Energy absorption by N,O in the 4 to 14 eV region*
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Apparent oscillator-strength values for transitions in the 4 to 14 eV region in nitrous oxide have been
derived from electron energy-loss measurements. Detailed comparison with photoabsorption measurements
in the ultraviolet region indicates a weak transition below the 'A— X '3* transition at 6.8 eV not observed
optically. This analysis also provides oscillator-strength values in the region between 11.5 and 12.4 eV,

where no quantitative photoabsorption data are available.

INTRODUCTION

Renewed interest in the energy-absorbing properties
of nitrous oxide has been stimulated by recent concern
over the possible depletion of the ozone layer. Since
photodissociation of N,O is the major natural source
of nitric oxides that limit present ozone concentrations
in the stratosphere,?! it is an important component in
any detailed analysis of this problem. Butfrom a
broader point of view, the energy-absorption properties
(i. e. , the oscillator-strength distribution) of N0 is
of fundamental importance to the analysis of any prob-
lem where energetic radiations encounter N,O. In this
regard, it is important to note that N,O is widely used
as an electron scavenger in radiation chemistry.

Although there have been several electron energy-loss
studies® of nitrous oxide, very little oscillator-strength
information has been extracted from these measure-
ments. The electron energy-loss data of Weiss ef al.®
were used to obtain f values for seven Rydberg transi-
tions, but their analysis did not extend to transitions be-
low 13.5 eV. No other electron-impact work has been
used to derive oscillator strengths for this molecule.

Absorption cross-section measurements on N,O in
the ultraviolet region have been reviewed by Hudson, ®
Other measurements of photoabsorption below 10 eV
have subsequently been reported by Rabalais et al,”
However, no single optical study has covered the en-
tire region from 4 to 15 €V, and it has been pointed out
to us recently® that no optical values are available in
the small region between 11.8 and 12.4 eV. In pre-
vious work we have successfully derived oscillator-
strength distributions for a number of molecules®!*
from high-quality electron energy-loss spectra, These
spectra have been obtained for 100 eV electrons scat-
tered within 20 mrad of the incident direction, The
same analysis has been carried out in this study of
energy absorption by N,O.,

EXPERIMENTAL

The NBS model AN-1 electron-impact spectrometer
used in this study is described elsewhere, ' Digital
energy-loss spectra of N,O were obtained in the same
manner as described previously for acetone!® and
oxygen, !! These data were adjusted by calibration of
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the energy-loss scale to the position of the 2!p - 11§
transition in helium and by a deadtime correction, as
discussed previously. ' Nitrous oxide prepared by
Matheson with a stated purity of better than 98% was
used without further purification. However, character-
istic energy-loss peaks of possible common impurities,
such as N,, NO, O,, and H;O, were not seen in any of
the spectral data analyzed in this work,

The apparent oscillator-strength distribution for N,O
shown in Fig, 1 was derived from electron energy-loss
data, Our energy-loss spectrum was very nearly iden-
tical to that published by Weiss et al.? for an incident
energy of 115 eV, although our energy resolution of
42 meV was somewhat worse than theirs, The data
were corrected foAr the finite acceptance angle of the
apparatus (e,g., 8 = 0, 020 rad) by the procedure de-
tailed previously. !®*' The relative oscillator-strength
distribution was normalized at 13, 41 eV in the ioniza~
tion continuum region. A differential oscillator strength
df/dE = 0,169 eV, was taken from the photoabsorption
measurements of Cook, Metzger, and Ogawa,'® This
is the same normalization value as used by Weiss ef
al,® to derive f values for Rydberg transitions at higher
energies,

»

DISCUSSION

The region below 10 eV is composed of three rather
broad absorption bands with maxima at 6. 83, 8. 52,
and 9, 64 eV, Chutjian and Segal'* have reviewed avail-
able experimental data in this region and proposed
theoretical assignments for each of these bands. Un-
fortunately, very recent ab initio HF —SCF~CI calcula-
tions!® now indicate that certain of these proposed
assignments! are likely to be in error, Since complete
discussions of these new theoretical resuits are in
press, we will simply adopt the more recent assign-
ments here (see Table I) without further critical comment.

