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I. INTRODUCTION 

This interim technical report summarizes the work performed under Contract 
No. NASW-1283 for the period 16 March 1965 through 17 September 1966. The over- 
all objective of the program is the investigation of experimental and theoretical 
problems associated with the physics of planetary atmospheres. The broad variety 
of scientific areas which have been considered are discussed most conveniently 
under the following major categories: 

A. Photochemistry of planetary atmospheres 
B. Theoretical studies 
C. 

D. Planetary aeronomy. 

Laboratory investigations in the V W  (2000-1OOOg) and the E W  (below 
IOOOS) spectral regions 

During the performance of the subject contract, a number of reports were 
generated which have been submitted and accepted for publication in accredited 
journals. In some cases, a more detailed discussion of the material is avail- 
able in the form of a published GCA Technical Report. In any event, the pertinent 
information concerning these publications is presented below for each of the 
categories previously cited: 

A. Photochemistry of Planetary Atmospheres 

"On the Quenching of 6300% Airglow," by P. Warneck and J . O .  Sullivan, 

"Reactions of ID Oxygen Atoms 111. 

"Reactions of ID Oxygen Atoms IV. 

Planet.Space Sci.(to be published). 

Ozone Formation in the 1470g Photolysis 
of 02': by J. 0. Sullivan and P. Warneck, J .  Chem. Phys. (to be published). 

Reactions with N20, N2 and C02", by 
P. Warneck and J . O .  Sullivan, J. Chem. Phys. (to be published). 

"C02 Actinometer for Argon Source," by P. Warneck, J. Opt. SOC. Am. 56, 
408 (1966). 

"Studies of Ion-Neutral Reactions by a Photoionization Mass Spectrometer 
Technique 11. 
by P. Warneck, J. Chem. Phys. (to be published). 

Charge Transfer Reactions of Argon Ions at Near Thermal Energies," 

B. Theoretical Studies 

"The Refractive Index of Helium (Rayleigh Scattering by Helium)," by 
Y.M. Chan and A. Dalgarno, Proc. Phys. SOC. 85, 227-230 (1965); GCA Technical 
Report No. 65-14-N (Physics of Planetary Atmospheres I). 

"The Time-Dependent Coupled Hartree-Fock Approximation," by A. Dalgarno and 
G.A. Victor, Proc. Roy. SOC. London A291, 291-295 (1966); GCA Technical Report 
No. 65-24-N (Physics of Planetary Atmospheres 111). 
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"The Fluorescence of Solar Ionizing Radiation," by A. Dalgarno and 
M . G .  McElroy, Planet. Space Sci. l.3, 947-957 (1965); GCA Technical Report 
No. 65-15-N (Physics of Planetary Atmospheres 11). 

C. Laboratory Investigations in the V W  (2000-10002) and 
the E W  (Below 10002) Spectral Regions 

"The Total Absorption Cross Sections of H2, N2 and 0 in the Region 550 
to 200g," by J.A.R. Samson and R.B. Cairns, J. Opt. Soc. h. 55, 1035 (1965). 

"The Measurement of the Photoionization Cross Sections of the Atomic Gases," 
by J.A.R. Samson, Atomic and Molecular Processes (Academic Press, New York, 
1966), Editors Bates and Estermann. 

"Total Absorption Cross Section of Atomic Oxygen below 9102," by R.B.  Cairns 
and J.A.R. Samson, Phys. Rev. 2, A1403-A1407 (1965). 

"Ionization Potential of 02," by J A.R. Samson and R.B. Cairns, J. Opt. SOC. 
Am. 56, 769-775 (1966); GCA Technical Report No. 65-30-N (Physics of Planetary 
Atmospheres V). 

"Total Absorption Cross Sections of CO and C02 in the Region 550-2002," 
by R.B. Cairns and J.A.R. Samson, J. Opt. SOC. Am. 56, 526 (1966). 

"Ionization Potential of Molecular Xenon and Krypton," by J.A. R. Samson 
and R.B. Cairns, J. Opt. SOC. Am. 56, 1140 (1966). 

The Photoionization Cross Section of Atomic Hydrogen," by R.B. Cairns and 
J.A.R. Samson, Phys. Rev. (to be published). 

"Gas Analysis by Photoionization Mass Spectrometry," by P. Warneck and 
W. Poschenrieder, J. Appl. Phys. 37, 2812 (1966); GCA Technical Report No. 66-1-N 
(Physics of Planetary Atmospheres IV). 

D. Planetary Aeronomy 

"A Satellite Experiment on the Detection of Noctilucent Clouds in the 
V W  Region," by F.F. Marmo and T.C. Degges, J. Geophys. Res. (to be published). 

"Ion Temperatures in the Topside Ionosphere,'' by A. Dalgarno and 
J.C.G. Walker, Planet. Space Sci. (to be published). 

In addition to the above publications, additional work has been performed 
which is either incomplete or not appropriate for publication in the open litera- 
ture. These topic areas are specified below and discussed in greater detail in 
Section 111. 
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In the area of photochemical investigations, the major incompleted techni- 
cal area involves the determination of the role cf minor constituents in 
planetary atmospheres. 

' h o  unpublished theoretical investigations involve (1) collision processes 
in planetary atmospheres and (2) atom-atom collision processes in astrophysics. 

The V W  and E W  spectral region laboratory investigations involving the 
measurement of total absorption and photoionization cross sections for atomic 
gases have been completed and have resulted in a number of publications as 
noted above. The important remaining incomplete laboratory investigation 
involves (1) the determination of the electron energy spectrum due to the V W  
and E W  photoionization of selected planetary atmospheric gases. Two other 
completed (but unpublished) laboratory investigations include (2) the labora- 
tory investigation on the variation of photoionization threshold with tempera- 
ture and ( 3 )  measurement of absorption and photoionization minima in molecular 
spectra of planetary gases. 

The planetary aeronomy effort involved consideration of a large number and 
variety of scientific problems, a number of which have not reached the stage of 
publication. Accordingly, the current status of these unreported investigations 
require some discussion. The following scientific areas have been included in 
this category: (1) laboratory investigation on the V W  chemiluminescence from 
selected planetary gases; (2) laboratory measurements of Lyman-alpha absorption 
of Xe2 to derive the photon scattering cross section of atomic xenon; ( 3 )  labora- 
tory measurements on the V W  fluorescence from planetary gases; ( 4 )  theoretical 
studies on the solar photoionization rates in the Martian ionosphere; and (5) the 
role of meteoric debris in the Earth atmosphere: simultaneous observation of 
meteoric debris by employing a rocket-borne mass spectrometric and optical 
probe. 

A significant portion of the research results generated under the subject 
contract have been presented at various scientific and technical meetings. 
Here again, the pertinent information is presented in the adopted categorical 
format. 

A. Photochemistry of Planetary Atmospheres 

Atmospheric Ion-Molecule Reactions by a Photoionization Mass Spectrometric 
Technique (P. Warneck and F.F. Marmo)- INVITED PAPER presented by P. Warneck 
at a Symposium on the Physics and Chemistry of the Lower Atmosphere held at the 
University of Colorado in Boulder, Colorado, on June 27-29, 1966. 

1 Reactions of D Oxygen Atoms (P. Warneck)- Presented by P. Warneck at the 
152nd National Meeting of the American Chemical Society, New York, New York, on 
September 12-14, 1966. 

B. Theoretical Studies 

Atom-Atom Collision Processes in Astrophysics (A. Dalgarno) - INVITED 
PAPER prepared for presentation by A. Dalgarno at the International Astronomical 
Union Working Group on Collision Processes in Astrophysics held in Boulder, 
Colorado, on July 11-15, 1966. 
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Collision Processes in Planetary Atmospheres (A. Da1garno)- INVITED 
PAPER prepared for presentation by A. Dalgarno at the International Astronomical 
Union Working Group on Collision Processes in Astrophysics held in Boulder, 
Colorado, on July 11-15, 1966. 

C. Laboratory Investigations in the V W  (1000-2OOOg) and 
the EUV (Below 1 o d )  Spectral Regions 

Photoionization Processes (J.A. R. Samson) - INVITED PAPER presented by 
J.A.R. Samson at the Thirteenth Annual Conference on Mass Spectroscopy and 
Allied Topics, St. Louis, Missouri, on May 17-18, 1965. 

Oscillator Strengths in the Noble Gases (J.A.R. Samson) - INVITED PAPER 
presented by J.A.R. Samson at the Thirteenth Annual Meeting of the Radiation 
Research Society in Philadelphia, Pa., on May 25-26, 1965. 

The Interaction of Vacuum Ultraviolet Radiation with a Gas (J.A.R. Samson) - 
INVITED PAPER presented by J.A.R. Samson at the American Physical Society Meeting 
in Honolulu, Hawaii, on September 2-4, 1965. 

A Study of the Kinetic Energies of Electrons Produced by Photoionization 
(J.A.R. Samson and R.B. Cairns) - Presented by J.A.R. Samson at the Fiftieth 
Anniversary Meeting of the Optical Society of America held in Washington, D.C., 
on March 15-18, 1966. 

On Ultraviolet and X-ray Spectroscopy of Laboratory and Astrophysical 
Plasmas (R.B. Cairns and J.A.R. Samson)- Presented at Culham Laboratory, 
Abingdon, Berkshire, England, on March 29 - April 1, 1966. 

The Measured Photoionization Cross Section of Atomic Hydrogen (R.B. Cairns 
and J.A.R. Samson)- Presented at the 47th Annual American Geophysical Union 
Meeting held in Washington, D.C., on April 19-22, 1966. 

D. Planetary Aeronomy 

Scattering Cross Sections for Xenon and Other Rare Gases in the Vacuum 
Ultraviolet Region (F.F. Marmo and Shardanand) - Presented by J.A.R. Samson at 
the American Physical Society Meeting in Honolulu, Hawaii, on September 2-4,  
1965. 

V W  Reflectivity from a Solar-Illuminated Earth Atmosphere (F.F. Marmo 
and T.C. Degges) - INVITED PAPER presented by F.F. Marmo at International 
Symposium on Electromagnetic Sensing of the Earth from Satellites held in Miami, 
Florida, on November 22-24, 1965, who also attended the Second AAS Symposium 
on Interactions of Space Vehicles with an Ionized Atmosphere held in Miami, 
Florida, on November 26-27, 1965. 

4 



A Satellite Experiment on the Detection of Noctilucent Clouds in the VW 
Region (F.F. Marmo and T.C. Degges) - Presented by F.F. Marmo at the 47th 
Annual American Geophysical Union Meeting held in Washington, D.C. ,  on April 
19-22, 1966. 

The remaining sections of the report are also presented according to the 
adapted categorical format. In Section 11, brief summaries of the published 
material are presented in categorical order together with individual listings 
and shortabstracts of the pertinent papers for ready reference. 
technical discussions of the incomplete and unpublished investigations are 
included in Section 111, since the technical details are not available else- 
where. As such, included in the following sections is a concise and encapsulated 
review of the results which have been achieved under the current program. 

More detailed 
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11. SUMMARIES, BIBLIOGRAPHIES, AND ABSTRACTS OF INDIVIDUAL 
PUBLICATIONS ON THE PHYSICS OF PLANETARY 

ATMOSPHERES 

In this section, the results of several planetary physics investigations, 
which have been published in the open literature under the present contract 
effort, are presented. These discussions are accordingly brief since a more 
comprehensive description of the work is available in the cited references. 
such, the ensemble of publications are summarized by technical areas, accom- 
panied by a tabulation of the published papers and short technical abstracts. 
For convenience, a dual reference system is employed in which the published 
material generated under the current program is indicated by Roman numerals 
whereas other references are designated by Arabic numerals. 

As 

A. Photochemistry of Planetary Atmospheres 

The published investigations pertinent to the photochemistry of planetary 
atmospheres can be discussed in two major catagor'es: (1) solar photolysis of 
C02 including the subsequent dark reactions of O( D) with planetary atmospheric 
gases and(2)investigations of ion-neutral reactions by employing a photoioniza- 
tion-mass spectrometric technique. 

1 

1 1. Solar Photolysis of C07 Includinp the Subsequent Dark Reactions of O( D) 
with Planetary Atmospheric Gases. - The role of C02 photolysis in planetary 
atmospheres has been stressed previously [ 1,2]* with particular emphasis [3,4] 
on the action of the metastable O(1D) produced in the primary V W  solar photo- 
decomposition of C02. Additionally, the role of this metastable in subsequent 
dark reactions with other planetary gases [5] is a vital factor in determining 
the ambient composition of solar-illuminated planetary atmospheres. Under the 
current contracts an extensive experimental program was performed to further 
clarify the role of O(1D) oxygen atoms in planetary atmospheres [I-IV]. 

As a consequence of these investigations [l-51 [I-IV], a major portion of 
the essential data has been acquired and made available to the scientific com- 
munity so that their application to specific planetary atmospheric problems is 
now appropriate. Specifically, these overall studies have established the fol- 
lowing important factors: (a) the VW photolysis of C02 results in the generation 
of O(1D) metastables with a quantum efficiency of about unity; (b) a previously- 
unexplained observed "oxygen deficiency" in the photolysis mechanism can now 
be accounted for by the formation of Cog; (c) for reactions involving OJ'D), 
the following important rate coefficients prevail: k(02) = 3 x 

(d) the magnitude of He quenching is similar to that due to nitrogen; and 
(e) self-quenching is not as rapid as that due to N20 which was found to be 
the most efficient quencher of those investigated. As a consequence of the 
above, the following two factors emerge: 
stantially reduced so that (2) it is propitious to employ these new data in the 

*Numbers in [ 3 throughout text represent reference numbers. 

cm /sec, 
k(N2) = 1.2  x 10-15 cm 3 /sec, and k(O3) = 3 x 10-10 exp [- 2400 2 lOOO/RT]; 

(1) a serious data gap has been sub- 
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analysis of a variety of specific problems associated with the atmospheres of 
the terrestrial planets. 
involving C02 reduction in the Martian atmosphere is particularly appropriate 
in light of the Mariner IV data, which indicate that C02 is the major atmospheric 
constituent. These data were also applied directly to the investigation of the 
6300g airglow in the Earth's atmosphere [I] to demonstrate that the generally- 
accepted quenching rate is ordersof magnitude faster than the measured rate so 
that an alternative explanation is required to explain this phenomenon. There 
exists a broad spectrum of additional planetary atmospheric problems in which these 
data are directly applicable, a number of which are currently being considered. 

For example, application of these data to the problem 

2. Investigations of Ion-Neutral Reactions by Employing a Photoionization- 
Mass Spectrometric Technique. - The study of terrestrial ionospheres requires 
specific knowledge on the rates of a number of ion-neutral reactions. The role 
which these reactions assume in planetary ionospheres and the requirement for 
appropriate laboratory measurementsare further emphasized in Section 111-B. 
Concerning these laboratory measurements, it become evident that a new experi- 
mental technique was available as a natural by-product of the development of 
a mass spectrometer coupled to 3 photoionization light source as discussed in 
Section I1 C. This instrument was designed and fabricated under the current 
program for the expressed purpose of performing a mass analysis of photoioniza- 
tion products of selected planetary gases. 
ion-source chamber pressures, ion-neutral reactions became the dominant process. 
Accordingly mass analysis experiments were performed only for low (below l o p )  
pressures. However, the high-pressure behavior suggested the application of 
this technique for performing ion-neutral reaction rate studies. This experimental 
procedure involves none of the well-known difficulties and disadvantages of con- 
ventional electron impact techniques [VI. Although the investigations of ion- 
neutral reactions between atmospheric gases was not a specific requirement of 
the current program some effort was directed toward establishing the overall 
feasibility of the application by successfully measuring a number of rates 
involving Ar+. Specifically, preliminary rate constants were determined [VI 
for reactions involving Ar+ with NO, 02,  C02, COY and N2. The next logical 
extension of this phase is to improve upon this novel experimental apparatus 
in order to optimize its employment in the measurement of a large number of 
the ion-neutral reactions pertinent to studies of the ionospheres of the terres- 
trial planets. 

It turned out that for high (10-loop) 

Bibliography and Abstracts of  Photochemical Investigations Published under 
the Current Program: 

0 I. "On the Quenching of 6300A Airglow," by P. Warneck and J.O. Sullivan, 

From current interpretation of the 6300g dayglow observations , it is inferred 

Planet. Space Sci. (to be published). 

1 that the responsible emitter, O( D ) ,  is rapidly quenched by oxygen and/or nitro- 
gen. However, experimental results from this laboratory do not su port this 

O ( I D )  simultaneously with OpP), and the production of ozone in a flow system 
view. These experiments, utilize the photolysis of oxygen at 1470 !i to produce 
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is investigated as a function of pressure and other parameters (see Suilivan 
and Warneck, J. Chem. Phys., "Reactions of O ( l D )  Oxygen Atoms 111. 
Formation in the 14702 Photolysis of 02"). 
reacts with ozone 2000 times faster than with either oxygen or nitrogen so 
that deactivation of O ( l D )  in the atmosphere cannot occur upon every collision 
as it is required in the currently-accepted 63008 dayglow mechanism. The need 
for a reexamination of this mechanism is indicated. 

Ozone 
The results indicate that O ( l D )  

11. "Reactions of I D  Oxygen Atoms 111. Ozone Formation in the 14702 
Photolysis of 02," by J.O. Sullivan and P. Warneck, J. Chem. Phys. (to be 
published). 

The extent of ozone formation in the 1470g photolysis of oxygen and 1:l 
helium-oxygen mixture has been studied in a flow system as a function of pres- 
sure and temperature. 
pressure gave 0 = 2.0 5 0.2 in good agreement with previous values. At lower 
pressures, the production of ozone was found to decrease with pressure, and 
this effect has been interpreted as arising from the reaction of O ( l D )  with ozone. 

tions provides ratios of rate constants for the reactions of O ( l D )  with ozone, 
oxygen, and helium. From the temperature dependence, the reaction with ozone 
is found to have an activation energy of 2.4 _+ 1.0 kcal/mole. 
constant estimates are obtained by the application of independent data. 

A determination of the ozone quantum yield at atmospheric 

The quantitative evaluation of the ozone quantum yields in terms of O (  1 D) reac- 

Absolute rate 

111. "Reactions of I D  Oxygen Atoms IV. Reactions with N20, N2 and C02," 
by P. Warneck and J.O. Sullivan, J. Chem. Phys. (to be published). 

The 1470w photolysis of oxygen has been utilized to generate I D  oxygen 
The quantum yields atoms simultaneously with 3P ground-state oxygen atoms. 

for ozone formation were measured as a function of pressure in a flow system 
for mixtures of oxygen with N20, N2,  and C02 and compared with quantum yields 
obtained previously for pure oxygen. The data are evaluated on the basis of 
a stirred reactor treatment to obtain ratios of rate constants for the involved 
reactions. It is found that the reactions with N20 and CO2 have similar rates, 
whereas that with N2 is an order of magnitude slower. 
slow in comparison to the reaction of O ( l D )  with ozone. 

All three reactions are 

IV. "C02 Actinometer for Argon Source," by P. Warneck, J. Opt. SOC. Am. 

The argon source with lines at 1048 and 10668 was improved by employing 

- 56, 408 (1966). 

LiF windows only 0.25 - 0.5 nun thick, so that the cumulative reduction of LiF 
transmittance caused by the absorption of argon radiation is slowed down. With 
this source, the yield for CO formation from the photolysis of  C02 was explored 
and found to be unity, independent of pressure or source flux. Thus, the 
photodecomposition of CO2 in the 1048 t o  106651 wavelength region provides a 
useful actinometer for the argon source. 

