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Dynamics of gelatin ablation due to free-electron-laser irradiation
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Department of Physics and Astronomy and Department of Otolaryngology, Vanderbilt University, Nashville, Tennessee 372

~Received 7 January 1997!

We have carried out simultaneous, time-dependent measurements of the free-electron-laser~FEL!-induced
stress transients and ablation plume in gelatin, which serves as a model system for collagenous tissues. The
Mark-III FEL is tunable in the mid-IR~2–10mm! and produces macropulses of microsecond duration com-
prised of picosecond micropulses separated by 350 ps. The macropulse duration was shortened with a broad-
band, IR Pockels cell, producing pulse durations as short as 60 ns and energies in the range of 0.1–1 mJ. The
IR beam was focused to a diameter of 112–210mm, depending on the wavelength, and measurements were
made at 3.0, 3.36, and 6.45mm. For fluences below the ablation threshold, stress transients were measured and
accounted for with a standard thermoelastic mechanism. Of particular interest were the measurements with
fluences above the ablation threshold, where two classes of dynamics were observed. A cw HeNe beam
monitors the plume: at 3.0mm a single maximum of the ‘‘shadow’’ is observed, while at 3.36mm and 6.45mm
a second maximum also was resolved at later times. In addition, at 3.36mm and 6.45mm the duration of the
momentum recoil is about twice as long as that observed for comparable exposure parameters at 3.0mm.
@S1063-651X~97!00606-5#
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I. INTRODUCTION

Recently the advantage of ablating tissue with a fr
electron laser~FEL! tuned near 6.45mm was demonstrated
@1#. More specifically, collateral damage was reduced a
ablation rates were substantial for neural, ophthalmic,
dermal tissues. To account for these observations, athermo-
dynamicmodel for corneal stroma was proposed, where
photon energy is absorbed by the overlapping amide II m
of protein at 6.45mm and the bending mode of water at 6
mm. It was proposed that the energy absorbed by pro
compromises the structural integrity of the tissue while t
absorbed by water results in vaporization and the explo
force. The essential quantitative feature of this model is
ratio of the enthalpy of the collagen-gelatin transition~55
J/g! to the latent heat of vaporization~2260 J/g!. These re-
sults suggest that thedynamicsof tissue ablation are no
completely understood and may indeed be quite interest
The importance of the FEL pulse structure for effective t
sue ablation with infrared radiation has yet to be complet
resolved.

Here we report on our investigation of the dynamics
infrared tissue ablation. The onset of the ablation plume w
measured with a cw HeNe beam aligned parallel to the
face of gelatin, while a piezoelectric detector simultaneou
monitored the acoustic transients. Gelatin serves as a m
system for collagenous tissue.

II. EXPERIMENTAL METHOD

The Mark-III FEL is tunable from 2 to 10mm and has
both high peak and high average power due to a relativ
complex pulse structure@2#. The spectral resolution is les

*Present address: Physik Department E17, TU Munch
D-85748 Garching, Germany.
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than 0.03mm ~full width at half maximum!. The Vanderbilt
FEL currently produces a macropulse approximately 4ms in
duration with a repetition rate of up to 30 Hz. Each mac
pulse is comprised of approximately 10 000 micropulses
picosecond duration where the micropulse spacing is 350
Micropulse energies are in the 10mJ range and macropuls
energies of up to 100 mJ are produced.

The experimental design is shown schematically in Fig
FEL harmonics were essentially eliminated with either s
con or germanium filters, depending on the wavelength.
frared Pockels cell technology was used to produce ‘‘mac
pulses’’ with durations ranging from 60 ns to 2ms. At longer
wavelengths a broadband Pockels cell with a Brewster
CdTe crystal was used, with a typical extinction ratio
1:200 @3#; however, the performance degraded near 3mm,
apparently due to a multiphoton process. Consequently,
3.0 and 3.36mm a normal-incidence Pockels cell was us
where the size of the CdTe crystal was increased from 3
to .4 mm and the electronic logic was reversed relative
the broadband Pockels cell.

The IR beam was focused onto a gelatin sample un
ambient conditions. The energy delivered to the sample
varied by crossed polarizers. A Molectron J25 detector m
sured the energy. When necessary, the experimental sy
was purged with dry nitrogen. Stress transients were m
sured with a piezoelectric detector@4,5# where the gelatin
sample spontaneously adhered to the piezoelectric surfac
cw HeNe beam, parallel to the sample surface, was pa
within 10 mm of the gelatin surface and monitored by
silicon photodiode. The samples were 13% wt/vol gela
~Kroger Foods, Inc.! dissolved in deionized water~18 MV;
.60 °C! and cast into films about 780mm thick. Typically
five measurements were performed on each sample, w
the sample was translated to a fresh site for each expos

