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.\n exDcrin-  *al facility was constructed to measure the molecular scattering 

cross secUons o. atmospheric constituents at 10.G,m     The «a^/.^»»^ 
measure the cross sections relative to the radiative lifetime of the 9.    and 10. I »m 
bands of CO«,    rhe calibration procedure included the measurement of CO. fluores- 
cence following laser saturated absorption. 
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ABSTRACT 

An experimental tacility was constructed to measure the molecular scattering 

cross sections of atnospheric constituents at 10. 6 ^m.   The system was designed to 

measure the cress s ctions relative to the radiative lifetime of the "J. 4 and 10. 4 urn 

bands of C09. 

The calibration procedure consisted of the measurement of CO.^ fluorescence 

in the 9. 4 and 10. 4 um bands following laser saturated absorpUon.   It provided a 

direct measurement of the sensitivity of the apparatus,    la addition, it yielded a 
-14       ',] rate constant of k, ■ (1.0 t 0.2) x 10       cm' /sec for collisional deactivation of 

CO., (00  1) in pure CO? at 298 K.   This is in excellent agreement with the value 

quoted by Rosser et al. (J. Chem Phys. , 50 499« (1909)). 

Based upon this calibration, the N,, Uayleigh cross section was measured to 
-33       2 be (2.3 * 1. 4) x 10 v'  enr/sr at 10.0 urn.    This is in very good agreement with 

the value extraix>lair>d to 10. 8 um from measurements made at 094'!A by Rudder 

and Bach (J, Opt. Soc. Am., 38 1200 (1908)).   The N, rotational Raman scattering 

level, estimated to be almost two orders of .nagnitude below the Rayleigh level, 

was too low to be measur id with tMs faculty. 
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i. 

I.   INTRODUCTION 

] 1.1   Background 

This linal report describe« the experimental pronram conducted at Aerodyne 

I Research. Inc. . to measure the differential ■CSttering cross sections for Ng at 

10.« ym.   The motivaüon lor the program was to provide fundamental physical 

.lala that arv required to evaluate the importance of stimulated Hainan scatterinu 

in deuradinu lu^h-power CO., laser beams as they propagate through the »tmosphen- 

ProhahU the most r riti.al limitation <m the propagation of pulsed CO., heams 

is due to real air breakdown.   This is trigpered by atmospheric aerosols present in 

the path of the lasrr beam.   Such paniculate matter can lower the clean air break- 

down thresholtl of .'{ x 10   wstts/em   by several orders of magnitude down to 

approximately 10   watts/cm  .   However, under elean air conditions, when breakdown 

.' oecutfl only for power densities above 10   watts/cm  , beam degradation may IH- 

produced by stimulated Raman scattering. 

Raman photons are amplified axponentiallv by the stimulated scattering procass. 

t' Consequently, there exists no definitive threshold, as such, for the process.   None- 

Li theless, a useful threshold can be defined as the laser Intensity at which the Raman 

scattered intensity is approximately equal to the incident inten.MU .   This then 

represents a substantial conversion of laser photons to Raman scattered photons by 

the stimulated procMS.   Such a threshold is directly proportional to the cross section 

for spontaneous Raman scattering. 

To date, the Raman cross section for the principal atmospheric constituents 

has been measured  only in the visible or near ultraviolet.   Measurements at wave- 

lengths longer than 1.0 tim have not be made.    Consequently, values for the cross 

section at 10. *i jim must be extrapolated from visible data by the   X     dependence. 

This represents an extrapolation over five orders of magnitude, and errors of 20',  in 

the values in the visible become errors of 100 . at 10. (J Mm.    Moreover, the possibilitx 

exists of resonance effects enhancing the cross seclions of some molecules at 10.'J ^xm. 

Therefore, data taken at 10.r> ^m would be preferred, 

! 
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1.2   Program Objectives and Technical Approach 

The goal of the program was to provide the necessary Raman cross section data 

at 10.6 ^m.   An experimental facility was designed and fabricated to measure the 

Ravleigh and rotational Raman scattering cross sections for M  .   The cross section 

of the entire rotational Raman band was to be measured, and from this, the cross 

section for each rotational line was to be inferred. 

The basic technical approach of the measurement program called for the 

measurement of the Intensity of the Ravleigh- and/or Raman-scattered radiation relative 

to the intensity of CO   fluoresence in its 9,4- and 10. l-pm bands.   Consequently, the 

magnitude of the desired scattering cross sections were to be obtained relative to the 

well-known CO- radiative lifetime.   The CO., emission was monitored after laser- 

sacurated absorption of the C02 gas so that dependence of the CO- intensity upon chem- 

ical rate constants was avoided.   In this way, the infrared detection system was effec- 

tive'!   calibrated by the C00 emission measurement. 

As the measurement program drew to a close, it became apparent Irom the 

N   Rayleigh scattering data that the rotational Raman scattering intensity was to 

low to be measurable with this experimental lacility.   The limit of the range of 

the facility was reached when the N,. Raylei^ cross section was measured.    For 
-33 

unpolarized laser radiation, that cross section was measured to be 2.3 x 10 

cm /sr at 10.<i um.   This is in very Rood agreement with the values extraix)lated 

from measurements in the visible,  usiti^ the \     dependence of the cro^s 

section. 

The following section of this report discusses the theorv of the measurement. 

Included are the relationships between measured (^antities and ^he Ravleigh and Raman 

cross sections.   In addition, the calibration procedi.re employing CO., saturated absorp- 

tion and fluorescence is presented. 

In Section 3, the apparatus and the data taken with it are discussed in some detail. 

Tne latter include the H9 Ravleigh cross section and the rate constant for collisional 
0 deactlvation of     >, (00 1).   Finally, the conclusions are listed in Section 4. 

*MMiMn    --- - ^—^-~~—— 
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2.   THEORY 

2. 1   Introduction 

At 10.6 um, N.  has a pure rotational Raman spectrum over which is super - 

impcsed the unshifted Raylei^h component.   At chis wavelength, there is no vibra- 

tional Raman component.   To determine the cross section for each of these scatterinj' 

phenomena, the Rayleigh component must be spectrally filtered from the scattered 

intensity.   The following topics are discussed in the present section:  the theoretical 

expressions that relate the total cross section to the parameters measured in tha 

laboratory, the technique by which the Rayleigh component is subtracted from the 

Raman component, and, linally, the theoretical basis of the calibration by C02 

fluorescence. 

