Physics 625 - Applied Optics

Second Harmonic Generation Lab

Motivation: The course (lecture and lab) to this point has been almost
entirely devoted to linear optics. Reflection, refraction, dispersion, and
interference are all linear phenomena. The polarization of a medium or an
optical element is linearly proportional to the applied electric field of the'
light wave over a wide range of field magnitudes. The linearity persists so
long as the applied electric field is very much smaller than the electric field
which binds the electrons to the nucleus of the atom. The invention of lasers
made it possible to generate electric fields in light waves which are not small
in comparison to electric fields in atoms. The study of nonlinear optics
started a few months after the first laser was built. Nonlinear optics is
today one of the most exciting research areas.

Nonlinear optics is so broad that course comparable to Physics 625 would
be needed to introduce all of the phenomena which have been discovered. Many
of these phenomena have already been applied to basic science or engineering.
Lets l1ist a few of the phenomena and applications: frequency doubling,
frequency summing, frequency differencing, optical parametric oscillation, Lamb
dips, Doppler-free saturation spectroscopy, multiphoton absorption, Doppler-
free two photon spectroscopy, stimulated Raman scattering, stimulated Brillouin
scattering, quantum beat spectroscopy, coherent anti-Stokes Raman scattering,
optical phase conjugation, photon echoes, self induced transparency, optical

solitons, squeezed states,...

Theory: This experiment will introduce you to second harmonic generation or
frequency doubling. The atomic polarization, P, produced by an electric field

E can be expressed using a Taylor series expansion,
ey ot d(Ez) + higher order terms.

The familiar linear electric susceptibilitiy, xo, is directly related to the
index of refraction, n, and the dielectric coefficient, €. The relation in
Gaussian units is n2 Gk *”WXe- This expansion ignores the vector nature
of the polarization and field. The linear electric susceptibility x, is
represented by a 3x3 tensor in an anisotropic material. The second order

nonlinear susceptibility d is represented by a 3x6 tensor in an anisotropic
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material. We will briefly ignore the vector nature of the polarization and the
field in order to elucidate the phase matching problem.
Part of the induced polarization oscillates and radiates at 2w, where w is
the angular frequency of the driving wave or the "fundamental frequency".
Bimogai o glr -
= Xe Egsinut + d (E sinwt)? + ...
= XeEosinut + d(ES2) (1-cos2wt)/2 + ...

The key problem to be solved is that wavelets produced in different parts of

the medium will not in general combine constructively.
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The 2w polarization and the 2w wavelets produced at point A are phase locked to
the fundamental wave. The same argument can be made at point B. We should not
expect that the wavelets from points A and B will combine constructively
because of the intrinsic disperison of the material. The index of refraction,
and thus phase velocity, are in general different at frequency 2w and w.
Wavelets from point A will not in general arrive at point B with the desired
phase. The solution to the problem is to make use of the anisotropy of the
crystal. We use the crystal birefringence to offset its dispersion.

The "phase matching" solution can be understood by taking a detailed look
at the linear susceptibility tensor. One choice of axes called the principal
axes diagonalizes the linear susceptibility tensor,

Xa 0 0
0 0 Xo .

The component of the applied electric field along axis "a" produces a linear
polarization Po = XgE5» and so on. A wave which is polarized such that its
electric field is completely along the "a" axis propagates with phase velocity
¢/n, where na2 = 1 + Umx, in Gaussian units. The general situation is slightly

more complex. Consider a wave propagating such that its wave vector k and its



_3_
electric field are confined to the a-b plane. Let ¢ be the angle between k and
the b axis. The index for this wave is
5 cose¢ = sin2¢
ne 2 [t e

n, b

Clearly if ¢ is equal to zero the electric field is entirely along the a axis
and n=n,. Each possible k direction in the crystal can have two waves with
different phase velocities. The other solution with k vector in the a-b plane
has the electric field parallel to the "¢" axis and propagates with phase
velocity c/nc.

[This description glosses over many of the fascinating features of
solutions to Maxwell's equations in an anisotropic crystal. In many situations
E is not perfectly orthogonal to k, and the Poynting vector S = E x H is not
perfectly parallel to k. The wave fronts slip sideways as they propagate! ]

Many, but not all, of the important nonlinear crystals are uniaxial. The
ADP or KDP crystal used in this lab is a uniaxial crystal. Two of the
principal axes are equivalent in a uniaxial crystal. The third axis is called
" the optic axis. Both polarizations propagate with the same phase velocity,
¢/n,, if k is parallel to the optic axis. The index n, is the ordinary index.
If k is not parallel to the optic axis, the angle 6 between k and the optic
axis is the polar angle. The indices for a nonzero 8 is: n, for electric
field polarization perpendicular to the plane containing k ahd the optic axis,

and

2 2 2
n,=(e) ng n,

2 :
1 10 coste . Sin

for electric field polarization in the plane containing k and the Opviic-axia,
The index ng is the extraordinary index. It is essential to note that by

suitable choice of 6 any index between n_. and ng is accessible.

o]
The solution to the phase matching problem is to chose 8 such that

ne(8,2m) = no(w).

for a negative (ne < no) uniaxial crystal such as ADP or KDP. The frequency is
an explicit argument to remind us that the indices are frequency dependent and
are to be evaluated at different frequencies. This equation is a mathematical

statement of the phrase "use birefringence to offset dispersion". The



I

fundamental wave is chosen to be an ordinary "o" wave and the second harmonic

is chosen to be the extraordinary "e" wave in negative uniaxial crystals.
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The second harmonic has a polarization orthogonal to the fundamental. The

second order nonlinear susceptibility tensor has the necessary anisotropy to

couple the orthogonally polarized fundamental and second harmonic waves. The

nonlinear polarization in the medium has a component orthogonal to the

polarization of "driving" fundamental wave!

Experiment:

(1)

(2)

(3)

(4)

Observe frequency doubling in the wave. Use either the dye laser or the
Ar* ion laser tuned to 528.7 nm. Use a Corning 7-54 filter to block the
fundamental wave.

Measure the polar phase matched angle at one or more known fundamental
wavelengths. Remember to correct for refraction at the crystal surface.
Compare to an angle calculated using the accurate index tables of

F. Zernike, J.0.S.A. 54, 1215 (1964).

Verify that the second harmonic power scales as the fundamental power
squared. :

Experiment with different focal conditions.



Nonlinear Optics

by David Anafi and Joseph P. Machewirth

An overview of harmonic generation and optical mixing
in KDP and its isomorphs.

Even though frequency doubling, or second harmonic
generation (SHG), was the first significant nonlinear optical
phenomenon® and still the most important method for
producing higher frequency coherent radiation, it is
possible to develop a general model in which two
electromagnetic waves interact within a dielectric medium.
Then, frequency doubling may be considered as a special
case where two incident waves are identical waveforms.
To better understand the physics of nonlinear optical
effects; it is necessary to investigate the effect of an electric
1on the dielectric medium. In the following discussion,
we will limit the dielectric media to uniaxial, tetragonal
crystals, such as KDP and ADP. We will also limit the
crystal media with regard to orientation of the optic (Z) axis.
The cartesian coordinate system defined in Figure 1 shows
the Z crystallographic axis constrained with the ik plane.

giiiom s i k Plane

Figure 1.

7 Crystal Axis

Outlining this effect
Consider the incident waves as electric fields, Eq and Ej,
which propagate within the crystal, and express these fields
as the summation of components along the crystallographic
s (x,y.2). The presence of these electric fields causes an
“tric polarization P where

P =e, x EE 4))

where  is the susceptibility of the material. For anisotropic
crystals like ADP and KDP, x is an 18 term tensor, but has
only three nonvanishing terms (d,4. d35. d3g)-
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The linear polarization of the incident and exiting beams
must not be confused with the electric polarization P that
exists only within the crystal media. The induced
polarization P generates a forced electric field, as well as
those of the incident beam (often referred to as free fields). It
is the aggregate of the three electric fields that interact with
the media, causing the electrons of the molecules to vibrate’
only in directions along the crystallographic axes. An
oscillating electron structure is a radiator, and a third
electromagnetic wave is generated, as shown in Figure 2.

There can also be two possible conditions for the linear
polarization vectors of the incident beams. If both
polarization vectors are paralle]l and lie in the ij plane, we
can define a condition referred to as Type 1. Under Type I
conditions, one wave is polarized in the ij plane and the
other lies in the orthogonal ik plane. Under the former, only
the electric polarization along the Z crystal axis contributes
to generating a third wave, such that

P,.= 2ds E, E, (2)

where d g is the susceptibility tensor component. Note that
this relationship is limited to crystals of the 42, point
group. A similar relationship can be generated from
equation 1 for other classes of nonlinear materials.
Accordingly for Type 11 conditions the contributing
electric polarization components are
Py = 2d,, EyE; (3q)
Py = 2d,  E; E; (3b)
To increase the magnitude of the generated wave, the
electric polarization must be increased. But constructive
interference can only be achieved when dipole radiators

Z Crystal Axis Figure 2.
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oscillate in phasc. This phase match condition is derived
from the cqunliun of momentum conscrvation:

Ra = K, + K (4)
where in general terms:

. wn (0)

&= )

w = the angulor frequency of the waove ond

nu0 = the refractive index for the wave of frequency
as o function of 8.

When equation 4 is solved for Type I conditions, the
generated wave will propagate as an e-ray with the two
incident waves propagating as o-rays. As a result, equation

The Nonlinear Query

Q What are the basic parameters that must first be
considered when selecting a crystal material?

A The first and most obvious consideration is the

optical transmittance ofthe material at the wavelengthsA,, |

Ay and Ay A significant bulk absorption will not only
reduce the transmittance efficiency of the crystal, but will
raise its lemperature, an undesirable effect since the
refractive indices are temperature dependent. Also, an
incident laser with high power density will damage an
absorbing crysal media. :

Second, to obtain a sufficient conversion efficiency, it is
necessary to select a medium with a high nonlinear
coefficient. :

Finally, the environment in which the device is to be
used must be considered. Most nonlinear crystals that can
be grown to adequate size are hygroscopic and must be
mounted in hermetically sealed cells. These cells are either
filled with dry nitrogen or with an index matching fluid.

