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Parametric Interactions of Optical Modes

AMNXNON YARIV, MEMBER,IEEE

Abstract—A formalism for treating interactions between optical
modes in the presence of time-varying parameters is developed. The
problems of parametric oscillation, frequency conversion, and inter-
nal laser modulation are treated, as well as a new class ofinteractions
involving parametric modulation in the presence of negative losses.

I. InTRODUCTION

HIS PAPER is concerned with the study of para-

metric interactions in the optical region. The con-

cept of parametric interactions is taken to mean
the propagation, or oscillation, of electromagnetic waves
in the presence of time-varying parameters [1], [2]. These
parameters include not only reactive ones, but lossy ones,
such as conductivity, as well.

The formalism developed below is relevant to a number
of experimental situations that have been the subject
of numerous recent investigations. Among these are the
the AM phase-locked laser of Hargrove et al. [3]; the
FM laser proposed by Yariv [4], [10] and demonstrated by
Peterson and Yariv [5] and by Harris and Targ [6]; and
the optical parametric oscillator discussed by Kingston
[7], Kroll [8], and demonstrated by Giordmaine and
Miller [9].

Some of the results derived below have been used,
without derivation, by the author in an earlier publica-
tion [10].

II. ExpansioN oF REsoNaTOR IFIELDS

Since a great deal of the analysis that follows is con-
cerned with parametric interactions inside optical res-
onators (or, in general, any resonator with typical di-
mensions large compared to the wavelength), it is worth-
while to derive first the spectrum of modes and their
characteristic frequencies for the case of a passive res-
onator. These modes, considered as a complete ortho-
normal set, will be used to expand the resonator field in
the presence of parametric modulation.

A formalism developed by Slater {11} is found con-
venient for obtaining the mode spectrum discussed above.
It is especially useful, since it is not necessary to specify
‘the exact shape of the resonator so that the results
obtained are very general.

Using Slater’s formalism we define two infinite sets
of vector functions H,(7) and E,(F) satisfying

kE, =~ X H, kM, =V XE,
V-E,=%-H,=0
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and # X E, = 0 at the boundaries of the resonator.
For the moment, k, is considered as a constant, but will
be shown to be equal to w, \/,.Te where w, is 2 times the
characteristic frequency of the ath mode. It follows from

(1) that
7277 277
Z {[a + ]‘/a]f'a O (3)
V’E, + EE, = 0.

It also folIowé from (1) and the boundary condition
7 X Ii, =0 that

Ea'Eb dv

Ve

IJQ‘HI, d?) = O

Ve

a # b 4
where the integration extends over the whole volume of
the optical resonator. The derivation of (4) is given by
Slater [11]. The mode amplitudes are normalized so that

A, -0, dv = f BB, dv = 5. ®)
Ve

Ve

Using E, and I, as complete orthonormal sets in which

to expand the electromagnetic fields E(7, t) and H(7, )
inside the resonator, we can put

B = - % % (OB (62)
6,0 = % ;/1—; ot DL (F) (6h)

where p and e have their customary definitions. For the
moment, w, is a scalar constant and p,(t), ¢.(t) represent
the time-varying part of the mode fields.
The field hamiltonian, i.e., the total energy, is given
by (using mks units)
3¢

(B-B + pH-H) dv. N

~ 2/,
Substituting (6) and using (5) leads to a ‘““harmonic-
oscillator’” form of the hamiltonian

s =% 2 (0% + wigd). (8)

In order to make some more definite statements about
k., ., and the interdependence of p,(f) and ¢,(¢), it is
necessary to substitute (6a) and (6b) into Maxwell’s
equations

G 9B _ 9,

VXE = —T0 = =2 (ul) @
So g 08D 8, -
XH—E——&(JL). (10)
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The result is

pu(t) = & a.(0)] ()
and
k, = w, \/;;
and similarly, from (10)
) = —5 n(0) (12)
Solving (11) and (12) simultaneously yields
2.(D) = Re [g.(0)¢'**']

(13)
pat) = — Im [w.qu(0)e"“*]. :

This identifies w, and k. as the characteristic (radian)
frequency and wave number, respectively, of the ath-
resonator mode.

