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Momentum induced by leser-tissue interaction

R. S. Dingus*
Los Alamos Nationa! Laboratory, Los Alamos, NM 87545

(* On leave to Strategic Defense Initiative Organization, Pentagon)
ABSTRACT

‘mpulsive momentum is imparted to residual tissue during pulsed-laser ablation because the
mass ablated is generally ejected with a sizable velocity. Accurate measurements of the impulse
are possible, which can provide an important monitor of the ablation process. Simple models can
be used to predict the impulse under a variety of conditions; in some cases, complex radiation-
hydrodynamic code calculations are required. In this paper, this modeling is discusscd along
with the dependence of momentum on the pulsed heating and target conditions. Momentum
measurement techniques are discusscd briefly. The behavior is explained in terms of
dimensionless parameters and the impulse coupling coefficient as a function of incident fluence,
which has a well defined threshold as well as @ maximum. Complications in the mixed liquid-
vapor phase are also addressed.

1. INTRODUCTION
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Figure 1. Tlhustration of many parsmeters, on.  Figure 2. Categorization of processes

which laser interaction depends. associated with laser-target ablation.

Irradlation of tissue with a luser beam will resol in stgnificunt tissue ablation (e, removal of tissue),

if the intensity (Le., energy flux, W/em?) is sufficiently Lirge for a sufficiently long time. As illustrated
in Figs 1 and 2 and discussed in detail in Refs 1 und 2, the physical processes resulting from intense
Laser drradintion of tissae depend .\'tr(urt;ly on many parameters ussociated with the laser beam, the
(transpatent) Liser ransport medium, and the aser-absorbing tssue. In any explanation of the process,
itis fmportant to first define which panticular regime of behuvior is involyed; Tig. 2 offers o guide for
categorizing the different regimes. The relutive terms, such as low, medium and high fluxes, used in
Fag. are explamed in Refs 1 and 2 and depend on material and laser beam properties so that specific
v.‘!s’u-;:; for the boundanes of the regimes can only e defined after specification of many of the
imadiation conditions.

AN processes relaring 1o the regimes identificd in Fig. 2 involve ab™tion and therefore involve the
generatton of momentum, which is the subject of thix ,mpc.'r, With potential clinical apphcations in
mind, the emphasis n this paper is toward the 1egime in Fig. 2 for a gas transport mediem at lower flux
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for cases where the gas remains transparent to the laser. As indicated in Fig, 2, this regime is similar to
that for a vacuum transport medium at low, medium or high {lux; thus, for simplicity, this case will be
discussed in depth. For the sake of discussion, it will be assumed that the akiation ess is driven by
thermal expansion or thermal decomposition: photochemica! decomposition is another potential option
but will not be discussed explicitly.

Although important to biomedical applications, little discussion in this paper will be given to the
regime involving 2 liquid or solid transport mediun®. Thlis regime involves much more complicated
processes associated with contained vaporization® where relatively long term restraint of material
expansion impede application of the powerful conservation of momentum law.

2. BASIC MOMENTUM GENERATION PROCESS

]
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Figure 3. Momentum is imparted when Figure 4, 1t is aseful to define an impulse

pulsed heating causes mass efection. coupling coeffivient, which is the ratio of
momentum imparted to energy incident on
the surface.

During the gblation of tissue by pulsed-laser heating (or phatochemical decomposition), the mass
cjected imparts i1 momentum o the tissue. The momentum imparted by the photons is negligible. so
that for conditions in which no mass is ejected (e, no ablation), there is essentially no momentum
imparted to the tissue¢. The powerful conservation of momentum law, which specifies thig an action
causes an equal and opposite reaction, indicates that, when the efected mass completely separates from
the remaining iissue, the momentum of the remaining tissue is equal 1o the momentum of the ejecta.
The momentum, or impulse, of the ejecta is equal to the sam of the masses of the panticles cjected times
their respective velocities. Assuming unifonn ablation over an area A, it is conventent to divide the
momentum by A ro pive the specific impulse T Then the integral of pressure over time apphed to the
tissue in the abliion region {8 cqual to [ The CGS unit for 1y referred 1o as a tap (1 tap - 1
(gfem) e /s) ~ 1 des/em?). The ST unit is 1 Pass (1 Pass = 1 (kg/m?)(ms) — 10 taps).