Q How do we select the best method of phase matching
(temperature versus angle) for a particular application?

A From the relationships for the intensity of the
generated wave I3, developed in equations 13 through 15,
I3 becomes a function of Sin® 6. Therefore, maximum
efficiency is obtained when the incident propagation vector
isincident at the angle of 90° to the Z crystal axis. This is the
orientation for temperature tuning (see Figure 4). There
exists no beam walk-off to disturb the ability to phase
match: but there may be other conditions that negate this
advantage. For example, the temperature needed to achieve
phase matching may exceed the Curie point of the material.

Q How accurately should the thermal environment be
controlled when phase matching?

A The allowable error, Ak, in index matching can be
expressed as:

k=t T = [mM- M (8

where -
T) = m(T) = i 17
"h( ) n(T) = '_"!_ ( )

The variation in the birefringence as a function of
wavelength is a function of the crystal material. For ADP, at

room temperature, the literature* shows that
-d_t—(n“ - ) = —48X 10" :

If the crystal length is 10mm and the incident
fundamental wavelength is 1.064um,

-l—- =27 X 10"
4/

Therefore, the allowable AT is approximately 1/2°C. Tt
should be noted that when angle phase matching,
fluctuations in ambient temperature may be corrected by
corresponding variations in the angle 8, As the length of
the crystal is increased, thermal stability becomes more
critical.

Q When angle phase matching, how accurately must
the crystal be aligned?

A The allowable error in phase matching developed
above is a general condition and not dependent on the
cause of the mismatch. Because SHG crystals are specified
by the angle 8, by convention, a profile of the polar angle
6,,, as a function of wavelength for KDP and ADP is shown
in Figure 5 for Type I conditions. Even though
birefringence as a function of wavelength varies with
crystal type, and with temperature, the slope of the curve
for all widely used SHG materials decreases at the longer
wavelengths. For example, greater alignment accuracy is
needed at 0.515um than at 1.064um.

Most commercially available SHG crystals have the
polished faces oriented within 10 minutes of the specified
polar angle. We recommend that the crystal device be
mounted in an angular adjustment gimbal and *“fine tuned”
to within one minute of the optimum setting.

The accuracy of alignment relative to rotation about the
propagation axis is not as critical. Only that component of
the incident polarization vector that is properly aligned
will contribute to the interaction. For Type | interactions,
the incident polarization vector must be aligned at 90° to
the ik plane.

Q What range of wavelengths can be frequency doubled
with one crystal?

A Onlyvignettingofthe incident beam limitstherange
ofthe polar angle # that can be obtained with asingle angle

cut crystal. Still, the angular range is customarily restricted
to within 8 because increasing the cross section of acrystal

A ook~ 107C Nantiral Snarctra
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4 Y be written

1
nes(fm) = B (wy Mo, T w2 No,) (6)

uation 6 provides an expression for the refractive
i,,nc‘x of the e-ray as it propagales at an angle 8, with
respuct to the crystal optic axis. When K, and K, are
incident at the optimum phase match angle 8., all dipole
oscillations are in phase. Substituting the va{?ie of nea(s)
fyomn equation G into the equation for the unaxial index
ellipsiod provides the relationship for 6

1 cos’l sin?8

o N B 2

7 (Opte Axk)

X Crystal Axis

solely to prevent vignetting increases the cost substantially;
Fresnel reflection losses are increased; and most angular
adjustment devices are limited to within a 10° range.

To frequency double the lines of a dye laser, we suggest
{hat five crystals be used with different 6, angles to cover
the entire wavelength range. For certain materials,
tcmperature phase matching permits the frequency
doubling an extended wavelength range with a single
crystal, an advantage usually accompanied by the problems
of instrumentation and control.

Qwhyisa Typelangle matched crystal cut withangle ¢
_cqual to 45°7

A The maximum interaction is achieved when

‘E, = Ey = V2/2E Figure 6a demonstrates the orientation
of a Typelangle cut crystal with respect to the
incident beam.

Q Can second harmonic generation be achieved using
the Type Il process?

A The Type Il process has proven more efficient than
Type 1 in SHG applications for certain fundamental
wavelengths—most significantly, 1.064um. Since the Type
Il conversion efficiency is proportional to Sin® 26, this
process is preferred when

Sin? 20(11) = 1.8 Sin? 6(1)

Using the 1.064pm fundamental as an example, 20, (1)

equals 118°20’ compared with 41°1 2’ for 8, (N and

Sin? 20,(11) > Sin*Bm(l)
A second considerationin favor of the Type Il process is the
reduction of the mismatch, Ak, due to angular divergence
from the phase matched direction by a factor of 2. Here
alignment and thermal control become less critical.

In special applications where two different lasers with
orthogonally polarized beams are used®, mixing must be
achieved with the Type Il process. And, conversion
efficiency canbe increased with Type 1l if the output froma
single laser is unpolarized. A single linearly polarized
fundamental may be equally divided into o- and e-rays by
orienting the polarization vector at +45° withrespectto the
X axis shown in Figure 6b. Under this condition, the
polarization of the harmonic is rotated 45° from the '
fundamental.

Whenever the required clear aperture of a SHG crystal
approaches the limil of growth capability, a Type M angle

Figure 4.

el

cut crystal offers an additional advantage of greater yield
from the boule since ¢ = 0. This result is particularly
important in laser fusion applications where apertures in
excess of 100 mm diameter are desirable.

The most common use of nonlinear devices o date is
second harmonic generation. What other applications are
possible?

Two incident beams of different wavelengths can
interact to generate abeam of athird wavelength—a process
often referred to as optical mixing or heterodyning. For
example, the interaction of 1.06pum and 0.26pm will
generate a third harmonic of 1.21 pm”When1, and I, are
added to produce 13, the incident beams will surrender an
equal number of photons in the interaction to generate I3.
When I, and I, are subtracted, the higher energy photons
will generate 13 and also a stronger 12.°

Q Should a SHG crystal be utilized intra- or
extra-cavity?

A Mostapplications for SHG crystals are externaltothe -
cavity. The advantage of intra-cavity use (higher output
power density) is generally offsetby the following factors: 1..
In low gain cavities, the insertion loss of the crystal device
may be prohibitive; 2. In many cases, the laser cavity will
not accept an additional element without costly
modification; 3. External focusing lenses may be used to
control the incident power density to the crystal without
modifying the laser cavity.

Q What methods are most commonly used to separate
the second harmonic from the fundamental beam?

A In Type I phase matching applications, the
fundamental wavelength exits the crystal as an o-ray and
the generated wave as an e-ray. This orthogonality
relationship can be used to discriminate between the two
beams. Calcite, glan-laser or vacuum deposited thin film
polarizers can be used to reject the unwanted component.
Polarizing beamsplitters can also be used to introduce &
divergence between the two components.

Discrimination with polarizers is not always applicable
for Type I phase matching. In the Type Il interaction, we
must take advantage of the dispersive power of prisms or
the wavelength selectivity of narrow bandpass optical
filters.

Optical Spgc_rraﬁDecember, 1975
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.2
Sin?fn e Ve, (8)
where we have defined
1 .
M oo 7. T, )
For the special case of Type | second harmonic®
generation, where w; = w, = wz_, and 14, = Mgz}
M, o Uk
Sin?0m L 2 10
R et

1f we plot the index surfaces in two dimensions, as shown
in Figure 3, there are two solutions for 6. Asa result, itis
evident that the crystal can be oriented two ways, relative to
the incident beam, and still satisfy the optimum phase
matching requirements. This means that each polished
aperture face can be either the entrance or exit face.

Under Type II conditions, where the incident waves are
orthogonally plane polarized, the generated wave will
propagate as an e-ray with the incident rays as an e- and
o-ray. Solving equation 4 for these conditions:

Wytle, (6) = Wi Mo, + @2 e, (9 (i

Two solutions for 8, are obtained when equation 11 is
substituted into equation 7. Solutions for specific

wavelengths for Type Il conditions are presented in the
literature.?-?

Thermally induced index malching

There is another way to satisfy the conditions for
conservation of momentum. In equation 6, we stated a
dependence of ngg on the angle 0. There also is a
temperature dependence for n,q and N. This dependence
can be expressed by

Nes (T) = Nes + B7e, - L126)

where
Ane, = C(n?, + ang+ b) (298°.—T)  (12b)

and

Ne. = eilroordinory refractive index at 298°K

The constants a, b and c are material dependent and
values are presented by Phillips.*

Generated wave output: type I process
A general expression that relates the generated wave
intensity, I3, with the input intensities, 1 and I, isgiven by
Vil of i
1, = 1l
: th ( CAin, Mo, M o,

)dZe Sinfm (13)
where

N | = length (cm) of crystal

A3 = wavelength (cm of the generated wave)

Note, however, that equation 13 is an approximate
relationship that is valid only when I3 andI; <1
megawatt/cm?. Under this condition, the conversion
efficiency is small enough to assume that the electric fields
of I, and I, are constant across the length of the crystal.

For second harmonic generation where A; = Ap andng1.

" Mgz = o3

2

Anexpression forly SHG that is valid for all input power

densities is given by

9..5]2
s = Iy tann’ w,ﬁ;, ( _%X%%—) Sin'fn  (15)
This is an approximate solution where we assume that
the bulk absorption of the crystal is negligible and that / <
lc where [ c is the coherent length. Development of
similar relationships is provided by N. Bloembergen.®* O
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The refractive indices of ADP and KDP have Leen measured at 25 wavelengths between 2138 A and
1.529 u, and at 24.8°C. The measured values have been corrected to give absolute indices. Curves have been

fitted to the measured and to the corrected data.

lieved 10 he ==0.00003 or better.

e

INTRODUCTION

ECENTLY, the discovery of nonlinear optical

effects! has renewed the interest in the properties

of potassium dihydrogen phosphate (KDP) and am-
monium dihvdrogen phosphate (ADP).

