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Mutual amplification of high-order harmonics in an optically dressed
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In a recent work [V. A. Antonov, K. C. Han, T. R. Akhmedzhanov, M. Scully, and O. Kocharovskaya,
Phys. Rev. Lett. 123, 243903 (2019)] a method of amplifying a train of attosecond pulses, produced via
high-order harmonic generation of an infrared (IR) laser field, in an active medium of a plasma-based x-ray laser
dressed by a replica of the IR field of the fundamental frequency was proposed. The specific case of independent
amplification of each incident harmonic was considered, corresponding to a dense plasma of multiply charged
ions (such as C>* ions) which is strongly dispersive for the IR field. In the present paper, we consider a general
case when the laser field modulation leads not only to the direct amplification of high harmonics (HHs), but also
to the scattering of the harmonics into each other. The mutual coherent scattering process plays an important role
in a relatively low-density plasma with a lower ion charge, corresponding to a weakly dispersive plasma at the
frequency of the IR field. Constructive interference between the amplified HHs and the coherently scattered field
may result in a significant enhancement of the total output field. We call this effect the mutual amplification of
high-order harmonics. Considering the plasma of hydrogenlike Li** ions with an inverted transition wavelength
of 13.5 nm as an example, we analytically and numerically show that synchronization of a coherently scattered
field with the radiation of amplified HHs makes it possible to increase the intensity of attosecond pulses by

several times compared to the case of an independent amplification of HHs.
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I. INTRODUCTION

At the end of the 20th and beginning of the 21st century
a new interdisciplinary field of research, called attosecond
physics, emerged and began to rapidly develop, which is
aimed at investigating and controlling the ultrafast processes
in atoms, molecules, and solids on their intrinsic time scales
[1-7]. This became possible due to the development of the
sources of attosecond extreme ultraviolet (XUV) and x-ray
pulses based on high-order harmonic generation (HHG) of
intense optical and infrared (IR) laser fields in gases in the tun-
nel ionization regime [8—10]. Nowadays, the pulses generated
by such sources can be as short as 40-50 as [11-13]. However,
the corresponding pulse energy in the x-ray range does not
exceed a few nJ at best [14,15], mainly because of significant
limitations on high-order harmonic yield due to the macro-
scopic pulse propagation effects [16]. This limits the practical
applications of HHG sources, in particular, those related to
the single-shot measurements of ultrafast processes in matter,
as well as initiating and studying nonlinear processes in the
XUV and x-ray range [17,18]. Thus, enhancing the energy of
high harmonics (HHs) and attosecond pulses is an important
task from both fundamental and practical points of view.
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One may consider two ways to increase the energy of HHs.
The first one is to optimize the conditions for generating HHs
in order to enhance their yield. The resultant harmonic yield
is determined by (i) a single-atom (microscopic) response,
which characterizes the strength of interaction of each atom
with the driving laser field during the three-step HHG process
(ionization of an atom, acceleration of the free electron, and its
recombination with the parent ion), and (ii) the macroscopic
response associated with the coherent summation of HH emis-
sion from individual atoms. Enhancement of the macroscopic
response can be achieved by creating the favorable phase-
matching conditions, which can be done by adjusting the laser
intensity, its wavelength, and focusing parameters, as well
as the parameters of the gas [16,19-24]. The microscopic
response can be enhanced by optimizing the ionization of the
atom, as well as the electron dynamics in the driving laser
field. It can be accomplished by (i) modifying the sub-laser-
cycle waveform of the driving field via adding the low-order
(second and/or third) harmonics to its fundamental frequency
[25-31] and/or (ii) seeding the interaction medium with the
radiation of a single HH or a set of HHs, forming a train of
attosecond pulses [32-36]. In the latter case, it is possible to
enhance the HH yield by two to four orders of magnitude,
taking into account the macroscopic propagation effects.

The second way to increase the HH energy is to use an
additional amplifier. In [37] it was theoretically proposed to
amplify a train of attosecond pulses, produced via HHG in
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a gas, in an x-ray free-electron laser (XFEL) in the mode
locking regime [38], when a series of spatiotemporal shifts
is introduced between the radiation and the copropagating
electron bunch by delaying the electron bunch using magnetic
chicanes inserted between undulator modules. In this case, the
possibility of amplifying a train of attosecond pulses of widths
~ 300 as with peak power up to 1 GW was theoretically
shown. However, XFELs are large-scale and very expensive
facilities, and there are very few of them available in the
world. Another way is to use a laboratory-scale plasma-based
x-ray laser for HH amplification. In this case, the energy of
the seeding HH radiation pulse can be amplified up to 1 uJ
[39—41]. However, the narrow bandwidth (mA) of such ampli-
fier [42,43] leads to accumulating the energy obtained in the
amplification process in the radiation of a single HH resonant
with the inverted transition of the active medium. This fact
does not allow direct amplification of a set of HHs, and hence
attosecond pulses, in such active media.

In the recent work [44], we proposed a method that allows
one to broaden the gain spectrum of a plasma-based x-ray
laser and to use it for the amplification of an attosecond pulse
train formed by a set of HHs of an optical or IR laser field.
For this purpose, an active medium of an x-ray laser should be
irradiated by a replica of the fundamental frequency laser field
(or its second harmonic [45]) used for generating the seeding
HHs. Originally, this method was proposed for a hydrogenlike
active plasma medium [44,45], and then generalized to the
case of a neonlike active medium [46]. Under the action of
the laser field due to the Stark effect (the linear Stark effect in
the case of hydrogenlike ions and the quadratic Stark effect in
the case of neonlike ions), the transition frequencies between
the lasing states of the ions follow the local value of the
electric field of the laser wave in time and space. Thus, the
laser field produces a subcycle modulation of the medium. As
a result, the medium gain, initially localized in the vicinity
of the frequency of the inverted transition, is redistributed
to the combination frequencies separated from the resonance
(taking into account its time-averaged Stark shift) by multiples
of the modulating field frequency in the case of a hydrogen-
like medium or by even multiples of the modulating field
frequency in the case of a neonlike medium. In this case, if
one of the HHs of the modulating field is tuned in resonance
with the time-averaged frequency of the inverted transition,
then the other HHs will be automatically resonant with the
corresponding induced gain lines. If, in addition, the plasma
dispersion at the frequency of the modulating field is strong
enough, then the harmonics of different orders will be am-
plified independently of each other, and their relative phases
will be preserved. Such regime is realized in active media with
high free-electron concentration, in particular, with population
inversion at the transition of highly charged ions, for example,
hydrogenlike C3* ions [44,45] and neonlike Ti'** ions [46].
Furthermore, the gain coefficients for harmonics of different
orders can be made approximately equal to each other via
the proper choice of intensity of the modulating field. In
this case, the relative amplitudes of HHs are approximately
preserved during their amplification. Thus, if HHs form a
train of attosecond pulses at the entrance to the medium, then,
during the propagation through the medium, the intensity of
the pulses will grow, while maintaining their duration and

shape. In particular, in [44,45] we showed the possibility of
amplifying the attosecond pulses by two orders of magnitude
in intensity in the hydrogenlike active plasma medium of C3+
ions.

On the other hand, in an active medium with a relatively
weak plasma dispersion at frequency of the modulating field,
a quasimonochromatic seeding XUV radiation, in particular,
a single HH, which is turned into resonance with any of the
induced gain lines, is not only amplified, but also generates
a coherently scattered field at the combination frequencies
separated from the frequency of the seeding radiation by even
multiples of the frequency of the modulating laser. Under the
optimal conditions, the generated sidebands have comparable
amplitudes and are in phase with the amplified seeding radia-
tion, which leads to transformation of a quasimonochromatic
seeding field (a single HH) into a train of subfemtosecond and
attosecond pulses [47-50].

Moreover, as it was in [51], if there is a set of three HHs
at the entrance to an active medium, then the interference of
the amplified HHs with a multifrequency coherently scattered
field opens up the possibility of controlling the power spectral
density of HHs. As a result, the total energy of radiation of a
set of three HHs can increase or decrease due to constructive
or destructive interference with a coherently scattered field,
and the asymmetry of the HH spectrum can be controlled.
However, the optimal conditions under which the harmonic
amplification efficiency is maximized have not been analyzed.

In the present paper, we consider the general case of am-
plification of high harmonics, when the scattering process
needs to be taken into account. We study the possibility of
increasing the efficiency of amplification of attosecond pulses
formed by a set of (three, five, and seven) in-phase HHs in
the modulated active medium of a plasma-based x-ray laser
due to synchronization of the coherently scattered field with
amplified HHs. Hereinafter, for brevity, we will call this ef-
fect mutual amplification of high-order harmonics (MAHH).
Contrary to [51], we focus on the time dependence of the HH
signal and the preservation of the duration and shape of the
amplified pulses (which is nontrivial, since the interference of
the HHs with a coherently scattered field generally changes
the relative harmonic phases). We derive a more general, in
comparison with [51], analytical solution for the field of HHs
in an optically deep active plasma medium, which accounts
for the rescattering of harmonics into each other and is valid
for an arbitrary shape of the HH spectral line. Based on the ob-
tained analytical solution, we find the optimal conditions for
MAHH, under which the maximum increase in the intensity
of the amplified pulses of high harmonics is achieved while
maintaining their shape and duration, and confirm the results
by numerical integration of the Maxwell-Bloch equations. As
an active medium, we consider an active plasma of hydrogen-
like Li** ions, as was done in [48,50,51].

The paper is organized as follows. In Sec. II we briefly
present a theoretical model describing the HH amplification in
a modulated hydrogenlike active plasma medium. In Sec. III
we derive a generalized analytical solution, which allows one
to better understand the main features of MAHH, and use it
to find the optimal conditions for the mutual amplification
of three (Sec. IIIA), five (Sec. IIIB), and seven (Sec. IIIC)
in-phase HHs. In Sec. IV the results of the analytical theory

023507-2



MUTUAL AMPLIFICATION OF HIGH-ORDER HARMONICS ...

PHYSICAL REVIEW A 107, 023507 (2023)

are compared with the results of the numerical solutions of
the system of equations given in Sec. II. Finally, in Sec. V we
summarize the main results of this paper.

