
M
c
c
r

B

1

C
c
c
A
c
b
a
n
u
g
s

A

T
v

s
D

2

easurement of small-signal absorption
oefficient and absorption cross section of
ollagen for 193-nm excimer laser light and the
ole of collagen in tissue ablation

rian T. Fisher and David W. Hahn

A 193-nm ArF excimer laser transmission was measured at subablative fluence through varying strength
solutions of dissolved collagen, yielding an absorption cross section of 1.14 � 10�17 cm2 for the peptide
bond, which accounts for 96% of the total collagen attenuation that is based on additional transmission
measurements through solutions of isolated constituent amino acids. The measured absorption cross
sections, in combination with typical corneal tissue composition, yield a predicted corneal tissue absorp-
tion coefficient of 16,000 cm�1. In addition, dry collagen films were prepared and ablation-rate data
were recorded as a function of laser fluence. Ablation rates were modeled by use of a Beer–Lambert
blow-off model, incorporating a measured ablation threshold and an absorption coefficient that are based
on the measured collagen absorption cross section and the film bond density. The measured ablation
rates and those predicted by the model were in very good agreement. The experiments suggest that
collagen-based absorption coefficients are consistent with predicted corneal tissue ablation rates and
previously observed dynamic changes in tissue properties under ablative conditions. © 2004 Optical
Society of America

OCIS codes: 170.0170, 170.1020, 170.4470.
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. Introduction

linical excimer laser refractive surgery systems are
ontinually evolving to improve in accuracy and pre-
ision and hence to provide better refractive results.

more complete understanding of the ablation pro-
ess may help to realize the goal of better outcomes,
ut the physics and mechanisms of corneal ablation
nd the role of the various tissue constituents are still
ot completely understood. At a more basic level, an
nderstanding of the chemical composition of colla-
en, which is the primary constituent of corneal tis-
ue, and its role in UV photochemistry is necessary.

. Laser Light Absorption and Tissue Ablation

here have been a number of recent literature re-
iews that address the mechanisms and chemistry of
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xcimer laser tissue ablation.1–3 Although much
as been learned to date about tissue ablation, nota-
ly at the 193-nm wavelength characteristic of the
rF excimer laser, a careful review of the literature
eveals the lack of a comprehensive model that can be
sed to explain or predict tissue ablation rates with a
igh degree of accuracy. Many have suggested and
ome research has supported the idea that corneal
issue absorbs 193-nm ArF excimer laser light ac-
ording to the Beer–Lambert law, meaning that the
ntensity of the light decays exponentially with depth
nto the tissue.1–5 The Beer–Lambert law is de-
cribed by

I� x� � I0 exp���x�, (1)

here I0 is the laser intensity incident at the tissue
urface, I�x� is the intensity of the laser after it pen-
trates to tissue depth x, and � is the tissue absorp-
ion coefficient �usually reported in inverse
entimeters� for the particular wavelength of laser
ight. Beer–Lambert behavior is certainly a valid
pproach for low-power irradiation, in which the in-
ident energy density is well below the ablation
hreshold. However, under ablative conditions,
10 October 2004 � Vol. 43, No. 29 � APPLIED OPTICS 5443
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onlinear optical effects may alter the nature of the
bsorption coefficient. Notwithstanding such ef-
ects, the Beer–Lambert law can be used to provide a
rst-order estimate of ablation depth in what is often
eferred to as a “blow-off” model. In this model the
epth of tissue ablation for a single laser pulse is
qual to the depth at which the laser intensity has
ecayed to the threshold required for ablation. De-
ning Ith as the ablation threshold intensity, with

ncident intensity I0, the blow-off model predicts an
blation depth equal to

dablation �
1
�

ln� I0

Ith
� . (2)

The above analysis is coupled strongly to the cor-
eal tissue absorption coefficient, which for 193-nm
xcimer laser light is perhaps one of the largest
ources of controversy and the focus of much re-
earch. One of the first values reported for the tis-
ue absorption coefficient, determined by measuring
he transmission of excimer laser light through thin
uman and bovine corneal sections, was 2700 cm�1 at
93 nm.6 This value was reiterated and further sup-
orted by subsequent research,7 including a similar
tudy with human and porcine cornea that yielded an
verage value of 2410 cm�1.8 However, by the mid-
990s, researchers began to reexamine this issue.
n 1993 Bor et al.9 reported a value of 20,370 cm�1 for
orcine corneal tissue that was based on fitting a
ogarithmic curve to a plot of ablation-rate versus
aser-fluence �energy per unit area� measurements.9
y directly measuring corneal tissue reflectance and
pplying Fresnel theory to determine the complex
efractive index of the tissue, Pettit and Ediger re-
orted an absorption coefficient of approximately
0,000 cm�1 for bovine cornea.10 Yablon et al. mea-
ured the absorption coefficient of bovine cornea by
sing a novel technique called interferometric photo-
hermal spectroscopy and reported a value of 19,000
m�1.11

