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Deformation of a laser beam in the fabrication of graphite
microstructures inside a volume of diamond

T.V. Kononenko, E.V. Zavedeev

Abstract. We report a theoretical and experimental study of the
energy profile deformation along the laser beam axis during the
fabrication of graphite microstructures inside a diamond crystal.
The numerical simulation shows that the use of a focusing lens with
a numerical aperture NA < 0.1 at a focusing depth of up to 2 mm
makes it possible to avoid a noticeable change in the energy profile
of the beam due to the spherical aberration that occurs in the case
of refraction of the focused laser beam at the air — diamond inter-
face. The calculation results are confirmed by experimental data on
the distribution of the laser intensity along the beam axis in front of
its focal plane, derived from observations of graphitisation wave
propagation in diamond. The effect of radiation self-focusing on
laser-induced graphitisation of diamond is analysed. It is shown
that if the wavefront distortion due to self-focusing can be neglected
at a minimum pulse energy required for the optical breakdown of
diamond, then an increase in the beam distortion with increasing
pulse energy has no effect on the graphitisation process.
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1. Introduction

Femtosecond laser pulses allow local modification of the
structure and properties of some transparent materials, pav-
ing the way for the fabrication of various miniature devices in
their volume for integrated optics and other applications,
such as buried waveguides [1], couplers [2], directional cou-
plers [3], waveguide lasers [4], 3D microchannels [5], etc. One
of the known problems of this technology is the spherical
aberration that occurs during refraction of the focused laser
beam on a plane front surface of an irradiated sample [6, 7].
The wavefront distortion leads to a decrease in the maximum
intensity of the focused beam and a lengthening of the caustic,
the effect becoming stronger with extending the focal spot
region into the sample [8]. With respect to the waveguides
written by a laser inside glass, when the scanning direction is
perpendicular to the laser beam, it means progressive defor-
mation of the waveguide cross section [9]. This effect can be
significantly reduced by means of immersion oil that fills the
gap between the objective and the sample, or by using a tun-
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able ‘dry’ objective that can compensate for the spherical
aberration for a certain range of focusing depths [10]. To
write a waveguide with a circular cross section inside a glass
plate, Diez-Blanco et al. [11] suggested using an elliptically
shaped beam together with low numerical aperture optics [11].

The problem of spherical aberrations is also urgent for
laser microstructuring in the volume of diamond. This tech-
nology has been actively developed in recent years [12-20]
and is based on the local laser-induced transformation of dia-
mond into graphite, which is accompanied by a radical change
of the material properties. The effects of spherical aberration
in diamond, when use is made of a high numerical aperture
objective (NA = 1.4), were experimentally investigated in [15].
It was shown [15, 20] that the correction of the laser beam
wavefront with the help of adaptive optics (a membrane
deformable mirror and/or a liquid crystal spatial phase modu-
lator) allows one to reduce dramatically spherical aberra-
tions. However, it still remains unclear how much spherical
aberrations affect the process of microstructuring of diamond
in the case of using focusing optics with a lower numerical
aperture that has been used in most other publications.

The present work is devoted to a theoretical and experi-
mental study of the wavefront (deformation) distortion of
laser beams focused by relatively low numerical aperture
objectives (NA = 0.09-0.36) into diamond. The effect of
spherical aberrations in diamond at a depth of 2 mm is simu-
lated numerically, and its results are compared with experi-
mental data on the intensity profile at the beam axis. The lat-
ter are obtained thanks to a unique feature of the process of
laser microstructuring of diamond, namely the relationship
between the local laser intensity and the graphitisation wave
propagation velocity [21]. Comparison of the results for the
laser pulses of different durations (140 fs — 15 ps) also makes
it possible to evaluate the effect of self-focusing on the laser
beam deformation.

2. Experiment

A plate measuring 5.2 x 1.8 x 1.1 mm was cut from synthetic
single crystal diamond grown in a microwave plasma
(Innovative Plasma Systems GmbH). The four sides of the
plate corresponding to {100} and {110} faces of the diamond
crystal were mechanically polished using standard techniques.
The diamond sample was irradiated with long trains of pulses
(~10* pulses) emitted by a Ti:sapphire laser (Spectra Physics)
with a pulse repetition rate of 100 Hz at a wavelength 1 =
800 nm. The tuning of the output compressor of the laser sys-
tem allowed us to vary laser pulse duration within a small
range: from 140 fs to 5 ps (FWHM of the autocorrelator sig-
nal). Using one of the two aspherical lens (NA = 0.36 or 0.09),
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the laser beam was focused inside the diamond plate to a
depth from 70 um to 1.7 mm. The focus position was not
changed for the duration of the entire pulse train, but a new
location on the sample was used for each irradiation cycle.
The video surveillance system on the basis of a microscopic
objective (20°) mounted perpendicular to the laser beam
enabled real-time recording of the appearance and evolution
of a graphitised area in diamond.

