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ABSTRACT 

The feasibility of applying Doppler-free two-photon spectroscopy for 

explosive vapor detection was investigated. This technique takes advantage 

of the sensitivity inherent in optical methods of detection while offering the 

potential to eliminate the major previous disadvantage of nonspecific detection 

caused by broadening of the absorption bands. Specifically, this technique 

eliminates the Doppler broadening caused by the random motion of molecules 

in the gas phase. A two-photon spectrometer was as sembl~d and it was 

demonstrated for the first time that the method is applicable to the detection 

of commonly occurring molecules. The parameters required to determ.ine 

the two-photon detection limits were measured using an appropriate laser 

system. It was shown that with the new method typical molecules such as 

benzene and nitric oxide should be detectable with high sensitivity even in the 

presence of other molecules. However, detection sensitivity for explosive 

vapors was found to be inadequate because the molecules do not fluoresce 

efficiently. It was shown that for representative explosive molecules the 

opticai absorption bands remain broad even when the Doppler broadening is 

eliminated. 
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SUMMARY 

Today, there exist no completely satisfactory methods to detect a range 

of characteristic component vapors from explosives in the ambient air at the 

1 part in 10 10 concentration level which would be encountered in a typical 

operational environn1ent. Ultraviolet spectroscopy would provide a solution 

to this problem if explosive molecules had unique characteristic ultraviolet 

absorption spectra that would enable specific identification. Unfortunately, 

these molecules have highly diffuse absorption bands that extend over large 

regions of the ultraviolet spectrum. As a result, those broad bands overlap 

absorption bands of typical atmospheric species, thereby producing inter­

fet'ence to detection. 

In January 1975, work was initiated by The Aerospace Corporatiun and 

supported by a contract with the Law Enforcement 'is sistance Adm.inistration 

to explore the concept of Doppler-free counterprC'pagating beam two-photon 

spectroscopy for the purpose of detecting explosive vapors. Prior to this 

effort, experin1ents had demonstrated that on'~ of the major causes for 

broadening of absorption bands (Doppler broadening) could be eliminated fo l' 

isolated atoms. However, it still remained to be shown whether the applica­

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

detailed spectral information that could not be obtained by conventional 

spectroscopic techniques. 

The initial phase of the program demonstrated tha~ typical electronic 

spectra of molecules can be resolved by the method as predicted by theory. 

Apparatus was developed to obtain the initial absorption spectra £0 r nitric 

oxide and benzene which are common constituents of the urban atmosphere. 

Analytical calculations were perfornled to describe the detection limit in 

terms of laser system parameters. Another laser system was then designed 

and set up to measure the parameters required to evaluate the detection limit 

of the technique as applied to explosive vapors. A sped alized system was 

required to achieve well-characterized excitation conditions. This was 
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accomplished with a tunable, continuous-wave dye laser uniquely modified 

to incorporatt' an intracavity absorption cell. The extremely high power 

achieved in this system was required to rneasure the detection limit paralne-

ten; for explosive molecules. 

The intracavity two-photon spectrometer was calibrated using compounds 

with known fluorescence efficiencies. The feasibility of the detection tech­

nique was established for molecules such as benzene. Then the explosive 

vapors of dinitrotoluene, trinitrotoluene, and ethylene glycol dinitrate were 

Hludied. It was concluded that these species cannot be detected at concentra­

tiems of less than 1 part in 107 with current laser technology and fluorescence 

monitoring equipment. 

It had been anticipated that acoustic detection might be applicable if only 

a small fradion of the excited molecule s emitted fluorescence light. How­

ever, if the fluorescence efficiency (i. e., the fraction of the excited molecules 

that give up thei.r exdtation as fluorescence) is less than about O. 1%, the 

nncertainty principle predicts that the rnolecular linewidths will exceed the 

Dopple l' \vidth and no advantage will be obtained by Dopple r- free methods. 

Therefore, m.easnrelnent of fluorescence efficiency was undertaken. Exceed­

ingly low fluorescence efficiency {less than 0.1%) was found for dinitrotoluene, 

trinitrotoluene, and ethylene glycol dinitrate. Thus, selective interference­

free detection is not possible for these species. It was therefore concluded 

that the Doppler- free two-photon method is unsuitable for detecting explosive 

vapors. 

x 

CHAPTER 1. INTRODU CTION 

A. Bacl<ground 

It has been recognized that a device which could detect the presence 

of explosives before> detonation would be of great benefit to law enforcenl0nt 

agencies in their quest to protect human life and property. At present, 

there is no satisfactory method for the detection of "untagged ll explosives. 

In a report prepared for the Law Enforcement As sistance Administration 

by The Aerospace Corporation, a number of methods for detection of 

explosives were> reviewed. 1 Optical detection techniques were considerl"d 

to be among the most promising methods. Their advantages include high 

sen~;itivity and selectivity, case of operation, nondestructive sample 

rneasurernents, and real time readouts. Similar conclusions were reached 

independently by the Research Triangle Institute, North Carolina (contract 

report DAAK-02-83-C-0128, December 1973). 

With these conclusions in mind, Aerospace began an intensive review 

of the current scientific literature to determine whether any existing optical 

rnethod had sufficient potential for development as an explosive vapor 

detector to merit additional research. The Doppler-freo two-photon rnethod 

ernerged from this review. This Inethod has been shown for atorn.ic species 

to achieve extremely narrow spectral linewidths and large absorption 

coefficients. If similar results could be obtained for explosive vapors, the 

method could provide [or a selective and high sensitivity detector that would 

btl free from interference effects. 

