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Irradiation of a medium by short intense pulses from x-ray (XUV) free-electron lasers can result in saturated
photoionization of inner electronic shells. As a result an inversion of populations between core levels appears.
The resulting fluorescent radiation can be amplified during its propagation through the inverted medium and
results in intense, quasi-transform-limited radiation bursts. While the optical counterpart of this phenomena,
known as superfluorescence, was intensively investigated, a generalized treatment is needed in the x-ray (XUV)
domain, where the dynamics of pumping and evolution due to fast decay processes play a crucial role. To
provide a general theoretical approach, we start from the fundamental, quantized minimal coupling Hamiltonian
of light-matter interaction and after a series of approximations arrive at a closed system of equations for
the two-point correlation function of atomic coherences and the two-time correlation function of the emitted
field. The obtained formalism enables us to investigate collective spontaneous emission in various regimes. It
is extended consistently to include incoherent processes that are relevant in the x-ray (XUV) domain. These
processes are introduced into the formalism by corresponding Lindblad superoperators. The connection to other

approaches is discussed and numerical examples related to recent experiments are presented.
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I. INTRODUCTION

The interaction of x-rays with matter has been providing
unique information about the structure of matter at Angstrom
length-scale for more than a century. One of the reasons for
its success is the weak interaction between x-rays and atomic
systems: The overwhelming majority of x-ray laboratory and
synchrotron experiments can be described within linear re-
sponse approaches. However, if a population inversion for
transitions in the x-ray range is created by some means,
nonlinear stimulated emission processes will take place. Such
a population inversion can, for example, be obtained by
inner-shell photoionization, as was proposed in Ref. [1]. The
power needed to sustain the population inversion scales un-
favorably with the radiation frequency [2], hence the scheme
was first demonstrated for transitions in the optical domain—
pumped by soft x-rays from a laser produced plasma [3].
There are a number of different schemes that were shown
to produce population inversion for transitions in the XUV
or soft x-ray domains, e.g., electron collision ionization in
plasma [4], recombination of ions stripped by optical field
(tunneling) ionization [5], and others; see Refs. [2,6,7] for
further discussions. However, the stability and reproducibility
of the population inversion was quite poor in many cases, and
in addition, the amount of photons generated by stimulated
radiation was quite low. The situation changed dramatically
after the advent of x-ray free-electron lasers (XFEL). The
inner-shell photoionization by XFEL pump and subsequent
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stimulated emission was demonstrated first in gases [8] and
then in solids [9] and solutions [10]. The emitted bursts of
radiation were shown to have large photon numbers and a
bandwidth much narrower than the pumping XFEL pulse.
Hence, they are promising both for stimulated x-ray spec-
troscopy [10,11] and for use as dedicated x-ray photon sources
with unique characteristics that can be employed for further
(pump-probe) experiments.

The process described above has been referred to as x-ray
lasing in many cases [8,9,12]. The shape of the gain region
is determined by the overlap of the pumping x-ray beam and
the driven medium. Focusing the x-rays into a target results
in an elongated, cylindrical shape. Comparing the process to
traditional lasing in the optical regime, there are a number of
marked differences: (i) the x-ray pumping is applied in form of
a short pulse propagating through the medium, (ii) there is no
feedback system employed, (iii) there can be numerous loss
and decay processes that act on timescales comparable to the
emission process, resulting in transient gain. Each emission
starts from noiselike spontaneous radiation. The portion of
radiation emitted along the axis of the beam is amplified
during a single-pass propagation through the inverted medium
and, if the number of involved inverted atoms is large enough,
the stored energy is radiated within a short, intense pulse.
A comparable phenomenon in the optical domain is referred
to as superfluorescence, and has seen extensive experimental
investigation; see Refs. [13—16] for early examples. Notably,
the term superfluorescence is often used synonymously with
superradiance. Furthermore, the crossover from superfluores-
cence to amplified spontaneous emission is not sharp [16].
Hence, theory becomes essential for the interpretation of
experimental results.
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Theoretical modeling of the phenomena described above,
which we will generally refer to as superfluorescence, is
an involved problem and has been studied extensively (cf.
Refs. [17-20] and references therein). The complexity of
the problem was described in Ref. [18], p. 336, as follows:
“The problem of superradiance in free space is in general
a problem of three-dimensional nonlinear diffraction theory,
further complicated by the quantum nature of the radiated field
at the early stage of the emission process.” Hence, theoretical
models used to describe experimental data typically have to
rely on a number of approximations to reduce the complexity
of the problem. The range of validity is conditioned by the
parameters of the system under study. In many cases, a one-
dimensional semiclassical Maxwell-Bloch model is used for
the description of x-ray (XUV) experiments based on XFEL
pumping [10-12,21,22] or plasma-based pumping [23-27].
The reduction to a one-dimensional problem is justified by the
shape of the excited medium, which resembles an extensively
elongated cylinder. The nonlinear nature of the stimulated
process can also be captured in the Maxwell-Bloch formalism.
However, while having a clear interpretation and being com-
paratively easy to simulate numerically, the semiclassical 1D
Maxwell-Bloch equations are not able to describe the initial
stage of the amplification process. Namely, the semiclassical
1D Maxwell-Bloch equations form a homogeneous system of
differential equations. Thus if all atoms are initially in the
inverted state and neither field nor polarization is present at
that moment, there will also not be any field or polarization
at later times. Here, accounting for the quantum nature of the
radiated field is an unavoidable ingredient as only this will
allow the system to relax by means of spontaneous emission.

Several approaches have been proposed to extend the
semiclassical Maxwell-Bloch formalism to account for spon-
taneous emission. One way is to assume a fixed, small value
of the polarization at the initial time. In terms of a Bloch
sphere representation, this corresponds to the introduction of
a small tipping angle of the Bloch vector from North pole.
In the 1970s, multiple ways to calculate the actual value
of this tipping angle were proposed [28-32]; in Ref. [15],
these approaches were compared and an experimental con-
firmation for the values obtained in Refs. [29,32] was given.
However, even though such a tipping angle approach can be
sufficient to reproduce the general shape of the emitted pulses,
some important features of the superfluorescent emission are
missing in this approach. In particular, it fails to account
for the strong fluctuations in shape and arrival times that
superfluorescent pulses exhibit as a consequence of their
origin in quantum fluctuations. These can be described more
adequately in a framework such as proposed in Ref. [33].
There, the observables are obtained from an ensemble of
solutions to the Maxwell-Bloch equations corresponding to
random initial polarizations. The distribution of the initial
polarization is obtained from properties of the polarization
operator assuming all atoms to be in the excited state. In this
approach, the process that excites the atoms is explicitly sep-
arated from the superfluorescence dynamics. However, for x-
ray (XUV) experiments the timescales for processes initiated
by pumping and the timescale for the superfluorescence dy-
namics can in general be of the same order. The simultaneous
description of evolution due to pumping and superfluorescent

emission can be achieved, if random noise terms are con-
sidered in the equations for polarization or polarization and
field instead of random initial conditions. These noise terms
have been derived from first principles using phase space
approaches in Refs. [34,35] and give contributions to both
the polarization and the emitted field. The noise has a mul-
tiplicative structure and—in general—can lead to unstable
numerical behavior of simulations after finite propagation
times. In Ref. [23], the noise terms for the polarization
were derived semiphenomenologically. Here, we avoid the
phenomenological introduction of terms into the Maxwell-
Bloch equations and instead start from a quantum-mechanical
Hamiltonian. Following a series of approximations, we ar-
rive at equations of motion for the correlation function of
atomic coherences and the field correlation function. In this
formulation, the spontaneous and stimulated emission enter
on the same footing, hence the crossover between them can
be analyzed straightforwardly.

The paper is organized as follows: in Sec. II, we start
from the basic Hamiltonian that describes the interaction of
two-level atoms with the electromagnetic field arriving at a
system of integrodifferential equations for the level popula-
tions, the correlation function of atomic coherences, and the
correlation function of the field. In Sec. III, these equations
are generalized to include a number of incoherent processes,
which are introduced by means of Lindblad superoperators. In
Sec. IV, we discuss the crossover to spontaneous emission and
to the semiclassical Maxwell-Bloch equations. Furthermore,
we compare our approach to the Maxwell-Bloch equations
with stochastic noise terms and present a modeling example of
arealistic system. Details of the calculation that were skipped
in the main text are presented in Appendices A—F. SI units are
used throughout this article.

