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Background: Traditionally, fractional laser treatments
are performed with focused laser sources operating at a fixed
wavelength. Using a tunable laser in the mid-infrared
wavelength range, wavelength-dependent absorption prop-
erties on the ablation process and thermal damage forma-
tion were assessed with the goal to obtain customizable
tissue ablations to provide guidance in finding optimized
laser exposure parameters for clinical applications.
Methods: Laser tissue experiments were carried out on full
thickness ex vivo human abdominal skin using a mid-infrared
tunable chromium-doped zinc selenide/sulfide chalcogenide
laser. The laser has two independent channels: a continuous
wave (CW) output channel which covers a spectrum ranging
from 2.4 pm to 3.0 pm with up to 9.2 W output power, and a
pulsed output channel which ranges from 2.35 pm to 2.95 pm.
The maximum pulse energy of the pulsed channel goes up to
2.8 mdJ at 100 Hz to 1,000 Hz repetition rate with wavelength-
dependent pulse durations of 4-7 ns.

Results: Total ablation depth, ablation efficiency, and
coagulation zone thickness were highly correlated to
wavelength, pulse width, and pulse energy. Using the
same total radiant exposure at 2.85um wavelength
resulted in 10-times smaller coagulation zones and 5-
times deeper ablation craters for one hundred 6 ns pulses
compared to one 100 ms pulse. For a fixed pulse duration of
6ns and a total radiant exposure of 2.25kJ/ecm? the
ablation depth increased with longer wavelengths.
Conclusion: The tunable laser system provides a useful
research tool to investigate specific laser parameters such
as wavelength on lesion shape, ablation depth and thermal
tissue damage. It also allows for customization of the
characteristics of laser lesions and therefore facilitates the
selection of suitable laser parameters for optimized
fractional laser treatments. Lasers Surg. Med. © 2018
Wiley Periodicals, Inc.
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INTRODUCTION

Mid-infrared laser radiation enables precise and selec-
tive ablation of biological tissue. Numerous clinically used
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laser systems are available and almost every medical
subspecialty employs laser procedures [1]. Clinical laser
tissue ablation is indicated by removal of small amounts of
material while causing thermal damage, usually called the
coagulation zone. Coagulated tissue can vary in size,
discoloration, and charring depending on the laser
parameters. Most commonly used lasers in the mid-
infrared wavelength range are the 2.01 um Tm:YAG
laser [2], the 2.79um Er:YSGG laser [3], and the
2.94 pm Er:YAG laser [4] which emit close to or directly
at the water absorption peaks of 2.0 pm and 2.94 pm [5].
Water is the main absorber of biological tissue in the mid-
infrared wavelength range (Fig. 1) and the before
mentioned lasers show significant differences in lesion
shape and coagulation zone. While most laser parameters
such as energy, spot size, pulse structure etc. and their
interaction with biological tissue have been investigated
intensively, wavelength-dependent ablation processes
were restricted to specific lasers with fixed wavelengths
due to the lack of tunable laser sources with sufficient
energy.

Today, ablative and non-ablative fractional laser treat-
ments are widely used in dermatology, for both aesthetic
and medical indications such as remodeling of soft tissue,
treatment of wrinkles, dyspigmentation, scars, and
changes related to extrinsic skin aging [6,7]. Recently,
fractional laser treatments are used to overcome the
barrier function of the skin for topically applied agents [8].
Coagulated tissue and microchannels created by fractional
laser treatments are used to penetrate deeper structures,
enhance the therapeutic effect and evenly distribute
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Fig. 1. Optical absorption coefficients p.a of principal soft tissue
chromophores are water, proteins, melanin, oxygenated hemoglo-
bin (HbOy), deoxygenated hemoglobin (Hb), and collagen, in the
wavelength range from 100 nm to 10 pm [14].

topical agents in the dermal layer. This new emerging field
of research is known as laser assisted drug delivery
(LADD). Several recent publications showed a broad field
of applications ranging from drug infiltration such as
corticosteroid in scars [9], uptake of topical photosensi-
tizers for photodynamic therapy [10], treatment with
growth factors for hair loss [11], non-invasive patch-type
transdermal vaccination [12] and transfer of bone marrow
stem cells through the skin [13].

The interest in this field of research is growing rapidly
and enhancement of clinical outcome can be achieved by
optimization of several factors like delivery protocols, laser
parameters and lesion characteristics. Haak et al. showed
that the thickness of the coagulated zone of microchannels
created by ablative fractional laser treatment have
significant influence on the uptake of topically applied
compounds [14]. Haedersdal et al. showed that ablative
zones with thick coagulated tissue have a lower diffusivity
which serve as a secondary diffusion barrier for drug
delivery [15]. These coagulated zones can be used to create
adrugreservoir in the microchannels to slow the release of
drugs to the dermis.