We have investigated the dynamics of gelatin ablation d
to FEL irradiation at 3.0, 3.36, and 6.45mm. 3.0mm cor-
responds to the O–H stretch mode of water; 6.45mm to the
n,
7385 © 1997 The American Physical Society
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7386 55TRIBBLE, LAMB, REINISCH, AND EDWARDS
FIG. 1. Experimental design. The FEL beam enters from the right and harmonics are filtered out using antireflection coated silic~6.45
mm! or germanium~3–4 mm!. The telescope~TELE! reduction is either 20:3~6.45mm! or 15:3 ~near 3mm!. Either a Brewsters cut or
normal incidence Pockels cell~PC! was used. The fast infrared detector~FAST IR DET! is an electromagnetically coupled photodiode w
500 ps response time. The silicon photodiode that detects the HeNe ‘‘shadow’’ has a 25 ns response time. Details of the
detector–sample compartment are shown in the inset. A 9mm thick PVDF piezoelectric film~A.M.P. Corporation! was used. Electronic
detection utilized a unity gain buffer with a 500 MHz bandwidth and a 10 ns cable delay, equivalent to that of the fast infrared dete
cable. Data was recorded using either an HP54522a digitizing oscilloscope with 500 MHz bandwidth and maximum sampling rat
samples/s or a Tektronix digitizer with 750 MHz bandwidth and a SRS235 delay generator.
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amide II mode of gelatin and, to a lesser extent, overlaps
bending mode of water; 3.36mm corresponds to the C–H
stretch mode of gelatin and, to quite a substantial degree
shoulder of the O–H stretch mode of water@1#. The absorp-
tion depth at 3.36mm is approximately the same as that
6.45mm. Table I lists exposure parameters for each wa
length. A more detailed discussion of the experiment
available for the interested reader@5#.

III. RESULTS

Typical stress transients generated by FEL fluences be
the ablation threshold are displayed in Fig. 2. Exposures
100 ns and 200 ns are presented, corresponding to app
mately 300 and 600 micropulses, respectively. Each mic
pulse apparently generates a bipolar thermoela
wave: the series of waves interfere according to Bo
mann’s principle of superposition@6#, yielding the detection
of a compressive phase, a region of destructive interfere
and a tensile phase. The observed compressive and te
phases are approximately separated byt, the ‘‘macropulse’’
duration as transmitted through the Pockels cell.

The influence oft on tissue ablation due to 6.45mm

TABLE I. Exposure Parameters. Note that the total fluence
livered in a 100 ns ‘‘macropulse’’ would be the tabulated val
multiplied by 285.

Wavelength
~mm!

Absorption depth
~mm!

Spot radius
~mm!

Fluencea

(J/m2)

3.0 ,1 56 32–85
3.36 11 59 74–272
6.45 11 110 15–94

aThe range of micropulse fluences are listed.
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radiation is summarized in Fig. 3, where the micropulse fl
ences are above the ablation threshold and approxima
constant for allt’s. The left column displays stress transien
and the right column displays the simultaneously record
shadow signal due to the interruption of the HeNe beam
t’s of 60 ns, 100 ns, and 200 ns. The stress transients re
both the compressive and tensile phases of the thermoel
wave, separated byt as before, superposed with the cont
bution due to momentum recoil. The HeNe beam monit
the shadow cast on the silicon detector, demonstrating
minima ~shadow maxima! of interest. One maximum of the
shadow consistently occurs at approximately 1ms @Figs.
3~a8!–3~c8!#, followed by a more variable but routinely late
second maximum. For longert’s the initial maximum be-
comes obscured: this observation highlights the advantag
using a Pockels cell in this investigation.

Figure 4 displays the stress transients and shadow sig
for three wavelengths, wheret was uniformly 100 ns. At 3.0
mm the momentum recoil persists until about 300 ns, wh
at 6.45mm and 3.36mm the momentum recoil persists we
past 300 ns. At 3.0mm a single maximum shadow and
duration of approximately 5ms were observed, while at 6.4
mm and 3.36mm a second maximum was resolved and t
ablation plume persists for approximately 15ms.

The effect of micropulse fluence is summarized in Fig.
where fluences below the ablation threshold, just above
ablation threshold, and well above the ablation threshold
3.36 mm are presented. All of the measured waveleng
exhibited the general pattern of a thermoelastic compon
for subablative and, at ablative fluences, an additional c
tribution due to momentum recoil whose integrated area
creased with delivered energy. Figure 6 plots the peak m
mentum recoil as a function of micropulse fluence for 3
mm and 6.45mm, wheret is uniformly 100 ns. The rise time

-
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55 7387DYNAMICS OF GELATIN ABLATION DUE TO FREE- . . .
of the leading compressive phase is 5–8 ns at 3.36 and
mm, consistent with a thermoelastic mechanism. In additi
the magnitude of the compressive and tensile phases o
thermoelastic wave are proportional to the micropulse
ence, albeit with different constants of proportionality,
shown in Figs. 3 and 5. The electronics were not fast eno
to resolve the onset of the compressive phase at 3.0mm.

