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Abstract: The investigation of plasma channels induced by focused ultra-short 1030-nm laser pulses 

in bulk of synthetic High Pressure High Temperature (HPHT) diamond revealed strong dependence 

of their spatial parameters on the used numerical aperture of the lens (NA = 0.15–0.45). It was shown 

that at weak focusing conditions it is possible to significantly increase the length of the plasma chan-

nel with a slight increase in pulse power, while tight focusing allows one to obtain more compact 

structures in the same range of used powers. Such a dependence paves the way to new possibilities 

in 3D processing of transparent dielectrics, allowing one, for example, to vary the spatial parameters 

of modified regions without changing the setup, but only by controlling the lens aperture, which 

seems very promising for industrial applications. 

Keywords: ultrashort laser pulses; filamentation; nonlinear optical interaction; HPHT diamond;  

numerical aperture; plasma channels; photoluminescence 

 

1. Introduction 

The investigation of ultrafast light–ma�er interactions, particularly those involving 

femtosecond laser pulses and dielectric materials, has ushered in a new era of advance-

ments across multiple scientific and technological domains. Ultra-short pulse lasers, char-

acterized by short pulse durations and high peak intensities, offer unprecedented preci-

sion and control for laser-induced modifications of different materials in bulk, including 

metals, dielectrics, and semiconductors, and has found wide-ranging applications in pre-

cise microfabrication [1,2], optical communication [3], and biomedical imaging [4]. Femto-

second laser technology has found significant application in the fabrication of integrated 

photonic devices, involving the modification of transparent bulk materials to induce novel 

properties in the medium [5]. Several research groups have investigated the application 

of femtosecond laser (fs-laser) writing in diamond or diamond-like carbon materials. No-

tably, in [6] the authors successfully employed fs-laser technology to create parallel 

nanostructures approximately 300 µm in length on a single-crystalline diamond. Further-

more, employing femtosecond laser technology to fabricate microfluidic channels of dif-

ferent transparent materials in bulk represents a promising field. This approach holds po-

tential for the development of diverse sensing devices on biocompatible materials, such 

as diamonds [7]. 

During the propagation of femtosecond laser pulses through a dielectric material, the 

electric field of these pulses induces a nonlinear polarization response within the material. 

This response leads to a change in the material’s refractive index, which becomes inten-

sity-dependent. Regions of the material where the laser beam has higher intensity exhibit 

a greater refractive index, resulting in a focusing effect and eventual collapse of the beam, 

known as catastrophic self-focusing, a third-order nonlinear optical phenomenon [8,9]. 

On the other hand, at increased laser intensities ionization occurs in the dielectric material, 

giving rise to plasma, a state consisting of free electrons and ions [10]. This phenomenon 
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can be described by the Drude model [11] or the plasma critical density condition. The 

generation of a plasma involves a local reduction in the refraction index causing the beam 

to diverge and counteract the self-focusing effect, resulting in plasma defocusing [12]. 

Plasma defocusing plays a crucial role in balancing the self-focusing effect, providing 

beam stability, and facilitating the formation of filament channels-extended areas with a 

consistently high energy density [13]. The process of filamentation directly affects energy 

deposition efficiency, which defines the trajectory and extent of laser-induced modifica-

tions. This complex nonlinear interaction leads to the formation of spatially confined re-

gions with altered refractive indices known as “channels” caused by the light–ma�er in-

teractions [14]. Investigation of the parameters of the nonlinear optical interaction that 

leads to the formation of plasma channels would allow one to manage its spatial charac-

teristics, thus opening the possibility for more versatile in-bulk material modification, fab-

ricating different micro- and nanostructures by changing the cross-section or the length 

and position of the modified region in transparent dielectrics. Such precise control of the 

modified region could be very promising for industrial applications. 