III. Tur NormMaL MobDES

It is possible to carry out the analysis completely in
terms of p, and g,, but it is far more convenient, as will
become clear in the next section, to introduce a new set
of field coordinates ¢, and its complex conjugate ¢* which
are defined by

o3 = (20 wugu() ~ (D) 10
call) = (2wo) " lwaga(t) + dpa(t)]
so that
q. = (Zwa)_lm(c:zk + ca) (15)

© 172
Po = ]<§—) (ca - ca)'

Expressing the total energy (8) in terms of ¢* and ¢,
gives

= D wiact (16)
The quantity c.ct/h is equal to the total number of
photons in the ath mode. This definition of normal mode
amplitudes is a natural one in the study of parametric
interactions, since the basic parametric mechanism can
be viewed as a “collision’” process.in which an integral
number of photons at certain frequencies are‘“ annihilated”
while a new set of photons of different energies is ““created.””

Expressing the interaction in terms of field coordinates,.

such as the ¢,’s ,which are related directly to the number
of photons, introduces a desired measure of symmetry
into the differential equations describing this process and
facilitates their solution.

The equations of motion for ¢%* and ¢, in a passive
cavity are derived by substituting (15) into (11) and (12).

iIn a quantum mechanical formulation of the problem (see
Louisell [1]) #%c.* and #%c, correspond to the creation and annihi-
lation boson operators, respectively.
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This results in

de¥

g = et (17)
B~ o, (18)
so that
elt) = (O 19)
cX(1) = c%(0)e" ", '
The total energy at time ¢ is given by 50=_, w,c*(t)c,({) =

> e @,(0)c,(0) and is thus a constant of the motion.

IV. DigLECcTRIC MODULATION IN A RESONATOR

In this section we consider the case of a multimode
resonator whose dielectric constant e is modulated har-
monically in time. The spatial variation of e is left arbi-
trary. The solution of Maxwell equations for this case
can be expressed as a sum of characteristic solutions of
the passive (nonmodulated) resonator with time-varying
coefficients. These coefficients, taken at a given instant,
describe the- distribution of the total energy among the
various modes.

. Maxwell equations are written, in this case, as

VX E= -l
(20)
V X H =1+ 3 (7, DE).

Substituting (6) for £ and H in the first equation of (20)
gives

dg..

D = oy @1y

The same substitution in the second equation of (20)
results in

Z

where we assume that no conduction current exists,

= 1 9., =
w Qukll, = Z \—/‘;‘ Y Le(F, DpalE, (22) .

ie., = = 0. The dielectric constant is taken as the sum

of a constant term and a modulated term
F, t) = e + «(F, ).
Using (22) in (21) gives

> (\/_wkaqa-}- \fdp“>

a

(23)

1 3 -
= - aE Vol (ep)E,.

Taking the scalar product of the last equation with £,
and integrating over the cavity volume gives

dp.(t d
wegu(t) = ___12“() = 20 5 (Sup)) (24)
where S, is defined by
. 1 { :
S¢,b=fm€<’~ s 9 5.5, a. (25)
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The equations of motion for the normal-mode am-
plitudes are obtained by substituting (15) into (21) and
(24). The result being

d

= (c¥ + c.) = jwdlck — c.)

d

Dt —c) = oot +0) = DL st )|

from which we get:

det d w,
_;i% = jwucfzk - —% Z gz Sab\/g— (Czk - Cb)}

b a (26)
de,

) d b
= T led +31X i [Sab % (c¥ — cb)]
4 b

If the dielectric perturbation is time-harmonic it can
be written as

ef, 1) = ¢(F) cos (wt + ¢) (27)
and using (25)
Sab — %Szb[ei(wtﬂﬂ + e—i(wt+¢>)1 (28&)
where
0 - f %QEL}, do. (28h)
Ve

Equations (26) show that at the absence of dielectric
modulation, S,; = 0, the mode amplitudes vary as
¢® = ¢%(0) exp (jow,t). This suggests the substitution

ity = DE(D

| (29)
c(l) = Du()e 7o,
Using (28) and (29) in (26) gives
dDj jwat __ 1 _‘S;b_ fé{ F(wt+e) ~j(wt+d)
TR B i B C te :
. * . s .
‘(D";jwbem“ _}_ dé)tb eywbt + Dbjwa—Jwbl — (_iC_iD?(_ye—gwbt)

+ (jwea'(wt-f—qi) _ jwe~i(w!+¢>)(D*beiwbt _ Dbe—jwbt)}_ (30)
In the following analysis we will make the adiabatic
approximation D, << jw,D, and neglect the terms in-
volving D, and D% on the right side of (30). We are now
in & position to derive the equations pertaining to specific
situations.

