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Nonadiabatic interaction of a propagating wave packet with localized parametric pumping
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The interaction of a propagating wave packet~carrier frequencyv, wave numberk) with nonadiabatic
parametric pumping, localized in a region of size the order of the carrier wavelengthL;l52p/k, is studied
experimentally in a system of dipolar spin waves in a ferrite film. It is shown that the three-wave parametric
interactionv1v85vp leads to the formation of both contrapropagating (k852k) and copropagating (k8
5k) idle wave packets of carrier frequencyv8. A system of equations derived for the packet envelopes gives
a quantitative description of the observed random modulation of the output signal caused by the interference of
the input and copropagating idle wave packets.
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Parametric interaction of a propagating wave with elect
magnetic pumping in a nonlinear medium always occurs
limited spatial region of lengthL ~if we consider a one-
dimensional case!. Usually, the interaction satisfies the adi
batic condition@1,2#

kL@1, ~1!

which means that the lengthL of the pumping localization
region is large compared to the wavelengthl52p/k of the
propagating wave of wave numberk. If the adiabatic condi-
tion ~1! is fulfilled, the interaction with pumping results in
parametric coupling between the signal wave~frequencyv,
wave numberk) and the idle wave~frequencyv8, wave
numberk8) satisfying the conservation laws

v1v85vp , ~2a!

k1k85kp , ~2b!

wherevp andkp are the frequency and wave number of t
parametric pumping. Here and below we shall consider o
the case of the one-dimensional~waves propagate along thez
axis! three-wave~first order! parametric interaction~2!.

The parametric interaction~2! of two spectrally narrow
~quasimonochromatic! wave packets with adiabatic pumpin
~1! is usually described by a system of reduced equations
the envelope amplitudesak(t,z) of interacting wave packet
@3,4#. This system has been used successfully in differ
branches of physics, such as nonlinear optics@5#, plasma
physics@6#, and magnetism@7#.

It turns out that the character of the wave instability und
the influence of parametric pumping, as well as the dir
tions of propagation of the interacting wave packets, dep
critically on the relative values of the wave numbersk, k8,
andkp . If kp.2k.2k8 ~and the pumping is a propagatin
wave, as is usually the case in nonlinear optics@5#!, a con-
vective instabilty of two copropagating wave packets (k8
5k) moving in the same direction as the pumping wa
occurs@8#. In this case the system of reduced equations
the form @4#
1063-651X/2001/63~6!/066607~8!/$20.00 63 0666
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S ]

]t
1v

]

]z
1G Dak~ t,z!5Vk,kb2k~ t,z!ak* ~ t,z!, ~3a!

S ]

]t
1v

]

]z
1G Dak* ~ t,z!5Vk,k* b2k* ~ t,z!ak~ t,z!, ~3b!

wherev andG are the velocity and dissipation of the par
metric wave packetak(t,z) having carrier wave vectork;
Vk,k8 is the coupling coefficient between the paramet
waves and the pumping;b2k(t,z) is the pumping amplitude
which in the simplest case is the slowly varying compl
amplitude of the electric or magnetic field of the pumpi
wave having carrier wave number 2k.

On the other hand, if the pumping is quasihomogene
k,k8@kp.0, as is usually the case for parallel pumping
plane spin waves in ferromagnets@7,9#, anabsoluteinstabil-
ity of contrapropagating waves (k852k) is observed@8#. To
describe the parametric coupling between these contrapr
gating waves the system of reduced equations can be wr
in the form

S ]

]t
1v

]

]z
1G Dak~ t,z!5Vk,2kb0~ t,z!a2k* ~ t,z!, ~4a!

S ]

]t
2v

]

]z
1G Da2k* ~ t,z!5Vk,2k* b0* ~ t,z!ak~ t,z!. ~4b!

In this case the pumping is a localized, nonpropagatingkp
50) electromagnetic field.