V. "Studies of Ion-Neutral Reactions by a Photoionization Mass Spectro- 
meter Technique 11. Charge Transfer Reactions of Argon Ions at Near Thermal 
Energies,'' by P. Warneck, J. Chem. Phys. (to be published). 
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. 

A photoionization mass spectrometer has been employed to study charge 
transfer processes involving 
microns and with a source acceleration potential of 0.5 eV. The average energy 
of the reacting ions is calculated and is found to be less than 0.17 eV. The 
following rate constants were obtained: 

2~312 argon ions at ion source pressures of 15 t o  60 

- 10 
- 10 
- 10 

Ar' +NO +. Ar + NO' k = 3.9 x 10 

k = 1.1 x 10 Ar + O2 
k = 7.0 x 10 

k = 1.25 x 10 

Ar + C 0 2  3 Ar 

Ar' + CO 3 Ar + CO 

t 

t 

- 10 
- 10 

3 Ar + N2 + k = 0.66 x 10 + Ar + N2 

cc/molecule sec 

cc/molecule sec 

cc/molecule sec 

cc/molecule sec 

cc/molecule sec 

The theoretical implications are discussed. 

B. Theoretical Studies 

The theoretical investigations accomplished under the present effort 
include: (1) UV, V W ,  and EUV photon scattering by helium; (2) the time-dependent 
coupled Hartree-Fock approximation for many-electron systems; (3) intensity 
estimates of fluorescence from Earth atmospheric constituents (O+, 05 and NZ)  
due to E W  solar photoionization; and ( 4 )  determination of ion temperatures in 
the topside ionosphere. 

The cross section for photon scattering by an atomic gas may be obtained 
from its refractive index value; which for helium has been measured with high 
precision at wavelengths between 27008 and 5400g [6]. These measurements can 
be extrapolated to longer wavelengths without serious loss of accuracy. The 
present program is concerned with obtaining precise photon scattering values for 
helium in the V W  and E W  wavelength regions. Extrapolations to these spectral 
regions cannot be achieved with any certainty if current techniques are employed. 
Accordingly, a new theoretical approach was developed in which the refractive 
index can be calculated directly at any wavelength by employing variational pro- 
cedures similar to those employed in the calculation of static polarizabilities 
and with comparable accuracy [VI]. It was shown that extrapolations of experi- 
mental data to the shorter wavelengths can now be accomplished in a very precise 
manner. Specifically, the calculated helium cross section for scattering of 
Lyman-alpha radiation is 3.53 x 10'26 cm2. 
establish an absolute basis on which to place the measured relative cross-section 
values obtained under this program as described in Section 111-Do 

This value has been employed to 

Time-dependent Hartree-Fock equations have been derived by Dirac [7]and 
Frenkel.[8] These methods were extended to include external perturbations in 
the uncoupled case by Karplus and Kolker[9] and for the coupled case by 
Thouless [loland McLachlan and Ball. [ll] Karplus and Kolker [9]calculated 
refractive indices and long-range forces fo r  the uncoupled case but were unable 
to extend their analysis to the coupled case since their approximation did not 
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lend itself to ready solution. 
pled approximation results in more accurate conclusions. 
gram, a theoretical method was developed [VII] to solve the coupled Hartree- 
Fock approximation for time-dependent perturbations of many-electron systems. 
The results were tested by applying the calculations to the frequency-dependent 
refractive index of helium gas. In this manner, they were compared to the more 
accurate values obtained by the refined variational calculation [VI] discussed 
previously. A discrepancy of less than 10 percent was noted; however, it should 
be emphasized that the coupled Hartree-Fock approximation has a much wider 
applicability. 

However, Dalgarno[l2] has shown that the cou- 
Thus, under the pro- 

The solar E W  photoionization of atomic constituents can generate a posi- 
tive ion in an excited electronic state which can subsequently fluoresce at 
longer wavelengths. An estimate has now been obtained [VIII] for the expected 
intensities due to this type of fluorescence in the Earth's atmosphere. The 
roles of three Earth atmospheric constituents were considered; namely O+, 03, + and N2. The appropriate ion production and deactivation processes were evaluated 
as a function of altitude and wavelength and it was concluded that the predicted 
terrestrial fluorescence signal levels could be observed with present state-of- 
the-art optical techniques on satellite or rocket platforms. It was also shown 
that from an Earth-based site, it should be possible to continuously monitor 
ionospheric behavior in addition to the level and variation of solar W activity. 
On the basis of these studies, an experiment has been devised which is to be 
performed during the forthcoming 12 November 1966 eclipse since it can be shown 
that only under the unique situation of an overhead total eclipse can this radia- 
tion be observed with current instrumentation. 

' 

Bibliography and Abstracts of Theoretical Investigations Published under 
the Current Program: 

VI. "The Refractive Index of Helium," by Y . M .  Chan and A. Dalgarno, Proc. 
Phys. SOC. 85, 227-230 (1965); GCA Technical Report No. 65-14-N (Physics of 
Planetary Atmospheres I). 

The refractive index of helium for wavelengths longer than 6008 is calculated 
by a variational method from the ground-state representation of Hart and Herzberg. 
The results gree very well with the observations which refer to wavelengths 
between 2700 il and 9000% 

VII. "The Time-Dependent Coupled Hartree-Fock Approximation , I '  by A. Dalgarno 
and G.A.Victor, Proc. Roy. SOC. London A291, 291-295 (1966); GCA Technical Report 
No. 65-24-N (Physics of Planetary Atmospheres 111). 

A coupled Hartree-Fock approximation for describing the effects of time- 
dependent perturbations on many-electron systems is presented. It is applied 
to the calculation of the frequency-dependent refractive index of helium gas with 
results that differ by between 4 and 8 percent from the accurate values obtained 
by a refined variational calculation. 
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VIII. "The Fluorescence of Solar Ionizing Radiation," by 'A. Dalgarno and 
M.B. McElroy, Planet. Space Sci. l3, 947-957 (1965); GCA Technical Report No. 
65-15-N (Physics of Planetary Atmospheres 11). 

The mid-day dayglow intensities arising from the fluorescence of solar 
ionizing radiation are calculated. The predicted overhead intensities above 
120 km o f  the O+ (2P - 2D) lines at AX 7319-73302, the Meinel band system of  
N;, the first negative system of $, the first negative s stem of O$, the Hopfield 
emission system of 02 and the second negative system of O2 are respectively 
500R - 1 kR, 9 kR, 600 R, 2 kR, 600 R and 400 R. 

+ y. 

C. Laboratory Investigations in the V W  (2000 to 10002) and 
the E W  (below 10002) Spectral Regions 

Laboratory investigations in the V W  and the E W  spectral regions which 
have been performed under the current program can be conveniently discussed in 
two broad categories: 
tion cross sections for atmospheric gases and (2) mass analysis of the products 
due to the VUV and EW photoionization of atmospheric gases. 

(1) measurements of the total absorption and photoioniza- 

1. Measurements of the total absorption and photoionization cross sections 
for atmospheric pases. - A broad and systematic experimental investigation has 
now been completed on the total photoionization and absorption cross section 
measurements for a large number of atmospheric gases throughout the V W  and 
E W  spectral regions. 
previous studies [13-231 performed under this program have essentially eliminated 
an important data gap at least for wavelengths above about 2002. 
experimental details are repeated here since they are available in the open 
literature and in pertinent quarterly progress reports. It should be noted that 
measurements have been performed on both molecular [IX-XII] and atomic [XIII-XV] 
species. 
established [XI at a value of 12.063 eV to 

As a bonus effect, since the latter process involves the generation of 02, a new 
upper limit value was derived for this important atmospheric parameter, that is, 
the electron attachment probability of 0 2 .  
to the problem of E-region processes to demonstrate that an important ionization 
source is due to the presence of two oxygen emission lines spectrally adjacent 
to the accurately measured ionization threshold. Measurements of the photo- 
ionization cross sections of atomic species have been achieved for the first 
time for atomic constituents: oxygen [XIII, XIV] and hydrogen [XV]. Comparison 
with theory has indicated that the measured cross sections of both atomic species 
are in significant disagreement near the ionization threshold where autoioniza- 
tion processes become dominant. Thus the experimental results are especially 
valuable in these regions, since present theoretical techniques cannot deal 
adequately with the complex problems associated with autoionization. 

The new results [IX-XV], coupled with those obtained in 

None of the 

Concerning the former, the true ionization potential for O2 was 
n accuracy of 2 0.001 eV. Ioniza- 

tion was observed at wavelengths below 1046 s due to the process O2 + hv + 03 + 0;. 

Additionally, these data were applied 
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2. Mass analysis of the products due to the V W  and EUV Photoionization 
of Atmospheric Gases. - Total photoionization cross section measurements cannot 
differentiate between the several additive processes which, in principle, can 
proceed simultaneously owing to the high energy content of the incident radia- 
tion. Alternatively, the cross sections associated with the individual pro- 
cesses are of considerable importance both in terrestrial ionospheric investiga- 
tions and the proper interpretation of V W  and E W  photolytic experiments of 
planetary gases. These individual process cross-sections have been obtained 
by performing a mass analysis on the photoionization products of selected gases. 
Under the present effort, a 1/2-meter Seya monochromator was coupled to a 
specifically designed mass spectrometer [ X V ]  to perform mass analyses on the 
products due to photoionization in the spectral region XX 1200-4802 of the 
atmospheric gases 02, N2, and C02. 
these energetic wavelengths, photoionization produces fragment ions which possess 
significant excess kinetic energy. A detailed literature review has indicated 
that this factor has not been recognized heretofore. Accordingly, at least two 
important factors emerge: (1) the results of earlier laboratory investigations 
should now be viewed with appropriate caution since this important contribution 
has previously been neglected and (2) the solar V W  photolysis of atmospheric 
constituents should produce excess ionic temperatures in the topside ionosphere. 
Similarly, it appears that this effect has not been considered adequately in 
previous theoretical treatments of this problem. The application of these and 
future experimental data to a broad spectrum of planetary atmospheric problems 
will clearly involve some modification of the current equipment in order to 
measure the individual kinetic energies of specific fragment ions. 

In addition the results indicate that, at 

Bibliographies and Abstracts of the Laboratory Investigations in the V W  
(2000 to 10002) and the E W  (below 10002) Spectral Regions: 

IX. "The Total Absorption Cross Sections of H2, N2, and O2 in the Region 
550 to 2008," by J.A.R. Samson and R.B. Cairns, J. Opt. SOC. Am. 55, 1035 (1965). 

Values of the total continuum absorption cross sections of H2, N2, and O2 
have been measured at wavelengths between 550 and 2002 and are tabulated in 
this article. It was shown that the measured cross sections of the three gases 
were not pressure dependent. The accuracy of the measurements was & 10 percent. 

X. "Ionization Potential of 02," by J.A.R. Samson and R.B. Cairns, J. Opt. 
SOC. Am. 5 6 ,  769-775 (1966); GCA Technical Report No. 65-30-N (Physics of 
Planetary Atmospheres V). 

The first ionization potential of 02 has been found to correspond to 
1027.8 & 0.18 (12.063 & 0.001 eV). 
potential are reviewed and compared with the present result. 
tion cross section measured from threshold to 9932 reveals vibrational structure 
superimposed on autoionized absorption peaks. 
trates the profuse absorption bands in.the vicinity of the ionization threshold. 
Ionization was observed at wavelengths longer than 1027.82 and is explained 
the basis of the formation of excited 02. 

Previous determinations of the ionization 
The photoioniza- 

The absorption spectrum illus- 

on 
From the interpretation of the results, 
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t h e  d i s s o c i a t i o n  energy f o r  t h e  ground s ta te  of t h e  i o n  i s  6.669 & 0.001 e V  
and t h e  e l e c t r o n  a f f i n i t y  of 0 2  i s  2 0.21 e V .  

X I .  "Total Absorption Cross Sec t ions  of CO and C 0 2  i n  t h e  Region 550-2O0?LJ" 
by R.B.  Cairns  and J . A . R .  Samson, J .  Opt. SOC. Am. 5 6 ,  526 (1966). 

Values of t h e  t o t a l  continuum abso rp t ion  c r o s s  s e c t i o n s  of CO and C 0 2  have 
been measured a t  wavelengths between 550 and 20051. 
c a l l y .  
va lues .  
3402 and f 10 percent  a t  s h o r t e r  wavelengths. 

The r e s u l t s  are shown g raph i -  
No p res su re  dependence was observed f o r  t h e  measured c r o s s  s e c t i o n  

The est imated accuracy of t h e  r e s u l t s  was 2 5 pe rcen t  between 550 and 

X I I .  " Ion iza t ion  P o t e n t i a l  of Molecular Xenon and Krypton," by J.A.R. 
Samson and R.B. Cairns ,  J. Opt. S O C .  Am. 56, 1140 (1966). 

The production of i o n s  i n  atomic X e  and K r  by r e sonance - l ine  abso rp t ion  i s  
descr ibed and a t t r i b u t e d  t o  the process  

J; 

Xe + hv -, X e  

f o 1 lowed by 

xe* + X e  + Xe* -, Xe+ + e + KE 2 2 

These measurements provided t h e  f i r s t  i o n i z a t i o n  p o t e n t i a l  of K r 2  a t  
963.37% (12.87 e V ) .  

X I I I .  " T o t a l  Absorption Cross Sec t ion  of Atomic Oxygen below 910?L," by 
R.B. Cairns  and J .A.R.  Samson, Phys. Rev. 139, A1403-Al407 (1965). 

The t o t a l  abso rp t ion  c r o s s  s e c t i o n  of atomic oxygen has been measured i n  
t h e  wavelength range 910-5042. 
cal  computations. 
H e - 0  mixture .  I n  a d d i t i o n  t o  t h e  oxygen atoms, e x c i t e d  oxygen molecules i n  

t h e  oxygen-atom c r o s s  s e c t i o n  from those  of t h e  o t h e r  n e u t r a l  and exc i t ed  spec ie s  
i s  given. 

The r e s u l t s  are compared wi th  e x i s t i n g  t h e o r e t i -  
The source of oxygen atoms was a microwave d i scha rge  i n  a 

t h e  1 Ag s t a t e  and metastable  H e  atoms w e r e  formed. The procedure used t o  e x t r a c t  

X I V .  "The Measurement of t h e  Pho to ion iza t ion  Cross Sec t ions  of t h e  Atomic 
Gases," by J . A . R .  Samson, Atomic and Molecular Processes  (Academic P r e s s ,  New 
York, 1966), Edi tors  B a t e s  and Estermann. 

Measurements of t h e  pho to ion iza t ion  c r o s s  s e c t i o n s  of t h e  fol lowing atoms 
have been reviewed: 0, H ,  N,  H e ,  N e ,  Ar, Kr, Xe ,  L i ,  N a y  K, Rb, C s ,  C a ,  T i ,  
I n ,  Mg, and Cd. A c r i t i c a l  a n a l y s i s  of t h e  p a s t  and p r e s e n t  experimental  and 
t h e o r e t i c a l  values  i s  given, and t h e  most a c c u r a t e  d a t a  were s e l e c t e d  and 
t a b u l a t e d  f o r  wavelengths between 0.18 and t h e  i o n i z a t i o n  th re sho ld  of each 
atom. 
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XV. "The Photoionization Cross Section of Atomic Hydrogen," by R.B. Cairns 
and J.A.R. Samson, Phys. Rev. (to be published). 

The photoionization cross section of H has been measured at many wavelengths 
in the spectral range 912 to 845g. 
charge in either H2 or a He-H2 mixture. At wavelengths shorter than 845g, values 
of the cross section could not be obtained since there was appreciable absorption 
by excited species produced in the discharge. 
in excited vibrational and rotational levels of its ground electronic state. 

The source of H atoms was a microwave dis- 

These species were probably H2 

XVI. "Gas Analysis by Photoionization Mass Spectrometry," by P. Warneck 
and W. Poschenrieder, J. Appl. Phys. 37, 2812 (1966); GCA technical Report 
No. 66-1-N (Physics of Planetary Atmospheres IV). 

A photoionization mass spectrometer featuring a special 180-degree magnetic 
analyzer with inclined pole faces is described and its usefulness as a gas analy- 
tical tool explored. Ion-source pressures up to 201 can be utilized for gas 
analysis. Higher pressures can be reached, but ion molecule reactions and 
increasing light absorption cause a nonlinear ion current-pressure relationship. 
The major advantage of photoionization when compared to electron-impact ioniza- 
tion is the simplicity of fragmentation patterns; the major disadvantage is the 
lower sensitivity. At 20p pressure, spark or resonance light sources used in 
conjunction with a 1/2-m monochromator produced peak ion intensities around 
5 x lO-I3 A. Although these ion intensities are higher than those reported 
previously, they are still considerably below the ion intensities commonly 
produced by electron-impact ion sources. 

D. Planetary Aeronomy 

A diverse number of planetary aeronomy problems have been investigated 
during the current contract period. Although considerable progress has been 
achieved in each case, final analyses and conclusions are not available for 
many studies so that these are discussed in Section 111-D. Alternatively the 
two important problems which have been completed and published are: (1) a 
satellite experiment on the detection of noctilucent clouds in the V W  spectral 
region and (2) a theoretical investigation on the ion temperatures in the top- 
side ionosphere. 

1. A satellite experiment on the detection of noctilucent clouds in the 
V W  region. - The detection, observation, and characterization of noctilucent 
clouds on a world-wide basis under conditions other than twilight would afford 
scientists a long-sought opportunity to perform a systematic study on the 
nature, distribution and causitive mechanism of this phenomenon. Maximum 
information can be derived from a satellite instrument observing the solar- 
illuminated cloud residence altitudes in a downward direction. For this geo- 
metry, a relatively homogeneous and low background level exists in the V W  
region due to oxygen absorption in the Earth's atmosphere. 
condition is comparable to the twilight or terminator geometry in the visible 

In a sense, this 
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region so that the V W  solar illuminated atmosphere may be regarded as affording 

ving noctilucent clouds, it is evident that such a VUV satellite experiment 
should be performed. The feasibility of such an experiment has been demonstrated 
[ X V I I ]  using a Fastie-Ebert type spectrometer probing in the relatively narrow 
spectral region between 1750 and 1850%. 
similar Martian dust cloud experiment is appropriate in view of the current 
controversy concerning the role of interplanetary debris and/or dust in the 
Martian atmosphere. 

permanent twilight". Since this represents the optimum conditions for obser- I t  

Clearly, the applicability of a 

2. Theoretical investigation on the ion temperatures in the topside 
ionosphere. - Analysis of backscatter observations [24] has established that 
the positive ion temperature in the ionosphere exceeds the neutral particle 
temperature at altitudes above 300 km during the daytime. 
general accord with theoretical predictions which assume that the ions are 
heated by collisions with the hot ambient electrons and cooled by collisions 
with the neutral particles [25-271. Since the efficiency of the heating and 
cooling mechanisms depends upon the nature of the ionic species involved, the 
individual positive ions may have different temperatures. Theoretical calcula- 
tions have now been completed [ X V I I I ]  which include the cooling due to resonant 
charge tr nsfer processes as well as the role of near resonance reactions invol- 
ving H, 0 , O(3P2), O(3P1) and O(3P ). The important conclusions due to these 
calculations are: (1) it is sufficient to characterize the ionic temperature 
distribution by a single ion temperature and (2) the role of He+ is negligible 
at all altitudes. 

The results are in 

0 
? 

