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The thermal damage caused by 2.94-pm Er:YAG laser ablation of 
skin, cornea, aorta, and bone was quantified. The zone of resid- 
ual thermal damage produced by normal-spiking-mode pulses 
(pulse duration = 200 ps) and Q-switched pulses (pulse duration 
= 90 ns) was compared. Normal-spiking-mode pulses typically 
leave 10-50 pm of collagen damage at the smooth wall of the 
incisions; however, at the highest fluences (= 80 J/cm2) tears were 
produced in cornea and aorta and as much as 100 pm of damaged 
collagen is found at the incision edge. Q-switched pulses caused 
less thermal damage, typically 5-10 pm of damage in all tissues. 
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INTRODUCTION 

The continuous wave (cw) C02 laser has long 
been used in medicine and surgery to incise tissue 
[l]. The great advantage of this laser over the 
scalpel is that a cut made with the C02 laser can 
be relatively hemostatic. Hemostasis is achieved 
because the laser leaves several hundred microns 
of thermally coagulated tissue at the cut edge. 
The disadvantage of this type of incision is that 
the body must deal with the damaged tissue. Typ- 
ically, the coagulated tissue is sloughed; however, 
entrapment of the coagulum has been noted 121. 
The healing of C 0 2  laser cuts is often slower than 
scalpel cuts, and scar formation can be clinically 
unsatisfactory [3 -51. There are instances when 
precise removal of tissue is required, and large 
zones of damage and subsequent scarring may not 
be tolerated, for example, in corneal surgery and 
skin grafting [6-81. It is expected that short 
pulses of strongly absorbed infrared laser radia- 
tion can be used to  ablate tissue and leave a min- 
imal zone of damaged tissue at  the ablation crater 

To further decrease the zone of damage, a laser is 
needed that emits radiation more strongly ab- 
sorbed than C 0 2  laser radiation; the absorption 
coefficient of water, a, at 10.6 pm is approximately 
790 cm-l; thus, l / a  = 13 pm [9-121. Incisions with 
little residual thermal damage have been demon- 
strated with 193-nm excimer laser pulses [13-151. 
In cornea, the absorption coefficient at 193 nm is 
2,700 cm-’, and the damage zones can be less than 
1 pm wide [15]. Similar results are expected using 
a laser that emits in the infrared at the 2.94-pm 
peak of the water absorption spectrum at which 
the absorption coefficient of pure water is approx- 
imately 13,000 cm-’ [lo-121. In tissue, which is 
typically 70% water, the optical penetration depth, 
l/a, should be approximately 1 pm. For clinical 
use, the major advantages of 2.94-pm radiation 
over UV excimer laser radiation are: 1) there are 
no known mutagenic or carcinogenic effects of 
infrared radiation [16]; and 2) the solid-state 

edge. 

the laser pulse duration is less than the 
relaxation time of the initially laser-heated layer 
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Er:YAG laser system is less expensive and more investigated the use of Q-switched and normal- 
compact than the excimer laser system. spiking-mode Er:YAG laser radiation to  ablate a 

The advantages of 2.94-pm radiation for tis- variety of ocular structures [27]. However, their 
sue ablation have been discussed [171; subsequent paper offers little discussion of irradiation param- 
brief reports indicated that 2.94-pm radiation eters and almost no discussion of the results. 
from an Er:YAG laser can effectively cut a variety We present results that are in substantial 
of tissues, leaving thin zones of thermally-dam- agreement with those of the above researchers 
aged tissue [18-201. Bonner et al. found 3-10 pm but differ on some important aspects. Further- 
of damage at the ablation crater edge in cadaveric more, the experiments cover a wide range of flu- 
artery and bone, a result consistent with a simple ences, use two significantly different pulse dura- 
thermal damage model [211. More recent reports tions, include both soft and hard tissues, and 
have demonstrated that normal-spiking-mode document the effects of a reliable, relatively inex- 
Er:YAG laser radiation can effectively cut bone pensive, solid-state laser. Reported is the ablation 
and leave between 5 and 10 pm of damage [22,231. of in vivo skin and in vitro cornea, bone, and aorta 

