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Analysis of Chromatic Aberrations in Parametric
Image-Upconversion Systems

Teruhito MISHIMA and Ichiro SAKURABA*
(Received June 30,1975)

Abstract

This paper is concerned with chromatic and thickness aberrations in
parametric image-upconversion systems in three cases as follows: ’

a) the chromatic aberrations of the upconverted image by a crystal are
considered under conditions for eliminating thickness aberrations.

b) the effects of thickness of crystal on chromatic aberrations are generalized
in the image-upconversion system given by Firester, hereafter referred to
simply as F system.

¢) the chromatic and thickness aberrations are investigated in the parametric
image-upconversion system proposed by the authors, where the thick nonlinear
crystal is placed in front of a chromatic lens which forms the upconverted
image, hereafter referred to simply as MS system.

It is found that in the cases of a) and b) the finite thickness of the nonlinear
crystal and chromatic aberrations due to dispersion of the crystal can not be
eliminated at the same time, but the MS system can be free from the
aberrations caused by dispersion and finite thickness of the crystal at the same
time if the lens with properly chosen chromatic aberrations at upconverted
wavelengths is used and the nonlinear crystal is properly located in front of the
lens.

1. Introduction

Recently, the parametric image-upconversion system has stimulated great
interest in real-time upconversion of infrared (IR) images to the visible
region.(!)

A formula relating the location of the upconverted image to locations of
the pump and the IR object is derived by Chiou(?) in the case where all rays
are paraxial. He analyzed aberrations caused by the thickness of the nonlinear
crystal and showed that these longitudinal-thickness aberrations vanish when
both the pump wave and the object waves are parallel plane waves. Kumagami
and Sakuraba(®) corrected image formation formulae of thick upconverter
given by Chiou by a paraxial-ray tracing analysis(?) and exact calculations in
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12 Teruhito MisHiMA and Ichiro SAKURABA

the phase-match condition. It was shown in their analysis that the longitudinal-
thickness aberration and the transverse image spread by the thickness do not
exist in both cases where a pump source and an IR object are on the same
transverse plane if the material is nondispersive and where a pump and an
object are at the center of the dispersive material. The condition for eliminating
the longitudinal thickness aberration and the transverse image spread by the
thickness of crystal was given by Mishima and Sakuraba.("').lt was also pointed
out by them(®) that phase matching configurations using extraordinary waves
can introduce additional degradation to the image quality predicted by
Chiou?) and Kumagami and Sakuraba.(3)

Chromatic aberrations are caused by dispersion of the crystal material and
image degradation caused by these aberrations becomes predominant for a large
bandwidth upconverter, such as the one reported by Midwinter.(®) It is shown
by Firester{”) that chromatic aberrations can be eliminated as a whole in the
parametric image-upconversion systems where an object radiating two wave-
lengths is imaged by an objective chromatic lens and an infinitesimally thin
crystal is located behind the lens and illuminated with a planar pump beam.

In this paper, chromatic aberrations of the upconverted image by a crystal
are considered under conditions for eliminating thickness aberrations. The
effects of thickness of the crystal on chromatic aberrations are also considered
in the system given by Firester. Finally, a system, where a thick nonlinear
crystal is placed in front of a chromatic lens, is proposed by the authors and
the chromatic and thickness aberrations of this system itself are investigated
theoretically.

To simplify analysis, the following assumptions are made:

(a) The two IR objects, the pump and the two sum-frequency waves are in
phase-match condition throughout the interaction volume; the slight phase
mismatch is neglected. The requirements for phase matched condition are

wijtwpy =wg  (G=1,2), (N
kij +ky, =kg; G=1,2), 2)

where the subscripts i, p, and s refer to IR, pump, and sum-frequency waves,
respectively, w is the angular frequency of the radiation, k is the corresponding
wave vector and subscripts j=1 and 2 refer two IR objects and then they mean
two sum-frequency waves.

(b) Because all rays are paraxial, all the angles are small enough to use the
approximation tan 6=6.

