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It is shown that in stimulated Mandel’shtam-Brillouin scattering (SMBS) multimode and multifrequency
pumping in a light guide it is possible to realize conditions wherein the Stokes radiation consists mainly
of the component E, ~e(1)8,o*(r,,z) which produces only one component, greatly differing in power
from e,o(1)8,o(r,z) in the expansion of the pump field E, (n,r)) in a product of the orthogonal (with
respect to time and space coordinates) functions e,(n) and &, (r,z) where n =t — z/v;. Components
with smaller amplitudes are hardly scattered at all, even if their total power at the entrance to the
nonlinear medium considerably exceeds the power of the component e.,8,,. The results yield, in
particular, the maximum signal power limited by quantum or thermal noise). Below this value there is no
wave front inversion with simultaneous production of the time modulation of the radiation.

PACS numbers: 42.65.Cq

1. INTRODUCTION

Interest has increased recently in the study of the
physical processes leading to the inversion of a wave
front (WFI) of electromagnetic radiation incident on a
nonlinear medium.!® Reflection with WFI means that
the following relations should hold between the fields of
the incident E; and reflected E, waves in the range of
frequencies characteristic or some specific problem:
E,=RE¥*, where R is the reflection coefficient, which
in the general case is a nonlinear operator dependent on
the field E; or some other fields if there are such in
the system.

One of the most important questions connected with
the study of WFI processes lies in the finding of the
conditions upon whose satisfaction reflection is either
total or only partial. Correspondingly, R is either a
constant number or an operator, It is obvious that in
the latter case we can speak of selective reflection with
WFF while if R does not depend on E; or depends only
very weakly, then the selection is linear, as in the
case, for example, with 3- and 4-photon parametric
transformation of the wave E; into the wave E in a
given pump field (in such a transformation, the reflec-
tion coefficient has a resonant dependence on the fre-
quency)?™.¢ If the operator R depends on E, then the
selection is nonlinear; a characteristic example is a
mirror based on stimulated Mandel’shtam-Brillouin
scattering (SMBS),! reflection from which is possible
only at a sufficiently high power level in the incident
wave, which is usually higher the broader its spatial or
temporal spectrum. The property of nonlinear selec-
tion allows appreciable damping of the noise component
in radiation reflected with complex-conjugate phase,
even in the case in which its power in the arriving ra-
diation is significantly higher than the power of the
simple component.’

However, the following question remains unclear to
date: what is the algorithm of selection by the SMBS
mirror of the signals incident on it, i. e., what com-
ponent of a complicated (in the general case, arbitrary)
wave E; can be reflected with WFI, and what part can
be filtered out. Besides the theoretical interest in the
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development of an approach to the solution of the prob-
lem of stimulated scattering of an arbitrarily spatially
inhomogeneous, complicated wave, this problem also
has an important physical aspect, relating to the de-
termination of the maximum achievable (limited by
quantum or thermal noise) level of the signal, which
can still be reproduced with WFI,

In the present work, it is shown that conditions can
be realized in SMBS of multimode and multifrequency
pumping in a light guide under which the Stokes radia-
tion will consist basically of only one component E
~ ep(n)&%(r,,z), which produces only a single compon-
ent e,0(n) #,0(r,, 2) of distinctly higher power, in the
expansion of the field

N

E = Zew(n)&(m z)

Rem0
in products of the orthogonal (with respect to time and
space coordinates) functions e,(n) and &,(r,,2), where
n=t-z/v,.

Components with smaller amplitudes are hardly scat-
tered, even if their total power at the entrance to the
nonlinear medium exceeds the power of the component
exo¥ro Considerably. The results enable us to estimate
the minimum signal power below which WFF with
simultaneous production of the time modulation of the
radiation is not achieved.

2. INITIAL EQUATIONS

We assume that the pump radiation does not change
under the action of the scattered field and, on the
boundary of the medium z =0, consists of a set of sev-
eral components e,(¢) #,(r ,0), which are orthogonal in
the space coordinates. Neglecting the dispersion of the
group velocities of the various pump components, we
can write, at z>0,

E = Zeu(ﬂ)gn(h.y z),

where all the &, satisfy the equation
(3/62+(i/2k1.) A.L)gh=0

and
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S is the transverse cross section of the beam, %, is the
wave vector of the pump. We shall find how production
of the field E; can take place in the Stokes radiation, if
&, are independent random functions of r, with small
transverse correlation radii, normal distribution laws,
and flat envelopes (|§%|=1). A wave of the form E
can be formed in the experiment, for example, if a set
of several light beams with small divergences 6, are
directed at angles 8 ;,with respect to one another (6,
>6,,8,) onto a phase plate, which increases the diver-
gence of these beams to a value 6 > 6, ;, and then its
image is transferred the end of the light guide.® It is
obvious, in order that the property of orthogonality of
the field &, be satisfied, that the number of initial
beams N must be smaller than 62/6%,, and therefore
smaller than 6%/6%. The radiation thus formed will be
multimode at any instant of time and will have a diver-
gence ~0.

