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The la se r-induced damage (LID) thresholds of fused silica and single crystal NaCl 

w~re stJdied at wavelengths of 0.5 and 1 ~m for pulses as short as 4 psec for a variety of 
focal spot sizes. The problem. of sample-to-sa11ple variation was minimized b/ performing 
pd r aMetri c studies on a singl e sample at a time. Beam distortion measurements and polari­

zat ion dependence studies of the LID thresholds demOnstrate that the cont r ibution of self­
foc~si1g to the LID .neasJrements in this work was negligible. The damage threshold field, 

E8, w~s found to increase as the pulsewidth was decreased in both materials at both 
wd we l engths. The strongest pul sewidth dependence observed was approximately an inverse 
squa re root proporti onality observed in NaCl at 1 ~for pulses shorter than 10 psec. For 

conditlons of equJl pulsewidth and the same focal spot size, Es was less at 0.5 ~m than at 
I 1J t1 for bot h mat eria 1 s. 

Key Words : Laser Dama ge, Picosecond Pulses, Fused Silica, NaCl, Avalanc he Breakdown, 1.06 

~n . 0.53 urn, 1.0 5 11 m. 

1. Introduction 

Th~ probl e:n of bulk laser-induced damct!Je (LID) in nomindlly transparent mcSterials heSs been the 
suhjt"ct of extensive investi gation (1]. However, after more than 15 years of study, bulk laser­

injuced daMilge is still rtot well understood. A major obstacle to developing models for such dct:nage. 
1n highly t ransparent mat erials is the lack of a consistent data base for the dependence of LID on 

such bas ic pa ram·~t en as laser wave len gth and polse;o~idth. The problems of samp le to sample v3ria­
tl ons and the comp 1 ex interdependence of the damage thresloJo 1 ds on 1 as·er frequency, pu 1 sewidth, and 

foca l conditions [ 2] make the interpretation of isolated data points difficult. 

We ha ve tri ed to mi nimize these problems by $tudying LID as a function of wavelength and 

pu l sewid t h for a variety of focal conditions on a given sample. In Ref. 2 the LID-thresholds of a 

sa·ople of fuS~ ·.1 Si 02 and a sing l e cyrs~~l NdCl sample were studied at 1.06 \Ill .u a fu:~ctio:~ of 
pu1 se~idth for ~ulses ranging from 40 psec to 31 nsec using a variety of focal conditions, In that 

Nork ~~~ found th,lt the laser-induced brecJkdown threshold field, EB• (i.e., the r.m.s. field corres­
ponct ln g to the LID thr~shold pP.ak-on-axis irradiance) was only weakly dependent on the laser pulse­

wi dt h. liP iounn th~ t . f.1r tiH! range of parameters used, we could fit all the data in Ref. 2 to the 
I 'l 1 l :>wino e:np i ri c d 1 rt? l at ion s hip 

( 1) 



whe r e A a nd Bare constant s for a given samp l e , tp is the laser pulse width and w0 is the laser focal 

spot r adi us. In th e present wo rk, ~1e find that this r e lationship breaks down for pulses shorter 

th a n 10 psec. 

He re we extend the pul sewidth depende nce studies at a wavelength of 1 ~to pulses as shor t as 

4 pse c , and we study the LID ch a r ac t erist ic s of fused Si02 and sinqle c rystal NaCl at 0. 53 \llll for 

pu 1 sel'idth~ in the 20 to 200 psec range. We find that the empi rica 1 re 1 at ionship given by eq. 1 no 

l onger holds f or l ase r pulses shorter than 10 psec , For the shortest pulses (4- 10 psec at 

1. 05 ~m), En va ri e d as approximately the inverse fourth root of the pul sewidth in Si 02 and as 

approximate l y the in verse squa re root in NaCl for all the focal conditinns studied, 

For conditions of equa l pu l sewidth and the same focal spot size, E8 was less at 0,53 11m than at 

1.06 1111 for bot h materia l s for pulses in the 40 ·to 200 psec range. This result is contrary to 'the 

p r edictions o f a simple ava l anche breakdown model, Also, the observed dependence, while in the 

r i qht di r ect ion, i s muc h t oo we3k f ord strictly multip~oton process, A multiphoton initiated 

a va l anc he bre akdown process [2] could possibly account for the observed wavelength dependence, 

In addit i on , by ca refully st udying the polarization depende nce :1f LID and by measuring the 

distort i on of the transmitted beams , we show that the contribution of self-focusi ng to LID in our 

expe r i ments is much l ess than hilS been assu:ued by other workers, In fa ct, for certain focal condi­

t i ons we demonst rate that the e ffects of se lf-focusing are negl igi ble, 

2. Expe r iment 

The la sers used in t ili s study we r e a rnode -lo: ke d Nd:YAG osc illator-amp lifi e r system and a mode­

l Jc l:et1 Nd:Gl ass osc i 11 atur s y s tem whi ch have bee n descr ibed e ls ewhere [2,3], The YAG 1 aser was 

op e rated at 1,06 ~m ~nd th e qlass at 1.05 ~m. ln eac h case a single pulse of measured Gaussian 

s p a~ i ;;l and temporal pnfile was sw itched out uf the mode- locked train and amplified. The pulse­

widt h of th e Nd :Y.\'J 1 ase r wa s varied from 40-200 psec by se lecting various etalons as the output 

coup le r of the osc i 11 ator. The ql ass 1 aser pul s ewidth varied from 4 to 10 ps.!r., The pul sewidth clnd 

en<>rgy of eac h pu lse we r e moni~ ·Jred . The width of eclch pulse was determined by monitoring the ratio 

)f the en~rgy in the s e cond harmonic produced in a nonlinear c rystdl to the square of the energy in 

the fundamenta 1. A more detai 1 e d des c ription of ene rgy and pu 1 sewidth measureme nt are giv e n in 

lh!f. 2. 