The values reported by researchers in more-
ecent literature are an order of magnitude larger
han the absorption coefficient first reported by Pu-
iafito et al. in 1985.6 Pettit and Ediger contend
hat the absorption coefficient must be on the order
f 20,000 cm�1 based on theoretical considerations,
amely by assuming that the peptide bond is the
rimary chromophore in corneal tissue for 193-nm
ight and by translating the bond density into an
bsorption coefficient, as well as on experimental
vidence by measuring ablation-rate values as a
unction of laser fluence.10 However, consider-
tion of a single absorption coefficient makes the
mplied assumption of a static and unchanging
alue during the ablation event, which may be an
versimplification.
Many researchers have suggested that the ab-

orption coefficient is actually a dynamic quantity
hat may be enhanced under ablative conditions as
444 APPLIED OPTICS � Vol. 43, No. 29 � 10 October 2004
ell as be influenced by matrix effects such as tis-
ue hydration. It is generally accepted that there
s a static “small-signal” absorption coefficient that
emains constant for laser fluences below the abla-
ion threshold. Some research has shown, how-
ver, that there are transient decreases in both
orneal tissue reflectivity and transmission through
he tissue under ablative conditions.12–16 Such
ata suggest that there is a transient effect that
ynamically changes the absorption coefficient of
orneal tissue during the ablation process, notably
uring the time course of the excimer laser pulse.
urthermore, research suggests that tissue hydra-
ion may play a role in transient changes in tissue
bsorptivity, possibly owing to the direct absorption
f laser energy by water molecules and their sub-
equent vaporization.12,17,18 Alternative views are
hat ablation events at high laser fluence induce
adical-species formation with high absorption
ross sections, while also causing boiling of the wa-
er fraction of the cornea, resulting in changes in
he overall absorptivity of the tissue.19 Electron
aramagnetic resonance studies have corroborated
he idea that reactive free-radical species are cre-
ted during excimer laser ablation, suggesting that
hese radicals may play a significant role in laser–
issue interactions.20

Despite the large body of research to date, no study
as systematically investigated the absorption prop-
rties of individual corneal tissue constituents
namely collagen and water� by use of direct mea-
urements. Furthermore, no clear and comprehen-
ive description of the corneal tissue laser absorption
nd ablation processes has been developed. The
urrent study is intended to further elucidate the role
f corneal constituents, primarily collagen, in the ab-
ation process.

. Collagen Structure

o date, no published study has thoroughly described
he structure of collagen �the primary constituent
fter water� in corneal tissue as it relates to photo-
hemistry. Some presentations include discussions
f basic collagen structure, but these treatments are
enerally cursory.19

For purposes of the present paper, the overall
tructural unit of collagen is referred to as the mac-
omolecule. The collagen macromolecule is a right-
anded, triple-helix structure, in which each helical
trand is composed of a series of amino acids. The
trands are linked together by bonds known as cova-
ent cross-links, which provide structural integrity.
he sequence of amino acids in a particular strand is
quasi-repeating pattern, typically represented as
ly-X-Y, in which glycine �Gly� appears as every

hird residue, X is generally considered proline, and Y
s generally considered hydroxyproline. Other
mino acids may appear in trace amounts in place of
he proline and hydroxyproline, but collagen is most
onveniently modeled as a repeating sequence of gly-
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ine, proline, and hydroxyproline in overall equal pro-
ortions. The chemical formulas for glycine, pro-
ine, and hydroxyproline are C2H5NO2, C5H9NO2,
nd C5H9NO3, respectively. The three amino acids
re linked to form the repeating sequence found in
ollagen, as depicted in Fig. 1.21–27

The collective chemical formula for this repeating
equence of three amino acids is C12H17N3O4, which
ums to 267 atomic mass units �amu�. Note that the
eptide bonds are formed through a substituted
mide linkage, which also forms a water molecule
i.e., dehydration�; hence the total atomic mass is
ifferent from the sum of the respective amino acids.
he average weight of a typical collagen macromole-
ule is approximately 308,300 amu, which corre-
ponds to 1155 groups of the repeating amino acid
equence. It is generally accepted that the primary
hromophore for a 193-nm excimer laser light in cor-
eal tissue is the peptide bond �C™N� between adjoin-

ng amino acids.28,29 Accordingly, one may calculate
total of 3465 chromophores for 193-nm radiation

resent in each macromolecule of collagen, based on
hree peptide bonds per repeating amino acid se-
uence �i.e., glycine-proline-hydroxyproline� and
155 sequences per macromolecule. Quantification
f the absorption characteristics of the purported
eptide-bond chromophore is a significant goal of this
aper.