(c) Because crystal birefringence is negligibly small, the differences
between directions of wave normals and those of rays are neglected.
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2. Image Upconversion by a Crystal

2.1 Image Formation by a Crystal

Fig. 1 shows the geometry of thick upconverter image-formation. The
polychromatic IR object is located at (s, #), the point monochromatic
pump-source is located at (p, 0), and the sum-frequency images formed at (s},
hy) and (s3, /5 ). These waves are interacted at (¢, y,) in the nonlinear material.

¥

X P(p,0) (0,0

Fig. 1. Image formation for parametric upconversion by a single nonlinear crystal.

The upconverted image locations are given by

1/Dsj=8; | Dij + (1 —8;) [ Dp, (3)

h'; = hg;Dy; | Dy, )
where

B = (mjwij) | (ngjw),

Dy =ny (s — 0.5D) + 0.5D — 1,

D, =n, (p —0.5D) + 0.5D — ¢,

Dyj = ng; (s} + 0.5D) — 0.5D — 1,

(5)

and, w;;, w, and w, are angular frequencies of the IR, pump and
sum-frequency waves respectively, and #;;, n, and ng; are indices of refraction
for the IR, pump and sum-frequency waves respectively. The refractive indices
n;; and n, are equal to unity if the object and the pump are inside the crystal.

Since both s; and A4; are functions of ¢, the upconverted image suffers from
thickness aberrations. Since both s; and hj depend on frequency of IR wave,
the image suffers from chromatic aberrations, also.
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2.2 Chromatic Aberrations in the Case where Thickness Aberrations are

Eliminated
The condition for eliminating thickness aberrations is given by(%)
ni1 (s — 0.5D)=nyy (s — 0.5D) = ny(p — 0.5D). (6)

Under this condition given by Eq.(6), the upconverted image locations are
given by

sp=(1/ngj) {n, (p — 0.5D)+D} —0.5D, (7
hj = hg;. (8)

Since s; and Aj are independent of ¢, longitudinal aberrations and transverse
image spread caused by finite thickness of the nonlinear material are
eliminated.

The longitudinal chromatic-aberration, defined as the absolute value of
difference between s; and s;, is then

Is1 —s2 1=1{np @ —0.5D)+D}(ng —ng1)/(ny1ngy) |. 9)

It depends on pump location, material thickness and material properties.
The transverse image spread caused by chromatism, defined as absolute
value of the difference between 4}, and A3, is then

|hy — k5 1 =1h @1 —B2)1 10)

The aberration depends on frequencies of IR and refractive indices for IR, but
it is independent of thickness of material and pump location.

In any event, it follows that, under the condition for eliminating thickness
aberrations, the longitudinal chromatic aberration and transverse image spread
by chromatism of the upconverted image by a crystal can not be eliminated at
the same time.

3. Image Upconversion Systems Shown by Firester

Consider the image converter diagramed in Fig. 2 (F system). The IR
radiation from an object O is collected by an objective lens L and the object is
reimaged. A piece of nonlinear material NL is located behind the lens and
illuminated with a pump beam of angular frequency w,. Firester has shown
that if the leans has chromatic aberrations, then by properly locating the thin
nonlinear material, the upconverted image can be made free of chromatic
difference in longitudinal location but not chromatic difference in lateral
position. In practice, the thickness of nonlinear crystal is neither infinitesimal
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nor infinite, so that the effect of nonlinear crystal thickness on image
formation must be considered.

NL

D b
e S

(x,y)
I =(0,0)
~ (X,y :(Sljl,h/;)

<~

~

%4

~
§>\\\, .

~ wS]

Fig. 2. Parametric image-upconversion systems for eliminating chromatic aberrations
shown by Firester, where a finite thickness crystal is considered.

3.1 Image Formation by F System ' o
The IR object O located at (z, y)=(s, h) is reimaged at O; (z, »)=(s;, h;) by
the thin chromatic lens L, then

Lsp=1/s+1/F, (1
hi=hsj/s, (12)

where f; is the focal length of the lens for angular frequency w;.
Equations expressing the image generated by thick nonlinear material are
given by, in the new co-ordinate system xJ,

1/ Dy =6/ Dy +(1 ;) / Dy, (13)

hj = h; B; Dsj | Dyj, (14)
where

Dj;=n;j I —s; —0.5D)+ 0.5D — ¢,

D, =n, (p —0.5D)+0.5D — ¢, (15)

