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Abstract A numerical model combining the ultrafast radia-
tive transfer and the ablation rate equation is proposed to
investigate the transient process of plasma formation during
laser plasma-mediated ablation of absorbing-scattering me-
dia. The focus beam propagation governed by the transient
equation of radiative transfer is solved by the transient dis-
crete ordinates method to account for scattering effect. The
temporal evolution of the free-electron density governed by
the ablation rate equation is calculated using a fourth-order
Runge–Kutta method to examine various effects such as
the multiphoton, chromophore, and cascade ionizations. The
threshold of optical breakdown, the shape and maximum
length of plasma growth for ablation in water are predicted
by the present model and compared with the existing ex-
perimental and numerical data. Good agreements have been
found. The dynamic process of plasma formation for abla-
tion in the model skin tissue is simulated. A parametric study
with regard to the influences of the ionization energy and the
critical free-electron density on the ablation threshold of the
tissue is conducted.

1 Introduction

There has been an increasing demand of lasers in surgical
and medical procedures in recent years. The use of highly
focused pulsed laser beam to modify and manipulate bio-
logical media for applications in molecular and cellular bio-
physics and biotechnology becomes more pervasive [1, 2].
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Applications include dissection or inactivation of cellular
organelles, cytoskeletal filaments, and chromosomes with
submicron spatial precision [3], sampling of heterogeneous
systems via laser pressure catapulting [4], and gene deliv-
ery through transient membrane disruption (optoporation)
[5], to name a few. As the pulsed laser microbeam tech-
nologies continue to advance, the fundamental knowledge
of laser-tissue interaction mechanisms is of vital importance
and could provide a framework wherein systematic inves-
tigation of novel pulsed microbeam techniques can be ex-
plored and developed.

Three major models including the selective photother-
molysis model, the photochemical model, and the plasma-
mediated ablation model, have emerged to elucidate various
laser ablation mechanisms. The selective photothermolysis
model [6] has been proposed and used as a guide to esti-
mate the relation between the collateral tissue damage and
laser parameter for both short and long laser pulses [7]. In
this model, ablation is attributed to a result of rapid vapor-
ization due to the absorption of laser power in tissue. The
photochemical model conjectures the pressure increase as
a result of photochemical dissociation of the macromolec-
ular bonds due to the large photon energy of the deep ul-
traviolet (UV) light [8]. These two models assume strong
light absorption by the chromorphores in selected spectral
bands as the cause of tissue ablation without considering the
possibility of laser-induced ionization or plasma generation.
In contrast, the latest plasma-mediated ablation model has
been employed to explain the optical breakdown phenom-
enon in the visible and near-infrared wavelength region, in
which plasma induced by the strong electromagnetic field
of a short laser pulse without significant light absorption, is
considered as the cause of breakdown [1, 9–12].

Laser plasma-mediated ablation, also known as laser in-
duced optical breakdown, occurs when a specific irradiance
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threshold is exceeded. In this model, the temporal evolution
of free electrons (i.e. plasmas) is predicted by a rate equa-
tion and the threshold is determined as the calculated free-
electron density is equal to a critical value. Initial work to
illustrate the underlying mechanisms of the plasma-induced
ablation was conducted in distilled water since water is the
dominant component by weight for most human tissues.
Multiphoton ionization is most likely the pathway for gen-
erating seed electrons for cascade ionization, which is dom-
inant in the optical breakdown process in water [9].

Plasma formation is characterized by the growth of plas-
mas. Docchio et al. [13, 14] proposed the “moving break-
down” model to analyze plasma starting times and the tem-
poral and spatial dynamics of plasma expansion in liquids
subject to nanosecond laser pulse irradiation. Fan et al. [15]
modified the model by taking into account the pulse propa-
gation to characterize the time and space dependent break-
down region induced by femtosecond laser pulses. Recently,
Zhou et al. [16] used the rate equation to investigate the tran-
sient progression of plasma in pure water generated by fo-
cused short laser pulses. However, all the works mentioned
above simplified the distilled water as a one-dimensional
(1-D) computational domain.

Nevertheless, real tissues differ from distilled water in
both mechanical and electronic properties due to the com-
plex nature of tissue. Although the pure water can be well-
approximated as an amorphous semiconductor with an en-
ergy band gap 6.5 eV [17], tissues contain many molecules
with energy level inside the water band gap. These defects
may play an important role in plasma formation [18]. It is
also noticed that chromophore ionization pathway is incor-
porated in a recent model [19] to explain the skin tissue ab-
lation by nanosecond laser pulses to resolve significant light
absorption.