The inherent problems of specific vapor detE'ction by ultraviolet 

excitation and the manner in which the Doppler-free two-photon method Inay 

overCOll1€' these problems are now discussed. All molecules have strong 

transitions in the ultraviolet region that provide the potential for high 

sensitivity detection. Unfortunately, normal ultraviolet absorption spectra 

appear as diffuse bands due to physical mechanisrns that broaden the indi­

vidual spectral lines . When lllany species are present these absorption 
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haw!:..; o\,(·dap so tlFd it is no 10ng!'r possibl(~ to selcctively l~xcite the 

cC, p!'c j ( '~: 0 r in t (' 1" l' S 1. 

T q 1 r,t viold - 1'(' gion n101('cu1ar absorption spectra ari:,H' fron1 electronic 

t 1',ubitiol1!': of outl'r electrons. Thes(' transitions are highly cOlnp1ex for 

PUlYdtcllnic 111011'cull's becatHH' of the si1llulianeous occurrence of vibratiora1 

and I"otatirmal Hwtion, which c0111bine with the electronic excitation to pro-
) 

dill(' ;1 lliultitudl' of closely spaced transitions. t.. In the upper figure of 

FLr,lln, 1, an idl'dllz('rl Spl:ctrtUn for a 11lolt'cul(~ the size of an explosive 

Illat('l"1al j;-> ;;l!oWll. This spectrmn would describe a COlllplete1y isolatod, 

rIluti()nll's" I11011'cu]I' with :,iabh· l'xcitt'd stat.es, Belo\v it js shown tlw 

[yp.i(·,tl f(~atllt't'l('bs Spl'ctrtlln which arises \vht'n each of the otherwise-Hharp 

1I';Ul,dtiulu j,: bro;lciPnl'd (as described In·low) under ordinary obsL!}"vational 

(owli Hons. It would be highly difficult to ic1entHy a substance at trace 

('Olh'('nt ratiO!lS on ilIl' basis uf thl' low{~r spectrUlll. 

Tlwl'l' arl' fundalllcntal physical lilnits to Inolecular transition liIW-

\\ jdth~. TIll'S l' plWl10111lma consist of (1) collisional broadening, in which 

inkl'Llctiun lwt\\'t'('n colliding rnolccu1es ::ihifts the Vi1ergy levels; (2) Doppler 

bl'(Jc~d(>l1ing, 1n \vbieh Inolecular n1otion (all gaseous nlOlc'cules arc in nlOtion 

at <1111b1<,n1 V~mp{'ratures) shifts transition pnergies; and (3) n . ,nal broad­

('lling, in which the finite lifetinll' of the excited state T imposes a natural 
'i 

Ihwwidth'i prpdictt'd by the uncertainty principle, i. ('., '1"1 .CC 1/n.·· A 
n n 

I'('lat iVe' comparison of the line shapes due to each of the above line broacl-

('nin,l!' factors is shown in Figure 2 for strong electronic transitions in the 

\1lt I'd viold at onl' atnl0spherf' and roorn tClnperature. The obse rvec1 

b l'(),tdening of a ~-q)('ct ral litH' is a cOl'nbination of t1H' broadening due to each 

of flit' abovl~ effvcts. 

Cnl1isional broadening is (~asi1y suppressed by reducing the pressure in­

sidl' the saL)pl(' chall11wr. It becomes negligil)le at 1 to 10 Torr (about lO-
Z 

to 
- ., 

10 . attn('sphcrt·\. Doppl('r bl'oadpning can be reduced by cooling to near abso-

luh' ,',V1'O; hc\ve\,('r, at that h'lnperature, all substances have zero vapor pl'CS­

SUI't' and cannot lH' dl'tpctecl in the gas phase. The natural broadening is an 

inhl'l't'lIt moll'cular property and cannot be reduced. Most 11101ecules art' 
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Figure i, Effects of Spectral-Line Broadening 
Upon Electronic Absorption Spectra, 
The upper figure depicts the idealized 
spectrum for a molecule the size of an 
explosive, The lower figure shows the 
effects of line broadening under con­
ventional observational conditions. 
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, 
known to fluoresce, which implies a substantial excited state lifetime; this, 

in turn, inlplies a srnall naturallincwidth. 3 However, there are non-

fluores cent substances. No literature information was available about gas 

phase fluorescenct! of explosive vapors at low pressures prior to this work. 

In the liquid phase, fluorescence has not been observed from nitro-com­

pounds 
4 

with the exception of nitroazulene. 5 It was considered likely that 

interaction with the solvent could be responsible for the low fluorescence and 

that significant fluores cence would occur in the gas phase. 

In the absence of collisional broadening, it can be seen from Figure 2 

that elimination of the Doppler width L\V
D 

of electronic transitions could 

yield extremely narrow spectral lines whenever Y
n 

is less than L\v
D

, If 

Y n is much less than ~vD' then highly selective excitation and the potential 

for reduced interference from environmental species would be possible. 

In general, Y n will be les s than L\ v D for species with high fluorescence 

yields. However, it is probable that Y
n 

will exceed L\v D for transitions of 

11101ecules that decay primarily by nonradiative processes (sec Appendix A) 

and, thus, the potential for selective excitation by Doppler-free absorption 

will be lost for these species. 

In conventional spectroscopy, a photon with energy exactly equal to 

the energy separation between the ground and excited states of a molecule 

induces a transition between the two levels. Normally, the molecule is 

initially in the lower state. Interaction with the photon excites the molecule 

to the higher energy state and the photon is removed (absorbed) from the 

light field. The number of lTIolecules excited per unit time is then directly 

proportional, to the light intensity. In the presence of highly intense laser 

optical fields, it, has been observed that molecular transitions also occur 

when the energy of individual photons corresponds to exactly one-half the 

transition energy. This arises from simultaneous absorption of two photons. 