II. DERIVATION OF EVOLUTION EQUATIONS
OF THE CORRELATION FUNCTION

To study the fundamental features of collective sponta-
neous emission, we employ the following model. Consider
an elongated, roughly cylindrical medium consisting of a
large number of two-level atoms. We assume an ideal swept-
gain pumping of the system, that is a population inversion
is created quasi-instantaneously by a pump-pulse front that
transverses the medium with speed of light [36-38]. The
temporal evolution of the atomic ensemble in interaction with
(vacuum) electromagnetic field modes is determined by the
well-known Hamiltonian [39]:
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Here, Q2 denotes the frequency of the transition between the
ground |g) and excited |e) state of each atom. The operators
62(_‘1_ correspond to observables of two-level atom a: &;

corresponds to the population inversion,

A
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and 64 _ corresponds to atomic coherences,

61 =le)(gl,6- = [g){el. 3)

The operators ag

erators for photons in the electromagnetic field mode with
wave vector k frequency wy, and polarization s; 7, gives the
position of atom a and g , is the coupling constant for an

, ag , are creation and annihilation op-

atom and the electromagnetic field due to the A p interaction
term. It is given as

e 1 > o . - 5
s = — | =—=———D" €, ith p= , (4
gk,S m 2(27T )360ha}k ek,,y w p (e|p|g> ( )

where ¢  is a unit polarization vector. Notably, the interaction
Hamiltonian in Eq. (1) implies the rotating wave approxima-
tion. Furthermore, the dipole approximation was invoked in
Eq. (4), which is valid for core-shell excitations in the x-ray
domain; see Ref. [40].

A. Heisenberg-Langevin equations

Our aim is to obtain a closed system of equations for
the atomic and field observables. To accomplish this, we
need the generic equation of motion for these quantities
first. Following the usual derivation of Heisenberg-Langevin
equations [39,41], we arrive at (see the detailed derivation in
Appendix A)

dé'(r) (@ 4@
T Q ¢ )(t) 25P ( )(t)
2ie a a
+ %o(a)(t)p AP0 + F90),  (5)
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= —Tyo 69(1)6¢ )(r)+ [ CAY 16 1)
— 6905 ALV + ﬁ;“>(t), (6)
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AV@)= — T 3m60/ kz—eks( )

x / dr' Y M et=a Oy (7)

0 b#a

Here, Af) is the positive-frequency part of the vector potential

at the position of atom a due to all other atoms, F( (1) are
stochastic Langevin terms due to interaction with vacuum
field (see the de.tai.ls in Appendix A), I'y, = 3;:2—‘51‘220 is the
spontaneous emission rate.

Up to this point, no approximations were made regard-
ing the emitted electromagnetic field. Due to this generality,
Egs. (5)—(7) are non-Markovian with respect to interaction
among the atoms: the evolution of a given atom a is condi-
tioned by operator values of all other atoms at all previous
points in time. These operator equations, however, are still of
limited use for treating a large number of atoms. To proceed,
let us make the following approximations: i) omit the polariza-
tion properties of the radiation and ii) restrict the description

of the field to one dimension. The first approximation is
equivalent to the assumption that all atoms have the vector of
their dipole transition matrix element oriented along the same
(fixed) direction. This direction is assumed to be orthogonal
to the propagation direction of the pump field and is further
considered as the polarization direction of the induced field.
This assumption is not crucial for the developed formalism,
but it essentially simplifies the equations. To perform the
reduction to a 1D model let us take into account that only
those modes of the field that have their wave vectors roughly
aligned with the axis of the cylindrical medium will interact
with large number of atoms and thus will be amplified. Based
on this consideration, let us assume that all waves with a
wave vector oriented along the system z axis within a small
solid angle Ao have the same magnitude. Waves with a
wave vector outside Ao are neglected. In particular, waves
are neglected that would be counterpropagating to the swept
pumping field. These assumptions correspond to the following
way of calculating the integral over wave vectors in Eq. (7):

00 2
&Pk > ro | do?. (8)
0 3

The actual value of Ao to be used in calculations can be
estimated from geometrical considerations as Ao, ~ 7 R*/L?
where R is radius of the medium and L is its length. However,
if Aog exceeds the solid angle Aoy ~ A2 / R2, diffraction
effects become important and one can expect that the emission
decomposes into independently radiating regions of size Aoy,
see Ref. [18] for further discussion.

With help of (8), performing similar steps as in the deriva-
tion of (A8), and omitting the vectorial properties of the field
one obtains

R iNoep*Q2 [! zZ
A(a) t)= — —/ dt’ slr—=2
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Due to the assumption of swept-gain pumping, which
propagates with speed ¢ through the medium, the non-trivial
evolution of atom a starts at the time z,/c. Hence, all atomic
operators 6“ have a time dependence of the form 6@ (r —
%). Let us change Vanables to the retarded time 7, defined
for each atom a as T = ¢ — . In terms of this variable one
obtains from Eq. (9)

A leepQ .
AV = =g Za””(r) (10)

Here, Zb<a means that one has to sum over atoms b
positioned before (with respect to pump propagation) the
considered atom a. With the help of Eq. (10), Egs. (5) and
(6) take the form

da@(r)

iQ6 ~(a)
e 67 (1) -

<pA(a)
T
5 0= (1)

3A0

+ 2Ty ) 6@V + ), (D

b<a

013839-3



BENEDIKTOVITCH, MAJETY, AND ROHRINGER

PHYSICAL REVIEW A 99, 013839 (2019)

5 (@)
dcrzdt(l’) _ —ngaj_a)(r)o(a)(r)
SPZ[ D)+ 6 (06 (1)]
b<a
+ F;‘”(r). (12)

B. Equations for atomic observables

The operator Eqgs. (11) and (12) can be used to obtain
equations for their mean values. In the following we will
obtain equations for the expectation values of the atomic
coherences, population inversion and we will also introduce
a correlation function of atomic coherences.

1. Coherences

The mean value of atomic coherences is given by 6“9y =
Tr(6“p@) =.péz), (69 = P&*, where g(“) denotes  the
one-atom density matrix for atom a. Assuming factorization
of the operators acting on different atoms (this is valid at the
initial moment of time) and taking the mean value of Eq. (11),
we end up with a homogeneous equation for each (6 (@) )y If
initially there is no coherent excitation in the system (& 69 =
0)) = 0, it will remain the same during the evolution:

(6(x)) = 0. (13)

2. Population inversion

We define the population inversion to be (6/)) = 1(p{® —

p&), where p& and p{?) are the populations of the ground
and excited states of atom a. From Eq. (12) one obtains

d(6/(0)) a
= —Tepd )——FSPZ[ 506 (r))
b<a
+ (6 (@6 (). (14)
Here, we have taken into account the property

(6&”(1)68”(1)) = pgg)(r) of the coherence operators, which
follows immediately from Eq. (3). The noise term £{*)(7) has
disappeared due to the property Eq. (A11). Hence, Eq. (14)
is a nonstochastic c-number differential equation, as well as
other equations for observables.

Notably, Eq. (14) involves the quantity (6} )(T)G(b)(‘f))
which we shall subsequently consider in more detall

3. Correlation function of atomic coherences

The value of (6J(r”)(t)6£h)(t)) quantifies the joint probabil-
ity for atoms a and b to exhibit coherence. It is related to the
two-atom density matrix p“? as

(61 (@6 (@) = T ()6, ()6 ()] = p{2) o,

(15)
Similarly ~to  the  quantity (E_(F1, 0)EL(F2y 1)) =
Tr[p O E_(F), ) EL (75, )] —being  named  correlation

function of the field [39,42] we can refer to Eq. (15) as the
correlation function of atomic coherences. Since the two-level
atom polarization is proportional to the atomic coherence, the
quantity Eq. (15) gives the correlation of atomic polarizations
up to a factor | p|>.

The equation of motion of Eq. (15) can be obtained based
on Eq. (11), see the details in Appendix B:

d(6 )6 (1))

— =T\ (1)6 (1)

+200r, [Z<6i"><r>a;“>(r)6£“<r)>

c<a

+Z<6i”)(r>a;”>(r>a£”<r>>}. (16)
c<b

Equations (14) and (16) do not yet form closed system
of equations, because of the triple operator products on the
right-hand side of Eq. (16). It should be noted that similar
equations for triple operator products would couple to quartic
operator product and so on. The hierarchy of these equations
would reflect the BBGKY hierarchy of reduced density ma-
trix equations [43]. To obtain a finite and closed system of
equations, we factorize triple operator products as

(6 (6P (1)6 (1)) 2 (6@ (61" (0)6 (). (17)

The triple product factorization generally enables the de-
scription of a large class of phenomena and form the ba-
sis for most important kinetic equations [43]. With respect
to superfluorescence type of problems, it was demonstrated
numerically that dropping third-order cumulants (equivalent
to the factorization (17)) does not affect the solution of the
steady-state superradiance problem [44,45]. Performing the
factorization (17) and treating the terms withc =b orc =a
on the right-hand side of Eq. (16) separately, we obtain

d(6 )6 (1)) @)y n 3A ) . ) o
% = Ty 6@y + S—nOFSP K;#( 5906 ()6 (1)) + K;# 6O @)6 @ ()5 (0)
+ %Fsp[(ﬁé‘”(r)) O(0)O(zq — 2) + (62(1))p(1)O @ — 24)], (18)

where ©(z) is the Heaviside function. Equations (14) and
(18) form a closed set of equations for the evolution of the
electronic degrees of freedom.

(
C. Equations for field observables

In most of the experiments dealing with x-ray (XUV)
collective emission, the measured observables are related to
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the properties of the emitted electromagnetic field. Hence, we
consider in more detail properties of the emitted field.

