1.

TN g

UCRL-19059

v

KEL = VED
A 7iRENCE

CADIATION LESORKTORY
oct 22 1909

ND
\_\BRAR; 2 ccTioN FAR-INFRARED GENERATION BY
DOCUMENT NONLINEAR OPTICAL INTERACTION

Dillard Wayne Faries
(Ph. D. Thesis)

August 1969

AEC Contract No. W-7405-eng-48

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545
- _J

LAWRENCE RADIATION LABORATORYSS
UNIVERSITY of CALIFORNIA BERKEIEY

6S061-T9DN



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



iii
Contents

ADSETECE + v o e e e e e e e e e e e e e e e e e

I. Introduction. v v v o« o o o o o« ¢ o o o o 2 o o o

Y II. Experimental ApparatuUS. « + « « « o o o & o & o »
A, L8SErS. v ¢ 4 + 4 4 4 s e e e e e e e e e e
B. Synchropization of Pulses. + v ¢« ¢« ¢« ¢« o« o o
C. Operation of the Laser at the R, Transition. .
D. Normalization by Sum-Frequency Generation. .
E. Complete Experimental Set-Up. . . . . . . . .
ITI. Tﬁeoretical Apparatus. . + . . . . . c e e e
IV. Results of Expefiments and Compairson with Theory.
\v A. Summary of Experimental ResultS. . + « « + o .
B. Compérison with Theory. . « + « v o« o o« o o &
c. Discussion. B T T
Acknowledgments. « 4 ¢ i v 4 s 4 e s s s e s s e e s s s
References. « ¢ v v v & e v o o o o s o o o o o o e o o
4
iy

{)

33

.35

38
57
57
65
77
.81
82



FAR-INFRARED CENERATION BY NONLINEAR OPTICAL INTERACTION
Dillard Wayne Faries
Department of Physics, University of California
and
Inorganic Materials Research Division,

Lawrence Radiation Laboratory,
Berkeley, California 94720

ABSTRACT

Tunable narrow-band far-infrared generation by nonlinear optical
mixing is achieved for the first time. Two ruby lasers, simultaneously
Q-switched by a single rotating prism, and operated at different
temperatures are used as priméry sources. The laser beams, with typical
peak éower of one megawatt in an area of 0.2 cm2, a divergence half-angle
of 1 to 2 mrad, and a pulse duration of 30 to 50 nsec, are combined and
mixed in a nonlinéar erystal, primarily lithium niobate (LiNbO3). The
nonlinear polarization_at the difference frequency induced ih the
ciystal'acts as a soﬁrce for generating far-infrared. Tunability from -
1.2 cm—l to 8.1 cm-l and from 21'vcm-l to 37 cm‘-l is achieved by vérying
the lasing téméérature and selective Q-switching of either Rl or R2
transitions. The ouﬁput power 1s increaséd by phase-matching. Peak
powers up to about 20‘milliwatts are achieved. Variation of power with
deviation from phase-matching is measured. The far-infrared radiation
is analyzed with a far-infrared Fabry-Perot interferometer, yielding
velues consistent with the difference of the two ruby laser frequencies.
Calculations for the power output iﬂcluding effects of laser mode-struc-
ture, absorption, birefringence, boundary conditions and phase-matching

are presented and compared with experimental results.
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I. INTRODUCTION-

The métivation for difference frequency generation of electromagheticl
rediation in the far-infrared region is twofold. Firstly, it offers

the ppssibility of providiﬁg a useful source of radiation for spectroscopy
in thé far-infrared. Secondly, the nonlinear far infrared difference
frequénéy generation has onl& been sparingly stﬁdied and needs to be

placed on a firm foundation both experimentally and theoretically. The

‘common motivation involved is a more complete understanding of the .

nonlinear interaction of electromagnetic radiation with matter and thus
a better understanding of the nonlinear optical properties of matter.

Wé will be primarily concerned with the nonlinear optical proceés
of difference frequency éenerétion itself. This involves interaction
of three electromagnetic waves in a crystal, two high frequency waves
(in. our case, visible light) and one far infrared wave at the difference
frequency of the two visible sourcés. This is clésely related to other

2 (electro-optic effect, sum-frequency generation,

nonlinear processes
parametric proceésesj which have Eeen studied much more'éxtensively.

In principle, the study of difference frequeﬁcy»generation should

yield informationvabout the nonlinear material at energ& levels
correspondirng to both the high frequency and low frequency waves. In
practice, spectroscopic measurements using only one frequency can often
yield more information more easily. (The information obtained by

the two different methods is generally rot redundant because different.

selection rules apply to the two cases.) Thus, in the long run, the

use of difference frequency sources for spectroscopic sources may be

the stronger motivation. However, we will spend very little time on
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this aséect.

"Exploratofy spectroscopic studies in the region between 0.05 and
3 mm in waveiength [3 to 200 cm_l in wave nuﬁber] began more than 50
years ago but progress has 5een greatly impeded by the lack of suitable
brigﬂt sources so tha£ the specfroscopy here has lagged well behind

that in other parts of the spectrum."3

Thefe is certainly no lack of
transitions in this region'of the spectrum:‘ magnetic levels (e.g.

¢yclotron resonance of electrons with small effective mass), phonons,

vibrational levels.of larger molecules, rotational levels of small mole--

cules, crystal field splittings, energy gaps in supercon&uctors, etc,
The primary'soﬁrces, mainly used in othef:regidns of the speétrum, are
not entirely satisfactory‘when extendéd into the far;infrared. Electron
beam devices such as the klystron, magnetrpn, etc., are useful for

low frequencies. Their efficiency falls off rapidly with increasing
frequency. With considerable trouble, electron beam de?icesAhave been
able to extend to 2S_cm—l. By using harmonic generation (multiples

of the fundamental frequency), one can obtain Higher’frequencies with
resultant greaf loss.of efficiency. An additional disadvantage is the
limited tunability of the frequency (= * 5%). On-the other hand, hot-
body sourégs are uséful for high frequencies. They produce broédband
radiation, whose power spectrum falls off fapidly with decreasing
frequency. For example, a perfect black Body of - surface area 1 cm2 and

temperature of 5000°K will do quite nicely for lighting a room,

radiating approximately 1000 watts of radiation, much of which is visible,

but it delivers only about 1 milliwatt in the entire range from

0 to 50 cm-1 into a solid angle of 2mw. ‘By contrast,vdifference

B
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frequency genération is capable ofrprbducing peak poweré of milliwatté
inlg smailer solid ahgle Wifh frequency bandwidth on the order of 0.0l'cm-l.
Thus, we can see some‘of.the'poténtial ofvthis method. Let us turn
now té a brief introduction toithe'nonlinéar process.

.It,is usually . assumed that away from rééonance, the polarization
3 is iinearly broportionai to the appliéd electric field E: ; = XE '
where X is, in general, a fenSof; iOne wéuld not expect thé lihearity!
to be good atwail field sffengths,_particularly'as ﬁ beéoﬁes non-negligible
compared with the atomic electric fields. Thus, one should expect an

o >
expansion in higher powers of E should be appropriate. The first-order

- nonlinear term implies frequency mixing because a product of two different

frequency components yields frequencies which are linear combinations
of the applied frequencieé, namelj sum and difference. Quantum mechani-
cally speaking, differénce fréquency génération meaﬁs a loss of a high
frequency photon and a gain of a slightly lowerrf?equéncy phqton with the

creation of a difference frequency photon. In particular, let us consider

two discrete frequency components in plane-wave form

Ei(?,t) =1/2 [Ei exp(ik;z - tw;t) + c.e.l i = 1,2, (1)
This will result in a polarization of frequeﬁcy'ml - w,
>NLS _ (2) * _ . . |
P (wl w2) =1/2 [%D Elge exp[l(kl - k2)z - 1(wl - wz)t] + c,c]

(2)

and a polarization of frequency wl + W,

B0, + w2)v= 1/2 [xi2) §l§2 expli(k, + k2)z‘— i(wl + w2)t]b¥ c.éJ

1
(3)



'

We expect such polarization waves to create new fields at the new
fréquengieg. In particular, if wl'= w2, we get the second harmonics,
and the dc fie_ids.5 "Higher-order nonlinéar termsiwill, in general, give
aﬁy linear combiﬁation (with integral coefficients) of frequencies o
involved, e.é. 3wl - 2w2. These terms are mgch smaller and can usually
5e iénored._

Consider now only the difference frequency generation. We may
note from EqQ:(Z).that the wavefvector-and thus the phase of the polari-
zation wave at wl - w2 is determined by fhe wave-vectors of light at

w, and wé. On the other hand, the wave-vector of the propagating

radiation at the difference frequency is determined by the index of
refraction of the medium at frequency wl - w2. These two wave-vectors

at wl~¥ w, will, in general, be different because of dispersion. The
result is that the polarization wave and the radiation will be alter-
nately in phase and out of .phase as they propagate through the medium.

This results in an oscillatory behavior of the power generated as a

function of the ﬁhickness of the generating medium. If w

17 %7 .
w . . -+ -+ -> - k
and k = wn(w), then we may define a momentum mismatch, Ak = k -k, - k.

By using the birefringence of a crystal to compensate for the dispersion, ’

" we can make Ak = 0, a worthwhile accomplishment as we shall soon see.
Assuming 2 monochromatic wave in a non-magnetic (u =1) current-free ' "
medium, Maxwell's equations easily reduce to the wave equation |

> 2-»A | | ' ‘
Fx¥xE-5T=0. . (%) ;
o |

-2
The displacement vector D is given by
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- € and Xp

D= E + 4Pl 4 LRl = EF + lHTPNLS

-+ NI, - _ . :
W.here»PL and PNL are linear and nonlinear polarizabilities, respectively,
INLS . . e 2L > |
and P 7 is given by Eq. (2), with P being swept into the €E term and

any local field corrections being swept into thensusceptibilities
) L A . . : :
but simplifying assumptions: (1) infinite plane waves propagating in

the z-direction, E(r) = lla(g(z)elkz +c.c.); (é) 7.8 = 0; (3)

=22 << & ; (h) &(0) = 0; (5) nbnlinear medium of length £ with no

dlscontlnulty in g, 1. e., no reflectlons at boundarles, (6) € is a

-scalar (7) k is real, i.e., no absorptlon and (8) the beams produc1ng

the nonllnear polarization are not depleted, thus leav1ng PNLS with

no z-dependence other than phase. ASsumption (3) means physical’y that
the rate of growth of the amplltude & with z does not change drastically
within a wavelength All of these assumptions give us a 51mp11f1ed
case for estimating'the generated pewer as a function of input powers,
frequency, momentum misnatch, ané length of crystal. .From assumptione

(1) and (2), Eq. (4) can be immediately transformed to

2 - _2 2 : S
3 = ew = - Lww" 2NLS
- = E - 5 E = - > P ) | (ga)

9z~ - c- . C

which is a wave equation with the nonlinear polarization>wave acting as
a driving force., Making the substitutions and ﬁsing assumption (3), we

immediately obtain

a§ vl 3(2) *
B Xp s B8,

C2

ik = exp(idkz). S .(Lb)

(see Ref. 1, p. 68-69) - Let us make the following non-essential



Upon integration and squaring the absolute Value, we obtain the power
oufput to be proportional to

"8|2 - 88* _ 21Tw2\ e’l (2)l2 ]8 |2 |8 12 22 sj:nz(%)
| N kce‘) Xp b 1%

Thus we get power output proportiorial £o>(l) the square of the frequency,
_(2) the product of ‘the powér_of‘two input- sources, (3) the square of‘

a nonlinear sgsceptibilit& and (k) tne s@uare of the length of the
nonlinearAmeﬁium, pfovidéd Ak = 0. For Ak ¢ > 2m, the power output is
down considerably. The case of_Ak*d shows-thé oscillatory behavior
mentioned earlier.

