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A rigorous analytical treatment of nonradiative deexcitation and thermal-conduction transient
evolution in solid-state laser media, resulting from intense optical pumping with rectangular pulses
from a time-gated laser source, is presented. This situation arises in rate-window photothermal
detection from laser rods with bulk and surface absorptions, the latter being due to polishing during
the manufacturing of the rod. Numerical simulations of the theory show that the surface
nonradiative(optical-to-thermalenergy conversion term is likely to dominate even at absorptances

on the order of 1%—-2%. Therefore, polishing optimization appears to be necessary in order to
minimize laser losses at the surfaces when laser rods are active in a resonator cavity. The present
theory also provides physical insights into the very different nature of the bulk- and
surface-originating heat-conduction transients, as well as on the profile of the superposition
photothermal wave form and its dependence on the optical, thermal, and metastable-state relaxation
parameters. As a prelude for input to the photothermal theory, a treatment of the excited-state
dynamics of a typical laser manifold pumped by an intense laser beam, away from or near
saturation, is developed, and the luminescence and photothermal energy source profiles are
calculated analytically. ©1996 American Institute of Physids$S0021-897€06)02723-9

I. INTRODUCTION and evolution, thus becoming very sensitive nondestructive
_ _ _ probes of the nonradiativéoptical-to-thermal energy con-
Time-domain photothermal detection has been succesgersion processes occurring at the crystal surface. Specifi-
fully u;ed to monitor varlous_spectroscopm, metast_able—stat@a"y, in recent frequency-domain photothermal studies of
relaxation, and thermophysical properties of optiahd  Ti":Al,0, crystal rods it has been found that the nonzero
specifically lasermedia in the past 2 decadEs All existing absorptance of the surface poliéte., damagglayers con-
theoretical treatments of solid-state laser media usuallgtitutes an additional heat sourdeThe transient effects of
single out one or two particular optical or thermophysicalthis surface source must be taken into consideration, espe-
material properties and describe the dynamic evolution of th@jaly in assessing its relative contribution with respect to
photothermal signal resulting from probing those propertiespylk optical heating. Time-domain photothermal experi-
e.g., thermal diffusivity*® optical-absorption coefficiefit’ ments using pulsed, or time-gated, laser sources must be
or excited-state lifetimé&® The foregoing specific theoretical used in order to deconvolute bulk and surface thermal gen-
models cannot be used with general realistic experimentalration from the different temporal evolution profiles of
configurations, where all heat-transport and heat-releasgnese two nonradiative deexcitation processes. Frequency-
delay-inducing mechanisms are likely to be present simultagcanned photothermal detection is another available method
neously and operating on similar time scales', as competingitp, higher signal-to-noise rati¢GSNR) than time-domain de-
degrees of freedonDOFS for thermal relaxations. A few  (action; nevertheless the complicated time multiplexing of
theoretical treatments of photothermal effects as related tg,.p, frequency component makes it, in our experience, dif-
solid-state laser media have appeared, dealing with the efici¢ 1o give accurate diagnosis of the origghand/or rela-
fects of bounding surfacésand_ of bulk-distributed optical (e contributiorfs) of surface and bulk components to the
absorption on the thermal profilé§ With the optical quality amplitude and phase of the photothermal signal. Recently,
of laser materials improving substantially in recent y(—:‘?ars,We have combined the high SNR of frequency-domain
photothermal transients from laser-irradiated laser media cafi_in detection methods with the more straightforward
be used as powerful diagnostic probes of the optical, thermaje nora)-delay/evolution time-domain interpretations, in in-
and photonic quality of the medium. Unlike early laser Ma-troducing a novel photothermal  rate-windowRW)
terials, the high-crystal growth quality may no longer be theecpniquéd RwW photothermal detection requires repetitive
I|m|t|[1og factor |n'the optical bghawor of manuchtured Iasersquare-pulse optical excitation and lock-in monitoring of the
rods.” The quality of the polish on the bounding surfacesgnjamental Fourier coefficient of the sample response under
may, indeed, limit the performance of otherwise nearly Perhulse-duration t,) or pulse-repetitionT,) scan. Therefore,

fect rods in a laser cavity, by lowering the effective figure of o emporal evolution of a photothermal transient generated
merit. As a direct consequence, surface-layer-generated phBy a time-gated incident optical pulse, which is absorbed

tothermal signals may possibly dominate bulk heat releasgayty on the surface and partly in the bulk, is required. San-
tos and Miranda described the photothermal transient re-
dElectronic mail: mandelis@me.utoronto.ca sponse to a square laser pulse of an absorbing surface layer
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FIG. 1. Typical energy diagram of a four-level laser systéht): population of levelj); 7ji - total lifetime of level|j) undergoing transition to levek);
7R (myR): radiative (nonradiative quantum yield of metastable levid); W,(t): ground-state pumping rate.

in an optically transparent solid, using a one-dimensionaktate relaxation timénd the concomitant nonradiative quan-
model. Unfortunately, this theoretical transient behavior cartum yield), as well as a surface absorptance source leading to
be severely perturbed by actual experimental configurations purely surface-layer nonradiative relaxation. Section IV re-
such as the nonzero excited-state spontaneous lifetime, tleices the general formalism to a few important special cases,
finite spot-size of the pump laser beam, and the finite thermalirectly comparable to existing theoretical expressions. Sec-
transfer time from solid to gas. Bectitélas addressed bulk tion V gives numerical simulations of the superposition tran-
or surface photothermal transient behavior through the lovgient photothermal signal, with emphasis on the relative con-
or high value of the optical-absorption coefficient, respec-ributions from the bulk and the surface absorptions. Section
tively. Unfortunately, his theory cannot be used for a com-VI summarizes the conclusions of the theory.
parative study of simultaneous surface and bulk photother-
mal sources. Furthermore, the effectively adiabatic boundarE OPTICAL- AND THERMAL-DECAY CHANNELS OF
condition he used for the laser-irradiated surface turns out tQ: ) .
be too restrictive toward the interpretation of ggrelimi- EEXCITATION DYNAMICS IN INTENSELY
- . PUMPED LINEAR LASER MEDIA

nary) results from Ti":Al, 05 laser rods, while his theory
also ignores time delays due to the deexcitation of metastable The deexcitation dynamics of a general, four-level laser
states and laser-medium saturation resulting from intensmedium is now considered under intense ground-state pump-
pumping. ing conditions. In this case, the usual assumption of constant

