"(;Iw‘;‘_} "J"l O R e I'a,] 3 ) - Bt R <
E:’\ Fa YOO .."-.J..&\{\' "-'ﬂ".m{:'. BT AT T T S T o o T X P W ™ S Y X X 7 v e L e

N ’ /r
CHEMICAL OME FILE Copy @

33 RESEARCH,
o0 DEVELOPMENT & —~—
1o ENGINEERING
‘99 CENTER CRDEC-TR-87033
5
; o)
<

THE APPLICATION OF STIMULATED
RAMAN GAIN AND INVERSE RAMAN
SPECTROSCOPY TO THE REMOTE
DETECTION OF CHEMICAL AGENTS

by Steven D. Christesen

_DTIC

RESEARCH DIRECTORATE

August 1987

U.S. ARMY

. y 21?'.\,",_’ ‘
ARMAMENT
MUNITIONS
CHEWMICAL COMMAND

Aberdeen Proving Ground, Maryland 21010-5423

Ny Svrr b S
—— TR ot e
2&_)&(5"‘.[_4,3.’.“ [T v,
Apcrevan 1« e oa ;
Plrcves | “heoaelg e '
Di.sar".!'; [ 1 . .

..
.- R W) (

L T A T O S . T I TP,
--------------------------------
.....




Best
~ Available
Copy



--------------- R S N T A T TR TR T T T SR T A I XU I RS

-------- =t ats " nmTata

Disclaimer

The findings in this report are not to be construed as an official Department
of the Army position unless so designated by other authorizing documents.,

Distribution Statement

Approved for public release; distribution is unlimited.

N
. =

I S

[ AR IR IR B

’
W T,

AN

Tota’ sl

Val's
Iy

PN LN P
ettt 1"1 ! g

l:
X

N '4" ]

e

L
S

v
'lf
e
Y]

.’. ‘\1‘\- " |




| el L AT R AN LS bl PV RNV S Ul Pl R LAl g Sl S0t Nl al Bt gt Sot oSl NN Ho S Sl S e Ul i S Sl Nta ettt b 020 A8 0 ¢ alA e 4% § LAY Pt et iadte

UNCLASSIFIED ]//j /j:j‘
SFAURITY CUASSIFICATION OF THIS PAGE o
REPORT DOCUMENTATION PAGE
1 REFORT SECUR'TY CLASSIEICATION To RESTRICTIVE MARKINGS -
UNCLASSIFIED i
23 SECURITY CLASSIFICATION AUTHORITY 3 DISTRIBUTION/ AVAILABILITY OF REPORT
Approved for public release;
K 20 DECLASSIFICATION / DOWNGRADING SCHEDULE distribution is uniimited.
o
: . 4 PERFORMING ORGANIZATION REPORT NUMBERIS) S MONITORING ORGANIZATION REPORT NUMBER(S) ]
CRDEC-TR-87033
; 6a NAME OF PERFORMING ORGANIZATION 6b OFFICE SYMBOL 72 NAME Of MONITORING ORGANIZATION -
(If applicable)
CRDEC SMCCR-RSL
k 6c ADDRESS (Gity, State, and ZIP Code) 7b  ADDRESS (City, State, and ZIP Code)
4
Aberdeen rroving Ground, MD 21010-5423
] §a NAME OF FUNDING / SFONSORING 8b OFFICE SYMSOL {9 PROCUREMENT INSTRUMENT IDENT FICATION NUMSER
: ORGANIZATION (If applicable)
b CRDEC SMCCR-RSL
f 8c ADDRESS (City, State, and ZIP Code) 10 SOURCE OF FUNDING NUMBERS
! W [ T e
LEMENT N NO CESSION
Aberdeen Proving Ground, MD 21010-5 -
t be g Ground, MD  21010-5423 1L162706 | A553C |
h 11 TITLE (Include Secunity Classification) . R
: The Application of Stimulated Raman Gain and Inverse Raman Spectroscopy to the
N Remote Detection of Chemical Agents
N
12 PERSONAL AUTHOR(S) W
Christesen, Steven D.
133, TYPE OF REPORT 13b TIME COVERED 14 DATE OF REPORT (Year, Month, Day) {15 PAGE COUNY
; Technical from 85 Apr 7o 85 Jul 1987 August 17
: 16 SUPPLEMENTARY NOTATION
K
17 COSATI CODES 18 SgBJECT TERMS (Continue on reverse 1f necessary and :de::mfy by block rlqmber)
¢ FIELD GROUP SUB-GROUP >Stimulated Raman Gain Remote Detection &..SRG.
. 15 03 Inverse Raman, Raman Detection IRS
4 Chemical Agents ,
> -
3 ABSTRACT (Continue ors reverse if necessary and identify by block number) 7
3 The use of inverse Raman spectroscopy/stimulated Raman gain for the remote detection
i of chemical agents is analyzed. The sensitivity of this technique is calculated for
[ ranges 1 and 10 kilometers and target cloud widths of 10 and 50 m. The sensitivity
: is also shown to decrease tremendously as the agent or target cloud moves away from
' the focal point of tne laser. }) ., .. o )
i’ .
¢
g
y
3y
’ !
£
] 20 DSTRIBUTION/AVAILAL.LTY OF ABSTRACT 21 ABSTRACT SECURITY CLASSIFICATION o §
Blunciassireounumiteo £ same as ket [Jomic users | UNCLASSIFIED i ¥
228 NAME OF RESPONSIBLE INDIVIDUAL 22b TELEPHONE (Include Area Code) | 22¢ OFf.(CE SYMBO.’. .
TIMOTHY E. HAMPTON (301) 671-2914 SMCCR SPS-T _§
DD FORM 1473, 84 MaR 83 APR edition may be used until exhausted SECURITY CLASSIEICATION Cr T4 vaut,.