II. BASIC CONCEPT

Below, we consider an amplification of a set of (2N + 1)
linearly polarized high-order harmonics of an IR laser field
in an active medium of a recombination plasma-based x-ray
laser, which consists of hydrogenlike ions and free elec-
trons, with a population inversion at the transition n = 1 <
n =2 of the ions (where n is the principal quantum num-
ber). XUV and x-ray lasing in such an active medium has
been studied in a number of works [52,53]. The active
medium is simultaneously irradiated by the copropagating
IR field of the fundamental frequency with the same linear
polarization:

E;(x,7) = Z0ER cos (Q7 + AKx + 9), (1)

where v =1t — x,/exuv/c is the local time in the refer-
ence frame, which moves along with the wavefront of the
HH field; ¢ is the speed of light in vacuum; exyy =1 —
47é? N,/ (mea)iznc) is the nonresonant dielectric permittivity
of the plasma for a set of HHs with the carrier frequency
winc; the x axis is the propagation direction; the z axis is the
polarization direction; 7y is the unit vector along the z axis;
Er and Q are, respectively, the amplitude and the angular
frequency of the IR field; ¢ is its initial phase, which charac-
terizes the sub-laser-cycle delay of HH pulses relative to the
modulating field; AK = Q(,/exuv — np1)/c is the difference
between the wavenumbers of the IR field in the medium with
the refractive index ,/exyv and in the plasma with electron

concentration N,; np = V1 —4me2N,/(m,Q2) is the plasma
refractive index for the IR field; e and m, are the electron
charge and mass, respectively. Here we assume that (i) the
transverse and longitudinal distributions of the IR field are
much wider than, respectively, the cross section and the length
of the plasma channel and (ii) the IR field pulse duration is
quite large compared to the relaxation times of the medium. It
is also assumed that the amplitude of the laser field is smaller
than the ionization threshold from the excited (upper lasing)
energy level of the ions, so that it does not additionally ionize
the medium. Under the action of the IR field, the energy
level with n = 2 splits into three sublevels. Two of them
correspond to the states |2) = (|2s) + |2p, m = O))/ﬁ and
13) = (|2s) — |2p,m = O))/ﬁ, which are the energy eigen-
states of the hydrogenlike ions in parabolic coordinates with
principal z axis. The energies of these states oscillate in space
and time along with oscillation of the IR field strength (1)
due to the linear Stark effect and also acquire a constant shift
due to the quadratic Stark effect. The third sublevel is de-
generate and corresponds to the states [4) = |2p, m = 1) and
|5) = |2p, m = —1). These states experience only a quadratic
Stark shift, which can be considered as space-time indepen-
dent [54]. Thus, the frequencies of the transitions from the
excited states of the ions |i) (i = 2,3,4,5) to the ground state

|1) = |1s) take the form
w1 (T, x) = w, — Ag cos (2t + AKx + 9),
w31(T,x) = w; + Ag cos (2t + AKx + 9),

0a1 = Ws1 = Wy, )
4 72 2
where w, = [3”(“323)2 11— 1069{“ ) and wy =
3m et 22 10172 . .
[Zgm 10 ——57>) are the time-averaged frequencies of the

transitions |2) — 1), |3) — |1) and [4) — |1), |5) — |1),
respectively; Ag = 3mee* Z* Fy/(87°) is the amplitude of
linear Stark shift; Fy = (2/Z)3Em /E4 is the normalized
amplitude of the IR laser field; E4 >~ 5.14 x 109£ is the
atomic unit of the electric field; Z is the charge number of
the ions; 7 is Planck’s constant. Here the use of indices z
and y is justified by the fact that the dipole moments of
transitions |2) — |1), |3) — |1) are oriented along the z
axis, while the dipole moments of transitions [4) — |1),
|5) — |1) have components along the x and y axes; however,
the field propagating along the x axis interacts only with their
y components.

In the following, we assume that at the entrance to the
medium there are (2N + 1) high-order harmonics of the fun-
damental frequency €2, which are in phase with each other,
have the same amplitudes Ej, and are polarized along the
z axis [as the laser field (1)]. Thus, the HHs interact with
the modulated transitions |2) — |[1) and |3) — |1). In the
time domain, they constitute a train of pulses with duration
T /(2N + 1) and repetition period 7 /2, where T =21 /Q2 is
the IR field cycle. The electric field of the pulse train at the
entrance to the medium has the form

1
Ex=0,7)= EzoEin(T)eXP (—iwipcT)

N
X Z exp (—in2Q2t) +c.c., 3)

n=—N

where Ej, (7) is its envelope. We assume that Ei, (1) = Ey0(7),
where 0(7) is the Heaviside step function. As shown below,
such a choice of the envelope of the pulse train allows obtain-
ing the simple analytical solution to the considered problem.
Further, we suppose that the carrier frequency of the HH
field equals to the time-averaged frequency of the transitions
|2) — |1) and |3) — |1), that is, wi,c = w,, which results in
their strongest amplification.

In turn, the transitions |4) — |1) and |5) — |1) lead to
the generation of the y-polarized XUV or x-ray amplified
spontaneous emission (ASE), which (i) reduces the gain for
the z-polarized HH field by increasing the population of the
ground state of the ions and (ii) overlaps in time with the
amplified HH signal. The ASE can be suppressed by using
a sufficiently strong seeding z-polarized HH field.

The amplification of the pulse train (3) can be described by
the system of Maxwell-Bloch equations within the five-level
model of the medium using the slowly varying amplitude
approximation and the rotating wave approximation. This sys-
tem of equations is presented in [44,47,48] and will not be
reproduced here because of its large volume.

In the next section, we derive an analytical solution that
describes the main features of the HH field (3) amplified in a
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hydrogenlike active medium with moderate plasma dispersion
for the modulating IR field.

III. ANALYTICAL THEORY

The analytical solution obtained below is based on the
following approximations. We assume that the incident z-
polarized field (3) is sufficiently strong, so that the HH field
dominates over the ASE of y polarization at all considered
propagation distances. In this case, one may neglect the states
|4}, |5) and describe the active medium within the three-
level model taking into account only the states |1), |2), and
|3). We also assume a constant population difference n, at
the transitions |2) — |[1) and |3) — |1) (under the conditions
considered below, the population differences at these transi-
tions are the same), which corresponds to the linear regime of
the HH amplification. Then, within the slowly varying ampli-
tude approximation and the rotating wave approximation, the
system of Maxwell-Bloch equations is reduced to

E)EZ ,47Ta)z]viondtr ~

o = lﬁ(pﬂ — P31),
81521 dlrntr
= [y, +iAqcos (2t + AKx + V)]po; — i—— EZ,
ra 2h
8lb31 dtr Ny
—— =[—y;, —iAqcos(Qt + AKx + 9)]p3;1 + i Ez,
0T 2h
)

where E, and p;1, i = 2, 3, are the slowly varying amplitudes
of the electric field of HHs and the quantum coherencies
at the transitions |2) — |1) and |3) — |1), respectively. The
latter determine the slowly varying amplitude of the res-
onant polarization of the medium, P. = Niondi (P21 — P31),
where N, is the concentration of the resonant ions, d, =
(27/3%)eay/Z is the dipole moment of the transitions |2) —
|1) and |3) — 1), and ay is Bohr’s radius. y, = y¥ + Tion/2
is the relaxation rate of the quantum coherencies at these
transitions; yz(o) = Yeoll + ['rad/2 is the decoherence rate in the
absence of the IR field; y.on and I'1aq/2 are the collisional
and radiative decay rates of the quantum coherences at the
inverted transitions in the absence of the IR field, respectively;

Cion = m}‘:hsz 3Fo[ e+ (Fio)3 e 3]e” is the tunnel ion-
ization rate from the states |2) and |3) under the action of the
IR field averaged over the period of the modulating field. It is
worth noting that apart from the Stark effect, the modulating
field should lead not only to the tunnel ionization from the
excited states, but also to the plasma heating, thus changing
the value of y.o. As can be seen from the analytical solution
obtained below, this should only lead to (i) a change in the
medium gain and (ii) a change in the response time of the
resonant polarization of the medium. However, in what fol-
lows, we will neglect this change in y.q), since a quantitative
description of this effect is beyond the scope of this paper.
We seek a solution for £ in the form

E.(x, r)_f Z A(x, 0 = 2n)e T dw,  (5)

where A, () is the spectral amplitude of the nth harmonic
(for simplicity, we will call the harmonic at the frequency

Wine + 2nQ “nth harmonic”). Equation (5) implies that the
spectral composition of the HH field in the medium is de-
termined by the radiation of the seed (3) (no new sidebands
are generated in the spectrum of HHs). In the following, we
will additionally assume that (i) the spectral contours of the
harmonics of different orders do not overlap with each other
and (ii) the spectral separation between the harmonics is much
larger than the gain bandwidth of the active medium, € > y..
In this case, as shown in Appendix A, the system of Eqgs. (4)
for the spectral amplitudes of the HHs, A,(®), can be reduced
to the system of the interrelated equations:

An(JC, w) = A,,(x =0, a))egnnx/(lfiw/yz)

N i2(m—n)® X
e ~
D / A\ )
L T —iofy. Jo

m#n
x e8m@—x)/(—iw/y)+i2m—m) AKX ./ (6)

where g, = goJ2n(Pa)Jam(Po) is the coefficient of coherent
scattering of the mth harmonic into the nth harmonic, while
gnn 1s the effective gain coefficient of the nth harmonic in a
dense plasma medium; gy = 47 @.d2 nyNion/ (fic/exuvYz) is
the amplitude gain factor of resonant radiation in the absence
of modulation; J,,(x) is the Bessel function of the first kind
of order m; Po = Aq/SQ is the modulation index, which is
the amplitude of the linear Stark shift (the normalized am-
plitude of the IR field, Ejr) divided by the frequency of the
IR field, Q; while A,(x = 0, ) is the spectral amplitude of
the nth HH at the entrance to the medium. In accordance
with (3), all HHs at x = 0 have identical spectral amplitudes:
Ay(x =0, w) = Ag(w) = 5= [ Ein(r)edr. The first term
in (6) describes the amplification of the nth harmonic with the
gain coefficient g, during its solitary propagation through the
modulated active medium. The second term in (6) describes
the influence of all other harmonics on the amplitude of the
nth harmonic. Both the effective gain coefficients g,, and
the scattering coefficients g,,, depend on the amplitude and
the frequency (wavelength) of the modulating field through
the modulation index. Thus, the modulation index determines
both the relative amplitudes of the gain coefficients for the
harmonics of different orders and the efficiency of their mu-
tual scattering. Note that the coefficients g,,, determine the
efficiency of harmonic scattering into each other in a nondis-
persive active medium (with zero plasma dispersion for the
modulating IR field), while the role of the plasma dispersion
is taken into account by the integrals on the right-hand side of
(6). The factor (1 — iw/y.)~"! both in the exponent and under
the sum symbol in (6) characterizes the spectral contour of the
gain lines, and it is responsible for modifying the shape of the
spectral contours of HHs.

After normalizing the integration variable, Eqgs. (6) can be
represented as

An(x, w) = Ag(w)etm*/ 17wl
Y G €20mmmY AKX
+ Euim € f
=—N AK 1 - la)/yz
m#n
X A ((I)/AK w)egnn(AKx ®)/(1—iw/y.)+i2(m—n)d
A (7)
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where ® = AKX is the phase accumulated by the modulat-
ing IR field due to the plasma dispersion at the propagation
distance x’. Let us introduce the parameter

80
T AK’ ©
which is the ratio between the amplitude gain coefficient of
the nonmodulated medium, go, and the addition to the wave
number of the IR field caused by the plasma dispersion, AK.

