
US 20030109049A1 

(12) Patent Application Publication (10) Pub. N0.: US 2003/0109049 A1 
(19) United States 

Miragliotta et al. (43) Pub. Date: Jun. 12, 2003 

(54) SENSORS AND TAGGANTS UTILIZING 
SCATTER CONTROLLED EMISSION 

(76) Inventors: Joseph A. Miragliotta, Ellicott City, 
MD (US); Richard C. Benson, 
Highland, MD (US); Robert Osiander, 
Ellicott City, MD (US) 

Correspondence Address: 
The Johns Hopkins University 
Applied Physics Laboratory 
O?ice of Patent Counsel 
11100 Johns Hopkins Road 
Laurel, MD 20723-6099 (US) 

(21) Appl. No.: 10/303,244 

(22) Filed: Nov. 25, 2002 

Related US. Application Data 

(62) Division of application No. 09/519,320, ?led on Mar. 
6, 2000, noW Pat. No. 6,528,318. 

Publication Classi?cation 

(51) rm.c1.7 . .............................. ..G01N 21/64 

(52) US. Cl. ....................... .. 436/56; 422/8208; 436/172 

(57) ABSTRACT 

Sensors and/or taggants feature high optical gain materials 
Which are disposed in a high scattering environment. These 
materials, When adequately excited, emit intense and spec 
trally narroW light that is dependent on the chemical envi 
ronment in Which high gain materials are dispersed. When 
tWo materials are placed in the same high scattering envi 
ronment, the spectal emission properties of each emitter Will 
depend on the chemical composition of the surrounding 
medium. The sWitching or transferring of energy from one 
emitter to the other When the chemical environment is 
changed in a speci?c manner is enabled and a shift in the 
spectral emissions can be detected and/or predicted. 
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SENSORS AND TAGGANTS UTILIZING SCATTER 
CONTROLLED EMISSION 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application claims the bene?t of prior ?led 
copending US. application serial no. 09/519,320, ?led Mar. 
6, 2000. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates generally to an 
arrangement Which exploits scatter-controlled emissions for 
chemical sensor or taggant arrangements and more speci? 
cally to an arrangement Which permits an increase in the 
security of scatter-controlled emissions, and/or Which per 
mits a small change in a chemical environment to be 
detected. 

[0004] 2. Description of the Related Art 

[0005] Various attempts have been made to develop tag 
gant arrangements. One example of this can be found in US. 
Pat. No. 5,763,891 issued to Yoshinaga, et al. on Jun. 9, 
1998. This arrangement is such that an identi?cation mark is 
formed using a plurality of recording materials having 
?uorescent characteristics in Wavelength regions that almost 
overlap each other but Which are such that the maximum 
absorbing characteristics of each occurs at different Wave 
lengths. Thus, in order to detect the presence of the unique 
combination of ?uorescing material, it is necessary to 
sequentially irradiate a target containing these materials With 
tWo different light sources, or at least a source, Which is 
capable of sequentially emitting radiation at tWo different 
distinct frequencies. 

[0006] A further problem Which is encountered With this 
arrangement is that the tWo ?uorescing agents that are 
contained in an ink or the like type of carrier, are arranged 
to be sensitive to radiation in a near infrared region, and to 
have absorption spectrums Wherein the maximum Wave 
lengths do not overlap each other. This greatly inhibits the 
use of such materials outdoors or in environments Wherein, 
merely by Way of example, heat from hot machinery or 
objects lying in the hot sun, and/or the sun itself, are apt to 
produce so much background IR noise as to render such a 
taggant useful only in special controlled environments. 

[0007] On the other hand, an example of a sensing 
arrangement, Which utiliZes ?uorescing materials, is found 
in US. Pat. No. 5,498,549 issued to Nagel et al. on Mar. 12, 
1996. This arrangement is direct to sensing the concentra 
tion, for example, partial pressure, of a component or analyte 
of interest, such as oxygen, in a medium, for example, an 
aqueous-based medium, such as blood. The aim of this 
arrangement is to provide accurate, reliable and reproducible 
concentration determinations, and to enable such determi 
nations in spite of signal transmission problems, such as, 
bent optical ?bers, and other operational dif?culties Which 
may affect the quality of the signals being transmitted. 

[0008] Nevertheless, these arrangements are individually 
limited in their scope of application and the underlying 
technology cannot be applied to both sensor and taggant 
arrangements. 
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SUMMARY OF THE INVENTION 

[0009] The invention centers on the novel emissive prop 
erties of high optical gain materials in a high scattering 
environment. High optical gain materials emit intense and 
spectrally narroW light that is dependent on the chemical 
environment in Which high gain materials are contained. 
When tWo high-gain materials are placed in the same 
environment, the properties of each emitter Will depend on 
the chemical composition of the surrounding medium. The 
invention enables the sWitching or transferring of energy 
from one emitter to the other When the chemical environ 
ment is changed in a speci?c manner. Thus, a shift in the 
spectral emissions can be detected, caused and/or predicted. 

[0010] While this concept can be applied to a Wide variety 
of different technologies, identifying taggants and sensors 
are tWo exemplary forms of application. In the case of a 
taggant, various possibilities are presented. Merely by Way 
of example, it is possible to impregnate a polymer With at 
least tWo optically high gain materials Which, for the sake of 
explanation, shall be referred to as emitters, and to form a 
thread, ?ber, particle, ?lm surface or the like With the thus 
modi?ed polymer. By engineering the polymer to be selec 
tively porous to one or both liquids or gases (or both), it is 
possible to place an article in a testing device and to irradiate 
it to the degree that one of the emitters Will be excited to a 
stimulated level and emit photonic energy at a ?rst expected 
Wavelength. By applying a spray (merely by Way of 
example) containing a predetermined analyte or mediating 
material, the Wavelength Will, in the case of a genuinely 
tagged ?ber, shift to a second knoWn Wavelength. If this shift 
is ascertained, then the article being examined can be 
deemed to have been positively identi?ed. 