FM Laser Oscillation
Assume an optical resonator of length L corresponding
to a laser with characteristic_resonance frequencies

0o =0
=0
L

where a is the mode integer that is equal to 2L/X. The
modulation radian frequency « of the dielectric constant
is taken as equal to the intermode spacing .41 —

Wy =
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wc/Lie.,

G

Using this condition in (30) and keeping on the right
side only those terms that are multiplied by e’“** (the
other terms are nonsynchronous and give no average
interaction) results in

eiwat d_l)_t_
dt

W = Wep1 — W

1) 0 w :
o o 1o . ¢ —w)t—¢l
== 4 a,a+1 (_Z (]wa-f-l ]w>D¢>zk+ g et
a

+ Sg,awl w(:—l (jwamr + jw)Df—leif(w“_lw}Hw} (32)
which after using (31) becomes

dD} )
— 1/,Q0 A/ —i¢
- —I(jsa.a'!—l Wot1W, € ! D(’zk+1

dt
8 Ve wa ¢ *DEY. (33)
Defining a coupling coefficient «,, by
' 0 o
fo = @) 22 = @y [ DE.ga Gy
2 Ve 26

and approximating V/w,,w, in the region of interest by
w,, (33) can be rewritten as

dDx K K
= —j5 ¢ *DEy — jeDEL.

(35)

These are the equations of motion for the normal
mode amplitudes of an optical resonator modulated ““on
resonance” (@ = w,.; — w,). Bquation (35) is identified
with a familiar Bessel equation recursion formula® so
that its solution can be written directly as

DX(t) = 7" D T (t) (36)

where J, is the ordinary Bessel function of order a.
The solution including the ¢“** term is thus
4o

c(t) = D J(xt)el PP eient (37)
and constitutes a transient FM oscillation mode with a
modulation index «f and a center frequency w,. This mode
of oscillation is discussed in Peterson and Yariv [5], Yariv
{10], Harris and McDuff [13], and by Harris and McDuff
[14] which takes into account nonlinear behavior and mode
competition effects.

Another mode of FM oscillation results when the di-
electric modulation frequency is nearly, but not quite,
equal to the intermode spacing w,.; — w, of the laser
resonator. The deviation from resonance is taken as Aw
so that
(38)

War1 — W, = w — Aw.

%See, for example, P. M. Morse and H. Feshbach, Methods of
Mathematical Physics, New York: McGraw-Hill, 1953, pt. 2, p. 1323.
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Using the substitution

D(t) = Gt ="+ (39)
in (32) yields
. )
K 1 jarar = —E @2 + 61 (40)

where we made use of (34) and neglected, again, the small
dependence of « on the optical frequency in the region of
interest.

The steady-state solution of (40) is

ot = (-1 L) (41)

The complete optical field can be written as

+

o) = 2 ¢k(t) =

a=-—o

Z (_1)aJa<_AK;)ei[(wa+aAw)t+a¢]’ (42)

and is to be viewed as the basic resonator mode in the
presence of a modulated e. ¢(f) corresponding according to
(42), to an FM oscillation with a center frequency w, and a
modulation index (k/Aw) [10], [13]. Frequency modulation
of optical lasers in which the modulation of ¢ is caused by
modulating an electro-optic erystal inside the laser resona-~
tor was proposed by Yariv [4], [10]. Revelant experiments
were performed by Peterson and Yariv [5] and by Harris
and Targ [6]. Harris and McDuff [14] have extended
the theory to the nonlinear region and considered the
effects of gain saturation and mode competition. Some
detailed FM laser experiments have been described by
by Amman et al. [18].

Parametric Amplification and Oscillation

Another situation which may be treated as a special
case of the formalism developed above is that of parametric
oscillation (or amplification) in a multimode resonator.
The starting point is, again, (30). We assume that the
interaction is limited to two modes;® a “signal” mode at
w, and an “idler” mode at w,. The dielectric modulation
frequency w is equal to the sum of w;, and w,

a(f, 1) = &(F) cos (wt + ¢)

= +LO2.