If the plasma is strongly dispersive for the modulating IR
field, and the parameter o tends to zero, « — 0, then the
second term in (7) becomes negligible. In this case, each
harmonic is amplified independently of the others with a gain
coefficient proportional to J3, (Pq), while the relative phases
of the harmonics are maintained during the amplification pro-
cess [44]. This can be understood as redistribution of medium
gain to combination frequencies resonant with the HHs. If
additionally the modulation index, Pg, is chosen in such a
way that the squares of Bessel functions of different orders,
Jzzn (Pa), n=1,2,...,N, are maximized and have approxi-
mately the same values, then the harmonics resonant with the
corresponding gain lines will be amplified uniformly (equally
efficiently), and the time dependence of the resulting HH field
will not be noticeably modified. In particular, this allows for
the amplification of attosecond pulses with preservation of
their duration and shape.

At the same time, as was shown in [47-50], in an active
medium with low concentration of free electrons and moder-
ate dispersion for the modulating IR field, a single HH, tuned
in resonance with the modulated transition, efficiently gener-
ates a multifrequency XUV or x-ray field at the frequencies of
the sidebands, separated from the resonance by even multiples
of the frequency of the modulating field. This multifrequency
field is generated due to the coherent scattering of the resonant
radiation on the modulation wave, which propagates through
the medium with the phase velocity of the modulating field.
At the optimal depth of the medium, determined by the con-
centration of free electrons in a plasma, and for certain values
of the modulation index, the sidebands acquire the highest
amplitudes and become phase aligned with the amplified field
of the resonant harmonic, which allows for the formation of
subfemtosecond pulses from the quasimonochromatic inci-
dent radiation.

Contrary to [47-50], in the present paper we consider the
propagation of an attosecond pulse train constituted by a set
of (2N + 1) in-phase harmonics, which are tuned in resonance
with the induced gain lines, through the active plasma medium
with low concentration of free electrons. In this case, each
harmonic from the incident field is both amplified and gener-
ates coherently scattered fields at the frequencies of the other
harmonics. A sum of these coherently scattered fields at the
frequency of an individual harmonic forms the second term
in (7). A single term in this sum characterizes the scattering
of the field of the mth harmonic with the amplitude E,, to the
field of the nth harmonic with the amplitude E,. The efficiency
of this scattering is proportional to the ratio g, /AK. Thus,
to increase the efficiency of mutual harmonic scattering, one
needs to increase g,, via increasing the unperturbed gain
coefficient, go, and maximizing the product J5,(Pq)J2m, (Pa),

and decrease the plasma dispersion at the frequency of the
modulating field, thus decreasing AK.

It is worth noting that the efficiency of harmonic scattering
into each other decreases with increasing harmonic detuning
from the resonance (increasing absolute values of the indices
2n and 2m). Indeed, the peak (with respect to variation of
the modulation index) value of the product J,,(Pq)Jom(Pgo)
decreases with increasing indices n and m. Moreover, with in-
creasing n and m, the maximization of J»,,(Pg )J2,,(Po) implies
a larger value of the modulation index P, > max(2|n|, 2|m|),
where P ~ Elr/Q2 ~ Elr A (A is the wavelength of the mod-
ulating field). However, the value of Pg is limited for the
following reasons. An increase in the IR field strength above
the ionization threshold of the active medium would destroy
the gain (thus reducing go), while an increase in the IR field
wavelength would lead to an increase in the plasma dispersion
for the modulating field (increasing AK).

Furthermore, the amplitude of the coherently scattered
field of the mth harmonic at the frequency of the nth harmonic
depends on the propagation distance through the parameter
AKx. This is due to the fact that such a field is the sum
of partial waves generated in all the preceding slices of the
medium via the scattering of the mth harmonic field on the
modulation wave propagating with the phase velocity of the
modulating field, which differs from the phase velocity of
harmonics because of the plasma dispersion. As follows from
(7), the amplitude of the mth harmonic also depends on the
initial phase of the modulating field, ¢. If the relation between
¥ and AKx is that the overall coherently scattered field [the
second term in (7)] is in phase with the field of the amplified
harmonic [the first term in (7)], then their constructive inter-
ference will enhance the harmonic amplification efficiency.
This is the effect of MAHH.

Thus, for the most efficient amplification of a set of in-
phase harmonics in a moderately dispersive for the IR field
plasma medium, two conditions should be satisfied. First, one
should equalize and maximize the gain coefficients for the har-
monics of different orders, g,,, and the scattering coefficients
between them, g,,, via a proper choice of the modulation
index, which should be on the order of or higher than the
number of the amplified harmonics, Po > 2N; see [44,45] for
the details. In such a case

[J_aon (Po)| = [J_on2(Po)| = ... = |Jay—2(Po)| = |Joy (Po)]
= J(Po), )

where J(Pg) is the average value of |J,(Pga)| for —N <
n < N at the corresponding value of the modulation index,
J(Py) = ZQ’:_N [J2,(Pa)|/(2N + 1). Equation (9) is just the
optimal condition for independent harmonic amplification in
a strongly dispersive plasma medium [44]. The second con-
dition is the maximization of MAHH via a proper choice of
the medium length and the initial phase of the modulating IR
field.

Let us assume that the condition (9) is satisfied via a
proper choice of the modulation index P, while the parameter
o is sufficiently small, so that the second term in (7) can
be considered as a small perturbation. In this case, in the
zeroth order of the perturbation theory the following equal-
ity holds: A,(x, w) = Ap(w) explgerrx/(1 — iw/y;)] for any
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—N < n <N, where gy = goJ?>(Pg) is the effective gain
coefficient. In the first order of the perturbation theory

An(x, w) = Ao(w)egcffx/(l—iw/yz)
N

aJ*(Pq)
x |14+ —= sgn[J2,J2m]
|: 1 —iw/y, m;N
m#n

i —n)AKx] .
% Sin [(m n) )C] e,(mn)(AKx+2,9):| ’ (10)

m-—n

where Jy, = J»,(Pg) and sgn(x) = 1 for x >
forx < 0.

Let us formulate a sufficient condition for the applicability
of the perturbation theory in this case. First, we estimate
J?(Po). As was shown in [45], the gain spectrum of the
optically dressed hydrogenlike active medium consists of the
gain lines, which are separated from the resonance by both
even and odd multiples of €2 with the peak gain coefficients
proportional to .122” (Pg) and Jzzn +1(Po), respectively. As is well
known, Z;’i_ o J,% (Pa) = 1. Under the condition (9) the total
medium gain is redistributed approximately equally between
the gain lines and one may assume J>(Pq) ~ J2(Pq) for ar-
bitrary n and m. For the most efficient amplification of the
incident field (3), the number of even-order induced gain lines
should be approximately equal to the number of amplified
harmonics [44,45] (while the total number of the gain lines
should be twice as large). Then J 2(Pg) can be estimated as
1/[2(2N + 1)]. Second, we estimate the sum in the second
term in square brackets of (10). Since the absolute value of a
sum is less than the sum of the absolute values of its terms and
[sin(x)| < 1, we can write

>0, sgn(x) =

N

i —n)AKx]

Z Sgn(Jznjzm)Sm[(m n) x]el(mfn)[AKx+219]
m=—N m-—n
m#n

Yoo

> : an

m=— |m—]’l|

m##n

By introducing the substitution k = m—n, we obtain

N—n 1 N+n
. ZN |k| Z Z Z T (12)
Tt

The last sum in (12) is the partial sum of the harmonic
series. It can be estimated as ZQ’:] % < In(N) + 1. Finally,
|1 —iw/y.|~' < 1. Thus, the sufficient condition for the ap-
plicability of perturbation theory takes the form

a(nN+1)/2N+1) K 1. (13)

The condition (13) implies either (i) a relatively strong
plasma dispersion for the modulating IR field, (ii) a not too
large gain of an active medium for the XUV or x-ray field, or
(iii) a high number of the amplified HHs.

The time dependence of the amplitude of the nth HH is
calculated from (10) using the inverse Fourier transform and

has the form

E\(x, T) = Eingep(x, T) + aJ*(Po)B(x, T)

N .
sin [(m — n)AKx]
x Y sgnlanson]
m-—n
m=—N
m#n
ei(mfn)(AK)H*Zz?)’ (14)

where Einep (x, T)= [ Ao (@) explgesrx/(1—iw/y:)le " dw
is the spatial-temporal dependence of the amplitude of the nth
HH in the case of its independent amplification in the modu-
lated active medium, and B(x, 7) = E)Eindep(x, 7)/0(gefrx) 1S @
factor describing the space-time dependence of the coherently
scattered field due to the fact that it is produced with a delay
relative to the field of harmonics. As shown in Appendix B,
for the considered envelope of the incident harmonic signal,
Ei.(t) = Ex9(1), Eindep(x, 7) has the following form:

Eindep (x, 1)

= Eyf(7) 1+e*yzri(geffX)"+‘ i (y7)"
= (k+ 1! et m!

15)

Eindep (x , T )
following ex-

At the initial times, when y,T <1,
is approximately described by the

pression [see (B10) in Appendix Bl: Ejngep(x, T) =
Eo0(T)[1 4+ e " (In(2./gettxy;T) — 1)], where Iy(x) is the

modified zeroth-order Bessel function.

According to (14), the amplitude of the contribution due to
the scattering of the mth harmonic into the nth harmonic [each
term in the sum in (14)] is determined by the phase accumu-
lated by the modulating field, AKx, as well as the difference
m—n and the derivative of the HH amplitude in the case of its
independent amplification with respect to the effective optical
thickness, gesrx, of the modulated active medium, while the
phase of this contribution is the function of the combination
AKx + 20, the sign of the product of the Bessel functions
Jon(Pg) and Jy,,(Pg), and the sign of sin[(m—n)AKx]/(m—n).
For a fixed initial phase of the modulating field, %, the total
coherently scattered field at the frequency of the nth harmonic
is a quasiperiodic function of the propagation distance with
the period L, = 7 /AK, while for a fixed propagation dis-
tance, x, it is a periodic function of ¥ with the period ¥, = 7.
At the propagation distances corresponding to AKx = k,
where k is an integer, the coherently scattered field becomes
zero and the harmonic amplitudes are the same as in the
dense plasma medium. Although the analytical solution (14)
implies the fulfillment of the condition (13), as shown be-
low in Sec. IV via comparison with the numerical solution
of the general system of equations described in Sec. II, it
remains qualitatively correct even if the condition (13) is not
satisfied.

The MAHH effect is observed if the sum in (14) is positive
for each of the amplified HHs. To study the role of mutual
scattering of in-phase HHs, forming a train of short pulses, in
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their amplification process, we introduce the parameter

(indep)
pulse

(indep)
Ipulse

[pulse -

GCOh(xv T’ Pﬂvﬁ)z (16)

Here Iy is the peak intensity of an individual pulse in
the amplified pulse train in the presence of MAHH, Iy =
max[élansz E,(x, 7)e™7 2] where the maximum is
taken within the half cycle of the IR field in the vicinity of
the time t, while I;:ﬁg:p) is the same value in the absence
of the mutual harmonic scattering. G, > 0, if the overall
contribution of the coherently scattered field to the harmonic
intensity is positive, and G.on < 0 otherwise. In the case of
Geon < 0 the harmonic amplification is suppressed because of
the destructive interference of coherently scattered fields with
the fields of HHs [51].

