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Skin Model-

Liner Kf feets
Thenmal Predictions

[ ~A user-oriented description is given of a computer program f orI
predicting temperature riose. Irreversible damage~and Jegre. of burns

lcxiisd It't skin by laster expo~sures. This report describes the parameters

flccesociry\ tot run the p~rogram and provides suggested values for tht parameters.
Inputt data are described in detail as nill as the capabilities and limitations
of the prn.gcam.]
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THERIMAL W)DE! OF LASER-INDUCED SKIN DAMAGE-
COM4PUTFR PROCRAi OPrRATOKt tiANUAL

I NI RODUCT ION

The Skin Model is a maheLmatic&m model that predicts the
extenL of thermal dAMaRe and degree of burp produced in skin
by laser radiation The model was developed by TIT Research
Institut. ind is ai result of many years of improvusrnnts in
thermal damage modeling techniques. The mathematical basis
for tenmperature predictions is the following he4t-conduction
equation in cylindrical coordinates:

"CL-V q(r,z.t) + + , " -,,) + .. ()
t~qz r Ir ar(KWj:) )

- B(z)Cb - q(r,z.t)

where , density of tissues, g/cm3

C - specific heat of tissues, cal/g-*C

I - blood flow, g/cm -sec
Cb m specific heat of blood, cal/R-'C

K - thermal conductivity, cal/cm-sec-IC
3

- rate of heat deposition from lauer. cal/cm -sec

q- rate of heat loss in transforming water into
steam, cal/cmJ-sec

r - radial distance, cm

t - time. sec

v - temperature, *C

z - axial distance, cm

In addition, equations presented on thenextpage provide for:

a heat losses to the ambient air,

* steam blisters, and a

a hair follicle.

Initiaily, the skin is considered to be at a uniform
temperature measured with respect to the surrounding air.
Biological heating is neglected. Irradiation from the laser
is reduced as a consequence of interceptions of radiation by
hairs and reflection from the surface of the skin. In this
regard internal reflections are considered to occur at the
surface.

3
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I ' tt It, 1hI' t, i I 1 1 tII ., ItIi, Sik it its intens•ity, qv
ii' v ,.cc'.• i•--,r i11 I, , -'; La.w . nlame|.V

-o Ltn.. i . :.c h di) I: .t t ste• i*'unction

.ibsorpt iot coefficiLent. considered ana . step
funct ion with respect to depth z, I/cm.

Iheam divi.rgence is nerected. Equation 2_is then used to
det.',in:e the rates of energy deposition q(r.z.t) for equa-

Slo,,d flow Bi. specific heaý C, density ". and thermal
1conduct i vi!y K art' consitdered to vary with respect to depth.
Blood flows remain constant with respect to time and act as
at Iw'it s•isk. Blood is not treated na a means of heat trans-
f. rhv ihemal propert iets and density vary with the amount of

water in th-ý t .•sues

When water commences to boil, the resultant water vapor
is allowed to escape from a given depth of skin. Resultant
r.atc's of neat loss -per unit volume are then introduced into
"quation 1. Additional heat losses are allowed to occur from
the surface of the skin by natural convection/radiation.
These losses ar.. described by

- ]Lvi - Hvl (3
0 (V~3)

2where Ht heat-transfer coefficient, cal/cm2-sec-'6C.

This coefficient is assigned values according to whether or
not sw•'at is initi.tll, present. The coefficient is not
chantpwd with tine.

Fol',•oing water evaporation, densities, specific heats.
31W t hv•,mal conduct ivi ties are decreased according to the
aniount of water lost at specific locations. In addition a
st,,am blister is allowed to form at the hqse of the epider-
mis provided it reaches the temperature DTEMP. Once a blis-
ter forms, therindl resistance iB introduced to account for
the presence of water vapor.

Mathematically this is given by

K - 3 , Hw(vI v1 ) (4)
'" :: - 5Zw-,•w+

w zw zw_ '
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i it' i~ vq it i' ot iew i fit.v livitt cad vi a t v on i t~c n tie re i t o eirV i'

4ti .1 sH irestI tlixv t 11 ex o IeI l ie ltea t h de p ro dli :I I n r t 11%
1l 4,~' 1v 4-11o h' t r'It' Ir. her' . n 14 '