X V I I .  "A Satellite Experiment on the Detection of Noctilucent Clouds in 
the VW Region," by F.F. Marmo and T.C. Degges, J. Geophys. Res. (to be published) 

A theoretical investigation has been performed to examine the feasibility 
of detecting solar-illuminated noctilucent clouds or high-altitude dust parti- 
cles by employing a satellite-borne spectrometer to measure the VW backscat- 
tered radiation. The solar radiation diffusely-reflected by the earth's atmos- 
phere contributes to the background against which the noctilucent clouds or 
dust particles must be observed. This part of the background has been computed 
through second order cattering on the Rayleigh phase function for wavelengths 
between 1100 and 2000 s where the background radiation is extremely low when 
compared to wavelengths above 2000g. Additionally, estimates are made for the 
contribution of fluorescent scattering in the LBH band system to evaluate their 
contribution to the diffusely-reflected background intensity. In order to 
insure proper solar illumination of the noctilucent clouds, it is shown that 
one must employ wavelengths greater than 17508. 
above 20008, the background behaves in such a manner as to degrade the system 
capability. Mie scattering theory is used to estimate the flux backscattered 
by the solar-illuminated noctilucent cloud particles with a size distribution 
corresponding to those collected by rocket probes. 
a typical noctilucent cloud display is compared to the diffusely-reflected back- 
ground flux for the wavelength region between 1750 and 18508 and its detection 
by a spectrometer of the Fastie-Ebert type is evaluated. 

On the other hand for wavelengths 

The backscattered flux from 
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XVIII ."Ion Temperatures in the Topside Ionosphere," by A. Dalgarno 
and J.C.G.Walker, Planet. Space Sci. (to be published). 

Analysis of backscatter observations has established that the positive 
ion temperature exceeds the neutral particle temperature at altitudes above 300km 
during the daytime. Ion temperatures in the topside ionosphere have been cal- 
caluated with the assumption that the ions are heated by collisions with the 
hot ambient electrons and cooled by collisions with the neutral particles. 
Additional cooling occurs through resonant charge transfer processes. Considera- 
tion has also been given to the role of near-resonance reactions involving H, 
O', O(3P2),  O(3P1),  and O(3P0). 
and cooling for O+, He+, and H+ were derived and equated. 
stantial differences result between the ion temperatures; these are greatly 
modified due to the long-range Coulomb interaction which closely couples the 
various ion temperatures to each other. It is shown that the fraction of 0' 
ions produced by near resonance reactions is negligible and so accordingly is 
the heat source; however, near resonance reactions are important sources for 
H+ ions. 
the ionic distribution by a single ion temperature. Concerning the flow of 
heat from electrons to neutrals, at 700 km, the H+ and 0' ions are of  approxi- + mately equal importance. At lower altitudes the heat flows principally to 0 
and then to 0 (H+ loses most of its heat to 6+). 
principally to H' and then to H and He (0' receives most of its heat from H'). 
Finally, the role of He+ is shown to be negligible at all altitudes. 

The appropriate expressions for the heating 
On this basis, sub- 

The complete solutions indicate that it is sufficient to characterize 

At higher altitudes, heat flows 
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111. TECHNICAL SUMMARIES OF UNPUBLISHED RESULTS ON WORK PERFORMED 
UNDER THE PRESENT CONTRACT EFFORT 

In the present section, technical summaries of the unpublished work per- 
formed under the present contract effort are presented. In this category, the 
summaries are necessarily presented in greater detail since the major scien- 
tific features are not available elsewhere. 
for discussion herein and the adopted presentation format have previously been 
listed in the Introduction. 

The variety of topics included 

A .  Photochemistry of Planetary Atmospheres 

1. Investigations on the V W  Photolysis of Planetary Gases Designed to 
Determine the Role of Minor Constituents. - The Mariner IV experimental results 
have clearly indicated that C02 is the major constituent of the Martian atmos- 
phere. Additionally, it is highly suspect that this gas plays a major role in 
the Cytherean atmosphere. With respect to the Martian case, although other con- 
stituent gases are undoubtedly present, their individual identifications and 
abundances are essentially unknown. The results of laboratory C1-51 [II,III ] 
and theoretical [28] investigations, which have been conducted under this pro- 
gram, have suggested that these other resident species may include 02, 03, CO 
and C03. It is also generally recognized that other minor constituents in- 
cluding water vapor, CH4, S02, H2S, C2H2, CH20, etc., have a high residence 
probability in terrestrial planetary atmospheres. In fact, recently Kaplan 
et al. [29] have identified new absorption bands in a near-infrared spectrum 
of Mars by Fourier spectroscopy which have been tentatively identified as due 
partially to reduced gaseous species including substituted methanes. Thus, 
the performance of laboratory experiments on V W  photolysis of minor constit- 
uents in simulated planetary atmospheres is especially timely. 

Under the current program, preliminary laboratory investigations were con- 
ducted on the V W  photolysis of (1) pure C02 and (2) mixtures of H2S + 02 and 
C2H2 + 02. 
product has been detected in the case of the C02 experiments, somewhat more in- 
definite results were obtained for the gas mixtures. 

The initial results indicate that whereas an unidentified photolysis 

Of the two experimental configurations which were employed the first in- 
volved the coupling of a 1/2-meter Seya monochromator to a 6-inch photolysis 
cell so  that the absorption qualitative analysis and the appropriate photolysis 
could be performed simultaneously. A hydrogen discharge light source was 
used for the qualitative analysis absorption measurements for XX 1500 to 30008 
whereas a 147011 xenon discharge was employed as the photolytic photon source. 
The second experimental configuration employed a mass spectrometer to perform 
the required qualitative analysis which was coupled to the same photolysis cell. 
In this configuration, continuous mass monitoring could be achieved during the 
entire photolytic period. 

Only pure C02 measurements were performed on the first experimental setup, 
The two experiments whereas the second setup was employed for all three cases. 

and some preliminary results are discussed below. 
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I For the monochromator-photolysis c e l l  c o n f i g u r a t i o n  invo lv ing  pure c02, 
the hydrogen source was operated u n t i l  i t s  i n t e n s i t y  s t a b i l i z e d ,  which r equ i r ed  
about two hours.  
(I,) (see Figure 1) was recorded. 
which v a r i e d  between 10 and 50 mm Hg; an i n i t i a l  (Curve 1) a b s o r p t i o n  spectrum 
was recorded. Thereaf ter  during t h e  p h o t o l y s i s  p r o c e s s ,  a d d i t i o n a l  s p e c t r a  
were recorded a t  pe r iods  of 0.5 (Curve 2) and 3.0 (Curve 3 )  hours ,  r e s p e c t i v e l y .  
The r e s u l t s  a r e  presented i n  Figure 1 where t h e  abso rp t ion  i n t e n s i t y  i s  p l o t t e d  
a s  a func t ion  of wavelength from 16502 t o  2000g. 
t h r e e  hours produced no s i g n i f i c a n t  v a r i a t i o n  i n  the  a b s o r p t i o n  spectrum so  
t h a t  i t  was concluded t h a t  a s teady s t a t e  had been e s t a b l i s h e d  a t  t h i s  l a t t e r  
time. A number of a u x i l i a r y  experiments were performed t o  e l i m i n a t e  the e f -  
f e c t s  of outgassing o r  system l eaks .  On the b a s i s  of t h e  obse rva t ions ,  i t  i s  
c l e a r  t h a t  t h e  pho to lys i s  of C02 r e s u l t s  i n  one o r  more u n i d e n t i f i e d  products  
which absorb r a d i a t i o n  of wavelengths of about 1650 t o  19008. The r e su l t s  of 
previous experiments [ l -51 [ I I , I I I ]  have i n d i c a t e d  t h a t  t he  most l i k e l y  candi- 
d a t e  end products would inc lude  02,  CO, 03, and CO3. Concerning the  f i r s t  two 
c o n s t i t u e n t s ,  they a r e  known t o  absorb d i s c r e t e l y  i n  t h e  r eg ion  1650 t o  20008. 
Since t h e i r  w e l l  defined band s t r u c t u r e  would have been e a s i l y  i d e n t i f i e d  wi th  
the  a v a i l a b l e  5g r e s o l u t i o n  c a p a b i l i t y  of t h i s  system, they do n o t  appear t o  
be the sought end products.  With r e s p e c t  t o  03, the  s p e c t r a l  r eg ion  around 
2500g was i n v e s t i g a t e d  and negat ive r e s u l t s  were obtained.  On t h i s  b a s i s ,  i t  
was e s t a b l i s h e d  t h a t  t he  t o t a l  ozone concen t r a t ion  m u s t  be l e s s  than 5 x 1014 
molecules p e r  cc s o  t h a t  03 could no t  p o s s i b l y  be a major c o n t r i b u t o r  t o  t h e  
r e su l t s  of Figure 1 s i n c e  the  abso rp t ion  i n t e n s i t y  f o r  03 i n  t he  s p e c t r a l  r e -  
gion (1650 t o  19002) i s  a t  l e a s t  one order  of magnitude l e s s  than i n  the  2500x 
region.  By the above process  of e l i m i n a t i o n ,  i t  appears t h a t  t h e  observed ab- 
s o r p t i o n  i s  due t o  e i t h e r  t h e  gene ra t ion  and presence of Cog or  o the r  un iden t i -  
f i e d  products .  
i n p u t  t o  the problem of exp la in ing  Mariner I V  obse rva t ions  on the degree of re -  
duct ion of C 0 2  i n  the  Martian atmosphere. As f a r  a s  unambiguous s p e c t r a l  iden- 
t i f i c a t i o n  of C03 i s  concerned, no p rev ious  VW s p e c t r a  have been r epor t ed .  
Thus, i t  appeared t h a t  a mass spec t romet r i c  technique should be employed; t h i s  
requirement prompted the second s e r i e s  of experiments descr ibed next .  

Then the p h o t o l y s i s  c e l l  was evacuated and an i n i t i a l  spectrum 
The C02 gas  was then  admitted a t  p r e s s u r e s  

Continued i r r a d i a t i o n  beyond 

Establ ishment  of C 0 3  a s  the r e spons ib l e  product would be a major 

I n  the mass spectrometer-photolysis  s e t u p ,  a special ly-designed mass spec- 
trometer was coupled wi th  an a r c  l i t e r  f l a s k  t o  which the  VW p h o t o l y t i c  l i g h t  
source was at tached.  The 60-degree permanent magnetic-type mass spectrometer 
performed the  scanning ope ra t ion  by v a r i a t i o n  of t h e  a c c e l e r a t i o n  vo l t age .  It 
can be shown t h a t  the  t i m e  v a r i a t i o n  of t he  product  concen t r a t ion ,  X ,  i n  t he  
v e s s e l  i s  governed by t h e  equa t ion  

dX V = = P  - XF 

where V i s  the  volume of the f l a s k ,  p i s  the product ion r a t e ,  and F i s  the flow 
r a t e  i n t o  the  spectrometer.  
s o l u t i o n  t o  the above equat ion i s  given by 

When the  X product  i s  no t  i n i t i a l l y  p r e s e n t ,  the 

-. - 
P x = - F [1 - exp(- 1 t)i 
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i n d i c a t i n g  t h a t  t h e  concen t r a t ion  approaches a s t eady  s t a t e .  For a f l a s k  
volume of  1 l i t e r ,  a flow r a t e  of 0.3 cc / sec  s t eady  s t a t e  i s  a t t a i n e d  i n  ap- 
proximately 7 x l o3  sec  o r  about two hours  r e g a r d l e s s  of t h e  product ion  r a t e  
of t h e  product .  

I n  t h e  case of C02, p h o t o l y s i s  was cont inued f o r  over two hours  wh i l e  t h e  
mass spectrum was scanned i n  15-minute i n t e r v a l s .  While t h e  mass-time v a r i a t i o n  
due t o  02 was observed, t h e  presence of CO a t  mass 28 could no t  be  v e r i f i e d  s i n c e  
i t  was overlapped by an ion ized  fragment of CO2. Negative r e s u l t s  were obta ined  
when t h e  reg ion  of mass 62 was probed f o r  CO3 d e t e c t i o n .  
t h i s  r eg ion ,  optimum spectrometer  s e n s i t i v i t y  i s  n o t  achieved us ing  t h e  p re sen t ly -  
a v a i l a b l e  scanning mode. 
i nco rpora t ing  both magnetic scanning ( t o  enhance h igher  mass range s e n s i t i v i t y )  
and a more in t ense  VW p h o t o l y t i c  l i g h t  source.  

It t u r n s  out  t h a t  i n  

Thus, i t  would be  d e s i r a b l e  t o  perform t h e  experiments  

I n  s p i t e  of t h e  in s t rumen ta t ion  shortcomings,  a d d i t i o n a l  survey experiments  
were performed on t w o  mixtures:  (a) 1 O : l  oxygen-acetylene mixture  and (b) 1:l 
oxygen-H2S mixture.  I n  t h e  former,  a l though t h e  methylene r a d i c a l  was q u a l i t a -  
t i v e l y  de tec ted ,  q u a n t i t a t i v e  measurements could n o t  be  obtained.  Higher mass 
number products  were no t  de tec ted  f o r  t h e  same reason  c i t e d  above. I n  t h e  sec- 
ond mix tu re ,  although a s i g n i f i c a n t  amount of H2 was observed, d e f i n i t e  i d e n t i -  
f i c a t i o n  of su l fur -conta in ing  compounds could n o t  be achieved. 

It thus  appears t h a t  improved experimental  t echniques  a r e  r equ i r ed  t o  s a t -  
i s f a c t o r i l y  perform t h e  d i f f i c u l t  experiment of i d e n t i f y i n g  c o n s t i t u e n t  end 
products  i n  the  pho to lys i s  of p l a n e t a r y  g a s  mixtures .  Since gas  chromatography 
may r e p r e s e n t  a more v e r s a t i l e  a n a l y t i c a l  technique f o r  q u a l i t a t i v e  a n a l y s i s ,  
an a p p r o p r i a t e  ins t rument  has  been purchased wi th  GCA funds s o  t h a t  i t  i s  now 
a v a i l a b l e  f o r  fu tu re  i n v e s t i g a t i o n s  of t h i s  na tu re .  

B. Theore t i ca l  S tud ie s  

The r e s u l t s  of two unpublished t h e o r e t i c a l  i n v e s t i g a t i o n s  a r e  presented 
h e r e i n ;  namely, (1) c o l l i s i o n  processes  i n  p l ane ta ry  atmospheres and (2) atom- 
atom c o l l i s i o n  processes  i n  a s t rophys ic s .  A s  noted p rev ious ly ,  t h e  s u b j e c t  
m a t e r i a l s  were prepared a s  i n v i t e d  p r e s e n t a t i o n s  a t  t h e  I n t e r n a t i o n a l  Astro- 
nomical Union Working Group on C o l l i s i o n  Processes  i n  Astrophysics  Conference. 
A t  p r e s e n t ,  these papers  a r e  n o t  i n  forms compatible t o  p u b l i c a t i o n  so t h a t  
they may no t  appear elsewhere.  
a v a i l a b l e  i n  Quar te r ly  Progress  Report  No. 6 (see pp. 29-61) and t h e  t o p i c  i s  
somewhat pe r iphe ra l  t o  t h e  requirements  of t h e  c u r r e n t  program, a r a t h e r  b r i e f  
a b s t r a c t  i s  presented of t h i s  t op ic .  However, owing t o  t h e  s u b j e c t  ma t t e r  of 
(l),  i t  i s  e s s e n t i a l l y  reproduced i n  f u l l  h e r e i n  al though i t  a l s o  appears  i n  
the  above-mentioned Quar te r ly  Report .  

S ince  t h e  f u l l  t e x t  of t h e  second paper i s  

1. Co l l i s ion  Processes  i n  P l a n e t a r y  Atmospheres. - The proper  i n t e r p r e t a -  
t i o n  of many p lane ta ry  atmospheric phenomena r e q u i r e s  s p e c i f i c  knowledge of the  
r a t e s  of  t h e  p e r t i n e n t  atomic c o l l i s i o n  processes .  
c a n t  Droblems and appropr i a t e  c o l l i s i o n  processes  app l i cab le  t o  t h e  Mart ian and 

As such,  t he  more s i g n i f i -  

_ _  
Ear th  atmospheres a r e  summarized he re in .  
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I n  the p a s t  decade, s u b s t a n t i a l  p rog res s  has been achieved i n  the labora-  
t o r y  de t e rmina t ion  of t h e  thermal chemical r e a c t i o n  r a t e s  which in f luence  the 
s t r u c t u r e  of t he  E a r t h ' s  atmosphere and ionosphere.  I n  t h i s  r e g a r d ,  comprehen- 
s ive  reviews a r e  a v a i l a b l e  of t he  l abora to ry  measurements of r e a c t i o n s  involving 
oxygen and n i t r o g e n  [30] and hydrogen [31]. Most l a b o r a t o r y  measurements have 
been performed over a r e l a t i v e l y  r e s t r i c t e d  thermal range about room temperature 
and e f f o r t s  t o  extend the observat ions over a more a p p l i c a b l e  ambient range 
(150°K t o  3000'K) a r e  c l e a r l y  ind ica t ed .  To d a t e  o t h e r  than t h e  r o l e  of O ( l D ) ,  
[ l -51  [I-1111, the  e f f e c t s  of metastable  s p e c i e s  on t h e  chemistry of t he  atmos- 

phe rehave  no t  been s e r i o u s l y  explored, l a r g e l y  because few r e a c t i o n  measure- 
ments e x i s t  i n  which the  s t a t e s  of the r e a c t i n g  s p e c i e s  have been i d e n t i f i e d .  

Hunt [32]  has r e c e n t l y  considered t h e  photochemistry of an oxygen-hydrogen 
atmosphere and has  i n v e s t i g a t e d  the  d i u r n a l  atmospheric ozone concen t r a t ion .  
With r e s p e c t  t o  t h e  former, he has  demonstrated t h a t  t h e  me tas t ab le  O ( l D )  may 
p l a y  a s i g n i f i c a n t  r o l e  d e s p i t e  i t s  low concen t r a t ion  t o  produce f r e e  hydrogen 
atoms i n  the  s t r a t o s p h e r e .  A major unce r t a in ty  i n  the  c a l c u l a t i o n  involves  the  
e f f i c i e n c y  of d e a c t i v a t i o n  of t he  metastable  O ( l D )  atoms. The l D  s t a t e  r ep re -  
s e n t s  t h e  upper l e v e l  of t h e  r ed  l i n e  of atomic oxygen, which i s  a f a m i l i a r  a i r -  
glow emission f e a t u r e .  The observed dayglow i n t e n s i t i e s  a r e  unexpectedly weak, 
i n  l i g h t  of the many prodigious O(1D) sources ,  such a s  pho tod i s soc ia t ion  i n  the 
Schumann-Runge continuum of molecular oxygen, recombination of p o s i t i v e  ions  
03, (bu t  probably no t  NO+) [33] and c o l l i s i o n a l  e x c i t a t i o n  by the impact of 
nonthermal pho toe lec t rons .  A quenching r a t e  c o e f f i c i e n t  of 7 x 10-11 cm3 s e c - l  
i s  r equ i r ed  t o  e x p l a i n  the dayglow i n t e n s i t y  p red ica t ed  on d e a c t i v a t i o n  by co l -  
l i s i o n s  with the  major c o n s t i t u e n t  N2: 

(1) 
1 3 O( D) + N2 -+ O( P) + N2 

Hunt [32] has  reproduced t h e  atmospheric ozone p r o f i l e  employing a r e a c t i o n  
scheme r a t e  which i s  about two orders  of magnitude sma l l e r  than t h a t  of Reaction 
(1) above ( see  a l s o  Refs. I and 111). 

1 The presence of O( D) atoms may a l s o  have important consequences on the  
n i t r o g e n  oxide atmospheric chemistry,  a l though t h e  p e r t i n e n t  r e a c t i o n  r a t e s ,  
which a r e  l a r g e l y  unknown, m u s t  be obtained be fo re  a r e a l i s t i c  a n a l y s i s  can 
be performed . 