In this work, the photothermal response of a solid-stateground-state populatidfiis not valid. Intense pumping of
laser medium excited by an optical pulse of finite duratign laser materials is often required with photothermal detection
is modeled rigorously. Section Il deals with the generalizedby infrared radiomet’y owing to the low signal levels and
deexcitation dynamics of the excited-state manifold typicalow SNRs obtained with this technique. Of course, the main
of an intensely optically pumped laser medium in the presadvantage of infrared photothermal radiometry is its entirely
ence of optical saturation. The optical transient of theremote, noncontacting nature, along with the availability of
metastable-level population is derived, its evolution beingfast(=1 MHz) photovoltaic and photoconductive blackbody
proportional to the luminescence signal. Furthermore, usingletectors. Figure 1 shows a typical four-level laser energy
the excited-state temporal profile as the source of nonradiatiagram. The medium is pumped by an optical source up to
tive relaxations from the metastable level, the bulk thermaldevel |3) with pumping rateW,(t). The optical pumping is
rate density function is derived, leading to the bulk thermalassumed to be intense enough to create a measurably time-
(nonradiative relaxation transient. Section Il develops the dependent ground-state population reaching the saturation
transient heat conduction Green'’s function formalism for athreshold of the laser medium under consideration but not
semi-infinite geometry of the laser medium: It includes thedriving nonlinear absorption processes. The instantaneous
delayed bulk thermal source due to the nonzero metastablé--ps) upper-level decay is assumed to be entirely nonradia-

6108 J. Appl. Phys., Vol. 80, No. 11, 1 December 1996 A. Mandelis and J. Vanniasinkam

Downloaded-18-Jul-2008-t0-128.100.49.17.-Redistribution-subject-to-AlP-license-or-copyright;~see-http://jap.aip.org/jap/copyright.jsp



tive. The deexcitation of the metastable lef@lis assumed, N,(t) in Eq. (8) further describes the temporal behavior of
however, to occur via radiative and nonradiative pathwayshe luminescence signal from a laser medium, since the ra-
with quantum yieldsyg and nyg=1— 7R, respectively. The diative emission rate is proportional to the population of the

relevant rate equation for Iein) is metastable state and to the radiative quantum yield,
dNs(t) NR= 7/ Tp1.
a Wi(H)No(t) — — N 3(t). (1) In most laser media, a finite nonradiative quantum yield

7nR IS present along withyg .12 In Ti sapphire in particular,
AssumingN3(0)=0, and further assuming that,<t..,, the optical-to-thermal energy conversion process involves
where t., is the earliest observation time, so that deexcitation to the electronic ground state via the strong
dN;(t)/dt=0 on the time scale of the photothermal experi- lattice-phonon system couplirtd Therefore, the temperature
ment, Eq.(1) results in a simple expression, rise distribution at the onset of nonradiative relaxation re-
N3(t)=73Wp(t)Ng(t). (2)  flects the spatial distribution of active ions, which are sta-
o ) ] tionary in the host crystal. As a consequence, there is no
Similarly, the rate equation for levéR) can be put in the gjectronic transport involved, as is the case with the nonra-

following form, in view of Eq.(2): diative decay in semiconductors. Based on the energy dia-
dNy(t) 1 1 1 gram of Fig. 1, the release of the thermal energy density
“dt T3 Na(t)— Tor N2(t) =Wp(D)No(t) — To1 Na(1). Q(t) in an optically excited four-level medium is given by
@ dQ(t) Eg

Here it is assumed that optical excitation occurs outside dt 75 Na(t)+ nNR( ) N2(t)
a laser cavity f_or diagnostic purposes of the optical qual@ty pf E
the rod_materlal, and thqs no stlmullated compongnt_ls in- + ﬁ)Nl(t) (W/md), (109
cluded in the rate equations. Treating the deexcitation of T10

level [1) in a manner similar to that of3), i.e., assuming
710t min,» the rate equation yields

Ny (t)=(730/ 72N (1) =0, (4) Bi=E~E. (100

provided thatr;g<7,;, a commonly satisfied condition with Taking the low occupation of leve|8) and|1) into account,
solid-state laser media. Finally, owing to the fact that theEd. (10) can be written using Eq2),

where

total laser-active populatioNt is conservedi.e., constant in dQ(t) EgoR
time) one may write BrTE NTE3zWp(t) + P E32Wp(t)) No(t), (11
21
Z j(1)=Nr (58 where
or Eb6=mrE21+E1o (12
3 /dN. (1) is the portion of the energy deposited at the metastable level
2 ( ) (5b) |2), which is released as thermal energy, i.e., nonradiatively.
]=0

In Eg. (11), the pumping ratéV,(t) can also be written in
Solving Eq.(5a) for Ny(t), inserting in Eq(3) and taking the terms of the incident optical intensity(t) and the absorp-
low occupation of level§3) and |1) into account,N,(t),  tion cross sectiomrsy(\) of the laser medium,
N3(t) <Nt=Ng(t) + Ny(t), gives ( o3\

dNy(t) W (1) =

) lo(t). (13)
+[W,(t) + 751 INo(H) =W, (t) Ny (6)

dt In the presence of intense pumping, the optical absorption
This equation can be solved once #Mg(t) functional de-  coefficientB,, corresponding to the absorption cross section
pendence on time is known. For a simple rectangular optical,, becomes time dependent, as the populations of the states
pulse (experimentally the acousto-optically time-gated out-|0) and|2) vary significantly. The rate equation governing the

put of a cw laser used in photothermal RW detectipn population N,(t) is given by Eqg. (3). Using
Wpo, t<7p, Nt=Ny(t) +N,(t) easily yields a corresponding rate equa-
p(t) 0 > (7)  tion for Ny(t). Defining the population difference between
y Tp -
P |0y and|2) by