To induce plasma ablation, use of ultrashort pulsed (USP)
lasers with pulse duration down to picoseconds or femtosec-
onds is required. Due to the extreme short pulse duration,
USP laser beam interaction with tissue occurs before ther-
mal diffusion ever takes place, leading to precise ablation
with minimized thermal and collateral damage [20–23]. Ya-
mada [24, 25] and Mitra and Kumar [26] are pioneers in the
modeling of photon transport and migration in turbid media
like tissues, whose work employed either diffusion approxi-
mation [24, 25] or 1-D radiative transfer model [26]. Biolog-
ical tissues are generally highly scattering against laser irra-
diation. A two-dimensional (2-D) axisymmetric modeling of
the laser pulse transient radiation propagation and transport
[27] is thus required to accurately predict the temporal and
spatial laser intensity distribution in turbid tissues. Guo’s
group is well known in developing multi-dimensional ultra-
fast radiative transfer methods including the transient dis-
crete ordinates method [28, 29], the transient Monte Carlo
method [30], and the transient radiation element method

[31]. Guo et al. [32] also conducted experimental measure-
ments to validate the modeling. Recently, Guo’s group in-
vestigated plasma-induced ablation [22, 23] as well as ther-
mal interaction [33] of focused short laser pulses with skin
tissues.

In this treatise, a theoretical model which combines the
transient radiative transfer and the rate equation is devel-
oped to simulate the dynamic process of plasma formation
in the ablation of participating media. To validate the pro-
posed model, the plasma-induced optical breakdown in dis-
tilled water is first studied; in which the ablation thresh-
old, the shape and length of the plasma formation calcu-
lated by the present model are compared with the experi-
mental data and other numerical models available in the lit-
erature. Then the ablation of biological tissues with pico-
and femtosecond laser pulses is investigated. The model tis-
sue is an axisymmetric cylinder and is stratified as three lay-
ers with different optical properties similar to human skin
tissues—epidermis, dermis, and subcutaneous fat, respec-
tively. The ultrashort laser pulse is converged inside the skin
tissue to induce plasma breakdown for ablating cancerous
tissue. The intensity of the focused beam is calculated by
solving the transient equation of radiative transfer, and the
space and time-dependent free-electron density is obtained
according to the laser irradiance profile. Various ionization
mechanisms such as multiphoton, chromophore and cascade
ionization are examined to show their effects on tissue abla-
tion. The temporal evolution of the free-electron density is
also illustrated at different locations inside the skin tissue.
Finally, we conclude with a discussion of the influences of
the ionization energies and the critical free-electron densi-
ties on the ablation threshold in human skin tissues.

2 Numerical models

2.1 Focused laser beam

A converging laser beam is sketched in Fig. 1, in which the
beam radius (1/e2) at distance z from the beam focus can
be expressed as

w(z) = w0R

[
1 +

(
z

zR

)2]1/2

, (1)

where w0R is the beam waist at the focus; and zR is Rayleigh
length calculated by

zR = nπw2
0R

M2λ
. (2)

Here, n is the refractive index of the medium; λ the laser
wavelength in free space; M2 the beam quality factor de-
fined as

M2 = w0RθR

w0θ
. (3)
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Fig. 1 Sketch of the geometric coordinates and dimensions

Here, θR is the far-field divergence of a real beam; w0 and
θ the beam waist and far-field divergence of a true Gaussian
beam, respectively. For a truly Gaussian beam, M2 = 1.

The radiation intensity has two components: the ballistic
component I b accounting for the incident laser beam and
the diffuse component I d standing for the scattering compo-
nent of the laser beam in a scattering medium like a biolog-
ical tissue. The distribution of I b for a laser beam having a
Gaussian profile both temporally and spatially is described
by the Beer–Lambert law as [27, 33]

I b(r, z, t)

= I0(z) exp

{
−4 ln 2

[(
t − |z − z0|

c cos θ

)/
tp − 2

]2}

× exp

[
− 2r2

w(z)2

]
exp

(
−σe|z − z0|

cos θ

)
, (4)

where c is the speed of light in the medium; θ is the an-
gle between the incident laser and the optical axis; tp is the
pulse width at half maximum; σe is the extinction coeffi-
cient, which is the summation of the absorption coefficient
σa and the scattering coefficient σs; The total time duration
of a whole pulse is set as 4tp in this study, so that the peak
of the pulse arrives at time 2tp.

Since the laser power, P , incident in a medium without
attenuation is a constant, it follows that

P =
∫ ∞

0
I0(z) exp

[
− 2r2

w(z)2

]
2πr dr. (5)

Therefore, the amplitude of the beam radiation strength
I0(z) can be specified using

I0(z) = 2P

πw(z)2
. (6)

The diffuse intensity I d
l in a discrete ordinate �sl is governed

by the transient equation of radiative transfer in the cylindri-
cal coordinates [27]:

1

c

∂I d
l
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+ μl

r

∂
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(
rI d

l

) − 1

r

∂

∂φ

(
ηlI

d
l

) + ξl

∂I d
l

∂z
+ σeI

d
l

= σeSl, l = 1,2, . . . ,N, (7)

where μl, ηl, ξl are the three directional cosines; N is the
total number of discrete directions; and Sl is the radiative
source term expressed as

Sl = (1 − ω)Ib + ω

4π

N∑
j=1

wjΦjlI
d
j + Sb, (8)

where Ib is the blackbody emitting intensity of the medium;
ω = σs/(σs + σa) is the scattering albedo; wj is the appro-
priate angular weight in discrete direction �sj ;Φjl represents
the scattering phase function Φ(�sj → �sl);Sb is the source
contribution of the laser irradiation:

Sb = ω

4π
I bΦ(�sb → �sl). (9)

The unit vector �sb represents the laser incident direction.
In the region where no laser irradiation is passing through,
I b = Sb = 0.

