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Two hydrogen-like atoms in an external radiation field are considered within the framework of third-order
quantum electrodynamics effects with account taken of the interaction between the atoms via the virtual
photon field. Allowance for the possibility of the atomic electrons exist in positron intermediate states
yields an additional contribution to the interaction Hamiltonian of the atomic system and external field as
compared to the Pauli Hamiltonian. Excitation of a system of N atoms by a coherent pulsed source is
considered in the electric dipole approximation. It is shown that each atom “feels” the resultant field,
which is the sum of three components, the external field, the so-called “dipole field” (electron polarization)
and the field resulting from allowance for the positron intermediate states (positron polarization. In systems
with inhomogeneous broadening of spectral lines in superradiance processes, the positron polarization may

exceed the electron polarization.

PACS numbers: 31.50.+w, 32.10.Vc

1. INTRODUCTION

A theoretical description of the superradiance pro-
cesses is based on an investigation of the evolution of a
system of N atoms in a coherent radiation field. It is
customary to use the model of noninteracting atoms,
in which each of the atoms interacts with the external
alternating field independently of the other,?) From
the quantum-electrodynamics point of view, this model
corresponds to first-order processes, which can be
represented by the diagrams shown in Fig. 1, where
each solid line corresponds to a state of the atom, and
a wavy line corresponds to emission (absorption) of a
photon. The processes of photon emission (absorption),
including the interaction between the atoms via the field
of virtual photons, come into play in third-order per-
turbation theory and are represented by the diagrams of
Fig. 2. The traditional description of the processes
of dynamic interaction of atoms in superradiance pro-
cesses is based on introduction of phenomenological re-
laxation parameters. ™8 On the other hand, the dy-
namic interaction between atoms situated in an external
coherent field brings.about polarization of the medi-
um, ! and becomes manifest, in particular, in super-
radiant effects of optical nutation'®? and self-induced
transparency. °! In the cited papers, however, no con-
sistent account was taken of the relativistic effects.
This pertains in particular to allowance for the possi-
bility of finding the atomic electrons in intermediate
positron states, a fact that manifests itself in the onset
of additional terms in the Hamiltonian of the interaction
of the system of atoms with the external radiation field
in comparison with the Pauli Hamiltonian. ! Such
terms, without allowance for the spin variables, were
obtained by a semiclassical method in our preceding pa-
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per. 1% Interaction-Hamiltonian terms of similar type
were obtained by Drake!? in an examination of rela-
tivistic corrections to the emission of a helium-like
atom,

One of the main problems in the understanding of the
processes of superradiance is the two-atom problem.
It has been the subject of a whole number of studies.
ies, [12"11 Regardless of the mathematical approach,
the results of these studies reduce to the following:
1) the presence of the second atom can greatly change
the lifetime of the excited state of the atom; 2) this
change of the lifetime depends on the mutual orientation
of the dipole moments of the transition of the atoms and
on the distance between the atoms. Although the mean-
ings of the processes considered in the cited papers are
conveyed by the diagrams of Fig. 2, no account is taken
in these papers of the positron states of the electrons
in the atoms as intermediate states.

In the present paper we calculate the relativistic ef-
fects in the emission of two hydrogen-like atoms in
third-order perturbation theory (Fig. 2). The nuclei of
the atoms are at rest in the employed model. In con-
trast to™'!*) we consider a situation wherein the atoms
(the radiating electrons) are at arbitrary distances
from one another. We distinguish arbitrarily between
two types of third-order effects due, first, to electronic
intermediate states, and second, to positronic inter-
mediate states. It is shown that effects of the first
type, for nondegenerate atomic levels, lead to correc-
tions to the unperturbed wave functions of the noninter-
acting atoms in the first order of perturbation theory of
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nonrelativistic quantum theory, where the perturbation
is taken to be the operator of the interaction between the
atoms. The second type of effects of third-order gives
an additional contribution to the Hamiltonian of the in-
teraction of the atoms with the external field in compari-
son with the Pauli Hamiltonian. The problem is then
generalized to include the case of N atoms.

