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Transient nutation signal locking
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A method of making the dephasing timeT2u measurement in an ensemble of inhomogeneously broadened
two-level systems is proposed. This method has its origin in the spin-locking technique developed in NMR. It
is shown that in spite of inhomogeneous broadening it is possible to lock the induced polarization in phase with
the driving field. The amplitude of the locked polarization can be as large as half of the first maximum of the
nutation signal, i.e., of the polarization bump just after the pulse switch on. Decay of the locked polarization is
caused by theT2u dephasing or by the dephasing of the in-phase component of polarization.
@S1050-2947~99!08205-0#

PACS number~s!: 42.50.Md, 76.60.Lz
th
in
Th
ls
tio
n
on
a
n

ns
ibl
lin
or

,

f

te
m

at

ng

an

ex
n
s
e
e

e
i

le
th
t

ting
r

pin
se-

e
g.
he

en

ce
I. INTRODUCTION

Ultrahigh resolution spectroscopy often encounters
problem of resolution of the absorption lines hidden by
homogeneous scattering of their resonant frequencies.
problem is usually solved by pulse excitation. Different pu
sequences produce echo signals providing the informa
about absorption line structure and homogeneous broade
of line components. Steady state excitation has an effect
homogeneous absorption line, resulting in saturation bro
ening, Mollow splitting @1–7#, and dephasing suppressio
@8–14#. The last is attributed to the fast Rabi oscillatio
averaging the effect of the local fluctuating fields respons
for polarization decay. As the homogeneous absorption
is changed under the excitation, actual dephasing behavi
the driven polarization is of interest from the point of view
for example, of the hole burning study@12,15–21#, of lasing
without inversion@22–24#, and of nonlinear interaction o
the resonant fields with solids@25#.

Dephasing of the driven polarization cannot be detec
by a conventional echo inducing sequence. In its turn ano
lous saturation seen in experiments@8–13# provides only in-
direct proof of the dephasing suppression as the satur
linewidth is sensitive to the ratioT1 /T2u , where T1 is a
relaxation time of the population difference andT2u is a
homogeneous dephasing time of theu component of polar-
ization, i.e., the component which is in phase with a drivi
field. Usually in solidsT1 is much longer thanT2, and when
the ratioT1 /T2u tends to 1 at elevated excitation, one c
conclude thatT2u becomes as long asT1.

Direct measurement of the dephasing time in pulse
periments@26,27# has demonstrated different results. Tra
sient nutation decay@26# detected the increase of the depha
ing rate with the increase of the driving field amplitud
whereas rotary echo@27# did not find any dependence on th
field excitation.

However, both experiments detect the decay rate of thv
component of the polarization, i.e., the component which
p/2 shifted relative to the driving field phase. Meanwhi
according to Redfield’s theory of the spin temperature of
driven magnetization, only the 1/T2u relaxation rate mus
change essentially as just this rate describes the energy
PRA 591050-2947/99/59~5!/3788~9!/$15.00
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change between spin system and thermal bath in the rota
reference frame@28#. Therefore it is interesting to conside
another pulse scheme which could detectu-component decay
having a strong effect on hole burning. For a nuclear s
system without inhomogeneous broadening this pulse
quence is known@29–31#. This is a spin-locking sequenc
making spin polarization in phase with a driving field. In Fi
1~a! is shown the first stage of the spin locking when t
resonant pulse of amplitudeH1 and durationT turns the spin
magnetizationM0 around thex axis by an anglep/2. As a
result the magnetization becomes parallel to they axis. The
x,y,z axes depict a rotating reference frame~RRF! chosen
such that the circular polarized fieldH1 exp(ivt) ~the field
rotating around thez axis with the frequencyv) becomes
constant@32#. The initial magnetizationM0 is created by the

FIG. 1. ~a! The first step of the spin-locking sequence wh
driving field H1 rotates the magnetizationM0 around thex axis by
an anglep/2. ~b! The second step of the spin-locking sequen
when the phase of the driving field has an abruptp/2 phase shift to
make the driving field and spin polarization in phase.
3788 ©1999 The American Physical Society
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PRA 59 3789TRANSIENT NUTATION SIGNAL LOCKING
static magnetic fieldH0 which lies along thez axis. This field
vanishes in RRF if the frequency of the driving field is equ
to v05gH0 /\, whereg is the gyromagnetic ratio. The en
ergy\v0 is a spin splitting in the laboratory frame caused
H0. This splitting vanishes too in RRF.

