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Multiple-Shot Ultraviolet Laser Damtige Resistance of Nonquarterwave Reflector Dasigns for 248 nm

Brian E. Newnam, Stephen R. Foltyn, and L, John Jolin

University of California, Los Alamos National Laboratory, Los Alamos, H 87545

and

C. 4. Ca?nigl ia

Optical Coating Laboratory, Inc., Santa Rosa, CA 95402

The damage resistance of multilayer dielectric reflectors designed for 248 nm has
been substantially increased by use of nonquarterwaue (QU) thicknossts for the top fow
layers. The~e designs minimize the peak standing-wave ●lectric field in the high-index
layers, which have proven to be weaker than the low-index components.

Previous damage tests of infrared- and visible-wsvelen~th reflectors based on those
designs have produced variable results. However, at the ultraviolet wavelength of 24I3 nm,
99% reflectors of SczOa, mgr2, and Si02 strongly domonstratrsd tho merit of non-QU dtsigns.
Four sets of reflectors of ●ach of four designs (all QU thickna$s; one modiff~d-pair
substitution; two modified-pair substitution; one modiflad pair plus an ●xtra half-wave
layer of SC203) were tested for damage resistance with a KrF laser operetlng at 35 P>S
with a pulsewidth of 8 ns and spot-size dimeter of 0,6 a. E&ch of 50 sites were ir-
radiated ‘Jr 1000 shots or until damage occurred,

On the average, the reflectors with one-modified-thickness pair had ● 50% higher
threshold (10 of 10 sites survived) than the al l-quarte!wave detign, Addition of a
second modified-layer pair resulted in no further Increasa tn threshold but the saturation
‘luence (10 of 10 sites damage) was 110% higher. Reflectors with an ●dditional half-wsve
of SC203 had lower thresholds of the order of 10% as ●xpected The thresholds correlated
best with peak-field models, whereas the best model correlating the saturation fluences
involved the sum of the upper two scandia layer thicknesses,

Key words: Oamage thresholds; ●lectric-field suppression; multiple shots; nanosecond
pulses; nonquarterwave designs; scandium oxide, standing-wmve ●lectric fields; thin film~;
Ultraviolet reflectors.

1 Introduction

10 recent years, the anticipated correlation of peak standing-wave (SW) ● lectric field with
laser damage of multi layer dielectric reflector$ has been under repeated scrutiny [1-7] 08m4ge
studies of various coating designs have been conducted at both Lot Alamos and Liuermore National
Laboratories in cooperation with c~rical vmdors,
(~CLI).

primarily Optical Coating Laboratory, Inc,
lhe results of these previous lnvestigati~ni have been variable, Possible reasont for

these varia~ions are discussed in Section 6.

Previous correlation Or the damage threbhold with SW-field pattern! for the ultraviolet wave-
length of 266 rim [El] provio~d the motivation for the present study ●t 24I3 M, Here, we ●aemined the
use of special reflector designs fn which the upper few layers had nonqutrteruav? (QU) thichnessek
Uhil@ maintaining high reflectance, thit non-QH de$lgn modification mlnfmizes th mak W ffeld in
the Lop high- ind~x layers, whfch have proven to be waker than the low-index yer mterislt
Figur~ 1 SIIOWI a c~arlson U( the field patterns for the standard ●n-~ refleclor ●nd for #n
optimized suppressed-t teld Asign. ~he latter is Obtafmd In two Stept. first, a Iow-index le,y~r

is ●dded to the ttandcrd QU stack. but !Ls optlmu thickness is such that the ● lectric f~eld at itt
outer surface ●xactly equals that ●t the secnnd H-l interface. Then sufftclont thicknesb of the
high-index film iS sdtid to obtain ● null field ●t itt outer surface, thereby max:mfzing th?
reflectance AdrJ~lional pairs of layers can be ●dded accordtng to the s- prfn:tples

Succes# of the non-fW det~gn in real tzlng htgher d-ge thresholds re~uireb that the ratio of
th~ thresholds for the high- ●nd Iow-fndex films be sdstantielly greater than unit,y, [specially
for ultr~violet laser wavelengths, Suwf’ession of the peak ●lcctrlc fteld fn the high- lndeh layerh
is ●xpected to be ●dvantt~ous for et least three roatom, (1) the dmsity of ●bsorbing film defecth
increcses with dacraasi~g wauulenflth 19], (2) ~Mous ab~orptton increases rapidly near the uv
bsnd ●dge, ●nd (3) ●ultiphoton ●bsorption becoas ● protmbly contrtbuttng dna~ mechanism.

