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Cross Sections — PDS Atmospheres Node

Acronyms & Definitions

o (total cross section in m?)

o4 (diffusion/ momentum transfer cross section in m?)

ocr (cross section for charge transfer in m*: A* + B>A + BY)

oaBscp (reaction cross section in m?: A+ B 2 C + D)

Q (solid angle in steradians)

do/Q (cross section per unit solid angle)

¥ (center of mass scattering angle)

0 (laboratory scattering angle)

¢ (azimuthal scattering angle)

v (relative velocity between colliding particles)

v (size of v)

vi (velocity of one of the colliding particles)

b (impact parameter: the distance between colliding particles perpendicular to v)

Y (a summation)

CM (center of mass system)

n local number density (atoms or molecules per unit volume)

m mass of an atomic or molecular species

p mass density (mn for a single species atmosphere)

g gravitational acceleration

T ambient temperature in an equilibrium region

k Boltzmann constant

H scale height for a species of mass = kT/ mg

mfp mean free path of a collision (¢ o4 n)"! where ¢ is a number near to unity depending
on the dependence of o4 on the relative speed of the colliding particles.

exobase (the altitude in a gravitationally bound atmosphere from which an energized
atom or molecule can escape with a high probability: called nominal exobase as it
depends on the species escaping; often H = mfp for a collision on an escaping species
with the ambient species)

exosphere (the region of the atmosphere above the nominal exobase)



Cross Sections — PDS Atmospheres Node

1. INTRODUCTION
1.1 Purpose and Scope

This document describes cross data of interest to modeling and simulations of the
behavior of the exobase region of an atmosphere gravitationally bound to a planet or a
planetary satellite in order to describe thermal or plasma induced escape or to be used to
describe scattering processes occurring in a planetary torus consisting of neutrals and
ions. The cross section data is made available for use in various Monte Carlo modeling of
these regimes, either ballistic modeling or molecular kinetic simulations, essentially
numerical solutions to the Boltzmann equations. The available data will be archived in
the Planetary Atmospheres Discipline Node (ATM) of the Planetary Data System (PDS)
that includes references to sources both of calculations and laboratory measurements of
various cross sections.

1.2 Contents Database

This archive contains certain cross section data that has been measured or
calculated for use in modeling planetary atmospheres listed under Archived Data with
references given. The data presented here is not complete but can be supplemented by
cross section models that can be estimated from on line software and by data stored on
other web sites. Most of the data is for total reaction cross sections and not differential
cross sections, results that are needed for determining the scattering angles for a given
process. However, angular scattering is discussed below, as well as some methods for
modeling or extrapolating cross sections and follows the methods discussed in Johnson
(1990)

The data relevant to upper atmosphere on various bodies varies considerably
depending on its content. For the giant planets this is typically H, H> and He interacting
with each other, with their ions, and often with trace species. For the terrestrial planets
and related small bodies, nitrogen, oxygen and carbon species typically dominate. These
molecules can be strongly gravitationally bound or even rapidly escaping as in a comet.
Therefore, many useful websites have been constructed for relevant planetary objects
containing for cross section data that supplements what is in this archive.

1.3 Databases
List of Astrochemistry Databases:
astrochmehttp://www.astrochemistry.eu/ac/astrochem_databases.html
List of Databases for Atomic and Plasma Physics
http://plasma-gate.weizmann.ac.il/directories/databases/
IPPJ-publications of data:
http://dpc.nifs.ac.jp/IPPJ-AM/IPPJ-AM-list.html
NIFS DATABASE
https://dbshino.nifs.ac.jp/
The Virtual Atomic and Molecular Data Centre (VAMDC)
http://www.vamdc.eu
Leiden Atomic and Molecular Database
https://home.strw.leidenuniv.nl/~moldata/