At the second stage of the spin locking the driving fie
phase is shifted through an anglep/2 during very short time
dt @see Fig. 1~b!#. Finally H1 lies alongM0 and the latter
will not nutate. Thus the magnetization is locked by the dr
ing field. The field creates spin splittinggH1 in RRF. Spin
states separated by this splitting may come to equilibri
with environment only by the energy exchange. Theref
any dephasing process conserving the energy~for example,
the part of the dipole-dipole interaction inducing flip-flo
processes! cannot destroy the locked polarizationM0 @28#.
Moreover, if the energy scale of any other dephasing in
action not conserving the spin energy is smaller than the
splitting then this dephasing cannot destroy the locked m
netization as well. This condition on the interaction ener
scale or corresponding reservoir bandwidth is satisfied w
the local field responsible for dephasing is smaller thanH1.
At the mentioned condition the dephasing timeT2u of in-
phase polarization becomes as long asT1 @28#. While T2u is
no longer a dephasing time~as it is related to the energ
exchange process in the RRF!, the timeT2v is still related to
the dephasing processes since it is a time of the coher
decay of the new spin states in the RRF as well as of the
states in the laboratory frame. It is clearly seen from Fig
where magnetization along they axis corresponds to the co
herence of the spin states split by the static magnetic fieldH0
~parallel to thez axis! and this magnetization also represen
the coherence of the spin states split by the fieldH1 ~parallel
to thex axis!.

The effect of theT2u lengthening was employed by Har
mann and Hahn@30# in double nuclear magnetic resonan
to increase the sensitivity of the method. It was tested w
potassium chlorate, the sample in which potassium nucle
be detected~either 39K or 41K) had 35Cl nuclei as abundan
neighbors yielding a large NMR signal. The dipole field d
to the spinsS ~the potassium nuclei! determines a portion o
the local field acting upon the spinsI ~the 35Cl nuclei!. If a
radio-frequency pulse is applied to the spinsS within the
echo memory timeT2 of the spinsI, the I echo is attenuated
a certain amount because the local field due to the spinsS is
scrambled. The spinS resonance is therefore indicated. T
sensitivity of this method increases whenT2 is effectively
replaced byT1 due to the magnetization locking in the rota
ing frame. Then during the timeT1 the spinsS can be
brought into resonance interaction with the spinsI, after
which a degradation in the magnetization of theI system is
observed. Finally, it was shown that a minimum
1014–1016 nuclear Bohr magnetons/cm3 could be detected in
diamagnetic crystals in the temperature range of 4–20 K
this method.

For optical transitions the difference betweenT2u andT2v
relaxation times has been discussed in paper@33#.

When the absorption line is inhomogeneously broaden
the polarization of all spectral components cannot be alig
along the driving field amplitude simultaneously by a
pulse sequence. Figure 2 shows two spectral compon
with different values of resonant detuningD5v02v, where
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HD5gD is positive@Fig. 2~a!# and negative@Fig. 2~b!#, and
v is a frequency of the driving field. Polarization nutat
around the effective fieldHeff5AHD

2 1H1
2 and depending on

the sign of the tuning parameter its projection on thex axis is
always positive or negative. Moreover, the maximum va
of polarization projection on they axis is smaller thanM0.
Then spin locking of the resonant componentD50 does not
stop the nutation of other components after the second st
Nutation of these components on different frequenc
Heff /g results in signal damping which is similar to transie
nutation decay.

In this paper we show that this ringing on different fr
quencies does not decay to zero, in contrast to transient
tation. An appreciable part of the polarization does stop ri
ing with time and then decays with the rate 1/T2u . The
amplitude of the locked signal can be as large as half of
the first bump of transient nutation signal

VTN5Ap

2

x

s
M0 ,

wherex5gH1 is Rabi frequency ands is a dispersion of
Gaussian inhomogeneous broadening.