2 Test Spoci~n~

21 Reflector Oeslgn

Four different 22-leyer refl@cto- dasignh wre cdated using tfweo matcrlals: scmdibm oxtdo
($cZOJ), magne$lm fluorlde (Hgf2), ●rvl sfltcon dfoxlde (StOi) ~0 preClUd9 btress- induced cral~ng,



the initial layers were composed of five pairs of Sc203/Si02 over which six pairs of SC203/f4gFz and
half-wave (NW) thick HgF2 overcoat were deposited. The four different designs shown in table 1
differed only in the thicknesses of the outer pairs of layers. Oesign A was the standard all-QW
stack. The layer thicknesses of Oesigns B and O were chosen to minimize the peak SW field in the
scandia laye~s as specified by Gill et al. [4]:

Low-index

High”index

ayers: ‘in ‘2i-l
= [~ N2-(i-1)]-1’2, e2i-1 > n/2 (1)

layers:
‘an ‘2i

= N[j(N2-1)]-1’2, E12i ~ 1(/2 (2)

where sl ~ i $ m (m being the number of pairs of non-QW layers), N = nH/nL, and EJi = 2nnjdi/A. 1 he

subscripts, L and H, refer to the low- and high-index layers and d is the film thickness. Slmila,
expressions have also been derived by Apfel [10]. Oesign C was the same as B except the top scandia
layer was an additional NW thicker. This design was included not to increase aamaqe resistance but
to provide insight into the damage mechanism.

2.2 Reflector Fabrication

Four sets of the above designs wer~ deposited In two e5S@ntidllY identica
four suprasi l-2 substrates and four BK-7 glass substrates ptr run The suprasi
diam) had surface rouahness of ~10 ~ rms. and the BK-7 substrates (50.8 and

coating runs, u!inq
substrates (50,8 mnl

381 mm diam) had a
low-scatter boul feed p~llsh for which 3 - 5 ~ rms roughness is typiCdl. The coatings wer? deposited
at a substrate temperature of 150” C for both runs Flip masking was used so thdt all of the

scandia/silica layer$ and nll Qh’ scandia/HqFt layers were connnon to all parts. Adrlitiondlly, the
377-L, 149-H Iayerb w~re connon to spindles B, C, and O, and the W Mglz overcoat was common to all
pflr[s.

23 Spectral Performance

As can be seen in table 2 and fi~ure 2, Lhe Spectrdl performance of the actual reflectors wd~

very CIOSP KO the theoretical desiqn value~ At 248 nm the reflectance generally ●xceeded 99!, I he
pdrts of Cles]qn C were about (1 5% lower as expect~d due tu the added absorption in the thick SCmItlI,I
lay?r The •~tlnrtion coefficient k of the SCJO:I was measured to be 0.002 t 0.005 Th@ k value. (Jf
M(J1; and SiOz dld not exce~d z~ro w;[hln Lhls I,reci>iofl,

2 4 IIectri(-field I)lstrihljtiorl<

The inlernhl W electrlr-f!eld distributions for ●ach reflector de~{qn are shown in flqure !
TIIP fleld~ wer~ qomput~d tlumer’!cally with the a~~umption of NO absorp[iorl tIIId are normdli:pri tu (III,
llIclrlQI.: fiplrj [’ The thicti.nesse$, p@Rk fleldk, and Ilnet!l” absor~tloll
Iis!Pd III tahle[) J Ih@ f}rst two quantities can be computed from analyt

~l,PVl(JU%ly [4, 111] lh~ linear absorption WLS obtained by Int.euratlof, ovPI’
I t)}

A (4nrli/A) l:l[(/)/l;)l% (1)

Idblp 1 24L1-nm Heflcctor’ Op(iQnk
. . . . _— _- —__._-—_ ..— _ __ —__.. _—._. . .— . .-—
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Table 2. Measured Performance of 248-rim Reflectors

