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Abstract
High-order harmonic generation in laser-induced plasmas is analyzed from the point of view of presence of either molecular 
or atomic components. Comparison of boron carbide, carbon, and boron plasmas demonstrates the worsened characteristics 
of coherent extreme ultraviolet radiation in the case of B4C (smaller conversion efficiency, lower cutoff of generated har-
monics, worsened stability). Similar features, alongside the disappearance of resonance-induced enhancement of harmonics 
and weakened quasi-phase-matching conditions, were observed in other molecular plasmas (Ag2S, GaAs, Cr3C2) compared 
with plasmas comprising atomic components (Ag, As, Cr). We discuss the reasons of worsening conditions in the case of 
high-order harmonic generation in few-atomic molecular species compared to the single-atomic ones.

1  Introduction

High-order harmonic generation (HHG) in laser-induced 
plasmas (LIP) allows for the formation of coherent extreme 
ultraviolet (XUV) sources in the wavelength region of 
8–100 nm. This technique was developed in the nineties 
[1–6] and has shown new opportunities in the enhancement 
of the conversion efficiency using different mechanisms (res-
onance-induced enhancement of single harmonic, nanoparti-
cles-induced enhancement of whole set of harmonics, quasi-
phase matching (QPM) of a tunable group of harmonics in 
XUV, two-color pump (TCP)). QPM and TCP have been 
earlier demonstrated in the case of HHG in gases [7–17], 
while resonance-induced enhancement of single harmonic 
and nanoparticle-induced enhancement of a whole set of 
harmonics are mostly attributed to the advanced features 
of HHG in LIP. The processes of harmonic enhancement 
in LIP were frequently analyzed in numerous laboratories 
worldwide [18–43].

The application of almost all non-radioactive solid ele-
ments of the periodic table allowed determining the most 
attractive of them from the point of view of strongest har-
monics in different spectral ranges (Ag, C) and extended cut-
off (Mn, V). While applying the above-mentioned methods, 
most of the advanced results during HHG using LIP were 
obtained in the case of the atomic plasmas [44–46]. The 
free electrons being presented in LIP prevent maintenance of 
the phase-matching between the fundamental and harmonics 
waves [15, 17]. Correspondingly, one has to avoid large con-
centration of those species in LIP when choosing the fluence 
of heating pulses during ablation of targets and formation 
of optimal plasma. Meanwhile, small fluencies of heating 
pulses do not allow formation of the plasmas comprising 
large number of single-atomic particles, which also restricts 
HHG conversion efficiency. The optimization of ablation 
conditions for each case of atomic targets allows for genera-
tion of the largest yield of harmonics.

Meanwhile, the molecular species represent a majority 
of materials available for HHG in gases and laser-induced 
plasmas. Initially, the simplest gaseous molecules like nitro-
gen, oxygen, nitrogen oxide, chlorine, etc. were applied as 
the media for HHG during propagation of strong femtosec-
ond pulses through the gas jets and cells [47–49]. It was 
predicted that nuclear dynamics can reduce the emission 
intensity from NO and NO2 molecules by more than 50% 
compared to the atomic species [47]. The comparison with 
single-atomic noble gases has shown the limitations in the 
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HHG conversion efficiency and harmonic cutoffs using the 
molecular gases. Strong laser field ionization of molecules 
and HHG from molecules has been studied in [49]. It was 
underlined that the mechanism of observed ionization sup-
pression of some molecules is still under debate. It was 
found that there are strong correlations between ionization 
suppression and extension of harmonic cutoff. By carefully 
examining the harmonic spectra near the cutoff region, the 
authors of Ref. [49] underlined the role of the alignment of 
molecules in the process of harmonic generation.

First attempts in using molecular targets for the formation 
of LIP and HHG also did not show the advantages compared 
with the atomic targets [3, 6]. The optimization of LIP for-
mation in that case also did not result in the improvement 
of the intensity and cutoff of generating emission. Among 
the reasons leading to the worsening of HHG in these media 
compared with atomic plasmas could be (a) the growing 
concentration of free electrons, which caused the phase mis-
match, (b) the increase of the incoherent plasma emission 
in XUV region, which restricts the observation of harmonic 
emission at the conditions of stronger ablation of targets, 
(c) alignment of molecules, and (d) ionization suppression.

