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Radiation transport and multiple scattering calculations are presented and compared with
experimental observations to characterize light attenuation in high emissivity nanopowders
irradiated with low power laser light at room temperature, and to explain the associated white light
emission and the onset of melting. Using radiation tuned to an absorption resonancé of Yb
dopants in ¥O; nanopowder, we observed the onset of intense blackbody emission above a
well-defined intensity threshold. Local melting of the compact above threshold leads to the
formation of single crystal microtubes. Evidence is provided to show that two-flux transport theory
and diffusion theory both significantly underestimate the absorption due to dependent, multiple
scattering and that the threshold for the thermal runaway process responsible for this behavior is
very sensitive to porosity of the random medium. 2004 American Institute of Physics.
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I. INTRODUCTION transport theory. Prior work elsewhere also revealed broad
. ) ~ spectral emission upon laser irradiation of silicon
Properties of porous random nanomedia can be quite difyanopowderd® However, here we present results for dielec-
ferent from those of uniform solids of the same composition i nanopowders that permit a detailed comparison with the
In recent years it has been confirmed that the microscopig|4nck blackbody spectrum over a wide range of wave-
details of porous networks strongly affect their thermalIengths and leaves no doubt as to the origin of the observed

conduc:n_/lty, I(_)t<_:al Ee[{(arl]sihand Lad'r?t've Ilfe_.\tlm;s ?_f Iug?"l continuum emission in dielectric nanopowders. They also re-
nescent impurities bo rough changes in eflective di€letiaal the importance of sample porosity in facilitating the
tric constant and quantum size effectslt has also been

. . effect. We carefully explore the roles of strong scattering and
shown that electrically pumped, continuous-wave laser ac:
. X ) . heat transport at nanopowder surfaces to understand how
tion can be sustained in nanoscale regions of rare-earth-

doped nanopowders without any apparent caitylere we runaway heating is initiated and sustained on surfaces of

present evidence that other aspects of thermal and opticé{Fry high albedo. We also consider whether “dependent”

transport in highly porous, ultrafine nanopowders are Olra_scattering(multiple scattering with coherent field additjon

matically different from those of homogeneous solids. or light Iocali_zation p_Iay any significant role in these unusual
In this article, unexpectedly efficient laser heating of @sér-matter interactions.
high emissivity oxide powders doped with trivalent rare- The structure of the article is as follows. In Sec. !I we
earth ions is reported. As a function of incident optical inten-Step through a sequence of theoretical models base(@ on
sity, under steady-state conditions, luminescent emissiofffdependent scatteringii) a first-order correction to inde-
from the powder sample is shown to undergo a sequence gfendent scattering for coherent contributions, @ingla two-
stages involving the appearance of upconverfbits sub- flux radiation transport theory, respectively. This helps estab-
sequent quenching and eventual reappearance of emissionligh what aspects of electromagnetic propagation are
the form of a broadband visible continuum. These interachecessary to predict heating and melting of high emissivity
tions are decidedly unexpected, in view of the high sampléoowders by low intensity radiation. In Sec. Ill we then de-
reflectivity which makes it difficult for light to penetrate and scribe experimental procedures that were used to create and
elicit any response at all. It has previously been shbiliat ~ study the nonlinear luminescence conditions of interest here.
the luminescence quenching and continuum emission ifexperimental results are presented in Sec. IV and discussed
Yb®*, EPT:Y,0; nanopowders result from a nonlinear in Sec. V.
heating process involving principally the Yb ion, but no de- By comparing theory and experiment, the role played by
tailed balance arguments have been presented to analyze tloeal variations of nanopowder reflectivigver distances on
initiation of thermal emission in high albedo samples usingthe order of the wavelengilin elevating scattering rates and
increasing local absorption and heating is examined. Attenu-

dAuthor to whom correspondence should be addressed; electronic maif.ition Iengths prediCted by even the' most cpmprehensive
scr@eecs.umich.edu (two-flux) model are found not to be in quantitative agree-
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ment with pure scattering measurements at wavelengths far Q. Laser

from the Yb resonance. On resonance, the experimental ex-

tinction length shows even poorer agreement with predic- <p,>Q,; Reflection
tions, pointing out the serious inadequacy of transport theory Surface Temperature / 0O, Graybody Surface
of absorption when strong, dependent scattering is present in Tt) Radiation Exchange
highly porous media. The onset of melting is shown theoreti- Particle Compact

cally to depend strongly on the effective thermal conductiv-
ity, reflectivity and porosity of the sample, and melting is
predicted only at locations with high porositi€f.4<e
<0.9), at the power levels of our experiments.