1. Slowly varying amplitude of the vector potential

The vector potential is given by Eq. (10); due to Eq. (13)
one straightforwardly obtains

(AY) =o0. (19)

This implies that the ensemble average emitted field cannot
be described by a classical amplitude. Instead, the description
should be given in terms of statistical properties of the field.

2. Intensity

The statistical property of primary interest is the intensity
of the emitted field. Let us quantify this by the number of
photons emitted per solid angle Ao per cross section of the
system per unit time. Thus, for the intensity at the position
of atom a, we can take the value of the Poynting vector and
normalize by Aoliw. Applying normal ordering, we obtain

19() = S (AR ()
c
3A .
=Fi2rsp Y 6P@s ). o)

b<a,c<a

Here, we have used Eq. (10) to obtain the second equation,
employing also the spontaneous emission rate I, Eq. (A8)
and the radiation wavelength A.

Hence, we can directly evaluate the intensity as soon as the
correlations between atomic coherences are known.

3. Field correlation function and spectral intensity

Another important field characteristic is its spectral in-
tensity. According to the Wiener - Khinchin theorem, this
quantity can be obtained from the Fourier transformation of
the field correlation function. Using the same normalization as
for the intensity Eq. (20) and expressing the field correlation
function in terms of atomic variables, we find

G, 1) = h Y (A1) AW (1)

3A0

= o2l > (6P m). @b

b<a,c<a

The two-time correlation function of atomic coherences
((ﬂb)(r] )6 “(1,)) cannot be related straightforwardly to the
one-time correlation of atomic coherences Eq. (15) as
obtained from the solution of Eq. (18). The quantum regres-
sion theorem, that is typically employed for establishing the

J

connection between one-time and two-time correlations, re-
quires the solution for one-atom averages [39]. In our case, the
equations for one-atom averages that follow from Eq. (11) are
nonlinear and the analytical solution is not straightforward.

In an alternative approach, we reformulate the problem
of obtaining the field correlation function Eq. (21) into the
problem of propagating it in space. For the difference between
the field correlation function at position z, of atom a and
the position z,4; of neighboring atom a + 1, we obtain the
following expression within the approximation Eq. (17) (see
details in Appendix C):

G“t(1, 1) — G (1}, )

3Ao0 o o T ,
= rsp(/ drje”TIOHEOTIGO) G (r, )
0

(%) . Ty, /
+/ d_cz/e(zQJrzp)(fzTz)<az(a)(‘[2/))G(a)(T1,T2/)>
0

3A
+ o Sppez)(o)elﬂ(fl T2 e

=2 (t1412) . 22
327 A2 (22)

D. Representation in continuous variables

The set of Egs. (14), (18), and (22) forms a closed system
of equations that enables us to derive the intensity and spectral
properties of the emitted superfluorescence field. Since we are
interested in macroscopic systems involving large numbers of
atoms, it is advantageous to represent the obtained equations
in terms of continuous quantities. With this aim, we introduce

i
nA
< a:z<z,<z+Az

1
(nAz)? Z

a:z1<zq <21 +Az
b:m<zp<zn2+Az

Pinv(2, T) 1= 2(69(1)),

S(z1, 22, T) = 6906 (),

Germm=— Y GO o). (23)

nAz

a:7<z,<7+Az

Here, n = n,m R? is the linear concentration of atoms (1,
is volume concentration, R is radius of cylindrical excited
medium), pi,y is the population inversion, S is the correla-
tion function of atomic coherences, and G is the correlation
function of the field. As before, knowledge of the correlation
function of atomic coherences is only required explicitly for
different atoms a # b. In terms of these new variables, the
system of Egs. (14), (18), and (22) can be represented as the
following system of integrodifferential equations:

B0in (2, 7) 380 [ e
———— = 2lpee(z, T) — —TDpn | d7'S(z, 7', T), (24)
ot 4
0
98(z1, 22, T) 3A0
+ _FspS(Zl, 22, T)+ spn1|:,01nv(zlv 7:)/ dzls(zl, 22, T) + pinv(22, T)/ dZQS(Zl, Zz, T)]
3A0
+ Er‘sp[pinv(Zh T)Pee(22, T)O(Z1 — 22) + Pinv(22, T)Pee(21, T)O(22 — 21)], (25)
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0G(z, 11, 7o) . 3Ao
9z 16w
3A0

+ mrspnpee (z,0)e

Here, the occupation of excited states p..(z, T) can be related
to the population inversion as p.(z, T) = [1 + pinv(z, T)]1/2
for a pure two-level system. Equations similar to Egs. (24)
and (25) were obtained in Ref. [46] in the frame of the
unrestricted Markovian master equation. Such an approach,
however, is only capable to provide single-time observables.
The two-time field correlation function, which is needed to
investigate spectral properties, requires special treatment as
in our case by Eq. (26). Provided one is interested only in
intensity profiles, then instead of solving Eq. (26) one can also
express the intensity directly in terms of solutions of Egs. (24)
and (25). Namely, one can use Eq. (20), separate terms with
b = c and express the result in terms of Eq. (23):

I(Z,r)—32 kz bp|:n / dZI/ dz,8(z}, 25, T)

/dZ Pee(Zs f)] 27
0

III. INCLUSION OF PUMP PROCESS
AND INCOHERENT PROCESSES

A. Incoherent processes relevant in x-ray (XUV) domain

The system of Eqs. (24)—(26) is capable of describing
collective spontaneous emission from a medium that consists
of pure two-level atoms. It also accounts for the swept in-
stantaneous pumping of the atoms into their excited states.
It is also possible to treat more general cases, where the
excited state occupation resulting from the pump is position
dependent through the use of any function p..(z,0) as the
initial condition. So far, however, we have always assumed
that the condition p,.(z, 1) + pgg(z, 1) = 1 is satisfied, which
is insufficient for describing most of the experiments on
collective spontaneous emission in x-ray (XUV) domain.
There, the levels, between which the population inversion
occurs, are populated and/or depleted as a result of mul-
tiple incoherent processes. Most significantly, this includes
photoionization and can include Auger decay. Depending on
the actual parameters of the system, the timescales of these
processes can be comparable to the timescale of collective
spontaneous emission. A strong point of our approach is that
it can be generalized in a regular way to include processes
of incoherent pumping, depletion, and coherence decay, all of
which affect the dynamics of the considered transition.

To provide a formalism that can be coupled to further rate
equations describing the evolution of atoms in the field of a
strong XFEL pulse (cf. rate equation codes like Ref. [47]), we
consider two levels of interest (|e), |g)) under the influence of
several incoherent processes. A general scenario is outlined
in Fig. 1, including the following effects: (i) pumping of
the ground and excited levels with rates r,, r.. Examples of
pumping include photoionization by an XFEL pulse [8-10,12]

7
Fspn |:/ d‘l,'/e(lQ =2 )(T—1) Pinv (2, ‘L'{)G(Z, Tl/, )+ /
0 0

iQ(rl—rz) —*(Tl+fz)

1%

. T ’
drée_(’QJ’TP)(’Z_”),OW(Z, Tz/)G(Z’ T, ré)j|

(26)

(

and Auger decay [48-50]; (ii) nonradiative transitions from
le) to |g) with a rate y,; (iii) decoherence between levels
le), |g) with a rate g, as caused—for example—by collisions
[49,50]; and (iv) depletion of the levels with rates y,, y., e.g.,
through further photoionization by the XFEL pump or decay
processes like Auger decay; besides these processes, radiative
decay from |e) to |g) and induced transitions between |e)
and |g) are already modeled within our current approach. The
quantity that determines the coupling between the levels and
the emitted radiation is I',. Note that the rates g, r., g, ¥, Ve
may be conditioned by the external XFEL pulse or the local
atomic density, hence they can depend on position and time
explicitly.

B. Description of incoherent processes in terms
of Lindblad superoperators

Incoherent processes are modeled as an interaction of the
system with an appropriate reservoir. We assume that the
reservoirs for all processes and for all atoms are indepen-
dent and furthermore that these incoherent processes can
be described in the Markovian approximation. In this way,
we can eliminate the reservoir’s variables and describe the
transitions between the levels of interest with the help of a
master equation [51,52],

aﬁ(a) oA Aa a)fala
o = T H A+ L), (28)

Here, L(“{5@} denotes the nonunitary part of the evolution,
which describes transitions due to the incoherent process of
interest. It can be considered as a Lindblad superoperator
acting on the density matrix. For the processes depicted
in Fig. 1 we use Lindblad superoperators of the following
form [52]:

L) = $iza, D[2617,56,

S@) A@) @) _ p@)p@) 5@
610,63 0,p Y = p 610,610 ] 29)

K o)

l9)

FIG. 1. Sketch of the two levels of interest subject to pumping
with rates r,, r,, nonradiative decay with a rate y,, depletion with
rates y,, Y., decoherence with a rate g, and radiative transitions,
which are treated self-consistently within our approach—the typical
value determining the evolution rate being I'p.
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L0} = 3mGa T[2810,5 6 = 810,610
=786 ) (30)
<a){A<a>}_ [20<a>A(a> Ala) A<a> 6@ pl@_ ﬁ(@ 5 @a @)
(31)
LR = 34(za, O[89 W6 = p@]. (32)

With [ = e, g, Eq. (29) corresponds to pumping and Eq. (30)
to depletion of level |I), 7 denotes the pumping rate nor-
malized to the occupation of the state, from which pumping
takes place (see details in Appendix D). Analogously, y; is the
depletion rate. Nonradiative decay with a rate y,, is described
by Eq. (31) and decoherence with rate g is described by
Eq. (32). The operators & A( ) ; account for transitions of atom
a between an auxiliary level |x) and level |I):

64 xt = | (x|, 6 = x)(]. (33)

Finally, the total Lindblad superoperator in Eq. (28) be-
comes

LO =LY+ LY+ L+ L+ L+ LY. (34)
J

3A
Ve(2, T)Pge (2, T) + —— 8

The modification of Egs. (14), (18), and (22) due to
Eq. (34) can be derived with the help of quantum Einstein
relations [39] (see the derivation in Appendix D for details).
In Sec. Il D, we give a summary of the ensuing changes.

