monatomic spectroscopy of artificially obtained atoms
of transuranium elements.

We note finally that the most suitable objects for the
first investigations by this method are apparently even
isotopes of alkaline-earth metals, in which one can use
as resonant transitions the strong allowed transitions of
the n'Sy —n'P, type. The main characteristics of the
cooling and capture process for three such isotopes are
given in the table,

The power level required to saturate the resonant
transitions of the isotopes in question is of the order of
100 mW at wavelengths that are quite attainable with
tunable cw dye lasers. The laser-radiation line widths
needed for the first experiment (much smaller than the
natural width, for example on the order of 1 MHz) are
likewise perfectly attainable in the cw regime, All this
makes the new approach to laser spectroscopy, demon-
strated in the present paper, fully realistic.

DThis force is called “gradient force” in®®"), This designa-
tion should be regarded as less appropriate, since it indicates
essentially only the formal method of obtaining the correspond-
ing expression.
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A study is made of the influence of the interatomic correlation which arises in the process of emission of
radiation on the spontaneous Raman scattering of light. It is shown that in the resonance scattering of a
quasimonochromatic field, the shape of the Stokes component of the scattered pulse is identical with a
superradiance pulse of the kind which appears in a medium of two-level atoms. If allowance is made for
the anti-Stokes component, the scattering process becomes oscillatory.

PACS numbers: 42.65.Cq

1. INTRODUCTION

Spontaneous emission from closely spaced atoms can-
not be regarded as emission from isolated atoms because
in the course of emission the atoms begin to interact
with one another via the radiation field. The first quan-
tum theory of the cooperative spontaneous emission
from atoms was given by Dicke inf!!, He showed that
the rate of cooperative emission depends on the distri-
bution of the phases of atomic oscillators and can vary

from vy, to y,N, where vy, is the rate of the spontaneous
decay of an excited state of an isolated atom and N is
the number of atoms. Subsequently several authorst
studied the temporal and spatial characteristics of co-
operative spontaneous emission of radiation from atoms
in macroscopic regions. It was shown in particulart®3
that, in the quasiclassical approximation in the absence
of an interatomic correlation at the initial moment, the
radiation pulse has the shape of a hyperbolic secant on
the time axis with a characteristic time 7,~ (y, N/2)™

2=4]
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and a delay relative to the initial moment amounting to
t,~37,InN. Nagibarov and Kopvillem!?! demonstrated
that any process of boson emission is avalanche-like if
the radiators interact via the field they create.

We shall consider the cooperative spontaneous Raman
scattering of light which has the general properties of
the cooperative spontaneous emission. For example, in
the case of scattering of a quasimonochromatic pulse
the process is described in the resonance approxima-
tion by the same time dependence as the collective spon-
taneous emission from two-level atoms and all the ex-
pressions can be obtained by replacing y, with y,, where
¥r is the rate of transitions in isolated atoms under the
Raman scattering conditions. In the nonresonance case,
the cooperative emission is oscillatory (Sec. 4).

2. DERIVATION OF EQUATIONS

We shall consider the Raman scattering by atoms of
a quasimonochromatic traveling wave of carrier fre-
quency w, which is in the form of a step on the time
axis, so tflat the rise time of the leading edge is shorter
than all the other characteristic times of the problem.
The scattering produces fields at the Raman Stokes and
anti-Stokes frequencies. We shall adopt the following
restrictions.

1) We shall use the quasiclassical approximation,
i.e., we shall assume that the fields are classical and
the behavior of atoms is described by the p matrix.

2) We shall confine our treatment to the one-dimen-
sional approximation. We shall assume that the region
occupied by atoms is in the form of a tube of length [
and radius 7 such that I> 7.

3) The delay time £, of a superradiance pulse [see
Eq. (9)] is shorter than the atomic dephasing time T,.
In this case the dephasing does not interfere with the
appearance of an interatomic correlation.

