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FINAL TECHNICAL REPORT 

"Upcon version-Pumped Cerium Lasers" 
(2/1/98 -1/31/99) 

I. Project Description 

This program explored alternative pumping schemes for light sources emitting at near 
ultraviolet wavelengths of relevance to the Air Force for air-to-air communications, 
countermeasures and IFF applications. Two approaches were investigated in search of 
efficient new pathways to excite Cerium ions in dielectric host materials, Ce3+ being well- 
known for its strong emission on the inter-configurational 5d-4f transition in the 
neighborhood of 320 nm. The two approaches were multi-photon optical upconversion 
involving sensitization with secondary rare earth ions and electron beam pumping. 
Unusual results were obtained with both methods, but electron pumping showed 
unexpected promise by indicating that in powders with particle sizes less than 50 nm 
stimulated emission may occur. 

II. Objectives 

With regard to upconversion, the main objective of this project was to prepare and study 
novel crystals and other host solids containing trivalent Nd and Ce ions together at high 
concentration, in order to evaluate their promise as UV laser media. Nd was to be 
pumped with convenient, energy efficient near-infrared sources, and evidence sought for 
efficient energy transfer to the Ce3+ excited state. Experimentally, this called for careful 
assignments of observed transitions on the basis of high resolution emission 
spectroscopy. Another upconversion system was also studied as a testbed for the basic 
dynamics involved in this pumping concept in a high symmetry crystal, namely the blue- 
emitting compound Yb3+:CsCdBr3. 

With regard to electron beam pumping, the original plan was to develop a method for 
surveying and characterizing candidate ultraviolet laser materials quickly, without the 
need for short wavelength pumping sources. Electron excitation and 
cathodoluminescence constitute a convenient way to perform ultraviolet luminescence 
spectroscopy, providing basic information about wavelengths and relative efficiencies of 
Cerium emission in a variety of hosts. This approach yielded the surprising preliminary 
finding that continuous-wave laser action may be possible in the nanoparticle media 
themselves. 

m. Summary of Experimental Results 

Nd was chosen as the sensitizer for Cerium in this work because of its strong absorption 
at diode pump wavelengths and an energy level structure capable of transferring energy 
efficiently to the Ce3+ excited state. As shown in Figure 1, multi-photon absorption 
pathways exist to excite Nd3+ to its 2F levels, and these are nearly energy coincident with 



the 5d excited state of Ce3+. Hence it was of interest to record Nd upconversion emission 
produced by excitation at 850 nm and to see if either Nd itself or Ce could be made to 
emit efficiently by such means, as the result of energy transfer among the high-lying 
manifolds. 

Upconversion emission spectra were recorded in alumina powders irradiated by a 
Ti:sapphire laser operating between X=S40 nm and k=970 nm. Very narrow and very 
broad lines appeared together in the emission. Ordinarily such a spectrum would consist 
of uniformly sharp lines (typical of single crystal host materials), or uniformly broad lines 
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Figure 1. (a) Upconversion scheme to generate ultraviolet light from Nd nanoparticles. 
A "simmer" beam at 800 (or 850 nm) sustains population in the 4F3/2 state by ground state 
absorption (or avalanche absorption, respectively). This population is resonantly 
upconverted to the 2F5/2 state by the absorption of two red photons, (b) Electron excitation 
of (inter-configurational) ultraviolet emission below 300 nm from Ce3+ ions. Notice that 
the 2F levels of Nd are close to high-lying levels of Ce. 

(typical of a glass host). We were surprised to find both extremes together in a single 
spectrum, and have insufficient data at this time to determine whether selective 
hybridization of particular rare earth levels is responsible for the appearance of very 
different linewidths for different transitions in nanoparticles or some other mechanism is 
at play. Preliminary results for upconversion emission from Nd,Ce:Al203 particles of 16 
nm diameter containing less than 75 rare earth ions per particle are shown in Figure 2. 
Notice the unusual combination of very sharp and very broad spectral lines consistent 
with Nd transitions in this spectrum 

An unexplained aspect of the mechanism responsible for Fig.2 emission is that excitation 
response rises sharply at 850 nm, a wavelength corresponding to the 4F3ß * 2P\a excited 
state transition, rather than a ground state transition, of Nd3+. The response appears to be 



dominated by an excited state absorption. Since the initial excited state (4F3/2) in this 
case lies too high in energy to be populated at room temperature, effective excitation of 
the system by light detuned from any ground state absorption is unexpected, but 
nevertheless occurs. While induced absorptions sometimes occur on excited state 
transitions in heavily doped bulk crystals due to "avalanche" dynamics involving many 
ions, such "avalanche absorption" is not expected in nanoparticles containing only a 
small number of impurity ions. This experimental situation limits the number of excited 
ions able to participate in the avalanche effect to exponentiate the induced absorption. 
However, the unexpected generation of upconversion emission in nanopowders clearly 
warrants additional study as an alternate route for the excitation of short wavelength 
radiation. 
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Fig. 2. Upconversion spectra of Nd,Ce:Al203 nano-particles, with the laser tuned to a 
wavelength of 850 nm 

Using the technique of cathodoluminescence, we were able to examine some singly- and 
doubly-doped oxides for strong ultraviolet and visible emission. We found that (Ce,Nd)- 
co-doped 5-alumina nanopowders produced by the flame spray pyrolysis technique of 
Prof. Laine at the University of Michigan showed no evidence of Ce emission at all when 
excited by an electron beam. Ultraviolet and visible spectra were dominated by instead 
by assignable Nd lines (Fig. 3). These spectra showed striking intensity redistribution as 
current was increased above a critical value however, and plots of intensity versus current 
exhibited a sharp break in slope at these critical or "threshold" values. When Nd 
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Figure 3. Nd emission excited by a 4 keV electron beam at various currents in Nd,Ce:5- 
A1203 nanopowders. Spectral redistribution and quenching behavior suggest the onset of 
stimulated emission above 20 |iA. 

impurities were removed, pure Cerium-doped 5-alumina nanopowders emitted very 
efficiently on the 4f-5d ultraviolet line of Ce3+ when pumped electrically, again above an 
unexplained "threshold". This provided preliminary evidence of the onset of stimulated 
emission in our powder samples, on the emission line of interest for Air Force 
applications related to short wavelength radiation. 



