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SUMMARY

A ditilraction-limited laser beam with a pulse energy of 120 mJ) and
brightness up to a magnitude order of 10’% W cm-? Sr-! has been achieved
in an x-ray preionized discharge XeCl laser by using a self-filtering
unstable resonator. The near- and far-field laser properties have been

examined .

RIASSUNTO

Un fascio ottico Limitato per diffrazione con 120 mJ di energia per
impulso e brillanza dell ordine di 10** W cm-? Sr-! & stato ottem:lo in
un laser a XeCl a scarica autosostenula e preionizzato a raggi X utiliz-
zando un risonalore instabile autofiltrante.

Oltre alle principali caratteristiche del fascio laser come la di-
vergenza e }'evoluzione temporaleddel modo, & stata esaminata Sperimen-

talmente 1'iniluenza del filtro spaziale interno al riscnalore ottico.

Submiited to IEEE J. of Quantum Electronics
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INTROMICTTON
Fhe operation of a high quality sutput beam from a Nd-YAG laser aml

o TRA GOy laser with a novel cavity desipn called !

'self-filtertng un-
stable resonater” (SFUR) has been reportesd revently [L-3]. FThe idea
ol the SFUR is to pluce a spatial tilter with a pinhole of radius a =
[O.tnl'?\'iz)l" (the SFUR condition) at the foecus which is shared by the
two cavily wrrors of focal lengths £ and £, 10 4 confousl negative-
branch unstable vesenator 1] (Fig. 1a). Under these conditions, ftor a
plane wave incident on the spatial filter and reflected bavk again by
the covily mirror My, only the Arry disk will pass the spatial tilter,
and, after rellection on the mirror My, it ts magurtied, collimated and
presented Fourier-translormed at the spatial filter plane veady to begiu
another round trip,

Starting from the Fresneil principle and using the condition for mag
niltication M > 1 (M= [/f21), some analytical results tor the Jowest
order Lransverse mode of the SFUR have been deduced [4], and the main
results are
1) the spatial profile of the mode intensily ovar Lhe laser beam out-

pat coupler is

:n-;|‘/-/||cu|2 = exp [-2.008 r2/ (M- e 0 (1/MY) (n
11)  the fractional power loss of Lhe laser beam per round trip is

=1yl = 1 = (1.963/M¥) - 1-0.6048/M7 + U (1/M7)]. L)

Here, 001/MT) s a small guantoty of the order of 1/M1 Based on
these tormulas amd the SFUR condition, a set of SFUR paraweters las Leen

chosen aml soccessfully applied to o Xetl dischargpe Lener,

EXPERIMENTAL STT P
Ihe schemat e configuration ol the SEUR s shown s Figo ta. The
deviore nned noonr o esperiments inoan X-ray pretontzed XeOl doscharge sy
tem which i banscally Che same as Uhat deworibed o (5] Fhe dischange
clhiamlbnr 18 sealed by two Brewster anple tusoa sobice witdows and has oan

ar b benpth ol B0 o Very lean miatuces (hocXeHOD = 200700
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Fig. 1 - Schematic diagram of the cxperimental set up. a} SFUK coutigu-
vation; b) Far field divergence Measurement; ¢} Laser mode evolulijun

messurement . My oand

Hy are totally reflecting concave mirrors with louger

and shorter focal length t; =5 mand 1, =

output coupler; S i
U ds the iris; NI
divmeter ¢ = 0.4 pm;

0.5 m, respectively; C is the

§ the spatial filter; FT is the fluorescence target;

are ncutral density f
PD i the photodiode;

ilters; P ois the pinhole with
U5 is the oscilloscope.

were used  tor o all wur experiments. The punpang  energy dennit, o
0.27 J/em®  (the energy  stored in capacitors/the discharge volume)
was  kept  unchanged. The SFUR cavity wilh 4 magnification M = Ju
used Qo these experiments consisted of two totally reflecting concave
mirrors, M; aod My, with a 10 m and a4 1 m radius of curvalure re-
speciively.

A spatial filter SF, which was apertured with a4 circular hole of
diameter 0.6 mm according to the SFUR condition, was placed at the com-
mon focus of the two mirrers, M, and M,, separated by 5.5 m. A flat alu-
minized mirrer with 4 hole was set near the spatial filter as a laser
beam output coupler, slightly out of the perpendicular to the optical
axis of the cavity, :

The laser pulse energy was measured with a Gen Tec enerpy meter
(type ED 100G}. The time evolution of the laser intensity was measured
by a ITT photudiode (type FW114A) and a storage oscilloscope (Tehtronix
7834) in conjunction with some neutral density filters in order to keep
the light intensity within the linear response of the photodiode.

