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The spectral characteristics of high-order harmonics generated by the interaction of a linearly polarized
relativistic laser pulse with a plasma grating target are investigated. Through particle-in-cell simulations and
an analytical model, it is shown that a plasma grating target with periodic structure can select special harmonics
with integer multiples of the grating frequency, and that low-order harmonics with frequencies being integer
times of the laser frequency are generated nearly parallel to the target surface from a Fresnel zone plate target
with an aperiodic structure. Spectral control of the harmonics can be achieved by introducing a correction factor
B to the radius formula of the Fresnel zone plate, which can create a slightly detuned plasma grating, and then
only the narrow-band harmonics can be selected nearly parallel to the target surface. The center order of the
narrow-band harmonics can be tuned by adjusting the correction factor 8, while the bandwidth of the harmonics
can be selected by adjusting the other parameter A, of the detuned plasma grating.

DOI: 10.1103/PhysRevE.105.065207

I. INTRODUCTION

High harmonic generation (HHG) from a gas or solid
medium is an extreme nonlinear process, which contains a
very broad range of frequencies that are generally integer
multiple of the fundamental laser frequency. HHG is mainly
used to generate a table-top attosecond pulse [1-9], which
is an important tool for studying the electronic dynamics
in atoms and molecules [10-12]. Nowadays, attosecond sci-
ence is based mainly on HHG in gas media [13-22], which
allows the generation of isolated attosecond pulses on the
nanojoule to few-microjoule energy level with photon en-
ergies up to sub-keV. Due to the ionization threshold of
the gas, the conversion efficiency of the attosecond pulse
is limited. Relativistic harmonics generated by interaction
of intense laser fields with solid surfaces is a promis-
ing way for the production of intense attosecond radiation
[23-34]. There are two main HHG mechanisms identified
on flat solid plasma: coherent wake emission (CWE) [35]
and relativistic oscillating mirror process (ROM) [4]. Many
efforts have been made to generate an isolated attosecond
pulse, and a number of techniques have been experimentally
carried out, such as “attosecond lighthouse” [6,36], “non-
collinear optical gating” [37], “few-cycle regime” [38], and
SO on.

Another purpose of the high harmonics is providing par-
ticular harmonic frequencies for some potential application
[39—41]. Among the reported schemes, a particular group of
high-order harmonics has been selected by using two-color
counter-rotating circularly polarized laser fields owing to the
symmetry of the laser fields and the related conservation laws
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[42]. Selected enhancement of high-order harmonics can be
also achieved by modifying the plasma density ramp [43].
Another spectrum control scheme is adopting a diffraction
grating with a periodic structure [44,45], strong coherent
emission at the wavelength of the grating period and its har-
monics is generated nearly parallel to the target surface, which
is forecast by Lavocat-Dubuis et al. [44,45]. Their theoretical
predictions have been confirmed experimentally by Cerchez
et al. and Cantono et al. [46,47]. Even though much efforts
have been made to select a group harmonics from a periodic
structure target [48-51], the methods of controlling the har-
monic spectrum to isolate particular harmonics with a narrow
band remain limited.

As mentioned above, laser engineering and target engi-
neering techniques are needed to achieve selective harmonic
enhancement. For high-peak-power laser systems, laser engi-
neering techniques are still a challenging task. The develop-
ment of new target engineering techniques makes the precise
control of plasma grating structures possible with a microscale
and nanoscale [24,52,53]. In this paper, we propose another
target engineering technique to achieve spectral control. The
Fresnel zone plate with an aperiodic structure only selects
low-order harmonics with frequencies being integer times of
the laser frequency nearly parallel to the target surface due
to the interference effect. By introducing a correction factor
B to the radius formula of the Fresnel zone plate target,
phase matching condition of enhancement at narrow-band
orders can be satisfied, and then the near-surface narrow-
band harmonics can appear. The center order of the narrow-
band harmonics can be tuned by adjusting the correction
factor 8, while the bandwidth of the harmonics can be selected
by adjusting the other parameter A, of the detuned plasma
grating.
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FIG. 1. Interaction geometry for a plasma grating target (a),
plasma zone plate (b), or detuned plasma grating (c), % is the height of
the zone; the spatial profile of laser field component shown in (d), and
the electric field is polarized along ¥, the interaction configuration
between an intense laser pulse and a detuned plasma grating is shown
in (e).

