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ABSTRACT

Work during the first quarter was concerned largely with consid-
‘erativ. ~f some of the basic problems ussociacted with a stimulared
" emission intensifier, Primary attention was given to the problem of
the generation of background light caused by spontaneous- emission
Cand i:;‘s .ﬁ:pliiirar.ion in pavsing c!:zwéls the intensifier. Because of
the higﬁ fluorescence level occusring, schemes for pessibly lowering
{ this b:lckgr;'!:r.d were considered, One of these involves the irnccrpora-
tion of a2 non=unifcrs pmnpi.'ug inrensity or the incorperation of 2 non-
uniform density of luminescent states along the amplifier axis. Another
sossibility considered is the use of an auxiliary absorbing medium
placed petween the intensifier cutput aud che obscrver's eye, which
would be opgically non-linesr iu such 2 way that its light tran#nis-
sion is bow below 3 spevified Light level, but hagh abuve this thres-
hald. The factors concerned with the choice of a maturial for the
anplifier {tsclf were separately considered, and the problem of
obtaining uniforn puniping in the case oI an wptically-puaped awplifier

. . . i
was-slse cunsidered. Te study the problems wlich might arise because

agur detericraticn in passing through 3 stim:zlatedeemissicon inten-
sifier. preliminary experimental tests were {nitiated. In'viewé of

the ditfienlt problems antic i‘patzd ia the development f an intensi-
fier based vn rzimelated emission, an analysis has also been initiated
v another setaible forn of intensificr which may have greater buand-

width ad Lower rlmoeesocence backiaroond characteristics,
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i. INTRODUCTLUN

In accordance with the roguirements of the contract che purpose
of the folloving work prugram is Cw investigate i(hic feasibility of a
low=tevel image amplifier employing “stimulated emission.” Although
a variety of vacuum and selid-state types of inage intensifiers have
been Jdevelnped over the past number of years, such devices all involwe
some furm of conversion yrncess such as from optical to electrical
enerpgy or vice versal In ctherwords  although an intensified patrern:
of bright and dazk Ateas Ls gemerated at the output of the intensitiex
tie observer views the oafput Izage as an optical source originating
at the cutput surface of the intensifier., Since it is aecessary witt
such intensificrs T opiically ivage the extornal scone onto the input
surface of the intensifler, the depth of focus of the input image is

Cerated by othe optics exployed. Al

LR yeme denres depth per-
cert b can be achieved witle o Pizcconlar srranpeneny ot fntensifiers,
iroorder for the cbaetter o Sxlly soam the scene in depeh it is

Aecessary Loovary rhe ingel ortical fecusing,

In the propesed schetw te be Zxvestigated, the approach is te
abtain intensiticativn withuut the formation . a2 veal optical image
noun absorbing surface. Eestewi. che andividual light rays are co
o intensiiicd Ly a prucess sueh as slimnluted emission., The inten-
sifiet would thus consist, for esample, of a block of material through
whivh the olserver wosld viom Che exteraal scene as he would in the
sbuenve or the imtensitier, focasimg and dirccting bis eyes as he
Ciose on soeme detuils ot different distances, bul sccing the scene

i omach brivhter form,

== L
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Among the many rreblems which emerge in comsidering such an
intensifier are those concerned with the very high fluerescence back-
ground of & stimulated emission amplifier, its inbezrently marrow
bandwidth, the pumping power riquired, the difficulcy of providing
wuniform pumping and limitarions on the angle of wiew. Some of these

problens are discussed in the following seczioms.

19901 <



2 NUISID AND FLUORESCENCE PROBLEMS

2.1 Basic Noise Procvasus

Porhaps the most fundamental problem assoclated with the
development of a stimulative-emission Imag.: inteasifier is th. occur-
rencs of gpontancous random photon emission which produces a noise of
fluorescent background throughout the body ot the amplifier. This
emission is also amplificd by the lascr medium, and as shown below,
requires a velatively high input signal 1f it is to be observed above
tluercseeat vutput, In the discussion below two somcwhat different
appronches are taken on the problem of ¢stimating the noise, both of
these approaches, bowever, leading to approximatcly the same magni-
tude of nols.,

1n one approach a small filament of active material is con-
sldered ( see Flg, 1), Tt I8 assumed that thiz 1ilameat {8 o0 the
order of the wavelength - of the input signal light, {.,e¢., {t iz pro-
pageting - acrgy {n its fundamental mode only., The {ncrease f(n signal
dPs. resulting from traversing a leongth dx of this filament is:

dPll = J(N2 - N]) P’dx(wntts/cps) (3.1)

vhere J 18 a constant proportional to B, the covfficlent of stimuiat-

vd vmission and N2 and NI are the populat ions ot thde upper and lower

slates rospectively, The {ncreasco (o noise power, dPn. {s pivea by
dPn - J(N2 - Nl) P“dx + KN dx(watts/cps) (3.2)

where K s a constant proportional to A, the coeffiefont of spontan-

~ous cmission,

The constant K may be - valuated ™ notlng that in thermal

3990~Q~1 3
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equilibriva d?n = 0 so thar

A -d P + KN =@ 3.3
M0 = %10 Fao 20 : !
where NIO and N20 are the thermal equilibrium values of Nl and Nz.

N, .
Thus K =J-10 - 1jp (3.4)
Yo ) ' .

In thermal equilibrium the ratio 10 s given by the Boltz-
mann factor eh'.'lk’l' while the noise power in 20 4 single cagree of
freedom of tise system at temperature T is h\./(ehv,kr-l) so that

K = Jh ' (3.5)

- Substituting this valuc into Eq. (3.2) gives
= x - ' + N, d ' .
dPn J( 2 11) Pndx Jh ‘JZ x (3.6)

Tategrating (1) for a filament of leagth L gives

P (out) A )
SIS R T (3.7
p_ (in)
>
wherz G is the power gain.
“Integrating Eq. (3.6) gives -
- 5
P (out) = GP_ (in) + (G-1) hv { —L . (3.8)
a a . . !
l\z - l\.yv

This oxpression shows the output noise to consist of two

componaats:

1. An amplificd versicn of the .nput roise GPn(in) and

\

. . N '

2. The iaternally geaerated noise (G-1) ho|{_2_ -

v, - X

_ , 2~ Y

In a high gain(G~ 1) lascr which is pumped so that N2>>Nl the

internally geacrated noise referred to the iaput is b watts/cps.
Since vach phliotea has an eaeryy of hy, this noise power correspuads

to an average phoron flux of one per second.
o

2990-Q-1 5
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This computation has buen cdrried out for a single: degree
ot freedom of the system corresponding to a wave guide or an optical
{ibre operated in its fundameatal mode, so that this ncise power is
emitted toom an area of about (./2) cmz. Therefore, the average
vquivaleat input reice parer per unit area is given approximately

by . : <

R .
P (equiv)™ Ay 5 = ﬁ-‘r (vact/cps/omD) (3.9)
(:12) ¢

Comparing this intzasity of radiation wich the ewissioa fraw a black

bodyv,

3
2rhy " BT
—_— (e -

5 €3.10)

-1 ‘ [ AN
1) (watt/cps/em™)

[
shows that the two are approximately equal aen
= kT R
= h-/k
4
= 1,5 X 10/

»

wr

where * is measured in microns. For a laser operatieg im cixe visible
(= 0.6 micron) the noisc cquivaleut black dodv temperature would
be 2.5 X 104'1(. In other words., if 2 laser mplifier were wsed to
view a black buody, tha temderzture of that bodw would kave: ca be
2.5 X lJ!‘°K in order fo achicve unit sig:.ul to oaise ratiov.