Kositratna et al showed rapid formation of fibrin plugs in
fractional lesions which could influence drug uptake and
potentially be controlled by properties of the coagulation
zone [16]. Lee et al presented that non-ablative fractional
laser treatments assist cutaneous delivery of small- and
macro- molecules through the skin with minimal bacterial
infection risk [17]. Despite its common use for many
indications, fractional laser treatments remain the risk of
side-effects, such as hyperpigmentation, redness and
burning. In order to reduce side-effects while attaining
efficient therapeutic outcomes, it is essential to understand
the light-skin interaction through evaluation of physical
and physiological processes. These findings support and
highlight the need to create customized lesions of different
shapes, depths and coagulation zone for various applica-
tions. In this study, we used a continuously tunable
chalcogenide laser system with a mid-IR wavelength range

from 2350nm to 3000nm to investigate wavelength-
dependent ablation processes. The continuous wavelength
tunability of this laser source make it a suitable tool for
research which is not restricted by a fixed wavelength. The
effects of wavelength-dependent absorption properties on
the ablation process and residual thermal damage forma-
tion in soft tissues was studied and compared to basic
heuristic prediction models which enabled customizable
lesion shape with controlled extent of thermal damage.
Here, we demonstrated the capabilities of the mid-infrared
tunable CW and ns-pulsed laser source and its interaction
with soft tissue. By changing the system parameters such
as energy per pulse, number of pulses and wavelength we
were able to create highly customizable lesions in shape,
depth and coagulation zone which eventually ensure
maximized therapeutic outcome and minimal risk of
side-effects for various applications. From a practical
perspective, it is also important to note that tunable
chalcogenide lasers have become commercially available
and offer the possibility to conduct such experiments with
relatively limited space requirements.

MATERIALS AND METHODS

Tunable Laser

The tunable chalcogenide laser (CW HTPTL-GS HETL-
Integrated, IPG Photonics Corporation, Birmingham, AL)
has two independent output channels: a CW channel and a
ns-pulsed gain-switched channel. The ns-pulsed channel is
based on a Cr?>":ZnSe gain medium and is wavelength
tunable from 2350 nm to 2950 nm. This channel has output
energies of up to 2.8 mdJ per pulse at 100-1,000 Hz and
pulse durations of 4-7ns. The maximum pulse energy
and pulse duration vary depending on the repetition rate
and wavelength.

The CW channel is based on a Cr?*: Zn$S crystal and
wavelength tunable from 2400 and 3000 nm with output
power levels of up to 9.2 W [18,19]. The CW and ns-pulsed
laser beams have M2 beam quality values of 3.5-5.6 and
1.5-1.8, respectively, depending on the wavelength. The
laser beams of both modes of operation are focused by a lens
system consisting of a meniscus and a plano-convex lens to
an average 1/e? spot size of 69 pm (3,739 pm?) for the CW
channel and 61 um (2,922 pm?) for the ns-pulsed channel
as experimentally determined by the knife-edge
method [20]. Attenuators were used to control the energy
while keeping the beam profile consistent [21]. A microm-
eter translation stage was used to position the tissue
specimen at the focal plane. An external shutter assembly
(Uniblitz Vincent Associates, Rochester, NY) was added for
both regimes of operation allowing the generation of down
to 10 ms pulses/pulse trains. Dry nitrogen was used as a
purge gas of the laser system to reduce absorptions in the
mid-IR wavelength range since nitrogen has a homo-
nuclear diatomic structure which does not absorb in the
mid-infrared range [22]. Figure 2 shows the laser output
energy per pulse of the pulsed laser operating at 400 Hz
and the laser output power of the CW laser over the entire
tunable spectrum at maximum pump power, after 1 hour of
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Fig. 2. The laser output energy per pulse of the gain switched ns-
pulsed laser operating at 400 Hz over the entire tunable spectrum
at maximum incident pump power, after one hour of purging. The
peak energy per pulse in this figure is 2.2 mdJ at 400 Hz. Longer
purging results in higher peak energy and less water vapor
absorption. The laser output power curve of the CW laser over the
entire tunable spectrum at the maximum incident pump power of
40 W is also shown. The peak power for the CW regime of operation
is 9.2W.

purging. Both curves show strong fluctuations caused by
water vapor which can be minimized by longer purging.

Preparation and Treatment of Ex Vivo Skin

Full thickness frozen ex vivo abdominal human skin
samples were cut into small blocks and cleaned of fat,
fascia, and hair. Thawed tissue samples were placed on a
tissue assembly plate with the epidermal side up and
covered by a 1x20mm? slit aperture and thermally
equilibrated at room temperature.

Laser pulses were deployed through the slit aperture
and the specimen were translated by a micrometer
translation stage.

