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SUMMARY

The imaging properties of parametric upconversion have been
investigated analytically and experimentally for the case of monochromatic

object waves, and photographs of upconverted 10,6 um images obtained.

Analyses: Using geometric optics an expression was derived
relating the locations of the object, the pump and the upconverted image.
It was found that in general the image quality is degraded by a thickness
aberration resulting from sum-frequency contributions from each differen-
tial slab of the nonlinear interaction material. The magnitude of this first
order thickness aberration was found to approach zero for the case of plane
wave pump interacting with plane wave object waves. The angular aperture
of the upconverter was found ‘o be determined by the phase match conditions.
The effect of higher order factors such as crystal birefringence, phase

mismatch, and pump wave divergence were considered qualitatively.

The analysis was then extended by applying the techniques of
physical optics. Using Fourier transformer formalism an expression was
derived relating the angular spectrum of the sum-frequency field with that
of the object and pump fields. Phase mismatch, crystal birefringence, and
the effects of a finite aperture were included in this analysis. Two cases
were examined in detail, one using a plane wave pump and the other with a
Gaussian distributed pump beam. The Gaussian pump case was found to
suffer more image degradation than the plane wave case which approached

the diffraction limit,



A characteristic equation was developed to describe the overall
performance of the image upconverter. Object scene radiance, image
detail, exposure time, quantum conversion efficiency, detector sensitivity

y €Xp )

and the interaction aperture are related to a universal constant.

Lxperimental Results: A series of image upconversion experi-

ments were carried out with a 10, 6-um illuminated object, a 1. 06-um pump
and an oriented proustite crystal (Ag3AsS3). The line spread functions were
measured for two upconversion configurations: plane wave interactions and
the Gaussian shaped pump beam. Measured results on image location, aber-
rations, the field of view, and angular resolution agree reasonably well with
the theoretical results. For the plane wave pump case about 70 x 20 resolu-
tion elements were measured. Two dimensional images of a resolution

test chart have been recorded on photographic film.

Conclusions: As a result of this analytical and experimental in-
vestigation it is concluded that the monochromatic image upconversion
process can approach diffraction limited operation if the upconversion pro-
cess takes place with plane wave object and pump beams (Fourier space

interaction).

A parametric study has been done for such imaging upconverter
characteristics as conversion efficiency, number of resolution elements,
pump power, pump power density, crystal figure of merit, and overall sen-
sitivity: This approach indicates some present limitations of the upconver-
sion process and the future possibilities that can be based on the extrapola-

tion and trends in the present technology.

Publications: 1. W. Chiou, "Geometric Optics Theory of

Parametric Image Upconversion, ' Journal of Applied Physics, Vol 42,
p 1985, March 1971,

2. W. Chiou and F. Pace, "Image Upconver: ion of Infrared
10. 6- um Radiation, " IEEE/OSA Conference on Laser Engineering and
Applications, Washington, D.C. June 1971.
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CHAPTER 1. INTRODUCT'ON

This is the final report under Contract NOOOL4-T0-C-0161 havin
as its objective the demonstration and operation of o 10, 6-ym e conver
ter system with as high a conversion efficiency as possible, @ resalution ol

ige - 12
150 - 150 resolution elements and noise equivalent power INER) of 10

watt/HZl/Z.

The parametric image upconverter represents a new class of
infrared (IR) device technology. It combines the following characteristics
hitherto unattainable:

° Permits detection of 10. 6-um radiation by conventional
image tube techniques

° Obtains imaging in real time (no mechanical scanning as
in present FLIR's)

° Inherently low noise

° Operates at or near room temperature

° Caq be designed for any wavelength in the 1 to 13 um
region

° Coherent (upconverter can preserve frequency and phase)

In the IR parametric upconverter technique, a strong laser pump
at wp is employed to upconvert IR signal radiation “IR to the sum-frequency

s
frequency translation is achieved by propagating three waves (signal, pump,

wg= Wi * wp in the visible or near visible region of the spectrum. The

and sum-frequency) nearly collinearly and phase-matched in a crystal (such
as proustite) having a large value of nonlinear susceptibility. The upconver-
ted signal can then be detected by a photoemissive device such as a photo-
multiplier, image orthicon, image intensifier, or silicon vidicon. The use
of an Nd:YAG laser is contemplated as a pump source due to its CW, pulsed

high-power output capability, and mode purity. Morecover, higher quantum



efficiency photocathodes and silicon vidicon are presently under develop-

ment at the upconverter output wavelength,

A.  PROGRAM APPROACH

The approach chosen to achieve the program objectives includes

the following tasks:

° Obtain analytical expressions for image upconversion
analogous to the thick lens formula by means of a
modified geometrical optics technique

. Use physical optics techniques to predict image up-
converter line and point spread functions

° Measure the line spread function of the upconverter,
at various positions in the fie'd of view. Investigate
effect of Gaussian distribution of pump beam to the
image resolution,

° Investigate and compare the characteristics of two
generic upconverter systems, the one with the non-
linear material in the image space and the other with
the nonlinear material in the Fourier space. The
objective is to simultaneously optimize conversion
efficiency and image quality.

° Incorporate all of the previous findings into a labo-
ratory device that demonstrates an image with quality
approaching the 150 x 150 resolution element program
objective

U Measure and optimize image quality, conversion
efficiency, and NEP in the desmonstration setup

B.  ANALYTICAL RESULTS

Qualitative descriptions of parametric image upconversion are
currently available in literature. However, very little has been published
on the quantitative considerations necessary for selecticn and evaluation of
image upconverter systems possessing acceptable image and sensitivity

characteristics,



Analyses and experiments, designed to fill this gap, were

carried out.