Under conditions of uniform harmonic amplification (9)
we have 1;;‘}‘3?’) = (2N + 1)* max[cE2 . (x, )/(87)], while
in the case of weak harmonic scattering (13), up to the first-
order values in amplitude of the coherently scattered field, the
parameter G, takes the form

GCOh(-xa Ta PQ7 19) - 2af(-x’ r)JZ(PQ)EHISFf(AKx7 197 PQ),
(17)
where f(x, ) = B(x, 7)/Eindep(x, T) and

Enterf(AKxa 19’ PSZ)

1 N N
== 2N+1 Z Z Sgn(JZnJ2m)

n=—N m=—N
m#n
L Sin [(";—_”ZAKX] cos [(m — n)(AKx +29)]. (18)

The time dependence of the parameter G, is determined
by the ratio between the electric-field amplitude of an am-
plified HH at the considered propagation distance x in the
case of its independent amplification (in a dense active plasma
medium), Eindep(x, 7), and the factor B(x, 7) [see Eq. (14) and
the following discussion]. For the considered envelope of the
incident harmonic signal (3) it has the form

k mn
—y,T \OO (et X) 00 [6722)
e Zk:O ek! Zm:k-H m!
yr Y0 ()t §moo Qo
L+e 307, Zm:k-ﬁ-l ml

(k+1)!

The time dependences of the factor f given by (19) for
different values of the effective optical thickness, gegx, are
shown in Fig. 1. According to this figure, the value of f
increases monotonically with time and reaches saturation,
f ~ 1, at y,t > 1. In an optically thin medium, if gepx < 1,
the factor f does not depend on the propagation distance
and approximately equals to f(x, 7) & 1—exp(—y,7). In this
case, the saturation time of the dependence f(x, ) is given by
the inverse decoherence rate at the resonant transitions, yz’l.
However, as the optical thickness increases, the saturation
time increases as well, which leads to a decrease in the value
of f (and, hence, G.o,) at a fixed time t (until the population
differences at the transitions |2) — |[1) and |3) — |1) do not
decrease much, and the obtained analytical solution remains
applicable). Thus, the factor f(x, t) leads to (i) monotonic
increase in Ggon with time and (ii) monotonic decrease in

fG, )=

19)

I — -
0.9 .- 1
e o
0.8 L7 P
¢ PRt
. 0.7 " """"""""" _an-1 ]
:ﬁ 0.6 & 1 e gcffx - ]00 ]
. ’ - -
én , 8 X 10
S05r /i B =10!| |
Loal f e Ferr®
L04l P a2 |
= L~ 19
U S —— h
0.2r .:'f e - |
0.1 " 1
0 4 . ' L L I I I I L
0 1 2 3 4 5 6 7 8 9 10

FIG. 1. The local time dependence of the factor f for different
values of the effective optical thickness: gepx = 107! (blue solid
curve), gesx = 10° (red dashed curve), gesx = 10' (black dotted
curve), and gerx = 10% (green dash-dotted curve).

Gon With increasing effective optical thickness of the medium
(increasing propagation distance).

Noteworthy, G.pn as a function of dimensionless pa-
rameters y,T, AKx, ¥, and P, does not depend on the
characteristics of the active medium, except for the ratio ¢ =
8o/ AK.

In the next three subsections, we study the dependence
of G on the parameters AKx and ¥ at the values of Pq
satisfying the condition (9) and find the optimal conditions,
which maximize the value of Gy, for the cases of mutual
amplification of three, five, and seven in-phase HHs. For
this purpose, the parameter G, is normalized to the factor
20 f (geftX, ¥,T). This normalization allows one to obtain the
results valid for arbitrary values of the parameters o, gegX,
and y,t within the range of applicability of the solution (14).

A. Mutual amplification of three in-phase HHs

We start with the case of a set of three HHs (N = 1).
To find optimal conditions of their mutual amplification, it
is necessary to maximize G, by finding the optimal values
of the modulation index, Pg, the normalized propagation dis-
tance, AKx, and the initial phase of the modulating field, ©.
For uniform amplification of all considered harmonics, the
modulation index Pg should satisfy the condition (9). In the
case of three HHs it is reduced to the following equation:

[Jo(Po)l = [12(Pa)l. (20)
The modulation indices satisfying (20) are
Po = {1.84; 3.83; 5.33; 7.01; ...}. 21

In Fig. 2(a) we plot the dependencies |Jo(Pg)| and |/ (Pg)|,
while in Fig. 2(b) we show J?(Pg) for modulation indices
given by (21). The modulation indices (21) can be divided
into two groups. The first group corresponds to those Pq, for
which Jy(Pq) = J,(Pg), while for modulation indices from
the second group Jy(Pa) = —J2(Pq). Such a difference leads
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FIG. 2. (a) The modulation index dependence of the absolute
value of the ith Bessel function. Blue solid and red dashed curves
correspond to i =0 and 2, respectively. (b) The square of the
averaged absolute values of Bessel functions of orders i =-2,0,2
[denoted as J?(Pg), see (9)] for the modulation indices satisfying
(20). Blue circles correspond to the first group of Pg, for which
Jo(Pq) = J2(Pg), and red stars correspond to the second group of
Pq, for which Jy(Pg) = —J»(Pg).

to the different dependencies of Fjy;r on AKx and ¢ for these
two groups.

Let us consider the first group of modulation indices.
The corresponding dependence Fin:e)rf(AKx, ¥) is shown in
Fig. 3(a) (the superscript of the Fjy.r function indicates that
the modulation index belongs to the first group). This de-
pendence is plotted in the ranges 0 < AKx < 7 and 0 <
¥ < 7 (due to the periodicity of Fiyer, see Eq. (18), this
is sufficient for its complete representation). It is worth not-
ing that a change in ¥ by 7 does not lead to a physically
different result, but an increase in the parameter AKx by &
leads to a change in the physical thickness of the medium,

interf

(a)

ks

0 0.2 0.4 0.6 0.8 1
AKx/m

and, hence, to an increase in its effective optical thickness,
as well as to a change in Iy and Geon. The dependence

E'!) (AKx,9) contains several areas where Fiyerr > 0 (and
thus Geon > 0), and the total intensity of a set of HHs is
higher than in the case of their independent amplification at
the same physical length. Such areas contain the absolute
maxima, max{FiI(lgrf} =~ 1.47, which are reached at AKx >~
0.387 + pmr,where p = {0, 1, 2,...},and ¥ =~ 0.81x. These
maxima correspond to AKx + 29 = 27 + pm. Insuch a case,
all the terms in (18) with m—n = {—2, —1, 0, 1, 2} have the
same (positive) signs. Consequently, the coherently scattered
field (i) is maximized and (ii) is phase matched with the field
of the amplified HHs.

Next, let us consider the second group of the modulation
indices. In Fig. 3(b) we show the corresponding dependence
Fir(fe)rf(AKx, ¥). It is clearly seen that Figs. 3(a) and 3(b) co-
incide up to a shift of ¥ by 7 /2. The reason is that such initial
phase shift causes the appearance of a multiplier (—1)"~" in
each term in (18), which is eliminated in the considered case
of N =1 (a set of three HHs) and Jy(Pg) = —J>(Pg) (the

second group of the modulation indices), since sgn(J2,J2,) =

(—1)"’_".2 Thus, for such mzodulation ind}ces the max-
ima oth(ngrf(AKx, ), max{["h(ne)rf = max{Fir(ne)rf} >~ 1.47, are

reached at AKx >~ 0.387 + pmw, where p={0, 1, 2,...},
and ¥ ~ 0.317 (so that AKx + 29 = m + pm).

Now we can formulate the optimal conditions for MAHH
for a set of three HHs, which maximize the parameter
Geon by maximizing the values of J 2 and Fiert- According
to Figs. 2(b) and 3(b), the maxima are reached at Py =
PSHA™ — 383 AKx = (AKX)3pam = 0.387 + pr, where
p=1{0,1,2,...}, and ¥ = V3gym =~ 0.31wr. The corre-
sponding peak value of G normalized to the factor
20 f (geftX, ¥, T) is about 0.24.

B. Mutual amplification of five in-phase HHs

Next, similar to the previous subsection, we consider the
amplification of five in-phase HHs (N = 2). In this case,

interf

0.5

0 0.2 0.4 0.6 0.8 1
AKxX/m

FIG. 3. The dependence of Fjy,¢ on the normalized propagation distance, AKx, and the initial phase of the modulating field, ¥, for (a) the
first group [blue circles in Fig. 2(b)] and (b) the second group [red stars in Fig. 2(b)] of the modulation indices, Pg.
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FIG. 4. (a) The modulation index dependence of the absolute
value of the ith Bessel function. Blue solid, red dashed, and black
dotted curves correspond to i = 0,2,4, respectively. Dashed black
rectangles show the ranges of P,, where the condition (22) is ap-
proximately satisfied. (b) The square of the averaged absolute values
of Bessel functions of orders i = —4,-2,0,2.4, J*>(Py), for the modu-
lation indices satisfying the condition (22). Blue circles correspond
to the first group of Pq, for which Jy(Pg) = —J2(Pq) = —J4(Pg), and
red stars correspond to the second group of Pg, for which Jy(Pg) =
—L(Po) =~ Jy(Po).

the optimal value of the modulation index should satisfy the
condition

o(Po)| = [J2(Po)| = |J4(Po)l.

In Fig. 4(a) we plot the dependences of absolute values of
Bessel functions of the zeroth, second, and fourth orders on
the modulation index. According to this figure, the condition
(22) is approximately satisfied in the vicinity of the following
values of P, [see dashed black rectangles in Fig. 4(a)]:

(22)

Po=1{42; 65; 8.1; 9.8; 11.4; 13.1; 14.6; ...}. (23)
interf
(a 0.3
S 0
D
\ 02

0

.4 0.6
AKX/7

0.8 1

As in the case of three harmonics, the modulation indices
(23) are divided into two groups. The first group includes
Po =1{4.2; 8.1; 11.4; 14.6; ...} [blue circles in Fig. 4(b)],
for which J(](PQ) ~ —Jr(Pg) >~ —J4(Pg). The corresponding
dependence merf(AKx ) is shown in Fig. 5(a). In this case,
the areas of the positive contribution of the coherently scat-
tered field to the total field (5), Fiyerr > O (and thus Gy, > 0),
are small, while the peak value of £\, is max{F\}) .} ~ 0.38,
which is smaller than in Fig. 3. The reduction in the peak
value of Flnl . is caused by low synchronization between the
different components of the coherently scattered field. Thus,
for the modulation indices from the first group, the effect of
MAHH for five in-phase harmonics is relatively weak and
unstable with respect to variation of AKx and ¢.