The SFUR alignment was achieved with the following steps. First,
the mirror M, was aligned by using s collimated He-Ne laser beam. The
Spatial filter and the coupler were then inserted and their holes were
ceatered. Finally, the mirror M, was Put in and aligned. The discharge
System was run, and the mirror orientation and the pinhole pousition were
gradually adjusted in order to obtain the maximum lastr pulse energy.
The aligument can be completed within half au hour. Bue to the siort
wavelength and the long cavity Jength in this system, the aligmment
should be carried out very carefully. A 70% drop in output ClHergy is
produced by a4 mirror tilt or a spatial filter translatijon mrsaligiment
along a direction perpendicular to tLhe optical axis within 1 minute of
arv or lra, respectively. However, the laser system exhibited a guad
aligmment stability. Atthough the SFUR system was propped up directly
on the ground without using a special optical bench, it could work well
for a few days without requiring further alignment or showing apparent
degradation of either the laser energy or the beam quality. This may he
due to the smuller misalignment and aberratiou sensitivily of the nega-
tive: branch contifuration with respect to the positive branch [6,7] for

the same mapnification.
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NEAR-FIELD MEASUREMENT
The uwear-field laser spatial profile of the SFUR mode was examined
i lwe ways. First, we employed a partly reflecting fiat mitrer as an
cutpul coupler instead of the toupler with a hele which we usually used.
Because ol the retlection Joss of the flat mirrer i'nside the cavity, the
laser oscillation was  just above the threshold and the Jaser output
energy was only o lew m]. The laser inlepsity spatial protaile uear the

coupler was obhtaimed by weasnring the laser power Lraasmzited by the 1

piuhole (0.4 mm-diameter) scanned aleng a direction perpendicular to the l

optical axis of the outeoupled laser heam. Figure 2 shows the results
whith are in agreement with the Gaupssian shape (solid line) colculated
from (1}. Second, using aluminized flat mivrors wilh a hole as a
toupler, we measured the ocutcoupled laser energy as a function of the
drameter of the coupler hole. The results are shown in Fig. 3, where the
solid line is caleulated from a Gaussian profile according te {1). A
laser extraction energy density of over 6 mJ/ce® was achieved consider-
ing that the mode diameter is 2 Ma 26 mm (1/ef intensity points) and

the mode volume is about 24 cm®.
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Fig. 3 - Laser output energy vs relative radins of coupler hole R/a. The
working gas pressure is 4 atm.

FAR-F1ETD DIVERGENCE MEASUREMENT

In order to evaluate the clesencss of the laser spatial perfor-
mances to the ditfraction limit, the divergeoce ot the laser r.-'ldiul.inn
in the tfar field was measured by means of a fluorescent Large-tw at the
forus of a concave mirror of 0.6 m radius of curvature, and a video
digital system composed of a standurd TV camers, a L-bit A/D converterx,
and a 128 K bytes frame memory. The objective assembly ot the TV camera
was modified, as shown in Fig. 1b, in arder to oblain an imape ot the
laser spot magnified by a factor of (40-80) on the monitor scveen. The

experimental results are shown in Fig. 4. The figure marher has o a length

Cr-doped Alumina, produced by Desmarpnest & (R, 2700 EURENX, France
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Fig. 4 - laser iutensity spatial profile (a}, and inteusity contour
lines (b) at the focus of a concave mirror of 10.6 m curvature
radius.

ot 0.5 mm. This indicates a full angle beam divergence (1/e? intensity
points) of ~ 0.15 mrad which is roughly consistent with the estimate of
U.13 mrad using a buru pattern on the vopper surfave at the same focus.
The daser spatial profile in the far fieid has a goad  two-dimensional
symmelry (Fig. 4b). During these measurements, the diameter of the laser
eutput coupler hule was 1 mm, and the laser pulse energy was about 100
m) with 4 pulse width ol ~ 90 ns (FWHM). Some attenuators were used Lo
reduce the laser energy su as to avoid the fluorescence intensity satu-
ration of the target. A paper concerning the detailed description of

such a measurement is in preparation.

MODE EVOLUT{ON TIME MEASUREMENT

We further investigated the temporal and spatial behavior of the
mode in Lhe SFUR configuration. The laser besm in the far-field vould be
resolved spatially into different cumponents which have different di-
vergences. If the steady state is not reached for the mode evolution, we
expect that the time histories of these components may have ditferent
onset limes, as explained in [8], because they have experienced several
passes inside the cavity before being coupled out. The experimental con-
figuration is shown in Fig. l¢. The time evelutions ot the difterent
beam components were observed by a pinhele (0.4 mm diameter) scanned
along a direction perpendicular to its optical axis at the focus of the
totally reflective concave mirror with a curvature radius of 17 m.
Figure 5 gives the time histories of (a) d = 0 mm (at the center of Lhe
laser spot), (b) ¢ = 0.25% mm, {c) d = 0.5 s, where d 15 Lhe perpendi-
cular pinhoile displacement from the optical axis. [t van be seen Lhat
the three waveforms have almost the same onset time and pulsewidth (FWHM
~ 90 ns).