Because of the availability of tunable lasers, this form. of nonlinear spec­

troscopy has become a routine scientific tool. 6 

A lTIajor reason for the practicality of this spectros copic method is 

that weak absorption can be measured with extreme sensitivity. The excited 

5 



stalC>S g('nl~ratecl by absorption 111ay fluoresce; this fluorescence can be 

In('asnrecl down to the l<.'vC'1 of a few photons per second. The fluorescence 

for tlw tyP(~S of nlOl(~culcs of interest occurs in the ultraviolet region where 

rlc-kctors have maxin1urn response and the ultraviolet is easily spectrally 

filt:l' n'd fr0111 the laser excitation, which 111ay be present at a flux of 10
19 

photons pC'r s ('cond. 
Th(! conventional rnethod of two-photon spectroscopy is limited by the 

s an1f' line -l)roadening mechanisms that apply to Ol1e- photon absorption. 

It is characte rized by the same low degree of specificity applicable to con­

vt'ntional ultraviolet spectroscopy, the only major advantage being that 

l'xisting tunable visible lasers could be used to excite ultraviolet transitions. 

Rl'duction of the linewidth of 1110lecular electronic transitions would 

increasc' thv specificity of electronic absorption spectra so that trace gas 

identification n1ight be possible. As n1entioned previously, the collisional 

broadening component of linewidth can be reduced by going to subambient 

pres sure. The naturallinewidth can be quite small; therefore, the Doppler 

width has been the anticipated limitation. 

A method involving two-photon absorption, which cancels the effect 

of Doppler broadening, has been developed and appliecl to atoms. 7 Most 

atOllls or 11101ecules in a gas n10VC at high velocities in randorn directions 

b<.~cause of their thermal kinE-'tic energy. If a molecule absorbs simulta­

nl~()usly two photons coming frorn opposite directions, as shown in Figure 3, 

the bhw Doppler shift applicable to the photon coming from the direction 

toward which the molecule moves (+ ~;,I) 0) is exactly canceled by the red 

Doppler shift applicable to the photon coming from the opposite direction 

(_ Y.JJ
O
)' Therefore, all molecules, regardles s of velocity, are subject to 

c 
an ov<.'rall energy 2;,1)0 and can participate in absorption indepcndent of 

thermal velocity. Thus, Doppler broadening is eliminated. 

The l'ffect of counterpropagating beam two-photon absorption upon 

overlapping spectra of two clos ely spaced molecular transitions is repre­

st'ntl'd in Figure 4. Because molecules absorb counterpropagating beams 

OVl!l' an enl'rgy spread determined by the natural linewidth '{ the spectra n 
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Counterpropagati~g Beam Two:Photon Concept. A molecule with 
re sonance at 2w~ lS shown movll1g with velocity v towards the left 
beam and expenences its optical field blue-shifted by +(v/ c)w 
The molecule is moving away from. the right beam and e .0' . t d' ti . xpenences 
1 s ra 1a on red- shlfted by an equal and opposite amount - (v / c)w 
Jh~ s.um of the frequency of the blue- shifted light and red- shifteJ> . 
19 t 1S exactly 2wo and is independent of molecular velocity. 

7 

-



z 
o 
I­
D­
o::: 
o 
V1 
CO 
<t: 

Figurl' 4. 

Yn 16vO '"'"'lO 
-2 

InlIO ~ 100 

COUNTERPROPAGATING 
BEAM TWO-PHOTON 
ABSORPTION PROFILE 

FREQUENCY 

OOPPLER PROFI LE 
FOR NORMAL 
TWO-PHOTON 
ABSORPTION 

',I ..... 
........... 

..... -

Two -Photon Absorption Spectra of Two Closely Spaced 
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absorption spectrum whereas the solid lines repre sent 
Doppler -free absorption. 
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are expected to be much sharper, and, therefore, normally well resolved. 

Typically 'Yn/b..\J D ~ 10-
2 

has been achieved for atoms. The peak absorption 

intensity is also much higher, by the ratio b..\JD/'Yn ~ 100, because all 

molecules participate in this absorption, regardless of velocity. However, 

note that the molecules can also absorb two photons from a single beam 

simultaneously. This absorption has the conventional profile characterized 

by the Doppler width b.. V
D . Therefore, the sharp Doppler-free absorption 

peaks rise 'above a smooth pedestal of overlapping Doppler contours. Two 

important advantages accrue from the fact that co unterpropagating beam 

two-photon absorption profiles are much narrower and display more intense 

peaks than the ordinary Doppler-broadened two-photon absorption profiles. 

First, the extremely narrow absorption linewidths obtained in the absence 

of Doppler broadening minimize interference effects. Second, because the 

sensitivity of the method depends upon the strength of the two-photon inter­

action the increased intensity of the Doppler-free absorption peak provides 

for lower minimum detectable concentrations. 

B. ProgralTI Goals 

When the program was proposed, the concept of Doppler-free two­

photon. molecular spectroscopy was new. The method had been applied to 

sodiunl vapor by several research groups, and it was clear that it had great 

potential for trace gas detection. A program was initiated to evaluate its 

potential as an advanced concept for explosive vapor detection. 8 As none 

of the required physical parameters was available for explosive vapors, 

the program was largely exploratory in nature. The program proceeded 

in two phases with the first phase designed to test the theoretical basis and 

the second phase designed to test the feasibility for actual explosive com­

ponent vapors. 

