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ABSTRACT

Initiation of superfluorescence in a medium consisting of three-

level atoms is studied. Strong influence of the pump pulse evolution on

the superfluorescence radiation is pointed out. The explicit formulas for

the average Superfluorescence intensity and the delay time are presented

and their dependence on the length of the sample is discussed.
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Superfluorescence (SF), i.e. the collective emission of radiation of

a large number of atoms, has been extensively studied [l] since its first

description by Dicke [2l. It has been pointed out that, since the atomic

system possesses at the initial moment no macroscopic dipole moment, SF is

initiated by the spontaneous emission of radiation. Thus, at least its first

stage is entirely quantum mechanical in nature and has to be described in

terms of quantum electrodynamics.

The macroscopic dipole moment is created in the system later and

gives rise to the emission of 3trong, short pulse of radiation. This stage

of evolution of SF is a classical one. The field has already reached a

macroscopic value so there is no need to use the quantum-mechanical description.

The role of the first stage is of great importance. It is this stage during

which the large scale fluctuations of macroscopic properties of radiation

(such as an average intensity, delay time, etc.) are being formed, so it

has been a subject of extensive studies [3-5].

In the theoretical studies of the nature of SF the atomic system has
been described in terms of only two atomic levels [3-6]. I t has been shown
[3,^,61 that the source of the SF is then the non-vanishing correlation
function of atomic polarization operators, calculated in the in i t i a l ly in-
verted states of two-level atoms. This correlation function can be related
to the concept of an i n i t i a l "tipping angle" 9Q, which is then defined as [k]:

(1)

and is estimated-to be equal to — (H being the total number of atoms

in the sample).

In the SF process the atoms have to be initially inverted, either

simultaneously at time t = 0, or at retarded time t = z/c (t denotes the

position of the atom along the sample). The second case, called "swept-gain"

superfluoresence, which is of our interest, corresponds to the experimental

situation when the atoms are inverted by a pulse propagating longitudinally

through the medium [7-9]. If the atomic system is to be represented by two-

level atoms, it is necessary to assume that the pumping process is instantaneous

and that the pump pulse does not exhibit any propagation effects.

However, in any real experiment the duration of the pump pulse is

finite, usually being of the same order or greater than the "superr«.diant

lifetime" T_ which characterizes the time of emission of first spontaneous
n
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photons inducing cooperation between atoms (cf. [l], M.S. Feld.et, al.). Thus

the strength of the noise initiating SF evolves during the SF process, since

it depends on atomic inversion. Another effect which is of importance in

long samples is the modification of the pump pulse due to propagation. Since

the pump pulse is attenuated during the propagation the population inversion

is no longer constant in the sample. This effect affects strongly the

character of SF.

In order to describe properly these phenomena we have to consider a

three-level model of an atom, keeping the dynamical character of the pump

pulse (resonant with the atomic levels 1 and 2) as well as that of the

resulting SF on the 2-3 transition (see Fig.l).

We will describe the system of N identical atoms and two fields in

terms of atomic operators

where CT, ji^ O I for the fi-th atom, a c-number function E (x,t)

which represents the pump pulse and an operator t{x,t) which represents

the SF field.

Assuming that the Fresnel number for the cylindrical sample is of
of

order/1 we can average our variables over transverse sections of the cylinder

and describe them as depending only on one dimension, along the £ axis

of the sample [I*]. We can also introduce the slowly varying envelope

operators R.,, L , £. in the same way as was done in Ref.lt.

This.dynamical behaviour of these variables is governed by the system

of Maxtfell-Bloch equations. Since we are interested in early stages of SF we

can linearize the Bloch equations with respect to E 2 (or, equivalently,

assume that the population of the level 3 is equal to zero). Then the equations

read (K.W.A., normal ordering):

n - _ : t* v\ - f Q (2a)

(2b)

(20)

T

(ad)

(2e)

(2f)

(2g)

where n = E p- - E , d is the z component of the matrix element of the

—

atomic dipole moment operator, " RI V
correspond to the right-

going SF wave, 6 2 L, L ^ , h^ correspond to the left-going SF wave, ^

describes the pump field (it is assumed to be real). Jf is the damping

rate which reflects the incoherent character of the pumping process.

It is assumed that the duration of the pump pulse and the "delay

time" characteristic for the creation of the SF pulse are much shorter

than the atomic natural lifetimes (cf. [2], M.S. Fold et al.)• On the

contrary, it will be assumed that X/jf is smaller than the duration of the

pump pulse.

The Maxwell equations (S.V.E.A.) read:

(3a)

(3b)

(3c)

where p is the number density of atoms.

Mote that there is a full symmetry between right and left going SF pulses.

The set of equations (2,3) can be formally, solved. The solution for

the right-going SF field is:
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(it)

where Z is the z-ordering operator, Q(t,z) and F ( T , Z ) are functions

depending only on 6^, defined as

(5a)

(5b)

S is the linear super-operator defined in the following way:

(6)

We have introduced here the retarded variables T = t - Zjc and l1 = X

(the prime will 'be dropped everywhere}.