. Experimental Methods

. Dissolved Collagen and Amino Acid Solutions

ransmission of 193-nm ArF excimer laser light at a
ubablative fluence of approximately 4 mJ�cm2 was
easured through four solutions, namely water, ace-

ic acid, dissolved collagen in acetic acid, and dis-
olved amino acids in acetic acid. The transmission
as measured by use of a fast-response �200-ps rise

ime� photodetector and a digital oscilloscope �2.5 gi-
asamples�s�, through an UV grade cell �Suprasil
12� with an average path length of 0.167 cm. Laser
ine filters at 193 nm were used in front of the pho-
odetectors for all experiments to eliminate spurious
ignals due to fluorescence, which was noted to be
ignificant if the filters were removed. The trans-
ission cell was constructed by pressing two 50-mm-

iameter quartz flats together with a thin O-ring

ig. 1. Amino acid sequence constituting the primary structure of
ollagen �C12H17N3O4�. Bold lines indicate peptide bonds �C™N�
etween adjoining amino acids.
etween them. The O-ring sealed the desired solu-
ion between the two flats and provided a repeatable
pacing �i.e., cell path length� between the two flats.
he exact optical path length was determined by the
ifference between the measured thickness of the cell
nd the measured total thickness of the two glass
ats alone �i.e., no O-ring�. These measurements
ere made with a precision micrometer with an un-

ertainty of �12 �m.
For each solution transmission measurement, an

verage laser waveform was recorded first without
he cell present, then through the cell containing the
ppropriate solution, then again without the cell
resent. Neutral-density filters were used when-
ver necessary to maintain signal linearity over a
nite range. Transmission was calculated as the ra-
io of the integrated waveform �full peak area� re-
orded through the cell to the average of the two
ntegrated waveforms recorded without the cell
resent, correcting for any differences in optical den-
ity that were due to neutral-density filters as neces-
ary.
Pure deionized water was used as a control to ver-

fy repeatability as well as to assess the validity of the
easurements based on the widely reported absorp-

ion coefficient of water at 193 nm. Collagen solu-
ions were created by dissolving appropriate amounts
f solid type III calfskin collagen �Sigma Chemical
roduct C-3511� in a 0.5 N acetic acid solution. A
tock solution was created by using 32 mg of collagen
nd 100 mL of acetic acid solution and stirring the
esulting solution for 48 h.

After 48 h, transmission measurements were per-
ormed by use of the following experimental proce-
ure. A laser-pulse waveform, the average of 200
ndividual laser pulses, was recorded without the cell
resent. The cell containing deionized water was
hen placed in the beam path, and a 200-pulse aver-
ge waveform was recorded. The cell was removed,
nd a third 200-pulse average waveform was re-
orded. This process was repeated, but the middle
aveform was recorded with the pure 0.5 N acetic
cid solution in the cell. The process was repeated a
hird time, but with the middle waveform recorded
ith the desired solution strength of dissolved colla-
en in the cell. The collagen solution measurements
ere repeated in triplicate for each specified concen-

ration; however, the acetic acid and deionized water
easurements were recorded only once for each set of
easurements. The process was repeated for seri-

lly diluted collagen solutions over the desired range,
amely 0.24, 0.18, 0.12, and 0.06 mg�ml.
To assess the degree to which the peptide bond is

he primary chromophore for 193-nm radiation, ad-
itional transmission measurements were made by
eans of equivalent concentrations of isolated amino

cids �i.e., contained no peptide bonds�. These
mino acid solutions were created by dissolving ap-
ropriate amounts of solid powders of glycine �Sigma
hemical product G7403�, L-proline �Fluka product
1709�, and cis-4-hydroxy-L-proline �Fluka product
10 October 2004 � Vol. 43, No. 29 � APPLIED OPTICS 5445
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6248� in 0.5 N acetic acid solution. Specifically, a
tock solution of 5 mg�ml was created with nominally
qual amounts �100 mg each� of glycine, proline, and
ydroxyproline �300 mg of total amino acids� dis-
olved into 60 ml of acetic acid solution. The result-
ng solution was then stirred for 48 h. The stock
mino acid solution was then diluted to produce final
oncentrations equal to 1.25, 1.0, and 0.75 mg�ml.
or each solution concentration, transmission mea-
urements were recorded as described above, includ-
ng the deionized water and acetic acid reference

easurements.

