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I N T R O D U C T I O N

I. SOLID STATE DEVICE RESEARCH

A 12-element, 1.4-GHz bandwidth HgCdTe photodiode array designed for rapid target
acquisition for a CO2 laser radar has been develope d with measured individual element
heterodyne sensit ivi t ies better than 7 X io 20 

W/ Hz and 1-i X 10~~~ W/Hz at 760 MHz
and 1.5 0Hz , respectively. HF crosstalk between elements was found to be less than
— 2 2  dB at 1.4 Gllz. 

I 
-

The gap-coupled Si-diode array/LiNbO3 acoustoelectric memory correlator has been
operated as a linear optical imager device and at a scan rate compatible with real-time
imaging systems. It has been shown that 40 mW/cm 2 can be detected in 15 msec; this
corresponds to a sensitivity of 600 pJ/cm 2.

Life tests on 13 CW , room-temperature GaInAsP/lnP double-heterostructure dk de
lasers are being carried out. Lifetimes have ranged from a few hundred to 7500 hours,
with three devices still operating. For most of the lasers which have failed , end-face
degradation has been identified as the primary cause of failure.

Pulse response and modulation experiments have been carried out on GaInAsP/InP
diode lasers and yield output pulse risetimes of approximately 250 psec and a modula-
tion of 200 Mpps. When the DC bias was just below the laser threshold , the damped
relaxation oscillation is minimized and a relatively clean output pulse is obtained.

An automatic system which measures the Hall coefficient and electrical resistivity
versus temperature from 4 to 300 1< has been constructed and operated. The apparatus
is being used to characterize LPE growth of InP and InGaAsP alloys. Analysis of the I -
data shows the donor and acceptor impurity concentration s in a LPE grown film of InP

16 — 3  15 — 3to be 1.8 x 10 cm and 6.5 X 10 cm 
• respectively.

II. QUANTUM ELECTRONICS

Using a dynamic electricaiheating technique , the therm al conductivity and specific heat
have been determined for NdP 5O14, a hi gh-Nd-concentration laser material.  The
measured values of the thermal conductivity tensor elements (in W/ cm-K) are A a =

2.10 X io
_ 2

, A b = 9.66 X 40~~ , and A = 1.40 X 10~~~. The specific heat is 0.141 cal/g-K ,
in excellent agreement with the value of 0.139 cal/g-K that was measured by differe n-

• tial scanning calorimetry.

A study of the spectral output characteristics of a Ni:MgF 2 laser operating at a wave-
• length of 1.64 ~im has indicated that the transition is primarily homogeneously broad-

ened. The fluorescence lineshape and l ifet ime have also been measured in Ni:M gF 2 as
a function of temperature, polarization, and Ni concentration. In addition , the line-
shape and lifetime as a function of temperature hav e been observed for CO:MgF 2 and
Ni :MgO. 
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II

Measurements have been made of the CO2 laser induced breakdown parameters of the

cryogenic liquids CO. 02. N2, and Ar for various spot sizes and pulse durations. The

underlying physical mechanisms have been considered.

Ultraviolet association of diatomic molecules has been examined as a mechanism for

Inverting a tunable gas laser and as a means of Investigating the structure of molecular

species which are unbound in their groun d state. Spectroscopic studies have been car-
ried out on Hg~’ and XeRr *.

A technique for optically extracting the energy stored in metastable Hg~ has been con-
sidered. The process uses an infrared laser, such as HF, to transfer the relat ively

large population in the 0* level s to the I radiating level. As a result , inver sion on
+ g u

the 1u ~~°g 
(300 nm) transition can be created. Measurements have been made of h F

laser induced UV emission.

Ultraviolet photolysis of HgBr 2 has been used to generate a pulsed green laser at
502 nm. The laser, which operates on the B — X transition of HgBr . was longitudi-
nally pumped with a 4-mJ ArF laser.

Radiometric sensitivity measurements have been made on a quasi-optical receiver in

the spectral range 170 ~m to 1 mm. Using GaAs Schottky mixer diodes In a corner-
reflector configuration, total system noise temperatures of 9680 N (DSB) have been
obtained at 447 ~m.

III. MATERIALS RESEARCH

In an investigation of the feasibility of fabricating infrared photocathodes ut i l iz ing a

graded-gap Hg~ Cd 1_ ~ Te structure, it has been found that the rap id diffusion of Cs into

CdTe precludes the use of emitting surfaces prepared by direct cesiation of CdTe. To
determine whether bias-assisted, transferred-electron photoemitters can be made by
the cesiation of a thin metal overlayer that forms a Schottky barrier on p-CdTe, the
diffusion of Cs into a number of potentially useful metal s has been investigated. For
Al , Ti , and Cr , which were found to hav e low Cs diffusion rates , the work functions of
cesiated surfaces have been determined and initial measurements have been made on
the properties of Schottky barriers formed by these metals on p-CdTe.

In orde r to provide a single-crystal sample of CdGeP 2 large enough for measurement
of the electrooptic coefficients, a technique has been developed for the synthesis and
crystal growth of this TI-IV-V 2 chalcopyrite. A single crystal whose size (volume
—~~ cm 3 ) and optical transmission considerably exceed the minimum requirements for
the electrooptic measurements has been obtained from an ingot prepared by this tech-
nique , which uses the horizontal gradient-freeze method for directional solidification
of a near-stoichiometric melt formed by reaction of the three elements in a sealed
fused-silica ampoule.

viii
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IV .  MICROEI.E( ’TRONI( ’S

Oriented crystal growth on an amorphous substrate has been achieved using an artifi-
d a ily created surface-relief grating. (‘ ry stall i tes of N CI grown from a water  solution
onto a 120-nm spatial-period square-wave grating in Si02 nuclea ted preferentially at

vertical steps and grew with <l00~ directions parallel to the grating axis. it is pro-

posed that artificially created surface microstructures may  provide a new means of

manipulating the growth and orientation of crystalline overlayers.

Reactive ion etching with CIIF  gas has been combined with plasma etching in Cu 4 +

5% O~ to produce submicrometer geometry patterns in glass films on Ga A s substrates.

Reactive ion etching is used to etch the gJ w i t h i n  approximately 1000 A of the

glass/G aAs Interface , and plasma etching tht . emoves the remaining glass without
damaging the GaAs substrate. Steep-edged waUs and prec isc dimens ional con t rol have

been achieved for both SiO, on GaAs and phosphosilicate glass/Si 1N 4 on GaAs with this
technique.

V • SURFACE— WAVE TECHNOl ~OG V

Surface-acoustic—wave properties of fresnoite have been calculated from bulk mater ial

parameters and have been measured along several orientation s on sam ples cut from

Czochralski grown crystals.  Favorable properties are measured for the z-cut , x-

propagating wave: the coupling coefficient, k2 , is 0.0 t t~ ~ 0.003 k the velocity is

2678 m/sec, and the temperature coefficient of delay is 51 X ~~~~~~~~ These values,

as well as those measured for the much lower coupling x-z  and x -v  surface waves,
are In agreement with calculations. The calculations also predict that for surface

waves propagating in the x direction on a surface whose normal is at 45 ’ to z and v

axes , the coupling coefficient  is 10 percen t higher  than calculated for the above z-x

• case.

The mode structure of acoustic waves propagating in gap-coupled acoustoelectric con-
volvers has been theoretically analyzed. When a silicon strip is supported above a

LINbO 3 surface b
y a structure consisting of parallel rails, these rails st rongly influ-

ence the surface-wave propagation. Rail support structures have been modeled as a

periodically loaded transmission line. The loading caused by rails has been calculated
as a function of rail width and spacing. Mode profiles and beat lengths between modes
have been predicted and they agree well with  experimental measurements.

-- 
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I. So I I  I t  S I  -\ I C I tK \ 1t~ I-: H C S  C -\ IR’ II

\ . t~~ — l-:l I-~’(II- :N1. t . 4 — ( ~PI: I3:~ NIt V i I It I I I  IIj~( ’d It ’  PPI - : ’ I I- not Iu\  NI-~ -\H I~~\ \ S

~\ I 2 —e leituent . I .4 — ( 1I.’ ha n s lv . t t t t l i  t I g( sI I’ t ’ pltolodiode t t - t a ’~ i tes tgt t . ’ sI h i t ’  r a p i st  t a t 1~u i
au qut is t it o t i  b r  •~ 

( ‘Ct , iase’t- r a t l t t r  l~ aa  ln’t’ti lls ’ t . u ’ Iuiliu ’st isItl i nte. t  - . t t i ’ r u l uni t  t’ t I ttal ,‘lu’nit ’itI Iu, ’ Is ’rut

sI~ t i s~ su’ it it v ~ t t u ’s  b et ter  than 7 \ t O  •
~~~ 3% I I-  at i t - t b M Ph .  . I’It,’ O. ’~-nn i i  - s l ua in i - t , - t -  lt1,ut u u ’  s t i t t , - -

ture ~s~ t s I s t s  s i t ’ a c s - i tt r a l  q u t t u t r a u t t a l  t r r a ~ suu r r o uu iu l eu l  t is ei~ Itt u s i s l u t  t s i i ta l  l i l t u t t s i s l t s s ilu ”. . Ill- ’

crosst ul us between etente’utts it. us t o i t i t u t  to In ’ l ess  t ha i t  .‘ .~ sill u t  1. -I (dl. ’ . In ‘ b ,u , ’ t u i rs it b u t ts

con t r ibut eul  j u t  s t as ’t , ’ s s t u t l  array fabr ica t ion  is i r e  a -hsn ~ t’ l i i  the I t t t t i ’t t o t s  s l i t  I s i s t i t i s  l i t  t , u i s s s t , t

essI the ult ’velopntent of the new letist bonding t echnique . rt ’po i’ted ~~~~ ~~~~ si

I tt , ’ l i t — i  Ig dt fl’u sioti pa ranu e ter s  ws’t’ u’ s - t i a t u g . ’il from th,’ 30 mm . a t  .! -$0 - u. • is  s, -~l pr~’~’ t on  ~.

t a t  the 1)hlttar I t I s r i ( ’ t tR ) t t  p ii ’ou’t ,~~s . tO 4S  n t i n .  u t  .~t 0  I. . fl u,’ l~~w( i- t e u l t p e r s u t s s r i ’  is as . u t i p s a r e u t t I  s

vet ’ ’. t s t ’ u  t ’ (hi ’ s to ic l t ioni t ’t  i-ic balance conditions ot lg& d t’u’ n u t t I e r  I tg sat t u ra t  t i u t s  unit u s . a t -e -  u I  I

sto~t.- I u i o n t e t r l c  mater ia l  cc.nver slon from p — t ~’pe s sitis t u t e t i v i t s  to it -- I s  p.’ co u i u l t u e t t v  u l  i s a .

men dependent an d not ru’ I i t tu le . whi ch  led to i c r ’. poor sl , ’’.’ i i c  l t ’ I u i a .  In th. ’ p a  s t  Cu ’ .  .~ t I t l i s t  a s s i u s

runs at I t O  “C , twent ~ —nine  sss t t  of a pos~~i l i lu ’ t I t I r R  — t in t , ’  I I — u ’l eu i t t ’ui t  a t t ; u , a is c t .  ‘. u- .si,u ll ~ s ’s t I

and nil the a~qu r o x i t u s a t e l v  200 pliotouitodi ’ s tested had t t t u i t l s t i ’ t i t  1i l i u t l u i t ’ c s 1,u , t t s , . t i i ~t u i ’ . t t u i i g  a vt - u  -

souiab1~- un i form n — t x  p.’ y o t sv , ’t ~sioui .  I’’tn tr te eut  I I — , ’lt ’ t t iu ’ t a t .t i t - u s  s lu~uvc t ’, ’eit ho ut u l i ’d ut ~~l ~‘ I t i l l - .

tested to slat e , an t I  ttt ’tu r ls a l l  b u y s ’ s i t t iwu t ut i t t l”t t ’ i i t  s l u tsuI t t uuutu c It l , t c s s s t u 5 uI  I 0 .i. 
~t i t i  I ( t l ~~t i f ~ I t ’otis

~0 to ( ‘ 3  1u, ’ i s t ’t lt t t t su uiat , ’sI. t’ypiual tlIodt’ t or w ir ul  t t s i pn ’ ul.u t s s ’ u s  r aatgt ’ st t ro u t t O  to .‘O u i l t t s i s  Ss i t i sc

is-hat hig liu’r th at a soulue of the previous q t t n s l r a n t a i  a r u t s  ,t t u ’ , Ica ’ I . inst  t -~ p u i u a I u’ u’’u ,‘t ’ au ’ uu t u l u c u t u t s s u s .

t t i t~,’i’ul It—nIt ) 200 In 1000 ohms. t ) i t  lb.’ b as is  si b tit,’~ u’ lois I t c t ~it a t iu ’ s u i t ’ ’ a s t s t c u n u ~uiI a . t ’i%t i  . u t u ’ a s  a

w .’rt’ st’l,’cti’d for e x t t ’ u s s t v u ’ l u u p I t—t req tu . ’nc ~ .‘v a l t s a t  unit . liii’ a t i i h i u s u t u t s u i- ni t l t ca u  t s s i ’ .u .sst ’c n i e nt s

and details of the t , ’eh itit 1tt , ’s h ave  In’t’ u i ul is u t t sss ’sl pr.’~-io u t s l ~ •
t , 

O t t1. ’ a t ’ t . u s  is Ittist ’ I’ i ’ t t s ’ u u t t , u i s i i

is 1~ivu ’t i hi . ’to w , wa s  sligh tly tuou ’t’ i tut i lor lu t  a~~uI lt ;u l uiisitut I u’ p s ’u ’ u - .’ilt t t a ’ t t u ’ r  ht , ’ t c rs su t- . it. , su - u u s t t i s ’ t t s

than tlt,’ other.
In P Ig. 1 — 1  ar t ’ shown ( ( u , laser rast .’r au ’.u t s  a• ’ i u s t t t ’ .  I t ’ , i u t u i l i l u - s  si t th u ’ ilg( s i F i ~ iuiutttosiitiuIe

ui - t a  with all 12 . the ot t l , ’r 8, the Inuu, ’r -I . t int  ,tnu~~utus, u I q t u s u s l r u u u t  s i u u u t s a ’i’It’uI. l It,’ Iit t h , ’s~ it ci’s’

u ’ ,’v. ’rst ’—hin ~ ed ansI Ioadt ’st ulutit ii ii it i t  .(b oltutis . i’ Iau ’ , s , iu t  t a l  I’ l .ut pou ’tiouts  si t  (It . ’ i’t ’S$ ittItMs ’ pu’~
l’il. ’s correspond to s i — p u  r e s ’t st q u u a u t t t u i i t  ,~ t t ’ i. ’ t . ’ t t s ~~ for tit , ’sc uuns ’o u t . ’uI ‘li v us ’ u ’ s .  It tu i toulul  l i t ’  tuo t t ’ sl

that  (It .’ tlu ’tisl spat - u ’ w i th in  (I t , ’ E u iu t i ’ t ’  q t s a s l r , u i i l _ u i  a u , u ’a ’. us  u l u i i o s t  . i t  ii . s t  all thu’ ,lu , t , hu ’s u

s l u ’ t r l s  i~ oluu t t ’d  f ront  a ’ u s lt otta , ’t ’ . t h i s  r , ’sult s I rout (Its ’ b u g  ( ,‘~ b is i i i t  ,‘I,’i- t uo t i  III l s i s t i ’ i s  lu ’ut1:t lu

In th. ’ u t t n t ~ u ’InI at u’7 I’... Itt , ’ lou - i s  a i d  t u s s l n~u l;uusu - .’ au f Ilt, ’~~u ’ I I u l t u ’ u l ’ s r tutg, ’uI front I I to  I ohitis,

this’ t’t’Vi’Vrts’ it iipi. ’s l uuis s ’ sul lit,’ t a t t t , ’ t ’  .~t t . t u t g a ul I’ i’ t ) i t t  l u l l  to I t b t b utI )tt )$. . it t u l  I ru~t i5 .11 111 to ‘100 u s I t t l i S

t u t u  the tn uu , ’t ’  ‘I.
Ill” usol.ttiuiut si t s  ui i , ’ass ure d l’s l.’cdtttg i t t  HI - ’ s t t ~t s u l into ~tut.’ of lit,’ ,ttoi t u’s , uis , h t isu - . u- . ssssu ig

titi’ e rosstut lk out (hi’ o(It ,’r u hodes. in 1-1g. I— I is shown liii’ H I’ usol ul t u ’ us  a s .u I u u u s - t t o t s  s i t  I i’ u ’~1sse t s ~

l’tit’ rc l i r . ’ s s ’ t s t , u t i s  a ’ s , ,a su ’ ss l u tu t s ’ u ’  ii i ‘ s t t u ’ u , l t u iu ls ’  tt i t i t l i t  ,s i p u u . t i t i ’ t u i t  I ~ ~~~~~~~~~~~ I ).a t u ’utl s s s t i ’ t -  s t t s ~~h’ st

(1 —I It , intl as l l i u ’cilI Iuiit,’u’ u l ttiul,~~ I.’ - ‘s ) .  I)iosl,’ cout t l i tu t t l iu iu ts  si t  tit ,’ S l i t s ,  8’, t t t i t t i ’ t t ’ \  ,‘‘s l tu l ia l s ’ s l

a lm ost t ds ’n t i c .u I  isola(~,i ut vs t r c u t l t u ul s - ’ .  u ’ b u r v . ’ s . e .g . .  t so lu t t t tu i t  f i a t  the 3 —  I u ’u t t s s l i t t s . u I tu t u t  is a s  11w

stint,’ as t u tu ’  (it.’ I — I I u - uiiu litui tt uoi i  s t ints is iii I’’tg. I — I .  In s I P  i- i s a ’s the i s u i b u t t u i t s  ii t a  i.t ’ t t u ’ r  tha n
22 tIll at 1 .4 u.;iI.’ , I’itu’ u lu tu t t tu t t l t t  SOUl’ s ’ ’’ ut l  u u ’ ,t~~s t t l k  is us lit (it.’ suut ~ hlu’lttt’ ut 1s u iu I usius sit (Ii,’ ta ’,u , i

ribbons and u ’ h t l p ~t u u l5 ag,’ . l’Stltttuitl’ aI to hi’ a to I I ~ u t i b  lu u g l u t ’ t  (ba i t  (Iii’ s u ’osst atk usss ’ u u u t a ’ul is ut t i

the .Iunt’ (Ion I totu ndu su-  it ’s.

..—- I k ...
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TABI.E P-i

RE LATIVE HETERODYNE SIGNAL POWER (PIF) AND EFFECTIVE
HETERODYNE QUANTUM EFFICIENCY ~~~~ IN A HgCdTe ARRAY

760 MHz 1500 MHz

~EH ‘1EH
Diod e No. ~IF (percent) ~iF (percent)

1 10.0 32 ± 2  9.3 17±1

2 10. 5 34 8.7 17

3 9.0 31 7.5 15
4 10.0 31 8. 4 17

5 10.5 32 9.5 18

6 9.0 30 8.7 1 7

7 9.5 31 8.2 16

8 9.5 31 8.5 18

9 9,5 30 8.9 18

tO 8.2 29 7.5 16

11 9.0 30 8.8 17

12 8.2 30 7.7 16

Blackbody he terod yne rad iometry 3
~~ was used to determine the heterodv ne seuts i t iv it v  01’

each element of the array at 760 and at 1 500 Mh z. Each measurement  was ca r r i ed  out w i t h  the

diodes reverse—biased at 0.4 V and illuminated by a 0 .5-mW f/ S CO2 (I’-ZO)  itiset’ local oscil-

lator producing 2 . 3 mA of photocurrent. Knowing the blackbod y tempera ture , the II” bandwidth .
and the post detection integration time , the effective heterodyne quantum ct’ficiency of the vs —
ceiver (i.e., detector and preamplifier) can be determined by comparing t h e  observed signal-

to-noise ratio to that calculated for an ideal heterodyne receiver.~~
5 I n Table 1-1 are listed the

measured relative heterod yne signal levels and effective heterod yne quantum efficiencies at
760 and 1 500 M I I z  for the 12 elements (see l”lg. 1-2 for the diode numbering scheme). Signal-

to—noise ratio is proportional to the effective heterodyne quantum e f t i i ’ieiic v ( it Fi l ). The t u n i —

formity over the array is quite good, showing a variation of only ±12 percent (0. 5 dill j ut signal

and a variation of only ±6 percent (0.2 5 dii ) in sensitivity at both frequencies. The variation in
signal is due primarily to variations in HF impedance matching, not current responsivity. l’lt , ’

31 -percent average 51EII (co rresponding to a heterod yne sen sitivi ty of 6 x to -20 % V/ l l z  at 7 4 0  M I I :

Is very close to the best value observed to date (~~t~ percent) for dcv ices without AR-coatings.
and is over three times that reported for a single device made elsewheu’ t’.

5

Uniformity of the photodiodes at hi gh frequencies was measured by scanning the a r r ay  with

a focused , amplitude-modulated CO2 beam. I”i gure I -~ shows I)( and 0. 5 -G i l t  sens i t iv i ty  pro-

files for three representative array elements biased at 0.4 \‘ . The 0. 5- G i l . ’ scans show the

same general uniformity as the DC scans. However , the active ar - ’ t of the devices are sl ightly

smaller (about 15 percent) at 0.5 Gl I z  than at DC. ‘i’his is not too surpris ing as the l i fet ime-

limited diffusion length of the optically excited electron is estimated to be about 20 ~im. but only

L 
_ _ _ _- 1~~~.&~
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opticall y excited electrons produced within  about 10 ~ni of the junction will respond at 0.5 GhI~’..

From the data in Figs. I —i  anti — 3 , it is estimated that the death space at  0. 5 GIIz  is about 15 pe r-

cent within the 55 O— ~ m diameter of the I 2 —element array and less than half that  nsu ’h within the

290-pm diameter of the central  quadrantal array.
‘l’his plana r heterodyne array technology should be scalable to at least one more ring of sit ’ -

tes’tors (a total of 28 elements), as material  un i fo rmi ty  and fabrication (bonding) ield do not

appear to present any immediate limitations. RI” crosstalk due to the close proximi ty  o f’ the

bonding leads , however , will be a major factor. ‘ th e quadrarutal arravs.~ which ha il bonding

pasts spaced 180 ~j ni apart and leads separated h u ~ 90’, exhibited about 30-d13 isolation at 1.4 CII: ;

the I l— e l e m e n t  a r ray s , wi th  pads spaced 100 1.u m apart antI leads separated by 30’, exhibited

22-d i l  isolation a t 1.4 CII i . It is es t imated that for a 18—e len t ent  a rr a y  with pads spaced 70-~tnt
apart and leads separated hi I I ’ , the Hi-  isolation wil l  be only 10 to 15 dli at 1. 4 Gi l : . lh ’asl

space due pr imar i ly to crossover of inner - It ’’,’ ice leads also inc reases with each additional ring

of detectors. in the first ring there was about 20 —pe u ’ec ’ttt dead space between the 8 sis ’t t ’u ’tors.

It is estimated that the se-conil ring would h ave about 3 1—percen t  stead spat ’s’ hse t wi - i- i s  thìe ’ I i  si, —

tectors and a third ring would itave ovs’r SO—percent dead space between those 32 diodes. Su ch

losses in signal collection and isolatiout is ouid qu ickl~ shs ’h ’s’at the purpose of a Lu i-ge n tumb eu’  of

ar ray  elements. ‘rite cs ’u t t ra l  quadran tal a r— a r  plus two additiona l rings of pliotodiods’s (a tot al

of 28 elements) m at - be the optimum ge’ometr~ fot’ a 1. 4 — G I l :  bandwidth.

We are in the process of improving the sen s i t iv i t s  and ill-’ isolation of these st t ’v t c ’ t ’s b~
AR — coating the diodes and modirving the HF’ package. Zinc ’ sulfide All  —coa t ings have il l iproved

the low— frequency quantum efficiencies front the 50— to I’ —ps ’I ’ct ’nt range to the 7 5 —  to ‘sO—percent

level. Effect ive heterodync quantum eff iciencies  at 7(’O t’silIz h ay s ’ been ob servt ’uh in t lt s ’ ‘ I S — to

SO-pc rcent range for several single A hi -coated photodiodes.
Ii. I - . 5itu ’~t u’ s
( .  I ) . ilo’s t

II. A(,’OUS’i’IC:’sl .L\ ’  S C\ N N E I )  Si—l) I OI )E ARi ’i -\ ’t’/ l , i N I s I )
3

OF’l’ICAL IMAGiNG P ) i ’~\ ’l( ’1~S -

‘rite development of new types of solid s tat ~ optical izosa ~~iI Ig  s tu ’ ’ , is ’ u ’~ is an a yea UI c o f l t i u t u i u ) g

interest.  Re coi t t l , the use oh ’ a gap—cou pled Si —( 1105k’ at ’  u~ u s ’ I ~i Nia )  ts ’oiI stoci i ’s ’ t i ’ i c  ni.’ntori

correlator as an optical imaging device was t’a ’porteul.1 ’ ~ Our investigation of th is  new image!’

has cent er e sh  out stud ying tlte operational pr iuci ph’s of this ’ device. In th is report U t ’ d e i n o n st  rat s -

that this device can be operated as a l i io t ’at - imager ansi at a scan rate  ‘ompat iblc is i t h u  real — t i t u s’

i i u l a g i l u g  systems. Similar results have been obtained using both pn zsu ts i  Ss’itottky diode u r u ’as  s.

The device structure and operation is described and its charging t ’haract eris tis s and optts ’al

response ChiS (-t uS Se( i.

1. Device’ St ructure  and Operation

:\ schematic’ diagram of the imager is shown in 1- 1 g. I — -i .  ‘l’hu’ u h a ’vis ’ a ’ t ’onsist s n t  :‘ Sj st r ip .

approxintats’ly 1.7 X 35 mat 2 , containing a planar It ig it—shensity array of eititei’ pit or S’hot th ~

diodes separated front ;t Li NbC 3 delay li nt’ by a 0. 35 —~tnu  gap. ‘rite gap is nsa in t a  i u t e u h  w i t h  a

pseudorandom ar u -a v of u — ~inu —diameter  ansi 0. 3’~ —po nt — hig h posts that  a u’ s’ io i i — e t s ’it s ’tl in this ’ 1, t  Nt ’ 0
3

surface.  Details of the package fou - this device ire givs’n us R ef .  8. l’he pit dio i te  u u’i’ ~~s s a i’e

uu t thinns’d 1 5O— 1em—t i t ls ’ k commei’ ’ia l  vidls’on targets. The’ diodes have a 1 3  —~s uuu t’en t e r — tu  — s - e nt , ’r

5,
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spacing a u t i  are formed out 50— U —s -nt u t—typ e  substrates .  ‘l’he l ) — t ~~I)t ’ i s lan ds au’ s’ about I g lu t  th ick.

(‘he diode’s have’  a 10 —gm — d i a n s e ’t et- i —ty p e’  poly silicon overlay c -oi’ s ’ r i itg  S — g n u  —di aitt e ’t& - r itoh -s iii

a SiO , flint , as shown in thus ’ enla rged sh ag ram in the figure.  l ’hu s ’ss ’ overla~- s form a u t u t u l a  i- ~\tOS

diodes over each i  junction. The Sc’hot tk y diode a a’u’a ~ s are  identical to th ose ’ sk’scu ’ib ed lii R a ls tu ’ut

et a1.~ ‘rhey consi st  of u-ows oh ’ is’: a ’ng e —shaped i’tSi bat’ t i e ’ I - s  wit  it  a 3 .8 —tim cen ter  — t o  —cen t  ~~~
‘

spacing in the dire’c’tiout of as -osis t is ’ power flow fo rnte cl out 2 0— U —cm n — t y p e  substrates.  Lig ht is

ins’isleu t on the Si diodes t h io ug it the 1~ I Nh ()  and a tu-ansp are’utt ground p lan e- (fornts-d b~ a ( t i n s

f i l n u  s t r cue ’turs ’ oh I t O , — A g — l i t t 8 wi th  eas ’h I av t ’r  180 A t it ic ’k) on the bat-k of the ’ 1. u NhsO 
~
.

will tie ’ disc -it s St’sh below. t i t ( ’ write ’  autd read I r i t i is du c’e rs at-~ sises l  to store a chat’ge pa tt e rn  i i i

t u e  diode’ ar t - a r  and roast out the intage.  respec ’tive ’l y .

‘l’he’ scheme of imager operation we IlSs ’sh is detailed in 1-i g. I — S . As shown in l”ig. I — 5(a I .

two e’ouutt eu ’propagating ~u r t a c e ’ wa\’ s’s at f req sseuu c  ~‘ and waven unt ber  Is al-c’ used to foi ’ns a

charge g rat ing  of 2k spat ia l  fre ’qus’itcv t ier s ’  thte diodes s’an be c-onsid&’r esi pot u- f of a peak sk ’ —

tec’toi ’ cir cuit  ch rj ve ’ui hr tite s tanding wai’e c’ rt’~itesl by t iss ’ two surface - was- s’s. l’ t ts ’ di odes t)u llsi

4 up a reverse—bias s’ttarge logarithntis’ally with  time , as wi l l  be discussed I.~t’lOW . 1-’or out- c a st ’ .

the iv u-itin g signal consisted of a series oh S —~s sec ’ , 70— M lh ~ pulses with  a I 5— p s et - pe u ’ioth. .\

series of pulses was  uss’ct to e l iminate  the inter feorens’e ef fec ts  obtained w i t h  one b u g  P~ 1~~’ due

to rc’t ’l es’tion of the lead ing c’sh ge of this ’ pulse’ from the t r a iu s s l s t cc ’i’ at the’ fat’ end of the delay line.

:\s shown in I”ig . I — ‘(b). the photon flux front the sc’c’tte sels’ctivu ’l y di~ c ’hta i-ge’s th e’ 2k gra t ing  slur—

big th e’ scene integrat ion time , ss’hich t pis’osl ly rautge st f rom 20 to ~0 mses’. I”or all the data

shown itt this report, a spes’trOnieter ss’rvs’d as a light sodur cs ’ , and a wavs ’l e u tgt hu \ of O. u-S gm

used. ‘l’he renia ining charge is then re -ash oct t nondestruct ivel y from the Si bat ’ Is c’Onta et at  (2 •

Ok ) with a short suu ’fa c’e sta i d ’ pulse at the I~ - f requency,  as i l lustrated in h”ig . I — “ ( c i. hu t this

sc’h ie nue . the width of this pulse determine ’ s the spat ia l  resolution of t Ius ’ i uuuou g e ’r .  l”or our case ’,

0.5— to I — gsec’ pulses at 140 M u :  w e ’re’ u~~t’ch (j .e .,  1. 5— to .3—mm resolution). i”inally. the’ i’s’—

sidual charge is rapidly erased b~- an optic -al pulse’ from an a t -r ay  of li g itt —s ’m itt in g diodes (LEL ) s)

positioned itear the intag eu’  as showit in l”ig. 1—5( d) .  Titis pulse ’ was t y p ica l ly t’O gsc’s’ bong and

of suffic ient optical power to h’ully dischu a i-ge the 2k patte’r ii i t t  the IibSCi)c ’s’ of lig itt from the intaged

sc’ e’ne ’ . The pttls-’ is generall y app hies i 200 gsec to 1 nu sec ’ prior to the next writing ss’qus’nc ’e’.

l~ )tlt red and gt - e’s’n L El)s have been s i t s ’ c’e’ssfttlly ~ t i l i ,‘ s’c l. l’his e’r iisui’s’ is as ne’c’s’ss:t rv to c l in t  —

lu ta te  image’ lag effects that we u’s’ o therwise  fouuu sl to occur and st’it is’it reutshe r e ’d the’ des-ic’s’ u i s su i t  —

able for dr utam is - inu ag iut g app lic ’ ations.

I. Charg ing (‘harat ’t e ’r i st i c’s

Tite s’itn rging citaracter is t ic’s of these devices a ye ’ shi ~ wut in I- ’ig.  1 — a ’ . Figure j — u ’  (a )  shows

the results for a pa a r t - ar .  Tite cleric - c ’ output vol tage 
~~
, is p lotted i-s flue ’  l og ar i t h un t  of (h a ’ to ta l

wr i ting  tum e T~~. (I .e .,  the time sum of tits’ series of S — g s e ’c’ w r it i n g  pulses)  over the range of

wr it ing power front  14 to It ’ cil lnt .  i”or the data shown , us we’ll as for the other data preseuttesi

ltt’re’, 
~~~ 

was measur e’d at a tiutie when the ’ u’eatl pu lse’ was at the lx s i f i o u s  along the ar ray  where

the s’ountcrpropagat ing w r i t i n g  is avu ’s t i rat u u s c ’ e ’t .  This niluii uuile ’s uniforuus ‘harging e f fec t s

caused by tite ’ trave’llng surface wave-s.
t ~1 l”or thu s e’xpt-rinte’nt, the t’e’asl pulse’ was a I S— dBm ,