C. Absorption of the emitted field

Another important process that should be taken into ac-
count for a realistic treatment of collective spontaneous emis-
sion in x-ray (XUV) domain is nonresonant absorption of
the emitted radiation. It can be accounted for by adding an

imaginary part to the field wave vector: k—k+i %l?, where «
is absorption coefficient. Incorporation of this factor in Eq. (7)
after performing the 1D approximation modifies Eq. (10) to

| Aoep*Q2
LO0P 2 s 360y, (35)

A(u) 1) =
+ (@)= l6n eomc2
b<a

D. Equations of motion for atomic system and field radiation

Collecting the results from Appendix D and adding the
absorption factor that appeared in Eq. (35) we arrive at the
following system of equations:

_0 spn/ dZ A(Z Z)S(Z Z T) (36)
2 spnf d7 A(z,7)S8(z, 7, ©), 37)

epn[plnv(zlyf)f dZ]A(Zl,Zl)S(Zl, 22,T)

3A0
Tom Coploiny (21, T)pee (22, T)A(z1, 22)O(21 — 22)

+ Pinv(22, T)pee(21, T)A(22, 21)O(22 — 21)], (38)

00ce(2, T)
p— — e(Z 7:) ee(zv‘c)pee(zv T)_
ot
00ge(2, T)
= g(Z T)+(F§p+7/n)pee(z T)—
aT
0S5(z1, 22, 3A
Panan —[r(zl, ) + Dz, OIS, 22, 7) + e
ot 167
+ pmv(ZLT)/ dzM(Zz,zz)S(thz,r)}
0G(z, 7-'1,1’2)

90z

T . ,
+ / dtse " TD(z, 1, 1)) piny (2, 1) G (2, T, ,2/)]+
0

3A0 iQt—1/)
—k(2)G(z, 1, 12) + —— T spn d‘L’ e "TD(z, 11y Tl)pmv(Z Tl)G(Z Tl’ )
0

3A0

Sam e {D(Z’ 7, 0/D(z, 72, 0)pee (2, 0)

+ / T ATDG 11 DG, T TRz T + (T T) = Teezs 7)) e r’)]}. (39)
0

Here, decay rates I'(z, t’), [e.(z, ') have been introduced (see Appendix D for derivations) and read

I'z,7) =

Cop +¥n +q(z2, ) + ve(2, T) + (2, T),

FCee(z, 7) = Fsp+J/e(ny)+)/n- (40)

The term A is responsible for field absorption and is assumed to be position dependent; the term D is responsible for
decoherence due to spontaneous decay and other incoherent processes. The explicit expressions read

1R g
Alzz,z1) =e 2 o D),

D(Z, 7, 7:1) — ef%fr? dt’F(Z,T’). (41)

The intensity of the emitted field expressed in terms of atomic variables is modified to

Ao

3 z z Z
I(z,7) = ml"sp[nzfo dzﬁ/O dz’zA(z,Z’I)A(Z,Z’Z)S(Z’I,ZQ,T)JrnfO dZ/Az(ZvZ/)pee(Z/vT)]~ (42)

IV. DISCUSSION AND NUMERICAL EXAMPLES

(36)-(39) provides
incoherent and  coherent

a unified
processes

The system of Egs.
treatment  of

(

taking place during the collective spontaneous
emission. Namely, as one limiting case it allows for
the description of incoherent spontaneous emission by
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individual atoms. In the opposite limit it includes the
propagation of coherent electromagnetic pulses in a medium
of two-level atoms, which can be reformulated in the terms of
semiclassical Maxwell-Bloch equations [39]. Let us consider
each of limiting cases in more detail.

A. Spontaneous emission

An important limiting case that should be reproduced by
our approach is the number of spontaneously emitted photons
per unit time into the solid angle Ao. A reference for this
quantity can be calculated based on the usual quantum optical
formalism; see Refs. [39,41]. This employs the expression of
the emitted field in terms of atomic transition operators, see
[39] Ch. 10A, and results in

d
_Nph,sp(fv 0= 77/2)

dt
2¢pc 5 7\ 2 T )
= %<E7 T,@:E E+ ‘5,9: E >nzr Ao
3
= _Fsppee(f)nZAO« 43)
8

Here, we have used the value of the spontaneous emission rate
Eq. (A9); r is the distance from the atoms to a remote observa-
tion point; 6 is the angle between the emission direction and
the vector of the atomic dipole moment, which we consider
to be 8 = /2 for forward emission; z is the length of the
system.

Within our approach, i.e., Eqs. (36)—(39) one can obtain
spontaneous emission rate if one neglects correlation between
atomic coherences. Then from Eq. (42) according to the used
convention for intensity Eq. (20) one obtains

dN 3
Nohso(®) _ 12 0\ Aom R = =Ty poe(t )z A0k, (44)
dt 87

Aom R?
5=
This expression is in agreement with the exact result of
Eq. (43) up to a factor £ that appears due to the 1D approxi-
mation Eq. (8). The actual value of Ao is subject to the detail
of the approximation, however, the typical estimate based on
diffraction Ao ~ A%2/R? is in agreement with & ~ 1.

The spectral properties could be obtained directly from
the expression for the two-time correlation function Eq. (26).
In the case of spontaneous emission one can drop the term
involving the field correlation function on the right-hand side
of Eq. (26) and obtain the time dependence of the form

(45)

. Ty
e/~ (m+n) This form agrees with the exact result
for a single two-level atom, see, e.g., Ref. [41], Eq. (10.14b),
and results in a Lorentzian spectrum.

B. Maxwell-Bloch equations

Under the conditions that a large number of photons has
been emitted and essential correlations between atomic co-
herences have been built up, one can expect that the behavior
of the system can be described semi-classically. This is typi-
cally done by means of Maxwell-Bloch equations, which are
widely used for the description of superradiance in the optical

domain [18,20] as well as for the description of collective
spontaneous emission in the x-ray (XUV) domain [12,23].
We shall subsequently outline the connection between our
correlation function approach Egs. (36)—(39) and Maxwell-
Bloch equations.

A crude way to obtain semiclassical equations is to replace
operators by c-numbers in the Heisenberg equations of mo-
tion. If one carried out this replacement in Eqgs. (10)—(12),
one would obtain equations that are similar to Egs. (36)—(39)
except for the last term in both Egs. (38) and (39). These last
terms are responsible for spontaneous emission. During the
derivation of them, we have essentially used quantum prop-
erties of operators (3)—in particular (64 (7)6-(7)) = Pee(T).
This property is crucial for the correct description of spon-
taneous emission and approaches based on the semi-classical
relation (64 (7)6_(t)) = 04(7)o_(7) (sometimes referred to
as neoclassical theories) cannot reproduce the associated ex-
ponential decay [41].