Upconversion processes in nanopowders clearly provide useful routes for excitation of 
ultraviolet materials with new properties. However, direct pumping with electrons seems 
to hold considerable promise for phosphors exhibiting stimulated emission, which is 
arguably more important for applications. Such media (laser phosphors) would have 
much higher emission rates than occur in ordinary phosphors and could be made suitable 
for numerous countermeasures, communication displays, targeting and IFF applications, 
meeting a variety of Air Force requirements. 
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Site-Selective, Intrinsically Bistable Luminescence of Yb3+ Ion Pairs in CsCdBrj 

Markus P. Hehlen.* Amos Kuditcher. and Stephen C. Rand 
Optical Sciences Laboratory, The University of Michigan. 1301 Beat Avenue, Ann Arbor. Michigan 48109-2122 

Stefan R. Liithi7 

Department of Chemistry and Biochemistry. The University of Bern. Freiestrasse 3. 3012 Bern. Switzerland 
(Received 2 December 1998) 

We report the first observation of intrinsic optical bistability in CsCdBr?:l% Yb3* and show, using 
site-selective speetroscopy. that only the asymmetric, strongly coupled Yb'~ ion-pair minority site gives 
rise to hysteresis of near-infrared and cooperative up-conversion luminescence as a function of incident 
laser intensity below 15 K.    [S0031-9007(99)08880-8| 

PACS numbers: 42.65.Pc. 33.50.Hv. 42.50.Fx. 78.55.Hx 

Mirrorless or intrinsic optical bistability (IOB) was 
first considered theoretically by Bowden and Sung [I] 
and extended by subsequent authors [2-51 who showed 
that ground state, near dipole-dipole interactions, which 
change the local or Lorentz-Lorenz Held with respect to 
the incident field, could cause optical switching. The 
experimental observations of IOB. reported by Hehlen 
et til. in the dimer system Cs?Y;:Br.,:l()7r Yb3' |6.7] and 
extended to the isostructural CstLuiBr.,: \()'7r Yb1* and 
CsjYb;Bry by Liithi et al. |8|, allowed for considerable 
refinement of the initial models. These studies identitied 
the size of the luminescence hysteresis associated with IOB 
to be determined by the competition between the enhancing 
effect of strong, nonlinear ion-ion coupling within Yb3' 
dimers and the degrading effect of energy migration in 
the Yb3" sublattice. In this Letter we report for the 
first time the observation of IOB in a material other than 
the Cs<Yb2Bri) family, demonstrating all-optical switching 
in the quasi-one-dimensional material CsCdBn:lr/r Yb3f 

whose crystal structure suppresses energy migration at low 
temperatures. First, we present a statistical study of Yb3+ 

ions doped into CsCdBrj that allows for assignment of 
the numerous transitions observed by highly resolved laser 
speetroscopy to specific Yb3+ ion-pair sites. Second, the 
observation of IOB for exclusively one type of ion pair 
provides striking evidence that strong, nearest-neighbor 
ion-ion coupling is required for IOB. permitting us to 
estimate a maximum ion separation of ~4-5 A for Yb3"'' 
systems in which IOB can be expected to occur. Third, the 
temperature dependence of the luminescence hystereses is 
in agreement with predictions derived from earlier theory 
for the case of inefficient energy migration [7]. 

When Yb3" ion pairs are excited by radiation in the 
near-infrared spectral region they not only emit in the near 
infrared from their 2F=,/2 excited-state multiplet but can 
also undergo cooperative up-conversion yielding emission 
in the blue-green spectral region from the doubly excited 
[:Fv,2. 'Fi/z] pair state which results from ion-ion cou- 
pling [9-11 ]. Since the coupling strength between Yb3+ 

ions is a strong function of the ion separation, coopera- 
tive up-conversion is highly favored in pair-forming ma- 

terials [10.12]. Likewise. IOB is expected to be favored 
in such materials [6.7]. Therefore we chose to investigate 
CsCdBn, a host that crystallizes in the D^, space group 
with lattice constants a = 7.675 A and c = 6.722 A and 
that consists of linear chains of face-sharing [CdBrf,]

4~ 
units, with the chains arranged along the c axis and the Cs *" 
ions occupying high-symmetry sites between the chains 
1131- A key feature of CsCdBn is the formation of iso- 
lated, charge-compensated ion-pair centers when triposi- 
tive rare-earth ions such as Yb3' are incorporated onto the 
Cd-h lattice position. The main impurity site is then a 
symmetric in-chain Yb^-fCd^' vacancy)-Yb3' ion pair 
(Yb-V-Yb) 114,151. The two most abundant minority sites 
arc the asymmetric in-chain Yb3'-Yb3'-(Cd:' vacancy) 
ion pair (Yb-Yb-V) | ld-2()| and the Yb3' -(Cs ' vacancy) 
site 116,211. The requirement lor charge compensation, in 
contrast to most other crystal systems, provides for a high 
yield of Yb31" ion pairs relative to Yb3' single-ion sites, 
and. as a consequence, a sizable Yb3 L ion-pair concentra- 
tion can be obtained even at low Yb3 u ion densities for 
which undesired energy migration through the Yb3' sub- 
lattice is still relatively inefficient. 

Coupling between Yb3+ ions mainly occurs within the 
symmetric Yb-V-Yb (R = 6.7 A) and asymmetric Yb- 
Yb-V (/? = 3.4 A) ion pairs since its strength decreases 
rapidly with increasing ion separation R. Both forced 
dipole-dipole (dd) and dipole-quadrupole (dq) interactions 
are significant for short-range intrapair coupling with the 
former dominating for R > 8 Ä [11). In addition, there 
are interpair interactions the relative importance of which 
depends on the Yb3+ ion-pair density. Earlier studies of 
CsCdBr^Pr3"1" found the asymmetric ion pair to be ther- 
modynamically unstable and to transform into the stable 
symmetric ion pair at T > 350 °C and even at room tem- 
perature over extended periods [22]. Therefore, the frac- 
tion, F, of asymmetric ion pairs depends on the thermal 
history of the sample. In order to quantify relative intra- 
and interpair interactions in the CsCdBr.?: 1% Yb3" crystal 
studied here a numerical study of the probability distri- 
bution ot R with F as a parameter was carried out. A 
computer model defined the Cd2+ sublattice that consisted 
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of -5 X 105 CsCdBr3 unit cells and in which 1% of the 
~106 Cd2' ions was randomly replaced by Yb3~ ions 
that were forced to form either the Yb-V-Yb or the Yb- 
Yb-V ion pair in a given ratio F; other types of defect 
sites and lattice distortions were not considered. For each 
Yb3~ ion the distance to all other Yb3 + ions was subse- 
quently calculated and recorded in a histogram (Fig. 1, 
left), yielding a >95% statistical confidence level. The 
probability distribution for R < 20 A is dominated, as 
expected, by the most abundant symmetric Yb-V-Yb in- 
trapair ion distance of 6.7 A, and the Yb-Yb-V intrapair 
distance at 3.4 Ä becomes increasingly important as the 
asymmetric ion-pair density increases with F. In addi- 
tion, there are four interpair distances below 12 A that 
are significant at this 5.8 x 1019 Yb3"*" per cm3 ion den- 
sity. These are interchain distances between Yb3_r ions 
offset by 0, -L and' 1 lattice constant (c) at 7.7. 8.4. and 
10.2 A. respectively, and the closest interpair in-chain dis- 
tance at 10.1 A. Since doping CsCdBr3 with Yb3~ ions 
creates lattice defects one expects the individual Yb3+ 

resonance frequencies to depend (i) on the respective in- 
trapair distance and (ii) on ion pairs in the immediate sur- 
roundings. Assuming the Yb,+ transition cross sections to 
be independent on ion-ion coupling, the distance distribu- 
tion weighted by the distance dependence of ion interaction 
(dd and dq coupling 111 ]) is proportional to the intensity of 
cooperative emission from Yb3^ ion pairs (Fig. I, right). 
From this statistical ion-distribution model one concludes 
that (i) the relative up-conversion intensity from asymmet- 
ric vs symmetric ion pairs is a measure for F (with the 
spectrum being dominated by asymmetric and symmetric 
ion pairs for F > 0.01 and F < 0.01, respectively) and 
that (ii) the various intra- and interpair interactions result in 

a multitude of Yb3~ resonance frequencies and thus more 
than one transition in the spectrum. 

