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ABSTRACT 

AThi8 report summarizes the results obtained during a sixteen month 

parametric upconverslon program. The goal of the program was > *ie visualiza- 

tion of a thermal Image via parametric upconverslon.  Toward that end a 

theoretical and experimental effort was undertaken. The theory of parametric 

upconverslon was extended to describe the detection of a thermal Image by 

frequency conversion. The theory developed describes the power output, 

resolution, contrast and spectral bandwidth to be expected from a thermal 

upconverter. 

Experimentally, the first detection via parametric upconverslon of 

thermal radiation from a room temperature blackbody source was achieved, 

providing confirmation of the theory developed. Efforts at viewing an up- 

converted thermal scene were not successful due to the limited damage re- 

sistance of the nonlinear material, proustlte, and the poor performance of 

the InAsP image tube that was used to view the upconverter output. 
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FOREWORD 

This report summarizes the work performed on ONR Contract N00014-70-C- 

0224 entitled "Ten Micron Wideband Detector". The goal of this program was to 

investigate 8 to 13 micron blackbody Image upconverslon. The work detailed 

in this report covers the period April 1, 1970 to July 30, 1971. This report 

was prepared by the Electro-Optics Organization of 6TE Sylvania, Inc., Electronic 

Systems Group, Mountain View, California, and describes work performed in the 

Research and Development Department headed by Dr. L. M. Osterlnk. The major 

technical contributors to this program were Drs. Joel Falk, and J. Michael 

Yarborough. Drs. Eugene 0. Ammann, Jos^pU D. Taynai and William B. Tiffany 

were also contributors. 

The research performed on this program was supported by the Advanced 

Research Projects Agency of the Department of Defense and was monitored by 

the Office of Naval Research. Dr. Fred Quelle is the contract monitor for 

this program. 
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Section 1 

INTRODUCTION 

The potential advantages of Infrared viewing have long been appreciated. 

Although much effort has been directed toward development of direct IR Image 

detection scanning devices, very little work has been done on real-time systems. 

Scanning Imaging systems currently employed require cryogenic cooling, are un- 

able to store Images and require awkward Image scanning mechanisms. The dis- 

advantages of these systems can be overcome by real-time conversion of Infrared 

Images to the visible or near-IR where high resolution, high gain Image Inten- 

slflers exist. Optical parametric upconverslon offers a method for performing 

this transformation. This process, the nonlinear coupling of an Infrared signal 

of frequency w. with a strong laser beam of frequency u , gives rise to an up- 

converted signal at the sum frequency u. + u - u . It has been noted by many 

1-9 
authors   that optical parametric upconverslon Is potentially capable of high- 

resolution, sensitive Infrared Image detection without the need for extreme 

cooling. An Input signal for such Image upconverslon can be accomplished by 

Illuminating a target with an Infrared source or by collecting the black 

body radiation emitted by the target. For all but very high power Illumination, 

collection of blackbody radiation should provide higher upconverted Image In- 

tensities. 

This report details efforts directed toward viewing a thermal scene 

by means of parametric upconverslon. A three part experimental program was 

undertaken, starting with the mixing of 10.6 micron C02 with 1.06 micron Nd:YAG, 

proceeding to detection, via parametric frequency conversion of a hot blackbody 

source, and culminating with attempts to observe an upconverted thermal Image. 

1. 
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This report reviews the theory of upconverslon of a; coherent source and 

describes upconverslon of CO» laser radiation. The existing upconverter 

theory Is extended to describe blackbody-lmage upconverslon. The theory 

developed Includes a description of the expected power output from such an 

upconverter, Its potential resolution, contrast.* attof spectral bandwidth. The 

first detection via parametric upconverslon of thermal radiation emitted from 

a room temperature blackbody source Is described, providing partial confirma- 

tion of the theory. Although thermal upconverslon attempts were successful, 

efforts at viewing an upconverted Image were not.  Image upconverslon was 

prevented by poor Image tube performance as well as the lack of laser damage 

resistance of the upconverter nonlinear material, proustlte. Attempts at 

upconverslon are described In detail. Suggestions fur further Image upcon- 

verslon studies are presented.  It Is shown that with expected development 

11 12 
of existing nonlinear materials  and Image detectors  high resolution thermal 

Image conversion may soon be possible. 
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Section 2 

THEORY OF PARAMETRIC ÜPCONVERSION 

Parametric upconverslon Is the mixing of radiation at radian 

frequencies u. ...  and u    to produce energy at the sum or signal fre- 

quency a) = a). + u . This mixing, accomplished Internal to a crystal having 

appreciable nonlinear properties, may be used as a mechunlsm for transfer- 

ring radiation from the 10-mlcron region of the spectrum where poor detectors 

exist to the visible or near visible where better detectors are available. We will 

consider theoretically the Inter&ctl^a of three electromagnetic waves, called the 

signal, idler and pump, coupled together in a nonlinear medium by a nonlinear 

polarization (Figure 2-1). The pump for a parametric upconverter is In general a 

strong laser field. The Idler wavelength Is the upconverter input and the signal is 

the output of the upconverter. Tho starting point for our analysis will be 

the one dimensional Maxwelllan wave equation driven by a polarization quadratic 

13 in electric field.  We consider the case where the nonlinear crystal is trans- 

parent at all relevant wavelengths, i.e., we examine the interaction of signal, 

idler and pump fields which obey the equation: 

2 2 2 

3 E 3ZS 9 P                     0 ,>, —=- - u e —r - u —j                                                 (2-1) 
3z2 0 3t2 0 >c 

where M and e are the permeability and permltlvlty of the nonlinear medium. 

A good understanding of the interaction Involved may be gained by 

consideration of the case where all electromagnetic radiation present within 

3. 
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the nonlinear medium exists as plane waves. While this Is clearly not a precise 

physical possibility due to the Infinite energy and lack of diffraction of a 

plane wave, a mathematical development based on plane wave cheory will point 

out many of the significant attributed of the parametric upconverter. Further, 

although a plane wave situation Is not precisely experimentally achievable. It 

is well approximated by loosely focused Idler and pump beams. 

Plane wave signal, idler and pump polarizations within nonlinear 

medium may be described by 

Pn - RelPjj exp (üi^t " kn2>J where n - 1, s, p . (2-2a) 

Similarly electric fields are described by 

E (z,t) - Re IE exp j(w t - k t)J n - 1,8,n . (2.2b) 
n n      n    n r 

We will consider these waves to be coupled together by nonlinear polarizations 

described phenomenologlcally by 

P - dE E. 
s     pi 

P. - dE E 
1     s p 

P - dE E, 
p     si 

where * denotes complex conjugate and where d Is a nonlinear coefficient whose 

14 15 
physical basis is discussed In detail in the literature.  ' 

The Maxwell wave equation will be solved subject to the following 

conditions, 

(1) Undepleted pump; JE I . constant. 1  P' 

5. 
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It is aasumad that the pump field amplitude does not decay with distance 

propagated In the crystal. This Implies that the parametric process removes 

an insignificant amount of energy from the pump. 

(2) Idler and signal amplitudes vary slowly in space.  It is a 

convenient mathematical, and physically sensible, assumption to consider 

spatial variations of the idler and signal that are much less than their 

respective wavevectors. Mathematically this implies 

3E1 

az << kiEi 

3E s « 1  s s dz 

(2-3) 

(2-4 

(3)    Steady state.    It is assumed that the electric field amplitudes 
> 

do not vary in time, i.e.  hti    m  9E,. • 3E 
 s       1      g - 0. 

dt        3t        3t 

All changes in field amplitudes are assumed to be due to spatial variations. 

Substituting equations  (2-2)  into (2-1), subject to conditions  (2-3) and (2-4), 

it is found that the Maxwell wave equation reduces to two simple equations 

describing the spatial variation of the signal and idler field amplitudes.    These 

equations, known as the coupled mode equations, are: 

»£: 

aT2"  "   ' iKe El exp JAk2 (2-5) 

aE1 
- JKJ Ee exp - jAkz (2-   ) 

u. 
where ^ - ycs f dEp, ^ - vc± -jtE^ 

Ak  m^'a~\-\    and c
8 and c^ 

6. 
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are the phase velocities at the signal and idler wavelengths, respectively. 

Equations (2-5) and (2-6) are sufficient to provide an implicit description of 

the operation of a parametric upconverter. 