If the dynamics is dominated by the emitted field, we can,
however, neglect the spontaneous terms in Egs. (36)-(39)
safely. Using this approximation, Egs. (36)—(39) reduce to
Maxwell-Bloch equations, if we also assume the correlation
functions to factorize:

8(z1, 22, T) = Pge(21, T)Peg (22, T), (46)

2 .
Gz, 11, T2) = ﬂe’g(“*mél(z, )i (z, ). 47)

AohQ

Here, pg., po, are off-diagonal elements of the density
matrix (coherences). In Eq. (47), we have expressed the
field correlation function in terms of the slowly varying
electric field envelopes £4(z, T) to be compliant with typical
Maxwell-Bloch formulations [18,23]. Altogether, we obtain
from Egs. (36)—(39) equations for the density matrix elements
and the field (see details in Appendix E):

0pee (2,
9@ T) (2 0) = Tz T)peelz 1)
0T
2
- 7&(z,r)peg(z,t), (48)
000(2, T)
—EE L =12, 1) + (Dp + Va)Pee(2, T)
ot
2i
— Ve(2, T)Pgg(2, T) — 7“&(& T)pge(2, T),
49)
004¢(2, T) I'(z,7) in
gar = =5 e D)+ (2, DE (2, T),

(50)

0E(2, 7) «(z) i2
fen ) _BYe el (2, 7). (51
. 2 +(z,T)+ ZEOCump ¢(z, 7). (51

This system of equations agrees with the typically used
Maxwell-Bloch system of equations [18]. As stated before,
however, it shows essential weakness in the treatment of
collective spontaneous emission: Assuming the initial absence
of fields and coherences, neither of them will appear later
on according to Egs. (50) and (51). This is an immediate
consequence of neglecting the spontaneous emission terms in
the transition from Eqs. (36)—(39) to Eqgs. (48)—(51). There
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FIG. 2. (a) Simulation of emitted photon number versus system length (red line, correlation function calculation; blue line, Maxwell-Bloch
approach); (b) simulation of temporal intensity profiles for systems of different length z, calculation according to the correlation function
Egs. (24), (25), and (27), dashed white line shows the position of the intensity maximum; (c) the same figure obtained from the Maxwell-Bloch
Eqgs. (48)—(51) with noise terms Eqs. (52) and (F5), averaged over 100 realizations; (d) section of the same data taken at z = 0, the correlation
function calculation (red curve) coincides with e "7, while the Maxwell-Bloch result averaged over 1000 realizations (blue curve) approaches

['y,Te T7e (dashed blue line).

are a number of semiphenomenological ways of reintroducing
spontaneous emission into the Maxwell-Bloch Eqgs. (48)—(51).
For applications connected with spontaneous emission in the
x-ray (XUV) domain, the most widespread approach is to add
random noise term on the right-hand side of the equations for
the coherences [10,12,22-24,26,53,54]. In the frame of this
approach, the noise terms are assumed to have the following
properties:

(s£(z, 1)) =0, (s4(z1, 11)s-(22, 1))
= pee(21, 1) Fé(z1 — 22)8(t1 — 12), (52)
where (...) means statistical average over multiple realiza-

tions. The coefficient F is chosen to fit the value of the
spontaneous emission. This and the resulting temporal profile
of the spontaneous emission were recently discussed in detail
in Ref. [55]. As it was shown there, this kind of noise
model does not reproduce the expected exponential decay. As
an example, we consider simplified case without incoherent
processes and complete initial excitation in Appendix F. For
this scenario, the Maxwell-Bloch equations with noise terms
Egs. (52) predict a temporal behavior as I'spt e "', which can
be tolerable for cases with a short decoherence time. However,
for any choice of parameters, the Maxwell-Bloch equations
with noise terms Egs. (52) will produce an unrealistic, time-
delayed peak of the spontaneous emission.

A visual comparison of the temporal intensity profiles
based on the Maxwell-Bloch equations (using the noise term
correlation factor derived in Appendix F) with calculations
according to our correlation function Eqgs. (24), (25), and (27)
is given in Fig. 2. Here, a case of instantaneous swept pumping
is considered, namely, a complete population inversion is as-
sumed at T = 0. In Figs. 2(b) and 2(c), the radiated intensity is
plotted versus retarded time t and the length of the medium z.
For each value of z, the intensity is normalized to the maximal
value. Figure 2(b) shows results based on Egs. (24), (25), and
(27), whereas Fig. 2(c) is obtained from the Maxwell-Bloch
approach. From Egs. (24), (25), and (27), one can see that if
one uses the dimensionless time 7I'g; and the dimensionless
length 3Aonz/8m, then the only parameter that defines the

temporal shape of the intensity profile of the system is the
solid angle Ao. The value Ao =4 x 10~® was used for the
simulations presented in Fig. 2.

At short length of the medium, the stimulated emission can
be neglected, hence the temporal evolution of the intensity
should have the form of spontaneous decay e 7. Figure 2(d)
shows sections of Figs. 2(b) and 2(c) close to z =0. As
we discussed above, our approach shows the expected expo-
nential decay behavior, while the Maxwell-Bloch approach
follows a time dependence like I'ypr e "', The calculated
temporal profile shows noisy behavior even after averaging
over 1000 realizations. With increasing system length z, the
stimulated emission results in exponential-like growth of the
emitted photons number, see Fig. 2(a). During this process,
the temporal intensity profile transforms from exponential
decay (peaked at T = 0) to a profile showing a delayed peak;
see Fig. 2(b). In the frame of the Maxwell-Bloch approach,
the temporal profile always shows a delayed peak, even at
infinitesimally small z. The position of this peak is strongly in-
fluenced by noise at small z and stays approximately constant
up to the onset of saturation; see Fig. 2(c). After the saturation
sets in (after 3Aonz/8m ~ 150), oscillatory behavior (ring-
ing) appears. These oscillations are smeared in the Maxwell-
Bloch approach due to the finite number of realizations. In
both models, the period of the oscillations decreases with
increasing system length z and the position of the peak tends
to shorter times.

C. Numerical examples

The correlation function Egs. (36)—(39) can be used to
model various realistic systems, provided the 1D approxima-
tion is applicable. As a first example let us consider evolution
induced by an XFEL pulse in Neon gas. Calculations for
Fig. 3 were done at parameters corresponding to experiment
described in Ref. [8] and aim to compare with Maxwell-Bloch
calculations performed for the same system in Ref. [12]. In
particular, the Neon gas cell with density 1.6 x10' cm~3 and
length 15 mm is considered to be irradiated by a an XFEL
pulse with photon energy 880 eV, containing 2 x 10'? photons
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FIG. 3. Evolution of collective spontaneous emission induced by an XFEL pump in Ne gas. (a) Profile of emitted superfluorescence

intensity normalized to 1 for each z value; (b) population inversion;

(c) profile of the XFEL pump pulse normalized to maximal value; (d)

diagonal part of correlation function of atomic coherences; (e), (f) values of correlation function of atomic coherences taken at time moments

55 and 70 fs.

within 40 fs FWHM Gaussian temporal profile, focusing with
2 pm radius is assumed. The photoionization of 1s electrons
with crossection 0.3 Mb results in population inversion be-
tween 1s'2s22p% and 1s522s%2p° states. The transition be-
tween these states results in emission at 1.46 nm wavelength,
the spontaneous lifetime is 160 fs, the competing process is
Auger decay with 2.4 fs decay time.

In Fig. 3(a) the temporal intensity profile normalized at
each value of z [similar to Figs. 2(b) and 2(c)] is shown. The
temporal position of the peak at small z values is determined
by excitation of atoms. The excitation is conditioned by the
pump pulse, its spatiotemporal evolution due to absorption
is shown in Fig. 3(c). Figure 3(b) shows the population
inversion. Before saturation (at ~6 mm) the evolution of
population inversion is mainly determined by the pump, the
peak of intensity comes shortly after the peak of population
inversion. After saturation, oscillatory behavior can be seen
in the population inversion, the peak of intensity temporal
profile shifts to shorter times. The evolution of observables
presented in Figs. 3(a)-3(c) can be compared directly to that in
Figs. 5(a)-5(c) in Ref. [12]. To have qualitative agreement for
propagation distances above ~2 mm the value of solid angle
Ao was taken as 27t R?/L?. Despite of qualitative agreement
for larger propagation distances, the Maxwell-Bloch calcula-
tion of intensity profile below ~2 mm of propagation show
fluctuating behavior due to stochastic noise terms. As we have
seen in Fig. 2, the Maxwell-Bloch approach with noise term
does not describe the initial amplification stage adequately.
The analytical treatment of this stage for the considered

system is complicated due to pumping and Auger processes
taking place on the same timescale as the emission. Therefore,
the application of analytical Bessel-function-based solutions
known for instantaneously pumped systems [18,32,33] is not
possible. Under these conditions, the presented approach is
the method of choice to trace the evolution from spontaneous
emission to amplified emission and superfluorescence.

The correlation function of atomic coherences S(z1, z2, T)
can be considered as source of stimulated emission, see
Eq. (42). Several sections of this function are shown in
Figs. 3(d)-3(f). Specifically, Fig. 3(d) shows the correlation
function of the atomic coherence at infinitesimally close
points z; = 7, = z at retarded time moments t. Its peak at
~60 fs, ~6 mm corresponds to the onset of oscillations in the
population inversion [see Fig. 3(b)] and saturation. The two-
point correlation function S(z, 22, T) for a fixed time moment
T represents purely spatial correlation of the polarization
of the medium, and is represented for times T = 55 fs and
v =70 fs in Figs. 3(e) and 3(f), i.e., for times before and
after the maximum of S(z, z, 7). Before onset of saturation
(r = 55 fs) the correlation function S(z, z, 7) shows a single
maximum. After saturation, several local maxima and minima
(anti-correlation) are visible. Beyond saturation, the popula-
tion of the excited state drops below the population of the
ground state (negative population inversion) in some parts of
the medium. This results in the absorption of the emitted field
and corresponds to negative values of the correlation function
of atomic coherences, see Fig. 3(f), while other parts of the
sample show positive correlation (emission). This partitioning
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FIG. 4. Evolution of collective spontaneous emission induced by an XFEL pump in Xe gas. (a), (b) Evolution of the excited and ground
state populations; (c) temporal evolution of the correlation function of the atomic coherences taken at close spatial points z; = zo = z; (d)
profile of emitted superfluorescence intensity normalized to 1 for each z value; (e) spatial evolution of emitted radiation spectrum, normalized
to 1 for each z value; (f) correlation function of the atomic coherences at the time moment T = 0.5 ns.

of the sample into positively and negatively correlated parts is
a direct manifestation of the temporal ringing in the spatial
domain.

