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SUMMARY

The consequences of UV photon and electron deposition in
the natural and disturbed atmosphere between 60 and 500 km are
calculated in terms of the initial species formed, the partitioning of
energy, electron flux spectra and other derived quantities. The

photon energies were between 10 and 300 eV and the initial electron
energies between 14 and 900 eV.
The differential electron energy slowing-down spectrum 1is

calculated by a method which accounts for the discrete energy loss.

In the calculations, reliance is placed primarily on experimental
measurements as a source of input data.

[n the absorption of UV photons, the initial species formed

are smooth functions of the photon energy for energies above 16 eV:
the total number of electrons formed per absorbed photon is rela-
tively eimply described as a functionof photon energy. Most of the
photon energy is required for dissociation and ionization but about
10 - 20° flows into electronic excitation while about 4 - 77 flows into
vibrational excitation (at altitudes not greater than 145 km). The
energy required per ion pair formed after photoabsorption is con-
sistent with the required energy as calculated for electron deposition.
In the disturbed atmosphere, represented by increases in background
electron density by factors up to 104 (1012 at 60 km), positive ion

densities were unaffected for photon energies less then 34 eV.

The electron deposition calculations represent an improve-

ment on previous calculations [MS-75] by use of more accurate




cross-sections for excitation of molecular nitrogen. The principal
chainge in the results of the calculations for the natural atmosphere
is a reduction in the predicted nitrogen atom densities by 40 - 45% in
the altitude range of 60 to 145 km.

Data on the electron excitation of molecular nitrogen to pre-
dissociating states are reviewed and cross-section curves are derived
for these states. Use of these curves in calculations of electron-N2
interactions leads to a value of the energy required per ion-pair

formed in agreement with experimental observations.
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1. INTRODUCTION

Calculations 2re reported for the species and energy
densities which result from the absorption of electrons and
photons in the natural and disturbed atmosphere. These calcula-
tions are performed by a method {MS-75] which accounts for the
discrete energy loss undergone by electrons resulting from the
initial absorption and which yields the initial species formed, the
partitioning of energy, the steady-state electron flux as well as

other derived quantities. ‘

The calculations apply to the atmosphere between 60 and

500 km altitude. In the case of photon absorption, the energy of the
photons lies between 10 and 300 eV. For electron absorption, the
incident energy of the electrons lies between 14 and 900 eV, generally.
The calculations of electron absorption represent an improved ver-
sion of previous results [MS-75|. The improvement consists
primarily in the use of more accurate data on nitrogen atom forma-

tion following electron impact on molecular nitrogen.

In Section 2 of this report, the deposition of a selected set
of UV photons is discussed; in Section 3, electron deposition calcula-
tions are considered; in Section 4, the data on electron impact
excitation of nitrogen to predissociating states are reviewed and a
consistent set of cross sections is derived. Only a summary of the
results of the calculations discussed in Sections 2 and 3 is presented

in this report; detailed results are available on microfiche as

considered in the Appendix.




*
' 2. UV PHOTON DEPOSITION

The species and energy densities which result from absorp-
tion in the earth's atmosphere of a selected set of UV photons are
calculated. The calculations are performed with a code designated
ISRADU.

2.1 METHOD OF CALCULATION

The method of calculation is similar to the method pre-
viously used [MS-75] for calculating electron energy degradation in
the atmosphere. In this method, the differential electron energy
spectrum for the electrons which are formed in interactions follow-
ing absorption is calculated by a discrete energy-loss procedure.
The assumption is made that a steady state for electrons, sorted
into a set of energy groups, is quickly established after absorption.
In the present application, the further simplifications of local
energy deposition and isotropic electron fluxes are made. The
densities of species formed and of energy redistributed in the
establishment of the steady state for electrons are calculated with

the aid of the differential electron energy spectrum. i

2L High-Energy Electrons

The total set of electrons existing after photon absorption

is divided into a "high-energy, ' slowing-dcwn subset comprising
electrons with 30 discrete energies between 1 and 103 eV and a

"thermal'' subset characterized by an electron temperature.

PRECEDING PAGE BLANK-NOT FILMED
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Electrons in the high-energy subset only lose energy in each inter-

action process and are placed in the thermal subset when their
energy becomes less than 1 eV. Application of the steady state
aSSumption to the subset of high-energy electrons leads to the

following expression for the density of electrons in energy group j,

[ej(cm_3 bin—l)l = pj/Li ' (1)

where the production rate, Pj’ and loss frequency, Lj' are

. = . . ':v" b ”"S'w
7 C]u,_]leﬁl“ZS}i:wl) (i, S)b, (i, J, )]

+ 2, 2 2 e o (K S)b (K, §,8)[S] (2)

Sk = e

=€ o v; };_j%: [1-b,(i,i,8)]e,(,S (3)

] 117
The terms on the right hand side of equation (2) refer, respectively,
to the rate at which electrons leave group j+1 and eater group j
as a result of energy loss to thermal electrons with frequency C +1, ]
and to the rates of forming electrons in group j by phomionizqtlon
(subscript p) by excitation and dissociation, including dissociative
excitation (subscript == xd) and by ionization, including dissocia-
tive ionization (subscript a=i). Photoionization occurs by absorp-
tion of group i photons with flux ¢(i) and photoabsorption cross-
section o(i,S) for target S to yield electrons in energy group j
with probability bp(i,j,S). The excitation, dissociation and ioniza-
tion of target S with cross-section y (k, S) occurs by impact of
group k electrons having speed Vi to yield electrons in energy

group j with probability b, (k,j,S).

12




ly given |[MS-75].

2.1.2  Species and Energy Densities

species S and a gain of species S' occur according to
S : : ;
_lel - Lo@o69)Ns] + T X le;lv; o0, S)Is]
i j“'l « 4 4

and

ddb;'l = Y3 o(i)e(,S)b(, S, S")|[S]
o1

+ .v.o_(j,S i,S,8")[S
5 Dl

attachment (@ = A).

The rate of increase in total electron density is

dle] _ ;- o ‘ o(i)e(i,S)b_(i,j,S)
o S =15 ¥

)

" [ej }\] l»"-l(.i'S)- CAU'S”‘ S]

13
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The structure of the electron energy groups and the method

for accurately describing discrete energy losses have been previous-

As a result of the interactions of photons and photo-

electrons with the ambient atmospheric species, a loss of target

where o (i,S) is the photoabsorption cross-section, bl S50 1S

the probability that product S’ is formed by target S absorbing a
group-i photon and ha(j, S,S') is the probability that product S' is
formed by impact of an electron in energy group j ontarget S in

the processes of excitation (@ = xd), ionization (« = i) and electron




where [e], the total electron density, is the sum of the thermal

electron density and the high-energy electron density, i.e.,

le] = [ey] + X le.]

j=1

and A (j,S) is the cross section for electron attachment.

The energy-density changes are monitored for seven modes:

lonization, dissociation, electronic excitation, vibrational excita-

tion, radiation, heavy-particle translation and (molecular) rotation,

and electron translation. The heavy-particle translational and
rotational modes are assumed to be in equilibrium. The energy
transfers into the ionization (I), dissociation (D), and electronic
excitation (Xe) modes are calculated from algebraic expressions
such as ‘S—?' €(dS'/dt) where ¢ represents either the ionization
potential of S', the dissociation energy per atom of S', or the
excitation energy of S', respectively, and dS'/dt is the rate of
increase in S' resulting from the changes being distinguished.
Changes in the remaining energy modes are given by differential

equations such as

dé\il = EZ S)e (i,t) o (i, S)[S]

i%; Y ;: [e.1v; epgq i 8) 7, (. 9)[S]

jz1l

(8)

where M(eV cm-s) denotes electron translation (E), heavy-particle

translation (K), radiation (R), or vibrational excitation (Xv). and

the negative sign is used only for M =E. In equation (8),

14
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(e % M1 S:8)b(, 8,8 (1 -0 ) (9a)
v

uxldrS) = % uxlr S8 b 4,8, 8") (9b)

€ilirS) Ef 1028, 8,81 - Oy ). (9¢)

where €M(1,S,S Vs GMX(],S,S'), and €Mi(],S,S ) are determined by

examining the energy transformations in each physical process.

The quantity GM x is the Kronecker delta. For M=R, the
Lo

arguments i and j are omitted.

2alls3 Thermal Electrons

The thermal subset of electrons has contributions from
energy-degraded, high-energy electrons. The rate of increase in
the thermal electron density is given by equation (2) with j under-
stood to represent the thermal subset. The treatment of the inter-
action of the high-energy and thermal subsets of electrons, pre-

viously developed [MH-753]. has been shown to be accurate.

2.1.4  Energy Transformations

The treatment of vibronic excitation and radiative decay
resulting from electron impact are as previously described [MS-T5];

for photoabsorption only electronic excitation was taken into

account.