2.2  Rayleigh and Raman Scattered Intensities 

•i For both Rayleigh and Raman scattering, the output voltage produced by the 

scattered radiation is given by 

T where I    is the incident laser intensity in watts/cm   , da/di? is the differential 

I scatterine cross section in cmVsr and N is the number density of scatterers in cm * scattering cross section m cm  /sr ana IN IS uit- munuci UC.IDII,.> V,. »».».— —    . 

The quantity R   is the overall responsivity of the detection system in volt.s/(vntt/cm' -sr) 

It takes into account the scattering volume observed by the optical system, the through- 

put of the optical system, the transmission of any filters that may be in the optical 

train, the detector responsivity, and the gain of the detector electronics. 

JMtfUM 
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Here, (da/dß)   is the differential cross section for the J    rotational line, and Nj 

is the thermal population of the J1*1 level, where J is the rotational quantum number 

for the initial level.   For diatomic molecules, the differential cross section for the 
(1  2) 

band can be written asv ' 

where B is the rotational constant, and gj is the nuclear-statistics factor.   For Ng. 

g   = 6 when J is even, and f   - 3 when J is odd.   The quantity p is the depolarization 

ratio, which for pure rotational Raman scattering is t/^   The angle ^ is the angle 

between the electric-field polarization of the incident and scattered radiation. 

The cross section per line (ckr/dß^ can be described further as 

( 

da \ KS 2(u+4^Jt2) (2-4) 

Here, K is a constant which incluues the anisolropy of the molecular polarizability 

It depends upon the polarization of the incident radiation and the angle at tensor (4) 

which the scattered radiation is observed.   The Placzek-Teller intensity coefficients 

for a diatomic molecule are (5) 

! 

For rotational Raman scattering, da/d^ is the cross section for the band, 

defined by 

da 
55 

N   ■ 
^).N- 

(2-2) 

da 
dS V- p )  cos    «^ + P ■] 

V    [&)    ^JP    gj   (2J + 1) ■ exp [- hcBJ (J y l)/kT (2-3) 
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4 

: 

s Ltf±iLtf^ Stokes (2-5) 

and 

J-J ■!> 2 2 (2J + 1) (2J + 3) 

s = 
3J (■> - ^    , Anti-Stokes      . (2-6) SJ-*J - 2        2 (2J + 1) (2J - 1) 

where J is the rotational quantum number of the initial state, and (J * 2) are the 

corresponding values for the final state.   Finally, the wavelength Xj^j ± 2 
of the 

scattered radiation is given by 

TL— - i ' «('♦8    • ,2-7, 
V
J^J * 2 

where, again, (J + 2) and (J - 2) apply to the Stokes and Anti-Stokes lines, respectively. 

Here A is the wavelength of the incident radiation. 

By combining Eqs. (2-1) through (2-7) at a given temperature, one can determine 

K from the experimental data for the cross section for the total band, dcr/dfi.   Then 

the differential cross section for each rotational line can be calculated by using 

Eq. (2-4). 
u (6) For Rayleigh scattering, the differential cross section is given by 

(2-8) 

for linearly polarized incident radiation. Here, n and N are the refractive index and 

number density of the bcattering medium, respectively, and Pv is the depolarization 

ratio.   The angle ^ is the same as defined in Eq. (2-3).    For unpolarized incident 
•   (8) radiation, the cross section is 

/da\ =    2_ll   tndL)2 6_      ri + cos2ö   +p    sin
2
ö]     , 

WRHV X4    U   ^ 6-7Pu      L U J 

* 

i 

(2-9) 

'Ray A'     ' *'   ' " "m 

il—MIMl II In   -  -^ 
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where 6 is the angle between the incident and scattered radiation, and pu is the 

corresponding depolarization ratio.   It is related to p„ bv 

2 p 
p    m    Lv_ . (2-10) 
Fu        1 + p 

v 

For 0 = 90° scattering, Eq. (2-9) reduces to 

\AQL v4      ^   N   /        I   6- 7p.- 
Ray X, >   «    , V   v        .^u 

3 / 6 + 6 Pu 

(2-11) 

167r     o   \ 6 _ 7pu 

(9) 
where the teal cross section per particle, a^, is defined as 

.    32 >r        /!VJ_\ (2-12) 

2.3  Optical Filtering of the Rayleigh Component 

One of the more troublesome sources of difficulty in the measurement of a 

rotational Raman cross section is the separa;ion of the R; man component of tl.o 

scattered intensity from the unshifted Rayleigh component    In the present program, 

this spectral filtering was to be accomplished in two ways:   (1) use of a linearly 

polarized laser beam, and (2) use of an absorption eel» containing hot COg in th(; path 

of the scattered radiation. 

The advantage of using a linearly polarized laser beam in Raman spectroscopy 

has been discussed by Weber, et al!10)  The incident laser beam is oriented sich 

that the Raman-scattered radiation is observed normal to the axis of the laser beam 

in a direction parallel to the polarization vector of the incident radiation.   As seen 

 "——■—■ ■- -----     —     - —  
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from Eqs. (2-3) and (2-Ö), this decreasch the Raman and Rayleigh cross sections by 

p and p,, respectively.   However, for N2,  P -- 3/4 and pv > 10    ,    ' s« that 

the ratio of the Ran an to Rayleigh scattereti intensities increases by a factor of 

approximately 10'.   Extrapolating data obtained with polarized visibi' radiation to 

10. (5 Mm, one obtain8(12"16) dcr/dj? sG.5 x 10"35 cm /sr for the entire rotational 

Raman band of N9. and(6'17) d<T/d0^3 x 10*33 cmVsr for Rayleigh scattering by N2 

Therefore, vith these depolarization ratios. 

Raman 

Rayleigh 

(P da/dO) Ramai 
(JT  dCT/di?)^^^^ 

91     1.Ü (2-13) 

The Rayleigh scattered component can be reduced further by inserting a cell 

of hot CO, gas in the path of the scattered radiation in the collection optics.   The 

hot gas acts as a filter to remove both the Rayleigh-scattered radiation ind spurious 

wall scattering.   However, since there is virtually no overlap between the rotational 

Raman spectrum of N., and the absorptiui spectrum of the C02 10.4 ym band, the 

Ram an-scattered radiation pa? les through the cell unattenuated. 