The noise equivai=nt input power from Eg. (3.9) womlkd be
1.9 X xo'w watts/cmz/cps. For a laser baadwidth: of 2.4 Z\"Ciiiu cps
( a measured value for Eu3+ in Y203‘) the power degsity woull be
47 wa'.'.s/’::.z. Thus for an object vicwed threugh this Type af laser
to appear as bright as the background emissiok, Ic au.l:tkzve to

2 N
radiate 80 watts/cm™ within the pasthand of the device.

Another approach for estimating the backerowmd arises is as

follows: Consider a distant object being imaged by the eye through

39%0-Q-1 [
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Cd olouk wf tihe uplxin.ug substance. The eye will sac an image ¢

’ amphhed brightaess

'
AL af : <
L B, =B ¢ ‘ ) (3.1

where - B, is the unamplified object brightness

& is the amplification coefficieat of the substaacc

i is the optical pach length through the substaace.

I‘l'e ampluxcar.xon coefficieat ¢ may be related to the

- coeffl.cxcnt. ol spon:aneuus emissio: B as follows: The rate at which

stimulated erission takes place in the amplifving substance is given
bv the _fomula'

dn
2 o ¢ - 1 i
RIS -3 (3.12)
e’ i
where -U =-density of radiation ( ]oule/cm )

B = probability pzr uait Ci.m: that an actom will be
stimulated to emit 3 pheton by the presence of unic

radiacion deasity

.\'2 and Nl = the populations of the upper and lowar states respectively.

Ina a slice of khickness dx the iacr2ase in power, dP, due to
stimulated emission for a wave front :zraveling along the x directiom is

siven by
. ,
dp = he FZ & ( watrs/em®) (3.13)

where b is the photon enzcgy.
éx
N . - 2 .
Substitutiny for —=— gives
514

\
- .\Il')dx (watts/em™ ) (3.14)

However, the cxcited atoms in the amplifving substaance will

- --algo emit phozuﬁs of feequency v spoatanvously with a probability A

3990-¢-1-. - 7 .



S

pet uail time, aad a uzit volume of the material will radiate ao

amount of power P given by

- DV AN

Pv v : (uu:lster.-cul) (3.15)

The power per steradian radiated through one face of the
amplifying slab is fouad by integrating the power emitted by the
volume <lement dv muelciplied by the gain due to the path leangth.

H=nce the brightness Bs due to spontaneous emissioa is given by

i

Bs - r epdv -i (e";-l;), . (wac:/stez.-anzl (3.16)
X : : .

The necessary unamplified -object brightoess. Bo ulitich will vield an

image of brightness Ba just equal to the backggonnd brightaess Bs

due to spontaneous emission is found by setting Ba - Bs giviag

N . - N ’
B, .‘5 e =1 - (uatc/s:et_-cnz) (3.i7)

1t the yaia ¢ ~-1 thea che brightaess Bo is givea by

A N,
< &

~B N - N. (watt/stet.-cmz) (3.18)

L]

~

From fundamcntal considerazioas (Ref. 8) it can be showa that

A gn 33

so that
3 hY
B = -Zh—z— —2 (uatt.sls:er.—cnz-cps) (3.19)
MR AT ,

1a an efficientliv pump-:d, three-level syvstem, it should be poss-ible

2')*!( l) S0

approaches unity. The formula for the

to attain aearly complete popuiation i{aversion, (i.e. N

¥y
that the ratio «—

2 ¥

3994)-Q-1 . 8




ey

required brightaezss, BJ, then becomes

Bo - Zhrx/cz (uaccs]ster.-cmz—cps) (3.20)

If the device is to operate in the visible where . =-¢/v = .6 micron,
then the required scene brightcess is given by:

10

: - z
Bu = 1.8 X 10 (watts/ster.-cm ~cps)

R 11
1f the bandwidth of the amplifier is 2.4 X 10 cos ( the measured

. . 3+ . - :
-value for the fluorescence of the ru lavel in vttrium oxide) the

caiculatzd value of scene brighteess to produce unity signal-to-

c o as 2 )
backgrouad racio is 43 warts/ster. -cm . Assuming a Lambercian

distribetion of radiation, the power radiated per square centimeter

3

would be ~ X 24 wacts/cm .

2.2 Effects of Noa-iUciiorm Dopiag or Pumping

The resules deduced in Sectiva 3.1 for the fluorescence or
noise output were ror an amplifier with uniform gain per unit lenygth.
A guestivw which arises is, whether an improvement in signal-to-noise
ratio could be made oy varving the zain per unit leagth in an appro-

priate maaner. A possible zt:angemedt is suggested by analogv with

. a low noise, Tow gain preamplifier ahead of a high gain amplifier in

more conventional vacuum tupe circuits. in a stimulated-emission
ampliffer variation in the gain per unit tengeh may be achisved bv
variation of the density .\?2 of excired states. This may be accom-
plished cither by variation of the impurity dopirg or by viriat ioa
of the inceasity of pumpiog. The deasity of excited states, in ven-
vral, is proportional to the product of active impurity deasity and

the pumping intcas iy,

Consider a four-level, stimulated emission amplifier in
which th demsizy of atoms in the upper level of the laser transition

is .\!2 (x). whore x is distance from the iaput eoad of the amplificr.

3990-Q~1 9



The deasity, N (x). of the terminal Iaser szz:eum bemd
neviigible since this produces the highest gaia aad the im rxcu.se.
The overall gain of the amplifier for a photou. s::ar:.ng lt.pu'u;: x ’

and travelmg in the x direction

UNIT AREA —=

L.

€3.21)

- X

g(x) = cxp(' .x(x')dx'}
}

witere :(x) is the absurption or emis:zion comstaar fur 1= Craansitioa

anc 1..) ciraeT L_v proportional to N (‘d since .’1 is megligifile. Thus
= Klﬁ wher? Kk’ is a coustanc c.haractenscu: af the comsirioa.

1f (x) is the absorption coefficient, K, is pegative. me_ wwerall gain,

G. ¢f tne amplificr may be wriften as

L
. - ‘ ' .
Go= g(L) = exp. w(x }dx ] €3.22)
1] ' R -
Likewise 2ote g{d) = 1 since both limits of the iatch:z.];z:a;:iﬁkm:ical

The noise. or fluoresceat power. urigiaz:j:ng iz ad elemental
vslume, dx, IS given simply bv K (x)dx where ‘2 is m:ﬁe: comstaat.