(43)

For the case of two modes (30) becomes

dD¥ ... jwg oo i(wttd—wat
2L et _.7__ (:)___ S1'26:(a —ws )Dz
1 .

dt ¢ 4
. l_;
+ .7_462 V:’Tl NI

3In the optical region this disecrimination is due to the fact that
the coupling coefficient Sy,2 (or x1,2) depends on the direction of
propagation in the nonlinear crystals which is modulated dielectri-
cally and will usually be vanishingly small except for one pair of
w1, w2. In the mierowave region the mode spacing, for small cavities,
is qcéngqual and coupling between more than two modes can be
avoided.

i(mt+¢—wzt)D
2
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where the “slow” terms involving D, and D, on the right
side of (30) have been neglected. Using (43) gives

% o .
@ =i
(44)
where x = &, , as defined by (34).
The solution of (42) is
DA() = D¥(0) cosh & + jg"*Dy(0) sinh
- (45)

DSt) = Ds(0) cosh'g ) sinhfzf-

Equations (45) describe the temporal buildup of oscilla-
tion in a lossless parametric oscillator,

To obtain an expression for the threshold of parametric
oscillation we must take cognizance of the losses that,
up to this point, have been neglected. This can be done
formally by introducing an effective conductivity ¢ in
the analysis with ¢/¢ equal to the decay lifetime in the
mode. This introduces an extra term (—oa/2¢)c% on the
right side of (26) which eventually shows up as

* .
aDt - %1 D¥ + j’i Dy’
dt 20, 2 (16)
aDy @ gy K i
g = Tag, P ig Dre

where the conventional substitution ¢/e¢ = «/Q has been
made. The Q factors can now be considered as represent-
ing all the mode losses including that of external coupling.

The start-oscillation condition is derived by putting
dD*/dt = dD,/dt = 0. The determinantal equation for
nontrivial solution for D¥ and D, gives

Wiy o K2
Q.9
which using (34) with ¢ = 1, b = 2, becomes
a = = 1
SR B dy = ——ee 4
'/;" Ze v @ \/Q1Q2 (7)

This is the start-oscillation condition. It may be compared
with the corresponding lumped-circuit expression for para-
metric oscillation that reads

Ac 1

2V, - '\/Q1Q2

where Ac is the amplitude of the time-varying part of
the circuit capacitance, ¢, and ¢, are, respectively, the
capacitances in the signal and idler circuits.

In the optical parametric oscillator the modulation of
the dielectric constant is brought about by applying an
intense “pump’”’ optical field E,,(F) cos «wt to a nonlinear
crystal medium characterized by the nonlinear suscepti-
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bility tensor elements x.; [15], [17]. This modulation
can be considered as an effective modulation of the
dielectric constant ¢ (7) according to €, (F) = xH,,(7) where
x is the appropriate x,;, element.

This point of view has been justified in a detailed anal-
ysis of the optical parametric oscillator [20].

Tt may be interesting to estimate the threshold require-
ments in terms of known materials and available pump
powers. When the index matching conditions are fulfilled
[19], [20], the spatial integral of (37) is equal to unity
and the threshold condition becomes

e pr0> 1
2 2 T QQ,

since the nonlinear coefficients x are usually quoted in
egs units we use the equivalent egs-threshold expression

2axkE 1
X0 - .
¢ T VR
In a typical optical resonator with a length of 5 cm, a
loss per pass of one percent, operating at a frequency of
3 X 10™ ¢/s (1 w), the quality factor @, ~ @, is of the
order of magnitude of 10°. Choosing, as an example,
KH,PO,(KDP) as the nonlinear crystal, the appropriate
nonlinear constant is [21] x.., ~ 3 X 107°. Substituting
these values and ¢ &~ 2.2, into (48) gives

(48)

E,, ~2 X 107 esu

for the threshold pump field. The corresponding power
density is 5 X 10° watts/em’, a number easily attained
with pulsed lasers. If instead of KDP we calculate the
threshold pump field for a crystal such as TiNbO, with
x & 3 X 107° esu [22] ,the result is

E,, =~ 2 X 10 %su

which corresponds to a threshold power density of ~50
watts/cm®. The last result indicates that a CW para-
metric oscillator is quite feasible. This power density
is easily available instde the optical resonator of present
day gaseous laser oscillators. This suggests incorporating
the nonlinear erystal into the laser oscillator for parametric
CW oscillation. A pulsed parametric oscillator using
LiNbO; has been described by Giordmaine and Miller [9].