Thw ha 11C At I ernttu-cbt Wt- n cut h 1ion I .sapp lts-polle of by inite
Idit 1-m e.4 c I ndI t h-it I. i d 1% w.IV h .-114 tex t'i-et -4 tvn imhiitp

il -I"! A .t4Itt I q-d Iet.' t' lit .upur tn %Iv It'~ 1, 11.a Wr ntiteman

dIffern. equaIS tlie n.. hexplci lvd in I in -iu¶b con14 in ace t orh
etid ti e it t h4re tls and itlicf itI lv in 1141 n t h o Ix Ic l Ion ra rigr

evhn heat' -tconti. ti o ezp l t c naleuat ions xisateinbvtfmpera-
diure. renvs use the reresentith h trit vrntl~ct -.. inmplicitI cA~teat ions. futreto temperituret due veoitc This P.W reach in
rosd t . In, Racstof- (1).a Tio~ tehnit s a re ol veds the f rinaite
dffetrence:1 'equaion exr lir t l tI". ntevt and i t' used wi In thior

oid t in'tiqe stp.an d w it pi i in .- andrtep ci f exlie-dIv firn r ftodr

e hen t d tI st eps. Iit. -p I ed t cas I eutpeIat to r.ex rt Inge t i etpera-I
uint. arr~'erub 1Rsd t re oInt t her i I. pap t en rt q o 'anip. im t

caIeit Int I 'afors . vi etemperat 'a res a re %suedtThisenpproach

nuthtre \i I( ge h r ) La~rg nenr t u damae itr als poinheti wit thi
I 1 ehiu t an w tI -& andart.i1i eplv~ I byt tirrt t lA i-ti (fe onceteawtha

The * moe ta)e .tbu e prttit emp pert rattreiti odtr

minIrreversible tisisue d~wv~tam.-efi aspyn lieurrine's whenever
the intt c to f o f rme.-Ittover 4 : bv mi' is ri'I ven" titn'p~

whepredi Ng tcnctoratwe is. damage athrpsoidnthec
ou eC kandg w chinstants a itvn , an deart.eW of t humstenled utir
thereailtit vii iesmd ek t emperaturaes

Ao t ioncrement bof tic n ci t cd? -rntI

Irreersileuit bue da:g tit ndustne App .Ierinr whenever~Q~%



Orm tiw-d to~i w~ktgaun- *IlvaIib&1iiy tn, m-lr- t~itte"Irs~ vith
vmti~dii litv tii 1.r'-ii tIisiturit mnd laurr expoit"ar.*.
it wi-cmmoatir varti~t ioin in laserv t~dittCat mi c-hra4'zvrtstt4.

ý-ist Iiorirl.therrml. imd phystiolrtie-l :ropert 1.: of the

4.T. v ptirp1 w %-- ti miutAtle intt 1w usi tho uto, ml bit

%tfl tt, fit *1.ttudfir ii! Oh -todi.'sY 'V*iflt'a~t i L aus na htA to use it
within the livits. ss those ciap~IitliItoe Aiit tica~l tLfotnaa-

tt~ 4mthe code:n te oi~taod tram the UTflR Tod cknca

takin. that merh4nies ti't the progra. mid the outpttt dostrod
I' imd t*" the basie inpult required. litting the required cards.

the'ir or,,Ier. aind app ~'priittr formats uisn o~ittowis ovatlabi
tit !hk- utter in ravaird tLo Pi~nted outptit Appendix A prosents

CAPARILIItI.l ANfl LIMITATIONS

Th%. tior tun revirosniible f ",qutv'ly dIescribing, the
e!xposu~re condititions to b Owhioelod- Wessst deseribe the
incgdtrnt ratitali..'ut. the' tw~'dia, thc mechanics (temporal mid

sv4:io resetsa'% bro-4r1 ovvrview of the capabilities and
limitatotst is'n. th~ nerin to" thrv ,wreita.

Ni dcveoi' niwt, IN. 't't 111Orin,1 soev!Al amlohr assumpt tons arv
"I tisa Ft r~i . Ow s~kin -vi'ti~t'triv are simulated in cylindrical

C '"rinI-I t a~ t e4'~n ill i' I lect icns; ocetir at the surfact o'f
thc !ýfi Thnird. tw.u'- prroftilo are iWenti-eal st -ill depthi
wtthiii tivt -4kin. m'~l inti ridiAllv symtrie Vourth. thermal
r i opert I v s 1'haunve .'nlv with w.tter loq* 4nd "oit with towerp-
In Ur, itth. Io' (1twie act motl-or, as aw heat sink. Sixth.
uwt.'.wa 1,tfstsira remwits% int~Act. while'water beneath the blisters

hee~m.s a tuperhe.--ted liquid without defrormtnin tissues.

The mok'-l has .'ý numbrr of feature* which give the user

its a ].spcrl n oWrl rpris h pta



pi 'itia ti t b'r.m , ..'itiu J inlJ t !tn e[ient power Ior ir-
mveulept vt,,fil--., th"ubc l'' omit rut-tK thv desired beam pro-
(lie l,,v 4ypt-vitni- tht. wh incident piver anti the relative
In? dmih e.ti .st%4 o.nwsv i-iteJ rd ,ti1 dist tnMrs from the center
%of the lt .',

