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TOTAL AND DIFFERENTIAL
ELECTRON COLLISION

CROSS SECTIONS FOR 02 AND N2
by

Tim Murphy

Abstract
We present a compilationof totalanddifferentialcrosssectionsfor electronscatteringoff

Nzand02. Energy-dependenttotalcrosssectionsandenergy-andangle-dependentdifferential
crosssectionsaregivenfor elastic,rotational,vibrational,electronicexcitation,and ionizing
collisions.

1 Introduction

Electron dynamics plays an important role in the study of the generationand propagationof
electromagneticwaveain the atmosphere.One of the most importantfeaturesof the dynamics,and
one of the most difficult to model, is the effect of electron-moleculecollisions. Detailedmodeling
of theseeffectsrequiresknowledgeof the angle- and energy-dependentdifferentialscatteringcross
sectionsfor a varietyof collisionprocesses.Much of this informationis publishedin the literature,
but it is widely scatteredand not readilyavailable.In the processof developingour KITES kinetic
theory atmosphericelectrontransportcomputercode, we did a fairly thoroughliteraturesearchto
find the angle-and energy-dependentdifferentialcollisioncross sectionsfor electronsscatteringoff
N2and 02. We found data for a largenumberof elasticand inelasticelectroncollisionprocessesof
interestin atmosphericpropagationproblems. This report describesthe differentialcross sections
usedin KITES for elastic,inelastic,and ionizingelectron-moleculecollisionsand explainshow these
cross sectionshave been implementedin the code. We hope this informationwill prove useful to
other atmosphericmodelers.

Since total cross sectionsare easierto measure,and hence more accuratelyknown, than differ-
entialones, we use the followinggeneralform for the differentialcross sections:

+(E,O)= A(E,6)~, (1)

/

‘r
A(E,6)sin&Z0 = 2.0, (2)

o
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where E is the energyof the incomingelectronin eV and 0 is the scatteringangle in radians. The
term cr(l?) is the total collisioncrosssectionand is a functiononly of energy.The factor A contains
all of the angulardependenceand is normalizedso that Equation (1) will yield the correct total
cross section when integratedover all angles. The functional form of A varies with the type of
collisionbeing considered.

2 Total Cross Sections

Let us first consider the total cross sections. To implementthem in our code we have used
actual experimentaldata where such data were available,using linear interpolationbetweendata
points. We consideronly collisionswith diatomicoxygen and nitrogen,usinga composition of 79%
nitrogen and 2170oxygen in our model. For elastic, rotational and vibrational collisionswe use
experimentalresultsfrom Phelps[ll and Phelps and Pitchford.@’lThe data valuesused in KITES
are listedin Tables1 through5. Thesedata extendonly to an electronenergyof 10keV, and while
rotational and vibrationalcollisioncross sectionsare not significant
crosssectionsremainappreciable.For elasticcollisionswith electron
we use a screenedRutherfordcross section,[31givenby

above this energy,the elastic
energiesgreaterthan

2uz2e4
Cr(E) = ~ ~

u p q(rj+ 1) ‘

‘ = $[1+4azx0(=10gx0+Y+1448’)1
‘0 – tlp Zlls——

p 0.885@’

10keV,

(3)

(4)

(5)

wherez is the averageatomicnumberof air, e is the electronchargein esu,u is the electronvelocity,
p is the electronmomentum,/? = v/c, a is the fine-structureconstant,a. is the Bohr radiusof the
electron, and p is an adjustableparameter.Matching this formulato the cross-sectiondata at 10
keV yields a value of p = 0.635. The elastic, rotational,and vibrationalcross sections are shown
in Figurea1 through 5.
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Table 1: IVzTOTAL ELASTIC CROSS SECTIONS

E (ev) a(10-16cm2) E (ev) a(10-16crn2)
0.0 1.1 2.5 19.11
0.001
0.002
0.003
0.005
0.007
0.0085
0.01
0.015
0.02
0.03
0.04
0.05
0.07
0.10
0.12
0.15
0.17
0.2
0.25
0.3
0.35
0.4
0.5
0.7
1.0
1.2
1.3
1.5
1.7
1.9
2.1
2.2

1.33
1.436
1.539
1.675
1.811
1.87
1.92
2.23
2.49
2.95
3.35
3.78
4.48
5.26
5.72
6.33
6.62
7.11
7.7
8.22
8.62
8.96
9.24
9.52
9.74

