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Image conversion from the infrared to the visible range in a nonlinear crystal is analyzed. The re
solving power is estimated. A conversion from 1.06 to 0.53J.J. is obtained experimentally in a KDP 
crystal; the resolving power is 18 lines per millimeter. 

NoNLINEAR optics methods yield radiation at are
sultant frequency from the interaction of two waves in 
a nonlinear crystal. The incident radiation has a fre
quency W2 corresponding to the infrared region of the 
spectrum and the frequency sum, w3 =WI + w2, where 
WI is the pumping frequency, lies in the visible region. 

If a plane pumping wave is used, each plane wave 
with frequency w2 and wave vector confined to some 
solid angle corresponds to a crystal-generated plane 
wave with frequency w3 and wave vector whose direc
tion is identical with that of the wave vector of the 
signal wave. This permits us to obtain an image at the 
frequency sum if the information is contained in the 
angular spectrum, i.e., the field with frequency W3 

corresponds to radiation from an object at infinity. 
It is this possibility that was used in [1- 31 for image 

conversion. The image of the object was obtained at 
infinity using an ordinary optical system. 

As we show in this paper, it is possible to obtain an 
image of an object at a sum (or difference) of frequen
cies when the object is at a finite distance from the 
nonlinear crystal. This preserves the information on 
the depth distribution of objects, i.e., we can obtain an 
image of solid objects. Furthermore we show that when 
the object (or its image projected by an ordinary opti
cal system) is situated near the crystal the high re
solving power requirements imposed on pump diverg
ence and monochromaticity of radiation become much 
less stringent. 

The resolving power achieved inr 1- 31 is far from the 
possible limit and is determined by the pump diverg
ence. 

In our present work on image conversion from 1.06 
to 0.53 J.1. with a near-field object, the resolving power 
obtained was close to its limiting value. In our system 
the object information is contained in the spatial 
rather than in the angular field structure. The possi
bilities of such a system were analyzed theoretically 
and the experimental results confirmed this analysis. 

1. RESOLVING POWER IN IMAGE CONVERSION 

We consider the resolving power problem using the 
following converter model (Fig. 1 ). The nonlinear 
crystal has a thickness z0 and large dimensions along 
the x and y axes (the y axis is normal to the plane of 

29 

~Zz z, 0 z0 

FIG. I. Conversion diagram. 

the diagram) so that it fills the space between the 
planes z = 0 and z = z 0 • 

A strong plane pumping wave with a wave vector 
along the z axis and frequency w 1 is generated in the 
crystal; match conditions are satisfied for a signal 
wave with frequency w 2 and wave vector confined to a 
cone coaxial with the z axis. The cone angle t:.cp out
side the crystal amounts to a few degrees in the best 
case for crystal lengths z0 of the order of 1 em. Thus 
the resultant frequency wave has a wave vector lying 
within a cone with a cone angle of (w 2 /w 3 )t:.cp. 

Since conversion in a nonlinear crystal always en
tails a definite polarization, the field can be described 
by scalar functions. 

We assume that in the plane z = 0 there is a Gaus
sian diaphragm with amplitude transparency R(x, y), 
where 

{ x' + y'} R(x,y)= exp --a-2- • (1) 

The effective radius of the diaphragm is denoted by a. 
Let us assume a known field with frequency w2 in 

the plane z = zi. The field is thus given in the entire 
space and can be computed in any plane z = const by 
resolution in terms of plane waves propagating from 
left to right. The plane z =zi can lie within the crystal 
or even can pass to the right of the crystal. In this 
case we set a field in the plane z = zi in the absence 
of both crystal and diaphragm. The field generated by 
the crystal at the frequency w3 is considered in some 
plane z = z 2 • It is a converted field when z < z 0 • 

To consider the resolving power problem we merely 
analyze the case when the field in the plane z = z 1 is 
described by a <5-function: 

E,(x,y,zi)=eb(x-xo,Y-Yo). (2) 

Resolution of the field in the plane z = zi into a two-
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dimensional Fourier integral has the form: Here 

where kx and ky are wave vector components of the 
plane waves resulting from the analysis of the field. 