Interaction between intense femtosecond lasers and transparent media have been in-

tensively studied, but the main focus was on discovering material damage thresholds and 

their practical applications [15–17]. Another notable consequence of nonlinear laser–mat-

ter interaction is the formation of plasma channels. This process is influenced by various 

factors, including laser parameters (beam quality, pulse duration, wavelength, etc.) and 

medium properties (nonlinear refractive index (n2), linear refractive index (n0), and multi-

photon absorption coefficient) [13,18,19]. Previous studies have examined the nonlinear 

optical effect of filamentation by analyzing plasma luminescent channels formed by ultra-

short laser pulses of dielectric materials in bulk. Research conducted in [20] reported 

pulse-width dependent self-focusing critical powers for linearly and circularly polarized 

focused 515-nm and 1030-nm laser pulses with varying pulse widths in fused silica, 

fluorite, natural diamond, and synthetic diamond. Furthermore, a study [21] explored po-

larization-dependent filamentation by analyzing the luminescence of plasma channels 

generated in High Pressure High Temperature (HPHT) diamond under the influence of 

focused ultrashort laser pulses. However, the role of focusing geometry, specifically the 

numerical aperture (NA) of the focusing lens, remains relatively unexplored, providing 

an open field for investigation, particularly considering the variation in plasma density 

under tight and weak focusing conditions. When the focusing is not excessively tight, the 

medium tends to remain relatively uniform, resulting in less dense plasma generation 

[22]. Additionally, in [23], the phenomenon of micro-explosions induced by ultrafast laser 

pulses in transparent materials was examined, demonstrating that the focusing geometry 

plays a significant role in determining the expansion and propagation of shockwaves. In 

[24], it was demonstrated that tightly focused femtosecond laser pulses can induce optical 

breakdown and structural changes in glass, even at low pulse energies achievable without 

amplification. Examining the formation of filaments and associated refractive index 

changes using focusing lenses with different NAs, a study conducted in [25] observed that 

the length of the region exhibiting refractive index changes increased with decreasing NA. 

Investigating the intricacies of femtosecond pulse propagation in fused silica under weak 

focusing conditions, including the effects of self-focusing and defocusing due to the pres-

ence of a free electron plasma, ref. [26] shed light on the role of NA in controlling the 

interaction of femtosecond laser pulses with transparent materials. Emphasizing the in-

fluence of NA on supercontinuum generation and damage thresholds, ref. [27] confirmed 

bulk damage at all NA studied, with catastrophic damage occurring at high NA. Further 

exploration of the NA dependence of white-light continuum generation and material 

damage in different samples was conducted in [28]. As an independent linear optical pa-

rameter, NA plays a crucial role in controlling the interaction between femtosecond laser 

pulses and transparent materials, impacting the generation of supercontinuum and the 

occurrence of material damage. Through high-resolution three-dimensional simulations 

and analysis of filamentation under varying focusing conditions, it was revealed in [29] 
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that the filamentation process is influenced by the interplay between geometric focusing 

and the nonlinear Kerr effect. A transition from the linear focusing mechanism to the non-

linear focusing mechanism during filamentation in air, illustrating changes in physical 

equilibrium through the degree of focus, was proposed in [30,31]. Under high-NA condi-

tions, the Kerr self-focusing effect becomes negligible compared to plasma defocusing and 

geometric focusing. Despite these findings, the impact of NA on filamentation threshold 

power remains largely unexplored, resulting in a knowledge gap regarding the dynamics 

of femtosecond laser propagation. 

This research aims to investigate the relationship between numerical aperture and 

the filamentation process leading to the formation of plasma channels. The selection of 

suitable materials plays a crucial role in these nonlinear interactions. HPHT diamond, re-

nowned for its exceptional thermal and optical properties, serves as an intriguing plat-

form for studying ultrafast laser–material interactions. The impressive a�ributes of HPHT 

diamond, including its high thermal conductivity, wide bandgap, and robust optical non-

linearity [32], position it as an outstanding candidate for advancing our comprehension of 

ultra-short pulse propagation and filamentation phenomena. Such insights hold the po-

tential to contribute to more effective and precise utilization of femtosecond laser technol-

ogy. 