Iem;|t'.'v, viratii,'nis tit l inctident radidation are speci-
fied bv ,•'l%:inj. tht tJurntiwn of the pulseo.. the rpetithim
r.litv. -end inte.naltv. .sati the, number -of pulovs. The fto •|
ABRUNiVI *111 ptllev to, ht. square with respect to• tiw NOW
tvvrý t~ot, ally varvinW.cpul--,Rs can be constructed from a
Co",ll•teci-in aif back-t1,-bak Aquare-shaped pulss. The pU I "

o11.; avctltiom rates nmay be cmnsidered identical (mnonded)
.. a vnrtablr (coded) In that the model oqlv predicts therml
dJaeae. pulse duraticn should exceed 10" secomds. For
shorter Puile Jur4tiomn. other daglty mechanism may predom-
inatue

Ski,. amdia are described in terms of optical. thermal.
and phvytsilogical char.acteristics. The optical parameters
inAlude 'rffiicients f(,r absorption and reflection. Thermal

sm.oteas incl-Ade heat capacity, thermal conductivity, and
lnod flow associated with individual skin and subcutnaeous

lI.tver plus their tail? t.l temperature. The skin is considered
sto •t, e-posed of two l.vlyers. nmely th: epidermis and dermis.
A ningle hoitognerous l~ver to used to represent sutbcutaneous
t I sow!s

!t:l',iallv. th trmrial ; roperties and dernsity are con-
stant within the dermti ttod within the subcutaneous tissues
and vary linearly acrliss the epidermis Optical properties
and blood flow rates are comstant across layers wich are
not necessarily coincident wtth the epidermis or dermis. J

The model autmattcally selects the time steps. Hwewr, ]
the user specifies the size of the increments for the spatial
grid in tMe skin media. The umensions of the spatial and
tempotAl Inermaents represent the limits of resolution of
the Wdel predicti-ms. 'the spatial grid has uitform ncre-
ments in the region of highest temperature rise and constantly
expanding is.6remnts iway from the highest temperature regions
The temporal grid has constantly expanding time steps from
the beginning and end of each pulse.

The user seletcts the range of spatial coordinates used
to print the tvmperature rises and dasage. ilso. the user has
the opt ion to print and plot temperature rises at any sokelcted
time. A sapirate plotting" routine uses input data cards



2 r'- .l h' ~ ' i'. ' .-. ,l l I.i -I• i , flt ri1 ,'tit', t pI .t t 1h tt N -

l'}t t .h, t lvs ,-vOti et he input requi reJ to •tpev.ic y the
%o, e -it "1i. I' 'itt'i t li - ! h ofr the program. .11J output
,h i ri-, A I I ,triv t vt.r rqetined by tht, user an input are
dII itu-d i n Att'.ndjix A I'ro,-r.tm Ist linlt Is presented in Appen-

X 1A Whi n mo1i\':, .I problem, the user must deticribe the
tit t • Ji, •at io mn I .w mutit alsio specify the parameters
.¾,"-eiin.' the mechanil..tl operlat ion of the" program, such as

he tsi iv -f th' grtd require.| and the out put desired.

iTo Itirlil.ite th, e- tdIt iit ot in-ident --n the skin media,
th 1 use'r , hate opt ion of specifv ,ng it lt ifori1-, gtauN •lat-n,..
,1r .t, irIl;tr-bt,,L•I irrtdi.mie, prof • le. Axial symin-try forIAit Iveim ,",rifiVt14 Is 1. skimed Fir unilforn-beam profiles,
th, bhe.•m rldiu-. (RV'NIF1 tmust be specified. For gaussian-beam
pro.#'i les RIM must bt speci f led it a part icular relative in-
ten-lttv point i.itF'T t'or I rrteilar-belm rprofiles. the abso-
lute or relative irr.uliance preih,- must be specified on a
p,,iit -bv-po•nt basit, b,' listing the irradiance value. P'XIL).
1,t the rti:il Jistalnc'e. R.Xt.'. fromn the center of the beam.
The tot al number of spec if ied irraldialnce points is equal to
i.R rhe model will intv%.T'r.it% the beam profile at radial in-
terv.als tRINTI. to irrive .at a series of onattant intensities,-q'Y.tert.,! .t!,•'-1u aclth ra1diall g~r!J;od r

The model .an treit coded putlses which differ in inten- -

sit- tv a:d jurat 1k'ti or nonccded ptil-tes which are identical as
ire tfhi t Imes between putl.!'cs Coded pulses are considered
tO, t'w o.ne .111t1ther witrh no elapsed time between pulses.
Sintle 1* let .are 'mnsideredt ats noncoded. Data cards required
for pro•,.rammir.. art, described in Tible 1. Further inforna-
t i-n is presented At the bottom of Table 1.