(3) 

The spectrum E1 of the field in the plane z = 0 can 
be thus written as 

S { iCZt 2 + k 2)} Et(kx,ky,O)=-exp i(kxxo+kuYo)--2-(kx Y , 
2n Wz 

(4) 

where c is the velocity of light. 
The phase factor does not depend on kx and ky and 

is dropped here and henceforth as insignificant. Fur
thermore we assume that the z component of the plane 
wave vector equals 

(5) 

which is valid for small kx and ky. Terms of a higher 
order of smallness dropped in (5) can be shown to 
cause aberrations. However, these aberrations are 
negligible when z 1 is of the order of several z 0 • For 
large I z 11 the deviation of the parabolic wave front 
from spherical can exceed A-2/ 4, where A2 = 27Tc/ w 2 is 
the radiation wavelength of frequency w 2, and the aber
rations can become significant. They attain maximum 
for I z1l of the order of 2a/ t:..cp, so that when I z1l 
> 2a/ t:..cp the maximum values of kx and ky are deter
mined by the diaphragm dimension rather than by the 
angle t:..cp. When the diaphragm diameter and crystal 
length are of the order of 1 em the aberrations are in
significant for all values of I zll· 

The angular field spectrum beyond the diaphragm in 
the plane z = 0 has the form 

Wz [( CZtkx )Z ( cz1ky )2]} - . ---xo + ---yo . 
wza2 + 2zCZt w 2 Wz 

(6) 

Using the results off 4 l the angular field spectrum at 
the frequency sum in the plane z =z 2 can be written as 

, sin 1/zxz0 [ i 
Ez(kx,ky,Zz)=gEI (kx,ky,0)-1/-- exp --zox 

zXZo 2 

+ ;:3 (kx2 +k~2)( Zz-zo+ ~:)]. (7) 

Here g is a constant determined by the pump power 
and crystal nonlinearity, and n1, n2, and n3 are refrac
tion indices for waves with frequencies w1, w 2, and 
w3, and wave vector a along the z axis 

(8) 

The mismatch K is expressed by (5) when the crystal 
anisotropy is small (which is always the case) and the 
angle t:..cp is maximum. Using (6) and (7) we can ana
lyze the resolving power and the size of the visual 
field. 

We limit the analysis to the resolving power at the 
center of the visual field for various I z1 1. 

When Xo =Yo = 0 and a 2 >> 21 z1l c/ w2, which cor
responds to the Fresnel zone of the aperture diaphragm, 
the expression for the angular spectrum in the plane 
z = z 2 has the form 

Ez (kx, ky, Zz) = eg sin 1/zxzo exp [( __ z12c2 + iZzC ) (kx• + ku•) J. (9 ) 
:rtxzo a2ro22 2ros 

ws '( ws 1 ) Zz=Z2-z1--Zo 1----- , 
Wz 2n.wz 2ng 

(10) 

Varying z2 we can find the field in various cross sec
tions. Optimum focusing corresponds to zz = 0, i.e., 

zz= Zt (J)g +zo(1-~--1-). 
Wz 2n2wz 2n3 

(11) 

In this plane the angular spectrum does not contain the 
phase factor that depends on ki and k~ and is real. In 
two planes z = const at equal distances from the focal 
plane the field is reflected by a complex conjugate field 
as in the focus of an ideal lens. 

It follows from (11) that a change of the z 1 coordi
nate by the increment t:..z 1 is equivalent to a change of 
Z2 by ( w3/ w2)t:..z. Thus the longitudinal scale in the 
image space is larger for frequencies w3 and w 2 in 
comparison to the object space. The transverse scale 
is unchanged since kx and ky are the same in wave E 2 
as in wave E~. 