10.26
10.91
11.99
13.78
16.98
17.62
18.94

2.8
3.0
3.3
3.6
4.0
4.5
5.0
6.0
7.0
8.0

10.0
12.0
15.0
17.0
20.0
25.0
30.0
50.0
75.0

100.0
150.0
200.0
300.0
500.0
700.0

1000.0
1500.0
2000.0
3000.0
5000.0
7000.0

10000.0

3

22.7
18.74
16.88
15.59
14.08
12.9
12.74
12.53
12.43
13.01
13.23
13.23
12.8
12.56
12.1
11.41
10.67
8.3
6.66
5.38
4.18
3.5
2.7
1.831
1.455
1.029
0.744
0.538
0.418
0.266
0.193
0.14



Table 2: 02 TOTAL ELASTIC CROSS SECTIONS

E (ev) a(10-lecm2) E (ev) cr(10-lecrn2)
0.0 0.35 2.5 6.1
0.001
0.002
0.003
0.005
0.007
0.0085
0.01
0.015
0.02
0.03
0.04
0.05
0.07
0.10
0.12
0.15
0.17
0.2
0.25
0.3
0.35
0.4
0.5
0.7
1.0
1.2
1.3
1.5
1.7
1.9
2.1
2.2

0.35
0.36
0.4
0.5
0.58
0.64
0.7
0.87
0.99
1.24
1.44
1.6
2.1
2.5
2.8
3.1
3.3
3.6
4.1
4.5
4.7
5.2
5.7
6.1
7.2
7.9
7.9
7.6
7.3
6.9
6.6
6.5

2.8
3.0
3.3
3.6
4.0
4.5
5.0
6.0
7.0
8.0

10.0
12.0
15.0
17.0
20.0
25.0
30.0
50.0
75.0

100.0
150.0
200.0
300.0
500.0
700.0

1000.0
1500.0
2000.0
3000.0
5000.0
7000.0

10000.0

4

5.8
5.7
5.5
5.45
5.5
5.55
5.6
6.0
6.6
7.1
8.0
8.5
8.8
8.7
8.6
8.2
8.
7.7
6.8
6.5
4.99
4.14
3.18
2.28
1.83
1.45
1.14
0.828
0.638
0.395
0.289
0.209



Table 3: 02 TOTAL ROTATIONAL CROSS SECTION

E (ev) a(10-lGcrn2) E (ev) a(10-16cm2)
0.0 0.0 0.91 0.084
0.0067
0.07
0.08
0.1
0.2
0.21
0.22
0.32
0.33
0.35
0.44
0.45
0.47
0.56
0.57
0.59
0.68
0.69
0.71
0.79
0.80
0.81
0.90

0.0
0.0
0.0054
0.0
0.0
0.0216
0.0
0.0
0.384
0.0
0.0
0.054
0.0
0.0
0.672
0.0
0.0
0.0804
0.0
0.0
0.0936
0.0
0.0

0.93
1.02
1.03
1.05
1.13
1.14
1.16
1.23
1.24
1.26
1.34
1.35
1.37
1.44
1.45
1.47
1.54
1.55
1.57
1.64
1.65
1.67

0.0
0.0
0.0720
0.0
0.0
0.0468
0.0
0.0
0.06
0.0
0.0
0.0360
0.0
0.0
0.024
0.0
0.0
0.012
0.0
0.0
0.0048
0.0



Table 4: iV2TOTAL ROTATIONAL CROSS SECTION

E(ev) a(10-lGcm2)
0.0 0.0
0.02 0.0
0.03 0.025
0.40 0.025
0.80 0.025
1.2 0.047
1.6 0.086
1.7 0.015
1.8 0.235
1.9 1.08
2.0 1.90
2.1 2.03
2.2 2.77
2.3 2.5

E(ev) a(10-lGcm2)
2.4 2.19
2.5 2.4
2.6 2.17
2.7 1.62
2.8 1.38
2.9 1.18
3.0 1.03
3.1 0.84
3.2 0.69
3.3 0.50
3.6 0.17
5.0 0.0

