T 3

CrhB2  Tig. b, Schemalic diagram ol the sys-
teny,

0.8

0.6

0.4

~tensity

0.2

tiro [ns]

CIhB2  Vig. 2.
lator outpul.

Temporal profile of the oscil-

T
Av: 0.71GHz
Ay, = 1,67 5907

intersidy (au

Fraquanay [GHz]

CThB2  Fig. 3, Bandwidth of oscillator.

superior to the incoberent light (or this pur-
pose, 'The narrow-bandwidth harmonics ave
also useful for resonant core excitation of at-
oms and solids. Along this line, an all-solid-
slate, narrow-bandwidth, tunable, high
avarage-power Tisapphive laser has been
developed.

This system consists of an oscillator, a re-
generative amplifier, 4-pass amplifier and
1-pags amplitier (g, 1), An amplifier chain is
almost equivalent to a 22-f5, 0.2-TW systen.?
Sub-nanosecond pulses do not need a stretcher
and a compressor unlike a chirped pulse am-
plification systeni,

Sub-nanosecond pulses are generated in the
oscillator. We modified a 100-ps “Lunami”
(Spectra Physics), by inserting a 2-aun-thick
solid etalon, resulting in a 0.62-ns pulse
(PWHM) (Lig. 2).° Figure 3 shows the spec-
trum measured at 800 nm by a scanning
Fabry—Perot spectrum analyzer (SP-800 Bur-
leigh Inst. Inc.). The 0.71-ClHz (FWHIM)
Dandwidth gives the time-bandwidth product
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of 0.44, which is near the transform Limit fora

Gaussian pulse.

All Fissapphite crystals in the amplifier
chain i this system are pumped by intracavity,
{requency doubled, diode-pump, Q-switched
Nd:YAG lasers (MUTSUBISIT BLECTRIC
CORP. MEL-Greenl 00). Two green lasers are
operated at 5 ki1z with oulput powers of 56 W
and 83 W respectively. The former is used for
pumping the regenerative amplifier and the
4-pass amplifier while the latter is for o (inal
L-pass amplificr.

A 37-W output power is obtamed with a
4-mm-diameter beam profile, ‘This system is
tunable from 750 nm to 850 nm withoul
changing the present mirror set, although the
range can be extended with a dilferent mirvor
sel. A 15.6-W SHG power is obtained [ront a
Sem-log BBO type I orgstal by locusing the
output beam with a [-m focal length lens. The
harmonics in the VUV and XUV will be gen-
crated by resonant 4-wave and 6-wave mixing
ol o, 203, 3 in rare gases by using the tanabii-
ity of the fundamental pulse,
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The droplet laser plasma source for EUY
lithography

(i, Scheiever, M. Richardson, L. Turcu,®
School of Optics ¢ CREOL, Univ. of Centraf
Florida, 41000 Central lorida Blve., Orlando,
Morida 32816-2700, LSA; E-nail:
micr@ereol ucf.edu

Lxtreme ultraviolet lithography (BUVL) is
now considered the leading techuology to re-
place optical ltthography at the 100-nm node
for the production of advanced computer
chips later this decade,’ EUVL s based on the
use of all-reflective astigmatic multilayer-
coatedd optics al 13 or 11 nmand a reflective 5:1
reduction wask illuminated by a bright poine
sotrce. Currently the source of choiee is a
higl repetition-rate (> 1kiTz) laser-plasma,
that must provide al least 7 W of vadiation
within a 3% spectral bandwidth, and be suffi-
ciently free of particulate debris to ensure the
long-time life of multifayer collimating op-
tics.” Two laser-plasima source approaches
are presently being pursued, one based on a
high-pressure Xenon gas jet targel,” and the
other on plasmas produced from microscopic
waler droplets.®® The water droplet laser
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CTh3  Fig 1. Calibrated spectral emission of
the water droplet laser plasma EUV source.

plasma was inlroduced in 1993,50 as a bright
source of [3-nm ane 1L6-pn line emission
from lithium-like oxygen,” generated by 10-ns
duration, Nd:YAG laser pulses at -~10"
Wiem?®. These mass-limited tavgets are ex-
pected o be totally ionized, avoiding comn-
pletely the pariiculate target debris thai
plagued carlier sources.® Our previous work
with a 100-k1 [z droplet system and a 10-IHz
fascr demonstrated the attractive features of
this approach.”

We now present a detailed quantitative
study of this source, performed with a 10011z
laser, that characterizes the vadiation efficiency
and the long-term operation, The results show
that the droplet laser plasma source comes
close to satisfying all the near-term needs of
LBUVYL. Tu particular we demonsirate an overall
conversion efficiency of laser light to 13-nm
coission within the required spectral band-
width in cxcess of 0.69%, comparable to any
other existing source at this wavelength. In
addition we have performed an exhaustive ex-
amination of the long-term effects of plasma
emissiens on the reflectivity of multilayer mir-
rors, exposed Lo this source. This included de-
tailed surface science studies of the multilayer
mirrors after BUV radiation doses approach-
ing those anticipated in a fivst generation ex-
posute tool. This study has lead to the devel-
opment of novel techniques that extend
debris-frec operation of this source by over an
oreler of magnitude to close to that needed for
long-term, continuous use, 10" shots], at 1
kifz.

These experimental tests were performed
with a commercial Q-switched Nd:YAG laser,
amitiing 10-ns laser pulses of ~250-m) encryy
focused to an un-optimized beam profile of
~-25-m diameter, coincident and synchro-
nized to a 100-kHz train of 40-m diameter
water droplet. Tlydrodynamic code calcula-
tlons estimate the ~30-¢V plasma created is
completely tonized, producing a predomi-
nance of excited lthium-like oxygen ions that
emit the recombination emission shown in
lig. 1."I'he varvow [3-mm line, produced with
an clficiency of 0.63%, provides some advan-
tages for BUVL over the broadband emission
from other targets, Further studies on oprimiz-
ing the emission at the two wavelengths will be
reported.