Basic Science Data Center
http://www.camdb.ac.cn/e/

Cloudy: Photoionization Simulations
https://www.nublado.org/wiki/StoutData

1.4 Cross Sections

The concept of a cross section can roughly be described by imagining and
experiment in which a flux of particles A, ®A(0), moves in a direction z through a
background of randomly distributed atoms or molecules B. That flux is disrupted by
collisions so that after a distance z, the flux of particles having not collided depends
roughly exponentially on the distance traveled by particles A and is written as ®a(z) =
®A(0) exp(-z/AaB). The extracted parameter from such a measurement, Aag, is called the
mean free path for a collision of A with B. As the likelihood of a collision must depend
inversely on the number density of B, ng, one writes, Aag = (cas ng)!. The parameter
extracted from such an experiment, 6ag, has units of area and is called the cross section, a
measure of the likelihood of a collision of A with B. More information on the collisions
can be obtained if the scattering angles are also measured. For a flux of incident particles
transiting a gas, the probability of a particle scattered into a unit solid angle, dQa = sinfa
dOa doa, is related to the incident flux by the differential cross section [doap/dQ4], with
04 and @a, the angles into which A is scattered shown schematically in Fig 1 below. This
cross section, of course, depends in some detail on the forces and speeds of the colliding
particles, with oas equal to the integral of the differential cross section over all solid
angles: oap = J[doap/dQa] dQa. The azimuthally averaged differential cross [doas/dQa]
is often written for simplicity as 6ap(0a). The corresponding section for the azimuthally
averaged scattered target particle, [doap/dQs] = caB(08), can also be measured or, for
elastic scattering, determined from the result for A (Johnson 1990; Johnson and Bowman
2003).

1.5 Definitions and Coordinate Systems

Although the data presented here are primarily integrated cross sections, in
applying these in Monte Carlo simulations the angular dependences are needed. These
can be available in a number of the references given. Two coordinate systems are
typically used for describing the exiting velocities of the particles after a collision. These
are the so-called laboratory system in which it is assumed that a moving atom, molecule
or ion interacts with a stationery target atom or molecule as in Figure 1, and the center of
mass coordinate system in Figure 2, discussed below. Data in either system can be
modified by a translation if the colliding particles are moving at different speeds. In the
typical definition of the laboratory system, the two colliding particles are shown as being
spherically symmetric. When that is not the case, as when a target or incident particle is a
molecule, then the results of models and of laboratory data are often spherically averaged
values of more detailed cross section measurements or models. When spherical averaging
is not carried out a much more detailed coordinate system is needed for calculating cross
sections for an incident molecular ion or neutral colliding with a molecule. Then, when
relating to typical laboratory data, averaging over incident and exiting orientations is
carried out.



Fig. 1 Laboratory System: Scattering of particle A with an initial velocity va by particle B with ve = 0. R is
the radial distance from the origin of the coordinate system, which is the initial position of B; b is the
impact parameter (b = | R x va/va | the perpendicular distance from the direction of the incident particle; or
is the orientation angle; 04 and Os are the scattering angles of A and B; va’ and vs’; are the velocities of the
scattered particles; 27 sinfadfa is the solid angle of acceptance for the scatter particle A.

If the forces acting in Fig. 1 depend only on the radial distance between A and B,
or if there are random orientation, then on average particles passing through the ring of
area 21 b db will be scattered into the angular ring 27 sinfa d0a. Therefore, knowing the
how 04 depends on b, one can in principal calculate b(04a), or 0a(b), the deflection
func|ti0n. The differential cross section us then calculated as cag(0a) = | b db/ sinfa
dba

In Fig. 2 we show the, so-called, center of mass (CM) coordinate system with the
same spherical assumptions as in Fig. 1. Cross section models are often calculated in this
system of coordinates, as discussed below. That is, knowing the forces between the
particles one can determine how y depends on b. That is, one can in principal calculate
1(b), the CM deflection function. The differential cross section is then calculated as
oas(y) = | b db/sin y dy | .

The symbol used here for the azimuthally averaged differential cross section is
oaB(y), so that 6ap = 27[oas(y) sin x dy. Also shown in Fig. 2 is the translation to the
laboratory coordinate system with the conversion of quantities between these systems
given in Table 1.
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Fig2. (a) Center of mass (CM) system: Ra and Rs the location of A and B; R the distance between A and
B. C the location of the center on mass: Rc = (MaRa+MgsRg)/(Ma+Ms); ra and rs, location of A and B in
CM system; relative velocity v =va — v , velocity of the CM: dRc/dt = Vc = (MaVa + MeVB)/
(MA+MB). (b) Scattering in CM converted to laboratory system in Fig. 1: 7, scattering angle in the CM; m
=MaMs/(Ma+Ms) the reduced mass in CM system.



