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I. Summary of Research
During the period of this contract, April 26, 1966 to June 30, 1975,

research was carried out in the following areas of atomic collisions and upper
atmosphere studies:

A. Labcratory Studies

Radiative Properties of Simple Molecules for Optical Discrimination
Studies

Clean Alr Chemistry and Chemiluminescence

Sodium Ion and Other Reactions

Processes Involving Metastable Species

Ion Molecule Reactions and Excitation Processes in a Fast Flow System
Ion Molecule Reactions at Fleveted Temperatures

Electron Attachment to Metal Oxides

Attachment of Electrons to Hot Oxygen

Crossed Beam Studies of Radiating State BExcitation by Vibrational
Energy Transfer

Reactions of Metal Atoms with Ions in Magnetically Confined NOt Plasmas

Afterglow Studies of the Excitation of Radiating States by Vibrational
Energy Transfer: Optical Pumping Experiments

Coincidence Scattering Experiments

Internal Energies of Photodissociation Products

Time of Flight Experiments

Laser Ion-Molecule Reection Rates

Particulate Technology

Kinetic Energy of Excited Metal Atoms in Chemical Reactions
Neutral-Neutral Reactions in Crossed Beams

Energy Partitioning in Metal Atom Chemi-Excitation

Processes Involving Metastable Species
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21. Dissociative Excitation of CO(A.ll'l) by Electron Impact on o,

22. Infrared Bmission From Recombination and Energy Transfer Process of
Air Species

B. Theoretical Studles
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1. Semi-Empirical Methods for Estimating Reaction Rates
2. Ionization and Excited State Populations in Barium Plasmas

3. Resonance Line Profiles in Alkali Vapors

4. Quantum Theory of Dissociative Recombination Rates
5. Pseudopotential Studies of Atoms and Molecules

6. Low Energy Atom-Atom Collision Cross Sections

T. Formal Collision Theory

i 8. Auger and X-ray Spectra

9. Energy Distribution in Ion Drift Tubes

g | ‘ C. Ground Based Observations, Rocket and Satellite Measurements

o 1. Airglow Idterferometry

2. Optical Interferometric Studies of Barium Releases

% 3. Auroral Interferometry

L. Optical Photometer Studies of Wizhtglow Ionospheric Modifications

%« Measurements of the Ionized and Neutral Constituents of the Atmosphere

D. Model Calculations of Atmospheric Composition and Response
1. Composition of the Mesosphere and Lower Thermosphere

2. Distribution of Gases in the lMesosphere

E. Informal Workshop on Atmospheric Metastables and Infrared Emitters

II. Research Publications Produced Under the Contract

The following is a list of the scientific publications which set forth i

the results of research of interest to ARPA carried ocut during this period

and in many cases supported under this contract.




Publications

£ "Negative Ions of N,0 and CO,", J. N. Bardsley, J. Chem. Phys. 31, 3348, 1969.

"remperature Dependence of Dissociative Recombination”, J. N. Bardsley, Phys.
Rev. A2, 1359, 1970.

"pseudopotential Calculations of Alkaii Interactions", J. N. Bardsley, Chem.
Phys. Lett. 7, 517, 1970.

"Potential Curves of Hep' and Li,*", J. N. Bardsley, Fhys. Rev. A3, 1317, 1971.

Phys. Lett. 37A, 75, 1971.

and J. N. Bardsley, J. Phys. B 5, 277, 1972.

"calculation of the Width of Narrow Shape Resonances”, R. A. Bain and J. N.
Bardsley, J. Chem. Phys. 55, 4535, 1971.

"Minimum Variance Method for Potential Scattering”; J. N. Bardsley, E. Gerjuoy
and C. V. Sukumar, Phys. Rev. 46, 1813, 1972.

"Inner Shell Ionization in Ion-Atom Collisions™, J. N. Bardsley, Comments on
Atomic and Molecular Physics 3, 6, p. 173180, 1972,
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"Dissociative Recombination of CH' Ions", J. N. Bardsley and B. R. Junker,
: Astrophys. J. 183, 1139, 1973.

"Dissociative Recombination of CO.* Ions with Electrons”, C. S. Weller and
M. A. Biondi, Phys. Rev. Lett. 19, 59, 1967.

