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Bibliography of Electron and Photon Cross Sections
with Atoms and Molecules

Published in the 20™ Century

—— Halogen Molecules ——*

Makoto Hayashi

(Gaseous Electronics Institute)

A bibliographies of original and review reports of experiments or theories of electron and
photon cross sections and also electron swarm data are presented for atomic or molecular
species with specified targets. These works covered 17 atoms and 51 molecules. The
present bibliography is only for halogen molecules (F, Cl, Brz, I2).  About 190 (F2), 360
(Cly), 140 (Brz) and 240 (1) papers were compiled respectively. A comprehensive author
indexes for each molecule are included. The bibliography covers the period 1901 through
2000 for F»-I,. Finally, author's comments for F,-I; electron collision cross sections are
given.

Keywords : F, Cly, Bra, I» molecules, collision cross sections, electron, elastic scattering,
rotational, vibrational and electronic excitations, dissociation, ionization photon,
photoabsorption, photodissociation, photoexcitation, photoionization, electron swarm, drift
velocity, diffusion coefficient, ionization coefficient, excitation and-ionization energies,
transition probabilities, lifetimes of excited states :

* This work was carried out under the collaboration research program at National
Institute for Fusion Science.



Introduction
History

This bibliography is the result of a continuing literature survey which was
begun around 1970 and originally encompassed only electrom collision cross
section and electron swarm data. The organization responsible for continuing
this survey is Nagova lnstitute of Technology, Nagoya. From 1994, the work
continued to Gaseous Electronics Insititute. Nagoya. In 1997, the collection
of photon cross section references was begun. The search for references in
both cases was retrospective and included all papers reporting measurements,
theoretical calculations or reviews and data compilations of such crass
sections and electron swarm data.

Scope

This bibliography contains references to original research papers which
report experiments or theoretical calculations of croess sections for electron
and photon collisions with halogen molecules Fa, Cla, Bro, and Is. The review
papers on this subject are also included. Some halogen molecule cluster
papers are included. Some conference reports, company 0r agency reports and
PhD) thesis are included. Halogen molecules ion papers and positron cotlision
papers are not included in principle. :

Papers reporting the following data are included.

For electron collision cross section
1} elastic scaitering
2) rotational excitation
3) vibrational excitation
4) electronic excitation
5) dissociation
6) ionization
7) attachment
8) grand total scattering (sum of elastic and inefastic cross sections)
9) electron swarm parameters (drift velocity, diffusion coefficient)
10) excitation and ionization coefficients

For photon collision cross section
1} photoabsorption
2} photoexcitation and fluorescence
3) photodissociation
4) photoionization



For some related data :
1) excitation and ionization energies
2) transition probabilities
3} lifeiimes of excited states
4) athers

The energy range for electron cross section data is usually 0 - 10 keV,
but some higher electron energy papers are included. The wavelength range
for photon cross section data is from microwave to X-ray. Most papers are
concerned with infrared, visible and ultraviolet ray region.

The bibliography includes the papers published in the 20th century, from
1901 to 2000. Oldest paper in this list is given by E R Laird (1901) for Clo.
Oldest papers for other halogen molecules are shown im each molecules. So
for this bibliography, pubiished papers from 1901 to 1999 are compiled
by alphabetical order of the first author's surname of the paper. And the
references published in 2000 and plus some old papers found very recently
after compilation are added as "Addenda of References for each Halogen
Molecule". In total, about 190 for Fz, 360 foe Clo. 140 for Bro and 240 for
l, papers are compiled in the four halogen molecules bibliography.

Organization

This report consists of four parts : introduction, the bibliography and
its addenda, author index, and some comments on eleciron collision cross
sections. :

Bibliography

In this section the complete citation for‘all references are givent. At
first fellowing classifications are shown :

E : Elastic collisioen

R : Rotational excitation

V : Vibrational excitation

EX : electronic_EXcitation

D :_Dissociation

I : _lonization

A :_Attachment

ME : _MEtastable molecules

3 electron_Swarm :

0 : Others (photon cross sections and the others)

All authers’ initials and surname, journal name, volume, inclusive pages and
year of publication are given as well as the title, and some additional
information in the square bracket [ ]. E and T in the square bracket mean
experiment and theory.



Bibliography for Fo, Clz. Brz, and I are divided into two parts :

Fo

Part 1. 1900 - 1999 p. 1 - 16

Part 2. Addenda of References some old papers p. 17
Cla

Part 1. 19060 - 1999 »p. 1 - 29
Part 2. Addenda of Referenmces published in 2000, plus some
old papers p. 30 - 32

Bl’2

Part 1. 1900 - 1999 p. 1 - i4

Part 2. Addenda of References published in 2000, plus some
old papers p. 14 - 14

I

Part 1. 1900 - 1999 p. 1 - 123

Part 2. Addenda of References published in 2000, plus some
old papers p. 24 - 24

Author Jndex

in this section all authors are listed alphabetically by surname. After
each author’ s name 1s a list of page numbers indicating which references he
or she authored or coauthored.

Fg D. 1 - 4
Clz p. 1 -1 Addenda p. 8
Br, p. | -4
1 D. 1 - 4

Each avthor index of four halogen molecules follows each bibliography.

Some Comments on Electron Collision Cross Sections for Fo, Cla, Bro
and I»
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References for Fo (1900 - 1999)

{Fluorine)

[Halogen)
E : Elastic collision, R : Rotational excitation,
V : Vibrational excitation, EX : Elecironic excitation,
D : Dissociation, I : lonization,
A : Attachment, QT : Grand total cross section
S ¢ Swarm, @ : lonization coefficient,
0 : The others, { ]: Additional infermations,

E : Exp.. T : Theory

The oldest paper in this list is given by H. G Gale (1924).

I.Aars : Z.Phys. 79, 122-138 (1932
Uber eine photometrische Untersuchung der starksten Emissionsbanden von
Fluor. [E, hy, FE5l

N. L. Aleksandrov, 1. V. Kochetov, A. P. Napartovich. V. G. Pevgov and A N. Starostin :
Sov.J.Plasma Phys. 6, 748-751 {1980) -
Electron kinetic coefficients in a weakly ionized plasma with high
attachmeni rates. [T, Fo + Hel

W.D.Allen and A.G.Csaszar : J. Chem. Phys. 98, 2983-3015 {1993)
On the ab initic determination of higher-order force constants at
nonsiationally reference geometries. [T, Fz, Nz, N0, F,0]

D. Andrychuk : J.Chem. Phys. 18, 233-233 (1950)
Raman spectrem of fluoriae. [E, hv., Fy: 892 ¢cn 1}

D. Andrychuk : Can.J. Phys. 29, 151-158 (1951)
The Raman spectrum of fluerinme. [E, Fz; Bo = 0.8828 cn™!, 1o = 1.418 Al

K. A Ashtiani. ). L. Shohet and R.E.P. Harvey : }.Vac. Sci.Tech. AL1,1136-1141

{1993) -
Computer calculation of neutral-radical densities in a CFs electron
cyclotron resonance plasma processing system. {T, Fa. CF4]

J.A Avala, W.E. Wentworth and E.C. M. Chen : J.Phys. Chem. 85, 768-777 {1981)
Electron attachment to halogens.
[E, Fo - l,: thermal electron attachment]

G.G.Balint-Kurti and M. Karplus : J. Chem. Phys. 50, 478-488 (1969)

Multistructure valence-bond and atoms-in-malecules calculations for
LiF. F,, and F2~. [T, Fa Fa™. LiF]

-F21 -



V J.N. Bardsley : in Electron-Molecule and Photon—Melecule Collisions, Plenum
A 297-280 (1979)
Molecular resonance phenomena. {review, Fp, Cls, 1, Hp Ny 0p, NO, HCI]

A J.N.Bardsley and J.M. Wadehra : J. Chem. Phys. 78.7227-7234 (1983) -
Dissociative attachment in HCl, DCl, and Fs. [T, Fo, HCI, DCl]

0 R F.Barrow and A.D. Caunt : Proc. Rov. Soc. Londen A219,120-140 (1953)
The ultra-violet absorption spectra of some gaseous alkali-metal halides
and the dissociation energy of fluorine. {E, hv. F,, NaF, etc.]

