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IMPROVED TREATMENT OF THE PHOTOIONIZATION
PROCESS IN THE LASER INDUCED OPTICAL
BREAKDOWN IN THE LASER TISSUE

Violeta PETROVIC! and Hristina DELIBASIC?!

The development of laser technology led to the discovery that laser-living
tissue (cells) interactions have significant biomedical applications and can be used to
perform precise surgical procedures of ‘water-like' tissues (such as the eye). When the
focus is located within transparent biological cells and tissues, nonlinear absorption
processes initiate a laser induced optical breakdown. The threshold for breakdown is
defined by a certain critical free electron density. An in depth understanding of these
processes orientated our theoretical research to the development of rate equations
describing electron density growth in a transparent biological media exposed to a
femtosecond laser pulse. In order to provide an accurate theoretical model and to
predict damage occurrence, we took into account the losses through diffusion of
electrons out of the focal volume, cascade ionization and the model of photoionization
based on the standard Keldysh and ADK theory.
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1. Introduction

The advent of high-power lasers opened the door for a wide range of laser
application [1, 2, 3]. The effect known as the breakdown is a very important topic
due to its role in laser applications. Breakdown is an effect which can be produced
by high electric field strengths. This means that after a spark the medium becomes
electrically conducting. Laser-induced breakdown (LIB) can occur in any media:
solid, liquid, or gas. In this paper, we deal with laser-induced breakdown in water
which is of great interest for laser applications in medicine. It has been shown
experimentally that the optical breakdown in water is very similar to the liquid
inside the eye and other biological media [4]. In laser eye surgery, the plasmas
created by LIB in the eye are used to cut intraocular tissue [5].

High-power lasers are characterized with ultra-short pulses with extremely
high intensities enabling deposition of laser energy into materials in a very efficient
manner. The essence of a laser application is a physical picture known as a laser-
matter interaction and ionization is the main process. For these intensities, the
process is nonlinear [6]. Nonlinear processes became interesting with the
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appearance of femtosecond lasers, which can be used to achieve very fine and
highly localized laser effects inside biological media [6]. Before that, they were
considered useless as their appearance was related to optical damage [7].

2. Theoretical background

The key point related to LIB is free electron density which can be produced
through two steps. In the first, photoionization is the main process, while in the
second, the obtained electrons produce electrons through effects known as
secondary electron emission (SEE). The mechanisms behind SEE are based on the
acceleration of free electrons through inverse Bremsstrahlung to high energies,
which can lead to the avalanche process and breakdown of the material [8]. The
critical electron density, as well as the critical field intensity of expected plasma
creation, are also topics of interest.

The process of plasma formation through laser induced breakdown in the
pure and transparent liquids (such as water) is schematically illustrated in Fig. 1 and
it will be discussed in the text below.
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Fig. 1. Scheme of photoionization, inverse Bremsstrahlung and impact ionization in the process of
LIB [9].

Comprehensive studies by VVogel and coworkers [6, 7, 9] have demonstrated
that, generation of free electrons in the conduction band can be provided either by
photoionization (tunneling or multiphoton ionization), or by impact ionization.
Based on obtained results in [9], they concluded that when a free electron is
produced in the medium it can absorb photons in a non-resonant process called
inverse Bremsstrahlung absorption. After several successive events of inverse
Bremsstrahlung absorption, the electron gains sufficiently large Kinetic energy to
produce additional electrons through impact ionization. This leads to an avalanche
growth in the number of free electrons, while gained energy is required to overcome
the energy loss by collisions with heavy particles occurring without simultaneous
absorption of a photon. The whole process is called avalanche (or cascade)
ionization. Because several consecutive inverse Bremsstrahlung absorption events
are necessary for a free electron to pick up the critical energy for impact ionization,
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there are time constraints for the avalanche ionization process. Recent experimental
investigations yielded a value of the time before impact ionization can occur to be
roughly 1 fs [9].

In this paper, we analyzed the probability for free electron creation in
different processes which influence the whole process of laser-matter interaction,
for femtosecond pulse duration. This is the main precondition for observing the free
electron temporal density evolution. The atomic system of unitse =m, =h =1
is used throughout the paper [10].