Dy = ng (s7+0.5D) — 0.5D — ¢,

and x=l-z and [ is the distance between the lens L and the center of nonlinear
crystal.
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3.2 Chromatic Aberrations in the Case Thickness Aberrations are Eliminated

In the F system, the condition for eliminating thickness aberrations is given
by

nip (—s) —0.5D)y=n;5 (—52 —0.5D)=n, (p — 0.5D). (16)

If the objective lens is not corrected for chromatic aberrations and if the focal
length of the lens are chosen by

1/fi==1/s+{l—-0.5D—n, (p —0.5D) [ n |1, (17)

then Eq.(16) is satisfied and the thickness aberrations are eliminated. The
upconverted image locations are given by

si=1{n, (p —0.5DY+ D}/ ng —0.5D, (18)

hj=(hp; | )11 —0.5D —n, (p —0.5D) [ ny; | . (19)
The longitudinal chromatic aberration is given by

18"y — sh 1=1{n, (@ —0.5D)+ D} (ngy — n1)/(ns1n52) 1. (20)

Thus by choosing p=D(0.5—1/n,), the longitudinal chromatic aberration
vanishes.

The transverse image spread caused by chromatism is given by
| Hy o~ Hy )=
[(h/s){(I—0.5D)(B1 —B2)—np (p—0.5D) By [ njg — B2/ np) } .
Thus by choosing p=0.5D and /=0.5D, transverse image spread vanishes.
In any event, in the case thickness aberrations are eliminated, longitudinal

chromatic aberration and transverse image spread caused by chromatism can
not be eliminated at the same time.

(21)

3.3 Plane-Wave Pump-Beam Case
Plane-wave pump-beam incidence, normal to the crystal, is considered next.
In this case, the pump distance p becomes infinite and the image is located at

$i=[1{nyj(@—s;—05D)+0.5D —t}/gj+0.5D+11][ng—0.5D, (22)
h = hj. (23)

Since s/ depends on ¢ and frequency of IR wave, the upconverted images suffer
from longitudinal thickness aberration and longitudinal chromatic aberration.
Since h; depends on subscript j, the upconverted image suffers from -
transverse image spread caused by chromatism. But since %/ is independent of ¢,
transverse image spread caused by thickness of the crystal becomes zero. The
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point object is imaged into two straight lines /; and /, which are parallel to the
x axis. The upconverted images are shown in Fig. 3.

Y

NL
L D b
S
|
‘\ 7 7 7 ” (X,y)
X N T =(0,0)
' i ]
’ | [
| | I1 | | 4
I, —t———————|M
u‘——‘_—ﬁ_T_ﬁw H,

Fig. 3. Image formation in the Firester system where p—~>o° and D#0,

The transverse image spread caused by chromatism, defined as the distance
between the straight lines I, and [, , are given by

Ry =B 1=1hs (fa — ) 1 { G+ 1) G+ 1. (24)

By choosing s=0 or f; =f, , the quantity |h] —h; | becomes zero.

The sum-frequency-wave focal points, generated at the front and back
surfaces of the material, are obtained by equating ¢ to +0.5D and —0.5D,
respectively:

sjp={ni; A —s;—0.5D) [ 8; +D}/ng—0.5D fort=0.5D, (25)
sty ={myj (— sy —0.5D)+ D}/ Bng;) —0.5D fort=-0.5D. (26)

The longitudinal thickness aberration, defined as the difference between these
two focal points, is then

| sy —sip 1 =1(D [ ng) (1 —1/8;) 1. (27)

The longitudinal-thickness aberration for plane-wave pump-beam depends only
on the material properties, but not upon the IR position. The aberration
becomes zero only when D=0, since §; is less than unity.

3.4 Chromatic Aberrations in the Case of Plane-Wave Pump-Beam and

Idfinitesimally Thin Material

Although the longitudinal chromatic aberration in this case was considered
by Firester, the transverse image spread caused by chromatism has not been
considered as yet.