The presence of me tas t ab le  species  of molecular oxygen i n  the atmosphere 
may a l s o  a f f e c t  t he  hydrogen-oxygen and n i t r o g e n  oxide chemis t r i e s .  
of 02 i n  the 5% s t a t e  a r e  produced by a number of p rocesses ,  the most prominent 
of which i s  p ro  ably pho tod i s soc ia t ion  i n  t h e  Hart ley continuum of ozone. Meta- 
s t a b l e  molecules have been de tec t ed  i n  the  t w i l i g h t  and day airglow [34] while  
the appropr i a t e  product ion and l o s s  mechanisms have a l s o  been i n v e s t i g a t e d  [34, 
351. Sch i f f  and Megil l  [35] have drawn a t t e n t i o n  t o  the  p o s s i b l e  e f f e c t  of t h e  
r e a c t i o n  

Molecules 

o2 + o2 + 0 
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on the  ozone chemistry.  Although a l i s t  of  r e a c t i o n s  involv ing  02(1Ag) and 
0 2 ( ' 9 )  i s  a v a i l a b l e  [ 3 2 ] ,  t h e  i d e n t i f i c a t i o n  of t h e  impor tan t  r e a c t i o n s  i s  
somewfiat t e n t a t i v e  and t h e  magnitudes of t h e  r a t e  c o e f f i c i e n t s  a r e  h igh ly  un- 
c e r t a i n .  Recent ly ,  p e r t i n e n t  l abora to ry  work on 0 2 (  A. ) has  been r epor t ed  [ 3 6 ] .  1 

g 

The observed t w i l i g h t  emission of t h e  (0-1)02 band of  t he  'Ag - 3Z- system e i s  much weaker than p red ic t ed  on t h e o r e t i c a l  grounds.  
annual and evening-morning v a r i a t i o n s  a r e  e s s e n t i a l l y  unexplained [ 3 4 ] .  

Furthermore,  t h e  seasona l ,  

The chemistry of  t he  me tas t ab le  'Ag s t a t e s  of 02 r e q u i r e s  c l a r i f i c a t i o n  i n  
connect ion w i t h  a sugges t ion  [37] t h a t  t h e  detachment r e a c t i o n  

1 o2 ( np) + o2 + 02 + 02 + e 

may be s i g n i f i c a n t  i n  t h e  D-region both  dur ing  a p o l a r  cap abso rp t ion  event  and 
poss ib ly  

The 

may a l s o  

under undis turbed cond i t ions .  

p rocess  of a s s o c i a t i v e  detachment 

0 + 0; + o3 + e  

be s i g n i f i c a n t .  An e a r l y  t h e o r e t i c a l  s u  g e s t i o n  t h a t  t h e  p e r t i n e n t  
r a t e  c o e f f i c i e n t  may be a s  high a s  
by l abora to ry  measurements [38]. 

cm3 sec-? has  been confirmed r e c e n t l y  

Analys is  of  D-region phenomena sugges ts  t h a t  detachment does n o t  occur 
r a p i d l y  enough so  t h a t  i t  appears  necessary t o  t ransform 05 i n t o  some o the r  
nega t ive  i o n  which cannot  p a r t i c i p a t e  i n  an apparent  a s s o c i a t i v e  detachment 
process .  
p resented  by Dalgarno [39] ,  Whit ten and Popoff [40] and Branscomb [41]. 

Some p o t e n t i a l  app l i cab le  and r e l e v a n t  chemical r e a c t i o n s  have been 

It i s  now f i rmly  e s t a b l i s h e d  t h a t  pho to ion iza t ion  of n i t r i c  oxide by s o l a r  
Lyman-alpha i s  t h e  p r i n c i p a l  source of e l e c t r o n s  i n  the  undis turbed upper D- 
reg ion .  
r i v e d  a t o t a l  abundance of 1.1 x lo14 cm-2 below 85 km. Recent s t u d i e s  of NO 
product ion  [ 4 3 ]  have y ie lded  a l i s t  of probable  p e r t i n e n t  r e a c t i o n s  and e s t i -  
mates of t h e  assoc ia ted  r a t e  c o e f f i c i e n t s .  Fu r the r  l abora to ry  s tudy of t h e  
r e a c t  i o n  

Barth [42] has  d e t e c t e d  NO f luorescence  i n  t h e  dayglow and has de -  

N + 0 2 +  N O + O  

i s  i n d i c a t e d .  Since the  above r e a c t i o n  i s  h igh ly  temperature  s e n s i t i v e ,  ex- 
t r a p o l a t i o n  t o  o t h e r  thermal r eg ions  may produce misleading r e s u l t s .  
source of NO i s  provided by the  i o n i c  r e a c t i o n  

Another 

+ + 
O2 + N2 + NO + NO 
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Although r a t e  c o e f f i c i e n t  upper l i m i t s  have been der ived from l abora to ry  mea- 
surements [44 ,45] ,  i t s  a c t u a l  va lue  a t  D-region temperatures i s  unknown. Re- 
a c t i o n  ( 2 )  i s  a l s o  important i n  t h e  chemistry of i o n i c  s p e c i e s ,  a s  discussed 
most r e c e n t l y  by Donahue [MI ,  who p r e s e n t s  an ex tens ive  l i s t  of t h e  chemical 
r e a c t i o n s  a f f e c t i n g  t h e  major ions O+, Oz, g, and NO+. Most of t he  r e l e v a n t  
r a t e  c o e f f i c i e n t s  have been measured [45,47] over a narrow thermal range cen- 
t e r e d  about room temperature.  There i s  reasonable  agreement between t h e  the-  
o r e t i c a l  and observed i o n  concen t r a t ions  above 90 km [46]  although t h e  s i t u a -  
t i o n  i s  somewhat more ambiguous a t  lower l e v e l s .  According t o  Donahue [ 4 6 ] ,  
i t  i s  d i f f i c u l t  t o  r e c o n c i l e  t h e  r e a c t i o n  scheme s e l e c t e d  f o r  t he  E and F re- 
g ions  w i t h  the  l a r g e  0; concentrat ions which have been measured i n  the  D-region 
b mass spec t romet r i c  techniques [48] .  It should be noted t h a t  t he  metastable  
0 2 ( 4 ~ ) ,  which i s  produced i n  t h e  atmosphere [ I X ]  has no t  been d i scussed  he re in .  
What s p a r s e  information i s  a v a i l a b l e  of t he  r e spons ib l e  removal r e a c t i o n s  has  
been d i scussed  b r i e f l y  by Hunten and McElroy [ 4 9 ] .  More gene ra l  reviews of a t -  
mospheric d e a c t i v a t i o n  p r o  e s s e s  [49,50] a r e  a l s o  a v a i l a b l e .  React ions which 

7 

i nvo lve  t h e  metastable  0 + 5  ( D) i on  may a l s o  a f f e c t  t he  i o n i c  chemistry [51]. 

A number of problems involving s p e c i f i c a t i o n  of r e spons ib l e  r e a c t i o n s  have 
been r a i s e d  by r e c e n t  spectrometer  measurements [48,52] which i n d i c a t e  t h a t  com- 
p l ex  i o n s ,  consj.sting p o s s i b l y  of water vapor c l u s t e r s ,  a r e  the dominant i o n i c  
s p e c i e s  i n  the lower D-region. 

The most s e r i o u s  d i f f i c u l t y  i n  i n t e r p r e t i n g  ionospheric  composition i n -  
vo lves  the observed high abundance of p o s i t i v e  helium i o n s  i n  the  tops ide  iono- 
sphere.  The measured r a t e  c o e f f i c i e n t s  [45,53] f o r  

+ + + 
He + N 2  + He + N 2  (or N + N ) 

+ 
appear t o  be too high [54]. 
e x i s t s  o r  t he  l a b o r a t o r y  measured r a t e  c o e f f i c i e n t  i s  n o t  a p p l i c a b l e  t o  ambient 
i onosphe r i c  cond i t ions .  
t i o n a l  e x c i t a t i o n  may be r e l e v a n t ,  but f u r t h e r  study of t h i s  p o i n t  i s  necessary.  
The above p rocess  may a l s o  be p e r t i n e n t  t o  both t h e  problems of n e u t r a l  helium 
escape from the atmosphere and the  production of fl and N+ a t  high a l t i t u d e s .  

E i t h e r  an abundant and unrecognized source of He 

It has been suggested [ 5 5 ]  t h a t  the degree of v ib ra -  

The degree of v i b r a t i o n a l  e x c i t a t i o n  of atmospheric molecules merits fu r -  
t h e r  s tudy e s p e c i a l l y  s i n c e  i t  has r e c e n t l y  been demonstrated i n  t h e  l abora to ry  
[ 5 6 ]  t h a t  t h e  r a t e  of 

+ 0' + N2 + NO + N 

i n c r e a s e s  r a p i d l y  a t  higher  v i b r a t i o n a l  temperatures.  This  may e x p l a i n  the  
diminut ion i n  e l e c t r o n  d e n s i t y  i n  the v i c i n i t y  of red a r c s  and during d i s tu rbed  
ionosphe r i c  cond i t ions .  V ib ra t iona l ly  exc i t ed  molecules can be produced by 
e l e c t r o n  impact and p o s s i b l y  by t h e  O ( l D )  d e a c t i v a t i o n  p rocess  s p e c i f i e d  i n  
React ion (1). 
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It has been suggested [57]  t h a t  v i b r a t i o n a l  e x c i t a t i o n  may be the  energy 
source f o r  e x c i t a t i o n  of t he  l i n e s  due t o  NaD according t o  

* 2 Na + N 2  + Na ( P) + N2 

Add i t iona l ly ,  Hunten [ 5 8 ]  has  shown t h a t  t h i s  r e a c t i o n  occurs  i n  low a l t i t u d e  
aurora .  P e r t i n e n t  l abora to ry  r e s u l t s  have a l s o  r e c e n t l y  become a v a i l a b l e  [59] .  

Experimental measurements of v i b r a t i o n a l  e x c i t a t i o n  and d e - e x c i t a t i o n  pro- 
ces ses  and of t h e  e f f e c t  of e x c i t a t i o n  on r e a c t i o n  r a t e s  would be of cons ider -  
ab le  va lue .  Bates [60]  has  argued t h a t  t h e  atom-atom in te rchange  p rocess  

* o + 0 2 +  o * + o  

may be an e f f i c i e n t  mechanism f o r  0; d e a c t i v a t i o n .  
s u b s t a n t i a l  atmospheric popu la t ion  of 02 must r e s u l t  n e c e s s a r i l y  through pro- 
duc t ion  processes  such a s  f luorescence  i n  the  d i s c r e t e  Schumanz-Runge system. 
I n  a d d i t i o n  t o  i t s  d i v e r s e  e f f e c t s  on atmospheric chemis t ry ,  0; can be ion ized  
by long wavelength s o l a r  r a d i a t i o n  r e s u l t i n g  i n  a corresponding mod i f i ca t ion  
of Lyman- a lpha  absorp t ion .  

I f  t h i s  i s  no t  t he  c a s e ,  a * 

The r eac t ions  discussed above involve  thermal c o l l i s i o n  processes .  Non- 
thermal heavy p a r t i c l e  c o l l i s i o n  processes  involve  f a s t  p ro tons  and hydrogen 
atoms r e s u l t i n g  from e l e c t r o n  cap tu re  by t h e  pro tons  i n  c o l l i s i o n s  wi th  ambient 
c o n s t i t u e n t s .  The atmosphere i s  bombarded by pro tons  dur ing  au ro ras  and, i n  
p a r t i c u l a r  , during p o l a r  cap au ro ras .  Unfor tuna te ly ,  only spa r se  informat ion  
i s  a v a i l a b l e  regarding the  c r o s s  s e c t i o n s  f o r  t he  v a r i o u s  p o s s i b l e  processes  
[61,62].  

A s i m i l a r  s i t u a t i o n  e x i s t s  f o r  t he  case  of  e l e c t r o n  impact. E lec t ron  i m -  
pac t  e x c i t a t i o n  and i o n i z a t i o n  i n v e s t i g a t i o n s  have assumed added s i g n i f i c a n c e ,  
s ince  i t  has been recognized t h a t  photoe lec t rons  c o n t r i b u t e  s u b s t a n t i a l l y  t o  
dayglow e x c i t a t i o n .  Successfu l  observa t ion  of t h i s  phenomenon E631 provides  
a va luab le  technique of i n v e s t i g a t i n g  atmospheric p r o p e r t i e s .  

Determination of t he  ionospher ic  e l e c t r o n  and i o n  temperatures  r e q u i r e s  
knowledge of the p e r t i n e n t  e l e c t r o n  c o l l i s i o n  processes .  
p rocesses  a r e  known t o  s u f f i c i e n t  accuracy [ 6 4 ]  wi th  t h e  except ion  of v i b r a t i o n a l  
and r o t a t i o n a l  e x c i t a t i o n  of molecular  oxygen. Recent ly ,  s t u d i e s  on t h e  cool ing  
of e l e c t r o n s  c o l l i d i n g  w i t h  0 2  have been performed [65,66,67].  

Most of t h e  important  

The r e s u l t s  o f  t h e  Mariner I V  o c c u l t a t i o n  experiment have presented  a num- 
b e r  of b a s i c  i n t e r p r e t i v e  problems. 
i t s  d i s s o c i a t i o n  and i o n i z a t i o n  products  a r e  v i t a l  t o  a proper  understanding 
of t h e  s t r u c t u r e  of t h e  Mart ian atmosphere. 
be very  low, measurements down t o  temperatures  a s  low a s  50% a r e  d e s i r a b l e .  
The r e a c t i o n  

The r a t e s  of r e a c t i o n s  involv ing  C 0 2  and 

Since t h e  ambient temperature may 

+ + 
0 + co2 + o2 + co 
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i s  impor a n t  i n  the Martian ionosphere. Although the  r a t e  c o e f f i c i e n t  has been 
measured a t  room temperature [38,68],  s i m i l a r  obse rva t ions  do n o t  e x i s t  a t  80%, 
a temperature suggested [69,70] a s  appropr i a t e  t o  a Martian a l t i t u d e  of 120 km. 
An argument t h a t  such a low temperature i s  no t  p r e v a l e n t  [71]  i s  p red ica t ed  on 
the assumption t h a t  CO; recombines r a p i d l y  wi th  e l e c t r o n s .  Therefore , labora- 
t o r y  measurements a r e  r equ i r ed  on the r a t e  of d i s s o c i a t i v e  recombination of CO; 
and i d e n t i f i c a t i o n  of t h e  r e s u l t a n t  products .  

With r e s p e c t  t o  r a d i a t i o n  lo s ses ,  i t  has been assumed [ 7 1 ]  t h a t  t e r a t e  
c o e f f i c i e n t  f o r  v i b r a t i o n a l  d e a c t i v a t i o n  of C02 v a r i e s  a s  exp(-82.8T-l P 3). 
This  s p e c i f i c a t i o n  reproduces the  high temperature d a t a  adequately b u t  i t  i s  
u n c e r t a i n  whether i t  remains appropr i a t e  over the p o s s i b l e  range of Martian 
temperatures.  

Because of t he  low Martian atmospheric d e n s i t i e s ,  two-body c o l l i s i o n  pro- 
c e s s e s  assume g r e a t e r  importance than i n  t h e  t e r r e s t r i a l  atmosphere. A s  such, 
r a d i a t i v e  a s s o c i a t i o n ,  about which only spa r se  q u a n t i t a t i v e  information i s  
a v a i l a b l e ,  may be the major recombination mechanism. 

With r e s p e c t  t o  o t h e r  p l a n e t s ,  t h e r e  e x i s t s  some l i m i t e d  d i s c u s s i o n s  of 
t he  upper atmospheres of Venus [72] and J u p i t e r  [73] .  React ions involving the 
d i s s o c i a t i o n  and i o n i z a t i o n  products  of C02 and N2 a r e  s i g n i f i c a n t  f o r  Venus, 
and of H2 and He f o r  J u p i t e r .  Of p a r t i c u l a r  re levance t o  a p r e d i c t i o n  of the 
composition of the Jov ian  ionosphere a r e  the  r a t e s  of t h e  r e a c t i o n s  

+ + He + H2 + HeH + H 

+ + He + H2 

+ 
which, though slow, a r e  probably r e spons ib l e  f o r  t h e  removal of He i ons .  

2. Atom-Atom C o l l i s i o n  Processes i n  Astrophysics.  - Atom-atom c o l l i s i o n  
p rocesses  which a r e  r e l e v a n t  t o  a s t r o p h y s i c a l  problems occur e i t h e r  a t  very 
high energy l e v e l s  o r  a t  thermal energies .  With the  excep t ion  of rearrangement 
p r o c e s s e s ,  t he  former can be described by the  s tandard Born approximation where- 
a s  f o r  t h e  l a t t e r  ca se ,  s p e c i f i c  t h e o r e t i c a l  t r ea tmen t s  a r e  r equ i r ed  f o r  i nd i -  
v i d u a l  problems. I n  the  p r e s e n t  d i scuss ion ,  both cases  a r e  considered f o r  t he  
purpose of de f in ing  the  r e l e v a n t  problems i n  each and f o r  p re sen t ing  appropri-  
a t e  reviews of c u r r e n t  knowledge i n  t h e  def ined a reas .  

a. High energy c o l l i s i o n s .  - Owing t o  the  occurrence of cosmic r a y s ,  high 
energy c o l l i s i o n s  of protons and n e u t r a l  hydrogen atoms w i t h  hydrogen and pos- 
s i b l y  helium assume s p e c i a l  importance. 
p rocesses  have been def ined a s  follows: 

On t h i s  b a s i s ,  some of t he  r e l e v a n t  

+ 
E x c i t a t i o n  and i o n i z a t i o n  of H b y  H : 

H+ + H ( l s )  + H+ + H(2s,2p,3s,3p,3d) 
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and the i o n i z a t i o n  p rocess :  

+ H + H +  H + + H + + ~ .  

E x c i t a t i o n  of H by H: 

H ( 1 s )  + H(1s) + H(nl,ll) + H(n2j2) 

and the i o n i z a t i o n  p rocesses :  

+ H ( 1 s )  + H(1s) -+ H(nljl) + H + e 

+ H ( 1 s )  + H(1s) + H+ + e -t H + e . 
The corresponding e x c i t a t i o n  and i o n i z a t i o n  p rocesses  f o r  He by H+ and H i nc lude :  

1 H+ -I- He(1'S) + H+ + He(ls2p P) 

1 1 H + +  He(1 S)  + H+ + He(ls3p P) 

+ 1 H + He(1 S) + H+ f He+(ls) + e 

1 H' + He(1 S) + H+ + He+(nJ) + e 

H + He(llS) + H(C) + He(ls2p'P) 

3 3 
H + He(2 S) + H(C) + He(ls2p P) 

3 3 
H + He(2 S)  + H(C) + He(ls3p P) 

H + He(llS) +H+ + e + He(C) . 
I n  a d d i t i o n ,  charge t r a n s f e r  processes  f o r  t hese  spec ie s  have a l s o  been con- 
s ide red .  A s  examples) the charge t r a n s f e r  of H+ i n  H i s  descr ibed by 

+ H+ + H ( 1 s )  + H(nJ) + H , 
while  the  associated charge t r a n s f e r  process  of H+ i n  He i s  expressed by: 

1 H+ + He(l S)  + H(n,4?) + He+(n'J/) 

f o r  va r ious  exci ted s t a t e s  of end products .  Associated problems which have 
been considered involve the s topping power of H+ i n  H ( i . e .  ) the  e f f i c i e n c y  
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w i t h  which a beam of p ro tons  i s  slowed down i n  a gas of g round-s t a t e  hjrdroger. 
atoms) and the  s topping power of H+ i n  a plasma of & and e l e c t r o n s  ( i .e. ,  t he  
energy l o s s  of f a s t  p ro tons  i n  an ionized hydrogen plasma). 
c r i t i c a l  e v a l u a t i o n s  were performed t o  d e r i v e  the  most c u r r e n t  accep tab le  c r o s s  
s e c t i o n s .  