The second group of the modulation indices includes
Po = {6.5; 9.8; 13.1; ...} [red stars in Fig. 4(b)], for which
Jo(Po) ~ —J»(Pq) ~ J4(Pg). For these modulation indices
the dependence Fig%grf(AKx, ¥) is shown in Fig. 5(b). In con-
trast with Fig. 5(a), for the modulation indices from the second
group the effect of MAHH is stronger and more stable with
respect to Varlatlon of the parameters AKx and 9, since, in
this case, max{Flmerf} ~1.92 > max{Fmterf} while the range
of Fyert > 01s wider. Moreover, quahtatlvely Fig. 5(b) resem-
bles Fig. 3(b). The peak value of ol merf is reached at AKx =~
0.26m + pm, where p ={0, 1, 2,...}, and ¢ >~ 0.37%. Un-
der these conditions, as for a set of three HHs, we have AKx +
29 = 7 + pr and sgn(Jp,Jo,) = (—1)"7". Thus, according
to Eq. (14), in this case all components of the coherently
scattered field are in phase with each other and with ampli-
fied harmonics, except for the contribution from the —2th
harmonic to the field of the 4+-2th harmonic, which is approxi-
mately zero.

Now we formulate the optimal conditions for MAHH for a
set of five HHs, which maximize the factors J*(Pg) and Fners-
According to Fig. 4(b), the peak value of J? is reached at Pg =
4.2 from the first group of the modulation indices; in this case,
J?(4.2) ~ 0.10. However, in this case the peak value of Fiyer
is rather small, max{F; (M } >~ 0.38, and the corresponding

interf
value of G, normalized to the factor 2« f (gesrx, ¥, T) is about

interf
1.5
1
0.5
AS 0
=
-0.5
-1
-1.5
0 0.2 0.4 0.6 0.8 1
AKx/m

FIG. 5. The dependence of Fjy,¢ on the normalized propagation distance, AKx, and the initial phase of the modulating field, ¥, for (a) the
first group [blue circles in Fig. 4(b)] and (b) the second group [red stars in Fig. 4(b)] of the modulation indices, Pg,.
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FIG. 6. (a) The modulation index dependence of the absolute
value of the ith Bessel function. Blue solid, red dashed, black dotted,
and green dash-dotted curves correspond to i = 0,2,4,6, respectively.
Dashed black rectangles show the ranges of P,, where the condition
(24) is approximately satisfied. (b) The square of the averaged ab-
solute values of Bessel functions of orders i = -6, -4, -2,0,2,4,6,
J?(Py), for the modulation indices satisfying the condition (24).
Blue circles correspond to the first group of Pq, for which Jy(Pq) &~
- (Pq) = Jy(Pq) = Js(Pg), and red stars correspond to the second
group of Pg, for which Jy(Pq) = —/,(Po) =~ J4(Pq) = —Js(Pg).

0.04; therefore, the effect of MAHH is relatively weak. On
the other hand, due to the highest normalized effective gain
factors of the harmonics, g,, ~ J2, the value Po = 4.2 is ideal
for the independent amplification of five in-phase HHs in a
highly dispersive plasma medium [45]. At the same time, for
the second group of the modulation indices the peak value of
J? isreached at Po, = 6.5 and corresponds to J2(6.5) ~ 0.081,
while max{Fh(fe)rf} 2~ 1.92. In this case, the normalized value
of Geop 1s about 0.16, which is four times larger than in the
case of Pp = 4.2. Thus, the optimal conditions for mutual
amplification of five in-phase HHs are Po = PS™ ~ 6.5,
AKx = (AKX)sygm = 0.267 + pr, p=1{0, 1, 2,...}, and
U= ﬁSHarm ~ 0.37m.

C. Mutual amplification of seven in-phase HHs

In the case of amplification of a set of seven in-phase HHs,
the condition of uniform harmonic amplification has the form

Mo(Po)l = |2(Po)l = [Ja(Po)l = [Js(Po)l.  (24)

The modulation index intervals, within which the condi-
tion (24) is approximately satisfied, are shown in Fig. 6(a)
by dashed black rectangles. They are centered around the
following values of Pq:

Po = {6.5; 9.2; 10.7; 12.6; 14.2; .. }. (25)

The corresponding square of the averaged absolute value
of Bessel functions of even orders from —6th to 6th, J2(Pg),
is shown in Fig. 6(b). As in the previous cases, the modulation
indices (25) can be divided into two groups.

The first group includes the modulation indices P =
{6.5; 10.7; 14.2; ...} [blue circles in Fig. 6(b)]. For these val-

ues of the modulation index Jy(Pq) >~ —J,(Pq) =~ J4(Pg) =~
Jo(Pg). The first two of these equalities are the same as in
the optimal case for mutual amplification of a set of five
HHs. Moreover, the modulation indices from the first group
are close to the optimal ones for the amplification of five
HHs, while the dependence Fi;{e)rf(AKx, ¥) shown in Fig. 7(a)
resembles Fig. 5(b). However, adding the two harmonics
to the incident field [with the gain coefficients proportional
to JZ(Py)] makes the dependence Fir(l:grf(AKx, ') somewhat
spotty and reduces the peak value of the parameter Fiypers in
comparison with the case of five harmonics from 1.923 to
0.787. This is due to the fact that for the considered modula-
tion indices the sign of Js(Pg) is the same as that of Jy(Pg)
and J4(Pg). As a result, the total coherently scattered field
includes the components [the terms in the sum in (14) or (18)]
which are in antiphase with the incident HH field. In partic-
ular, for AKx >~ 0.36x + pmr, where p = {0, 1, 2,...}, and
¥ >~ 0.327, at which th:grf(AKx, ¥) reaches its maximum
value, 10 out of 36 components of the coherently scattered
field are out of phase [ten terms in (18) are negative], while
under the optimal conditions of mutual amplification of five
HHs, all components of the coherently scattered field are in
phase with the incident harmonics. Thus, the first group of
the modulation indices is not optimal for MAHH. On the
other hand, the modulation index P, = 6.5 corresponds to the
largest normalized gain factor, J2, and thus is optimal for the
independent amplification of seven HHs [44,45].

The second group of the modulation indices includes
the values P = {9.2; 12.6; ...} [red stars in Fig. 6(b)], for
which Jy(Pq) >~ —J>(Pq) >~ J4(Pq) >~ —Js(Pg). In contrast to
the modulation indices from the first group, in this case
the sign of Js(Pg) is opposite to the sign of Jy(Pg). Thus,
sgn(Ja,Jom) = (—1)"" as in the optimal cases for mutual
amplification of three and five HHs. This causes the similarity
of the dependence Fiffgrf(AKx, ¥) shown in Fig. 7(b) to the
dependencies plotted in Figs. 3(b) and 5(b). In the consid-
ered case, the peak value max{]’ifie)rf} ~ 2.15 is reached at
AKx >~ 0.2m + prr, where p = {0, 1, 2,...},and ¥ >~ 0.47.
For these values of the parameters AKx and ¢ all components
of the coherently scattered field, except for two, which are
generated due to scattering from the —3rd to the +3rd HH
and vice versa, are in phase with the field of harmonics. For
the modulation indices from the second group, the maximum
value of J? ~ 0.039 is reached at Po = 9.2, see Fig. 6(b),
and corresponds to the value of Gon /20 f (gefrx, v, T) of about
0.08. Thus, the optimal conditions for mutual amplification of
the set of seven in-phase harmonics are Py = Ps(z Harm) g9 o
AKx = (AKX)74am == 0.2 + prr, where p = {0, 1, 2,...},
and ¥ = Yygam =~ 0.47.

In the next section, for the found optimal values of the
parameters, we numerically study the MAHH effect using the
active medium of an x-ray laser based on a Li** hydrogenlike
plasma as an example. The obtained results are compared with
the case of independent harmonic amplification in a plasma
medium with high free-electron concentration.

IV. NUMERICAL RESULTS

Below we present numerical calculations, which are based
on the integration of the set of Maxwell-Bloch equations, for
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FIG. 7. The dependence of Fj,.r on the normalized propagation distance, AKx, and the initial phase of the modulating field, ¥, for (a) the
first group [blue circles in Fig. 6(b)] and (b) the second group [red stars in Fig. 6(b)] of the modulation indices, Pg,.

detailed consideration of the possibilities of mutual amplifi-
cation of HHs (3) in a moderately dispersive active medium
of an x-ray laser based on a hydrogenlike Li** plasma. In
contrast to the analytical solution presented above, this ap-
proach does not rely on the perturbation theory when taking
into account mutual harmonic scattering, and also takes into
account (i) the change in the population differences at the
inverted transitions, as well as (ii) amplified spontaneous
emission generated at the transitions |4) <> |1) and |5) <> |1);
this emission can overlap in time and space with amplified
harmonic radiation and lead to a decrease in the harmonic
amplification efficiency due to an increase in the population
of the ground state of the ions. Both factors are taken into ac-
count in a five-level model of the active medium described in
detail in [44,47,48]. This model takes into account all dipole-
allowed transitions between the considered bound states. In
the general case, it would also be necessary to take into ac-
count a decrease in the population of the excited states due
to their single-photon ionization by the high-harmonic radi-
ation (3) resonant to the transition n = 1 <> n = 2, resulting
in a decrease in harmonic amplification efficiency. However,
the probability of the corresponding bound-free transitions is
much lower than that of the considered bound-bound transi-
tions, since the squares of the moduli of the dipole moments
of bound-free transitions are several tens of times smaller
than those of the bound-bound transitions. In particular, the
square of the modulus of the dipole moment of single-photon
transitions from the excited states |2) and |3) to the continuum
states is about 50 times smaller than the square of the modulus
of the dipole moment of the transitions from the same states
to the ground state |1), which makes it possible to neglect
the influence of single-photon ionization in the process of HH
amplification.

In the following, we consider the hydrogenlike active
medium of a Li** plasma-based x-ray laser with the inverted
transition wavelength in the vicinity of 13.5 nm. We assume
the Li** ion density Nio, = 1.5 x 10'7 cm™3 and the ion tem-
perature 1 eV, as well as the concentration of free electrons
N, =3 x 107 ecm™> with the electron temperature of 2 eV.

These parameters are the same as in [47,48] and close to those
in the experiment [52]. The collisional and radiative decay
rates of the quantum coherences at the inverted transitions
in such a plasma medium are y ~ 0.425 ps and T} ~
19.7 ps, respectively. Here, the collisional decay rate is esti-
mated according to [55] in the quasistatic approximation and
is determined by ion-ion collisions (the effect of electron-ion
collisions for the considered parameter values is negligible).
Similarly to the previous works [44,47,48], we assume that
initially (before the arrival of resonant radiation at a given
point of the medium) all Li>* ions are excited with equal
probability to one of the states |2), |3), |4), and |5), while
the ground state |1) is not populated. Thus, the initial value
of the population inversion between each of the excited states
and the ground state is 1/4, n, = 0.25. Below we consider
an active plasma medium of a cylindrical shape with a cross-
sectional radius of 2.5 pm and a length of up to 3 mm.