Transient Conduction ~ <7'>Q,, Sec =<0.>0,,
Opck Transmission Absorption

Il. THEORY FIG. 1. Schematic diagram of the transport model of thermal and radiative

Th tt ti d t tteri . d balance at the sample surface. Irradiation, reflection, absorption, and con-
€ aftenuation due 1o scattering In a random nanogyqq processes are taken into account.

medium is predicted first for independent scattering and then

by including dependent scattering approximately to account

for spatial correlations of the fields scattered by close-packed ) o ) ) o .
spherical particles. Dependent scattering is multiple scattedom medium is high and nonuniform, with a significant dis-

ing in which coherent field addition occurs and correlationsifiPution in particle sizes, in order to simulate closely the
onditions of our experiments.

among scattering waves are important. It arises when scatte’ ) i )
ing events take place within a distance shorter than the spa- A Scanning electron micrograpSEM) of a yttria nan-
tial period of the electromagnetic wave of frequeneyThis opowder surface is shown in Fig. 2. The average particle size

requires that near fields from adjacent scatterers ovétiap, 1" the photo is 30 nm, too small to be seen on the same scale

condition that enormously complicates theoretical analysis2S e micron-sized, empty pore regions in as-grown mate-

In nanopowders, when the particle density is on the order ofial. This photo illustrates the variability of porosity on the

100 per cubic wavelength, this complication is unfortunatelyScale of the optical wavelength. In some regions there are

unavoidable. Dependent scattering calculations can be peflusters of particles, whereas other regions are empty, show-

formed exactly for one-dimensional layered dielecttfcac- N9 that the local porosity can be much higher or lower than
counting completely for coherent addition of fields and at-th® average. The average porosity in the SEM appears to

tendant properties in the high density limit. Of importanceP€ 0-5, but is actually much higher due to the porous nature

for the discussion here is the finding that light is increasingly°! Particle clusters on the nanometer scale. So the powders
transmitted through random media as particles less than &€ Neither uniformly dense nor monodisperse, and were
wavelength in size are brought close together, despite thi#ken in our calculations to have a mean diamédgy and a
reduction of the scattering mean free path to subwavelengtifctangular distribution of particle size-@dp).
values. This may not seem unexpected since, as porosity O small particles, with size parameters- md, /A <1
goes to zero, one rapidly approaches the limit of fully denseS21isfying the Rayleigh limit, the scattering and absorption
nonabsorbing solids that are transparent in the effective méfficiencies are given by
dium limit. In recent experiments thoutfhit has been re- 8 2
ported that even at 15% of full density a similar regime may ~ 7s=3 @ : (1)
be found in which the mean free path is shorter than the
wavelength and yet transparency becomes relatively high in
three-dimensional scattering media. Here we provide evi-
dence that traditional transport theory is inadequate to ex-
plain attenuation lengths on the order of millimeters at vis-
ible wavelengths in porous samples with mean free transport
distances that are less than an optical wavelength.
Attenuation distances for scattering and absorption are
first predicted using several approaches based on Mie theory.
Then, using the most comprehensive approach to radiative
transfer, the two-flux approximation, energy balance is ex-
plored within the model of laser-matter interaction depicted
in Fig. 1. This is the basis for applying radiation transport
theory to predict melting dynamics under the conditions of ’
our experiments. ——2 s = 9% i
Ce'doped Ytiria ;

4€e 1

getl

A. Attenuation

_ We begin by calculating attenuation length i_n a SYSteMk |G, 2. Micrograph of doped yttria powder compact. Regions of high
of independent scatterers. We assume the porosity of the raperosity are evident.