The operator E _(0,Z) Q(T ,z) + iE ,(0,2) F(T ,Z) is a source term of

the SF field. The. intensity of SF is thus related to the following

correlation function, evaluated in the ground state of each atom:

The non-zero contribution to this correlation function comes only from the

term

- 5 -

where we have made use of the relation:

CO,tf> (0,*») > * ^

where L denotes the length of the sample.

In the case of a medium represented by three-level atoms the i n i t i a l
"two-photon polarization" R (0,Z) can thus be interpreted as a source of a
"quantum noise" for the right-going SF wave rather than the usual i n i t i a l
polarization operator E , as i t is in the two-level atom moSel (see Eq..(l))-
According to our approach i t is possible to formulate the semiclassical theory
of SF in three-level atoms, replacing the quantum Maxwell^Bloch equations by
the classical equations for e-numbers and introducing Gaussian i n i t i a l
conditions for the "two-photon polarization" field R .

I t should be stressed at this point that in our case the strength of
the quantum noise, measured by the correlation function given by (7), depends
on time as well as on the position along the sample. In what follows we
shall res t r ic t our attention to study z-dependence mainly, under the assumption
that the SF pulse and the pumping pulse hardly overlap in time.

This assumption is Justified if the excitation pulse; is much shorter
than the SF pulse evolution time !„ .

After having established in details the very i n i t i a l moment of the
creation of S7 we will simplify our description, noticing that at the time
the SF pulse s tar ts to be buil t up from the in i t i a l noise the pumping pulse
is already over. Under this assumption we simply get

(8a)

(8b)

(8c)
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-1
where tj, =

already over

—f and T 0 is a time when the pumping pulse is

32(T0,a.), Q(io,2.) and F(TQ,Z.) do not, in fact, depend on

a specific choice of T Q , provided at that time the pump pulse is over. We

can thus put T-, equal to the duration of the pump pulse.

The SF field is then given by

'2R1

(9)

where

order zero.

(o<= < H (T 0,i')>dZ'. I Q is the modified Bessel function of

The expectation value of the SP intensity (taken in the ground state

of each atom) is then given by

(10)

One can identify the term

Q (11)

with the effective "tipping angle", describing the strength of the initial noise.

o
This definition which replaces the usual value — takes into account

the dependence of the "noise strength" on the spatial evolution of the pump

pulse, and thus on the position z along the sample.

Another modification in the formula (10) with respect to the "swept-

galn" intensity predictedby the theory of instaneously excited two-level atoms

[I*] is the presence of the function ±(x) instead of 2, in the argument of the

Beasel function. It reflects the fact that the probability of atomic

excitation is not constant along the saisple, but decreases due to the

attentuation of the pump pulse.

-7-

In the high gain limit

expressed in the following way:

the SF intensity can be

(12)

This integral can be calculated asymptotically, the result is

(13)

It follows from the above formula that the SF intensity depends not only On

the pump pulse initial energy, but also on its initial area. The pump pulse

of the initial area equal to 7t gives rise to the strongest SF radiation.

Another interesting feature of the SF intensity is its dependence on

the length of the sample. The two level atom theory predicts the growth of

the intensity with L as exp(V57)- In our case instead of L in the exponenee

there is a function 3(L), which describes the total atomic inversion in the

sample* In order to have the explicit expression for i(L) andRLAl) the

equations (Ua.Uc.Sa) have to be considered. Since we assume that T> <* 'K.

they can be solved in the adiabatic approximation (putting

we obtain
12

0). Then

(15)

where
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We see that in long samples {such that —rr- L » 1) *(L) becomes

independent on LI

Thus, in long samples, the intensity does not depend on the strength of the

sample. This result comes from the fact that the pump pulse is attenuated

during the propagation along the sample. The probability of atomic excitation

decreases, tending to zero for long distances. The total number of excited

atoms in the sample, ffii(L), is then constant and equal to ( H ' S ) / 2 S .

As a consequence, the SF intensity becomes independent on L. In the

/2g,L
case of a short sample [ — 5 — « 1

(IT)

and we regain the result of the tworlevel atom theory - the intensity varies

with the length of the sample as exp(~J~L). We have now, however, the

additional factor — (l-exp[ — ^ /ifl) which measures the probability of

atomic inversion per unit length.

The features discussed above of SF have the reflection also in the

average delay time of the £F pulse. Simple calculations lead to the following

for the average delay time:

(19)

Ky^y is no longer inversely proportional to H but it is inversely

proportional to the total number of atoms excited by the pump pulse during

its propagation along the sample. This result which holds if L is greater

than y/2g1 is totally different than the prediction of the two-level atom

theory.

The conclusion is that by changing the length of the sample it is

possible to change drastically the character of SF. The SF radiation can

also be monitored by changing the initial parameters of the pump pulse - like

its initial energy and initial area. These features, to our best knowledge,

have not yet been taken into account while studying the behaviour of the

SF pulses.
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(13)

where I_ is the reference value of the intensity and I is the intensity

of radiation emitted by one atom.

If the sassple is short we again have the result of the two-level

atom theory — ^tjs"^ is .inversely- proportional to the total number of

atoms H. For longer samples, however, this dependence fails to hold and

for L ?> - — we ' get
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