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Abstract: We demonstrate the generation of high-order harmonics of laser pulses in palladium
and cadmium plasmas. We adjusted the wavelength of driving pulses to investigate the resonance
enhancement in different ranges of extreme ultraviolet region. The summation of incommensurate
waves during the two-color pump of Pd and Cd plasmas allowed the generation of a broader
range of harmonics. The theoretical aspects of the two-color pump of the laser-induced plasma
are discussed.
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1. Introduction

High-order harmonics generation (HHG) is a well-recognized and relevant method to produce
coherent extreme ultraviolet (XUV) radiation sources. In general, the broad pattern in the
developments of HHG includes the application of this process in gases [1–5], solids [6,7], plasmas
[8–10], and during specular reflection from the surfaces [11–13]. One of those methods, HHG
in laser-induced plasmas, is an advanced approach for creating coherent radiation sources in
the XUV region for different purposes. It can be used for the studies of materials through the
analysis of their properties by applying the unique method of nonlinear spectroscopy related to
HHG of ultrashort laser pulses in laser-ablated samples. The development of new approaches in
the determination of the atomic and optical characteristics of materials through the application
of advanced methods allows the growth of high-order harmonic yield using clusters, quantum
dots, nanoparticles, extended plasmas, two- and three-color pumps, resonance enhancement of
single harmonic in the vicinity of strong ionic transitions, application of quasi-phase-matching
conditions, etc. are the potential goals of laser-ablation induced HHG spectroscopy [14–43].

Among the potential fundamental results of the development of HHG in ablated materials are
diagnostics of laser-induced and other plasmas, the search for improvement and understanding
of the fine structure of the energy levels of atoms and ions, etc. The practical aspects of this
approach include the formation of an intense coherent radiation source in the XUV spectral range.
Other aspects related to the practical use of plasma harmonics may include such competitive
fields as biomedicine, biology, microscopy, research on the properties of materials, etc.

The formation of the sources of coherent XUV sources requires the determination of the
efficient plasma media allowing large harmonic yield HHG [44–50]. An analysis of the metal
elements belonging to the fifth period of the periodic table as the targets for optimal laser-induced
plasma (LIP) formation resulted in the determination of some of them (Mo, Ag, In, Sn, and Sb)
demonstrating the best conditions for harmonics generation. Two other metals of the fifth period
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of a table (Pd and Cd) can also be treated as the perspective plasma media for HHG at the optimal
conditions of plasma formation, particularly by using laser-induced breakdown spectroscopy
(LIBS). Notice that laser-induced silver (atomic number 47, the metal between Pd and Cd in the
table) plasma during a single-color pump (SCP), as well as a two-color pump (TCP), of LIP
proved to be the most efficient media among all metals for HHG [51].

Previously, TCP of LIPs used commensurate waves (i.e., waves representing some integers
with regard to each other). Meanwhile, the application of incommensurate waves for TCP of gases
and plasmas showed the advantages in harmonic yield [52,53] and shortening of harmonic pulse
duration thus allowing the generation of attosecond pulses using the multicycle laser sources [54].

In this paper, we describe the studies of plasma formation using LIBS during laser ablation of
Pd and Cd and the application of Pd and Cd LIP for efficient HHG. We use different sources
to demonstrate HHG from the fixed wavelength lasers and tunable lasers. We also analyze
the opportunity for the resonance enhancement of a single harmonic in these two LIPs. The
parametric processes during the interaction of incommensurate waves in Pd and Cd plasmas
allow the generation of a broader range of harmonics, sum, and difference frequencies. We also
present the theoretical consideration of TCP for harmonics generation in those plasmas.

2. Experimental

Two targets (Pd and Cd 5× 5× 2 mm3 plates) were used for plasma formation (Fig. 1). Plasmas
from Pd and Cd targets were produced in a vacuum chamber by the fundamental radiation of
picosecond Nd:YAG laser (150 ps, 1064 nm, EKSPLA SL 312) using the fluence up to F= 16 J
cm2. Heating pulses at λ= 1064 nm and energy up to EHP=10 mJ were focused using the 300
mm focal length lens. The time-resolved intensified charge-coupled device (iCCD) camera was
used for the analysis of the spatial spreading of Pd and Cd plasma plumes at different moments
from the beginning of ablation.

FL

Target

HP

Laser

iCCD

SP

Fig. 1. Schematic of spectral and spatial measurements of plasma. HP: heating pulses
(at 1064 nm), FL: focusing lens (f= 300 mm), Laser: picosecond laser (1064 nm, 150 ps),
Target: Cd and Pd plates, iCCD: time-resolved intensified CCD camera, SP: spectrometer
(Andor Kymera 328i-B1/iStar).