The f{luorescent power. dn, at :L'_ e-nd. L. which originetcs ar éx bul

Cia amplificd through the medium, is given by

da(x') = K, (x YE(x)dx', | - A'(}.23}

3990-Q-1 ) 10




-

and the total neise ar the output end due to fluorescence all aloig

the material is the sum of all elemental volumes.

i
= E . + ’ .24
n i KZNZ (x')g(x")dx (3.24)
b
Substituting «(x) = KLNZ(x), this equation becomes
Kz .
(3.295)

@ TR ) et

raring this 5_\' parts using (x}dx as the differeatial, using

integ

Eq-(3.21; and the kaown integra?.'

-

glngdg-g Ing - g (3.26)
o becomes,
K L
daac, (.20
kl 0
Using EQ.(3.22) this becomes
Ky (3.28)
o G-1

-
s

For any giver laser transition frequeacy, the ratio I(l/)(2
iy fixed by the ratie of Elusicin A and B coefficients, Thus we say
that the overall gala {in excess of trivial unity gaia) is propor-
tional to the overall oois. and is quize inazpendent of the form of
waliu function ur the deasity of excited atoms. For the case where
the deasity ot the terminal states is aof zerg or neglib'ble, but

B but the noisz re-

X.,¥,, the gata bs reciced bv a factor N
21 NZ

mains as high,

3990-Q-1 1L
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K,
Therefore G-1 < —— n.

K
2
In both cases the necessary sigaal strzagth to overcome the noise is

as high or higher than was shown ia Section J.l.
e

2.3 Fluorescence Rzduction by Use of Threshold Material

Since one of the great difficulties ia image amplification
is reducing the background light from f%uorescent, radiacion, con-
siderativn has been given to methods for reducing thz backgrouad light
selrctively, i.e., without reducisg the image ouczput sigsal. This
could be done bv fiading a material which is saturable, f.e., which has

3 aonlinear characteristic: such as shown by the solid lime io Fig. 2,

Whea the input light int:ensify LS below some chreshold very
litTle image contrast can be obtaiacd if the image level is small
comparcd to the fluorescence level. If the threshold is chosen so
tnat it cquals the backyround fluurescent ‘intensicy, the amplificd
Sivaat which radiates on topeof this background will have much higher
coatrast.  Thas material would be placed between the amplifter and
tiie observer's eve. o

A possihle threshold material tor this purpasc is one whose
absorption is from the ground staty to an ;¢xc'u:ed state zad whose
rolaxation from this excited state is --itﬁor'h; radiationless’ deﬁay
or 3 very fast [luorvscent decay rime, through an intermediate state.
For tie threshold material it is accessary to provide a material with
th2 same separation of c¢neryy leveis, the tecminal state beiag the
wround state. The averall operation of this material would be as
tuilows: Light which falls oa this material excites its atoms{alec-
troas) in the ground stare to the upper Livel, Ay increasing Tighe
falls on tie material, the absorption falls off, (che aksorpzioa

being due ™o the differeaée in the number of atome between the grouand

1QYepal 2
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state and the excited state). With further iecresses of Ligke the

material becomes almost transparent as the upper and ground states

.approach equal popuia:ions.

If TD is ratio of input to output at the limit of zerc input power
T is ratio of vutput to input power
W = laput Power

A = Parameter proportional to decay rate of upper state

W/A is measure of power relation to satugation.power- .

_ﬁ_xr - X

€3.29)

P(x) =Wexpt ~ 7 udx

"xl-o

wheve . is absorption as a fuactioa of x aud is preporcional to the

‘difterence of pupuiation of ground excited states B.[ and Bz. W Day

writ an cquation for the population ot excited stares

i3, (3.30)
g KABy B Ko

2

K, = coanstaat

1

wite T r = . when B, = 0
! Q .

K] = corstant

Solving for P in the cquation and sceady state comditioms where

(x)
4B
-2 =0
3x

and substituting in Eq. (29) we separate varisbles ix B aad'x. Since

-lm: T =a {, integrating we obtain,
o

1990-0=1 14




we ubtaia,

- a E - - -
Icg,'l’*#A(l T) log 'Io

-~
(oY
“~

whore 4 = total leng:ih

T may bv takean as a paramcter of a specimen with given doping and
]
leagth, rzpreseating the transmission whea the input is foo small

to begin to effect saturation. If WT is plotted as a fuaction of ‘i:

from Eq.. (3.31), a2 curve -having the shape of the solid line of Fig. 2
_is obzainod. o

A mcasurs of the benefit obtaincd irom che thresholder is

the rotio of the tangential slope 3{; to the slope AP/W. Oa this

masis the iwprovement factor, F = %:— /_Z is the quantity to be max-

inized. Iz terms of the qumxti:ies i.ﬂn'(hc pr«vious equation
Fafatl ' : : (3.3

T(W/a+1

Alzornatively, Eq. (3.31) may be plocted 35 showa on Fig. 3 showing

tie traansmission T as a fuaction of aormalized inpu: '.J/A, assuming a

vaaae of 1‘0 = .05, An indication of the improvement possible is

s by tite curves of Fig. - aad 5 . In Fig. 4 the improve~

wenr factor s plottod as 2 funcrion of sormalized daput for various

values oF I‘o. Ia Fig. 3 the imrrovement factor is plotted as a

runctioa of transmission far variocus valucs of ‘l‘o. N

From Fig, 3 we aote that L. improvoment factor may gu as
Ligh oos 1s i1 we choose 2 Yiginy doped loms thresholder (+log To =-20
wr 1’4' =9 2X 10‘81 .-md'pump iz Bard eaouch to raise its trausmission
te Lol With @ sufficicat input level such a threshold 't provides

an improvement factor of B4, Whether the oacrge from the amplifier

1960 mqga1 ' 15
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fluoroscence is high zaough o accomplish such a lavel of saturaris:
. . -& .
cdpabiv of changing absorption from 0.2 X 10 to 0.01 as indicated

above would require consideration.

" In the above discussion reduction of rthe population of the
ground state has beea achizved oaly at the expeace ol pojulation of
the excited state, This excited state population, in tura, gives
rise to additional rluorescence. 1Ia fact, for every photon absorbed,
assuming 100% guancum 2ffici=acv, there is one photan of flucrescence.
Th: saving feature is that che fiuorescence is omaidirectional whereas
the absorbed radiation lies with a certain.:eéaiving angle (or field
of view). If the fiexd af view were 180° one would onliy sive a factor
of 2. t.e.: féékevefy t;b»phatons,earering. only one fluorescence
photon falls within the field of view. This gaia of 2 will occur at

o3

2y absorption aand reemission. Thus, by either reducing the field
of view or increasing iue total absorption. cne may roduce she offect

of fiuorcsceac2 ia the thresholder.