In this paper we show that in the case when a signal w
packet of carrier wave numberk interacts parametrically with
nonadiabatic~or strongly localized! pumping

kL<1, ~5!

the excitation of both copropagating (k85k) and contra-
propagating (k852k) idle wave packets is possible simu
taneously. This process becomes possible due to the ‘‘sm
ing’’ of the wave number of the strongly localized pumpin
in the intervalDkp.2p/L near the pumping carrier wav
©2001 The American Physical Society07-1
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numberkp0. If the lengthL of the pumping localization re
gion is such that 2p/L>2k, then the wave number spectru
of the localized pumping contains not onlykp50 but also
components withkp52k. Thus, independently of whethe
the input pumping signal is an oscillation with carrier wa
numberkp0.0, or a propagating wave withkp0.2k, the
wave number spectrum of the strongly localized~nonadia-
batic! pumping will contain both componentskp50 andkp
52k.

It should be noted that, in spite of the pumping smear
in k space, the signal and idle wave packets remain spect
narrow in the frequency space~similar to the well-known
case of adiabatic pumping! due to the strong frequency se
lectivity of the parametric interaction. This important pro
erty of a parametric interaction allows us to derive an
proximate system of reduced equations for the envelope
interacting wave packets even in the nonadiabatic case.
system takes into account the simultaneous existence o
and contrapropagating idle wave packets and presents
rect generalization of Eqs.~3! and ~4!, traditionally used to
describe parametric interaction with pumping in the adiab
case. Analysis of this generalized system yields a value
the parametric instability thresholdPp th that is smaller than
in the adiabatic case.

The generalized system of reduced equations derived
low gives a quantitative description of the experimental
sults obtained in the case of nonadiabatic pumping of ba
ward volume magnetostatic waves~BVMSW’s! ~or dipolar
spin waves! @10#, propagating along the direction of a bia
magnetic fieldH0 in a tangentially magnetized yttrium iro
garnet~YIG! film.

The experimental realization of nonadiabatic pumping
difficult to achieve in optics, as the pumping localizatio
length (L<l) there must be below 1mm. It is, however,
easy to achieve nonadiabatic pumping conditions for dipo
spin waves in ferrite films using strip-line pumping transdu
ers @11,12#. Below we shall discuss in detail nonadiaba
pumping in a system of dipolar spin waves in magnetic film

The spectrumvk of the lowest mode of the BVMSW in a
tangentially magnetized magnetic film is presented in Fig
This spectrum is symmetricvk5v2k , and has an uppe
boundary of v05gAH0(H014pM0), where g/2p

FIG. 1. Spectrumvk of the lowest mode of a BVMSW in a
tangentially magnetized magnetic film.
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52.8 MHz/Oe is the gyromagnetic ratio,H0 is the bias
magnetic field, andM0 is the film saturation magnetizatio
@10#. By choosing the excitation frequency~when the value
of H0 is fixed! it is easy to change the wave numberk of the
signal wave packet from several to several hundreds of
verse centimeters.

In the following we assume that the signal BVMSW
the frequencyvk is propagating along the axisz in a film of
length l and is interacting with homogeneous paramet
pumping of frequencyvp localized in a spatial region o
lengthL. The equation for the amplitudeck of this wave can
be written in the form@13#

]ck

]t
1 ivkck1Gkck5 (

k852`

`
L

l
Vkk8hk1k8 exp~2 ivpt !ck8

* ,

~6!

whereGk5gDH is the wave dissipation parameter,DH is
the half-linewidth of ferromagnetic resonance in the film
Vkk8 is given by@13#

Vkk85
vkvk82~gH0!2

4H0Avkvk8

, ~7!

andhk is thekth Fourier harmonic of the spatially localize
pumping fieldhp(z),

hk5
1

LE0

l

hp~z!exp~2 ikz!dz. ~8!

It is worth noting that the pumping here is not an eige
excitation of the spin system~i.e., not a dipolar spin wave!,
and does not obey the dispersion law for BVMSW’s. Thu
we can independently change the spectral width of pump
in the frequency space by choosing the durationtp of the
pumping pulse, and the spectral width of pumping in t
wave number space by choosing the spatial width of
pumping localization regionL.