In the present study, the comparison of HHG in the plas-
mas containing molecules and atoms is presented. The aim 
of these studies was to show a difference in HHG efficiency 
between the plasmas containing atoms and molecules. 
Because of this we chosen the pairs of plasmas containing 
similar atoms (Ag2S and Ag, GaAs and As, Cr3C2 and Cr, 
B4C and C). These plasmas were systematically analyzed 
and the most important results are reported. Particularly, the 
comparison of the boron carbide, carbon, and boron plasmas 
demonstrated the worsened characteristics of coherent XUV 
radiation in the case of B4C LIP (weaker conversion effi-
ciency, lower order of generating harmonics, insufficient sta-
bility). Similar features were observed in other few-atomic 
molecular plasmas once compared with atomic components. 
Additionally, in most cases, the molecular plasmas did not 
allow the resonance-induced enhancement of single har-
monic and QPM-induced enhancement of a group of har-
monics compared with the atomic plasmas. The reasons in 
worsening of the conditions of HHG in multi-atomic species 
compared with single-atomic ones are discussed.

2 � Results and discussion

The standard technique of HHG in LIPs was used [45]. The 
focused picosecond radiation (800 nm, 250 ps, 2 mJ, 10 Hz) 
at the fluencies varying in a broad range (0.7–3 J cm−2) was 
used for ablation of the targets placed in the vacuum cham-
ber (Fig. 1). Various targets were inserted on the translating 
stage allowing optimization of their position with regard to 
the focal position of the driving pulses. Those included the 

atomic (B, C, Ag, As, Cr) and molecular (B4C, Ag2S, Cr3C2, 
GaAs) species.

The femtosecond driving radiation (800 nm, 65 fs, 4 mJ, 
10 Hz or 1200–1500 nm, 70 fs, 1 mJ, 10 Hz) was used for 
harmonic generation in the molecular and atomic LIPs. This 
radiation was focused inside the formed plasmas at a dis-
tance of 0.3 mm from the target surface. The delay between 
heating and driving pulses was maintained at the conditions 
corresponding to the maximal harmonic yield for each LIP. 
It varied between 60 and 200 ns depending on the used tar-
get. The heavier targets required longer delays between the 
heating and driving pulses to form the maximal concentra-
tion of particles along the path of the driving pulses.

The plasma and harmonic emissions were analyzed by 
a hand-made XUV spectrometer contained a cylindrical 
mirror and a 1200 grooves/mm flat field grating (FFG 124, 
Hitachi Photonics) with variable line spacing. The spectrum 
was recorded by a micro-channel plate (MCP, Hamamatsu) 
detector with the phosphor screen, which was imaged onto 
a CCD camera. The integration time of CCD camera (1 s 
for the 10 Hz pulse repetition rate laser) was the same for 
the whole set of experiments. Thus the spectral images of 
harmonics, either raw spectra or their plots, can be com-
pared with each other since the collection of harmonic spec-
tra images was identical for all groups of experiments. The 
movement of MCP along the focusing plane of FFG allowed 
observation of harmonics in different regions of XUV.

Fig. 1   Experimental scheme describing HHG in LIPs. Laser: Ti: sap-
phire laser and optical parametric amplifier providing the picosecond 
and femtosecond pulses. DP driving pulses, HP heating pulses, BBO 
barium borate crystal for generation of the second harmonic of driv-
ing pulses. Target: various targets installed in the translating stage. 
VC vacuum chamber, XUVS extreme ultraviolet spectrometer, CCD 
charge-coupled device camera for registering the spectral distribution 
of harmonics detected by micro-channel plate
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2.1 � Comparison of HHG in carbon, boron, 
and boron carbide LIP: decreased harmonic 
yield and cutoff from the molecular plasma