15




2.1.5 Derived Quantities

Several quantities, derived from the relations developed
above and previously [MS—?S], are of interest in connection with
the absorption events. The quantities previously presented |[MS-75]
include the particles formed per ion pair, the electron volts per
ion pair, the radiation rate, fluorescence efficiency, loss functions
and the electron flux. The particles formed and electron volts per
ion pair and the fluorescence efficiency are now calculated in the
following manner while the remaining three quantities are calculated
as before [MS-75]:

particles formed per ion pair, J

P.‘p(s')
(d[S']/ dt)

" (10)
LY [ Te@cws) b (,i8) + [e]v, o.(,8)] [s]
si=1'9 P i

electron volts per ion pair,
E () 2 2 o) o(i,s)[s]
S 1

: LT Ze@9)b 1,0,8) « [e]v;0(,9)([8]

w2

S
I

ot
ot

where Ep(i) is the energy of the absorbed photon, and
fluorescence efficiency,

i eRa(S')(d[S']/ dt) i
“e Epm'

16
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In addition, the number of particles of species S' per absorbed

photon is calculated as follows:

particles per absorbed photon,

Pl - @s'Va)/TY o ()= (. S)[s] (13)
5 S

2.2 PROCESSES AND DATA

Most of the processes and data used in the ISRADU code
have been previously described |[MS-75]; below, only additions and
changes are considered. An updated list of the product species is
giver in Table 1. In calculating the rates of formation for these
species, cross-section data were averaged over energy-group
widths [MS-75] and were used in this numerical form in the

calculations.

2.2.1 Photoabsorption

Photoabsorption was calculated for fourteen photon groups
which span an energy range between 10 and 300 eV; these groups,
the radiators of these groups, and the corresponding energies and
nominal wavelengths are listed in Table 2. The photons were ab-
sorbed by O, N:Z’ 02, and NO in their ground electronic and
vibrational states.

Absorption by O(3P) was limited to the formation of the
five atomic oxygen ions listed in Table 1. The cross sections were
chosen from the mean of theoretical values [He-67b]: these lie

between the experimental data [CS-65a, CS-68a]. Autoionization

17




A Table 1. Species and Energy Quantities.
Target Target
3 3. I L Enor‘a‘;. . T ] 9 Encr}!\'.
Product orp) O,zn.‘( T NO(X ™) eV Product .\,,(X 'u) NO(X ') eV
0(39) a,xd,1* a 2.56 nitsy a,i a 4. 88t
O(ID) xd a, xd a 1. 96 N(zD ) a a 2.37 3
o('s) xd |a .17 Inée) a 356
O(3s 5; xd 9. 14 N(3s 4P) xd 10.33
0@s 3s”) xd | a,xd 952 | n@s®p xd 10. 67
0(3p °p) a 10. 74 Nzp! *p) xd 10.93 1
O(3p 3P) xd a 10. 99 N(3p 4D ) xd 11.70
o34 °p xd 12.00 | ~apte) xd 11.78
0O(3s' 3D ) xd 12. 54 N(3s' ZD) xd 12.34
O(3s" 3P ) xd 14.12 N(4s 2P) xd 12. 86
0(3d’ 3P ) xd 15. 40 N(3d ZD) xd 13.02
o'*s) a,i i 13.62 | N x's;v>00 | xa -
o) ai 16.93 | n,a%c) a.xd 6.17
o' a.i 18. 62 \';unsn ) xd 7.35
o' (2s2p* 4p) a 28.49 2(\»% ) xd s
o*(2s2p? 2p) a 39.98 | Ny nu) xd 8.55
o p) da* ros fwc 3nu) xd 1 02
0,°c . v>0) xd - NyE ’z ") xd 11.87
0 @ lAg’ xd 0.98 [N, 1*,1 ) xd 12.28
o, p® T xd 1.63 | Ny ' je xd 12.82
o (c ’:u') xd 4.05 | Ny(eicio) xd 13.92
o, 2% i) xd 6.12 | m,mr Iz e xd 14.71
o (Hydberg) xd ~13.5 ’(31’) i 14.53
oL 2n Q) ai 12.06 | wyx e ai 15.58
Og(a “n ) a,i 16,10 f Ny 2n ) a.i 16 58
Oya 20 N a,i 16. 81 hzmz"u‘) a,i 18.75
Og(b . ) a,i 18.2 No* (X = a 10.20
" a 20.0 :
o a = photoabsorption; xd = collistonal excitation and dissociation; 1 = collisional ionization: and
da = dissociative attachment,
'The energy reference for all monatomic products is the enercy of ()(SP\ or \14\ ) except for these
latter for diatomic products as well as O(3P) or N(48°), the energy reference i1s provided by
02()( IZg) + Nalx Iy %), Energy differences among levels of O(3P0_ 1,2) have been neglected except
in the !reatment of fine-structure cooling.
’ Excitation to Rydberg state of Og is considered only for the collection of such states and a re-
presentative energy is taken to be 13.5 eV.
e The representative energies of these states are determined on the basis uf vibronic excitation h\
high-eneryy eloclru'n m:ryact (see Section 4). The collection of states ¢, M. cq 1‘\’1 and og n 1
is represented by Na(c”;c;u).

18




Table 2. Data on Photon Groups.

o

Radiator Energy, eV Nominal Wavelength, A
NV 10. 01 1240
NII 11. 42 1085
NIII 12. 52 990
cla 13.171 c04
OII, OIII 14. 84 834, 835
orv 15.74 789
OIlI 17.63 703
OIIl 20. 67 599
OlII 24.40 508
Mg IX 33.67 368
He II 40. 80 304

- 65. 44 189
- 130.41 95
Si XII 281,05 44

19




[He-68a| was not included. Production distribution probabilities,
b(i,S,S'), were obtained from Henry {He-67b]. Instantaneous

radiation by the O+(4P) and O+(2P) states was assumed.

Absorption by N_ resulted in the products listed in

Table 1. Cross sectionszwere chosen from various sources [HT-63,
SC-64, Hu-69, HC-69, Hu-72a]. Recent cross-section data [Ca-72]
of generally higher resolution and for vibrationally-excited ground-
electronic-state N2 [CM-72¢]| were not used in the present calcula-
tions. Use of intermediate resolution data [BC-69] in the range
from 700 to 785 A would not significantly change the adopted cross-
section values. For absorption of photon groups representing
multiplets, the cross sections for lines of the multiplets were
averaged, using line strengths [WS-66] as intensity weighting
factors, to obtain multiplet cross-sections. In determining the
degree of ionization, the cross-section data references given above,
as well as other sources [SC-64, CO-65], were searched. Where
the degree of ionization was less than unity, the formation of the
products N(4S ) and N(2

wavelengths above the ionization threshold, predissociation was

D) was regarded as equally probable. At

considered; for photon groups of nominal wavelengths 990 A,

904 A, 835A, the fractional predissociation and products of pre-
dissociation were estimated to be, respectively 1. 0 and N(4S‘ ) +
N(D"), 0.0, and 0.76 and N(*D°) + N(®
data [CC-69, Dr-69].

D ) on the basis of available

The probabilities for ion products, b(i,S,S'), were obtained
from Blake and Carver [BC-67] for wavelengths of 580 A and

greater; at smaller wavelengths, the probabilities were assumed
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to be constant at the values for 580 A. For the ion products, only

the ground vibrational level was assumed to be populated. This is

a good approximation for N2+(X 25‘;) |[BC-67] and N2+(B o B

[TW-68] but for N, (A 2Hu), level v' = 1 may be sig‘niﬁcrzmtly popu -
=

lated. Instantaneous radiation by N2+(A 2nu) and N2+(B “u) was

assumed.

The 11 products of absorption by OZ(X 3:;) are listed in
Table 1. Cross-section data were obtained from various sources
[BC-66, CS-65a, Hu-69, Hu-72a, MW-67, SC-64, WZ-53]. Cross
sections for multiplet photon groups were obtained as for N2.
Photoionization coefficients were obtained from Matsunaga and
Watanabe [MW-67]. The probabilities b(i, S,S") at wavelengths
between the ionization threshold and 580 A were taken from Blake
and Carver [BC-67]; for wavelengths smaller than 580 A. the
probabilities were assumed to be constant at the values for 580 A.

Further, the relation

: 1.+ v+ 4 i ) 1
b(l. OZ(X .le). O,(a ﬂu)> = 4b(1. 02(X z

+oa 2
y 9 T 02(A Hu)>

+
8
was assumed; however, see Carlson and Judge [CJ-Tla]. The
photodissociation products are not well known [MW-67, BW-69,
FW-69]. Below 930 A. estimates of Matsunaga and Watanabe
[MW-617] and Beyer and Welge [BW-69] were used; at longer wave-
lengths, O(3P) and O(lD) were regarded as equally probable

dissociation products. As in the case of N2, only the ground

vibrational level of ions was assumed to be populated; this is not




a good assumption for oxygen, but apparently it is not serious for
the results of the present calculations. Instantaneous radiation by

+ 004 - g 12 +2c.-
O2 (b Zg ), O2 (A l'Iu), and 02( ug) was assumed.

The products of absorption by NO were restricted to the
list of six in Table 1. Cross-section data were taken from several
sources [CC-65, SH-66a, Wa-58, WM-67]. Resolution of multi-

plets was not employed for these data as for N, and O_. Ionization

2 2
coefficients [CC-65, WM-67] were arbitrarily set to unity below

580 A- The product distribution was estimated on the basis of

phase-space considerations.