Equation(6) has the solution

_ AN(t)=No(t) —Nx(t) (14)
1—6 t/T, (S Tp,

Nz(t)zwpoNTr{ results in the following rate equation fdrN:

(eTp/sz__ e—WpoTp)e—t/'er’ t= Tp '

® d
-1 _r.—1
where gt AN(t) +[Wy(1) + 757 JAN(Y) =[ 71 —W,(1)IN7. (15
EE i+W 0. (9) The solution of this equation with the rectangular pulse de-
T21 P pendence of Eq(7) for W,(t) is
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(728 = Wpo) +2Wpo exp(—t/7)], t<r,,

AN(t)=N t—r 16
® T 1—2Wpor(1—e7p’f)ex;{— p) , t=7,. (16
721
Finally, using the defining relationship betwegg, and o3,,'
Bao(t;N) = 03(N)AN(t)= B[ AN(t)/Nr] 17
gives an expression for the time-dependent optical-absorption coefficient under saturation conditions,
[ ( rgll—wpo) + 2Wpoeft/7], t<r,,
B30(tu )\) - le()\)| 1— ZWpOT( erp/721_ e—Wpo7'p)e—t/'r217 t= T (18)

whereB,(\) is the maximum possible value B, under completely unsaturated conditiofs;= o3oN+ . For the rectangular
optical pulse profile of Eq(7), N,(t) is given by Eq.(8). In this case, Eq(11l) becomes

dQ(t)  WyoNy Ef(1+be V), t<r,, g
dt 1+Wpo7p Egg(e”p/’?l— e WeoTp)e L t> Tp, (19)
|
where coordinate, Fig. 3, an® is the beam waist. It is most con-
venient to describe the spatial and temporal evolution of the
ESe=Es+ 7nrE21+ E1o (200  photothermal field in the laser medium by means of the cy-

lindrical coordinate Green'’s function for the given geometry,
in analogy with Eq(12). Also,

b= (72WyoEz— ESD/ESS, @)y 19 (r aG)+ G 14G
roor

o] 62 a gt

representing the fraction of the total thermal eneg§f con-
tributed by the population in leveR) upon time-delayed
deexcitation into the ground sta®. Inspection of Eq(19)
shows a discontinuous drop in the heat-density release rate at
t=17, of magnitudeEz)(1 + 75Wyoe "'7). This is due to
the (assumetlinstantaneous deexcitation of the population in
level |3) down to level|2), following the switching off of the
optical pump. Figure 2 shows a family diQ(t)/dt profiles
for various pumping ratesW,, corresponding to the
Ti®":Al,O, system'* The valuenr=0.10 was obtained us-
ing photopyroelectric detection at=490 nm?° for optical
excitation and nonradiative decay of a rod with figure of

1
=~ ki S(r—rg)8(z—2p) 8(t—tg),

0<r<ow, z=0, (24)

where « (k) is the thermal diffusivity(conductivity), and
(r,z,t), (rg,z9,tp) are the observation and source coordi-
nates, respectively. The translated photothermal field func-
tion in the medium,

merit FOM=800. The total thermal energy density released  ¢(r,z,t)=T(r,z,t)— T, (25)
in the laser medium within the duration), of the pulse of
intensityl , is

whereT., is the ambient temperature and satisfies the follow-
Q(7p)=107p(Edg/Eso)- (22)  ing equation:

IIl. TRANSIENT HEAT CONDUCTION: GREEN'’S
FUNCTION APPROACH

S|

J ao+(920 100 1 t o6
"t e ke, (263

Assume a semi-infinite cylindrical laser medium, both
laterally (radially) and lengthwise, corresponding to a thick . - -
and long laser rod. The effects of the existence of boundar)s/UbJeCt to the initial and boundary conditions
surfaces for finite radii can be modeled as described
elsewher€.A pump laser beam is incident on tkeolished o(r,2,00=0, (26b)
surface of the medium, with intensity profile

2P _
| (r) — Z e—2r2/R2 (W/mZ) (23) 0(Ooizvt) 01 (26C)
7R
where P, is the incident optical powefW), r is the radial 0(r,o,t)=0, (260
6110 J. Appl. Phys., Vol. 80, No. 11, 1 December 1996 A. Mandelis and J. Vanniasinkam
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J (z+25)? z+7 t—to| M2
k— 6(r,z,t)) =h6(r,0t). (260 _ 0 0 0
9z 2=0 Xex;{ 4a(t_to)) v Vaa(t—tg) +( Th ) ’

Here p(r,z,t) is the laser medium volume thermal source, (29
andh is the heat transfer coefficient for boundary conditionsWhere

of the third kind® Specifically for infrared photothermal ra-

diometric detection, the nonlinear contribution due to the\((z)zez2 erfq(z) (30)

o[ T4(r,0,t)—T%] dependencgassuming semi-infinite de-

tection bandwidth must forma"y be taken into account in and Th is the characteristic thermal transfer time from the
Eq. (260.% Bechtef has argued that this contribution is neg- surface of the laser medium into the surrounding @as,

ligible when large pump laser irradiances are involved, ow- K2
ing to the small value of the Stefan—Boltzmann constant 7 =.-—. (31
0=5.67x10 8 W/m? K.# The present theoretical treatment is h®a

consistent with Bechtel's argument, in order to avoid therne yranslated temperature field in the medium is given in
obvious complexities of nonlinear conduction heat transfer. terms of well-known integrals of Green’s functiéh'®

