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The dynamics of the water absorption peak around 1.94 pm was 
examined. This peak is important for the absorption of holmium 
and thulium laser radiation. To examine the effect of temperature 
on the absorption coefficient, the transmission of pulsed Ho: 
YAG, Ho:YSGG, and Tm:YAG laser radiation through water of 
22"C, 49"C, and 70°C was measured as a function of the thickness 
of the water layer. From these data the absorption coefficients 
were determined at the three wavelengths. We found that at all 
three wavelengths, the absorption coefficients decreased when 
increasing the temperature. Second, the absorption spectrum of 
water was measured from 1,850-2,150 nm with a spectrophotom- 
eter. It was found that the absorption peak at 1.94 pm (at 22°C) 
shifts to shorter wavelengths with increasing temperatures, to 
1.92 pm at 70°C. 

A model was developed to predict the temperature distribution 
incorporating the dynamic change in absorption coefficient. The 
temperature distributions are compared to the predictions of a 
model assuming constant optical properties. It is shown in this 
study that the dynamics of the absorption coefficient has a s ig  
nificant influence on the expected zone of damage and ablation 
parameters in the 2-pm wavelength range. o 1994 Wiley-Liss, Inc. 
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INTRODUCTION 

Pulsed midinfrared lasers are used clinically 
for the photo ablation of biological tissue. Many 
reports have described the use of holmium:YAG, 
holmium:YSGG, and thu1ium:YAG lasers in med- 
ical specialties such as cardiology [1,21, orthope- 
dic surgery [3-53, ophthalmology [61, and ENT 
surgery [7,8]. There is a general understanding 
that the infrared ablation mechanism is a process 
of water vaporization and subsequent photo ther- 
mal disruption of tissue [9,10]. In tissue, the main 
absorber of infrared radiation is water, which is 
heated and vaporized. This process is typically as- 
sociated with a rapid subsurface pressure buildup 
and possible superheating. We and others have 

used time-resolved flash photography to reveal 
the formation of a water vapor cavity induced by 
the laser pulse [lo-131. 

In situations where the fluence is too low to 
induce bubble formation or when a very short la- 
ser pulse is delivered and bubble formation takes 
place only after the energy has all been deposited, 
the initial temperature distribution, assuming no 
heat conduction is: 
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Temperature Dependence 

where AT(z) [“C] represents the one-dimensional 
temperature distribution, z is the depth [mml, A 
is the area [mm21, and Qo is the incident energy 
[mJl. 

In general, the light distribution in the me- 
dium in which laser light is deposited is defined 
by the optical properties (i.e., effective scattering 
and absorption coefficients, ps’ and pa). In the 
2-pm range, the effective scattering coefficient is 
much smaller than the absorption coefficient (ps’ 
< < pa) [14]. Hence, the prediction of depth of pen- 
etration, temperature distribution, ablation rate, 
and thermal damage zone is only as good as the 
used value of the absorption coefficient. In partic- 
ular, thermal damage caused by denaturation of 
tissue in the bottom and sides of the ablation cra- 
ter is of considerable clinical interest, since it can 
affect the speed of wound healing or may damage 
critical structures. The simplest thermal models 
use the optical properties to  calculate the depth to  
which the tissue is heated to the some critical 
temperature that causes thermal coagulation. 
Schomacker et al. [151 used the water absorption 
curve and this model and compared it to  histolog- 
ically observed damage in cornea induced by a 
single pulse of a tunable (1.8-2.2 pm) Co:MgF, 
laser. It was found that at wavelengths shorter 
than 1.94 pm, the depth of damage was less than 
predicted, and at wavelengths longer than 1.94 
pm, the depth of damage was larger than pre- 
dicted using the model. As a reason for this dis- 
crepancy, the report speculates that time-depen- 
dent changes in optical properties could be 
responsible. 

