speeds between 50 and 150 m/s in a
heterogeneous velocity field. Note that the computed

material speeds are compatible with experimental Predicting Debris Characteristics
observations of debris velocities in certain experiments

[1]. By using techniques similar to those discussed in [2], a
The linked calculations are 2-D, axisymmetric detailed prediction of ejecta characteristics by CTH

calculations. An on-axis jet of close-to-solid density calculations can be performed. In this approach, the



heterogenous kinematic and mechanical states of the determine T more accurately for hot metals.
material near the edges of the crater are used as inputs
for final-state dynamic fragmentation theories. In such
theories, it is assumed that a good approximation to the
breakup of the target material is found by applying

frozen-time fracture criteria (which may be quite Acknowledgments
complex) to the final computed state of the material.
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