I —~isee- pulse’ app lie ’d t OO ~cse’e’ a ft a ’u’  the’ c ’itsi of the s -ha u’gir tg ps ’r iosh. i”or each wr i t i ng  power

bevel, the outpu t signal (with  the c’~ s ’ei’tIots “i the ’ 2t ’ — d i im signal in the’ S — to I 5—~ ses’ range) j u t —

creases l o g ar i t h u u s t c ’all y w t U u  t ime for the f irst 100 gas’s’, at w hfe ’h p oiutt  the ’ sigiuaI satin-ales 

- -
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.u u u s h f i i i a l lv  de ’s ’ i-ease 5 a s l i g h t ly  at  s ’h t a i ’g i iug  t m i t ’s appu-o5us ’i t mu tg  I 0~ ~s~’c . Fits’ storage’ tiutuc ’ for

t h s ’sa ’ sh e ’ v i c e ’s w as t v p i s - a 1 l - ~ I se ’s’ foe’ s’ha t’giutg t ime ’s of I ”  gst ’c’ ,u t I t -  ci tu t u ,  A t  ‘‘ac -It  is u i tt n g

~~ iit e u ’  l s ’v e ’l . t h is ’ Se ’ s to r a ge ’ t imes  increased u i i O u i e ) I o i t i s ’a ~is w i t h  u u u c  i’e ’;i se ’,t s’har ging t ime ’, a ug  -

ge-s t ing that  the ’ satu ratioul un the’ 2k s igusa  I s ’ou i l e t  r e s u l t  from tits’ l n u i l e t u u p  s it  a uni t siu ’ uss ch za u -ge ’ oil

t h e ’ slj oe h s’s aut s l a re ’dsue’tiout j u t  t h i s ’ sus ’ocistcuc ’be c r ie’ wr i ti tt g  an d re ’adittg e’t ’t ’ is t e ’l is ’” - I ’ t se ’ s u i u u i l  sig  —

nab sh e ~s i-ea se ’ iou’  ~ 100 gse’c i t t  pa r t i c ’ular  c’oub sh he’ a t t r i b u t e- cl to a si t ’ s ’ re -a se ’ itt th i s ’ u s osists ’  —

e’les ’ t r i c’ s o tsph iu ig  cleue to this ’ uui t i  form Is is I ste -c  s h e ’ i s le -I  t , a t s  h a ’, ci’. h i t s ’ r e su l t s  for f l u e ’ Ss ’ h s s ’i i L - s  ha t’ —

u’i, ’ u’ a u - r u ’, u i ’ s ’ sht o ’,s ii i t t  I’ ’ i g . I — a - ( t s b . I Is ’u’ e ’, t i t s I ~ t h e ’ I t -  — d i b u t  s sn -va ’ e ’~~h s i h s i t s  .u s a t u u ’at i ou t , whi le ’
- 4 - -( l ie ’ ..0 — and 14 — d h u t  en I -vu ’s appt’a u- toga r t t h n u u c ’ t hu r ouug hi 

~~ 
10 ~~s’’s - . i -o r  t t ie ’s, - ~‘s~lic it  t h~s t ’,u u’ —

t~iet~ s t e ’v u s - e ’s , s t s iu ’ ; t g e ’ t iu tue  , s l s ~ i u u s -reased t s s o u s s i t o u i t s ’ a ) I ’s is i th  c’h au — g iui g ( l ine , is t t h u  a u u t a x u u t t u u u u t
I I d  I T i s e ’s ’ for t OO — 1IS e s  s h s c u - uz t t sg  a t  I t -  s h i t u i t .  I .ogsu t - i t I tu i tuc ’ s ’ h t a u ’ g u u s g  s o u l tie e ’~~ s I u u u s e ’s i hs - s  n toshe ’ I u u t g

the ’ sle ’v l s - e ’ as 5 d is t r ibuted peak , i e ’t a c t s i u ’  s i  u’ 5 u i i t .  Out’ ut tos te ’l. s in s  i Lu p to o u t e-  ree’t-nt l~ u’e’porte ’st
h i ’ ,-  iiorde’n ansi t-~iui o .

t I pi’c~h is ’ t s  a l o g a r i t i u u i t i c ’ s i e ’t s s ’ t s s b e ’t t s ’e ’ s’t ’ out Un it ’  it i t h  a s o u h t s u ’ a h  ion i t s  ‘a

due tc i full s h i o s i e ’ s ’hi au ’ g i u u g  in t i n s e ’s OS ’ l O ~ to 1O~ 5 15e ’ s ,  (‘ouutp t u t s ’ r s ’.u l s ’u s l a t i s i u s s  t r u i s s ’ S t e  t h at  I t u e ’

1 4 —  ans I I s ) — d l t u u u  Sc iuo t fk ~ ist r r ie ’r e’itarg itt g ‘‘sn’i’ e S  are  ‘ui u i s i s l e i s t  us i l h i u i  a fat -to y  05’ 2 i i i  slope ’
us nuag u n tus i e ’ is u t h s  osst’ tuu o s h e ’i . 1 however , the uttosie ’b sloe’s not s’xp h oui u u  (its’ 100 —~s Se’s’ sot t u u z t t i o n  0

t hua ’ I t ’  a l flnt t n  u - vu ’ - t h e’ s i n s  i la u ’ sa t sur at i ou t  lit t i-ic ’ p i t— d iode slata.  or tij e ’ uu o uuioga  r i t it i t u is ’ t ie’h tav  iou ’
of l I s t ’ la ’ — s t u n-u s t i t ’ s ’e ’ f o r  this’ p u s a rea -s ju t  the ’ ‘—  to I S — g s s ’s ’ u’ o u u s g e - . it  s i ioubs h be’ it o te ’sh t h a t  if

clia t ’giiig is  shone ’ is it i tout  a 1, h I )  e’rasu i’s’. fit s ’ soutu u ’a ( lo i s  its  \‘ occu t  i’s OI l 0511 e’a r l i s’ r t in t s’ hi_ ut  o a t

u h ioss t  t h e’ sol u t e ’ si gnal le ’’~’e ’i . l ot’ (its ’ pn ot t’t’ O I \  5. Pu s t i n t s’ us  t v p i s ’al h~ 10 gse’c. ‘l ’it is r apid
c’ha u ’g t u g  u s  as u u u i l a  P to tha t reports’ul tu ,’, othe ’r wou’he’t-s 1 . 10 ansi is appa r e ’nt lv  s - oil s se ’ st  l iv  f t ’ a u u u e ’ —

t s i - t i ’ I u t s , ’ e ’t t e c t $ .

3 . l t is . uu ~u u s g  ( ‘tt .tu’as ’t e ’ i ’ i s t t s ’ s

‘i ’It e imp ortane ’e’ of an sip t  is - oi l eu-a as s l’s’ for i u u u a g i u u g  aplil icat iouus as u h h u u s l  ro u tes t  l i t  I ‘sg - 1—7 ,

l i e  i’s’ is s’ a h ost i t ’ sod t s of au s’ x pe- u iu iu a ’uu I i t s  is li lt ’ It h ig h  i t  inc i el e ’uu t silt a pi t — s i  j osis’ i ti ne ge’ t- a a n ice luau s —

is ’a h lv ’  chopps ’st a t  a 4 0 — i t u s e ’s’ peu ’iost , a t ime a t i t t u L u ’  to that  us s t si l i t  s u s t a u ~u t s g  oupp h t s ’o t t i s i u s s .  l i t

this e ’ ~ pe ’u’u n t e ’ i t t  - t lie iv i- i t  bug a it st rca sling a ccitt e ’ it s ’ e ’ is as s~ I t s ’ It roit I -
. , ‘st  ss i t t  t t h i s ’ c ttoppe t’. I ’h te ’ p it

a I’ u’ oi v s we ’ u- a ’ chu at ’gs ’sI at  20 ci h uts for ‘0 gsec’ aut s i th i s ’u u t’e’asl w j u t s  ,u u t i u l t u p le ’ itumt iu ’r 01’ 1 — ~s se ’s ’

pee DIODES
P~~~2OdBm

• ~~~ 
• iSdam L. LIGHT

s~~~sic 
Ti l a g .  1 7 .  I~~t s i Io s i g u s . u I  i s  t u s u s ’gu ’ o t t u s iu s

* t it h e’ fou’ lilt a u- a ’ a s  atus i is  t u g  e ’ t ’t’e’et s it ’
I • iSO nw/cm I , i - i ) e ’r a s t su ’ e’. i ’t se ’ ~st ss it s i s u g u T , u l  S us

~ NO LEDs t h e’ sh i f ’fe ’re ’ u u u ’e I I I  s t e ’ V i s ’e ’ s i s s t p s t t  \‘ s i i t , S L’e ’
2 V~ betwee’ut l i g h t  s u i t  anti O t t .  .i 5 tu s s t t

LED ERASURE s , u t e ’s l jut th u s’ j itse’rt.

(misc )

pulses to obtain oss’ih l o g r t u n t s  in is his ’it the’ signal e ’iti’ e lsipe ’ was prsu pou ’tiottitl te’, tite’ 2k  c h u , u u ’ g e ’ re ’—

malut ing on the ste ’vj u ’t ’ . The’ figu re show-s tht e pitoto signal S vs iuute ’g ra t iou t  t t u n e ’ t or  tite ’ s ’ ,u se ’

of a uniform light iuut s ’n s itv of I of i S O  uiW s’uut ~ tine l for h i t ’ iuu t t ’gu ’a t io u t  t ime’  t u t u t i a t e ’st us t i lt flue
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st a l l  of (hit’ “ht ghtt t iui ” I~~e r t i s ’u I  of (lie s ’htopp s ’P c i  s ’ l e ’ . \ l i n e ’ s t e l  S is t i e ’ o t ’ t a t i u e ’,i t ’~ sls ’te ’ t ’ u t i i u t t u t g

t he ’ s t t t t ’ e ’t’ e ’ i lc ’ e’ UI s h e ’s i s ’ e ’ otu ips ut s- s e b t a g e ’ ‘a t ’e ’t i t  e d t  h i t ’ c’ a ss ’ -~ of t t t e ’ h i g h u t  t i l cas ’k esI  si t ! , u n s t  i h i e ’ I s g t t u

t t t s ’ t s le’ tu t  out the - t e s t s  e ’ . h ’ h u l s  pa ’ s - t i l t s  u s  s s e ’ g , u t u s ’ e ’ sigu u o u h  ~i i a s I  is s tu s i ss ss  sc ’hs ’ u s s s t t s ’a h l i  i t s  Pie ’ f i g u r e

inst - u t  i’ hie i _ i l l i u t e l i s , u t e ’ ( I s O it ith a I h ’ .i s ’t’ , u ” t l i ’ e ’ ,u i t u s e ’a i’  pitofce re~ p~ u tos e us obt a i i t e ’ ct . ( ‘ h u t s - ,  t ’~

(15a ’ s ’~~p e c t e’s1 u’ e ’ sp a i u t s e ’ is i t ’  i’ , ’ ,  e ’ t ’ ’~, ’ t ’uas t ’ch p t io t s i s l t t i s l e ’s , c s s t s t e ’s ’ i e ’ ,h  ( t i  a 5 ’ ti u t s t , s i s t  s i ) ’ t i s  si  ge ’tse ’u~u t tc s ss

ro u t e ’ u s  tIter , u u ’ e ’ ti - i  f l i t s  expu ’r i t t t e ’iut 5 t . e ’ . - , u t t  this’ l i g h t , t l~~ c ’i’t ’e ’s l  ge ’ s s e ’ t ’ s t e ’ s hail s’ ‘s’lec tr oa s  ~u~u t rs

e ’ t t h t e’ t’ tut or is ith in  _ e , h i f t ’ tu ” s tc ’i s le’i tg th t  of tile ’ 511_ is  5 ’ c’h uot r ge ’ l ; i ’,e ’ t ’i .  h f l i t ’  s ’\) ’e ’t’ t t ’. s e ’ t s t  ~~

isu thtotat a I L I I  e ’i’asis re ’ , ‘a de ’s ’oe ~ s nu t s- l u ttuot ’e sls iis 1’~ ‘,i lt i -ut  tha t ’ li g ht is t ’l s ss k s ’ s h  s i l t .  Ii i  , i d s h t u i s ’ i s .

an e ’’qaeiute’u t t t _ s (  t s t i s i i s i u ’ s ’5t ~~~I u S e ’ , -~ i n s  t h a t ’  to t h a t  u’els~ V te ’sh i i i  ) ) e ’f,  - , i s s ’ l ’t , s t i t s ’ sh ,us , a t s s ’w u s  i t s  t h i t ’

t’u g u s i ’ e ’. I’h u u s  u ’ s ’s~sis u-s s ’ is slo e’ to u is s , u gu ’ lag s ’ t t e ’c ’ t s, i’he ’ 1,s g s ’ t t s ’ s ’ t  c u ss  t e e ’ s h i ’ s u s s , s t s s ’ ,ii l s, il leis —

(p, u t e ’st h is  t u i u t l , i t a u s g  thi s’ i u s t t ’g u ’ e t l o a i  t i l i s e ’ is i t h s  (lie’ outset  of this ’ 5 h i g uit si l t ’’ p t iu ’I iout  ~ t ( h u e ’ s ’ t s s i 1’1’e ’t’

,‘ ‘, ,‘ie ’. Iii t l s t ’ ~ c a s e ’ , au e’X L O u t e ’ut t u , u I  u’ e ’s pc isss e ’ e ’s~~t ’ u i f t , i h I ’, t s h t ’ u t t t s ’ah (~i P ie ’ s t t s e ’ -, bs si \ t  us it u s  0(5 1_ u h i s s1

s ’s e ’ui thiotig li S * 0 u ’ e ’ sps iu sss ’ sh ioti l s t  t i _ u y e  he e ls f~ t iu t~i , ,ia I f  ssas  ‘,s t u e t s t l u e ’ S,u u s s e ’ e’Xpe ’r t u t l e ’ t i t Vs

1,e ’ i ’ t ’ s i t ’u i t e ’ st is i t h i  ,i t.i’ i ) s - u ’ , s s s s p e ’, l I s t s  u i s c h i c ’ , u i c ’ s ( h s o t t  e,ss bt S 5 5 ~ ’ s s ’ s ’ s h %  e’ 5’, s ’ t u t s s g  ~~~~~~~~~~ 
,I s ’e ’ ’, us s it

555 (1 ’, i’ e ’s,s ’t 11w’ ,hs ’v t c s ’ , i ’e ’ s s s ( f i uig i t t  ,u h u t g tue ’r ap l sur t ’uuf  se ’t s a u t i i  i t  to lsiis l ig h t  ls ’s s ’la t i t os i t  Is

u s ’ t t s , t I I - , 11u’ e ’ s e u u t .  S u i s s u i , u r  e ’t t s ’s ’ t S is e’i’e ’ s s IsSe ’i’i’ e ’ st w i t h  S c h i u i t f k ~ t ’, t r i ’ i e ’i ’ s h s ’ V i s ’cs- , t in t  t h e ’ t’ e’ s- t t t l t ~~

iss ’rs ’ not ,i s-s s l r o t u s t o t t i s ’ slOe ’ ts i  th te ’i t’ shtorte ’i’ s - s(ciro u g e ’ I tune ’

I I II I
St’NOYT st ’e ‘ssS”t S

5 51 

/
/

mets su n S  ,-m~
555 5

1- ’ig .  1— S . t oi l i ’h t s i t o s i gus ~sI v s t t t t s - g r , t t u s ia s t i t u s ’ IO u ’  Ss ’I ss i t i k ’ ,
ou t ’t ’ ot ’s ii it i i  l ig h t uss ( s ’ u i s t t ’  u s  pai’ou t t t e ’te ’r ,t t is h i t i i  sle ’ t ’ls ’ , u t ti’ e ’

etf photos ign oul us u t b i  u’ a ’ spe ’s ’ t to iuste ’g r ou t  j on Ii  at te ’ vs l ig ht i t s  —

t s ’ I i s I t ”  t’s’r s h , u to u  iuu ~, u3 , sht osi t u g  l t ais ’, i t ’ t t ~ of piu~~tot’ s ’s’poui st’

\‘a itt ’ t t sipe ’ i o u  (c ’ s I is’ it ii .u u t opt ts ’ a I et s t  sure, tiof Ii I he ’ put ou t u sh  Ss ’ Ito It  Is ’, sh to s  Is ’ h e ’s’ i c s ’ s s a s s  t i l t  Is ’ t tO ll

,us h i i i e ’out ’  i u t s , u ge ’t’s. i ’t t i s  is i l ( t t s f t ’ ou t e ’sl j u t  f ig .  I — S  for  the ’ Sc ’iu ~~t t k ~ sl is ’ sle ’a ,  i ’ i g i i u ’ e ’ I - 5~, u l  shtois s

the’ phio t e i st g t to t l  S v~ T
1 

it t i t u I , u s  1 l \ u u ’ , u u s s a ’t e ’r ‘a i u s u e ’ ou u ’  t ’ e ’sp et u t s e ’ i s o t s t , u i u i e ’sh fc~~’ e ’, t s ’ t t  ‘ , , t h t se ’

s ’t ’ I in f l i t ’ u - u u s g e ’  40 to I 300 uu\ ’a 1
s ’ i t s ’ 

- l ’t i e ’ s u s s a h l  s ’t t _ t i t ge ’ iii slOp e ’ t s ’t ’ ( lie ’ 1 1 i d i ~ t i\% ~‘ i t t ’ c u s s ’

t u ’  u’ T
1 
‘ I 0 nusec is nes t t’iu l l~ tu u td e’  rstoo s l t it uf is ,u sse’~’ u ,u Ii ’ ~h is i t i t  ‘a ,u pp i’o,u c t s t s t g  t h e ’ spit i’ tots a

he ’i ’e’I. i’ ’oi’ f i t s ’ s ’ , t s e ’ s i t owuu h ue ’re ’ , •10 t iW ciut ~~ can lee ’ s t e ’ t e ’s ’ t e ’s h ~~i I ~ i s t s , ’ , , f l i t s  s ’ s ’u ’ i ’ a ’a~~~~u u s h s  i s ’

,i se - i s s u t i ’, i t - s  s ’t ’ s O d  I~, t s i t s  - i t u h” t g . I — S ( t ~t f t te~ t ’,t te sit  s i g u s u l  s h i s c h u s i ’ g e ’ ~iS 5i T is l i l O t f i ’sh 5 5  I t o i ’

f l t e ’se s l , i f , u ,  ( ‘lie ’ plet It , u s  ,e s lope ’ sil ’ — I . u u t s h u s ’ , u t i u t g thie ’ e ’ \ ( e e ’ c ’ t e ’ sI  I L u a t ’s u r i t ’s s ’S f h t e ’ i u u i o u g t ’ t -  Vs h t e ’ui  i t

u~ di ss - l ’ au ’ge ’s h is t f t s  ,~ s ’ c e i t s t , i u t t  op ta ~’ , u I  ge ’u i e ’u ’ , u t i u i i s  r a t e - , \ t o u ’ e ’os’ e ’r , ( i t t - ap e ’s t i ’~u i  i’ s ’s p s iui se ’ of t h e ’

s h s ’’.’ i , ’ , ’$ t% , us  s - o u i s t s t e ’it t is u f h t  t h t . u f  e ’’sl e e ’s ’ t e -~t for Si phso ts ’ s h a o s l e ’ s-’ .

-
~~~~~~~~~ -“ -- - . ‘ - - ~~~ --~~ 
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l- ’ig. — ° . h ’ h u o h o s i gu tos l  vs i u t l s ’gu ’ ou t us iu s  f l n t e

• 
for pus ari’ay w ith is t ’ t t iuug (line 015 (iou P o s i t s  —

t ’ tcr . ‘l’}te ’ iut~ e’i’t shows ss ’ Iu e m t s u t i s ’s a l l s , ( his ’
sh e ’t O i V  Ot’ ou c h u o u r g s ’ pattern Qs s’oussistuuug of
a IL gi - :u i i i i g o u ius l  a un i fo rm (x )rt ious i sh t s ’n
su t b t e ’u ’ t s ’si to Os s O i t s t o i u i t  opt ical  ge ’ut e ’u - a t i s i u s

: 

- t~~~t5’ ,

u s- Se 35)

(misc

It iso u s t’ounsl t ha t  i t ’ ( h u e ’ i s v  is c’s is ,‘t ’e s ’Ii , S u ’ge ’ sI to tot ’ h si g t t os l e ’Ve ’I . a uss iu t u t uu i  t’t’e u ’ i t u photoi ’s’s ponse’
sto ss obta ined , oia i l l u s t t ’a t s ’sI ju t l i t ,’ - 1 — )  for’ (h ue ’ pui ,i u ’ i ’ o u - s a h i t ’i’t ’ S is pho t t t ’si 5’ ’, is - i l l- i  as

params’ts’ t tot ’  I 400 nW s itS ” - I” or ,u is u - if ing pois e- t. of I i -  ut ~ii si ou 1 u t i e ’,s t ’ ph uoto t ’e’sponss’ is  oh —

(ains ’sI fo r 1’~~~• t O  
~~~~~~~~~ 

The uIs ’~i otu ’ t ~s i’ e ’ t ’ u’ s i u t s  l i u t e ’a t ’ i t v  5 s%i ’ T
1 

27 t i t S O s ’ is sl it s ’ to ‘a s) ~iP I i t 5 i ~55 ’ t 5 i t 5 t O

the sput’iosis level.  I” ot’ as lsl it iousstl  s ’h ta  rg i tu g  t i - is’ i-c is ,u u u o i u h i u u e ’ a  t’ i’e’spoitss’ t h a t  tie ’ s ’~~u ise ’s uTiO 1’s’

prottos irt eed is- i t h t  ins  i’s ’ous lug charge out (hue ’ s hi out e s , as i l lus t ra ted  Ii’, Pie’ = I it — au tst  ad —g se’ s’

eut’i’e’s - i hu s ’ss’ t’ u ’s ( i Outse ’s a re ’ s hua r ots ’ t e ’r i  ,‘ e’s( b’~ a slois’ i l t s ’ t’ e ’ot se ’ of S is ’j t h i  T 1, foflo’,s’s’d ti~ ass

iuus - i’t ’otS e’ j ut  S ott a t oOt ’ s’Onsj stu ’tt t  i s i th i  I t t os (  obta ins’ si fo t’ ti ’ue ’ l i t ie ’Zt  r respotust ’ s o u s e ’ - ‘I ’hte ’ e’f t ’e ’s ’t

ci e ’c i-eas e’s th us ’ oippot i’s’t st Se ’ t iS  it is ’  u t v  of this ’ sls ’v ~s ’ e ’ , iu u s l  i-es t r t s ’t s (l ie ’ sh v t i se t u t  i s  range ’ lo u ’ I iua ’ou r sip —

e ’t’ation. The e’ f I t ’s t is usot fulls- undet’stoost  b itt  could lie ’ ,u a ~s~~’ iou ic ’s I is ’ith ( l ie ’ gt’oss lbs of a apa1t ia l l~
unj foi’m i’eve’ u’ss’ bias wh i t -h s re ’ O t te ’s au o ft ’se ’t ls’vs’l t ou ’  th ’u e IL c hat -g e ’ gi ’ o u t i u t g  - \\ bets th se’ li g ht

c t iss ’h sat’gs ’s the ’ d iodes , this eiusi foi-ni s ’I i os u ’ge she ’s’a’, s f i r s t , ss’ohuouut st rouu g lv ou I t t ’s’ ( i u s g t t t t ~ -IL g u’ o u t  —

ing as shown ss- hte ’matit ’aIlv i t t  thus ’ f ig uu u-c Inse’ rt . : t  shuouls i  be’ u’ e ’e ’ou I l l ’s1 t ha t  o ush ’, f l i t ’ IL s ’oi tspoi t  —

ent of the’ s tors ’st cha rge is santpl s’d li~ th ie ’ reading s i g u t o i l  - (‘he’ i i u t e ’t ’pt ’e’t o u t t o n  of th i s  s’f t ’s’c is-

t-onsp liu ’ated b~- thud ’ possible’ sit’s t’e’ot st’ ia -i oss ’ ou u s t s s ’he ’s ’t t ’l s ’ s-otup l ing wi th  j uts ’ i-cots iuug shiods ’ t i i ~s- ’ .

hlowevs’r . the ’ ttot t linear  ?hotOrt ’sPOutse’ coot be’ e ’u t h t a u u c t ’,I ti~ s’h ourg iuug  t i e  diode’s is it  hi unequa l

post-er levels it t  thi s’ two con ute i ’prop agat i iug s t t r t ’:ts ’e ’ is O t i s ’s , iii f l i t s  s’:ts e ’ , a u u n i fo r i st  ( ‘t os s  ls’ve’l is

def in i te ly  in t ro shuuce ’d ,  i is sh i f t ’it ’ tilt  to di’ fiu se’ the s’hi a t-g i t t g  le ’\ ’ e ’l 1 h to t (  s _ si i’ u’ c’spO nstsu to the’ ot iset si( ’

usonlinear response lie-t a’ at ’ both s the ’ re ’l s ’v ouu st s’bua u’g iitg t ii ’uu e and otu tput  ls’i’s’t i o u u’~ is i t h u  is i - i t i iug

poise r level, Foi- example , the’ results s hoists l ie - re ’ t ’aut  be’ s’on (ru t s te ’sh u i t  Ii I d — sI flxtt i s -u - i t  in g le’i’ e’h

ressult s  where’ ou l i n ea r  re ’spouuse is obtainesi out to 70 ~use’ s’ .

To uti l ize the ’s-u’ as-oust ie -all y ss’anused i inos get ’s  us prac t ica l  u u t u o s g i t ug  s~ s te i t s s ,  i t i s lt s ’s’s’s sOi t ’\

to have both good ss’ n s it iv it v au-id a large’ usun~bt’i’ (i s -ui of resolution e’lements ps’t’ l ine It’ , g’ - i•ss

500, for ade’quate television resolu (ion, in a ~~, c — -fl ( t O — 1usCe 1 i tus agt -i -  l t -ngth ~. Ss - I t e ~u s i t ’s this

include real —time sigtsal procs ’ssing tes’htn ique ’ s to nse’e’t ( li e ’s-se r e’qult-s’n sents 01 i’s’ be’iutg i t t v c s l  i g o i t c ’sI .

I- ’. _ 1 . I i ’out l-u e ’u’g e -r .“5 _ I .  ~‘s l s \ \  h t o u ’ t s ’t’
.1. I I .  ‘ ou fou a’ e’lla l’ . Sts’t ’iu
R . ‘aV. Hsitston

t o
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I,’. I Ii5 l’ (‘ES I’S Oh” l X ) t ’ I 3 l _ E — l i E ’ I ’ I ’~h l()S 1 ’ h i I ’ 4,’ ’ 1 ’ t H t ’  L a l u i  ‘ a s h ’  l u - i l ’  I \ S t ’ h I S

I i f s ’ e ’ s s  of ( ‘\\ , u ’ t i s s t t u — t s ’u t i p e ’r o t t t s r e ’ E , s l t s . - \ s f ’  I u s I ’  st o t ib i s ’ t se ’ t s  l ’s s s i i ’ ss s ’ t t u u’ e ’ ( I  > 1 1 5  s h i t i s h e ’ l , u s e u’ s-

hto u s’ s’ s ’ s i u t t t t u t u e ’ sI i s ’ i t h  ou t o t o th  oh ’ thij t’t s’ e’ut s Ie ’s ’ i s ’ e’~ s ’x o s i t s i u s s ’ s I  i t s  s , s e t t i e  s I e ’ t , u t I ,  & ~O t ! s , ’ - ’s ’ . I t s , ’ ’ , ’ ’ l i e ’  t h i a

o s ’ i g u u i o ul t , s s , ’t’s s l t s s ’ U s - s s ’ sh  lit 5 js r s ’i ’ts nss i’ s - l s s l u ’ t , o e s s s l  f l s e ’ i’ e ’ i i s o u t u s u i t g  l ’ ’t s i t ’ , ’ a i i s s i l o t i ’  s h e ’’, i s  s ’ s -

l I s c ’ t i l t s ’ t sI t ’ v l u ’ e ’ s 55’ e ’t’ s’ s i l le ’i ’ , u t e ’ st U L 5 s t e ’i’ s ’a r ’ e’f t i l l c  e’ o u t t u ’ o h i t ’ st h e a t  ~ j u i k t i ’ u t s l s e ’ i ’ o i t u u u ’ e ’  s ’  S~ . I i 5 , s i s s h

eur u ’euut  t I  u t t . ”a b s ’ si u s s t i t u s ’ u s s  i rs  fl i t ’ t eSt  Setup s t e ’ ’ ,s ’ Z ’ t t S s u !  pi ’ t’s’ is i t i ~~l

570, - : 
7 “

‘‘n

( t O t ) u t p u t ~~~~~~~~~~ op~~ ~ t in~

(- ‘or l,t se ’t’s opt ’ t’ O t ( t ’s! ot t  rootss te’usip s ’t’oitu i’s’ is i t h i  a f ix s ’sl e’ui’rs ’u st ,  the ( \  t’t~ at  poss e ’t ’ ciii (pu t us

.u futuw ’tion of operat ing  t iuus e ’ lou’ two slt ’i’ls ’ t ’s is sheiss ts iii l it, ’- 1 — I  0. It is c leat’  I t t o u t . e ’s’e’n is i t h u

ca t’e’fu l c’oistrol s)5 s t t ’i’ j s ’ s’ s,’uit’r e ’tut o ut i s t  heat siuuk t eu t tpe ’rou t u r e ’, sssb st o e u i t t a l  i o u  t ’ t o ut  tons iii o u t p u t
pois e ’ t i s tin-it ’ ot i’ s’ Ou st’ t ’s’ s’ sl pt’loi’ (ci (Its’ sh t ’5 ’l s ’ e ’ ensl — o f  — ( j f e ’ . I. ‘s i i t s 1i ,> t o u t  ii s’ li St ’ t t t t it ’  u ’ h t o u  i’oi s ’t t ’ p -

i st i s’ s of this ’ loi se rs ,s i’ e ’ bt ’it ig st u shis ’d b~ si ps’ i’,it i t ig  tisetus ‘a\ is- itt ’u (h - is’ c u  i’t’ s’it(  o u s l t o s s  Is ’sI he - u u t s a  i i i  —

tot i n Os s’on stoint output posi’s’i’ of I to ‘I fl t ’ds ptst’ t’ot c s ’( ,

l”or t h e  s t s ’ v i s ’ e ss i s r I s l e ’r s o u t s - o t O s t s (  s’til’t’ e’lit Op erostiori . t h us ’ I i fet inie ’  is oti’b1tr ~i i ’ I I s  she’ f int ’si .us hI t s ’

operat ing t ime ott wh t is’ hu the ’ ou tpu t  power e1t ’ops below’ I n u W .  ‘a h i sfogu ’am of thi s’ l i f s ’ t iuss s ’ , t o e t o u

so obtained on thir t es ’ui  si t ’ i t s ’e’s is sh uo wu u j ut  1-1 g. 1 — 1 1 .  l . i  let P i t t ’s i’_t t i gt ’sl ft-ou t ,s fe’ss hi t i t i s t  t’e’sl (0

7c0 0 bout’s . st’ith thirt ’s’ sts ’i’is ’e ’s s t i l l  ope’i’~u t lu ig  itt ( h u e ’ pt’ s’ss ’u t t  t ius ~se’.

(“or niost of the’ loi~~s’u’s w lu i e ’Ii h ay s ’ faj l s’eh. s’tss1— fa s’e st s ’g i- o ts l ou t  iou lusts bt ’en i s h s ’t i t i  S t e ’st  us ’  thu s ’

p rii -uiary s ’aui se of fai l sure ’ . Jut fact,  it u sia usually pos sib le ’ to t’s’s-tore ’ th i s ’ output  s’t s t s ’ gi ’ , t u I s ’ut

lot~~t ’u’ a to u s e ’oi i - l ’ ,  or ig iuta l  value ’s h- s r iu s s iu sg tlte stdi’ is _ s’s it t 01 bu f t’s’re’si ( I t ”  solut t iout .  l i s t ’

el s’gruus l a t i o i t  —t ’ s’sforat iott  s’ s’Js ’ e’oulsi l’s’ t’s’pe’oste ’d s-s e ’vs ’i’ot l tinses before th u s ’ cru sh f o u s ’s’s be’s’ iut ’

i r revcr sibl degraded. This pc’ob le ’ns ss uteii s h i - h u g  i ts  ye ’s I i gos Is ’sl . :\5’ e’nus ’s of s t s t , l s  t u o u s  s ius~’lu is he ’ sI
5 5

t ( f  1 Thorotugh device’ c leauu iu i g  o u t  Se ’s’ e’ roi l st ~u ge ’s iii thus ’ fou t ’u ’ t s ’ .i t i s i t i  pi’os ’ s ’ss tu g .