I n  the  above c a s e s ,  

b .  Low energy c o l l i s i o n s .  - I n  t h e  case  of low energy c o l l i s i o n s ,  t he  
e l e c t r o n  impact e x c i t a t i o n  c r o s s  s e c t i o n  i n c r e a s e s  r a p i d l y  from th resho ld  t o  
a maximum, which occurs  a t  an impact v e l o c i t y  corresponding t o  about twice t h e  
th re sho ld  energy; t h e r e a f t e r ,  i t  decreases  a sympto t i ca l ly  e i t h e r  a s  E'l an E 
f o r  op t i ca l ly -a l lowed  t r a n s i t i o n s  or a s  E'1 f o r  o p t i c a l l y - f o r b i d d e n  t r a n s i t i o n s .  
Thus ,  e l e c t r o n  impact e x c i t a t i o n  i s  usua l ly  more e f f i c i e n t  t han  p ro ton  impact 
e x c i t a t i o n  except  when the  threshold energy r e p r e s e n t s  a small  f r a c t i o n  of t h e  
thermal plasma energy. An example of an important e x c i t a t i o n  p rocess  i n  which 
p ro ton  impact i s  more e f f i c i e n t  than e l e c t r o n  impact i s  t h e  2s-2p t r a n s i t i o n  
i n  atomic'  hydrogen 

This  r e a c t i o n  p l a y s  an important r o l e  i n  reducing t h e  i n t e n s i t y  of t he  two- 
quantum emission from H ( 2 s ) .  A s i m i l a r  r e a c t i o n  which may be important i s  the  
proton impact e x c i t a t i o n  of molecule r e a c t i o n s  such as:  

The p a r t i c u l a r  ca se  

+ + H + CN( j=O)  + H + C N ( j = l )  

has  been i n v e s t i g a t e d  i n  connection with cosmic microwave r a d i a t i o n  a t  a wave- 
l eng th  of 2.63 mm. 
symmetrical and asymmetrical charge t r a n s f e r  processes  s u c h  a s  

Other r e l e v a n t  low energy c o l l i s i o n a l  p rocesses  inc lude  

and 

H + + X +  H + X + ,  

r e s p e c t i v e l y .  A s p e c i f i c  example of t h e  l a t t e r  r e a c t i o n  i s  

H+ + o ( ~ P )  + H + o+(~s) 
which may a f f e c t  t he  r a t i o  of the 0 t o  0' d e n s i t i e s  i n  t h e  Cassiopeia  r a d i o  
source.  
t r a n s f e r  such a s  

A number of o t h e r  processes  of i n t e r e s t  i nc lude  r a d i a t i v e  charge 

+ +  
H e * + H +  He + H  + h v  

29 



r a d i a t i v e  a s s o c i a t i o n ,  such a s  

C + H +  C H + h v  

or  

+ + 
C + H +  CH + h v ;  

co l l i s ion- induced  r a d i a t i v e  d e a c t i v a t i o n ,  such a s  

1 H+ + He(2lS) + H+ + H e ( 1  S) + hv ; 

a s s o c i a t i v e  detachment, such a s  

H + H - +  H 2 + e ;  

mutual n e u t r a l i z a t i o n ,  such a s  

H + + H - +  H + H ;  

and penning i o n i z a t i o n  i n  which a r a d i a t i o n l e s s  t r a n s i t i o n  occurs ,  such a s  

1 1 He(2 S)  + H + He(  S) + H+ + e 

and 

3 1 + 
He(2 S)  + H He( S) + H + e . 

F i n a l l y ,  o the r  processes  of i n t e r e s t  t o  a s t rophys ic s  were a l s o  i d e n t i f i e d  and 
discussed.  These included s p i n  change p rocesses ,  t h e  r o l e  of quenching co l -  
l i s i o n s ,  and f i n a l l y  a number of p e r t i n e n t  chemical r e a c t i o n s .  The r eade r  i s  
d i r e c t e d  toward Quar t e r ly  Report  No. 6 f o r  a more d e t a i l e d  d i scuss ion  of t h i s  
t op ic .  
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C. Laboratory I n v e s t i g a t i o n s  i n  the WV (2000 t o  lOOObl)  and 
the  EUV (below 10002) S p e c t r a l  Regions 

With r e s p e c t  t o  unpublished ma te r i a l  i n  t he  WV and EUV l a b o r a t o r y  i n v e s t i -  
g a t i o n  ca t egory ,  t h r e e  s c i e n t i f i c  a r eas  are discussed h e r e i n :  (1) t h e  e l e c t r o n  
energy spectrum due t o  the  WV and EUV pho to ion iza t ion  of 02, N2, COY and C02 ;  
(2) t h e  v a r i a t i o n  of t h e  pho to ion iza t ion  threshold wi th  temperature;  and (3 )  
a b s o r p t i o n  and pho to ion iza t ion  minima i n  molecular spectra of p l a n e t a r y  g a s e s .  

1. Laboratory Determination of t he  E l e c t r o n  Energy Spectrum Due t o  the 
WV and EUV Pho to ion iza t ion  of 0 2 2 2 , ,  CO, and C07. - Recent ly ,  i t  has  been 
shown [74,75] [ I X ]  t h a t  a proper understanding of the behavior  o f  e l e c t r o n  
temperature and f luorescence i n  t h e  E a r t h ' s  upper atmosphere r e q u i r e s  a c c u r a t e  
knowledge of both the  c r o s s  s e c t i o n s  and geometric d i s t r i b u t i o n s  of photoelec- 
t r o n s  produced by VW and EUV s o l a r  pho to ion iza t ion  of atmospheric g a s e s .  
Since a c c u r a t e  t h e o r e t i c a l  determinat ions a r e  precluded owing t o  the complexity 
of the involved processes ,  t he  required d a t a  could on ly  be obtained experimen- 
t a l l y .  Under the  c u r r e n t  c o n t r a c t ,  cons ide rab le  progress  has  been achieved 
i n  t h e  experimental  de t e rmina t ion  of the e l e c t r o n  energy spectrum due t o  the 
WV and EUV pho to ion iza t ion  of s eve ra l  p l a n e t a r y  g a s e s  inc lud ing  02, N2, COY 
and C02 as descr ibed below. 

ana lyze r  coupled t o  a 1/2-meter Seya monochromator so  t h a t  the e l e c t r o n  energy 
and geometr ic  d i s t r i b u t i o n  can be monitored cont inuously as a func t ion  of t he  
narrow bandpass f l u x  emerging from the e x i t  s l i t  of t h e  monochromator. A pre- 
l imina ry  e l e c t r o n  energy ana lyze r  was developed, c o n s i s t i n g  of t h r e e  concen t r i c  
c y l i n d r i c a l  g r i d s  surrounded by a c y l i n d r i c a l  c o l l e c t o r  p l a t e  a s  descr ibed i n  
the F i r s t  Q u a r t e r l y  Progress  Report. Although the  g e n e r a l  performance of t h i s  
ana lyze r  was encouraging, the observed d e p a r t u r e  from i d e a l  behavior precluded 
q u a n t i t a t i v e  measurements involving the  f i n e  s t r u c t u r e  expected f o r  molecular 
i ons  such as N2' and 02+. Accordingly, i t  was decided t h a t  a f u r t h e r  i n s t r u -  
mental  design refinement was required.  

The g e n e r a l  experimental  s e t u p  involves  t h e  use o f  a s u i t a b l e  e l e c t r o n  

On the  b a s i s  of a sys t ema t i c  design a n a l y s i s  p red ica t ed  on the performance 
o f  t h e  above c y l i n d r i c a l  ana lyze r ,  a s p h e r i c a l  e l e c t r o n  energy ana lyze r  was 
cons t ruc t ed  as shown i n  Figure 2. Although d e t a i l s  are  n o t  i n d i c a t e d  h e r e ,  
most of the major problems encountered i n  the c y l i n d r i c a l  conf igu ra t ion  have 
been e l imina ted  so  t h a t  accep tab le  experimental  r e su l t s ,  w i th  a n  energy reso-  
l u t i o n  of approximately 3 percen t ,  a r e  now obtained on a r o u t i n e  b a s i s .  This 
r e s o l u t i o n  is  s u f f i c i e n t  t o  i d e n t i f y  most of t he  s i g n i f i c a n t  e l e c t r o n i c  s ta tes  
of a molecule and i n  some cases  even t h e  v i b r a t i o n a l  s t a t e s .  An important 
bonus f e a t u r e  of t h i s  new conf igu ra t ion  is t h a t  a 52 monochromatic bandpass 
can be employed t o  produce VW o r  EUV pho toe lec t rons  w i t h i n  the  ana lyze r .  
Thus, the combination of high (3 percent) r e s o l u t i o n  and narrow band (52) 
monochromatic bandpass made it poss ib l e  f o r  t he  f i r s t  t i m e ,  i n  any l a b o r a t o r y ,  
t o  measure the p r o b a b i l i t y  of a photon (of g iven  energy) being absorbed i n t o  
a p a r t i c u l a r  molecular e l e c t r o n i c  (and even v i b r a t i o n a l )  s t a t e .  
the raw d a t a  obtained d i r e c t l y  from the ana lyze r  i n  t h e  measurement of t he  
i n d i v i d u a l  abso rp t ion  processes  for  the c a l i b r a t i o n  tes t  g a s ,  xenon, are shown 

For example, 
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i n  Figure 3. Two s t e p s  i n  the e l e c t r o n  c u r r e n t  a r e  revealed a s  the r e t a r d i n g  
p o t e n t i a l  i s  inc reased .  The r a t i o  o f  t he  magnitudes of t hese  s t e p s  i s  equiva- 
l e n t  t o  the  r a t i o  of t h e  abso rp t ion  c r o s s  s e c t i o n s  f o r  the two processes  r e s u l t -  
i n  t h e  i o n i c  2P3/2 ground s t a t e  and 2P1/2 e x c i t e d  s t a t e .  The r e s u l t s  a r e  pre- 
sented i n  Figure 4 as a func t ion  of wavelength down t o  4002, where the  symbols 
a1/2, 03 2, and a t  r e f e r  t o  t h e  s p e c i f i c  abso rp t ion  c r o s s  s e c t i o n s  f o r  produc- 
ing t h e  1P1/2, 2P3/2 s t a t e s  and t h e  t o t a l  abso rp t ion  c r o s s  s e c t i o n ,  r e s p e c t i v e l y .  

Although the  above experiments yielded h i g h l y  encouraging r e s u l t s  , pre-  
l i m i n a r y  measurements on s e l e c t e d  molecular s p e c i e s  i n d i c a t e d  t h a t  t h e  presence 
o f  t he  Ea r th  ambient magnetic f i e l d  c o n s t i t u t e d  a l i m i t i n g  experimental  f a c t o r .  , 

S p e c i f i c a l l y ,  s i g n i f i c a n t  magnetic e f f e c t s  a r e  observed when the e l e c t r o n  
energy i s  i n v e s t i g a t e d  a t  wavelengths nea r  the threshold f o r  any g iven  e l e c -  
t r o n i c  t r a n s i t i o n .  As a r e s u l t ,  ambiguous r e s u l t s  were obtained i n i t i a l l y  due 
t o  magnetic t r app ing .  To minimize t h i s  d e f e c t ,  a Helmholtz c o i l  was employed 
t o  produce a uniform f i e l d  which was then o r i e n t e d  i n  a d i r e c t i o n  oppos i t e  t o  
the ambient f i e l d  and ad jus t ed  i n  magnitude t o  produce a f i e l d - f r e e  region 
i n  the  v i c i n i t y  of t he  e l e c t r o n  analyzer .  A view of the Seya monochromator, 
Helmholtz c o i l ,  and analyzer  housing i s  shown i n  Figure 5 where i t  can be noted 
t h a t  t h e  c o i l  i s  i n c l i n e d  perpendicular  t o  t h e  ambient magnetic f i e l d .  The 
r equ i r ed  bucking f i e l d  i s  produced by two c o i l s  o f  r a d i u s ,  a cm, sepa ra t ed  
by an equ iva len t  d i s t a n c e ,  and having 2 t u r n s  of w i r e  with a c u r r e n t  of I amps 
flowing through each c o i l ,  s o  t h a t  the f i e l d  a t  t he  c e n t e r  of the c o i l  i s  g iven  
by H = 0.285 m I / a  Gauss. For the  design parameters employed h e r e i n ,  2 = 51 c m  
and g = 100 t u r n s ;  t h u s ,  t o  produce a f i e l d  o f  0.5 Gauss, a c u r r e n t  of 280 mA 
completely n e u t r a l i z e d  the con t r ibu t ion  of t he  ambient magnetic f i e l d .  With 
t h i s  problem solved and a s u i t a b l e  analyzer  a v a i l a b l e ,  t h e  t a s k  of performing 
q u a n t i t a t i v e  measurements on s p e c i f i c  atmospheric gases  was then resumed. 

Employment of t he  s p h e r i c a l  analyzer  r e s u l t s  i n  reduced e l e c t r o n  c u r r e n t s  
s o  t h a t  i t  was necessa ry  t o  dev i se  the most e f f i c i e n t  pho toe lec t ron  c o l l e c t i o n  
system. For t h i s  purpose, a systematic  i n v e s t i g a t i o n  w a s  performed t o  dev i se  
an optimum e l e c t r o n  focusing system so  t h a t  most of the e l e c t r o n s  leaving the  
ana lyze r  could be c o l l e c t e d  on t h e  f i n i t e  area of t he  e l e c t r o n  m u l t i p l i e r  
cathode. The d e t a i l e d  a n a l y s i s  i s  a v a i l a b l e  i n  Quar t e r ly  Progress  Report No. 6. 

Although t h e  focusing device may n o t  be optimum, when employed i n  con- 
j u n c t i o n  wi th  the above o v e r - a l l  experimental  conf igu ra t ion ,  s u f f i c i e n t  sen- 
s i t i v i t y  was a v a i l a b l e  f o r  t h e  performance of p re l imina ry  measurements a t  
5848, f o r  02, N2, COY and C02. 
Figures  6 and 7 .  The improved r e s o l u t i o n  of t h e s e  r e s u l t s  i s  demonstrated 
i n  Figure 6 where the v i b r a t i o n a l  s t r u c t u r e  of  t h e  A2% s t a t e  o f  t he  molecular 
n i t r o g e n  ion  i s  i n d i c a t e d .  
e s t a b l i s h e s  t h a t  the p re sen t  energy r e s o l u t i o n  of the ana lyze r  i s  a t  least  3 . 7  
p e r c e n t .  

Typical r e s u l t s  f o r  N2 and C02 a r e  shown i n  

These s t a t e s  a r e  separated by on ly  0.22 e V  which 

Values of the t o t a l  and ind iv idua l  pho to ion iza t ion  c r o s s  s e c t i o n s  a r e  
l i s t e d  i n  Table 1 f o r  02, N2, COY and C02 a t  5842 where t h e  pho to ion iza t ion  
y i e l d  f o r  t hese  gases  i s  100 percent .  Thus, the t a b u l a t e d  d a t a  provide new 
information on the i d e n t i f i c a t i o n  of  i n d i v i d u a l  pho to ion iza t ion  processes  and 
t h e i r  a s s o c i a t e d  c r o s s  s e c t i o n s  for  abso rp t ion  of 584g r a d i a t i o n .  
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TABLE 1 

THE INDIVIDUAL PHOTOIONIZATION CROSS SECTIONS FOR 
VARIOUS GASES MEASURED AT 584g 

Total Specific 
Gas and Photoionization Photoionization Ionization 

Cross Section Cross Section Po tent ia 1 Transition 

(em2) (cm 1 ( e n  (1) 2 

3 -  2 0 2 X Z  + x n  
g 

co XIZ+ + X2Z+ 

B2Z+ 

, A2iI 

U 
5 
2Z+ 

U 

23 x 3.7 x 10-l8 

6.9 x 

- 18 

- 18 

5 .5  x 10 

6.9 x 10 

23 x 9.0 x 

11.2 x 

2.8 x 

22 x 6 . 8  x 

- 18 

- 18 

9.9 x 10 

5 .3  x 10 

- 18 34 x 8.8 x 10 

13.6 x 

8.8 x 

2.7 x 

12.063 

16.107 

16.812 

18.173 

20.308 

15.580 

16.704 

18.750 

14.013 

16.536 

19.674 

13.769 

17.312 

18.076 

19.392 

1027.8 

769.740 

737.474 

682.217 

610.493 

795.755 

742.225 

661.231 

884.73 

749.74 

630.15 

900.414 

7 16.158 

685.871 

639.345 
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2 .  Laboratory I n v e s t i g a t i o n  on t h e  V a r i a t i o n  of  Pho to ion iza t ion  Threshold 
wi th  Temperature. - Many ionospheric  physics  problems r e q u i r e  p r e c i s e  knowledge 
of both the i o n i z a t i o n  th re sho lds  of atmospheric g a s e s  and t h e i r  v a r i a t i o n  wi th  
temperature.  Under t h e  p re sen t  c o n t r a c t ,  t h e  v a r i a t i o n  of t he  f i r s t  i o n i z a t i o n  
p o t e n t i a l  o f  02 wi th  temperature was i n v e s t i g a t e d  expe r imen ta l ly  s o  t h a t  t h e  
p r e c i s e  threshold value of 1027.82 0.18 corresponding t o  12.063 t 0.001 eV could 
be e s t a b l i s h e d .  The a p p l i c a t i o n  of  the technique descr ibed below is  c l e a r l y  
a p p l i c a b l e  t o  o the r  gases  a t  wavelengths i n  the v i c i n i t y  of t h e i r  i o n i z a t i o n  
p o t e n t i a l s .  In t h e  p re sen t  d i s c u s s i o n ,  t h e  v a r i a t i o n  of i o n i z a t i o n  th re sho ld  
with temperature i s  s t r e s s e d  s i n c e  a more complete d i s c u s s i o n  of t he  b a s i c  
threshold experiment i s  a v a i l a b l e  elsewhere [XI. The pho to ion iza t ion  o n s e t  
p o t e n t i a l  o f  O2 a t  room temperature has  been measured p rev ious ly  by Inn [76]  
and by Watanabe and Marmo [77]  who observed ions  a t  wavelengths a s  long as 
10292 and 1030.88, r e s p e c t i v e l y .  Watanabe and Marmo [77] a sc r ibed  an observed 
long wavelength t a i l  t o  the presence of e x c i t e d  v i b r a t i o n a l  s t a t e s .  As a conse- 
quence, the t rue  i o n i z a t i o n  o n s e t  p o t e n t i a l  was e s t a b l i s h e d  a t  1026.5-l- - 12 cor-  
responding t o  12.08 - + 0.01 eV. 
i n  t h e  p re sen t  experiments,  i o n i z a t i o n  c u r r e n t s  were observed a t  wavelengths a s  
long a s  10462. With r e s p e c t  t o  v i b r a t i o n a l l y - e x c i t e d  0 2 ,  it has  been shown [XI 
t h a t  only about 0.06 percent  can r e s i d e  i n  the  f i r s t  v i b r a t i o n a l  s t a t e  a t  room 
temperature.  Therefore,  by cool ing the  gas  t o  the temperature of l i q u i d  oxygen 
(-188OC), t h e  r o l e  of v i b r a t i o n a l  s t a t e s  could e s s e n t i a l l y  be el iminated s i n c e ,  
a t  t h i s  temperature,  the populat ion would be reduced by a f a c t o r  of l o9  compared 
t o  the condi t ion a t  room temperature.  Thus, i f  v i b r a t i o n a l  s t a t e s  indeed con- 
t r i b u t e  s i g n i f i c a n t l y ,  a s u b s t a n t i a l  decrease i n  c u r r e n t  would be observed a t  
t h i s  low temperature.  

