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Abstract: In a recent work (Antonov et al., Physical Review Letters 123, 243903 (2019)), it was shown
that it is possible to amplify a train of attosecond pulses, which are produced from the radiation
of high harmonics of the infrared field of the fundamental frequency, in the active medium of a
plasma-based X-ray laser modulated by a replica of the infrared field of the same frequency. In this
paper, we show that much higher amplification can be achieved using the second harmonic of the
fundamental frequency for modulating of a hydrogen-like active medium. The physical reason for
such enhanced amplification is the possibility to use all (even and odd) sidebands induced in the gain
spectrum in the case of the modulating field of the doubled fundamental frequency, while only one
set of sidebands (either even or odd) could participate in amplification in the case of the modulating
field of the fundamental frequency due to the fact that the spectral components of the high-harmonic
field are separated by twice the fundamental frequency. Using the plasma of hydrogen-like C5*
ions with an inverted transition wavelength of 3.38 nm in the water window as an example, it is
shown that the use of a modulating field at a doubled fundamental frequency makes it possible to
increase the intensity of amplified attosecond pulses by an order of magnitude in comparison with
the previously studied case of a fundamental frequency modulating field.

Keywords: attosecond pulses; X-ray optics; plasma-based X-ray laser; strong optical field; Stark
effect; high-order harmonic amplification

1. Introduction

The beginning of the 21st century was marked by the emergence and rapid develop-
ment of attosecond physics—an interdisciplinary field of research aimed at probing and
controlling the ultrafast dynamics of charge carriers in atoms, molecules, and solids on their
own time scales [1-7]. The main instrument of attosecond physics is attosecond X-ray and
vacuum ultraviolet (VUV) pulses produced due to high-order harmonic generation under
the action of optical laser field on a gas medium in the tunneling ionization regime [8-10].
Such sources make it possible to generate a spectrum of harmonics with a width of more
than 1 keV and up to 12 octaves [11], as well as to generate pulses with a duration of down
to 40-50 as [12-14]. However, the energy of such pulses in the X-ray range, from several
hundred eV and above, as a rule, does not exceed hundreds of p] or, at best, few nJ [15,16],
which limits the possibilities of their practical applications, in particular, for single-pulse
measurements of ultrafast processes in matter, as well as in measurements based on the
“attosecond pump-attosecond probe” scheme [17,18].

In recent work [19], we proposed a method for amplifying a train of attosecond pulses
formed by a set of high-order harmonics of the infrared (IR) field in a hydrogen-like active
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medium of a plasma-based X-ray laser, which is simultaneously irradiated with a replica
of the fundamental-frequency IR field used to generate the high harmonics. Due to the
linear Stark effect, the positions of the excited-state energy levels of the resonant ions of
the active medium follow the local value of the electric field of the laser wave in time
and space. As a result, the gain of the medium, initially localized in the vicinity of the
frequency of the inverted transition, appears at the combination frequencies spaced from
the resonance by even multiplies of the modulating field frequency. In this case, if one of
the high-order harmonics of the modulating field is tuned into resonance with the time-
averaged transition frequency of the active medium, then the harmonics of other orders are
automatically in resonance with the induced gain lines. If the active medium exhibits strong
plasma dispersion at the frequency of the modulating field, then harmonics of different
orders are amplified independently of each other, and their relative phases are preserved.
Moreover, the gain coefficients for harmonics of different orders can be made nearly equal
to each other by a choice of an optimal intensity of the modulating field. In this case, if the
harmonics of different orders at the entrance to the medium are comparable in amplitude,
are in-phase, and form a sequence of attosecond pulses, then in the process of amplification,
the spectral-temporal properties of radiation (such as the relative amplitudes and phases
of harmonics and, as a consequence, the shape and duration of the pulses) are preserved.
In [19], it was shown that it is possible to amplify attosecond pulses formed by a set of high
harmonics in the “water window” range (2.3—4.4 nm) by one to two orders of magnitude in
intensity in the active medium of hydrogen-like C>* ions.

At the same time, if the plasma dispersion at the frequency of the modulating field
is moderate, then a particular high-order harmonic tuned into resonance with any of
the induced gain lines of the active medium is not only amplified, but also generates
radiation at combination frequencies spaced from the seed frequency by even multiple of
the modulating field frequency. Under certain conditions, the generated Raman spectral
components turn out to be in phase with the radiation of the amplified harmonic, which
leads to the formation of a train of subfemtosecond pulses [20-22]. If several harmonics
are present in the incident field, and they are spaced from each other by an even multiple
of the modulating field frequency, then in a plasma medium with a low free-electron
concentration, the amplified harmonics are scattered into each other, which opens up the
possibility to control their amplitudes and phases via interference of the amplified incident
and generated scattered fields [23].

Previous work [19] referred to the case when (i) an active medium is modulated by an
IR field of the fundamental frequency (the same frequency as the field used for HHG) and
(ii) only a set of the induced gain lines, separated from the resonance by even multiples
of the fundamental frequency, participates in amplification of the high harmonics. In this
paper, it is shown that the gain spectrum of a modulated hydrogen-like medium contains
sidebands not only at even, but also at odd combination frequencies; these frequencies
are spaced from the resonance by odd multiples of the modulating field frequency. We
show that if the second harmonic of the fundamental field is used for modulation of an
active medium, then all gain components (both odd and even sidebands) induced by that
field participate in amplification of a train of attosecond pulses produced by the HHG of
the fundamental IR field frequency. It opens up a possibility to significantly enhance the
amplification of attosecond pulses. Thus, the two representative cases are studied and
compared in this work: (a) when the modulating field is of the fundamental frequency,
while harmonics in the spectrum of the seed are tuned into resonance with the gain lines of
either even or odd orders, (b) when the modulating field is of the doubled fundamental
frequency, while harmonics are tuned into resonance with the gain lines of both even and
odd orders.

The paper is organized as follows. Section 2 presents a theoretical model describing
the amplification of high harmonics of the IR field in a modulated hydrogen-like active
plasma medium. In Section 3, an analytical solution is derived, which makes it possible to
better understand the main laws governing the amplification of harmonics. In Section 4, on
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the basis of the obtained analytical solution, the optimal conditions for amplification of a
train of attosecond pulses formed by a combination of different numbers of high harmonics
are found. In Section 5, the conclusions of the analytical theory are compared with the
results of the numerical solution of the system of equations given in Section 2. Finally,
Section 6 summarizes the main results of the work.