In contrast to Refs. 9, 10, where the expansion of the
Stokes field, as applied to the problem of stationary
SMBS in a light guide, was carried out in a set of plane
waves, in the case considered, for the study of WFF
multimode and multifrequency pumping, it is more
convenient to make use immediately of an expansion in
orthogonal components of the complex-conjugate the
laser field itself. In correspondence with this, the
field E entering into the system of truncated equations

3 0. i 1 1
2424 =i P T

(v T AJ_) EmigEP, ve—t— (1)

dP/on+YP=ig.E.E.", . (2)

which describe the SMBS, is sought at k =k, in the
form

E~ ch(n, )& (ry, 2)+E., (3)
where E| is a field, orthogonal to all the preferred
components #*. The function £ describes the space-
time change of the uncorrelated (with respect to the
transverse coordinates) pump waves, and also the
change in the so-called noise (in the terminology of
three-dimensional holography) waves® excited upon
scattering of any of the pump components e, #, by the
hypersound lattice created by the other two independent
waves e, &, and ¢, &*(k+l, k+m).

The component Es will not affect the amplification of
the components c,g ¥ producing the pump if the total
increment

Mcon=glconey 8=2g.8/1, 9-2 ey, B{‘W
over the longitudinal correlation distance z,,.=1/k 62
is small in comparison with unity (in the nonstationary
case M, =2(2gynz,.£)!). Then the contribution of
the component Es to the amplification of the waves
¢, & ¥ is equivalent to the contribution from an addition-
al delta-correltation source and the intensity of “noise”
waves generated by it is small in comparison with the
total intensity o of the Stokes components
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N
o= Z o, o=lcl%

=0

Nevertheless, at M, ~1 the integrated contribution
from the “noise” waves can be comparable with the
contribution from individual weakest Stokes components
¢, &}, which produce the least intense pump components
e,%,. However, this cannot change the experimental -
recording of the corresponding Stokes components sep-
arately, if their initial divergence 0, is sufficiently
small in comparison with 6. In fact, the integrated in-
tensity of the noise in Stokes radiation ~M .o (it is as-
sumed that the intensity of the components uncorrelated
with the pump does not exceed ¢) and in a solid angle
~02 this intensity will be ~M__ o%/6%.

If this value is small in comparison with the intensity
o; of the Stokes wave that produces the components
e;%,, i. e,

(9;’/9') Mcorr 0 <0, (4 )

corr

then the effect of £, on the components ¢, ¥ is unim-
portant. Thus, at 62/6%<« 1, it is not separately re-
quired, for the estimate of the intensity of the weak
components c,#;, that the parameter M, be small in
comparison with the ratio ¢,/¢ and only the inequality
(4) is needed.

As for the amplification of the components entering
into E, that are uncorrelated with the pump, at M.
<« 1 they will be amplified independently, without show-
ing any effect on the pump-producing waves ¢, &} !
These components, if their intensity appreciably ex-
ceeds o0, can rise only to the noise level, but even in
this case the noise remains small in comparison with
the power of the components uncorrelated with the
pump. We shall consider the amplification of similar
components below in greater detail.

Substituting E; and E| in Egs. (1) and (2), and neglec-
ting the contribution of £ to the amplification of the
waves ¢, & ¥ at M <1 with account of the orthogonal-
ity and the normal distribution law of the fields &,, we
obtain

dc dc 4 ¢ , , ,
Vot St g Y enn) e e (n) a2 0

an 9z v e
(5)
+e(n')ci(z,1)}.

The approximations used in the derivation of Egs. (5)
and the procedure of derivation are analogous to the
corresponding approximations and procedure custom-
arily employed in the investigation of the nonlinear in-
teraction of waves in the framework of weak turbulence
theory.'? However, the basis functions &, here are ex-
pressed in such a way that they all satisfy the free
quasi-optical equation and, what is most important,
the expansion of the Stokes field is carried out in the
problem that we have investigated only over those func-
tions &, which at any instant of time are present in the
expansion of E; on the entry boundary of the medium
with a sufficiently large weight. It should be noted that
Egs. (5) preserve their form even with account of
damping of the pump because of SMBS; the coefficients
e,; will then be functions of n and z and will satisfy an
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equation of the same type as (5).