The low-order harmonic generation in boron carbide plasma 
is sensitive to the presence of atoms, molecules, clusters, and 
nanoparticles in a LIP, and can, in some cases, be used as a 
probe of their density [50–52]. The main goal of the present 
studies was a comparison of the harmonic yield from the 
plasmas containing molecular structure (B4C) and atoms (B 
and C) at the best conditions of plasma formation and similar 
intensity of the driving pulses (2 × 1014 W cm−2). Notice that 
all studies were carried out in a single set of measurements 
and using similar conditions of registration of harmonic 
emission. For each of those plasmas, the maximal yields of 
harmonics were compared. As one can see, the weak har-
monics up to the 23rd order (H23) of 800 nm radiation were 
observed from the B4C plasma (Fig. 2a). Then two atomic 
plasmas (boron and carbon) were analyzed. Below, we show 
the comparative disadvantages of B4C LIP compared to the 
B LIP and C LIP.

Figure 2b shows the spectral distribution of harmonics 
from carbon plasma at similar ablation conditions as in the 
case of B4C plasma. Both yield and harmonic cutoff were 
improved in the case of the carbon plasma. The maximally 
generated order of harmonics was increased to H27 and the 
enhancement factor of harmonics in the range of H15–H23 
was varied in the range between 3x (for H15) and 12x (for 
H23). Boron plasma showed a significant difference in har-
monic cutoff and distribution once compared with B4C LIP 

(Fig. 2c). The harmonics starting from H17 (not shown in 
Fig. 2c) demonstrated a plateau-like shape until H51, while 
the cutoff was at H57. H23 shown in Fig. 2c was almost 15 
times stronger than the same harmonic in the case of the 
boron carbide plasma.

These measurements were carried out using the titanium 
sapphire laser operated at λ = 800 nm. The comparative 
studies showed influence of the composition of the plasmas 
produced in three studied cases on the spectral distribution 
and intensity of harmonics. In the case of B4C plasma, the 
growth of the fluence of heating pulses above some thresh-
old level led to an increase in free electron concentration 
leading to the phase mismatch between driving pulses and 
higher-order harmonics. The additional disadvantage in the 
growth of the fluence of heating pulses above the “optimal” 
level is an appearance of incoherent emission of plasma in 
the XUV region, which became significantly stronger than 
the emission of harmonics. The emission of B4C plasma 
comprised the transitions of the single and double-charged 
B and C particles, which was not observed in the case of 
two other targets at the optimal conditions of ablation. Cor-
respondingly, the ablation of C and B targets at these con-
ditions did not lead to a decrease in harmonic cutoff and 
harmonic yield.

Similar features of harmonics from B4C and C plasmas 
were observed in the case of driving pulses from the optical 
parametric amplifier (λ = 1420 nm). The experiments were 
performed using TCP of boron carbide and carbon LIP at the 
conditions when the installation of a thin (0.3 mm) barium 
borate (BBO) crystal on the path of the driving 1420 nm 

Fig. 2   a–c Harmonic gen-
eration in a B4C LIP, b C LIP, 
and c B LIP using 800 nm 
driving pulses. Harmonic 
generation in d B4C LIP and e 
C LIP using a two-color pump 
(1420 + 710 nm)
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radiation inside the vacuum chamber allowed the formation 
of second harmonic emission (λ = 710 nm), which interacted 
with the plasma alongside the 1420 nm wave.

The harmonic yield using near IR driving pulses and their 
second harmonic from the carbon plasma was stronger than 
the one from the boron carbide plasma (compare the intensi-
ties of H18 in Fig. 2d, e). Additionally, the harmonic cutoffs 
from those plasmas were significantly distinguished from 
each other (H26 and H54 in the case of B4C and C LIP, 
respectively).

