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for the analysis of relatively dense (1018 cm−3 and higher) 
and strongly ionized plasmas. As for the low-density (1016–
1017  cm−3) low-ionized plasmas, the Stark broadening of 
ionic lines will be of the order of 0.005 nm, which is hard 
to distinguish from other spectral broadening mechanisms. 
In the meantime, such plasmas are of special interest, since 
they allow the efficient conversion of the long-wavelength 
laser sources towards the short-wavelength spectral region.

In this paper, we demonstrate the method of electron 
density measurements using the nonlinear optical fre-
quency conversion in the laser-produced plasmas. We 
generate the high-order harmonics of ultrashort pulses in 
the laser-produced plasmas at the conditions of the quasi-
phase-matching of driving and harmonic waves and define 
the electron density of plasma through the relations of 
quasi-phase-matching.

2 � Description of method

Quasi-phase-matching is one of the methods for resolving 
the phase mismatch problem during high-order harmonic 
generation of ultrashort laser pulses in various media. 
The phase mismatch in plasma is related to the dephasing 
between harmonic and driving waves. 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 between the waves becomes close to π. After propaga-
tion of this distance (coherence length, Lcoh = π/Δk, where 
Δk is the difference between the wave vectors of driving 
and harmonic pulses), the constructive accumulation of 
harmonic photons reverts to the destructive one. At these 
conditions, the newly generated coherent extreme ultravio-
let photons being in reverse phase compensate the earlier 
generated photons, thus decreasing the harmonic yield.

Abstract  We demonstrate the method of the measure-
ments of electron density in the low-dense, low-ionized 
laser-produced plasma using the nonlinear optical process 
of high-order harmonic generation of ultrashort pulses at 
the conditions of the quasi-phase-matching of driving and 
harmonic waves. Electron density was defined using the 
relations of quasi-phase-matching. We show the results of 
our measurements of electron density in the range of 1016–
1017  cm−3 using the multi-jet silver plasma produced for 
the harmonic generation.

1  Introduction

The electron density of plasma governs various properties 
of this medium. Several diagnostic methods were devel-
oped for the measurements of electron density, which 
include Langmuir probe [1, 2], Thomson scattering [3], 
laser interferometry [4], and plasma spectroscopy [5–11]. 
Latter method is the most frequently used technique, which 
is based on the analysis of the Stark broadening of spec-
tral lines [12, 13]. However, in the case of this method, 
three additional broadening mechanisms (Doppler broad-
ening, pressure broadening, and instrumental broadening) 
may contribute to line broadening during laser ablation. 
The difficulty in definition of the role of various factors 
increases the uncertainty in the accuracy of the measure-
ments of electron density in the region of low densities of 
plasma. Note that most of above methods were developed 
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The quasi-phase-matching allows diminishing this 
restriction of harmonic conversion efficiency by differ-
ent means [14]. Particularly, the quasi-phase-matching 
was demonstrated by using the multiple gas puffs [15–18]. 
Recently, the implementation of quasi-phase-matching in 
laser-produced plasmas using the ablation of targets by spa-
tially modulated heating pulses was reported [19].

Here we demonstrate the method of the measurements 
of electron density based on the analysis of the coherence 
length of the group of enhanced harmonics generated in 
the laser-produced plasmas at the conditions of quasi-
phase-matching. Quasi-phase-matching aims at cancel-
ling the out-of-phase emission, particularly, by modulat-
ing the medium density [20], which allows suppression of 
the phase mismatch between the interacting waves. One 
can accomplish this suppression by dividing the whole 
extended plasma onto a group of small plasma jets. Various 
methods could be used to divide the extended laser-pro-
duced plasma. Among them are (1) the interference of two 
heating beams on the target surface with the variable angle 
between the interacting beams, (2) tilting of the multi-slit 
shield placed on the path of heating pulse, and (3) installa-
tion of the multi-slit shield inside the telescope on the path 
of heating pulses. The most affordable methods are (2) and 
(3) since they allow the tuning of jet sizes by simple tilting 
or relocation of the multi-slit shield.