Aa addicional possibilitv in reducizg the thresholder fiuo-
reseenc. is o reduce the gquaatum efficiency. If the atom decavs,
<irhor by radiafionless decay or radiative dzcav., to another level
with a long decay tiwe, thea the ground szate will depopulate and the

1 arumulate in the :h;rd state. The riuorescance from and
to this third srat> would be at a differear wavaleagrh and heace could

ho filtered cul completely.

af a threshold material but oaly witn large attenouations. Thus, for

the thresholder material to work, the have to have a
larg. amplification. Since the noise in the mmpliificer is proportional

to the gais end . the noise ia the threshelder goes down mera rapi

a
vy

than the small signal atteauacion. a axi sigral to neise gaie may be

achicvad,
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3. MATERIALS CONSIDERATIONS

At least three criteria are involved in the selection of a stim-
ulated-emission amplifying material for study in imaging work. ' These

are as follows:

(1) Spectral region of amplification
(2) Ratio of fluorescence output power to signal output
(3) Temperature of operation

3.1 Spectral Region of Amplification

. Of ‘the dozens of known maser materials, only a few are pre-
sently known to be capable of producing smplificatiom in the visible
part of the spectrum, A list of these materials, together with their

emission wavelength, is shown in Table I.

TABLE I. LIST OF KNOWN LASERS OPERATING
IN THE VISIBLE REGION

MATERLAL WAVELENGTH IX 4
1. Gas lie~Ne 6328 yellow
i. Semiconductor Gallium Phosphide ~7000
p~n junction
3. Crystals sm?t in CaF, 7082
Ruby ) 6943
Eud¥ ip vYitrium 6130
Oxide
4, Chelates Europium Benzoyl- 6129.5
acetonate and
Theonyltrifluoro-
acetonate
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3.2 Gas Lasers

Aithough the gas laser has advantages in that it avoids
the problems associated with preparation of solid-state crystalline
materials and can be relatively easily pumped by direct electrical
excica:ion, its usefulness for the preseat application zppears limited
because of the low awpliliiation per unit length in the visible spec-
trum. Since such lasers have a reltatively low density of active
material, the maximum density of inverted states is correspondingly
low, thus. limiting the gain in most cases to about several percent
per meter. In order, therefore, to cbtain a power gain of 10 times
or more, either excessive laser lengths would be involved or more
complicated schemes would ‘be required in which the signal radiacion.
is made to pass through the amplifier many times before viewing
(causing at the same time 2 substamtial naryowing of che'field of

view).

3.3 Semiconductor Juncticn Lasers

The semicomductor. junction laser, lille the gas laser, has
the advantage of being directly excited or pumped by means of elece
trical input power. In addition, since a high density of carriers
can be iniected, high gains per unit length can be attained. A
furcher advantage is the fact that the efficiency of conversion cf
input electrical power t> output radi.':cion is relatively high, for
example being of the order of 10 percént or more at room teaperature
for GaAs, Despite the above, however, it is r\o:‘believed that such
types of laser devices are suitable in their present form for pur-
puscs of imaging since the active regicn is limited to the neighbor-
icod of a heavily-doped p-n junction which is of the order of a few

microns in thickness,




' 3.4 - Crystal Lasers

As shown in Table I, several ﬁypes of crystals caa produce

Aa&xpiifica{:ion in the visible s-pectruin. e of the better koowm

of these is ruby.! An important consideration, however, in a stimm-
[~
lated emission amélificr, is the fluorescence level. In tue case

of ruby, the temix.ating state of the laser tramsitiom is alsoc the

"ground stzte of the amplifier which is normally heavily populated,

Howcver, in order to obtain amplification, it is necessary that the
upper state population be higher than the ground state, requiring
chat the upper level have a high population density, i.e., greater
than. that of the ground state. The fluorescence output is. thus
also very high since the sgoncam;ous emission is prtopaftional to
the density of states in the uppér level. The above considerations

also require that high pumping energies be emploved.

Another possible lzser crystal is So2¥ in CaF,.  This

material has a terminating state for the emission line which is

about 263 c:rx-l in energy above the ground state. Although at room
temperature the terminating level is heavily oopulated, requiring
high pump powers for amplification and involving high fluworescence,
when the materfal is cooled sufficiently, for example to liquid
helium tumperatures, the terminating state becomes esserntially empty,
In this case the density of states required in the upper levei in
order to produce population inversion is much smaller thao in the

case of a two-level system such as ruby. An additiomal result of

.cooling the Cal-‘2 is the fact that the quantum efficiemxy increases

. to aboutr 35 percent at iiquid helium temperatwre pared to about
‘1 percent at room temperature, However, despite its advartages com-

© pared to ruivy, it is belicved that the severe cooling requirement of

CaF, presents cbstacles to irs use in intensifier applicatiomns.

Another crystalline material of potential use is Eu}" in

yterium oxide. This material, like CaF,, has a three-level system..

3990-Q-1
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Here che. terminating state is about 1000 cm ' above the ground level,
the laser transition being SFO - TFZ. At room temperature the termin-
acing level is rractically empty, being about ! percent filled witn
respect to the ground state., Assuming coefficients of stimulated
emission and sporntaneous emission equal to those for ruby, this mate-~
rial should produce only about i percent the background fluorescence
output of ruby at thc point where population inversion just occurs,

At the same time, the punmping power level is correspondingly lower

_ than for ruby. :Another advantage of Eu3+ in Y203 is the fact that the
quantum efficiency is about 80 percent at room temperature.

3.5 Ligquid Organic Lasers

" Solutions of eurcpium g-diketone chelates have recently
been shown at Electro-Optical Systems, Inc.,, and other laborataries
(Ref. 2, 3, and & } to sustain laser oscillation at the character-
istic strong Eu}+ exission wavelength of 6130 X. These materials
are therefore also of interest for light amplification in the visiﬂle
spectrum, aAs in the case of Eu3+ in yttrium oxide, the :ermié::ing
state is practically empty so that the ratio of fluorescence-to~

signal power is minimized.

One of the basic advantiges of the rare-earth chelates is
the wide band they pussess for the abserption of pump energy.i The
chelate pump abserptior bands are typicilly 1000 & wide with éeak
absorption occurring in the near ulcraviolet.. The energy absorbed
in rhese bands is quickly and efficicntly transferred to the initial
or upper laser energy level of the eurcpium ion. Since existing
-optical pump excitation soucces are broad-banded and rich in énergy
in the absorption region of the c.helates, a large fraction of the
pump poweir is available for the production of the required popula-
tion inversion. Another practical advantage of the chelates is that
they may be in liquid form. This avoids the oroblems associated with
crystal preparation and also provides a means for more efficient

cooling since the liquid may be circulated,
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On the other hand, a3 number' of difficulties arise in the
use of chelates. The absorption coefficients for these materials
are so high, ¢ = 5x10° liters (mle-cu)-l, that the chelate moleculc
concentratiou, and therefore the concev;tra:im of Eu3+ ions, wust be
low enough to allow the pump radiation to penetrate throush the thick-
ness of the laser cell.,” This means that the rare-earth chelate con-
centration must be below a few percent for laser cell diameters of
several millimeters, and this limits the gair per unit length. In
additicn, the chemical bond connecting the rare-earth fon to the
organic part of the molecule, that is, the rare-earth-to-oxygen bond,
is known to be weak, cf :hé order of a few kilocalaries per mole.