Imaging properties of a parametric image upconversion process
are investigated both theoretically and experimentally in the present study.
The theoretical treatment given here is more rigorous than previous

s 15). The particular case of tne nonlinear interaction of a mono-

work(
chromatic object wave and a monochromatic pump wave is considered. The
theory can easily be extended to the case of the polychromatic object waves
if one considers a monochromatic object wave as a Fourier component of

polychromatic object radiation.

The geometric optics theory of the parametric image upconversion
is presented in Chapter 2. A ray tracing technique is used in the analysis.
If the phase relation of object waves is not conserved by the parametric pro-
cess, the ray tracing technique is not valid. The coherent nature of the
process, necessary for the effective interaction of the three waves (signal,
pump, and sum frequency), transfers the phase of the object waves to the
sum-frequency waves. This consideration qualitatively justifies the geo-
metric optics treatment on the parametric image upconversion process. A
more rigorous justification is given below. A formula relating the locations
of a point object, a point pump source, and an upconverted point image is
obtained for a dispersive infinitesimal slab of nonlinear material. Itis
assumed in the analysis that all waves are phase matched and are paraxial.
An image produced by a finite thickness nonlinear crystal is next considered.
A finite thickness crystal gives rise to thickness aberrations because the
upconverted image position is different for the various differential slabs of
the crystal. Thickness aberrations are inherent in the process and differ
from lens aberrations in ordinary lenses. The amount of aberrations for
several different upconversion systems is analyzed. It is found that the con-

verter pumped by a plane wave pump and interacting with a plane object



wave is free of thickness aberrations. The angular aperture of the upcon-
verter is shown to be determined by the phase-match condition. The effect
of diverging pump beam on image quality is also considered. The effect of
other less important factors, such as crystal birefringence and phase mis-

match is considered qualitatively.

The parametric image upconversion process is analyzed in Chapter 3
by the physical optics technique. The purpose of this analysis is twofold;
the first is to obtain an expressio. for the upconverted image field in terms
of the infrared object field, the second is to confirm the ray tracing tech-
niques used in the geometric optics theory. The Fourier transform form-
alism is adopted here because of the complexity of the object wave and the
image wave. A wave equation for the angular spectrum (Fourier component)
of field disturbances with a source term is obtained. The angular spectrum
of non-linear polarization wave is considered to be the source term in the
wave equation. The wave equation is solved using a technique developed by

(23)

this treatment. The solution relates the angular spectrum of sum-frequency

Kleinman Phase mismatch and crystal birefringence are included in
field to that of infrared object field. An equation relating the positions of
upconverted image, object, and pump is obtained by using stationary phase
condition. The equation is identical with that derivedin the geometric optics
theory if crystal birefringence is negligibly small. This result clarifies the
range of validity of geometric optic theory. The analysis also confirms that
aberrations exist for finite interaction lengths. The result agrees with the
thickness aberration predicted in the geometric optics analysis as described
above. Several different image upconverter systems are analyzed, It is
shown that the amount of aberration for a plane wave pumped upconverter is
independent of the object position if object wave is not a plane wave. This
result agrees with that of the geometric optics treatment. The special case
of Gaussian distribution beam pumped upconverter is considered. It is
found that Gaussian beam pump can, under certain condition, introduces

additional degradation in the upconverted image.

4



The characteristic equation which describes overall system per-
formance of an image upconverter is considered in Chapter 4, This equation
relates infrared object radiance, the amount of image detail, exposure time,
quantum conversion efficiency, detector sensitivity, and the interaction
aperture to a characteristic constant hvi, where h is Planck constant and vy
is infrared frequency of monochromatic object radiation. Characterization
of an image upconverter enables one to understand the limiting performance

of a particular system.

C. EXPERIMENTAL RESULTS

Two image upconverter configurations have been considered for

imaging experiments. Image properties of two upconverter configurations,

namely:
° Plane wave object and plane wave pump
° Sperhical wave object and plane wave pump have

been measured

The first configuration was chosen because of its low thickness
aberrations. The second configuration was chosen because, although it has

a larger value of aberration, it provides a check on this theory

Image properties were evaluated by measuring the line spread function
first rather than recording an image of a resolution test pattern. The line
spread function technique uses simple one-dimensional measurement tech-
niques and the data obtained can provide a description of the system in the
formalism of optical transfer functions employed in optical image resolution

analyses.

Measured data on image location, image size, and number of
resolution elements show reasonable agreement with theoretically calculated
values. The field of view of the experimental system was 12 degrees. The
number of resolvable elements contained in this field of view was 70 (one

eleme:it/3 milliradians).



Upconverted “mages at 0,967 um of a 10,6 um illuminated reso-
lution test chart are then quantitatively measured with the scanning technique
and are recorded on photographic films. The images recorded contain

70 « 20 resolution elements.

As a result of the theoretical and experimental study, it is found
that the moenochromatic image upconversion process can be nearly diffraction

limited.



