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[
M.7 Fluorescence from the Fragment of CS.,Yapor
Produced by Vacuum UTtraviolet Radiation, L.C. LEE
and D.L. JUDGE, Univ. of So. Calif.--The fluorescence
from the photo-fragments of CS, produced by line
emission sources at waveTengthg between 462 and 1239 R
has been studied. The fluorescence emitted from the

ey +,.2 + ? + .2 2
transitions of CSZ(B £, > X ng), CSZ(A m, + X Hg) and

CS(A]n + X1E) has been observed and the corresponding
emission band strengths and production cross sections

measured. From the CS(A‘H +'X]z) emission spectrum
the populations of]vibratiOna1 levels of CS photo-
fragments in the A'nm electronic state have been ob-
tained. The vibrational population of the v' = 0-4
levels are well represented by a Poisson distribution,
in agreement with a theoretical argument.
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Abstract

2

cs. t%t, A% - X2
2 u u

Hg) fluorescence bands produced by irradia-
tion of CS2 vapor with emission lines from AX462-977 A were analyzed

and their production cross sections measured. The emission bands of

the bending transitions, BZZ;(OVU) - Xzﬂg(OVD), were tentatively

2 ]

assigned andv2 of the B E: state is accordingly found to be 338.8 cm .
Using the tentatively assigned positions of the band heads for the
AZHU(VOU) + XZHQ(OOO) transitons the ionization potentials for the
AZHU(VOO) vibrational levels were obtéined and are in a good agree-
ment with the photoelectron data. The splitting constant of the spin-

orbit interaction for the AZHU state thereby detérmined to be 169 em T,

The C52+(A2H:, Bzzu ¢-X2Hg) fluorescence has exceptionally high pro-
duction cross sections at the absorption bands associated with the n=3

member of the Rydberg series III and V¥, fespective1y,



I. Introduction

Fluorescence emission from CSZ+ was observed by Cook and
Ogawa (1969) following irradiation of the CS2 molecule by photons
of the wavelengths shorter than A976.5 R. Such fluorescence pro-

duced by 2955 A photons has been dispersed and reported by Weissler

+
2

(AZHU-+ ing) system. However, due to the spectral resolution

et al. {1971}, the fluorescence being identified as the CS

Timitation the most intéresting features of the spectrum were not

revealed,

+

Using various techniques the ionization potentials of the C52

ions fin the Bzz+u, Azﬂu(i), and Xzﬂg(i) electronic states have
been studied by several authors: Price and Siimpson (1932), Tanaka
et al. (1960), and Ogawa and Chang - (1970) have investigated the
Rydberg series and obtained the.ionizatidn potentials from the

series limits; Callomon (1958) studied the emission spectrum of
the C52+(BEE;-+ XEHg) system; Diebeler and Walker (1967} and

Momigny and De1wiche'(1968)'have investigated the mass spectra of

the CSZ+ ions jonized by photoabsorption; Turner and May (1967),

Eland and Dunby (1968), Collin and Natalis (1968), and Brundle and
Turner (1969) have studied the photoelectron spectra resulting
from the photoioniéation of C52 by the 1534 E‘helium resonance
line. Through such observations the nature of the C52+ e?ecfronic
states is reasonably well understood. However, due to the lack of
) :

high resolution rotational analysis of the B Z: > Xzﬂg and

i



AZHU + XZHg emission systems, the precise positions of the vibra-

tional levels of those states are still not established, and -
further study of these systéms 1s required.

Carbon disulfide is one of the molecules of astrophysical and.
aeronomic interest (Hudson, 1970). Measurement of the productioﬁ

cross séctions for the CSZ+(BZZZ, A2

m,= XZHQ) fluorescence, pro- -
duced by vacuum ultraviolet radiation is thus of considerable
interest. Such data will provide basic information for an under-

standing of the role C82 plays in planetary atmospheres.

11. Experiment

| The experimental set-up has been described in a previous
paper (Judge and Lee, 1972). 1In brief, the light source is a
condensed spérk discharge through a boron nitride capil1éry con-
taining either Nz'or Br. The emission lines of interest were
“isolated with a 1-m normal incidence monochromator (McPh. 225).
The fluorescence was dispersed by a 0.3-m monochromator (McPh.'218),-
with the bandwidth set at 5 E or less. |

The source line intensities were measured witha niéke] film

detector for which.the quantum efficiency was known (Walker et al.,
1955). For the absolute intensity measurement of fluorescence the
response of the combinatién of a grating blazed at 5000 E and a
cooled photomuitiplier (EMI 9558 QB) in the wavelength region -

o ‘
AA3000-7000 A was calibrated with an EG&G tungsten halogen lamp.
{ - .
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The response curve is similar to that published in a previous paper
{Lee and Judge, 1972)., The second order spectrum of the BZZZ > XZT[g
emission in the region AA2750:2950 E was observed. The resnonse
in this region was calibrated against sodium salicylate, for which
the quantum efficiency is known (Slavin et al., 1961). The system
response was found to be reasonably constant.

C52 vapor was obtained from an analytical-reagent-grade liquid
CSZ. The vapor was purified by fraction§1 distillation so that the
fluorescence from the poss%b1e impurities. especially N, proauced
by irradiation of A555 E was not detectable. The vapor pressufe
inside the sample cell was monitored with a Baratron Capacitance

manomater and was limited to 15 mTorr or Tess so that the flupres-

cence intensity was linearly proportional to the pressure.

III. Result and Discussion

2

A. B Z: - ing System

2 2

The B E; - X Hg f1uorescence spectra produced by irradiation

of photdns with wavelengths A555, 827, 835, and 851 R are shown in
Figure 1. The spectrum produced by 2555 E radiation is character-
istic of ail Ub;erved spectra produced by photons with wavelengths
ﬁot longer than A827 E. The observed position; of band_heads, the 3
wave numbérs, and the relative production crossrsections for the

various emission bands are listed in Table I.

The bands a to ¥y shown 1in Fighre 2 have been observed by



Caltomon (1958) who obtained the .emission Spéctrum from the negative
flow of a d.c. discharge through C52 vapor. The rotational spectrum
of the a and b bands has been analyzed by Callomon (1958) and

assigned respectively to the BZZZ(OOO) > ing 3/2(000) and X2

29,1/2(000)
transitions. The p band has a rotational spectrum similar to the

020) transition.

a band and is thus assigned to the BZE:(OOU) > X2H9’3/2(
Callomon (1958) also suggested that the e and f bands correspond to
“the BZZZ(DOO) > XZHg’3/2(100) and X2H9’172(100) transi?ions. The
correctness of this suggestion is corroborated by the presently
observed spectra. Because the a, b, e, and f bands are emitted

from the same upper level, BZH:(OOO), their relative emission

cross sections will be independent of the incident photon energy.
This independence is apparently consistent with the present spectra
shown in Figure 1 and Tisted in Table I.

As shown in Figure 2, the spearations of the a-B and the c-d
bands are the same as that of the a-b bands. And, the intensity
distribution of the a, ¢, and a bands is similar to that of the g8, d,
and b bands. Considering - the uniformity of fhe band separations
these bands may thus be vibrational progressions. As shown in
Figure 1 the a, c, B, and d bands are not produced by primary
photons having wavelengths shorter than 2835 K; their produbtion
is strpng]y dependent on the primary photdn energiés. This may
ihp1y that these bands are emitted from the various vibrationa]‘

lTevels of the upper BZEZ state, of which the formation is‘dependent



on the primary photon energy.

The bending vibration transition, BZZZ(O]O) > X?HQ(OIO) has.
been observed in the BO, molecule by Johns (1961). Since the CSZ+
ion 1is isoe]ectronic_(Cé1Tomon, 1358, Johns, 195]) to the BO2 nole-
cule, the CSE+[BZZZ(UV'O) - XZHQ(OVHU)] transitions are thus to be

expected. In fact, in considering the combination of the vibrational

. + -
frequencies for the BZZU - X2Hg transitions, only the (Ov'0) » (Ov"0)
- transitions can possibly explain the separations of the c-a and d-b

bands which are given by Callomon (1958) as 134.04 and 137.27 cm'],

2

respectively. The vy vibrational frequency of the B Z: has been

determined by photoelectron spectroscopy (Eland and Danby, 1968,

Brundle and Turner, 1969) to be 605 cm_], which is comparable to

v, (= 623.94 cm ') of the xzng state given by Callomon (1958). The

3 vibrational frequencies are still unknown for both the BZE: and
ol

XZHg state. However, according to the data Vi T 1070 cm ° and

v

vy = 1322 cm-} for the BOZ(XZHQ) state, v, for the CSZ+(X2H9) state
is expected to be of the order of V- From these considerations |
the possibility that the a, Cy B, and d bands are emitted from the
most 1ikely populated levels, Bzz:(voo), is ruled out. The Frank-
Condon factors for the productions of the C52+(BZZZ) ions in the
(OOO),.(100), and (200) levels have been determined by A584 A
photoelectron spectroscopy (Bruﬁd1e and Turner, 1969) to be 0.89,
0.10, and 0.01, respectively. |

According to the vibrational selection rules for electronic

'3
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transition (Herzberg, 1966) AV, = 0, +2, *4, ---, the bending
vibrational levels of the CSZ+(BZZZ) electronic staté can only be
populated by excitation of the neutral molecules in the bending
vibrational levels of the ground electronic state. Since the

AV, = 0 are usually the strongest transitions (Herzberg, 1966), the
popu]atidns in the banding vibrational levels of the upper electro-
nic state will approximately have the.same distribution a§ that of
the ground electronic state, whenever the electronic transition
moment is assumed constant. In fact, as indicated in TébTe I, the
relative production cross sections for the a: c¢: o or b: d: B bands
(='1.0: 0.16: 0.03), which are in turn proportional to the popula-
tions of the vibrational elevels, do indeed agree with the popula-
tion distribution of the bending vibraticnal ]eve]s in the ground
electronic state. - THe. bending vibrational frequancy Vo for the

], which results

CSZ(X1Z;) ground state (Herzberg, 1966) is 396.7 cm
in a calculated Boltzman population distribution for the vibrational
levels, (000): (010): (020) of 1: 0.14: 0.02, respectively. This
fact also suggests that the ¢ and o or the d and B bahds may be

' emitted, respectively, ffom the bending vibrational levels, {010)
and (020} of the BZZZ state. And the corresponding lower levels
for these bands will be the (010) and {(020) 1eveﬁs of the ing
state whichare again determined by the selection rules, AVZ = (0,+2,

——-. The result for the suggested assignment is listed in Table I

and also indicated in Figure 2. From this tentative assignment
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and the v, bending vibrational frequency (Callomon, 1958) (=204.8 cm"])

of the XZH state, v, of the BZZ+ state is thus 338.8 cm—].
g,3/2 2 . u

2

Similarly, v, for the B Z: state is larger than that for the Xzﬂg

2
State in the BO, molecule (Johns 1961), for which v, va]ues_aré,
respectively, 505 and 464 cn V.
Prodﬁction of the ¢, ¢, B, and d bands is strongly: dependent
on the incident wavelengths near A835 E. These wave1engfhs are in
ékregion_(lk820-840 E) where a strong and rather broad absorption
feature is observed (Cook and Ogawa, 1969). This coincidence
+(Bz

suggests that the CS Z:) ions in the bending vibrational levels

2
may not be produced by direct photoionization.

B. AZHU-+ xzng System

The fluorescence spectrum in the wavelength region AA4300-
5800 E producedlby irradiating CS2 vapor with photons.of wavelength
2923 R is shown in Figure 3. This spectrum is characteristic of all
the observed Spectra'produced by photons of waQe]engths not longer

than A955 A.

The present spectrum has been identified as the CSZ+(A2HQ > ing)
" system (Neiss]ef, 1971). However, this emission system is relatively
.unknown, in contrast to the isoelectronic systems, COZ+(A2HU > Xzﬂg)
and BOZ(Azﬁu > ing), which have been rotationally analyzed by
Mrozowski (1941, 1942, 1947a,b} and Johns (1961), respectively.

From the analysis of the CSE+(BZZZ - XZHg) system Callomon (1958)



has determined that the vibrational levels of x2

¥

Hg,1/2(000) and

{000) are inverted, with a splitting of 440.71 cm—]. On

g,3/2
the other hand, the sp]ittiné in the vibrational levels of the
CSZ+(A2HU) state is not yet known. Although the ionization potei-
tials for each vibrational level are well determined by photoelectron
spectrosbopy (Eland and Danby, 1968, Brundie and Turner, 1969),

the splitting 1is not resb]véd.

In the C02+(A2Hu > Xzﬂg) fluorescence spectra (Lee and Judge,
1972, Judge et al., 1969), the strong emission bands are grouped .
into sequences, AZHU(VOG) - XEHg(v + m00), where v + m3> 0, v = 0,
1, 2,_-—- and m is a fixed integer for each sequence. The band at
the shorter wavelength side of each sequence is an AZHU(VUO) -
XZHQ(OUO) trénsition. In analogy with the'isoe1ec£ronic COZ+,
the wavelengths for the C82+[A2Hu(v00) > XZHQ(UOO)] transitions
have been determined from the band head positions at the shorter -
waﬁelength side of each sequence and are listed in Table II.‘ Com-
bining'the emission photon energies of these transitions with the
jonization potentials of the xzng’1/2(ooo) and x2n9’3/2(000) levels,
‘which are respectively 81735 and 81299 cm4 according to Tanaka et
-al, (1960), the ionization potentials for the vibrafiona1‘1eve1s
of AL (v00) are obtained and Tisted in Table II. The ionization
potentials given by other authors (Eland and Danby, 1968, Brundle
and Turner, ‘1969, Ogawa and Chang, 1970} are also listed in the

Table for QOmparison. The average value for the @ = 1/2 and 3/2 '



components of each vibrational Jevel agrees very well with the
value given by Eland and Danby (1968). The splitting averaged
over all vibrational levels is 0.021 eV (169 cm*]). The uncertainty
of the band head position is estimated to be +5 E resu1tingrin an
energy level uncertainty of 0.0025 eV.

| It is interesting to compare the splittings of the = 1/2 and
3/2 components of the jsoelectronic molecules, C52+, COZ+, and BGZ’
-The spiittings for the Azﬂu(i) and XZHg(i) states are respectively
169 and 441 cm_1 (Callomon, 1958) for cs +, 95 (Mrozowéki? 1941, 1942,
Tanaka and Ogawa, 1962) and 160 cm—] (Bueso-Sanllehf, 1941) for C02+,
and 101 and 149 cn™ for BO, (Johns, 1961).
and XZH

. ) . + 2
Adopting the v, values of the CS, (X Hg,1/2 g,3/2)

states from Callomon (1958), which are given, respectively, 631.06

and 616.82 cm™)

. andrthe ionization potentials of the Xgﬂg states

from Tanaka et al. {1960), the ionization potentials for the

XZHQ(VOO) states may be obtained. Combining these ionization
potentials with the presently obtlained ionization potentials for

-the Azﬂu(voo) levels, thé wavelengths for the vibrational transitions,
A% (v'00) » Xzﬂg(v“OO) are calculated and Tisted in Table IV. As

shown in Figure 3 the calculated wavelengths fit-the_fluorescence

spectrum quite well.

C. Production Cross Sections

At a constant primary photon intensity and a constant gas

/5



pressure, the fluorescence cross section, of(l,lf), for a band at

wavelength A, produced by a primary photon of wavelength ), is

b
proportional to the fluorescence radiation rate (Lee and Judge, 1972).
The relative production cross sections for the various emission
wavelengths produced by various incident photon wavelengths are
given in Tables I and 1V for thé CSZ+(BZZZ > Xgﬂg) and the C52+(A2Hu -+
Xzﬂg) systems, respectively. “

The absolute production cross section is obtained by comparing
the presently observed fluorescence radiation rates Qith those of
the N2+ or C02+ fluorescence, Tor which the-produqfion Cross
sections are known (Lee and Judge, 1975, Judge and YWeissler, 1968).
The tofa] production cross sections, quf(x,}f), of the C52+(A2Hu,
BEEZ - Xzﬂg) fluorescence bands produced by incident wave-
lengths from AA462-977 A are listed in Table V and shown ianigure
4. - The absorption cross sections, 01> given by Cook and Ogawa (1969)

are adopted for the calculation of the production yields, = g /oT,

. Ny~ %
and are also listed in Table V. The cross sections are in units of

-18 cmz) and the yields in %. The uncertainty for the

Mb {= 10

production cross sections is estimated to be +15% of the given value.
As shown in Figure 4 the production cross section of the AZHU >

XZHg fluorescence at the incident wavelength ;955 3 is exceptiona11y

high. This wavelength is within the strong absorption band (Cook

and Ogawa, ]969).associated with the n = 3 member of the Rydberg

series 11T (Tanaka et al., 1960), where a high relative photoiohization

/6



cross section is also seen in the ion mass spectrum observed by
Dibeler and Walker (1967). Similarly, the large production cross

section of the BZZI > Xz

Hg-fiuorescence at wavelength 3827 E is
correlated with the strong absorption and jonization {Cook and

Ogawa, 1969, Dibeler and Walker, 1967) bands associated with the

n = 3 member of the Rydberg series V (Tanaka et al., 1960). For
wavelengths shorter than 2800 E the ion mass spectra {Dibeler and
ﬂalker, 1967) show that both the dissociative ioﬁization'processes,
C52 + hv + S+ +CS + e and CS+ + S + e, have appreciable efficiencies.
Sinbe these dissociétive ionization processes will reduce the
production of C52+ icns, the cross sections for fhe production of
fluorescence from excited CS +‘ions may be expeéted to decrease at

2
the shorter primary photon wavelengths which are shown in Figure 4.
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Table I
The band head positions, the wave numbers, and the relative production
. . + +
cross sections for the various bands of the CS2 (BZZu +-X2Hg) system
produced by'photons at various incident wavelengths. The assigned

transitions are also given.

Incident o f 555

: A(R) . 835 | Transitions
"~ band_head o 827 alet L y2o
A(ﬂ) cm” | B Eu. X Hg(ﬂ)
2798 S o 35740 0.030 (020) » {020) (3/2)
2809 . ¢ 35594.83, 0.16 (010} » {010) (3/2).
2820 a 35460.77 1.00 1.00 . {000) » (000) (3/2}
2826 . 35386 0.016 : .
2834 . B 35286 0.026 (020) - (020) (1/2)
2844 d 35157.33, 0.13 {010) = (010) (1/2)
2855.5 b 35020.06 0.91 0.86 (000) - (000) (1/2)
2863 34928 , 0.017
2870 e 34843.95 C0.021 0.023 (000) - {(100) (3/2)
2874 34795, D.052 0.055 :
2008 f 34389 0.020 0.021 (000) + {100) (1/2)
6.014 0.015 :

2914 34317

*The wave numbers are adopted from Callomon

2/



The ionization potentials for the AZHU

Table II

.t

v00)

vibrational levels

obtained from the presently observed sequence bandheads.

values given by other authors are also given for comparison. .

The

Sequence Vibrational Ionizafion Potentials (ev)
Band heads Levels Eland Bundle Ogawa
o n _ and and and
A(A) HU(VOO)(Q) This Work Danby - Turner Chang
00z Teee  126d 12,565
4503 PRz a0 1269 ge
e “Ar am w2 i
et SV B~ SR PR R LT
W BE e e S




Table III

The wavelengths for the vibrational transitions of

Fra 2 : 2 0
the CS, [A Hu,g(" 00) - X I[g,Q(V 00)] system

) (o] I <}
0 Q=3/2 4880 A 5031 A 5193 A 5365

1/2 4940 5099 5268 5450
1 3/2 4740 4883 . 5035 5196
| /2 4803 4953 . 5113 . 5283
2 3/2 4607 4742 4885 5037
1/2° 4671 4813 1964 5124
3 3/2 4497 4625 4761 4905
172 4542 4676 4818 4969
4 3/2 4380 4500 4530 4756

1/2 #4437 4585 4709 4844

23
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" Table IV

The relative cross sections for the C52+(A2Hu > ing) system in various emission wavelength regions.

The CSE+(A2HH) ions are produced by incident wavelengths of A923 or 955 A,

o) 4380 4430 4475 - 4535 4600 4650 4730 4790 4875 4930
AX(A i o { o [ l - i | 1 l
4430 4475 4535 4500 4650 1730 4790 4875 . 4930 5025
e 0.17 0.1% 0.43 0.43 0.63 G.75 1.00 0,93  1.07 1.41
. 5025 5020 5180 5265 5360 5570
A(A) i i | i : ‘1 o
5080 5180 5265 _ 5360 5570 _ 5770

or 102 144 .33 1.69 2,32 1,82



Table V

T~

The production cross SELLTOHS, ore- 2nd ©
2 ' AL, . TBR
espactively for the CS (A m,s B E, + X1

pramary'pnotornwave]engths Fron1lh462 9?7A The absorption cross secticns,

, and the yields, naf and fig g
g) fluorescence producad by

Gy, wWere g1ven by Cook and Ogawa The cross sections are in uni its of

Fb(= 107 -18 cm ) and the yields ”f( a /a ) are in units of %.
l(,‘:‘\) UT(Mb) Af(rb) “Af(%) _l._-(“"b) T'le(%'
Ap2 ) 2.3 1.5

501 3.4 2.0

520 3.9 3.6

555. 4.5 5.0

539 o 4.7 7.5

598 ‘ - 4.9 : 6.6 :
610 . 35.7 4.8 13 6.2 17
625 35.2 4.6 13 5.2 14
637 37.8 5.1 13 6.1 16
645 38.1 4.8 13 5.9 15
689 45.1 4.9 11 9.5 21
702 44.8 5.7 13 10.8 24
716 46.3 6.3 14 9.7 21
731 46.5 6.9 15 6.9 15
769 48.0 8.3 17 8.9 19
772 49.5 8.8 18

790 68.5 9.7 14 16.4 24
801 60.7 10.4 17 17.5 29
809 45.8 6.6 14
815 57.7 10.3 18
822 45.8 ‘ 19.6 43
327 82.0 11.6 14 56.0 68
835 77.4 10.1 13. 37.3 A8
840 37.2 15.9 43
g844 37.2 7.0 19 16.7 - 45
851 27.9 5.7 20 8.8 31
879 52.1 7.9 15

894 43.2 7.6 18

901 83.6 14.2 17.

