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AN

ABSTRACT

A preliminary investigation of the D0pp1er~ffee method of
counterpropagating beam two-photon spectroscopy for its applications to
explosive vapor detection has been performed. This method holds great
promise for providing direct excitatioﬁ;o‘zf 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 region, would thereby be reduced. Absgorption-line narrow-

ing has been observed for nitric oxide, and resolvable spectral features
have been recorded in the benzene absorption spectrum. The molecular
structure of benzene resembles that of explosive vapors. The experimental
results of this six-month effort confirm theoretical predictions and support

the underlying hypothesis of this investigation.
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SUMMARY
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In Januvary 1975, work was initiated by The Aczospace Oorporatlo%x anci

supported by a contract with the Law Enforcement Agsistance Admxmstratzon

to explore the concept of Doppler -free counterpropagating beam two-photon

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

effort, experiments had demonstrated this effect for isolated atoms in the

vapor phase. 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 ,,bg;conventional spec~-

SN
/,,,

troscopic techniques. The initial task was to verify thq"}t 5pectra of complex

molecules could be resolved by this method as predict/}zd by theory. \\Selec-
| i
tive excitation of the species of interest would then al],i‘ow detection in the

presence of air and interfering species. |

i
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Thus far, two major results have been obtamed’ in tlus program,

10

~ The first observations of Doppler-free aﬂysorptmn of electronic

states in molecules have been achieved W'L’ch nitric omde and

banzene, These results establish the feapibility of xgesolving,
: | y

individual rotational-vibrational-electronjc states of large fngle-

cules such as explosive vgpors. Thus, s¢lective absorption by

trace molecules should he possible. ! o

Expe}?:imental methods to achieve narrow Lptical bandwidths that *~

g

are critical for this WOrk have been developed mcludmg a tech~

/) /] N

nique to verify overlap of the 50.pm- d1am1ater counterpropagatmg

11
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beams. ) '
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CHAPTER I. INTRODUCTION AND BACKGROUND

The Aerospace Corporation Has 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
recognized that a device which could detect the prg{g[énce 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, a2 number of methods for detection bf explosives
were reviewed, 1 Optical detection techniéfues were considered to be among |
the most promising methods. Their advantages include high sensitivity and
selectivity, ease of operation, nondestructive sample measuremen%; , 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).

It has long been recognized that the ultraviolet (uv) re/;{gion of the elec-

tromagnetic spectrum is a highly desirable spectral regioﬂ in which to detect

"trace gases. Most molecules exhibit many absorption lines:'}g'.n this region,

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

o

to other spectral regions., However, in the uv region, absorption spectra appear
. il
as diffuse absorption bands instead of as sharp line spectra. The spectral

width of an absorption 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.
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, when two or 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-
tion 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 i, Shifts in the frequency
of radiation emitted by a molecule due to electromagnetic interaction between
it and aiihother molecule in proximity give rive to pressure broadening of
the a,fbsorption lines. Pressure broadening can be reduced by a decrease
in the total gas pressure. However, the Doppler vbroadening 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,




2

W

i

o
bl




SMALL MOLECULE LARGE MOLECULE
ISOLATED TRANSITION ADJACENT LINES
A A
DOPPLER-FREE =
SPECTRUM =
= |
DOPPLER- >
BROADENED ]
SPECTRUM o
=
_/_\\ z
FREQUENCY —» FREQUENCY ——»

Figure 1. Effects of Doppler Broadening Upon Electronic Absorption
Spectra of Small 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 molecules moving toward the
light, the frequency of the light is upshifted, or blueshifted. 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
éhange 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 M,y and M, with absorp-
tion peaks at )\1 and }\2 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 }\1. It is seen
that molecule M, is capable of absorbing a portion of this radiation, thereby
preventing selective interaction with Mi' The absorption by M2 consti-
tutes a source of interference for the detection of Mi’ 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 elimination of the Doppler effect could yield highly selec-

tive, and hence specific, molecular excitation.

i
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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
molecule induces a molecular transition between the two levels. The num-~
ber 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
correspond 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 so-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,

. Conventlonal two-photon absorption spectra, however, exhibit Doppler-
broa/c-lened lines similar to the one-photon spectra. In order to eliminate the
Doppler broadening, a counterpropagation beam geometry is coupled with a
tww -photon absorption process, as shown in Figure 3. When a two-photon
absorption is inducta& whereby tli: molecule absorbs one photon from each
of the oppositely directed beams, the Déppler 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
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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 drastically 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 aad sharper than the
Doppler ~-broadened, ordinary, two-photon absorption peaks, although 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 henefit from an
operational system standpoint is gained since tunable, extremely narrow
linewidth lasers are commercially available at visible wavelengths.