CHAPTER 2. GEOMETRIC OPTICS THEORY OF PARAMETRIC
IMAGE UPCONVERSION
I. INTRODUCTION

The photomultiplier detection of infrared (IR) radiation by means

(1-5) has stimulatedgreat interest in

(6-9)

of the parametric upconversionprocess

to the visible or near-visible

. 10~
region. The theory of parame‘ric upconversion is well-establlshed( Y 12);

tke next step of upconversionof IR images

however, image upconversion requires considerations beyond those for
single-resolution element theory. Firester analyzed the problem using both
Fourier transforn1(13)and geometric optics(M)approaches. Because of the
simplifying assumptions in his analysis, some interesting image upcon-
verter properties are not apparent in his results, Andrews(ls)has reported
resolution calculations, also based on a ray-tracing me¢ _hod, of image up-
converters utilizing specific optical systems. His analysis applies for a
near-plane wave pump and therefore does not cover the case of an off-axis
IR object.

In this paper, the discussion is limited to image aspects of the
upconverter; the problems common to a single-resoluticn element upconver-
ter (such as conversion efficiency, bandwidth, and material selection) are
not considered.

A formula relating the location of the upconverted image to
location of the pump and the IR object is derived in Section II for a very thin
upconverter. The result shows that a point IR object will be imaged into a
point. The formation of the upconverted image by a thick upconverter is
considered in Section III. The finite thickness of the nonlinear material

causes aberrations peculiar to the parametric image upconversion,



II. IMAGE FORMATION BY INFINITESIMALLY THIN IMAGE
UPCONVERTER

This section contains a discussion of the formation of the sum-

frequency image of an IR object by an infinitesimally thin upconverter. In-
finitesimally thin means that the thickness of the nonlinear material issmall
compared with other dimensions such as the object, pump, and image dis-
tances and the transv:rse dimensions of the crystal, but that it is larger
than the wavelengths involved; that is, large enough for traveling-wave
parametric interaction inside the nonlinear material. For this case, it will
be shown that a point IR object is imaged to a point sum-frequency image.

The image location is obtained by tracing spherical pump rays,
spherical IR object rays, and sphierical sum-frequency rays that are para-
metrically interacting in the nonlinear material. For simplicity, the anal-
ysis is carried out in a two-dimensional model.

To further simplify the analysis, the following assumptions are

made:

1. The pump, the IR object, and the sum-frequency waves are
in near-phase-match conditior. throughout the interaction
volume; the slight phase mismatch is neglected.

2. Because all rays are paraxial, all the angles are small enough
to use the approximation tan 8 = 0.

3. The pump is a point source. The pump beam generated by a

single-transverse-mode laser can be considered as a point
scurce. (The effect of an extended pump source, which repre-
sents a multi-transverse -mode laser beam, will be considered

later.)



4, The reflected components of the pump, the IR object, and
especially the sum-frequency and higher-order scattered
waves(ls)generated at the surface of the material are ignored
because these rays do not contribute to the image formation.
The first assumption is justified since the maximum allowable

phase mismatch is small compared with the other wave vectors involved.
Assumptions 2 and 3 are discussed in Section IV.

To provide a consistent convention for the use of positive and
negative quantities in the analysis, simple Cartesian coordinates are used.
If @’ and §’ are defined as the angles of the IR wave vector Ki and the sum-
frequency wave vector KS, measured from the pump-wave vector Kp (Fig-
ure 1) ‘nside the nonlinear material, the phase-match condition results in

the following relationship:

Ki
sin ¢’ = 3 sin a’
s
For paraxial approximation,
Ki
d"zfalzﬁa’ (1)
]

The angular demagnification factor g = Ki/ K_ is not constant because I K, l
and |Ks | change with direction; however, for a small-angle ap;:roximation,
the change is neglected.

Because of the change in the indices of refraction at the air-
crystal interface, the direction of the wave vectors inside the nonlinear
material will be modified according to Snell's law, as shown in Figure 2b.

The relationships between the angles are:



FIGURE i. PHASE-MATCH CONDITION FOR PARAMETRIC
UPCONVERSION
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-'3|d>
k=

0 =
P
p (2)
0.
0= =@
i 4 P

where
92(2 =1, p, s) = angle between K!Z (¢ =1, p, s)and
the reference axis normal to the
interface
nﬂ(ﬂ =i, p,s8) = index of refraction for the wave designated
by the subscript £
The primed angles are measured inside the nonlinear material, and the un-

primed angles are measured in the air. The angles §’ and o’ are obtained

from equations 1 and 2:

a'=(—x+9 ]—-l
n, p\n np
(3)
¢'=B[g+g l_.l_
n, pln, n
i i p

The direction of the sum-frequency wave exiting from the infinitesimally thin

nonlinear material is then by Snell's law:

6 =n_0 - (9; +4) n (4)
Figure 2a shows the geometry of upconverter image formation. The point IR
object is located at (s, h), the point pump source is located at (p, o), and tke
sum-frequency image is formed at (s’, h’). IR ray 1 makes an angle Gi and

pump ray 2 makes an angle Op with the reference axis; they interact at the

11



REFERENCE AXIS o

(a)

PLANE OF
INTERACTION 8.
g: - —_
i- n
[
Ks IN AIR G; . Bp

(b) ANGULAR RELATIONS

FIGURE 2. FORMATION OF IMAGE WITH INFINITESIMALLY THIN
UPCONVERTER
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material located distance y from the reference axis and generate sum-fre-
quency ray 3. The direction of ray 3 is calculated from equation 4. The
intersection of ray 3 with ray 4, which is generated at another point in the
material, is the sum-frequency image and is located at (s’, h’).