A temperature tuned CD*A c rystal was used with the Nd : YAG l aser to produce p•Jlses at 0.53 \Jll· 

Ca r e wa s take n to fi 1 ter any r es idu a 1 1.06 1rn radia t ion from the 0.5 3 ~m be am. The energy in the 

fundamenta l ;>u l se s at 1.06 ~~m was kept be lov1 l vulue whi c h would produce saturation e ffects in the 

spat i-3 1 pr of i 1 e of the second harmoni c. Two -di mensiona l scans of the 0.53 ~m beam with an optical 

mul t i c nanne l ana lyzer (O HA) ve rifi ed t he absence of saturation effects and the Gaussian spatial 

prJ fi l e of the 0.53 !lm beam. Such v i dicon scans of the spatial be am profile showed that the shot ­

to-shot vari a tion in t he be am o'lidth wa s le ss than our detection resolution limit of dpproximatel y 

11. Li qnt -lly -li ght s catteri nq measurements i n a lii03 crysta l [4] ind i cated that the 0.53 ~:n pulses 

na t1 d Gaussian tempor al sna pe . The r esu l ts of these measurements confirmed that t he 0.53 ~m pulse ­

width sca le d as the 1.06 ~m pu l sew idth d ivided by ff.. This scale fa c tor was u s~d to compttte the 

0.53 :101 pul sc 1·lidths from the measured 1.06 ~01 pul sewidths, 

l ne l aser be a m was f oc us ed int ~ t~e bu l k of the sample usinq sinq l e e lemen t, "b~st f orm" , 

· e.1ses :Jeslq'led f or min i mu.n sphe ri c a l aberrat ion s . lhree l e nses of focal l enqths 37 nrn , 75 nrn , and 

~~0 mm we re used ilt var i ous oi starlCi'S fr n;n the l>r~am wcJist to produce the focal spot radii for these 

.;x 1.wn ment~ . The lowes t f-n J~lbc r cond ition used in the se experim<!nts was f ,'l0, 3. 1n each casP. , the 



beam diameter was kept below maximum va lues necessa ry to ensure diffraction limited performance. 

Aber r ations caused by f ocus i ng through the pl a nar surfaces of the samples were calculated to cause 

an e rr or in the fi e 1 d of I ess than o.u; for the worst ~ as e . _The output energy of the CD• A crysta 1 

was mon i tored cont inua ll y us ing a sensitive photod t ode peak -and-hold detector, absolutely calibrated 

with respec t to a pyroe l ectric ener gy de t ector. Transmission through the sampl e was moni t or ed by 

anot her peak-and-ho l d de t ec tors. 

In some cases , the transmission detector was r eplaced by a v idicon tube use d in con j unction 

with an optic~! mult i channe l ana l yzer to scan the transmitted beam profile. Such scans .were made at 

the damage thresho l d irrad iance and f or irradiance leve l s t en times bel ow t he damage t hreshold, In 

this way , a t ota l time in tegrated beam disto rtion at the beam waist of the orde r of 'A/5 could be 

detec ted. 

The short pulsewidth data (4-9 ps ec) were taken on the same sampl es us ing a microp r ocessor ­

conteo; l ed Nd:Gi ass osci ll ator system operat ing at a l aser wavelength of 1.05 \Ill [ 3]. This system 

produced s ingle pJl se s of meas ured Gaussian spatial profi I e. Shot -to-s hot energy fluctuations were 

dete rmined to be - 20%. The same focus ing 1 e nse s were used as with t he 0.53 11m meas..trement s. Ilea~' 

sca n s as a fun c t i on of distance from the la se r we r e emp l oyed (as was also done usi ng the 1.06 11m 

lase r ) to dete rmine the beam divergence (0,4 mrad . ) and the position and size of th e output beam 

wa i st . This information and the l e ns focal l e ngth we re then used to cal culated the beam wai st at 

the l ens focus . Energy on target was vari ed usi ng a ca librated Glan polarize~ The procedu res for 

mea sur ing and continuously monitoring bot h pul sewidth and ene rgy are identical to those described 

prev i ous l y wi th the Nd:YAG l ase r system [2]. 

T~e breakdown t hreshol d for a given pulsewidth was t aken to be that ir radiance whi ch produced 

damage 50~ of the time, Each site was i rrad iated on l y once. Damage was def ined as the appearance 

of a visibl e fl ash in the bulk of the sample or by the observation of forward scattered light from a 

coaxial HeNe la ser as viewed th rough a ten-power l ong-wor ki ng distance mi c r oscope. The micros cope 

also was used to verify t hat damage had occ ured at the beam focus and was no t due to i nc lusi ons , 

For 0.53 IJm dilmage , the appea r ance of 0.53 IJm scattered radiat i on and HeNe scattered 1 i ght occurred 

simu l ta neo usly for bot h Si 02 and NaCl. In the ca ses of the 4-9 psec 1 11m data, for both Si02 and 

NaC I, t he r e t~as a sm~ ll range of inc ident e ne r gies whe r e damage had occured as de t e r min ed from 

sca ttered He Ne rad i at i on , but no flash was obse rved, N-on -1 experi ments (multip l e shot irradiat ion 

at t he same samo l e s ite) conducted at both wave l engths , indica t e no change in t he breakdown thres­

hold whe n compa red to the 1-on-1 exper i ments (only one irradiation per sampl e site ), 

3. Se lf-Focus i ng Cons ide rat ions 

In order to produce l aser -induced damage in the bulk of a high ly transparent ma t e rial one must 

t i qhtl y focus the 1 i ght i nto the materi a l. Since the beam propagates through the material, one must 

consider the effects of se lf -focus ing on t he resu lts of bul k damaqe measurements , part i cul ar ly when 

the powPr r equi r ed to induce damage is of t he orde r of the predi c ted critica l power for self­

focus i ng. HarburgPr [5] has de rived an approximate so lution to the nonlinear wave equa t ion for a 

focused Ga uss i an beam i n a non li near medium, Thi s so lu tion (called the constant sha pe approxima­

ti on) assuru.'s t hat , in the l)rcsence of se l f-f ocus inq, the f ocused beam waist is given by 

(2) 



where P1 is the critica l power for self-focusing 
a0 i s t he foca l radius in the absence of sel f-focusing, and 
P i s the Input power. 

Some workers hav e assumed that the damage threshoid irradiance for highly transparent materials 
(suc h as thos e used In this s tudy ) is an intrinsic property [6] of the mat e rial and that any 
apparent dependence of the breakdown lrradiance on a0 is due to self-focusing [7,8,9] The breakdown 

power then was measured for various va lues of a0 and the results fi t to the equation 

( 3) 

where Ps is t he power requ ired for breakdown and 
18 is the intrinsic damage t hreshold. 

A number of authors have used thi s technique to extract values for 18 and P1 for nanosecond (7,8] 
and picosecond pulses [10,11] In some cases P1 was calculated [11) in accordance with the rela ­
tion [ 5J 

2 c>. /32., n2 (4) 

where >. i s the wave length, and n2 is the nonlInear refra ct ! ve index. A new foca l radius was cal­
culated using eq. (1). The n2 va lues used in these ca lcu lations were taken from nanosecond measure­
ments . 

