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ABSTRACT 

A preliminary investigation of the Doppler .. free method of 

counterpropagatingbeam two-photon spectroscopy lor its applications to 

explosive vapor detection has been performed. This method holds grea,t 
" 

promise for providing direct excitation of single electronic states of mole-

cules, thus permitting highly selective molecular excitation. Interference 

effects from other molecular species, which exhibit absorption bands in the" 

same spectral regil?n, would thereby be reduced. Absorption-line narrow­

ing has been observed for nitric oxide, and resolvable spectral features 

have been recorded in the ben,~ene absorption spectrum. The molecular 

structure of benzene resembl~s that of explosive vapors. The experimental 

results of this six-month effort confirm theoretical predictions and support 

the underlying hypothesis of this investig?:tl.on. 
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SUMMARY 

o 

In January 1975, work was initiated by The Ae:,;ospace corp~rati'>~n(\' 
supported by a contract with the Law Enforcement Assistance Administration" 

to e:x:plore the concept of Dopple! -free cOllnterpropagating beam two -photon 

spectroscopy for the pUl"pose of detecting explosive vapor!::l. P;dor to this' 

~f£ort, experiments had demonstrated this effect lor i.solated atoms in th~ 

vapor phase. However. it still remained ,to be shown wheth(1\r the applica ... 

tion of this Doppler-free method to complex molecules· couid also provide 

detailed spectral information that could not be obtained,b~ conventional spec .. 
r·'· ~ (~\ 

troscopic techniques. The initial task was to verify thiit spectra of complex 

nj,olecules could be resolved by this method as predictjd by theory. 'Selec_ 
,I 

nve excitation o£ the species of interest would then al~bw detection in the 
,f 

f · d . t f i ' II presence 0 all' an ln er er. ng speCles. Ii 

Thus far, two major results have been obtaineq! in thi·s program. 
d \.) 

1. The first observations of Doppler-free a~:sorption of electronic ,. 

z. 

states in molecules have been achieved witth nitric oxide and 

b~nzene. These results establish the feal. ibility of rt"solving 
. ~ ~ 

irldividual rotational-Vibratio.nal-electrOll1lc states of large mole-
\ 

0 
1\:1 •• 

cules such as e:x:plosive vapors. Thus, s~rlectlve absorptlon by I) 

trace molecules should be possible. 1\ C~ 
Expelrimental methods t5? achieve narrow lptical bandwidths that 

are critical for thrs~~;k have been devel l ped incl~c1in~ a tech-
Ir /;! (I 

nique to verify overlap of the 50.'jJ.m-diam1~tel" counterpropagating 
,I 

beams. 
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CHAPTER I. INTRODUCTION AND BACKGROUND 

The Aerospace Corporation }[{as supported various research and 

development efforts for explosives detection or identification under con-

tract to the National Institute of Law Enforcement and Criminal Justice 

of"the Law Enforcement Assistance Administration (LEAA). It has been 

J."ecognized that a device which could detect the pre~~ftnce of explosives before 

detonation would be of great benefit to law enforcement agencies in their 

quest to protect human life and property. To date, there is no satisfactory 

method for the detection of untagged explosives. In a report prepared for 

the LEAA by Aerospace, a number of methods for detection '&1 explosives 

were reviewed. f Optical detection techni:ues were considered to be all10ng , 

the most promising methods. Theil' advantages include high sensitivity and 

selectivity, ease of ope'ration, nondestructive sample measurements, and 
() 

real time readouts. Similar conclusions were reached independently by the 

Research Triangle Institute, North Carolina (contract report DAAK-02-83-

C-0128, Decen'lber 1973). 

It has long been recognized that the u.ltraviolet (uv) rE7rgion of the elec-
I, 

tromagnetic spectrum is a highly desirable spectral regioi( in which to detect 

trace gases. Most molecules exhibit many absorption lines ',in this region, 

and the strength of the absorption in this wavelength region is largOe compared 

to other spectral regions. However, in the uv region, absorption spectra appear 

as diffuse absorption bands instead of as sharp line spectra. ,:£he spectral 

width of an absol'ption band of a molecule of interest may be suffiCiently large 



--:------~"...----'------~--------~ ----

"',',',, 

to overlap the bands of other molecules that may be present in the environment. 