11".r '1"arl.s. .ire Iei,1 in sequence aIcordtine, to the card
u•%,,.r q, :,rsent'd ,in the listing and Table 1. ras table

.twm.i - . es !the formift st lt.emcits a.lont with the input param-

AlI ,-.tv,.; ,it,,d ii l.tbl,- 1. exeept ftor card1 iutber 21
.i11% t ,t, tol tlwe', I, i,' eur, are needed for 0.,ch ,vonput.er

•'.,.: -.. Of alt • 1 4. -tii,it thermalI model of" laxer-

jflduct'. vve 0 c2 t01y ' 'irAt 0r'*t m.anual
SAN- 'R- 't,- '
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3lvuse card wLth Jesi,'nate~d profile.
h For sdin le,.pulse exposures use card 14,NC.I. for multiplo

noncoJed puat ea use eards I1..NC.X. for multiple' noncodod
pule** to be grouped use card 14,NCX. .-nd cards 14.t4C.GF
(seet text). For coded pulses ust cards 14.CODED.



run. Cord 21 is required only when one wishes to punch tem-
perature rises oii cards. The othe'r excc,;tions are cards 12....
(beam profile) , and cards .. .,(julge .,,.ulation). For uni-
furm prufiles use card 12, UNIPF for qaussian profiles use
card i2, GAUSS; and for irregular profiles use card 12, IRREG.
A description of the cards 14,... needed for describing pulse
characteristics is presented at the bottom of Table 1. In
this roqard, provisions have been made to minimize computer
execution times caused by long noncoded pulse trains. This
provision is optional and requires use of cards 14, NC, CP.
These cards result in the replacement of various sets of con-
secutive pulses by a "single pulse" which extends from the
start of a given pulse to the start of the pulse immediately
[ollowing each set of consecutive pulses. Power is set equal
to the total enerqy associated with the pulses divided by the
duration of the "sinqle pulse." By this means total energy
is conserved. Resultant power is termed mean power.

To introduce mean powers into long pulse trains, one
should first select several sets of pulses spaced at regular
intervals along the length of the pulse train with at least
two i.ndividual pulses between the sets of pulses and at the
end of the train. Incremental damage is only predicted during
individual pulses following the first of each series of indi-
vidual pulses. Weighting factors are used to account for
damage produced during remaining pulses.

An example of the above procedure is shown in Figure 1.
Here we have chosen a pulse train consistiig of 40 pulas.
Number of pu'ses replaced by mean powers is indicated by
numbers over the shaded area. Table 2 presents the values

needed for the arrays NPG(L) and NPR(L) to structure the 40
pulses in the fashion illustrated by Figure 1.

TABLE .. PROGRAIO4U'G 40 PULSES IN MANNER
ILLUSTRATED BY FIGURE

L NPG(L) NPR(L) L NPG(L) NPR(L)

1 2 0 12 1 7

1 0 13 5 0

3 1 7 14 1 0

4 5 0 15 1 7
5 1 0 16 3 0

6 1. 7 17 1 0

5 0 s18 1 2

81 0 19 1. 1
9 1 7 20 1. 1

10 5 0 21 1 1

11 1 0 40 40

10
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The index L indicates the order in which individual
pulses or mean powers are to be considered. The array NPG(L) A
represents both the number of pulses and how they are to be
treated. For normal treatment of pulses, NPG(L) is set equal
to 1. NPG(L) values greater than 1 result in replacement of
the specified number of pulses by the ,nean laser power.

The array NPR(L) represents the number of pulses repre-
sented by individual pulses shown as shaded in Figure I.
These pulses have L values of 3, 6, 9, 12, and 15 in Table 2.
Each of these pulses represents 6 additional pulsos--three
imnmediately preceding It and three imediately following it.
All other NPR values should be zero. The sum of the two
arrays NPG and NPR should equal the total number of pulses
in the train. I

Thicknesses of the epidermis and dermis will vary widely
with individual and location. Epidermal thicknesses for A
tuna.tis range from about 0.005 to about 0.015 cm while dermal
thicknesses range from about 0.15 to 0.30 cm. Recommendedvalues presented in the Glossary represent average values for
pig skin.

optical property data are presented in Table 3. These
data were acquired from several sources as indicated in ref-
erence 2. For those coefficients not presented in the table,
use the coefficients for water given in Table 4. These
values are not critical in that at long wavelengths much of
the irradiation is deposited within shallow depths of the
epidermis for which coefficients are known. Recommended
values for the remaining input are presented in Table 5 andAppendix A.

Table 6 is presented to assist the user in identifying
parameters requiring change in altering various features such
as wavelength, laser profile and pulses, and skin.

A

12



lAma V OPTICAL MUWWU OF UAV ORO (ef.2)

- PR0iR 0MI w~glaimt P"! Hu l &U W . Limti. 1.