Figure 2. top. shows unpolarized luminescence excita- 
tion spectra of the 2F7/:(0) — 2F5/2(2') transition in a 
CsCdBr3.T9b Yb3+ single crystal at 7 K recorded by fre- 
quency scanning a single-mode (TEMoo). actively power- 
stabilized TLsapphire laser and simultaneously monitoring 
both the near-infrared (NIR) and the cooperative visible 
(VIS) luminescence intensity. The strong trigonal dis- 
tortion of the sixfold bromide coordination of Yb3" in 
CsCdBr3 lifts the J degeneracy and splits the 1F1 •; and 
2F$/2 ground and excited-state multiplets in four and 
three Kramers doublets, respectively. The :F7 :(0) — 
2F5/2(2') crystal-field transition used for excitation around 
10600 cm-1 in this study therefore is, in the absence of 
any Yb3+ ion interactions, expected to consist of a single 
line. The many lines observed in the excitation spec- 
tra in this narrow frequency region are direct evidence 
for the existence of several structurally different charge- 
compensated Yb3+ ion pairs, each potentially distorted by 
additional interpair interactions and thus each with an in- 
dividual 2F7/2(0) -* 2/\v:(2') resonance frequency. The 
strongest line centered at 10601 cm-1 contains ~607r of 
the total intensity, a value that is likely underestimated 
given the presence of a slight absorption rate saturation 
at the 500 W/cm2 excitation density used here. We as- 
sign this line to the undistorted Yb-V-Yb symmetric ion 
pair on the basis of its high abundance [16], A variety 
of second-order distortions of that site, such as the many 
interpair interactions described in the numerical analysis 
above, may shift the resonance frequency of each Yb3~ 
ion of a pair, and consequently a number of distinct tran- 
sitions in this 2F7/:(0) —» 2F.s/2(2') frequency range are 
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denotes the ratio of intra- and interpair energy-transfer rate constants derived from the calculation. 
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FIG. 2. Site-selective IOB in CsCdBr.,:l% Yb'" at 7 K. 
Top: unpolarized excitation spectra for NIR (open circles) and 
VIS (solid circles) Yb3' emission. Bottom: NIR and VIS 
luminescence hystereses as a function of excitation density for 
various excitation frequencies. 

observed. The resonance frequency of the undistorted 
asymmetric Yb-Yb-V ion pair is expected to be larger 
than that of the symmetric Yb-V-Yb pair, since the close 
3.4 A intrapair separation of the two Yb'* ions induces 
a large axial Held which increases the ~h\/i crystal-held 
splitting. We therefore assign the highest-energy transi- 
tion at 10 602.8 cm ' to the undistorted Yb-Yb-V asym- 
metric ion pair. With these assignments in Fig. 2. the ratio 
of up-conversion intensities of asymmetric and symmetric 
ion pairs is found to be <l, and. based on the statistical 
ion-distribution model, we find that F < 0.01. The rela- 
tively small number of asymmetric ion pairs is consistent 
with both earlier studies and the Bridgman crystal growth 
conditions. The crystal studied here was grown by lower- 
ing an ampoule at a slow speed of 0.6 mm/h from 415 °C 
through a temperature gradient of 20 °C per cm during two 
weeks, a process that not only led to high-quality crystals 
but also provided for in situ annealing at elevated tempera- 
tures, thereby transforming many thermodynamically un- 
stable asymmetric ion pairs to stable symmetric ion pairs. 

The Yb-14" site assignments derived above are consistent 
with the wavelength dependence of IOB in CsCdBr^Yb3+. 
When the laser intensity is varied at a fixed excitation 
frequency, hysteresis in the near-infrared luminescence 
(Fig. 2. bottom left) and in the visible cooperative up- 
conversion luminescence (Fig. 2, bottom right) is observed 
exclusively for excitation of the 0.6 cm-1 (FWHM) wide 
line centered at 10602.8 cm-1 that was assigned to the 
asymmetric Yb-Yb-V minority site. For this site, intrapair 
coupling between the Yb3+ ions is inferred to be the 
strongest and the cooperative up-conversion rate constant 
a the largest, in view of the fact that the corresponding 
ion-ion distance of 3.4 A in the nearest-neighbor face- 
sharing [Yb;Bry] ion-pair coordination is the smallest.   A 

reduction of a by a factor of ~ 100 (dd and dq coupling) 
is expected for the symmetric Yb-V-Yb ion-pair main site 
relative to the asymmetric Yb-Yb-V site: the symmetric 
ion pair showed no IOB (Fig. 2). We conclude that at 
Yb3" ion separations below 4-5 Ä. a exceeds a critical 
threshold value for which IOB becomes active. This 
restricts coordination geometries to nearest-neighbor face 
sharing, possibly nearest-neighbor edge sharing. Yb" 
ion pairs in IOB compounds. This conclusion was not 
possible in earlier studies of Cs.iYiBry: 10c/r Yb3" [6-8) 
in which Yb3" ions statistically substitute for Y3" without 
preferential pair formation in a distribution of separations 
exceeding 5.8 A. besides the 3.8 A of the crystallographic 
[Yb:Bry]3~ dimer unit. Our findings here suggest that 
also in Cs;,Y:Bry:Ybw . IOB is due only to the nearest- 
neighbor face-sharing [Yb;Bri)]3~ coordination. 

