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We present a theoretical approach for describing collective x-ray emission processes in extended multilevel
targets, based on a combination of propagation equations for the quantum correlation functions and the
semiclassical Maxwell-Bloch equations. Such a description overcomes the key deficiencies of the two constituent
sets of equations, which have until now been independently used to describe these phenomena. The model
developed is employed to study the spectral properties of superfluorescence of K« emission in zinc at ~8630 eV
after inner-shell photoionization with intense attosecond free-electron laser pulses. At high pump intensities, the
numerical simulations predict a splitting of the Ko; emission line due to a self-induced Autler-Townes effect,
which could readily be observed with standard high-resolution x-ray spectrometers. As short duration of the
pump pulse is one of the crucial parameters for the manifestation of this phenomenon in the hard-x-ray regime,
experimental verification could be possible due to the most recent developments of free-electron laser sources.
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I. INTRODUCTION

Amplified spontaneous emission (ASE) [1,2] and superflu-
orescence (SF) [3] are two examples of nonlinear phenom-
ena in light-matter interaction, which have been extensively
studied in the optical regime [4—7]. In such setups, the target
is typically excited by a short intense light pulse creating an
inverted population, and fluorescence to a lower-lying state is
observed. The characteristic features of the two phenomena
allow for a clear distinction in experimental spectra. In ASE,
the number of emitted photons increases exponentially with
excited-state density and the duration of the emitted pulse is
increased. In contrast, SF exhibits a linear dependence of the
number of emitted photons and the emitted pulse is delayed in
time with respect to pumping and its duration is decreased [8].
In the optical regime, it is thus possible to observe these phe-
nomena by either detecting the total photon yield or recording
the time dependence of the emitted radiation intensity as a
function of pump intensity [9,10]. However, the transition
between the two regimes is not sharp [11]; increasing the
excited-state population in the target leads to the saturation
of amplified spontaneous emission, where the emitted field
exhibits the characteristics of SF. Due to this, both collective
emission processes are often called superfluorescence [12].
This is not to be confused with the term superradiance, as
coined by Dicke [13] to describe the radiation emitted from
a system of atoms prepared in a superposition of states by a
coherent field.

Experimental observation of these phenomena in the
x-ray domain has only recently become possible with the
development of free-electron lasers (FELs) [14—16]. The high
intensity and short duration of pulses produced by these light
sources enables the creation of a population inversion, for
example, by inner- or valence-shell photoionization, leading
to fluorescence in the x-ray or XUV spectral regions, respec-
tively. In this way, ASE has been observed in neon gas [17]
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and copper foil [18]. In both cases, the amplification of K«
emission was observed after ionization of a 1s electron by
FEL pulses, and the characteristic exponential dependence
of the number of emitted photons on the FEL intensity was
reported.

Detecting the time dependence of the emitted radiation
intensity is not feasible in the x-ray domain because the
duration of the emitted pulses is on the order of the excited-
state lifetime, which for core-hole states is well below 1 ps
[19]. The characteristic features of collective emission are
however also manifested in the spectral domain. Spectral fea-
tures of x-ray superfluorescence have recently been observed
in manganese complexes [20] and xenon [21]. In both cases, a
broadening of the spectral lines was observed when reaching
saturation. The modification of the emission line shape was
also observed in several theoretical studies, which additionally
predicted the emission line to split into two (or more) peaks
when the field intensities become high enough [22,23]. In the
UV and x-ray domain, the splitting produced by the Autler-
Townes effect and the subsequent induced transparency has
been observed by coupling short-lived states with an intense
optical laser [24,25]. However, observation of the self-induced
Autler-Townes (or AC Stark) splitting of the emission line as
predicted for superfluorescence in the x-ray domain is lacking.

Even though theoretical models are capable of reproducing
the characteristic features of collective emission processes,
quantitative agreement with the experimental results is usually
obtained by varying the target parameters, such as target
density and length. Since superfluorescence develops from
spontaneous emission, a successful model must describe both
the quantum field fluctuations in the absence of external
electric fields and the interaction of strong electric fields with
matter and their propagation through an excited medium in
the nonlinear regime [3]. In the past, several different attempts
have been made to simulate the evolution of superfluorescence
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FIG. 1. Schematic representation of the processes after photoion-
ization of a 1s electron by a short FEL pulse. The excited state |1s~')
can decay radiatively to states [2p3)) and |2p;)). The three ionic
states can further be photoionized or decay nonradiatively to Zn>*.

in different setups, all relying on specific approximations. The
most widely used model is based on Maxwell-Bloch equations
with spontaneous emission described by a stochastic noise
term simulating fluctuations of quantum polarization [26-28].
Such a noise model however does not generate the expected
exponentially decreasing emission intensity, but instead pro-
duces a temporal profile of the emitted field with a delayed
peak with respect to pumping [8], making it inadequate
when dealing with multilevel systems and competing decay
channels. Recently, a method based on quantum correlation
functions has been demonstrated to properly describe both
spontaneous and stimulated emission in a two-level system
[29]. The model encompasses the transition from spontaneous
emission through amplification to superfluorescence and in-
corporates incoherent processes which are significant in the
X-ray regime.

In this paper we extend the approach to modeling collective
x-ray emission processes in three-level extended targets, using
a combination of quantum correlation functions [29] and
Maxwell-Bloch equations [8]. As we will demonstrate, due
to the approximations that have to be made to obtain a closed
system of propagation equations for the quantum correlation
functions, this model is in itself unsuitable to treat nonlinear
phenomena in multilevel systems. However, coupling it to
the semiclassical Maxwell-Bloch equations enables adequate
modeling of both spontaneous emission and effects due to
strong electric fields.

The presented model is employed to study the spectral
properties of superfluorescence of the Ko » emission in zinc
at ~8630 eV [30]. The target is photoionized by high-intensity
9750-eV FEL pulses with a duration of a few hundred at-
toseconds. This has recently become feasible with the demon-
stration of single-spike self-amplified spontaneous emission
(SASE) FEL pulses in both the hard- and soft-x-ray regions
[31-33]. In this way, a high density of 1s~! excited states is
created (Fig. 1). This state can decay via the Auger process,
or radiatively to states 2p1’/12 and 2p3 5. Other incoherent
processes, such as pumping to the lower states and additional
photoionization by both the pump and emitted fields, are also
taken into account. This target was chosen because of the large
energy separation between the two Ko lines (23 eV) with

respect to their linewidths (~1 eV), enabling the treatment of
the two emission lines by two distinct field modes. Moreover,
the lifetime of state 1s~! of ~0.5 fs is longer than the shortest
achievable duration of the FEL pulses, which as we will show
is required for a clear manifestation of superfluorescence, and
the closed d shell in zinc simplifies the treatment of the atomic
properties of the target.

II. THEORETICAL DESCRIPTION

We consider an ensemble of atoms, each of which can be
represented as a three-level system of Zn". This is feasible
since we are studying the amplification of two electromag-
netic fields resonant with specific radiative transitions pro-
ceeding from a common upper level. Each of the levels is
degenerate; however, the analysis performed in Appendix A
shows that both the magnetic substructure of the ionic levels
and polarization properties of the emitted light do not need
to be considered explicitly. Since each of the two excited
ionic states is initially equally populated and contributes an
equal number of photons to each of the two polarization
modes in the forward direction, the Koy and Ko, lines can
be treated as resulting from the transition between a sin-
gle initial state and a final state, the populations of which
should be considered as the sum of the populations of the
corresponding physical states over the magnetic quantum
numbers.