0 O0.M.Batovyskii and V.I.Gurev : Opl.Spectrosc. 41.185-187 (1976)
Tenperature dependence of the continuous ultraviolet absorption spectirum
of molecular fluorine. [E and T, hv, Fo; 300 - 990 K]

A E. M. Belenov,V.A Isakov, A.N.Qraevskii and V. 1. Romanenko : Sov.J.Quantum
Elect. 4, 758-760 (1974)
Dissociation of fluorine molecules by electron impact.
[T, Fo; Fo+ e = F~ + For F*¥ + F~ + e, 0 - 32 eV]

0 J. Berkowitz, W. A. Chupka, P. M. Guyon. J. K. Holloway and R. Spohr : J. Chem. Phys. 54,
5165-5180 (1971)
Photoionization mass spectrometric study of Fp, HF, and DF.
[E, hv, Fo, HF, DF; Vi of F» 15.686 eV]

0 J.Blauer and W.Solomon : J.Chenm. Phys. 57, 3587-3589 (1972)
Shock tube calorimeter for the dissociation energy of fluorine.
[E, Fo> + HF + Ar; 1400 - 3200 X]

0 J.F.Borns : Report X-1147, Carbon Chemicals Co. (1954)
The heat pf dissociation of N» and the appearance potentials of some ions
formed in F2 and HF by electron impact. [, Fz, HF, Na:; from F.I.Vilesov]

A C.A.Brau,A.E.Greene,S.D.Rockwood and B.1.Schneider : 31st GEC, Buffalo, MA-3
(1978) -; Bull.Am. Phys. Soc. 24, 134-134 (1979)
Dissociative attachment of electrons to Fsp. {E and T, F;]

QT M. Breitenstein, A. Endesfelder, H. Mever and A. Schweig : Chem. Phys. Lett. 108,
430-434 (1984
CIl calculations of electron-scattering cross sections for some linear
molecules. (T, Fz, Nz, 0z, CO, CzH», ; first Born approx. |

EX C.E.Brion : in Physics of Electronic and Atomiec Collisions, 1%Zth ICPEAC
Gatlinbere, North-Holland 579-593 (1982)
Eleciron scattering at high and intermediate energies. — Quantitative
measurements inh molecular spectiroscopy.
[review, Fp, HAF, C0S, CS2, C0,, N20, etc.]

E M Capitelli,R. Celiberto and M. Cacciatore : in Advances in Atomic, Molecular
V _and Optical Physics, Vol. 33, Academic 321-372 (1994)

EX Needs for cross seciions in plasma chemistry.

I freview, Fp, Clz, HF, BCI, Hz, Nz, 0., CO, €0z etc.]

-F22 -



D.C.Cartwright and P.J.Hay : J. Chem Phys. 70.3191-3203 (1979)-
Theoretical studies of the valence electronic states and the 'IT. «
Y'E .t absorption spectrum of the Fu molecules. [T, Fs]

=

.C.Cartwright, P. J. Hay and S.Trajmar : Chem. Phys. 153.219-231 (1991 O
Estimate of the integral cross section for dissociative excitation of Fo
by electron impact. [estimation, Fo; th.- 500 eV]

R.E.Center and A Mandl : J.Chem. Phys. 57, 4104-4105 (1972}

lonization cross sections of Fo and Cle by electron impact.

[E, Fz. Clp; th.- 100 eV]

P.J.Chantry : Westinghouse Rep. 78-9C6-ATACH-RI (1978)
Attachment measurements in halogen bearing molecules. (E, Fa, 1

P.J.Chantry : Bull. Am. Phys. Soc. 24, 134-134 (1979) -
Dissociative attachment cross sectiod measurements in F» and NFs.
{E. F», NFsl

a]

_J.Chantry : in Applied Atomic Collision Physics, Vol.3 : Gas Lasers.
H. Massey, et al. (Ed), Academic Press 35-70 {19820 O
Negative ion formation in gas lasers. [review, Fz, NFs, HCl, HgBro, etc.]

H. -L. Chen, R. E. Center, D. ¥. Trainor and W.1.Fyfe : App!l.Phys. Lett. 30, 99-101
(1977a)
Dissociative attachment of electrons to Fa. [E, F,]

H. -L. Chen, R. E. Center,D. W. Trainor and W.[.Fyfe : J. Appl. Phys. 48, 2297-2305
(1977h)

Dissociation of fluorine by eleciron impact.

[E. Fo; dissociative attach. rate const.]

M.S.Child and R.B. Bernstein : J.Chem Phys. 5%, 5916-5925 {1973)
Diatomic interhalogens : Systematics and implications of spectroscopic
interatomic potentials and curve crossings. {T. Fp - I, IBr, etc.]

L.G. Christophorou : Contrib.Plasma Phys. 27, 237-281 {1987)
Electron attachment detachement processes in electronegative gases.
[E, F2, Clz, SFe. perfluoroalkanes]

W. A Chupka and J.Berkowitz : 1. Chem. Phys. 54, 5126-5132 (1971a)
Kinetic energy of ions produced by photoionization of HF apd Fs.
[E. hv. Fu, HF: Do (Fz) 1.58 eV, EA(F) 3.400 eV]

W.A. Chupka. J. Berkowitz and D.Guiman : J. Chem. Phys. 55, 2724-2733 (1971b)
Electron affinities of halogen diatomic molecules as determined by
endoergic charge transfer. {E, Fp - I2]

A Chutjian amd S.H Alajajian : Phys. Rev. A35, 4512-4514 (1987) O
Electron attachment in F» : Cooclusive demonsiration of nomresonant,
s-wave coupling in the limit of zero electron energy.