Exposed tissue samples were embedded in frozen OCT
compound and 20 pm thick vertical sections were obtained
by continuous cryo-sectioning. All sections were stained
with nitroblue tetrazolium chloride (NBTC) and at least
fiveindividual lesions for each incident radiant exposure at
each wavelength were analyzed and average values of
lesion depth and thermally damaged zones were
determined.

Thermal and Stress Confinement

The optical penetration depth 8, changes significantly
across the wavelengths used in this work. The influence of
heat conduction on energy deposition can be estimated by
the thermal diffusion time 7, [24]. Spatially confined effects
can be achieved by using laser pulse durations that are
shorter than the thermal diffusion time of the heated
volume [25]. For laser ablation, the heated volume is
typically a layer of the thickness of the optical penetration
depth 3 and the characteristic thermal diffusion time is

given as:

2
= 1)

= w2k K

where 1, denotes the absorption coefficient, and «=1.43
x 102 em? s 7! is the thermal diffusivity of water [26]. For
wavelengths with an optical penetration larger than the
focused laser spot radius (about 33 um) the following
equation is used as defined by McKenzie et al. and Walsh
et al. [24,27]
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The laser wavelength, focused beam size, and pulse
duration determine the confinement conditions in terms of
stress generation and heat diffusion. In addition to rapid
heating, short-pulse laser irradiation of tissue leads to the
generation and propagation of thermo-elastic stresses. The
stress confinement time z, is the time a stress wave needs
to traverse through the directly heated volume of the
tissue [21,28]:
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(3)
where ¢, = 1,540 m/s is the speed of sound in soft biological
tissue [28]. When performing ablation under the conditions
of stress confinement, the ablation process results in an
increase of ablation efficiency and a reduction of thermal
injury in the remaining tissue [29]. Table 1 shows
wavelength dependent parameters like absorption coeffi-
cient and penetration depth, as well as the thermal
confinement time and stress confinement time of skin.
Looking at this table, one has to keep in mind that the
human tissue used in this work has water contents from
30% (stratum corneum) to 70—-80% (epidermis and dermis)
and that the absorption coefficient also depends on
temperature [30,31].

Metrics and Heuristic Models of Laser Ablation

The ablation threshold Hy, of tissue determines the
minimum required radiant exposure to achieve ablative
material removal, which depends on the optical and
mechanical tissue properties as well as on the lasers
radiant exposure and pulse duration [32]. Different models
are used to characterize and predict the outcome of laser
ablation processes like the amount of removed material
and thermal damage [33].

Typically, the theoretical ablation threshold which is
needed for the vaporization of the entire target volume is
much higher than the experimentally measured ablation
threshold due to partially vaporized tissue and subsequent
ejection of non-heated material. There are two fundamen-
tal ablation models, describing the extreme cases of
absence of thermal diffusion (blow-off model) and thermal
steady state conditions (steady-state model). These
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TABLE 1. Thermal- and Stress-Confinement Time for Human Skin Using a Focused Beam With an Average Spot

Size of 66 pm (Equations 1 and 2)

Skin (80% water)

Wavelength Absorption coefficient  Penetration depth Thermal confinement Stress confinement Pulse duration
[nm] [em™] [m] [s] [ns] [ns]
2400 40 250 546,000 160 4.7
2600 120 82 59,000 53 54
2750 2,160 5 50 3 54
2800 4,130 3 13 2 5.0
2850 6,530 2 5 1 5.9
2940 9,920 1 2 <1 7.5

The absorption coefficients are based on the product of absorption coefficient of water and the water content in the human skin (80%) as
proposed by Chen et al. [23] The water absorption coefficients are based on experimental data from Hale and Querry [5]. The pulse
duration for the pulsed regime of operation is shown for selected wavelengths at maximum pump power and 100 Hz repetition rate.

simplified laser tissue interaction simulations can be used
as a guide for thermal profiles and ablation effects.

Blow-Off Model

The blow-off model assumes that the Lambert—Beer law
accurately describes the spatial distribution of absorbed
laser energy and that a finite threshold radiant exposure
Hy, isrequired to initiate ablation [24]. Due to using micro-
beams with small spot sizes and the fact that the
vaporization is limited to a small fraction of the irradiated
target volume, the latent heat of vaporization can be
neglected and the ablation threshold can be reduced to a
partial vaporization model [33]:

He = Mi o(¢,AT) (4)

a

where o = 1.05 g/em? is the density of skin, ¢, = 3.39 J/gK is
the specific heat capacity of skin at T,=373K, and
AT =T,-T, is the absolute temperature rise [34]. Radiant
exposures below the threshold only result in heating of the
target. The model assumes that no material is removed
during the laser pulse, which means that the material
removal starts after the end of the laser irradiation. The
model requires that the conditions for thermal confine-
ment are satisfied. Wavelengths where the tissue absorp-
tion coefficient is large result in low threshold radiant
exposure and small ablation depths §,,;. Compared to that,
lower absorption coefficients result in much larger
threshold radiant exposures and deeper optical penetra-
tion. This shows a semi-logarithmic relationship between
the ablation depth and the incident radiant exposure

H, [29]:
1 H())
dupy = —In| — 5
bl Hq (ch ( )

The depth of ablation, and thus, the volume of ablated
material is dependent on the heat of ablation. The blow-off
model provides no information about the physical

mechanisms of the ablation process. It must be pointed
out that this basic model does not consider parameters
such as the influence of the tissue matrix or the
temperature and pressure dependence of the absorption
coefficient [35].

