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Abstract. The physical basis for optimization of wavelength, pulse
duration, and cooling for laser-induced selective photothermolysis of
hair follicles in human skin is discussed. The results indicate that the
most important optimization parameter is the cooling efficiency of the
technique utilized for epidermal protection. The optical penetration is
approximately the same for lasers at 694, 755, and 800 nm. The pen-
etration of radiation from Nd:yttrium—aluminum-garnet lasers at 1064
nm is, however, somewhat larger. Photothermal damage to the follicle
is shown to be almost independent of laser pulse duration up to 100
ms. The results reveal that epidermal cooling by a 30-80-ms-long
cryogen spurt immediately before laser exposure is the only efficient
technique for laser pulse durations less than 10 ms. For longer pulse
durations in the 30-100 ms range, protection can be done efficiently

Irvine, California 92612 . . .
ruine, Latornia by skin cooling during laser exposure. For laser pulses of 100 ms, an

extended precooling period, e.g., by bringing a cold object into good
thermal contact with the skin for about 1 s, can be of value. Thermal
quenching of laser induced epidermal temperature rise after pulsed
exposure can most efficiently be done with a 20 ms cryogen spurt
applied immediately after irradiation. © 2004 Society of Photo-Optical Instru-
mentation Engineers. [DOI: 10.1117/1.1646174]
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1 Introduction fore laser exposurérecooling for laser pulses shorter than
about 10 ms, whereas cooling during laser exposgpaeallel
cooling might be necessary for longer pulses. Finally,
guenching of the temperature rise by cooling immediately af-
ter laser exposure is also of valgeostcooling.”®

This paper will focus on the physics of problems encoun-
tered in selective destruction of hair follicles in human skin. A
variety of different lasers have been used for this purpose,
ranging from ruby laseréCr:Al,O;) at a wavelength of 694
ecules. . . nm, alexandrite laseréCr:BeAl,O,) at 755 nm, gallium—

Given that one goal of treatment is the precise control of g)yminum-arsenidéGaAlAs) diode lasers around 800 nm to
_thermal energy, t.he pulse fjuratlon of laser irradiation is just as Ng:yttrium—aluminum—garnetYAG) lasers(Nd:Y3AlsO;5)
important as optical and tissue factors. at 1064 nm. The pulse duration is usually dependent on the

Laser-induced selective photothermolysis has been usedspecific laser system, and pulses of 1-100 ms are typically
with promising results on many cutaneous targets, ranging used in the clinic. In order to facilitate extrapolation of the
from destruction of tattoo pigment granules, removal of ec- results in this paper to other wavelengths and pulse durations,
tactic port wine stain blood vessels, and to destruction of hair the presentation will, as much as possible, be based on ana-
follicles.}~® Simultaneously, the upper pigmented layer of the lytical solutions of the heat transfer equations.
skin, i.e., the epidermis, must be protected to avoid scarring
and dyspigmentation. Epidermal preservation has been ac-
complished with several cooling techniques, such as contact
cooling, cryogen spray cooling and cooling by forced airflow.
The optimal cooling technique is dependent on laser pulse
duration, as efficient cooling must be done immediately be-

The laser has many inherent properties that contribute to its
ability to affect a specific therapeutic outcome. Most impor-
tant, from a clinical point of view, are the properties of emit-
ted wavelength and pulse duration. If the clinical objective is
to cause selective destruction of a specific chromophore, the
wavelength chosen should match the absorption of the tar-
geted chromophore relative to other optically absorbing mol-

2 Light Propagation in Skin

Light propagation in human skin in the 600—1100 nm wave-
length region is strongly dominated by scattering and can
therefore be adequately approximated by optical diffusion
theory
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Fig. 1 Spatial distribution of diffuse light in moderately pigmented human skin (Fitzpatrick ll-11l) at four different wavelengths. Fluence (in situ) in

J/em?, depth in mm. Radiant exposure (incident fluence) 10 J/cm? (indicated by horizontal line). A: 694 nm, B: 755 nm, C: 800 nm, D: 1064 nm.

