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SECTION 1

INTRODUCTION

The ability of light in the blue—green portion of the spectrum to
penetrate sea water to operational depths has created interest in
optical cosmunications from space and airborne platforms to submerged

terminals. Of the various blue/green optical coumiunications programs,

the most demanding requirements are set by the OPSATCOM scenario, in

which information is transmitted from a synchronous satellite to a

submarine at depth. The link requires a filter with a bandwidth of

“.0.1 and field of view (FOV) of ±45° (“ .f/O.S optics) . These require-
ments cannot be simultaneously met with conventional filters (such as

dielectric layer interference filters) .

Al t hough optical communications to submerged stations has been of
considerable interest to the Navy since the invention of the laser ,
projected systems performance has been severely limited by the available

receiver technology. Several factor8 complicate the problem in a marine
environment , including loss of coherence caused by mul t iple scattering ,

wavefront distortion in passing through the air—water interface, and
uncertainty in pointing that requires the target to be over illuminated.

The blue—green filters require a wide FOV to allow the transmitted

laser light scattered by the air—sea interface and sea water to be

efficiently collected. The filter must also have a very narrow pass

band to reject the background sunlight. In conventional interference

filter approaches, the two requirements are contradictory. Conventional

interference filters include Fabry—Perot, dielectric layer in terference,
acoustooptic, and electrooptical birefringent (Lyo t and Solc) filters.

The tradeoff between pass bandwidth and f/number is shown in Figure 1
for three acoustooptic filters operating at 5000 with a pass bandwidth

of &~0 for large f/numbers. We see that a filter with a 1$ passband at

f/SO has its performance degraded to 2 at ‘.f/7. Furthermore, it is

evident from the curve that a l—~—wide f/i filter cannot be achieved

I-
____________________________________________________
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Figure 1. Dependence of filter bandwidth on FOV .
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with this type (and class) of f i l ter .  Although filters that operate on
wavelength—selective scattering (e.g. ,  Christiansen filters) could
eliminate this tradeoff problem, they lack the narrow passband required.

Since conventional filter techniques cannot meet the blue—green

requirements, new approaches are needed. A modified Lyot filter with a

linewidth of 4~l ~~~, FOV of ±30°, and peak transmission of ‘40% is pro-
jected to be the state of the art in blue/green filters.*

The purpose of our program was to explore new concepts for wide FOV,
very narrow linewidth filters for the Navy blue/green programs. Sec-

tion 2 summarizes the various approaches explored and lists their

characteristics. The two most promising techniques — the iso—index

coupled—wave electrooptic filter and the nearly degenerate four—wave

mixing filter — are discussed in detail in Sections 3 and 4. Conclu-

sions and recommendations are presented in Section 5. The report

concludes with separate appendices that describe the remaining

approaches explored and point out their limitations.

*Lockheed is presently under contract to fabricate such a filter.

1].
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SECTION 2

SUMMARY

During 1978 , Hughes Re search Labora tories (HRL) , under contract with
the U.S. Navy (Contract No. N00014—18—C—020l), explored novel techniques

for narrowband filtering with wide FOV in the blue—green spectral region.

The purpose of this exploratory study was to lay the groundwork for the

development of useful receiver filters. Early in the program, brain-

storming sessions were held involving senior staff scientists and con-

sultants having specialized competence in related fields. From these

sessions and independent interim studies, six general approaches were

selected f or investigation: coupled—wave electrooptic filters, four—wave

optical mixing techniques, dispersive reflective filters, white—light

interferometers, heterodyne detection techniques, and quantum amplifiers.

The salient characteristics of these approaches are listed in Table 1.

Although the first three approaches each showed potential for

providing the wide FOV characteristics and the narrow optical bandwidths

required, the electrooptic coupled—wave approach is believed to show the

most promise with the least expense, complexity, and risk. Although

four—wave mixing techniques offer the biggest potential payoff in filter

performance, they present the highest risk since they are based on a

new, still immature technology. The third best approach appears to be

the dispersive reflective filter, which, although simple in concept, has
a high degree of complexity and risk in implementation.

The coupled—wave electrooptic filter and the four—wave mixing

technique are analyzed in detail in Sections 3 and 4, respectively. The

remaining approaches and their principal limitations (or reasons for

exclusion) are discussed in the appendices.

13 _
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SECTION 3

ISO-INDEX COUPLED-WAVE ELEC TROOPTIC FILTER

In 1966 C.H . Henry1 proposed and demonstrated an optical f i l ter
based on the change of sign of the birefringence that occurs near the

band edge in certain uniaxial semiconductors .2 He showed that light

energy can be coupled between ordinary and extraordinary polarizations
at the isotropic point either by applied strain or magnetic field .
Thus , when placed between crossed polarizers , the material acts as a
narrow—band f i l ter .  More recently, Laurenti and co-~workers3’4 have

demonstrated a f i l ter  tuning capability in mixed crystals of CdS and
CdSe . In this section , we show how the wave coupling can be achieved by

an applied dc electric field and propose the use of AgGaS as a highly2
selective f i l ter  material  at 4970 A. - The FOV characteristics are ana-

lyzed, and it is concluded that this type of filter can, in principle,

accommodate a 2~ POV with less than 20% passband increase over the
narrow field case .

A. PRINCIPLES OF OPERATION

Figure 2 illustrates two possible configurations of a coupled—wave

electrooptic filter. The particular type of crystal chosen is one having

~2m symmetry, for purposes of later illustration and example. As m di—

cated, the filter can be operated with either a longitudinal or a trans—

verse electric field. In the case of the most common hexagonal crystals - I

having 6mm symmetry, such as CdS,~~
4 only a transverse—field mode of

operation is possible. In all cases, the optic axis, denoted by the I L
direction <001>, is in the plane normal to the direction of light

propagation.

When an electric field S
l is applied in the direction as indicated ,

a rotation of the optic axis through an angle ~ in the transverse plane
takes place, according to the relationship

15
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Figure 2. Coupled—wave electrooptic filter configuration. r
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2 22n a r S
tan 2a — 

~~~~~~ 
(1)

where n and ne are the ordinary and extraordinary refractive indexes,
respectively, and r is the relevant electrooptic tensor component.

For even mildly birefringent crystals, a is in practice a very small

angle. Thus, light entering the crystal having its polarization either

parallel or perpendicular to be orginal optic axis will essentially

maintain that direction through the cyrstal and be blocked by a crossed

analyzer. The magnitudes of no and remain constant to first order in
S~. If the birefringence now disappears at a particular wavelength A

4~,

Eq. 1 becomes infinite, Indicating that a goes abruptly to 45°. The

field—induced changes in the values of the refractive indexes, for the

new characteristic directions of the principal axes, now depend on in

first order:

— ‘....3
n - ~~n +

— 1— 3 (2) L
- ~~n r 4151 ,

where n is the average (co~~~n) value of n and n0, and it is assumed
that n > a • These features are illustrated in Figure 3. At the iso—e 0
tropic point, light of wavelength Ar,, linearly polar ized parallel or
perpendicular to the original optic axis, will now emerge in general

• elliptically polarized. The crystal now has the configuration of a clas— - -

sic Pockels cell. For that condition for which the relative phase

retardation of the two eigenstatea of polarization is

2rL - 
~~~~~~ fl