[0011] In the same manner a gas “sniffer” type sensor (for 
example) can be created in a manner Wherein, if the shift 
from one Wavelength to the other is detected, then the 
presence of a predetermined gas can be ascertained, and a 
Warning, if it is necessary, issued. It should, of course, be 
appreciated that many and varied variants are possible 
Without deviating from the concept upon Which the present 
invention is based. 

[0012] More speci?cally, scatter controlled emission is an 
optical scattering process that produces stimulated emission 
from random media With high-gain. The high-gain media for 
scatter controlled emissions in an embodiment of the inven 
tion resides in a mixture of laser dye molecules and sub 
micron scatters dispersed in either a liquid or a solid host 
material. The emission characteristics of this media fall into 
tWo categories, Weak broadband features under loW intensity 
illumination (Which produces spontaneous emission) and 
intense, narroW band laser-like emission Which occurs When 
the optical excitation source is above a threshold intensity 
level (Which produces stimulated emissions). 
[0013] In accordance With the present invention, the 
stimulated emissions from the random media have a mark 
edly higher chemical sensitivity as compared to spontaneous 
emissions. By Way of example, stimulated emission from a 
methanol solution containing tWo laser dyes (4-dicyanmeth 
yline-2-menthyl6-(p-dimethylaminostyryl)-4H-pyran 
(DCM) and CarbaZine 720), in the presence of 101O/cm3 
concentration of titanium dioxide particles (siZes ranging 
from a feW micrometers to less than one micrometer), Was 
able to detect parts per million benZylamine (relative to the 
dye concentration) in the scattering medium. 
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[0014] Another advantage of this invention is the ability to 
generate small and ef?cient light sources, Which can serve as 
replacements for more complex and expensive conventional 
laser systems. This is due to the composition of the random 
media, Which contain both the active laser material and the 
feedback mechanism (scatterers). A suitable pump source 
for excitation is hoWever, required. 

[0015] A ?rst aspect of the invention resides in a photo 
nically excitable arrangement comprising: a ?rst material 
Which is capable of absorbing and emitting photonic energy 
and Which, When suf?ciently excited by photonic energy 
from an external source, emits stimulated radiation in a ?rst 
narroW Wavelength band; a second material Which is capable 
of absorbing and emitting photonic energy; and a mediating 
material Which causes the photonic emission of the ?rst 
material to be transferred to the second material Which is 
excited to emit stimulated radiation in a second narroW 
Wavelength band at least partially in place of the emission 
from the ?rst material in the ?rst narroW Wavelength band. 
This arrangement further comprises a host material in Which 
the ?rst and second materials are dispersed, and scattering 
particles dispersed amongst the ?rst and second materials for 
scattering emissions from the ?rst material to the second 
material. 

[0016] In this arrangement the mediating material is 
selected to modify the ?rst material and to change at least 
one of its characteristics to the degree that the photonic 
radiation Which is emitted from the ?rst material under 
stimulated conditions, is changed to a form Wherein it is 
absorbed by the second material. A laser can be used as the 
source. 

[0017] The scattering particles can be selected from, but 
not limited to, the group consisting essentially of: silicon 
carbide, diamond, alumina, barium titanate, Zinc oxide and 
titanium dioxide. The ?rst material is selected from, but not 
limited to, the group consisting essentially of rhodamine 
green, DCM, coumarin dyes, ?uorescein, anthracene dicar 
boxaldahyde, and napththalene dicarboxaldahyde. On the 
other hand, the second material is selected from, but not 
limited to the group consisting essentially of: seminaphthor 
hod?uor dyes, dimers of cyanine dyes, hydroxypyrene 
trisulfonic acid, magnesium orange, BODIPY, ?uorescein, 
and carbaZine. 

[0018] In some embodiments the host can be a polymer 
structure formed to have a predetermined permeability to 
?uid material into Which a mediating material selected from, 
but not limited to, the group consisting essentially of: 
nucleic acid, carbon dioxide, a metal ion, aromatic amine, 
cyanide, and thiol, can introduced. 

[0019] A second aspect of the invention resides in a sensor 
arrangement comprising: a source of photonic energy Which 
emits photonic energy of a photonic level suf?cient to induce 
stimulated emissions from irradiated materials; a cell into 
Which the photonic energy from said source is directed, the 
cell including a host material in Which ?rst and second 
photonically responsive materials, and scattering particles 
are dispersed, said ?rst photonically responsive material 
being excited by exposure to photonic energy from said 
source to emit stimulated photonic energy in a ?rst fre 
quency range, said cell being adapted to have a mediating 
material introduced thereinto Which causes the photonic 
energy in the ?rst frequency range, to be transmitted to and 
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absorbed by the second photonically responsive material 
Which becomes suf?ciently excited to emit photonic energy 
in a second frequency range; and a photonically responsive 
device responsive to the stimulated photonic emissions from 
the cell for determining the frequency or frequency range of 
the photonic emissions emitted by the cell during excitement 
by the source of photonic energy. 