First of all, we shall give a qualitative picture of the actio
of nonadiabatic pumping. Equation~6! describes parametric
coupling of waves having wave numbersk and k8. In the
case of infinitely extendedL→` ~purely homogeneous!
pumping the coupling of propagating waves with pumpi
does not vanish only for the waves with wave numbersk
5k1 andk85k252k1, and frequenciesv5v85vp /2, de-
noted by the numbers 1 and 2 in Fig. 1.

When the pumping field is localized in a region of fini
lengthL, this field can be represented ink space as the sum
of monochromatic pumping waves having amplitudeshk ,
and wave numbers mostly in the interval 0,ukpu,2p/L.
Thus, the parametric coupling in Eq.~6! becomes possible
for any pair of waves with wave numbersk andk8 such that
uk1k8u<2p/L. With the decrease ofL the number of inter-
acting waves increases, and their frequencies, while still
isfying the condition~2a!, could be different fromvp /2 ~see,
e.g., the waves denoted by the numbers 3, 6 and 4, 5 in
1 for which uk3,51k6,4u<2p/L). Note, however, that as long
as the condition~1! is fulfilled, these parametrically interact
ing wave pairs remain contrapropagating.
7-2
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NONADIABATIC INTERACTION OF A PROPAGATING . . . PHYSICAL REVIEW E63 066607
Finally, when the pumping localization region is so sm
that 2p/L.2k and the adiabatic condition~1! is broken, the
interaction of copropagating waves~e.g., waves 3, 5 and 4,
in Fig. 1! becomes possible as well. Thus, the simultane
parametric coupling of both contrapropagating and copro
gating waves is possible only when the pumping becom
nonadiabatic.

To obtain a quantitative confirmation of the qualitati
analysis presented above of the influence of nonadiab
pumping we performed numerical calculations in wave nu
ber space using the model Eq.~6! for the Fourier amplitudes
ck of the input signal. The central pumping frequency w
chosen to bevp52p39346 MHz. The pumping was as
sumed to be a rectangular temporal radio pulse of dura
tp530 ns localized along the axisz in a region of length
L50.1 mm in a film of lengthl 510 mm. The bias mag
netic field, determining the upper boundaryv0 in the
BVMSW spectrum, was chosen to beH051015 Oe, while
the saturation magnetization 4pM051750 Oe and the re
laxation parameterGk53.53106 s21(DHk50.2 Oe) were
typical for high-quality YIG films@11–14#. The input signal
was chosen in the form of a temporal radio pulse havin
bell-shaped envelope@c(t)5cosh21(1.76t/ts)# of duration
ts520 ns, and carrier frequencyvs5vp/212p350 MHz
52p34723 MHz~see point 3 in Fig. 1!. The carrier signal
wave number wasks5100 cm21(ls.0.6 mm), so the con-
dition of nonadiabatic interaction~5! was fullfilled. In our
calculations we took into account 300 waves with wa
numbers k,k8 in the interval from 2300 cm21 to
1300 cm21, and the coupling coefficientVkk8 was calcu-
lated using Eq.~7!.

The power spectrauck(Dv)u2 ~whereDv5v2vp/2) of
the signal transmitted (k.0) through the region of nonadia
batic pumping are presented in Fig. 2. They were calcula
from Eq. ~6! for different values of the pumping powe
(Pp;uhpu2).

In the absence of pumping@Fig. 2~a!, Pp50# the output
signal is identical to the input signal and in the frequen
space yields a spectrally narrow wave packet with car
frequencyvs5vp/212p350 MHz, corresponding to poin
3 in Fig. 1.

When the pumping power is nonzero but less than
threshold of parametric excitation of BVMSW’s by localize
nonadiabatic pumpingPp th @defined below by Eq.~13!#, an
additional wave packet with the central frequencyv i5vp
2vs5vp/222p350 MHz appears in the output signa
This case forPp50.8Pp th is shown in Fig. 2~b!. This new
wave packet corresponds to the point 5 in Fig. 1 and is
present in the case of adiabatic (kL@1) pumping. The re-
versed signal (k,0, not shown in Fig. 2!, created in the
interaction of the input signal with pumping, also consists
two separate partial wave packets corresponding to
points 4 and 6 in Fig. 1. Thus, it can be seen that below
threshold of parametric excitation the presence of stron
localizated~nonadiabatic! pumping leads to the parametr
interaction of not two, as in the adiabatic case, but four w
packets: one signal and three idle wave packets show
Fig. 1 by the numbers 3 and 4, 5, 6, respectively.