In the next two sections, 3, and 4, we shall consider
in succession the amplification of the producing com-
ponents c¢; # (i <N) and those uncorrelated with the
pump c,; € >N).

3. AMPLIFICATION OF THE STOKES
COMPONENTS PRODUCING THE PUMP

In the quasi-stationary case, the system (5) reduces
to

N
dei/dz=—g (e"Z e,c.+c‘e) . (6)
k=0
At sufficiently large values of the coordinate L-z, its
solution depends weakly on the boundary L and tends to
the values ¢;=A(z)e¥, where

A(z)=A(L) exp [2ge(L—2)].

Since c;~ ¢¥%, the reflection coefficients of all the pump
components are identical.®°

However, in broadband pumping, the reflection coef-
ficients can be different even under conditions in which
the characteristic length of the amplification is less
than the time coherence length 1/Awv, where Aw is the
width of the pump spectrum. In this case, the mis-
match of the group velocities is insignificant and we can
set v=0."°

We choose the basis &, such that the functions e, are
mutually orthogonal:

Ien('l) e (n)dn=W,Su.

It was shown in Refs. 14 and 15 how such an expansion
can be constructed for a given function E (r,z,7).
Since the uniqueness of the chosen expansion is impor-
tant for the questions considered in the given work, the
corresponding proof is given specially in the Appendix.

We first consider the SMBS under conditions in which
the intensity of one of the components e, #,(k, =0) sig-
nificantly exceeds the intensity of each of the remaining
components ¢, &(k=1,2,..., N), but can be less than
the total intensity € of the weaker waves. We assume
that the scale T over which the functions ek('r)) are or-
thogonal is less than or of the order of the relaxation
time 7=1/y. If Aw is the characteristic width of the
lines, within the limits of which are concentrated the
spectra of all the signals e,, then the number N will
obviously be bounded from above by the value AwT (it
is assumed that AwT << 62/62, where 0,~1/kS* is the
diffraction divergence).

As the zeroth approximation in the solution of the
system (5), we assume c®=c®5,,, where ¢’ is given
by the equation

"
9¢" 10z=—2g.gse0(n) | & (0" (20" )e " dy’, (7
obtained from (5) upon neglect of all the remaining c,
(k=1,..., N). Then, in first approximation for ¢}
(k=1,..., N), we obtain the equation
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de{’ [9z=—gigaea(n) [ e (n)el” (z,m")

+e’ () e’ (z,0") JeT"dy”. (8)

We assume that the powerful component has a constant
mean intensity €, = |e,(n) |*=const. In this case, the
solutions for ¢’ and ¢, which increase with the larg-
est increment, approximately reproduce the component
¢{n) in time and have the form

e (z,m) =aeq(n) exp(2geq. (L—2)), 9)

(0)
@ Y G (Z' 7]) , Y ’ ofr 7
¢ SR .fdn exp( 2—(11 n )) e (") e(n’)

(i=1,2,...,N), (10)

where

¢ (L, n)er
a=_|'c( 2‘)/: (n) d,

Corrections of the second approximation to this so-
lution are equal to

@ _

"
seN=e{ —ci" = eg(fl)jdn’e—""-“"

1 —

L=

X
2g,

k

Xes (e (0,2 +er (e (0h2)  (i=1,2,...,N). (11)

The relative contribution of these corrections to the
power of each of the components ¢; &* is of the order of
(y/Aw)e/e,, as is not difficult to show; that is, at €,

< gy, NsAwT, and y<< &w we can neglect the correc-
tions 6¢?.

Thus, in the considered case, ¢, is determined by
Eq. (9), and the values ¢;=c¢'” (i=1,2,...,N) by Eq.
(10). The contribution of each of the weak components
e, &, (k=1,2,...,N) to the increment of the Stokes
waves c, ¥ corresponding to them is insignigicant (the
values of the increment at £,<< g, is determined only by
the field ¢,%,) and the effect of the weak components
e, % ., on the excitation of the Stokes components ¢ ;&¥
(j#1) that do not produce them is also small. The
singularities of the SMBS of compound signals noted
here are connected with the fact that the buildup of hy-
persound with amplitudes P,;~ &, #; (i, k#0) due to the
interaction of the waves e, &, and c¢; ¥ takes place less
effectively than the buildup of P, because of the fact
that the amplitudes e, are orthogonal over the scale T
<7 and are small in absolute value in comparison with
€yo