Downloaded 19 Apr 2004 to 141.212.138.133. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 95, No. 8, 15 April 2004 Redmond et al. 4071

a=n dp /A 3.0x 104 T T T T T T T T T 240
0069  0.104 0138 0173 0208 0242 ] 210
20% 10 : r ; . 48x10 5 5x10 -
16 %10 42x10° N 1%
2.0x104 <0,,>
4150 A
. 3.6%10° A, ] e S
" 12x10™ sox10® S \?” 1.5x10™ 11207,
4 ' ' {90
8x107 24)(10-6 1,0>(104' <5 > o
’ ] a 160
<d>=50nm |
410" 1.8x10° 0.5x10™ Aaiz 10 1m 130
0 T T T T 1.2x10° 0 T T T g T T T T * 0
20 30 40 50 60 70 0 02 0.4 0.6 0.8 1.0
d,, nm <e>

FIG. 3. Efficienciesn, and 7, for independent scattering and absorption of FIG. 4. Variation of predicted effective, dependent scattering and absorption
single, spherical particles, calculated using the Rayleigh and Mie theories, aefficients with respect to the effective porosity for906 nm,ns=1.8,

a function of particle diameter fon=906 nm, ng=1.8, and k;=1.2 and k;=1.2x10"°.

x107°,

2

a d
, @ (ad= fd " pad d) 7 EN(dp)d . ©)
pl

wheree, is the relative dielectric constante= (ns+ixg)?. To evaluate Egs(5) and (6), we assumed a uniform
Note that in dielectric samples such as owussarises strictly  gistripution of diameters in the rangel,) = Ad,, so that
from bound electron respongatomic absorptionand does g —(d.)—Ad,, d,,=(d,)+Ad,, and the number density
not give rise to surface wave and plasmonic effects that camp(dp) V\F/)as takgn tg be P P

produce spectral modifications in the near-field region in sys-

ge—1
get1

na=4alm

tems with conduction electrons. For larger particles, Mie 4o 1-(e)  241—(e))
theory is used, and since the analytic expressions are cum- N(dp)= 4T S - a(d*,—d*)’ (7)
bersome, a computer program UNO can be used to calculate fdziT dd, P2 Tl

the efficiencies? Figure 3 shows the variation of thg, and

7. calculated in this way for yttria particles of various sizes. Equations(3), (4), (5), (6), and(7) were then used to deter-

For convenience, Rayleigh theory was usedsfigand 7, at ~ mine(osy and(o,y versus effective porositye). The pre-

an excitation wavelength of.,=906 nm, and particle sizes dicted results are shown in Fig. 4.

were assumed to be in the range 20—70 nm. Using these results, we now turn to the solution of the
Next, to include the dependent scattering and absorptiogquation of radiative transf¢ERT) containing the effective

at an effective porosity of 0.85, we examined a typical first-scattering and absorption coefficients. As an effective me-

order approach developed for small particles in Ref. 14. Thélium treatment, ERT is not capable of completely capturing

authors in Ref. 14 allowed for electromagnetic field interfer-the dependent scattering effects. For that purpose, Maxwell's

ence outside the particles, to obtain a two-parameter corre@quations, with boundary conditions at all the particle-pore

tion to correlations among scattered fields. Their correctionnterfaces, should be solved. This sort of calculation has been

makes reasonable predictions for very small size parametergone for one-dimensional layered dielectriés?and the re-

but gives negative scattering efficiency for large particlessults show a field enhancement phenomenon due to construc-

Here we use a simpler correction, which gives predictiongdive interference of the scattered fields. This enhancement is

similar to those in Ref. 14 for small particles, while avoiding thought to exist also in randomly packed, poly-sized spheri-

its deficiency for large particles. Correcting for dependentcal particles'® however direct simulations in three dimen-

scattering, we have sions are too cumbersome to be practical at the present time.
It was suggested in Ref. 15 that the results of ERT are sta-
_ _ _ _ 2
7sa= 7 1+ 151~ (e)) = 0.751~(e))"], 3 tistically equivalent to the average of the direct simulations
Nag= Ml 1+ 1.5(1—(£))—0.751—(&))?]. (4) (after introducing corrections to the scattering and absorption