2. Theoretical Model

We will consider a plasma-based X-ray laser with population inversion at the transi-
tion from the first excited energy level to the ground state of a hydrogen-like ion C>*, 1 = 2
<+ n =1, where n is the principal quantum number; the laser wavelength is 3.38 nm. Such
an active medium can be prepared by irradiating carbon atoms with a laser pulse with an
intensity of the order of 10'° W/cm? and a duration of several tens of femtoseconds [24].
In this case, the population inversion at the n = 2 <+ n = 1 transition of hydrogen-like
C>* ions arises as a result of the recombination of electrons with the nuclei of fully ion-
ized carbon atoms and subsequent relaxation of ions to the states with n = 2. As shown
in [24], the addition of hydrogen atoms makes it possible to increase the gain due to a
decrease in the effective temperature of free electrons in the plasma. In this case, the
optimal values of the concentrations of carbon and hydrogen atoms are nc~10'" cm~3
and ny~10%° cm~3, respectively, and the intensity gain at the inverted transition is about
180 cm~!. Thus, the concentration of free electrons in the active medium can be estimated
as 1, ~ 5ne + ng~1.5 x 1020 cm 3.

In what follows, we will assume that the active medium is a thin cylinder elongated
parallel to the x axis and irradiated by two fields linearly polarized along the z axis, namely,
resonant radiation of high-order harmonics and an intense IR laser field with a frequency ().
We will assume that the transverse and longitudinal distributions of the IR field amplitude
are much wider than the cross section and length of the plasma channel, respectively, which
allows us to assume that the amplitude of the laser field is constant throughout the entire
volume of the active medium. In addition, we will assume that the IR pulse duration
is quite large compared to the time it takes to establish the induced polarization of the
medium and to the lifetimes of the populations of excited states of C°* ions with n = 2. In
this case, the laser field can be represented as a plane monochromatic wave that propagates
along the axis of the plasma channel (x axis) with a phase velocity V;:

N
Er(x,t) = zoE\” cos[Q(t — x/ V)], 1)
where E%O) is the IR field amplitude, ;0 is the unit polarization vector, V; = ¢/ n;?), cis

the speed of light in vacuum, n;?) =,/1- w’%l /O is the refractive index of plasma at the

frequency of the IR field, Wy =/ 47tn,.e?/m, is the plasma frequency, and e and m, are the
charge and mass of the electron. Note that the frequency of the laser field in the visible or
infrared range, ), is much (at least one and a half to two orders of magnitude) lower than
the frequencies of all quantum transitions from populated states of hydrogen-like C>* ions.
Thus, it does not experience resonant interaction with the medium and, as a consequence,
does not change during the propagation process.

Under the action of the laser field (1), the upper energy level of the inverted transition is
split into three sublevels. Two of them correspond to states |2) = (|2s) + |2p,m = 0))/+/2
and [3) = (|2s) — |2p,m = 0))/+/2, where m is the projection of the orbital angular mo-
mentum onto the direction of polarization of the laser field, i.e., on the z axis. The energies
of these states follow in time and space the local value of the electric field of the laser wave
due to the linear Stark effect, and also experience a constant displacement, which is small in
comparison with the photon energy of the laser field, (), due to the quadratic Stark effect:

Ey(x,t) = —[mee*Z?/ (8h%)] {1+ 21F% /4 + 3F, cos[Q(t — x/V1)]}, )
E3(x,t) = —[mee*Z?/ (8h%)| {1+ 21F? /4 — 3F, cos[Q(t — x/V1)]}, @)



Photonics 2022, 9, 51

4 0f 21

where F; = (2/ Z)gE(LO) /E 4 is the dimensionless laser field amplitude, E4 = m2e>/h* ~

5.14 x 10° V/cm is the atomic field, Z = 6 is the carbon nucleus charge number and h

is the reduced Planck’s constant. In what follows, the laser field will also be referred to

as the modulating field. The dipole moments of transitions from states |2) and |3) to the
—

N
ground state |1) = |1s) are oriented along the z axis: d1; = ?odtr, diz = —godﬁ, where
dy = 35 —ed and ag = mﬁz is the Bohr radius. The third sublevel corresponds to states

|4) = |2p,m = 1) and |5) = |2p, m = —1), the energies of which experience only a small
constant displacement due to the quadratic Stark effect:

By — Fs — — [mee4Z2 / <8h2)} (1 + 39F2 /8). G)

The dipole moments of transitions from these states to the ground state |1) have

- — — - — —
components along the x and y axes: d14 = (1 Yo+ xo) dyr, d15 = (1y0 — xo) dir; however,
the field propagating along the axis of the plasma channel lies in the yz plane and does not
interact with the x component of the dipole moments, which allows it to be neglected. It
should be noted that the lower energy level |1) = |1s) corresponding to the ground state

of hydrogen-like C°* ions also turns out to be shifted relative to its unperturbed position
under the action of the modulating field:

E, = — [mee422/ (2&2)} (1 n 9P§/256). @)

In addition, the IR field (1) causes tunneling ionization of C>* from excited states |2),
|3) and |4), |5) with velocities Wl.(ozr; ) and W*?) respectively,

ion 7/

W23 _ meiz? i [ N ( )3e3}32/(3FL),

ion 1673

2
(45) _ mee*z? [3F (4 \",~2/(3F)
Wion - L;Lh3 m \F. € ’

where the quantities Wl-(o2n’3> and Wl.(o4n’5) are averaged over the period of the laser field (the
rate of ionization from the ground state is negligible). To ensure that ionization does not
hinder amplification at an inverted transition in the active medium, in what follows we
will consider a laser field with an intensity at which the ionization rates (5) are significantly
lower than the rates of radiative decay of states |2)—|5). In the case of C>* ions, this condition

©)

2
limits the intensity of the modulating field I; = c(EﬁO)) /(87) to 2.3 x 10'® W/cm?. In

this case, both the shifts of the resonance energy levels due to the quadratic Stark effect
and the ionization rate turn out to be much smaller than the frequency of the modulating
field of the visible or near/mid-IR range, which allows one to take into account their
effect as time-independent additions to the energy and decay rate of the corresponding
states [22,25,26]. In addition, in this case, the corrections to the Stark effect of the third and
higher orders turn out to be negligible.