The rotational Raman spectrum of nitrogen at 10. H ^m is shown in Fig. 2.1 

for 29H(>K.   The separation of the rotational lines from the Rayleigh fundamental is 

given by the second term on the right-hand side of Eq. (2-7), i.e. . 

M  -   lBv (J*|) (1-14) 

Here    B   is t^.e rotational consfmt, and J is the rotational quantum number ol UM 
v _! (2) 

lower level.    For N9, B    ■  1.98972 cm      for the ground vibrational state,    so that 

the spacing between the Rayleigh component and the nearest Raman line (J - 0) is 
•1 

12 cm 
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Figure 2.1 - Rotational Raman Spectrum of Nitrogen at 10,6 ^m 

The width of each Raman line is a function of pressure and rotational quantum 

number, and is given by 

AU = Au /273 \ 
o   P   [—) 

1/2 
cm 

-1 (2-13) 

For 

Here, 4<j is the half-width at half-maximum due to collision broadening, p is the 

pressure in atmospheres, and T is the temperature in 0K.   The quantity Au)0 is the 

broadening coefficient, and has been shown to be a function of quantum number .1.   Foi 

N (18) 4(j   varies from approximately 0.05 cm"   atm'   for J - 2 to 0.03 cm     atm 
2*0 

for J - IG.   Therefore, below 10 atm pressure, the overlap of the Ram?., 'ines is 

negligible, and, furthermore, the overlap with the C02 absorption lines is small. 

Of course, there is exact coincidence between the Rayleigh component and the 

CO   laser line, here taken to be the P(20) line.   The absorption coefficient at the 

center of the P(20) line of CO   at 10.6 ^m is plotted in Fig. 2.2, as a function of 
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Figure 2.2- CO2 Absorption Coeffi- 
cient at the Center of the 
P(20) Laser Line at 
10.6 ^m 
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mo 

gas temperature;        The corresponding transmission for a 370 cm path is plotted in 

Fig. 2.3, as a function of CO., gas tcnperature.   Above about 5 x 10     atm of CO  . 

the line becomes purely collision-broadened, go that these results are inaependent 

of gas pressure above 10     atm.   Indicated in Fig. 2.3 is the operating level for 

the C02 absorption cell to suppress the N2 Rayleigh scattering below 10', of the total 

Raman scattering, after Eq. (2-13) is taken Into account.   A gas temperature of 

approximately 350 K is required.    For the Rayleigh component to be only 1', of the 

Raman intensity, a gas temperature of 440oK is necessary. 

Therefore, with a linearly polarized laser and a hot C02 filter, it is possible 

to eliminate the Rayleigh component of radiation scattered by N0 at 10.Ü ^m.   The 

degree to which the Raman component is also absorbed by the C00 filter can be 

determined by measuring the scattered intensity as a function of CO   temperature. 
m 

-    '   - - ■   -     - - 
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Figure 2.3 - Transmission Through 
Absorption Cell at Center of 
CO2 P(20) Line at 10.6 ^mi. 
The scattering signals apply 
for a linearly polarized laser 
beam. 

400 500 MO 
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2.4 Dynamic Calibration by Using C02 Fluoresrence at 9.4 and 10.4 Mm 

The cross section of the rotational Raman band can be measured relative to 

the Rayleigh cross section If data are acquired both with and without linearly polarized 

radiation and with and without the C02 filter.   Xht absc ucr Raman cross section can 

then be obtained by calculating the Rayleigh cross section from Eq. (2-11).   To 

eliminate the assumptions Implicit in these calculations, however, the experimental 

system must be calibrated.   This calibration then allows the Rayleigh and Raman 

crost sections to be measured directly. 

The method chosen to   «llbrate the system is the measurement of the intensity 

of the well-known COg fluoiescence In the 9.4 and 10 A um bands, which follows the 

saturated absorption of laser radiation by the .as.   This technique uses the same 

optical system as the Raman and Rayleigh meisu.oments. and is performed over 

approximately the same time scale.   It eliminate the need to calculate the scattering 

volume observed by the optical system, the optical throughput, and the detector 

responsivity; i.e.. the calibration directly determines the system rcsponsivity. Ro. 

10 

mm**. 
•'-   ■     -   _ 



A critical feature of the dynamic calibration is the fact that the incident-laser 
7 8 2 

power density is sufficiently h gh in the apparatus (IL 2r 10   to 10   wat.ts/cm ) to 

saturate the absorbing C02 (loV J • 20) level.   Consequently, the population of the 

entire CO- (00° 1) vibrationai „cate at the end >f the laser pulse is independent of the 

absolute magnitude of the rate constants for the kinetic processes involving the states 

of interest.   Only the relative magnitudes of these rate constants are important. 

During the laser pulse, the population of the COg (00  1) state increases by 

C02 (loV J - 20)   + hi/   ^ C02 (10   1:  J * 19) 

while the population of the absorbing CO- (10 0) state is replenished by 

CO. (02 0)   +   C02 - 
1 ». C()0 (1000)  +   CO,, - 102 cm" 

CO2(0220)   +   C02. cc)9 (io
0o) + cOj-SIcm" 

2 CO   (0^0) L«. C()9 (0220)   +   C02 (0000) - 0.4 cm" 

2 C()0 (01^) !♦ CO    (02%,  10%)   +   C02 (00%) - 2 cm 
'2 v 

Tht rate constants for these processes at 298'K are 

0~  10%       - 0-     -     -1 

r 
I 

'i 
-11     .'i 

1.8 x 10       cm  /sec 

-11       'i 
2.li x 10       cm" /sec 

1.0 x 10"11 c-./Vsec 

, -     ,«-13       3, 7.i> x IO        -m  /sec 

1 11 

DIMM   - _^._ mmumm—mm\ 
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so that the characteristic times fo   the reactions are 

v 2.3 x 10 
PC0o 

3.5 x 10 
PCO, 

-9 

V 
1.8 \ 10 

pco' 

-9 7.4 x10' 

Pco.. 
<» 

where pco    is the pressure in atmospheres.   The fourth reaction then can be 

neglected for present purposes when pcOg < 0-4 atm.   Nevertheless, the CO2(01 0) 

state is strongly coupled to the absorbing state because of the third reaction. 

The repopulation of the CO., (0200) and CO,, (02 0) states by 

i 0 2 
CO« (01 0)   +   C02  and   C02 (02 0 or u2 0)   +   COj 

has a characteristic time ot 90 ysec at pco       1 atm, and, consequently, is not 

important during the - 2 ^sec laser pulse.   The repopulation of the COj (01'O) state 

from the ground state is even slower (180 ^isec at PCO<J     1 atm), so that the CO? 