We present a systematic comparison of the using a flashlamp-pumped Er:YAG laser emit- 
effect of laser pulse duration on residual thermal ting 2.94-pm radiation. The Er:YAG laser typi- 
damage in four different tissues. Because of the cally emits radiation in the normal-spiking mode, 
short penetration depth of the 2.94-pm radiation, in which the output consists of a train of l-ps-long 
the laser-heated layer of tissue is initially 1 pm pulses. However, we expected that a single pulse 
wide and has a thermal relaxation time of approx- less than 1 ps in duration would be needed to 
imately 1 ps [9,17,24]. Single pulses less than minimize the zone of thermally-damaged tissue. 
1 ps in duration are needed to minimize thermal To confirm this expectation, the Er:YAG laser 
diffusion during the laser pulse and therefore was Q-switched to produce an approximately 
minimize the zone of thermal damage. None of 90-ns-long [full width at half-maximum (FWHM)] 
the above groups used pulses less than 1 ps in pulse. Each tissue was ablated with both normal- 
duration. Other groups, however, have reported spiking-mode and Q-switched pulses. The zone of 
ablation with short pulses of radiation near the thermally-altered tissue at the cut edge was 
3 pm water absorption peak. Seiler et al. used quantified histologically using light microscopy. 
50-ns-long pulses from a multiline hydrogen flu- The results are explained using a simple model. 
oride (HF) laser to  ablate cornea [251. These au- 
thors found that at 140 mJ/cm2, the maximum 
fluence achievable with their laser, stromal cuts MATER,ALS AND METHODS 

showed 5 to 20-p-wide zones of damage at the cut 
edge. At lower fluences, incisions could not be 
made, and only surface damage was observed. Lo- 
ertscher et al. also used a multiline, HF laser to 
ablate cornea [241. This group found 10-15 pm of 
damage near the top of corneal cuts and 1-2 pm 
of damage at  the base of the incisions using 
200-ns-long pulses and fluences from 0.7 to 
2.3 Jicm'. The HF laser emits at several wave- 
lengths between 2.74 and 2.96 pm. It is known 
that the optical penetration depth of 2.74-pm ra- 
diation ( l / a  = 3.7 pm) is almost five times greater 
than at the 2.94-km peak (l/a = 0.79 pm) [lo- 
121; thus thermal damage may not be minimized 
using the multiline HF laser. The uncertain ef- 
fects of the multiline HF laser were avoided by 
Stern et al., who used a Raman-shifted Nd:YAG 
laser emitting 8-ns-long pulses of either 2.92 or 
2.80-pm radiation [261. Again, approximately 
1.5 pm of uniform damage was noted at the base 
and as much as 10 pm of damage was noted near 
the top of ablation craters. Peyman and Katoh 

An Er:YAG laser (Schwartz Electro-Optics, 
Concord, MA; model ER3000) was used in both 
the normal-spiking mode and the Q-switched 
mode to ablate guinea pig skin and bone, and bo- 
vine aorta and cornea. In the normal-spik- 
ing-mode, the Er:YAG laser emits approximately 
twenty l-ps-long micropulses in an approxi- 
mately 200-ps-long macropulse envelope. Using a 
rotating-mirror Q-switch, 90-ns-long (FWHM) 
pulses are emitted [51. 

The 2.94-pm radiation emitted by the 
Er:YAG laser was attenuated with glass micro- 
scope slides and focused through an 8-in.-focal- 
length BaFz lens onto the tissue surface. The di- 
ameter of the beam at the tissue surface was de- 
termined by measuring the energy transmitted 
through a 10-pm-diameter aperture (Optimation, 
Windham, NH) that was stepped through the at- 
tenuated focus of the beam. In the normal-spiking 
mode, the Er:YAG laser was operated multimode, 
and the beam profile was uniform t 10% over a 
diameter of 1.1 mm [5,281. Q-switched, the laser 
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TABLE 1. Irradiation Parameters Used for Er:YAG 
Laser Ablation of Soft and Hard Tissues 

Fluencel 
pulse Number of Rep rate Spot size 

Mode (J/cm2) pulses (Hz) (mm” 
Q-switched 0.5-10 1-100 1 0.14 
Normal mode 4-81 1-50 2 0.95 

emitted a TEMoo mode beam with a 420 pm di- 
ameter at  the tissue surface, as measured at the 
l/e2 points [5]. The fluence per pulse was calcu- 
lated from the pulse energy, as measured with a 
joulemeter (Gentec, model ED-200), and the mea- 
sured spot diameter. The energy delivered per 
pulse was regulated by placing glass microscope 
slides in the beam path; each slide attenuates ap- 
proximately 38%. Using attenuators to regulate 
energy delivery, as opposed, for example, to 
changing the bank voltage, means the irradiated 
spot was of constant diameter throughout the flu- 
ence range. Table 1 gives the irradiation param- 
eters for the ablation experiments. 