The initial objective of the program was to verify that spectra of 

complex molecules could be resolved by the two-photon method as predicted 

by theory. This program goal was successfully achieved when the first 

observations of Doppler-free absorption of electronic states of molecules 

were recorded for nitric oxide and benzene. Following this phase, an 

9 



, _ h 't' al parameters for a practical detection system was 
analysIs of t e cn IC 'h 

a1 d that the detection limit was dependent upon t e 
carried out. It rove e 

t' on 0" and the fluores cence 
roduct of the two-photon absorption cross sec I 2cp , 

P '-ld 1) Although there were a limited amount of data avaIlable 
quantum YIC f' d t 
. f ld-er condensed-phase experin1.ents, there were no a a 
lor 0"2 rom 0 , 

cP hase explosive molecules. It was known that nltro-
applicable to gas -p , 

, d do not fluoresce strongly in condensed medIa, arOlnatlc compoun s , 
'1 b se of photochernical reactions, but appropnate data were 

apparent Y ecau h Thus the experimental effort in the second 
not available for the gas p ase, , 1 ' 

d 'th 0" X 1\ for actual exp 0 SlVe 
h . -, of this prograrn was to etermlne e 2n. 2 

p aSl. 't' l' b'l't f the 
If all ,o,al-ly stages of the program supported app lca 1 I Y 0 vapors. .. 

exploSl'''e vapor detection, measurements were to be made to method to v 

l'nterference of environn1.ental gases upon such detection, assess the . 
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CHAPTER II. DETECTION LIMIT AND OPTIMUM PRESSURE 

FOR DETECTION 

Because pres sure broadening is expected to be an important linlitation 

in Doppler-free spectroscopy, analysis of the optimum pressure conditions 

is important. The fractional sensitivity is the parameter of concern. 

Therefor~, if a detection system operates at subambient pr(!s sures, the 

same fractional concentration describes the mixture, even though the volu­

metric concentration may be greatly reduced. 

A more detailed mathematical analysis of two-photon detection has 

been performed since the initial rough calculation given in the interim 

report.
8 

It indicate s that optimum fractional sensitivity is achieved at a 

specific pressure, which is determined by the fluorescence yield, natural 

linewidth, pressure broadening coefficient, quenching constant, and natural 

lifetime. 9 

The complete analytical treatment appears below. To summarize the 

results, for representative molecular parameters, a detection limit of 2 

parts in 10 11 is feasible. An order of magnitUde improvement in detection 

sensitivity is likely to arise from technological advances in the next several 

years. 

The ratio of the absorption coefficients per unit concentration for the 

counterpropagating beam two-photon proces s ~2cp to the one for the one­

photon proces s ~ ¢ is given by 

where 

f3 2¢ 
-f3-= 

¢ 

II. = transition dipole moment to an intermediate electronic reI 
state 

11 

( 1) 



h ::: Planck's constant 

'J el ::.: electronic frequency 

E :::: amplitude of optical electric field 

6.'J
D 

:::: Doppler linewidth 

"Y -~ linewidth from other processes 

I ::: optical field intensity 

10 .:: a normalized intensity defined in. terms of !-leI and vel 

One appropriate monitoring configuration is shown in Figure 5. A dye 

laser is tuned to exactly one -half the frequency of the luolecular ultraviolet 

transition of interest. The srouple cell is placed inside the laser cavity to 

(1) take advantage of the intense optical fields that exist there and (2) ensure 

the alignment of the counterpropagating beams. It is as surned for calcu­

lational purposes that some of the excited-state molecules decay through 

photon emission. The radiative emission near the two-photon frequency 

is collected and focused onto the cathode of a sensitive photomultiplier tube 

that is operating in the photon-counting mode and is placed perpendicular 

to the optical axis. An optical filter is inserted in front of the photocathode 

to reject radiation at the laser frequency and pass the shorter wavelength 

molecular emission. Dark-current-limited photodetection is thus effected. 

The photoelectronic counts C recorded in this configuration are 

given by 

whore 

r.l L Pt TI1'l 
C .- ""2¢ n 2h'J L f'IC 

n ::: molecular nurnber density 

L :;;: interaction length 

t ::: integration time 

P ::: average intracavity laser power 

v ::: laser frequency 
L 

12 

(2) 

Ff 

, 

t 

t 
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Figure 5. Schematic of Operational Two-Photon Explosive 
Vapor Detector 

13 



11£ ::: quantum efficiency for fluorescence 

11 :: optical collection efficiency 
c 

For dark-current-limited photodetection, the minimum detectable 

counts C are approximately 1 count/sec' cm
2

. For a nonlinal 1 cm
2 

nl 
photocathode and integration time t (sec) 

(3) 

By the use of Eqs. (1) - (3), the minimum detectable molecular concentration 

n can b(,~ expressed as 
m 

n 
m 

(4) 

where A is the optical-beam area. For a laser operating in the TEMoo !uoda, 

L",,},.-1 
A 

where c is the speed of light and}" is wavelength. 

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

n 
m 

(5 ) 

(6) 

As expected, Eq. (6) indicates that molecules with transitions having large 

absorption coefficients, small naturallinewidths, and large fluorescence 

quantum efficiencies are ideal candidates for detection by this method. 

14 

In the absence of Doppler broadening, the transition linewidth of 

ab:nospheric gases is determined by pres sure broadening, radiative 

decay, and internal nonradiative processes. For this case 

and 

1 
y:::kp+-

1 1fT 

where k i is the pressure-broadening coefficient, p is the pressure (not 

to be confused with intracavity power P), T is the natural lifetime, T 
l' 

is the radiative lifetime, and k2 is the collisional deactivation. Sub-

stitution of Eqs. (7) and (8) into Eq. (6) yields 

T 
r 

T 

(7 ) 

(8) 

( 9) 

The pres sure dependence of the detection sensitivity is investigated to 

determine the ambient pressure that maximizes volumetric sensivitity S. 

It is related to n by m 

n 
S= m 

3.5Xi0
16P (10) 

where p is expressed in Torr. 
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The Inaxhnization of S with respect to p allows the optimunl pres sure 

t'J for Doppler-free two-photon detection to be determined. This value is 
1'0 

( 11 ) 

,mel d~'p(mrls so!<·ly upon pararneters of the 11101ecular transition. 