The usual upconverter (Fig. 2-1) has a weak idler input due to black 

body radiation or illumination in the ten micron spectral region and no input 

at the signal wavelength. Denoting the idler input by j*  and assuming zero 

signal input, we find that output signal power density may be determined from 

EsV ' I's*!2 lE10|2 
si^f^Tl iff   a 

V 1 S + (1F  A (2-7) 

We note that the maximum output from the upconverter occurs with 

iVi  + '"' STT 

and is given by 

E E 
s 

Vi + ^ 
2  lE10l 

(2-8) 

If the upconverslon of a coherent source. In a phasematchable material, is con- 

sidered AK can be adjusted to equal zero and (2<*8) becomes a restatement of the 

well-known Manley-Rowe relationship. 

i 

It is easily shown from equation (2-7) that the power output from a 

phasematched "coherent" upconverter is given by 

^1 
dA 

r\±    dP 

n" dÄ s 

i sin /K.K  £ 
—      i s (2-9) 

7. 



where n and n are the crystalline electromagnetic impedances evaluated at the 
X      s 

Idler and signal frequencies respectively, P. Is the idler input r^ower and A is 

the cross sectional area of the signal beam. In writing eq. (2-9) we have 

dP 
implicitly assumed that  i is independent of I.    This will be true for all 

^            dP 
situations considered in this report. If  i is a function of i  then the right 

dA 
hand side of equation (2-9) must be replaced by an integration over £.. For 

small parametric gains /K.K    i    « 1  and (2-9) becomes, 
1 s 

f       2 n1 dP 
ps " j (KsÄ)  ^ dTdA (2-10) 

where the Integral is evaluated over the crystal cross sectional area. 

Experimental verification of equation (2-10) is given in section A of 

this report. Here it suffices to note that equation (2-10) gives an estimation 

of the output of a coherent upconverter when diffraction and double refraction 

are negligible. More precise analyses are available for some upconverter con- 

figurations if diffraction or double refraction is important.  Some further 

details of these analyses are given in section 4 of this report as well as in 

reference 15. 

If the idler input is not coherent, i.e., if it is due to blackbody 

radiation or other radiation of wide spectral content, phase matching will not be 
2 

Al» A 
possible over a large bandwidth, and in general I — I  » K K • 1   2    ' 1 s 
Subject to this approximation the signal power output Intensity from a blackbody, 

or "incoherent" upconverter is given by 

I8    "    ^    |K8ä|    ^sinc2^ (2-11) 
s 

8. 
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where we have written 

dP 

[8  "  dÄ" 

E £ 
8 S 

•  I. 
^1  E10E10 
dA "■  n. 

and where 

.  2 LkZ 
sine  —2— 

sin 2 äkl 

I 2 ; 

Is the asynchronlsm or gain-line function commonly associated with low gain 

parametric Interactions. 

9. 
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Section 3 

BLACKBODY UPCONVtiRSION 

3.1   THEORETICAL CONSIDERATIONS 

In this section we will consider the theoretical requirements for view- 

ing thermal images in the 10 micron region via parametric upconversion. Ex- 

pressions will be derived for the power and resolution to be expected from a 

parametric blackbody image upconverter constructed using a Nd:YAG laser and a 

proustlte nonlinear crystal. It will be shown that resolution of a thermal 

image upconverter depends on background ter~»erature, denector quantum efficiency, 

as well as on t.he emlssivity of the thermal source to be upconverted. 

It has long been known that all solids radiate. The power that a 

solid radiates is strongly dependent on its temperature and is given by Planck's 

formula 

-«-   .   _ÜL_   .     2hC      eA  ».!, 
dfidA dAdfldX .5 r        he        ., ^ ±) 

where dP is the power radiated per unit area, solid angle and wavelength, 
dAdftdX 

c the velocity of light, h    Planck's constant, k   Boltzmann's constant, and T 

the solid's temperature in degrees Kelvin.    The body's spectral emissivity, e., 

in the ratio of the energy radiated by a solid at temperature T to the energy 

radiated by a perfect radiator or so-called "blackbody". in general e   will be a 
A 

function of waveleugth. For a solid at room temperature (300oK) the peak of the 

blackbody spectral distribution is near 10 microns and the power radiated per 

unit area, solid angle and wavelength is 9.8'10 inks. It is interesting to note 

2 
that in the 8-13 micron range the total power radiated by a 1 cm blackbody at 

room temperature is in excess of several milliwatts. Detection of thermal radi- 

ation in the 8-13 micron region by parametric techniques requires that a sub- 

stantial portion of this radiated energy be upconverted to a region of the spectrum 

where relatively sensitive detectors exist. 

10. 



We note that equation (3-1)gives the blackbody pover radiated by an 

object, not the blackbody radiation available at an upconverter crystal. These 

quantities differ because finite aperture optics are unable to collect the total 

radiated thermal energy. Consider the upconverter to have a usable active area 

of A and a usable collection solid angle of ft. as measured at the upconverter. 

(See Fig. 3-1) According to the theory of geometric optics, the area of the 

thermal source and radiated solid angle accepted by the upconverter are related 

2 2 
to the similar thermal source parameters ft and A via n. A.ft. & Aft. The n. 

appears because ft. is measured internally to a crystal of refractive index 

n..  Further, each Incremental dA dft accepted by the upconverter is equal to 

2 
a corresponding n, dA.dft., i.e., 

n1 dA.dftj^ - dAdft      J^ - ft10 (3-2) 

In section 2 it was shown that the power density of a parametric 

upconverter is given by 

_   ni I  B|2 _  . 2 Aki /o i^ I - — \K l\     1    sine -5- (2-11) s  n   s   1     / s 

Equations (2-11) and (3-1,3-2) describe the power density output expected by 

a parametric upconverter operated with a thermal or blackbody input. After 

some algebra it is found that the incremental output of such an upconverter is 

given by 

2 hc2c S 

n 1 / 0N2  .2 Aki » 1    n/ dft.dX4   (3-3) 
dl - — (K O sine -5- u1 i   1 i . ^ ^ 

8  lo  8 ^ 5 r   / he s  ,, 

11 . 
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A 

V 
THERMAL SOURCE COLLECTING OPTICS UPCONVERTER 

Figure 3-1 The blackbody upconverter: angular collection. Collecting optics 
convert a thermal source of area A, solid angle ß into an image of 
area A., solid angle 0, . 

12. 
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where U Is unity in the geometrical focal region of the thermal source, zero 

elsewhere (Fig. 3-2). In writing (3-3) we have implicitly assumed that there is 

no change in the thermal image along the length of the crystal. This assumption 

is equivalent to confining the crystal to the depth of field of the thermal image. 

Evaluation of the total upconverter output Intensity requires Integration 

of equation (3-3) which in turn necessitates expression of the asychronlsr? factor 

in terms of the angular acceptance and idler wavelength. In Fig. 3-3 we examine 

the phase matching condition, allowing for a small momentum mismatch, Ak. Angles 

are measured Internally to the nonlinear crystal. It is seen that 

k. + kp - k + Ak 
1   r    s 

or 

k. cos 6 + k cos A ■ k + Ak 
1        p    '   s 

It is assumed that phasematching is achieved using E00 or type I phasematching 

so that the pump propagate.? as an ordinary wave through the crystal, the upcon- 

verted signal an extraordiaary wave and so that the ordinary component of thermal 

radiation is selected for upconverslon. This is the case experimentally considered 

in section 5 as well as that which allows the most efficient upconverslon in the 

experimentally considered proustlte - Nd:YAG upconverter. Further it is assumed 

that the crystal orientation angle has been chosen such that the upconverter is 

perfectly phase matched when the signal idler and pump are colllnear. Denoting 

these colllnear wavevectors by k80» 
k
io» k » this Implies 

k. + k  - k    . (3-4) 
lo   po   so 

As 0 is varied i.e.  as  the noncollinear output of the upconverter is 

collected the idler and signal wavelengths will vary.    In addition, because the 

13. 
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THERMAL IMAGE 

UPCONVERTER CRYSTAL 

Figure 3-2    The geometric focus of a thermal scene and definition of focusing 
parameter Ut. 

14. 
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Figure 3-3   Phase matching, tuning and crystal orientation for parametric 
upconversion.   Crystal axes are denoted by x, y and c. 

15. 
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signal Is extraordinary. Its vavevector will vary with angle. Mathematically 

these variations may be denoted as 

1   lo  »w.  i  s     aw  s  af 
1 s 

where du, and du denote the departure of the signal and idler radian frequencies 
s 

from their collinear phase-matched values. 

Using (3-3), (3-4) and (3-5), making small angle or near collinear 

approximations, and noting that dot^ » du  it is found that the phase mismatch 

may be written 

Ak - - bdu^^ - h* + g^)2 (3-6) 

where    b, h, g are defined by 

3k. 3k 

1 8 

io 
3k 

and        h(^) -   j^-    . (3-9) 

We note from figure 3-3 that in general h will be a function of the polar angle 

4» that an arbitrary upconverted ray makes with the pump as well as the angle 0 

that the projection of that ray into the c-x plane makes with the c axis.    It 

should be noted that the tuning of a parametric upconverter with angle can be 

predicted from an examination of equation (3-6) with 6k»0. 