There are ser iou s probl ems associated wit h using the above mentioned procedure. Subsequent 
work has shown that 18 is not an intrinsic property of a transparent material as evidenced by large 
sample to sample variations obse rv ed in a given material [2,12]. A second problem is that other 
se lf-action effects such as a saturati on of the self-focusing or free carrier defocusing may become 

important at the extremely high irradiance lev els required for damage. The presence of these "free" 
elect rons creates a negat iv e cha nge in the index of refraction which can limit the self-focu s 
collapse, [5 , 13 ,1 5] defeat se lf -focusi ng entire l y, [15] and in some cases lead to self-defocusing of 

t he beam. [ 16,17 ) Therefore, before any analysis of damage data can begin, one needs to devise 
tests which wi 11 ver ify the presence, or absence of self-focusing effects. 

One such test arises directly from se lf-focusing theory which predict s that the critical power 

for se lf-focusing is l owP.r for linea rl y polarized light compared to that for circularly polarized 

1 i ght [ 18- 21]. Experlmenta 1 measurements in 1 iquids, such as cs2, conducted by ourselves [ 22] and 

otners [20,23] have confirmed that this Is indeed the case. In solids, Fe ldman~ !l• [19] measured 
ra t ios of c ircular polariz3ti on thresholds to l inea r polarization thresholds on the order of 1.1 t o 
1.3 for fused quartz. These measu rements we re con duct ed using nanosecond pulses at 1.06 \Ill where 

both elect ro strict ive and elect roni c contribJtions to n2 are believed to be Important. For pic o­

second pulses the dominant contribution to n2 Is ::>e l ie ved to be e lectronic self- focusing, whic h is 
no 1 Mi z.'lt i:ln c!errnc!e'lt. Thus , if se 1 f- focusing effe:t s are Important in our measurements , t hen the 
hr~dkrlown thrrsholds should be dift~rent for diffPrrnt polarization confi gurations. 

In f l~.1r e I we present the resul ~s of pJlu i z.Jtion dependent studlt!S for a sample of fus ed 
quar tz at c1 ldser wavc len9th of 0.53 1,,n and 1.06 ll'"· The breakdown threshol ds are given In terms of 

tilt> r.m.s. elt>ct r ic fi .? l d, in I~V/cm, corresponding t o the peak-on-axis irradiance produc ing damage. 
111 hot h casPs Wf.' usett thP shortest pulses avai l ah l e to us, whi ch corresponded to the highest Input 



power for the giv en foc al spot r adius of 5 \lm (HW 1/e2 11). As can be seen the breakdown field for 

1 inear po larization equ~l s th ~ t for c ircul~r polarization. In both materials no polarization depen­

dence was ob se rved for pul ses between 4-9 psec (FWHM) at 1.05 ·\lm even for the largest spot size used 

in this s tudy, Similar r e sults were obtained in measurements on a N,JCl sa·n;>le at a 0,53 \lm laser 

wavelength fo r 30 psec p~l scs. Thus, for the f:>cal conditions used, we observed no polarization 

depende nce. of the breakdown thresholds for either fused quartz or NaCl. 

An other, independent te s t for th e presence of self-focus ing is to examine the beam spatial 

profile aft e r transmission through the sample for irradiance levels far below and near the damage 

threshold. In figure 2 we show two vidi con traces taken in the far field through the center of the 

0.53 )Jrn beam a fter transmiss ion through the fused quartz sample. The focal spot radius (HW 1/e~ M) 

at the beam wa i st for this configuration, in the absence of sel f~focusing, in approximately 7 lfll· 

The soli d tra ce was taken near the damage threshold. The dashed trace was taken at an irradiance 

lev e l a ppro x imately 10 tim es be low the damage threshold. Filters were placed in front of the 

vidi con to adju st the irradiance at the vidicon surface to the same value in both traces in order to 

mini mi ze any problems in de t ec tor nonlinearity. Inspection of figure 2 shows no detectable beam 

di s tortion for input powe rs approximate ly equal to the damage threshold power. Scans conducted for 

a f ocal spot size of 3.4 )J ill at the 0,53 )Jm laser wavel ength also show no distortions. 

Tne a u t ho r s are aware th a t the t e chnique just describe d monitors the time-integrated beam 

s pat i a l p r ofil e ; howe ver, t his t ec hnique is sensitive to a >./5 distortion in the total time 

int eg r a t ed pr ofil e and has pr oven to be a sensitive technique for monitoring the onset of self­

de f oc us ing in sol ids [1 6]. Thes e measurements, when taken together with the polarization experi­

ments oes c ri bed abo ve, indi ca te that self-focusing effects were not important for the geometries 

us ed in th e s e e xpe riments. Howe ver, the r e ader should be aware that in other experimental 

(jeome t ries (i. ~;! ,, less tightly focus ed beams) self-focusing effects can be important. ln fact, 

pr e l im inary measurem ents in Si02 at 0.53 ~m indicate that for a 14 \lm focal spot radius the far 

fi e l d neam radii for irradiance at the damage threshold differs from that at low irradiance levels 

by approximat e ly 28% (indicating that self-focusing has taken place). For that same focal geometry 

the r at io of the LI B thresho ld for c ircularly polarized light to that for linearly polarized light 

is ap proxima t e ly 1.4. Th e s e se lf-focusing studies are not yet complete and will be reported in 

deta il at a l at er date, We emphasize that no data are included in this paper for which either the 

pola rizati on t es t or the beam distortion test indicate the presence of self-focusing. 

4. Expe ri ment al Results and Di scussion s 

Tab l e s I- VIII summa rize the results of measurements of the laser-induced breakdown thres ­

hol ds f o r two diffe rent sampl e s of sin g I e c rysta 1 NaCl and fused si I ica [24]. The NaCl sample 

l abe l ed 78-NC- 5 is the same sample used in previous picosecond damage studies [2] and in studies at 

l onge r pul sewi dt hs and wavel engths [15, 25]. Both Si02 samples have been used in nanosecond studies 

at 1.06 )J'll [26] and th ~ sample l abe led 79-FQ-125-1 was used in previulls picosecond studies (2]. The 

unce r t a in t i e s li s t ed in the tabl ~ s of data ar~ the relative errors obtained by the method of Porteus 

.£.!:. ~1_. ~2 7 ] . ThP ab s olu te e rro r s, whi c h in ~ lude the r e lative errors and absolute errors in energy, 

oul sew i ~: h and f oca l spot r adiu s , are es t imated to be ±20% in the breakdo~n electric fields. 