For comparison with analytical results, in numerical cal-
culations we assume a rectangular envelope of the field of
each harmonic from the incident set of (2N + 1) HHs (3) with
smoothed turn-on and turn-off:

(Tt 0< 1t < At

Sin - N < B
2 Aty = ™

I, Aty <t < Aty + Atgy,

z(n 1 — (Atpy + Atgy)
COos _——

2 Alsy
0, t > Atgy+2A0y,

Ein(t) =EpX
) Atna+ Aty <1 < Atna 2404,

(26)

where At,, = 10 fs and At = 2980 fs. The incident field is
nonzero within the time interval Atg, + 2At = 3 ps, has a
constant amplitude Ey within Atfg, = 2980 fs, and is turned
on and off within At, = 10 fs. The amplitude E is chosen
so that the peak intensity of HHs was 10° W /cm? regardless
of the number of harmonics (for an arbitrary N). In turn, the
intensity of the modulating field is I, =4 x 10" W/cm?,
which is close to its maximum allowable value determined
by the ionization threshold from the upper lasing states of
the ions. Since P ~ Er A, for a fixed value of the mod-
ulation index, maximization of intensity of the modulating
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FIG. 8. The results of calculations for a set of three in-phase high-order harmonics. The parameter values are as follows: PSHarm) = 3.83,
I, =4 x 10* W/sz, A = 1.63 um, V3pam = 0.317, Nigy = 1.5 x 10" em™3, and the electron concentration is either N, = 3 x 10'7 cm™3

or 3 x 10'8 cm=>. For all the figures gray and brown (dash-dotted) curves correspond to the numerical simulations for N, = 3 x 10'7 cm~,

3

black curves correspond to the numerical simulations for N, = 3 x 10'® cm~3, and green dotted curves correspond to the analytical solution
(17)=(19) for N, = 3 x 10'7 cm™3. (a) The time dependences of G, (gray solid and green dotted curves, left vertical axis) and of the (common)
population difference at the transitions |2) — |1) and |3) — |1), n,, (gray and black dashed curves, right vertical axis), at the medium length
x = 0.87 mm. (b) The spatial dependences of the peak intensity of an individual z-polarized subfemtosecond pulse produced in the closest
vicinity of = 100 fs, normalized to the peak intensity of the incident pulses, Iy = 10° W /cm? (gray and black dashed curves, left vertical axis),
and of the parameter G, (gray solid and green dotted curves, right vertical axis) at the time instant T = 100 fs. (c) The spatial dependences
of the peak intensities (the global maxima throughout the envelope) of the z-polarized pulse train (gray and black solid curves) and of the
y-polarized ASE (brown dash-dotted curve), normalized to /. In this panel, each point of each curve corresponds to the different time instant
7, when the maximum of XUYV intensity at the corresponding propagation distance is reached. (d) The time dependences of the z-polarized
subfemtosecond pulse train (gray and black solid curves) and of the y-polarized ASE (brown dash-dotted curve) at the medium length x =
1.4 mm [the corresponding point is marked in (c) by a short dotted gray line]. The inset in (d) shows the pulse shapes at the maxima of the

envelope of the corresponding pulse trains.

field (and, thus, its amplitude, E;) minimizes the modulating
wavelength, A. A decrease in A results in a weaker plasma
dispersion for the modulating field (smaller AK) and, as
a consequence, a larger parameter o = go/AK (8), which
maximizes the efficiency of mutual harmonic scattering. For
the considered intensity of the modulating field, the rate of
tunnel ionization from the states [2) and [3) is T;;! = 3.3ps.
Taking into account all relaxation processes, the character-
istic lifetime of coherences at the transitions |2) — |1) and
13) = 1) is y, ! ~ 395 fs. For numerical simulation of the
process of independent amplification of high harmonics in a
strongly dispersive plasma medium, we increase the electron
concentration tenfold, to N, = 3 x 10'® cm™3, assuming the
presence of a nonresonant impurity in the plasma. As shown
below, this concentration is sufficient to suppress the effect of
MAHH.

Let us start with the MAHH for a set of three in-phase
HHs. In this case, the optimal value of the modulation in-
dex is PS™™ =383, For the modulating intensity I, =
4 x 10'* W /cm? it corresponds to the modulating field wave-
length A = 1.63 pum. First of all, let us consider the results of
analytical (17)—(19) and numerical solutions for the time de-
pendences of G.on, shown in Fig. 8(a) by green dotted and gray

solid curves, respectively (left vertical axis). The calculations
were carried out for the analytically obtained optimum values
of the medium length, x = 0.87 mm [which corresponds to
(AKX)3Harm == 0.387 + pm at p = 0], and the initial phase of
the modulating field, ¥3yam =~ 0.317. At the initial moments
of time, a good agreement is observed between these curves.
However, for the considered parameter values, the sufficient
condition (13) for the applicability of the analytical solution
(17)—(19) is not satisfied, since a(InN + 1)/(2N + 1) =~ 3.6.
The agreement between the analytical and numerical results
at the initial instants of time is due to the finite response
time of the resonant medium. At the very beginning of the
amplification process, the amplitude of each harmonic due to
its self-amplification grows with time faster than the ampli-
tudes of the coherently scattered fields from other harmonics.
This, in particular, is reflected in the presence of the factor
(1 — iw/y.)"" under the sum symbol in the analytical expres-
sions (6) and (7) for the spectral amplitude of the harmonic
field. For this reason, at the initial moments of time, the inde-
pendent amplification of high harmonics is stronger than the
mutual harmonic scattering, which is a necessary condition
for the applicability of the analytical solution. In the case of
amplification of three HHs, agreement is observed up to the
time values T = 120 fs. At longer times, up to 470 fs, Geop
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grows faster than the analytical solution (17)—(19) predicts.
This is due to the fact that the mutual harmonic scattering
becomes comparable to or even stronger than the harmonic
self-scattering, so that MAHH starts to dominate in the ampli-
fication process, and the analytical solution (17)-(19) based
on the perturbation theory becomes incorrect. It can be shown
that in the limit of zero plasma dispersion for the modulating
field, that is, for AK — 0 and o« — 00, under the optimal con-
ditions of MAHHs the harmonics form a “strongly amplified
mode,” which grows as a whole with the gain factor given
by the sum of the effective gain coefficients for all harmonics
from the seeding field (3). This strongly amplified mode is
just the same as the “strongly absorbing mode” found for the
IR-field-dressed hydrogenlike resonantly absorbing medium
in the limit AK — 0 [56], except for the opposite sign of the
population differences at the resonant atomic transitions. The
case shown in Fig. 8 is intermediate between the formation
of the strongly amplified mode and the predictions of the
analytical solution (17)—(19) due to the weak but not van-
ishing plasma dispersion at the frequency of the modulating
field. As a result, at the corresponding moments of time,
120 < 7 < 470 fs, the peak intensity of the pulses produced
by the total harmonic field, taking into account the mutual
harmonic scattering, is higher than predicted by the analytical
solution (17)—(19). At the considered radiation intensity of the
seed (3), the amplified HH pulse train becomes so intense that
its leading edge takes all the energy stored in the population
inversion of the active medium, which leads to a shortening of
the amplified signal envelope. At even longer times, a decline
in G 1s observed, which corresponds to a decrease in the dif-

ference Ipyise — ISSS: P) This is because, in the case of MAHH,

the population difference n;. becomes negative at these times
[Fig. 8(a), right vertical axis, gray dashed curve], and the HH
radiation is absorbed. At the same time, in the case of inde-
pendent amplification of harmonics, the population difference
is positive [Fig. 8(a), right vertical axis, black dashed curve],
and thus the HH radiation is amplified. At a certain instant in
time, the pulses in the case of mutual amplification become
less intense than in the case of independent amplification, and
G.on becomes negative.

Next, we consider the spatial dependence of G.o, shown in
Fig. 8(b) (right vertical axis) for a time instant of 100 fs. It can
be seen that the analytical solution (green dotted curve) agrees
well with the results of numerical calculation (gray solid
curve). Both the spatial period of G, and the positions of
its maxima are well reproduced and, for the considered values
of the modulating field wavelength, A = 1.63 um, and free-
electron concentration, N, = 3 x 10'7 cm—3, correspond to
L, =m/AK ~ 2.3mm and X3gam ~ 0.87 mm + pL, [which
follows from (AKX)3pam = 0.387 + pmr], respectively. In
Fig. 8(b) (left vertical axis) we also show the spatial depen-
dences of the peak intensity of the single pulse from the pulse
train, whose moment of formation is closest to 100 fs, in the
case of MAHH, I,y (gray dashed curve), and the indepen-

dent harmonic amplification, Iéiﬁg:p ) (black dashed curve). It is

interesting to note that the maxima of the spatial dependence
of Geon(x) are reached at those thicknesses of the medium
where the spatial dependence of the peak pulse intensity in the
case of MAHH, /i (x), reaches saturation. In addition, at the

I(indep)

considered time T = 100 fs, Ipyse = pulse

at any depth of the

active medium, which confirms the optimal choice of the ini-
tial phase of the modulating field, ¥3pam, Since otherwise, in
accordance with Fig. 3, for certain thicknesses of the medium,
the inverse inequality Ipuse < I;::}S:p) would hold. It is also
worth noting the small-scale periodic structure, observed in
the numerically calculated spatial dependence of G.o, [see
Fig. 8(b), right vertical axis, gray solid curve]. This is primar-
ily due to residual (strongly suppressed but nonzero) mutual
harmonic scattering in a plasma with high free-electron con-
centration (in the case of N, = 3 x 10'® cm~3), which leads
to small-scale oscillations in spatial dependencies of both
1;;'};’§P>(x) and Geon(x), with the period L) ~ 0.23 mm.
With an increase in the free-electron concentration, the am-
plitude and period of these oscillations are reduced, and the
numerically calculated dependence Gqp (x) becomes closer to
its analytical counterpart.

Of greater practical importance is the spatial dependence
of the peak intensity of a pulse train formed by a set of
in-phase HHs. It characterizes the ultimate capabilities of
harmonic amplification in the considered medium, which,
apart from the finite amplification bandwidth, are limited by
the nonlinearity of the medium and, in general, ASE. The
corresponding dependence in the case of mutual amplification
of a set of three in-phase harmonics is shown in Fig. 8(c)
by the gray solid curve. It consists of two regions. In the
first one, due to MAHH, the peak intensity of the pulse
train grows faster than in the case of independent harmonic
amplification [black solid curve in Fig. 8(c)]. The medium
length, at which the greatest difference in the peak intensities
is observed, is about 1 mm, which is close to the analytically
obtained value, 0.87 mm. In the second region, the growth of
the peak intensity of the pulse train in the case of MAHHs
reaches saturation and proceeds slowly compared to the in-
dependent harmonic amplification. The gain slowdown in an
active medium with low free-electron concentration is caused
by a decrease in the amplitude of the coherently scattered
field [as in the gray dashed curve in Fig. 8(b)] and depletion
of the population inversion at resonant transitions |2) — |1)
and |3) — |1) by the HH radiation, whose intensity in this
case exceeds the saturation threshold. From a practical point
of view, it is reasonable to use an active medium with a
thickness corresponding to the transition between these two
regions (where the saturation intensity is reached by the HH
field). According to Fig. 8(c), for the considered values of the
parameters, such a transition occurs near 1.4 mm [it is marked
in Fig. 8(c) with a short dotted gray line]. It is also worth
noting that at all considered thicknesses of the active medium,
ASE of y polarization [Fig. 8(c), brown dash-dotted curve] is
significantly less intensive compared to the radiation of the
amplified HHs.