For the in vivo experiments, healthy guinea 
pigs (Hartley strain) were shaved with an electric 
razor and warm wax-epilated 24 hr prior to  all 
irradiations using a 4:l rosin:beeswax mixture. 
The guinea pigs were anesthetized with xylazine 
(5 mg/kg), ketamine (35 mg/kg), and atropine 
(40 pg/kg) prior to both epilation and laser irra- 
diation. The above in vivo experiments were re- 
peated using in vitro bovine aorta and cornea ob- 
tained directly from a slaughterhouse and guinea 
pig parietal bones and scapulas obtained immedi- 
ately after sacrificing the guinea pigs with an an- 
esthetic overdose of sodium pentabarbitol. All in 
vitro tissues obtained from the slaughterhouse 
were wrapped in plastic to inhibit desiccation and 
refrigerated; the tissue was then warmed to  room 
temperature for use within 48 hr post-mortem. 
The guinea pig bones were used immediately 
post-mortem. Immediately after irradiation, each 
ablation site was observed grossly. Some sites 
were photographed using a 35 mm camera with a 
macrolens. All other sites were immediately bi- 
opsied. Each biopsy specimen was fixed in forma- 
lin, routinely processed, and stained with hemo- 
toxylin and eosin. Routine processing of the bones 
included decalcification in 10% nitric acid. 

RESULTS 

The gross and histologic effects of the 
Er:YAG laser ablation of in vivo guinea pig skin 

and in vitro guinea pig bone and bovine cornea 
and aorta were investigated. Grossly, the only le- 
sions that demonstrated charring were those cre- 
ated in bone with low fluence (i.e., less than 
15 J/cm2) normal-spiking-mode pulses. All other 
lesions failed to demonstrate charring. Approxi- 
mately 80% of the in vivo skin lesions were hem- 
orrhagic. This observation must, however, be 
considered in light of the hypotensive and hypo- 
thermic effects of anesthesia and epilation that 
decrease dermal blood flow; with normal dermal 
perfusion, more hemorrhaging might be seen. 

The gross appearance of the lesions created 
in the aorta was markedly different from that 
seen in the other tissues (Fig. 1). In particular, 
the aortic lesions created by high-fluence, nor- 
mal-spiking-mode irradiations were consistently 
elliptical, with the long-axis of the ellipse ori- 
ented circumferentially . The orientation of the el- 
lipse was independent of the orientation of the 
aorta relative to the beam and therefore not a 
result of any indiscernible asymmetry in the 
beam. Tangential sections of the ablation craters 
produced by high-fluence, normal-mode irradia- 
tions indicate that the long axis of the elliptical 
lesion is parallel to  the circumferentially oriented 
elastin fibers (Fig. 4D). Low-fluence (5 J/cm2) aor- 
tic cuts were circular. There was a smooth tran- 
sition between the high-fluence (80 J/cm2) and 
low-fluence (5 J/cm2) cuts. Elliptical cuts were not 
seen in any other tissues at  any fluence and were 
not seen with any Q-switched irradiations. 

On histologic examination the width of the 
damage zone was found to vary; thus, for each 
tissue the range of observed damage was tabu- 
lated (Table 2). In all tissues, the width of the 
damage zone at the edge of incisions made with 
Q-switched pulses was smaller. 