Table 1. Conversion of CM to Lab Quantities*

Velocity of CM V.= (M, V4 + MgVa)/(M, + My) = R,
Relative velocity in CM V=(V,—Vgl= ﬁ

Total laboratory quantities . CM guantities

M=M,+M, m=M,My/(M, + Mg} 1mass
E,+Eg=MV32+E E =mv??2 senergy
M,V + My¥, = MV, P=0 momentum
La+Ly=MR_xV_+L L=mRx¥ ‘angular

momentum

Transformations (for vy initially zero and elastic collisions)
Og =(n—x)2

tan f, = pesin g/(1 + pcos y); g = Mg/M,
T = yExsin® (2/2); 7 = 4MgM, /(M + M)

deos 2 32

(/4 = ol) [t | = gy YT 2COSKE I
dcosf, | ullu+cosy|

, dcosy _

(do/dQ)y=aly) |——|=0l) 4sin(x/2)]
dcostly]

do  4nm )

b,

dT  yE, "

* dQa = sinBadOa dpa = dcosba doa and dQs = sinBsdOs dps = dcosOs des are the differential solid
scattering angles in laboratory system in Fig. 1, though azimuthal angles for each particle, pa and ¢s, are

not indicated.

In addition, impact parameter models for cross sections are often used since the
‘closeness’ of the collision between particles is determined in part by the impact
parameter, b in Fig. 1, and it in turn can determine the outcome. Therefore, the outcome
from a reactive collision, A + B = C + D, is often written as:

GA+B>CiD = Jo* Paspscip 27b db
where Pa+>cp is the transition or reaction probability. It depends on b, the closeness of
the collision, as well as the relative speed, v, of the colliding species which determines
the time spent interacting. Chemists and physicists often have simple models for
estimating this probability as the reactions often occur when the collision is sufficient
close and/or sufficiently energetic to overcome a barrier. Or, if particles are imagined to
have radii ra and rB, one often approximate a total collision cross section, Gas ~ G,
assuming that Pc = 1 for b < (ra + r8) and zero otherwise, so 6. = n(ra + rg)?. This
procedure is referred to as the hard sphere collision cross section, still used, but often not
very accurate. For hard spheres, the scattering in the CM system is isotropic making it
easy to use in computational models.



Often one only requires the spatial distribution of energy deposition of incident
plasma ions or neutrals in a gas: e.g., the energy deposited by solar wind or
magnetospheric ions in an atmosphere. The SRIM website (www.srim.org) developed by
Zeigler uses universal cross sections based on scaling to a large set of experimental data.
This web site calculates the cascade of collisions that is set in motion by an incident ion
or neutral in a material. One runs simulations that not only give the spatial distribution of
the energy deposited in excitations and in momentum transfer, but also the spatial
distribution of the excited recoils. This was developed for solids but has been applied as a
rough approximation for a flux of particles entering an atmosphere, as the density can be
chosen. Since the production of recoils can lead to ejection of material (a process often
called sputtering) sputter yields are also given using this software. Based on the
discussion in Johnson (1990) such yields can be adapted and used to described ejection of
atoms and molecules from an atmosphere, often referred to as atmospheric sputtering.

1.6 Angular Scattering

Angular scattering cross section calculations are typically carried out in the CM
system. Such calculations can then be translated, as needed, to the laboratory system or,
in a simulation, to the cases in which both particles are moving, as discussed above.
Using an impact parameter concept the CM scattering angle x for an azimuthally
averaged interaction can be calculated classically, semi-classically or by fully quantum
mechanical methods from an interaction potential function, V(R). For the collision of
between atoms and molecules, the relationship between these methods has been
examined for a number of systems: (e.g., O + O Tully and Johnson 2001; N + N; Tully
and Johnson 2002). For low energy molecular collisions, classical scattering calculations
can usefully give the angular scattering results.