There are vorious other sources of pulsed heating hesides lusers that can cause tmiaterial ablaton; some
of these might have merit for biomedical applications. These potertial pulsed sources anclade: electron
beamy, 1on beams, microwaves, and x-rays  The merits of (hege altemative sources will noe be
constdered in this paper, bur much of the madeling discussion presented here s applicable 1o these
beams.



3. IMPULSE COUPLING COEXFFICIENT

It is convenient to define an impulse coupling coefficient as the momentum imparnted per unit of
irradiation energy incident on the target. Unfortunately, it is common to use the hybrid unit (mix of
CGS and MKS units) of d++/) for the coupling coefficient, although the ST unit of Nes/J is also used (1

de/] = 10-3 Nes/1). In reference to specific impulse per unit incident fluence, the coupling coefficient
is obtained by dividing both the numeratcr and denominator by the area with units of tap/(J/cm?2) or
Pa-s/(J/m2). Additionally, dividing (actually differentiating) the numerator and denominator by time
gives a coupling coefficient in terms of pressure per unit incldent flux with units of (d/em2)(W/cm?2) or

Pa/(W/m2). The coupling coefficient is useful as a utility factor and also for illustrating the hysics.
For typical ablation conditions, as shown below, the coupling coefficieny will frequently be within the
range of 1 to 10 d+s/J for metal targets but it could be as high as 100 des/J for tissu¢ (sc¢ Fig. 11),

4. TYPES OF ENERGY DRIVE
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Figure S. Types of energy deive, Figure 6. Types of momentum drive.

The momennun generatlon process is driven, fiest by energy, which provides the heat causmg thermal
expansion or thermal decomposition (vaporization)- either of which can cause mass to be ejected
Various types of heating processes are indicated in Fig. $.

For semi-transparent tissue, the energv deposition decreases exponentially in the tissue: this case is
discussed in detasl in thay paper.

tinder cenain conditions, such as when the enerpy density in the tissue reaches a certain level, the
firse pmt of the Taser besm Lian cause the tissue 10 be come transparent; this can produce a constant
cncrpy deposition into a depth, called the bleaching {ront, after which the encrgy density talls off
exponentially.

arpet material (Ina vacunm) thag by opaque will begin to vaporize at a time when the balance
hetween absorbed laser flux and theimal diffusion flux raise the sarface (o the vaporization temperatune.
Afier vaporization beging, if the Liser tinx iy sufficicnllr lurge, a plasma will be ignited. This plusma
can be opague to the Taser beam and alworb essentially all of the rest of the laser pulse; ablwion can be
sustalned by plasma radintion, leading 1o quasi-steady ablanon during the rest of the putse, When the
laser pulselength s short compared to the time for blowoft material to traverse the dismeter of the aser
beam, elatively simple one dimensional (1D) modeting, as discussed below, can be used® Y. For longer
pulselengths, the process is two dimensional (2D) and quantitative analysis 1equines complicated

radhation hydrodynamic  lealwions®7 although simple modehng also provides somc degiee of
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success for this case8,

The enerlﬁy deposition for ion beamns is quite different than for lasers; it is generally, nearly constant
until near the end of the range. at which the deposition rises to the so called Bragg peak.

For a gas transport medium, if the laser flux is sufficiently large (but not too large so as o not be able
to propagate to the tasget), a plasma will be ignited early in the pulse near an opa?uc target surface (or
at imperfections or impuritics on the surface of & transparent target), and the rest of the luser pulse will
be absorbed at a front that propagutes away from the target in the gas (called laser supported
combustion, L.SC, or laser supported detonation, LSD, waves)?.