In the present study, scaling isotropic scattering [34, 35]
is considered though the current model is capable of dealing
with anisotropic scattering. Thus, we have Φ(�sj → �sl) = 1
and σs is the reduced scattering coefficient. The blackbody
emission from the medium is negligible as compared with
the powerful laser intensity. Once plasma is generated, the
local medium properties (σa, σs, σe, and ω) in (4)–(9) should
be modified to include the plasma absorption coefficient
and the possible change in the scattering coefficient because
of the modification to the index of refraction due to free-
electron ejection in a neutral medium. In the present studies,
we only considered the superposition of plasma absorption
and neglected change in scattering coefficient.

Once the intensity field is obtained, the incident radiation
is calculated as [28, 29]

G =
N∑

l=1

wlI
d
l + I b. (10)

The incident radiation is the total intensity impinging
on a point from all directions. For an extremely weakly-
scattering medium like pure water, the value of the incident
radiation equals to the ballistic laser irradiance, I b.
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2.2 Temporal evolution of plasmas

The time evolution of the free-electron density in a control
volume can, in a simplified way, be described by a modified
rate equation in a generic form:

∂ρ

∂t
=

(
∂ρ

∂t

)
mp

+
(

∂ρ

∂t

)
ch

+ ηcascρ − gρ − ηrecρ
2, (11)

where the free-electron density ρ is a function of time. The
first three terms on the right hand side represent the pro-
duction of free electrons through multiphoton, chromophore
and cascade ionizations, respectively. The last two terms are
the electron losses through diffusion and recombination, re-
spectively. The cascade ionization rate and the diffusion rate
are proportional to the number of the existing free electrons.
The recombination rate is proportional to ρ2, as it involves
an interaction between two charged particles (an electron-
hole pair) [9].

2.2.1 Multiphoton ionization

To ionize an atom or molecule with ionization energy 
E,
the number of photons required is k = 〈
E/(�ω) + 1〉; in
which � is the Planck constant and ω = 2πc/λ is the laser
circular frequency. From the viewpoint of quantum mechan-
ics, the possibility for generating a free electron through
multiphoton ionization will decrease as the laser wavelength
increases. An approximate expression for the multiphoton
ionization rate is derived as [36]

(
∂ρ

∂t

)
mp

≈ 2ω

9π

(
m′ω
�

)3/2[
e2

16m′
Eω2cε0n
G

]k

× exp(2k)ϕ

(√
2k − 2
E

�ω

)
, (12)

where an electron charge is e = 1.6022 × 10−19 C; m is the
mass of electron; m′ = m

2 is the reduced excitation mass; ε0

is the vacuum permittivity, and ϕ(x) expresses the Dawson
function:

ϕ(x) = exp
(−x2)∫ x

0
exp

(
y2)dy. (13)

The ionization energy is 
E = 6.5 eV for water [17] and

E = 4.6 eV for skin tissue [19], respectively.

2.2.2 Chromophore ionization

A necessary condition for the chromophore ionization path-
way in generating quasi-free electrons lies in adiabatic heat-
ing of the chromophores by the ultrashort laser pulses. The
characteristic time of thermal energy transporting out of
an illuminated chromophore is estimated to be 20 µs [19].

Hence, the adiabatic heating condition can be assumed for
the picosecond or femtosecond laser interaction with the tis-
sue.

The quasi-free-electron density due to chromophore ion-
ization is represented as [19]

ρch(t) = 3
√

πnchNb

4

[
2kB


E

(
T0 + F(t)σa

cchρchfch

)] 3
2

× exp

{
− 
E

2kB[T0 + F(t)σa
cchρchfch

]
}
, (14)

where F(t) = ∫ t

0 G(t) dt is the time integral of the inci-
dent radiation; nch ≈ 1 × 1015 m−3 is the number density
of chromophores in skin tissue; Nb ≈ 1.0 × 1011 is the aver-
age number of bound electrons per chromophore; kB is the
Boltzmann constant; T0 is the ambient temperature assumed
to be 300 K; cch = 2.51 × 103 J/(kg K) is the specific heat
of melanosome organelles; fch ≈ 0.5% is the volume ratio
of the chromophore to skin [19]. By taking a partial deriv-
ative of the free-electron density with respect to time, the
chromophore ionization rate is obtained.

2.2.3 Cascade ionization

As soon as a free electron exists in the interaction vol-
ume, it gains energy from the electric field through inverse
bremsstrahlung absorption (IBA) of photons and can gener-
ate further free electrons through impact ionization. Conser-
vation of momentum requires that the absorption of photons
from the laser pulse takes place during collisions of the free
electrons with the surrounding molecules. The cascade ion-
ization rate coefficient ηcasc is given by [36]

ηcasc = 1

ω2τ 2 + 1

(
e2τ

cε0nm
E
G − mω2τ

Mm

)
. (15)

Here, τ ≈ 1 fs is the time of collision between an elec-
tron and a heavy particle; Mm is the mass of molecule with
Mm ≈ 3 × 10−26 kg for water and Mm ≈ 2 × 10−16 kg for
chromophores [19].