In skin, ablation craters created with nor- 
mal-spiking-mode pulses were bordered by a zone 
of altered tissue. This zone, typically 10-40 pm in 
width at fluences <25 J/cm2, is characterized by 
increased hematoxylin staining of the collagen, 
loss of fibrillar appearance of the collagen, and 
thickening of the collagen fibers (Fig. 2A). Micro- 
scopic examination of the tissue sections using po- 
larized light confirms that the only collagen that 
lacks birefringence is that collagen characterized 
by abnormalities in staining and morphology. 
Wider zones of damage (e.g., 50-100 pm) are ob- 
served at the highest fluence (88 J/cm2). How- 
ever, in contrast to the aorta and cornea, where 
tissue tearing is light-microscopically apparent, 
no tearing is observed in skin. In general, the epi- 
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Fig. 1. Photographs of the ablation craters produced in skin 
(A), aorta (B), and bone (C). All ablation craters were pro- 
duced with the normal-spiking-mode Er:YAG laser at 500 pm. 
81 Jkm2 with a 1.1-mm-diameter spot. The number of pulses 

delivered is (from left to right): for skin, 20, 10, 5, and 1; for 
aorta, 8, 4, 2, and 1; and for bone, 14, 10,6, 3, and 1. Bar = 
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TABLE 2. Width of the Damage Zone (pm) a t  the Bottom tears are demarcated by thermally altered colla- 

Tissue Q-switched Normal-spiking mode craters produced by normal-spiking mode pulses 
is characterized by smooth straight walls and Skin 5-10 10-50 

Cornea 5-10 10-50 10-20 pm of thermal damage to  the collagen fi- 
Aortaa 5-10 10-20 bers (Fig. 4B). No light-microscopically-apparent 
Bone 5-10 10-15 damage to  the elastin fibers could be appreciated. 
*At fluences greater than approximately 25 Jkm2 wider With Q-switched pulses, fiber damage 
zones of damage were noted in the soft tissues (see text). extends only 5-10 pm from the cut edge (Fig. 4C), 
"Collagen damage is reported; damage to  elastin fibers could and no tissue tearing was noted. 
not be appreciated. High-fluence irradiations easily ablate bone 

and leave little thermally-damaged tissue at the 
cut edge (Table 2 and Fig. 5). The width of the 
damage zone is the same for both the parietal 
bone and the scapula. At lower fluences, e.g., less 
than 15 J/cm2 normal-spiking mode, the first few 
pulses easily ablate bone; however, after approx- 
imately 50 pulses, the ablation rate is subjec- 
tively decreased, and charring of the surface is 
clearly evident. After approximately 200 pulses 
ablation ceases, presumably because of desicca- 
tion [281. 

of the Ablation Crater Created With the Er:YAG Laser* gen. At lower fluences (<25 J/cm2), the edge of 

dermis demonstrates less damage than the der- 
mis. This result may be an indication that the 
denaturation of epidermal cells requires higher 
temperatures for longer periods of time than the 
denaturation of collagen fibers. Alternatively, he- 
matoxylin and eosin staining may not clearly dif- 
ferentiate normal and thermally-altered epider- 
ma1 structures. The ablation craters created with 
the Q-switched pulses are similar to  the craters 
created with normal-spiking-mode pulses; how- 
ever, the zone of light-microscopically-apparent 
damage in the dermis is slightly thinner, only 
5-10 p m  in width, at the edge of the craters pro- An Er:YAG laser, emitting at the 2.94-pm 

Q-switched pulses, there is no indication that both the Q-switched mode (go-ns-long pulses) and 
damage varies over the range Of fluences exam- the normal-spiking mode (200-ps-long pulse 
ined. Although damage as thin as pm trains) to ablate skin, cornea, aorta, and bone. 
in width were observed, this finding could not be The gross and histologic damage to tissue at the 
made consistently. ablation crater edge was studied. 

In cornea, normal-spiking-mode, high-flu- The results support a previous finding that 
ence irradiations caused histologically apparent the extent of thermal alteration varies from tis- 
tears in the tissue. Figure 3A Shows a cut Pro- sue to  tissue [9]. In particular, the Er:YAG laser 
dUced in bovine cornea three Pulses at radiation does not appear to damage elastin fibers 
80 J/cm2; note the tears at the lateral edges of the at the edge of the ablation crater in aorta, 
ablation crater. Along the length of each tear is whereas collagen alteration is found as deep as 
10-20 pm of thermally-altered tissue; the zone of 100 pm into the tissue (Fig. 4). The observed lay- 
thermally-altered tissue immediately at the edge ering of damaged and undamaged tissue is felt to 
of the cut is 25-75 Fm wide- At lower fluences be caused by a difference in the thermodynamic 
(<25 Jlcm2), the zone Of damage is denaturation properties of the tissue components. 
20 pm wide; the range is 10-50 pm (Fig. 3B). The results also support the prediction that a 
When Q-switched, the Er:YAG laser created COT- single, short pulse of radiation can reduce resid- 
neal incisions that lacked evidence of tissue tear- ual thermal damage, A simple damage model 
ing; the zone of thermally-altered tissue is based upon a thermal relaxation time, TR, given 

