A (49543

RADC-TR-72-110
Technical Report
14 April 1972

BLEACHABLE ABSORBER LASER AMPLIFIER AND DETECTOR
(BALAD)

Polytechnic Institute of Brooklyn

Sponsored By
Advanced Research Projects Agency
ARPA Order No. 1279
Amendment No. 2

Approved for public release;
distribution unlimited.

The views and conclusions contained in this document are those
of the authors and should not be interpreted as necessarily
representing the official policies, either expressed or implied,
of the Advanced Research Projects Agency or the U.S. Government.

Rome Air Development Centjr
Air Force Systems Comman
Griffiss Air Force Bose, New York D D c N
()l

[}
st

ocT 10 1972

i3

Reproduced by

NATIONAL TECHNICAL
INFORMATION SERVICE

U S Department of Commerce
Springfield VA 22151




DISCLAIMER NOTICE

THIS DOCUMENT IS THE BEST
QUALITY AVAILABLE.

COPY FURNISHED CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE LEGIBLY.



UHCLASSIFIED

Security Classification

DOCUMENT CONTROL DATA-R& D

(Security ctassiticetion ot titte, body ol abstract and indexing annotation must be entered when the overall roport le cltassilied)

!. ORIGINATING ACTIVITY (Corpurate author) 28. REPORT SECURITY CLASSIFICATION

Polytechnic Institute of Croollyn, Dept. of [lectrical UnETes et

Engincering and Llectrophysics, Long Island Graduate s
Center, Route 110, Farmingdale, liew York 11735

3 REPORT TITLE

Cleachable Absorber Laser Amplifier and Uctector (DALAD)

4 OESCRIPTIVE NOTES (Type of report and inclusive detes) qo
Scientific semi-Annual. 13 Hov through 17 ilov 71.

8. AUTHORI(S) (Firet name, middte initial, iast name)

Gordon Gould and James T. LaTourrctte

6. REPORT OATE 78. TOTAL NO. OF PAGES 75, NO. OF REFS
Aprit 14, 1972 _ 49 19
88, CONTRACT OR GRANT NO F3(J602-7'| -(,-0024 8. ORIGINATOR'S REPORT NUMBE R(S)

PILEP-72-106

b, PROJECT NO.

c. 9b. OTHER REPORT NO(S) (Any other numbere that may ba aeeignad
thie report)

ARPA Order Ho. 1272, Amendment Ho. 2 RADC-TR=72-110

10. DISTRIBUTION STATEMENT

Approved for public release; dJdistribution unlimited.

11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

Honitored by .
Mr. illiam Ouinn, 315-330-3030 Advanced Research Projects Agency -
RADC (OCTIi-1) GAFB/IY 13440 Jashington, D.C. 20301 ‘

‘

13. ABSTRACT

A detailed feasibility and desigu study has Leew made on the wide-ang]c:‘1ow
noise ALAD receiver (Lleachalle Absorter Laser Amnlifier and Detector). [x-'
pressions have Leen derived for the achicvalle field-of-view, waxirum gain and other
specifications in terms of the diensions and the measurable properties of "the laser
and absorber gases. Virtually crror free detection is assured for signal pulses
>100 photons.

A figure-of-mierit has been measured for several absorber gases screened fron
the literature. GALAD receivers vith 4000 vesolution element field-of-view are
feasible using SFg with a C02 arplifier at 19.6 um and Xe with Xe at 3.5um. The use
of the latter is recoumended for the experimental test of the CALAD receiver. Two
compact ausorber configurations have Leen considercd and will Le further investigated.
Application is to ouptical radar and to optical communications where signal direction
is uncertain, ‘.

DD 2*..1473 : Ui CLASSTFICD

Ny
’ Security Classification o




UNCLASSIFILU

Security Classification

KEY WORDS

S
LINK A LINK B LINK C
ROLE wT ROLE wT ROLE wT

Laser auplificr
Laser receiver
Lasur detector

C0» laser

aenen lasor
Mbsorber

Bleachable absorber
saturable absorber
Caseous avsorber
Optical filter
Sulfur hexafluoride
Ontical wavejuide
Optical radar
Ontical cowunications
Jide-anyle detector
Lov-noise detector
Coherent detector
narrow band filter

Sratial filter

n

ULCLASS

1100

Security ©wesiticRtion



BLEACHABLE ABSORBER LASER AMPLIFIER AND DETECTOR
(BALAD)

Gordon Gould
James T. LaTourrette

Contractor: Polytechnic Institute of Brooklyn
Contract Number: F30602-71-C-0024

Effective Date of Contract: 18 November 1970
Contract Expiration Date: 17 November 1971
Amount of Contract: $103,268.00

Program Code Number: OE20

Principal Investigators: G. Gould and
J. T. LaTourrette
Phone: 516 694-5500

Project Engineer: G. Gould
Phone: 516 694-5500

Contract Engineer: W. C. Quinn
Phone: 315 330-3030

Approved for public release;
distribution unlimited.

This research was supported by the
Advanced Research Projects Agency
of the Department of Defense and
was monitored by William Quinn,
RADC (OCTM), GAFB, NY 13440 under
contract F30602-71-C-0024,

/48

I



FOREWORD

This technical report was prepared by Poiytechni: institute of
Brooklyn under Contract F30602-71-C-0024, It describes work performed
at the Long Island Graduate Center, Farmingdale, N.Y.. The principle
investigators are Dr. Gordon Gould and Dr. James LaTourrette. Or.
Gould 1s also project engineer.

The Air Force Program Monitor is William C. Quinn, OCTM,
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1.0 Summarx.

1.1 Objective,
The objective of the subject contract is the investigation of Saturable Absorbers

and their application to wide-angle, low-noise laser receivers.

1.2 Background.

The cornbination of a Bleachable Absorber Laser Amplifier and a Detector (BALAD)
as a receiver may have advantages over optical heterodyne or direct detection receivers,
in the area of field of view, detectivity, and bandwidth. In the BALAD concept the sig-
nal beam is amplified along with spontaneous emission from excited molecules in a laser
pre-amplifier. The gaseous absorber is designed to saturate at an average intensity
above the amplified spontaneous emission. Thus, the spontaneous emission and other
background light is absorbed. The bleachable or saturable absorbing gas acts as an
optical squelch suppressing the background radiation which does not coincide with the
signal beam in direction, polarization, frequency and time. In addition, the signal beam
of somewhat higher intensity is focused down on the absorber, "burns a hole' in it, and
passes through with relatively little attenuation. Only light which is spatially coherent
with the signal gets through to the detector,

Two possible configurations for the receiver are shown schematically in Figures
land 2, The operation of the receiver is described in more detail in Sections 2.1.1
and 2.1, 2.

1.3 Plan.

In the subject one-vear contract, the scope is limited to two tasks (line item
AQ01):

Task 4.1.1: Screcen the potentially useful absorbers in the 10,6 1 and 3-5u

spectral ranges and measure the relevant properties of the most promising

gases,
Task 4.1.3: Extend the feasibility and design study of the BALAD recciver.