4) The characteristic time of a superradiance pulse
7. [see Eq. (9)] is greater than the transit time of a
light signal through the tube 7,=1/c. This condition
ensures that the interatomic correlation is established
throughout the volume under consideration, and it al-
lows us also to ignore the stimulated Raman scattering.
In fact, the gain a of the Stokes component for gain
times ¢« T, is related to 7. as follows: « =l"(r,/rc)”2.
If 7.>» 1,, we have al <1, i.e., the gain in the length of
the tube can be ignored.

5) The problem is assumed to be spatially homoge-
neous.

6) |Gy /R4l <1, where Gy, = E(k,)d,,/2k, E(k,), is
the intensity of the scattered field, d,, is the matrix
element of the dipole moment, Q,=w,, —wy, is the de-
tuning of the scattered-field frequency from resonance.
This condition ensures the validity of the quasistationary
approximation employed in Secs. 2 and 3.

7) 7.1 << 1G1,1%/194,!. This condition allows us to ig-
nore the influence of time modulation of the refractive
index.
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The vector potential of the electromagnetic field will
be assumed to be

Az 1) =Z 1,4 (k, t) exp(—iant+ikz) + c.c.
' Y

where k=Fk;, tk,, and +k, are the wave factors of the
strong field, Stokes component, and anti-Stokes com-
ponent, respectively, We shall assume that A(k, #)
=const, i.e., we shall ignore the change in the strong
field. The scattered-light components will be described
by a phenomenological equation for the field envelope
inside the volume under consideration:

dA (k,1 4ui
L nat )= k), (1)

Wy

where

. ,
i =—favitne 0= jmPu ),

t,m

Poi(r,8)= Z‘pm." (rot)8(r—r)), Ta=c/2L,

jim is @ matrix element of the current, p!, is an element
of the p matrix of an i-th atom. The function ik, t) is
described by

. Ly, .
T 0= 3 jinPu(kt), Pull) =Y on (Dexp(k -1 .

Im i

The interaction Hamiltonian will be taken in the form

Hum - ]' AV A(r, 1)} (r, 1). (2)
(4

We shall now give the system of equations for the ele-
ments of the collective p matrix of the spatially homo-
geneous problem in the interaction representation:

AN, (t)/dt=—2 Re [ Y iPun k1) guid (—k, t)] . (3a)
dN,/dt=2 Re [ Zing,.z(k, t)A(—k, t)] ) (3b)
dP,. (k,t)/dt+i(0x—@ns) Pin(k, t)-
=—iguuNin () Ak, 1) =1 Y\ Pua(=q, ) gund (kHq, ), (3c)
AP, (k,t)/dt—i(@x—@n2) Paz (k, t)
=iguaNun () Ak, )1 Y guPra(—a, )4 (k+g,1), (3d)

dPy,(—q,t)/dt = Z [igunPay (K, t) A (=, t) —iPya (K, ) gnad (—k—q,0) ],
A (36)

2 N.(t)=const. (3f)

Here,
Np= 2 Pmm's  Emn=iOmn Amn/2hc.

The summation in Eqs. (3a)-(3f) is carried out over all
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the values of the wave vector k and over all the inter-
mediate energy levels of the atom,

Equations (1) and (32)-(3f) form a closed system. We
shall confine further discussion to the quasistationary
approximation, i.e., we shall simplify Eqs. (1), (3¢),
and (3d) by dropping the derivatives with respect to
time, This is permissible if the conditions 4), 6), and
7) above are satisfied. When this is done, Eqgs. (1),
(3c), and (3d) become algebraic and the quantities A(k,
t), P (k, t), and P,(k, t) can be taken from these equa-
tions and substituted into Egs. (3a), (3b), and (3e) so
as to reduce the order of this system of equations. We
shall omit simple but time-consuming steps and give
the final equations:

dN/dt=—2g,P,+2g.P.; (42)
dP.jdt=g NP,  dP.dt——g.NP., (4b)
where
N=N,—N., P..=|Pu(ka—k)|*+|Pua(—k, k)|,