"Flectron loss Processes in Ionized Gased, M. A. Biondi, Proc. VIIth Int'l.
Conf. on Phenomena in Ionized Geses, Vol. I (Knjiga Publishing,
Belgrade) 1967.

"Electron Temperature Dependence of Electron-Ion Recombination in Neon",
L. Fromshold, M. A. Biondi, and F. J. Mehr, Phys. Rev. 165, ik, 1968.

i "A Mathematical Study of the Electron Decay in Diffusion and Recombination
Controlled Afterglows", L. Frommhold and M. A. Biondi, Ann. of Phys.
(N.Y.) 48, k07, 1968.

"Recombination, Attachment and Ambipolar Diffusion of Electrons in Photo-
Ionized NO Afterglows", C. 8. Weller and M. A. Biondi, Phys. Rev. T2,
198, 1968.

"Electron-Temperature Dependence of Electron-Ion Recombination in Argon",
J. Mehr and M. A. Biondi, Phys. Rev. 176, 322, 1968.

"Dielectronic Recombination of Highly Cherged Ions", R. A. Bain and J. N. Bardsley,

"ghape Resonances in Atom-Atom Collisions, I, Radiative Association”, R. A. Bain
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"Atmospheric Electron-Ion and Ion-Ior. Recombiration Processes", M. A. Biondi, Can.
J. Chem. U7, 1711, 1969.

"breliminary Optical Interferometer Results on Barium Releases in Alaska', M. A.
Biondi, R. Hake, and D. Sipler, Stanford Research Institute Report,
RADC-TR-69-239, Vol. I, May 1965.

"Flectron Temperature Dependence of Recambination of }\.'e2+ Tons with Electrons”,
J. Philbrick, F. J. Mehr and M. A. Biondi, FPhys. Rev. 181, 275, 19%69.

"Flectron Temperature Dependence of Recombination of 02+ and N,* Ions with
Electrons", F. J. Mehr and M. A. Biondi, Phys. Rev. 181, 264, 1969.

"Ton-Molecule Reactions Involving No*, itt, 0,* and 0% Ions from 300°K to ~ 1 eV", |
R. Johnsen, H. L. Brown and Manfred A. Blondi, J. Chem. Fhys. 52, 5080,

1970.

"Coincident F Region Temperature Determinations from Incoherent Backscatter and

Doppler Broadening of (0I) 63004", L. L. Cogger, G. J. Nelson, M. A. Biondi,
R. D. Hake, Jr. and D. P. Sipler, J. Geophys. Res. T2, 4,887, 1970.

"optical (A6300) Detection of Radio Frequency Heating of Electrons in the F Region",
M. A. Biondi, D. P. Sipler, and R. D. heke, Jr., J. Geophys. Res. 73,
6421, 1970.

"pecombination Processes (Charged Particles)", Revised 1969, M. A. Biondi,
DASA Reaction Rate Handbook

"Rpesction Rates of Uranium Ions and Atoms with O, and N " R. Johnsen and
Manfred A. Biondi, J. Chem. “hys. 57, 1975, 1975.

| "Measurements of Reccmbination of Electrons with H30%.(Hy0), Series Ions",
{ M. T. Leu, M. A. Biondi, and R. Johnsen, rrys. Rev. 7, 292, 1973.

"mwilight and Nightime Ionospheric Temperatures fram Oxygen 26300 and A5700
' Spectral Line Profiles", W. A. Feibelmen, R. D. Heke, Jr., D. P. Sipler
and M. A. Biondi, J. Geophys. Res. 77, 1869, 1972.

"Mobilitles of Uranium and Mercury Ions in Helium", R. Johnsen and M. A. Biondi,
J. Chem. Phys. 57, 5292, 1972.

| "The Effects of Ion Complexity on Llectron-Ion Recombination", M. A. Biondi,
Comments on Modern Phys. D&, 85, 1973.

' "nigtribution of Sodium in the Daytime Upper Atmosphere as Measured by a Rocket
Experiment", T. M. Donahue and R. R. Meier, J. Geophys. Res. 72, 2803,

(1967).

Comments on "Observation of the Airglow He pmission", by E. B. Armstrong",
T. M. Donahue, Planet. Space Sci. 15, 1223, 1967.