In Table I we compare our integrated f values for
those bands between the energy limits indicated with
those derived from optical measurements. ’''® The f
value we obtain for the 6, 83 eV transition is in close
agreement with optical determinations, and is identified
as the A'A -~ X!'y* transition,”"® However, our differ-
ential oscillator-strength values below about 5,6 eV
fall off more gradually than the optical data, as shown
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FIG. 1, Apparent oscillator-
strength distribution for
nitrous oxide derived from
energy-loss measurements
for 100 eV incident electrons.
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in Fig, 2. The photoabsorption data (not shown) of
Thompson, Harteck, and Reeves!? also yields df/dE
values less than 10 eV™! at energies below about

5.4 eV, Although the total oscillator strength indicated
by the electron-impact measurements between 4, 5 and
5.6 eV is small {e. g., about 5% 10%), it is definitely
greater than that observed optically, It is possible
that a temperature dependence effect similar to that
reported by Holliday and Reuben'® might be responsible
for the broadening of the A'A ~ X! * band observed for
small energy losses, This could result from heating
of the collision cell walls by the electron beam, How-
ever, direct comparison of our results with optical
measurements at different fixed temperatures!® shows
a more gradual decline in intensgity with decreasing
energy. Specifically, our values separate from the
optical measurements'® at 20° C, cross the 100° C
curve twice, and display a different spectral shape.

Recently, Hall, Chutjian, and Trajmar® have ob-

TABLE I. Comparison of oscillator strengths for N,O bands
below 10 eV,
Band energy limits® Absorption f value
Transition® E; (eV) E, (eV) Electron impact Photoabsorption
Unassigned 4,50 5.60 5,06x1078 ~2x1077¢
Ala—X's 5,60 7.70 1,44x107 1.5x107%¢
1,4x103°
Bln—%'z* 7.70 8.97  2.85x10% 2.11x10°2°
7.20%1073°
Clz*—R%'z* 8,97 10.23 0.352 0.367¢
0, 36°

AState designations given in C,, Point Group representation,
PVertical energy limits used in evaluating oscillator strengths
from the electron energy-loss measurements,

“Reference 7.

9Reference 16,

served a new energy-absorption process in N,O be-
tween 5 and 6 eV, They observed two important char-
acteristics of this transition: (1) The intensity falls off
upon increasing the incident energy above threshold,
and (2) the intensity falls off with increasing scattering
angle, These characteristics were taken as indicative
of a multiplicity-allowed rather than spin-forbidden
transition, Although Hall et al.5 tentatively assigned
this new band as !A — X!3* in accord with prior anal-
ysis, ™ such an assignment is inconsistent with recent
theoretical calculations, ¥ The only transition pre-
dicted!® to occur below the 'A «~ X3+ transition (6.8
eV), that is not multiplicity forbidden, is the !3- - X
=+ at 6.5 eV. However, theory'® places this transition
at an energy too high to explain either the observations
of Hall et al.® or the differences we observed from the
optical data in the region near 6 eV. Although a fully
satisfying explanation is lacking, it is possible that
excitation of low-lying triplet states may be involved, 1

For the band centered at 8, 52 eV we obtain an f
value (Table I) that is larger than optical determinations,
It has been assigned’ as the B!II - X! T* transition
in accord with recent theoretical interpretations, *
This band is composed of a continuum with superimposed
diffuse vibrational bands (see Fig. 2). The large dis-
crepancy between the two optically determined f values
for this band, although these studies are in good agree-
ment for the f values of neighboring bands, is indic-
ative of line saturation problems in the optical measure-
ments resulting in an underestimation of the actual
oscillator strength for this band, Since electron-impact
results are free of line saturation problems, ** our
value should be considered more reliable.