The condition for eliminating longitudinal chromatic aberration is obtained
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by equating D to zero and s} to s :
nip (L= s1) [ B1ns1) = npp (1= 52) [ (Bang). (28)
Then it follows that
Ay =51+ 0p +Ai1) (51 —$2) + Ay (51 —52) =0, (29)
where A, is the difference between two IR wavelengths. Thus by choosing
I—s1={(p t i)/ Ay} (52 —s1), (30)

the longitudinal location of the upconverted image is independent of
wavelength to the first ofder. This is the condition introduced by Firester(?).
The exact condition for eliminating the longitudinal chromatic aberration is
given by

L=1{sy O\p +A2) =51 Qp T M)}/ An. (31)

Under the condition, transverse image spread caused by chromatism is
considered next. For this case, the transverse image spread is given by Eq.(24).
It is independent of /, but depends on focal length of the lens and the IR object
location. Evidently there will be zero of the transverse image spread caused by
chromatism when f=f, or s=0.

The conditions for eliminating thickness and chromatic aberrations in the F
system are summarized in Table 1. In any event, it follows that in the F system
the aberrations caused by the finite thickness of the nonlinear crystal and the
chromatic aberrations due to the dispersion of the crystal can not be eliminated
at the same time.

Table 1 Conditions for eliminating thickness and chromatic aberrations in the Firester
system. .

Condition

Case
Longitudinal condition Lateral condition

Thickness 1
aberation p=D(0.5— T) p=0.5Dand [ =0.5D
D

Thick is eliminated

nonlinear
material

Plane-wave _
p\frrrll(;)—b:m fr=fyors=0

Thin nonlinear material . '
and plane-wave 1= 52 (p *2i2) =51 (Ap +Mip) fi=f,ors=0

pump-beam Ax
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4. Image Upconversion Systems for Eliminating Chromatic
and Thickness Aberrations

The chromatic and thickness aberrations are next investigated in the
parametric image-upconversion system as shown in Fig. 4 (MS system), where
the thick nonlinear material NL is placed in front of a chromatic lens L. In the
MS system, an IR object radiating two angular frequencies w;; and w;, is
imaged with a different location because of thickness and chromatism of
nonlinear material. These differences can be corrected by the lens having an
appropriate chromatic aberration.

N
oskoo

1

—>

e
/

(xy)={s,h}
¢]

o<
[

Wp I (x,
T

(x,y)2(p,0) (x:”(’f),o) l N“(z,y)=(o,0) Ny

”

(zy)=(s] 7))

Fig. 4. Parametric image-upconversion systems for eliminating chromatic and thick-
ness aberrations at the same time by proper location of the nonlinear crystal
in front of the lens of properly chosen chromatic aberrations.

4.1 Image Formation in the MS System

The IR object O located at (x, y )=(s, &) is upconverted at (x, y)=(s}, h}) by
a thick nonlinear material NL with a point pump source P located at (x, ¥)=(p,
0), then Egs.(3),(4) and (5) are obtained. Under the condition for eliminating
thickness aberrations given by Eq.(6), the upconverted image locations (x,
¥)=(sj, hj) are given by Eqs.(7) and (8).

The upconverted images /; and [, are reimaged by a thin chromatic lens L
located at the back of the material NL. Then the image locations (z, ¥)=(s}, A})
are given by

si=—1/+s)+1/f, (32)
B'=—his! | (L +s)), (33)

where z=—[ —x, [ is the distance between the material NL and the lens L, and i
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is the focal length of the lens L for angular frequency wy;.

4.2 Chromatic Aberrations in the Case Thickness Aberrations are Eliminated
In this case, the longitudinal chromatic aberration is given by,

Isi —s3 1=1{1/A —1/U+s)D = {1AH -1 +sp) ] (39

The quantity |s]=s; | can be calculated by Eqs.(34) and (7). The image can be
made free of the longitudinal chromatic aberration by properly locating the
lens L.:

1= —(s1 +52)/2 £/ (1 —s2)/(A/f2 — UM)+ {61 —s2)/21 2. (35)

It is noted that the value of the radical of Eq.(35) is the plus sign because the
quantity of (1/f; —1/f;) can be chosen for the plus or minus sign. It is also
noted that the upconversion system can be realized as the value of the right
hand side of Eq.(35) is larger than 0.5D.