Thé implications aré.clear. Thé dependénce on the power of the
input'sources, coupled with the sizé of the nonlinear susceptibilities,
implies a requirement of high power not sati;fied until the advent of
the laser. The frequency dependence, aided considerably by the fact
that high frequen;y photons carry more energy and are thus more easily
detected, méans that high;frequency producéion,'e.g., sum frequencies
or larée difference fre@uenéies, is a ﬁuch easier task. On the very
low frequency end, detection is again very good where one can use
waveguides'and rectifiers. Thus the difference frequency generation at
3 GHz, the frequency séparation of“two axial modes of a ruby laser, was
seen quite early8 as was the visible difference frequency between the
ruby laser and the 3115 A® line of a mercury discharge.9 In spite of
the difficulties, the far—ihfrared region is very enticing because
tuning thé highufrequency.inputs by a relatively small amount, such as
could be obtained by temperature—tﬁning the ruby laser, would result

in a far-infrared source with large tunabilitylo.

3



Several groﬁps have repbr£ed fiked'ffequency far-infrared
fadiation ﬁy difference frequency generation. Zernike and Bermanll
detected radiationinear,lOO cm';l fesultingrfrOm.tﬁe mixing of‘ah
unknown number of modes from a siﬁgle pulsed néodymium giéss laser.
Yajima and Inouelgvﬁsed the R1 and R2 lines of aisingle ruby laser to

generate a fixed frequency, V = 29'cm-1. Zernike13 and Van Tran and

Patellh have used the 9.6u andrlo.6ﬁ COz‘laser transitions to produce

iradiafioh in the 100 Qm—l'rangé.' We have used two simultaneously

Q-switched ruby'laSers,-tuned both by temperature and to the different

R—lines,'to'produée tunable, narrow band radiation from 1.2 cm'-l to -

8.1 cm-l'and from 21 cm_l to 37 ém-l. This is but a small step in

what promises-tovbe a very fruitful area of research.



IT. EXPERIMENTAL APPARATUS

Lasers

The lasers used are fairly typical fuby'lasers. The cylindrical ruby
rods (0.65% Cf+3) have end faces cut parallei within 2Aseconds of arc
and flat to X/lo. One rod is 3%—inches_long and has a diameter of %—inch;
v.the other is 4 inches long with a diameter of %—incha The fact that
we uéed fwo different sizes is.an accident of histéry and not a
purposefui, calculatéd move., The rod in each case is sﬁrrounded by
~a cylindrical élass shield'fhrough which fluid ié circuiaﬁed to
maintain the ruby at a fixed temperatqre. Around‘thé glass shigld isv

a helical xenon flash lamp through which a capacitor bank is discharged
.to produce‘a punping ligh£ which pumps the Cr+3 ions into an excited
metasfable state within a few milliseconds. " (See Fig. 1 for an

energy diagram of Cr+3 in ruby.) The energy discharged through the
lamps varies from about 500 joules to about 2000 Jjoules. The flash
lamps are cooled_only by contact with the air and a slow flow of
nitrogen g;s (approximately_h cubic feet per minute). Thus the lamps
are no£ flashed too freéuently, generallj once every five minutes. The
lamps are housed in a cylindrical reflector with polished silver
surface, but this wés found fo be non—éritical. Diffuse surfaces

make little change in the threshold pumping‘power required for laéing.
Electrical connections to the flash lamp are‘made with flexible leads
to reduce mechanical vibrations transmitted from the lamp to the

rest of the system.

In order to produce two different frequencies with the two lasers,



¢, I .

N ///////1 e con
' ‘ E{-E 29cm™!

R (6943 A)

, 4
Ground State Az'{

t

XBL 698-1117

Fig. 1 Energy level Diagram of cr™3 in Ruby. There is a fast
radiationless, transition from the F levels to thg meta-
stable state “E (lifetime of 3 msec). Thus the “E levels
become more populated than the ground state levels through
optical pumping on the F levels.

|o'”cmﬂ;
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we operate the two lasers at different temperatures,l6’17 either both

lasing on the Rl transition or one on the Rl‘transition,and the other

on the R

5 trahsition (Fig. 1). A wide range of temperature tuning is

required for a wide range of frequency funing. Above room temperature,
the linewidth broadens rapidly with temperature increase,17 the gain
thus decreases and laser action is-impractical. At liqﬁid nitfogen
"temferature, fhe gainrgefs very large. fo brevent spontaneous laeing
‘action frem‘extraneous surfaces, the rods must be cut at the Brewster
angle and a mechénism for Q-switching other than the rotatiné prism is
required. However, the rotating prism—is neceseary'for our synchroni-
zation scheme (see the.seetion on synchronization ef pulses). If we
were able to use one iaser from room tempereture down to TT7°K, this
would represent a range of difference frequencies, IG (Room temperature) -
v (cooled)], from 0 to 18 cm-l.- This might be possible to achieve with
more versatile means of synchronizing the pulses such as Kerf or
Pockels cell Q-switching.

As the ﬁeXt beet thing, we attempted to use dry nitrogen gas,
eooled in heat-exchange coils by liquid nitrogen. This was capable of
cooling the ruby to about —iOO°C. There were, however, léfge temperature
_ gradients along the rod, caueing a very erratic Behavior of the laser.
We were thus forced to go to coolants with more heat eapacity, namely,
liquids. Several liquids were tried and rejected for a va}iety of
reasons such as reaction on O-rings or plumbing hoses, fear of low
flash points, and insufficieﬁtly low freezing point. One failure worth
mentioning is the use of silicone oils; AIt-is not easilyvlearned,

without possibly catastrophic experience, that a reaction occurs under
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high—inténsity lamps, leaving a brown precipitate and releasing gas. .

It is also difficult to remove from'cracks, doés not evaporate, and

may come back to haunt s laSer.mahy weeks after its intended banishment.

Ethyl alcohol, on the otﬁerihand, keeps the lasef quite happy.

The temperature control system coﬁsists_of a bath of approximately
one galion_of fluid; a_tﬁermqregulator to switch a heater on or off,
Land a'pumpﬂto circuiate £he liquia throuéh’fhe laser. The.thérmofegu—
latoré are good for control tb t0.0l?C. The_probiem.of overshootingd
the desired temperature and the probleﬁ of-circulation'make control
no bettéf than'id.l°C. In order to avoid 0vershoot, the heating and’
cboling must be closely balanced. In the room—temperatﬁre contfol;
tap water cools the bath ;ia*coils in the water. For the cooled laser,
the ethyl_alcqhol is cooled by flowing through copper walls of a
bucket of dry ice. ‘This is capable of cooling the laser below -50°¢C,
but regulation is not good below -40°C. With a ﬁemperature coefficient

of 0.135 et ok, 0

this gives us a tuningvrangé.of over 8 cm_l.

' To éomplete_the laser, an optical_cavity is required, two mirrors
providing feedbagk to the amplifying médium, ruby, to provide
oscillat?onb(see Fig.»2). The oscillation conaition is that a round

. S 262 : :

trip through the cavity yields gain 1, i.e., r.r e =1 where

172
ry and4r2
ruby rod, and g is the gain per unit length. Generally one mirror's
reflectivity is high, the other being 1ower, maintainiﬁg the laser
oscillation condition but allowing as much power as possibie to leate

the cavity and be used. The high reflectivity mirror is discussed

later, being determined by considerations of power and timing.

~are the reflectivities_of the mirrors, 2 is the length of the.
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Ruby

-
7!"'7F

— k——f

2 Mirrors $

XBL 698-1118

Fig. 2 GSimple Laser Cavity. r., and r
are the reflectivity of the mirrors.
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"Spécial considerations for producing ;he 32; line are also discﬁssed
later. Wé will now.consider the low feflectivity or output mirror. .

‘The cavity:fofmed by the two mirrors essentially forms a Fabryjferot
interferometér, which &iil support standing wave oscillatiéns separated
_ in wave number by l/2L?_call_e'd_the free spectral range of a Fabry-Perot
interferometer. L is_typibaily:SO cm, making A; ~ 0.0l‘cm_l. Since -

the fluorescence linewidth of the R-transitions in ruby is 5 - 10 emt

ﬁt room temperature, we should expeét many lines to lase and give a
broad freqﬁency band, i.e.,on ﬁhe order of a few waveﬁumbers broad. ;
This is illustrafed in the Fabry-Pgrot interferogram of the laser oﬁtﬁut
of Fig. 3a. With a spacing of 0,25 cm betweeh the plates of the
Fabry-Perot, this shows the output to be about 1 en™ in bresdth. One
would like to make the frequency band as narrow as poésible,~increasing
the power per unit frequency width. This is possible by the.use of a

8-21 This consisté=of two

reéonant»reflector as the output mirror.‘l
glass optical flats aligned parallel with a spacing of 2.5 ecm. Each
set of two surfaces form a low reflectivity Fabry-Perot interferometer

ﬁsed in reflection. The coupling makés'the~analysis non-trivial,18 but

basically there are maximum reflection coefficients spaced in wavenumbers

By“%53 the free,speéfrai.range for a given‘péir of-surfaées; The
longer spacings in the reflector are about 2.5 cﬁ, yielding a free:
spectral range of 0.2 cm-l. The shorter spacings, the thickness of ﬁhe
flafs, yield a free spéctral rénge 6n the order of-l cm_l, thus
modulating the reflectivity vs..wavenumber with this period. This
leaves a few modes, spaced by 0.2 cm—l, wiﬁh higher reflectivity at the

output mirror and situated near the peak of the fluorescence line, which



Fig. 3 Fabry-Perot Interferograms of Laser Output. (a) Output at
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low resolution (fréé spéctral range of 2 cm-l). (p), (ec),
.(d) Oﬁtput with a résonant réflector ih the laser cavity at
low resolution (b) and at'high'résolution [{c), (da)] (free
spectral range of 0.5 cﬁ—l): Thé lasér béam is diffusely
scattered by a ground glass béforé the interferometer.

The picturés aré obtainéd by placing.a~éaméra, focused at
infinity, diréctly aftér thé intérférométér. Smaller
spacings of thé Fabry-Pérot platés gi&é'a iarger free
spectral.range s less.resolution, and a set of rings of
larger radii [Fig. (a), (b)]. If the source has spectral
content narrower than the instrumehtal linewidth of the
interferometer, a set of narrow ringé appears [Fig. (b)].
Fig;‘(a) shows a spectral content of mény lines, not.
complétely resolved, with a total width of approxiﬁately
half the free spectral range of 2'cm-l.‘ Fig. (c) and (4d)
each show two frequenéy modes separatedAby 0.2 ém—l. In
Fig. (c), oné.mode is dominént; Fig. (d).shéws modeé of %

nearly equal intensity.
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are favored to satisfy the oscillation conditioh. Thus the laser generally
lases in one or two of these modes, illustrated by interferograms

of the outputé shown in Fig. 3.

Synchronization of Pulses

The simﬁle cavity in the ébOVe discuséion is unsafisfactory for
the foilowing reason: The energy comes out in a long irfegular train
of.pulses,.with-a tofal pu1se length of'thg order of a millisecond. It
would be uséful»not only to,compress the energy in the frequency domain
but also in the,time'doméih. One should like to hold back the energy
stored in the Cr+3 ions until the gain is large and all the energy will
be dumped into a short pulse, with duration on the order of tens of
nancseconds. There are several well—establiéhed me_thod522 of doing
this, so-called Q-switching methods: Oscillation is prevented by
lowering the Q of the cavity, (lowering. feedback or introducing losses),
At a time when the gain is large, the Q is "switched" to a higher ‘
value and oscillations are allowed. The most common methods are
saturable absorbers, dyes placed in thevcavity to provide loss untii
£he absorption saturates, rotafing reflectofs, providing feedback only
for the short time in which they are aiighed properly, and Kerr or Pockels
cells acting as fast electronic shutters. ”

Now we add a complication. Not only do we want to produce Q—switched
pulses, but wg want to produce themin two separate lasers at the same
time. To synchronize the millisecohd noﬁ—Q—switched pulses is not
difficult23: Simply starting the flash lamps from a coﬁmon pulse
would generally‘sufficg. The Q-switched case is more difficult.

Two methods using saturable dyes are of historical interest.
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Soffér'and McFarlandzy‘used one Q—switcﬁed laser to'"burn a hole" (saturate)
the absorption) in a saturablé dyé of anothér lasér cavity. This

resulted in é.delayed "synchronizéd" pﬁlse; délays béing consistently

on the order of 100 nanosécond;v‘Grégé;a;a Thomas>” achiévéd.tremendous
synchfonizationv(i 3 nséc)'of_fiyé lésérs by.intérlocking the'céfities,
uéing each of several satﬁréﬁle ébéorﬁér célls in moré than éﬁé cavity.