Although both Cs:,Lu:Bry:10c/r Yb3" and CsCdBn:l<* 
Yb3+ share the structurally very similar [Yb:Bi\,]3~ co- 
ordination as the ion pair responsible for IOB. some of 
the optical switching properties of the two compounds 
are fundamentally different. First, although IOB gradu- 
ally disappears in both compounds with increasing tem- 
perature, the hysteresis step height remains almost constant 
in CsCdBr,:l9f Yb31" whereas "in Cs,Lu;Br,,:l()'/r Yb3' it 
decreases monotonically in conceit with the area of IOB 
hysteresis loops (Fig. 3). Second, the switching polarity 
of both the NIR and VIS emissions is the same (Fig. 2). 
in contrast to the opposite switching polarity that was ob- 
served in Cs.,Y:Br.,:10'/r Yb3i |7|. Earlier theoretical 
work showed |6.7| that the key features of IOB in Yb3 - 
doped compounds can be qualitatively explained by the 
steady-state solution of the density matrix of coupled two- 
level systems driven by a radiation held. It was found thai 
an increasing dephasing rate constant decreases the hys- 
teresis width, step height, and critical incident intensities. 
Although various mechanisms such as energy migration, 
electron-phonon interaction, and cooperative interaction 
can contribute to dephasing, it is the rate constant, ß. for 
energy migration through the Yb3"1" sublattice that is pro- 
foundly different in the two materials. In CsiLuiBiv \(Wr 
Yb3+, energy migration between the [Yb:Brl)]

3" dimer 
units is fast due to the high Yb31" single-ion density of 
~3.9 X 10:<) cm-3 and the correspondingly high proba- 
bility for a Yb3+ neighbor within the critical energy- 
transfer radius. Long-range energy migration is efficient 
and thus the dephasing rate constant is large and expected 
to increase with increasing temperature. In CsCdBn:l% 
Yb3+, on the other hand, the majority of Yb3" ions 
form ion pairs yielding an ion-pair density of —2.9 X 
10'9 cm"3 and thus a large interpair separation on av- 
erage. From the F < 0.01 case relevant for the crystal 
studied here we estimate interpair energy transfer to be 
up to ~34 times less likely than intrapair energy trans- 
fer (indicated in Fig. 1, right, by the ratio //.), i.e., ß < a. 
Thus, long-range energy migration is strongly suppressed 
in CsCdBr.i:l% Yb3+, and dephasing from this source is 
expected to be small and fairly independent of temperature. 
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Cs.iLibBrgilO'ft Yb3- has revealed the key role of energy 
migration in determining both the temperature dependence 
and the switching polarity of IOB. These results provide 
guidelines for expanding the materials basis in the search 
for high-temperature IOB systems. 
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FIG. v Temperature dependence ol" IOB in CsCdBr;: \7< 
Yb1' (top) and CstLihBn,: l()'/r Yb! (bottom) recorded under 
identical conditions. The hystereses of visible cooperative 
Yb; emission intensity as a function of excitation density 
were excited in the near inlVared al 10 602.8 and 10 592.0 em '. 
respectively. 

This result explains the relative insensitivity ol" the hys- 
teresis step height in CsCdBn:l% Yb'v as compared to | 
CsiLthBr.jilO'/r Yb1' (Fig. 3). Similarly, the migrational 
differences between the two materials account for the re- 11 
versals of the switching polarity in the NIR and VIS hys- 
tereses. In CsCdBn:l% Yb3". the ion pairs responsible I' 
for IOB are isolated, and when the excited-state popula- 
tion increases upon switching both the NIR and VIS emis- 
sions luminescence originating from this state will increase 
in intensity, the switching polarity of the VIS and NIR 
emissions is the same. However, if migration is fast as in 
Cs3Lu:Bry:10% Yb3+. the large reservoir of Yb3"" single 
ions determines the NIR emission intensity. The loss of 
population from this group that occurs upon switching 
due to an increase of VIS emission from paired impuri- 
ties causes the switching polarity to be opposite. 

In summary, we have extended IOB to a new mate- 
rial, CsCdBr?:l% Yb3+. and have concluded from site- 
selective optical switching experiments and a statistical 
study of the Yb3+ ion distribution that ion separations 
below ~4-5 A are required for IOB to become active 
in Yb3 + systems. It is concluded that crystal-growth 
conditions favoring asymmetric ion pairs in CsCdBr3:l% 
Yb3"'" would strongly enhance the intensities of the switch- 
ing transitions.   A comparison of CsCdBr3:l% Yb3+ and 
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Abstract 

Intrinsic Instability, multistability and hysteresis have been observed in the 

photoluminescence of bulk glass doped with Yb3+ and Tm3+ impurities at 

room temperature.   Hysteretic switching of laser output also occurs near 

threshold in channel waveguides in this material. Local field effects are shown 

to present new, fundamental design limitations for compact optical amplifiers 

and oscillators. 
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Nearly a century ago, Lorentz developed an elegant theory for the optical polarization of 

matter [1] which introduced the concept of local fields. He calculated a correction for fields 

incident on a solid which yielded the internal field value using a simple, approximate proce- 

dure applicable to many materials. This theory was reformulated and extended for specific 

crystal structures subsequently by a number of authors [2,3]. With the advent of nonlinear 

optics [4] and the discovery of phenomena such as surface-enhanced Raman scattering [5], 

local field corrections were gradually recognized as being important for quantitative expla- 

nations of some optical interactions with matter because of the multiplicative dependence of 

output intensity on several fields, and consequently several local field factors. On the other 

hand, new nonlinear phenomena specifically mediated by local field corrections were not re- 

ported, although dramatic nonlinearities originating from dynamic local field modifications 

were predicted to occur in dense collections of radiating atoms driven by resonant electro- 

magnetic fields [6]. It was shown theoretically for example, by incorporation of the local field 

correction in the Maxwell-Bloch equations for two-level systems subject to resonant light, 

that intrinsic switching of optical emission could take place.   Recently, these predictions 

were confirmed by the observation of intrinsically bistable emission of rare earth impu- 

rities at low temperature in the compounds Cs3Y2Br9 : 10%Yb3+, Cs3Lu2Br9 : 10%Yb3+, 

and CsCdBr3 : l%Yb3+ [7-9]. Nonlinearities mediated by local field effects have also been 

reported in composite dielectrics [10]. 

In the present work, we have extended observations of intrinsic switching to a new rare 

earth system, namely a laser glass doped with Yb and Tm ions in which behavior that is 

qualitatively different from earlier observations is found. Bistable emission is reported at 

room temperature and multistability is observed for the first time to our knowledge. The 

influence of the intrinsic switching process on the stimulated emission from a channel wave- 

guide fabricated in this material is also investigated and found to be strikingly different 

from conventional devices. We show that in this glass system optical switching involves 

an interplay in dynamics of two sensitizers Yb and Tm. We consider whether multistable 

emission arises from the same local field mechanism identified in earlier work [7], or whether 



it necessitates a new nonlinear mechanism. Our experimental results are immediately rel- 

evant to a variety of compact laser systems utilizing concentrated Yb-doped gain media in 

which reliable, reproducible energy storage or constant output intensities are desired, such as 

Er, Yb-fiber amplifiers for communications [11] and table-top terawatt laser systems. How- 

ever we also believe they are pertinent to laser materials utilizing high concentrations of 

many other rare earth ions. 

We examined the optical properties of glass specimens prepared by Corning. The batch 

melts consisted of 12.50% Na20, 3.53% K20, 4.08% BaO, 73.70% Si02, and 5.99% Yb302 by 

weight. In addition, the starting material for the rare earth component contained 38 parts per 

million Tm203. The final composition thus included Yb3+ and Tm3+ ions in a concentration 

ratio of nearly 30,000 to 1. Other rare earth oxides, including Er203 and Ho203, were 

present in such low concentrations (less than 10 parts per million) as not to influence our 

measurements. Bulk samples were cut from the optical grade glass specimen into 1x10x10 

mm3 slabs and polished to a mirror finish. Additionally, in one sample, waveguides were 

prepared by etching parallel strips 10 fim wide through an aluminum mask evaporated onto 

one surface of the glass slab. Silver was then diffused into the exposed glass surface by 

immersion in a sodium nitrate-silver nitrate (0.5% AgN03 by weight) melt for 12 minutes. 