2. EFFECTIVE ENERGY OPERATOR OF THE
INTERACTION OF TWO HYDROGEN-LIKE
ATOMS WITH AN EXTERNAL RADIATION FIELD

We use the well-known expressions™ ! for the S ma-
trix of the considered third-order effects with the dia-
grams of Fig. 2 (at N=2). The effective interaction en-
ergy matrix U, defined by the formula

Smnpr=—200U .8 (0F0p— 0 F0,—0,),
where w is the frequency of the real photon and the sub-

scripts m and n pertain to the initial states of the atoms
and p and 7 to the final ones, takes the form

b
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Here a’, &'/, and a’’’ are Dirac matrices, §=1, 2, 33
Y, are y matrices, J,,, are the solutions of the Dirac
equation for the electron in the field of its nucleus with-
out time factors, A, are the components of the vector
potential, also without time-dependent factors, while
r’, r’’, and r’’’ are radius vectors of the electrons,
The summation in (2.1) is over all the intermediate
states of the electrons with both positive and negative
frequencies.

Let the coordinates r’ and r’’ pertain to the first
atom, and r’’’ to the second. The effects of Fig. 2
were considered in**! for two electrons in the helium
atom. It was taken into account there, that the distance
between the electrons is smaller than the radiated
wavelength. In the case when the distances between the
electrons and the atoms are arbitrary, we shall proceed
in the following manner. We assume the nuclei of the
atoms to be immobile. The radius vectors of the elec-
trons are represented in the form of a sum of two vec-
tors a;+ £;=r, (i=1, 2), where a, is the radius vector
of the nucleus of the i-th atom and §; is the displace-
ment of the electron of the i-th atom relative to its nu-
cleus. Then

(2.2)

Ir"—r"|~a (1 + a(g;—g’”) + (g";%’”)2+ . ..),
a

where q is the distance between nuclei. Taking (2. 2)
into account, we can write down the following equali-

ty:
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where the quantities f, and f, are given by
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We replace the frequencies in (2. 3) by operators, in
analogy with the procedure used in'®!, Then
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Z, is the charge of the nucleus, p;’’ and p;’ are the mo-
mentum operators, the plus sign in (2.4) corresponds
to the case w,> w,, and the minus sign to the case w,
<w, We transform in the same manner the operator
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Let us calculate the commutators that enter in (2.4) and
(2.5). Further, omitting the primes, we obtain in
place of (2.1),
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We consider in (2. 6) that part of the sum which per-
tains to the intermediate states with negative frequen-
cies I.. We take into account here the fact that the
electron energies differ little from the rest energy mc2.
Introducing the operator

mc* — 36,

1
A-= 2mc? ~_2—(1_7“— c)'

(2.8)

we obtain the following effective-energy operator cor-
responding to the chosen type of intermediate states:
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We write down the matrix of the operator (2. 9) with the
wave functions

—(® _® —(1-_F_
b= (x ) nox 2me & @ (1 8m?c? ) o (2.10)
in analogy with the procedure used in''!), Here o are

Pauli matrices. We discard terms containing 1/c of
degree higher than the third. Further, the coordinates
r’, r'’, and r’’’ in (2. 1) can pertain, respectively, to the
second and first atoms, Taking all the foregoing into
account, we obtain in the quasirelativistic approxima-
tion

3
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On going to the case one helium-like atom we have a-0
and (2. 11) coincides with the ¢orresponding operator
obtained by Drake, I

We consider now in (2. 6) the part of the sum per-
taining to the intermediate states with positive frequen-
cies I.. We obtain
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where UY3, is the operator of the effective interaction
energy of the j-th atom and corresponds to the diagram
of Fig. 1 in the quasirelativistic approximation, 311
The operator U‘ is a generalization of the Breit oper-
ator®’ to the case of two hydrogen-like atoms situated
at arbitrary distances from one another, under the con-
dition that the atomic dimensions are small in compar-
ison with the internuclear distance and with the char-
acteristic wavelength in the spectra of the interacting
atoms:
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The wave functions &}’ = &,&] etc. are constructed with

the aid of the two-component normalized functions &

(2. 10) of the individual atoms.
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3. THE SCHRODINGER WAVE EQUATION