All other editions are obso'ate

UNCLASSIFIED




N M W S M M WL W L A N R W WD R N W OV S, o S T Y A D O O RN O LS IO OO e

¢

Ll e
(!

a3

vV

L)

AN
LR T IR Y

[}

i,

W

.
"t

N 20
5,040

o

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE

PR ]

B .
PRI D NI

UNCLASSIFIED

SECURITY CLASSIFICATION OF TiI$ PAGE




PREFACE

The work described in this report was authorized under Project
No. 1L162706A553C, Reconnaissance, Detection, and Identification., This
work was started in April 1985 and completed in July 1985.

The use of trade names or manufacturers' names in this report
does not constitute an official endorsement of any commercial products.
This report may not be cited for purposes of advertisement.

Reproduction of this document in whole or in part is prohibited
except with permisson of the Commander, U.S. Army Chemical Research,
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Ground, MD 21010-5423., However, the Defense Technical Information Center
and the National Technical Information Service are authorized to reproduce
the document for U.S. Government purposes,

This report has been approved for public release.
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THE APPLICATION OF STIMULATED RAMAN GAIN AND INVERSE RAMAN
SPECTROSCOPY TO THE REMOTE DETECTION OF CHEMICAL AGENTS

1. INTRODUCTION

The use of normal Raman spectroscopy for chemical agent remote
detection has been the topic of considerable investigation in the past.l’z
However, research in this area was discontinued when it became evident
that the Raman scattering process was too weak to be applicable to the
remote sensing of chemical agents., Renewed interest in Raman scattering

for remote sensing has surfaced because of the relatively recent discovery

and application of coherent Raman spectroscopy,3»% specifically, stimulated

Raman gain (SRG) and inverse Raman spectroscopy (IRS). In both cases, the

overlap of two laser beams in a Raman active medium results in a decrease in

irradiance (loss) of one beam and an increase in irradiance {gain) of the
other when their {requency difference corresponds to a Raman transition,
The advantages of SRG and IRS over normal Raman spectroscopy include
increased sensitivity, higher resolution, and rejection of luminescence.

The purpose of this report is to analyze the use of stimulated
Raman gain (or inverse Raman) for remote sensing. The sensitivity of the
technique will be determined based on reasonable assumptions of laser
characteristics and Raman spectroscopic data of chemical agents.

2. BACKGROUND

Simplified energy level diagrams of the spontaneous Raman (SR),
stimulated Raman gain, and inverse Raman processes are shown in Figure 1.
In the case of spontaneous Raman, a photon at the laser frequency vp is
annihilated and one at vg =vp -vp is created where hvp is the energy of
an allowed Raman transition. SRG and IRS involve the use of two laser
beams: one at vp and the other at vg, Where their frequency difference
(vp - vg) corresponds to an allowed transition, a photon of energy
hvo is lost and one of energy hvg is gained. SRG involved monitoring
the gain in irradiance of the beam at vg and IRS the loss in irradiance
at vp.