Having expressed the phase asynchronism in terms of acceptance angle and 

wavelength, it is possible to evaluate the total upconverted output to expected 

from the parametric upconverter. Using equations (3-3) and (3-6) the signal out- 

put power density is evaluated as: 

16. 
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I - f J     FCX^T) Uj sine2 [-bAu8 + g*
2 - h*] dAj^dJ^ O-io) 

0 0 

where ß .is the solid angle Idler acceptance of the upconverter and associated 

optics and where 

2   2 
Hi      , 2hc e.n., 

F(X T) = — Ul)* — A1-; 
i    n   B       .  3 t tic - U 

(3-11) 

Observe that F(A.T) closely resembles the product of a parametric gain and the 

Planck blackbody spectral distribution.  Consider first the integration over \ 

with ft^flxed. Note that F(AjiT) is essentially constant over the range of X 

2 
«here the sine function is appreciable. Consequently I may be approximated s 

by 

nai " "ol "        v, 
% F^T) Uj J f    sine2 t-feA^ + g<r - h*] dX^fi,   (3-12) 

~X ^     +Xi d l-bAü)sJ 

Noting dAi - --2^- - —  
zircb 

I may be rewritten 

2   floi 

Recall 

8 - n^) s   ^   // 
sliTx 

sin  [-bAw + g* - h^] d(-bAwg) Ml^ 

f dX * TT. 

Hence 
\  " F<^T> 2^ "oi 
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Collecting constants from equations (2-6) and (3-12) we find that the power 

density output from a blackbody parametric upconverter is given by 

I   - 
8 

O     8     2            p 2hc2ex S 
[^expl^-ljj 

fx2 
n n.n sip : [ €01 Ik ol 0-13) 

where 1 is the pump field intensity. Each of the bracketed terms in equation 

(3-13) can be Identified physically, i.e., I may be viewed as 
s 

1 » [Parametric gain]  [ Blackbody density]. 

[Effective Spectral Bandwidth] . [Blackbody Solid Angular Acceptance]. (3-] 

The equivalent spectral bandwidth for the parametric upconverter is thus seen to be 

chi. 

It is easily shown that for small angles that the blackbody solid angular accept- 

ance of the upconverter cyrstal related to the output signal solid angular accept- 

ance 

a ol 
k , ♦ 

z Sv2 Tex 

1  n 
s 

(3-15 

where ^ is the angle between the signal and pump as measured externally to 

the upconverter crystal. In a laboratory experiment it is the choice of signal 

collection angle ^ which determines the output of the upconverter. The pre- 

dicted signal output power increases as the square of the output angular aper- 

ture until the entire input fl . is utilized. 

3.2   Some Numerical Examples 

We consider here two blackbody upconverter systems. The first, consisting 

of a proustlte crystal pumped by the 1.06 micron output of a Nd:YAG laser, repre- 

sents a system that has received some experimental attention as described In 

section 5 of this report. The second system consisting of ZnGeP~ pumped by Nd:YAG, 

18. 
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although potentially more useful has not to date been experimentally investigated 

due to the unavailability of high optical quality, transparent ZnGeP2.   The 

parameters necessary to calculate the upconverted power output from each upconverter 

are given in table I. For the proustite upconverter we note that two phase 

32 
matching configurations are available, Type I or EDO and Type II or EEO. Only 

the more efficient process, which for proustite is Type I phasematching, is 

considered.  The indices of ZnGeP- do not allow Type I phase matching and conse- 

31 
quently all the data shown for ZnGeP» assumes Type II phase matching. 

From equation (3-13) and Table I we find that the expected output power 

densities from the two upconverters yielding a room temperature blackbody (250C) 

to be given by, 

Proustite:  I8 - 6 • 10~ 14 x [External Blackbody Solid Angleju 
P   \  Acceptance ' I 

-8     / \ 
ZnGeP2.i8 - 5 • 10  I Ä x (External Blackbody Solid Angle jü 

V     Acceptance / 

where I- is the Nd«7AG power density and U is defined in figure 3-2. 

(3-16) 

It is interesting to calculate the power output to be expected fron 

these upconverters. The maximum output power achievable from both upconverters 

occurs when ü -1 over the non zero range of the pump. Optics may be chosen such 

that the pump area is smaller than the thermal image at the upconverter so that 

the output power will be maximized. Crystal lengths of 1 cm of proustite are 

presently available and although similar lengths of ZnGeP. cannot presently be 

acquired  it does not seem overly optimistic to expect such crystal lengths to 

be available in the future. 

Further, it is reasonable to consider angular acceptances of 0.1 radian 

or 3.14x10-2 str and thermal emissivitles near unity. Using these parameters 

we find the expected output from the two upconverters viewing room temperature 

blackbodies to be given by 

-12 
Proustite: Ps » 1.9 • 10    P  watts 

P 
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Table 1 

UPCONVERTER MATERIAL PROPERTIES11'18'24 

20. 

i 

Property Praustite (AgjAsS.) ZnGeP, 

Effective Nonlinear .. . 
Coefficient, d 2.7 » 10*  mks 9.8 « 10~2 mks 

Bandwidth Parameter b 9.3 • lO*"10 9.0 • 10"10 

Refractive Index n 2.8 3.2 
s 

Refractive Index n. 2.7 3.1 

Refractive Index n 2.8 3.3 
P 

MtHiUiMMMm ■*'i:M1*sn,i*i:Jk'**t'J' wmmmm 



ZnGeP..   P « 1.5 • lo"11   P  Watts 
2    s p 

Of course, these power outputs have a strong dependence on the temperature of 

the object being viewed. This temperature variation follows Planck's law 

(Equation(3-1) and will be further discussed later In this section. Experi- 

mental confirmation of equation 26 will be given In section 5. 

3.3   Angular Acceptance and Chromatic Abberatlon 

In the preceding sections theoretical expressions for the expected power 

density output from a blackbody upconverter were developed. To numerically 

evaluate the useful power output from a thermal upconverter, we must answer the 

following questions. What is the optimum acceptance aperture? What is the 

optimum placement and orientation of the system components? 

The practical difficulty with most previor-aly reported image upconversion 

experiments is thac they all have relied on unique correspondence between the 

angles of the incoming and upconverted wave vectors with respect to the pump 

beam direction. As illustrated in Figure 3-4, the wave-vector conservation 

requirement dictates that the ratio between these two angles should be approxi- 

mately the ratio of the two wavelengths. 

kp 

Figure 3-4 Angle Correspondence Between Infrared Input 
and Upconverted Output . 
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Infrared waves of more than one frequency, but propagating In the same 

direction, give rise to multiple propagation directions as well as frequencies 

In the upconverted output (Figure 3-5). Ihls leads to severe chromatic aberration 

in the upconverted image. This will be the case for all blackbody upconverters 

whose resolution depends on the forementloned angle correspondence. 

The angle correspondence principle and chromatic aberration can be elimi- 

nated if the infrared image of the blackbody source is focused directly in the 

nonlinear crystal. At the focus, the image is defined by resolution 

elements, and not by angular resolution. Upconverted light emerging from the 

focused Image can then be refocused to form the upconverted image, regardless 

of the angle at which it emerges. K&uce If the depth of field of the image closely 

matches the length of the nonlinear crystal the individual resolution elements 

of thr  image are well defined throughout the length of the crystal. This 

relationship holds true not only for the oncoming Infrared wavelengths but for the 

emerging upconverted radiation es well. Because all resolution elements are well 

defined throughout the crystal, they can be relmaged to form a clear visible 

upconverted image. 

The upconversion of a single resolution element by this method is 

schematically Illustrated in Figure 3-6. The upconversion of each of the other 

resolution elements proceeds Independently in the identical manner. 
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Figure 3-5    Chromatic aberration in noncollinear parametric 
frequency conversion. 
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VISIBLE 
IMAGE 
FOCAL 

Figure 3-6. Upconversion of Single Resolution Element of Focused Image 

The necessity of ensuring that the depth of field of the image is as long as 

the crystal length implies that the maximum usable solid angle of the blackbody 

radiation is given by nt n .. ■ 
"i   ol Ä 

^i (3-17) 

If we upconvert a thermal image using the maximum allowable solid angle of 

we find that the signal output intensity is given by 
4nixi 

3.. 2,2.2 fn/iuWl    1      f 2hcV 

xh**Fhc 
XikT -1) 

Ai_   ^Ai 

cb*   "1 
(3-18) 
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and is Independent of the length of the nonlinear crystal. Collection of 

blackbody radlctlon having a solid angle given by (3-17) places a limit on the 

minimum f number usable for thermal energy collection. This limit is given by 

f number minimum ■ v| —-—   . (3-19) 
\  IT* 

Again consider the two potential ten micron upconverter systems, proustif.e and 

ZnGeP. pumped by 1.06 micron Nd:YAG.    For the proustite system (Equation 3-19) 

phase-matched for upconverslon of a near 10 micron image a minimum f number of 
_^   .—   J./2 

1.77  -10      /£    m is usable.      Likewise the ZnGeP- upconverter is limited 
_/ .  i/o 

to a collection f number of 1.94 • 10  /£ m  .      For a 1 cm crystal length 

this implies minimum f numbers of 17.7 and 19.3 for proustite and ZnGeP_ respect- 

ively. To utilize f-1 optics crystal lengths no longer than about 30 microns are 

usable. 

