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Abstract.  Femtosecond interferometry has been used to experi-
mentally study the photoexcitation of the electron subsystem of 
diamond exposed to femtosecond laser pulses of intensity 1011 to 
1014 W cm–2. The carrier concentration has been determined as a 
function of incident intensity for three harmonics of a Ti : sapphire 
laser (800, 400 and 266 nm). The results demonstrate that, in a wide 
range of laser fluences (up to those resulting in surface and bulk 
graphitisation), a well-defined multiphoton absorption prevails. We 
have estimated nonlinear absorption coefficients for pulsed radia-
tion at l = 800 nm (four-photon transition) and at 400 and 266 nm 
(indirect and direct two-photon transitions, respectively). It has 
also been shown that, at any considerable path length of a femtosec-
ond pulse in diamond (tens of microns or longer), the laser beam 
experiences a severe nonlinear transformation, determining the 
amount of energy absorbed by the lattice, which is important for the 
development of technology for diamond photostructuring by ultra-
short pulses. The competition between wave packet self-focusing 
and the plasma defocusing effect is examined as a major mecha-
nism governing the propagation of intense laser pulses in diamond.

Keywords: femtosecond laser radiation, diamond, multiphoton 
absorption, nonlinear propagation, femtosecond interferometry.

1. Introduction

Laser modification of the structure of transparent solids is a 
convenient  and  flexible  tool  for producing  local  changes  in 
their  optical  and  physical  properties  [1,  2].  To  successfully 
employ such technologies, one should, first of all, ensure close 
control over the process. In this context, photomodification is 
a very attractive approach. Its principle is that, when excited 
carriers relax, the excitation energy is transferred to the lat-
tice, heating it or producing point defects [3]. Basically, each 
of  these  effects,  governed  by  its  own  internal  mechanisms, 
leads to permanent structural changes in the zone under irra-
diation,  which  become  more  pronounced  with  each  pulse. 
Nevertheless, it is clear that the photomodification process is 
difficult to control in this stage. The amount of electron – hole 

(e – h) pairs generated in the material  is much easier to con-
trol.

In the case of single- or two-photon absorption, this is a 
relatively trivial issue, and the degree of modification usually 
depends only on laser fluence [4]. A serious drawback to this 
approach is that the possibility of local optical energy deposi-
tion  in  the bulk of a material  is  inherently  limited, whereas 
most interest is currently focused on three-dimensional (3D) 
modification of transparent materials. A viable alternative is 
to employ high-intensity light at a relatively low (below-band-
gap) photon energy. In this approach, at a sufficient degree of 
absorption nonlinearity, free carriers can be generated in the 
vicinity of the focal region, almost without exciting the elec-
tron  subsystem  outside  it.  For  this  reason,  since  the  first 
experimental  demonstration  of  fused  silica  densification  by 
femtosecond  laser  radiation  [5],  this  approach has been  the 
subject of intense research, with application not only to sili-
cate glasses but also to a variety of wide-band-gap dielectrics, 
including diamond [6].

Nevertheless, it should be emphasised that, in the case of 
strong  nonlinearity,  light – matter  interaction  has  inherent 
features that do not always help to control the laser modifica-
tion process.  In our opinion,  two aspects are  critical. First, 
nonlinearity  should not  have  an  explosive  character, which 
otherwise might lead to appreciable contributions of inverse 
bremsstrahlung and electron impact-induced transitions. This 
may be accompanied by an avalanche, which typically results 
in  macroscopic  damage  to  the  material.  Thus,  the  light 
absorption mechanism depends  on  particular material  sub-
jected to femtosecond photomodification.

The  other  critical  aspect  is  related  to  the  necessity  of 
ensuring high  carrier  concentration. To  this  end,  intensities 
from 1012 to 1014 W cm–2 are needed, depending on the mate-
rial.  For  the  vast  majority  of  dielectrics,  the Kerr  effect  is 
important under such conditions. As a result, the competition 
between laser beam self-focusing and the defocusing effect of 
the plasma plume may lead to severe distortion of the wave-
front, an energy redistribution in the beam and, as a conse-
quence,  to unpredictable  changes  in photogenerated  carrier 
concentration.