. h : q ing for th _ Iefficiencies based on the dependent scatterifigus, we use
Using these expressions and accounting for the particlg,is anoroach here, with the corrections of radiative proper-

size distributionN(d)Ad, that specifies the number of par- yaq given by Eqs(3) and (4), to predict the intensity distri-
ticles with diameter betweed, andd,+Ad,, per unit vol- bution through the medium.

ume, the effective spectral scattering and absorption coeffi- Assuming semi-isotropic intensiti¢$ andl ~, the equa-
cients are found to Be tions of the two-flux model afé

d 2 7Td2 +
<crsa>=Jdp ﬂso(dp)TpN(dp)ddpa ) ddl—x=—(;+§)|++;|_’ (8)
pl
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FIG. 5 Varlz?\tlon of |ndependent scattering phase function predicted fron 5 ¢ variation of effective transmission with respect to sample thickness
Rayleigh(solid) and Mie(dashed theory, with respect to the polar angle for calculated forh=906 nm n.=1.8. andx.=1.2x 10-5
A=906 nm,n,=1.8, andky=1.2X 10" 5. s s :

In Eq. (10), (T,) is a function of sample thickne&s and the

41 variation of InT,) with respect toL is shown in Fig. 6. For

e (54A) T small L the initial variation of IqT,) is nonlinear, but for
(c+a)l +alt, )

dx large L it becomes linear asymptotically. This is due to the
where a=2(oa9, T=2B(0gy, and B 2B coshgl) term in Eq.(10), which vanishes for large. By

—1/2/°,®(6)d cosd is the backscatter fraction. Blackbody 9€fining an attenuation length, according to
emission is neglected in this attenuation analysis, althoughit (T ) L—L,
has recently been shown that the near-field effects of emis- WZGX% -
sion may be very important in nanoscale radiative 7o
transfer®*° For media that support resonant surface wavesthe asymptotic slopes of plots like Fig. 6 can be used to
the radiative energy exchange can be enhanced by sevef@mpare attenuation in thick random dielectric media using
orders of magnitude between a blackbody radiator and a te§t€ expression
particle, and must be taken into acco&htHowever, such IN((T, ) —In((T, o)
near-field effects are not important in lossless dielectrics that E;nl= — 4 o (14
: : o L—Lo
cannot excite plasmonic surface waves. Additionally, the
complete neglect of the far-field emission in the attenuationThe attenuation lengths predicted from the two-flux model
analysis is justified in the next section, where the contribufor various particle sizes are discussed further in Sec. V.
tion of the emitted energy is shown to be very small, com-  The two-flux model presented above is an important ex-
pared to the scattering and absorption. tension of earlier diffusive wave modélghat now includes
The predicted distribution of the scattering phase func-dependent scattering to first order. In E¢®). and (9), the
tion is shown in Fig. 5, for particles near the Rayleigh re-last term on the right of each equation represents a contribu-
gime. Both Rayleigh and Mie results are shown in the figurefion to the propagating flux coming from re-scattering of
however. Near the Rayleigh limit, the scattering is semi-radiation previously scattered in the backward direction.
isotropic and the phase functio®(6)=3/4(1+cos¢)  These terms introduce independent and dependent multiple
yields a backscattering fraction &=0.5. For 50 nm par- scattering in such a way that no assumption is made about
ticles the Rayleigh and Mie results are similar. For largerthe incident plane wave becoming directionally randomized
particles, scattering is stronger in the forward direction andafter propagating a certain distancg, (in Ref. 2. This
Mie scattering theory should be used. latter approach leads to an internal source term and different
The boundary conditions for Eqé8) and(9) arel *(0) boundary conditions compared to the two-flux model but
=1 andl (L)=0; these equations may be solved for thedoes not make the particle size dependence explicit. The ad-
effective transmittancéT,) and reflectancép, ). The results  equacy of the present model is compared directly with that of