( se’ Oh ’ s t s ’t e ’u ’ ge ’iu Is , organic’ ss’als ’ e’is t s-s oni st o us ’ is t  i s - a shue ’s,

(1 Stit~h’ of slit’fe r ’usf t iuuxes for the’ iissl iutu i si l~ie ’ r bou sh cii ’ this ’ s h e ’’,’ i s ’ s ’ t O th e ’
hseat sink.

‘I l’rt i te ’c I u s ’ e’oat iu t gs fo r Jois t ’ i e’nsl fas ’e’ s ,

( I  



~~~~~
— 

~~i~~~’ ~~~~
-

~~~~~~~~~~~~
- • -

~~
-----

~~~~~~
--— - ---—=——--

s e i  
l’i x 5 t * s s s s ~

se. £JS1~ic  O P ( R A ’ T S N G

6 -

!;

~ ~: ~

‘ 

~~~

T551( u ’S C A S t eRS
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suvot l o sn s ’lt e ’ pi t o t o s t i o u h e h O h i s ’ l ig ht o u u t p u i t
of -s t , 2 2 — > u i s s  t i l l  t, ’,a l u s - \s l ’  l is t ’  lsuss ’t’
sI t’  iVu ’fl I s~ (his ’ “0 — l i t  -‘a Cu rrt’iut pil l as’ ansi
(h i  I t(’ bi os  a Cut ’  t’ s’i t t  th ’uu’oi ig h I~c~ s’ r i-
t OO i’t5s ~ 
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It appears that beneficial e fh ’e ’cts coot be obtained both - i by the use oh ’ a sputt&’re ’sh \ I ,O > pro-

tt’ ’tive’ coating arid by careful cleaning wi th  an ac id solution. ‘l’hs ’su ’ teciuni ques are b e iuug evalu-

ateei in detail at present and , as a solution to the fou e’e’ t couitamiitat ion problem is r ’e ’alizeel . a t u s h i e ’s

of sh s ’vi s’ e l i fet ime ant I oUter mee ’htanisms for degraslatiots at both roons ansi elevated tempe’i-atu i-cs

will be investigated.
C .  C’ . Shcn
J. ,1 . Il sie lt
T. A. Linch

1 .  PULSE RESPONSE AN !) MO 1)ULATION ( i i -\UA (” I’ERIS ’ l ’ IC S
OF GaInAsP/ ln P LASERS

luiit ial resul ts of pulse response’ ansi modulation e ’xperiment s on GalnAsP/ ln P la s e u s  }u oevc

been most encouraging. Cl ean , f ast - r i set inse outpsu t pulses and ~OO—M pps  modulat ion we ’r e

achieved.

The measur cnss s- ists  ‘:,‘erc performed on str i pe -geonsetry lasers id en tical to those des cr ib eeh

in a previous report.1 TI-ic stripe wid t h s an(l cavity lengths were 1 3 and 380 1cm, respee’t ivs’l’s

ant I the devices h a d  threshold current  densi ties  at room ts’mperatetrc of about 5 LA / c - ru t 2 pulse ’s1

and I s kA/cni Z CW. A bias tee arrausgement was emp loyed so that a 1)C bias s ’urrent  could In’

supplied sintult ancously with the pulsed drive ’ . \‘si t ’ ioibls ’ wid th  pulses with I —ruse ’s’ rise ’ and fal l

time ws’t’c’ used in thuese experiments.  ‘l’hss’ laser output  was observed wi th  a g s- rn s oun iun s  ot v :s  —

lanche photodiosle operating it-ito the 50-ohm inpstt of a sampling oscilloscope.

Oscilloscope ti ’ac’e’s of tIK- input c’urreu st  pulse atsd the hete ’tor response to the ’ laser ou tpu t

are’ shown in l-’ig. 1 — 1 2  for two ehi ff e i’s’nt I)C bias le’vels ou t this’ lass’s’, The’ lass’r I I i t ’ s ’ s l ioh s l  s ’u r —

rent was 300 mA , so that t h e ’ two bias levels of 285 ansI  300 mA corrs - spo uu s l  to below aissh lust out

threshold , respectively, The cu r ren t  pulse Isa sh an oun up li tu id e  of SO n t ’ a ,

In both cases the observed riset ime is o sp p r o x i n s a l eh v  250 ~ sec . o u s a l u t e  ss’his ’h is  osb s ’ ss t  th i s ’

same as thsat measured by \‘auisa ms ito  et 011 . 14 for a Ga lr sA s- si ’  “ l u t i  ‘ inset’  ivi t is  u i s i  I )t, ’ b lo ts .  \\ ‘hs ’ui

the t )( ’  b i as is well below threshold , the  pulsed laser output  e x h u i b i t  a (lie s’h our o sct er i  at is ’ c b s  uii 1s~ d

relaxation osci l lat ion of these , as well  sa ( o iAs /s~ h ( ~ouAs  lasers. I however , is- hen the ’  I t ( ’  I s io t s

is j eust below th ur e shols l . the r inging is n sit si i -u -ti zs ’ch and os t’e ’lativ s ’lv cls’oen ot i t p i i t  pul se ’ is obtou j u a ’ s t

as in l”ig .I-tZ .

To determine the stu i tabi l ity  of the last-i-s for pulse t ssoehula tion son i’ s ’ s’s , t h ie’ y svs ’ i ’ s’ s h t ’ ive ’u i

with I —nsc’e pu lses at ZOO Mpps. as well as pairs of similou i’ pulses to siuiuu l oi te ’  (00  — P u l b p s  pulse —

position modulation. ‘Flue results arc sisown in E”i g. I — i  3. ( ‘le ’ oui ’ lv  tise ’ n s o du lou t iouu s ’ su pou h n h  i t  us ’s

of these lasers are well in excess of the ra tes used. Ind eed , it has Iis’cn e s t i m s u t e e l  his ’ \‘ osss - toiti ’us ’ t s ’

et al. 1 4 that  modulat ion frequencies of su few gi gaher tz  sb-iot u l s l  1st,’ a c h i e i - o t t s l c ,

C. (‘ . Site-ut
- ‘u . U. l”oyt

I”.. -\ t ’ ’ l ’ t ) I~l -\ ‘I’lC Ml’~ASL .J Ri ’~Mh ’ N’I’ 01” h ALl .  ( ‘c)EI- ’I”l(’IEN ’l’
A M )  Ri:SIsTIVITV \‘S ’l’

‘ l ’hi t ’  uu iesus urem ent  of the I lall coe-ff i cie ’u st and r es ist ivi ty ’5us a fuu u ct i ot s  of tcnsp s’r ature ’ is an

important  tool for ss’nsie’ondus’tor niate’rial e’tiarste-teri7-atjon hs ’s ’o euiss ’ the elortot’ ansI as’e ’e’ptor

-once ’ntrat ions , N 1) and N A c and the ’ msujO t’j tv  i m p u r i ty  ac t i vo u t i ou u  energy,  h~j )  or i’~~. e’aus lie ’
tie ’duced from the data. 1 s Unfortunat e ’l y, these nseasureru s s’uuts are ’ tedious t t uusi  t ime t ’onsstn i iuu g .

and it is not unusual  either to assign su person to operate the ’ e ’q sui p uss eu st  full tints’ or to nsssks- this’

-r
I i
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le’s s s le ’ s h s ’ s s h s t e ’ e’otsst tu’ si u t s u s -~s ’ ot u t i e ’o u s s i s u ’ i t i 5 1  t h , ’ , , s ’  t -l s ’e - t r i s - o u t  l s t ’ s sj i e ’ i ’ t i s ’ s ’  o ut ss ti h ’s out s ’  t iu’  1 w, ,  t t ’ u i s 1 s s ’ u ’ o u —

(u i -es ,  (‘ot -use-qt ue ’uu tL y , t i te ’i’s’ is ot h i i s ts it’ s- oh ’ s ’ f t ’s s t ’ ts I t ’  t u i t i ’ o sh t i s ’ s ’ i t t ( - i ’ u ’ o I . —, t u s g  O s u u t ( u i i u i t a  s i t ’ o t i i t o t t i o u l i s ’ t i

iut t o  th is ’ u t t e ’o use i t ’e ’t u t c u t t s  o u i s s l  o s u t o u i ~~sj s ,  ‘l’ s 1 s i s o i l Iv  - t iue ’se ’ s o u s e ’  i uuvo lv s - s l  — ‘ a t t I c ’  ~s s h v o i i u s ’ s ’ s i , s ’t ’t i s i u l i e ’ i ’  —

, ‘ i o i l l ’ , ’  o i v o u i l o u h u t e ’  i u i s t t ’ t u t u u s ’ u t t 4 u t i o t s  o i u i s l  c i i ’  s ’ o u t t p u t o u t i e u u t  e ’ s l t u i l u i t t s ’u i t  a e i i i i s l e ’n se ’us t i ’d  h i ’ ,’ s ’su, s s ’ u , h e ’ t ’ o u l s l e ’

, s i ipos t ’ o u t i s si f spe’ t ’i~t I  sle’ s-s i gu u .  l- ’u t ’ t i t e’t ’i ’u ut uu ’ e- , it s s u i ’ s i’ s ’pot ’t s- ,  h i o u v e -  h is ’ e ’u t r u t ou t l e ’ of s~ — t e ’ r t i s - ,  s i t  is l u s h

the ’ t t t i id )tt S slut tsu tak (hg ou ‘ l o u t  ou u_ c’ dcu s’ ( io u u in s a be e’it l e s s  t’uie’d , tu tu  t t h ue ’ f it 11 — t i isis’ i~~’s’s~t’u us’s ’ oh ’ (l ie ’

t i ( se ’u ’o s to t ’  is re ’s~s t i u ’ e ’ st to pe-t ’ l’o rn t  a sss - i t s ’ h u i u t g  se - qu i t - i t s ’ s’ o u u i s i  s i t ’  to a c t  te ’tl spt ’t ’ O i t u u i ’ s ’ s.

\~s e ~ i’e’pou’t t t s ’ u ’ e ’ out lui g i u l v  s- sou t i st ’as’tot ’~’ ope.’t ’sst i oui  oh ’ s u i t  o u s s t s u u u s s u t  u’ s - ss ’ s’t e ’ r u i  ii l u s h hsua  l I s t ’  o u u h s ’ o u u  —

t o l g e ’s th at (1 , 1 it i s-s i’ s ’o u s h i t v  u s s e n t s b t e d  t t ’o t iu  s ’o iuuuu i e’rs ’ L s u l h ,s’ o u t ’ o u i l o u b l c ’ irus - t t z ’ t tn i t ’lit o i t I O l i  w i l l s  u s s i l ’ s

r e l a t ive ly u t s iu t o r  u s u o s l i f i s ’~s t io i s~ li t ’s’ e ’ saou i ’ s ’ , ( I )  s’e ’lun ’tj o i t s  of i su i ’o u su rs ’sns ’n t  tu ’mp s ’i ’sst uui ’ s’a , ts ’ u i s l i e ’ u ’ —

a t t i re’ s t o u t ’ i l u t - s s’t’ lte t’ io s , tinie s l s ’ l o u s ’ a , s s u t s h  n t e a se u u ’e u i t euu t  sed lu i en s ’e s i ’ s ’ t st os th ’  fu ’ouui so f t ssa t ’ t ’ su u i s l

t aut  u ’ o s a h l v  lie s i h t e ’ t ’ i n h  fu’onu i- suit  to i ’un or sh ut ’ ius g  su ruu i _ ( 1 )  i i t s -ot ’pou’a t io t s  oh ’ ot s - s  t ’ l s s c t i — 1~1 o u s o s ’  tbc u’ —

nuonut ’t e ’i ’ su s  a ~e ’s ’ouu s I ~is ’s - s e - t i so s s i ’  w it h  io~u n u o i g u u s ’t i e ’  fis ’l t i  uls ’p u ’u i s t t ’n c e ’ l u s t s  u uioe ds ’ i t  pos’ s~t t ’ l s ’  le t  u s ’ s’

the Si — t l j o s t i ’  — sc issor  t v pe’ oh ’ s’ t ’vogs’iui e’ ts’ntpe ’ t ’atuu ’e’ couit ro l l s ’t’ . is c - i l  — k n ow- u hot’ i t s ’  u ’ s ’ l o u t  t i e ’ so ul —

V 5 ’ i t l e ’ t i s ’ e’ si f it ~~e ’ st usd s - s s ’u i s i t i \ ’u t ’ ,  , oi nsl (4 )  ot s ’ o u r i s u L ) l e ” — t s ’ i u s p t ’u ’ a t u u r e ’  type ’ s i t  I ) t -w - o u r  l i sts  hn’ e ’u t  t ’t i i t i t s l

as ,  i t o u h i l e ’ lou - a s ’o u u s ’ s ’ u i i e ’t i t  mode oh ’ t ) p e ’t ’ott i ouu auisl  for stu t o i s ta t i s ’  t s’ntp e i’ out u u’ s’ t o ut  t’ol w h u t - u t  u se-s i

wi t l t  the  S i -  sl ioshe — senu sot ’ ts ’~’e’ c-i t’ t euuu l ) e i ’ out t ire t’siist rol ler .

i-’igu i’e I — 14 sh sssws t tue block los s ’ ous t  s i b ’ t I t s ’ av s t e - u -u i .  The ~st ’esgt’ot i t t  us us u hilt ’ s-os is ’ is l  ott or , t lie s- s’l t —

nuse te r , the as - os u i net’ , siusd t h e  us su l t ipr ogi’ s u u u u t t t e ’ r  i5’s’ i’ e ’ put -ci sot sed tu~’ its 0 15 suit  o isse ’uu t l ’h ’uh  s 1 , s ! o l  o l t ’ sI iu i

s- sit ion sys t  e ’u l s .  ‘l’lie d igit al  volt nuclei ’ (I  )\ ‘M 1 iso us an input  inupes l osne e  su f  ~~ eu h uu t s , t i  , sk  s i c  s t

uus-o e ’ftul  for roost se ’u u uis ’ouu d su e ’t o t’  s ’ l t o t i ’o i s ’ t t ’ i ’ i s ’ a t i t u u s .  ‘ I ’hte ’ scanns’ t’ s ’t tu i s - - us ’ ( 5O of s-os t t e ’ hse ’ s- ( h o s t o u i ’ e ’ i’ s ’ —

i suote lv e’oust rolled (iv thue ’ s’aI u’uu io t  tot - . ‘I ’hut ’ uu iw auu t e ’s l  s’n u f ’ s m i  t ’ou hu ie’ s’ sl li~ this’  s ’ s - , u u s s s e  - t ’ s is s t  - t i e  -

a re  below ~ ~u\ ’ . ‘l’hit ’ m iu l t i pt ’ogt ’ot t utu i i s ’t ’  It oi s t i s s i  t’u u s t - t i o u ss :  ( I )  01 as - i - t o u t  - ‘ to — po u u ’ o u i l u ’l , l o u t t ’ h t e ’ ,l

j u t e i l l s ’ ,’ h ot’ (hue’ fs ’e ’d iu ig  Of t’s-uuu o t s’ se ’t po in t  out s e t  g o u u u s  ae ’ t l i e s g s ’  (roust th e ’ s ’o u l s ’ s s l , I i e ’ l ’  hs )  f l i t ’  tu u s  —

pe ’ruutur t ’ t ’outt t ’o lls ’u ’ osus s l  (2 1 ou v ct t ’i s t h le ’ i t ’s i so tO t ’ , t i u i d e ’ u’ c s i k ’ u i l o u t e ’iu’  s ’o u s t t ’ sul . i i i  t i i u ’  i i s ’o u te ’t ’ s ’ i t ’ e’tu t t  -

u i eesle ’sh ( as  exp lai ned bs’lsuts 1 fou - t e ’ u s s l n ’ n ’ o u t t u r s ’  couutr o l  is i t h i  h u e ’ i u t o s g u t e ’ t u s ’ f ie ’L , t  Ot t .  t i u t ’  r t s o u g u s s ’t

su pply requirs ’sI thus ’ u tu i n o t — u u u o e h i t i t ’ o u t i o u u  of i s i c ’ o u t i u t g  ( i i i ’  “ out , ’’ “ u’ s ,s• e , u ’ s e , ” o i i t u t  ‘‘ o f f ’ s  ass i t s - t i e ’s’ u u s

the ’ sos ’ o u t t u s u ’u’ .
I lie ’ ou u t o n t s t t i t ’  teu t ip e ’r s t t s i t ’ e’ sc ’t t i u t g  o u u s , I  c e iu i t i ’ sil w’oia s-~ssl s’ e ’s l  l ’\ i u s i u i g  a Si — c l o n i c ’  — s ’ , ’ i s s - , s i u ’  s ’ , p~’

of s-ouitu ’olIu-r that  w a s  su u p h s l i e ’s h su - i t h i  sun optious of 12 — ( i i i  i i ou t ’ s u l l e ’ t  iu t pu i t s  t s i i ’  u’ e ’u t s s i t e ’  s e t  p e i i u it  o u u u , h

gos in, In opt’ u_ St th ou -u , (lit ’ volt a ge’ — I t ’mps ’ i-situ i.e’ s-oi l (br ui t iou slot los hot’ this’ Si — e l i t i s t , ’ this ’ u’ uiton ue’ te ’ i’ o u t ’ s ’

stored in the t’iulcs u lator nu ous sorv . A f t  u ’ u ’  eousve’t ’S lout of the’ slesit’ e’sI s’e ’t —po in t  tt ’ntps’ i_ st (i s u ’ s ’ t t i  05

voltage , this ’ r eu usote ’  set po iuut au th g u t s  as ’t I iu t g s  are ss ’ut t  to the’ t ’ouu t rolls ’ u’ t it roug hu this ’ sti g t t o t l

on (pu t s_ s t i-sb-u m u  the nu tul  (i pt ’og r an suus s ’ i’ . -\ sigusstl fu ’onu ( lie ’ sie ’v lost  iout us ’ue ’ts - r ’  out thi s ’ te ’u t u  p~’ ro t it s i’s’

s’ontrollcu’ Is st i l t  to the’ czt l t ’silato t’ s-j ot  t h e ’ ss’auiu us ’ r ai’ud t h e  I )\ ‘l’al . -‘a s imple’ proe’e’dt u i’s’ is s’e ’t t ip

w l t h t m n  (hue ’ sof t w’o u i’s ’ to e’stablishs t h a t  thus ’ t s ’t t sp eratur s ’ lists stabilio ’ e’sI at this ’ se ’t pot iut .  13e’t ’ouu se ’

of ti- ic nu a gus u -t i t -  fie ’Isi sle ’pe ussle ite’s ’ of (Its’ Si —t hios le ’ o ut  low tt ’n sper st t iut’ e’s , it was nets’s ao u i” , to work

out ot pu ’os’e ’shsi r e lot’ t empt ’r ctt ture s s’ouitrol w’I t euu t l~ ’ nsagnet is’ fie l s i  is out.  (‘arboti glass t h i t ’u ’uuuo u i t  —

e ’ t s ’ u’ s have su f f i c i en t  sei t s it iv ity  anti tow eno sigtu ntagui e (Is ’ h’t ekh eh epe ’udeucc’ ~~~ Pu make  them ii~ u’ fui

ous se’s -oi u , Ia  u’v tlus’rmonuc(e i’s u t  th i s  app! i s’su t ionu .  Adequate’ t s ’utup eu’a turs ’ -ouutu’ol lists be’t’i’i ot , ’ h iu’s ’ s’ ,t

by I t t t -h u i t - i g  the outp sut voltags’ to this ’  heat ing cleu su-nt  ansi th t eu i making  s’ h io su t gt - s  u s  t i u c b ie ’stt t ’i’ s u r  —

i’s ’u t t  b~’ alP ’ u ’Iu ig 5 55’ n ’ iu ’ s  re ’s is ton ’. ‘I’hue ’ l a t t ’ iu iuug  huu s beets at’e’ontp li sl -iet l  ( ii iusse t ’tiuig a b u g  tt ’ t’uu i .

t rack and ltold o s u u u p l u f iu ’r  in sr i - i c ’s  h ce ’ t u s ’ e ’e ’ i u  t lte ’ anip li f l e t ’  otu i s t  (lit ’ oeutp sut st ’s ’( iOtss  of thu s’ (s ’u t t l s s ’i ’ou —

t im ’s’ s ’ont rohis ’r .  ‘l’huc ’ e ’a l e ’uula t or — s ’outtro lled rssistor in se’rie’s ss ’u t hi tin’ I)cwit r he’ats’r u s on ou i’s’ —

sistant’s’ ladde r card In this’ nsuui (tprogrtuuuunue’r. In ope’ratlon. the i ’ t - s i s t o t u t s ’ e ’ of thu s- s’arbous g lo ua s - s

I S
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is’ nseasurt ’ sh a t  I s ’ro fiel d ss f( ss t’ t i s erut iul  a t o t l u t l u t ’, at a de s i r eth  set po int  has beesmu oss-luieved. Tite

htt ’~ite’ t s’ ut’ t’eus( is i u i s ’ O i a t t  i’e ’ , h Se ’Ve ’i ’Ol I tusu ’ a usu i th  thw’ ave  u ’osgs - value’ is s(oi ’e’d, A f t e r  (he output

vt i l  b u g s ’ is lat s’ht cd . s i-u ta h  o u c h  uu s (us t e ’n t s  j u t  t h u r  ss’ i’lt ’ s u- s’s istan s ’e’ SIre made u uuut i l  t h i s ’ la tchs d cur —

u ’ s ’ u u t o sg te ’i ’ s  is’ i h u the stoi’s’sI ave  n ags’ - ‘(‘he iu io u gu t e t i t -  f i s ’ l s l  is — then app l i t -s i , ausd teu ’usp er ature ’  u t i c a —

sun ’ t ’ru is ’u u t s ounsh I t s ’ou ts ’r  s’ui ’r , ’t i t  o u t l l u u s l t u s s ’ h u h a  ti re ’ u u s o u c h e ’  s i f t e r th i s ’  t h e - l a y s  oh’ wa i t ing  fo r the’ bui l d up

osusd i- e ’vi ’rs al of (he issssgtt c( ie ’ f t t ’lsI .  ‘ I’h iu ’ t r u s t  ps u’ o s (tu rs’ s’h tau gu ’s  w i th  the’ luts ’ h e_’d output  os u ’ u ’ s low ,

sm i t h  s t s l ’ ,  a u u s o s t l  s’hiauigcs iu the ’ se ’i ’is ’s re’s i a t o i u s s ’ s ’ h~ ss ’ s’ tue -i -m u ni es ’the ’sI fou ’ otur work.
‘I ’ l u s I )s ’is o t t -  used j ut OL in ’ avs’s ts’isi is of (Its ’ variabl e ’ te ’u t tpe -l r a ( t ur t ’  (~ i~ it t w’h ti s - bu a fixed h o w  of

s - s u c h t ic-I hunt g s a  is buc ked os go l l us s o t tu s sl e ’ hs ’a(i isg I sv (l ie ’ hu e- o s t iu ug  e l ent eut t  si l  the t empera tu re  r out—
tt’oll cu’ . It is very  su i t ab le  fot’ (his ’ O i t u t t ) u i i o s t i s ’ operatioit whie ’ti  ant  ovs’rt t ight cooling pr’ ot - s’thiure is

uac ’ eh , 05 lte ’t’ assts-iplei- load iutg and I i q e u i s h  his’! iu u t i  I ra i is  t’s ’t’ , By this’ follow iut g mor i ting ,  t t e  siun-iple
has s ’t is i le ’sl to 4 I’~ south the t ’tin u is h n i t i ~t t e ’sl.  o u r  s t o l u t s l ~s i-ti runs , s’ons is t iuu g of I tte asu u ’ens eui Is made
o t t  10 ts ’utu ps - r utt t uu ’es h ie ’t w ee us  4 ituis h 100 h\ - is n iadc  iii (hi r e ’s ’ h ost u’s time’. wi (h sout  u t s ’t ’st of ops’rator
st ((euutioui,

I ‘ 1 1 1 I 5 ~[ s c - s s.sis [
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l ug.  l — t ~~. (‘ huo i r s i s - t e ’t ’ i - ’o i ( i o u u of I ,  ( ‘I - ’ lit l~ u ssu tt l e ’ otu (hit ’ st u toma (is -  app itratei s .
‘(‘he ,e 1 e, poiu i ( s are’ N 0ff in un i t s  oh’ s’nu — l and thu e ’ “0” poi u t t  s ace us’uob i l i t y  j ut
units of s - i t s 2 - ‘a’ — se’s ’ . ‘I’ is in uls- gre-s’s K e h s - i u u .

i-’igurs’ I — I S shows t’e’su lt s fronu ou typ ls’al ruts . ‘l’hsis apparatus is being use’st to t ’hiu u ’ae ’te ’ri. ’s’ .
among othe’r th ings , l i qu id—p isase’ e ’pit axial (l~PE) grow th of lnP anti l u t Goc ’\si ’ al loys. ‘l’hie’ tiatus

shown in I” ig . 1 - t a  ar e for an L h’ l -  growth lu-i lnP .  grown at — ‘700’ ( ’ fronu an j u i s i j uu iu i r i t ’bu solution .
where thue l i ts hisu m is an as—re ceived rade

~ 
anti t h e  pitosphorus is setpp lis’d front P h i 1 gas . Au i’5ul y —

sis of the ’ data shows N 1) ~ i . 8 \ 10~ ens 1 , N~~ ~ P . S \ t 0~~ s-rn 
I , oui sst h - l) ~ 0.001 e~\ .  N e,~~ 

is

defined as 1/R e .  where ’  H is the ’ h iu u l l  e ’ot ’e fficlent  and e’ is the ele’ctronis’ chuitrge . The’ ciits’ria

used for temperature e ’ouutro l In (itt’ run pernuit t ed a nuax irnuns  er ror  itt ~ (t  ooo: ‘I’) -~ l (K ~~ l 0 u t  S h-~
ansi was much less at other ten sperature s. 

~ ~,i. M. i, awls ’ss
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U. Q U A N T U M  E L E C ” T R O N I C S

A. THERM AL PROPERTIES OF Nd La1 P5O14

We have begun a series of measurements of the thermal properties of Nd~ La j _~ P5Oj 4 by
investigating the thermal conductivity and specific heat of NdP 5O14. Knowledge of these param-

eters is necessary in studying the feasibility of constructing CW or high-repetition-rate lasers
of this material.

The method used to measure simultaneously both the thermal conductivity and specific heat

is an extension of that of Bruce and Cannell.t Two parallel metal strips are fabricated on the

surface of the sample. Alternating current is passed through one strip, the heater , and the

temperature-induced periodic resistance variation of the other strip, the sensor , is measured

as a function of the heating f requency.  From the measured dat a, together with the electrical
parameters of the heater and sensor and the temperature coefficient of sensor resistance, the
thermal conductivity and specific heat can be found. Our work extends that of Ref. I by gener-

alizing both the theory and measurements to include the effects of aruisotropy. The case of
NPP has also been simplified by the assumption of orthorhombic symmetry, since the mono-
clinic angle jl in NP? deviates from 900 by only 0.50 ,

‘00~~~~~~ _ _ _

‘T st-e- tti osssL

Fig. Il-I.  Sensor voltage response ,
proportional to heater-induced tern- -

perature variation , as a function of -
~~

heater frequency, f w/Zur (twice the ~
applied current frequency). Open
circles are data points , the solid line ,

~ —
is best-fit theoretical curve.

- ,‘~
‘
~~

‘ . u n ~ to’2 wis~, .tpC/k , . 14 1.2 ,eC/ Co ~

5 u s s s h  u
00 000

s . _ / 2 ~ 5H , 5

Some typical data for one particular sample and crystallographic orientation are shown in
Fig. Il-I , along with the best-fit parameters for the thermal conductivity factor JA b Ac and

inverse diffusivity p C/ I tt . Analysis of the data from other samples gives the value of the
thermal conductivity tensor elements (in W/cm-K) Aa = 2~ 10 X 10 , Ab = 9.66 x i0~~~, and

= 1.40 x 10~~ . The specific heat is 0.141 cal/g-K, in excellent agreement with the value

of 0,139 cal/g-K that we measured by differential scanning calorimetry.
The thermal conductivity in NPP is considerably smaUer than that of Nd:YAG . 0.13 Vt/ cm-K

( Ref. 2), but comparable cooling should be achievable by using NPP laser rods with smaller

j ’ -‘
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transverse dimensions. Such smaller size is also desirable In NPP laser fabrication to take
advantage of the much larger pump absorption in this high-Nd-concentration material.

S. R. Chinn
W . K. Zwickert

B. TRANSITION- METAL DOPED LASERS

The Ni:Mg F2 laser reported in the last Solid State Research Report 3 was operated CW in
a liquid nitrogen Dewar , and the output lineshape was observed using a high-resolution grating
spectrometer. The Nd:YAG pump laser was operated in the TEM

00 
mode. At approximately

1.5 x threshold a total of 4 transverse and longitudinal modes was observed over a span of
approximately 3/4 cm 1. The narrow linewidth indicates that NBMgF2 fl uorescence was pri-
marily homogeneously broadened in the laser crystal used. The existence of several oscil-
lating modes is most likely accounted for by spatial hole-burning.

The 3T2 — 
3A2 fl uorescence liuieshape and lifetime as a function of temperature, polariza-

tion , and Ni concentration have been measured in Ni :MgF 2. In addi tion , fluorescence lineshape

and lifetime as a function of temperature have been measured in Co:MgF2 ( 4T2 — 
4T1 transi-

tion ) and Ni :MgO ( 3T2 
—. 3A2 transition). The latter two crystals have previously been used as

laser media~ Figure 11-2 shows the t/e decay time for three crystals; 3.3 wt% Ni in MgF2.

20 t I I
0 0 0 0 

~ 
0

A A  A A A A A A
2 0 0 0

—‘ 
, _  0 a -:

0 
- 

-- Fig. 11-2. Lifetime vs crystal temperature
0 

0 
- for Ni:MgF2, Co:MgF2, and Ni:MgO.