jo=— Ko grade ) Thus, the optical diffusion timé, for light diffusing over
distanced is given byty~d?/x,. The diffusion time over
and millimeter distances in human skin with a reduced scattering
1 ¢ coefficient u.~3x10°m™! and light velocity c~2
diVje=— = — — a0 +0o, 2) X 10® m/sis thus on the order of picoseconds. The temporal
c Jt terms in Egs(2) and(4) are therefore of no importance for
wherej, is the diffuse photon flux vectorp is the optical laser pulses in the micro- and millisecond domain, and the
fluence rate antlis the time. The optical diffusion constantis light distribution can be determined without these terms.
denotedk,, ¢ is the velocity of unscattered light, is the The spatial distributions of diffuse light in human skin at

optical absorption constant amy, is the source density for ~ various wavelengths are shown in Fig. 1. The fluence rate in
diffuse light. The diffusion constant can also be expressed in regions just below the skin surface is a factor of 2—3 times

terms of scattering parameters larger than the radiant exposure due to optical backscattering,
but decays exponentially with increasing depth in distal re-
1 1 @ gions. The value of diffusion theory is limited in regions close
K~— ~ -, . . . . . .
" 3(us(1-9) t a)  3pl to the surface because the isotropic distribution is not fully

_ _ B _ _ developed, as there will be contributions from both unscat-
where s is the scattering coefficieng is the scattering an-  tered and partially scattered light. However, the approxima-
isotropy factor andu¢=pus(1—g) is the reduced scattering tion is satisfactory for depths larger than the reciprocal scat-

coefficient. tering coefficient, which is about 40m in upper layers of
Equations(1) and(2) can be combined human skin.
Figure 1 is based on a three-layer model of human skin
V2o ldp ¢ Qo @) with a 100um-thick epidermis and a subcutaneous layer of
¢ Xo ot & ko fat deeper than 2 mm. The wavelength dependence of melanin

B . _ e absorption in expressed by, me= ta mel604 ik 64N ) 348
v_vhe1r73 t/he X_o—t;/&ust_ ISI the toptt_|cald d'ftrrl:s'v'ty and & whereX is wavelength in nanometers apg, me; s94 nmiS the

= V/9usMa IS ThE Oplical penetration deptn. reference value at 694 nHfi.The epidermal melanin absorp-

. The first term in Eq(4), i.e., the spatial term, is of equal o at 694 nm is fhame=1000 MTL° The dermal/
importance as the second temporal term when the charactery . taneous melanin absorption due to hair follicles is
istic spatial dimensiond and corresponding temporal dimen- fame=50 M L. The absorption coefficient of blood with an

siont satisfy the condition average of 80% oxygenation and hemataddrit=0.41is 316,

1 1 396, 419 and®04 ni ! at 694, 755, 800 and 1064 nm, respec-
o~ (5) tively. The first three values are taken from the literature for
d®  Xotd wavelengths up to 1000 nthThe value at 1064 nm has been
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extrapolated from those values. The blood volume fraction is
taken as 2% in the dermis and subcutaneous fat and zero in
the epidermis. An additional absorption coefficient @f

=25 m !, which accounts for nonblood and nonmelanin re-
lated absorption, is used at 694, 755 and 800 nm. This coef-
ficient is increased tqu,=35 m ! at 1064 nm because of
increased water absorption at this wavelerlgtiihe scatter-

ing coefficients used are inversely proportional to wavelength,
i.e., s= uss577 nnf577/\) where the reference value at 577
nM is s 577 nni= 25 000 m! for the epidermis and dermis
and w577 nri= 10 000 m ! for subcutaneous fatThe anis-
otropy factor is taken ag=0.85for all wavelengths.
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These calculations reveal that the fluence rate at 694, 755
and 800 nm wavelengths is equal to the radiant exposure at
depths up to about 2 mm, whereas at 1064 nm this depth
increases to 3 mm. However, it should be noted that these
depths are dependent on parameters such as scatterin
melanin- and blood content, which might vary significantly on
an individual patient basis as well as from site to site on the
same patient.