The stability of plasma formation and harmonic genera-
tion was better in the case of carbon and boron ablation com-
pared to the ablation of the boron carbide target. Despite 
the exceptional hardness of B4C, the process of the stable 
LIP formation lasted during the first 500–1000 shots of the 
heating pulses. Then the properties of the surface changed 
due to the formation of crater resulting in worsened plasma 
characteristics and decreased harmonic yield. In that case, 
one has to frequently move the target to avoid the decay 
of harmonic yield. In the case of ablation of softer targets 
(boron and graphite), the formation of the craters was also 
observed. However, this process showed lesser influence 
on HHG in C and B LIP compared to the B4C LIP. Cor-
respondingly, the process of harmonic generation became 
rather stable in the cases of C an B LIP compared to the 
boron carbide plasma. The stable yield of harmonics from 
boron- and carbon-contained LIP lasted during 5000–10,000 
shots, which was one order of magnitude larger compared 
with the case of boron carbide plasma.

2.2 � Increased harmonic cutoff 
and quasi‑phase‑matching in Ag plasma 
compared to Ag2S plasma

The QPM during HHG in gases and plasmas has been fre-
quently reported using different methods of implementa-
tion of this mechanism of harmonic enhancement [53–60]. 
To create the QPM conditions in LIP, the extended plasma 
should be transformed into a set of small-sized plasma jets. 
LIP allows for manipulation of the plasma jet sizes, dis-
tance between jets, electron concentration, and other param-
eters. The most suitable technique here is a modification 
of the homogeneous extended plasma toward the group of 
separated plasma jets using the spatially modulated heating 
beams. It also allows for easy spectral tuning of the maxi-
mally enhanced groups of harmonics.

To create extended plasma, the heating pulses were 
focused using the cylindrical lens. It resulted in the for-
mation of the extended homogeneous LIP (5 mm), which 
allowed the propagation of the driving pulses through the 
longer distance inside the plasma compared to the commonly 
used small-sized LIP produced during the spherical focus-
ing of heating pulses. The sizes of plasma in most reported 

HHG experiments were varied in the range of 0.3–0.6 mm 
[61–63].

The growth of the sizes of plasma allows for increase in 
harmonic yield, which quadratically depends on the length 
of the medium [74]. However, this increase in conversion 
efficiency is restricted due to the limitation in the mainte-
nance of the phase-matching conditions in the plasmas con-
taining free electrons. At these conditions, the highest orders 
of harmonics become strongly suppressed, which leads to a 
decrease of the harmonic cutoff and conversion efficiency. 
The separation of homogeneous extended plasma at these 
conditions onto a group of separated plasma jets can notably 
resolve the problem of phase mismatching of the higher-
order harmonics at the specially chosen conditions of LIP 
formation.

Multi-slit mask (MSM) was used to create the multi-
jet plasmas. In the present experiments, the width of the 
slits was 0.3 mm with a distance between them 0.3 mm. 
The MSM was installed between the focusing cylindrical 
lens and target to divide the 5-mm-long plasma into eight 
0.3-mm-long plasma jets with ∼0.3-mm separation. The 
slits of the size of 0.4 mm with a distance between them of 
0.4 mm were also used to create six 0.4-mm-long plasma 
jets with ∼0.4 mm separation. As materials for ablation, the 
silver and silver sulfide targets were used.

Figure 3a shows the raw image of the harmonic spectrum 
from the 5-mm-long homogeneous silver plasma. The raw 
images in the set of experiments shown in Fig. 3 are pre-
sented for better visual distinction between the harmonic 
spectra in the case of plateau-like distribution and QPM-
induced enhancement of the groups of higher-order harmon-
ics in the case of the variations of plasma morphology. We 
also show here the plots of these spectral images of harmon-
ics (Fig. 3e, f). TCP (1300 + 650 nm) of both plasmas was 
used during these studies. The slowly decayed harmonics 
(from H18 to H43) showed a plateau-like shape of harmonic 
distribution in the extended LIP. The insertion of MSM 
on the path of heating beam led to the formation of eight 
plasma jets on the Ag target. This modification of plasma 
morphology allowed observation of a significant growth of 
conversion efficiency for a group of higher-order harmonics 
centered at H41 (Fig. 3b). These harmonics were barely seen 
in the case of the extended Ag plasma (Fig. 3a).