Ti: sapphire laser producing the 800 nm, 65 fs, 10 Hz driving pulses was used for the SCP of
Pd and Cd LIP. These driving pulses were focused using the 400 mm focal length achromatic
spherical lens inside the LIP produced in the vacuum chamber (Fig. 2). The optical parametric
amplifier (OPA) provided the tunable 70 fs pulses in the near-infrared (NIR, 1200–1600 nm)
spectral range, which also used as the driving pulses for HHG. The 3× 1014 W cm−2 intensity of
driving pulses was used for HHG. We also used TCP of Pd and Cd LIPs. The second harmonic
(H2) generation of the signal pulses of tunable OPA was used to apply the TCP scheme (NIR+H2)
for plasma HHG. The conversion efficiency of H2 pulses was ∼14%.

To ablate targets, the 800 nm, 250 ps and 1064 nm, 70 ps heating pulses were used at the
delay between heating and driving pulses varying in the range of 30–100 ns. In both cases, the
focal spot diameter of heating radiation at the target surfaces was adjusted to be 300 µm, and
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Fig. 2. Schematic of harmonics generation in Pd and Cd plasmas. AMP: uncompressed laser
pulse amplifier, GC: grating compressor, BS: beam splitter, M: mirrors, L1 and L2: focusing
lenses for driving pulses (DP) and uncompressed heating pulses (HP), PP 800 nm: pumping
pulse for optical parametric amplifier (OPA), DL: optical delay line, TC: target chamber,
BBO: barium borate crystal for second harmonic generation, XUVS: XUV spectrometer,
T: target, CM: cylindrical mirror, FFG: flat-field grating, MCP: microchannel plate, CCD:
charge-coupled device camera.

the intensity of heating pulses was varied between 2.3× 1010 and 1.3× 1011 W cm−2. The XUV
spectrometer was used for the analysis of HHG spectra [55].

3. Results

3.1. Plasma characterization

The optimized delay between two pulses and optimized heating pulse fluence are key assets
ensuring efficient HHG in plasmas. The HHG efficiency strongly depends on the delay between
heating and driving pulses. The heating pulse fluence variations allow determining the conditions
when the influence of free electrons does not decrease the yield of harmonics. The raw images of
plasma spreading at 3.7× 104 and 5.1× 104 m sec−1 velocities out from the Pd and Cd targets,
respectively, are shown in Fig. 3.

CdPd
50 ns

100 ns

150 ns

200 ns

Fig. 3. The spreading of Pd and Cd plasmas at different delays between heating and driving
pulses varying between 50 and 200 ns. The length of the white scale is 10 mm.

The phase-matching conditions depend on the plasma dispersion caused by the presence of the
free electrons. To determine the concentration of free electrons and electron temperatures in
Cd and Pd LIPs, we analyzed the spectra of two plasmas in the UV range (Figs. 4 and 5). The
electron temperatures Te were determined from five Pd I lines (324.26–360.95 nm) and six Cd I
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and Cd II lines (441.56–537.8 nm) [56]. In the case of Cd, the 508.6 nm spectral line (Fig. 5(b))
was used to deduce the electron density ne from the Stark broadening of the width of isolated
spectral lines [57]. For Pd plasma, due to the unavailability of Stark broadening parameters for
spectral lines in literature, only evolution of the electron temperature was presented (Fig. 4(a)).
Notice that, in [58], the employment of the Hα line method allowed estimating ne in Pd LIP to be
in the range of 0.5× 1017 and 1.0× 1017 cm−3 for fluencies varying from F= 10 J cm−2 to F= 20
J cm−2 in the case of 20 ns heating pulses.
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Fig. 4. (a) Calculated electron temperatures (Te) of the Pd LIP at different delays from the
beginning of ablation by 5 and 10 mJ (F= 8 J cm−2 and F= 16 J cm−2), 150 ps pulses. (b) A
time-resolved spectrum of Pd plasma in the 300–380 nm range at different delays (D) from
the beginning of ablation.
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Fig. 5. (a,b) Calculated electron temperatures (Te, in eV) and electron densities (ne, in
cm−3) of Cd LIP at different delays from the beginning of ablation by 5 and 10 mJ (8 Jcm−2

and 16 Jcm−2), 150 ps pulses. (c) Time-resolved spectra of Cd plasma in the 420–550 nm
range at different delays (D) from the beginning of ablation.