02 0
A Ni. M~0

05 - 
0 Co.M~5 0 -

001 -
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0.05
0 50 00 550 200 250 300 250

I t ’Ki

1.3 wt% Co in MgF2, and 0.3 wt% Ni In MgO. The lifetimes observed in the Ni :MgF2 sample
are the same as those observed In crystals with smaller Ni concentrations. The decay time
for a crystal with 6.5 wt% NI in MgF2 was observed and was about 10 percent shorter than that
of the crystal with 3.3% Ni; the lifetime variation with temperature was similar. Lifetime
measurements will be made on Nl :MgF

2 with larger amounts of Ni to determine at what doping

t Philips Laboratories. Brlarcllff Manor , New York,
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ls’~, s’t s s ut is ’ s’u ttu ’at iOlt queuse -hiuu g beeouuses sigus if icanut . l’he redu -tlous in l ifet izuse at h iglu tenutpcra—

tort ’s f s uu’  N i :M gi - ’ , appears to be expoutetut tal in nature. The behai-lot ’ can be modeled by postu-
lating a uionradiati i t ’ decay path wi th  asu activations e .uu e ’i ’gv of 0. fts e ’i’ . ‘I’he physical explanatiout r

fou ’ ~tis ’ht a pa tl u ss uuts’Iear , htowei ’er . t’tte shsou- ’t eui t itg of stt’ t ’ay tinse l i t  (‘0: I’stgl” , does not follow
such a siusuple usuodel. I’Iue relatively suuual l reduction of Nl:MgO hi fet inu se at 100 K e’ouss pared to
tow teuttpe i’atur es iusay allow i’oonu temperature operation of a N i :Mg O laser.

li t  I l k  s. II — t(a —e ’ i t h e  fluorescence liuu eshape (‘or Ni :  Mg I-’, Is shown for -rystal teuutp eu-a —

teures of 20 , SO , autsl 200 K, obse u’ s e sh jut a crystal with 0.4 wt~ - Ni dopiuug. 1”luou’eat’euuee’ fs-ozuu

1 1 I I I ‘ 1
~Il I 450 4

~ ~~ “2
VS t i c  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~

~~~VLLIN6TN ~~~~

‘p, u 1

~ss s~ uti~j 
1 1 I -

ii NI.M~ 5~ SIGNAl

-~ 
ISO !

I., C I S c

- - - - -p 4 L .s  - -
/ 0  P P p

WAV ELCNGTH l~o i~ i

(bt

Fig. h - h a-el .  Fluorescence from N l:M g F’~ at 20 , 80 . ansI 200 K. ilotlu
polar izatt outa are shown for 20- and 80-K crystal temperatures.
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us o d u I t ’s - i ’eutt pot a u ’i at  tot  ts is ut d u s ’ ats’sI (on’ —~ 0 an td sO l~ . Sue It dat  a t au t  he’ su se~i (55 p rett I et ~i a i n

l i t t s ’s l t a p s ’S foj loss log t iu c  t h u t ’ou’ e t u s - a I  w o n -k of \14 - C u u u t u h e i ’ . 5,~~1’ iu u t s ’n ’ e’st au ’ s’ thc ’ t’e’l~stI vs’ i u t t t ’u t ~~i —

to-s of thu e’ lii 0 p o l a u ’ t : a t i t u t ~s . us i t t i - i t  I r e’ t t s s h i s - at , ’d m u  I-Iu zs. II — 5 . Flu e u ’a t us l  of :1 m l  t h s t o i ’ s’ss - t ’I ts , ’
i t u t e u u s u t  v be twee- uu i- s’ ~u tss i  h - ~- p 1 ev  t s ss t s l v  t’e’pes rt e’s14 us as uto t sp isse ’ u - u  ~‘,I . I ott ea ,i , ah u suo st

s t s s u t l a u ’  t u t t ,’ s s s s t s s ’s us t ’t’ e t s u t s t s d , t t s s I t ~ - .u t t s s g  that  the ’ g a i n u  is not ou s a t t u s o t t ’ ot ! i s - a s had be’e’ut

: -
~ ~ • -

;
_
~

- ‘ ( i5~~,’4 CA5S!A5 .-

~~

PAst  t N ~- ‘“ s.’ ’

I-’tg. 1 1—4.  1 t tpss l . t  u - i ,‘ed flu eure ’se’cut s ’e’ fu ’o tu u a s’ - ‘
‘ - Ni —d op et i ~u t g I- ’ , c u’vst ii  at 20 h~.

W tulle sb si git i f i s’,t!s t  s’osts’etttu’ sstioti que ’u t e ’ht iu t g  w a s  otsse u’ve ’~I i t t  N i :  \lg I . ~‘ u - v s t a h s  sup to ot t

least  u’ . c w t ”~- N i  - at I s i u ~ht Ni  s’os st ’cn ut t’ ou t iot ls thu t ’ re’ us sss a det ’itt itt ’ m i s ’ reast’ it s t hu s ’  I i  ss p ’sv id t iu  s ’S t h e ’

slu au’ p spec - lu -a l  s ’ot ss posls ’ss t s  otppat ’ c’t t t  I l l  the low — t c u t u p c t ’ a t u u r e ’ t’luore’ss’e’ut s - c’. I” i gsu re’ 1 1 — 4  sluo~ -s

thus ’ t’tu t i ss iou t  l i t s e s i t a p s ’ frou tu  (t ic ’ p~~’~ us t ’~- N i  c u ’v stal  tn t  20 K - w lui ( ’tt ca ns be 5 ’Otl i pa re~l SV I t  It t i t s ’

hi uueslt z spes of I- ’igs. 11— 1. I ‘t’a,’suu u u ab h y  - ( It t ’ di ffe ’u ’euus’s’ is slit s’ to the ’ i t t s ’ i’s’as i u u g l v  rouuu slo ttt sIts’

s’ t si I u ’ou t t suc n ut s  i t s  the nu ou ’ e’ Its -au ’ l i v  doped s’ i - v s  C a l  $ - w 1iI5— i u  Is’ ads to j u t  lu ouuuoge uu s ’ot ns I i  u se I u’oa ,it ’ s o  —

i u t g .  I ’hs ’ ,‘f (t ‘t ’ t of s sis ’h 1’ u’esas ieuu in tg , g is e t s I lit ’ In u-ge’ Os-c u ’ou I I  Ito uu uogs ’u u c ’ouis Ii  u tew u sit it , s m o o  Id l~ t~

uue ’g hi gihle ’ ott  tht’ lase’u ’ t lt s’eshtohd of th ue t oot ’s’ h eav i ly  slopesi s’ r v s t o i l s . itow s’v t ’u - .

Fh~ wupolau’i ~~~~~ f l t t s st ’e ss ’eu p ee spes-t t a  f ront  ( ‘0: Mg I- ’ , auisl  N i :  \Ig s a l’ s’ sltow u s in l- ’i g. II  — “ (on-

e’ u ’v st a l  teuttp eu’atui ’es of 20 atus i SO K . t ’espes’tiu ’ch’ . Fis t ’ t i n t s ’  nu ts  n ’kesl j u t  I lie 1, 0  \Is~ I- ’ , spcs ’t r o u st
w a s  obsc rvesl i t s  pu’ eu lotus  uuue ’ssssut ’ctus cutt s t’ aut ch was  t ’lt t i  us t ~~sl to be’ t’I t iou’ s’sc ’s’sts ’e ’ fu’o t ss  a sn u ah l
anuou uu t  of Ni I u u the’ s’ u ’v~~ta I. Flui ’ ti usu s ’ sI t ’ s’a~ of ~‘p i s t  s s l t’t I  ft ’ouuu t In s  liute ’ su as oi’ss’ s’ -, t ’d i i i  Ott !’

sausup le . w h u i e l t  loud subo sut 0 .01-
j

- t i  Ni , to s-h ues-k thui~ t t vp o t t ts ’sis. 11w’ ~te~~a v pros esi t st tie u t o u t —

s’xp euuueui ti ot l , as s its i t t  t t  L i t  h- ’ig. I l — u ’ . in s w hj e’h thue ’ sis ’eo iv  of thu i s  h it s ’ stut si t It at  at a us as e lc ’u u g t  I t  of

1. 5 ~u nut a l’s’ s’ouutp au’ed . I’Iue ’ I t t t e ’ut sj t v  of t h u e  Nt  lu te - uz t v s ’ss tIn’ s u s t a l l  zuuuuotuu t t  of N i in thu e ’ sa t u s p le -

and thu e ’ t t onu ex p onu s ’uuti nh slee-ay t u s d i s ’ ate ’ thust thus ’ Ni istousus a u’ s’ uu ot exeitet l  di t’es’t lv liv t l u e pu t uup
u ’ndla t iesu s beut itt ~teasI res’e’iu e s”,t ’ it a t l t s t t  by utouun ’adiatiu-e tn-muste r (u-ouuu t’o s tunts .  l’he to te  of
t h uis  tu ’aru s(i ’ t’ nuee -h t :u n t i s u u t  to I t o -  u’ t ’ou se puu u p iuu g  effi e’ieute ’y ti ndet ’ bt ’oaslbatusl p s u t t up  e’’e itos t ioss s lu ot t1~I

h~’ s’t i i t s t s ls’t’ t’iI.
1’. 1-’. ~\ lot uI t c’,tu
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FIg. 11-6. ComparIson of fluorescence decay from NI Impurity Iiuse with normal
decay Its Co:Mg F,.
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C .  LASE1~— lN l)l (’h~l) t th l l AKI ) ( t\\ N 1 51- ’ ( ‘f l \  n, k’. l -  \U  h . I QI ’ l l ) S

h u t  ~ u ’ s b u s  i’el’ou ’t s we’ it ,~vt ’ sl i st ’si sss ’d t ’ f f i t - i e u u t  f l o u t h i u u t ’ I u -  t’t’e qi u euus ’V t ’ s ’ t l \  ers i ous  pt ’s ) —

i n n  I i q s i id  ‘ ‘( )— O , n h i x t t t  re’s. ‘l’he p i’s’se ’nu t 1 i n t i t  bug t tnee h s tu  I s t u i  it s  these l’t’oet ’sst ’s I s  l a s t -i’ —

s tu l so ’ s ’ I h i i’ e’ak t lown ~I 1115 -t I  the li qu id .  \Ve hots -c the u’s’ fore’ unde t’t aken ,t s t s sdv  ot t it e I 115 
~
‘ t oe s ’  ss

m u c i’vogs’ts t s ’ lt~ siisIs.  l’he ptui’pose of th t i s  studs- tuas ht’e ’uu both to pt-os t i e ’ t h e  t t s ’s’t ’ss otr v  paransu—

s’tet ’s for se’aliusg th e ru ons l it teat ’  pt ’os-e$se ’s to htig he u- cotu s-ers iout t ’t t i s -Is ’t is ’ls ’s ansi also to ga ins
tts ot’e i t is i g ltt t u s t o  the breakdow n pu-ocess itself , wis i ctu wi l l  be of he lp jut developinug techutuiques

for i -a i s it sg  the ’ t t t ’eak A o wu u  thu ’e’sholsl.

Itt  s’Ofltt’aSt to (hue ex t s ’s t s iu  e iitves t igat ion s  of the LIII  process u s  gast-sists and solid slse ’sI lou  -

t ’e la t i vs ’ ly few s t u d i e s  h ay s ’ been reported m u  l iquid t-nuedia . Iu s pa r t i cula r , us c- ,ui ’s’ not aware of
any 1 h 1 3 us se’asuu’ e- u s s e ’t t t s  iuu s’t’ oge’ t I i e  li quisis other thauu lie ’. i-on ’ the gas ph ase ’ - thit ’re is gs’ttei ’ al

osgs ’s’ e ’t ss t ’si t on the ssse - s’ hto ~st i s i s s s  that leash to LI it . It is ut i t eu’ s’stit sg to note tt t at  otut ’ pu ’e timt i ta t ’y
I~I l t  thu r esh u o ld  uuse ’a st i renu entt s  Ott’ s’ at lt ’ots t at i  order ’ oh’ tu sagusitud e suuialls’i’ than th e ’ thresholds
extrapolated frots i dust — free’ gas pltou Sc ’ data , stigg t’st I sig that ~htn ~ t ot’ a tot  tic ’ u’ u sue c h ian i susu  s pt’s I f i t ’

to liquids seue’tt as bubble for u iu at i o t t  ssuav be’ inupo~ tanut.

‘Fi t s ’ 1.111 process h a s  beso t t u tvs ’ st iga t s ’ h by both usu eassnr e ’u sse i t t s  of thu s ’ sealing laws  iou- 1 1 1
and temporal studies of (he acc’otutp anying u-i~ ibk ’ and i iu ft ’are d emiss iouu , l iquid pluotot ’out ~1us ’t iv i t ~- ,
and t t ’ a t t s u s u t t t t ’d CO , laser pulse’ shapes. I’he effects of pur i fyiu ig  au nsi pr ess tu t ’iz in sg  t iuc  l iquids
as uve ’ll as app lying IX ’ eles’tr ic f ields h as-c’ a Iso be’enu t’xo ut n  i t t t ’sh. Foible ’ 11— 1 l i st s  pr ’eli usui t sa  i-y
IA l~ energy density tinresiuoi ds ton’ foist ’ li qu ids .  %~ e bt ’Ite’u’e that  t ite  1 I Ii ( h t t ~es tuol si u a s ’iat iosls
are s l i t s ’  to spo t size and pulse t lu i ’ at ionu  sit’pe’u lsls ’u ts ’s’s asi l stot to a wa s - e l en u gt h u As ’ps’st It ts ’e’. I’lue’

br eakdownu process us s tat i s t i c -al mud t is e  thresholds Ot t’s’ Is ’f i s t s ’sI as the eusei ’gy le’u ssit is’s w hue s’s’
t he ’ LIB pz’obabihitv Is ~s0 pere’euut. All I l l S  t lur es lto lds  were tsueasturcd using li quids us iti e-hu had
uuot preu-iouslv been brokeut dowut. l’his us :~s t t s ’t ’e ’5sO t t ’  bt ’s’~u sts s ’ the 1.1 it t l~t’e’sluol ls des - t’ s’o~st ’

TAB L E I l — i

LASER-INDUCED BREAKDOVI N THRESHOLD
1N CRYOGENIC LIQUIDS IN i, cm 2

CO2 loser l ine R(24) R(6~ P~ l2~

\~sove Iength (~am ) 9.25 9,3 5 9,49

Pulse length (nsec ) 55 1 10 80

Spot size (~zn) 76 216 65 186 209

Cryog enic li qu id:

CO 314 114 436 190 164

0
2 

464 93 570

N
2 

365 163 134

Ar 129 104

a— 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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after ’ se ’ u t ’ i’oul bt ’s’aktlosvnts. Ait s’n’ 0101’s’ t san 100 bu’ e’ak dous ’ t t s  the l i l t  t h tn ’e s  h i o ls i  i’e’o u he ’s a s - s ) t  - —

sto t sl t u aloe’ w lt is’h is os fa s ’t o u ’  of 2 to 5 suu sal ls ’t ’ t h t a i t  the o r i g iu t a l  u alue.  If t h e  l i q u i d  is I s : :  i~~:

undisturb ed the ’  1.111 t h r e sho ld  n ’ t ’eou ci’s , out  least par t i al ly  - os s i  a I i  s i t ’ S o t  Ic of ses s’rah scot u ’ s,

l ’hu e’ t lt r ec ’  d ia to t u s i s ’ l iquids . I_ 0  - (1,,  :iutd N ,,  ia 5 s’ -o tutpar ’able  I I I I  th u - s’s I tols is  - 5 0 5 0 , 5 5  h u t

hig htet -  t h i a u u  tha t  of .-\ r’. 11w’ br ’eakdowis tlst ’e ’~ h u~ ltl lee i’ c’:u ses w i t h  h o c  b c , t S  i I :~ sp it si ~ c’ asiA for

th i s ’ i-aug t ’ of spot su :s’s u se  save ’ use- I - us t I l t  t it e  ex c t’pt i ots  01 A i’ , t h i s ’ ds’pet sde ’tss ’e 05I )p t ’Ot  5 5  to ~‘e

i s s ’, s’rss ’Iv p t’opoi’ t i ostal  to thu s ’  spot s h i a s t i s ’ t s ’t’ ,

¶ \ l s ’a ss i t ’ s’u i t e ’st t s  of t i t e ’ (n ’ a t s s u s u i t ( e d  s) , lasso’ p t i l s s ’s i i i  fi ’ t ’ s h t  liq uid ( ‘I , slio ss I tsot t  ISis ’ h~ t ’ 05 ~~

I u ’ o t t s s n s s i t t e ’d pois e’ r’ coiut it tue s  to i t i c ’ i’s’olse appt’oxiusuat s’ly as th t e  m ipS- it cisc’ t ’gs  fo r  i s ip st t  s ’ t O , ’ i-g is ’s

up to at least a fat -to r  of 2 above t h ue  1. 111 th in ’esh io l d .  l i t  s’oitt  u’~sst . a f t s ’ i’ th i s ’ li quid  has besot

bt ’oks’t i sh own a r iu r n t b e ’r  of b u t t e s  100) th i t ’ I .! I i  t i u t ’ e’shtssl d becousies  It ’ p s ’ t i hs ’si t ot t  i i : t - o t s s t s  u ’ a t h i e u ’

Iua ut cost ’ i-gv deussitv .  l’htis , sh i f f e  rent nste ’c hi su n isu ts  5 it ’ s ’ i’ t ’$ h’ Ouis ibis ’ (on’ the I . 115 i tu t h u s ’ (us o c isc s.

~slc a s i i i - eu t i es t t s  w i t h  sltorte u dc it ’at iot i  10 tos s’s I . 0 , psi1se ’s oil ’ s’ s’ur ’u’ e’it t lv  u t t d t ’ t ’ us- a .

V i e’ h ave osot ou st ’ s’s c l  :utuy ev id euis ’e of pi’ebi’e ’akslow is p lte u u o n u c u s a  t i  t h i s ’ l iquid.  I ’hse ’ u l t  s -ot —

violet  ous t , t  v i sib le’ em i ss i o u t  w h u i s’ h i ,‘ot s s i s t s  oh a I i u t e  spe’s’tt’ iin u s out  tOp 01 a bi’oasl s ’os tt i u t i i u n i  i t ’ s’

sect s  ouu l  is-lien a spo urk  ds’s’clops i t s  this ’ hiq iui s l .  S i s s i i l n i ’  t ’ t ’s i t l t s  st - c  I’ouu sd (‘or th is ’ 0 s i L ’ t ’ a t i s ’ i i : t  I

t’1u oi’es~’c’t ts -~’ f rousu  a ( ‘0— N , so h u t i o u u  10.00 ~~
‘. ( ‘0). -\ Iso - th t e’ L’ s’ 15 u so t i s s’as t t  s’ al ’lc  lass-i ’ — i t s s lue ’ s- l

p hio t os -ois Iuc ’t i s-it~ pt’e’s’ecti it g  the  s s s ib l s ’ s’s i i i  ssio ss.
-‘s IX’  ( j e l l  as’ ross the ’ l iquids  s hiot u ls i  555 t v -p out i s i s  s ’ h~ t b’ges. h i t ’l s is  s)f “00 \ s’bit l o t u s ’ ‘, ‘so:

app l ied for’ several  hsout’s . I host’ c- t ’i’ , so e f fect  ou u t h t c  I’ s s ’osk-I s ’ss it  t h s u ’ e’shio lsh  h~ u s be’s ’ io  fo und  c i t  It s ’s’

it s (i’s’s Is l iquids or i t t  l iqinids t h at h a y  s’ be cuu bu’s ke ’ut loss us 05 u t t i t t i l i s ’ u s it I ti ll s ’s,

We ’ ( t o u t  e also l i i i  c’sti go u t  s’ h  the t’ff s ’s’t on l i s t ’ b u ’ s’os k hous’ is t h t i ’ e’sh icnhc l  of s ht o ut sg i t s g t h t e ’ pt’ s’s S it  5 5 ’

above’ thus ’ s - s’vogs ’t s ic  liquids. L’Iuc i, ) , l iquid is r s’gu lot u’ ly ke pt out l iqu i d  N , t s ’t t s pt ’ u’a tu s-c I

uv hi t ’ u ’ e’ t h i s ’ u otp os’ pi’essur ’c is ;uppu ’ sv-oiussate’ly I t ’O I’ ot’t’ . I ‘I’e’SStt i -t : t tog this ’ l iqu id  to S t  0 Io t ’ i ’  w i l l s

lie’ on -  N , gas lid ut ot  i u t s - s’s’ass’ thus ’ bu’cakshos s it t l i t ’ e’sh iold. I -
_
s i t ’  I Ic t l i t ’ rc iv as as’t s ta l lv  ~s sh ig h st

u’s’slus ’ tiout .  Vi s’ lua u c’ a lso  j u t e - u ’eascd t h t s ’ pi’s’sslu u-c slios s’ t (5 5 ’ i _ 5 , liq uid by t ic ’ t ’ s’ t s i  si g I h i t ’ bos t hi

t ens pe ’u’ at ini ’c’ to $ 7. S K ( l i q u i d - ‘i n ,  b o u t h t )  us Iui e ’h u s-oi ’t’ s’s pcsss h s t i  t t s , ) , s o qi sin ’  pu’ e’ssuu’ t’ ot t I ) l ’ 5 ’\ i  —

uisatelv SC - s  Fort’ . Ius t h u i s  c’o uSs ’ t his ’ tii ’e’iukd o\vi t  t h t u ’ c’s (t ol l i s o  s’ s’a ss ’ I  sI i i ~ li t  1’, ft ’o tss ) 5  to 1- 57 J c’ni ’

fou ’  a 2 It ’ —1ott spot s i ’ s’ 111245 lu te 
~
. l- ’or si sual ls’s’ spot 51 ,‘s’s 70 gt is  I t h se ’u ’ s’ us as no s - hs , ss ige ’ .

In s’on (u’ast to t h e ’ l ots -k of 1. 115 s tu d  b-s - thou’ s’ luau’ s’ been t uu rt u - s’oits i u t u - e s t i g z u t i o u t s  of th i s ’ I 5$, -

l i t ’ hs ’s t  s- ic breakdow n prope u ’t i  s’s of c i ’yo geu t is ’ l iqu i d s . t 0  Fy i - t i  s o i l  I X ’  th s i ’ e shi olds are I to 2 ~sl V - i i i

w his’ I t e’ot ’u ’ e’sponsi to enuen ’gy sh s ’t t s i t i t -s of tO O to 1200 ,t s’ni~ 100 — t t s , ’s ’ puh s s’ d u r a t i o n s  I , i i :  i s ’,s —

sousable ngre s’uneutt w it lu  OS-ui’ 1_ I l l  tht i ’e shiolsl  i’essslts . l’hu e it t tc r’pt ’ e’t ot t i out  of t lus ’ t )t s t s s ’assi s t ’ s s i , ’i i t s

hssiise ’i s’t’ , is u l us  i \  so s’ontu p hi c atesi b c’Is ’s-t rods’ e’ft ’e’s’t s. I ass ’ u t i i e ’olsui’ s’usse ut t s-t  - us  o i l  t h i u  s o us s i  l ’t g i s t  t v

ou u u d cousup lei su euut thuc  IX’  i ’es ti lt s .

It is too s’a n ’lv to ( l a i r  ouu iy f i u u a l  s’otse ’l i i s i ot ss  about thus ’ I .115 tsss’c’Iun i u i s u t s  iu s  t h sesc ’ s’ u’vo gt ’s t t s ’

h iq tu is l s .  If t ’a se’ade iet us i / outi ot i  is it supo t -ta nt , i t is ices’S sos t ’y to hua s s’ au s t t i t i a l  s’ 1c4 t s o n  iv t t  i i i  is

(It s ’ fos’a I volsums ’ to t u ’igge u (he ’ pi’os ’ s’ss. it is sta t - t in  ss~ t I t t I~ t h u a t  t h i t ’ bat ’kg u’ eu tn u i s i  t ’ ha u-ge ’ s I t ’t t s i t s

ins s~ u ’v o g t ’u s i c - li quids c aut he s-ct’ loss’. l-’or ex an sup le’ . i u s 0 , l iquid , s’ot us lue’t i v i t i e s  ass lout as

I ~~~ ~ ii s’n st 
— 

have ’ becut n ’eporte’d . l’Isis s’on ’t’espoutsls to a ‘a u’ i’i e ’ i t ’o u is ’ t ’sit u’at  iot i  of ou s l v

~0 euu t - 
w l u i c ’h u’a ist ’s Solute ’ I h s i t ’s t i o ss$  t ’otu s ’ s ’ t ’ s s i u s g  the $Otib’cs ’ of this ’ t u i i t tos l t ’I t ’s t  u o t t .  It  u ss ug h t t

bs’ st ipp h t t ’ t  b~ a lose i onui zat io u t  pots’t st mnl t t s t p t i  u ’ i t v  or  a l i t I c ’ t ’onu — su .‘c d ,t i i s i  
~~~~ 

u - t i c - I s ’, FIts’ spot

si /s’ de’ps’uid t ’u st ’s’ of t it e  bt ’eakdoss-nu th su’esho lsl i i i  av tie’ s- o t t s t s t s ’us t  us u t  i t  ( h i t ’ I s I t ~ - -  ps’s s s l ’ s I  i t s  . h loss —

eu-er , t lue t ’f f t ’s’t s of u t u i c  l’s - t I t  — si /esh gas  bubbles iv hiIe ’ht  a t ’ s’ p o ten t i a l ly  p t s ’si ’ i t  fl u t i s t  a Iso be osi —

si Ic i ’esh.  Flue gas iu isi de ’ a bubb le ’ inns’ luau - c’ a los seu ’  h u ’ c t k s i s ’u s  u t  t h s u ’ t ’sh t ols t t l t o t u t  t h i e ’ lt s 1t i id .
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In cou sclu sioi i , s i_ c do uuot ls e l is ’vs’ th at us_ c h s o ivc  vet re ’as’hed thu s ’ iuu t n ’ i t s s ic  breakdown tlux ’eshioi ds
of the c rvo geuu ic  Ii q suid s.  We fee l  t h at os spe’s’ i os I e ffort  is us’ at ’t -ostste d iii on-dec to n u i n s i n u i z e ’  the ’

p robab i l i ty  of d u s t  particles or bubbles its  t he  li qu ids .

S, l~. 1 . lIn us - h
I I .  I’-j 1d~il

I) . l A SER ASS X ’[A ’l’ION 01-’ l i l A R Y i _ I h (  ~I0 I h -~~ l ( E S

( ‘oisventio iually , exciniers a o l  s’xcip lcxcs  h ave bs oetu fot ’nssesl as a result  of col lisiotual pro-
c’esse’s ins el ectrouu beans or’ dus chua r ’ge exc i te S gas mixes iii whi ic ’h t I ne  dominant chau i iut ’l s  fox’
foi-mat ion are either -  u su e ’t as tabj e  moles-t i le i’eactiou ~s on ’ ion u ’ec ’ous -ib inat ious u’eactions; (01’

example ,

- + 1” , — A s - h -  i i’ 01’ ‘s i , 1-’ -
~~ 

,-\ t’ h - •

I ’h sese approach es  to exs’i ta t i ou u  S t a y s ’ be’et s t lue basis for rece iut p rogress  of UV ex cius sei- l:ssct-
tecluiuologv :ss u s-eli as for stud ying t h e  s t ruc ture  of the s’xs -i ons ’ t’s t l i c s i i s o l v s ’s.

Nosy that inste ’uss e ’ e f f i c i e n t  soui’e’es of t sso ui oeh ix’ o n u at ic  L ’s ’ lig ht at ’s’ i’c’a& hi lv  au a i l a b l e  its I lit-
t’ot ’itu u s ’ exs’t rs t s ’r ’ lass ’ s’s . art  a lter na te  approach to the pr oduct ion  of s’xcisso s’ i-s i_ ’auu be v ’ i i s ’I ~~oi~~s’ I.

Fl it ’ t e ’ch uu iq u e  is to i t s , ’ th u s ’  I - 
\‘ li g hut to associate dir ’cct lv t h e  uusbound atomic e’ous st itu esut s of t h e

exci tss et - , a p roces s  i l lustrated sel teissat ical lv its 1-1g. 11—7. l ’hu i s  foi’matiouu is~ethuo ~ luas a isut sshe ’r

I
- R I - ., A~~ A’

l”ig. 11—7. Pot sstia l ener -gy curves
for a normally unbounsd molecule
wiuic lu is associated withu LV lig hut.

- _ ‘~ PUMPIn general , 1~ is a molecu la r  intet- — a
ituclear distance. 11 is the ave r -
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INTERN C L F A P  DISTANCE

of unique  practical  ant i  st ’ie ’us tifi c’ i’antificatiouus . l- ’ i t s t , as can be se’e’ts (roust 1-1g. 11—7 , an op-
tically associated excitner forti ss ant iuster ’esting candidate (on- a tw o - I c u  ci laser sy s t e m,  If t h e
reradiated lig ht te rminates hig h on t h e  e-ep tu lsive wall of thuc t i s soc ’ ia t ivs ’ gi’ou us d state , thue lowei’
level of the laser’ would be essentially unoccupied, Its addit ions , t h e  ban du s- i sithu of a t i ’aut sit iotu
which begins in sun excited vibrousic stats’ si ’iths hig hs vibratiou sal  quaus tuns uu i u n ub e r cat s be of the
order of one electron volt ; thus , the system would be usefu l as a broadly tu uu oib le  LV lasei- .
Secondly, since the laser assos’iatis ’e process is Spe cific in t h e  f iu sts l s tate , as compared to
collisional produ e-t iotu cha nnels , new structural details abount the resulting molecule may l’s’
learned. As wil l  be di s t ’sisss’d for h g 2 below - excitatiout to huig h s— l y ’iutg u’ibu ’ational levels in the
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excited electronic state gives information on the steeply repulsive part of the ground state

potential curve,

1. General Considerat ions

Absorption at frequency ~ of unbound atoms into a bound excited state will occur if the

sepa r,.~~on between atoms is between and R2 (F ig. 11-7). If Ray is sufficient ly fa r from

the point at which the repulsive curve reaches kT above the asymptotic ground-state level , we

may approximate the volumetric average of the hard-core correlation function by uni ty. Under
these conditions the probability, P, for finding another atom within ~ R of any given atom is

2P=4irn~~R(R ) ( l I - I )
av

where n is the numbe r density of atoms. Notice that this probability, which is also the frac-
tional number of unbound quasi-molecular absorbers, is independent of temperature. The
absorption coefficient , a , for the free-bound process is then given by

a = Pna = 4sr iMl(R )2 
~~~~~ 

(11-2)

where is the wavelength-dependent optical cross section.

There will also be a contribution to the production of excited-state molecules from ground-

state molecules which are weakly bound by Van der Waals forces. The expression for the frac-
tion , A2/A , of such molecules is

A
-

~~~~ 
KA ( 11—3 )

where A is expressed in pressure, K is the equilibrium constant , and where we have assumed
a homonuclear molecule. For a diatomic molecule, this equilibrium constant can be shown to
be proportional to the ratio of partition functions of the molecular to atomic species times the

factor e , where C D is the energy of dissociation of the ground-state molecule. For
molecules with 1w 0 << kT , where is the fundamental vibrational frequency, tlue Boltzrn ann
factor determines the temperature dependence of A2/A. Since the number of free absorbers

does not have a strong temperature dependence, the relative importance of bound-bound exci-
tation will clearly diminish when T > >  E D /k. In the case of mercury, which has C D 

480 cm t ,

the bound-bound and free-bound contributions are equal at T ‘~~ 300°C.
An interesting aspect of the associative absorption is that because of the rapid spatial re-

laxation times of the atoms, a large number of molecules may be created with short intense
pulses, Neglecting coherence effects which are unimportant for free-bound transitions , the
maximum excitation rate for a two-level absorber interacting with an intense field is the rate
of production of the absorbing species. In the case of unbound quasi-molecules , this produc-

tion rate is the inverse of the time for collision between two atoms with an impact para mete r
less than Ray ; In othe r words , n~irR~~. where ~ Is the average relative molecular velocity. For

Ray 4 A , a typical value , the colli sion time is 5 nsec at 3 x io l8 mol/cc (100 To rr) . In con-
trast, the dimer formation rate is 600 nsec at the same number densi ty .  Thus , with intense

pulses of ~ i00-nsec du ration , associative absorption will dominate the excitation channel since
quasi-molecular absorbers can be produced during the pulse duration.
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So ( t t t ’  oun u ’ 5 t i s t ’uss iont  hiatt s’onus idssn ’ed only LIst ’ si tuat ion s i i i  wh i e’ht t h i s ’ tu suhs ’ s - u n hs ’  is ft u ’ tt i c d

(n-ou t tree atom s s ’ omis t i t sn s i n u t s .  l u t  fas ’t , nnan u ,v l is ts ’ r’s’s~’t in t g  s’x c ’ i p hex ussolecules . sun s ’ It as th i s ,’ r are

gou s nu ’uo uto h t ali d sss . have outs’ ato tuu whu i eh t  Is too i’s’ n s - t i v c  to rss u stal t t  t n t  i t s  u n ui ’ s’aetest state for a

s ig t s s f i s - au i t  ps ’n’iod of t l nuu e .  I ns  such s i  n ’cu nu t s t a u u s ’s_’s - optical  pun sp in u g of t ine  sht ’s i red e ’xclplex -

AN , s’n t i  h i s ’ as’e’ot ’uupl ishe st  l iv the folloss ’ i uu g two—step  pn’ Os ’s’ss

RN f hut ’ • It

~ N I hu t ’ - . A X

Ass uu tu in t g  nu o t’t’ s ’etn su l) iu sat iot s s-ti tIN s(tIt’i ung ti t s’ h u s m i s s ’ , th is ’ ~‘ u’oti tt st ’,- t i t ) u i - 2 ’  fot ’ t h is pro C ess s-an

