
the boundary conditions, by the external fields, and by other 
factors. 

3 ' ~ t  should b e  noted that the express io?~ for 67) and 67 contain 
a s  a factor the Ginzburg coefficient Gi= T ~ A ~ / A ~ A ~  for the 
functional (26 ). The value of Bi can be obtained by match- 
ing 127 ) to ( 2 ) in the region T -  Gi. It i s  easy to verify that 
the Gi-1. 
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Thermodynamic effects in multipulse NMR spectroscopy in 
solids 

B. N. Provotorov and E. B. Fel'dman 
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(Submitted 29 April 1980) 
Zh. Eksp. Teor. Fiz. 79,2262217 (December 1980) 

We consider the behavior of multispin systems in solids under the influence of multipulse trains. An 
important role is played here by the small fraction of the spins whose interaction is not averaged out by the 
external actions because these spins are in local fields a,,-2~/t,, where t, is the period of the external 
actions. It is shown that these nonaveraged interactions play an important role in the absorption of energy 
from the external fields by the spin system. A method of canonical transformations is developed to study the 
dynamics of spin systems in arbitrary rnultipulse experiments. The behavior of spin systems acted upon by 
pulse trains that average out the dipole-dipole interaction is investigated. The nature of the damping of the 
longitudinal component of the magnetization in the pulse trains WHH-4 [J. S. Waugh, L. M. Huber, and U. 
Haeberlen, Phys. Rev. Lett. 20, 180 (1968)l and HW-8 [U. Haeberlen and J. S. Waugh, Phys. Rev. 175, 453 
(1968)] is investigated. Solution of the equation for the spin-system density matrix yields the damping time of 
the transverse magnetization component as a function of the period of the pulse train and of the detuning of 
the RF-pulse carrier frequency from the spin Larmor-precession frequency. New pulse trains that average out 
dipole-dipole interactions between spin nuclei are considered. 

PACS numbers: 76.60. - k, 75.30.D~ 

Recent ly  r e p o r t e d  mul t ipulse  NMR methods1-= have  
improved  of t h e  r e so lu t ion  i n  t h e  spectra by  a fac to r  
of s e v e r a l  hundred,  t hus  substant ia l ly  extending t h e  
poss ibi l i t ies  of investigating t h e  s t r u c t u r e  of m a t t e r  
a n d  dynamic  p r o c e s s e s  i n  sol ids .  T h e  r e so lu t ion  w a s  
improved  by us ing in tense  radio-f requency pulsed 
fields.  Unlike in  o rd ina ry  spec t roscopy  however ,  t h e  
f ie lds  w e r e  used  not to r e g i s t e r  t he  abso rp t ion  lines, 
but f o r  dynamic  ave rag ing  of the  dipole -dipole in t e rac -  
t i ons  r e spons ib le  f o r  t h e  broadening of t h e  NMR spec- 
t r a l  l i nes  i n  sol ids .  By us ing  pe r iod ic  t r a i n s  of in tense  
R F  pu l ses  (with pe r iods  t,) it b e c a m e  poss ib l e  to or- 
gan ize  r ap id  t r ans i t i ons  (within a t i m e  -t,) between 
Z e e m a n  l eve l s  of dipole-coupled nuclei. A s  a r e s u l t  

t h e  an i so t rop ic  dipole in t e rac t ions  b e c o m e  osc i l l a to ry  
with f r equenc ie s  tha t  are mul t ip l e s  of 2n / t c  and  exceed  
g r e a t l y  the  c h a r a c t e r i s t i c  f r equency  w,, of t h e  dipole- 
d ipole  in teract ion.  

