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A connection between the different relaxation characteristics, which describe the change of the optical-
coherence matrix under the influence of elastic depolarizing collisions, is established for the first time
ever. The calculation is performed for a Van der Waals interaction on a transition with level angular
momenta j, = j, = 1. It is found that the relative difference between the relaxation characteristics ranges
from 5 to 20% for the considered values of the interaction parameters. The possibility is demonstrated of
experimentally measuring the characteristics that describe the relaxation of the optical-coherence matrix
on the transitions j—j (j»1) and j=2j + 1(j > 1/2) by the photon-echo method in a gas situated in a
longitudinal magnetic field. It is found for the 1—1 and 1/2e23/2 transitions that the magnetic field

intensity can be chosen such that the polarization echo vector component perpendicular to the
polarization plane of the exciting pulses is due entirely only to depolarizing collisions.

PACS numbers: 42.65.Gb, 42.50. +q

Recent years have seen progress in nonlinear laser
spectroscopy, which permits the study of quantum-
transition structures obscured by the Doppler broaden-
ing of spectral lines. An extensive bibliography on this
topic is contained in the monograph of Letokhov and
Chebotaev.! In a gas medium, the resonance levels of
moving atoms (molecules) are usually degenerate, A
consistent calculation of the elastic collisions shows
therefore that the relaxation of that density-matrix
component which describes optical coherence (transi-
tions between the considered levels) is determined not
by a single quantity but by an aggregate 7 "'), where
| jo= iyl s <j,+j, andj, and j, are the angular mo-
menta of the levels of the transition. The aggregate of
the quantities 7 *) getermines in essence the proper-
ties of the resonant electromagnetic radiation that
passes through a gas medium. In particular, the gain
of a weak probing wave on a transition with level angu-
lar momenta j,=1 and j,=2, in a medium saturated by
a strong field, depends essentially on the ratio of the
relaxation characteristics of the dipole polarization
T and of the quadrupole polarization 7@ of the med-
ium. So far, however, there are no concrete theoreti-
cal or experimental results concerning the ratios of the
different 7 ),

In the first part of this paper we calculate all the re-
laxation characteristics 7 ) for the transition j, = Iy
=1 in the case of a Van der Waals interaction of the
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colliding atoms. The connection between the relaxation
characteristics having different values of » are es-
tablished here for the first time. The results allow us
to check the correctness the assumption, used in many
papers, that all the 7 *) are approximately equal.

In the second part of the paper it is shown on the basis
of a theoretical calculation that the differences 7 *
- 7D (n+#1) can be determined by direct experiment
using photon echo in a gas medium placed in a longi-
tudinal magnetic field.

The photon echo method has been coming into ever in-
creasing use for the study of gas media.?"'¢ It is em-
ployed to determine successfully the relaxation charac-
teristics of resonant transitions, as well as to identify
atomic and molecular transitions. In particular, Wang®
has obtained theoretically the influence of the difference
7@ _ gDy £1) on the polarization of photon echo on
the transitions j—=j(j>1)and j=j+1(j>1). On the re-
maining transitions, the echo amplitude depended only
on the quantity 7%, and its polarization was not af-
fected by the depolarizing collisions.

Application of a longitudinal magnetic field on a gas
medium in which a photon echo is produced extends sub-
stantially the capabilities of the photon echo. Thus,
for example, a specific rotation of the photon-echo
polarization vector is observed, different from the
Faraday rotation. This effect was predicted by Aleks-
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sev, was investigated in detail in Ref. 5, and has by now
been experimentally verified.!®

The dipole polarization of a gas medium placed in a
magnetic field, for the transitions j~j(j=1) and j=j
+1(j=3), is connected with the other multipole polariza-
tion moments that are induced in the medium together
with the dipole polarization by the exciting light pulses.
Therefore, in contrast to Ref. 6, we have observed that
the photon echo polarization is altered by the depolariz-
ing collisions both on the 1 =1 and on the = § transitions.
In addition, the dependence of the angle of the specific
rotation of the polarization-echo angle on the magnetic
field H makes it possible to choose H such that the en-
tire difference between the echo polarization and the
polarizations of the exciting light pulses is determined
by the depolarizing collisions. The separation of the
echo electric-field intensity component perpendicular
to the polarization plane of the exciting pulses makes it
possible then to obtain directly the experimental infor-
mation on the differences 7 ® - 7@ (v #1).