The onset of cascade ionization requires the presence of
“seed electrons” in the conduction band. In this study, cas-
cade ionization was assumed to occur after one initial free
electron is present in the calculation control volume [36].

2.2.4 Diffusion and recombination

The diffusion of electrons from the focal volume was esti-
mated by approximating the focal volume as a cylinder of
radius w0 and length zR. Thus, the diffusion rate per elec-
tron is expressed as [36]

g = τ
E

3m

[(
2.4

w0R

)2

+
(

1

zR

)2]
. (16)
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Table 1 Optical properties of the skin tissues at wavelength
1064/1552 nm [39]

Tissue type Epidermis Dermis Fat

σa (mm−1) 0.02/1.85 0.05/0.90 0.07/0.52

σs (mm−1) 3.0/2.2 1.83/1.73 1.69/1.67

The recombination rate ηrec is considered as 2×10−9 cm3/s
[37].

2.3 Properties of the media

For consistent comparison with other numerical models, the
distilled water at the wavelengths considered in this paper
such as 532, 580 and 1064 nm is treated as a transparent
medium. There are no chromophore ionization, absorption
and scattering of light. The normalized laser energy is de-
fined as β = E/Eth, where Eth is the energy threshold for
a single pulse. A spatially and temporally constant absorp-
tion coefficient of the plasmas generated by the pulsed laser
is assumed. The plasma absorption coefficient is adopted as
σap = 180 cm−1 for 300 fs pulses with a normalized energy
value β = 10 [15]; and σap = 360 cm−1 for 30 ps pulses
with β = 20 [38].

The model tissue cylinder is shown in Fig. 1, with dimen-
sions H = 5 mm and R = 5 mm. The origin of the coordi-
nates is always located at the focal spot center of the inci-
dent laser beam. The cylindrical coordinate variables are z

and r . The model tissue is stratified as three different lay-
ers with different physical properties similar to a skin tissue.
The first layer is epidermis (H1 = 0.5 mm). The last layer is
subcutaneous fat (H3 = 3.0 mm). In between is the dermis
(H2 = H − H1 − H3 = 1.5 mm). Usually the skin cancer-
ous cells are developed from the basal layer—the interface
between the epidermis and dermis layers. A laser beam is
then assumed to be converged to a small spot at the basal
layer by a single objective lens. The optical properties of the
skin tissues at wavelengths 1064/1552 nm [39] are listed in
Table 1. The refractive index of the tissues is assumed to be
constant at 1.40 [40]. For water, the refractive index used in
the calculations is 1.33.

2.4 Numerical scheme

The transient discrete ordinates method (TDOM) with the
S12 scheme was employed for the solution of the present
transient equation of radiative transfer. This numerical
method has been well discussed in Guo’s previous publica-
tions [27, 29]; and thus, the details are not repeated here. The
evolution of free electron density subject to laser irradiation
is obtained by solving the rate equation with a fourth-order
Runge–Kutta method.

To improve the numerical calculation efficiency and to
capture the rapid change in the focal spot, a non-uniform
grid system is employed with refined grids in the focal re-
gion. For the considered medium cylinder with H = 5 mm
and R = 5 mm, a staggered grid of 200 × 100 is adopted
in the present calculations. Because the minimum grid size
is around 1.0 µm, the time step is restricted to a value less
than 5 fs [29] for the ultrafast radiative transfer analysis. The
same time step is adopted for solving the rate equation with
a fourth-order Runge–Kutta method. For the 30 ps pulses, a
time step 4 fs is selected for the calculations; while for the
300 and 900 fs pulses, a time step 0.5 fs is chosen. Several
sets of different grid sizes and time steps were considered to
give satisfactory convergent results.

In the present computation, a DELL PC (OPTIPLEX
755: 2.40 GHz CPU and 3.25 GB RAM) is used. It takes
half-hour to dozens of hours in the calculation depending on
the specified gird size and the angular discretization scheme.

3 Results and discussion

The present model is validated in Table 2 via comparing
the thresholds of optical breakdown in distilled water cal-
culated by the present code (Ith4) with the experimental data
(Iexp) reported by Vogel et al. [41] and the numerical val-
ues in the papers of Noack and Vogel [9] (Ith1), Sollier et al.
[42] (Ith2) and Zhou et al. [16] (Ith3). In the numerical mod-
els, the optical breakdown in the distilled water is identified
when the maximum free-electron density generated at the
focal spot center during the period of one laser pulse equals
to a critical electron density. Two critical electron densities
(ρcr = 1020 cm−3 and ρcr = 1021 cm−3) were considered.
Equation (11) was iteratively solved for different amplitudes
of the radiation strength at the focal plane I0(z = 0) until the
optical breakdown is induced, and this amplitude is defined
as the breakdown threshold Ith.

A good agreement is found between the present re-
sults (Ith4) and the numerical results from the other groups
(Ith1, Ith2 and Ith3) at all the considered wavelengths and
pulse durations. The slight differences between the different
models can be attributed to the 2-D axisymmetric cylindri-
cal model in the present calculations and the 1-D model by
others as well as the possible differences in the Runge–Kutta
algorithm as identified in Ref. [16].