xh[t—rp(n—l)]>h(r—a)ﬂ+Tn, (6)

g{/&/here ¢, r andt are the fluence, distance from the center of
the sphere, and time from onset of the laser pulse. The radius
of the melanin containing spherical follicle bulb is given by
a, laser pulse duration is,, andu, , is the optical absorp-
tion coefficient of the follicle. The functioh(x) is the Heavi-

side step function defined By(x)=0 whenx<0 andh(x)

. A =1 when x>0, and i"erfc(x) is the n'th integral of the

3 Follicular Temperature Rise complementary error function, defined as"erfo(x)

The spatial and temporal temperature distribufidgn,t) of a =[yi" Lerfq&dé, where i°erfox)=erfox) is the comple-
uniformly heated sphere embedded in an infinitely large me- mentary error function.

dium with identical thermal properties is expressed in 9. When light depletion occurs in the follicle, i.e., when the

It is assumed that the sphere is in perfect thermal contact with optical penetration depth= 1/u,, is less than or equal to
the surroundings, i.e., the heat transfer coefficient at the inter-the radius,u,, in Eq. (6) can be substituted by an effective
face is infinitely large. The initial uniform ambient tempera- average valugu, p, ¢ €xpressing the absorption coefficient
ture is denoted,">** averaged over an entire sphere, i.e., the average absorbed en-

ergy density isua p,eftf™

2
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Equation(7) reduces tqu, o= u, When light depletion is
negligible. When light depletion is predominapt, .4 be-
comes3/4a, which corresponds to complete absorption of
incident light. Equation(7), which is exact for a collimated
beam, is an acceptable approximation in highly scattering me-
dia such as human skin where the light distribution is more
isotropic.

Temperature distributions inside a 300-nm-diam light ab-
sorbing follicle as well as in nonabsorbing surrounding peri-
follicular layers are shown in Fig. 2 for four different laser
pulse durations 0.3, 3, 30 and 300 ms. The 3 ms pulse is
typically used for alexandrite lasers at 755 nm, whereas 30 ms
is frequently used for gallium—aluminum—arsenide diode la-
sers at 800 nm. The parameters selected in this figure refer to
melanin absorption at 755 nm. Fluence values corresponding
to 30 J/cnt at 755 nm are 25, 35 an80 J/cnt for, respec-
tively, 694, 800 and 1064 nm. Figure$A3, 2(B), 2(C) and
2(D) give the temperature distributions for 0.3, 3, 30, and 300
ms laser pulses, respectively. Temperature distributions for the
0.3, 3 and 30 ms pulses reveal that the threshold for damage,
as indicated by thé5° Cisotherm, extends about %m out-
side the follicle. In the case of 0.3 and 3 ms pulses very little
heat diffuses out of the follicle during the laser pulse. How-
ever, heat diffusion out of the follicle continues after the laser
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Fig. 2 Temperature in °C (vertical axis) in and around a 300 um diam follicular bulb versus time (ms) and distance (radius) from center (um) for four
different pulse durations. Absorption coefficient f, mei=3500 M~ (14, mel,er=2500 m~') and fluence (in situ) =30 J/lcm®. A: 0.3 ms, B: 3 ms, C:
30 ms, D: 300 ms.

exposure. The maximum extent of the damage zone occurs 404  Skin Cooling Techniques
ms after laser exposure. In the case of a 30 ms pulse, heatr
diffuses out of the follicle during the pulse, and damage zone
extends to slightly less than 5@m after 45 ms. Maximal
selective damage to follicle is obtained when the laser pulse . . . .
duration permits heat to diffuse from the light absorbing fol- IS t0 ool selectively the superficial layers of the skin during
licle bulb through the outer root sheath and into the stem cells 125€r therapy, which prevents thermal injury despite some
located in the bulge area. Thus, damage to perifollicular struc- Melanin absorption.
tures is expected to be much the same for 0.3—-30 ms pulse Rapid and spatially selective epidermal cooling can be
durations. The most significant difference is that the follicle achieved by active skin cooling. So long as the epidermis is
bulb itself will be heated to a higher temperature in the case of prevented from reaching a temperature in response to laser
the 0.3 and 3 ms pulses, as compared to 30 ms. exposure that is above its threshold for denaturation
Heating of the follicle bulb itself abov&00°C will, of (60-65°Q, the epidermis and upper dermis can be pre-
course, result in vapor formation and carbonization, but the served. The second objective is to permit the use of higher
absorbed thermal energy must subsequently diffuse into thejight dosages for treatment of laser resistant lesions. The third
surrounding perifollicular regions. This assumption, which is gpective is the treatment of patients with all skin types. For
very reasonable for pulse duration in the range of 0.3-100 patients with darker skin type@itzpatrick IV=VI), it is not