If t:..cp is determined from the condition sin Y2 KZo =0, 
we have 

(12) 

In the region I z1 I « 2a/ t:..cp (9) can be written for zz 
= 0 as 

sin 1/zxzo 
Ez(kx, ky, Zz) = eg . 

ltXZg 

The reverse Fourier transform of this expression 
yields a scattering function, i.e., a point image 

(13) 

f(x,y)= egQ[~-SiQ(x2+y•)J, Q=nzngwzwa. (14) 
lt 2 n1ro1cz0 

The function f( 0 = Y21T - Si ~ 2 has the same character 
as the function describing diffraction from a round hole 
and turns to zero for the first time when ~ ::>; 1.4. 
Using a criterion analogous to the Raleigh criterion we 
find for the resolving power 

Ax0 = Ay0 =' 1,4 Q-'1•. (15) 

The Raleigh criterion cannot be used throughout the 
Fresnel region, since the Fourier transform of (9) can 
be obtained only by numerical methods. 

Since any criterion is very approximate and the 
complete characteristic is represented by the scatter
ing function or its spectrum (9 ), the resolving power 
can be determined in terms of the effective spectral 
width. The effective width of the angular spectrum t:..k 
is readily found from (9) if it is determined by the drop 
of E 2(kx, ky, z 2) from the maximum value at kx = ky 
=0 to the 0.7 level. The values of t:..x and t:..y are re
lated to t:..k by 

Ax = Ay = 2n I M. 

According to this criterion in the region I z1 I 
« 2a/t:..cp 

Ax = Ay = 1,32 Q-'1', 

(16) 

(17) 

which is in agreement with (15 ). 
Figure 2 shows t:..xQ 112 as a function of a-11 z 11 t:..cp 

computed from (16). 
According to this diagram the resolving power re

mains constant for I z1 I < 2a/ t:..cp and corresponds to 
(15) or (17), while for I z1l > 2a/t:..cp 
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(18) 

where A.2 = 21Tc/ w 2 is the wavelength of light with fre
quency w2• 

We can find from (7) that the visual field for I zii 
< 2a/ t:.cp is determined by the diaphragm and has the 
area 1ra 2 , while for I zi I > 2a/ t:.cp it is determined by 
the angle t:.cp and has the area 7'4 1T( t:.cp )2zf. Taking (17) 
and (18) into account we find that the number of re
solved elements equal to the ratio of the visual field to 
t:.x 2 is the same in both cases and equals 

(19) 

In the Fraunhofer region where 21 zi I c/ w2 is of the 
order of or larger than a 2 we can no longer regard the 
location of the image plane as z = z 2. The object and 
its image can be considered at infinity so that we must 
take the angular field of vision and the angular resolv
ing power into account. 

The angular field of vision in the Fraunhofer zone is 
t:.cp and the angular resolving power is determined by 
the diaphragm spectrum R(x, y) whose number of re
solved elements is the same as in the Fresnel zone. 

We can show that the converter model used in our 
analysis, with a diaphragm in the plane z = 0, is 
equivalent to a model with a diaphragm in the plane 
z = zo or to a model without a diaphragm, but with a 
pumping field distribution corresponding to the trans
parency of the diaphragm. The equivalence occurs for 
a>> t:.xo which is always the case. Therefore the 
analysis also applies to a converter with Gaussian 
pumping. 

Thus a transformation on an object image effected 
by an ordinary optical system, and in particular its 
removal to infinity (Fourier transformation), fails to 
be of any advantage with respect to the number of re
solved image elements. At the same time, the far
object scheme used in[I- 3] is very weak. The pumping 
divergence and the distortion of phase fronts due to the 
optical inhomogeneity of the crystal sharply deteriorate 
the resolving power. In fact the number of resolved 
elements in the field of vision obtained in[I-31 is much 
lower than the possible limit Nmax· 

We can show that if the pumping direction inside the 
crystal is rotated through the angle 6{3 the image in 
the plane z =z 2 is displaced by ox, where 

(20) 

It follows from (20) that zi and z2 related by (20) 
can be selected so as to render OK= 0. In this case 
small variations in pumping direction and wave front 
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FIG. 2. Resolving power for various z1. 

distortion fail to displace the image and degrade the 
resolving power. 