In dosimetry calculations and in virtually 
every model that is used for the prediction of the 
effects of laser radiation, constant optical proper- 
ties are assumed [16-181. However, in reality the 
tissue optical properties often vary in time when 
energy is deposited into the tissue. Several groups 
have investigated the dynamics of the optical 
properties of biological tissues, in particular the 
irreversible changes of the optical properties due 
to  thermally induced coagulation of tissue compo- 
nents, which is typically associated with cw laser 
radiation [19-221. For example, due to thermal 
denaturation of structural proteins in tissue, the 
scattering coefficient for visible wavelength in- 
creases (a “whitening” of the tissue). As a result, 
the light distribution is changed [23-251. 
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Besides the irreversible changes in optical 

properties, it is also known that the optical prop- 
erties may change in a reversible fashion. This 
phenomenon is typically associated with short, 
high-intensity laser pulses. For example, Pettit et 
al. 1261 in a recent study showed that the scatter- 
ing in cornea was increased up to 1 ms after a 193 
nm ArF laser pulse. In addition, for nonbiological 
materials such as polyimide films, it has been 
shown that the optical properties change due to 
irradiation with UV laser light [27,281. It was 
also shown that the absorption coefficient may de- 
crease proportional with the temperature [281. 

Water Systems 

As early as 1925, changes in the absorption 
spectrum of liquid water with temperature, with- 
out the phase change, were described [291. It was 
observed that the water absorption peak at 1.94 
pm shifts toward shorter wavelengths as the tem- 
perature increases. Since then, several studies 
have dealt with the infrared optical properties of 
water and its temperature dependence [30-32 1. 
Recently, it was demonstrated by transmission 
measurements of picosecond erbium:YAG laser 
pulses in water, that the absorption coefficient de- 
pended on the deposited energy (i.e., temperature ) 
within the absorbing material [331. 

Recently, Walsh et al. [34-361 have exam- 
ined the absorption coefficient of water as a func- 
tion of energy density at several water absorption 
peaks and found, e.g., a decrease in the absorption 
for the erbium:YAG wavelength (A = 2.94 pm) 
and a shift to  longer wavelength at the 6.1-pm 
water absorption peak with increasing energy 
density. 

The major change in the absorption coeffi- 
cient for the midinfrared wavelengths occurs due 
to the phase change of water into water vapor. As 
demonstrated for the holmium, thulium, and er- 
bium lasers, for fluences above threshold for wa- 
ter vaporization, the penetration depth can in- 
crease up to three orders of magnitude [ll-131. 

In this report, we focus on the water absorp- 
tion peak around 1.94 pm, which is important for 
the absorption of ho1mium:YAG (A = 2.12 pm), 
ho1miun:YSGG (X = 2.09 pm), and thu1ium:YAG 
(A = 2.01 pm) laser light in water and soft tissue. 
These wavelengths are relevant since several 
clinically used lasers operate at  these wave- 
lengths mainly due to the relatively high absorp- 
tion in soft tissue and availability of optical fibers 
that transmit this part of the spectrum. There- 
fore, in order to investigate the change in the 
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TABLE 1. Laser Parameters as Used in 
the Exveriments 

Fiber diameter Qip H 
A (w) (pm) (mJ)" (mJ/mm2)b 

Ho:YAG 2.12 600 10, 20 35.4, 70.7 
Ho:YSGG 2.09 950 25 35.3 
Tm:YAG 2.01 600 10 35.4 

"Qip = laser energy per pulse (mJ/p). 
bH = radiant exposure (mJimm2) 

1.94-pm absorption peak of water as a function of 
temperature, the change in transmission of water 
with temperature was measured and possible im- 
plications are evaluated by means of a model that  
incorporates the temperature-dependent absorp- 
tion coefficient. 