The observed linearity of oufpreliminary experimental

photothermal signals with incident laser power level on Ti- a | [t

:sapphire laser rods further attests to the validity of the lineaf("2)= k ( JodtOJVOJ J G(r.zt|ro,2o.t)
approximation, Eq(266. In view of Egs.(26b—(26¢), the
Green’s function must satisfy similar homogeneous initial
condition(26b) and homogeneous boundary conditi¢26c)
and (26d). SeparatingG into the product of a radial and an

axial function « Qo(rovto)dso) . 32
G(r,z,trg,29,t0)

t
Xp(ro,ZO,to)dV0+f dtof fG(r,Z,t|ro,0,t0)
0 So

(27 HereV, is the source volume arfg, is the bounding surface
=GR(r,t|ro,to)Ga(zt| 2o, to) (i.e., the planezy=0). Q, is the field-determining surface
source. Performing the angular integrations in cylindrical co-

results in two expressions: For the radial function which sat="" . . : )
P ordinates, and using E(8), results in the following expres-

isfies .
sion:
GR(r,t ro,o):GR(r,t|oo,t0):0, Kk t ©
. —0r,z,t=fdtjG r,t,|ro,to)ro dr
Ref. 18, Eq.(7.3), p. 202, gives Zma MH2D= | dlo | Gr(rtlro to)ro dr
1 (r2+rd) J’ -
=—— - X | Ga(z,t|29,t0)p(r0,20,t0)d 2
Gr(r.tIro.to) Ama(t—tg) exF{ Aa(t—ty) 0
t o0
Mo +fG(zt|0t)dtf Gr(r.t|rg,to)
) 0] 0 ' 0:%0
X1g 2a(t—t0)>' (29 o A o R

wherel o(x) is the modified Bessel function of the first kind X Qo(ro,to)ro dro. (33)
of order zero. For the axial function which satisfies The bulk (volume thermal source can be determined

GA(Z.t|%,te) = G (21| 20,00 =0 from

(i) the net optical power density which is transmitted past
and the surface layer of absorptanEg(\);
J (i)  the optical-absorption profile in the laser medium, in-
k — Ga(z,t|Zg,to)|z.—0=hGa(z,t|00), cluding saturation phenomena and assumed to be ho-
920 0 mogeneous and obeying the Beer—Lambert law;

(i)  the incident pump-beam spatial profile in the radial
coordinate, Eq(23); and
(iv) the heat-release rate density of Ef9).

Ref. 18, Eq.(X30.1), p. 499, gives an expression which after
a modification becomes

Ga(z.t[2o,to) Therefore, in the source coordinates
1 exp( B I ) p(ro,ZoJo):(1_Fs)efzrg/Rzef’B”(t)ZOF(to), (3439
Vama(t—to) 4a(t—to) where
da(t—tg) Var, (to)= TR?E o 1+Wpo739)
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El(l+be o/n),  to<7,, k t
Yma G(r,O,t)=(1—Fs)J F(to)K(r,t;to)H(t;t0)dtg
0

E%Q( e’p I79q_ eprOTp)eftO /7-21, t0> Tp. 2
(34b) (volume contributioh
The surface thermal sour€g,(ry,ty) is the result of optical t
absorption within the virtual surface layer of absorptance +st Qo(to)K(r;t;tg)Ga(0t|0tg)dty
I'y(\) and (the assumed100% optical-to-thermal energy 0
conversion efficiency in this layer. The surface nonradiative (surface contribution (37)

quantum efficiency;($k = 1 assumed here is consistent with
our earlier finding&in Ti:sapphire laser rods with polished Where the following integrals have been defined:

surfaces. This value appears physically reasonable as the re- m -
sult of some degree of damage to the crystal incurred during K(r,t;to)zf GR(r,t|rg,to)e 2Ry drg (39
the polishing process. Therefore, in the source coordinates 0
—2rR2 and

Qo(ro.te) =T's(N)e 2R gq(ty), (39

where H(t;to)zf Ga(0t]zg,tg)e Padto0 dz,. (39
0
2P, 1, to< Tps . . .
qO(tO)EW 0 tos (36) Appendix A shows the details of the calculation I6f
07 T andH in terms of tabulated functions. Inserting E¢A.3)

Insertion of Eqs.(34)—(36) in Eq. (33) yields in compact and (A10) in Eq. (37) results in the desired photothermal

form field function,
_aR?| T | 1 [t qo(to) 2r2
o0 =~ [ Ja |V fo [Ba(t—to) + Rt | Ba(t—to) + R dto
1 Qo(to) Y[ V(t—tg)/ 7] 2r?
A ( 8a(t—ty) + R )eXp(_sa(t—to)JrRz dto| +(1=Ty)
X( ft F(to) YLV (t—to)/ 74(to) Jexp —2r?/[8a(t—to) + RZJ}dt,
0 [1- \/Th/TB(t)][8a/(t—t0)+R2]

(40)

t F(to) Y[\(t—to)/ 75(to) Jexp{ — 2r¥/[8a(t— t0)+R2]}dt0)}
[7(to) = Vrn][8a(t—to) +R?]

G

For many photothermal experimental systems, a signal prcand
portional to the temperature evolution at the center of the

photoexcited medium surface=0, is obtained(e.g., with _ RPa(1-Ty)
: . . 6,(0,0t)= ——>
thermoreflectance detection using a tightly focused probe la- k
ser beant® or with infrared photothermal radiometry using a
narrow-aperture HgCdTe detectorFor these types of ge- J‘ F(to) YLV(t—to)/7n]dto
ometries, the following simplified expressions can be ob- 0 [1—«/Th/rﬁ(to)][Sa(t—to)+Rz]

tained from Eqs(34), (36), and(40):