Spindle ~ ’248
Ao(nm)a A ~ak(nm)
.—

A. Theoretical
b

0.993 0.993 248 244
603-1727
603-1728

8. Theoretics
603-1727
603-1728

c, Theoretlca
603-1727
603-1728

0.996
0.990

b
0.994
0.993
0.991

b
0,988
0.990
0,988

0.992 244
0.989 242

0.994 250
0.989 245
0.991 243

0.988 249
0,982 248
0.988 246

251
249

247
251
248

240
251
240

D. Theoretical
h

0.993 0.993 252 250
603-1727 0.991 0.990 247 251
603-1728 0, 99(I 0, 990 246 248



Table 3. Design and Theoretical Performances of 24f3-nm Reflectorsa

De~ —

Overcoat (Mg}z

Thicknessb

Peak Fieldc

Layer 21 (SC203)

Thicknessb

Peak Fieldc

Absorption

Layer 20 (f4gF2)

Thicknessb

Peak Fieldc

Layer 19 (SC20:I)

Thicknessb

Peak Fieldc

Absorption

Layer ~El (MQFZ)

Thicknessb

P~ah Fleldc

Layer 17 ($cti(l:, )

Thickncssh

Peah Fieldc

Absorption

Total Absorbance

R@flPctanc~

.—.——_——

2.0

2.03

1.G

0.95

0,0030

1.0

0,95

10

0,44

0,0014

1.0

o.4~

1(J

021

0 000(1

O 0056

0 9935

B

One Pair
Suppressed

E-field——

2.0

2.03

060

0,62

0 0009

1.52

1.33

10

062

0.G019

10

0.62

1 ()

(l 29

0 O(JOY

0 0045

0 9941

c
One Pair

Suppressed
E-field
+A/2 1-l..

20

2.03

2.60

0.95

G, 0068

1,5?

1.33

10

0.62

0 0019

1.0

(.62

10

fJ 29

0.0009

00105

0 988?

___ _— -— ——.

o

Two Pair
Suppressed
_E-field

20

2.03

049

0.46

0,0005

1 63

1.51

0,60

046

0.0006

1.52

0 9d

10

0 46

0 Oolfi

u 0019

0 994(I

aBa,,ed or) ttw r?fracllve in~ices given in table 2

b
Ihickn@sse> arp q~v~n in t?-ms of quarl~rwaves al 24E1-nm

‘peak field i5 thp (ime averag? square Of the •l~ctrlc field relatlv~ to the inc!drnt f!eld
— .— . .. ——.—-_— .—

Tab]@ 4 la,.@r l~st Parameters

— .— —H . ______ . _____ —.,._ ———. .—.—.. ..——.—. —— .—.. ..-— — ..-. ..— —

tiavclength 248 nm

Puls@width B n% (FM)

5pot-5i1@ Oiawlrr O 6 m, kan

Repetition Rate 35 pus. (and 1 DIJ>)

$ltc~, ]rradlated 10 al ●i.ch of 5 flu~nc~ Ievcl$

Shot$ Ptr 51te 1000

-— — .————— — ———— . —



Table 5. Experimental Damage Thresholds (J/cmz)

Coating Run Substrate Coat~ng Design

I

603-1727 Supras
603-1727 BK- 7

603-1728 Supras
603-1728 BK- 7

One Pair
One Pair Two Pair Non-QW

All QW Non-QW Non-QW +Hw SC201

12 a (4,9)b 4.4, (6.7) 4.4, (11.5) 2.5, (3.1)
;::; (5.6) 5.6, (6.8) 4,7, (10.3) 2.5, (29)

12 3.0, (5.1) 4.2, (7.2) 4,9, (9.6) 3.0, (3.4)
2.6, (3.8) 3.4, (6.6) 2,6, (10.0) 2.7, (3.1)

aThreshold ~f damage = maximum fluence at which none of 10 sites irradiated damaged

b
Saturation fluence : minimum fluence to damage all 10 of 10 sites irradiated.

AS has been demonstrated repeatedly in the last decade of damage research, a result may not be
reproducible when retested due tc, many factors in real materials, Thus, it is the average or trend
revealed by rep?ated tests of a particular design concept or manufacturing procedure that is of most
value, Me have tried LO address this issue in the present work by testing four sets of these re-
flectors fabricated in two coating runs. from table 4 we computed t,~e average thresholds for each
design and present these in table 6. To furLher clarify the results, we also presel,t the same
information in figure 5.