V. Loss MoDULATION

Another class of parametric interactions results when
a lossy, rather than reactive, parameter is modulated
harmonically. A form of loss modulation was employed
by Hargrove et al. [3] who introduced an acoustic dif-
fraction cell into the optical resonator of a laser oscil-
lator. The working equations for this case and a discus-
sion of their implication have been given by the author
[10]. This section includes the derivation and some ad-
ditional discussion.

The modulation of loss will be introduced by allowing
the effective conductivity o of the resonator medium to
vary in space and time so that Maxwell equations can be

FEBRUARY
written as
Y X H = of, t)L‘—l—e%
(49)
o ol
V XE = —pu a

Substituting for H and E
(6) and using (3) results in

their expansion according to

Z \/v waqaka

;g ~ B )
= D S NS pE (50)
[3 a @
for the first equation of (49) and in
Gs = Dy (51)

for the second.
Taking the dot product of (40) with E, and integrat-
ing over the cavity volume leads to

wiqb = - Z Sa,b(t)pa - pb (:)2)

where

1 o
Suald) = fV o7, DE,-I, do (53)

Equations (51) and (52) are the equations of motion
for the p,’s and g¢,’s. By substituting for p, and ¢, from
(15), we obtain, after some rearrangement, the following
equations for the normal mode amplitudes:

dc¥ -
g{ = Jw.Cq + ZKb,a(t)(c
b

de, . .
E = T jwaCa — Z Ky .a(t)(CZk
b

F—c)

(54)

- cb)

where

o(l) = 380042

Taking the conductivity as the sum of an average term
and an harmonic perturbation

(7, ) = o + 0‘1(@ cos (wt + ¢‘>}
the eXpression for «, () becomes

Kp,a

2e

\/ fV oPE.-Es o

A substitution of (55) into the equation of motion (54)
gives

Ky, a(t) — _; aab + [e:’(wz+¢) _}_ e—:f(wH—a):l (55)

(56)

+ Zm[ey‘(mzm) +

2 NG = e) (6D
[
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and its complex conjugate for dc,/dt. These are the main
working equations.

Consider first the case when the modulation frequency
w 1s equal to the mode spacing (or a multiple thereof)
of the optical resonator. It is further assumed that the
resonance frequencies are equally spaced so that

Wary — W = W — Wamy = @, (58)

Substituting (58) into (57) and retaining on the right
side only the synchronous terms, i.e., those having exp (je,t)
time dependence, gives

dek . ( . @) % Kaasl —jlwt+d) %
dt - qu 26 Ca + 2 € Ca—(-l
+ Ka2a 1 61(w6+¢)ca_ (59)
A substitution of
c’Z(t) _ Dt(t>eﬂ(wa+i70/2ﬁ)t+a¢] (60)
and taking x, 401 = Keam1 = K
dD*
T (Dm + DEy) (61)
whose solution is [20]
D) = I,(kt)
which upon substitution in (60) yields
C";(t) — Ia(Kt)ei[(wwam)t+a¢le-(aa/2e)t (62)

where w, is the frequency of the reference mode; a = 0.
Another situation of practical importance, discussed
in Yariv [10], results when the modulation frequency

is slightly off resonance, i.e., when
Wopy — W = W — Aw

where Aw is the deviation from resonance. Defining the
variable D*(t) by

C,’f —_ D:};(t)ef[(wan!-aAw)t+a¢+a‘rr/2]e—-(u'o/25)t
and substituting into (59), using
Wery — W = & — Aw,
gives

w* .
iy j g- D¥.. (63)

whose steady-state solution (dD*/dt = 0) is

Dz =1 (Aw)

so that ¢%(¢) is given by [10]

+ jadeDE = j Da+1

cﬂ;(t) — Ia<z%)ei[(wa+aAw)t+a¢+aw/2]' (64:)

The new ‘‘super mode”

(t) = ;ca(t)
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where ¢,(f) is given by (64), corresponds to an optical
field at w, whose envelope is made up of a train of pulses
with a period of 27/w [10], [23].