This created silver rich channels 10 /im wide and up to 5 fim deep in which the refractive 

index differed by 0.03 from that of the surrounding glass [12]. 

In all, seven channels with transmission losses less than 3 dB at 1020 nm were formed in 

the waveguide sample. Laser cavities were subsequently formed by placing a pair of plane 

dichroic mirrors perpendicular to the channel ends. Index matching fluid was used to min- 

imize coupling losses. The mirrors had a transmission of 80% at 910 nm and a reflectance 

of 95% at 1020 nm. To observe bistability in bulk samples, we monitored the intensity of 

Tm3+ and Yb3+ emissions at 483 nm and 960 nm respectively, while varying the power 

of the exciting beam. For waveguide measurements, the intensity of these emissions was 

monitored perpendicular to the channels, together with the laser output power at 1020 nm 

in the forward direction. Luminescence was split into two portions with a mirror and simul- 



taneously analyzed at 483 and 960 nm with a pair of Czerny-Turner spectrometers equipped 

with photon-counting electronics. 

A continuous-wave TkSapphire laser was used as the exciting source. Its output power 

was stabilized and controlled with an electro-optic servo.  Bulk samples were excited at a 

wavelength of 973 nm, corresponding to the strongest absorption peak of the Yb3+ ion in this 

glass host. In the case of the waveguide laser however, the transmission of the high reflector 

was too low and the absorption in the channel too high at 973 nm to provide reasonable 

gain over the whole length of the waveguide channel. Hence the guide was instead pumped 

at 910 nm, a wavelength corresponding to a secondary absorption peak of Yb3+ (Fig. 1 

inset). This provided reasonable pumping efficiency without any change of output coupling. 

Near-infrared measurements of laser output power were made with a pyroelectric detector. 

Portions of the emission spectrum excited at room temperature by absorption on the 

2F5/2 -+ 2F7/2 transition of Yb3+ at 970 nm are shown in Fig. 1.   Identical spectra were 

observed in the bulk and waveguide samples. The main figure shows lines in the blue centered 

at 483 nm and attributed to ^ -* 3H6 emission of the Tm3+ ion, together with a red band 

near 650 nm assigned to 3F3 —» 3H6 transitions in the same ion. In the inset is the near- 

infrared emission spectrum from the 2F5/2 state of Yb3+ in this sample, with an anomalous 

feature at 910 nm whose origin is not presently understood. Both visible and near-infrared 

spectra have been normalized to the most intense feature in the corresponding wavelength 

range.  The broad near-infrared band is much stronger than the visible bands.  No known 

Tm3+ transitions involving single ions in the ground state occur in the wavelength range 

of Yb3+ absorption, and off-resonant single ion excitation mechanisms involving photons in 

this energy range have not been reported for Tm3+. Nevertheless, energy transfer from Yb3+ 

to Tm3+ evidently does populate the excited states of Tm3+ [13-15], as indicated by the 

visible emission trace in Fig. 1. Although the concentration of Tm3+ is quite low, and the 

transfer is off-resonant, transfer efficiency is high enough [13] to ensure significant excited 

state populations of Tm3+. Unfortunately, the configuration of centers at which Yb3+ ions 

in this material interact with Tm3+ and the mechanism of their interaction is unknown. 



Figure 2(a) shows the observed intensities of 483 nm and 960 nm emission in the bulk 

sample as a function of incident power at 973 nm. The upper trace shows that the visible 

emission intensity drops abruptly at 370 mW, as the incident power is increased. Later, as 

power is lowered, it undergoes an abrupt increase at 330 mW. A distinct hysteresis loop is 

thereby produced. The lower trace shows corresponding behavior in the near-infrared. There 

too, emission intensity changes discontinuously at optical powers where the visible emission 

at 483 nm undergoes its sudden variations, but the sense of the hysteresis is opposite: the 

near-infrared emission intensity switches down when the visible switches up and vice versa. 

This is similar to earlier observations of intrinsic switching in other materials [7]. However, 

unlike previously published observations in bulk heavy metal halide crystals, the pump 

intensities at which switching occurred varied greatly between runs, and in some cases no 

switching was observed at all. This perplexing variability was virtually eliminated by moving 

to the waveguide geometry described next. 

Results with greatly improved reproducibility were obtained in channel waveguides 

formed in the same glass. In Fig. 2(b), emission from a waveguide lacking end mirrors 

is shown. Two hysteresis loops can be discerned in traces of emission at wavelengths of 

483 nm and 960 nm in the channel. The switching points at the two wavelengths occur at 

somewhat different input intensities, as might be expected, since visible and infrared lumi- 

nescence were imaged from different points in the channel. Light originating predominantly 

from the exit of the channel was analyzed in the visible spectral region, whereas light from 

the entrance was analyzed in the infrared. The relative displacement of hysteresis loops at 

the two wavelengths was attributed to propagation effects, since it disappeared when laser 

action rendered internal fields more uniform, as we show next. 

Figure 3(a) shows the variation of the intensities of visible and near-infrared emission 

perpendicular to the guide when the cavity is aligned for laser operation. Oscillation does 

not occur at 483 nm and 960 nm in the range shown, but the fluorescence intensities at these 

wavelengths nevertheless saturate in unison above the laser threshold, confirming the pres- 

ence of significant Tm-Yb coupling. Near threshold, the near-infrared and visible emission 



traces reveal switching behavior similar to that in the bulk sample (Fig. 2(a)), producing 

near-infrared and visible hysteresis loops with opposite sense as before. At higher power, 

a second hysteretic region is encountered where switching points are better aligned at the 

two wavelengths than in Fig. 2(b), and higher contrast is achieved. Here, curiously, the 

visible and near-infrared intensities switch in the same direction. Laser output at 1020 nm 

also exhibits saturation and switching behavior, as shown in Fig. 3(b). The laser output 

switching "polarities" follow the near-infrared luminescence hysteresis (Fig. 3(a)). The onset 

of switching is closely followed by strong saturation of the laser output power not far above 

threshold. 

Previous theoretical analysis by several groups [7,16] identified the Lorentz local field cor- 

rection as the factor responsible for polarization-population coupling which leads to bistable 

luminescence. Pair interactions were shown to be capable of amplifying the hysteresis [7], 

and recent site selective spectroscopy of intrinsic bistability in CsCdBr3 : Yb3+ has provided 

information on the roles of energy migration and ion-ion distances needed to observe intrinsic 

switching [8]. As presently formulated however, the local field model predicts only a cubic 

dependence of incident light intensity on excited state populations, and hence only a single 

intensity region where bistability can occur, in contrast to the data shown in several of the 

foregoing figures. Consequently, questions regarding the origin of multistable luminescence 

in the present system are immediately raised, and an explanation for observations of this 

phenomenon at high temperature is needed. 