For an illustrative interpretation of the obtained ex-
pressions it is convenient to construct the correspond-
ing Schrddinger wave equation that takes into account
both the interaction between the atoms and their inter-
action with the external radiation field. As seen from
(2.12), the expressions for A® coincide exactly with the
first-order corrections of the nonrelativistic perturba-
tion theory to the wave functions for the system of
atoms with nondegenerate energy levels, where the per-
turbation is chosen to be the interaction between the
atoms and the operator U£). 81 If it is taken into ac-
count that the matrix elements of the type
(AL UG I8y, (A8 UYL AdlY) are quantities of
higher degree of smallness in comparison with (2. 12),
then the complete expression for the matrix element of
the operator of the effective interaction energy of the
pair of atoms with the radiation field, including effects
of first and third order, can be represented in the form

Unnpr = Y €@+ A0y, UG UG | @ +AD 0 (3.1)

i)

Expression (3. 1) can be interpreted in the following
manner: The emission (absorption) of a real photon by
a system of two hydrogen-like atoms interacting with
one another via the field of virtual photons, accurate to
third-order effects, can be described arbitrarily as a
direct process if the pair of atoms is regarded as a uni-
fied dynamic system. This is equivalent to the case
when the stationary energy states of the system of in-
teracting atoms are obtained from a solution of the
Schrédinger equation in perturbation theory of first or-
der in the interaction between the atoms:

HOUD = (o + Ky U) DD =EQ 1),

el e
:ﬁZ( 8m?’c?

where 3, + 5, is the unperturbed Hamiltonian. The
probabilities of the transition between these stationary
states are sought in perturbation theory of first order
in the interaction of the atoms with the external field,
described by the operator #, +36,, where 3%, coincides
with the known Pauli operator, *'!*) and #, is none other
than the operator U$3™ (2.11), in which the vector-po-
tential operators contain time-dependent factors.

Those terms of the Hamiltonian 3, which do not include
spin variables for the distances between atoms smaller
than the radiation wavelength, were obtained by us in'!??
from the Darwin Lagrange functions of a system of in-
teracting charges by changing over to quantum-mechan-
ical operators and by simply replacing the charge mo-
mentum operators p; by p; - eA,/c.

AA“) , (3; 2)

0.[VA0.X p: ]+

To change over to the system of N atoms, we sum the
operators (2.13), (3.2), and (2. 11) over the indices 7
and j from 1 to N, replacing at the same time a by a;;
and ¥ by 7,;; where a;; and 7;; are respectively the dis-
tance between the nuclei of the i-th and j-th atoms and
the distance between the electrons of the scme atoms,
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4. ELECTRIC DIPOLE TRANSITIONS IN
COHERENT EXCITATION

To explain the physical meaning and to estimate the
value of the obtained relativistic terms we shall seek in
the electric dipole approximation, for the system of two
atoms, the matrix element of the transition whereby
one atom (the i-th) changes its state. To this end, we
retain in (2. 11) and (2. 13) only the part that depends on
the operators of the electric dipole moments of the at-
oms, We consider next the case wya;;/c> 1, i.e., dis-
tances between atoms much larger than the wavelength.
This enables us to consider in (2. 13) only the retarded
part of the interaction.

Assume that a plane monochromatic wave

A;="/,A.e,x exp (—ika;) exp (iwxt) +c.c. (4.1)
is incident on the system, where 4, is the amplitude,
ey, is the polarization vector, k is the wave vector, and
wy is the frequency. Then, by making simple transfor-
mations in (2.12), we can show that allowance for the
interaction between the atoms via the electronic inter-
mediate states, leading to a distortion of the atomic
wave functions, is equivalent to allowance for a certain
additional internal field acting on the i-th atom. The
magnitude of this field coincides with the so-called “di-
pole field” calculated in the quantum theory of disper-
sion, "1 Thus, allowance for only the electronic in-
termediate states of the electrons of the atoms accounts
fully for the usually considered effects of polarization
of the medium.