The signal image output calculated from equation (3-18) is maximized and 

the focal length of the upconverter collection system is chosen such that the 

image of the thermal source extends over the entire region of the pump beam. In 

that case IL = 1 over the region of interest and the signal output is maximum. 

We note that for best image performance the minimum f number of the blackbody 

collecting system is dictated by chromatic aberration conditions. Equation (3-19), 

while the focal length of the collecting system is restricted by maximum power 

considerations. The maximum image carrying power available from the proustite 

and ZnGeF- image converters per watt of input pump power as a function of the 

temperature of the blackbody being viewed is shown in Figure 3-7. 
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Figure 3-7.   Blackbody upconversion: available signal power as a function of 
blackbody temperature.   Pump power is assumed equal to one watt. 
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3.4 Resolution and Contrast 

Thus far we have considered the power available in an upconv^rted thermal 

image but have said nothing about resolution to be expected from scch a process. 

Potential resolution of the image upconverter is limited by diffraction, as well 

as by statistical fluctuations due to the discrete nature of light. 

The least severe restriction on resolution is imposed by the minimum 

solid-angle-area product necessary to resolve two adjacent resolution elements. 

This  limitation due  to diffraction limits  the maximum number of resolvable ele- 

ments at wavelength X.   to 

N = Mni 

where AQ, and A are the solid angle captured and the area of the detector. 
19 

The technique previously discussed for avoiding chromatic aberration limits the 

4niXi 
available collection solid angle to —z— where A is the wavelength to be *        i 

upconverted, n. the nonlinear crystals refractive index at X  ,  and £ the crystal 

length. For a 1-cm cube proustlte crystal, this means that the maximum allowed 

by diffraction is approximately 1000 lines or lOOl/rm.    For a ZnGeP« upconverter 

this limit increases to about 120 £/mm. 

Statistical fluctuations due to the low signal level are expected to place 

a more restrictive limit on the potential resolution of the upconverter as a thermal 

image viewing device. Resolution is limited by the discrete nature of the photons, 

and the statistical fluctuations associated with their time of arrival at the para- 

metric upconverter.  This statistical distribution of incident IR photons results 

27. 
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In a statistical distribution of near IR upconverted photons leaving the 

upconverter. In turn this results in a statistically distributed number of 

photons at each resolution element of any detector used to view the output of 

the upconverter. 

In the following paragraphs we examine the limiting resolution due to 

so-called scintillation fluctuations in the image conversion of a near IR 

scene to the visible via an image tube. We will apply our results to the exper- 

mental situation where the source of the near IR image is 10 micron blackbody 

radiation that has been upconverted to theneariR via a proustlte, or ZnGel», 

Nd:YAG system. 

For mathematical convenience, we will consider scene to be viewed as 

consisting of a pattern comprised of light and dark squares. I.e., we will 

consider the output of an imagini detector to be partitioned into resolution 

elements as sketched in Figure 3-8. We will allow for the "dark" squares to 

be partially illuminated and define a contrast factor C such that the rate of 

production of photoelectrons in elements 1 and 2 are related by 

n2 - (1-C) n1 (3_20) 

where C is always between zero and one. 

The output signal may be calculated by computing the average difference 

in ate of photoelectron production of adjacent resolution elements. That is, 

an eye camera distinguishes between adjacent monochromatic resolution elements 

by contrasting their different levels of illumination. 

Noise due to the discrete nature of photoelectrons is calculated by 

28. 



Figure 3-8   An upconverted scene.   Dark squares produce (1-C) 
less photoelectrons than light squares. 
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considering the variance or nas difference In photoelectron production rates of 

two resolution elements. We assume as Is the usual case for photon or photo- 

electron counting, that the production rate of photoelectrons is Polsson distrib- 

uted and take the photoelectron production of adjacent resolution elements to be 

independent. Further, we recall that for a Polsson distribution, the average 

19 
production rate is equal to the mean square rate. '  We may write the signal to 

noise ratio for detection of adjacent resolution elements, i.e., the scene signal 

to noise ratio as: 

S  ("i " V t 

|  (3-22) 
N     -   -    1/2 

[ (&! + n2)t] 
X// 

where n.. and n„ are the average rates of production of photoelectrons in resolu- 

tion elements 1 and 2 respectively. The plus sign in the denominator of the 

expression is due to the fact that for Independent production rates mean square 

values add. 

Noting that the total average photoelectron current is given by 

1 = 2- I n1 + n    - fc- 
1     s 

where M is the total number of resolution elements, e is the charge on an 

electron, n the quantum effiolency of the image detector, h Planck's constant, 

and v thti signal frequency. P is given by Equation (3-28) and Figure (3-7). s s 

We may rewrite the signal to noise ratio In a useful form. 

1   .   JL mt]^ m _c_ I 2nP8  t   1 1/2 

N 2-C [Me ]l/2      2-C   [ h7~ ife J (3-24) 
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We note that t appearing In the above equation Is the integration time 

of the visible detector. Literature estimates of necessary signal to noise ratio 

for detectability, depend on the particular image, and are in the range of one 

20-21 
to five.   ""    For a given contract C, and a given resolution M equation (3-24) 

determines the minimum (P )*(t) product for satisfactory image resolution, which 
9 

in turn dictates the minimum pump power-time product for image resolution. 

For blackbody radiation, contrast between adjacent elements can only be 

due to a temperature difference between the elements. Contrast, as defined by 

Equation (3-20), may be determined from the Planck formula, Equation (3-1). For a 

scene minimum temperature of 300oK we find 02.07*10  AT, where AT is the 

temperature difference between adjacent elements. 

With all variables in the resolution equation (3-24) known the minimum 

P   -time product may be calculated, 
pump 

Figure 3-9 shows the AT required for resolution of M elements for a Nd:YAG 

energy P • t. This figure assumes that the output of the upconverter is 
i 

viewed with a perfect detector. The resolution limits imposed by the upconver- 

slon process are shown. The P • t . products shown in Figure 3-9 are reduced 

by a factor of about 9,3 if ZnGeP, is substituted for t;he proustite upconverter 

crystal. 

If we consider detection of an image using a real image tube, whose quantum 

efficiency is less than unity, the P  • t products shown in Figure(3-9)must be 

multiplied by — where n is the quantum efficiency of the image tube. 

3 
For example, we consider an Imaging system with 10 resolution elements. 

Taking the visible detector to be the eye, which has an integration time of 
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Figure 3-9   Theoretical resolution of the proustlte-NchYAG 
blackbody upconverter. 
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approximately 0.2 seconds, considering a AT>10oK between adjacent resolution 

elements, and an InAsP photocathode image tube (see section 5) with quantum 

efficiency 1%, we find that the required Nd:YAG pump power for image resolution 

is 250 watts.  Because of th* damage properties of proustite, detailed in section 

4 of this report, such a system is probably not presently feasible. Therefore, 

3 
for detection of a 300oK blackbody image with 10 resolution elements it is 

necessary to use a detector with longer Integration time than the eye (e.g. film) 

to develop a photosurface more sensitive in the near IR than InAsP, or to Improve 

the damage resistance of proustite. On the other hand the construction of an 

3 
upconverter using ZnGeP. with 10 resolution elements would require a Nd:YAG 

Illumination of 26 watts and might be achievable. 

3.5   Two Major Experimental Prcblggg 

The theory developed in the preceding parts of this report describes the 

power output and resolution expected from a thermal image upconverter. For view- 

ing scenes where large temperature differences exist we expect the behavior of 

the thermal upconverter to approach that predicted, i.e. for high contrast thermal 

scanes we anticipate that the theory developed will provide an accurate description 

of the upconverter. For low contrast scenes (Equation(3-25))where temperature 

differences between adjacent resolution elements are less than several degrees, 

two important restrictions must be considered. First the transverse intensity 

variation of the pump beam must be small over the upconverter aperture. The 

variations across the image upconverter output should reflect variations in thermal 

scene temperature, not variations in pump intensity.  For detection of 10C differ- 

ences from a 300oK background this implies that the pump be uniform to substantially 

better than 0.2%. Alternately if this uniformity is not achievable, some method 

must be devised for compensating for the pump Induced variation in the output scene. 
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I 
I The second difficulty encountered In viewing a thermal scene having small 

temperature gradients Is the low contrast of the scene Itself. For room temper- 

m ature background scene contrast Is given by c - 1.7*10 AT. 

