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Summary

A direct measurement of the electrun density time evolution in the active medium of
a sclf-sustained XeCl laser discharge has been performed by means of the
holographic interferomelry technique. The time and space resolved behaviour of the
discharge seems 1o confirm that the halogen depletion instabilily and the hot spots
developing in the calhode region are the basic mechanisms which determine the
premature terminalion of the oulput laser pulse.

Riassunto

L'evoluzione temporale della densita eletironica nel mezzo attivo di un laser & XeCl
pompato con scarica aulososienuta é slata ottenuta {misurata) tramite in tecnica di
interferometria olografica. | risultati delle misure risolte sin spuazialimente c¢he
temporalmente hanno permesso di individuare lo sviluppo dei "punti caldi” nella
regione catodica e l'inslabititd del consumo della componenle alugena del mewzzo
attivo quali fatteri determinatli nella fine prematura dell'impulso laser.
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L. EHTRODUCTIOK

Discharge pumped excimer  lasess provede reliahic and
low maintenance sources ol powertnl wltravielel gadiation
for wide tudustrial and weldical applications, Despite 1 he
central role played by the plasma chemistry in the optaomiza-
tiow of such a kiod ol laser system, 11 =tall remarns n
controversial (ield ol dnvestrgation for chemysr o and plhives -
cirsts, Bue to the varied paoture and the omplesity ol the
processes ocourring in oo laser pas mixliare under the pumping
excitation and ultraviolet radiation, Lhe wacroscopic intor-
miatiaon provided by wmost of Lhie excimer Titeratuere (e.p.,
discharge current and ., veltage, Taser garn and pelsesy s
insuflficient Lo explain the observed Yaer charac terist e,

A very restricted wnoumber ot taime vesolved drague rics
has  been published and the electran density cvolulion in

a discharge pumped Xell laser has been weasared lor the

1,2
first time ouly recently, ' I partienlar, the intettero-
. 1.3
met i analysis ot the rtelractive 1undesx seoems too be

a more suilable ddraguostre melhod Jor the measuremeont  of

cleciron deusity in o pulsed” Taser disolarye than ot her

optical metheds, such oax the Svary oadenine of the i
llul-2 or the bremsstrablaug  and Pone  vadin et con i |REREEN [
because ol the teliability, the schrevable aecnracy  and
the invaloable quantitative and pictorial diagnosis provided
by the interteromelric Lochnigque.

In this letter we present some holopraphye vwte Pero-
metric measurements ol the discharpge ol 0 hign uniformity,
K-1ay preionized, sell-sustoroed discharge Xet ] laser rea

Tized ot the ENEA Center ot Frawoati, on the trame ol

gl Taner development prowoam,



The  temporal  aud  spatial evolution ot the clection
density and o direct evaluution of Lhe cathode 1ilameant
growth rate huve been obtained with good accuracy, allouwing
a deeper insipght into the topical problem of the premature
termination of lasing before the end of power deposition

6,7

in self-sustained excimer lasers,

2. SENSITIVITY AND ACCURACY OF THE METHOD

The refractivity of a plasma is given by
- = - + L (n -1 1)
ta=ly = (a _-1) (bl Qp

where (n -1) and (nk—l) are the components due to the elec-
e

tron density Ne and to the heavy particle density N , re-

k

spectively. Tt the radiation frequency is much higher than
the plasma frequency and far enough from the resonance
frequencies of the heavy particles, Eq. (1) may be approxi-

mated byj
. 2 _ . —-14 2
(n-1) [k(Ak+Bk/l )Nk 44710 NeA (2)

where Ak and Bk are characteristic coefficients of ‘the
species considered and A is the radiation wavelength in
cm.

In interferometric measurements of the refractivity
of a homogeneous plasma layer of thickness L, the norma-
lized fringe shilt 5 caused by introducing an optical path
difference is related to the refractivity variation A{n-1)

by the expression.

1.
5’——)‘13“1*]) [

Usually, Atn-1) refers to Lhe initial stale characterized

by N =s0. Therefore, trom bkgys. (2) and (3) we have
L=
—_— —14
3 = X B : -4 .47 A
S L[Lklﬁklk+ k/A )ANk .47 10 Ne ] (4)

where N and ANk are Lhe electron density and the heavy
e
particle density variation averaged on the plasma thick-
ness L. ln the visible spectral region, the contribution
of the heavy particles to the fringe shift is negligible
(under opportune conditions as discussed below) compared
. ‘ 1,8 . .

to the electrenic contributtcn. In this case, expression
(4) can be simplified as follows:

1y

S = -4.47+107 ﬁ;AL (5)

The predominant heavy particle species in oyr XeCl gas
mixture is the buffer gas Ne. Then, the previous assumplLion
implies that

ANNcun 4.4?'10—1“A
<<

N A A+ B A?
e

after using the A and B values for Ne at A=694 nm reportred
in Ref. 9. The reader is referred to Lhe first paper of
Ref. 3 fur a detailed discussion on this poinc.