Early in 1974, Aerospace proposed that this method be explored to
determine its potential for the detection of explosive vapors because of its

suitability for detecting heavy molecules. The idea of eliminating the Doppler
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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 atomics"é and infrared molecular spectros copy.7

Based upon these results, it is estimated that 2 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
oné particular apparatus configuration. This calculation indicates that the
method has a reasonable chance of possessing sufficient sensitivity for explo-
sives detection.

The major goal of the Aerospace preliminary investigation was to
determine whether the spectra of complex molecules that appear 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 first step towards achieving highly selective
excitation of explosive molecules that could ei’entually 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 eliminativon' of the Doppler effect. Ben-
zene, a molecule whose structure is akin to that of some explosives, was

chosen.
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CHAPTER II. EXPERIMENTAL PROCEDURE

The experimental apparatus employed {n this program is shown. in
Figure 5. Tunabie excitation was provided by a commercial pulsed :dy{.’.‘, |
laser (Molectron DLi~-300) pumped by a fixed wavelength nitrogen laser
(Molectron UV-~1000). By proper selection of dyes, wavelengths that span
the entire visible spectral region (0.4-0.7 pm) could be generémd. The
energy was emitted in a series of 10"8-sec pulses at a pulse rate that coulci
vary in discrete steps from 10 to 100 pulses per second. The spectral width
of the incident dye 1aqser radiation was approxlm&tely 2.0 GHz. Howeve;*, \\
representative Doppler W1dths 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 reduce the optical bandwidth of the radiation further to attain excitation
b

widths less than the molecular Doppler widths,
A scanning Fabry-Perot interferometer (Burleigh RC-40) was employed
for this purpose. The output of the dye laser was passed through a tele‘sco’pés
to reduce the divergence of the beam before it entered the interfer;meter.
The interferometer acted as a spectral filter and was set to reduce'ihe 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 cell contain-
ing the same dye as in the dye laser. Excitation was provided for the ampli~
fier by splitting off a portion of the nitrogen laser radiation and directing it

into the amplifier dye cell.
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Figure 5. Counterpropagating Beam Two~Photon Doppler-Free Experimental
Apparatus. BS is a beam splitter, L is a lens, M is a mirror,
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After amplification, the beam was dire‘lc;;ed by mirrors through the g;.s
cell. In order to maximize the two-photon absorption processes, which are
depéndent upon the intensity of the incident radiation, a fgcﬁsing lens reduced
the beam to a small spot inside the gas cell. A mirror was placed at the exit
of the gas cell t'o reflect the beam back upon itself to achieve the counter-
propagating bearﬁ geometry necessary for Doppler-free ab8orption. A
10‘0.-p‘m 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.

After passage through the aperture, a beam splitter directed a portion-of ..’

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 rriolecules 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 ﬁiibe
placed at right angles to the gas 'cﬁell. Measurements were perfo‘rfned 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 spectrally narrowed radiation was scanned by this procedure. '

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

simultaneous measurements of the fluorescence induced by two-photon absorp-

tion and the incident power level.
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Experimental Apparatus: (a) Dye amplifier set-up consisting of the mirror My,
lenses, and dye cell that appear in the foreground. The aperture, beam

splitter BSp, photodiode, and current meter 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 tube.
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CHAPTER III. RESULTS

Doppler-free spectra have been obtained for NO and benzene. Figure 8
exhibits the measured spectra for NO using a 453-nm laser excitation, No.
correction has been made for varying laser excitation intensity. The upper
curve represents the ordinary Doppler contour obtained by using nonover -
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 o

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

from simultaneous absorption of separate photons from each of the oppositely
directed heams. The 0.25-GHz resolution was instrument limited and repre-~
sents a sixfold reduction in optical bandwidth compared to the Doppler width. it
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
appear distorted due to a decrease of laser intensity. Measurements were
performed on NO at a pressure of 3 Torr.

This successful observation gjf the narrowing of the absorption confirms
the expectations for the use of counterpropagating beam two-photon absorption ’
to eliminate Doppler broadening. The remaghing experiments were done using

benzene, a gas whose molecular structure is more complex and representative

of explosive vapors.

wi{7=
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The measured counterpropagating beam excitation spectrum for benzene
using a 504-nm iaser excitation is shown in Figure 9. Again, no correction
has been made for varying laser excitation intensity. 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 (fork“the region investigated) revealed at least
three spectral features separated froim each other by 0.7 GHz. The Doppler
width of the benzene transition appropriate at the laser fundamental fre-
quency is 0.9 GHz; thus, these features are unresolved by conventional
high-resolution spectroscopic methods. Measurements were perfcrmedv é,t
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.
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CHAPTER IV. CON(LUSIONS

Detection of explosive vapors by Doppler-free counterpropagating
beam two -photon methods is attractive because it possesses a high 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 Doppler-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 dui‘ing this six-moﬁth effort 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 spectra, These features appear diffuse when observed by ordi~
nary spectroscopic methods.8 The molecular structure of benzene is related
to that of trinitrotoluene and is comparagle in complexity to that of other
explosive vapors, (

The éoal of this preliminary investigation, namely, the determination
of whether resdlvable structure in the electroﬁie 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

e _ - PO i i il DU i e maie o ae e ma W uAAma.