As a result of this, the chelateés may be parﬁi.al‘;ly decomposed from
the pump lighz, either directly ur by I.ocal. heating. .
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4. HOMOGENEITY OF POPULATION INVERSION IN A LASER SLAB

The use of an active medium for light anélification in imaginﬁ
requeires that the degree of population inversion be the same through-
out the cress section in order to produce a uniforly intensified
image. In guaneral, due to the exponential fall of excitation inten~
sity versus the penetration depth, the distribution of the population
will be inhomogeneous, (T@is.situation, however, would be different
if the excitation in:ensity is sufficient to saturate the whole

medium, but due to obvious difficulties it is not considered here.)

In general, if the absorption coefficient k is small, the expon-

ential term can be expanded as:

™ =1 . kx + higher terms

where x is the depth of penetration, For small volues of k, the
higher terms can be neglected and the fall of intensity then will be
approximately linear., Therefore, the smaller the absorption coeffi-
cient, the greater is the unifo:mi:y of inversion. {(The assumption
made here is that the inversion is propertional to the intensity of -
excitation.) Since the abesorption coefficient is proportional to
the number of laser ions, a medium with minimum density of ions is
desiradie. On the other hand, the density of inverted population,
and hence, the ions. saould be sufficient su that stimulated emiss:on

in then can provide a sufficient net gain.
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For the present purpose, an estimate of the uniformity of popu-
lation inversion will be made for an amplifier of II‘I3+ doped Barium-
Crown glass. The threshold concentration for this material is 0,13
pe::cent.5 Therefore, 0.2 percent should provide maceriat with sub-
stantial gain. Since the absorption coetficient af this material in
the green (il =a2ir pumping band} is k = 10 for 2 percemt doping;
for 0.2 perceni doping, k can be taken as 1. Assuming a slab of
this material, l cm thick, optically pummed from both sides, the
intensicivs due to the individual pumps as well as the sum of the
intensities as a function of distance frow ome surface is platted
in Fig. 6b. It is seen that the maximum inhomogeneity is in the
region of 10 percent. Fig, 6c shows the same type of plot for a
AterTal 0.25cm thick. 7The vituation for a higher ion omcentration

(2.3 times more) is shown in Fig., 6a, indicating a nca-umiformicy of
excitation of about 50 percent, If, instead of a slak of material a
laser rod of 1 cm diameter is used, the situation @ill improve some-
wnat i the pump light is assumed to originate mifoﬁnl.y from all
anyees around che laser rod, radiacing tward the cemter. In this
case, the convergence of the light rays at the cemter af the rod will
el To Laerease the excitation Jdensity at the cenver, Exacr calcu-
tarions for this purpose involve more complicated mathematics and

have not been undertaken in the present stwdyv,
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5. IMAGING TESTS*

Aside from the problems of noise, gain, and pumpimz, .n important

aspect of the operation of a stimulatzd emission ‘ntemsifier is its
ability to intensify optical waves without distorting the shape of the
wavcfronts, which would thus ceuse loss of resolmtion.. This require-
aent Laplies a high degree of uniformity of the optical properties of
the amplifying medium and freedom from defects within the material
which canse light scattering. Although the full resclution capability
of an image intensifier caﬁnot be determined w:dmu: an: operative
intensifier of this type, limiced :es:s' zan be made which will provide
preliminary information on some of the problezs whichk might be expected.
For cthis purposc, tests were made as described below on an existing
iaser amplifier to determine the rectilinear tramsmission of ligh:'rays
Jitrongh it when illuminated by a simple shadow image. Althcugh the
salas wurv e 1sing 3 necdymium=-glass ampli.fie_z, operating at a wave-
length of 1.00 micrens, it is believed that information obtained from.
this would- also be indicative of the problems which might arise with

laser rods cperaring in the visible,

Th¢ experimenral arrangement is shown diagrax:afi’cal[y' in Fig, 7.
It (onsists of a shadow object, a laser uscillatm; for illuminating
the.ohiect, g laser gmplifier, and 4 diffuse reflecting screea uhose
position (o be varied, Dotl. the laser oscillagor amt aplificr are
surrounded by the appropriate flash tube, opticaf pups, £ilters,
retlecturs, ete, The materisl used for the amplifier is meodymium in

wlacs, fabricated into an eight-inch long, one-fourth inch diaster

L oMost of the effere on this phase of “he work has Feer supported by
Cotgract AF 30(602)-2614%,
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rod. Tne oscillater coasists of a neodymium-doped calcium tumgstaro
erystal rod, one-inch long and are-eighth inch in diameter. For the
initial tests, a thin metal wire, about !l mm in diameter, was used.
as the shadow object placed.about five inches in froant of the oscil-
lator., I

The experimeatal procedure was as follows: With the amplifier
ir position, but unpumped, the oscillator is excited and the shadow
of the objecr is projected through the amplifier omto the reflecting
screen. ‘Since the oscillator and amplificr operate at a wavelength
of 1.06 microns, the image cannot be observed direcrly by eye. For
viewing purposes, therefore, an image-converter tube was used in che
initial experiments, Assuming the oscillator ro emit a perfectly
plane wave, the. image would be projected to infinity wich asentiall}
no degradation. Ho.ever, because of the lack of plame wave genera~
tion by the oscillatsr, a substantial degree of- mnge degracation is
produced by this ctfert alone, The distance beyond the object to the
screen where the shadow image becomes so blurred as to becarmc undis-A
tinusishable, therefore can be used as a measure of the divergence
~r lock of parallelism of the oscillator radiation. Im other words,
the shocter the "hlurring distance’ the werse the diverpence of the
radiatiocn, -

In the experiments performed, rhe "blurring distausce,” with the
amplifier unpumped, was 26 + 1 inches. With both the oscillaror and
amplificy pumped sc that 3 goin of three is obtaiped Zrum the ampli-
fier, the 'blurring distance” w3as reduced to 24 + L inches. Ir view
of tha fact that considerable stray pumping light aud flusrescence
light is alsce present, reducing the image countrast, these two ceasure-
ments can be considered only slightly different, or essentially equal,
The auplifier, when in operation, thus dous not appear te seriousl:

alfect tihe rectilinear propagazivn of light through it.