As useful as this.téchniQﬁé was for incréasing powér for production of
plasmas, it is uséless'for.oﬁr problém bécausé thé ffequéncies locked
together as_wéll a§ thé timihé}' ?hﬁs oné did nqt havé'two'independept

~ lasers at tbé'samé.timé. A ratﬁer.épeciélizéd téchnique was used by

26

Van Tran and.Kéhl to Q-switch‘a neod&mium and a rﬁby laser together.
A beam splittér withfhigh reflécti;ity at thé rﬁby fréquéncy and high
trahsmiésivity‘at thévneodymium fréquéncy was uséd to combine the |
two cavities; Qfswitéhing bofhgéavitiés Vith.a singlé rotating prism.
This was quité efféctive but was liﬁited to épécial cases where the
ffequency.différénce of thé twoAlasérs is’@uité lérgé.

.Tbe following propérfy of ﬁhé‘roof-tﬁp prism allows us, in principle,
» ﬁo Q-switch any numpér'of lasé:s'indépéndently from a singlé rotating
prism, changing the.témpératﬁré, rélative.timing; diréction,Aor laser
material at'wili. Any ray éntéring_fhe‘broad-facé in the pléne}perpendicu— ;
lar to the roof edge is reflected back parallel to itself. (Total
‘reflectioﬁ'dccurs over a sméll rangéiof angléé.) The.independent optical
paths of two iaéers aré both céntéred‘at thé:roof édgé, but at an anéle
to each other [Fig. 4]. .The prism is rotatéd about d horizontal axis,
with its roof edgé pérpendicﬁlar to thé'aiié of rotation. With a laser

pumped, Q-switching begins when the roof edge of the rotating prism



Axis of Rotation

Fig. 4 Top view of two lasers Q-switched from the same rotating prism. The prism reflects an

incoming ray back parallel to itself.
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reaches the position perpéndiculgr to thé optical path of the laser.
~Theref§re the relative timing of'thé two lasérs_cankbé controlled by
slight tilting of the optical path of one laser with respect to the
horizontal plané [Fig.fSJ;- If the»gavity'is béht using prisms
[see Fig. 10b7, £h’é-timingi'c;n» Bé cont"rolléd by filting a prism [P2]
' without’éhanging the direction of the laser oﬁtput. A rotation rate
of 400 cps and a scréw Qith 80 fhréads/inch on a lévér arm of 12 inches
makes a fine tunihg of a few nanoééconas possibletn

Upon.trying thé synchﬁonization; wé fipd a jittér, an inconsistency
in relative timing; of as_mﬁch as 50 nséc. With pulses of approximately
30450 nsec puléé.length; this is not a hopéléss situation, but it is
discouragipg. Lét us considér thé variablés involvéd and their possible
effects ,and_rémedié_s. The possible »caﬁsés of jittér aré:‘ (1)
mechanical vibration; (2) variations in thé témperature of the ruby-
rods, (3):variations in éhé_timing of'thé initiation of the flash,
(L) variations in voltége appliéd to flash lamps, (5) variations of
pumping power of the flash lemps due to other reasons.

We have takén SQVéral précautions against mechanicél vibrations.
‘The rotating prism is mounted on a séparate_étéel and concrete coluﬁn,
with rubber mounts to absorb vibrations. Thé lasér tables are mounted
on a l—inch‘thick stéel plate on a héavy woodén table. . As mentioned

before, the flash lamps are connected with flexible leads to avoid



-
[ ] -
-
[} -
-
-
-
T b
Axis of U ]
‘roctation ~ -
-~y
§\ ]
‘\.‘ (C'\;

Fig., 5 £tide view of two laseérs Q-switched from the same rotating prism. ¢ is the projected
angle in the plane of the paper. ¢ controls the relative timing of the two lasers;

it is greatly exaggerated here.




ol

shaking the table upon flashing: While the other wvariables might be
expected to vary their effect according to the threshold and how close
to threshold one is working, mechanical vibrations should bé more
consistent, provided no changes'are made in the mechanical system. Since
the jitter varies greatly, sometimes small and sometimes large, mechanical
vibration apparently has a small éfféct.

Variations in the temperature of the ruby rod can be made easily
to check its effect. We can contrcl the temperature to * 0.1°C.
Fig.-6 shows a series of pictures with a change of temperature of 1.2°C
for one of the‘lasers. Tens‘of degrees are required to‘move the relative
timing 100 nsec. Thus we seem to be on the safe side here.

The initiation of the flash requires an explanation. A diode and
a small light are placed near the rotating brism at a given point on
a circle around the axis of rotation. When ﬁhe prism faces the light,
it reflects the light into the diode, giving a pulse, marking the time '
when the prism passes this point. The pulse is amplified, fed into
a Del-a-Gate (LRL Counting Equipment) which produces a sharp 6 volt
pulse used to initiate the flash. The time of initiation before the
prism aligns with the laser cavities can be varied by moving the light
and diode around the axis of rotation. The pulses from the Del-a-Gate
caome every 2.5 msec and are found to have a jittér of 5 usec. 'This
appears 1o be caused by electronic pickup and could probably be
eliminated. However, Fig. Ta shows the size of the effect. A change
of 100 ﬁsec results in a 50 nsec change in laser timing. Thus a jitter
of 5 usec in the length of the millisecond flash before Q-switching

should result in only a few nanoseconds of jitter.
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Fig. 6 Effect of temperature on relative timing of laser pulses. The
laser signals are displayed on a single oscilloscope trace at
a sweep rate of 100 nsec/div, one laser signal being delayed
by 125 nsec. Each photograph shows two trials. (a), (b)
temperatures of the two lasers are equal. (c), (d) tempera-
tures of the two lasers differ by 1.2°C. Relative timing
is essentially unchanged.
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Effect of timing of initiation of flash on relative timing
of laser pulses. The laser signals are displayed on a sing
oscilloscope trace at a sweep rate of 100 nsec/div, one
laser signal being delayed by 125 nsec. The interval be-
tween initiation of the flash and the Q-switched pulses is
100 psec less for trace (c) than for all the other traces.
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The voltage variation can, of course, have a strong effect near
threshold; a small variation can be the difference between lasing or
. not lasing. Thus we must work éufficiently higher than threshold,
100 - 200 volts. In this regime a furthér increase of 100 volts may
chanée the timing by 50 nsec. Since the voltage caﬁ be easily set
to ¥ 10 volts, this represents no problem. -

This seems to lay the blame on some inconsistency in the flashing
of the pumping lamps. It may be simply a problem of getting them to
a stationary operating temperature.’ The larger laser shows a strong
time dependence in its power output, the first shot being,strong and
subsequent shots being weaker. Accompanying this, the relative timing
walks off by approximately 100 or 200 nsec. (See Figure Tb) Since the
lamps are different (even if they were made identical, they would
generally be used at different operating conditions), it is reasonable
that fluctuations will affect the timing adversely, particularly since
the cooling for the lamps is quite poor. 'If the lamp conditions become
approximately equal, then fluctuations should be small. This condition
was apparently reached in using the larger laser for lasing on the R

1.

line. This is because the threshold for the R2 line in the smaller

laser is more nearly equal to the R, line threshold in the larger

1
laser. At worst, approximately half of the attempts at synchronization
in a given run yielded considerable overlap; at best, as in the Rl - R2
runs, nearly all attempts were useful. Making the lasers identical

and in a symmetrical set-up might improve the situation, but by

nature these experiments are not symmetrical: -We want different fre-

"quencies from the two lasers. A set-up with water-cooled lamps does
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Fig. b

XBB 697-4901-A

Change of relative timing of laser pulses with warming of
flash lamps. The laser signals are displayed on a single
oscilloscope trace at a sweep rate of 50 nsec/div, one
laser signal being delayed by 125 nsec. Relative timing
changes by more than 100 nsec as the lamps warm up from
the four consecutive firings.
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seem worth trying.

Operation of the Laser at the R2 Transition

The gain factor, g, in the oscillation condition, rlrgeg =1,

can be written as
g = a(nu - ?L) (53),

where a is proportional to the transition probability between the upper

and lower states of the active medium and nL, nu are the populations

of the lower and upper state, réspectively. When nL > n,» then

g<o0 and the usual z-dependence of light in the medium exp (—lglz)

represents a loss. If nu >n then g > 0 and the negative absorption

L°
implies gain in the medium, ex@ (gz), with g > 0.

In the case of the rubyrlaser (see Fig.‘l), both the 2A and the E
states of Cr+3 are populated by the flash and represent upper states
while the ground states hA2 represent the lower states. Because of
fast relaxation between 2A and E, they remain in approximate thermal
equilibrium with each other, the ratios of their populations being

given by a Boltzmann factor exp (—A/kT), where A = 29 em+ is the

energy separation between 2A and E. At room temperature, this means

ng =1.12 nog- This in itself discriminates against the R2-transition.
Thus, even if the transition probabilities for Rl and R2 transitions were
equal, R, will always reach the lasing threshold first. Because of fast

1

relaxation between the two levels, the 2A level will be drained as the
E level is being drained.  Further discrimination occurs in the transi-
”) = 10: 2: 7: L4, where

g,
. 2
1l and Il refer to ordinary and extraordinary polarizations, respectively. T

) B
tion probabilities: a(Rl ): a(R ”): a(R2 ): a(R

2



. =27~

The combination of the Boltzmann population ratio and the ratios above

28

. 1 1
gives Fig. 8, a plot of g(R2 ) versus g(Rl.). The equation is given

. in Fig. 8. Using such plots with the oscillation condition including

. any losses introduced, one can determine conditions, e.g. reflectivity

of mirrors, length of rod, pumping power, under which R2—oscillation

will occur provided we'discriminate sufficiently against R, by some

1

means.

The simplest means, in principle, to disériminate against Rl is to

place a polarizer in the cavity, allowing only extraordirnary pclarizations

.~ {note that a(R2"): a(Rl") = 2:1). However, this requires very high

pumping powers, requiring several times the population difference to

achieve the same gain as R, , and is thus not very convenient. Another

1
gimple means is the use of interference filters as cavity mirrors,
selectively reflectihg R2. This is a useful technique but limited to

a narrow band of frequencies. Acquiring an interference filter capable
of withstanding Q-switched laser powers and providing sufficient
discfimination between the Rl and R2 lines over a ranée of temperatures
is not easy. '

12,29,30 31 32

Several people have successfully used the Lyot” - Chman
filter to produce lasing action éﬁ the ﬁé—transition. The filter
consists df a plate of birefrigent material (in our case, quaitz) between
two pafallel polarizers. The optic axis of the plate is perpendicular

to the direction of propagation and at 45° to the polarization trans-

mitted by the polarizers. Defining a "retardation wavelength", A_, by
' R

-1 ne no
e _ ~ (5p)
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4+0.10

g(R)) —

g(R3)

XBL 698-1121

1 1
Fig. 8 Relation between Gain of R2 - Transition and Rl - Transition.
The equation is

I !
A Y I NI S
g(®y) = a(Ri) 3+ X g(R) - —— ¥ <3 n X)

where N is the density of Cr+3 and x = exp(-A/kT). ‘
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where Ao_ié,the vacuum wavelength, ne, no.gre the extraordinary and
prdinary indices of refraction, we see that a plate thickness, d, of an
integral ﬁumber’of "retardétion wavelenéths" results in no change in
the polarization in paséing through thé quartz and thus 100% trans-
mission‘through the>filter. Half-integral number of AR means a'change
in the polarizatibn by 9Q° and a resultant zero transmission. At inter-

mediate thicknesses, the transmission is given by

o2 m m
. T = cos” T3~ = cos” 3 (n - no). _ (5¢)

'A.given thickness of quartz élternatelyvpasses and stops light as one
sweeps the frequency. By changing the thickness one changes the
frequency difference between pass and stop bands. One should like to

choose a thickness such thét we get a pass band at R, and a stop band -

2

at Ri. The thickness specifies the distance between bands. To actually

tune the pass band to R2, one can use several methods. One can change

the température,29 or one can rotate thevcrystal.12’3o

Rotation about
A the.c-axis increéses the pathvlength as (cos 6)_1, 0 being the angle
of incidence. Rotation about an axié perpendicular to bothvthe beam
and the c-axis also increases the path length as (cos B)fl, but decreases
“the index.difference as-cos2 8, thusvtﬁere ié an effecfive decrease ih
crystal'thicknesé as cos 6. cos 6 moves sloﬁly near 6 = 0 so thaf fine
tuning is easily achieved. | ”

We use a single polarizer and a 1 em thick quartz plate (see»Fig. 9a).
The light passes through the polarizer and quartz piate, is reflected

and again passes through the quartz plate and the polarizer. Thus we

have a complete'Lyot-ﬁhman filter, the single polarizer serving as both
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Fig. 9a Cavity Configuration for lasing at R.-Transition.
F = flash lamp, M = dielectric—coateg mirror,

P = prism, PO = polarizer, Q = gquartz, R = ruby rod.
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polarizers énd the 1 cm quartz plate acting as & 2 cm quartz plate
beéauée of the double traversal. We rotate the quartz crystél about -

- the axis ﬁ;rpendicuiar to ﬁofh the beam and the c-axis. In order to
keep the thre;hold from becominé too high, a 70% dielectric-coated
mirror is used as the output mirror. The threshold pumping power is
abouf SO%Ihigher for this situétion than fof'Rl - line production using
the-QS% resonaﬁt refleqtor. Théoretically, oné could eliminate the

.