So, inhomogeneous broadening does not prevent
locking ~SL! but only decreases it. This technique could he

FIG. 2. Spin-precession picture at different detunings@positive
~a! and negative~b!# in the rotating reference frame~RRF!, where
HD5g(v02v) andHeff5AHD

2 1H1
2.
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3790 PRA 59R. N. SHAKHMURATOV
to detect dephasing timeT2u during the excitation, the pa
rameter which is important for hole burning and saturat
studies.

II. SPIN DYNAMICS AT THE SPIN-LOCKING SEQUENCE

First we consider the solution of the Bloch equations

u̇1Dv1u/T2u50, ~1!

v̇2Du2xw1v/T2v50, ~2!

ẇ1xv1~w2w0!/T150 ~3!

for the spin-locking sequence dropping the decay terms w
T2u , T2v , T1 relaxation times ofu, v, w components. This
solution helps to clarify spin dynamics at the SL sequence
the next section we consider the kinetics of the locked po
ization. Equations~1!–~3! follow from the density-matrix
equations of motion for a two-level particle. The Bloch ve
tor amplitudesu, v, andw are related to the density-matri
elements byr125

1
2 (u1 iv)eivt, the dipole polarization term

andr222r115w, the population difference term. There is
correspondence betweenSx , Sy , Sz spin components andu,
v, w Bloch-vector components, respectively. Equilibriu
population differencew0 is related to the initial magnetiza
tion M0.

~1! At the end of the first stage of the spin-locking s
quence the pulse of the durationT changes the Bloch-vecto
components as follows:

u~T!52
w0Dx

g2
~12cosgT!, ~4!

v~T!5
w0x

g
singT, ~5!

w~T!5w0F S D

g D 2

1S x

gD 2

cosgTG , ~6!

whereg5AD21x2. Here we assume the initial condition
u(0)5v(0)50 andw(0)5w0 before the excitation.

~2! At the second stage the field phase is turned thro
an anglep/2 during very short timedt, and as a result

u~T1dt !5v~T!, ~7!

v~T1dt !52u~T!, ~8!

w~T1dt !5w~T!. ~9!

We notice that by definition theu component is always in
phase with the driving field and thev component isp/2
shifted.

~3! The evolution of the particle polarization after th
phase shift is described by equations
n

th

In
r-

-

h

u~ t !5
Du~T!

g
singt1

v~T!

g2
~x21D2 cosgt!

2
Dxw~T!

g2
~12cosgt!, ~10!

v~ t !5@Dv~T!1xw~T!#
singt

g
2u~T!cosgt, ~11!

where timet is measured from the end of the phase shift
For excitation at the center of a symmetric, inhomog

neous absorption linef (D), the average response of the pa
ticles

^u~ t !&5E
2`

`

u~D,t ! f ~D!dD, ~12!

^v~ t !&5E
2`

`

v~D,t ! f ~D!dD ~13!

has zero contribution of the odd components which are p
portional to the functionsu(D,T), Dv(D,T), andDw(D,T).
Then substitution of Eqs.~10! and ~11! into Eqs. ~12! and
~13! gives the result

^u~ t !&5w0f ~0!@M2~T!1M2~ t !2M1~ t !

2M2~ t1T!1M1~ t1T!#, ~14!

^v~ t !&5w0f ~0!FM1~ t !2M2~ t !1
1

2
M2~ t1T!

1
1

2
M2~ t2T!G , ~15!

where

Mk~ t !5E
2`

` S x

gD 2k21

sin~gt!dD ~16!

and the distributionf (D) is taken to be flat. The function
M1(t) is well known ~see, for example,@34#!, i.e.,

M1~ t !5pxJ0~xt !, ~17!

whereJ0(x) is a zeroth-order Bessel function. The seco
function M2(t) has been calculated and analyzed in R
@35#. This function can be expressed as follows:

M2~ t !5px@xt2K~ t !#, ~18!

where

K~ t !5x2E
0

t

~ t2t!J0~xt!dt5xt@L~ t !2J1~xt !#, ~19!