2.2.2 Collisional Excitation

Additions to the cross-section data for excitation of
O(3P) [MS-75] were made for the states O(3d 3D°). 0(3s” 3D°).
0(3s” 3p°) and O(3d” 3p‘-’) [DL-T71].

"y h S i
A revision of cross sections for excitation to the b ﬂu.

b’ 12;. and ('r’1 IEL'I states and addition of data on excitation to the
Cn 1l'lu and 0'1 nu states have been made. The source and treat-

ment of these data are described in Section 4.

Excitation to Rydberg states of molecular oxygen has been
included. These states are collectively treated; the excitation
cross-section is based on experimental data [TW-72] obtained at an
electron impact energy of 45 eV and on a cross-section curve shape
of theoretical origin [SK~75]. From the experimental data. the
residual cross-section (i.e., after accounting for specific
excitations, ionization and elastic processes) has been interpreted

as representing excitation to Rydberg states.
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2.2.3 Radiative Decay

The changes made in accounting for radiative decay
consist of additional processes in which the radiative transition is
regarded as occurring instantaneously after excitation to the
radiating state. These are presented in Table 3. The radiative
decay attributed in Table 3 to Rydberg states of molecular oxygen
and the states b lﬂu. b 13;, 12:, c lﬂu and o 1Uu of
molecular nitrogen is only partial as dissociation and predissociation
are also accounted for in the transitions undergone by these states
(see Section 4 for further discussion of these states of molecular

nitrogen).

2.2.4 Conditions of the Calculations

For each of the fourteen photon groups of Table 2, the
series of sixteen calculations (one calculation for each listed value
of the electron density, |[e]) indicated in Table 4 were made. The
calculations span a range of atmospheric compositions corresponding
to altitudes from 60 to 250 km. For each composition, the back-
ground ionization has (1) the ambient value (first listed on Table 4),
and (2) values between two limits: at the lower limit, Coulomb
interactions between high-energy and thermal electrons became
an important contribution to energy loss by the high-energy electrons
and at the upper limit, loss of high-energy electrons by dissociative
recombination invalidates the steady-state approximation for the
electron energy distribution as used in the present calculations.
Also, an additional three calculations are made for compositions

corresponding essentially to single species of N2' O2 and O.
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ﬁ
% Table 3. Radiative Processes Regarded as Instantaneous.
Transition Initiating Process* 7, sec' SR(S,S'). eV
t 0@3s %)+ 0fp) +tw a o(’p) 6(-4)* 9. 14
o@s3) -+ 0l i hw a0,x °c)), aoi’p) 2.6(-9) 9. 52
0(3p °p) ~0@3s %) +tw | oa 0,(X 3:@, aoCp) 2.9(-8) 1.60
0(3p °p) »0@s3)+mw | a 0, (X ng‘). a 0ip) 3.6(-8) 1.47
03s 3p°) =~ 0ofp) « v a 0(°p) 4.3(-9) 12. 54
o3s” °p°) - 0Cp) + a 0°p) 3.1(-9) 14.12
0(3d °p*) » 00p) + a 0C°p) 2. 6(-8) 12.09
o3d’ ®p) -+ 0fp) + b a 0C°p) 1.3(-8) 15. 40
o'2s2p *p) » 0'(%s%) + tw a 0(p) 7. 1(-10) 14. 87
o'@s2p? 2p) -+ 0°(%p7) 1w a o(°p) 5. 6(~10) 23. 05
O,(Rydberg) = O,(X 32&:) +hv ] xd 0,(X 3:;) B ~13.5
E 0, (A 5 SO0 2n ) + hv a 0,(X 31") ~6.7(-7) 4.75
2 u 2 £ 2 g
0, (b 4:(5:) ~oj@'n) i | a 0,(X 3:{; ) <1.2(-6) 2.1
02‘(2‘:{;) - 0,(A 2nu) +hv | a0,(X 3:g‘> 3.19
N, (b lnu) + Ny (X 1Lg‘) Bt | xd Ny(X lzg‘) & 12. 82
: N, (¢’ 1Eu‘) + Ny(X IL{;) ¢t xd Ny (X ‘Lg‘ ) da 13.92
Ny(c'n) - N, (X I:g‘> + bt xd Ny(X lr&;)
Ny(o MM ) = NyX ‘:g‘) bt | xd Ny(X 1‘1‘)
Ny 1) e Ny ‘:g’) W] xd Ny (X ‘:g‘) da 14.17
N, (A 2nu) - N, (X ng’)» hv nNz(Xllé\ ~1.2(-5) 1.0
NyBZEDH - NS Z:F‘;n hv axz«xlxg‘) <7. (-8) 3.17
’ a = photoabsorption; xd = collisional excitation and dissociation; i = collisional ionization.
' Monatonmiic radiative lifetimes from WS-66; diatomic radiative lifetimes from An-7lc.
: Decadic exponents are enclosed in parentheses.
I da = dipole allowed, CI,-72.

-

*
Only for those vibrational levels not predissociated (see Section 4).
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The densities of Nz,

temperature (at and below 100 km) for specified altitudes were

O2 and O and the neutral particle

chosen from the CIRA 1972 mean atmosphere [CI-72] except

for the density of O at 60 km which was based on other calculations
[SL-70a]. At and below 100 km, the electron temperature was set
equal to the neutral particle temperature. Above 100 km, the elec-
tron and neutral particle temperatures were based on other models
[HS-75]. Densities of NO were taken from My-75. The vibrational
temperature was set equal to the neutral particle temperature, and
the flux value listed was arbitrarily chosen since results are

normalized with respect to absorbed photons.

2.3 RESULTS

The results are presented of calculations with the ISRADU
code for the depositions, in the ambient and disturbed atmosphere,
of UV photons with energies in the range 10.0 to 281.05 eV and at
altitudes in the range 60 to 500 km.

2.3.1 Initial Species

The initial species formed by the absorption of UV photons
are listed in Table 5 in terms of the number of particles formed per
absorbed photon; these quantities are calculated according to
Eq. (13). The double entries for the species N(4S") and N(2D”)
represent the range of specific densities corresponding to the range
of uncertainty associated with the predissociation of molecular
nitrogen; discussion of the uncertainty in the predissociation is
presented in Section 4. The initial species listed in Tables 5a through

5d correspond to photon absorption at altitudes of 60, 110, 145 and

26

e L — "




8 L8'¢ 80°2 ce'1 601 | o001 | u860]| z060]| ses0| szio] zsro | “wio| oo o000 | 0 o)
(L=)gv°'1 | @-Jov'e | (X),ON
(0)ez's | (o)es'z | (0)8p'1 | (1-)96°6 |(1-)eb'8 | (1-)s8°L | (1-)es L | (1-)€8°9 | (1-)g8 b _ .N.Jx‘
(001 | (1-)gs'e |(2-)88°9 | (b-)¥g'8 _ g ,
(1-)98°8 | (1-)29% |(1-)¥8'2 | (1-)se'2 [(1-)91°2 |(2-)L1°2 | (e-)89°1 ,ur_:N....
(0)sv'v | (0)0z'2 | (2’1 | (1-)2'6 | (0)€0°T | (1-)L0'S | (2-)1p B V z.r,nSNz ,
(@ )ze 1| (e-)6e"9 |(e-)61°2 | (b-)p8°1 (6-)8€ "L | GapN
(0)6p 2| (0Lt |(1-)o6°1 | (1-)Lo'1 |(2-)2L'e | (b-)o°e (2-)9L°9 | (1-)zz'1 | (0)20°T (t-i16°L | (e-ypp2 |(8-JOL°2 ‘ (sQ,N ;
(0681 | (1-)se'8 [(1-)po'e | (2-)99°6 |(g-)L9'e | (b-)L6°2 (2-)9L'9 | (1-)zz'1 | (0)20°1 (1=)16°L | (8=W¥v°'2 |(B-)OL°2 _. (<0, N
(0)90°2 | (1-)Lo"6 |(-)ew'1 | (2-)98'9 |(@-)Ls°2 | (b-)b'¢ (2-)9L 9 | (1-)ze°1 (1=)16°% | (8=)iL'1 |(8-)E6°1 (oSy N 4
(09971 | (1-)91°L | (1-)9€°2 | (2-)61°9 |(2-)¥S'e | (b-)Eb 2 (&-)9L°9 | (1-)zz'1 (1-)16°L | (8-)1L°1 |(8-)€6°1 _ (S, N
(Z-)9° 1| (2-)9s‘1 | (2-)2s°1 “ (@-)ps°1 | (2-)60'1 | (2-)Le'e |(e-)9e'6 |(€-)66'S | (5-)06'8 @,).0 | =
(0ep 1| (1-)61°'8 | (1-)88'¥% | (1-)9¥ ¢ _:-am.w (-)st°g | (-)pe-e |(-)61°2 | (1-)zgr-e | (1-)sg 1 | (1-)2g8'1 | (1-)e¥ 1 .u:,Nxmo _ "
(-we6| (-0ey | (1-)gzz | (-)29 1 [(1-)00°1 [(-)oz°1 |(-)91°1 |(2-)og¢ |(g-Jps'e |G-)or'1 |(c-)bL-g (01-)L0°1 @.,_ewo ,, { .ﬂ
(0)61°9 | (082 | (0)0s°1 — (0)s0°1 | (1-)ez°L |(1-)68°6 | (1-)06°L |(1-)Ls°2 |(2-)e8°6 | (2-)26°¢ |(2-)29°S (8-)L0°9 mf...mo | .
(S-)1o°1 | (9-)ee’s | (9-)e0 '€ w (9-)EL°T | (9-)LT°U | (L=)21 & |(L-)99°8 | (L-)9'p (:d,),0 , T
(1-)ez's | (1=)12°1 | (2-)L8°¢ | (€-)L6°2 |(s-)p2'S |(L-)sLe |(L-)ps'E _;.:,;.n (L=)we'L |-)2s'6 |(9-)80°1 _ ?m_,ro W i
(9-)os € | (9-)29°1 | (L-)¥9°¢ ,, @w-)g9°s | -)eLe |(-)99'8 |(-)ze'l |@w-)og'T (1-)60°% | (1-)sL°2 ” )0 , }
(opo'1| (1-)L1's | (1-)s8°2 “ (x=)1e°t [(-)¢0'1 |(1-)zz"2 |[(e-)p0°S Tf: z |G-)ee |(@)os'2 (z-)89 9 (0)00°T | (0)00°1 “ @ o
Okt | (1-)e6'8 | (1-)L8'v | (1-)86°2 |(1-)L2'2 | (1-)LL'T .ha;:,..n ,_,_N-BN 9 1:-5 £ (z-)89°9 ©ioot | (o1 | @0 A
S0°182 _ 1% "¢l 2] 08 0¥ L9°eg 0% %2 _ L9 02 €9 L1 ¥i ST ¥ P 1L 61 (A4 gF 11 10 E satoadg i
| W b B R R
.Am|Eu 0T = QEJ mt AJISuU(] uoIloaly jusalquuy