[0020] As in the previous aspect, the source of photonic 
energy comprises one of a continuous Wave and a pulsed 
laser, While the ?rst material is selected from the group 
consisting essentially of: rhodamine green, DCM, coumarin 
dyes, ?uorescein, anthracene dicarboxaldahyde, napththa 
lene dicarboxaldahyde; and the second material is selected 
from the group consisting essentially of: seminaphthorhod 
?uor dyes, dimers of cyanine dyes, hydroxypyrene trisul 
fonic, magnesium orange, BODIPY, ?uorescein, and carba 
Zine. The photonically responsive device comprises a 
photometer or a CCD camera. 

[0021] A third aspect of the invention resides in a sensing 
method comprising: using a source of photonic energy to 
irradiate a mixture of ?rst and second photonic excitable 
materials; sensing a frequency or frequency range of pho 
tonic emissions from the mixture; introducing a mediating 
material into the mixture; and detecting a change in the 
frequency or frequency range on photonic emissions Which 
occurs due to a presence of the mediating material. In 
addition to these steps it is Within the scope of this aspect to 
include the steps of: sensing the intensity of photonic 
emissions from the mixture in the absence of the mediating 
material; and sensing the intensity of photonic emissions 
from the mixture in the presence of the mediating material. 

[0022] This method may further include the steps of: 
monitoring a decrease in photonic emissions in a ?rst 
frequency range and a corresponding increase in photonic 
emissions in a second frequency range Which occurs in 
response to a change in an amount of mediating material 
introduced into the mixture. 

[0023] A further aspect of the invention resides in a 
method of taggant examination comprising the steps of: 
preparing a mixture of ?rst and second photonically respon 
sive materials, scattering particles and a mediating material, 
the ?rst and second photonically responsive materials being 
excited by exposure to photonic energy to respectively emit 
photonic energy in ?rst and second frequency ranges; incor 
porating the mixture into a carrier; disposing the carrier With 
a surface Which is to be identi?ed; irradiating the surface 
With a beam selected to excite the ?rst material to emit 
stimulated emissions; detecting the frequency at Which the 
stimulated emission occurs; introducing a mediating analyte 
into the mixture; and detecting a change in frequency Which 
occurs as a result of the introduction of the mediating 
analyte. This method may further comprise the steps of: 
sensing the intensity of the stimulated emission at a ?rst 
frequency prior to introduction of the mediating analyte; 
sensing the change in intensity With a change in mediating 
analyte; and sensing the increase of the intensity of the 
emission at a second frequency as the concentration of the 
analyte increases. 

[0024] Another aspect of the invention resides in a taggant 
comprising: a ?uid permeable host material exposable to 
beam of photonic energy from a source Which is remotely 
located from the host material; ?rst and second photonically 
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responsive materials Which are dispersed through the host 
material; and re?ecting particles Which are dispersed in the 
host material With the ?rst and second photonically respon 
sive materials to establish a high optical gain media through 
Which photonic energy can be ampli?ed and re?ected back 
to a remote detector. In this arrangement also, the scattering 
particles are selected from, but not limited to the group 
consisting essentially of: silicon carbide, diamond, alumina, 
and barium titanate, Zinc oxide and titanium dioxide. 

[0025] The host material in this instance can be formed of 
a ?uid permeable polymeric structure. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0026] The various features and advantages of the present 
invention Will become more clearly appreciated from the 
folloWing description of the preferred embodiments of the 
invention When taken With the appended draWings in Which: 

[0027] FIGS. 1 and 2 are schematic diagrams shoWing the 
situation Wherein tWo emitters “A” and “B” are irradiated 
With a laser or the like type of excitation source, and one of 
the emitters (viZ., emitter “A”) absorbs the irradiated energy 
and becomes excited to the level of producing stimulated 
narroW band photonic emissions in a ?rst narroW emission 
Wavelength band. 

[0028] FIGS. 3 and 4 contrast the situation shoWn in 
FIGS. 1 and 2, and depict the situation Wherein a mediator 
or analyte material “C” has been introduced into the envi 
ronment and interacts With either the emitter “A” or “B”. 
The emissions Which are stimulated from emitter “A” can be 
ef?ciently coupled, i.e. energy transferred, to emitter “B” 
Which is then stimulated to emit photonic energy in a second 
narroW Wavelength band. The energy transfer process 
induces a shift in the emissive properties of the “A” and “B” 
mixture of emitters. 

[0029] FIG. 5 schematically depicts a cell Which contains 
a mixture of emitters “A” and “B” Which are dispersed With 
small re?ecting particles that re?ect the beams of light 
Which enter and/or are generated Within the cell and amplify 
the cell emission. 

[0030] FIG. 6 is a schematic depiction of the cell shoWn 
in FIG. 5, shoWing the shift in the output frequency Which 
occurs When a mediating analyte is introduced to the cell and 
causes photonic energy to be transferred from the “A” 
emitter to the “B” emitter. 

[0031] FIG. 7 is a schematic diagram shoWing an arrange 
ment used to irradiate a sample and to determine the change 
in emission characteristics occur in response to a test medi 
ating analyte. 

[0032] FIG. 8 are diagrams shoWing the chemical struc 
ture of various dyes and an aromatic amine Which are used 
in later disclosed examples of the invention. 