8nch
e = 2,0 k
& VI‘,u),ﬂlv I*14 (ko) 12,

1
Z gz..gm( @y —m.+m,.2) !
1
=X et Y
Zl Eank '( - +m,.. @t @n2

The amplitudes of the Stokes and anti-Stokes components
are now

4ncth
_ . _ 5
Ak )= G A (k) Pk, (5a)
*fh
A(k,,t)=fj’;c ved (k) Pra (har). (5b)
t Qo

3. RESONANCE APPROXIMATION

We shall assume that the frequency of the strong field
w,, is close to a transition between a level 1 and some
intermediate level n, so that

l(l)x""‘l’nl I < I (l)(—‘(l)'m{ ’ l (1)1+ﬂ)nl|-
Then, the solution of the system (4a)-(4b) canbe obtained
employing the resonance approximation, i.e., assuming
that g,> g, and ignoring the terms representing the anti-
Stokes component in Eq, (4a); with the same accuracy

we can assume that (iw,,/c)A(k,, t) = E(k,, 1). Then, the
system (4a)-(4b) becomes

dANJdt=—2g.P,, (6a)
X dP,/dt=g.NP,, (Gb)
where

_ 210, |dza |? I EQ_:‘-:I’

The system (62)—(6b) contains an integral of motion
4P, +N*=R", (n

It follows from Egs. (7) and (6a) that
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dN/dt=—1/>g.(R*—N*). (8)

Equation (8) has the solution

t—t
N=—Rth— (9)
TC
where
2 t.. R+N(0)
T.=— =—In——.
g.R 2 R—N(0)

It follows from Eq. (4) that the Raman scattering in-
tensity is I, =g, #iw, P, /20, where o is the cross section
of the selected tubular region. Using Eqs. (7) and (9),
we find that I is described by

1I,= i:)h&ﬁ" sech? ] .

o) T

(10

<

We shall consider the initial conditions corresponding
to the absence of the interatomic correlation at the initial
moment, Then, the initial intensity of the scattering
into k=+k; modes is proportional to the number of par-
ticles at the level 1, so that the initial value of P,(#)
will be taken to be P,(0)=2N,;(0); we shall assume that
R=N,, where N, is the total number of atoms. If N(0)
~N,(0)~N,, we find that #,~37,In(N,/2). In this case
the solution (10) describes a pulse with a characteristic _
time 7,<{;,, which reaches its maximum at ¢=1#,.

The system (6a)=-(6b) and it solution obtained on sub-
stitution | Gy, /94,1 d,, ~ d,, are identical with the system
of equations and its solution describing the cooperative
spontaneous emission from two-level atoms, {3 There-
fore, the cooperative Raman scattering canbe interpreted
as the cooperative emission from effective dipoles and
the magnitude of each dipole is d=d,,| G, /94,!.

4. NONRESONANCE CASE

We shall now consider the case of large detuning from
resonance | w; —wy |~ 1 w; +w,!. For the system (4a)-
(4b) the integral of motion is

N*+4(P4P)=R". (11)

We shall now take P, from Eq. (11) and substitute it in-
to Eq. (4a):

dN/dt="],g.(R*—N?}—2(g.+g.) P., (12a)

dP,/dt=g,NP,. (12b)

Substituting in Eqs. (12a) and (12b) the value g, =g, and
going over to a second-order equation for N, we obtain

AN/t =—3}pg* (R*—N*) V. (13)
Equation (13) has the integral of motion
2 (dN/dt)*—']sg* (B*—N*)*=—"/g’a". (14)

Using Eqs. (11) and (12a), we can express @’ in terms
of the initial values P,(0) and P,(0);
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a*=64P.(0) P, (0).
Taking dN/dt from Eq. (14), we obtain

dN/dt==")g[ (R*—N?)*—a’]". (15)
Equation (15) is satisfied by the solution (see!!5?)