. Dry Collagen Films

s with the dissolved collagen solution studies de-
cribed above, type III calfskin collagen was dissolved
n 0.5 N acetic acid to create a solution with a nom-
nal concentration of 1 mg�ml. The collagen solu-
ion was stirred for approximately 48 h to completely
issolve all of the collagen. Once dissolved, approx-
mately 5 ml of the collagen solution was deposited on
ach 50-mm-diameter quartz flat and allowed to dry
or 48 h. Once dry, each resulting collagen film was
blated by use of the same pattern of 4 rows with 8
blation sites in each row, for a total of 32 sites. The
rst and third rows were ablated from left to right,
tarting at the low-pulse energy value �approxi-
ately 0.9 mJ�pulse� and increasing the energy in-

rementally at each site to the high-pulse energy
alue �approximately 3.8 mJ�pulse�. The second
nd fourth rows were ablated from left to right, start-
ng at the highest-pulse energy and ending at the
owest energy. The ablation pattern was alternated
etween rows in an attempt to compensate for any
ariations in film thickness.
At each ablation site, the collagen film was sub-

ected to 25 laser pulses, which was sufficient to com-
letely perforate the film for all pulse energies,
nabling the last few pulses of the sequence to be
sed for normalization of the transmission values.
or each ablation site, the pulse-to-pulse transmis-
ion was calculated based on the signal normalization
f the transmitted integrated pulse area divided by
he integrated pulse area averaged over the final five
aser pulses. As mentioned above, the final five
ulses were always found to correspond to essentially
omplete removal of the collagen film; hence they
epresent the reference transmission value �i.e., no
lm�. This procedure yields a pulse-to-pulse trans-
ission value between 0 and 1 for the first 20 laser

ulses. For each laser-pulse energy investigated,
he transmission values for each of the 12 ablation
ites �1 crater per energy level on each of 4 rows per
lm over a total of 3 films� were averaged together as
function of laser-pulse number.
After the films were ablated as described above, the

dges of individual craters were scanned with a
hite-light interferometer at five distinct locations on

ach of the three films. The interferometer pro-
uced a two-dimensional profile, showing the top sur-
ace of the unablated collagen film and the bottom
urface of the ablated crater. It is noted that the
446 APPLIED OPTICS � Vol. 43, No. 29 � 10 October 2004
ottom surface was actually the surface of the quartz
at because the films were fully ablated �i.e., com-
letely removed� at the crater bottom. From the re-
ulting interferometer maps, the average thickness of
he collagen films was determined by use of the 15
ndividual measurements �5 sites on each of 3 films�.

. Results and Discussion

. Dissolved Collagen and Amino Acid Solutions

he average transmission measured through the cell
ontaining pure deionized water, after correcting for
resnel losses at the cell boundaries, was calculated
s 0.98 � 0.01 �0.8% relative standard deviation�.
sing this value and the known 0.167-cm path

ength, the Beer–Lambert law was used to calculate
he absorption coefficient of the water, yielding a
alue of 0.15 � 0.05 cm�1 �31.5% relative standard
eviation �RSD�	, which is in excellent agreement
ith the expected value for deionized water at 193
m. The rather large relative error is reflective of
he near-unity transmission value for this path
ength and the logarithmic nature of the Beer–
ambert law.
Given that absorption coefficients are additive, the

bsorption coefficients of the acetic acid and collagen
olutions were calculated directly from the Beer–
ambert law:

�acid � �water �
ln�
acid�
water�

L
, (3)

�collagen � �water � �acid �
ln�
collagen solution�
water�

L
. (4)

hen determining the absorption coefficient of wa-
er, we had to account for Fresnel losses in order to
alculate an absolute value. However, Fresnel
osses are considered to be identical for all the differ-
nt solutions and were therefore neglected in calcu-
ations of the absorption coefficients of acetic acid and
ollagen owing to the ratio of transmission values in
qs. �3� and �4�. By use of the average absorption

oefficient for water, and the measured transmission
alues of water and acetic acid, the absorption coef-
cient of acetic acid was determined to be 30.1 � 0.3
m�1 �1% RSD� for the 0.5 N solution. The near-
nity value of the water transmission and the corre-
ponding large RSD of the water absorption
oefficient do not adversely affect the precision of the
cetic acid absorption coefficient owing to the nearly
00-fold increase in acetic acid absorption as com-
ared with water, hence the excellent precision.
The absorption coefficient of collagen was deter-
ined by use of the average values of 
water, �water,

nd �acid, as measured over multiple experiments, to
educe the collagen-solution data. Because each
ollagen-solution measurement yields a correspond-
ng absorption coefficient, it was necessary to normal-
ze the data by the actual collagen-bond density.
he following relation was used to calculate the
quivalent peptide-bond number density N �bonds�
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m3� for each collagen solution, based on the collagen
acromolecule parameters described above:

here X is the given collagen-solution mass concen-
ration. Equation �5� permits correlation of the
easured absorption coefficient of the dissolved col-

agen solutions as a function of the peptide-bond
umber density �i.e., chromophore density�. A plot
f these results is shown in Fig. 2.
The absorption coefficient is the product of the