by 5-10 pm wide (Fig. 3 0 .  
In the aorta, as in the cornea, normal-spik- 

created lesions with rough, undulating walls and 
collagen fiber damage that typically extends where a is the absorption coefficient and K is the 
50-100 pm from the cut edge. Furthermore, there thermal diffusivity of the tissue (typically 
are apparent separations in the tissue that extend 1.3 x lop3 cm2/s [29]), leads to the prediction that 
up to  400 pm from the cut edge (Fig. 4A); these a pulse duration less than TR is needed to  mini- 

D'SCUSS'oN 

duced with the Q-switched pulses (Fig. 2%). With peak of the water absorption band, was used in 

ing-mode, high-f luence (70 J/cm2) irradiations TR == ( ~ / c x ) ' / ~ K  
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Fig. 2. A: Photomicrograph of guinea pig skin ablated by 
the normal-spiking-mode Er:YAG laser. An approximately 
50-pm-wide zone of thermally-damaged collagen is seen at  
the base of the ablation crater. Irradiation conditions: pulses, 1 Hz. Bar = 50 km. 
25 J/cm2, 8 pulses, 2 Hz. Bar = 50 pm. B: Photomicrograph of 

guinea pigskin ablated by the Q-switched Er:YAG laser. A 
5-10-pm-wide zone of damaged collagen is seen at the edge of 
the ablation crater. Irradiation conditions: 0.5 Jicm', 100 

mize damage. We have previously shown that if 
the laser pulse duration was suitably short, then 
the zone of thermal damage at the edge of a COz 
laser cut is typically 50 pm wide in a collagen- 
based tissue such as skin or cornea [9]. The re- 
sults of the Er:YAG laser study also support the 
hypothesis that by using pulses shorter in dura- 
tion than T~ the zone of thermal damage is lim- 
ited. 

Two simple models exist that can be used to  
predict the width of thermally-damaged tissue 
left by short pulses of ablative laser radiation. 
The major assumption in these models is that 
there is a threshold amount of energy deposited at 
the base of the ablation crater. All tissue that 
receives more than the threshold amount of en- 
ergy is ablated; nonablated tissue is thermally 
damaged if the energy that is deposited in that 
tissue heats the tissue above some critical value, 
e.g., 65°C for collagen-based tissues such as skin 
and cornea. 

The first model, based upon Beer's law, pre- 
dicts damage solely from the energy distribution 
at the end of the short laser pulse (Fig. 7). The 
depth of damage, Dd, is given by 

Dd = (l/dln[FthoL/(T, - To>pcl 
where F t h  is the threshold fluence for ablation 
and therefore the energy deposited at the surface 
of the nonablated tissue, T, is the critical temper- 

ature for the denaturation of the tissue, To is the 
preirradiation tissue temperature, and pc is the 
volumetric specific heat of the tissue [9]. As 
shown in Table 3, using this model approximately 
3 pm of damaged tissue is expected at the base of 
a crater produced with a Q-switched Er:YAG la- 
ser pulse. 

The second model considers thermal diffu- 
sion in a simple way. It is assumed that all of the 
energy left in the tissue at the end of the pulse is 
distributed in the tissue uniformly (Fig. 7). The 
height of the energy distribution is equal to the 
energy required to  cause tissue denaturation. 
Thus 

As shown in Table 3, using this model one pre- 
dicts 15 pm of damage. Because the second model 
puts all of the residual thermal energy into the 
tissue uniformly, the second model predicts an up- 
per limit on the zone of thermal damage to be left 
by a short pulse of ablative radiation. The results 
of the Q-switched Er:YAG laser experiments in- 
dicate damage zones wider than given by the first 
model and thinner than predicted by the second 
model. 