The transverse image spread caused by chromatism is shown by
lhl =y | =1hfL [ A+s1 - fi)—hafa [ U +sy — )l (36)

The quantity |A]—A5| can be calculated by Eqs.(36), (7) and (8). The image
can be made free of the transverse image spread by chromatism by properly
locating the lens L:

I=1{hafs (51 — f1) — hif1 (s — f2) || (B1f1 — Baf). 37

If the right hand side of Eq.(37) is greater than 0.5D, the transverse image
spread caused by chromatism can be eliminated.

4.3 Condition for Eliminating Thickness and Chromatic Aberrations Simul-

taneously

To eliminate the thickness aberrations, the relationship between the
locations of IR object 0 and pump source P should be given by Eq.(6). Under
the condition for eliminating thickness aberrations the chromatic aberrations
are considered next. The condition for eliminating the longitudinal chromatic
aberration and the transverse image spread caused by chromatism simul-
taneously, is obtained by equating the right hand sides of Eqs.(34) and (36)
to zero:

I=(shy — s1hy) [ (hy — K1) (38)

and

Ufy = Ufy =Ry — hy)* [ {hiky G5 —s1)) (39)



Analysis of Chiromatic Aberrations in Parametric Image-Upconversion Systems 21

Combining Eqgs.(7), (8), (38) and (39), it follows that

_ D, p1/ng —B2/nn B D 40
I= 5 + P x {n, (@ —0.5D)+ D} (40)
and
_L _1_ = (ﬁl - 32 )2 nsl Ago 1
hH 8182 X Rg1 — Ng2 X n, 0 —05D)+D 1)

It should be noted that the arrangement of optical elements can be realized in
the case where the value of / is larger than 0.5D.

It is possible to calculate the condition eliminating thickness and chromatic
aberration at the same time by Egs.(6), (38) and (39) or (6), (40) and (41).-
Under the condition of Eqs.(6), (40) and (41), the image which is freed of
thickness and chromatic aberrations is located at

si=s3 =0 1/fi — (1 — k) {hy Gy —s 17, (42)

Wi =h3 =-si (hy —h3) [ (s1 - s2). (43)
Combining Eqs.(42), (8) and (39), s] and s; become

st =53 =01 —B2)/{B1 /1) B2/ [}, (44)
And combining Eqs.(43), (44), (8) and (39), it follows that

Ry =h3 =hp1By { (1/F1) — Al 1 B1/f1) — Ba/f2)} (45)

The location which is made free of thickness and chromatic aberrations depend
ongy, B, /1, f> and h.

4.4 Chromatic Aberrations in the Case of Infinitesimally Thin Material
In this case, locations of upconverted image /; are obtained by equating D
to zero and ¢ to zero:

1/ (ngsj) = 6; [ (nys) + (1 — ;) [ (npp), (46)

]’l]’ = hﬁjnsjs} / (I’ll']'S). 47

Since image formation by the lens L is the same as that in the case of

section 4.1, the longitudinal chromatic aberration is given by Eq.(34), and the
transverse image spread caused by chromatism is shown by Eq.(36).

The aberration free condition is given by Eqs.(38) and (39) or by Eqgs.(40)
and (41).
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5. Conclusions

Chromatic and thickness aberrations of parametric image-upconversion
systems were investigated in this paper. The nonlinear interaction between each
object wave at two different wavelengths and a monochromatic pump wave was
considered. The preliminary result of this paper has been reported in a
communication.(8)

Chromatic aberrations could be summarized as follows;

1) Chromatic aberrations of the upconverted image by a crystal are investigat-
ed under the condition for eliminating thickness aberrations. In this case the
chromatic aberrations can not be eliminated.

2) The aberrations caused by the finite thickness of the nonlinear crystal and
the chromatic aberrations due to the dispersion of the crystal can not be
eliminated at the same time in the upconversion system shown by Firester.

3) The upconversion system where the thick nonlinear crystal is placed in
front of a chromatic lens is proposed by authors (MS system).

4) The MS system can be free from the aberrations caused by dispersion and
finite thickness of the crystal at the same time if the lens with properly chosen
chromatic aberrations at upconverted wavelengths is used and the nonlinear
crystal is properly located in front of the lens.
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