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Germany; ‡Vanderbilt University, Dept. of Physics, Nashville, Tennessee 37235; *FOM Institut for
Plasmaphysics, 3430 BE Nieuwegein, The Netherlands
(Paper JBO-082 received Mar. 25, 1996; revised manuscript received Nov. 5, 1996; accepted for publication Feb. 10, 1997.)

ABSTRACT
The ablation depth and collateral thermal damage for pulsed infrared photoablation as a function of wave-
length with the free-electron laser (FEL) at 10.1, 11.8, 12.8, and 14.5 mm wavelengths is investigated. FEL data
are compared with the blow-off and the continuous ablation models. Porcine cadaver corneas were used as
target material. [Ablation depth per pulse as well as collateral thermal damage (extension of eosinophilic zone
at the excision base beyond the irradiated surface) were measured by histologic micrometry.] The experimen-
tal data are compared with theoretical calculations for both models. At low water absorption (10.1 mm) the
additional absorption of the cornea was taken into account. FEL data were: energy per pulse between 15.6 and
17.8 mJ, ablation zone around 0.2 mm2, and pulse length 4 ms (macropulse). In this wavelength range an
effective photoablation of biological materials with a high water content can be achieved. The measured FEL
data of ablation depth fail to confirm the blow-offmodel; they are 3 to 5 times higher than predicted. However,
they are in agreement with the continuous ablation model, describing ablation depth sufficiently well
(610%). The wavelength range from 11.8 to 14.5 mm is dominated by water absorption; here the ablation
depth depends on the water absorption coefficient only, if other parameters are kept constant. At a 10.1 mm
wavelength, collagen absorption contributes to the overall absorption of corneal tissue. The ablation depth
can only be described by the continuous ablation model; however, the collateral thermal damage pattern can
be described by both models (deviation of data 610–25%). © 1997 Society of Photo-Optical Instrumentation Engineers.
[S1083-3668(97)00402-4]
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1 INTRODUCTION
Photoablation experiments in corneas in the near-
and midinfrared wavelength range have been per-
formed by many groups (Tm:YAG laser, 2.02 mm;1

Er:YAG laser, 2.94 mm;2 CTE:YAG laser, 2.69 mm;3

Er:YSGG laser, 2.79 mm;4 and CO2 laser, 10.6 mm5).
However, no data were available beyond the
10.6-mm laser wavelength. The water absorption
spectrum shows (Figure 1) that wavelengths be-
tween 12 and 20 mm have an absorption coefficient
higher than 103 cm−1; i.e., higher than the absorp-
tion coefficient at 10.6 mm (a CO2 laser wavelength
successfully used for ablation of soft tissue). Owing
to the high water content of the cornea (.80%),
effective ablation was expected. The free-electron
laser FELIX at the FOM Institut for Plasma Physics
in Nieuwegein, The Netherlands6 emits laser radia-
tion between 5 and 110 mm and was thus used for
the first systematic investigation of ablation depth
per pulse and collateral damage in the cornea for
wavelengths beyond 10.6 mm. The experimental re-
sults were compared with commonly used ablation
models.
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2 MATERIALS AND METHODS

Experiments were performed at 10.1-, 11.8-, 12.8-,
and 14.5-mm wavelengths; the corresponding water
absorption coefficients (data taken from Hale and
Querry7) are 0.73103 cm−1, 1.93103 cm−1, 2.8
3103 cm−1, and 3.33103 cm−1. Spectroscopic water
data shown in Figure 2 were taken from Hale and
Querry, and spectroscopic measurements on cornea
matrix (dried and fragmented cornea) were done at
the Chemical Institute in Tübingen. Ninety-six pho-
toablative incisions were performed on 12 porcine
corneas at these four different wavelengths. The
setup is shown in Figure 3. A plane and a spherical
mirror (focus length=30 cm) were used to focus the
beam. Ten pulses were applied for each ablation.
The corneas were used within 24 h postmortem;
epithelium was debrided immediately before pho-
toablation. The energy per pulse was 17.8 mJ at 10.1
mm, 17.6 mJ at 11.8 mm, 16.5 mJ at 12.8 mm, and 15.6
mJ at 14.5 mm wavelengths. It was monitored with
a pyroelectric detector located in a diagnostic sta-
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Fig. 1 Absorption coefficient of water in the wavelength range
from 2 to 22 mm.7
tion and using a fraction of the FEL output for on-
line control. The pyroelectric detector was cali-
brated against an absolute energy meter (Gentec
EM 1, Canada) for all wavelengths used. The abla-
tion zone was about 0.2 mm2. The spot size was
estimated by measuring the ablation zone diameter
several times with a sliding caliper immediately af-
ter ablation. The laser pulse length (macropulse)
was 4 ms. The corneas were fixed on a sample
holder.
In order to avoid misleading measurements due