At lower flux (and/or shorter wavelength, and/or lower gas pressure),a plasma will not be ignired but
target ablation can still occur: the ablated target material wilr*;wrcp up gas as it is ejected, which can
substuntially increase the momentum!0,

Although the special features associated with each of t.c above processes must be carefully
considered, simple modeling including these features is reasonably successful for each of them.

One more type is included in Fig S, namely, tamping, for which vapors generated by the pulsed
heating are contained by surrounding liquid or solid. As indicated above and discussed in Ref 3, this is
a more complicated process, for which the modeling will not be discussed in this paper.

5. TYPES OF MOMENTUM DRIVE

Figure 6 lists various types of mass ¢jection processes, which basically drive the generation of the
momentum after the heating.

Perhaps the simplest process is the free expansion into a vacuum of vapor created by laser deposition,
ir excess of the complete vaporization energy, for a short pulse incident on a semi-transparent material,

Some situations involve vapor expansion, where liquid droplets are mixed with the vapor or where the
vapor is pushing against a liquid; this adds i major complication which is discussed further below.

Expansion of a heated region of gis inso surrounding colder gas occurs for LSC and 1.SD waves?.

Target ablution vapors (and droplets) expanding into a transport medium that consists of a transparent
gus involve the drag of the gas by the ablated materiall?,

Vapors created behind a tamper, which breaks free, can result in @ momentum une or two urders of
magnitude larger than for the untaraped case because of the large increase in ejected mass’,

For ablation involving vaporization from a liquid pool (either the target might have been a liquid
initially or it might have been a sohid and the liguid was formed by energy deposition fron the laser or
from thermal dittusion), the vapor back pressure can cause liguid ejection by extrusion. This extruded
mass can be ejecicd with a very small relative velocity and can be ejected at a grazing angle (o the
surface; i€ so, it will impart Little momentum to the surfuce. Thic can be a serious complication when
trylng to associate measurements of target mass loss with the ablation mass to be used in momentum
calculagions!l.

Fer sufficiently short heating pulselengths, liquid or solid target material can be ablated by front
surface spaliation 21334 qhe threshold for this spallation process is at temperatures below the
vaporization threshold, but even with vaporization, the process can enhance the removal of material
hchind the vaporized region.

6. SIMPLE MODELING

The impulse induced by laser deposition can be predicted with reasonable accuracy using simple
modeling bsed upon the energy density in the blowof as iHustrated in Fig. 7. In the discussion of thic
model, the heating is assumed o be at a surface where the ablared tissue can escape freely. For
sumplicity, the presence of gus in front of the wradiated tissue surface will be ignored; however, in some
cieses, the mass of the gas .~.~wvrt up by the ablmed tarpet material can be large compared to the ablated
mass, in which case, the impulse wall be significantly larger than predicted by the mode! »resented here

Suppose that for a laser Nuence Fyincident on the tissue. a total mass Mg s cjected with g kmetje

encrey K from a region of the tissuing having area A Then b - K/A und m, = M/ e the kinetic

cocigy per unit area and mass per unit arca of the ejected material, An ui);u-r himir to: the momentuim
per unit area (enbit Iy for impulse npper hont unparted to the tissue can he caleulated by assuming

H
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Figure 7. Simple modeting, bused on energy density in the mass ejected,
provides much insight and gives approximate values for the momentum,

that allof the mass is ejected with the same veloclty v along a direction normal to the surface. Then
=12 my viarv=(2k /mo)m. andT my,v = (2m0k)m. Suppose that an energy density (cnergy per
unit mass), F;, must be invested in internal energy in order ro cause ejection and that this energy wiil
not be available for kinetic energy. Then the kinetic energy becomes k = aliy i mgEq, where o is
the laser absorptivity (one minus the reflectivity, the fraction of T that is absorbed by the tissuc), P is

th> portion of the absorbed fluence that remains in the residual tissue afier ejection. Thus, the impuise
can be written as

Lt = (2 mp(@Fyq - B - mpEN'2. Upper Limit Mode! )

1 et F equal the averape encrgy density (energy per unit mass) that was deposited by the laser in the
muterial that is blowing off: then I = (al,  BYing. Then Tcun be written as 11 - (AL - li”))m'mo.