According to [7, 9, 11] the time evolution of free electron density can be
calculated using the complete rate equation which considers it as a cumulative
contribution of the following relevant physical mechanisms:

dpc _ 2
d_tc = Wphoto + WeascPe + WeermPe — WaiffPc — WrecPc™ > (18.)
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where the first term represents the contribution of the photoionization, tunnel or

multiphoton rate, (% , the second of the cascade (avalanche) effect,

t )photo
(ﬂ) , and the third is the thermal ionization, (%) . while the last two terms
casc dt

dat term
describe the electron’s losses through the processes of diffusion of free electrons

from the focal volume and recombination respectively, (%) and (%) :
diff rec

Diffusion is characteristic for nonlinear absorption and can significantly influence
the observed process. From Eqg. 1a, it can be seen that the cascade and diffusion rate
are proportional to the first degree of the number of produced free electrons, while
the recombination is proportional to the second because of possible electron and
hole recombination. According to [7], the last two terms should not have a
significant influence for the femtosecond, unlike nanosecond lasers. Our intention
is, among other things, to check this claim by analyzing the contribution of all
above-mentioned processes.

A Keldysh approach is usually used to describe the photoionization term. It
has a wide range of applicability related to the value of the Keldysh parameter [12].
Keldysh introduced the well-known, Keldysh parameter, y = w\/E/F, where w
is the laser frequency, I, is the unperturbed ionization potential and F is the laser
field strength used to distinguish two limiting regimes of the photoionization
process. For y > 1 (much higher than unity) multiphoton ionization is the dominant
process, while for y « 1 tunnel ionization is the dominant process. According to

Keldysh [12], the photoionization term, (%) hoo] per electron, is given by the
photo

following expression:
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The bracket ( ) indicates the integer part of the photon’s number necessary to ionize
the target. The function Q (y, IZ”) is defined through an elliptic integral of the first

and second kind, K (x) and E (x), as well as the Dawson probability integral, ®(y, x)
[12]:
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To describe the corresponding density change, it is necessary to introduce
the electron density in the ground state which corresponds to the total electron
density at room temperature, p, = 6.68 X 10%?2cm™3 [13] and free electron density,
p.- Now, the density change can be expressed as:

(56 o = @621 0) (0 = ). @

But, how the femtosecond optical breakdown requires very high field
intensities leading to very short tunneling time and y < 1, it follows that tunnel
ionization occupies an important place in the description of the femtosecond
breakdown. Thus, we can introduce the most often used ADK theory to describe
the photoionization rate [14]. In regard to [15], we tried to improve the commonly
used Keldysh theory and, moreover, we compared these two approaches. Based on
the ADK theory the photoionization rate can be calculated using the following
formula [14]:

2n-1

Bxp - 22 - B, ©)

4z3e

WADK(V' F, w) - (Fn4 ) 3Fn3 3w
where p, denotes the longitudinal component of the initial momentum, Z is the ion
charge and n is the principal quantum number. Based on all aforementioned, we
now suggest that a photoionization rate equation can be we rewritten as a sum of
the rate for the tunnel and multiphoton regime as: wynoto = Wapk + Winp, Where
Wp,, indicates the multiphoton limit of the general Keldysh equation [12] and w,px
is the tunneling rate. Thus, the photoionization rate can be written as:
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Ejected electrons obtained through the photoionization process, known as
free electrons, can gain energy from the inverse Bremsstrahlung absorption [9] and
induce impact ionization leading to an avalanche effect. The corresponding rate and
electron density change are given respectively by [13]:

T _ vt 2
Wcasc(yl F,w, IP) ‘c2+1 [cno(3/2)1p F Mmlp d ] (72)
dpc
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where 7 is the time between collisions (according to [16] this time is approximately
t~1fs for a femtosecond breakdown) and n, is the refractive index of the medium
at a given frequency, w and M,, is the mass of a water molecule. All values can be
found in [16].

Researchers are strongly divided between two points of view. Some state
that the femtosecond breakdown is mainly driven by multiphoton or tunneling
ionization [17] and that the avalanche effect is minor, while others claim that the
avalanche ionization dominates [18]. That is why we discussed the relative
importance of photoionization and the avalanche effect in the sense of producing a
breakdown. Also, an electron avalanche is considered to be a principal mechanism
for laser pulses longer than a picosecond, but at the same time some measurements
suggested that it is still significant in the femtosecond regime where it is expected
that photoionization becomes the dominant process in free electron production [17].