YY[N(t—tg)/ 75(to) 1dtg
6(0,0)= Osurtaca(0,0,) + Oy (0,0,), (41a N L
with 0 [\/Tﬁ(to —Vml[8a(t—to) +R?])
(410
dt,
04(0,0t)= j Jo(to) Explicit expressions during and after the pulse duratign
[8a(t—to) +R?IVi—to can be written upon consideration of the time dependences of
- t Y[ m] the sourcesyy(ty) andF(tg),
Th 8a(t—to) +R? 2P, Vol [ 1 \/8a
05(0,0,t$ Tp) = 377
(41b) K \/ZaR
6112 J. Appl. Phys., Vol. 80, No. 11, 1 December 1996 A. Mandelis and J. Vanniasinkam
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FIG. 2. Decay rate profiles of deexcitation thermal densdi@gt)/dt in Ti:
sapphire corresponding to varlous strong unsaturated pumplng\mtataed
7,=50 wus; ESO— 19455 cm?l; Ez,=3239 cm?l; E,=14380 cm?
E1o— 1836 cm* (Ref. 20. Also 75,=3.5 us; 17NR—0 1 corresponding to
A=490 nm as measured photopyroelectricaRef. 11).

tY[V(t—to)/ 7]

Laser
Beam
I(r) =1, exp(-2F/R’)

Laser
Rod

FIG. 3. Geometry of optically pumped laser rod of radial dimenfieaR
(R: pump-beam waigt The polished surface absorptancelis. The rod

dt, (423 . rfa
Qt_t \1LpP2 length is much longer than all characteristic photothermal length parameters
(Th) o Ba(t—t )+R in the (mathematically semi-infinijemedium.
and
0,(0,04<1,)
Also,
_ 2Po\a(1-T)(E55/Eq)
(L Weoray) 2P0\/Ers 1 1| V8at,
05(0,012 Tp) = 773/2k \/Z_R R
ft Y[(t—to)/ m](1+be /) dt, “«
0 [\7(to) = Vrnl[Ba(t—to) +R?] 7\ Y2 7 YL to) 7]
(2] iy
Th 0 8a(t—t0)+R
J_ft Y[V(t—t)/ 74(t) ](1+be "o/ dty
—
0 [74(to) = V7a7a(to) [Ba(t—to) +R?] (4339
(42b) and
|
0.(0.01=1 )= 2PoVa(1-Ty) | Eg frp Y[ V(t—to)/ 7](1+be /M) dt,
PP k(14 Woota1) | Eao | Jo o [Vr4(te) — Vrnl[8a(t—to) + R?]
[ Y[V(t—to)/ 74(t) 1(1+be /M) dt,
Th
0 [74(to) = VTh7p(to) J[Ba(t—to) +R?]
o ) t Y[ J(t—to)/ my]e /™1 dt,
+ (e7p/ 21— gWpoTa1) f >
Eso 7 [N75(to) = Vrl[8a(t—to) + R?]
Y[V(t—to)/ m4(to)]Je "0/ 21 dtg
i J (43b)
b [74(to) =V Te(to) I[8a(t—to) + R?]
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It is easy to verify that the given expressions are continuous M (x)=1—exp(x?)erfqx) (49
at the instant= 7, (end of pulsg¢ provided that the appro-
priate terms forBsy(t) and 74(t) are used from Eq(18)

corresponding td< 7, or t=7, as implied by the limits of ¢(1=)(0,0t)= 9;1*D>(o,o,t)+ 0{)1*'3)(0,01)

the foregoing integrals. 1/2
2lg [V t
:_0< aTh)[FSM(—)

as complementary to the functiof(x), gives

T k Th

t 1/2
M PR
]

IV. SPECIAL CASES OF 6(0,0,t) (1-T )(ENR/E )
s 30/%30

The foregoing th_ree-dlrnensmnal treatment_ can be easily 1— \/m
reduced to a one-dimensional theory by setting the pump
laser-beam size infinite. This may be achieved experimen- 7\ e\
tally and theoretically in the limit -] M - , tsT7y (5089
B
25 _
R°>8a(t—ty). (44) and
As long as the observation time is restricted within the timea(l,D)(0 01)]
scale indicated by inequaliti4), then Eqs(41b) and (410 =
become =0472(0,00) 1<, =04 P00t = 7p)|e<.. (50D
0(1—D)(O 0f) = ‘/;rs jt do(to) dt Further simplification occurs when the heat transfer coeffi-
s T kw | Jo (t-tg)E 0 cient is small, i.e.7,>t. In this limiting adiabatic case, and
1o o with the further assumptionr,> 75, expansion of erfc
T t t—t . .
T f Qolto)Y| [ —2| |dto} (459 (VU/m) in a Taylor series around zefdand use of the as-
Th o 00 Th 0 sumption of totally nonradiative deexcitatiofizyg=1
and =ENR=E,) yields
2] \/E t |12
. a(1-Ty) [ [t F(to) Y[\(t=to)/ mh]dty 012(0,00)=— | ~=|{ TyM| —
617 P)(0,04)= f T\ Kk ™
k 0 1_\/Th/7-ﬁ(t0)

t F(to) Y[ V(t—to)/ 75]dtg +(1-To\7g }

t |12 £\ V2
oz -l
7TTIB TB
o rg(t)— (51)
In the special case of unsaturated laser media with “instanEquation (51) is a corrected form of the earlier result by

taneous” deexcitation time constany (i.e., whenr,;=0 on  Santos and Miranda, Ref. 2, Eq26) and (27), in that the
the time scale of the earliest observation tithethe source terms “bulk” and “surface” absorption(coefficients in

term F(ty), EQ. (34b), can be written Ref. 2 must be replaced by (AI's) andI'g, respectively.
21 4B ( Eggg) [ 1, ty<r,, Herel'g represents surface absorptance,

Esol [0, to>1p. (46) IM)=BMls, (52)

where B,(\) is the surface absorption coefficient ahdis
the effective surface-layer thickness. T#g¢ °)(0,0t) part

—m ) . (45D

F(to)= -
do(to) is given by Eq.(36); |,=P,/R? is the incident pump
laser irradiancéW/m?). Inserting Eqs(36) and (46) in Egs.