pue wy 09 1B uojoyd paqrosqy Jad saljisua( satoads  ‘eg I[qEL




ve'8 b6 5 o 11 00°1 £66°0 0150 0%L"0 S€1°0 gL1°0 | €160°0 00°0 000
F-)Ly's | (3-)0s 6
(0Jzz's | (1s'z | (O)9gp T {(1-)56°6 ((1-)gk'8 | (1-)10"8 | (1-)28°L | (1-)§2°L | (3-)¥S°S
(z-)eg'9 | (#-Jol’8
(1=)91°2 | (1-)86°1 | (3-)s6°1 | (»-)88°6

(1-)06°8 | (1=)ge"6 | (I=)19°% | (2-)¥8°2

(F-)EL-1 (§-)60°2
(1-)10°1 | (2-)eb'e | (=)L9°1 (@)ur-L | =)ee"1 | (O)11°1 (1-)99°8 | (G-)¥8°9 | (5=)9g L
(1-)¥6°2 | (2-)80°6 | (2-)ee"e | (B-)L9°1 (-)L1-L | (r=)eg'1 | (01171 (1-)99'8 | (c-)¥8'9 | (6-)ss L
(1-)¢8°2 | (2-)sv'9 | (z-)ueT | (b=)Le'1 (@-)ur-u | (1=)eg1 (r1-)9g '8 | (G-JeLv | (6-)ob 'S
(0)og 1 | (1=)or"s | (1-)ez 2 |(z-)LL's | (2-)se2 | (p~)LE°Y g A il A B G £ (1-)89°8 | (6-)6L'¥ | (S-)O¥ 'S

(e-)ee's | (e=)ez'q |[(e-)si'c {(€-)89°% {(E-)6S°¥% {(2-)2g'1 { {g-)Lr'g { (€-N1°Y | (§-)3F°1
(1-}p€8 ((1-)8L°% [ (1-)€8°2 [(1-)60°2 ((1-n¥'1 }(1=)62°1 | (1-)¢p°1 | (3-)2g°1 } (1-)2p°'1 | (2-)90°8 | (I-)91°T | (-)S1°6

(z-)ge"9 | (2-)e1'y | (2-)61°¢ | (2-)6€'g | (g-)21°e | (€-)95°G | (€-)68°T | (G-)LSs"9 | (8-)61°T @-)eL-1

—

{1-)eg ¢ ((1-)oz"
(1-)oz'z (0)20°1 | (1-)eps | (1-)gs¢ | (1-)gL-2 | (1-)99°¢ | (1-)gL"2 | (2-)06'9 | (2-)ss'¢ | (3~)6s'1 | (@-)1L°1 (SrA 8]

(1-wes | (1-)18°2 | (1-)8s°'1 |[(2-)s1°6 | (2-)81°'9 | (2-)s6'% | (2-)6L'¥ | (2-)T3°%

(1-)re-9 |(1-)s1°¢ | (1-)gp"1 |(2-)jee L |(2-)sp'S | (2-)e0'e | (2-)96°1 | (e-)v1°c | (3-)6€'¥y | (~)ps’s | (R-)02°9

W (=)Lt {(2-)es's | (z-)oo'e |[(2-)08'1 |(2-)6s'T | (2-)86°2 W (¢-)8e'9 | (g-)81°2 (I~)g9°g | (1-)SL°1
_ 0)3S "% (0)zi'2 ettt |(=)ogs | (a=)s¥'6 | (1-)s1'L | (1-)86°G | (2-)S3°8 | (@-)LS°% | (b~)28°6 @-ney (0001 | (1-)66°8
. (O)sp "1 {(1-)L1°L | (1-)e6'e |(=)g 2 | (1-)80°2 | (2-)1S°8 | (2-)L1°2 | (2-)8L’E | (1~)2¥°% @-ed 0X00°T | (1-)66°6
s0°1ee ~ 17 "0e1 1 2201] 03°0% L9 Ee OF %2 _ L9°02 €9°LT FLST PE VI 12781 eg el evIl 1001
T.Z *Adroug uojoyd

_que

.Am-Eu moa = [3]) &1sua( uox3d9Ty JuslqUyY

pue wy O 8 Uojoyd paqiosqy 1ad senisuaq satoads  *qg aqeL




LL's 'y 02'2 ov 1 [0 00°1 9660 226°0 LBLO L2 0 L8Z°0 1L50°0
(z-)8z°1 | (2-)02°2 (X),ON
(0)ze'v | (0000°z | (o)er-1 |(1-)z6"L |(1-)eoL | (1-)o6°9 | (1-)18'9 | (1-)s9°9 | (1-)62°G 3 %:wz
(1-)g0"6 | (1-)e6°2 |(z~)oe's | (p-)€r°9 (p-)66 "% (dg),N
(T-)Lp9 | (1-)8ge [(1~)p0°2 |(T-)6S°T |(T-)Sb°1 | (2-)6S°T N:_swz
(0)ge'e | (0)29't | (1~)L6'8 | (1-)eg'9 | (1-)gp'9 | (1-)Lb '€ | (2-)¥9°1 ,wwnSNz
(-)zz'1 | (g-)le's |(e~)69'1 | (b-)og'} (F-)o8 ¥ (od N
i1z | (1-)ez'6 |(1=)zo'e |(2-)ep'L |(2-)es'2 | (s-)96°L (z-)86°9 | (1-)ze'1 | (0)20°%1 (1-)10°6 | (€-)o9"1 | (€~)SL'T
(0)6s°1 | (1-)e8'9 | (1=)ic"g |(g-)iL'9 |[(2-)8p 2 | (5-)96°L (z-)85°9 | (1-)2e"1 | (0)20°1 (1-)10°6 | (g-)09'1T | (E~)SL’1
oLt | (1-)6b 'L | (1-)ee'e |(2-)9L'¥ |(2-)eL'1 | (8-)2s'9 (z-)8s'9 | (1-)ze'1 (1-)10°6 | (e-Je1°1 | (€~)sg°1
@1 | (1-)68's [(1-)og'1 |(2-)sz'# |(2~)eL'1 | (5-)2g'9 (zg-)8s'9 | (1-)ee’1 (1-)10°6 | (€-)21°1 | (E~)ST'1
(g-)6p°1 | (6-)os"T |(g-)og'1 |(€-)BL°T |(g~)aL'1 | (€-)p9°€ | (b-)Lb'6 | (b-)SO T | (9-)L8°1
(1-)8L (1-)29°2 =)es T | (-)S1°1 | (z~)us'8 | (2-)e8 'L | (2-)8L'8 | (2-)s8°8 | (2-)ss'6 | (2-)81°S | (2-)63°L | (2-)IL°9
(@-)Ls°L | (2-)ss°€ |(2-)88°1 |(2-)L0'T |(2=)11°1 | (2-)¥¢ {g-)L6°L | (e=)Le't | -)ge v § (6-)69°2 | (9-)o1°8 (6-)L9°2
(1-)99°¢ | (1=)gL"1 |(2-)z1°6 |(z-)Lz's |(g-)Le's | (2-)e9'L | (z-)o6°¢ | (g-)18°9 | (g-)B0o"E | (b-)BL'9 | (b-)eS'E (-JeL-9
(0)89°1 | (1-)ps'8 |(1-)eL'v |(1-)6L°2 |(1-)96°1 | (1-)S9°1 | (1-)19°1 | (2-)92°6
(061 | (1-Jo1-L |(1-)88°€ | (1=)su°2 |(1=)p9'1 | (2-)eL'9 | (2-)ug'9 | (2-)Bs'L | (1-)29°V | (1-)s6°T | (1-)p1°2
(1-)ez'z | (1-)80°t |(2-)88's |(2-)92°¢ |(2-)L9'¢ | (2-)92°S | (2~)11°1 | (€-)LL'1 (1-)69°1 | (1-)o1"1
(099 | ©z1°e | (0991 |(1-)L6'6 |(1-)0g°6 | (0)61°T | (1-)8g°L | (1-)81 T | (g-)6€'S | (£-)92°2 (z-)91°¢ | (1-)68°6 | (1-)SL'6 (@0
0)96°1 | (1=)IL°6 [ (1-)Le°s |(1-)99°¢ |(1-)66°2 | (2=)pL'¥ | (2-)92'1 | (2-)eb ¢ [ (I-)e9'l (-)91°¢ | (1-)L8"6 | (1-)8L°6 dgio
S0 182 1% 0¢l vy 59 08 0% L9 €€ 0F b2 L9°02 £9°L1 yL'GlT ¥8 b1 1L°et (AEA IR 10 °01 CEIEELN
A9 'Adisug uojoyd
Amuﬁc moﬂ Xg= QENEV AJISU(] UOI}D3[H JudqUIY
pue wy ¢pY 18 uojoyd paqaosqy Jad senjisuaq sardadg  *og dIqeL