The ionic states are populated as a result of incoherent
pumping by a short intense FEL pulse (Fig. 1), which can
also lead to valence-shell excitations and shake processes.
These most likely result in the production of a 3d spectator
hole that can subsequently decay by emission of photons
with energies in the range of Ko emission. For zinc the
relative contribution of these processes to the Ko emission
line intensity is around 10% [34]. According to calculations
with the GRASP code [35], the most probable alternative
radiative decay process of the ls hole in Zn is KB emission
involving an electron jump from the 3p orbital that has a
12% probability to occur. However, both valence excitation
and these additional dipole emission channels cannot be
incorporated into the presented model in a straightforward
way and are thus neglected, presenting a limitation of this
theoretical approach. Higher allowed multipole transitions can
be neglected, since the most probable of these is the magnetic
dipole transition |1s1’/12) — |2s1’/12), which in Zn has a proba-
bility that is six orders of magnitude lower than that for K«
emission.

To simplify the initial treatment of the problem, we assume
that all atoms at position z in the target are in the excited
state |1) at time t = z/c, which corresponds to instantaneous
swept-gain pumping of the system, and no incoherent pro-
cesses are present. These can straightforwardly be included at
alater stage. The excited medium is assumed to have the shape
of an elongated cylinder, which is the case typically realized
in experiments [3]. The excited state radiatively decays to
lower-lying states |0) and |2). The effective Hamiltonian
operator which describes the atomic system interacting with
quantized electric field modes in the dipole and rotating-wave
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approximation is written as [36]
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Here E; are the energies of the three states and 6;; = [i)(j|,
i, j =0, 1,2, the transition operators between the states. The
sum »_, runs over the atoms in the target. The creation and
annihilation operators a s and & ak (bq s and bT ,) correspond
to an electromagnetic field mode with wave ‘vector k (q),
frequency wy (w,), and polarization s. The positive-frequency
parts of the quantized electric fields are defined as

2@ hog er
) = Z e ks (2a)
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where ey ; (e, ;) is the polarization vector and V the quantiza-
tion volume. The negative-frequency parts of the field opera-
tors, £ g"‘i (r)and &€ (zai (1), are defined as Hermitian conjugates
of expressions (2). The vector r, denotes the position of the
atom ¢, which is coupled to the electromagnetic field modes
by the electric dipole interaction described by the coupling
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Here 7 = ), iy, where #;, is the position of an electron
relative to the nucleus of the atom « and the sum ), runs
over all the electrons in the atom. The dipole approximation is
valid for core-shell excitations in the x-ray domain [37], since
the core wave function is exponentially decreasing outside the
core radius, which is much smaller than the wavelength of the
emitted field.

Following the procedure described in Ref. [29] and detailed
in Appendix B, we arrive at the propagation equation for the

J
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and an analogous expression for (alg)(r)oz( (7)). Here I’Sp
and I'; are the spontaneous decay rates from state | 1) to states
|0) and |2), respectively, Ao = m(r/1)?* is the solid angle into
which the photons are emitted and is defined by the radius
r and length [ of the target, T is the retarded time defined
for each atom @ as T =1 — %‘f, and I:ﬂig,“)(t) are the stochastic
Langevin terms due to the interaction with the vacuum field.
The right-hand side of Eq. (4) contains expectation values of
triple operator products, for which propagation equations can
be derived in a similar way. These are coupled to expectation
values of quartic operators and so on. In order to obtain a
closed set of equations, an approximation has to be made at
this point. The triple products in the second term of Eq. (4)
can be factorized as [29]

606 (r) -

~ [(6(0) —

69167 (0))
BLEMEB T @8 @) 5

However, the same approximation cannot be made to resolve
the third term on the right-hand side of Eq. (4), as the triple
products there are composed of all nondiagonal operators
6ij, i # j. These products include the operators 6 and 629
coupling the two lower states of the three-level system, which
are not directly dipole coupled by an electric field mode.
These contributions can be neglected when neither of the
electric fields is too strong (see Appendix B). Applying these
approximations and following the remainder of the derivation
in Ref. [29], as well as including the incoherent processes,
leads to the closed set of equations

8 sp sp 3A0 sp : / / /
—pu@E 1) =r 1) = [Ty + Iy + Tz 0l 1) — EFO n| dzAo(z,z,1)80(z,2, 1)
0
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0
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where i = 0, 2, Q; is the frequency of the transition between
states |1) and |i), n = N r? is the linear atom density (N is the
number of atoms per unit volume), and ©(z) is the Heaviside
function. Here we introduced the continuous variables for the
state populations, correlation functions of atomic coherences,
and field correlation functions as follows:

1
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The effect of the incoherent processes is included in rates
ri(z, t) describing incoherent pumping to the three states and
their additional decay rates I'; and I';, leading to

Tii(z, 1) =T + T3 + Tz, 7) + Tiz, 7). ®)

We have not included any effects of decoherence or nonradia-
tive decays between the excited and lower states, as they will
not be relevant for the description of the problem in Fig. 1,
but these can be added in an analogous way. The inclusion
of incoherent processes introduces additional absorption and
decoherence factors defined as

1 22
Ai(z2,21,T) = €xp <—§ / dz'ki(Z, T)), (9a)
21

e
Dii(z, 12, T1) = exp <—5 / dt'Ti(z, T’)>, (9b)
13!

(

where «; is the absorption coefficient for the field mode &;.
The intensity of the emitted fields can be defined through the
field correlation function as I;(z, t) = Gi(z, T, T) or expressed
in terms of the atomic variables as

3hAC* Q3 .n
TP, 16‘3 FSP{ / dq/ dzbAi(z, 7}, T)

X Ai(Zv Z23 T)Sl(zls ZZ? t)

li(z,1) =

+ / d7A}(z, 7, D)pu @, f)}~ (10)
0

In the specific case shown in Fig. 1, pumping to the three
ionic states starts from the common ground atomic state by
photoionization with an external (FEL) pulse. The evolution
of the ground-state population p,, and intensity of the pump
FEL field Ip can thus be expressed as

a
Epgg(zv T) - _[ Z ;i(zﬂ T) + ;X(Zv ‘C):|pgg(zv t)v

i=0,1,2
(11a)

iIP(Z» T) = —kp(z, DIp(z, T), (11b)

0z

where the pumping rates 7; are connected to the rates defined
in Eqgs. (6) by ri(z, 7) = Fi(z, T)pg(z, T) and 7, is the rate
describing pumping to states not encompassed in the three-
level system. The absorption coefficient for the pump field
is defined as kp = N Zi:g,o,l,z op;pii, where op; is the cross
section for photoionization of state |i) with the pump field.

The set of equations (6) describes well the evolution of the
system in the spontaneous emission limit; however, because
the terms containing the operators ¢, and 6, in Eq. (4) and
the analogous expression for the atomic correlation function
between states |1) and |2) are neglected, it does not describe
the system adequately when the number of emitted photons
becomes large. Under these conditions, it is however expected
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that the contribution of spontaneous emission is negligible,
the essential atomic coherences have been built up, and the
emitted radiation can be treated classically. The correlation
functions can thus be factorized as

(12a)
(12b)

Si(z1, 22, T) = pin(z1, T)p1i(z2, T),
Gi(z, 11, 10) = & (2, 1€+ (2, 1),

where p;; and p;; are the off-diagonal elements of the den-
sity matrix and & 4 are the slowly varying amplitudes of

J

the classical electric field modes. In this so-called semiclas-
sical regime, the system is typically described by means
of the Maxwell-Bloch equations [38], which can be ob-
tained by replacing the transition and field operators in
the Heisenberg equations of motion by complex numbers
and neglecting the stochastic Langevin terms (see details in
Appendix B). This leads to the set of propagation equa-
tions for the density matrix elements and classical electric
fields

P , i
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0 I2(z, 7) i i
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0z 2 2¢€pc

where again i = 0, 2. The dipole matrix elements are denoted
by w;; and an additional decoherence rate is introduced as

Co2(z, 1) =To(z, T) + IMa(z, 7). (14)

Comparing Egs. (13) to a set of Maxwell-Bloch equations
derived from the classical Maxwell equations and a Hamil-
tonian coupling the quantized atomic system to a classical
electromagnetic field [38], one notices that an additional
factor appears in the field propagation equation (13f),

Ao r?