The conclusions that we have reached are in accord
with the experimental results concerning investigations
of SMBS excited by a pump consisting of two compon-
ents that are orthogonal in space and in time.? In the
experiments of Ref. 8, the time orthognality was ob-
tained because of the optical path difference AL of the
two light fields, e,(f) %, and e,(¢) &, (where e,(t) =
=¢,(t - At), At=AL/c), initially formed from a single
broadband pulse of the pump. It turned out that at At
> 1/Aw the reflection coefficient of the very weak wave
% e, falls off sharply in comparison with the case A?
<1/Aw, which confirms the conclusions obtained above.

It follows from the expression (10) for ¢}’ that if €,
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< g4, then the total intensity

NP S

o= Z‘O.~ Am(]a £,
of the Stokes wave

Zc.@’ N
which produces the weak components of the pump turns
out to be smaller than the intensity of the Stokes wave
c,€¥ which produces the strong component ¢,%,. In
fact, taking it into account that N < AT, we get

The combined intensity i)S,. of the weak components of
the pump here can be hi'g_her than the intensity ¢, of the
strong component but should obviously remain bounded
by the value €,Aw/y. This agrees with the result of
Ref. 7 where it was shown that in reflection from a
SMBS mirror, of a pump of the form e,(n) €,(r,,z) can
be selected against the background of incoherent radia-
tion if only its intensity exceeds the intensity of the
preferred component e,(n) &,(r,, z) by less than a factor
of Aw/y.

The conclusion that the SMBS mirror reflects essen-
tially only the most powerful component ¢,#, represen-
ted in the expansion of the field E; in the orthogonal
functions e; and #;, would obviously eliminate other
possible expansions of this field in the orthogonal func-
tions e;’ and &,’, which are not identical with ¢, and
#,, containing components that differ from the ¢,%,
that are of much higher power. (In the opposite case,
for a given pump, the waves reflected from the SMBS
mirror would be different from one another.) The
uniqueness of the preferred component ¢,#, follows from
the uniqueness of the chosen form of the expansion:
only terms with identical powers |e;|* can be trans-
formed to the new basis e, and #,’ in the expansion of
E, over the orthogonal functions e; and &, (see the
Appendix).

The selection properties of the SMBS mirror are in-
creased by using in place of the light guide a lens and
cell located in the focal neck of the preferred wave
¢, €, and having approximately the same length in the
wave direction. If the divergence of this wave 6, is
much less than the divergence ¢ of the other waves
e, %,, then the intensity of the preferred component in
the region where the vessel is placed increases by an
additional factor of 62/62. This is illustrated in Fig. 1,
which shows qualitatively the focal regions of the pre-
ferred wave ¢, , (solid lines) and of all the other waves

N

Ze;.&’n

R==l

(dashed lines); F is the focal length of the lens L,
which focuses the radiation E in the cell C.

The relative increase in the intensity of the compon-
ent ¢, %, near the focal plane leads to the result that the
admissible upper limit of the power of the incoherent
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FIG. 1,

radiation, against the background of which one can still
select the signal ¢,#%,, increases to a value of the or-
der of (Aw8%y62) (under the condition that the parame-
ter M_ <« 1). A similar limit restricts in principle the
possibility of selection of a signal of the form ¢,#,
which has first passed through a laser amplifier.

Actually, let us consider the expression for the su-
perluminescence noise power in one of the two polari-
zations:

. hoAe

P= 8x®

[(on, 1) +A(0r, ~T,)H] 2 (hy=1),

where
fi(or, T)=[exp (hoo/ksT)~1]"",

w, is the carrier frequency of the field, which is iden-
tical with the transition frequency in the case of reson-
ance amplification, T is the temperature of the ther-
mal radiation at the input of the amplifier, equal to the
temperature of the surrounding medium T,=Aw/kgln
(N,/N,) is the negative temperature of the amplifier,
determined by the population of the lower N, and upper
N, levels of the operating transition of its active mol-
ecules, k; is Boltzmann’s constant, 6 is the noise di-
vergence determined by the aperture of the amplifier
and its length and 0, is the diffraction divergence and is
connected with the diameter of the amplifier, Aw is the
frequency band of the noise, k%, is the amplification co-
efficient. Taking it into account that the power P can
exceed the signal power P, =kj’,i" by no more than a
factor (Aw/y)(62/62), we find that the wave front inver-
sion exists if only

Pi">(8,2/8,2) hoy[1+7 (0, T)+i(o, —T,)]. (12)

This condition is consistent with the condition M <« 1
if only Aw/y < 6,/6,. Formula (12) allows us to esti-
mate the minimal power of the compound signal which,
after amplification in the optical amplifier can still ex-
cite SMBS, while the proper noise of the amplifier does
not reach the SMBS threshold. For estimate of the cor-
responding value of the power, we must expand the
compound signal in the components e, #, and equate the
power of the most intense of these components with the
right side of Eq. (12).