.33 (35) -0 too 40 22 13

.40 22 9 0 110 21 So 9

.530 36 t0 a 35 13 13 to9

.60 so it 0 29 it 1

.65 3'1, is9 23 6 11 1
.70 nS * 0 409t0o

.80 of $7 o to to t 10

-.10 $1 3 0 13 1t t0 N0

1.00 33 360 236 13 to 1

1.10 56 40 0 231 13 to 10

1.20 50 40 1 233 It it 12

1.42 35 27 1217 31 24 34A

1.70 13 i1 7 231 to V7 2s I

1.63 it 9 23 20 40o2 35 -1

2.20 3 3 17 20 30 23 431

2.40 3 3 so 244 s0 26 54

3.00 2 2 U)4 1446-

4.70 2 2 140 37260

4.00 2 2 1430 3002

3.00 2 2 312 401

6.00 2 2 2241 12)o-

k7.00 1 1 374 99"-

6.00 1 1. 339 921- -

L9.00 1 1 5337 21 --

10.00 1 1 636 727 --

11.00 1 1 1106 911 -- ii
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TAIU 4, ARSORPTMON CONSTAiTS OF VATKR (1f., 4)

0.200 1.9&1310. 0900 6.7658-10,2 3.400 7.2072"101

0.25 27,7 410. 0.925 1.44004I0 3.450 4.8080102030 1.6839 10"2 0.950 3.,5757 10"' .3.00 3.3750"103
0.|25 0 73 "02 4.7 48652,10O"1 3.600 1.7977 "102

0.30 o)31'1"3 1.000 3.63117-10"t 3.700 1.2t? -10;

.3" 4.1739.10" 1.200 1.035•7 3.80o 1.1244,101

0.0 2.3)36.10 3 1.400 1.2387.10t' 3.900 1.2.44-102

0.55 1. .10 .3 1.600 6.7152 4.000 1.4451.102

0.400 .6434'10" 1.800 8.0285 4.100 1.7223.02

0.415 3.64)810"• 2.000 6.91151+1 4.200 2.0585o102
0.4)0 2.S48.10" 2.200 1.6508.10+ 4.300 2.469,1024

0.00 2 : 48410 . -10+.01)020.475 2.473, 10" 2.400 5.0056-10÷ 4,.400 2.9417102

0.300 2.313310" 2.600 1.5321.10+2 4.500 3.742041020.5S, 3.1595.10" 2.65%) 3.1772102 4.600 4.01-10.1

0.530 4.,4742.10o4 2.700 8.8430.102 4.700 4.11o1o.57 7.8676-0.4' 2.750 2.6961-101 4+.800 3.,127-.o0

0.600 2.229"10" 2.400 5.161210 4.900 3.5135 "l

0.625 2.948.10'3 2.850 8.1571-1o0 5.000 3.1165-310

0.650 3.1706"103 2.900 1.1613.104 5.100 2,.7350"102

0.675 ..1.510"3  2.950 1.269,-.10 .5.200 1.4408.10

0.700 6.0139-10O3 3.000 1.13904 -0l 5.300 2.3236 -10;

0.723 1.5840.10'2 3.050 9.8883-103 5.400 23969,-102

0.750 2.6138.10'2 3.100 7.7830.10 5.500 2.6504,102
0.175S 2.3998-10"2 3 .150 5 .385b ,103 5.600 3. •U 18610'

0.800 1.9635.102 3.200 3.628510t3 5.700 4.4754-I02

0.1235 2.7722-10"2 3.250 2.3586 -10• 3.800 7.149 -102

0.850 4.3317,102 3.300 1.4013t103 5.900 1.3245 -10P

0.375 5.6154-10"2 3.330 9.7905t10 6.000 2.2410-103

4. Hale. G. M. and M. R. Querry. Optical constants
of water in the 200 nm to 200 11m wavelength

region. Appl Optics 12(3): 555-564 (1973).
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1

TANI 4. (Continuwd)

1 .69110 9.800 G.1421 Ito, 7 a 1.0m 1.601.10 -I

6.200 t.1s3614), o10.00 lb.3831.-MP 2 8z.1m .1169.1o36.mo 1.13.10-13 to.$"o 1 .0328.10 a•MOW 1.Ae-l*3

6.40oo 6.4161.102 11.000 1.06l.000Mo 1.3739,10)6.m .oos .10,1o •tsoo 1.35a7,to3 1,7. O 1.12,.1o3

6.C.00 c ?Paz .I021 2.000 2.0639-103 34.000 1.210•.I03
6.7oo 6.3u07.10o .00s.o 6o38.1o3 W.oooW 1 .1o3
6.3M s.0,30.10o 1.MO 2.9483-.103 3s.003 1. " .to

,900 S.I43 10203 12*•l .102
50 S. 74 , 610. M00A 3.3211 103 42.000 1.2237f103

7.100 S."37-102• 14.5000 3.36261-103 ".•,000 1. ,fill ,1
2.,6 702 1. . 1 , ,3t o7. .6025 - It MO 3.6

7. .300-55)102 15.500 3.3!,4 to, 44.000 1.2776-103
7.400 5.3020-102 A4.000 3.3 1" 103 50.000 1.2916-103
I.'m S. .22-102 1.oo 3.23594to .o.o o 2 1,to
7.600 5. 4234 -102 17.000 3.1712-10) 70.000 1.0340.103
7.700 5.4019 .10l 17.500 - 0103 0.000 &.592! .101