To obtain more significaat results, it 1S mecessary S greatly

improve the experimental techniques, For this purpose amd also to
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obtain a more permanent record of. the image, experiments have been
conducted with photographic film substituted for the image intensi-
ficr arrangement, The only film which has been found to have adequate
sensitivity in this spectral region is the Eastman Kodak Type 2, with

which further tests are being made,

Another improvement in technigﬁe is to use oscillator lasers
whose output is more .like that of a plane wave. In addition, some
degree of improvement can be obtained by stopping the osciilator
down in order to use a small portion of its output to limit the diver~
gence, However, one is limited in this regard because of the reduction
in light intensity, which causes problems of detectiou. A still further
improvement involves the baffling and filtering out of stray radiaticn

from the pumps and laser fluorescenmt light.
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6. PARAMETRIC AMPLIFICATION AS A POSSIBLE APPROACH TO THE INTENSI-~
FICATION OF OPTICAL IMAGES

6.! Introduccion

As discussed in Section 2, ome of the most serious difficui-
ties cxpc;-:ed with an image. intensifier depending on the use of stimu-
lated emission is the very .gh backgr.':und fluorescence- light emerging
.‘r.on the amplifier, masking weak signals.. m: inherenr problem
with such amplifiers is their inherently narvow bandwidth, Lz order

“to provide 3 sufficiently high signal level at cChe imnput cf the ampli-

fier within this narrow bandwidth it is probably mecessary to provide
narrow bund illumination of the >cene by means of am auxiliary laser.
In view of problems of this type it is esscatial that other intensifi-
cation schemes involving vetical pumping be investigated to determine
if they involve less severe requiremercts for inage intensificztion. One
such type of intensification method depends on the process of parametric

amplification,

Parametric amplifiers in the radic frequency ard microwave
regions of the electromagnetic spectrum are well knowm to be competitive
with MASERS in their very low ncise characteristics. Furthermre, ':hey
can be dexigned to have w.de bandwidths, in comtrast. to the MASER which ;
is essentially a aarrow banded device, As disenssed in guether part of
this report, vpcical LASERS present sowe serivus prabiems in “he supli-
ficati-n of weuk siunals because of their high ais~ characteristics
and also in the amplification of wide banded signals because of their
narrow handed characteristics, Thus, it s of basic interest im this
research effort to determire for the case of the vptical pa~ametric
anplifier, both by rhvoretic:l malysis and by experiment, che awvise,

the bandwidtiy, and the amount of smplification that can be expected,
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ad alse to Jdeterwine the interrelations that can exist among these

) . ’\“Jvra:'-elek'a.
The application of the principles of the radio fteqi:ency

d microwave parametric amplifier to the problem of optical amplifi-

7(:0.( i.\»a. has been suggested by Kings:ou6,g and some of the theoretical
“treatzant has been ser forth by Krol].?.q In addition, Franifen and Hards
v ‘;xa_\'e recently presented.a general raview of optical harmonics and other
senlinear effects and have included a brief section on the feasibility
¢f the optical parametric amplifier, since its operation is essentially
dependent upon these effects. As of the present, however, such ampli-
fication in the visible spectrum has not yet been experimentally shown.
. . Severtheless, it is felt that the possibility definitely exists of
develuping op:icai. parametric amp_}.ifiers utilizing noniineat effects,

and in addition, that parametric oscillators may become sources of

scoherent electroumagnetic radistion at frequencies where direct LASER

ar MASER agetion is not feasible.

In the Ssllowing discussion we present, by means of a con-
stderation of transmission lines in the microwave regicn, a brief
incroduct ion Lo the principles of the parametric amplifier, The corre-
spondence between the parameters involved in this case and those
involved in the optical case is rhenm pointed out, and an explanation

: ' *t why optical parugetric anplf.fi:aci\m depends upon nonlinear eifects

8 in an optical medium is given., Following this, a preliminary concept
©f an optical Vpara:::etric‘mzplifier is presented and the possible
avastazes of 1ow noise and large bandwidths for such a device are
Tincussed. »

c,2 Iraveling-Wave Paramerric Amplification Using Transmission
Lines

The basic mechanism of parametric amplificaticn can be simply
cuplained, The device i> essentially a variable inducrauce or capa-

¢ itanee: amplifier, "As »n example, consider a sin wave volrage sigral
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in a circuit containing a capacitance which can be independently varied
with respect to rime. At the instant the a.c., voltage reaches a posi~
tive maximum, let the capacitance suddenly decrease, say be a sudden
increase in the discance between the capacitor plates. When this
occurs, work is performed on the circuit and the amplitude of the
signal vbliage is increased. Subsequently as the woltage Secomes

zero, let the capacitance go to its original value. ' This change
involves no wock on the system and produces no voltage change because
the signal voltage was zero when the change was made. Further, when

. the voltage goes to the miniaum negative value, let the c;pacitance

‘be decreased again. Here again, work is performed om the circuit and
the signal voltage amplitude is increased.‘ Finally, when the signal
voltage gu'es to zero, let the capacil:ance reture to its origimal value,
Thus, for one cycle in the signal voltage and twe cycles of the proper
phase in the variable capacitance, a net increase or amplification of
‘the signal power is obtained at the expense of power expended in chang-
ing the capacitor. The capaciter is a power pump, and the frequency

of the capacitor variaticen is the pump frequency,

"In the case above, the pump freguency, “pe is just twice the
signal frequency, “ge For the general case it can be shown thaz -p =
3 + “ys where power of frequency a, commonly called the idler power,
must also be generated in the circuit in order for amplification to
Tose < 5 ' i, = 2z, or - i
ozcur. For the case above, where @ g OF T = Gy there is no
distinction hetween the signal and idler powers becauwse they are prop-

agated in rhe same circuiz and in the same mnde.

The following treatment is nresented im order to describe
in an analytical fashion the existing theory of the microwave para—
mectric amplifier, and in order te facilitate the recosmicion of the
correspondence between the paramefers involved in.this case and those
invelved in the case of the optical parametric amplifier. This treat-

ment parallels closely that given by Tien and Sdtlg, except that they
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stant B, and a characteristic impedance Z_ at an angular rrequenc
R s ; pe S gu q Y

treat the case where an inductance, is the varisble parameter whereas

we present the case of a variable capacitance.