If, for example, we consider as the signal the ther-
mal radiation of a source heated to a temperature T,
then the condition for observation of SMBS from such
a source reduces to the relation
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a(e, Ty) >n(o, T)+i(o, —T,)+1,

which is satisfied only for the frequency interval 7w

< kgT, under the condition that the temperature of the
source T, greatly exceeds in value the temperature T
of the medium surrounding the amplifier and the nega-
tive temperature T, of the quantum amplifier itself.

Satisfaction of the conditions of observation of SMBS
naturally does not mean that wave front inversion of
the incident radiation can be realized. If, for example,
the field E; represents part of the thermal radiation
with a broad spectrum Aw>>y, then the preferred
power components are not contained in the expansion of
this field over the time interval ~7 in the orthogonal
functions e, and &,. In this case, even if the condition
of observation of the SMBS is satisfied, total wave
front inversion with the reproduction of the time mod-
ulation does not occur. However, if AwT <1, thenon a
scale ~7 the thermal radiation will actually consist of a
single component e,%, which, at fw<kzT and T, > T,
|T,| can now be separated from the characteristic
noise of the amplifier. Only then can we obtain with the
help of SMBS wave front inversion with simultaneous
reproduction of the time modulation of the thermal ra-
diation.

Of oourse, the assertion made abouve does not ex-
clude the possibility of wave front inversion without
production of the time modulation of broadband (with
frequencies #iw>k,T,) radiation of a sufficiently distant
thermal source for which the field at the aperture of
the receiver can be represented in the form ey(n) &,
(r,). The corresponding procedure of wave front inver-
sion finds application, for example, in the compensa-
tion for atmospheric turbulence in optical astronomy
where, losing information on the time modulation of the
radiation ¢,(n), one succeeds after a sufficiently large
time interval (with accumulation of the quanta) in ob-
taining information of the distrotions introduced in the
atmosphere and on their transverse structure.'®

We now discuss the features of SMBS in the case in
which a single strongly preferred component is absent
in the expansion of E; in e, and &,. We shall solve the
problem under the assumption that the scale of the or-
thogonality T is significantly smaller than the relaxa-
tion time 7. Then the solution of Eq. (5) is conveniently
sought in the form

N
Ci= E Qinre
=)

where «,, are functions of z that change slowly over
the time scale 7.V Substituting c¢; in (5) and taking it
into account that the functions e, are orthogonal in a
time scale T significantly smaller than 7, we get, to
within terms ~T' /7,

a.-.’=—g.g=j dn’ exp(—y(n—7")) (e:(n )i (z,n")

+e(n)aa(z 1)), e(n)=le:(n) % eu(n’)=les(n’) i (13)

If the functions €; change slowly with scale 7, then
Eq. (13) is simplified:

883 Sov. Phys. JETP 50(5), Nov. 1979

(Z.';,'='g (8.'01m+€).0'.u.) (14)

and its solution

ag=(exte:) " {(au(L)estan(L)e:) exp [g(eites) (L—z) ]
+(an(L)—an(L))ed
shows that the coefficient a,,,, of the amplitude of the
most intense harmonic e, &, increases with maximum
increment 2 |e, |%.

We find the relative power distribution 0,/0,, in the
radiation reflected from the SMBS mirror. Assuming
all the components e,(1) and &,(r,,L) in the priming
noise at the boundary of the medium z=L are repre-
sented approximately with the same weight ( |a,,,(L) |2
= const) and taking it into account that e,e}=8,,c,, we
find, after uncomplicated transformations,

ay/on,=exp [—M (1—ei/e,,) 1.

Here M =g¢, L is a parameter equal to one half the val-
ue of the total amplitude increment for the component
ey & If the dependence of €,= |¢,|* on k for the wave
E, is approximated by the quadratic function

ex/er,=1— (k—ko) /R,
where k determines the characteristic number of the

most intense terms in the expansion of the field E; in
e, and &, (k=N/2), then

o/ or,=exp [—M (k—k,)*/F*].