: (13

4 att

are Ref. 21 in the discussion.
2 .
(Th=1" ()= —— P . g B Meltng
(1+B%)sinh(yL)+2p coshiyL) In this section a simple transient thermal analysis is used

(1— B?)sinh(yL) to predict the time of onset of meltirtg,. Because of strong

(p))=17(0)= : , (11  scattering the incident field is exponentially attenuated, caus-
(14 B?)sinh(yL)+ 28 cosh yL) ing absorptionproportional to the square of the figl take
Where place mainly in a thin layer very near the surface of the
medium. For simplicity, it is therefore assumed in our melt-
B=[al(a+20)]*? y=[a(a+20)]"2 (120 ing analysis that absorption takes place right at the surface.
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This allows for an analytic solution to the transient conduc-(yielding (p)=3280 kg/n"f), thermal conductivities kq
tion. We also treat the radiative emission as a surface emis= 15 W/m K,2* andk;=0.026 W/m K, and thermal capacities

sion for the same reasdas will be shown, due to the domi- Cps=502.4 J/kg K anct, ;= 1005 J/kg K.
nance of thermal conduction, this emission is negligible The radiation heat fluQ, is given by?
The amount of energy absorbed is determined from the two-
flux model. The predicted melting onset time is to be consid- osd T(H)*=T2]
ered a lower limiticompared to that expected from a distrib- Q= R .+R e+(R )’ (20
uted energy treatment ' ' '
Figure 1 provides a schematic diagram of the irradiationwhere
absorption, and transmission of light through the powder, as

well as the formation of a molten well in the material. Upon _1-(er) -~ (R.).=0 21)
wicking and evaporation, this well deepens to form a cylin- e A(e) CEUAFY rese
drical hole in the compact. At the surface of the compact, the
surface energy equatior’fs andogg is the Stefan—Boltzmann constafi, ) is the emis-
) sivity which is estimated as 0.3\, is the radiation surface,
Quekt Qr=Se (15 andF is the view factorT(t) is the temperature at tinrteBy
substituting Eqs(16)—(21) into Eq. (15), one finds
where
: T(t)-T.
Se.r=(@)Qri, (16 ®
2yt (0)—i erf D
_ ————1ierfc(0)—ierfc] ———
:M_ (17) (k) 4({a)t)¥?
PR it
pck( ) 4
. osd T()*=T2]
HereQ,ck, Q;, andQ, ; specify energy flux rates for tran- + 1—=(a,)Qr,i . (22
sient thermal conduction, net radiative exchange, and the in-
cident radiation, respectively. The ter(a,) is the absor- Are

bance and is given bYa;)=1—(p;)—(T;):R,c is the
conduction resistance arg{ ,, is the absorbed power, calcu-
lated fromQ,; by taking the absorbance into account.

For temperatures lower than the melting temperaflife
sample radiation makes a negligible contribution to the over-
all energy balance. This can be seen on the basis of the

The transient congucuzve heatztransfer @ varies comparative magnitudes of the two terms on the left side of
over the circular area“+y“<(D/2)“ on the upper surface Eq. (22

of the assumed, semi-infinite compact. Noting that the center
of the circle k=0, y=0) will have the highest temperature

. , - . T(t)-T..
and largest conduction resistance, we select this point as the ®

.. . 1/2
origin and takeQ,¢ to be constant. For the transient con- 2((a)t) . . D
duction resistance,c we find (k) erf(0)—i erfe A((a)t) 2
2((a))*?] . D osd T(1)*—T2]
RPCK—T ierfc0)—ierf W , > — 1 (23

(18) Ace,

where(k) and{«) are the effective thermal conductivity and
diffusivity, respectivelyt is time, andi erfc is the comple-
mentary error function. The diamet&=40um was se-
lected to correspond with the experimental laser spot siz
{e) and (k) are related by the formuléa)=(k)/(p)(Cy), (a,). Upon close scrutiny of Eq$3), (4), (7), (9)—(11), we
where(cy) is the effective specific heat given WP>:[(_1 also find that(«,) is a function of porositye). Figure 7
—(£))(pCp)s+(e)(pCp)t 1I[(1=(e))pst(e)pr]. andip) is s the dependence 66,), (T,), (a,) on porosity ex-
the effective densityp) =(1—(e))ps+{e)pr . The effective plicitly. Note that(«,) decreases &g) increases. The varia-
thermal conductivity is given tion in time to melt is shown in Fig. 8, for an incident power

((K)/K;) = (K ki) 028-0.757 loge) ~0.057 logks k). (19) of Q, ;=400 mwW _and a compact absorpti_on @f,)=0.04.

