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Abstract . o

The recent achievement of obtaining second an'd third harn‘lu?'nalchradllactlm[n

at optical frequencies with an intense monochro'manc. laser b.camk-)' as rcadi:
great interest in phenomena resulting from nonlinear interactions between

o ':Il'?\(i :itc[lf:nisms of these harmonic generations can be identified as para-

metric interactions. In particular, the concept of t{avclmg-wavc parametric 1(;1[;1’-

action can be applied to enhance these interactions, as was dcmons[;atc. tcr)i

Giordmaine,? and Maker, et al® Furthcx"morc, these interacrions canf ch;rzons
preted as typical examples of three-dimensional parametric interactions of p

'- i s“ . .

* ql:‘l?lilcp;:rl;}:sc of this paper is to anz.llyzc optical frequency parfxn'}ittrcx:a:lr;:)cnr;

actions. The basic mechanism and selection rules of.thcsc paramct;xc i eraciogs

will be described, not only for harmonic generation, but .also cl>rap e

amplification and frequency conversion processes. :I'hc cxpcrupcnt.: | i{:um i

achieve these interactions and some of our preliminary experimenta

. Al
be presented. The application of these paramctric interactions to potential mills
meter wave and infrared devices will be discussed.

Introduction
The recent achievement of generating harmonic radiston 3 .
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ctfects can be mterpreted as typical examples of parametric interactions.”*
The purpose of this paper will be to discuss the basic mechanism of optical
parametric interactions. This analysis can be used to establish the necessary
requisites for the design of traveling-wave parametric devices.

The Basic Concept of Parametric Interactions

At radio and microwave frequencies, electrical resonances can be excited
in lumped-circuit or cavity resonators. When three resonators are coupled
together through a nonlinear reactance, frequency mixing. occurs. If the
sum or difference between two of the resonant frequencies coincides with
the third resonant frequency, there can be an exchange of energy among
these three resonators. Then, energy can be pumped by one resonator to
excite the other two resonators to achieve parametric amplification or fre-
quency conversion. For the degenerate case of two harmonically related
resonators, parametric harmonic generation or subharmonic amplification
can be obtained.

At radio frequencies, the dimension of a lumped-circuit resonance is
much smaller than the wavelength. At microwave frequencies, the dimension
of a cavity resonator becomes comparable to the wavelenght A, Thus, the para-
metric interaction using resonators is confined to a space not larger than A3,
When we extend this concept to optical frequencies, the interactions can be
regarded as point interactions. However, it is possible to expand the inter-
action volume for much enhanced parametric interactions by means of the
traveling-wave effect as was demonstrated by Giordmaine® and Maker® for
optical harmonic generation. The basic concept of traveling-wave parametric
interactions can be explained as follows:

-—
A traveling wave with frequency w and propagation constant 8 can be
represented by the wave equation,
V2E — a— (neE)=0 (N
ot*
where E is the field intensity of the wave, for example, the electric field of
an electromagnetic wave. The values of the permeability, u, and permitiv-
ity, ¢, determine the velocity of propagation. Equation 1 can also be repre-
snted in complex form as

V'-’(E+E°)——a§l—:-[ye(E+E‘)] =0 )

It ine considers the generalized case of many traveling waves being propa-
éredan the same medium, Equiton 2 can be rewritten as

- 2 o
T“::.(E+E')—-_—3—;—[}.,u(ﬁ+£°)]=0. 3
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turbance in the velocity of propagation. This effect can be expressed in

terms of the perturbed wave equation
V2 (E+E*)
2 - . )—
0 f#(,so[l + Eop o) F oo ] Z(E+E) =0 )

o |
where £(wp, Bp) is the pump factor determined by the nonlinearity of the

medium. -
idua 1 wave
Let us select two individual traveling waves, say Es for a signa

i i 1 enc
and E; for an idler wave. If w, 8s and oy, Bi are, respectively, the frequency
and propagation constants of the signal and idler, and