Taking for foregoing into account, we write down the
sought matrix element in the following form:

Mopn = — %C (0,0, (A+AY +A® 10,/0,5, (4.2)

where A, is the vector potential of the field of the ex-
ternal sources, A{® and A{” are the components of the
internal field at the location of the i-th atom, with A{®
the “dipole field”!"! and A{” the component due to the
allowance for the positron intermediate states of the
electron in the atom, i.e., the states with negative en-
ergy. The quantities A{® and A}{” take the following
form

2

A

i 1 .
S exp {T moa}a—ii-exp {—ika;}

1
x4,y { o (i) 0 () = (i) s (ini) o]
le

+ [ (Pie!l;) w1 (D) tn— (Prsic) nili; (PA5) 1] }GXP {ioxt},
W — Oy
(4.3)
AP = - —S:W exp{—ci- a)oaﬁ} % exp{—ika;} Ao[es— (enn;;) nylexp {iowt}.
(4.4)

As seen from (4. 3), the quantity A{®’ is determined by
the magnitude and orientation of the dipole moment of
the transition of the j-th atom. If p;Ll ey, then the field
A!® is equal to zero. The interaction of the i-th dipole
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with the field A{® also vanishes if p,Lp,. At the same
time, the magnitude of the field A"’ does not depend on
the orientation and on the value of the j-th dipole mo-
ment of the transition,

Let us estimate the ratio of |A{®|/|A{?| in the two-
level approximation, assuming that the main contribu-
tion to A{® is made by the “resonant” term, which is
inversely proportional to the natural width y, of the line
of the atom, equal to 4w3d?/3c%%, (d=1d,,!). We then
obtain at p; Il ey,

AL mosd:  3c'm
~ —

~ = . 4,5
[AP] hy.e? bwoe* ( )

At optical frequencies (w=10'%-10" Hz) this ratio is ap-
proximately equal to 6x10%~10°, Thus, in the case two
atoms, the value of A{® at p, Il e;, is much larger than
A" in the optical band.

In systems of N identical atoms, the components of the
internal field (4. 3) and (4. 4) are summed over all the
indices j from 1 to N-1, What is the external field
acting on each of the atoms in the superradiant pro-
cesses? Assume that resonant radiation (w, = w,) de-
scribed by the plane wave (4. 1) acts on a system of N
atoms. As is well known, 1 this excitation leads the
system to a superradiant state if the duration Af of the
action of the radiation is much shorter than all the re-
laxation times Ty, T,, or T¥, where T, is the time of
the energy (longitudinal) relaxation, T, and T¥ are the
times of the phase (transverse) irreversible and revers-
ible relaxation, respectively. After the termination of
the action of the pulsed excitation, we record the spon-
taneous superradiant response of the system during the
“phase memory” time characterized by the time T¥.

For simplicity we assume that the direction of the su-
perradiance k coincides with the z axis (kI z).

The value of A{ obtained from (4.4) by summation
over j from 1 to N-1 is proportional to lattice sums of
the form

1
Si= 2 " exp{ik,a;;}exp {—ika;},

i

Spi= Z S exp {ikoa;} exp{—ika;} (e/xny) 0y (4.6)
aij

i

If we assume that the surrounding atoms are uniformly
distributed inside a sphere with a center at the point a;,
with a radius 7y and a volume V, then we can go over in
(4. 6) from summation to integration. Then

2aN
Sim = [exp{i(huthk) ro} —1]

1
% k. (kotk.) (4.7)

exp{—ika} -

The “lattice sum” S,; is smaller than S;; in absolute
magnitude by at least a factor of three, [%! Let us esti-
mate the component of the internal field A" due to al-
lowance for the positronic intermediate states of the
electrons in the atom, and let us compare it with the
external field at the location of the i-th atom. We ob-
tain
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|Ai“” | e’N
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— et | —,
| Al 8mc*V ¢ cl