It then follows that ~k/M 4 orthogonal (in the spatial co-
ordinates) components ¢, ¥, are excited in the Stokes
wave. At the startup noise radiation and at &/M*>1,
these components, as is not difficult to show, are also
approximately orthogonal (on a scale ~T'), however,
their oscillograms c;(n) do not reproduce the functions
e‘(n) and consist of the set of all oscillograms belonging
to the preferred power components. If 2/M e 1, then
only a single component ~e,, &,, will be limited by sa-
turation effects and under ordinary conditions M =

M, /4="T (M, =25-30 is the threshold increment of
SMBS). However, much higher values of M can be ob-
tained in principle, by introduction of loss on the re-
turn wave as a consequence of resonance absorption,
nonreciprocal elements, and so on.'®* Figure 2 shows
the relative distribution of the power of the orthogonal
components &, before (¢,/€,, solid line) and after
(0,/0,, dashedlines: a—M="7,b—M="70) reflectionof
the wave from the SMBS mirror. It is seen that even
M =1 is sufficient to introduce at % =3 significant dis-
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crimination in the back-reflected component, singling
out the one among them with k =k, (see the vertical
lines in Fig. 2, the height of which up to the solid curve
corresponds to the relative power of the incident and
up to the dashed curve, the component reflected from
the mirror).

The possibility of distinguishing, among the set of
simple components which form the compound pump sig-
nal, the single most powerful component can be defined
as the property of nonlinear selection. This property
is preserved even in the case in which the preferred
component has a relatively broad frequency spectrum
and its intensity per unit frequency interval is small
than that of the other components.

4. AMPLIFICATION OF COMPONENTS
UNCORRELATED WITH THE PUMP

We now proceed to the consideration of the possibility
of amplification of waves uncorrelated (over the trans-
verse coordinates) with the pump and described by the
field E,. As has already been noted, at M,, <1 these
waves are amplified independently of the waves that
produce the pump components e, #,. The equations for
the uncorrelated waves are not difficult to obtain by
the same method which was used in the derivation of
Egs. (5). It is simplest to proceed in the following
fashion. We assume that we are interested in the amp-
lification of the structure of the field %,(j>N) which
has no projection on the pump radiation. Nevertheless,
we shall assume that the components #, enter into the
field E; with coefficient ¢;=0 (j> N). Then we shall
seek the field E, in the form of an expansion over all
the components entering into E;, and also the com-
ponents &, that are represented in E; with zero co-
efficients.

As a result, we obtain the same equations (5) in
which, however, we must set ¢;=0 (i> N) for the co-
efficient c,(¢> N): ’

v—+— ——g.g-.f dn’e 1" (z,9) Z‘ a’(n)e(n).  (15)

In the quasistationary case

ci=c,(L)exp (gi le,l? )

L)

In the case of a broadband pump we again choose &, as
a basis, in order that the functions e; be orthogonal.

If the scale of orthognality T is small in comparison
with 7, then at v=0 it is convenient to seek the ampli-
tubes ¢;, whose time modulation duplicates the pump
components, in the form

N
cy= EBue. (i>N),
R0

where B,, is a function of z, changing slowly in the
scale T. As a result, we get

n

By'=—gg: J.e_""_“')zl(rl,)Bﬂ (z,n’)dy’. (16)

If #,(n) is a slowly varying function inside T,
Bu=Ba(L) exp (g(L—2)es).
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Such a component ¢; whose time modulation reproduces
the most intense component in the expansion of the
field E, in the orthogonal functions ¢, and $, increases
with maximum increment. The increment of this com-
ponent is less than half the increment of the Stokes
wave which reproduces not only the time, but also the
space (with complex conjugate phase) modulation of the
most intense component of the pump.

For estimate of the increment of the components
that are uncorrelated with the pump not only in space
but also in time coordinates, we must replace

Ze.(n)e;(n’)
by »
Yamami=o.-n),

R0

where &, = E;(n,r,,2z)E*(n,r,, 2) is the correlation
function of the pump. The stationary solution of the
resultant equation for the Fourier component c,(w) has
the form

0. (w)
1+io/y

ci(@)=c. (o, L) exp (g (.L—z)) , 17)

where

0.(0)= [ O.(t)e*dt
is the Fourier spectrum of the pump. H &,(w) isa
smooth function and has a maximum at w =0, then at
Aw >y we find

cu(t) ~exp (gl L—0)/80), Ao=L [ [ 0.(1dt] -

which is identical with the results of Ref. 19, in which
the amplification of waves uncorrelated with the pump
was considered.