This would prevent selective excitation and impair the detection of the molecule 

of interest. In .the absence of mechanisms that broaden absorption lines, the 

spectra of molecules would consist of many clearly resolvable absorption lines. 

5 The major requirement for detection of these molecules, namely, selective 

excitation of single states, could then readily be met. What is needed is a 

method to ,eliminate the spectral line broadening. 

Electronic absorption spectra of atoms are caused by transitions of 
, 

the outermost electrons and are clearly resolvable as spectral lines. How-

ever I when two 01' more atoms come together to form a molecule, additional 

structure is superimposed upon the electronic levels due to the vibrations 

and rotatibns of the molecule. If the width of the individual broadened absorp-

tioll lines is greater than the line spacing, diffuse bands will appear. It is 

also noted that the line spacing depends inversely upon molecular weight, so 

that this effect is more severe for heavy molecules than for light ones. 

For electronic transitions in the uv, the dominating factors that deter­

mine the widths of the individual absorption lines are pressure broadening 

and the Doppler effect; the latter is shown in Figure 1. Shifts in the frequency 

of 7i'adia:.tion emitted by a molecule due to electromagnetic interaction between 

it and ab.other molecule in proximity give ril~e to pressure broadening of 

the ~;bs.orption lines. Pressure broadening can be reduced by a decrease 

in the total gas pressure. However, the Doppler broadening of spectral 

lines is more difficult to eliminate. It occurs because molecules in the gas 

phase are in continuous motion and travel in all directions. As a result, 

'J) -2 .. 
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Figure 1. Effects of Doppler Broadening Upon Electronic Absorption 
Spectra of Smal,l and Large Molecules . 



when light is incident upon the gas from one direction, the molecules that 

mOve toward the light intercept more wavelengths of the light per unit time 

than molecules that recede from the light. To molec:ules moving toward the 

light, the frequency of the light is upshifted, or blue shifted. Correspondingly, 

the frequency of the light appears downshifted, or redshifted, to those mole-

cules moving away from the light source. The few molecules with thermal 

velocity components perpendicular to the light propagation direction experi­

ence no shift in optical frequency. 

The acoustic counterpart of this optical Doppler effect is the familiar 

change in pitch of the whistle of a moving train. As the train approaches, 

an observer on the platform hears the whistle at a higher pitch than an 

observer on the train. After the train passes the platform, the whistle pitch 

sounds lower to the stationary observer than to the one on the train. 

The optical Doppler effect is illustrated graphically in Figure 2. The 

intrinsic absorption peaks for two different molecules M1 and M2 with absorp­

tion peaks at A1 and A2 respectively are given by the upper and lower curves. 

The broadening of the lines by the Doppler effect causes the absorptions to 

overlap. Assume that excitation is provided at wavelength A1. It is seen 

that molecule M2 is capable of absorbing a portion of this radiation, thereby 

preventing selective interaction with M l' The absorption by M2 consti-

tutes a source of interference for the detection of M 1 . If the Doppler width 

of the absorption could be eliminated, selective excitation of a single mole­

cule would be possible and interference effects would be reduced. Alter­

natively stated, the ~~limination of the Doppler effect could yield highly selec­

tive":: and hence specific, molecular excitation. 

-4-
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The method that is proposed to eliminate the Doppler effect relies upon 

(1) simultaneous absorption of two-photons, and (2) a counterpropagating beam 

geometry. In the usual absorption process, a photon whose energy is exactly 

equal to the energy separation between the ground and excited levels of the 

l'nolecule induces a molecular transition between the two levels. The num-

bel' of excited molecules is directly proportional to the light intensity. 

In the presence of intense optical fields, it has been observed that 

molecular transition also occurs when the energy of the individual photons 

corl'espond to exactly one-half the transition energy. This type of transi-

tion has been shown to arise from the simultaneous absorption of two photons. 

In this s.o -called nonlinear process, the absorption varies as the square of 

the incident intensity. Whereas two-photon processes were once considered 

exotic and impractical, the advent of the laser, which provides high optical 

intensities, has made two-photon absorptions common enough to suggest 

practical applications. 

Conventional two-photon absorption spectra, however, exhibit Doppler-
I' 

broa/dened lines similar to the one-photon spectra. In order to eliminate the 

Doppler broadening, a counterpropagation beam geometry is coupled with a 

twl~)-photon absorption process, as shown in Figure 3. When a two-photon 

absorption is induced whereby thl; molecule absorbs one photon from each 

of the oppositely directed beams, the Doppler frequency shift due to the rela-

tive velocity of the molecule with respect to the direction of one beam is 

exactly cancelled out by the Doppler shift relative to the second beam. 