II. MODE AND THEORETICAL ANALYSIS

The interaction configurations between the intense laser
pulse and the plasma grating (PG), plasma zone plate (PZP),
and detuned plasma grating (DPG) are shown in Fig. 1, and
the corresponding target parameters are listed in Table 1. The
linearly polarized high intensity laser is normally incident on
the target in X direction, and « is the emitting angle of the
harmonics, which is shown in Fig. 1(e). For the plasma grating
target, the grating period d, can be designed as a quarter of the
laser wavelength X, and the depth & of the grating grooves
is set as Xo/8, and the width w; is Ao/16, the length L is
set as 8 um which is shown in Fig. 1(a). The configuration
of the plasma Fresnel zone plate is shown in Fig. 1(b), the
radial coordinate y; can be expressed as y; = /ifoA s, where i
denotes the number of the zone, f) and A, are the focus and
wavelength of the emitting light. Due to the diffraction effect,
the zone plate can usually achieve to focus the light with a
particular wavelength A ¢ on X axis. Suppose each zone (i.e.,
the protuberance) is considered as a light point, the light points
with the wavelength A are focused to the coordinate (0, 8)
along X axis by the above Fresnel zone plate, the optical path
difference between the light points from the origin (0,0) and
the coordinate (y;, 0) of ¥ axis is v/(y;)? + 2 — 8. In order
to generate harmonics parallel to ¥ axis, the same optical path
difference should be achieved at o = 0°. The radius formula
of the zone plate is modified by introducing a correction factor
B, and the modified radial coordinate (Y;, 0) is expressed as
Y, = \/ifors + B? — B. The structure is similar to the grating,
which is shown in Fig. 1(c). The width of each groove is
variational and the height % is Ag.

TABLE I. A table of the three target parameters.

Type Length L Period Radial coordinate

PG 8 um dg = Ao/4  yoii1 = iko/4, Yo = Yoii1 + Wi
pzp 8 um  d, is aperiodic yi = /ifors

DPG  8um  d,is aperiodic Y, =\/ifors + B> — B
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FIG. 2. The angular distribution of the radiation intensity with
harmonic order from the plasma grating target with the period d, =
Ao/4 (a), (b), the plasma zone plate (c), (d), and detuned plasma
grating (e), (f) simulated by PIC, the laser duration 7 is set as 20 fs,
fo1s20 um, Ay = 100 nm, B = 15 um, and L = 8 pum.

The radiation spectra obtained from the above three
different targets are studied with the two-dimensional particle-
in-cell simulation code EPOCH [54]. A linearly polarized laser
pulse with the wavelength Ao = 800 nm is normally incident.
A Gaussian temporal profile of the laser normalized elec-
tric field amplitude a, = agexp[—+/2 In2(t — 0)*/7%] with
full-width-at-half-maximum (FWHM) duration T = 20 fs and
o = 40 fs is chosen, and the normalized laser amplitude ay =
2.2 corresponds to laser intensity of Iy ~ 1 x 10" W/cm?.
The laser pulse has a Gaussian transverse profile with a fo-
cal spot of 8 um. The three targets have electron density
n, = 20n.. The simulation box is composed of 251y x 30X,.
Due to the limitation of computational resources, we reduce
the spatial resolution as Ao/500 x1y/500 and the number of
particles per cell as 36 only, and the background ion is carbon.

The angular distributions of the radiation intensity with
harmonic order from the periodic and aperiodic structure tar-
gets simulated by PIC are shown in Fig. 2, the corresponding
radiation spectra at the special angles are also present. The
strong harmonic radiation from the interaction between the
laser pulse and the grating target with the period d, = Ao/4
is generated nearly parallel to the target surface, and the
harmonic frequency is an integer multiple of the grating fre-
quency, which is shown in Figs. 2(a) and 2(b). The radiation
spectrum at the emitting angle o = 5°, 17°, and 23° from the
zone plate with aperiodic structure is shown in Figs. 2(c) and
2(d), low-order harmonics can be generated, and the intensity
changes rapidly from strong to weak as the radiation fre-
quency is increased. By adopting the detuned plasma grating
shown in Figs. 1(c), 2(e), and 2(f), a narrow-band spectrum
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from about 7th to 9th appears nearly parallel to the target
surface, and the other harmonics are strongly suppressed,
which means that, because of the interference enhancement of
particular harmonics due to the modified aperiodic structure,
the maximum intensity is emitted at the angle o = 17°.