The sensitivity limit of the electron density measure-

ment can be evaluated assuming for the smallest detectable
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bl
fringe shilt the tealistic value 5=0,i. From By, (5) we
’ . ' 16 -2
have (N L) 0 - 3.2 10 em
(& nin
i. EXPERRIMENT AL

The X vay  preionized, "sell-sustained discharge XeCl

lasen investipated has  been described in detail in opre-
- /
¥

civus coners oo Thos we teporl here gust the main chatac-
teristics: The lanmor system consists of a I-liter aclive
volome  cell  Cdimensions 3,.5x4x80 om')  operating with o«
pas mixture (HUL:Xe:de) = (l:oo7020048) at g total pressure

ol 4 atw. The best periotmances obtaioed maxamizing  the
elfrcaency € ¢ the laser outpul energy I'li are summarized
v Table i, Laser pulses of mare than 20 MW (>3 J in 150G
ns) ac 0% um have been llhl.d‘ill('d, wilh a uniflormity hetter
than 90% ru o . 3.9 em? Taser spot and 2 wmrad full angle

divergenoe.
&

Throughout all the measurements reported here, the
excitalion tate was kepl constant at Lhe valwe W o= 290
kW/cm?, I

Interleromettic  weanwmeements of Lhe electron deusity

evolution of the vovutlined XeCl laser have been carried
vut using 1the holographic system depicted in Vig., 1. The
Taser  anrd: ivooa hoelowraphie K 2000 ruby  laser, which
can duliver o double pulse with more than 1w enliezence
Vength. vach polae has a S-1 enerpgy and o Zo-uws FWIM dura-
Liva., The delay tine betwesn ine pulses may be settled
in the rvange TIROU ps.

With the double pulse operatiown, temporal aberrations
wn well as preblems velated 1o the "laser snow' clfect

10
can be avotdoed

TARLE |

Best Pervlormances of XeCl Laser

Max oulpul laser cnergy Ill Max etficivncy ¢
[ 3.2 0 o= 5
L hl- 1.5 .
[ = 2.0% = 407
intrinsic * Sutcinsie bbk
S = 0.7% [ A
plug pluy
Excitation tate = 8§50 kW/cm? Excitation rate = [9) kW/em?
EF
3 ~.
[LAsER Rb | © 2 —£
8s M,
Fig.l Experimental setup employed in the hologtaphic ioter-

ferometlry measurements ol the  time cvolultion  of
the Xell discharge plasma. bS50 15 a beam splitter
with reflectivity r=9%%; M, and M, are totally re-
flecting T(lat mirrors; A is an attenuator; the lens
system Ly -l, acts as a beam expander; M, 15 a4 vibrat-
tug mirror; Ly is o lenswith focal length {=-H (.

Il is a Kodak holographic Titm plate.




Reterring to Fig. 1, the attenvator A allows a correct
fatensitly balance between the object and the reference
beaw; the rotating mirrer M; is synchronized to the ruby
laser allowing the change in the reference beam direction
during the interval Dbetween exposures. This leads to the
appearance of a reference fringe pattern in the reconstruct-
ed holographic interferograms.8 A distinct optical circuit
using a scatierer plate instead of the beanm expander Li-L2
(see Fig. 1) has also been realized. This setup could be
relevant to the observation of phenomena (e.g., arcs, hot
spots) localized at different points along the XeCli optical

axis,

4, RESULTS

The ability to probe the active medium of the XeCl
laser at different times after the discharge breakdown
using the described setup made it possible to study the
spatial and temporal behaviour of the discharge plasma.

Some typical holograms obtained at different delays
are shown in Fig. 2 where the development and the diffusion
of streamers from the cathode region are evident. A possible
explanation of the rise of this phenomenon after a short
delay time (Fig.Za) is that the electron drift away from
the cathode leaves a depleted region where the electron
density falls down the critical value to generate the fila-
mentation.11 In our case, however, the discharge voltage
risetime of about 25 ns should be short enough to avoid
a substantial electron depletion in the cathode sheatch.

An alternative explanation is the cathode layer insta-

bility phenrumenan ‘: a4 rdndom iucrease 1o Lhe current en-
hances the don deusity in the cathude layer dQncreasing
Lthe cathode field and allowing the field-emission curreat
to grow further. This leads to formation of a cathode spot
with a growth time in the ns regiun.lz'13 In our case,
the initial spatial inhomogeneity of the electric field
(with local instantaneous values of & leEV/cm)12 could
be originated from the perforated screen cathode struc—
ture,

Anyhow, the effect of the filament propagativn becomes
dramatic as the time progresses (Fig. 2b, 2c¢) because of
the dissociative attachment and other processes (e.g. the am-
bipolar drift fluxes of plasma) which contribute to the
rapid growth of the discharge iusLabillLies.y'la

A pinching effect of the discharge width in the anode
region is clearly visible in Fig. 2c.

The discharge collapse is Ffully developed 600 ns aftter
the discharge breakdown (Fig. 2d}, and the filaments bridge
the electrode gap without an arc occurring.