N(t)=(R*-a)"sn(u, k), (16)
where sn(u, k) is the elliptic Jacobi function,

N(0)

t N R’—a
e R2+ ]"’—+ 2 =
u= (')t j [F—Vy—al" " Fta

Equations (11), (12a), and (12b) give the following ex-
pressions for P(t) and P,(t):

P,(t)="/sR* cn®(u, k) —'/sa sn*(u, k)+'/s(R*—a)" cn(u, k) dn (u, k),
(17a)
P,(t)='/sR* cn’(u, k)—"/sasn’(u, k)—'/s(R*~a)"cn(u, k) dn (u, k).

(17h)
We can use Eqs. (5a) and (5b) to express the intensities
of the Stokes and anti-Stokes components in terms of
P

ayS*

L.,=(ghw../26) P.... (18)

The solution of Eqs. (16), (17a), and (17b) is periodic
and the period is

T=8K (k)/g(R*+a)™,

where K(k) is the complete elliptic integral of the first
kind.

We shall now consider in greater detail the solution
with the initial conditions corresponding to the absence
of interatomic correlation at the initial moment. As in
Sec. 3, we shall assume that R= N, (N is the total
number of atoms), P,(0)=2N,(0), and P,(0)=2N,(0).
The last two conditions correspond to the initial scat-
tering intensities due to the noncoherent Raman effect.
I N,(0)~ N,(0)~ N,, we have a~16N,< N} and ¥*~1-32/
N,. If k~1, then in the half-period [T/4, 3T/4], we
find that
sn(u, k) ~—thu, % ~ -L-, P, ~ —IZ—“sech2 u,

and in the next half-period [3T/4, 5T/4], we obtain

p, 1 P~ N

1k~h ) 1
sn(u, k) ~thu 7. N, n

sech?® u.

Since K(k)~31nN,/2) when k~1, it follows that

N,
In —2—0 = 4tuv

T~

gN,

where t; is the delay time of the scattering pulse in the
resonance case.

Thus, in the absence of the initial moment of inter-
atomic correlation, the Raman scattering is periodic
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with successive emission of the Stokes and anti-Stokes
components, and the pulse shape of each component in
half a period is similar to the shape of the resonance
Raman scattering pulses.

5. DISCUSSION

We shall now consider whether the effect described
above can be observed experimentally. The effect ap-
pears only if the growth time of a pulse #, is shorter
than the atomic dephasing time T,. It is physically clear
that, as in the spontaneous cooperative emission from
atoms (see!®?), the logarithm in Eq. (9) for #, should not
include the total number of atoms N, but £ N,, where
pL=3\% 471”2 <1, This factor is related to the circum-
stance that the intensity of the emission of a set of N,
atoms in phase occupying a volume V= m7?l is propor-
tional to uN%. The absence of such a factor from Eq.
(9) is the result of the one-dimensional approximation.

We shall now substitute in the expression for ¢, the
values given in'®, where the scattering of ruby laser
radiation by the 4P;,,-6S;,,~5P;,, atomic transition in
potassium vapor was observed:

¥=0.64-10" sec, |G../Q:n|*~0,1, No/V=10"cm™3,
A=367 u, T,=0.5-10""° gec N l=l,,,°_‘=CTc

Then, #,~10"" sec, i.e., the condition #,< T, is satis-
fied. The characteristic spectral width of the scattered
radiation measured in®? agrees in order of magnitude
with 'r:.‘. However, the absence of any special measure-
ments of the pulse shape does not allow us to draw final
conclusions.

We can obtain an estimate for the scattering by vi-
brational levels of molecules in a condensed phase by
expressing £, in terms of the Raman scattering cross
section @:

3 NI -t
2o 2 19
3 ohY 1E (k,) | ] In pN. (19)

to= [o
Substituting into Eq. (19) the values @ =10"%% cm? w
=10" sec™!, N/Vv=10% cm™®, and I, = cT,, we find that
for T,=5x10"!? sec the inequality ¢, T, is satisfied
when the power density is P210° MW/cm?, whichisa
realistic value.
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