[0033] FIGS. 9-13 are graphs Which depict in terms of 
emission intensity and Wavelength, various relationships/ 
characteristics Which demonstrate the effect produced by an 
example of the present invention, and Wherein: 

[0034] FIG. 9 shoWs emission from a Pyrromethane 567 

dye solution With (0) 0, (0) 2.3><101O, (III) 4.6><101O, 9.2><101O, and (') 18.4><101O TiO2 particles/cm3. 
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[0035] FIG. 10 shoWs spontaneous emission from a 
Rhodamine 610 solution With a 4.6><101O cm3 TiO2 particle 
concentration. The spectra Were recorded (') With and (0) 
Without 1.2 pg KOH in the solution. 

[0036] FIG. 11 shoWs stimulated emission from a 
Rhodamine 610 solution With a 4.6><101O cm3. TiO2 particle 
concentration. The spectra Were recorded (') With and (0) 
Without 1.2 pg KOH in the solution. 

[0037] FIG. 12 shoWs spontaneous emission from a 
DCM/CarbaZine dye solution With a TiO2 particle concen 
tration of 1.2><1011/cm3. The benZylamine additions to the 
solution are (0) 0, (III) 200, 1000, (') and 4000 pico 
grams. 

[0038] FIG. 13 shoWs stimulated emission from a DCM/ 
CarbaZine dye solution With a TiO2 particle concentration of 
1.2><1011/cm3. The benZylamine additions to the solution are 
(0) 0, (III) 200, 1000, (') and 2000 picograms. 
[0039] FIG. 14 is a schematic sketch shoWing an example 
of hoW a taggant, utiliZing the concept of the present 
invention, can be used to identify an object at a remote 
location. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0040] As illustrated in FIGS. 1-6, the inventive concept 
resides in the ability to 1) generate intense, narroW band 
emissions from highly scattered gain media; and 2) control 
the energy transfer betWeen tWo emitting agents via the 
addition of a chemical analyte or mediating material. The 
addition of this material produces a small, but readily 
detectable shift in the emission Wavelength. More speci? 
cally, as shoWn in FIG. 1, a shift is observable When ?rst and 
second emitters “A” and “B” such as ?uorescent dyes, are 
exposed to a source of photonic excitement. In this instance, 
the Wavelength of the exciting photonic energy is selected to 
correspond to that Which is absorbed by the ?rst emitter “A”. 
The second emitter “B” therefore remains unexcited While 
the ?rst is induced to a level of excitement Wherein “stimu 
lated” emissions occur. The level of excitement, Which is 
necessary to raise the ?rst and second emitters “A” and “B” 
to the levels required in connection With the present inven 
tion, is greater than previously mentioned spontaneous emis 
sions. The narroW frequency band in Which the photonic 
energy is emitted by the excited emitter particles under these 
conditions is depicted in FIG. 2. 

[0041] HoWever, upon a mediating agent or analyte “C” 
being introduced into the environment in Which the ?rst and 
second emitters are disposed, a change in the emission 
characteristics of either emitter “A” or “B” occurs, Which 
permits the ef?cient transfer of energy from emitter “A” to 
emitter “B. The situation as depicted in FIGS. 4 and 6 noW 
occurs Wherein a shift in spectral emissions is observed. 
Thus, We have a change Wherein the emission regime is 
dominated by emitter “A” in the absence of the analyte “C” 
and then sWitched to a situation Wherein the emitter “B” 
replaces “A” in the presence of the mediating material “C”. 

[0042] It is should be noted that the Width of the stimulated 
emission peaks Which are produced in accordance With the 
invention are typically about 5 nm in Width as compared 
With spontaneous emissions Which have a much loWer 
intensity and a band Width of about 36 nm. 
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[0043] In accordance With the present invention, once the 
addition of the analyte “C” has been made, emitter “A” is 
capable of ef?ciently transferring energy to emitter “B”. In 
fact, as Will be demonstrated later in connection With FIG. 
13, as the concentration of the analyte “C” increases, the 
intensity of the emission from emitter “” decreases, While 
that of emitter “B” increases. Upon the concentration of the 
analyte “C” reaching a given level, the emissions from 
emitter “A” are seen to be extinguishing While those from 
emitter “B” tend to maximize since nearly all of the energy 
Which is being released by emitter “A” is being transmitted 
to emitter “B”. 

[0044] It is important to note that the sensitivity of this 
arrangement is very high. This is due to the loW concentra 
tions of emitters “A” and “B” Which render it possible to 
achieve the above-mentioned spectral shift in response to 
very small concentrations of analyte. By Way of example, 
pico to femto mole analyte concentrations Will enable the 
spectral shift to occur. 

[0045] Another aspect of this arrangement resides in the 
ability to determine the concentration of the analyte. Given 
that the number of emitter “A” molecules is knoWn, then the 
concentration at Which the emission of emitter “A” under 
goes a predetermined reduction, Will have a predetermined 
relationship With the amount of analyte present. Thus, the 
manner in Which the emission of emitter “A” decreases 
taken With the manner in Which the emissions of emitter “B” 
increase, can be used to provide an indication of the con 
centration of the analyte vis-a-vis the concentrations of the 
tWo emitters. 

[0046] In more detail, stimulated emission from the highly 
scattering, random medium is characteriZed by strong spec 
tral narroWing With a corresponding enhancement to the 
emission intensity. The ampli?cation process is initiated 
With the absorption of an incident photon (excitation source) 
and the subsequent emission of a photon by a dye molecule 
in the scattering media. The presence of a suitable concen 
tration of scattering particles such as TiO2 particles, assures 
that the emitted photon Will be multiply scattered and 
con?ned Within a small volume of the media, Which is 
typically on the order of 100 pm3. 