2 through

With the

polafi%er. This requiréé that the gain for a round trip of R
tﬁé cavity bé larger.than the gaiﬁ for a round trip of Rl'
quaftz plate set properly, the polarization of the R2—lihe will return

from its double traversal of the quartz plate unchanged Vhile polarization

of the Rl-line will be rotated by 90°. Thus, the condition to meke the

R, transition lase before R, is 2g (RQL) > g(Rl )+ g(Rl"). ‘This is

2 1

. l .
possible theoretically since 2a(R21) > a(Rl )+ a(Rl"). The relation

between g(RQL) and g(Rl ), derived frém the Boltzmann eqﬁilibrium
condition n. =/n= = exp-lél is given by | |
on nog/ng = explnl,

: a(R;") + a(R ") L3 + exp(-"/xT)

1 - exp(-A/kT)

L

- N a(R2

3 +‘exp(-A/kT)

(5d)

where N is the density-df éhromium ions. This equation is plotted in

Fig. 9b. The condition for the R, line to lase first is only reached

2
1 ‘ ‘ o el s .

for g(Rl ) greater than 0.2. Since our typical operating condition is

near g(Rl ) = 0.1, this requires prohibitively high pumping powers for

our system.
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g(Ry)1+ g(R/)

XBL 698-1123

Fig. 9b Relation of Competing Gains in Case of No Polarizer in Cavity.
1 | 1
R) + g(H)) = 2g(R,).
The solid line describes the actual relation between g(Rl) and

1 1
(R ) + g(R”) Ir 2g(R.) > g(R;) + g(R”) the laser can lase
2 1

on the R2 transition without a polarizer in the cavity.

The dotted line describes the relation g(
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Fig. 10a shows two speéfra of the laser output, one showing the Rl—line,
the other showing the Rg—line. The width of the lines is due to
a wide slit on the spectrograph.

Normalization by Sum-Frequency Generation

Since.the synéhroﬁization may have coﬁsiderable Jitter and laser
pulses.may?vary in their spatial énd‘teﬁporal dgpendence, the space—time.
overlap on which’the tof;l output éf difference—freqﬁéncy radiation
depends may vary wildiy from shot_to shot. It is thus important to have
a norﬁalization procedure, a process to eliminate the dependence on
the space-time overlap. SimultaneousAdetéction of another nonlinear
.process of the same order, the.sum—frequencj geﬁeration, shbuld serve
the purpose. Norﬁalization by suﬁ-frequency generation is ideal for -
'eliminating fluctuations in-thé time overlapping,'ﬁhich is the major
difficulty in our experiments, but is not so effective for elimihating
fluctuations in fhe spaée ovefiapping because the effects of spatiai
strucfure of laser beams én sﬁm ﬁnd-différence frequency generation are
different. Tﬁis’Will‘become clear'léter, when the effect of a finite
beam is treated in the theory.

Anofhér pfébiem appeafs: 'theréecond—harmonic-éenerafion of each
laser freqﬁency»also'oécurs and musﬁ be eliminated. Tgis problem has
been solved by the techniques of.Maier et.al.33 and Armstroﬁg.3
A ﬁonlinear‘crystal of symmetry Lom or‘H3m (potassium dihydrogen1
phosphaté; KDP, in our case) is cut with faces perpendicular to the
110 and mounted with the z-axis vertical, the x-y plane ho;izontal.
From symmetry requirements the only non-zero nonlinear susceptibility

12

coefficients Xijk (Pi = Xijk EjEk>’ are Xxyz’ szy? X&zx' ‘One laser
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Laser output spectra using spectrograph.

(a) lasing on transition. (b) lasing

on R, transition. The width of the lines
is due to a wide slit and overexposure.
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is polerizeaAverﬂically,~thevofherbhorizogfally. The horizontal polari-
zaﬁion prodgces only Pz at fhe eecond—harmonic frequency; the vertical

- produces no second harmohic. Thue_the seeond-harmonic can be eliminated
by & polarizer passiné only'herizontal peiarization. The.combinafien

: of verticél and horizontal gives. sum-frequency polarizations Px and Py'
The ratio of-sum—ffequency_to Secpnd—harmonic radiation detected can thus
be made as high as 50 or 100. |

Complete Experimental Set-up (see Fig. 10b)

vThe pulses of the two lasers_Ere detected by two biplanar photodiodes,
‘whose outputs are displayed on a:Tektronix 519 oscilloscope. One output
- is delayed byfaAléS-nanosecond deley line te seperate the Qisplays.
ijieal butputs.are ohe'megawett in envapea of Q;2_cm2, a divergencev
'helf—angle'ef i.S mrad; and a pﬁlsevduration of 30 nsec{ This power is
usually distributed inpo.two,frequency modes separatéd by 0.2 cm-l. The
two beams are made coincident and parallel (within one minute of arc)
by careful_adjustmeef of e prism (Ph) and fhe dielectric-coated beam splitter.
The beem splifter.is nomiﬁally 50-50, ‘but feflects more'fertical
(perpendicular to fﬁe plahe of inciaence)-poiarization and transmits more
horizontal (about 65%). Our lasers are polariied, one vertically,
one horizontally.  .Thus the combined beam‘goes into two branches, one
more powerfe}:then.the othef,v The.higﬁer'iﬂtensity,beam is_made to'v
impinge on a nonlinear crystal fef difference frequency generetion.'_
»The crystal is mounted on a rotetable table directly in front of a light
pipe ieading to a far-infrared detector. A black polyethylene filter
cuts the laser radiation, passes the fareinfrared. The ofher branch

goes to the normalization scheme.



=)
o—b- A
P P
Q2D
i :
IR R 1
F F
] M 4 M
@Ar Mg
; i
o Ny B e o
: B N\e— e 1o }—oetay + o,
P\
A RN 0> 0. >0,
: C. G,
: CoGo B

Pv -------- '-D‘l"g"'p PM » 0|

XBL 698-1120

Fig. 10b Total Experimental Schematic. A = axis of rotation,
B = microscope-slide beam splitter, BS = dielectric-coated
beam splitter, C = nonlinear crystal, D = optical detector,
D = far-infrared detector, F = flash lamp, G = filter,
M°= resonant reflector, P = prism, P_ = polarizer,
PM = photomultiplier, O = oscillosco%e, R = ruby rod. C,
is the sum-frequency crystal, Cl the difference frequency
crystal. The oscilloscopes are Tektronix 519 (02) and
556 (0,). |
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The far infrared signal is detected using a crystalbof n-type InSb

35

(Putley”” detector) at T = 1.3%%k in a magnetic field of 5500 Oe. It is

biased with a constant voltage of 0.25 volts and the current is measured

ﬁsing an operationél amplifier with a féedback resistor R_ = 205 k2.

F

The response time of this system is 2 psec. The sensitivity of the
detector was measured using a black body at 200°C and a filtér passing

only 0-50 cm™>. This showed the average noise equivalent power in a

5

5 %X 107 Hz bandwidth to be 10'-6 watts.: However; since the sensitivity

35

-is cértainly nét uniform in thiS'energykregion and since theré are
inevitable local system resonances at long waveléngths, the absolute -
‘values of the infrared power may be in error by an order of magnitude.
qu this reason, emphasis is on relative powers in our measurements.

Signais from the sum-frequency genefatién (1P28 photomultiplier
output) and the difference-frequency generation are displayed simultaneously

on & dual-beam oscilloscope (Tektronix 555 or 556). The scope is

triggered by the laser pulses, via the 519 scope.



: ~38-

" III. THEORETICAL APPARATUS

Bummary of Coritents

A list of thé varioﬁs aspécts bf a géneral calculation is presented.
Values of nonlinéar‘susceptibilitiés, éffects of multi;mddé lasérs, and
phase-matching:aré diséusséd; A'calcﬁlation of powér which incluaes
‘the effect_§f finiteness of'thé beam is_aoné in the following way:
The laser béams prédﬁqé a noﬁlihéarvpolarization sourcé of’finite extent.
The inﬁénsity'éf radiation pfodﬁced by thé nonlinéar polariéation is
.iﬁtégrafed'ovér thé colléctiqn systém:_ This calculation is uséful for
simple cases. For thé casé whéré absorption; biréfringénce, or boundary
conditions havé appréciable éffects,'é moré compiété.calculation is
néedéd. For this case; wé Fouriér analyzé the‘noniinéa; polarization
source and usé an analysis of plané'wavé soﬁrces to obtain the total

power collected.
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ITI. THEORETICAL APPARATUS
The simple introducﬁory calculation pfesented earlier has many
obyious deficiencies.--Any éerious quﬁnfitative qalculation has to
include.treatment of many.factorsfnot mentiéned in the simple calculation.
A comprehénsive treatment of‘éll a;pecfs of the'§£oblem is out of the
questioh. A fairly cgmprehensive listing of fﬁeée aspects is as fo;lows;

(1) Numerical values of the ndnlinear susceptibilities, their relation

to electro-optic coefficients, and their disperSion reléfions, (2) possible

depletion of the lasers, (3).effect of finite transverse cross-section

and the resultant diffraction (this_ipcludes the effect of fdcussingr

the beam), (4) finite collection angle of detection system, (5) effect

of the mode structure-of the lasers, (6) local field effects, (7) boundary

conditions at surfaces of crystals, (8) near-field effects, i.e.; the

éfféct of thé sizé_of the'generating volumebbeing only a few far ir A's

in éxtent;_(9) incorporation éf absorption, (ioj efféct of birefringence,

>(ll) phase matching, both collinear and non;collinear, (12) lack of |

homOgéneity of“the crystals, and (13) effect of mode-locked pulses.

This by no means represents a taﬁle of contents for this section. Some

topics will be‘treatéd at some lehgth; others will be ignoréd. Even

fhé ordering isnmeaningless because of the interrelatién;hips_among

thém. Before launching ihto more geﬁéral calculations, let us briefly

discuss a few aspects which can be singled out conveniently. |
Since there have been few éxperiments in difference frequency

_ géneration, We'wpuld be hard pressed to find values of the nonlinear

susceptibility if it had'no'close'relationship to other mdre familiar

effects. Considerable work has been done in relating the susceptibilities
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“qf various effects. Using assumed:time—a§eraged free energies which were
nof rigordusly correct, a set of permutation symmetry relations were '
derived.36. A rigordué derivatioﬁ37 usiﬁg quantum mechanical microscopic
expréésiéns for the'noﬁlinearvsusceptibilities yieiasA
X (W3 =70 + "".2) = Xyix (“’1 = g - “’é) = Xy (W =03 - 9’1)' ‘This
séys that a diffefence frequency susceptidbility is equal to a sum |
frequency sﬁsceptibiiity, with a jugglihg‘of indices'and f¥eéue£ciés,

but using the same set of frequencies.:_There is in generai dispersion

" with respect to all three frequencies. If w, is small, i.e., if there

2
are no resonances near or below w2 and thus little dispersion below Wy
_ _ _ - Vo= ~ - ; )
Cthen Yy (0, =0y - w) =gy (0= w0+ w) _Xi,jk(“’l w +0)

Thus for most purposes, we could use X (w = w + 0) to find our susceptibility.