An expression for the gain in irradiance at vg is given by
Ig(R) = IS(-R)eG (1)
where Ig(-R) is the Stokes or probe laser irradiance before the sample,
Ig(R) is the Stokes Taser irridiance after the sample, and G is the gain

coefficient. The loss (L) at vp is related to the gain by the equation
L = (vp/vg)G. The gain coefficient can be written as

R
6 = (A3cN)/(helt av p x (do/dR) x JIp(z)dz 02,
-R
where
Ag = the Stokes wavelength (cm),
N = the number density (molecuies/cc),
& vp = the Raman linewidth (sec™1)
(do/dQ) = the Raman cross section (cmé/mo}eCule), and
Ip = the pump laser irradiance (W/cm¢)

o] M4k 2

s a3 2%2"

- -

[ e 4
A d

PFEFILILSLL

talatala e )

Sttt "

.“‘."."-'n"-'-'.s" ‘)'c'l')

PN




Poa AU NI W 0 W W W T TR AR T TATAR T T TR TR T TP S T L S W ATV Y AT U VR VAU RS UV ONTUTTRTOUT RTOUTADOOY KD O UM

R IR N T e S N P o)
I

A. Spontaneous Raman,
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B. Stimulated Raman Gain (SRG) and
Inverse Raman Spectroscopy (IRS).

Figure 1. Spontaneous Raman, Stimulated Raman Gain, and Inverse Raman
Spectroscopy Energy Level Diagrams
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For a collimated beam, the integral over the sample length from -R to R in
Equation 2 is simply Ip times the distance 2R. When the beams are focused,
however, the irradiance depends on the spot size which changes with distance
along the beam path., The radius as a function of the distance z from the

basm £ar e e
uCunl tvLvud 1o

r(z)

The irradiance as a function of z is I(z) = Pp/nrz(z) where r, is the
beam radius at focus (z = 0), and Pp is the pump beam power in watts.
The integral in Equation 2 then becomes

"

ro [1#(x2)%/(n ry2)211/2, (3)

R
Q(R) = IPP/H rz(z)dz = (2PP/AP) tan'l(ApR/Hroz) and (4)
-R

6(R) = (A3N/(hclavg)) x (do/dg) x (2Pp/Ap) tan™1(ApR/Mry2). (5)

If the gain medium can be considered to be of infinite extent, Q(R) reduces
to Q(») = MPp/Ap and G(R) becomes

G(=) = (A3SN)/(hcAvR) x (do/dQ) x Pp/Ap. (6)

The distance from the focus at waich the_beam area doubles is
called the Rayleigh range (Zp) and is equal to ﬂroz/k. This is an
important distance as it can be shown that Q(Zp) = Q(=)/2 and therefore,
that G(Zgp) = G(=»)/2. Consequently, half of the gain comes from a region
whose length is just twice the Rayleigh range (from -Zg to +Zg). For a 350-nw
laser beam focused at 1 km with 1-m diameter focussing optics, r, equals
2.2 x 1072 cm, and Zp, equals 44 cm. Typically, the gain medium or sample
is much larger than gZR, and Q(R) and the gain can be approximated by
Q(«) and G(=), respectively.

3. REMOTE SENSING
3.1 Introduction.

Assuming that the backscattered signal is detectable, the limiting
factor in the sensitivity of SRG (IRS), as well as differential absorption
1idar (DIAL), is the minimum fractional change in backscattered return (&1/1,]
that can be accurately measured.® This factor is governed by the actual
lidar equipment regardless of the species to be detected. In the application
of SRG (IRS) to remote sensing, AI is the difference in probe backscattered
irradgance measured with the pump laser on and off. Menyuk, Killinger, and
DeFeo” have stated that the minimum detectable AI/I, for their IR DIAL
system is approximately 1% at ranges of up to 1-km. SRI has also claimed
tuat a_stimulated Raman gain remote sensor could detect a fractional change
of l%.6 A value of 0.01 for AI/I, transiates into a detectable gain of
approximately 0.01. In the following sensitivity calculations, it will Le¢
assumed that the minimum detectable gain is G.01.
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3.2 Sensitivity Calculations.

Setting G to 0.01, Equation 5 can be used to calculate a sensitivity
(N) in molecules/cc. The following laser specifications and Raman cross
section and linewidth data will also be used in the calculations:

Ap = 3.5000 x 10~ cm,
As = 3,5892 x 1025 cm,
Avg = 8.994 x 10% cm (0.3 cml),
do/d @ = 1.0 x 10-28 cm?/molecule, and
Pp = 109 W.

In addition, it must be assumed that the lasers are diffraction limited and
have linewidths less than the Raman linewidth. The reguired linewidth is
achievable in an excimer laser with an output power_of 109 watts using
pulse compression and injection-locking techniques.