TIll' maxinHllll volul1ll'tric sensitivity Sn1 is found by the substitution 

of p fur p in 1<:'1. (10), which yields 
o 

( 12) 

3.5 :x 

Typical systen1 paral1wters are P " 20 W,t ~; 100 sec, and Tic -:: 3'~L 
-1 15 2 

Typh'al .'11olL'cular paranwtcrs are S 9" 100 enl latrn, 10 :.: 10 W Icn1 • 

;lnd ~'~D 3 GHz.. The radiative lifetiulC of two molecular species is taken 

to be 100 and 1 nse~, respectively, and it is assumed thi'J.t the excited state 

decays prirnarily by radiative relaxation in the absence of collisions, 1. e., 

T-l Noh' that transitions with radiative lifetimes that fall between 
r 

1 and 100 nsee have natural linewidths in the "range of 300 to 3 MHz, 

1'eslwctivdy.3 Conunercial continuous wave dye lasers exhibit spectral 

bandwidths of "-' 1 MHz so that effective excitation of the two-photon transition 

can be' readily accomplished with existing laser systems. For both gases, 

a. n'lHe::lpntative value for the pressure-broadening coefficient of 10 MHzI 

TOI't is selected, and the quenc.hing of the excited state by collisions with 

otl1l'l' moleculeH is assun1(~d to proceed with unit efficiency and to occur at 

the gas kinetic rate. 

Substitution of the above parameter values in Eqs. (11) and (12) pro-

duc(~s the result that the maxirnum volunletric sensitivity is achieved at a 

total sample prpssure of 0.56 Torr for the long-lived species and 56 Torr 
-11. 0 02 

for tilt' short-lived one. For both species, Sm - 2 X 10 ,l.e., • 

16 
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t CHAPTER Ill. RESULTS 

A. Doppler-Free Spectra of Molecules with a Pulsed Dye Laser 

The heart of the two -photon detection method is the ability to achieve 

Doppler -free absorption so that heretofore diffuse ultraviolet electronic 

spectra of heavy molecules might be resolved into discrete lines. The direct 

excitation of single electronic states could permit highly selective excitation 

and reduce interference effects from other molecular species that exhibit 

absorption bands in the same spectral region. 

The experimental results obtained during the first phase of the prograln 

confirmed the theoretLal predictions and supported the underlying hypothesis 

of this investigation. 8 Absorption line-narrowing was observed for nitric 

oxide, and resolvable spectral features were recorded in the benzene absorp­

tion spectra, These features appear diffuse when observed by ordinary 

spectroscopic methods. The molecular structure of benzene is related to 

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

sive vapors, These spectra are shown in Figures 6 and 7, In both cases, 

the resolution was limited by the bandwidth of the pulsed laser system, 

0.25 GHz. The initial apparatus developed for these investigations consisted 

of a narrow-bandwidth pulsed-laser system. Excitation was provided by a 

nitrogen-pumped tunable dye laser. The output of the laser trave rsed an 

electronically scanned Fabry-Perot interferometer to reduce its spectral 

width. The beam then passed through an amplifier before it irradiated the 

sample cell. A concave mirror was placed on the exit side of the sample 

cell in order to focus the beam back on itself to obtain the counterpropagating 

beam geometry. Further details and photographs of the early experimental 

t 'th't' t 8 arrangemen' appear ln e ln erlm repor • 

B. Detection Limit Estimate 

The next phase of this effort involved the dete rmination of the detection 

limit of the method. In the appendix of the interim report, 8 an expression 

was de rived for the detection lim.it of the two-photon scheme. Parameters in 

this analysis included those of a laser system and those for the molecular 
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species of interest. Substitution of typical values for a continuous wave 

laser system and representative molecular parameters predicted that the 

detection limit ranged from 1 part in 10
12 

to 1 part in 10
5

• Further advances 

in the state of the art of laser technology or the use of a pulsed dye laser 

system could improve the detection limit by one to two orders of magnitude. 

The large spread in the detection limit arises from the lack of knowledge of 

the product of two parameters of explosive molecules. The product is 

cr 2cp X I1f' where cr 2¢ is the two-photon absorption c ros s section and I1
f 

is the 

fluorescence quantum yield. Based upon this calculation a cr
2cp 

X I1
f 

product cf 

10- 49 cm2 /photon/sec.cm
2 

would be required to attain a detection Hmit of 

O. 1 part per billion. 

C. Two -Photon Measurements of Explosive Molecules with 

a Continuous Dye Laser 

The major experimental thrust of the effort during the second phase of 

the program was directed toward the determination of the detection limit for 

the two-photon method by measuring the upper bound of the product of the 

two-photon absorption cross section and the fluorescence quantum yield for 

actual explosives. The explosives or explosive constituents studied were 

dinitrotoluene, trinitrotoluene, ethylene glycol dinitrate, and diphenylamine 

(a stabilizer in smokeless power). A special high-resolution tunable con­

tinuous wave dye laser two-photon spectrometer was assembled for this pur p 

pose. The bandwidth of a laser is ultimately limited to a value given approxi­

mately by the inverse of the pulse duration. Therefore, the continuous dye 

laser can provide much higher resolution two-photon spectra than can be 

obtained with a pulsed laser. The two-photon spectrometer is shown in 

Figure 8. Photographs of the apparatus appear in Figure 9. 

At the heart of the spectrometer is a commercial :et stream dye laser 

(Spectra Physics #580A) pumped by the output of a commercial argon-ion 

laser (Coherent Radiation Model #CR- 12). The argon-ion emission is com­

posed of the following discrete wavelengths in the near ultraviolet, blue, and 

green spectral regions: 351 nm, 364 nm, 454 nm, 458 nm, 466 mn, 473 nm, 

477 mn, 488 nm, 497 nm, 502 nm, 514 nm, and 529 nm. The dye laser 
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detected from the evacuated cell when it was irradiated with maximum laser 

power at either the two-photon wavelength or wavelengths much longer than 

the ('xcitation wavelength. 

For work requiring sensitive detection and a chemically inert environ­

ment, a quartz cell was fabricated with end windows of antireflection lenses 

with small focal lengths (f ;::; 2 cm). Inside the laser resonator the beam 

dianwter is 0.5 mrn. The diameter at the center of the quartz cell is 

0.05 mm, thereby realizing a hundredfold improvement in two-photon 

absorption efficiency. 