MATERIALS AND METHODS 
Pulsed Laser Experiments 

A Schwartz Electro Optics 1-2-3 laser was 
used to generate Ho:YAG (A = 2.12 pm), Ho: 
YSGG ( A  = 2.09 pm), and Tm:YAG (A = 2.01 pm) 
laser light. The laser beam was coupled into a 
600-pm or 950-pm low OH optical fiber. The last 
centimeter of fiber cladding was removed. The la- 
ser was pulsed at 1 pulse per second and the pulse 
energy was varied from 10 to 25 mJ/p depending 
on the diameter of the fiber and the wavelength 
used (Table 1). This range was chosen to  avoid 
water vaporization during the laser pulse and 
maintain good pulse to pulse stability (variation 
: 10%). The fiber was placed in a cuvet made out 
of standard silica-glass microscope slides (Corn- 
ing) with a thickness of 1 ? 0.05 mm (? range). 
The cuvet was filled with deionized water. The 
water temperature was kept constant with a heat- 
ing element at 22 ? 1, 49 ? 1 or 72 ? 2°C (? 
range). The temperature of the water was contin- 
uously measured with a thermometer in the cuvet 
and in between laser pulses the temperature in 
fkont of the fiber was also measured with a type J 
( Cu-Con) thermocouple. The water was continu- 
ously stirred to ensure a homogenous steady-state 
temperature throughout the cuvet. At each tem- 
perature the transmission was measured as a 
function of the thickness of the layer of water be- 
tween the fiber and the bottom of the cuvet using 
a Joulemeter (Molecton JD-2000). The thickness 
of the water layer was varied by translating the 
micrometer to which the fiber was attached. To 
minimize the effect of the pulse-to-pulse instabil- 
ity of the laser (< 10%) at each thickness of the 

water layer, the transmission of 40 pulses was 
measured and the average was determined. A 
schematic of the setup is shown in Figure 1. 

The SEO laser had a variable pulse width 
option. Part of the laser output (3%) was split off 
and collected with an  IR photodiode (EG&G, 
Princeton, NJ: Indium- Arsenide J 12- 18C-R250U, 
rise time = 1 ns). To monitor the pulse length and 
pulse structure, the temporal pulse structure was 
displayed on a oscilloscope. The pulse length used 
was 200 p s  or 1 ms FWHM. A typical 200 ps and 
1 ms ho1mium:YAG pulse structure are shown in 
Figure 2. Note that the spiky profile and the ini- 
tial spike that is typically seen with the Ho:YAG 
laser pulse is absent with the variable pulse 
width power supply. 

To ensure that no water vapor was induced 
during our study of temperature dependence of 
absorption properties of liquid water, a time-re- 
solved flash photography setup as described ear- 
lier [ l l l  was employed to monitor the interaction 
of laser pulses with water at the distal end of the 
fiber during laser pulse delivery. When plotted on 
a semilogarithmic scale, the curve of percentage 
transmission versus thickness, z, simply repre- 
sents Beer's law of attenuation. The slope is the 
absorption coefficient, pa, assuming that ps' < <pa 
(i.e., the effective scattering coefficient is much 
smaller than the absorption coefficient). 

Spectrophotometer Measurements 

A Varian Cary 5E UV-Vis-NIR spectropho- 
tometer was used to measure the light transmis- 
sion through water in the wavelength range from 
1,850 to 2,150 nm. A homemade cuvet of regular, 
l-mm-thick microscope slides was used. The cuvet 
was filled with deionized water and the thickness 
of the water layer was 160 5 10 pm. A 25-pm- 
thick type-J thermocouple (Cu-Con) was placed 
inside the cuvet and the temperature of the water 
was monitored. The cuvet was heated in a water 
bath and placed in the spectrophotometer and a 
transmission scan was made at 22 5 1,49 ? 5 and 
70 * 5°C (? range). The sample and optics com- 
partments of the spectrophotometer were purged 
with nitrogen in order to avoid absorption by wa- 
ter vapor in the air. 