Low scene contrasts are difficult to maintain in any device viewing the output 

of the thermal converter. These small contrasts imply that image tube photo- 

cathodes or film surfaces used to amplify or record the upconverter image output 

must be uniform to within less than a fraction of one per cent.  This requirement 

|i Is presently Impossible to satisfy.  It is expected that it will be necessary to 

employ some artifical means of image contrast enhancement before the thermal 

n «J        Image upconverter can be successfully used to view a low contrast thermal scene. 

I 
0 

II Image contrast enhancement will not only relax requirements for detector uniformity 

but will also allow presentation of an upconverted thermal image with an Improved 

||        signal to background ratio. 

0 
D 
D 
D 
D 
D 
0 
I 
I 
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Section 4 

EXPERIMENTAL EFFORTS:  UPCONVERSION OF A COHERENT SOURCE 

4.1 PROUSTITE ; MATERIAL PROPERTIES 

Proustite, known for many years es naturally occurring crystal, 

was first artificially synthesized in 1966 at the Royal Radar Establishment 

18 
in England . Beginning with the work reported by Hulme and others in 1967, 

the properties of proustite have been the subject of several experimental 

investigations. Proustite has been used for frequency doubling of the C02 

22 23 24 
laser, for upconversion  of CO- as well as for parametric oscillation. 

Crystalline proustite belongs to crystal space group R3 and Is 

transparent from 6000Ä to 13 microns. Although the optical quality of pres- 

ently available crystals is good, scattering centers are visible in all samples 

we have examined to date. A typical piece of proustite, grown at the Royal 

Radar Establishment in the United Kingdom, Is shown In Figure 4-1. 

Proustite*s second order nonlinear coefficients, among the largest 

of all synthetically produced crystals, are greater than twice those of lithium 

18 
niobate.  In spite of proustite's large nonllnearlcy, its usefulness for non- 

linear optics is limited by its lack of resistance to damage by Intense laser 

light. 

We have observed a 5 watt, unfocused, multlmode cw Nd:YAG laser cut 

in half a thin polished piece of proustite (see Figure 4-2). Further, we 

observe that a repetitively Q-switched NdsYAG laser with a peak density of 

2 
500 kW/cm causes pitting of a polished proustite sample. These damage 
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Figure 4-1    A proustite cube, as received from the Royal Radar Establlshmeut, 
United Kingdom. 
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Figure 4-2    Damage to a thin slab of proustite. 

The proustite cracked into two pieces 
as a result of the heating due to a 
3 watt multimode NdrYAG laser. 
Photo magnification is approximately 15. 
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thresholds are at least on order of magnitude worse than those previously 

25 reported. 

At Nd:YAG Illumination power densities Just below those necessary 

to permanently damage the proustlte we found that the temperature cf the 

proustlte crystal was raised to a point where It was hot to the touch. Such 

heating Indicates significant absorption at 1.06 microns. Because of the large 

change in proustlte's temperature with low power Nd:YAG lllumlratlon It is of 

Interest to consider how the bandedge of proustlte varies with temperature. We 

have made transmission measurements onalcmxlcmxlcm proustlte cube at 

temperatures of 30oC, 50oC, 100oC, 150oC, 200OC, and 250oC using a Cary 14 

spectrophotometer. The results of these measurements are shown in Figure 4-3 > 

where crystal transmission (for the ordinary ray) is plotted versus wavelength 

for several different values of temperature. From Figure 4-3 it can, be seen 

that the bandedge of proustlte shifts towards longer wavelengths as tempera- 

ture is Increased, 

approximately 850A. 

ture is Increased. In going from 30oC to 250oC> the total bandedge shift is 

Let us suppose now that at room temperature, there is some residual 

1.06 micron absorption due to the tail of the bandedge.  If this absorption 

causes heating of the crystal, the bandedge will be shifted into a region of 

still higher absorption. This in turn can cause still more heating, with 

further temperature rise, and so forth. This then is, in effect, a thermal 

runaway process which could result in melting of the crystal. To avoid this 

possibility, it is desirable to choose the proustlte phasematching angle so 

that the required phasematching temperature is as low as possible. Cooling 

of the crystal might even prove desirable in some circumstances.  In any case. 

38. 
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It Is clear that high phase-matching temperature should be avoided In opera- 

tion of a proustlte upconvorter. All experimental efforts described in this 

report used proustlte oriented for room temperature phasematchlug. 

4.2 UPCONVERSIÜN IN PROUST 1TE;THEORY 

Two different orientations are possible for Nd:YAG pumped 8-13 micron 

upconversion in proustlte. In the first configuration, tetmed type 1 or E00 

phase matching, the far IR radiation propagates as an ordinary wave, the pump 

as an ordinary wave and the upconverted signal as an extraordinary wave. In 

the second, termed type II or EEO phase matching, the upconverted signal and 

26 
infrared wave are extraordinary, the pump ordinary. 

For efficient parametric upconversion the familiar conservation of 

momentum and energy relations must be satisfied, I.e., 

Vmp+Wfar IR • "signal ^"^ 

k   + k.  ,„ - k .  , (4-2) 
pump   far IR   signal 

where ü)f,  IR, the far IR frequency is to be upconverted to u . the signal 

frequency. For a Nd:YAG pumped, 8-13y, upconverter these relationships can 

be satisfied with a proustlte crystal cut with its length close to 20 degrees 

from the crystalline optic axis. The exact "phase matching" angle is dependent 

on whether type I or type II phase matching is used and is easily determined 

experimentally« 

As shown in Section 2 of this report the upconversion efficiency 

of a parametric upconverter is proportional to the square of the relevant 

nonlinear coefficient and is different for type I and type II phase matching. 

40. 



It Is easily shown that the effective nonlinear coefficient for type I phase 

matching Is given by 

d f = d31 sin 6 - d22 cos 0 sin 3^, (4-3a) 

while for type II matching 

deff =■ d22 co82e cos 3* (4-3b) 

where 6 and $  are the angles the crystal z and x axes respectively make with 

the crystal length.  Noting, that for proustlte,  Mo?I "    ^'^  I^31I B 2«3*10 

18 26 
mks  and recalling that 9 = 20 degrees  Is required for phase matching,the 

effective nonlinear coefficients may be maximized by appropriate choice of $. 

For type I phase matching, the effective nonlinear coefficient Is maximized 

by choice of $ = +90 degrees and Is given by 

d ,, fc.     .   = 1.84 d01 = 2.66 • 1022 mks, 
effective maximum       31 

while for type II phase matching, d ff  .  maximum Is achieved with fy - 0 

and Is given by 

d _ t.     ,   - 1.39 d,, = 2 • 10"22  mks. 
effective maximum       31 

Hence, the type I upconverter en be designed to utilize a nonlinear coefficient 

1.33 times that of the maximum possible with type II phase matching. 

For the type I phase matched upconverslon of a Gaussian laser beam, 

an exact theoretical analysis exists. This analysis, in contrast to the 
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approximate treatment given In Section 2 takes Into account the effects o^ 

losses, double refraction and arbitrary focusing. The theoretical predictions 

for the EOO-type I, proustlte, Nd:YAG pumped, 10.6 micron upconverter are 

summarized below. For a complete description of the arguments that lead to 

28 29 
the equation below the reader Is referred to papers by Boyd and Klelnman.  ' 

Briefly, Boyd and Klelnman's results predict that the power output 

of such a 10.6 micron upconverter Is given by 

P
S -9 f  = 1.42 • 10 ^ P Ä h (0, O cgs (4-4) 
10.6 microns p 

where    ß = 12.5 A1'2 

where P , P.0 ,, P are the powers of the 0.967 micron wavelength signal, the 

10.6 micron radiation and 1.06 micron Nd:YA6 laser, respectively. 1  Is the 

crystal length, £ the focusing parameter of the Nd:YAG and CO. beams, 3 is a 

walkoff parameter and h (0, £) which describes the effects of focusing, is 

given from the graph of Figure 4-4. 