Its ’ ii how ti to be tupp u -oxi ust ate ly

-I t t - l’ u i ~~lI i ll 1’-
- 

lu 
- -  ( 1 1 — 4 )

us- his ’ r s’ us ,
~, ~~ 

05 i’ s’ th te  s ruts-i s s - n t ’ t i o t t s  iou’ thu s ’  sh i s s t t s ’ l ou t l v i ’  anud o s s s t s c i su t i  ye  steps - h ’ is pulse t ’t s t ’ n - g .s

an ust  ut is thus ’ is suntubs ’ n’ ihs ’stsi t ~-tf thus ’ i t i g h r — p n ’ e s s u t - s ’ gos s . Ii ’ real ist i c vu lines on u ’ s’ a ss i n u u ut ’ c l iou’ this ’

osn’iounS qu a t i t i t i t ’s ius h~~1. ( 1 1 — 4 ) . ft s’ u’OStt s-5t ’t ’ t t s ) t t  of I0 ”~’ t ’ u i t ~ ns  i - s t h ’ t i l t u t t ’t l. As in point  of I ’d ’ —

s’ n’s’nis ’ i ’ . (on’ t lte s o u i u t s ’  iu t t eus s i t i t ’t t  t v p i s ’ot h t i co t n ’ — n ’ s’Ss) ntaui s ’ e  t W O — p hiOt t ) i i  s ’ n ’ t)t.’S Nt’ s’t i O t s S  (on’ n - o n n’s’

g o ss s ’ s-s o u t ’ s’ I0 ’-~ e-u u u 2 , Nss t t ’ t h t ss t this ’ o uho s s ’ n uus ’ un t s ouse ’ s I  t w o — s t e p  (t n ’os t ’s- i s wssul t t  h i o t s - s ’ u s t o t s s u  f s ius ’ —

t i ouu si I s inus  i lo s i - i t  is ’s to t ht e to I low in ig u mou t  I i i  non n’ f n ’ t ’ t ’ — I u’ t ’t ’ 0 t h  ‘so i’pt t o t s  p rOt ’ s’tt 8

) I X + A I 2 h t u ’  A X t 1 I

w h u i ci t  It sus be-cut •t i s s ’utss ,’s’d I sy  l>ubov t osl . ~ o u t s i t  h h o s u ’ u ’ n s . t
~

n - Spun ’ n f i t ’  h - x o u t t i p l s ’s

ii. H g ,

• l” igut ’e 11—8 shtow s t lts ’ n ’ e l e vn uu t  uus ol e s ’snl n n’ s ’ntt ’t ’gy I s ’s s ’t s  (o r 11g .. t ’his ’ ,h t ’s u g s i o u t l s u n s  oh t h u s ’

nut ole s ’ it la r ens’ t ’gv ls ’y * ’h s is t h a t  oup p n ’ s- tp u ’i i s t s~ lo u ’ hs s ’ot s v nt t ole s ’u les w m it’ Is o u t ’ s’ exau uup l s ’s of I h u n t i s t  ‘ 5

s’OiSt’ ‘‘ on ’’ a tid ‘ i ’ ’’ t ’t tii p l lu n g; t ht~it us , II is thu s ’ a ~-t
~

i u’ s - t I - tn ’  h u t s ’ s’it o s n u t  i t  u u u usit u us be t ’ , I tu t It s ’ n u ts ’ u’ s’ ii n’v

svs t s ’u u t  - h g ,  exs ’ i t i s s ’s’s h ut  th t e  ()  ttt~ t s ’ t t s o n v  bs’ fon’nue d h s\-  s ’xs - i t o u t i s s t s  s s - s t h u  , s s s  A t - I  - l a ss -n’  ~nt I~ I u tnus .

t h u s ’ O~ le~ s ’ I s in’ t’ s ’ l o u t s ’s w i t l u  two I Ig at ou su s ins t it s , ’  ssn isl ~i tt tatt ’s , n’s’sps’t ’t svs ’  t~ , t h e  l~~t s 5

r ange  s’ha n’ o ii ’t , ’i’is tis ’ of this ’ ( )
I po ts ’nu t i a l  w e l l  a i- is-is ’s fu ’on t i  this’ sli pols’ —dipole  s’su u n~u l u u t g  s ,t  th us ’

ato n~t s itt th i s ’s-s c two -ot u s t i t sn enu t  st ost s ’ss’, FI ts ’ tli pois’ nu uos s te n t t  t ’outu ts ’ct t u ug t lt t ’  t, ,n sd i~) st ~u ts ’s u i~

I I  
n

4 I )t ’bye . ansI thus ’ c ssn’r t ’i-t p ouut h iuu g n ’a sh iat ivs ’  lst ’ e t s nuu s ’ is 0. ’-’ 555 ’s ’ .

In h- hg. l l — ~
) 

- ui _ C ’ t thow this ’ bos t n t d — t ’,’ee’ s ’i t u i s s i s s i  f r o n t  thu s’ I Ig ,  ist ’ten - s’ xs - n t o u t u o n i  of t h e  t t i s h s ’s t ihs ’

with u nut - ‘ s r I - ’ laser. ( ‘It s - u n u s h u n l a t i u n g  t ’ h uts u ’ t as -t e u’ si t ’ t hus ’ t ’e—s ’t t u lss i s ) t t  is spli t s ’  s t n ’ s k u n u g  ~u i i i h  n’ s ’ nu u t u n u t s

uuual tere d up to thus ’ low — pn’ s’s sti u ’ s’ l in st i t  s i l ’ s t i n t ’  t iete s’t ioti  sy s t s ’ s t  — I h ’ s u u ’  u ’ , t ’ h u t  s o utu st  s i n t i  I nn ’

bmu nt cts  ins ‘/,u i~ arus t (‘512 wt ’n ’c i i s u - s ’ s t i g ou t s ’ s h l iv I ’ihro,,o~s’ski ~~~ i t s  this ’ s ’ ou n’l ~ ( ‘~ tO ’ s - u s - s m ug s - i pouu’ Is

exs ’itts t ion t aut el we i’s’ s’allesh “die l ” I s u k t u n a t i o u m e i i  — Ilanslent.” Fht e t ’ o u s t t I tuu t w e  oh ’s, ’ u - s  s ’ this ’ m i t su i l~u ( 5 , s O s-i

at such low pressures , w itie’ It is s’o l l i s louu  frs ’e (on ’ t ine  ii h ’s ’t t r uts ’ of thu s ’  uiuoh s ’ s ’u l t ’ - n u nsh u  i - ou t i ’S t i n t

the “ l ” h ru k t su a t l on ueu u ” at ’s’ t ’ou stlo ut d t ffra s ’t lon h o t t i s t s  ; that  is , th i s ’s’ a t o m s ’ t n- suns thus ’ oss ’ u l h o u t n o i s s  i ’ t

the s ,xs ’t t i ’ i I  state wave fuus s ’tiout  as ‘‘ n - s’f Is ’s- t s ’sh ’ ’  out th u s ’ gu - t ) s t i s s t  s t o i t s ’ u - u ’p u i h s u s  s- , - t i n ’ s- , ’ , I I ’ t h e  11g .

pn ’s’ssure is raised to t I t e  poitst that  th u s ’  c o l t t s t ou usu h m a t s ’  s ’xs ’ ,’t ’ lls t I ns ’  n ’ o t s t n o u l  u s - u ’ u ’out , ’, t h i s ’  t ’ t t s u s s i s ’t I

banish envelope chanuge s sItups ’ zu uus t  I u s ’ g u  tu g  to s’xh ibit  th t t ’ uuto n’ p t uo hogv of a s u ( ‘ u - o t t  u s ’ u s , t  I t s  u -el  ot~ s’s t t ’ , u s s , h ,
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& ‘ou isisten ’atiott of t h e  I- ’r a t i s - k — t ’oum dot u pi ’ iuu s- ip le inm di s ’at es t t t a t  thus ’ unz ’elaxed s~’is i  i s s i o t m  bani sh

w i l l  be s’ousupossed of f t ’eqs ss ’t is ’ ie s -s  g i ve t i  h u i ’ th us ,- dot t ed i luse  i ’ s  I - h g. 11—8.  lii addit ioni , I’ v u s itm g  t Ime

\~s hKI I oupp rox i n i u n t i o n u  to sIt ’ i’ h vs ’ thi s ’ uv ot s ’s ’ f u n n us ’t i o i m s  i t t  bottm thue s’xs - i t s- it a tm d g r o u n ud s tates - one can
dc i’i s s ’ th u s ’ (ollowiuug approxinisate s’xpressioiu t’or tim e sp a( ’tntg of the m n u a x i u u m a , ,~~

~~
~t t

us is’ rs ’ ‘ 5 5 g hi u s thu s ’ slops’ of thus , ’ g i - o s i t s ~h — s t a t s -  c sun - u ’ s’ at the pa i ’tis ’ular it t t et ’ t uu s ’ l s s a r  t t i s t o t n n - s’, hi ,
u ’om ’ n ’ u ’sp ots i h  is i g  to thus ’  t i ’ au t s i t iotu  tt ’e sl  L t c t s - v  - and K H I is this ’  los-al wavs ’n u ts u ben ’  of th i t ’  vibi ’at iouial
us- ay e ’ f i n t us - t ion i  of thi s ’  exs ’it esl st ats ’. l u s s’ass’ of thus ’  I t g ,  u~solee-ule 1K (I l l cast  be e st inu sat s ’d fr on t s  this , ’
pot euutia l  c us’ s - s’s gemu erate i l  by Mies  ci al. ;1 tht us - tm - ous t  th i s ’  t t s s ’sl s - s sm t e d  u s i a x i n s a  of t h i t ’  si ss - i l l a t i o u m s  -

55’ s’ obtaIn  lu
g 

“ , I ( ~ , a p hiy sis ’os l  q u a z t t i t ,u’ wh ich is boils d i f f i cu l t  to measure h~~’ con u ’ e i i t i o m m a l  n i s ’a u u s  -
and to s o s  1s-s i l a t , ’ because of thus ’  i mpo m ’tat u t ’s ’  of s’ou ’relat iou i ans u ou u g thu s ’ n sole s’u lan ’ cls ’s - tn ’ ot i s  I. l’hme
resu lts w h u i c h u  ss’ e obt os its sit ’s’ iuu  ag u ’eeus set it w i t tu  t hu i s  oupp a ’oxi us u sstsl fon -ussula .  t kis s- s’s s ’ u’ , i t  s i _ i l l  h s s ’
nu ecs ’ssol u -v to list ’ u uu u nse n’ i s ’ a l  tee hunt i qune s to gs ’ s s s ’ t’ ss tc t tu e  h - ’ t ’at ss ’k — s, ‘otudo tu overlap before a rs’fi i me t t
g round—sta te  potetstial cant  t u e obt ainsed .

(‘lie f h t u a l  co issnute tu t  w i t h  t ’espes- t to this ’ h i s ’ t ’ s ’ s st ’y  U~ U~ batu d is t h ua t  i ts  st routg  tn ’ au t s i t i ou t
iu u ont c ts t  and broad eus u i ss ions  batsd u uuak e it an exs’elletut s-aut didate (‘or an opticall y puu sipe d tu u iab le
ha s-is’ t ’ .

b. Neu toru hh ro ns i u ue

‘s’s hilt ’ bronsiu se is nsot t ’eo t sh i l  avai lable  its a tomic fort s -u , it c a uu ls t ’  p ttoto lyti s ’al ly ger seristed
t’eru h h I  f rom a lai’ge t uu t t u b e i -  of issolecular s’ompouunt sls i usc lud i tug  I t  l l n ’ . I ’ h tst s- t  - liv i i ’r -ad iat iuug a
hi gh—p ress sin ’e  sansp ie of xenson w h u t e h u  h ot s beers lig htly dopes) wi th  h t h i r , w i th  au iuutens se u l t n - a —
violet  sosurce , it t thuould be possible to olsse i’ve this ’ two—step  exs’itati ons process deas,’ribesh osh ’os ’ s’.

l nu l-’i g. 1 1—1 0 sve sh o w  this ’ X e I tr  spes’tu ’un uu u u ’ h m i c h i  was obtained whet s iz - ra d iat i u ug a 2 — Form ’ II  lIe ,
lO0— Tou ’r  Xe uis ix t  um i’s’ w i t h  -l u t i , I  of h’os’used 1’~ ( — n u u l igh t  - ‘l’he i n t e n _ s i t v  of t h i s  s’t u i i ssion 0 isp losvs

art i t t ts ’t us’it v  squ i ou i t’d behavior , as wosu ld his ’ pt ’s’d is ’t t ’ih f t oiui h ’ q .  ( 1 1 — 4 ) ,  I lousey s t’ - it still is uuo t
- - possible to u ’ule out t w o — p ht otot i  pumpinug of tt ’o ss’s ’  anu u o s t t t t s  ot h i t ’ , fol lous-es i It s- ssub ss ’qsm eust re ’as -tious

1st~t s i snj

1
”

I”ig. 11-10. Speetruuss of the Xe t i n -
I t  - N fluon’eseenuce.

1
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with Xe as the source of the excited Xeflr , The cu’oss s s s ’t lot s t’suu ’ t’esietion h u o ut u ns ’t bs~euu ~it ’ s’u i —

ously nueo ssuired and , thus , fur ther  experim ental  work uu ss u s t  be s’onu’u’ ied s-s u n ) bs ’fore th e ’ intups si ’t  omuu u ’s ’

of thus’ two-plsotonu clsasunel (‘all be gauged.
). 1, t’~h u t ’ l t c h n

h i. \1. Osgsx)lh , , t t ’ ,

u - : .  Ol’ l ’R ’A l  h - : N I - : I I G  \ i-:x l ’RA ’’t ’R )N h- RU M  MU) ,Et - ( ‘ I  Al l  ‘~1 EI~ 
- t I I Y

Kx s,’inueric n s erc mtr y  bus s ntat s~’ properties wlui s ,’h t utsaks ’ it a slesi n-able u sue d iu n uu  ( u - t i ’  a lui g ht —

power laser. l”or exanuple , conspared to the gas nuix tures  for thus ’ rare g a s - n t t o t i o t t n l i s t e  l o t s - i s’ u’ s-i ,

it is easi l y excited at Itig hu pressure its ant electrort beauis stabilizes ) s l isch u au ’g e.  I- ’u i ’ t hu eu’ , h s s ’  -

cause tIme lowest excited Hg, levels are both s’o lli sionu all y at id rad ia t ive ly  nut et as t ab ls , ’, opt ts ’sul

energy eats be stores) in thue I tg~~ dun’ iu sg t h e  app lications of a -onup ara t t vt ’ly  lou mg exs’i t a t i o u i  psmlss ’ .

‘Flue work whic it  we tescr ibe ins this Ss, ’( ’tj Oui is shirectesl towar d  i u s v s ’ s t i g a t u u u g  uums ’t hod s of

extract ing thu s ’ stored optis’al ensergy i i i  t ite fou’ns of a stu ort  pulse’ of s’otter euut u l tn ’av io l e t  I i g hut

)‘i-evious s’al s’ulations hi au - e sh i ou v u t  t h t a t  th t e  u tuos t  di r e st

. - ,~~ 4 extract ion tes’Iuts iqu e fou ’ t h e  spes’if is’ s’sssc of I Ig ,  us

~ -t~~ 
via exci ted—state  optical  p su uuupi t i g  u v i t h s  au i n t f r a r e ’sl last ’t ’ .

lus  h” ig. I l — I t  a sinsp l i f i em l  eusergy lc’s’s’l thia gt ’o sn u s  lot’ h h g ,

is shuowu s . ‘l’Iue two st s-t t ’osgt’ levels w i t t u  t lte  nuu o st  poput —

lationu ss t s’ thus ’ ()~ autd ()~~
‘ levels.  I’h s s’ fo s ’uu se u’ level is

s’otuu sect ed u - iz s it O.t- t I )ebve t r a u t s i t i onu  ts u ot su s ’u i t  Sr i t hu  th u e

‘ essenut ial l y utipopu lated I h s ’v s’t ,~ ~ ui_ his ’ It is itss’ if u’a —

~, P, * ‘% diat ively s ’onuuuect ecl to t lte ( ‘u gr s u n tu d sh outs ’. ‘l ’hn e popun —

/ 
,_

~~~~~~;~~
‘ lat i oru j ut  the storage les-els uni t y  be swi tchued  to thus ’ in

~‘ ° level wi th  the applicatiou s of a ~~. S— to 4 —~tu ss imt fi ’an ’es l

\ ~ pulse.
C’s’ I 5i5iELS ‘l’hte experimenutal appat’sst sns w h u i e h t  we hu ave uns ent  t t

330 iutvest igat c the eusergy extras ’ti ous pu ’s e’es s is shtowu s  i n s
u c  

\ l” ig_ I I —  12. In esset it ’s’ , a s t e o u i h v  — s t ou ( s ’ p op u nl at ious  I 1g,

it s  the O~~, 0 levels  was pn ’odtuced by optis ’oslly p u uutup i t tg

‘s0 .’~ Is ighu—pressun r e  I Ig vsupou’ w i t h u  thu s ’  outputt  of a doubles)
° 

- ‘ 
“—“‘ “

~
‘ argonu ions laser. ‘l”he pu n s’ it s - ’ of thi s ’  h t g , s~st s tp l t ’ 55 o uts

s 9- u9 Ii$TERNm)CLSAR (SIST AN CI clsecked by observinug tIte Hg, spes-tn’ui su u t u t i t e r  l Ig  o u u ’ , ’
laussp cxs ’it t ut iou t  anu sl P u s tca ss u t ’ iu tg  the I t g ,  I o t s ’s ’ o sv ti u su e ’

af ter  ex c i t a t iou t  of thu s ’  I Ig, w i t l s  the o u u tpu m t  fu -ou ss a nn  - ‘ s t - I ”
l”ig. 11—11.  I’otenutia l  eute rgv s’uuu’ v eS , ‘ -

of hl g~ , wh ulel u show levels and t r a i t —  laset’ . I hi s ’ u -u uer s ’usr ,v sample ur ou s t lse ut  s n -r a s h a a t e t l  w i t h  is

si tions pert luuers t to Itu frared—i nduc ed hu ig lu— s ’u u e rgv pulse ~~~ 
2 .7  ~t us u  I fn ’on iu a I l l - ’ c h u e n u t i s ’uul las ’n’ ,

optical energy extractioru Irons i’nso- ‘ -
lecular mercury.  ‘l’hue t r i s u tsu en u t  populati s u u uu s th u s ’  t u level  us- osS u s u o t t i t s u’s’d

luy obse u ’vi lug Use’ iu t sluns ,’ed s’ h taut ge  i i i  Use I — flut e -st -s ’s —

s - s ’uus ’ s’ at 100 t ins.  1 tee-nose of thus ’ loss’ po~u ui lo ut iou t  inn  thus ’

levels , it w as iss ’s ’s’ss:un ’v to use a s ’onubint ts tiout t i ’ n nt s ieut t  dig itize’i ’ s igut a l  o u v s ’n ’:sgs ’ t s i  ol ’s, ’n ’ s s ’

the s iguual .
l’lttns f a r  we have obss’ ru e d  a 200 pe u’s’ eu st lass’ n — i u ss luns ’es l e n t h ua n t e ’euuu e n t t  i n s  t h te  (00 — t s u u u  f l i n t - t n-s’s —

cence. l’hut t t  euth ta n ut ’eu sten t varies liuseuu n’ly wi Ll s  bot lu I I I ”  anus ) 1~ \ j u sts ’ut s-u i Iv  out s i t  sls ’p e ’ru sls s - i s -u  is n t i s  s ’ h s

onu the oveu ’lap of the li i ”  arus i ( i ’~’ laser b eanuts .  t’t u s ’s s ’ results n ’un le out thu s ’  POSSI t h ’~ Ii t~ nt  in

~~~_- A 



-~~~~~~.;-
‘ r~~~

,_ --!~~c- T ’
~~~~~~~~~~~~~~~~~ - 

~~J-~.’~~ : 
-

~~~~~~~~
‘ -

~~
-—-- ---- ----—-- -- - — —-“-

~~
------

~~
- - - - - - - - - -- 

~~
---

~ ~~~~~
---- ----- 

~~

As F ETIC IMER L A S E R

MONO CIIROM ATOR *

Hsi OVEN

74-22
A MPs ’S SEP

DIGITAL
$ 1401 - I l  T I - S  REC ORDE R BOXCAR

l- ’ig. 11-12 Experimental apparatus used in study of infrar ed-laser- iuiduced
(iv emission Irons lIg~ .

iN O L IC ED FLUORESCENCE
— BACKGROUND sO d  0

CCU O RESCSN CE

Fig. 11-13. Spectrum of huuf ra ied- i u uduced  
/ 

“

300-nm emissions (open circles) from h g 2 ~ - ‘

wi thu thermal  backgroun d (solid ~ I S  / 4

/  
‘ H g* ~t IMP(I4 t iFNSIT ”

I ‘
210 i I sl 3’~ ’

FL U ORt S C I N C E  W A V S L E N G T H  SinS

spuriou is  signal due to laser breakdown. In addition , by chua n gi n ug the operatiuug s’on ud i t i u s i s  of thu s ’
h i t” laser , we have observed an luttens ity iusd vp eus denut a l terat iorn j u t  the  induced si g u s o u l .  h ’h i l s  u u n a v

be attributable to th ’ue change m u  spectral output of thus ’ laser for dif fex ’e?nu t laser gas pressures.
F’lgure 11—13 shows a spectral scans of t h e  300—r um iutduced sigrual ( c i rc les)  alonng w i t h u  t i me

background (solid dots) 300-turn signal wluk ’h arises frons t lu s ’ snisal l  th ern tsa l  population of the

level. The induced spectra is considerably broader thaut  anu d s l ightly blue shifted fm ’ouis thi s ’
thermalized emission. liothu of these chuanuges result from the fact th u ou t t h u s ’  111-’ laser populates

huigh (nonthermal)  vibrational levels In I state.
U H. 3: Eh ur l i s’Is

H. M. Osgood , ,ht ’ .
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Ultraviolet pitotolysis of polyatornic molecules is o sut at t i ’act ive tec humi que fou ’ exs’ i t i uu g  a

visible gas laser. Photolytic processes c-ant be highly specific w i t h u  m’egard to f i n n i s h  f ragn t ue ’nt

electrousic s ta tes ;  for exanuple , spect i’oscopis’ uute sisure uise flt s of the nas cent )  v us ’ 1st f t -nu n h il ts ’- —

tolysis  of N ,O at 130 nat have shown I 00—peu’c ent q u a n t u t n u  v ieli hs ,
1 6 Fu rther , the t - t u t s i h w i d t h u  ssf

molecular dissociative band s is uvel l  nsatchee) to th ist  of mos t l y  e ’X t ’i f l t er n’ o eri h om t ou’ s , ‘m s  a u ’ s’s u t l t ,

d rivin u g the phuotolysis laser withu ef f ic ien u t  excimer lamps is possible.

tnt  order to investigate t h e  photoly ’tic laser approas’lu , we f i rst  cluose to i u u v s ’st s gats ’ this ’

process

llgiir , -I - t w ( t ~~3 ntis ) — l i gh t- K f h r

whielt produces populatiouu inuver sio ru m u  I lgh i r .  Hei’-eust l y ,  Scl t i n st i t schue k et al, t I lua u s’ shs ’ su ~nt o -

stn’ated laser action front thi s sv s t eu iu ;  Imowevet ’ , few details i-egardit ig loiss ’i’ eff i s ’is ’ sss ’~ - I i  u s si

tattoos , etc. - were giveus.

Ins our experinsenst . we ch ose to punsp lot tg it u tsh iuu al lv  a 2 is - — s m  — l o i ug quo su - t z sost ssp le s’ s’11 t o u t -

taitui ng thse lIg h t’ ,. Suff ic ier ut vapor ’ pressure of lI gh t’2 si_ as obtaiuu esl by h scat i tsg thus ’  sau sup ls-  cs ’ll ,

wi th a slig htly cooler reservoir an ’u su . its a brass — l iu t ed  oveus of low — sleu u s i ty  fin ’ebi ’ick . t’h is ’ l asci-

cavity was formed wi th  two dielectric usuirro t’ s wi th  30— cu ts  spacitsg atid us- h ose s’oid i i of s ’ s i r v a t u u t ’ s’
and reflectivities were H = ~~‘ , 8$ pers’euut ~ anus i H 60 c -rut , 0$ ps’rs’crut . ‘I’hus ’ “t m ’ I- ’ laser p s unup

beam was weakly focused (thu s- ought ths e f la t  u tu i r ro r ’ ) to a spot size of a few t s sI l l i n sue ’t eu ’s .

5 -- 
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~ / l-’ig. 11-14. I ~~p eu t t h eu t c e  of outpuut of I Ig I it ’
2 J phtotot ysis lass’s- of h I g l i n - , vapos’ p r essu i u - e’.
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‘l’he ountp t nt of the lass’s’ is its the gu ’eeu s o~t ~ 02 turn.  I ~~spi1 e r out hen’ large i nc ide n to s l  h u n t  u , u s ’ , u s - —

i t s -  h i - t t s t s s ’s , laser og c i l l ;u t i ouu  svoss reosdi lv obtained uvi th i t h i s  oupp oss ’ou t uu s ,  I - ’iguu ’ s’ 1 1 — 1 4  sihouv s s 1310)

of osntput  ens’ rgy vs Ug hi r , (it’s ’ ssui  u’s’, ‘(‘he hous e ’  u - threshold us -outs u t  a pu ’essui m’s’ of — 400 un l’ ’t - t -  -

-\s the pressure u s - outs raised , a largeu ’ f rn s’t isnu of thus ’ punsp pulse ’ uv o u s oubso rh ed ins th s ’ I ( g I l u ’ , v~ u I ’ l ’ t’

ansi the laser power increased propou’t i ou so t l ly .  h ” ou ’ uss un ch s hsigher presssus’s’s , i .e.  - ~-2~ l’ , ’u’ t - ,

ene r gy deposition was not u n n i f o r m  along the ’ opt is’al o s x i s , thei’e fssu’e . highe ’ s’ (-t t’ s ’ssuuu ’e s svs ’u ’ s’ $t i ’)

s- u t udis ’ , I ,  At  present) we are Inves t s  g u t  t us g the ssnt l ’ u’e of t hus , ’ t uruts lv er  st I 8t’ * I. - shous’uu lu s I - i  g ,  I I  - I -l -

I) . 1, t - : I t t ’h i s - I t
H . l\1. t )sgood - ~h
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Vs s’ s’epou’t thus ’ results of I’aLliontuetu’is’ steten’uuui nufltjotss of tuO ( ss ’  e’qui v a l s ’ui t  ~~~~~ 
u _ s  of us s st ’uu

—Op b s ’fl I z’ *’~’ei s-cs ’ s i s t e u u u  in t Its ’ u s ’a s- ele t t gtht  raut ge  of I un to  to 170 ~j u su .  At a fn’ s’sl u ne ’uis ’.v of

t~70 G I h i. this ’ h s t g l s s ’st ss ’t ts - i j t i u  i t v  (1 . 3 ~‘o 10~~~ Vs - h ho’ . double’ sistebauud I )Shh) I to l O u t s ’ ht ois beets

tth t i t j u i s ’ sh .  ‘ l i t ’s, ’ s t i t ’asi mm ’ t’st ic ri tS indica te , t h a t  o u t h eois t  sup to 17(10 G t h z , t b ieu ’ s’ o u r , ’  r io f t i t i i h i s —

u uus ’u s t ah  pt ’obl s’uuts i tu tp e~hi u tg  thus ’ deu-eloptnet tt  of Isig h t—sen s s i t i u - i t y  u ’ s’s’s’( v s’ t’ t s .

I ’hi e exps’i’i u t e u t t a l  sys teuui  ssss ’ it  i t s  thue st ’ u t t s ’ns tm reu i ue tm t s  us s ’s - i s en t i ah ly  a h ) i s’ke type m ’a sh i
s s t s i s ’ t s ’ m ’ uv t t i c hs  t luix e ’ s a laser’ local 055 ’ i l latot ’  ( I t ) )  us- i t h i  is blat ’ kbo slv of knu ov ,’ uu ts ,’ i u t p e’ r ’ : nt s m u ’ s’. I I h ums  —

I t ’ o i t t ’ ,b m u  I - ’i g~ II  — I ‘-‘ , it ,‘n s t s i s t s  p z ’ iuu ta r i ly  of thm s ’  fo l lowinug c om u upo uue u ut s  ( 1 1  cor n ie r  rt’fls ’ s’to r

SLAM ‘ ‘~ 1 4 1 4S P L I T T ( S

II ~~~~~~~~~ LA S FR
15 S IC ’ NA I  - - - ‘

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

[X E R

~~<
‘ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~

1 I i” I ) IOIAI  
~ I~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

A r - i l u NumA

CORNER REFLECTOR

h - ’i g. II — I”. Quuasi—optical subniihhitusete’u’ u’s’s’e (t ’s’l’ u s iu t g  s-o u’s u s ’ u’
t’ s’t ’ls ’ s’t ,u t ’  diode’ n sounnt .

diode rt so uuut , 21 eh l i pso is ta l  s’os n p l iuu g uus i  n-ro n’ , 1 Miss-h — 7,ehu uu d e r  d ip lexe i’, (-I ) louse ’ u’ I .t ) , ouuud

~ I loss’ — t en ip s ’  n ’atur ’e a h u ss r’ts’ u’ . t ’hu e GaAs Scluottky LiioLl s ’ uus ouui st e d j ut  th is ’ s’ou ’t I s’ m ’ t ’ s ’f l s’s ’ tot’  was

ds’velopcsl especially for h u i g h — f r ’ s , ’qt nct n cv app l ica t ions  ansi has been shiss ’ussesl eh ss ’ su hu u ’n ’ u ’ , t 8 h’he
shiod e’~ os u ’ s’ t ypie’all y t ~stsu i ts  sl ian sueter , Isa - s’ t , S \ 10~~ F s’apas ’itatu u’ e’ ztussl a s ’ n ’i s ’s  u’esistansce ’

of ‘IN ~~~.

As s l in u s -us i t t  h”ig . I l — I  N - thu s ’ stt ,’ts’ctot’ s, ’OutsiS tS of a b u g  w i r e  atsten u sa u s u o u u u s t s ’d j us a QO ” s’sst ’tss ’ u’
m’s’ ‘les t , ’  u ’ . ‘I’h is on pp m Isc h fo r’ the si t u  n u l l  Ii  mete u’ n’s’ gic’n us -on s i’s’s’e uu t  1 pu ’~ 1’’ u s,’,) I ‘v 1< u’~ sn t he  -

Sousnt er , ound Ss ’hu u lt z ~~~~ ‘115ev both theore l is o u l lv osussh exper in s s ’u sto u l l  (Ie ’utlsMt$ t t ’ , ut  s’d S hat th us ’ oudsl i t  iott
of a cornier  i’s’ fl s ’s’ b r  to a lonug us - i n ’ s’ ar t te r t r t s s  would i ntup rou t’ t 1st ’ gai i t  by about 12 d l i .  1 loss-tn s ’ t ’ ,

lus thu e it’  ac tual  experinseuut al  setuup thus ’ s-o t ivs ’t ’siou s loss was u - e l s s t i v s ’ ly  l u i g h m  ~~~ ‘, d i l l .
In orster to optintize a e’oi ’ruer reflector nui o nn st we’ sos u’r ’is ’ih out 100 tm n ss t ’s st - oils ’ n u o d s ’ l i u u~

exper inset u ts at t ’ to H G l i z .  One e’ar ly designs , wI th -lu lookeu l sunff is ’is ’nt t lv  pu ’on u isuusg  fon ’ uus ’tu ual
submi htimet er con gtrune’t ion m , is a QO ” s’or’ne r s uit s ’ t. s ’. , a ~O ” s ’o u’s t eu -  relic ’s-tm ’ w i t h  a gr oumrnd
plants ’)  wi th u a 4A — ls ’ut gtt u arut er tus a spas’esl I .2A frouit thus ’ s’s sru uet ’ . l’hse beans patte’u-nu, s’ib t aii t t ’si  frou st

5 ,,
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l” ug. t I - t 6 .  N-band modeling results for the 00” corner u’eflector.

