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The effect of the focusing optics numerical aperture (NA) on the plasma channels formation induced by 1030 nm
ultrashort laser pulses in bulk of synthetic diamond is investigated. It is shown that in the studied peak power range
Po = 0.45—0.9MW at NA < 0.2 the nonlinear focusing regime takes place, in which the significant influence of
Kerr self-focusing leads to the extended plasma channels formation, and with tight focusing (NA > 0.3) it happens
in the linear regime, where due to the predominance of geometric focusing the formation of more compact
structures is possible. The transition from a nonlinear to a linear focusing depends on the power of the laser pulses
and at lower powers occurs at higher values of the numerical aperture. The results obtained can be used to improve
the accuracy of in-bulk laser micro/nanomodification and to control the spatial parameters of the modified regions.
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Introduction

The study of the parameters of nonlinear optical bulk
interaction of ultrashort laser pulses (USP) with crystalline
dielectric materials is currently of great interest both in
terms of fundamental aspects of solid state physics and for
solving applied problems. The use of femtosecond laser
pulses characterized by short duration and high peak inten-
sity makes it possible to provide unprecedented precision
and control for laser-induced micromodification of materials
in promising and rapidly-developing areas such as the
creation of functional devices for micro/nanoelectronics [1],
perspective optical memory [2], diamond tracing [3,4].

During USP propagation through a dielectric material, the
electric field of these pulses induces nonlinear polarization
response inside the material resulting in intensity-dependent
variation of the material’s refraction index known as the
optical Kerr effect [5]. Due to the fact that for most
materials the nonlinear refraction index is positive, the
refractive index in the near-axial region increases, which
leads to nonlinear self-focusing of the beam [6]. On the
other hand, with an increase in the intensity of laser radia-
tion in a dielectric material, a process of photoionization
occurs, leading to the formation of dense plasma and
local decrease in the refractive index, resulting in beam
defocusing [7]. Dynamic balance between the Kerr self-
focusing and plasma defocusing results in formation of
filamentation channels — extended regions with consistently
high energy density [8]. The filamentation process directly
affects the energy absorption efficiency and the formation
of plasma channels that define the dimensions of material
modification area and the rate of change.
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Formation of plasma channels is affected by various
factors, including laser properties (beam quality, pulse
duration, wavelength, etc.), medium properties (nonlinear
refraction index (M), linear refraction index (ny) and mul-
tiphoton absorption factor), as well as focusing geometry.
A study of the dependence of the critical power of self-
focusing on the pulse duration was carried out in [9)],
where linearly and circularly polarized laser pulses with
wavelengths of 515 and 1030 nm were focused into fused
silica, fluorite, natural and synthetic diamond. The effect of
laser polarization state on filamentation was assessed in [10]
by the luminescence analysis of plasma channels generated
in synthetic diamond produced in high pressure and high
temperature (HPHT) conditions when exposed to focused
USP. Formation of plasma channels is known to depend
greatly on the laser beam focusing conditions [11,12].
A higher numerical aperture ensures stronger focusing
resulting in higher plasma density [13,14]. Although, the
effect of geometrical focusing on the Kerr self-focusing and
plasma defocusing was established, a transition point where
geometrical focusing dominates in the plasma channel
formation process has not been identified yet. The effect of
geometrical focusing on filamentation in air was studied by
analyzing wavefront sags showing the optical path difference
between the wavefront center and edges [15]. This method
was extended to cover the analysis of filamentation in fused
silica [16]. However, the role of focusing, in particular,
numerical aperture (NA) of focusing optics, is still unknown
and opens a wide research area, especially considering
the varying plasma density in strong and weak focusing
conditions.
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Figure 1. Experimental setup

Thus, it is important to study the focusing optics param-
eters, in particular, numerical aperture, on the filamentation
process resulting in plasma channel formation inside the
dielectric material. Synthetic diamonds produced in HPHT
conditions (known for its unique thermal and optical prop-
erties, having high thermal conductivity, wide bandgap and
stable optical nonlinearity) serves as an excellent platform
for study of nonlinearly optical interaction between USP
and propagation medium, which will further enhance the
accuracy and efficiency of the femtosecond laser technology
for micro/nanomodification of materials.

Experiment

The experiment was carried out on a laser setup
where Satsuma optical fiber laser (Amplitude System) with
fundamental wavelength 1030nm (TEMjgg) served as a
laser light source. Ultrashort laser pulses with a duration
of 300fs, repetition rate of 100kHz and peak power
Po = 0.45 and 0.9 MW were focused inside a IIA type syn-
thetic HPHT-diamond with dimensions 3 x 1.5 x 1.5mm
(Figure 1). USP were focused into the sample by a
microlens with numerical aperture NA = 0.55, and the nu-
merical aperture was varied in the range NA = 0.15-0.45
using an iris diaphragm placed in front of the microlens,
thus, providing the focal spot radius in the waist at 1/€?
within wo ~ 0.73—-2.2 um.