For a one centimeter length piece on proustlte, with loosely focused 

_2 
CO. and Nd.'YAG beams, (£ <= 10 ) Equation(4-4)predlcts an upconverted power 

-4 of approximately 10  P.- ,P . For example, for 100 mW of CO- and YAG power 

Incident upon the proustlte we would expect roughly lü  watts of upconverted 

signal at 0.9670 microns. 
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Figure 4-4   The effects of focusing and double refraction in the EOO or 
Type F upconverter. ^/b where b is the NdrYAG and CO., 
conlooal parameter.   For the proustite upconverter 
ft   \2.r,{tyu. 
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For type II phase matching no exact analysis exists but the 

approximate analysis given in Section 2 of this report may be used to pre- 

dict the upconverted power of a C0_, Nd:YAG mixing experiment.  This approach 

neglects walkoff and diffraction, but should. In general, give reliable pre- 

dictions of upconverted power If the nonlinear crystal lies In the near field 

region of loosely focused Nd:YAG and C0_ laser beams. 

Subject to these assumptions, the power output of a type II phase 

matched CO«, Nd:YAG mixing experiment can be calculated from Equation (2-16) 

yielding 

!s_ = 2.4 • IQ"7 Ä2 ^ • 
P10.6 VA1 

where A and A are the areas of the Nd:YAG and C0„ beams and It Is assumed that pi 2 

both beams are lowest order transverse modes of their respective laser cavities. 

For parameters identical to those considered for type I phase matching 

P8 -5 
= 1.2 • 10 ^P 

P10.6 P 

or for P  « P.-,=0.1 watts 
p     10.6 

P  = 1.2 • 10  watts, or less than 1/8 that for s 

type I phase matching. 

4.3 UPCONVERSION IN PROUSTITE ; EXPERIMENT 

As a partial experimental verification of tht theory presented in 

the preceedlng sections of this report, the output of a CO laser operating 
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at several wavelengths near 10 microns was upconverted to a wavelength near 

0.95 microns by mixing it with the 1.06 micron line from a Nd:YAG laser. 

Mixing was initially accomplished in proustite using type II or 

EEC phaso matching.  Although type I phase matching provides better upcon- 

version efficiency and is better theoretically understood, the avail- 

ability of a crystal oriented for type II phase matching led us to begin our 

upconversion study with an experimental investigation of type II mixing.  For 

our initial type II mixing experiments, upconversion was accomplished with 

the C0„ laser operating at 9.6 microns, 10.2 microns and 10.6 microns.  The 

particular wavelength CO. wavelength to be upconverted was selected by rota- 

tion of the proustite crystal.  Subsequent experimentation utilized a C0? 

laser partially filled with SF, to suppress oscillation in all but the 10.6 

micron CO. line.  Single line operation of the (XL laser by this method was 

only partially successful and the laser often oscillated in two spectral lines 

near ten microns. 

The angular acceptance of the upconversion process was measured 

27 
yielding a value close to that previously reported In the literature. 

Upconversion was achieved with the Nd:YAG laser operating in both 

cw and Q-switched modes.  Typical cw Nd:YA6 powers incident on the proustite 

crystal were 50-300 mW while average CO« powers were 50-150 mW. When the 

Nd:YAG laser was Q-switched, the average power was 200 mW, with peak powers 

of 500 watts.  As expected, Q-switchlng the Nd:YAG laser significantly in- 

creased the peak power of the upconverted signal, while reducing the 

45. 

■;u-.«r 



possibility of damage to the proustite crystal by limiting the average power 

incident upon it. 

Experimentation with focusing of the Nd:YAG laser as well as the 

CO. laser was undertaken.  Lenses of focal lengths 75 cm and 10 cm were used 

for the CO., lenses of 50 cm and 25 cm focal lengths were used for the Nd:YAG. 

As expected the upconverted power increased with stronger focusing and was 

usually strong enough to be seen with an uncooled type 7102 phototube. 

Considerable effort was made to extend the minimum detectable signal 

to its lowest possible value. Provision was made for cooling the type 7102 

photomultiplier to dry ice temperature (-68 C).  Such cooling decreased its 

-13 
noise equivalent power from about 10   watts at room temperature to about 

3*10   watts at -68 C (1 sec integration time).  Provision was made for beam 

steering of both the CO. and YAG laser beams as well as adjusting the angle 

and position of the proustite crystal.  A schematic diagram of the experi- 

mental setup used is shown in Figure 4 5.  The CO. laser beam, chopped at 

1 KHz was focused by a 10 cm focal length mirror upon the proustite crystal. 

The Nd:YAG, focused by a 25 cm lens, passed through a hole in the C0? mirror, 

and onto the proustite. The: 0.967 micron output was detected using phase 

sensitive detection with typically one second integration time.  Three band- 

pass filters and a polarizer prevent both the CO. and the YAG radiation from 

entering the detector. A KC1 reflector and teflon attenuator provide CO. 

powers, at the proustite input face, variable from 1 microwatt to 100 milli- 

watts. Focusing as shown provides approximately equal CO, and Nd:YAG beam 

-2  2 
areas measured to be approximately 1.03*10  cm , cr CO. and Nd:YAG focusing 

—2 —1 28 
parameters of approximately 3.0*10  and 2.5*10  respectively.  It might 
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Figure 4-5   A schematic diagram of the parametric upconverter. 
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be desirable to focus the Nd:YAG tighter to optimize upconverted power by 

making the Nd:YAG focusing parameter more nearly equal to that of the CO. 

beam. This was not tried for fear of damaging the proustlte at moderate 

(less than 50 mW) power levels with any stronger focusing. 

The typical Nd:YAG pump power for the experiment shown schematically 

In Figure 4-5 was 60 mW. Detection of 80 milliwatts of CO- Incident upon 

nhe proustlte crystal was accomplished with a signal to noise ratio of greater 

than 2*10 , leading to an expected minimum detectable signal power of approxi- 

mately 0.5 microwatts. Detectablllty of about 1 microwatt of CO- was verified 

by inserting teflon attenuators In the CO- beam to reduce Its power to the 

microwatt level. Figure 4-6 shows a photograph of our experimental setup. 

Figure 4-7 shows typical upconverter output waveforms. 

More efficient upconverslon Is possible using type I phasematchlng. 

As noted earlier the nonlinear coefficient governing the mixing process is 

expected to be greater for type 1 matching than for type II 

matching. Type I experimentation Indicates at least qualitative agreement 

with theory. Type I upconverslon efficiencies observed In an experimental 

arrangement Identical to that used for type II mixing w^re several times 

greater than the type II configuration. 

Type I or E00 mixing was observed with both cw and Q-swltched Nd:YAG 

pumps.  In preparation for the pulsed upconverslon experimentation we con- 

structed an electrooptlc Q-switch for use on the upconverter program. Pulsed 

upconverslon allows us to detect CO. radiation of less than several micro- 

watts using a cooled type 7102 S-l detector. Continuous Type I upconverslon 
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Figure 4-7    Type II parametric upconverter output waveforms. 

For this photo, the Nd:YAG laser output was 
chopped at a 1 KHz.   CO2 input radiation was 
about 10 mW, Nd:YAG radiation about 100 mW. 
Upper trace is upconverted signal, lower 
trace is the NdrYAG waveform.   The signal 
power is of the order of several nanowatts. 
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performed, using phase sensitive detection, was limited by detector dark 

current. Minimum CO- powers of several microwatts were easily detected. 

Pulsed upconversion has the advantage that the output of the detector used 

may be gated in synchronism with the pump such that the effective dark cur- 

rent of the detector is reduced by the duty cycle of the gating. We note 

that the pulsed techniques used to upconvert a point CCL source are applic- 

able to image upconversion, whereas phase sensitive detection, used in the 

cw mixing experiments, is not adaptable to image upconversion. 
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Section 5 

EXPERIMENTAL EFFORTS : ÜPCONVERSION OF A THERMAL SOURCE 

5.1 INTRODUCTION 

In Sections 2 and 3 of this report the theory of a black body up- 

converter was developed. These numerical predictions were made for the output 

from both a proustite-Nd:YAG and a ZnGeP2-Nd:YAG upconverter. Calculations 

were made for arbitrary thermal radiation angular acceptances as well as for 

angular acceptances intentionally limited to avoid chromatic abberation.  In 

this section experimental efforts aimed toward detecting the output of both 

imaging and non-imaging thermal upconverters are described. Because proustite 

is commercially available and ZnGeP. is not only the proustite-Nd:YAG up- 

converter was experimentally investigated. The output of the non-imaging 

proustite upconverter was successfully observed with a phototube. Attempts 

at viewing the upconverted signal with an image tube were, however, unsuc- 

cessful. Efforts at detection of an upconverted thermal image failed because 

of: 1) The poor resistance of proustite to damage by Nd:YAG radiation, 2) 

the inadequate performance of the image tube used to view the upconverter output. 