In addition to the laser field (1), the medium is irradiated with X-ray seed radia-
tion formed by a set of Ny high-order harmonics of fundamental frequency Qr linearly
polarized along the z axis:

- 1~

EX my(x =0, t) OEEX rayz (x = O,t)eiiwxfmyt +c.c, (6)
where ]
Ex_ray-(x=0,t) = Y Aga(t)e 42! (7)
4=min

is the slowly changing amplitude of seed radiation, wx sy = (29 + 1)QF is its carrier
frequency, g* >> 1 is a natural number, Q)r is the fundamental frequency, i.e., the frequency
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of the laser field used to generate high harmonics, ﬁq is the complex amplitude of the
harmonic with the frequency wx_,qy + g2QF, a(t) is the envelope of the field of each
individual harmonic, and gmax — gmin + 1 = Ny. We will further assume that at the
entrance to the medium, all harmonics are in phase and have the same amplitudes, i.e.,
ﬁq = Ay for any g. In the next section, an analytical solution will be obtained that is valid
for an arbitrary envelope a(t). At the same time, in numerical calculations, the envelope of
the harmonic signal of the following form will be used:

a(t) = sin(7tt/Aty)[6(t) — 6(t — Atp)], 8)

where Aty =50 fs and 6(t) is the Heaviside function. It is assumed that the FWHM of the
harmonic signal at the input to the medium is 17.5 fs.
In what follows, we will assume that the carrier frequency of the harmonic radiation is

close to the frequency of the inverted transition of the active medium, wx_, =~ 27tc/ /\gp.
As shown in [19,20,22], in this case the propagation of X-ray radiation (6) in a hydrogen-like
active medium of a plasma-based X-ray laser is described by the system of Maxwell-Bloch
equations in a five-level approximation:

P EX_ray PE )
X—ray _ €X-ray X—ray __ 471 9*P
9x2 c2 o2 ¢ o2’

- — — - -
P(x,t) = Nioy {dlzpm + d13031 + d 14041 + d 15051 +c.c.|,

5 . )
911 _

where N;j,, is the concentration of C°* ions, which at the time of arrival of the harmonic
signal are in one of the states |1)-|5) (in what follows, the initial population of the ground

state is assumed to be zero); ex gy = /1 — wil / wi_my is the dielectric constant of the

plasma at the frequency of X-ray radiation; ;; is the relaxation rate of the element p;; of the
density matrix of the medium,

23 B
Y21 = Y31 = Veoll + Wi(on )/2 + T /2= 7z,

4,5 —
Y41 = Y51 = Yeoll T Wi(on )/2 + Fmd/z = Yys
2,3 4,5
Y32 = Yeoll + Wi(gn ) +Lrad, ¥58 = Yeon + Wi(on ) + Thad, (10)
2,3 4,5
Ya2 = Y2 = Va3 = V53 = Veot + Wiet) /24 Wi /24 T,

23 45
Y11 = Lrads 722 = 7133 = Wi(m )+ Cradr Y44 = 55 = Wl-((m )+ Tyaa,

Yeo1 is the rate of collisional relaxation of off-diagonal elements of the density matrix
(according to [24], in the medium under consideration 7y, 171~ 20 fs); T4y is the rate of
radiative relaxation of states |2)—|5), T,,;~' &~ 1.23 ps. The Hamiltonian of the system (9)
under consideration, in the presence of a resonant X-ray field and a modulating laser field,
has the form:

El _EXfmy,zdtr EXfmy,zdtr _iExfmy,ydtr _iEXfmy,ydtr
_EXfmy,zdtr Ex(x,t) 0
Exfray,zdtr 0 E3(x,t) 0 0 . (11)
TEX_ray,ydir 0 0 E, 0
iEX—rayydir 0 0 0 Es

Here E;, i = 1,2,3,4,5 are determined by Equations (2)-(4), and Ex 4,z and Ex ey,
denote the polarization components of the X-ray field, oriented along the z and y axes.
While the z-component of the field is present in the seed radiation, the y-component arises
in the active medium due to the amplified spontaneous emission at transitions [4) — |1)
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and |5) — |1). These transitions lead to an increase in the population of the ground
state and, as a consequence, to a decrease in the population inversion and amplification
at the modulated transitions |2) — |1) and |3) — |1), with which the z-polarized X-ray
radiation interacts.

Next, we make a change of variables x,t — x, T =1t — X\/EX—ray /¢ and look for a
solution to system (9) in the slowly varying amplitude approximation for the X-ray field
and resonant polarization of the medium, as well as in the resonance approximation (the
rotating wave approximation) for the density matrix elements:

E 1 - E 7 E 7in7rayT
X—my(x/T) =320 X—my,z(er) + Yo X—ray,y(x/ T) e +c.c,

— ~ .
P(x,7)=1 Pon(x, T)+ ]_/>0Py(x, T)] e Xyt e,

pin (x,7) = P (x, T)e”“x-mwrT, i = {2,3,4,5}, 12
pij(x, T) = pij(x,7), ij # {21,31,41,51},
pij(x, T) = pj;(x, T),

where EX—my,Zr Ex_my,y, P, ﬁy, and p;; (i,j = 1-5) satisfy the inequalities ﬁ g—f <

WX —ray /X ray /¢ and ﬁ | < Wy oy F = {EX,WZ, EX_rayys Py By, B } Expres-
sions (12) also imply the unidirectional propagation of X-ray radiation, which takes place
in the absence of reflections from the boundaries of the medium at ex_,,, ~ 1. The explicit
form of the equations in the aforementioned approximations is given in [20] and, because
of its cumbersomeness, will not be reproduced here.