During HHG experiments with Cd and Pd LIPs the delay was established in the range of 30 -
100 ns. The curves in this range of delay variations demonstrated the slow decay thus keeping
the phase-matching conditions almost unchanged. One can expect a similar behavior for the
small variations of ne (Fig. 5(b)). Based on calculations of Te and ne for the initial period of LIP
formation (up to 200 ns), one can suggest a weaker influence of the variation of those parameters
on the phase-matching conditions. Correspondingly, the plasma density variation due to the
expansion of LIP is expected to be the main factor influencing the harmonic generation efficiency.

Figures 6 and 7 show the integrated spectra of Pd and Cd obtained during ablation in
atmospheric conditions using the fluencies 3.5 J cm−2 (E= 600 µJ), 7 J cm−2 (E= 1200 µJ), and
12 J cm−2 (E= 2200 µJ) of 1064 nm heating pulses (upper panels) and 7 J cm−2 (E= 300 µJ), and
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12 J cm−2 (E= 550 µJ) of 532 nm heating pulses (bottom panels). For Pd plasma, both at vacuum
and air conditions of ablation, only strong neutral Pd I lines were observed in the studied spectral
range. In contrast, the Cd plasma emitted strong Cd II lines, except for the spectra obtained using
532 nm heating pulses.
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Fig. 6. Spectra of palladium plasma in the 270–800 nm range at different wavelengths and
energies of the heating pulses. Upper panel: plasma was formed on the surface of bulk Pd
using 1064 nm, 50 ps laser pulses. The spectra were obtained using 600 µJ (blue curve),
1200 µJ (red curve), and 2200 µJ (black curve) pulses. Bottom panel: plasma was formed on
the surface of bulk Pd using 532 nm, 50 ps laser pulses. The spectra were obtained using
300 µJ (red curve) and 550 µJ (black curve) pulses.

P d  p las m a  in  A i r
@ 1064  n m

600  �J , T
e
 =  0 .34  eV

1200  �J , T
e
 =  0 .36  eV

2200  �J , T
e
 =  0 .4  eV

P d  p las m a  in  A i r
@ 532  n m

300  �J , T
e
 =  0 .43  eV

550  �J , T
e
 =  0 .42  eV

3 0 0 4 0 0 5 0 0 6 0 0
0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

3 0 0 4 0 0 5 0 0 6 0 0
0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

C d  p la s m a  in  A i r
@ 1 0 6 4  n m

6 0 0  �J , T
e
 =  1 .8  e V

1 2 0 0  �J , T
e
 =  1 .8 3  e V

2 2 0 0  �J , T
e
 =  1 .9 6  e V

In
te

n
s
it

y

C d  p la s m a  in  A i r
@ 5 3 2  n m

3 0 0  �J
5 5 0  �J , T

e
 =  1 .5  e V

C
d

 I
, 

3
2

6
.1

0
 n

m

C
d

 I
, 

2
9

8
.0

6
 n

m

C
d

 I
I,

 2
7

4
.2

5
 n

m

C
d

 I
I,

 2
5

7
.2

9
 n

m

In
te

n
s
it

y

W av e len g th  (n m )

S H  @ 5 3 2  n m

Fig. 7. Spectra of cadmium plasma in the 250–675 nm range at different wavelengths and
energies of the heating pulses. Upper panel: plasma was formed on the surface of bulk Cd
using 1064 nm, 50 ps laser pulses. The spectra were obtained using 600 µJ (blue curve),
1200 µJ (red curve), and 2200 µJ (black curve) pulses. Bottom panel: plasma was formed on
the surface of bulk Cd using 532 nm, 50 ps laser pulses. The spectra were obtained using
300 µJ (red curve) and 550 µJ (black curve) pulses.
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3.2. Calculations of the two-color pump-induced spectra of harmonics

Here we present the numerical calculations based on the strong field approximation model for
the two waves interacting in the medium commonly referred to as the Lewenstein HHG model
[59]. The details of calculations in the case of commensurate waves of fundamental radiation
and its second harmonic can be found in [60]. Below we analyze the case when the second wave
is considered incommensurate to the first wave. Notice that both metals have almost similar
ionization energies (8.36 eV for Pd and 8.99 eV for Cd). Thus the calculations deduce common
features of generating harmonics from two plasmas.