hromophore number density and the chromophore
bsorption cross section; hence the slope of the plot in
ig. 2 yields the absorption cross section of the pep-

ide bond. Based on the Fig. 2 data, the effective
bsorption cross section of the peptide bond in colla-
en is approximately 1.19 � 10�17 cm2. However,
he peptide bond may not be the only absorber
resent in collagen, because the amino acids them-
elves may also absorb a portion of the incident laser
nergy. As outlined below, this effective cross sec-
ion may be corrected to account for the contribution
f the amino acids.
Previous studies dating to the 1950s have investi-

ated the absorption of UV light by proteins, which
nclude amino acids and the peptide bonds that join
hem, as well as by isolated amino acids that contain
o peptide bonds.29 However, these studies have
enerally concentrated on radiation in the near-UV

ig. 2. Collagen absorption coefficient, with respect to 193-nm
adiation, as a function of the number density of peptide bonds
ontained in solution. The error bars represent �1 standard de-
iation, and the solid line represents the least-squares fit line.

N � �Xg�cm3�
�3465 bonds�macromolec

�

ange of 240–290 nm, because 193-nm radiation was
f limited interest when the studies were performed.

ence an additional goal of the current study is to
nvestigate the absorptive properties of isolated
mino acids �i.e., no peptide bonding� for 193-nm
adiation to quantify the role of the peptide bond as
he primary chromophore. By use of procedures
nd equations similar to those used for the dis-
olved collagen solutions, the recorded transmis-
ion measurements of the 1:1:1 glycine, proline, and
ydroxyproline amino acid solutions revealed absorp-
ion coefficients equal to approximately 4% of the
otal absorption coefficients recorded for the dis-
olved collagen solutions after adjustment for mass
oncentration. These measurements permit the di-
ect calculation of the relative contribution of the
eptide bonds and the amino acids themselves to the
easured absorption coefficient of collagen. Based

n these results, the actual absorption cross section of
he collagen peptide bond is approximately 1.14 �
0�17 cm2, or 4% lower than the value reported above,
nd the average absorption cross section of an amino
cid in collagen is approximately 4.74 � 10�19 cm2.
he above results have effectively separated collagen

nto its constituent chromophores—the peptide
onds, which account for nearly all of the absorption,
nd the amino acids. The total effective absorption
ross section for collagen is then the sum of these two,
r 1.19 � 10�17 cm2 per amino acid unit �i.e., amino
cid plus peptide bond�.
The collagen-absorption cross sections measured in

he current study may be used to estimate the ab-
orption coefficient of corneal tissue. Assuming that
orneal tissue is approximately 20% collagen and
0% water, and then using a tissue density equal to
ater �1 g�cm3�, a collagen molecular weight and
eptide-bond density as described above, and the col-
agen effective cross section of 1.19 � 10�17 cm2 per
mino acid unit, results in an equivalent corneal tis-
ue absorption coefficient of 16,000 cm�1 at 193 nm.
he corresponding absorption cross section of a water
olecule is 4.5 � 10�23 cm2 based on the measured

bsorption coefficient �0.15 cm�1�, making the contri-
ution of water to the tissue absorption coefficient
egligible. It is noted that this value �16,000 cm�1�

s based solely on the contribution of collagen as
uantified in isolated solutions. However, actual
issue will undoubtedly contain additional conforma-
ional changes and may contain other chromophores
uch as glycosaminoglycans, as suggested earlier.6
onetheless, as stated in the introduction, research
as supported the argument that the absorption co-
fficient of corneal tissue is of the order of 20,000
m�1 or more. In fact, Pettit and Ediger10 used mo-

�6.022 � 1023 macromolecules�mole�

,300 g�mole�
, (5)
ule�

308
10 October 2004 � Vol. 43, No. 29 � APPLIED OPTICS 5447



l
a
c
r

m
t
a
a
a
s
s
w
t
p
P
d
fl
d
c
c
t
e
m
p
c
m
r
s
p
s
c
k

B

F
p
w
t
o
f
p
T
l
T
d
t
s
t

e
r
r
m
t
a
f
t
t
u
a
p
t
v
F
c
w
t
l

F
l
s
b
l
n

F
m

5

ar absorption coefficient data to estimate an equiv-
lent corneal tissue absorption coefficient of 20,000
m�1, which is in very good agreement with the cur-
ent value.