ms, is ant lnecesiarily \lla"d f<1f@-switt<;hed Ia:jsersé)with na{no- Sgossible to treat lesions without cooling due to epidermal
second pulses where plasma formation and subsequent acou Jamage with a sufficiently high light dosage. The fourth ob-

tic shock wave generation might occur. S . . .
The temperature distribution for laser pulses longer than jective is reduction of pain and posttreatment swelling or
edema.

100 ms behaves, however, quite differently as illustrated in . .
Fig. 2D) for a 300 ms pulse. Diffusion out of the follicle Several different methods have been developed for epider-

during the laser pulse is now quite significant; the maximum Mal cooling in conjunction with laser therapy. Most methods
temperature in the follicle center is on86°C, and no dam- utilize a precooled medium brought in contact with the skin
age occurs in perifollicular structures. This implies that in surface. Deeper skin layers are cooled by heat diffusion to-
order to obtain an identical damage zone for a 300 ms pulse agvard the cooled surface with subsequent transfer to the cool-
for 0.3—-30 ms pulses the fluence must be increased by abouing medium. The rate of heat transfer across the interface
70%. between the skin and cooling medium depends on the tem-

he clinical objective of laser therapy is to maximize thermal
damage to target chromophores while minimizing injury to
overlying skin. A valuable method to overcome this problem
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perature difference and thermal contact between the two ad-

jacent materials.

Contact cooling of human skin is achieved by heat conduc-
tion into an adjacent precooled solid body, usually an opti-
cally transparent plate, kept at constant temperatt&0 to
+4°C) by a cooling system. Laser exposure is delivered
through the plate, which is pressed against the patient’s skin.
Contact cooling can be very efficient especially when a highly
conductive material, such as sapphire, is used for the cooling
plate. However, in practice, the thermal resistance at the in-
terface of the intervening layer between the skin and plate
inevitably impairs the rate of heat extraction with contact
cooling. Air, bubbles, hair or other substances may impede the
direct contact between the skin surface and cooling plate.

Human skin can also be cooled by precooled air blown
onto or across the surface at temperatures as low 33°C.
Despite the low air temperature used, air cooling is character-
ized by the lowest cooling rate since the heat transfer coeffi-
cient is very low. As a result, long cooling timésn the order
of several seconglsare necessary to induce significant tem-
perature reductions in the basal layer. Therefore, the final out-
come is inevitably generatbulk” ) cooling of the entire skin
with minimal spatial selectivity.

Rapid and spatially selective epidermal cooling can be
achieved by cryogen spray cooliriglso referred to as dy-
namic cooling. TetrafluoroethanéR-134a, which has a boil-
ing point of —26° Cat atmospheric pressure, is the only cryo-
genic compound currently approved by the Food and Drug
Administration for use in dermatologic laser surgery. This
cryogen is a nonflammable, nontoxic, and nonchlorinated
(C,H,F,) environmentally compatible Freon substitute. Lig-
uid cryogen is “atomized” into a fine spray and directed to-
ward the skin surface.

Heat transport in skin can be expressed by the so-called
bio-heat equation

j=—kgradT 8

and

o aT
divj= —PCE —puCp

Ta

+0mtJa, 9

T
wherej is the heat flux vector is thermal conductivity and

is temperature, respectively. The specific heat per unit volume
of skin is denoted byC, wherep is the specific gravity and

C is the specific heat per unit mass. The corresponding quan-
tities for blood arep,Cy, p, andCy,, respectively. Time is
given byt, T, is arterial blood temperature, ands the blood
perfusion time, i.e., the reciprocal blood perfusion rate. The
rate of heat generated per unit volume of tissue by ambient
metabolic processes is denoigg, andqa is the correspond-

ing value for absorption of laser power, i.€,= u,¢. The

ambient metabolic heat corresponds, however, to a tempera-

ture of less than 0.1 K, which is orders of magnitudes less that
the required temperature rise of 30—-40 K obtained during
laser-assisted hair removal. Equati¢8sand(9) can be com-
bined

