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1. Introduction

Harmonic generation of laser pulses is a technique allowing 
the conversion of the visible and infrared radiation toward the 
ultraviolet (low-order harmonics) [1] and extreme ultraviolet 
(high-order harmonics) [2] ranges of spectra. Additionally, 
this technique is useful for generation of attosecond pulses 
through the high-order harmonic generation [3, 4]. During the 
last two decades, air and laser-produced plasmas (LPP) were 

considered as the suitable media for efficient third harmonic 
generation (THG). Those studies were aimed to enhance THG 
conversion efficiency (CE) in air and LPPs [5]. The CE of 
third harmonic (TH) can be increased by varying a duration, 
focusing geometry, and energy of driving pulses [6]. The low-
excited and low-ionized conditions of LPP have demonstrated 
high CE towards harmonics generation when compared to 
highly-excited and highly-ionized plasmas [7]. The decrease 
of THG CE with the increase of the concentration of free elec-
trons in air was observed in [8]. Relatively efficient (up to 3%) 
third-harmonic generation of picosecond Nd:YAG laser pulses 
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Abstract
We analyzed the third harmonic generation (THG) of 1064 nm, 28 ps radiation in the candle 
and ethanol flames. The formation of soot nanoparticles in the candle flame led to the increase 
of third harmonic yield compared to the ethanol flame. 12- and 24-fold enhancement of the 
third harmonic yield in candle and ethanol flames compared to the THG in air was achieved. 
The influence of the nonlinear refraction in air and combustion flames on the phase-matching 
conditions of THG was found responsible for deviation from the cubic I3ω (Iω) dependence. 
THG conversion efficiencies of Nd:YAG laser radiation were found to be 1  ×  10−5, 
1.2  ×  10−4 and 2.4  ×  10−4 in the cases of air, carbon flame and ethanol flame media, 
respectively. Furthermore, the super-hydrophobic properties of the deposited carbon species 
from the candle flame were demonstrated.
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for wavelength λ  =  1064 nm in a low-density laser plasma 
was reported in [9]. The produced TH beam was nearly dif-
fraction limited. The coherence of TH was studied as a way 
for in situ determination of the relative phases in multi-color 
pump for analysis of the nonlinear optical processes [10].

Meanwhile, combustion flames can also be considered 
as the nonlinear media for in situ studies of the correlation 
between their nonlinear optical properties and composition 
of the burned material. The combustion flames consisting of 
carbon-containing species were studied in [11]. It was shown 
that TH CE in laser-induced filament inside the combustion 
flame is sensitive to the ellipticity of the driving Ti:sapphire 
laser pulse, while being not much sensitive to the choice 
of alcohol species introduced as a fuel for the combustion 
flames. The analysis of the low-order optical nonlinearities 
of small-sized metal nanoparticles (NPs) showed the advan-
tages in generating low-order harmonics [12, 13] taking into 
account the influence of the quantum confinement effect in 
NPs on their nonlinear optical response [14, 15]. THG showed 
the notable enhancement when TH emission became matched 
with the plasmon frequency of NPs.

In this paper, we demonstrate the enhancement of TH in 
the combustion flames of candle and ethanol compared to the 
air at the same experimental conditions. THG conversion effi-
ciencies of Nd:YAG laser radiation were found to be 1  ×  10−5, 
1.2  ×  10−4 and 2.4  ×  10−4 in the cases of air, carbon flame 
and ethanol flame. We also analyze the correlation between 
the presence of the carbon soot NPs in candle flame as emit-
ters of strong TH and the wettability properties of deposited 
soot. The deposited debris of carbon-containing materials has 
demonstrated the super-hydrophobic properties.

2. Experimental arrangements

The picosecond Nd:YAG laser (1064 nm, 28 ps; PL-2250, 
Ekspla) was used to study THG in air and combustion flames. 
The scheme of THG in flame at air conditions is presented in 
the inset of figure 1. 150 mm focal length lens was used for 
focusing the laser pulses in the center of the combustion flame 
produced by either burned candle or ethanol. The beam waist 
radius of the focused radiation was 16 µm. The intensity of the 
driving pulse at the focal plane was varied between 1.0  ×  1012 
and 3.0  ×  1013 W cm−2. The TH (354.6 nm) pulses were sep-
arated from the driving radiation (1064 nm) using the color 
filters and detected by a fiber spectrometer (HR4000, Ocean 
Optics). We also analyzed the morphology of the films depos-
ited on the nearby substrates during burning of candle and eth-
anol flames using atomic force microscope (AFM; Solar Next, 
NT-MDT). The drop-shape analyzer (DSA100-E, Krűss) was 
used for measurements of the contact angle between the water 
and the films deposited from the candle flame. The spatial 
distribution of TH was imaged using CCD camera (Pulnix 
TM-1020-15CL).