wp = o + s, | (5)
- -
Bo=FBi+ B

Then, the signal and idler traveling waves can be coupled together through

the pump perturbation as

‘

O tCon B EF(— o= B |

V2E; — pogo Es = poeo

- ©
V2Ei— poto i:;l = Mo €0 ;; %-‘3(“’9,3;)) E:("' “",—Bs)}

vs that the signal and idler travc?ing waves, cciFge?andltx;li
to the left-hand side of the equation, can be excited ;xlndriax:fhla rfd Sige ¢
parametric perturbations of the pump, as shownlton t Zvesg e o 1
the equation. In a similar manner, other trav;mg zsr/e e
can be coupled together parametrically to produce ireq

i i ions 1 ing more than
harmonic or subharmonic generation, or interactions involving more hen
\ ies. Equations 5 and 6 can be rearranged to sho

Equation 6 shov

three frequenc

interactions. ' e
Equation 5 gives the selection rules of the coupling of tmvhc cgns““.
for pa?amctric amplification. These relations are anlzllqgou}sl.toftr e propd
o
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The Mechanism of Forward and Backuard Traveling Wave Interactions

The performance of the parametric interactions of coupled traveling
waves can be analyzed by solving Equation 6. In general, the parametric
excitation of the pump introduces a perturbation in the propagation con-
stants of the other traveling waves. Let the perturbed propagation constants

’

- -
of the signal and idler waves be B, and 8, respectively. Then, remembering
the selection rules of Equation 5, we may put the perturbation of the

>
propagation constants Af as
-> > -

f.=F,+a
)
= > -
Bi=8—aB
From Equations 6 and 7, the value of A,E can be solved as
- i e BB -
_S’)B:,Aﬁlyzizl. -IBIIIB, -y (8)

_\/ > A o
(IBI'Y)(ﬁs'}’)
where y denotes the unit vector for the perturbation of the propagation
constant. Since the perturbation is caused by the pump, the direction of

y is normally along the direction of the pump traveling wave or very close
to it.

According to Equation 8, the characteristics of the parametric excita-
tions can be classified as either forward- or backward-traveling wave inter-
actions, depending upon the relative directions of the three traveling waves.
In the case of forward interactions, all three waves travel along the same
general direction, and the denominator in Equation 8 becomes positive.
Thus, the perturbed propagation constants become complex quantities, and
the waves are amplified with exponential gain. The amplification increases
with the nonlinearity of the medium and the interaction length. The back-
vard interaction corresponds to the case when one of the traveling waves,
say the signal wave, travels nearly along the opposite direction. Then, the

cnominator in Equation 8 becomes imaginary and the perturbation Ag
# 2 real quantity. The effect of the perturbation produces an inherent re-
Eeneration among these traveling waves. This operation has high gain and
may become unstable; thus, the forward interaction is primarily useful for
trilitkation and frequency conversion, while the backward interaction
et rell 1o the design of both amplificrs and oscillators with extremely
Ve runing ranges. In view of the conditions set by Equaton S, it 15 im-
Fmtet v swhieve parametric intersction between a forwaed pump travel
fosRwand ugnal and wller travehing waves. Thue, the foeward
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Selection Rules

The selection rules of Equation
tion on the frequency ratio as a fu
traveling waves. For optical freque
indices of refraction ny, ni, and ns

5 can be combined to give the informa.
nction of the velocity ratio of the three
ncies, it is more convenient to usc the
for the pump, idler, and signal waves

respectively. Figure 1 shows the relationship of the selection rules for the
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f“d"l"i- For example, it 1s possible to combine an orumary ray and
extraordinary 1 In
iy (.mllr) ray mfa crystal to generate the optical second harmonics. In

e particular case of potassi thy ¢ :
p potassium dihydrogen phosphate (KDP), the material
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it 907 o the optical axis of the crystal. The hnutatuon an the tiew
interactions is that the three indices must either be cqual 10 one anuher
or be all different. Thus most crystals can only be used within 4 hinuied
f i signal 1 cquencies are very cl
range of frequencies when the signal and idler frequenci y chac
together. . ‘ ‘
Ficure 2 shows the characteristics of backward traveling wave inter-
b N . . .
actions. In this case, the frequency ratio is usually vcry‘hxgh, c:vcnl when
the indices of refraction are very close to one another, as is usually the case
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Fig. 3—Proposed cxperimental arrangement. .

for optical media. Thus, backward wave interactions may bc. cTtren?ﬁiy
useful for accomplishing the design of continuously variable optical osc1
tors with considerably wide tuning ranges.