"Discussion of An Experiment to Measure the Polarization of Dayglow Lyman a,
T. M. Donahue, Planet. Space Sci. 15, 1535, 1967.

"Tonospheric Composition and Reactions", T. M. Donahue, Science 159, 489, 1968.
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"Me Sodium Airglow", T. M. Donahuc, in Int'l. Dictionary of Geophysics,
Ed. S. K. Runccrn, Pergamon Press, pp. 1417-1426, 1967.

"The Hydrogen Lyman o Airglow", T. M. Donahue, in Int'l. Dictionary of Geophysics,
Ed. S. K. Runcorn, Pergamon Press, pp. 733-7h0, 1967.

"Bxcitation of the Auroral Green Line by Dissociative Recombination of 02+:
Analysis of Two Rocket Experiments", T. M. Donahue, T. Parkinson, E. C.

2ipf, J. P. Doering, W. G. Fastie, and R. E. Miller, Planetary and
Space Science 16, 737, 1968.

"Deuterium in the Upper Atmospheres of Venus and Farth", T. M. Donahue, J.
Geophys. Res. Th, 1128, 1968.

"A Hydrogen Bulge Over the Springtime Pole", T. M. Donahue, J. Geophys.
Res. T4, 3417, 1969.

"Ion Composition and Ion Chemistry in an Aurora', T. M. Donahue, E. C. Zipf
and T. D. Parkinson, Planet. Space Sci. 18, 171, 1970.

"mxcitation and Radiative Transport of OI 130&5. Resonance Radiation I. The
Dayglow", T. M. Donahue and D. J. Strickland, Planet. Space Sci. 18,
661, 1970.

"Excitation and Radiative Transport of OI 130&;. Resonance Radiation II. The
Aurora", D. J. Strickland and T. M. Donahue, Planet. Space Sci. 18,
691, 1970.

"Space Research X, Proc. 12th Plenary Meeting of COSP ", (Conmittee on
Space Research), Ed. T. M. Donehue, P. A. smith and L. Thomas, North
Holland Publ. Co.

"Planetary Exploration', T. M. Donahue, Rev. of Geophys. and Space Sci. 9,
No. 1, 1971.

"The Polar Ion Flow: Wind or Breeze?", T. M. Donahue, Rev. of Geophys. and
Space Sci. 9, 1, 1971.

"pransport of Resonance Radiation in Optically Thick Media", G. A. Doschek
and T. M. Donahue, Astrophys. J. 161, 737, 1970.

"Analysis of 0G0-6 Observations of the OI 5577k Tropical F-Region Nightglow",
R. J. Thomas and T. M. Donahue, J. Geophys. Res. 71, 3557, 1972.

"positive Ion Chemistry of the D & E Region", Radio Science 7, 73, 1972,

"The Altitude of the Scattering Layer near the Mesopause over the Summer Poles,
T. M. Donahue and B. Guenther, J. Atmos. Sci. 30, 515, 1973.

"mhe Dirtribution of Atomic Oxygen in the Upper Atmosphere Deduced from 0GO-6
Airglow Observations", T. M. Donshue, B. Guenther and Ronald J. Thomas,
J. Geophys. Res. 78, 6672, 1972.
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"Transfer of Excitation Energy from Nitrogen Molecules to Sodium Atoms),
J. E. Mentall, H. F Krause and W. L. Fite, Dis. Faraday Soc. L,
157, 1967.

"Charge Transfer of N,* and Op* and NO* to Sodium Atoms at Thermal Energies",
W. L. Fite, A. L. Farragher and J. A. Peden, J. Chewr. Phys. 50, 287, 1969.

“Mass and Phase Spectrometry in Modulated Beam Experiments, Recent Developments
in Ma.s Spectroscopy, Koreichi, Ogata and Teruo Hayskawa, eds.
(University of Tokyo Press, 1970), pp. 1001-1012.

“Excitation of Na D-Line Radiation in Collisions of Sodium Atoms in Internally
Excited Ho, D% and Ny, We L. Fite; H. F. Krause and J. Fricke, J. Chenm.
Phys. 56, 4593, 1972,

"Charge Transfer in the Classical Binary-Encounter Approximation", J. D. Garcia,
and E. Gerjuoy, Phys. Rev. Lett. 18, 9k, 1967.