3r4151 - , 
(3)

- - :.~~~~~~~~~ 
-
~~~~~ 
-

~~~~~
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Figure 3. Principal directions and characteristic values of the 
-

index eigenvectors with application of an external Ifield. The dashed lines at a — 450 correspond to the
condition of zero birefringence. s
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the light at wavelength A is totally transmitted by the crossed analyzer.
More generally, the transmission is

T — sin
2
(I’L) , (4)

a familiar expression from electrooptic modulator theory.
The transfer characteristics of the filter, as a function of wave-

length, can readily be derived from coupled—mode theory,1 leading to

(rL)2 sin2 /~~L) 2 + (
~~~)2

- — 

(FL)2 
+ (.q!.) 2 ‘

where 1~k is a phase mismatch term:

~k—- 4~ (n
e

_ n
o). (6)

These expressions are familiar from the theory of nonlinear optics
(parametric processes), and Eq. 4 is simply a special case of Eq. 5 when
the phase mismatch is zero.

:1 B.

An important feature of this filter is its selectivity. This is
determined by the rate of change of the term AkL/2 with respect to wave—
length. Unlike acoustooptic filters, for example, this “coupled—wave”

• filter has a selectivity dominated by the rate at which the birefringence,
n — a , passes through zero. Laurenti and co—workers3 demonstratede o
filter passbands typically 10 to 20 A in the green for selected samples
of CdSxSe1_x a few millimeters thick. A cursory search of other mate—
rials exhibiting this accidental isotropy of refractive indices revealed
tha t , among the chalcopyrites , AgFaS2 exhibits a birefr ingence5 with a1-., 0very abrupt passage through zero at 4970 A. Specifically,

19
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(n — a0) — 1.87 um
1 
at 4970 A,

and n 2.7.

The electrooptic coefficient, according to most recent measure—
6ments, is

—12
— 3.2 x 10 rn/V.

These values give a half—wave field—length product

A
(
~ ‘ . L) —,‘ 

— 
— 3.9 kV.

2n r41

Thus a crystal (or cyrstals) of AgGaS having a total Interaction length2 ~,of 1 cm would have a 3—.dB passband of 0.2 A and would give full  trans-
mission with an applied voltage of 3.9 kV in the longitudinal—field

configuration and 1.95 kV with transverse field, assuming a cross section

of 1/4 cm2.

C. FIELD OF VIEW -

An equally important co—feature of this filter is its wide FOV .
From a rigorous solution of Maxwell’s equations, the generalized coupled—
mode equations were derived for non—axial waves. With reference to

•0~Figure 4 , we considered a wave vector k having polar Coordinates 0, $
and Cartesian components kx~ 

k , and ky~ The Z axis was taken to be
the optic axis. Two general extreme cases were considered : (1) propaga —

is 
tion In the X—Y plane (~ — Oor k

~ 
— 0) and (2) propagation in the Y—Z

plane (~ — i~/2 or k — 0). For each case , we also considered results
from initial polarization mostly along X and mostly along Z.

20
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The solutions are presented below,

Case (1): + — 0 or k — 0
— 

~n r 4151 (1 — 6 tan2 8) 1/2 (7) 
-

- 2ir
— 

~~~~~~ 
(n — n )  cos 0 , (8)

where

n E ~‘n0 ~e 4 
(n + f l )  (9)

2 2
6 — e n 

• (10)

(la) : E
3(0) 

— 1.

— (~~\
crL)2 (1 — 6 tan 2 8) sin2 / (rL)2 + (

~~~L)
2

Ak L 2 . (11)
- (rL)2 + ( 22)

(lb) : E1(0) — cos 0, E2
(0) — —sin 0.

(I) 
(ft) 2 

5j
2 / (FL)2 

+ 
(Ak2L)

2 

12

(1 - 6 tan2 0) f(1.14)2 + (
~~~ L) 2j  

S ( )

22
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Case (2) : $ or k — 0.

r - ~4l~~ (1 + 6sin2o) U4 (13)

£ A e 1 0

(14)

— 
~~~ 

(n — n )  cos30 ,

where

nen — . (15)e (1~~~6sin 0) ‘ - -

(2a): E2(0) — —sinO, E3(0) 
— cosO .

1 ‘A kL~~
j—~~ (FL)2 sin2 / (FL)2 +

(16)
2 /Ak2L 

~2
(FL) +

~~~2 I
(2b): E1(0) — 1.

— (FL) 2 sin2 /PL)2 + (
~k2L)

2

• T ’II(_
~ j .\ . (17)

2 /Ak2L\
2 -

(I’L) 
~~~~~ /

Because of the smallness of 6, the transmission functions in all
cases have essentially the form of Eq. 5, and they all reduce to Eq. 4
at resonance. We note, however, from Eqs. 8 and 14, that the selectivity

23
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is degraded by the factor cos e or cos3 0 for beams propagating in the
x—y or y—z planes, respectively. For the specific case of AgGaS2, hav-
ing an index n — 2.7, the most extreme of f—axis angle of propagation is

that for which the external incidence angle approaches 11/2:

—l — .. 0 78 sin (1/n) -22 . 7max

This gives

cos O 0.929max

cos~ 0 — 0.801sax

Thus for the two general off—axis cases considered, the passband is

increased by only about 7% and 20.

Sample transmission curves are shown in Figures 5 and 6. Figure 5
shows the on—axis case of an AgGaS

2 filter, 10 mm in length, having a
3—dB passband of 0.2 I as predicted from theory, In Figure 6, curve I
is the corresponding on—axis case for a crys’~al thickness of only 1 mm.

As expected , the 3—dB passband is increased to 2 L The two cases of
extreme off—axis propagation are illustrated by the transfer charac— •
teristics of curves II and III. The increased passbands in both cases

agree quantitatively with predictions.
It is apparent fro. these results that,with proper choice of

material and interaction length, the iso—index coupled-wave filter shows
promise of accoi odating very wide FOVs while at the same time main—

tam ing a very narrow passband. Very simply, the physical reason for
th. wide FOV is that optical phase matching occurs at all angles at the
resonan t wavelength, where the birefringence goes to zero . • .
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D. TUNING

A nontrivial limitation of this class of optical filters needs to

be mentioned. The zero crossing of birefringence characteristically

occurs quite near the band edge. Therefore, some absorption of the light

say result when thick samples are used. We propose a means for avoiding
this problem by introducing a periodic strain field (as with the collinear

acoustooptic filter7) or a periodic electric field following a scheme

invented at Hughes several years ago for the HALO program.8 With the

periodic field of period A, the phase mismatch (Eq. 6) nov becomes

~
k_