It is wel l  known f r o m  classical mechan ics4  t h a t  
s i m i l a r  r ap id ly  osc i l l a t ing  in t e rac t ions  exert on a s y s -  
t e m  t h e  s a m e  ac t ion  as a sui tably  cons t ruc ted4  t i m e -  
independent ef fect ive  in teract ion.  Unlike i n  m e c h a n i c s ,  
i n  mul t ipulse  NMR spec t roscopy  of s o l i d s  it is n e c e s s a r y  
to d e a l  with s y s t e m s  having macroscop ica l ly  l a r g e  num-  
b e r s  of d e g r e e s  of f r e e d o m ,  i.e., with the rmodynamic  
s y s t e m s .  T h i s  c i r c u m s t a n c e  g r e a t l y  compl i ca t e s  t h e  
theo re t i ca l  ana lys i s  of t h e  mul t ipu l se  p r o b l e m ,  and a s  
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a result we have for it t o  this day no theory based on a 
solution of the corresponding equation for the density 
m a t r i x  

In the present paper we attempt t o  develop such a 
theory for pulse t ra ins  that average out the dipole- 
dipole interactions, and t o  apply this theory to a number 
of hiterto unexplained experimental data. Such a theory 
of course, should include the well known and experi- 
mentally confirmed results  of the average-Hamiltonian 
theory.' 

In  the average -Hamiltonian theory (the f i r s t  theory of 
multipulse experiments) there was considered and ap- 
proximately solved the problem of construction of a n  ef- 
fective Hamiltonian for  pulse t ra ins  in which the so- 
called cyclicity condition i s  satisfied.' Unlike in the 
book of Landau and L i f s h i t ~ , ~  where the effective Hamil- 
tonian was obtained in mechanical problems with a smal l  
number of particles, Haeberlen and Waugh2 have suc- 
ceeded in constructing an  effective Hamiltonian for  
multispin thermodynamic sys tems (up to third order in 
the smal l  parameter  E =tcw,, ). Pulse t ra ins  were pro- 
posed and experimentally investigated1-3 which made it 
possible to obtain an  effective-Hamiltonian characteris-  
t ic  frequency o:: several  t imes  smal ler  than w,,, and 
this  led to the already mentioned narrowing of the ob- 
served lines and to the increase of the resolution in the 
spectrum. 

The explanation of the observed line narrowing was 
the major success of the average-Hamiltonian theory. 
At the s ame  time i t  must be emphasized that in this 
theory spin systems situated in external alternating 
pulse fields a r e  described by time-independent Hamil- 
tonians. When this  circumstance i s  taken into account, 
it is possible to draw a simple and important conclu- 
sion. In  fact, since the system i s  now described by a 
time-independent Hamiltonian, it follows that within 
t imes t - l / u  ;:: >-2> I/((: 2; there- i s  established in it an  
equilibrium of the type 1 + a H e f f  ( k e f f  is the effective 
Hamiltonian and CY i s  the reciprocal spin-system tem- 
perature), after which the properties of the system 
should no longer depend on the time. This obvious 
conclusion of the average-Hamiltonian theory contra- 
dicts greatly the experimental which revealed, 
besides the processes that take place within t imes 
1 / ~  $:, also processes with characterist ic  t imes f re-  
quently longer by several  o rde r s  than l/w,,, . 

The presence of these slow processes,  which cannot 
be fitted in the average-Hamiltonian theory, i s  not su r -  
prising. The point is  that  fluctuating dipole fields, 
which result  from the modulation of the dipole-dipole 
interaction by the pulse train play a double role. On 
the one hand, they lead to dephasing of the nuclear 
spins, and on the other they a r e  responsible for pro- 
cesses involving absorption of the external-field energy 
by the spin system and for the associated heating of 
the system. The average-Hamiltonian theory, in which a 
r ea l  system with a dipole-dipole interaction that fluc- 
tuates rapidly under the influence of the pulse t ra in  is 
replaced by an equivalent model system described by a 
time-dependent average Hamiltonian, considers only 
the spin-dephasing processes,  and neglects the heating 

of the system by nonconservative effects. It is rea-  
sonable t o  assume that the considered system can be 
regarded a s  conservative one only over t imes  t -  l / w  id,f, 
while a t  t imes  t>> l / ~ ~ ~ ~  nonconservative effects a r e  
important. This conclusion is confirmed in the present 
paper by solving the corresponding equation for  the 
density matrix. We note that the indicated investigations 
were already performed earl ierss9 by the method of 
canonical transformations for a very simple pulse train 
in which the dipole interactions were only partially 
averaged. 