Contrary to the case of commensurate waves [60], the time periodicity of moment components
in the case of the incommensurate frequencies is broken. Each dipole component is calculated
numerically for rectangular laser pulses with a pulse duration of 65 fs. For example, in the case
of 1310 nm, it gives approximately 15 optical cycles. The results of calculations of the Pd and Cd
harmonic spectra are presented in Figs. 8 and 9, respectively. In the case of palladium-containing
plasma, for all pump color variations the atomic system was taken as a hydrogen-like wave
function with energy equal to the second ionization energy of the Pd atom (19.44 eV).
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Fig. 8. Calculated HHG spectra for the parallel polarized two-color pump with λ1= 800 nm
and λ2= 1310 nm. The ratio of intensities I800nm/1310 nm= 1.0. I800nm= 2.0× 1014 Wcm−2.
φ0 designates a relative phase shift between the λ1 and λ2 fields. The top panels present the
enlarged parts of the spectrum shown in the bottom panel. Red and green colored labels
show the harmonic orders for the 1310 nm and 800 nm fields respectively.

The green and red profiles in Fig. 8 correspond to the harmonics from solely 800 nm and
1310 nm pumps. The intensities of those pumps were equal to each other (2.0× 1014 Wcm−2).
The positions of cutoff harmonics were 33 H (51 eV) and 107 H (101 eV). The blue profile shows
a spectrum for the two-color (800 nm+ 1310 nm) pump. The intensities for that case were taken
as I1310nm/I800nm = 0.2/1.0. The polarization vector directions of incommensurate pumping fields
were parallel for all spectra shown in Fig. 8.

The addition of 20% intensity of the 1310 nm field to the 800 nm field led to the notable
cutoff extension (from 51 eV to the region above 100 eV). The variation of phase shift φ0 led to
variations of both cutoff and harmonics enhancement, as can be seen for φ0 = 45° and φ0 = 90°
(pink and black profiles in Fig. 8). Mixing of two incommensurate frequencies produces many
additional frequency components. The intervals between them are expressed as combinations of
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Fig. 9. The calculated HHG spectra for parallel and orthogonal two-color pumps with
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The green profiles present the harmonics for parallel orientation of 1350 nm/SH pumps, and
the red and black profiles present the harmonics from orthogonal components. The top
panels present the enlarged parts of the bottom spectrum. Dark blue labels show the odd and
even harmonic orders of the 1350 nm pump.

nω1 ± kω2, where the selection rule for n and k is such that the sum/difference components are
multiple to (ω1 + ω2)/4.

In the case of the combination of fundamental and second harmonic frequencies the distribution
of generated harmonics is different. The simulations for 1350 nm and its second harmonic
(675 nm) are presented in Fig. 9. In that case, both parallel and orthogonal polarization orientations
are presented. The intensity I1350nm = 1.0 corresponds to 2× 1014 Wcm−2. The intensity of
the second harmonic is taken as 10% of the intensity of the fundamental field. In contrast to
incommensurate frequencies, only odd and even harmonics of the 1350 nm pump are presented.

The green profile shows the harmonics spectra for parallel orientation where mixing with a
weaker second harmonic field leads to insignificant cutoff extension (from H103 to H115). The
calculations for orthogonal polarizations are shown with red and black profiles. Red profiles
show the spectra of the Fourier component Dx(ε). The direction of this component coincides
with the fundamental 1350 nm linearly polarized field. Black profiles are the spectra of Dy(ε)
component, corresponding to the polarization direction of the second harmonic. The spectra of
Dx(ε) contain only odd harmonics while the even order harmonics are emerged only from Dy(ε).
Similarly to the incommensurate waves, the weak contribution from the second pump leads to
cutoff extension, while for the orthogonal two-color pump, the cutoff for even order harmonics is
sufficiently shorter (see the red and black profiles in Fig. 9).

3.3. Harmonics generation in palladium plasma

The only report on HHG in Pd-contained LIP revealed the opportunity in the generation of
harmonics up to the 25th order of 800 nm driving wave (H25, [61]). Those studies used palladium
nanoparticles as the emitters of harmonics. In the present studies, we observed a stable generation
of harmonics from the Pd plasma produced on the surface of the bulk target and comprised of
neutrals and singly charged ions.
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In the case of 800 nm driving pulses, the harmonics up to the 31st order (Ec= 48 eV) were
observed at the optimal ablation of the bulk target. The maximal generating harmonic order
increased up to H53 (Ec ≈ 49 eV) in the case of the longer-wavelength laser source (1350 nm,
Fig. 10(a)). One can see a featureless decay of harmonic yield for each next order of generating
emission. The harmonic intensity (Ih) in that case was smaller compared with the application of
shorter-wavelength driving pulses (800 nm) at similar intensities of 1350 and 800 nm pulses in
the plasma area, which corroborates with the Ih ∞ λ

−5 rule [62].
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Fig. 10. (a) Raw image of harmonics distribution from Pd plasma using 1350 nm driving
pulses. (b) Harmonics distributions during tuning of a single-color pump in the near-infrared
region. The dashed lines show the tuning of H15 and H27.