There are four main factors that contribute to the phase 
mismatch between the driving and harmonic waves: 
atomic and ionic dispersion, Gouy phase shift, intensity-
dependent dynamic phase shift, and electron-affected 
plasma dispersion [21]. The first one refers to the varia-
tion in the refractive index of the neutrals and ions, which 
shows considerably less influence than the dispersion-
induced by the presence of free electrons (fourth fac-
tor) in the plasma. This assumption allows excluding 
the influence of atom- and ion-induced dispersion on 
the phase mismatch. Gouy phase shift could also be dis-
missed in the case of loosely focused driving pulses when 
the confocal parameter of the focused radiation exceeds 
the sizes of plasma. This assumption corresponds to our 
experimental conditions (16 and 5 mm, respectively). The 
Gouy phase mismatch [22] in our case was in the range of 
0.2–0.7 cm−1 depending on plasma conditions. The laser 
intensity used to calculate dynamic atomic phase shift 
is related to the barrier suppression ionization [23, 24]. 
The saturation intensity for silver ions was calculated to 
be 1 ×  1014 W  cm−2. The phase mismatch between the 
harmonics emitted at different parts of 5-mm-long plasma 
medium was estimated to be in the range of 5–10 cm−1. 
Finally, the phase mismatch due to plasma electrons was 
considerably larger (of the order of ~100  cm−1 for the 
thirties harmonics) compared with other components [25]. 
Thus, at the used conditions, the only factor influencing 

phase mismatch is related to the presence of electrons in 
the laser-produced plasmas.

The plasma dispersion-induced phase mismatch for the 
qth harmonic is defined by the relation

where λ is the wavelength of driving radiation, Ne is the 
electron density, me and e are the mass and the charge of 
the electron, c is the light velocity, and ε0 is the vacuum 
permittivity [26, 27]. The coherence length of this har-
monic is

From this expression, the coherence length (measured in 
millimetres) at the conditions of using the 800-nm driving 
laser could be presented as

Here qqpm is the harmonic order in the quasi-phase-
matching region showing the highest enhancement and N 
is the electron density in the plasma jets measured in cm−3. 
This simple formula allows defining the electron density 
by knowing the coherence length, which is length of sin-
gle jet at the conditions of quasi-phase-matching in the 
multi-jet plasma, and the maximally enhanced harmonic 
order. The decrease in heating pulse fluence should lead to 
the decrease in electron density and tuning of qqpm towards 
the shorter-wavelength region. Similarly, one can anticipate 
that, for the plasma jets of different sizes, the maximally 
enhanced harmonics will also be generated in different 
parts of the extreme ultraviolet spectrum. These assump-
tions allow the comparison of electron density measure-
ments using different multi-jet plasmas and different abla-
tion conditions. The proposed method of electron density 
measurements could be a useful tool for analysis of the 
electrons appearing on the path of the driving pulses during 
laser ablation of targets.

3 � Experimental set‑up for harmonic generation 
in the multi‑jet plasmas

The uncompressed radiation of Ti:sapphire laser was used 
as a heating pulse (central wavelength λ = 802 nm, pulse 
duration 370 ps, pulse energy up to 4 mJ, 10-Hz pulse rep-
etition rate) to ablate the target for plasma formation. The 
laser radiation was propagated through the spatial filter 
consisted of two lenses (L1 and L2, Fig. 1) and pinhole to 
improve the spatial profile and increase the sizes of laser 
beam. The growth of laser beam sizes is necessary for irra-
diation of the target using the homogeneous line-shaped 
beam. The heating pulses were focused using the 200-mm 

(1)�kdisp = qNee
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focal length cylindrical lens (L3) inside the vacuum cham-
ber containing an ablating material to create the homogene-
ous extended plasma plume above the target surface. The 
intensity of heating pulses on a plain target surface was var-
ied in the range of 1 × 109–4 × 109 W cm−2. Silver was 
used as the ablating target due to excellent properties of Ag 
plasma as the efficient medium for harmonic generation 
along the extreme ultraviolet region. The length of this tar-
get was 5 mm.