In  this  paper,  we  report  an  experimental  study  of  the 
above aspects of the effect of femtosecond laser radiation on 
single-crystal diamond. This research was prompted by recent 
results on 3D microstructuring of diamond  [7]. Despite  the 
significant practical advances in 3D diamond graphitisation 
by ultrashort  laser pulses,  experimental data on  the mecha-
nisms of nonlinear absorption in diamond at pulse intensities 
sufficient for its graphitisation are limited to the UV spectral 
region [8] and nonlinear transformations of the beam under 
such conditions are essentially unexplored.
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2. Experimental

The laser system included a Ti : sapphire oscillator (Tsunami, 
Spectra  Physics)  and  a  regenerative  amplifier  (Spitfire, 
Spectra Physics) operating at 800 nm (Fig. 1). The diamond 
single crystal used in our experiments was grown by plasma 
CVD and was mechanically polished on four faces. To pre-
vent self-focusing before the geometric focus, after frequency 
conversion the laser beam was focused onto one of the faces 
of the crystal by an f = 35 mm spherical lens.

To  visualise  the  irradiation  results,  we  used  the 
pump – probe  technique  (Fig.  1).  After  a  beam  splitter,  the 
probe beam passed through a delay line and frequency dou-
bler and  impinged on  the  lateral  surface of  the crystal. The 
image of the region exposed to the high-intensity  laser  light 
was projected onto the plane of a CCD camera at a magnifi-
cation of 30´, digitised and processed.

A key method for gaining quantitative information about 
the state of the material during and after laser irradiation was 
femtosecond interferometry [9]. A Sagnac interferometer was 
placed between a projection objective lens and the CCD cam-
era. The interference pattern observed on a display was pro-
duced by two beams, both having a local phase disturbance 
due to the change in the index of refraction, n, in the irradi-
ated region. Since the interference fringes were rather broad, 
their  shift  in  the  irradiated  region  led  to  local  changes  in 
image brightness, which allowed us to observe and evaluate 
the change in n using the inverse Abel transformation. Thus, 
we  obtained  two,  fundamentally  identical  images  (negative 
and positive) of the affected region. One of them is presented 
in Fig.  2. Varying  the  time delay of  the  probe beam under 
fixed  irradiation  conditions,  we  obtained  a  series  of  such 
images, which allowed us to follow the dynamics of the dis-
turbance and  relaxation of  the medium at any point of  the 
laser  caustic.  The  estimated  error  of Dn  determination was 
within  20 %.  The measurement  procedure  was  described  in 
greater detail elsewhere [10, 11].

3. Results and discussion

The measurement  procedure  used  allows  one  to  follow  the 
photoinduced  disturbance  of  the  electron  subsystem  of  the 
medium by measuring the laser pulse-induced polarisation of 
the material. When transparent solids are exposed to intense 
pulses, two channels of such polarisation prevail.

One of  them is  the optical Kerr effect.  In diamond,  this 
effect  is due  to  the deformation of  its  electron orbitals  and 
causes  the  polarisability  of  the  medium  to  increase  with 
increasing field intensity: n = n0 + n2I. The Kerr coefficient of 
diamond is n2 » 2 ´ 10–15 cm2 W–1 ( l = 407 nm) [12], which 
allows the Kerr response to be detected with our experimental 
setup at laser pulse intensities above 1011 W cm–2. Since the 
effect  is  very  fast,  hyperpolarisation  of  the material  occurs 
only in the presence of a field, thus producing an ‘image’ of a 
laser  pulse  propagating  through  the material  (Fig.  2).  It  is 
extremely important that the photoinduced index change Dn 
can be measured at any point of the laser caustic, providing 
information about  the  local  field  intensity during  femtosec-
ond pulse propagation, i.e. when there is a strong nonlinear 
absorption, scattering and self-focusing.

The  other  induced  polarisation  source  is  photoinduced 
transitions and electron – hole plasma formation. Free carrier 
generation leads to a proportional decrease in  , which can be 
described in terms of the classical concepts of Drude theory: 
Dn = – (2pe2)/(n0w2m)Ne, where n0 is the refractive index; w is 
the laser frequency; m = 0.5me is the optical carrier effective 
mass; Ne  is  the  carrier  concentration;  and e  and me  are  the 
charge and mass of an electron. Like  in  the  case of  electric 
field assessment from Kerr hyperpolarisation, the e – h plasma 
density can be measured at any point of the laser caustic.