Steady-State Model

The steady-state model predicts that material removal
occurs during the irradiation of the target linearly with
time. It is used for microsecond and millisecond laser
pulses. The ablation process and the removal of tissue mass
begin as soon as the incident radiant exposure H, exceeds a
fixed threshold Hy,. Further, the model assumes that the
removal of the material progresses at a constant rate
during the entire laser pulse with the prediction of a linear
relationship between ablation depth and radiant expo-
sure [29]:

Hoy — H (6)

:u“aH th

This approach describes a continuous ablation process in
which the resulting material removal balances the irradi-
ance delivered to the tissue, which is equivalent to the
continuous-wave ablation theory. Compared to the blow-
off model the development of the ablated crater depth is not
logarithmic but linear with radiant exposure [36].

6abl =

RESULTS

Short Pulsed (~5ns) Ablation: Pulse Number
Dependence

Multiple-pulse exposures were performed at 2400 nm
and 2850 nm wavelength on ex vivo abdominal human skin
with an average 1/e? spot size of 61 um (2,922 pm?) to
determine the relationship between number of pulses and
ablation depth (Table 2). Tissue sections were exposed to 1,
4,16, 64,256, or 1024 pulses at 100 Hz repetition rate using
maximum output resulting in 55 J/cm? radiant exposure
per pulse (1.5mdJ per pulse) at 2400 nm or 22.5 J/cm? per
pulse (0.6 md per pulse) at 2850 nm (Figs. 3 and 4). These
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Fig. 3. Effect of different ~5ns pulse numbers at 2400 nm wavelength with 55J/cm? radiant
exposure per pulse (1.5 md per pulse) at 100 Hz. Left to right: 1 pulse, 4 pulses, 16 pulses, 64 pulses,

256 pulses, 1,024 pulses.

are the highest achievable incident radiant exposures of
the laser system at each wavelength which are well above
the ablation threshold. The ablation crater size was
measured from the tip of the crater to the top of the skin
surface. The increase of pulse number resulted in deeper
ablation craters for both wavelengths (Fig. 5A). The
thickness of the thermal residual damage also increased
significantly with the number of pulses, especially at
2400 nm wavelength. At both wavelengths, the ablation
crater had a circular shape for lower pulse numbers and
became conical as the number of pulses increased.

Pulsed (~5ns) Ablation: Energy Dependence

Five different energies at 2400 and 2850 nm wavelength
with an average 1/e? spot size of 61 pm (2922 pm?) were
applied to the tissue specimen to determine the relation-
ship between radiant exposure and ablation depth. Tissue

sections were exposed to 1 pulse of 33, 38, 44, 49, 55 J/cm?
radiant exposures per pulse at 2400 nm and 10, 14, 15, 17,
19, 20 J/ecm? radiant exposures per pulse at 2850 nm with
100 Hz repetition rate. The ablation craters became deeper
for increasing radiant exposure per pulse for both wave-
lengths. The ablation threshold was determined by
extrapolation of the data for material removal versus
radiant exposure and resulted in 25.8J/cm? at 2400 nm
and 2.8 J/cm? at 2850 nm (Fig. 5B).

Long Pulse (100 ms) Ablation: Irradiance
Dependence

Five different irradiances for different irradiances for
2400 and 2850 nm wavelength were applied to the tissue
specimen for pulse durations of 100 ms with an average
1/e? spot size of 69 pm (3739 wm?) (Table 3). Laser exposed
tissue showed yellow discoloration for dermal tissue and

Wavelength: 2850 nm
Radiant exposure per pulse: 22.5 J/cm’

Fig. 4. Effect of different ~5ns pulse numbers at 2850 nm wavelength with 22.5J/cm? radiant
exposure per pulse (0.6 mdJ per pulse) at 100 Hz. Left to right: 1 pulse, 4 pulses, 16 pulses, 64 pulses,

256 pulses, 1024 pulses.
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Fig. 5. Ablation depth measurements. A) Ablation depth of the ns-pulsed laser at 2400 nm
wavelength with 55.0 J/cm® radiant exposure per pulse and at 2850 nm with 22.5 J/cm? at 100 Hz for
increasing pulse numbers. B) Ablation depth at 2400 nm (33, 38, 44,49, 55 J/cm?) and 2850 nm (10,
14, 15, 17, 19, 20 J/cm?) wavelength of ~5ns pulses at different radiant exposures. A logarithmic
curve fit of the ablation depth, as determined by the blow-off model (Equation 5), was performed,
based on a least square algorithm. (C) Ablation depth at 2400 nm and 2850 nm wavelength of 100 ms
pulses at different radiant exposures. A linear curve fit of the ablation depth, as determined by the
steady-state model (Equation 6), was performed, based on a least square algorithm.