Si—W, i1=0,2,

5)
in which A; is the wavelength of the field emitted on the 1 — i
transition. This is a geometrical factor that is a consequence
of performing a one-dimensional approximation, where we
assume that only the modes of the field with wave vectors
oriented along the cylinder axis within a small solid angle
Ao will interact with a large number of atoms and thus be
amplified. The effect of this factor on the numerical results
is negligible if the geometrical solid angle approximately
corresponds to the diffraction solid angle r2/1> ~ A?/r?. This
is equivalent to the condition that the Fresnel number F ~
r? /1% ~ 4/ is on the order of 1, which has been argued to be
the only case in which the reduction of the problem to a single
spatial dimension is feasible [3]. In targets characterized by
a large Fresnel number, the emission is however expected to
occur in smaller independent regions defined by the diffrac-
tion solid angle. In these cases, the geometrical solid angle
should be replaced with the diffraction solid angle Ao ~
(x/r)?* in Egs. (6) to approximately account for the losses due

(

to the diffraction effects, although strictly speaking the evo-
lution of the system should be treated as a three-dimensional
problem.

The coupling between the lower-lying states of the three-
level system, which has been neglected in the derivation of the
correlation-function equations (6), is included in the Maxwell-
Bloch equations in Egs. (13c)—(13e) via the pg, coherence.
Analyzing Eq. (13e) again shows that the contribution of
this coupling will be important when the amplitudes of both
fields and coherences pg; and p;; become large. This makes
Maxwell-Bloch equations suitable for describing the evolu-
tion of the system in the region of the phase space where the
treatment with quantum correlation functions is inadequate.
On the other hand, it can be seen that if one assumes an
absence of fields and coherences at time 7 = 0, none of
them will appear at later times due to the propagation of the
Maxwell-Bloch equations alone, unless introducing an extra
source term.

Since the propagation region where one of the derived
models can accurately describe the evolution of the system
coincides with the region where the other cannot, one is able
to devise a method for coupling the two sets of equations. At
short times and propagation distances, spontaneous emission
is the process dominating the system evolution, so the starting
point of the model is the quantum correlation-function equa-
tions (6). The transition to the Maxwell-Bloch equations (13)
should be performed if and when the following two conditions
are fulfilled: The contribution of spontaneous with respect
to stimulated emission is negligible on both transitions and
the contribution of the coupling between states |0) and |2)
is still not significant. Quantitatively, the first condition can
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be expressed as Rg, > 1, where R, denotes the ratio of the
stimulated and spontaneous emission terms in Eq. (10):

e =" Jo 42 Jy d25Ai(z, 21, DAz, 25, T)Si(2), 25, T)

. (16
' Jo dzA}z, 2, T)p1 (@, 1) (1o

The second condition can be defined in terms of the contribu-
tions to the Maxwell-Bloch equations for the coherences pg,
and p;; whose evolution is described by Eqgs. (13c) and (13d).
Deriving these directly from the propagation equations (6c¢)
for the atomic correlation functions using the factorization
given by Eq. (12) leads to equations similar to Egs. (13c) and
(13d), but without the last term on the right-hand side of each.
This is exactly the term describing the coupling between the
lower-lying states which was neglected in the derivation of the
quantum correlation-function equations. Defining

, = w1220z, T 4+(z, T)
o1z, T) — poo(z, T)10€0,4(z, )’

R, = mi0p02(z, T)e +(z, T)
[p11(z, T) — p22(z, T)12E2 4+ (2, T)

(17a)

(17b)

thus leads to the second condition for the transition to the
Maxwell-Bloch equations, that is, R; < 1 withi = 0, 2.

To obtain numerical results, the equations are rewritten
in their finite-difference form and propagated on a two-
dimensional grid with one spatial dimension. During the prop-
agation of the correlation-function equations (6), the ratios
Rg, and Rg, are calculated at each grid point. When the values
of both ratios exceed a chosen limiting value, the transition
to the Maxwell-Bloch equations is performed and the ratios
Ro.2 are calculated to validate the second condition described
above. Performing the transition from the correlation-function
model to the Maxwell-Bloch equations requires relating the
variables used in the two models. This is straightforward for
the state populations, as the expected values p;; defined in
Eqgs. (6) directly correspond to the diagonal density matrix el-
ements in Eqs. (13). However, the atomic and field correlation
functions are connected to the electric fields and coherences
through Eqgs. (12). Taking into account the discretization of
the propagation grid, the atomic and field correlation functions
are represented by two-dimensional real square matrices at
each time or position, respectively. From these, the discretized
coherences and electric fields can be obtained by means of
the singular-value decomposition [39]. As it turns out, with
the parameters studied in the following section, this proce-
dure generally yields one singular value much larger than
the others. The coherences and fields are then obtained by
multiplying the square root of this value by the corresponding
basis vector. The arbitrary overall phase of the obtained fields
is chosen so that they are real and positive at short times. The
structure of the Maxwell-Bloch equations then dictates that
the starting points for the coherences pg; and p,; have to lie on
the positive imaginary axis. As there is no variable analogous
to the density matrix element py,(z, T) in the correlation-
function model, this variable is set to zero at the transient
region. This leads to real values of the fields and the coherence
ooz and purely imaginary values of the other two coherences
throughout the region where the system evolution is described
by the Maxwell-Bloch equations.

In addition to the temporal profiles of the emitted fields,
emission spectra can also be extracted from the simulation.
In the region where the system evolution is described by the
quantum correlations functions, the spectral intensity of the
emitted fields can be obtained from the Fourier transform
of the field correlation functions according to the Wiener-
Khinchin theorem. The calculation of spectra is seemingly
less straightforward at propagation distances at which the time
evolution is partially described by both sets of equations.
In such a situation, the contribution to the spectral intensity
from spontaneous emission at short times is negligible with
respect to the contribution of intensity at longer times, when
the fields are amplified. As the amplification and the saturation
stage of the field evolution is described by the Maxwell-Bloch
equations, the emission spectra are obtained by the Fourier
transform of the calculated electric fields.

III. RESULTS AND DISCUSSION

As an example of a problem that can be solved by the
model described in the preceding section, we will study
collective emission following inner-shell photoionization of
zinc with the ground-state configuration [Ar]3d'%4s? (Fig. 1).
The excited state 1s~! with a natural width of 1.67 eV [19]
decays via the Auger process with a branching ratio of
0.526 [40], or radiatively to states 2p3_/12 and 2171_/12 exhibiting
0.72 and 0.65 eV natural widths, respectively [19]. The K-L
fluorescence to the lower states proceeds through the Ko
and Koy channels by emission of 8638.9- and 8615.8-eV
photons, respectively, and the corresponding branching ratios
are 0.28 and 0.14 [41]. The ionic states lsl’/lz, 2p§/12, and 2pl’/12
correspond to the states |1), |0), and |2) of the three-level
system presented in Fig. 1, respectively (see Appendix A).
The photoionization cross sections required for the deter-
mination of the incoherent pumping rates, field absorption
coefficients, and partial decay rates can be found in Ref. [42],
or they can be calculated with the GRASP [35] and RATIP [43]
codes. In order to maximize the population transfer to the
excited state, the energy of the pump FEL photons is assumed
to be 9750 eV, which is right above the zinc K edge at
9659 eV [41].

The shape of the target is determined by the intersection of
the pump field with a thin zinc foil. The length of the target
equals the foil thickness, which we take to be / =5 um, and
the radius of the emitting cylinder is defined by the cross
section of the pump beam. At this point we take the radius
to correspond to the condition F ~ £2 ~ 1 discussed in the
preceding section, which leads to r ~ (12A2)!/4 ~ 28 nm. We
will later generalize the model to approximately account for
larger radii corresponding to F' > 1.