LIN00 5.3971.102 18.000 2.9740.103 9C.000 7.4340" -102
7.900 5.3924.102 1o.500 2.8597.103 100.000 6.53ss.102
8-o0 s.38n8,-10 190,o0 2,3M2.,10) 110.000 6. Uuio0;

o.200 5.3"90o102 19.300 2.635 ,10o 120.000 s.S03.102
8.400 5.4006.102 20.00 2.4693 -10 130.000 4.96B6.102
8.600 5.4357.102 21.000 2.21159 lO3 140.000 4.4380.1002

.o00 5.49738102 22,000 2.1306 .100 150.000 4.1469,10 i

9.000 5.5711-102 23.000 2.0052t103 160.000 3.39S6- 10
9.200 5.66685102 24.000 1.8902-103 130.000 3..47102 .
9.400 5.7886,102 25,000 1.7095103 190.000 3.3136-102

9.600 59,4129 102 26.000 1.6916-103 200.000 3.1667 .102

15



TAU .,•t) AU ( .5

I

II

[I

0 TIL(L),"C L TiL(L. )C L T. Ll, *C A

1 100.0 10 179.0 19 too.$
2 I,6 11 183.2 10 211.4

3 131 9 12 187.1 at 113.9

4 14. I)13 10.7 22 2Ii.I

5 1511,14 194.I1 23 21$.5
I 1L2 toi 200.4 as 11220.9

i 169.lS 157 203, -26 23.

9 174's t 2061t 227.0

41Lniex L "id1catos atmosptetes u1 presouro caused by tevwWat@re

5. Handbook of Chemistry, Sandusky. Ohio;
F Handbook Publishers. Inc. I

]
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-. ~APPENDX A . ., ,

MLOSSARY OPP INPUT FAA NS

It j',• . ~oW--so_.pto.n coetficients of tadaged skis Md
P tissues. Coefficients very with wavelegth

and are considered coautant in each oflr layers o:
thicknesses Tt(L),

Units. I/cm

Recommeded values given In Table 3 1
i

AISC-Absorption coefficients of Irreversibly damaged skin. I
Coefficients vary with wavelength.

Units: 1/r I

Recoamended values given in Table 3

6SW--Absorption coefficients of water. Coefficients vary
with ovawlctsth.

units: 1/cm

Recommended values given In Table A ]
_LJL),L-J,L--Blood flow rn.tes co~tstdered constant iL TS

layers of tissue of tt.icPneacts TI(L).

3IUnits: S/c• .910 I

Recoimerded valuesý SL(I)eORL(2)eO, O1lS-

SL(3)-O

C.--Specific heat of blbc,$,.

Units: cal/g-C*

Recommnded value: 1.0

coulc o.Constants used to compute thermal conductivity of
tissues as function of water content WATER(i,j). Thermal
conductivity is given by:

CONI + CON2 WATERII.J)/DOD(I.J)

19ILa~ _ _ _



IDW , . l6nadty ft tissue.'. gIcmi

kvctmwnded values CONI "1.33'10
C0N2 -*oa

Clfl--Value of normali~ed tGufsian iprofile at radius RIM.

t'nits: tmittesss

!)I 42 Da)--Culatitv. thervAl dw.40 at bass of~ epidermis
~ii~i~rd to produce first. second and third degree burns
respectively.~

Units: unmdeass

Recommended values- OBI -0.1A

DR5-TeWeratur* of skin required for fifth-dpegi burns.

Unitsý OC

Reo'maonded vn 1 mac 400

_________________ -Cnstantv used to compute rates of th~rmal
dmag., of tissues. Rates of damage are functions of the

absolute temperature 4 as delteribed below:

unit M#I.1~) and DAM(2 *1), IflO/sec)
DA14(0. 21) and DAM(2.2). *K

Recommended values: DAN(1.1) -1491

DAM(l,2) -50.000
DAMt(2.1) -242
DAN(2,2) 8 0,000

DEPID--Thickness of "dead" epidermal layer.

Units: ca

Reconmnded vdlue: 0.0060 (half epidermal thickness)

20



ot--'Npth of h.•ir follicle If set to unrealistically larI e
vAdlw such is 1.000 em. cod. will disreltard fellicle.

RIctiatnded value. O.015 co

Dt'iutc L( L)j,- ULB.UlS--Iratiun* of each NPULIM coded pulses.
... -iem con-la~red back to back and may avw any desird

pow, r. Power constdered constant during each pulse.

Units: sec

UPULI4--Durat ion of nincoded pulses over which time power is
conslderod constant.

Unttso seeF !'iEMP--Tempcrature at base of epidermis causing steam blisters.

Units. *C

Recommended valuet 131

DO0 DIW D3--Donsittes of swrat, outer epidermal layer, der••s
... -beuraneous tissues, respectively.