To solve the formulated system of equations, it is necessary to set the initial and
boundary conditions. When ex_,;, ~ 1, the X-ray field at the front boundary of the
medium coincides with the seed field (6)—(8). To set the initial conditions, we will assume
that at the time instant T = 0 (before the arrival of resonance radiation at a given point of
the medium), the C°* ions in the amount Nj,, per unit volume of the medium are with
equal probability in one of the excited states |2), |3), [4), and |5), the ground state is not
populated, while the carbon ions in other states do not interact with the X-ray field. Thus,

ﬁll(x,’f:O) =0,
~ R o P oy (0 (13)
p22(x, T =0) = pa3(x, T =0) = paa(x, T =0) = p55(x, 7 =0) = n;,” = 0.25,

where ngg ) is the initial population difference at the transitions |i) — |1), i = {2,3,4,5}.
At the same time, the initial values of the coherences on inverted transitions |i) — |1),
i ={2,3,4,5} are random functions of the longitudinal coordinate x, which makes it possible
to take into account the amplified spontaneous emission of the active medium [22,27-30],
while the initial values of the coherences on the other transitions are equal to zero:

~ i( @i k+¢i .
Pir(xk-1 <x < x,T=0) = Ai,k%, i={2,34,5},

(14)
pij(x,T=0)=0,i#j,i,j#1,
where R is the radius of the plasma channel, which further, in accordance with [24], we
assume equal to 5 pm; xg = ki, where k =1,2, ... kyux is a natural number, and [, is the
thickness of the elementary layer, in which the initial value of coherence p;; is assumed to be
a random variable independent of x. In this case, the thickness l,,,, should be much greater
than the wavelength Ax_,, = 27c/wx_qy of the X-ray field and, at the same time, much
smaller than the thickness of the active medium L: Ax_qy < lgjep, < L. In addition, in (14)
¢ =0, ¢3 = 7, and ¢4 = ¢5 = 71/2, while the amplitudes A; ; and phases ¢; ; are random
and statistically independent quantities that obey the following probability distributions:

W(Az%k> = ﬁexp(—A%k/Ni,k) 0< A2 <o,

(15)
W(pix) =1/(2m), 0 < @i < 0,
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where N;; = ng) )N,-on 7TR?1 ., is the number of particles that are initially in the excited
state |i) in the volume of the k-th elementary layer.

In the next section, we derive an analytical solution for the amplified radiation of
harmonics in the X-ray range, which will be further compared with the numerical solution
of the system of Equations (9), (11) and (12) with the initial and boundary conditions (13),
(14) and (7), respectively.

3. Analytical Solution

To derive an analytical solution, we will make a number of additional approximations.
First, we will assume that the interaction of X-ray radiation with the medium occurs in a
linear regime, and the change in the population differences at inverted transitions can be
neglected. In this case, the z- and y-polarization components of the X-ray field are amplified
independently of each other, and the amplified spontaneous emission does not affect the
character of the amplification of the seed radiation [21]. Accordingly, when deriving an
analytical solution for the emission of z-polarization harmonics, we exclude the transitions

|4) — |1) and |5) — |1) from consideration. As a result, the system of equations for slowly
varying X-ray field amplitudes and coherences at transitions |2) — |1) and |3) — |1) takes
the form

aEXfruy,z . ~47Twar‘ayNiondfr ~

o =i e (P21~ P31),

B0 4 (i) = Wx_ray) + 72 — iBa cOS(QT + AKX) | oy = —i%8Ex gy, (16)
P . . ~ . ~
% + | wt(f) — WX—ray ) T+ Vz T iAn COS(QT + AKJC) P31 = ld%t' Exfray,Z/

where w(?) = [3mce*Z2/(8%%)] (1 — 109F7 /64) is the time-average frequency of transitions

tr

2) — [1) and [3) — [1), Aq = 3m.e*Z2F} / (8%3) is the amplitude of the linear Stark effect
in the modulating field, and AK = Q) ( /EX—ray/Cc — 1/ VL> is the difference between the

wave numbers of the X-ray and IR fields, due to the plasma dispersion. Similar to [21,22],
within the analytical solution, we will neglect the amplified spontaneous emission of
z-polarization, which is justified at a sufficiently high intensity of the X-ray field at the
entrance to the medium, and assume py; (x, T = 0) = p31(x, T = 0) = 0. At the same time,
in contrast to the previous works [21,22], in the analytical solution we will not specify the
form of the temporal envelope of the seed radiation. We will further represent the slowly
varying amplitude of the X-ray field, E X—ray,z» as the Fourier integral:

[e9)

EX_ray(x,T) = /Sw(x,w)e*i‘”dw, (17)

—00

where S, (x, w) denotes the complex amplitude of the spectral component of the X-ray field
at the frequency w at the depth x inside the medium. In particular, the Fourier transform of
the slowly varying amplitude of the seed radiation (7), (8), formed by a set of Ny high-order
harmonics, has the form

Jmax .
_ _ (a) (a) _ ApAtg 1+ expliwAty]
Sw(x =0,w) = q:;nm S (w = 20F), S’ (w) = — At (18)

where S((ff ) (w) is the amplitude spectrum of the electric-field-envelope of an individual
harmonic at the entrance to the medium.

We will further consider the second equation of system (16). We will look for its
solution in the following form:

021(x,T) = P21(x, T) exp[iPq sin(Q7 + AKx)], (19)
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where Pn = A /Q) is the modulation index (the dimensionless ratio of the amplitude of
the modulating field to its frequency), and the function 1 (x, T) satisfies the equation

8.021 + [ (wt(rZ) — wx_ my) + 'Yz} 021 =

0 . 20
dh'ntr Z ]k(PQ) —ikAKx f Sw (C(J — kO, x)efzwrdw’ ( )
which is obtained from (17) taking into account the equality exp[iPq sin(Qt)] = Y. Jx(Pq)

k=—o00
exp(ikQt), where Ji(x) is the Bessel function of the first kind of order k. We will represent
p21 in the form of a Fourier integral py = [ pé‘f) (x, w)e ™“Tdw. Then from (20) it is easy
to obtain an algebraic equation for the spectral amplitude pél )(
for coherence p1 (x, T):

w) and, then, a solution

O
P21(x, T) = *1d"2f" Z Jim(Pa) Ji(Pq el m—k)AaKx

mk=—oc0
o 1)
% f Sw(w+(m—k)Q,x) e IOT 40y
— oo 'Yz+1<w,r —WX—ray—W— mQ)

In a similar way, one can obtain a solution to the third equation of system (16):

531(35/1'):—1'% Y (1) K (Po) J(Po el (m—k)AK

mk=—o0
T +(m—K)Q - (22)
Xf (w+(m—k)Q,x) e~ WT e,
oo 'yz—i—l(wt, —WX—rgy—w—mQ

Substituting (21) and (22) into the first equation of system (16) and performing some
transformations, we obtain an equation for the spectral amplitude of the X-ray field:

BSw(w x) _ J3(Pa)
go Z 1fi{w7<w§f),wx,my+kﬂ>}/'yz Sw(w,x)
] i2pAKx
+g0 5 Jk(Pa)Jap+k(Pa)e™™” Sw(w +2pQx).  (23)

L e 1 e

p#0

where gy = 4wy — myd n}, Nion/ (ﬁc\/m%) is the amplitude amplification factor of
resonant radiation in the absence of modulation. In accordance with (23), in a modulated
active medium, the X-ray field at a frequency w is amplified as a result of self-action (the
first term in (23)), and also changes as a result of coherent scattering of spectral components
spaced from the considered frequency by an even multiple, 2p(), of the modulating field
frequency. As shown in [23], taking into account the second term in Equation (23) leads to
various interference effects, in particular, to mutual amplification of high-order harmonics
or to interference suppression of their amplification. However, the degree of influence of
the second term in (23) is determined by the ratio g9/ AK; specifically, if it is small, i.e., if
the length of the coherent interaction of the X-ray and IR fields, which is limited by the
dispersion of the plasma, is much shorter than the amplification length of the X-ray field,
then the second term can be neglected. In the considered case of a plasma of hydrogen-
like C°* ions with an unperturbed gain gg ~ 90 cm~! and concentration of free electrons
e ~ 1.5 x 100 cm ™3, for a modulating IR field with a wavelength A = 27t¢/Q) > 800 nm,
we have g9/AK < 0.025 < 1. Accordingly, the influence of mutual coherent scattering
of spectral components of X-ray radiation can be neglected. The applicability of this
approximation is confirmed in Section 5 by comparing the analytical solution given below
with the results of numerical calculations, which take into account, in particular, the mutual
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harmonic scattering. In this case, the X-ray field at the exit from the modulated active
medium can be written as:

k=—o0

Ex,my,z(x,r): /Sw(x exp{ Z Gy (w }ei“’rdw, (24)

—00

where
g0J2(Pa)

Gr(w) = .
K@) 1—i(w — bwx_ray — kQ) /72

(25)

(2)

Here dwx gy = wy,” — Wx_rqy is the detuning of the carrier frequency of the seed
radiation (6), (7) from the time-average frequency of the transitions |2) — |1) and |3) — |1)
with which it interacts. According to (24) and (25), the gain spectrum of the modulated
active medium is centered at the frequency wt(f ). In this case, the induced gain lines are
spaced apart from each other by the frequency of the modulating field () (and not by
2(), as was assumed in [19,23]), and the corresponding gains differ from the gain of the
unmodulated medium by a factor of ]]%(PQ). Thus, the resulting gain spectrum of the

modulated medium turns out to be symmetric with respect to the time-average frequency

of transitions |2) — |1) and |3) — |1). Note also that since Z ]k(PQ) =1, the sum of
k=

the gains of the modulated active medium over the induced gain hnes of all orders is equal
to the gain in the absence of the modulating field.

4. Discussion

Consider the amplification of a set of high-order in-phase harmonics with equal
amplitudes (7), (8), and (18), which form a train of attosecond pulses. Substituting (18) into
(24), after some transformations, we obtain:

EXfmy,z (x/ T)

fmax . o0 00 2 . 26)
—iq2QrT 80x]k(PQ) —iwT (
Y e {o exp{k Zoo T PR T To )y e YT dw.

4=Jmin

In what follows, we will consider two typical cases: (a) (2 = Qr, i.e., the modulating
field is a replica of the laser field used to generate high harmonics, and (b) QO = 2Q)f,
i.e., the modulating field is the second harmonic of the laser field of the fundamental
frequency. In either case, if dwx_,qy = s}, where s is an integer, each of the harmonics
will be in resonance with the corresponding gain line, which makes it possible to amplify
the entire set of harmonics. In addition, we will assume that the frequencies () and 2Q)r,
which determine the distance between both the induced gain lines and harmonics in the
emission spectrum of the seed, are much greater than the width of the gain lines, 27, and
the width of the spectrum of each individual harmonic, which is inversely proportional to
the duration of its envelope, Aty, ie., /v, > 1, Qp/v, > 1and QAty > 1, QpAty > 1.
In the case of a plasma of C%* ions with the considered parameters, Yo oot A 20 fs,
and the conditions specified above are satisfied for any fields in the near and mid-IR ranges.
In this case, the largest contribution to the sum in the exponent of (26) will be due to the
term for which the resonance condition is fulfilled:

ZqQF —kQ) = (SCUX_my. (27)

It follows from condition (27) and the above assumptions (in particular, dwx —qy = ()
that the harmonic with number g interacts with only one gain line with number k + s.
In the following, we will assume that the emission spectrum of harmonics at the

(2)

entrance to the medium is symmetric with respect to the frequency w;,’. In this case, to

(z)

the left and to the right of the frequency w;,’, there is an equal number of high harmonics
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(2)

(in this case, if the frequencies wx 5y and w,;,” do not coincide and éwx ., # 0, then
Jmin 7 —fqmax). Due to the symmetry of the induced gain spectrum of the modulated
medium, this makes it possible to amplify in the same way both the left and right (with

respect to frequency wt(f )) parts of the high harmonic spectrum, which ensures the homo-
geneity of their amplification. In the case of a modulating field of a fundamental frequency,
Q = Qp, at dwx_rqy = 0, the condition (27) is satisfied for k = 2¢q. Accordingly, the
harmonics in the emission spectrum of the seed are in resonance with the gain lines of even
order (even k), while the number of harmonics N is odd. It is this case that was considered
in [19]. At the same time, at ) = Q) and dwx gy = —(2, the harmonics are in resonance
with the amplification lines of odd orders, corresponding to k = 2q + 1, while the number of
amplified harmonics is even. In practice, this or that case can be realized by fine tuning the
harmonic frequencies. Note that in both cases, half of the amplification lines are not used,
which reduces the efficiency of signal amplification. Other integer values are equivalent to
dwx —ray = 0 0r bwx_rqy = —(, since the carrier frequency of the harmonics is determined
with an accuracy of 2Q)r (and the spectrum of harmonics may be asymmetric with respect
to the carrier frequency, while remaining symmetric with respect to the frequencies of
transitions |2) — [1) and |3) — |1)).