66 kW/cm?

79 kW/cm?

92 kW/cm? 105 ISW/cm2

Fig. 6. Effect of different power levels per pulse with a pulse duration of 100 ms at 2400 nm
wavelength of the CW laser. The irradiance was 53, 66, 79, 92, and 105 kW/cm? (200, 250, 300, 350,
and 400 mdJ per pulse, respectively).

dark yellow/brownish discoloration for epidermal tissue
and stratum corneum on the NBTC stained vertical tissue
sections (Figs. 6 and 7). The heat affected damage zones of
coagulated collagen and epidermis were larger for 2400 nm
wavelength compared to 2850 nm. The size of coagulated
zones varied depending on irradiance, where lower power
caused less thermal damage and higher power resulted in

larger thermally damaged areas. The employment of
higher power also led to deeper ablation. For the chosen
irradiance, at 2850 nm wavelength the stratum corneum
and epidermis were always ablated, whereas at 2400 nm
wavelength they were fully or partially intact. During the
ablation, especially for high power levels at long wave-
lengths, a tissue tightening effect was observed which can

17 kW/cm? 20 kW/cm?®

300 un g

23 kW/cm?

28 kW/cm?

25 kW/cm’®

Fig. 7. Effect of different power levels per pulse with a pulse duration of 100 ms at 2850 nm
wavelength of the CW laser. The irradiance was 17, 19.75, 22.5, 25.25, and 28 kW/cm? (60, 70, 80, 90,

and 100 mdJ per pulse, respectively).
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be seen in the histology sections by deformation of the
collagen bundle orientation (Fig. 7). The ablation threshold
was determined by extrapolation of the data for material
removal vs. radiant exposure and resulted in 6.0 kJ/cm? at
2400 nm and 1.5kJ/cm? at 2850 nm (Fig. 5C).

Wavelength Dependence

Repetition rates of 100 Hz at 2400, 2600, 2750, 2800,
and 2850 nm were used for the ns-pulsed laser and for the
CW laser a power of 0.83W at 2750, 2800, 2850, and
2940 nm with a pulse duration of 100 ms was used (Table
4). The total resulting radiant exposure for each setting
on both lasers was approximately 2.25kdJ/cm?® The
selected power of 0.83 W determines the maximum power
of the CW channel of the tunable laser system at
2940nm. The NBTC stained vertical sections show
notable changes in ablation depth and residual thermal
damage zones; with increasing wavelength, the ablation
depth increased while size of the thermal residual
damage zones decreased (Figs. 8 and 9).

In addition to wavelength, the ablation process is also
affected by pulse duration and peak power of the laser
beam, and therefore thermal and stress confinement.
Figure 10 shows the influence of beam characteristics on
ablation depth and size of coagulation zone. Human skin
was ablated with the ns-pulsed laser and the CW laser at
different wavelengths with the same total radiant energy
of 2.25kJ/ecm?. The pulsed laser emitted 100 pulses at a
frequency of 100 Hz and the CW laser used a single pulse of
100ms. For according wavelengths (2750, 2800, and
2850nm) the pulsed laser created significantly deeper
ablation craters with less thermal injury compared to the
CW laser.

DISSCUSION
Ablation Depth

In general, the ablation depth is dependent on wave-
length, pulse duration, and incident radiant. Excitation at
high absorbing wavelengths caused deeper ablation and
narrower coagulation zones compared to excitation at
lower absorbing wavelengths where a substantial portion
of the energy went into heating and coagulation of the
surrounding tissue. Excitation at low absorbing wave-
lengths decreased ablation efficiency while it increased
thermal damage.

The relationship between pulse number and ablation
depth of the pulsed laser was found to saturate with the
number of pulses. At both wavelengths, for low pulse
numbers, the ablation depth per pulse was significantly
higher than for high pulse numbers where the tissue
removal exhibited a saturating behavior (Table 5). Based
on this saturation, a logarithmic approximation of ablation
depth versus number of pulses was chosen (Fig. 5A). Other
researchers have shown a similar saturation of ablation
and coagulation depth for increasing pulse numbers in soft
tissues such as human skin and human articular
cartilage [37,38].