The various scattering approximations can be used to determine the deflections as
a function of b: y(b) discussed above. Using the calculated x(b), the angular scattering
cross section is determined from cas(y) = | b db/siny dy | . However, there is often more
than one interaction potential, as is the case even for the important interaction O + O for
which there are 18 ground state interactions. The resulting cas(y) calculated using each
the interaction potential for each state can be averaged, weighted by the statistical
importance of each state (Tully and Johnson 2001).

The analytic formula for the scattering function, y(b), calculated classically for
spherical potentials is given in many texts, but for complicated interactions can be
calculated numerically. The often used estimate for fast incident particles in which the
cross section is dominated by small deflection angles is the impulse approximation: y(b)
~ - {d[fV(R) dz]/db}/(2E). Assuming a nearly straight-line trajectory for a small
deflection one integrates the integrates the force between the particles from -oo to +oo
using the particular interaction potential between A and B, V(R). In this approximation,
R?=b%+ z? and E is the energy in the CM in Table 1.

Because the cross section size is indeed often determined by small angle
scattering, the impulse approximation has proven to be useful. Based on the expression
above, the quantity T = (y(b) E) is seen to only depend on the nature of the interaction
potential. In the laboratory system, T can be written as t ~ (84 Ea). Therefore, one can
usefully scale the cross section data using what has been called a (p,t) plot, with p = y sin
¥ 6aB(Y) ~ 04 sinba 5(04). In the impulse approximation this plot is independent of the



incident energy, so that measurements at a number of energies can be roughly displayed
together. Therefore, a set of measured differential cross section data can be used to
extend the range of its applicability of laboratory data and also then used to estimate
angular scattering data for similar systems. From such a plot one can also extract or test
an estimate of the interaction potential, V(R), which can subsequently be used to
construct relevant molecular scattering cross sections. The potentials extracted in this
manner from laboratory data have also been used to determine molecular dissociation
cross sections for atmospherically relevant molecules (Johnson and Liu 1998; Johnson et
al. 2002). This procedure was also recently used to extend calculations of cross section
data to a variety of collision partners relevant to the study of the upper atmosphere on
Mars (Lewkow and Kharchencko 2014).

1.7 Introduction References
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3. List of Tables of Data Products

data_derived co2

File Name Process Citation
co2andco2 candunknown CO, + CO; = C +? | Johnson and Liu (1998)
co2andco2 coandunknown CO,; + CO; = CO + ? | Johnson and Liu (1998)
coandco2 candoandunknown CO+CO; = C+ 0O +7? | Johnson and Liu (1998)
coandco2 coandcandunknown CO+CO; = CO + C + 2 | Johnson and Liu (1998)
coandco2 coandunknown CO + CO; = CO + ? | Johnson and Liu (1998)
data_derived helium
File Name Process Citation
heandar unknown He + Ar = ? | N. Lewkow (2018)
heandh unknown He + CO = ? | N. Lewkow (2018)
heandco unknown He + CO, = 2 | N. Lewkow (2018)
heandco2 unknown He + H = 2 | N. Lewkow (2018)
heandh2 unknown He + H, = ? | N. Lewkow (2018)
heandhe unknown He + He = 2 | N. Lewkow (2018)
heandn2 unknown He + N2 = ? | N. Lewkow (2018)
heando unknown He + O = 2 | N. Lewkow (2018)
data_derived hydrogen
File Name Process Citation
handar unknown H+ Ar = 2 | N. Lewkow (2018)
handco unknown H+ CO = ? | N. Lewkow (2018)
handco2 unknown H+ CO, = ? | N. Lewkow (2018)
handh_unknown H+H = 2 | N. Lewkow (2018)
handh2 unknown H+ H,= 2 | N. Lewkow (2018)
handhe unknown H+ He = 2 | N. Lewkow (2018)
handn2 unknown H+ N, = 2 | N. Lewkow (2018)
hando_unknown H+ 0O = 2 | N. Lewkow (2018)
protonandh 2protonsande H"+H = H'+ H" | M. Shah (1998), M. Shah
+e | (1987)

protonandh handproton J. Newman (1982), H.