Jou
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where the specific heat of blood is assumed to be equal that of
tissue. The quantity= «/pC is the thermal diffusivity. The
blood perfusion time is typically=2000-2500 sn skin and
subcutaneous fat. Thus, the contribution of blood perfusion to
skin cooling during 1-100 ms laser pulses is negligible. The
thermal diffusion timety;, which follows from the first two
terms in Eq.(10), i.e., tg~d? x, is, however, quite compa-
rable with laser pulse durations longer than 10 ms, e.g., for a
50-100-wm-thick epidermis the diffusion time is in the range
of tg~20-80 ms(y=1.2X10" " m?/s).»®

5 Cooling Before Laser Exposure: Precooling

The thermal distribution in human skin during cooling prior to
laser exposure can be expressetf-s

_ e)('[HZIK2 + Hx/k

2\xt

X erfc{

wherex andt are depth from the skin surface and time after
onset of the precooling, respectively. The cooling medium
temperature id;, T, is ambient skin temperature, aktlis
the heat transfer coefficient between coolant and skin surface.
The dependence dfl on cooling efficacy is illustrated in
Fig. 3, which illustrates the fractional temperature drop, i.e.,
F=T/(T,—T,) versus time after onset of the precooling.
Figures 3A) and 3B) show the value oF at the skin surface
over ranges of H=10-1000 W/MK and H
=1000-10000 W/rhK, respectively. Typical values dfl
range from H~250 W/nfK for forced air cooling, H
~2000-5000 W/K for contact cooling, and toH
~6000—12 000 W/rhK for cryogen spray cooling® Figure
3(A) shows that for forced air cooling with a typical value of
H=250 W/n?f K the fractional drop is abouf = 0.1 after 100
ms, increasing té& = 0.25for the comparatively high value of
H=1000 W/nfK. The corresponding values forH
=1000-10000 W/hK are shown in Fig. @). The frac-
tional value for contact cooling with the typical value f
=3000 W/nTK is aboutF =0.5 after 100 ms, whereas the
value for spray cooling oH=10000 W/ntK is F=0.8 It
should also be noted that the most rapid temperature drop is
achieved with cryogen spray cooling, e.g., the fractional drop
after 20 ms is-=0.6 for cryogen spray cooling; =0.3 for
contact cooling and less thdn= 0.04 for forced air cooling.
Moreover, the temperature of the cryogen spray, which can be
as low as—50°C, is significantly lower than temperatures of
about0°C that can be used for contact cooling.
The fractional cooling values in the basal layer of the skin,
i.e., the junction between epidermis and dermis, are given
Figs. 3C) and 3D). Figure 3C) shows that the value for
forced air cooling ofH=250 W/nfK is about F=0.03,
whereas in Fig. @) the corresponding values for contact
cooling of H=3000 W/nf K and cryogen spray cooling of
H=10000 W/nfK are aboutF=0.2 and F=0.4, respec-
tively.

T(x,t)= | erfc

H+/ yt
L+§

2\/% )](TC_Tn)+Tna

11)
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Fig. 3 Fractional temperature drop at skin surface and basal layer versus time t (s) after the onset of precooling and heat transfer coefficient H
(W/m? K). x=1.2x10"7 m%/s,k=0.4 W/mK (see Ref. 15). A: Skin surface, H=10-1000 W/m?* K, B: skin surface, H=1000—10 000 W/m?* K, C:
basal layer (d,=100 um), H=10-1000 W/m? K, D: basal layer (d,=100 wm), H=1000-10000 W/m? K.