923 45.4 30.2 67

955 120.2 64.9 54

977 1.7




Fig.

~ Fig.

Fig.

Figure Captions

The fluorescence spectra of the C52+[BZZZ > ing] system
producedoby primary photons of wavelengths X555, 827, 835
and 851 A.

The fluorescence spectrum of the CSZ+[BZE: +,X2§g] system
produced by primary photons of wavelength A835 A, The
band heads, a-y, given by Callomon are indicated. The
suggested assignments for the «,c,B, and d bands are also
indicated, | '

- The fluorescence spectrum of the cs, *ra? m, > X H ] system

produced by primary photons of wavelength l923 A The
suggested assignments for the observed bands are indicated.

The production cross sections of the CS [A H - X H ] and’

CS [B + X Hg] fluorescence which are 1nd1cated by .

-18

and X, respect1ve1y. The units are in Mb{ = 107~ cm ).
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Abstract

The CS(A]H > X]Z+) fluorescence resulting from photodissociation of
CS2 and 0CS by vacuum ultraviolet emission lines from AA686-1239 3 has been
invesfigated. With the assumption that the electronic transition moment is
constant, the Franck-Condon factors for the emission system and the pop-
ulation in the vibrational levels of the CS(A]H) electronic state have been
measured. The population data are approximately represented by a Poisson
distribution, which is predicted from a theoretical argument. A population
inversion between the v = 0 and 1 levels of the CS(A1H) state is found.

The production cross sections for the fluorescence are also measured.



I. INTRODUCTION

+ . .
12 ) fluorescence produced by photodissociative exci-

The CS(A'T + X
tation of CS2 produced by photons in the wavelength range from AX\1200-
1337 A has been observed by 0kabe1. The excited photofragment CS(A1H) is
mainly produced by the process
(p

€S, + hv + CS(A'M) + S

2 2)

The ultraviolet fluorescence at wavelengths shorter than 24500 R,
produced by 0CS absorbing photons of wavelengths from AA650-1000 A, has
been reported by Cook and Ogawaz. However, the source of the fluores-
cence was not identified.

The fluorescence spectra from photofragments provide data re-
quired for an understanding of photodissociation mechanisms. Recently,
several theoretical argumentsa-ﬁ have predicted the population distribution
in the vibrational levels of a diatomic photofragment. Such theoretical
predictions can be investigated by observing the fluorescence spectra as

has been demonstrated in earlier work7 and again in the present investi-

gation.

33"




IT.  EXPERIMENTAL

The experimental setup has been described in a previous paperB.
The nominal vacuum UV emission lines selected for this investigation
were 686, 765, 790, 834, 923, 955, 977, 992, 1037, 1085, and 1239 R.
The bandwidth of the 1-m normal incidence monochromator used for
isolation of these 1ines was set at 5 R or less. The absolute line
intensities were measured with a nickel film photoelectric detector for
which the quantum efficiency was knowng. The fluorescence was dis-
persed by either of two gratings, one blazed atQOOOR and the other at
5000 R, of which the first and the second orders were used, respectively.
The bandwidth of the 0.3-m normal incidence monochromator used in the
present investigations was set at 3 R or less.

The combined response of the 0.3-m monochromator and cooled phbto—
multip]iér (EMI 9558-QB ) was calibrated against the response of sodium
salicylate, of which the fluorescent efficiency between 2200 and 3400 R

10. The spectral region of interest extends from

is known to be constant
AA2400-2900 K and throughout this range the detection system response
(per photon/second) is found to be neér]y constant.

CS, vapor was obtained from an analytical-reagent-grade liquid. The
vapor was purified so that the fluorescence from the possible impurities,
especially Nz, produced by vacuum ultraviolet radiation of A555 R was not
detectable. 0CS gas supplied by Matheson Gas Co. with a purity higher
than 97.5% was used without further purification. The gas pressure inside
the sample cell was monitored with a Baratron capacitance manometer and

was limited to 20 mtorr or less where the fluorescence intensity is linearly

proportional to the pressure.

%’,



I1I. RESULTS AND DISCUSSION
A. Fluorescence Spectra
The CS(A]H > X1£+) fluorescence produced by photodissociation of

852 with primary photons of wavelength 11239 A is shown in Fig.- 1. The

radiqtion was dispersed and the second order ;pectfqm was identified
through the bandhead positions given by Pearse and Gaydon]]. For primary
photons of wavelength 2923 R the same CS fluorescence spectrum was produced
by photodissociation of 052 and OCS. The resulting first order spectra

may be seen in Fig. 2. At 2923 E the advantage of using the second order
to obtain higher resolution is obscured by the emissions from CSZ+’ 0cs
ions and/or other photofragments. Several spectra were taken at various
primary photon wavelengths shorter than 11239 E for CS2 and shorter than
2992 R for OCS. These spectra are not significantly different from the
spectra shown in Figures 1 and 2. According to the photodissociation
energy of CSZ(= 4,463 eV) given by Okabe,T fluorescence emitted from

levels higher than y' =5 of CS(A]H) is energetically possible for primary
photon wavelengths shorter than 1239 E. However, the fluorescence from

these higher vibrational levels is rather weak.

B. Franck-Condon Factors of the CS(A]H + X]E+) System

The fluorescence radiation rate, ﬁv.vu, for a band emitted from a

vibrational level v' of the upper electronic state to a level v" of the
Tower electronic state can be obtained from the measured spectra. Because

of the constancy of the detection system response the relative radiation

rate for each emission is proportional to the area under its spectral

envelope. The radiation rates for various emission bands resulting from

CS2 and 0CS absorbing various primary photon wavelengths arelisted in Table I.

These values are averaged over several spectra obtained under similar

P
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conditions and in which the (1-1) band of each spectrum is normalized to 1.
The radiation rate]z has been given by

. _ 2 , 3

nv.vu = KNvl ReVIV"q‘J’V“/AV'V"

where K is a constant, Nv. is the pépu]ation in the vibrational level v',

Re 1, is the electronic transition moment, q . is the Franck-Condon
v'v

Factor, and lv' » 1S the band wavelength.

"
If the electronic transition moment is assumed to be a constant,

which is usually a good assumption for diatomic mo]ecu]ess, then the

Franck-Condon factor can be calculated from the measured radiation rates

]]. The Franck-Condon factors obtained

and the known band wavelengths
from the spectra resulting from CS, absorbing photons of wavelength A]ZBQE
are listed in Table I. The sum of the Franck-Condon factors over the Tower
Tevel v", & Gyiyns for each upper level is equal to 1. The calculated

~ Franck-Condon factors given by Fe'lenbt:,k]3 are also listed for comparison.
In general, except fdr the Av = q_trgqsitiqps,“the_meagured.va1ues agree

with the theoretical values. This agreement strengthens the validity of
a constant electronic transition moment.

€. Population Distribution of the CS(A]H) levels

If the electronic transition moment is assumed to be constant,

the population Ny in an upper level, v', can be obtained from

3

NV’ = I_(l E“ F\vlvn}t vlvll

%

The population distributions inthe vibrational Tevels of CS(A1H)
produced by photodissociation of CS2 with primary photon wavelengths of
2923 and A1239 A and OCS with 1923 A are shown in Fig. 3 and 4, respec-.
tively. The population in the v "= 1 level is normalized to 1. . The -

error bar shows the fluctuation of data obtained from various spectra.

2



A population inversion between the v =0 and 1 levels is evident.

The photodissociation mechanism has been summarized and generalized
bylSimons and Taskera. When a CS2 or OCS molecule absorbs a photon it is
excited to a repulsive state and the mofecular CS fragments will occupy a
range of initial vibrational states determined by the appropriate Franck-

Condon factors. Durlng the separat1on per1od the CS fragments are then

forced into a set of final states by the reeo11 force. If we assume that
the vibrational state of CS is that of a harmonic oscillator, and the re-
coil force corresponds to an exponentially repulsive potential, then the

probability that CS(A1H) in an initial state i will be transferred to a

final vibrational level v' is given by 4,14-16
. min{i,v') (-AE)'Q
= 1 N Tty 'AE . 2
PV"I 1!. v (&E) e [ Q,Eo £|(1_2)! (V‘—R,)!

where AE is the average number of vibrational quanta transferred.
If we assume that the initial states are only prepared in the ground

state, i = o, then the population, Nv" is a Poisson distribution,

« - v' -AE, .,
Nvl PVIO (AE) e /V :

The Poisson distribution best fit to the measured populations is shown in Figs.
3 and 4. The AE values for CS2 dissociatgd py photons of wavelengths A1239
and 923 E, and for OCS by 1923 E, are 1.66, 1.86, and 1.82, respectively.

As indicated in the figures the measured populations are only approxi-
mately represented by the Po1sson d1str1but1on It seems that the.initial

states are also prepared in h1gher exc1tat1on states. ' If we assume that

both the 1 = o and 1 states are 1n1t1a11y popuTated and that the number of
vibrational quanta transferred is the same for both states, then the

population in the vibrational level v' is given by

Nv. = N] (AE)VI_][(AE)Z + (a - 2v') AE + v'2]/{v'![(AE)2+(a-2) AE+11}

7



where @ is the ratio of the population in the i= state to that in the i=1
state. |

The result for the best fit of the observed populations using the
dbove equation is shown in Figs. 3 and 4. The values of AE and a for the
observed distributions are 1.665 and 12.60 for C52 photodissoc%ated by
photons of wavelength A1239 R, 1.951 and 4.48 for C52 photodissociated by
2923 A, and 1.914 and 4.25 for OCS dissociated by A923 A. A comparison

o (=]
of the AE and a values of CS, dissociated by A1239 A with those by A923 A

2
indicates that as the primary photon energy is increased more vibrational
quanta are transferred and that the initial states include higher vibra-
tional levels.

As indicated in the figures the measured populations are only approxi-

mately represented by the theoretical distribution modified to involve

the initial state i=1. The initial populations in the other higher exci-

tated states and the anharmon1c1ty of the CS(A II) potential we]l shou]d be

cons1dered On the other hand, Berry]? and Band and Freed18 have proposed

~—chfferen‘r: phdtod1s§oc1at1on mode]s in-which the 1nterfragment force dur1ng

the separat10n per1od is ignored and the final popu]at1on d1s£fibut1on

is solely determined by the initial Franck-Condon factors and the'cont1nuaf*f*5

state densities. Such modé]s may provide an alternative interpretation
for the présent measurements.
D. Production Cross Sedtions of the Fluorescence
At low gas pressure, P, the radiation rate produced by a primary
photon of wavelength A is proportional to the production cross Section
Uv.v“(l) and is given bylg |
ﬁv.v..(x) = K ov.v.._(A)_Io (2 p

where K is a constant and Io(k) is the primary photon flux.

e e o
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The absolute total cross section, £ GV.VH(A), at each primary
VIV"

wavelength is obtained by comparing the total fluorescence radiation

ﬁv'v"’ with that of the CO' first negative band, for which the absolute
VIvll
cross section is knowna. The cross sections for the CS(A]H +—X]z+) fluores-
p AT L It
cence produced by photodissociation -of 052 and OCS, - at various primary

photon wavelengths, are 1isted in Tablell. The fluorescence production cross

sections for the primary phgtoq_yggglgngths from 2462 to.686 A are esti-

mated to be smaller than0.02 Mb'for both CS, and 0cs.
E. The D(0 - CS) Dissociation Energy
The threshold for the production of the CS(A1H -+ X1£+) fluorescence

=]
from photodissociation of CS2 as measured by Okabe1 is 1337 £ 2 A. On

the other hand, the threshold for the production of fluorescence from

photodissociation of 0OCS has not -been given. In the present measurement weak

fluorescence has been observed at fﬁe primary photdn Qavé1ength.of AiO]O R.
and no detectable fluorescence signal has been produced by A1037 R photons.

Therefore, the threshold for the production of CS(A1H) fraghents from photo-
dissociation of QCS is 1024 + 14 E or 12.11 * 0.16 eV. If we assume that

the photodissociation is through the following process
0cs + hv - cS(A'T) + o(3p) (1)

which s spin forbidden,ﬁut cqrresponds to the CS2 photodissociation process
at threshold], the photpdissociation energy D% (0 - CS) is then found to
be 7.30 + 0.16 eV or 168 + 3.7 KCal/mol, subtracting the 4.814 eV (k2575.63)
energy of the CS(A]H, v'=0) + CS( X1E+, v"=0) transition from the primary
photon energy.

The present1y~0btained dissociation energy is comparable to that cal-
culated from thermochemical data, Using aHg (0) = 58.983 and aHg (0CS) =

-33.991 Kcal/mol given. by Wagman et a1.20 and AH}'O(CS) = 64,96 + 0.4 Kcal/mol

-Jc'l o ::3? / B S



derived from the photodissociation threshold of CS2 given by Okabe,] the

dissociation energy is

° - ° - 2 p
D (0 - CS) = aHg (€S} - aHg (0CS)+ AHE (o)

157.93 Kcal/mo]

This value is about 10 Kcal/mol lower than the presently measured
value of 168 + 3.7 Kcal/mol. However, these closely related values
show that the process (1) is the main primary process at threshold. If

we assume that the spin allowed process
0cs + by > ¢s (A'm) + o ('p) (2)
is the primary process, then the photodissociation energy DS (0 - CS) will

be lowered by the 1.967 eV excitation energy of O(1D), and accordingly
D2 (0 - CS) would be 5.33 = 0.16 eV or, 123 + 3.7 Kcal/mol. This value is

much lower than that of 157.93 Kcal/mol and therefore, process (2) occurring

at the photodissociation threshold is very unlikely.
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TABTE I - -

The radiation rates, B and the Franck-Condon factors, q

Vlvu} ytye for the various bands

of the CS( AT » X'5¥) system produced by photodissociation of S, and OCS.
,.'  Molecules | o - 052 o : -852 ' OCSD
Incident X . V233 A T 923 A | 923 A
Bands - Bandheads | ] cale. - _
y' -y ‘I%'".V‘V” (R) nVlIV" _ qv-nvu qvllvur nv'lvll . nV'V"
. 0-0 2575. 6 1 0.80 0.78 - | 0.7747 - 0.67 0.73
0-1 . 2662.6 0.14 - 0.15 0.1937 0,09 0.11
0-2 © 2754,7 0.05 . 0.06 0.0283
1-0 2507.3 0.24 0.13 0.1968 0.22 0.25
1-1 . 2589.6 1.00 0.61 0. 4040 1.00 1,00
1-2  2677.0 0.3 0.20 0.3044 0.19 0.24
1-3 " 2769.2 0.07 - 0.05° | 0.0798 -
2-0 © 24448 0,04 0,03 0.0260
2-1 . © 9623,2 0.32. 0.25 0.3139 0.34 0.29
2.2 . 2605.9 0.44 0,37 0.1506" 0,39 0,42
| 2.3 2693, 2 0.3 0.29 0.3273 0.29 0.32
2-4 - 2785.7 | - 0.06 0.06 | 0.1420 |
3-1 2660.2 0.07". | 0.08 | 0.0764 .
| 3-2 2538.7 0.27 0.33 0.3416 |.  0.38 0.36
3-3 . 2621.6 0.12 0.16 0.0230 0.16 0.2]
3-4 . .2708.9 0.21 0.3] 0,2764 0.26 0.26
1 3.5 2801.5 | - 0.09 - 0.14 10,1973
42 - 2477.0 0.08 | 0,12 0.1404 0.10 0.10
4.3 2555.8 0.33 0.52 0.2912- 0.40 0,42
44 0 2638.9 | . 0.04 0.06 0.0034
4-5 2726.7 0.15 0.29 0.1822 0.19 0.19




TABLE 11

Cross sections for the CS(A]ﬁ > X]Z+) fluorescence
~ produced by photodissociation of CS, and 0CS. The

cross sections and the primary photon wavelengths are

in units.of Mb(_='10_]8 cmz) and A, respectively.
A(A) cs, 0cs
686 - 0.03
765 - 0.04
790 ' - 0.02 0.08
834 0.04 0.09
923 0.28 0.24
955 0.18 0.21
977 0.17 0.29
992 0.24 . 0.28
1037 0.52 0
1085 0.38 0
1.09 0

1239

3



Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

FIGURE CAPTIONS
The cs(A'T » x'5*
photodissgciation of €S, with primary photon wavelength
of X1239 A. The bandhead positions given by Pearse and
Gaydon are indicated.
]

)‘fluorescence spectrum produced by

The CS(A1H X E+) fluorescence spectra produced by
photodissociation of 0CS and CS2 with primary photon
wavelength of 1923 A

The vibrational population of the.CS(A1H) state pro-
duced by photodissociation ofOCS2 with primary photon
wavelengths of A923 and 1239 A. Both the best fit
Poisson and modified distributions are indicated. The
modified distribution has the initial population in -
both the v. = 0 and 1 levels.

The vibrational population of the CS(A‘H) state pro-

duced by photodissociation of OCS with primary photon
wavelength of A923 R. Both the best fit Poisson and

modified distributions are indicated.
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Abstract

2

OCS+[A2H(ODO) + X H(v]Ovj)] fluorescence bands produced by

0CS photoabsorption of extreme ultraviolet emission lines from

N O )
AA637-801 A were analyzed and the cross sections for the production
of fluorescence were measured. Several weak emission bands were

identified as AZH(QOOJ + XZH(V]OU) transitions. No fluorescence

2

emitted from the 0CS' jon, other than from the AT1(000) vibrational

level, was detected.

3/



1. Introduction

The total fluorescence produced by OCS photoabsorption of extreme

ultraviolet radiation has been observed by Cook and Ogawa [1]. The fluores-

cence was later dispersed by Judge and Ogawa [2] and determined to be in part

emitted from the 0cS'[A%m(000)(i) + X2

ff(00v)(i)] transitions. Here, the
identification of weak bands in the emissioﬁ spectrum has been extended

through the use of higher resolution spectra and the cross sections for
'the production of fluorescence have been measured.

IT. Experimental

The experimental setup has been described in a previous papef.[3].
nomina} wavelength of the emission lines uséd in this investigation were
X637, 689, 704, 716, 769, 790, and 801 A. The bandwidth of the 1-m nor-
mal incidence monochromator used to isolate these lines was set at 10 E
or lTess. The bandwidth of the 0.3-m monochromator used to disperse the
fluorescence was set at 15 R or less.

The absolute source line intensities were measured with a nickel
film photoelectric detector, and the f]uoreséence was detected with a
cooled photomultiplier (EMI 9659BM) which is edujpped with a Q1ass win-
dow so that it responds in the wavelength region AA3000-9000 R. The re-

sponse'of the combination of the 0.3-m monochromator and the photomulti-

plier for wavelengths longer than 23100 A is essentially the same as that

published in a previous'paper3[4].'

0CS gas supplied by the Matheson Gas Company with a purity greater

than 97.5% was used without further purification. The pressure inside
the sample cell as monitored with a Baratron Capacitance Manometer and
"~ was limited to a maximum of 15 mtorr, below which the fluorescence in-

tensity was linear with gas pressure.

4
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I11. Results and Discussion

A. Fluorescence Spectrum

The fluorescence spectrum produced by 0OCS photdabsorptidn of pri-
mary photons of wavelength 1801.3 is shown in Figure 1. This spectrum
was obtained with a bandwidth of 15 E and has the characteristics of all
spectra produced by other primary photon wavelengths. The bandhead posi-
tions .of the OCS+[A2HQ(ODO) > XEHQ(OOVJ; Q=%—and %3 v=0-4] emission bands
given by Horéni et a].,5 are used to identify the strong emission bands
and are indicated in the Figure. The bandhead positions for the v = 5
and 6 bands are calculated by using the data [5] that the average decrement
of the vibrational quantum energy for each_vibrationa1 quantum is 45 cm_].
The weak bands distributed among the strong bands, which have also
. been observed by HofanietaT., [5]arepossib1y in bart attributable fo the

AZHQ(UDO)7+ XZHQ(V}OVB) emission bands, where vy, vg = 1,2,.... Using the

1

3

v, value [6] of 650 cm ' for the 0CS+(XZH) state, the wave numbers and

1
wavelengths for the various bandheads of the OCS+[A2HQ(OOO) > Xzﬁﬂ{v]0v3)]
transition are calculated and 1isted in Table I. As indicated in the

Figure several of the weak bands occur at the calculated positions of the

AZHQ(OOO) - XZHQ(V]DV3) trans1t1ons.r
B. Band Strengths

When the bandwidth of the 0.3-m monochromator was set at 8 R the
2 components of each strong bénd shown in Figuré 1 were comp]etély,se—
parated. Therefore, the radiation rates, n, for the components of
Qarious emission bands could be obtained and averaged over several
spectra, are listed in Table II. The radiation rate is measured by the
aréa‘under the spectral envelope and corrected by the detectfqn résponse.