1.4 Technical Problems, Methodology, and Results,

This report contains the detailed results of Task 4, 1.3 with which receiver per-
formance can be predicted and physical design constants outlined. It also contains a
summary of the results of Task 4.1.1 - that is, the important measured properties

of the best absorbers and specifications for two embodiments of the receiver. It thus
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INCOMING LASER BLEACHABLE
SIGNAL AMPLIFIER ABSORBER

DETECTOR

Fig. 1(a) - BALAD receiver. Absorber becomes
transparent at the focus and frequency
of the signal beam.

ABSORBER CELLS WITH FIELD-LENS WINDOWS

::O‘-—-_ﬁ

LASER DETECTOR
AMPLIFIER

Fig. 1(b) - BALAD receiver with finc-focus multi-
slageabsorber required for gas with low
attenuation and high saturation intensity.
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provides the basis for decisions on the future course of the program,

The final technical report will contain a summary of Task 4. 1.3 and a detailed
discussion of Task 4.1.1. It will thus serve as an appendix to the First Technical

Report.

1.4.1 Feasibility and Design Study

The most important questions addressed by this study are: (a) How large a field-
of-view through the receiver is allowed by the actual characteristics of the best ab-
sorbers and by the technological and economic limitations on fabrication of the absorber
configuration? (b) How big is the minimum signal which can be detected with satis-

factory error rates?

(a) The principle advantage of the BALAD receiver over either direct detection
or optical heterodyne detection of a radar or communication signal is this: BALAD can
detect with maximum sensitivity a signal from any arbitrary direction in a sizeable field-
of-view instead of having to close down the field-of-view to a single diffraction limited
cone or resulution element.(l) It is therefore important to ask how large this field may
be. In Section 2.1.1, it is shown that the maximum field-of-view through the receiver
is given by

sF

[

bo
1]

v~ constant x (l1.4.1-1)

2

where FM = figure-of-merit for the absorbing gas.

.

®,A = branching ratio, wavelength characteristic of the laser amplifier
medium.
8 = number of stages in which the amplified signal is refocused down

through the absorvber.

The number of stages, s, is inversely proportional to the area of the diffraction
limited focused spot in the absorber. Thus, in addition to the limitations imposed by
the laser and absorber media, Ov is limited by the economically acceptable length of
a lens train in the absorber region, or by the smallness of technically feasible optical

waveguides for confining the focused signal beam. !

The losses to be expected in opt:~al waveguides, and the feasihility of fabricating

a bundle of such guides are examined in Section 2, 1, 2,

The awkwardness and bulkiness of the long lens train shown in Fig. 1-b may be

avoided by a recently conceived modification of the free-focus configuration, The



large lenses are replaced "fly's eye'' lenses covering the field of possible signal spots,
A series of such compound lenses in the absorber then prevents the focused beam from
respreading. Thus the length of the train is collapsed to the actual required path
length through the abosrber (perhaps 2 meters). Such lenses may be economically
molded from the infrared transmitting Irtran materials. The "fly's eye'' configura-

tion will be discussed in the Final Technical Report.

A second advantage of the BALAD receiver is that the absorber acts as a
spectral filter which passes only the narrow signal band wherever it may fall, It is
notable that the width of the signal band does not affect the achievable field-of-view.

It does enter into other design parameters which may be calculated from the developed

theory: path length through absorber, maximum output power, focused spot size, etc.

(a) The no-detection and false-detection error rates, other than those generated
by circuit failure, arise at the input to the amplifier from photon fluctuations in the sig-
nal pulse relative to the spontaneous emission or '"noise' pulse. It is shown in Section
2. 1.3 that the error rates primarily depend on the size of the average signal pulse and
are little affected by other design considerations, The error rates rapidly become

vanishingly small for signal pulses larger than 100 photons.

1.4.2 Investigation of Gaseous Absorbers

The figure-of-merit for absorbing gases,

G.OB
FME [—I——] (1. 4. 2-1)
s
is defined in Section 2.1.1. It is computed from measured values of the absorption
coefficient, c’o' the saturation intensity, Is' and the collision induced saturation band-
width, B,

Two types of gaseous absorbers have been investigated:

(a) Unexcited molecules which absorb via vibration-rotation transitions within
the well populated electronic ground state. The CO2 laser transitions are of this type.
These transitions are generally weak. The only absorbing transitions which have been
found to overlap CO2 laser transitions are of this type. The literature has been
searched and a list of 75 potential absorbers in the 10. 6u meter and 3-5um bands has
been compiled. Rough absorption measurements reduced the list to 2 likely candidates.
The figures-of-merit, FM' were measured vsing apparatus designed and built in part |
understhe contract. The best of these was sulfur hexafluoride (SF6) with FM = 1
3x10” meter/joules (See Table 2.2.1-1). An available review of vibration-rotation

transitions in general suggests that a higher value of FM is not likely to be found.




(b) Atoms' which absorb via "allowed' transitions between electronic states
excited or po;';ula.ted by an electric discharge. The high. gain, A = 3,5um laser
transition in xenon (Xe) is of this type. It can be made absorbing by over—driving
the discharge. The figure-of-merit was measured to be Fy=5x 107m/j. It is

likely that this can be further improved by variation of measurement conditions,

1.4.3 BALAD Receiver Characteristics.

Examples of feasible receiver specifications have been calculated for the
COZ-SF6 and Xe-Xe combinations. These are presented in Table (2.2,.2-1), The
Xe-Xe design can he economically tested in 1972, Briefly summarized, the COZ-
SF6 design would have a field-of -view of 4000 resolution elements (0,5 degree dia-
meter) and an es sentially error-free maximum peak signal pulse output power of
0.2 watts at the detector or optical signal processor. The unfolded amplifier length
would be 10 meters and the diameter 10 ¢m. Either the "fly's eye' or optical wave-

guide absorber configurations would be 2 meters long,

An Xe-Xe BALAD utilizing the fly's eye configuration could have a field-of-
view of 400, 000 resolution elements of 5° angular diameter (equivalent to a com-
mercial television raster. The state-of -the-art Xe laser transmitter average power
is l watt at \ = 3. 5um.

1.5 Implications for DoD.

A BALAD receiver for 10, 6um CO2 laser signals with the specifications re-
ferred to above is feasible for application in an optical radar. The usefulness would
be to detect a target of uncértain position. For example, the receiver could be re-
mote from the transmitter. It could also sensitively receive several separated sig-

4

nals simultaneously, or even an entire image.

A BALAD receiver utilizing xenon gas could function in a shorter range but
higher resolution optical radar in comparison to the CO2 system. This wide-angle

receiver also could be utilized in a lightweight secure communication system,

1.6 Implications for Further R&D,

(a) an experimental test of the BALAD receiver principle utilizing Xenon gas

can be economically made and should be carried out in 1972,

(b) the "fly's eye' and optical waveguide absorber configurations should be
further investigated with a view to determining:
1) How compact and economical the absorber design can be made.
2) How small can the focal spot be made (and therefore how large the field-
of-view) without incurring undue losses,

L

ML



(c) a computer search using an existing data bank should be carried out to see if

an excited atomic absorber line overlaps a CO.2 laser line.
(d) an investigation should be made of techniques for filtering out spontaneous

emission from all but the working CO2 laser line.