From the geometry of Figure 2a,

’
y,h=9

(5)

and

Substituting equations 2, 3, and 4 into equation 5,

n n n

1 1/ s s 1 hY h s ]
Y| S *s '?B +npp(1-[3) + Er-sni gl =0

This equation must hcld for any y for the upconverter to form an image. Each

quantity inside the brackets, therefore, must be equal to zero:

rl - 8 = =0/ ()
sng sm np

, ns'
Ro.m-pt (7)

Equation 6 is the thin-lens formula for the image upconverter, and equation
7 gives the transverse magnification. Equations 6 and 7 and the geometry
shown in Figure 2 are for a case of a real point pump source and a real ob-

ject located in the right half-plane. Similar equations can be derived for

13



other arrangements. The phase-match condition, however, limits the num-
ber of arrangements that can be used for an image upconverter; it restricts
the entrance angles Op and Oi. and limits the angular aperture of an upcon-
verter (as discussed in Section IV). For instance, most upconverters using
presently available nonlinear crystals do not allow an arrangement in which
a real pump source and a real object are located on opposite sides of the
crystal.(ls) Equations 6 and 7 apply to the following cases, which permit
upconversion to take place.
1. A real point pump source and a real IR object on the
same side of the material (Figure 2). The image is
virtual, erect, and on the same side as the object.
2. A real point pump source and a virtual object arc on
opposite sides of the material. The image can be
either virtual or real.
3. A virtual point pump source and a real object are on
opposite sides of the material. The image can be
either virtual or real. This is a dual of case 2.
4. A virtual point pump source and a virtual object are
on the same side of the material. The image is on
the same side of the virtual object and real. This
case is a dual of case 1.
A virtual point source represents a converging spherical wave,
and a real point source represents a diverging spherical wave.
It is snmetimes convenient to describe an optical system by a
paraxial-ray transfer matrix. It relates the position y, and the slope (in-
clination) @ of the ray in the input plane of the system to the position Yo and

the slope 0, of the ray in the exit plane of the system as follows:

2

14



Yol1=C A BAry
e (8)

92 C D 91

If (yl, 92) and (yz, 02) are defined as the IR ray entrance position
and slope, and the sum-frequency ray exit position and slope, respectively,
an image upconverter by a ray transfer matrix can be described. From

equations 3, 4, and 5, for an infinitesimally thin upconverter;

Ys | © 1 8 Yi
n-8) n (9)
9 = el
s pp i

The determinant of the ray matrix is clearly not unity, as expected from the
nonreciprocity of the upconversior process. The propagation of paraxial
rays through an image upconverter system containing optical components
such as lenses and transmission media can now be obtained by multiplying
the ray-transfer matrix of each optical element.

Ol. ABERRATIONS OF IMAGE UPCONVERTER WITH NONLINEAR
MATERIAL OF FINITE THICKNESS

1. IMAGE FORMATION WITH THICK MATERIAL

The discussion of image formation by an infinitesimally thin
image upconverter in Section II has furnished a relatively simple method
of calculating the position and size of the image. In practice, the thickness
of nonlinear material is neither infinitesimal nor infinite so that the effect of
material thickness on image formation must be considered. The straight
forward method of attacking this problem is to trace all rays interacting at

different transverse planes inside the material.

15



All the assumptions made in Section II are considered to be valid
throughout the discussion in this section.

Figure 3 illustrates the geometry of ray tracing. The object,
image, and pump rays, which interact at transverse plane T, are traced
using a procedure similar to that described in Section II. Transverse
plane T is located at distance t from the center of material C, which is taken
as the origin of the coordinate system. The pump, object, and image are
located, respectively, at (p, o), (s, h), and (s’, h’). The points O’ and P’
are, respectively, the object and pump locations, corrected for refraction
at the material surface. The points O’, N, and L are on a straight line
representing an object ray inside the material and making angle Gi’ with
respec. o the reference axis X. The straight line P’ML is an equivalent
pump ray. The straight line LNO’ is an image ray, making an angle 91’ with
the X-axis, inside the material. The straight line KI, making an angle 08
with the X-axis. is an image ray in air.

The following relationships are obtained by geometry:

From AQ’AL,
+ AL BL -h

® 0A” O0'A (10)
From A P'BL,
/. BL
From AOGN,
_GN NF-h
Gi "0G - . D (12)
2
From A PMF,
_FM FM
Gp = PF - ) (13)
P-3



y T
|
|
N
|
. N
| N
] 0( h
A _? 1 -
! . 3 T~ .y
ey IF S W G P(p, 0) P
-
I
]
—~{th-
|
/2] 0/2)
I
FIGURE 3. IMAGE FORMATION FOR PARAME TRIC UPCONVERTER

WITH FINITE THICKNESS NONLINEAR MATERIAL
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From AQ’'GN,

(2]
2
From A P'MF,
' FM FM
0 =——= (15)
P PF g _< D )
2
Using Snell's law and equations 10, 12, and 14,
, BL - h
Qi— -_Dn+9-> (16)
2 i 2
Similarly, from equations 11, 13, 15, and Snell's law,
' BL
Qp D . D (17)
2 p 2
By geometry,
= J = ! o~
y =K LB+QS<2+t> (18)
and
[
o %I g (19)
S g1y D 'ss
2
Substituting the relationship
r _ ’ - ’
GS = Gp (1-p8)+ BGi (20)

obtained from the phase-matching condition and after rearranging equations

18 and 19,

18



1 (D/2 +t)(1- 8) (D/2 +t) 8

y| (s’ +D/2) 7|1+ +
%@-Dmy+wM-n n(s - D/2) + (D/2-1)
ns(l - 8) n, B8
np(p- D/2) + (D/2 -t) n,(s - D/2) +(D/2 -t)
b oh D/2 +t
- - n, -————| [=0(21)
s’ + D/2 (s - D/2) n, + (D/2 -t) s'+ D/2
where y = BL

Since equation 21 must hold for every y and h for image forma-
tion, each member within the braces { } must be separately equal to zero.