The band strength, which is defined [7] as P=Rezq =k i la, is also
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calculated and given in Table II, where Re is the electronic transition
moment and g is the Franck-Condon factor. The radiation rate for the
Q= g-component and the band strengths for both the Q = %—and g-compo~
nents of the AZHQ(OOO) -+ XZHQ(OD3) band are normalized to 1. The
Franck-Condon factors previou%]y published 5y Judge and Ogawa [2] were only
estimated from their low resclution spectra and are somewhat ditferent

from the present values.
C. .Production Cross Sections

At low gas pressure, P., the radiation rate is given [4] by

n =.K O¢ Io P F(lf)

where K is a constant, O is the fluorescence production cross section,
and Io is the primary photon flux and F(Af) is the Wave1ength dependent

response function of the detection system.

The production cross sections for the sum of the 0CS+[A2HQ(OOD) >

Xzﬂﬂ(UOV); Q= %-and 33 v = 2-5] bands are obtained from the measured

fluorescence radiation rates, and ca]ibratedAagainst the known fluores-
cence cross section of the N2+ first negative system [8]. The results for
the production cross sections are listed in Table III for the various
primary photon wavelengths. The thresholds for the prbduction of OCS+
[AZHQ(OOO),Q = %—and g] ionslare at A821.74 and 822.26 R, fespectively.
The total absorption cross sections, GT,given by Cook and Ogawa [1] are
adopted to calculate the production yields, n(= df/oT), which are also
listed in Tab]e I11. The cross sections are in units of Mb (= ]0_]8cm?)

and the yields are in %.
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iv. Concluding Remarks

The photoelectron spectrum[6] of 0CS* shows ‘three well defined

+ K -
states, AEH, BZE+, and CEE s, which are very similar to COZ+. However,

in contrast to CDZ+ which emits fluorescence [3] from all excited vi-
brational levels of the AZHU state and the ground Tevel of the BEE:

+ .
state, OCS -emits no fluorescence from levels higher than v = 0 of the

A%T state. Judge andOgawa [2] have attributed the absence of fluores- |

cence from the V 2 1 Tevels of the AZH state to predissociation. This
assertion is further strengthened by the present observation that the
cross section for production_of'f1u0restence from the inverted AZH]/Z

(000) Tevel is only 75% of that in the A% (000) level. The rela-

3/2

tive fluorescence cross sections are measured by the sum of nA[3] over

all the bands listed in Table II.

The absence of fluorescence from the UCS+(822+ and'CZZ+) states =

indicates that these states are also predissociated.



The wave numbers, vw(cm ), and tnn wavelengths, A(A)

Table I

of the A%T (UUO + X%T (V Ov ) s transitions.

for the various band heads

0 3 0 1 2 . 3 4 5 6
V-I :
* w ‘k * - #
0 v | 31154, 29091 , 27066 25088 , 23158 .- 21259 19425
x| 3208.9 3436.5 3693.6  3984.9  4317.0 4700.3 5146.5
-% 11 v | 30508 28441 26416 24438 - 22508 20619 18775
x| 3277.3 3515.0  3784.5  4091.0 4041.6 4848.5 5324.7
2 7 v | 20854 27791 25765 23788 21858 19969 18125
" a| 3348.7 3597.2 3880.0  4202.6  4573.7 5006.3 5519.5
x * ¥ * .
0w v | 314087, 29339, 27316, 25334, 23400, 21511 15567
A { 3183.0 3207.4°  3659.8  3946.2  4272.2  4647.2 5083.2
g- 1.7 v | 30758 28689 26666 24680 22750 - 20861 19017
=1 T ] 3250.2 3484.7 3749.0  4050.0 4394.3 4792.0 5257.0
20y | 30108 28039 26016 24034 22100~ 20211 18367
x| 3320.1 3565.5 3842.7  4159.6 . 4521.5

4946.0

5443.0

*Adopted from the data given by Horani et al.



Table 11

The radiation rates, n, and the band strengths, P, for the various
bands of the A%TQ(OOO) + XZHQ(OUVB) :em'ission system. The band
positions, A, are in units of A, ‘

'3 2 3 4 5
SRESY(Y 3693.6 3984.9 4317.0 4700
I+ 1 & | “os 07 0.59 ~  0.4]
Pl 0.4 1.00 0.99 0.89
AMA)  3659.8 3945.2 2272.2 1647.2
1 & | oss . 100 0.8 . 0.5
P | o5 1000 107 0.82
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Table II1

Cross sections, o{Mb), and the product10n yleld, n(?) for
fluorescence from the sum of the OCS [A T, (000) + X H (OOV }s

Q= ; and g, v3 2-5] bands. The total absorpt1on crst sect1ons
cT(Mb), for various primary photon wavelengths, A(A)

adopted from the data given by Cook and Qgawa.

MR) o) o (ib)  a(®)
637 0.05“ - 41.8 0.12
689 0.06 45.8 0.13
704 0.05 45.5 0.1

716 0.05 45,0 0.1
769 0.06 - 46.1 0.73
790 0.06 .  42.4 0.14
801 0.11 71.5  0.15



Fig.

Figure Caption

Fluorescerice spectra of the 0CS+[A2HQ(UOO) -

'XZHQ(V]UV3)] system produced by primary photons

. Q
of wavelength 2801 A. The bandhead positions

given in Table I are indicated.
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ABSTRACT
With the assumption that the splitting of the COZ+[X2K9(1OD)(%J]
level is ‘caused by ‘pErturbation of the C02+[X2Hg(020)(%J G+]‘1eve1,
the bending vibrational levels are calculated and the bending fre-

1

quency, w,, is found to be 514.8 cm . This value is comparable te

the observed freqﬁency of 513210 cm"] ohtainad from the C02+(A2Hu >

1+

g2 . ; -
X ng) fluorescence spactra wiich ave selectively produced by vacuum

uliraviolet radiation.
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I. Introduction

Thelbending quantum of the C02+(X2Hg(i)) molecule has been pre-
viously measured by Judge et al. {1969). However, due to limited spec-
tral resolution only an approximaté value was given. Here its value has
been remeasured using significantly higher resolution spectra.

The ben#ing vibrational levels of COZ+(X2Hg)lare split by the spin-
orbit and the vibronic interactions (Herzberg 1966). The Towest vibra-
tional level splits into two sublevels and their terms are given by

‘ | 6(0,1,+ ‘f) = w, i%-A-z‘r'ezwz (1)

where i-% is the spin quantum number, o is the bending frequency, A is

the spin-orbit interaction constant, and ¢ is the Renner parameter.
Each excited bending vibrational level is split into four sub--
‘levels and their terms are

2, 7
e“A mz(vzﬂ)

' vy 1
- | 1 T 2 1 .* €2A wz(vzﬂ)
and, G (VZ,T,i -2-) = wz('l "8 £ )(V2 + ]) -7 sz 1 * g A* (3)
. R v, !
* _ A2 2 2
where AVZ 1= Vﬁr + e w, vz(v2 + 2)
Mrozowski (1941, 1942, 1947a, and 1947b) has observed that the sub-
level @ = %-of the x2n9(1oo) state is very strongly perturbed and splits

into 12 and 1P sublevels. He -suggested that the perturbation is pro-
bably caused b} the XZHQ(OEO) state. If we assume that the perturbing

level is the ing(OZO)(%) 6T sublevel and its position is halfway between



the 1% and ]b levels, i.e., G+(2,1; + %J = 1264.6 cm"] measured from the
xzng(ooo)(a/z) level, thenw,, calculated from equations (1) and (2) and
the known values 0f4€m2(= - 93 cm_]) and A(=- 159.5cm—])( Herzberg 1966),

is found to be 514.8 cn™).

The Renner parameter is therefore ¢ = - 0.18.
Using these woy and € values the positions of the bending vibrational
Jevels are calculated as shown in Fig. 1.
II.  Analysis

Fig. 2 shows the spectra obtained by photoionization of CO2 at the
primary photon wavelengths of A715; 709, and 703 E, of which the highest
possible excited vibrational levels are AZHU(OOO), (100), and (200), re-
specfive]y. The spectrum obtained by photon excitation at a waye]ength
of A587 A is shown in Fig. 3. The spectral bandwidth of the 0.3 m mono-
chromator used to obtain these spectra was set at 4 A or less.

As indicated in the spectra shown in Fig. 2 and 3, the emission bands
of the AZH (v 00){Q) - X (020 )(R) G- transitions a1way5 accompany
AJthose of the AZH (v OOXSQ > X2 (OOQXQ) tran51t1ons W1th the presenf
spectra the wave1ength for an emission band is determ1ned Q1th1n 3 A
(~30 cm—'). However, checking with the previously published emission
spectra (Smyth 1931; Fox et al., 1927) the positions of the emission bands’
are further confined and their wave numbers are determined within 10 an !,
The observed wave numbers for the various AZHU(V]OO)(Q) -+ XZHg(OZO)(Q) 6*
transitions are listed in Table 1. The calculated wave numbers, which -

_are obtained from the known positions of the AZHu(vlﬂo) levels (Mrozowski

1941, 1942, 1947a, 1947b) and the calculated energy levels shown in Fig. 1,

are also_listed in the table for comparison. The correctness of the assign-

ment for the Aznu(vloo)(g) +-x2ng(020)(g) G~ transitions is corroborated by
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the fact that the vibratichal encrgy of a Agﬂj(v]OU) Tevel obtained from its
. :

%
LYA

presently 9351qn ad trarsr+1on to the X Hq(07”)ﬂ" Tevel agrees with its transi-
tion to the G H (O”O) level assigned by Mrozowski (1941, 1§42 and 1947a).
The vibratapna1 energies of the AZ,U(V]OD) levels obtained from their
trensitions to the d fferent.xzngv1 vels are listed in abTe 2 for
comparison.

Tha positions of the X Fg(D O)(%J and (%) G levels obtained
:from the observed emission bands listed in Table 1 and Tablie 2 are
1isted in Table 3. The averace valuss for the positionslof the XZHQ(DZO)
(%J and (%} G levels are 935 and,953 cm—1, and in reasonable agreemant

], respectively.

with thé'ca1éq1ated values 950.2 and %56.7 cm
From the spectrum produced by the primary photons of wavelength

2715 & the pos? itions of the various AZH (C”O)’W) > X1 (0v,0) (2) 6"

g
Emissicn bands are cbtained urd Tisted in Table 4. The gps1t10n ot the
Ar, (050)(3) > X7 (020)(3) 6 band is estimated from the 1% and 1°
lavels given_by Mrozowskd (1941 and 1642). The calcuiated positions
of the expacied emissicn bands ars also listed in Teble 4 for compari-
son, The positiens of the banding vzbrat1cna1 Tevels obtained from
these observed emissicn bands are ccomparable to the calculatad Tevels

e
) . q
and are s%oun in Fig. 1 in which the positions of the XZHQ(OEO)(§J

L5 ]

and (EJ G levels are adopted from the average values listed in Table
AP s V2 -1
Sirice ths quantity geE w is = 2 em ' and within tnL ex DCF?—
mental arvor, it may be neg1ected in the exnerimental determination
of mz. The chserved vibraticnal levels are plotted ag t the guan-

tuim number as shown in Fig. 4, in whicn the energy centroid of the SJD~

1D

B

o)

Tevels s Tincar with quanicw number, The abserved bending Trequ
-1

determined Trom such data s 513 = 10 om

y
J

ORIGINAT, PAGE IS .
OF POOR QUALITY
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. Table 1

&
Comparison between the calculated and the observed wave numders,
w and Wy s for the Azﬂu(vlos)(ﬂ) -+ XZHQ(OZO)(Q) G transitions.

1 . 3

[ Wave Number (cm"]) Jave Number (cm"])

W, . Wy L owawy 5, S Wy wag
0 27671.3 | 27351 20 27582,3 | 27690 | -18
v | 28797.2 | 28802 | -5 28703.1 | 28721 | 12
2 29918.5 | 29911 |. 8 20031.8 29824 | -12
3 31032.1 | 31035 -1 30852 | 30072 20

I

* Yalues are taken from Smyth (1931) and Fox et al. (1927)
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‘ ?ab]e 2

Compar1son of the vibrational energ1es of the AZH (v 03) () levels._

obtained from their transitions to the ing(OZO)(ﬂ) G~ level

with their transitions to the XZHg(ODD)(Q) level.

* -1 * 1 Present . Mrozowski
A Q 1 wp(v]) cm :mo(v]) cm mo(v]) - wO(O) m(v )*% w(0)
0 % 2762030 27651£10
-g- 27550 27600
1 -;- 28790 28802 1151 1127
| % 28730 28721 1121 1126
2 ,} 29890 29911 - 2260 2250
% 29820 29844 2244 2247
3 % 31050 31035 3384 3370
—g- 30960 30972 3372 3372

* W (v )} and W, (v ) are the wave numbers for the AZH (v 00)(n) - XZHQ(OZD)(Q) G

trans1t1on obta1ned from the present and Smyth's Spectra respect1ve1y
*k m(v ) is the wave number for the A I (v 00)(R) ~ X H (000)(Q) transition
adopted from Mrozowsk1
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Table 3

The observea XZH (020)() G enargy levels relative to
the X m (OOO)(3/2) level. These levels are obtained

' from tne ohserved wave numbers of the X (v 00) () ~

X II (020){Q) G™ transitions listed in Tab]e 1

Q 1 3
7 Y.
1
0 977410 cm” " 932:10 cm !
1 952 1 938
2 965 938
3 956 - 930
Aver- 953 935
age

22




Table 4

1
2

) ‘ : *
- Comparison beiween the calculated and the observad wave
f
i

: 2 +
B i ] 3 Fi ATT a{ay - i {ov.C Y &
PURDETS i, and w_, for the A'N 0o0){a) = X ug\OJZG)(Q; G

“transitions.

*Waluas are takan from Smyth (1931) and Fox et al.
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1 3
2 7
. 1 ) ) =i
Wave Humbar {cm ) Weve Number {cm )
01} [1)0 L'J—b'.)o LL)C mo {:JEU)O
gt | 27370.2 | 27350 -20 . 277268. 27268.2 0
2
6 | 27571.3 1 27551 20 27582 27600 -18
- 6" | 25257.5 | 26241 17 25155 25752 3
4 .
G 26733.2 { 76718 15 26524, 26561 -1s
(1927)




Fig. 1.

Fig. 2.
. produced by primary photon wavelengths 1715, 709, and

Fig. 3.

Fig. 4.

The plot of the observed vibrational energies, @(cmf])}"h_w

+

FIGURE CAPTIONS

The calcu]ated and observed vibrational energies of the
CO [X Hg(Ov2 1 ()] Eevels. The vibrational energies are
re1at1ve to the X2 (OOD)(—J level and in units of cm -1

The fluorescence spectra of the C02+(A2Hu + X2Hg) system

703 A. The positions of the Aznu(vioo) +—X2Hg(v¥00) and
XZHQ(OVEO) G transitions are indicated.

The fluorescence spectrum of the CO (A m, > X H ) system
produced by pr1mary photon wave]engths A58? A The

positions of the AZH ,(300) » x? T4 (v400) and xzng(ozo)

transitions are 1nd1cated.

versus the vibrational bending quanta, Vs for the X?Hg

'_(5550) Tevels. A line through the energy centroid is

drawn. - : : : o o
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CONTINUATION PROPOSAL (April 26, 1972)
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INTRODUCTION

The following proposal indicates the areas of work successfully
pursued during the past funding period and suggests a Togical extension of
the past effort. Our work is concerned with the measurement of absolute
photodissociation cross sections for the formation of specific products

of the atmospheric gases and long term evaluation of channeltrons.




PHOTON IMPACT STUDIES OF MOLECULAR GASES
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I, Measurements of the Absolute Cross Sections

The cross sections for the production of molecular fragments by
AUV irradiation have been measured by observing the fluorescence radiation
rates from those fragments. The experimental arrangement is shown in
Fig. 1. The XUV 1ight was produced by a spark discharge thrbugh a boron
nitride capillary and dispersed with a 1-m normal incidence monochromator
(McPherson 225). The fluorescence produced by the molecular fragments
was dispersed with a 0.3-m normal incidence monochromator (McPherson 218)
and detected synchronously with a cooled EMI 9558 QB photomultiplier..
The absolute cross sections were determined by comparing the fluorescence
radiation rates of the molecular fragments with that of NZ(B 22:). The
absolute cross sections for-the production of some excited fragments
from CH4,
B}. Using the same facilities and technigues, the absolute cross sections
< for-the gases- of interest in planetary- atmospheres, such as NH3, HZO’ NO,

NZO’ NOZ’ etc. will be measured during the next funding period.

II.  The Population Distribution of Excited Vibrational Levels Produced
by Photodissociation

The mechanism for the production of the CO Cameron bands through

photodissociation-of CO2 has been studied in this laboratory during the

past year. It is found that the dominant mechanism is as given below:

€0, * hv > coz

+.c0(a'3z+, d 3Ai, e 32') + 0(3p)

> cofa 3n) + 0(3p) + hv!

FA”

and 602 have been measured in this laboratory (see Appendix A and



The population distribution of the vibrational levels of CO(a'SE+

and d 3Ai) has been found to be a Poisson distribution and agrees with
the prediction of a quasidiatomic model, which is characterized only by
the phase-average transfer energy during the separation period (see
Appendix C}. This model should, however, be tested in the photodisso-
ciation of other gases of atmospheric interest. In particular, it would
be highly desirable to test the validity of the model by observing the

photodissociation of other linear molecules, such as N20, NO2 and CSZ'

The fluorescence from the fragments of these molecules has been previously

observed in photodissociation. The fragments formed are,

O+ hvoNo# 0N, +0+ hy

N, 2 2

NO, + hv > NO" + 0 > NO + 0 + hv

and CSZ+-hv+CS*+S+CS+S+hv'

The population distribution of the vibrational levels of these fragments

can be measured by the same technique as used to study COZ'

ITI. Constancy of the Transition Dipole Moments vs. Internuclear
Distances for Molecular Transitions
The electronic transition dipole moment of a moiecu1ar transition
can be ﬁa]cuTated using the measured radiation rates and the relative
Franck-Condon factors. Its variation with internuclear distance has been
studied by several authors, but substantial errors are present in the
many of the published papers. Using the line emission 1ight source
and the synchronous detection system, it is possible to produce accurate

data, and accordingly to determine the transition dipole moments with
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precision. The transition dipole moments of the AsX, B+X, and B+A
systems of CO+ have been investigated. In contrast to a previous result
indicating that the transition dipole moment of the A>X system of cot
varies with the interﬁuc]ear sepération it is found that each system

has a constant transition dipole moment (see Appendix D). Since the
transition dipole moment is a principal factor in the determination of
the band strength, its measurement is important for the investigation

of airglow measurements in planetary atmospheres. The measurement of
transition dipole moments will be extended to several transitions of

N

93 NO, and CS, during the next funding period.

IV. Quenching

In the study of the pressure dependence of the fluorescence 1ntensity,'
it is, in general, observed that the fluorescence intensities for the
lower vibrational Tevels decrease s1owér than the higher levels as the
pressure increases. This relative intensity enhancement for the lower
vibrational levels is attributed to the vibrational relaxation of the
higher Tevels into the lower ones. -The vibrational relaxation time may
be obtained from a quantitative study of the pressure dependence of the
fluorescence intensity. On the other hand, the measurement of the vibra-
tional relaxation times will aide in the determination of the pressure
of the gases in planetary atmospheres. Further study of this subject is

planned.

V. Resonance Scattering Experiments

Consider the problem of determining the absolute cross section for

~-the. following photon-molecule interaction:

5#



COZ('}(‘ 125) + hv > co(é 311) + D(Bp)

Assuming the incidentlphoton flux is known, cross sections can be experi-
mentally determined if the abundance‘of O(Sp) is known. The amount of
0(3p) present can be determined through the technique of resonance scattering.
Previously, cross sections in this laboratory have been determined
 through fluorescence studies of excited fragments. For the above reaction
this would be a poor method since the fluorescence results from the

3H) - CO(X ]E+)]. Thus many of the CO(a 311)

"forbidden" transition [CO(a
states would be depopulated through collisions. To determine this loss,
deactivation rates are required. This makes the experiment difficult to
perform and increases the possibility of error. lawrence ] has, however,
observed this fluorescence and obtained a value for the deactivation
coefficient and for the cross section for the production of CO{a 3n).
Nonetheless, an independent measurement not subject to the same experi-
‘mental difficulties would be highly desirable.

Furthermore, there are many reactions which only yield fragments
in their ground state. Resonance scattering could be used to assign
cross sections to these processes. The reverse experiment cén also be
performed; if the reaction cross section is known and the resonance
scattering cross section unknown, then it can be found experimentally.

Realizing the abundance of information that can be gathered through

such scattering experiments this laboratory has intjated a study of

resonance scattering. The following describes this work.

A. Work in Progress
Succesful observation of resonance scattering in helium have been

.» - made in this laboratory.. Using the 584ﬁ line of He I, resonance scattering
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has been observed at right angles to the incident 5844 radiation when

helium was introduced into the sample cell. An rf discharge through helium
was used to generate the 5844 line. The self-absorption of this line by

the source itself, has been studied using a 3-meter spectrograph in 4th
order, It was found that the center of the line showed total absorption
having a 0.0]ﬁ.width at 100u pressure through a path length of 4 cm. The
self-absorption by the source is expected to be much less for diatomic gases
such as 02. Since the dominant background gas will be 02, rather than 0

from which the 1304 radiation is obtained. The direction of gas flow

through the discharge tube can also be used to further reduce the ébsorption.

At the present time an experiment is being assembled to study reactions
through resonance scattering. The first reaction to be studied is CO2 +
hv = CO{a 3n) + 0(3p)._ What follows is a description of the experiment
and an outline of the equipment available.