Therefore, if the absorption requires an energy that is exactly double the 

-6-
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Figure 3. Counterpropagating Beam Two-Photon Concept. The 
molecular transition frequency is 2illO and the laser 
frequency is lUO. The molecule depicted moving to the 
left sees the frequency of the light beam from the left 
upshifted to (l)blue while the frequency of the beam 
incident from the right appears downshifted to lUred' 
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energy of the incident photons, all the molecules can participate in the 

counterpropagating beam two -photon absorption process independent of their 

thermal velocities. Hence, the Doppler effect is eliminated. A slight shift 

of the photon energy off the two -photon resonance will drastica,lly reduce the 

number of molecules capable of absorbing one photon from each of the oppo­

sitely directed light beams compared to those molecules that may absorb 

two photons from the same beam. As a result, the counterpropagating beam 

two -photon absorption peaks are much more intense a;>ld shal'per than the 

Doppler -bl.·oadened, ordinary, two -photon absorption peaks, althou'gh both 

two-photon absorption processes may occur simultaneously in the gas. 

The effect of counterpropagating beam two-photon absorption upon two 

closely spaced molecular transitions is illustrated in Figure 4. The dashed 

lines represent the Doppler broadening of the conventional two-photon absorp­

tion as discussed above. The two absorption lines overlap. Implementation 

of a counterpropagating beam geometry can produce the spectra shown by the 

solid curves in Figure 4. The absorption lines are clearly resolvable and 

their peak absorption strength is increased. In addition, the utilization of 

the two-photon process to induce a uv transition requires that the photon 

energies correspond to visible wavelengths. An important benefit from an 

operational system standpoint is gained since tunable, extremely narrow 

linewidth lasers are corhmercially available at visible wavelengths. 

Eady in 1974, Aerospace proposed that this method be explored to 

de~ermine its potential for the detection of explosive vapors because of its 

suitability for detecting heavy molecules. The idea of eliminating the Doppler 

-8-
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effect by a counterpropagating beam two-photon method was originally 

suggested in 1970.2 Nothing was done until mid-1974 when various groups 

applied the method to atomic3- 6 and infrared molecular spectroscopy.7 

Based upon these rei/suIts, it is estimated that a hundredfold reduction in 

linewidths compared to the Doppler width is possible. A rough calculation 

of the sensitivity for trace vapor detection is presented in the Appendix for 

one particular apparatus configuration. This calculation indicates that the 

method has a l<easonable chance of possessing sufficient sensitivity for explo~ 

slves detection. 

The major goal of the Aerospace preliminary investigation was to 

determine whether the spectra of complex molecules that appeal' diffuse 

when investigated by conventional spectroscopic methods could be resolved 

bY,.the counterpropagating beam two-photon method of Doppler -free spec­

troscopy. This is a necessary fil'st step towat:ds achieving highly selective 

excitation of explosive molecules that could eventually be used for their 

detection. 

The initial step was to examine a uv transition of a simple molecule to 

try to observe the anticipated reduction in spectral width. The simple mole­

cule nitric oxide (NO), whose spectrum is well known, was selected. After 

successful verification of line narrowing, as will be discussed later, a more 

complex molecule was investigated to determine whether resolvable spectral 

lines could be uncovered through the elimination of the Doppler effect. ~en-

2:ene; a molecule whose structure is akin to that of some explosives, was 

chosen. 

...10-
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CHAPTER n. EXPERIMENTAL PROCEDURE 

L 

The e~el"ime11tal apparatus employed 'in ,this program is shown in 

Figure 5. Tuna~ie excitation was provided by a commercial pulsed dylZ' 
\ 

laser (Molectron DL-300) pumped by a fixed wavelength nitrogen laser" 

(Mo1elctron UV~1000). By proper selection of dyes, wav'Jlengths thot span 

the entire visible spectral region (0.4-0.7 p.m) could be generated. The 

energy was emitted in a series of 10 ~8 -sec pulses at a pulse rate that could 

vary in discrete steps from 10 to 100 pulses pe,r second. The spectral width 
1\\ (I 

of the incident dye laoa~.l' radiation was appro~ink\tely ,2.0 GHz. However,' 

representative Doppler wldths in the uv are of the order of 2.0 GHz, which 

corresponds to 1.0 GHz at the laser frequency. It was therefore necessary 

to veduce the optical bandwidth of the radiation further to at!ain excitatiol1 
> "'" 

widths less than the molecular Doppler widths. 
\j 

A scanning Fabry~Perot interferometer (Burleigh RC-4Q) was employed 

for this purpose. The output of the dye laser was pass(;ld through a telescope 

to reduce the divergence of the beam before it entered the interferometer. 