For both aspherical lenses we first studied focusing of the
laser beam in the air. The target, which was a silicon wafer
with a deposited thin film of amorphous carbon, was irradi-
ated by single pulses with different energies. The size of the
emerging ablation spots was measured using an optical micro-
scope to obtain the dependence of the spot area S on the pulse
energy logarithm Q. These measurements were repeated sev-
eral times for different target positions of the target relative to
the focal plane of the lens. In most cases the resulting depen-
dences can be approximated by a linear function (lower inset
in Fig. 1). This means that the radial profile of the energy
density F(r) corresponds to a Gaussian distribution: F(r) =
Fyexp(-2r*/w?). Summing the results of measurements for
various positions of the target on the optical axis (z axis), we
found that the obtained dependence of the Gaussian radius w
on coordinate obeys the known expression:

1 o 1222

w(z) = w4 /1 + 7n2n2w6‘ R (1)
where n is the refractive index of the medium, and wy is the
minimal beam radius. The approximation by formula (1),
which is shown in Fig. 1 by the dashed line, yields w, =
0.67 um. Another well-known expression for the Gaussian
beam determines the energy density distribution on the opti-
cal axis for a given pulse energy Q as follows:
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It is important to emphasise that the absence of points on
the dependence w(z) near the focal plane (z € [-10 wm, 10 um])
in Fig. 1 is due to the nonlinear dependence of the spot area
on the pulse energy logarithm in this region (top inset in
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Figure 1. Coordinate dependence of the Gaussian radius (at the 1/e>
level) of the laser beam w, focused in the air with a lens having NA =
0.36. The dashed line shows the approximation of data by formula (1).
The insets are the examples of the initial dependence of the ablation
spot area S on the pulse energy logarithm Q, which is used to determine
the Gaussian radius.

Fig. 1), rather than to a lack of experimental data. This behav-
iour is explained apparently by beam wavefront deformation
in a high numerical aperture objective (NA = 0.36), which has
a marked effect on the spatial intensity distribution only in
the vicinity of the focal plane. The absence of noticeable devi-
ations from the Gaussian distribution for a low numerical
aperture objective (NA = 0.09), used in the experiments, indi-
cates that the initial laser beam (before the focusing lens) is
close to the TEM,, fundamental mode.

3. Processing of the experimental data

It is known that multi-pulse irradiation of a graphitised region
which appears during the initial optical breakdown inside the
diamond sample, causes a gradual extension of this region
towards to the laser beam, which can be described as the
propagation of a graphitisation wave [12]. Experimental
dependences of the graphitisation wave velocity on the coor-
dinate for different pulse energies Q, obtained by computer
processing of the video recording of the irradiation zone, were
analysed in detail in [21]. Tt was shown that the instantaneous
velocity of the graphitisation wave propagation can be repre-
sented as a sum of two components:

v(Q.2) = Vo(F(Q,2)) + A(2), 3)

where the first component is the average velocity determined
by the local energy density, and the second component is a
randomly fluctuating quantity. In [21], a method for an anal-
ysis of a large array of experimental data v(Q, z) has also been
proposed for several Q values, which can restore both the
dependence of the average velocity on the energy density
[Va(F)], and the distribution of the energy density on the
beam axis [F(Q,z)] before the intensity maximum under the
condition that the local energy density is proportional to the
pulse energy, i.e.

F(Q.2)=/(2)Q. “4)

The result of data processing by this technique is shown in
Fig. 2. The maximum energy density is achieved on the beam
axis at point z = 0, located at a depth d ~ 70 um from the
front surface of the diamond plate. As the graphitisation
wave propagates towards the laser beam (i.e. from the right to
the left) and moves away from the focal plane, the average
propagation velocity of the wave is reduced until it complete
stops. An increase in the laser pulse energy leads to the fact
that both the place of optical breakdown and stopping point
of the graphitisation wave shift towards the laser beam (to the
left). The normalised energy profile of the focused beam f(z)
(upper left inset in Fig. 2) and the dependence of the wave
velocity on the energy density V,,(F) (upper right inset) are
chosen so as to minimise the total deviation of the experimen-
tal points from the corresponding approximate curves V,(z).