L~ t !5xE
0

t

J0~xt!dt ~20!
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PRA 59 3791TRANSIENT NUTATION SIGNAL LOCKING
andJ1(x) is a first-order Bessel function. Finally, we get th
expression for transient response of the system after the
ond stage of spin locking,

^u~ t !&5px f ~0!w0@J0„x~ t1T!…2J0~xt !

1K~ t1T!2K~ t !2K~T!#, ~21!

^v~ t !&5px f ~0!w0FJ0~xt !1K~ t !2
1

2
K~ t1T!

2
1

2
sgn~ t2T!K~ ut2Tu!G , ~22!

where sgn(t2T) is the sign of the differencet2T.
The mean value of thev component remarkably coincide

with that which appears in rotary echo@36# and stimulated
nutation echo@35#. Its dependence on timet and durationT
of the preparative time interval was analyzed in detail
Refs.@35,36#. This component decays to zero with time. T
example of its behavior is shown in Fig. 3. Figure 4 sho

FIG. 3. Transient nutation decay of the averagedv component
just after the spin-locking sequence terminated at timet50, where
x/2p5100 kHz as well as in the next plots below,T
51.76 msec, andS05px f (0)w0.

FIG. 4. Time evolution of the averagedu component just after
spin-locking sequence. Parameters of excitation are the same
Fig. 3.
ec-

s

the timet dependence of the mean value of theu component
~in all plots we take the same value of Rabi frequen
x/2p5100 kHz as an example!. It is seen that this compo
nent does not decay to zero. The value to which it tend
determined by the function

^u~`!&5px f ~0!w0@xT2K~T!# ~23!

sinceJ0(xt) tends to zero with argument increase and ot
terms likeK(t1T) andK(t) have asymptote

K~t!5xt1O2~1/Axt! ~24!

at largext, whereO2(1/Axt) is a small value of the orde
1/Axt @35#.

For the homogeneous system of the two-level particle
is possible to choose the length of the first stageT corre-
sponding to the (n1 1

2 )p preparative pulse area whenxT
5(n1 1

2 )p and n50,1,2, . . . . After the p/2 phase shift of
the driving field the polarization of the particles will b
aligned along the field amplitude or opposite it depending
the parity of the numbern. Pulses with evenn ~locking
pulses! make polarization parallel and pulses with oddn ~an-
tilocking pulses! make it antiparallel to the driving field am
plitude after the second stage (n50 is supposed to be even!.

When the absorption line is inhomogeneously broade
it is impossible to increase to infinity the preparative pu
areaxT, as according to Eqs.~23! and ~24! the locked po-
larization will decrease. Moreover, inhomogeneous broad
ing also changes the locking and antilocking pulse are
They do not exactly equal (n1 1

2 )p. Figure 5 shows the
dependence of the locked polarization amplitude, Eq.~23!,
on preparing pulse duration. WithT increase the locked po
larization amplitude increases and then decreases with o
lations. First maximum

^u~`!&max5px f ~0!w030.524 ~25!

takes place whenxT50.353p, which is less thanp/2. This
maximum value is about half of the first nutation maximu
after the simple pulse switch on. The minimum value of t
antilocked signal is

^u~`!&min52px f ~0!w030.364 ~26!
in

FIG. 5. The dependence of the locked polarization amplitude
the duration of the first preparative pulseT.
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3792 PRA 59R. N. SHAKHMURATOV
whenxT51.293p ~which is less than 1.5p too!. These es-
timations show that inhomogeneous broadening does
prevent polarization locking.

The dependence of the function~23! on the preparing
pulse areaQ5xT can be analyzed analytically as was do
in Ref. @35#. The amplitude of the locked polarizatio
reaches an extremum each time when the derivative of
~23! with respect to pulse areaQ is equal to zero,

^u~`!&Q8 50. ~27!

The latter condition is reduced to

^u~`!&Q8 5px f ~0!w0@12L~Q!#50, ~28!

where

L~Q!5E
0

Q

J0~x!dx.