IV. DISCUSSION

Measurements of the stress transients uniformly dem
strate an essentially thermoelastic component, where the
served bipolar nature is consistent with a free surface
superposition of the micropulse-induced thermoela
waves. The rise time of the leading compressive phas
consistent with a thermoelastic mechanism. However, th
is an asymmetry between the observed compressive and
sile phases, evident both in amplitude and acoustic p
shape. These observations are consistent with the evolu
of material properties, e.g., absorption depth or the coe
cient of thermal expansion, during exposure, as has b
observed previously@7#. A more complete discussion o

FIG. 2. Superposition of the thermoelastic response to FEL
cropulses. ~a! The acoustic stress transients measured after e
100 ns~0.15 mJ; solid line! or 200 ns~0.31 mJ; dashed line! suba-
blative pulses at 6.45mm. The separation between the positi
~compressive! and negative~tensile! phases correlate witht, the
duration of the ‘‘macropulse’’ as transmitted by the Pockels c
The experimental rise time of the thermoelastic wave (t5100 ns)
is 7.6 ns, based on an exponential fit, in good agreement with
theoretical value of 7 ns.~b! The corresponding optical pulse, dem
onstrating the envelope of FEL micropulses, as measured by
fast IR detector.
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FEL-induced thermoelastic waves at subablative fluen
will be published elsewhere@8#.

HeNe monitoring of the ablation plume reveals a re
tively fast process for all measured wavelengths that peak
about 1ms. Ablation at 3.0mm is characterized by a singl
peak in the ablation plume. At 3.36 and 6.45mm a second
peak is also observed at a variable but always later time
t and/or the fluence increase, the 1ms peak can become
obscured by the increasing magnitude of the later proces

Figure 5 provides some insight into dynamics on the 10
time scale, demonstrating that the compressive phase o
thermoelastic component scales with micropulse fluence
addition, the momentum recoil, the amount of plume, and
duration of ablation increase with micropulse fluence. Me
surements of the peak recoil stress, summarized in Fig

i-
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.
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FIG. 3. Effect of macropulse duration~t! on ablation dynamics.
The FEL wavelength was 6.45mm and fluence permicropulsewas
94 J/m2 throughout. The left column~a!–~c! displays measured
stress transients. The right column~a8!–~c8! displays measurement
of the ‘‘shadow’’ of the HeNe beam monitoring the onset of t
ablation plume. Viewed horizontally, from top to bottom, are sim
taneous measurements at total delivered energies of 0.7, 1.0
1.9 mJ witht’s of 60, 100, and 200 ns, respectively. In the acous
data, note the compressive and tensile components of the
moelastic contribution as indicated by arrows in~a!, and evident in
all three acoustic measurements. The magnitude of the compre
phases are approximately constant in~a!–~c!: the tensile phases
are similarly related, but with a larger magnitude than the comp
sive phases. In each of the shadow measurements~a8!–~c8!, two
principle local minima are resolved, corresponding to two maxi
in the shadow. Note that the depth and duration of the second,
maximum scales with total delivered energy, correlating with
duration and magnitude of momentum recoil in the stress meas
ments. For shadow measurements, it is traditional to report the
required for the transmission to decrease by 10%: 280696 ns,
280633 ns, and 279627 ns for (a8), (b8), and (c8), respectively.
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7388 55TRIBBLE, LAMB, REINISCH, AND EDWARDS
demonstrate that 3.0mm ablation is more forceful than 6.4
mm ablation, indicating stiffer material, higher sound velo
ity, etc., for ablation at 3.0mm.

Previously proposed models for infrared ablation a
based on mechanisms that include thermal confinement
explosive vaporization@9#, stress confinement and cavitatio
@10#, mechanical motion of tissue at preablative fluenc
@11#, and selective absorption by tissue components@1,12#.
The micropulse-to-micropulse duration is about 350 ps, co
plicating efforts for time-resolved measurements aiming
conclusively identify the dynamical details of the mechani
governing infrared tissue ablation. However, at this time o
cannot rule out the possibility that this closely spaced train
micropulses may play a key role for effective IR tissue a
lation. In fact, spectroscopic measurements using the F
are frequently obscured by ‘‘thermal runaway’’; the key
effective ablation seems to depend crucially on the transi
from a dynamical to a thermodynamic process. Furtherm
these experimental results, more specifically the asymm
of the thermoelastic wave and the wavelength depende
for both the ablation plume and the ablative stress transie
indicate that the material properties of gelatin evolve dur
the 100 ns time regime and that the tensile strength of ge
can be compromised during time scales that influence
ablation process, consistent with the partitioning of ene
model that was based on thermodynamic reasoning@1#. The
evidence for a photothermomechanical mechanism, w
time-dependent mechanical properties, is mounting. Suc