The dominant absorption process in the N,O spectrum
is the continum band with 2 maximum at 9, 64 eV, Our
data indicate only a smooth continum in this region
in agreement with most other workers, 7 Our data
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FIG. 2. Comparison of optical and electron-impact oscillator strengths in the 410 eV region: +, Ref, 16, x, Ref. 7; o Ref. 1;

solid line, present results,

do not show any indication of the sharply peaked struc-
ture in this region, as reported by Zelikoff et al.®
Recent photolysis experiments® indicate absorption

in this region leads to dissociation into Ny(X'z%) + O('S)
with a quantum yield of unity at 129 nm, These dis-
sociation products are consistent with assignment

this transition as C'z* - X'=*. Our integrated f

value for this band agrees closely with optical deter-
minations (see Table I), However, all experimental
values are about one-half of the theoretical value!*
obtained for the C! =* transition, Although this dis-
crepancy is not excessive, it may be due to the limited
basis set used by Chutjian and Segal, * which was chosen
to yield best results for states with greatest valence
character, However, the energy of this band coincides
with the calculated position®® of the n = 3 member of the
nsc Rydberg series converging to the lowest ionization
potential, Thus, it is possible that the intensity of the
Clz+ - X! 5+ transition is influenced by some unaccounted
for interaction with the 3so Rydberg state.

The energy-absorption region between 10 and 14 eV
is shown in greater detail in Fig. 3 on a linear scale
Here the oscillator-strength distribution derived from
the energy-loss data is compared with the optical
measurements of Zelikoff et al,® (10 to 11,5 eV) and
by Cook et al.*® (12.4 to 14. 0 eV). No optical values
are available for comparison in the region between
11,5 and 12,4 eV. The agreement in intensity with

Zelikoff et al.*® is good when one allows for the better
resolution obtained in their work. However, above

10, 8 eV the centers of their absorption maxima appear

to be displaced to higher energies by about 30 meV

(i. e., a shift of approximately 0, 3 nm to shorter wave-
lengths)., As can be seen in Fig, 3, the peak positions
observed in the present work are in betfer agreement
with the strong diffuse progression (indicated by vertical
lines above the spectrum) observed in the high-resolution
work of Tanaka et al. 2

No quantitative photoabsorption data are available
for comparison with the present results in the region
between 11,5 and 12,4 eV, Our results show an ap-
parent absorption window locatedat 11.67eV (~ 106.2nm)
followed by at least six well-defined peaks at 11, 75,
11.83, 11,95, 12,07, 12,21, and 12,36 eV, The sharp
peaks at 10, 52, 11,75, and 12, 07 eV are the first
three members of a Rydberg series converging to the
XPII ion state (12. 9 eV) as first identified by Tanaka
et al.?* Recent calculations?® indicate that the n = 3,

4, and 5 term values for the npo and npr Rydberg
orbitals correlate closely with these structures, Mem-
bers of this series with »n>5 are evident in the structure
observed above 12,4 eV, However, the intensities for
transitions to these higher Rydberg orbitals appear to
be strongly enhanced by the opening of a new channel

of excitation,? namely, excitation of the 3so-Rydberg
state (12. 36 eV) associated with the 2z* ion core. Such
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FIG. 3, Comparison of optical and electron-impact oscillator strengths in the 10~14 eV region: +, Ref. 16, x, Ref, 13; solid line,