For ablation with the 6 ns pulses at both wavelengths 580
and 1064 nm, the predicted thresholds (Ith1, Ith2, Ith3 and
Ith4) under the assumption ρcr = 1020 cm−3 give a better
agreement with the measured threshold (Iexp). For ablation
with the picosecond pulses (3 ps and 30 ps) and the fem-
tosecond pulses (100 fs and 300 fs), at all the three wave-
lengths 532, 580 and 1064 nm, the cases with ρcr = 1021

cm−3 yield a better agreement between the numerical and
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Table 2 Comparison of the
breakdown thresholds predicted
by the present model (Ith4) with
the numerical and experimental
results in the literature
(Iexp—quoted from Vogel et al.
[41]; Ith1—quoted from Noack
and Vogel [9]; Ith2—quoted
from Sollier et al. [42];
Ith3—quoted from Zhou et al.
[16]). The unit for irradiance is
1010 W/cm2

λ tp 2w0 ρcr = 1020 cm−3 ρcr = 1021 cm−3

nm ps µm Iexp Ith4 Ith3 Ith2 Ith1 Ith4 Ith3 Ith2 Ith1

532 6000 5.3 3.0 4.0 4.0 4.1 4.0 35.7 35.9 36.0 36.0

532 30 3.4 38 9.3 9.3 9.5 9.0 35.7 35.9 36.0 36.0

580 3 5.0 85 71.7 71.5 75.1 72.0 91.4 91.6 95.2 92.0

580 0.3 5.0 476 406.3 410.0 439.3 400.0 514.0 513.2 547.3 510.0

580 0.1 4.4 1110 845.1 844.1 931.4 826.0 1114.5 1113.6 1209.2 1090

1064 6000 7.7 5.0 3.2 3.0 3.5 5.0 10.9 10.9 10.9 11.0

1064 30 4.7 45 10.2 10.3 11.7 10.0 12.3 13.1 14.0 13.0

Fig. 2 Comparison of the formed plasma shapes between the present
modeling and the experimental photos in Ref. [41] for ablation in water
with a 30 ps pulse at wavelength 1064 nm: (a) plasma formed at pulse
energy 440 µJ; and (b) plasma formed at pulse energy 3200 µJ. The
laser is incident from the right. The bar represents a length of 100 µm

the experimental results. Therefore, the critical free-electron
density is selected as ρcr = 1021 cm−3 in the following cal-
culations concerning the ablation in water induced by the
picosecond and femtosecond lasers.

An advantage of the present model over the other numer-
ical models above-mentioned is that it is able to simulate the
temporal and spatial plasma formation. Figure 2 compares
the simulated plasma formations with the experimental ob-
servations for two different pulse energies 440 and 3200 µJ,
respectively. The laser pulse is 30 ps at wavelength 1064 nm
with a constant focusing angle 22°. The laser beam was con-
verged to a focal spot 2w0R = 4.7 µm inside the distilled
water. The experimental pictures of the luminescent plasmas
were taken with an open shutter in a dark room by Vogel et
al. [41]. The numerical pictures are obtained by calculating
the time average of the accumulated free electrons during the
breakdown period. As shown in Fig. 2, the formed plasma
clouds predicted by the present numerical model match very
well with the experimental pictures. It should be pointed out
that the plasma luminescence pictures taken in the experi-
ment may not reflect the exact boundary of plasmas; while
the critical plasma density value set in the simulation is also
an assumption.

Figure 3 compares the plasma lengths in water between
the present simulation and the experimental measurement

Fig. 3 Plots of the plasma length as a function of the laser pulse energy
(the experimental results are from Ref. [41])

[41]. The plasma length is defined as the distance from
the beam focus to the maximum elongation of the plasma
along the optical axis. The laser at wavelength 1064 nm
of pulse width 30 ps is focused to a spot with diameter
2w0R = 4.7 µm inside the water with a focusing angle 22°.
It is seen that the plasma length increases with the increas-
ing pulse energy. In the inset of Fig. 3, the plasma length is
also plotted as a function of (β − 1) on a double-logarithmic
scale. The moving breakdown model [13] predicts a square-
root dependence of the plasma length versus the pulse en-
ergy as zmax = zR

√
β − 1. Following this principle, the re-

sults in the log-scale should fit into a straight line with a
slope 0.5. From the inset, it is observable that the present
numerical results yield a straight line with a slope 0.517;
while the experimental data in the inset can be least-square
linearly fitted with a slope around 0.532 [41].