The application of extended silver sulfide plasma (Fig. 3c) 
at optimal conditions of ablation led to generation of weak har-
monics. The ratio of intensities of the lower-order harmonics 
(H18–H23) generated at optimal conditions in Ag and Ag2S 
LIP was ~ 7 (compare two red plots in Fig. 3e, f). The applica-
tion of the QPM technique for Ag2S plasma by inserting the 
same MSM used during HHG in silver plasma (8 jets) on the 
pass of heating pulses did not allow observation of the nota-
bly enhanced harmonics in the H35–H48 region (27–38 nm) 
like in the case of modulated Ag LIP. Because of this another 
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MSM with 0.4 mm wide slits was used, which allowed the 
enhancement of a group of longer-wavelength harmonics 
(H26–H40, Fig. 3d) in the 6-jet plasma. Like in the case of 
extended homogeneous plasmas, the maximally enhanced 
harmonic from the Ag LIP (H41, Fig. 3b) was significantly 
stronger than the maximally enhanced harmonic from the 
Ag2S LIP (H31, Fig. 3d). The ratio of the intensities of those 
harmonics was ~ 4 (compare two blue plots in Fig. 3e, f). Thus, 
the formation of the QPM conditions in silver sulfide plasma 
became less favorable compared to the silver LIP. Among 
the reasons leading to the worsening of QPM conditions in 
molecular plasma could be the difficulty in maintenance of 
a suitable concentration of free electrons in the 0.4-mm-long 
Ag2S plasma jets contrary to the case of the multi-jet Ag LIP.

2.3 � Decrease of resonance‑induced effect 
of single harmonic enhancement in molecular 
versus atomic LIP

The resonant amplification of single harmonic in LIP is 
due to the multiphoton resonance with an exceptionally 
strong transition of a single-charged ion, which can be 
shifted due to the Kerr effect toward certain harmonic of 
the 800-nm-class Ti:sapphire lasers or by using the tun-
able near-infrared laser sources. This explanation was 
based solely on the consideration of single-atom response 
leaving aside the collective processes of optimized phase-
matched conditions in the vicinity of ionic transitions.

Harmonic order
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Fig. 3   Raw images of harmonic spectra from a, b Ag and c, d Ag2S 
plasmas using 1300 + 650 nm two-color pump. Panels (a) and (c) cor-
respond to the harmonic generation in the extended (5 mm) Ag and 

Ag2S plasmas, respectively. Panels (b) and (d) correspond to the gen-
eration of harmonics from 8-jet Ag LIP and 6-jet Ag2S LIP, respec-
tively. e Plots of (a) and (b) spectra. f Plots of (c) and (d) spectra
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The altered phase-matching conditions in the region of 
anomalous dispersion of some transitions can play impor-
tant role in explaining the phenomenon of single-harmonic 
amplification and its disappearance under certain conditions. 
Particularly, the comparison of enhancement factor of H11 
in the case of the plasmas comprising the Zn and ZnSe nano-
particles has shown a significant decrease of this parameter 
in the vicinity of ZnII resonance possessing large oscillator 
strength (gf) in the case of ZnSe plasma [65]. It has been 
shown that selenides of this metal noticeably reduce the 
amplification of single harmonic compared to the purely 
atomic Zn plasma due to a decrease of gf of the involved 
ionic transitions. Stronger ablation of this molecular target 
did not allow the resonant amplification of single harmonic 
in ZnSe plasma due to insufficient disintegration of mol-
ecules leading to appearance of zinc ions. The mechanism 
of resonance enhancement of a single harmonic during HHG 
in indium-contained atomic and molecular plasmas using 
single-color pump and TCP of ablated species in the case 
of 800 and 1030 nm lasers was analyzed in Ref. [66]. It 
was shown that the oxides of this metal notably reduce the 
enhancement of a single harmonic compared to the atomic 
plasma due to either shift of the ionic transitions possess-
ing large gf out from the wavelength of those harmonics or 
reduction of gf of these transitions.