A. Analysis of the developed model

Contrary to the femtosecond hard-x-ray pulses produced
by FELs based on SASE, the intensity profile of the re-
cently demonstrated subfemtosecond FEL pulses consists of
a single spike [31,32] and can thus be approximated by a
Gaussian with a full width at half maximum duration of
p, Ip(0, 7) = lhexp[—4 In(2)(T — ro)z/r%], where 7 is the
temporal position of the pulse peak and I, the peak intensity.
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FIG. 2. (a) Intensity of the emitted radiation on the Koy (left)
and Ko, (right) transition normalized to the maximum intensity at
each propagation distance z. The dashed lines denote the transition
between the two sets of equations. (b) Number of emitted photons as
a function of the propagation distance.

We assume that the spatial intensity profile of the FEL pulse
is uniform inside an area defined by the target radius r. The
peak intensity is thus related to the pulse energy Ep by Iy =
27/In2Ep /r2n3/21p. The chosen parameter values are 7p =
400 as and Ep = 0.2 uJ, which is in line with the realistically
achievable values for attosecond FEL pulses [31,33], and 7y =
725 as is a time offset allowing one to describe the leading tail
of the Gaussian pump intensity profile.

Another parameter required by our model is the value of
ratio R¢ given by Eq. (16) at which the transition from the
correlation-function description to the Maxwell-Bloch equa-
tions is performed. For the studied model, we have chosen
Rg, =100 for both fields (i =0,2) so that the transition
between the two sets of equations is performed when the
contribution of spontaneous emission on both Ko , is at least
100 times smaller than that of stimulated emission and thus
negligible even if the field gets exponentially amplified. In
the following, we will show that choosing this value does not
violate the second condition [Eq. (17)].

Figure 2 shows the scaled radiation intensity and number
of emitted photons for the two transitions. The Ko; emission
exhibits the characteristic features of the different stages of
field amplification [8,28,29]. At the beginning of the target,
spontaneous emission is the dominant process, and the time
profile of the emitted radiation intensity is a convolution of the
Gaussian profile of the FEL pump pulse and the exponential
decay of the excited state. At larger propagation distances, the
emitted field is amplified and the intensity maximum delayed,
until the system reaches saturation. Here the delay and dura-
tion of the emitted pulse decrease, which is a characteristic
sign of superfluorescence, and Rabi oscillations are visible in
the temporal profile. The different regimes are also reflected
in the number of emitted photons, with a clear progression
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FIG. 3. (a) Calculated (left) and estimated (right; see the text)
values of the py, density matrix element. (b) Ratios R, (left) and R,
(right). The (dark) blue color shows the regions where the ratios are
larger than 0.1. In both plots the dashed lines denote the transition
between the two sets of equations.

from an exponential to a linear dependence at a target depth
of about 1.5 pum.

The evolution of the field emitted on the Ka, transition
is less straightforward and heavily influenced by the stronger
Ko, emission. The dependence of the number of emitted
Ko, photons is composed of two exponential regions with a
change of slope when the Ko emission reaches saturation.
At this point, the population inversion p;1(z, T) — poo(z, T)
becomes negative; however, p11(z, T) — p2(z, 7) is still pos-
itive because the transfer of population to the final state of
the Ko, transition is smaller due to the smaller spontaneous
decay width. This leads to the second stage of exponential
amplification of the K« field at propagation distances larger
than 1.5 pm.

In the saturation region, the intensity maximum of the Ko,
emission follows in time the maximum of the K«; emission.
This is a consequence of the coupling between the two lower
states described by pgp, which is shown in Fig. 3(a). In
the scope of the Maxwell-Bloch equations, the evolution of
the field emitted on the 1 — i transition is determined by the
corresponding density matrix element pj;. The significance
of po; in the evolution of p;; can be assessed by looking at
the ratios R; defined by Eqs. (17). While in the case of the
Koy emission (described by pjg and Ry) the contribution of
poz s negligible with respect to the population inversion, the
evolution of the Ka, emission (described by p;, and R») is
mainly determined by the coupling between the lower states
[Fig. 3(b)]. Proper modeling of this coupling is thus crucial
for the description of field propagation is such systems.
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FIG. 4. Intensity of the radiation emitted on the K« (top row) and Ko, (bottom row) transitions normalized to the maximum intensity
at each propagation distance z for the CF (first column), MB (second column), and CFMB (third column) models, along with the number of
emitted photons on each transition for the three models, p; = 0.08. The dashed white lines show the position of the intensity maximum.

To check whether taking the initial value of pg(z, T) in
the Maxwell-Bloch equations to be zero is a good approxi-
mation, this coherence can be estimated from the propagated
quantum correlation functions. Even though Egs. (12) do
not strictly hold at short times and propagation distances,
at which spontaneous emission is the dominant process, the
fields and coherences can still roughly be estimated using this
factorization. Merging the obtained estimates with the fields
&o.2 and coherences pg; and p;; calculated with the Maxwell-
Bloch equations allows for the evaluation of Eq. (13e) in the
whole propagation region, leading to the estimated value of
P02 shown on the right side of Fig. 3(a). The figure shows that
the agreement between the calculated and estimated values is
reasonable and the magnitude of the estimated pq, is negligi-
ble in the transient region between the two sets of equations
(denoted by the dashed line); thus the above approximation is
justified.

By performing the transition between the two sets of equa-
tions when the smaller of the ratios Rg, ¢, is equal to a chosen
large value, in our case 100, the first condition described at the
end of Sec. II is automatically satisfied. The second condition
is related to the ratios Ry, defined by Eqgs. (17). Figure 3(b)
shows that both of these ratios are smaller than 0.1 along the
chosen transient line, meaning that also the second condition
is satisfied.

B. Comparison of different models of collective x-ray emission

To highlight the differences between the methods generally
used to simulate collective emission processes in the x-ray
region, we compare three different models. The first is the
description of the problem with quantum correlation-function
(CF) equations (6), where coupling between the two lower
states of the system has been neglected (to be referred to as
the CF model). The second is the modeling by means of the
semiclassical Maxwell-Bloch (MB) equations (13) with an
additional stochastic noise term designed to mimic the effects
of spontaneous emission (the MB model) [8,27,28]. This term
is included on the right-hand side of Eqs. (13c) and (13d)

and is usually modeled as a Gaussian white noise with the
following correlation function:

(fzi, 1) f*(z2, )) = Fpu(zi, 11)8(z1 — 22)8(t1 — 12). (18)

The constant factor F is chosen so as to reproduce the
expected number of emitted photons in the spontaneous emis-
sion limit. The last model is the combination of correlation-
function equations and Maxwell-Bloch equations described in
the preceding section (the CFMB model).

In order to simplify the comparison, we neglect the pump-
ing by an external field and assume that at T = 0, the target is
prepared so that the population of the excited state p;;(z, 0) is
equal to some constant value p; throughout the target. Figure 4
shows the scaled intensity and number of photons emitted
on the K« » transitions calculated with the three models for
0i = 0.08. In Ky emission, there is no visible difference
between the CF and CFMB models in both the temporal
profiles of the emitted field and the number of photons. In
the initial part of the target, when spontaneous emission is
the dominant process, the intensity maximum is positioned
at T =0, as expected of the instantaneous swept pumping.
However, the results are significantly different in the case
of the MB model. The emitted pulse is delayed even at the
beginning of the target, clearly showing a shortcoming of
modeling spontaneous emission by means of the stochastic
noise term. This affects the evolution of the field throughout
the target, making the oscillations in the saturation region less
pronounced. In the initial part of the target, random fluctua-
tions are visible in the temporal intensity profiles, which are a
consequence of averaging the simulation results over a finite
number of realizations of the propagation (the MB model
results shown in Fig. 4 were averaged over 100 repetitions
of the simulation).