~~~~
(fle

_ f l
o
)_

~~
L

(18)

— A )  —~~~~

where

C E~~~~~~~~ 

~~~~~~~~ 
(19)

and where A
c is the original pass wavelength at the isotropic point.

The phase misrnatc i ~tow becomes zero at a new, longer wavelength A1 where

A - C(A 1 — A )  • (20)

We estimate that an AgGaS
2 filter could be retuned from 4970 A (near the

band edge) to 5100 1 (well removed from the band edge) using a periodic
acoustic or electric field with a period A 32 tim. The selectivity of
this retuned filter would still be dominated, however, by the rate of

change of birefringence C (Eq . 19) and would thus retain its narrow band

feature.

As a result of this retuning, by introduction of a directed

periodic field , the FOV characteristics would be modif ied because
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phase matching would no longer occur at all angles of incidence. We

have analyzed the resulting effect using existing theory for acousto—

optic filters.9 The results are shown in Figure 7 for the specific case

of a 10—nun sample of AgCaS2. As a specific example from these results:

the half—power bandwidth for paraxial rays is increased by a factor of 3

when the external half—angle reaches 210 (f/l.3 FOV).

E. TRANSMISSION

The problem of absorptive loss at the isotropic point actually does

not appear to be serious in AgGaS
2 
if it is properly synthesized and

annealed . Figure 8 shows transmission loss in the blue—green of a highly

purified , clear sample of AgGaS
2 
grown and prepared at HRL . This is a

(110) platelet having a thickness of 0.84 nun. Fresnel reflective losses
0

are not included . The residual absorptive loss near 4970 A is less than
0.10 dB/nin . Figure 9 shows the transmission characteristics of this same
sample between parallel polarizers oriented along the optic axis of the

crystal . Note the 10—fold increase in spectrophotometer sensitivity.
0

The narrow absorption line at 4970 A results from the elastooptic polari-

zation coupling due to a very small amoun t of residual strain in the
crystal. It is exactly this form of polarization coupling, achieved

electrooptically, that forms the basis for our coupled—wave filter using

AgGaS2. The llnewidth is dominated by the spectrophotometer resolu—

tion of ~3 to 5 A. Thus, the actual material linewidth is much less.

A longer interaction length of, for example, 1 cm would lead to a I ii—

ter linevidth of about 0.2 1, as estimated. Some spectral tuning

caused by varying the temperature1 is expected with AgGaS2, as with
CdS and CdSe, although the tuning sensitivity is not yet known. Addi—

tional tuning by compositional variations may also be feasible.3’4 More—

over, since the sample losses illustrated in Figures 8 and 9 are so

small, it might also be possible to tune to wavelengths shorter than
4970 A by these techniques or by the periodic field approach.
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Figure 7. FOV characteristics for modified coupled—wave filter.
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SECTION 4

NEARLY DEGENERATE FOUR-WAVE MIXING FILTER

The process of degenerate four —wave mixing has been shown to be
capable of generating phaae—conjugate~

0’11’~
2 
(or “time—reversed”) and

11,12amplified fields. These effects have recently been verified experi-

mentally.13’14 
Further, the four—wave nonlinear interaction was shown

to be operationally analogous to performing real—time holography.15 In
the above efforts, all interacting fields were taken to be of the same

optical frequency. During the present program, we have shown how this

interaction, together with phase mismatch constraints, can be used to

act as a narrow optical bandpass filter. In principle, any nonlinear

interaction can be used to perform filtering functions. However, these

interactions generally require a specific angle of incidence of the field
to be filtered and yield an output wavelength differing from its Input.

Using a nearly degenerate four—wave mixing approach provides for a large

FOV for the input field and an output field of essentially the same

wavelength. In addition, the conjugate nature of the output field can

be used to spatially filter out various “noise” fields, thus increasing

the S/N performance of the filter. However, the degree of spatial filter—

ing and detection geometry will limit the filter’s FOV . Being essentially

an active device, the filter will be capable of yielding an amplified

output bandpass. As the filter gain increases, its bandpass will be
shown to become sharper, with a concomitant decrease in the passband

sidebobe structure. Finally, physical analogs with real—time holographic

diffraction gratings will be shown to be consistent with the resolving

power of the filter.

We assume that the interaction takes place.in a nondispersive,

lossless medium. Consider the frequency dependence of the amplitude of

a f ield , generated as a result of a nonlinear interaction involving

the simultaneous incidence of two intense counter—propagating “pump”
f ields, E1 and E2, of frequency w, on a medium possessing a third—order
nonlinear optical susceptibility, xI~~

. Also incident (simultaneously)
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on the medium is a third weak field, E4, of frequency w + 6(6 1w << 1),
propagating along an arbitrary direction. The geometry is shown in Fig—

ure 10. The fields are taken as

-* 4.

1 i(wit—ki
.r
i)Ei

(r
1
) — ~ A~ (r~ )e + c.c. , (21)

where rj  is the distance along k1. Without loss of generality, we assume
that 

~~~ 
is polarization and frequency invariant and is spatially

homogeneous and isotropic. The nonlinear polarization coupling the fields
A3 and A

4 is given by

(W
3
=W—6) 1 (3 * 

i{Lw~ft~—(w+6)It— (k1+k2—k4I •r}
NL 2 XNL 1 2 4  e c.c.

(22)

Since It1 + k2 0, the field that results when the phase mismatch is

minimized will propagate along a direction opposite to that of A4 , as
shown in Figure 10. A similar nonlinear polarization at frequency w

4
results (following the procedure of Yariv and Pepper11) in the following
set of coupled mode equations:

dA
1 
9 

A~ e~~~
z

(23)