A photomultiplier, 1/2-meter Seya-Namioka type monochromator, and a
0.3-meter McPherson 218 monochromator are all attached to a samp]é cell.

The optic axes of the components are connected in such a manner as to be
mutually orthogonal. Also attached to the cell and on the optic axis of
the McPherson monochromator is a Wood's horn Tight trap. A schematic
diagram of the apparatus is shown in Fig. 2.

The McPherson monochromator is used to isolate the 13024 resonance
line of OI generated in an rf discharge tube containing 02. After passing
through the cell this radiation is trapped by the 1ight trap. Thus the
only 13024 radiation which can reach the detector must be resonantly
scattered. The present detector will use sodium salicylate in

conjunction with a photomultiplier with a



bTue sensitive photocathode. For the future a photomultiplier with a
potassium bromide photocathode is proposed.to cover the wavelength range
from 1050-16004.

The CO, will be dissociated primarily by radiation exiting from the

2
1/2-meter Seya-Namioka type monochromator. This monochromator is being

built at USC and is just nearing completion. It employs differential

pumping slits, sine bar drive, fast pumping, 1/2 metef Rowland circle

for increased Tight gathering power and a stainless steel vacuum chamber.

A condensed spark discharge 1ight source will be mounted at the
monochromator entrance slit. | Since this source generates a line emission
spectrum resolution is generally not sacrificed by using the 1/2-meter
monochromator.

Platinum and sedium sa]itylate coated photomultiplier detectors will be
used to monitor the resonance line intensity and the incident photon
intensity. These detectors will be calibrated using an.argon ionization
cell.

The output from the resonance scattering detector will be processed

by gated pulse counting electronics synchronized with the spark source

in order to increase the signal to noise ratio.

B. Summary

It is proposed that the technique of resonance scattering be
established as a useful method for detecting ground state fragments. To
this end it is suggested that a study be made of the reaction C02 + hv +
co(a 3n) + O(3P), through resonance scattering from the O(BP), to yield an

absolute cross section for the formaticn of CO in the a 3H state.

¥7



Ideally the only radiation reaching the detector would be 13024
resonant scattered radiation. However since the sodium salicylate coated
photomultiplier has a wide spectral response it will be necessary to make
a difference measurement between Ehe signal output when the resonant light
source is turned on and when it is off. Thus non-resonant radiation,
namely fluorescence, can be discriminated against. This ‘method is app11cab1e
if radiation’ - does not result from fluorescence excited by the
resonance line.

Any "contaminating" fluorescence will result primarily from the
Cameron bands, CO{a 3n + X 1z+), and excited COE. Other energetically
possible processes are CO2 + hv -+ CO(X ]z+) + O(]D) and CO2 + hv > CO{X 1Z+)+
O(IS), but it is extremely difficult to detect any radiation from these
long 1ifetime metastable states.

For those cases where competing fluorescence is a great probiem
a third monbchromator could be used to isolate the scattered radiation.

An alternate choice, which is less effective but also Tess expensive,

is to use a narrow spectral response detector, such as the proposed pota-

ssium bromide photocathode photomultiplier.

1 6. M. Lawrence, to be published in J. Chem. Phys. April 1972.
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CHANNELTRON EVALUATION
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I. Bendix 4028 Lifetime Studies

The evaiuation of Bendix 4028 Channeltron multipliers is continuing
with primary emphasis on determining their lifetime. Five of these devices
are presently being tested and have accumulated = 3 x 1011 counts. They
are now accumulating counts at the rate of =~ 36,000 counts/sec. Periodi-
cally their gain and pulse height distribution is checked. To date no
significant change in their characteristics has been observed after the
initial "burn in" of a:log counts. A sixth multiplier having an accumulated

1 counts is being transferred to the ion-pumped chamber

counts of 6 x 10
containing the above referenced multipliers. Details of the channeltron
characteristics will be included in the next progress report.

It is proposed that the lifetime evaluation be continued during
the next funding period in order to provide further data on their expected

behavior during multiyear missions such as those planned for the outer

planets.
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Abstract

The research proposed in the following sections represents a continuation
of our laboratory investigations of pfocesses of interest in planetary
atmospheres. Primary emphasis will be placed on photodissociation pro-
cesses leading to ground state or metastable fragments as outlined in
Section I. Continuation of our evaluation of the long term characteristics

of channeltrons is also proposed.
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I. DISSOCIATION CROSS SECTION MEASUREMENTS
INTRODUCTION

It is proposed to extend our preliminary investigation of gaseous
photodissociation and photoionizaéion processes which result in the forma-
tion of ground state and metastable atoms and molecules. Previous work in
this laboratory has been involved primarily with the production of excited
states in photon-molecule interactions. Such excitation processes were in-
vestigated by observation of the resulting fluorescence radiation. In the
proposed extension these fluorescence emissions will be absent or weak
owing to the long lifetime and deactivation of the metastable states. In
this case detection of the ground state and metastable photo- fragments will
be accomplished through resonance scattering. In addition to our own ini-
tial efforts such techniques have been used in the laboratory, for example,
by Stanger and Black (1970) to detect ground state atomic oxygen and by
Melton and Klemperer (1972) for NO detection. In the following paragraphs
we discuss some of the specific processes to be investigated, considering 02
as an example, followed by a brief discussion of the experimental aspects.

DISSOCIATION OF MOLECULAR OXYGEN

The absorption spectrum of oxygen exhibits the well known

Schumann continuum in the 1400-1800& region. This absorption is thought

ot occur via excitation to the continuum of the 33

z; state followed by
- dissociation to produce O(BP) + O(ID). Fluorescence of the 0(]D) atoms
produces the 63004 multiplet. This feature is a strong component in the
airglow spectrum and is attributed, in part, to photodissociative excita-

tion by the solar ultraviolet. In recent'years, however, concern has been

Fé



expressed that other states which could produce two O(3P) atoms rather than
the O(BP) + O(ID) products may be involved in the Schumann continuum, If
such processes do occur, the quantum yield of 0(10) could be significantly
different than previous assumptions would give. Laboratory information
concerning the relative yields of O(SP) and OTD) are necessary for com-
parison with airglow measurements and the importance of photodissociation
relative to other excitatioﬁ mechanisms.

. A somewhat similar situation is found for the OI A5577X line
arising from 0(15). Recent airglow measurements (for examp1e,'5chaeffer
et al., 1972) have suggested that a photodissociative excitation mechanism
is important for 0('S) in addition to 0('D). This mechanism was discussed
almost twenty years ago by Bates and Dalgarno (1954) who found that a lack

of basic laboratory data prevents any reliable estimate of the contribution

_ to the green airglow 1ine due to photodissociation. This situation con-

tinues to be true, although the photodissociative excitation of 0(15) has
been verified in observing 5577&4 fluorescence produced by the ultra-
viofet flash. photolysis of 0, (Filseth and Welge, 1969). Tanaka (1952) has
examined the absorption spectrum of'O2 and found minor peaks, one of which
at 12934 he suggests results in the formation of 0(15). At present, how-
ever, the cross section and stétes involved must be considered unknown,

At shorter wavelengths, oxygen still undergoes photodissociation.

The total photodissociation cross section below ~ 10004 has been obtained

. by Matsunaga and Watanabe (1967) and Cook et al. (1972). Certain of these

continua have been identified but a complete description of the underlying

processes has not yet been determined.
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At shorter wavelengths the process of dissociative jonization
can produce atoms {and atomic ions) in ground or excited states. Recent
measurements indicate a rather high efficiency for this process not only
for oxygen but other molecules also. Detection of the resulting photo-
fragments and determination of the cross sections may be accomplished by
resonance scattering.

' EXPERIMENTAL ASPECTS

Measurements of the production of ground state and metastable
atoms can be obtained through resonance scattering with the following
basic experimental elements: a pulsed ultraviolet source to photo-
dissociate the molecules in the experimental chamber, a source of resonance
line photons, and a detector of the resonantly scattered radiation. Proper
interpretation of thé detected scattered radiation requires that several
precautions be taken. First, if one is detecting ground state atoms (for
example) one should insure that these atoms are created in the photo-
dissociation process and not through secondary reactions. Some of these
secondary processes of concern are the deactivation of metastable atoms
produced in photodissociation, ground state atoms resulting from the
radiative decay of excited photodissociation products, and atomic frag-
ments arising from dissociative recombination and photoelectron excitation.

In order to estimate the relative contributions of these pro-
cesses it is useful to envision a typical experiment. With sample gas
partial pressures of 10 - 100 u the absorption coefficient of the disso-

-1

ciating ultraviolet will be approximately 102 to ‘IO‘1 cm The mean free

path at these total pressures is ~ 0.05 to 0.5 cm with collision times of ~
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1 - 10 u sec. Thus, the time to diffuse 1 c¢cm is ~ 40 ¢ sec at 10 ¢ total
pressure and 400 y sec at 100 u. If a buffer gas, for example a rare gas,
is added;‘ the diffusion time will vary approximately as the pressure. A

1 torr buffer gas will then increase the diffusion time to a few msec.

The 1ight sources employed frequently in this laboratory are
condensed spark discharges operated at pulse rates of ~ 50 Hz, each pulse
tasting for times of a few u sec. Tybica] line fluxes measured at the exit
s1it are‘~r2x108 photons/pulse, corresponding to an instantaneous rate of
-10]4 photons/sec. Thus, with 1 percent absorption per cm each pulse
produces a-1012 absorptions cm"1 sec'1. While several other sources might
be used for such work, ‘data quality and subsequent interpretation are
significantly enhanced by using a pulsed source having high instantaneous
flux Tevels:

We can now estimate the order of magnitude contributions of the
secondary processes. For dissociative:recombination, each pulse will con-
tribute kn _n_t recombinations where k is the recombination coefficient,
n,, n_ are the ion and e]ectron densities and t is the diffusion time. The
electrons will, of course, diffuse much faster than the ions, but we use
here the ion diffusion time as a generous upper limit. In doing so, we
find the rate of dissociative recombination is of order 1 - 10 per pulse
and is much less than expected photodissociative processes. If one is
~working at wavelengths greater than fhe jonization potential, there will
be no dissociative recombination contribution.

The photoe]ectron excitation rate can be estimated by assuming

-17

a cross section of 107 cm , @ reasonably optimistic value considering
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the Tow photoeTéctron energies that will be encountered. The probability
of excitation is then approximately 3% of the primary absorption rate. If
the photodissociétion cross section is only a small fraction of the total
absorption cross section, and if the electron dissociation cross section
is as large as estimated, then this secondary process may be of concern.
Pressure depehdence measurements will be of value in experimentally evalu-
ating the effect. Of course, at the 1onger wavelengths, there will be an
absence of photoelectrons with sufficient energy for subsequent dissoci-
ative reactions and the effect can be neglected.

The production of ground state and metastable atbms from the
radiatiye decay of excited photodiséociation products will occur at the
radiative transition rate, typically a few n-sec, and will be proportional
to the photodissociative excitation rate. Since this time is much shorter
thanrthe primary light source pulses, no experimental discrimination of
these products can be employed. Fortunately, these cross sections can be
mgasured by observation of the resulting fluorescence giving a means of
determining the cross section for the direct production of ground and
metastable state atoms.

Deactivating collisions will destroy the metastable atoms and
increase thé concentration of ground state atoms over that produced
directly in the photodissociation process. Consequently, measurement of
either metastable or ground state atoms by resonance scattering must take
this process into account for proper interpretatfon of the results. The
time scale for this process can be estimated using measured deactivation

coefficients. For the O(]D) state deactivated by 0,, k == 5x10” 11 cm3/sec
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and at 100 u partial pressure of 02, T~ 7y sec. For 0(15) the rate is
approximately two orders of magnitude Tess, giving a mean life for 0(15)
atoms of ~ 1 msec. Working at 1owér 02 partial p}essures will increase the
lifetime against deactivation in proportion tif the buffer gas doesn't also
participate), at‘the same time decreasing the primary rate of excitation.
These considerations suggest the experimental arrangement to be
employed in further experiments. A pulsed spark source and vacuum spec-
trometer will be used to provide the initial photodissociation. Synéhro-‘
nously with this primary excitation, a condensed discharge Tamp will be
fired which w{il provide the necessary resonance line, e.g. X 1302, 4, 6 4
radiation for detection of 0(3P), A 1152 & for 0('D), and x 1217 & for
0(15). The sample time of the scattered resonance line should be a few n
sec for O(ID), 03P) and can be greater for 0(15). The deactivation
coefficient and the relative contribution of these processes can be studied
by varying the time delay between the primary light flash and the resonance
scattering emission sampling time. In these experiments the resonance
emission light source should directly illuminate the absorption cell and
a solar blind photomultiplier directly view the resonantly scattered
radiation. Either filters or a high throughput monochromator can be used

to isolate the emission of interest.
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II. CROSS SECTIONS FOR THE PRODUCTION OF FLUORESCENCE

Cross sections for production of fluorescence from C0+(A2ni,

25 tax?sh), co," (A%n, 8%} ¥%ng),-and N,0" (A%z*+xP

n) (see appendices A, B,
C) and from fragments of CHy and €O, (see appendices D and E) have been ob-
served in the wavelength region from 462-12504. Using similar techniques
the fluorescence production cross sections for these gases and others of
interest in planetary atmospheres (02, Nz, NO, COS, HZO’ HZS etc.) will be
measured during the next funding period. Particular consideration will be
given to resolving an existing problem concerning the production of th§ 
C02+(A; B+X)  fluorescence. .. . Photoelectron spectroscopy results give,
at 5844, a production cross section for A/B = 0.65 while the fluorescence
data imply A/B = 2.7. At present there is no satisfactory theoretical ex-
planation for such a result. A possible source of the discrepancy is a
systematic error introduced by the experimental arrangement. It is ac=
cordingly desirable to repeat the photoelectron data at 5844 using a 41
geometry in order to be sure that all photoelectrons are properly analyzed.

In addition to the work cited in the appendices, the fluorescence
from the fragments of N, and NO by photodissociation of N20 have been ob-
served in this laboratory. However, an improvement of the present detection
system is required to enhance the signal to.noise ratio.

The relative f1uoresgence cross sections for the fragments of N,
0 and CO by photodissociation of Nz, 02 and CO2 have been observed using
synchrotfﬁn radiation of 175-8004 (for example, see appendix F). ~ : Abso-
Tute measurement of the fluorescence cross sections using a strong line
emission source in this laboratory will permit an absclute calibration of
these relative measurements. It is accordingly proposed that the absolute

cross section measurements be continued.
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III. MEASUREMENTS OF THE POPULATION DISTRIBUTION OF EXCITED VIBRATIONAL
LEVELS PROBUCED BY PHOTODISSOCIATION

The population distribution of triplet vibrational levels of
€O produced by photodissociation of CO2 has been measured in the previous
funding period (see appendix G). The population is reasonably represented
by a Poisson distribution and an internal collision mechanism was suggested
to interpret the photodissociation process. For further study of this
mechanism the vibrational populations of the CO, N,, NO and C5 fragments
produced by the following photodissociation processes will be measured:

CO2 ¥ hv + CO (A]n) +0

N

0+ hv >N (an . C3ﬂu) +0

2 2 g

1,0 + hv 3 NO (A%, B2n) + N
€OS + hv -~ CO (Alm, triplet) + S
€OS + hv » CS (Alm) + 0

CS, + hv - CS (A1n) + S

2
Although the production cross sections for some of these frag-
ments are small, fluorescence from the excited fragments is observable and
the vibrational populations should be measureable. As an example of the
app1ica£ion of such data it should be noted that the mechanism for the
production of the vibrational population of CO (A1H) as measured by the
Mariner & and 7 UV'spectrometer* has ﬁot-yet been clarified. Photodissoci-
ation of CO, by solar radiation at A<10004 is thought to be the dominant
mechanism. Measurement of the vibrational population produced by photo-
dissociation is indeed required to help clarify the observed processes.

*C. A. Barth, C. W. Hord, J. B. Pearce, K. K. Kelly, C. P. Anderson and
A. 1. Stewart, J. Geophys. Res. 76, 2213 (1971).
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IV. MEASUREMENT OF ELECTRONIC TRANSITION MOMENTS

The electronic transition dipole moments for the cot (Azni,

Bt - x4y, nT (85T » X)), and c0,% (A%n > XPn ) systems have been
2 u g 2 u g

measured Tn the previous funding period (see appendix A, H, I). For the
-diatomic systems the transition dipole moment was found constant but for
the CDZ+ system it fluctuated drastically. The transition dipole moment is
a principal factor in the determination of band strengths and its measurement
is important to the investigation of emission bands in planetary atmos-

pheres. Transition dipole moments for the CO (A1H - Xlz), N, (B3IIg >

3+ 3
Azu ), N, (C

m, = B3Hg), and CS (A]H -+ X1z) systems will be measured
during the next funding period.

Franck-Condon factors for transitions in linear triatomic mole~
cules are quite limited. Measurements of the band strengths for these
transitions will hopefully stimulate reliable calculations of the Franck-

Condan factors of interest,
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V. STUDY OF THE PRESSURE DEPENDENCE OF THE FLUORESCENCE INTENSITY

The pressure dependence of the C02+ (BZZ: + ing) and C02+

(a2

L, > ing) fluorescence was measured during the previous funding period,
and the two systems were found to yield similar results. No collisional
"dumping" from 602+ (Bzzu+) to the C02+ (AZR) states was observed.

To éimplify the analysis of the pressure dependence data, a uni-
form gas pressure inside the gas cell is required. Accordingly, an aluminum
thin film was used to separate the gas cell from the main chamber of our
normal incidence monochromator McPherson 225. However, the resulting
reduction of the 1ight incident on the gas cell to only 5% of the window-
Tess intensity resulted in an unacceptably low fluorescence intensity for
the individual bands. A revision of the present detection system to a more
sensitive photon counting system is planned, and will be pursued during the
next funding period. Measurement of the pressure dependence of the fluores-

cence intensity for planetary gases may aid in a determination of the pres-

sure of such gases in planetary atmospheres.
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VI. [IDENTIFICATION OF UNCLASSIFIED MOLECULAR BANDS

Identification of vibrational bands of the N20+ [Azz+(0,0,0) -+
XEH("]’"Z’HS)] system has been a part of our work during the previous
funding period (see appendix J). The conventional methods (gaseous dis-
charges) for exciting the gas whose spectrum is to be analyzed invariably
yield numerous emission bands and atomic lines from the molecules and their
fragments. In the present work a monochrematic photon beam is used to pro-
duce photoionization excitation and accordingly a relatively simple spec-
trum results, permitting unambiguous analysis. A determination of the vi-
brational bandhead positions is not proposed as a primary effort; it is a

natural extension of our other work.
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LETTER TO THE EDITOR

The electronic transition moment of the NF (B X} —» x *X})
system

L CLee and D L Judge

Department of Physics, University of Southern California, University Park,
Los Angeles, California, 90007

MS received 2 April 1973

Abstract. The N*(B 22,*) ions were produced through vacuum ultraviolet irradia-
tion at A462, 555, 630 and 637 A and the intensities of the No*(B2Z,* — X 2EZ¢*)
bands were measured. The electronic transition moment of the system was found to
be reasonably constant.

The intensities of the N,* (B 2X,* — x 2X %) bans produced in discharge tubes, have
been measured by Wallace and Nicholls (1955). Using the Franck-Condon factors
given by Jarmain et al (1953), Nicholls (1962) found the electronic transition moment
of the N,* first negative system to be given by

R(r) = const. x (10-134 r2—23-497 r + 14-473)

for 0974 < r < 1-265A. Brown and Landshoff (1971) remeasured the relative inten-
sities of the (1,3) and (1,2) bands and applied the new Franck—Condon factors and
r-centroids given by Generosa et al (1971) to rescale the equation to

R const.
) = oy

However, such a variation of the electronic transition moment was not found in the

present work. The transition moment was found approximately constant for

0974 < r < 1-153 A.

The present experimental arrangement has been described in a previous paper
(Judge and Lee 1972). The vacuum ultraviolet source lines used to produce the
N,*(B2X,%) ions were AM62, 555, 630 and 637 A. The gas pressure in the absorption
cell was set at 10 mTorr or less. The fluorescence spectrum, shown in figure 1, was
produced by incident photons of wavelength 637 A, and was typical of the spectra
obtained with other source lines. The upper trace is an amplified spectrum showing the
weak bands. The bandhead positions of the N,*(82Z,* — x 2X_*) system given by
Pearse and Gaydon (1963) are indicated in figure 1 to identify the observed bands.

The fluorescence radiation rate, i,-,~, which was measured by the area under the
spectral envelope of a band divided by the detection response published in a previous
paper (Lee and Judge 1972), may be written (Wallace and Nicholls 1955, Judge and
Lee 1972) as

ﬁu’v" Ea kNv’Re2(iu’v")qv'v"/’\v'v"s
L121
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Figure 1. Dispersed flourescence of the Np*(B 2%, % — X 2%¢*) system produced by
incident photons of A637 A. The bandhead positions given by Pearse and Gaydon
are indicated.

where k is a constant, N, is the population of the N,*(B 2Z,™) ions in the ¢’ level,
Re(Fyrvr)s Foryms Guors and Ay, are respectively the electronic transition moment, ‘
r-centroid, Franck—Condon factor, and wavelength of the (v, v”) band. If the Franck-
Condon factors and r-centroids given by Generosa et al (1971), which are not sig- ‘
nificantly different from those given by Nicholls (1961) for the lower vibrational jevels,
are adopted, the relative electronic transition moments can be calculated and plotted

15—
" \
S 10—t ;% K% - .
Q ~ x x |
£ F
8y !
o v'=0 vi=l
i v'=0 v"=0
Orlll.lllIJ'IJI[HLOIIIIH%J
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Figure 2. A plot of the relative electronic transition moment R.(r) against r for the
vibrational bands of the Ny*(B2Z,* — X 2%g*) system. The data indicated by
¥, A, x, and @ were, respectively, obtained using incident photons of 2462, 555,
630, and 637 A.
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as shown in figure 2. The transition moments for the (0,1) and (1,2) bands are nor-
malized to 1. As shown in figure 2, the deviation of R.(r) from a constant is not signi-
ficantly different from the experimental uncertainty which was estimated to be within
10% of the given values. The constancy of R.(r) was also indicated by Koppe et al
(1971) in the measurement of the effective cross sections of the N,™ first negative
bands. Since R, is approximately constant, the absolute value of the electronic transi-
tion moment, R, = 0-75 au, given by Hesser (1968) is meaningful.