"The Correspondence Principle in Inelastic Scettering”, J. D. Garcia and E.
Gerjuoy, in The Fifth International Conference >n the Physics of Electronic
and Atomic Collisions, Leningrad, July, 1967, Abstracts of Papers, Edited
by I. P. Fleks (Publishing House Nuuka, Leningrad, 1967), pp. 655-657.

"Correspond?n;g ?rinciple in Inelastic Scattering", J. D. Garcia, Phys. Rev. 159,
39 (1967).

"Classical Calculations of Charge Transfer Cross Sectiens", J. D. Garcia,
E. Gerjuoy and J. E. Welker, Leningrad Conference Abstracts, ibiag,
pP. 651-653.

"Classical Approximation for Ionization by Heavy Particle Impact", J. D. Garcia,
E. Gerjuoy and J. E. Welker, Leningred Conference Abstracts, ibid,
pp. 653-65k4

"Atomic-Shell Structure in Inelastic Collisions", J. D. Garcia, J. Chem. Phys. 47,
3679, 1967.

"Classical Calculations of Charge-Transfer Cross Sections"; J. D. Garcia,
E. Gerjuoy and J. E. Walker, Fnys. Rev. 165, 72, 1968.

"Classical Approximations for Ionization by Proton Impact", J. D. Garcia,
E. Gerjuoy and J. E. Welker, Fhys. Rev. 165, 66, 1968.

"Ionization of Ions", J. D. Garcia and Brien K. Thomas, Bull. Amer. Phys.
Soc. 13, 907, 1968.

"Recent Progress in Electron-Atom Collision Theory", E. Gerjuoy, in the volume
"A Survey of Phenomena in Ionized Gases: Invited Papers from the 8th
Int'l. Conference on Phenomena in Ionized Gases, Vienna, August 27-
Septembgr 2, 1967", (International Atomic Energy Agency, Vienna, 1968),
pp. 45-60.

"Theoretical Aspects of Atomic Collisions: Classical; Variational, and Fadeev
Methodd, E. Gerjuoy, in the volume "The Physics of Electronic and Atomic
Collisions: Invited Papers from the Sth Int'l. Conference Leningrad,
July 17-23, 1967", edited by L. M. Branscomb (JILA, Boulder, Colorado,
1968), pp. 175-185.
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"Collisions of Heavy Particles at High Velocities", E. Gerjuoy, W. L. Fite,
J. D. Garcia and J. A. Peden, Air Force Weapons Laboratory Technical
Report, AFWL-TR-60-26 {May 1969). :

| "Ionizatiﬁn O&Positive Ions", Brian K. Thomas and J. D. Garcia, Fhys. Rev. 179,
94, 1969.

"Configuration Space Three-Bcdy Scattering Theory”, E. Gerjuoy, Letter to
Fditor, J. Phys. B: Atom. Mol. Phys. 3, 192, 1970.

"Glauber Theory of Atomic Hydrogen Mxcitation by Electron Impact"”, E. Gerjuoy,
: H. Tei, R. H. Bassel and V. Franco, Phys. Rev. Al, 1819, 1970.

)

"Comparisons of the Glauber and Vainshtein Approximation for Inelastic Electron- {
\ Hydrogen Scattering", E. Gerjuoy, B. K. Thomas and V. B. Sheorey, J. Phys.
B: Atom. Mol. Phys. h, 157-61, 1961.

"Quantum Defects for He I and Li II", V. B. Sheorey, J. Phys. B: Atom. Molec.
PhyS. -,i, 1)4)4-1&7, 19710

"Glauber Amplitudes in Charged Particle Hydrogen Atom Collisions”, B. XK. Thomas
and E. Gerjuoy, J. Math. Phys. 12, 1567. 1971.

"Elastic and Inelastic Scattering of Protons by Hydrogen Atoms", Victor Franco
and B, K. Thomas, Phys. Rev. A 4, 945, 1971.

"Low Energy Electron-Molecule Scattering Experiments and the Theory of Rotational
Excitation", E. Gerjuoy, D. E. Golden, Neal F. Lane and A. Temkin, Rev.
Mod. Phys. 43, 642, 1971.