I lance ) ing Eqs(36) (46) in Eq of Eq. (51) appears to have been first derived by Bechtel,

(453 and (45 with 75 independent of timecompletely ) :
unsaturated mediuyrand using the following easy-to-derive W'th T's haYlng been replaced by the surface reflectaRge,
identities(T: any constant in Bechtel's treatment, Ref. 6, Eq3.7). In the present

theory, an additional factor (1Rg) should multiply all
t [[t—to| 2 T |\ t) 2 0(0,0t) expressions to account for Fresnel losses.
Y ? dt0=2 ;t -T|1-Y T (47)
0

V. NUMERICAL SIMULATIONS OF 6(0,0,t) AND

and i DISCUSSION
1
fpr[(t to) }dto Several numerical simulations of the surface temperature
0 T as represented by Eq&l1g—(43b) have been implemented.
(112 |12 (48) Given our earlier applications to the %TtAlLO; system, _
=T Y[(—) }_ [( p) H which was spectroscopically found to have separate contri-
T T butions from bulk and surface absorptidisarious families
12 of transient photothermal parametric responses were calcu-
+2 ;) (Vt— Vt=1p), t=7,, lated using this laser material as the example. In addition,
this material exhibits a saturation intensity value
with the defined function (I sar~2.6x10° W/cn?)?! experimentally attainable in photo-
6114 J. Appl. Phys., Vol. 80, No. 11, 1 December 1996 A. Mandelis and J. Vanniasinkam
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thermal experiments under normal beam focusing conditions.
With the exception of the parameter being varied to study the
transient dependence on its assumed valuthe rest of the
parameters for a given photothermal response were set as
follows'! (defauly, unless stated otherwise:=0.106 cni/s;
K=33 W/mK; ng (490 nm=0.1; P,=6.0 W; B5, (490
nm)=1.0 cm ; Wpo=3x10" s; R=100 um; 7=3.18 us;
73=9.43 s; ,=1 ms; 7,,=3.5 us; and 7,=3 us. The
excited-state energetics used in the S|mulat|ons \ﬁfere
Eg=19455 cm?Y; E;,=3239 cm?l; E,;=14380 cm?;
E,,=1836 cm?, the same as in the simulations of Fig. 2.
The main purpose of the simulations was the study of the
relative strengths and temporal evolution profiles of the
04(0,0t) and 6,(0,0,t). The consideration ob(0,0,t), in-
stead of the experimentally more relevant average
(1/A) [5O(r,0,t)r dr, whereA is the detector size, is meant
to reflect the simplicity of the former representation, and the
fact that it is a very good approximation of observed photo-
thermal signals with infrared radiometric instrumentatién,
in which the size of the HgCdTe detecter50x50 um?) is
small compared to the pump laser beam radius0* um?).
Appendix B gives the details of the numerical integration
routines used with computer calculations.

The type of boundary condition describing heat loss
from the surface of the optically heated medium affects
greatly the transient decay profile. Within the linear approxi-

(0,0,t) [1072

(0,0 [10° K

1.2

K]

ob

0

0.9

g
o
T

(a)

L

E-]
@ 03

40

o
12
T

mation, the choice of a linear condition, E@66), is usually
a popular one, since it encompasses the two extreme limits of
isothermal b— ) and adiabatict{=0) boundaries. Figure

4 shows the effect of the heat transfer rate on the bulk tem- % 10 20 » 20 50
perature componer,(0,0t), Eqgs.(42b), (43b) via the char-
acteristic thermal transfer time,, Eq. (31). Under three-
dimensional (focused pump-beamconditions, Fig. 4a)

time [ ps |

) . T FIG. 4. 6,(0,0;t) with a Gaussian pump laser beam of w&it10? um and
shows thatr, saturation occurs for,=1 s (adiabatic limij, (b) 10* um as a function ofr,. 7,=3 us. Optical excitation of a Ti:

while 7,<1 ms affects the decay curves on th€50 us sapphlre rod was assumed)at490 nm whergRef. 1) B3, (490 nm=1

time scale. Figure @) indicates that, under one-dimensional M * (75=9:43 9, and me=0.1.

conditions(unfocused pump laser beanthere is no decay

of the photothermal bulk transient when=10® s, due to

fully adiabatic conditions and the loss of the lateral heatthermal measurements, and this parameter can be one of the
transfer pathwaysor DOFs. These lateral energy DOFs are inputs to theoretical modeling of experimental data from
present with beam focusing and are responsible for the ddaser media. Figure(b) shows the effects of optical satura-
caying behavior of the adiabatic curvés,=1-1G s) in  tion, Ba(t), on the photothermal transients fog=10 s; in

Fig. 4@). Furthermore, the signal intensity decreases draTi:sapphirer; (\=490 nm=9.43 s. When optical saturation
matically when a constant-irradiance pump laser beam isccurs due to intense irradiation, the resulting photothermal
spread fromR= 100 um to 10" um. This is not shown in the signal, Egs.(42b) and (43b), decreases in comparison with
normalized plots of Figs. (4@ and 4b). Figure 5 shows the the fully unsaturated transient, owing to the decrease in
gradual transition from one- to three-dimensional configura84(t), Eq. (18).

tion. For pump-beam waist®=10° um one-dimensional In order to understand the dependence of 65€0,01)
behavior is observed, whereas tRe<10? um curves peak on the dynamic parameters of the metastable $faté is
earlier, a clear indication that tight focusing interferes withinstructive to study the profile of the bulk thermal source,
the measurement of the relaxation time constgnt The i.e., the evolution of the heatinghonradiative rate density
calculations show that it is necessary to know accurately thdQ(t)/dt, Eq.(19); Fig. 2 shows this function, which is also
beam waistR for precise measurements of metastable stat@entical (up to a constant termto F(t), Eq. (34b. The
relaxation time constants, whd¥f/a~200r,,. In the situa- asymmetry in the rise and decay times is due to the depen-
tion shown in Fig. 5 knowledge d® becomes important for dence of = on Wyo, Eg. (9), when the pumping rate
R=<100 um. Figure @a) shows that the effect of changing W,,= =10* s L. High pump rates of the excited state result in
the value ofr; on the evolution of the photothermal transient earlier saturatlor(flattenmg of the thermal flux per unit