[E, Fz: 15th ICPEAC. Brighton 315 {1987)]
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0 E.A Colbourn, M. Dagenais, A. E. Douglas and J. W. Raymonda : Can. J. Phys. 54,
1343-1359 (1976) '
The electronic spectrum of Fo,
[E, Fo; T80 - 1020 A, v =1, 893.90 cm?, v = 2, 1764.15 cm™ 1]

0 J.L.Cole and J.L.Margrave : J.Mol.Spectrosc. 43, 65-86 (1972)
The vacuum ultraviolet spectrum of molecular fluorine. (E, hv, Fa3]

[ J.E.Cellin : Can.J.Chem 40, 2172-2175 {1962)
The Franck-Condon principle and the ionization of molecules.
{compilaticen, Fa - 12, HF - HI, Ha, Na, 02, C0, NO, C0,]

0 A B.Cornford,D.C.Frost, C. A. McDowell, J. L. Ragle and I.A. Stenhouse : J.Chen,
Phys. 54, 2651-2657 (1971) -
Photoeleciren specira of the halogens. [E, hv. Fao - 12}

0 G. Das and A.C.Wahil : J.Chem. Phys. 44, 87-96 (1966)
Extended Hartree-Fock wavefunctions : Optimized valence configurations
for H> and Li>, optimized double configurations for Fo. [T. Fz, Hs, Liz]

0 G.Das and A . C.Wahl : Phys. Rev. Lett. 24, 440-443 (1970)
Optimized valence configurations and the Fo molecule. [T. Fs]

0 G.Das and A C.Wah! : J.Chem Phys. 56, 3532-3540 (1972)
Theoretical study of the F, molecule using the method of optimized
valence configurations. [T, F2; potential energy curve]

0 V.V.Datsyuk, I.A. Izmailov and V. A.Kochelap : Phys. Usp. 41, 379-402 (1998) -
Vibrational relaxation of excimers. [review, B, Clo, HCl, He - Xe]

I J.J].de Corpo.R: P.Steiger, ). L. Frankiin and J. L. Margrave : J. Chem. Phys. 53,
A 936-938 (1970}
Dissociation energy of Fo. [E, Fu; 0 - 32 eV]

0 D.DeMoulin and M. Jungen : Chem. Phys. 16, 311-318 (1976)
Expanded electronic states of the fluorine molecule. {T. F»]

I H Deutsch, P.Scheier and T. D Mark : Int_J. Mass Spectrom Ion Process. 74,
81-95 (1986) -
Catculation of electron impact iomization cross-sections. The fluorine
anomaly. [T. Fs, CF4. CCIQFQ. SFgs, UFe, Ng]

0 V.H Dibeler, J. A. Walker and K. E. McCulloh : J. Chem. Phys. 50, 4592-4593 (1969)
Dissociation energy of fluorine. [E, hv, Fsl

0 V.H. Dibeler, J. A Walker and K E.McCulloh : J. Chem Phys. 51, 4230-4235 (1969)
Photoionization study of the dissociation energy of fluorine and the
heat of formation of hydrogen fluoride. [E. hv, Fo, HF]

0 M Diegelmann, K. Hohlia, F. Rebentrost and K. L. Kompa : J. Chen. Phys. 76, 1233-1247
(1982)
Diatomic interhalogen laser molecules : Fluorescence speciroscopy and
reaction kinetics. [E, hwv, Fa, Cla, CIF, etc.]

- F1 4 -



J.G.Dillard : Chem. Rev. 73, 589-643 (1973) -
Negative ioD mass spectrometry. [review, F, - Iz CClg, CH3CI, etc.]

G.Di Lonardo and A E. Douglas : J.Chem.Phys.56.5185;5185 (1972}
Elecironic spectira of HF and Fo. [E, hv., F, KF)

J.G.Dojahn, E. C. M. Chen and W.E.Wentworth : J. Phys. Chem. 100, 9649-9657 (1996) -
Characterization of homonuclear diatomic ions by semiempirical Morse
potential energy curves. 1. The halogen anions. [T, Fz - lo, Ato]

W.Domcke : Phys. Rep. 208, 97-188 (1991) -
Theory of resonance and threshold effects in electron-molecule
collisions : The projection-operator approach.
[review, Fo, HCI, Nz, Ha, (0]

G. F. Drukarev and S.A. Pozdneev : 11th ICPEAC, Kyoto 346-347 (1979) -
Calculation of dissociative attachment cross section to Fo, Cls, and
I, molecules. [T, Fp, Cla, Io:; 3.2 - 5 eV for Fa)

D. Edeison and D.L.Flamm : J. Appl. Phys. 56, 1522-1531 (1984)
Computer simulation of a CFy plasma etching silicon. [T, Fp. CFy4, C2Fsl

H. G. M. Edwards, E. A. M. Good and D. A. Long : J. Chem. Soc. Faraday Trans. I 72,
984-987 (1974)
Pure rotational Raman specirum of fluorine. {E. hv, Fjl

A V.Eletskii,B. M. Smirnov and G. V. Shlyaprikov : Opt. Spectrosc. 36, 630-634
(1974)
Photodissociation and photorecombination emission of diatomic molecules.
[T, hv, Fz - Iz ete.)

A V.Eletskii and B.M. Smirnov : Sov. Phys. Usp. 28, 956-971 (1985)
Dissociative attachment of an electron to a molecule.
[review, Fo - Iz, etc.}

J.C.Ellenbogen, 0. ¥. Day, D. ¥W. Smith and R. C. Morrison : J. Chem Phys. 66, 4795-
4801 (1977)
Extension of Koopmans' theoren. IV. lonization potentials from correlated
wavefunctions for molecular fluorine. [T, F2]

D.}.Ellis. K. E. Banvard, A.D. Tait and M. Dixon : I.Phys. B6, L233-0236 (1973}
Potential energy curves and speciroscopic constants for some diatomic
sysiems. [T, F2, Fa*, Fz”, NF, etc.]

EX M. Elvyaakoubi and P. Ranson : J.Appl.Phys. 78, 4733-4739 (1995)

D

0

Time resolved study of & reactive low pressure plasma : Determination of
basic data on electron-fluorine collisiens. [E, F» + Ar + He)l

M.G. Evans, E. Warhurst and E. Whittle : J.Chem. Soc. 1524-1534 (1950)
The dissociation energy of fluorine. {E. Fs]

- F25 -



L.Farnell, }. A. Pople and L. Radom : J.Phys.Chem. 87, 79-82 (1983)
Structural predictions for open-shell systems : A comparative assessment
of ab initio procedures. '
[comparison, F2*, No*, 02, 0-%, NO, CH, CH,, C(Hs, etc.]

D.L.Flanm and V.M. Donnelly : Plasma Chem Plasma Process. 1, 317-363 {1981)
The design of plasma etchants. [review, F, - Brs, CF4, BLls, etc.]

A.W.Fliflet, V. McKoy and T.N. Rescigno : Phys. Rev. A21, 788-792 {1980)
Dissociatior of Fz by electron impact excitation of the lowest 3II,
electronic state. [T, Fs: DCS, 5 - 30 eV]

I.¥W. Fomunung, Z. Chen and A. Z. Msezane : Phys. Rev. A53, 806-817 (1996) -
Eleciron excitation of optically-aliowed transitions in C0», S$Fg, CO,
Fo, and §02. [T, Fa, (92 SFs. €0, S502]

S.Fraga and B.J.Ransi! : J.Chem. Phys. 34, 727-742 (1961a)
Studies in molecular structure. H. Population analysis for selected
first-row diatomic molecules. [T, Fz, Ns, CD, HF, BF, LiF, etc.]