T — ——————




2.0 Saturable Absorbers and the BALAD Receiver.

The objective of this research program is the "'Investigation of Saturable (or
Bleachable) Absorbers and their application to wide-angle, low-noise receivers.' The

spectral regions of interest are A = 10.6 micrometer and A = 3-5 um.

The "engineering services for the development, design, test and analysis of the

concept of a BALAD receiver' were initially limited to two tasks:

Task 4.1.1, A theoretica) and experimental investigation of the essential proper-

ties of promising saturable gaseous absorbers (see Section 2. 2 below).

Task 4.1.3. A feasibility and design study of the BALAD receiver (see Section
2.1),

Other tasks, including the experimental test of a BALAD receiver were postponed

until positive results were obtained in the above (see Section 1. 6).

2.1 Feasibility and Design Study of the BALAD Receiver.

Task 4. 1.3. - calls for ''refining and extending the theory for more effective
design by taking into account the data and possible effects of the Inve stigation of Satur-
able Absorbers (Task 4.1.1). In particular, derive the necessary analytical expres-

sion(s) to determine performance, reliability, and cost estimates. "

The desired analytic expressions have now been derived for the configuration
proposed in Fig, 1 and the mode of operation of the BALAD receiver. This theory rests
on the well-understood interactions between gaseous matter and radiation. The basic
design equations (derived below) relate maximum possible field-of-view through the
laser amplifier, the receiver dimensions, required attenuation of noise, and character-
istics of amplifier and absorber gases. In particular, the possible field-of-view is re-

lated to a figure-of-merit for the absorber.

The BALAD receivers of greatest interest at present would utilize a CO2 laser
amplifier and a SF6 bleachable absorber gas. It turns out in this case that to obtain
sufficient noise attenuation and a useful field-of-view, the signal beam must be re-
focused through the absorber many times (as in Fig. 1-b). Quite recently it has been
realized that such multistage refocusing may be obviated by the "optical waveguide' con-
figuration shown in Fig, 2. Although this modification has not yet been thoroughly
studied, preliminary analysis indicates that wall attenuation will not be excessive and
fabrication should be feasible. If so, a larger field-of-view, a more compact device,

and other advantages would ensue. Some considerations are discussed in Section 2. 1, 2,



LIge

i
2.1.1. Free Focus Configuration,

The proposed mode of operation of the BALAD receiver is as follows: The
signal is focused through the laser amplifier down to a diffraction limited Fraunhofer
spot in the saturable absorber. Spontaneous em1ssnon from a region near ‘the mput
end of the amplifier (from the first ""gain length, ! actually) is also amplified and falls

.

on the absorber.

v
~

-

The minimum no-detection and false-detection error rates are determined at
R,
the input by the fluctuations in the signal pulse and in the accompanying spontaneous

emission within the spatial mode and spectral band of the signal. (See Sectmn 2.1,3,)

It turns out that, to achieve acceptable crror rates, the signal power or pulse
energy must be about 100 times or 20 dB greater than the spontanecus emission in the
signal mode (or modes) and signal bandwidth, On the othet hand, the spontaneous emis-
sion power or pulse energy in all modes is much larger than the detectable sxgnal.

Thus, the typical case is that depicted in Fig. 3.

A Y

One may think of the spatial modes as the various cones and focal spbts which
might be occupied by the signal beam. As many spatial modes pass through the ampli-
fier as there are resolution elements in the ficld-of-view through the amphﬁer - per-
haps 4000. In each spatial mode the spontaneous emission power is proportional to the
bandwidth. If the gain bandwidth of a CO2 laser line were ~20 times the signal band-
width, the total spontaneous power in 1 spatial mode would be 20 times that within the
signal bandwidth. Thus, the total spontaneous power impinging on the absorber might
be 30 dB greater than the signal and 50 dB greater than the spontaneous emission co-
herent with the signal. It is this spontaneous emission in other spatial and frequency

modes which the absorber is to block,

The signal must be amplified as much as possible in order to minimize its
attenuation on passage through the partially saturated absorber in the focal spot. The
maximum gain is limited by saturation of the laser medium by the amplified spontanc-

ous emission to ( see Section 2.1, 4):

2
Gmax Iout - l()L2 (2.1,1-1)
in I ovD
or
__ar
max - wdﬂ.‘v (2. 1. 1-2) |
where

L -
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signal intensity

il

amplifier length
amplifier diamecter

= angular ficld of view through the amplifier (in steradians)

€—<DU["H
i

= Gain bandwidth narrowing factor which reduces the amplified
spontaneous power
® = Effective branching ratio of the laser transition which is inversely

proportional to the saturation intensity.

That is, the maximum unsaturated gain (derived in Section 2. 1. 4) varies inversely with
the field of view. This is because the number of modes and hence the amount of spon-

taneous power which can reach the ends of the amplificr is proportional to -

The size of the focal spot must he adjusted so that the amplificd spontancous
intensity equals the saturation intensity of the absorber. Then the spontaneous inten-

sity is attenuated linearly on passage through the absorher:

1,
: 2| _in_ - ) -
[dB (attecnuation)] 1010;_110[ T ] 4. 340, a5 (2.1.1-3)
out
spont
where
a, = unsaturated absorption cocfficient
"a = path length through ahsorbher near fo-al spot
s = number of ahsorber stages.

On the other hand, since the signal intensity, in its focal spot, is greater than the

saturation intensity, ihe absorption cocfficient is reduced to:

]
(3]

S B (2.1.1-4)

5L 171‘;

where Is * saturation inlensity of absorber.

Thus the signal is attenuated less rapidly than the amplificd spontancous power in other
spatial modes. Equation (2.1.1-4) gives the correct dependence of a, for an inhomo-
gencous (Doppler broadened) absorption linc.(Z) The high intensity reduces only that
ahsorbing population difference with Doppler shift corresponding to the signal band-
width,

The "depth of focus, " 'a‘ is thc length of absorber near the "waist" of the focal

spot. La is limited by the requirement that the amplificd spontancous power be focused

i . e



into a small enough spot to just saturate the absorber as it enters (sce Fig. 4). That

is:
P 1
I = spont( IREss) (2,1.1-5)
8 ,"aZ
where
'Yafn = focal spot arca .

The hyperboloidal shape of the ""waist' in the extended focal spot is well approximated
by the confocal laser resonator theory of Boyd and Kogelnick if the signal heam is ini-
tially an undistorted planc wavc.(3) The ¢ross-scctional arca of the beam in the ab-
sorber must never be much larger than the minimum spot arca, since the signal in-
tensity must remain well above the saturation intensity. If the maximum diffracted
beam radius is (somewhat arbitrarily) limited to a = Zam, there it may be readily
calculated that the path length,

2
Ma
to=2/3 T (2.1.1-0)

where ) = signal wavelength, If a longer value of l,l is used, the signal pulsc cnergy

must be incrcased in proportion to I,az o

The amplified spontancous emission in one mode is given I)y“)

T’sp(mt(lmm]c) & Zhvncmax (2.1, 1-7)

where B = bandwidth, made equal to the homogencous saturation bandwidth of the ab-
sorber. That is, if B is matched to the signal bandwidth, which in turn is determined
by the pulse length, * £ 1/"B, then the cquivalent unpolarized spontancous inpuf is 2

photons per pulsec.

