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Summagz

The production of tunable high power infrared radiation has num-
erous important applicatious, including laser induced chemical reac-
tions, isotope separation, and high resolution spectroscopy. Our goal
is to produce a powerful wavelength~tunable infrared laser system cap-
able of operating throughout the 2y + 20y region of the spectrum.

Our work has emphasized nonlinear optical methods of transform.ng
the high spectral brightness of fixed frequency and tunable dye lasers
iﬁto regions of the infrared previously devoid of suitable high power
wavelength tunable sources.

We have gsuccessfully demonstrated the use of rotationaily-twinned

nonlinear crystals to achieve periodic phase matching for ruby laser-

dye laser difference frequency generation. The tuning range spanned

the infrared from 3y to 21.5u using ZnSe. An enhancement of 250 in
the infrared power was achieved with ZnSe containing randomly spaced
tvins. Experiments have been initiated to investigate the possibility
of producing regularly-spaced rotational twins; regular twins should

€llow kilowatts of power to be generated across the entire 2u-21u region

of the infrared.
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A preliminary study of the saturation characteristics of the
mixing efficiency suggests that free carrier absorpiicr due to carriers
produced by two photon excitation by the ruby and dye lasers is the
cause of this saturation. This effect is of considerable importance
as it may be responsible for the lower than expected conversion effi-
ciency of proustite and other materials which have band gap energies
less than two times the energy of the pump laser photons.

We have identified 12 gui:able 23m crystals for frequency-doubling
C02 lasers using rotational twins to achieve periodic phase watching.
These materials are aiso suitable for other nonlinear mixing experi-
ments involving powerful laser pump sources in the 3u-20u region.

Further characterization of the wavelength tuning regions of near-
infrared laser dyes has been completed. The effects of optical pump-

ing geometry have been studied for ruby-pumped dye lasers.
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Research Program

1) We have continued our investigation of the use of twin
planes for reversing the sign of the nonlinear polarization in Zinc
Selsnide. In particular we have finished our initial study of the
use of naturally twinned Zinc Selenide in a difference frequency
generation experiment using a ruby laser and ruby-pumped dye laser.
Particular attention has been given to absorption caused by carriers
created by two-photon absorption.

2) A preliminary study of the suitability of a variety of Z3m
materials for 10.6u second harmonic generation has been made.

3) A series of commercially available dyes have been tested on
an end pumped ruby-excited dye laser. This series gives coverage ic
the rsgion between 834y to 1.081u. The latter figure is the longest

wavelength achieved with a ruby-pumped dye laser.

Accomplishments

A) I.R. Difference Frequency Generation. A paper Enhanced Non-

linear Optical Effects in Rotationally Twinned Crystals by C. F. Dewey

Jr. and L. 0. Hocker has been submitted for publication by Applied

Phylicn_}cttcrn. This paper reports difference frequency generation




in twinned ZnSe, work done during this reporting period and also the
final six mouths of ARPA Contract DAHCO4-71-0049. A preprint of this
paper is included as Appendix I of this report.

Work has continued on the power saturaticn effect mentioned in
the last paragraph of page 7 of Appendix I. This effect is of substan-
tial importance as theory predicts that the conversion efficiency in
the difference frequency generation experiment should improve as the
input beams are more tightly focussed into the sample until either the
bulk or the surface damage threshold of the material is reached. It
was found that difference frequency generation appeared to saturate
and even diminish as the power level was raised above 10 Mu/cmz, long
before the bulk or surface damage threshold for the material was reached.
We feel that this saturation is due to absorption of the infrared rad-
iation by the carriers produced by two-photon absorption of the ruby
and dye beams. Since the absorption should be proportional to the
carrier density; by measuring the conductivity of the sample during t.e
laser pulse we can obtain a measure of the absorption. Figure lA
shows the conductivity of a ZnSe Crystal versus Ruby laser power density.
The initial linear rise of the curve is probably due to ome photon
absorption from impurity levels. At power levels above about 1 Mw/cm2
the conductivity increases as the square of the laser power and is
ac.ordingly due to a two-photon process.

The dependence of the radiated difference frequency power on the
total Ruby laser and dye laser power density can be determined readily.

Let us consider separately the two limiting cases of the carrier life-
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time (7) being much shorter than the lager Pulse width (6) and the

carrier lifetime being much longer than the laser pulge width. 1In

both cases we will consider the laser power outputs to be constaat
and vary the degrees of focussing.