Clearly the optim;zed non-QW designs have superior thresholds (higher by 40 to 50%) and satura-
tion fluences (40 to 100% higher). Not unexpectedly, the additional HW scandia thickness resultec’
in a slightly (significc,ntly) decreased threshold (saturation fluence).

4 ‘. Irradiation at 2 pps

Th@ te5~ resultj for the set of re;iectors tested at both 2 DP$ and 25 PPS are plotted in
figure 6, On the average, the threG?,uldS and satur~tion fluences for these tests dlfferrd by 51 or
Ie>s furthermore, Lh? 2-pps test> allowed us to identify the shot number at which damage occurred
(This was difflcul[ to accurat~ly quantify at 35 p(JS.) Me observed that either a test site damaged
within 25 5hot$ or it $urvlved the standard lCIO()-ShOt teSL, Further, for nearly 75% of those sites
exhibiting damage, fa]lure occurred on the first shot, This aspect is adequately discussed in the
r)receding paper by Foltyn ●t al [13]

5. Analy515

The experimental re ults positively reveal t;,? merit of using the Suppret$cd electric-field
principle to increa~e the damaf)~ resistance of laser reflectors ]1 is still conceiveole. however,
that minimizing th@ ppak field in the scandia layers is serpndipi lous, That IS, there may be
another condltlon that is slmullan~ous~y optimized that {nvolves the primary damage mechanism In
this sect !on, we compare our re$ult! with the theoretical predictions of Various nodcls for Iase!
damage

Fir$l, w can stat@ that the iow- Index layer$ of ~fi are not the s!te$ of initial breakdown
For ●dch of Lhe four refltctor design~, lhe 14qFZ (~v~rcoat thickness wat the same, ●nd th? peak and
av?rage fl@ld! were al~o the same (se@ Labl- 3) Vet the damatip thresholds varied considerably We
considered then, d&mag@ models Involvfnfi inltlal failure in th~ scandia layers (only for the
two-pair non-QW dcsifln was ini[lal damage in the Mgll Indicat@d, as dl$cus$ed below,)

lhp obviou~ mode;+ tor damage inrvolve on@ or mor? of the followtng paramt~rs, the p~ak !iU
electric field, thv av~rage field. ●bsorpt ion, or lay~r tnicknott W? have considered ten dlffrrcnt
possible @ f!l$ Podp 1 1 i - that damage thrcshold~ are inver%ely proportional to th~ ~ SW
P;ectric field This is Cor,sistcct with damage via absor~tion. both lin@ar ●nd nonlln~ar, and
•lect~.on avalanche lm! rlwp?ndence bctw~n ●nargy lin?arly ●bsorbod p~r unit unluma ●nd the field
suunrcd {t giv~r} by

,a(,]/cmJ) T m,l(l~),~jlz,o (4)



where u = 4nk/A and L is the laser fluence in Jjcm2. Model 2 predicts initial failure at film
interfaces having the”largest SW field. Possibly, defects could be trapped at these boundaries.
Model 3 has damage dependent on the maximum average field in any one layer. This relates to the
total absorption within a layer of thickness, t, by the expression

IE/E:12av= A/rwt .

Model 4 involves the average field in the top
atmospheric contamination.

Model 5 involves the maximum total line~r
involve the total absorption in the top scandia

(5)

scandia layer which could be most susceptible to

absorpti~n in any one la,ver, and Models 6 and 7
layer and upper two scandia layers, respectively.

Model 8 involves the sum of the linear absorption within all the scandia layers

Model 9 predicts that the threshold will increase with decreasing thickness of the top scandla
layer, This is consistent with the number of absorbing defects the laser beam would encounter
Model 10 is the same, ●xcept it i,wolves the sum of the t.sicknesses of the upper ~o scandla layers.
which Tor the designs tested, were th~ only ones tha+. were varied.

Ir, figures 7-10 we present graphs of the mean thresholds versus the parameters unique to four
of the models. The mean threshold is the average for the four reflectors of identical desiyn ana
the vertical bars are the standard deviations from these mean values. A linear least-squares-flt is
drawn through each plot and the coefficient of determina”.ion, rz, was computed. A value of 1.000
for rz would be a perfect fit. Exponential , logarithmic and power curves did nnt fit the data as
well as straight lines.