As another example, we consider collective spontaneous
emission from Xe atoms pumped by a XFEL pulse at a mean
photon energy of 73 eV corresponding to conditions of a
recent experiment that was conducted at the soft x-ray free-
electron laser FLASH [56]. Namely, following parameters
were used: pump photon energy is 73 eV, pump pulse energy
is 50 uJ, emitted radiation wavelength is 65 nm, spontaneous
life time corresponding to transition from |e) to |g) level is 1
ns, Auger life time is 6 fs, Auger branching ratios are taken as
0.021 for |e) level and 0.0075 for |g) level, pump absorption
cross section is 5.2 Mb, emitted field absorption cross section
is 60 Mb, gas pressure is 7 mbar, for pump a Gaussian
temporal shape is assumed with 80 fs FWHM. To account
for the spatial pulse profile of a focused beam, we modeled
the intensity as a Gaussian beam with 2.0 mm Rayleigh range
and 61 um waist size. The population inversion in this system
is created by Auger decay of a 4d hole state, which is in turn
created by photoionization due to the FEL pump [49]. In terms
of Egs. (36)—(39), this scheme corresponds to the inclusion of
the following rates:

Teg(2,T) = begyVape(z, T), (33)

Veo(2,7) = J(z, T)0;. (54)

Here, y4 is the Auger decay rate; p.(z, ) marks the pop-
ulation of the 4d state, which can be obtained from rate
equations for the population of atomic levels; b, , are the

branching ratios of the Auger decay into the levels |e) and
lg); J(z,t) gives the photon flux of the FEL. It is time
dependent due to the pulse shape and spatially varying due
to the position-dependent beam waist size and absorption; o;
denotes the cross section for ionization from the upper and
lower level. Inclusion of the dynamics of atomic occupations
described by rate equations and the spatial profile of the pump
is obligatory for the description of realistic systems. Notably,
it would be difficult to perform a similar analysis as in the
Appendix F and thereby obtain plausible effective noise terms
for Maxwell-Bloch equations under these conditions.

The temporal field intensity profile, Fig. 4(d), shows trans-
formation from spontaneous emission with maxima at r = 0
to peak-shaped temporal profiles that are characteristic for
superfluorescence. The peak appears earlier and becomes
narrower and more intense with increasing the propagation
length.

The field correlation function enables to obtain radiation
spectra by means of Fourier transform [39]. For parameters
used for modeling Fig. 4, one can see that the occupation of
the |e) and |g) levels is of the order of 1073, nevertheless
after about 3 mm of propagation the ringing (or Rabi-like
behavior) takes place; see Figs. 4(a) and 4(b). It is hardly seen
in occupations; however, the correlation of atomic coherences,
Fig. 4(c), clearly show the oscillatory behavior in time. This
behavior is present in field correlation function as well, it
results in spectral broadening clearly seen in Fig. 4(e). This
spectral broadening can be used as a marker for the oscillatory
superfluorescence regime, and can be particularly helpful
when the direct measurement of the temporal pulse profile
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is not possible that is often the case for the x-ray (XUV)
domain. At time moments corresponding to ringing, the
correlation function of atomic coherences shows oscillatory
behavior in space as well, see Fig. 4(f). The number of
oppositely correlated regions in space (regions with opposite
sign of correlation function of atomic coherences) increases
with time, together with decreasing of correlation function
of atomic coherences it results in damping of intensity
ringing.

V. CONCLUSIONS

We have proposed a theoretical approach to collective
spontaneous emission that is based on integro-differential
equations for the correlation function of atomic coherences
and field correlation function. It enables us to obtain the
spatiotemporal profiles of level occupations and emitted in-
tensity as well as the spatial profile of the emitted radia-
tion spectrum. Our derivations start from a basic atom-field
Hamiltonian; the main approximations are the 1D modeling
of the field propagation and the swept pumping configuration.
A number of incoherent processes that can take place in
realistic systems, such as collisional quenching of coherences,
time- and space-dependent pumping and depleting of the
levels of interest or nonradiative decay are taken into account
systematically by means of the Lindblad formalism. Our ap-
proach allows for the treatment of spontaneous emission and
coherent phenomena—typically described by Maxwell-Bloch
equations—on the same footing. This gives advantage over
the widely used approach of modeling collective spontaneous
emission in the Maxwell-Bloch equations by means of noise
terms. In particular, we show the latter one to be unable to de-
scribe the temporal profile of spontaneous emission correctly.
As an application of our method, we presented calculations
corresponding to a recent experiment [56].
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APPENDIX A: DERIVATION OF
HEISENBERG-LANGEVIN EQUATIONS

From the Hamiltonian Eq. (1) we obtain the following
Heisenberg equations:

da; -
k. N . —ikF A
dts = —iwpag , — lg;is Ze ikra g (@) (Al)
a
6
= —iQ6 +2i Y g €6 Wy (A2)
ks
da(a) il 5@ T A (@)
—ikra g ~T & a - olkrag a)a
=i Z(gks ap 0= — 80 ag ). (A3)

Here, we use the normal ordering of operators: on the left side
come operators &g E 6\ followed by 6 and on the right

side &,;’S, 65‘”, see discussions in Refs. [41,57].

We formally integrate the equation for field operators
Eq. (AD),

ag ,(t) = ag [(0)e "%
I N
_ igli;,s Z e—zkr,, /(; dt/e—zcuk(t t )O'Ea)(l/), (A4)
a

and substitute it into Eq. (A2):

s

=—iQsYW
dt

+2 Z |gk 3| / dt'e l[k(ra—ﬁ,)—w(t—t')]é_z(a)(t)OA_Sb)(II)

+2i Z 87,6 ()az 0y Famen), (AS)

The last term is determined by the vacuum field at the
initial time and can be interpreted as a stochastic Langevin
term:

FOW =2 g6z, (0)e e,

FO) = =20y gf al (006 ne 0 (A6)
ks

Here, Ff)(t) corresponds to the analogous term in the

equation for 64(:'). The statistical properties of these terms can
be obtained directly from their definition Eq. (A6) taking into

account that the field is initially in the vacuum state:

(F1) = (F ")) =0,
(FODED ) = (EO0FED @)y =(F ) EP () =
(FONFP 1) =46 10)6® (1))

« Z |g,;,s|zei[i(ﬁ’_%)_w(l_t/)]. (A7)
ks

The sum over atoms in the second term of Eq. (AS) can
be split into a part b = a that describes the action of the field
emitted by the atom a on itself, and a part b # a that describes
the interaction of a given atom a with other atoms in the
system. Considering the first term, one can expect the action
of the field emitted by atom a onto itself results in spontaneous
decay:

d&@ ) ,
’ Z PG / di eI D=1 5@ ()5 @ 1)

2 2
__clpl A(“)(t)/ dtf dwws )

3n2m2c3he
x e—t(a) Q)(t—t") ~ _ 25[) "(a)(t) (AS)
eQpl?
Fyy=————. A9
P 3reghm?c3 (A9)

Here, we made use of slowly varying function &: 65“)0) =
31“)(06”'9’ ; in the last step we applied the approximation
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typically done in Weisskopf-Wigner approach, that is, we treat
the spontaneous emission of a single atom as a Markovian
process; I'y, is the corresponding spontaneous emission rate,
where we neglected the Lamb shift. Note that the accepted
rule of ordering the operators results in the description of
spontaneous emission as an effect of radiation reaction alone.
Conversely, other ordering conventions would result in con-
tributions from vacuum fluctuations of the field, see Ref. [57],
Ch. 7 for further discussion and references.

Next, we consider the induced part of the second term in
Eq. (A5). This is responsible for the interaction of a given
atom a with other atoms in the system. It can be rewritten in
terms of the vector potential of the electromagnetic field at the
position of atom a due to all other atoms in the system:

@ 2ie 2
- — A(a) ¢ A(a) ¢
dt lina mhcs Op - AL,
7\'(a) iec 3 N
AL(1) = ~ 16n 3m€0 / kZ—ekv( P

x / di' Y e Ei=et=g Oy - (A10)
0 b#a

Combining Egs. (A8) and (A10) we obtain Eq. (5). Similar
steps lead to Eq. (6), the corresponding Langevin term having
zero mean value:

(E91) =0 (A11)

J

G (1, 1) — G911, 10) =

b<a

3A
m—;rsp [Zwﬁ’)(n )6 (1)) + )

APPENDIX B: EQUATION OF MOTION
FOR THE PRODUCT OF OPERATORS

The equation of motion for the product of two operators
can be obtained from the Heisenberg-Langevin equations of
motion for each of the operators with help of generalized Ein-
stein relations [39]. Namely, if two operators satisfy Langevin
equations with §-correlated noise,

O _ g+ w22+ E
o 1(t) + Fi(t), el 2(t) + Fo(2),
(Fi(1)) = (B>(1)) = 0, (Fi (1) Fx(t)) = Dia(1)8(t — 1),

(BI)

then observable (O, (1)O0,(t)) will satisfy (see Ref. [39], Ch.
9):

d(01(1)0:(1))

o = (Vi(1) 02 (1)) + (01 (1) Va(t)) + Dia(2).
(B2)

Applying this expression to Eq. (11) and its Hermitian
conjugate, while taking into account Eq. (A7), we obtain
Eq. (16).