Applications

To investigate the applicability of Paramctric in'ter:llcnon's to ,:,}:1 ((:lr:\::
opment of new optically pumped devices, the p:.xrtxcuf ar c.\pcqr:] T e
rangement in Figure 3 is proposed. The sctup consists o }: resond s
of two roof prisms or corner reflectors which possess the propc
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laser, as the parametric pump source,

b = < onothe cpnaal pump power requitements, the laser can b
cperatad ather under normal conditions or 1 a maaner which provides
yeant” pulse laser output using specially developed optical Q-switching teck
asjucs.’t The use of special mirrors with sclective reflectivity should insur
the necessary forward or backward traveling wave coupling at the sign:
and idler frequencies. This configuration could then be used for studyin
experimentally the feasibility of amplification and generation of coherer

optical radiation or frequency conversion to the upper side band frequenc
]

.

The following design parameters are most important in the plannin
of a successful experimental scheme: '

(1) The careful choice of a suitable nonlinear material, capable of sy
porting the various interaction effects with minimum losses,
essential.

(2) Maximum conversion efficiency is desirable. This depends not on!
on the nonlinear medium, but also on the existing optical pow

level. Ultimately the conversion efficiency is limited by the wel
known Manley-Rowe relationship. '
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Fig. 4—Schematic of experimental arrangement.

(3) Effective index matching for maximum power transfer is important
The importance of proper orientation for the nonlinear mediun
has already been stressed. A convenient experimental arrangement
shown in Figure 4, has been assembled to assist in the interpretation
of the sclection rules and correct phase matching conditions for
numerous potential nonlinear materials. Typical observations ob-
tained in this manner using KDP are shown in Figure 5. The
setup, allows a slow rotation of the nonlinear medium, normal with
respect to the incident laser beam. The traces with the expanded
ume seale give an indication of the eorrelation involved in gen.,
eranng wiond harmonic radiation. There as some varation in the



sween rates fur the two beams of the scope. This accounts foe 1
slight discrepancices in coincidence of laser spikes in the end pos
tions of the oscillograms. :

Finally, it should be pointed out that there is a great potential in the

development of new optically pumped parametric devices— not f)nll)'nns
amplifiers or oscillators, but also as detectors, modulators, power limiters''—
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and the study of various coherent nonlincar scattering p
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be feasible to overcome the existing lick of convenient expe?

aapiey i the region of the electromagnetic spectrum between mitlime
wave and nfrared frequencies.
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Electro-Optic Light Modulators ] “
1. P. Kaxinow i
Bell Telephone Laboratories, Inc. 7
Holmdel, N.J.
Abstract /

Some recent work connected with microwave modulation of light by !
electro-optic effect is reviewed.

The efficiency of the cavity-type modulator' has been improved by the 1
of a longer thinner KDP rod. This device has been employed to provide a c
tinuous modulation of the visible helium-neon gas maser at 9 Ge. The microw:
sidebands on the light are observed directly as a splitting of the rings of a Fab
Perot etalon.® .

The dielectric constant and_loss tangent have been measured in KDP as
function of temperature in order to determine the feasibility of operating KI
modulators at reduced temperature.? :

Proposals and calculations related to wide-band travelling-wave light mod
lation have been made. The characteristics of coaxial or parallel plate transmissi
lings, partially filled with KDP, arc calculated* and two modulation schemes a
¢onsidered: the light travels along the propagation direction* in the transmissic
line, or the light follows a zig-zag puth about this direction.”
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