The saturation of the ablation versus depth curve has
four additional reasons: (i) Skin is an inhomogeneous
compound consisting of multiple layers; the epidermis
dermis and subcutaneous tissue. The stratum corneum has
the highest tensile strength of the skin, while the living
epidermis has a lower tensile strength than the dermis
which leads to more efficient ablation by the first pulses
until the dermis with its high collagen content and
therefore high mechanical strength is reached [29,30].
Collagen contraction which is evident by loop-like

2400 nm 2600 nm

2750 nm
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Fig. 8. Effect of different wavelengths at 2400, 2600, 2750, 2800, and 2850 nm (left to right) using
100 pulses with the ~5 ns-pulsed laser at 100 Hz resulting in a total incident radiant exposure of
2.25 kJ/em? (0.6 mJ per pulse).
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Fig. 9. Effect of different wavelengths at 2750, 2800, 2850, and 2940 nm (left to right) using 100 ms
pulses with the CW laser at a constant power of 0.8 W resulting in a total incident radiant exposure
of 2.25 kJ/em? (80 mdJ per pulse).

Pulsed: 5 ns, 100 Pulses

A ——Pulsed: 5 ns, 100 Pulses
——CW: 100 ms, 1 Pulse

~———CW: 100 ms, 1 Pulse

|

o
=)

Ablation Depth [um]
)
=}

Thermal Damage Zone [um] w
S
o

0 0
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Absorption Coefficient [cm 1] Absorption Coefficient [cm'1]

Fig. 10. (A) Ablation depth and (B) size of the thermal damage zone for different absorption
coefficients. The measurements were done at the tip of the ablation crater for the pulsed and CW
laser at different wavelengths in ex-vivo human abdominal skin. Hundred pulses of the pulsed laser
at 22.5J/cm? radiant energy and 100 Hz pulse repetition rate resulted in a total incident radiant
energy of 2.25 kJ/cm?. A single 100 ms pulse of the CW Laser at a constant power of 0.8 W resulted in
an incident radiant exposure of 2.25 kJ/cm?. A logarithmic fit was used for the data of the pulsed
laser and a linear fit for the CW data.

distortion of the orientation of collagen bundles around range of approximately 300 um. This causes the energy
ablation lesions might also affect the ablation efficiency; (ii)  density of the laser beam to decrease as the depth of the
the laser focusing system used in this work focuses the lesion increases; (iii) the visible formation of plasma at the
beam at the tissue surface with a relatively short Rayleigh tissue surface also led to a decrease of the optical

TABLE 2. Laser Parameter Settings for Pulse Number and Energy Dependency Experiments

Pulse number dependence Energy dependence
Mode Pulsed Pulsed Pulsed Pulsed
Wavelength [nm] 2400 2850 2400 2850
Radiant exposure per pulse [J/cm?] 55 22.5 33.0, 38.5, 44.1, 10.2, 13.6, 15.3, 17.0,
49.5, 55 18.7, 20.4
Number of pulses 1, 4, 16, 64, 256, 1, 4, 16, 64, 256, 5 5
1024 1024
Pulse width [ns] 4 4 4 7

Repetition rate [Hz] 100 100 100 100
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TABLE 3. Laser Parameter Settings for Irradiance
Dependency Experiments

Irradiance dependence

Mode CW Cw

Wavelength [nm] 2400 2850

Irradiance [kW/ 53, 66, 79, 92, 17, 19.75, 22.5, 25.25,
cm?] 105 28

Number of pulses 1 1

Pulse width [ms] 100 100

transmission to the target. (iv) additional shielding effects
such as absorption, scattering, and diffuse reflection of the
laser beam by the ablation plume led to further attenuation
and a reduction of the energy delivered to the target tissue.
To minimize shielding, a vacuum hose was used to remove
debris and ejected tissue material. We observed that the
ablation plume, consisting of water droplets and ejected
material, was successfully removed before the next laser
pulse reached the tissue. While the vacuum hose efficiently
removed ejected material from the tissue surface it was
less efficient as the ablation front traversed deeper into the
tissue and most of the ejected material stayed inside the
laser drilled tissue channel.