It will be recognized that this gives a polarization at the frequency

- of an incident field in addition to the 1ine§r polarization and thus

- gives a contribution to the index of refraction which is lihearly dependent

‘on an applied static electric field. This is the well-known and well-

studied electro-bptic effect. A little algebra38 reveals the relationship
. . €46 :
Xyoy (Wyig = Uy ) = ﬁw Tiek (Se)

--__:!'_ ' 5
where erk Ek —<§ ﬁ2 )JQ and is a low frequency.
Thus the electro-optic coefficient539 carry over almost directly .
for difference-frequehcy experiments at low frequencies. At higher
frequencies and for materials not studied electro-optically, one must

go to calculationshg involving some simple model. General quantum-

mechanical expressions for susceptibilities are generally limited by.

the lack of knowledge of matrix elements. Calculations of. susceptibilities

e
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are important and interesting, but we will not treat them here.
Calculations are most easily done for given single-mode operation
6f each of the two lasers, i. e., for perfecﬁ spatial and temporal
coherence. Ruby lasers are:generally not perfectly coherent. The
most obvious sign of multi-mode_operation is the angular_spfead of
the beam, which is considerably larger'than the diffraction angle of a
perfectly coherent beam. A cohefent béam of croés—sectional area A
and wavelength A will have a divergence solid angle 2 such that
2 AQ .2 .
/A" = 1. A typical ruby laser will have = /A~ = N where N, the
number of modes is on the order of 100. We shall first carry out calcu-
lations assuming single-mode laser beams .
. > & > -
Phase-matching reqguires. that kl - k2 = k, for large difference-

frequency output power{ The length of the wave-vector ii is equal to
w, ) '
—5-ni. Since the index of refraction is generally much larger at the

C
low freguencies, lk] is generally larger than [kll - |k2|. There are

two ways to achleve the phase-matching: noncollinearly and colllnearly

Since Ikll lk | are much longer than lkl, a small angle between kl and k2

~ can easily make k sufficiently large (see Fig. ll). This is.

1‘.k2 |
called non-collinear phgse—matching,- It does not require birefringence

and can be used for large difference_freqﬁenciés, Collinear phase-matching
requires manipulafion of“phe indicés of refraction. Birefringence

is a convenienﬁ means. Prépagétion along the optic axis yields n, =10

n, is the extraordihary and ng the ordinary index of refraction. n,

moves away from n, as the angle between the optié éxis'and the proﬁaga—'

tion direction increases, ln -n l reaching a maximum at 90°. Using

the larger index for the larger frequency w

l’ we can increase the
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Fig. 11 Noncollinear Phase-Matching Knot to scale). The laser wave-vectors,

> -»>
kl and k2, are several orders of magnitude longer than the far-infrared

-
wave-vector k.
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- . no(wl - w.)
collinear Ik - k.| from

2 C

o fw | o | :
lné - no’(El. . . This is sufficient to phase-match low frequencies, but

continuously to approximately

is.geherally 1imited to wave-hﬁmbers below 200 cm-l. vFor'example,
" using LiNbO, with no'- n, ~ 0,08 and n (infrafed) ~ 6.5 and rﬁby lasers

3
as sources, we are limited to about 180 em L)

A simple calculation which is'much moré usefﬁl than our introductory
plane;wave Calculatidn.isbas follows. Let us assume two beams as before;
prbpagating iﬁ ﬁhe z-direcfion and produciné the nonlinear polarization
(Eq..1,2>.v Howe#er,,let ﬁs confine'tﬁe beams.to a cylinder of-radius

a (The axis of the cylinder is the direction of propagation.) A

nonlinear polarization of frequency w = wi - w2 and wavevector

§

'kl'—'k2 =k + Ak =_%-n + Ak will Ee produced in fhe ecylinder of'radiué
a and length ?, the 1éngth of the nonlinear nystal. We_ﬁeglect the
effect of the_boundary by assuming the Aetector is buried in a dielectrice
medium which matches.the index of refraction 6f the nonltinear medium

(see Fig. 12). We want to integrate over the‘coﬁtributions of-fhe
pqlafiZation ﬁave in the far field apprdximation tobfind'tﬁe radiation

- field at the detector. The general expression for this is

>, V.w2 e >, exp(ikI; - ;'J) 3 :
E(r,t) = = f(I - §§) P(r't) e dr' (51)
. _ !r - r'l{

++

where r' varies over the source region, r over the detection region, I
- X s ' ~ . \ . '- . . - . -+ +'
is the unit tensor and § is the unit vector in the direction of r - r'.

To compute the integral we assume that the angular dependence of
B

-> ARy P T - . .

(I - 88)°P =P (transverse) is” small, that |r -;r' = r in the demominatcr,
> o EY e

and that lr - r'l =1 - in the exponent. The assumption on the

- ‘ : o
angular dependence is Justifiable if P is roughly perpendicular to §
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and the integration is over angles small with respect to ﬂ/2 inside
the crystal (the cosine function varies slowly near zero). Integrating
- thé}Poyntihg vector over the detector yields the total far infrared

- power W éollected by the detection system.

o u' - - Pres (8) P '
W= | |2 l& |2 |8 |2 2 (1ra2)2f1n® ad [1n n] [ .l (6)
hc n B
k£ Ak . . ‘ |
where N = Er—(l + o - cos @),.B = ka sin 9, @ is the angle between the

incoming beams and the generated radiation, and @ ﬁax is fhe maximum
ahglé collected in the deteﬁtioﬁ éystem. )

Tbe two tefms in the integral représent the phasé—matching term
and the diffraction frém é’circuiar‘aﬁerture. If the beam radius
a is large so that the angular spread is‘small, the Bessel functién
diffraétion term will be iarge only for small &, ¢ < 173 the phase-
matching term Wlll be approxlmately constant for smal§a¢ and may be

taken Qutside the integral. When we are collectinhg essentially all

of the output (& max >> %;-), then the integral becomes on the order

of We thus obtain the same functional form we obtained in the

k2a2

‘ plane—wave approximation.

. We hgve”assﬁmed here a distant detector covéring some finite area.
What is our actuél detection system?: We have a light.pipe entrance
‘near the.nonlinear'cryétal. The pover entering.ﬁhe pipe is proﬁortional
to fR |E(r)|? 4%, where R is‘ﬁhe‘spatial extent of the 0peningvinto the
pipe. If the beam is‘smaller than the opening and the pip¢ is plaéed
close to the crystal, essentially all of the radiation,enteré the pipe
and Parseval's theorem applies. Thus the power entering the pipe is

'pr0portlonal to f |&(k)|2 da k where the integral is over all

directions of k. (&8(x) is the Fourler transform of E(r) ) However, _
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the pipe is tapered, essentially focusing the radiation

onto the detector, so that radiation entering at too large an angle will

not reach the detector. Thus, there is an angular cutoff, a maximum transverse

‘wave vector, ki max? beyond which radiation is‘ﬁot detected. The power

detected is proportional to‘fklmaxlﬁ(k)]2 dzkl One can show that this

'integrai leads to the same expfession as Eq. 6. Physically, this is

true because the field E(7) at a point r far avay from the small source
o . -+
is given approximately by &(k) exp(iker) with k parallel tor. Calcu-

lations with Fourier components in the k-space often turns out to be.

. 'simpler and more straightforward. Such a calculation follows.

The general approach is as follows. The Fourier components of
the nonlinear polarization in the crystal are found from the Fourier

components of the incoming field. The plané—wave solutions for each

Fourier component are calculated in a slab, including absorption and

boundary conditioﬂs. (The slab is éssumed infinite in the transverse
dimensions sincé the nonlihear polarization is confinéd to the beam
size and is gof affected byvthe bpundaries_in the transverse direction
except by reflections.) The electric field amplitude is constructed
from its Fourier componentg, and its absolute square is integrated over

the gpatial aperture R to obtain the power, - In general, there is a -

cutoff in k-space also because the detector system can only accept

radiation in a definite solid angle, so thaf the power is proportional to

b e 2 :

IR fkimax~8(k)e e el 6.
In the case where essentially all of the radiation enters the aperture,

this is simplified (as discussed above) to the much simpler integral

Y




b7~

[y mex l&(k)l? a%k.

: Let 'us pfoceed by finding the pléne—wave solutions with absorption
and boundary conaitions. Let‘ﬁs éssume a slab of nonlinear mediﬁm with
boundaries'pefpendicuiar'fo the Z—axis.:‘(This is avdefinition of the
z-direction and has nothing to do with-the_c—axis of a crystal,-» |
wﬁich may be_arbitrarily orientedf) ALét.us considér an ordinary ray; thus
"€ can be tréated'as a'édalar. Thé_wavévéqﬁatidn and Maxwéll's equatidns

take the form

2 2 E
TXVXE - §9§_E - 51%__PNLS
: c c o
Ve D=V+ (gE +.thNLS) =0 - ' (6a)
. § - NLS |
for a non-magnetic, charge-free, current-free medium. P takes
' ->.+ -)-‘. : > > ‘ :
the form of P exp(i ks'r) where k_ is given by k, - k, (see Eq. 2) and
may in general be>comp1ex if there is absorption of the laser radiation
o : > > 2 '
- i > 1l
by the medium. Letting E =&(k,z)e™™'T, ° = =5- and assuming
' ' L . c
-

- : . . . : i
-ks - k| << k, the wave equation transforms to

2

.. 98 _ lhmy _ ilhkz o :
-2ik, - = 2 P e .exp(2 - aL)z (1)
where Ak = Re (kz - ksz)’ 7 =Imk, 37=Imk =Imk,, and P is the

+

component of P,perpendiqular to ksw - The. condition -*, Is - k] << %k, is

a conditiog which is experimentally desirable in order to obtainvhigher
power input; that is; phasé—matching over a distance of many Vavelengths
and absorption lengths being much greater thaﬁ a wavelength.' Pl may .
have a z-dependence, in which case we must return to_equatidn (7)'fof

any given functional dependence.  The case of Pl being constant occurs
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frequently énough to warrant writing the result:

-

1

Fheld T we (g

This result is a solution to the inhomogeneous wave equation which goes

S Ty e . é.~ . |
lg,? = [2193__]2 |p ]2 1+ e(a B 2aL)? = 2 cos Akze(? 0LL) z (8)

to zero at z = 0. This agrees'with the result of Bey, Giuliani,
. and Rabinhl for-a’similar case.
Now let us include the boundary conditions. The situation is

pictured in Fig. 13. We assume the following forms for the electric

fields:

o : - _!1
E =8 +f()] e ™7 22
2" "2 % & < (8a)
TR ik, T
Ey =&, e 3, Ey, = & e U o

where El and'E2 are respectively the forward and backward propagating
electric field inside the crystal, E3 and Eh are respectively the

reflected and transmitted electric fields outside thé<crystal,

fi=n'+in" is the index of refraction of the material, lkil = Y, and

f(z) is a solution to the inhomogeneous wave equation chosen such that

£(0) = 0. In the same approximation as before, Ak, a << k, we can

find H or B from Maxwell's equations, match the boundary conditionssh for

E and H, thereby finding Sh as a simple function of f£{2). The case

with & perpendicular to the plane of incidence is distinct from the
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‘parallel case. The results are

NI e ¢ T 2 -0 2ik 2 o .
A 1l - T e e z
(9) )
. 9.
8, =) e RN | 11N
y =" © -8 2 -0 2ik &
i 1l - r" e e Z
where
n cosb, - cosh
= i t
T) T % cosb. + cosb
i t
cosf, - n cosH
1 .

~ cos®, + n cosb
i : t

= !
kz klzn

and 9 is Just a phése factor. -The absolute squares of these quantities

are of interest. ) )
5 lf(2)|2 e (1 .+ rl)2 hrf e 2, -1 i
|8, 17 = 3 ok 2 1+ 2 oo S Kt
. (L -x e ) Q- )
. . o —of

| |2 |f(2)|2lnl2 e o (1 + r")2 hri e _ 2., -1
& = : - 1+ sin” k e

L (1 - 1”"2 o~ )2 (1 __.rlf )2 z . .