Notwithstanding this agreement, a key factor that
ust be considered in the context of corneal absorp-

ion coefficients that are relevant to excimer laser
blation is the nature of a static value as applied over
significant range of laser energies, including under

blative conditions. The value calculated in this
tudy �16,000 cm�1� is truly a small-signal �i.e.,
ubablative-condition� corneal absorption coefficient,
hich is likely to be enhanced as a result of laser–

issue interactions realized with significantly higher-
ulse energy, notably within the ablation regime.
rior research has documented that there is in fact a
ynamic enhancement in tissue absorption and re-
ection properties during 193-nm laser ablation, as
iscussed above. However, with previously reported
orneal tissue absorption coefficients as low as 2400
m�1, it was difficult to reconcile the order of magni-
ude increases in absorption that are necessary for
xplaining ablation-rate data. Based on the current
easurements of collagen absorption properties, the

redicted corneal absorption coefficient of 16,000
m�1 necessitates only a modest dynamic enhance-
ent �not an order of magnitude� to agree with the

eported range of ablation-rate data. A comprehen-
ive understanding of the laser–tissue interaction
rocess under ablative conditions requires additional
tudy; hence elucidating the role of collagen in the
ontext of the measured absorption cross sections is a
ey step toward achieving this goal.

ig. 3. Pulse-to-pulse progression of the transmission of 193-nm
aser light through dry collagen films, normalized by the steady-
tate value reached after complete film perforation. The error
ars represent 1 full standard deviation �N � 12�. The dotted
ines indicate the 50% transmission point and the corresponding
umber of laser pulses.
448 APPLIED OPTICS � Vol. 43, No. 29 � 10 October 2004
. Dry Collagen Film Ablation

or each ablation site, following the first few laser
ulses, the pulse-to-pulse normalized transmission
as observed to increase monotonically to the asymp-

otic value of unity. The pulse-to-pulse progression
f the normalized transmission is presented in Fig. 3
or a laser-pulse energy of approximately 0.9 mJ�
ulse, as averaged over 12 different ablation sites.
he average film thickness, as measured by white-

ight interferometry, was 3.2 � 0.5 �m �15% RSD�.
he full film thickness was sufficient to initially ren-
er the film opaque to the incident laser pulse; hence
he first few laser pulses resulted in zero transmis-
ion. Subsequent laser pulses steadily ablated
hrough the full thickness of the collagen film.

As demonstrated by the Fig. 3 data, the laser en-
rgy was sufficient to perforate through and fully
emove the films after a number of pulses, ultimately
eaching a steady-state transmission value. By nor-
alizing the pulse-to-pulse transmission values by

he final five pulses for each film site, the slight vari-
tions in the pulse-to-pulse progressions between dif-
erent ablation sites that are due to variations in film
hickness are minimized. The monotonic rise be-
ween the nominally zero and unity transmission val-
es are interpreted in terms of the ablation process
nd the laser beam profile. The laser beam profile
roduces a bullet-shaped ablation crater, as charac-
erized in an earlier study30; hence the ablation rate
aries somewhat across the full laser beam diameter.
or reference, an ablation profile recorded in bovine
orneal tissue is presented in Fig. 4, as measured
ith a previously reported technique.30 Therefore

he initial rise in the pulse-to-pulse transmission fol-
owing the first few pulses of nominally zero trans-

ig. 4. Ablation crater showing ablation profile of the ArF exci-
er laser beam. The crater was recorded in bovine corneal tissue.
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sorption cross section of collagen.
ission is interpreted as the point at which the
ollagen film is sufficiently thinned such that a frac-
ion of the incident laser pulse is transmitted through
he film. The next few pulses are considered to fully
emove the film first at the very center of the ablation
ite, with subsequent pulses gradually widening the
one of complete film removal until the ablation cra-
er approaches a diameter equal to the full beam size.
s described above, pulse-to-pulse transmission data
ere recorded over 12 different sites by use of 3 dif-

erent films for each energy level. The collagen film
hickness was found to be quite consistent based on
he repeatability of the ablation experiments and on
he white-light interferometry data. In one case, the
umber of pulses for perforation was nearly twice
he value measured for all of the other experiments
t the same pulse energy. This single data point
as considered the result of an uncharacteristically

hick local section of the film and was omitted from
urther consideration.

The pulse-to-pulse progression of the transmission
ata was then used to calculate an equivalent abla-
ion rate for each recorded laser-pulse energy. As
hown in Fig. 3, the dotted lines indicate the point
here the normalized transmission reached 50% of

ts steady-state value. The point of 50% transmis-
ion and the corresponding number of laser pulses
eeded to reach this value were used to define the
haracteristic ablation rate. Specifically, for each
aser-pulse energy, the ablation rate was calculated
s the average film thickness �3.2 �m� divided by the
umber of laser pulses required to produce a normal-

zed transmission of 50%. The measured ablation
ate as a function of pulse energy is presented in Fig.
for the collagen films. The error bars reflect the

verage error in the number of pulses needed to
chieve a 50% transmission value, as calculated with
he error bars in the normalized transmission profiles
see Fig. 3�. Over the nominal range of pulse ener-
ies from 1 to 4 mJ�pulse, the collagen film ablation
ates were found to vary from approximately 0.35
m�pulse to greater than 0.45 �m�pulse. To avoid
mbiguity associated with a laser beam profile, the
blation-rate data are reported as a function of total
ulse energy rather than of laser fluence. The av-
rage fluence is readily calculated from the measured
ull laser spot size of approximately 0.8 mm2.