2. Materials and Methods 

The femtosecond fiber Yb+3 ion laser Satsuma (Amplitude Systemes, Pessac, France) 

with wavelength of 1030 nm was used as a source of linearly polarized radiation. The laser 

pulses were focused in bulk of a HPHT synthetic type IIA diamond with dimensions of 3 

× 1.5 × 1.5 mm3 using a quar�/fluorite microscope objective with numerical aperture NA 

= 0.55. The numerical aperture value was adjusted in the range NA = 0.15–0.45 (corre-

sponding focal spot size with 1/e2 radius w0 ≈ 2.2–0.73 µm) by changing the size of the 

laser beam provided by means of a variable diaphragm mounted in front of the objective. 

The beam diameter was controlled using a CCD camera at 1/e2 intensity level. During the 

multi-pulse exposure of ultrashort pulses with a duration of ~300 fs, a repetition rate of ν 

= 100 kHz, and pulse energy range E = 40–350 nJ, the formation of extended luminous 

plasma channels was observed in the rear focal plane of the microscope objective. Based 

on Raman spectroscopy observations made using a Confotec MR520 (SOL instruments, 

Minsk, Belarus) microscope–spectrometer and optical microscopy, it was found that in the 

studied pulse energy range there were no modifications in the sample in the form of ag-

gregation of vacancy centers, or damage in the form of graphitization. The 1030-nm ultra-

short laser pulses only provided nonlinear interband photoexcitation of characteristic 

free-excitonic photoluminescence (PL) in the bulk of the sample [33]. Micro-images of 

these luminous plasma channels were captured at a right angle using a NA = 0.2 micro-

scope objective and monochromatic CMOS-camera CS2100M-USB Quantalux (Thorlabs, 

Newton, NJ, USA) (see Figure 1a). 

  
(a) (b) 

Figure 1. (a) Experimental scheme for registration of luminous plasma channels in the HPHT dia-

mond. (b) Optical absorption spectrum of the sample; inset shows the mid-IR absorption spectra 

with the positions of the main optical defects marked. 
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The irradiation was focused in the bulk of the sample via (110) face at a normal angle 

and the images of the luminous channels were captured at a right angle via another (110) 

face. The optical absorption spectrum of the sample was obtained using an IR spectrome-

ter VERTEX 70v (Bruker, Karlsruhe, Germany). The obtained spectral characteristics 

shown in Figure 1b demonstrate the absence of nitrogen impurity absorption bands (<1 

ppm), and the inter-band electron-hole plasma photoexcitation presumably occurs in a 

pure carbon-carrier matrix [33]. Therefore, the analysis of luminous channels in such a 

sample paves the way to understanding the fundamental basis of nonlinear inter-band 

photoexcitation, being the initial stage of the filamentation and energy deposition pro-

cesses in diamonds in general. 

3. Experimental Results 

3.1. Dimensional Parameters of Luminous Channels vs. NA 

The micro-images of the luminous spatial channels induced by the ultrashort laser 

pulses are shown in Figure 2. Firstly, the focusing conditions were determined using a 

microscope objective with the aperture value NA = 0.2. The luminous channels appeared 

around the central position of the linear focus �� ≈ 1300 µm at pulse energies E ≥ 100 nJ. 

With a further increase in energy, channels began to asymmetrically elongate from the 

geometric focus towards the incident radiation (Figure 2a). This is due to the increase in 

the contribution of nonlinear effects to the process of in-bulk laser–ma�er interaction. 

When the pulse power exceeds the critical power of a certain threshold value, the filamen-

tation process begins, which leads to a nonlinear broadening of the spectrum of passing 

pulses, which is clearly demonstrated in Figure 2b. The spectrum is symmetrical for pulses 

with a power of less than 0.5 MW, but with a further increase in power it widens, and side 

peaks appear in the red and blue regions, which indicates the presence of self-focusing 

and the formation of dense defocusing plasma resulting from photoionization [13,30,34–

36]. At the same time, its central maximum shifts toward the blue region with increasing 

power, which is consistent with the results obtained in [37].  