The band strengths, pyp = ReX(Fyrv)durv» averaged over all the observed spectra
are shown in table 1. The sum, X,. p,.~ is normalized to 1 for each upper ¢’. The
data given by Nicholls (1962) are also shown in table 1 for comparison.

Table 1. Band Strength of the No*(82Z,*, v/ = 0,1 » x25.%, 0" =0, 1, 2, 3)
transitions.

NEE
AN 0 1 2 3

0 a 0-62 0-29 0-07 0-02
b 0-54 0-23 0-07 0-02
1 a 0-27 0-26 0-32 0-15
b 0-21 027 0-26 0-26

a. Present work.
b. Nicholls (1962).

This work was supported by NASA Grant No. NGR 05-018-180.
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Band strengths for the CO; (4 *I1, — X *II,) system
produced through photoionization excitation of CO,

D L Judge and L C Lee

Department of Physics, University of Southern California, University Park, Los Angeles,
California 90007

Received 2 April 1973

Abstract. The COJ ions in the various vibrational levels of the A *IT, electronic state were
selectively produced by vacuum ultraviolet radiation of 2703, 709, and 715 A. The emission
band strengths of the COj (a *I1, — x *I1,) system were obtained and compared with
other previous results established by different excitation methods. Good agreement with
the earlier work was found. Using existing Franck—Condon factors, the electronic transition
moments for the CO; (A ZH“ — X 2l'lt‘) bands are also presented.

1. Introduction

The individual emission band strengths of the CO3 (a 2I1, — x *I1,) system have been
investigated by using various excitation methods: McCallum and Nicholls (1972) by a
CO, discharge in a hollow cathode, Wauchop and Broida (1972) by the interaction of
CO, with He(23S). Ajello (1971) by electron impact, and Poulizac and Dufay (1967) by
proton impact. The COj3 (a I, — x *I1,) fluorescence has also been studied by Judge
et al (1969), Wauchop and Broida (1971), and Lee and Judge (1972) using photon impact.
But, in this case, the emission intensities for individual bands were not analysed. Since
the COJ (a 2I1, — x *I1,) radiation observed in the dayglow of Mars (Barth et al 1969,
1971) is predominantly produced by the interaction of solar radiation with the Martian
atmosphere (Stewart 1972), and direct photoionization of CO, is the most important
mechanism (Dalgarno et al 1970, Dalgarno and Degges 1971), measurement of the
individual emission band intensities produced by photon impact seemed desirable.

2. Experimental

The details of the experimental setup have been described in a previous paper (Judge
and Lee 1972). The source lines used in the present study were 4703, 709 and 715 A,
and were isolated with a 1 m normal incidence monochromator (McPh 225) set at a
bandwidth of 2.5 A. A 0-3 m normal incidence monochromator (McPh 218) was used
to disperse the fluorescence and was set at a bandwidth of 3-5 A

The combined response of a grating blazed at 5000 A and a cooled photomultiplier
(EMI 9558QB) was calibrated with a NBS quartz iodine standard lamp. The detection
system response (per photon s~ ') as a function of wavelength is essentially the same
as published in a previous paper (Lee and Judge 1972).
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CO, gas supplied by Airco with a purity of 99-99 % was used for this study without
further purification. The CO, pressure was measured with a Baratron capacitance
manometer (MKS Instruments, Inc.) which was remote from the absorption cell on
the high pressure side of the flow system, and was set at 30 mTorr or less for the entire
experiment.

3. Results and discussion

3.1. Fluorescence spectra

Typical COj3 (A *I1, — x I1,) fluorescence spectra for incident photons of wavelengths
4703, 709 and 715A are shown in figure 1. The bandhead positions of the
CO;J (a’M,, — x ’T1,,) subsystem given by Judge et al (1969) are indicated to identify
the observed bands. Referring to the known energy levels of the COJ (a 2I1,) states
(Tanaka and Ogawa 1962), the energetically possible levels of excitation at 2703, 709
and 715 A are (2,0, 0), (1,0, 0), and (0, 0, 0), respectively. The fluorescence bands from
these possible levels are observed as shown in figure 1.
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Figure 1. The fluorescence spectrum of CO; produced by incident photons of 4703, 709,
and 715 A. The bandhead positions of the COJ ( M, — X *I1,,) system given by Judge
et al (1969) are indicated.

3.2. Analysis technique

The fluorescence radiation rate, #n,.,., for the transition from an upper level v’ to a
lower level v” is given (Herzberg 1967) by

Ay = KNy Ay

where K is a normalization constant, N,. is the population of the v’ level, and A,.,. is
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the transition probability. The fluorescence radiation rate, n,,., is measured by the
area under the spectral envelope of the fluorescence band (v" — v”) divided by the detec-
tion system response.

For incident photons of 4715 A, only the (0,0, 0) level of COJ (a *I1,) is excited.
Asshownin figure 1, the fluorescence bands are well-separated. The fractional transition
probability for the upper (0, 0, 0) level may be written as

TAgy = Ngy/(Efgy)

where 7 = 1/(£A4,,.) is the lifetime of the (0,0, 0) level of the COJ (a *T1,) state, and
1o, 1s the measured radiation rate.

For incident photons of 4709 A, both the (1,0, 0)and (0, 0, 0) levels of the CO3 (a 2I1,)
state are excited. The fluorescence bands from these two levels are mixed in the observed
spectrum. However, the fractional transition probability 4., is known from the
715 A spectrum thus permitting tA,,. for the (1,0, 0) level to be obtained from the
spectrum according to the relation,

(qooTAow +901TA 107+ 1)/(Goo +qo1) = (g + 1y 41 )/(Enigy+ Xhy )

where g0 and g, are the Franck—Condon factors for the production of the upper level
populations, N, and N, (fig,~+ ;.4 ) is the measured radiation rate of the mixed
bands, (Zfg,-+ X1, ,-) is the measured total radiation rate, and t is the common lifetime
(Hesser 1968) of the vibrational levels of the CO; (a 2I1,) state. The production Franck—
Condon factors have been given by Brundle and Turner (1969), Eland and Danby
(1968), and Spohr and Puttkamer (1967).

Similarly, using the constant level independant and the known absorption Franck—
Condon factors, the fractional transition probability for the (2,0,0) level of the
CO; (a *1,) state can be obtained from the fluorescence spectrum produced by incident

photons of 1703 A.

3.3. Transition probabilities and band strengths

Using the average values of the Franck—-Condon factors given by the above authors
(Brundle and Turner 1969, Eland and Danby 1968, Spohr and Puttkamer 1967) it is
found that gyq:qo; 1qo; = 0-40:0°80:1-0. Adopting these values, the fractional transition
probabilities for the CO3 (a 2I1,)(2, 0,0),(1, 0, 0), and (0, 0, 0) levels have been determined
and are as given in table 1. These results represent the average of several spectra and
are accurate within 15 % of the given value. The data given by McCallum and Nicholls
(1972), Wauchop and Broida (1972), Ajello (1971), and Poulizac and Dufay (1967) are
also shown in table 1 for comparison. The data given by previous authors are so normal-
ized that the sum of the existing fractional transition probabilities is equal to that
of the corresponding present measurement. For the data given by Ajello (1971), only
the well-separated bands are given in table 1. It may be noted that there is good agree-
ment among the various sets of data.

Using the relation 4,.,. = const. x p,.../A2. . the relative band strengths, p,.,~, can be
calculated and are shown in table 1. The sum of p,.,. over v” is normalized to 1.

3.4. Transition dipole moment

The Franck-Condon factors, g,,~, and the r-centroids for the CO;J (a I, — X *I1,)
bands have been calculated by McCallum and Nicholls (1971) and Petropoulos (1968).
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Table 1. The fractional transition probabilities and the band strengths of the
COj (a 211, — x *TI,) system

(v*,0,0) (v",0,2)
(v, 0,0) 0y AR W SR TS 0 1 el TR TR
a 027 030 013 005 002 002 002 010 006 002 001
b 027 030 013 005 005 010 004
6 c 031 026 014 004 002 005 011
d 026 030 007 009
e 024 030 015 007 004
f 021 026 013 006 003 003 004 011 008 003 002
a 036 008 012 014 005 001 002 003 005 008 003 002
b 047 007 010 007 004 007 005 004 003
: c 046 004 008 014 003 006 005 005
d 037 007 004 003
e 034 008 011 015 008 002 001
f 026 007 012 015 006 002 003 003 006 011 005 004
a 033 013 016 002 007 005 001 001 005 002 007 005 002
b 035 010 016 001 010 003 006 003 002
3 c 039 010 011 002 004 002 006 002 005
% d 034 014 014 003 003
e 034 011 017 003 007 004 002
f 023 010 015 002 008 007 002 001 005 003 010 008 004

a Present results for the fractional transition probabilities, T4, ..

b The 14, from McCallum and Nicholls (1972).

¢ The tA,.,. from Wauchop and Broida (1972).

d The tA4,.,- from Ajello (1971).

e The tA,.,. from Poulizac and Dufay (1967).

f The band strengths calculated from the present fractional transition probabilities.

Using the relation p,.,. = RZ(r)4,,-, the relative transition dipole moment, R.(r), can
be obtained. A plot of R.(r) for the (v',0,0){v",0,0) transitions versus r is shown in
figure 2. Because the r-centroids for the (0,0, 0)—(0, 0, 0), (1,0, 0)—(1, 0, 0), and (2,0, 0)—-
(2,0,0) transitions are nearly the same, their R(r) values should be equal (Fraser 1954
and have been normalized to 1. The average of the Franck—Condon factors and the r
centroids for the two components of the CO3 (a 2IT, — X *I1,) bands given by McCallum
and Nicholls (1971) were adopted in this plot since they yicld the least fluctuation of R..

As shown in figure 2 there is no clear trend for the variation of R (r). Further, it
seems very unlikely that R (r) should fluctuate so drastically. Since the experimental
data for the band strengths established by different techniques are in good agreement,
but the published Franck-Condon factors (McCallum and Nicholls 1972, Petropoulos
1968) are significantly different, further refinement of the Franck—-Condon factor calcula-
tions would appear to be required.
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Figure 2. The relative electronic transition moment R, versus the r-centroid for the emission
bands of the CO; (4 2I1, — x *I1,)system. Thedata indicated by-, x,and A are, respectively,
for the upper levels (0,0, 0), (1, 0, 0) and (2, 0, 0).
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Abstract. Cross sections for producing the N,O*(a 2£* — x *II) bands, using vacuum
ultraviolet radiation between 462-755A, have been measured. Band strengths for the
N,0%[a 22*(0,0,0) ~ x *I1(n,, n,,0)] bands are also given.

1. Introduction

Using a continuum background the photoabsorption and photoionization cross sections
of N,O have been measured by Cook et al (1968) in the 600-1000 A region while Lee
et al (1973) have measured the photoabsorption cross section in the 180-700 A region.
In addition, Bahr et al (1972) have determined the partial photoionization cross section
for the various N,O% electronic states in the 584-890 A region using photoelectron
spectroscopy. However, the cross section for production of the N,O* (a 2Z* > x2M)
fluorescence has not been measured.

Further, since N, O is a simple linear molecule in its ground state the band strength
data are of theoretical interest. Although band strengths and Franck-Condon factors
for diatomic molecules have been reasonably well investigated both theoretically and
experimentally, only limited results are available on triatomic or more complex molecules.

2. Experimental

\

The experimental setup has been described in a previous paper (Judge and Lee 1972).
The nominal source lines used in the present investigation were 462, 526, 555, 586, 625,
637, 666, 686, 700, 704, 716, 726 and 755 A. The bandwidth of the 1 m normal incidence
monochromator (McPherson 225) used to isolate these lines was set at 4 A or less, while
the bandwidth of the 0-3 m normal incidence monochromator (McPherson 218) used to
disperse the fluorescence was set at 3 A. The detection system and the response were
essentially the same as that described in a previous paper (Lee and Judge 1972).

N,O gas supplied by the Matheson Company, with a purity greater than 98 %, was
used in the present investigation without further purification and the pressure in the
experimental chamber was set at 25 m Torr or less. 5

626
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3. Results

3.1. Fluorescence spectra

The fluorescence spectra produced using incident photons of A715-6 and 7549 A are
shown in figure 1. The band head positions for the N,O *[a *£*(0, 0, 0)—x I1(n,, n,, 0)]
system, given by Judge and Lee (1973), are indicated in the figure to identify the bands.
The 4754-9 A photons have only enough energy to excite the ground state neutral
molecules to the N,O*[a ?£%(0,0,0)] level (Tanaka et al 1960, Brundle and Turner
1969), so that the fluorescence is dominated by progressions originating from this upper
state. However, at room temperature, about 6% of the neutral molecules are in the
x 'Z%(0,1,0) level, thus fluorescence from the N,O*[a 227(0, 1, 0)] level is also evident
in the spectrum.

—(0,00) — (5,0,0)

0 | 2 3 4 (n;1,0)
0 | 2 : (n,2,0)
0 | 2 3 (n3.0)

0 | 2 i 3 (40

Incident A N

754-9 R N

7'5W

£ e WAWL S vt D) (e e it e U0 (RPN L T o T e [ e
3500 3750 4000 4250

AR

Figure 1. Fluorescence spectra of the N,O*(a 2Z* —x 2I1) system produced by primary
photons of wavelengths 715-6 and 754-9 A. The bandhead positions given by Judge and Lee
(1973) are indicated.

The spectrum produced by primary photons of 27156 A is characteristic of all spectra
resulting from primary photons of wavelength less than 726 A. This result is consistent
with Brundle and Turner’s (1969) data showing that the Franck—Condon factors for
production of the N,O*(a 2Z*) state have significant values only for the levels at or
below the (0, 0, 1) level (16-7 eV), implying that the fluorescence spectra produced by the
primary photons of 1742 A should be generally similar.

3.2. Fluorescence cross sections for the individual bands

The fluorescence cross section o (4, Z;), for a band at wavelength 4, produced by a primary
photon of wavelength 4, is proportional to the fluorescence radiation rate 7 (4, Z;) (Lee
and Judge 1972). For all primary photons of wavelengths shorter than 726 A, the relative
fluorescence cross sections for the various bands are essentially the same and are given
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Table 1. Relative fluorescence cross sections for the observed bands of the
N,O*(a 2X* — x *[I) system

AA) 3381 3454 3521 3542 3595 3661 3689
3396 3470 3558 3608 3673 3707

a 0-186 0061 - 0-096 1-00 0-088 0122 0-515
AA) 3746 3803 3845 3902 3945 3970 4007
3764 3823 3864 4030

a 0-061 0-071 0-129 0019 0018 0-028 0-026

in table 1. Here the cross section for the A 2£ (0,0, 0)—x 2I1(0, 0, 0) band has been
normalized to 1. The experimental error is about 10% of the given values. The absolute
cross section for each band may be determined by referring to the total production cross
section at each incident wavelength (§ 3.3).

3.3. Absolute N,0% (42X*—x 2II) fluorescence cross sections

The absolute cross section, Z,0¢(4, %), for production of the N,O%(a*Z* —x M)
system can be obtained by comparing the total fluorescence radiation rate, X ei(4; Ag),
with that of the N,* (82X, v" = 0)»N,*(x 2Z;,v" = 0) band, for which the absolute -
cross section is known (Judge and Weissler 1968). The spatial distribution of the
fluorescence is assumed isotropic for both systems since the molecular rotational
frequencies are much greater than the transition rates.

The absolute fluorescence cross sections at each of the primary photon wavelengths
are shown in figure 2 and agree well with the corresponding photoelectron spectroscopy
results of Bahr et al (1972) in marked contrast with a similar comparison of data on CO,
(Lee and Judge 1972, Samson et al 1972). The present experimental error is estimated
to be within 15 % of the given values.
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Figure 2. Cross sections for the production of N,O*(a 2£* —x *II) fluorescence by vacuum
ultraviolet radiation of wavelengths 462, 526, 555, 625, 637, 666, 686, 700, 704, 716, 726, and
755 A. The cross section is in units of Mb (107 '® cmz).
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34. Band strengths for the 42X%(0,0,0)—x *II(n,,n,,0) fluorescence

The band strength is given (Nicholls 1962) by P,.,. = K#n,,,.A2,., where K is a constant,
and n,.,. and 4., are, respectively, the fluorescence radiation rate (photons/second) and
wavelength of the (v, v”) band. The presently determined relative band strengths for the
A 2%(0,0,0) — x *I1(n,, n,, 0) system are given in table 2. The wavelength indicated
corresponds to the shortest wavelength member of each band. The sum of the band
strengths, X _.p,..~, is normalized to 1. '

Table 2. The N,O0*[a 2£7(0,0,0) — x *I1(n,, n,, 0)] band strengths

ny
n, 0 1 2 3
A 3541 3595 3661 3720
0
p 051 0019 0-005 0-002
i 3689 3746 3815 3874
1 :
P 03 0-012 0-004 0-001
A 3845 - 3902 3970
J
p 0-10 ' 0-009 0-014
A 4007
3
p 0-020

2 wavelength (A): p band strength
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NOTE FROM THE EDITOR'S OFFICE

ldentification of the N.O*[A%£7(0,0,0) = X211(n,,n,,n,)]
Vibrational Bands

The emission spectrum of the N,O+(425+—» X?IT) system has been studied by both Brocklehurst (03]
and Callomon (2). However, due to overlying bands of the N, second positive, N,* first negative, and
the NO(8) system only the strong bands of the N,O* spectrum have been assigned (2). In order to make
a complete analysis, Callomon (2) noted that a pure N;O* emission spectrum would be re-
quired. To obtain such a result we have selectively produced the N,O+[422+(0, 0, 0)] ions using vacuum
ultraviolet radiation of wavelength 754.9 A, and thereby obtained a spectrum of the N,0%(0, 0, 0) —
X210 (n1, na, n3) ] system (3). The observed bands were found to be well represented by the progressions,
1/N = 1/X0 — (m»1 + naws), with ny, 5y = 0, 1, .... Such selective photon excitation demonstrates a
powerful technique for obtaining a pure and simple spectrum, and thus permits a rather straightforward
analysis of the resulting bands.
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Absolute Specific Photodissociation Cross Sections of CH, in the Extreme Ultraviolet*

A. R. WELcH AND D. L. JupGe
Depariment of Physics, University of Southern California, Los Angeles, California 90007
(Received 21 January 1972)

The photodissociation of methane has been studied at 16 different incident wavelengths in the range
555~1242 A. Absolute partial cross sections have been determined for those processes yielding excited
fragments which fluoresce in the range 3500-8000 A. The fluorescence was dispersed and found to result
from the 4 2A—X *II and B *Z—X %I systems of CH, the §'B,—a'4; system of CH;, and the H,, Hp,
and H, transitions of H. Absolute cross sections have been assigned to the processes CH;+hv»—CH (A 2A) +
He(X 12,%) +H(12S12), CHy+hv—CH(B2Z)+Ha(X 12)+H(12Sy2), and CHy+hv—CH.(§ 'By) +
H:(X 1Z,%). Emission cross sections have been assigned to the Balmer lines H., Hp, and H,. The process
CH+hv—CH; (X *45"") +H* is believed to be responsible for the Balmer lines. The largest cross section
measured, o =8X 107 cm?, occurred at 923 A for the process leading to CH (4 ?A). Cross sections of this
magnitude are three orders of magnitude less than the total peak absorption cross section for methane.

I. INTRODUCTION

The investigation presented here is concerned with
the dispersed fluorescence of fragments resulting from
the dissociation of methane, irradiated by monochro-
matic vacuum ultraviolet photons. Since methane is a
relatively small molecule there is some hope that if the
fluorescence can be identified, simple energy arguments
can be made to identify the photodissociation processes.
Absolute cross sections can be assigned to specific
processes using this approach, if the energy of the
excited fragments is lost through radiative transitions.

The only other known study of the fluorescence from
methane, in the region report here, has been made by
Metzger and Cook.! However, they only measured the
relative total fluorescence over a portion of the range,
making no attempt to disperse it, or suggest its source.

The total absorption cross section for methane has
been established by previous experimenters. Notable
papers include work by Wilkinson and Johnson,? Moe
and Duncan,® Sun and Weissler,* Ditchburn,® Metzger
and Cook,' and Rustgi.® Together their work assigns a
cross section from 190 X to greater than 1400 X. It is
known that between 400 3 and 900 X this absorption is
due primarily to photoionization.*® Dibeler, Krauss,
Reese, and Harlee,” have identified the processes
CHy+/w—CHstH-e, CHyt/w—CHyt+H+e, and
CHs+Av—CHyt4-Hz+-e over most of this region.
These cross sections have also been calculated by
Dalgarno, using self-consistent wavefunctions.® Other
theoretical calculations for the decomposition of
methane have been made by Lindholm,? using molecular
orbital theory.