Tilb l es I- IV s umma r izP the res ult s J f our mea surements at 0.53 lfll for laser pulsewidths in the 

2~ t o 200 pse c (HIHH) ran ge. These r e sult s wi 11 be compared here with the results of our earlier 

s tu d i ~s at 1. 06 u~ fo r t he se s ame ma te rials ov e r a simi 1 arrange of pul sewidths. Tables V-VIII 

cont a in th-:> res~ l ts of nn.!.l S;Jrements on these s ame samples r~t 1.05 lllll for pulses in the 4 - 10 psec 



rdn ge. In additi on, Tabl es VI and VIII cont ain LID thresholds at 11J1ll in the pulsewidth range of 40 

to 200 psec•for a 7. 2 ~ f o:a l spot radius. These t hresho lds are taken from our previous wor k 

(Ref. 2) dnd wer e i nterpo l ated fro.n measurements made at focal spot size of 6.1 and 10.3 11 m. 

In t he para~raphs th3t fo l l ow, we examine the pulsewldth dependence of the threshold break down 

fi el d, E8 , f or 3 gi ven sampl e at a g iv en wavel ength and foca l spot radius. We then examine the 

wave l enqt h dependenc ~ Jf EB f or a gi ven pul sewidth and spot size. 

The dependence of E0 on pulse·•lidth (tp) is mor ~ clearly seen by pl otting Eo versus the in ve r se 

pu lsewidth on a l og -l og plot. rigu res 3 and 4 are sue~ plots for a NaCl samp l e (82- NC-1) and a Si 02 
samp l e (79-FQ - 7940- 1) dt 1.05 1Jin, Not e t hat for a giv en spot size and for pulses shorter than 10 

psec the data lor each S <~mple can be fit with a ~traight 1 ine. Over tilis 1 imited pu l sewldth range 

~there x • 0.3 fo r th e Si 02 si:tmp 1 e and x • 0. 5 for the NaC 1 samp 1 e . The di sp 1 a cement of each set of 

dat a po ints co rrespondi ng t o diffe r e nt fo ca l spot sizes Indi ca tes a ret ativel y strong spot size 

dependence in t hese samp le& at t his wave l ength. 

Fi gures 5 and 6 ar e s i mi l a r plots fo r the same two samp l e • (79-FQ-7940-1 and 82- NC-1 ) at 

0 . 53 um for pul sewidths in the 25-200 psec range. Again one c.3n fit the data 1~ith a 1 inear depen­

t1errc.:>. Howe\'C!" , in this case x < 0. 1 f or the Si02 sample and x t0, 3 f tJr the NaCl sa~ple . SimilH 

trends a r e seen in the datd forth ~ other Si 02 ~ n-:1 NaC l samples given in tables II, IV, VI, and 

V Ill. 

At 0. 53 11 m and 1.06 1111 th<! pu l sewidth dependence of E8 observed for both materials is in good 

agreement l'lith the predictions of var i ous avalanche breakdown models [28, 29,30]. For example the 

rnode l p; ooosed by Sparks !!. ~1_. [28] predi cts very 1 itt l e pul sewidth dependence for relatively long 

pulses (nsec) and a depende1r.e of Eo on pu l sewidth whi ch approaches an inve r se square root depen­

den.:e for re l dt i ve l y short pu l ses , i.e. , t en's of pi cosecond s. The inv erse square root of pul se­

l'lidth dependence impl i es that the breakdown fluence i s constant (as can be seen in tables VII and 

VI II for the Na Cl samples). We fin d that fo r Na Cl in t he long pu l sewidth 1 imit (tp > 1 ns ec) t he 

:-rp,,~down fie l d i s nea rly cons t ant , whereas in the short pul sewidth 1 imit (tp < 10 psec) t he break­

:.'" '\ .~~~~ is ncdr l y constant. The trend in the tp depe ndence of Es for Si02 is simil ar to that 

~ •• , .. , 1n ~.1 C 1 , tlllwl'vcr , the st r onges t dependence of Eo on tp observed was Eo a tp -0. 3 for pu.l ses 

' '1""1•·•· tl\,tn }11 ps,•c ,1l 1.05 11111. It is irntn r t3nt to note that the strongest pul sewidth dependence 

of Lo ohserved in t hese measurements was the approx imat e inverse square root of pulsewidth depen­

rJcncc obse rv ed f or NaC l for t 11 < 10 pse c at 1.05 11 m. In a n J nl anche breakdown model this depen­

~e , c e i 110li~5 Jn ioniZJtion r at e (B) which i s proportion d l to th e input i r rad iii :JCe, Then the 

~ ,. ·: .~- =' of : arri c rs is gi v.:n by [28] 

-n e r ~ h is tile carrie r de1s i t y 

11
0 

is tqe initial cur ie r density or Cdfr i er dens i ty produced by mu lti,>hoton i on ization. 

A Is C:.JilSLlnt. 

(6) 



It i s commonly ass umed that damage occ urs whe n the carrie-r density reaches a critical value, Nc. 

Th·Js eq. 2 g i ves the followin g r e lationship for Es 

(7) 

dnd the II te r m is constant for a given sample and laser frequency. The breakdown fluence, c 6 , is 

proportion a 1 to E11 times th e 1 a se r pul sewidth. Therefore eq. 6 implies that cs is a constant 

f or B propor t i onal to [ 2, 

In the Sr arks avalanc he bre~kdown model the ionization rate B is proportional to [2 in the high 

e l ectr i c fi e l d 1 i mit. Thi s 1 imi t corresponds to the situation in which the increase in energy of 

t he e l ec trons in the conduct i on band is simply proportional to the input irradiance and that all 

losse s a re negl i gibl e. Thi s s i mp ly says that the ionization rate is 1 imited by the rate at which 

t he input li ght beam can supply energy to the conduction band electrons. For the low field limit, 

i.e . l onger pulses, B is exponentially dependent onE and the resulting pulsewidth dependence is 

re l ative l y weak . In figure 7, we have reproduced the theoretical curves der ived by Sparks!.!_~· 

[23 ] showing the pred icted depende nce of the breakdown e l ectric field, E8 , on pulsewidth and have 

extend ed tne pul se1'1 i dth sc a l e to longer and shorter pul sewidths. These curves we re obtained by 

nune r i ca l integrat i on of the Fokke r Planck diffusion equation with appropriate boundary conditions 

r e fle ct ing ene r gy l oss by elect rons to phonons. The solid curv e was obtained using a value for ocl, 

thP ~lec tron-ch lor1n e ion scat t e rin g c ross sec tion , taken from atomic physics 1 iterature. The 

dotted cur ve lab l er! "ve l arljus t ed" wa s obtained using a va lue for this parameter adjusted so as to 

give a bette r fit to e xpe riment a l LID dat a ava il able at the time. Thi s cross section appears in the 

equations used to calculate the e lec tron-phonon rela xat ion frequencies. The experimental points 

shown were obtained in thi s rlJrk at 1.05 IJOI for the NaC l sample label ed 78- NC-6 (Table VIII) and in 

our pre viou s pi cose cond sturly at 1,06 pm [ 2). Not e the exc el lent agreement between the Sparks 

ava l dr1cne mode l anJ the da t a obta in ed he re and in Ref. 2 for the 5 llm spot size. Data obtained in 

the same samp l e for a larger spot size (7.2 pm) show a similar trend in the functional dependence of 