In the present paper the method of canonical t rans-  
formations of the equation for the density matrix was 
further developed and can now be applied to  arbitrary 
periodic pulsed sequences, and the RF-pulse ca r r i e r  
frequency can differ from the spin Larmor-precession 
frequency. The cyclicity property of the pulse train,' 
which is important in the average-Hamiltonian theory: 
is not used here. The gist of the developed method of 
canonical transformations consists in a transition, 
with their  aid, to a new representation in which each 
rapidly oscillating harmonic of the initial Hamiltonian 
i s  replaced in a new Hamiltonian by a harmonic of 
lower amplitude and of the s ame  frequency and by a 
time-independent contribution to a time-independent ef- 
fective Hamiltonian. These lower-amplitude harmonics 
can be easily taken into account by thermodynamic 
perturbation theory and lead to conservative effects, 
whereas the t ime-independent contributions coincide 
with the resul t s  of Haeberlen and Waugh2 in the f i r s t  
nonvanishing order  in the smal l  parameter  & = tcwl,. 
We note also of the work of Buishvili and Menabde,'Ov" 
who generalized the averaging method of Refs. 12 and 
13 to include multiparticle problems. This method 
makes it possible to take correc t  account of the dephas- 
ing of the nuclear spins in a l l  o rde r s  in the parameter 
E ,  but just a s  the average-Hamiltonian theory: i t  ne- 
glects nonconservative effects. 

1. THE METHOD OF CANONICAL 
TRANSFORMATIONS IN MULTIPULSE 
PROBLEMS 

We consider a system of nuclear spins (s = i) acted 
upon by a sequence consisting of periodic (with period 
tc) s e t s  of k pulses separated by t ime intervals t, ( p  
= 1 , 2 , .  . . , k). The R F  ca r r i e r  frequency of the pulses 
can differ from the spin Larmor-precession frequency 
by an amount A. In a rotating coordinate system (RCS), 
the equation for the density matr ix  p(t) of the spin sys-  
tem takes the form ( R  = 1) 

with 

where p, is the angle through which the pth pulse rotates 
the spins about the axis directed along n, @ = 1 ,2 , .  . . , k); 
g(t) i s  the Dirac delta function, and H: is the secular  
(relative t o  the z axis) part of the dipole-dipole interac- 
tion. 

We introduce an effective field w, that characterizes 
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the external action on the system during the period t,: where a: i s  the function am(t)  (m =0,*1,*2) averaged 
over the period. 

The solution of (11) can be written in the form 

-, 
where P,,,, is the operator of rotation through the 
angle cp, about the axis n, (i = l , 2 , .  . . , k), and q, is the 
direction of the effective field. Changing to  the inter- 
action representation with respect to  the momenta and 
the detuning, i.e., making the substitutions 

where X",S the Fourier coefficient of the function Xm(t) 
(m =0,*1,*2). We then obtain a Hamiltonian that des- 
cribes the change of the density matrix PXt), accurate 
to t e rms  -8: 

where the symbol T denotes chronological ordering of 
the product, and introducing the dimensionless time 
T = t/t,, we find that the density matrix p(T) satisfies 
the equation 

If now 8>> c (we>> wloc), then it is necessary to  leave out 
of (14) the time-dependent t e rms ,  omit from (13) at 
mfO the subtraction of the zeroth harmonics, and carry  
out the summation over a l l  n. 

We obtain similarly the corrections t o  Veff due to 
the terms -8 (?(:A) and to  the t e rms  -c3 (qf!). At 
0 s E, the Hamiltonian ?$) takes the form 

in which i 7  (m = 0, *I, i 2 )  a re  the secular and non- 
secular parts of the dipole-dipole interaction relative 
to the n, axis and satisfy the commutation relations 

while Xm(T) a re  periodic functions of the time with unity 
period (x-, =x:, m =0, *I, i2). We shall omit here- 
after the bars denoting the dimensionless time. where SO,,,, is the average, over the period, of the func- 

tion 

81. n( t )  -' lzi(gnz(t)  ( ~ ~ ( t ) + ~ , . ( ) e " " @ ~  

- g , , ( t )  ( ~ ~ ( t ) + ~ ~ ~ ) e ' " @ ~ )  ( m ,  n=O, + I ,  *2, m>n) .  (16) 
In multipulse experiments the tendency is to  create 

condition3 in which 2n/tc>> w,. It is precisely under 
this condition that it is  possible in a number of cases to 
weaken effectively the dipole-dipole interaction of the 
spins.' Assuming hereafter that c<< 1, we subject (6) 
to a cononical transformation that makes it possible to 
separate the slowly varying (with characteristic fre- 
quencies much lower than 2n/tc) part P,(t) of the density 
matrix p(t): 