As has been shown by Giordmaine? and by Maker
el al.,? the phase velocities of the various waves involved
in optical mixing experiments can be matched in a
birefringent crvstal by proper choice of the angle
between the wave vectors and the crystal axis. A pre-
cise knowledge of the crystal’s refractive indices as a
function of wavelength is necessary for that choice. We
have measured the refractive indices of both ADP and
KDP in air between 2138 A and 1.529 u. We have
fitted curves to these data both for the absolute indices
and for the indices relative to air.

To our knowledge, no measurements as extensive
5.as these have been published. However, in various
ipublic&tions. indices for some wavelengths are given.
¥ The Iulernational Critical Tables* give values for
{ ADP and for KDP for 4860, 5890, and 6360 A.

i Vergnoux® has measured the birefringence of ADDP
:and KDP.

3
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TasLE L. Index of refraction of fused silica in air.

Computed Residual X 10°
i Measured index Rodney
E' ‘Wavelength index Rodney and and
a (A) Zernike Spindler Zernike* Spindler
§' 3650.15 1.47475 1.47465 +10 +21
. 4046.56 1.46980 1.46971 +9 +-21
[ 4358.35 1.46688 1.46677 +11 +21 -
i 5460.74 1.46026 1.46014 +12 +22
: 5780.12 1.43900 1.45887 +13
- 101398 145044 1.45030 +14 +23
11 286.6 1.414906 1.44893 +13
~ 136728 144650 1.44622 +28
+ 13950.6 1.44607 1.44590 +17
15295.2 14450 144434 +16 +24

* Reniduals based on results given in column 3.

! For a review article see . A. Franken and J. F. Ward, Rev.
- Mod. Phys. 35, 23 (1963).

? J. A. Giordmaine, Phys. Rev. Letters 8, 19 (1962).
© ¥P. D. Maker, R. W. Terhune, M. Nisenoff, and C. M. Savage,
. Phys. Rev. Letters 8. 21 (1962).

¢ International Critical Tables (McGraw-Hill Book Company,
. Inc., New York, 1926) 1st ed.. Vol. VII.

* A. Vergnoux, Cahiers Phys. 73, 46 (1956).

The measured and the computed data are given both in air and in vacuum. The accuracy of the data is be-

Vishnevskii and Romanyuk® suggest the use of ADP
for ultraviolet optical components and give a dispersion
equation with four constants.

Dennis and Kingston? have measured the indices of
KDP at 18 wavelengths between 2536 A and 1.53 u with
an estimate of error of £0.002 in the ultraviolet and
=+0.004 in the infrared. :

EXPERIMENTAL

The refractive indices were measured by the method
of known incidence used by Rydberg? and more recently
by Tilton et al.?

Prisms of the materials to be measured were inserted
in a Perkin-Elmer model 98 monochromator employing
a Littrow-tvpe mount. The deviation through each
prism was measured for different wavelengths by meas-
uring the angle over which the Littrow mirror had to
be rotated to pass a particular wavelength to the exit
slit. The screw which rotated the mirror was calibrated
by substituting a mirror with two faces at small angles
to one another for the Littrow mirror and autocollimat-
ing first on one face and then on the other. The auto-
collimator was a Hilger and Watts 18-in. model with a
resolution of }”. Two mirrors were used, one with an
angle of 5° 3’ 14.8” and the other one with an angle of
30’ 29.4” between the two faces. These angles were
measured on a Watts goniometer.

The angles of the prisms were also measured on this
goniometer. Using the calibration of the screw, we meas-
ured all the other angles involved. These are: the angle
between the exit and the entrance slit, the angle between
the incident beam and the Littrow mirror, and the angle
of incidence on the prism.

For measurement of the angle between the slits, the
Littrow mirror was set perpendicular to the incoming
heam with the wavelength drum in one extreme position
(0000.0). The drum was then rotated until the beam
fell on the exit slit. From this rotation the angle

V. N. Vishnevskii and N. A. Romanyuk, Opt. i Spectroskopiya
%,mgg;)] (1960) [English transl.: Opt. Spectry (USSR) 8, 389

7 J. H. Dennis and R. H. Kingston, Appl. Ospt. 2, 1334 (1963).

8 F. Rydherg, Poggendorfs Ann. 14, 45 (1828).

L. W. Tilton, E. K. Plyler, and R. E. Stephens, J. Res. Natl.
Bur. Std. (U.S.) 43, 81 (1949).
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TanLk [1(a). Indices of KDP in air, ordinary ray.
Wan elengths Obserned  Computed  Residual
(X) Source index index X10¢
2138500 Zn LO6OLTT 1.60171 0.6
2288018 Cd 1.58546 1.58544 0.3
23446.905 Hg 15723  1.57236 =08
246+.068 Hg 1.57105 1.57114 -1.0
Low
2336.519 pressure 1.56631 1.56636 -0.5
Hg

2800.869 Zn 1.55263 1.55266 —-0.3
2980.628 Cd 1.54618 1.54574 4.4
3021.499 Hg 1.54433 1.54437 —0.4
3125.663 Zn 1.54117 1.54115 0.2
3131545 Hg 1.54098 1.54098 0.0
3650.146 Hg 1.52932 1.52932 0.1
3654.833 Hg 1.52923 1.52924 —0.1
3662.878 Hg 1.52909 1.52910 —-0.1
4046.561 Hg 1.52341 1.52344 -0.2
4077.811 Hg 1.52301 1.52304 —0.4
4358.350 Hg 1.51990 1.51990 —-0.0
5460.740 Hg 1.51152 1.51160 -0.8
5769.580 Hg 1.50987  1.50996  —09
5790.654 Hg 1.50977 1.50986 -09
6328.160 Laser 1.50737 1.50741 —-0.4
10 139.75 Hg 1.49535 1.49523 1.2
11 287.04 Hg 1.49205 1.49189 1.6
11 522.76 Laser 1.49135 1.49119 1.7
13 570.70 Hg 1.48455 1.48480 -2.5

& The polarizers do not give 100% polarization: therefore, it was some-
times difficult to distinguish a weak line in one direction of polarization from
a coinciding strong line in the other direction of polarization. Also, some-
times some of the weaker lines were not o . This is the reason why
some wavelengths are not listed in all of the tables.

between the entrance and the exit slit was determined,
using the calibration of the screw.

To measure the angle between the incident beam and
the Littrow mirror, the mirror was again set perpendicu-

TanLe II(b). Indices of KDP in air, extraordinary ray.

Wavelength Observed Computed Residual
(A) Source index index X104
2138.560 Zn 1.54615 1.54612 0.2
Low-
2536.519 pressure 1.51586 1.51594 -0.7
Hg

2800.869 Zn 1.50416 1.50419 —0.2
2980.62& Cd 1.49824 1.49826 -0.2
3021.499 Hg 1.49708 1.49708 0.0
3035.781 Zn 1.49667 1.49668 -0.1
3125.663 Zn 1.49434 1.49432 0.2
3131.545 Hg 1.49419 1.49418 0.1
3341.478 Hg 1.48954 1.18952 0.2
3630.146 Hg 1.48432 1.48425 0.7
3654.833 Hg 1.48423 1.48418 0.5
3662.878 Hg 1.48409 1.48406 0.3
3906.410 Hg 1.48089 1.48088 0.2
4046.561 Hg 1.47927 1.47932 —0.4
4077.811 Hg 1.47898 1.47899 -0.1
4358.350 Hg 1.47640 1.47640 0.0
4916.036 Hg 1.47254 1.47254 0.0
5460.740 Hg 1.46982 1.46985 =03
53790.654 Hg 1.46856 1.46857 —0.1
6328.160 Laser 1.46685 1.46686 —0.1
10 139.75 Hg 1.46041 1.46043 -0.2
11 287.04 Hg 1.45917 1.45918 —0.1
11 522.76 Laser 1.45893 1.45893 —-0.0
15 231.00 Laser 1.45521 1.45519 0.2
19 25025 Hg 1.45512 1.45512 —0.1
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Tanck I (a). Indices of ADP in air, ordinary ray.

Waselength Observerdl  Computed Residual

(A) Source index index xX10¢
2138.560 Zn 1.62598 1.62591 0.7
2288.018 Cd 1.60785 1.60794 —-0.9

Low-
2336.519 pressure 1.58688 1.58691 —0.4
Hj
2967.278 Hg 1.56462 1.36471 -0.9
3021.499 | Hg 1.56270 1.56269 ~. 0.1
3125.663 Zn 1.55917 1.55915 0.2
3131.545 Hg 1.55897 1.33896 0.1
3341.478 Hg 1.55300 1.55296 0.4
3630.146 Hg 1.54615 1.54613 0.3
3654.833 Hg 1.54608  1.53604 0.4
3662.878 Hg 1.54592  1.54388 0.4
3906.410 Hg 1.54174 1.54171 0.3
4046.561 Hg 1.53969 1.33965 0.5
4077.811 Hg 1.53925 1.53922 0.3
4358.350 Hg 1.53578 1.53575 0.3
5460.740 Hg 1.52662 1.52659 0.3
5769.590 Hg 1.52478 1.52477 0.1
5790.654 Hg 1.52466 1.52465 0.0
6328.160 Laser 1.52166 1.52193 —2.8
10 139.75 Hg 1.50835 1.50825 1.0
11 287.04 Hg 1.50446 1.50H6 0.0
11522.76 Laser 1.50364 1.50366 -0.3

lar to the incoming beam with the drum in one extreme
position. (This adjustment was checked by focusing an
autocollimator on the entrance slit with an auxiliary
lens.) The drum then was rotated to the other extreme
(2400.0) and the autocollimator set up to line up with
the Littrow mirror. After this the screw was returned
again to the zero position and the mirror mount ro-
tated on its seat to realign the mirror with the auto-
collimator. The fine adjustment in this operation was
done with the screw, and the drum reading for which
the mirror was in alignment was noted. At this drum

TasLe ITI(b). Indices of ADP in air, extraordinary ray.