. Ablation-Rate Model for Collagen

o explore the role of collagen absorption character-
stics, namely the peptide-bond cross section, in exci-

er laser ablation, the ablation rates of the collagen
lms were modeled with the Beer–Lambert blow-off
odel. The blow-off model, as given by Eq. �2�, re-

uires an effective absorption coefficient of a collagen
lm and an ablation threshold energy to predict the
blation depth as a function of pulse energy. The
blation threshold was experimentally determined
or the same collagen films by incrementally decreas-
ng the laser-pulse energy to determine the value at
hich point the collagen film remained intact, re-
ardless of the number of laser pulses. Lack of ab-
ation was verified by the absence of transmission
hrough the film for hundreds of laser pulses. Based
n repetitive trials, the average ablation threshold
as determined to be 0.053 mJ�pulse. This experi-
ental value was then used for the Beer–Lambert

low-off model. When the measured full beam di-
meter is used this value corresponds to an average
hreshold fluence of �10 mJ�cm2, which is in the
ange of values expected for tissue and collagen.
he peak fluence is expected to be 2 to 3 times greater
ased on the actual beam profile.
Because absorption coefficients are additive, the

bsorption coefficient of a collagen film was calcu-
ated as the sum of the absorption contribution of the
eptide bonds and the contribution of the amino acids
n the collagen, with the former equal to the product
f the peptide-bond absorption cross section and the
eptide-bond number density, and the latter equal to
he product of the amino acid absorption cross section
nd the amino acid number density. For the colla-
en structure, the peptide-bond number density is
ssumed to be equal to the amino acid number den-
ity, although the total number of peptide bonds is
hree less than the total number of amino acids owing
o the triple-stranded structure. The peptide-bond
umber density in a collagen film is equal to the
bsolute number of peptide bonds divided by the total
olume of the film. The absolute number of peptide
onds was calculated as the product of the peptide-
ond number density in the solution used to prepare
he film �see Eq. �5�	 and the volume deposited to form
he film �5 ml�. The surface area of a dry collagen
lm was not measured directly, owing to the film’s
ig. 5. Ablation rate through dry collagen films as a function of
aser-pulse energy. The circles represent the experimental data,
ith the error bars indicating �1 standard deviation. The solid

ine represents predicted ablation rates based on a Beer–Lambert
low-off model that incorporates the experimentally measured ab-
10 October 2004 � Vol. 43, No. 29 � APPLIED OPTICS 5449
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ransparent nature, approximate 3-�m thickness,
nd irregularly contoured edges. However, careful
xamination in reflected light revealed that the films
ere certainly smaller than the entire area of the
uartz flats �50-mm diameter�, but were considered
arger than the area defined by the inner half-
iameter �i.e., 25-mm diameter� of a quartz flat.
orking within these two limiting areas, we esti-
ated the total surface area of a dry collagen film to

e two-thirds of the total available area of the quartz
at; hence the surface area was equal to 13.5 cm2.
y use of the measured film thickness, the average

otal volume of a collagen film was therefore esti-
ated to equal 0.004 cm3.
Each collagen film was prepared with 5 ml of a

ollagen solution at a concentration of 1 mg�ml,
hich when combined with Eq. �5� and the total vol-
me of a dry film, yields a peptide-bond density of
pproximately 7.8 � 1021 cm�3. Using the respec-
ive absorption cross sections of the peptide bonds
nd the amino acids yields a collagen film absorption
oefficient of approximately 91,900 cm�1.

Finally, using the measured ablation threshold of
.053 mJ�pulse and the calculated absorption coeffi-
ient of 91,900 cm�1, the Beer–Lambert blow-off
odel �see Eq. �2�	 was applied over the range of

aser-pulse energies that correspond to the dry film
blation study in order to predict the ablation rates.
he results are shown as the continuous curve in Fig.
, which permits a direct comparison with the exper-
mentally determined ablation rates. It is noted
hat because Eq. �2� utilizes the ratio of incident and
hreshold intensities, identical results are obtained
hether absolute pulse energy or laser-pulse fluence

s used. The agreement between the experimental
ata and the results of the Beer–Lambert model is
onsidered to be very good, given the independent
easurement of the ablation threshold, the direct

alculation of the absorption coefficient from indepen-
ently measured absorption cross sections, and the
omewhat arbitrary definition of the experimental
blation rate as based on the 50% transmission point
f the pulse-to-pulse transmission profiles. A point-
o-point comparison of the predicted ablation rates
nd the experimental data over all data points yields
n average difference of 3.8%.