To complete the picture of the LIB process, it is important to consider
additional effects. First, we observed thermal ionization. The thermal ionization
contribution (third term in Eq. 1b) is given by the formula [19]:

1/2 .
Wenerm(¥, F, @, 1) = 5T ( » ;)% \E (%) Exp (— ﬁ) (8a)
dpe
(d_pt)therm - Wtherm(]/, F,w, IP) X Pe: (8b)

where T is the temperature in the focal volume of the laser [19]. The focal volume
can be approximated in different ways. The most common are spherical and
eIIipsoidaI [20]. In this case we assumed it to be ellipsoidal of a radius r, and length
zp = mré /A [13]. During the process of thermal ionization, the temperature rises in
the focal volume, while the reproduced energy carried by the free electrons occurs
within a few picoseconds to tens of picoseconds [9]. Findings of the performed
experiment [21] undoubtedly indicated that for pulse durations longer than about
10 ps, large amounts of energy are reproduced from free electrons during the laser
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pulse. This process results in a temperature increase to several thousand degrees
Kelvin directly leading to a bright plasma luminescence.

Lastly, the last two terms in Eqg. 1b represent processes that decrease the
density of free electrons: diffusion and recombination. In LIB, one part of the
electrons created in photo or cascade ionization can diffuse out of the focal volume.
After diffusing, those electrons cannot play a role in furthering the avalanche
process and, as a result, the density of the electrons will decrease. The appropriate
rate formula for diffusion is given by expression [22]:

Wdiff(lp) = % (%)2 + (i)z], (9a)
(%)diff = Wai(Ip) X pe. (9b)

In the recombination event, free electrons become bound again by
recombining with holes. With increasing free electron density recombination losses
are larger because recombination is proportional to p.2. An empirical formula for
density change can be used for the recombination term [23]:

(%) =2x 1071 cm3/s x p,? (10)
rec

In our results, we did not discuss recombination and thermal ionization. The
reason for that is that we have empirical formulas for both of these processes and
these terms do not qualitatively affect our results. These effects only influence the
rate quantitatively while maintaining the rate’s curve shape. Recombination was
previously neglected also by [13,24]. Because of that, they were not of interest for
us this time.

Following [25] it is assumed that water can be treated as an amorphous
semiconductor with I, = 6.5 eV. But, according to [22] this value should be
changed to the autoionization threshold of I, = 9.5 eV which can be understood in
the sense of a band gap.

As mentioned in [15], the ionization potential has a significant role in
ionization and LIB. In the following, we will discuss a corrected ionization
potential.

For very short laser pulses, the ionization potential should be replaced by
the effective ionization potential, Ipeff, to account for the oscillation energy of the
electron due to the electrical laser field, Uy, known as the ponderomotive potential.
Additionally, we included splitting of energy levels through the linear Stark shift
[26]:

F2 1 1 1
Ipeff =Ip +Up +ESL‘ = Ip+m+EaF2 :Ip (1+m)+EC¥F2, (11)
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where « is the polarizability of a water molecule [27]. These inclusions lead to the
effective ionization potential, Ipeff, on which the rate depends exponentially.

3. Results and discussion

In this paper we focused primarily on the photoionization rate and compared
the usually used Keldysh approach with ours, which considers a combination of the
Keldysh and ADK approach. We observed the laser wavelength A = 800 nm, with
100 — fs pulses and field intensities in the range I = 103 — 10> Wcem™2, focused
into water. The mass of a water molecule is M = 3 x 10%6 kg and the refractive
index ny, = 1.33. For these parameters, a free-electron density of p. =
2 x 10 cm™3 can be achieved [9]. We assumed that the unperturbated value of
the ionization potential is I, = 0.21 in atomic units [24]. The polarizability of a
water molecule, a, is fixed to the value @ = 9.6 [27]. Because of the mentioned
divided opinions about photoionization [17, 28], first, we were interested to discuss
the role of tunneling and multiphoton ionization in the process of LIB, for different
fixed values of field intensities.
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Fig. 2. Comparative review of the photoionization rate,a)K(y, Ip,a)), fory = 0 — 1,and for fixed
laser field intensities, I = 103,10, 10> Wcem™2, red, blue and green line respectively.