When the pumping power exceeds the threshold
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BVMSW excitationPp th , a new spectral packet having ce
tral frequency exactly equal tovp/2 appears in the transmit
ted @Figs. 2~c!, 2~d!, and 2~e!# and reversed output signa
~points 1 and 2 in Fig. 1!. With increase of pumping powe
all the partial spectral packets broaden, begin to overlap, a
finally, for Pp52Pp th , form a single spectral packet wit
the central frequencyvp/2 @see Fig. 2~e!#. In the case when
the input signal is centered aroundvp/2 the picture simplifies
significantly as only one spectral packet@similar to the
packet in Fig. 2~e!# exists at all levels of the pumping powe

It is well known from the theory of parametric interactio
@15# that the phases of all waves at the signal frequencyv
5vs coincide with the phase of the input signalfs ~see
points 3 and 4 in Fig. 1!. In contrast, the phasesf i of waves
at the idle frequencyv85v i5vp2vs ~points 5 and 6 in
Fig. 1! are also dependent on the phase of the pumpingfp :
f i5fp2fs1p/2. These phase relations do not affect t
amplitudes of transmitted and reversed signals in any wa
the partial wave packets in these signals do not overlap@see
e.g., Fig. 2~b!#, although in the pulsed regime the phase d
ference between these packets is random due to the ran
ness of the phases of both signal and pumping.

On the other hand, if the partial wave packets do overl
then in the overlap region each spectral component is
algebraic sum of spectral components from different par
wave packets, and the phase differences between packet
come very important. Thus, the amplitudes of the spec
components in the overlap region will vary from the max
mum valueAmax, corresponding to constructive interferen

FIG. 2. Spectra of the signal transmitted through the region
nonadiabatic pumping for different values of the pumping pow
Pp . Pp th is threshold pumping power for parametric excitation
BVMSW’s.
7-3
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G. A. MELKOV et al. PHYSICAL REVIEW E 63 066607
between components from different partial packets, to
minimum valueAmin , corresponding to destructive interfe
ence. This interference between partial wave packets in
pulsed regime will result in random modulation of the outp
signal ~both transmitted and reversed! with the modulation
coefficient~in power! given by

Kmod5
Amax

2 2Amin
2

Amax
2 1Amin

2
. ~9!

Analysis of the calculated signal spectra Fig. 2 shows t
even in the case of nonadiabatic parametric pumping tra
mitted wave packets remain spectrally narrow in the f
quency space. For example, for a pumping power level
is well above the threshold of BVMSW excitationPp
52Pp th @Fig. 2~e!#, the width of the frequency spectrum o
the transmitted wave packet is only about 1.4% of its car
frequencyvs , although waves from a wide wave numb
range22p/L,k,2p/L take part in the parametric interac
tion. This small frequency width of the transmitted sign
wave packet results from the inherent frequency selecti
of parametric interaction, which keeps at high amplitu
level only the waves that are close to the parametric re
nance surface defined by Eq.~2a!.

The spectral narrowness of the parametrically interac
wave packets in the frequency space, proved by direct ca
lation using Eq.~6! ~see Fig. 2! and retained even in the cas
of nonadiabatic pumping, allows us to build an approxim
theory of nonadiabatic parametric interaction based on
equations for the packets’ envelopes, similar to the tra
tional reduced equations for envelopes used in the adiab
case@3–5,7#. However, in the nonadiabatic case we need
take into account both copropagating and contrapropaga
idle wave packets simultaneously, while in the adiabatic c
they were always considered separately@5,7# @see also Eqs
~3! and ~4!#.