present results,

an interaction is also suggested by the observed dif-
ference in term values for the 3so members of the 21
and 27 series, as noted by Betts and McKoy. ?® This
indicates considerable mixing between the 7o2n'nso
and 70°2r*npr excited Rydberg configurations, Coin-
cidently these configurations are very similar to the
valence configurations 702780 and 70 227°37 chosen
by Chutjian and Segal!* to describe the Clz* - X'3*
transition at 9. 66 eV and perhaps need be considered
in the calculation of the oscillator strength for that
band, From the data shown in Fig, 3, we have deter
mined integrated values of the oscillator strength for
small energy-loss intervals in the 10 to 14 eV region,
These values, presented in Table II, were obtained
by numerical integration of the data between the tab-
ulated energy limits E, and E,, Because our enei‘gy
resolution is limited, these intervals unavoidably in-
clude contributions from unresolved transitions within
the specified intervals, and no attempt was made to
separate these, The first column, labeled E,,, gives
the peak energy of the major feature within the in-
terval with additional minor features or shoulders

(sh) given in parentheses, The peak energies agree

to within + 0, 010 eV with the spectral features tab-
ulated by Tanaka et al.?' The last column of Table II
summarizes the identifications commonly ascribed

to the principle feature in each interval, No other
integrated values are available for comparison in this

region, although the generally good agreement with
differential values obtained from the optical data (Fig., 3)
particularly in the 13, 0-13. 8 eV reglon indicate that the
present results should be quite reliable,

SUMMARY AND CONCLUSIONS

The apparent oscillator-strength distribution ob-
tained for N,O is in good agreement with available
optical data, although a weak non-optical transition
is indicated below 6 eV, Our measurements also in-
dicate a somewhat larger excitation probability in the
7.8 to 9. 0 eV region than previously indicated by op-
tical measurements, This discrepancy may be the
result of band width dependence in the optical measure-
ments. If this is the case, then the vibrational levels
of the upper state may not be as strongly predissociated
as previously thought,

Our analysis provides reliable oscillator-strength
values not previously available in the 10 to 14 eV region.
Examination of the irregular intensity variation in the
npr and npo Rydberg series converging to the 2II-ion
limit suggests considerable interchannel interaction
with the nso series (3=* ion core,) Hopefully our re-
sults will provide a stimulus for additional theoretical
analysis of the N,O transitions in this region. A tab-
ulation of differential oscillator-strength values at 10
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TABLE II. Oscillator strength for transitions in N,O from 10
to 14 eV,

E,, (eV) Ey (V) E,(eV) fvalue Identification
Continuum 10, 23 10,36 4,56x10%
10,52 10,36 10, 56 4,21x10"* Ryd. 3pm, 3po CII core)
10,59 sh 10, 56 10, 64 1.00x10° Tanaka weak band 1
10,68 sh 10, 64 10,71 8,40x10" Tanaka weak band 2
10,75 10,71 10,78 1,17x10"? Tanaka strong band 3
10,84 10,78 10.89 2,34x107% Tanaka strong band 3
10,94 10, 89 10. 99 2.56%107 Tanaka strong band 3
11,05 10, 99 11,09 2,85x10°% Tanaka strong band 3
11,24 11,09 11.29 8.48x107 Ryd. 3dr (11 core)
(11.19 sh} Tanaka strong band 3
11.35 11,29 11,67 1.10x10°!  Ryd. 4so (Il core)
(others) Ryd. 34? ¢JI core)
11.75 11.67 11,80 31,0x107 Ryd, 4pm, 4po (1 core)
11.83 11.80 11,86 1.28x10% Ryd. 4d? €Il core)
11.95 11,86 12,00 3.30%107% Ryd, 4dr €1 core)
{11.89 sh)
12,07 12,00 12.14 2,60x10? Ryd. 5s0 (Il core)
(12, 04 sh)
12,21 12,14 12,26 1.85%x102 Ryd. spr, 5po (1 core)
12.36 12,26 12,41 5.99x10% Ryd. 3s0 ¢Z* cors)
12.45 12,41 12,53 4,20x10? Ryd. 6p7, 6po (Tl core)
12.57 12, 53 12.62 2,10%10? Ryd. 7pm, 7pc 11 core)
12,65 12, 62 12,69 1,33x107 Ryd. 8pm, 8po 11 core)
12,71 12,69 12.76 1,14x10?% Ryd. 9p7, 9pc T core)
12,79 12,76 12,83 1,01x107?
12.86 12,83 12, 90 9,77x107
continuum 12, 80 13.80 1.57x10"1  Portion of 2M ionization cont,
13.90 13.80 13,95 4.89x107 Ryd. 3po ¢I* core)
14,00 13,95 14,09 4,39x10? Ryd. 3p7 (£° core)

intervals throughout the region investigated in this
work is available upon request,