The four models selected for illustration here had values of r2 coefficients L,ery close to

1.00 The reader can verify this by examining table 7 where the statistical results for all the
models are summarized. Since the mean threshold (no sites damage) fot the two-pair non-Qk deslq~~
was slightly lower than for the optimi~ed one-pair design (4,15 compared to~4 J/cmz) the llnej~
fits for all ten models initially were poor with rz . 0,90. An obvicus hypothesi$ is that thresh{, ld
damage initi?ted in the MgF2 overcoat for this design lhis is reasonable since the field in Chc
high-index layers can be suppressed to advantage only to the degret thal the low-index films have
highr?r damage resistance. With this hypOthe5?5 (1]), the rz coefficients increased markedl~ for
most of the lines drawn through the thresholds. In particular, Mnde15 ] (peak field) and 6 (lineal
absorption in top scandia layer) provided excellent fit5 (r:

10
W99) as i4 apparent in Ylgures 7 and

The very poor correlation o’ Model 2 (maximum field at a film interface) de$erves >IJecla’
mention since it has been previously considered as plduslb]e [5] Reflectors of Oeslgn C WIL~ MI+*
field in the interior of Lhe thick jcandla laye-’ had thresholds in direct Opnositi.n to this mode
Apparently !ilm interfaces are nut $ignifiuanlly more damJge prone than lnterlor material

for the saturation flUenCCS, a differe,)t 5et of models was most consistent with the data 1 r~

be5t flt wa5 prov!ded by Models 10, 6, and 5 in detccndinq ord?r Model 10 (ri = 0.99). pred)ctl!lq
higher thresholds for designs with thinner ]ayer~, is con5istenl with fai lure by beam interac~l(~r,
with a particular class of coating defect$ Presumably, the thicker the film$, the q-@ater !IIP
number ot these dcfect5 that will b@ ●ncountered Walker et al [9] al$t~ reporte(’ a S!I ‘la! lr~-
creasp in damage resi$tancc of thiilner single-layer fi lMs. How@ver. thi>,r d~finitlon of damaul,
thre>hold (midway b?twepn our threshold and $aturation fluence definition) wa> the tradlt looa! ens’

Table 6 Cnperi~ntal R@sults

four-Set Av~rage of four Designs of Z48-nM fle’l~ctor~
-- ..—.—— .-—. —.-.———— —--—-.—— —-—— .—

-@@__
All OH

One.palf
Non-QW

lwo-palr5
flon-QW

————. —.————. —_—

Threshulri 5aturatlon ~lucnce
J/cmi % Charge J/~m~ 1 CFa~~.— ————

?9!02 -. 4,85 > 0.6 .-

44109 + 5tR 68t(J3 4 40%

4?fll ● 4th lo4io[! * not

2) t o 1 - 10% J:!o? - 35t

.-— — .—...— —— __ ——. _— _ . . —— ..—— ———.— -



Table 7. Statistical Analysis of Damage Models

Coefficient rz for Linear Fit
Saturat=

Thresholds Fluences

Model/Hypothesis I 11 1

1. Peak field

.‘. Maximum field at interface

3. Maximum field average
in any one layer

4. Average field in tap
Sc203 layer

5, daximum linea~ absorption
in any one layer

6. Total linear absorpt
top SC203 layer

7, Total linear absorpt
top ttio Sc203 layers—

8. Total absorption in

on in

on in

tack

0.71

0.35

0.65

0.69

0.77

0.72

0.47

075

0.16

0.86

0.93

O.w

o 99La

0.87

0.69

0.95

0.52

0,88

0,91

0,9?

O.Y@a

o 95

0.86

9. Thickness of top SC20,1 layer 0.84 0,86 0.92

1(J ThicknQss sum of top two 064 071
Sc20J layers

alinear fIt predicts a threshold of more than 2.0 J,

Hypothesl$ I Initial damagr in SczOn films,

Hypolrle515 11 Same as 1, ?mceDt damage initiates
two-pslr non-QU design

$m~ at infinite absorpLIOn: See tea

n the HU HgF: overcoat only for the

Particular comer! i~ necessary for Yodel 6 as illustrated in tigure 9. Althuugh the linear
TIt~ were e,cept ionall. good (rJ = 0.99f, and (I 98), the projected thresholds for infinite absorption
were greater Lha, ? J/cml This appears 10 be a nonphysical result since the lines ,nould pass
closo to th~ oflg!n