While we do not propose a detailed mechanism of intrinsic multistability here, it is possi- 

ble to provide some perspective on why results in the waveguide were more consistent than in 

the bulk glass. Yb ions can interact with Tm ions either by sequential energy transfer from 

several excited Yb3+ ions to a single nearby Tm3+ ion [14], or a three-center process in which 

two excited, nearest-neighbor Yb3+ ions cooperatively transfer energy to a Tm3+ ion [15]. 

Whatever the excitation mechanism is, it depends on many factors: inter-ion distances, the 

relative concentrations of the ions, and the number of ions participating [17,18]. Hence inter- 

action rates will vary greatly from point to point in real materials for processes involving two 



or more ions. Although ion distributions in glass are often assumed to be spatially homoge- 

neous, the local densities for specific three-ion clusters of trivalent rare earths for example, 

in a predominantly divalent and monovalent host environment, will vary considerably due 

to variations in processing conditions during manufacture, local charge compensation, and 

so forth. Ion clusters favorable for generating the nonlinear effects reported here is there- 

fore expected to be irregular. Critical fluctuations in the distribution of impurity centers in 

this glass, together with non-uniformity of fields in absorptive materials, probably account 

for the extreme sensitivity to spot size and positioning of the excitation volume that we 

observed within bulk samples, and the subsequent improvement in reproducibility observed 

within waveguide channels. 

The results presented here in which the relative polarities of visible and near-infrared 

hysteresis loops are opposite are consistent with the detailed balance argument of Hehlen et 

al [8]. There it was presumed that upconversion and infrared luminescent processes drew 

on two coupled but physically distinct groups of ions. One group accounted for visible 

upconversion, the other emitted primarily infrared radiation, and fast migration of energy 

between these groups ensured that excited ions undergoing one process were unavailable for 

the other. In the present experiments we find examples not only of opposite polarities of 

visible and near-infrared switching, but also of identical polarities in a single sample. Where 

identical switching polarity is observed, a single excited state population must be responsible 

for both the visible and the near-infrared emission. Consequently, the observation of both 

kinds of switching behavior in our samples presents a second challenge in modeling the 

switching dynamics. 

In summary, we have demonstrated intrinsic switching and multistability of photolu- 

minescence in glass doped with Yb3+ and Tm3+ impurities at room temperature. Laser 

emission in waveguide channels fabricated in this glass underwent hysteretic switching just 

above threshold at room temperature. The clamping of output power and its intrinsic in- 

stabilities seriously limited the extraction efficiency and predictability of waveguide laser 

output. The Lorentz local field model does not account in its present form for new features 



of luminescence instabilities observed in this glass host, namely multistability and rever- 

sal of relative switching polarity of near-infrared and visible hysteresis in a single sample. 

Additional theoretical work is needed. Since energy transfer mechanisms similar to those 

described here for Yb-Tm apply also to the dynamics of Yb-Er systems, the present results 

can be expected to extend to Er systems and other concentrated rare earth media, intro- 

ducing a new intrinsic limit to doping (and therefore compactness) of solid state oscillators 

and amplifiers. 
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FIGURES 

FIG. 1. Emission spectra of Yb3+ and Tm3+ ions in glass excited at 960 nm. The main figure 

shows visible emission features. The inset shows near-infrared emission. Vertical axes have been 

normalized to the most intense spectral peak. 

FIG. 2. (a) Power dependence of visible and near-infrared luminescence intensity in a thin 

sample of Yb3+ and Tm3+ doped glass at room temperature. The arrows indicate the directions 

in which the intensities are changing, (b) Emission intensities from first half (near-infrared) and 

second half (visible) of a channel waveguide at room temperature versus incident power. 

FIG. 3. (a) Intensity of visible and near-infrared spontaneous emission in waveguide laser cav- 

ity as the incident laser power is first increased and then decreased. Arrows show the directions 

of traversal of the hysteresis loops.The visible and near-infrared emissions switch with opposite 

polarity at the transition points in the low power region where switching occurs, while at higher in- 

tensity they switch with like polarity. The vertical arrow indicates the lasing threshold at 1020 nm. 

(b) Output power of the waveguide laser at 1020 nm versus incident laser power, first as it 

increased and then as it was decreased. Inset: an expanded view of the high power region. 
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ABSTRACT 

We report continuous-wave "random" laser action in the ultraviolet and visible spectral 

regions at room temperature in 5- and of ß"- alumina nanopowders doped with Ce3+ and 

Pr3* respectively. To our knowledge these are the first observations of stimulated 

emission from electrically-pumped phosphors with scattering lengths and (virtual) cavity 

dimensions shorter than a wavelength, in the strong localization regime. 



Evidence of quantum size effects in the luminescence of small dielectric particles [1], 

experiments [2-12] and theory [13-14] on localization of light and stimulated emission 

[15-19] in scattering media, as well as interest in the consequences of recurrent scattering 

events [20-21], have all heightened current interest in electromagnetic phenomena in 

multiple-scattering media. Traditionally, multiple scattering has been of interest to 

researchers studying statistical aspects of weakly localized light [22], coherence 

properties [23] or imaging through inhomogeneous media [24]. Others have 

demonstrated powder lasers in the diffusive propagation regime [4,7,11].   However, at 

the boundary between the diffusive and strong scattering regimes significant changes 

occur in the interaction of light with matter which are fundamentally new. In particular, 

severe scattering is predicted to cause Anderson localization of light [13-14] when 

absorption is negligible. Strong localization results in three-dimensional confinement of 

light within regions of sub-wavelength dimensions that has profound implications for the 

spectral bandwidth of elastically-scattered light, the visibility of the back-scattering cone, 

and spatial or temporal coherence of the radiation. Constitutive parameters like the 

dielectric constant become difficult to define [25] when propagation is restricted to sub- 

wavelength "transport" distances \*<k in random media, because fluctuations in the 

structure of the medium and non-uniformities in the field amplitude occur on the same 

distance scale. Furthermore, as particles are made smaller, their surface-to-volume ratio 

increases and a unique class of quantum size effects can be expected to emerge in the 

relaxation of rare earth dopants in nanodielectrics, due to the appearance of surface-mode 

decay channels. Finally, the onset of recurrent (closed loop) scattering events has been 

predicted to reduce the threshold for laser action mediated by scattering feedback [16,19]. 