The characteristic peculiarity of the harmonic spectrum from the ablation of bulk palladium
was the appearance of the short-wavelength lobes visible in the case of lower-order harmonics,
though this feature was also observed for higher-order harmonics (Fig. 10(b)). This feature
dominated the emission spectra at the conditions of stronger ablation of the target (i.e. at the
fluency of F ≈ 1.2 J cm−2) leading in some cases to higher conversion efficiency. Note a
difference in the maximum intensities of these lobes compared with the intensities of neighboring
harmonics. The shifts of lobes from the harmonic wavelengths varied depending on the driving
pulse intensity and the conditions of ablation. Particularly, the shorter-wavelength lobes of
harmonics were not observed at weaker (F= 0.9 J cm−2) excitation of the palladium target.

Different fluencies of heating pulses on the Pd target allowed the formation of the LIPs
containing various species (i.e., excited neutrals, singly and doubly charged ions, and electrons).
The dynamics of HHG spectra from at weak, medium, and strong ablation refers to the conditions
of plasma when harmonics are not canceled by a large density of free electrons leading to the
phase mismatch between laser and harmonic waves but rather influenced by the presence of
different species in the plasma. Plasma excitation was controlled by analyzing the emission
spectra in the XUV range. At weak ablation of the target (i.e., at F= 0.8 J cm−2), no XUV
emission lines of LIP were observed along with the harmonic spectra. A set of harmonic spectra
measured using the tuning of NIR pulses with a step of 20 nm (Fig. 10(b)) was obtained at larger
fluency (F ≈ 1.2 J cm−2). As was mentioned, HHG spectra demonstrated the featureless pattern
when each next (odd and even) order gradually decreased starting from the longest-wavelength
observable harmonic up to the cut-off region. The growth of fluency led to the appearance of the
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emission of excited neutral and singly charged palladium ions. However, under these conditions,
the harmonics still appeared in the XUV range. Further growth of fluency (1.8 J cm−2) led to the
deterioration of the conditions of harmonics generation due to a large number of free electrons
appearing inside the plasma volume.

The estimated plasma density (1× 1017 cm−3) was not as high as the one at which the
appearance of the phase mismatch between interacting waves caused by ionization of plasma
particles becomes the main restricting factor of HHG. To keep these conditions we maintained
the optimal ablation of the Pd target allowing maximum yield of harmonics at the used sizes of
plasma formation (0.3 mm).

A difference in harmonic yields in the case of the NIR pulses varying between 1320 and
1380 nm is caused by the larger energy of the longer-wavelength driving pulses (Fig. 10(b)). This
figure shows the variation of harmonics wavelength during tuning of a single-color pump in
the near-infrared region. The dotted lines show the tuning of H15 and H27. As one can see,
four harmonic spectra showed approximately similar energy distribution, which did not change
during variation of the wavelength of driving pulses. Based on this observation, one can judge
the absence of ionic transitions possessing large oscillator strength (gf ) in the studied XUV range
(47–106 nm).

Insertion of the BBO crystal on the path of the focused driving beam drastically modified
the harmonic spectrum from Pd LIP. TCP using orthogonally polarized commensurate waves
(NIR+H2) allowed ∼2× to 3× growth of the yield of odd harmonics, comparable harmonic
intensities for the odd and even orders, and extension of the harmonic cutoff compared with the
SCP. Additionally, the tuning of odd and even harmonics allowed a rather accurate analysis of
the realization of the resonance-induced single harmonic generation compared with the case of
SCP of Pd plasma. However, in that case, we also did not observe the enhancement of some
specific odd or even harmonic using different wavelengths of driving pulses. Thus the studied
plasma did not reveal the influence of the excited states on the harmonic distribution at different
excitation conditions of the ablating palladium target. Notice that, in the case of Cd plasma, this
approach allowed observing the single harmonic enhancement in a few spectral ranges (see next
subsection).