dA*_
~.t .i K A  e

i
~~~dz 4 3  ‘

where the complex coupl ing coefficient is given -by

2ww
— XML A1A2 , (24)
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and the phase mismatch is

I
I~~kl  — 2nw L~J ~~~~~ . (25)

A
I

Note that lA M is the wavelength difference between fields A
3 

and A4. In
arriving at Eq. 23, we assumed that the pump f ields (A1 2~ 

are non—

depleted and that the adiabatic approximation ,

~d::~~
j 

~kiiJj 
‘

holds. The solutions to Eq. 23 using the boundary conditions of A
3

(z — L)
E A

3
(L) and A

4
(z — 0) A

4(0) are

A
3

(z) — 
e 1e

_
~~

2 
18 cos (8z) — ~~~~ sin (Bz)j A3

(L)

+ I 9 sin F8(z — L)] AZ(0)
t 

(26)

AZ(z) — 
e 

D fiK4 
e~~~~

Th’2 sin(Bz) A3(L) + Bcos[8(z — L)) AZ(0)}

where

- D E cos(SL) — 
iAk sin (81.)

and -

B / 1K4 
+
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For the filter application, we assume A3
(L) — 0, with a single input

at z — 0. In this case , the reflected wave at the input plane (z — 0)
becomes

—i ~~ tan (BL) A* (0)

(BL)

We can now appreciate several filter characteristics of the I our—

wave interaction. First, A3
(0) is proportional to A2(0), which implies

the “near” (since Ak # 0) time—reversed nature of the f i l ter  output .
Hence , through spatial filtering, the filter’s SIN can be improved .
Second, the amplitude of wave A

3
(0) can be greater than that of the input

field (i.e., amplification) for the proper range of k
t 
and Ak. Also,

from Eq. 22, we note that the output frequency is down—shifted by the

same amount as the input frequency is upahif ted with respect to the pump

wavelength or vice versa.

There are several useful limits that can be imposed on Eq. 26 to

verify its physical nature. If, for example, we let Ak + 0, the resul-
tant expressions for A

3
(z) and A~(z) approach those of Yariv and Pepper,”

where a degenerate mixing case was considered . Another useful limit is

that of weak nonlinear coupling (i.e., 1K1/Ak I 9- 0. In this case, the

power reflection coefficient, def ined as - •

A (0) 2

- 
R~~ A4

(O) ‘ (28)

becomes

5in (~~
R + kLI 2 I (29)
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In Eq. 29 and what follows, we set K ~ K K, since 61w << 1. We note

that the sinc (x) dependence of Eq. 29 is a typical result of coherent,

phase—mismatched, nondepleted interactions.16 This resul t can be obtained

directly by assuming in Eq. 3 that

dA*

dz

(i.e., that the perturbation of the input fields is weak) and simply
integrating the remaining differential equation for A

3(z). The expres-

sion in Eq. 29 is also consistent with that expected of a real—time
15holographic analog of the four—wave interaction. The nonlinear mixing

process can be viewed as forming and illuminating a real—time diffraction
grating. According to Eq. 29, phase matching occurs when (AkL/2) ~ iT .

Using Eq. 25, this constraint implies that the wavelength resolution of

the interaction ~~es as (A A/A) ~ (A/L). This result is consistent with

the resolving power of a grating,
17 (AA/A) (1/mN), where m is the

order of the grating, and N is the number of lines illuminated. The

analogy can be verif ied by setting m — 1, corresponding to the f i rs t
order , and realizing that N L/A is the number of real—time “grating
lines” formed in the nonlinear medium. The holographic analog only holds

for a = 1, since higher “orders” in the nonlinear sense are phase
mismatched. - 

-

The filter bandpass characteristic is obtained by using Eq. 27 in

the defining expression, Eq. 28, for the power reflection coefficient,

which yields

p 
R — 

kLI 2 tan2 (61..) (30)

÷ (A~ ..)2 
sec2(BL) 

-

Using Eq. 30, the power—reflection coefficient, R , is plotted versus

a normalized wavelength detuning parameter , ‘I’, for several values of the

nonlinear gain, IK~L. By definition , ‘P — L(AA/2)(2nL/X2)), which is

also equal to the phase mismatch, AkL , divided by 2it. The wavelength

38
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detuning parameter, AA/2 , corresponds to the difference in wavelength of
the probe field (A4) relative to the pump fields (A1 2~

-
~ 

For an interac—

tion length 1. = 1 cm, a wavelength A — 0.5 um, and a linear index of

refraction n — 1.62 (that of CS ), a value of unity in Figure 11 corre—
2

spond s to a wavelength detuning, AA /2 , of 0.0772 A (or 9.26 GHz). The

sinc
2
(x) form of the response holds only in the limit of weak nonlinear

coupling (i.e., IK/Ak i << 1). As IKIL increases, the bandpass becomes

more sharply peaked, with the zeros of the response occurring at decreas-

ing values of the frequency offset. This is true because the amplitude

of the output wave increases with IKIL , and the zeros of the tangent in

Eq. 30 occur at smaller values of (AkL)/2 as KIL increases. The filter

exhibits a power reflection coefficient exceeding unity when IKIL

exceeds w/4 over regions of the bandpass. For CS
2 
(using 1.8 x

10 esu), I K I L  — v14 corresponds to a pump intensity of 10 MV/cm

(for L — 1 cm and A — 0.5 pm). These high intensities can be realized

on a cw basis by performing the filtering in an optical waveguide18 (at
a reduced FOV, limited by the numerical aperture of the waveguide). The

need for high intensity can be relaxed by using resonantly enhanced , non-
linear media.

At the oscillation condition (Kit 1T/2), a slight phase mismatch

results in a drastic decrease in R, implying that oscillation has ceased.

Since the phase mismatch can be the result of modifying the probe fre-

quency and/or of varying the direction of the pump beams with respect

to each other (with the concomitant change in the interaction length), - -

14beam alignment is of critical importance.

The wavelength response of the filter becomes apparent if we recast

the family of curves of the previous figure normalized to unity reflec— - -

tivity, as shown in Figure 12. Two features are apparent. First, as
K i t  increases, the bandwidth dramatically decreases. Second, the

sidelobe structure of the filter also decreases with increasing nonlinear

gain, yielding a sharper, better defined and amplified bandpaas. Physi—

cally, these features occur because the filter is analogous to a real—

time distributed Bragg reflecting resonator with an internal gain medium.

Since the f inesse of a resonator increases as gain is added to the cavity,
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Power reflectivity versus normalized wavelength
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frequency bandpass of the interaction.
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a sharper resonse (or Q) results.19 As the oscillation condition is

satisfied, the bandpass approaches zero, being ultimately limited by the

linewidth and/or coherence length of the pump sources.

In the above discussion, we placed an upper limit of ir/2 on IKIL.

When I K I L  exceeds w/2 , the filter bandpass will begin to “approximately”

reproduce. However, for such large nonlinear gains, undesirable oscil—

lation will limit the usefulness of the filter.

The four—wave interaction, since it yields amplification of the

forward—going wave (*4)5 
also has a bandpass characteristic similar to

that of its counter—propagating component, except that it is super-

imposed on a unity transmission bandpass. This, coupled with the lack of

conjugacy of A4, tends to limit the possibilities of filtering by means
of the transmission mode.

We have shown how the process of nearly degenerate four—wave

mixing can yield a real—time, active, narrow optical bandpass filter .

The interaction has a large (2ir) FOV and has a frequency response that

depends on both the interaction length and pump intensity for a given

medium. The actual FOV for a given device will, however , be limited by
the specific optical detection scheme used and the degree of spatial

filtering. Spatial filtering of the time—reversed, phase—conjugate out—

put wave can, however, be used to minimize noise sources. Finally, the

filter is capable of yielding an amplified bandpa-as for large enough

nonlinear gains.
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SECTION 5

CONCLUSIONS AND RECOMMENDATIONS

This section proposes a program plan for exploiting new filter
concepts. We recommend an immediate demonstration program for the prom-

ising electrooptic coupled—wave filter and a lower level of effort study

program for the higher risk degenerate four—wave mixing filter. The iso—

index filter offers transmission and linewidth equivalent to or better

than the Lyot filter, a much larger FOV, and much less complexity. In

the modified coupled—wave filter, the operating wavelength is tuned away

from the bandedge to eliminate absorption. This is done, however, at the

expense of filter FOV. Rather than operating over 2iT sr, the estimated

FOV is “-±30°. This is, however, the only visible filter concept that

allows electronic tuning in operation. This feature may be important

for accommodating unwanted wavelength shifts of the transmitter laser out

of the filter passband and for controlling the effects of thermal drifts.

AgCaS2 is currently considered the moat promising candidate material for

these filters. This material has been extensively studied over the last

two years at HRL on the HALO program for tunable electrooptic filters.

It is presently grown in 1—in . boules , and device—quality matérial is :-

available for a blue/green filter program. An important aspect of the

proposed program is a comprehensive study to identify other candidate

filter materials. In particular, crystals with a more rapid change in

birefringence for narrower linevidth and shorter wavelength operation
wuld be desirable.

The f i l ter  concept that offers  the best potential petformance is
based on degenerate four—wave mixing. In principle, linewidths narrower

than 0.1 A , f ull 2v sr FOV, and signal amplification can be achieved
simultaneously. This area, however , is the least mature and hence would
be riskier than the next best alternative and would require considerable 

- 

• -

additional work. One area of great importance is the scattering of the

pump lasers onto the detector by the interaction medium. Our preliminary

43



calculation of such background noise suggests that it may be possible to
obtain quantum—noise—limited performance. We recommend that this work
be continued on the proposed program.

.
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APPENDIX I

DISPERSIVE REFLECTION FILTERS

A. GASES

Wavelength—selective reflection from metal vapors was first

observed by R. W. Wood
A_l 

nearly 70 years ago. In more recent years,

this effect has been studied in detail in materials such as
A—3,A—5,A—7 A—2 ,A—6 A—2,A—4sodium, cadmium, and mercury. In a typical

experiment, the specular reflectivity at the glass/metal vapor interface

is measured as a function of wavelength near a resonance line of the

vapor. Due to the resonant behavior of the real and imaginary parts of

the complex refractive index near the line center, the reflectivity can

increase significantly from its value in the wings of the line.

A device capable of selective reflection can be thought of as a

narrow—band reflection filter. Large values of skirt rejection are

possible if the containing window is AR coated at normal incidence or is
used at Brewster’s angle. Senitzky has reported~~

8 on the properties of

a filter using mercury vapor at “.2 atm and a quartz Brewster window.

The peak reflection was l4Z, and the bandwidth was 0.14 A. The skirt

rejection ratio was 700 for a field of view (FOV) of 14°. However, a

larger FOV would be possible if some degradation in skirt rejection

ratio is acceptable. The analysis given below will make this apparent.

To calculate the variation of reflectivity with frequency,

expressions relating frequency to the variation of the real and 
-J

• imaginary parts of the complex refractive index are required. We will

restrict ou~c consideration to the pressure—broadened regime, where the
• line profile is described by a simple Lorentzian line shape. Although

• Doppler broadening would normally need to be considered at low pres—

sures, it need not be considered here since the refractive index
variation (near resonance) is smaller at low pressures , which leads to
smaller values of resonant reflecti-~4ty. If the complex refractive

index is written as

- 

~~ _ _ _ _  - - - - - c . “p’-’
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n’ n —  ik , (A.1)

then the dispersion relations will be -

n
2
-k2 — l -  