(4.8)

We see therefore that the internal-field component A{"
vanishes if 2kyrg=2m (n=0, 1, 2...). In all other
cases, at k,=10* cm™ and N/V=10""-10% cm™ this
quantity ranges approximately from 1 to 0.1, Thus,
the internal-field component at any one of the atoms,
due to allowance for the intermediate positronic states
of the electrons of the atom, can be of the same order
of magnitude in superradiant processes as the external
field at the same atom. This circumstance has enabled
us to account for the experimental plot of the photon-
echo intensity vs. the concentration, %!

Calculation of the internal-field component A{® due
to allowance for only the electronic intermediate states
in the atom in superradiation processes is also con-
nected with calculation of “lattice sums” (4. 6), if we
put p; Il €. In addition, it must be recognized that in
real systems we have a spread of the natural frequen-
cies of the atoms, leading to an inhomogeneous broaden-
ing of the spectral lines., We shall consider samples
such that

c Ao ey, (4.9)

where Aw is the line half-width, Then the internal-
field component at the i-th atom, due to allowance for
only the electronic intermediate states of the atoms,
takes the form'®’

- @040
AY = [ g(@)A do,

@8

(4. 10)

where the summation in A{® is over all the indices j#i,
g(w) is the line shape, wy is the frequency of the maxi-

mum of g(w), and & is a quantity characterizing the in-

tegration region. Taking (4.9) into account, we find in

the case of a Lorentz line shape that the ratio of the in-
ternal-field components A{® and A{” produced by N -1

surrounding atoms at the location of the {-th atom takes
the form

AL 2 92
AT mosd (4.11)
[AP]  he’Aw
If d~ 1078 cgs esu and wy=10'"-10" Hz, then the ratio
(4. 11) is approximately equal to (10*-10°) sec™ - Aw™.,

At sufficiently large Aw, the ratio (4. 11) can then be
of the order of unity, and the contribution to the inter-
nal field, due to allowance for the positronic intermedi-
ate states in the atom, is comparable with the contribu-
tion from the electronic intermediate states, which is
usually taken into account,

Thus, the internal-field component due to the positron
intermediate states of the electrons in the atom is neg-
ligibly small in the case of two-atom systems in com-
parison with the external field at the location of one of
the atoms. In coherent processes, in systems consist-
ing of many atoms the picture can be significantly al-
tered because of summation of the contributions made
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to this internal field by a large number of atoms. Es-
timates show that in media with large content of active
centers, even in the optical band, situations are possi-
ble when the influence of the external field in the medi-
um is noticeably weakened by this internal field. Its
value, as can be seen from (4.8), depends strongly here
on the frequency of the radiated photons. On the other
hand, despite the fact that in two-atom systems the in-
ternal field A{® resulting from the electronic interme-
diate states of the electrons in the atom greatly exceeds,
at the corresponding orientations of the electric dipole
moments of the atoms, the internal field A{? resulting
from the positronic intermediate states of the electrons,
and in coherent processes in many-atom systems they
can be comparable in magnitude. The reason is that the
frequency of the transition from the electronic state of
the atom to an intermediate positronic state is incom-
parably larger than the frequency of the transition from
an electronic state to an intermediate electronic state.
Therefore, as seen from (2.6), under the condition

(4. 9) we can neglect, in the calculation of A{” of a sys-
tem of N atoms, the random spread of the natural fre-
quencies of the atoms, which leads to the inhomoge-
neous broadening of the spectral lines. In the calcula-
tion of A{® however, such a neglect is incorrect, Thus,
even though A{® is proportional to the number of sur-
rounding atoms, the inhomogeneous broadening of the
spectral lines greatly decreases the internal field re-
sulting from the electronic intermediate states of the
electrons in the atom.,