The above-discussed studies allowed predicting modi-
fication of the mechanism of resonant amplification of a 
single harmonic reported in other atomic plasmas (manga-
nese, tin, tellurium, molybdenum, chromium, and arsenic) 
being presented in the molecular form. This process can 
also be reconsidered by comparing the atomic and molecu-
lar plasmas containing abovementioned elements, as well 
as by tuning the wavelength of driving radiation along the 
resonances responsible for the amplification of harmon-
ics. Below, two species (arsenic- and chromium-contained 

molecular plasmas) were analyzed from the point of view of 
the modification of harmonic distribution compared to the 
arsenic and chromium atomic plasmas.

The experiments using 800 nm laser allowed for dem-
onstration of distinction between the featureless decay of 
higher-order harmonics generated in GaAs LIP (Fig. 4a, red 
thick curve) and the appearance of resonance-enhanced H27 
generated in As LIP (Fig. 4a, blue thin curve). These studies 
were carried out using relatively small fluence (2 J cm−2) 
of the heating pulses ablating GaAs target. The two-fold 
increase of the fluence of heating pulses allowed observa-
tion of the enhanced H27 in the molecular plasma, though 
the enhancement factor (i.e. ratio of the resonance-enhanced 
harmonic and the lower-order 25th harmonic) in that case 
was ~ 1.5, which is notably smaller than the one in the case 
of pure As LIP (6x, Fig. 4a).

The studies of resonance enhancement in Cr-contained 
plasmas were carried out using TCP (1236 + 618  nm) 
scheme. At the optimal conditions of ablation correspond-
ing to the highest harmonic yield the Cr3C2 LIP showed a 
gradual decay of harmonic yield up to H40 (Fig. 4b, red 
thick curve). The application of Cr LIP increased the yield 
of all harmonics and extended the cutoff up to the 49th 
order (Fig. 4b, blue thin curve). The important peculiarity 
observed during these studies was the appearance of the 
group of enhanced harmonics in the vicinity of 27 nm. The 
maximally enhanced harmonic (H44) was stronger than H21.

The origin of the resonance-induced enhancement in 
chromium plasma in this spectral region was discussed in 
a few previous studies [45, 67]. It was concluded that some 
ionic transitions possessing largest gf influence the efficiency 
of harmonic generation thus allowing the enhancement of 
nearby harmonics. The studies of photoabsorption and pho-
toionization spectra of chromium [68] have demonstrated 
the presence of strong transitions of CrII, which could be 

Fig. 4   a Harmonic spectra from GaAs LIP (red thick curve) and As LIP (blue thin curve) obtained using the 800 nm driving pulses. b Harmonic 
spectra from Cr3C2 LIP (red thick curve) and Cr LIP (blue thin curve) using the 1236 + 618 nm driving pulses.
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responsible for the absorption of some harmonic orders in 
the wavelength region of 29.5–31 nm (see the suppressed 
H41 and H42 in Fig. 4b in the case of Cr LIP). In the mean-
time, the strongest ionic transitions 3p → 3d of CrII in the 
region 27.6–28.2 nm (gf = 0.63 [69]) can enhance the har-
monics in the vicinity of those groups of transitions (com-
pare the intensities of H43–H48 and lower-order harmonics, 
Fig. 4b).

3 � Discussion

The aim of these studies was to show a difference in HHG 
efficiency between the plasmas containing atoms and mol-
ecules of those atoms. Because of this we chosen the pairs 
of plasmas (Ag2S and Ag, GaAs and As, Cr3C2 and Cr, B4C 
and C) comprising similar elements. The similar (single-
color pump or TCP) experiments were present for almost 
all pairs. We did not compare the single-color pump of 
molecular plasma and two-color pump of atomic plasma. 
By other words, the studies of two plasmas were carried out 
at similar experimental conditions. The reason to show the 
single-color-induced and two-color-induced HHG spectra 
allowed demonstrating the advantages of atomic plasma at 
different regimes of harmonic generation. This advantage 
was demonstrated in the case of single-color pump of two 
plasmas (Fig. 2a–c), TCP (Fig. 2d–e), quasi-phase matching 
of harmonics (Fig. 3), and resonance enhancement of single 
harmonic (Fig. 4a–b). Finally, the same can be said about 
the use of different wavelengths of driving radiation (Figs. 2, 
3 and 4). Thus these studies have shown the advantages of 
atomic plasmas with regard to the molecular plasmas as the 
media for efficient HHG. This study represents a systematic 
analysis of the difference of two plasmas from the point of 
view of various optical processes occurring during HHG.