The  plasma  component  of Dn  was  determined ~500  fs 
after  pulse  propagation  through  a  point  of  observation.  It 
should, however, be noted that the Kerr component is rather 
difficult  to  properly measure.  Since Kerr  hyperpolarisation 
and ionisation of a crystal occur simultaneously, the photoin-
duced change  in n generally produces a rather complex pic-
ture in the interference image, so that it may prove impossible 
to separately assess the +Dn and –Dn variable contributions. 
In our experiments, however, even at the highest energy den-
sity, which did not exceed 10 J cm–2, the plasma contribution 
to Dn was  relatively  small, disturbing  for  the most part  the 
pulse ‘trail’. This allowed the positive part of Dn at the instant 
when the pulse peak passed through the point of observation 
to  be  assessed with  reasonable  accuracy. According  to  our 
estimates, the accuracy was 20 % or better.

Figures 3, 4 and 6 plot the free electron concentration (Ne) 
and  the  energy  density  in  a  wave  packet  (Eb)  in  a  sample 
against laser fluence on the sample surface (Es). Es was evalu-
ated  from  the measured  laser  pulse  energy,  and Ne  and Eb 
were  calculated  from  Dn.  For  all  harmonics,  the  measure-
ments were performed at two points on the optical axis. One 
point was located in a fixed position as close as possible to the 
surface (~50 mm) in order to minimise the beam path length 
in the crystal and, hence, reduce the nonlinear distortion of 
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Figure 1. Schematic of the experimental setup.

Figure 2. Interference image illustrating the propagation of a femto-
second pulse (from left to right) in diamond (266 nm, 120 fs, 90 nJ). 
One can see the surface of the sample (at left), the wave packet proper 
(black) and the plasma channel (white). The horizontal size of the im-
age is 300 mm.
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the beam. The position of  the other point was varied along 
the beam axis and corresponded to the maximum in Ne, i.e. to 
the  centre  of  the  plasma  plume.  Depending  on  irradiation 
conditions, this point might coincide with the former point or 
be up to 500 mm away from the surface. Measurements at this 
point were intended to characterise the distortion of the wave-
front. Figures 3 – 5 indicate Ec: the energy density correspond-
ing to the critical power under the focusing conditions of this 
study.

The Ne(Es) and Eb(Es) data for the fundamental harmonic 
( l = 800 nm) are presented in Fig. 3. It is seen that the laser 
fluence  in  the sample near  its  surface  is proportional  to  the 
incident  laser  fluence,  i.e.  the  energy  loss  due  to  nonlinear 
absorption  is  relatively  small. Thus,  if  the  path  length of  a 
femtosecond pulse in diamond does not exceed a few tens of 
microns,  possible  nonlinear  distortions  of  its  wavefront  do 
not have time to cause any field redistribution in the beam. 
The carrier concentration vs. Es then shows an almost power-
law behaviour, with an exponent of 4. The power-law behav-
iour of Ne(Es) indicates that, in a wide range of laser fluences 
(up to the ablation threshold, ~3 J cm–2), carrier generation is 
only  due  to  four-photon  absorption,  and  not  to  any  other 
process.

Note, however, that the density of the e –  h plasma form-
ing near the surface was not the highest at a fixed irradiation 
intensity. Since the incident power considerably exceeded the 
critical power (Fig. 3), a  laser pulse experienced strong self-
focusing when propagating through the material. At an inci-
dent laser fluence of ~1 J cm–2, the beam diameter decreased 
from 6 to 4 mm at a depth of ~500 mm. Note that, at a given 
Es, the photoinduced plasma density in the bulk of the crystal 
was higher than that near the surface by more than one order 
of magnitude,  and Ne was  a  rather  intricate  function  of Es 
(Fig. 3).

Similar  results  were  obtained  when  diamond  was 
exposed to femtosecond pulses at l = 400 nm (Fig. 4). For Es < 
1 J cm–2, Eb is a linear function of Es. At higher laser fluences, 
it  saturates, which means  losses,  presumably  dominated  by 
two-photon  absorption,  but plasma defocusing  also  cannot 
be  ruled  out.  The  carrier  concentration measured  near  the 
surface  varies  almost  quadratically  with  laser  fluence.  The 
maximum e – h pair  concentration at Es < Eth » 0.4 J cm–2 
behaves as in the above case of irradiation at l = 800 nm. If 
the laser fluence exceeds Eth, the light does not reach the bulk 
of the sample. As a result, plasma is generated predominantly 
near the surface (at a depth of several tens of microns) and the 
Ne(Es) curves for Es > Eth coincide.