Since more sensi t ive techniques were employed 

For the  above purpose, a n  a p p r o p r i a t e  i o n  chamber w a s  designed and cons t ruc t ed  
d ry  i c e  (-80°C) t o  perform t h e  i n d i c a t e d  measurements a t  two reduced temperatures:  

and l i q u i d  oxygen (-188OC). A gene ra l  c o n f i g u r a t i o n  of the  c e l l  is presented i n  
Figure 8. A d e t a i l e d  d i s c u s s i o n  of t h e  experimental  procedures employed h e r e i n  
i s  a v a i l a b l e  elsewhere [XI so  t h a t  no f u r t h e r  d e s c r i p t i o n  i s  r equ i r ed .  Since no 
v a r i a t i o n  i n  the pho to ion iza t ion  c u r r e n t  w a s  observed a t  e i t h e r  low temperature 
( t h a t  i s ,  -8OOC o r  -188OC), i t  w a s  concluded t h a t  t h e  observed long-wavelength 
(above th re sho ld )  ions were no t  a t t r i b u t a b l e  t o  t h e  i o n i z a t i o n  o f  v i b r a t i o n a l l y -  
e x c i t e d  02. 

Addit ional  experiments,  performed on t h e  v a r i a t i o n  o f  i on  c u r r e n t  with 
p r e s s u r e ,  i n d i c a t e  t h a t  the observed ion  c u r r e n t s  a t  wavelengths longer than 
1027.8g could be a sc r ibed  t o  c o l l i s i o n a l  processes  involving 02 and 02 t o  
produce 05 and 9. F i n a l l y ,  i n t e r p r e t a t i o n  of t hese  d a t a  r e s u l t e d  i n  the  
important conclusion t h a t  the d i s s o c a t i o n  energy of the ion  i s  6.66% 0.001 eV 
and the  e l e c t r o n  a f f i n i t y  of 02 i s  > 0.21 eV. This  l a t t e r  va lue  i s  e s p e c i a l l y  
p e r t i n e n t  t o  the problems involving-the presence and r o l e  of 0; i n  t h e  lower 
ionosphere.  

* 

3 .  Measurement of Absorption and Pho to ion iza t ion  Minima i n  Molecular 
Spectra  of Planetary Gases. - The WV and EUV s o l a r  emission spectrum con ta ins  
a number o f  d i s c r e t e  r a d i a t i o n  f e a t u r e s .  A s  such, when dea l ing  wi th  problems 
which involve absorpt ion o f  t h i s  r a d i a t i o n ,  one must u t i l i z e  abso rp t ion  and 
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pho to ion iza t ion  d a t a  of s u f f i c i e n t  s p e c t r a l  r e s o l u t i o n  t o  a s s u r e  t h a t  t he  
a p p r o p r i a t e  c ros s - sec t ion  value i s  employed a t  the s p e c i f i c  wavelength of 
i n t e r e s t .  Unfor tuna te ly ,  i n  the WV and E W  s p e c t r a l  r e g i o n s ,  t h e  absorp- 
t i o n  processes  d i s p l a y  abso rp t ion  cont inua  superimposed on d i s c r e t e  band 
f e a t u r e s .  For t h i s  reason,  i t  is  h i g h l y  important t o  o b t a i n  minimtir, c r o s s  
s e c t i o n s  a t  given wavelengths i n  o rde r  t o  e s t a b l i s h  the  magnitude - _  the 
continuum con t r ibu t ion .  Experimental ly ,  t h i s  can be achieved by e i t h e r  
(a) measuring the v a r i a t i o n  of the  abso rp t ion  c r o s s  s e c t i o n  wi th  p re s su re  
f o r  wavelengths between abso rp t ion  bands o r  (b) employing s u f f i c i e n t l y - h i g h  
s p e c t r a l  r e s o l u t i o n  t o  i n s u r e  t h a t  t he  measurements a r e  performed a t  p r e c i s e  
wavelengths between the  known d i s c r e t e  f e a t u r e s .  

Under the present  c o n t r a c t ,  the  above re f inements  were incorpora ted  i n t o  
a l l  the absorp t ion  and pho to ion iza t ion  measurements repor ted  p rev ious ly  i n  
Sec t ion  I1 [IX,XI] so t h a t  these  d a t a  could be employed t o  a s s e s s  the con- 
tinuum i n  these s p e c t r a l  reg ions .  S p e c i f i c a l l y ,  t he  abso rp t ion  and photo- 
i o n i z a t i o n  measurements have been performed f o r  M 550 t o  2002 f o r  0 2 ,  N2, and 
H2 [ I X ]  and fo r  C02 and CO [ X I ] .  
major absorp t ion  i n t e n s i t y  was a t t r i b u t a b l e  t o  the underlying continuum whi le  
only  a minor con t r ibu t ion  was due t o  d i s c r e t e  abso rp t ion .  

For these  cases ,  i t  was  concluded t h a t  t he  
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D .  Planetary Aeronomy 

I n  t h i s  s e c t i o n ,  t h e  unpublished work performed under t h e  c u r r e n t  
c o n t r a c t  is d i scussed  i n  f i v e  ca t egor i e s :  (1) l abora to ry  i n v e s t i g a t i o n  on 
t h e  V W  chemiluminescence from s e l e c t e d  p l ane ta ry  gases  ; (2) l abora to ry  
measurements of Lyman-alpha abso rp t ion  of X e 2  t o  d e r i v e  t h e  photon s c a t t e r i n g  
c r o s s  s e c t i o n  of atomic xenon; (3) laboratory measurements on t h e  VW 
f luo rescence  from p lane ta ry  gases ;  ( 4 )  t h e o r e t i c a l  s t u d i e s  on t h e  s o l a r  
pho to ion iza t ion  rates i n  t h e  Mart ian ionosphere;  and (5) t h e  r o l e  of meteoric  
d e b r i s  i n  t h e  Ea r th  atmosphere: simultaneous obse rva t ion  o f  meteoric  d e b r i s  
by employing a rocket-borne mass spec t romet r i c  and o p t i c a l  probe. 

1. Laboratory I n v e s t i g a t i o n  on t h e  VW Chemiluminescence from S e l e c t e d  
P l a n e t a r y  Gases. - Recent ly ,  Kaplan e t  a l .  [29 ] have i d e n t i f i e d  abso rp t ion  
bands i n  t h e  near  i n f r a r e d  spectrum of Mars employing Four i e r  spec t roscop ic  
techniques.  
o rgan ic  gaseous s p e c i e s  poss ib ly  including su l fu r - con ta in ing  compounds. 
A d d i t i o n a l l y ,  due t o  pho tod i s soc ia t ion  of t h e  major c o n s t i t u e n t ,  C 0 2 ,  o t h e r  
r e s i d e n t  s p e c i e s  may inc lude  02, 03 ,  CO, CO3, and 0. Other minor c o n s t i t u -  
e n t s  could inc lude  t h e  atomic spec ie s  H ,  N ,  C and a v a r i e t y  of chemically- 
reactive r a d i c a l s .  The h y p o t h e t i c a l  presence of such a species ensemble 
r e s u l t s  i n  a l a r g e  number o f  poss ib l e  h i g h l y - r e a c t i v e  chemical processes  
so t h a t  t h e  q u e s t i o n  of VW Mart ian atmospheric chemiluminescence arises. 
Recen t ly ,  l abo ra to ry  s t u d i e s  by Jonathan, Marmo, and Padur [78] r e s u l t e d  
i n  t h e  obse rva t ion  of VW chemiluminescence (due t o  t h e  f o u r t h  p o s i t i v e  band 
o f  CO) f o r  t h e  f i r s t  time i n  t h e  "cold" chemical r e a c t i o n  between atomic 
oxygen and ace ty l ene .  
survey experiment w a s  performed i n  order t o  evaluate t h e  p o s s i b i l i t y  of 
V W  chemiluminescence (airglow) i n  t h e  Mart ian atmosphere. The r e s u l t s  are  
a p p l i c a b l e  t o  e i t h e r  (1) t h e  s p e c i f i c a t i o n  of a d e f i n i t i v e  i n  s i t u  VW 
Mar t i an  airglow experiment o r  (2) t a k e  a p p r o p r i a t e  accounting of t h e  VW 
background airglow c o n t r i b u t i o n  i n  other  o p t i c a l  measurement programs. 

The bands have been t e n t a t i v e l y  i d e n t i f i e d  as due t o  reduced 

S i n c e  appropr i a t e  d a t a  d i d  not e x i s t ,  a l abora to ry  

The prel iminary surve work r epor t ed  h e r e i n  i s  s p e c t r a l l y  l i m i t e d  t o  
t h e  r e g i o n  hh 1050 t o  1340 H , s i n c e  t h e  pho to ion iza t ion  photon counter  
employed i n  t h e  measurement program was f i l l e d  wi th  n i t r i c  oxide (photo- 
i o n i z a t i o n  th re sho ld  134d) and u t i l i z e d  a LiF window ( t r ansmiss ion  c u t o f f  

The chemiluminescence i n v e s t i g a t i o n s  were performed t o  examine 
t h e  r e a c t i o n s  between t h e  f i f t e e n  molecular s p e c i e s  shown i n  t h e  f i r s t  
column of Table 2 and atomic 0 ,  N ,  and H r e s u l t i n g  i n  a t o t a l  of f o r t y - f i v e  
r e a c t i o n s .  

* 10508). 

A block diagram of t h e  o v e r - a l l  apparatus  manifold is shown schemat i ca l ly  
i n  F i g u r e  9. 
d a t a  r e d u c t i o n  technique are descr ibed elsewhere D8] s o  t h a t  no a d d i t i o n a l  
d e t a i l s  are p resen ted  here .  
pas s ing  9 9 : l  mixtures  of oxygen-argon and hydrogen-argon, r e s p e c t i v e l y  
through a d i scha rge  wh i l e  t h e  production o f  N w a s  achieved by a d i scha rge  
through pure N2. 
t h e  classical  NO2 t i t r a t i o n  test whereas t h e  q u a n t i t a t i v e  abundances of 
atomic hydrogen and atomic n i t r o g e n  were e s t ima ted  on t h e  b a s i s  of t h e  
d i scha rge  c h a r a c t e r i s t i c s .  

A d e t a i l e d  account o f  t h e  f a s t - f l o w  system employed and t h e  

A t o m i c  oxygen and hydrogen were produced by 

The atomic oxygen con ten t  w a s  measured q u a n t i t a t i v e l y  by 
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TABLE 2 

REACTIONS OF ATOMIC OXYGEN WITH VARIOUS COMPOUNDS 

Photon 

Rate Constant 
Observed Production Reaction 

Reactant  Counting Rate Flux 
-3 -1 -1 

CPS photons c m  s e c  cm3 s e c  

Ammonia 

E thane 

Ethylene 

Allene 

Me thy1 Acetylene 

Acetylene 

Carbon Dioxide 

Carbon Monoxide 

Carbonyl Chloride 

Carbonyl S u l f i d e  

Hydrogen S u l f i d e  

Me thane 

N i t r i c  Oxide 

Nitrogen Dioxide 

Su l fu r  Dioxide 

Background 

3 -4 

lo2 

lo3  
4 

4 

5 

2-3x10 

3-4x10 

1-2x10 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

5 2-3x10 

6 7x10 

7 7x10 

1-2x10 

2-3x10 

9 

9 

1o1O 

i l o4  
< l o 4  

< 

i lo4  

< l o 4  

< l o4  

i lo4 

< l o4  

i l o4  

i l o4  
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A l l  t h e  r eac t ions  were performed a t  a t o t a l  ce l l  p r e s s u r e  of one 
atmosphere c o n s i s t i n g  of atomic and molecular s p e c i e s  p a r t i a l  p re s su res  
of 7 and 18 microns, r e s p e c t i v e l y ,  and argon a s  t h e  remainder f i l l e r  gas .  
Proper  experimental  performance was p red ic t ed  on a b s o l u t e  c a l i b r a t i o n  of 
t h e  photon counter which was accomplished on t h e  McPherson monochromator 
u t i l i z i n g  a GCA s tandard  VW hydrogen d ischarge .  For t h e  p a r t i c u l a r  photon 
counter  employed i n  t h i s  i n v e s t i g a t i o n ,  i t  was a s c e r t a i n e d  t h a t  an  i n c i d e n t  
f l u x  of 2.6 x l o3  photons s e c - l  r e s u l t e d  i n  a count ing r a t e  of 1 count per  
second. Addi t iona l ly ,  t h e  experimental  geometry must a l s o  be considered 
i n  the  determinat ion of t h e  a b s o l u t e  photon f l u x .  A s  shown i n  Q u a r t e r l y  
Progress  Report No. 2, t h e  c a l i b r a t e d  counter  i n t e r c e p t e d  only 3 . 4  x 
of t he  t o t a l  r a d i a t i o n  f l u x  emit ted by t h e  chemiluminescent c e l l .  

Employing t h e  known concent ra t ions  of atomic and molecular spec ie s  and 
t h e  c a l i b r a t e d  VW photon counter ,  i t  was a s t r a igh t fo rward  t a s k  t o  survey 
the  r e a c t i o n s  f o r  r a d i a t i o n  i n  t h e  1050 t o  13408 r eg ion ,  a s  descr ibed  b r i e f l y  
below. 

Negative r e s u l t s  were obtained f o r  a l l  r e a c t i o n s  involv ing  atomic 
n i t rogen  and atomic hydrogen wi th  t h e  molecular spec ie s  of Table  2.  
Accordingly, only an  upper l i m i t  va lue  of cm3 s e c - l  could be a sc r ibed  
t o  t h e  corresponding photon product ion r a t e  cons t an t s  f o r  t h e s e  cases .  With 
r e s p e c t  t o  the  atomic oxygen case ,  p o s i t i v e  r e s u l t s  were obtained f o r  t h e  
s i x  molecular spec ie s  ind ica t ed  i n  Table 2, of which t h e  0-C H r e a c t i o n  
r e s u l t e d  i n  the most i n t e n s e  photon f lux .  For t h e  j t h e r  atomic oxygen cases ,  
nega t ive  r e s u l t s  were obtained s o  t h a t  t h e  
was p e r t i n e n t  t o  these  r e a c t i o n s .  It should be noted t h a t  t he  convolved 
product of app l i cab le  photon product ion r e a c t i o n  r a t e  cons tan t  and t h e  number 
d e n s i t i e s  of the two involved r e a c t a n t s  i s  t h e  r a t e  of product ion of photons 
cm-3 sec’‘. 
r e su l t s  of t h i s  i n v e s t i g a t i o n  when t h e  appropr i a t e  spec ie s  number d e n s i t i e s  
become ava i l ab le .  

2.2 

c m  sec’l upper l i m i t  va lue  

As such t h e  p l ane ta ry  VW airglow can be  c a l c u l a t e d  from the  

2. Laboratory Measurement of Lyman-Alpha Absorption by X e 2  t o  Derive 
t h e  Photon Sca t t e r ing  Cross Sec t ion  of Atomic Xenon. - R e l a t i v e  photon 
s c a t t e r i n g  c ros s - sec t ion  measurements a t  Lyman-alpha have been determined 
experimental ly  by G i l l  and Heddle [79] f o r  A r ,  H2, N2,  X e  and Kr. 
subsequent program, Marmo e t  a l .  
procedure t o  measure t h e  l o w  ( r e l a t i v e )  c ros s  s e c t i o n s  of N e  and He.  The 
la t te r  measurement was of p a r t i c u l a r  s i g n i f i c a n c e  s i n c e  Chan and Dalgarno [81]  
ca l cu la t ed  an accu ra t e  a b s o l u t e  va lue  f o r  H e  a t  Lyman-alpha of 3 . 5  x 
cm2 which could then be employed t o  place t h e  experimentally-measured 
r e l a t i v e  values on a n  a b s o l u t e  b a s i s .  For t h e  cases  of A r ,  H2 and N2, t h e  
measured r e l a t i v e  s c a t t e r i n g  c ros s - sec t ion  va lues  of Marmo e t  a l .  [80]  
compared favorably wi th  those  of G i l l  and Heddle [79] .  
cases of X e  and K r ,  Marmo e t  a l .  observed s i g n i f i c a n t l y  lower va lues  by a t  
least  an order of magnitude. Furthermore, comparison of t h e  experimental  
r e s u l t s  f o r  these gases  was precluded f o r  s e v e r a l  a d d i t i o n a l  reasons .  
t h e  prel iminary measurements of Marmo e t  a l .  i nd ica t ed  t h e  presence of 
s i g n i f i c a n t  a t t enua t ion  amounting t o  a s  much a s  7 6  percent  f o r  X e  and 

I n  a 
E801 employed an improved experimental  

However, fo r  t he  

F i r s t ,  
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10 percen t  f o r  K r  f o r  cm2-column count va lues  comparable t o  those employed 
by G i l l  and Heddle. However, t h e  l a t t e r  appa ren t ly  d i d  no t  recognize t h e  
importance of a t t e n u a t i o n  s i n c e  they employed formulae appropr i a t e  t o  a 
non-absorbing medium. Fur the r ,  Marmo e t  a l .  noted t h a t  t h e  observed 
a t t e n u a t i o n  c ros s  s e c t i o n  d id  not  obey Beer's l a w ;  i . e . ,  i t  was not  cons t an t  
wi th  p re s su re .  I n  f a c t ,  a l i n e a r  pressure  dependence was observed which 
suggested:  
and (b )  t h e  p o s s i b i l i t y  of t h e  formation of t h e  d ia tomics ;  i . e . ,  Xe2 and Kr2.  

( a )  t h a t  t h e  a t t enua t ion  could no t  be  a t t r i b u t e d  t o  impur i t i e s  

On t h i s  b a s i s ,  a s e r i e s  of experiments were devised and performed t o  
determine t h e  photon s c a t t e r i n g  c ross  s e c t i o n s  a t  Lyman-alpha f o r  atomic X e  
and K r  by measuring t h e  v a r i a t i o n s  i n  a t t e n u a t i o n  with temperature  and 
p res su re  due t o  t h e  presence of t h e  diatomic species and e x t r a p o l a t i n g  t h e s e  
d a t a  t o  zero  pressure .  Addi t iona l ly ,  it was p o s s i b l e  t o  d e r i v e  t h e  hea t  of 
d i s s o c i a t i o n  from t h e  temperature  dependence experiment a s  descr ibed  b r i e f l y  
be low. 

I n  t h e  p re sen t  i n v e s t i g a t i o n ,  cons iderable  experimental  improvement was 
achieved by u t i l i z i n g  monochromatic r a d i a t i o n  which was made a v a i l a b l e  
through t h e  use of a 2-meter McPherson u l t r a v i o l e t  spectrometer  and a hydro- 
gen d i scha rge  l i g h t  source.  This  improvement e l imina ted  a number of problems 
a s s o c i a t e d  wi th  t h e  use  of undispersed r a d i a t i o n  [79,80]. An a d d i t i o n a l  
experimental  c a p a b i l i t y  was achieved by employing an a t t e n u a t i o n  c e l l  which 
w a s  operable  over a broad temperature range. Other p e r t i n e n t  experimental  
d e t a i l s  have been descr ibed  previously [80] and a r e  n o t  repea ted  he re .  