The measurement set has been repeated filling the
laser cell with pure Ne. The results showed that the dis-
charge instabilities arise slower and in a less dramatic
manner with respect te the normal laser gas aixture, con-
firming the main role played by HCl and Xe in the discharge
deterioration.6

A visual inspection of the holograms obtained using
a scatterer at the input of the XeCl laser cell in the
interferometer schematized in Fig. 1 confirmed the presence
of several hot spots, distributed in the perforated cathode

area,
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Fig.2 Typical interterogians  of The  XeCl  active mediam Fig.2 Typical interfervgrams ol the XeCl active medium
with an electrode separation ot 4 cm. Delay 1ime with an electrode separation of 4 om. Delay time
since the duscharge breakdown: a) 1395 ns: h) 215 ns; since the discharge breakdown: a) 1735 ns; b) 215 ns;

c AL s d) 615 e c) 399 nsi d) 015 ns.



The time dependence of Lhe cathode Lilament growth
is reported in Fig. 3 {rom which we can deduce un initial
growth raute of VF=(3.7LU.3) co/usec considering the data
below the 200 us delay sunyge. This value is abuout a factor
two higher than the publistied electron drift veloucity esti-
)5,

mated values [or Ne-based XeCl gas mixes contirmiag

that distinct effects centribute to the filament generation
and growth.lJ’la

Figure 4 shows the interferometrically determined
electron density as a function of time. The discharge cur-
rent and the laser output waveforms are also indicated.
The reported elvctron density data have beea calculated
by means of an elaboration of the holographic interferograms
using an image aunalysis system. ln this wdy a very careful
determination of both the peak and the spatially averaged
{ringe inflection has been obtained.

A large electron density (up to 3-10'3 cmha) is gener-
ated in the transient glow discharge, the maximum occurring
~100 nsec delayed against the current maximum. The relative-
ly slow electron density decay after 400 ns is consistent
with the experimental waveform of the current damped oscil~
lations which result (in this delay region) more stressed
than the simulated ones obtained using an exponentially

: . ‘ . . 3
decreasing discharge resistance parametrization.

5. COMMERTS

The experimental results on the temporal and spatial
evolution of the XeCl discharge reported in the previous
section seem to confirm some important observations pointed

eut in Ref. 6: in the initial stage of rhe discharge, hot
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Fig.3 Cathode (ilament growth versus the delay with re-

spect to the discharge voltage breakdown.
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tins)
Fig.4 Electron density time history obtuined from the
interferograms elaburated by an  image analysis
system. The open and the full dots indicale the

spatially averaged and the peak values of the elec-
trou deasity, respectively. The laser pulse and

the discharge current are also reported.
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spols do develop ot the cathod t',i ; amid v he halogen pas
ot he s prowmetes Lhe anataoad o prowi o oboa wel b o detined
Pilament  trom cach ot spot. Filamenl development  leads
to plow discharge collapse, and ablthough clectrical power
can st e deposited duto the discharge inoa fully de-
veloped  titawmentary wode without arcing, strong  induced
discharge  dohomogeneitics lead to prematuie  lasing dis-
rupt iton,

Concerning the local depletion of the halegen donor
model to explain the mechanism of Lhe discharge filumenta-
tron, the theory presepted in Ret. 7 indicates that in
the early stages ol the discharge, Ne(l) prows according

Lo un expression whose lowest order terms are

KIN ()t ?
-

N (i)~ N QO] E r —S—— (UG #...] (6)
¢ o 2

whet ¢ NU((J) and  [HCM ], are the electron number density
aud halogen denov cunceunttrations at the inception of the
disvharge, and k is the efiective e¢lectron dissocialive
attachment  vate. We compared the relationship (b) with
our experisental election densily time evolution and guessed
values o the rate woetlicient k. The result is reported
in Fig. 5. 'The agreement is poud in Lhe range below the
J00-ns  delay  time. At later times, the electron density
prows faster due to the eoifect of the higher order terms
in bq.{6),
-9 3

The k=10 cn /s cate value used plotting FEq.(6) was
the eftective ene for attachment teo vibtationally excited
BT, acconding 1o Rels. 15 and 16, Besides, it s only o fac-

tor two lower than oo recent 1y estimated ko valoe obrained by

Fig.!
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emission From high lying ionite stales of g

driven hy a P'FI,, working with a dif-

-

rate and gas mxture compasition,

final comment to Lthe ase ol a perforat-

inslead ol a flat one. There is a lot
evidence Lhat ceven small eathede surface

actually  promote drscharee  filamenta-
Ket .6 Taylor estimated the sensilivily
discharge electron density to small change

field. He showed  that o small locat

a substantial AN /N~ 8L and diew Lhe
e o

clectrode profile s o critical lactor

uniformitly ot the Jdrscharpe. lNowevor,

Lhe  pertorated screen catbode ol{ers

advantages Lo the overall performances ot

enctpy and untlermily, accordine o Ref by,
RY



The very large number of critical parameters in an exclmer
faser discharge (e.g., the preionization electron number
density, the rise time of the discharge voltage and current,
the d.c. breakdown level of the gas mixture, the net oplical
gain, and so on) makes it sometimes difficult to compare
different laser systems and generalize some experimental
results.

Certainly, Lhis is one of the points which needs fur-

ther experimental iavestigation.
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