APPENDIX C: DERIVATION OF THE PROPAGATION
EQUATION FOR THE FIELD CORRELATION FUNCTION

To obtain a spatial propagation equation for G (z;, 7,) we
consider the difference between the field correlation function
at position z, of atom a and neighboring atom a + 1 at z,4,.
From Eq. (21) we directly obtain

5“6 P (1)) + 6z, )5(‘1)(T2)>:|- (CD)

b<a

With the help of Eq. (10), we can express quantities like ", __ (ﬁb)(t] ) D bea 6 () in terms of the field and thus find:

G (1, 1)) — GV (1, 10) =

—p} D ()AL (1)) —

PHADTNED ()] + e T (6116 (1), (C2)

2hcm 327 A2

Next, we shall express atomic coherences in terms of the field. This can be achieved by formal integration of Eq. (11):
T o Ts N R . o Ts
) = / dr'emi9H e >[—’ L@ @HAL )+ Fi“)(r’)} S RO (C3)
0 hmc

Substituting Eq. (C3) into Eq. (C2) we obtain

3ep2 o o s A A
G (1)~ Gt ) = T, [ f drje” DA ()60 (1) AL (1)

Thc 0 -

n o N A
" f drye” SRR, )@“(a’)ASﬁ”(éJ EoTE
0

Here, we took into account Eq. (A7) as well as (6}

WOVED@)) =

229 b 69Dy, (Ch)
322 PO 2

0, (F@1)6®(0)) =0, (6“(0)6?(0)) =0 for a # b.

Making approximation Eq. (17), which enables us to factor out (o‘l(“)(r)) we arrive at

G (1, 1) — G11, 1) = 8G“ (11, T2)stim + 8G (71, T2)sp, (C5)

3A0

(SG(G)('L’] s TZ)stim = g

SG(a)(TI s TZ)sp =

3A0
32722

7 - ) .
(=i ey ) A ESTONILL RV
Fsp|:/(; dt{e (—iQ+)(1y n)(az(u)(.rl’))G(a)(Tl/’ T2)+/(; dtz’e (iQ+7)(n rz)(UZ(a)(.[z’))G(a)(Tl’ .[2/):|7

(C6)
T (6 (11)6“(12)). (C7)

013839-13



BENEDIKTOVITCH, MAJETY, AND ROHRINGER PHYSICAL REVIEW A 99, 013839 (2019)

Here, Eq. (C6) describes the contribution to the field due to stimulated emission of atom a. This results in amplification for the
case when the atom is in an inverted state (6;”)) > 0 and in absorption otherwise; Eq. (C7) describes the contribution to the
field due to spontaneous emission of atom a. Evaluation of the spontaneous emission requires the knowledge of the one-atom

two-time correlation function for atomic coherences. With the help of Eq. (C3), we can express it as

6918 (1)) = (6 (11)8 (1)) e + (61 (11)6“ (12)) stim» (C8)
(61 (@6 (02))ree = PO (O) M= F M), (C9)

3A0}\.2 o T2 . / , Ty , /
(6416 (22))sim = T / dt] / drye¥ntimlnnD =S m—ttn =) (@116 @) GW(z], t5).  (C10)
0 0

2

Here, Eq. (C9) gives the value of (64(;1)(11 )6 “(1,)) in the
case of a free atom unaffected by any external field, while
Eq. (C10) provides a correction due to the exposure to a
field with a given correlation function. Exact evaluation of
Eq. (C10) would require the knowledge of the single-atom
two-time quantity (6“)(z{)6*(z})), which would in turn
need a separate set of equations. However, the contribution
of this term only becomes important, once the field reaches
significant value, at which point the stimulated contribu-
tion Eq. (C6) already dominate over the spontaneous term
of Eq. (C7). Hence, there is no need to calculate the correction
Eq. (C10) to an anyway negligible term Eq. (C7).

The same conclusion can be drawn from the following
quantitative argument. Let us make an order-of-magnitude
estimate for Egs. (C7), (C6), (C9), and (C10):

3G gtim ~ A01-‘sp'5G,0invv (C11)
Ao

3G ~ ?I‘Sppee, (C12)

(646 )sim ~ Ao’ Ty T*Gpy,,, (C13)

(646_)sp ™ Pee- (C14)

Here, G, 7, piny are typical values of the field correla-
tion function, evolution time and population inversion, re-
spectively. From Eqgs. (C11)-(C14) we obtain the following
relation:

<6+6‘7)stim ~ 8Gstim
Gy

AopinyspT. (C15)

Accurate calculation of Eq. (C10) is important only while
Eq. (C6) is smaller than Eq. (C7), hence we can set
8Gs i
—m < (C16)
3Gy
in Eq. (C15). The typical time to build up the field that would
dominate over the spontaneous emission can be estimated
as the superradiance time tgg ~ m, here nL is the
spPinv

number of atoms in the medium. Hence, while we assume that
Eq. (C16) holds, we can take

1
TS — . (C17)
1—‘sploinanAo

(

In the frame of Egs. (C16) and (C17) we straightforwardly
find with Eq. (C15)
(Gja:)stlm 5 i < 1. (ClS)
(646 )sp nL
This shows that in the region, where Eq. (C7) is important,
we can neglect the contribution of Eq. (C10) with respect to
Eq. (C9). This conclusion was further supported by numerical
calculation of the ratio between Eq. (C9) and the estimate of
Eqg. (C10). Another way of checking it is to calculate the inten-
sity directly from atomic variables Eq. (20) and alternatively
from the field correlation function 7 (t) = G@(x, v). In the
first case, no approximation with regard to Eq. (C10) is made
and its results agree with the approximate method. Hence, we
will make the approximation of dropping off the contribution
Eq. (C10) and arrive at Eq. (22).

APPENDIX D: MODIFICATION OF EQUATIONS FOR
ATOMIC AND FIELD OBSERVABLES DUE TO
INCOHERENT PROCESSES

Here, we consider how the expressions that were used to
derive Eqgs. (24)—(26) change in the presence of incoherent
processes described by Lindblad superoperator Eq. (34).

The interaction with a Markovian reservoir can be de-
scribed within the frame of Heisenberg-Langevin equations
by the addition of a regular and a stochastic operator; see
Ref. [39], Ch. 9. Hence, equations of the form of Eqgs. (11)
and (12) are transformed into

dt dt
i(a) _
(F{“(1)) =0,
(FY)EP (12)) = Dy (11)8apd (11 — T2).

dOW(t dOW(t . .
i )=< i )> + V) + FP(t), (D1)
field

(D2)

Here, OM stands for some set of operators, e.g., o1, 0_, 0;;
the first term comprises the evolution due to spontaneous
decay and the interaction between atoms via their emitted
field; the second and the third terms are regular and noise
(Langevin) contributions due to the incoherent processes; the
Kronecker symbol 8, in Eq. (D2) reflects our assumption that
noise terms are uncorrelated if they correspond to different
atoms (uncorrelated reservoirs).

If one knows the solution of master equation for one-atom
density matrix, the value of any one-atom observable can be
obtained directly from it; see Ref. [39], Ch. 9. Also, from the
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definition of quantum-mechanical mean we have

(@) (@) 5@
d(Of; (r)):|:d(0,t (ﬁ)} +Tr|:0A£La)(t)<8p_> }
dT incoh

dt dt
(D3)

The last term can be presented as

5(@)

N 0 .
Tr[Olg“)(r)(g—) } = T 09 (1)L{p}]
T incoh

=Tr[V\(0)p]. (D4)

We can now obtain \A/;“)(r) from the last equation using
the actual form of the Lindblad superoperator Eq. (34) and
taking into account that we can perform cyclic permutation of
operators under the trace.