 

 
(a) (b) 
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(c) (d) 

Figure 2. (a) Micro-images of the luminous plasma channels for fixed NA = 0.2 focusing with varying 

peak pulse power P = 0.35–0.85 MW and (c) for fixed peak pulse power P = 0.85 MW and varying 

NA = 0.15–0.45. (b) Spectra of laser pulse transmi�ed through the sample at different incident pulse 

powers for NA = 0.2. (d) The cross-sections for a few selected luminous channels for peak power P 

= 0.85 MW. 

The generation of plasma channels is caused by the combined effect of a number of 

nonlinear optical effects as well as focusing geometry. The intensity required to start the 

photoionization process leading to plasma formation can be achieved both due to nonlin-

ear Kerr focusing and linear geometrical focusing. To study the effect of focusing condi-

tions on the filamentation process, we analyzed plasma channels induced at a fixed peak 

pulse energy P = 0.85 MW while varying the numerical aperture from 0.45 to 0.15. The 

transition from long plasma channels for NA < 0.2 to a compact structure for tighter fo-

cusing conditions is clearly demonstrated in Figure 2c. As we decrease the focal spot size 

by using higher NA, the plasma channel length shortens, becoming a compact structure 

for tight focusing (NA = 0.45, w0 ≈ 0.73 µm). It can be also observed that for weak focusing, 

plasma creation begins sooner, before the geometrical focus, although the incident laser 

intensity is smaller for larger spot sizes (since the total peak power is kept constant) and 

luminous channels are elongated toward the upstream direction of the laser pulses with 

decreasing numerical aperture. This is due to the fact that self-focusing leads to a nonlin-

ear shift in the focal position, and an increase in intensity in this area leads to the genera-

tion of dense luminous plasma before the geometric focal plane. This indicates that the 

nonlinear Kerr effect and self-focusing must play an important role in the regime with 

longer plasma channels. In contrast, for tighter focusing conditions, the position of the 

focus is very close to the geometrical focus, indicating a potentially smaller contribution 

of the nonlinear Kerr effect and domination of geometrical focusing. Thus, the luminous 

channel formed under tight focusing conditions has higher intensity and shorter length, 

while under weak focusing conditions, the medium remains relatively uniform and the 

generated plasma is not very dense, and the channel intensity is limited by nonlinear ef-

fects (multiphoton absorption and plasma defocusing) and its length is greater (Figure 

2d).  

The measured lengths of observed channels are presented in Figure 3a. The lengths 

varied from 5 to 120 µm, depending on the NA of the focusing lens and peak pulse power. 

As can be seen, the length enlarges nonlinearly with increasing pulse power, and for lower 

apertures the length of the channels is significantly longer than for high ones. This is 

clearly demonstrated in Figure 3b, where the dependence of the channel length on the 

numerical aperture is shown.  
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(a) (b) 

Figure 3. Dependence of the luminous channel length on pulse power (a) and on NA (b). Luminous 

channel length error bars: 10%. dL in the inset shows the range of the channel length change. 

The range of the channel length change nonlinearly decreases with the growth of the 

aperture as �� ∝ ����/� and at low apertures it is several times greater than at high ones 

(see Figure 3b). That is, with weak focusing, it is possible to significantly increase the 

length of the plasma channel with a slight increase in pulse power, while with tight focus-

ing, it is possible to obtain more compact structures in the same range of used powers. 