Multi-pulsed USP focusing at 1030 nm provided nonlin-
ear interband photoexcitation of free-exciton photolumines-
cence (PL) inside the material [10,17] with formation of
extended plasma channels in the rear focal plane of the
microlens. Visualization of plasma channels was performed
through the side of the sample, at right angle to the
laser propagation axis using a CMOS camera through the
microlens with NA = 0.2.

Results and discussion

Microimages of USP-induced plasma channels inside
the diamond sample are shown in Figure 2, and the
corresponding luminescence intensity distribution sections

are shown in Figure 3. At peak pulse power Py = 0.45 MW,
luminescent channels occurred around the central position
of the linear focus z; ~ 1300um. As the numerical
aperture increased, an increase in the luminescence intensity
was observed and accompanied by simultaneous decrease
in channel length, while their shape remained almost
symmetrical (Figure 2,a, 3,a) that may be explained by
minor contribution of nonlinear effects and prevalence of
geometrical linear focusing.

The effect of the Kerr and geometrical focusing on the
plasma defocusing compensation was assessed in accor-
dance with the analytical model proposed in [16]. The
model is based on the analysis of the wavefront sags S
that represent an optical path difference between the center
and edge points of the laser beam wavefront. For Gaussian
beam focusing, the sag caused by geometrical focusing is
defined [18] as

2
R(z)? — w(z)? ~ 2“’? z-1), (1)

So = R(2) -

where

— laser beam radius,

Wy =

1 /O -NAY

NA

— focal spot radius, 4 — laser wavelength, zg = ”Tw‘z) —
Rayleigh length, f — geometrical focus position.
Wavefront sags caused by the Kerr self-focusing and
plasma defocusing may be obtained by finding the optical
path difference between the wavefront center and edge:

z

S(z) = —/ Any (2)dZ’, (2)

0

where Any(z) is the refraction index difference induced by
the corresponding nonlinear effect.

Increase in the refraction index caused by the Kerr effect,
Angerr(z) = mlo(z), where n, is the nonlinear refraction
index of medium, 1o(z) = 2Po/7w(z)? is the peak laser
intensity, Py is the peak laser pulse power.

Thus, the wavefront sap from the Kerr effect may be
defined [16] as

Sk(z) = 2P°7nzzzR(tan—1 Zz_f +tan~! i). (3)

Twg R ZRr

Local decrease in the refraction index due to formation
of plasma Any(z) = —p(z)/2pc, where p(z) is the plasma
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Figure 3. luminescence intensity distribution sections in plasma channels induced by USP with peak power Py = 0.45 (a), 0.9 MW (b).

density at the optical axis and pc = w’eoM;/€* is the
critical plasma density, where e is the electron charge,
m; = 0.3m is the effective electron mass [19], @ is the
electromagnetic radiation frequency, & is the vacuum
dielectric permittivity. Considering that the plasma density
is defined by the photoionization rate, the sag caused by the
plasma defocusing may be defined [16] as

Se(2) (4)

V4
—1/2p¢ / Wi (2/)d2,
0

where 7 is the pulse duration, Wp, is the photoionization
rate.

Plasma density depends on the rate of seed processes
such as multiphoton and tunnel ionization. The Keldysh
theory [20] describing the interaction between the laser radi-
ation and the matter serves as the fundamental for electron
density growth simulation on the basis of photoionization
processes. Under this theory, the multiphoton and tunnel
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photoionizations are set as two limiting conditions of the
same physical phenomenon — ionization in the variable
electromagnetic field. To define the condition of interaction
between the light field and matter, the Keldysh parameter is

used [21]
) m;cnoeoEg
V=2 T
e lo

where ng is the linear refraction index of the medium, c is
the speed of light in vacuum, Eg is the bandgap.