The details of the soot collection were as follow. We 
placed the glass slide approximately 50 mm above the flame 
center. The collection of deposited soot particles was lasted 
during 1 to 10 min to form the layer sufficient for wettability 

measurements. Important parameters of deposited films are 
the morphology, structure and thickness. The thickness of 
film was varied in the range of 1–15 µm. This variation was 
depended on the number of laser shots at THG experiments 
during which the deposition was carried out.

3. Results and discussion

Figure 1 presents the TH spectra generated in the flames of 
candle and ethanol, as well as in air. The twelve-fold enhance-
ment of TH efficiency in the case candle flame and twenty 
four-fold enhancement in case of ethanol flame were obtained 
with regard to the TH in air. THG conversion efficiencies 
of Nd:YAG laser radiation were measured to be 1  ×  10−5, 
1.2  ×  10−4 and 2.4  ×  10−4 in the case of air, carbon flame 
and ethanol flame, respectively. We considered air as a non-
linear medium which consisted on the mixture of different 
components (N2, O2, Ar). The typical component of candle 
is a hydrocarbon of the paraffin wax (C31H64). Since the TH 
CE from the gases was 12 and 24 times smaller than from 
the flames we did not take into account the separate involve-
ment of those air components in the TH studies reported in the 
present paper.

We assumed that NPs could be responsible for the observed 
amendment of TH efficiency in the case of combustion flames 
with regard to the air. THG is based on the third-order non-
linear response of the media. There is a small probability in 
the presence of NPs in air. Meanwhile, in the case of flames, 
the formation of NPs is anticipated during the combustion 
process.

The indirect confirmation for this process is the appearance 
of NPs in the debris. Earlier, it was suggested that the presence 
of NPs in such plasma plumes may increase the high-order 
harmonic CE [11]. An analogous tendency has earlier been 
reported in the cases of indium and manganese plasmas [5]. 
The maximum TH efficiency (~10−4) was achieved in the case 
of the manganese plasma.

Figure 1. Comparative TH spectra generated in air (dotted curve), 
candle flame (dashed curve) and ethanol flame (solid curve). In 
all cases, the energy of 1064 nm pulses was maintained at 3.6 
mJ. Inset: experimental setup of THG in combustion flames: FL, 
focusing lens; CF, color filter; HR4000, fiber spectrometer.
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We analyzed TH from the flames that contain the soot NPs 
and ethanol molecules. The dependence of TH yield on the 
driving pulse energy is an important parameter to determine 
the restricting mechanisms of this process.

Figure 2 shows these dependences of the intensities of TH 
at different energies of driving pulses in air, candle flame, and 
ethanol flame. Some small saturation of TH yield was observed 
in the case of air, which led to insignificant deviation of the 
slope of this dependence from the anticipated l  =  3 at the 
highest used pulse energies. This behavior can be explained 
by the growing concentration of the free electrons in air at 
the highest intensity of driving pulses. The depend ence of the 
TH yield on the free electrons concentration has early been 
reported in [9]. In our experiments, the stronger saturation of 
TH intensity (ITH) with the growth of laser energy (E) was 

observed in cases of ethanol and candle flames, which was 
further modified by larger slopes of ITH(E) dependences (ITH 
~ E5, figures 2(b) and (c)).

One of the mechanisms responsible for the saturation of 
ITH ~ E3, leading to smaller slope of this dependence can be 
the phase shift caused by the influence of Kerr nonlinearities 
[6, 16, 17]. Meanwhile, the unusual ITH  ∞  E5 dependence can 
be explained by second-order Kerr effect. In order to achieve 
the phase-matching conditions during THG in the case of 
plane waves interactions, the relation Δk  =  k3  −  3k1  =  0 
(where k1 and k3 are the wave vectors of the driving and har-
monic radiation) has to be fulfilled. This condition (Δk  =  0) 
is realized in the case when the frequency of generated har-
monic is located in the region of anomalous dispersion of 
the investigated medium [18, 19]. Both air and used flames 
possess a normal dispersion in the region of λ  =  354.6 nm. 
Therefore, the phase-matching condition was not fulfilled for 
the observed process. The intensity of generated TH radiation 
in that case can be estimated in accordance to [20]:

I3ω = γ2l2I3
10 exp(−6k1r2/b)

sin2∆(l, r)
∆2(l, r)

 (1)

where γ  =  24π3χ(3)(−3ω;ω,ω,ω)/(n3/2
1 n3/2

3 cλ1), Δ(l,r)  =  2b/l   
−  α  −  β, α  =  2lΔk is the normalized phase-mismatching, 
β  =  72π3lΔχkI10exp(−2k1r2/b)/(n2

1cλ1), Δχk  =  χ(3)(−ω;ω
,ω, −ω)/2  −  n1χ(3)(−3ω;3ω,ω, −  ω)/n3 is the difference of 
Kerr-induced nonlinearities, responsible for refraction indices 
changes at the wavelengths of fundamental radiation and har-
monic, λi, ki and ni are the wavelengths, wave numbers and 
refraction indices on the frequency of i-radiation, I10 is the 
maximal intensity at the plane of beam waist, b is the confocal 
parameter of the focused driving radiation, and l is the thick-
ness of nonlinear medium.

The above equation  depicting the relation between the 
intensities of TH and driving radiation (I3ω  ∞  I3

1ω) is ful-
filled at respectively low influence of self-interaction effects 
(|β| � b/l) that lead to the phase-mismatch of the interacting 
waves. For calculation of THG at stronger influence of self- 
interaction, one has to apply more complicated equations, 
that would take into account the variations of the wave fronts 
of interacted radiations (effects of self-focusing and self-
defocusing) [21]. It was shown in [21] that, in the case of the 
influence of Kerr effect, the variations of medium’s optical 
properties change the spatial parameters of the focused beam, 
which leads to possibility of THG in the medium possessing 
normal dispersion. The calculations have shown that the slope 
of the intensity dependence of harmonic yield changes from 
cubic to fifth order.

Our studies of combustion flames showed qualitative 
similarity between the anticipated theoretical dependence 
and experimental data at larger energies of laser pulses 
(I3ω  ∞  I5

1ω). The theoretical calculations [20] have shown 
that, with further growth of laser intensity, one can anticipate 
a notable decrease of the slope of this dependence. The THG 
CE in that case does not exceed 1.3  ×  10−3 in accordance 
with the calculations of relations [19] for weak focusing at 

Figure 2. The dependences of TH intensity on the energy of driving 
1064 nm, 28 ps pulses in the case of (a) air, (b) candle flame, and (c) 
ethanol flame.
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the center of nonlinear medium. Our experimental results of 
maximal CE (2.4  ×  10−4) were approximately 5 times below 
the maximally estimated efficiency of this process.

We analyzed the influence of the position of samples with 
regard to the focal plane of the focusing lens. Those meas-
urements were carried out by moving the candle and ethanol 
flames along the z and y  axes. In the case of z-scans, i.e. meas-
urements of the harmonic yield as a function of the position 
z of the focus of the driving laser with regard to the center of 
the ethanol flame, the maximal TH yield was observed at the 
position of the flames close to the focal plane of the focusing 
lens (figure 3(a)).

The measurements along the y  axis, i.e. distance from the 
base of flame to the end of the flame perpendicular to the prop-
agation direction of the driving pulses, showed the anticipated 
monotonic decrease of TH yield (figure 3(b)). We observed 

different slopes (l  =  −1.3 and l  =  −1.9) of TH curves for the 
candle and ethanol flames, respectively. In the case of candle 
flame, the decrease of the TH yield along the y  axis can be 
explained by a decrease of the concentration of the NPs pro-
duced during burning of the candle flames. The evolution of 
soot NPs formation was analyzed in [22]. The comparison of 
primary particle and aggregate sizes between the centerline 
and other streamlines suggested that the evolution processes 
of particles formation in different parts of the flame are dif-
ferent. In the case of ethanol flame, the probability of aggre-
gation of particles is smaller than in the case of candle flame 
that was confirmed by the analysis of the deposited films from 
flames. In the case of ethanol flame, we did not observe a large 
amount of deposited debris on the nearby glass substrate. The 
decrease of TH yield from ethanol flame is related with the 
decrease of the concentration of particles due to the expansion 
of ethanol flame in air.