5.2 THE NON-IMAGING ÜPCONVERTER-PH0TOTÜBE DETECTION 

The non-imaging upconverter described here detects thermal radiation 

in the 6-13 micron spectral region. Upconversion is accomplished in proustite 

by mixing the thermal radiation with the 1.06 micron output of a Nd:YAG laser. 

Figure 5-1 shows a schematic diagram of thi upconverter. The black- 

body radiation is produced by either a heated aluminum plate or by a commercial 

blackbody source and is collected by a'6 cm focal length spherical mirror 

arranged so that its numerical aperture is 0.125. 
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Figure 5-1    The blackbody upconverter: a schematic diagram.   The output of 
the upconverter was collected by a 15-cm focal-length lens. 
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The iW.YAG pump laser Is continuously pumped and repetitively Q-swltched 

and produces peak powers of 1 kW with prf of 2 kHz and average power 

of 100 mW.  The output of the laser is passed through a 1/8" diameter hole In 

the blackbody collecting mirror and is focused by a 25 cm lens into the prons- 

tite crystal.   The upconverted signal,whose wavelength is near 9.5 microns, 

is observed with a S-l surface photomultiplier (ITT FW-118) cooled to dry ice 

temperature (-68 C).  Electronics are provided for photoelectron counting. 

Figure 5-2 shows a photograph of the experimental arrangement. 

Upconversion is accomplished using type II phase-matching in a 0.6 cm 

long piece of proustlte oriented with its length 20 + 1 from the crystal- 

lographic "c" axis. The crystal is cut with its length in the yz plane so that 

the contributions from the d„2 and d-1 nonlinear coefficients to the second 

order polarization add.  (See Equation (4-3a)). 

The performance of a parametric upconverter used for detection of 

blackbody radiation was theoretically analyzed in Section 3 of this report.    \ 

There it was found that (see Equation (3-13)) the variation in the output of the 

thermal upcoit.-?rter is dependent solely upon the change in blackbody radiation 

with temperature and is given by 

p
a -   52hc2 E Khg  (5-1) s    ^ J r     nc   , 1 

Xi t ^X^kf"11 
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where P is the upconverted signal power, X the blackbody wavelength selected 

by the upconversion parametric process, c the velocity of lig.tt, h Planck's 

constant, k Boltzmann's constant, T the solid's temperature in degrees Kelvin, 

£ the emissivity of the radiating solid and K is a gain constant independent 

of T which totally describes the upconverter. Included in K are the effects of focus- 

ing, crystal length as well as spectral and solid angle acceptances of the 

parametric upconverter. 

Figure 5-3 shows the measured and computed 0.95 micron upconverted 

output as a function of a heated solid's temperature. The upper solid line 

shows the output expected from the upconverter as given from (5-1) for a per- 

fect or so-called blackbody radiator (e ■ 1). The lower solid curve, agreeing 

closely with the experimentally measured variation, is computed for a solid 

with emissivity of 0.7. From the experimental data it is observed thAt the 

upconverter is able to "see" a 300 K object without external illumination. 

It should also be noted that Figure 5-3 implies that objects having tempera- 

tures only a few degrees apart have been distinguished. Much of the present 

ambiguity in distinguishing temperatures less than a few degrees apart is 

traceable to temporal instabilities in the output of the NdtYAG laser. With 

development the parametric upconverter should be able to discriminate between 

objects different in temperature by a fraction of a degree. 

The wavelength parametrically upconverted is selected by rotation 

of the proustite crystal. Figure(5-4)shows the IR wavelength upconverted as 

a function of the angle between the Nd:YA6 pump and fhe crystal length. The 

upconverted signal wavelength was measured with a 1/2 meter Jarrell-Ash 

grating spectrometer, and the far infrared wavelength plotted in Figure 5-4 
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is given by 

x V' IR X_-X 
P      8 

where A    Is 1.064 microns and X    is the measured upconverted wavelength.    The 
Jt 8 

upconverter is limited to a long wavelength cutoff of about 12.5 microns due 

18 
to the absorption in proustlte at longer wavelengths. The short wavelength 

cutoff should be near 1.5 microns. Detection problems prevented extension 

of the experimentally observed upconverted wavelength below 6.5 microns. 

Upconverted signal bandwidths of approximately 70A were recorded 

corresponding to the far infrared bandwidths of about 0.7 microns. Using 

18 3 
the published dispersion  data for proustlte it can be calculated that the 

observed spectral bandwidth corresponds to an infrared radiation upconverslon 

acceptance angle of 6.4 as measured internal to the crystal (full angle). 

As a check of the theory developed in this report it is helpful to 

compare the measured power output with that predicted by Equation (3-16). 

For a room temperature thermal image, with P « 0.1W, I *  0.6 cm 

-2 
and an external blackbody solid angular acceptance of 7.16 • 10  str. 

-13 
Equation (3-16) predicts an average power output of 2.6 • 10   watts which 

-14 
compares with the measured output of 1.5 • 10   watts (60 photoelectrons/ sec). 

The difference between the computed upconverter output and that measured 

experimentally is primarily due to the signal wavelength attenuation of the 

filter stack used to remove the Nd;YAG radiation from the output of the up- 

converter. 
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It Is interesting to note that the 6.4    full angle,  3.2    half angle, 

measured upconversion acceptance angle corresponds very nearly to the allow- 

able acceptance angle for an upconverter designed for chromatic abberation- 

free thermal  -mage detection.    An image upconverter so made would have an 

allowable blackbody acceptance of 3.1    degrees half angle as measured internally 

to the nonlinear crystal. 

Thus the measured signal output power is close to that which would 

have been available for abberation free upconversion.    More precisely 
2 

vr-rj   '1.5  •  10 =    3.3 • 10        watts would have been available from the 

experimentally investigated upconverter had its angular aperture been reduced 

to provide for abberation-free Imaging. 

In this experiment upconversion of room temperature thermal radiation 

has been demonstrated.    The techniques developed have applications similar to 

(22) those of parametric fluorescence        .    Thermal upconversion should provide a 

useful means of determining crystal nonlinearitles over a large portion of 

the optical spectrum.     In addition, parametric detection of thermal radiation 

provides a significant step toward real-time observation of thermal images. 

5.3 THE IMAGING UKONVERTER 

It is important to realize that the geometry of the upconverter 

described above should allow detection of thermal Images merely by replacing 

the phototube by an appropriate image tube.     In fact it is noted that the 

magnitude of the upconverted signal observed from the non-imaging upconverter 

should be sufficient to detect a 30 element high-contrast, room temperature, 

thermal image at a 1 cps frame rate. 
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Observation of a high resolution thermal Image depends critically 

on two parameters of the Image tube used to detect the upconverted scene. 

First the tube must have an equivalent screen background Intensity (ESB1) 

substantially lower than the expected scene energy. The ESB1 is the light 

input that would have been required to produce the background measured in 

the tube without any actual input. Secondly for good resolution the quantum 

efficiency of the tube must be as high as possible.  The resolution charts 

given in Figures 3-9 and 3-10 assume unity quantum efficiency and therefore 

the pump power-tine product required for a real Imaging system with a given 

resolution must be increased by - from those shown in Figures 3-9 and 3-10 where 

n is the quantum efficiency of the Image tube. 

The theory of the image upconverter developed In Section 3 of this 

report shows that the proustlte Nd:YA6 upconverter viewing a room temperature 

-13 
image should produce 6 * 10   watts of usable upconverted signal for each 

watt of Incident pump radiation. Further since the damage resistance of 

-13 
proustlte limits useful Nd:YAG power to about a watt, 6 * 10   watts is the 

maximum output signal expected from a room tempesature thermal upconverter. 

_ -14 
The measured power output, for 0.1 watt Input of Nd:YAG, was 1.5 * 10   watts 

of which 3.3 * 10   watts was believed to be within the chromatic abberatlon- 

free upconverter acceptance angle. Similarly, although the proustlte up- 

converter viewing a thermal scene at 250 C was expected to produce about 

-12 
6 * 10   watt per watt of pump input, the upconverted power detected was 

•-13 -14 
near 10   wafts of which it is believed that 3.3 • 10   watts would be 

useful for image formation. It is reasonable to expect that these experi- 

mentally measured powers could easily be increased by a factor of ten by 

increasing the Nd:YAG input to 1 watt. A one watt pumped system would 
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-14 
produce a 3.3 • 10   watt image viewing a room temperature blackbody, a 

3.3 • 10"1Vatt image viewing a 250oC source. Thus if a 250oC blackbody image 

is to be detected detector noise must be lower than 3.3 * 10 *■* watts. At 

present, the only available image detector for the 0.95 micron wavelength region 

is a S-l photocathode followed by one or more image intensifiers. The typical 

_9 
S-l photosurface has an equivalent room temperature input noise of 10  watts/ 

2 
cm and hence at room temperature is useless as a detector. An S-l photo- 

surface, cooled to dry ice temperature has an equivalent input noise of ap- 

—13       2 
proximately 10   watts/cm and hence might provide marginal detection of the 

2 
upconverted signal if its beam size were near 1 cm . 