The compressed driving pulse from the same laser with 
the energy of up to 3 mJ and 64-fs pulse duration was used, 
42 ns from the beginning of plasma ablation, for harmonic 
generation in the plasma plume. The driving pulse was 
focused using the 400-mm focal length spherical lens in the 
extended plasma from the orthogonal direction as shown in 
Fig. 1. The confocal parameter of the focused radiation was 
16 mm. The intensity of driving pulse in the focus area was 
varied up to 1 × 1015 W cm−2. The harmonic emission was 
analysed by an extreme ultraviolet spectrometer contain-
ing a gold cylindrical mirror and a 1200 grooves/mm flat-
field grating with variable line spacing. The spectrum of 
harmonics was recorded by a micro-channel plate detector 
with the phosphor screen, which was imaged onto a CCD 
camera.

The modulation of the spatial shape of heating pulse was 
accomplished using the installation of the multi-slit shield 
on the path of propagation of this radiation. The image of 
multi-slit shield is shown in the inset in Fig. 1. The sizes 
of each slit of this shield were 0.3  mm, and the distance 
between the slits was 0.3 mm. The images of plasma for-
mations were captured from the top of the vacuum cham-
ber by a CCD camera. Figure 2a shows the line and multi-
jet plasmas formed on the silver surface by the extended 

focused heating beam and by installation of the multi-slit 
shield at different positions inside the telescope. One can 
see the extended, seven-, and six-jet plasma structures. The 
sizes of plasma jets were defined by measurement of the 
ablated areas of silver target (Fig. 2b), rather than by meas-
urement of the images of plasma emission. In the latter 
case, the registered emission of plasma does not accurately 
correspond to the actual sizes of jets. The jet sizes were 
also calculated from the geometrical characteristics of the 
radiation propagated through the multi-slit shield placed 
at different positions inside the telescope. The gradual tilt-
ing of the multi-slit shield placed at the position 3 (Fig. 1) 
allowed the steady growth of the number of jets up to 14.

Fig. 1   Experimental set-up for the high-order harmonic generation 
using the formation of variable multi-jet plasmas in the focal plane 
of cylindrical lens (L3) at different positions (1–3) of the multi-slit 
shield. L1, L2, lenses of telescope; P, pinhole of telescope; T, silver 
target; MSS, multi-slit shield; HP, heating pulse; DP, driving pulse; 
HB, harmonic beam; MJP, multi-jet plasma; XUVS, extreme ultravio-
let spectrometer. Inset image of multi-slit shield

Fig. 2   a Images (from top to bottom) of extended, seven-jet, and 
six-jet plasmas formed on the silver target. b Images of the ablated 
surface of silver target during formation of (from top to bottom) 
extended line-shaped plasma produced without the use of multi-slit 
shield, and eight-, five-, four-, and three-jet plasmas produced by 
placing the multi-slit shield in different positions inside the telescope
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4 � Measurements of electron density

The harmonic spectrum from the 5-mm-long Ag plasma in 
the case of removal of the multi-slit shield from the path 
of heating radiation showed a featureless plateau-like shape 
(Fig. 3a, panel 2). This pattern of harmonic spectrum was 
dramatically changed once we introduced the multi-slit 
shield inside the telescope (panel 1). One can see a sig-
nificant enhancement of a group of harmonics in the 18- 
to 30-nm spectral range. The two raw images of harmonic 
spectra shown in Fig. 3a were taken by moving the multi-
slit shield in and out of the path of heating pulse, without 
any other changes of experimental conditions. Note that, in 
the latter case, the whole length of plasma was two times 
longer. The enhancement factor of the 35th harmonic from 
the five 0.5-mm-long plasma jets produced by the 1-mJ 

heating pulses was ~20× compared with the same har-
monic generated in the extended plasma. The quasi-phase-
matching conditions were also fulfilled, to some extent, for 
some other nearby harmonics. These spectra demonstrate 
the enhancement of a few harmonics, rather than single 
one, due to small dispersion of the low-dense plasma.