To derive the generalized reduced equations for the pa
ets’ envelopes that are correct for both adiabatic and no
diabatic pumping, we start from the model~6!. For simplic-
ity, we take only the first term in the Taylor expansion of t
BVMSW dispersion law,vk5v02vuku, where v is the
BVMSW group velocity, and assume that bothGk5G and
Vkk85V are constants calculated at the wave numberk1
~point 1 in Fig. 1!. We shall denote the amplitude of all th
waves propagating in the positive direction of thez axis as
ck1 and waves propagating in the opposite direction asck2 :
ck5ck11ck2 , ck15Q(2k)ck , andck25Q(k)ck , where
Q(k) is the Heaviside unit function. The choice of sign
the argument of the Heaviside functions is connected w
the fact that BVMSW’s are backward waves, i.e., the dir
tions of wave vector and group velocity are opposite. Ma
ing a standard Fourier transform to thez representation and
retaining only the resonant terms, we get, in the approxim
tion of spectrally narrow wave packets, the following syste
of reduced equations for the wave envelopesa1(t,z),
a2(t,z):

S ]

]t
1v

]

]z
1G Da1~ t,z!5Vh0a2* 1Vh2k1

a1* , ~10a!
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S ]

]t
2v

]

]z
1G Da2~ t,z!5Vh0a1* 1Vh22k1

a2* , ~10b!

where

a6~ t,z!5 (
k52`

`

ck6 expF i
vp

2
t1 i ~k6k1!zG

are the slowly varying envelopes of wave packets propa
ing in the positive (z.0) and negative (z,0) directions
from the region of pumping localization. We note that t
envelope amplitudea1(t,z) contains all the signal and idle
partial waves propagating in the positive direction~points 1,
3, 5 in Fig. 1!, while the amplitudea2(t,z) contains all the
partial waves propagating in the negative direction~points 2,
4, 6 in Fig. 1!. Note that group and phase velocities ha
opposite directions for BVMSW’s. It is easy to find a tran
formation that converts the system~10! into a system for the
amplitudes of separate partial wave packets. For example
the case whenPp,Pp th @corresponding to Fig. 2~b!# this
transformation has the form

a1~ t,z!5a3~ t,z!exp~2 iDvt1 iDkz!1a5~ t,z!

3exp~ iDvt2 iDkz!, ~11a!

a2~ t,z!5a4~ t,z!exp~2 iDvt2 iDkz!1a6~ t,z!

3exp~ iDvt1 iDkz!, ~11b!

This transformation converts system~10! into a system of
four equations describing parametric interaction of four p
tial wave packets: one signal and three idle wave pack
corresponding to the points 3, 5, 4, and 6 in Fig. 1. He
Dv5v32vp/2 andDk5k32k1 are the frequency and wav
number detunings of the signal wave from the po
(vp/2,k1) on the (v,k) plane.

The generalized system of reduced equations~10! de-
scribes the first-order parametric interaction~2! of a spec-
trally narrow signal with both weakly localized~adiabatic!
and strongly localized~nonadiabatic! pumping, and is appli-
cable for waves of any nature. In particular, the phenom
of pulsed signal amplification@11,13,14,16# and phase con-
jugation and wave front reversal@12,13,17# experimentally
observed in the parametric interaction~2! of dipolar spin
waves with localized electromagnetic pumping in ferr
films can be approximately described using model~10!.

In the case of adiabatic weakly localized (kL@1) pump-
ing the termsh62k1

in Eq. ~10! are vanishing,h62k1
→0, and

this system is reduced to the traditional system of envel
equations~4! that takes into account only the interaction of
signal wave packet with a contrapropagating idle wa
packet@7#. On the other hand, if, as in nonlinear optics@5#,
the pumping is done not by a localized electromagnetic fie
but by a double-frequencywave (vp.2v1 ,kp.2k1), the
traditional system of reduced equations for envelope~3! can
be obtained from the generalized model~10! by substituting
b2k for h2k1

in Eq. ~10a! and assuming thath05h22k1
50 in

Eqs. ~10!. In this case Eq.~10a! is directly reduced to Eq.
7-4
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~3a! and Eq.~3b! can be obtained from it by complex con
jugation. Equation~10b! is then reduced to a simple equatio
of a wave transfer.