VI. PARAMETRIC OSCILLATION BY
Loss MODULATION

Since reactive parametric modulation can, as discussed
in Section IV, give rise to oscillation, it is of interest to
explore, at least on paper, the posmblhty of oscillation
via loss modulation.

The starting point is (57) Wlth the modulation fre-
quency « put equal to the sum of two resonance frequencies
that are taken as w, and w,

W = Wy + Wa . (65)
After substituting (65) in (57) and defining D*(¢) by
ci() = Dt (66)
the synchronous part of (57) becomes
dé)t* _ _92_0; DF — %esz
) (67)
D, _ ,_9.92 _ K2 ~iepys
a - D, 5 ¢ Dj

so that D% couples to D; and vice versa. The steady-state
oscillation condition results in a determinantal equation

_ T01002
Kg,1K1,2 = & .

(68)

Under ordinary conditions when oy, and o, represent
the passive losses of modes “1” and ““2”, respectively,
(68) cannot be fulfilled. This follows from (56), which
shows that «,.. < (1/2¢) Vw,/w, o1 and from the fact that
the modulated part of the conductivity o, must satisfy the
condition ¢; < ¢, Where o, is the average conductivity.
Equation (68) can be satisfied, however, when the average
losses of mode “1” (represented by ,,) or of mode “2”
(002) are reduced without a similar reduction in the mod-

 ulated conductivity o;. This could be the case if the total

conductivity of mode 1, for example, is given by
o = dl:l -+ ‘7'1(7'-) cos (wt + ¢’) — o4t

where ¢}, represents the passive resonator losses at w,
and satisfles the condition ¢}, > o¢,(¥). The term —o}!
represents some gain mechanism at o,;, such as that due
to an inverted laser population. Under these conditions
oor 1 (B8) is given by

—_ ’ rr
Oo1 = To1 — Joy

and can, in principle, be made small enough so that the
condition of (68) for parametric oscillation obtains.

In the case of reactive modulation it is well known
that the numbers of photons generated at the various
frequencies satisfy the Manley-Row relations [24]. In the
case of the parametric oscillator this relation takes the
form P,/w, = P,/w, where P, and P, are the total powers
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produced at the signal (w,) and idler (w,) frequencies, re-
spectively. These relations are satisfied by (46).
In the case of loss modulation we get directly from (67)

d " _On
—LE [w1D 1(t)D1(t)] (wlD Dx)

Kg 1

— St (e *DIDY + €D, D)
(69)

_ Doz

d % — *
—(-i_i [OJQD 2(t)D2(t)J = U-’zD 2D2)

Ki,2

— 52 w(e " DAD% + ¢*D.Dy).

According to (16) and (66) w,D*D, is the energy stored
in the ath mode. The last term in each of the equations
in (69) represents the power produced by the loss mod-
ulation. Since, according to (56), ks,10; = ki .., these
powers are equal and we can write

P1:P2

where P, and P, are the powers generated by the non-
linear loss modulation at w, and w,, respectively.

As pointed out in Louisell et al. [2], the parametric
equations in the time domain have the same form as the
corresponding spatial equations. As an example consider
(67). The spatial equivalent of these equations is

*
d_% = —laDf — 51D,
(70)
ddgz = —%a, D, — %€~i¢Dﬁ,
where o; = oo;/ec, ¢ being the velocity of propagation,

« is the spatial attenuation constant, and c¢; ; is related
to Ki § by

Cii = Kii/C

when index matching [9] obtains. I'rom (70) it follows that

dzD* ? 1! 2
= (z— + )D* + (o + s, ™ 1)
Counsider the special case when oy + a; = 0,‘i.e., when

the negative losses (gain) of one wave are equal in mag-
nitude to the losses of the other. When this happens (71)
has a simple solution given by

Di(z) = D7(0) cosh (v2)
— [g; D(0) + 52 e”’Dz(O)] sinh (v2)

Dy(2) = Dy(0) cosh (v2)

(72)

- [ Dy(0) +"” '“”D*(m]smh )
where

Y= %(Cé + C1;202.1>1/2-

FEBRUARY

Taking the case of a single input at w, so that D%(0) = 0
but D,(0) = 0, (72) becomes
D#(z) = D%(0) cosh (v2) — 5~ D*(0) sinh (v2)

! (73)

|

D.(z) = -0-)7 ¢”*D%(0) sinh (v2).