Thus, at low laser intensities, multiphoton ionization
functions as the dominating process, and the Keldysh
parameter p > 1.5 [22]. The tunnel ionization takes
place in extra intense laser fields at laser pulse duration
< 10fs or intensities > 10'W/cm?® [23]. In our case,
in the power range under study Py = 0.45—0.9 MW with
weak focusing (NA = 0.15), the Keldysh parameter varies
within y = 79—1.5, and with strong focusing (NA = 0.45),
it varies within y = 261—0.4. Therefore both processes —

(5)
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Figure 4. Dependence of the wavefront sag on the distance from the focal plane z’ in various focusing conditions or peak powers
Po = 0.45 (a), 0.9MW (b): geometrical focusing — Sg, green curve; Kerr self-focusing — Sk, red curve; plasma defocusing — Sp, blue

curve.

multiphoton and tunnel — make their contribution and the
full photoionization rate is calculated by expression [24]

() o D)

14 Y h

E**
X exp{—n( + 1)

/(=)

where Q(y, X) is the pre-exponential term described by the
function

Q(y. x) = {n/zK <¢%_yz>} -

() =)

(6)
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K and E is the complete elliptic integrals of the first and
second kind. ¢ — is the Dawson integral defined as

X

F(x)=e® / e tdt,

0

Eg* — is the effective bandgap equal to

e 20 /1 4p? y
E;* = = E E .
J V4 /1+V2

Graphs of the dependence of the wavefront sags on
the distance from the focal plane z’ in various focusing
conditions for peak powers closer to the filamentation
threshold power Py = 0.45 MW [14] and double threshold
power Py =0.9MW calculated using equations (1)—(8)
are shown in Figure 4, a and 4, b, respectively. It can be seen
that far from the geometrical focus, the laser intensity is low
and geometrical focusing (Sg — green curve) prevails over
the nonlinear effects, therefore, both nonlinear effects —
self-focusing and plasma defocusing are minor at a large
distance from the focal plane. The contribution of the
Kerr nonlinearity starts growing closer to the geometric
focus and after point zx where the sags from the Kerr
(S« — red curve) and geometrical focusing are equal to
|Sk| = |Sc|, nonlinear self-focusing starts prevailing over the
linear one, this results in nonlinear focus shift towards the
laser radiation. With further approach to the focus due to an
increase in intensity, plasma density starts growing resulting
in beam defocusing (corresponding sap Sp — blue curve),

(8)
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and after point zp, where |Sp| = |Sg|, plasma defocusing
prevails over the geometrical focusing. With weak focusing
(NA < 0.2) for both powers under study, contribution of the
nonlinear self-focusing starts increasing earlier than increase
in the plasma density occurs (zp > zk), therefore the Kerr
nonlinearity plays a dominating role, which is expressed
in formation of extended plasma channels, and nonlinear
focusing mode may be suggested. In strong focusing con-
ditions (NA > 0.3), geometrical focusing ensures sufficient
intensity for dense plasma generation and plasma defocusing
starts earlier than nonlinear self-focusing is able to develop
(zk > zp). This results in laser energy localization near
the geometrical focus region and in formation of compact
plasma channels, and then focusing continues in the linear
mode. A transient mode is also observed where both self-
focusing and plasma defocusing make equal contributions
to the nonlinear optical interaction process: for power
Po=0.45MW zx ~zp at NA=0.25, and for power
Po=09MW — at NA=0.2.

For both powers under study, some general patterns
may be highlighted: with increase in the numerical aper-
ture, geometrical focusing becomes more significant, and
the considerable influence of the Kerr effect takes place
closer to the focal plane, while plasma defocusing, on
the contrary, takes place earlier, and as the laser pulse
power increases, its effect becomes more pronounced.
Thus, in weak focusing conditions (NA < 0.2), nonlinear
type of focusing is suggested, and with strong focusing
(NA> 0.3) — linear focusing is suggested, while for
apertures NA = 0.2—0.25 , a transient mode is observed.
The findings match well with the experimental data obtained
in [14] for plasma channel photoluminescence yield with
various apertures, where it has been shown that with
weak focusing (NA =0.15, 0.2), as the pumping energy
increases, luminescence yield growth is little if any, and
all energy is spent to increase the channel lengths, and as
the pulse energy increases with strong focusing (NA > 0.3),
monotonic luminescence yield growth of the dense plasma,
localized near the focal region, is observed.

Conclusion

The studies carried out in this work on the influence of
the numerical aperture of the focusing optics on the process
of formation of plasma channels induced by femtosecond
laser pulses inside synthetic diamond showed that in the
studied range of peak powers Py = 0.45—0.9 MW in weak
focusing conditions (NA < 0.2), nonlinear type of focusing
is observed (significant effect of Kerr self-focusing results
in formation of extended plasma channels). With strong
focusing (NA > 0.3) linear type of focusing is observed,
which allows the formation of more compact structures.
Transition from nonlinear to linear type of focusing depends
on the laser pulse power, and with higher apertures takes
place with lower laser powers.
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