Figure 4 shows the variation of TH intensity at different 
polarizations of the driving picosecond pulses propagating 
through the ethanol flame. This curve was measured at dif-
ferent angles of rotation of the quarter-wave plate installed 
in front of the focusing lens. The rotation of plate caused the 
variation of the polarization of driving radiation from linear 
(at the angle of rotation of 45°) to circular (at 0° and 90°). 
Figure 4 demonstrates a decrease of TH intensity when the 
polarization of the driving pulses deviates from the linear 
polarization. This dependence is a characteristic of the non-
linear optical frequency conversion in any isotropic medium. 
The application of circularly polarized laser pulses led to the 
complete disappearance of TH emission.

We also analyzed the spatial distributions of TH beams 
generated in air, candle flame and ethanol flame. The Gaussian 
profile of driving beam was converted to the TH beam with 
insignificant wave-front distortion. The spatial distributions of 
the TH beam generated in air, candle flame and ethanol flame 
are shown in figure 5. We observed the Gaussian-like profiles 
of the TH beams generated in three media at similar exper-
imental conditions. The different brightness of the spatial dis-
tribution of TH was due to the difference in the CEs of the 
third-order nonlinear optical process in these three media. The 

Figure 3. (a) Variation of TH intensity on the position of 
ethanol flame with regard to the focal plane of focusing lens. (b) 
Dependence of TH yields on the distance from the base of ethanol 
(empty circles) and candle (filled squares) flames. (c) Raw images 
of candle (upper panel) and ethanol (bottom panel) flames. The 
height of flames was equal to 20 mm. The widths of the flames 
were estimated to be about 6 and 10 mm for the candle and ethanol 
flames, respectively.

Figure 4. The dependence of the intensity of the TH generating in 
the ethanol flame on the driving pulses polarization.

J. Phys. D: Appl. Phys. 53 (2020) 075301
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spatial distribution of TH generated in air using femtosecond 
pulses has been studied in [23]. The far-field patterns of har-
monic emission analyzed in [23] have shown that the output 
TH pulse splits into an on-axis part and an off-axis conical 
ring emission due to the tight-focusing geometry and strong 
influence of the Kerr-induced processes.

In the case of candle flame, some components of this 
medium (for example, large NPs and aggregates) may, to 
some extent, modify the phase front of propagating radia-
tion, which in turn causes the spatial modulation of gener-
ating TH emission. The debris from the candle and ethanol 
flames may provide some information about the properties of 
flame components as the emitters of TH. These properties of 
deposited materials can also be analyzed by different methods 
to determine, for example, their hydrophilic and hydrophobic 
properties. Particularly, the super-hydrophobic properties of 
the films deposited from candle flames have been discussed in 
[24]. In [24], the contact angle and roll-off angle were meas-
ured as 142° and 6°, respectively.

We used the drop-shape analyzer for the contact angle 
measurement of the water-surface system. The analysis of the 
deposited films from the combustion flame produced by the 
candle is shown in figure 6. We deposited these films during 
THG on the surfaces of glass substrates. In our case the con-
tact angle was measured to be 155°, i.e. the soot films on the 
glass substrate demonstrated even stronger super-hydrophobic 
properties than those reported in [24]. On the other hand, 

non-deposited glass substrate showed the hydrophilic proper-
ties with 36° contact angle. We observed the small change of 
the contact angle depending on the thickness of deposited soot 
film. In the case of ethanol flame, we did not see any change 
of contact angle due to the notably smaller thickness of depos-
ited film compared with the candle flame.

We also carried out the morphology measurements using 
AFM. In figure  7, we present the microphotography of the 
deposited debris from burned candle, which demonstrates the 
evidence of the presence of NPs in flame. We analyzed AFM 
images and determined that the size distribution of NPs was 
varied in different parts of deposited film. Though in some 
cases we saw a few large NPs (i.e. in the range above 100 nm 
and below 200 nm), the mean size of NPs was 40 nm and the 
size distribution was 5–70 nm. Previous studies of the candle 
flames using different microscopic and spectroscopic methods 
have also shown the presence of approximately similar NPs 
among the deposited materials [25–27].

The presence of the soot NPs in the flames causes the 
enhancement of TH yield. The evidence of the presence of 
carbon NPs in deposited films proves their presence in the 
flame. The enhanced TH emission from the plasmas con-
taining NPs has also been analyzed in [28], where the contrib-
ution of small-sized carbon NPs to the growth of TH CE has 
been demonstrated. Our studies showed the coincidence of the 
enhanced TH yield in the carbon NP-contained medium and 
the drastic variation of the hydrophobic to super-hydrophobic 
properties of the carbon NP films deposited from candle flame 
on the nearby glass surface.