S.Fraga and B.J.Ransil : J.Chem. Phys. 35, 669-678 (1961}
Studies in molecular structire. V. Computed speciroscopic constants for
selected diatomic molecules of the first row [T. Fo, Hz, N, HF, LiF]

S.Fraga and B.J. Ransil : J.Chem. Phys. 36, 1127-1142 (1962)
Studies in molecuiar structure. VI. Limited configuration interaction for
selected first-row diatomics. [T, Fa, No, C0, HF, BF, etc.]

D.C.Frost, C. A. McDowell and D. A. Vroom : J.Chem. Phys. 46, 4255-4259 (1967)
Photoelectron spectra of the halogens and the hydrogen halides.
[E, hy, Fo - 1, HF - HI]

Y. Fujita, 8. Yagi, S. 5. Kano, H. Takuma, T. Ajiro, T. Takavanagi, K. Wakiya and

.Suzuki : Phys.Rev. A34, 1568-1570 (1986)

Vibrational excitation cross section for Fo Dy eleciron impact.
[E, Fs]

=]

H.G.Gale and G.S. Mook : Astrophys.J.59, 125-132 (1924)
The spectrum of fluorine. (E, hv, Fs: 3400 - 7800 Al

H.G. Gale and G.S. Mook : Phys. Rev. 29, 211-211 (1927)
Band spectrum, continuvous emission, and continpous absoerption of
fluorine gas. [E, hv, Fo: 5100 - 7200 A, 2600 - 2800 A, 4100 Al

H.G. Gale and G. S. Mook : Astrophys. ] 69, 77-102 (1929)
Band spectrum of fluorine. [E, hv, Fs3]

J.W.Gallagher, E. C. Beaty, J. Dutton and L.C. Pitchford : JILA Information Center
Repore No. 22, 1-258 (1982) - _
A compilation of electron swarm data in electro-negative gases.
[compilation, F» - I», NFs3, S§Fs. etc.]
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0 J.L.Gole and J. L. Margrave : J.Mol.Spectrosc. 43, 65-86 (1972)
The vacuum ultraviolet spectrum of molecular fluorine.
[E, hy, Fa: 709 - 1500 A]

0 A E. Greene and C. A. Brau : IEEE J.Quant. Elect, 14, 951-957 (1978}
Theoretical studies of UV-preionized transverse discharge KrF and ArF
lasers. {T. Fgz, Kr, Ar]

0 P.-M. Guyon, R.Spohr, W. A. Chupka and J. Berkowitz : J.Chem. Phys. 65, 1650-1658
(1976)
Threshold photoelectron spectra of HF, DF, and Fo.
[E. hv. Fs. HF, DF]

-

R J.Hall : J.Chem. Phys. 68, 1803-1807 (1978)
Dissociative attachment and vibrational excitation of F2 by slow electrons.
[T, Fo:; Herzenberg's theory ]

=g

0 F.E. Harris and H. H Michels : int. ). Quant. Chem. : Quant. Chem Symp. 1, 329-338
{1967)
Open-shell valence configuration-interaction studies of diatomic and
polyatomic molecules. [T, F2, HEF, Bel;]

0 T.Hatakeyama, F. Kannari and M. Obara : Appl. Phys. Lett. 59, 387-389 (1991) -
Theoretical study of a vacuum ultraviolet Fp excimer ltamp (157 nm)
excited by microwave discharge. {E, Fs]

0 P.J.Hay and D.C.Cartwright : Chem Phys.Llett. 41, 80-83 (1976),

Erratum 42, 398-398 (1976) .
Rydberg ionic and valence interactions im the excited state of Fs.
[T, F2l

S M. Havashi and T.Nimura : J. Appl. Phys. 54, 4879-4882 (1983a) -
Calculation of electron swarm parameters in fluorine.
[T, Fg; cross section set for Fa, 0 - 103 eV]

A M. Hayashi : Jpn.J. Appl. Phys. 22, L565-L566 (1983b)
S Calculation of electron attachment rate coefficients in fluorine.
[T. Fs]

0 M. Hayashi and Y.Nakamura : EMS-99. Tokyo 175-176 (1999) -
May we measure the exact values of electron collision cross sections
for melecules by beam and swarm experiments ?
[general comment; Fp is the mixtures of Fo(r) and F>(v) molecules]

EX A.U.Hazi : Phys.Rev. A23, 2232-2240 (1981a)

Impact-parameler method for electrogic excitation of molecules by electron
impact. {T. Fp, Ho. Np; 1'Z,* and 3'I1, stdates for F3)

- F2 7~



A U.Hazi, A E.Orel and T.N. Rescigno : Phys. Rev. Lett. 46, 918-922 (1981b)
Ab initio study of dissociative attachment of low-energy electrons to Fo,
[T, Fa; vibrational level dependence, 0 - 1.5 eV]

A.U.Hazi : ip Electron-Molecule Collisions and Photoionization Processes,
Verlag Chemie International 87- (1983)
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References for Cle (1900 - 1999)

(Chlorine)
[Halogen]
E . Elastic collision, R : Rotational excitation,
V : Vibraiional excitation, EX : Electronic excitatian,
D : Dissociation, I : lomization,
A : Attachment, _ QT : Grand total cross section.
S : Swarm, a : lonization coefficient,
0 : The others, [ ]1: Additional informations,

E : Exp., T : Theory.

The oldest paper in this list is given by E.R Laird {1901).
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M. S.N. Al-Kahali, R. J. Ponovan, K. P. Lawley, T. Ridley and A. J. Yarwood : J.Phys.
Chem. 99, 3978-3983 (19%5)
Three-photon excitation of the lower 0u* ion-pair states of Clo via a
continuum intermediate state. [E, hv, Clz]

M.5.N.Al-Kahali, R. J. Donovan, K. P. Lawley. Z. Min and T.Ridley : J.Chem Phys.
104, 1825-1832 (1996a)

Mass-resolved multiphoton ionization spectroscopy of jet-cooled Cls.

I . Bound-iree-bound spectroscopy. [E. hv, Cl;]

M.S.N. Al-Kahali,R. J. Donovan. K. P. Lawley and T.Ridley : J.Chen. Phys. 104,
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Mass-resolved multiphoton iomization spectroscopy of jet-cooled Cls.
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Speciroskepische Messung der Elektronenaffinitat von Chlor.
[E, hv, Cla, Bra, Iz; 2300 - 3200 A]

B.S.Ault, W.F. Howard, Jr. and L. Andrews : J.Mol. Spectrosc. 55, 217-228 (1975)

Laser-indoced fluorescence apd Raman spectra of chlorine and bromine
molecules isclated in ineri matrices. (E, hv., Cls, Bro; 15 K]
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767-280 (1979)
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N.L. Bassett and D. J. Economou : J. Appl. Phys. 75, 1431-1939 (1994) (11
Effect of Cl, additions to an argon glovw discharge.
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A.D.Becke : Int.J). Qunat. Chem. : Quant. Chem. Symp. 28, 625-632 (1994)
Thermochemical tests of a kinetic-energy dependent exchange-correlation
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A.T.Bell : Techniques and Applications of Plasma Chemistry, John Wiley and
Sons (1974)