3.2. Filamentation Threshold Power vs. NA  

In our research, the onset of the filamentation process was identified as a visible 

asymmetric elongation of the luminous channels with increasing pulse power. This elon-

gation is defined as the asymmetry in the length of the parts of the longitudinal section 

counted from the center of symmetry of the channel obtained at low power (see Figure 

4a). Under such conditions, nonlinear effects do not affect the propagation of radiation 

and only geometrical focusing takes place. With an increase in laser power, the back part 

of the channel elongates linearly, due to the increase in the brightness of the focal area, so 

it is called the “linear part”. The front part of the channel elongates due to combination of 

nonlinear effects and is called the “nonlinear part”. The laser power at which nonlinear 

part exceeds linear part is the point where self-focusing starts working—filamentation 

threshold power. The accuracy with which this power threshold is determined depends 

mostly on instrumental error, that is the ability of the camera to detect correctly successive 

changes in the shape and position of the channel with the variation in laser power. Our 

estimations, based on camera resolution and the lens used, shows a total error of approx-

imately 10%. 

Experimental dependence of the filamentation threshold power acquired with differ-

ent NAs is shown in Figure 4b. 
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(a) (b) 

Figure 4. (a) Dependence of the luminous channel lengths on the peak pulse power; (b) dependence 

of the filamentation threshold power on NA. 

Self-focusing does not depend on intensity, but only on the peak power [11,31]; thus, 

the critical self-focusing threshold does not depend on the focusing geometry determined 

by the aperture and is the same for tight and weak external focusing. However, the con-

tribution of plasma defocusing to filament formation strongly depends on focusing con-

ditions [29]. When using high-NA focusing, the plasma density required to balance the 

Kerr nonlinearity can be obtained at lower pulse energies. Thus, the threshold for the fil-

amentation onset with tighter focusing conditions will be lower than with weak focusing: 

the filamentation threshold power is equal to Pth ≈ 0.55 ± 0.05 MW for NA = 0.15 and Pth ≈ 

0.38 ± 0.05 MW for NA = 0.45. 

3.3. PL Intensity vs. NA 

It is known that bends in the slopes in the pump power-dependent stationary PL 

output can be identified as transition points between different characteristic regimes, ap-

parently representing some features of ultrafast inter-band photoexcitation accompany-

ing the dynamics of free charge carriers and the filamentation process [19,38,39]. The de-

pendences of the peak PL intensity of the observed channels on the peak pulse power for 

different NAs are shown in Figure 5a. With weak focusing geometry, there is a bend in 

the dependencies observed in the region of 0.4–0.5 MW, which corresponds to the esti-

mated value of the threshold power of the filamentation onset. In the pre-filamentation 

mode (Regime #1), the slope of the curves increases with the growth of the numerical ap-

erture from 0.55 to 0.75, which happens due to the dominance of geometric linear focusing 

over nonlinear. However, at higher energies in the filamentation regime (Regime #2), an 

increase in the slope of the curves is observed, which is due to an increase in the intensity 

in the near-axial region caused by the Kerr nonlinearity. At the same time, the slope of all 

curves becomes the same and does not depend on the aperture, which indicates the pre-

dominance of non-linear focusing. It should be noted that there is almost no change in the 

slope for tight focusing NA = 0.45; this is probably due to the fact that geometric focusing 

is the determining factor in the entire studied energy range. 
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(a) (b) 

Figure 5. Dependence of the PL peak intensity (a) and integrated PL intensity (b) on pulse power. 

PL intensity error bars: 10%. 

With an increase in the pulse energy, the size of the photoluminescence region begins 

to increase, therefore, to assess the effect of pulse power and NA on the PL due to nonlin-

ear effects, we normalized the dependences of the integrated PL intensity on the channel 

length (Figure 5b). It was found that for weak focusing conditions (NA = 0.15, 0.2), with 

an increase in the intensity of ultrashort laser pulses in the registered plasma channels, 

there is almost no increase in the PL yield and that pulse energy goes into the channel 

elongation, which is in good agreement with the well-known fact about intensity clamp-

ing in the filamentation process [40,41]. However, with tight focusing (NA > 0.3), there is 

a monotonous increase in the PL yield with increasing peak pulse power, which is due to 

the dominance of geometric linear focusing and the deposition of laser energy in the lim-

ited focal area accompanied by the generation of dense luminous plasma. 