Using the Fresnel equation, the transmis- 
sion data was corrected for reflective losses at the 
index mismatched interfaces (assuming constant 
indices of refraction in the wavelength range of 
interest: nalr = 1, nwater = 1.31 and nglass = 1.511, 
and the absorption coefficient was calculated a t  
each temperature. The transmission through a 
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Fig. 1. Schematic of the experimental setup. 
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Fig. 2. Temporal beam profile of a 200 k s  and 1 ms Ho:YAG 
laser pulse. The pulse is generated with a SEO 1-2-3 laser 
with variable pulse width power supply. Note the absence of 
the initial spike and the spikyness of the pulse that is typi- 
cally seen with the normal power supply. 

microscope slide was measured, and it was deter- 
mined that the absorption by the microscope slide 
can be neglected over the wavelength range of 
interest and that the reflective loss at the surface 
is constant over the wavelength range. 

Model 

A computer model was developed that calcu- 
lated the temperature distribution, incorporating 
the temperature-dependent absorption coeffi- 
cient. From the spectrophotometer experiments 
described above, we established a relationship be- 
tween the absorption coefficient and the temper- 
ature increase. It was assumed that this relation- 
ship was linear [371: 

where p,(T) is the temperature dependent absorp- 
tion coefficient [mmpl], ka,o is the absorption co- 
efficient at the starting temperature (i.e., room 
temperature) [mm-'], p is a constant [mrn-l/"CI, 
and AT is the temperature rise above room tem- 
perature ["C]. 

Our spectrophotometer data was curve fitted 
to find pa,o and P, which were then used in the 
program to calculate the temperature distribu- 
tion along the z-axis. In the model it was as- 
sumed that during the delivery of a pulse of en- 
ergy no heat conduction and no bubble formation 
takes place (i.e., the pulse is very short < 20 PSI. 

It was also assumed that the radial beam profile 
is flat and no divergence of the laser beam takes 
place in the water. An iterative technique was 
used, where a small fraction of the energy was 
deposited and the temperature distribution along 
the z-axis was calculated. Using equation (2) the 
values for pa along the z-axis were calculated and 
the next fraction of energy is delivered. The tem- 
perature rise due to this was calculated with the 
new pa(T). This temperature rise was added to the 
previous temperature rise and we recalculated 
pa(T). The model uses time steps of 5 ns, assuming 
a total pulse length of 1 ps and the distance steps 
were 1 pm, although the model is not very sensi- 
tive to variations in either. 

RESULTS 
Pulsed Laser Experiments 

For subablation (i.e. , subvaporization) Ho: 
YAG, Ho:YSGG, and Tm:YAG laser pulses, the 
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Fig. 3. Semilogarithmic plot of the % transmission of Ho: 
YAG and Tm:YAG laser pulses through a layer of deionized 
water with varying thickness a t  temperatures of 22 +- 1°C 
( +), 49 t 1°C (0) and 70 t 2°C ( + I .  The laser energy was 
delivered via a 600 km fiber. The fluence was 35.4 mJ/mm2 
for the Tm:YAG laser and 70.7 mJ/mm2 for the Ho:YAG laser. 

transmission through pure deionized water is 
temperature dependent. In Figure 3 the data 
points and fitted curves are shown for the Ho: 
YAG and Tm:YAG transmission at ambient wa- 
ter temperatures of 22 ? 1 ,49  ? 1, and 72 * 2°C. 
The data for Ho:YSGG transmission is not shown 
in this graph but falls in between the Ho:YAG 
and Tm:YAG curves and shows the same trend 
with increasing water temperature. Note that 
each data point represents the average of 40 mea- 
surements. In all cases the error bars represent- 
ing the standard deviation were smaller than the 
symbols. I t  can he seen that the slope of the 
curves, i.e., the absorption coefficient, decreases 
with increasing water temperature. Table 2 
shows the absorption coefficients at each temper- 
ature for each of the three wavelengths, calcu- 
lated from the least-squares fit to the data points 
in Figure 3. The absorption coefficients as in- 
ferred from the laser experiments are plotted as a 
function of temperature in Figure 4. 

The calculated absorption Coefficient for the 
Ho:YAG and Tm:YAG laser pulses at any temper- 
ature did not change significantly from a 200 ps 
to a 1 ms pulse duration. The fast flash photo- 
graphy setup did not reveal any bubble formation 
at the end of the fiber tip. Even in the case where 
bubble formation would be most likely, in 72°C 
water using the Tm:YAG laser with 10 mJ/p (35.7 
mJ/mm2), no bubble formation was observed. 