[0047] The scattering process extends the path length of 
the emitted light Within the high gain region, leading to 
optical ampli?cation by stimulated emission. When the 
optical gain achieved by the increased scattering path length 
exceeds the loss mechanisms in the random media (diffuse 
scattering and absorption), the onset of ampli?cation occurs. 
At this threshold level, the emission pro?le from the random 
media exhibits a dramatic narroWing of the bandWidth, and 
a corresponding linear dependence on the excitation inten 
sity. The conditions for ef?cient ampli?cation in a random 
media therefore depend on the optimiZation of gain param 
eters such as the absorption/emission characteristics of the 
emitting dye, the mean free scattering distance, and the 
absorptive properties of the host material. 

[0048] FIG. 7 shoWs an experimental apparatus for scat 
terer controlled measurements. In this ?gure, SCE denotes a 
random media solution, While L1 and L2 denote the collec 
tion lens for the spectrometer. As shoWn, the emission from 
the laser dye/particle solutions Was generated With either a 
continuous Wave (cW) or a pulsed laser, using by Way of 
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example, an argon ion laser (514.5 nm) or a pulsed, fre 
quency doubled Nd:YAG laser (532 nm, 7 nanosecond 
pulse). 
[0049] In the experiments conducted With this apparatus, 
the cW laser source Was operated at 10 mWatt and found 
suitable for the generation of spontaneous emission in all 
dye solution samples. On the other hand, the pulsed laser 
Was operated With pulse energy of 3 mJoule, and Was also 
suf?cient in producing stimulated emission in the amplifying 
media. 

[0050] Optical measurements using the above mentioned 
lasers Were carried out by focussing the incident laser beam 
on a 2 mm spot of a solution sample Which Was contained 
in a suitable cell and by directing the optical emissions to 
either a spectrophotometer or a CCD camera. Examples of 
these devices are a SPEX Triplemate spectrometer and a 
Princeton Instruments CCD camera, respectively. The data 
from the camera Were transferred to a computer via a GPIB 
connection to the CCD controller. 

[0051] The laser dyes (emitters) used in the emission 
measurements Were obtained from Exciton, Inc. (DCM, 
CarbaZine 720, and Rhodamine 610) and Lamba Physik, 
Inc. (Pyrromethene 5 67). The TiO2 particles (Ti-Pure R-900, 
250 nm diameter) Were obtained from E. I. Dupont de 
Nemours and Company. The analytes under investigation 
(potassium hydroxide (KOH) and benZylamine) Were 
obtained from the Aldrich Chemical Co. and Were used 
Without puri?cation/modi?cation. The molecular structures 
of the laser dyes and benZylamine are shoWn in FIG. 8. 

[0052] The spectra depicted in FIG. 9 shoW the variation 
in the optical emission from a laser dye solution, upon the 
introduction of random multiple scattering. In this series of 
spectral plots, the emission from a 1 milliliter (ml) methanol 
solution containing 1 mMolar Pyrromethene 567 (Lamda 
Physik, Inc) and a variable TiO2 particle concentration Was 
excited With the pulsed 532 nm laser source. The pulse 
energy of the excitation source Was previously determined to 
exceed the stimulated emission threshold if the particle 
density in the media Was in excess of 109/cm3. The particle 
free dye solution exhibited Weak and broad emission, Which 
is typical behavior for spontaneous emission. Upon the 
addition of 2.3><101O/cm3 TiO2 scatterers, hoWever, a dra 
matic narroWing and enhancement Was observed in the 
emission intensity. 

[0053] As mentioned above, the multiple scattering 
increases the path length of the emitted photon in the high 
gain regions, Which increases the level of ampli?cation by 
stimulated emission. With the addition of more scatterers 
(scattering particles), the path length and ampli?cation 
increase, narroWing the emission peak Width (full Width at 
half maximum) to a limiting value of ~3.6 nm at a particle 
density of 18.4><1011/cm3. At this level, the peak emission 
intensity is (as shoWn in FIG. 9) a factor of ~40 larger than 
the corresponding spontaneous emission from the neat dye 
solution. The results in FIG. 9 clearly illustrate the bene?ts 
of the stimulated emission in amplifying random media: 
intense, narroW spectral emission relative to the spontaneous 
emission pro?le. 

[0054] In addition to these studies, a series of measure 
ments Were made to examine the potential in using ampli 
fying random media for chemical sensing applications. 
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These optical investigations Were designed to probe the 
effects of (1) solution basicity, and (2) the addition of an 
aromatic amine on the stimulated emission characteristics 
from the random media. In the basicity studies, the emission 
from a 0.5 ml methanol solution containing 1 mMolar 
Rhlodamine 610 and a TiO2 particle concentration of 4.6x 
10 /cm3 Was probed before and after the addition of 1.2 liter 
of KOH. The spontaneous and stimulated emission results 
from the tWo solutions are shoWn in FIGS. 10 and 11 
respectively. 
[0055] In the spontaneous emission studies, excited With 
the 514.5 nm laser, there is a slight blue shift in the emission 
pro?le, and very little change in the peak intensity. The blue 
shift Was previously observed in acid-base studies of 
Rhodamine dyes, and is attributed to the dissociation of the 
carboxyl group in the carboxyphenyl substituent of the 
Rhodamine 610 molecule (see FIG. 8). 

[0056] In the stimulated emission results, the shift in the 
peak position (~25 nm) Was comparable to the observed 
blue shift in the spontaneous emission. HoWever, the narroW 
bandWidth of the stimulated response provides a much 
higher resolving poWer and ability to distinguish peak shifts 
of the dye emission. The enhanced sensitivity of the stimu 
lated emission to peak position changes provides this 
response With a higher sensitivity to basicity modi?cations 
in the host media. 