1. CALCULATION OF THE RELAXATION
CHARACTERISTICS J ¥

We consider a transition between excited levels a and
b of an atom (molecule) with respective angular mo-
menta j, and j,. Assuming the concentration of the ex-
cited atoms to be small enough, we take into account
the elastic collisions of these atoms with the unexcited
ones, the ground state of which is characterized by an
angular momentum j=0. In the approximation of the
depolarizing atomic collisions, the density-matrix com-
ponent p{>2 describing the transitions between the con-
sidered 1evels satisfies the equation

)‘“ Zg’(wrm“p}”:’. (1)

) 0
(—a—+vV+-———-Y' il
at
where v is the velocity of the excited atom; the indices
i+ and m number respectively the projections of the
angular momenta j, and j,; 1/7® and 1/¥ are the
times of relaxation of the excited states by gaskinetic
inelastic collisions and radiative decay; w, is the fre-
quency of the transition between levels a and b.

The matrix 7 (v), which describes the relaxation of
p‘,f'“) under the influence of the elastic depolarizing col-
lisions, is given by

T W) —noj(sw =Sy S ) [V—vo £ (o) dvodp. @)

Here n, is the density of the unexcited atoms, f(v,) is
the Maxwellian distribution in the velocities v, of the un-
excited atoms; dp stands for integration with respect to
the impact parameter p in a plane perpendicular to the
relative velocity v —v,;S " and S{& are the matrix
elements of the S-matrix of the elastic scattering of the
excited atom in the states b and a by the unexcited one.
We note that in the approximation of the depolarizing
collisions S %) satisfies the equation'’

inv—v) VSt = ¥ Vi RIS @)

with the additional condition S} (-«)=0,,, Where the
index u, characterizes the state of the atom prior to the
collision. V- +/(R) is the matrix element of the operator
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of the interaction of the excited and unexcited atoms,
and R is the vector that joins them. A similar equatlon
holds also for S,(,:‘,z,

It is customary to neglect the dependence of 7 (v)‘,:',,’?
on the velocity v of the excited atom in investigations of
the influence of depolarizing collisions on the inter-
action between electromagnetic radiation and a gas;
this is equivalent to averaging 7 (v) with over v with a
Maxwellian distribution. In the present paper this
averaging is carried out in two steps. In the first, the
averaging is over the direction of v, and the dependence
on the modulus of v is retained in 7 (v).

It is convenient to continue the investigation by ex-
panding the matrices p%:* and 7 @)%,"" in irreducible
tensor operators,’® e.g.,

bay o - Jo Ja % )
g’ = (—0)= Qo) '2(2n+1)( mq) v, @)

We then obtain from (1) the following equations for the
components ¥&:

) ()
(%+ v +%— im,,) Y=g ()W, (5)
Here J ¢ ® () are complex quantities connected with
T w)he " by a relation analogous to (4). We note that
independent relaxation of each of the components ¥%
is the consequence of the averaging over the direction
of the velocity of the excited atom. The quantities
T ®(v) are best determined in a coordinate frame with
a Z axis directed along the relative velocity v -v,, and
with an X axis chosen along the vector p. In this sys-
tem, the 7 ™ (v) are connected with the scattering ma-
trices $® and §@ by the relation

i e Ja % Jo Ja %
g'(x) = —1 2jptutn ( )( )
(v)=n, m.mg'“' , (1) w—ml wo—m’l

6)

Xj (ﬁw'ﬁmm'—5'$3 S'(:':t.' ) IV—Volf(Uo)dVodP, :

where S("): and § (“), are the scattering matrices of the
atom in the states b and a, calculated in the indicated
coordinate frame.