Wavelength Observed Computed Residual
(A Source index index X 10¢
2138.560 Zn 1.56738 1.56730 0.8
2288.018 L%d 1.55138 1.55148 -1.0
W=
2536.519 pressure 1.53289 1.53295 —-0.6
Hg

2967.278 Hg 1:51330 1.51340 —-0.1
3021.499 Hg 1.51163 1.51163 0.0
3125.663 Zn 1.50833 1.50832 0.1
3151.545 Hg 1.50832 1.50835 —0.3
3341.478 Hg 1.50313 1.50310 0.3
3630.146 Hg 1.49720 1.49715 0.5
3654.833 Hg 1.49712 1.49708 0.4
3662.878 Hg 1.49698 1.4969+ 0.4
4046.561 Hg 1.49159 1.49157 0.2
4077.811 Hg 1.49123 1.49120 0.3
4358.350 Hg 1.48831 1.48826 0.5
4916.036 Hg 1.48390 1.48336 0.4
5460.740 Hg 1.48079 1.48056 0.3
5769.390 Hg 1.47939 1.47934 0.5
5790.634 Hg 1.47930 1.47925 0.5
6323.160 Laser 1.47685 1.47723 —3.8
10 139.75 Hg 1.46895 1.46889 0.6
11 287.04 Hg 1.46704 1.46704 0.0
11 522.76 Laser 1.46666 0.0

1.46666
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TaeLr. IV (a). Values of the constants A, B, C, D,and E
for incices with respect to air.
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TABLE V(a). Absolute indices of KDP, ordinary ray.

mut 3

3 T TR Berar SRR M . QObserved,

KIDP, e ray KO, o ray ADP, e ray ADP, o ray cnrrected C od . Resid !
sk e - i Wavelength Frequency to vacuum Comput esidua
4 2.132668 2.259276 2.163077 2.30248% 5 L aCUY DR
B 8.637494 X105 1.00°956 X107 9.670312 X107 1.117089 X107® a) (cm™) index index  X10¢
C 8142631 X10* 7720408 X100 7.785289 X10° 7.1_:053?2 X100 2139.234 46 745.70 1.60227 1.60222 0.5
D 8.069981 X104 3.251305 X10¢ 1.451540 X10¢ 3.751806 X10¢ 2288.724 43 692.47 1.58395 1.58393 0.2
E  2.500000 X1¢¢ 2200000 X 10 2.500000 X 10* 2,500000 X 10¢ 2.447.646 40 855.58 1.57274 1.57285 _ii

— - — — 2464.813 40 571.03 1.57152 1.57163 —1.
e evrokd J05P 55, p 210,195 2537281 Ba1221  L3G6N 136684 ~06
facs 2801.694 35 692.6! 1.3533 1.55 —0.
TazLE IVib) Values for absolute indices. 2931.293 33 540.19 11;2263 1.5;620 4.3
3022.379 33 086.52 1.5478 1.54483 —0.4
2.133831 2.260476 2.163256 2.304124 3126.569  31983.94 L54162  1.54160 0.1
8.653247 X102 1.011279 X101 9687319107 1.114254 X101 3132453  31923.86 1.54143 1.54143 —0.0
5134538 X104 7.720352 X100  7.777850X100  7.535483 X100 3651.186 27 388.36 1.52976 1.52976 0.0
S.009838 X10!  3.249268 X10¢ 1451426 X108  3.777142X10° ggggg;} %57' ;gg%g }2%36; §§§g§ "gé
2.500000 X10%  2.500000X10%  2.500000 X10*  2.500000X10% . . -2 - —a
el vy & 4017704 2470536 152384 152387  —03
BT S AtEARE T i 4078.962 24 516.04 1.5234 1.52348 —-0.4
-‘!359.575 22 938.02 1.52033 1.§2033 0.0
reading, then, the angle between the mirror and the *ﬁﬁgg %g gg;ig i-f}(l)g; }giégé —83
3 . $ = /1. . ] w =
mcndcn-t _bfaarn is equal to the z.mgle corresponding to 5792 260 17 264.42 131019 131027 —08
2400 divisions on the drum. This procedure bad to be 6329910 15 798.01 1.50779  1.50782  —03
repeated a number of times to obtain the desired angle. i? 53{2}?3 gggg‘gi 1-23-‘532 :ig;gg }g
ol special table was made for the pr_is-m which allm'\'ed 11 525.91 8676.105 149176  1.49160 17
it to be rotaied accurately. The position of the prism 13 574.41 7366.803  1.48496  1.48521 -2

was adjusted to give approximately minimum deviation
for a convenient wavelength (e.g. 5461 A).

The angle of incidence was measured by lining up the
face of the prism and the Littrow mirror with an auto-
collimator. Since the Littrow in some measurements
could not be rotated far enough, an auxiliary mirror on
the prism table was found helpful. For wavelengths
selow 3125 A, the position of the prism was readjusted
to give minimum deviation for approximately 2537 A.

The detectors used were a 1P28 photomultiplier and
a Jead sulfide photoconductor.

The sources of radiant energy were: (1) A high-
pressure mercury arc. (2) A low-pressure mercury arc.
(3) A Philips uv zinc discharge lamp. (4) A Philips uv
cadmium discharge lamp. (5) A Perkin-Elmer, Spectra-
Physics model 111 gas laser operating at 6328 A, 1.15
p or 1.5 u, alternate outputs.

The beam was chopped at 1440 cps and the signal
from the detector was amplified and rectified using a
phase-sensitive detector.

To determine the polarization of a given wavelength,
normal “Polaroid’’ sheet was used in the visible, and
types HNP'B (unsupported) and HR in the uv and ir,
respectively.

Two prisms were measured. One was made of ADP
and was 43 mm high with triangle sides of 23 mm and
an angle of 61° 41" 47”. The other one was made of
KDP and was 30 mm high with sides of 25 mm and an
angle of 60° 14’ 04”. Both prisms were examined in a
Twyman-Green interferometer and were found to be
flat and homogeneous to better than a quarter of a
wavelength except for some roll-off at the edge.

The direction of the optical axis was parallel to the

© Obtained from the

Polaroid Corporation,
\lassachusetts.

Cambridge,

TasLE V(b). Absolute indices of KDP, extraordinary ray.

Observed,
corrected
Wavelength  Frequency tovacuum Computed Residual

(X) (cm™) index index X104
2139.234 46 745.70 1.54663 1.54661 0.2
2537.281 39 412.27 1.51632 1.51639 -0.7
2801.694 35 692.69 1.50400 1.50463 -0.2
2981.498 33 540.19 1.49568 1.49869 -0.2
3022.379 33 086.52 1.49752 1.49752 0.0
3036.665 32 930.86 1.49711 1.49712 -0.1
3126.569 31 983.94 1.49477 1.49476 0.2
3132.453 31923.86 1.49462 1.49461 0.1
3342.439 29918.27 1.48997 1.48995 0.2
3651.186 27 388.36 1.48475 1.48168 0.7
3655.874 27 353.24 1.48465 1.48461 0.5
3663.921 27 293.16 1.48451 1.48419 0.3
3907.517 25 591.70 1.48131 1.48130 0.2
4047.704 24 705.36 1.47969 1.47973 —-0.4
4078.962 24 516.04 1.47940 1.47941 -0.1
4359.575 22 938.02 1.47682 1.47681 0.0
4917.408 20 335.92 1.47295 1.47295 0.0
5462.258 18 307.45 1.47023 1.47026 -0.3
5792.260 17 264.42 1.46896 1.46898 -0.1
6329.910 15 798.01 1.46725 1.46727 =0.1
10 142.53 9859.473 1.46081 1.46083 —-0.2
11 290.13 8857.294 1.459357 1.45958 -0.1
T 52991 8076.105 1.45933 1.45933 =0.0
15 235.16 6563.764 1.45561 1.45559 0.2
15299.43 6536.191 1.45552 1.45552 -=0.0

top edge in both prisms to within a few minutes of arc.

The measurements were made in a temperature-
controlled room. The temperature during the measure-
ments ranged from 24.6° to 24.9°C.

DATA REDUCTION AND RESULTS

The wavelength-drum readings obtained for each
wavelength were plotted to find the position correspond-
ing to the maximum. This position was then corrected
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Tanck Vi(a). Absolute indices of ADP, ordinary ray.

Observed,
corrected

Wavelength Frequency to vacuum Computed Residual
(A) (cm™) index index X108
2139.234 46 745.70 1.62630 1.62644 0.5
2288.724 43 692.47 1.60835 1.60843 —0.8
2537.281 39 412.27 1.58735 1.58736 —0.1
2968.144 33 691.09 1.56508 1.56515 —0.8
3022.379 33 086.52 1.56315 1.56313 0.2

3126.569 31983.94 1.55962 1.55959 035
3132.453 31923.86 1.55942 1.55940 0.2
3342.439 29918.27 1.55345 1.55341 0.4
3651.186 27 388.36 1.54660 1.54658 0.1
3655.874 27 353.24 1.54652 1.54649 0.2
3663.921 27 293.16 1.54636 1.54634 0.2
3907.517 25 391.70 1.54217 1.54217 0.1
J047.704 24 705.36 1.54013 1.54011 0.2
4078.962 24 516.04 1.53969 1.53968 0.1
4359.575 22 938.02 1.53621 1.53622 —0.1
5462.258 18 307.45 1.52704 1.52707 —0.2
5771.190 17 327.45 1.52520 1.52525 —-0.4
5792.260 17 264.42 1.52508 1.52513 -0.5
10 142.53 9859.473 1.50876 1.50869 0.7
11 290.13 8857.294 1.50487 1.50488 -0.1
11 525.91 8676.105 1.50405 1.50408 -0.3

Tanie VI(b). Absolute indices of ADP, extraordinar ryay.