Note that Fig. 2 shows the data related to only one series
of measurements, while the total number of series was twenty.
The series differed from one another by the value of one or
more experimental parameters, including pulse duration z,
depth of focusing in diamond, numerical aperture of the
focusing lens, and orientation of the crystal relative to the
laser beam. Independent processing of each experimental
series with a subsequent comparison of the recovered depen-
dences f(z) and V,(F) allowed us to verify the correctness
and reliability of the technique in question. As was expected,
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Figure 2. Experimental dependences of the graphitisation wave propa-
gation velocity v on the coordinate for different pulse energies (points)
(t =5 ps, NA =0.36, d = 70 um). Fitting curves V,,(z) (solid curves) for
each energy are obtained from the recovered dependences of the wave
velocity on the energy density V,,(F) (upper right inset) and from the
normalised energy density distribution on the beam axis f(z) for Q =
1 wJ (upper left inset).

the dependence V,,(F) was insensitive to changes in the
focusing depth and numerical aperture if other parameters
were fixed: local deviations of the recovered curves from the
average did not exceed 5%. As will be shown below, the
energy profile f(z) could vary significantly in this case. At the
same time, the recovered energy profile proved predictably
independent of the pulse duration and crystal orientation.
Condition (4), which is the key in the recovery of the
experimental power energy, is not fulfilled in the case of non-
linear transformation of the propagating laser beam, particu-
larly under the action of self-focusing. The critical self-focus-
ing power [22] in diamond is P, = aA*/(4nngn,) ~ 810 kW,
where the geometric factor for a Gaussian beam is @ = 1.9, the
linear refractive index is n, = 2.4, and the nonlinear refractive
index is n, ~ 5 x 10720 m®> W-! [23]. The resulting estimate of
the critical power should be compared with the data given in
Table 1 on the maximum power used in different series of
measurements of pulses P, ~ (1—R)Qpna.x/T, Where R is the
reflection coefficient at the air—diamond intrerface, Q. 1S
the maximum energy of the laser pulse in the series, and 7 is
the FWHM pulse duration. Obviously, the self-focusing
effect may be neglected in experiments with 1- and 5-ps pulses,
which allows one to correctly use the technique described
above to restore the real energy profile inside the diamond
plate. In using a lens with NA = 0.36 the Kerr nonlinearity
also should not have a significant impact on the energy profile
along the beam axis. However, in the case of a lower numeri-
cal aperture of the focusing lens (NA = 0.09) one should

Table 1. Maximum power (kW) in the experimental series.

T
- /fs

140 1000 5000
0.36 650 250 50
0.09 1300 (400) 400 80

Note: in brackets we present the power needed for the optical break-
down.

expect significant self-focusing of femtosecond pulses, except,
perhaps, pulses with a minimal energy that is close to the
breakdown threshold of diamond.

4. Calculation of spherical aberrations

The electric field amplitude E at point P on the optical axis
inside the diamond plate was determined by numerical calcu-
lation of the Fresnel—Kirchhoff diffraction integral [24]:

E(P) = i L&(M)M(cosﬁ +cosp)da,  (5)

where X is the integration surface corresponding to the
air—diamond interface (Fig. 3); s is the distance from point M
on the integration surface to point P; k, is the wavenumber in
diamond; f is the angle of refraction; and ¢ is the angle
between the segment PM and the z axis. It was assumed that
the initial laser beam is linearly (vertically) polarised; there-
fore, when integrating we took into account only the projec-
tion E, of the electric field vector on the x axis.
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Figure 3. Calculation of the electric field distribution in diamond.

The use of a well-known paraxial approximation for a
Gaussian beam in the calculation of the complex electric field
amplitude on the integration surface is valid only at a suffi-
ciently low numerical aperture of the focusing lens. Therefore,
in the calculation we assumed that a converging spherical
wave with a fixed centre and a Gaussian amplitude distribu-
tion across the beam cross section is incident on the diamond
plate. The condition for the applicability of this approxima-
tion is the fulfilment of the relation z% >> Z%l, where zx is the
distance from the surface X to the geometrical focal point of
the lens F; excluding refraction at the air—diamond interface,
and z is the Rayleigh length of the laser beam waist in the
air. Thus, the calculations were performed only for a suffi-
ciently large depth of the focal plane in the diamond plate
(zs > 10z). The electric field amplitude at point M on the
surface X was found from the expression

EM) = E(xm,ym) = ¥1 — R(M)
2 2
XAL%exp IMEIM iyt yut 2z ), (6)

ws

where R(M) is the Fresnel reflection coefficient at point M;
Aj is the field amplitude on the optical axis immediately after
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the focusing lens; F is the focal distance of the lens; and k& is
the wavenumber in air. The Gaussian radius of the amplitude
distribution on the surface X'is given by the formula

_ WLz (7)

Ws = f’a

where wy is the Gaussian beam radius on the lens.