[0057] The in?uence of aromatic amines on the sponta 
neous and stimulated emission in amplifying random media 
Was examined. In this investigation, the ability to detect 
small additions of benZylamine to a methanol solution 
composed of CarbaZine 720 and TiO2 scatterers, Was probed 
by the stimulated emission from the solution mixture. The 
molecular structure of the carbaZine dye (see FIG. 8) 
suggests that the aromatic amine Will interact With the 
carbonyl functionality of the dye molecule When the analyte 
is introduced into the solution. The carbonyl functionality is 
part of the chromophore unit of the dye molecule, so the 
interaction betWeen the carbonyl and the chromophore Will 
in?uence the delocaliZed J's-electron distribution in the chro 
mophore and vary the absorption/emission pro?les of the 
dye. As in the previous examination of the in?uence of the 
hydroxy radical (OH) on Rhodamine 610, the benZylarnine 
interaction With the carbonyl groups decreased the non 
radiative processes in the dye, and hence produced higher 
emission ef?ciencies. Therefore, the presence of benZy 
lamine in the solution should be indicated by an increase in 
the CarbaZine 720 emission. 

[0058] The chemical structure of the DCM molecule indi 
cates that an interaction With benZylamine is not likely to 
perturb the absorption or emission characteristics of this dye 
molecule. This Was experimentally veri?ed by examining 
the stimulated emission from a DCM random media solution 
both before and after the addition of benZylamine. The 
emission pro?les from the tWo solutions (not shoWn) Were 
indistinguishable, Which assured that a variation in the 
stimulated emission from a DCM/CarbaZine 720 binary dye 
solution could be attributed to the benZylamine/carbaZine 
interaction. 

[0059] The results in FIGS. 12 and 13 shoW the effects of 
benZylamine addition on the spontaneous and stimulated 
emission pro?les, respectively. In these studies, the dye 
concentrations in a 0.1 mliter solution of methanol Were 1 
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mMolar DCM and 0.3 mMolar CarbaZine 720, With a 
scatterer concentration of 1.2><101Ocm3. In the spontaneous 
emission results (514.5 nm input), the DCM component of 
the dye mixture generated a broad emission band at 620 nm 
in the amine-free solution, With little or no emission from the 
carbaZine component. The intensity of the DCM emission 
began to decrease With the addition of benZylamine, reach 
ing a 25% reduction level When a total of 4 parts per million 
of the amine (relative to the CarbaZine 720 concentration) 
Was introduced into the solution. 

[0060] The decrease in the DCM emission intensity upon 
the benZylamine addition Was attributed to an increase in 
energy transfer betWeen the DCM and CarbaZine 720 mol 
ecules, Which produced the appearance of a neW broad 
emission peak at 660 nm. These results indicate that spon 
taneous emission from the binary dye solution has the ability 
to detect sub-nanogram levels of the aromatic amine in the 
random media. HoWever, as in the previous basicity study, 
the chemical sensitivity tends to be attenuated, since it arises 
from an intensity variation rather than a Wavelength shift in 
the emission pro?le. 

[0061] In the stimulated emission results (pulsed 532 nm 
source), the spectra shoW sharp emission features that are 
attributed to the tWo dye components in the solution. In 
comparison to the spontaneous emission spectra, these fea 
tures are markedly narroW and intense. In the amine-free 
solution, the DCM component of the binary dye mixture 
generated an emission band at 633 nm With a bandWidth of 
~13 nm. Similar to the spontaneous emission from this 
solution composition, no CarbaZine 720 emission feature 
Was observed. A 200 parts per billion addition of benZy 
lamine (relative to the CarbaZine 720 concentration) reduced 
the DCM emission intensity by ~20% and introduced a 
shoulder at 660 nm, Which is due to the onset of CarbaZine 
720 emission. As the benZylamine content of the solution 
Was increased from 200 parts per billion to 4 parts per 
million, the DCM peak emission intensity decreased to a 
level that Was ~20% the value in the amine-free spectrum. 
The CarbaZine 720 peak emission became more pronounced 
With the continued additions of benZylamine, and narroWed 
to a bandWidth of ~8 nm. A comparison betWeen the 
spontaneous and stimulated emission pro?les from the high 
gain media shoWs that the intense, Well-resolved emission 
features in the stimulated emission provides a signi?cant 
enhancement for the chemical detection of the benZylamine 
addition. Although the spontaneous emission is able to sense 
the presence of the benZylamine, the Weak and broad emis 
sion features limit the ability to detect the sub-nanogram 
additions in the random media solution. The intense, narroW 
emission features of the stimulated emission are much more 
amenable to the detection of the loW concentration benZy 
lamine additions. 

[0062] The ability to sense other chemical analytes, such 
as carbon dioxide or other organic compounds, is limited 
only by the ability to select an energy transfer dye molecule 
pair (emittersA and B), Which exhibits a chemical sensitivity 
to the analyte. In the above example, chemical mediation is 
demonstrated in a solvent system Where emitter B Was 
modi?ed by the presence of benZylamine, Which initiated 
ef?cient energy transfer from emitter A (DCM) to emitter B 
(carbaZine 720). In a similar mediating manner, other chemi 
cal analytes such as simple acids and bases (pH), nucleic 
acids, carbon dioxide, metal ions (Zinc and calcium), aro 
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matic amines, cyanides, and thiols can initiate energy trans 
fer betWeen tWo carefully selected emitting dyes. Listed 
below in Table 1, are examples of energy transfer dye pairs 
that exhibit ef?cient energy transfer in the presence of the 
respective chemical mediator. In all cases, emitter A is 
excited by the primary light source, and then transfers 
energy to emitter B. 