RREEBSIZERNIKISOIK:

Observed,
corrected
Wavelength  Frequency to vacuum Computed Residual

A) (em™) index index X104
2139.234 46 743,70 1.56788 1.56780 0.8
2288.724 43 69247 1.55186 1.55196 -1.0
2537.281 39 412.27 1.53335 1.53341 —0.6
2968.1H 33 691.09 1.51384 1.51384 -0.1
3022.379 33 086.52 1.51207 1.51207 0.0
3126.569 3198394 1.50896 1.50895 0.1
3132.453 31923.86 1.50876 1.50879 -0.3
3342.439 29918.27 1.50357 1.50354 0.3
3651.186 27 388.36 1.49763 1.49758 0.5
3655.874 27 353.24 1.49754 1.49750 0.4
3663.921 27 293.16 1.49741 1.49737 0.4
H047.704 24 705.36 1.49202 1.49199 0.2
4078.962 24 516.04 1.49165 1.49162 0.3
4359.575 22938.02 1.48872 1.48868 0.5
4017.408 20 335.92 1.48431 1.48427 0.4
3462.258 18 307.45 1.48120 1.48117 0.3
5771190 17 327.45 1.47930 1.47975 0.5
5792.260 17 26442 1.47972 1.47966 0.5
6329.910 15 795.01 1.47726 1.47764 —-3.8
10 142.53 9839473 1.46935 1.46929 0.6
11 29013 8837204 467 H L4674 0.1
1.46707 1.46706 0.0

11 525.91 8670.105

i

i
i
i
il
i
(P

using the calibration curve of the screw. Further data
reduction was done by an iterative process in a com-
puter. In this process, the computer assumes a value for
the refractive index; using that with the other data
(angle of the prism, incident angle, angle between the
slits, drum reading, and screw calibration), it calculates
the angle included by the incident beam and the re-
turning beam at the Littrow mirror. Then using this
calculated angle it calculates the refractive index. Since
the angle at the Littrow mirror is a function of the re-

Vol 5t

Tante VIL Refractive indices of ADP.

Index in air Absolute index

Wave- Extraordi- Extraordi-
length Ordinary nary Ordinary pary
() ray ray ray ray

0.2000 1.648335 1.587012 1.649083 1.387632
0.3000 1.563478 1.512318 1.563951 1.312787
0.4000 1.540308 1.492136 1.540785 1.492571
0.5000 1.529792 1.483315 1.530276 1.433737
0.6000 1.523539 1.478412 1.524024 1.478828
0.7000 1.519047 1.475202 1.519528 1.173614
0.8000 1.515340 1.472818 1.515813 1.473227
0.9000 1.511969 1.470859 1.512433 1.471268
1.0000 1.508705 1.469123 1.509156 1.469330
1.1000 1.505418 1.467494 1.505853 1.467901
1.2000 1.502029 1.465904 1.502447 1.166311
1.3000 1.498490 1.464311 1.498888 1464718
1.4000 1.494766 1.462687 1 495142 1.463004
1.5000 1.490834 1.461012 1.491187 1.461419
1.6000 1.486676 1.459272 1.487004 1.439679
1.7000 1.482279 1.457458 1.482580 1.437865
1.8000 1.477631 1.455562 1.477903 1.433970
1.9000 1.472724 1.453578 1.472965 1.433986
2.0000 1.467548 1.451501 1.467756 1.451910

fractive index, there is only one value of this angle for
which the assumed and the calculated index are the
same. That is the correct value of the index. In general,
the assumed value will, of course, not be the correct
one. The process is therefore repeated "using the last
computed value to start with. This is continued until
the difference between the two index values used in
one iteration is less than 3)X10~7. At this point the
computed index is printed out. The wavelength cor-
responding to the particular index is also printed out.
The wavelength values were taken from the 3/[.I.T.
Wazelength Tables" and the American Institute of
Piiysics Handbook.* The wavelengths of the laser were
obtained from the atomic energy levels published by the
National Bureau of Standards."
A curve of the general form

i

W= A+ B/ (1—#/C)+D/ (E— ),

where v=1/\ in cm™, was then fitted to the index values’
using the method of differential correction in the
computer.'

In the near-infrared the absorption in both ADP and
KDP becomes appreciable and less and less of the
volume of the prism is used. This may give rise to errors
in the measurcment, because the illumination of the
aperture becomes unsymmetrical; eventually, of course,
the measurement becomes impossible. To fit a good

WL I T. Wacelength Tables (John Wiley & Sons, Inc., New
York, 1939).

2 A merican Institute of Physics Ifandbook (McGraw-Hili Book
Company, Inc., New York, 1957).

B \tomic Energy Levels, Natl. Bur. Std. (U.S.), Circ. 467,
Vol. 1 (15 June 1949).

WKaj. L. Nielson, Methods in Numerical Analysis (The
Macmillan Company, New York, 1957), p. 309.
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curve to the data, we would like to have values of the
refractive index beyond the wavelengths which are
absorbed oo strongly to be measured by the prism
method. For ADP this occurred at about 115 x4 for hoth
rays. For KD it turned out to be 1.33 u for the ordi-
nary rav. The extraordinary ray could be measured out
to 1.3 x. Attenuated total retlectance data showed no
definite infrared pole for either of the crystals. This
agrees with the findings of Barker and Tinkham' who
report that there are a number of absorptions, none of
which are very strong. From the available data we
assumed a pole at 20 u. The curves, therefore, are four-
constant fits, since E was assumed to be 23X10* in
all cases.

As a check on the general procedure and the accuracy

- of the measurements, we measured the refractive index
of fused silica (G.E. 101) for 10 wavelengths. The results
of this measurement are shown in Table I, together with

TasLE VIIIL. Refractive indices of KDP.

Index in air Absolute index
Wave- Extraordi- Extraordi-
length Ordinary nary Ordinary nary
(u) ray ray ray ray

0.2000 1.621996 1.563315 1.622630 1.563913
0.3000 1.545084 1.497691 1.545570 1.498153
0.4000 1.324035 1.479814 1.524481 1.480244
0.5000 1.514498 1.472068 1.514928 1.472486
0.6000 1.508851 1.467856 1.509274 1.468267
0.7000 1.304817 1.465193 1.505235 1.465601
0.8000 1.301508 1.463303 1.501924 1.463708
0.9000 1.498514 1.461830 1.498930 1.462234
1.0000 1.495628 1.460390 1.496044 1.460993
1.1000 1.492730 1.459481 1.493147 1.459884
1.2000 1.439751 1.4584H3 1.490169 1.458845
1.3000 1.486645 1.457436 1.487064 1.457838
1.4000 1.483381 1.456437 1.483803 1.456838
1.5000 1.479938 1.455427 1.480363 1.455829
1.6000 1.476302 1.454395 1.476729 1.454797
1.7000 1.472459 1.453333 1.472890 1.453735
1.8000 1.468400 1.452234 1.468834 1.452636
1.9000 1.461118 1.451093 1.464555 1.451495
2.0000 1.439603 1.449906 1.460044 1.450308

the indices for fused silica as computed by Rodney and
Spindler.'® The differences between the two values and
the difference listed by Rodney and Spindler for an
unspecified General Electric sample are also shown.

Table II gives the index values for KDP with respect
to air. Table III lists the index values for ADP with
respect to air. The values of the constants 4, B, C, and
D, for the difierent cases are listed in Table IV (a).

By multiplving the observed values at each wave-
length with the index of refraction of air at that wave-
‘ength, the absolute indices of refraction of the cryvstals

'156?)- S. Barker and M. Tinkham, J. Chem. Phys. 38, 2257
:1;'5:\)". S. Rodnev, and R. J. Spindler, J. Opt. Soc. Am. 44, 677
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Fie. 1. Cons)l;uled indices of ADP. Upper trace, ordinary ray.
Curves are dashed in those spectral regions where no actual meas-
urements were made.

were found. The indices of air were obtained from the
table of wavenumbers published by the XNational
Bureau of Standards.!” The absolute values are listed
as calculated values in Table V for KDP and in
Table VI for ADP. Curves were fitted to these data, and
from the constants of these curves the values listed in
the third column of these tables were computed. The
values of the constants A, B, C, and D are listed in
Table IV(b).

Tables VII and VIII give values for the refractive
indices of ADP and KDP at 19 wavelengths with equal
wavelength increments between 2000 A and 2 y. These
data are also shown graphically in Figs. 1 and 2.

ESTIMATED ERRORS

From the accuracies with which the different angles
were measured, we can estimate the error in the final

.60

INDEX
B8
1

1 H 1 H g : ! i 1 {|
/1] 2p
WAVELENGTH

_Fre. 2. Cnn;gute'd indices of KDP. Upper trace, ordinary ray.
Curves are dashed in those spectral regions where no actual meas-
urements were made.

value. The largest errors are undoubtedly caused by the
relatively inaccurate measurement of the angle of inci-

17 “Table of Wavenumbers,” Natl. Bur. Std. (U.S.) Monograph
3 (16 May 1960).
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dence, since it is difficult to autocollimate on the prism
face to better than 27, and by the repetitive process
used for measurement of the angle between the incident
beam and the Littrow mirror. The cumulative error is,
of course, greater than the error of each repetition. We
estimate that our data are accurate to 3X10~%; but
relative to each other the data are, of course, much more
accurate.
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HIS paper considers the ¢ '{’:,)\\3“ b“"’:‘\@ :,\

reflection relations for a « % 0®
medium in a uniform magnetic i @ °
medium will be in the form of a slab
lossless nonmagnetic media. Only o,
portional to the first power of the mag
examined. Voigt'? also has calculated t.
tion coefficients for oblique incidence on
face. Luhrs® discussed the relation betwee
and Faraday effects for normal incidence D
magnetized in the polar direction.

OPTICAL PROPERTIES OF A MAGNETIZE. =
MEDIUM

The dielectric constant tensor for the magnetized
slab is given in Eq. (1). For derivations of this tensor
from first principles for various types of materials, the
reacler may refer to other articles.*—°

* This paper was presented at the October 1962 meeting of the
Optical Society of America in Rochester, New York.

t Present address: American Optical Company, Research Divi-
sion, Southbridge, Massachusetts 01550.

LW Voigt, Magnelo- und Flectro-Oplik (Teubner, Leipzig, 1908).

*W. Voigt, Handbuch der Flektrizitol und des AMagnetismus,
edited by L. Graetz (Johann Ambrosius Barth, Leipzig, 1920),
Vol. IV.