(10)

The terms in the brackets are precisely the form for transmission in
Fabry-Perot interferometers. Thus we can see a resonance effect due

to the spacing of the two boundaries of the crystal. : -
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Now we want to find what the plane-wave nonlinear polarization
‘sources @re for givén laser inputs. For as much generality as we can
handle, let us assume focused béams with Gaﬁssian transvérse cross-—
sectio;.' An unfocused béam is a.speciél casé‘of the focused beaﬁ. We
:first find the-general form of such béams within thé'cryStgl. 'Combining
thé two elecfric fields to form thexnonlinear polarization, wé géf a
folarization soufcé as a spatial function.. Thé transverse Fourier:

- transform yiélds the plane—wéve sdurées which our formalism above
_ réqﬁirés. This is similar to a éalcuiation for second~harmonic
genératidn by B,jorkho.lm.,h2

First we want to describe the laser'beam‘ﬁithin the Crystal. In
éeneral, 6ne might have the crystal interface at ény poinf along the
beam, at any distance from the focal point, One might then deséribe'
the laser in vacuo or air aﬁd‘treat refrabtion at the crjstalvboundarieé.
Since refraction is.nbt_lineég bﬁt follows‘Snell's law,Athevminimum
beam radiug and thus the beam spread inside the crysfﬁl would depend
on the positibn‘of the interface. However, in the regime where the
focal spot size is man&‘laser wave lengths, the differenée is
iﬁsiénifi;aﬁt.h3 (The.&iffraction angle & ié small, éin ® =~ ¢, and
refraction is nearly linéar.) ihis.is necessarilyisatisfied for
most far-infrared experiménts because we want_the,beém radius toibe
larger than the far-infrared wave length fo keep the far-infrared
diffraction angle smali éhough for colleétion in_a détection‘system.
The fact thaf thé difference-frequency wave length is much longer
‘than optical wave lengths, scaiing up diffraction accordingly, forges

us to have small angular spread of the laser, kT/k << 1 where kT is
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transverse wavevector. Thus we will treat the laser as if it were in.
air, introducing the crystal later without changing the focal spot
size.

In the focal plane, at z = 0, the electrical field with a given

polarization and a Gaussian intensity profile is given by
. I Ir » o 2] - , ,
E (x33’9 z =0, t) = Ew exp '(x +y )/WO -iwt]. (10a)

The beam focal spot radius is wo, defined as the radius at which the
intensity falls to e.2 times its value on axis.
The field at other points in space can be found by Fourier

analysis of the focal plane distribution E(x,y,z = 0,t) eXP[ikzz],

) . ’ >0 > ’
which yields a sum of plane waves of the form 8(k§,k;,k:) exp[ik e r - iwt]

2
with (k°)2_= (kz)g + (k;)2 + (kZ)z =Y /C2. Fourier analysis of thé

focal plane distribution of the electric field amplitude gives

A 2 o2 . 1
©.,0 .0 1.2 W K 0 (02 02)2 ' (11)
‘ = . o p - - - 1
&(k_ ,ky,kz) E Vor (2 "o) expl- 53— | ok, - \k K 1

2
X

2

where k2 =k + ky and.S(x)'is the Dirac delta function. The delta

T

functioﬁ relatipg'k:, k;, and k° represents an approximation inasmuch.
as there are values of k; greater than x°.. This means that the focal -
plane distribution_cannot be represented strictly by a. group of mono-
chromatic plane waves. However, as long as the Fourier éomponents _
associated with kT } ko are very small, our gpbroximation i§vv¢ry good.
The regu;rement.is ‘%--ko wo >> 1 or k;/ko << 1 for k; with appreciablé

Fourier components. This is equivalent to the conditior that the
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- transverse dimension of the beam is much larger than a wave length.
Inversion of Eq. (ll) is easy, assuming kT/ko << 1.

1k
. . .. E_ e 2 2 .
E(x,y,z,t) =" ? e exp |- (x ; y) <12_ i€) (12)
| R v (1 + E°)
o}
- where _ o £ = 255 = z/ZR.
. ' ' ,kwo )

‘This is the express1on for the-electrlc Pleld of the beam in all space,
A assumlng no interfaces., All detalls are spec1f1ed by the single
paramete“ 0" This form hasrbeen.obtained_using confocal‘resonator

: theory.hh hS An unfoeused beamiis specified by the same form. The
divergence of the’beam sPecifies Wé and‘the beam radius at the point
of interest, with the dlvergence, spe01f1es the distance to the

flctltlous focal plane.

The radius of the beam is

2)1/2

wlz) = w (1+& (12a)

The length parameter Zé— —-kw2 , <c¢alled the Rayleigh range in

»antenna thepry,_ls the value of z for which the power density falls
fo half ef,its value at the focal plane.

Now let us coneider‘piecing a crystal iﬁterface;at é = %}. At
the interface, the tangential components of E will be continuous. The
- normal component will chahge according to the index of refraction,
whieh will'depeﬁd on difection in the case of an extraordinary ray.

Thus, for z > Zy» assuming E parallel to the surface, we can write
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o : Wzks
: : e 1.2 N S
8 (kx,ky,kz) = E, v2r (2 Wo) exp L

[ v2b '-é L] | o .
X G[kz - (k - kT)E : exp(— ikz + ikzzo) (13)

where k = g-n'and n, the index of refraction, can depend on direction

" for extraordinary rays..
Now we wish to invert Eq. (13) for both extraordinary and ordinary

wave propagation, again dropping high order powers of kT/k. For

' ordinary rays, k is simply given by g-no. For the extraordinary ray,

we need the directional dependence. Defining the x-direction such

that the optic axis is in the x - z plane we may write

2 cosb sind (n - n )
. . o e

k=Xk'+ —— k S k' + Tk ' (1k)

]

Vhéré k' =.E-ne(9) 5.%-n’ is thg wavefvector at normal incidence to
the interfgce, at angle'e to the optic axis; n, and n, are respectively
the ordinary>and extraordinary indices of refraction.

The result of inversion for the Qrdinari rays inside the cryéfal

(within a constant phase factor) is

- ikz | ’
: E e 2 2 :
w + 1l -1
B(r) = T 515 %P -(x2 y) é 1£) (15)
: , wo (1 + E9)
. o] ,
2 ({z - zo) 2z
where § = 5 _ + per-ak For the extraordinary polarization,
, kw k'w
] o
we have : .
: .
Ew ‘?ﬂs A {[x*'c(z - ZO)]2 + yz}(l - ig'")
E(r) = 1 + igl exp (16)

wﬁ 1+ 5'2)
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Q(Z - Zo) 220 .
where &' = 5 + o 2 . We want to combine one ordlnary and one’
' k! LA kw

extraordlnary wave to make a polarlzatlon wave whlch is phase-matchable.

we will assume two frequenc1es w, > Ww,, roduc1n a polarization wave
l s P g ap

at 0w = wl -‘w2.  Whlch frequency component is to.be ordlnary depends

on whether the crystal is negative, positive, or unlaxial, but the

calculation is really'fhe same.- We assume Wy to be thezord%nary wave,

_ W, the extraordinary and want a polarization of the form of Eq. (2).
The form is reduced by neglecting terms which are small for reasonable
‘experiments. For example, ]E(wl) -.E'(w2)|'<< 1.+ E(wl) E(wz)_is valid

for visible or near-visible light sources, difference frequencies

‘less than or on the order of 100 cm-l, and beam spreads with kpjx << 1.
CE) (k- k) | | '
Similarly, % << 1 requires that we are not too far out
. 1 ) . .

of the Rayleigh range, i. e., we do not let the beam diffract too much.
These are all reasconable limitations.

The result is

2aE E - ' 2!
o RS _ 2,2 - 21;z'£¢x+ 2=
P(?) ='——————§L—£i 1(kl k2}z exp ——EL———-—75~ exp 2
' 1+ g8 L 232 (1 + E7) L vo(1 + &%)
o - - o - o .
- 2(X + "C"Z“")e .— —2Y2
X exp expl 55—
: W2 (1 + £9) | (1 + £2) (17)
o _ o e
where z' = 7 - zo. The transverse Fourier transform is
. #» : .
X E E . L
w ik, - k!')z ik Cz
P(kT’Z') = -——fﬁ;—g- W2 e 1 .2 e /2
2 °
' .22 2\ ; .
x exp|- AN it * £7) R (18)
xp 2 g8 2 .

o)
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. The calculation of‘f(ﬁ),[Eq{A9J is then carried out by finding the

parﬁicular soltuion. of fhé differential equation [Eq. T] for éach Fourier
‘componeht of 31. Thé“fiéld components Qarallel‘and perpéndicular to
the plane of incidence are calculated separately, subject to the
approériaté boundary conditions [Eq. 10]. PFinally, to find the total
powér detécfed, assuming that-ail the far infraréd‘radiétion goes into
the collecting light pipe, we simply integrate'the butbuﬁ from the

, crystai, lﬁ(k)lg, over thg solid ahgle collected in the detection
systém. Thé calculatidn is clear in principle_but too lengthy to write
out in détail. It must be carried out numerically by computer, except
“undér é#tfémé simplifying assumptions.- Résﬁlts of some numerical calcu-

lations are discussed in the next section.
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IV. RESULTS OF EXPERIMENTS AND COMPARISON WITH THEORY

A. Summary of Experimental Results
For quick reference, a summary of experimental results are presented

“here without discussion. Fig. 1L shows 6scillqséope traces of the laser

"~ pulses with corresponding outputs of the differenbe—frequency and
sum-frequency detectors. The peak powers obtained at phase-matching

wére: 1l milliwatt at 8;1 cﬁ-l in 0.047 cm LiNbO 20 milliwatts at

3!

8.1 cﬁ_l in 1.5 em LiNbOs, 5> millivatts at 29 cm-l in 0.15 cm LiNbO3.

The variation of the powef of the difference frequency output of the

1.5 cm LiNbO. crystal at 8.1 cm-; as a function of the angular deviation

3 _
from the phase—matched angle is shown in Fig. 15. The'corréspbnding

curve for 29 cm_l generation in the 0.15:cm LiNbO crystal is shown

3
in Fig. 16. The respective phase—ﬁatching angles are 9.5° and 18.2°
from the c-axis. . |

Signals were detected down to a frequency of 1.2 cm.l, giving us
ranges of'tuﬁability from 1.2 cm-l t§ 8.1~cm_1 and 2l.§m-l to 37 cm_l.
The freguency of the output was verified by measuremeﬁt with a far-
infrared Fabry-Perot inﬁerferometer. ‘Tranémission Eurves for the
lbwer frequency range (6.& and 8.1 gm_;) are shown in Fig. 17, for the
higher ffeQﬁency range(28,8‘and 35.8 cmfl).in Fig. 18. These curves |
indicate a half-angular divergence at the Fabry-Perot of greater than
or equallto 30° for the 8.1 cm-‘vl case; it is considerably less than
30° fdr the higher frequeﬁcy rangé. |

Comparison of power outputs in LiNbO,_, and quartz gives an estimate

_ 3
of the relative electro-optic coefficients: r22(LiNbO3): r62(quartz) =~ 8.5,
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14. Correlation between Time Overlap of Laser Pulses and Strength

of Sum and Difference Fréquency Signals. The laser signals are

displayed on a single oscilloscope trace (a) -with one laser being

delayed by 125 nsec. Sum frequency‘signals (v) and difference
frequency signals_(c) are displayed on a dual beam oscilloscope;
larger time overlap (upper) results in laigér sum and difference
fiequency signals. The'difference frequency signals cbrrespond
to a peak power of abouf one milliwatt.-

3 Crystal.

Variation of the power of the difference frequency signal as a

15. Phase-Matching Curve for 8.1 em L in 1.5 em.LiNbo

function of the angular deviation from the phase-matched angle.

The angles refer to the inside of the crystal.