At 8>> E it is necessary, just a s  before, to leave out 
the oscillatory terms in (1 5), and replace x,(t) +xi  (n 
=*I, i 2 )  in (16) by x,(t). 

Specially noteworthy is the case 8 = 2n/3, for which 
we easily find that 

- 
F ( t )  -exp ( i  enc* ( t )  ) , 

"-1 
where s,-,l1 is the Fourier coefficient of the harmonic 
exp(2lrit) of the function s, ,,(t). 

where the Hermitian operators fi,(t) a r e  determined from 
the condition that the equation for p,(t) has no rapidly 
oscillating (with frequencies 2nm/tc, m =*1,*2,. . . ) 
terms of the order of E" (n 1 ,2 , .  . . ). 

We now write out the correction that must be added to 
the Hamiltonian to account for the change produced in 
the density matrix p,(t) by the terms -c3 at 0 S t: 

Expanding F(t) in powers of E and recognizing that the 
slowly varying part of f i t)  is included in PJt), we easily 
find that the operators fin(t) must not contain slowly 
varying parts. With the aid of (8) we obtain an equation 
for the density matrix pJt): 

= i j i )  ( t )  , 

where 8Si)(t) represents the contribution made to  cJ 
by the terms that change the orientation of the spins i 
(i =0, 1,2,3,4),  with 

nz-i "-0 

To determine Cl(t) at 8 s  c (we s w,,), we obtain the 
equation 

a 

R:') ( t )  = u," ( t )  [ Cd"'. [ c:-2m , i/dm1 1 +H.c. , 

where u:., a re  the zeroth harmonics of the periodic 
functions um,,(t) (m = 1,2) and u,,,(t): 
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1 -- 1 
cb,,-,(t) ( x o ( t )  +xon) - 6b.m o ( t )  ( ~ m ( t )  +x-') e '  ' " I  

2  

1 + - g o ( t )  {(zx. ,  ( t )  +xm" e-'"""g.,' ( t )  - ( 2 ~ - . , ( t )  +x-mu) e'e'"rgrn(t) l  
6 

1 .  1 
u,., ( t )  = - i (s , , - ,  ( t )  - (s;-,) 'e'"g, ( t )  - - ib2,-, ( t )  ( x ,  ( t )  + x I O )  e-'B' 

2 2 

In formula (201, vS,(t) (m = l , 2 )  a r e  the slowly varying 
parts  of the functions 

In formulas (21)-(23)') 

( m ,  k=O, * I ,  *2, m > k ) .  

In the case B>> & it is necessary to  leave out of (21)- 
(24) X: at  m + 0 and at  k = -m, extended the 
summation in (24) over a l l  n ,  and leave out of (18) the 
oscillatory te rms.  

Special consideration must be given t o  the ca se  .4 
= n/2, when a,) takes the form 

where 8;' (k = 1 ,2 )  a r e  the Fourier  coefficients of the 
harmonic exp(2nit) of the periodic functions 

Thus, up to three orders  in the parameter  & we have 
obtained an effective Hamiltonian that describes the 
t ime evolution of the density matrix p,(t) .  