If Eqs, (2.1.1-2,3.5,6, and 7) are combined, the ficld-of-view through the

BALAD receiver can be expressed as

4 378hcs l fl”n ,

v ‘."l"'zldn] =

or, in MKS units,

o 7.60x10°%3 '-G.UB] (2.1.1-8)

v IfDXZ]‘l'I'dB] - Is
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The last bracket combines the absorber characteristics into a figure-of-merit:

a B
o
IB

FM = [ ]in meter /joule (2,1,1-9)
as shown in Section 2, 2.1, FM is independent of the pressure. More precisely, for a
passive absorber, FM is independent of the collisional relaxation rate which determines

the homogeneous bandwidth, B,

The bracket, [®) 2] is characteristic of the laser medium, For CO,, ® has

been calculated to be usefully small:co(COZ) = 0, 03,

2|

The gain narrowing factor for spontaneous emigsion in the amplifier has heen

shc;wn. for a Gaussian or Doppler line shape, to be(s)

e Av(amplified spontaneous)
Av(spontancous)

. [ 17 (2.1.1-10)

_ fLu(nain)]l/Z [dB (gain)].

In practice,
[dB(attenuation)]~[dB(gain)]® 504B . (2.1.1-11)

These approximations simylify expression (2.1.1-8) to:

3.65%x10"23s Fyq
Y (o any'?

5.16x107 %4 s F),
[ %]

. (2.1,1-12)

The fleld-of-view in stcradians seen through the mirror collecting the input signal

beam also depends on the aperture of the input optics (see Fig. 5). That is,

[7 » Arca] = [0« Areal . (2.1,1-13)
v laser v input
amplifier mirror

However, the number of modes or resolution elements seen through the system is

independent of the input mirror aperture. That is the number of modes through any

optical train which does not vignette the heam is:((’)

Number of spatial modes . ___ v _ 3o (2.1.1-14)
or resolution clements T A0 mode) T @ tee 0T

e

R o ome
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Therefore m is a more useful measure of the field-of-view than Ov:

4. 05x10‘24DZsFM
m = 4 . (2- 1.1'15)
o

It may be important to note that the number of resolution elements, m, is independent
of the cross-sectional shape of the laser. In some applications, it may be useful to

shape the cross-section of the field-of-view into a longer, thinner rectangle.

The other interesting quantities may likewise be expressed in terms of the

important design parameters:

maximum single- _ _1,65x10%3)°2
stage gain factor max sFy

[dB] . (2.1.1-16)

Incidentally, if a longer tube is needed to realiz: this gain than is allowed by Eq.
(2.1.1-1), the beam can be refocused through several stages of amplification without

altering the other quantities. Also:

0. 0665 BA[dB]

P (1 rnode) = sFM

spont

(in watts) (2.1.1-17)

The signal power after emerging from the absorber will be approximately:

signal‘out - " lOPspont(l mode) (2.1.1-18)
absorber
P (1 mode) is multiplied by the number of spatial and spectral modes, we obtain

spont
the power which just saturates the amplifier. The maximum power to which the signal

can be amplified by tw> or more complete BALAD stages is then:

. ps . ~ M*V(amp) o
Pmax(amphfxcd signal) B Pspnnt‘l mode) (2.1.1-19)
also:
: ~1/2
focused spot radius #a__ = [0' 0212 \[dB ] (2,1.1-20)
m 80.0
1
and‘s)
half-angle = 8 A __D (2.1.1-21)

of focused beam beam "am f

where f = focal length of lens or mirror and finally:

total absorber _ g =0 231[aB]

path length e e o (2,1,1-22)




In Section 2. 2.1, real absorbers are discasscd and the figure-of-merit, FM ,
is calculated from measured characteristics for several gases, Using FM and the
above equations, possible parameters for BALAD systems are calculated and tabulated

in Section 2, 2, 2,

2.1,2. Optical Waveguide Configuration.

The optical waveguide configuration for the BALAD receiver is shown in Fig.2.

This has several advantages over the ""free focus' configuration depicted in Fig, 1-b;

(1) The need to refocus through a series of thin absorbers (or back-and-forth
through a thin absorber) is eliminated. 100 or more absorbing stages may be collapsed
into a bundle of gas filled tubes which might be 2 meters long (see Section 2. 2, 2),

(2) The insertion losses incurred by traversing a large number of optical
interfaces will be eliminated. This factor directly multipliecs the minimum detectable

signal, as do factors (3) and (4) below.

(3) The constant diameter of the guide eliminates the geometrical intensity
variation due to the varying cross-section in the waist of the focal spot. This reduces
the attenuation of signal in the partially saturated absorber by sevcral dB.

(4) The constant guide diameter also eliminatcs any extra signal attenuation
due to transverse pulse spreading in the nonlinear absorber (see Section 2, 2. 4), This

may amount to several dB.

(5) The constraint on spot size (Eq. 2.1.1-6) imposed by the nced for adequate
depth-of-focus is relieved. In effect, the number of stages, s, in the cquations of
Section 2,1, 1 may be increased and the spot sizc decreascd (Eq. 2,1.1-20). This
allows a larger field-of-view through thc amplifier (Eq. 2.1.1-12),

(6) It has been estimated that the mean free path of the absorbing molecules
will approximately equal a guide diameter, d  100um, with rclaxation times T, = Tz =
1 usec. This will help cnsure adequate cross-relaxation of the rotational levels. This,
in turn, will ensure the saturation intensity will be the "ame for the signal and for the

broad-band spontaneous emission, as has becn assumed.

There will, of course, also be disadvantages inhcrent in the optical wave-
guide configuration.

(a) There will be an insertion loss on entering the absorber and exciting the

desired mode. This factor multiplies the achievablec field-of-view and may amount to

a factor of 1/4, partially offsetting advantage (5).

i s T —




(b) There will be attenuation in the walls and conversion to lossy modes., It
is estimated below that this effect on the minimum detectable signal will be less than
those noted in advantages 2, 3, and 4 above.

(c) It will be difficult to fabricate the bundle of waveguides. However, we
believe it can be done with state-of-the-art techniques.(7) This is further discussed
below,

The construction of a hollow 140um diameter light pipe, which is coated by
chemically deposited silver or gold would be a formidable task. Since glass and most
other easily workable materials are opaque at 10um, the coating must be deposited

on the inside of the tubing. The difficulties which may be encountered are obvious.