(1000) state is effectively decoupled from the ground sfate.   Therefore, for C02 
"8 0 

pressures between approximately 10 ' and 20 atm. the population» of the C02 (10 0). 

CO   (0200), C09 (0220), and COg (Ol^) states are closely coupled, while at the same 

time being decoupled from the ground state.   The effective population of the lower 

level for laser-saturated absorption, then, is the sum of the populations of these 

four states. 

For safurated absorption in a molecular system such as C02, kinetic rate equa- 

tions must be written for all the molecular level? coupled to the lower absorbing level. 

The rate of depletion of the lower level due to absorption and. consequently, the rate of 

population of the upper level, are governed by the mrm 

E5 * - '
T8

TSA, 

(10) 

0 

E L 

• 

. 

.. 

■ 

.; 
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here, a is the absorption cross section for the transition and t   . E. , and A    are the 

pulse width in seconds, the energy in joules, and the beam cross sectional area in 

square centimeters respectively, for the laser pulse.   The quantity 8  is the ratio of 

the population of the C02 (10 0; J - 20) level to that for all the other levels strongly 

coupled to it; i.e., for the present case, 

^s   [cO2(1000; J -   20)1      rcO2(1000)l    +rcO2(02Ü0)]    f   f CO2(0220)l 

+ fco^o^o)! 
-1 

(2-16) 

The more complex that the molecular systems is, i.e., the more levels coupled to the 

i)sorbing level, the more difficult   t is to attain full saturation.   In this sense, satura- 

tion is achieved when 

2(T5 
'L 

hi/A > 1 
I, 

(2-17) 

When this condition is satisfied, the population of t'.ie upper level at the end of the 

laser pulse,   JccyOü 1)1   , is given by 

(E    0   -E    0 )1 \   10 0        02  0/ [cO2(000l)J L -   [cO2(1000)]  --   rcO2(0200)l     exp 

rcO2(0220)J    exp 

«=   FcO.^Ol^))!     exp 

kT 

V 10 0        02"0;/ 
kT 

; f o -E i y 
\ 10u0        01*0/ 

(2-18) 

where E . E    ..    ,   E    n , and E    n    are the vlbrational energies of the respective 
01'0       02 0        02 0 10 0 

states.   Coupled with the fact that 

13 



ifmmmmm 

[C02 (OO0!)] ♦   [C02 (1000)] ♦  [C02 (0220)]  ♦  [c02 (02%)] ♦ [cOj (O^O)] 

-   [C02 (000l]  + [C02 (1000)]+   [C02 (0220)] +  [C02 (0200)] 

[^(O^O)] 
(KlUll 

(2-19) 

the CO   (0001) population at the end of the laser pulse can be expressed as 

[C02(0001)]L  = 5.20x 10     pco 
(2-20) 

at 2980K. 

The magnitude of [c02 (0001)] L determines the intensity of the subsequent 

fluorescence.   Immediately following the laser pulse, the CO,, (00°!) population is 

decreased by . 

co (oo01) + co2 —t- co2* + co2 

C02 (00°!)   -^i- CO2(lü00)  +   hl' 

C02 (00° 1)     9-4" C02 (02()0)   +   hi/ 

C02 (00° 1)     43^ C02 (Ü00())   +   hl/ 

where C02* represents C02 (OlV 0200. 1000. ll1©, or OS1©).   The radiative lifetimes 

for the three emission hands are(22)  r        *r      - 5.0 sec. and(23) ^ 3 = 2.4 x 10"   sec. 

respectively, and the rate constant for collisional deactivation is^- 

k   - 1 x 10"14 cm3/sec at .,980K.   Therefore, after the laser pulse, the C02 

excited-state population is 

14 
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[C02(0001,]    ■    [Cü2(000„]      .-*        , (2"") 

where 

T OL      2J T4>.{ T;)>4 T10   4 

(2-22) 

^k0[cO2]   -  2.5xlüd,pco 
ü 
n 
" The dynamic calibration consists of measuring the C02 emission following the 

laser pulse.   The voltage output of the detection system is given by 

vco = % K^0^! e"t/Ts^ rt/T  S ,n . (2-23) 
-   ^     - -^L -U2 

where S   n   is the emission from Cü9 in watts/sr.    For the 9. 4 and -0. 4 Mm bands, 
CO2 

S        is given by the equation 
CO2 

V-        i [a)2(oo0i. J')] 
Z-.    T~ T r       Tön' C02        47r      V       XJ'TJ' [C(),,(0001)J 

where h is the Boltzmann constant, J' is the rotational quantum number of the upper 

state, and  X , and T , urc the corresponding wavelength and radiative lifetimes, 

respectively, for the particular rotational line.   The summation extends over the P 

and R branches of both bands, and includes the fact that only odd J's are symmetry 

allowed. 

The radiative lifetimes,  TJ,. can be determined from measured band intensities, 

as is shown in the Appendix.   Alternatively, since the intensities of the two bands are 

similar, a mean lifetime per line,   rr * 5 sec, and a mean wavelength,   X » 10 ^n. 

can be us^d in Eq.  (2-24) with very little loss in accuracy ^see the Appendix).   In this 

case, the expression for Sco   reduces to 
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Srn    -   -4hg        ■    1.2YX10"21   watt/sr 
CU2        47rX   r 

r 

the factor of 4 in the numerator accounting for the fact that there are two bands, 

each of which consists of a P and R branch. 

The CO   fluorescence signal becomes 

CO. -  R 4 he 

47r X 
[cü2(000i)]     e"^ (2-25) 

«   1.27 x lO"21   Ro   [c02 (00°!)] 

The C02 calibration, then, consists of two simultaneous measurements which 

provide information on both the time response and the absolute sensiti/ity of the 

detection system.   The temporal decay of V        yields the relaxation time r , and 

a rate constant k0 which can be compared with the published values!24"27^   More 

importantly, the calibration yields ^ie system responsivity R , which is necessary to 

determine the scattering cross section, dcr/dff, from Eq, (2-1). 