Units: g/cm3

Reomnded values: DO 1.05
DI - 0.50
D2 - 1.03
D3 a 0.98

HAIR--Fraction of skin surface shielded by hairs.

Recommended values: 0 to 0.1

MW--Heat-transfer coefficient associated with heat fluxes
across steam blisters.

Units: cal/cm -8 'C.

Recommended value: 6.10" 3

"HI _tl--Heat-trausfcr coefficients associated with heat losses
... from dry and wet surface. respectively.

21



Ifn ts 4,11 e2-4c-"

Recmmdd vlue: I- 2.0-10*4
Z2 - 7O010"

I~lI.'-.Sm~l .lest anod largset I Vailues JI wh1ich talpratureHras, and dmre wi 11 be printed.

UniLs: unitles*
•1l.!K1,1L--I Indices needed for putchins cards for 2 or 3 Dtemperature illIustratLon•., II and 112 represent smallest

and largest I indicea at which temperatures wii be
punched respectively. It3 repr*seuts curve to be markedin Illustrations.

J
Units: unitless

jLM--tndex indicatin shape of beam profiles. Bem profiles
lllmd to be radially symmetric, o
Unit: unitleassi

Input value: 0 (unoform profrle)
Ie riussean proile)
2 ( rregular profile)

ITYPC.--lndox concrolling, printina oftwiepereture rimsers An

ITYPR value of 1 widi allow whh temperaturo be printedfollowing each clie step; an ITYPS value of 2 h6r evex7
other time btepr etc. Temperature rises sia allvays beprinted following the last time stop regalrdlaesst rJof
value assianed ITYPE. Additional options for priatcing
are available r en harrays TD61 and Tle2.

Unit: unitless

JOl JJ2--RAane of J indices over which temerature rises and
a oil be printed. JDd represents e mallest valueLeJD2 represents largest value.

Unit: unitloss

JJI,JJ2--Rang* of J indices over which temperature rises will
be punched on cards for preparing temperature Illustra-

tions.

Unit: unitless

22



KTYPr- Index indicating wether or not to h card* for
... tvqupraturo-risoeIllustrations. A vaiiw or Remo will-

skip cards whilv a value of i vilLI ptoch cards.

Itnil t un I t Ie

Input value& 0 (.to skip punchtN cards)
I (,•e punch cards)

!X--NupLer of tim• intervals T b)W to TIMM(L) over whichprintingl of teprqwrture rises anda damage Is allowed. 4

Unit witless

ReoimmenJed values see TIL(L.)TBE(L)

LASXwR--Pbr mvter rdeoribini whether pulses are noncesodd or
teodsd, P oncoded pults** re identical wlre coded pulses I
arev not.

Unit unittls
Input value: I (noncoded pulses)

2 (coded puts**)

LJ--Numbor of tissue layers of thicknesses TO(L) used to
describe blood floew A(L),

Unit: unitless
Rocommmnded value: 3.- see, 5L(W)T8(L

L--Number of radii RXcL) used to describe relative intesi-ties PX(L) of irregular laser be mse

Unit- unit lt-s

-Gý.--Number o•f tissue lavyers of thickness*@ T11(I.) used to
doecribo absorption coefficients ARS(L).

Vnit: unitloss

Itecoumended valuez 3. so* AWqL),TR(L)

M--Total number of axial incretments.

Unit, unitless

RUcommided vn,1ue, 15 to 20



.MK--Dinitension of arraly DTX(K), POWER(K), or XP(K). Introduced
to prevent overflows of storage allowed in dimensioning

S•arrays with time indices, i.e. DTX, POWER and XP,

Unit-: unit-less

N--Number of radial increments.

Unit : unlt less

Recommnended values: 15 to 20

NG--Number of groups of pulses, used only with noncoded pulsetrains. And then only when selected group of pulses are
represented by mean powerl

Unit: unitless

NGX--Index indicating whether or not noncoded pulse train isto be treated on a pulse-by-pulse basis, or with mean

powers representing specified sets of pulses. Index
applies only to noncoded pulses.

Unit: unitless

Input value: 0 (if pulses are to be treated individually)
1 (if some pulses are to be replaced by the

mean power)

NPG(L),L=u NG--Number of pulses contained within each of NG
sets of pulses represented by mean power.

Unit: unitless

Input vaiues: see Table 2

NPow.,L=erNG--Numbr of pulses represented by particular in-
alvis yc pulses.

Unit: unitless

Input values: see Table 2

NPULSE--Total number of pulses in pulse train.

Unit: unitless

24



NTP--Minimum number of time steps assigned to each pulse 5
period.

Unit: unitless

Input value: -10 for single pulses
2 or more for multiple pulses

NTX--Number of time steps assigned after last pulse. Should
be large enough so no further damage occurs.