~~~T 
(A.2)

l + x

2nk - 
M 

2- ’ (A.3)
l + x

where

2e fNM — 
2nv my/2 (A.4)

v - v
X~~~ y/2~~~~ 

(A.5)

In the above expressions, x is the frequency detuning measured in terms
of the linewidth y, f is the absorption oscillator strength , N is the
number density, and V

0 is the center frequency. In the collision—

broadened region , the linewidth y is proportional to the density N , and
thus the factor N is a constant . This is in keeping with the well—known
observation that a collision—broadened absorption line ha. a peak value
that is independent of pressure and a linewidth that is proportional to
pressure.

In the case of resonance lines, the most co on type of pressure
broadening is dipole—d ipole (resonance) broade ning. In this c&se , the
linewidth may be written as

1/2

~ (3~~~~
) 2 v i u t t ~ (A.6)
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where the g factors are the level degeneracies. Substituting into

Eq. A.4 yields

(k.1)

The maximum ratio g2/g1 for an allowed transition is g2/g1 3.

Substituting this value yields M — 2. Thus, the factor N is a constant

and is independent of all material parameters except the level degenera—

cies. In this case, Eqs. A.2 and A.3 simplify to

2 2 (1 — x)2n k (A.8)
l + x

2nk 2 
2~~ 

(A.9)
l + x

Eqs. A.8 and A.9 have been solved for n and k as a function of x, and
the results are plotted in Figure A—l. These curves are for all cases
where resonance broadening applies and where g

2/g1 3. Other types of

broadening and other values of degeneracy are likely to lead to somewhat
smaller variations in n and k.

At normal incidence, the reflectivity at the dielectric/metal vapor

interface (with the beam entering through the dielectric) is

(n- n
1
)
2 + k 2

2 2 ’  (A.lO)
( n + n

1
) + k

where n
1 is the refractive index of the incident dielectric medium.

This equation may, of course , be generalised to include all incident
angles . In this case , there are separate relations for the reflectivity
with the polarization vector in the plane of incidence (R

e
) and the

~
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Figure A—l . Refractive index and absorption index versus normalized
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reflectivity with the polarization vector normal to the plane of

incidence (R5).

In Figure A—2 , the reflectivity at normal incidence is plotted for
waves incident in a medium with refractive index equal to 1.0 and 1.5.
The former case is meant to simulate an AR—coated window , and the lat-
ter , an uncoated quartz window. The limiting values of reflectivity are

near 20%, with bandwidths on the order of the collision—broadened

linewidth y. Thus, the narrowest filter bandwidth occurs at the lowest

pressure where collision broadening is still dominant. This crossover

point depends on the experimental conditions and on the particular gas

used; the corresponding values of the linewidth are in the range from

0.05 to 0.5 A.
We have generalized the results of Figure A—2 to include several

angles of incidence. These results are shown in Figures A—3 and A—4.

All angles given are measured in the incident medium. For n
1 

— 1.5, the

internal Brewster angle is 33.7°, and the critical angle is 41.8°.

Figures A—3 and A—4 suggest several observations regarding filter

applications. For n
1 

— 1 and incident angles different from zero , the

reflectivity curves shift and broaden, and the peak reflectivity

increases somewhat. However, the combined effects of shift and broad—

ening are not severe for incident angles as large as 450 • For -the case

where n
1 

— 1.5, the center of the FOV would be fixed at Brewster’s angle

(0 - 33.7 ), and a polarizer in the input beam would be required.

Under these conditions, some shif ting and broadening is again present

for other angles of incidence. However, these effects are small as - 
-

normal incidence is approached. We have not calculated the variation a

for larger incident angles (approaching the critical angle).