In Fig. 2, we plotted the photoionization rate, based on Eg. 2, (Keldysh
approach) for the Keldysh parameter in the range y = 0 — 1 and for fixed laser
intensities of 7 = 10*3,10%, 10> Wcm™?2 respectively. The graphs clearly show
that tunneling gives a large contribution to the photoionization rate for y < 0.4 and
that the photoionization contribution drastically decreases with y approaching 1. It
is obvious that this rate has a major contribution in the tunneling range while for
the multiphoton one it is significantly lower. This is completely in accordance with
[14]. Also, graphs show that the field increase leads to more significant domination
of tunnel over multiphoton ionization.

Because of the dominant role of tunneling in the process of photoionization,
we introduced the ADK theory to describe the photoionization rate in the tunnel
domain, Eq. 5, while for multiphoton we used the Keldysh approach, Eqg. 6, and as
a result we obtained the comparative review shown in Fig. 3.
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Fig. 3. Comparative review of photoionization rates, full Keldysh a)K(y, L, a)) and cumulative,
ADK and Keldysh, Wy (v, F, ,1,), for y = 0 — 2, for a fixed laser field intensity, I =
10 Wem™2,

We fixed the field intensity to the value I = 10'* Wcm™2 on which both
ionization mechanisms can occur. The graph clearly shows that when y is smaller
than unity, 0 < y < 0.5, the tunneling rate predicted by the ADK theory is higher
than the values predicted by Keldysh. In order to obtain results that are a closer
representation of the real physical picture, we think that, for this range of values for
which tunneling ionization is a dominant process, using ADK is a better approach.
This behavior was completely expected and also experimentally confirmed
numerous times [29, 30]. For y larger than unity, multiphoton ionization becomes
dominant and for this domain the Keldysh theory can be applied.

As we said our intention is to analyze photoionization, and in order to
achieve it we observed the influence of additional processes on the ionization
potential on which the rate exponentially depends. According to this, step by step,
we included the ponderomotive potential and Stark shift, to obtain how the effective
ionization potential affects the rate’s curves. Incorporating the expression for
effective ionization potential, Eqg. 11, in Eq. 5 (for the ADK theory), and Eq. 6 (the
Keldysh theory), we obtained curves presented in Fig. 4.
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Fig. 4. Comparative review of photoionization rates, wx (¥, I, ) and Wy peso (v, F, @, 1), fory =

0 — 2, for fixed laser field intensity, I = 10'* Wcm™2, without additional effects, with inclusion

of ponderomotive potential and with inclusion of ponderomotive potential and Stark (green, blue
and brown respectively).
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From Fig. 4, it can be seen that the effective ionization potential influences
the rate and that the ADK theory is significantly affected in the sense that inclusion
of additional terms makes the rate lower and lower. For the same conditions, the
Keldysh curve, in the tunneling range, is not sensitive to changes in the ionization
potential. Inclusion of additional effects changes the multiphoton rate a little bit.
Based on these results, which clearly show that the additional effect is important
for understanding the whole physical background, we find that observing all effects
is essential for improving the theoretical analysis of this physical process. Those
effects are a magnetic field [31], excitation etc. that we are planning on reviewing
in our future work.

Next, we observed the second phase of the free electron production and
discussed the relative ratio between photo and cascade ionization. Based on Eq. 5,
we obtained the cascade ionization rate curves for the intensities [ =
103,10, 10> Wem™2 (Fig. 5a), and for fixed values of y = 0.1, 2, 4 (Fig. 5b)
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Fig. 5. Comparative review of cascade rates, Wcasc(y' F,w, Ip)a) fory = 0 — 1 and fixed laser

field intensities I = 103,10, 10> Wem™2, b) for y = 0.1, 2, 4 green, blue and red respectively
and field intensity varying I = 1013 — 9 x 1013 Wem™2.

Related to the cascade rate, we observed that the field increase leads to a
rate increase which was completely expected [9]. By fixing the Keldysh parameter
to values that correspond to the tunneling and multiphoton range, we observed the
highest rate to be for the value of the tunneling regime and declining for values that
correspond to the multiphoton range. With higher values of the Keldysh parameter
within the multiphoton range, the cascade rate is smaller which is in accordance
with [7, 9].