The lenses for this cell were glass .;ather than quartz because glass 

lenses of the proper diam.der and focal length were in the laboratory and 

could be us ed inunediately. However, upon laser ir radiation of the cell, 

window lurninescenc e was observed that severely limited the use of this 

cell for recording extremely sn1all fluorescence signals. Therefore most 

of our two -photon measurements were perforn1ed with the stainless steel 

s arnple cell that had quartz windows. Intracavity focused cells with low 

luminescence quartz lenses should reduce this problem significantly. 

Heating tape wrapped around metallic covers that fit over the sample 

cells provided a means for baking out the cells and permitted measurements 

at temperatures up to 80°C. No evidence of thermal decomposition of 

explosive vapors was observed for dinitrotoluene, trinitrotoluene, and 

diphenylamine. As discus sed later, photodecomposition of ethylene glycol 

dinitrate was observed. High temperature operation was required to generate 

a sufficient concentr ation to perform two -photon measurenwnts on several 

of the low vapor pressure explosive vapors. Parameters of the two-photon 

spectrometer appear below: 

Wavelength Region (Intracavity Power) - 560 w630 nm (1-3 W) 

440-480 nnl (0.1-1 W) 

Spectral Width of Dye Laser ~ 30 MHz (Single Line) 

Stainh~ss Steel Cell: 
-4 2 

Beam area - dye laser - 2.5 X 10 em 
-3 2 

- argon laser - 2 X 10 em 

26 
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Absorption path length - 1 cm 

Quartz Cell: 

Beam area/ Absorption length - 6 X 10- 5 em 

Light Collection Efficiency (Solid - Angle) - 7% 

Photomultiplier Quantum Efficiency @ 330 nm - O. 2f1;. 

(EMR-542F) 

The stainless steel sample cell was also used external to the laser 

cavity for (J2cp X 11f measurements with excitation from the argon-ion las<'r 

and for conventional one -photon induced fluorescence measurements. Before 

measurements were made, the cell was evacuated to a pressure less than 
-3 10 Torr and then baked out overnight. It was then placed into the experi-

mental system to ensure that no signals were recorded from the empty cell. 

The explosive sample, in the condensed phase, was then placed inside the 

cell in a side arm, and the cell was once more evacuated to a pressure less 
-3 than 10 Torr. The side arm of the cell was bathed in liquid nitrogen to 

prevent loss of high vapor pressure materials during pump down. The cell 

was then removed from the vacuum state station and nwasurenlents begun. 

Each explosive vapor investigated was scanned throughout the wave­

length ranges listed above. These wavelength regions include frequencies 

that correspond to one-half the frequency of the first strong one-photon 

absorptions. Photon counts at room temperature were recorded. While 

the system parameters were held fixed, the telnperature of the cell was 

ir.creased to near 80 0 C and photon counts were r ecordecl again. For all 

the explosive samples investigated, the high temperature counts were indis­

tinguishable from the low temperature counts. Thus, the maximun1 count 

rate attributable to the explosive sample was 5 counts/sec. Measurements of 

(J 2¢ X 11f wel'e performed on benzene and naphthalene to verify the opel' ational 

integrity of the two -photon spectrometer. Signals were recorded that were 

in exces s of 100 times the variation in the background count l' ate, i. e., the 

110ise, for both substances. These measurements established the minimunl 

detectable (J2¢ X 11f product at 2 X 10-
51

cm
2

/photon/sec.cm
2 

at 10 mTorr 

and P = 1 W for this system, which represents a detection limit of two parts 

27 



per trillion. The results of the 02¢ X Tlf measurements appear in Table 1. 

Vapor pressure data were taken from Note 10. The values for cr 2¢ X Tl f are 

calculated from the following expression that relates ° 2¢ X Tlf to the observable 

count rate Cit 

(13) 

This expression is easily derived from Eq. (2) noting that 

A curious effect was observed for ethylene glycol dinitrate. Irnrnedi­

ately upon excitation no signals were recorded. However, within ten minutes 

thereafter, the signal level built up to nearly 1000 counts/ sec. Upon lateral 

translation of the sample cell in the beam, the signal level returned to zero 

and then built up again, which suggests that the effect occurs at the windows 

of the stainless steel cell. The effect was observed both with radiation from 

the dye laser at orange wavelengths and from the argon-ion laser lines in 

the blue -green spectral region. The result suggests that a method of ethylene 

glycol dinitrate detection based upon this effect might be possible (Comment 1). 

Attempts were made to observe the effect with the quartz cell, but the large 

luminescence from its glass windows overshadowed any signals from the 

ethylene g1.ycol dinitrate sample. 

D. One-Photon Measurements 

To understand the surprising low value for the cr 2¢ X Tlf product, and to 

investigate the possibility of photo acoustic detection, the independent mea­

surement of Tl
f 

was undertaken. A standard one-photon fluorescence n~ea­

surcment system was configured (see Figure 10). 

The question arises whether the fluorescence yield from levels excited 

by one-photon absorption will be the same as the yield under two-photon 

excitation. The well-defined parity of atomic electronic states prohibits 
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one-photon transitions and two-photon transitions between the same pair of 

states through electronic dipole coupling so that 1I
f 

will not be the same for 

atomic levels. However, most molecules and especially large ones such as 

explosives lack an inversion center so that both types of processes are p€.~r­

mitted between any pair of electronic levels, As a consequence of the lack 

of well-defined parity of states, 1I
f 

from levels excited both by one -photon 

and two -photon proces ses will be the same for explosive molecules, 

In order to locate the region of maximum ultraviolet absorption, 

standard absorption spectra were acquired because gas -phase absorption 

spectra do not appear in the literature, A quartz cell containing the explosive 

was placed in a Cary 14 Spectrophotometer, Spectra were run at various 

temperatures, The absorption spectra of dinitrotoluene, trinitrotoluene, and 

diphenylamine obtained in this manner appear in Figures 11 and 12. Maxi"­

mum cross sections are 7 X 10 -16 cm2 for dinitrotoluene, 3 X 10- 16 cm2 for 

trinitrotoluene, both occurring near 220 nm, and 2 X 10- 17 cm2 for diphenyla­

mine near 270 urn. 10 A fluorescence spectrum was obtained for diphenylamine 

that revealed a fluorescence band centered about 330 nm (see Figure 12). 