Both models neglect the dynamics of the ab- 
lation process, which require inclusion of ablative 
cooling of the tissue after the end of the pulse [301 
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Fig. 3. A. Photomicrograph of bovine cornea ablated by the 
normal-spiking-mode Er:YAG laser. At high fluence the tis- 
sue appears shattered, and the tears seen at  the ablation cra- 
ter edge demonstrate thermally-altered tissue. The damage 
zone immediately at the crater edge is 20-60 pm wide. The 
appearance of “tongues” of corneal epithelium extending into 
the crater is common and without apparent explanation. Ir- 
radiation conditions: 80 J/cm2, 3 pulses, 2 Hz. Bar = 200 pm. 
B: Photomicrograph of bovine cornea ablated by the normal- 

as well as the time-temperature dependence of 
the denaturation process as given by the Arrhe- 
nius integral 131,321; thus, even the first model 
may overpredict the width of the thermal damage 
zone. Either post-pulse cooling or Arrhenius inte- 
gral considerations can explain why zones of dam- 
age thinner than predicted by the Beer’s law- 
based model have been reported. In these reports 
124,261, it was found that very thin zones of dam- 

spiking-mode, Er:YAG laser. In contrast to high-fluence ir- 
radiations, at  lower fluences the damage zone is much thin- 
ner, in this case 15-25 pm wide, and tears are not seen. 
Irradiation conditions: 22 J/cm2, 3 pulses, 2 Hz. Bar = 50 pm. 
C and D: Photomicrograph of bovine cornea ablated by the 
Q-switched Er:YAG laser; the damage zone is less than 10 pm 
wide. Irradiation conditions: 1 J/cm2, 60 pulses, 1Hz. C, bar = 

200 pm; D, bar = 50 pm. 

age were seen only at incident fluences near the 
threshold fluence for ablation. More sophisticated 
modeling (e.g., finite difference and finite element 
models) will likely consider the role of post-pulse 
thermal diffusion, post-pulse ablative cooling, 
and the time-temperature dependence of the dam- 
age process and thus provide a more detailed ex- 
planation for the fluence dependence of the width 
of the damaged zone. 
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Fig. 4. A: Photomicrograph of bovine aorta ablated by the 
normal-spiking-mode Er:YAG laser. Note the ragged edges 
produced by the high-fluence irradiation. Damage to  residual 
tissue is limited to the collagen fibers. Irradiation conditions: 
70 J/cm2, 2 pulses, 2 Hz. Bar = 200 pm. B: Photomicrograph 
of bovine aorta ablated by the normal-spiking-mode Er:YAG 
laser. At low fluences the walls of the crater are relatively 
smooth, and the damaged collagen zone is 10-20 pm wide. 
Irradiation conditions: 3 J/cm2, 27 pulses, 2 Hz. Bar = 50 pm. 
C: Photomicrograph of bovine aorta ablated by the 

Q-switched Er:YAG laser. The damaged collagen zone ex- 
tends 5-10 pm from the edge of the crater. Irradiation con- 
ditions: 6 J/cm2, 100 pulses, 1 Hz. Bar = 50 pm. D: Photomi- 
crograph of bovine aorta ablated by the normal-spiking-mode 
Er:YAG laser, tangential section. Note that the circumferen- 
tially oriented elastin and collagen fibers generally run par- 
allel t o  the long axis of the elliptically shaped ablation crater 
produced by the high-fluence irradiation. Irradiation condi- 
tions: 70 J/cm2, 2 pulses, 2 Hz. Bar = 50 pm. 

The interpretation of the normal-spiking- 
mode data is less straightforward. If each 1 p s  
long micropulse is above the threshold fluence for 
ablation and acts independently, one might ex- 

pect thermal damage to be the same as for the 
Q-switched case. Using an optical pump-probe 
technique, it has been shown that each micro- 
pulse can ablate tissue and eject a separate bolus 
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Fig. 5. A Photomicrograph of guinea pig scapula ablated by 
the normal-spiking-mode Er:YAG laser. Damage to the bone 
extends 10-15 pm from the edge of the ablation crater. Ir- 
radiation conditions: 11 J/cm2, 8 pulses, 2 Hz. Bar = 

200-pm. B: Photomicrograph of guinea pig scapula ablated by 
the Q-switched Er:YAG laser. Damage to  the bone extends 
5-10 pm from the edge of the ablation crater. Irradiations 
conditions: 1 J/cm2, 54 pulses, 1 Hz. Bar = 200 bm. 