The amplitude of the oscillating t e rms  that did not 
enter in the effective Hamiltonian is of the order  c4 and 
it might seem a t  f i r s t  glance that these t e rms  exert  no 
substantial influence on the behavior of the spin system. 
This is precisely the case  in mechanics problems with 
few  particle^,'^*'^ where it was rigorously proved" that 
over sufficiently long t imes the solution of the system 
of equations with the effective Hamiltonian is close t o  
the solution of the problem with an initial rapidly oscil- 
lating Hamiltonian. Here,  however, we consider a spin 
system with a macroscopically large number of degrees 
of freedom, i.e., a thermodynamic system. Just  a s  in 
saturation theory,14 a quasi-equilibrium determined at  
8>> & by a two-temperature density matrix is established 
in a spin system over t imes determined by secular  in- 

teract ions in the effective H a m i l t ~ n i a n . ~ . ~  The role of 
the oscillating nonsecular t e rms  consists here, f i rs t ,  
in the fact  that they contribute to the effective Hamilton- 
ian calculated above, and second, that they a r e  respon- 
sible fo r  the multispin absorption, which leads to heating 
of the spins, of the external-field energy by the system? 

In Goldman's book,15 in the study of continuous spin 
locking, i t  is shown that a decrease of the amplitude of 
the nonsecular t e r m s  of the dipole-dipole interactionvia 
canonical transformations does not lead to a change of the 
r a t e  of equalization of the Zeeman and dipole temperatures 
compared withthe mixingrate ensuredby the initialnon- 
secular  dipole interactions. Thus, the canonical t rans-  
formations make it possible to obtain the contribution of 
the oscillating nonsecular dipole interactions t o  the 
dephasing of the spins,  and do not change the contribution 
of these t e rms  to the processes involving absorption of 
the external-field energy by the system. This conclusion 
i s  general and is connected with the following circum- 
stance. In multipulse experiments, the overwhelming 
majority of spins a r e  located in local fields w, << 2n/t,. 
There  i s ,  however, a smal l  number of spins in local 
fields w -2n/t, [their fraction of the total number of spin 
nuclei is "exp(-w2/6w~,, ), Ref. 151. In  the canonical 
transformations we neglect spins in the strong local 
fields, s ince their  number is small .  At the s ame  
t ime,  these spins play a n  important role in the ab- 
sorption of the energy of the external fields by the 
system. The ra te  of energy absorption on account of 
the oscillating nonsecular t e rms  is  determined by the 
energy 6 that must be t ransfer red  to the dipole-dipole 
interaction pool and by the number of absorbing spins, 
and is estimated a p p r o ~ i m a t e l y ' ~  a t  

with account taken here of the fact that in the interval 
between the pulses the dipole-dipole interaction does 
not depend on the t ime and a dl, . 

These multispin energy-absorption processes deter-  
mine the damping of the magnetization over t imes  
t>> l / u E  ( l /wk,  is the t ime of establishment of quasi- 
equilibrium in the system). It was shown ear l ie rg  that 
when severa l  multispin energy-absorption processes 
take place simultaneously, the system becomes heated 
until the magnetization vanishes completely, a s  con- 
f irmed by experimental data.0m7 The main shortcoming 
of the average-Hamiltonian theory is the neglect of 
the here-noted multispin absorption of the energy of the 
external fields, which in fact leads in a number of cases  
to a discrepancy with the experimental At the 
s a m e  t ime,  the average-Hamiltonian theory2 yields the 
correct  value of the f i r s t  nonvanishing te rm of the ef- 
fective Hamiltonian, and this made it possible for the 
theory to  explain correctly the cause of the NMR line 
narrowing in multipulse experiments. Buishvili and 
Menabde ,lo'" by applying the averaging to 
multipulse problems, succeeded in obtained the correct  
effective Hamiltonian (up to second order in E ) ,  but just 
a s  in Ref. 2 did not consider the thermodynamic effects 
noted here. 
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2. THE PULSE TRAIN OF WAUGH, HUBER AND 
HAEBERLEN (WHH-4) 

We consider the pulse train1 WHH-4, defined for 
formula (2), where 

Choosing n, in the direction of the (111) axis, we obtain 

Sjnce X: = O  (m =0, *I, *2), it follows from (14) that 
v$)=O. With the aid of (16), (27), and (28) we establish 
that sL=O (m,n=0,*1,*2,m>n). Therefore $$)=o. 
Formula (21) yields u,,,(t) = O  (m = 1,2), and from (22), 
taking (13), (24), and (27) into account, we find that 
u;,' =o. 