It should also be noted that efficient cooling at some given where u, . is the epidermal optical absorption coefficiert,
depth,d, requires thaH is larger than the thermal admittance is thein situ epidermal optical fluences, is pulse duration
of the cooled layer, i.ex/d>H. In the case of a 10@«m- andd, is epidermal thickness.
thick epidermis, this requirement corresponds to The value of the dimensionless paramefer — 1 corre-
>4000 W/nt K, which is fully satisfied by cryogen spray sponds to no heat loss at the skin surface, Are0 corre-
cooling, marginally satisfied by contact cooling, but not satis- sponds to the case where during passive cooling heat diffuses
fied at all for forced air cooling. It is therefore not possible to from the skin into a thick layer of aqueous gel deposited over
obtain selective cooling of the epidermis with air cooling of the surface.
the skin surface as such cooling implies that not only the  The corresponding expression for active skin surface cool-
epidermis, but also the entire dermis will be cooled, e.g., a ing can be written
heat transfer coefficient dfl =250 W/nf K corresponds to
cooling depth of about 1.6 mifd~ «x/H=1.6 mn). This is . y
also a slow process and the required precooling period will be T(x t)=T,+ f Kaet’X erf
about 20 Jtg~d?/ xy= k?/H? x=20 9. KTp

X
2\/X(t_7))

6 Cooling During Laser Exposure: Parallel

Cooling

Provided that epidermal absorption is predominant, the ther-
mal distribution in human skin during laser exposure can be

—efrf]

X—dg X
— |+ f -
Nx(t—r)) (er(zmt—r))

x+d

X
—erfl ————| {d7+(Ts—Tyerfd —|,
expressed 2Vx(t=1) (Ts=Th C(zm
13
Toot)=To+ [ HaefX] o X ()
(x)=T, 0 KTp er zm whereT; is the skin surface temperature. In the case of ideal

thermal contact, corresponding ltb—o0, T will be equal to

X—deg X ) that of the cooling medium. This condition requires a value of
—erff ———| +A| efl ——— H much larger than the thermal admittance46D0 W/nf K,
2Vx(t=7) 2Vx(t=7) which corresponds to a 10@m-thick epidermis.
The thermal distributions with and without cooling during
X+de X L .
—erf —> dr, (12 laser exposure are illustrated in Fig. 4. The laser fluence is
2x(t—17) selected such that the epidermal temperature during a 100 ms
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Fig. 4 Skin temperature in °C (vertical axis) with cooling during laser exposure versus depth (um) and time t(s). u,.=1000 m~', ¢
=35 J/cm?, »=100 ms, d,=100 um, T,=35°C. A: No heat loss at surface, B: a thick layer of aqueous gel covers the exposed surface, C: skin
surface kept at T,=35°C, D: skin surface kept at T,=25°C.

laser pulse just reaches above the boiling point of water. The In conclusion, parallel cooling is of little or no value for
thermal distribution in the absence of any heat loss at the skin pulse duration less than 10 ms, whereas it can be quite impor-
surface is shown in Fig.(A). The temperature is highest at tant for pulses in the range of 30—100 ms, which are fre-
the skin surface and drops down 70°C in the basal layer. quently used for hair removal with laser diodés.

Passive surface cooling, such as when covering the skin with
a thick layer of aqueous gel, is shown in FigB# The maxi-
mum temperature rise, which now occurs in the middle of the
epidermis, is reduced t80°C, and the temperature in the
basal layer abous0°C.

The thermal distributions with active cooling during laser
exposure are shown in Figs(@) and 4D). Figure 4C) rep-
resents a very moderate cooling where the skin surface is kep
at ambient skin temperatu(d ,=35°C), and Fig. 4D) rep-
resents a more aggressive surface cooling e 25°C. The
maximum epidermal temperature is for both these cases well
below a temperature that can result in epidermal damage.

It is, however, important to point out that efficient parallel

7 Cooling After Laser Exposure: Postcooling

Some commercial laser systems equipped with cryogen spray

cooling utilize a short cryogen spurt immediately after laser

exposure. Postcooling will quench thermal buildup below the

skin surface during the laser pulse, and thereby diminish epi-
ermal damage. Quenching of the epidermal temperature
uildup can be express€d

do [ @ (x—x)/axt g (x+xq)%/axt

T(X,t)=T,+ fo 2\/77_)(t

cooling can only be obtained when the laser pulse duration is H o2 s i X+x;  Hyxt
comparable or larger than the thermal relaxation time of the - ;eX 1S HHE X grfg ﬁ+ .
X