The experimental arrangement for measuring 11f directly by one -photon 

induced fluorescence is shown in Figure 10. Emission from the dye laser 

pumped by the argon ion laser was incident upon a second harmonic -generating 

crystal. For diphenylamine, Rhodamine 6G was the dye. Radiation near 

580 nm was doubled and provided'" 0.3 f-L W near 290 nm in the ultraviolet, 

The second harmonic beam was then directed into the heated stainless steel 

sample cell. The solar blind photomultiplier tube placed at the side viewing 

port monitored the one-photon induced fluorescence near 320 nm (the region 

of maximum fluores cence hom diphenylamine; see Figure 12). A net signal 

of 5000 counts / sec was observed. The absorbed power was calculated based 

upon the difference in power at the exit port of the sample at low temperature 

and at high temperature. A calibration curve of the photomultiplier tube 

spectral response appears in Figure 13. The procedure followed to D1easure 

the photomultiplier quantum efficiency is outlined in Appendix B, The calcu­

lated value of 11f was 0.04%. In the same manner an upper limit of 3 X 10-5 
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was found for 1]f for dinitrotoluene. The upper limit of 1]f at various ultra­

violet wavelengths for dinitrotoluene is indicated in Figure i 1. No one -photon 

excited fluorescence was detected for trinitrotoluene and ethylene glycol 

dinitrate. 

The values of peak one -photon absorption cross section O"p and fluores­

cence yield 1]f may be employed to estimate the natural linewidth Yn of the 

transition (see Appendix A). For diphenylamine these values are 

O"p = 2 X 10- 17 cm2 and 1]f;:::: 10-3 , while for dinitrotoluene they are 

0" = 7 X 10- 16 cm2 and 1]
f

S:3 x 10- 5 . The correspondingnaturallinewidths 

a~e Y ::: 20 GHz for diphenylamine and Y ~ 2 x 10
4 

GHz for dinitrotoluene. 
n n 

Both of these values are greatly in exces s of the Doppler width .6. \)D of 

f"V 1 GHz so that spectral-line narrowing upon Doppler -free absorption will 

not occur. Thus, the major feature of Doppler -free absorption, namely, 

highly s elective excitation to gain specificity and the minimizing of inter­

ference effects will not be realized for these species. Consequently, by 

virtue of the small £luores cence yields for thes e species acoustic detection 

may be more sensitive for them than fluorescence monitoring; however, 

acoustic detection will not solve the problem of reduced selectivity and 

vulnerability to interference from enviromnental species. 