In the case of a modulating field of doubled fundamental frequency, () = 2Q)f, at
dwx —ray = 0 the condition (27) is satisfied for k = ¢. In this case, the spectral components
of the seed radiation are in resonance with the gain lines of both even and odd orders, and
the gain of the active medium is used most efficiently.

Next, we investigate the optimal conditions for amplification of attosecond pulse
trains formed by a set of high-order harmonics resonant with the induced gain lines of
(a) even, (b) odd, and (c) all orders. In contrast to [19], we will formalize the search for
optimal values of the modulation index corresponding to both the most efficient and the
most uniform amplification of harmonics of different orders.

The efficiency of harmonic amplification will be characterized by the value

1 N
Saver = NiH;]k (PQ)r (28)

which determines the average harmonic gain normalized to the gain in the absence of a
modulating field, gg. The summation in (28), as well as in (29), is carried out over those k
for which condition (27) is satisfied, where gmin < g < gmax, i.e., over harmonics of those
orders that are present in the spectrum of incident radiation (6), (7). In this case, N denotes
the number of terms, not the upper limit of summation.

The homogeneity of the gain distribution of different harmonics will be characterized
by the value

1 N 2
Ny % (]k (PQ) - gaver)
(Sg/gaver = ’ (29)

Saver

which corresponds to the root-mean-square (rms) deviation of the normalized gain factors
of harmonics from their mean value, gsver-

The most efficient harmonic amplification requires maximizing the value ggver. At
the same time, for the most uniform amplification of harmonics of different orders, it is
required to minimize the value g/ gaver. Typical dependences of gyper and 0g/ guver On the
modulation index are shown in Figure 1. Figure 1a illustrates the case of amplification of a
set of 7 harmonics resonant with even-order gain lines (k = {0, £2, +4, £6}, with Ny =7
in sums (28) and (29), whereas Figure 1b shows amplification of a set of 6 harmonics
resonant with the gain lines of odd orders (k = {1, £3, £5}, with Ny = 6). In both
cases, the modulating field of the fundamental frequency, () = Q, is used. At the same
time, Figure 1c corresponds to the modulating field of the doubled fundamental frequency,
Q) = 20, and the amplification of 7 harmonics resonant with the gain lines of all orders
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Httosecohd puldes in tHE' process of their amplification, and also causes a large rms deviation
of the gains of harmonics of different orders. At P ~ Ny — 1 for the modulating field of
the fundamental frequency, () = Q, or P =~ Ny /2 — 1/2 for the modulating field of the
doubled fundamental frequency, (3 = 2Q)r, the width of the gain spectrum of the active
medium reaches the width of the seed emission spectrum, Awgy,,1 & Awp. In this case,
the gains become noticeably nonzero for all harmonics in the emission spectrum of the
seed, which makes it possible to preserve the spectral width and duration of the amplified
attosecond pulses and leads to a noticeable decrease of the rms deviation of the harmonic
gains from their mean value. A further increase in the modulation index to P > Ny — 1
for O = O and to Pn > Ny /2 —1/2 for Q) = 2Q)r leads to the fact that the gain spectrum
of the medium becomes wider than the emission spectrum of the seed, Awgyy > Awp.
In this case, the gain is redistributed, among other things, over combination frequencies
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absent in the seed radiation spectrum, which, taking into account the constancy of the sum
of the gains over all frequencies, leads to a decrease in the average harmonic gain.

Thus, the optimal combination of efficiency and homogeneity of harmonic amplifica-
tion is achieved under conditions of approximate equality of the width of the gain spectrum
and the width of the emission spectrum of the seed,

Awamp, ~ A(UH, (30)

and corresponds to the modulation index at which the minimum value of 6/ gaver is
achieved in the vicinity of P =~ Ny — 1 for the modulating field of the fundamental
frequency, (O = Qf, and of Pn ~ Ny /2 — 1/2 for the modulating field of the doubled
fundamental frequency, Q2 = 2Q)r. Next, we investigate the dependences of the efficiency
and homogeneity of harmonic amplification on the modulation index in this regime.

For this, it will be convenient to define the number of harmonics consistent with the
gain spectrum of the medium, N4y, as a following continuous function (which is a real
number) of the modulation index:

Nmatch PQ Z fk PQ (31)

k=—o0

where fi(Pq) is a weighting factor that differs from zero only for those values of k, which at
a given modulation index correspond to gain lines with a substantially nonzero amplitude:

0, k< —(PQ +Ak)/
cosz(% . k?,:o), —(Po + Ak) <k < —Pq,
fk(PQ) = 1, —Pn <k < Pg, (32)
cosz(g e PQ) Pq <k < Po + Ak,
0, k> Py + Ak,

where Ak = 1/2 in the case of harmonics resonant with the gain lines of even or odd
orders (( = Qr), and Ak = 1/4 for harmonics resonant with the gain lines of all orders
(2 = 2QO)r). The average gain of the harmonic spectrum, which corresponds to definition
(31), (32), normalized to the gain in the absence of modulation, has the form

(match) _ 1 P P, 33
Saver Nmatch(PQ k;oofk (@) Ik( Q) (33)

while the normalized rms deviation of the (normalized) gains from their mean value is
determined by:

_ 1 1 (match) 2
(§g/gﬂver)match - gz,"eitCh)(PQ) \/Nmatch(PQ k;mfk PQ (Ik (PQ) Saver (PQ)) . (34)

Note that the quantity N,.sc; (Pqy) characterizes with good accuracy the number of gain

lines of a modulated active medium with a substantially nonzero amplitude. Accordingly,

the quantities gﬁ@'@‘i”h) and (08 / Qaver ) patcn are intrinsic characteristics of the efficiency and

homogeneity of the gain spectrum of the modulated medium (and depend only on the
modulation index), which distinguishes them from the parameters g,yer (28) and 5/ Gaver
(29), which characterize the amplification of an arbitrary number of harmonics (these
quantities are functions of two variables, the number of harmonics and the modulation
index). The dependencies (28), (29) approximately coincide with (33), (34) only if the
condition (30) is fulfilled, which makes this regime special and serves as an additional
confirmation of its optimality. It should be noted here that the rms deviation of the harmonic
amplification factors (29) can be reduced relative to the value (34) at the cost of reducing
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the average harmonic amplification factor (28) relative to the value (33) by increasing the
modulation index relative to its optimal value (P ~ Npy — 1 in the case () = Qr and
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leads to a sharp (several times) increase of the ratio 6g/gaver with a gradual decrease of

the average gain guver. For example, for a set of seventeen harmonics, (PQ)%Z;_EI") = 16.9,