2 0  30 4 0  50 60 7 0  8 0  
Temperature ["C] 

Fig. 4. Absorption coefficient calculated from the pulsed la- 
ser experiment as a function of temperature. The lasers used 
were Ho:YAG ( A  = 2.12 pm +), Ho:YSGG ( A  = 2.09 pm, (:)I, 
and Tm:YAG (p = 2.01 pm, A). 

Spectrophotometer Measurements 

Figure 5 shows the absorption spectra from 
1,850 to 2,150 nm for water at 22 * 1,49 * 5 ,  and 
70 ? 5°C. It can be seen that with increasing tem- 
perature, the absorption peak shifts toward 
shorter wavelengths (from 1,938 nm at 22°C to 
1920 nm at 70"C), and the peak absorption coef- 
ficient increases slightly. Since the wavelengths 
of Tm:YAG, Ho:YSGG, and Ho:YAG all fall on the 
right side of the absorption peak, the absorption 
coefficients of all three wavelengths drop with 
temperature as can be seen in Figure 6. The val- 
ues of the absorption coefficient for the wave- 
lengths corresponding to the three laser wave- 
lengths are shown in Table 2. The minimum and 
maximum values correspond to 150-pm and 
170-pm thick cuvettes. 

Model 
By curve fitting the absorption coefficients 

from the spectrophotometer data to the tempera- 
ture rise (Fig. 61, values for the abscissa and 
the slope (p) in equation (3) were obtained. The 
values obtained for pa,o and p at 2.01 pm, 2.09 
pm, and 2.12 pm are shown in Table 3. Using 
these coefficients, the computer program was 
used to calculate the temperature distribution 
along the z-axis at different radiant exposures. In 
Figure 7 the results are shown for Ho:YAG and 
Tm:YAG pulses of 10,50, and 100 m J  with a vari- 
able, temperature-dependent pa and with a con- 
stant pa. In all cases the initial temperature of the 
water was 22°C (temperature rise = 0°C). It can 
be seen that the change in absorption coefficient 
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Laser-experiments 
Ho:YAG Ho:YSGG Tm:YAG Spectrophotometer 

T (“C) 2.12 pm 2.09 pm 2.01 pm T (“C) 2.12 pm 2.09 pm 2.01 pm 
22 ? 1 2.51 3.18 5.95 22 2 1 2.80-3.18 3.46-3.92 6.97-7.90 
49 -+ 1 2.36 2.82 5.28 49 t 5 2.61-2.96 3.17-3.59 6.38-7.23 
72 -+ 2 2.23 2.66 4.84 70 -+ 5 2.41-2.74 2.87-3.25 5.51-6.24 

“These values were calculated from the transmission experiments with the lasers (left side) 
or from the spectrophotometer data (right side). The range on the right side represents the 
uncertainty in the thickness of the cuvet (150-170 pm). 
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Fig. 5. Water absorption spectra at  three different tempera- 
tures through a cuvet of 160 -+ 10 pm of thickness, recorded 
with a spectrophotometer. Water temperature was 22 2 1°C 
(solid line), 49 ? 5°C (dotted line) or 70 ? 5°C (striped line). 

has a significant impact on the temperature dis- 
tribution. 

DISCUSSION 

In this study we examined the reversible 
change of the absorption coefficient of water due 
to an increase in temperature. Although all ex- 
periments were done in pure water, we believe 
that the results are also an  indication for what 
will happen when soft tissue is irradiated with 
infrared laser light, since soft tissue is > 70% wa- 
ter and water is the main absorber for the midin- 
frared wavelengths. 