Formulas for calculating the remaining quantities (s, cosf
and cos¢) in integral (5) can be easily derived based on the
scheme shown in Fig. 3.

5. Results and discussion

A decrease in the maximum intensity near the focus during a
shift of the focal plane inside the sample is one of the most
visible and easily experimentally verifiable manifestations of
spherical aberrations. The calculated dependences of the
maximum intensity at the beam axis on the focusing depth for
two values of the numerical aperture used in the experiment
are shown in Fig. 4. The maximum intensity in the absence of
aberration is taken to be unity. A rapid decrease in the calcu-
lated maximum intensity with increasing focusing depth for
NA = 0.36 is correlated with the experimentally observed
increase in the pulse energy necessary for the optical break-
down of diamond. Based on the fixed threshold intensity for
the optical breakdown, it is expected that the quantity, which
is inverse to the pulse energy threshold (see Fig. 4), will be
proportional to the calculated maximum intensity. This is
true if the focusing depth is more than 500 um; however, with
decreasing burial depth the experimental breakdown thresh-
old varies more slowly than that predicted in the calculations.
For NA = 0.09 we failed to observe in the experiment the
changes in the breakdown threshold in the depth range of
300—-1700 um with an accuracy up to 7%, which is fully con-
sistent with the results of the calculations: reduction in the
maximum intensity at a depth of 2 mm does not exceed 2 %.
The effect of the numerical aperture of the focusing lens
on spherical aberrations in diamond is shown in Fig. 5. The
calculation was performed for several fixed focusing depths,
based on the maximum thicknesses of diamond plates that are
currently available on the market. It follows from the plotted
curves that the use of focusing optics with NA < 0.1-0.2
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Figure 4. Calculated dependences of the maximum intensity /., at a
beam axis on the focusing depth D for NA = 0.36 (solid curve) and 0.09
(dashed line). The points correspond to the inverse value of the experi-
mental threshold pulse energy Q§® for the optical breakdown of dia-
mond at NA = 0.36.

(depending on the focusing depth) allows one to completely
avoid the negative effects of spherical aberration during the
microstructuring of diamond. In this case, the minimum
diameter of the aberration-free laser caustics in diamond is
~22/(mt-NA) ~ 3-5 um (4 = 800 nm), which imposes restric-
tions on the minimum cross section of the fabricated micro-
structures.
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Figure 5. Effect of the numerical aperture of the laser beam on the cal-
culated maximum intensity for several focusing depths D.

Figure 6 shows that the calculated dependences of the
laser intensity on the z coordinate are in agreement with real
energy profiles recovered in the experiment. Note that all the
recovered profiles do not reach the point corresponding to the
calculated intensity maximum, forming a gap of about 50 um
wide for NA = 0.09, and 5—12 um for NA = 0.36. The reason
is the low reliability of the results of experimental data pro-

I (rel. units)

I (rel. units)
o o o
2 o »

<
o

1
-20 0 20 =/um

1
—40

Figure 6. Calculated (dashed curves) and experimental (solid curves)
intensity profiles at the beam axis for several focusing depths D (r =
5 ps) with NA = (a) 0.09 (D = 300 and 1700 wm) and (b) 0.36.
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cessing, associated with a small number of initial measure-
ments of the graphitisation wave velocity in this region. In
combination with unpredictable fluctuations of the graphiti-
sation rate from point to point, caused by a specific mecha-
nism of the graphitisation wave propagation [21], a reliable
measurement of the averaged component of the dependence
V. (2), which is used to recover the energy profile of the beam,
becomes impossible.