Here we report for the first time to our knowledge results related to this latter prediction 

by demonstrating continuous-wave "random" laser sources in rare-earth-doped dielectric 

media. We have generated ultraviolet and visible laser radiation in the strong scattering 

regime in dry nano-powders excited by a low current, low voltage electron beam Earlier 

reports of pulsed laser action in powders were all optically-pumped experiments in rare 

earth material in the diffusive regime [4,7,11] or in semiconductor powders exhibiting 

frequency selectivity within the transition bandwidth [26]. Ref. 26 is particularly 



interesting in comparison with our results. In that work, mean free transport lengths 

under zero gain conditions were found to be comparable to the wavelength, and recurrent 

scattering on closed trajectories generated laser modes at very high gain. The observation 

of laser modes within the transition bandwidth and angular variation of the mode 

distribution ruled out the possibility however that the recurrent scattering paths 

responsible for lasing were from regions smaller than half a wavelength in size, as 

required to randomize statistical properties of the stimulated emission. When recurrent 

scattering provides feedback for lasing from source volumes less than (A/2)3, the 

constructive and destructive interference of light required to produce mode selectivity 

cannot occur. For effective laser source volumes smaller than this, consistent with the 

requirements for strong localization, the stimulated emission spectrum should occupy the 

full gain bandwidth, be independent of viewing angle and exhibit no speckle. In the work 

on laser phosphors described here, we have observed all these unusual features, together 

with conventional indicators of laser action such as sharp thresholds and gain-narrowing. 

Particles of 5- (or ß"-) alumina were synthesized by flame spray pyrolysis of organic 

precursors, and a dopant level of 100Q±100 ppm Ce3+ (or Pr3*) ions was easily achieved. 

We used an alumatrane (N(CH2CH20) 3A1) precursor, consisting of alumatrane, 2 wt% 

A1203 and 0.003% Ce02 or Pr02 in ethanol, and produced powders by combustion [27] at 

a rate of 50 g/hr. Particle sizes and concentrations were estimated using BET [28] 

surface areas (79.5±1 and 43.2±0.2 nrVg for Ce and Pr) and x-ray line-broadening. The 

unaggregated, single crystal nature of the particles was confirmed by transmission 

electron microscopy. The size distribution was broad, but accurately Gaussian and the 

dopant concentration corresponded to 75 dopant ions per 20 nm particle in the case of 

Ce-doping and 800 dopant ions per 40 nm particle for Pr. 

As-grown powders were excited at low current and voltage with an electron beam to 

record optical emission spectra, and coherent back-scattering experiments at several 

different wavelengths [6, 29-32] were performed to measure l*(X), the mean distance 

over which fields propagate before becoming directionally-randomized. Highly- 

scattering powders are normally difficult to pump and study optically because the very 



scattering which provides feedback for laser action causes pump light to be scattered 

backwards very efficiently as it enters the medium. Incident light does not penetrate the 

medium well and the overall efficiency of pumping and lasing processes is destined to be 

low. Consequently, we chose electron excitation for our emission studies rather than the 

high-energy, optical pulses used in previous work. Loose powder samples were lightly 

pressed into a shallow, disk-shaped recess machined into an oxygen-free copper holder 

and placed in an ultrahigh vacuum chamber operated at a pressure of 7xl0'10 Torr. A 

steerable beam of electrons with energies in the 1-10 keV range was lightly focused to 

spot diameters in the range <|> = 2-7 mm on the sample. Luminescence was analyzed 

through a MgF2 optical port with a 1 meter Czerny-Turner spectrometer. 

Emission spectra recorded at various electron currents in Ce:Al203 powder (Fig. 1) 

showed no dependence on observation angle with respect to the sample surface normal, 

and no changes were observed in optical spectra of samples held in vacuum or air for up 

to six months. A broad feature due to the 5d-4f inter-configurational transition of Ce3+ 

[33] dominates the spectrum near 28,000 cm"1 at high currents. A small shoulder on the 

low-energy side of the main peak near 25,500 cm1 disappears once the current exceeds 

12 (iA. Its separation from the feature at 28,000 cm'1 is consistent with the 2FStt - 
2F7/2 

interval (-2,100 cm1) of the spin-orbit split ground term observed in fluoride single 

crystals [34,35]. Its disappearance above 12 \iA is indicative of quenching, as expected 

at the onset of stimulated emission on the 5d-4f(2F5/2) transition originating from the same 

upper state as the 5d-4f(2F7/2) transition. The shift of the main peak to shorter wavelengths 

as current increases is also consistent with the inference of gain on the 5d-4f(2Fs/2) 

transition, since increasing gain progressively offsets losses from resonant re-absorption. 

In Fig. 2, the integrated intensity of Ce3+ emission is plotted versus electron current. A 

sharp break in the observed slope is evident at a current of-12 |iA, and narrowing of the 

experimental linewidth (inset) sets in abruptly at the same current. The sigmoidal 

variation of linewidth with current is uniquely characteristic of laser action with 

feedback, as opposed to amplified spontaneous emission (ASE) [36]. Since the small 

particle sizes in our samples preclude optical feedback from high-Q morphological 



resonances either between or within powder grains, a virtual cavity mechanism is 

necessary to account for this [37]. 

Scattering conditions in the powder samples were evaluated using a standard rotating 

sample approach to coherent back-scattering (CBS) [6, 30]. The sample was rotated 

axially about the surface normal at 1 rpm, while a second stepper-motor-controlled 

rotation stage provided angular scanning in the horizontal plane with respect to the 

incident beam A polarization analyzer, detection aperture, wavelength filter, and 

photomultiplier were mounted behind the incident wave beamsplitter, in the exact back- 

scattering direction. Probe light from an ultraviolet Ar+ laser was pre-filtered with a 

monochromator to select light at 363.8 nm, overlapping the 5d - 4f(4F) fluorescence of 

Ce3+. After collimation, the 3mm beam impinged on the sample surface and the back- 

scattered intensity was recorded over an angular range of ±300 mrad with a step-size of 

2.8 mrad, matching the detector solid angle. For measurements on Pr-doped samples, a 

He-Ne laser at 632.8 nm was used. Data are shown in Fig. 3. 

The observation of a broad back-scattering cone indicated that the medium was lossless 

on length scales comparable to the mean free transport length. Theoretically, 

contributions to the coherent peak are summed to infinite path length [30]. This is 

significant in itself, since absorptive losses would greatly reduce the likelihood of 

achieving net optical gain and would be inconsistent with later conclusions. Least 

squares fits to the data [6] yielded /* =169*7 nm at 363.8 nm, and /* =314*12 nm at 632.8 

nm These values relied on an upper limit for 1* of 1.2 |im determined photographically 

(see below), and analysis of the initial slope of the cone which gave lower limits for the 

internal reflectivities at 364 nm and 633 nm of R>0.981 and R>0.984 respectively. 

Mean free transport distances were therefore less than half a wavelength in both cases 

and the wavelength dependence of 1* was weak. Our finding of near-unity reflectivities is 

consistent with evanescent waves whose total internal reflection can be partially 

frustrated by proximity of the electron deposition region to the powder surface. 



Several other observations indicated strong scattering in our powders. As stated earlier, 

when the transport mean free path is shorter than the spatial scale necessary for 

interference, namely half a wavelength, stimulated emission should be free of speckle. 