In the case with Do absorption
P

the infrared difference frequency power detected would be linearly

dependent on the total laser power density P,

For the cage 1 << § the carrier density in the sample is local

" power density at ths instant,

and 2ccordinglv this absorption c.oeffi-
clent (y) i1 given by

Y-alP+aP2

5 (1)

The infrared Pover outside the crystal o

f length L is then given

by

2
=(L-x)(a,P +a_p )
1 4 dx (2)

L
P
IR o L

We assume a Square wave lager Pulse so EIR’ the total ].R. enelgy pro-

duced is Proportional to PIR’ Integrating (2) then gives

P -(alP + asz)L
IIIHPIEE“—'—-—-——— l-¢ ] .

(3)
2
(lll' +12P JL

We know that a,P s asz at 2 Mvr/cm2 from Figure 1A, and accordingly
besides the Proportionalicy constant,the only unknown in equation (3)

ie '2' We chose that valus of a

2 that gives the peak of PIR for a P of

8<
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10 Pﬂ/c-z. Equation (3) thus normalized is plotted in Figure 1B.
For the case v >> § the carrier density is proportional to the

time integral of the local power density; accordingly

t t 2
Y(t) = [ alp(t')dr.' +/ a,P t')de'
o o

dx dt . (5)

L
s P(Lr.) e-(L‘X)Y(t)
o

If ve assume a square wave laser pulse, and recognize that the azPZ

term will dominate the absorption, equations (4) and (5) can be inte-

grated to give

6 [1-e
Eg P J

2 ] dt
o LazP t

This integral has a series solution

J
(LazPOG)

Choosing the proportionality constant and azd to give the peak
energy out at the same laser input power as in the first case gives the
dashed curve in Figure 1B. The sum in equation (7) converges slowly
for lzPoé >> 1. For example the point at 30 Mw/cm2 required 60 terms

to give a 12 accuracy.




It is interesting that the two limits both predict a peak in the
I.R. energy, in qualitative sgreement with that observed in che labor-
atory. However, other experiments will be required to deteiminz con-
clusively whether the carrier abso:ption is responsible for the early

saturetion of the I.R. conversion efficiency.

B) 2-3. Crystals Suitable for 10.6u Frequency Doubling. Twelve

-40'.3,, Raterials vere chosen for their appropriateness for 10.6u frequency
doubling. These materials along with their transmission ranges, refrac-
tive indices, 10y doubling coherence length and nonlinear coefficients
ere shown in Table I. The figure of merit shown in the last column is
proportionel to the 5u power one vould expect to generete in if crystals
vere made of eech material with a fixed number of twiae appropriately
spaced. This tends to emphasize those materials that have long coherence
lengths for the 10y frequency doubling process. The unusual combina-
tion of a long coherence length and a high nonlinear coefficient makes
Gasb look very promising for this process. Experimental work on these

crystals awaits availebility of suitable crystals.

C) Experiments on ruby laser pumped dye lasers have been conducted

to determine the effecta of dye laser pumping geometry on the tunable

spectral range of each of several near infrared dyes. Three cavity

geomstries were compared: side-puaped, end-pumped, and angle-pumped.

Comparison was made to flashlamp-pumped (with an elliptical cavity)

operation reported by Webb et al. of Eastman Kodak. For Dye #940

|
:
:
|
:

(Kodak #IR-125), the reaults were as follows:
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Tuning Range (nm)

Ruby Laser Pumped In DMSO In HZO-Sutfactant
Angle pumped 840-940 -—-
Side pumped -— 860-940
End pumped 847-967 860-930

Flashlamp Pumped

Elliptical cavity 924-952 R,

Grating-tuned operation to wavelengths as long as 1081 nu has been

achieved.
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Figuro 1A. Conductivity of ZnSe observed during laser pulse vs.
Ruby laser power. Note the conductivity is propor-
tional to P for low powers and P2 for high power levels.
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. overlap for power less than 10 Mw/cm®.
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APPENDIX I

ENHANCED NONLINEAR GCPTICAL EFFECTS
IN ROTATIONALLY TWINLED CRYSTALS*
by
C. ¥, Dewey, Jr. and L. 0. Hocker

Maseachusetts Institute of Technology, Cambridge, Mass. 02139

Abstract

We have produced continuously-tunable infrared radiation between
4im and 21m by mixing the outputs of a ruby laser and a ruby-punped
dye lager in a single rotationally-twinned ZnSe crystal. The peak
output power of 5 watts at 4;m is approximately 250 times larger than
the power obtained from an untwinpud Zpse crystal of comparable leugth

This enhancement is attributable to randomly-spaced rotational twin

planes perpendicular to the direction of propagation. Rcgularly-

spacad twins should produce an enhancenent proportionsl to the square

of the number of twin planes.