I n  t h e  bas i c  experimental  procedure, t h e  una t tenuated  i n t e n s i t y  (Io) 
was recorded and t h e  t r ansmi t t ed  i n t e n s i t y  (I) was measured a s  a func t ion  
of p re s su re .  These d a t a  were u t i l i z e d  t o  c a l c u l a t e  t h e  a t t e n u a t i o n  c ros s  
s e c t i o n  [u(cm )] using t h e  expression 2 

1 u = loge r 
where n i s  t h e  number d e n s i t y  (cm-') reduced t o  STP and L i s  t h e  pa th length  i n  
centimeters.As noted previous ly ,  t h e  a -va lues  were observed t o  inc rease  
l i n e a r l y  wi th  p re s su re  a s  shown i n  F igures  10 and 11 f o r  xenon and krypton,  
r e s p e c t i v e l y .  I n  add i t ion ,  the  temperature dependence of t h e  measured 
a t t e n u a t i o n  c r o s s  s e c t i o n  f o r  X e  was a l s o  obtained a s  shown i n  F igu re  12. 
The corresponding temperature dependence r e s u l t s  f o r  t h e  c a s e  of K r  were 
exper imenta l ly  impercept ib le  us ing  t h e  p re sen t  appara tus .  

The formation of the, diatomic spec ie s ,  X e z  and K r 2 ,  has been deduced 
from t h e  fol lowing arguments. When t h e  chemical process  

p r e v a i l s ,  i t  can be shown t h a t  
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where 

u = s c a t t e r i n g  c r o s s  s e c t i o n  f o r  X e  

u = abso rp t ion  c r o s s  s e c t i o n  f o r  X e  

K = equ i l ib r ium cons tan t  

n1 = number d e n s i t y  of X e  atoms 

1 

2 2 

cy 

For t h e  p re sen t  measurements, nl = n where n = t o t a l  number d e n s i t y  of 
X e  + X e l  so  t h a t  2 

From t h e  above express ion ,  t he  measured c r o s s  s e c t i o n  (u) would be expected 
t o  vary  l i n e a r l y  wi th  p re s su re  when r e l a t i v e l y - s t r o n g  a t t e n u a t i n g  diatomic 
species a r e  p re sen t  i n  t h e  experimental  mixture.  Addi t iona l ly ,  t h e  zero  
i n t e r c e p t  y i e l d s  t h e  abso lu te  va lue  of t he  s c a t t e r i n g  c ros s  s e c t i o n  f o r  t he  
atom a t  t h a t  wavelength. From t h e  da ta  shown i n  F igures  10 and 11, r e spec t ive -  
l y ,  t h e  fo l lowing  u -values  a r e  obtained: 
u1 ( K r )  = 1 x 10-241cm2. 

u1 ( X e )  = 5 x 10-22 c m 2  and 

The temperature  dependence results of F igure  1 2  were obtained by 
measuring t h e  a t t e n u a t i o n  i n  t h e  Xe- f i l l ed  c e l l  a t  a cons t an t  p re s su re  of 
215 mm Hg and a t  temperatures  of 25OC, 36OC, 45OC and 56OC. The observed 
i n v e r s e  v a r i a t i o n  of t h e  measured a t t enua t ion  c o e f f i c i e n t  wi th  temperature  
can be a sc r ibed  t o  t h e  presence and r o l e  of X e 2  molecules a s  descr ibed  below. 
The equi l ibr ium cons tan t  of Equation ( 2 )  is  r e l a t e d  t o  t h e  temperature  (T) 
and t h e  hea t  of r e a c t i o n  (AH) by K = A exp [AH/RT] where A is e s s e n t i a l l y  
cons t an t  over 
From Equation 

Add i ti ona 1 l y  , 

t h e  r e l a t i v e l y - s m a l l  temperature range under i n v e s t i g a t i o n .  
( 3 )  i t  fol lows t h a t  

CJ = u 1 + u2 nA exp[ $1 
s i n c e  cr i s  << u, one may w r i t e  1 

M 
e RT l og  u = - + cons tan t  

The r e s u l t s  of F igu re  1 2  show t h a t  t h e  measured log, U-values vary  
i n v e r s e l y  with temperature .  Addit ional ly ,  t h e  s l o p e  of t h e  l i n e  on t h e  
semi-log p l o t  i s  equal  t o  AH/R so t h a t  an es t imated  v a l u e  of 0.029 e V  w a s  
ob ta ined  f o r  AH, t h e  hea t  of d i s s o c i a t i o n  of t h e  Xe2 molecule a s  measured 
from t h e  f i r s t  v i b r a t i o n a l  s t a t e .  Recently,  Paul  e t  a l .  [82]  measured t h e  
i s o t o p i c  thermal  d i f f u s i o n  f a c t o r  for  xenon t o  d e r i v e  an €-value of 0.022 e V  
which r e p r e s e n t s  t h e  depth of t h e  p o t e n t i a l  w e l l  i n  Xe2  a t  t h e  equi l ibr ium 
i n t e r n u c l e a r  d i s t a n c e .  Although the  €-va lue  does no t  account f o r  the  zero- 
p o i n t  energy involved i n  t h e  f i r s t  v i b r a t i o n a l  s t a t e ,  it does o f f e r  some 
b a s i s  of comparison with t h e  AH-value der ived  i n  the  p re sen t  experiment.  
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Since the  zero-poin t  energy i s  low, i t s  c o n s i d e r a t i o n  would r e s u l t  i n  a 
s l i g h t l y  l a rge r  discrepancy between t h e  two independent experimental  
de te rmina t ions .  On t h e  o the r  hand i n  view of t h e  r e l a t i v e l y - l a r g e  e r r o r  
sources  involved i n  each i n v e s t i g a t i o n ,  b e t t e r  agreement cannot  be j u s t i f i a b l y  
expected.  S p e c i f i c a l l y ,  with r e s p e c t  t o  t h e  p re sen t  experiment,  a more 
p r e c i s e  AH-value could be obtained by extending t h e  i n v e s t i g a t i o n  of a wider 
temperature  range. 

The experimental  techniques descr ibed  above a r e  c l e a r l y  a p p l i c a b l e  
t o  o the r  p lane tary  gaseous species where t h e  tendency f o r  d imer i za t ion  
e x i s t s  i . e . ,  the o the r  r a r e  gases  and02, NO, H20, 9, e t c .  I n  t h i s  regard ,  
i t  i s  i n t e r e s t i n g  t o  note  t h a t  t h e  measured abso rp t ion  c r o s s  s e c t i o n  of 02 
a t  1215.78 w a s  observed [ 8 3 ]  t o  decrease  l i n e a r l y  wi th  dec reas ing  p res su re .  
This  anomolous behavior could not  be a sc r ibed  t o  lack  of r e s o l u t i o n  and 
no s a t i s f a c t o r y  explana t ion  has been o f fe red  t o  d a t e .  I n  any event ,  an 
empi r i ca l  value of t h e  absorp t ion  c r o s s  s e c t i o n  was der ived  by e x t r a p o l a t i n g  
these  d a t a  t o  zero pressure .  C lea r ly ,  then,  a tes t  f o r  t h e  presence of 04 
would be t o  measure t h e  c r o s s - s e c t i o n  v a r i a t i o n  wi th  temperature .  S imi la r  
experiments could a l s o  be performed f o r  02 i n  s p e c i f i c  reg ions  between 2000 
and 30008 where weak abso rp t ion  has been observed experimental ly  a t  a p re s su re  
of about one atmosphere. 

5 2  



3. Laboratory Measurements on the V W  Fluorescence from Planetary 
Gases. - Fluorescence in the VUV may assume a number of different forms predi- 
cated on the energetic source function and the gaseous constituent under con- 
sideration. In the present laboratory investigation, two types of fluorescence 
were studied: (a) fluorescence from molecular oxygen excited by Lyman-alpha 
radiation and (b) fluorescence from molecular nitrogen excited by electron 
bombardment . 

a. Fluorescence from molecular oxygen excited by Lyman-alpha radiation. - 
Under the current program, a brief investigation was performed to evaluate one 
of the many alternative schemes which have been proposed to explain the oxygen 
airglow in the Earth's atmosphere. 
the Hertzberg emissions by measuring fluorescence from molecular oxygen excited 
by Lyman-alpha radiation. 
the experiment is described only briefly below. 

Specifically, an attempt was made to produce 

Since negative and inconclusive results were obtained, 

The GCA V W  monochromator was coupled to an intense hydrogen light source 
to yield about lo9 photons sec-1 at Lyman-alpha (1215.78) at the exit slit 
where an O2 gas-filled cell with LiF windows was attached. An appropriate 
photomultiplier detector was employed to detect broad-band fluorescence emitted 
from the 02-filled cell when excited by monochromatic Lyman-alpha radiation. 
A relatively-broad pressure range was investigated between a few millimeters to 
one atmosphere. 
scence photon flux as low as lo5 photons sec-l could be detected. 
this high overall system sensitivity, negative results, that is no observable 
fluorescence, were obtained at all pressures. 
lished an upper limit value on the fluorescence of 02 in the upper atmosphere 
excited by solar Lyman-alpha radiation. This appears to be incompatible with 
in situ observations so that another mechanism is required to explain the 
observed Hertzberg emissions. 

Quantitative calibration of the system indicated that a fluore- 
In spite of 

The experimental data have estab- 

b. Fluorescence from molecular nitrogen excited by electron bombardment. - 
The V W  fluorescence of atmospheric gases can be examined experimentally using 
the well-known technique of afterglow generation by microwave discharge. Under 
the current program, a laboratory investigation yielded results which have been 
interpreted in terms of a detailed mechanism due to Bayes and Kistiakowsky [84, 
851. On this basis, self-quenching cross sections of about 
for the quenching of the Lyman-Birge-Hopfield (LBH) V W  bands. Since the value 
is directly applicable to the study of atmospheric aurora, detailed discussions 
of the experimental results and data interpretation are presented below. 

cm2 were derived 

The various characteristics of the Lewis-Rayleigh nitrogen afterglow have 

An anomolous intensity distribu- 

A new band system 

been reviewed extensively [86-881. Previously, only first positive bands 
(B3ng - A3Z$ were observed in its spectrum. 
tion has been reported for these bands indicating maximum excitation of the 12th, 
llth, and 6th vibrational levels of the B3n 
(y3% - B3ng) was subsequently found [89-917 in the near infrared region of the 
spectrum. 
Tanaka et al. [92] have reported the presence of the weak LBH system (aln - XI$) 
in the V W  region. 

state. 

In contrast to the above two visible and infrared band systems 
g 
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Berkowitz e t  a l .  [93] have shown t h a t  t h e  recombination of N(4S) atoms i s  
r e s p o n s i b l e  for  t h e  c h a r a c t e r i s t i c  f i r s t  p o s i t i v e  bands emit ted i n  t h e  Lewis- 
Rayleigh af terglow of n i t r o g e n  and p o s t u l a t e d  f u r t h e r  t h a t  52? n i t r o g e n  mole- 
c u l e s  a r e  i n  equi l ibr ium wi th  n i t r o g e n  atoms. 
obse rva t ions  of t h e  bands of B3ng - A3< and y 3 q  - B3ng, Bayes and 
Kistiakowsky [84, 851 concluded t h a t  t h e  r e s u l t a n t  emissions a r e  mainly due t o  
t h e  co l l i s ion - induced  t r a n s i t i o n  of n i t r o g e n  molecules from the  5 q  l e v e l  t o  
t h e  B3ng and y3C; s t a t e s .  
of t h e  e x c i t a t i o n  mechanism of t h e  LBH system i s  no t  a v a i l a b l e ,  t h e  above 
mechanism has  a l s o  been assumed [85-921 f o r  t h e  LBH e x c i t a t i o n  based on t h e  
observed p r e d i s s o c i a t i o n  i n  the alII s t a t e  of N 2 .  The r e s u l t s  of t h e  p r e s e n t  
i n v e s t i g a t i o n  of t he  VUV emission sbpport  the above assum t i o n  and a l s o  
provide information r ega rd ing  self-quenching of t h e  N2  a ng s t a t e  which can 
b e  used t o  determine t h e  optimum cond i t ions  f o r  e x c i t a t i o n  of t h e  LBH bands. 

On t h e  b a s i s  OK e x t e n s i v e  

Although d i r e c t  k i n e t i c  evidence f o r  t h e  e l u c i d a t i o n  

P 

The v i s i b l e  and VW a f t e rg low emission i n t e n s i t i e s  were measured s imultan-  
The low p r e s s u r e  (below 1 mm Hg) n i t r o g e n  eously under var ious cond i t ions .  

a f t e rg low w a s  produced i n  t h e  convent ional  f a s t  flow system dep ic t ed  i n  Figure 13. 
Control  of t h e  flow was  maintained by a needle  va lve  and measured by a c a p i l l a r y  
flow meter ,  while t h e  p r e s s u r e  i n  t h e  a f t e rg low tube was monitored by a McLeod 
gauge. 

The v i s i b l e  r a d i a t i o n  i n t e n s i t y  (predominantly due t o  t h e  f i r s t  p o s i t i v e  
bands of N 2 )  was measured by a 1P28 pho tomul t ip l i e r  tube whose output  w a s  f e d  
t o  a micro-microammeter. The VW r a d i a t i o n  (due t o  t h e  LBH system [92]) w a s  
observed on an o s c i l l o s c o p e  fed by a Geiger counter  VW r a d i a t i o n  d e t e c t o r  
similar t o  t h a t  employed by Chubb e t  a l .  [94]. 
10 mm Hg of n i t r i c  oxide,  and a l i t h i u m  f l u o r i d e  window w a s  employed so t h a t  
t h e  u s e f u l  ope ra t ing  s p e c t r a l  range included wavelengths between 1050 and 13408. 
When ope ra t ing  between 570 and 590V, t h e  response was observed t o  be l i n e a r  t o  
an accuracy of about 1 pe rcen t  over t h e  range between 100 and 3000 counts  pe r  
second. 

The counter  was f i l l e d  w i t h  

The n i t rogen  flow rate  w a s  ad jus t ed  t o  o b t a i n  a s u i t a b l e  p re s su re  i n  the  
a f t e r g l o w  tube whereupon t h e  microwave d i scha rge  w a s  i n i t i a t e d  which r e s u l t e d  
i n  t h e  c h a r a c t e r i s t i c  straw-yellow af terglow.  Af t e r  t he  system reached e q u i l i -  
brium, t h e  i n t e n s i t i e s  of t h e  v i s i b l e  and VW emissions were measured. The 
procedure w a s  subsequently r epea ted  so t h a t  experimental  obse rva t ions  could be 
obtained a s  a func t ion  of p re s su re .  
a g a i n s t  t h e  VUV i n t e n s i t y  i s  shown i n  Figure 14 where a depa r tu re  from l i n e a r i t y  
i s  observed a t  high i n t e n s i t y .  
i l l u s t r a t e d  i n  Figure 15 a s  a func t ion  of p re s su re .  
r a t i o  i s  l i n e a r  a t  p r e s s u r e s  below about 250 microns wh i l e  a t  h ighe r  p r e s s u r e s ,  
t h e  r e l a t i o n s h i p  i s  c l e a r l y  nonl inear .  
i n  g r e a t e r  d e t a i l  subsequently.  

A p l o t  o f  t h e  observed v i s i b l e  i n t e n s i t y  

The r a t i o  of t h e  v i s i b l e  t o  VW i n t e n s i t i e s  i s  
It i s  apparent  t h a t  t h e  

The reasons f o r  t h i s  behavior are discussed 

The d e t a i l e d  e x c i t a t i o n  mechanism of t h e  v a r i o u s  s p e c t r a l  f e a t u r e s  i n  t h e  
emission of Lewis-Rayleigh a f t e rg low of n i t r o g e n  has  been p resen ted  by Bayes 
and Kistiakowsky [85] as follows: 
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5 +  
N ( 4 S )  + N ( 4 S )  + M -+ N 2 (  cg> + M 

N 2 (  5 +  Cg) + M + N ( 4 S )  + N(4S) + M 

5 +  3 N2( Cg) + M + N2(B ll ) + M 

-, N2(y3C;) + M 

-+ N2( n,> + M 

g 

3 

* N2(aLll ) + M 
g 

N2(B 3 IIg) -+ N2(A3C:) + hv 

N2(3Au) + N2(B 3 II ) + hv 

3 N2(y3Zi) + N2(B ll ) + hv 
g 

g 

1 1 +  
g 

N2(a ng) --f N2(X C ) + hv 

where t h e  k-values are  r a t e  c o e f f i c i e n t s  and t h e  A-values a r e  r a d i a t i v e  t r a n s i -  
t i o n  p r o b a b i l i t i e s .  
so t h a t  i t  does no t  c o n t r i b u t e  d i r e c t l y  t o  t h e  observed I ( v i s ) .  
hand, (13) can a c t  as a source f u n c t i o n  [85] f o r  (11) s o  t h a t  i t  can c o n t r i b u t e  
i n d i r e c t l y  t o  the observed spectrum of t he  n i t r o g e n  af terglow.  

The emit ted r a d i a t i o n  from (13) l i e s  i n  the  f a r  i n f r a r e d  
On t h e  o the r  

5 t  
2 8  The N ( C ) molecules a r e  assumed t o  be i n  equ i l ib r ium wi th  n i t r o g e n  atoms 

covered by r e a c t i o n  (1) and r e a c t i o n s  (6-10) so t h a t  

where [ M I ,  [N]  and [ N 2 ( 5 q ) ]  i n d i c a t e  t h e  concen t r a t ions  of t h e  r e s p e c t i v e  
spec ie s .  
equ i l ib r ium concen t r a t ion  of t h e  [N2 ( 5 ~ ) ]  molecule i s ,  t h e r e f o r e ,  given by 

I n  the p re sen t  c a s e ,  t h e  N2  molecule ac t s  as a t h i r d  body, M. The 

g 

[NI  
5 +  kl 

[N2( 'g)' = k2 + k3 + k + k + k6 
4 5  
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3 The formation of N2 in the B3ng, y3G and 41 states is responsible for the long 
wavelength end of the Lewis-Rayleigh afterglow spectrum whose observed emission 
intensity is given by 

where K1 is a constant which depends on the units, sensitivi y, and geometry 
of the photometric system. 
into Equation (16) 

5 5  Substituting the value of [N2( C )] from Equation (15) 
g 

2 
K1 kl CNI [N21 (k3 + k4 + ks> 

I(vis) = k 2 + k  + k  + k 5 + k 6  (17) 
3 4  

which shows that the visible intensity is directly proportional to the number 
density, [N2] and the square of  the nitrogen atom concentration [N]. Rayleigh 

2 [95] observed a linear pressure dependence of the visible emission in the 10- 
to 10-1 mm Hg pressure region while Kash [96] obtained similar results between 
4 and 50 mm Hg pressure. Additionally Berkowitz et al. [93] have verified that 
the visible intensity is directly proportional to the square of the nitrogen 
atom concentration. 