The interferometer acted as a spectral filter and was set to reduce the band-

width of the beam to 0.2 GHz. In order to regain the power that was lost dur-
() 

ing the spectral filtration process, the beam was amplified by a c(311 contain-
If 

ing the same dye as in the dye laser. Excitation was provided for the ampli-

fier by splitting off a portion of the' ~itrogen laser radiation and directing it 

into the amplifier dye cell. 

(( 

1\ 
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Apparatus. BS is a beam splitter, L is a lens, M is a mirror, 
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After amplification, the beam was directed by mirrors through the gas 

cell. In order to maximize the two-photon absorption processes, which are 

dependent upon the intensity of the incident radiation, a focusing lens reduced 

the beam to a small spot inside the gas cell. A mirror was placed at the exit 

of the gas cell to reflect the beam back upon itself to achieve the co'unter-

propagating beam geometry necessary for Doppler-free abl:lorption. A 

100-f.Lrh aperture was placed in the beam path, and it was required that the 

return beam pass through the aperture to ensure overlap of both beams. 

Mter passage through the aperture, a beam splitter directed aportioA~_-t;)(_",.,," 
"'-<':~!(l~:, '.)~I 

the return beam towards a photodiode that produced a signal proportional~';,' 

to the optical power incident upon the gas cell. Photographs of the test 

apparatus appear in Figures 6 and 7. 

Absorption of the laser radiation by niolecules in the gas cell waS 

sensed by monitoring the fluorescence that was induced by the two .. photon 
--

absorption. The fluorescence was monitored by a photomultiplier tube 

placed at right angles to the gas ·cell. Measurements were performed by 

electronically driving piezoelectric stacks on the plates of the Fabry-Perot 

interferometer, which causes the distance between the,plates to change, The 

frequency of the spe ctrally narrowed radiation was s canned by this procedure. 

The outputs of the photomultiplier and the photodiode were recorded to obtain 

simultaneous measuren'lents of the fluorescence induced by two-photon absorp ... , 
, " 

tion and the incident power level. 

~/ -13-
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Figure 6. Experimental Apparatus: (a) Tunable dye laser 
and nitrogen laser; (b) Beam-expanding tele­
scope and Fabry-Perot interfero:!p.eter 
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Figure 7. Experimental Apparatus: (a) Dye amplifier set-up consisting of the mirror M1' 
lenses, and dye cell that appear in the foreground. The aperture, beam 
splitter BSZ J photo diode , and current met~r comprise both the method of beam 
overlap verification and the technique for monitoring the radiation incident upon 
the gas cell. (b) Focusing lens L4, gas cell, and rear reflector. The fluores­
,cence decay of the excited state of the gas inside the cell was induced by the two­
photon .absorption process and monitored by the photomultiplier tu~e. !t~ 
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CHAPTER III . .'RESULTS 

Doppler -free spe ctra have been obtained for NO and benzene. Figure 8 

exhibits the measured spectra £01' NO using a 453 .. nm laser excitation. No, 

correction has been made for varying laser excitation intensity. The upper 

curve rep re sents the ordinary Doppler contour obtained by using non.over .. 

lapping excitation beams. The lower curve was obtained when the counter .. 

propagating beams are brought into coincidence. 

The expected Doppler -free lineshape on a Doppler-broadened pedestal 

is evident in the NO spectrum of Figure 8. The sharp central peak arises 

from simultaneous absorption of separate photons from each of th~1 oppositely 

directed beams. The 0.2.5 -GHz resolution was instrument limi.ted and repre .. 

sents a sixfold reduction in optical bandwidth compared to the Doppler width. 

The broad pedestal of the absorption is derived from absorption of two pho­

tons from a single beam and therefore should display the full Doppler width. 