Tawara (1 .

H'+H= H+H M:Zilure(: (?g?é),GP. Stier

(1956)
protonandh_handunknown H+H=H+? | M. Rudd (1985)
protonandh2 2handproton H"+H, = H+H + | M. Shah (1989)

H+
protonandh2 2protonsandhande H'+ H, = H"+ H" | M. Shah (1989)
+H+e




protonandh2 e H*+ H, = ¢ | M. Rudd (1983)
protonandh2 hand2protonsande H"+ H, = H+ H" | M. Shah (1989)
+H +e
rotonandh2 handh2plus G. McClure (1966), M.
’ B ’ H'+H, = H+ 1 Shah(1989)( :
rotonandh2 handunknown H. Tawara (1985), M.
p — H +H=>H+? Rudd(1983() )
protonandh2_protonandh2plusand H" + H, = H" + | M. Shah (1989)
e H," +e
protonandh2o h20plusande H" + H,O = H,O" | M. Rudd (1985)
te
protonandh2o_handh2oallplus H + H,O = H + F. Gobet (2001), J.
(H,0)" G.reenwood (2000), B.
Lindsay (1997)
protonandh2o_handh2oplus H"+ H,O = H + | F. Gobet (2001)
H,O"
protonandh2o_handprotonandho H"+ H,O = H + | F. Gobet (2001)
H"+HO
protonandh2o handunknown H*+H,O = H +? | M. Rudd (1985)
protonandn_handnplus H*+N = H + N* | P. Stier (1956)
protonandn2 e H"+ N, = ¢ | M. Rudd (1983)
protonandn2 hand2nplusande H"+ N, = H+N* | H. Luna (2003)
+N"+e
protonandn2 handn2plus H' + Ny = H + No* ?2.0](3);1§u (1987), H. Luna
protonandn2 handndoubleplusand | H" + N, = H + N** | H. Luna (2003)
nande +N+e
protonandn2 handnplusandn H"+ N, = H+ N" | H. Luna (2003)
+N

protonandn2 handunknown

H'+No=>H+?

M. Rees (1989), M. Rudd
(1983)

protonandn2_protonand2nplusand | H* + N, = H" + N* | H. Luna (2003)

2e +N'tete
protonandn2_protonandn2plusand H"+ N, = H" + | B. Basu (1987), H. Luna
e N;" +e | (2003)

protonandn2_protonandndoublepl
usandnand2e

H' +No=>H +
N*+N+e+e

H. Luna (2003), M. Shah
(2008)

protonando_handodoubleplusande | H*+ O = H + O"" | W. Thompson (1996)
te
protonando_handoplus W. Thompson (1996), B.
H"+ O = H+ O" | Basu (1987), P. Stier
(1956)
protonando_protonandoplusande H"+O0 = H"+0O" | W. Thompson (1996), B.
+ ¢ | Basu (1987)




protonando2 e H"+ 0, = ¢ | M. Rudd (1983)
protonando2 hand2oplusande H"+ O, = H+ O" | H. Luna (2004)
+0"+e

protonando2 hando2plus

H"'+0,=>H+0;"

B. Basu (1987), H. Luna
(2004)

protonando2 handodoubleplusand

H"+0;,=>H+0"

H. Luna (2004)

oande +0+e
protonando2 handoplusando H"+ O, = H+ O" | H. Luna (2004)
+0

protonando2 handunknown

H'+0,=>H+?

M. Rudd (1983), M. Rees
(1989)

€

protonando2 protonando2plusand

H +0,=>H+
Oy +e

B. Basu (1987), H. Luna
(2004)

usandoand2e

protonando2_protonandodoublepl

H' +0,=>H +
O"+0O+e+e

H. Luna (2004)

protonando2_protonandoplusando

H" +0,=>H + 0"

H. Luna (2004)

ande +O+e
data_derived nitrogen

File Name Process Citation

n2andn2 4n N2 +N2 = N+ N+ N | R. Johnson (2002)
+N

n2plusandh20_n2andh2oplus N2+ + H,O = N, + | R. Dressler (1993)

H,O +

n2plusandh20_n2hplusandoh N2+ + H,0 = NoH" + | R. Dressler (1993)
OH

n2plusando_unknown Nyt + 0 = 2 R. Stebbings (1963)

nandn2_ nandnandn N +N; = N + N+ N | R. Johnson (2002)

nandn2_unknown N+ N; = 2 | C. Tully (2002)

ndoubleplusandh_nplusandunk
nown

N*"+H=N"+?