Consequently, in superradiant processes any atom of
matter is acted upon by a resultant field consisting of
three components: the external field, the field produced
when account is taken of only the electronic intermediate
states in the atoms (polarization of the medium'"?), and
the field produced when account is taken of the positronic
intermediate states of the electrons of the atoms. The
last contribution can be naturally called the positronic
polarization of the medium. In the case of sufficiently
large inhomogeneous broadening, as follows from
(4.11), the positron polarization can exceed the ordi-
nary (electron) polarization and can be observed in in-
vestigations of superradiant processes such as photon
induction and photon echo.
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Investigation of the absorption spectrum of a two-level
system in intense nonmonochromatic radiation fields
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The change in the absorption line shape of weak radiation from two-level systems (Zeeman splitting levels

of Cd'"* atoms) under the action of Gaussian noise emission is investigated. Under strong nonresonance
action, increase in the noise field power resulted in a shift of the absorption line peak and its broadening,
and also in a strong growth in the fluctuations of the absorption index. In the region of low saturation, the
line broadening is proportional to the square of the power, whereas it is proportional to the noise field
power in the case of high saturation. A theory of the effect of nonresonance noise fields is developed. The
results of the theory are in good agreement with the experimental results, and are used to predict the
nature of the change in the atomic energy structure in nonresonance radiation fields of multimode lasers.
An amplification of the weak radiation is observed in the action of a resonance or quasiresonance strong
noise field. The maximum attainable value of the field decreases with increase in the spectral width of the

noise field line.

PACS numbers: 32.10.Vc, 32.10.Dk, 42.50.4+q

1. INTRODUCTION

We have communicated previously " on the observa-
tion of the change of the absorption spectrum of weak
probing radiation of a two-level system (the levels of
the Zeeman splitting of atoms of cadmium) under the
action of an intense rotating monochromatic radiation
field. For strongly nonresonant action, a shift of the
frequency of the single phonon absorption line of atoms
without change in its width is observed. In cases of the
coincidence of the frequency of the strong field and the
frequency of the atomic transition or of an insignificant
difference between them, splitting of the absorption
lines is observed, proportional to the field amplitude,
and a reversal of the sign of the absorption index in
some parts of the line, without creation of inversion of
population levels. The width of the components of the
splitting was close to the width of the initial absorption
line. It was established that the usual course of ob-
served changes in the shape of the absorption spectrum,
the values of the line shift and splitting, and also the
values of the absorption peaks agree with predictions of
existing theory.

(1]

The investigation of the change in the absorption
spectrum of a two-level system under the action of ir-
regular nonmonochromatic radiation fields is of con-
siderable interest. Such fields are as a rule generated
by multimode lasers in regimes without mode locking.
Since the instantaneous values of the shifts and splitting
of the absorption line depend on the amplitude of the ex-
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isting field, it follows that in the case of its irregular
change with time, one can expect not only splitting and
a shift of the absorption line, but also its broadening
and the generation of significant fluctuations of the ab-
sorption index relative to its mean value. It is clear
that the dynamics of these fluctuations and the shape
of the absorption line will be determined in principle
by the character of the statistics of the operating field.

The theoretical analysis of the excitation of the spec-
trum of even the simplest two-level system by an ir-
regular intense radiation field presents a very compli-
cated problem, general methods of the solution of which
for an arbitrary statistics of the operating field do not
exist at the present time. A more complete theoretical
investigation of the dynamics of two-level systems has
been carried out for the case in which the radiation field
is a purely discontinuous random Markov process, 3!
The use of such a type of radiation field enables us to
write down a closed set of equations for the averaged
density matrix elements and to compute the dynamics
of the change in the mean level populationsm and the
spectrum of mean values of the absorption coefficient of
of weak probing radiation. (31 The most important re-
sults of these researches lie in the prediction of the
field broadening of the lines of atomic absorption and
the possibility, as in the case of a monochromatic field,
of reversal of the sign of the absorption coefficient
without inversion of the average level population under
the action of resonance radiation. The model of the
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