In order to better understand the emitting characteristic of
the interaction between the high intensity laser and the above
plasma targets, an analytical model developed by Zhang et al.
is adopted [51]. The radiated power per unit of solid angle of
the nth (i.e., n = ®/wp) harmonic can be expressed as

dP, Y MewoC \ 2
= (55225) R 0)K,(@), ()
on 2me
where y = (1 — p?)™'/2, p =v/c, v is the electron quiver

velocity in the laser field, c is the speed of light, m, is the
electric mass, and wy and « are the laser frequency and the
observation angle with respect to ¥ . The radiation K, () from
a single electron oscillating in the linearly polarized field is

2,2 2
K, (@) = ";N‘C"O tan(ar)J2[np cos(a)], 2)

and the factor of the interference can be expressed as

L 2

F.(n,a) = Zexp[—inxiko cos(a)]| , 3)

Yi

where x; cos(«) is the light phase difference between the emit-
ting rays from the origin (0,0) and the coordinate (y;, 0) of )%
axis, and the wave vector of the laser is kq. The term F(w, )
corresponds to the contribution of all the protuberances on
the last harmonic radiation source. According to the previous
works, the relativistic electron bunches can be generated by
the interaction of a linearly polarized relativistic intensity
laser field with the protuberance of the grating (or the zone
plate). For convenience, when the focal spot of the laser is not
less than the length of the plasma grating, the effect of the
radiation K, on the spectral characteristics of harmonics can
be neglected, and then the final harmonics are mainly effected
by the term F'(w, @). In the calculation, the radiation from
each protuberance of the three targets is considered as a light
line.

To clearly distinguish the physical process of the harmonic
generated from the three different targets studied by PIC code,
the results simulated by the analytical model are shown in
Fig. 3, and the parameters are consistent as those in Fig. 2.
Figure 3(a) shows the dependence of the interference fac-
tor F on the harmonic order w/wy and the emitting angle
«a for the plasma grating with the period d, = 19/4. When
the harmonic frequencies are integer multiples of the grating
frequency, the match condition of harmonic enhancement is
satisfied; interference factor F' values observably show up
near the surface directions, and then the harmonics with the
order 4th (8th, 12th, and so on) are generated, which is shown
in Figs. 2(a) and 2(b). Due to the aperiodic structure of the
Fresnel zone plate, the interference factor F' at the low order
is strong, and as the harmonic order increases the value of F
decreases rapidly, which is shown in Figs. 3(c) and 3(d). The
results are consistent with those in Figs. 2(c) and 2(d). The
correction factor B is introduced to modify the structure of
the Fresnel zone plate, and is set to 15 um, the interference
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FIG. 3. The dependence of the interference factor F on the
harmonic order w/w, and the emitting angle « calculated by the
analytical model: (a) for the plasma grating, (c) for the zone plate, (e)
for the detuned plasma grating; the corresponding radiation spectra
at the different emitting angles are shown in (b), (d), and (f), and the
parameters are consistent with those in Fig. 2.

factor F at the order w/wy from about 7th to 9th is much
more intense than those of other harmonics at « = 0° and 10°.
Compared with Figs. 3(c) and 3(d), Figs. 3(e) and 3(f) present
that only narrow-band harmonics are phase matched nearly
parallel to the target surface when the target is the detuned
plasma grating. The results calculated by the analytical model
in Fig. 3 are consistent with the results in Fig. 2 simulated by
PIC.