(gaver)ggl;—eln) ~ 0.028, and (58/851067)5;33”) =~ 0.729.
Next, we will consider the case of amplification of a set of high harmonics resonant
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Finally, we will consider the case of a modulating field of doubled fundamental
frequency and harmonics resonant with gain lines of all orders: Q=20 o
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gain along such lines decreases proportional to 1/Pq. In this case, the gain is distributed
approximately equally between the even- and odd-order gain lines, which makes them
equally suitable for amplifying a set of high harmonics. The best amplification of a set of
harmonics is achieved if the width of the harmonic spectrum is approximately equal to the
width of the gain spectrum of the medium (30). In this case, to amplify a small number of
harmonics, 2 < Ny < §, it is preferable to use the gain lines of even or odd orders and,
accordingly, the modulating field of the fundamental frequency, which for these values of
Ny makes it possible to achieve the most uniform amplification of harmonics of different
orders. At the same time, for a larger number of harmonics, Ny > 10, it is preferable
to use the gain lines of all orders and, accordingly, the modulating field of the doubled
fundamental frequency, which in this case makes it possible to double the gain coefficients
without losing the homogeneity of the gain spectrum.

In the next section, the above conclusions of the analytical theory are compared with
the results of the numerical solution of the system of equations presented in Section 2, in its
most general form, taking into account the nonlinearity of the medium, as well as amplified
spontaneous emission on inverted transitions. We will consider the cases of (a) a relatively
small number of harmonics, namely (i) 7 harmonics resonant with gain lines of even orders,
(ii) 6 harmonics resonant with lines of odd orders, and (iii) 7 harmonics resonant with lines
of all orders, as well as (b) a larger number of harmonics, namely, a set of 17 harmonics
resonant with the amplification lines of (i) even and (ii) all orders.

5. Numerical Results

In numerical calculations, we assumed that high-order in-phase harmonics (7), (8)
generated by a laser field with a wavelength Ap = 27t¢/Qr = 2.1 um are present at the
entrance to the medium. These harmonics form a train of attosecond pulses, the temporal
envelope of which is determined by Equation (8) and the peak intensity is Iy = 10'2 W/cm?,
regardless of the number of amplified harmonics.

First of all, we will compare the cases of amplification of (i) 7 harmonics resonant with
even order gain lines, (ii) 6 harmonics resonant with odd order lines, and (iii) 7 harmonics
resonant with gain lines of all orders. In these cases, the pulse duration will be 430 as and 530
as for a combination of 7 and 6 harmonics, respectively. In the case of 7 harmonics resonant

with even order gain lines, the optimal modulation index is equal to (PQ);EHUEH) = 6.45
and corresponds to the intensity (I L);eHw”) ~ 2.74 x 101 W/cm? of the modulating field

of the fundamental frequency (with a wavelength of 2.1 um). For 6 harmonics resonant
with odd order gain lines, it is necessary to use a modulating field of the same wavelength

(2.1 pm) and a slightly lower intensity (Ir) éﬁ‘ﬂ ~ 1.83 x 10" W/cm?, which corresponds
to the modulation index (Pg)gjd) = 5.27. To amplify 7 harmonics resonant with the gain

lines of all orders, the modulating field must have a doubled fundamental frequency and a

wavelength of 1.05 um. In this case, the optimal intensity of the modulating field is equal to

(I L);‘;ZII) ~ 2.45 x 10" W/cm? and corresponds to the modulation index (PQ)%’LZII) = 3.05.

The results of numerical calculations for the above three cases and an active medium
5 mm thick with an unperturbed amplitude gain go = 90 cm~! are shown in Figure 5. In the
cases of modulation of the active medium by a laser field of fundamental frequency and
amplification of a set of six, Figure 5a,b, or seven, Figure 5¢,d, harmonics, resonant with the
gain lines of odd or even orders, respectively, the shape of attosecond pulses is preserved
with good accuracy, which is due to insignificant distortion of the spectra of harmonics,
see Figure 5b,d. In these cases, in accordance with the conclusions of the analytical theory,
with a decrease in the number of amplified harmonics and, as a consequence, in the used
modulation index, the amplification efficiency increases. For example, the peak intensity
of pulses formed by a set of 7 and 6 harmonics resonant with the gain lines of even and
odd orders, respectively, increases by a factor of 26 and 49 during the amplification process.
At the same time, in both cases, the amplified signal turns out to be several times weaker
than the amplified spontaneous emission of y-polarization. The intensity of harmonic
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radiation can be raised to the level of amplified spontaneous emission by modulating the
active medium of an X-ray laser by the second harmonic of the IR field of the fundamental
frequency, Figure 5e,f. In this case, the train of pulses formed by a set of seven harmonics
resonant with the gain lines of all orders, at the same thickness of the medium, is amplified
in intensity by a factor of 220. However, the shape of the pulses in this case is significantly
distorted, see the inset in Figure 5e, due to the less uniform amplification of harmonics of
different orders, Figure 5f. Particularly, harmonics detuned from the time-average transition
frequency by +4Q)r are amplified faster than the others, which leads to a transformation
of the pulse sequence into the beats of these two spectral components with an increase
in the thickness of the medium. It should be noted that the spectral-temporal distortions
of radiation decrease with decreasing optical thickness of the medium, which, together
with a high amplification efficiency, makes the use of a modulating field with a doubled
fundamental frequency and gain lines of all orders preferable in the case of an active
medium with a limited optical thickness. Thus, the use of a modulating field with a
doubled fundamental frequency softens the requirements for the active medium of a
plasma-based X-ray laser, since it makes it possible to achieve a prescribed amplification of
the harmonic signal with a smaller optical thickness of the medium.
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Figure 5. (a,ce) Time dependence of the intensity of z-polarized harmonic radiation (left axis,
blue curve), as well as y-polarized amplified spontaneous radiation (right axis, red curve) at the
exit from a modulated active plasma of C5* jons with a thickness of 5 mm, free-electron density of
1e = 1.5 x 10?2 cm 2 and an unperturbed amplitude gain of gy = 90 cm~!. The intensity is normalized

to the peak intensity of the seed, Iy = 102 W/cm?. (a) corresponds to the case of 6 harmonics resonant
(odd)

with the gain lines of odd orders with (Pn)gy; = = 5.27; (c)—to the case of 7 harmonics resonant
with even order gain lines with (PQ);QH‘UETO = 6.45; (e)—7 harmonics resonant with the gain lines of

all orders with (PQ)%?) = 3.05. The insets show the pulse shapes at the entrance (black curve) and
exit (blue curve) from the medium in the envelope maxima of the corresponding pulse sequences.
(b,d,f) Amplitude spectra of the amplified harmonic emission (left axis, blue curve), as well as
the harmonic phases at their carrier frequencies (right axis, red stars). The spectral amplitude is
normalized to the amplitude of harmonics in the emission spectrum of the seed.