to tissue shrinkage during histological preparation,
the thickness of the corneas was measured before
ablation using a pachymeter (sonogage corneo gage
II) and afterward by histologic micrometry of the
fixed samples with a calibrated light microscope
(Leitz Laborlux S). The thickness measurement be-
fore ablation was done in contact with the corneas
by measuring perpendicular to their surface. The
pachymeter detects the running time of an ultra-
sonic wave, which is sent through the cornea and
reflected on the back side of it. The correction fac-
tors resulting from our double measurements
ranged between 1.26 and 1.99. They were calculated
for each section prepared. Therefore the size in Fig-
J

ures 4 to 7 is not the real size as in a normal hy-
drated cornea before histologic preparation.
The corneal disks were excised immediately after

ablation and fixed in 5% formol. The extent of the
collateral thermal damage was assessed histologi-
cally by hematoxylin and eosin (H&E) staining and
12 to 22 cross sections (5 to 6 mm thickness) on each
laser spot. With the calibrated light microscope,
several measurements (10 to 20) were made at the
bottom of the crater. Twenty-four craters were
evaluated for each wavelength. The experimental
data were compared with theoretical calculations
according to the continuous8 and the blow-off abla-
tion models.9,4,10

3 ABLATION MODELS

3.1 CONTINUOUS ABLATION MODEL

The continuous ablation model is based upon:

• Lambert’s law,
• constant energy per square unit,
• one-dimensional calculation,
• ablation as solely the result of vaporization,
and

• disregard of heat conduction.

Heat conduction is disregarded because the ther-
mal diffusivity of the tissue is so small that the ther-
mal relaxation time is up to two orders of magni-
tude higher than the pulse duration used at FELIX.
The thermal relaxation time is about 400 ms at a
penetration depth of 14 mm (CO2 laser)

11 and about
20 ms for the minimal penetration depth used at
FELIX (14.5 mm wavelength). Therefore minimal
heat conduction was achieved with the FELIX pulse
length.
The wavelengths we investigated were between

10.1 and 14.5 mm; therefore the penetration depth of
the laser light in the tissue was between 2.5 and 15
mm. The distance of the collagen layers is about 63
nm12 (67 nm13). Therefore we think that the corneal
stroma appears homogeneous with the electromag-
netic wave.
According to Lambert’s law, energy density de-

creases with increasing depth in the cornea. The en-
ergy deposited in the corneal tissue beneath the

Fig. 3 Experimental setup using the free-electron laser FELIX at
FOM.6 Beam diameter is about 0.5 mm on the sample.
Fig. 2 Absorption of cornea surface layer before and after first
pulse and water absorption in the wavelength range from 2.5 to
15 mm.
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bottom of the ablation crater, where the energy
density is not sufficient for ablation, is thus not
available for ablation. This energy is absorbed by
the remaining tissue. In the following equation it is
defined by ER . This energy causes the thermal col-
lateral damage.

ER5E
0

`

eVAexp~2ax !dx or ER5eVA/a , (1)

where A is irradiated area, a is the absorption co-
efficient of the tissue [water7 1 cornea matrix (Fig-
ure 2)], and eV is the energy density required for
vaporization. The variable x is a vertical measure-
ment of depth into the corneal tissue beneath the
surface. The heat for vaporizing water of 30°C is
2.428 kJ/g; therefore 2500 mJ/mm3 was taken for
eV .