Furthermore the displacement and degradation of 
the resolving power are very small for any I zii and 
I z2l of the order of several z 0 • 

The same consideration applies to the effect of non
monochromaticity of the radiation on the resolving 
power. 

2. METHOD OF CRYSTAL ADJUSTMENT 

We consider the conditions under which frequency 
conversion by a nonlinear crystal is the least sensitive 
to variation in signal wave direction. 

The wave vectors of frequencies WI, w2 and w3 
= w I + w 2 in the crystal are designated by ki, k 2, and 
k3. Here the waves with frequencies WI and w 2 are 
assumed ordinary and the frequency sum wave is ex
traordinary. Let the z axis be normal to the plane of 
crystal face and lie at a small angle to the direction of 
one-dimensional match in the crystal for waves with 
frequencies WI, w 2 , and w 3 • The x and y axes are 
selected so as to contain the optical axis of the crystal 
in the plane xz. 

The power conversion coefficient is proportional to 
T: 

sin2 ( 1hxzo) 
,; = --;(71 /;'--2X-Z-:o )-::2-'- ' 

(21) 

where z 0 designates the length of the crystal and 
K = kiz + k2z - k3Z• Here kix + k2x - k3X =0, and kiy 
+ k2y - k3y = 0. Since the angles between the vectors 
kj ( j = 1, 2, 3) and the z axis are small, when the 
crystal anisotropy is weak we can write the following 
with an accuracy up to terms of a higher order of small
ness with respect to kx and ky[ 4 l: 

% = Xo + ka'\'Px- k1k2 [(ax- }::._Y ) 2 + ai ]. (22) 
2ka k1 

The symbol Ko designates a constant determined by the 
angle between the z axis and the optical axis of the 
crystal for the extraordinary wave of the frequency 
sum w3: ki, k2, and k3 are the lengths of wave vectors 
kj when their angles with the z axis are small; ax 
= k2X /k2 - kix /ki and ay = k'o/ /k2 - k1y /ki are angles 
between the directions of wave vectors k2 and ki; f3x 
= krx/ki is the angle between the projection of vector 
ki on plane xz and the z axis, and y is the angle of 
crystal anisotropy. 

Assuming that ax = ay = 0 and K = 0 we express 
Ko by the angle {3~ between the direction of exact one
dimensional match (in the xz plane) and the z axis : 

XO = k.y{ ~~: - ~Ox) • (23) 

It follows from (21) and (22) that the conversion coef
ficient is constant at the circles 

( a,-z:v r + ai = p2. (24) 

We determine the region of allowable deviations from 
the exact match direction by the condition I Y2 KZo I :s 1T. 
The limiting values of pI and p 2 satisfy the relation 

(25) 

Thus the total solid angle of allowable deviations from 
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FIG. 3. Image in the focal plane of the lens for various crystal ori
entations: a -crystal turned I 0' from optimal position; b - crystal 
turned 3' from optimal position; c- image at optimal orientation. 

FIG. 4. Diagram of experimental setup. I - Nd glass laser; 2- tele
scope; 3, 5 - K-8 glass plates; Ml> M2 - mirrors; 4- image plane; 6 -
resolution grid; 7- KDP crystal; 8 - SZS-21 filter; 9 - NS-2 filter; 
10 -lens; II -film. 

match n·= rr IP~- p~ I does not depend on Ko and f3x 
and the region of allowable deviations is a ring with 
the center at ax= k3y/k1 and boundary radii P1 and 
P2· The width of the ring increases with decreasing 
radii p 1 and p 2· If 

~x-~xo='-k2)'/2k~, (26) 
the match condition K = 0 is satisfied for 

ax= kay f k1, av = 0, (27) 

and the ring degenerates into a circle with a radius 

Po = 2}'rcka I k1k2z0• (28) 

It is under these conditions that the resolving power 
is maximum for image conversion of an object near the 
crystal. In the case of a far object under these condi
tions the field of vision has the form of a ring rather 
than a circle. In order to account for all the angles in 
the space outside the crystal we must multiply the re
fraction coefficients of the corresponding waves by a 
and (3. Then we obtain (12) from (28). 