Figure 4 illuminates the dynamic process of plasma
breakdown in distilled water induced by a 30 ps laser pulse
with a focusing angle 22° at wavelength 1064 nm and with
a super-threshold energy β = 20. The focal spot size is
2w0R = 4.7 µm. Figure 4(a) plots the free electrons gen-
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Fig. 4 Free-electron distributions at various time instants in wa-
ter induced by a 30 ps pulse (λ = 1064 nm, θR = 22°,
β = 20, σap = 180 cm−1 and the light is incident from right): (a) Along
the optical axis (r = 0); and (b) contours of the free-electron distribu-
tion

erated along the optical axis at six time instants, starting
from the initial time (t0) when optical breakdown occurs.
Figure 4(b) shows the contours of the free-electron den-
sity at four specified ablation time instants. The time scale
in Figs. 4 and 5 is defined as t∗ = t − z0/c, i.e., the time
when the pulse front reaches the focus is t∗ = 0, and when
the pulse peak reaches the focus is t∗ = 2tp, respectively.
From Fig. 4(a) it is seen that optical breakdown occurs at
t∗ = 1.19tp, before the laser peak power reaches the fo-
cus. This is because the irradiation is super-threshold and
the irradiation value can be over the threshold before peak.
The breakdown originates from the focus because most of

Fig. 5 Free-electron distributions at various time instants in
water induced by a 300 fs pulse (λ = 580 nm, θR = 16°,
β = 20, σap = 360 cm−1 and the light is incident from right): (a) Along
the optical axis (r = 0); and (b) contours of the free-electron distribu-
tion

the laser energy is first accumulated there. Then the plasma
formation is characterized by a rapid growth from the fo-
cus towards the incoming laser beam (see the curves and
contours at t∗ = 1.5tp and t∗ = 2.0tp), because the super-
threshold laser irradiance at the locations in the upstream
of the focus can be developed above the breakdown thresh-
old for the picosecond Gaussian-profile pulse. Once the op-
tical breakdown starts, the entire region is divided into two
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sub-regions: non-breakdown region and breakdown region
separated by a distinct ablation front (defined by the cut-
off of the critical density). From Fig. 4(b) it is seen that the
plasma cloud expands initially because of the occurrence
of cascade ionization with more laser energy being input
into the plasma cloud vicinity. With further lapse of time
(after t∗ > 2.0tp), the ablation front retreats and the abla-
tion plasma cloud shrinks (see the contours at t∗ = 2.5tp

and t∗ = 3.0tp), due to the decrease of laser irradiance and
free-electron losses. Although the free electrons still keep
propagating upstream as time advances, there is no opti-
cal breakdown ahead of the ablation front. It is also worth
mentioning that little plasma develops one Rayleigh length
(zR = 21.7 µm) behind the laser focal center, as most of
the laser light is already absorbed by the plasmas produced
prior to and in the focal volume. This is the so-called plasma
shielding property.

Next let us consider breakdown in distilled water with
a 300 fs pulse at wavelength 580 nm. Figures 5(a) and (b)
plot the free-electrons generated along the optical axis and
the contours of plasma formation at various time instants,
respectively. The laser has a super-threshold pulse energy
β = 10 with a focusing angle 16°. The focal spot size is
2w0R = 4.7 µm. As shown in Fig. 5(a), optical breakdown
begins at t0 = 0.6tp in an upstream location, z = 113 µm.
This location is behind the pulse peak location (z = 1.4ctp =
95 µm) because of the delay existed between cascade ion-
ization and multiphoton ionization. This time delay will be
shown in Fig. 7 in detail later. From both Figs. 5(a) and (b),
it is very clear that the ablation front moves towards the fo-
cus and finally exceeds the focus at time instants t∗ = 2.5tp

and t∗ = 3.0tp. This is in contrast with the behavior of the
30 ps laser ablation as shown in Fig. 4 where ablation front
develops from the focus towards the incoming laser. At time
instant t∗ = 2.0tp, the plasma length is extended to approx-
imately 125 µm. We know that the laser pulse length is a
product of the speed of light (c = 0.226 µm/fs in water) and
the pulse duration. The 300 fs pulse yields a length value
68 µm. Hence, the plasma length observed in the breakdown
region is longer than the laser pulse length at some time pe-
riod. From Fig. 5(b) it is observed that the plasma cloud
expands in the time period from t∗ = 0 to 2.5tp, and then
shrinks (comparing the case at t∗ = 3.0tp with the case at
t∗ = 2.5tp).

The difference of the plasma front moving directions in-
duced by picosecond pulses and femtosecond pulses was
discovered by Hammer et al. [43] as well. For 30 ps pulses,
the pulse length 6.8 mm is much larger than the Rayleigh
length (zR = 21.7 µm), which means the spatial dependence
of the irradiance dominates. The maximum irradiance is al-
ways at the beam focus. The irradiance at the beam focus
will reach threshold essentially before any other point along
the optical axis. Thus, at super-threshold laser irradiance,

breakdown is predicted to begin at the beam focus and to
move back towards the laser during the pulse, i.e., in the
opposite direction of pulse propagation. For femtosecond
pulses, however, the temporal dependence of the irradiance
dominates. The irradiance may not be largest at the beam fo-
cus at a given time. The irradiance may exceed breakdown
threshold prior to reaching the beam focus owing to the nar-
row temporal profile. For example, laser light travels 68 µm
in 300 fs in water, a distance comparable with the Rayleigh
length (zR = 44.0 µm). Hence, for femtosecond pulses at
super-threshold laser irradiance, breakdown is predicted to
begin before the beam focus and to move forward to the
focal plane during the pulse, i.e., in the direction of pulse
propagation.