In Fig. 8(d) we also show the time dependences of the
intensity of a set of three in-phase HHs in the cases of their
mutual and independent amplification (N, = 3 x 107 cm™3,
gray curve, and N, =3 x 108 cm~3, black curve, respec-
tively) at the medium thickness of 1.4 mm [marked in Fig. 8(c)
with a short dotted gray line]. As can be seen, due to the pres-
ence of a coherently scattered field and its synchronization
with the HH radiation, in the case of MAHHs the intensity
of the amplified pulses is considerably higher (except for the
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FIG. 9. Same as in Fig. 8, but for a set of five in-phase high-order harmonics. The parameter values are as follows: Pg“‘"‘") =651 =
4 x 104 W/cm?, A =2.77 um, N, = 1.5 x 10”7 cm™3, ¥spm = 0.377, and the electron concentration is either N, = 3 x 10" cm =3 or 3 x
10'8 cm~3. Panel (a) corresponds to the medium thickness x = 0.35 mm, panel (b) is plotted for r = 100 fs, while panel (d) is plotted for
x = 1.72 mm [the latter value is marked in panel (c) by a short dotted gray line].

trailing edge of the pulse sequence, for which the medium
becomes absorbing). In particular, the peak intensity of the
pulse train reaches 1.8 x 10! W/cm?, which is about 4.4
times greater than in the case of independent harmonic am-
plification. As shown in the inset in Fig. 8(d), the shape of
individual pulses in both cases remains nearly the same, while
their full width at half maximum (FWHM) is slightly (1.18
times) larger in a plasma with low free-electron concentration.

Next, we similarly consider the mutual amplification of
five in-phase HHs. In this case, the optimal value of the mod-
ulation index is PS"™™ = 6.5. At the modulating intensity
I, =4 x 10" W/cm? the corresponding wavelength of the
modulating field is A =2.77 um. In Fig. 9 we show the
dependences similar to those shown in Fig. 8. The regularities
described above for a set of three in-phase high-order harmon-
ics are also valid for the case of five HHs. Therefore, consider
the differences between Figs. 9 and 8. First, because of longer
wavelength of the modulating field and, as a consequence,
stronger plasma dispersion at its frequency, the coherently
scattered field in the case of five HHs is weaker than for a set
of three harmonics. As a result, analytical solution (17)—(19)
is valid over a longer time interval, at least up to about 450 fs
[see Fig. 9(a)]. However, at the initial moments of time, the
analytical solution slightly overestimates the value of Gop
[see Fig. 9(b) plotted for r = 100 fs]. This is due to the fact
that, in contrast to the case of three HHs, where the gain coef-
ficients of all harmonics under optimal conditions are exactly
the same [see (20)], for the case of five HHs there is a small
spread in both the gain coefficients and the cross products of
the Bessel functions of different orders, which characterize the
amplitudes of the mutually scattered fields [see Fig. 4(a) for
Pg = 6.5]. In addition, due to larger value of the modulation
index, the effective gain for a set of five HHs is approximately

two times lower than for three harmonics, which leads to a
lower intensity of the amplified signal at the same propagation
distance. As a result, the saturation intensity is not reached,
and the decay of the population difference at the resonant
transitions |2) — |1) and |3) — |1) in Fig. 9(a) both for plas-
mas with low and high free-electron concentrations (see gray
and black dashed curves, respectively) occurs mainly due to
spontaneous transitions. Hereupon, the spatial dependence of
the peak intensity of the pulse train [the global maximum over
the local time 7, gray solid curve in Fig. 9(c)] qualitatively
reproduces the spatial dependence of the peak intensity of a
single pulse in the immediate vicinity of T = 100 fs [which
corresponds to the initial stage of the amplification process
and is shown by the gray dashed curve in Fig. 9(b)]. The
lower gain of HHs also enhances the role of y-polarized ASE
[see Fig. 9(c)]. Thus, according to Fig. 9(c), the amplified
harmonic radiation dominates over the y-polarized ASE only
up to a medium thickness of 1.9 mm. In Fig. 9(d) we plot
the time dependence of the intensity of a set of five HHs in
the case of their mutual amplification (gray solid curve) for
a slightly thinner medium 1.72 mm thick [which corresponds
to a short dotted gray line in Fig. 9(c)], where the transition
occurs between the regions of the fastest and slowest rise
in the peak intensity of the pulse train. For comparison, the
same time dependence is shown in the case of independent
harmonic amplification (black solid curve), as well as the time
dependence of the intensity of the y-polarized ASE (brown
dash-dotted curve). As can be seen, due to the synchronized
coherently scattered field, the peak intensity of the pulse train
increases by about 2.3 times, while the shape of the pulses
is maintained with a slight (by about 1.19 times) increase in
the duration of each of the pulses compared to the case of
independent harmonic amplification.
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FIG. 10. Same as in Figs. 8 and 9, but for a set of seven in-phase high-order harmonics. The parameter values are as follows:
P;;Ha"“) =92, I, =4 x 104 W/ecm?, A =3.92um, Ny, = 1.5 x 10" cm™>, 9. = 0.47, and the electron concentration is either N, =
3 x 107 cm™ or 3 x 10" cm™>. Panel (a) corresponds to the medium thickness x = 0.19 mm, panel (b) corresponds to t = 100 fs, while
panel (d) corresponds to x = 1.14 mm [which is marked in panel (c) with the short dotted gray line].

Finally, we consider the case of mutual amplification of
seven in-phase HHs. In this case, at the intensity of the mod-
ulating field I, = 4 x 10'* W/cm?, the optimal value of the
modulation index PY™*™ = 9.2 is reached for the modulating
field with a wavelength A = 3.92 um. The main features of
the mutual amplification of a set of seven in-phase HHs are
illustrated in Fig. 10 and are similar to the cases of three
(Fig. 8) and five (Fig. 9) HHs. However, due to the even
longer wavelength of the modulating field, which results in
a higher modulation index and lower effective gain for each
of the harmonics, the effect of MAHH and the overall ampli-
fication of the harmonics are even weaker than in the case
of amplification of five HHs. Moreover, due to the greater
spread in the harmonic gain values, the analytical solution
overestimates G.,n, even more compared to the results of
numerical calculations [Figs. 10(a) and 10(b)]. The range of
medium lengths, at which the y-polarized ASE is less intense
than the HH radiation, also decreases [Fig. 10(c)]. We chose
1.14 mm [marked by a short dotted gray line in Fig. 10(c)] as
the medium length, where the MAHH effect is comparably
strong, while the peak intensity of HH pulses is high and
the y-polarized ASE is negligible. According to Fig. 10(d),
synchronization of the coherently scattered field with a set of
seven in-phase HHs makes it possible to increase the peak
intensity of the pulse train by a factor of 1.4 without changing
the shape of the corresponding pulses compared to the case of
independent harmonic amplification.

So far, we have considered the case when the harmon-
ics of different orders, forming a train of subfemtosecond
pulses, have the same amplitudes. However, in reality, even
in the plateau region the amplitudes of neighboring harmon-
ics produced via the HHG in a gas can differ significantly,
for example, due to the interference of the contributions of
different trajectories of the recombining electron [57,58]. The
difference in the amplitudes of the seed HHs leads both (i) to

a change in the shape of the pulses incident to the medium and
(ii) to a change in the amplitudes of the spectral components
of the multifrequency coherently scattered field (caused by the
dependence of the efficiency of HH scattering into each other
on the amplitudes of the scattered harmonics). This can result
in a change in the shape and duration of the pulses at the exit
from the modulated active medium.

As an example, we consider the case of mutual ampli-
fication of a set of five HHs. In order not to specify the
dependence of harmonic amplitudes on their orders, we con-
sider a random equiprobable distribution of the amplitude
of an individual harmonic with a 40% spread both up and
down around the average value. In this case, the average
value of the harmonic amplitude is the same as in the case
of equal amplitudes of the five HHs and the pulse intensity
of 10° W/cm2 (as in Fig. 9). Figure 11(a) shows the am-
plitude spectrum of one of the random realizations of the
amplitude distribution of HHs, while the corresponding pulse
shape is shown in Fig. 11(b) by the black dotted curve. For
comparison, Figs. 11(c) and 11(d) show similar dependences
for the case of equal harmonic amplitudes. Despite the spread
in the amplitudes of the harmonics, the pulse shape and du-
ration at the entrance to the medium change insignificantly
except for the more pronounced pulse pedestal in Fig. 11(b) in
comparison with Fig. 11(d). It is noteworthy that the found
optimal conditions for mutual amplification of five HHs with
equal amplitudes, i.e., the intensity, wavelength, and initial
phase of the modulating field, as well as the thickness of the
medium, remain optimal for the case of nonuniform distribu-
tion of HH amplitudes as long as the seed HHs are in phase
with each other. In Figs. 11(b) and 11(d) we also show the cor-
responding pulse shapes at the exit from the modulated active
medium under the optimal conditions (blue solid curves). In
both cases, the shape of the pulses is practically unchanged;
moreover, the pulse FWHM increases by approximately the
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FIG. 11. Amplitude spectra for a set of five in-phase HHs at the entrance to the medium (a), (c), as well as the pulse shapes near the maxima
of the envelopes of the corresponding pulse trains (b), (d) at the entrance to (black dashed curves) and exit from (blue solid curves) the medium.
Panels (a) and (b) correspond to a random amplitude distribution under a 40% uniform spread of HH amplitudes (both below and above), the
average value corresponding to the HH amplitude in panel (c). Panels (c) and (d) correspond to the case of equal HH amplitudes. The parameter
values are the same as in Fig. 9. In panels (b) and (d) blue solid curves are plotted for x = 1.72 mm. The normalization coefficients for spectral

amplitudes in (a) and (c) are the same.

same factor 1.2. Thus, MAHH is robust with respect to a
change in the distribution of HH amplitudes at the entrance
to the medium.

V. CONCLUSION

In the present paper, we investigated the possibility of
amplifying a set of in-phase high-order harmonics, forming
a train of subfemtosecond pulses, in a hydrogenlike active
medium of a plasma-based x-ray laser with low free-electron
concentration, which is additionally irradiated by a strong
laser field of the fundamental frequency (a replica of the field
used to generate harmonics). In contrast to the active medium
with high free-electron concentration [44], in this case, mod-
ulation by the laser field leads not only to the amplification
of HHs, but also to their mutual coherent scattering into each
other. The efficiency of this scattering essentially depends on
the difference in phase velocities between the modulating field
and the field of HHs: the larger it is, the proportionally smaller
is the amplitude of the coherently scattered field. It is shown
that synchronization of a coherently scattered field with the
radiation of the amplified HHs results in their constructive
interference leading to the increase in the intensity of the
total output radiation by several times. We call this effect the
mutual amplification of high-order harmonics.