The application of the TCP comprising incommensurate waves (tunable NIR+Ti: sapphire
pulses) in the case of ablation of the bulk palladium led to the prevailing generation of harmonics
from the stronger lower-wavelength component (i.e. 800 nm pulses), especially at the conditions
when these two pulses showed worse overlap inside the plasma. Figure 11(a) shows the case
when a relatively weak signal wave (1310 nm) interacted with the stronger 800 nm wave (I1310nm:
I800 nm= 0.16) in plasma at the partial overlap of these two pulses. The delay between these two
pulses was 56 fs. One can see the absence of the influence of the longer-wavelength component
of TCP on the harmonics distribution. Only odd harmonics of 800 nm waves were presented in
this spectrum.

Better overlap of two driving pulses in Pd LIP caused a drastic change in generated XUV
emission (Fig. 11(b)). The emission attributed to the combination of the frequencies of two
pumps appeared between the strong odd harmonics of the 800 nm pump. This figure shows
the spectrum of generated frequency components using the 1310 nm and 800 nm orthogonally
polarized pulses properly overlapping with each other during propagation through the Pd plasma.

These coherent emission lines were extended below the spectral region of observation
(45–105 nm) and represented two additional sum and difference frequencies between each odd
harmonic originating from the stronger 800 nm pump. Notice that the intensities of these
additional components were approximately 2 to 3 times smaller than the intensities of neighboring
odd harmonics attributed to the 800 nm pump. Meanwhile, the ratio of the 1310 and 800 nm
pumps was notably smaller (1:6). This observation points out the crucial role of the weak second
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Fig. 11. Different combinations of the two-color pump of Pd plasma at variable overlaps of
two waves (see text).

wave in the parametric interaction inside the plasma volume at the prefect overlap of the two
waves.

We also used other configurations when two waves were taken from the same optical parametric
amplifier. Instead of a strong 800 nm wave, we used the signal wave (1300 nm, Fig. 11(c) and 1349,
Fig. 11(d)), while the second waves were idler pulses (λ= 2100 nm and 1993nm, respectively).
At these conditions, we did not observe the parametric process of sum and difference frequencies
generation but rather obtained the odd harmonics from the stronger (1310 and 1349 nm) despite
the perfect overlap of two idler waves (2100 nm, Fig. 11(c) and 1993nm, Fig. 11(d)) with
corresponding 1300 and 1349 nm signal waves. The ratio of pulse energies of strong and weak
waves in these experiments was ∼20:1. Taking into account the Ih ∞ λ−5 rule one can expect
the lesser influence of notably weaker waves on the process of sum and difference frequencies
generation. Thus, only relatively strong 1310 and 1349 nm waves participated in the generation
of odd harmonics.

3.4. Harmonics emission from cadmium plasma

Similarly to the palladium plasma, we conducted the HHG in Cd LIP. To the best of our knowledge,
this plasma was not considered and analyzed previously as an example of an efficient medium for
HHG. The optimization of this plasma for efficient harmonics generation was the same as for
Pd LIP. At high fluency of picosecond heating pulses (F= 2.9 J cm−2), only plasma emission
dominated the XUV spectra.

The upper panel of Fig. 12 shows the raw image of plasma emission and relative intensities of
ionic transitions. The calibration using the NIST database [63] showed that, at this level of target
excitation, the dominating transitions in the 45–100 nm range were those attributed to Cd II – Cd
IV ions. No harmonics were observed during the propagation of driving pulses through such
plasma due to a strong phase mismatch between the fundamental and harmonic waves caused by
a large concentration of free electrons.

The application of twice smaller fluence (F= 1.4 J cm−2) led to the disappearance of plasma
emission and the formation of the optimal plasma conditions for harmonics generation. The
gradually decreased odd harmonics of 800 nm radiation were achieved in the case of SCP, though
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the cutoff harmonic, in that case, was relatively small (H27; see raw image of XUV spectrum
and intensity distribution of harmonics in the middle panel of Fig. 12). The application of TCP
using the incommensurate waves (800 nm and 1310 nm) perfectly overlapping in the plasma
area allowed achieving generation of sum and difference harmonics (H800nm ±ω1310 nm). The
bottom panel of Fig. 12 shows the raw image of the generated spectrum of odd harmonics and
sum/difference frequencies. This process was similar to the one described in the case of Pd
plasma, though the generation of H800nm ±ω1310 nm parametric waves in cadmium plasma was
less efficient compared with the Pd LIP.

The next stage of the TCP of Cd LIP was based on the application of the tunable near-infrared
pulses from the optical parametric amplifier combined with the second harmonic of those pulses.
The higher conversion efficiency into the second harmonic wave in the case of the NIR region
allows for the experimental study of TCP HHG at comparable intensities of the driving field
components. The goal of these studies was to determine the XUV region allowing observation of
the resonantly-enhanced harmonic, similar to the studies of Pd LIP (Fig. 10(b)).