. |
towards the realization of a useful instrument for the detection of explosives |
based upon this method are itexmized below.

The selectivity of this detection method improves in proportion to the
ability to achieve narrow absorption linewidths. Therefore, (1) an effort
should be devoted to obtaining even higher resolution spectra of complex
molecules; (2) the spectra of actual explosives should be investigated; and
(3) i‘n‘cer;ference to detection of explosives by the presence of otHer molecules
in the ambient air needs to be investigated. Molecules can emit energy
either in the form of light or heat (or both) as they return to the ground state
after excitation. These decay modes form the basis of a system for monitor -
ing the counterpropagating beam two-photon Doppler-free absorption process.

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

toring the Doppler -free absorption of explosives should be determined; and
finally, (5) the sensitivity for explosive detection should be quantitatively

dé termined,
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APPENDIX. SENSITIVITY ESTIMATE
o

In this section, a calculation is performed to determine the ultimate
sensitivity for the detection of trace vapors by counterpropagating beam
two-photon Doppler -free Spectioscopy. The geometry selected for detec-
tion appears in Figure A-1. The sample cell is placed inside the laser
cavity to achieve maximum dptical intensity. The fluorescence emitted by
the molecule after the two-photon absorption is monitored by the phoﬁ-
multiplier tube {PM'T). The photon-counting method of light detection is
employed, |

The two-photon absorption coefficient oy is expressed as
@y = ncZI . (1)

where n is the molecular concentration, o, is the two-photon absorption
cross section, and I is the photon flux. In terms of relative concentration

¢ and total gas pressure p, o, can be written as

16

<,‘az =3.5x 10" epa,l (2)

For transitions near 0.25 pm, the laser wavelength is tuned to near 0,5 pm, .

where there are 2.5 X 1018 photons/sec for each watt of laser power. Thus, -

the intensity of the laser radiation is given by .

/
1=2.5%x10'8 p/A (3

where P is the laser power and A is the beam area.
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Figure A-1. Apparatus Configuration for the Detection of
Explosive Vapors by Counterpropagating Beam
Two=-Photon Doppler~Free Spectroscopy

w2 -



Substitution of Eq. (3) into Eq. (2) yields

35

= 107" cpo, P/A (4)

%2
The number of photoelectronic counts per second C recorded at the

output of the photomultiplier tube is related to @, through
C=a, LPT 'I]C/Zth {5)

where L is the interaction length, 'ﬂf is the fluorescence quantum efficiency,

'ﬂc is the optical collection efficiency, h is Planck's constant, and v L is the
laser frequency.
Substitution of Eq. (4) into Eq. (5) produces
C=10°> cpo, LPE M M /A (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, PZ,"T]C, and A, The latter group in-
cludes o, and 1. Sufficient information is available to permit accurate esti-
mates for the system parameters. They are as follows: p = 10 Torr, L =
lcm, P =10W, T]C =1%, A=2.5% 10—5 crnzf. Insertion of these values into

Eq. (6) yields

580

Clc = 4% 10 2 Mg ' (7)
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The state of knowledge of o, and 1, for explosives is sparse. One

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

-46 2)—1

to 10750 cm? (photon/sec - cm

il

o 10

2

and
N = 1 to 1073

If these values are employed in a system in which the dark counts are 1 count/
sec, it is readily shown that the sensitivity of detection in a 10-sec counting
interval (i.e., the concentration of explosive vapor that prodﬁces a signal-
to-noise ratio of unity) extends from less than one part in 1012 to one part

: 5 . . . . .
in 107, Conservative estimates 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 ﬁ'ﬁ’hat a sensitivity of one part in 1010 is the minimum required to
perform explosive vapor detection. This \calculati.on indicates that the

counterpropagating beam twb-photon Doppler-free method of detection may

 possess the requisite sensitivity for explosive vapor detection.




Fabry-Perot Intermerometer

Fluorescence

- GHz
o .

NO

|
Photodiode
Photomultiplier Tube (PMT)

Photon

Ultraviolet (uv)

GLOSSARY

An optical instrument based upon the
principle of interference of light waves., It
consists of two highly reflective parallel
mirrors and acts as a highly tuned circuit
for optical frequencies, transmitting only
very narrow-bandwidth optical radiation.
Light emitted by an excited state molecule
shortly after excitation as it decays to its
ground state

One gigahertz, 10? cycles per second

One nanometer, 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 particle of light

Region of the electromagnetic spectrum
directly on the short wavelength side of the
visible region

One micrometer, 10"6 meter
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