The results for the Ko, emission clearly show the advan-
tages of the CFMB method. In the initial part of the target,
the system evolution is described by the correlation-function
equations (6), so the emitted field profile is similar to the one
calculated with the CF model. At larger propagation distances,
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FIG. 5. Spectral intensity of the Ko (left) and Ko, (right)
emission normalized to the maximum intensity at each propagation
distance z for Ep = 0.2 uJ. The white dotted lines denote 2; &
Qg.i/2, where Q; (i =0, 2) is the transition energy and 2 ; is the
corresponding effective Rabi frequency.

when the emitted fields are amplified, the transition to the
Maxwell-Bloch equations (13) is performed and significant
differences are noticeable between the results of the CF and
CFMB models. In this region, the field evolution is more in
line with the MB model, where the peak of Ka, emission
also follows in time that of the Ko, emission. The difference
between the solutions is also visible in the dependence of the
number of emitted photons, with the CF model predicting a
much higher number of emitted photons at the end of the
target than the other two models.

C. Spectral properties of superfluorescence

Since the lifetimes of core-hole states are on the order
of femtoseconds and the duration of x-ray pulses emitted by
these states becomes even shorter due to superfluorescence,
the intensity profile of the emitted pulses cannot be directly
measured in the time domain. The interesting information the
developed model can provide is thus the spectral distribution
of outgoing radiation, where the different collective emis-
sion processes imprint different characteristic features to the
spectra.

The evolution of the emitted field spectra throughout the
target is shown in Fig. 5, where the pump pulse energy
of 0.2 uJ is the same as in the simulations presented in
Fig. 2. In the amplification region of K«; emission in the
initial part of the target, the width of the spectral line is
similar to the spontaneous emission width due to a similar
pulse duration. At a propagation distance of about 1.5 um,
a splitting appears in the Ko emission spectrum, which is a
consequence of the Autler-Townes effect [22]. The predicted
characteristic energy splitting of the doublet in the case of
the resonant fields is equal to the Rabi frequency, defined
as the product of the field amplitude and the corresponding
transition dipole moment. Since in our case the field amplitude
is time dependent, an effective Rabi frequency can be esti-
mated from the average field amplitude of the emitted pulse as
Qr.i(2) = ni fOT |Ei(z, T)|dt /T, where T is the temporal
position of the first field intensity minimum. The splitting

calculated from the effective Rabi frequency is denoted by
white dashed lines in Fig. 5. The two-peaked spectral structure
becomes visible when the effective Rabi frequency becomes
larger than the spontaneous emission width. Practically no
splitting is present in the Ko, emission line due to the lower
radiation intensity.

The described shape of the emission lines is a consequence
of the time-dependent radiation intensities. In the case of
a continuous-wave driving field, the expected shape of the
Koy emission line would be that of a Mollow triplet [44]
due to the large intensity of the resonant field coupling
states 1s~! and 2p; ). The weaker Ka, field would act as a
probe of the field-induced splitting of the common excited
state, leading to a two-peaked structure [23]. However, when
the coupling is pulsed and the number of field cycles during
the pulse duration is small, the dressed-atom picture predict-
ing the described spectral features breaks down [45]. In this
case the system evolution can be treated, for example, with
Bloch equations, which show that both the number of peaks in
the emission spectra and their shapes depend on the coupling
pulse properties in a complex way [45-47]. The multipeak
structure of the emission spectra is a consequence of the
interference of radiation emitted by an atom at different times
during the interaction.

Until now we have assumed that the spatial intensity profile
of the FEL pulse is uniform; however, realistic sources typi-
cally produce pulses with a lateral intensity profile resembling
an axially symmetric Gaussian. Moreover, the lateral dimen-
sions of the pump pulse often lead to the case of F > 1 (as dis-
cussed in Sec. II), leading to non-negligible diffraction effects.
Such a situation cannot be accurately modeled in the scope
of the developed model. It can however be approximately
accounted for by decomposing the target region into smaller
extended cylinders characterized by F' = 1. The radius of each
cylinder r ~ (I1%)'/4 is given by taking the geometrical solid
angle equal to the diffraction solid angle. For each cylinder,
the spatial intensity profile of the pump pulse is taken to be
uniform, with the corresponding intensities normalized so that
the sum of the number of pump photons in each cylinder
is equal to the number of pump photons in a pulse with a
Gaussian spatial intensity profile featuring a FWHM of 2ry
and maximum intensity Iy = Ep2In(2)*/?/tprim3/2.

The emission spectra for different pump pulse energies
resulting from such spatial averaging for ry = 100 nm are
shown in Fig. 6. The splitting in the K«| emission line is still
clearly discernible in the spatially averaged profiles; however,
the dip between the two peaks is less pronounced. This is
due to the contributions of regions with smaller pump pulse
intensities, where the effective Rabi frequency and separation
between the two peaks are smaller. The intensity of the Ko,
emission line is about an order of magnitude smaller and again
does not exhibit a considerable splitting.

Increasing the pump pulse energy even further could also
lead to a splitting of the K, emission line; however, this case
cannot be accurately simulated with the presented model, as
it assumes that the two emitted field modes do not overlap in
the spectral domain. Such a situation could lead to modified
dynamics due to the field emitted on one transition leading to
stimulated emission on the other transition.
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FIG. 6. Spectral intensity of the radiation emitted from a 5-um-
long target on the Koy (~8639 eV) and K, transitions (~8616 eV)
at different pump pulse energies. The spatial intensity profile of the
pump pulse is assumed to be an axially symmetric Gaussian (see
the text). At each pump energy the spectra of the two fields are
normalized to the maximum intensity of the Ko line.

D. Impact of pump pulse duration on the
emission spectral line shape

Below we investigate the impact of the pump pulse du-
ration on the predicted self-induced splitting of the Ko;
emission line. When the duration of the pump pulse is con-
siderably longer than the lifetime of the excited state, the
developed CFMB model does not perform optimally. Namely,
the singular-value decomposition used to obtain the initial and
boundary conditions for the propagation of Maxwell-Bloch
equations yields several singular values with comparable mag-
nitudes corresponding to different incoherent field modes.
However, in this case, modeling the evolution by means of
the Maxwell-Bloch equations with the stochastic noise term
(the MB model; see Sec. III B) yields satisfactory results, as
the delay produced by this term is much shorter than the pump
pulse duration. For simplicity, the spatial intensity profile of
the FEL pulse is taken to be uniform inside a cylinder with
radius r = 28 nm. Increasing the duration of the pump pulse
while keeping the pump pulse energy constant would lead to
a decreasing peak pump intensity and consequently a smaller
population transfer to the excited state [8]. The intensity of
the emitted radiation and the effective Rabi frequency would
hence also be smaller, leading to the disappearance of the
emission line splitting. It is thus more interesting to study the
effect of pump pulse duration while maintaining a constant
maximum pump intensity Iy. The results in this section are
calculated with Iy = 2 x 10" W/cm?.

Figure 7(a) shows the spectral intensity of the K« » emis-
sion for varying ratios tp/tx, where tp is the pump pulse
duration and tx = 400 as the lifetime of the 1s~' core-hole
state in zinc. The two-peaked structure of the Ko emission
line cannot be discerned anymore at tp/tx = 2, even though
the emitted field reaches saturation even at larger vp / Tk ratios,
as can be seen from Fig. 7(b). At long pump pulse duration,
strong depopulation of the excited state while the population
inversion is still being created leads to a longer duration of
the emitted pulses [Fig. 7(b)] and with that narrower emission
lines on both transitions. From the results of the preceding
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FIG. 7. (a) Scaled spectral intensity of K« (left) and Ko, (right)
emission emitted from a 5-um-long target for different 7 /7 ratios.
(b) Number of emitted photons as a function of the tp /tk ratio (left)
and temporal intensity profiles of the transmitted FEL pulse and the
emitted Ko field at the end of the target (right).

section, one might anticipate that increasing the maximum
pump intensity could lead to the appearance of the emission
line splitting even at longer pump pulse durations. However,
the simulation results show that this is not the case. Increasing
the pump pulse energy to the maximum values achievable
with present-day FELs leads to some modifications of the
emission line shapes, but no significant splitting is observed.