29




T >
8L76 95 ¥ £6°C vl 61°1 00°1 v66°0 6560 £68°0 6090 90 wgcaa 80€°0 Ley o 9 _
(1-)80°c | (3=)LE'¥ x) ox »
(0)6s°1 | (1-)85°8 | (1=)1p"% | (1-)pg’e | (1=)61°¢ | (1-)1p°€ | (1=)1%°€ | (1-)98°¢ | (1-)81°€ m._z, :Nz |
(=)o p | (-)ee’1 | (2-)1z°z | B-)oe'z _
a-ne'z | =gt | @-lese | (e-)ors | (2-)z6p | (g-)gg'y | (5-)L6°C i
(o)zz't | (1=)1L°s | (1-)86°2 | \-)te' | (1-)68°1 | (g-)s9°'g | (e-)2€'1 ,
(e-)e6°'s | (€-)Ly°c | (¥-)oo’L | (5-)06'¥ (=)s1t
(ro°t | (-)vep | (1-)e2’1 | (2-)29°2 | (e-)og"e | (9-)88°L (@-)18°¢ | (2-)96°L | (1-)SS 'S (1-jzv°6 | (-)p8’¢ |(2-)8v'c
(t-)29°L | (1-)g1°¢ | (2-)zp"6 | (2-)ge'2 | (€-)8¢ "8 | (9-)88°L (2-)18°¢ | (2-)96°L | (1-)s§ 'S (1-)2p76 | (2-#8'¢ | (2-)8b’E _
(1-)up 78 | (1-)ov g | (2-)0€°6 | (=)L9°V | (€-)L0°9 | (9-)b¥ 9 (2-)18°¢ | (2-)96°L (1-)2v 6 | (2-)69°2 | (2-)8¥ 2 (oSN
(1-)o8"9 | (1-)2e"2 | (2-)98°L | (2-)6v "1 | (€-)g6°S | (9-)b¥ 9 (¢-)18°¢ | (2-)96°L (1-)ev 6 | (2-l6s'2 | (z-)evp "2 (oSN “
C-)ea L | (6-)po°s | (S=)61°L | (6=)T1°9 | (S-)Ep"L | (b=)19°1 | (S-)p2'p | (9-)BE°1 | (6-)16°L _v d,).0 m
@-)1z't | (z-)zo'9 | @-)pe'e | (2-)69°2 Ma.i‘m @81z | @lev | @06z | (e-6z's | @dos v | (@-lat'z | 2-)s6's | mxmxmo {
(€-)9e 'y [(6-)00°2 | (b-)69°6 | (#-)09°S | B-)sb'g | (-)g9°L | (b=)1p'2 | (§=)99°¢ | @-)TL L | -)1g'd | (8-)Lz'e (9-)%0°¢ .w,nﬂn‘no ,
(2-)L6°1 | (e=)61°6 | (€-)0S ¥ m (€-)z9°2 “a-FTN (g-)6€'¢ | (€-)60°1 | (»-)89°T | (5-)6S % | (9-)aL'¥ | (L-)o8'¥ (§-)L6°1 ¢ (¢] ”
g’y | (0)g6't [ (0)20°1 # (1=)Lgy | (1-)es'¢ | (1-)sp'¥% | (1-)66°¢2 m
(©e'e | @zt | (11918 _‘;J.& g [(1-)e81 | (1=)eg’1 | (1=)s¥°2 | (1=)ev's | (1-)e6’s | (1-)02"9 (8,).0 |
(=wez | (-0 w_m-ﬁ S | @00 | (262 |€-si'e | Gpet (e-)ze's | (z-we'e &0 u
(0)19°¢ | (©@oL1 | (1-)%5°8 (1=)9s "p 6p°¢ | (1-)e6'T | (2=)06°¢ | (e-loe'e | (b-lsL'€ (2-)68°1 | (1=)1€°9 @po |
(oee | (0991 | (1-)8L'8 (1-)88°p | (2=)16°¢ |[(c-)68°2 | (€=)16°L | (2-)¥S 'S (2-)9g°1 | (1=)eL'9 |(1-)8S°S dglo _
S0°182 | 1% 0f1 by 'S9 L5'eE (1 & L9°02 £9°41 bl Sl v bl el g el e 11 10°01 ss1o9ds ‘
A9 ‘Adraug ucjoyd
(oo (01 ¥ 9 = V7o) Musuaq uoxpary Juarquiy
pue wy Gz 1€ uojoyd paqrosqy tad sanisusq satoads  *pg AqelL
= ECHC

30




10°2 | (9=)0p°1 | (9-)02°1 L-)69°2 | (€1-)12°8

10°1 | (G=)1L°L | (9-)18°% (9-)es 'y (8-)L5 9

o

(1-)8% "1 ¢-)89°8 | (C¢-)9v'9 (1-)00 "1 (-jet"e | L-ws'e

- 4 61 _ gT’l 00°1 00°1 00°1 00°1

(9-)6T '8 (9-)6€ "6 (9-)8v "6 | (G-)sg'1 | (6-)g0"1

(E1-)10°1 9-)e2'1 | (9-)es 2

(€1-)10°1 (9-)eg°1 | (9-)8S ¢

(9-)82°2 | w-)I18'e | W-)6v'T | (PI-)p2°8 (9-)gz'1 | (9-)86°¢2
(@=)ove | W-wp'1 | (B1-)p2°8 (9-)€2°1 | (9-)8G°2

(8-)€e'9 | (6-)L2°1

(g-)e0'1 | (5-)96°8 (5-)56°6 (G=)or'1r |(e-)ep 1 |(c-)L9°1
(G-wL'e | (6-)p1'e (g-)g8°2 (6-Jeg'e | (S-)oL'1 |(s-)12°8