By use of the slope of Lhc linear fit for the thr~sholds of figure 7, we ccmputed the mea!l
~al,je “f the p~ak- field threshold for ~C203 to b- f-l36 MV/cm for the two-pair modified design in
wh,ch damage is assumad to init iat@ in thm W MgF: overcoat a mean value of 0.63 MV!cm waz com-
put~d The ratio of these fi@ld thresholds is 1 76. which ‘is sufficiently large to motivate the
pres?nt suppressed-field r~flector d~slgns

$umari/inq this scctlon, mean thrc$hold data were mo$t consistent with the peak-field Model 1,
and the 5atJrati On flu@nCp data Wre most consistent with the top two scandia layer thickn~ss sum of

Model I(I llIe threshold5 for two-pair non-OM desifsns fel~ markedly below the Ilnear curve fit$
suggest]nq Initial failure of an M@z layer (prctsably the W overcoat) Fllally, the use of all
of the mo’del< (~xc?pt Model 2) @valuated here supported th? ob$erved trtnd of incr@ssin
and saturation fluences with decroasln~ + ‘hresho’d’peak snd sverage fields. absorption, ●nd ayer thicknesses

6 Discussion of Pasl hxper~~nco

As ~ntion.md in the Introductory j.clion, previous ute of the %up;\resscd-fi@ld pr~nciple ha>
not always correlated w~ll with damage ra%istance.

The 10S Alamo! group, using 20- to 30-p\ pulees at 1064 ●nd 532 nm []-4] ●nd ?O-ns pulses at
266 nm [B] often fcund a definite corr~lat{of} Houevcr, Livcrmore and OLLI *@searcher’s using 150-1~5
and I-n$ pulses al 1064 nm found no fir’m ev{danc- of tht \d-f,~ld ~nfluonce on d4magQ thrsshold
[5-1]



There are several possible explanations for the different observations. First, at the damage
threshold fluence, the peak electric field for 20- to 30-ps pulses is much higher than for nano-
second pulses and so field-dependent mechanisms are emphasized. Secondly, whereas the internal SW-
field pattern is ●ssentially constant during the picosecond laser pulses, thermal diffusion of de-
posited energy away from SW peaks can decrease the temperature extremes arising from energy ab-
sorbed over nanosecond times. Thirdly, individual defects randomly distributed throughout the films
are apparently the first sites to damage. These defects #ould tend to ssask any SW-field threshold
correlation, However, for picosecond pulses the density of damageable defects is apparently greatly
increased as ●videnced by an absence Gf any spot-size dependence of damage [2]. Thlls , the films
btcome essentially uniform in susceptibility to laser damage and the SW fields become manifest.
Fourthly the pos<tive correlation (even for nanosecond tests) with ultraviolet wavelengths is con-
sistent with a uniform density of coating defects argument, The density of susceptible defects
increases as the wavelength approaches the absorption edge as reported by Walker et al. [9].

The successful use of suppressed peak fields to increase the damage resistance of 248-rim
reflectors is consistent with previous research. Even greater advantage is anticipated at shorter
wavelengths,

7. Summary

Application of the principle of suppression of the peak electric field in the top high-index
layers has resulted in substantially increased damage resistance for mu; tilayer dielectric re-
flectors of Sc203/PfgF2/Si02 designed for 248 nm. On the average, the reflectors wi+h one pair of
optimized-thickness layers had 50% higher thresholds (survival of 10 of 10 sites) than the &ll-Qw
des i gr, Addition of a second pair of optimized non-QW layers resultea in no further increase ir
thresho’d, but the saturation fluence (damage of 10 of 10 sites.) was 110% higher. A model of damage
resistance inversely proportional to the electric-field peak in the high-index (scanclia) layer~ pro-
vided the best fit to the threshold data. Also this model was the only one (out of ten) to accu-
rately predict the threshold for the special te$t reflector Incorporating an extra HW thickness in
the tcp scandla layer. The saturation fluences correlated best ~ith the sun, of the thicknesses o!
the u~per two scandia layers which is consistent with damjge of a special class of film defects
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Figure~l. Stariding-wave electric-field distribution in two multi layer dielectric reflector desiqn5,
E is the incident electric field in air, One reflector design (left) uses all QU thicknesses;
tRe other has one pair of non-QU layers optimized for suppression of the peak field in the top
H-1ayer,
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