The shift of water absorption peak at 1.94 
km can be described using the spectroscopy of wa- 
ter. The absorption peaks are the result of absorp- 
tion of radiation by the fundamental stretching 
and bending vibrations of OH bonds in the water 
molecule, their overtones and combinations of the 
fundamentals and overtones [30,311. In addition, 
the environment of the water molecule has an  in- 
fluence on its infrared optical behavior. For ex- 
ample, liquid water forms a hydrogen-bond net- 
work. As a result, the vibration modes will be 

I 7-- 
2 0  30 4 0  5 0  6 0  7 0  8 0  

Temperature [“C] 

Fig. 6. At A = 2.12 pm, A = 2.09 pm and A = 2.01 pm, the 
absorption coefficients were calculated from the spectropho- 
tometer data. The horizontal error bars represent the uncer- 
tainty in temperature and the vertical error bars represent 
the uncertainty in the thickness of the cuvet. The linear curve 
fit was used to determine pa,o and p (Table 31, which were 
used in the computer model. 

shifted to  lower frequencies. The temperature de- 
pendence of the absorption peak can also be de- 
scribed in terms of the temperature effect on the 
hydrogen-bond network. I t  has been suggested 
that an  increase in temperature weakens the hy- 
drogen-bond network structure [30,38,391. How- 
ever, a detailed review of this theory is beyond the 
scope of this report. 

It has been shown that the H-bonding struc- 
ture can be affected by temperature changes on a 
picosecond time scale [33,401. “Long-lived” spec- 
tral changes become prominent after 50 ps; the 
time needed for an equilibration of translational, 
rotational, and vibrational modes after excitation 
with a picosecond IR pulse. Relative to the pulse 
length used in our experiments, the time con- 
stants associated with equilibration are negligi- 
ble and the temperature rise can be considered 
instantaneous. This explains why no difference 
was seen between the absorption coefficient val- 
ues we obtained using 200 IJ.S and 1 ms pulses 
with the same energy. 
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TABLE 3. Values for 
p m  Wavelength, Derived From the Linear Curve Fit of 
the Spectrophotometer Data (Fig. 6)* 

and p at 2.12, 2.09, and 2.01 

2.12 wm 2.09 Lm 2.01 wm 

Pa,o rmm 2.982 3.703 7.507 

Aka (20--,100"C) 18% 28% 34% 
p [mm-'i"C] -0.00661 -0.01305 -0.03207 

r' n 97 0.99 0.99 

*Also given are the r2 values of the curve fit. Note that the 
)*a,o values are given for room temperature (22°C). For the 
model it is assumed that at  room temperature the tempera- 
tures rise, AT = 0°C. 

Reflective Losses 
The importance of Fresnel reflections at wa- 

ter-glass and air-glass interfaces was analyzed 
for both our laser and spectrophotometer experi- 
ments. In the pulsed laser experiments the mea- 
surements we made were of the transmission ver- 
sus  change in path length at each temperature. 
Although losses at the interfaces are likely to pro- 
duce an offset of the transmission versus thick- 
ness curves, the slope, which gives us the values 
for the absorption coefficient, is unaffected by 
these reflective losses. 

For the spectrophotometer results, the situ- 
ation was slightly more complicated. The trans- 
mission spectrum of a single microscope slide in 
air revealed that 92.1 * 0.2% of the incident light 
was transmitted over the entire wavelength 
range from 1.8-2.2 pm. The theoretical transmis- 
sion, considering only reflective losses at the sur- 
face was 92.16%. Hence we assumed that the 
glass did not absorb 1.8-2.2 pm radiation. The 
second issue in analyzing the spectrophotometer 
data is the fact that the index of refraction of wa- 
ter is known to change with temperature [371. 
However, it was stated that for temperatures 
within 50°C of the tabulated values that are found 
in the literature (at room temperature) the 
change in refractive index can be neglected. In 
our spectrophotometer results the percentage 
transmission was corrected for one air-glass, one 
glass-water, one water-glass, and one glass-air 
interface, assuming temperature independent in- 
dices of refraction. 