Figure 13 shows the set of harmonic spectra obtained using different driving pulses and their
second harmonics. The tuning of NIR pulses was performed between 1290 and 1410 nm with
the step of 20 nm. The dashed lines show the tuning of H13 – H15 harmonics. This range of
harmonics wavelength variations allowed tuning of the nth order towards the (n+ 1)th order. We
observed two regions (in the vicinity of 81.7 and 88.4 nm) marked in this figure by black arrows
at which the nearby harmonics become enhanced with regard to the neighbor harmonic orders.
Though the resonance-induced enhancement factor at these wavelengths was relatively small
(∼2×), this observation demonstrates the presence of some ionic transitions possessing relatively
large gf s.
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4. Discussion

As it was mentioned, the choice of the studied samples (palladium and cadmium) was based on
the analysis of the metal elements belonging to the fifth period of periodic table, which previously
have been recognized as the targets for the optimal laser-induced plasma formation resulting
in the best conditions for harmonics generation. We assumed that two other metals of the fifth
period of the table (Pd and Cd) could also be treated as the perspective plasma media for HHG.

The presented results comprise various aspects, which have distinctions compared with the
harmonics generation in gases and previous reports on harmonics generation in LIPs. The
analysis of plasmas characteristics, the dynamics of LIPs spreading, the visible and XUV
spectral features of plasmas, the application of the single-color and two-color pumps in different
configurations, the observation of the resonance enhancement of single harmonic in Cd plasma,
the theoretical calculations of harmonic spectra, sum and difference frequencies generation in the
XUV range, the spectral tuning of harmonics, the comparative analysis of HHG using shorter- and
longer-wavelength driving sources, and the observation of two regions (in the vicinity of 81.7 and
88.4 nm) at which the nearby harmonics becomes enhanced with regard to the neighbor harmonic
orders in the case of Cd plasma comprise the studies carried out in a single set using the cadmium
and palladium LIPs. Among the novelties, we would like to mention the first demonstration
of the dual enhancement of harmonic in different XUV ranges, which is a peculiarity of the
cadmium plasma (Fig. 13). The targets (Pd, Cd) used for plasma formation were applied for
HHG for the first time. This study can be considered an example of material science through the
analysis of the nonlinear optical response of the Pd and Cd plasmas.

An atom or a molecule can absorb light and undergo a transition from one quantum state
to another. The oscillator strength of a transition from a lower state to an upper state, f, is a
key parameter in the description of the line absorption coefficient. Although the f -value is an
indicator of line strength, it is often presented weighted by the statistical weight, g, of the level
from which the transition originates. The gf -value is therefore expected to be larger when there
are fewer decay channels. In general, oscillator strength is a dimensionless quantity that expresses
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the probability of absorption or emission of electromagnetic radiation in transitions between
energy levels of an atom or molecule. For example, if an emissive state has a small oscillator
strength, nonradiative decay will outpace radiative decay. Conversely, “bright” transitions will
have large oscillator strengths (compare the upper panel of Fig. 12 and the enhancement of
harmonics in the vicinity of 82 and 88 nm in the case of cadmium plasma). The oscillator strength
can be thought of as the ratio between the quantum mechanical transition rate and the classical
absorption/emission rate of a single electron oscillator with the same frequency as the transition.

As for the topics of the present study, the question arises as to whether can we obtain a strong
enhancement of a single harmonic within the harmonic spectrum in the case when this harmonic
becomes close to the ionic transitions of Cd and Pd possessing relatively large oscillator strength.
Earlier, this issue was analyzed during a few studies demonstrating strong enhancement of a
single harmonic in some laser-induced plasmas (in particular, In, Sn, Cr, Mn). Notice that no
similar effect was reported in the case of HHG in gases. Meanwhile, starting from the first
observation of this effect in indium plasma [64], the role of the ionic transitions possessing large
values of gf in the formation of the conditions for the enhancement of a single harmonic was
discussed in the community. The comparison with a past study on In plasma emission [65]
showed that most of the indium plasma emission is due to radiative transitions to the ground
state and the low-lying state of In II. The gf of one of those transitions has been calculated to be
1.11, which is more than 12 times larger than other transitions from the ground state of In II. This
transition can be driven into resonance with the 13th harmonics (61.2 nm, 20.26 eV) of 800 nm
laser by the AC-Stark shift, thereby resonantly enhancing its intensity.