The functionL(Q) rises from 0 up to 1 almost linearly fo
0<Q<1. The value 1 is reached atQ'1.108. Then this
function oscillates slightly near the value 1 with a damp
amplitude. Therefore Eq.~28! becomes zero wheneve
L(Q)51. This occurs atQ1'1.108, Q2'4.063, Q3
'7.15, etc.~see Ref.@34#!. Maximum and minimum values
of the locked polarization

^u~`!&extr5px f ~0!w0@Qk2K~Qk!# ~29!

satisfy the equation

^u~`!&extr5px f ~0!w0QkJ1~Qk!, ~30!

where

K~Q!5E
0

Q

~Q2x!J0~x!dx

andQk are the pulse areas whenL(Qk)51. Substitution, for
example, Q151.1 and Q254.05 into Eq. ~30!, gives
0.52 VTN and 20.36 VTN values of the locked and an
tilocked polarizations, respectively, whereVTN is a first
bump of the polarization in conventional transient nutatio
With Qk increase, these extremum areas move to coinc
with zeros of theJ1(Q) function. Therefore the produc
QkJ1(Qk) tends to zero whenQk tends to infinity.

The experiment on spin locking is planned to be carr
out with the equipment described in@26#. It detects the value

S~ t !5A^u~ t !&21^v~ t !&2, ~31!

the plot of which is shown in Fig. 6.
In the next section we consider the relaxation decay of

locked and antilocked polarization which takes place w
the rateT2u .

In the optical domain it is difficult to detect theu compo-
nent directly. For example, the signal measured by the o
cal detector is induced mainly byv component. Therefore in
order to detect the value of locked polarization it is usefu
apply the unlocking procedure. For example, the nextp/2
shift of the field phase converts the locked polarizat
^u(1`)&5^uloc& into the v component. Then the nutatio
ot

q.

d

.
e

d

e

ti-

signal rises. By the value of the first nutation signal bum
one can estimate the value of the locked polarization be
the unlocking phase shift.

Let us consider the case when the locking time inter
between two phase shifts of the driving field is long enou
to reach the nonoscillating state ort5t loc , wherext loc@1.
Just after the unlocking phase shift we have

vunloc~ t !5
singt

g
@Du~0!1xw~0!#1v~0!cosgt, ~32!

wheret is measured after the second phase shift and

u~0!5v~ t loc!, ~33!

v~0!52u~ t loc!, ~34!

w~0!5w~ t loc! ~35!

are the initial conditions just after this phase shift.u(t loc) and
v(t loc) components are described by Eqs.~10! and ~11!
wheret is substituted byt loc and

w~ t loc!5
xu~T!

g
sin~gtloc!2

Dxv~T!

g2
@12cos~gtloc!#

1
w~T!

g2
@D21x2 cos~gtloc!#. ~36!

Taking into account that odd terms in respect to the detun
D give zero contribution to the average response of the t
level particles as well as thatxt loc@1 and then the contribu
tion of the oscillating terms as sin(gtloc) and cos(gtloc) is
small one can obtain the average response

^vunloc~ t !&. f ~0!E
2`

`

vunloc~D,t !dD, ~37!

where

FIG. 6. Time evolution of the averaged polarization, Eq.~31!,
just after the spin-locking sequence withT51.76 msec.
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PRA 59 3793TRANSIENT NUTATION SIGNAL LOCKING
vunloc~D,t !5w0

x

g3 H @D21x2 cos~gT!#S D

g D 2

sin~gt!

2x2 sin~gT!cos~gt!J . ~38!

Equation~37! is reduced to

^vunloc~ t !&5 f ~0!w0H M1~ t !22M2~ t !1M3~ t !1M2~ t2T!

2
1

2
@M3~ t1T!1M3~ t2T!#J , ~39!

where

M3~ t !5
px2t

6
$@62~xt !2#J1~xt !2xtJ2~xt !1@32~xt !2#

3@12L~ t !#%

Just after the unlocking phase shift we have

^vunloc~10!&5 f ~0!w0@px2M2~T!#, ~40!

where

M2~T!5px@Q2K~Q!#. ~41!