(b-JsL2 | (¥-)82°2

JOE "2 (F=)L0'¢ | B-)2E°1
(1=)e5°8 | (1=)ST°L {I=)or°'L (I=)o1°L

(I=)Lz'g | (1-)pl’g (1-)06°2 (1-)06°2 (0)00°T

€ (1)¥0°2 (0)gL'1 (0we e (0)ge 1 | (1-)ze’s

=188l | (I-)0% "9 (1-)og "1 9=)96°'1 | (9=)90°'%

(S-)¥9°1
G-#9°1

(9-)2s L
(O1-)LL’1

(g-)se '€

(0)00°1

(G-)s¥ "¢

(9-)10°9

LEe 0

(1-)c0°S
(1-)50°S
(1-)s0°¢

(1-)50°S

(I-)Le°¢

(1-)66°1

(I-)6¢ 1

08 0% L9’¢ee (V-2 44 L9°02 £9°LI

¥8 vl

TARN A

A9 ‘Adgauy uojoyd

T wd Q1 X9 g Jo Ayisua( UOIIIIH juslquuy

€ G

‘U9BAXO J1WOlY Ul uojoyd paqrosqy Jad sanisus sardads

*ag 9IqEL

31




96°L 9L°¢ 90°2 ve'l “ Lol 00°1 00°L 0160 008°0 | (9-)s0°2 | (g-JoL'g | (9-)8Z'1 LE10"0 1280°0 3
(z-).8°1 | (@=)12'¢ x,08 |
0)g9°9 | (0)ee'e | (oee't | (o)pe'T [ (0)s0'v [ (0go‘t | (0OO°T [ (1-jor-e | (1-)oo's ﬁmu N4 |
©08°1 f(1-)9€°¥% | (2-)og'8 | (€-)oo'T (de) N
(1-)99°6 | (r=)a1°g | (I-)eg'¢ | (1=)er'2 | (1=)ps2 | (2-)os"1 | (8-)oL'1 m.._::N.z.
s | (oes'z| (0j1s't | (@mso'1 | (0oz'1 | (1-)oz'g | (L-)9g'L mwmﬁuz “
TILLT j(e-)16°L | (E-)ELe | b-)plce {(y=)z0°L (od N m
(0)60°¢ | (0)ge"1 | (1-jL8°% | (1-)€e'V ! (2-)eg'y | (6-)00'8 (2¢-)oo"6 | (1~)oo‘g )zs°1 (0)oo'1 | (e-)¥e'z | (e-)ss°2 (@ N !
(0)g'z | (0)e0o°1 | (1-pL'e | (1=)61°1 | (2=)1e°y [ (6-)o0°€ (2=)00'6 | (1=)00°"2 0)es 1 (0)oo't | (e-)¥e'2 | (€-)ss°2
0)ss'e | (©21°1 | (1-)99°¢ | (2-)9p 8 | (2-)10°¢ | (6-)S¥ 2 (2-)00°6 | (1-)o02 (0)oo'1 | (e-)p9°1 | (g-)zB°1
(0)s0°2 | (1-)6L"8 | (1-)06°2 | (2-)8g 'L | (2-)00'¢ | (6-)sp'2 (g¢-j0a'6 | (1-)oo°g (0loo't | (e-lwa1 | (g-)ge't (SN
L=)08'9 | W-)Lp'9 [ L-)1e'9 | W-)r1-e | -)ee's | (L-)zg'6 | (L-)zz'e | (s1-)eL'g | (p1-N1E°2 (@,).0
(6=)ze"t ) (9-)L0°8 | (9-JOL°¥ | (9-)p€'€ | (9-)2°2 | (9-)s6°T [ (5-)zz'z | (9-)60°2 | (g-)6v'2 | (9=)pe'1 | (9-)r8°1 | (9-)82"1 m:%s.ao
(5-)26°2 | (g=)1€°1 | (8-)16'D | (9-)6S°6 | (9-)68°E | (8-)L8°€ | (9~)kS°% | (O1-)pb°L | (21-)S2°1 { (bI1-JbE°T | (SI-)ze°% (11-)ze L mw..rewo
(e=)o¥ "L |(e=)1g°¢ | (e-)16°1 | (€=)re'1 | (e=)go‘t | (v-)er°L | (e-)21°1 (p=)60°2 (6-)oy '¢ (6-)s2°2 (6-)o1°2 (s-)s0°2 mﬁﬁmo
9-)a¥'9 | (9-)8s°e | (9-)z0°2 | (9-)s1°T1 | (k-)ge"L | W-)ig's |(L-JsL's | (z-)go'g («@.),0
(9-)og°6 [(9-)61°% | (8-)26'Y | -)p1°6 | (1-)69°9 | L-)ue°2 | W-)se'2 | (t-)zsz | (-)e6's | =)otz | (-)z6'L (c5,),0
(9-)1p°6 | (8=)61°% | (0-)12°2 | (9-)e9°t [ (8-)10°V | (8-)Lg't | L-)i6°6 | (I-)2L'S (9=)9e % | (s-Jg8'¢ §;0
(w=)Le'e | w-)ev'T | ()L | (G-)2p°9 G-Jov'e [ (8-)pg°s | (at-)ge’t | (11-)81°z | (e1-)9g"%y (b-)g0'9 | (1-)sL'6 | (1=)p9°s @0
6=)96°2 | (6-)s2°T | (9=)e6°9 | L=)E'y | (9-)L0°¢ |(9-)69°¢ | (L-)8¥ "G (L-)69°S (9-)%2°p (L-)g0°9 (1-)og 6 | (1-)L9°6 .0
S0 182 1% '0¢l ¥y 65 08 0% L9°¢¢ oF "¥2 L9°02 £9°L1 ¥l 61 b8 b1 L8t e e % 2 ¢ 1001 sa1oadg
A9 ‘ddzauy uojoyd L
.m:Eu mo.ﬁ Jjo Lysua( uoaydalyg jusigquy
{UdS0JIN Ul uojoyd paqrosqy xad sanisus(g mwwowﬁw *JG 9lqe.L

32




T T 5§ e
6% "6 1§27 ve'e 1%°1 61°1 10°1 0860 0880 0¥S ‘0 0BE0 | 0570 089°0 | -1 | (L~)8E°2 8
@-)Le'r | -)se'e
(6-)8z-2 | (6=w2'1 | 9-)69°L | (~)pS°L | (9-)20 L | (9-)L8°S | (9-)L2°S | (9-)BE "2
(9-)88 € | ( (6-)¥2°6 i
(6~)2s "8 | (9-)19°% -)s9°¢ | 9~)gp ¢ (L-jer 1 !
(B=)er 1 | (6~)82°s | (6-)69°2 | (¢=)o6'1 | (G=)86°1 | (8-)¥0°6 | (6-)6% '€ _
(8~)2p "9 | (8-)81°2 | (6-)L6°'1 (6-)€1°¢
(6-)91°T | (9-)80°% | (B-)11°T | (L=)s8°F (L-)12°6 | (b~K6'S | (9-)E6°G | (9-)L2°L | (e-)1L"1 | (8-)68°1 (., | :
(g-)o6°t | (8~)1L°8 | (6-)31°¢ | (9-)10°1 ‘b (2=)12'8 66°S | (9-)E6'S m “)LgL | (8-0L°T | (8-)68 T (0, )N _ .
(6-)s0°e | (9~)Le’6 | (9-)L0"¢E L-)Le'e | (8-)81°2 -)es g (9-Jez'L | (8-)og"% (oS, N m
(6-189°1T [ (9-)ev "L | (9~)ep 2 L~loz e (L-)1e¢ ) * (8-)oz "1 (S, N \
(¢-)8e'e | (z=)er ¢ | (2-lgv ¢ (2-)65°¢ (2-)8y "1 ¢ | p-)go¥ d,).0 “ o
(0089 | (0)ice | (0)g0°g ()61 1 (©10°t | (1=)os"6 [ (1-Jog’'s | (1-Jop"S | (1-)Jog-¢ | (x-Jor’g | (1-)08°S A.,:m..,. .uc “ re
igr'y | (0)90°2 | (0)0°t | (1-)eL9 | (1=)98°g | (3-)66°S (1-)eee | (1-)oe'z | (2-)18°6 | (2-)8s’€ (8-)91°2 m.ﬂ.fmo | M
(1gg | (1)go'y (0)s¥°s | (ojos'e | (0)zo'e | (0)w0'e (0)oG "1 (et | (1-)91°9 | (I-)ws'¥ (L-)6s ‘1 Auq“ﬂ., 7o) m ¢
(6-)zp"z | (6=)o2° 1 | (9-)pS°9 | (5-)09'¢ | (9-)sL T | (9-)21 % (L-)62°6 (4,).0 m
{092 _ (z-)eg 1 | B-)e'6 | (-)12'6 {L=)00 'L (9=)%% "1 | (9-)69°1 (oS, ).0 4.
g | (9-)ot¢ | (9=)09"1 | (8=)80°1 | (9-)00°T | (L-)2p'8 | (L-/bL'T | (L=)E8 T (owz 1 | (1-)09°8 $,10 w
0)og's | (ojsze | (0)IL't (0)vo°1 L (1=)eg1 | (R-)ev e | (2-)83 1 (9-)92°L (1-)oz'e | (0¥oo't | (0)oo°T a0 w
(Upp 1 ( (o)ig'e | (0)gz'g | (o)s6°1 | (1=)11°8 | (1-)p0°'% | (1-)2c'e _ (1-)oz'c | (0)oot (0)oo"1 | 4.0 g i
50182 P 17 "0¢ ! 9 '59 v 0e 0% L9°€8 (188 %4 L9°02 €9 "Ll v8 'p1 14°¢1 _ A A £y 11 10°01 | sewads ,, !
! ,
A9 ‘ASaseuld uojocyd v

.mnEo moH JO A)Isua( UOJII9[H JudIquIy
‘URBAXQ ul uojoyd paqaosqy xad sanisua( soatoadg 'S¢ 9[qelL




250 km respectively; those listed in Tables 5e through 5¢ correspond
to photon absorption in single component gases of atomic oxygen

and molecular nitrogen and oxygen, respectively, with background
electron densities. In the atomic oxygen case, Table 5e, the initial
species also represent, to within a negligible error, those species
formed at 500 km by photon absorption since the electron density

used has the ambient value and the density of atomic oxygen represents
about 99% of the total density at 500 km.