For the subsequent calculation we must specify the
form of the interaction potential and the values of the
angular momenta of the levels. All the calculations
were performed for the case j,=j,=1 and for a Van
der Waals potential. As shown in Ref. 19, a Van der
Waals interaction potential is characterized by two in-
dependent constants, we shall designate by ¢ and ¢\¥
for the atom in state a and by ¢ and ¢ for the atom
in state b.

We introduce I'® (v) and A*(v) defined by

T () =T () —iA™ (v).

After cumbersome but straightforward calculations, we
obtain the following expressions for I'” and a® :

I (v)—ie (¢ —c” ) A™ (v) =y (V) F™ (s, t) =y (0) [F (s, 8) +iF,” (5,8) ],

(7
where
2T\ *ho 9 3
@ (b) v (L2 —3/gp—atx? — = az?), 8
Y (v)=nn,lc, | (M,) e 0(5,2,az) (8)
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b
= (C‘(h)+C|() ) —c,(ﬂ)-‘cn(“))/ (c:b) —c;b) ), t= (c,m _co(u) )/(Ca(h)'—c;b))y

. — 1, >0
a=VMJM, z=vVM,/2T, e(z)={_1, e ©)
Here M, is the mass of the excited atom and M, is the
mass of the unexcited impurity (or host) gas: @(a, 8,z)
is a confluent hypergeometric function. All the dimen-
sionless real functions F{ (s, )@ =1,2; » =0,1,2) are
expressed in terms of single integrals with respect to
the quantity u connected with the impact parameter by
the relation
u=2p*lv—v,l/1c{” —c .

To shorten the notation we present expressions for the
complex functions F® (s, t):

F (s,t)=B I%“{s— [2 Re w () w(%)

w0 (2) e (B ou(- 2y, 7
Fm(s,t)=BI:}2{3—[Rew(u)w (&) +ot () o
*exp (Z_J::t)Rew(u)"‘exP ("%{E)Rew(-l:—)] exp(——%%i-s)},
F®(s, t>=—§—F“” s, t)+—§’—F“’(s, t)
(12)

20 () (- 1),

where B =2¥°T'(2)/15V7 and I'(x) is the gamma function.
The complex functions v(x) and w («) satisfy the system
of equations

1 dw Y )
in 2 == (=) [ (-2 w28 (1-8) "],

dv @13)
qu Je— (1_E2) V’[ZE (1_31) "‘w——(i—zgl) v]

with initial conditions

w(g=—1)=1, v(E=—1)=0.

The system (13) is a consequence of Eq. (3) and of the
analogous equation for Sﬂ,’),r. The values of w and v in
(10)-(12) are the solutions of the system (13) and are

taken at the point £=1.

The calculation of the integrals (10)-(12) and the so-
lution of the system (13) were carried out numerically
with a computer, with the exception of the values u<1
and u>1. The contribution of these regions to the in-
tegrals were estimated from an approximate analytic
solution of the system (13).

It can be shown that the following relation holds:

F®™ (—sft, 1[t) =t="1F™*(s, t), >0,

the calculation was therefore performed for two values
of the parameter £, 0.1 and 1. The parameter s took on
in this case the values 0, +0.2, +0.4, +0.6, +1,x2,...,
+10. As a check on the accuracy of the calculations,

we used the results at =1 and s =0. These values of the
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parameters correspond to the case when the interaction
potentials of the two excited levels a and b are equal,
and the problem reduces to the calculation of the po-
larization characteristics of the level with angular mo-
mentum j=1,'°

Figure 1 shows, for {=1, the dependence of the di-
mensionless widths

F{ =T (v)/y(v)
and of the dimensionless shifts

F{ ——e (e —cs" ) AR (0) /Y (v), %=0,1,

on the parameter s (curves 1-4). We note that the fol-
lowing relations hold for the given value /=1:

F (5)=F{(=s), F3"(s)=—F"(=s).