35 



~~~--------~ -~~--

-----1--~-~~~­

I 

CHAPTER IV. CONCLUSIONS AND OUTLOOK 

The measured values for CY 2 ¢ X Tl
f 

imply that detection of the exploslve 

vapors studied at concentrations less than 1 part in 107 is not feasible by 

fluorescence monitoring. This work further shows that even in the gas phase 

in the absence of collisions, the fluorescence quantum yields of the electronic 

transitions of explosive molecules are exceedingly low. The low fluor escence 

yield implies that all of the absorbed energy is dissipated by nonradiative 

processes, which may suggest to some that the photoacoustic detection 

method 11 may be appropriate for monitoring the two -photon absorption. 

However, as shown in Appendix A, a naturallinewidth in excess of the Doppler 

width is associated with an electronic level that possesses such an exception­

ally small fluorescence yield. Narrowing of spectral lines upon counter­

propagating beam, two -photon excitation could not occur, and detection of 

this species would be highly sus ceptible to interference by other gases in the 

atmosphere; thus, the major advantage of the two-photon excitation scheme, 

namely, the reduction in linewidth, is negated. Based upon the measurernents 

reported upon herein, it is concluded that Doppler -free two-photon spectro­

scopy can provide neither sens itive nor interference -free detection of explo­

sive molecules. 

While work on the two-photon program was in progress, an alternative 

approach to explosives detection was conceived. This approach utilizes the 

resonant enhancement of the two-photon absorption cross section 0'2 in the 

presence of an intermediate state. 12 The technique involves a two-~hoton 
absorption process for which the energies of the two photons differ; one 

photon' s energy is tuned to the energy difference between the lower level of 

the two -photon tr ansition and the intermediate state while the energy of the 

second photon spans the energy gap between the intermediate state and the 

upper level of the two-photon transition. A resonant enhancement factor 

(i. e., the ratio of 0' 2 when one photon energy is tuned to the intermediate 
¢ . 

level energy to 0' 2 when the photon energy is far away from any intermediate 

state) of 109 was !ecorded for a two-photon transition in sodium vapor. 13 
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11 f tl'on of the 109 enhancement factor could be realized for If even a sma r ac 
two-photon transitions of heavy molecules, the two-photon metho~ ~ight 

sensl'tl'vl'ty to monitor explosives at 0.1 part per bllhon have sufficient 

In thl'S method the excitation need not be Doppler -free nor 
concentrations, 

, 'f' tly impair interference -free detection. Selectivity 
would a large '( slgm lcan , 
. l' h dnby the requirem.ent that the species of interest have transl-lS accomp lS e 
, t tw < 11 defined wavelengths No experimental results have been hans a 0 we - ' 

published to -date on resonant enhancem.ent of two -photon transitions of , 

molecules. A basic research program would be required to gather 8xpen-
t could be made of the potential mental data upon which a realistic assessmen 

of the method for explosive vapor detection .. 
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COMMENT 1 

The fact that signals were observed after laser irradiation of ethylene 

glycol dinitrate suggests that a photochemical process took place that yielded 

fluorescing products. Any proces s specific to explosive s that yields 

fluorescing products can be exploited for detection purposes, The well-known 

fact that explosive vapors undergo thermal decomposition at relatively low 

temperatures whereupon multiple oxides of nitrogen are released could alsr) 

form the basis of an explosive vapor detection system. A detector that tak(;'s 

advantage of the above properties of explosives would consist of an inlet tube 

in which a metallic grid is located. An exhaust pump pulls the air stream. 

across the metallic grid on which most of the explosive vapors in the ail' 

stream are absorbed. The s ample volume containing the grid is then sealed 

off and moderately €.:vacuated. The grid is then heated whereupon the explo~ 

sive vapors decompose and oxides of nitrogen are generated. The oxides of 

nitrogen are then monitored by laser -induced fluorescence. This method 

should be capable of detecting explosive concentrations at the part per 

trillion level. 
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APPENDIX A 

A relationship exists between the lifetime of an excited state T (sec) and 

th k h t b t · t' (2) 14 I' . b e pea one-p 0 on a sorp 10n cross sec 10n 0' p ern. t IS glven y 

-25 / 
1" ::: 4 X 1 0 11£ 0' P (A-i) 

-1 
Recalling that the naturallinewidth of the transition Y ::: (1fT) , n 

an expression 

for yn(Hz) in terms of 11£, is given by 

(A-2) 

A t t · 1 f tIL b t" 1 0 -16 2 represen' a Ive va ue or a s rong rna ecu ar a sorp lOn IS 0' "" em . p 
The values of cr for dinitrotoluene, trinitrotoluene, and diphenylamine obtained 

p -16 2 -16 2 -17 2 
in this study are 7 X 10 cm, 3 X 10 cm, and 2 X 10 cm, respectively. 

Substitution of 0" ::: 10 - 17 cm 
2 

into :E:q. (2) yields 
p 

(A-3) 

Typical Doppler widths Ll'VD for ultraviolet transitions of large molecules 

are"" 1 GHz; thus, an enhancement factor t:. 'Vr/ Yn of 100 is possible for molec­

ular transitions with 11
f

::: 1. However, when 11f falls below'" 10-
2

, Yn exceeds 

t:.\J
D 

for strong molecular transitions and no reduction in linewidth is observed 

for Doppler-free absorption. 
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APPENDIX B 

The quantum efficiency of an EMR 542F photomultiplier tube was 

determined from 230 to 425 nm using the procedure outlined in this appcl'ldix. 

The spectral output of a 450 W xenon lamp (Osram, X130 450/4) was 

first calibrated using an Eppley thermopile to measure the light that passes 

through a Jarrell Ash double monochromator. The monochromatic light was 

focused onto the thermopile detector with a Suprasil lens. The thermopile 

output vs wavelength (A) is shown below: 

A (nm) ThermoEile OutEut 

230 (0.05 ± 0.03) X 10-6 V 

240 (0.10±0.02) 

250 (0.15±0.01) 

275 (0.5 ±0.01) 

300 (1. 2 ± 0.01) 

325 (2.3 ± 0.01) 

350 (2.8 ± 0.01) 

375 (3.2 ± 0.01) 

400 (3.5 ± 0.01) 

425 (3.4 ±O.ot) 

450 (4. 1 ±O.Oi) 

475 (3.2 ± O. 01) X 10-6 V 

The same lamp and monochromator system was then used to measure 

the 542F photomultiplier response over the same wavelength region. It was 

discovered that the light getting to the photomultiplier was much too intense, 

and a neutral density iilter of OD2 was used in front of the photomultiplicr, 

and two sets of screens with a combined OD of 3.47 were placed between the 

lamp and monochromators. This resulted in a total attenuation of the light 
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getting to the photomultiplier by 99. 9994S%. The response of the photomultiplier 

versus wavelength is shown below: 

x. (nm) 

230 

240 

250 

275 

300 

325 

350 

375 

400 

425 

542 Photomultiplier Counts 

1. 32 X 10
5 

2.20x10
5 

S 
3.10x10 

5.60X10
5 

6.10X10
5 

2.20 x 10
S 

3.20,x 10
4 

3 
5.00 'X. 10 

2.20 x 10
3 

2 8.6 :><:10 

'1'11(' absolut(· rt'sponse of the t.hcrnlOpile was dctl~rnlined using a laser 

with known output to be 3.0 ± O. 5 rnW 1m V. 

TIH' photomultipliC'l' response varied 1('ss than 5% with movement uf 

tll(' s('r\'('ns that were used as n(!'ltral density filters. The optical density 

of tIll' s C rl~ens was dote rnlined on a Cary 17 s pectrophotornetc r. 

The absolute response of the thermopile, along with the data in the 

abovl' tables, was used to determine the quantunl efficiency in counts per 100 

photons v{'rsus wav(dt'ngth for tho 542F photomultiplier (see Figure 13). 
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GLOSSARY 

two -photon absorption coefficient 

one -photon absorption coefficient 

speed of light 

Doppler linewidth 

fluorescence quantum yield 

homogeneous linewidth 

natur al linewidth 

two-photon absorption cross section 

lifetime of excited state 

lowest order mode of the laser cavity 

velocity 

centimeter 

Gigahertz (unit of frequency:: 109 Hertz) 
6 Megahertz (unit of frequency:: 10 Hertz) 

microwatt 

millimeter 

millivolt 

milliwatt 

- nanometer (1 nm :: 10-9 meter) 

second 

- unit of pres sure (760 Tor r :: 1 atmosphere) 

- ultr aviolet 

- volt 

- watt 
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