20.0 0.0

Table 5: JV2TOTAL VIBRATIONAL CROSS SECTION

E (ev) tr(10-16cm2)
0.0 0.0
1.0 0.0
1.1 0.0044
1.16 0.0053
1.2 0.0060
1.22 0.0066
1.4 0.0345
1.5 0.0480
1.6 0.0660
1.65 0.0780
1.7 0.0915
1.8 0.1650
1.9 0.8025
2.0 3.3750
2.1 4.74
2.2 6.57
2.3 7.725

E (ev) cr(10-16cm2)
2.4 8.055
2.5
2.6
2.7
2.75
2.8
2.9
3.0
3.1
3.2
3.3
3.4
3.5
3.6
4.0

100.0
1000.0
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9.705
6.96
7.095
7.095
5.775
3.72
3.33
2.265
1.695
1.125
0.45
0.2955
0.1650
0.0
0.0
0.0



For the electronicexcitationswe use the fits givenin Banksand Kockarts,i41with one addition
and some modifications. The formulaused for the cross sectionsis

c7(E)= (qocofo/W2)[l – (W/E) 7]v(W/E)n cm2, (6)

where g. = 6.51 x 10–14eV2cm2and W is the thresholdenergyin eV. In additionto the reactions
listed in Banksand Kockarts’ Table 9.5, we have includedthe WSAUstate for nitrogen. Since the
thresholdenergyfor thisstateis within0.01eV of that of the 13sl_Igstate,we havesimplycombined
the crosssectionsfor thesetwo reactions. A comparisonwith the experimentaldata of Cartwright
et al.[51for a subset of the reactions listed in Banks and Kocka,rtsled us to revi5e some of the
cross-sectionfit parametersin the table. The valuesused in KITES are listed in Table 6. Plots of
the cross sectionsare shownin Figures6 through 18.

Table 6: ELECTRON IMPACT EXCITATION CROSS SECTION PARAMETERS

Gas State w Cofl) sl v 7
N2 A3X; 6.17 0.1912 2.0 4.0 1.8

B311g+ W3AU 7.36 1.0900 2.8 4.0 2.0
Csrru 11.03 0.4453 4.0 1.5 3.0
alIIg 8.55 0.4698 1.8 2.0 1.0
bill. 12.85 1.5100 0.75 3.0 1.0
b/lX; 14.0 0.33 0.75 3.0 1.0

Z Rydberg 13.75 2.66 0.75 3.0 1.0

02 alA~ 0.98 0.0005 3.0 1.0 3.0
blZg 1.64 0.0005 3.0 1.0 3.0

A%Zj 4.5 0.021 0.9 1.0 3.0
B%; 8.4 0.23 0.75 2.0 1.0

9.9 eV allowed 9.9 0.08 0.75 3.0 1.0
Z Rydberg 13.5 2.77 0.75 3.0 1.0

For ionizing collisionswith incident electronsof energy up to 15 keV, we use data from the
cross-sectionmeasurementsof Rapp and Englander-Golden[61and Opal, Beaty and Peterson.[7)81
Their resultsare given in Tables7 and 8. For incidentelectronswith energyabove 15 keV, we use
a formula from a paper by Longrnireand Longley,[glwhich is in turn based on a calculationby
Bethe.llO1The high-energyionizationcross section is givenby

—[8.68+log(72 -1)+$] cm2,cr(E) = 5.94 X 10–20 72
72 – 1

7

(7)



where E is the kineticenergyof the electronand 7 is the usualrelativisticfactor, givenby

7 = 1+ ~.

The cross sectionsare shownin Figures19 and 20.

(8)
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Table 7: JV2TOTAL IONIZATION CROSS SECTION

E (ev)
0.0

15.6
16.0
16.5
17.0
17.5
18.0
18.5
19.0
19.5
20.0
21.0
22.0
23.0
25.0
30.0
34.0

f7(10-16cm2)
0.0
0.0
0.0211
0.0466
0.0712
0.0984
0.129
0.163
0.1987
0.230
0.2699
0.3437
0.4175
0.4914
0.639
1.0284
1.266

E (ev)
45.0
60.0
75.0

100.0
150.0
200.0
300.0
500.0
700.0

1000.0
1500.0
2000.0
3000.0
5000.0
7000.0

10000.0
15000.0

cr(10-16cm2)
1.776
2.18
2.391
2.5227
2.452
2.268
1.916
1.4504
1.1603
0.923
0.744
0.4836
0.3534
0.2139
0.1581
0.1116
0.0698