Equations expressing the image generated at a transverse plane T are then

given by:

- N - et (22)
(s'+§)ns-(§+t) ni(s-§)+(g-t> np(p-§>+(-]2?-t)
and . ﬂ[ns (s' +I§) -(g +t>] 29

The image location (s’, h’) is, as expected, a function of both
D and t. The images generated at the different transverse planes of a single
object are formed at different locations. The dependence of the image posi-
tion s’ upon t leads to a blurring of the image. This effect is analogous to
lens spherical aberration but is peculiar to the image upconverter. The
thickness aberration is due to the finite thickness of the material, whereas,

lens spherical aberration is due to the obliquity of nonparaxial rays.
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Spherical aberration would be added to the thickness aberration if exact-ray
tracing is used rather than paraxial-ray tracing. Other monochromatic
aberrations (such as coma, astigmatism, curvature cf field, and distortion)
would have to be considered if higher-order theory were used for the analysis.
Equations 22 and 23 bave been derived for a case where both the
pump source and the object are located outside the nonlinear material. If a
pump source, either real or virtual, is located inside the material, equa-
tions 22 and 23 are modified by equating pump refractive index np to unity.
A similar modification, ni = 1, should be made for the case where an IR ob-
ject is inside the material. The modification is necessary for this case be-
cause the refraction of the pump and object rays at the front surface of the
crystal does not affect the imaging process. The refraction of the sum-
frequency rays, however, must be taken into account regardless of the pump
and the object locations, because the image will be observed in air rather
than inside the nonlinear material. The existance of chromatic aberration
is evident from the dispersion of the material. Chromatic aberration exists
even in an infinitesimally thin image upconverter. Since chromatic aberra-
tion is not perculiar to the image upconverter, even though it may differ
somewhat from lens chromatic aberration, it will not be considered further.

2. PLANE-WAVE IR BEAM

Plane-wave IR beam incidence parallel to the reterence axis can
be presented by equating the object distance s to infinity. The sum-frequency

image position is then given by:

S':np (P'§D)+(§D-t)+(l-3)(lz_)+t) -

ng (1-p)

D
3 (24)
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The sum-{requency wave focal points, generated at the front and back sur-

D
faces of the material, are obtained by equating t to §Dand oy respectively:

1
2

L4 2

, "p( "'z))’D(l

D
(= ns(l-ﬁ) = 5 ) for t (25)

and

D
n(P-3)
2 1 1 _.D
% n (1-3)‘0[:1 1 -9 2] fort= -3 S
8 8
The longitudinal-thickness aberration, defined as the difference between
these two focal points, is then:

.| —Pe (27)

ng (1 -8) |
The longitudinal-thickness aberration for plane-wave IR beams depends only
on the material properties, but not upon the pump position. The lateral-
thickness aberration is given by:

Ay'=As'tan08 max (28)

where Os niax is the maximum angle that the sum-frequency ray makes with
the reference axis.
3. PLANE-WAVE PUMP BEAM

Plane-wave pump-beam incidence, normal to the material is con-
sidered next. For this case, the pump distance p becomes infinite and the

image is located at:

om0 s (2] -

nIg

(29)
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The longitudinal -thickness aberration becomes

OO 1-4
As S, " Sp | D "sﬂ | (30)

It is independent of the IR object location. The longitudinal-thickness aber-
rations of the plane-wave IR beam and the plane -wave pump beam are re-
lated by
(A:’.')S " 32
a8 T 2 (31)
p-«w (1-4)
Since ,i is usually less than unity for image upconversion, the longitudinal-
thickness aberration is smaller for the parallel-object-ray case than for the
parallel-pump-beam case.
The lateral-thickness aberration is given also by equation 28.
4. PUMP SOURCE AND IR OBJECT IN SAML TRANSYERSE. PLANE
The image position is given by equations 22 and 23, using the
relationship s = p. Since both 8’ and h'are functions of t, the blurring of the
image could not be avoided. Because Pirester(“) ignored refraction, he
concluded that resolution for this optical arrangement was unlimited. The
non-zeroaberration isdue to dispersion of the material. Indeed, s’ will
be independent of t ii the material is nondispersive. However, h' is s-ill
dependent on the object position. If p = s and ng = np =n, in equation 22

and 23. then

s'=p+D($‘--1) (32)
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, (33)
h hR

Since s’ is independent of t, the longitudinal-thickness aberration does not

’

b i becomes

exist; alsothe transverse image spread defined by Ah’ - | hl.' - h

Ah'=0 (34)

Above result indicates that the obliquity of the IR object ray would not cause
image blurring if the crystal dispersion can be neglected. Image blurring
Ah'’ of a dispersive crystal due to the object ray obliquity is, however, not
zero in general. This effect resembles the coma of an ordinary lens.  This
effect is called thickness coma since it is due to the finite thickness of the
material, but it is not caused by violation of paraxial approximation as in

the case of an ordinary lens.