If Ingtead of being ejected normal to the surface, the blowotf was ¢jected isotropicly it o the 2r solid
angle away from the plane of the tissue surface, then the total mementum imparted normal to the
surface would be reduced by & factor ot 2 (because of the cosO projection alony the vector normal to the
surface). The actual angular distribution will vary between normal and isotropic so that it 18 appropriate
to multiply [ by a geomerric factor G, where 172 < G < 1 10 account tor this uncertainty.  Experiments
tend 1o indicate that G is prebably closer to 1 than to 1/2.

Also, i, Instead of assuming that g conetant throughout the plowoff materind, we assume that B
equal to the uctual eneryry deposited by the laser, which depends on the mass depth . m - px, whene p s
the tissue density and x is the distance imo the material, then we must integrate over values of E so that
I becomes

RIS w12
1_0[0 (A" "N dm Integral Mxlel (2)

It should be noted that B - B s the uansdational Kinetic energy of the cjected mass after it has
beconie totally separated from the residual wrget. During the expunsion process, while the mass is still
communicating with the residual targer, perhaps through multiple collisions, the energy density can be
redistributed. so that 1 s not necessarily the <ame as the enerpy deposited by the Inser. Also, B, s the
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“final state” intemal encrgy density, that is, the internal energy density that existed at the time that the
mass stopped communicating back with the residual target; B is not necessarily the same for all of the

mass ¢jected, but in the modeling in this paper, B, 18 assumed to be constant,

It is significant to note that the impulse I is proportional to (mok)m and that an upper limit is known
for k, namely E,. The mass m, is generally much harder to estimate than k; so that the

ncertainty in icti nerally in knowing the mass ej rather than in knowing the kinetl¢
energy in the mass ejected. Also, the impulse 1s insensitive to the distribution of the kinetic energy
within the mass ejected; for example, if 99% of the kinetic energy is contained by only 1% of the mass
ciected, then the momentum is still 20% of the upper limit value (the upper limit corresponds to 99% of
the kinetic energy being contained within 99% of the mass ejec d, i.e., uniform energy density).

7. EXPONENTIAL ENERGY DEPOSITION

UPPER LIMIT MODEL %;EE%O g“; OF k_ X
F uoko @Xp (-xX) = oFQ @XP (- p M); pm Tpimanpx ] o Ty 3P o (1explom)] - mg Ta)
€ « - dE/dm = uaFo exp (- p M) fi oe aVTITEJR-T- BRI AW/ R
'n‘o VF omax = 0-87a/ VE, | KPmax) 0.8
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- (]
Long wulne By €y, Capebroi0)x k), VFolmex » 0.5100 / VT : A@max) = 6.4
For R>> 1; UFy w uQV 8/ (uoFg)
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Figure 8. Exponential energy density profile. Figure 9. Upper limit and integral impulse

models for exponential heating.

Figure 8 pives equations needed in the mode) tor exponential energy deposition.  Figure 9 gives
analytic solutions for the impulse for exponential energy deposition, respectively using the upper limir
model (Eq. 1) and the integral model (Eq. 23 Let w be the lincar absorption coefficient for the laser
beam, x be the distance into the tissue fromthe front surfece, p be the density of the tissue, i x/p e
the miss absorption cocfficient, m = pa be the muss distance into the materinl. ‘Then the fluence F at
depth x (or m) in the tissue is F = alP, exp( kx)  ak expl pm) and the absorbed energy density B
ahsorbed at depth x (or m) in the tissue is

F = dB/dm = paF, exp(-pm). 3)

I we assame that all mass 18 e¢fected tha has o eneryy density E greater than By |, then
Fy = paFyexp(-mg ) or

my = (p)ln(uoaky /E )= (14)InR where R a paly T . )