It would be extremely useful to know which group of NPs 
possessing different sizes is mostly preferable for the growth 
of the efficiency of this nonlinear optical process. However, 

Figure 5. Spatial distributions of the TH beams (λ  =  355 nm) generated in (a) air, (b) candle flame, and (c) ethanol flame using the 3.5 mJ 
driving pulses.

Figure 6. (a) Raw image of the deposited soot from candle flame, 
which demonstrated the super-hydrophobic properties with 155° 
contact angle. (b) The hydrophilic properties of water on the 
surfaces of non-deposited glass substrates with 36° contact angle.

Figure 7. AFM image of deposited debris.

J. Phys. D: Appl. Phys. 53 (2020) 075301
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during these studies it was difficult to separately distinguish 
the harmonic yield from 1 to 5 nm NPs, 10–30 nm NPs, 
40–80 nm NPs, etc. The whole effect of NPs in our studies 
comprised a summation of the harmonic yields from different 
groups of NPs. Recent studies pointed out the role of quantum 
dots possessing the sizes in the range above 1 nm and below 
5 nm in the growth of high-order harmonic generation [29]. 
Probably, the growth of TH yield due to the confinement effect 
and local field enhancement can also be efficiently manifested 
in the case of this group of particles.

The correlation of TH conversion efficiency and particles 
sizes can be qualitatively explained by analyzing figure 3(b). 
In this figure, we showed the dependences of TH yield on the 
distance from the base of ethanol (empty circles) and candle 
(filled squares) flames. Notice that soot NPs formation is a 
kinetically governed process leading to the change of particle 
sizes [30].

The studied two processes, i.e. variations of wettability and 
nonlinear optical frequency conversion, are both relevant with 
the formation of the small-sized soot NPs in candle flames. 
The enhanced third-order nonlinear optical response of NPs 
causes the enhancement of TH yield in the flames of the 
candle and ethanol. The presence of clusters in the flames was 
discussed in [31], where the feasibility for combustion diag-
nostics of flames using femtosecond filament excitation was 
demonstrated. The soot as a representative of carbon-based 
materials contains an abundant of nanomaterials, which have 
earlier demonstrated the advantages over graphite and carbon 
nanotubes as the efficient emitters of harmonics.

The enhancement factor of TH emission depended on the 
presence of the smallest NPs appearing during the burning of 
the candle. During these studies, we demonstrated the pos-
sibility of soot NPs to generate strong low-order harmonic 
and to form a coating, which allowed varying the wettability 
contact angle of the substrate. The wettability properties of 
these deposited structures were depended on the roughness of 
the substrates and on the presence of the nano- or microstruc-
tures of deposited carbon-contained species. Thus, our studies 
revealed that the candle flame can both create the preferable 
conditions for THG and produce the deposited layers of soot 
allowing modification of the contact angle for water drop.

4. Conclusions

In these studies, the main attention was focused on the 
enhancement of conversion efficiency of the third-harmonic 
generation in combustion flames using 25 ps, 1064 nm driving 
pulses. We demonstrated that the enhancement of TH inten-
sity is attributed to the formation of carbon-containing NPs. 
In the meantime, we have shown that the roughness of depos-
ited surfaces is an important factor in the modification of the 
wetting properties of substrates. AFM measurements allowed 
analyzing the deposited surface morphology to determine the 
correlation between the modified hydrophobic properties of 
formed surfaces and the structure of the modified flat glass 
substrates during soot deposition.

We have analyzed the nonlinear optical and wettability 
properties of different combustion flames and their debris. 
We have demonstrated the enhancement of TH yield from 
the candle and ethanol flames compared with TH in air 
using 1064 nm, 28 ps pulses and attributed the enhance-
ment of this process in the former media to the influence 
of small-sized structures. The 12- and 24-fold enhance-
ment of the TH yield in candle and ethanol flames com-
pared with the THG in air was achieved. An influence of 
the nonlinear refraction in the air and combustion flames 
on the phase-matching conditions of THG was responsible 
for deviation from the cubic I3ω(Iω) dependences. THG con-
version efficiencies of Nd:YAG laser radiation were found 
to be 1  ×  10−5, 1.2  ×  10−4 and 2.4  ×  10−4 in the cases of 
air, carbon flame and ethanol flame. The deposited debris 
of carbon-containing materials on the glass substrate has 
demonstrated the super-hydrophobic properties with 155° 
contact angle of water drop.
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