The longitudinal-thickness aberration, As’, of a dispersive

material for the case s - p, is generally not zero but is minimum,

5. PARALLEL-PUMP AND PARALLEL-OBJECT RAYS

Pump and object rays can be made parallel to the axis with a
suitable lens arrangement. Since both s and p are equal to infinity, the image
will be formed at infinity. Thickness aberration and thickness coma should
disappear for this case. This arrangement represents upconversion in
Fourier space and is an aberration-free image system. The resolution for
this arrangement is limited by higher-order effects discussed later.

6. PUMP AND OBJECT AT CENTEROF MATERIAL

Pump and object can be positioned at the center of the material

with a suitable optical system. The pump and object distances are zero for
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this case. The refractive indices np and n, are equal to unity because the
pump and the object are inside the material.

The image locations s’ and h’ are given by

D[ 1
8'=5 |—- 1) (35)
s
h’ .
L (36)

Both the longitudinal thickness aberration and the thickness

coma are zero as is evident from Equations (35) and (36).

7. COMPUTED VALUES OF ABERRATION AND COMA FOR
SPECIFIC CASES

Consider, next, a specific upconverter configuration using a
proustite (Ag3AsS3) crystal, pumped by an Nd : YAG laser (1.06 um), and a

signal from a CO,, laser (10.6 um). For this typical values of thickness

aberration and cjna have been computed.

Figure 4 shows the longitudinal aberration that occurs due to
the longitudinal thickness of the nonlinear crystal material. Longitudinal
aberration takes the image of a point and elongates it along the optical axis
of the upconverter system. The values of pump position (p), object position
(8), and aberration (4 8’) have been normalized with respect to the thickness
(D), of the crystal material. Each curve corresponds to a different value
of normalized pump position (p/D) with respect to the region of nonlinear
interaction. When the apparent object distance (s/D) is equal to the apparent
pump distance, that is, the spatial wavefronts are matched, the longitudinal-

thickness aberration becomes a minimum. Other requirements permitting

upconverter operation should be set at this value.
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As the pump distance goes to infinity (p/D = =), that is, the pump
wave becomes a plane wave, the normalized aberration achieves a fixed
value of 3.9. If both the object distance and the pump distance are infinite,
the case covered in Section III-5, the 2rerration becomes zero.

Figure 5 shows the thickness coma values computed for a fixed
pump position. This curve is representative of a family of such curves and
indicates » decrease in coma as the curvature of the signal wavefront is
decreased. For small values of off-axis displacement (h), the values of

coma will generally be very small for large values ( | 8/D | > 10) of object

distance.
IV. EXTENDED PUMP SOURCE, ANGULAR APERATURE, AND
RESOLUTION

Degradation of iinage quality due to an extended pump source, as
well as the angular aperture of a parametric image upconverter, are con-
sidered in this section. Formulae for resolution calculation are also pre-
sented.

1. EXTENDED PUMP SOURCE

In general, a pump source used for an image upconverter is a

laser. A pump laser can be operated either in a single-transverse node
or in a multitransverse mode. The pump wavefront of a single-mode laser
beam will always be a single-spherical wave or near-plane wave. The as-
sumption of a point-source pump with a spherical wavefront used in the
preceding sections therefore applies to this case. A multitransverse mode
laser beam can be considered as a composite of many spherical wavefronts.
The pump source can then be considered as an extended source of finite
size. The pump radiation at each point in the material will be represented

by wave vectors with a range of directions equal to the divergence of the
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pump beam. The size of an extended pump source is related to the diver-

gence angle 6, for a small-angle approximation, by

a=pb (37)

where

a = equivalent pump size

6 = pump divergence angle

The divergence of the pump waves will cause a divergence in the
sum-frequency waves for a fixed object-wave vector. The same sum-fre-
quency divergence could be caused by an equivalent object divergence if the
pump divergence § is made zero. The equivalent object divergence € that
would give the same sum-frequency divergence as the pump divergence can

be obtained from the angular relationship

nS nS
es=r-l;(1-3)ep+r—li—aei (38)

The change in Os due to the change in Op, keeping Oi constant is

8OS ns
T == (1-p) (39)
P ae =0 P
i
Similarly
908 ns
% ", (40
i i
A9 =0
p
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The equivalent object divergence € is then obtained by equating

equations 39 and 40:

=

-+ Zho (41)
p

An image upconverter with a point object and an extended -pump
source can now be represented by an equivalent system consisting of a point
pump source and a finite object. The angular resolution of an upconverter
with a multitransverse-mode laser pump is therefore limited by the angle €.

2.  ANGULAR APERTURE

To be useful, an image systemn should have a reasonably wide
field of view. The principal factor that restricts the field of view of a param-
etric image upconverter is the phase-matching condition.

For crystal of length D, phase-matched upconversion takes place
as longas | AK | = | £s -_Isp = _Igil < ng, where AK is assumed to be
along the direction of Es for convenience, as shown in Figure 6. Three-
dimensional phase matching instead of two-dimensional matching should be
considered for an image converter if the anisotrophy of the crystal is signi-
ficant. Only the two-dimensional match, shown in Figure 4, is discussed.