TABLE 1 

Mediator Emitter A Emitter B 

pH Rhodamine green seminaphthorhodfluor 
dyes" 

nucleic acid DCM dimers of cyanine dyes" 
carbon dioxide coumarin dyes hydroxypyrene trisulfonic 

acid" 
metal ion fluorescein magnesium orange" 
aromatic amine anthracene BODIPY"" 

dicarboxaldehyde" 
cyanide naphthalene fluorescein 

dicarboxaldehyde" 
thiol CBQCA" BODIPY "" 

"Chemically modi?ed emitter 
Information about these dye emitters Was obtained from ‘Handbook of 
Fluorescent Probes and Research Chemicals,” Richard P. Haugland, editor, 
Product Catalog for Molecular Probes, Inc. The double asterisk represents 
a trademark name. 

[0063] In addition to other chemical mediators, the com 
position of the scatterer can also be varied. In the present 
example, sub-micron siZed titania Was used as the inert 
(optically inactive) scatterer in the media. The constraints on 
other scatterer material are (1) high dielectric constant 
(larger than the media background), and (2) loW optical 
absorption coefficient at the excitation and emission Wave 
lengths. Examples of particulate materials that have been 
examined are (1) silicon carbide, (2) diamond, (3) alumina, 
(4) barium titanate, and (5) Zinc oxide. 

[0064] It Will be appreciated that although the present 
invention has been disclosed With reference to only a limited 
number of examples, the concept upon Which the invention 
is based can be applied in various Ways. The narroW 
emission and high intensity characteristics of random, high 
optical gain systems are Well-suited for photonic identi?ca 
tion applications that are utiliZe the concept of “spectral bar 
codes”. For example, it has already been demonstrated that 
spectral emission “codes” can be created in random, high 
gain media lasers When an appropriate selection of dye 
molecules and scatterers are embedded In a polymer host. 

[0065] Another class of potential applications afforded 
random, high gain media is their incorporation into chemical 
and biological sensor systems. In part, this direction is based 
on optical sensor systems that utiliZe spontaneous emission 
from indicator molecules for the detection of loW molecular 
Weight organics and complex biological agents. The emis 
sion from random, high gain media is a logical extension of 
the current optical sensor technology, since the stimulated 
emission process is sensitive to variations in both the 
emission properties of the dye molecule and the gain pro?le 
of the random media. 

[0066] FIG. 14 shoWs the application of a taggant accord 
ing to the invention used on a vehicle. In this arrangement, 
a laser A (having suf?cient pulse energy to generate stimu 
lated emission) is used to irradiate the surface of the tank 
While suitable optical equipment B is used to observe the 
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back-scattered light and to determine if this light contains 
the appropriate narroW frequency band emission or exhibits 
a shift in accordance With some controllable aspect of the 
taggant. 

[0067] More speci?cally, With taggants it is possible to 
introduce a further element Which Will inhibit the effect of a 
mediating analyte or block photonic emissions until such 
time as predetermined conditions are met. Merely by Way of 
example, it is possible that an agent, Which is responsive to 
a predetermined stimulus, Will not undergo a change in 
either chemical or physical properties until the stimulus is 
received. During this time, the agent Will prevent either the 
shift, Will produce an emission distinct from that expected 
from the ?rst and second emitters, or the like. HoWever, 
upon being induced to undergo a change, Which removes the 
blocking/inhibiting function, the expected characteristics of 
the emitter mixture Will be rendered observable. 

[0068] This, of course, opens the door to a tWo beam type 
of arrangement, a time delayed action, an electromagnetic 
?eld in?uence, a temperature response and so on. If a 
“Window” of some description, can be selectively controlled 
either chemically or physically, an additional stage/control 
feature becomes possible. In the case of a physical WindoW, 
a liquid crystal WindoW can be used to black out the taggant 
until some form of control renders it transparent. 

[0069] For further reference With respect to the back 
ground of the invention and/or the chemicals/reagents/ma 
terials and the like, Which can be considered for use in 
connection With the invention as disclosed supra, reference 
can be had to Us. Pat. No. 5,763,891 issued to Yoshinaga, 
et al. on Jun. 9, 1998; US. Pat. No. 5,498,549 issued to 
Nagel et al. on Mar. 12, 1996; Us. Pat. No. 5,943,354 issued 
on Aug. 24, 1999, in the name of LaWandy; U.S. Pat. No. 
5.448.582 issued on Sep. 5, 1995 in the name of LaWandy; 
US. Pat. No. 5,811,152, issued on Sep. 22, 1998 in the name 
of Cleary; US. Pat. No. 5,434,878 issued on Jul. 18, 1995 
in the name of LaWandy; US. Pat. No. 5,326,692 issued on 
Jul. 5, 1994 in the name of Brinkley et al; U.S. Pat. No. 
5,643,728, issued on Jul. 1, 1997 in the name of Slater et al.; 
and US. Pat. No. 4,131,064 issued on Dec. 26, 1978 in the 
name of Ryan et al. The disclosure of each of this reference 
is hereby incorporated by reference thereto. 