Thus, the secular term in the effective Hamiltonian 
[relative t o  the (1 11)  axis], which is proportional to  
cS, vanishes. We now calculate the nonsecular terms 
proportional to E'. We consider by way of example 
6p)(t). By virtue of (13), (16), (23), (24), and (27) we 
find that 

We can analogously obtain also the other no~secular  
terms iSi)(t) (i =*I, *2, *3), and determine t$&) with the 
aid of (18). The effective Hamiltonian obtained here 
coincides with that obtained in the average-Hamiltonian 
theory.' 

We compare now the results with the experimental 
data. In the absence of detuning, an exponential de- 
crease'' is observed with a damping time determined 
by the effective Hamiltonian. In the presence of de- 
tuning, the damping time of the transverse magnetiza- 
tion component is somewhat lengthened, and the fall-off 
time of the longitudinal component (relative to the 
effective field), which in the absence of detuning coin- 
cided with the damping time of the transverse component, 
increases by several orders of magnitude.'' The cause 
of the damping of the longitudinal magnetization com- 
ponent is  not fully explained in the average-Harniltonian 
theory and consists in the following. The dipole inter- 
actions between spins situated in local fields -2n/t, and 
other spins a re  not averaged out by the pulse train. The 
local fields at such spins therefore correspond to the 
initial dipole-dipole interactions and -w,, . 

In the presence of a detuning 6, multispin absorption 
of the energy of the external fields takes place. Let us 
estimate the probability of energy absorption in a four- 
spin process on account of the effective-Hamiltonian 
term g?)(t). The energy fed to the dipole-dipole pool 
should then be 46, and the time T ,, of this process can 
be approximately estimated from theformula (see the 

estimate of T,, above) 

where T, is the damping time of the transverse mag- 
netization component and G,, is the value of the local 
field a t  the spins that absorb the energy of the external 
fields. Using for the estimate the values of T, and 6 
from Ref. 17 (T, - 5 x 10-'' sec,  6 =2 x lo3 Hz) and putting 
'I, - 1 . 3 ~  lo4 rad/sec, we obtain T ,, -0.9 sec,  in 
agreement with the experimental data.'' Thus, allow- 
ance for the spins in strong local fields explains the 
slow damping of the longitudinal component of the mag- 
netization in the WHH-4 multipulse experiment. 

3. UNIAXIAL ANALOGS OF THE WHH-4 PULSE 
TRAIN AND OF ITS MODIFICATIONS 

We shall show that the behavior of a spin system in the 
multipulse experiments WHH-4,' of Haeberlen and Waugh 
(HW-8); and of Mansfield, Rhim, Elleman, and 
Vaughn (MREV-8)'' agrees in the main with the dynamics 
of a system acted upon by a pulse train with the R F  
pulse fields directed along one axis in the rotating 
coordinate system.'s28 We consider for the sake of 
argument the HW-8 pulse train: which is defined by 
formula (2) with 

k=8, t a t - ~ = t ,  tz.=2t (i=I,  2, 3, 4 ) ;  

the directions n, and n, coincide with the (-y) axis, q 
and n, with the y axis, n, and n, with the x axis, and 
n, and n with the (-x) axis; pi = n/2 (i = l , 2 , .  . . ,8). 

We carry out a canonical transformation of Eq. (1): 

The density matrix P(t)  satisfies in this case an equation 
similar to (I),  in which the detuning A is replaced by 
A +n/27, and the pulse train HW-8 is replaced by a 
train of 90" pulses turned on at the same instant of 
time, but the fields of all the R F  pulses a re  applied 
only along the x axis. We shall call the corresponding 
pulsed sequence the uniaxial analog of the HW-8 multi- 
pulse train. We can similarly obtain the uniaxial analogs 
of other modifications of W H H - ~ . " ~ ~  We note that 
such sequence were obtained independently by von Miil- 
l e r  and Scheler.'' It is  more convenient to study the 
dynamics of a spin system acted upon by the HW-8 
pulsed sequence by using a uniaxial analogy of HW-8. 