The processes responsible for the absorption at wave-
lengths greater than 900 X are not, however, well
known. In view of the abundance of methane around
Jupiter, these unknown processes would be valuable in
forming a model for the Jovian atmosphere, especially
those processes which occur at L, (1216 &X).1° Further-
more, it is possible that other simpler molecules and
atoms found in space could have their origin in methane,
for example, the CH observed in comets.

II. EXPERIMENT

The experimental apparatus is illustrated in Fig. 1.
The ultraviolet radiation was generated by a condensed
spark discharge through a water-cooled boron nitride
capillary containing hydrogen, nitrogen or oxygen. The
discharge was operated at a rate of 38 pulses/sec by
means of a rotary spark gap. An evacuated 1-m mono-
chromator adjusted for 2 & resolution was used to
disperse the source radiation. The intensity incident on
the methane was measured at shorter wavelengths
using a platinum photocathode, the photoelectron
yield of which is known,! and was measured at the
longer wavelengths using a sodium salicylate coated
photomultiplier.® An absolute calibration for the
sodium salicylate was obtained by using the platinum
since the response of these two detectors overlap. The
intensity of the incident radiation ranged from 1.2X10%°
photons/sec for the strongest line, down to 8X10°
photons/sec for the weakest useful line.

The methane gas sample was admitted into the cell
through a leak valve and was pumped out through the
exit slit of the 1-m monochromator. The cell pressure
was maintained at 1.5X107! torr. The fluorescence
resulting from the photodissociation was viewed through
a quartz window by a second monochromator.

Cooled EMI 9558QB and 9514S photomultiplier
tubes were employed as part of a synchronous pulse
counting system to detect the dispersed fluorescence.
Only the signal received during the 10 usec discharge of
the light source was detected. The small duty cycle and
cooled detector limited the noise level to 0.3 dark
counts/min.

The methane was obtained from the Matheson Com-
pany. It was specified as 99.59, pure, and was used
without further purification. The impurities included
ethane (C;Hs), propane (C;Hs), carbon dioxide (CO,),
nitrogen (N.), and oxygen (Os).

III. RESULTS

The dispersed fluorescence, resulting from the
irradiated methane was recorded for 16 different
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incident energies with photon energies ranging from
10 eV (1242 A) to 22.4 eV (555 X).

For incident wavelengths less than 1032 X, the
spectra were dominated by CH emission bands. These
bands are well known and have been observed by
other experimenters in hydrocarbon flames, discharge
tubes containing carbon and hydrogen, carbon arcs in
hydrogen, and the emission from comet heads.'* The
3900 X system (B2Z—X 1) and the 4300 & system
(4 2A)—(X ) of CH were identified using Pearse and
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Gaydon band head data.'® The spectra taken at shorter
incident wavelengths were of particular interest since
they showed line emission resulting from excited atomic
hydrogen. For these spectra the Ha, Hg, and H, lines of
the Balmer series were identified. The intensities of
these lines were corrected for the system response, and
compared with published oscillator strengths. They
indicate the initial states were of nearly equal popula-
tion. Figure 2 shows the resulting fluorescence spec-
trum taken at 555 & incident wavelength where most
features of interest appear.

For incident wavelengths greater than 1032 X only
the spectrum taken at L. (1216 X) resulted in any
significant fluorescence. This has been identified as the
(f 1B,—d '4,) system of CH.. This system has been
seen previously only in absorption spectra, found to
extend from 5000 & to 9000 &.141 The observed emis-
sion spectrum appears to cover nearly the same region,
starting at 5500 X and extending beyond the 8000 X
limit of this experiment. Since it was not possible to
measure all the radiation resulting from the CHz only
an estimate of the cross section for the responsible
process could be made.

To obtain an absolute cross section for the observed
processes, an emission spectrum of Ny* was taken. The
emission spectrum of Nyt in the range 3500-5500 A
following irradiation of N» by photons of wavelength
555 & (22.4 eV), was taken at the same scan speed and
resolution as the photodissociation fluorescence spectra.
By comparing the fluorescence from the first negative
system of nitrogen (B 2Z,*—X ?Z,*) with the fluores-
cence yields for the various processes observed in CH,
it was possible to assign absolute cross sections to these

processes.'®
The absolute cross sections versus incident wave-
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F16. 1. Experimental Apparatus.

Fic. 2. Fluorescence from CH and H, resulting from CH;
irradiated by 555 A photons,

length for the processes resulting in the transitions
A 2A—X 1, and B *Z—X I of CH, H,., Hg, and H, of
H and (b!'By—d'4,) of CH, are given in Fig. 3. The
cross sections were found by integrating the area under
the spectrum for each process, and at each incident
wavelength, and comparing these areas with the area
under the spectrum of Ny* for the process B?Z,*—
X 23+, The radiation from these processes was assumed
to be isotropic. Corrections for system response were
incorporated into these calculations; that is, photo-
multiplier and platinum detector efficiencies, incident
intensities, optics, electronic amplification, scan speeds
and pulse pile-up.

The calculated thresholds for many of the processes
considered are identified in Fig. 3. They were found by
adding together the energy necessary to dissociate the
molecule and excite the labelled fragments. A discussion
of the suggested dissociation processes is given below;
their cross sections are given in Fig. 3.

A. CHthr—CH(A 2A)+Hy(X 2,5 +H(1 2Sy9)

Figure 3 strongly suggests the reaction CHy+/mv—
CH(A 2A)+Ha(X 'Z,)+H(125y), since the thresh-
old for the production of excited CH is observed
within 0.05 eV of the calculated threshold at 1028 A.

There is also an energetically possible threshold for
the process, CHy+h—CH(A?A)+3H(12%5;) at
750 A. However no threshold appears at this wave-
length. Thus, if this reaction is present, its threshold
must occur at an energy higher than its calculated
minimum value. This process could account for the
increasing emission from CH(A4 2A—X ) found
between 555 and 626 &. If this process is absent, then
the reaction CHy+mw—CH(A 2A)+Ho(X Z5H)+
H(12Sy,) must account for all excitation to the
CH(A4 ?A) state. The presence of the reaction CHy+
hw—CH*+H,+H and the absence of the reaction
CH+hw—CH*+3H would also suggest that upon
photon impact the CH; molecule is distorted bringing
at least two H atoms close enough together that when

CH, dissociates these H atoms bond together

forming Ho.




288 A. R, WELCHIAND D. L. JUDGE

Dissociation Cross Sections
8.0 |- for the Processes
© CHgt hv = CH(ATA)HH HH

B CHgt hy— CH(BZD)+H +H !

70
© CHgt hy+ CHy(B'B) +H,
60 - Emission Cross Sections
& for Hg HﬁaHrresuHing from
5 50 CHg,Photon Inferaction ,
Q O Hg 4
N a
o tt 1 /
Z 40 B /
b 4 Hy /
i
30 I
il
£ T2 !
CH4+hv CH3(X A£ +H |
20
!
10
(0]

0
1
600 700 800 900 1000 1100

Arrows indicate calculated
thresholds for noted
processes.

cross sections have been multiplied

by 10 for this display.

|
}
|
i it
|
|
1

o e 2
CH4+ hy CH(B 2)+H2+H

e 2
— CHgt hw CH(A A)+H2+H

l— CHgthv = CHAD 'B)+2H

CHg+hw— CH,(B'B)+Hp

T T
1200 1300

incident X (&) ——

Fic. 3. Cross sections for the specific dissociation processes observed in methane.

B. CH,+hw—CH(B 2Z)+Hy(X 1=,+)+H(1 2Sy2)

From energy arguments, the threshold for the
process CHy+v—CH (B 22) +Ho (X 12,%) +H(12S12)
cannot occur at wavelengths longer than 1005 &. For
the process CHy+/w—CH(B2Z)+3H(12%S12), the
threshold must occur at wavelengths less than or equal
to 736 A. The experimentally found threshold for the
transition CH(B2Z)—CH(X 2I) is near 950
Thus, of the above two processes the experimental
data are consistent only with the process CHy4-hv—
CH(B2%Z)+H,(X Z,;7)+H(12%S12). This is a reason-
able process to expect since the process yielding
CH(A4 2A) and ground state H, and H has also been
identified. Here again, it is possible that the reaction
CHy+hw—CH(B%2)+3H(12Sy2) could account for
the excitation to the CH(B *2) state which results in
the CH(B??Z—X 1) transition for incident photons
between 555 and 626 A.

C. CH4+hv—CH;3(X 24,”)+H*

The threshold for production of H atoms in the fifth
principal quantum state (z=35), through the process
CH,+hv—CH (X 2I) 4+ Hy (X '2,+) 4+H* is 559 A. From
this state the third Balmer line H, is possible. The
threshold decreases to 567 A for radiation resulting
from the second Balmer line, Hg, and 585 X for H. ., the
first Balmer line.

For the process

CHi+ h—CHy (X 32,) +-H(12Sy,) +H¥,

the calculated threshold wavelength for H, is 564 &,
Hp, 572 % and H,, 590 A. i

For the process CHy+/w—CHy(X 24.")+H*, the
calculated threshold wavelength for H, is 712 &,
Hp 725 &, and H, 754 &, respectively.

The experimental results show thresholds between
610 and 626 X for the first three Balmer lines. Thus,
the process CH,+h—CH;(X 24,") +H* appears to be
a likely process for the production of excited H atoms.

Because the threshold for excited H atoms coincides
with the “threshold” for fluorescence resulting from
excited CH, the processes

CHi+/wv—CH(4 *A)+Hy(X 'Z*) +H*
and ;

CH+ lwv—CH(4 2A)+2H(12S5y2) +H*

were considered. However, neither of these processes
can occur for incident photon wavelengths longer than
500 &. ;

The possibility of secondary reactions giving rise to
excited H atoms was rejected by measuring the pressure
dependence of the H, line. The pressure dependence,
over the range 10-300)X107? torr, was linear at pres-
sures less than 200X 1072 torr and showed quenching at
the higher pressures.

D. CH+w—CHa(b 1By)+Ha(X 1Z,1)

Spectra for lower energy incident photons were taken
at 1086, 1176, L, (1216 X) and 1242 A. For incident
photons at the three shorter wavelengths fluorescence
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resulted from CH,(b!By—d'4;). This radiation was
identified by comparison with the results of Herzberg
and Johns for the absorption of CH,.** No fluorescence
resulted at 1242 A. There are two possible prqcesses to
consider that yield CHo*: CHy+hv—CHy*+Ha (X 'Z,1)
and CH,+/hr—CHy*+2H(12Sy2). The first must be
considered since the photodetachment of H; has been
found to be a primary process at 1236 X in studies made
by Mahan and Mandel" although their experiment was
not capable of detecting excited states. The threshold
for producing the lowest energy excited CH, fragment
in the second process was calculated, using simple
energy arguments, to be in the range 1090-1200 A.
Only the range can be specified since the energy of the
first singlet state of CH. above the triplet ground state
is uncertain, although Herzberg believes the energy to
be less than 1 eV.® Thus the process CHs+hv—
CH,(b 'B,) +H, (X 1=,+) appears to be responsible for

the CH,* radiation, since the other process would have

" to violate threshold arguments.

E. Other Possible Processes

The (4 2A—X 4I) and (B2Z -X %I) transitions of
CH, the first three lines of the Balmer series and the
(b 1By—a'4,) system of CH; appear to account for the
total emission spectra resulting from CHj irradiated by
vacuum uv photons over the observed range. The
possibility of fluorescence from other fragments such as:
C, H,, CH*, CH,*, CH,, and CHy* resulting from
dissociation and/or ionization processes was also con-
sidered. With the exceptions of C and H: fluorescence
from these fragments is either not possible in the ob-
served range or the incident energies used were not
adequate to yield sufficient excitation of the fragments.

For carbon it is possible that emission could result
from the process CHyt+lw—C*+2H(X 1Z.%). It is
possible to ionize C through this process for incident
photons of wavelength less than 636 A thus, for longer
wavelengths it is possible to excite those C transitions
which fall within the observed range. However, no
transitions corresponding to atomic carbon were ob-
served.

Possible transitions resulting from excited Hy could
result from the primary processes

CH, 4 h—>CH (X II) +Ha (250 32,5) +H(1281), (1)

CH+hv—C(P)+Ho(X 12,5 +He*, (2)
and
CH+h—CHy (X 32,7) +Ha*. (3)

For the first of these processes, fluorescence would
result from the transition Hy(2s0 32,) —H(2p0 2Z,7).
However, the 2po 32, state is unstable and gives rise
to a broad continuum thus, unless this process has a
large cross section it is not expected that the fluorescence
would be detectable.

In Processes (2) and (3) it is possible to excite higher
singlet and triplet states of H, than were energetically

possible in Process (1). However, if the H; is bein
highly excited, the spectrum from 4000 to 6000 E
should consist of many band systems, as reported by
Gale, Monk, and Lee.”® Thus if any H, is excited upon
dissociation of CHy, it has a small cross section com-
pared to the processes observed. '

IV. SUMMARY

Fluorescence, in the range 3500-8000 X is observed
from the dissociation fragments of CHy when it is
irradiated by vacuum ultraviolet light in the range
555-1242 A. The fluorescence is due to the 4 *A—X I
and B 2Z—X I systems of CH, the CHy(b 'By—a '41)
system of CHy, and the first three Balmer lines of H.
Other low intensity transitions may have been present,
but were indistinguishable from the noise.

The irradiation wavelength threshold for elec-
tronically excited CH occurs near 1032 &, and results
in the process CHy+Aw—CH(A2A)+Hy(X 'Z,%)+
H(12Sy). The calculated and measured threshold for
the process agree to within 0.05 eV. The maximum
absolute cross section occurs near 923 & and has a
value of 7.8 X107 cm?.

The threshold for exciting CH to the B*Z state
occurs near 950 A with a maximum absolute cross
section of 6.1X107?' cm? near 898 X. It is suggested
that this state results from the process, CHs+/w—
CH(B2Z)+Hy(X 'Z,t)+H(12S1).

The fluorescence, for all processes observed, ap-
proaches zero for incident photons between 626 and
760 A.

A second measured “threshold” for excitation into
the states CH(4 2A) and CH(B *Z) occurs at 626 A.
It has not been uniquely determined which of the two
possible processes,

CHy+ h—CH*+Hy (X 12,5) +H(12Syp)
or
CHy+ w—CH*+3H (12S5112),

is responsible for the excitation at these shorter incident
photon wavelengths. However, the absolute cross
sections for the responsible process are down an order
of magnitude from those associated with CHy+/v—
CH*+4H, (X '=,%) +H(125)), identified for incident
photons of 900 X wavelength. In addition, 626 X
corresponds approximately to the threshold for the
process CHy+/w—CH;s(X 24,”)+H* which is sug-
gested as the process resulting in the first three Balmer
lines. The process CHy+h—CHa(b'By) +He(*Z,) is
suggested as the process responsible for. the CH.
fluorescence. Its maximum cross section is estimated
to be oc=1X10"% cm?.

* This research was supported under NASA Grants #NGR
05-018-138 and # NGL 05-018-044.
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The A—X, B—X, and B—A4 bands of CO* have been excited using monochromatic photons and the
band intensities measured. Using such data the variation of the electronic transition moments for these
above emission bands as well as for the absorption bands CO(X 1=+, v"/=0)—CO* (4 20;, »"=0-8) and
CO* (B z+,v'=0, 1) have been determined. Further, the specific cross sections for the absorption processes
have been determined by measuring the total emission intensity in the band system through
which the upper state decays. The band intensity measurements and the derived results are presented in

the ensuing discussion.

I. INTRODUCTION

In the present work photon excitation was used to
excite ground state CO molecules into various levels of
the ion and the resulting emission intensity was meas-
ured. This is in contrast with earlier work by Robinson
and Nicholls! who studied the comet-tail band in-
tensities using 60-100 eV electrons to obtain the excited
ions. Both experimental results have been interpreted
according to a method proposed by Fraser? to establish
the variation of the electronic transition moments. The
specific cross section measurements have not been
previously obtained.

The measured intensity Z,/,- of the (¢/, ¥'") band of a
‘system may be written®* as

Iv’v"em= KNv'R}(;n’v" )Qn'v"/)\v'v”‘:

where K is a constant, N, is the population of mole-
cules in the level o’ of the upper electronic state of the
system of interest, R,(7»/) is the electronic transition
moment for the emission bands, and 7,7,, gurprs, and
Aoror are the r-centroid, Franck-Condon factor, and
wavelength of the (¢, v"") band, respectively. :
The Franck—Condon factors and the 7 centroids for
the band systems of CO* have been computed by
Nicholls® using Morse potentials and by Jain and
Sahni® using Rydberg-Klein-Rees (RKR) potential
energy curves. We have adopted the latter data for our
analysis of the emission band transition moments.
The precise wavelengths A\, for the transitions of
interest have been collected and published by Kru-
penie.” Thus, with the intensity measurements we can
plot Ny RA(Tyrgrr)=Iyrgrhorerid/ K@prgrr  against Torgee.
Such a plot consists of a number of segments, one for
each 9" progression (»'=constant). Normalizing the
data (N..R?) for each segment as in Robinson and
Nicholls! work, i.e., making the area under the over-
lapped segments equal, permits the relative number of
molecules in the upper state to be determined and a plot
of R.(7y4r) for the emission bands can then be given.
The absorption intensity from the neutral ground

state to the ionization state of interest is given by
I.,'oabs: K'R}(;‘v'o)q‘a'o/)\u'o"—‘ K”Nv'/xv’%

where K’ and K" are constants. The second equality
holds since, in the present experiment, the decay rate
of the upper level, N, is integrated for a time long
compared to the lifetime of the states of interest so that
the actual average population of the upper state is ob-
tained. Thus, R.(7v0)=K'"(Ny/gs0)"? and the rela-
tive variation of the electronic transition moment
R.(r) for the transition from the neutral ground state
to the ionized state, can be displayed by plotting the
relative values of (V,/g.0)"? against 7,,. The Franck—
Condon factors ¢, for transitions from the neutral
ground state (X 2+ ¢/’=0) to the ionization states
B?*Z* and A %I; have been computed by Wacks?
Halmann and Laulicht,® and Nicholls using Morse
potentials. The calculations of Wacks are used although
no significant differences appear in the results of the
different authors.

II. EXPERIMENTAL

The apparatus employed in the fluorescence in-
vestigations is shown in Fig. 1. Here, vacuum ultra-
violet light" was obtained from a condensed spark
discharge through a boron nitride capillary containing
either air, nitrogen, or argon at a pressure of about
20X 102 torr. The source was operated at 40 pulses/sec
with a pulse duration of approximately 5 psec. The
emission lines of interest were isolated by a 1-m normal
incidence monochromator (McPherson 225). The
selected “lines” used for this investigation were 462,
555, 587, 610, 617, 630, 686, 703, 718, and 746 A.
Typical fluxes at the exit slit of the monochromator for
each of the above lines were of the order of 10"
photons/sec. Differential pumping at the entrance and
exit slits of the monochromator permitted the main
chamber to be maintained at an average pressure of
7X 1075 torr. i

The sample cell was 1.75 in. long and attached to the
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F16. 1. Schematic diagram of the experi-
mental apparatus.

COOLED DETECTOR (PMT)

‘ exit port of the McPherson 225. CO gas, supplied by
‘ L4 Airco with a purity of 99.5%, was admitted into the
cell and maintained at a pressure of about 10X 102 torr
at room temperature for all fluorescence investigations

except where the pressure dependence was measured.
The CO* fluorescence was dispersed with a normal
incidence 0.3-m monochromator (McPherson 218).
@ In order to avoid direct light from the primary light
source the entrance optic axis of the McPherson 218
was set 5° off the exit optic axis of the McPherson 225.
The monochromator used to disperse the fluorescence
light was not evacuated and the fluorescence was
viewed through a synthetic quartz (suprasil) window.
‘ The slits of this monochromator were set for a band-
‘ ° width of 6 A in the first order for the comet-tail system
(4—X), 4.5 A for the first negative system (B—X),

and 7.5 A for the Baldet-Johnson system (B—4).

The dispersed fluorescence radiation was synchro-
} nously detected”? with a cooled EMI 9558QB photo-
‘ multiplier. The wavelength response of the 0.3-m
® monochromator and the associated photomultiplier
system was calibrated with a Natl. Bur. Std. standard
lamp in 3000-6500 & region, and with the CO bands

between 2500 and 3200 &. The CO line intensities were
measured by using a sodium salicylate wavelength
converter and a photomultiplier tube. Over the 2500
3200 A region sodium salicylate is known to have a
constant quantum efficiency.”® The region between 1800
and 2700 A could be observed directly with the 9558QB
phototube which has a constant quantum efficiency in
this range. The experimental errors arise from fluctua-
tion of the light source intensity, optical calibration,
and noise of the electronic equipment. The resulting
experimental error is less than 15%,.

III. EXPERIMENTAL RESULTS

A. The Fluorescence Spectrum

A typical fluorescence spectrum resulting from 555 A
(22.4 eV) photon impact on CO is shown in Fig. 2.
The bandhead data given by Krupenie’ have been used
to identify this spectrum which is characteristic of all
spectra resulting from incident photons with sufficient
energy (20.2 e€V) to excite CO molecules up to the
o' =2 level of the COt(B 2Z+) state. For lower incident
energies only successively lower states of excitation are

“ B2z t—x2s+t INCIDENT x:5554
NI —Ses &
OI 2345 % !
. (0] V{-‘O ‘\/;9 "
[4_T0 Vo 8 =
¥ 0 0 6 F16. 2. Dispersed fluorescence of CO
I 12} o) 5 for 22.4 eV (555 A) photon excitation
7 0 4 for the A 2 —X =+, BZ*t—>X =+ and
oL 6] 3 2 B?23+—A4 M; systems. The bandhead
= | 0 1 positions collected by Krupenie are
| = 0O 0 iy indicated. The ordinate indicates the
‘ S = current output from an EMI9558QB
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OBSERVED RADIATION:
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F1c. 3. Dispersed fluorescence of the CO*(B32Zt—X 2z+)
system excited by photons of various wavelengths as indicated.

energetically possible as is illustrated in Figs. 3 and 4.
Figure 3 shows the B—X spectrum of CO* for various
incident energies while Fig. 4 shows the 4—X and
B—A spectra, again for various incident energies. The
highest vibrational levels which could be excited with
the various photon energies are as follows: CO*(B 22+,

Fic. 4. Dispersed fluorescence of the
CO*(4 M;—X 2=*) system excited by
photons of wvarious wavelengths as
indicated.