An interesting consequence of the modified system dynam-
ics at large values of 7p/7g is that the number of photons
emitted on the Ko, transition can become significantly larger
than that on the Ko, despite the smaller spontaneous decay
width. By increasing the pump pulse duration at a constant
maximum intensity, the pump pulse energy is effectively
increased and with that the density of excited ionic states
in the target. As a consequence, the stronger Ko emission
reaches saturation at shorter propagation distances. The rate
of depletion of the excited-state population is much smaller in
this linear regime, leading to a considerable population inver-
sion on the Ko, transition at longer propagation distances and
with that a stronger amplification of the Ko, emission.

The short pump pulse duration with respect to the excited-
state lifetime is thus crucial for the observation of the splitting
in the emission spectra. As shown in Sec. III C, taking into
account the nonuniform spatial intensity profile of the FEL
pulse leads to a less pronounced two-peaked spectrum. The
splitting would thus become indiscernible at even smaller
Tp / Tk ratios with respect to the results of Fig. 7. This behavior
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is in agreement with the observed amplified Ko emission
spectra in copper [ 18], where the FWHM pump pulse duration
was 7 fs, much longer than the excited-state lifetime of 0.43 fs
[19]. No splitting of the K«; emission line was observed after
reaching saturation; however, at large pump intensities, an
asymmetric broadening of the K¢/; emission line on the lower-
energy side was observed. This seems to be in disagreement
with the results of Fig. 7(a). Note, however, that our model
does not include the presence of the 3d vacancies, which this
broadening has been attributed to.

IV. CONCLUSION

We have presented a theoretical approach to modeling
collective emission processes in three-level systems, based
on a combination of equations for the quantum correlation
functions and Maxwell-Bloch equations. Due to the two-part
structure, the developed model provides an adequate treatment
of both spontaneous emission and coupling of states in strong
electric fields. The inclusion of incoherent processes, such as
space- and time-dependent pumping and depletion of state
populations due to nonradiative decays and photoionization,
makes the model suitable for treating collective effects in the
X-ray regime.

As an application of the model, we presented numer-
ical results for the evolution of superfluorescence in Ko
emission in zinc. The calculations predict a clear splitting
of the amplified K« emission line after reaching satura-
tion, which could be observed with the present-day res-
olution of x-ray spectrometers. The self-induced splitting
has been theoretically predicted before and has been ob-
served in the optical regime, however it has not been ex-
perimentally observed in the x-ray domain. The simulations
show that the crucial parameter for a clear manifestation
of this effect is the duration of the pump pulses, which
should be roughly equal to or smaller than the lifetime of
the excited state. Realization of such an experiment in the
x-ray domain, where the lifetimes of core-hole states are
below 1 fs, has only recently become feasible with the demon-
stration of attosecond FEL sources.

While accounting for incoherent processes concerning the
ionic states of the three-level system, the developed model
does not take into account other processes, possibly induced
by the high-intensity pump pulses, such as production of the
3d vacancies via shake processes [30], shifts of the energy
levels induced by the changed ionization states of neighboring
atoms, and sequential multistage pumping processes [48].
These could lead to additional spectral intensity and a change
of the emission line shape. Experimental observation is thus
crucial for the evaluation of the presented results and further
development of the theoretical model.
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APPENDIX A: EFFECT OF MAGNETIC SUBSTRUCTURE
OF THE IONIC STATES AND POLARIZATION
PROPERTIES OF THE EMITTED FIELD

After photoionization by the FEL pulse, the two excited
vacancy states |1s1/2,1/2) and |1sy2,_1/2) are equally popu-
lated. We assume that the pump field is linearly polarized
and z is the quantization axis. Let us consider Ko, transitions
to states |2p1/2!1/2) and |2p1/2,,1/2>. The matrix elements
of the ionic dipole operator b = (D, ﬁy, D.) in the chosen
coordinate system can be calculated by applying the Wigner-
Eckart theorem. For transitions between the four different
pairs of states these are

1y = 2pi212ID|1s1/2.1 /)

1
= —=(0,0, =1)(1/2[|D|[1/2),

Al
J6 (Ala)
Hy = (2P1/2,—1/2|b|1S1/2$—1/2>
1
= —(0,0, 1){1/2||D||1/2), Alb
JB( )1/2|D]11/2) (Alb)
B3 = (2p1j2,—12IDI1s1/2,1)2)
1 1 I
= —\|—,—,0)(1/2||D||1/2), Al
ﬁ(ﬁﬁ></||||/> (Alc)

Ry = (2p1/2.121D (15172 -1)2)

1 1 i
= —=\|—7= ——F7%=-0)d/21IDII1/2), (Ald)
V3 (ﬁ V2 )
where (jr||D]]|j;) is the reduced dipole matrix element. The
corresponding angular distributions of emitted photons are
proportional to

d 3 1/2(|D]|1/2))?
ﬂ:_sinzel(/ll |I/>I7 (A22)
dQ ~ 8w 6
doy 3, |(1/2]|D[|1/2)|?
- = - A2
10 S sin” 0 - , (A2b)
d 3 1/2||D||1/2)|?
99 _ 3 (34 cos20 — 25in? o sin2g) L 2IPI/2T
dQ ~ 327 3
(A2¢)
d 3 1/2||D]|1/2)|?
d_(;; = E(S + cos 26 +2sin265in2¢)w,
(A2d)

where 6 and ¢ are the azimuthal and polar angles in the chosen
coordinate system, respectively. Summing over all contribu-
tions shows that the joint angular distribution is isotropic,
do /dQ = |(1/2]|D|[1/2)* /4x.

In the case of extended targets, the active medium interacts
with photons emitted along the propagation direction of the
pump field. Inserting & = /2 and ¢ = O into the above an-
gular distributions shows that in each of the four transitions an
equal number of photons is emitted in the forward direction.
Photons emitted in the first two transitions are polarized along
the polarization of the pump field, whereas the polarization
of photons emitted in the last two transitions is orthogonal
to the polarization of the pump field and the propagation
direction. Each of the initial states |1s;/51/2) and |1s12,—1,2)
thus contributes an equal number of photons to each of the
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polarization modes in the forward direction. A similar analysis
can be performed for the Ko transitions, leading to the same
conclusion, though with twice the number of emitted photons.

In the following we show that the magnetic substructure
and polarization properties can also be neglected in the case
of stimulated emission. To this end we consider two models of
Ko, emission. The target is modeled as a sequence of layers
with width Az, where each of the layers undergoes the same
time evolution modeled in time steps At = Az/c. In the first
model, which encompasses the magnetic substructure of the
ionic levels and polarization properties of the emitted light,
the initially equally populated excited states |1sy/2,1/2) and
|Ls1/2,—1/2) decay by emission of photons with one of two
different polarizations |H) and |V') with the spontaneous de-
cay rate independent of the magnetic quantum number of the
initial and final ionic states. At each time step, n 4+ 1 photons
are emitted from a layer of atoms, where # is the total number
of photons in the previous time step and target layer. This
takes into account both spontaneous and stimulated emission,
where the probability for emission of photons with a certain
polarization is proportional to the number of photons with that
same polarization entering the target layer. The polarization
of the spontaneously emitted photon and the excited state,
from which each of the n + 1 photons is emitted, is randomly
chosen. The obtained results are compared to a simplified
model, where photons, all with the same polarization |S), are
emitted in the transition from a single excited state |1) to a
single final state |2). The decay rate for |1) — |2) spontaneous
transition is the same as above and the population of each of
the two states |1) and |2) is considered equal to the sum of
the populations of the corresponding physical states over the
magnetic quantum numbers.