I A more attractive procedure would be to deposit a thick silver coat on the outside of a
smooth plastic or glass rod (or thin-walled tubing) which could then be dissolved away.
Fifty meter long glass tubes with 100um diameter have been drawn at Bell Telephone Labora-
tories.”) There is no strong requirement for uniformity of diameter, but there is a
stringent tolerance on circularity to prevent mode conversion. It is not known at pres-
ent if this will be a serious problem. The appeal of this technique is that the inside
surface of the resulting guide would be very smooth, even in relation to optical wave-
lengths. After the glass tubes are plated, they would be glued together in a straight
array. The ends would then be ground flat and polished. Finally, the substrate tubing
would be dissolved.

We now consider the losses associated with the propagation of an electromag-

netic wave down a circular waveguide 140um in diameter and 3 meters long,
8
The analysis of the modes of a circular waveguide is well known.( )

The attenuation constant for the general TMnL mode at the frequency f is:

a =Rs )

™ an
nl 1 /l_(fcmz

where
Rs = lf,& = surface ''skin" resislivity of guide wall
-
M, =~ = impedance of the dielectric in the guide
1
a = guide radius
f = cutoff frequency of the mod=,

For the TEn{. modes,
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nL (prll')z N nZ

where P!"L is the Lth root of J!'l(x) = 0.

For f >> fc' it is clear that the TEo! modes have much lower loss (by a factor

(fc /f)z) than all other modes. In terms of practical numbers, for a lossless dielectric,

m = % ohm where n = the index

of refraction of the dielectric, and at 10,6y, (f=3x 1013Hz), Rs = 1,4 ohm. That is

1
%T™ ~ 2702

=53m'1 or 230dB/m for a=704.

For the TE11 mode, (nZ/Pt:f - nz) = 0.420, so that all modes except the TE01
have large losses. For the TE01 mode, XC = 1,64a = 115\, so that at A = 10. 6y,

2 2
(fc/f) = ()\/)\C) = 0. 0085

and,

Gpp = 0.45m" ! 24B/m .

As is well known, the anomolously lew attenuation of the TEo{, modes is due
to the minimal currents which this mode induces in the waveguide walls, Any asym-
metry in the guide or bending cf the guide axis will produce currents in the walls
which would directly increase locses. It would also generate other modes, which
would be rapidly attenuated as we have discussed above. The tolerance on ont-of-
roum('l‘;z)ess would be about 0. 3% to bring the conversinn losses below the wall attenua-

tion,

From the geometry of the modes, itis clear that a plane-polarized plane
wave incident on the end of the waveguide would couple dominantly to the TE11 mode.
Coupling to the more desirable TE01 mode could br obtained by dividing the circular
cross-section of the guide along a diameter parallel to the plane of polarization and
introducing a 180° phase shift between the field incident on the two halves of the guide.
This could be obtained by means of a thin dielectric film, with a thickness (n~ 1)} /2
covering half of the guide. This can be accomplished more easily by orientir.¢ the in-
cident plane wave at an angle

The proper angle would be about 4° without a stringent tolerance.

i
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2.1.3. Fluctuations and Error Rates

The size of the minimum detectable signal pulse is determined by the required
reliability of detection, Randony fluctuations can cause an occasional signal pulse to
fall below any arbitrary detection ¢nergy threshold and so be lost. Likewise, fluctua-
tions in the background noise can occasionally exceed the threshold and produce a false
signal. It has been shown that th~ relative shape of the pulse energy probability dis-
tribution curve is not greatly modified by unsaturated laser amplification except for
the addition of spontaneous emission.(lo) The input distribution is merely multiplied
by the gain, Gmax
sufficient. Thus, it is the fluctaations in the input pulse and in the spontaneous emis-

- Further, the detector will not add appreciable noise if the gain is

sion which determine the reliability of detection.

Fluctuations in the number of output photons per pulse can be caused by dif-
fraction on passage through the turbulent atmosphere, by scintillation from a radar
target, or they may be strictly statistical in nature. It will be assumed in this analysis
that the error rates are dominated by the shot fluctuations in the number of photons per
pulse, which set a lower limit. The fluctuations will then have approximately a Poisson

(

distribution, i It is possible in some systems in principle to operate with a low signal-
to-noise ratio, and to code and process the signal to achieve the required reliability,
This is not possible with a BALAD receiver, since the signal level must be high enough
to saturate the absorber and reduce the attenuation. However, it is shown below that
the reliability of detection of single nulses increases very rapidly with average pulse

energy. This, then, is the regime most appropriate for the BALAD receiver.

If the number of photons per pulse has a Poisson distribution, fhen the prob-
ability of an n-photon pulse is

=n _-n
p -{ne e (2.1,3-1)
n n!

where n is the average number. This is roughly a bell-shaped distribution curve. Well
down on the tail on the low side, the probability of a pulse with no more than N pho-
tons is, to a sufficient approximation:

o n_-n 5 (;)Ne-;

n#N = CYR ' o ok,
n=0

That ie. the probability of a small N-photon pulse is greater than the sum of all still
smaller pulses. This probability may be evaluated by using the Sterling approximation
for the factorial:

B -l e e S s R S



NN |
N! 2 V2AN () (2.1, 3-3)
whence,
p . 1 (_“—e)N = (2.1.3-4)
T N e . . .

n$N N

For a simple numerical example, let N = n/e and 7 = 100 photons/pulse, then the
probability of a pulse not greater than N is

-n/3
P =i
PN~ e

The tolerably infrequent minimum pulse, N, cannot be made much larger than n/e

=107 | (2.1, 3-5)

without raising its probability to an intolerable level,

Similarly, we may ask for the probability that a noise pulse in a single spatial

and spectral mode will be no less than N, and find the same expression (for N>> n):

e — -n — N _; - N -—
~ Mm"e™™ s @e m ne -n
Pog¢n‘ z nl - (N) e ) (2.1.3-6)

s N JZTN

Consider a numerical example: let the spontaneous emission pulse be

N=Tel £ 20m and n = 2 photons .
In this case,

-80

pn¢N<10 " .

This is approximately the case for a pulsed CO2 amplifier (see Section 2, 1, 4).

It is obvious that arbitrarily low no-detection and false-detection error rates
due to fluctuations can be achieved by setting the detection threshold sufficiently below
the average signal and above the average noise pulses. However, an analysis of the
effect of the absorber on the error rates is necessary before a quantitative criterion

can be set,

In Section 2.1.1, it was noted that in the presence of a saturating signal, the
absorption coefficient is reduced to (Eq. 2.1.1-4) :

dI o‘o

—= A b B

3 JTF 171S
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This integrates approximalely to

= I_"- 2 (2.1.3-7)
s

in the regime where I/IS_ >> 1., llerc,
Iq saturation intensity

I - intlensity after propagating a distance, z,
through the ahsorber.

I” - inlensity at z - 0,
Equation (2.1.3-7) gives rise to the nonlinear signal attenuation curve shown in Fig, 3,

The nonlinear attenuation amplifics the relative size of fluctuations in the input pulse.