16. Phase-Matching Curve for 29 cm-l in 0.15 em LiNbO_ Crystal.

( 3
Thé dashed liﬁe‘is (E%En)z the theoretical curve for no absorption.
The soli@ line is the theoretical curve including absorption,

o =18 enl, |

l?. Fébry—Perot Scén.of.Difference—Frequency Output. The upper
scan (a) is for a temperature difference AT = 60°C of the two
lasers. For the lower scan (b), AT = 47°C. The theoretical curves
are Airy functions, calculated from the geometrical properties

of the Fabty-Perot‘féflectors and averaged to account for the 30°
collection half—anéle;l | | | |

18. Fabry-Perot Scan of Difference—Frequency Output Using Rl and
R2 Lines. The first scan (a) shows-a difference'frequency of

28.8.cm—1; the second scan (b) shows 35.8 émfl,
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B."Comparisoh'with’Theory’~
Let us first consider the experiment usihg two érystals of

different thickness. Our: crystals were of lithium nlobate, L1Nb03,

thickness 0.0h? cm and 1.5 cm. . The lasers, operated on the Rl—tran31t10n,

|
were separated in temperature by 60 C., correspondlng to 8 l em L for

thevdlfference frequency.l6 The power obtalned from the 0. OMT cm
crystal was about 1 milliweft, in approximate agreement with a
calculation using Eq. (6),'including effect of mode structure, for =

typical laser pulses as input. The power was calculated for single-mode

.lasers w1th power and angular divergence. corresponding to single

modes within the multimode lasers. The result was then multiplied by
the number of modes to give'the total power. Power, rather than field
amplitﬁde, are added because of the incoherence. The 1.5 cm crystai
yielded aboﬁt 20 milliwatts, experimentally. The plane-wave theory
suggests a z2-dependence of power versus length, impiying‘a ratio of
about 1000;1 for the power output>frbm the two crystals, compared tev

the experimental 20:1. A ccmputer calculation using the formalism

presented in the last section ylelded a ratlo of 60:1 when applied to

the single dlfference—frequency 8.1 cm 1. Let us 00951der the various

|
1

effects involved here.

There are three effects, besides the fluctuatiohs of the normali-

- zation process and possible local resonances at long wave lengths in

the detection system, which should be kept in mind in anyfexperiment
comparing powers. The first is long-term changes in the sum-frequency
output. The crystal used (KDP) is #ater soluble; thus surfaces are

damaged by exposure to air. A compariscn of power overlaps of the two
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lasérs and thus of the éipectéd différénce—frequency power output can .
not bé doné reliably by this method ovér long periods of time; Perhaps
more importaﬁt is the alignment'of the two lasers. IA small misalignment,
séy 10 minuﬁes of afc, has no effect on the non-phase-matched sum-frequency
_ génération, but may cut the difference—frequéncy_generation almost
completely. This again makes any long-term comparison difficﬁlt. With
caré in alignment and some luck ﬁith the reproducibility of the lasers,
fhesé prbblems représenﬁ at worst a factor of two uncertainty. The
ihird éffect, inhomogeneities of the crystal, may be worse. They may
Bé present due fo the erétal—growing érocess or may be induced by
the lasers.h7; Yajima and Induelzlhafe tried to include this effect
in the effect of beam divergence, measuring the beam divergence after
travérsal of the crystal. Byerb'8 has used the second-harmonic power
and phése—métching curve to help choose crystals with minimum inhomdgeneity.
Wé havé not included this effect in our calculations.

The various effects involved in the calculations are intermingled
in the equationé, but it is worthwhile tovtfy to sort theﬁ out for
discussion. -First let us consider the effect of the boundary conditions.

k9

The index of refraction at 8.1 cm-l is 6.55 7 at phase-matching. This

.yields a reflectivity r2 at normal incidence of 0.54. The factor in

the denominator of the Fabry-Perot factor [Eq. 10] becomes, with.small
' 2

hr

(l - r2)2
plane-waves and a slab goes up as the square of the length but with

absorption, = 10.2. Thus we see that the output with
deep modulations, the peaks being about 10 times the valleys [Fig. 19].
In a long-crystal, two effects will a&erage this out. First, the

absorption coefficient50 of LiNbO3 at 8.1 cm._l is about1.h cm'l, Thé factor
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Relaﬁve

Fig. 19

Thickness of Crystal

XBL 698-1130
Effect of Boundary Conditions in L1Nb0 (”heoretical) The peaks of

output power occur at intervals of /2 where X is the wave length in
the medium. Experimentally, diffuse reflections from transverse bound-

aries and lack of monoéh’romaticity decrease the depth of modulation.

_Lg_
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e_qg ~ 9 for 2 =1.5 cm\iowérs the effective reflectivity riff = r2 e-q&
cuttihg thé modulations to‘aboﬁt 20%. Moréover, 1.5 cm contains about
150 half-wave léngths; thus the angle of collection is large enough,
about 0.076 radians measured inside the crystal, to average over a
large fraction of a modulation c&cle. This corresponds to the shrinking‘
of Fabry-Perot rings as the spacing is increased until more than the
central spot enters the detectioﬁ system. For the 0.047 cm crystal,
8.1 cm_l‘coincidentally falls on a peak, fepresehting 5 half-wave lengths.
The peak i$ about 3 times an average value. Thus the expected ratio
for simple‘plane—waves would be expécted to be reduced by a factor 3
if ﬁe hit a peak in the thin cfystal. Experimentally, thié did not
materialize. We éhould be able to change the temperature of dne laser,
.thus scanning the wave length, and find factors of 10 in vériation. We
find variations by a factor of 2. One reason is the lack of monochroma-
ticity. Several wave iengths separated by 0.2 cm-l cannot all appear
at a peak. Thus the variation should be less than a factor of 10,
perhaps 5. The further reduction may be due to diffuse reflections at
thé edges of the crystal. The existence of the peaks and .instability
in fréquency may have been responsible for variations of a factor of
2 in the normalizafion scheme using thin crystals. The normalization
was considerably better for crystals where length or absorption averaged
out this effect.

The absorption is séen already to have an effect involving the
boundary conditions [Eq. 10]. It also appears in Eq. (8).V-Qualitatively,
absorption of the far infrared radiation limits the effective length

‘for generation to the last absorption length of the crystal; any
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_radiation generated before this is absorbed. Combining Eq. (8) and

EQ. (10), d = 1.k cm—l yields a value for the power generated in the

1.5 cm crystal four times smaller than. for.a = 0 cm =, averaged over

" the effects of the boundary conditions. This is a reasonable number,

‘since_the absorption length,“l/a, is about half of the length of the

crystal. The effect of absorption in the 0.047 cm crystal is small,
Another possible reduction in power output in a longer crystal is
due to the birefringencé._ Birefringence causes double refraction,

causing two finite beams to "walk-off" from each other, limiting the

distance over which thé beams may overlap. An alternative viewpoint

is this: Finite beams have an angular spread due to diffraction.

Birefringence causes the index of refraction to change with direction;

-thus different parts -of the beam have different indices of refraction.

The result is that 6nly 6ne part of the beam can have perfect phaée-
matching and the length of interaction for various parts'of the beam
is limited b& the lack.of'peffect phase-matching.  However'one wishes
to intefpret.it; the effect is inclgded'in our calculations [Eq. 18]

in the appearance of the variable {. Let us assume the modes of the

~ lasers have a divergence half-angle of 2 mred [intensity falls to e 2

'tiﬁes peak intehsity] and propagate 50 cm before striking the ecrystal

interféce.; The resultant radius at the laser dutput is LA 0.011 cm
and at the crystal wb(l + 52)1/2_= 0.1 cm, £ being equal to 9. The
factor, §, defined in Eq. 14 and calculated at the phase-matching
;ngle, isveqﬁal to‘0.0122. For a given Féurier component of the

polarization wave, the dépendence oh L appears in Eq. (18) as




-70-

. 2,2 kaz'E . :
exp |~ ;2 - . It is apparent that for Zz' ~w_, i. e.,
: 2w2 : 2 : _ o]

cfystalso_on the order of 1 cm long with the beam described abo#e,

~ there is a sizable<eff¢ct. The effect on thévtotal power output,

obtained by integration on z'; kx’ and ky’ is not clear becausé of ' .
' . complexity of thé-function A computer calculatlon for our experlmental

situation (1.5 cm LleO3 and the beam described above) showed little

change—in total power from the case of T = 0. The reason can perhaps

be seen by rewriting the entire exponential of Eq. (18) in the following

.I-‘orm: ) ‘
2 2 2 2 2 . f

z< 2! K- w1+ & ) ‘
expl- — 2-~y§ 1/8(x +——€——> 211 + £2)]. |
] i+ g * Wy

In the first term, there is a sizable effect when gz' ~ w (1 +¢ )1/2

In our case, 0z' <§ wb(l + & )1/2. The appearance of § in the last termv
represents é shift of the intensity distribution along the’kx direction.
The shift is appreciable-if‘Czig > wo.(l + 52)1/2. The total colleéted
powér wouldube different if the shifted components>are not phase-matched
or they producé radiation outside the collection cone. The shift is also
dependenf on z', making its overall effect on the total powef difficult
to estimate. For our case, this effect is apparently small. It

should be mentioned that f > 0 as 9 + 0 n/2 [Eq. 14]. This has been S

used in second harmonic generatlon to avoid the blrefrlngence effect.

&

Température variation of the refractive indices is used for phase-matching
51 :

at 6= /2.

In both Eq. (18) and Eq. (6), we recognize that the angular o ‘Qi

dependence of the output will take the.form of the diffraction of the
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polarization source. For the single mode of 2-mrad'divergence assumed

above, the angle at which the amplitude of P(i,) falls to P(o)/e for

8.1 em™ radiation is 4.9° from the béam axis inside the crystal.

Radiation at‘h.9° frbm the normal to the crystal interface is refracted

-to anzangle of 3h°'outsidé'the crystal. Thus we should expect.a

half-angle divergence of 34° for the radiation produced, provided the
entire range of angles is sufficiently well phase-matched. _The phase

mismatch we are concerned with here is not a mismatch due to variation

of refractive indices.with angle. It is a mismatch due to noncollinearity:

thé far infrared radiation emerges. at anh angle & with respect to the

laser beamg This is illpsfrated'in Fig. 20, the functional:form.being
identical to the mishatch in n of Eq._(6)..'For al.5 cvaiNbO3
erystal and Ak(O) =0, n coffespondihg-tdithe 4.9° mentioned above is

\n
this crystal due to phase-mismatch and the angular spread of the output

\'n/h, 5323)2 ~ 0.8." Thus there is little_decrease in power output in

should be fery ciose to the:diffractioﬁ pattern 6f the polarization
source. | | ‘

The variatiqn'of the far'infréred powef as the 1.5 cm LiNbO3
dryétéllié_rotafed through the phase-matched direction is shown in
Eig} 15. The experimental points’ére compared with the sinn ° curve
plotted assuming that thé output of each laser is split équallylbetwéen
two frequenéies.separated by 0.2 cm°l. Sinée the peaks are résolved,v
the éeakﬁpower should be down by a factor of 2 from that calculated

above for single frequency inputs. The position.of the peak in Fig. 15

-agrees within experimental accuracy with the phase matching gﬁgle of

9.5° from the optic axis computed using n, = 2.189 and.no = 2.273 (at
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Fig. 20 Phase Mismatch Due to Noncollinearity. The upper figure shows

the collinear mismatch, with laser wave vectbrs given by

w w
kl = El-no and ké = Eg-ne and the difference frequency wave
W, - W
vector given by k = —;—E——g-nir. The lower figure shows

an additional mismatch due to noncollinearity
Ak(®) = Ak(0) + k(1 - cosd). Boundary conditions require

Ak to be in the z-direction.

o
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the 1aservfrequencies)52 and n_ = 6.55 (at 8.1 cm l). 9 It has been

da

- sdgéésted;thatjéffécts_which decrease the power below-that of thé
simplé théory, effects such as absorptiqn, double refraction, and
oﬁtical inﬁomogenéities.in.the ciystal} nust éimultaneously'bro&dén-fhé
phase matching cﬁrve. _This is not strictly‘tfué. Let us considér the
plane-wave solution of.a single Fourier componeﬁt as an illustration.
Thé“phase—matching curve is giVeﬁ byvthe power as a function of.thé
miématéh Ak (see:Eq. 7)"' .
—(d )Q .> (a,. - a )z 12
/2 iAkz o /2 L

dz| . (19)

wlAk) = e fi Pl(z) e

L

It is also apparent that decreasing P, , keeping it constant, or increasing

. ' . 5
For Pl(z) constant and %/2 = a_ = 0, we get the familiar (El%—ﬂ> form.

a; o ,'maintaining'a/Q =0, can decrease the power by any arbitrary

L L

amount without changing the phasé-matching curve. Physicaliy, the
absorption.of the laser means a deérease in contributions to the gutput
as we progress through the érystal; the nonlinear»poiarization-'
deéreases.és the laser is absorbed. Absorption of the far infrared
radiation means an increase in contributions to the output as we
‘progress thfough the cfystal; tﬁe rédiafion pfodﬁced near the entranée
'facé of the cryétal is absorbed more than that produced near the
exit face.. The reéuit is that Eq..(i9) again involves a Fourier
transform of a constant function frém 0 to £.