It follows from (10)-(12) that there is no such sym-
metry for t#1. The difference between F® and FY is
significant only at |s| £1.5. At |s|=1.5 the difference
between these quantities does not exceed the calculation
error, and the two curves therefore coalesce in this
region. A similar remark holds also for the behavior
of the shifts F© and FY), where the coalescence regions
begin with |s| 2 3. Since the important role in what fol-
lows is played by the behavior of the differences F(?

- F® and F® - FY | these quantities were calculated
separately with increased accuracy. The results of
these calculations are represented by curves 5 and 6.

Figure 2 shows the quantities F{ F% (» =0,1,2) and
the difference F® - F() at £=0.1 as functions of the pa-
rameter s. Within the limits of the calculationaccuracy,
the quantities F@ F® and F® are equal. This state-
ment pertains also to F® F® and F®. A comparison
of the results at £=0.1 and {=1 shows that in the region
|sl 21 all the quantities depend weakly on ¢, whereas at
|s| =1 their dependence is strong. Just as at ¢=1, the
calculation of the differences F® - F) and F® - F{
was carried out with increased accuracy. The results
of the calculation of F® — F% are shown by curve 3.
The quantity F® - F is not shown, since the absolute

FIG. 1. Plots of F, F®, F®, F{, 2(F~F{® and 2(F®
—Fz(“) against s at t=1-curves 1, 2, 3, 4, 5, and 6, respec-
tively.
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2

FIG. 2. Plots of F{®, F{®, and 10(F{’ - F)) against s at ¢
=0.01—curves 1, 2, a.nd3 respectively.

value of this difference does not exceed 0.05. We note
that for most calculated variants we have

IF®—F® |5 |F® —F®|.

We can thus conclude that the relative difference be-
tween the quantities I®(v), T (v), and I'® (v) ranges
from 5 to 20%. In the next part of the paper we predict
an effect that permits an experimental determination of
the difference between these quantities.

2. CALCULATION OF THE PHOTON ECHO ELECTRIC
FIELD INTENSITY

We consider the formation of a photon echo in a gas
medium situated in a homogeneous magnetic field H,
when the time interval 7; between the two exciting light
pulses can be comparable with the irreversible relaxa-
tion times. In a magnetic field the upper degenerate
level a and the lower one b, with energies E, and E,
and with total angular momenta j, and j,, at resonance
with the frequency w of the exciting light pulses, are
converted into two groups of Zeeman sublevels with
energies E,, and E,,. In the approximations linear in
H, the quantities E,, and E,, are given by

- Eeqm=EstpogHm, Ey,=E,t+p.gHp,

where i, is the Bohr magneton, and the subscripts m
and u characterize the projections of the total angular
momenta of the upper and lower resonance levels with
respective g-factors g, and g,. We assume for sim-
plicity that the Zeeman splitting is small compared with
hw.

To determine the electric field intensity of the photon
echo, we use the d’Alembert equation

14)

and the quantum-mechanical equation for the density
matrix, with account taken of the interaction of the
atoms (molecules) of the gas with the electromagnetic
field, with the external constant field H, the irreversi-
ble relaxation, as well as the radiative transition to the
lower resonant level on account of spontaneous emis-
sion on the upper one. The medium polarization vector
P in (14) pertains to a group of atoms moving with ve-
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locity v, and is connected with the density-matrix com-
ponent p‘,f,.“ by the relation

P= Zp,,, doit cc.,

where dw are the matrix elements of the dipole mo- -
ment of the atom and correspond to the transition be-
tween states a and b.