Table 8: 02 TOTAL IONIZATION CROSS SECTION

E (ev)
0.0

12.6
15.5
16.0
16.5
17.0
17.5
18.0
18.5
19.0
19.5
20.0
21.0
22.0
24.0
26.0
30.0
34.0

a(lo-16c?7a2)
0.0
0.0
0.0984
0.1143
0.1362
0.1582
0.1802
0.2030
0.2285
0.2532
0.2786
0.3068
0.3595
0.4158
0.5344
0.6540
0.8966
1.151

E (ev)
45.0
60.0
75.0

100.0
150.0
200.0
300.0
500.0
700.0

1000.0
1500.0
2000.0
3000.0
5000.0
7000.0

10000.0
15000.0

a(lo–16c?n2)
1.696
2.171
2.461
2.672
2.690
2.532
2.180
1.6701
1.345
1.055
0.8504
0.5528
0.4040
0.2445
0.1807
0.1275
0.07975
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3 Differential Cross Sections

Now we shall considerthe variousformaof the function A definedabove. Becausethis function
has to integrateto exactly 2.0, we have used fits to the data, which we can normalizeprecisely.

For elasticcollisionswe use the data of Shyn, Stolarski,and Carignan,ill] and we find a fit of
the form

4Nq~(l + qJ 4(1 – lv)q2(l + q2)

‘(E’O) = (1 -C056+2?71)2 + (l+cose+2q2)2 ‘ (9)

where

q~ = 5.77E-1-S77, (lo)
q2 = 2.64E-o”89M. (11)

The factor N ia also energydependent,but we werenot able to find a simpleexpressionfor it. The
valuesused in our code are tabulatedin Section4.

For inelasticcollisionsthere is not a great deal of data availableon differentialcross sections.
For rotationalexcitationswe use data from Wong and Dub6,1121and for vibrationalexcitationswe
use resultsfrom Polak and Slovetskii.1131Both sets of data are fit by the formula

A(E, o) = 2(1 –3COS2o+$COS40). (12)

The angularbehavior of the cross sectionsfor the variouselectronic states variesquite a bit,
and we could not find data for many of the states included in the table from Banks and Kockarts
mentionedabove. We were able to find resultsfor some of the reactionsin a paper by Cartwright
et al., 1141and found fits of the followingforms:

N2 A3XJ : A(E, O)= 0.207+
0.138

0.25 + (; – 0)2
+ 3.244e1-5[o-7J, (13)

N2 B31Tg: A(E, O)=
1.374

0.8 + (~ – 0)2‘
(14)

N2 alIIg : A(E, O)= 0.2947+ 9.5286e–2”40, (15)

N2 C31_Iti: A(E, O)=
8.2712

4.0+ (m– 0)2
– 0.3102. (16)

For the angularbehavior of the
by Phelps and Pitchford:[151

cross sectionsfor the Rydberg stateswe use a formula developed

5
A(E, O)= 1.0+ ~Ci~i(COSO), (17)

i=l
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where the coefficientsci are given by

E2
c1 =

2500+E2‘
(18)

(19)

(20)

(21)

(22)

E2
C2 =

2500+E2‘
E2

C3 =
3500+E2‘

E2
C4 =

3500+E2‘
E2

C5 =
3500+E2“

AII other inelasticcross sectionsare consideredto be isotropic.
For ionizing collisions the situation is a bit more complicated because the cross sections are

functions of both the secondary electron energy and the scatteringangle. We factor the angle-
dependentterm A in Equation (1) into two parts, one dependentonly on the incoming electron
energyE andthe secondaryelectronenergy&and theotherdependentonly on &and the scattering
angle 0. The energy-dependentterm B(E, &) is normalizedto integrate to 1.0, and the angular
term JI(t, 0) integratesto 2.0 as before. Forboth termswe use fits to the data of Opal, Beaty,and
Peterson,17’81with the angularmodificationfacter suggestedby DuBoisand Rudd.1161Opal, Beaty,
and Petersononly measuredthe cross sectionsout to secondaryelectron energiesequal to half of
the energy of the incoming electron, so we cannot use their data directly for secondaryelectrons
above this energy. The behaviorof the energy-dependentterm B over the remainderof the range
of secondaryelectronenergiescan be inferredby energyconservation,however;and we find a fit of
the form

B(J?3,f ) =
1

aarctan(~)
[

1 &<?—
1.0+ (:)’”1

(23)
1 %#’ < & <E– b

where b is the thresholdenergy for ionization. For nitrogenwe have a=13.O eV and b=15.6 eV,
while for oxygen the valuesare a=17.25 eV and b=12.6 eV.