Implications of Dynamic Absorption Coefficient 

The consequences of the variation of the ab- 
sorption coefficient as a function of temperature 
are significant. First, the measurement of absorp- 
tion coefficient can be influenced by the probing 
beam itself. This is the case in our experiment 

with the transmission of the three different laser 
wavelengths; on top of the preset ambient water 
temperature the laser pulse itself heats up the 
water and influences the absorption Coefficient. 
As was shown with the model (Fig. 7), a pulse of 
only 10 mJ of Tm:YAG radiation delivered via a 
600 pm fiber increases the temperature up to  
50°C just in front of the fiber assuming an initial 
temperature of 22°C. This may also be an expla- 
nation for the discrepancy in absorption coeff- 
cients we obtained with the pulsed laser and the 
spectrophotometer. The lower values obtained 
from the laser experiments are likely underesti- 
mated since the temperature is increased by the 
absorbed energy of the probing beam. In contrast, 
the energy delivered to  the water cuvet by the 
beam in the spectrophotometer is so low (< 1 mW) 
that temperature rise in that case may be ne- 
glected. Hence, the probing beam energy is an 
important parameter to know, when interpreting 
transmission data. 

When comparing our spectrophotometer 
data to other data in the literature, we noted that 
in general the values and trends correspond well 
[29,37,41]. Similar to Collins [29] who mainly was 
interested in the behavior of the water absorption 
curve as a function of temperature, we observed a 
shift to shorter wavelength of the 1.94 pm absorp- 
tion peak of water as well as an increase in the 
peak value. Comparing the absolute values of the 
absorption coefficient that we found to Collins 
and Curcio's data at room temperature, we noted 
that the values, especially those close to the ab- 
sorption maximum at 1.94 pm, are slightly 
higher. For example, Curcio found a maximum 
absorption coefficient at 1.94 pm of 11.4 mm-.' 
while we found a maximum at the same wave- 
length of 14.2 mrn-'. Neither Curcio or Collins 
mentioned the power of the probing beam, hence 
bleaching due to absorption of the probing beam 
itself may interfere with their results. We specu- 
late that this discrepancy may be due to the fact 
that with current advances in optical and detector 
technology more sensitive measurements can be 
made and lower power probing beams may be 
used. 

Another observation that deserves an expla- 
nation is the fact that no bubble formation was 
observed during the pulsed laser experiments, not 
even during irradiation with the most strongly 
absorbed, Tm:YAG wavelength in water of 70°C. 
Theoretically a 60°C increase in temperature (as- 
suming constant pa = 7.50 mm-') on top of a 
70°C starting temperature would give rise to  at 
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least some water vaporization, although it would 
not be much since the latent heat of vaporization 
still needs to be delivered in order to vaporize wa- 

ter. We have seen in a previous study that only a 
very small fraction of the actual heat of vaporiza- 
tion is needed for vaporization [42]. The explana- 



266 Jansen et al. 
tion can be found in the fact that the starting 
temperature of the water is already 70°C and con- 
sequently the absorption coefficient is reduced. 
LJsing the model, it was calculated that the tem- 
perature rise would only be 40°C. Although this 
would still lead to  a cumulative temperature of 
110°C in the few pm just in front of the fiber, 
apparently there is not enough energy available 
to vaporize enough water molecules to create a 
visible water vapor bubble. 