1. Equations for p,., o,

In this part, we outline how the equation for the population
inversion would modify. In contrast to the case of a pure
two level system considered in Sec. II, the identity p(® +
pé‘;) =1 is not satisfied in general case. Hence, we have to
obtain separate equations for p@(z) = (6 (1)6“)(r)) and
,Ogg)(t) = (65“)(1)6f)(r)). Using these operators in Eq. (D4)
we obtain

(V) = rezas ) = (ezas ©) + 7)) (),
(V@) = re(za, T) 4 a0 (1) = ¥ (2ar TIPS (1) (DS5)

Here, 7, (24, T) = Fe (24, T)P;(cfc)(f) is the pumping rate
of level |e) or |g), which is proportional to the occupation
of the state |x), from which the pumping takes place. Taking
into account that contributions due to spontaneous decay and
interaction with emitted field can be expressed as

(dpé‘;)(r)) _<d<6§“><f>>)
dt field dt field

dpg () <d<&;a>(f)>)
dt field dt field.

we obtain as new equations for the continuous variables:

00ee(z, T)
B v— =7.(2,T) — (Tsp + Ve(2, T) + Vi) Pee(2, T)
3Ao © ,
— —Tgn | dZ'S(z, 7, 1), (D7)
87 0
Lee(z, T) = 1—‘sp + %e(2, T) + Va,
8)0gg(z, 7) _

97 = rg(Zs T)+(Fsp+7/n)pee(zv T)_Vg(zv T))Ogg(Z, T)
3A0
- (D3)
8

J

z
Fspn/ dz'S(z, 7, 7).
0

2. Equations for S(z1, 22, T)

(a)

From expression Eq. (D4) applied to operators 6, we

find

V) = =1y + 4(2as ©) + Ye(Zar T + Ve (20, D167 (0).
(DY)

Hence, in equations involving 6;“) operators, such as
Eq. (11), the account of Eq. (D9) is equivalent to modifying
the decay term by changing the decay rate to

N(za, 7)) = I‘sp + Vn 924, T) + Vel2a, T) + Vg(zav ).
(D10)

Equation (11) and its hermitian conjugate were used to
obtain the equation for the time-propagation of the correlation
function of atomic coherences Eq. (16). Taking into account
that the derivation was based on quantum Einstein relation
Eq. (B2), one can see that the inclusion of additional operators
Eq. (D9) results in the following substitution of the term
—I'S(z1, 22, T) in Eq. (25) by

—TpS8(z1, 22, 7) > —3[T(z1, ) 4 Tz2, 1181, 22, 7).
(D11)

Note that the term D, in Eq. (B2) gives no contribution
due to our assumption that the reservoirs are independent for
each atom.

3. Equations for the field correlation function

Finally, we discuss, which modifications need to be intro-
duced to the derivation done in Appendix C. In Eq. (C3), we
have to take into account the additional terms from Eq. (D9);
this results in

T
0

2ie ~a ~(a
x [_hmlc’ 6 HAL ) + W)]

+ e—iQre—%fJ dr"I‘(za,T”)a,iﬂ)(O)' (D12)

Retaining the damping term e~ /7 47'TGa™) throughout
further derivations results in the factor D appearing in
Eq. (39).

Additional ~ modifications affect  the  quantity
(69(11)6“ (1)), which is needed to calculate Eq. (C7).
Following the same reasoning as in Appendix C we consider
only contributions from (6J(ra)(11 )6@ (72))free, 1.€., €volution
only due to the spontaneous decay and incoherent processes
of individual atoms. To this end, we use Eq. (D12) omitting
the field and write

T 2 Ly [T ” ” g n ”
N n i -7 3l AT @a, )+ ) 7 dr T(za, )] | A A
(Uj_a)(fl)dia)(‘l/'z» :/ d‘l,'l// d.[zfezﬂ(n 71 —[12 rzl)e 2 f,l 7T (24,7} ftz 7 2 <Fia)(,[1/)F£a)(.[2/))
0 0

=y At T e T+ % dTY T (za. 1)1 LiQ(T1—12) (@)
+ e zfo 11Za: T fo 21 Zas T )] ot 1 pez(())'

(D13)
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To evaluate Eq. (D13), we need to know the value of the
noise correlation D, _(7); see Eq. (D2). It can be obtained
from the combination of the master equation and the general-
ized Einstein relation Eq. (B2), see Ref. [39] Ch. 9.4:

Dy (v) = (V9() — (V)6 (1)) — (6 (0)V @ (x))

=71e(24, T) + [T (24> T) — Tee(2a, T)],Oéz)(f)-
(D14)

With the help of Eq. (D2) and using Eq. (D14), Eq. (D13)
transforms to

~( ~
(6 ()6 (12))
min 7y,7; . .
_ eiQ(rlfrz)/ dr’e’%[(/r'] dt{T(za, 7] )+ [ 7 dT)T(2a,7))]
0

J

00eg(22, T)

ga—‘[ + peg(ZZ» 7)

I'(z2, 7)

2

['(z1, 7)
2

Pge(Z1, T) 97

= pge(le T)|:_

S peg(ZZa T)I:_

This itself can obviously be expressed in factorized form
as well. The integral in Eq. (E1) can be represented as the
solution of a differential equation and in this way, we can
introduce an electric field envelope that satisfies

0E,+(z,T) k(2) iQ
= - 5 ) -~ vMe, ) )
3z > (1) + ZGOC;m Peg(2, T)E

£ = Aor R?
T

(E2)

Using this, we obtain from Eq. (E1)

a e(Z, T F , /
pga(f ) _ (zzr)pge(z,r)Jrﬂpim(z,”&(z’r).

h
(E3)

Here, we used the definition of the spontaneous decay rate
Eq. (A9), and the dipole moment p that is related to the
momentum matrix element given in Eq. (4) as e p = imQu.
Furthermore, n, is the three-dimensional particle density,
namely n = n,7 R?, while £, and £_ are the positive and neg-
ative frequency parts of the field; they are complex conjugate
to one another. The way how to split the factor 3Ao0/(167)I,
into prefactors in Eqs. (E2) and (E3) is arbitrary at this stage.
The chosen factors comply with Egs. (5) and (10). Since
these expressions are our basic expressions to obtain field
correlation function Eq. (39), the field propagation Eq. (E2)
should agree with Egs. (39) and (47). Notably, the semiclassi-
cal Maxwell-Bloch equations could also be obtained directly
from Egs. (5), (6), (10), and (D9) by replacing all operators by
c-numbers and omitting the operator noise terms.

The field Eq. (E2) differs from typically used Maxwell-
Bloch equations [18] by a factor &. This is result of the 1D
approximation Eq. (8), though within this approximation, it

00ge(21, T)

(22 T) + 3Ao
Peg(22, 167

3Ao0
Pge(21,T) + ——
167

X [re(za, T) + [T (2as ') = Tee(za, T)] 02 ()]

+ eiQ(rl—rg)e—%[f(;l dr{T(zq, 1) )+ [, drz”I‘(za,rz”)] pé‘;)(O)-
(D15)

This constitutes the spontaneous emission part of Eq. (39).

APPENDIX E: DERIVATION OF MAXWELL-BLOCH
EQUATIONS FROM THE CORRELATION
FUNCTION EQUATIONS

Here, we consider how the correlation function Egs. (36)—
(39) simplify if we assume the factorization of Egs. (46) and
(47) and omit the spontaneous emission terms. Under these
assumptions, we can substitute Eq. (46) into Eq. (38) and
obtain the following expression:

k&)
Fsppinv(ZZv T)n/ dZ/QA(ZL Zlg)peg(z/z, T)i|
0

z

21
Fsppinv(zl, T)nf dZ/l.A(Zl, Z/l ),Oge(Z,p T)i| (ED)
0

(

can be taken as & ~ 1. With this choice we obtain Egs. (48)—
(51).

APPENDIX F: NOISE-TERM CORRELATION FACTOR
FOR MAXWELL-BLOCH EQUATIONS

To compare the present approach to Maxwell-Bloch equa-
tions with noise terms we derive the noise term correlation
factor F that is consistent with the approximations and con-
ventions used throughout this paper. We restrict ourselves to a
simplified scheme, assuming instantaneous pumping and the
absence of incoherent processes except for decoherence with
a fixed decoherence rate ¢. If no external field is present, then
from Eq. (E3) supplemented with the noise term s, (z, T) we
obtain

puer) = [ are e @
0

where I' =T, +¢. Substituting this expression into
Eq. (E2) and considering the case without absorption, we find

Qun, [* ’ ,
e = [ ai [ aretr o @
2e0c Jo )
with & ~ 1.
The number of spontaneously emitted photons can be
obtained as

deh,sp(T) _ 2606‘

- — (E_(D)E4(T))T R, (F3)

where (..) indicates the average over realizations of the
stochastic variables si(z, T). Substituting Eq. (F2) into
Eq. (F3), taking into
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account Eq. (52), performing integrals with the § functions
and using Eq. (A9), we arrive at

dNphsp(T 3 t ,
M — _FsannUF}\.Z/ drle—r(‘[—‘[ )pee(f/)'
dt 8 0

(F4)

We can now compare the obtained expression with the
exact result Eq. (43). If we assume that the decoherence time
is much shorter than the spontaneous emission time, we can

take p..(7) out of the integral and obtain
F=—¢. (F5)
n

Here again, we can take & ~ 1. However, if I' = Iy, then
within the choice Eq. (F5) for the temporal dependence of
spontaneously emitted quanta we find

dN, 3
p;%(r) = ngpnonpee(O)FSpIe_Rpr, (F6)

under the same approximation & ~ 1. Clearly, Eq. (F6) differs
from the correct result by a factor I'g,T.
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