3 (. H. Luhrs, Proc. IRE 40, 76 (1952).

M. Bornand P. Jordan, Elementare Quantenmechanik (Springer-
Verlag, Berlin 1930).
5 1.. Rosenfeld, Z. Physik 57, 835 (1929).
¢ Y. R. Shen, Phys. Rev. 133, A511 (1964).

)]

. That part that falls into N and @ does not con-

“Afibute to a first-order effect.

In the discussion of the equations that follow, the
quantities N, Q, and S are assumed to be real and posi-
tive as for a diamagnetic glass. In general, these quanti-
ties can be complex and Q can be negative. The mathe-
matical results are valid in these cases, although the
interpretations would not apply.

The dielectric constant tensor is substituted into
Maxwell’s equations and a standard optical calculation
is carried out as indicated in Eqs. (2), (3), (4), and (5)
to find the index of refraction:

vXH=1iwexE, 2

v XE=—iwpH. 3)

7 R. Serber, Phys. Rev. 41, 489 (1932).

8J. Halpern, B. Lax, and Y. Nishina, Phys. Rev. 134, A140
(1964).

* P. N. Argyres, Phys. Rev. 97, 334 (1953).
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Returning to the differential path difference intro-
__ducai when the imperfectly adjusted shear plates are
otatel, b is directly proportional to the angle
throuzh which the shear plates are turned. This effect
is made use of in the type of path-difference compen-
sator frequently used in the Rayleigh and Jamin re-
fractometers. Because the shear produced by the shear
plates also varies linearly with their rotation over the
range uzed, the path difference introduced is propor-
tional to the shear s. Thus if the phase of the transfer
function of zn optical system with coma is measured
with the polarizing interferometer by noting the angle
of the analvzer for maximum signal for various values
of x, this is of the form:

6(s) measured= (a+a")s+bs3+ - - -,

where the a' takes account of the differential path dif-
ference introduced when the shear plates are rotated.
1f now 6(s) is plotted against s, then a measure of the
phase distoriion is obtained by the deviation of this
curve irom the straight line which is the tangent to the
curve zt s=0.

It iz not possible to distinguish between @ and 4’ in
the above expression; this reflects the arbitrariness of

TWO METHODS OF MEASURING TRANSFER FUNCTIONS 029

phase measurements. There is no such thing as an abso-
lute phase measurement, because there is no phase
zeras if the arbitrarily chosen phase zero is changed,
the factor “a” in the above cxpression is also changed.
In terms of spread functions the lateral shifts of the
spatial-frequency components are measured relative 1o
the gaussian image point, but that this happens to be a
convenient origin is the only reason for the choice.

It therefore appears that it would not be difficult to
measure the argument of the transfer function for an
optical system in the presence of coma with an inter-
ferometer. The tolerance of X100 previously applied
to the differential path difference introduced by the ro-
tation of the shear plates is unnecessary, although it is
desirable for the differential path difference to be kept
as small as possible, say A/10, so that the phase distor-
tion is at least comparable with the phase shift that is
proportional to s.
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Temperature Variation of the Index of Refraction of ADP, KDP,
and Deuterated KDP*
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The indices of refraction of ADP, KDP, and deuterated KDP were measured at temperatures between
the Curie point and room temperature. The estimated accuracy of the data is ==0.0001. The empirical
equation An= (n*+an-+b)c(298—T) where n is the index at room temperature, An is the change in index,
and T is the temperature in °K, fits the measurements to within experimental error. The values of the con-
s:znts a, b, and c are tabulated for each material, permitting  to be calculated for any temperature.

InpeEx HEADDNGS : Index of refraction ; Nonlinear optics; Filters; Transmission ; Birefringence.

I. INTRODUCTION

HE widespread use of ammonium dihydrogen
phospbate (ADP), potassium dihydrogen phos-
phate {KDP). and deuterated KDP in nonlinear optical
experirtents* has prompted interest in precise measure-
ments of their indices of refraction. Recently Zernike®
reported measurements of the index of refraction of ADP

_* Work supported in part by the U. 8. Atomic Energy Coromis-
sion.

! For a generz! review of nonlinear optical phenomena see N.
Bloemberzen, Nenlinear Optics (W. A. Benjamin Inc., New York,
}?g{g, or P. A. Franken and J. F. Ward, Rev. Mod. Phys. 35, 23

. :
_*Frits Zernike. J. Opt. Soc. Am. 54, 1215 (1964), and correc-
‘ons in J. Opt. Soc. Am. 55, 210E (1965).

and KDP at 24.8°C, accurate to 3)X10~° over the range
2138 A to 1.529 . However, it is known? that at least
one of the indices of refraction of ADP varies more than
2X10~% for a 1C° change in temperature. During the
course of some nonlinear optical experiments which the
author is currently conducting, a need developed for
measurements of the temperature dependence with an
accuracy of 10—, These measurements were accomp-
lished and the results are reported in this paper.
Evans® reported the shift in transmission wavelength
with temperature of a Lyot filter constructed from ADP
for 6562 A at room temperature. From this information

3 J. \W. Evans, in The Sun, edited by G. P. Kuiper (University
of Chicago Press, Chicago, 1933), p. 633.
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the change per C° in the difference between the indices
of refraction at the same wavelength, i.e., the change
per C° in the birefringence, can be calculated as follows:
The condition for transmission through a Lyot filter is

)

where A is the wavelength, m the order number, I the
length of birefringent material out of which the filter is
constructed, 7, the ordinary index of refraction, and
n, the extraordinary index of refraction. The change in -
transmitted wavelength produced by a change in tem-
perature is then given by

d\/dT = (I/m){3(no—n.)/dT

mA=1(ny—n.),

+ (no—n.) (1/)(3}/9T)}. (2)
With the substitution
I/m=X\/(no—n,), 3)
Eq. (2) can be rewritten
d(no—n.)/dT=[(no—n,)/A](d\/dT)
— (no—n.)(1/D)(81/0T). (4)

Evans® reports d\/dT=7.0(A/C°) for \=6562 A and
the index of refraction data? yield no—n,=0.0447. The
second term on the right-hand side of Eq. (4) is negli-
gible compared with the first for characteristic values
of (1/1)(81/dT). Thus a numerical evaluation can be
developed for ADP at room temperature:

d(no—n.)/0T=—4.8X10"* per C°. (3

Zwicker and Scherrer* measured the change in bire-
fringence as a function of temperature at 5461 A for
KDP and deuterated KDP. Their measurements were
from room temperature to 80°K, and showed an ap-
proximately linear relationship except for the region
near the Curie point. Their measurements are (—1.20)
%10~ per C° and (—0.58)X 10~% per C° for KDP and
deuterated KDP, respectively.

Optical second-harmonic generation from ADP,
KDP, and deuterated KDP were measured as a func-
tion of temperature by van der Ziel and Bloembergen.®
From their data, they calculated the change in coherence
length and subsequently the change in differences be-
tween the indices of refraction at the two wavelengths

TasLe I. Dimensions of the prisms used in this study.

Height Sides Prism
Material mm min angle
ADP 413 22.231.8 43° 51" 10”
KDP 271.5 22.8X22.8 594 .55:35
deuterated 13.5 13.5X13.5 59° 54’ 15"
KDP

4 B. Zwicker and P. Scherrer, Helv. Phys. Acta 17, 346 (194).
(‘;&)P. van der Ziel and N. Bloembergen, Phys. Rev. 135, 1662
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Taste 1L Index of reiraction measurements for ammonium di-

hydrogen phosphate, NH;H:POy. The indices are measured with
respect to air. The estimated accuracy of all entries in this Table
is 4=0.0001.
Wave- Index at Increase at Increase at
length 298°K 201°K 150°K
m o "y no ne o 1oy
6907 1.5192 14333 0.0039 0.0002
6138 0.0039 0.0001
6234 1.5223 14775 e . 0.0060 0.0003
5779«  1.5246 1.4792 0.0039 0.0001 0.0060 0.0003
5461 1.5265 1.&(8  0.0040 0.0001 0.0062 0.0003
4916 1.5303 1.4858  0.0040 0.0001 0.0061 0.0003
4358 1.5357 1.4882 0.0041 0.0001 0.0063 0.0003 .
4078 1.5392 1.4912 il cee >
4047 1.5396 1.4915  0.0043 0.0001 0.0067 0.0003
3653 1.5457, 1.4970 0 a8 45
» Weighted-mean of mercary doublet. f
4

6934 A and 3467 A. Their results do not permit the
direct calculation of the variation with temperature of
either the birefringence or of any one index, but do -
serve as a useful check on some of the results of the '
present work. :

II. EXPERIMENTAL APPARATUS

The indices of refraction of ADP, KDP, and deuter-
ated KDP were determined at various .temperatures
with the method of minimum deviation. The prism
angle 4 and the minimum angle of deviation & for each
spectral line were measured with a spectrometer and
visual techniques. The index of refraction was then cal-
culated from the equation

n=sin[6n+ (4/2)]/sin(4/2). (6)

The dimensions of the three prisms used in the present
work are shown in Table I.

The spectrometer was a table-top prism model manu-
factured by Franz, Schmidt, and Haensch of Berlin.