The harmonic spectra from the silver ablation using 
three different energies of heating pulses are shown in 
Fig. 3b in the case of the five 0.5-mm-long plasma jets. The 
energies shown in Fig. 3b (0.85, 1.0, 1.3 mJ) account for 
the pulse energies measured after propagation of the heat-
ing radiation through the multi-slit shield. The energies 
of pulses before irradiation of multi-slit shield were two 
times larger. One can clearly see the quasi-phase-matching-
induced enhancement of the groups of harmonics, which 
were tuned depending on the energy of heating pulses. We 
observed this enhancement at shorter wavelengths while 
using lesser excitation of target (Fig. 3b; compare the spec-
tral maxima of quasi-phase-matching-enhanced harmonics 
at different energies of heating pulses). The ablation of sil-
ver target using weaker and stronger beams led to the shift 
of the maximally enhanced harmonics from the 41st order 
towards the 31st one.

Equation (3) allows the definition of electron density in 
those three cases by measuring the qqpm at the same sizes 
of plasma jets. The electron density was calculated to be 
7 × 1016 cm−3 in the case of 0.5-mm-long jets and at the 
maximally enhanced harmonics centred near the 41st order 
(Fig.  3, heating pulse energy 0.85  mJ). The excitation of 
target using stronger heating pulses (1.0 and 1.3  mJ) led 
to the plasma formation contained larger amount of elec-
trons (with the electron density calculated to be 8 × 1016 
and 9 ×  1016  cm−3, respectively). These studies showed 
the dependence of the electron density on the heating pulse 
energy.

Below we present our electron density studies using var-
iable sizes of the jets formed on the target surface. Figure 4 
shows three spectra of plasma harmonics obtained using 
six 0.4-mm-long, five 0.5-mm-long, and three 0.8-mm-long 
plasma jets. No any other changes were introduced during 
these experiments excluding the movement of the multi-slit 
shield along the telescope axis, thus maintaining a similar 
fluence of heating pulse on the target surface. In each of 
these cases, we observed the enhancement of the groups 
of harmonics in different spectral ranges. The maximum 
enhancements were observed for the 25th, 35th, and 43rd 
harmonics in the cases of the 0.8-, 0.5-, and 0.4-mm-long 
plasma jets, respectively. The electron density of plasma 
in these three cases was the same due to equal fluency of 
the heating pulse on the target surface. The calculation of 
electron density confirmed the equality of electron density 
in these three cases within the accuracy of measurements 
(7.0 ×  1016, 8.0 ×  1016, 8.1 ×  1016  cm−3, respectively) 
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Fig. 3   a Raw images of harmonic spectra obtained from the five-jet 
plasma (panel 1) and extended (5-mm-long) homogeneous plasma 
(panel 2). b Harmonic spectra obtained from the five-jet plasma 
formed on the silver target at different energies of the heating pulses
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assuming the experimentally measured parameters of Lcoh 
and qqpm.

Note that the electrons interacting with the driving and 
harmonic waves comprise those produced during the ini-
tial formation of plasma and those appeared during ioniza-
tion of neutrals and singly charged ions by the propagating 
driving pulse. Independently, on the role of these groups of 
electrons in the phase mismatch, the proposed technique 
allows the measurement of the instant amount of electrons.