70
80
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60

TaBLE I. Relative band strengths for the CO('Z+, v”=0)—
CO*(4 1;, v’ =0-8) system.

v 0 1 2 3 4 5 6 7 8

0y 0.477°0.917 120 0.83840:61 1 0.39 '0.23 = 0.125.0.06

v'=1) for incident photons of 617 A, CO*(B:=+,
v=0) for 630 &, CO*(4 I;, v'=8) for 686 A&,
CO*(A4 2;, v'=6) for 703 &, and CO*(4 M;, v'=4)
for 718 A.

The features which appear at 3914, 4390, and 4610 A
are spurious, and correspond to the 0-0 transition of
No*(B—X) and the second order transitions of the
0-0 and 0-1 bands of B—X of CO*, respectively. These
have been deleted from the data on R, and N,.. The
band intensities used throughout have been deter-
mined by measuring the area under the curve associated
with each band.

The results obtained in the analysis of the various
band systems are presented in the following sections.

B. 4 2[[;,—X 23+ Bands

The plot of Ny Re2(Torerr) VS Tyryrr, the 7 centroid, for
the A4 %,—X *Z+ transition excited by photons of
686 A is shown in Fig. 5, where it may be noted that the
N, RZ(Twor) segments for each o progression are
constant within 10%. The constancy of R,(Tersr)
derived from different photon-excitation data is shown
in Fig. 6. Here, R,(7v») for all (+/, 0) bands is shown
normalized. It is clear from the plot that no statistically
significant deviations from constant R, occur.
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F16. 6. A plot of the relative electronic
transition moment R, vs the 7 centroid
for the vibrational bands of the
CO*(A4 M;—X *2*) system. The data
shown are for incident photons of wave-
Jengths 555, 630, 686, 703, and 718 A.

Fic. 5. A plot of NuR2(Furerr) Vs
Forprs in arbitrary units for the vibrational
bands of the CO*(4 2II,—X *Z+) system
excited by photons of wavelength 686 A.
The values of 7,,» were calculated by
Jain and Sahni.
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F1c. 7. A plot of NuyR2(Fuwrr) Vs
Fprears in arbitrary units for the vibrational
bands of the CO*(B 2Zt—X 23*) system
excited by photons of wavelength 555 A.
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C. B 2Z+—>X 23+ Bands

In Fig. 7, Ny'R3(Tyrorr) VS Tyrorr for the B 2Z+—X 23+
transitions has been plotted for the case of photon
excitation at 555 A. From the plot it is séen that
N R2(Tyor) is constant for each v progression within
109% and R,(7) is therefore constant. A plot of R, (Tyrore)
VS Tyryrs is given for various incident photon energies in
Fig. 8.

D. B 2Z+—4 ?1; Bands

Only the (0-0) and (0-1) bands were observed for
the B2Z*+—4 ?II; transitions when CO was excited by
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F16. 9. A plot of the relative transition moment R, 0 vs the
vibrational level »’ for the vibrational bands of the CO(X 1=+,
v""=0)—CO*(4 1I;, +'=0-8) system.

'y (R) —

photons which had an energy higher than 19.7 eV,
the energy required to reach the second vibrational
level. Since only two data points exist for the measure-
ment of R.(r) it has not been plotted but it is constant
as found for the other emission systems.

E. CO(X =t, +/"=0)—CO*(4 2M;, v =0-8) Bands

The square of the electronic transition moment is
proportional to the band strength for the band of
interest, the proportionality constant being the ap-
propriate Franck—Condon factor. The band strengths
purore for the absorption transitions are proportional to
N, the relative values of which are obtained from the
intensity ratios of the v’ progressions, i.e., the normaliza-
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F16. 10. A plot of the electronic transition moment R, vo VS
vibrational level #’ for the vibrational bands of the CO(X =%,
?""=0)—CO*(B =%, '=0, 1) system.
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CO(X 'Z7v"=0) —~ CO*(A2[T; v'=0-g)

F1c. 11. The cross sections of the
CO(X 1=+, ¢”"=0)—CO*(4 1I;, +'=0-8)
and CO(X1z+, +"=0)—CO+(B2zt, o=
0, 1) systems for various incident photon
energies.

CO(X'23v"=0) ——co*(8%s* V'=0,)

E(eV) —

tion factors used earlier in normalizing the R,(r) for
the 4—X system of CO*. The band strength is related
to the band intensity in absorption according to

Ivlvllabg= KlRa v'v"zqv'v"vv’v" = Kl”v’v"ﬁv’v”;
and
]v,v,,3b5= szvvlyv,,u,

Combining the results of the above two equations, the
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F1e. 12. A plot of the relative electronic transition moment
R, vs the r-centroid bands of the CO*(S2I,—X 22*) system.
R, (Fororr) is calculated from the lifetime data published by Fink
and Welge,

band strength is thus seen to be

Pv'v"= KSNv’,
as stated above.

The measured average band strengths for the
CO(X =+, v"=0)—>CO*(4 0;, v'=0-8) system are
given in Table I.

The variation of R, v+ with 9" then is just

Ro ororr=(Porers/ qurore )12

and the results for the incident wavelengths of 555, 630,
686, 703, and 718 A are plotted in Fig. 9.

F. CO(X I3+, o' =0)—CO*+(B =+, v/ =0, 1) Bands

The band strength and the variation of the elec-
tronic transition moment for these bands have been
determined in the same manner as for the CO(X 2,
7"=0)—CO*(4 I;, v'=0-8) bands. The relative
band strengths are po,0: p1,0=1.0:0.36. R, vs v’ is given
in Fig. 10.

G. Cross Section for the CO(X 12+, '/ =0)—CO+(4 I;
o'=0-8) and CO(X 1=t, v =0)—
CO*(B 22+, v/ =0-1) Bands

The absolute cross sections for the above systems
were determined by measuring the photon production
rate of these bands relative to nitrogen, for which the
cross section for the Np(X =+, o/=0)—N,"(B 322+,
9’=0) band is known™ to be 2.2X107*® cm?. The cross
sections are equal to the photon production rate 3. 7,
multiplied by a normalization constant, i.e.,

c=K Z hv"
of

where the normalization constant is determined




ELECTRONIC TRANSITION MOMENTS FOR CO+ 461
BEE ety
1.2}
LI . .
I.O . . . 4 g
l '9— 2 .
F16. 13. A plot of the relative electronic Cge .

transition moment R, vs the r centroid = L

for the vibrational bands of the =

CO*(BZ*—X 22%) system. R,(Forgrr) = F

is calculated from the data of transition 5

probabilities published by Lawrence. )
2 -
' 5

o L

e L & - o X o

= o - (o) e - sl

O 1 1 1 l 1 1 1 1 I 1 1 1 L l 1 1 1 A l

11O LIS 1.20 1.25 1.30
?vlvu (7\) e

through comparison with the nitrogen fluorescence
measurements. Figure 11 shows the cross sections as a
function of incident photon energy. For incident
photon energies beyond threshold, the cross section
for the CO(X 12+, 9"/ =0)—CO+(4 ;, v'=0-8) bands
is about 9X 10~ cm? and for the CO(X 1=+, v"/=0)—
CO*(B =2+, v'=0, 1) bands is about 1.5X 10~ cm?.
The sum of the band strengths of the CO*(B 2=+,
v'=0)—CO*(4 I;, v"=0, 1) transition is about 8%
of that of the CO*(B2z+, v=0, 1)>CO+(X 2=+
v"’=0-4) bands.

H. Fluorescence Pressure Dependence

In order to ensure that the emission process was only
through radiation, the pressure dependence of the
fluorescence intensity was studied. The fact that at
low pressure the fluorescence intensity is proportional
to the number of photons absorbed confirms that the
emission process is only through radiation. It has been
noted that the fluorescence intensity from the »'=0
level of CO*(4 *I;) state continues to increase up to a
pressure of about 50X 1072 torr, whereas the fluorescence
intensities from most of the levels only increase up to
approximately 30X 10=* torr. This intensity enhance-
ment of the »"=0 level of CO*(4 *II;) is attributed to
“dumping” of the higher vibrational levels through
collisional relaxation into the lowest level of the state.

IV. DISCUSSION OF RESULTS

It has been shown that all of the electronic transition
moments measured here are independent of the inter-
nuclear separation . This result is in disagreement with
the work of Robinson and Nicholls' who found a
systematic variation of R.(r) for the comet-tail system
but is in agreement with the semiempirical results of
Spindler and Wentink? and is further confirmed by the
lifetime measurements of Fink and Welge' and Bennett

and Dalby.” To compute R, from the lifetime data
recall that the electronic moment is related to the
lifetime of the mth electronic level ./, according to

1/7-‘,:,”""'=adny,,wu3 I R,”"‘ |2 Qoo

where m and n represent the initial and final electronic
states, respectively. a is a constant and d, is the
degeneracy of the final state. A plot of R, vs 7 for each
of the vibrational levels for which the lifetime was
measured is given in Fig. 12 where it may be noted that
there is no systematic variation of R.(r), in agreement
with the present work.

The electronic transition moment for the B—X
bands of CO* can also be obtained from lifetime meas-
urements. Lawrence'® has measured several of the band
lifetimes and a plot of R, on 7 is shown in Fig. 13 using
his data.

The constancy of the cross sections of both the 4—X
and B—X systems for excitation energies well beyond
threshold is consistent with the photoelectron spec-
troscopy data given by Schoen.?®

The ratio of specific cross sections for formation of
the B 22+ and A4 *II; states is equal to 17% and agrees
with Schoen’s result. Taking Schoen’s data that the
A °I1; state contributes 604-189%, of the excitation of CO
to the three CO™ states, we find that the maximum total
ionization cross section is 1545 Mb. This value is
consistent with that of 17 Mb given by Cook et al.®
but is lower than that of 22 Mb given by Cairns
et al?' Finally, the branching ratio for the B—4 to
B—X system is 8%, and agrees well with Lawrencel!
who gives a value of 109, within a factor of 2.
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This may be due to a pressure effect, since their meas-
urements were obtained at 61 mtorr whereas the lower
values found here were obtained at a pressure of
35 mtorr. The experimental error of the relative values
for the cross sections is less than 10%,.

D. Absolute CO,t[4 41, B *Z,—X 41,]
Fluorescence Cross Sections

At low pressure the observed fluorescence radiation
rate described by Eq. (1) can be reduced to

1y (N Np) =0, (0 M) F () Lo\ Y(N) 2, (2)

where y(\)=B(\)/or(\) is a pressure independent
factor which characterizes the density distribution.

The absolute fluorescence cross section for an elec-
tronic state, »_sa7(7, As), can be obtained from Eq. (2),
if we compare the total fluorescence rate >_ms(\, As)/
F()\;) for the COqs* electronic state with that of the
Ng+H(BaL+, 9'=0)—>N.*(X 22,4+ 9"=0) band, for
which the absolute cross section is known.®® The factor
v()\) can be assumed to be the same for both CO, and
N,.22 The spatial distribution of the CO.* radiation is
isotropic as measured by Wauchop and Broida,®
and that of Nyt is presumed isotropic since the photo-
ionization electron distribution is isotropic.!4

The CO;* fluorescence cross sections are shown in
Fig. 4. The cross sections at the wavelengths between
555 and 686 A are about 7 Mb for the B 2Z,+—X I,
band system and 19 Mb for the 4 *II,—X 2T, system.

The experimental error for these absolute cross sec-
tions is estimated to be less than 209,.

IV. CONCLUDING REMARKS

The present CO;t[ 4 ?IT,,, B 22, +—X %1, ] fluorescence
cross sections of 19 and 7 Mb, respectively, are lower
than those of Wauchop and Broida,® although they are
in qualitative agreement with their corresponding

measurements of 25 and 17 Mb. Thus both sets of -

fluorescence cross section data are just the reverse of
Bahr’s result® on the specific ionization cross sections.
Due to the resolution limitation of Bahr’s photo-
electron spectrometer, the relative cross sections for
producing the CO,*(4 I,) and CO;t(B*Z,*) states
given by Bahr ef al.° may be in error, although there is
probably no error in the relative cross sections for form-
ing CO;H(X I,) and CO.*(C*Z,;*) since they are
well separated. Bahr’s data that excitation to the
COs*+(X 211,) state contributes about 25%, to the total
ionization cross section, combined with the present

B*Z,"—>X *lI,] FLUORESCENCE

4445

24
] COR(AM1, }—=CO3 (X3g)
20l
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F16. 4. Fluorescence cross sections for the production of the

CO,*[4 1, B2z, —X 1,] band systems.

cross section, yields a total cross section for the produc-
tion of CO.*(X 2, A I, and B2Z,*) of about
35 Mb from 640 to 686 A, in agreement with Cairns’
and Samson’s data.! At shorter wavelengths the forma-
tion of CO;+(C 2Z,%) also contributes to the total cross
section. Again, by combining Bahr’s data with the
present data, reasonable agreement is found with
Cairns’ and Samson’s results.

The possibility of radiation from COg*(C 22, —
A 1) was also investigated, but none was observed,
perhaps due to predissociation of the upper state.

* This research was supported by NASA Contract #NGR
05-018-138.
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Cross sections for the production of CO(a’3*Z*, d ®A;, and e*Z™—a 3[1) fluorescence through photo-
dissociation of COs have been measured from 764 to 923 & using a line emission source. The CO fluorescence
spectra produced in the photodissociation are presented and identified. The cross sections for the produc-
tion of fluorescence from various vibrational levels of CO* using incident photons of 901 and 923 A are also

presented.

I. INTRODUCTION

When a CO: molecule absorbs a high energy photon
(<1080 A) it is possible for the following reactions to

occur:

COy+hv—COs*
—CO(d’ 32, d3A;, €32, or ¢ *II)+0(%p).

The excited CO molecules formed in those states above
the metastable a I state will then cascade into the
a3 state through radiative decay, i.e.,

CO(a’ 33+, d *A;, or ¢3Z)—CO(a *II) +hv'".

The production of CO(a®Ill) by this process
has been studied by Welge and Gilpin' using a
time-of-flight spectroscopy technique. It has also been
directly observed by Lawrence? from the ‘“phos-
phorescence” of the CO(a’ll-X 'Z) Cameron bands.

The fluorescence from CO(a’3Z*, d3A;, or ¢3Z7)
to CO(a*l) has been observed by Cook ef al? and
Judge and Carlson* although there have been no
absolute measurements of the cross section for forma-
tion of these states, nor has the pressure dependence
been adequately investigated. These measurements and
their implications are presented in the present paper.

II. EXPERIMENT

The experimental setup has been described in a previ-
ous paper.® The nominal vacuum uv emission lines selec-
ted for this investigation were 764, 789, 835, 879, 901,
and 923 A. The bandwidth of the 1-m normal incidence
monochromator (McPherson 225) used for isolation of
those lines was set at 4 A. The bandwidth of the 0.3-m
normal incidence monochromator (McPherson 218)
used for dispersing the fluorescence was set at 12.5 A
or less.

The scattered source light of wavelength shorter
than 715 A produces an intense CO;+ fluorescence®
from 2883 to 5000 A, of which the second order would
interfere with the measured CO triplet bands. Thus,
a sharp cutoff filter (Corning 3-75) was placed in
front of the cooled EMI 9558QB photomultiplier to
remove the fluorescence of wavelength shorter than
3800 A. The detecting system was calibrated with a

NBS standard quartz iodine lamp. The relative sys-
tem response (photons/second) is shown in Fig. 1.
The intensity of the light source was measured with
a nickel film for which the quantum efficiency was
known.”

CO. gas supplied by Airco with a purity of 99.99%
was used for this investigation without further purifica-
tion. The pressure measurements indicated throughout
the text were obtained with a Baratron capacitance
monometer (MKS Instruments, Inc.), which was re-
mote from the absorption cell and on the high pressure
side of the flow system.

III. RESULTS

A. Fluorescence Spectra

The CO fluorescence spectra produced by photo-
dissociation of CO. with incident light of 901 and 923 A
are shown in Fig. 2 and with 764 A in Fig. 3. The band-
head positions given by Krupenie® were used to identify
the Asundi (a’ *Z*+—a*II) and the Herman (e*Z™—a 3T1)
bands while the Triplet (d *A;—a *II) bandheads were
identified using the calculated values of Albritton ef al®
If we adopt the CO. dissociation energy as 5.45 eV,
the highest energetically possible levels are CO(at2r,
o'=11) for an incident energy of 13.77 eV (901 k),
and CO(a’ 3=+, v'=8) for 13.45 eV (923 X). All possible
bands were experimentally observed. The fluorescence
bands produced with higher incident energies are
difficult to identify because several bands are mixed
together (see, for example, Fig. 3, Curve a). The
spectrum shown in Fig. 3, Curveb, includes a part of the
CO,*+ fluorescence spectrum produced by scattered
source light of energy higher than 17.36 eV (715 &),
the threshold for excitation of the first excited state
of CO,™.

B. Pressure Dependence of the Fluorescence Intensity

The pressure dependence of the CO(d *4;, 7'=3)—
CO(a ®, v""=0) fluorescence band intensity produced
by photodissociation of CO. with 923 A photons
incident is shown in Fig. 4; that of the Nyt (B *Zu%,
o' =0)—Nz+(X 2Z,+, v"/=0) band intensity with 555 A
photons incident is also shown in Fig. 4 for comparison.

104
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F1G. 1. Relative response (per photon/second) of the fluorescence

detection system as a function of wavelength.

If the pressure is low enough such that the
fAluorescence intensity is linearly dependent on the CO,
pressure, the observed average fluorescence radiation
rate of the CO bands may be described by

110, M) =10 exp(—or ) / i)

X /o’n(x)d,(x, ) exp(—zn-()\) /: n(x)dx) F(\)dx,

where X\ and )\; are the incident and the fluorescence
wavelengths, Jo()\) is the incident vacuum uv radiation
intensity (in units of photons per second), or(A) is
the total absorption cross section at the incident wave-
length A, #’(x) and L are the gas concentration and the
light path over which fluorescence radiation is not
detected, 7(x) and / are the detectable gas concentra-
tion and light path, ¢7(\, \;) is the cross section for
production of the fluorescing state, and F()\;) is the
efficiency of the detection system as shown in Fig. 1.
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F16. 2. The CO fluorescence spectra produced by the photo-
dissociation of CO, with incident photons having wavelengths of
901 and 923 A. The bandhead positions given by Krupenie
and by Albritton ef al. are indicated.
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F16. 3. a: The CO fluorescence spectrum produced by photo-
dissociation of CO, with incident photons having a wavelength
of 764 A. b: The CO,*+ spectrum due to scattered light at wave-
lengths shorter than 715 A. This contribution to the total signal

can be determined by taking off-line data and thereby be re-
moved from it.

Both 7'(x) and n(x) are proportional to the local
pressure and in a steady state the local pressure will
be proportional to the pressure monitored by the
pressure meter. Thus, the observed fluorescence radia-
tion rate can be expressed by

7y (A, M) =a7(\ M) F(A) Io(N) exp[—a(N)p]

X{l—exp[—B(\)p} /or(N), (1)
or
1y(A, M) =a(\, Ny) exp[—a(N) p1{1—exp[—B(\) 2]},
(2)
where
L
a(x)EaT(x)( / n’(x)dx) / »
0
0 . co(d®a;, ve3)—~CO@ I , v=0)
&
5 L
g
o Nz(B®Z5,vE0) —Nj (X2} v=0)
12
(0] 1 1 1 1 ) y
o 1005 eatal 30\ a0 150/ h: (60 4 7D

PRESSURE (x)

F16. 4. The pressure dependence of the relative intensities of
the CO(d °A;, v'=3)—CO(a °L, v”/=0) and Ny* (B 2Z,*, v'=0)—
Ne*(X 22,%, v”/=0) bands. The curves are fit by Eq. (2) with
a=14, «=0.004, and $=0.04 for the CO band, and ¢=1.55,
«=0.0023, and $=0.023 for the N,* band. The pressure indicated
in the figure was measured on the high pressure side of the gas
handling system and is an upper limit to the actual but un-
known lower pressure in the absorption cell.
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F16. 5. Cross section for the production of the detected CO
triplet states for various incident photon wavelengths. The data

for the continuum photodissociation cross section, ¢—oy, pub-
lished by Cook ef al. is also indicated.

and

By =or | [ nwis| /9 .

are pressure independent factors which characterize the
density distribution, a(\, Ay) =a,(\, Nr) F(N\) Lo(\) Jor,
and p is the measured pressure.

As shown in Fig. 4, the pressure dependence curve
for:the CO band (d%A;, v'=3—a %I, v"/=0) is fit with
a=1.4, =0.004, and $=0.04, and the N;* band with
a=1.55, «=0.0023, and $=0.023. The analysis thus
shows that the radiation rate is proportional to the
incident photon flux and it also ensures that the ob-
served radiation rate is linearly dependent on the CO,
pressure.