The species densities per absorbed photon at a fixed
altitude have erratic values as a function of photon energy for
energies below 16 eV. For photon energies in the range between 20
and 281 eV, the species per absorbed photon have smoothly increasing
values as a function of photon energy. At the low energy end of the
latter range of photon energies, neutral and ionic species are formed
in comparable amounts; at the high-energy end of this range, about
twice as many neutral as ionic species are formed except for a
range of altitudes centered about 250 km where the respective
amounts are again comparable. There is, as expected on the basis
of the change in atmospheric composition with altitude, a monotonic
variation of species per absorbed photon at a fixed photon energy,

for many of the species.

The total number of electrons formed per absorbed photon
can be represented, relatively simply, as a function of photon energy
and atmospheric composition for photon energies of 15.74 eV and
larger and for compositions corresponding to the range of altitudes
between 60 and 500 km. On the basis of the data of the Tables 4 and

5, the total number of electrons per absorbed photon is given by
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fe]

ap
-0.7323(1-0. 3509f -0.2319f,. )E
= 1-1.864-104(1-0.9936f0-1.016fN Je 0 N2p
2 (14)
for 15.74 = Ep(eV) < 28.0 and by
- 1.0 + (0.05371 - 0.01 - 0.03179f,. )(E - 28.0 15
[e]ap 1.0 + ( 519fO 1 Nz)( - ) (15)

for Ep > 28.0 eV. The quantities f. and fN are the fractional

densities of O and N2. Equation (12) is accurate to within 3% except
at 500 km for energies between 15. 74 and 17. 6 eV where the error
can be as large as 77; Eq. (15) is accurate to within 3. The fact that
the fractional contributions of O and N2 to Eqs. (14) and (15) occur
as first powers is a consequence of the coupling among contributions
of O, N2 and 02. To account for the individual contributions of

these latter species to the electrons per absorbed photon requires, at

least at the higher photon energies, relationships of the form

I G SR
le]ap,i = afi - bfi (Ep Ep) (16)
where [e]ap , is the number of electrons formed per photon
absorbed by species 1, a, b, a, 8 and Ep are constants with

a,B # 1. For the data of Tables 4 and 5, the value of these constants
are given in Table 6 for photon energies greater than 33. 67 eV.

The sum Ei[e] = [e] gives values accurate to about 3%

ap,1 ap
except for the smallest energies at the lowest altitudes (~60 km)

and energies above 41 eV at 500 km where the errors are as large
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b Table 6: Constants For The Relation Between Electrons I
Formed per Absorbed Photon and Absorber

Absorber a b o B EP
N2 1.06 0.0266 0.872 0. 649 33.167
O2 1.26 0.0238 0.927 0. 821 33. 67
0] 1.20 0.0350 1.09 1.30 33.67
o ¥ st o x Sl

as 8'c. Also note that le]ap.i = [i ]ap where [i ]ap is the density of

ions formed from absorber i per absorbed photon and for the mo-
lecular absorbers, i represents the sum of the corresponding singly
charged molecular and atomic ions. To represent the electrons and
ions per absorbed photon from absorber i as a function of photon
energy and atmospheric composition will be more involved, for photon
energies between 15. 74 and 33. 67 eV, than the above treatment; no
attempt to obtain this representation has been made. From Table 5,
it is apparent that neutral species can also be represented as a

function of photon energy and atmospheric composition in a manner

analogous to that for electrons and ions; again. no attempt has been

made to do so.

2.3.2  Energy Partitioning

The partitioning of energy into seven modes for absorption
is shown in Table 7; the values listed in the table are the fractions
of the total energy appearing in mode M computed from the ratio
(dM/dt) /EM (dM/dt) where dM/dt is calculated according to Eq. (8).
The energy modes M are: heavy particle translation (K), electron

translation (E). radiation (R), vibrational excitation (Xv). ionization (I),
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dissociation (D), and electronic excitation (Xe). Table 7a contains

data on energy partitioning for various photon energies as a function
of altitude in the range between 60 and 250 km; Table 7b has data on
single component gases. As before (see Section 2.3.1), the data on
atomic oxygen, of Table 7b, may be regarded as the 500 km altitude

calculations and thus can be used as an extension of Table 7a.

The most important energy mode at low photon energies is
dissociation and at higher photon energies, ionization. A significant
fraction of the energy is used in dissociating molecules following
absorption of photons with energies (Ep) of 14. 84 eV or less, excepting
13. 71 eV, the fraction is erratic in magnitude with variation in Ep
and has values as large as 0. 74. This fraction declines in magnitude
with increasing altitude except for Ep = 12,52 eV where a maximum
occurs at 250 km. For E_ > 15. 75 eV, the energy in dissociation is
generally less than 0. 05 up to 40.8 eV and less than 0. 12 for all photon
energies above 15. 74 eV. At Ep = 15.74 eV, the energy in dissociation
declines with altitude and, as a function of Ep, exhibits a minimum at
about 20 eV. The energy in ionization is generally less than that in
dissociation for Ep < 14. 84 eV except at the highest altitudes. But
for Ep < 15.74 eV, the fraction of energy in ionization is largest; for
the altitude range from 60 to 500 km, the fraction is between 0. 65 and
0. 80 for photon energies in the range from 15. 74 to 20.67 eV and is
between 0. 43 and 0. 52 for Ep = 33.67eV.

Of secondary magnitude, are the fractions of the energy in the
radiation and electronic excitation modes. For Ep = 14.84 eV, the
fraction of energy in the radiation mode is significant only for Ep =
13.71 and 14.84 eV. The large fraction in the radiation mode for
Ep =13.71 eV, ~0.6 for altitudes from 60 to 145 km, is mainly from
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radiative decay of the ¢’ IE; state of nitrogen (see Section 4); for
photon energies of 12. 52 and 14. 84 eV, the nitrogen excited to the
singlet valence and Rydberg states predominantly decays by pre-
dissociation. The fraction of energy in the radiation mode for energies
in the range 15. 74 to 24. 40 eV is less than about 0. 05 and generally
declines with increasing altitude. For E_ = 33.67 eV, the fraction in
radiation is between about 0. 15 and 0. 25 and increases with increasing
altitude. For electronic excitation, the fraction of energy is between
0. 15 and 0. 25 for Ep < 14.84 eV and for altitudes in the range 60 to
145 km; the fraction declines with increasing altitude and is erratic

as a function of photon energy For Ep = 15.74 eV, the fraction of
energy in electronic excitation, as a function of Ep , rises to near

30 eV and declines with further increase in Ep. The maxima are
fractions in the range 0. 15 to 0. 30 and the declines in the fractional

values at larger Ep are modest.

The fractions of energy in the electron and heavy particle
translation modes and in the vibrational excitation mode are generally
the smallest. The fraction in electron translation is less than about
0. 15 except at 250 km for Ep = 20.67 and 24.4C eV. The fraction in
electron translation increases with altitude except for Ep = 17.63 eV
where a decline occurs between 250 and 500 km. For the heavy-
particle translation, the fraction is generally n the range 0. 03 to 0. 05
except at Ep = 15.74 eV and for Ep = 10,01 and 11.43 eV; in the
latter case, fractions are in the range 0.29 to 0.38 at low altitudes.
The fraction of energy in the heavy-particle translation mode declines
with increasing altitude. The fraction of energy in vibrational excitation
decreases with increasing altitude, rises with Ep increasing to 20.67

eV and is relatively constant for larger Ep.
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The electron volts per ion pair (Eip) formed by photon ab-
sorption are listed in Table 8 and shown in Figure 1 as a function of
photon energy and altitude. The listed quantities were calculated
according to Eq. (11). For photon energies between 17 and 34 eV,
the values of Eip increase with increasing photon energy and for
energies greater than 34 eV, Eip moderately increases or decreases
and ultimately changes only slightly with increasing photon energy.

For photon energies below 17 eV, Eip increases in an irregular manner
[= E. (pa)] in

P ip

photoabsorption is in contrast to the case of Eip [ Eip(e)] in electron

deposition [MS-75]; in the latter, well-known case, Eip(e) decreases

with decreasing photon energy. The dependence of Ei

monotonically with increasing (electron) energy. The differences are
understood by considering the equations for Eip(pa) and Eip(e)' When
in the photoabsorption case, photoionization predominates, Eq. (11)

may be rearranged to yield

E (i)

=1 )
Eip(pa) rlm (17)

where one represents the primary photoelectron and - (pa) the number
of subsequently derived electrons. Between Ep(i) values of 17 and 34
eV, o(pa) is small compared to one and Eip(pa) ~ Ep(i): above 34 eV,
~(pa) is significant and as o(pa) increases with increasing Ep(i). a
moderate or slight change in Eip(pa) with increasing photon energy is
understandable. Below 17 eV, where photon absorption to yield neutral
states is important, less than one primary photoelectron is obtained on
the average for absorption of energy Ep(i); thus the one in the denomi-
nator of Eq. (17) is replaced by a number less than one yielding a larger
value of Eip(pa) below 17 eV. The neutral states formed by photo-

absorption below 17 eV are primarily those of N These states

9°
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either predissociate, as is evident from Table 5 or radiatively decay

to the ground state.