This effect is rather important from the viewpoint of prac-
tical application. Control over the excited carrier concentra-
tion and, hence, over the energy transferred to the lattice is a 
nontrivial issue in spite of the well-known absorption value. 
This  is  obviously  due  to  the  severe  transformation  of  a 
Gaussian beam in the material at the intensities in question.

The nature of pulse propagation was uniquely determined 
by  the  competition  between  self-focusing  and  plasma  defo-
cusing. Figure 5 shows the magnitudes of Dn induced in dia-
mond by second harmonic irradiation. It is seen that, at high 
pulse  energies,  the  plasma-induced  polarisation  exceeds  the 
Kerr  polarisation.  As  a  result,  plasma  defocusing  leads  to 
rather effective light scattering in the near field, so that self-
focusing  cannot  prevent  beam  divergence  behind  the  focal 
plane. However,  since  the Dn(Es)  curves  for  the Kerr  effect 
and  plasma  differ  markedly  in  the  case  of  multiphoton 
absorption,  they are certain  to  intersect as  the pulse energy 
decreases (at Eth = 0.4 J cm–2 in our case). Under such condi-
tions,  self-focusing  causes  the  diverging  beam  to  converge 
behind the focus of the lens, shifting the plasma plume deeper 
into the crystal. In a certain sense, light propagation at mod-
erate intensities will be self-matched, so that the plasma- and 
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Kerr effect-induced local changes in n will differ little in mag-
nitude in the ‘focusing’ region (Fig. 5). At pulse powers above 
the  critical  level,  self-focusing  will  disappear.  It  is  easy  to 
show  that  the  carrier  concentration will  then be  too  low  to 
influence electromagnetic wave propagation, and Ne(Es) will 
return to characteristic power law behaviour. In our experi-
ments, such low e – h plasma densities were not detected.

Clearly, the same mechanism is responsible for the nonlin-
ear beam transformation under irradiation at l = 800 nm, but 
the dispersion of the Kerr coefficient and that of the refractive 
index  of  the  plasma  change  the  thresholds  for  transitions 
between propagation regimes. As seen in Fig. 3, the complete 
defocusing threshold for the fundamental harmonic is Eth » 
4 J cm–2, which exceeds the threshold at l = 400 nm by more 
than  ten  times.  Note  in  passing  that  this  accounts  for  the 
experimentally  observed  formation  of  graphite  filaments  in 
the bulk of a sample when its surface is exposed to IR radia-
tion, whereas under illumination in the visible range no such 
effect  occurs.  Indeed,  at  l  =  800  nm  in  the  self-focusing 
regime it is easy to obtain Ne ~ 1021 cm–3, which leads to an 
allotropic  transformation  of  the  crystal  relatively  far  away 
from the surface. At the same time, under illumination at l = 
400 nm self-focusing occurs only when Ne is reduced to ~5 ´ 
1019 cm–3 (Fig. 4), which seems to be insufficient for graphiti-
sation. As a result,  raising the pulse energy  leads to surface 
ablation, without damage in the bulk of the material.

We also obtained Ne(Es) and Eb(Es) data for the third har-
monic of a Ti : sapphire laser (Fig. 6). Even though the inci-
dent power exceeded the critical power at the pulse energies 
used in our experiments, self-focusing proved to be even less 
important  under  femtosecond UV  irradiation.  In  this  case, 
beam  propagation  is  determined  primarily  by  two-photon 
absorption, which is so strong that leads to a marked reduc-
tion  in  intensity  in  the  near-surface  region.  The  effective 
absorption  depth  (b2Es /t)–1  (where  t  =  120  fs  is  the  pulse 
duration and b2  is the two-photon absorption coefficient)  is 
~100 mm at Es = 0.01 J cm–2 and only ~1 mm at Es = 1 J cm–2. 
As a result, the Eb(Es) data show nonlinear behaviour and are 
represented well enough by the formula Eb = Es /(1 + b2z0Es/t), 
where z0 is the pulse path length in the medium, i.e. the dis-
tance  from  the measurement point  to  the  surface. This  for-
mula follows from the definition of the two-photon absorp-
tion coefficient, which can thus be estimated from the above 
data. The estimate thus obtained, b2 ~ 0.3 ´ 10–9 cm W–1, is 
close  to  values  obtained  by  measuring  transmission  as  a 
function  of  incident  intensity:  (1 – 2) ´  10–9  cm W–1  [8,  13]. 