H. Tawara (1985)

nplusandh nandproton

N*"+H=N+H"

H. Tawara (1985), R.
Phaneuf (1978)

nplusandh2 nandh2plus

N*+H, = N+ Hyt

R. Phaneuf (1978)

nplusandh2 nandunknown

N'+Hy,=>N+?

H. Tawara (1985), J.
Hoffman (1982)

nplusandh2o0 nandh2oplus N+ H,0 = N + H,O" | R. Dressler (1994)
nplusandh20 noplusandh2 N*+ H,O = NO* + H, | R. Dressler (1994)
nplusandn2 2nandndoubleplus N*+ N, = N+ N+ | H. Luna (2003)
ande N+ e

nplusandn2 2nandnplus N*+ N, = N+ N + N* | H. Luna (2003)




nplusandn2 3nplusand2e

N*+N; = N*+N*+ | H. Luna (2003)

Nf+e+e
nplusandn2 nand2nplusande N*+N; = N+ N*+ | H. Luna (2003)
N'+e
nplusandn2 nandn2plus N 4N, = N + N2* W. Freysinger (1994), H.

Luna (2003)

nplusandn2 nandunknown

N +N2=>N+?

A. Phelps (1991), J.
Hoffman (1982)

nplusandn2 nplusandndoublepl

usandnand2e

N*+ N, = N+ N + | H. Luna (2003)
N+et+e

nplusandn2 unknown

N*+ N> = ? | R. Stebbings (1963)

nplusando_nandoplus

N*"+O=N+0"

R. Stebbings (1963), H. Lo
(1971)

data_derived oxygen

File Name Process Citation
o2ando2 4o 0+ 0= 0+0+0 | R. Johnson (2002)
+0
o2plusando_unknown 0,"+ 0 = ? | R. Stebbings (1963b)
o2plusando2 unknown 0," + 02 = ? | R. Stebbings (1963a)
o3pando3p unknown O(CP) + OCP) = ? | C. Tully (2001)
oandco oandcando O+CO=0+C+0 |R. Johnson (2002)
oandco2 2oandco O+ CO2 = O+ O + | Johnson and Liu (1998)
CcO
oandco2 3oandc 0O+ CO2=0+0+0 | Johnson and Liu (1998)
+C
oandn2 oandnandn O +N; = 0O+N +N | R. Johnson (2002)
oando2 oandoando O0+0,=0+0+0 | R.Johnson (2002)

odoubleplusandh_oplusand
proton

O"+H=0"+H"

R. Phaneuf (1978)

odoubleplusandh_oplusand
unknown

O"+H=0" +?

H. Tawara (1985)

odoubleplusandh2 _oandun
known

O"+H,=0+7?

H. Tawara (1985)

odoubleplusandh2_oplusan
dh2plus

O"+H,= 0" + Ho'

R. Phaneuf (1978)

odoubleplusandh2_oplusan
dunknown

O"+H=0"+7?

H. Tawara (1985)

oplus2d2pandh2 oandunkn
own

O'(D,’P)+ H, = O +
(7

Y. Xu (1990), D. Sieglaff
(1999), R. Phaneuf (1978)

oplus2d2pando_oandoplus

O'(CD,’P)+ O =0+
O+

B. Lindsay (2001)

oplus2dandh2_oandunkno
wn

O'(*D)+H,=> 0 +?

T. Moran (1978)




oplus4sandh2 oandunkno
wn

O*(*S)+ Hy = O +?

G. Flesch (1991), Y. Xu
(1990), A. Irvine (1991), D.
Sieglaff (1999), W. Nutt
(1979), J. Hoffman (1982), T.
Moran (1978), R. Phaneuf
(1978)

oplus4sandn2_noplusandn

O*(*S) + N, = NO* +
N
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