"Glauber Calculations of Polarization of Lyman-alpha Resulting from e -H(1ls)
Collisions", E. Gerjuoy, B. K. Thomas and V. B. Sheorey, J. Phys. B:
Atom. Mol. Phys., Vol. 5, No. 2, p. 321-33, 1972.

"Configuration Space Three-Body Scattering Theory", Fhilosopnical Trans. Roy.
Soc. (England), 270, 197, 1971.

"Detniled Balancing in the Time-Dependent Impact Parameter Method", E. Gerjuoy,
Case Studies in Atomic Physics, 3, 1-45, 1972 (North lolland Pub. Co.).

"Jse of the Glauber Apprcximation in Atomic Collisions. A Progress Report”,
E. Gerjuoy, in "The Physics of Electronic and Atomic Collisions VIIth
Int'l. Conference, Amsterdam, July 1971, Invited Papers and Progress
Reports", edited by T. R. Govers and F. J. de Heer, (North Holland
Publishers, 1972), pp. 247-264,

; "New Results on Applications of Glauber Theory to Atomic Collisions", Brian
Thomas and E. Gerjuoy, Third Int'l. Conference cn Atomic Physics, ]
August 7-11, 1972, Abstracts of Papers, pp. 262-26L. .

"Glauber Form Cross Sections in p-H and e -H Collision 1", E. Gerjuoy and
B. X. Thomas, J. Math. Phys. 1b, 213, 1973.

"Identities Related to Variatiomal Principles", E. Gerjuoy, A. R. P. Rau and 1
Larry Spruch, J. Math. Phys. 13, 1707, 1972. 1




"The Minimum Variance Method for Potential Scattering", E. Gerjuoy, J. N. Bardsley
and C. V. Sukumar, Phys. Rev. A, 6, 1813, 1972.

"M me-Reversal Invariance in the Impact Parameter Method", E. GerJjuoy, J. Macek
and R. Shakeshaft, J. Phys. B, 6, 794, 1973.

"properties of Resonance Wave Functions", E. Gerjuoy and R. More, Phys. Rev. A,
7, 1288, 1973.

"Constructing Variational Principles", A. R. P. Rau, E. Gerjuoy and Larry Spruch,
Phys. Rev. A, 8, 662, 1973.

"Radiative Lifetime and Collisional Quenching on NO, Fluorescence and the Nature
of the Air Afterglow, L. F. Keyser, F. Kaufman and E. C. Zipf, Chem.
Phys. Letters 2, 523, 1968.

"Gas Phase Reaction Rates of Some Positive Ions with Water at 296°k", C. J.
Howard, H. W. Rundle and F. Kaufman, J. Chem. Phys. 53, 3745, 1970.

"Kinetics and Mechanism of NO, Fluorescence", L. F. Keyser, S. Z. Levine and
F. Keufman, J. Chem. Phys. 54, 355, 1971.

"Water Cluster Formation Rates of NO¥ in He, Ar, N, and O, at 296°k", C. J.
Howard, H. W. Rundle and F. Kaufman, J. Chem. Phys. 55, 4772, 1971.

"Kinetics of the O + 0o Reaction", J. L. McCrumd and F. Kaufman, J. Chem. Fhys.
57, 1270, 1972.

"kinetics and Mechanism of the Formetion of Water Cluster Ions from O,% and
Ho0, C. J. Howard, V. M. Bierbaum, H. W. Rundle and F. Kaufman, J. Chem.
Phys. 57, 3491, 1972.

"Interferometric Study of the Chemiluminescent Excitation of Sodium by Active
Nitroged, R. G. Gann, F. Kaufman, and M. A. Blondi, Chem. Fhys.
Letters 16, 380, 1972.

"Kinetics of the Reaction OH (v=0) + 03 = Hoﬁ + Og" ; Jo G. Anderson and
83, 19

F. Kaufman, Chem. Phys. Letters 19, 73.

"The Air Afterglow Revisited, in Chemiluminescence and Bioluminescence",
F. Kaufman, Ed. M. J. Cormier, D. M. Hercules, and J. Lee (Plenum
Publishing Corp., New York) 1973 October, p. 83.

"absolute Rate Constant for the O + NO Chemiluminescence in Near Infrared,
M. F. Golde, A. E. Roche, and F. Kaufman, J. Chem. Phys. 59, 3953,
1973.