Es on pulse ·l'li dt h but the va lues o f En a r e lowe r th a n those given by this model. The agreement 

between the abso lut e values predicted by t heory and experiment for 5 ~m spot size may be fortuitous 

since t he Sparks mode l de sc ribes intrin s i c av alan c he breakdown, i.e. , the starter electrons 

necessa ry to cr ea t e the a valanche are assumed to be already present. Such a model predicts no spot 

s1ze depe nde nce of t he breakdown fi e l d. The r e lative ly s trong spot size dependence observed in NaCl 

a t l.Ob urn irh1i cates that dama ge in this mate ri a l is probably initiated by so•ne extrensic process ; 

fo r examp l e , mult iphot on i oniz3tlJ~ of mate rial defects. 

Utnc r . ..,J rl: e r s have used an approx imate inverse pul sewidth dependence (i.e,, x = 1 in eq, 3) to 

sc a l e b r eakdown da ta for various materials [11]. This is a much stronger dependence than is 

ob s e rved i n this work, The ir strong pul s?width de pendence was determined by combining the 1,06 11m. 

30 ps ec ddta i n Ref. 9 and 1.06 11m, 15 psec data in Ref . 31. The se two data points were tak e n with 

d i fferent f ocd l spo t s iz es . Tha t is, the 30 ps ec data point in Re f. 9 was taken with relatively 

sm.l 1 1 i oc o 1 rad i i (4. 7 to 5. 'J pm 1/e2 r ad iu s) and WiiS rerluced with the assumption that self-focu s ing 

was dominat inq t nr observed damage. The 15 psec dat a point in Ref. 31 was taken with a relati ve ly 

1 crq~ toed 1 nr1i ,Js ( 12.4 1tm HW l/r2 ~1) and thu s highe r input powe r. In the 1 atter work the authors 

assurner. tha: sel f-foc1sin[J WiiS :10t present in the ir expe riment. The r«!latively large pulse width 



dependence deduced from these two i so l ated data points i s probably due to differences in experi ­

mental conditions used in these two measurements and the different methods of data reducti on. 

We now examine the wave l ength dependence of the breakdown threshold s for laser pul sewidths in 

the 25 - 200 psec range. In figu r e 8 we ha ve plotted·, in ba r graph form, the breakdown e l ec tri c 

fi e l ds for Si 02 (samp l e 79-FQ-125- 1) and NaCl (samp l e 78-NC-6) for 1,06 \lm and 0.53 \lffi for vari ous 

pu l sewidths at a fixed focal spot ra dius (7.2 llm). The 1.06 \lm LID thresholds at the 7.2 \lffi focal 

radius are taken from Ref. 2 and are i n t e rpo lat ed fro m measurements at spot sizes of 6,1 and 

10. 3 llffi · In two cases where the pul sewidt hs did rtot exact l y overlap for the two wavelengths we 

interpol Jted the 0.53 \Jm datcl between two pul sewidths for which data was available. This procedure 

was made necessary by the fact that only J limit ed number of pulsewidths we re available at each 

wavelength stud ied. The errors due to interpolation are esti mat ed to be within the error bars shown 

i n fi gJre8. 

~ote that for each pulsewidth ran ge plotted in figure 8 the breakdown field is less at 0.53 )Jm 

than at 1.06 \lm for bot h the Si0 2 and the NaCl sample. Avalanche breakdown th eory pred ic ts an 

increase in E8 with decreasing wave l e ngth, whi ch is clearly inconsistent with the results shown in 

figure 8. The observed decrease in breakdown f ie ld with wavelength, while in the right direction, 

is much too weak for a strict l y mul tiphoton process. One could possibly account for these results 

by a mul t iphoton initiated avala nche breakdown mode l which has been prev iousl y suggested. 

Smith~~· [1 1] observed an increase in the breakdown threshold withdec reasing wave l en gth 

for picosecond pulses. Howeve r, the data presented in that work was scaled for the presumed effects 

of sel f-fo c using using eq. {2) f or 1.06 IJin and eq . {1 ) for 0.53 \lm over a rang e of pulsewidths and 

spot si zes in whi ch we observe no such effects. In add iti on it is unc l ea r whether the same sample s 

were us ed in tne wave l enqth compa ri son. Manenkov [ 12] observ ed an initial increase in the damage 

threshold for a samp l e of NaC l from 1.06 \lrn, to 0.69 \lm, t hen a decrease in the damage th reshold at 

0. 53 1Jn for pulses ra nging from 15 t o 8 nsec . The data prese nted in t hat work wa s not scaled f or 

self-focus in 9. 

5. Sunvna r.v 

Laser-i nduced breakdown was studi ed as a function of pul sewidth and wave l ength for a variety of 

fo ca l cond itions in fused Si02 and single crystal Na Cl. Beam quality measurements and polarizati on 

dependence stud i es indicated t he absence of self-focus ing effects in these experi ments such t hat no 

se lf - focusin g co rrect ion s need be used. 

For t he two materia l s studied the breakdown fi e l d (En) increases with decreasing pul sewid th. 

l he observed pul sewi dth dependence for a given spo t size and wavelength i s consistent with the 

pul se1~id th dependence predi cted by various electron ava l anche breakdown mode ls. However, the spot 

s ize dependence observed in thi s study i s not predict ed by any avalanche theory and is probably due 

to the extr insi c nature of the observed damage. The strongest pulsewidth dependence observed was in 

fd Cl at 1.05 lJlll for pu l ses shorter t han 10 psec. For these short pu l ses Eg increases as the in verse 

squa r e root of the pulsr.~idth , ind~ c~ting that the breakdown fluence is constant, 

F:> r cond it ions .:>f equill pu l se.,lidth and the same foca l spot s ize, i.e., pu l sewidt hs from 45 to 

17':> P S <'~ ~nd a foc il l soot size of 7.2 11m, En i s less at 0.53 )Jm tha n at 1.06\l .ll for both materials. 

flv l l a11 c hp oredkdown t'l.:!M ~•)S pr edict a n .~r:_e_?2£_ in Ell for shor t e r wave l enq ths . The observed 

McrPa ~.". i n br eakdown fiel d ~lith wa ve lenqt h, whi l e in the r iqht direct ion, i s muct1 too weak for a 

s tr1 c ~ l .v nultipttoton proc•!SS. A mult iphotn~-initi<~ted avaldnche braakdown process might account for 

th e se restJ l t s . In sucn a pro : es s e lect ron s are excited to the condu ct ion band by mu lt iphoton 



eY citation of impurities or defect states within the material bandgap (i;e., extrinsic effects). 