The outer portions of the Doppler pedestal of the lower curve in Figure 8 

appeal' distorted due to a decrease of laser intensity, Measurements wel'e 

performed on NO at a pressure of 3 TCI,l'r. 

This succes sful observation of the narrowing of the absorption confirms 
() 

the expectations for the use of counterpropagating beam two-photon absorption 

to eliminate Doppler broadening, The remaining experiments were done using 

benzene, a gas who~e molecular structure is more complex and l'epl'esentative 

of explosive vapors. 

-17-. 
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Figure 8. Two-Photon Excitation Spectrum of a Nitric Oxide 
Transition Excited at a Laser Wavelength of 453 nm 
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The measured counterpropagating beam excitation spectrum for benzene 

using a 504-nm laser excitation is shown in Figure 9. Again, no correction 

has been ma.de £01' varying laser excitation intenl3ity. The upper curve has 

been drawn through the data points obtained by averaging spectra obtained 

from three separate successive SWeeps of the Fabry-Perot interferometer 

transmission frequency. The lower set of points represents the average 

excitation intensity for the three successive frequency sweeps. 

The spectrum of benzene (£orthe region investigated) revealed at least 

three spectral features separated £roin each other by O. 7 GHz. The Dopplel' 

width of the benzene transition appropri.ate at the laser fundamental fre­

quency is 0.9 GHZi thus, these features are unresolved by conventional 

high-resolution spectroscopic methods . Measurements were performed at 

a relatively high pressure of 10 Torr. A further reduction in linewidth would 

be anticipated at lower pressures. The primary limitation in linewidth, how­

ever, was the instrumental bandwidth of 0.4 GHz. 

-19 .. 
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CHAPTER IV. CON(;:LUSIONS 

Detection of explosive vapors by Dopplel':'-free counterpropagating 

beam two-photon methods is attractive because it possesses a htgh potential 

for selectivity, operates at uv wavelengths where most molecules exhibit 

rich spectral features, and employs commercially available lasers. The 

heart of the detection method is the ability to achieve Dpppler-free absorp­

tion so that heretofore diffuse uv electronic spectra of heavy molecules can 

be resolved into discrete lines. The direct excitation of single electronic 

states permits highly selective excitation and reduces interference effects 

from other molecular species that exhibit absorption bands in the same 

spectral region. 

The experimental results .obtained during this six-month effod con-

firm the theoretical predictions and support the underlying hypothesis of 

this investigation. .Absorption line narrowing has been observed for nitric 

oxide, and resolvable spectral features have been recorded in the benzene 

absorption spectral These features appear diffuse when observed by ordi­

nary spectros copic methods. 8 The mole cular structure of benzene is related 
'/ 

to that of trinitrotoluene and is comparable in complexity to that of other 

explosive vapors. 

The goal of this preliminary investigation, namely, the determination 

of whether res61vable structure in the electronic absorption bands of complex" 

molecules could be achieved by the counterpropagating beam two-photon 

method, has ,been achieved. The next several steps that need to be taken 



towal"ds the realization of a useful instrument for the detection of explosives 

based upon this method are itel'nized below. 

The selectivity of this detection method improves in propo;t.·tion to the 

abiJ.ity to ac.hieve narrow absorption linewidths. Therefore, (1) ,an effort 

should be devoted to obtaining even higher resolution spectra of j::omplex 

molecules; (2) the spectra of actual explosives should be investigated; and 

(3) interference to detection of explosives by the presence of other molecules 

ih the anlbient air needs to be investigated. Molecules can emit energy 

either in the form of light or heat (or both) as they return to thl~ ground state 

after excitation. These decay modes form the basis of a system for monitor­

ing the counterpropagating beam two-photon Doppler-free absc)rption process. 

Additionally, (4) the method that possesses the greater sensitivity for moni­

toring the Doppler -free absorption of explosive$ should be determined; and 

finally, (5) the sensitivity for explosive detection should be quantitatively 

dl~termined. 

II 
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• APPENDIX. SENSITIVITY ESTIMATE 

In this section 1 a calculatiqp. is performed to determine the ultimate 

sensitivity for the detection of trace vapors by cou.nterpropagating beam 

two-photon Doppler-free spectroscopy. The geometry selected for detec­

tion appears in Figure A- 1. The sample cell is placed inside the laser 

cavity to achieve maximum optical intensity. The fluorescence emitted by 
o 

the molecule after the two-photon absorption is monitored by the photo-

multiplier tube (PM'r). The photon-counting l!lethod of light detection is 

elnployed. 