Note that paly s the deposited energy density i the front surface of the tissue, so that R is the ratio of
the front surface dose to the criticad energy density, or, noting that Ey/p is tice blowolT-threshold
fluence, R s the ratio of the flueace trarvanatted through the front sutuce 1o the blowoff thieshold
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fluence. Putting Eqs. 3 and 4 into Eq. 2, integrating and dividing through by Fg to give the impulse
coupling coefficient gives

IRy = aGB/Ey ) A(R-12 - an-lR-1)2) /R . Integral Model )

It can be shown that the maximum of Eq. § occurs for R = 6.4 and that the value of Eq. Sat R = 6.4 I3
VFo)py oy = 051 aG/EQ)". Integral Model (6)

Pollowing this same approach fov the upper limit model, B = aFgexp(-umg) is the fluence at depth
mg; using this and Eq. 4 with Eq. 1 gives

Py =a( (BN R-1-1R)IR) /R . Upper Limit Model 7

It can be shown that the maximum of Eq. 7 occurs for R -~ 6.9 and that the value of Eq. 7at R = 6.9 is
VFgax = 057 GUEQ)". Upper Limit Mode! (8)

Comparing Eqs. 6 and 8 shows that VFOmax differs by only about 10% between the integral mode¢l and

the upper limit model. Also, the maximum occurs at about the same value of R,

For long pulselengths, the only mechanism (neglecting photochemical decomposition) for mass
ejection is vaporization by thermal decomposition, In this case, the critical energy Eg is equal (0 the
(complete) vaporization enetgy. For sufficiently shorr pulselengths, ablation can occur by front surface
spallation at a much lower threshold energy!2.13; for solid targets, the critical energy By is sometimes
near the melt energy because the spall strength decreases to near zero at melt. Thus, the threshold is
much lower for short pulselengths because the vaporization energy is typically about 5 to 10 times

larger than the melt energy. At intermediate puise lengths, the process is more complicated as
discussed below.

SIMPLE INTRGRAL
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In Rig. 10, Eq. 8 divided by Eq. 6 is plotted versus R and Bq. 7 divided by Eq. 8 is plouer versus R,
Figure 10 shows that the shape of the dimensionless curves are similar for integral ang upper limit
models, which (combined with the 10% difference in I/Fomu ) illustrates the insensitivity of impulse

to energy distribution in the blowcff mass. Figure 10 also illustrates the impulse threshold, which
depends on material Eropevﬂes and pulselength, the maximurn in the coupling coefficient and the fall
off in coupling at high fluence, where the impulse becomes independent of the ¢ritical energy density.
Figure 11 gives values for the maximum coupling for the integral model from Eq. 6 for various values
of o and E ;. Asshown in Fig. 11. the maximum coupling generally ranges from about 1 (¢ 100 d-s/J,
depending on the target material and the laser pulselength and wavelength. Perhaps it should be
emphasised that although the impulse coupling (which is the efficiency with which deposited energy
generates rnomentum) referred to in Figs. 10 and 11 has a maximum value at some fluence, the limpulse
always increases as the fluences increases, when above the threshold.

8. MIXED PHASE COMPLICATION

=g
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Figure 12. Flux and pulselengih dependence.

Figure 12 shows the dependences of the process and the criticai epergy on flux and pulselength.

When the laser pulselength, ty, is short comparzd to 1/(xc), the timw foi a sound wave to traverse one
laser absorption depth (1/x), then thermal expansion can not occur d'ring the heating, front surface
spallation hecomes possible, and B, becomes approximately the melt energy AHp, or smaller!2.13,

When the laser nulselength is long compared to 1/(xc¢) and the laser flux is sufficiently small, but
large enough 10 canse vaporization, then vaporization will begin during the laser pulse and tikely at the
tfront surface where the temperature generally will be the largest (suprose that the vapors are
transparent to the laser beam). The cooling associated with vaporization will clamp the surface at the
vaporization temperature. If the laser flux is small #nough, energy transpont by thermal diffusion will
prevent any significant terperature rise in depth abave the front surface temperature. Also, due to the
slow provess, any vaporization at nucleation sites in the liquified layer (most materials don’t sublime
under these conditions) should be able 1o migrate to the surface as the bubbles grow rather than
explosively erupting,. In this case, E(, should be equal to the complete vaperization energy, Allgy.