is similar to the effect of, . Knowledge ofrg [Eq.(A11)]is,  depth released in the bulk of the laser medium, due to the
however, much easier to obtain through spectroscopic anldigh transition rate out of the ground state and attainment of
J. Appl. Phys., Vol. 80, No. 11, 1 December 1996
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FIG. 5. 6,(0,0,t) with a Gaussian pump laser beam and its beam waist as a
parameterr,=3 us; 7,= 1 ms(h=3.2x 10* W/m?K). Profiles are normal- (b)
ized to the maximum value fdR=10 um.
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the maximum dynamic steady-state population inversion of
the metastable laser levi®). Once saturatioiti.e., dynamic
steady state has been attained and the optical pump is
switched off, nonradiative decay controlled by the lifetime
7,1 takes place, irrespective of the rate at which the dynamic  oaf-
steady state was attained, Fig. 2. Upon letting=0, both l[
thermal buildup and decay become instantaneous, the former
leading tor=0, Eq.(9), independent o¥V,. In this limiting o
case the simple photothermal source profile of a rectangular
(time-gated pulse ensues. It should be noted that the tran-

sient time constants governing the evolution of Fig. 2 are the

same as those governing the evolution of the l¢Repopu-  FIG. 6. (8 6,(0,0) with 75 as a parameteth) Comparison off,(0,0,t)
profile for a saturated and on unsaturated laser mediyrorresponds to

lation Ny(t), I.Eq' (18). Th?refore’ It h.aS been found .to be the maximum absorption coefficient, in ti#, saturated case. In the fully
more convenient to monitor the luminescence transient eXinsaturated case,~ (52a) .
perimentally and deduce from the rise and decay times the

time constantsr,; and 7.2* This combined luminescence-
photothermal approach offers the advantage of a simple irsients assume identical decay shapes at tirees,;, Fig. 8.

tegrated experimental setup with the superior SNR of the The final sets of numerical simulations were aimed at
luminescence transient, the results of which can be used @ssessing the relative strength of bulk and surface absorp-
input data to the photothermal signal modeling. Figure 7tance nonradiative sources. The important surface absorp-
shows theoretical luminescence transients, ), corre- tance parametdr, (490 nm was used as a variable param-
sponding to the thermal rate density curves of Fig. 2. eter to investigate surface-layer-induced temperature
When the profiles of Fig. 2 are used with E$2b) and  transientsd,(0,0t), Eq. (41b). Based on the earlier spectro-
(43b) with 7,; as a parameter, the results are the phototherscopic results with polished Ti:sapphire rddgransients in
mal transients shown in Fig. 8 proceeding from the instantathe 0.0k (490 nm<0.2 range were investigated. The
neous deexcitations,;=0, case tor,;>1 us. The expected 100% nonradiative nature of the surface-layer deexcitation
shift of the time-delay maximum from— 7,=0 to progres- following a rectangular optical pulse shows instantaneous
sively later times is clearly observed, along with a delay inrelaxation profiles similar to those obtained experimentally
the rise time due to the delayed heat release from I@yel with opaque sampled.Figure 9a) compares the strengths of
There is, of course, the nonradiative transition from le8el  6,(0,0,t) and 64(0,0,t) in forming the temperature envelope
to level|2) which is instantaneous on thes observation time  6(0,0t). The results show that the surface term in the
scale. The heat release from this source is responsible for th#0,0t) distribution, Eq.(41b), can easily be dominant, es-
6,(0,0;t) rise from the backgrountzerg level immediately  pecially in the rangd', (490 nm=0.1* At best, the relative
upon the onset of the optical pulse. As discussed in Sec. Igignal strengths can become similar only at times much
once all thermal energy is released from le{®| another longer thanr,, typically fort>3 ms, Fig. 9b), for the laser
(instantaneoysnonradiative decay occurs from levid) to rod with the default parameters of Figa@ The crossover in
the ground statf) and further thermal evolution is governed Fig. 9b) occurs as delayed heat arrives at the rapidly cooled
by conduction in the Ti:sapphire rod. Therefore, all tran-surface from deep regions in the bulk at times much longer

(0,0,) [10" K]
il
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FIG. 7. N,(t) profiles, Eq.(8), corresponding to théQ(t)/dt profiles in
Fig. 2.

than the surface cooling timg,=1 ms. This effect indicates
that photothermal characterization of the bulk or the surface
can be carried out successfully via time-gating of the tran-
sient response to a laser source at long or short times, respec-
tively, following the pulse cutoff. An ideal scheme for this
type of detection is the photothermal RW technitjudich
offers temporal sample response discrimination through
scanning of the duratiorr, of a time-gated square laser
pulse®® Therefore, it can be concluded that photothermal
techniques can be used efficiently to measure the effect of
surface damage, such as polishing procedures, in laser me-
dia, specifically as nonradiative surface lay@d&SL9,'* or

as deexcitation sites: Figure 9 indicates that the nonradiative
state of the laser rod surface must be carefully assessed and

0 (0,0,t) [10 K]

optimized by minimizingI'g(\), since nonoptimal surface FIG. 9.

d
2
T

)

4 T T T
3k i
2r — 0 J
....... e
S
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o . . ; ;
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0.01 T T T T
0.0051 4
— 0
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0 . . . .
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time [ us 1
(b)

time [ ms }

6(0,0t) and separaté,(0,0,t) and 64(0,0,t) profiles forI's=0.02:

polishes or other damage in the form of NRSLs may in fact(® short time; andb) long-time relaxation scales and signal crossover.

negate any benefits of low bulk nonradiative deexcitation
site/defect densities. Regarding the extent to which the nonl- .
radiative quantum yieldyy of the level|2) affects the evo- ution

of the photothermal signal, although a straightforward

matter in the theoretical formalism, yet it may be quite hard
to deconvolve experimentally theyg contribution alone
from the photothermal transients, unless all other parameters

A

(0,0,) [10° K]

are accurately known. From the results of Figa)9t appears
that a static spectroscopic determination gfz(\) using
frequency-domain quadrature-photopyroelectric detettion
may be preferable to the time-domain method.