It is convenient to solve the system of equations for the
components of the density matrix by expanding the ma-
trix in renormalized tensor operators. In this case
p%:2 is connected with ¥ %) by relation (4), and the con-
nection of p%;? with f$? and of p%? with (p‘,") takes the
form

(a,0) g . y Ja Ja % x
o = (=1) 5+ (1) + *
paos? = (—1)*"" (1) §j<2u DN (i P

put = (=) + (2 +1) - "Z(z e (B2 ) e
—u'q

Let the exciting light pulses propagate along the Z
axis and let them be linearly polarized along the X axis.
Then the electric field intensity of the exciting pulses
are given by

E;=Le" expli(wt—kz+®,)]1+c.c, 0<t—z/c<T,, (15)

E,=Le® expli(ot—kz+®,) ) +cc., 14T <t—z/c<t,+T+T,, (16)
where T, and T, are the pulse durations; the amphtudes
¢ and e(z), as well as the phase shifts o ,and @, a
constant; 1_is the unit vector of the Cartesian axis X.

We separate in the sought functions the rapidly oscil-
lating particles

E=eexpli(wt—Fkz+®)]+c.c.,
W =8 expli(ot—kzt+®) 1,

where e and zp(;) are slowly varying amplitudes, and &
is the constant phase shift. In the resonant approxima-
tion we get from (14) and from the equations for
\Il(:)f(:) and gaq) the following equations for the slow
functions:

d 9
(— +c E) e,=——-2inmj Pdv,

at (17)
awy +H= ”‘2 oW
=4 @) T el sEA + 0BT (9
o . -
a..7§ )='%" (2j,+1)-" Z n'mT.:'(q- ’ (19)
00" === @ist1) ™ Y, (BRI AT, (20)

%" q

where we have introduced the abbreviated symbols for
the operators:

9= 7% i (Ao —kv,—~A® —ges),
[ © L pe
Bap _a_+-y.,, +Tsp —iqeap.

The detuning of the field frequency w from the central
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frequency w, is designated Aw =w - w,, and the frequen-
cies of the transitions between the neighboring Zeeman
sublevels of the considered levels take the form

&a, 6==Hofs, sH/R.

The matrix operator
. : 1 % ' \f(4 % %
o (—1 )t ta[ 97 Y (&S :

o =(=tyentzi ety G e+ (o T
in Eq. (18) determines the degree of connection between
the different components of the optical-coherence matrix
due to the inequality of the g-factors of the levels. In
(19) and (20), the quantity

T =gy el (—1) o ee_ dp 3"
describes the change of the components of the density
matrix of the level because of the interaction with the
electromagnetic field. The term I, f(,") in (20) takes into
account the arrival at the lower level because of spon-
taneous emission from the upper. The quantity S in (18)
is obtained from

. S AW I IEY)
o= (1) W (27 1) 2w H1)

Corum 0% Gkt (5, P
by the substitution j, ¥ j, everywhere, except in the
second column of the 6j-number, In turn, the quantities
B and R are obtained respectively from C and S by the
transformation j,=j,. The circular components of the
vector p are connected with 4’ by the relation

P () (2st) g
e, is the circular component of the vector e; d is the
reduced matrix element of the dipole-moment operator
of the transition j, = j,, and the quantities ¥ are given
by

=" ") /24T,

Next, 1"(;’. and 1“,;‘) describe the collision relaxations of
the upper and lower levels, due to the transitions be-
tween the Zeeman sublevels of the excited atom. They
are connected with the S matrix by relations such as
(6), and since we are dealing with elastic collisions that
do not alter the total level population_of the levels, it
follows that I'® =1® =0. Finally, I and A® are ob-
tained from (6) by averaging over the modulus of the
velocity

™A = jv’dvf(v).?"“’ ®),
where f (v) describes the Maxwellian distribution of the
excited atoms in velocity.

At the initial instant of time ¢ - z/c =0 the quantities

o

OO = (v, t=zle), 1 =10 (v, t—2lc), @) =gg” (v, t—s/c)
take the form
3 v, 00=0, 7 (v,0) = (2/a+1) 7uf () 8uoBucr

@87 (¥,0) = (2/s+1) 16f () BxBg0r (21)

where (2j,+1)n, and (2j,+1)n, are the densities of the
atoms on the upper and lower levels at ¢—z/c=0. The
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Boltzmann distribution of the atoms over the Zeeman
sublevels at the initial instant {-z/c =0 are neglected
under the assumption of equal probability of the dis-
tribution over the sublevels in (21). In the calculations
that follow we neglect the effect of the magnetic field
during the time that the exciting light pulses pass
through the gas medium, assuming them to be short
enough:

e ik, & T4, i=1, 2.