Afte r a f ew e lectrons are present in the conduction band, avalanche ionization takes over and 

domindtes the damage process. Thu s , the frequency de.pendence observed may be partly due to the 

multipnoton initi ation process and the pulsewidth dependence indicative of an avalanche ionization 

process. 

The authors acknowl ec1ge the support of the Office of Naval Research, the National Science 

Foundation, The Robert A. Welch Foundation, and the North Texas State University Faculty Research 

Fund. 
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;Jo i ~ •• ~o:IJ 1Hd f J r samo l~ '9- F0-1940-l (St02) dt 0.53 ~~~~. Tile error Hlues l fsUd are t he 
·e i at t·,e ·Jncu~atnt i~s in ~~e ~h resho11 •or :lamac;e deter11fned oy t ne method used fn Ref, 27, The 
Joso l Jt~ ac:Jr~c y ~ f :~ 1 s ~a t ~ and ~he dat~ ~resented ' " ~ne other tables fs estimated to be [20~ f ~ 
:~e Jrea(oow~ f ' ~ 1 ~. in :n t s ' ab 1 e 1nd :nose : ndt fo 11 ow \1 • foca 1 spot radius (HW 1/ e M) i n 
~icr?ns , : 0 • l Jser :u · s~w i dth ( ~WHM ) :n Jsec, :a • ~r!akdown i rr!d fance, ~3 • breakdown fie lo, P8 • 
J r ea(down J ow~r lM ' 3 • Jr~a k down f 1·Jence. 

\1 :0 ~s Es Ps 'B 
( .m) ~ osac } (TW /c:n2) {11V/cm) (MW) (J/cm2) 

25 : l 1.32 0.1 3 18.3 0. 9 1.07 : 0. 11 35,0 3.5 
7.Z 53 : 5 o. 78 o.o8 14.1 : 0.7 0,64 : 0.06 44.0 4.4 

110 :iO o. 78 0.08 !4.1 0.7 0,64 ! 0,06 91 9 

,. 
·' : ; 1.10 0. 14 !8.9 0.9 0.55 0. 06 ss 6 

~ . J 105 :iS ! .zo 1.12 i7 Is 0. 8 0.47 0.05 134 13 
!l O :!5 !. 14 ).l: !7.0 0. 8 1) ,45 0. 05 169 17 
130 :20 1 ' " • • • v 0.:1 ~6. i : 0. 7 0.43 0.04 210 : 21 

31) : 5 !.68 0 . :7 20.7 1.0 0. 3l 0.03 53 5 
; ,.1 i2 : 10 : . 34 o.:J 18. 5 0.8 0,24 : 0.02 102 10 

105 :!5 !.07 0.11 !6 .5 0.8 0.19 : 0.02 83 a 

. 
~0 1 ~ 1. :0 'ldU fo r sa mo l ~ 19 -FQ- 12 5· 1 (SI02) ! : o.! 3 ·.;m, See hb l t 1 f or uDlanHfon o f ' .. 

SJ' IN)I) I S !na ~ !"',..or •)drs. 

•• ~ , :8 Es Ps ca 
I .ml 'psec ) (ilol / cml ) (11V /Cill) (MW ) (J/cmZ) 

25 0.96 J. :o IS. T •).8 0.79 0.08 25.3 3.0 
: . 2 lC5 ~ 5 ·) , l8 o.os !:.o o.s 0.39 0. 04 S3 5 

t!O iS 0 .~9 0.06 9.1 0.9 0. 32 0.04 62 s 
]4 4 l. 02 O.iO \6. 1 o.s 0.40 0.04 37 4 

5. J !20 , , 1) • • ~6 0 . 09 L-' . 3 1), 7 0.34 0.03 109 ll 
!SO 20 J . 30 •). 15 i4.J 1.0 o.n 0.03 153 25 

)2 l 1. !6 0.15 li. Z 1.0 O.Zl 0.02 39 1 
~ ,l !2'3 15 ') .91 '). 09 15 .2 0. 5 0. !6 0. 02 115 12 

:so 20 0. ?5 ·l. ;z !3.3 \.0 O. l& 0.01 !43 14 



-d O I~ tt:. l:G dd~d 'or iamo I a 32-~C - 1 (NaC! ) H 0.53 '.lm. 

---------
., ts E3 ~'a '13 

: .<1111 :psec:; (Gw;cm2) ( ~V /em) (KW ) (J/cm2 ) 

35 : 1 57 : ~ 3.80 : O.Z5 174 17 2.10 0. 20 
i 4 , I) so : 8 35 : ~ 2. 98 : 0.1 5 !07 10 2. 91i 0.30 

llO : 15 32 : 3 z ,!i7 : ;1, 15 100 10 3. 77 0.38 

11 : 9 n : 3 4, SO : o. 35 IZO : 12 3.95 0, 40 
'.2 .32 : 7 54 : 5 <l.OJ : 0.19 10 : 4 5. so 0.60 

:zo : 45 47 : 5 l .~s :0.19 29 3 6,00 0.50 

26 : 4 139 : lol 5,95 : 0,48 26.0 0, 3 3.~3 o. 38 
37 : 3 115 IZ 5.41 : 0.33 21.0 0.2 4,50 o.so 

3. 1 57 : J 35 9 ~ .64 : o. 30 15.0 0. 2 5.10 0.50 
"3 : 4 71 1, 24 : o. 52 12 .S 0. 1?. 5,5il :) .60 
~0 : :) :• 1. ·)4 : 1) .18 12.0 0. 12 6.10 0.60 

~ 15 : 15 35 . 3. ~0 : o. 31 6.1 0.54 4. 30 0. 40 . 

-~o I ~ :'1. L :o 1atl 'J ~ idmoi'! 'd-NC -5 ( ~I4CI ) 4t 1),53 ::m. 