14

The maximum depth for a temperature T needed
to cause coagulation in tissue can be calculated as
follows:

eT5eVe
2ax; therefore xT51/a~ ln eV /eT!

or xT is proportional to 1/a ; (2)

thus xT is proportional to ER (EV , A 5 const.)
where eT is the energy density that is sufficient to
reach the temperature T . eT is calculated with the
specific heat of water (4.182 J/(g1°C)),15 eT5(T1
2T2)4.182 J/(g1°C)=(168 mJ/mm

3). Coagulation,
an irreversible thermal effect on tissue, takes place
above 60°C.16 The corneas were at room tempera-
ture. Therefore a temperature difference of 40°C
was taken for T12T2 [T1: 60°C; T2: 20°C (room
temperature)]. The theoretical calculation of the ab-
lation depth is based upon the assumption that the
total energy E tot is divided into two parts: the en-
ergy absorbed in the remaining tissue, ER and the
energy consumed by vaporization, Evap (E tot5Evap
1ER).
The ablation process begins when the energy

density at the surface is high enough to vaporize
tissue water explosively. The vaporization process
continues until the end of the pulse. Under this as-
sumption, the energy density at the edge of the ab-
lation zone is constant until the end of the pulse
(the value of the energy density is eV). Therefore,
eV is constant over the whole ablation volume. This
leads to

ablation volume5xVA5Evap/eV

or xV5Evap/~eVA !

Following Eq. (1):

xV5~E tot2eVA/a!/~eVA !5E tot /~eVA !21/a

5~1/a!~E tot /ER21 !. (3)
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The profile of the ablation craters can be assumed
as a Gaussian (Figures 4 to 7). Therefore a noncon-
stant energy density (with a Gaussian beam profile)
was used: e(r) 5 e0exp( 2 2r2/w2) (energy density)
where r is the radius of the beam, and w is the
width of the Gaussian (w 5 0.29 mm reproduces the
craters). According to this assumption, the depth
was calculated with xV 5 2E tot /(peVw

2) 2 1/a (see
Appendix).

3.2 BLOW-OFF ABLATION MODEL

The blow-off ablation model is based on the as-
sumption that the ablation process begins after the
end of the laser pulse. Therefore, an exponential en-
ergy density in the vertical direction into the tissue
beneath the surface is expected at the end of the
laser pulse. The energy density is attenuated to a
value of eV within the part of the tissue that is ab-
lated. eV defines this depth. This ablation depth was
calculated again with a Gaussian beam profile and
the absorption coefficient a of the tissue. Therefore
the depth results in: xB51/a ln(2Etota/(peVw

2))
(see Appendix). The values are shown in Table 1.
The calculation of the collateral thermal damage

zone is based upon ER (remaining energy) and
therefore the two ablation models do not differ.
Calculated and measured values are shown in
Table 2.

4 RESULTS
Figures 4 to 7 show the ablation zones at 10.1-,
11.8-, 12.8-, and 14.5 mm wavelengths. The ablation
depths in Figures 4 to 6 are 400 to 500 mm. Crater
diameters at the surface of the tissue are between
230 and 440 mm. The extension of the thermal dam-
age due to subablative laser intensity at the surface
of the corneas is marked in the pictures. It is up to
110 mm on each side of the cross section of the cra-
ter at the wavelengths with lower absorption (10.1/
11.8 mm). The crater diameters in Figures 4 and 5
are a bit smaller than the mean value of the other 23
craters at each wavelength. In Figure 7 the ablation
depth is smaller; about 300 mm. The crater shown is
less deep than all the other craters that were mea-
sured at the same wavelength. Table 1 shows the
ablation depth/pulse (z) determined in the histo-
logic cross sections. The values are between 45 and
50 mm per pulse. The ratio of measured and calcu-
lated values (xV /z) and (xB /z) determines the
prediction accuracy.
The collateral thermal damage (d5extension of

eosinophilic zone at the bottom of the incisions) is
shown in Table 2. The values are all around 10 to 12
mm. The extension of the collateral thermal damage
zone was compared with the calculated values. As
in Table 1, the ratio xT /d determines the prediction
accuracy.