TABLE 11—2

Total Systems
X Freq uency Noise Temperature Mixer Tempe rature Conversion Loss

(pm) (0Hz) (K) (DSB) (K) (cIB)

946. 316 ,9 13,000 7, 800 12.8

447.1 670.5 9,700 5,900 1 1 . 6

432.6 692,9 13 , 100 6,900 11.9

419 .6 716 .2 13,000 6,800 1 1 . 9

393 .6 761.6 14 , 500 7,600 12,3

170, 6 1 , 757.5 370,000t

~ i i piex.r not worki ng at this wavelength .
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t h e  nuus udet i n u g , is sh sowut inn  h - m g.  h I —  Us . h ’Iue ’ p m ’ iu ts ’i pal lobe is s. ’v nu to tu s ’ nut su ns atsg ls’ of 2 N ”  to this ’

osn it em un i a , o snu , I  h mois ou roughly elli ptical cross St’s’tt o t u of beantu widt h s of 14 ” \ 1$” ifsmlb widthu out

I s I l l  p oinst s) .

h Its ’ local ose’illatoi’ t su su l a cor i ’eus pouu shiuug ntosle ’ frous s t h e  blae’kbod i- s’s’osou’t’ ,-\N — 7 .~ 1 at

l iquid n u t  u’oge’ui t entupe ’ s’sstsss’s’ us’s’u’s’ s’s u i pls’sI to t h u s ’  us t i x e ’  u u t i l u z iu s g  a dip lext ’n ’. I b i s  tli p ls’xe u’ us- ous

esse’tstia l lv os Mas ’hi — ~‘ s’h t uss Is ’u’ typ e lus t s ’ rf s’ n ’ou su e ’t er , stu t t i  tan’ m u  pu’inu e’ip Ie to that  tiss ’si h ,v  thus ’ Not —

t i s u nta l  Ha~h io  :\ strousoitsy ( Stuss ’ u’u ’o sto t ’v ’° os u us i h’ i ’ is ’kss sn i  hut  inua de sps’u - i f ie ’nlly fom’ t ius ’ 0.4 — nus ut s

us ou u s’ ls ’tugt  tu n’egion i . PIt s ’ hi e’it ui t s-i p h i t t e  n’s ott’ s ’ I — ut t i  I usuy las’ stn ’s’t chus ’si s \  en ’ n u u as ’hsinued i-efIc’cts,t ’

u s u t u t mu s t s osu s,h gosu c t’oughsly SO —p e n’e’t’uit tn’siuisnusisstouu. Anu s’xt n’e ’u suely sIt~ u’t f s s ’al bs’nsgtht , rig htt

ot t i ~ ls ’ - el lsps o is lal  u u u i  rI’or ‘5 us unss’d to coup le i t t  thu s ’ tu ’osns sutu itte ’d s igu ta l  nu i s i I n_ ) n uste s thu s ’ ou n st t ’u u nso i

lsatt eu’uu of t h e’ ,t t s s t e ’ . \% ithu th si s sys te u s s  v iu’ t siully all of thu s ’ s igusa l  ansi bs’tts ’t’ t I t ans  QO pe u’e’en it of

Use’ I A )  we’r e ’ t s’auuss u ui t te , l ,

A s’ lsi , s’i sue str es nu us- as uns e t )  for h I t s ’  u t us ’a sur enuue’n uts out I nuu nu u .  h ’hs’ b uss ’ n ’ I 4, )s used oil thus ’  ot huc ’u ’

us- otu - t ’ Ie ’us gt Its we’ n’s ’ fan’ i nm f r ot n’ed I ou st ’ u -s of stotr us li s i’d uv o i s t ’g s t u d s ’  XIs ’s u g ns ’ auud  h tm ss l ant ouutput powe u’

of ishoint tO un iV us- hu s ’nu p u mn u up t ’d h~ a free ’ — u ’sm n t l t iuug s t o u b h t ’ t ‘0 , lo uts’ u’ oh ’ aboent NO Vs - l’hts ’~ t’ so umt’ s’ s’s

us e ’ u ’ s’ fo snns , I  to bi’ si u t ’fs s ’is ’s t t  to sost s in - o u ts ’ thu s ’ nus I xci’ siishhe ’ at oti I bunt t h us ’ 170 —~t u su li nus’ . I ’Iu e ’ us- os u s’ —

1s’ts gt h t sul  eae ’h u I ‘,~ l i nus ’ us as u u t u a t s s l u u g m i o u u s l y  siete ’u’u u t iused by sn s inu g b lu e’ ehspl s’xs’i’ oss ant  i ut t e r f e r ~ uu s —

cte ’u’ ; t u m u i sus g  t ltr oug hu olLs pn’ ssxinsa t ’l y 10 inste u ’fe t’e’u se ’s’ uss axi nua  iilbeswe’si a wn v e ’le’tt gths uuse ’asur ’e ’n u ue ’n u t

of 0. ” ps”t ’ s’e’tst Ois ’t ’u n t ’ l i t ’

I’h ue u’s’sult s  of out’ f i t ’ - I us s~’~s ssu n - s ’u ss t ’us t ~- isn’ t ’ s u u u s u u u a r ’ i z t ’sh r u t  I’u sbh e 1 1 — 2 .  hit s’ u ’ s’e t n f i s ’sI I I - ’

st gtto ;l  su - ons read sS t I  on I )  V ~sI - o i , u , I  this ’ ,I u I f s ’ i’ s ’ t t , ’ s’ i t t  u - s s l tou gs ’s bs’tis’ s’s’us the’ htot roouuu ts’u sspe n ’ou tu uu’ e’

o ilusou ’lus ’ u’ out e’bsOpIW u ’t osut d cols h  slu stn’lss ’ t ’ usv nue ’itu ’n nuou usly siete’s’ted. I’Ite’ au ssp lif it’ n’ loud os u u u e ’otsuu ’esi

st es i s t ’ ts’nu upe ’ u ’o u t t nu ’e of -‘ - I ”  K 2 . - ,l i l l .  A st antstii n’s) \ — isu e ’t lto d inuts ’u’ p t’e’tustiott of thus ’  slist is t l t s ’u s

u’j elds’sI thus ’ rs ’~ u 1ts ush u etw u s u n s  thus ’ o s l u l s ’,

l ’t us ’ss ’ us se ’a ssuu’ eu sse’tuts ds ’usto uu st t ’ sut e  that it is p ss~ ib ls ’ Is-s u t u aks’ ss’u ssu t i  vs ’ tus’teroslytue’ de’ts’c —

to u’s out s ubuuu i  Ill iuus’ts’ n’ fu’eqste ’t us ’ is ’s. ~s’co ni s ) — gt ’uu c ’ u - out sons ds’v is _ s’s of t I t i  s t ’o u si1 ds ’stgis an’s’ noss’

b em uu g t’oibi ’ie’at ’d ouusd s h o u l d  hu ouu - s’ uu -i ,h- oipp h i e ost io uu .

h i .  H. I”s’tts’ u’tssot n u ( ‘, 1). 1 ‘a n-ks’ u’
I’ . h - . l’ant u se ’t uu s’ ti lt ) Vu • IS . I” it ~ge’ coils)
Ii . ,1. (‘lift s5us N. H. l’:u’ic ksousl

S GI ’ s-ssn p I I . 
-

‘u s iu  s’ n - s i t s -  n,-sf (‘aljfoI’utifl , l ie’ rke’ Is ’s - ‘ ot In  f s u n ’ u s u o u .
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I l l.  u1 :\ l’ l - : H I , \ l , s H h ’ S E o ”~ I~~~’ I l

A. l I l A S— A SS IS  P E t )  ( ‘ ‘I l’s’ l ’ I h () L ’OEMI l i E u  D E \ l - ~l f l l ’M h - N I’

h”or thus ’  ssis ’s’e’ -s sfu l  ope’i ’ati ouu oh ’ iusfu’ai’esl p hotorathtod es u u t i i i z i u t g  g u osds d — g a p  I lg~ Cd 1 —~~ I c

stu’U s ’tuz’eS • as pre’u ’iot m shy pu’oposs’sI ,t p lm ot og e ’uu e’rout c ’d ele ct rouu s  u t uus t  be able to c’ss ’aps ’ ft’onu thus ’

sun r f :u , -e of thus’ ( ‘cl i’s’ s’uuuitte u’ . Ins eat’lie i’ expei-i ntue ni t s ~ us - c’ founud thu at  di u’ e’s’t s’esiatio iu of (‘ci t e ’
1i .s’. • iv j Ut  use ) u u i e t o u l  ou ‘_‘ r ’I~t ve ’ n ’ I isis~’ e’t’ c’sh th is ’ u s-oi ’k l’u m u c t io ms , 4’, to 2 , 3  s’ s .  l ’h mi s  ~-a h i t s ’ is nuot low

s’uto st g ht to as’hsie ve sus ’ g ou t i v s ’ s’ls’s’tt ’ois osfm ’i t t i ty  5 N  l ’ :~ 1 w i t h i  u ’s’spect to thus ’  louvest , I ’ - coisciu ct iout

tuau td u u s i u u i u s s u u n u .  I ho we ’v t ’u ’ , it  is s’ loss ’ to that n u s ’s’ c’ssai ’v to achuie ’u ’e N l ’A  t ’elat iu- t’ to the ~~ s’o u s—

,iun s ’t ions banud ui s i t s i usuun s u  (depe’n ush i us g ots thus ’  usu a g t t i t u u s lc  of thus ’ bosu u d benu di nu g iuudu c’ech by t h e  Cs 0

s’s’Si~i t i5s i ~ lav s ’u’ t , uu h i s -h uv osilci ussak s’ it fs ’a sibls’ to ops’ s ate’ a ( ‘~1 h’ s’ pht otoc ’athuo ds ’ i nn a bias — o u s s i s t e s l .
i’ anss f c  u’res) —e is,’cti’o u u mode ,~ oss bos s beenu deuuuons str ’ate ci fou l u s t ’  (Ref .  11.

Ins ous t  ost t s ’u supt to obtaius b ias— ouss i st e d  phu otos ’ut s iss io iu ft - onus (‘d l’s’, ss’~’ evaporated osus I uu g r id

at ’ 1’ —~sisu stn’ipes u v i t h s  u’ 0— ~itsi op eu s iuu gs Ouut o p —Cd t’s’ substrates.  l’hs’ lit f l in t s  us’as t hsi s’k s’isosug hs to

bs’ opaque to both s l ight  osusd phtot oel ect  u’ eut s . I ‘l’hte s ’sut i t ’ s’ ~sti ’f ots ’s’ wa s  I hs s’ut c’est i ott ed, St ufl’ s’ hut

p t o,) act ’s a good Sc’ Itot tkv bit n-s’ie n’ ous p— s.d h ’ s’ , thus ’  g t ’id c-out Ich be use’si to hi as this ’  suu i’fat ’c’ of thus ’
s’ sss  i t t s - n ’ . Vs ith i voltougs’ app lies) to thus ’ g s’j 1l~ it us- as anuti c i patesi thu a t  p huotoe is’c’t n-onus would be

euiui tt ec l fn ’onu  the c’esiatesi Cd i’c’ opeus insg s . pn’ov isle ’d t itat  thus ’  ~s 0 I:svs’r h a d  su i f f i c i en s t  s’o i t d t t t ’

t i u  i ts -  to nu a iuu t a ius  a sut u i fo s’uit S u s r t o t ,’ s’ p oteutt i al  oucu ’os s thue openuinugs. Weak tsious— assi stesl pluoto—

cu s u i s s i o s t  us-as obtaiuuesi wh euu s~ic’h ,is’v is ’ s’s users ’  s’xposc’ci to wh ite light ft -ou t s a tuu sgsts ’u s f i lan ste tut .
butt thue enssis siotu ds,’c’avt’si usuat ’ks ’s i lv w i t h u i s t  a few huour s a f te r  c’esiatioiu .

We has’s’ uuow estabh isited that  th u s ’ de’t’av of the photoensissiots results  frouss d i f fus iout  of Cs

into ( ‘d l’s’. _‘\lt luo sug ht es-cut a thuir u  metal ou-ei ’layen’ luas thus ’ disacivanstage of at t et iua t i u t g  thue photo—

e’ lt ’s t  u’onu flux , sue has’s’ c-onu clud ed that  it us- i l l  be u sen’e’ssau ’v , bec’aun se of t h i c ’ d i f funs iou t  pt’ohlent , to

coven’ the entire ( ‘sh l’s’ sutrfac ’e wi th  sud s ant ave  t ’ io uvc ’i’ anu ci th t en t  cesiate th i s ’  us setal  to loss-es’ its

uvork fu nnu e ’tion . We luau -c thus ’  t’c’fc it -e studied Cs sh if f uu sionu into a iuumb er  of potentiall y u se fuul

ustetals. h o c  Al , I’i , and (‘ t’ , whuichu we cc’ fouusd to hu av e b u y  Cs d iffusions rates , us-c hou s e tacit —

ssui’ed thu s ’  wor k  ftn t sct iouus of ~‘esiated suu u ’ f a s ’s’s isis) hia s s ’ obtain ed pu ’el ins i ssa i ’y  results on th u s ’  prop-

el-ties of Schottky barriers focussed by thue ss ’ utteta ls out p—Cd b’e.

l ) i f fu i s ious  of Cs iu uto (‘d l’s ’ :— ‘l ’hue possibility th u at d i f fuis  ions of ‘s its t ’esponsible for thus ’ te u ss—

poral sh e c ’zt\ ’ of phuotoe ut sissiout ft-oust s-c siated (‘ci i ’ s’ us - ou ts s uug g e s t c’d by th u s ’  a f f ius i ty  of bulk l’s’ for

Cs (Ref .  4). \V e h uavs ’ c’oiufi r’ustesi thuis usses ’lsaus isuss by s’outtp au ’inug A su g s ’ u sputter profiles for Cs) l’s’

sanssp les af ter  v a n’ioun s exposures to atot ssic ( ‘s vapon- ss’ithu sunclu pu’cufiles for ( 0t :\ s sattup ls’s.
where Cs is known to u-s ’side ouslv ouu thus ’ sut ’fas’e.

W i t h  the tbu erntal (‘S source useci ins stun ’ cxpei ’in-m entt s , it is not pos isib is’ to niss’asure thss’ Cs

atont flux st r ikiusg thte sausuple.  To si s ’t en ’usu inte u ’e’ la t iv s ’  s, ’s exposures of Cd l’e soiutsp les fu’estst runs

to r t n r t , we’ luau -c nuonitored the wh it e’ — lig ht phu otot ’mut is siouu of Ai ’ — ions —b onusb is u’ds’ci siisgle —s ’ u v  stos 1

( os :\ ts siurinsg exposunre to Cs. A fts ’u ’ aslson ’ptiouu of a cr i t ical  an stounut of s ’ ts t l s ’ss thu os u t  one ussouso —

Iayet’ 5 ) . tlse ptuoto eustiss ionu rises rap idl y ft -onus .‘e’n’o to a n u u a x i u s s u n t  anu s ) th cuu fa l l s  to zero again

ous nsore ( 5  is deposited. As soons as Cs exposure is stoppesi . thus ’ p h t ot os ’tu i s s io s s  begins to ris e’

clue to desot’ption of s’Xs ’s’SS Cs - u’s’ ost ’Is intg us s tab le ’  ls’vs’1 j u t  about ,30 u st i ns .  l’hie A t igs ’u ’  s p t u t t c ’s ’
pu ’ofils’ obtaiuues i after rea ch iuug equi libr iuu ut s is shu ous’u u as cut’s-c ( a )  of l- ’ig. I l l — I , us’ he t’e this ’ ratio

of (‘s to Ga Atngeu ’ peak hueig luts is plottes) vs the t ime’ 01’ spunt t er i nu g sv i t l s  500—e V An’ (outs iu s ci d s ’nst

19 
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n u nut ’ sPuiren PRO FILES OP CESIUM
ON G~ A~ AND Cdl.

GaA s
— CdT.

I - 
1”ig. I l l - i .  Ratios of Augeu’ peak Iteig ht

-I \ - l i n s  d n ( E )/ dE I  for (‘s/Ga and Cs i t ’d vs
I Ar-ion sputtering t ime for GaAs (dashed

o ~~
, curs-c) and Cd l’e ~solid cu rves)  af ter  cx -

I posure to atomic (‘S vapot’ . ‘l’ise rela-
t ive Cs exposures for curves b ) . ( c) ,

~ I ~td ) and (d )  are 1.5/2 .5/8.
4

’

I ( C )

aou (b)

i~°~ I n
l - ’ - ’ l .

0 I- 0 l~ ~0 P so
SPUTTERIN G TIME (“s, I

at about 70~ to the surface n ormal. ihte sputtering rates are estimated to be ins th ue ranuge of

2 to s A ‘nuiu s .  Profile (a)  is obtained regardless of Cs exposure t ime , ind ica t iuug  that  Cs is

stable only up to some critical coverage. The extremely short sputterir sg tius se necessary to

completely remove the Cs is consistent with its residing only on the surface of the GaAs.
We have used tise Cs exposure time necessary to read s the initial nsax iussuns in tht e white-

light photoemission of GaAs as the unit of Cs exposure for CdTe. Exposure of (‘ci ’re for

1.5 times this long does not result irs measurable white-l ight photoensission , but Cs is adsorbed .
as shown by curve (b) of Fig. Ill-I , which  is the Auger sputter profile takens 30 nsin. aften ’ cesiat-
ing. (The ordinate irs this case is the (‘s/Cd peak heig ht rat io ,)  For an exposure of 2 .5 uuu its .
white-light photoemission is observed. The sputter profile , curve (c )  of Fig. I l l -I . shows tlsat
(‘S has diffused farther into the CdTe , since a longer sputtering time is necessary to remove

all the Cs. Curve (d) of Fig. 111-1 , the profile obtained after an exposure of 8 units , show s

much deeper diffusion.

Such extensive diffusion would deplete Cs froiss the (‘S “C) surface layer  used to lower 4’ ,

and it could also have a detrimental effect on the electrical properties of (‘d Te ins the surface

region. It thus appears that direct cesiation of CdTe is not feasible for photocathode app lica-

tions , and the surface of the emitter will have to be covered witht a thi n s metal over ’laven ’.

Cesiation of Pu-letals:— To be used for the surface electrode in a bias-assisted (‘d I’e photo-

cathode , a metal must satisfy several criteria:  (1 )  it nsust be imperuneable to (‘S . ( 2 1  it must

not diffuse into Cd’re , (3)  it must be able to form continuous films that are suff ic ient t ly  thu s
(~ ~0 A) to minimize photoelectron attenuation . (4)  it must be capable of cesiationt to a stable

low 4’ condition , and (5) it must form a good Schottky barrier on p-(’d’l’e; th e r e f o r e , i ts work

function should be low , preferably less than 4 eV .
In order to identify nsetals satisfying criterion ( 1 ) , we have exant inech th ue diffusiouu of Cs

into bulk , polycrystallinse samples of the potentially useful metals He , Mg, Al , Sc , ‘L’i , (‘u’ , Mus ,

Zr, In , and Pb (with others still to be studied ) by using Ar-ion sputtering to prepare aton’ut ic ’aily
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c ls ’auu s ius ’fas ’s’s , s ’xpos i sog th is ’se suu ’fac’s’s to lost -ge’ a iu s o ui uu ts  of a t oul u ic ’ ( ‘ 5 , ai t s i  t his ’u ,  At ig s ’s ’  sp s i t t e ’i’

pn -of i l i ru g .  l-’on’ ss so ts t  of t l t e  utus ’t a i s  ts tu s) ied , thte be h u oi v iou’  of this ’  wh i te  —lig h t  p hto t o e t s t i s s i o s o  is

si t’n t i  la u’ to S t at  obss’ i’s s’5h for (~os A s . s ’ xc e’pt tha t  osf t er  thu e nuax i uu tu ’s t  is u ’s ’ac ’hu c ’ci the ent t i s  s i s - s o

st ~i b i iL~s’s at so ssts ’ low s’ u ’ ua l s t e ! , t - a t h ue u- t h u a u u  f a l l i ng  to z~’ u ’ ,u , - \ f t ~’ r ( t i  e’ xpst suu ’e  is stopped , t h i s ’

~u t i s )t oi’ s’s psuiusc ’ r-ises s lowly to a stable u aluc  - ofteut  s-l ost ’ to th i s’ j u t u t t a  1 t s s a x i u s u u i s u .  l-’oun s’epx ’e —

s, ’st t a t i s  s - Auge’u’ p i ’o f i l s ’s obt:s isos ’, i a f t e r  equi  is I l u - : s t i o n s  ou t - c  sht ous -u u j u t  I ig. 1 1 1 — 2 , us- I t c i ’ s’ th is ’  u ’ost ios

of ( ‘ S to us set al ~\ ugs ’s’ peak ( t s ’ig hit s at’s’ p lotted u S  5 00— ct  -\n’ —i o uu  sputte t’ iuig t in sc- . l”or (‘ I ’ I a ss , !

also fou’ Al osiud Mis I , this ’ t in t s ’  sts ’cs’stsai’ to s ’s ’us is u e’ t h i s ’ Cs is ex t  t e s t  ts - l v  shuort . i u i d i c o u t i  s ig t h a t
Cs rcsi,is ’s onu l onu th s ’  s t s i ’ t osc c ’; th u s beht as -iou ’ is ids ’ou l fot’ p luot oc ’ o i t ( t s s ~lt - oipp h u c ’out iori ’. l- ’or i’i

as u s- e li as lii an si Sc’ 1 , t h i s ’ i ’s’ appeal’s to be deeper ps ’ t o s ’t i’ o i t s o t s  of (~s - butt St  i l l  nuo u s san’ ke d d i f f u —

su i t s . Fit s ’  i h i f f s ’ n ests ’s ’  i i i  t h e ’  pn’ofiles fox - t h e se  t u t e t a l s  n u u a v  be par ’t ly s hu t ’ to os - I t  t~~s- ’ t e S t s - s I I I  spoo t —

ts ’u i u t g  u’ :ste ts - u vh ie ’h u n t av  vos u ’v by a fac tor  of 3 on’ so. b- ’on ’ l’b and \I g  I :sst ~I osiso S t - I ,  t h i ~’ Lsr o t u l cs

s hu ouv Cs si i f ftn s ion us eli bs’low thus ’  suuu’ f a ce thsc ’ spuu t t e  t ’ i u t g  s ates ar-c p robably  ut ~ t h u s ’  l oung e of 2 to
S A r i u i u t .  1 ; t n ’se usuet a i s  a n ’ s’ t i tus  poou’ s’auuchi d a t s ’S  for Os-C i’la c’ u ’s out (‘d Fe p hio t  , ) s - s t t  i t t c’ x ’ s .  h ’ht e

pi’of its’ fan ’ lie lies bc ’tweeuu thu oss ’ fo r’ t i  asid 11g.
S i t i s ’s’ C s  dit ’futs ioui is susua l l  fon ’ Al , Cr , and I’i - we ’ sos , t’ shs ’t s’ i ’nusi u us ’ d  th i s ’ o p t i u s s u t u s t  s’ s’ s i a t u ouu

procedures i.e. , ss’qus’nsc’s’ of ( ‘S an us -I (), exposures) for thts ’sc’ metals . ant s-I us-i’ tot s e iut s ’asuut ’es-t
t l ue uv ou ’k funu ss - t i otu s  of thus ’ s ’esiatu ,’d su t ’ t’as ’c’s by sultr as’iolet p huotos ’nt siss iou s spt ’ ’ t  t -o ss ’opv . \

p pros- c’s-tnt ’s ’, for Al - is show sa isa t-’ig. III — ~~, whet - c the as Itite — l i g ht p\tsst s’ss’mo ssts-’uss

is p lotted vs pt ’os’e’s s u u u g  time; t hus ’  t i m e s  at w h i ch  th to  ( ‘ S isuic l 02 50d m - c-es uI- en’s’ t u i ’u u c’s-l out u n ~i off
as ’s’ indicated, t’here is about a 10— sec delay bs ’tweui ’ts this ’  n ou tu i iua l  out ansi o f t  t i  s i t s ’s for  t h u s ’

u ’ es ist ance— licated ( ‘S SOU i’ s’ e’ autd th ue actu al bt ’ g i s t s t i t t g  and eu u d of ( 5  atons px ’odu 1’t io u t .  I i ’Iis ’ f t  5 5 1

(‘ S e’xpoSssrs’ is stopped s’lose to the i tsut ia l  s’n s i s s iou t  n t a x i n u u n m s u , ouf t eu’  uv lui c’h t  0, is a d t u s s t t s ’ , I st 3

pu ’s’ssut’ c’ of 2 ‘< io~~
8 l’ou m’ uns t i l  a ss’ s’o s t s - I , hu i ghu e  u’ u t sa xj ns ss u u ss  is i’eac hiesi . A d c h i t i o u s a l  ( ‘5 ou s,l (5 ,

exposures pu ’osluce ouulv nn iuuo r s’hauugs ’s i t s  th us ’  phtot oeu ssi ssio st .
l’hc values of 4’ nu easuu ’ed for  thus ’  f r e s h u l v  s’ s’s ( , sts ’d suu ’f as -’~’s of l’i , Al , i t st ,I Cn ~ us-c s’ s- 1. -I ,

1.4 , ansI 1 . u -  s’ \ . respes-- t i  u c ’lv . Sinus ’ s’ thus ’ I 
~
, 

band tu t in s i msu nu s  in s ( ‘d l’s’ is cal s ’unlatc’ d to be I .  ‘~ s ’

above thu s’ 1’ m ius i ns ui su  ,~‘ thus ’se 4’ s a l u t e s  sh uouuis - h  p e rnu u i t  N h -~A to l’s ’ as-Isi s’s-ed w i t h  t’ s’Sp s’s- t to th i s ’

I n s i t s i  us t un t s  uso n u a t t e  u- hu ouv n uuuu chu  baus ch beuudi i tg  is i ius lst c’s’sl by t h ue i t se t a l  ou ’e u ’losye t - . Pits’ t i t s ’s’

s- - s’s i ate’s- h su t - fou s’es us- s’ l’ s’ affe ’c’tesi ~I i f f s ’ n’ c’n t t  iv b~’ bei t u g Is’ t’t i t s  the  u -as ’ stuns syst enus os’s’ u ’u s ig hi t , h - s u n -
i’i . 4’ n ’ents :si ssc ’d 1.4 s’ \‘ axu d thud ’  u u ’ hu i t e— l ighu t  p huotoeu stis sionu oiuly s-Ic ’s’ n’ c’asc ’d to QØ ps’x ’s-’eust of i ts

i uu i t i a l  value , iuud k- a t iu ig  th sat  thus ’ s-esi ats’sl su nn ’f a c ’s’ is qui ts’ st able. l” ou’ ‘ti , 4’ intc’u - e’ased to

1. ’ s’ \‘ anus h thue phtotoen siss iou s-Is’s-’ t’ s’asc’,h to 60 per ’s’ei ut of i ts  in t i t i a l  s-a iuie . b” ou Cu’ , hu c’uuu s’S s ’ t ’ ,

4’ incs ’ c’ased to 1.7 s’ V ansi this ’  p huoto e tu s iss iout  droppesi to ouu ly 4 pet -ccit t  01’ i ts i u s i t i a l  vo u lu i s ’.
wh i clu is t uu u a e’ceptab le behiaviot ’  fox’ s- Ie ’u - i s - ’c’ sspp l i s -a t iouu s .  S tud i s’s ou r’s’ c’o ts t i iuui tug  cuts t h u s ’  cs ’ s i a t i o s l

of othet’ utss ’ta is (e.g. , Sc’ auid lIn t  1 uu ’ht i s ’hu disi nu ot t i luo uv s ign i f i c ’antt i ’s shi f f u t s i o u i ,

Ss’hiottk h arriet ’s on p — ( ’ s-i t ’ e :— Ant ins u -esti gostions of th ts ’ Sc’Isottk y ban ’u’ ie s- s fou ’nss ed L’s v a r i o u u s
asetals out heavi ly  s-loped p— (’ d  l’ s’ tp  = r x to l l  cusu us-as i ssj t ios ts ’d. I’hu ,’ bari ’is’u ’s fot ’tass’d f~s Its ,

w i siehu we h ous e usc’,) ins h u e  past tct s’x o u u l s ins ’  the eles ’tr ic ’al pu ’ope ’rttc s of p — C ~l l’s’ , h so u u s’ s’ u - gao,)
diod e chtarac teu ’i s t ic ’s just afteu ’ p lat insg or evapo t ’at iouu , butt thc ’ bi ’eakdoss-ns pt ’opeu ’ties cIs’gi’asis’
considen’ablv s it ter  a feus- svs ’s’ks at r’oont t enupera tunu’ s ’ .  l uu s s ishi t j c ’n s , e ’saporat csi Ins fi m iss ours ’ not
c ’ouut it sutous ut i l e’ si ts the y ou t ’ s ’ v e t - v  thu is ’k ( ‘700 to 1000 :\ S a s t d  , the  s’ s- f t - s n’ s’ • us ot i l s i  sta t be u u s e f u l  as p lx c it es—

s’nuitte’ r O t t ’ i’ ha s’rs. I ” ig enn ’ s’ I I I— ’ ;  shows s’s uu -u ’eut t —s’ o l t a gs ’ s’hu a n ’ac ’te’l’istics of I “ O — s ’ns t  — s i i a s s s s ’t s ’
Sc’ iuottkv but r n e  n ’ - - ous p — u. - d l’ s’ usa ott ) s’ front cv aps’ui ’ outs ’sl A) . spuutt e ’ i’s’s) I i , os id cv osporatesi ( ‘ t ’ . Hotlt
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h ” i g .  I l l — - h .  ( ‘uut ’u’ s’u it —u - s s l to ugs ’ s ’ h t s u u ’o uc -I s’ i t t it le s  of I “ 0 — 1 sn ns  —chi autu ets’ u ’ Ss’ hi c st tkv
lust i’ s’is ’ n ’ i i sss ls ’ti t’ot ’u t ss ’sh by Al , h i  - s u t u s h  ( ‘ I’ c n u  p — (  cl l’s’ I I ’ \ 10 17 

~t t t  —

t int ’ Al  itnts )  I i  shioslt ’s shu s s uu u s- u ’s - hous - 1h o un ’ k  s ’tuu’s’ u’ ni ts  (~ 10 ’s 1 s I l t  1 ot t I — \ t’u ’vs ’ n ’ uis ’ l ’j~t t i .  l ’ h t s ’i

ou t ’ u ’ o t h h  h ls ’ I x o n u - u s i t ’  us t u n ’ S  s i n t u h h o x n -  to t l n su t  obss ’ m ’ u eu fu n’  i’n’es h u l v  , I i ’p s u s u l , ’ I  l i i  l ’ o n n ’ n ’ i s ’u ’s. h u m  s l i t I  —

tn ’ ons t , (‘ t uls s’t-t n s sst ~t t ’I i I on gout ) Ss’h ussttk L’ts t ’i ’ie’t ’ t int  p — C d  l’s’, sit -s i s  t i l i s u u u  u t  h ’s -  t h u s ’ lou u ’g s ’  n’ s’u h u t c ’t i u ’ n t
i i i  - ‘ s t i r s -nu t  o u t is l  \ l s l t s t I , ’, t ’ ss ’ u l s ’st fot’ th is ’  u s-Ij osit ’ i i i  I- ’ig . I I I  — 4 .  l ’hu e ps- sot’ ( u  I u o t t ’ u ’ u t ’u ’  us  to Lit ’ x —

pes’t s’sI . s i t i c ’e t l t i ’  u s i l su t ’ si t’ ‘1’ for ( ‘ n’ (-I .” u ’ \ I is sigis it ’is ’ o u tu t l v  Iti g hi e n ’  t h u t mi th so t i e ’ t o t ’  t i  ph . 1 t ’\ 1

i’i ( - I .  I e’t’ ) . o x’ tnt  (4 . 1  s ’ \ )  (h is ’) ’ . 71.
l’hu s ’ s’fh ’es’t of ou ginug s-s I t  A l  out ~~I l’i Ss ’Iuo t t k v l ’ :su’u’is ’t’s  i t - s  I ’t ’iusg j u t s  e ’sti guuts ’ sh , ott - i  iS t t t t ’  s ’ o t t t i t i u u t t ~’

of t h t i u u  A I an us l  l’i ft  luss s .  Ins  su shs i i t io tu , u u s ’ us - i l l  s ’xp ii sn ’e t hu s’ proPs’ t ’t ie ’ ,’t sit ’ St hsot tk v  t ’ou u ’i’it m’s s i t i

— ( ‘(I l’s’ Co r ’ni u e sl lu sit hu e ’ u ’ potc ’uut iou I h y tu t u e fuul  muss ’ 1st Is su5 ’ It o tt - s Sc ’ out i~ ) ~i I t t .

h ’~. I ls ’n in ’i s ’ht
I ) . I .