The results obtained with the two models of Ko, emission
are presented in Fig. 8. The bottom panel of the figure shows
that on average the sum of the populations of the two excited
states |1s1/2,1/2) and |1s1/2,_1,2) of the first model coincides
with the population of the single excited state |1) of the
second model at all times. Similarly, the sum of the emitted
photons with polarizations |H) and |V') in the first model is on
average equal to the number of emitted photons in the second
model. This shows that the simplified model, which omits
the magnetic substructure of the ionic levels and polarization
properties of the emitted light, adequately describes the Ko »
decay even in the case of stimulated emission. In principle,
when propagating the equations, any of the two initial mag-
netic substates can be taken as |1) and any of the two final
magnetic substates can be taken as |2). The correspondence
|1s1/2.1/2) = 1) and [2p1/2.12) — [2) and thus [S) — |V)
is preferable because the parallelism of the transition dipole
moment and photon polarization leads to a simplification of
the propagation equations. The magnitude of dipole matrix
element equals the magnitude of the reduced dipole matrix
element, i, = (1/2||D]|1/2).

APPENDIX B: DERIVATION OF THE QUANTUM
CORRELATION-FUNCTION EQUATIONS FOR A
THREE-LEVEL SYSTEM

Below we provide a more detailed description of the
derivation of the set of equations (6). Since a complete
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FIG. 8. Shown on top is the number of emitted photons and
on bottom the difference in ionic state populations with respect
to initial populations for the two Ka, decay models described in
the text. The results of the model which considers the magnetic
substructure of ionic states and different polarizations are averaged
over 20 repetitions of the simulation. The initial population of states
|1S1/2,1/2) and |1S1/2,,1/2) is 106

derivation of an analogous system of equations for a two-level
system is presented in Ref. [29], we will here only describe
the key points and differences allowing one to obtain a set
of equations for a three-level system. All the intermediate
missing steps are detailed in Ref. [29].

The Hamiltonian (1) leads to a set of Heisenberg-Langevin
equations for transition operators 6,'(;()’ i,j=0,1,2,and field

operators &g) and l;ﬁ;g). The latter can be formally integrated to

yield
g () = g 5(0)e ™"
—iy e *rg /0 ldr’e—iwkv—”)&gf)(z’), (Bla)
B
bys(t) = by ;(0)e™" !

t
—iy ey fo dt'e =g P (") (B1b)
B

which are then substituted into the equations for operators
65"). The sums over all atoms of the system ), can be
split into two parts: f = « results in terms proportional to
the spontaneous decay width, whereas the sum over f§ # o
describes the interaction of a given atom with all other atoms.
Defining the spontaneous decay widths as

203
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and the electric field modes as

(ajr(t)— —zZZekS /2 V 8k.s€
B#a k,s

ik-(ro—rg)

x /0 dt'e=iext=1g B ("), (B3a)
( ) _
EL 0= 1Y Y a5 g e
B#a q.s
t
x /0 di'e=ient=1g P (" (B3b)

leads to the following set of equations for the time propagation
of transition operators:

535 = TRl + 6w £~ o - 847550)
+F, (B4a)
&8 = (P +TPHe® — i(afg>u10 P
— Mg - 52)0[) ‘A’(glf) + 61(3)”42 5(2aﬁ)t
— oy 82‘” 65 + FY, (B4b)
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Here Q;; = (E; — E;)/h are the transition energies and
F; @ correspond to the stochastic Langevin operators, as they
1nc1ude the values of the field operators at the initial time

;{s)(O) and bfl‘;)(O), when these are in a vacuum state.

Since the excited part of the medium has the shape of
an elongated cylinder, we can assume that only the field
modes with wave vectors oriented within a small solid angle
Ao around the cylinder axis z will interact with a large
number of excited atoms and will thus be amplified. We also
assume that the vectors of the dipole transition matrix el-
ements are oriented along the polarization direction of the
induced fields. The sum over wave vectors in Egs. (B3) can
thus be replaced with

oo 2
—dw (BS)
3
and a similar expression for the integration over the wave
vector g. With this the induced field operators can be

expressed as

d’k — Ao

I.AO[,L“Q%[

A(/S)
1672¢€yc? © (B6)
B<a

&) =

where the retarded time t is defined for each atom « as t =
t —zq/candi=0,?2.

Inserting these expressions into Egs. (B4) leads to a closed
set of equations for the transition operators &;;, which can be
used to obtain the equations for the expectation values of state
populations, correlation functions of atomic coherences, and
field correlation functions following the procedure described
in Ref. [29]. In this derivation we made the approximation
described in Sec. II, i.e., we neglected the terms in equations
for the atomic correlation functions which contain operators
602,20- Equation (B4f) directly shows that these contributions
are small when the electric fields are weak.

Maxwell-Bloch equations for the density matrix elements
can be obtained from Egs. (B4) by neglecting the stochastic
Langevin terms Fi;a), replacing the operators with complex
numbers and introducing continuous variables in an analogous
way as in Eq. (7). Making the replacement &;; — p1; and
> fa OZ dz in Eqgs. (B3) and differentiating the obtained
expressions with respect to z also leads to the propagation
equations for the electric fields, which contain the geometrical
factor £ defined in Eq. (15).

Incoherent processes are modeled by including Lindblad
superoperators in the master equations for the density matrix.
For details, see Ref. [29].

[1] G. L. Peters and L. Allen, J. Phys. A: Gen. Phys. 4, 238 (1971).

[2] L. Allen and G. L. Peters, J. Phys. A: Gen. Phys. 4, 564 (1971).

[3] M. Gross and S. Haroche, Phys. Rep. 93, 301 (1982).

[4] U. Ganiel, A. Hardy, G. Neumann, and D. Treves, IEEE J.
Quantum Electron. 11, 881 (1975).

[5] S. R. Wilk, R. W. Boyd, and K. J. Teegarden, Opt. Commun.
47, 404 (1983).

[6] N. Skribanowitz, I. P. Herman, J. C. MacGillivray, and M. S.
Feld, Phys. Rev. Lett. 30, 309 (1973).

[7]1 H. M. Gibbs, Q. H. F. Vrehen, and H. M. J. Hikspoors, Phys.
Rev. Lett. 39, 547 (1977).

(8] S. Krui¢, K. Bucar, A. Miheli¢, and M. Zitnik, Phys. Rev. A
98, 013416 (2018).

[9] M. Nagasono, J. R. Harries, H. Iwayama, T. Togashi, K.
Tono, M. Yabashi, Y. Senba, H. Ohashi, T. Ishikawa, and E.
Shigemasa, Phys. Rev. Lett. 107, 193603 (2011).

[10] K. Nakajima, J. R. Harries, H. Iwayama, S. Kuma, Y.
Miyamoto, M. Nagasono, C. Ohae, T. Togashi, M. Yabashi,
E. Shigemasa, and N. Sasao, J. Phys. Soc. Jpn. 84, 054301
(2015).

[11] M. S. Malcuit, J. J. Maki, D. J. Simkin, and R. W. Boyd, Phys.
Rev. Lett. 59, 1189 (1987).

013102-13


https://doi.org/10.1088/0305-4470/4/2/009
https://doi.org/10.1088/0305-4470/4/4/020
https://doi.org/10.1016/0370-1573(82)90102-8
https://doi.org/10.1109/JQE.1975.1068543
https://doi.org/10.1016/0030-4018(83)90316-4
https://doi.org/10.1103/PhysRevLett.30.309
https://doi.org/10.1103/PhysRevLett.39.547
https://doi.org/10.1103/PhysRevA.98.013416
https://doi.org/10.1103/PhysRevLett.107.193603
https://doi.org/10.7566/JPSJ.84.054301
https://doi.org/10.1103/PhysRevLett.59.1189

S. KRUSIC et al.

PHYSICAL REVIEW A 102, 013102 (2020)

[12] L. Allen and G. Peters, Phys. Lett. 31A, 95 (1970).

[13] R. H. Dicke, Phys. Rev. 93, 99 (1954).

[14] E. Allaria et al., Nat. Photon. 6, 699 (2012).