As was expected (see Fig. 4), for a low numerical aperture
lens (NA = 0.09) there is a very good agreement of the exper-
imental intensity profiles for two different focusing depths D
=300 and 1700 um (Fig. 6a). The calculated intensity profile
for the same D was obtained by formula (2) for a Gaussian
beam (deviation from the results found by the Fres-
nel—Kirchhoff integral is less than 29%). On the other hand,
the recovered intensity profiles for a high numerical aperture
lens (NA = 0.36) demonstrate a characteristic drop and
stretching with increasing penetration depth of the focal plane
(Fig. 6b). The experimental profiles reproduce in the general
shape of the calculated curves; however, they exhibit a sys-
tematic deviation, which increases with approaching the
intensity maximum. For a low numerical aperture lens this
deviation is not evident and may be due to the low reliability
of data averaging near the intensity maximum. However, for
a high numerical aperture lens the profiles begin to diverge far
from the intensity maximum, and near the intensity maxi-
mum corresponding they differ twice (for D = 70 um).

The most likely reason for such a large discrepancy is the
aberration of a real laser beam before its penetration into the
diamond plate, while in calculations the wavefront shape
behind the lens was assumed spherical. Recall that the results
of the preliminary research on laser beam focusing in the air
(see Section 2) also point to a strong aberration of the beam
as it passes through a high numerical aperture lens. If we take
into account the fact that the deformation of the energy pro-
file of the beam inside diamond, caused by spherical aberra-
tions on the input face, increases with increasing focusing
depth, one should expect a simultaneous decrease in the rela-
tive contribution of the spherical aberration of the lens that
was neglected in the calculations. Indeed, with increasing
focusing depth the difference between the experimental and
calculated intensity profiles in Fig. 6b is noticeably less evi-
dent. As a result, the intensity maximum decreases slower
with depth than would be expected from the calculations.
This explains the marked difference in the rates of changes in
the inverse breakdown threshold and the calculated intensity
maximum for NA = 0.36 in Fig. 4.

Using low numerical aperture optics for focusing a laser
beam allows one to avoid the beam deformation due to spher-
ical aberrations and, at the same time, leads to an increase in
the minimum pulse energy (or peak power) required for the
optical breakdown of the material. As a result, the increased
breakdown threshold power can be close to the critical self-
focusing power, or even exceed it, which again makes impor-
tant the issue of the laser beam deformation because of self-
focusing. In our experiments, a similar situation occurred in
focusing femtosecond pulses by a low numerical aperture lens
(NA = 0.09), i.e. the maximum power significantly exceeded
the critical self-focusing power although the breakdown
threshold power was two times lower (see Table 1). The use of
the above techniques of the experimental intensity profile
recovery is incorrect in this case, since the laser beam distor-
tion during self-focusing leads to a violation of conditions (4).
However, there is an easy way to evaluate the difference

between the real axial intensity profiles for femtosecond and
picosecond pulses focused by the same low numerical aper-
ture lens.

The available video recordings of the evolution of the
graphitised region in diamond allow us, in particular, to
obtain data on the position z,(Q) of the point of the initial
breakdown of diamond, which is shifted from the focal plane
towards the laser beam with increasing pulse energy. The shift
is due to the fact that the breakdown occurs at a point where
the local energy density reaches a certain threshold value Fy,
(Fig. 7a). For t = 5 ps and NA = 0.09 the recovered energy
density profile F(z) is close to Gaussian (see Fig. 6a), i.e.
described by formula (2), which gives the relationship:

20 ()

W Ry

Zor(0Q) = zp

where zi, = awd/A. is the Rayleigh waist length in diamond.
Figure 7b shows the experimental dependence zy,(Q) for
T = 5 ps (squares) and its approximation by formula (8)
(dashed curve). Also presented are the experimental depen-
dences z,(Q) for femtosecond pulses, the upper scale of the
pulse energy range being chosen such that the breakdown
thresholds for both pulse durations coincide in the figure. The
actual agreement between the experimental dependences
zp,(Q) for 7 = 140 fs and 5 ps (including the spread of the data
and different breakdown thresholds F};) means that the axial
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Figure 7. (a) Illustration to the shift of the breakdown point from the
focal plane towards the beam with increasing pulse energy, and (b) an
experimental shift of the breakdown point for 7 = 5 ps (m) and 140 fs (o)
and values of the B-integral for 7 = 140 fs (solid curve) as a function of
the pulse energy at NA = 0.09.
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profiles of the energy density F(z) in both cases are very close
and described by formula (2). This result, at first sight, is
clearly contrary to our assumptions about the intense self-
focusing of high-energy femtosecond pulses.