We were interested to see which process is dominant, photo or cascade
ionization within the observed conditions. To achieve this, we compared the
obtained rates, wynoto (v, F, @, I, ) and wqs. (v, F, , 1)), and the result is shown in

Fig. 6.
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Fig. 6. Comparative review of photoionization, wyp.¢o (y, F,w, Ip) and cascade rates,
Wease(v, F,w,1,), fory = 0 — 1, for a fixed laser field intensity. / = 10** Wem™2.

A significantly larger rate for cascade than photoionization for the entire
range of values of y is observed on Fig. 6. It is important to note that for higher
values of laser field intensities there is a noticeable increase of the photoionization
rate in the range of tunnel ionization. This behavior is in accordance with the
previous conclusion that tunnel ionization becomes the dominant process over
multiphoton and that creation of free electrons is concentrated in a narrow tunneling
range. Based on the obtained curves, our results show that cascade ionization
predominates over the photoionization process, in the whole range of the observed
Keldysh parameter. That is why we can conclude that cascade ionization has the
main role in the process of plasma creation [19, 28]

During the past decade, laser-tissue interaction in the femtosecond time
regime has been extensively studied [32, 33]. In [34] it was clearly shown that when
a fs laser pulse is incident onto a biological media, some of the abovementioned
events occur. The timescale of the observed physical phenomena are represented in

Table 1 [35, 36].
Table 1

Occurrence of the physical phenomena associated with laser—matter interaction

Physical phenomena involved in laser-material interaction Time
photoionization (tunnelling or multiphoton ionization) after 1 fs
cascade ionization after 50 fs
thermalization of electrons after 100 fs
thermal diffusion after 1 ps
photochemical processes (chemical reactions or phase transitions) after 1 ns

The nonlinear absorption of the fs—pulse energy is absorbed by the
biological media and generates photoelectrons. First, after 1 fs, the pulse energy is
transferred to electrons either by multiphoton absorption or tunnelling as long as
the pulse is present. Cascade ionization dominates during the pulse time larger than
50 fs. About 50 fs afterwards, thermalization of electrons would take place. Longer
laser pulse durations (greater than 1 ps) can influence the thermalization process
and lead to thermal diffusion of electrons. This process defines the size of the
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interaction region and it is directly related to the attenuation length of photons.
Photochemical reactions occur for much longer laser pulses. After 1 ns, control of
the pulse after pulse accumulated heat through the multiple-pulse irradiation is
possible [34].

Finally, we incorporate the diffusion effect and as a result obtained the
following graphs:
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Fig. 7. Comparative review of contribution of the diffusion rate to the photo, wyp,¢, (y, F,w, Ip),
and cascade ionization, Wcasc(yr F,w, Ip),: a) for fixedy = 0.01, and laser field intensities, I =
1013 — 10 Wcem™2, b) for fixed I = 10*Wcm™2 and y = 0.001 — 1.

In Fig.7, we wanted to analyze the effect of diffusion on the cumulative rate
of photo and cascade ionization. It was previously considered that diffusion is not
significant but we have observed a decrease in the rate over the entire range of laser
field intensities, as well as the Keldysh parameter. According to [33], the diffusion
loses are smaller for lower values of laser field intensities. The effect of diffusion
becomes noticeable with increasing laser field intensities. Also, from Fig. 7b, we
see that the influence of diffusion is larger in the range of tunneling ionization for
approximately y < 0.5 while for multiphoton ionization the influence decreases.

4. Conclusions

In this paper, we presented the results of an improved theory of breakdown
in water. Based on the results shown in this paper, we can conclude that observing
the photoionization rate as a cumulative contribution of ADK and Keldysh rates
could potentially provide a better solution, in the frame of the striking agreement
between theory and experiment, than the usually used Keldysh approach. We also
found important inclusion of additional effects (ponderomotive potential and Stark
shift). This approach could potentially provide a deeper understanding of the LIB
process. Obtaining a more precise picture would allow for control of secondary
electrons that are involved in the process of plasma creation.

Our results obtained in this paper can be used to update the basic
assumptions for breakdown modeling in water which can be useful for the medical
application of lasers.
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