PHOTOABLATION IN CORNEA WITH FREE-ELECTRON LASER
Fig. 4 Ablation zone at 10.1 mm wavelength.
J

Fig. 5 Ablation zone at 11.8 mm wavelength.
Fig. 6 Ablation zone at 12.8 mm wavelength.
Fig. 7 Ablation zone at 14.5 mm wavelength.
Figs. 4–7 The crater diameters at the surface of the tissue are indicated by vertical lines, and the extension of thermal damage at the surface
of the cornea by arrowheads.
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Table 1 Ablation depth (*absorption of the cornea matrix was taken into account).

Wavelength
(mm)

Measured
z (mm/pulse)

Continuous
abl. model

xV (mm/pulse)
Quotient
xV /z

Blow-off
abl. model

xB (mm/pulse)

10.1 49.46 6.7 39.0 0.7960.12 19.1

10.1* 49.46 6.7 49.6 1.0060.17 10.8

11.8 46.46 6.0 48 1.0360.16 12.2

12.8 47.1610.7 46.5 0.9960.29 9.4

14.5 45.56 4.1 44.2 0.9760.10 8.3
5 DISCUSSION

These first ablation experiments in corneas carried
out at FELIX in the wavelength range from 10.1 mm
to 14.5 mm demonstrate that an effective ablation of
cornea (an example of biological tissue with high
water content) can be obtained in this wavelength
range. In the wavelength range from 11.8 to 14.5
mm, the water absorption coefficient a dominates
the absorption of the material (Figure 2). At the
10.1 mm wavelength, the absorption seems to be
dominated by water and the matrix of the cornea.
The cornea components contain glucose, galactose,
and mannose, as well as other elements of the col-
lagen matrix, which all have molecule endings
uCHuOH2 absorbing strongly at around 10 mm
wavelength. Therefore the ‘‘right’’ ablation depth/
pulse could not be calculated exclusively using the
absorption coefficient of water alone. The same ab-
sorption coefficient as that at 12.4 mm wavelength
was used to calculate the ablation depth/pulse and
the thermal collateral damage at 10.1 mm. This was
done because the absorption at 10.1 mm is as high
as that at 12.4 mm (Figure 2). To calculate the abso-
lute ablation depth with the model presented,
based upon a and a continuous ablation process,
the ablation craters were assumed to be Gaussian.
As a result, the ratio calculated for a measured ab-
lation rate (xV /z) is nearly constant and the mea-

Table 2 Collateral thermal damage.

Wavelength
(mm)

Measured
d (mm)

Abl. model
xT (mm)

Quotient
xT /d

10.1 12.461.8 40.3 3.360.6

10.1* 12.461.8 11.5 0.960.2

11.8 12.162.8 14.4 1.260.3

12.8 10.962.2 9.6 0.960.2

14.5 9.661.1 8.1 0.860.1
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sured values can be described well by the theoreti-
cal calculations, which are based upon a and a
continuous ablation process.
The ablation depth reached in our experiments is

much greater than the ablation depth expected
from the calculations based upon the blow-off abla-
tion model. Especially at a high absorption coeffi-
cient, the values differ by a factor of about 5. As-
suming a greater penetration depth in the tissue
(e.g., as in Ref. 17), the ablation depth calculated
with the blow-off model increases by up to a factor
of about 2. The blow-off ablation model, which de-
scribes ablation with UV wavelengths at short pulse
lengths very well,18 is assumed to be unsuitable for
the IR ablation process at a pulse length on the or-
der of microseconds or longer based upon the wa-
ter absorption coefficient a.
The collateral damage at the bottom of the inci-