I t . S’s N h ’ h l I - SlS A N I t  CR ’s  S l A l .  ( ;Ho\\ I ’ l l  Oh” t ’si(h ’ I ’ ,

I t k t ’ th i s ’  o th e r  L I — I t  — 2 s’stnusp sl l nni s ) s , ( ‘siGt’ I’ , t i s i ~ l i st’ ts ’t u ’ o s g o t t o i l  s’ I n s u ls - supvn ’ i t s ’  s -t t t ’u us ’ t u m n ’ s ’ ,
us I n i t ’ It u s-i s-Is ’ t’i v s’sI f rousu  t t ie ’ s i t  h is ’ is i t  is - Isle ut sis ’  st n - tn t ’ t t n t ’ s’ of t hit ’ I l l  — \ s’o n u t p s s u u ns u Is I I ’, t It t ’ 0 edt’ rest

substn  t i t t i o tu  of C n’s’U p 11 out s- i ( u ’o in p IV att ns ss out h u t’ t~ - ‘ I I I  x i in t - s Im t t t i t -t ’ , i’hut ’ possi hi h i t s -  of

des-c iopi tug a t u n uun h u t s ’  i nuf en t ’s’ti ft Its’ t’ t hunt  tut i  Ii is s’s thus ’  t’ m e s I t ’ s ss ’I lt i s ’ OS t i l l  l ii  u’s’ fr i  t u g  s ’t it ~ t ops ’ n - n i s ’s sit ’

outs ’ of the I — I l l  — t I , or Il — I t  — V . c ht o s ls ’sspy u’j ts ’t -i is t unis - le t ’  iu t s - e s t i gs u t  io mt o ut  I hung t ie s l ies-ten n-c It I o i l ’  —

on’ssto u’tt ’s t n u s sis ’u’ A H I ‘A spontsou ’sluip. l’o sh s ’t s ’ u ’ u u u i m s e  St h u is ’h s of t lte ’s-n e t u i o t t e u ’ iou l  ti us t su n l s i  hi ’ nut o st
suitable for this ssppli t ’at i stus , t h ut ’ ou l u i t ’s of tlsci n ’ s’ht ’ s’tt’os-tpt ic s ’ss ,’ft ’ts ’ i t ’u u t t i  n s u t u s t  lie s ’ s ’ u s t p o u  t ’e ,I ,
-\ t  hits’ Otttt4s’t 0! this ’ f l l t t ’n ’  i n i v s ’s t i g o u t i o n t , hu ~sws ’u s’u ’ , t h is ’ Ss ’ u o u l t ut ’s Suet’ s’ not ku uous - nu  fun ’  ~h t ;~- I ’ , i l l s )

utu s unt y of the ts t i t t ’u’  c ’Iumu lcop ,s’u’Ites , auts i s i m u g l i ’  — s ’ u ’s- st o s l  s a t iu p h’s lit n’gs’ s’uuoung ht I s o t  ,i u u ot si l t - I

fou’ e’ lt’s’t i’oopti t ’ n uue u u sit u’eui u t’nut ti uu s ’ u’ s’ u uot o u t  o u t  h o t t ’  he ’. I t t  o rsici’ tss 1u u ’ s ’s - i  s k’ Sli t ’ In a ssu 155 p he s i t

‘t i Cs ’ h ‘

~~~ 
we luau - c sleu ’elopesl ot ts’t ’I in t ls l u n t ’  for thus ’  s u n i t l n t ’s is t u n u s l  s n - s- sl o s h g I’ , ’uu t h u  of t I t us  s’t s t u t ps iu m t t s l .

i\ c ’r vstn i  uvhs)ss’ S i / t ’ anus ) ts 1it is ’ ot l  t u ’ ois t s4 n s t i , . o i u - s u u  s ’ t - s u t s u s ts ’ m ’ oui ’ I~- ,,‘s s s ~s~ ,i thus ’ u u u j u u u u s s s u u l l  m - s ’s t t u u  u I ’ I l I e S I I  s

luxus Iti ’s’ u u obtatuses) liv t iii  s ts’c h snt i qs n e s un i s )  55 supp lie s) to I big his ’s fo x’ i s i s ’ a stun’ s’ t u us ’ nu t .
l’s’t ’h i u ’ t s ~utes hu nt - c bes’tt n’eported m u  this ’ l l t t ’n ’u ut un n ’e for s ’I ’h o u i u u i u u g  u lGi ’ I ’ , s ’ u - v s t o n l s  hi s ’ ) us ’ s s s t s - o s l

vapor tu ’nnu spoi ’t , gi ’s-s u s -t hu t’n’t - s n uu h ’h ’ or ’ Snt ssolun t i s snu s , o u u i s h  gr ou vthn fu ’onu u slot , - I s u s s u s u , ’t u n , - ults ’Its h un- S-

pa i’s’s) his ’ di n ’ s’s’t n ’ t’s u s - t i  s i tu of th i s ’  s’ I t’n us t ’si t s .  t\ t ’ s-st’ ls’ s ’ t e sh  t It s’ I tut t e  r us st ’t I tot) as-i t h u s ’  on u Iv su it ’ I t  isut
could pot eu sti s t llv \ ‘ j s ’ I s I  cr’ s-sta tus of thus ’ ~lzs’ amid  s i p t i t ’o ul  s i u x o t h i t u -  n ’ s’s h i i i  m’ s ’~h , Si u l t t t s ’ t i x I s  of b i t e  1 - s ’ m s u  —

points) by shtrt ’ct  n’ , ’ o t t ’ t i s s m u  is n u u o u , l e  dt ffl s ’ul t , hu s - s uu- s ’ u - e n ’ , iu ~ bus ’ ht ig It ‘‘h ~ ’~’ p u ’ e s t s u m n ’ s ’ oh s ’ I s ’ u u l , ’ t l t , s  I I ’ ,
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st h i i s ’ I s  u’ s’ o u s - I t s ’s t t I o u s t ~ s s t uu to s l i h i e ’n’ s’s o ut ls ’ u u i h i s ’ i’ o m t i x m’ t ’S f at ’  Ils -l s us- th i s ’ u u n s ’ I t t m t g  1 1511111 s’I ( d ;~~
- I’ , ( i ’ s ’ —

h i st t ’tt ’st to 1st ’ 5150 - 
- bunt s -lsise t s u  ‘

~‘S4 - - u - as ’u ’ou’ si iuu g to thus ’  p r e se umt  i s i s  t ’st x g o u t x o s s  I . -‘s nx mt,mn h s t ’i’ sif

ou t t t - n t sp t s  u u s ’ m ’ s’ iu iz s s - i s’ to 1ss ’n ’f o r n u t  th i s ’ m ’ s ’ou s ’ t i s i m u  I u ~’ ~‘eig It iu i g  otut  th is ’ th it ’e s ’  s’ts ’i t is ’ u t t t s  m i  s t o u t - l i n u s —

nt t s ’t i ’i s ’ pu ’opon ’tioiis to fou uuu ou s ’ h u o u u ’ g s ’ s s f  o ihs i i i t  ( .~0 g,  t-ss ’o u h i u t g t l i t ’ s ’ t i o ix’g s ’ n s s  S u i t  s ’s oi s t i o s t s ’ lh t’m u s s ’ s h —

s - s i  l i s ’o t m uu u u p s iuu l c , then s l s s l ~ l’ s ) us ’ o u t i m m g  t h i s ’ o unn u h iou le ’  ins a tuoi ’i’,’,onut iui , ti u s ig hs ’ — -~onue ’ r esj st oj u i s ’c’ fi n n ’ —

to ut ’ s ’. I’Iie ’ i t  t’st ot t ts ’nu ipt  it Su n S t i s s ’ s ’s - s S t l t i  - h u t  a ll thi s ’ othis ’u ’s  n ’s ’ ssx tt i ’s I  ct t h ts ’u’  i i i  s ’xp los u t i m i s  ins  t h i s ’

v i c - ius i ty  ssf iSO” u, - on’ i t t  s ’ u ’ o t s ’ k i t s g  of t h i s ’ o iu ut p o i n l s ’  at t e ’ u s u p s ’ n ’ o u t i m m ’ s’s ins  th i s ’ t o O  to 700” ‘ i’ o u s l g t ’ . h its ’

t ’~~f s l o s t s 5 t I t - t  s ’l ’s ’ m i t ’ u - s ’s h h u t ’s ’o n i m s s ’ S 5 ’ t l t s ’ of t h i s ’ s ’h s ’ m s m t ’ m u t o u h  h ’  hit sh n ’ e n u n a i m u s ’sI in x x u ’ea s ’ t s nh , px ’o dix s ’in ig ot

~i n-es - i sumu ’c  t lust s’xs ’ t ’s ’u h t ’,h tins ’ s ’u tp t uun - s’ s-s t i’e n u g t h t  s i t ’ t i n s-te st s i l t s - o s , s - m u s t ’  thus ’ s ou po x’ pn ’ s’ssttn ’e of I ’  is

o uhisu u nt  IS ostu t s  o u t ~SO” C.  Inu th i s ’ sn th is ’u ’  s - o t t - s t ’s - the i’ s ’o u s ’t i s s t u  t us ’tis s ’s ’ m u 1’ ~u u t sh  ( ‘ii ts u fou-u uu ( 5h h ‘ , ha’—

s ’ O i t t i s ’ s s u i t i l ) l5 ’t t ’ out ts ’n s tps ’u ’ s s t u mu’ s’s hs s su e t i ou ng hu Is ) l t u ’ s’u s ’ tmt thus ’  I’  pu’ s’ssi un ’s ’  fn ’o us s  Lus ’ c ’ s in t siu ig ,‘x s - s - s o —

s i t  ~- . h u n t  thns ’ u s u l o i t i lc & ‘s h h ’, 0v t i u ~’ I t  ou t  t i l t )  t - htot ~ oi s o i h s s i m ’  pu ’t ’ssulx’ t’ of S~i h ’ s u x ’ n ’ , u , u ’ s  s i sus - n ’ to th is ’

o t l t i s ’ t’on’ 5.- sI t s ’ s ’u i s h s ’ t i t u u ’ sl out ot s’olsh n— e’gioix out t h u s o u u n p s i m x l s ’  u s -s ill Its fon’ u t i  a s l e t t s - m , ’ u ’ i t t g  t h most  s i s t

cts n ’t )u,’n’ lt s ’,it t ut s ’ s’~ posui s )s’sh suuffis ’it ’mit iy to s -i’ ois’k thi s’ osu tu p siun ls’ .

h ’tis ’s-ts’ s i i f f i s ’i i l t l t ’s i m i  su  u mttl s ’si .niig (‘sl (7t ’l’ , h ots s’ t u t ’ s ’u t  ou- s’t’s’tuuu t s’ l’s ps ’n ’h ’o u ’ u u u t n t g t h u s ’ t ’s ’ o u s ’( i i ’ l t

ai m ,x 1issu— ,~,)t us ’ fux u’n u a i’s’, ou ts’s’ hunmi quus’ t’ou suuui siux l ,s’ tiss ’uI fsun ’ pu ’s’po sn’uuig s-tuu supou iu isis is i t hu sixi h v unit ’

- si l~tt ils ’ s’si ni s t i t tx s ’u ut (s’.g. , Lnu I’ oum iul .‘\gi,’,~iS , 1. h-s i n ’  su i s’h t a s ’ ss s s t } ussutut I - t ) i s ’  pn ’os ’t ’s iu u n ’ e’ s u m ’ sihu t oti u un ut g

a sm ts - s us - h i i o n si t ’tu’ is ’ n it s ’ l t  in i i i  p t ’ in us -’ip ls ’ st m ’ot i g i t t t s s s ’ u t o t u ’ u h : thus ’ t t s~ui s s u h . u i  n I’’ s’ls ’u u u t ’nx tts 1 oi n ’ i - 
~
‘, hous ‘ ‘I

si mu e s ’u t sl of thu s ’  ot ni tp osuls ’ , t u b - s  enush i s Iie o u t t ’s I i t t  this ’ h u i g h i — t e n s i p s ’ u ’ o i t m t m s ’ ‘ o u t s ’ i s ’  th i s ’ i s us ’ht n m i g  ~, 5 u i  I i ~ s s l

this ’  s’o nu t p o uun t sh . os u i s ) thu s ’  u i t l s t ’n ’  t ’ ms, I u s  ht s ’ot ts ’s) i t t  LIs t ’ Isiu s- — t s ’u t tp s ’u’ sn t i x t ’ s’ i s s i t t s ’ t , thus ’  ts ’ u u s p s’ m’ o i t t t m ’ s s i t

us Is is - i t  th is ’ ou ps u ’ l t u ’ s ’sst nn’ e oh ’ thu s ’  u - su l o i t i h s ’ s ’it ’us u i - u m t  s ’s l l i o i h t -s th is ’  b - s o s i ’ t i o i h  pn ’t ’Ssut n’ t ’ s i t  t ( m i t  , - l s ’ t t s s ’ t u t  n i l

~‘~h s m i  l i h s u - t u i t t i  is u t l t  th is ’ n s ss’lt s’l t h u s ’ s’su nt sp o u n t i s l .  Suu s ’h i  os pu ’si s ’ e s ium n ’ s’ t ’ ouul s h  nit-st  l ’s ’ uu t - - s ’’ t to s-i s t t h u s ’s-t i ‘ s

- Is siu s s ’s s m ’ , hi s ’ s ’ou u m s - t t ’ Lb s  s s i l o i t i l i t s -  of (~~~ ) o u u s s l  i, ’sh l ’  , ~0us i t s - i t  5t t -s Pt w oiu tuh hs’ous ) m~’ th i s ’  s tu ’ p—

a n ’ o n t x s ’ s i  sit’ ( ‘ii o u u t ~l I ’ I’r ontu this ’ u t s u m u s - o t o s t i  Is ’ ( s s  - us i t h u  t h e  l o O t s ’ s -  u ’ t ’ u l l o u m  n i u m u g  t l t , ’ I i t s ’ h  15 - 1 1 1 1 ’ s ’ l i t  t i n’ s’
‘s i t u , ’ o t t i s t  t h t s ’  i u h t O i s - m s’s s s i m t t O u i u i t u i g  ( s I  o uu ss h I’ s’o n t s ie nus u uu g  n s t  t hu s ’ Isuis - — t s ’ t u i p s ’ u ’ o u t t l  s - s ,‘ , ‘ i t s - , It  ‘s in t h u s ’ m - s ’ —

Io n’ s’ t t i ’ t ’ t ’s-t s - S O i t ’ V  to s i t ’s 155 ’ ou s ’ s i u i s i s h t ’ t ’ oi tii ,s’ t H ou’ s’ s - s~ m s I l s h i s - o u t s ’ I  ( i t - t i  m u i g  st ’h us ’sh uil s ’ , u s - s  shs ’s-s n ’ m i i ’ s ’ !  i u s ’lous

h Its’ pu ’os - s ’s t i m n ’ s’ l u m m o i l  iv  ossls ipts ’sh f i s t ’  this ’ s - m v u u thus ’ s t s  o uu uu h  s ’ n’ystos l gn ’s- u u u thu  s i t  t ICs’ I ’ , i s asi I’s i l isus u t O ,

A s-o ts t i s ’ h u i s i u i s s -t u ’u s ’ s’h u o s t g e ’ si t  o u h s s s i t  120 g is s- s s ’ oi ls ’s! i t t  _ u u s  i ’s- o ic ’ i x o u t s ’sI t’u n s c ’d — s s l i s - a  a u t s j s s u x h t ’ I s’nu t  m s t

d. on tns i  — 10 s ’ n m u i snu g , su ’ i thu  this ’ 5. ;e out  s u i t s ’ s’ n u sh  o u t s i t  t h i s ’ ( s i  o t u ss i  I ’  out  t h u s ’ s i t t i s ’ t’ . -\ f us s’s) — s - s n  l i s a  t’ s s s )

5’ t su t tu  i i i  s h i o i t s i s ’ts ’n’ is sstt ots ’iu s ’sI to th t s ’ Cs’ s ’u t sh s i t  h Its ’ :stus p su unhs ’ fun’  unss e m u  t’ sitost ius g  th i s ’ o u u s i j - s s i t u i s ’ s h i u n ’ n m i g

sv uu t i i s ’s i t s  ins sit ’sis ’r to t u t i x  thus ’  i u t s ’l t . l ’Iut ’ ou t t t h ) su i i l s ’ is p l u s es) i l l  t h u s ’ I i s i n u ,‘ su s t t o t l  t o  s u —  ,‘s u s s s ’ i’u u n ’ m m o u s ’ s ’
s-u ht s ut- ni ss’hu s ’sisatis ’osIl ,v jut I”i g. 111 — 5, it i thu  thus ’ ( t ’  los’sstt’sl m u  t i n t ’  ‘ o u t s ’ out  t i n e  ls ’ft s t , ) n ’ sit this ’ s h i o ug t’o u n tu .

‘s’s ,‘ s -mI ts u i n ’ s ’ft ’u ’ to t h u i t s  zon ts ’ ons thi s ’ t ’ s ’o i s ’ tj s i t l  ,‘siu ms ’ am u sl u’efs’u’ to this’ s-ss se s - s i t  t h i s’ s’ig htt  s ist s ’ ou t - i thts’

s’ouitt ’oI ‘s i l t s’ . t nu i t i s s t l s -  thus ’ t’u u n ’nu a s ’s’ us  h u s ’ats ’ sh f s ’u ’  o t l s s s u i t  i-i hun’ to g u s t ’ thus’ Is ’su u h i, ’s’ oit I sn’ t’ pn’ofuhs’ num b —

s’osts ’sh h s ’t t In e ’ solist l inus ’  m u  h- ’ig. I I I — ’, u u’ i t h u  th ts ’  n’ s ’ou s ’t i o m u  i s s u i t s ’  a x I s )  t l ss ’ s’olsis’s-t t ~i o u m t t  m u  t h u s ’ s’oit t s ’ sil

iOOs i s ’ tuis t i t  oil  osliotn t ~, I i ) &  - , su Its ’ m ’ s’ t hut ’ 5 - O t h u o n ’  pu’ s’s sui n ’ s’ si t ’ 1 ’ is-s ouh ou nt I s  o n t i u s .  I ’iu s ’ u u u i t u i i s s u n n u s  ts ’u s i  —

l t s - u ’o s t i m u - s ’ h u t  t in e s’osntrol ,ssaus ’ is s ’ s-t t o u t u l h s h t c s l  ou t  st sinfls ’ sh i s t su u u s ’t’ fn’ ou u u  thus ’ s ’uu s ) sif l i i i ’  o umu upo u le  i t t

o rder  to pn’ e’v s’nut s’ su u u s h s ’ t u s o i t  i s i m t  of I’ on’ (‘ c l i ’ , out thte eu s s i , us l ij s ’ii s’ouu l d  let s) I s) s’ u’ ot s ’k i uu g  s-sf t h i s ’

au s u pounhi ’ . Af te n’  su botut it ’  htn ’  the t’ s ’o ts ’t i s u u t  i s s i u t s’ i ts  I us ’o u t t ’,I ou t  — $ “( ‘ ( i t ’  ts ’i 720 t ( 2 0 ” (  ‘ o s h u t i s t ’ thus ’

Iows ’st etnts ’s ’t ls ’ tt’ nt tp t ’n’ iu t n nn’ s ’ u s  thts ’ i, ’ s i l ’ , — Cs’ 1iss ’ t i s ) s i l ’ i s t o um ’y  sv s t s ’m u t  1. wIul ls ’  t h e  n u s i n u i n u t t u u u u  s’o tu t i ’ oI —

‘s’uu t ’ ts ’nsips ’n’ntun’e i t s  ks’pt s ’ s s u u s ’ u t o s u u t , gi u - i u t g  thus ’ p ro f i l e  i u u s l i s ’o t t s ’si t sy thu s ’  t itu s - Out ’s) l inus ’  i t t  h u g .  I l l  — 5 —

h int’ n’t ’ssctiniut—Z ssuue tt’ussp s’u ’ssttnn’i’ us  t h n s ’ n m  i s l s - u ’ s ’ou ss ’lI out -~ I “ t ’ Iii- anisi t i t u s  m s u u m u i n u u u n n u t  1’o u l t  u- sit — .‘o uls ’

tt’tuups’ n’:sturs’ at -— I I - - i, - I i i ’ , so thnus t luo t h i  ‘o u t s ’s-I n’s’xu s’It thu s ’  n s t s ~l t i i t g  p oini t  of I, ‘t IC s ’ h’ , out about the

sio u n u t s ’  l i n u s ’. h - ’ i u t o u l l v , thus ’ u ’ s ’o is ’ t i s i i l  ,‘ s i u i s ’ is n’mup is ) h v hu s outs ’s I  to ~ 1’  C tu nis ) thus ’  s’ot stn ’ ss l lo t u s ’ ts i  S i ’ ,~~~~,
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I- u g .  i l l - ” , Ss ’ t u s ’ t u i o i t n s - i i i  s - , u m s i  s’t n t i s ’  ,‘ , s u t s ’ h’t mi ’n i s i t ’ s’ t o m ’  s o t  I t t h m t ’siS ansI  s - t i  s ,I ~ i I
g i ’ t’ss t i n s’I It ,‘ h ’ ’ - t s s g s ’t t t , ’ i ’  u s i t t u  i e u I l I t s ’ i , i t t t i ’ , ’ pt’tu h n l s ’ ti nt  ( h m ’ ~~,’ s h i l l s ’ t ’ s’t l t
‘- h , i ~’ , ’s - 01 .n to ’s t I b e~- si ~ s u ’ u n n u .

g m ’s 1115 5 I t t , ’ i ’t ’ o f n l s - t i t s t t s - _ i I , - , h  ‘u I f s 5 ’ u i s s t  ) o i s i t , ’sh h ut s ’ m u  h u g .  I I I  ‘, i n n  s u i ’ s h s ’ i ’  ( s i  n u u s i u u , ’ t i l t )  t I l t ’ s u xu l u
— , t t s - ( s ’i ~ ,,, ’ , t  l s l L u ’ ’s ’ I t s  t h u s ’ t ~I $, ,‘ I’ , u t i s ’ l t  i nn  th is ’ m ’ s ’ n s n m s ’ u t  ‘ 5515 ’ , ~ I u i s ’ t u  u s  t his’t - ,’~~s t s ’ ’ o t s ’ m s h u i s s u t u s ’l m ’t~—

•‘‘‘ ‘‘i ’t t s ’m l i i i ’  , n m t u s s u t m i l  of I d l ’ , n u t  t ins ’ s .n ) u s u u  l t I s o n s - t e , h ’) t s ’ h ’t , u i  t u n s n t ’  t s ’s l t i t  i s - i l  I t s t s ’, t , ’ t i  ( h u t-s l ’s ’ t t i t

u -  , i i s ss i i t  ,‘ .‘ h u t ’ . I u i n ’ s ’ s - n m s ’ u u 5 m h  t o s ’ h u s l n ) n s ’ , m t i s s l m s s l  i t t , ’ u t t s ’lt  iS  th t s ’ iu on s s s  s l t t l s l i t s t l s ’,I  hi l s ’iu s ’ n ’ u u s g  t h u s
( e u i u l ’ s ’n ’ , n ( u t u s ’ ~I t h i s ’ t ’ s ’ ,s, t l s ’ m u  : s s u u s ’ o i l  .‘ ‘ s ’ h u t ’ , s ’o n u i s s m u s g  t in s ’ n s u s ’ i t  I t s sss s l n s ) m ) ’ s  I s s ’ t t t  t i n t ’ Is ’h’t cui s h  in
.i t n u , ’ s ’t I , u u u  I t s ’ , is i i i  i s ’ t hns ’  I t ’ nu u l t t ’ u ’ o n h u i l ’ s ’ i i i  I t t , ’ s s ’ m u i  i s O  ‘ s t u l s ’ i t  l ss ’I’ l  , - , s t i s n , u l s n ,  ‘ s i n  s - u -  t.’ , ’ I u l u t ’ i

4 s , I t t s ’ t t  u ’ S  5 s ’ t l I I i h t ’t s ’,I , lin t ’ I I I I I I , t s  t ’ t t s  s ’ ,i si ls ’s h I s ’  n ’ t u t s n u u  t s ’m t t h s i ’ t ’ o i t i i i ’ t ’ n i t  o u h ’ s ’it t , ‘ t e s ts ,

h - I t t - I’ m s ’t s ’, l t n i ’ ,’ , ( s ’ s O s i ’ n h ’ , ’s I l o u t s  hss ’ e t m  ins- us — si fs ’ m ’ t i S \  n ’ u n i u t t , a l l  ss f  is i i t t ’h i  ii , - x ’ s ’ s s s i t u h s l s ’ t s ’sh s i t  

1 1 1 1 1 5  ut i t t u s i t i t  s ’ \ ) ’ l s ’ s . t s ’ I i  on -  t ’n ’ su t ’ k n u n g .  h ’ i i s ’ i t l ~~s ’t $  s i l ’t , n m t i t ’sf in’ s’ 1is i l u  s n ’ S  t s I , n h i s m u s ’ , b it t  , u h h  ~- s ’ l l n o n n m l

t s t . ’ , s h ’ l s - - i n n S 1’ ’ u - s  s t , i I  m s ’ g m s s u u s . , l t t e u  l u , ’ ,sII m _ t h t u s ’ u’ ) ‘ , n , I l u  s m ’ , m s - L , ’5I , on s ’ ) u , u u , n s t s ’ u ’ i s s t t s  Pn’ spt ’n’t u

Its ’ i ’  s - u’ s  s t , u f h n n t s ’  , l i , t l , - s ’l’’, u i t , ’ ,s , l i n t ’ s t , n s Ioo i t s’ I ’ t ~~ s t I i s s ’,)  , t 1 t 5 i l t i ’ s s t ~s I n n i g  t~~ s- it u , u n m l ’  t t l , u t

Is ’s • ‘ l s ’p n t thn ,’ g s  n u l l  t s s ’u u u l i I , u n ’ i , ’ ss h ’, ’t ’ , u i u , s s ’ t h i s ’ t his ’n ’ ~~i~iI s ’\p s t u i s n t s t u  s it  l I l t , -  st n ’ u u , ’ l I i t s ’ u s  t u n g (t l s  , i u i m s , u —

t i s ’I ’ l s .  I’igui ’s ’ III — t ’  i t ’  ; u p hisi t s ug i ’ s u p h u  , it ti nt’ 1st -st  t l t g s ’t 0 i i u i nt ’ h t  s s t  thus- S h I l l  s t  , s I t  i s s l u i n ’ s ’ us ’  sl i me n 5 ~
g n ’ s sus t h u  n , i ~- s ’t s  m - , n n l u , - u t i n s u t  to  ~‘ u - ,t m u m  l s s u n n u u s l s u n ’ n s ’ s - u . I t u l u t , ’ I I I  ‘ - s ’ I ’ . , i  h s hu ss ( s s t , t n ’ o s l ’ h u  s ’t ,s ‘o , u x t i l ’ I s ’ ,‘ u i u

I s ’ tn g , s - t n t  l’i’ssntn Ilte ls’h’t s’u itl s ’) I t uit s inu giut . t h n sst i t s  ,i lususus-s h t ’ m u t t  i s - I ’ s  o t  s - u u u g ts ’ , n ’ s  ‘‘ h _ i l ,  l i i i ’ s u - ms -k s
n t  t i n t ’  I t t l i  s ’ u u ~~u t m , u t s ’ sh i t  h is ’ s i n u l s -  g u - , i u u l  h ’ t uux i t s i . im ’u  t s n - s ’t ss ’ l l l  n i l  t h is ’ s. ,u u l u l u l s ’ , I h , hs ’s - o n t u s ’l l  s it t h u s ’

I ,0 , i u i l l u l s ’ l x i  th is ’ n n t g s u t  t o u t l’s ’ f u o u t s - h  l’ i’s i l t t  t hus ’  oi u n ’ s’ ui so u m s  h igs . I I I  s- , s t u u h  s’ , is ( m u s - t t  l is i u t u l It ’  t i f l ’  s t il l s -

-
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g u’ s s v s t h n  I s ’oml  I n n ’ s’ , 1
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h - ’ig. I l l — i ’ . ‘sn —~~u ’o wn u - u s g o t  s i t ’ I ft s I ‘,‘ pn ’s’po u u ’ s’s) t i  t i t s’ tss - s i — f u r u u z ss ’s’
t s ’s ’h iu uu s j u e. ‘ s l I t s - l u  s if t lsc s - s t t m ’ t o u s ’ s ’ s t x ’u t s ’t u i i ’ s’ is s l i t s ’ to gn’ ou t ’t hi  I o u s ’ s ’ts
u’ oi t h u t ’u ’ t i t an  to g u ’a i uu  L s s u i u s s s l . t  n - m t ’s.

I 

~~~~~~~~

lisig. 111 —7.  Sau u u p ie I -n t t  l su uu g  s i t )  fr on su I t ’ l l  e mu s l  oh ’ i um g s i t  s h o w  nu
ins  I- ’ig. I l l — I ’ . i ’Ise ou u’u ’oo - s  j u t  Lis - s tht  fi g m x n ’ s’su p oinst  t s i  thu s ’  s t i l l s ’
gu ’owths  fs’att xu’e .
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h ’ imi  n u ss ’s’ tt s i t t s  ctut fu’ouut this’ u m l g s t s O s ’ n’ s ’ f san nud to be’ gs’nneu’allv tn’antspan’s’uut us h u s ’ s t  e’xosituinis’d
us- t t h u  n ut  i n u t ’rai’s’sI 115 i t ’ n ’siss ’sip s ’ , It5~t s’onut aiu t s ’d num uisse i-ou ts ni-ssorbinig t n’ s’oss of nu u ic  n ’onsiete n’ d i u u u s ’uu —

t s ts u t i s .  l- Iet ’tr oui u t u i s ’ n’ sipn ’ssbs’ o u m io n  lv  s it -s  sh u owt ’ si t h a t  u t t o st  of t ius ’ss’ osrs ’as • w hichu au’e pn’s’suiut sublv
il t t ls u si siuus ou ’ pm’ s’s’ n p n t outs’s , o il’ s’ us s ’o u u ’hu ~ii tn’ t’ ( ‘ii , whi le  om h ’t ’us o u u ’ s’ u t s ’o i t ’ lv  puns’s’ Cs ’. h-or  a ss’s’t io uu
(t , 5i mi i i  t h i ck  cul I m’ ~’n ss thus ’ iru gsit s ’I h”ig. Ill— c ’ , nus’asui’t’uuss’usl s uss s us h s - stilts ou s t in uf n- osn’s’d sips’s ’) u ’ s s l - s i i s s —
I o n t t t ’t t ’u ’ s h t t i u v , ’s) thi s’ I u o i u u n n s l i n s i s s u t  is ’ l ’s ’ u - t ’t ’I, ’s’I i s ’ t i v  i i i t t i t s ’d  u s’ i th uin  list ’ ou t ’s’u n’sucy of th i s ’  da ta  s l V s ’t

t t tt ’ o outs ’ I t’usg t ht u ~~~~~ f r o n uu  os bom nt 2 1~is u to t h t s ’  ouuss ’t s s f  lou t t i s ’s’ absorpt ionu at ahiount i t  ~sniu .  I ~s’ —
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IV. M I C R O E L E C T R O N I C S

A. ORIENTED CRYSTAL GROWTH ON AMORPHOUS SUBST RATESL UShNG ARTIFICIAL S U R F A C E- R E L I E F  G RA T I N G S

The nucleation and growth of crystalline overlayers are influenced by accidental s t ructural
features on a substrate surface, such as cleavage steps, scratches, pit s, etc ,1,2 The influence
of such structural features on overlayer properties has alw ays been considered detrimental
and , thus, workers have generally tried to achieve totally smooth substrat e surfaces.  We pro-
pose that artificially created surface microstructures might be employed to manipulate the
growt h and orientation of crystalline overlayers. One outcome of this approach might be a
method of obtaining oriented crystalline films on substrates and under growth conditions that
otherwise yield polyc rystallin e films. As an example of this, we demonstrate that  a 320-nm

spatial-period surface-relief g rat ing etched into amorphous Si0
2 
induces an orientation in K(’l

crystallites grown from a water solution.
Figure IV-i is a scanning-transmission-electron micrograph showing the 1(1 crystallites

after growth on a surface-relief grating in amorphous SiO2. The sides of nearly all the rect-

angular KC 1 crystallites are aligned parallel and perpendicular to the surface grating. The
smaller crystallites are generally located in grooves (the lighter shaded stripes ( . and it appears

o that growth is init iated at vertical steps. Selected-area electron diffraction pattern s taken in
a scanning-transmission-electron microscope (STEM) confirm one ’ s in tu i t ion  that  the (100>
directions are parallel to the sides of the crystallites. Clearly, the artificially imposed
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Fig. IV-!. Scanning-transmission-electron micrograph of KC1 c rvst all ites
- I grown on a 320-nm spatial-period square-wave surface-relief gra ting in

amorphous SiO~ showing that the grating has induced an oriented c rystal
growth where <100> directions are parallel to the grating grooves. The
groove s are 25 nm deep and have the lighter shading. The electron micros-
copy produces some decomposition of the KCI crystallites dur ing  viewing,
leading to the serrated edges of some of the cr u sta l l i tes .
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surface-relief grouting has iusduu’ec) an oriensted crystal  growth . In ar eom s of th u e Sit , )2 surfo m s ’e

wh et - c  uso sun’face grat ing is preseust , s’ry stoul l i t c  habit (i.e., shape) is found to be less t’egulour ,

and clO O ’1 diu-ections show Ito preferent ia l  o iz i mut thta l  orienstation. Thsese resuults are thus ’  fin ’st

denssoutstu’ ationu of s’ u’vs to il  ou’ientostion using art if icial  surface microst ructuures  and o il - c also a

clear demonstrations of oriented cry stal  growthu (i.e ., iteteroep i taxy )  on an oumorp htouus sub s t r a t e .