FIG. 4. Effect of infrared wavelength on ablation dynamics. T
left column ~a!–~c! displays measured stress transients. The ri
column~a8!–~c8! displays shadow measurements of the onset of
ablation plume. Viewed horizontally, from top to bottom, the exp
sure parameters were 3.0mm ~0.2 mJ ‘‘macropulse’’ energy;
71 J/m2 micropulse fluence!, 6.45mm ~1.0 mJ; 94 J/m2!, and 3.36
mm ~0.48 mJ; 154 J/m2!.
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FIG. 5. Effect of micropulse fluence on ablation dynamics. T
FEL wavelength was 3.36mm andt5100 ns throughout. The left
column ~a!–~c! displays measured stress transients. The right c
umn ~a8!–~c8! displays shadow measurements of the onset of
ablation plume. Viewed horizontally, from top to bottom, the m
cropulse fluences used were 74 J/m2 ~0.23 mJ ‘‘macropulse’’ en-
ergy!, 154 J/m2 ~0.48 mJ!, and 272 J/m2 ~0.85 mJ!.

FIG. 6. Momentum Recoil as a function of fluence at 3.0mm
~open circles! and 6.45mm ~solid circles!. The peak of the momen-
tum recoil in the stress transient is plotted vs the micropulse fl
ence. Each data point represents at least five single shot record
The error bars represent one standard deviation. The best-fit l
have slopes of 0.14 and 0.33 MPa m2/J for 6.45 and 3.0mm, re-
spectively.
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55 7389DYNAMICS OF GELATIN ABLATION DUE TO FREE- . . .
mechanism builds upon and unifies several of the previ
models for infrared tissue ablation.

There are several key experimental findings that will ne
to be addressed by any model that accounts for infrared
lation of tissue. The shadow measurements reported her
dicate one resolved process for 3.0mm and two processes a
3.36 and 6.45mm, while the measurements of stress tra
sients demonstrate that the duration of the momentum re
is significantly longer at 3.36 and 6.45mm relative to 3.0
mm. More generally, while mechanical effects sugges
qualitative explanation for the discrepancy associated w
models solely based on vaporization, a quantitative dyna
cal model that includes mechanical effects has yet to g
acceptance. Furthermore, while mechanical models add
the preablative evolution of mechanical stress, a compreh
sive dynamical model that crosses from the subablative
the ablative regime is not available.

Gelatin is a disordered, entangled polymer system; in c
trast, collagen is a highly ordered system with substanti
greater tensile strength@13#. Caution should be used in gen
eralizing these results to collagenous tissue. In the future
plan to extend these measurements to corneal stroma,
silient and highly ordered collagenous material, and ot
tissues. In addition, we plan to improve on our past exp
ments using two parallel HeNe beams to monitor the plu
@5# with the goal of determining the velocity distribution o
ablated particles.

Lasers are a standard tool for a number of medical ap
cations @14#, including retinal surgery with visible lasers
where the mechanism for tissue modification is photocoa
lation @15#, and corneal surgery with ultraviolet lasers@16#
based on the basic research of Srinivasan@17#. There are
some limitations, however, associated with the complicati
um
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of photochemistry due to visible and especially ultravio
photons. Consequently, in the past biomedical investiga
have also explored the potential of infrared lasers. Previ
investigations of ablation with CO2 as well as Nd: yttrium
aluminum garnet~YAG! and Er:YAG lasers demonstrat
moderate thermal and/or mechanical damage to collatera
sue@14#. While thermal damage serves a useful hemost
purpose for many medical applications, this amount of c
lateral damage can be prohibitive, especially for cornea
neural tissues. Ablation with wavelengths near 6.45mm have
the potential to overcome some of the limitations of conve
tional lasers. Surgical applications of the Mark-III FEL cu
rently are under investigation at the Vanderbilt FEL Cen
@18#.

V. CONCLUDING REMARKS

The key finding of this investigation is the observation
a sole early process for ablation at 3.0mm and an additional,
slower process at 3.36 and 6.45mm. In addition, we can
account for the subablative stress transients in terms of
perposed, asymmetric thermoelastic waves, while abla
stress transients are accounted for in terms of the superp
tion of an asymmetric thermoelastic wave with momentu
recoil. The durations of both the plume and the moment
recoil indicate that ablated material is stiffer for 3.0mm ab-
lation than it is for ablation at 3.36 or 6.45mm. These results
challenge current models of infrared tissue ablation.
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