Before irradiation After irradiation 

- 
Longitudinal direction fiastic Fibers 

I Fig. 6. Schematic representation of the high-fluence Er:YAG laser ablation of aorta. 
Er:YAG laser ablation of aorta appears to break weak links between strong elastic fibers. 

of tissue [5]; thus each micropulse may act inde- 
pendently. However, in general, the damage left 
by normal-spiking-mode irradiations is more ex- 
tensive than that left by Q-switched irradiations. 
Furthermore, the creation of elliptical craters in 
aorta by ablative laser pulses has not previously 
been reported. Given that the long axis of the el- 

lipse was always in the circumferential direction, 
it appears that the shape of the crater is solely a 
function of tissue properties, as indicated in Fig- 
ure 6. Histologic evidence also indicates the tear- 
ing of aortic tissue. Figure 3 shows that mechan- 
ical tissue separation effects were also observed in 
cornea, in which there is a lamellar nature to  the 
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Fig. 7. Energy per unit volume vs. depth into the tissue. 
According to Beer's law, the energy deposited per unit volume 
decreases exponentially into the tissue (a = 13,000 cm-'); 
thus the tissue within the first 3 pm of the tissue surface 

TABLE 3. Width of the Thermal Damage Zone as 
Predicted From Two Simple Models 

Tissue parameters: 
a = 9,000cm-I 

Fth = 0.25 J/cm2 
T, = 65°C 

pc = 4.18 J/cm3 "C 
Beer's law without thermal diffusion: 
Thermal diffusion considered: DA = 15 um 

To = 25°C 

Dd = 3 pm 

orientation of the collagen fibers [331. In particu- 
lar, there appears to be separation of the corneal 
lamella by breakage of the weak bonds between 
the strong collagen-based layers. The apparent 
thermal alteration of the tissue at the edges of 
both the corneal tears and the aortic tears, cou- 
pled with the consistent occurrence of tearing 
only during high-f luence irradiations, is evi- 
denced that this tearing was caused by the abla- 
tive pulse and is not an artifact of tissue process- 
ing or stress-relaxation in the tissue after 
irradiation. 

The results are consistent with the following 
proposed mechanism: the ablation of tissue by 
2.94 pm radiation is an explosive process driven 
by the rapid heating, vaporization, and subse- 
quent high-pressure expansion of irradiated tis- 
sue. This mode of ablation is not unique to 
2.94-pm radiation; explosive material removal 
has been reported at 193nm [34-371, 248nm 
[34,371, 488 nm [381, 1.06 pm [39,401, and 

T = 65OC 

experiences an initial temperature (T) rise to above 65°C. If 
one considers a uniform distribution of the initially deposited 
energy, then 15 pm of tissue is heated to 65°C. 

10.6 pm 139,401. While the penetration of more 
than 1 mm of tissue by a single 200-ps-long pulse 
would not be expected on the basis of a simple 
Beer's law blow-off model, it is not surprising in 
the context of a dynamic model in which material 
is removed during the pulse. Zwieg et al. have 
discussed one such model and presented measure- 
ments of Er:YAG laser ablation of gels to depths 
of almost 3 mm in a single pulse [411. Further- 
more, a simple Beer's law model does not account 
for as much as 100 pm of damage at  the crater 
edge. The results are consistent with a dynamic 
picture in which 2.94-pm radiation penetrates far 
deeper into the tissue than the estimated 1-pm 
optical penetration depth. 

In a dynamic model, material that is heated 
by the beginning of the pulse can be removed dur- 
ing the pulse, thus clearing a path for radiation at 
the end of the pulse to be deposited deeper within 
the tissue. High-speed photography suggests that 
such "burrowing" occurs during the normal-spik- 
ing-mode Er:YAG laser ablation of gelatin, a 
model system for tissue [411. Second, vaporized 
material must not absorb the beam substantially. 
Water vaporized by the pulse has a much lower 
2.94-pm optical absorption coefficient than liquid 
water. Statistical models exist that allow calcula- 
tion of the 2.94-pm absorption coefficient in vapor 
water; calculations suggest that at 100 atmo- 
spheres, 3,000°K, the absorption coefficient, a, is 
approximately 2.7 cm-' [421, i.e., l/a = 3.7 mm. 
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Fig. 8. Vaporization of water near the tissue surface allows 
2.94-prn radiation to penetrate more deeply within the tissue. 
Tissue at the surface readily escapes. The tissue heated at 
depth cannot leave the ablation site until the tissue above 

At lower temperatures and pressures the l / c x  
depth is even greater. By comparison, the optical 
absorption coefficient of pure water at 2.94 pm is 
approximately 13,000 cm-l, i.e., l/cx = 0.79 pm 
[lo]. Thus, once vaporized, the tissue at the sur- 
face no longer absorbs a significant percentage of 
2.94-pm radiation; this radiation is therefore ab- 
sorbed deeper in the tissue. 