16 



I 

3.    EXPERIMENTAL PKOGRAM 

The measurement program consisted of a dynamic calibration using COg 9.4 

and 10.4 ^m fluorescence, and the observation of scattered radiation from Ng.   The 

apparatus required to perform these measurements was described in detail in the 

previous report!       However, since that time, several changes have been made, and 

data have been taken. In this section is present1 d a descriptioi of the modified 

apparatus used in the program, with reference to the previous description1 v 

possible.   The data obtained with the system are then discussed. 

3.1   Description of the Experimental Apparatus 

The system consisted of four major components:   a CO   laser, a scattering 

cell, an absorption cell in the optica' train, and an infrared detector with associated 

electronics.   A schematic diagram of the scattering cell is shown in Fig. 3.1.   The 

ceil was a 12-in. diameter, 9H-in. IOUR, sttel chamber capable of withstanding internal 

pressures of 4 atm.   It contained optical mounts which held a 2-in. diameter, 1m 

focal-length KCl lens and a 2-in. diameter. Im radius-of-curvature, gold coated total 

reflector.   The reflector formed one end of the C00 laser cavity, ^nd with the lens, 

focused the laser beam to •-< minir.mm cross section at the oenter of the cell.   The 

entrance window of the cell was a 2..')-in. diameter KCl Hat, and the observation 

port, located opposite the focal volume, was a 4,25-in. diameter KCl fat. 

To suppress wall scattering, 12 Mylar baffles were inserted in the cell along 

the laser axis and along the detector line-of-sight.   The apertures for the baffles 

ranged from S to 10 cm in diameter.   With such an arrangement, we wer.- capable of 
-11 -12 

supressing the wall scattering to approximately 10       to 10    " of the incident beam 

intensity. 
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The cell could be evacuated to 3 t >rr with a mechanical pump, with the pressure 

being read on u Wallace-Tiernan Model FA 160 high precision vacuum gauge. 

PressureLi above 1 atm were recorded on a Matheson Mouel <>3-5642 high pressure 

gaugr.   The gases entering Uie cell were passed through a Millipore filter con- 

taining an 0.80 ^m pore prefilter and a 0.025 ^m pore filter element.   This filtering 

was found sufficient to remove almost all the dust in the gases entering the cell. 

The primary problem that a ose was dust already in the cell producing laser break- 

down.   This occurred after several laser shots (- 300), regardless oi the number of 

times the cell was flushed.   This supports the speculation that dust on the optical 

elements was being blown off after several shots, and was causing the breakdown. 

TIM CO., laser was a Lumonics Model 103 TEA laser, which operated on the 

P(20) line at 10.6 ^m.   The output mirror of the laser was a coated germanium flat 

with a reflectivity of approximately 90',.   The output energy was monitored with a 

Gen-Tec Model EL)-200 joulemeter.   The factory calibrated instrument had ■ sensitiv- 

ity of 10.9 volt/joules when used with a lO^ß load.   To avoid damaging the sensitive 

element of the joulemeter, the focused laser beam was attenuated by metal screens 

manufactured by Perforated Products, Inc.   The screens had calibrated transmissions 

ranging from 2    to 30 ,.   The signal from the joulemeter was both observed on an 

oscilloscope and recorded ■  • a strip chart recorder. 

The temporal shape of the laser pulse was observed with an Oriel Corporation, 

Model 7411, photon drag detector.   The typical TEA-laser pul^e shape is shown in 

Fig. 3-2.   It consists of an initial spike 0,20 ^sec wide, followed by a long tail 

lasting an additional 2.3 pec.   Approximately 40', of the pulse energy was contained 

in the initial spike. 

The laser pulse repetition rate was one pulse per second, and the unpolarixed 

output was nominally l.S joules per pulse in the configuration described above.   The 

output had a m?asured reprodueibility of .') to 10', over a span of 7:") to 100 con- 

secutive pulses. 
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Figure 3.2 - CO   TEA Laser Pulse Shape 

The laser output was monitored with the joiilemeter for every shot for which 

C00 or N0 data were taken.   The energy measured by the joulemeter, E      , can be 
2 - 

related to the one-way energy flux, Ey inside the laser cavity by Eout - O.OSbEj, 

since the transmission of the laser output mirror was 8.81.   Similarly, the two-way 

energy flux, E., in the cavity is related to Ej by EL - l.MME^ since the reflectivity 

of the output mirror was 90.ü%.   Consequently, the two-way flux is 

21.68 E 
cut 

(3-1) 

The perforated screen and the KC1 beamsplitter in front of the joulemeter had 

a measured transmission of 7.7% and reflectivity of 10.5%, respectively.   Thus, since 

the joulemeter sensitivity was 10.9 volt/joules, the output of the joulemeter, Vj in volts, 

was related to the laser cavity flux by 
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J 
I 

, 

E.    --   V.   (0.077) (0.105) (10.9) 
1. I. 

(3-2) 

Et    ■   246 V joi'les , 
L L 

since under these conditions. Eout - 11.35 V^.   Therefore, for a joulemeter output 

of 132 mv, the output energy is 1.5 joules and the intracavity flux is 32.5 joules. 

The laser spot size in the focal plane was measured by inserting apertures 

in the pUh of the beam.   The size of the apertures was increased until the laser 

output was the same as that measured with no apertures present.   In this manner, 

the laser beam was found to have a rectangular cross section 0.83 x 0.3G cm, with 

the major axis lying in the horizontal scattering plane.   Thus, the beam area at the 

focal plane was A,   -  0.3 cm2.    For a laser pulse for which E.  - 32.5 joules, this 
^ L 8 9 

corresponds to a peak power density of IL2f 4x10   watts/cm    m the cavity. 

A schematic drawing of the detection system is shown in Fig. 3.3.   The 

radiation scactcred 90°  from the laser axis was collected by a 12-in   diameter, 

gold coated spherical mirror located approximately 1.5m from the laser axis. 

This represented a solid angle of 3.1 x 10*   sr.   The mirror was contained in the 
i^b) 

3.7m, folded-path absorption cell described previously:        The radiation emerging 

from the absorption cell was focused onto an infrared detector with a one-inch 

diameter, f/l lens made of Irtran II.   The detector, also described previously," 

was a mercury doped-germanium. infrared detector, purchased from the Santa 

Barbara Research Center.   Its peak responsivity at 11 ^im was 24.36 amp/watt. 

The output of the detector was fed directly into a preamplifier constructed at 

Aerodyne Research. Inc!2b)   The unit had a voltage gain of 42 and a bandwidth of 6.7 

corresponding to an RC time constant of 24 nsec. 