Studies of the long-term effects of plasma
emissions on mwltilayer mircors are per-
formed with Mo/Si surrogate mirrors placed
some 32 nin from the largel, accepting a
single-shot fluence some 50 times greater than
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CThB3 VYig.2. Electron micrographof 13-nmn
multilayer mirror exposed to long-term ion emis-
sion from the target.
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CThB3 TFig. 3. Impact af the incorporation of
an ion repeller field an the multilayer reflectivity
lifetime, The straight line represents the fifctime
without the repeller ficld.

that expected for the first wirror in an EUVI,
system, 'They reveal a number of interesting
phencmena not previously observed in EUVIL
laser plastna investigations. These include the
progressive sputtering of Mo and Si layers
from multilayer mirrors after >10° shots,
identified by clectron microscopy, (Fig. 2.) and
the consequential redaction in the retlectivity
of the mirror, shown by the solid line in Fig. 3.
These effects might put a limitation of ~10°
shots on the lifetime of an CUVT, mirror. To
avoid this limitation we arc investigaling sev-
eral avenues. For instance, the application of a
repeller field between the target and the mirror
has a dramatic effect on the mirror reflectivity
lifetime, Figure 3., showing that the surrogate
mirror reflectivily survives more than 107
shots. These tests, together with detailed mate-
rials characterization of the mirror surface,
and ongoing further experiments provide op-
timism that the cffective lifetime can be ex-
tended beyond 107 shots,

*] MAR Res. Inc., USA

l.  Proc. 1998 International Sematech Mig.

2. C.W. Gwyn, R. Stulen, D. Sweeney, 3.
Attwood, J. Vac. Sci, T'echnol. B 16, 3
(1998).

3. AM. Hawryluk, N.M. Ceglio, Appl. Op-
tics 32, 70627067 ( 1993).

4. G.D. Kubiak, T..J. Bernardez, K. Krenz, D.
O’Connell, R. Gutowski, A. Todd, TOPS,
1V, 66, (1996).

5. M. Richardson, K. Gabel, E. Jin, W.I'. Sil-
fvast, Proc. OSA Top. Mig. Soft x-ray Pro-
jection Lithography, OSA, Washington
DC, Vol. 18, pp. 156--162, (1993).

6. L.Rymell, IL. Hertz, Opt. Conun. 103, 105
(1993).

7. EJin, M. Richardson, Appl. Opt. 34, 5750
(1995).

8. W.T. Silfvast, M.C, Richardson, LA,
Bender, A. flanzo, V. Yanovsky, V. Jin,
J. I'horpe, J. Vac Science & Tech B10, 3126
(1992),

9. M. Richardson, 13, 'lorves, C. DePriest, 1,
Jin, G. Shimkaveg, Opt Comtn. 145, 109
(1998).

CThB4 9:00 am

Generation of diffraction-limited
femtosecond beams using spatially-
multimode nanosecond pump sources in
parametric chirped pulse amplification
systems

A. Galvanauskas, A, 1lariharan, F. Raksi,
K.K. Wang, 13, Harter, G, Tmeshey,

M.M. Fejer,* IMRA Anterica, Inc., 1044
Woodridge Ave., Ann Arbor, Michigan 48105,
USA; E-mail: almisg@imra.com

Currently, & number of fimportant practical
applications of ultrashoert high-energy pulses
are cmerging, and, as a consequence, a need
arises to significantly improve compaciness
and reliability of high-energy ultratast sources.
Optical tiber lascrs and amplifiers otter a par-
ticularly promising avenue of the technologi-
cal development in this direetion, due to the
robustness, reliability and the potential for
component-integration, which is characteris-
tic to fiber optics. The main obstacle, however,
is the traditional limitation on the peak powers
achievablein optical fibers duc to the restricted
size of a single-mode core.

Tlere we demonstrate that (his limitation
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can be bypassed by using maltimode large-
core fibers in conjunction with parametric
chirped putse amplification (PCPA), PCPA re-
cently emerged as a practical technique pro-
viding efticient and simple nanosecond-pulse
to femtosecond-pulse energy conversion
throngh a high single-pass gain in a threc-wave
quasi-phase-matched pacametric amplifier.’-?

IL is well established thal stable two-
transverse~-dimensional spatial solitons can ex-
ist in trequency doubling crystals. Because
such solitons emerge due 1o x* nonlincarity,
they are known as quadratic solitons and are
stable cylindrically symmelric solutions of the
coupled-mode cquations describing the SHG
process alb some phase-mismatch conditions.®
Turthermore, at phase-matching conditions
stable spatial solitary waves can exist duc to
x'? nonlinearity.* Here we exploit the fact that
such solitary waves also develop in the three-
wave optical parametric interaction, which can
be described by a standard sct of three
coupled-wave cquations:

oL, i ; . ; .
-t ViE, = ik E,Ejexpidkz
dz 2k, ’

ok, i

- Tk s VIR, = drE b expidkz
dz 2k, o p ek
By L9, iy Frcxpink
: = ViH, = iy By EyexpiAkz
az a2k, 3 3l CXp

Plere i =: 1, 2, 3 refers to the signal, idler and
pumip beams respectively. 'I'hiese equations
tully describe spatial mode evolution in a real
paranetric amplifier by including effects of
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Multimode-fiber based PCPA systen.