VI. CONCLUSIONS

rigorous theoretical treatment of the optical and pho-

a
<~} T T, = 0.0 us
-------- Ty = 20 ps
e m===- Ty = 35 us 1
_— 2 = 10.0 s
0 . . L .
0 10 20 30 40 50
time [ ps |

FIG. 8. 6,(0,0t) with 7,,, as a parameter.
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tothermal transient evolution from solid-state laser media ex-

cited by intense focused laser irradiation was presented. Both
surface and bulk sources were considered. Explicit field

functions were derived for the surface temperature transients
including saturation, and applications to thé Al O, laser

rod system were simulated. The major results of these nu-
merical simulations were

(i)  the sensitivity of the photothermal signal to the pres-
ence of small(nonzer9 surface absorptions, espe-
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cially the tendency of the surface nonradiative centergyives upon algebraic manipulation an explicit representation
to dominate the bulk photothermal signal via their for the integral in Eq(Al),

very efficient(100% optical-to-thermal energy con-
version;
(i)  the distinctly different thermal profiles obtained from

R2

K t) = S B at—tg) + R

bulk and from surface nonradiative deexcitations; 2r2
(ili) the advantage of monitoring the luminescence signal ><exp< -] (A3)
transient of the laser medium in order to obtain im- 8a(t=t) +R
portant information on the spontaneous lifetime and
optical pumping rate of the medium; and Analytical calculation of  H(t;ty), Eq. (39)
(iv)  the complementarity of luminescence and photother-  ysing the definition of the integraH and the axial

mal transient profiles. Green’s function, Eq(29),

The theory developed in this work points to the sensitivity of

photothermal techniques to the highly efficient nonradiative  H

(optical-to-thermal energy conversion processes at the laser

rod surface. This, in turn, suggests the so far little noticed

practical importance of optimizing the usual surface polishes

of laser rods, in order to minimize the NRSLs which arise

from residual damage due to this procedure. The present

analysis shows that photothermal detection can offer an oth-

erwise very difficult measure of assessing the nonradiative

efficiency of surface layers in solid-state laser media as seri-

ous limiters of the figure of merit in manufactured laser rods.
The theory is currently being applied to the modeling of

infrared photothermal radiometric experimental data from

Ti:sapphire crystal rods in our laboratory.

2 o
ito)= Jama(t—to) fo exr{_(%(t—to)
1 t—tg
dzo—\/a_q_hex .
[ o] | A
o & \/Trh Bao(to) | 2o

x erf % +(t_t°)md (A%)
e Vaa(t—tg) Th %-

From Ref. 26, entry 3.322.2, p. 307, the first integral gives

+ 530(%)20)

2

o ZO
fo expg — m+,330(t0)20
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Council of CanadgNSERQ, which made this work pos- here the functiory(z) was defined in Eq(30) and Ba(t)
sible. was defined in Eq(18). For the second integral in E¢A4),
let
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(A5)

APPENDIX A
Analytical calculation of  K(r,t; ), Eq. (38)

Using the definition of the integrak and the radial

S EA

Green’s function, Eq(28), . Z t—1p 1z q (A6)
xer + :
1 r2 Vada(t—tp) Th %
Ama(t—1o) 4a(t—1o) An integration by parts, using the definition
fw 1 2\, 5 (o
*Jo 0\ Zagt—1y) TRE)" erfc(x)=\/—_j eV dy (A7)
ar X
| Mo d Al gives
Xl Zalti—ty), 0 dro: (A1) 1
. 1 - 1 t—t
From Ref. 26, entry 6.633.4, p. 718, one obtains J=| ———g.(t s 0
- ( Var, Aadto) Vra(t—tg) Th
f e 1,(8X)3,(y0x dx 2
0 * 0
AD xf ex;{—(—_ +Bso(to)zo”dzo
=iex BZ_')’Z @ ( ) 0 4a(t tO)
2a 4a |7\ 2a)’ (t—to) |
)]
g Th

a 1 2 r y=0, Inserting Eq.(A5) in the integral on the right-hand side of

=+ 3, =0, f=s——,
da(t—-ty) RZ 7 p 2a(t—1tp) Eq. (A8) yields
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o= sata] o {52

t—t 1/2
XY[B30(t0)\/a(t_to)]_erfC[(T—ho) 1

Finally, returning to Eq.(A4) and inserting the analytical
expressiongA5) and (A9) gives the following result foH:

15
Th

(A9)

H(t;tg) =

1
1_\/Th/Tﬂ(t0) (

Th 1/2 t—to 1/2
_(rﬁao)) Y(rﬁao)) H (A10)
where the definition
7a(to)=[ B5o(to)a]* (A12)

was madé/ to indicate the photothermal transit tinfe-
cluding optical saturationof heat generated within one op-
tical absorption lengthdss, from the surface of a laser me-
dium with thermal diffusivitya.

APPENDIX B: NUMERICAL INTEGRATION
ALGORITHMS FOR EQS. (41a)—(43b)

In the computation of Y(z)=exp(z?)erfc(z), the
complementary error function was considered as a special
case of the incomplete gamma function,

I'(a,z)= L Jme‘tt""‘1 dt (B1)
@) J; '
through the relatiof?
erfo(z)=1-T'(1/2,2%). (B2)

Using the representation of the incomplete gamma function
in terms of continued fractions, Ref. 29, entry 6.5.31,

1 1-al 2-a 2

z>0,
(B3)

gives the following expression:

erfo(z) =t exyd —z?—1.265 512 23-1(1.000 023 68-t(0.374 091 96-t(0.096 784 18-t(—0.186 288 06-1(0.278 868 07

+1(—1.135 203 98-1(1.488 515 8% t(—0.822 152 23-(0.170 872 79))))))))1,

where

t=(1+0.52)" L. (B4b)

Equation(B4) was found to be a very accurate representatioﬁ

of erfc(z), up toO(10™8), and was used in all further inte-
gration routines.

(B4a)
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