When the mismatch of the group velocities is large
and the length of the time coherence is essentially
smaller than the characteristie amplification length,
the Stokes radiation consists entirely of waves un-
correlated or weakly correlated with the pump, the
increment of which is also determined by Eq. (17). It
is interesting to note that in the case of waves that are
uncorrelated with the pump, the time of the transition
process t,, to the stationary solution (17) is deter-
mined, as is easy to see from Eq. (15), by replacing
in it

N

Z a(n)e’ (n)

by ®,(n -n’), which is the inverse of the line width
Aw, while in the amplification of waves that repeat the
pump in the time modulation, the value of ¢,. is deter-
mined by the relaxation time 7. Therefore, because
of the nonstationarity of the SMBS process, for short
broadband pulses of the exciting radiation, the relative
discrimination of the increment of the Stokes waves
that repeat in time modulation the powerful compon-
ents of the pump, and the waves that are uncorrelated
with the in time, will decrease. For determination of
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just how the structure of the Stokes radiation will be
formed in this or that specific situation, it is neces-
sary to estimate the relative weight of the components
that repeat the pump and do not depend on it in the
startup Stokes signal, and to compare the amplified
waves with one another, taking into account the differ-
ence in their increments. Thus, for example, if the
pump consists of a single component e, #,, and the
startup noise source has the same band Aw as the pump,
and the same angular spectrum 6, then the relative
weight of the structure e,€¥ in the startup radiation is
equal to 62y/6%Aw, so that the amplification factor will
have the form

- 0.’y

0*'Aw

If in the startup source one selects all components of the
form ey(t) &, or &,(t) %%, where &,(v,z) and é,(f) are
components uncorrelated with the pump, then the cor-
responding factors will be equal to

(84/6*) exp[2ge.L(y/Aw) ].

exp(2ge.L).

(y/Aw)exp(ge.L) or

At the same time, the amplification factor is equal to
exp rLg‘&,,L(-y/ Aw)] for the field ES uncorrelated with the
pump both spatially and in time structure. Comparing
these factors, we note that if the first of them sig-
nificantly exceeds the remainder, then precisely that
component e £¥ in the Stokes radiation will be re-
produced (see the experiment described in Ref. 20).

The authors thank V. G. Sidorovich for discussions.

APPENDIX

We shall prove that in the expansion of the field
E,(n,r,) only those terms with identical powers |e,|?
in the orthogonal functions ¢,(n) and #,(r,), can be
transformed to a new basis ¢/(n) and #,(r,).

We assume that the field E, (n,r,) represented in the
plane z = 0 in the form (see Refs. 14 and 15):
E(ne)= Y o@m& (), aln)=e(n)/a,
i=0 (A.1)

Y,
a,-=( j Ie(lzdn) R
T

where ¢,(n) and #,(r,) are complete orthonormal func-
tions over the interval of time T of the system, admits
an expansion in certain orthogonal functions ¢;(n) and
# ;(r,) that differ from g, (r):

EL('ﬂy 'L)= Z'biq)il(ﬂ)gtl (l'_,_), (A.Z)
It is obvious that ¢;(n) and %;(r,) should not have pro-
jection on the functions orthogonal to ¢,(n) and #,(r,).
Then, for any 7 and r,, the following equality is sat-
isfied:

N N N

2“@«('])8«('1_)=2 b, (Zcﬂ«p.(n) ) (i dy&;(ry) ) (A-3)
=0

-0 =0 h=0

Multiplying (A.3) by ¢,(n)#,(r,) and integrating over g
and r,, we obtain

N
nbnn= Z‘Enrd(my

0

(A.4)
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where E,; = b;c,,.

The equation (A.4) is the condition of orthogonality
of the rows of the matrix E= [Ei ,] and the columns of
the matrix D=[d;,]. Since the matrix D is orthogonal
according to the condition of orthogonality of the func-
tions &;(r,), then the rows of the matrix E are mutually
orthogonal and are proportional to the columns of D:

(A.5)

Since the rows of the matrix E are mutually orthogonal,
while the matrix CT=[c,,] is orthogonal by virtue of the
orthogonality of the functions ¢j(r,), then it is not dif-
ficult to see that the matrix C7 should be composed of
the eigenvectors of the matrix B=[b,5,,], i.e.,

Eui=%ndm.