The angle-dependentterm A is more difficult. As mentionedabove, Opal et al. did not measure
4 for secondaryelectronenergiesabovehalfof the incidentelectronenergy,and its behaviorfor the
higherenergysecondaryelectronscannotbe inferredfromthatof thelowerenergyelectrons.Dubois
and Rudd did measurethe angle-dependentionizationcrosssectionsfor electronson nitrogenand
oxygen up h the maximumpossiblesecondaryelectronenergy,but their data are quoted for only
a few angularpoints, and one cannot reconstructthe angulardependencefrom them. Forced to

12



make an educated guess,we decided to use the angularfit for elasticscatteringfor the secondary
electronswith an energygreaterthan half the energyof the incomingelectrons. For the secondary
electronswith lessthan half the incoming energy,we have

J/(&,0) = NI+ lV2e
-I?#

1 (24)

whereIV1,N2, c, and w are energy-dependentparameters.We werenot able to find simpleanalytic
expressionsfor theseparameters,and the valuesused in KITES are listed in Section4.

4 Implementation of the Cross Sections

We havefound that the angle-dependentterm A(E, O)in Equation (1) variesmuch more slowly
with energythan does the total cross-sectiontermc(E). In evaluatingthe differentialcrosssections
for usein ourcomputercode we thereforecalculatea(E) for eachenergyin the problembut evaluate
A(E, 0) only at selectedenergies. We use linearinterpolationto estimatethe angulardependence
at energyvaluesbetweenthose selected. The numberof energiesselectedand their valuesdepend
on the type of collisionbeing considered. This sectiondescribesthe choicesmade in implementing
the differentialcross sectionsin KITES.

For elastic collisionswe calculate the angle-dependentterm A(E, 0) at 10 energiesbetween5
and 10,000eV. The fit parametersfor each energy are

Energy (eV) N ql 712
5 0.67 0.63 0.62

10
15
20
30
50

100
500

1000
10000

0.60
0.60
0.75
0.80
0.85
0.95
1.00
1.00
1.00

0.24 0.34
0.14 0.23
0.093 0.18
0.053 0.13
0.026 0.079
0.010 0.043
l.lle-s 0.010
4.27e–4 5.40e–g
1.79e–s 6.85e–4

For inelasticcollisions the total cross sections are generallyso sharply peaked in energy that
one can just use the angulardistribution at the peak of the cross section and calculate a single
A(E, d). The exceptionis the excitationof Rydberg statesjfor whichwe mustcalculatethe angular
dependencefor severalenergiesss was done for the el=tic collisions. The fits are evaluatedat the
followingenergies:

13



vibrational 2 eV
rotational 2 eV

ASZ; 17 eV
BS119+ W3AU 15 eV

alllg 17 eV
Cmu 15 eV

Rydberg 20, 50, 100, 1000eV

For ionizing collisionswe calculate the energy-dependentfactor B at each secondaryelectron
energy. The angular factor 4 is evaluatedfor five secondary electron energies. We find for the
parameters:

E (eV) NI Nz c w
4.13 1.0928 -0.1366 1.80 1.0

20.1 0.7682 0.5122 0.70 0.9
48.5 0.5988 0.8982 0.80 0.8
98.0 0.4546 1.3636 0.80 0.7

196.0 0.3140 2.1020 0.90 0.5

The angledependentfactors A(E, 0) describedabove are shown in Figures21 through46.

14
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Figure 24: Elasticdifferentialcrosssection at 15 eV.
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Figure 29: Elasticdifferentialcross section at 40 eV.

o
\l t ,

- t

I V CARTWRIGHT\1 + SHYN
1 --- MURPHY

-F
;: -~;

bin
qlq - “v

o 4,

;,V

o0
00.() ().5 1.0 2.5 3.0 3.5

A~~le (~a”d)

Figure 30: Elasticdifferentialcross section at 50 eV.
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Figure 33: Vibrational and rotationaldifferentialcrosssection at 2 eV.
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