Next, we will consider the amplification of a set of 17 harmonics that form a train of
pulses with a duration of 160 as. If the active medium is modulated by a laser field of funda-
mental frequency (with a wavelength of 2.1 um) and the harmonics are in resonance with the

gain lines of even orders, then the optimal value of the modulation index is (Pﬂ)g‘;zl’fln) =16.9
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Next, we will consider the amplification of a set of 17 harmonics that form a train of
pulses with a duration of 160 as. If the active medium is modulated by a laser field of
fundamental frequency (with a wavelength of 2.1 um) and the harmonics are in reso-
nance with the gain lines of even orders, then the optimal value of the modulation index21

is (R, );m’ =169 and corresponds to the intensity of the modulating field
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Finally, we will compare the analytical solution obtained in Section 3 with the results
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not take into account the decrease in population inversion at resonance transitions. With a
further increase in the thickness of the medium, the slope of the analytical dependences
increases, which is due to the degeneration of the harmonic spectrum into a set of two
(symmetric relative to the average transition frequency) spectral components that are in
resonance with the most intense gain lines. The amplification factors for these harmonics
exceed the average value, which leads to their dominance at a sufficiently large medium
thickness. For example, in the case of amplification of 7 harmonics using gain lines of all
orders, harmonics detuned from the average transition frequency by 40y dominate. In
numerical calculations, this effect is not observed, since the exponential growth of harmonic
amplitudes is limited by the influence of nonlinearity caused by changes in the populations
of the resonant states. As a result, starting with a certain thickness of the medium, the
growth of the peak radiation intensity slows down and, ultimately, stops. This is due to the
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tion inversion by the amphfled radlatlon (mcludmg the amphfled spontaneous emission
of y-polarization) and the consequent shift of the time interval, during which the ampli-
fication is achieved, to the leading edge of the harmonic pulse. Specifically, at a suffi-
ciently large thickness of the medium, the duration of amplification becomes shorter
than the duration of the amplified signal. In this case, the maximum of the enveltj# f

the pulse train shifts towards earlier times, and the peak intensity of the pulses remains
constant.
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Figure 7 also shows a typical spatial dependence of the peak intensity of the amplified
spontaneous emission of y-polarization (purple dashed curve). It can be seen that amplified
spontaneous emission can be neglected for the medium lengths up to 2.3 mm, since its
intensity is much lower than the intensity of the amplified signal. Note that Figure 7 shows
only one curve for the y-polarization radiation, since the modulating field and harmonic
emission have no significant effect on its envelope, see Figures 5 and 6.

6. Conclusions

In this work, we investigated the efficiency of amplification of attosecond pulses
formed by a set of high-order in-phase harmonics of the IR field (separated by a doubled
fundamental frequency of the IR field) in the hydrogen-like active medium of a plasma-
based X-ray laser modulated either by a laser field of fundamental frequency or its second
harmonic. The optimal conditions for the amplification of a set of a given number of
harmonics in both cases are found. An analytical solution is obtained that describes the
amplification of a set of high-order harmonics with an arbitrary envelope (and an arbitrary
shape of the spectral line of an individual harmonic). It is shown that modulating the
hydrogen-like active medium with the second harmonic of the fundamental frequency
allows to significantly enhance an amplification.

When the modulating field of fundamental frequency is used, the harmonics can be in
resonance with the gain lines of either even or odd orders. The choice between the gain
lines to be used is determined only by the carrier frequency of the harmonic radiation,
since they are equally suitable for amplifying attosecond pulses (providing comparable
efficiency and homogeneity of harmonic amplification). Using the modulating field of
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the doubled fundamental frequency allows all sidebands (even and odd) produced by
this field in the gain spectrum to contribute to amplification of high-harmonics. However,
for a set of a small number of harmonics, the gain spectrum becomes much less uniform.
Nevertheless, with an increase in the number of amplified harmonics, the difference in
the homogeneity of the gain spectrum in all three cases (gain lines of even, odd, or all
orders) practically disappears, which makes preferable the use of a modulating field with a
doubled fundamental frequency.

The conclusions of the analytical theory were compared with the results of the numer-
ical solution of the Maxwell-Bloch system of equations for an active plasma medium based
on hydrogen-like ions C°* and resonant radiation of harmonics with a wavelength in the
vicinity of 3.4 nm (in the “water window” range). In particular, for realistic parameters
of the active medium, it was shown that it is possible to amplify a train of pulses with a
duration of 430 as, formed by a combination of seven high-order harmonics of a laser field
with a wavelength of 2.1 pm, by a factor of 220 in intensity when using a modulating field
of doubled fundamental frequency. When using the modulating field of the fundamental
frequency with the same parameters of the active medium, the pulses are amplified by
a factor of 26. In addition, it is shown that it is possible to amplify a sequence of 160 as
pulses, formed by 17 high-order harmonics of a laser field with a wavelength of 2.1 um,
by a factor of 13 in intensity when using a modulating field with a doubled fundamental
frequency, which is by a factor of 4.2 greater than for an active medium modulated by a
laser field of fundamental frequency.

The obtained results open up the possibility of efficient amplification of high-harmonic
radiation, soften the requirements for the parameters of an active medium of a plasma
X-ray laser, and allow for more variable selection of the parameters of IR sources. Enhanced
spectral combs and sequences of attosecond VUV /X-ray radiation pulses can be used in
X-ray spectroscopy, as well as attosecond metrology and chronoscopy.
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