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ABSTRACT

An exact, definition is given of a superradiation

intensity for a free system and for a system in cavity.

The superradiant generation of tb& Zeeman transitions in

proton paramagnet is described.

The direct transformation of heat into coherent electromagnetic

radiation is one of the important problems of modern quantum electronics ' .

Superfluorescent radio-band generation by nuclear (proton) paramagnet, which

has recently been realized in experiment , presents an interesting example.

The working medium is a proton paramagnet CjHg(OH)_ polarized, cooled to

low temperatures (T "\. 50 mK) and placed in an itnernal magnetic field H

that is antiparallel to the magnetization of the system. The state of this

system, is thenaodynamically unstable but has a high relaxation time

(T_ > 2 sec) due to the weakness of spin-lattice coupling at low temperature.

The radiation has Zeeman's frequency (the Zeeman transition is inverted).

Since the possibility of the spontaneous emission is small for the radio-band,

the superfluorescent generation is initiated by the noise photons in a passive

resonator with low quality (Q < 600). For the conditions of the experiment

the number of noise photons is high enough to excite the coherent pulse

generation process amplified by the resonator.

Let the initial magnetization be in the direction of the z-axis.

Then,the system can be described by a Hamiltonian of the form

3)

where y is a girosnagnetic ratio, S is the total spin of the protons,

H is a radio-band field of radiation which is in equilibrium at temperature

T at the initial time and H . describes a free field.

It should be noted that we have a point-like system (linear size t^,

1 sm << A "*- 10 HI). Let us pass the second quantization representation and

preserve only one circularly-polarized component of the field which has a

rotation direction coinciding with the Larmor precession direction (rotating

wave approximation). Then, from (1) we have

(2)
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where IU = ^ H» is the Zeeman frequency, g = y(2npu/NhC ) , p is the

density of emitters (protons), N is the number of spins and E. is an

interaction switch-n factor. z Is small ( adiabatic switch-on) in the

conditions of the experiment

Usually, for the description of superfluorescence in the framework

of the Dicke model with a Hamiltonian formally coinciding with (2), one uses

the conservation law connecting the number of excited atoms
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5)
It should



be pointed out that this definition is not exact and ought to be generalized

to the system in a resonator. Therefore we shall consider this problem in

detail. The general form of the Dicke Hamiltonian is

(3)

Here a. are photon operators and R are collective operators of two-level

atoms: S = 2Z R (the analog of S). The operator R describes a half-

difference of level populations with the transition energy •hiu,, (U)Q = kgc)

and the operator R+(R~) describes the transition to the upper (lower) level

(4)

A similar expression is true for a, . For the adiabatic switch-on interaction

between the atoms and the field the Bogolubov lemma can be used

Here 0 is an arbitrary atomic operator in the Heisenberg representation

and n^ coincides with the number of initial noise photons. From (5) we obtain

The problem is the investigation of the radiation intensity

(5)

as a function of the Harailtonian parameters for different intial conditions.

The Hamiltonian (3) has the integral of motion

(6)

2) 5)
and the intensity (5) is usually calculated with the aid of (6) '

He now show that this method cannot lead to a correct result for all cases.

Let us consider the equation of motion for the photon operators with

Hamiltonian (3). We get

Using (7) and (8) together with the Bogolubov lemma (9) we get

(10)

Eitpressions (10) are an exact definition of the radiation intensity for the

system under consideration. To demonstrate its sense we now use the exact

hierarchy of equations given in

(7)
<d"t

The formal solution has the form

(8)
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Choose now 0 - R-. Then

- <J£*->-

(12)

The comparison of (10) and (12) shows that the traditional definition of the

intensity ^ ' 5 '

(13)

is correct- only for the case of an exact, resonance when only one mode with

k = k-Q (kQ = W Q / C ) exists in the system. It should be noted that the semi-

classical consideration and the reason for this should be examinated.

The Marcoffian approximation

-(t-O/2T

is usually applied in super! luoresce.ncp, theory. Here T defines the Lorentz

broadening . The integrals in (8) can be calculated in this approximation

The intensity (10) now takes the form

(1A)

and 1 im Rex. = ir-S

broaden ing (T + *)

w. - ^ ). This, only in the absence of the Lorentz

does 1 he Knrcoffian express ion (14) coincides with (13).

•*- S "

The first term on the right-hand side of ( U ) describes the

correlations leading to the quadratic dependence I ^ N of the fluorescent

pulse. The second term describes noise effects linear in N (incoherent

generation). For the optical frequency band and room temperature n^ is

extremely small (n. "v 10 ). So the second term can be neglected.KD
However, for the long wave band considered here n. » 1 and the complete

definition (14) ought to be used for the description of the earlier stages of

the process.

For the case of superfluorescence in a resonator one can consider

the losses due to the finite quality of the resonator. In this case the

Heisenberg equations (7) ought to be replaced by the Heisenberg-Langeven
A)

equations

(15)

where y

operator

Q is the quality of the resonator and F is a random force

By analogy with the previous case and neglecting the direct interaction of

atoms with the loss oscillators (< R+F > = < F E > » 0) for the intensity

(5) we get

i w zr

(16)

Thus the definition of the radiation intensity reduces to the solution of

Eq.(16) for < a. a. > together with the hierarchy (11). This solution will

contain the damping through the terms with -f in (16). It should be

emphasized that the change of the expression for the intensity in the case



of the resonator is caused by the violation of the conservation law (6).

In this case instead of (6) we have

where b , b are the Bose operators of the loss oscillators.

In the case of proton paramagnet* as one can see from (16), the

presence of the noise photons increases the role of spontaneous transitions

(for n ^ 3D0 the corresponding coefficient increases by three orders of

magnitude).

To determine < S V and < S S > one should use the equation

(analog of (11) for the Kamiltonian (2))

The solutions of the system (18) describe the magnetization and < S >

temporal behaviour of the intensity (14). The results of a numercal integration

are shown in Fig.l. One can see that the theoretical results are in good

agreement with the experimental results for all times including the initial

phase of the process. The standard equations (17) with n = 0 give good

agreement with experiment only for t o vhen the main contriabution to the

intensity is due to the collective processes. But for the initial and

final stages of the process indivual spontaneous processes are to be considered .

The dependence of t « on < S >„ (Fig. 2) is also in good agreement with the

experimental data.

J.

(17)

Taking into consideration the integral of motion

and using the approximation

we obtain

J at

r

s M

s> s->t

(18)
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Tig.l The temporal behaviour of the intensity.

Fig.2 The dependence of delay-time t on < S >„.
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