epidermis, i.e.20-80 ms.This is illustrated in Fig. 5, which

shows the temperature rise versus depth for four different la- tyH e W2y (t—1)
ser pulse durations ranging from 0.1 to 100 ms. The laser X(Tmax—Tn)dXﬁf A
fluence and optical absorption are the same as those used in 0 K | yryx(t—7)
the Fig. 4 examples, and the cooling is assumed to keep the

skin surface temperature constantTgt=5°C. The effect of _ ﬂex(tﬂ)HZ/KZ + Hx/ & orf X

parallel cooling is negligible for laser pulse durations mgf K ZW

=0.1-1 ms,as shown in Figs.(®) and §B). Cooling during

a 10 ms laser pulse is of marginal value as shown in Ki@),5 Hyx(t—7)

whereas it can be very efficient for longer pulses as shown in + < (Te=Tydr, (14)

Fig. 5D) for 100 ms laser exposure.
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0
200 01

Fig. 5 Skin temperature in °C (vertical axis) with cooling during laser exposure versus depth (um) and time t (s) for four different pulse durations.
Hae=1000 m™', =35 )/cm?, d,=100 um, T,=35°C, T,=5°C. A: 0.1 ms, B: 1 ms, C: 10 ms, D: 100 ms.

wherex andt are, respectively, the depth from the skin sur- For comparison, the corresponding temperature for pre-
face and time after the onset of cooling. The temperature rise cooling with the same cryogen spray cooling system is given
in the epidermis immediately after laser exposure is given by jn Fig. 6B). The entire 10Qum-thick epidermis is now
Tax: o o . cooled down to a temperature beld®°C within 100 ms. It

This result is illustrated in Fig. @), which shows the  gpqd also be noted that these cooling parameters are conser-
temperature distribution versus depth and time after the Onsetvatively chosen, as adiabatic expansion of cryogen gas re-
of the postcooling. The cooling parameters selected are typl_duces the cryogen droplet temperature significantly below the

cal values for cryogen spray cooling with tetrafluoroethane. - . L X
The heat transfer coefficient is taken as a moderate value for®YO9en boiling point before impinging onto the skin surface,

commercially available cryogen spray cooling systems, i.e., &9~ Cryogen spray temperaturesTof= —50°C and values
H=6000 W/n? K. The calculation reveals than the epidermal for H up to 11500 W/nf K have been reported.
temperature is quenched from 10066°C within a cryogen

spurt duration of 20 ms.
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Fig. 6 Skin temperature in °C (vertical axis) during postcooling and precooling laser exposure versus depth (um) and time t(s). T,=35°C, T,
=—26.5°C, H=6000 W/m?* K, d.=100 um. A: Postcooling with epidermis heated to T,,,,=100°C at time t=0, B: precooling of skin at ambient
temperature T,=35°C at time t=0.
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8 Conclusions search, and the Beckman Laser Institute Endowment. The au-

The present analysis shows that penetration of laser light in

thors also thank Dr. K. M. Kelly and Dr. E. J. Fiskerstrand for

human skin is almost the same for lasers at 694, 755, and gooh€lpful discussions.

nm, whereas light penetrates somewhat deeper for Nd:YAG
lasers at 1064 nm. The required radiant exposure is, due to
reduced melanin absorption in the near infrared, significantly
larger for 1064 nm. However, since the target chromophore of

the hair follicle, i.e., melanin, is the same as the competing References

chromophore in the epidermis, the probability for epidermal
damage is expected to be about the same for all wavelengths 1.
under study.

Moreover, the analysis indicates that the efficacy of intro-
ducing damage to hair follicles in human skin is almost inde-
pendent on laser pulse duration in the 0.3—100 ms region. The
most important factor to ensure epidermal protection is to 3.
optimize skin cooling.
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spray is the only efficient technique. In the case of 30—100 ms
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cally transparent window with high thermal conductivity, such
as a sapphire plate, into good thermal contact with the skin. g
Passive cooling by depositing a thick layer of aqueous gel on
the skin surface during laser exposure can also be of some
value. 10

Finally, in the case of postcooling, which shortens the time 17’
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