... ., rs :a 08 r.a 
!11m l :osec) (G'.I /c:n2) :MV /clft) COl) ( J / ::~~Z ) 

25 : 5 120 12 5,53 : 0. 33 370 10 3.19 0. 32 
!4.J lOS : 15 13 5 3.50: o.zo 148 '. -~ s. 37 0,54 

i l~ :20 j 4 ? 2.95 : 1) , 30 illS 10 6.18 0. 52 

;o : 5 !48 :s i.14 ?. 10 120 lZ 4,72 0. 47 
•• 2 !JS =ts so ~ 1.55 •>.ZO 10 4 5.53 0.56 

ISO : 15 36 4 3.03 0 .16 29 3 5. 74 0.57 

!3 : 1 134 !8 6.86 .) , 31 33 .0 3.3 5.48 0.55 
.35 : 5 32 a 4. :ci 0. 21 15.0 1. s 7, 39 0,76 

3. 1 :?o i J 1)6 1 1. 10 0. 21 12 .0 1.2 7.02 o. 70 
:2') :a S5 J 3. ~5 ') , jQ 10 .0 1. 0 7.05 0.11 
14 •) \J ~.1 l.JS O.JO 8,0 0,3 5. 57 1).66 
:?o 20 34 2.95 O.Z1 s.o 0. 6 6. L' ~.62 



; .!:0 i '! '/. '.W JHJ for ;amo l ~ 79.FI). 7~40.! ( StOz) H 1.05 :Jll . 

., :a Es 'a t 'I 

(,. m) (psec ) (Tiolf.; ;nl) (:-4Y / cm) ( HW) (J/c!:llj 

----· 
7 .~ : 0.6 L IZ : ·l.ll :6.8 : o.s 3.44: 0, 34 9.4 ~ 0.9 
6. 3 : 0. 3 :. 2S : ) , \1 !7 . 7 : 1.0 ),84 : 0.38 a.4: o.a 

1~.0 ;.z : 0.3 ! .:~ : •1. 14 1~ .9 : 1.0 4.37 : o.u 5.9: 0.6 
3.5 : 0.3 1. 75 : '), !S 21.0 : \. l ~.39: 0.54 6. 7 ~ 0.7 

~. 5 : j . 5 2. Z7 : 0. 23 24. 1 : 1.1 1.as : 0,19 ~f). 5 : z.o 
7,5 : ~ . ; ~ . 20: 0.22 23 . 7 : ! . 1 1. 79 : 0.18 17 . 5 : 1.:3 

• ? 
' · ~ 6. 5 : 1), 5 2.60 : 0.26 25.7 : 1. 3 2.12 : 0.21 18.0 t 1.11 

5. 5 : .). 5 z. 75 : O,ZIJ 26.5 : 1. 2 2.2• : 0.22 16.1 : 1.6 
4. 5 : 1) , 5 3.\4 : :),Jl 213.3 : 1. 3 2.56 : O. Z6 15.0 : 1. 5 
j , 6 : 0. 1 3.65 : 0. 37 30.5 : 1. 5 2. 97 : 1) . 30 14,0: t.~ 

~.5 : 0. s l . ;)4 : .). 30 27.8 : t. 4 1,19: 0.12 27 .6 : 2.8 
7.5 : 1).; 3. 24 : o.n 28 . 7 : 1. 3 1. 27 : 0.13 ~5 . 9: 2. 6 

5. 0 ;.s : o. 5 3,36 : 0. 37 ~0. ! : 1. 5 1. 40 : 0. 14 24. 6 : z.s 
3.5 : :) . 5 1 .~· : , , 39 31 . 7 ! : . 5 1.55 : 0.111 2l. t : ~.3 
3. 6 : J. 3 s.oo ! 0. 50 35.7 :z.o 1.96 : 0. 20 l9.Z : 1. 9 

tfl I ~ v t. L :o ~Ha hr samo I~ 79-FJ. :zs-1 ~ S f Of) H 1.05 · .. m. The ~au for 7,2 ~m s l ze and ~ • 47 
" liS 'He ts ~j~en f rom ~ ef . 2 4no ~ s f ~tergo atao from meuur ements madt .at spot s1zts of f.1 i nd 
) , J .Ill tnd ! ; JSU •He 1 ~ r~<Jt'l ? f :.J6 ..m. 

•• · o ta Ee Ps 's 
' u:n) :pse~) ' !W/cm2) (MY/em) ('~W ) {J / cm2) 

'L 5 : 1). 0.38 J . 09 15.0 0. 7 2.71 0.27 5.01 o.so 
a.5 = :). 0.90 o.J9 15. 1 0.7 2. 77 0.28 8. 14 0.82 

:: .o 5.; : ') . !.:i6 ').11 !6.~ 0.9 3.26 o. 33 7.32 0.73 
1.0 : 0. 1.3 IJ.ZO Zl. 4 1. 2 s. 54 o. 56 7.66 0.77 

:75 l5 0 • .38 0. 12 15 .0 l.Z 0.72 0.09 ~63 20 
92 :s O. JZ ').13 !5 . 3 1.1 O.iS 0. 10 90 12 
H 5 0. 96 0. >4 15.6 1.0 o. 78 0.10 48 7 

L5 0. 1.93 0.19 22.1 1.1 1. 57 0.16 19.5 2.0 
1 , 2 7, ; f). 2.05 1). 21 22 .8 1.2 1.67 0.1 7 16.3 1.6 

5.3 .}. z.: s 1.22 23.~ 1.2 1.75 0. 18 14. 9 1.5 
5.5 o. z . ~o ~ .ZJ 24.2 1.2 1.37 0.19 13.5 1,£ 
~ . 3 .) . Z.S9 J.Z9 27 .1 1.-l Z.JS 0,24 !3.8 1.4 
; , 5 '}, 3. 31 1), JJ 29 .0 l ,4 2.69 0.27 12.3 1.2 

L~ o. 2. ci0 0. 26 25. 7 1.3 1.02 0.10 26. 0 0.3 
7 . 5 IJ. 3. 26 0. 33 zs.a 1.-l 1.28 0.13 26 .0 O. J 

s.o 6.5 ') . 3.17 o.;e Jl.O 1.5 1.45 0.15 26.1 O.J 
s.s :), 3. 98 •). ~0 31.3 1.5 1.56 0.16 23 . 2 o.z 
, ,5 J. , , ·19 '), 15 33.3 !.6 1.15 o. :3 21.5 0.2 



~db 1~ I!:. L:O <Hta f or samo 1 e .32-~C- t : ~aC1) dt !.:)5 ;~m, 

·~ t., ta Es Pa 'a 
( ·..mj (ps ~o:) (T 4/c.nl) (IIV /cm) ( MW) (J/~mZ) 