The results predict that melting occurs in less than 8 ms

Equation(19) shows that'k) decreases with increasing po- under these conditions. These equations also predict that
rosity . By virtue of Eg. (17), the conduction resistance depends on the local porosity for a given irradiance. As dis-
therefore also increases with porosity. 4)=0.8, the aver- cussed further in Sec. V, at low intensities Eg2) predicts
age values of the thermal conductivity, capacity, and diffu-no melting at any porosity for subthreshold intensities, then
sivity are (k)=0.094W/mK, (c,)=502J/kgK, and(a)  selective melting for porous regions at intermediate intensi-
=1.77X10" " m?/s, based on solid and fluid densities of yt- ties, and finally complete melting at all porosities for very
tria ps=5046kg/m and p;=1.177kg/m, respectively high intensity.

that is, to a very good approximation, E@5) can be re-
duced toQ k=S¢, -

Implicit in Eq. (22) is the conclusion that the time to
Snset of meltingt,, depends on the compact absorbance
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FIG. 7. Variation of compact effective reflectivity with respect to effective
porosity of the compact, for a few values of sample thickness.

IIl. EXPERIMENTAL PROCEDURES

Samples for the present experiments were rare-earth-
doped nanopowders (¥H,EF*:Y,0;) synthesized by
flame spray pyrolysis as described in an earlier public&tion.
Particle size was 30 nm and compacts were prepared by
lightly compressing powder into Al holdefat pressures<2

.2 . .. . - - T T T — — T
Ib./in. )WIFh a miniature press that achieved a filling fraction 400 500 600 700 800 900 1000 1100 1200
of approximately 0.15. The number of scatterers per wave-

: : (b) Wavelength A(nm)

length in samples prepared this way greatly exceeded 1000
and scattering mean free paths were therefore much less t'har(;. 9. (8 Luminescence intensity of Er, Yby0, nanopowder as a func-
a wavelength. At such high densities dependent scatteringpn of input power, showing quenching of Er upconversion emission at
should be prevalent. Consequently we measured transmigowers just below 200 mW and the sudden onset of continuum radiation

. . ' s ar 400 mW. Inset: schematic of energy transfer dynamics responsible for
Slo_n properties and bIaCkbOdy spectral dynamlcs in search @? emission at low input powers. The laser is tuned to the resonant absorp-
evidence that dependent scattering was necessary to acCouhf of Yb** at \.=905.6 nm, and the dashed curve gives the result of a
for our results. detailed microscopic theory based on Ef5) of the present article and

The optical transmission through a free-standing nanpopulation rate equations as discussed in RetbpThe spectrum of con-

: . . tinuum emission, recorded wia 1 mspectrograph and photomultiplier with
ODOWder Wedge was measured using an integrating Spl'":"rgt:utoff wavelength of 960 nnfresponse corrected using a standard lamp

With_the sample p!aced Q.t the entrance to the sphere. Pujibration. The dashed curve is a fit to a Planck distribution with
continuous-wave Ti:sapphire laser was tuned to the wave=1910K.

lengths near théF,,(0)—2Fs(2') resonance of Yb" at

905.6 nm, using a two-plate birefringent filter. The sample N . . :
g P g P was translated parallel to the direction of increasing thick-

ness, and the transmittance versus thickness was recorded
with a photomultiplier. The attenuation lengths were then

Emission Intensity (arb. units)