Ou t’ Si02 substn -zutes ut- e u-c films , ou bou ut 100 nm thick , growni b y a commercial clsemical-

vapor-deposition (CVI)( process over ou i0 0 -nm- thu ick  Si 3 N 4 film , also g rown b y a commercial
( ‘VI) process, on a silicons wafe m’. Details of thte techniqu es mused to create the relief grat ing in
Sit), are given elsewhe re.3’4 In bn’ ief , os grating su- ols exposed in l ’ M M - \  using Cu 1 x - n ’ o m y  lit luog-

raphy. Af te r  development , a iO-nns  l ouy ct ’  of clsromium was evaporated over ttte strutctun’e and

a chromium grating produced by l if toff .  ‘l’he Si02 was then etched in CIIF 3 by reo mct ive  ion

etching usin g the chromisum grating as om mask. Finally, the cl t romiutm was removed in ot chens-
is-ssl etchant,  This procedure yields relief gratings having flat tops and flat groove bottoms and
sidewalls t lua t deviate a maximu m of about c ” from the vertical. Thue radii of esurvatuire out t h u e

corners witere  tise sidewalls j oin tite tops and thue groove bottoms are less than 5 nm. TIte depth
of the gratings u sed in the  KC1 experiments ranges from 25 to SO u tn u s.  Af ter  pu - odutcing the
suurfa c ’e-r e l ief  grating,  t lue silicon umnder lying the Si 3N 4 and SiO , films was et c h ued awol v us iu -ug

ethylene dioun iine pyn-ocatechol in woster .5 The sanspie woms held in ot special fixt umre to as’oid o srm v
etchin g of thu s ’  front suurface. The KC1 was grown by flooding the Si02 grating with a soluntion of
KC1 in water and then blowing nitrogen gas over it to promote evaporation, su ipersatutroution ,

osnd crystal growth. Cry stoul orientation in the grosting area was stiscorrelated wit ls the blowing
directions.  flecasuse ounr SiO2/Si3N 4 subst r ates were ont ly oubo sut 200 nun thick , t luey could be
viesved in t ransmission b~’ electn’on microsc’opy using boths conventional ounsd ST EM systems.

The STEM permitted selected-area electron diff ract ion , although t h e  signal-to-noise t’ o i t io was

poo r .
The results shown in [- ‘ig. I V — !  indicate th t ou t the sun n ’face—re lief  grouting insfl u u ens ’es botht the

nucleation and the growth of the K(’l. Nucleation appean’s to occuu’ prefe n’entioullv ost vertical

steps, osn d subseqsuent growth is s’onstrained and aligned by the steps. Preferential nutcleoution

at naturally occuirr ing cleavage steps (uusuall y called “decon-ation ” (  has been observed fon’ many
s’ry sta l l ine  f i l m — s u b s t r a t e  combinations including Aum out NaCI ( R e f .  u s ) . Au out Lil” ( R e f .  7) , Ag

on Nom ( ’l (Re f .  8) , Sn on NaCt (Ref .  9), Ag on mica ,8 and Au on grap lsite ,10 and has been s’xp l a in t c s l

quali tat ivel y us ing  classical nucleation thteory ,  wi th  the assumnsption of isotropic sum i ’fa ce ts ’u i s t o n l n , ’

On tlte basis of tlsis simplified theory, one can expect decoration of art i ficisi llv c reosted s u t u ’ f , t s ’ s’-

relief steps on amorphou s substrates if the radius of cui rva t ut re  at the base of thus ’  step is sihs f f i -

ciently small compared to the size of t h ue c r i t ical  nucleu s, and if the contact ount g le of thse  deposit

is ‘~1OO ° . An extension of tite theory predicts that KC1 will decorate steps on Sifl ,.

The grat ing ’s orienting infhn ence on the KC1 growths s’ous he exp lained on t ite bossis tho u t
S I oriented growthu corresponds to os minin st im free energy configu ration . Witen growls out snt c - so thu

ansorphous sunbstrates , most alkali ls alides , inc l u ndi ng  KCI , form t ext mmr e sl  fi lns s wi ths  ( t O O )

planes parallel to the suubst rat e sunrface , t indis -omting  tha t  sun r fosce free c n en -gy  is n i lnun su t um for

o this part icular  texture , ()uu ’ surface-re l ief  g ra t ing  s’onssists of flat tops, h o s t groos-e h-sottontts ,

ound nearly vertical sidewalls, and thus a crystal  would itou ve  ou Isiglser free energy if it grout ’s
o misal igned relative to such om s t ruc ture  than if it grows ouhigned. ()tnu method of growing t h e

Nd by evaporation of os solu tion is far  Irons an equilibrisum process. However , t lu e K( ’I deposit

co
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was “osutnealed ’ after growth tuy ploss’iuug it ins a h tu i n t id  out t ssosp iuen -e fou’ os few n i iu i u u t e s  p t - i ou t o

ston-ouge ins ou dessicouton’. tIes - ,mus se of the isl ouut ds ’ sinsull size , w e fs’s’l tIt us omn stuealitsg w,is suuf t’i —

s ’ ienst to establisiu equnilib n u n  nit .

Mout ~’ poIse t ’vs - s to s l l im s c  ths in filnsss exhibit os textu i m’ s ’  whets  deposited ott snutooths sine u - p ( s s s s t s

t suub st u’ates sumc h th sat the most denusel packed planes am’ s ’  genuen ’oilly posu ’allel to thus ’  s s s l u s t  n - ,u t e

t surface .
1 Our  technique ussav be effes-t ivs ’ itt iu sd smcing ouzim unt h ia l  a l ig n u n suen t  us s u u c I n  couscs is

well.

Thus ’ above u’s ’su n lt s om u’e an exantp le of how thus ’  gross -thu o m m s u i  ou’i et u to st iouu of oui s oven ’ lotyc n’  s’ou ns he

nsous ipu lotted by ant au’t if i s’ ially created mis ’ t’ost ruu c tmm re ons a sumbst n -ate su i t ’  face.  Silts ’s’ the  spout i ,ul

period , symmetry, cross—sectional  prot’ile , autO ovet -all pattern consfigursstio n s 0! :s t ’ t u n t ~-u o s l lus t s ’ t ’O

s tructures  out -c  suubJe -t to one’s couttrol, oinsd Sllts’è nsoun v ouspects of ov eu’l omv eu’ gu ’owtht osu ss i on ’i et t —

tatiotu are ouffect ed by sun u fas’e St n ’utc tuu u ’e , mauui pst lat ion uts in u g  ouu ’tI fi  cios l nsicrost u u u s ’ tuu  l’s’s nt sav In ’

o of u-osthen’ general applicability and contnibuute to both t lss ’ t e chsnuo logy oun sd thus ’  bousis’ s5’u c uucs’  of

overlayet’ gn’owths. h’ n-es’isely h o w  gu’owt iu mi ght be ntos ui i pulatesl fon’ silty g ivc u i  o v c s I o s v e m ’

stnbstrate combinations will depend on t u e  geonseti’y of t h se  nts i~’ u’ost u ’uus ’t um PC , thus ’  nuet luo d o n nss l

s’onditions of the deposition, and th se detosiled nu ech omn isns s  of u su uc le a t iom u and g u - o w t h u .t ’

I I .  I. Smiths
I) . U .  h ” l ouut d e  ‘s

B. l-’.- \BhiICA ’l ’ION OF V l- I1’l’l( ’0 \L— Sl l ) E W.-\L ,L I’  \ ‘I ’ h ’ I - R N S
iN  G l A S S  F iLMS ( S N  GaAs SL~fi SThiAT E S

Reactive ion et cht in sg hsas been conibineci s~’ i t hu  plasma ets’ huiu i g  to p t’ Odmm s ’ ’  s s m b n u i s ’ l outs  i ’i s’t’ —

geometu -v patterns in glass films on GouAs stub st ro u tes .  l” iguur’ s ’ I V — 2  shuo ws thu s ’  f i ln s  s’onti ’i g su  u - o u t i o n u s

-i 
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CE R M E T YA SK S
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I!l:~- * 7 t 9 J _

PSG (15m) 
_,_~~ SiO~ tO.65m1

1” Sn N (c~O85mI
GaAs ~ GaAs

(0) (b i

Fig. IV — 2 .  Cross section of u1louss ‘CoiAts  f i l m s  to  tie pou t terusetl
by the combination of t’s’o mu ’t iv s ’  ion e t c h i n g  and p lom susson  ets ’hir tg
showinug cermet mask alread y etched.  (a )  is a l’SG Si 1N 4 f i lm
used as an ion—imp lantat ion mask osnd (h) is sun Si (5 2 t’il n ss t t t s s ’ s t  ;u~
a plat ing mask.

investigated: a phosphosilicate glass (h’SG )  Si 1 N 1 t’ilm siunilo i m’ to t lsose u sed oms om selective

ion—Implantation nsask ins thse fabrication of VETs I h” i g. I\ ’ — 2 ( o u ( 1 ;  ~mnt s l a ( ‘\‘I) Sit) , I ts - s ’,  st ss~I u is

those utseci as electroplating masks in thse fosbric ,utis uns of suubnsict’onsetet ’ Ss’t so t tk v—h i , un ’ u ’j en -  shues ies

I Fig. I V — 2  (b) 1. Pr eviouu sl y these fi lms w s’n’e etclus ’d uus in u g  su et s’hemis’oil or plossnion etchtiu ug t ech—

niqus’s. h owever, the undercu t t ing wlsichu os’cunn ’n ’es I slit n’inig thus ’ etchsing pros’s’ss s’,tiiss ’d slopuutg

sidewalls and os large variability ins pattern sizt ’ .

110th app lications mentioned above would benefit ~t u - s’ t t  I s- fu’ons steep—edged tr u t h s  oust ) 
~ u ’ t ’c iS( ’

dimensional cont rol. hie su ct ive ion etching h i t s  p r ev iom u s tv  beets mu ~ s’d to ,m~ h ti s ’ vs’ t l u esc  goals’ ins



TABLE V — i

RI AC I I \ - I  — I O N — I T C H h N C ~ PARA MET IR~

Rs ’tsso~v u (  R s st cu (A t ?5OIL

CHF~ Cr 2O3 
Cr 35

~~‘O~ r t s ’~~S 5 I t t ’ 0, 01 Ts~u-r Css’\~ 1

C~s~ F I~ s~ Ruts’ I ~ ~s’c sin , 1~~C 300

T u rqt ’t Pow er Li ss~ ~ 0 , 3 ~ c t ~~ s; o~ ~~~~~ ~~~

Si 3N4
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etching vert ical-sidewall  relief gu’ottings in Sit)2 (R efs . 3 and 131, bunt thue use of thsis techntiquie - -

alone to patterts f i lms on GaAs produ ces poor resun lt s .  When t h e  etchuinug peas-hues thus ’  g lass  f i ln su

GaAs inuterface , rapid etchuinug of tise GaAs suubstu ’at e os’c t in ’S  whu i c t s  t’endeu’s thus ’  su ib st u- out s ’ useless

for sunbseq tuent device fabric outiors .
In order to overcome the problent of slamage to the GaAs sumbst i ’sut e , the folloss inug issoslifica-

tions to a reactive-ion-etching procedure alone us -eu- c incorporosted iuu t o oumi process. A f t c ’n ’ thss’

depositions of thue glass films, the san sples are overcoated with om 1500- to 2000-A f i lm of ouns

Rl”— sputt s ’r ed cermet (7O ”~- Cu’ ,() ~ 3O~ Cr ) ut -h ic hu ous -t s as thus ’ rc ous ’ t i ve — ion— e tch t i u t g  mask (shots -ut
in F’ig. l\ ’ -Z ) .  Thus ’ desired pattern is theis defined in phsotoi’esist ausd thss’ cerms’t  fi lu tu is pa t—
tertued with a commercial chromium s’tcht, Aftet’ stripp ing thus’ photoresist , thus’ PSG or Sit) , is

reactively ion etched uitt il approxiitt atelv 1000 A of the PSG or SiO, r s’uutains s, titus avoidiu u g os us ~

4 damage to the GaAs. The reactive-ion-etching parameters and thus ’ measured etch rates O t t ’ s ’

shown in Table IV-!.
Figuire IV-  3 shows a l’SG /Si 3N 4 sanuple in which the remaining USG layer tro t s  u’ensou’ed liv

spraying buffe red hydrofluioric acid. The Si 1N 4. because of its low etch rate in buf fe red  I l l ” ,

was not etched appreciably. Although the sidewalls produuced by the reactive ion e tch ing  re uu to u in
vertical, t h e  chemical etchsiusg necessary to completely remove tite PSG hoss s- ’auused significaust
lateral etching. This n’estult, though nuot completely uusderstood . is typical of chseun is ’oullv etciued
PSG lay ers.  Figure IV-4 sluows resunits obtained frons the sant e w afe t’ and d i f fers  olsl\’ itt t hu ost
the t ’emaininug PSG louver  was removed b~ plasnsa etchiutg. In t luis case both vert icoul  sidewoull s
and negligible tunderc u i t t in ug weu’e obt ained. Plasma-etching pou n ans eters togethset- ut -it lu n-emos -os l
rates are shsow n in Table I\’ -2. Similar results hsave been obtainued wi t h  th u e SiO , out (3ouA s cots-
fi guratiouss of Fig. IV -2(b ) .

TABLE h V— 2

PLASMA-ETCHING PARAMETERS

Removal Rates (A min T 
—

Equipment IPC Model 1001B Cr 203/Cr 12

Gas DE 100 (CF4 + 5% 
~~~ 

GaAs Neg li g ible

Gas Pressure 0.3 Toir PSG 83

Ituput Power 1 W Si 3N4 50

Chamber Volume 0.75 liter S0 2

Its addition to produncin g a favorable etchsed-wall geonsett’y, the combinsation of reactis-e ion

~~ etching and plasma etching is also capable of precisely defius in g very t it i ek pyn-ol ytic gloiss losv s ’r s ’,
For example, os t50 0— A -t i s l ck  layer of cermet can be used ou ts on mask to reactively ions et chu sup to
1.5 ~m of PSG. This cermet ths lckusess is sufficiently thins to allow high resolution patterning.
Present work in thul s area centers abount applying th u is  technique to other glouss systenss . ousd
determining more carefu lly its limitations ,

G. s. Lincoln C. 1~. llattsell
H. .1. Reinhard P. J. Daniels
3. J. Lambert H. A. Munrp hy
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V. St’ R l ” A C E - W A \ ’ E T E C I - I N O L O G Y

A. SURFACE -ACOUSTIC- WAVE PROPE RTfE S OF FRESNOITE

F’resnoite (Ba 2 SI 7TiO8) is a new piezoelectric crystal with  a noncentrosymmetr ic  tetragona]
structure, P4bnu . Growth of s ingle erystals~ ’2 several centimeters long and measurements of

thus ’ complete elastic, piczoelectric, and dielectric constants3 have been reported. We luave cal-
culated and nseasured surface-acoustic-wave (SAW) properties for several cuts of fresnoite and
have observed efficient coupling for the z -cu t , x- or y-propagating wave.

Tlue SAW properties of fresnoite were calculated by solving tise coupled electromagnetic and
acoustic-wave equations subject to the appropriate boundary conditions , using a previously de-

4 . .. 3veloped computer program and values of the material constants nseasured by Kimura. The
results are shsown in Fig. \‘ -4 for eight standard cuts. Due to the symnsetry of the fresnoite

~~~~~~~~~~~ I4S t s t I t

_

_ _-

J
~~~ 29OO

I :~~ - 

~~~~~ 
4 5 O ~~~~~~~~~~~~~~~~~~~~~ 45 :0 

9 1

t ax. x e v a x  t a x  x e i ’ ax

L BOuLE CYL INOEN Cu r BOUL ( CUT

~ TENPERATU#t COEFFIC IENT OF D E LA Y

Fig. V - I .  Calculated (curves)  atsd meastured (points) SAW proper t ie s  of I’rcsusoite.
The power flow ausg ls’ is in degrees. Thus ’ un sua l oriento st iotu consve uutio tu is used (set ’
Ref .  6). Axis cuts refer to surfaces  cu nt no rmal  to t l t t ’  x or z c ru stosl o m x i s .  ‘l’iue
propagation direction is rotated between the other two axes , e.g. , fot - x cut, 0’ s’o r-

I~~I responds to s pu opagating and 90 to / propagating. l”or thus ’ x -axis  bounle the di-
rection of SAW propagation is fixed along x but thte nuornusal to thus ’ suurface rotates
from z to v. For the x-axis  cy linder the x axis is always ins the plane of this ’ suir-
face and uto rnual  to the direction of propagation , wh uile thus ’ sunrf ace  non’u u ta l u’ o h ou t s ’s
from y to .~ .
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lat t ice , all the x- and y-type orientations are equivalent, A shear-type SAW (Bleustein -Gulyaev
wave) is found to ex i s t  for the x and y cuts at 0’, in agreenucnt w i th  K inuu ra n s calculation,3

T ’,Icasurenuents were taken on delay lines fabricated on z-cut and out x-cut polished surfa,o’s’s
of fresnoite, Tiue specimens were cut from water-white crystals grown Iron-n thus ’ melt  1w the
(‘zocitraiski nsethod in a.u oxygent atmospisere. Af te r  the crystals had been cooled to room tern-
peu’ature in the growtiu furnac e, tluey were tn’ansferre d to a muff l e fun’nacc , annealed at I 3 5 0 - C
for t O  iuours to nets-j ove strains, and t iuctu slowly cooled to room temperature, Th u s ’  i n terd ig i t a ]
t raussducers used luad N 8-1/2 finger pairs and a period of = 10.2 Ion s, The aperture or
width  of the as’oustic beans was 1.02 mm (100 ~~~). T h e  lengths of the delay lines v,et’e 4 .O t .s and
5.08 mm . Thus’ metal film of the transducers was formed by a deposition of 1 00 ;~ chromium .

and followed by 2000 A aluminum ,

This ’ sunrface-wav e parameters of tlue c rystals were deternuined buy measuring thus ’ pu ’operties
of the delay lines and of the individual transducers. The velocity of the surface wave could be

deduced front t h e  center  fn’equency of the passband of thus’ delay line, frorui tiue delay measured

on an oscilloscope, or, most accurately, from a measurement of t h e  piuase response over h ue
passband. Thus ’ temperature dependence of delay was assun’-ed to be linear , and thus ’  coeffb-icn-it

was dete rmined by measuring the phase response at 25.!’ and at 59.8°C.
For thue z-cut , x-propagating surface wave, the coupling coeff ic ient  k~ was determined from

a combination of three measurements: the real part of the tussed transducer inupedanc e at n cs-
onaxsce, the static capacitance of t u e  t ransducer finugers , and thus ’ insert ions loss of t h e  delay l in us ’
-with unturned transducers. In the slru sple series equivalent c i rcu i t  of thus ’ t ransducer,5 the acouistis ’
resistance is R a 4k 2

N/~
wc T, where 1T is ti s~-’ total  capacitance of th u s ’ t ransdu - t ’t ’ fi ngen’s, In

addition , the equivalent ohmi c resistance of thus ’ f ingers  R~ and the  resislanu’e of h is s ’ tut uiu sg in—
d u - t o r  R1 (if i t  is used) appear in series wit b u Front thus ’ nucasuured sh eet resistance of the
metal f ilm , 0.16 Il/square, R~ is estimated to be 7.5 Il , and H 1 at 260 ? s l h l z  is estinsated fronts

the Q of thus ’ induc tor to be 18.5 11. Front thus ’ impedance plot of a series indun eto r - tuned  trans-
ducer (Fig. V — 2 ( a ) l  R a + R 1 + R~ = 100 Il , so Ha = 74 ± (s I] at resonance ~~~~~~~ 1 \ lhhz ) .  This ’ ‘.- a—
pacitance t T was found by using a bridge at I M h z  to measure tiss’ -apacitance of the corsusector
alone and then the connector and transducen - togetluer . Thu s ’ result was t- T = 1.15 * 0.25 pF’. The
capacitance of this’ transducer pads uvas es t imated to be less titan 0.1 1)1” and us-as u i- u h eeled .  ‘I lts ’

insert ion loss of the untuned delay line was 28 d13 [ l - ’i g . V- 2 ( b ) I  or 14 dTl /hr ansduus ’s’r, as sumiutg
negligible propagation and d i f f rac t ion  loss. Tisus , 10 log T 14 dli , ausd h it’ expression for this ’

transdus-er conversion loss, T - 2[(R 0 + Ra + H 11
) 2 

+ N4~j ‘2 t l R , can be used to  det erns ine
— Here R0 SO I: and N T 

- i The coupling coeff icient  can be det ermined front any ~ a i u -  of
the thins’s’ nseasured quantit ies , R a~ 

t ’
T’ and ‘r. Thu s ’ value is fotund to  be k 2 0.O l u -  ± 0,00 1.

All three waYs of calculating k2 yi -ld values well withuin thus’ error linsits.

All the nueasured SAW properties are seen to be in agreement wi th  h u e  s’alculated resul ts
(Fig. V - I ) .  They are compared with the properties of standard cuts of l i t i u i u m  niobate and h i i s n s u u t h t
germanium oxide (BGO) in Table V - I  (see Ref. 6).

Thue shear, or at least non-Rayleigh, character of the x-eut , y-propagating surface wave
Is partly confirmed by the following observation: surface flInts such as condensed water vapor

or vacuum grease, which  are lauown to be strong at tenuuators  of Rayleig h waves, reduced the
signal In the  z-cut , x-propagxsting and x-cut , z-pr’opagating delay lint ’s by nson’ e than  40 di l , but
the same films on the x-cut , y-propzugnting delay lint ’ prsudsict ’d only a few decibels u t ’duction in
signal.
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10’ ressuoite pronu ise s  to h i t ’ a useful  SAW substrate material,  The coup ling coefficient for

the z’-cut , sc-propagating wave is comparable tø that of BGO and is calculated to be about 10 per-

cen t higher yet for the x-axis  houle cut at 45° , while the velocity is intermediate between that

of BCO and LiNbO 3. Thus ’ dielectric constan t 1’3 is a factor of 2 to 3 lower than for the other

two substrates. Therefore fresnoite may prove to be usefu l as a substrate for the silicon air-

gap type SAW convolvers. In fact , prel iminary calculations indicate tisat ti -n e convolver eff iciency

M is S to i dli higher wi th  f resruoi te  than wi th  I ,iNb O3 too- ti -ne sam e convolution t ime and operat-

ing frequency. J. Melngailis T .B .  Reed
J. F. Vetel in o t H. E. Fahey
A. ,lhunjhunwa]a t F , Stern

Ii. A N A L Y SIS OF I~ROPAGAT1ON \1O1)l- 5 TN CONVOLVERS

Measurements  of acoustic-wav e propagation in gap-coupled acoustoelectric convolvers 7

which enuplov rail support structures
8 sisow dis t inct ive beating phenomena between two acoust ic

modes. These pluenomena have been analyzed and measured for a silicon supen’strate supported

above a I iN bO~ substra te. Optical-probe measurements of acoustic-beam profiles in such

s t ruc tures  si-now that the acoust ic  field repeats spatially in a periodic fasiuion (Fig .\ ’ - 3).  The

profi les  at SO t  and t 11 2  Raleigh wavelengt ius (A R ) show fairly wel l - formed nulls  at the rail posi-

tions , wh i l e  Ib i s ’ profiles at 569 and 695 X li 
show a more uniform power d is t r ibut ion  across the

bean-s. TIse spatial periodicit y of th is pattern dowr the lengths of the propagation paths is tb - se beat

lengths 
~‘B~ 

between modes of the s tructure.  The beating between two or more modes causes a

ri pple in flue frequency response of th ue acoustic delay line fo rmed by placing an acoustic trans-

ducer at each-n end of the s tructure.  Beat length s of 1 37 X~~ i-nav e been obtained from both optical-

probe and frequency- response data on a convolver having 6 .5-1im-wide support rails on 100-1sm

centers,
T h e  rail support s t ructure  has been nuode led as a periodical ly loaded transmissious line. Th-te

rails appear as discrete elements in thu e t ransnu iss ion-line  model , which  is jus t i f i ed  because

t iu eir  width  (~~0.5 x~
) is small con-spared w i t h  ti -se t ransverse wavelengt iu. The nuodel predicts

t h e  traction of reflected acoustic power 2 as a funct ion of rail uu ’idt h and the angle of inci-

dence 0 (Fi g. \ -4) . As expected , S11 I increases w i thu  angle of incidence and approaches uni ty

at grazing incidence (0
The st iffness of the silicon superstrate is p r imar i l y  responsible for the scattering of Ray le igh

waves. For exam ple, by le t t ing the superstrate become i,t f inite ly  s t i f f  (curve I of 11g. V - 4 )  thus ’

reflection increases. On the otlser hsan d , removal of thus ’ superstrate (curve 5), leads to a dra-

mat i c  des’rease In tise r e f l ec t i v i t y .  Thus ’ residual effect  is due to thue presence of thus ’ ra i l s  alone.

The ef fec t  of the suuper s t r a t e  is to deaden thus ’  surface s’ibrat ioti.  This effect  is enhanced 1w a

wider  rail  as evident in c u n r ’ v t s 2 , 1, and 4, wluere thi s ’  width  is changed front 11 to 4 and tluen to

2 ~~~ Although not sisown ins l” ig .  V - I , the phsase of the reflected w a ve  generally decreases along

wi th  a decrease in the m a g n i t u d e  of thu s ’  reflection. Ant exception is th se  case of no superstrate.

Each rail appears as two— port jun ct ion in the t r ansmiss ion - l ine  model. For a symnu et r i c

s t ruc tu re , the ins’iden t -wave  ampl i tudes  (a 1 and a2 ) and scat tered-wave an’t pl i tudes (h 1 and h ,)

are related h ij ’ a sca t t e r ing  m a t r i x  S (Ref .  ~~~

t I)a ’partn u c’nt of Eles’ tr iu’a l  Engineer ing ,  U n iv er ~ i t v  of Maine.
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TABLE V— 2
THEORETICAL WAVEGUIDE DATA FOR AN ARRAY OF SUPPORT RAILS

No. 1 No. 5
Roil Support Fundamenta l Mode 

- 
Hi gher—Order Mode Interaction

Width (pm) Spacing (1im) ~1d IS 1 ~I2 ~5d IS~~I 2 LB (A R) M (dB)

4 363 3.09 0.99 9.27 0.99 1119 1.9

6.5 100 3.06 0.99 9.18 0.98 86 1.9
4 100 2.96 0.99 8.89 0.92 92 1.8
2 100 2 ,84 0.98 8.56 0.82 99 1.6
2 30 2.35 0.84 7.47 0.28 11 0.7

XR = 11 pm
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. ( V — t i

The torn-s of Eq. (\- ‘ — I )  is consistent wi th  reciprocity aitd “t i snue t  rv .  A l so , eotergv coot servat iont

inuposes the condition

I S~~ I + 15 12 1 2 
= I . ( V - c )

V~ iths a periodically loaded s t ruc tu re  sits - hi as the suppor t  t’ails si tu  ant  a~’osss t  is d t ’t av lint’ , thue

wav e  at ,j unetion (n -f I can clit’fer from tits’ \~ave at 3smction nu by at isuo st a ph ia ss ’ de l ay  ( Nd ) .
whuer e d is the sp aci lug betws’t ’n adja ct ’tut t’ails.

An eigenvalue equation ,

~ 
j~1~ d

cs’s Nd = ~
-
~~~

‘-—
~ 5’ + (Si,  — Sj 1 ) t ’ ( V -  I i

for K was obtained with -n 
~~ 

being the transverse pt’opagation constant of thu s ’ i t1’ acoustic nsods’.
t

Solution of Eq. ( V - I )  tot’ a typ ical periodic s t ru c tu re  yields a dispersion diagrani as slsown
in F(g .V-S . It shows “bands ” of alternating even and odd sym m e t ry  as exhibi ted  by t l ue mode
pattc ru at thu s ’ Hri l loui nu ~otst ’ s enu t s t ’ (K 0) and s’s1~~s’ (K ii - dl . ‘l’hi& ’ ss’ two I xui nut  s a t’s’ of pa r t i s ’ssla t

interest to us because we accept as modes only titose solut ionss which h ave vanish ing group  vs ’ lo& ’-

i t v .  W it lu  a uniform excitation of thus’ periodic rail s t r u c t u r e, w e expes’ t front svnu sns tt ’t n- v t i t at  the
acoustic wave  is the .supeu ’position of standing waves its thu s ’  t ransverse direct ion.  Fur thserm ore ,
because of thue assumed un i fornu t ransducer  input , only synitt ietr ic  istodes sud s as modes I ansd

S could be excited. \Ve will refe r to thuese modes as t lue fundamental  nsode (No. 1) and thss ’ huigher-

order mode (No. 5). Thuese two modes are most strongly excited and thus ’ heating between thuenu

gives rise to thus ’ observed spatial and frequency ripples.
A summary of the data obtained from tise theoretical model is given in Table \‘-2.  As the

widtht  of the rails  is reduced, t h e  magnitude 1S 11
12 and thus’ phase of th us’ reflected power are

reduced. Thu s allows thue fundamental mode . sketched in Fig. V — e , to spread out nuoi’e uni f on’r n ulv

across the acoustic bean-s path. thence , withs  a lower ref lect ivi ty , more of t ite acoustic energy

CI + I i I -

Fig. V—n . Mode profile for a n. 5—sm

j  

rail structure with I00-#ns spacing. ~ 
~
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from l I t . ’ ui t i forni  t r ansducer  wi l l  be coup ls’d Into thue fundanuental  inuode I and less into the f i r s t

I I I L’hI  .‘i ’ - - - ’ : , . .-  S n t l n s l t ’ t n ’ i s  mod e S~ Therefore , this ’ ampl i tude  ripple ( M )  due to tise beating phe—

nonuena hus ’t wt ’ct i  modes I and 5 wil l  also des-rease.
(‘l.-a i - Iv ~ dispersion is reduced as ti -se width , and hence re f l ec t iv i ty , of the rails is reduced.

h u t  th s’or’. ’I i ~- a l  t t t od s ’h h i t ’ e t l ~s t , s a beat lengths L 14 of $t A
R 

and as s a tuu p h i t s t dc  n ipple of l . t ’ dli for

a s t r u c t u re  h i a v t s s ~ ~ - . S— ~i n s — w i d s ’  suppor t  ,‘ails on I OO — fr ni s ’ ,- n s t e t ’ s, hI s~~t is ’n igt lus  of 1 17 A 11 and

an ansp l ttude  ripp le as bai ’gs-  as 3 iltl h ua v e  been expt’r i o t u ent a l l y observed wi th  s izu t i la s ’  si l icon

su1ip s u s ’ t s .  Evident ly,  the re f lect iv i ty  of th se loaded rails is somewh at less thuan thue theoret ical

model predicts  and . luence , observed beat lengtiss are longer titan predicted.

A I-n ’ai l  support s t ruc ture  is being used in thu s ’ current  acoustoelectric convolvers. The 
—

rails are about 4 tm wide and are located on t ( i 8-itm cents’ n’s. This ’ tiseoretical model predicts

thuat  ~ ~ 
equals 1 h 1 ~

) A 11 anni M is I . ‘I dl3n u . Exper inuei tta l  evident ’s’ i n s d i s ’ats ’s values of 1800 A 11
for l.~~ a n d M ~ 1. S sill .  It  appears thuat more of thi s ’ acoustit -  energy is t ra tus f s ’r rs ’d  ituto thue

t’un s lats it- i ut al  nu ods ’ than is indicated by the theoretical  xuuo del and , tkueretor e , the magni tude of

\h , which  depends on thus ’ proportion of energy in the h-sigher-order modes, is reduced. In addi-

tion to providi tug quant i ta t ive  est imates of mode shapes, beat length and ripple, the theoretical

model has y ielded v e ry  useful in ssigluts into ti -se moding phsenomena and the use of rail supports.

K.l.. Wangt
S. A. Reible
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