For the sequence with maximum polarization locking (Q
5Q1) the first bump of the nutation signal

^vunloc~10!&5 f ~0!w0px30.48 ~42!

is two times smaller than its value just after the simple pu
switch on. Figure 7~a! shows the comparison of the nutatio
signal ~39! at Q5Q1 with the conventional nutation signa
When the locked polarization decays due to theT2u irrevers-
ible dephasing process, then the termM2(T) decreases also
and the^vunloc(10)& value rises up tof (0)w0px.

The sequence resulting in antilocking (Q5Q2) gives the
first maximum of the nutation signal

^vunloc~10!&5 f ~0!w0px31.36. ~43!

The comparison of Eq.~39! at Q5Q2 with conventional
nutation signal is shown in Fig. 7~b!. In this case the relax
ation process decreases the first nutation maximum. Fig
7~c! shows the nutation decay, Eq.~39!, when the locking
pulse area isQ5Q3. As Q3 is big enough the last depen
dence demonstrates the signal neart5T which is similar to
the nutation echo.

III. KINETICS OF THE LOCKED POLARIZATION

Just after the phase shift of the driving field the transi
signal appears~see Figs. 3, 4 and 6!. It damps in a time scale
of the order of 1/x. Then only the locked component o
polarization survives. The resonant frequency scattering d
not destroy this component, which becomes time indep
dent. On a time scale comparable to the relaxation timesT2u
andT2v the locked polarization will decay also. To simplif
our consideration we study the relaxation of the locked
e

re

t

es
n-

-

larization only. One can show that according to Eqs.~10! and
~11! the locked part of the polarization comes from theu(t)
component and is proportional tov(T) excited by the pre-
paring pulse. Therefore we consider theu(t) solution of Eqs.

FIG. 7. Comparison of the conventional nutation signal~dashed-
dotted line! with that induced by unlocking phase shift of the dri
ing field ~solid line!. Preparative pulse areas areQ5Q1 ~a!, Q
5Q2 ~b!, andQ5Q3 ~c!, whereT511.4 msec for case~c!. Here
^v(t)& is a conventional nutation signal after the pulse switches
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3794 PRA 59R. N. SHAKHMURATOV
~1!–~3! and only its part originated fromv(T) @i.e., the sec-
ond term in the right hand side of Eq.~10!#.

We assume thatT1@T2u ,T2v and drop the population
difference decay term in Eqs.~1!–~3!. Solution of the Bloch
equations is facilitated by application of the Laplace tra
form @37#

u~p!5E
0

`

u~ t !e2ptdt. ~44!

The mentioned part ofu(p) is

uloc~p!5
v~T!

D~p!
@p~p1Gv!1x2#, ~45!

where

D~p!5~p1Gu!@p~p1Gv!1x2#1pD2 ~46!

and for the simplicity of the notations we useGu51/T2u and
Gv51/T2v .

The solution of the equationD(p)50 gives three poles o
the Laplace transform~45! needed to calculate the invers
Laplace transform

uloc~ t !5
1

2p i Ec2 i`

c1 i`

eiptuloc~p!dp. ~47!

WhenGu5Gv50 they are

p150, p2,356 ig. ~48!

Application of the inverse Laplace transformation to Eq.~45!
using poles~48! yields time dependent behavior

uloc~ t !5
v~T!

g2
~x21D2 cosgt! ~49!

@compare the latter with solution~10!#. Polesp2,3 give the
second, oscillating term in brackets, whereas the polep1
yields a nonoscillating term which corresponds to the lock
polarization. We do not consider the oscillating part whi
decays due to ringing on different frequenciesg. Thus, the
true locked component originates from the polep1.

We consider the strong excitation whenx@Gu ,Gu . Then
by iteration procedure we find

p1.2GuS x

gD 2

~50!

and finally

uloc~ t !.S x

gD 3

w0 sin~gT!expS 2Gu

x2

g2
t D . ~51!