It can be shown that if (26) is valid the surface de
fined by vector k1 + k 2 is tangent to the surface de
fined by vector k3. This proposition was formulated by 
Warner[ 2J as a condition for the maximum deviation 
angle. 

Condition (26) can be realized in the following 
manner. The crystal is rotated about the y axis 
through a small angle until generation at the frequency 
sum with a one-dimensional match is attained. The 
crystal is then rotated about the y axis so as the 
change angle f3x in the crystal by the amount -k2-;/2k1. 

In the degenerate case ( w 1 = w 2) that occurred in 
this work this angle is equal to -y/2. In this case the 
angle between pumping and signal in the crystal with 
exact match is k3 y /k1 ""' 2 y, and the angle between 
pumping and the direction of wave vector k3 approxi
mately equals y. 

Exact adjustment was accomplished by placing a 
lens or ground glass across the signal beam. This pro-

duced the image shown in Fig. 3 in the focal plane of 
the lens behind the crystal. Rotation of the crystal 
through a small angle can change the circle into a ring. 

The effect can be used to increase the field of 
vision in the case of a far object (and also when the 
object is removed to infinity by the optical system, 
i.e., when a Fourier transformation was performed). 
The field of vision is scanned by rotating the crystal. 

3. EXPERIMENTAL RESULTS 

Figure 4 shows a diagram of the experimental setup 
used to convert the image. 

A Q-switched single-mode neodymium laser gener
ating at 1.06 J.J. was used as the signal and pump source. 
A telescopic system reduced divergence and increased 
the diameter of the beam up to 9 mm. The pump power 
incident on the crystal was 0.5 MW. The nonlinear 
material was represented by a KDP crystal ( 15 x 15 
x 30 mm) cut at the angles e = 41° and cp = 45°. A 
variable-spacing resolution chart used for testing 
lenses represented the object. The converted image 
was photographed on MZ-2 film placed behind the lens 
that was focused on the image plane z = z 2• The grid 
was 20 em from the crystal. According to (10) the lens 
was focused on a plane approximately 40 em from the 
crystal. The photograph was taken during a single 
flash of the laser. 

The crystal was adjusted according to the method 
described in Sec. 2. The pumping beam was found to 
deviate from the direction of one-dimensional match 
to such an extent that a single pumping pulse generated 
a harmonic that was much weaker than that obtained 
from the sum of pump and signal. The pump emission 
was finally freed of the parasitic harmonic by dia
phragms in front of the lens and in the focal plane of 
the lens. 

Figure 5 shows a typical photograph of the grid 
image in visible (0.53 J.J.) light. Each square measures 
0.75 x 0.75 mm. The use of a variable-pitch grid en
abled us to determine the resolution achieved in the 
experiment; it was found to be 18 lines/mm. The con
version efficiency was 0.1%. The resolving power 
computed from (15) yields the same value as that ob
tained from the experiment. Thus the obtained resolv
ing power was maximum for the given crystal. 

FIG. 5. Photograph of test charge at the summary frequency. 
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According to (15) any further increase in the re
solving power can be obtained by reducing the crystal 
length or the pumping frequency. In the latter case a 
multistage conversion may be necessary to obtain a 
sufficiently high summary frequency. 

The total number of resolved elements was deter
mined by the field of vision and amounted in our ex
periment to 150 x 150 elements. 

We also obtained an image in scattered light. For 
this purpose ground glass was inserted in front of the 
grid. In this case the image was degraded because it 
consisted of points. This always occurs when an image 
is formed in coherent light r5l. The discrete ·Structure 
of the image can be removed by averaging during sev
eral laser pulses at various positions of the ground 
glass. This was indeed observed although averaging 
over 10 pulses proved to be insufficient to obtain the 
maximum resolution that was obtained without the 
ground glass. 

The ground glass method simulates the conversion 
of images of scattering solid objects. 

In conclusion the authors are indebted toR. V. 
Khokhlov for suggestion of the subject and discussion 
of results. 
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