The spectral lines used for the measurements were
obtained from a General Electric type H-4 mercury
lamp and with an Osram cadmium lamp, both operated
according to munufacturers’ specifications. :

The surfaces of the deuterated prism were polished
using a sequence of 13, 6, 3, 1, and } p diamond paste
available from Bueh’er Ltd. Ordinary white bond writ-
ing paper was pluced over an optical flat and used as
the polishing surface, and in the early stages of polish-
ing, alcohol was used as a lubricant. In the late stages
of polishing, lubrication was provided by the carrier of
the diamond paste. The center regions of the surfaces
could be polished flat to within 5 wavelengths. Since the
polishing was done by hand there was considerable roll-
off at the edges of the surfaces. The best regions of the
surfaces were selected by visual examination of re-
flected and transmitted images of a slit and the re-
mainder of the surface was then blocked off. The deuter-
ated sample was supplied by the Clevite Corporation;
they estimate that the degree of deuteration is 90%.
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Fanre 1L Indes of refraction measurements for potassium i
—hydiogen phosphate, KHPO0 The indices are measored with
wpect (o air. The estimated accuraey of all entries ir this Table

L 00001,

Wave- Index at Increase at Increase at
length 198°K 01°K 134°K
maA e ", e ", "y .
6907 1.3032 1.4035 0.0033 0.0022 0.00:47 0.0034
6254 1.3079 1.4672 0.0033 0.0022 0.00== 0.0033
3701 1.899 1.46806 0.0034 0.0023 0.004> 0.0033
3401 1.5117 1.4700 0.0034 0.0023 0.0049 1.0033
4916 1.5152 1.4727 0.0034 0.0023 0.0049 0.0033
4358 1.53200 1.4766 0.0034 0.0023 0.00:8 0.0054
4078 1.5232 1.4792 0.0034 0.0023 0.0039 0.0034
4047 1.2235 1.4795 0.0035 0.0023 0.0051 00033
3633 1.3292 1.4843 0.0037 0.0024 .-

RAFER A CT LN O STy Pt kel

AN PDETERRATED KPP 631

Tanvk V. Values of the constants a, b, « for determining the
temperature change in index of retraction. The constants are de.
fmed by the cquation An (04 an + b 208 7).

d ] 'K 1
o ,-\l)l) BT 2R T e ; T
ordinary —3.0297 2.3004 0.713 1072
extraordinary 0 0 0.675X107¢
KDr
ordinary 0 —1.432 0.402X 104
extraordinary 0 —1.105 0.221 10~
deuterated KDP
ordinary 0 —1.047 0.228 10~
extraordinary 0 0 0.955X10°

Measurements of the indices at room temperature
were obtained by mounting the prisms directly on the
turntable of the spectrometer. Then, measurements of
the change of indices were obtained by placing the
prisms inside a Dewar and mounting the whole a2ssembly
on the turntable. Room-temperature measurements in-
side the Dewar were subtracted from low-temperature
measurements inside the Tewar in order to evaluate the
temperature dependence of the indices of refraction.
In this manner, errors introduced by wedging in the
windows of the Dewar and by misalignment cancel out
to first order. Second-order effects do not compromise
the accuracy of the results.

Fixed temperatures were maintained in the dewar

y using mixtures of solid-liquid chlorobenzene 228°K,
solid COrethyl alcohol 201°K, and solid-liquid methyl
bromide 154°K. A solid-liquid mixture of ethy] alcohol
was used to obtain a temperature near the Curie point
of ADP (148°K). The prisms were cooled for one
hour before measurements were taken. Monitoring of
the spectrum produced by the prism indicated that at
the end of ope hour equilibrium was well established.

III. RESULTS AND DATA REDUCTION

Measurements of the indices of refraction at room
temperature and their increases at lower temperatures
are presented in Table II for ADP, Table III for KDP,

TM::.E IV. Index of refraction measurements for potassium di-
deuterium phosphate, KDsPOy. The indices are measured with
rcsp%cbégtw The estimated accuracy of all entries in this Table
is ==0. 3

Wavelength Index at 298°K Increase at 228°K
in A "o 1", 1o n,
6907 1.5022 1.4639 0.0019 0.0014
6234 1.504 1.4656 0.0020 0.0015
5779 1.5063 1.4670 0.0019 0.0014
5461 1.5079 1.4683 0.0020 0.3
4916 1.5111 1.4710 0.0020 0.0014
4358 15155 1.4747 0.0020 0.0015
4078 1.5185 1.4772 0.0020 0.0014
4047 1.5189 1.4776 0.0020 0.0014

* Weighted-mean of mercury doublet,

and Table IV for deuterated KDP. Of particular interest
is the result that the extraordinary index n, for ADP
exhibits a very small temperature dependence in com-
parison with those of the other two crystals, even though
the ordinary indices vary much the same in all three
materials. This unusually small temperature depend-
ence of the extraordinary index in ADP accounts for
the correspondingly very large temperature effects in
the birefringence of this crystal.

The data presented in this report indicate that refrac-
tive indices can be well represented by a linear function
of temperature over the region under consideration;i.e.,
above the Curie point. This conclusion is consistent with
the indications provided by other authors. For example,
van der Ziel and Bloembergen® show that the differ-
ences in refractive indices have a linear temperature
dependence. In Figs. 3 and 4 of Zwicker and Scherrer?
the birefringence at 5461 A is plotied against tempera-
ture, and the relationship is linear except near the Curie
point. In the present work, we therefore attempted to
fit the data with an empirical formula of the type

An=cf(n)AT. )

We found that the equation fits the data within the ex-
perimental error, using the functions

f (n) =n?+an+tb, (8)
AT= (298°K—T). ©)

The values of the constants a, 4, and ¢ are listed in
Table V.

and

IV. DISCUSSION OF ERRORS

Errors may be estimated from the precision with
which the angle can be measured and the reproducibility
of those measurements. The divided circle of the spec-
trometer can be read with a vernier to 10", which for
a material of #=1.5 and prism angle of 60° corresponds
to a precision of £3X10~" in the index of refraction.
However the measurement of the angles of minimum
deviation could be reproduced only to 30" which corre-
sponds to an error of 10~ in the reported index data.

- -
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Tante VI, Comparison of present work with other reported measurements of the change of indices of reiraction with temperature.

Zwicker &

van der Zicl &
Material Quantity measured Presznt work Scherrer* Bloembergen®
Alnyg 6= Migim)
KDP et 1.1+£0.1x¢107¢ 1.2X107*
AY 4
deuterated A(ftogigp—Meganr) ;
KDP —_— 0.73+0.15%10°8 0.58 10~
AT
A(Mogys3— Measss)® ! :
ADP — 4.040.1 1073 434+03X10°8

AT

* The values for fey: were obtained by extrapolation of the data in Table II.

The reproducibility of the angle measurements to 30”
is larger than the 10” precision afforded by the instru-
ment. The full precision of the instrument was not
achieved principally because of the poor quality of the
prism surfaces which broadened and distorted the image
of the spectral lines making it difficult to locate their
centers. It was quite difficult to obtain flat parallel sur-
faces, because these materials are quite soft and easily
scratched. Pieces can readily chip out of the edges dur-
ing polishing roll under the surface being polished and
ruin the work of a whole afternoon.

An independent check on the present measurements
of ADP and KDP at room temperature is provided by
comparison with the data of Zernike? for which the
stated accuracy is 23X 105, The index determinations
of the present report tend to be uniformly higher than
the Zernike results by 10~* throughout the measured
region of 4000 to 7000 A. One possible explanation of
this discrepancy is that the temperature of the samples
was different in the two sets of measurements by 3C°.
Zernike made his measurements in a room in which the
temperature varied less than 0.3C°. The temperature
of the room in which the present measurements were
made varied 5C° but it was monitored with an accuracy
of 1.5C°, and the data were later corrected to 298°K.
However, it is possible that the temperature of the sam-
ple may not have been equal to the temperature of the
room in either this or in the other reported experiments.
This could occur if thermal gradients existed across the
room or if the sample absorbed heat from the source.
Another source of error that might give a uniform shift
to the results is the measurement of the prism angle.
But a lack of precision in the measurement of prism

angle is not likely to be large enough to account for the
discrepancy. The prism angles were measured by auto-
collimation and were reproducible to 10", which corre-
sponds to a reproducibility in » of B30

An independent check of the accuracy of the measured
change of index of refraction with temperature change
is provided by the data of Zwicker and Scherrert and
van der Ziel and Bloembergen.® The comparison is
shown in Table VI. The agreement with Zwicker and
Scherrer’s data on KDP is particularly satisfying. Van
der Ziel and Bloembergen report a larger temperature
effect for ADP than is reported in this paper. For
example, when ADP was cooled from 298°K to 150°K
they report what would correspond to a change in bire-
fringence of 63X10~* compared to the 60X10~* meas-
ured in this report. However their estimated error® is
+4X10~* so the two measurements agree within ex-
perimental error.

We have concluded that the accuracies of the results
of this report are principally limited by the quality of
the surfaces of the prism and possible temperature -
variations of the prism during the coursesof measure-
ments. We estimate that the reliability of the present
measurements is £=10—%. : 3
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Tunable-ultraviolet generation
by sum-frequency mixing

By F. B. Dunning

MANY APPLICATIONS require tunable, coherent
ultraviolet radiation at wavelengths shorter than
those that can be generated directly by a dye laser.
Typically second-harmonic generation in a variety of
nonlinear crystals is used to produce such radiation
at wavelengths as short as 217 nanometers.
Ultraviolet radiation also can be generated by sum-

Mixing in nonlinear crystals provide effi-
cient uv generation at wavelengths ex-
tending into the vacuum ultraviolet

frequency mixing in nonlinear materials, but
although straightforward, this technique has not
found as wide application as harmonic generation.

Recent studies in several laboratories suggest
that ultraviolet generation by sum-frequency mix-
ing has certain advantages over second-harmonic
generation. Prominent among these advantages are
a broader output-tuning range which extends into
the vacuum ultraviolet and, in many cases, higher
output powers. This article discusses the generation
of tunable ultraviolet radiation by sum-frequency
mixing.

Efficient mixing of radiation at wavelengths A,
and A, to produce radiation at the sum-frequency
wavelength A, given by

1 it 1

2 —

+ e
A] Al A-3
can only occur when the phasematching condition’

nld;) _ n(d) & n(k,)
A, A, A;

is satisfied, where n(}) is the appropriate refractive
index. This requirement can be met in many
nonlinear crystals because of their birefringence.
The phasematched generation of tunable sum-fre-
quency radiation can be accomplished by
simultaneously tuning both input wavelengths or by
tuning just one input wavelength and varying either

the temperature of the mixing crystal or the prop-
agation direction of the interacting beams. The lat-
ter techniques, referred to as temperature and
angle tuning respectively, permit the generation of
tunable radiation either by mixing the fundamental
and harmonic outputs of a single dye laser or by mix- -
ing the output of a dye laser with one of the fixed-
frequency outputs from its pump laser.