It can also be shown that the V W  intensity is given by 
m 

kl k 6 W  m21 
I(vuv) = K2 k2 + k3 + k4 + k5 + k6 

where K2 is a constnat similar to K1. 
ratio of visible to vuv intensities can be expressed as 

According to the above mechanism, the 

I (VUV) 

which indicates a linear relationship. As discussed previously, the relationship 
of  the I(vis)/I(vuv) ratio with pressure is observed to be non-linear above about 
250 microns as shown in Figure 15. 
increase, indicating a decreased relative inLensity of vuv radiation which can 
be explained by the following argument. 
y3q, and 34,) responsible for the visible emission are non-metastable with a 
lifetime of 
vuv emission is a metastable with a lifetime of about is 1.7 0.3 x sec 
[97]. As such, the alEg state is more readily quenched than the upper states 

At higher pressures the ratio is observed to 

The upper electronic states (B3ng, 

10-6 sec, while the upper electronic state (alIl ) involved in the 
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responsible for the visible emission. Incorporation of the quenching effect 
of the a1Rg state is accomplished by the addition of the following process: 

N2(a 1 ITg) + M --f Nh + M 
Q6 

where Q6 is the quenching rate coefficient and M represents the third body 
(in this case, the N2 molecule). 
by expressed as 

The intensity of the vuv radiation can now 

kl k6[N12 C’1 
I(vuv) = K2 k2 + k + k4 + k5 + k, 3 

and the intensity ratio as 

I (vuv) 

This indicates that at low pressures where is >> Qg,  the intensity ratio 
should be independent of pressure as specified by Equation (19) while at higher 
pressures, the ratio should increase linearly with pressure as specified by 
Equation (22). Application to the data results in an experimental average 
value for Q6 of about 2 x w 1 3  cm3 sec-l yhich corresponds to a quenching 
cross-section value of only about 10-18 cm . 
directly applicable to theoretical considerations on Earth airglow and aurora 
problems . 

This low quenching value is 

4. Theoretical Studies on the Solar Photoionization Rates in the Martian 
Ionosphere.- The Mariner IV occultation experiment has provided new ambient 
atmospheric parametric data including surface pressure, surface temperature,and 
atmospheric refractivity. Specifically, the measurements indicate that the 
atmosphere consists essentially of carbon dioxide with a local number density 
of about 1.9 x 
reference level probed which was close to the Martian surface. In addition, no 
significant change in scale height was observed throughout the lower part of the 
atmosphere, indicating that the temperature remains essentially constant at 
least in this altitude regime. 
information concerning the ionospheric peak electron density and altitude. 
the light of these new data, it was propitious to modify a previous model 
atmosphere (see Quarterly Progress Report No. 1) and to derive the solar photo- 
ionization rates as a function of altitude for the several ionospheric constit- 
uents. Since the experimental temperature data permitted temperatures of 200, 
180 and 160°K, these three cases were considered in the present investigation. 
First, new calculations were performed to determine the neutral particle dis- 
tribution as established by the solar photodecomposition of C02 in the Martian 
atmosphere. 

molecules cme3 at a temperature of 180 2 20°K at the 

The measurements have also provided valuable 
In 

These models were then employed to calculate the corresponding 
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solar photoionization rates as a function of altitude for the individual con- 
stituents as well as the total rate. 

For the purpose of establishing the neutral particle distribution, the 
following chemical reactions were considered: 

C 0 2  + hv 

co + 0 

C O + O + M  

O + O + M  

O2 + hv 

O + 0 2 + M  

0 + o3 

1 co + 0 h < 17508 a 

kl ~ c02 

k4 , 
C 0 2  + M 

O2 + M 

2 ,  o + o  a 

kg , O3 + M 

k7 , 202 

h < 2400g 

O3 + hv a 3 ,  o2 + 0 h < 30002 

The values of these reaction rate constants for these reactions and other 
pertinent parameters employed in this investigation are presented in Table 3. 
Three different isothernal atmospheres are assumed corresponding to temperatures 
of 200, 180 and 160°K. It is further assumed that mixing prevails up to the dis- 
sociation region and that diffusive equilibrium predominates at higher altitudes 
where photodissociation is essentially complete: 
puter program discussed in detail QPR No. 1 was applied to the present investiga- 
tion. The neutral particle distribution results, shown in Figures 16, 17, and 
18, demonstrate that the temperature has a significant influence upon the peak 
a 1 ti tude of d i s s oc iat ion. 

A previously-employed com- 

These model results were then employed to calculate the corresponding 
solar photoionization rates as a function of altitude for the individual 
constituents as well as the total rate. 
mation technique was applied. 
at a given altitude was computed from the expression 

For this purpose, a numerical sum- 
The photoionization rate P (Z) (ion-pairs/cm3 sec) 

x 
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TABLE 3 

PERTINENT PARAMETERS AND REACTION W.L”.L’ CONSTANTS 

Parameter Reference 

Surf ace temperature C981 

Case I - T = 200°K 
Case I1 - T = 180°K 
Case I11 - T = 160°K 

~ 9 8 1  
3 Surface number d e n s i t y  - 1.9 x molecule/cm 

Solar  f l u x  a t  the top of t h e  E a r t h ’ s  atmosphere i n  50g i n t e r v a l s :  

Wavelength r eg ions  3000 t o  25502 
2500 t o  15502 
1550 t o  502 [1011 

C991 c 100 1 

Average d i l u t i o n  f a c t o r  t o  account f o r  t h e  diminution 
of s o l a r  f l u x  i n  the v i c i n i t y  of  Mars, p = 0.444 

Absorption cross  s e c t i o n s  

Carbon dioxide 
Oxygen 
Ozone 

Pho to ion iza t ion  c r o s s  s e c t i o n s  

Carbon monoxide 
Atomic oxygen 
Carbon dioxide 

Pho tod i s soc ia t ion  y i e l d  f a c t o r s  f o r  oxygen, ozone, and 
carbon dioxide and pho to ion iza t ion  y i e l d  f a c t o r s  f o r  
carbon monoxide, atomic oxygeqand carbon d iox ide  are 
assumed t o  be un i ty  

- 14 4000 3 k2 = 1.6 x 10 exp (- 7) cm / s ec  r 107 1 
k = O  3 

6 IC, = 2.8 x cm /sec 
4 

- 35 1000 6 kg = 5 x 10 exp (y) cm / s ec  

- 11 5600 3 k = 5 x 10 exp (- 7) c m  /sec 7 

r 1087 
[ 109 , 1101 

[ 109 , 1101 
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PARTICLE NUMBER DENSITY ( ~ r n - ~ )  

Figure  16. Neu t ra l  p a r t i c l e  model atmosphere of  Mars. Dotted l ines  
are due t o  photochemical p rocesses  and the s o l i d  l ines  
i n d i c a t e  the region of d i f f u s i o n .  
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Figure  18. Neutral  p a r t i c l e  model atmosphere of Mars. Dotted l i n e s  
are due t o  photochemical processes  and t h e  s o l i d  l i n e s  
i n d i c a t e  t h e  region of d i f f u s i o n .  
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where I (h ,Z)  is the ionizing flux for a given wavelength interval of 508 at a 
given altitude, mi(X) is the average photoionization cross section for each 
constituent and wavelength interval, and ni(Z) is the constituent number den- 
sity as a function of altitude. The calculated photoionization rates corre- 
sponding to the three assumed temperatures are presented as functions of 
altitude in Figures 19, 20 and 21, respectively. The corresponding ion den- 
sity peaks can be seen to reside at altitudes of 170, 160,and 145 km for 200, 
180,and 160°K, respectively. It is also noted that these peak altitudes are 
higher than the observed ionization maximum observed between 120 and 125 km in 
the Mariner IV experiment. This apparent discrepancy may be attributed to a 
number of shortcomings in the present model which constitutes the subject matter 
of a current investigation. 

5. The Role of Meteoric Debris in the Earth Atmosphere: Simultaneous 
Observation of Meteoric Debris by Employing a Rocket-Borne Mass Spectrometric 
and Optical Probe. - Recently, identification and measurement of a considerable 
number of ambient ion species has been performed by both Narcisi and Bailey [ill] 
and Istomin [112] using mass spectrometric techniques. Certain measurement 
ambiguities exist due to absolute instrumental calibration and the difficulty 
of precise mass identification of certain constituents. The results of the 
present investigation indicate that several meteoric debris species, including 
the aforementioned and others, may be observed with extremely-high sensitivity 
by solar resonance scattering. Thus, the use of an appropriate optical instru- 
ment, such as a Fastie-Ebert spectrometer or a properly-designed photometer , in 
addition to a quadrupole mass spectrometer would result in the simultaneous 
measurement of a number of species by the two independent techniques. Addition- 
ally, measurements could be obtained on a number of neutral species not presently 
observable by mass spectrometry. The incorporation of the optical capability 
additionally serves to reduce the above-cited experimental ambiguities by acting 
as an absolute calibration source for the mass spectrometer and by providing 
specific mass identification criteria for the observed atoms or ions. Thus, 
the additional and confirmatory optical measurements will provide more satis- 
factory data upon which to evaluate the role of interplanetary debris in the 
Earth's atmosphere, especially where the ionic and neutral states of an indi- 
vidual species can be measured simultaneously. 

In the present analysis, expected signal intensities from solar-illumina- 
ted debris species are calculated on the basis of the reported number density 
distributions obtained from rocket-borne mass spectrometric [lll, 112) and 
ground-based twilight measurements [113,114]. These signal intensities are 
then compared to the Rayleigh-scattered background level to aid in defining the 
experimental mode and to demonstrate the feasibility of the suggested experi- 
ment. Finally, if it is assumed that the abundances of the neutral species are 
roughly equivalent to their observed ionic counterparts, then a high probability 
exists for successfully performing the indicated resonance scattering observa- 
tions as well for these species. 

a. Signal characteristics. - In the Earth's atmosphere, trace materials 
of possible meteoric origin have been detected and measured here by two methods 
of interest. These involve ion density measurements employing a quadrupole mass 
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spec t rometer  wherein N a r c i s i  and Bai ley [ill] have r e p o r t e d  obse rva t ions  of 
Mg+, Na+ and Ca+, whi le  Is tomin [ 1 1 2 ]  has  r e p o r t e d  Mg+, Ca+, S i +  and Fe'. 
measured dens i ty  p r o f i l e s  and t h e  der ived  i n t e g r a t e d  v e r t i c a l  column counts  
f o r  t h e  s p e c i e s  a r e  p re sen ted  i n  F igu res  22 and ,23,  r e s p e c t i v e l y .  
conf i rmat ion  of t he  above r e s u l t s ,  Val lance Jones [113] has  r epor t ed  a column 
count  of Ca+ of about  4 .5  x lo8 cm-2 by performing t w i l i g h t  resonance s c a t t e r -  
i ng  observa t ions  from a ground-based photometr ic  s i t e .  A d d i t i o n a l l y ,  n e u t r a l  
Nay K, and L i  t w i l i g h t  photometr ic  measurements have been summarized by Val lance 
Jones [114]. These ph to tme t r i c  d a t a  a r e  shown i n  F igures  22 and 23 i n  terms of 
t h e  measured in t eg ra t ed  column counts  and t h e  de r ived  number-density p r o f i l e s .  
To c a l c u l a t e  es t imates  of  t h e  overhead signa,l  i n t e n s i t i e s  ( I s )  a s  a func t ion  of 
a l t i t u d e ,  due t o  the  s o l a r  resonance s c a t t e r  from these  observed c o n s t i t u e n t s ,  
i t  i s  necessary t o  o b t a i n  the  product  of t he  a p p r o p r i a t e  s o l a r  resonance e f -  
f i c i e n c y  per  atom o r  i o n ,  P(photon/sec atom),  and the  t o t a l  column coun t s ,  NT; 
i . e . ,  IS = PNT. 

The 

As a p a r t i a l  

The s o l a r  resonance e f f i c i e n c y  per  atom (P) i s  de f ined  by 

P = O  a x 
where (0 is the i n c i d e n t  s o l a r  f l u x  and a i s  g iven  by x 

where e = the  u n i t  charge 

m = e l e c t r o n  mass 

gf = t he  o s c i l l a t o r  s t r e n g t h  of t h e  p a r t i c u l a r  t r a n s i t i o n  ( f o r  t he  
present  purpose,  the  s t a t i s t i c a l  weight  of t h e  upper s t a t e  i s  
incorporated i n  t h i s  va lue)  

g1 = the  s t a t i s t i c a l  weight of  the  ground l e v e l  

ho = the  wavelength of t he  resonance l i n e  

The P-values  fo r  a l l  of the observed n e u t r a l  and i o n i c  s p e c i e s  and t h e i r  
n e u t r a l  and/or i o n i c  spec ie s  coun te rpa r t s  have been p rev ious ly  c a l c u l a t e d  by 
Marmo and Engelman [115]. I n  Equat ion ( 2 3 ) ,  no account  has  been taken f o r  t h e  
inc reased  i l l umina t ion  of  t h e  spec ie s  due t o  Ea r th  and atmospheric  a lbedo 
r a d i a t i o n  [116]. 

_ ,  

The r e s u l t a n t  overhead s i g n a l  s t r e n g t h s  (Is) a r e  presented  i n  F igure  24 
f o r  a l l  of the  observed spec ie s  having a v a i l a b l e  resonance l i n e s .  The sum- 
marized d a t a  ind ica t e  t h a t  t he  expected s i g n a l - s t r e n g t h  va lues  a r e  e s s e n t i a l l y  
cons t an t  t o  about 95 km and dec rease ,  a s  expec ted ,  a t  h igher  a l t i t u d e s .  
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b .  &ay_lei&hsca_t__tered background_Ln-ensities.- I n  the r o c k e t  expe r i -  
ment d i scussed  above, i t  i s  ev iden t  t h a t  t he  i n d i c a t e d  measurements m u s t  be 
performed aga ins t  the ambient Rayleigh s c a t t e r e d  background eva lua ted  v e r t i c a l l y  
a s  de f ined  by 

IB(X,*) = K(lJ)  O h  no H (25) 

3 2 
4 

where 
K(+)  = Rayleigh s c a t t e r i n g  phase f u n c t i o n  = -  ( 1  + cos +) 

= s o l a r  photon f l u x  (photons cm - 2  sec  -l 8-5 
= Rayleigh s c a t t e r i n g  c r o s s  s e c t i o n  (cm-2) 

O x  
0 x 

n H = v e r t i c a l  column count of ambient atmospheric c o n s t i t u e n t s  (cm-2) 
0 

The e v a l u a t i o n  of background p r o f i l e  w i t h  a l t i t u d e  a s s i s t s  i n  the s e l e c t i o n  of 
an  pptimum probe l e v e l .  
Equation (25 ) ,  a geometr ical  c o n f i g u r a t i o n  has been assumed involving a s o l a r  
z e n i t h  ang le  of 45O and a 0' i n s t rumen ta l  z e n i t h  ang le .  This r e s u l t s  i n  a 
s c a t t e r i n g  phase f u n c t i o n . v a l u e ,  K(+) = 1.125. Here a g a i n ,  no account has 
been taken of the c o n t r i b u t i o n  due t o  t h e  a d d i t i o n a l  i l l u m i n a t i o n  from Ear th  
and atmospheric albedo [116].  The atmospheric column counts were obtained 
from the  1962 Standard Atmosphere [ 1 1 7 ] .  The r e s u l t s  of t hese  c a l c u l a t i o n s  
a r e  shown i n  Figure 25 f o r  probe a l t i t u d e s  of 80 ,  85 ,  90, 95,  and 100 km. 

s o  t h a t  t hese  backgrounds would be d i r e c t l y  a p p l i c a b l e  t o  an instrument wi th  a 
18 r e s o l u t i o n  c a p a b i l i t y ,  viewing v e r t i c a l l y  a t  t he  ind ica t ed  a l t i t u d e s  and a 
s o l a r  z e n i t h  angle of 45O. 

In o rde r  t o  consider  a r e p r e s e n t a t i v e  c a s e ,  i n  

i n t e n s i t y  values  a r e  presented i n  u n i t s  of Rayleighsjg ( lo6  photons/cm*-sec 

c .  Suggested experiment. - A summary of t h e  p rev ious ly  discussed 
s i g n a l  and background r e s u l t s  i s  contained i n  Table 4 a p p r o p r i a t e  t o  an upward 

;by;:' and Fig+ a r e  average va lues  from Figure 2[+, whi le  t h e  background l e v e l s  
a p p r o p r i a t e  t o  rocket  viewing a l t i t u d e s  of 80 and 95 km have a l s o  been s e l e c t e d .  
I n  most i n s t a n c e s ,  i t  can be seen t h a t  t he  magnitudes of t he  expected s i g n a l s  
(compared t o  the background l e v e l s )  i n d i c a t e  t h a t  f avorab le  experimental  condi- 
t i o n s  p r e v a i l  s o  t h a t  p o s i t i v e  r e s u l t s  could be a n t i c i p a t e d .  The s p e c t r a l  
l o c a t i o n s  and P-values f o r  n e u t r a l  Cay S i ,  Mg, and Fe a r e  a l s o  included i n  the  
t a b l e  t o  i l l u s t r a t e  t h a t  s i n c e  t h e i r  P-values a r e  e i t h e r  e s s e n t i a l l y  equ iva len t  
t o  or  g r e a t e r  than those of t h e i r  i o n i c  c o u n t e r p a r t s ,  a t  l e a s t  equ iva len t  favor- 
a b l e  experimental  performance can be p r e d i c t e d  f o r  t hese  h i t h e r t o  undetected 
ambient neutrals ,provided they e x i s t  i n  roughly equ iva len t  amounts. 

instrument and a 45' s o l a r  z e n i t h  ang le .  The t a b u l a t e d  s i g n a l  l e v e l s  

It has thus been shown t h a t  t he  simultaneous measurement of p o s s i b l e  
meteoric  d e b r i s  spec ie s  by mass spec t romet r i c  and o p t i c a l  resonance s c a t t e r i n g  
techniques w i l l  both reduce e x i s t i n g  c o n s t i t u e n t  abundance u n c e r t a i n t i e s  and 
e l i m i n a t e  mass determinat ion ambigu i t i e s .  Furthermore,  i f  t he  s e l e c t e d  rocket-  
borne o p t i c a l  instrumentat ion has a broad s p e c t r a l  o p e r a t i o n a l  c a p a b i l i t y ,  
p o s i t i v e  i d e n t i f i c a t i o n  and measurement of a d d i t i o n a l  c o n s t i t u e n t s  appears pos- 
s i b l e  including the  n e u t r a l  coun te rpa r t s  of previously-observed i o n i c  s p e c i e s .  
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WAVELENGTH, 1 (%)  

Figure 25. Rayleigh s c a t t e r e d  background, IB, f o r  45' z e n i t h  
ang le  s o l a r  i l l u m i n a t i o n  and a 00 z e n i t h  look angle .  
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TABLE 4 

PREDICTED S IGNAL AND BACKGROUND INTENSITIES 

Element x P NT (observed) IS  I B  0 
(Rayleighs/A) 

(8) s e c  atom (cm- 2> (Rayleighs)  k = 8 0  km k = 9 5  km photon 

~~ ~ 

6 

7 

9 

8 

4 x 10 L i  I 670G(d) 1 .6  x 10 

6 x 10 K I  7665 1 . 4  x 10  

2 x 10 Na I 5890 1 . 6  x 10 

CaII  3934 3 . 2  x 10-1 2.6 x 10 

1 

0 

0 

Ca I 4227 2.5 x 10-I -- 
8 S i 1 1  1808 2 . 7  8 x 10 

S i 1  25 14 1.4 x -- 
MgII 2796 7.9 x 1 .8  x 10 

2852 2.6 x 10-1 -- %I 
F e I I  2599 6.5 x 10-2 7 x 10 
F e I  3441 1 .9  x 10-2 -- 

9 

9 

64 

84 

3 200 

83 
-- 
0.2 - -  

140 
- -  

455 -- 

30 

20 

50 

140 
140 
-- 
30 

80 
90 

50 
170 

2 

1 

4 

10 
9 

-- 
2 

5 
6 

3 
11 
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