Equations (73) describe how the amplitude of the input
wave at o, is amplified by a factor ~(1 — «,/2y)e”"
for vz >> 1. In addition, a new wave at w, = o — w; i
generated so that the output can be taken at w, or w,.

Equations (73) satisfy the condition P, = P, derived
in the preceding section. In this case it takes the form

[D(2)D%(z) — D.(0)D%(0)]w; = Dy(2) D¥(@)w,. -

VII. PaArRAMETRIC FREQUENCY CONVERSION BY
DieLEcTRIC MODULATION

In the parametric frequency converter the modulation
frequency o fulfills the condition

(74)

Wy = w +

so that it is equal to the difference of the two frequencies
that it couples and not to their sum. When (74) applies,
the synchronous part of (30) becomes

* .
B~ —igent
- (75)
dD¥f K s
Ta ~ Tigeth

where « is defined, as in (34), by
el 5 =
K= K5 = Ky, = (wlwz)l/zf ———‘1)< )E,,-E,, dv.
v. <€

Equations (75) do not include losses. Their solution, as
is well known, [2], [16], and [17], corresponds to a periodic
exchange of energy between modes 1 and 2 described by

Dx(t) = D*%(0) cos (%) — je”*D%(0) sin <K-2t> (76)

3(6) = D%(0) cos <%) — j*D%(0) sin (“—5)

where, according to (16), the energy in a mode, say mode
a, is given by w.c.c* = 0, D, D%, It is of interest to in-
vestigate the effect of the inclusion of losses (positive
and negative) on the behavior of the frequency converter.
This is done by adding, phenomenologically, a dissipative
term that accounts for the decay (or growth) of radiation
density in each mode at the absence of coupling. Equation
(75) 1s rewritten as

dD¥ o1 N

— = ———D¥ — j-¢ D%

dt e 2 77)
dD* _ 1702 K e

Tat T "o PP igeht
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where o4, and oo, are thé effective conductivities at w;
and w,. The determinantal equation resulting from the
steady-state condition is
0’01;702 = 2. (78)
€
A steady-state oscillation is thus only possible when one
of the two modes has (sufficient) negative losses. This
can be accomplished, for example, by having one of the
modes amplified by a laser transition simultaneously
- with the dielectric modulation.

VIII. ParaMETRIC FREQUENCY CONVERSION BY
Loss MODULATION

Assume that the frequency « at which the losses are
modulated is equal to the difference of the frequencies
of the two resonances that are coupled by it, ie.,

Wy = w + . (79)
The synchronous part of (57) becomes
* .
%‘ — ot — Ghet 5t
(80)
* .
which after substituting ¢*(t) = D*(t)e’“*" becomes
ADE _ _om pp 4 2y
dt 2e 2 81)
dD* _ 0'()2 % Ii]_‘g- i Ty
TR D + 5 € D%,

 The determinantal equation resulting from the steady-
state oscillation condition is

001002
3

= Kg,1K1,2 (82)
and is the same as that for the loss modulated parametric
oscillator, (68). The argument following (68) applies,
consequently, in this case and shows that in the presence
of sufficient negative losses simultaneous oscillation at
w, and w, can be sustained by “lossy’”’ pumping at o =
W — Wi,

In a manner similar to that discussed in Section VI

it should be possible to make a spatially distributed

frequency converter for converting a ‘‘low’”’-frequency
input at w; to an output wave at w, = @ + w;. This may
be especially useful for converting a low-frequency (say
infrared) signal to a visible (or near visible) one where it
can be detected efficiently and with a fast response time
with conventional photoemissive detectors.

IX. ConcLusiON

The equations of motion governing the interaction of
optical modes in the presence of time-varying parameters
have been derived. A formalism of normal modes is
developed which results in concise and symmetric formu-
lation of the problem. Two general types of modulation
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have been considered: 1) modulation of the dielectric
constant and 2) modulation of the losses. In addition
to treating some well-known cases such as parametric
oscillation and internal mode-locking in laser oscillators,
new interactions involving loss modulation and dielectric
modulation in the presence of negative losses have been
considered.
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