This is shown by taking a finitc differential of Eq. (2.1, 3=7)

— =0l . (2.1, 3-8)

This is really just a statement that the attenuation is larger for smaller pulses then for

(13)

larger pulses. The cifect is analogous to the operation of the "MARS'" amplificr.

Therc is no advantage to atlenuation of the minimum detectable pulsc below Is
as it emerges from the absorher., Therefore, it is reasonable to set the detection

threshold at least cqual to I« Thus, ncglecting Iy/IS ~ 1 in Eq. (2.143-7), we have

?(agz) 5 (2.1.3-9)

min minr

Since Q2 is only a sltowly varying function of the lincar aticnuation factor cxp(-aoz).
a value can be given for the minimum detectable input pulse encrgy ratio, E()/Es' which
is adecquate for any rcasonable operating conditions, The required background attenua-

tion is = 50dB (approximately cqual to the lascer gain), Therefore,

E /E | > 25 (2.1.3-10)
C Sltmin

Epe P

and

e e

Enl = 50 photans/pulse

min



If Es = 2 photons/pulse. E_ must be multiplied by the insertion loss factor (see Section
2.1.2). Any smaller pulse such as the example after Eq. (2.1, 3-6) will be more at-

tenuated and not detected.

The pulse input to the amplifier is actually the sum of the signal pulse and the
spontaneous pulse cohecrent with the signal., If these are out-of-phase some cancella-
tion would result. However, the probability of substantial reduction is even less likely
than the probability of the minimum detectable signal. 1In this connection, we may note
that at the input the signal will power broaden the absorber and allow more spontaneous
emisgsion to enter the saturated spectral slot, However, at the exit of a minimum
detectable signal, the slot has narrowed to the signal bandwidth, We thus conclude that,
for a signal pulse rate of 106/50(‘. and average signal input of 150 photons/pulse, the

no - detection error rate due to Gaussian fluctuations would be less than 1/100 years)

The false detection rate due to statistical fluctuations may flow from either of

two sources:

(a) alarge noise fluctuation in a single mode.
(b) a fluctuation in total average power in all modes, which is exponentially
attenuated in the absorber.
The rate for case (a) is the probability of a singlc detectable pulse multiplied
by the "opportunity rate.' The latter is the product of the rate per mode, B, the

number of spatial modes in the field-of-view, and the amplifier to signal bandwidth

ratio: 1
False detection rate - [gain width ]
for all single modes ~ [pnﬁN]m(”B) B ' (2.1, 3-11)

For parametric values which give a tolerable no-detection rate this false detection rate
is immeasurably small. Thus, the detection threshold for an acceptable no-detection

rate also ensures no false detection. :

At the amplifier input, the total amount of spontancous emission in all modes

during a signal pulse length is:

L“’“’] ) (2.1.3-12)

== - [ gai
total Mgn [nsp (sin; e mode pulsc)]m‘_ 5
If the post-amplifier bandwidth is limited to B, the cffective n for computing statistical
fluctuations is reduced to
; : 1/2
= = . gain width 7 .
nsp [nsp(smglrz made pulsc)]m[ B | . '(2. 1,3-13)

For a CO2 amplifier ;Sp (single mode pulse) ® 2 photons. Thus typically, ;s" A 105.

A fluctuation equal to this is already highly unlikely, ;sp is spread over all modes and




enters the absorber at saturation level., To avoid false detection, the total spontaneous
pulse must be attenuated below the signal detection threshold as it exits thc absorber —
in €. y ™ -SodBo

2,1.4, Maximum Gain of a Lascr Amplifier

Expression (2.1, 1-2) gives the maximum gain achievable without saturating a
laser amplifier. This may be readily obtained by extending Yariv's derivation of the
amplified unpolarized spontancous emission poWer:(l4)

0
P(amp. spont,) £ 2hvAv KG[ > ] (2.1, 4-1)
LN
Where the following have been defined in Equations 2.1,1-10 and 2.1, 1-14):

Av'p = ‘l'AvD,‘p = narrowed amplified spontancous cmission bandwidth

9)
[ zv ] = no. of spatial modes in ficld-of-view

AT/A

N

= 2 = 3 - .2 .
K= Nz' Nl(gllaz) = ratio of upper level population to population cxcess

gllgz =~ 1 = gtatistical weight ratio for a CO, laser.

K is proportional to the spontancous emission power per unit gain cocfficient., Any

background thermal radiation is neglccted in comparison with spontaneous cmissil%n.
For a CW CO2 lascr!ls)ac £ 5dP/meter and K £2,2. For a pulscd CO2 lascr,( )

Gg Z 13dB/meter and K £ 1.2, K is usually close to 1 and in most cases is neglected.
From Eq. (2.1.4-1), the output intensity is

~

I (amp. spont. ) = 2hvAV {KG — . (2.1,4-2)
\

On the other hand, the saturation intensity for a homogencously broadened line is“7)

81'Thw\)homo
Is : 2 (20 lo 4"3)
oY
where
AVhomo = AvDopplcr for the COZ ampllflcr.

® = "branching ratio" for the laser transition.

It has been assumed that all the rotational levels arc cross-relaxcd by col-

lisions during the pulse duration. Hence, all thesc levels must be saturated when

o 5 s RSO



the laser pair is saturated. We have calculated that the rotational group contains
about 30 times the population of the laser pair. (See Final Report.) Therefore, for
COZ' = 1/30.

If the amplified spontaneous emission is set equal to the saturation intensity

at the ends of the amplifier, we may solve for the maximum unsaturated gain,

4m
- - _CDWTOV_ o (2.1.4-4)

For K~ 1, this is the result stated in Equation 2.1,1-2.

2,1.5. Key Assumptiong

In this section, the key assumptions made in modeling the BALAD receiver

have been collected to give the reader a "feel" for the validity of the conclusions.

CW rate equations have been used for hoth absorber and amplifier calculations

even though puised signals are contemplated. It is known that, when the relaxation
times, Tl and TZ' are comparable to the pulse duration, propagation through a satura-
ted absorber distorts the pulse spatially and spectrally and alters the attcnuation. Any
spreading of the focused pulse will increase the minimum detectable input pulse energy.
These effects can be calculated using the field equations and the quantum Block equa-
tions for the medium. However, when the model is made realistic the equations be-
come too complex to solve analytically, Such a model would, for cxample, take account
of the inhomogeneity of the absorber transition and the degeneracy of the molecular
rotational levels. The equations have been solved numerically for some fairly realistic
cases, but unequivocal conclusions cannot yet be drawn. Thesc computations will be
discussed in the final report. A tentative conclusion is that the effects will be largely
washed out in highly degenerate media since cach substate presents a slightly dif-

ferent dipole moment to the passing wave.

Propagation through the atmospherc has nat been taken into account, nor ha:

target scintillation. To the cxtent that fluctuations larger than Gaussian arc introduced,

the average signal pulse would have to be increased.

The Pulse Bandwidth of the signal has heen assumed to be given by B = 1/mv,

where T = pulse duration. If the spectral width is broadencd, then the minimum detec-
table pulse energy would be correspondingly increcased. Such broadening might be 1

caused by target rotation or by chirpiag or other coding of the transmitted pulscs.