The phase-match error AK is given by
AK =K - (Kp +K, cos a’) sec ' (42)

where

Ki sin o’

tan ¢’ = (43)

K + K cos a’
) i

The small-angle approximation sin x = x reduces equation 43 to

the angular-demagnification relation. The previous sections assumed that
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FIGURE 6. ANGULAR RELATIONS IN CRYSTALLOGRAPHIC
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AK is negligibly small compared with the smallest K. Given the values of
@', a’, and ¢ (the angle between the crystallographic C axis and the normal
th:the crystal surface), A K can be obtained using equations 42 and 43.
Figure 7 shows the numerical results, using refractive index data reported

(17)

by Hobden ™ °, for a 1-cm long Ag3AsS upconverter. The IR object and the

3
pump wavelengths are 10.63 ym and 1.064 um, respectively; they are polar-
ized, respectively, extraordinary and ordinary. The angles ¢;) and ¢i’ are

related to 9;) and 9;, respectively, by:
r - ! -~ 3
9‘Z = ¢ GQ (£ =1iorp) (44)

It has been shown that, in general, noncritical phase matching gives a larger
field of view for the object field than other phase-matching arrangements. 1)
This is true only if nonmonotonical angular variations of sum-frequency out-
put are not allowed. This situation is demonstrated in Figure 7 by the lines
marked a, b, and d. The change in AK is monotonic when the IR object inci-
dent to angle Gi is monotonic along lines a, b, and d. Consequently, the
angular sum-frequency output variation exhibits a single maximum where

| AK | is minimum. It is clear from Figure 7 that line b has the largest
object angular aperture. The field of view can be increased slightly if
double maxima in thesum-frequency output angular variation is allowed.

Line c in Figure 7 represents this case.

For a 1-cm long Ag3AsS image upconverter with a 10.6-um

3
object and a 1. 06-um pump, the maximum angular aperture lies within the
shaded area of Figure 7. The allowable maximum | A K | is chosen to be
2n for convenience; the sum-frequency output is zero at this value of A K.

Figure 8 shows the field of view of a 1-cm long Ag3A.sS image upconverter.

3
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The crystal should be cut so that the optical axis makes an angle of 20. 3 de-
grees with the normal to the surface. The angular aperture of other non-
linear materials suitable for image upconversion has been shown to be less
than a few hundred milliradians. e Therefore, the paraxial assumption
used in the preceding discussion of angular aperture is shown to be valid.
3. RESOLUTION

The resolution of an image upconverter can be calculated if the
aberrations and the angular aperture of the system are known. Only the
point pump source is considered here. The modification to an extended pump
source is straightforward since its affect on the object field is known.

Figure 9 shows the image of a point IR object located at (s, h);
the punmp is located at (p, o). The image is a line connecting points If and
Lb‘ which are, respectively, the images generated at the front and the back
surfaces of the material. Images generated on a transverse plane located
between these extreme surfaces lie along the Iflb' Because of thickness
aberration, the lateral aberration is not zero; also, the thickness coma

produces the transverse spread Ah’. The transverse dimension of the image

is the sum of these two aberrations:

r_ ' ' _ W !
H = Ah' + As gsmax_lhf hbl+|sf Sblgsmax (45)

Again, GS max is the maximum angle that the sum-frequency ray makes with
the reference axis.

To analyze the resolution of an image upconverter, consider the
geometry of Figure 10, Two object points, located at (s, hl) and (s, hz), are
imaged into lines I, and I,. In order that these two images be resolvable,

1 2

int tl i o -as incide.
the point ( ) and the point (sf2 hbz S GS max) should coincide

! !
St10 By
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FIGURE 10. RESOLUTION CALCULATION
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S,y - S¢ (46)

AN -ag’
hfl hb2 s Os — 47

Equation 46 is automatically satisfied. The change in Os . -
due to the difference in object transverse location is neglected. Using equa-

tion 23, equation 47 is rewritten as

h1 Mtf } h2 Mtb - as 9s max (48)

The minimum resolvable transverse size of an object located

at (s, h) becomes

M

A !
ah=hlg -t 0, “9)
tb tp 5 M3
The linear resolution of the object field about (s, h) is then given by
1
R-= i elements/unit length (50)

The angular resolution, y, which is more meaningfu! than the linear resolu-

tion for some optical systems, for a small-angle approximation is given by

y = Rs/Ah (51)
The resolution of a plane-wave pump case is now considered as
n
an example. For this case, p==, 8 =0, and 0 =3 gO
p S max nj i max

according to equation 20.
The minimum resolvable transverse size is equal to the lateral-

thickness aberration, because Ah’ is zero in this case:

(ap) _-piPg (52)
p== ni 1 max
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The linear resolution, given by

n,

i
R = (53)
p= D1 -B)gi max

is independent of the object location.

V. OTHER FACTORS AFFECTING IMAGE FORMATION OF IMAGE
UPCONVERTER

A nonlinear crystal used for upconversion must be anisotropic

for parametric interaction to take place. The electro-optic tensor, which

is responsible for the generation of nonlinear polarization in the material,

is nonzero if the crystal does not possess a center of symmetry. Anisotropy
and digpersion are also required for phase match., The treatment presented
in the preceding sections does not include the effect of anisotropy. The ef-
fect of dispersion was partially accounted for by using different indices of
refraction for different wavelengths.

The first effect of anisotropy is due to the angular change of
the index of refraction of the extraordinary wave. This change also affects
the angular demagnification factor, since it is a ratio of the IR wave vector
to the sum-frequency wave vector. The image of a point object generated
even by an infinitesimally thin material will not be a point if the angular
change of the index of refraction is included.

The second effect of anisotropy is due to double refraction. The
wave vector normal to the wavefront and the Poynting vector are not in the
same direction in an anisotropic crystal. The analysis given in the preceding
sections is not rigorous ray tracing because of double refraction. The ray
tracing inside the material should be done along the rays instead of along

the wave vectors. Snell's law should be used for rays instead of for the
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wavefront, and the angular demagnification factor should be modified for ray
angles. Also, the effective interaction thickness of the upconverter will be
different from the material physical thickness if double refraction is con-
sidered.