However, at latper laser fluxes, for materials with a significant absorption depth. the material bebind
the surface can become super heated, which can lead 10 explosive eruptions, referred to as the
“popcom” cffect. If the flux is sufficiently large, as discussed further below, partial vaporization in the
mixed phase region will simply drag much of the melted material during expansion of the vapors; then
o would be expected to be approximately equal to the incipient vaporization energy, AHjy.
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Figure. 13. Large heat of vaporization. Figure 14. Mixed phase complicéiiﬁn.

The typical enthalpy curve in Fig. 13 conceptually illustrates why this mixed phase complication is so
significani. The enthalpy plot gives the amount of energy (per unit mass) required to change the
temperature at a given pressure. This figure is based on constant specific heat and shows the step in
enthalpy at the liquid-vapor phase change (assuming a liquid for the initial condition; there is also a step
for the soiid-liquid phase change bat the step is generally much smaller). The incipient vaporization
energy, AHjy, is the energy required to heat the material from ambient temperature to the vaporization
temperature, Ty, but to leave it in the condensed phase (most materials are liquids at this temperature at
low pressures). The heat of vaporization, AH,, is the energy required to 1ake it from the condensed

phase (liquid) to the vapor phase (i.e., to break the molecular or atomic bonds), while holding the
temperature constant. The complete vaporization energy is the sum, AH;y + AH,. An important point is

that the complete vaporization energy is typicall about § times the incipient vaporization energy AHy.

Also, if the material remains in thermaodynamic equilibrium, then as cnergy is added (at constant
pressure) between AH;, and AH,, more and more material is vaporized (tne vapor fraction is

(AH AH;)/(AHy) but the temperature remains at the vaporization temperature, Tv, until all the mate rial
is vaporized at AH,. .

Figure 14 addresses the complications originating from nuxed phase blowoff, which occur at
relatively Tong pulselengths and sufficiently lurge Huxes. In the top part of Fig. 14, laser deposited
energy density s plotted vevsus depth in the matenal. with the enthalpy curve superimposed in front.
Below that, the temperarure is plotted versus depth, assuming that enough expansion has occurred
slowly to let the pressure relax. This illustrates that, assunving thermodynamic equilibrium, all of the
material with E between AHj, and AH,.y, will be at temperature Ty, but the front portion of this region
will he completely vapor and the back portion will be completely liquid. 1f the Jaser energy was
deposited in a short time compared to ¢chat for significant vapor expansion to occur (but possibly tong
compared to 1/xc), then as the material vaporises and expands in this mixed phase region, the vapor
will ikely drag off most of the liquid in this region; but just exactly how much liquid is drug off and
how much momentum 1t carric: is difficult to estimate.  Also, the assumption of thermodynamic
equilibrium will at least somctimes be invalid.  Yor Jonger pulse lengths, as described above,
vaporization at the ernding surfice can. in some cases, keep up with the taser flux, b superheating can
oceur i depih, followed by eventual nucleation and explosive eruption.
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9. 1D PLASMA ENERGY BALANCE MODEL

A modelS that is rather different from the exponential energy deposition models, but based upon
essentially the same principals, is illustrated 1n Fig, 15. This 1D Plasma Energy Balance (I*2B) model
is for an opaque target in a vacuum. Early in the pu'se, the target begins to vaporize and a plasma is
ignited that becomes nearly opaque to the laser. This plasma radiatcs energy in all dirgctior.s, some of
which reaches the rarg=t 10 sustain ablation. As indicated in Fig, 15, the model, which allows plasma
expangion in only sne dimension (1), is based upon an overall energy balance and also an energy
balance at the akiation surface. Then by assuming a consrant ablation rate throughout the julse and
constant tempe- ature for the plasma, all physical variatles for the process can be solved for, including:
the ablation mass and velocity and thus momentum; the plasma density, temperature and pressure; the
radiation from the plasma; and the attenuation of the laser beam and of the radiation from the plasma.
Generally, the reflectivity of the target is not known under the conditions of interest for this model, In
comparing predictions from this model with impulse data (see below), the reflectivity has beer taken as
a free parameter to fit the data; there are no other free parameters in the model.