In addition, we assume that the durations T, and T, of
the exciting pulses are small compared with the inter-
mediate time 7; between them and with the times of the
irreversible relaxations. This assumption, which is
usually well satisfied in experiment, allows us to dis-
regard the irreversible relaxation during the time of
passage of the exciting pulses.

When solving Eqs. (17)-(20) we neglect the reaction
of the medium on the exciting light pulses. These equa-
tions then become linear and make it possible to deter-
mine the intensity of the electric field of the photon echo
in the given-field approximation (15) and (16). To
linearize Eqs. (17)-(20) the following condition must be
satisfied

@)L -No| T/ (2fuH1) o<,

where T is the smallest of the times T,, T,, and Ty N,
=n, - n, is the density of the excess population of the
Zeeman sublevels, L is the dimension of the gas med-
ium, and the time T, of the irreversible Doppler relaxa-
tion is expressed in terms of the average thermal ve-
locity u of the gas atoms: T,=1/ku,

We consider in this section the formation of photon
echo on the j, =j, =1 transition by exciting pulses that
are linearly polarized in one plane, Solving Eqs. (17)-
(20) with account taken of the initial conditions (21), we
obtain ¥ % (¢ - z/c) at the instant of time =T, +z/c,
when the first exciting pulse leaves the point z of the
gas medium, in the form

V3pw

W (1) == —5— 80 (Beu—8,-Jexpli(oT'+0)) ], (22)
where
1d1* kv.—Aw
)= eWN,f(v) | sin Q,T,+i (1—cosQ.T)) |,
svang, @) [ o Q ]

Q= (kv,—Aw)*+2|d|% /30"

It follows from (22) that the polarization vector P of a
group of atoms moving at a velocity v is directed at the

_ instant of time =T, +z /c along the polarization vector

of the exciting pulse, this being a consequence of the
given-field approximation.

In the region T, < t-z/c < 1,+T,, after the passage of
the first exciting pulse, we obtain from (18) with al-
lowance for (22)

Xexp [ 1(0et+kv,) (t—T. - % ) +i(eT+0,) ] (23)
Xexp[—i? q(eates) ( t—r. - %—) ] '
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where

Lw'(t)—{ chrt _.23- [y —y®—i(AD—A®)]sh n} R@),
r

3 et
@ (=il — tR (¢
Lo (1) t]/s shrtR(2),

R (t) =exp {—'/;[‘1("+Y("—i (A‘”+A“’) ]i},
r’-‘/.{['{“’—‘!“’ _i(A(i)_A(l)) ]x_ (8.—85) :} .

Analyzing (23) we can verify that the vector P rotates
around the direction of the magnetic field. By the instant
of passage of the second exciting pulse, it is rotated
through a certain angle whose value depends on H, on
the g-factors of the levels, and on 7s. The damping of
the vector P is greatly influenced by the depolarizing
collisions.

During the time 75 +T, <t-z/c<7s+T, +T, a second
exciting pulse (16) passes through the point z of the
medium. The linearized equations (17)-(20) are solved
in the same manner as in the preceding case of the
passage of the first pulse. The initial conditions are
chosen to be the solutions of the system (17)-(20) taken
at the instant of time ¢t=7,+T, +z/c. One of the initial
conditions is obtained from (23) at t=7,+T, +2/c. We
note that it is precisely this initial condition alone which
contributes to the electric field intensity of the photon
echo. At the instant t=7,+T, +T, +z/c, when the second
pulse (16) leaves the point z of the gas medium, the part
of \Il(:) that contributes to the echo is of the form

lg!%y’im,“’exp{i[m(x.ﬂ.ﬂ,)
+(Ao—kv,) T, +20,—0,]},
M = (804—8¢—1) L*(1.) cos [/ (eates) T.],
M = (844FBe-1) L (1.)sin[/2 (eates) .1,
P =2|d|%e®?(1—cos Q,T,)/312Q.%,
Q= (kv.—Aw)*+2|d|e™?/3A,