(A.6)

Using (A.5) and (A.6), and taking into account the norm-
alizability of the matrices C and D, we obtain c¢,, = d,,.
Taking it into consideration that C is a matrix com-
posed of the eigenvectors of the matrix B, in the case
of different a, =b;, we obtain ¢,, =6,,, i.e., the expan-
sion of E;(n,r,) is unique at z =0. If there are K dif-
ferent coefficients among the coefficients a; with num-
bers n,(j =1,2,...,K), then the admissible systems of
orthogonal bases are determined by the equation

E.i=cCinbn.

N N

@:"(m) =2 Cn‘Pn(TI) , &S(r)= 2 cadn(ry),

k=0 Rh=0

where ¢;, = 6,, for i#n,(j=1,2...,K) and

x
Cin=WMn E Gnl-x

for i=n,j=1,2,...,K). The values of u,, are deter-
mined by the orthogonality condition

N

E cacn="04y,

k=0

and at K> 1 there exists an infinite set of these values.
In this case, there is an infinite set of systems of or-
thogonal bases ¢;, #; in terms of which we can expand
the desired function E,(n,r,), differing only in the func-
tions ¢,, and #;, corresponding to the same value of

Ay

At z> 0, the field E; (n,r,) is transformed as the
solution of the quasi-optical equation
[} i
(E+ 2k,
to the new field E;(n,r,,2). All the functions £,(r,),
scaled to the new plane z> 0 with the help of this quasi-
optical equation, remain orthonormal. The functions
@, (n) here obviously do not change. It then follows that
if the assertion on the expansion of the field E,(n,r,)
is valid at z = 0, then it is preserved for any z>0.

AL) EL=0

D The method of solution of Eq. (5) with the help of an expan-
sion in the functions e, with a scale of orthogonality T smal-
ler than the characteristic time of change of the coefficient
@, is analogous to the well known method of truncated equa-

Bespalov et al. 885 .



tions, except that instead of the orthogonal functions exp
(iwyt) it is convenient to use the functions e, in this case
(see Ref. 17).
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Neodymium electron energy deactivation and transfer in
highly concentrated phosphate glasses

A. G. Avanesov, T. T. Basiev, Yu. K. Voron’ko, B. |. Denker, A. Ya. Karasik,
G. V. Maksimova, V. V. Osiko, V. F. Pisarenko, and A. M. Prokhorov

P. N. Lebedev’ Physics Institute, USSR Academy of Sciences
(Submitted 30 March 1979)
Zh. Eksp. Teor. Fiz. 77, 1771-1787 (November 1979)

The kinetic and spectral luminescence characteristics of neodymium ions in highly concentrated
phosphate glasses are measured in the 4.2 to 300 K range. Dipole-dipole interaction between the
neodymium and hydroxyl ions is observed and leads to static nonradiative transfer of energy from the
neodymium ions to the disordered acceptor OH~ group. Migration quenching of luminescence in
neodymium by OH™ particles is observed at high active-ion concentrations. The values of the microscopic
parameters for static quenching interaction between neodymium and hydroxyl ions and for migration
donor-donor neodymium-neodymium interaction are determined. Three neodymium-neodymium
quenching mechanisms are distinguished and investigated experimentally: 1) static dipole-dipole energy
transfer via the intermediate levels ‘I;5,, and ‘I,;, with the participation of ~800 cm™' phonons; 2)
hopping migration of energy along neodymium ions with subsequent quenching by mechanism (1); 3)
quenching under ultrarapid migration conditions along neodymium ions. The micro- and
macroparameters of the quenching and neodymium-neodymium migration interactions are determined.
The causes of the anomalously weak concentration quenching of luminescence in the investigated glasses

are explained.

PACS numbers: 78.60. — b, 72.80.Ng, 66.30.Jt

1. INTRODUCTION

The interaction of excited activator centers with one
another, with random impurities, and with the base on
which they are located determine in final analysis such
an important characteristic of a luminescent medium as
the quantum yield. This characteristic, in particular,
is used to assess the prospects of using a particular
matrix as an active laser medium and to determine the
optimal concentration of the active ions at which the
processes of concentration quenching of the lumi-
nescence (CQL) are still quite weak. The search for
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media that permit the use of high concentrations of ac-
tive ions and have a weakly pronounced CQL effect,
which is being pursued actively of late, is due to the
need for developing miniature effective sources of co-
herent radiation for integrated optics and for optical-
communication systems. In addition, the development
of technological materials with increased concentration
of active particles make it possible to increase the en-
ergy output per unit volume and to miniaturize the ex-
isting laser systems. The most considerable successes
in the search of such materials were attained among
condensed phosphates, both in crystalline form with
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