f - const, T w cONGE, +ACCURATE MEASUREMENTS ARG POBSIBLE

™. p. V. Z, radlation, sttenauation . - MANY TFCHNIGUES ARE AVAILABLE
[ OVERALL ENERGY BA.ANCE
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BERCPRE Free Hiying sem

Thermal Radt ablon O el : ‘ unyo:tomrm, Qravity

incident . Refiscted - Thermal « abistion « Conduction “Wav:;&"ﬁ:":;ﬁ:: LENOTH P pot~pat
L d - -
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- NOT A BENSITIVE TEST OF
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Figure 15. Omne dimensional plasma energy Figure 16. Impuise measuremeats.

balance model.
10. IMPULSE MEASUREMENTS

Figure 16 illustrates various impulse disgnostic techmques with which accurate measurements are
possible. The duration of the pressure pulse associuted with laser ablation is generally about one 1o two
times the laser pulselength, so that combining the momentum measurement with the ablation aea and
the pulselength allows an estimate of the average nressure applied during the ablution. Conversely,
pressure diagnostics cin also be used to measure the pressure and the area under the pressure versus
time curve can be integrated to deduce the mementum; generally, this is not acarly as acearate as
measurement with a momentum gauge. Because moraentuny closely correlates with the mass ablated,
momentum measurernents can be a valuable diagnostic for biological research as well as for a monitor
tor clinical applications. Also, as the impulse sicreases, the potential for damaging side effects o tissue
increases, sethar it might be important to lurit impulse to tolerable levels during clinical applications,
Because the momentum is an intepral of the entire ablaion process, it is generally nova sensitive test of
detailed Yoser-tissue interaction modeling.



11

[ Sprite 1l, LASNEX, and PEB Model )
KrF (0.248 m), 100 J, 50 ns
Flat Aluminum, Normal incidence, Vacuum
19 l
) R +. REGION
I ﬁ i t * 1D-PES w/Ra0.§
. d
l/Fo B 8 Sprite i, V100
(dwaid) < Laswen o
%: . ] a o LD |
0.1 MMW
100 101 102 103 10* 105 10°
Fluence (J/cm?)
e _J

Figure 17. Sprite I1 impulse data compared with calculations.
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Figure. 18. Chroma data compared with calculations,
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11. COMPARISON OF IMPULSE DATA WITH CALCULATIONS

Figure 17 gives data taken durirg Serles IT of experiments at the Sprite laser at the Rutherford-
Appleton Laboratory!0. The 1D PEB mode! predictions agree well with the data, when a reflectivity of
0.5 i3 used, except at fluences above about 104 J/cm2. At these high fluences, the blowoff becomes
two dimensional (2D) and the 1D PEB model breaks dowr.. Figure 17 includes LASNEX both 1D and
2D radiation-hydrodynamic code calculations at a fluence of 105 J/em?2; the 1D LASNEX calculations
?hgree with the 1D PEB predictions$ and the 2D LLASNEX calculations6.7 agree reasonably well with

¢ data,

Figure 18 gives data taken during Long-Pulse Series I experiments at the Chroma laser at KMS
Fusion in Ann Arbor, Michigan!l. The trend is similar as for Sgrite except that a reflgctivity of 0.9 was
required to fit the data; the reflectivity principally affects the fluence at which the inpulse threshold
occurs. Again, as expected, the 1D PEB model does not fit the data in the 2D regime.

12. SUMMARY

—]
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Figure 19. Sumnmary.