For reliable detection of any upconverted scene using a cooled S-l 

image tube it is probably necessary to gate the tube in synchronism with a 

pulsed Nd:YAG pump. A gated tube will reduce the effective tube noise by the 

duty cycle of the gate. Improvement in noise performance of greater than 100 

can be expected. Gating of a cooled S-l image tube, while technically feasible, 

requires switching of multikilovolt pulses in short time and is difficult and 

relatively expensive. Further the low quantum efficiency of the S-l tube, 

0.1% at 9600A implies that even if cooling and gating of the tube were suf- 

ficient to reduce its noise to a negligible level, an upconverter operating 

with a S-l tube would require 1000 times more pump power to produce the same 

resolution as an upconverter operating with a unity quantum efficiency image 

detector. 

Rather than experimentally pursue the use of a S-l image tube in 

the image upconverter it was decided that use of a InAsP photc  lode tube 
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offered greatest chance of success. The InAsP photosurface, a 3-5 ternary, 

has been shown to be capable of high quantum efficiencies when deposited 

in thick layers on InP. Unfortunately requirements for stable Image tube 

30 
performance require a semitransparent, hence a thin cathode. 'Varian Assoc. under 

contract to ARPA, (ARPA contract N00014-71-C-0073) was expected to construct 

such an image tube for our use with the thermal image upconverter. At the 

start of Varian's program design goals for the image tube were 1) Quantum 

efficiency of 10% at the unconverted wavelength of 9600A, 2) Equivalent 

-15    2 
Screen Background Intensity (ESBI) of less than 10   W/cm wich the photo- 

cathode cooled to -68 C, 3) construction of a tube that could be gatable in 

synchronism with & Q-switched Nd:YAG, i.e., a tube that could be gated on 

for less than 1 ps«c with a 1 KHz repetition frequency. 

During the course of the past several months we had the opportunity 

to attempt use of one of Varian's tubes with the thermal upconverter. 

Measurement of the tubes quantum efficiency at room temperature 

and -68 C wete made. Figure 5-5 shows the tube's quantum efficiency as a 

function of wavelength. Note that nowhere  does the tube's response exceed 

1Z. Varian now better understands the thin InAsP on InP system and currently 

projects that future image tubes of quantum efficiency no higher than 2-3% 

should be obtainable. 

The ESBI of the Varian tube was made by visually comparing its 

noise with the noise output of an image tube with a known ESBI. The Varian 

tube was lens coupled to a RCA 3 stage image intenslfler whose ESBI was 

measured by RCA. With the Varian tube turned off the noise output of the 
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RCA inCenslfler was clearly visible to the dark adapted eye In a carefully 

darkened room.  If the Varlan tube was turned on, it was found that at some 

anode voltage V the image of the Varlan tube photocathode became barely 

visible above the RCA tube noise, i.e., at an applied anode voltage V the 

tube noise output collected by the lens and imaged onto the RCA photocathode 

was approximately equal to the RCA tube noise. A shutter war, inserted be- 

tween the Varian and RCA tubes to facilitate this comparison. Knowledge of 

the Varian tube anode voltage V and its phosphor type (P20) allows calcula- 

tion of the image tube gain, G. The f number of the collecting lens determines 

the efficiency of transfer, C, of the Varian image tube noise to the RCA tube. 

With G and C calculated the ESBI of the Varian InAsP image tube is calculated 

from 

ESBIVarian G-C " ESBIRCA (5-2) 

If the Varian image tube is cooled to -68 C the fraction of its noise output 

collected by the imaging optics equals the noise produced by the RCA tube 

when the Varian tube anode voltage is 3.5 kV. At that voltage the image tube 

power gain, assuming n ■ 1% and a P-20 phosphor»is 3.5. The collection optics, 

consisting of a f 2.16 lens arranged for 0.85 magnification collects C.76% of 

the light incident upon it. The RCA three stag« image intensifier has an 

ESBI of approximately 2.4 • 10   watt/cm . 

Hence, the Varian tube noise, as calculated from equation (5-2) is 

-12    2 
1.3 * 10   w/cm . This represents fairly poor image tube noise performance. 

The measured noise output from the InAsP tube at -68 C is more than a order 

of magnitude greater than that expected from a cooled S-l tube and 3 orders 
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of magnitude worse than that Initially projected for the InAsP image tube. 

No quantative attempt was made to measure the noise output of the Variau 

image tube at room temperature, although it was observed to be appreciably 

larger than at -68 C. In addition to the poor noise performance of the 

InAsP image tube it was noted the tube intermittently produced purple out- 

put flashes of light. These flashes occured most frequently at hi^h anode 

voltages (greater than 5 kV) or when the anode voltage was changed. 

The InAsP Image tube supplied by Varian was used in an attempt 

to detect the upconverted signal produced by the Nd:YAG proustite upconverter. 

The image tube was lens coupled to a three stage image Intensifier 

4 
which operated with a gain of greater than 10 . All attempts at seeing an 

output image were unsuccessful. Efforts were made to view the system output 

visually as well as to record it photographically. Inability to record an 

upconverter output image is reasoned to be due to the excessive noise of the 

Varian InAsP image. Even with inefficient lens coupling used in the experi- 

mental setup the Varian image tube output noise was the dominant system noise. 

-12    2 
It should be noted that for an image tube with an ESBI of 1.3 * 10   w/cm 

-11    2 
upconverter output of less than 6.5 • 10   w/cm will not be detectable, 

i.e., a signal to noise ratio of approximately $ is estimated to be necessary 

for detection (Reference 20,21). 

-13 
The largest experlmently produced output was about 10   watts 

which, according to the preceeding discussion, should have been large enough 

-3  2 
to be uetected if its beam area was smaller than 1.54 * 10  cm or if its 

radius were less than .22 mm. The experimental setup was arranged to produce 
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a signal beam size on the image tube photocathode of slightly less than that 

size, but the signal output was never seen. Based on the power output measured 

from the non-imaging thermal upconverter and the measured noise properties of 

the InAsP tube we surmise that we must have had an Image output from the up- 

converte.- Just slightly weaker than that required to overcome the noise of 

the Varian image tube. If It had been possible to gate the image tube and 

employ a Q-switched laser pump, reduction Is the average noise would have 

been achievable and we believe thai image detection would have been accomplished. 

Unfortunately the Varian tube delivered (o Sylvania, due to the limited current 

carrying capacity of its electrodes, could not be gated in synchronism with 

our Q-switched Nd:YAG laser. 
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Section 6 

ACCOMPLISHMENTS AND RECOMMENDATIONS 

The major contributions of this study are three-fold. First a 

theory of blackbody-lmage upconverslon has been developed which predicts the 

power output, resolution, contrast and spectral bandwidth from a thermal 

image upconverter. Secondly, the first detection via parametric upconverslon 

of room-temperature blackbody-radlatlon was accomplished. Detection of thermal 

radiation via upconverslon provided substantial confirmation of the image up- 

converslon theory, as well as experimentally identifying the image tube char- 

acteristics necessary for successful visualization of an upconverted thermal 

image. 

Lastly this study has pointed out the necessary steps to take toward 

development of an operational 1.06 micron pumped thermal image upconverter. 

It was shown that the most important upconverter components requiring develop- 

ment are the nonlinear crystal and the Image tube or film used to view the 

upconverter output. In particular, improvement of the nonlinear crystal re- 

quires Investigation of the causes of crystal damage as well as ldentlflcai.lon 

of new nonlinear crystals. Toward these ends, a small effort was directed 

toward explaining the cw damage mechanism in proustlte In terms of its band- 

edge shift with temperature. Improvement of the image detector required to view 

the output scene requires not only an increase in the quantum efficiency of 

available image tubes but more importantly a drastic reduction In their back- 

ground noise. Alternately, if Improvement of Image tube technology is not 

deemed feasible, the upconverter pump wavelength must be changed such that 

the output image wavelength falls In a spectral region where adequate image 

detectors exist. 
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The technology of nonlinear crystals and image tube detectors is 

currently at the point where available components should be adequate to view 

a high contrast low resolution scene. If thermal image upconversion is to 

be used to detect high resolution, low contrast images efforts must be made 

toward providing a uniform cross section pump beam as well as developing a 

method of upconverted image contrast enhancement. 
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