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A method is proposed for reversing the spreading of a packet of plane waves. It may
be possible to use this effect to increase the range over which signals can propagate
through an absorbing medium.

Since the first studies of the spin echo carried out by Hahn,' many similar studies
have been made of the coherent dynamics of many-body systems. Optical, electroa-
coustic, cyclotron, plasma, etc., echo phenomena have been discovered, and many
have evolved into independent fields of research with extensive work on applica-
tions.>?

In the present letter we report a study of a reversal of the spreading of a packet of
dispersing waves as a result of a parametric interaction with a pump wave. We call the
effect the “dispersion echo.”

We consider a one-dimensional boundary-value problem. We assume that the
dispersive medium occupies the half-space z>0 and that an electromagnetic input
signal is given at the boundary of this medium*:

oo

‘ 1 co
Ey(1,0) = Eelf,ql(w)e“*”dw + cc., (1)
0
As this signal propagates through the dispersive medium, it is described by*

. 1 C
Ey(t,z) = EelfAl(w)e’zw(“’) dw + cc., (2)
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where ¢(w) = [aﬁ —k (a))], and k (@) = w/v{w). Expanding the phase velocity in a se- "
z
ries near the extremum,

UWw) = v(w, + Aw)= v(w,) + —;(a%/;aw’)w (Aw)?,

we find
PY(w)= v 3w, )w, (3%v/0w?) ) (Aw)?, (3)
e

where the point » = w, is found from the condition dv/de = 0; i.e., at this point the
phase velocity reaches a maximum or minimum value. There are usually two such
points (see Ref. 5, for example), as follows from the dispersive behavior of the refrac-
tive index. We will assume below that the second point lies outside the spectral region
of the pulse. In deriving expression (3} we used a coordinate system moving with an
observer at the extreme phase velocity v(w, ), i.e., z/t = vjw,). We know* that when the
phase ¥(w) has stationary points the pulse (2) decays asymptotically over the distance
(z) that it traverses: E,(f, z— o0 )~ (z) ~'/? (we are ignoring dissipation). In the absence of
stationary points of the phase, the decay is significantly more rapid:
E,(t, z— ) ~{(2) % The reason for the decay in these cases is the dispersion, which
causes some of the plane waves to lag behind the group velocity and causes others to
move ahead of it. As a result, there is a self-extinction of the pulse by interference; i.e.,
the temporal coherence of signal (1) is lost. This decay process is evidently of a reversi-
ble nature and is analogous to the decay of the dipole moment of a coherent ensemble '
of a many-body system due to inhomogeneous broadening.’ To restore the coherence
of the signal, we send it through a nondispersive medium with a quadratic nonlinearity
that fills the space z,>z>z,, in which a monochromatic pump wave

1 .
E2 = —232‘42"8 '(2%08’ - 2‘Ie'z) + c.c.. (4)

is propagating. We are interested in the evolution of the signal wave E 1, On which wave
(4) is acting. The corresponding closed system of equations is®

W, 2
————!—(—-——) =— 101A1(2w - w,2)
dz
: g (5)
dAr(Zwe — W, Z)
= ‘iUzAl(OJ, Z)
dz
where
2mw(X : ejes) A, 212w, — W)X eyex)A ]
0y = €4 » Gy = €y s

cn cn

010=101*, 101>0, z3- z =1L

and y, ¢, and n are respectively the quadratically nonlinear susceptibility, the velocity -
of light in a vacuum, and the refractive index. In deriving the system of truncated
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equations (5), we used the method of a slowly varying amplitude. Under the condition
|4;|>|4,], system (5) has a solution in the approximation of a given pump wave:

(=}

1 . i(z — 2z} ¥ (w)
Ei(t,2> 2;) = SerchlolL[ 4, wz)e TV 4,
1]
] *® ifz — z,)¥ (w)
. - w
- ie1l——1| shlo|L [ 4"Qw, — w, z;)e ' dw + cc. (6)
g 0

According to (1) and (2), the boundary conditions are
Al(wﬁ z= zl) = Al (0), O)exp [izl \II(CO)] y

AfQw, - w,z= z;)= A'{'(?we— w, O)exp [ — iz ¥ (2w, — w)].

At a sufficiently large value of z,, the first term in solution (6) continues to decay after
the interaction, while the second tends to recover its original form, (1), at the point
z = z,, whose position must depend on the frequency and can be determined by equat-
ing the overall phase of the second term: Y(w)(z, — z,) — ¥(2w, — w)z; = 0. Using (3),
we find

= 1+ M:l:2zl.

foTh V(@)

At the point z, the pulse has therefore undergone a self-contraction to its original
shape, as in Eq. (1). It is important to note that pump frequency (4) must correspond
exactly to the frequency at which the phase velocity is at a maximum. Otherwise, it
would be necessary to consider the term (dv/dw)Aw in expansion (3). It is easy to show
that in this case the coherence of signal (1) is not restored, and the spreading occurs
twice as fast. '

This effect may find use in increasing the range over which signals can propagate
through absorbing media, since the rates of most of the processes responsible for the
damping (absorption, for example) are proportional to (E,)”, where n = 1, 2... . If the
pulse is first passed through a dispersive medium, so that E,—0, and then sent
through the absorbing medium, it will traverse the absorbing medium with essentially
no loss of energy. The pulse should then be subjected to the nonlinear conversion
described above and passed again through the same dispersive medium. As a result,
the original shape of the pulse will be restored.

'E. L. Hahn, Phys. Rev. 80, 580 (1950).

2A. Korpel and M. Chatterjee, Proc. IEEE 69,1539 {1981).

*M. 8. Gitlin and L. A. Ostrovskii, Zh. Eksp. Teor. Fiz. 85, 487 {1983) [Sov. Phys. JETP 58, 285 {1983)].
4G, B. Whitham, Linear and Nonlinear Waves, Wiley-Interscience, New York, 1974.

L. D. Landau and E. M. Lifshitz, Elektrodinamika sploshnykh sred (Electrodynamics of Continuous Me-
dia), Nauka, Moscow, 1982.

Translated by Dave Parsons
Edited by S. J. Amoretty

1053  JETP Lett., Vol. 40, No. 7, 10 October 1984 V.l. Reshetskif 1053