3000 —
1 Melting Temperature ] obtained for the wavelengths on and off the resonance. A
2500+ . more detailed account of these measurements has been pub-
. lished in Ref. 9. Sample emission versus incident intensity
2000 . was also recorded on the erbitfid;;,,— *l,5, upconversion
1 probe transition ak .,=522.4 nm usig a 1 mgrating spec-
a 1500+ . trometer. Full scans over the available range of intensities
& 1 1 required 1/2 h or more. Results for total emission intensity
1000+ 1 versus excitation rate are given in FigaP Similar results
500-. Q,; =400 mW were obtained on all Yb and Er transitions, regardless of
| <e>=0.04 ] transition wavelength.
0 - _t Samples irradiated with powers exceeding 400 mW ex-
0 2 4 6 8 10 hibited very unusual emission characteristics. A bright white
t, ms continuum appeared above an abrupt threshold of incident

FIG. 8. Variation of peak surface t wre of th cwith ttintensity. The spectrum of this emission was recorded with
. 0. variation of peak surtace temperature o € compact with respec . . . .

time, up to the onset of melting, calculated for an input power of 400 mw?he _SpeCtromEter using a S'”Q'e grating and, after correction
and (p,)=0.78. Other parameters weke=906 nm,n,=1.8, andx,=1.2 for instrumental response with a standard lamp, gave the

X 1075, result shown in Fig. @). Samples subjected to intensities in
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When the incident power was held at 350 mW and the
sample position was scanned laterally, an interesting obser-
vation was made. White light was not generated uniformly
over the sample surface. In only a few select locations was
the nonlinear heating cycle effective enough at low input
powers to reach the blackbody emission threshold on uni-
form, pristine surfaces. At significantly higher powers, white
light could be generated at any location on the sample. Close
physical and chemical examination of samples revealed no
evidence of surface impurities that could catalyze such non-
uniform response at low powers. Indeed flame spray pyroly-
sis yields as-grown powders with compositions virtually
identical to the 99.99% pure precursor solutions. The pow-
ders are carbon free when proper oxidation conditions are
maintained’® This indicated that some intrinsic property like
local porosity of the surface was responsible for the varia-
tions.

At powers well over 400 mW, light-induced material
excess of 30 kW/cfwere subsequently examined by scan-processing occurred, as we noted earlier. The interior wall of
ning electron microscopy. They revealed clear evidence ofne microtube that was formed from yttria nanopowder was
melting (Fig. 10. Additionally, the formation of ceramic later examined by small-angle electron diffraction. The re-
tubes was noted under these conditions and several were exults are presented in Figs.(&land 11b), respectively. Fig-
tracted for examination by sifting through irradiated pow-ure 1¥a) shows the complete diffraction rings of a typical

200kV 40 136 (Y86YDbSEr 8nm 800mW

FIG. 10. Formation of hollow microtubes well above the white light thresh-
old intensity.

ders. powder pattern. Figure 1), on the other hand, shows the
re-solidified inner wall of the tube, exhibiting a fourfold
IV. EXPERIMENTAL RESULTS symmetric pattern of spots consistent with cubic phase yttria.

From our transmission measurements. characteristi¢NiS pattern did not vary over distances of several hundred