[0070] It is submitted that the scope of the invention is 
limited only by the appended claims and is not in?uenced by 
the number of examples discussed Which are, given the 
concept of the invention, more than ample to permit a person 
skilled in this art to develop various modi?cations/adapta 
tions Without the need for inventive activity. 

What is claimed is: 
1. A sensor arrangement comprising: 

a source of photonic energy Which emits photonic energy 
of a photonic level suf?cient to induce stimulated 
emissions from irradiated materials; 

a cell into Which the photonic energy from said source is 
directed, the cell including a host material in Which ?rst 
and second photonically responsive materials, and scat 
tering particles are dispersed, said ?rst photonically 
responsive material being excited by exposure to pho 
tonic energy from said source to emit stimulated pho 
tonic energy in a ?rst frequency range, said cell being 
adapted to have a mediating material introduced there 
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into Which causes the photonic energy in the ?rst 
frequency range, to be transmitted to and absorbed by 
the second photonically responsive material Which 
becomes suf?ciently excited to emit photonic energy in 
a second frequency range; and 

a photonically responsive device responsive to the stimu 
lated photonic emissions from the cell for determining 
the frequency or frequency range of the photonic 
emissions emitted by the cell during excitement by the 
source of photonic energy. 

2. A sensor arrangement as set forth in claim 1, Wherein 
the source of photonic energy comprises one of a continuous 
Wave and a pulsed laser. 

3. A sensor arrangement as set forth in claim 1, Wherein 
the ?rst material is selected from the group consisting 
essentially of: rhodamine green, DCM, coumarin dyes, 
?uorescein, anthracene dicarboxaldahyde, napththalene 
dicarboxaldahyde. 

4. A sensor arrangement as set forth in claim 1, Wherein 
the second material is selected from the group consisting 
essentially of: 

seminaphthorhod?uor dyes, dimers of cyanine dyes, 
hydroxypyrene trisulfonic, magnesium orange, 
BODIPY, ?uorescein, and carbaZine. 

5. A sensor arrangement as set forth in claim 1, Wherein 
the photonically responsive device comprises a photometer. 

6. A sensor arrangement as set forth in claim 1, Wherein 
the photonically responsive device comprises a CCD cam 
era. 

7. A sensing method comprising: 

using a source of photonic energy to irradiate a mixture of 
?rst and second photonic excitable materials; 

sensing a frequency or frequency range of photonic 
emissions from the mixture; 

introducing a mediating material into the mixture; and 

detecting a change in the frequency or frequency range on 
photonic emissions Which occurs due to a presence-of 
the mediating material. 

8. Amethod as set forth in claim 7, further comprising the 
steps of: 

sensing the intensity of photonic emissions from the 
mixture in the absence of the mediating material; and 

sensing the intensity of photonic emissions from the 
mixture in the presence of the mediating material. 

9. Amethod as set forth in claim 7, further comprising the 
step of: 

monitoring a decrease in photonic emissions in a ?rst 
frequency range and a corresponding increase in pho 
tonic emissions in a second frequency range Which 
occurs in response to a change in an amount of medi 
ating material introduced into the mixture. 

10. Amethod of taggant examination comprising the steps 
of: 

preparing a mixture of ?rst and second photonically 
responsive materials, scattering particles and a medi 

Jun. 12, 2003 

ating material, the ?rst and second photonically respon 
sive materials being excited by exposure to photonic 
energy to respectively emit photonic energy in ?rst and 
second frequency ranges; 

incorporating the mixture into a carrier; 

disposing the carrier With a surface Which is to be iden 
ti?ed; 

irradiating the surface With a beam selected to excite the 
?rst material to emit stimulated emissions; 

detecting the frequency at Which the stimulated emission 
occurs; 

introducing a mediating analyte into the mixture; and 

detecting a change in frequency Which occurs as a result 
of the introduction of the mediating analyte. 

11. A method of a taggant examination as set forth in 
claim 10, further comprising the steps of: 

sensing the intensity of the stimulated emission at a ?rst 
frequency prior introduction of the mediating analyte; 

sensing the change in intensity With a change in mediating 
analyte; and 

sensing the increase of the intensity of the emission at a 
second frequency as the concentration of the analyte 
increases. 

12. A taggant comprising: 

a ?uid permeable host material exposable to beam of 
photonic energy from a source Which is remotely 
located relative to the host material; 

?rst and second photonically responsive materials Which 
are dispersed through the host material; and 

re?ecting particles Which are dispersed in the host mate 
rial With the ?rst and second photonically responsive 
materials to establish a high optical gain media through 
Which photonic energy from the remotely located 
source can generate and detect stimulated emission. 

13. A taggant as set forth in claim 12, Wherein the 
scattering particles are particles selected from the group 
consisting essentially of: silicon carbide, diamond, alumina, 
barium titanate, Zinc oxide and titanium dioxide. 

14. Ataggant as set forth in claim 12, Wherein the ?rst and 
second materials are photonically responsive dyes. 

15. A taggant as set forth in claim 12, Wherein the ?rst 
material is selected from the group consisting essentially of: 
rhodamine green, DCM, coumarin dyes, ?uorescein, 
anthracene dicarboxaldahyde, napththalene dicarbox 
aldahyde. 

16. Ataggant as set forth in claim 12, Wherein the second 
material is selected from the group consisting essentially of: 
seminaphthorhod?uor dyes, dimers of cyanine dyes, 
hydroxypyrene trisulfonic, magnesium orange, BODIPY, 
?uorescein, and carbaZine. 

17. A taggant as set forth in claim 12 Wherein the host 
material is a ?uid permeable polymeric structure. 