Generally, the spécidl conditions.gbove are not applicablé.. An
efféct‘such as absorption would decrease the effective length, making
the Fouéief transform and thus the phase-matching curve broéder..

However, the change is slow. The absorption length l/a must be several

|
‘ . o . | : I“
'
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times'shortér'thaﬁ thé'érystal length'béfOré thé width at half

maximum changés significantiy. A concrete example is shown in Fig..l6l
This can pe;understoqd as follows. The,phasefmatching curve for an
é#ponentiai.functioh with'a4fullVwidth of‘9 af e—l of the maximum

velue has a width at half maximum of 1.25/2 compared to 2.8/2 for the
phase-matching curve of é constant function from O to £. For the |
phase-matching cufves'to be equaily broad in fhe two cases, the effecti#e
length of the medium in the exponential'case'can be reduced by a factor
of 2. There is a considerablg.effect on the tails of the curves and
good experiments shou;d-show this.

We may summarize the above as follpys: Using thejsimple monochromatic
plane-~-wave solution gives a ratio of 1000:1 for the output of the 1.5 cm
crystal to that of the 0.047 cm crystal. Including the effect of absorption
reduces the ratio by a factor.of 4. Including the effect of.boundary
conditions reduces it further by a factor of 3. (This factor is in‘
doubt becausé of inébilify to see large variations in the 0.047 cm
crystal withAéhange in frequency.) A further reduction of a faétor of
2 occurs- because several frequeﬁcy modes cannot all phase-match.in the
ldnger cryétal. Effects of beam divergence because of birefringence
or noncollinear»phase mismatch are not very large. Further reductions
must be attributed to the problems mentioned earliér, such as optical
inhomogeneities and misalignment of the two lasers.

Typical far infrared wave length measurements are shown in Fig. 17
as Fabry-Perot transmissioﬁ curves;' The solid curves are obtained from
the Airyhfbrmula by integrating over the finite collection angie ;o as

to fit the decrease in Q with increasing order number. The assumed
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collection half-angle was-3Q°.. Tt must also be gssuméd that the'éngular
spread of the Qutput is thi§ iargé, br 1arger. This ié_in accord with
our.estimaté above and is confirmed experiﬁentallyfby thé.fit of these
curves apd-by_cfudé measuremeﬁts‘of thé angulﬁr-variation which indicaté
consideraﬁle Qutput at'éngleé up to 30°, The finesse_wgé computed
from_thé geometry of the mesh. The wave lengths used for the fit

were within a few percent df those predicted by the known femperatﬁre

' dépéndénce of the ruby laser frequency, The fif shows unambiguously7:
fhat ﬁé are observing a difference ffequency.with‘a bandwidth less than
the ~ 1 ém—l resolution of_fhe intérfefométer. The linewidth of the

twé frequen;y modes_from.éacﬁ laser is less than 0.02 Cm_l, leadipg fo

a prédictéd linevidth of less than 0.0b em ™ for each of the three

far infrared fréquenCies produced; |

Using a 0.3 cm LiNbO, crystal, the temperature difference was

3

lowered to determine the minimum frequency'we'could produce and detect.

We were able to detect radiation at AT = 9°C,vcdrfésponding’tp'l.2 cmf;

radiation. We were thus able to cover the range from 1.2 cn? to
8.1 cm-l, the high frequency limit being determined by our temperature-
control system.

By using one laser at the R, -transition, the other laser at‘the;

1
R2 transitiop and varyipg the teﬁperature differenceiwe'can produce
radiation from 21:cm_1 to 37 cm-l.“Ekamples ére sﬁown in Fig. 18 by
the Fabry~Pérot wave length measuremenfé. It will be noticed that thé
effect of averaging over angles seen in Fig. 16 is absent. This

is because the wave lengths are shbrter by a factor of sbout 4, giving

a narrower angular divergence by about the same factor. This gives a
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divergence half angle of 9° oﬁtside thé erystal.

The phase-matching cufve for production of the differencé frequency
at 29_cm‘1 is shown in Fig. 16; ' The crystal thickness is 0.15 cm and
thé abéorption coefficieﬁfso a is 18 cm—l. The theOrefical curve fof
no absorptlon is shown for comparlson, The width at half-maximum is
changed very llttle while the wings show a deflnlte effect.

The peak power for this case was about 5 milliwatts compared to
the 1 milliwatt for 8.1 cm ~ in the 0.047 cm crystal. Since the
absorption length at 29 cm—l is about -equal to the crystal length used
for 8.1 cm_l generation and we are in the regime of collecting the
entire. angular spread, implying_w2 dependence of power on frequency, we

could guess that the power at 29 em™T should be about 15 times the

~ power at 8.1 cm-l. Computer calculations give a factor of 12. Since

the power of the R2-transition laser is reduced by a factor of about

two from its power in the R -trahsition, we should expect a factor of

1

6 compared fo the factor Qf 5 observed. In.view of the difficulties
in both calcuiations and expériments, this agreement must be considered
fortuitous.:

We also compared‘thé far-infrared power generated from a 1 cm thick

crystal of quartz to that from the 0.047 cm LiNbO, crystal. From this’

3.

measurement we estimate the ratio of the electro-optic coefficients

r22(LiNbO3): r62(quartz) to be 8.5. According to other measurements,53

the ratio is 3.7. This must be considered satisfactory agreement.

-3
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" €. 'Discussion

- Opéortunitieé fof furthér researCh-in this area are numerous.
Priﬁarily,'the need is-for bétter aﬁd'mo;e vérsatilé experiments.
Poésible impfbvémeﬁts include the follbwing: (1) more sensitive and/or
faster far'infrargd detectors,3(2) improvements in,quality.énd choice
of nonlinear crystals, (3) impfb?eménts in the laser sources, (L)

use of other lasef‘of npn{laserrsources,'and'(55 ﬁse of other configura-
tions, e.g. non—coliinearvphaseFmatchingf

| With increased demand fér optical quality crystals of many
different materials, there has been COnsiderable'impfOVement in cr&stal
- quality. The considerable -amount of work in electro—opﬁics gives us
thé nonlinear susceptibilitylfor low fréquenciés for mény substances.
The far infrared absbrption spectra.is not as widely studied and is
important to know. Much work needs to be done in studying the
properties which result in‘high difference—fre@uéncy power outputs. .An
. ideal cfystai would be transparent té.tﬁe lasers and the far infrared,
haVé largé noﬁlinear suscépﬁibilities; be easily obtaiﬁable in good
quality large crystals,.be»hiéhly resistant to optical daﬁage, and be
'phase;matchable. | |
Improvements -in the laser sourcés; particularly the divergence,

should produce significgpt inéreases in pqwér, If the spatiai cqherence
of thé laser éourcés is good enqﬁgh to make the.divergence of the
far infrared output less than the‘divérgénce-which the collection systém
can handlé,vwé can increase the power by choosing the optimum focusiﬁg
" of the lasers into the crystal, provided that fhe crysfal can withstand

the higher powers. Consideration of Eq. (18) can give us the basic




idéas. The coefficient — remains constant upon increased

. S . : : 2 R .
focusing, i. e., decrea51ng_wo,..The area ﬂwo decreases and the intensity
lE|2 increases to make the energy passing a given plane constant. Along

with decreasing W, e get an increase in angular spread, i. e., larger

T

k., are allowed before the exponential cuts off. Thus, with the coefficient
remaining chstant, we would expect an increase in powér proportional
to the increase in divergence solid angle, i. e., proportional to —%—,

. o . W

until other effects begin to cut the generation of far infrared radfation.

The angular cutoffs are the collection angle and the lack of phase-

"matching due to non—collinearity; expressed in Eq. (6). There is an

angular dependent phase mismatch due to the birefrigence (the term
ik _zz'! '
exp %—3%5—— ) but this term, with  typically less than 0.01, is always

less important than the non-collinear phase mismatch. The z-dependence
of P(kT,z) reveals two effective lengths which also may cut off the
expected increase in power, provided they become shorter than the

crystal or absorption length. They'are the Rayleigh range,

zR = %-kLwi, kL being the laser wavevector, and a characteristic length
~ , W .
depending on the birefringence, QC'= 22-. The Rayleigh range is an

effective length of the focal region and appears in Eq. (18) in the

. dependence on £; an increase ih'lgl_meansbmovement away from the focal

point, a larger, less intense beam, and a resultant decrease in the

angulér divergence. The characteristic length £ represents the

*

4

distance of significant overlap of the extraordinary and ordinary beams.

The regions of importance of these effects should at least be

mentioned. Assuming £ ~ 0.01, £ ~ 1 cm (crystel thickness),'ﬂc and z
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lbeing on the order of:the length of the crystal implies W~ 0.0 and
.thus a dlvergence of the output for frequenc1es v < 100 cm -1 greater
than the collectlon cutoff of 30°Vf Noncollinear phase mismateh (Fig. 20)
causes a cutoff at smaller'angles than 30° for v > gg-(cm-;), n being
the far infrared refractive index. Thus for V< 100 em! and the crystal
considered here, either‘the colleotdon_or phaseématching cutoff is
the limiting factor in increasing power by focusing.'iThis is only
an instructive particular euauple and the conclusions should not be
1ndlscr1m1nately applled. |

The range of tunablllty ‘of the ruby lasers 1s qulte limited. Other
systems should be better. One p0531b11;ty is stimulated Raman scattering
of ruby laser frequencies._‘USing various iiquids and temperature |
tuning the ruby laser sources would prov1de cons1derable tunability.

The dlsadvantages are cons1derable loss of power and broadened linewidths.
A system using two dye lasers would be tunable over the entire far
vinfrared region. The pOWer, ‘linewidth, and divergence will perhaps

never -be as good as the ruby laser, but they may be quite adequate.

Professor Y. R. Shen has suggested the use of a mode locked
neodymlum laser, whose linewidth is on the order of 100 cm l. The
spectral output is a serles.of llnes, spaced by %Ef.cu -1 wherevﬂ is the
length of the laser oavity;'.There is ideally a fixed phase relstionship
between all the lines {all are in phase at some time), resulting in
a temporal output of a series of sharp puises; separated in time by 2Q/c.
The total energy and'overall time duration are comparable to ruby
lasers. Thus each of the_Ntspectral lines has about l/N times the
power of a typical ruby laser, a given pair producing'difference frequency

v ] !
. : ‘1\
i
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. powers down by the factor l/N2._' Hoﬁéver, if our difference frequéncy :
_is.not near the extreme difference frequency possible with the given
'.Bandwidth, there ére on the order of N pairs producing fhe éame difference
ffequency in phase, éancelliné the l/N2 factor. Thus in the ideal
" case, the pOWer'for a given aifference'frequency'line would be compérable
’to thé power producéd by two beating'fuby lasers. Moreofer, all
difference frequencies.which ére phase—matchaﬁie would be produced at
comparable power levels. Thétmode—lobking is not ideal»and this estimate
is thus expected to be an order of magnitude or so too large. Nevertheless,
‘this system shows great promise.

 An example of other possible configurations is a simple non-collinear
phase matching configuration;s The primaryjadvantage here is thé ability
to use crystals without biréfrigence.» An additional feature is an
increased sensitivity of the phase-matching to divergence. The
phasé mismatch due to a given angular deviationvor divefgence‘of one
of the laéers is proportional to sin & cos & where ¢ is the angle
between the'faf infraréd'wave vector ahd the'lésef beam wave vector.
The power wiil thus bg’decreased for ndncollinear phase-matching
bécauée various par£é of the divergént laser beams will not phaseé

match. The output would be more collimated.
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In calculating H for.the bbundary'condition, %g-is neglected._
This borresponds to neglecting fiéids genératgd ih a boundary

layer of thicknessu%;-,-where'k is the far infrared wavelength in

the medium. Thus the calculation is.valid;for transmitted fields

if the thickness of the crystal is several wavelengths.
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