To compare the influence of the driving and heating 
pulses on the electron density, we show these dependences 
on a single plot. The calculations of electron densities were 
accomplished using Eq.  (3). The growth of the tunnelling 
ionization cross section leading to the appearance of addi-
tional free electrons in the multi-jet medium did not spoil 
the conditions of quasi-phase-matching. Figure  5 (filled 
squares) shows the near similarity of the electron density 
along a broad range of variations of the driving pulse energy. 
One can see that the threefold growth of driving pulse 
energy (from 1.85 to 5 mJ) did not significantly change the 
electron density. A different pattern was observed once we 
changed the heating pulse energy, which led to variation of 
the electron density of plasma at the conditions of multi-jet 
structure formation (Fig. 5, empty circles). The comparative 
studies of the harmonic spectra generated from the eight-jet 
silver plasma at different fluences of heating 370-ps pulses 
on the target surface were accomplished by changing the 
energy of heating radiation using the calibrated filters. We 
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varied the energy of heating pulse to analyse the influence 
of this parameter on the dynamics and shape of the envelope 
of harmonic distribution using the same multi-jet plasma. 
The group of harmonics gradually tuned towards the lower 
orders (i.e. longer-wavelength region) with the growth of 
the heating pulse energy. It is seen that the Ne was strongly 
dependent on the variation of the heating pulse energy. 
Solid lines are inserted for better viewing of the influence of 
heating and driving pulse energies on the electron density. A 
decrease in electron density at weaker excitation of the tar-
get should lead to optimization of the quasi-phase-matching 
for higher qqpm to keep the product qqpm × Ne unchanged at 
the fixed spatial characteristics of plasma jets [see Eq. (3)]. 
Thus, the additional electrons appearing during stronger 
ablation of targets significantly influence the quasi-phase-
matching conditions. However, whether these additional 
electrons were attributed to those produced during either 
ablation or tunnel ionization of additional silver particles 
remains unclear.

The accuracy of the proposed method is defined by the 
uncertainty in definition of strongest harmonic order and by 
the uncertainty in the measurements of plasma sizes. Shot-
to-shot measurements of quasi-phase-matching-induced 
spectra from multi-jet plasmas showed that the high-
est yield was obtained for the same harmonic order. The 
accuracy in the measurement of the spatial characteristics 
of plasma jets mostly depended on the uncertainty in the 
relation between the sizes of the ablated spot on the target 
surface and the density distribution for each plasma jet. We 
assumed that, after propagation through the shield, each 
component of modulated heating beam had a rectangular 
shape with the sizes equal to the sizes of the slit of multi-
slit shield. The accuracy of electron density measurements 
was mostly defined by the accuracy of the measurements of 
plasma jet sizes (±0.1 mm) and by definition of the maxi-
mally enhanced harmonic (±1). Based on above assump-
tions, the error of the measurements of electron density was 
estimated to be 20 %. It is difficult to compare the accuracy 
of this method with other reported methods due to differ-
ent ranges of electron densities. Note that all plasma and 
electron diagnostic methods have accuracy issues and none 
of them are perfect. Each of them has merits and demerits, 
since the accuracy of those methods depends on the experi-
mental conditions.

There are a few other uncertainties in the behaviour of 
electron cloud during spreading out of surface. In particu-
lar, little is known about the relative distribution of elec-
trons and other particles in the plasma plume. Whether the 
distribution of electron density along the plasma plume 
remains same as the distribution of other components at 
the later stage of plasma formation remains unknown. Note 
that our measurements show the influence of electrons 
on the nonlinear optical process in the plasma plume and 

define their density at the fixed spot inside the plume, while 
not defining their spatial distribution. To measure the spa-
tial distribution of electrons, one has to gradually move the 
driving pulse out of the ablating surface.

5 � Conclusions

Among the advantages of the quasi-phase-matching of 
plasma harmonics are the simplicity in regulation of elec-
tron density in the multi-jet plasmas, the high enhancement 
factors of harmonics, and the availability of the express 
analysis of electron density. Two former advantages were 
demonstrated in previous studies [19, 28, 29]. The reported 
conversion efficiency for the enhanced 33rd harmonic of 
Ti:sapphire laser (λ ≈ 24 nm) generated in the Ag plasma 
jets (~2 × 10−5) [19] is among the highest values achieved 
so far in this spectral region during high-order harmonic 
generation in both gases and plasmas. Regarding latter 
advantage, the definition of maximally enhanced harmon-
ics at the fixed sizes of separated plasma jets allows the 
calculation of electron density, as it was demonstrated in 
present studies. The electron density was defined using the 
relations of quasi-phase-matching. The proposed method 
allows the analysis of the variations of electron density in 
the low-ionized plasmas. Particularly, the variation of the 
distance from ablating target and the delay between heat-
ing and driving pulses will allow analysing the dynamics of 
electron density along the low-ionized medium.
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