W (T)=—

(24)

Expression (24) is the initial condition for the solution
of Egs. (17) and (18) in the region 7, +T, +T,< t-2z/c
after the passage of the second exciting pulse. Leaving
out the intermediate calculations, we write down the
final expression for the electric field intensity of the
photon echo:

n

E'=efi Vi’L I exp{ilwit—kz+20,—®,+Aw 21, +T,+T,) [} + cc.i,
2¢ (25)
e:°=2 cos[ /2 (eates) T.]cos[ /2 (este,) ] LN (v, ) LW ()
+1/ysin [*/2(eates) ] sin [z (eates) 1L (1) LD (), (26)
&,°=2 cos['/,(estes) t.]sin["/; (eates) ¢/ JLO* (1,) L (¢')
—1, sin [Va(eates) T] cos [V (eates) ' ILO* (1) LB (),  (27)
I= [avp:p® expliko, (t'~.)], (28)

where t' =t-7,-T,-T,-z/c.

As follows from (25)—(28), the photon echo propagates
with a carrier frequency w, and is linearly polarized.
Owing to the presence in the magnetic field of a specific
photon-echo polarization rotation due to the precession
of the polarization vector P around the direction of H,
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the echo polarization plane does not coincide in the
general case with the polarization plane of the exciting
light pulses.

Investigating (28), we can obtain for each point z of
the gas medium the instant of time at which the ampli-
tude of the radiated echo is maximal, In the case of a
narrow spectral line 1/7T,<1/T;,i =1,2) the maximum
of the echo occurs at the instant ¢, =27, +T, +T, +z/c.
For a broad spectral line (1/T,>1/T,), the echo-pulse
shape is more complicated and the echo maximum is
usually shifted somewhat relative to the instant of time
t,.

3. DISCUSSION OF RESULTS

Expressions (26) and (27) yield the solution of our
problem. To illustrate more clearly the influence of
the depolarizing collisions on the photon-echo signal,
we consider the case of resonance Aw =0 and put in (26)
and (27) ¢t =27, +T, + T, +2z/c for both narrow and broad
spectral lines. We then obtain

ef=2 cos*["/,(eates) T ]| LV (1.) |?
+1%;sin*['/, (eates) 1] | L (1,) |2,
&’ =sin[ (eates) 7.1 (| L (v.) |*=*/s|L? (%) |?).

(29)

(30)

At low pressures, when the depolarizing collisions
are inessential (y® =y and A® =A®) =0), expressions
(29) and (30) take the form

e.f={1+cos[ (e.tes) T.]cos (ea—es) T, ]} exp (—2¢"1.), (31)
(32)

e,f=sin[ (e.+es) T.]cos[(ea—es) T.Jexp (—2¢V1,).

It follows from (31) and (32) that at a given time interval
7s between the exciting pulses it is possible to choose the
magnetic field intensity such that the echo at the instant
of time t =27, +T, + T, +z/c is polarized along the po-
larization vectors of the exciting pulses. Let, for ex-
ample, (€,-¢€,)7s=7/2. Increasing then the pressure

of the impurity or of the host gas, we can observe that
the echo electric field intensity acquires at the instant
of time ¢=27, +T, + T, +2/c a component perpendicular
to the plane of polarization of the exciting pulses and due
to the depolarizing collisions.