4. UNIAXIAL ANALOG OF THE HW-8 PULSE 
TRAIN 

The uniaxial analog of HW-8 is defined by formula 
(2) with 

k=2, t ,=3z, cp,=cp2=n/2, t , = t ,  t,=2z; 

the directions n,  and n, coincide with the x axis. From 
(3) we obtain the magnitude and direction of the effec- 
tive field: 

0 370, AT d A 
cos - = cos - = -sin-sin At=-sin - s in- ,  

2 2 2 ti 3 
A A e e 

nz- eos -cos -/ s i n l .  n,= 
3 6 3 6 
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The Four ie r  coefficients of the  functions X,,(t) (m =0, 
i1 ,  i 2) are defined h e r e  in the  following manner: 

We confine ourselves to the case X =3n/2 + 8  (8 =6tc 
<< I ) ,  i.e., we consider  a uniaxial analog of the HW-8 
pulse sequence with s m a l l  detuning 6. With the aid of 
(16) and (33) we find that  

Here 8% 3n/2, and the dynamics of the sp in  sys tem is 
strongly influenced by a four-spin resonant  p rocessg  
due to spin t ransi t ions between the levels of the  effec- 
t ive field, caused by resonant  ( relat ive to the effective 
fields) harmonics  of t h e  four-spin nonsecular t e r m s  
~ ( , 4 ) ( t )  and by the t rans fe r  of par t  of t h e  energy -2n/tc 
-4w, to the dipole-dipole interact ion pool. Est imating 
the  resonant part  of l?p)(t) by formula (23), we find 
that ?j;' -a and iVs - 1. 

We re ta in  in  the  equation for  the  density m a t r i x  only 
the most  significant t e r m s  at 6<< 1; we use  h e r e  

where 8 - 3n/2 -8. At 8 S c3 the dampi lg  of the  mag- 
netizati9n takes  place over  t i m e s  - ~ / I H " "  ( (Ref. 221, 
where H"'~ is the Hamiltonian in (36). 

At c>>3>> c3 the  damping t i m e s  of the  longitudinal 
and t ransverse  (relat ive to t h e  effective field) magnetiza- 
tion components become substantially different.2z The  
(several  fold) increase  of the  damping t i m e  of the t r a n s -  
v e r s e  magnetization component s t e m s  f rom the part ia l  
averaging of the nonsecular t e r m s  in (36) by the "strong" 
field 6. This  is the  gist of the  second averaging principle 
established by Haeberlen, El let t ,  and waugh,17 accord-  
ing t o  which the  residual  dipole-dipole interaction (which 
is not averaged by  the pulse t rain)  is additionally 
averaged by the detuning field. However, the second- 
averaging principle17 does not explain the damping of 
the longitudinal component of t h e  magnetization, which 
can exceed that of t h e  t r a n s v e r s e  magnetization com- 
ponent by s e v e r a l  o r d e r s  of magnitude. The mechanism 
of the damping of the longitudinal component is the  s a m e  
as in the WHH-4 multipulse experiment ,  and is due t o  
absorption of the energy of the ex te rna l  fields by the 
spin system. 

Let u s  explain the  experimentally observedz2 depen- 
dence of the damping t i m e  of the t r a n s v e r s e  magnetiza- 
t ion component on the  detuning 6. If Eq. (36) is sub- 
jected at &>> b>> c3 t o  a canonical t ransformation that 
decreases  the amplitudes of the nonsecular terms,'' 
then in the next higher o r d e r  of perturbation theory 

t h e r e  appear  secu la r  t e r m s  -tzwfb, /6, which determine 
t h e  dependence of the  damping t i m e  on  the detuning. 
At b-  E the damping of the t r a n s v e r s e  magnetization 
component is determined by t h e  dephasing of the  sp ins  
i n  the  res idua l  dipole f ie lds  -c2, and the  damping t i m e  
is -6-'t?. The  degree  of averaging of the dipole- 
dipole interact ion at 8- c begins to decrease.  The  
r e s u l t s  agree with tho experimental  data  and with the  
qualitative  estimate^.^' 

I n  conclusion t h e  authors  consider  it t h e i r  pleasant 
duty to thank G. B. Manelis fo r  in te res t  in  the  work and 
L. N. Erofeev,  G. E. Karnaukh, A. K. Khitrin, and 
B. A. Shurnm for  useful discussions and for  help with 
the  work. 