For CO   calibration runs in which the decay of the C09 fluorescence was 
'2 

measured, the output of the preamplifier was monitored on a Type 585 Tektronix 

oscilloscope.   However, for the COg calibration runs in which the system responsivity 

was measured and for the N0 scattering runs, the signal from the preamplifier was 

processed with the instrumentation shown schematically in Fig. 3.4.   The output of 
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HORIZONTAL:      5 ^sec/cm 

Figure 3.5 - Typical Oscilloscope Trace for C02 Fluorescence 

scattering of the laser radiatior in the scattering cell.   However, the remainder of 

the pulse decayed exponentially with time and was due to C02 fluorescence.   The 

random noise component of the signal was approximately 0.12v, and was due to 

intrinsic generation-recombination noise in Üie infrared detector. 

The observed fluorescent in^isity was attributed to the 9. 4 and 10. 4 ^m 

bands of CO .   There wan no contribution from the 4.3 um band, since emission in 

that band was reabsorbed by the C02 in that part of the scattering cell lying in the 

field-of-view of the detector, between the laser axis and the observation port.   The 

distance through undisturbed C02 along that path was 30 cm.   Therefore, the mean 

transmission at 0.10 atm of C02 was lO-66 at 4.3 ^m. since the absorption 

coefficient is approximately 50 cm-1 -atm"1 at room temperature! 0)   For the 9. 4 

and 10.4 /im bands, however, the transmission was 94% ovor U.«? same path. i 
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For each calibration run, the signal strength was read directly from oscillo- 

scope photographs.   The results were a least-squares fit to the expression 

VT^   = C exp (-t/r), where C is a constant at each pressure.   The COg Ik 
COo 

deactivation rate constant was then calculated from 

-20 

where p        is the gas pressure in atm, and ris in seconds.   The results determined 

in this manner foi over fifty individual runs are shown in Fig. 3.6 for pressures from 

0.25 to 2.0 atm.    For this range, the i'?laxation time,   T, assumed values from 

approximately 1(5 to 2 fiscc.   Several diita points at the same pressure indicate data 

taken on different days.   The error bars represent the standard deviation for the 

particular set of runs.   The mean value of all the dala points, k0 ■ (1.0 ±0.2) x 

10~14 cm3/sec, is in agreement with the prevously published values at 298 K.   A 

comparison with these values is shown in Table 3.1. 

The absolute   ntensity of the C02 fluorescence was measured by using both 

oscilloscope traces and the boxcar integrator.   The system sensitivity was then 

determined from Eq. (2-25) with Eq. (2-20).   The condition in Eq. (2-17) must be 

satisfied to allow Eq. (2-20) to by used for   |c09 (00  1)]   .   For the pressure 

broadened P(20) line, the absorption cross section is given by 

" 

kV 6.65 x 10"20 2  cm 
pco2 |co2 {I000l 

since the absorption coefficient at the line center is(      k^    =   1. 84 x 10     cm     at 

2980K.    Therefore, for ET  - 40J, A    -0.3 cm  , and the 2980K equilibrium 
-4 *■' 

value   6 = 8.9 x 10    , the condition in Eq. (2-17) becomes 

I 
p <      0.7  atm. 

• — 
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Figure 3.6 - C02 - v^ Deactivation Rate Constant 

TABLE 3.1 

C02(i/3 = 1) DEACTIVATION RATE CONSTANT AT 300OK 

kc(cm   - sec    ) Reference 

1.02 x 10"14 
24.25 

1.09 x 10"14 
26,27 

1.0   x 10"14 
Praöent Study 

CO2(000l)^CO -2 CO2 + CO2(1000,0200.0310.1110or0110) 

2o 

-■ m^mm^t^m^m  -   - ■   ■ ^ 



•^*r*mmmm mm 1 ■■■" ■ 

. 

. 

Tb    -esults of a typical set of runs with pressures io the range of 0.067 to 

0.52 atm and EL = 44J, gave Ro 
1.96 x 104 volts/watts-cm" -sr    , with a 

standard deviation of * 10%.   This represents an average over 26 individual runs taken 

on the same day.   The data in this case were measured from oscilloscope t-aces. 

Corresponding results with the boxcar integrator would be approximately ten times 

higher because of an additional amplifier in the circuit. 

With the mean value of R   measured in this set of runs, Eq. (2-25) can be 
r 0 ",0 

used to calculate |C02 (00  1) JL 
A comparison with the population determined from 

Eqs. (2-18) and (2^19^ can then^be made.   Such a comparison is shown in Fig. 3.7 for 

the mean sensitivity quoted above.   Agreement is very good for p^ < 0. 52 atm. 

However, additional data at PC0   = 1.02 atm show a discrepancy of almost 60% 

This behavior is to be expected.2since at this pressure, Eq. (2-17) is not satisfied. 

] 

1 
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Figure 3.7 - Comparison of Theoreticallv Predicted CO2(00 1) Concentration Due to 
Saturation With Values Deduced From Data 
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These results are typical of the CO- fluorescence data used to calibrate the 

detection system.   The agreement between theory and experiment on the pressure 

dependence of the fluorescence intensity, coupled with the measured relaxation time 

for the decay of that intensity, established the reliability of the calibration technique. 

Moreover, the consistency of the results, based upon the data taken several weeks 

apart, was also established.   The measured CO.,  v.x deactivation rate constant of 
-14       3 •    « 

k- - (1.0 ± 0.2) x 10       cm /sec was averaged over values obtained up to four 

months apart. 

3.3  N2 Rayleigh Scattering 

The N? scattering data were obtained with the electronics shown schematically 

in Fig. 3.4.   The boxcar integrator was used at the limit of its duty factor:  a 5 jisec 

gate width and a laser pulse repetition rate of 1 pps.   This required an integration time 

was 5 min, or 300 laser pulses. 

The Rayleigh scattered radiation was superimposed on the wall scattered 

radiation.   Therefore, measurements had to be made with the scattering cell 

evacuated to 3 torr, .md the results then subtracted from those taken with N9 in the 

cell.   The CO   calibration, however, was performed with the boxcar-integrator 

gate delayed to 10 /isec.   The CO   fluorescence in the interval from 10 to 15 ^sec 

was averaged by the integrator.   Since the wall scattered signal decreased to zero 

by t -- 5 jisec, this source of background radiation was not present for the calibration. 