Another shielding effect that occurred with the pulsed
laser was the formation of plasma which were visually
observed by a bright white flash at the tissue surface. The
mechanism which led to laser induced breakdowns at short
pulse durations is multi-photon ionization which was
typically seen for longer wavelengths. Once plasma was
ignited at high irradiation, most of the succeeding laser
radiation was absorbed by the plasma, reducing the ablation
efficiency. All abundant energy did not contribute to a
further increase in ablation depth [39]. The relationship
between radiant exposure and ablation depth of the pulsed
laser was also found to saturate with increasing radiant
exposure which can be explained by the blow-off model. At
both wavelengths, once the ablation efficiency reaches a
maximum it decreases monotonically at larger doses. Thus,
for large radiant exposures much of the laser energy is used
to heat superficial tissue layers far more than required for
their removal [29]. Based on the blow-off model (Equation 5),
a logarithmic approximation of ablation depth vs. radiant
exposure was chosen (Fig. 5B). As predicted by the blow-off
model, ablations at wavelengths with lower absorption
coefficient have a higher ablation threshold but a steeper
ablation depth vs. radiant exposure curve. Similar results
were presented by Schomacker et al. using a tunable IR-
laser to determine wavelength-dependent ablation thresh-
olds of several tissue types with varying tensile
strength. [40] Additionally, the laser ablation at 2400 nm
is stress confined while at 2850 nm it is not, photoacoustic
effects and thermos-elastic stress could explain higher
ablation efficiency for high radiant exposures at 2400 nm
wavelength compared to 2850 nm. While the logarithmic fit
of Figure 5B represents the data well, the approximation is
not perfect due to the simplicity of the blow-off model which

neglects many aspects of the absorption process such as
photoacoustic and photochemical effects. Nevertheless, the
model can be used as a simple guide to describe ablation
effects but cannot replace the ex vivo tissue analysis which
would require far more sophisticated simulations. Hibst
et al. also showed the logarithmic relation between ablation
depth and radiant exposure due to shielding effects [41].
They unified the logarithmic blow-off model and the linear
steady state model using a framework that accommodates
the effects of plume absorption, or any other process
reducing ablation efficiency, on the ablation process.

The ablation crater depth for the CW laser produced by 5
different power levels at 2400 nm and 2850 nm wavelength
with 100 ms pulse duration was measured and found to
increase monotonically with radiant exposure. A very
satisfying linear least square curve fit was performed to
approximate the relation between ablation depth and
radiant exposure, as predicted by the steady state model
(Equation 6) (Fig. 5C). As predicted by the steady state
model, ablations at wavelengths with lower absorption
coefficient have a higher ablation threshold and a lower
ablation depth versus radiant exposure curve (Table 5).

Figure 10 shows that tissue ablation using the ~5ns
pulsed laser is 515 times more efficient than the CW laser
in the wavelength range from 2700 nm to 2850 nm. This
could be explained by the steady-state versus blow-off
models and the greatly reduced residual thermal damage
in the surrounding tissue caused by the ns-pulsed
laser [25]. The peak pulse power of the pulsed laser is
several fold higher than that of the continuous mode and
the high laser light intensity causes the evaporation front
to move into the tissue faster than the heat radiates
outwards, minimizing residual thermal damage. Addition-
ally, the ~5 ns pulsed laser is thermally and stress confined
lowering the ablation threshold and increasing the
ablation efficiency.

Thermal Damage

The epidermis and the dermis show varied thermal
damage behavior. The differences can be explained by
structural characteristics of the layers such as cell types,
thickness, and water content. The stratum corneum and
the living epidermis were often separated from the dermis
after pulsed and CW laser irradiation. The separation and
bulging could be explained by a loss of adhesive bond
strength and thermally altered collagen caused by thermal
laser effects [31].

Measurements at the bottom of the ablation crater
defined the size of the coagulation zones. The ns-pulsed
laser pulses were thermally confined for all used wave-
lengths; the absorbed laser energy was directly deposited
and led to a temperature rise in the tissue which resulted in
thermal damage with minimal heat diffusion to surround-
ing tissues. Figure 10 shows that tissue exposed to 100
pulses from the ns-pulsed laser operating at 2400 nm
wavelength and 22.5 J/cm? radiant exposure per pulse, has
a thermal damage depth of 117 pm. This is 53% less than
the optical penetration depth of skin at 2400 nm wave-
length (Table 1). This was explained by Walsh et al. who
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TABLE 4. Laser Parameter Settings for Wavelength
Dependency Experiments

Wavelength dependence

Mode Pulsed CW

Wavelength [nm] 2400, 2600, 2750, 2750, 2800,
2800, 2850 2850, 2940

Total radiant 2.25 2.25

exposure [kJ/cm?]

Number of pulses 100 1

Pulse width 4-Tns 100 ms

Repetition rate [Hz] 100 —

found that very thin zones of thermal damage were seen
when radiant exposures were below or near the ablation
threshold which was the case for the laser parameter
settings at 2400 nm wavelength [42]. While for 2600, 2750,
2800, and 2850 nm wavelength the radiant exposure was
well above the theoretical ablation threshold of skin, the
coagulation zones exceeded the calculated optical penetra-
tion depth. Reasons for this are that human tissue used in
this work has different water content of 30-80% depending
on the layer, which increases the optical penetration depth
and therefore the thermal damage depth. The increase of
absorption coefficient of the ns-pulsed laser, while keeping
the rest of the laser settings constant, led to coagulation
zones which were at least 20 times smaller at 2850 nm
wavelength compared to 2400 nm (Fig. 10).