III. RESULTS AND DISCUSSION

The above results simulated by PIC and from analytic
model show that the match condition of the enhanced emis-
sion from the periodic-structure grating target can be satisfied
when the coherent emission is at the wavelength of the grat-
ing period and its harmonics, which is shown in Figs. 2(a),
2(b), 3(a) and 3(b). For the detuned plasma grating, an intu-
itive interpretation about the actual mechanics of the system
could be given by the analysis of the aperiodic structure.
The radial coordinate (Y;, 0) of the detuned plasma grating

is expressed as /ifors + B2 — B, which is also written as
B(GJifors/B*+ 1 —1). The wavelength d, of the detuned

plasma grating is expressed as

dy(i) = PGS+ Do /B2 + 1= \Jifods /B2 + 1. (@)

From this formula, the detuned grating wavelength d, is vari-
able as i is increased. The term foAr/ B? is small when i is
1, and we can Taylor expand the above formula (4) to get the
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FIG. 4. The dependence of the interference factor F' on (a) the
parameter A, and (b) the correction factor 8 for the detuned plasma
grating. The corresponding 7m.x — imin marked by blue stars and
Neenter Marked by red circles are shown in (c) and (d), the other
parameters are (a) 8 = 15 um and (b) A, = 100 nm.

simple expression of d,, which is expressed as

dg(1) = fors/B. (&)

From formula (5) above, it is shown that the wavelength of
the detuned plasma grating is dependent on the parameters A
and B. As i gets large, the Taylor approximation is no longer
valid, and d,(m) is minimal. The wave number of the detuned
grating is defined as M = 1/d,, the value of My, is minimal
when i = 1 and the value of M,,,, is maximal when i = m.
The bandwidth of the enhanced harmonics from the detuned
grating is determined by the number of grating wavelengths,
and the minimal and maximal harmonic orders are considered
as

Nmin = Mmin)"Oa Nmax = Mmax)‘O- (6)

In Figs. 2 and 3, the parameter 8 is set as 15 um, fy =
20 pm, Ay =100 nm, and L = 8Xp, and the minimal and
maximal values of M are 7.57 um~' and 12.48 um~!, respec-
tively. The corresponding harmonic orders are npyi, = 6.05
and np,x = 9.98, and then the match condition of the harmon-
ics from npy;, t0 nmax can be satisfied, and then harmonics at
the order 7th, 8th, and 9th can be selected. The above analysis
results show that the narrow-band harmonics can be generated
from the detuned plasma grating, which are consistent with
the results calculated by the analytic model in Fig. 3(f).

The dependence of the interference factor F' on the param-
eter Ay and the correction factor f is studied by the analytical
model in Fig. 4, and the results calculated by formula (6) are
also shown. In Fig. 4(a), the correction factor 8 is considered
as a constant, i.e., § = 15 um, the emitting angle « is set 0°,
and the other parameters are the same as those in Fig. 3(e).
From Fig. 4(a), it is found that the frequencies of the har-
monics which are phase matched are increased nonlinearly
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FIG. 5. The harmonic spectra at the emitting angle « = 17° from
the detuned plasma grating with different parameters § [(a) and (b)]
and A, [(c) and (d)] simulated by PIC. The corresponding fyax — Pimin
marked by blue stars and n¢eqer marked by red circles are shown in
(b) and (d), the other parameters are (a) Ay = 100 nm and (b) 8 =
15 pem.

as Ay is decreased. The minimal order 7y, and maximal
order np,x are calculated by formula (6), and the curves are
in agreement with the result of the analytical model. The
corresponding bandwidth np, — nmin and center frequency
Neenter = (Mmax + Mmin)/2 of harmonics are shown in Fig. 4(c):
Mmax — Mmin 18 3.13 and the neepeer is 7.62 when Ay is 100 nm,
Nmax — Mmin 1 1.53 and the Aceneer is 3.82 when A ¢ is 200 nm.
In Fig. 4(b), the correction factor 8 is considered as a variable,
the parameter A, is set to 100 nm, and the emitting angle o
is also set to 0°; the other parameters are same as those in
Fig. 3(e). It is shown that the frequencies of the harmonics
which are phase matched are increased linearly as § is in-
creased. The corresponding bandwidth n,,x — nmin and center
frequency ngeneer are shown in Fig. 4(d): nmax — Pmin 1S 2.68
and the ngenger 18 3.67 when B is 5 um, nmax — Amin 18 3.16 and
the neenter 1S 11.61 when g is 25 um, which shows that the
bandwidth of the harmonics is varied slowly as the correction
factor is increased.