"Radiative Lifetime and Collisional Deactivation of NO, Fluorescence and Nature
of the Air Afterglow", L. F. Keyser, F. Kaufman and E. C. Zipf, Chem.
Phys. Letters 2, 523, 1969.

"mMhe Collisional Deactivation of Metastable Atoms and Molecules in the Upper
Atmosphere", E. C. Zipf, Can. J. Cnem. 47, 1863, 1969.

"an Observation In Situ of an Auroral Pulsation", T, D. Parkinson, E. C. Zipf
and K. A. Dick, J. Geophys. Res. 75, 133k, 1970.
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"Cross Section for Electron Impact Excitation of the (0,0) First Negative Band

of N,* From Threshold to 3 keV", W. L. Borst and E. C. Zipf, Fhys. Rev.
14, 834, 1970.

"Electron Excitation Cross Sections for the First Negative Bands of Oxygen",
W. L. Borst and E. C. Zipf, Phys. Rev. 1A, 1410, 1970.

"A Versatile Electrical Shutter for Optical Pumping Experiments", R. Fralick and
E. C. Zipf, Rev. Sci. Instr. 41, 47, 1970.

"Rocket Investigation of the Auroral Green Line", T. D. Parkinson, E. C. Zipf and
T. M. Donahue, Planet. Space Sci. 18, 187, 1970.

"A Voltage Programmed Oscillator for Quadrupole Mass Spectrometers", E. C. Zipf
Rev. Sci. Instr. 41, No. 8, 1236, 1970.

"A Mass Spectrometer Observation of NO in an Auroral Arc", E. C. Zipf, W. L. Borst
and T. M. Donahue, J. Geophys. Res. 75, 6371, 1970.

"The Auroral Intensity Ratio of OI(6300A) and OI(5577A)", Planet. Space Sci. 19,
267, 1971, T. D. Parkinson and E. C. Zipf.

"Excitation of the CO Fourth Positive Band System by Electron Impact on Carbon
Monoxide and Carbon Dioxide", M. J. Mumma, E. J. Stone and E. C. Zipf,
J. Chem. Phys. 54, No. 6, 2627, 1971.

"Calitration of Vacuum Ultraviolet Monochromators by the Molecular Branching-Ratio
Technique”, J. Opt. Soc. 61, 83, 1971, M. J. Mumsa and E. C. Zipf.

"Energy Spectra of Metastable Oxygen Atoms Produced by Electron Impact Dissociation
of 02", W. Lo mrst a.nd Eo Co Zipf, Hlys. ReVo A E, 153, 19710

"Lifetimes of Metastable CO and N, Molecules", W. L. Borst and E. C. Zipf, Phys.
Rev. A 3, 979, 1971.

"Dissociative Excitation of Vacuum Ultraviolet Emission Features by Electron
Impact on Molecular Gases”: I. Hp and O,", M. J. Mumma and E. C. Zipf,
J. Chem. Phys. 55, 1661, 1971.

"Photoelectron Excitation of Atomic Resonance Radiation in the Terrestrial
Airglow", J. Geophys. Res. 76, 6865, 1971, E. C. Zipf and E. J. Stone.

"Absolute Cross Section for the Production of 0(°8%) by Electron Impact Dissociation

of 0o", W. C. Wells, W. L. Borst and E. C. Zipf, Chem. Phys. Letters 12,
288, 1971.

"Excitation of the 0I(38) and NI(4P) Resonance States by Electron Impact on O
and N", Phys. Rev. A 4, 610, 1971, E. J. Stone and E. C. Zipf.

"Deactivation of N%°A3Eu+ Molecules in the Aurora", D. E. Shemansky, E. C. Zipf

and T. M. Donahue, Planet. Space Sci. 19, 1669, 1971.

"Dissociative Excitation of Vacuum-Ultraviolet Emission Features by Electron
Impact on Molecular Gases II. No", M. J. Muma and E. C. Zipf. J. Chem.
Phys. 22) 5582) 1971.
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"Production of Energetic Long-Lived High Rydberg States of Atomic Nitrogen by
Electron Impact Dissociation of N,", W. C. Wells, W. L. Borst and E. C.
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