As shown in Figure 7, the fact that the ab- 
sorption coefficient changes with temperature has 
important consequences for the temperature dis- 
tribution in water. In the model we assumed no 
heat conduction, no bubble formation, a flat ra- 
dial beam profile, and no divergence in the water. 
This is representative for the situation that oc- 
curs, for example, when a short ho1mium:YAG la- 
ser pulse is delivered in soft tissue. The model 
gives the temperature distribution at the moment 
before heat conduction takes place and before wa- 
ter vaporization starts. The thermal diffusion 
time is typically on the order of several tens of 
niilliseconds for the Ho:YAG and Tm:YAG wave- 
lengths. Hence temperatures of superheated wa- 
ter of up to 700°C are not unreasonable. However, 
in our model we have assumed a linear relation 
between the absorption coefficient and the tem- 
perature increase. For the temperature range in 
our experiments, this seems to  be a reasonable 
assumption, but it is not known to what extent 
this linearity holds at higher temperatures, espe- 
cially > 100°C. The result of the temperature-de- 
pendent absorption is that the depth of penetra- 
tion increases significantly. For example, when a 
100 mJ thu1ium:YAG pulse is delivered, the 
depth to which water is heated to 100°C is in- 
creased from 250 pm to 390 pm when a temper- 
ature-dependent absorption coefficient is consid- 
ered compared to a constant value for pa. 
Similarly, the depth to which thermal damage oc- 
curs increases significantly with the variable ab- 
sorption coefficient. It has been shown that ther- 
mal denaturation of collagen takes place at a 
temperature of - 58°C [25]. Consequently, an in- 
crease in the depth to which this temperature is 
reached will likely result in a larger thermal 
damage zone. For example, in photo refractive 
surgery, where cw midinfrared lasers are used for 
hyperopia correction, a larger zone of damage 
could be very critical to Descemet's membrane 
[6,431. 

An excellent illustration of the effect of 
changes in absorption coefficient can be found 

when we refer to the report of Schomacker et al. 
1151. As noted in the Introduction, he found more 
thermal damage than expected using wave- 
lengths longer than 1.94 pm, whereas the damage 
was smaller than expected using wavelengths 
shorter than 1.94 pm. The expected damage was 
based on a simple model that used the depth to  
which the tissue was heated to a critical temper- 
ature. This depth is inversely proportional to  the 
absorption coefficient, assuming negligible scat- 
tering. From the results presented in our study, 
we know that the absorption coefficient decreases 
for wavelengths longer than 1.94 pm since the 
peak shifts to shorter wavelengths. As a conse- 
quence, the penetration depth (i.e., damage 
depth) increases for wavelengths longer than 1.94 
pm. In contrast, at wavelengths shorter than 1.94 
pm, the absorption increases resulting in a 
smaller penetration depth. This is in excellent 
agreement with Schomacker's data. 

Although the change in absorption coeffi- 
cient of water in the liquid state is important as 
we have shown, it should be kept in mind that in 
most ablative applications of midinfrared lasers 
bubble formation (i.e., explosive vaporization pro- 
cess) will take place [ll].  Once water becomes wa- 
ter vapor, a much more dramatic change in ab- 
sorption coefficient takes place (up to  3 orders of 
magnitude) [ll-13,441. The change in absorption 
coefficient in the liquid state will also influence 
the threshold fluence for vaporization. The 
threshold fluence for vaporization of water, Hth 
depends on the absorption coefficient and is gen- 
erally described as: 

where p is the density [g/mm3], c is the specific 
heat [J/g "C], AT ["C] is the difference between the 
initial temperature, To, and the boiling tempera- 
ture of water, T,, L, is the latent heat of vapor- 
ization [J/gl, and pa is the absorption coefficient 
[mmpl]. Therefore, a decrease in pa, as occurs for 
the holmium and thulium laser wavelengths, will 
increase the threshold fluence for vaporization. 
This may also be important during multiple pulse 
delivery. We have shown in another study [451 
that the baseline temperature during consecutive 
laser pulses does not return to  its initial value in 
between pulses. This thermal superposition will 
affect the starting value for the absorption coeffi- 
cient at the start of each laser pulse, thus causing 
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deeper damage and lower ablation efficiencies 
than expected. 

In conclusion, the water absorption peaks 
around 1.94 km, which is important for the ab- 
sorption of holmium, and thulium laser radiation, 
shifts to  shorter wavelengths when the tempera- 
ture increases. This phenomenon takes place dur- 
ing pulsed laser delivery and has important con- 
sequences for the effective absorption coefficient 
at these wavelengths. In order to accurately pre- 
dict damage depths and ablation related parame- 
ters, the dynamics of pa need to be incorporated in 
models and dosimetry calculations. 
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