Such intensity enhancement can be attributed to the existence of oscillating electron trajectories
that revisit the origin twice per laser cycle. Since such trajectories start from the resonantly
populated excited state, with a nonzero initial kinetic energy, they still have nonzero instantaneous
kinetic energies when they return to the origin. As usual, recombination results in the emission
of harmonics, but due to the relatively low probabilities, the population in the laser-driven wave
packets increases continuously and the probability for harmonic emission grows with the number
of allowed recollisions. These multiple recollisions are predicted to enhance harmonics under
atomic resonance [64].

To determine the applicability of the Ih ∞ λ−5 rule to the ionic plasma one has to compare
the harmonics at similar intensities of the driving pulses (800 and 1350 nm). In our case, the
harmonic yield from Pd plasma using NIR pulses (1350 nm) was significantly weaker than in
the case of the 800 nm pump. The comparison of these two pumps at similar energy pulses (1
mJ) showed a seven-fold decrease of harmonic yield from the palladium plasma in the case of
the 1350 nm pulses compared with the 800 nm pulses, which was slightly below the theoretical
prediction of the ratio (λ800 nm / λ1350 nm)−5 ≈ 11.8. Various processes could cause this deviation
from the above rule, such as the self-phase modulation, some difference in peak intensity caused,
particularly, by a difference in pulse duration and heterogeneity in the focal plane, involvement of
different emitters for HHG, etc.

Most of our experiments using the radiation from OPA were carried out using the TCP of
plasmas. The reasons for using the TCP instead of a single-color pump were related to the small
energy of signal pulses. As it was mentioned, the Ih ∞ λ

−5 rule led to a significant decrease of
odd harmonics yield in the case of the weaker longer-wavelength sources compared with the
stronger 800 nm pump. Because of this, we used the second harmonic generation of signal pulses
to apply the TCP scheme (NIR+H2) for plasma HHG.

Meanwhile, in the case of Pd plasma, the comparison of TCP during our attempts to generate
sum and difference frequencies was carried out using the NIR pulses of different wavelengths
produced in OPA (Figs. 11(c) and 11(d)). The Ih ∞ λ

−5 rule was applied to these TCP studies
from the point of view of the relative role of signal (1310 nm) and idler (2100 nm) waves in the
sum and difference frequencies generation. Apart from the larger intensity of the signal wave
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compared with the idler one, the above rule allows for a comparison of the ratio of harmonic
yields from these sources as IH (1310 nm)/IH (2300 nm) ∝ (1310/2300)−5 ≈ 17, at equal intensities
of those waves. Correspondingly, the role of the second wave (2100 nm) in these sum/difference
frequencies experiments was insignificant, which resulted in the generation of only odd harmonics
of the signal waves in the palladium plasma during these TCP experiments (Fig. 11(c)). The
same was true for the pair of 1349 nm and 1993nm waves (Fig. 11(d)).

We tried to find an influence of the plasma conditions on the generation of sum and difference
frequencies in the harmonic spectra and did not reveal such a relationship. The formation of the
low-density plasma comprising neutrals, singly-charged ions, and electrons was treated from
the point of view of the creation of the most suitable conditions for HHG (i.e. largest harmonic
yield, highest cutoff, etc.). Meanwhile, the generation of the sum and difference frequencies was
mostly related to technical issues like the spatiotemporal overlap of the pumping waves in the
plasma area, relative intensities of the signal and idler pumps from OPA, as well as their relation
with regard to the intensity of the 800 nm pump.

5. Conclusions

In conclusion, we have described the studies of plasma formation during laser ablation of Pd
and Cd with further application of these two laser-induced plasmas for the high-order harmonics
generation of ultrashort laser pulses. We studied the characteristics of two plasmas and determined
the plasma velocities, electron temperatures, and electron densities. Different laser sources were
used to demonstrate HHG from the fixed wavelength sources and tunable sources of laser light.
We have also analyzed the opportunity for resonance enhancement of single harmonic in these
two plasmas. The application of a two-color pump of Pd and Cd plasmas using commensurate
waves (driving beam and its second harmonic) and incommensurate waves (800 nm wave and
signal beams from optical parametric amplifier) led to the enhancement of harmonic yield. It
was demonstrated that the parametric processes during the interaction of incommensurate waves
in Pd and Cd plasmas allow the generation of a broader range of harmonics. We also presented
the theoretical consideration of the two-color pump of laser-induced plasma.
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