There are two drawbacks, apparent from Figures A—3 and A—4, to the

use of selective reflection for filter applications. First, the skirt

rejection rapidly degrades for incident angles differing from optimum.
Second, the peak values of reflectivity are generally not higher than I r
10 to 30%. The skirt rejection could be improved by using a multiple—
reflection configuration, but this would degrade peak reflectivity.

51



- -
~~
- w — - 

— —

750S-2 4

REFLECTIVITY
0.25 — —

0.20— —

ANGLE OF INCIDENCE • 00 fl1 • 1.6
0.15— (QUARTZI

0.10

ASYMPTOTIC VALUE “1 - 1

ff~t :~ ~~~~~~~~~~~~~~~~r ~~~~~FREQUENCY DETUNING. x

Figure A—2 . Normal incidence reflectivity versus normalized frequency
detuning.

- •

52



• -5
-’- w- — -

7501-3
REFLECTIVI TY

1.0- -

INDEX OF INCIDENT MEDIUM n
~~~’ 

::j

R~~(6O )

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
- FREQUENCY DETUNING. x

Figure A—3. Reflectivity versus frequency detuning for n
1 

= 1.

7SOS 4

REFLECTIVITY
1.0 - -

INDEX OF INCIDENT MEDIUM - 1.5

0.8- .

0.6 - - R~ (16 )

0.4- - ~~~~~~~~~~~~~~~~ a

/ ///N~~~
)

H 
0.2-

4

- _
~~~~

- 

-
~~ 

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

FREQUENCY DETUNING, x

Figure A—4. Reflectivity versus frequency detuning for n1 
— 1.5.

53

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



B. SOLIDS

The reflectivity, R, of a substance of complex index of refraction

in the presence of a nondispersive substance of index h1
~~~2 

approaches

unity at frequencies where the real part of the dielectric constant , C
r0

becomes negative. This dispersive reflection was utilized by

H. RubensA 9  to create a narrow—band infrared source from black—body
radiation by multiple reflection at the restrahlen frequencies in a

solid. After 10 reflections, the transmission efficiency was 70%.

The same principle can be applied to the visible region. A wide

FOV , narrow—band filter may take the form of Figure A—5, in which a

nondispersive dielectric (e.g., glass) parallelopiped of index n1 is

bounded on four sides by a dispersive material of index n
c2 

with a sharp

electronic resonance near the desired pass band. An example of such a

resonance is shown in Figure A—6 . The high reflectivity at C
r 

< 0 is

angle insensitive. The index n
1 
can be chosen carefully to minimize

Fresnel reflection at off—band frequencies, especially at sharp angles.

A reflectivity of l0~~ per reflection can be easily achieved for regions

beyond ± twice the linewidth, tiv. 
-

In the choice of material, two criteria are important:

• Resonance linewidth must be adequately narrow.

• Peak absorption fl must be at least l0~ cm
1 or a cross

section per resonance oscillator of ~ — 
~/p “ 10

16 cm2,
where p ”-102’ cm 3 is - an approximate density of the
oscillators.

The derivation of the second criterion follows. Near a Lorentzian line,

C is equal to C,,, + 4irX, where X — X — iX1 is the complex susceptibil— 
r 

-~

ity due to the oscillators . To have ~ 0 anywhere, we must have the

maximum of X ~ ~,,,/4w .i, (1.5)2/4n — 0.12 . Since , for a Lorentzian ,
is equal to 2 ~~~~~ here X~ — 0,24. In general, n — (2nkw/c) =

(wci,,~~/c) 
— w(4tr X~~~ )/c.

Several classes of materials have been considered :
a

• Rare earth salt crystals, which have narrow linewidths t~v - 1-2 A ,
generally have a cross section a < 10. 18 cm2, which is several
orders of magnitude too smalL Cooling or mult iple passes
could reduce the linewidth , but the weak interaction seems to
rule out this approach.
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• Transitional metals, which have large cross sections ~~~~~~ cm
2
,

do not have sufficiently narrow linewidths. Typical values are
tens of Angstroms.

• Dye crystals appear promising if low—temperature operation is
acceptable. On cooling, the vibrational lines of dyes are
resolved in a manifold of lines each with a large cross section •

and narrow linewidth.

• Hybrid approaches do not simultaneously require large cross
sections and narrow linewidths in a single atom. In room-
temperature measurements of Er2+:Er3+ samples, very narrow
reflectivity has been observed at 3400 A. Here the divalent
rare earth provides a large cross section to lower (but not
below zero) the dielectric constant. The trivalent rare earth
with its narrow linevidth and modest absorption causes the
reflectivity to become very high over the narrow band of
interest. An attractive candidate for the blue/green portion
of the spectrum is Sm~+:Pr 3+.

The f irst three classes of materials present major diff iculties both
because their linewidths are too wide and because they require cryogenic
operation. The fourth class, however , does show some, although limited,
promise for future study.
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IAPPENDIX II

INTERFEROMETER APPROACH

As noted in Appndix I, very narrow absorption lines can be obtained

in solids and gases. In this approach, the problem is to take the narrow-’

notch absorption and transform it into a narrow pasaband filter. This
can be done by placing the absorber in one arm of a Mach—Zehnder inter’-

ferometer, as shown in Figure A—7. The interferometer must be adjusted

for white—light operation — equal optical path lengths in each arm for
all wavelengths of interest. Accordingly, all of the input light (the

unwanted background as well as the desired signal) exits through port A

and none through port B. By introducing into one arm of the interferom—

eter an absorber that coincides with the signal wavelength, the inter—

ferometer becomes unbalanced. As a result, the signal at the desired

wavelength exits through port B. However, since the interferometer is

not unbalanced at wavelengths outside the narrow absorber region, all the
unwanted background light continues to exit through port A. Consequently,

a narrow passband filter is obtained by monitoring the signal at port B.

Both the Mach—Zehnder and the Michelson interferometers provide the
second crucial element for blue—green filter applications — a relatively
wide FOV . When the device is aligned for white—light operation , equal
path length is maintained in the two arms for all input angles . On a
ray diagram basis, FOV is limited by geometrical considerations.

Consider a plane wave with electric field E and radian frequency w

incident on the device, as illustrated in Figure A—7. The electric fields

exiting from ports A and B are given by a

EA 
— ;2. e1~~ [1 + e I3

~~
0
~
] 

(A.1l)

- - ~~~ e~~t [1 - e~~~~ ] , (A.l2)
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where 8(w) is the complex propagation constant, and L is the length of

the absorption cell. The output intensities are given by

— I Ii  + e~~~~
)L

I
2 (A.13)

I = I I i — e~~~~ ) t t 2 
. (A. 14)B 4 o

The useful output of the filter clearly exits from port. B and is zero if

the re is no absorption (8 — 0).

For pure absorption (B real), the maximum output at port B will be
25%. If, on the other hand, B is pure imaginary, 1~ will reach a value

of 100% for BL = iTr. For a typical spect ral line, 8( w) is complex ,
and useful operation may occur in the wings of the line where the phase

sh i f t  is appreciable and absorption moderate (see Figu re A—8 ) .  If the
Lorentzian line shape —

8(x) - 

~ 
f 

1 + ~ ~ 
21 

(A.l5) I 
-

L l + x  l + x J

is assumed , where B is the pa~ k field attenuation coefficient , and x is

the detuning parameter normalized to the linewidth (see Eq. A . 5 ) ,  then

the useful f i l te r  output is given by

—2B L

— 
~~~ 