[15] P. Emma et al., Nat. Photon. 4, 641 (2010).

[16] D. Pile, Nat. Photon. 5, 456 (2011).

[17] N. Rohringer, D. Ryan, R. A. London, M. Purvis, F. Albert, J.
Dunn, J. D. Bozek, C. Bostedt, A. Graf, R. Hill, S. P. Hau-Riege,
and J. J. Rocca, Nature (London) 481, 488 (2012).

[18] H. Yoneda, Y. Inubushi, K. Nagamine, Y. Michine, H. Ohashi,
H. Yumoto, K. Yamauchi, H. Mimura, H. Kitamura, T.
Katayama, T. Ishikawa, and M. Yabashi, Nature (London) 524,
446 (2015).

[19] M. O. Krause and J. H. Oliver, J. Phys. Chem. Ref. Data 8, 329
(1979).

[20] T. Kroll, C. Weninger, R. Alonso-Mori, D. Sokaras, D. Zhu, L.
Mercadier, V. P. Majety, A. Marinelli, A. Lutman, M. W. Guetg
et al., Phys. Rev. Lett. 120, 133203 (2018).

[21] L. Mercadier, A. Benediktovitch, C. Weninger, M. A.
Blessenohl, S. Bernitt, H. Bekker, S. Dobrodey, A. Sanchez-
Gonzalez, B. Erk, C. Bomme et al., Phys. Rev. Lett. 123,
023201 (2019).

[22] S. H. Autler and C. H. Townes, Phys. Rev. 100, 703 (1955).

[23] C. N. Cohen-Tannoudji, Amazing Light (Springer, Berlin,
1996), pp. 109-123.

[24] T. E. Glover, M. P. Hertlein, S. H. Southworth, T. K. Allison,
J. van Tilborg, E. P. Kanter, B. Krissig, H. R. Varma, B.
Rude, R. Santra, A. Belkacem, and L. Young, Nat. Phys. 6, 69
(2010).

[25] M. Zitnik, A. Miheli¢, K. Bu¢ar, M. Hrast, Z. Barba, S. Krugi&,
P. Rebernik Ribic, J. Urbanci¢, B. Ressel, M. Stupar, L. Poletto,
M. Coreno, D. Gauthier, and G. De Ninno, Phys. Rev. A 99,
053423 (2019).

[26] P. D. Drummond and M. G. Raymer, Phys. Rev. A 44, 2072
(1991).

[27] O. Larroche, D. Ros, A. Klisnick, A. Sureau, C. Moller, and H.
Guennou, Phys. Rev. A 62, 043815 (2000).

[28] C. Weninger and N. Rohringer, Phys. Rev. A 90, 063828
(2014).

[29] A. Benediktovitch, V. P. Majety, and N. Rohringer, Phys. Rev.
A 99, 013839 (2019).

[30] Y. Ito, T. Tochio, H. Ohashi, M. Yamashita, S. Fukushima,
M. Polasik, K. Stabkowska, L. Syrocki, E. Szymariska, J.
Rzadkiewicz, P. Indelicato, J. P. Marques, M. C. Martins, J. P.
Santos, and F. Parente, Phys. Rev. A 94, 042506 (2016).

[31] S. Huang, Y. Ding, Y. Feng, E. Hemsing, Z. Huang, J.
Krzywinski, A. A. Lutman, A. Marinelli, T. J. Maxwell, and
D. Zhu, Phys. Rev. Lett. 119, 154801 (2017).

[32] A. Marinelli, J. MacArthur, P. Emma, M. Guetg, C. Field, D.
Kharakh, A. A. Lutman, Y. Ding, and Z. Huang, Appl. Phys.
Lett. 111, 151101 (2017).

[33] J. Duris et al., Nat. Photon. 14, 30 (2020).

[34] Y. Ito, T. Tochio, H. Oohashi, and A. Vlaicu, in Proceedings
of the 20th International Conference on X-Ray and Inner-Shell
Processes, edited by C. T. Chantler, special issue of Radiat.
Phys. Chem. 75, 1534 (2006).

[35] F. Parpia, C. Fischer, and I. Grant, Comput. Phys. Commun. 94,
249 (1996).

[36] M. O. Scully and M. S. Zubairy, Quantum Optics (Cambridge
University Press, Cambridge, 1997).

[37] M. Altarelli, in Magnetism: A Synchrotron Radiation Approach,
edited by E. Beaurepaire, H. Bulou, F. Scheurer, and J.-P.
Kappler (Springer, Berlin, 2006), pp. 201-242.

[38] P. Lambropoulos and D. Petrosyan, Fundamentals of Quantum
Optics and Quantum Information (Springer, Berlin, 2007),
Vol. 23 .

[39] H. Yanai, K. Takeuchi, and Y. Takane, Projection Matrices,
Generalized Inverse Matrices, and Singular Value Decompo-
sition (Springer Science + Business Media, New York, 2011).

[40] M. O. Krause, J. Phys. Chem. Ref. Data 8, 307 (1979).

[41] A. C. Thompson et al., X-Ray Data Booklet (Lawrence Berkeley
National Laboratory, University of California, Berkeley, 2001),
Vol. 8.

[42] J. H. Scofield, Theoretical photoionization cross sections from
1 to 1500 keV, Lawrence Livermore Laboratory Report No.
UCRL-51326, 1973 (unpublished).

[43] S. Fritzsche, in Proceedings of the Eighth International Con-
ference on Electronic Spectroscopy and Structure, edited by
A. P. Hitchcock and K. T. Leung, special issue of J. Electron
Spectrosc. Relat. Phenom. 114-116, 1155 (2001).

[44] B. R. Mollow, Phys. Rev. 188, 1969 (1969).

[45] M. Lewenstein, J. Zakrzewski, and K. Rzazewski, J. Opt. Soc.
Am. B 3, 22 (1986).

[46] K. Rzazewski and M. Florjanczyk, J. Phys. B 17, L509 (1984).

[47] M. Florjaczyk, K. Rzaewski, and J. Zakrzewski, Phys. Rev. A
31, 1558 (1985).

[48] X-Ray Free Electron Lasers: Applications in Materials, Chem-
istry and Biology, edited by U. Bergmann, V. Yachandra, and J.
Yano, (Royal Society of Chemistry, Cambridge, 2017).

013102-14


https://doi.org/10.1016/0375-9601(70)90168-4
https://doi.org/10.1103/PhysRev.93.99
https://doi.org/10.1038/nphoton.2012.233
https://doi.org/10.1038/nphoton.2010.176
https://doi.org/10.1038/nphoton.2011.178
https://doi.org/10.1038/nature10721
https://doi.org/10.1038/nature14894
https://doi.org/10.1063/1.555595
https://doi.org/10.1103/PhysRevLett.120.133203
https://doi.org/10.1103/PhysRevLett.123.023201
https://doi.org/10.1103/PhysRev.100.703
https://doi.org/10.1038/nphys1430
https://doi.org/10.1103/PhysRevA.99.053423
https://doi.org/10.1103/PhysRevA.44.2072
https://doi.org/10.1103/PhysRevA.62.043815
https://doi.org/10.1103/PhysRevA.90.063828
https://doi.org/10.1103/PhysRevA.99.013839
https://doi.org/10.1103/PhysRevA.94.042506
https://doi.org/10.1103/PhysRevLett.119.154801
https://doi.org/10.1063/1.4990716
https://doi.org/10.1038/s41566-019-0549-5
https://doi.org/10.1016/j.radphyschem.2005.10.023
https://doi.org/10.1016/0010-4655(95)00136-0
https://doi.org/10.1063/1.555594
https://doi.org/10.1016/S0368-2048(00)00257-7
https://doi.org/10.1103/PhysRev.188.1969
https://doi.org/10.1364/JOSAB.3.000022
https://doi.org/10.1088/0022-3700/17/15/005
https://doi.org/10.1103/PhysRevA.31.1558