sions after ablation is on the same order as the col-
lateral damage inflicted at 3 and 6 mm with an
FEL19 and increases with a decreasing absorption
coefficient. The extension of the thermal damage
zone was found to be on the same order in mea-
surement and calculation.
It is shown that in the mid-IR wavelength range

between 11.8 and 14.5 mm the absorption of laser
light in corneal tissue is mostly based upon water.
At 10.1 mm, the low water absorbance leads to an
increase in the importance of other absorbers inside
the tissue besides water. In the wavelength range
investigated, the absorption coefficient of water is
much higher than the absorption coefficient of the
total of all other absorbers inside the tissue, except
at wavelengths below 11.5 mm.
We made an estimate for the absorption coeffi-

cient a of the corneal tissue from spectroscopic data
(Figure 2) at a 10.1-mm wavelength. Other effects
play a minor role in that wavelength range. A small
absorption shift to shorter wavelength during abla-
tion due to heating does not result in a remarkable
shift of absorption because in the wavelength range
investigated there are no large changes in tissue ab-
sorption. Our model does not account for a part of
the laser pulse that might be scattered or blocked
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by ablation particles. It ignores photoacoustic ef-
fects. Nevertheless, all these effects do have an ef-
fect on the fluence. According to our measure-
ments, these effects are within our measured error
bars. However, we do know that there might be an
error in estimating the fluence because the pulse-to-
pulse stability of the FEL and the spot size determi-
nation provide the possibility of incorrect values.
It is shown conclusively that the continuous

model can predict the ablation depth in water-
containing tissue if the absorption coefficient a is
known. The very simple ablation model, which
does not describe the tissue properties correctly
(e.g., the tissue matrix), correlates surprisingly well
with the experimental data.
With this knowledge, clinical applications for IR

lasers at pulse lengths in the range of microseconds
or longer (no plasma-induced ablation) can be de-
signed better. The knowledge of the water content
of the tissue and the applied wavelength (or ab-
sorption coefficient) together with the fluence,
make it possible to predict the ablation efficiency.
Or in other words, the laser–tissue interactions that
are desired, such as coagulation and ablation to-
gether with ablation depth, can be adjusted better.
As a result, a wavelength-tunable FEL is a valuable
tool for performing ablation experiments with laser
wavelengths that are not available from other laser
sources.
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6 APPENDIX
6.1 CONTINUOUS ABLATION MODEL

The ablation depth xV can be calculated by ER
5eVA/a [Eq. (1)].
It follows that E tot 5 e0A/a or e0 /a 5 E tot /A and

E tot /A is the same as I0 , therefore

e0 /a5E tot /A5I0 . (4)

Together with xV 5 (1/a)(E tot /ER 2 1) [Eq. (3)], it
follows that

xV5~1/a!~e0 /eV21 !. (5)

Assuming a Gaussian energy density e0(r) 5 e0
exp( 2 2r2/w2) (Gaussian beam profile), x(r) is cal-
culated by
J

I~r ,F ,x !5E tot g~r ,F!exp~2ax !;

with E g~r ,F!rdrdF51. (6)

I(r) 5 I0exp( 2 2r2/w2) 5 Etot g(r) following g(r)
5 I0 /E totexp( 2 2r2/w2). g(r) 5 g(r ,F) and g(r) set
in (6) results in: 1 5 (I0 /E tot)pw

2/2 or I0 5 2E tot /
(pw2). Therefore, xV can be calculated with Eqs. (4)
and(5):xV 5 2E tot /(pw

2eV)21/a .

6.2 BLOW-OFF ABLATION MODEL

The ablation depth xB can be calculated by

Evap5E tot2ER5E
0

x
eVAexp~az !dz

5~eVA/a!~exp~ax !21 !

Thus xB5~1/a!ln~Evap/ER11 !, (7)

Taking into account ER 5 eVA/a [Eq. (1)] and as-
suming a Gaussian beam profile, the depth results
in xB 5 (1/a)ln(eo/eV) [Eq. (7)] following from Eqs.
(3) and (4),

xB5~1/a!ln~2E tota!/~pw2eV!.
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