Now the study on plasma-mediated ablation is extended
to the model skin tissue. A focused laser beam was inci-
dent on the surface of the epidermis or inside the skin tis-
sue. A USP laser system at wavelength 1552 nm with pulse
width 900 fs is considered. The critical free-electron den-
sity was estimated in the orders of 1018–1020 cm−3 [1, 36].
The upper limit is given by the requirement that the plasma
frequency ωp = √

e2ρ/meε0 must remain below the light
frequency ω in order to effectively couple energy into the
plasma. At electron densities greater than ρ = ω2meε0/e

2,
the plasma become highly reflective, and the incoming laser
light leads to growth of the plasma volume rather than
the free-electron number [9]. The upper limit of the free-
electron density is approximately 4.7 × 1020 cm−3 at 1552
nm; and based on this limit value the breakdown threshold,
Ith = 5.1 × 1011 W/cm2, could be determined.

To study the ablation in a biological tissue, the attenu-
ation of lights caused by the absorption and scattering ef-
fects needs to be accurately taken into account. Concern-
ing with the strong ‘directionality’ coming from the focused
beam propagation, the ray effects related to the angular dis-
cretization in the solution of the equation of radiative trans-
fer should be examined. Figure 6 compares such an ef-
fect on the incident radiation profile in the focal plane at
a time instant t/tp = 2 for the various numerical schemes
used. The dimensionless incident radiation is defined as
G∗ = G/I0(z = 0). The laser pulse is converged to the in-
terface between the epidermis and dermis layers, which is
about 0.5 mm deep. It is seen that the differences between
the profiles of the incident radiation G∗ predicted by the five
schemes are very slight in the focal spot region and all these
profiles gradually reach to the result predicted by the S16

scheme. However, differences are noticed in the wing area
beyond 1.5 times of the beam radius. The radiation in this
region mainly comes from the scattering effect and precise
radiative transfer modeling is required. The number of the
discrete ordinates associated with the SN approximation is
n = N(N + 2). For example, the total number of the dis-
crete ordinates is 80 for the S8 scheme and 288 for the S16
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Fig. 6 Influences of the angular discrete order on the radial profile
of the dimensionless incident radiation in the focal plane at the time
instant t = 2tp

Fig. 7 Evolution of the free-electron density for different ionization
mechanisms with breakdown threshold on the skin surface

scheme, respectively. With the increase of the discrete or-
der N , the ray effect lessens; but the required CPU time and
memory increase nonlinearly. For instance, the calculation
time is about 2 hours for the S8 scheme; but it is extended to
approximately 40 hours for the S16 scheme if the same grid
size (200 × 100) is adopted for the two cases. In this study
the S12 scheme is generally used as a compromise between
the computation cost and the refinement of the discrete or-
dinates.

Figure 7 compares the effects of different pathways on
ionization at the surface of the epidermis by the 900 fs

Fig. 8 Influences of the critical electron density and band gap on the
ablation threshold

pulse. The pink dash-double-dot curve stands for the ef-
fect by the chromophore ionization only. The blue long-dash
curve represents the multiphoton ionization only. The green
short-dash curve is for the combined multiphoton and cas-
cade ionizations. The red solid curve accounts for all the
ionization mechanisms. Multiphoton and chromophore ion-
ization processes are two pathways to generate seed elec-
trons. As expressed in (10)–(12), the multiphoton ioniza-
tion rate is proportional to Gk and the chromophore ion-
ization rate depends on the absorption of laser pulse energy
σaF(t). Once the first free electron appears in the calcula-
tion control volume the cascade ionization is assumed to
take place, which leads to multiplication of free electrons
by several orders of magnitude in a short time as shown in
the green short-dash curve in Fig. 7. After that, the cascade
ionization dominates the ionization process until the expo-
nential growth of the free-electron density is slowed down
by the electron-ion recombination. From Fig. 7 it is seen
that the multiphoton ionization occurred at the peak irradia-
tion (t = 2tp), but the peak of the cascade ionization delayed
about 0.8tp. The free-electron density increased by several
orders after the occurrence of the cascade ionization, leading
to plasma-mediated ablation. The chromophore ionization
does not contribute too much to the generation of the seed
electrons because of the relatively weak absorption of the
chromophores (σa = 1.85 mm−1) at wavelength 1552 nm.
Thus, the multiphoton and cascade ionizations are the pri-
mary mechanisms for the USP laser ablation on the model
skin tissue. It should be pointed out that in the present cal-
culation, the properties of the chromophores are assumed to
be the same as the melanosome [19].

The influences of the critical free-electron density and the
ionization energy band gap on the threshold for the abla-
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Fig. 9 Evolution of the free-electron density with breakdown threshold at the interface between the epidermis and dermis layers: (a) At the focal
plane (z = 0); and (b) along the optical axis (r = 0)

tion on the epidermis tissue are investigated and plotted in
Fig. 8. The discrete symbols in the figure represent the irra-
diance thresholds calculated by the present model while the
continuous lines are obtained by least-square linear fitting
of the calculated data. Different ionization energies, rang-
ing from 4.6 to 6.5 eV, are selected to predict the irradiance
threshold. It is observed that the laser irradiance threshold
increases with increasing band gap and/or increasing criti-
cal free-electron density. The energy band gap plays a pro-
found role in the determination of the threshold for optical
breakdown.