A.Benz and H Morgner : Moi.Phys. 57, 319-336 (1986)
Transition state spectroscopy with electrons. The reaction of
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Hyperfine predissociation of the B state of Cla. (E. hv., Cisl
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{1990} -C8
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S.E.Bozin and C.C. Goodyear : Brit. ). Appl. Phys. 18, 49-57 (1967) (102
Measurement of itonization and attachment coefficients in chlorine.
[E, €lz; E/N = 210 - 750 Td, 293 K]

N.E.Bradbury : J.Chem Phys. 2 827-834 (1934) Cl125
Fermation of negative ioms in gases by electron attachment. Part 1T.
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M. Braunstein and V. McKoy : J. Chem. Phys. 92, 4887-4892 (1990)
Studies of valence shell photcionization of Clo.
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N.J.Bridge and A D.Buckingham : Proc. Roy. Soc. London A295, 334-349 (1966)
The polarization of laser light scattered by gases.
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A.G.Briggs and R.G.W.Norrish : Proc. Roy. Soc. London A276.51-68 (1963)
Transient absorption spectra of chlorine and bromine.
[E, hy, Cla, Bl‘z]

M.Brith, M.D. Rowe. 0. Schoepp and P.J. Stephens : Chem. Phys. 9, 57-73 (1975}
The magnetic circular dichroism spectrum of the halogen molecules Iz,
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J.B. Burkholder and E.J. Bait : J.Phys. Chem. 87, 1859-1863 (1983} (62
Potential energy parameters and shapes of the vibrational components
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G.E.Busch. R. T.Mahoney, R. 1. Morse and K. R. Wilson : J.Chem. Phys. 51, 449-450
(1969)
Translational spectroscopy : Clz photodissociation. [E. hy, Clg]

J.Le Calve. M. C. Castex, D. Haaks, B. Jordan and G. Zimmerer : Nuove Cimento 63B.
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The emission band spectrum of chlorine. If. Continua.
{E, hv, Clo; I see A Elliott (1938)]

E M. Capitelli,R Celiberto and M.Cacciaiore : in_Advances in Atomic, Molecular
V and Optical Physics, Vol.33, Academic 321-372 (1994)

EX Needs for cross sections in plasma chemistry.

1 [review, Clp, Hz, Nz 02, CO, HCI, F», HF, C02 etc.]

0 R A Carabetta and H B. Palmer : J.Chem. Phys. 46, 1325-1332 (19673)
Radiative recombination of chlorine atoms in shock waves.
[E, hy, Clo + Ar: 2200 X]

0 R. A Carabetta and H. B. Palmer : J.Chem. Phys. 46, 1333-1338 (19670}
Rate of dissociation of chlorine in shock waves.
[E, Clg + Ar, Cla + Ar + 0,; 1735 - 2582 K]

0 T.A Carlson, M. 0.Krause, F. A. Grimm and T. A.W¥hitley : J.Chem Phys. 78, 638~642
{1983} C71 _
Angle-resolved photoelectron spectroscopy of {1, as a function of photon
energy from 18 to 70 eV. {E, hv. Clz]

0 M.C.Castex.).le Calve, D, Haaks, B. Jordan and G. Zimmerer : Chem. Phys. Lett. 70,
106-111 {1980) C26
Formation of KrC1* and ArCl1* molecules and radiative lifetimes of their
B states investigated with selective synchrotron radiation excitation.
[E. hy, Cls + Kr., Clo + Ar]

I R.E.Center and A Mand! : J.Chem Phys. 57, 4104-4105 (1972) -C107
Ionization cross sections of Fo and Cl2 by electron impact.
[E, Clz, Fg; th.- 100 eV]

0 V.Cermak : J.Elect.Spectrosc. Relat. Phenom. 6, 135-144 (1975)
Electron spectroscopy of autoionizing states of oxvgen, chlorine., and
bromine atoms. [E. hv. Clg., Bro, 0o: 21.217 eV]

0 H Chapng and D.-M. Hwang : I.Chem. Phys. 67, 4777-4778 (1977)
The resonance Raman spectrum of gaseous chlorine. (E, hv, Cl3]

0 J.P.Chang, A. P. Mahorowala and H. H. Sawin : J.Vac.Sci.Technol. Al6, 217-224
(1998} €20

Plasma-surface kinetics and feature profile evolution in chierine etching
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A P.J.Chantry : Applied Atomic Collision Physics, Vol. 3, Gas Lasers, Acadenic
Press 35-70 (1982) C127
Negative ion formation in gas lasers.
[review. Clz. F2. lg, HCE, CUz, CC14. NF3. SFﬁ, HEBTZI
0 E.C.M Chen and W.E Wentworth : J.Phys. Chem. 89, 4099-4105 (1985)

Negative ion states of the halogens. [T, F3 -~ 1s. F - 1]
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A.1.Chichini : Chem. Phys. Lett. 209, 459-463 (1993)
Measurement of Cl{2?Py,2) quantum vield for the photodissociation of
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A.A.Christodoulides, D. L. McCorkle and L. G. Christophorou : in Electron
Molecule Interactions and Their Applications, Vol. 2, Academic Press

423-641 (1984) CT74
Electron affinities of atoms, moleceles, and radicals.
[review, Fo - Iz, etc.; EA(Cle) = 1.02 - 3.2 eV]

L.G.Christophorou : Atomic and Molecular Radiation Physics, Wiley (1971)

L.G. Christophorou : Coztrib. Plasma Phys. 27, 237-281 (1987) - C173
Electron attachment and detachment processes in electronegative gases.
{review, E, Clz, Fa, SFs, perfluorpalkanes]

L.G.Christophorov and J.K Olthoff : J. Phys. Chem. Ref.Data 28, 131-169 (1999)O
Electron interactions with Cl,. [compitation, Cls, Cl. Cl¥]
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endoergic charge transfer. [E. Fp - 15]
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M.A. A Clyne and D.S. Stedman : Trans. Faraday Soc. 64, 1816-1835 (1968)
Recombination of ground-state halogen atoms. Part 1. — Radiative
recombination of chlorine atoms. [E. hv, Cls., Brs)

M. A A Clyne and J. A. Coxon : J. Mol.Spectrese. 33, 381-406 (1970)

The visible band absorption spectrum of chlorine.
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M.A A Clvoe and I.S. McDermid : J.Chem. Soc. Faraday Trans. H 75, 280-291 (1979a)
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B3I (041 . [T. hv, Cl2, Brz, Iz: mostly for Bro)

I.¥. Coburn : Plasma Chem. Plasma Process. 2, 1-41 (1982)
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J.Chem. Phys. 110, 682-683 {19990 O (93
Total etectron scattering cross section for Clo. [E. Clo; 0.3 - 23 eV)
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D : Dissociation, 1 : lonization,
A : Attachment, QT : Grand total cross section,
S : 3warm, @ : lonization coefficient,
0 : The others. [ ]1: Additional informations,

E : Exp., T : Theory.
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(1974) .
The B3I, - X'Z <* sysiem of Bro : Rotational analysis, Franck-Condon
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R.G. Briggs and R.G.W.Norrish : Proc. Roy. Soc. London A2Z76,51-68 (1963)
Transient absorption spectra of chlorine and bromine.
[E. hv. Bra, Clo: 2400 - 2990 A for Brop)
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Vibrational quantum anaiysis of the visible absorption bands of bromine.
[E, hy, Brz: 5100 - 7600 A]

¥.G.Brown : Phys. Rev. 39, 777-787 (1932)
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for iodine and bromine. [E, hv, Bra, 2]
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Y.Chun — see C. Yan
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The emission spectra of Bro and IBr formed in atomic recombination
processes. [E. hv. Brs, IBr]-

M. A. A Clyne, J. A. Coxon and A.R Woon-Fat : Trans Faraday Soc. 67, 3155-3165
(1971)
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Application to halogen molecules. [T. Bra, Clo, 15]

L. Dabrowski : Acta Phys. Polonica 3.301-305 (1934)
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{E. hv, Brz; 7600 - 8180 A]

- Br?2 4 -



A

¢

0

0

0

| Sa—
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Report No. 22, 1-258 (1982)
A compilation of electron swarm data in electron negative gases.