If T is the gate width, then the averaged signal for the CO   calibration is 

given by 

COf 

t +r 

02 (0001)"]     S 
CO, e dt 

\ K(o001^ cor 

T 
T 

-t   /T  / - T /t\ 

"    I1-   Bj   • (3-1) 
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where   t   - 10 usec is the time at which the gate opens.   This expression, with the 
'   0 

measu ed signal strength, determines Ro.   This was done at p^ - 0.25 atm, where 

saturation is complete, i.e.,   2tr 6 Ei/A
L ^^ ~ :J' 

For the N0 scattering measurements, the laser was open-ted at 1 pps and 

30 to 35 joules per pulse with an unpolarized output.   Throughout the series ot 

measurements, laser induced breakdrvn presented a problem, particularly since the 

signal integration extended over 300 pulses.   Very often, in the middle of a run, 

breakdown would begin, and once it did, its frequency increased drastically.   This 

necessitated flushing the cell and beginning the run again.   Because of this, only two 

runs were completed successfully a'c 3 atm and 4 atm of Ng. 

In addition, because of breakdown, the cell had to be completely flushed before 

changing the pressure in the cell.   Simply increasing the pressure from one value 

to the next produced breakdown on virtually every laser pulse. 

For the CO   calibration with the boxcar gate lelayed by 10 jisec, the measured 

signal was typically 10 to 15 mVwhen the scattering cell was evacuated.  With 0. 25 atm 

of CO , the signal V        was nominally 100 mV.  Thus the boxcar operated on its most 

sensitive scale, 200 mV full scale.   For the Ng scattering measurements with the boxcar 

gate delayed by 0.5 Msec, the measured signal clue to wall scattering was typically 600mv, 

The ratio of wall scattering to Rayleigh scattering was about 1.0 at 1 atm of N^. 

The N   Rayleigh scattering cross section was determined directly from the 

measured Rayleigh signal averaged by the boxcar integrator.   The cross section 

is related to the measured signal strength by 

t  + r 
•o      g 

VRaV' T /     *o N lib 'L * g i 

-    r     Ro   LN2j di?      A 
g L 

•il     -Üb (3-5) 
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where t   =0.4 ^sec is the beginning of the laser pulse.   The data were taken on 

different days, and the calibrated responsivity h   varied slightly in each case.    For 

ten individual runs, each consisting of 300 laser shots, the mean value of the 

differential cross section was found to be 

jß  -  (2.3 ± 1.4) xlO"33 cm 
sr (3-6) 

for cross sections measured at 1 to 4 atm of N».   The scatter of the data points about 

the mean is substantial, amounting to t. standard deviation of t 81%.   The error for 

each run was estimated to be approximately t 40','.   This was due primarily to the 

estimated errors in R   (15%), E.  (15',') and A    (25',). 

To our knowledge, the mean value of Eq. (3-6) is the only meas ired value at 

10.6 fim.   However, it can be compared to previously measured cross sections at 

shorter wavelengths by extrapolating the latter to 10.6 ^m with the relation 
\-4 

dcr/dn ~ A    .   Such a comparison is given in Table 3.2 

TABLE 3,2 

COMPARISON OF MEASURED RAYLEIGH SCATTERING CROSS SECTION 
AT 10.6 ^m WITH VALUES EXTRAPOLATED FROM DATA AT 1216A and 6943A 

2 
dor    / cm   \ 
HIT   V  sr // Reference 

Wavelength at Which 
Original Data Were Taken 

2.3 xlO"33 

2.0 x 10"33 

I.OXIO"
33 

8.5 XlO'33 

Present 
Work 

6 

17 

8 

10.6 urn 

6943A 

B943A 

1216A 

. 

. 

. 
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(Ö) l(17) 
The cross sections measured by RpJder and Bach;    and by George et al. 

were with linearly polarized radiation at 6943A, scattered 90° to the laser axis.   There- 

fore, their results had to be converted to the proper value for unpolarized radiation 

by applying Eqs. (2-8). (2-10) and (2-11).   The cross section in Table 3.2 from Gill 

and Meddle(8) was calculated from Eq. (2-11) using their measured values of (n-1) 

and (6 -«■ 6 pu)/(6 - 7 PJ for N2 at 121«A. 

In their published results, Rudder and Bach found excellent agreement between 

their measured value and the calculated value at W43A.   However, the cross section 

measured by George et al. , was lower than the theoretical value by a factor of two. 

Consequently, th^ extrapolated value at 10. (> ftfD based upon Rudder and Bach's 

data appears to be the more reliable of the two. 

It would be expected that the cross section due to Gill and Meddle extrapolated 

to 10.6 Mm would be unreliable, since the extrapolation from 121GA is over eight 

orders of magnitude.   Moreover, N2 possesses an ultraviolet absorption spectrum 

wnich may affect its refractive index, n, at 121GA.   Consequently, of u.e three 

extrapolated cross sections listed in Table 3.2, the value due to Rudder and Bach 

appears to provide the most reliable comparison for our measured value.   As can 

be seen, agreement between the two is very good.   Rudder and Bach's extrapolated 

value easily falls within error bounds ol the value measured in the present work. 

\T 

3.4   N9 Raman Scattering 

The measurement program came to an end with no data obtained for N2 rotational 

Raman scattering at 10. (> ^m.   The system sensitivity, measured by the COg calibration 

and used in the N    Rayleigh scattering measurements, was insufficient to permit observa- 

tion of the Raman scattered component. 

As discussed in Section 2, the N1., Rayleigh cross section is estimated to be 

approximately 45 times larger than the total Raman band cross section.   Therefore, 

measurement of the Raman scattered radiation with the system described above, 

31 



W"lPl«»<^miBPP*P*W^i»^W"'"w""w*«"'<»^"»WWii'•■ M     »•■■   .     i ii^mmimi~mm^^-mm^m*m^mr^^mmmmmvm*m*mm*m'^^m*~*~^*B*9'^*mi*^H 

would be impossible with unpolarized incident radiation.   As it was. even in the Rayleigh 

measurements, the boxcar integrator was operated at maximum sensitivity and 

minimum duty factor.   Integration extended over 300 laser pulses. 

Unfortunately, the situation with linearly polarized laser radiation was not much 

improved.   As shown in Eq. (2-13). employing polarized laser radiation decreases the 

Rayleigh component to approximately a factor of 1.6 1«. than the Raman component. 