Indeed, none was observed by eye in purple Ce emission or in red emission from Pr 

powders. Scattering of a He-Ne beam produced speckle on an angular scale determined 

by the beam diameter, but speckle was absent in angle-resolved CCD images of emission 

for solid angles from öxlOM.öxlO"10 sr. This ruled out lateral coherence lengths greater 

than 2 |im, independently of CBS measurements. Back-scattering traces obtained with 

sample rotation about the surface normal were the same as from stationary samples for 

detector apertures larger than the beam diameter. Hence intensity fluctuations from 

source coherence were entirely absent in our samples [38]. Also, the ratio of coherent 

peak intensity to incoherent background was consistently 1.41/1, much less than the 2/1 

contrast expected theoretically in the diffusive regime. This is a manifestation of 

recurrent scattering [20] from sub-wavelength source regions (1*<&). 

Additional perspective is provided by results for luminescent intensity versus current in a 

second type of sample, namely a Pr:ß"-Al203 powder excited at various electron energies. 

In Fig. 4, thresholds appear for emission on a Pr3* transition in the red spectral region, just 

as for ultraviolet emission in Ce3+-doped material. Changes in luminescence slopes are 

abrupt at low energies, moving to lower currents and becoming less distinct as the energy 

per incident particle increases. The upper slope of luminescent output versus current also 

increases steeply. The inset of Fig. 4 contains raw spectral emission data from the Pr 

sample, dominated by features at 15,810 cm"1 and 16,000 cm1. Because the separation of 

these features is the same as that expected between the two dominant spectroscopic sites 

in PT:ß"-Al203, these lines could be assigned to the 3P0-» 3H,j (4964 cm"17t) transition and 

the 3P0-» 3H<; (4769 cm'1 c) transition of Pr3* respectively, or to one of these transitions at 

two different sites [39]. Because quenching is not observed on the red doublet as current 

is varied, we favor the latter assignment. Most other features in the blue-red spectral 

region arise from 3P0,
3Pi, and 3P2 emissions, transitions from JI6 and lD2 being spin- 

forbidden. At higher energy in the ultraviolet, three weak, broad bands are observed 

which are tentatively ascribed to broad •So lines terminating in 3P, 1D, and 1G levels [40]. 



Several trends evident in Fig. 4 are explicable in terms of electron penetration in A1203, 

which we calculated as a function of electron energy using the Monte Carlo code 

CASINO [41]. In the range 1-3 keV, the average penetration depth at 20 ^lA was less 

than the mean transport distance 1*, making it less than the length scale over which 

radiative transport was effective. Hence significant radiant losses from the excitation 

volume to the (non-inverted) surrounding medium were possible in this energy range. On 

this basis, it is understandable that the observed threshold was strongly dependent on 

voltage between 1-3 keV, being highest for the lowest voltage. At a. fixed current of 20 

\iA, the voltage threshold for laser action was reached experimentally in the 

neighborhood of 4-5 keV. The calculated penetration depth at this threshold voltage was 

comparable to the measured value of 1*. Under these conditions, energy deposition 

within the localization volume (~1*)3 should be most efficient in generating laser 

radiation [42], since it occurs on the minimum length scale consistent with low-loss, 

recurrent-scattering feedback. 

The distinctive threshold behavior evident in Figs. 2(a) and 4, and the sigmoid line- 

narrowing dependence in Fig.2(b) furnish solid evidence of laser action (as opposed to 

ASE) in our samples excited in the range 1-4 keV. At higher voltages, the experimental 

plots developed more curvature, suggesting that amplified spontaneous emission may 

contribute when energy deposition becomes excessive. CBS observations indicate that 

scattering is so severe within our samples that \*<X/2, which precludes mode structure 

and frequency selectivity in stimulated emission altogether. Laser output is then 

incoherent, a characteristic uniquely attributable to evanescent waves [38]. The entire 

bandwidths of inverted transitions experience growth in Ce and Pr samples, and 

observations are independent of angle, showing that electron excitation readily generates 

truly "random" laser action in doped oxide nano-crystals at room temperature. Our results 

are the first to demonstrate continuous-wave laser action on the ultraviolet 5d-4f 

transition of Ce3+ by any means. The results for Ce and Pr together indicate broad 

applicability of our methodology to the generation of stimulated radiation at many 

wavelengths. The mild conditions found necessary to sustain stimulated emission in laser 



phosphors support the idea that thresholds are lowered significantly by the recurrent 

scattering events accompanying strong localization [16]. 

Many applications for evanescent laser sources emitting incoherent light can be imagined 

in conventional lighting and displays, since existing phosphors in televisions, fluorescent 

lights, plasma and field emission displays all rely on spontaneous rather than stimulated 

emission. The low, fixed rate of spontaneous emission normally presents a strict limit to 

the achievable brightness in a given light-emitting material, but stimulated emission in 

principle removes this limitation. The absence of speckle from evanescent sources could 

facilitate large-area, sub-micron optical lithography for example. But while doped, 

dielectric nanophosphors can provide a versatile family of materials for novel, bright 

light sources, many fundamental advances will also emerge from this research. 

Nonlinear optics with evanescent waves in layers of these novel gain media less than a 

wavelength thick will be enabled, and new phenomena associated with nonlinear 

recurrent scattering and size effects can be anticipated. Stimulated emission will be 

achieveable in nanopowders on new transitions, in new wavelength ranges, with 

approaches to medium excitation not previously feasible in dielectrics. The study of 

statistical properties of light such as spatial and temporal coherence, speckle and back- 

scattering across the photon localization boundary will be possible. Unlike the situation 

in electron localization, the interaction of photons with one another is negligible at low 

energies and amplification and parametric processes take place in electromagnetic waves. 

Consequently, research on these topics should furnish uniquely interesting perspectives 

on particle, charge and wave transport in disordered systems of many kinds, and may 

even help in the elucidation of mechanisms of galaxy masers [43]. 
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FIGURE CAPTIONS 

Figure 1. Cathodoluminescence spectra of Ce:5-Al203 nanoparticles excited at 4 keV by 

various electron beam currents in a 7 mm spot-size (T=293 K). 

Figure 2. Integrated emission intensity centered at Xem= 362 nm versus current. The solid 

curves are guides to the eye. Inset: Full width at half maximum intensity of ultraviolet 

emission from Ce:5-Al203 nanoparticles plotted versus current. 

Figure 3. Experimental back-scattered intensity versus angle at (a) X„=363.8 nm and (b) 

X„= 632.8 nm, from Ce:5-Al203 and Pr:ß"-Al203 nanoparticles respectively. Solid 

curves are least squares theoretical fits (see text). 

Figure 4. Peak emission intensity versus current at Xm= 633 nm in Pr:ß"-Al203 

nanoparticles, plotted for various electron energies in the range 1-10 keV. Inset: 

Emission spectra of Pr:ß"-Al203 showing growth of the red transition relative to other 

visible and ultraviolet sample emissions at 7 keV. 
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