A cross section of 10-28 cm?/molecule-sr at 350 nm is assumed for
the sensitivity analysis. A value of 31.1 x 10-30 was measured for liquid GB with
363.8-nm excitation.® This corresponds to a vapor phase cross section of
10.8 x 10-30, The vapor cross section for DMMP is approximately 16 x 10-30,9,10
The cross section used in the calculation, therefore, is almost 10 times
larger than that measured for GB and DMMP. The vapor phase linewidth for GB has
not been measured, but a value of 11.9 cm~l was determined for DMMP at 32
torr.* A linewidth of 0.3 cm-l is used for the calculations and represents
an absolute lower limit.

The atmospheric attenuation for mid-latitude summer was used to
ca]cul?Ee the irradiance of the pump beam at_a point just before the target
cloud. At 1 km, P = 0.79 x P, = 0.79 x 107 watts if a laser power (P ) of
109 watts is used. The power ag 10 km is 108 watts. Using the values for
laser power, laser linewidth, Raman cross section, and Raman linewidth
given previously and assuming that the sample extends from at least -Zp to
greater than +Zp so that Q(Rc) can be approximated by Q(=), the sensitivity
is calculated from Equation 5 to be roughly 1.7 x 1013 molecules/cc at 1 km
and 13.5 x 1013 molecules/cc at 10 km. For GB, which has a molecular weight
of 140, this corresponds to a sensitivity of approximately 0.73 ppm at 1 km and
5.8 ppm at 10 km,

The assumptions made in the sensitivity analysis have been very
generous and values of 0.73 and 5.8 ppm are probably 10 to 100 times better
than one could expect for GB or DMMP, A1l of these calculations have also
assumed a sample or target cloud centered at the laser focus. This assumpticn
of an exact overlap of the target with the focus is unfounded because the
focal length of the system is fixed, while the target range is variable.

The following analysis will determine the dependence of the sensitivity on
the distance of the target cloud from the focal point of the transmitting
optics.

A schematic of SRG (IRS) as applied to remote sensing is shown in
Figure 2. Two laser beams are focused at some distance from the transmitter,
Light backscattered from the probe pulse (vg in the case of SRG and vp

*Bischel, W. K. uUnpublished data.
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for IRS) is collected by the telescope, and its irradiance measured, The probe
beem 1> then transmitted alone. The SRG (IRS) signal is the difference in

the backscattered probe beam irradiance with and without the pump beam

being transmitted, A spectrum is obtained by scanning the pump beam frequency
while keeping the probe frequency fixed,

1 Km
- OR =5
10 Xm
AGENT
CLOUD
TELESCOPE / A=
hVS 10m
+ }e— OR
hvp 50 m
LASER 1 hvg
LASER 2 hvp )

Figure 2. SRG/IRS Remote Sensing Schematic

Figures 3 and 4 show plots of the gain evaluated for clouds
centered at a distance R from the focus of the lasers [G(R)] divided by the
gain calculated for a cloud of infinite extent [G(w)]. In this case, R no
Jonger represents the cloud width but instead stands for the distance from
the laser focus. Because the cloud is not necessarily centered at z = 0,

N the 1imits of integration in Equation 4 become R-C/2 and R+C/2 where C is
5 the cloud width. The gain peaks when the cloud is centered at the focus

~ (z = 0) and drops off very quickly as |R| increases. The peak of the ratio
>~ 6(R)/G(=) is very much less than 1 in Figure 4; because, at 10 km, the

~ cloud width {10- or 50-m) is less than twice the Rayieigh range {92-m).

Focusing at 1 km, the Rayleigh range is only 44 cm, dnd G(») is a very
good estimate of the gain for both the 10 and 50 m wide clouds.
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Figures 5 and 6 are semi-1og plots of the sensitivity in ppm vs
the distance R from the focus. The minimum detectable concentration increases
to 1000-ppm when the target cloud range and the focal length of the transmitting

optics differ by as little as 5%. The result is that the cloud will not be
! detected unless the target overlaps the focal point,
: 4. CONCLUSIONS

Coherent Raman spectroscopy has been shown to be very sensitive
in laboratory app]ications.4’12 As a remote detection concept, however, SRG
and IRS suffer from the severe drawback that, because of the dependence of
the gain on the pump irradiance, the lasers must be focused in the sample.
Figures 5 and 6 show the tremendous reduction in sensitivity that results
when the laser focus and target cloud do not overlap., For any practical
application where the target distance is unknown, the optical focus must be
scanned along with the transmitter or receiver direction., This aspect of
the SRG/IRS stand-off detector had not been fully analyzed before.
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