{compilation,

Fz - I3,

SFs,

ete. ]
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0 D.B.Gibbs and E. A. Ogryzlo : Can. ). Chen. 43, 1905-1911 (1965)
Halogen atom reactions. M. Luminescence from the recombinaticn of
bromine atoms. {E. hv. Bro; Br + Br]

0 0. Goscinski : Mol. Phys. 24, 655-359 (1972)
Quter vibrational turning points mear dissociation io the B{3Tlout)
state of Bro and Clo. {T. Bro. Cl3]
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Some Commenis on Electron Collision Cross Sections

for Fo, Cls, Bro and I2

The pioneer work on electron collision cross section set for Fo is given
by authors, M. Havashi and T.Nimura in 1983a. Almost no exact experimental
data for F2 cross seciions, because experiments are extremely difficult.
Dur cross section set for Fo is still tentative value. Now author cagnot
improve the cross section set, in spite of twenty vears are passed.

Now | do not like this F, cross section Set by another reason. All
molecules have the component M{g), M(r), M{v) and My (n = 2), depend on the
pressure and temperature condition of the experiment. In F», there are sonme
concentration of Fo (g} component, abd plus many Fo(r) and small Fs (v)
components. Or the other hand, in I molecules, there are no concentration
of 12(g), almost Iz are I>(r) of large j values and plus I (v) components
at vsual experimental conditions.

Many scientists requested the cross section set for Clo to the author
during these twenty years or so. The cross section sets for Cly are given
by G. L.Rogoff (1986), W.L.Morgan (1991), (1992), (1999), E.S.Aydil (1992)
N.Pinhao (1995), and G. I.Font (1997). Recently, L. G.Christophorou and J.K
Olthoff (1999) compiled the cross sections for Cle,. The summary said that
we need more experimental studies of cross sections and other processes in
Clz. Temperature dependence of electron collisions and other processes are
interesting subject for this molecules.

Almost theoretical results of electron collision cross sections for
molecules are -for M(g). Theoretical studies involving the M({r} and M{v) are
urgently required for many molecules.

I would like to present our two papers on Fo and recent report onm all
molecules at the end of this report.

M. HBayashi and T.Nimura : J. App!l. Phys. 54, 4879-4882 (1983a)
M. Hayashi : Jpn.J. Appl. Phys. 22, L565-1566 (1983Db) '

M. Hayashi and Y.Nakamura : EMS-99. Tokyo 175-176 (1999)



Calculation of electron swarm parameters in fluorine

M. Hayash| andT Nimura
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Swarm parameters of electrons have been calculated for fluorine by a Monte Carlo simulation and
the Boltzmann equation method for the first time. Values of these parameters have been obtained
for ratios of the electric field to the gas number density £ /¥ from 100 to 3000 Td (£ /p,

= 35~1000 V/cm Torr}. Avarlable experimental and theoretical cross sections were used for the

calculations.

PACS numbers: 51.50. + v, 52.80.Dy, 52.25:Fi, 52.20.Fs

L INTRODUCTION

The role of negatrve ions in gas lasers is important.}
Rare-pas fluoride lasers are being mvesngated extensively.

Experimental values of electron transport parameters for

fiuorine are not available. The high chemical activity of F,
makes it difficult. to obtain reliable values of the electron
cross sections and the electron swarm parameters ih F,. In
this paper, values of the electron drift velocity W, the charac-
teristic energy eD,/u, the mean electron energy (€}, the
Townsend’s ionization coefficient @, the attachment coeffi-
cient 7, and the energy distribution functions f{e) calculated
by the Boltzmann equation and a Monte Carlo simulation
method are reported. The calculated range of the electric
field-to the gas number density £ /N is from about 100 to
3600 Td.

It. COLLISION CROSS SECTIONS

The cross sections used in this paper are shown in Fig. 1.

The theoretical values for elastic total cross sections g,
-were given by Schneider and Hay” and Rescigno ez al.* for
the electron energy from about 0.03 to 14 €V. In Ref. 2, there
are two calculated results for the values of g,, one has a reso-
nance at 1.8 eV (F, core orbitals) and another one has no
resonance (F;~ core orbitals). The result of Ref. 3 has a reso-

nance at about 2.2 eV. Here the values of g,, which have a

resonance, were chosen, and calculations using the values of
g, of nonresonance were not carried out. These values of g,
are almost the same as ¢, in N, *Itis quitea coincidence. The
assumption was therefore made that the values for elastic

momentum transfer cross section g,, were equal to the val-

ues for g, for F,, as is approximately the case with N,. The
values for g, at energies greater than 14 €V were assumed to
be equal to the values for g,, in N,.*
There is one theoretical paper giving values for the vi-
brational excitation cross section ¢,.° These values were used
" for these calculations. The threshold energy is 0.11 eV.
Values for electronic excitation cross sections g, were
calculated by Fliflét es al.® for the lowest excitation level
@11, (threshold 3.16 eV), and by Hazi’ for the two levels
'E (threshold 11:57 eV) and H /T, (threshold 13.08 V).
The values for g, of triplet level a3ﬂu were connected
smoothly and decreased rapidly with electron energy. The
‘energy dependence of the values for ¢, for the two singlet
states are similar to those for g, in H,. The values for g, for
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the C'Z, and H 'H levels were extrapolated for higher en-
ergies.

The other g, values for dissociative level 4 ‘[T, (thresh-
old 4.34 ¢V} were assumed. Thefe are no theoretical and

_experimental data for this energy level. There is no base for .
- the determination of the peak value of g,, so we chose about
~ half peak value of g, compared with the peak value of ¢, for

a*fT, level. The level A '1T, is a singlet state, so the electron
energy dependence on g, ‘is spread widely, as it is at ¢, for .
C'Z,. :

The values for the four g.'s are small compared with the
values for g,, and ionization cross section g, as shown in Fig.
1. Consequently, the influence of the values chosen for g,.0n
the swarm parameters is small. If the values fof ¢, are much
larger than the values used, the effect would be important.
However, the values for ¢, are sensitive to the values for & at
low E /N.® Consequently, there is a possibility that the values
for a at low E /N are affected by the values of ¢.. However,
the values of 7 are much larger than the values of @ at low E /
N. Therefore, we believe that the reasonable values of
(& — 77) were obtained, without large influence by the valucs

. ofg,.