We showed that the elemental state and composition of 
plasma play crucial role alerting HHG in this medium. It 
was demonstrated that, in the case of the plasma compris-
ing molecules, either in neutral or ionized state, almost all 
parameters of harmonics became affected and decreased or 
worsened compared with atomic plasma. Meanwhile, once 
these molecules became disintegrated (for example, from 
B4C toward the B and C atoms or ions), the harmonic prop-
erties became close to those observed in the case of HHG 
from ablated boron or carbon plasmas. Our analysis of HHG 
spectra showed the influence of the composition of the plas-
mas produced in three studied cases on the spectral distribu-
tion and intensity of harmonics. The conversion efficiencies 
of harmonic generation in the case of atomic and molecular 
plasmas were ~ 2.5 × 10–5 and ~ 6 × 10–6, respectively. Thus 
the new approach in analysis of the plasmas as media for 
HHG is demonstrated. The difference in HHG efficiency 

between the plasmas containing atoms and molecules of 
those atoms is reporting for the first time.

Below we address the peculiarities of QPM experiments 
reported in these studies. One can expect the n2 growth of 
harmonic yield for the n-jet configuration compared with 
the single jet once the phase mismatch becomes suppressed 
in gases and plasmas [15, 16], which gives the expected 
growth factor of 64 in the case of eight-jet medium. This 
estimation was larger than the experimentally measured 
enhancement factor (~ 27) for the multi-jet Ag plasma. The 
expected enhancement factor for the 6-jet plasma is 36, 
while the experimentally achieved value was 14. This differ-
ence in harmonic enhancement in the case of application of 
different number of jets explains the weaker QPM-enhanced 
harmonics from 6-jet Ag2S plasma compared with 8-jet Ag 
plasma. The maximal enhancement factors were lower com-
pared with value of n2 at the conditions when absorption 
processes are turned on, or in the case of unequal properties 
of the jets, which can arise due to heterogeneous excitation 
of the extended target.

The theoretical principles of QPM in plasma and role 
of number of jets on conversion efficiency of maximally 
enhanced harmonic were discussed in Ref. [60]. The phase 
mismatch (PMM) problem suppresses high-order harmonic 
generation of ultrashort laser pulses in both gaseous and 
plasma media. The PMM is related with the dephasing 
between the propagated harmonic field and the laser-induced 
polarization (Δk = qk1–kq) caused predominantly by the dis-
persion of medium enhanced by the presence of free elec-
trons. The difference in the velocities of these waves leads 
to the conditions when, at some distance from the beginning 
of the medium, the phase shift becomes close to π. After 
propagation of this distance (coherence length, Lcoh = π /Δk) 
the constructive accumulation of harmonic photons reverts 
to destructive when the newly generated extreme ultraviolet 
photons being in reverse phase compensate for the earlier 
generated photons, thus decreasing the harmonic yield. 
QPM allows diminishing this restriction of harmonic con-
version efficiency by different means. Particularly, QPM has 
been demonstrated by using the multiple gas puffs [15, 16] 
and multi-jet plasmas [60]. However, in the case of LIP, it 
remained unclear the separate role in the QPM mechanism 
of the two groups of free electrons: those generated during 
target ablation vs. those coming from tunnel ionization in 
the driving field.

The decrease of heating pulse fluence on the surface 
of ablating target should lead to a decrease of electron 
density (due to lesser number of ablation- and tunnel-
induced electrons) in the plasma plume followed by the 
shift of maximally enhanced harmonic toward the shorter-
wavelength region. Similarly, one can anticipate that, for 
the plasma jets of different sizes, the maximally enhanced 



	 R. A. Ganeev, B. S. Mirzaev 72  Page 8 of 10

harmonics will also be tuned along the XUV spectrum. We 
observed this behavior of harmonics in the case of 6- and 
8-jet plasmas.