It follows from the generalized model~10! that in the case
of nonadiabatic pumping it is possible to realize phase c
jugation and wave front reversal of optical waves in the fir
order three-wave parametric process~2!. So far, in optics
these phenomena have been observed only in a second-
four-wave parametric interaction@18#.

In the stationary regime (]/]t50) the generalized system
~10! can be easily solved, and, in the weakly dissipative c
(G!v/L), explicit expressions for the transmitted sign
power gainK15P1out /P1 in5ua1(t,L)/a1(t,0)u2 can be
obtained. In the case of constructive interference between
transmitted amplified signal wave packeta3 and the copropa-
gating idle wave packeta5 and Dv→0, Dk→0 the power
gain coefficient for the transmitted signal has a maxim
valueK1max

K1max5S cos~kL !2
a

A12a2
sin~kL !D 22

, ~12a!

while for the conversion coefficientK25P2out /P1 in
5ua2(t,0)/a1(t,0)u2 of the input signal into the reverse
signal the maximum valueK2max has the form

K2max5~sin~kL !/A12a2!2K1max, ~12b!

wherea5uh2k1
/h0u andk5h0VA12a2/v. The expressions

for the minimum amplification gain and conversion coef
cientsK6min in the transmitted and reversed signals are
tained from Eqs.~12! by substituting2a for a. In the case
of adiabatic pumping (a50) there is no interference o
wave packets,K6max5K6min , and the expressions obtaine
from Eqs.~12! coincide with the formulas obtained for th
power amplification gain coefficients in our previous pap
@12,13,19#.

The threshold of BVMSW excitation by localized non
diabatic pumping can be obtained using Eqs.~12! from the
conditionK6max→`:

h0 th5
arccosa

A12a2

v
LV

. ~13!

In the adiabatic case (a50) Eq. ~13! is reduced to the well-
known expression@19# @see also Eq.~6.5.16! in Ref. @7##

h0 th.
p

2

v
LV

. ~14a!

In the strongly nonadiabatic case (a→1) we get

h0 th.
v

LV
. ~14b!

It is clear that in the case of strongly nonadiabatic pump
~14b! the threshold of BVMSW excitation isp/2 times lower
than in the adiabatic case~when the idle wave packet co
propagating with the signal is not taken into account!.
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The modulation coefficient~9! in both transmitted and
reversed waves turns out to be the same, and is define
the expression

Kmod5
2aA12a2 sin~kL !cos~kL !

~12a2!cos2~kL !1a2 sin2~kL !
. ~15!

Obviously, in the adiabatic case (a50) the modulation
coefficient ~15! vanishes. In the nonadiabatic case for re
tively small pumping amplitudes (h0!h0 th) the modulation
coefficient increases linearly with increase in the pump
amplitude,

Kmod.2ah0LV/v. ~16a!

In the strongly nonadiabatic case (a→1) the modulation
coefficient approaches unity when the pumping amplitu
approaches the threshold of BVMSW generation~14b!:

Kmod.
2h0 /h0 th

11~h0 /h0 th!2
. ~16b!

Experimental investigations of the interaction of a spe
trally narrow wave packet with nonadiabatic paramet
pumping were performed on dipolar spin waves, name
backward volume magnetostatic waves, propagating i
high-quality yttrium iron garnet~YIG! film. We chose BVM-
SW’s for these experiment because it is relatively easy
create nonadiabatic (L,l) pumping conditions for these
waves.