Values of g, for othier electronic excitaion levels were

14 '
10 T 1 T T

ok
o
E

u -
— IOIG
o

FIG. 1. Cross sections of electrons in F, used in-this paper. The dotted curve
for g, is the low energy part of the attachment cross section obtained by
Chantry The solid curve for g, was used for this calculation. The curves for
Ge1s Geas 40 and g, show the excitation cross sections of a’f7,, 4 '/1,,
C'L}, and H'[, levels, respectively. The dotted curve for g, was as-
sumed.
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neglected. More detailed information about g, is needed.®
Recently measured values of ionization cross sections
¢; were used in these calculations. The data were measured
by Stevie and Vasile'” and covered the energy range from
threshold, 15.69 eV, toabout 100 eV. The values for ¢, above

100 eV were extrapolated smoothly using the usual energy

dependence of g, in many gases.

There are experimental values for attachment Cross sec-
tion g, given by Chantry''! at 365 K. Calculated values for
g. are given by Hazi et al.'" The values of Hazi et al. were
used below about 0.1 eV. There is little effect of the two

. values for.g, on swarm parameters for the range of E/N
which is reported in this paper. For higher energies, Chan-
try’s values were émployed. There is a maximum value for g,
and the value is 7.0X 10~ '® cm? at 6.2 eV. These two values
for g, are shown in Fig. 1, however, a small peak at 6.2eVis
not shown in this figure.

_Iil. PROCEDURES

The Monte Carlo simulation (MCS) method used in'this
paper has been discussed previously.'?
The well-established two-term approxnmatlnn was used
to solve the Boltzmann equation.'* The energy distribution
" functions of electrons f °(€) and f (€} are described by the
equations

mfﬂ)+ﬁ#dw7m]
—2E;1aﬂwmﬁm+knﬂwm [ f%q]
+Z[Je+éNﬁﬁ+fﬂﬂk+dﬂ_
+2 Jm %JG’ + € Ng, (e + €)% +¢€)de

-wﬂgmmmkwm+mxﬂﬁm

108 —
-
~
E
o
=
107 —
C L |1|1|ulr .lll
0 03
E/N (Td}

FIG. 2. Drift velocity of electrons W. Solid curve is the present calculation
for F, by B Egq and the circles are the present calculated values for F, by -
MCS. Values for W in Cl, and Br,, takcn from references, are shown for
comparison.
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" FIG. 3, Characteristic energy eDr/u and mean electron energy (€} in F,.

Solid and dotted curves are present calculated values for eDy/p and {€} by
B-Eq and circle and plus points are present caleulated values of eD,./p and
{€) by MCS, respectively. Values foreD,/u in Ciz and Br, taken from refer-
ences are also shown. '
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where ¢ and m are the electron charge and mass, M is the
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FIG. 4. Townsenc[ s tonmuon coefficient &, attachmem ooelﬁment 17. ‘and
effective ionization coefficient (e —7)in F,- Solid curves are.the present
cateulated values for a and 7 obtained by B £q. Dot-dashed curve is the
present calculated values for (@ — 7). Circles are present calculated values
for {r — 7} obtained by MCS. The dotted curve is the expenmeutal values
for {a — n}in Cl, and Br, for comparison. In Cl2 and Brz, valies for (@ — 7} |
are almost the same. .
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FIG. 6. Present calculated values for the transmission coefficient TR in F,
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FIG. 5. Values of , relating to the nonequilibrium distance in F; calculated 0
" by MCS., Straight line shows the values of Ndo; = V,/(E/N). - i
mass of gas atom, € is the energy of electrons,  is the Boltz- 0 S 10 15 20 25
mann constant, T is the gas temperature, and € {eV)
58 7%e) de = 1. The total collision cross section Q is defined -
by
Q€)= g, (€) + X e (@,
where the second term on the right side denotes the summa- : T 7 — T
“tion of all the inelastic collision cross sections. g, is the 8 (b1 |
excitation cross section of all kinds, including ¢,, g1+ -1 Gea » : o
in this case. €/ is the excitation energy loss for jth kind or E/ N_= 300 Td
state of species, and ¢; is the ionization energy loss. o & -
“The swarm parameters are given by 'g
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by MCS for initial energy of electrons of 1 and 2 eV. The reflection coeffi-
cient of electrons at the cathode is assumed to be 0.5.

FIG. 7. Energy distribution function of electrons in F, calculated by B Eq at
E /N = 100, 300, and 1000 Td, respectively.
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and

. v,

L \/(%/)2  f—vD

where v, and v, are ionization frequency and attachment
frcquency, respectively.

IV. RESULTS

Calculated values for W are shown in Fig. 2. There are
no experimental data for Win F,. However there are some

old data for W in Cl, (Ref. 14) and Br;.'® These values are

shown in Fig. 2 for comparison. The values for ¥ at high E /
N calculated by B Eq are hlgher than the values for W by
MCS method.

The calculated values for eDT ‘1t and {€) are shown in
Fig. 3. Values for eD /1 in Cl, and Br, are also shown in Fig.
3. The values for eD./p in Cl; and Br, were calculated from
the equation eDl;/u = 2.48X 107* X, where K is the mean
energy of agltatlon of an electron in terms of the mean energy

_ of agitation of a molecule at 15 °C, givén in Refs. 14-and 15.

The calculated values for @, 7, and (@ — 7) are shown in
Fig. 4. Experimental values for (@ — 7) in Cl, (Ref. 16) and
Br; {Ref. 17} are also shown in Fig. 4 for comparison pur-
poses. In Cl, and Br;, values for {& — 7) are almost the same.

The values dj, relating to the nonequilibrium distance'®
were calculated by the MCS method. The values of Nd, as a

function of E /N are shown in Fig. 5, along with the values of
Ndy; = V,/(E /N), where V; is the voltage at which theelec- -

tron runs to get the ionization energy of F,.

The values for the transmission coefficient 7R calculat-
ed by MCS are shown in Fig. 6 for the initial electron enes-
gies of 1 and 2 eV. In this case, the reflection coefficient of
electrons at the cathode surface is assumed to be 0.5.

Some examples of the energy distribution functions of

4882 J. Appl. Phys,, Vol. 54, No. 9, September 1983

electrons at an equilibrium conditions are shown in Fig, 7.

It is difficult to estimate the errors of these swarm pa-
rameters. Determination of a more comprehensive set of
cross sections or experimental swarm data will prowdc a

. basis for further analysis.
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Electron attachment rate coefficients have been calculated for fluorine by the Boltzmann equation. The range of EfV, ratio
of the electric field to the gas number density, for which the coefficients were calculated ranged from 70 to 2000 Td.

Introduction

§1.

Swarm parameters of ¢lectrons have been calculated for
pure fluorine for thtla first time." In these calculations,
values of the electron drift velocity W and attachment
coefficient n were obtained. From these values, electron
attachment rate coefficients &, have been determined and
compared with available experimental data in dilute
fluorine as well as with calculated data. It is concluded that
the present calculated values of k, are reasonable, in spite of
the fact that values of cross sections used in the calculations
are incomplete.

The methods of calculation and the crosssections used in
this paper are given in detail in reference 1).

§2. Calculated Results

Calculated values of &, are shown in Figs. | and 2.