Unit: unitless

Recommended value: 15 to 20

NW--Number of trials used to approximate rates of heat loss
for transforming water into steam.

Unit: unitless

Recommended value: 4; see ZW(L)

Nl--Number of uniform radial increments.

Unit: unitless

Recommended value: approximately one-third of N

POWERC(L),L-INPULSE--Laser power of successive coded pulses.

Unit: watts/pulse

POWX--Laser power of noncoded pulses.

Unit: watts/pulse

PX(L),L- LR--Magnitudes of irregular beam profile at radii
L- RX(L,-. Values need only be relative. Intermediate values

are liuearly interpolated between specified points PX(L).

Unit: uni-less

REF--Surface reflection at given wavelength WAVEL.

Unit: unitless

Recommended values; see Table 1

i!
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REPET--Pult;e repetition rate. I
';ntt: l/sec

RIM--Radius at which normalized gaussian profile equals CUT.
Normalized profiles have an intensity of I at the axis
of the incident beam.

Unitt cm

RUNIF--Radius of uniform profiles. I
Unit: cm

RjL'LL=I LR--Radii at which magnitude of irregular profiles
equas ;PX(LI.

I

Unit: cm

SHF--Radius of hair follicle. Hair follicle located on axis
at depth DHF. Radiant energy totally absorbed by follicle.
Unit: cm

Recommended value: 0.02

SHO--Specific heat of non-water constituents in sweat.

Units: cal/g-°C I
Recommended value: 0.22

SHISH2--Constants used to compute specific heat of tissues
as function of water content WATER(IJ). Specific heat
given by:

SHI + SH2"Water(I,J)/DD(I,J)

where WATER(I,J) = grams of water/cm3 of ti sue
DD(IJ) = density of tissues, g/cmi

Units: cal/g-*C

Recommended values: SHI - 0.37
SH2 - 0.63

26



I
I

TB( L),L-,LB--Thicknesses of LB layers of tissues within
- i th blood flows are considered constant. Blood flows
given by BL(L).

Unit: cm

Recommended values: TB(l) - 0.0137
TB(2) - 0.0219
TB(3) - 3.000 (arbitrarily large)

TBLLL),L-1 27--Temperatures at which pressures of confined
superheated water equal L atmospheres.

Unit: OC

Recomiended values: see Table 5

TDERM--Thickness of dermal layer.

Unit: cm

Recommended value: 0.1779

TE--Temperature of environment.

Unit: 0C

Recommended value: 22

TEPID--Thickness of epidermis.

Unit: cm

Recommended value: 0.0121

TH(L) ,L-1LZ--Thieknesses of LZ layers of tissues within
which absorption coefficients are considered constant.
Coefficients given by ABS(L).

Unit: cm

Recommended value: TH(1) - 0.0030
TH(2) - 0.1870
TH(3) - 3.000 (arbitrarily large

value)

27



TItEl(L)1 ,T1iM2(L)-;L lKX--Start and end of time periods
during which printouts of temperature rise are desired.
Time measured from start of exposure. For all print-
outs set T4EI(l)=m0, TItI2(l)=10,000 (arbitrarily
large time), and KX-l.

Unit: sec

TO--Initial temperature of skin and subcutaneous tissues.

Unit: C

Ret--miended value : 37

TSWEAT--Thickness of sweat layer. Sweat layer consider*d
only if it has thickness exceeding the arbitrarily small
value of 0.0001 Cm.

Unit: cm

Recommended values: 0 to 0.01

WAVEL--Wavelength of laser's radiation.

Unit: jim

WO,WlW2,W3--Water content associated with sweat, anterior
epidermal layer, dermis, and sutcutaneous tissues,
respectively.

3
UniLs: g/cm

Recommended values: WO = 0.95
Wl - 0.20
W2 = 0.80
W3 = 0.05

XC--Factor by which time steps are sequentially increased.
Excessively large XC values will cause temperatures to
oscillate.

Unit: unitless

Recommended values: 1.1 to 1.4

ZBL--Depth at which steam blister forms, equal. thickness of

epidermis.

Unit: cm

Recommended values: 0.0121

28



MDEP--Depth at which water ib prevented from evaporating and
may become superheated.

Un It C111

Recommended value: 0.0060 (half epidermal thickness)

ZR--Factor controlling value of smalleat time step.

Unit! unit less

Recormended va lue: 0.5

ZW(Q). __..NW--Arbitrary factors used in computing rates of
.-Wt•-•I-s due to the generation of steam.

Unit: unit le-s

Recomnended value: 1

ZZ--Factor by which minimum time step is altered following
each pulse.

Unit: unitless

Recomnended value: I

29



APPENDIX B

PROGRAM LISTING

* Main Program

* Subroutine TIM

* Subroutine GRID[ SubrouLine 
PROF

* Subroutine CWATER

* Subroutine BA

0 Subroutine RTDR

s Subroutine TEIW
* Subroutine DAAGE

3

31
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