Accordingly,  the  e – h pair  concentration  in diamond under 
UV  excitation  is well  represented  by  the  formula Ne ~ 
[Es /(1 + b2z0Es /t)]2 (Fig. 6a), as would be expected in the case 
of two-photon absorption.

This example well illustrates the above consideration that, 
even when a Gaussian beam is severely distorted in a sample, 
an  interference photograph allows one  to adequately estab-
lish the relationship between the state of the material and the 
field that induces electron transitions. Figure 7 plots the e – h 
pair concentration in the bulk of diamond against local laser 
fluence in it, Ne(Eb), for the three harmonics of the Ti:sapphire 
laser. It is well seen that, in a wide dynamic range of laser flu-
ences  (to  the  point  of  surface  and  bulk  graphitisation  and 
breakdown)  the  absorption  has  a multiphoton  nature.  The 
corresponding dependences show power law behaviour with 
an exponent of 4 at l = 800 nm (four-photon transition) and 
2 at l = 400 and 266 nm (indirect and direct two-photon tran-
sitions). In contrast to previous results [14], no three-photon 
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direct transition was detected under irradiation at l = 400 nm. 
Also, we  did  not  detect  any  contribution of  inverse  brems-
strahlung  to  the  excitation  of  the  electron  subsystem,  even 
under irradiation at a wavelength of 800 nm.

It is worth pointing out that the above estimate of b2 at 
l = 266 nm, made essentially from optical transmission mod-
ulation measurements,  can  only  be  obtained  in  the  case  of 
marked pulse attenuation during propagation. If absorption 
is weak, as in the case of irradiation at l = 400 and 800 nm, 
transmission measurements under conditions of severe beam 
transformation provide unreliable data.  In  contrast  to  such 
an approach, the Ne = kEb

M data obtained here (Fig. 7) essen-
tially give  the quantum yield of phototransitions and allow 
one to estimate the M photon absorption cross sections at all 
the  wavelengths  in  question  using  the  formula  bM  = 
M k M 1'w t - , where  'w  is  the photon energy. The bM values 
thus obtained are listed in Table 1.

4. Conclusions

Femtosecond interferometry has been used to experimentally 
study  the photoexcitation of  the  electron  subsystem of dia-
mond exposed to femtosecond laser pulses at different wave-
lengths. The results demonstrate that, in a wide range of laser 
fluences (up to those resulting in surface and bulk graphitisa-
tion and breakdown), a multiphoton absorption of femtosec-
ond radiation prevails in diamond. We have estimated non-
linear  absorption  coefficients  at  l  =  800  nm  (four-photon 
transition) and for pulses at l = 400 and 266 nm (indirect and 
direct two-photon transitions, respectively).

At the same time, it has been shown that, at any consider-
able path length of a femtosecond pulse in diamond (tens of 
microns), the laser beam experiences a severe nonlinear trans-
formation.  Together  with  the multiphoton  absorption,  this 
determines  the  local  carrier  concentration  in  the  irradiated 
zone and the absorbed optical energy distribution. The nature 
of pulse propagation has been  shown  to be uniquely deter-
mined by the competition between wave packet self-focusing 
and  the  plasma  defocusing  effect.  At  high  pulse  energies, 
defocusing leads to effective light scattering in the near field, 
and the e – h plasma is concentrated in the surface layer. At 
moderate  intensities, self-focusing begins to prevail, shifting 
the  plasma  plume  deeper  into  the  crystal.  At  pulse  powers 
below the critical  level,  there are no nonlinear beam distor-
tions.

When a beam is focused onto the surface of a sample, the 
threshold  for  the  transition  from  plasma  scattering  to  self-
focusing  is  rather  sharp,  strongly  depends  on  the  incident 
wavelength  and  has  a  significant  effect  on  the  diamond 
graphitisation process.
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Table 1. M photon absorption coefficients in diamond.

l/nm M bM

266 2 0.9 ´ 10–9/cm W–1

400 2 3.7 ´ 10–11/cm W–1

800 4 7.6 ´ 10–39/cm5 W–3