The exact calculation of the average response~12! is
rather complicated. When the preparing pulse areaQ is small
~Q!1!, one can use the approximation

uloc~ t !.S x

gD 3

w0gT expS 2Gu

x2

g2
t D ~52!
-

d

as at largeD (uDu@x)uloc(t) becomes small due to the frac
tion (x/g)3. Then, one can calculate the integral~12! ex-
actly,

^uloc~ t !&5pw0f ~0!xQI 0S Gut

2 DexpS 2
Gut

2 D , ~53!

where I 0(x) is the modified Bessel function of zero orde
The plots of the function~53! with computer calculation of
the integral~12! at Q50.125 are shown in Fig. 8~in all plots
below we takeT2u5120 msec as an example!. It is seen that
the deviations between them are small. At long time (Gut
@1) the function

I 0S Gut

2 DexpS 2
Gut

2 D ~54!

approaches the asymptote

1

ApGut
. ~55!

When preparative pulse area is large~Q@1!, one can use
the expansion into a series

^uloc~ t !&5w0f ~0!e2GutFM2~T!1 (
k51

`
~Gut !k

k!
Nk~T!G ,

~56!

where

Nk~T!5E
2`

` x3D2k

g2k13
sin~gT!dD. ~57!

The integrals~57! are complicated, such as, for examp
N1(T)5M2(T)2M3(T). However, any term of this expres
sion can be calculated analytically using the relations

Nk~T!5 (
n50

k
~21!nk!

~k2n!!n!
Mn12~T!, ~58!

FIG. 8. Decay of the locked polarization. Solid line is a pl
of the computer averaging of theuloc(t) component. Dotted line
is a plot of Eq. ~53! normalized on S0, i.e., F1(t)5S1I 0(t/
2T2u)exp(2t/2T2u), whereS15M2(T)/(px). Simple exponential
decayF2(t)5S1 exp(2t/T2u) ~dashed-dotted line! is also presented
for comparison.T2u5120 msec is taken as an example andQ
50.125.
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Mn9~T!52x2Mn21~T!, ~59!

where it is assumed that 0!51. Therefore the expressio
~56! can help only to estimate the valuet when deviation
from the exponential decay becomes pronounced. At the
tremum pulse areas the first term of the expansion is

N1S Qk

x D5px
Qk

2

6
@J2~Qk!1QkJ1~Qk!#.

Figure 9 presents a numerical plot of average response~12!
~absolute value! together with Eq.~56! ~absolute value!
where ten first terms of the expansion are taken into acco
~to have a coincidence with a second bump correspondin
the zero crossing it is necessary to take into account

FIG. 9. Decay of the locked polarization atQ5Q2. The nota-
tions are the same as in Fig. 8. Dashed line@in Fig. 9~b!# is a plot of
the absolute value of Eq.~56!, where the first ten terms of th
expansion series are taken into account, i.e., it is a plot ofuF3(t)u
5u^uloc(t)&/S0u, where^uloc(t)& is calculated from Eq.~56! at the
mentioned condition.
e

x-

nt
to
0

terms!. Pure exponential decay of the locked polarization
also presented. It is seen that the two order fall of the sig
is close to the pure exponential one. Then the approxima
calculation@when only the first term in square brackets
Eq. ~56! is taken into account# diversifies the numerical re
sult. Therefore one can use the first domain where the sig
decreases 100 times to detectT2u by simple fitting with ex-
ponent exp(2Gut). The long time tail of the signal is no
appropriate for this measurement because of nonexpone
decay.

It should be emphasized that whenQ is close to 1, this
exponential fitting becomes poor~see Fig. 10!. Therefore to
measureT2u one has to use the preparing pulse with the fi
antilocking pulse areaQ2'4. In this case the locked signa
is appreciably big and the fitting procedure of the dec
function is simple. On the contrary, the first locking pul
areaQ1'1.1 is too close to 1, giving the essential deviati
from the exponential decay. In this case the fitting proced
is complicated and thenT2u measurement becomes obscu

IV. CONCLUSION

We proposed a method ofT2u relaxation time measure
ment for the system of two-level particles with inhomog
neous broadening. The condition on the preparing pulse
ration giving the best signal and providing the simple d
analysis is derived. Experimental work is in progress.
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FIG. 10. Decay of the locked polarization atQ5Q1.
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