The two-photon absorption coefficient 0'2 is expressed as 

(1) 

where n is the molecular concentration, 0'2 is the two-photon absorption 

cross section, and I is the photon flux. In terms of relative concentration 

c and total gas pressure PI 0'2 can be written as 

16 
QlZ = 3.5 X 10 cpO'Z! (Z) 

For transiHons near 0.25 I-lm, the laser wavelength is tuned to near 0.5 1Jrn.,. 

where there are Z. 5 X 1018 photons/ sec for each watt of laser power. Thus, 

the inten,sity of the laser radiation is g~re-n~_~~ 

1= Z.5 X 10 18 pIA (3 ) 

where P is the laser p'ower and A is the beam area. 

-Z5" 
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ACTIVE LASER SAMPLE CELL 
MIRROR MEDIUM LENS MIRROR 

Figure A-i. Apparatus Configuration for the Detection of 
Explosive Vapors by Counterpropagating Beam 
Two-J;lhoton Doppler-Free Spectroscopy 
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Substitution of Eq. (3) into Eq. (2) yields 

35 
0'2 = 10 cP0'2 pI A (4) 

The humber of photoelectronic counts per second C recorded at th~ 

output of the photomultiplier tube is related to 0'2 through 

(5) 

where L is the interaction length, Tl£ is the fluorescence quantUln efficiency, 

Tlc is the optical collection efficiency, h is Planck's constant, and 'V
L 

is the 

las er frequency. 

Substitution of Eq. (4) into Eq. (5) produces 

(6) 

Equation (6) is composed of two types of parameters: those that relate 

to operation of a system and those that are representative of the molecular 

species. Among the former are p, L, p2, Tl , and A. The latter group in­c 

eludes 0'2 and Tl£, Sufficient information is available to permit accurate ~sti­

mates for the system parameters. They are as follows: p = 10 Torr, L = 
... 5 2 

1 cm, P = 10 W, Tl = 1 %, A = 2.5 X 10 cm. Insertion of these values into c 

Eq. (6) yields 

58 CI c = 4 X 10 0'2 Tlf 
(7) 
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The state of knowledge of (j 2 and 11f for explosives is sparse. One 

.can give rather broad ranges for the parameters. They are as follows: 

and 

-46 -50 2 / 2 -1 CJ'2 = 10 to 10 cm (photon sec' cm ) 

-3 
1]f = 1 to 10 

1£ these values are employed in a system in which the dark counts are i countl 

sec, it is readily shown that the sensitivity of detection in a 10-sec counting 

interval (i, e. I the concentration of explosive vapor that produces a signal­

to-noise ratio of unity) extends from less than one part in 10 12 to one part 

in 105 • Conservative estinlates were used in the preceding calculation. 

Future improvements in the state of the art of laser technology could pro­

vide sensitivity for detection that is two orders of magnitude greater. Based 

upon currently available data on vapor pressures of explosive molecules, 

we estimate that a sensitivity of one part in 10 10 is the minimum required to 

perform explosi.ve vapor detection. This calculation indicates that the 

cCiunterpropagating beam two-photon Doppler-free method of detection may 

possess the requisite sensitivity for ~xplosive vapor detection . 
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I 

Ie 
I 

Fabry-Perot Intermerometer 

Fluores0ence 

GHz 

nm 

NO 

Photodiode 

Ph0tomultiplier Tube (PMT) 

Photon 

Ultraviolet (uv) 

GLOSSARY 

An optical instrument based upon the 

principle of interference of light waves. It 

cons is ts of two highly reflective parallel 

mirrors and acts as a highly tuned circuit 

for optical frequencies, transmitting only 

very narrowwbandwidth optical radiation. 

Light emitted by arx excited state molecule 

shortly after excitation as it decays to its 

ground state 

One gigahertz, 109 cycles per second, 

One nanometer I 10 -9 meter 

Nitric oxide 

A devicerused to convert medium-level light 

signals into electronic signals 

A device primarily used to convert low-level 

light signals into electronic signals 

A partic~e of light 

Region of the electromagnetic spectrum 

directly on the short wavelength side of the 

visible region 

-6 One micrometer I 10 meter 
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