')   he expressions for i , ( ' ) ( t  ) (i = *1, *2, +3) are  too cumber- 
some to present here. 
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Stochastic inhomogeneous structures in nonequilibrium 
systems 
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It is shown that stable inhomogeneous states of a complicated type, namely stochastically inhomogeneous 
structures (SIS), can arise spontaneously in kinetic phase transitions in homogeneous nonequilibrium systems, 
i.e., at the points when their homogeneous state becomes unstable. The phase portrait of the SIS has even in 
the one-dimensional case a set of nonisolated limit cycles, at some point of which a phase trajectory can go 
over randomly from one cycle to another. The onset of SIS is established by analyzing a system of two 
nonlinear differential equations of the diffusion type, which describe a definite class of nonequilibrium 
systems. The latter, in particular, include an electron-hole plasma uniformly heated by electromagnetic 
radiation, a weakly ionized gas plasma, nonequilibrium superconductors, as well as a number of important 
chemical and biological systems whose properties are determined by autocatalytic reactions. Static as well as 
traveling SIS can be excited in the systems under consideration also by a finite inhomogeneous perturbation. 
Methods are developed for a self-consistent qualitative derivation of one-dimensional and radially 
symmetrical stationary solutions and of the analysis of their stability. The form and velocity of the traveling 
one-dimensional SIS are found. General requirements on the form of two- and three-dimensional SIS are 
formulated on the basis of the stability analysis. It is shown that under the same conditions there exist in the 
system a number of different SIS, and the distinguishing features of the evolution of their instability with 
changing state of the system are analyzed. Explanations are offered for the experimental data and for the 
results of numerical investigations of a number of systems in which spatial dissipative structures arise. 

PACS numbers: 64.60.Ht 

1. INTRODUCTION 

The onset of a new structure in a system under ther- 
modynamic equilibrium in the course of a phase tran- 
sition can be regarded a s  the result of the growth of the 
order-parameter fluctuations on going through the 
point a t  which the initial phase loses stability. There 
can also be produced in this case spatially inhomo- 
geneous distributions of the order parameter, for 
example multidomain states, noncommensurate phas- 
e ~ , ' ' ~  o r  a substructure of heterophase alloys? In a 
certain sense, similar phenomena occur in nonequili- 
brium homogeneous systems when their homogeneous 
state becomes unstable. Such a kinetic phase transi- 
tion, however, leads to more varied effects: homo- 
geneous and inhomogeneous oscillations can ar ise  in 
nonequilibrium systems, traveling pulses and nonlinear 
waves a r e  excited, o r  complicated stable inhomogene- 
ous structures (IS) can be f~rrned.~" '  

In contrast to a true phase transition, in which new 
coherent states a r e  established a s  a result of effective 
long-range interaction, in the here considered non- 
equilibrium systems the IS a r e  produced a s  a result of 
diffusion processes.6'g'12 'l4'l' The spontaneous forma- 
tion of IS a s  a result of diffusion instability can be 
described in unified fashion for a large class of physi- 

cal, chemical, and biological systems whose proper- 
t ies depend on two parameters 6' and 77 that differ in 
their spatial disper~ion.""~ The layering in such sys- 
tems is due to the spatial decoupling of the "rapidly 
varying" parameter 0 from the "slowly varying" pa- 
rameter 77 when the system is unstable to 9 a t  constant 
77. A nonlinear theory of one-dimensional IS (layers) 
for this class of systems was developed in preceding 

in which principal attention was paid to 
spatially periodic structures, a s  well a s  to IS in the 
form of single layers. 

The properties of the considered systems a r e  de- 
scribed by two nonlinear equations of the diffusion type: 

with cyclic boundary conditions or with boundary con- 
ditions 

nVels=nVq I~=O,  (3) 

corresponding to the absence of fluxes through the sur- 
face S of the system. These a r e  the basic equations 
for the study of IS and of the propagation of perturba- 
tions in biological ~ ~ s t e m s . ~ " ~  They correspond, in 
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