ACKNOWLEDGMENTS

We thank Dr, J, Berkowitz for pointing out to one
of us (RHH) the lack of photoabsorption cross-section
data in the 12 eV region and for his encouragement,
We are also indebted to Dr, J. C. Person and Dr,

Y. -K. Kim for their critical reading of this manu-
script,

*Work supported in part by the U. S. Energy Research and De-
velopment Administration,

!D. R. Bates and P. B, Hayes, Planet. Space Sci. 15, 189
(1967),

’E, N. Lassettre, A. Skerbele, M. A. Dillon, and K. J. Ross,
J. Chem, Phys. 48, 5066 (1968).

M. J. Weiss, S. R, Mielczarek, and C, E. Kuyatt, J, Chem,
Phys, 54, 1412 {1971),

*V. Y. Foo, C. E. Brion, and J. B. Hasted, Proc, R, Soc.
London Ser, A 322, 535 (1971).

R, I. Hall, A, Chutjian, and 8. Trajmar, J. Phys. B 6, L365
(1973).

®R. D. Hudson, Rev, Geophys, Space Phys., 9, 305 (1971),

3, W, Rabalais, J. M, McDonald, V, Scherr, and S, P. Mc-
Glynn, Chem. Rev. 71, 73 (1971),

8J. Berkowitz (personal communication),

R, H. Huebner, S, R. Mielczarek, and C. E. Kuyatt, Chem.
Phys, Lett, 18, 464 (1972),

R, H, Huebner, R. J, Celotta, S, R, Mielczarek, and C, E,
Kuyatt, J. Chem, Phys. 59, 5434 (1973),

YR, H, Huebner, R. J. Celotta, S. R. Mielczarek, and C. E.
Kuyatt, J. Chem, Phys. 62, 241 (1975),

1ZJ. A, Simpson, in Record of the Tenth Symposium on Electron,
Ion, and Laser Beam Technology, edited by L. Marton (San
Francisco Press, San Francisco, 1969), p. 345,

g, R. Cook, P, H, Metzger, and M. Ogawa, J. Opt. Soc.
Am, 58, 129 (1968),

A, Chutjian and G. A. Segal, J, Chem. Phys. 57, 3069 (1972).

N, W. Winter, Chem. Phys. Lett. 33, 300 (1975); and R, P.
Hosteny, A. C. Wahl, and M, Krauss (personal communica-
tion),

1M, Zelikoff, K. Watanabe, and E, C. Y. Inn, J. Chem. Phys.
21, 1643 (1953).

"B, A. Thompson, P. Harteck, and R. R. Reeves, Jr., J.
Geophys, Res. 68, 6431 (1963),

M, G. Holliday and B. G. Reuben, Trans. Faraday Soc. 84,
1735 (1968).

UnM, J, McEwan, G. M. Lawrence, and H, M, Poland, J.
Chem. Phys. 61, 2857 (1974).

21, C. Betts and V. McKoy, J. Chem, Phys. 60, 2947 (1974).

y, Tanaka, A, S. Jursa, and F. J. LeBlanc, J. Chem, Phys.
32, 1205 (1960).

2For a general discussion of such interchannel interactions in
atomic systems, see Sec, 8 of U, Fano and J. W, Cooper,
Rev. Mod, Phys. 40, 441 {1968),

J. Chem. Phys., Vol. 63, No. 10, 15 November 1975