C. Cross Sections

When the pressure p—0 the observed radiation rate
from Eq. (1) will reduce to

1y (N, Ar) = a7 (N, \) F(A) Lo(\) Y (M) 2,

where

1
YN =p0)/forN) = [ n(x)dx/p.
0
The total measured cross section for an incident
photon of wavelength X will thus be

2205 N) = 22 [ (S M) /() I/ LNy (N) p,
’ 3

where the sum is carried out over all observed emission
bands.

The absolute cross section can be obtained if we
compare the fluorescence rate for the CO bands with
that of the No+ bands for which the cross section for

the production of the Ng*(B2Z,*, v'=0) state is
known.

The factor y(\) may be assumed to be the same for
both CO, and N since pumping efficiency was similar
for these gases, and may be verified by noting that
the ratios a/or=9X10"% and B/or=9X10~* are inde-
pendent of the gas. The cross section values used to
compute the above ratios were 46 Mb for CO, at
A=923 A% and 26 Mb for N, at A=555 A.1* The angular
distribution of the fluorescence is assumed to be the
same for both gases.

The measured cross sections, which represent the
fluorescence from all vibrational levels of the @/, d, and e
states higher than @’ 32+(»’=4) or d 3A;(+'=0), for
incident light of wavelengths 764, 789, 835, 879, 901, and
923 &, are shown in Fig. 5. The continuum photodissocia-
tion cross section, o —o, of Cook ef al.3 is also shown in
Fig. 5 for comparison. The difference between the
two sets of data at the longer wavelengths and the
reasonableness of the agreement at shorter wave-
lengths is discussed in Sec. IV. The estimated experi-
mental error is within 109, for the relative values and
within 209, for the absolute values.

D. Cross Sections for the Production of Fluorescence
from Specific Vibrational Levels

As shown in Fig. 2, the vibrational bands excited
by the incident photons of wavelengths 901 and 923 A
are separable. The radiation rates for the a’,—a; and
dy—a; bands, which are overlapped with other bands,
can be calculated* in terms of the well separated
@' y—ag and dy—ao bands, respectively, by using known
Franck—Condon factors.®! The radiation rate for each
band can thus be obtained, and accordingly the cross
sections for the production of the fluorescing levels
can be found. The results, which are the average values
of several similar spectra, are shown in Table I, where
the cross sections are in units of megabarns. The cross
sections for the ag, a5, and d; bands are only the lower
limits. Since the v—v’=1 bands which, according to
the Franck—Condon factors,®’® may contribute signifi-
cantly to these levels and are not observable with
the present detecting system.

The branching ratio of the detected Asundi bands
(a’—a) to the triplet bands (d—a) is 0.50 for incident
photons of wavelength 901 A and 0.58 for 923 A.

IV. CONCLUDING REMARKS

In the present investigation we have confirmed the
production of CO molecules in the a’ *Z+, d *A;, or € 32~
states, produced through photodissociation of COs,.
Also the cross section for the production of those states
which radiate photons with wavelengths between 3800
8000 A was measured.

A minimum cross section is observed at 835 A in
this investigation and by Cook et al.? in their measure-




PHOTODISSOCHATION OF CO; 107

TasrLe I. Cross sections, in units of megabarns, for the production of the fluorescing vibrational levels of the CO(d' 3+, d2A;, and
€ *X7) states for incident photons of 901 and 923 A.

’

ay o ay’

ay ag’ as’

-

ag

du ds dd da dz d1 €3

9014 0.06 0.16 0.44 0.58 1.02 0.58 0.66
923X 0 0 0 0.79 2.89 3.00 3.61

0.04 0.53 1.09  §2:20 2.52 0.55 0.07
0 9 0 4.07 8.19 3.13 1 S0

ments of both the total fluorescence yield and the
continuum photodissociation cross section. If we adopt
Cook’s data, we find that the yield for the production
of the observed CO d/, d, and e states is more than
85% at the incident wavelengths of 764, 789, and
835 A. The high fluorescence yield at these incident
wavelengths implies that the yield for any undetected
fluorescence is relatively small. With photons of such
high incident energies, the yield for the undetected
lower levels, d *A;(v'=0) and o’ 3Z*+(2'<4), should be
rather small if most of the excited CO molecules are
in the observable high vibrational levels, as would be
expected if the vibrational population follows the
Poisson distribution of the quasidiatomic model.4
The primary yield for production of the a®II state
should also be small since the high vibrational levels,
which should be preferentially populated at high
incident photon energies according to the quasidiatomic
model, simply are not observed in the CO;* dissociative
recombination experiment of Wauchop and Broida.l
The cross section for excitation to the 4 I state in
this wavelength region is about 1 Mb.”” From these
considerations, we conclude that the continuum photo-
dissociation cross section, o—o;, is essentially deter-
mined by excitation to the detected vibrational levels.

Since all the CO molecules in the triplet states will
finally cascade into the metastable @®, the cross
section measured by observing the “phosphorescence”
of the CO(a®*I—X 'Z) Cameron bands should yield
the total cross section for the total production of all
CO triplet states (a’*Z*, d3A;, %2, and a°ll) from
the photodissociation of CO,. The cross section mea-
sured in the present investigation is only a part of this
total cross section which has been measured by
Lawrence.2 Lawrence’s cross section is higher than
ours by about a factor of 2 for incident photons of
wavelength longer than 850 A. This difference in the

cross sections is larger than would be expected, par-
ticularly at the short wavelength limit of Lawrence’s
work (850 A) where the probability of any direct
excitation of the a°Il state is probably small. The
difference is perhaps attributable to the different
techniques used to establish the absolute cross sections.

T This research was supported by NASA Grant No. NGR
05-018-138.
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Population Distribution of Triplet Vibrational Levels of CO
Produced by Photodissociation of CO2 !
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The CO fluorescence of the a” *£*, d3A,, and e 3£~ — a 311 systems, produced by photodissociation
of CO,, is identified and analyzed and the population distributions of the vibrational levels of thea’ *Z*
and d A, states are obtained. The data are found to be reasonably represented by a Poisson distribution.

La fluorescence CO des systémes a” 3L+, d 3A,, et e 3L~ — a *I1, produite par la photodissociation du
CO., a été identifiée et analysée. On a aussi obtenu les distributions de population des niveaux vibrationels
des états a’ 3L+ et d3A,. Les valeurs se trouvent raisonnablement représentées par une distribution de

Poisson.

Can. J. Phys., 51, 378 (1973)

Several authors (Judge 1966; Cook er al. 1966;
Judge and Carlson 1969) have reported that the
photodissociation of CO, in the vacuum ultra-
violet spectral region produces CO triplet band
fluorescence, yet there have been few quantitative
measurements. Here, we have identified the
fluorescence bands and measured the vibrational
population distribution of the excited CO states
formed in the photodissociation of CO,. These
data are the first available on the primary
population distribution in a molecular fragment
formed through photodissociation and thus pro-
vide a basis for further study of the photo-
dissociation mechanism.

The experimental setup was described in a
previous paper (Judge and Lee 1972). The
fluorescence spectra of the CO band systems
produced by photodissociation of CO, with
monochromatic light of wavelengths 901 A and
923 A are shown in Fig. 1. The band head data
given by Krupenie (1966) and by Albritton et al.
(1972) have been used to identify the observed
bands. The relative radiation rates (defined as the
number of photons per second) for the a’ T —
a’M, d3A; - a®1, and e32~ — a®I1 bands
are displayed in Table 1 for the two different
incident photon energies. The data represent
averages of several similar spectra and were mea-
sured relative to the sum of the radiation rates
of the d; — a, and ay’ — a, bands. The dis-
tribution of the measurements from the average
is shown in Fig. 2.

1This work was supported by NASA grant NGR-
05-018-138.
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FiG. 1. The CO fluorescence spectra of the Asundi
(a’ 3L+ — @%M), Triplet (d3A; — a3Il), and Herman
(e 3£~ — a *I1) bands. The resolution for the fluorescence
spectra was 12.5 A for the incident wavelength of 901 A
and 8 A for 923 A. The band head positions given by
Krupenie and by Albritton et al. are indicated.

The @', — a, and d,, — a, transitions which
are overlapped with several other transitions can
be separated by calculation using the known
Franck—Condon factors (Jarmain et al. 1966;
Wentink et al. 1967, Albritton et al. 1972) as
follows. The radiation rate from a vibrational
state v’ to a vibrational state v/, of a lower
electronic state (Nicholls 1962) is

. 3
(1] L KNv’Rezv’v”/}" vy’

where K is a constant, Re,.,.. is the electronic
transition moment, ¢,.,.. is the Franck-Condon
factor, A, is the transition wavelength, and

N,. is the population of the upper level, v'.
Assuming that Re,.,.. is a constant, which may




TABLE 1. Relative radiation rates 7,+,~ of the observed CO triplet systems

Bands a’yy ~ao ds—>ao e3—>ao a's0—>ay ds—>a, a's—>ay dy— ap a's—>ap dy—>ap a'y>ay dy—>a, a's >a, dy—>a, a's— ag
A (A) a'yy—>ay ds—>ay a’yo—>ay ds—>a; a'g—~ ay dy—>ay a'y—> a, dy—>a, a7~ ay d, —~ a,
901 0.007 0.018 0.033 0.023 0.29 0.064 0.58 0.11 1.0 0.26 0.87 0.56 0.55 0.47
923 0- 0 0 0 0 0 0 0.10 1.0 0.46 1.60 1.28 1.49 2.38
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Jonger than the radiation time for the triplet
bands, which is less than 11 ps (Wentink ez al.
1967). The deactivation due to CO or O is com-
pletely negligible as the partial pressure for these
constituents is less than 10~ mTorr.

To interpret the observations we note that a
direct photodissociation process for linear sym-
metric molecules has been previously proposed
(Herzberg 1966). The process CO, + hv —
CO(a' 3x%, d 3A;) + O(P) thus may correspond
to a direct dissociation or a fast predissociation,
where the photon absorption is localized to
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FiG. 2. The relative vibrational population distribu-
tion of the CO(a’3X*) and CO(d3A;) states produced
by photodissociation of CO, with incident photon
energies of 13.77 eV (901 A) and 13.45 eV (923 A). The
a’s and d; population shave been normalized to 1 for the
incident energy of 13.77 eV, and a’s and d, for 13.45 eV.
The data have been fit by a Poisson distribution.

be justified by the data of Wentink ez al. (1967),
the radiation rate for v’ — v"’ = 1, in terms of
the radiation rate for v’ — v"’ = 0, will be
Ryry = ﬁu'o(qu'17”39'0/%'07‘3':'1)

From this expression it is possible to separate
the contributions of each band to the total radia-
tion rate of the mixed bands indicated in Table 1.
The CO d — a Franck-Condon factors given by
Albritton et al. (1972) were adopted in this
calibration.

The population of vibrational states v’ relative
to that of states o can be derived from eq. 1 and
is given by

Nv’/Na 5 (qu())"?‘v'O/qv’OxauO)(ﬁv‘O/f]uo)

From this expression the calculated population
distributions for incident monochromatic light
of wavelengths 901 A and 923 A are shown in
Fig. 2.

For all pressure values below 10 mTorr, the
population distributions are essentially pressure
independent which implies that the deactivation
of CO* by CO, is not significant at these pres-
sures. The CO(a’ *L*, d3A;)-CO, quenching
rate coefficients are, however, not available. If
they are assumed to be approximately equal to
the CO(a *IT1)-CO, quenching rate coefficient,
which is given by Lawrence (1971) and Slanger
and Black (1971) as about 1.2 x 107! cm?
molecule ™! s™1, the deactivation time is 240 ps
at a CO, pressure of 10 mTorr. This is much

break a C-O bond. Using the forced harmonic
oscillator model derived by Kerner (1958), which
is also applied by Holdy et al. (1970) in the quasi-
diatomic model for ICN, we tentatively propose
the following simple mechanism for the photo-
dissociation of CO,: When a ground state CO,
molecule absorbs a high energy photon, it will be
excited directly to a dissociating electronic state
and the excited molecule will then separate into
CO and O fragments. During the separation
period, the fragments have ‘‘half collisions™
(Shuler er al. 1965) with each other, and the
available energy, which is equal to the difference
between the incident photon energy and the
dissociation energy, will be partially transferred
to the CO by the collision. We tentatively assume
that the CO fragment will be first excited .to an
electronic state with no vibrational quanta, and
then forced to a vibrational state during the ‘‘half
collision”’. The electronic transition probability,
., for an excitation of the CO molecule to a
specific electronic state with no vibrational
quanta depends on the parameters of that state,
while the probability for a forced excitation from
a zero vibrational level to a v’ vibrational level
obeys a Poisson distribution (Kerner 1958)
and is given by

Poo = (AE)” exp (—AE)V'!

where AE is the classical phase-average energy
transferred to the forced oscillator and is in units
of vibrational energy quanta h®,. The popula-
tion of the vibrational state is thus proportional
to the total probability p.p,o-

All the triplet electronic states of the CO mole-
cule are well defined (Krupenie 1966) and each
can be approximately treated as independent
states. They may accordingly be expected to have
the same kind of population distribution. The
data of our experiment are fit by the Poisson dis-
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tribution as shown in Fig. 2 for both the a’ and d
states. The AE for the @’ >°X* and d A, states
are 6.0 and 2.2 for the incident wavelength of
901 A and 4.6 and 1.26 for 923 A, respectively.
The AE are about one half of the quantum num-
ber of the highest excited vibrational level.
Although the CO potential well becomes some-
what anharmonic for high vibrational levels and
the Poisson distribution is thus only an approxi-
mation, such a distribution is found to fit the
present data reasonably well.
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Cross Sections for the Production of CO 24[/1 71,, B 2,+—X 2,] Fluorescence by
Vacuum Ultraviolet Radiation*
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(Received 7 April 1972)

Fluorescence cross sections for the production of the COy*[4 M, B 2Z,*—X *II,] bands are presented
at several vacuum ultraviolet (vuv) wavelengths between 462 and 715 A. The cross sections, for incident
vuv photons from 600 to 680 &, are 19 Mb for the production of COs* (4 2II,) and 7 Mb for CO.H(B 2=,1)
and decrease monotonically toward the shorter wavelength region. The relative fluorescence cross sections
of the observed sequences are also given for the various incident photon energies.

I. INTRODUCTION

The photoionization cross section of CO; has been
measured by several authors® yet there is little
agreement among the various sets of data. The results
given by Cairns and Samson' and Sun and Weissler® are
about 509 higher than those given by Nakata et al.3
and Cook ef al.* The specific cross sections published by
Bahr ef al’ provide no information on the absolute
cross section since they were normalized to Cook’s
results. The specific ionization cross section for the
formation of CO.;*(B 22,t) measured by Bahr et al.’
was higher than that for CO.*(4 *I1,), while just the
opposite is true for Wauchop and Broida’s® fluorescence
cross section at 584 A for the band systems having the
same upper states. Differences between the ionization
and fluorescence cross sections are important to an
understanding of the absorption processes and hence,
for example, to an understanding of the Martian” and
Venusian® atmospheres. Extended fluorescence cross
section measurements thus seemed desirable and are
presented below.

II. EXPERIMENT

The experimental setup has been described in pre-
vious papers.? The source lines used in this investigation
were 462, 525, 555, 587, 610, 629, 637, 686, 703, and
715 A. The bandwidth of the 1-m normal incident
monochromator (McPherson 225) used to isolate these
lines was set at 4 & or less. The absolute line intensities
were measured with a nickel film photoelectric detector
for which the quantum efficiency was known.” The
bandwidth of the 0.3-m normal incident monochromator
(McPherson 218) used to disperse the fluorescence was
set at 4 A,

The response of the combination of a grating blazed
at 5000 & and a cooled photomultiplier (EMI 9558 QB)
was calibrated with a NBS quartz iodine standard lamp.
The detection system response (per photon/sec) as a
function of wavelength is shown in Fig. 1.

CO, gas supplied by Airco with a purity of 99.99%
was used for this investigation without further purifi-
cation. The pressure inside the sample cell was moni-
tored with a Baratron capacitance monometer.

III. RESULTS

A. Fluorescence Spectra

The CO;+ fluorescence spectra are shown in Figs, 2
and 3. The bandhead positions used by Wauchop and
Broida$ are indicated in Fig. 2 to identify the observed
bands. This spectrum produced by incident photons of
19.7 eV (629 {) , is characteristic of all spectra produced
with incident photon energies higher than 18.1 eV
(686 A). For lower incident photon energies the spec-
trum is limited by the excitation energy available. For
example, the highest possible excited level for the

RELATIVE RESPONSE
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Fic. 1. Relative response (per photon/second) of the fluorescence
detection system as a function of wavelength.

T |
6000

incident photon energy of 17.6 eV (703 R) is COs*(4 10,
2,0,0) and is accordingly the highest emission level
shown in Fig. 3. The spectrum for an incident photon
energy of 22.4 eV (555 &) is also shown in Fig. 3 for
comparison.

B. Pressure Dependence

For the present system the dependence of the ob-
served fluorescence radiation rate, 7;(\, As), on gas
pressure can be described by

s (N, ) =as(\, M) F () Ie(A) exp[—a(N) 2]
X{1— exp[—B(\)p1} /ar(N), (1)

4443
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Fic. 2. The fluorescence spectrum of CO.* produced by
incident photons of 629 A. The bandhead data used by Wauchop
and Broida are indicated. :
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where a7(, As) is the specific fluorescence cross section
of COs* at the incident wavelength A and the fluores-
cence wavelength A\s, F();) is the response as shown in
Fig. 1, Ip()) is the incident vacuum ultraviolet radiation
flux, p is the pressure, «(A) and B()\), which charac-
terize the pressure distribution, are pressure independ-
ent and are proportional to the total absorption cross
section ar(N).

Tasre I. Relative fluorescence cross sections for the observed
sequences of the COs* (4 21,)-CO;* (X *II,) system for various
incident photon wavelengths.

Incident X (&)

525

555 629

587 637
Sequence bandhead A (A) 462 610 686 703 584=
(5,0,0)-(0,0,0) 2960 0.23 0.20 0.09 0
(4, 0,0)-(0, 0, 0) 3048 0.58 0.31 0.22 0 0.30
(3,0,0)-(0,0,0) 3137 0.68 0.82 0.81 0  0.89
(2,0,0)-(0,0,0) 3254 1.00 1.00 1.00 1.00 1.00
(1, 0, 0)-(0, 0, 0) 3378 0.69 0.93 0.89 1.38 1.00
(3,0,0)-(0,0,2) 3467 0.05 0.07 0.07 0.08 0.03
(0,0,0)-(0,0,0) 3513 0.38 0.66 0.71 0.98 0.87
(2,0,0)-(0,0, 2) 3600 0.10 0.19 0.17 0.04 0.24
(0,0,0)~(1,0,0) 3675 0.25 0.39 0.41 0.81 0.71
(1, 0,0)-(0, 0, 2) 3749 0.17 0.32 0.46 0.29 0.28
(0, 0, 0)-(2, 0, 0) 3856 0.20 0.34 0.30 0.72 0.55
0,0,0)-(0,0,2) 3914 0.2 0.41 0.43 0.46 0.56
(0,0,0)(3,0,0) 4051 0.09 0.13 0.14 0.33 0.27
(0,0,0~(1,0,2) 4110 0.31 0.47 0.44 0.72 0.62
(0, 0,0)-(4,0,0) 4268 0.06 0.08 0.07 0.09 0.09
(0,0, 0)-(2, 0, 2) 4308 0.19 0.30 0.30 0.37 0.35
(0,0,0)~(5,0,0) 4450 0.07 0.12 0.12 0.13 0.16
(0,0,0)-(3,0,2) 4544 0.11 0.12 0.10 0.12 0.16
(0,0,0)-(6,0,0) 4745 0.07 0.08 0.07 0.13

» Measured by Wauchop and Broida, Ref. 6.

It should be noted that Eq. (1) applies strictly only
when vibrational relaxation is negligible. At the low
pressures at which the cross sections were measured,
this equation is applicable; however, we did observe
that, when the pressure increases, the fluorescence rates
of higher vibrational levels decrease faster than those of
lower vibrational levels.®® This may be attributable to
the relaxation of the higher vibrational levels to the
lower vibrational levels by collisions.

C. Relative Fluorescence Cross Sections for
Various Sequences

According to Eq. (1), the relative cross section for the
emission bands can be measured by comparing their
radiation rates at a fixed low pressure and a fixed
incident photon flux. The results that were measured
for various incident photon wavelengths at a pressure of
35 u are shown in Table I. Each band given identifies
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Fic. 3. Dispersed fluorescence spectra of the COy*(B2Z,*—
X 1,) and CO,* (A4 M,—X 2I,) systems produced by incident
photons of 555 and 703 A.

the corresponding sequence, for which the cross section
data are given. For example, the (2,0,0)-(0,0,0)
band at 3254 & also includes the (3,0,0)-(1,0,0),
(4, 0,0)—(2,0,0), and the (5,0,0)—(3,0,0) bands.

The variation of the relative cross sections for the
incident wavelengths from 525 to 686 A is not appre-
ciable. The data listed under the middle two columns are
thus given as averages of data at the incident wave-
lengths indicated. However, for the incident photons of
462 A the fluorescence cross section increases for the
shorter wavelength bands, while for the incident photons
of 703 A, the fluorescence cross section for the longer
wavelength bands increases.

The data measured by Wauchop and Broida® are
listed in the last column for comparison. Except for the
(0, 0,0)~(n, 0, m) bands, their results agree with ours
within 209, or better. The cross sections for the (0, 0, 0)-
(n, 0, m) bands measured by Wauchop and Broida are
consistently higher than the present measurements.