Another effect of dispersion is variation of the angular demagni-
fication factor with wavelength. The natural consequence of dispersion is
chromatic aberration, which is important if the object spectrum or the pump
spectrum is wide. Image degradation caused by chromatic aberration will
not be severe for most of the presently available optical upconverters because
of narrow infrared spectral bandwidths, typically in order of 10_1 cm. It
however, may become predominant for a large bandwidth upconverter, such
as the one reported by Midwinter. )

Another factor affecting the image formation is the three-dimen-
sional effect. The ray-tracing analysis presented in previous sections is
carried out in two dimensions. The reference axis normal to the crystal
surface from the point pump is not a symmetry axis. This means that a
parametric image upconverter is not circular symmetric. The angular
demagnification factor and the refractive indices depend on the transverse
coordinates (x, y) (not the same as the crystallographic coordinates), where
the interaction takes place. This is a three-dimensional generalization of
the double-refraction effect previously discussed. If the nonlinear crystal
was oriented so that the crystallographic C axis (optic axis) is normal to the
entrance and exit surface, and the angular aperture was spread almost
evenly about the C axis, the image upconverter would be circular symmetric.
However, the requirement for phase matching and maximum light transmis-

sion necessitate crystal cuts that do not permit circular symmetry. A
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three-dimensional field of view is therefore not a circular cone. The lick
of symmetry introducas distortion of the upconverted image. A practical
image upconverter, therefore, must not use highly anisotropic material for
high-quality imaging.

The discussion of angular aperture presented in Section IV
applies to a spherical pump beam; that is, the pump intensity remains con-
stant over the wavefront. In practice, however, the pump beam is near
Gaussian; its intensity decreases with the distance from the beam axis.
The brightness of the image of a finite object decreases accordingly with the
transverse distance from the reference axis. This means that the image
does not have clear definition at its edge. The fading of the image also
implies the reduction in the field of view of an imaging system. The fading
of the image occurs even along the reference axis, where it is well within
the field of view of the object field. The resolution calculation becomes
ambiguous with a Gaussian pump beam.

VI. CONCLUSION

Formation of a sum-frequency image by means of parametric
upconversion has been analyzed for general pump and object configurations
by applying the ray-tracing metucd. A formula relating the image location
to the object and the pump locations has been derived. A geometric optics
theory of aberrations for parametric image upconversion has been described.
The aberrations are due to the finite thickness of the nonlinear material.
This phenomenon is peculiar to the parametric image -upconversion process.
Aberrations due to the finite thickness of the material vanish when both the
pump and the object waves are parallel-plane waves. The longitudinal

aberration is minimum when the pump and the object are located on the
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same transverse plane. The limiting resolution of an image upconverter
can be calculated when the aberrations for the particular image upconverter
are known. A method for calculating the resolution has been described.

The primary factor that limits the field of view of a parametric
image upconverter is the phase-match condition. Other factors, such as dis-
persion, anisotropy, and nonparaxial rays degrade the image, but are

second-order effects.
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CHAPTER3  PHYSICAL OPTICS THEORY OF PARAMETRIC IMAGE
UPCONVERSION

I. INTRODUCTIQON

Imaging theory of parametric image upconversion was treated
by the geometric optics approach in preceding chapter. An equation relating
locations of object, pump, and image was derived and the existence of image
aberrations due to the finiteness of the nonlinear material thickness was made
clear. In geometric optics treatment of parametric image upconversion,
some higher order factors that would affect imaging properties were ne-
glected. It was considered also in the geometric optics theory that upcon-
verted image is formed by constructive interference between the waves
radiated from each differential slab of polarization in the material. This
concept lead to thickness aberration of the image upconversion. To verify
the concept of constructive interference and to understand the higher order
effects; such as, anisotropy, phase-mismatch, and finite interaction aper-
ture, the problem must be treated in the formalisra of physical optics. It
is the purpose of this chapter to treat the problem in the framework of wave
theory. The problem considered here is to determine the nature of the image
field arising from a dielectric polarization generated at the sum-frequency
by interaction of the object field and the pump field in the nonlinear material.
The imaging properties of the parametric image upconversion has been
treated by Firester 13)in the formalism of Fourier optics (22)that resembles
closely to the treatment of linearly-invariant filter system. The advantage
of such an approach is that the process of upconversion of the complex non
planar objects field to the complex non planar image field can be studied by
investigating the interaction of planar angular spectrum components in the

nonlinear material.
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The results obtained by Fourier optics treatment describe more quantita~-
tively the imaging properties of upconversion process and can be tied di-
rectly to the formalism of optical transfer function description of an imaging
system.

General formulation of image upcor.version process taking into
account of phase-mismatch and the crystal anisotiopy is presented in Sec~
tion II. The treatment presented follows Kleiman(za) closely and is more
rigorous than Firester(13). The basic equations that describe the angular
spectrum of image field in terms of object and pump angular spectrum are
obtained. The concept of constructive interference of radiation from dif-
ferential slabs is also verified in Section II. Imaging properties, such as
angular spectrum of image field, iinage position, and the point spread func-
tion of several image upconversion systems, namely i) planar wave pump
system, ii) spherical wave pump system, and iii) Gaussian wave pump sys-
tem are considered in Sec. III. The results obtained agree with the geometric
optics results. The effect of finite interaction aperture on upconverted
images is also discussed in<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>