The above results calculated by the analytical model and
formula (6) show that the spectral characteristics of the
narrow-band harmonics can be effected by the parameters
Ar and B. Figure 5(a) shows the harmonic spectra from the
detuned plasma grating simulated by PIC when the correction
factor B is adjusted, the parameter A, is set to 100 nm, and
the B is variational; the other parameters are the same as those
in Fig. 4(b). From Fig. 5(a), when g is 15 pm, the harmonics
with orders 7th-9th are phase matched, while the harmonics
with orders 3th—5th are phase matched as 8 is adjusted to
5 pm. The results in Figs. 5(a) and 5(b) show that the center
frequency ncener can be tuned by increasing the correction
factor 8. The dependency of bandwidth nyax — fimin On B is
also shown in Fig. 5(b) marked by green stars, and 7max — Pimin
is almost invariable as the § is increased, which is consistent
with the result in Fig. 4(d). The effect of the parameter Ay on
the spectral characteristics of the narrow-band harmonics is
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FIG. 6. The angular distribution of the harmonics driven by a
few-cycle laser pulse from the detuned plasma grating with two
correction factors 8. (a), (b) Ay = 100 nm, g =20 um, v = 3 fs;
(©),(d)A; =100nm, B =15 um, T =3 fs.

shown in Figs. 5(c) and 5(d), the parameter § is set to 15 um,
and the Ay is variational; the PIC simulation results show that
bandwidth np,x — nyin is nonlinearly increased as the As is
decreased, nmax — Amin is 3 as Ay is 100 nm, and 7pax — Aimin
is 1 as Ay is 200 nm, which is consistent with the results in
Figs. 4(a) and 4(c).

In addition, the spectral characteristics of the harmonics
driven by a few-cycle laser pulse from the detuned plasma
grating are present in Fig. 6, the parameter A f is set to 100 nm,
and the laser duration 7 is 3 fs. Unlike the discrete harmonics
driven by the multicycle laser pulse, a continuum harmonics
can appear nearly parallel to the target surface. As shown in
Figs. 6(a) and 6(b), when the correction factor § is set to
20 pm, the center frequency ncener Of the harmonics at the
emitting angle o = 166° is about 9.58th, and the bandwidth
Pmax — Mmin 1S about 2.77. At the emitting angle o« = 14°, the
intensity of continuum harmonics is lower, and the spatial
asymmetry of harmonics is due to the carrier-envelope phase
of the few-cycle laser pulse. Figures 6(c) and 6(d) show that
the continuum narrow-band harmonics from about 6.38th to
9.14th appeared at the emitting angle « = 166°, the correction
factor B is set to 20 um, the result shows that the corre-
sponding center frequency nceneer is 7.76th, and the bandwidth
Pmax — Mmin 1S about 2.76. The above results simulated by PIC
are consistent with the results in Fig. 4.

The conversion efficiency of the harmonics driven by a
multicycle laser pulse is affected by the laser spot size and
plasma gradient scale length, which is shown in Fig. 7. The
parameter Ay is set to 100 nm, B is set to 15 um, and the
laser duration 7 is 20 fs. As the laser spot size is increased,
the harmonic efficiency is also enhanced, which is shown in
Figs. 7(a) and 7(c). The 7th harmonic efficiency increases
very fast while the efficiency of the 8th harmonic is grad-
ually saturated. Figures 7(b) and 7(d) show the dependence
of conversion efficiency of the harmonics on plasma gradient
scale length L,, and the laser spot size is set to 8 um. The
relationship between plasma gradient scale length L, and laser
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FIG. 7. The harmonic spectra generated at the emitting angle
o = 17° driven by the multicycle laser with different focal spot size
(a) from the detuned plasma grating with different plasma gradient
scale length L, (b), the dependence of conversion efficiency of the
harmonics on (c) the laser spot, and (d) plasma gradient scale length
L, (a), (c) Ay =100nm, B =15 um, T =20fs, L, = 0Xo; (b),
(d) Ay =100 nm, B = 15 pum, T = 20 fs, laser spot is set to 8 pum.