4. Discussion 

The observed luminous plasma channels were the result of a set of nonlinear optical 

effects accompanying the filamentation process. As noted above, in the studied pulse en-

ergy range there was no aggregation of vacancy centers or graphitization in the bulk of 

the sample. In this case, the modification of the material was expressed in a local change 

in the refractive index and was of a temporary nature, due to the relaxation time of free 

carrier charges generated during the photoionization of the medium. The intensity-de-

pendent refractive index of the modified region due to the Kerr nonlinearity can be repre-

sented as: 

�(�) = �� + ���, (1)

where �� is the linear refractive index of the medium, �� is the nonlinear refractive index 

of the medium, and I is the intensity of laser radiation. 

The filamentation process is initiated by self-focusing of the laser pulse, which occurs 

when the input laser power exceeds the critical power and leads to the nonlinear shift of 

the focal area position towards the laser radiation. In the general case in which the beam 

has arbitrary power and arbitrary beam-waist position, the distance from the entrance face 

of the sample to the position of the self-focus, taking into account the intensity-dependent 

refractive index, can be estimated by the refined expression [34]: 

��� =
�

�
�(�)��

�
�

���
���

�
�

 
����/�(�)��

�

, (2)
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where �(�) = 2��(�)�/� is the intensity-dependent wavenumber in the medium, and w 

is the 1/e2 beam radius at the entrance face. Using the threshold value of the filamentation 

onset Pth determined from the experimental data, the dependencies of nonlinear focal shift 

�� = �� − ��� on the pulse peak power were calculated (Figure 6a, solid lines). For com-

parison, experimental shifts were also determined (symbols). 

  

(a) (b) 

Figure 6. Dependence of nonlinear focal shift on peak pulse power (a) and on NA (b). Focal shift 

error bars: 10%. 

It can be seen that at weak focusing conditions (NA = 0.2) there is good agreement 

between theoretical and experimental focal shifts, but at higher apertures the theoretical 

calculations are several times lower than the experimental ones. Moreover, with an in-

crease in NA, the discrepancy in shifts also increases. This effect may be associated with 

plasma shielding. The dense plasma generated in the focal area partially absorbs laser 

irradiation and reflects it towards the laser beam, and only a fraction of the irradiation 

passes through this region. This effect simultaneously leads to a decrease in the length of 

the “linear” part (since it becomes dimmer than it could be) and to a lengthening of the 

“nonlinear” part (since the reflected photons fly towards the laser beam). This ultimately 

leads to an underestimation of the focal shift in the calculation model, which is based only 

on the effect of Kerr self-focusing and beam diffraction and does not take plasma impact 

into account. Moreover, with an increase in NA the plasma becomes denser and the frac-

tion of the transmi�ed energy decreases, while the fraction of the absorbed and reflected 

energy increases. This leads to an increase in the discrepancy between experimental focal 

shifts and theoretical calculations under tighter focusing conditions. 

In Figure 6b, the theoretically calculated dependences of the nonlinear focal shift on 

NA are presented. It can be noticed that at higher NAs focal shift is less subject to change 

and remains almost stable as power increases, whereas at low NA there is an increase by 

several times. This opens up possibilities for controlling such spatial parameters as the 

size and the position of the modified regions by varying the aperture of the focusing optics 

in a limited range of energies. 

5. Conclusions 

In conclusion, laser irradiation of HPHT diamond with ultra-short 1030 nm pulses at 

different NAs revealed a strong dependence of the size, shape, and position of the modi-

fied region on the used NA of the lens. Such a dependence opens up another degree of 

freedom in 3D processing in transparent dielectrics, allowing one to realize spatial scaling 
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of modified areas, for example, to vary the cross-section of the waveguide, without chang-

ing the recording setup, but only by controlling the lens aperture, which seems very prom-

ising for industrial applications. 
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