The observation of very small thermally damaged zones,
or even its absence, in soft biological tissue was made by
Franjic and Jowett who used a 100ps laser system at
2950 nm wavelength [43,44]. Similarly, we were able to
show in this study that the pulsed laser with pulse
durations of about 5 ns also produced ablation crater with
very small thermally damaged zones in human skin. The
reduction of the coagulation zone is a consequence of
photoacoustic effects due to thermal and stress confine-
ment. The thermo-elastic response of the tissue lowers the
ablation threshold and this results in an increase of the
ablation efficiency and a reduction of the thermal injury in
the tissue that remains [35].

TABLE 5. Ablation Depth Per Pulse at 2400 nm Wave-
length With 55.0 J/cm? Radiant Exposure Per Pulse and
at 2850 nm Wavelength With 22.5 J/cm? Radiant Expo-
sure Per Pulse, Both at 100 Hz for 1, 4, 16, 64, 256, and
1024 Pulses

Number Ablation Depth per Ablation Depth per
of Pulses Pulse[pm] at 2400nm  Pulse [pm] at 2850 nm
1 42 34

4 38 30

16 13 16

64 4 8

256 2 3

1024 1 1

Increased coagulation zones could be observed at the
tissue surface and at the ablation crater sides for high
pulse numbers. Similar characteristics were observed by
Walsh et al. and an explanation for this effect could be the
development of hot gas [42]. The alterations observed at
the edge of the ablation crater suggests that hot pressur-
ized gases form during the ablation which are capable of
thermally damaging and tearing the tissue. Furthermore,
when material particularly deep within the tissue is
vaporized, it cannot easily expand. It is, therefore, likely
that the vaporization temperature of the tissue rises and
thermal damage of the surrounding, non-ablated tissue
increases.In contrast to thermal damage zones of the
pulsed laser, damage zones of the CW laser were of almost
uniform thickness at the ablation crater sides and at the
bottom, implicating homogeneous heat conduction in all
directions. Additionally, the 100 ms pulses of the CW laser
did not fulfill the conditions of thermal confinement
(Table 1). Again, the width of the thermal damage zones
at 2750, 2800, 2850, and 2940 nm were significantly larger
than the theoretical optical penetration depths at these
wavelengths. We showed that the thermal damage could be
directly controlled by pulse duration and radiant exposure.
Even with low incident radiant exposures and 100 ms
pulses at wavelengths with high absorption coefficients,
thermal damage zones were up to 10 times larger than
those obtained from the ns-pulsed laser.

CONCLUSION

This paper presents, for the first time, a tunable mid-
infrared Cr2*:ZnS/Se laser chalcogenide system that
generates highly modifiable laser lesions in terms of
shape, depth and size of the coagulation zone. This is
possible due to the unique characteristics of the laser
system such as a CW and ~5 ns pulsed mode of operation
in the wavelength range of 2350 nm to 3000 nm with
sufficient energy/power to ablate biological tissue. In
order to perform systematic laser tissue ablation experi-
ments on ex vivo abdominal human skin an experimen-
tal setup for the CW and ns-pulsed mode of operation
were developed. We showed that the outcome of lesions
was highly dependent on variation of radiant exposure,
pulse duration and wavelength of the laser beam. For
the CW mode of operation, coagulation zones are
relatively thick for ablated and non-ablated lesions
since the ablation is governed by heat diffusion due to
relatively long pulse durations. We showed that the
coagulation zones could be significantly decreased by
change of laser excitation to highly absorbing wave-
lengths. Additionally, we showed that the CW laser
ablation depth can be explained by the steady-state
model with a linear relation of depth versus radiant
exposure. In comparison to the CW mode, the pulsed
mode used in this work with pulse durations of about
5nsis capable to generate ablation craters with minimal
thermal injury. The ablation depth of these craters can
be described with the blow-off model and approximated
with a logarithmic relation of radiant exposure vs depth.
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The reduction of thermal damage zones for nanosecond
pulses is a consequence of thermal and stress confine-
ment effects. Compared to the ns-pulsed laser, in this
wavelength range, the CW mode of operation required
up to 200-fold more incident radiant exposure for the
initiation of the ablation process. Further, we were able
to show that increasing pulse numbers lead to deeper
ablation craters as well as declining ablation efficiency.
For future work, the laser system could be used to
systematically evaluate laser assisted drug delivery
efficacy in relation to coagulation zone thickness and
ablation crater depth. We showed that in contrast to
traditional laser systems with a fixed wavelength the
tunable laser source provides a unique opportunity to
investigate effects of wavelength-dependent absorption
properties on the ablation process and coagulation zone.
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