Independently of the details of how radiation 
penetrates more deeply into the tissue than a 
Beer's law model would predict, we suggest that 
high-temperature, high-pressure gases develop at 
the site of absorption (Fig. 8). These high-pres- 
sure gases cause breakage of the weak bonds that 
hold together the circumferentially-oriented elas- 
tin and collagen fibers in aorta and the lamella in 
cornea. In addition, liquefied tissue can exert ra- 
dial forces on the walls of the cut [411. The ther- 
mal damage observed at the edge of the tears sug- 
gests that the gases formed during ablation are 
both hot, therefore capable of thermally damag- 
ing tissue, and at high pressure, therefore capable 
of tearing tissue. Furthermore, when material 
particularly deep within the tissue is vaporized, 
e.g., during high-fluence, normal-spiking-mode 

leaves. Nonablated tissue along the side and at  the base of the 
crater is heated by the hot gases and if the gas pressure is 
high enough tissue tearing can occur. 

ablation, it cannot easily expand. It is, therefore, 
likely that the vaporization temperature of the 
tissue rises well above 100°C, and thermal alter- 
ation of the surrounding, nonablated tissue in- 
creases. This mechanism would also explain why 
the width of the damage zone is as much as 100 
times the estimated 1 pm optical penetration 
depth of the 2.94-pm radiation. In addition, some 
liquefied tissue may remain at the walls of the 
crater after the pulse; the heat in this liquefied 
tissue may diffuse into the unirradiated tissue, 
leading to  further residual thermal damage [411. 

For Q-switched pulses, which were lower flu- 
ence than the normal-spiking-mode pulses, a rel- 
atively shallow depth of tissue was vaporized, the 
confinement of the hot gases did not occur, and 
the crater walls were only minimally heated by 
the vaporized material as it left the tissue. Inter- 
estingly, other researchers using mid-infrared la- 
ser pulses shorter in duration than the 1 ps ther- 
mal relaxation time have reported 1-2 pm of 
damage at low fluence and 10 p,m of damage at 
higher fluences (e.g., >1 J/cm2) [24,261. As with 
the normal-spiking-mode pulses, perhaps the con- 
finement of larger volumes of heated tissue that 
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are produced at higher fluence leads to increased 
damage. 

Similarly, at lower normal-spiking-mode 
fluences, because the depth of tissue ablated is 
small [28l, the vaporized tissue can more easily 
expand into the low pressure (1 atmosphere) air. 
At high fluence, the depth of tissue ablation is 
large [281; thus the hot, high-pressure gases pro- 
duced deep within the tissue do not “see” a low- 
pressure region in which to escape. Instead, these 
gases “see” only the hot, high-pressure gases 
above and the tissue laterally and below. The 
high-pressure gas produced at depth expands into 
the region of least impedance: for the cornea, that 
region is between the collagen lamella; for the 
aorta, this expansion leads to breakage of the 
weak bonds between the strong, circumferen- 
tially-oriented fibers. For the dermis, which has 
isotropically-oriented collagen fibers, the pres- 
sures generated in this experiment were appar- 
ently not great enough to separate the tissue; as a 
consequence, circular ablation craters were pro- 
duced in skin, and histologic evidence of tissue 
tearing could not be found. Bone is even stronger 
than skin and also has relatively isotropic 
strength properties; thus circular craters without 
evidence of tearing were produced. 

In conclusion, we have proposed that 
2.94- km radiation is deposited more deeply within 
tissue than the absorption coefficient for pure wa- 
ter would suggest. This in-depth absorption ex- 
plains: 1) zones of residual thermal damage that 
increase greatly at high fluence; 2) tearing of tis- 
sue; and 3) large etch depths per pulse [21,281. 
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