Power Broadening of the saturated bandwidth in the absorber occ urs: "Jl
/\\)s .\/l +I7Is . As already discussed in Section 2. 1. 3, this would let more spontancous

emission through if the signal pulse excited the absorber with higher than minimum




————

energy, However, the minimum detectable is set to lcave the absorber without so
broadening the spectral slot. It is expected that there will also be a spatial power
broadening of saturated focal spot. This effect has not been analyzed, but again it

would not occur with the minimum detectable signal.

Insertion Losses have been briefly discussed in Section 2. 1.2, but have not

been explicitly taken into account in the design. These losscs have several different

kinds of consequences:

(a) Those losses which occur within the amplifier have no effect since both
signal and noise are equally attenuated and can be compensated with longer amplificr.

Such a loss might occur in a filter used to eliminate the other CO2 lines.

(b) Those losses occurring between amplifier and absorber have the effect
of reducing the field-of-view since a higher net gain would then he requircd to bring
the spontaneous emission up to the saturation intensity. This might amount to a factor
of 4 in the case of the optical wave-guide configuration and somewhat reduce its ad-

vantage.,

(c) Those losses occurring within the absorbing train would have the cffcct of
increasing the minimum detectable input signal. This is bccause the signal would be
differentially more affected than the spontaneous emission. Such losses might amount
to a factor of 4 or more on either configuration. Howecver, they could be countcred, if

desired, by inserting short amplifier sections within the absorber train.

(d) Losses occurring after the absorber have no effcct. Thus, noisy or in-
efficient signal processing or detection can be used. For example, heterodyne Doppler
detection could be used without requiring separatc post detector amplifiers for cach

spatial and spectral mode.

The lascr lcvel population factor, NZ/(N2 - Nl) ~ |, has bcen assumed. A
factor different from 1 would incrcase the spontancous emission and decrease the maxi-
mum gain, Gmax' Published reports suggest that this is ncarly so for a pulsed (500
usec) CO2 amplifier. It is generally assumed to be so for other pas lascrs in their

best transitions undcr optimal operating conditions. (E.g. xcnon at } = 3,5 um.)

The relaxation times, 'I‘l and TZ' need not have any assumed rclation to cach

other in these calculations, since we are usir.g mecasurcd rather than calculated absorber
characteristics for the figurc-of-merit, Fm. However, it has been assumed that the
saturation intensity, Is' is unchanged by the presence of just-saturating broadband spon-
taneous emission, This amounts to assuming that the cross-relaxation rate between
rotational levels is the same as between differcnt velocity (Doppler) groups within one
rotational level. Our measurements as a function of pressure imply that this is so
within a factor of 2.
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2.2, Real Absorbers and BALAD Characteristics

Task 4. 1.1 of the contract calls for "Investigation of saturable (gaseous) absorbers
with a view towards receiver application arnd development of narrow band spatial and
spectral filters. This is to be accomplished by screening of available 10, 6um Q-switch-
able bleachable absorbers and other materials suitable for 3- 54, with subsequent mea-
surement and analysis of the following properties as a function of pressure, tempera-

ture, and isotopic ¢omposition (where relevant):

(1) absorption
(2) saturation
(3) relaxation rates (bandwidth)

(4) line centers and shapes relative to 10, 6um and 3-5um laser lines, "

The above listed key properties determince the suitability of a given gas for use in a
BAILAD receiver.

The results of Task 4.1.1 are summarized in Section 2. 2. 1 below. An extended
discussion of the theory, experimental procedures and results will be contained in the
final report. In Section 2,2,2, characteristics of BALAD receivers using the best
absorbers are summarized. Essentially, useful receivers are feasible at 10.6 and
3. 5um, insofar as this can be determined without actually testing such receivers. In
Section 2.2.2, it is recommended that such a test be made during 1972 using the

economical xenon amplifier and absorber.

2,2,1. Absorber Characteristics

In Section 2. 1.1, it was shown that the above listed key absorber properties can

be combined in a figurz-of-merit:

a, B
2 -
FM I ] o (2.1, 1-9)
FM limits the achievable field-of-view through the receiver. The absorption coeffi-
cient, o‘o' the homogeneous saturation bandwidth, B, and the saturation inteusity, Is’
canriot be accurately calculated. Therefore, they must be measured for the most

promising gases.

A list of 71 molecular gases known to have absorption bands in the region of the
CO2 laser lines has been compiled from the literature. An additional 4 molecules are
known to absorb near the high gain laser lines in the 3-5 uUm region (He-Ne @ % = 3. 39um
and He-Xe at 3. 5um). For 19 of these an overlap of at least 1 CO laser line has been
established. No absorbers overlapping the CO laser line in the 4- 5um region have yet
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been investigated, though it is believed that there is an excellent chance that a good

absorber can be found.

Average absorption coefficients have been measured for those with an overlap.
Finally, for the two best absorbers, (SF‘6 and SiF
tral shape of the absorption curve, the saturation intensity, and the saturation band-

width were measured as a function of pressure.

), the degree of overlap, the spec-
4 P P

The temperature coefficient of the

absorption coefficient was measured for that line which overlapped the COZ(Plé) line.

In addition, the key absorpticn characteristics of overdriven xenon gas at) = 3, 5um

were measured as functions of pressure and current density.

These values are listed

in Table 2.2.1-1 together with those for CO2 itself. Obviously, the latter two ab-

sorbers are a perfect match for the corresponding amplifiers. These values were

used to calculate the receiver characteristics presented in Table 2, 2.2-1,

Table 2. 2, 2-1

Key Characteristics of Bleachable Absorbers in BALAD Receivers

Absorption
Gas Coefficient,

aO

Homogeneous
Saturation
Bandwidth, B

Figure-of-
Saturation Merit
: a B
Intensity, I F, =[-2 ]
8 MTUT

0.7 gmeter!-l

co

2 torr
SiF4a ‘ 30
SF, (300 °K)P 130
SF, (130 °K)°

c =1 €
Xe(discharge) (6.9 m )

7% lo6 hertz
torr

5% 108

21l x 106

6 c
(7x10" hertz)

5x104 watts 1.0“02 meter

m torr2 Jool
3.5x10% 4.2x10°
7x10% 3.9x10%

3.1x10°
watts ¢ 7
(0.92E2 ) 5.4x10
meter

a. coincidence with the P-36 line of the 9. 6um CO, group.

b. coincidence with the P-1( line of the 10.6um CO2 group. The vapor pressure

at 130%K is approximately 0, 05 torr.