To effectively remove the cancerous cells existing in the
basal layer, a laser beam can be focused inside the skin to
the dermis surface, which is about 0.5 mm deep. Here we
consider plasma breakdown produced by a 900 fs pulse at
wavelength 1552 nm with a focal spot size 2w0 = 8.0 µm.
The threshold laser energy required for inducing optical
breakdown at 0.5 mm beneath the skin surface is 370.58 nJ,
much greater than that for generating ablation on the epi-
dermis surface which is Eth = 47.97 nJ (corresponding to
Ith = 5.1 × 1011 W/cm2). This is because it is necessary to
consider the attenuation of light intensity due to the absorp-
tion and scattering effects of the tissue.

Figure 9(a) shows the evolution of the free-electron den-
sity at three different radial locations along the focal plane
at the dermis surface with the threshold laser irradiation. It
is observable that less free electrons are generated with in-
creasing radial location. For example, the maximum free-
electron density generated at the center of the laser focus
(r = 0) is the threshold value at 4.7 × 1020 cm−3; while
the maximum density at the position r = w0/2 is reduced to
the order of ρ ∼ 105 cm−3. At the edge of the beam waist

(r = w0), the free-electron density is very small and actually
there exists no free electron.

Figure 9(b) shows the evolution of the free-electron den-
sity at three different optical axial locations (with r = 0), at
the focus (z = 0) and in front of the focus (z = zR/2 and
z = zR, respectively). The Rayleigh length zR is calculated
to be 45.34 µm. Since a human skin is very turbid against op-
tical wavelength, the laser energy is quickly attenuated in the
propagation direction. This could be a big shortcoming for
using collimated laser beams. When the focused laser beam
technology is adopted, however, the radiation intensity in
the focus could be the maximum as demonstrated in a recent
publication of the present authors [33]. From Fig. 9(b), it is
seen that the free-electron density still reaches to the max-
imum value at the focal spot. The free-electron density at
the two locations before the focus cannot reach to the max-
imum value, which is the threshold for optical breakdown;
and thus, it ensures that ablation occurs only at the focus.

4 Conclusions

In this work, a 2-D axisymmetric numerical model is es-
tablished combining the ultrafast radiative transfer and the
rate equation to investigate the transient process of plasma
formation and optical breakdown in biological tissues. Tis-
sue ablations are considered for using the USP lasers of
pulse width in the range of picoseconds and femtoseconds.
The focused laser beam technology is adopted and its prop-
agation in the turbid medium is simulated via solving the
transient equation of radiative transfer with the discrete or-
dinates method. The free-electron density is obtained via
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solving the rate equation with the fourth-order Runge–Kutta
method.

The plasma formation with super-threshold pulse energy
in the ablation of water was studied. It is demonstrated that
for optical breakdown generated by the picosecond pulses,
the plasma grows from the laser beam focus towards the in-
coming beam; while for the femtosecond pulses, the plasma
formation begins before the laser focus and the front moves
with the laser pulse towards the focus. No plasma forma-
tion was found one Rayleigh length behind the laser focus
due to plasma shielding effect. The ablation plasma cloud
expands from the beginning of ablation occurrence until the
time when the cascade ionization arrives maximum and then
shrinks to termination when the irradiation pulse complete
passes through the focus. The multiphoton ionization peaks
at the peak irradiance; but the peak of cascade ionization
lags behind the peak of multiphoton ionization.

The present model is validated via extensive compar-
isons with the experimental measurement and other numer-
ical models available in the literature for ablation in water.
Good agreements between the current simulation and the ex-
isting results were found. An obvious advantage of the cur-
rent multi-dimensional model over the existing 1-D models
is that it is able to provide the dynamic shape for the plasma
formation, which can then be employed for comparison with
the plasma photos taken in experiments. Another advantage
is that the present model can accurately account for the ab-
sorption and scattering effects; and thus, can be used for ab-
lation modeling in general media including highly scattering
biological tissues.

The ablation threshold for the model skin tissue is defined
when a critical free-electron density is realized. At 1552 nm,
the critical density is 4.7 × 1020 cm−3. The ablation thresh-
old is then determined to be 5.1×1011 W/cm2 for the 900 fs
laser for the present model tissue. The ablation threshold in-
creases with increasing ionization band gap. The influences
of various ionization mechanisms including the multipho-
ton, chromophore and cascade ionization pathways on the
process of plasma generation for the model skin tissue are
investigated. It is concluded that the multiphoton and cas-
cade ionizations are the primary mechanism for inducing the
USP laser plasma ablation in the tissue. The ray effect due
to the limited angular discretization in simulation is found
to be small in the focal region for the considered numeri-
cal schemes. When the focused beam is utilized, ablation
can be well controlled to occur just in the focal spot. Thus,
the possible ray effect in radiation modeling should not be a
concern for ablation simulation.
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