prepulse has been experimentally and theoretically studied by
Kahaly et al. [55]. The simulation results in Figs. 7(b) and 7(d)
show the harmonic efficiency is the highest, when the scale
length L, is about 0.051¢. In this work, the hypothesis of the
simulations above by EPOCH does not include the ionization
module. The influence of ionization module of EPOCH on
harmonic intensity is presented in Figs. 8(a) and 8(b). The de-
tuned grating target is made of carbon, the ionization energies
are set to 11.26, 24.38, 47.89, 64.49, 392.1, and 490.0 eV.
The results show the harmonic intensity simulated by EPOCH
without the ionization module is higher than that with the
ionization module. To consider the multidimensional effects,
a 3D description of high harmonic generation is essential.
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FIG. 8. The influence of ionization module of EPOCH on the
harmonic intensity from detuned grating target with A, = 100 nm
(a) and Ay = 150 nm (b), the harmonics from detuned grating target
with Ay = 200 nm (c) and Ay = 150 nm (d) simulated by 3D-EPOCH.
(a), (b) B =15 um, T = 20 fs, the other parameters are the same as
those in Fig. 5(c); (¢), (d) B = 15 um, v = 20 fs.
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FIG. 9. The influence of laser intensity and electron density
on the harmonic intensity from detuned grating target. (a) ap =
1.5, ag =2.2, ap = 4.8, ay = 10.0 and n, is set to 20n,.. (b) ag =
2.2,ap = 6.8, ap = 24.4 and n, is set to 100n.. Ay = 100 nm, B =
15 um, 7 = 20 fs, the other parameters are the same as those in
Fig. 5(c).

Figures 8(c) and 8(d) show the harmonics from detuned grat-
ing target with different Ay simulated by 3D-EPOCH; the size
of the simulation box is 154y x 154y x 15A corresponding to
grids 3000(X) x 500(Y) x 500(Z), with eight macroparticles
per cell, and the spatial resolution will limit the order number
of the harmonics that can be observed below 10. The param-
eter B is set to 15 um, Ay is variational, the other parameters
are the same as those in Fig. 5(c) simulated by 2D-PIC. Fig-
ures 8(c) and 8(d) show that a single-order harmonic with the
order 4th is generated as A is 200 nm, the harmonics with
order from 5th to 6th are generated as Ay is 150 nm. The
results are in agreement with the results of Fig. 5(c). However,
the intensity of the harmonic simulated by 3D-PIC is lower than
the result simulated by 2D-PIC: this may be because of electron
loss caused by the transverse forces of the laser pulse in the
extra dimension [32,56].

Finally, the intensity of HHG from flat targets is relevant to
the similarity parameter S = n,./(agn.), which was formulated
by Gordienko et al. [57]. The conversion efficiency of har-
monic emission from the grating target is considerably higher
when the similarity parameter S ~ 4 [45]. Figure 9(a) shows
that the influence of laser intensity on the harmonic intensity
from the detuned grating target with the electron density n, =
20n,, and the laser intensities are set to 5 x 10'8, 1 x 10'°,

5 x 10", and 2.14 x 10?° W/em?, respectively. It is seen that
the red and black curves are higher than the other two curves,
which means that the similarity parameter S with the lower
values for the detuned grating target is optimum. When the
electron density of the detuned grating target is set to near
solid density, which is shown in Fig. 9(b), the results show that
the harmonics is enhanced as the laser intensity is increased,
while the harmonic spectrum becomes irregular and the noise
is also enhanced.

The harmonics with particular frequencies in this work
are generated to achieve compact XUV diffractive imaging
[39], or as a narrow-band XUV source of x-ray excited inner-
shell photoelectron (XPS) to study the electronic structure of
condensed matter [40], or as a seed source for seeding a free-
electron laser to produce fully coherent soft x rays [41]. From
an experimental point of view, in order to generate narrow-
band harmonics with specific frequencies, it is possible to use
the detuned grating presented in this article with appropriate
choices for Ay and B. Such aperiodic structures can be fabri-
cated by electron beam lithography or laser lithography [52];
however, the cost is very expensive.

IV. CONCLUSIONS

In conclusion, we have studied spectral characteristics of
high-order harmonics by the interaction of a linearly polarized
relativistic intensity laser pulse with a detuned plasma grating
through particle-in-cell simulations and analytical model. The
Fresnel zone plate with an aperiodic structure can only select
low-order harmonics nearly parallel to the target surface. By
introducing a correction factor § to the radius formula of
the zone plate target, the match condition of harmonics at
the narrow-band orders can be satisfied, and then only the
narrow-band harmonics can appear nearly parallel to the target
surface. The center frequency and linewidth of the narrow-
band harmonics can be tuned by adjusting the parameters f
and A z; the results show that adjusting the correction factor 8
is more beneficial to achieve spectrum control.
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