In Fig. B a schematic diagram ic given of two lossless
transmission lines 5 and I. These lines are assumed to be lLoosely
coupled by the distributed capacitors CP(z,:), which vary with time
and distance along the line, The latter are varied at the frequency
“ps assumed to be supplied by a local oscillatof or pump., For con-
venience we divide the transmission lines into small sections ard

represent each- section by a filter circuit. Line S has a phase con=-

%5, and line L has a phase constant BI and 2 characteristic impedance

ZI at. an angulaf‘ftequency"ai. We have

Ls
‘,S = “'S Lsrs s ZS = \ —-CS (7.1)
B 5 .I ol - = _L£ i
Sl SAVEES & 4 ; B \ g (7.2

Line $ is excited at the input end by a signal. The function
of line I will be understood later: it acts essentially as the idling
circuit und for simplificution shc ' be apen at the inper end and ter-
minated at the output end by its ¢rwvacteristic impedance., In the
presence ot the variable coupling capacitance. the equati-us of the

coupled system are:
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" (z,t) EIs(z,L)

S - ———————
< = -Lg = (7.3)
31 (z,t) AV (z,t) -

A st 2 R

3z =G 3¢ D [CP("")V:(Z")J (7.4
3W_(z.t) 3L, (z,t)

1 3 I 2 - =
5t h T e .3
3, f2,¢) Szt , “

—————— (T i e
v Tt vy LCP(z’t)\S(z’t)_) (7.6)

Here VS and Is are, respectively, the voltage and the current
on line S, and Vi and II are those on line I. <= is the distance along
the directicn of propagation and t is the time. The “erms involving
Cp(z,:) are coupling terms or variable parameters responsible for para-

metric amplification, It is assuamec that Cp(z,:) is in the form:

. e
Cplz,t) = % [CP(z)eJ“L + cp::(z)q'l'*‘_} (7.7)
R |
=§Cp o edlEEmiEy J\-L—¢->J (7.8)
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when the wariazble capacitance is modulated bj a traveling wave of a

phase constant § at an angular frequency @, Here * denotes the com-
plex conjugate.

We shall ouly consider waves of the frequency @ on line I
such that

o, + @ ﬁn . ' (7.9)

Combining (7.3) and (7.4), and (7.5) and (7.6), we have, respectively,

3N (z,0) ¥V (2,0 2 - -~

— 5 ., — v L ez, 0V (2,0 (7.10)
i sts T2 S 02 Lce » €3V (2, _j

) > .

(2,6 3V, (2,0 2 » ‘

Sl e — 2 e,z c)—f (7.11)
N T2 1.2 [Cr »E¥¥%5(z,8) | i

Put ’ - - ]
Ve(z,0) = Vo(2)ed%" + \?S*(z)e‘i’”st :

VI(z,r.) VI(z)eij.t + ‘{I*(z)e-jﬁc

(7.12)
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chen (7.10) and (7.11) may be reduced to

2
37Vs(2) 2 1 2 .
——a-z—z—= ~, LSCSVS(Z) -3 a.)s CP(Z)CSVI (z) (7.13)

370 (2)

.
7 T uere -

[N

crIZCP*( 2)C v (2) (7.14)

Similar equations may be cbtained for Vs*(z,t) and \’I(z,t) by simply '
interchanging the subscripts S and L in (7.13) and (7.14).

We shall zonsider a simple case in which
55_1’55::5 (7.15)

The general case which leads to a more complicated solution will not be

treated here, Put
N - -j8.z
Vg(2) = ag(e™ s

6 V*(z) = A% Z)ewsz
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vz = AI(Z)e'jﬂI
v *(2) “AI*(z)ejBIz | (.18
We have also from (7.7) and (7.8),
cpla) = cpe'j""r
Cp*(z) = cPejﬂz
Denote

whete -:S and fI are the ratios of the variable capacitace to the fixed

capacicance of line 5 and Line I, respectively. -:S and -:T_I and so the
coupling cerms in (7.4) and (7.6) are assumed to be sma¥l, A€z)Ts in
(/.16) are then slowly varying funrtions and the terms tnvolving
3’)'.-‘\(2)_13::‘5 may be neglected. Substituting (7.16) amd (7,17} into

(/.13 and (7.14), we have, respectively,
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2 2
L2185 T3z 7 Bs Ag(e) = - gL CoA(2)

12,
-3 @ gsLScsAIf(z) - (7.18)

* . ..
sip. 2E 2 ey = Pt
Sy 37 T A oy LiCrAr

1 2 :
7 ®p SyLpCrAg(2) (7.19)

2 2 o, 2
. s 2,2, 2 iven i . ;.
Since g ;"L Cy and 8.7 = @ Ly€, as given in (7.1> and (7.2),
the above equations mzy be reduced to

— - - 1B (7.20)

g ¢

)

D .
- o= 3T { - ri
z 3 53 As(® (7.21)

Combining (7.20) and (7.21), we have

FA
—;Z._,—- - Te :‘S;I‘SSBIAS(Z) =0 (7.22)
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The solution of (7,22) is

z
¥ b e ™=

As(z) = aje 1

(“‘*li)u2 (7.23)
13571Ps . _ .

R
L)
i

Here a and bl are arbitrary complex constants which should be deter-
mined by the boundary conditions.. From (7.12), (7.16}, and (7.23) we
have finally

Vs(z,c) = eaz [alej(mst - lssz) + a-;e-j(ﬁjs[ - gsz):jf

el .z - - ’
+ e b‘eJ('Dst " 257 4 bt gt ;!SZ)] (7.20)
g
g8 - . . -
Vilz,e) = - j\j =IBI Ik [:a;e"(nlt e A ale-"(eIc s i ]
>s¥s -

\ ‘ ) . . - i -
+ E?ﬁi ' [b’;e“‘ (mlt 8y2) _ bee eyt KIZ)J (7.2%)
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Boundary Condiricns and General Discussions

It has besn siown in (7.26) and (7.25) that for the case
B = BS + BI, both growing and decreasing vaves may exist in the
cvupled transmission~line system, Since the growing wave is always
dominant at the ocutput end, the energy has to be transferved from °*
the local oscillator to the growing waves. As mentioned earlier,
line S 15 excited by a signal, and line I is open at the input end.

The boundary conditions at the input end » = { z:e therefore

Vs = 3 cos (@t + @)

V. =0 (7.26)

Equations (7.2%) and (7,25) then become

-
. . az . .
Vs(z,t) == 4 Le ’ cas(msc 352 + 8§

1 free

+ 2 cos('.bst - Bgz + ﬁ)_] (7.27

un

'
w
A

vi(z,0) = % a B [e;‘z sin(apt ~ 3,z - »

S°S

yu

. -
- o T¥ sin(at = Sz - §) (7.28)
—
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g

ue notice from the above equari;:ns that at the input end
the growing and the decreasing waves ore equal and im phase on line S
and are equal and in oppesite phases on line I, At a few wavelengths
from the input end, the decreasing wave becomes negligible as comi:ated
with the growing wave and may be gex{erally i@ot:d in the analysis.