* Research supported by the Advanzod Recearcn Projects Agency
under grants DAHCO4~71-C-0049 and NOO14-67 -A--0204-0092.
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The use of morlinecar optical materials to transfer the high
spectral). brightness of a laser from one wavelength to another has been

studied in great deuﬂ..l'z

Frequency doubling, parametric oscillation,
difference-frequency generation, and ovher higher order processes in
ponlinear crystals have received particular attention. In order that
these processes be efficient, the nonlinear crystal must be transparent
at the wvavelengths of interest, have a high damage threshold, possess
high ronlinear coefficient, and be phase-matchable for the mixing
srncesses employed. Experience has shown that the necessity to gatisfy

all four criteria simultaneously severely restricts the choice of

acceptable mmterials.

The most common method of achieving phase matching is to utilize
nonlinear crystals exhibiting birefringence such that, by apprepriate
orientaiion of the crystal axes relative to the direction of pro.agation
of the optical beams, the birefringence exactly cancels tha dispersion
over the length of the crystal. An alternative approach wan suggestad
by Bloembergen in 19623 and investigated experimentally by Boyd and
Patell‘ in 1966. In cubic crystals which have high nonlinear cocfficicats
and damage thresholds as well as large regions of optical transparency,
phase matching can be achieved by using a number of thin plates of the

material oriented such that the sign of the nonlinearity reversec from

plate to plate. A corollary technique is to construct a couposite

17<
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ma terial exhibit ing periodic variation of the
coaffinient>r 678

onlinear optical

These approaches have not been exploited to

any siznificant degree. It heg proved difficult to pProduce a

large number of thin elements having the Proper thickness, orientatioa,

and optical qualicy,

We have recognized that there 1s a mturally-occurring Phenomenon

in cubic Crystals which may be employed to achieve periodic phase-

metching, Rotational tvin planes can be described as the intersection

of two segments of & crystal which are related by a 60° rotation.about

An optical beanm Propagating in the 111 direction in a
cubic crystal containing rotational twing
of

the 111 axis,

pPerpendicular to the direction
Propagat ion will experience a reversal of the direction of the

monlinear polarization at each twin boundary. Thig arises becavse the

onlinear polarization rotates twice as fagt

88 the linear polarizltion,
but in the opposite direction; i.e., a 60°

rotation of the crystal leads
to & 180°

rotation of the direction of the mnlinear polarization, Thus

an electric field applied Perpendicular to tha 111 direction produces

& nonlinear Polacization whose component perpendicular to the

Points 1in opposi:e directions on the two sides of 3 twin Plane. The

nonlinear optical properties

of a crystaul contaiaing rotational twinsg are

equivalent to those of a atack of optically.contacted and oriented plates

111 direction




of thicknesses equal to the twin plane spacing. Consequently, periodic
phase matching of the type originally sugpested by Blocmbergen3 can be
achieved in a single crystal containing regularly-spaced rotational

twins,

For a finite coherence length the net polarization in an untwinned
plece of material follows the circle9 shown in Fig. la. llere I:i is
that component of the radiated electric field in phase with the non-
linear polarization at the beginning of the sample and Eq is the
quadrature component. The position, 8, on the circle is simply nx/lc
where x 1s the distance into the sample aleng the direction of propa-
gation, and Rc is the coherence length. TFig. 1b illustrates the case
where twin planes occur at lc, ZRC, 32C, +++ At each plane the incre-
mental field reverses sign, but continues to de hase at the same rate.
The dotted line shows slanes at x = %-Qc, % lg. ] lc «.., the plate
separation suggested as most desireable by Bloembergen. Inasmuch as

-
the magnitude, not the phase, of E determines the nonlinear optical

power, these two spacings give nearly identical results.

Normal methods of crystal growth produce rotational twins with
uneven spacing. For twin separations of the same order as Zc, but of
otherwise random lengths, the electric field changes in the mauncr of a

complicated random walk as in Fig. lc. If the spacing is large compared

19<




to lc’ the electric fleld changes ecccording to Fig. 1d. The magnitude

of the net electric field after traversing N twin planes of random

- A e ¥ .
spacing larger than about 0.5 2c is |E| N (Nbo) , where Lo is the

electric field produced by a slal: one coherence length thick. Inasmuch

as the power radiated by the nonlinear polarization is proportional to

s 3
|E|2. the nonlinear optical power radiated from a randonly-twimed

sample will be greater than that radiated by an untwinoed sample one

coherence length thick by a factor equal to N. A crystal with

regular twins separated by an integral number of coherence lengths

would exhibit an enhancement of radiated power proportional to Nz.