€. The values for the xenon 3.5um transition are for a 400 ma/cm2 discharge,

1 cm diameter, 0.05 torr pressure. Hence, only its figure-of-merit can be

directly compared with the other gases,

%




Two quite different types of absorbers are represented in Table (2.1,1-1). The
molecular transitions are between rotational levels in two vibrational state of the
ground electronic state. These are passive, resonance transitions in the sense that the
lower level is populated at room temperature (or, in the case of COz, at a slightly
elevated temperature). In the case of xenon the absorbing transition (the same as the
laser transition) is between two different electronic states populated by cvcitation in
a discharge. Both have advantages and aisadvantages as potential absorbers. They
will be discussed in detail in the final report. The salient points are summarized be-

low,

The molecular electronic states (those with distinct electron configurations) are
subdivided into many vibrational and rotational states. Thus, in the linear CO2 mole-
cule each vibrational state has about 30 distinct populated rotational substates, while
the spherical SF6 has over 1000 such sgbstates. Thus, if vibration bands overlap,
there is an excellent chance of overlap of particular rotational transitions. In fact,
most of the CO2 laser transitions are overi.ped by one or more SI"‘6 absorbing
transitions. On the other hand, the multiplicity of atomic transitions is much smaller
and the chance of an overlap is smaller (~1%). Nevertheless, because these transi-
tions make superior absorbers, we intend in the future to make a computer search
among the feasible candidates for overlap of a good CO2 transition. Of course, if the
same transition can be both a good amplifier and a good absorber, urnder different condi-

tions, the problem is solved. Such is the case for the xenon transition at \ = 3. 51um,

The price to be paid for a good chance of adequate overlap is that the population
is divided among many rotational levels and any one absorption coefficient is corre-
spondingly reduced. A reasonably good absorption coefficient is possible only if the

lower rotational level is in the lowest vibrational state.

It is not accidental that vibrational energy level differences generally are of the
same order as the CO2 laser photon erergies, since the CO2 laser transition are be-
tween 2 such vibrational levels. On the other hand, atomic transitions of the order of
A~ 10um are usually between electronic states of high energy. The lower level must
be populated by collisions in a discharge. Thus, there is population penalty in the
atomic case also. The absorption coefficient is reduced by something like the Boltz-
mann factor. Table (2, 2.1-1) shows similar absorption coefficients for SI"‘6 and xenon
despite a much stronger xenon transition. However, the corresponding saturation in-

tensity, Is(Xe) is much smaller and results in a higher figure-of-merit.

Both the absorption coefficient, @, and the inverse of the saturation intensity,
l/Is, are proportional to the square of the transition dipole moment, {(X). Therefore,

the figure-of-merit,
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and is very sensitive to {x).

For a transition between vibrational statcs within the same clectronic state, the
clectric dipole mioment would he zecro were it not for the small charge motions in the
molecule due to the vibration. Thus, the strength of these transition, (x)z, is 1074

or less of an allowed atomic transition such as the xcnon 3. 51um transition,

One may ausk if a stronger molecular absorber than SF(, is likely to be found in
the 10. 6wn region. The existing theory is not able to accurately predict the strength
of particular vibrational transitions. However, a review containing a table of 160
measured total vibrational band strengths associated with some 52 different molecular

(

bonds shows the SF() band at 10. 6um to be closc to the strongest. L Fortunately, it

is good enough to allow a uscful ficld-of-view through a BALAD rcceiver.

2. 2.2. Achievable BALAD Recccivers

Using the figures-of-merit for SF() and Xc in Table (2. 2.1-1) and the known
properties of CO2 and Xe amplificrs, it is possible to compute scis of BALAD rcceiver
characteristics using the equations of Section 2. 1. Examples of such scts arc prescented
in Table (2, 2. 2-1),

The COZ-SF() BALAD recceiver size is dominated by the amplificr. This follows
from the relative low gain of th» CO2 lascr medium, A moderate folded length for the
receiver, as compared with the transmitter of a long range radar, is made possible
by the 10dB /mecter gain of a pulscd amplificr. Usc of the optical wave guide configura-
tion brings the size of the absorber down to a 2 meter length and an overall diamcter

of 1 centimeter for the waveguide bundle.

The 4000 resolution clement ficld-of -view is not large but it should be compared
with the optical heterodyne detector array required for a similar performance: 4000
detectors with a total of 400, 000 independent post-detector amplificrs for the spectral
slots. The field-of-vicw can be increased in direct proportion te the (folded) length

of the absoiber.

With a sccond stage of amplification the pecak signal power is brought up to a
respectable 0.2 watt. This, in turn, makes possible a heterodyne Doppler mcasure-
ment without requiring an array of detectors and circuits, If a weak local oscillator
is used, a negligible amount of noise will be introduced, This would be acc.'.nmplishcd
by inverting the power ratio of signal and local oscillator = that is, by interchanging

their roles in the heterodyne detection process,

]



Table 2. 2, 2-1

BALAD Receiver Characteristics

COz laser-P(16) line at 10, 6um

SF6 absorber at 130°K

Xenon laser at 3. 5um

Xenon discharge absorber

Figure-of-Merit, Fy;=3x10°m/j Figure-of-Merit, Fy, =

5x10' m/j

input signal pulse
pulse length

input signal power
pulse bandwidth

amplification bandwidth

(signal frequency range)

field-of-view

(signal direction range)

pulse error rates
no-detection rate
false alarm rate

Max. signal amplifica-
tion
(first stage)
(second stage)

Max. peak signal to
detector (2 stages)
relative background

attenuation

effective quantum effi-

ciency

unfolded pulsed amplifier

length

(first stage)

(second stage)
amplifier diameter

no. of absorber stages

(free focus - see Fig. 1)

absorber path length

optical waveguide length

(see Fig. 2)

focused spot diameter

150 photons (x2 for insertion loss)

0.3 microseconds
2x 10-11 watt
1 MHz

10 MHz

60 x 60 resolution elements

(9.4 deg. x 0.4 deg.)
10-16/pulse

<< 1/year

70dB
30d4dB

0.2 watt
50d4dB

> 90%

7 meters
2 meters

10 cm

100 stages

2 meter

¢ meter
-

0.22 mm

I

150 photons
0. 3usec
3x10" 1 watt
1 MHz

30 MHz

25 x 25 resolution ele-
ments

(0.5 deg. x 0.5 deg.)
10-16/pu1se

<< 1/year

60dB
204B

0. 003 watt
50 dB

> 90%

1 meter
0.5 meter

lcm

1 stage

2 meter

2 mm

e e
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As was noted in Section 2. 1. 3, the detection error rates are primarily deter-
mined by the input pulse statistics and are little affected by other considerations. In

effect, the quantum efficiency of the receiver is close to 100%.

The Xe-Xe BALAD receiver outlined in Table (2.2.1-1) is the design which can
be readily and economically tested during 1972. The advantage is that only a single

stage of absorption is necessary to obtain a field-of-view large enough to make a good
experimental test of the predicted receiver characteristics. On the other hand,

several hundred stages of refocusing to a smaller spot size could increase the field-
of-view to a substantial 400 x 400 resolution elements. This would be equivalent to
television picture resolution. A compact and economical configuration for accomplish-
ing this without increasing the overall length is being worked out and will be presented

in future reports.

The 1 watt of average power which iz presently available at } = 3. 5um does not
allow a range comparable to a CO2 laser radar.(lg) However, shorter range but
higker resolution radars are possible, as well as, long range optical communication

systems with relaxed aiming requirements.
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