. Summary and Conclusions

key finding of the current study is the direct mea-
urement of the 193-nm absorption cross section of
ollagen, equal to 1.19 � 10�17 cm2 per amino acid
nit. Furthermore, it has been demonstrated that
he peptide bond between adjoining amino acids is
esponsible for approximately 96% of the absorption,
hich yields an absorption cross section of 1.14 �
0�17 cm2 per peptide bond. The remaining 4% of
ollagen absorption is due to the amino acids them-
elves, corresponding to an average amino acid ab-
orption cross section of 4.74 � 10�19 cm2. This
tudy is believed to be the first to directly quantify the
eptide bond as the primary collagen chromophore
or 193-nm laser radiation. Previous research sug-
450 APPLIED OPTICS � Vol. 43, No. 29 � 10 October 2004
ests that, in general, peptide-bond absorption may
e dependent on the actual conformation of the over-
ll protein.29 The study of such effects is beyond the
ocus of the current study; nonetheless, the confor-
ation of the collagen used in the current experi-
ents is considered to be representative of the

ollagen present in corneal tissue.
For dry collagen films, a Beer–Lambert blow-off
odel was formulated by use of the measured peptide

ond and the amino acid absorption cross sections,
he estimated collagen film bond density, and the
easured ablation threshold. The corresponding

bsorption coefficient of the dry collagen films was
alculated as approximately 91,900 cm�1, which
ielded a very good agreement between the Beer–
ambert model and the experimental ablation-rate
ata. Such agreement is considered strong evidence
o support the measured absorption cross sections of
ollagen and, more important, the role of the peptide
ond in collagen ablation. It is noted that the agree-
ent between the model and the experiments is

ased on a static absorption coefficient, which is be-
ieved to be appropriate for the dry collagen films.
his finding is consistent with previous work with
orneal tissue that shows that tissue hydration plays
role in the dynamic changes in tissue optical prop-

rties under ablative conditions.13

Measurement of the actual constituent absorption
ross sections permits calculation of the equivalent
bsorption coefficient of corneal tissue that is based
n a tissue composition of 20% collagen and 80%
ater. The result is an absorption coefficient equal

o 16,000 cm�1 for corneal tissue at 193 nm. This
alue is much larger than early measurements of
400–2700 cm�1, but on the same order of magnitude
s more-recent estimates in the range 20,000–40,000
m�1.6–11 Although measured at subablative flu-
nces, these higher values can be used in a Beer–
ambert blow-off model to predict ablation rates that
re consistent with experimentally measured rates
or a range of data,10 whereas the lower value �2700
m�1� grossly overestimates the rate of corneal tissue
blation. However, both cases should be considered
n the context of ablation-induced laser–tissue inter-
ctions; namely, dynamic changes in optical proper-
ies that are manifested as transient changes in
issue absorptivity and reflectivity, as discussed
bove. The reconciliation of the observed ablation-
ate data, the observed transient changes in tissue
roperties, and the range of corneal tissue absorption
oefficients as reported in the literature may be ex-
lained by �i� an extremely high corneal tissue ab-
orption coefficient ��30,000 cm�1� that remains
ssentially static such that tissue ablation is well
escribed by a Beer–Lambert blow-off model or �ii�
issue ablation effects that produce an order-of-
agnitude enhancement in the absorption coefficient

rom the small-signal value �i.e., �3,000 to 30,000
m�1� as a result of laser–tissue interactions. Nei-
her explanation is completely satisfactory, given
hat excimer laser tissue ablation almost certainly
auses a dynamic enhancement in tissue absorption
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n view of the large body of experimental evidence;
owever, an order-of-magnitude transient enhance-
ent is difficult to explain. Clearly the current

tate of corneal tissue ablation modeling is too prim-
tive to offer a definitive assessment. However, the
urrent study supports a view that is between these
wo limiting cases; namely, a small-signal absorption
oefficient of corneal tissue that is equal to approxi-
ately 16,000 cm�1 for 193-nm radiation, as based on

he measured peptide bond and amino acid absorp-
ion cross sections from isolated solutions. This
alue is consistent with the reported range of
blation-rate data under the assumption of a modest
ynamic increase of 25% to 75%. Such a degree of
ynamic change is consistent with the need for some
ransient perturbation in tissue properties in order to
e consistent with experimental observations and is
lso more acceptable than an order-of-magnitude
hange under modest ablative conditions. Overall,
he current study further elucidates the role of colla-
en, notably the peptide bonds, in excimer laser tis-
ue ablation, although the exact nature of these
aser–tissue interactions remains in need of addi-
ional investigation.
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