lengths for experimental scattering lengths, total attenuatiodnicrons, further indicating that single crystal growth took
and absorption were determined. The off-resonance attenuR!ac€ during the formation of the tube.
tion length(due exclusively to elastic scattering at 870)nm
was found to b&=510 um. The total attenuation length on
resonance was 324m. Consequently, it was possible to de-
termine the experimental absorption length for’Yimpu- The measured attenuation lengtbf and on the absorp-
rities in free-standing yttria powder from the difference of tion resonanceare compared in Fig. 12 with predictions of
the inverse lengths to b, =893um. These determinations the two-flux model with ,=1.2x107°) and without ab-
permitted a direct comparison of the two-flux model predic-sorption (xs=0), respectively. For values off resonance the
tion with experiment{See Sec. Y. attenuation differs from the calculation by only a factor of 2,
Sample emission characteristics were found to vary drawhereas the measured extinction coefficient on resonance
matically with excitation rate in laser irradiation experi- (including absorptiondiffers by considerably more from the
ments. At low incident power luminescent intensity rose quatheoretical prediction. This discrepancy may be due to a sys-
dratically and was entirely due to rare-earth luminescence. ltematic error in the estimation of scattering coefficiept or
Fig. 9a) this corresponds to the regime at the left of theit could be due to a breakdown of diffusion theory in the
figure below 100 mW. Behavior in this range was typical of presence of strong dependent scattering. While specification
Er luminescence sensitized by infrared-excited Yb impuritieof the particle size distributiofion the experiment sideor
in yttria powders?®2’ At higher input powers, luminescence adequacy of the two-flux modébn the calculation sideare
underwent an abrupt and universal reversal, however. Lumipotential issues, independent restfitsuggest that this dis-
nescence was strongly quenched. Between 150 and 350 m\fepancy is indeed a manifestation of the breakdown of dif-
all transitions steadilglecreased in intensitymiddle of Fig.  fusion theory and mean field approaches to multiple scatter-
9(a)]. Next, above 350 mW in the figure, bright continuum ing in general.
emission appeared. This emission had thestrumentally From the results of Sec. Il we can infer that regions with
corrected spectrum shown in Fig. (B). The dashed line high local porosities melt most easily, and initiate melting in
shows the result of a fit to a Planck distribution with  real compacts. Figure 13 shows the predicted time-to-tpelt
=1910K. Excellent agreement is obtained with a blackbodyas a function of porosity, for various levels of irradiation
curve at all wavelengths shorter than the detector cutoff abetween 200 and 500 mW. These results show that under
960 nm. Data at the laser wavelength of 906 nm have beeconditions of high porosity (04(e,)<1) the compact
omitted because of the large Rayleigh peak there. Also, theelts in a fraction of a second at moderate powers, but that
apparent background at wavelengths longer thamlis due  at low porosities it does not melt at all, regardless of incident
to overlapping visible orders of the single grating used topower, on normal laboratory time scales. As the porosity
perform the scan. decreases from 0.6 to 0.3 fQ; ;=500 mW, t,, increases by

V. DISCUSSION
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FIG. 12. Variation of predicted attenuation length with respect to average
particle size, for several values of index of extinction\at906 nm and
ns=1.8. The experimental results on and off absorption resonance are also
shown. The parameter isd,=10 nm.

important contributing factor to thermal response in the

light-surface interaction. Because dependent scattering is
variable but pronounced at porosities as high as 0.9, it is
possible that coherent multiple scattering plays an important
role in the experimental results on initiation of melting and

single crystal growth reported here. We have shown that
transport theory cannot quantitatively predict the absorption
length in our samples, so we are unable to show decisively

that dependent scattering plays a dominant role in the phe-
nomena described in this article. However, we cannot offer

any mechanism other than dependent scattering to resolve
the discrepancies. Improved models that account for depen-
dent scattering effects without relying on ensemble averages

or diffusion theory should be developed to improve the over-
all agreement with absorption, scattering, and light-induced
melting behavior of dense multiple-scattering media.

(b)

FIG. 11. Electron diffraction photos @&) unprocessed powder arfl) the
inner wall of a typical microtube.

nine orders of magnitude. Higher power levels do reduce the = 7
time to melt when the porosity is high enough to permit o ]
melting. 3

The main result of this analysis is that effective porosity 107 300 mW, .
plays a key role in determining whether melting takes place 400 mW ]
at a particular point on the sample surface. This agrees with 10° 3
the experimental observation that white light generation and o _ o0mw ]
melting vary markedly over the surface of a nominally “uni- 03 04 05 06 07 08 09 10
form” powder. Clearlylocal porosity as sampled within the <&>

beam of the Ir_]CIdem Ias_er, IS |mp0_rtant in the initiation of FIG. 13. Variation of the predicted times of the onset of melting, with
resonant,_ non_lmt_aar heatmg- So the inhomogeneous nat_ure fEpect to effective porositie), for a few values of incident powers be-
the density distribution at the surface of our samples is amveen 200 and 500 mw.
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