[j . 
- e 1 + 

— 2e 1 +
°
~~

) 
cos(

801
~~

2)] 
- (A.16)

Plotting this function allows evaluating the potential maximum filter

transmission and the required characteristics of the narrow—band absorber . —

The result is given in figure A—9 , where f i l ter  transmission is shown
versus normalized detuning x for various values of 80

L, the peak absorp—

tion at line center . These curves are symeetric for ~x.
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For B L  — 1.0, the peak transmission is 10%, decreasing monotonically

to zero with approximately a Lorentziar.- shape. Transmission is higher ,
22% , for 80L — 3.0 at line center and increases to 26% at a detuning of

x — 1.2. This is due to the effect of the imaginary part of 8, result-

ing in a phase shift greater than ¶12 , where the cosine term in the

above expression changes sign. For a very large 80L of 15.0 , the peak

phase shift exceeds 3ff, so additional structure begins to appear on the

transmission curves and a peak transmission of greater than 61% is

obtained . Such high values of 80L result in optically thick samples at

line center, which effectively pins the transmission to 25% over the

opti~ally thick region — which is exactly what would be expected if one
beam of the interferometer were blocked.

Qualitative examination of the transmission curves reveals that a

reasonable value to choose for an operating parameter is 8L — 9.0 ,
which would yield a peak transmission of 50% and a linewidth of x 8.

If a bandwidth of 1 A is desired, for example, an atomic linewidth of
—1/8 A would be required to compensate for the increased effective line—

width of the filter operating at 80L — 9. This value of B L  would

require a power attenuation constant c~0L — 18. Since sample sizes of up

to 3 cm are reasonable, % should be greater than 6 cm 1.

The ideal absorber for use in the interferometer filter would be a

passive, homogeneous medium with the required narrow linewidth and high
optical density contained in a single absorption feature. If use with

several different sources is anticipated, then tunability would also be
desirable , which would require the use of an active device. However,

the advantages of an interferometer filter would be lost since the tech—
no]ogy required to design and construct a tunable absorber could be more
directly applied to construct a tunable transmission device.

Assuming that the type of laser signal source is known in advance ,
the most logical choice of absorbing medium for the interferometer filter

would be the same medium used to produce oscillation in the laser source.
There would be an automatic overlap between the source and absorber fre—

quencies . With the possible exception of excimers, any species that can
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be excited to produce laser gain can also be excited to produce loss at

the laser wavelength. In fact , the production of absorption is generally

easier than the achievement of sufficient gain-for laser action. As an

example, we consider the case of a transmitter source derived from an

He—N2 charge—transfer laser oscillating on the 4709 A line of the B-X

band in N2 .  To obtain a peak absorption of — 10 in a 10—cm length ,

the required population difference is (N lover — N p r ) ~ x 1013cm3.
It is expected that absorption at the laser frequency could be produced
in an He—N2 discharge by increasing the N2 fraction so that charge trans—
fer to the upper laser level is no longer dominant . The required popu—

lation density should be easily obtainable at total pressures exceeding

1 atm.

Another example of a signal source in the 4700 to 4800 A region is

the argon ion laser. In particular , a strong laser transition exists at

4765 A. For the same conditions of peak absorption and active length
assumed earlier , the required absorbing population density for this trans—
ition is 2 x 1011/cm3. This population density can be obtained in an
argon discharge run at higher pressures than optimum for laser oscilla-
tion . Similar calculations for other gases with absorption lines in the
4700 to 4800 A region indicate that densities in the range 1011 to 1013/
cm3 are required . Typical linewidths for these absorption lines are in
the range 0.01 to 0.05 A, which easily meets the iinewidth requirements
mentioned above.

To demonstrate the relatively large ray—optics FOV possible for an

interferometer, two different designs are discussed and their equivalent

entrance lens speeds are computed. First , the Mach—Zehnder has an analog - 
a

design that simplifies the ray—tracing geometry (see Figure A—b ) . The
analog design would offer the advantages of simplicity and ruggedness if

the narrow—band absorber could be deposited as a layer in front of the

arm A mirror or contained throughout the volume of side A. If the angle

at which a ray is incident on the input face is too large , then the ray
will not properly pass through the interferometer . It will be necessary

to provide a shield to eliminate light beyond a certain critical accep-
tance angle to assure proper operation. This critical angle defines the
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FOV . A second design illustrating a large ray—optic FOV is that of the
Michelson interferometer. Both the standard and compact designs are shown
in Figure A—lb. Assuming that the compact designs are constructed from

material of refractive index n , the equivalent lens speed as determined
by the critical ray angle of incidence has been computed. Comparative

results for the Michelson and Mach—Zehnder devices using n — 1.0 , 1.5 ,
and 2.0 materials are presented below.

Refractive Index

Interferometer n — 1.0 n — 1.5 n — 2.0

Michelson f/2 .0  f/ 1.3 ff 1.0

Mach—Zehnder ff3 .0  ff2 . 0  ff1.5

An index near 1.0 is appropriate for a gaseous absorber contained in
side A , while the higher indices are appropriate for absorption layers
used in conjunction with glass structures on both sides A and B. With

regard to the geometrical optics limits on the filter FOV , the Michelson
interferometer design would be superior to the Mach—Zehnder and would
provide an f/number of at least f/2 .0 .

Additional factors that affect the FOV must be investigated. The

finite thickness of the beam splitter can cause the optical paths to be
offset , as shown in Figure A— 12 . In addition , the finite thickness
causes multiple reflections. If and only if this thickness is a small
fraction of a wavelength will these effects be unimportant.

The interferoaeter approach has some distinct advantages and offers a

a relatively wide FOV. The need to maintain the device tuned accurately
for white light fringes and to produce absorbing materials with suff i—
ciently narrow linewidth and high absorption strength for filters con—
siderably less than 1 A wide are two major drawbacks to this technique.

Another major drawback is that the passband for reactively dominated

operation is double peaked.
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APPENDIX III
HETERODYNE DETECTION

This analysis suzunary is intended to assess the feasibility of

employing a heterodyne detection scheme as a very narrow band optical

filter that also, incidentally, provides front—end gain. The field of

view is, however, extremely narrow, being confined to a single resolution
element of the receiver detector. In assessing various power levels, we

are thus concerned exclusively with power per optical mode. We assume

an i.f. bandwidth B of 10 MHz, sufficient to accomeodate transmitter

pulses of -400 nsec under clear—sky conditions.