Thus, a technique that is generally seen as suitable for 
overcoming the ionization limitation and that allows one to 
efficiently generate higher order harmonics is QPM. With 
the introduction of a spatially periodic structure of suitable 
periodicity, a wave vector corresponding to this periodic-
ity enters the wave-vector balance, which compensates the 
wave-vector mismatch [70]. Various schemes to demonstrate 
or make use of QPM in HHG have been proposed and devel-
oped. The idea is that efficient HHG is only enabled in the 
in-phase region and is suppressed in the out-of-phase region.

4 � Conclusions

The high-order harmonic generation in LIP was analyzed 
from the point of view of the presence of the molecular and 
atomic components in these media. The harmonic yield 
using 800 nm and near IR driving pulses and their second 
harmonics from the carbon and boron plasmas were stronger 
than those from the boron carbide plasma. Additionally, the 
harmonic cutoffs from those plasmas were significantly dis-
tinguished from each other (H26 and H54 in the case of B4C 
and C LIPs, respectively, while using the 1420 + 710 nm 
driving pulses and H23 and H57 in the case of B4C and B 
LIPs, respectively, while using the 800 nm driving pulses).

The extended silver sulfide plasma at optimal conditions 
of ablation and similar to previous experiments collection 
of harmonics by CCD camera allowed for generation of the 
weak harmonics compared to the extended silver LIP. The 
intensity ratio of the harmonics generated at optimal condi-
tions in extended Ag and Ag2S LIPs was ~ 4. The maximally 
enhanced harmonic from the Ag LIP (H41) at QPM condi-
tions was significantly stronger than the maximally enhanced 
harmonic from the Ag2S LIP (H31). Thus, the formation of 
the QPM conditions in the Ag2S plasma became less favora-
ble compared to the silver LIP.

Finally, the experiments using an 800 nm laser allowed 
for demonstration of a distinction between the featureless 
decay of the higher-order harmonics generated in GaAs 
LIP and the appearance of resonance-enhanced H27 gener-
ated in As LIP. Analogous studies of the resonance-induced 
enhancement in Cr-contained plasmas were carried out using 
the two-color pump (1236 + 618 nm) scheme. Cr3C2 LIP 
showed a gradual decay of harmonic yield up to H40. The 
application of Cr LIP increased the yield of all harmonics 
and extended the cutoff up to the 49th order. The important 
peculiarity of chromium plasma was the appearance of a 
group of enhanced harmonics in the vicinity of the strong 
ionic transitions 3p → 3d of CrII (27–29 nm).

The conversion efficiencies of harmonic generation in 
the case of atomic and molecular plasmas were ~ 2.5 × 10–5 
and ~ 6 × 10–6, respectively.

Summing up, the comparison of the molecular and atomic 
plasmas demonstrated the worsened characteristics of gener-
ated coherent extreme ultraviolet radiation in the molecular 
LIP (weaker conversion efficiency, lower order of generat-
ing harmonics, insufficient stability, weakened QPM effect, 
and absence of the resonance-induced enhancement of sin-
gle harmonic). Our studies allow concluding that applica-
tion of simple species like neutral atoms or singly charged 
atoms as the media for HHG prevails over molecular species 
comprising the same atoms, which was confirmed during 
application of different methods of harmonic generation 
(resonance enhancement of single harmonic, QPM, and 
two-color pump). Thus, the atomic species are suitable for 
generation of stronger harmonics. Meanwhile, the applica-
tion of molecular samples allows analyzing the processes 
restricting HHG conversion efficiency like modification of 
energy levels of ionic components in molecular structures 
compared with the atoms. This shift of transitions in mol-
ecules results in decrease of the resonance harmonic effect 
observed in some atomic plasmas. Similarly, the electron 
concentration in molecular plasmas may differ from the one 
in atomic LIPs, which changes the conditions of QPM in the 
molecular media.
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