To understand this contradiction, it is necessary to take
into account the fact that the process of laser-induced graphi-
tisation of diamond is localised in front of the focal plane in
that spatial region where the energy density does not exceed
the breakdown threshold. The corresponding part of the
energy profile F(z) is shown in Fig. 7a by a thick line. The
wavefront distortion in a given plane, which determines the
actual occurrence of self-focusing, can be estimated with the
help of the B-integral [25], which describes the accumulated
change in the phase of the wave on the beam axis due to the
Kerr nonlinearity. The integration is performed on a section
from the front surface of the diamond sample to the given
plane. In the case of a Gaussian beam (i.e. in the absence of a
significant transformation of the energy profile) the value of
the B-integral at the point of the optical breakdown can be
calculated by the formula

B(av) = 2 [ “matdz
_2n -i( D)\ —1( Zbr
= Tnzlom[tan ($> tan (Zm )], )

where 7, is the nonlinear refractive index of diamond, and I
is the intensity in the focal plane. Substituting into (9) the
experimental data z,(Q) for T = 140 fs, approximated by for-
mula (8), we obtained the B-integral as a function of the pulse
energy [B(Q) for D = 300 um]. As follows from Fig. 7b, the
maximum value of the B-integral at the breakdown point is
reached at a minimum pulse energy, sufficient for the optical
breakdown of diamond. With increasing pulse energy the
B-integral is gradually reduced as the growth of the laser
intensity at each point is compensated for by the shortening
of the interval of integration due to the withdrawal of the
breakdown point of the focal plane.

The obtained integral change of the phase on the beam
axis (less than 0.8 rad) from the front face of diamond to the
optical breakdown point, i.e. in the region of a potential laser
diamond modification, is not sufficient for a visible transfor-
mation of the energy profile of the beam despite the fact that
the critical self-focusing power is achieved at a femtosecond
pulse energy of 137 nJ (the maximum energy is 245 nJ). A
significant growth of the B-integral for the high pulse energies
is observed only behind the breakdown point (i.e. closer to the
focal plane) and does not affect the process of laser micro-
structuring of diamond. By increasing the focusing depth D
from 300 to 1700 um, the maximum value of the B-integral at
the breakdown point for the same pulse energies increases by
only 70%, which also should lead to a significant transforma-
tion of the energy profile. The presented results of the calcula-
tions by the B-integral emphasise an important feature of the
self-focusing effect: the wavefront distortion is spatially
localised within a relatively small region near the focal plane
where the laser intensity reaches maximum values.

The lack of a significant deformation of the beam in the
region of diamond graphitisation, found in the experiment
and confirmed by the calculations, is caused by the fact that
the minimum output power in the optical breakdown of dia-
mond was twice below the critical self-focusing power. An
increased energy (power) of the pulse does not lead to defor-

mation of the beam in the graphitisation region due to the
progressive shift of this region from the focal plane. However,
with approaching the threshold breakdown power to the crit-
ical self-focusing power, for example due to a decrease in the
numerical aperture of the focusing lens, self-focusing can
have a noticeable impact on the microstructuring of diamond.
Note that, unlike the spherical aberration discussed above,
this effect will weakly depend on the focusing depth.

6. Conclusions

Numerical simulation of the spherical aberration that occurs
during refraction of light on the plane front surface of the
diamond sample has made it possible to quantitatively assess
the laser beam deformation as a function of the focusing
depth and numerical aperture of the focusing objective. For a
typical diamond sample thickness of 0.5 mm, the maximum
change in intensity near the focus point does not exceed 1%
when use is made of a focusing lens with a numerical aperture
NA <0.2. With increasing sample thickness to 2 mm, which is
close to the limiting thickness of commercially available dia-
mond single crystals, the critical value of the numerical aper-
ture is reduced to ~0.1. The simulation results are generally in
good agreement with the experimental data on the axial pro-
file of the laser intensity inside diamond in front of the focal
plane, recovered using original techniques using the correla-
tion between the local intensity and the average velocity of the
graphitisation wave propagation. The observed discrepancies
are apparently due to the undocumented aberration of the
laser beam as it passes through an aspherical, high numerical
aperture lens.

We have found that, in considering the impact of the self-
focusing effect on the laser beam deformation during dia-
mond microstructuring, one should take into account the fact
that the laser modification of the material occurs in front of
the focal plane, the distance from the graphitisation zone to
the plane increasing with increasing pulse energy. The calcu-
lation of the B-integral characterising the beam wavefront
distortion due to self-focusing shows that if the beam defor-
mation is absent at a minimum pulse energy that causes a
breakdown of diamond, a further increase in the pulse energy
will also not lead to the transformation of the energy beam
profile in the graphitisation region.
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