The results take the simplest form if the time interval
75 between the pulses is chosen such that |y® — @)1,
«1, We note that it follows from the results of the cal-
culation of Y@ and ¥@ in Sec. I that at this value of Ts
we can have (@) +y@)7 <1, Satisfaction of the last
inequality is of importance for the observation of the
photon-echo signal. In addition, we have considered the
case |y - y@| »|AD _ A®@|  which is realized at
definite values of the Van der Waals constants. As a
result we obtain for the echo amplitude from (31) and (32)
the expressions:

eS=exp[- (Y +y?) ],
n(g.tg)
2(g.—8»)
We emphasize that the direction of rotation of the echo
polarization depends on the sign of ¥ — @, At known
g factors of the levels, the measurement of the slope
of the photon-echo polarization relative to the polariza-
tions of the exciting light pulses affords a direct ex-
perimental possibility of determining y®) - y@, we

e

=2 (400 —4) z,sin] expl— (1 1) 5,1,
k14
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note that ¥® is determined in the usual manner from
the damping of the photon-echo intensity without the
presence of a magnetic field, as a function of 7;. The
photon-echo method thus enables us to find ¥®) and y®@
separately. This makes it possible to verify the theo-
retical relations that follow for these quantities from
the assumed collision model, and consequently obtain
information on the interaction of the atoms in the course
of the collision.

The authors thank A. I. Alekseev for a discussion of
the results.

APPENDIX

Equations (17)-(20) were used also to consider the
formation of photon echo on the transitions 3 =3. We
note that for these transitions the collisional relaxation
of the components of the density matrix that describes
the optical coherence are characterized by only two
independent quantities, 7% and 7@, We present the
final result for the electric-field intensity of the photon
echo in a gas situated in a longitudinal magnetic field.
For the case of a narrow spectral line and exact re-
sonance we have

F
1676

Efme (t —1:.)’

L
—dN, sin Q,T, (1 — ¢os Q,T, -
c sin (1 — ¢os )exp[ ] (33)

Xe‘expli(wot—kz+20,—D,) ] +c.c.,

where

QF=2|d|%e™Y/38, i=1,2.

The polarization of the photoh echo is determined by the
direction of the vector e®, whose nonzero components
are

ef=MAM_,, ef=—i(M,~M_,). (34)
The quantities M (g =+ 1) have a complicated dependence
on the relaxation characteristics and on the g factors of
the considered levels. For the transition j, =3,7,=3
they are given by

M =explige.(t'—.) ] [5L L, “).-Hﬂ?(E“)L o

+L L) +5L™ L 1—expligea(t'+v.) 1 [3LS" LY

+qV5(LOLY —LP LY ) +508 L9 1, g==t,
where

(35)

LY=L (v), L&=Ly (), x=1.2.

The functions L (¢) are obtained by solving Eq. (18)
following the action of each of the exciting pulses. We
emphasize that the appearance of LY () is due entirely
to allowance for the difference between the g factors:

3( Ep— 3-)

Lo
(¢
)= 4Y5r,

sh(r)R(2).

Here

re=[8¢—/ 16 (es—€a)*1",
64”"/:(1“)_1(”) _‘/’i[A(i)_A(’)_‘/zq (eb—e.) ]

Conversely, if the g-factors of the levels are close
to each other, then the main contribution to the echo
polarization is made by the quantity
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8
) gy _ 5
L, (t)=¢q [ch rt Py sh r,t] R(t).

The photon-echo electric-field intensity on the transi-
tion j,=3,j,=3 is obtained from (33)-(35) by the inter-
change a=b.

Expressions (33)-(35) yield information on the de-
polarizmg collisions. In particular, by choosing for the
2 -} transition the magnetic field from the condition

sin 2e,t,=0,

we find that the maximum electric echo field component
perpendicular to the polarization vectors of the exciting
pulses is determined entirely by the depolarizing col-
lisions. We note that it follows from (6) that in the case
of a Van der Waals interaction we have 7% =7 for the
transitions = 2.7 ®). This result isthe consequence of the
matrix structure of the potential of the corresponding
interaction.

We emphasize in conclusion that the method developed
for the calculation of the photon-echo electric field in-
tensity can be used also for other transitions, j—j
(j>1) and j=j+1(j>3), and yields information on the
relaxation constants 7 ®,
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