We derived an analytical solution considering the mutual
harmonic scattering as a perturbation and used it to optimize
the conditions of MAHH for a set of a given number of
in-phase HHs, under which (i) the maximum increase in the
intensity of the amplified pulses of high harmonics in the
case of their mutual amplification compared to the case of
independent harmonic amplification (in a medium with a high

free-electron concentration) is reached and (ii) the shape of
the amplified pulses is preserved. These optimal conditions
correspond to such values of intensity, wavelength, and initial
phase of the modulating field, as well as thickness of the
medium, at which (i) the gain coefficients for harmonics of
different orders are close to each other and are the maximum
possible and (ii) all spectral components of the coherently
scattered field are in phase with the HH field. In this case,
the amplification of a set of a larger number of harmonics
requires larger intensity and/or wavelength of the modulating
field. However, the allowable laser intensity is limited by the
ionization threshold of the active medium, while an increase
in the wavelength results in stronger plasma dispersion for the
modulating field, which reduces the role of MAHH. For this
reason, the largest gain in intensity of the amplified pulses due
to synchronization of the coherently scattered field is reached
for a set of the least number of high harmonics.

The possibilities for the experimental implementation of
the discussed effect were considered by the example of an
active medium of hydrogenlike Li** ions with the inverted
transition wavelength of 13.5 nm. In this case, the optimal
value of the modulating field intensity is 4 x 10'* W /cm?,
while the corresponding laser wavelengths for a set of three,
five, and seven HHs are 1.63, 2.77, and 3.92 um, respectively.

We also performed numerical calculations based on the
Maxwell-Bloch equations in their general form (without us-
ing the perturbation theory). These calculations confirm the
predictions of the obtained analytical solution concerning, in
particular, the location and spatial period of the sections of the
medium, where the greatest gain from the mutual amplifica-
tion of HHs is observed in comparison with the case of their
independent amplification. The effect of MAHH is strongest
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for a set of three in-phase HHs. In this case, the peak intensity
of pulses in the amplified pulse train reaches the saturation
value of 1.8 x 10'' W/cm? (at which further intensification
of the HH field is limited by the nonlinearity) at a medium
thickness of 1.4 mm. This intensity is 4.4 times higher than
in the case of independent amplification of high harmonics (in
the latter case, the same value of the peak intensity is achieved
for a medium with a thickness of 3 mm).

The results obtained open up the possibility of increasing
the efficiency of amplification of high harmonics, as well as
relaxing the requirements for the parameters of the active
medium of a plasma-based x-ray laser. Enhanced spectral

J

combs and trains of attosecond XUV and x-ray radiation
pulses can be used in x-ray spectroscopy, as well as in attosec-
ond metrology and chronoscopy.
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APPENDIX A: DERIVATION OF THE EQUATIONS FOR THE SPECTRAL AMPLITUDES OF HARMONICS

Let us consider the system of Egs. (4) (see main text of the paper):

8Ez .41 @, Niondy
l—

e NG (P21 = P31),

ap dyny ~
IR Ly 4 iAgcos (QT + AKx + 9)|py — i B

T 2h

9031 . - Ly ~
—— = [—y. —iAgqgcos (T + AKx + 9)]p3; + i E,. (A1)
T 2h

We will look for a solution for E. in the form
E.(x, 1) =/ Alx, w)e " dw, (A2)
—00

where A(x, ) is the amplitude of the spectral component at the frequency  at the propagation distance x inside the medium.
Further, let us consider the second equation of the system (A1) and look for its solution in the form

P21(x, T) = Pa1(x, T) exp [iPo sin (27 + AKx + 9)], (A3)
where Po = Aq/S is the modulation index, and p,; (x, 7) satisfies the equation
9021 R . —ik(AKx > —iw
— b =i ‘Zh‘f Z Ji(Pg)e ™ HAKx+D) /_OOA(x, o —kQe “Tdw, (Ad)

k=—00

which is obtained taking into account (A2) and the equality e™25"™) = 3"7° ", (Pq)e’**, where Ji(x) is the Bessel function
of the first kind of order k. Then we represent p,; in the form of a Fourier integral p,; = ffooo ,f)g'f)(x, w)e @ dw, and after

substituting it into (A4) get an expression for the spectral amplitude ,Z)é‘l”)(x, w):

o0
N dyny

) - _
P71 (x, w) = thVz .

Z Jk (PQ )e—ik(AKx-‘v-l?)

Alx, 0 — k)

1—iw/y, (A5)

Performing the inverse Fourier transform of (AS5) and using (A3), we obtain the following solution for the coherence p,; (x, 7):

duly < ok © A(x, 0+ (m—k)Q) .
~ , - _ T (P Jm P i(m )(AKX+19)/ twtd ) A6
P (x, 7) z%yzm;m (Pa)J(Po)e ey e (A6)
Similarly, we obtain a solution to the third equation of the system (Al):
d = , > A(x, - ) _,
ﬁ31()€, ‘L') — trltr Z (_1)m—ka(PQ)Jm(PQ)et(m—k)(AKx+ﬂ) / ()C w + (m ) )e—zwrda). (A7)
2ny o =il +mQ)/y,

< k,m=—00

Substituting (A6) and (A7) into the first equation of the system (A1) and performing some transformations, we obtain an

equation for the spectral amplitude A(x, w):

0A(x, 0) gt (Pa) .
ox _k; i 1+ k) @)t

00 k,p=—00
p#0

i 8oJk (Pq )sz+k (Pg )eiZP(AKx-H‘))

Alx, 0 + 2p2).

; (AB)
1 —ilw+ Qp+ k)2 /y,
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Next, we represent the spectrum A(x, w) in the form of a set of 2N + 1 high-order harmonics, which are separated from each
other by the frequency interval 2€2:

N
Alx, w) = Z A, (x, 0 —2nR). (A9)

n=—N

Substituting (A9) into (A8), we get the equation for the spectral amplitude of the nth harmonic:

0A,(x, @) _ i g0/ (Po) A o) 4 i g0k (Pa)apis(Pa)e 80 o (AL0)
ax T —ilo+ 2+ )R/, e W il + 2p+2n 4+ Q1 y: e
p#0

where we take into account that A,H_p(x, w)=A,(x,w+2pQ)and n =-N,-N + 1, ..., N. Thus, (A10) is a system of 2N + 1
equations. Further, we assume that the frequency separation between the harmonics, 2€2, is much larger than both (i) the spectral
linewidth of each high harmonic (so that, in the spectral domain, the neighboring harmonics do not overlap with each other)
and (ii) the gain spectrum width of the active medium, € >> y.. Thus, in (A10) all terms in the sums can be neglected, except

for one term in the first sum, corresponding to k = —2n, and one term in the second sum, corresponding to k = —2p—2n. We
also assume that no new sidebands appear in the spectrum of high harmonics during the amplification process. Thus, in (A10)
in the sum over the index p, only the terms with p = -N-n,-N-n + 1, ..., N-n should be taken into account. After making the

substitution m = n + p, Egs. (A10) can be rewritten as

94, (x, J3,(Po) - X golan(Po)an(Pa) - .
&, @) _ 8 2{1( Q)A,,(x, w) + E wAm(M w)e2mm(BKx+D) (A11)
0x 1—iw/y, = 1 —iw/y,
m#n

Let us seek a solution for A, (x, ) in the form

. . JZ (P
A, ) = Ay(x, w)exp | SR | (A12)
1—iw/y,
where A,,(x, w) satisfies the equation
A N .
0A,(x, Jom(Po)Jon(Po) ~ 8 (12,(PR)—J2,(P)) .
—gx ) = Z 80 2m 7 E Q)Hj ( Q)Am(x, a))el’%(z R )ezz(m m(AKx+9) (A13)
X m=—N - 7
m##n

Integrating (A13) we obtain

0Jom (Po) oy (P e
1—iw/y,

N
e, 0)=A, (=0, )+ Y £

m=—N

m#n

/ An(', w)exp | —25— (12, (Pa)—J2,(Pa))+i2(m — n) AKX |dx
0 I-iw/y,

(A14)
Substituting (A14) into (A12) we obtain the following system of interrelated equations for the spectral amplitudes of the
harmonics, A, (x, ®):

N Gum pi2(m—m)p

= 1—iofy:
m#n

where An(x =0,0) = An(x =0, w) and 8nm = gOJ2n(PQ)J2m(PQ)'

X
A,(x,w)=A4,(x =0, w)egmlx/(lfiw/yz) + f An(x, a))egmz(xfx')/(I*iw/Vz)JriZ(m*n)AKX'dx” (A15)
0

APPENDIX B: CALCULATION OF Eindep (x, 1)

The integral

oo

Bty ) = [ Ao) explaas/(1 = o/ )le*"dw B1)

—00
can be calculated using the response function technique in the time domain. In this case, Eindep(x, 7) equals to the convolution
integral of the incident field, Ej,(t) = ffooo Ap(w)e ™ dw, and the response function of the resonant amplifier, R(),

[e.¢]

Eingep(x, 7) = / En(OR( —1)dr, (B2)

—00
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where

1 o .
R(t) = — / expleer/(1 — i/y.) e dew = 8() + 0(t)e ™" gerxy,

2

o0

11 (24/ZeX7:T) B3)
A 8eff XY T .

Here §(7) is the Dirac delta ~functi0n and /) (x) is the first-order modified Bessel function of the first kind. According to Eq. (3)
from Sec. II of the main text, Ei,(t) = Eyf(7). In this case, the integral (B2) takes the form

~ T I
Eindep(x,t)=9(r)+9(f)e—vzf/ oVt 1(
0

2\/ geffxyz(t - t))

geffoz(T - t)

geffxyzdt . (B4)

By introducing the change of variable, & = 2./gesxy.(t—t), in the integral in (B4), we rewrite (B4) in equivalent form

Eindep(xa T)=0(7)+ 6(1’)/
0

2./8efiXy. T

11(&) exp[—£%/(4gerx)]dE . (B5)

Since 1, (§) = Z:io m(é / 2)2k+1 by introducing the notation n = £2/(4g.sx) in the integral in (B5), we get

2R = (gerx) T [
/ I (&) expl—£/(4genx)ldE =y oo / n‘ed. (B6)
0 — k'(k+ 1! Jy
The integral in (B6) has the form
VT k m 00 m
pheTdn = k! — kle Ty DD _ gy gor > Sk (B7)
0 m=0 m! m=k+1 m!

where the expansion exp(y,7) = Y o (,7)"/m! is used. Thus, Ejngep(x, T) takes the form

Einep(x, 7) = ()| 1+ 77 i (geirx) ! i (r.)" .
indep \A» = (8eftX)” "~ |
k=0 (k + 1)‘ m:k+] m|

If y,7 <1, then the sum over the index m can be estimated from the first term of this series: Y ., 4 ()" /m! =

(y,©)*"' /(k 4 1)!. Thus, the sum in the second term of (B8) is

o (gefrx) ! (J/zf) ~
BT >

m=k+1 k=0

and

Eindep(x» ‘[) = 9(7:)[1 + eiyzr(l()(z\/ geffxyzr) - 1)]

(getrxy.T)T
[(k + 1)!]?

= I (2/gerixy:T) — 1, (B9)
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