---
9.5 : o.s <1 . 25 : (), :)3 s.oa = o,J4 o. n : o.oa 2. 55 ! 0.26 
3. 5 : 0,5 o. ~'i = o.oJ i.la: o.41 o.at : O. M 2.1a : :J ,24 

t4. J 1,5 = r. .s 0. 29 : 0.03 -3.;J: 0. 43 0.89 ! 0. 09 2.31 : O,Z3 
6.5 : o.s 0.37 : 0.04 ~.64 : 0.57 1.12 t O.ll 2.55 : 0. 26 
;,; : J .S ') ,40 : ·).04 10.10 = 0.48 1.?.3 : O.IZ 2.38 : 0.24 
l.5 : !),5 O. l S : 1. 05 10,70 : O.Sij 1.37: 0,14 Z. l2: 0.21 

7,5: o. s o.66 : o.~l \~ . 9 : o. 73 0, 53 : .).1)5 S.Z2 : 0.52 
li.S : 0.5 0.75: 0.0~ 13.13 : .).7l 0. 61 : 0.06 5.15 = 0.52 

7.2 5.5 : o.s 0.88 : 0.09 14,9 : 0. 81 o. 7l : 0.07 5.12: 0.52 
4,5 : o.s 0.97 : 0.10 15.7 : 0. 80 0.79 : 0.08 4.65 : 0.47 
3. 6 : 0.3 l. J8 : 0. :4 19.8 : 0.87 1.12 : 1) . 09 S.ZS : 0.53 

1 • 5 : ').5 l),il : 1), 07 13,7 0.55 ·1.29 : 0. 03 5,86 : o. 59 
s. :) ~ .5 : •) , 5 1.:)0 : ), !0 15 .9 C. 33 0.39 ! 1) ,4)4 6.'}1 : 0.69 

5. 5 : ,) • 5 l. 14 : o. it 17 .;) 0.~3 0,45 : 0.05 6.66 : 0 .~7 
l,5 : 0.5 1.29 : 0. 13 \J! ,1 0,91 O.Sl : 0, 05 6.20 : 0.62 

7Jo i ! ·1 :!1 . LiO<ia:a ' ·>r ;amo1! i S- IIC- 1 : ~aCl ) tt 1. 05 \Ill, Tilt daU for tilt 7.Z '.til spot sl:t -tnd 
:,. • 15 .:o ~57 JHC '.s :Jke" fr~m ~ef. 2 !"d !s interou14ted from .nusurtmtnt5 ·ll<ldt at spot siz! ?f 
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Jcw~r. llatd :~e I J c~ ·Jf JOIJ r i ution ~eoe!ldence fo r ooth •He l engths. r~e cross - na tc hea por~ ions 
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DISTANCE 

.: •gure ?. 3e!m J isor~ : on neasur~ments . ~hts i s 4 'l ot of : nt fu f ~eld bum ~ro f fl t of t :'le 0.53 
"m 'edm 1 f:~ · Jr1oJqH' ' " : .~ rou9n : :te )r0? S4mote. The ~uJnttty .. ., • 7 ~ ~~~ ts the foca l spot t' l d lus 
· n;~~e : ne sJmo !~ :J : ~ J I H~1 ;s r:tq : tne4r }dussidn ooc ics . rile curve 1-toeled ~ign 'ower '«U ~4 ken 
·' ~" :~e ·nout oower !t :11! <:~mage tnrH~o i •l ! ! '!'! ! 1nd the 1ne laoe l!d l ow power was for input po·-er 
Jooroc liH e 1 y !O:U J i :~ :n~-t~~t:l :ne 1amage :~ra ~no 1 •l ~ower. 
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' ' qure •• >•J i stwtatn ~eoendence M £g for >i02 H !.OS um. 7he three sets of Qalnts corr uoond 
: J Jiffer'!nt foo l soot n a i l and ~ne relat i ve l J1uqe dtso l ac:a:nent of tht three sets ·>f po ints i s 
·na icJt t •! ?f 1 ; lrqe soot st ze dependence in the aamage ~hreshold, The s : ooe of ~~• ltast square 
' : t ';r H en set ' ' >Ot1 : i i s Jl)l)ro~ imate l :t 0.3 for :hi s out uwfd t h ran?t (tp < !0 psec: ). 
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Fi gure 5. ?ul s.; ~ l dth (!epe~denc ~ of E8 •n S! Oz at :>,53 11m. Note Ea is nearl y independent of tp in 
: ~is ~ul se~1 a th "Jng~ (20 to 300 psec) and that there i s l i tt l e spot size depe ndence in Es for the 
t wo soot sizes shown : 3.4 dnd 5. 0 'J11 ), 

~ · ... u 

"' 

1011 ,.-------------- --------. 

~ 
~ 
! 

. 
/ 

, rl 

t 
r.+ ....,. 
,l 

,;t 

t 
~+ . 

' 

102 
Ea!MV/ cml 

F iqur~ ?. ~u l ;ewid t h deoe nde n'e o t E8 1n NaCl at 0.53 ~m. Note that there 1s 1 itt l e spot size 
a e pe nden c e i n Eg f o r t he t wo soo t s i ze s shown (3 .4 and 7.2 11m). The least squares 1 inear fit of 
~~e se Jata 91•e a sl ope of 0,3, or ne arl y Jn in•erse fourt h root dependenc e of E8 on tp ' ''pulse­
n •~ t hs i n this ~an ge (20 t o 2CO osec ). 
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PULSE OURA TION, t 11 

· ·;ur! ; , r~~ HIS ~r~udown f i ~ ! d jdt~ ~or ~aCl :;a .. NC-5 ) lt 1,06 ·•m ~re ol otted u a func:fon of 
J ui ;~ l •J rH ·o n, ~.f) ' ' ill! so li d : •ne ~nd .:lot:ed 1 ! 11e ~ert obtJ i lltd fl' om the theo r y devtlooed by 
i~ H~s !~ 1;. :zs. ·~r ~a.: 1 dt •?om temouH ure , The ~ot~ ed 1 !ne uses 4 ~ifftrtnt vtl ue f?r the 
JOsor~t:7n7ro s; sc~:l Jn 'or; ; Ions in ~ne ~Mory :~an ~~e sol !d l ine. 
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.=• Ju ra 3. •a·,~ ! !n~tn :eO'!!I<le.,o )f ~ ~• ~reH~own f i i l 1 ~8 h r ~•Cl jlld SI02 f~ r a Hr1ety ?f 
·as~~ :u : s~·4 •1~~s. ~ 1 ' :,e 10ove .Htl ~as : 1t a., ·Jn :he same s.tmole of ~aCl 1nd : he same umolt <:~ f 
Si )~ . ' he :.~6 ~~~~ thr~sno l·:s u e ~~ten ~~om ~ef. 2 IM ,Jr ' < nt arpo l4t~ frora '!ltJsureu~ts .nade ~• 
; 1 o~ ; · ze ~ - : Jnd : J.: ;m. 