Summarizing (see Fig. 19), accurate momentum measurements are possible and should have value tor
both tescarch and clinica' apphcations.  Impulse is an important diagnostic that could be used to
monitor integral behavior in clinical applications.  Impulse 15 usually closely correlated with ablation
mass except for mass extruded from lLv target by vapor back pressure, which may be ¢jected at very
low velocity and ut grazing angles. Damaging side cffects should increase with impulse so limiting,
impulse to 1lerable levels may be advantageous, Impulse is a measure of the inteprated ablation
process and is not u sensitive test of detabled modeling However, it can be an important complement to
other detatled diagnostics. Simple models are frequently adequate to predict impulse with sufficient
acenracy but in some regimes complie < radiation hydrodynamic code caleulations are required



13

8. REFERENCES

1. R. S. Dingus et al, Pulsed laser ¢ffects phenomenology, Thermal and Optical Interactions with
Biological and Related Composite Marerials, Michael J. Berry, George M. Harpole, Editors, Proc.
SPIE 1064, pp. 66-76 (198';{

2. RS Dingus, Laser Ablation Processes, Lasers, Sensors, and Spectroscopy Solid State Lasers I,
Proc. SPIE 1627 (1992).

3. R, S. Dingus, Laser-induced contained vapcrization in tissue, in Laser-Tissue Interaction T,
Steven L. Jacques, Bditor, Proc. SPIE Vol. 1646, pp. 266-274(1992).

4. R. S, Dingus, Phenomenology of Opticai-Laser-Induced Impuise in Vacuo, Los Alamos National
Lzboratory internal document SDR/U:84-92 (March 8, 1984), to become docurnent LA-10113.

S. R. S. Dingus and S. R. Goldman, Plasma Energy Balance Model for Optical laser-induced
Impulse in Vacuo, Procecdings of the International Conference on Lasers '86, pp. 111-122, Orlando,
Florida (1986).

6. S. R. Goldman et. al, Laser Matter Interaction at Intensities of 1012 Wicm?2 and Below, SPIE
Volume 1279 Laser- Assisted Processing 11, 1-8 (1990).

7. 8. R. Goldman et al, Modelling of Laser Matter [nteraction at Intensities below 109
Wicm? Plasma Physics Divisional Meeting of the American Physical Soclety, 1990.

8. N.G. Basov, V. A. Gribkov, O. N. Krokhni, and (5. V. Skhzkov, High Terer'aturf Effects o
intense Laser Emission Focused on a Solid Target, Soviet Physics JETP, vol. 27, No. 4, pp.575-582,
(1968).

9. A N. Perri, Theory for momentum transfer io a surface with a high-power laser, Physics of
Fluids, Vol. 16, no. 9, pp. 1435 1440, 1973

10. R.S. Dingus, R. Green. 1. R, King, W. 7. Osborne, angd C. R. Phipps, Jr., Single Pulse Laser
Effects Measurements at 248 nm using Sprite, pp 145-166 in Proceedings of the SUBWOG 6P Joint
USAUK Workshop AVIS1S6, Single Pulse Laser Fttects Repont Session, compiled by R 5. Dingus,
Los Alamos National Laboratory Report I A-UR-87-3113, January 1987,

11. R.G. Watt, et al., The Long Pulse Phase I Experiment, Defense Nuclewr Agency Report DNA-
Tr-87-118 (1987).

17. RS Dinpus and R, J. Scammon, Granersen stress induced ablation of hiological tivsue, 1aser
Tissue Interaction 11, Steven I Jacques, Fditor, Proc. SPIE 1427, pp. 45-54 (1991).

13, R.S. Dinpus and R 1. Scammon, Ablation of Material by Front Surface Spallation. 1. (¢ Miller
and R. F. Haglund, Jr. editors, Lecire Notes in Physics- 389, Taser Ablation Mechanisms and
Applicanions, Springer-Verlag, New York, 1991,

4. G, Paultauf, Srudv o dng/frrrm ablation models by use of high.speed-sampling photography, in
Faser Tissue Interaction I, Steven 1. Jacques, Fduor, Proc. .‘:I’lﬁ Vol 1646, pp. 343-352(1902)