The expected output powers with focused Gaus-
sian input beams can be calculated with the theory
developed by G.D. Boyd and D. A. Kleinman.? For
unfocused input beams, the output power can be
estimated using the plane-wave coupled-amplitude
equations.' Under small-signal conditions the output
power P, is proportional to the product of the inpu
powers, P, and P,. The conversion efficiency
P,/P,P,, depends on many parameters, including the
propagation direction of the interacting beams, the
nonlinear coefficient of the medium, the length of
the mixing crystal, and the linewidth and angle of
convergence of the input beams.

Tunable, pulsed uv radiation at wavelengths ex-
tending into the vacuum ultraviolet has been gen-
erated by sum-frequency mixing in ammonium-
and potassium-dihydrogen phosphate (ADP and
KDP)*-” and potassium pentaborate (KB5).5-12

Radiation at wavelengths longer than 246 nm can
be generated efficiently by second-harmonic conver-
sion in KDP and its isomorphs.” Shorter
wavelengths can be produced by frequency doubling

F. B. Dunning is an assistant pro

fessor at Rice University, with joint
appointments in the departments
of space physics and astronomy,
and physics. He received a doc

torate from University College
London in 1969
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Fig 1 Ruby-pumped dye-laser system generates radiation at 240 to 250
nm by sum-frequency mixing. The cover photograph shows this
system being operated by Robert E. Stickel Jr.

in lithium formate monohydrate (LFM) and KB5.
Harmonic-conversion efficiencies in these materials
are typically low, however, because of the strong uv
absorption and low damage threshold of LFM,' and
the small nonlinear coefficients of KB5.'* The
shortest wavelength that can be generated by fre-
quency doubling in currently available materials is
217 nm."™

In certain cases, radiation at wavelengths that
can be produced by frequency doubling can be more
efficiently generated by mixing, resulting in higher
output powers. This occurs when mixing permits
better use of the pump-laser output, a more-efficient
nonlinear medium, or a more-favorable phasematch-
ing angle.

Consider, for example, the generation of intense,
tunable radiation in the range 240 to 250 nm with a
ruby-pumped dye laser. The most efficient way to
produce such radiation is not by frequency-doubling
the output of a dye laser pumped by the ruby laser’s
second harmonic, but by mixing, in a temperature-
tuned 90°-phasematched ADP crystal, the second
harmonic of the ruby laser with the output of an in-
frared dye laser pumped by the ruby laser’s
fundamental output. The latter approach yields
higher output power because it utilizes both the
fundamental and harmonic outputs of the ruby laser,
and because it allows use of an efficient nonlinear
material and a favorable crystal orientation.

The laser system constructed in this laboratory’
to generate tunable uv radiation in this manner for a
series of photoionization experiments is shown in
Fig. 1. Its complexity is comparable to that which
would have been required had second-harmonic con-
version been employed. Temperature-tuning curves
for 90°-phasematched mixing with 347-nm radiation

13

SUM FREQUENCY WAVELENGTH (nm)
240 242 244 246 248

TEMPERATURE (°C)

800 820 840
INFRARED INPUT WAVELENGTH (nm)
Fig 2 Temperature-tuning curves for 90°-phasematched sum-
frequency mixing of the output from an infrared dye laser (bottom
scale) with 347-nm radiation in ADP and KDP

in both KDP and ADP are shown in Fig. 2. As the
figure indicates radiation can be generated across a
considerable wavelength range with a temperature-
tuned ADP crystal, and further refrigeration should
extend the tuning range to about 236 nm as the
Curie temperature of -125°C is approached. UV
output energies of 30 millijoules, corresponding to
pulse powers of about one megawatt, are obtained
with the laser system shown in Fig. 1. Over-all effi-
ciencies to 4% have been achieved for the conver-
sion of ruby-laser radiation to the sum frequency.

780

Pushing to shorter wavelengths

Radiation at wavelengths too short to be pro:
duced by frequency doubling can be generated by
mixing. The wavelength combinations A, and A.
which produce phasematched sum-frequency mixing
during propagation along the b axis of a KB5S crystal,
together with those that produce 90°-phasematched
mixing in room temperature ADP and KDP, are
shown in Fig. 3. These directions of propagation
yield the most efficient uv conversion, together with
the shortest output wavelengths, that can be
realized in each of the materials for a given input
wavelength.

UV radiation tunable between 208 and 234 nm has
been generated efficiently by mixing, in angle- and
temperature-tuned crystals of ADP and KDP, the
fundamental output of a neodymium-yag laser and
the output of a frequency-doubled dye laser.® Be-
cause ADP is particularly sensitive to temperature
tuning, as indicated in Fig. 2, the shortest putput
wavelengths are obtained with a refrigerated
ADP crystal. Wavelengths down to about 202 nm
can be produced by mixing with 1,060-nm radiation
in refrigerated ADP.*

Wavelengths as short as 185 nm, in the vacuum
ultraviolet, have been produced by mixing in KB5.'?
Because KB5S is not strongly absorbing at this
wavelength, or at the corresponding input
wavelengths,'? it should be possible to generate
useful quantities of radiation at even shorter
wavelengths in KB5. Although KB5 has a small
nonlinear coefficient'* its high damage threshold
permits the use of large input-power densities, and
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Fig 3 Wavelength combinations A, and A, which produce phasematch-
ed sum-frequency mixing in ADP, KDP and KBS for the phase-
matching conditions described in the text

as a result sizable output powers can be
obtained,'®!! Efficiencies of about 10% for the up-
conversion of ultraviolet input radiation to sum-
frequency radiation have been realized in KB5 when
the interacting beams propagate along the b axis.”"!

Tunable ultraviolet radiation also has been
generated by mixing in angle-tuned KB5 crystals.
Radiation tunable between 197 and 199 nm has been
produced, with peak powers to 40 kilowatts, by mix-
ing the fourth harmonic of a Nd-yag laser with out-
put of an infrared dye laser.'® In other investiga-
tions radiation tunable between 201 and 212 nm has
been produced by mixing the fundamental output of
a ruby laser with uv radiation from a frequency-
doubled dye laser,” and intense 207- to 217-nm radia-
tion has been generated by mixing the fundamental
and second-harmonic outputs of a high-power dye
laser."' These studies show that angle tuning in the
ab plane provides a considerable output tuning
range, although the uv conversion efficiency
decreases rapidly as the angle between the interact-
ing beams and the b axis increases.

CW ultraviolet generation

Continuouswave radiation tunable across a wide
wavelength range may be generated simply and con-
veniently by mixing the output of a commercial ew
dye laser with various output lines from an argon- or
krypton-ion laser in a nonlinear crystal located out-
side both laser cavities. Because ion lasers provide
lines at wavelengths between the ultraviolet and
the infrared, a wide range of sum-frequency
wavelengths can be obtained without changing the
dye or optics in the cw laser and without use of the
less-efficient coumarin dyes. For example,
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Fig 4 Tuning ranges obtained by mixing the output of a rhodamine 6G
laser with selected ion laser lines.

wavelengths between 211 and 406 nm can be pro-
duced by mixing the output of a rhodamine 6G dye
laser with selected lines from an argon- or krypton-
ion laser, as shown in Fig. 4.

CW radiation continuously tunable between 257
and 357 nm has been generated in this manner,
using a rhodamine 6G laser, by mixing in angle-
tuned crystals of KDP, ADP, rubidium-dihydrogen
phosphate (RDP) or ammonium-dihydrogen arsenate
(ADA).'*'” Representative output powers obtained
both by frequency mixing, and by direct frequency
doubling of the output of the rhodamine 6G laser, in
these crystals are shown in Fig. 5 as a function of the
output wavelength, together with the correspond-
ing phasematching angles.

Because UV conversion efficiency is highest for
phasematching angles 8 close to 90° the best choice
for a mixing medium depends on the output
wavelength required. The efficencies realized under
optimum focusing conditions? in the different
crystals (each 25 millimeters long) were approx-
imately equal at the same phasematching angle.
Typical values, which range from about 10-° per
watt at 8 = 90° to about 5x10-* W-' at 8 = 60°, are
included in Fig. 5. These efficiencies are sufficient
for generation of output powers in excess of 0.1
milliwatt across a significant wavelength range
given the input powers typically available from
rhodamine 6G and ion lasers.

Continuouswave radiation at wavelengths
shorter than 257 nm has been obtained by mixing in
an angle-tuned KB5 crystal.'® Radiation tunable be-
tween 211 and 215 nm has been produced by mixing
the output of a rhodamine 6G laser with the 334.5-
nm line of an argon-ion laser. Radiation extending to
about 233 nm can be generated in KB5 by mixing
with the other ultraviolet lines of an argon-ion laser.
The uv conversion efficiencies obtained are low, less
than 10-* W-!, because of the low nonlinear coeffi-
cient of KB5, but output powers in excess of 10
nanowatts have been realized."

Higher output powers can be obtained in certain
wavelength intervals with dyes other than
rhodamine 6G. For example, mixing the output of a
rhodamine 110 laser with the 351.1-nm argon line
provides higher powers in the range 213 to 217 nm."*
The choice of the best dye to use to generate a par-
ticular range of ultraviolet wavelengths depends on
such considerations as the efficiency of the dye, the
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Fig 5 Representative data for the generation of ultraviolet radiation by
extracavity second-harmonic conversion and sum-frequency mixing
using a rhodamine 6G laser. Solid line is KDP, dashed-and-dotted line
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intensity of the ion-laser lines with which the dye-

laser output must be mixed, and the uv conversion
efficiency possible with a particular combination of
input wavelengths. Many nonlinear materials are
available besides those which have been employed
in cw mixing studies to date, and their use should
also be considered.

As is evident from the above discussion, sum-
frequency mixing can provide both pulsed and cw
coherent radiation across an extended range in the
ultraviolet. Because of this, frequency-mixing
techniques are worth consideration in any applica-
tion requiring a source of tunable uv radiation.
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