However, the absolute magnitude of the scattered intensity decreases by a frctor of 

50 (namely, by the depolarization ratio) below the Rayleigh intensity in the unpolarized 

case.   Therefore, for polarized radiation, the Raman signal would be in the 10 mv 

range, a factor 50 to 60 below wall scattering and a factor of 12 below the generation- 

recombination noise of the detector. 

Moreover, for the laser system used in the experiment, the energy output in 

the unpolarized mode was approximately twice as great as the pulse energy in the 

polarized mode.   This would have very little practi-al effect on laser breakdown, 

so that breakdown in the polarized case would be as troublesome as for the unpolarized 

Rayleigh measurements described in the previous subsection.   However, the decrease 

in laser energy would decrease the Raman signal to a factor of 21 below the detector 

noise.   To increase ^his signal-to-noise ratio to unity would require an integration 

time of approx'r.ately 10 min, oi 600 laser pulses.   Experience with the Rayleigh 

measurements, however, showed that integrating our more than 200 to 300 laser 

pulses was virtually impossible with the present system due to the occurrence of 

breakdown. 

Thus, several difficiencies in the experimental apparatus prevented the measure- 

ment of the Raman cross section.   The responsivitv, or sensit.vitv of the detectio 

system  vas too low by at least a factor of  50.   The laser intracav ity power density 

(~2 x 108 watts/cnT» was too close to the breakdown threshold     Finally, the pulse 

repetition rale i    me laser was too low (1 pps) to permit pulse avera»dng over a 

reasonable period of time. 
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4.   CONCLUSIONS 

This final report discusses the exptiimental facility constructed to measure 

the scattering of radiation from room -temperature N2 at 10.6 ^m.   The measurements 

were based upon a calibration of the system by C02 fluorescence in the 9.4 and 10.4 Mm 

bands. 

During the calibration, the CO. (00° 1) deactivation rate constant was measured 

to be 

■14 cm 
k0   -   (1.0 .0.2) x 10 

at 2980K.   This is in excellent agreement with previously published values by Rosser. 
(24 o5\ (26,27) 

Wood and Gerryv,    '    'and by Moore et IV. 

Based upon the responsivity d?,.jrmined from the C02 calibration, the N2 

Rayleigh scattering cross section for unpolarized radiation at 10.6 ^m was measured as 

2 
to   -   /9 -i * l  4   x 10'33        -^2- d5 '   <2-3 tl-4'x 10 sr 

This agrees very well with the value measured by Rudder and Bach1    at 6943A and 

extrapolated to 10. 6 ^m by  X"4.   There appear to be no other df»to available at 10.6 ^m 

to make a direct comparison with the present result. 

The sensitivity of the experimental facility was insufficient to permit measure- 

ment of the M. Raman cross section.   The responsivity v.at. too low by about a factor 

of  50.    Moreover, integration over enough laser pulses to p-oduce an acceptable 

signal-to-noise ratio was prevented by the presence of laser induced breakdown. 
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APPENDIX 

RADIATIVE LIFETIME IN THE C02 9.4 and 10.4 Mm BANDS 

The radiative lifetime for a single line in a vibration-rotation band can be 
-9 -1 

expressed in terms of the integrated absorption,  a  in cm " - atm    . for the entire 
4* band.   The lifetime, which is the reciprocal of the Einstein coefficient, is directly 

related to the integrated intensity for the particular line.   Similarly, the integrated 

line intensitv can be written in terms of   a (.32)  Consequently the radiative lifetime 

,(33) 

.. 

becomes 

-E(V1V2V:I )/kT  .       -hco/AT 
_1_ a^   / N/£ \    guK> 1 e /       0 -e i 

TJ " 8m-      3   \o    j     g. ;Rf/ -^ /       ( .   -f   - \ W        >      r  ' Li n. ., r» I V  V  V     -• v  v     v„ 1 I J.I a 1 VJVJVJ     \1v2 N3y 

(A-l) 

^ Here, u/ and <j  are the wavenumbers at the band center and line center, respectively; 

(N/p) is the number density per atm; (^  is the rotational partition function; ^ and 

g    are the statistical weights of the upper and lower levels, respectively;   gf  is the 

the   l-doubling degeneracv for the lower state;   E^Vj'vg) is the energy of the lower 

state; and   v , v. , and v   are the vibrational ciuantum numbers of the lower states. 

The same quantities primed are the corresponding values for the upper state.   Final';,. 

RJ {■    is the rotational matrix element for the transition, expressed in terms of the 

rotational quantum number, I. 

For a given temperature, the lifetime for a particular line can be determined 

from Eq. (A-l) if the integrated band intensitv a is known at the same temperature. 

Fortunately, for the 9.4 and 10.4 pm bands of COj, such data exist.   Moreover, 

measured values of the lifetimes of the P(20) line in each band have recentlv been 

published(.22)   For each P(20, line.    Tr    5.0 sec.    Trom Kq. (A-l» this corresponds 
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(1000 - 0001) - 1.92 x 10"2 cm"   atm" 

(0200 - 00°!) = 2.55 x 10"2 cm"2 atn" 

which Is in good agreement with published values. 

The radiative lifetimes for the two bands as calculated from Eq. (A-l) are shown 

in Fig. A.l.   Results for the P and R branches of each band are given as a function of 

rotational quantum number of the lower state.   The calculated values for the 9.4 Mm 

band are almost identical to those of the 10,4 pm band. 

I1 Hiarx-h 

R Ui amh 

lii,4 tin   llam I.   MtSTUtd Irilrns.U      1.92 s V  ' • '"   " ^m 
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Figure A.l - Radiative Lifetime of the 9.4 and 10.4 j/m Hands of C02 
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Using the resvltr of Flg.A.l with the proper wavelength for each line and with 

the equilibrium population dlstrlbutlor for the CO2(000l) rotational levels, the C02 

emission function, Srr  , defined In Eq. (2-24) was calculated.   At 2980K. 
L02 

,„-21 Witts 
8cOj.l.M«10 ^r- 

However, If we assume the radiative lifetime for each rotational is Tr = 5 sec, and 

if we use a mean wavelength.   \ - 10 um, for each lino, then    SCO2   is given by 

4hp        1.27 xlO"21       ^^ 
'C02     4irXTr sr 

This differs from the results In Eq. (2-24) by 2"; .   Because of its simplicity, 

this expression was used in the C02 calibration analysis. 
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