Our experimental structure is shown in Fig. 3. It consi
of three thin silver wires~diameterd530 mm) that play the
roles of input 1, pumping 2, and output 3 transducers a
were in direct contact with an YIG waveguide, i.e., a recta
gular sample of an YIG film epitaxially grown on a gallium
gadolinium garnet substrate. The thickness of the YIG wa
guide was 4.9mm, while the in-plane sizes were 1.6 m
318 mm. The YIG waveguide was oriented in such a w
that its short side was parallel to the wires. The three sil
wire transducers were situated on a free surface of a scre
dielectric (Al2O3) plate of thickness 0.5 mm at a distanc
3.75 mm from each other, so that the signal wave propa
tion length from the input to output transducer was 7.5 m

FIG. 3. Experimental setup for nonadiabatic pumping. 1, 2, a
3 are input, pumping, and output transducers, respectively; 4 is
dielectric substrate; 5 the copper screen; and 6 the YIG wavegu
Shaded area near the middle transducer shows the pumping l
ization region of lengthL.
7-5
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The YIG waveguide in the structure described above w
magnetized to saturation (4pM051750 Oe) by the in-plane
constant bias magnetic fieldH051015 Oe oriented perpen
dicularly to the wire transducers. In such a geometry
input transducer 1 can effectively excite BVMSW’s prop
gating mostly perpendicular to the transducer and hav
wave numbersuku,p/d.

The middle 2 transducer played the role of a pump
source that created in the YIG film a region of localiz
~nonpropagating withkp050) microwave magnetic fieldhp

that was mostly parallel to the bias fieldH0. The pumping
frequency supplied to the transducer 2 was two times la
than the frequency of the signal supplied to the input tra
ducer: vp52vs52p39446 MHz. The BVMSW wave
number corresponding to the pumping frequencyvp was
substantially larger thanp/d, and, therefore, the pumpin
transducer could not linearly excite a propagating BVMS
at the frequencyvp . The pumping transducer 2 was made
a half-wavelength open microstrip resonator tuned to
pumping frequencyvp , and having a loadedQ factor of Q
520. When a pumping electromagnetic signal of frequen
vp52vs was supplied to this resonator, a region of pump
magnetic field localization was created around it. The eff
tive lengthL of this region in the direction of the signal wav
propagation is determined mostly by the wire diameterd, but
also by the thickness and dielectric permeability of the
electric substrate, and is of the order of several wire dia
etersd. The value of the pumping localization lengthL, in
the case when the group velocity of the signal wave
known, can be evaluated experimentally by measuring
time dependence of the influence of the pulsed pumping
the linear signal transmitted through the pumping locali
tion region~for details see Ref.@13#!. For our experimenta
structure ~Fig. 3! it was experimentally evaluated asL
50.1 mm.

The magnitude of the bias magnetic fieldH051015 Oe
in our experiments was chosen in such a way that the ca
wave number k1 of the signal wave packet wask1
5100 cm21 when the signal carrier frequency was exac
half of the central pumping frequencyvs5vp/252p
34723 MHz. It is clear that for these parameters our pum
ing was nonadiabatic, ask1L.1.

The other measured parameters of our experiments
the group velocity at the signal carrier frequencyv
522.24 cm/ms; the signal propagation time from the inp
to output transducertprop5334 ns; the ferromagnetic reso
nance linewidth of the YIG film sample 2DH50.4 Oe; the
signal pulse durationts520 ns; the signal input powerPs
<5 mW; the pumping pulse durationtp530 ns; the pump-
ing power 0<Pp<5 W; and the threshold pumping powe
at which generation of half-frequency BVMSW’s took plac
Pp th53.9 W.

The experimentally measured resonance (vs5vp/2) val-
ues of the power gain coefficient for the transmitted sig
wave packetK15P1out /P1 in and for the conversion coef
ficient into the reversed wave packetK25P2out /P1 in as
functions of the pumping powerPp are presented in Fig. 4
and Fig. 5, respectively. The measurements were made in
06660
s

e

g

g

er
-

s
e

y
g
-

-
-

s
e
n
-

er

-

re

,

l

he

pulsed regime using signal and pumping microwave gen
tors that have random initial phases. Thus, the phase di
ence between the signal and pumping at the moment of t
interaction in the pumping localization region was arbitra
and different for each repetition of this interaction. Ther
fore, the power gain coefficients for the transmittedK1 and
reversedK2 wave packets, as well as their amplitudesA6 ,
were changing from maximum (K6max,A6max) to minimum
(K6min ,A6min) values depending on this randomly chan
ing phase, i.e., random modulation of the amplified transm
ted and reversed signals was observed.