Measurements of elef:tron attachment rate coefficient
studies for mixtures of gases including F, have been made
by '

Sides er al.?, 0.065% F, in Ar,

Chen et al?, 0.25% F, in N,

Schneider and Brau®, 0.01~0.03% F, in N, and Ar,

Trainor and Jacob®, 0.13% F,in N,, and

Nygaard et al.®, 1% F, in He.
Calculated values of &, for dilute F, have been given by

TTTTT

1

16°

(cm3/s)

Illlll|

kKa
I

i 6!0

FTTETT
L J

AR ER Pl L1
| e}

<e>(eV)

Fig. 1. Attachmemt rate coefficient &, for F; as a function of electron
mean encrgy. @ Yalues in pure F; calculated in the present work. O

Hazi et al.”, F;in Nz_ and Ar, and Experimental values obtained by Nygaard er al.® x Experimental
" Mitchell®, F, in He and N,. values given by Chen ef al.¥ ——, ~-- - Calculated values of Mitchell.”
S
10 I T T
& \ a® g e .
" .
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o ++ . ]
— o+ .,
K .
16 ) .
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.
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3 10 10° 10°
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Fig. 2. Attachment rate coefficient k, for F, as a function of EfN. @ Present calculated values. —— Nighan’s experimental value.

The symbols +, A and x are comparative experimental values for HCl: Christophorou er al.,'" Sicrra et al.'? and Davies,

respectively.
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These values have been summarized in a recent report.”
Some examples of the values of k, given in these references
are also shown in Fig. 1 (k, versus electron mean energy
<¢g>) for comparison.

Nighan has given the only experimental determination of ‘

k, in dilute fluorine as a function of E/N'®; the solid curve
in Fig. 2 shows his results. Values of £, for HCl measured by
Christophorou et al.,'*! Sierra et al.'® and Davies,*? are
also shown in Fig. 2 for comparison.

From these figures, it seems that the present calculated
values of k, are reasonable. We feel that some of the cross
sections used in the present calculations are uncertain. In
order 1o get more exact values of k,, better experimental
values of cross sections are needed.

~ Below E/N=70Td, swarm parameters could not be
calculated with our program code. It is of interest to
determine whether or not electron swarms have equilib-
rium values of transport coefficients at low E/N in strong
attaching pases.
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Exact Values .of

May We Measure the

Electron Collision Cross Sections
for Molecules by Beam and Swarm
Experiments 7

. M. Hayashi and Y. Nakamura®

Gaseous Electronics Imstitute

4-15-14-503 Sakae, Nskaku., Nagoya 460-0008 Japan
*Faculty of Science and Technology, Keio University
3-14-1 Hiyoshi, Yokohsma 223-8522 Fapan

We cannot measure the exact values of DCS for molecules intrinsically.
0f conrse. we cap measure the approximate values of DCS for molecules, but
can measure the exact values of DCS for atoms. The reason is very simple.

Target molecule M in both beam and swarm exnerlments consists of the

mixture of dlfferent states :

Mﬂ+Mhﬂ+HM)+h :
where M{gl. M(rJ). M{vi) and My represent the compietely ground state
molecules, the rotationaliy excited molecules, the vibrationally excited
molecnles and the van der Waals clusters consisting of N molecules (N=12),
respectively. Usually beam and swarm experiments are carried out at about
300 K. The concentration of M{g) is small compared to M(rs) (except He
melecules) at 300 K. Then ihe molecule M is always mixture of M(r,) and
M(vy), and the concentration of M(rs) 'and M{vy) changes with temperature.
And electron collision cross section sets from elastic fo imnelastic
collision processes for M(r} and M(v) are different each other. The target
molecules M in the beam and swarm experimenis are aiways mixtures of
different molecules M(r;) and M(vi}. In the case of Hz, the target gas
consists of M{g) and M(ry), especially M{g) and M({ry) at 78 K.

Most clear change of cross sectioms of M(r,) and M(vy) will occur for
triatomic molecules. CO2, N20 and so on. Triatomic melecules can change
from linear to bend. or vice versa easily. The authors [1] have presented
the different elastic momentum transfer cross sections Qmr and Qmv for
C02(r} and COz(v). where they assumed that all other inelastic cross
sections of CO-(r) and CO,(v) are practically the same. Then they have
calculated the electron drift{ velocity W as a function of gas temperature
T. When T increas, concentrations of COp{v) increases, them W decreases
with T at the same E/N. the electric field over the gas number density,
around 50 Td.

We have a comment to the interesting and important paper of W.Johnstone,
et al. {2]. They have measured the temperature dependence of elastic DCS.
for CO» at 4.0 eV. Unfartunitly, gav for CO2(v) at 4 eV is almost equal to
Qmr for CO2(r) (11. Then we propose the -same experiments at about 3.4 eV
for CO2, because the temperature dependence of DCS seems fo be very large
there, .

Winstead and McKoy [3] calculated the elastic DCS for NoO(g) at low:
electron energies and compare the experimental DCS data for Nz0(r) 4
N20{v) mixzture at 300 K. We can see large discrepancy between them at
lower than about 10 eV. We urge Winstead and Mckoy io calculate the DCS .
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for NoO(v) and also N20(r) for comparison. ¥We can see the same discrepancy
of DCS for COp [4]{5) at low electron energies..

B> molecules have the famous long standing controversy in the vibra-
tional excitalion cross section [6]. A possible way to solve the problem
may be as follows. At first, theoreticians calculate the Que., Qor. Qov,
Qre. Qrr. Qrv. Qus, Qvr, a0d Quvv for Ho(g), Hz(rqy) and Hz({vy). as a
function of electron energies. Using these data, we calculate the electron
swarm parameiers. From beam experiments, ‘we caonot determine the values of
Qms. Qumy, Qres Qrr for Ho(g) and Ho(ry) at the same time. It is clear that
the threshold energies of qr and qv for Hz(g) and Hz(ry) are different.
Bhattacharyya. et al. [7] have shown that elastic integral cross sections
Qir are larger thao gee for 20 te 200 eV for Hp{g) and Hy(ry). We want
the elastic DCS values for Hy (g} and Bz (ry) at low electron energies
lower than 10 eV. Swarm experiments also carried out in the miztures of
Ho{g) and Hz(f1) except for para-Hz(g) at 78 K (concentration of Hz(g)
is 99.3 %). We compare the experimental and calculated svarm parameters
at given conditions.

Usually, theoreticians calculate the DCS for M(g)., not for M(r,) and
M{vi), for most molecules. Theoretical studies involving the rotation-
ally and vibrationaily excited species are wrgently required for many
molecules. There is a interesting paper given by A. Jain [8].

1f we have the cross section sets for excited inert gas clusters, we
can calculate the electron swarm parameters of inmert gases at high
pressure and low temperature conditions. The concentration of the
clesters for atoms and molecvies are important at low temperafure and
high pressure conditions.

Most interesting temperature dependence occur for attachment cross
sections qo [9]-[13]. The values of nop-dissociative qan and dissociative
Qes are quite different for M(r) and M(v), and M(r) and M(v) have the
definit and individual cross sections, independ obn the femperature.
Apparent temperature dependence of attachment cross section is caused
through different concentration of the excited components M(r) and M(v)
at different temperatures.

{11 M.Hayashi and Y.Nakamura, 51th GEC., Maui, ITP?7.07. 265 (1998) CO-
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