1. Noise equivalent power, NEP

NEP — (A.l7)

hv — photon energy — 4 .4 x io~~
9 j  at 0.48 i.im

B — i.f. bandwidth — 10 MHz

n — detector quantum efficiency — 0.5  -

NEP — 8.28 x lO
_12 

W/mode.

2. Minimum local oscillator power, P0

2 h v k T
2 

C (A.l8) a -

q n R d

k — Boltzmann ’s constant — 1.38 x io.23 jz1

Te — effective detector load temperature 300 K

q — electron charge — 1.60 x ~O ’~ c • -
~

Rd — effective detector load —10 ,000 (~

67



• -5-’- w — -

P~~~~ 26.7 pW . • 
-

3. Background power per mode, 
~m’ 

from direct sunlight

— exp (hv/kT 8) — 1 — A 2NA AA f (A.19)

T — effective solar temperature —6000 K

— solar brightness — 3.185 x 1O
3 W/cm2—sr--pm

~Af 
— optical filter passband — lO~~ pm

— 7.34 x l0~~~ V/mode -

Note that this limiting level of solaL flux per mode is still
more than five orders of magnitude smaller than that of the -

local oscillator, P0. This shows that the shot noise due to
the local oscillator is the overwhelmingly dominant source of
detector noise, as is required for ideal heterodyne sensitivity.

4. Seawater transmission, T

— exp(—ct
1
&~ ~~~~ 

(A.20)

—l
— attenuation coefficient above 7 0 m — O . 0 7  m

p 
—102 — attenuation coefficient below lO m — 0.04 m

— shallow depth limit — 70m 
- 

-:

~~ 
+9.2 — depth of receiver —200 m typically ‘

— e~
10•1 

— 4.11 x 10~~ -

iA 
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5. Signal intensity at ocean surface ,

I — _______ (A.2 1)surf A —
surf T A

- 
p surf— peak transmitter power — 2 MW

— energy per pulse — 23

T — pulse width — 10 6 sec maximum
- 2 1 0 2A — illuminated surface area — 1 km — 10 cmsurf

I “ 2 x l 0 4 W/cm2 
-surf 

- 
-

6. Estimated signal strength per mode , P5, at submerged receiver

Our estimates are made on tvo bases : (a) using an apparent
brightness of the source as seen from the submerged receiver,
and (b) using an assumed detector area equal to the estimated
coherence area at the 200—a depth.

(a) Apparent brightness of source, N8

- P5 — X2N5~X5 (A 22)

The factors N5&,5 for the laser must be taken together - 

• 

- -

and represent the effective brightness integrated ~~~~ :
the transmitter bandwidth 

~~~~~~~ : , ~~~~

- -

(1) Lambertian surface scatter. This represents an
extreme upper limit on signal energy diffusion.

S 

i

I e 0
~ • -~~

N~~ — 
surf -

5 5

(A.23)
—9 2

— 2.6 x 10 V/cm —sr - 
-
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P — 6.0 x l0 8 W/mode (us10~
6 NEP )

(2) Small—angle forward scattering

-ctLI e
N ~~ — 

surf 
(A.24)8 8  2ir01/2

01/2 
= f orward scatter half angle ~0.2° — 0.0035 rad

NW ~ — 2.13 x lO~~ W/cm2—sr

P5 
= 4.9 l0~~~ W/mode (uu~bO 1 NEP )

(b) Direct attenuated plane wave on detector

- P — I~~~~ e 22 A~ 

- 

(A.2s)

A — detector area — 0.01 cm2

— 8.2 x lO~~~ W/mode (a bO NEP)

In view of the fact that the estimated minimum signal level (NEP )
is 8.28 x io 2 V/mode , or greater , these calculations lead to the
conclusion that the heterodyne approach would be marginal at best ,
even under the most ideal environmental conditions. •

Li. 
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APPENDIX IV

ThE QUANTUM AMPLIFIER

Like the heterodyne receiver , the quantum amplifier can provide a
• very narrow optical passband, together with front—end gain. Its f ield

of view is fairly restricted due to the nature of its tubular construc-
tIon , although it can often embrace many thousands of resolution elements.
As shown below , however , a laser preamplifier for a blue—green system
shows little promise of providing S/N enhancement — except under condi-
tions of extremely high background flux — because the amplifier’s spon-
taneous emission is the dominant noise source.

The detector power signal—to—noise ratio , with a laser preamplifier
of gain G , can be shown to take the formA l O

A G 2 -

2 2 (A.26)
a + b G  + C(Ga

_l)

where

2

A — 2
~~P

; 1’B 
— 

(
~ )BLIP 

(C — 1) (A.27)

a l — c  (A. 28)

b — ~ + ~~~~~ 
(A.29)

2hv ~v I Na a i  2 (A 30)C — 
~ N2 

— N
1

(g
2
1g

1
) ~

P is the received signal power, n is the detector quantum efficiency,
I is the electrical bandwidth, P1 is the backgtound flux, and ~ is the
ratio of the amplifier bandwidth to the bandwidth ~Xf of an optical fib-

ter assumed to be part of the rec.iv•r optics. The constant A is the
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background—limited (BLIP) S/N when Ga 
— 1. The constant c is the gaim’

independent portion of the amplifier spontaneous emission power per mode

divided by the background power mode, 
~~ 

The amplifier frequency and

bandwidth are indicated, respectively, by V
5 and ~ V .  N1 and N2 repre—

sent the population densities of the lower and upper energy levels of
the quantum transition, and 

~l 
and g2 are their respective degeneracies~

It can be shownA l O  
that, in the presence of spontaneous emission ,

there is a maximum S/N value at an optimum gain of

(A.3l)a c

Since typically a — 1, c must be less than 1 to achieve any significant

S/N enhancement.

Let us assume a Doppler—broadened amplifier gain profile and take

as an example an Ar ion laser with a gas temperature estimated at 800 K.

Then —

1w 2 
\12k 

T 1n2 
(A.32)

where M is the mass of the Ar ion. For — 0.48 pm,

— 2.00 x b0~ Hz .

The level of background power per mode at the submerged receiver (at

200 m) is maximum when the sun is directly overhead , for which case an •

upper limit can be taken as

I

— A 2 N
~ 
&~f 

e 0& , (A.33)

where NA i~ the solar brightness. Prom Appendix III , the following
values
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NA 
— 3.185 x lO~ W/ cm2—sr—pn*

— 10.1

were given. If we assume , rather generously, a filter bandwidth =

bO~~ pm, then

= 3.02 x bO
_14 w -

Since the spontaneous emission factor N2/ [N
2 — N1(g2/g1)] is greater

than 1,

2hv Av
c >  

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

Clearly, since c is much greater than 3., the optimum value of gain is

G 0Pt _ i
a

and there is no S/N enhancement available with this particular type of
amplifier. We would need a quantum amplifier with a bandwidth six

orders of magnitude smaller or a background power six orders of mag-
nitude larger to realize a aignficant S/N enhancement. The first con-
dition is inherently unrealizable; the second is not representative of
any realistic scenario.
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