The experimental values ofK6max are shown in Fig. 4
and Fig. 5 by squares, while the experimental values

FIG. 4. Maximum and minimum power gain coefficients for th
signal wave packet transmitted through the region of pumping
calization in the case of nonadiabatic pumping: squares and cir
show the experimental values ofK1max and K1min , respectively;
solid lines are calculated from the model~6!; dotted lines are cal-
culated from the approximate model~10!; broken line in the middle
is calculated from the model~4! for adiabatic pumping.

FIG. 5. Maximum power conversion coefficients for the wa
packet reversed from the region of pumping localization in the c
of nonadiabatic pumping: squares show the experimental value
K2max; solid line is calculated from the model~6!; dotted line is
calculated from the approximate model~10!; broken line is calcu-
lated from the model~4! for adiabatic pumping.
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K1min are shown in Fig. 4 by circles. The solid lines in Fig
4 and 5 show the results of direct numerical calculation us
the model~6! when 300 waves having wave numbers in t
interval from 2300 cm21 to 1300 cm21 were taken into
account. The dotted lines in Figs. 4 and 5 show the res
obtained using the approximate generalized envelope e
tions ~10!. The broken line in the center shows the resu
obtained from the traditional envelope equations derived
the case of adiabatic pumping@5,7# @or obtained from Eq.
~10! for h62k1

→0#.
It can be clearly seen that for moderate pumping pow

the generalized envelope equations~10! derived in this paper
give a good quantitative description of the experiment, a
do not differ much from the results of direct numerical sim
lation in k space performed using the model~6!. On the other
hand, the traditional envelope equations, obtained for a
batic pumping, give results that have nothing to do with
ality, and do not describe the experiment even qualitativ

With increasing pumping power the experimental resu
begin to differ significantly from the results of calculation
These differences may be caused by parametric excitatio
plane spin waves at high pumping powers@9,13#. The ap-
pearance of these plane spin waves reduces the influen
phase differences between the signal and pumping, and,
sequently, leads to a decrease ofK6max and an increase o
K6min .

Figure 6 shows the modulation coefficient of the transm
ted signal@see Eq.~9!# as a function of the relative amplitud
of the pumping magnetic field~or supercriticality! h0 /h0th .
This scale on the horizontal axis was chosen to convenie
compare the experiment with the approximate theoretical
pression~16b!. It can be clearly seen that the experimen
modulation coefficient increases linearly withh0 for rela-
tively low values of the pumping amplitude, and saturates
unity for values of supercriticality close to 1, in good agre
ment with the theoretical prediction~16b!. It is also clear
from Fig. 6 that the results of calculations obtained from
approximate generalized system of reduced envelope e
tions ~10! are in good agreement with both the experimen
results and the results of direct numerical modeling using
~6!.

In conclusion, the interaction of a spectrally narro
-

rs
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propagating wave packet with nonadiabatic parame
pumping localized in a region of size the order of the carr
signal wavelength (L;l) was investigated theoretically an
experimentally. A system of generalized reduced equati
for the envelopes of interacting wave packets was deri
and successfully used to describe the experimental resul
the case of nonadiabatic parametric pumping.

The unusual feature of nonadiabatic three-wave param
ric interaction of the first order is the simultaneous excitat
of idle wave packets that are both copropagating and con
propagating with the transmitted signal wave packet. T
property of nonadiabatic three-wave parametric interact
opens the possibility of observing wave front reversal a
phase conjugation of optical waves in the first-order thr
wave parametric process~2!. To the best of our knowledge
these phenomena in nonlinear optics have so far been
served only in second-order four-wave parametric proces
@18#.

This work was partially supported by the U.S. Civilia
Research and Development Foundation~Grant No. UP1-
2120!, by the U.S. National Science Foundation~Grant No.
DMR-0072017!, and by the Oakland University Foundatio

FIG. 6. Modulation coefficient of the output signal for differe
values of pumping supercriticality: squares, experiment; solid li
calculation from the model~6!; dotted line, calculation from the
approximate model~10!.
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