For the general case, f = BS + B, + 48, Tiex and Suh19 have

concluded that the zain is generally reduced when L8 deviates from
zero. We may thus summarize the cptimum conditioms for amplification
as follows: -

W  emagta
&) B =B+ 5y
(%) - (se)
dag S \dB e

It is obvious that in the propagating circuits, condition (L) is

ce~
i
'

1iways satisfied. Condition (2) can be easily fulfilled by properly
selecting the srructures, Condition (3) is necessary ir order that
condition (2) can hold for a2 band of frequencies., If indicates that
the group velocities of the two lines must be equal in the frequency
tand of amplification. It may be seen herc that for extremely wide
bandwidth, we may use the transmission~line type of structures ("TEM”
modes) in which the group and the phase velocities are coustamt for
all the frequencies. We may also use helices at the trequencies above
their dispersive regions. With these structures, the bamdwidth of the
amplifier can be very broad, extending from a low frequency up to the

énergizing frequency,
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Power Relations

For simplicity we shall ignore the decreasing wavas in (7.27)

and (7,28). From (7.27), the power carried by line S is

. . 2 ' 1 .2 2z s
2.(z) ={V.(z,e)°7 ] = = a%e - (7.29)
s [s 4 S| gvg. 8 L
_Similarly from. (7.28), the wer carried by line I.is
G — - e
2 L 22z TI\[.S
B = [0tz =fa I\ D (7.30)

Avg.

The total power transferred from the lncal oscillator must be chg sum
of (7.29) and (7.30), which is ’

C \ -
2 Zaz S i 3

P.+2 =< ae =2 1+ = (7.3D
S I & Ls ( @ '/
Comparing (7.293, (7.30), and (7.31), w: find

X Lra32
% g gty
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This is one of the relations derjived by 'lapiey and Rowe in comsider-
ations of radio frequency parametri: amplifiers., It imdicates that

the. power introduced into the signa! line is proportiomal to the signal

'frequenc'y, and the higher the signal frequemcy, relative to the idler

. frequency ay, the higher the amplification.

6.3 Correspondence:Between Parameters in the Trarsmission-L:...e
and Optical Medium

Th2 correspondence between the microwave transaission-line
parameters and the optical parametric amplifier parameters can be

recognized as follows: By differentiating (7.3) omne gets

2 e d
3V (2,02 3L (z,e)

A Tl (7.33)

3
3z~

and by differentiating (7.%) cne gets

3 3
a'IS(::,:) a'Vs(z,:)
==-C - (7.34)
Atz S }tl

Substitution of (7.34) into (7.33) then gives the wave eéua.tion

2 2 -
3 Vs(z,'c) K VS(z,t)

= L.C i ©(1.35)
222 S’S N
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It is easily shown that for any periodic wave Vs(z,c) which travels

at phase velocity ve

a J20 .
37V4(z,t) 37V (z,t)

b
322 U 2 ?tz

© (/.36)

so. from (7.35) .4ud (7.36)

The phase velocity cf a monochromatic wave in the optical

region can be =xpressed as -

r ~-

“S

where C is the velocity of light and " is tne refractive index of the

" medium at the frecuency wge So from (7,37) and {7,38), LSCS in the

3 ki
nicrowave regivn corresponds to 'S /€™ in the optical region.

Now the refractive index can bce expressed as s Ty 8- y .
where ¢ is the dielectric constant ang .. is the magnetic permeability

of a material.” Except for ferromaznctic substances which are unioportant

e
~
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in this discussion, .. is very close to unity, sc 5= \‘ ¢ . Also,
the dielectric constant depends upon the polarfzation of the medium
as follows: A

' D= cE N (7.39)

where D is the electric flux density, E is the electric field intensity,
and LA is the permitivity of free space, a constant dependent on the

units employed, But D is also given by °

D= ¢°E+ F , (7.40)
where P is the polarization of the medium, The magnitude of P is
commonly expressed as a power expansion in E as follows:

2
P=XE+ XE 4 XE L (7.41)

So from (7.39), (7.40), and (7.41), and the relation emNeE ,‘one

obtains:

pd
Cr oz x . xe ",U
'S={ k1+-€-=)+?§z+—z—+...j ) (7.42)
[ o o o s

Thus the correspondence between LSCS and. ?*SZICZ is seen to be

a correspondence between:
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1] 2 3 7.4
LG e 1+— ] + + + ese : (7.43)
S'S CZ L O} € €,

and a modulation of L, or C_, or both, correspcnds in the optical region

S 57
to a modulation of the refractive index of the medium by a mcdulation of
“x,E X E
the nonlinear terms -—;— s ; , etc. in the polarization. However,
’ o o

these terms are small and their effects can not be readily detected in
the optical :egion'_whe'n conventional light sources are used as pumps.
However, by using-é LASER with its high electric field . intensities as
the‘sox;'z‘qe of pump’ i)owe:, the refractive irdex of 2 nonlinear medium

can he modulated most effectively, so. parametric amplification of another

light wave in- the same medium should be possible.s' .

6.4 Discussion of Ymage Asplification by Parametric Amplificaczicu

In Fig. 9 we indicate an arrapbgement for imagé amplification
ey parsmetric amplification. An image at frequenc} mS with an unspec-
ified baudwidth ié propagated through a nonlinear medium and is sub-
sequently detected by the eye. 24 the same ins:anée that the image

passes through the nonlinear mediim, the beam from?a high-level mono-

- chromatic light source, ie., a laser is propagated through the same

region. This results in a2 modulation of the diclefcric constant of the

nonlinear medium and, as a resuls of this, an amplificaticn of the image -
r , s . = :

energy at &, occurs and an icler emergy at @y G‘Pf @, is generated,

The image wavefronts are finally detected in i'nten§'ified fora by the eye.

In crder to more fully evalrate the abave amplification methnd
it is cssential thar che existing theory dcscribi_ng the pertinent physical
phenomena he thoroughly examined and, where the théory is not yet com-
rlete, that new theory be develcped. Specific problems requiring inves-

tigation are the relative orientations ot the pump, the signal, and the
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idler beams; the cfficiency of amplification as a function of the
relative vaiues of wy, :::S", and s the amount of noise- that aight be
expercted from such a system; the bandwidtt, and the amplification as
a function of the- frequency within the bandwidth; the shape and
volume of the. amplification region within the material and how this
depends~ upon the other system parameters; and, an important area of
study is also the evaluation of the selection of materials that have

a suitable nonlinear polarization coefficient.
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7.  PROGRAM PLARS FOR NEXT QUARTER

7.1 Parametric Amplifier Analysis and Formulation of the Experi-
mertal Prowram
During the next quarter, most of the effort will be directed
toward a study of the optical parametric amplification. This study
will be essentially amalytical with the following areas emphasized

because of their importance tu problems of optisal imaging:

(1) Noise
(2) - Bandwidth
(3) Gain

(4) Pump requirements

(3) Nonlinear materials requirements

Quantitative estimates will be obtained for the noise char-
acteristics of the opticazi parametric amplifier and from these 2 noise
fivure comparison will be made with the laser. The bandwidth that can
be oxpected from such a device will be estimated and an analysis will
be nade to determine how the bandwidth will aifsct optical images,

The gain of the device will be estimated first on the basis of non~
lincarities that cculd be expected from idesl »r unknown materials,
The pnmp requirements will be examinid in relation to the gain, the
imoge signal frecuency, and the optical transmission that can be
expected from nonlimear materials. Depending upon the results of
the above analysis, experiments will be planned on nonlinear effects

zod parauetric amplification,
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