To demonstrate the enhanced nondinear effects which can be obtained

{n twinned crystals, we have generated {nfrared difference-frequency

radiation in a piece of randomly-twinned ZnSe. The experiment exployed

a Q-switched ruby laser and & ruby-pumped dye laser as the two mixing

beams in'a configuration origirally reported by us in 1971 The

ZnSe crystal containad about 150 parallel twin planes perpendiculaz to

the 111 direction with separations greater than 2um, of which sbout hailf

were greater than 20um. The separations are measurable as the twin

planes can be essily identified from the side of the crystal (cee ¥Fig. 2).

The coherence leangth for these experimants ranged from 2um to 10um

depending upon which IR difference frequency Vaé being genercted. We

; 2
would therefore expect apcut a factor of v 107 improvexent over an

untwinned sample one coherence lenzth thick.

20<




The laser dyes uned were DTTC, DOTC, and DTDC11 in DMSO and

aquooul-lurfacnn:n solutions. Difference-frequency generation
was observed over the wavelength raage 4um to 2lum, with a peak
pover of about 5 watts at 4yum and about 0.5 watts at 2lym. The
decrease of power at longer wavelengths is attributable in part to
a 1ecrease in dye lsser power from DTDC mixtures, and in part to a
decrease in ths number of twin planes larger than n SSLC (9.c ~ 30um
st a vavelength of 21um). 'The ratio of infrared power to dye laser
y/Ver, Pu,/Pd, wvith random twins is proportional to Nl_z/ A:er; for
ruby laser-dye laser difference-frequency generation in ZnSe, E.C
increases nearly linearly with A:Lr so that PLr/Pd would be expected
to be approximately indepencent of wavelength if the effective vilue

of N were constant.

When an untwinned ZnSe crystal s substituted for the twioned
mixing crystal, apeak.power of 1 W was obeerved at 4uz. The
untvinned specimen was slightly wedged 80 that ro Maker fringes werc
observed. Ths infrared power from an untwinned plane-parzllcl slab
at a fringe maximum wuld therefore be 2 oW, or 250 times exzller thon
that measured using the twinned crystal. This value 1s in rcuconmable
agreement with the enhancement factor of 150 pred cted for & raadom

walk process with 150 twins larger than 0.5£c.

21<




Confirmation that the observed s3ignal was indeed the difference
frequency was dore in the usual manner—--by tuning the infrared output
wvavelength through the narrow passband of a multilayer dielectric filter,
observing absance of the signal whcon either the ruby or dye beam was
blocked, und seeing the disappearance of tle signal when the IR wave-

length was tuned into the ZnSe absorption edge at 22um.

All of the above experiments were performed with a surface power

density of alout 10 W/cmz. Using this power density, an overlap area

of 0.l cnz , the nonlinear coefficient of Soref and Mooa!

3, and the
coherence length appropriate to 4um mixing, we find that the untwinned
crystal produced about 1/4 of the power predicted by theory. Such
discreparcies are irequently observed in mixing experiments of this
type. In this experiment, increasing the power density by focusing
did not ircrease the IR power even though the input power density was
substantially below bulk or surface damage thresholde. This could be
explained if the IR power was being absorbed by free carriers produced
by the intense ruby and dye beams. Carriers can be produced either
by direct excitation of bound impurities or by two-photon excitations

14,15,16

acrcss the band gap. Further investigation of this

effect and its relation to second-harmonic generation is in progress.17




In conclusion, the effectiveness of using rotatioml twinning
as a means for changing the phase of the moniinear polarization inside
the crystal has been demonstrated in ZnSe. Practical systems capable
of producing large uwonlinear optical conversion efficiencies must
avait the development of techniques for producing twins with controlled
spacing. Additiomal cubic crystals which show promise for nonlinear
mixing processes with both regularly and irrecgularly spaced twins
include Ga8b, CdTe, IpAs, GaAs, ZnTe, InP, GaP, ZnS and the copper
hailides. We have also found that free carriers produced by two-photon
absorption in soms crystals may present a lower power limit for dif-
‘ference-frequency generation than either bulk or surface damage

thresholds.
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FIGURE CAPTIONS

Figu = 1
Plot of amplitude and phase of the net differemce frequency elcc-

o

tric field for: a) untwinned crystal O = %x_ t b) regularly
c

twinned crystal with twin spacing = R,C’, ¢) randomly-twinned

cryetal with twin epacing < !.c’, d) randomly twinned crystal

with twin spacing > Zc. The distance along the path from the

origin is proportionmal to the distance into the crystal.

Figure 2
Magnified section of the ZnSc crystal showing the twin planes.

The 111 direction is in the plane of the figure and perpendicular

to the twins.
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