Consequently, we can deduce Lhat one round trip is sufficient for
the mode evolution to reach the steady state. Considering that the diam-
eler of the laser spots is ~ 1.2 mu, our measurement resolution is ra-
ther limited by the scan pinhole diameter of 0.4 mm. lo spite of this

the above result is still basically consistent with the numerical

Fig. 5 = Time histories of laser beams observed at (a) 0 mm (the center
of optical axis), (b) 0.25 mm; (c) 0.5 mm from the optical axis at the
focus of a concave mirror of focal lenght 8.5 m. Horizontal 50 ns/div.
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restult that o steady stale is established afler inst oo rouwd teip |9].
As a matier ot tacl, Lhe far-lield {ull angle divergeace ot 0.1 mrad
realized vnoour experimonts is oear the didtraction | amiteid vatue of
U125 mrad calcolated 1yom .22 {A/MaY . This means that thie Laver beam
van be angularly demagnified near the diffraction limit in Lthe SEHR

alter only one o1 two round i IRTEN

THE INFLUENCE GF THE INTRACAYITY SIATIAL FILTER

From o geametrical point of View, 1t can be easily understood that
for a contocal pepgative-bramch unstabice cavity with a high gait medium,
the laser beam quality may be improved by placing a spatial tilter with
a small hole of radius A at the common focal peint of the Lwo cavity
mivrors, In fact, in this case, Lhe presence of o strong spatial filter
aperlure completely dominates the dittraclive mode structure formal son
process. The lascr beam an the far field can he approximately considered
to be the imsge of the small hole, amwd its divergence depends on 2A/1,
te a prest extenl. Heace, the Yaser beam divergence an Lthe tar freld
will decrease wilh reducing the small hele size nntil it reaches the
diftraction limit of 1.22 (A/MA) which corresponds Lo the SFUR case. In
fact, after substituting M = |4 ,/f,] and A = YO bl+A+f, into the diffrac
tion angle 1.22(A/MA), we obtain 1.22(A/MA) = 20711, The change ol
the laser beam divergence with the small hole size 15 demonstrated in
Fig. 6: all the laser divergences, except that of the 0.6 mm hole diam-
etor, were estimaled by the bure patieres at the fous of @ concave mir-
ror of curvatlurs rading 10,0 m.

From g practival peint of view, another tmportant feature of a spa-
tial filter aperture plared at the intracavity focus is that it tan di-
revtly reduce the aberration sensitivity of an unstable cavity, defined
as 4 measure of the transverse eigenmodes phasal responne to an aprlved
intracavity phase aberralion source. Ay pointed out in Ket. [7], the
aberration sensit ity devreases to unily as the spatial filter aperture

s120 in devreaned

FISCUSETON
As Lasoanowe know, s s the frrst Come Ut the hard aperture

SFERE contapuratsan has been o censtul by appired Lo discharge cximes

0e

0.6}

0.4

Full angle divergence (mrad

0.2]

0 1 ? 3 4 (mmj
tiole diameter 2a of the spatiat filter,

Fig. b6 ~ Far-field laser beam divergence vs the hode diameter of the
spatial 1ilter  focated ot the common  tocus  of the Lwo  cavily
miryonrs i the  contoral  wegative  hranch  unstable  resonator  de-
pivted in Fig. la.

Laser. The experimental results show many interesting points: the sim-
plicity of the design; the high cxtraction efficien v; the good mede
coutrol ability; the good laser beam spatial profile which has oeanly

diftraction-lTmmited, far=field divergence; the long term stability, and

e

50 on. However, as the mede volume is directly proportional te (AYE, 1t
e nol very large for excamer lasers, whose wavelengths are mostly in
the UWeranpe, as compared to Oy lasers. g the olher hand, the fast
voenvergence to the fundomental transverse mode (Fig. %) is a partrcuelar-
Iy attractive feature for an active medium with a very shorl population
tnverston Tntetime and correspondingly Nigh garvu. In this sense, the
SEUR configuration seems to be more suitable for excimer fascrs than lor
YAG and €O, lasers.

Wo believe that the SFUR configuration fur excimer lasers is more
convenrent for the devicers which have small discharge cross sections,
tor exampde, of wize ~ 3 ome 1o thes vase, Ghe Eilling factor ol the

mode vo b can be very larpe.
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