In the corresponding case of electron deposition,

E
Eip(e) 2755 (18)

where 39 is the energy of the incident electron and c(e) is the number
of subsequently derived electrons (i.e., primary, secondary, etc. ).
As €p increases, c(e) increases rapidly at low electron energies and
in approximate proportion to 35 at high energies.

The relation between Eqs. (17) and (18) is demorsstrated by
considering the effect of the primary photoelectron on the subsequent
formation of ion pairs. The energy of the photoelectron is Ep(i) - EI
where EI is the average ionization energy of the target gas for the
photon. Consequently, for the photoelectron with energy in excess of
the smallest ionization energy of the target gas, the electron volts

per ion pair, Eip(pe). is

Ep(i) - 'EI
Eip(pe) e v—— oallt (19)
This equation gives the same results as Eq. (18); this is demonstrated
in Figure 2 by applying Eq. (19) to the data on Tables 4 and 5a for
60 km and comparing these results with values of Eip(e) taken from
Table 10 in Section 3 below where the deposition of incident electrons

is treated (note that o(pa) = [e] - 1 where [e] is given in Table 5a).
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Figure 2. Comparison Between Electron Volts per Ion-Pair Resulting
from Deposition of Photoelectron and Incident Electron.
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¥ 2.3.3 Electron Flux Spectra

The electron flux spectra have been calculated by using the
steady state densities of electrons in each electron energy bin

according to the equation [MS-75]

= i )
) vj[ej], AUJ (20)

where ¢ is the flux and AUi the width of energy bin j.

The relative contributions of the thermal electrons and photo-
electrons to the electron flux spectra over the range of photon energies
and altitudes considered here, vary. At 60 and 110 km, the photo-
electron contribution is greatly in excess of the thermal electron |
contribution for photon energies above 12.51 eV. The photoelectron
contribution dominates at higher altitudes for photon energies (and
for electron bin energies) above 14.84 (2.9), 15. 74 (3.6), and 17.63
(5.7) eV at altitudes of 145, 250, and 500 km, respectively. The
electron flux spectra presented here will include the photoelectron
contribution but not the thermal electron contribution; the latter can
be readily added to the spectra, if desired [MH-75a].

A typical electron flux spectrum at 60 km is shown in
Figure 3 for a photon energy of 20.67 eV. For lower photon energies,
the spectrum would be similar to that in Figure 3 but terminated at a
lower electron bin energy; for higher photon energies, the decline in
flux for higher electron bin energies would be extended to higher
energies (note that the electron energy scale of Figure 3 is a loga-
rithmic scale). The electron flux spectrum is essentially that shown

and discussed previously [MS-75] for electron energy deposition.
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Also shown in Figure 3 is the electron flux as a function of
photon energy for the 4.5 eV electron energy bin. Maxima in the
flux occur at 20.67 and 40.8 eV. This shape for the flux-photon
energy profile persists (maxima at approximately the same photon
energy) for other electron bin energies but with the profile terminated
on the low-energy side at progressively higher photon energies for
higher electron bin energies. This same shape and behavior are
found in flux data at higher altitudes. At 250 km, for example, only

the maxima are shifted to higher energies by several eV.

The change in the photoelectron contribution to the electron
flux spectrum with altitude is shown in Figure 4 for 20,67 eV photons.
The minimum, centered about 2.3 eV, vanishes with increase in

altitude as previously discussed [MH-75a].

2.3.4  Disturbed Atmospheres

Calculations of the initial species, energy partitioning,
electron flux spectra and derived quantities have been made for dis-
turbed atmospheres. The disturbed atmospheres are represented
in the calculations by using a background electron density in excess
of the ambient electron density of the undistributed (natural) atmos-
phere. The basis of the selection of the range of these background
electron densities has been given in Section 2. 2.4 above. Because
of the extensiveness of these calculations only a summary is given
here; details must be obtained by examining the microfiche for the

calculations (see Appendix A).

The effect of increasing the background ionization is to
increase the Coulomb interactions between the thermal subset of

electrons (the background electrons) and the high-energy subset of
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electrons. This reduces the number of high-energy electrons in
progressively higher energy bins as the background electron density
is increased. In turn, this reduces the occurrence of processes with

progressively higher energy requirements.

In the present calculations, background electron densities
were raised by factors of 1012 at 60 km and by 104 at all other
altitudes. At 60 km, no effect on species densities was found until
the background density exceeded the ambient density by factors of
108 or larger. Positive ion densities were not affected by the in-
creased background electron densities at any altitude for photon
energies less than 33.67 eV; for photon energies at and above 33.67
eV, reductions in the positive ion densities by 5 -40% and 5 - 90% at
145 and 250 km, respectively, were found. Since the electron densities
at and above 33.67 eV are relatively small, the overall effect on posi-
tive ion densities of the increased background electron densities is
negligible. The neutral species derived from photoabsorption are
decrrased with increasing background electron density by factors
greater than 100, 5, and 1.3 at altitudes of 250, 145, and 110 km,
respectively, and by 30% or less at 60 km. The exceptions to these
changes are nitrogen atoms (which are decreased only by factors of
1.1 to 3 at 145 km and negligibly at 110 km) and Oz(a) and 02(b) (which
are decreased by factors of 10-20 at 60 km).

The changes in the energy partitioning with increasing back-
ground electron densities at 60 and 110 km consist in an increase in
the fractional energy of the electron translational mode by up to 0. 12
and a concomitant decrease in fraction of energy in vibrational and
electronic excitation modes. At 145 and 250 km, the changes upon

absorption of photons with energies less than about 20 eV, are negligible
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in all energy modes. At higher photon energies, the fractional energy
in the electron translational mode increases (by up to 0.3 and 0. 75 at
altitudes of 145 and 250 km, respectively) and the fraction of energy in

the electronic excitation, radiation and ionization modes decreases.

The change in the electron flux spectrum with increasing
background electron density is shown in Figure 5 for the case of ab-
sorption at 145 km of photons with energy of 20.67 eV. The flux shown
consists only of the photoelectron contribution; the arrows indicate the
energy above which the photoelectron contribution is greater than the
thermal (background) electron contribution. As shown in Figure 5,
the electron flux is preferentially reduced in the low-energy bins;
however, the more important reduction is that in the higher energy
bins since the thermal (background) electron flux for the low-energy
bins is much greater than the photoelectron flux. The flux spectra at
different background electron densities will tend to merge in higher

electron energy bins in the case of absorption of high-energy photons.
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3. ELECTRON ENERGY DEPOSITION

The species and energy densities which result from the depo-

sition of electrons in the earth's atmosphere are calculated. These

calculations are, to a large extent, a repetition of previous calculations

[MS-175] but with the changes and additions indicated in Sections 2.2

and 4. An added feature of the present calculations is inclusion of

electron deposition in disturbed atmospheres — the latter being defined

as in Section 2. 3. 4.

The method of calculation for species and energy densities

and derived quantities has been discussed elsewhere [MS-75].

3.1 CONDITIONS OF THE CALCULATIONS

The input data for the calculations of electron deposition are
given in Table 9. For each of sixteen electron densities, a series
of calculations for the seven values of the initial electron energy, U,
were made. The calculations spanned the same range of altitudes
and atmospheric compositions as were used in the photon deposition
calculations. See Section 2. 2.4 for additional discussion of input
data.

3.2 RESULTS

The results are presented of calculations with the ISRAD
code for the deposition, in the ambient and disturbed atmosphere, of
electrons with energies in the range 14 to 900 eV and at altitudes in
the range 60 to 500 km.
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3.2.1 Initial Species

The initial species formed by the deposition of electrons with
initial energies in the range 14 to 900 eV are listed in Table 10 in
terms of the number of particles formed per ion pair. These quanti-
ties were calculated as previously described [MS-75]. The species
listed in Tables 10a through 10d correspond to electron absorptions
at altitudes of 60, 110, 145, and 250 km, respectively; those listed
in Tables 10e, 10f, and 10g correspond to electron absorption in
single component gases of molecular axygen, molecular nitrogen and
atomic oxygen, respectively, with background electron densities.

The atomic oxygen case, Table 10g, may be regarded as a 500 km

altitude calculation as indicated in Section 2. 3. 1.

The only significant difference between the results of the
present calculation and the previous calculation [MS-75] in terms of
initial species is in the atomic nitrogen densities. Because of the
reanalysis of the electron impact excitation and dissociation (and
predissociation) of molecular nitrogen as presented in Section 4, the
nitrogen atom densities are smaller in the present calculations. The
N(4S°) densities are found to be about 40 and the N(2D°) densities
to be about 45% of the previously calculated [MS-75] values at altitudes
from 60 through 145 km.

3.2.2 Energy Partitioning

The partitioning of energy into seven modes is shown on
Table 11; as before (see MS-75 and Section 2. 3. 2 above) the values
listed in the table are the fractions of the total energy appearing in

mode M. Table 1la contains data on energy partitioning for various
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Table 1la. Energy Partitioning for Varying Altitudes
and Source Electron Flux Energies.

Fractionil Energy
Alt, km [ U, eV 900 450 230 110 57 29 14
60 fk 0.050 [ 0.051) 0.050 | 0.044 { 0.033 | 0.016 0.010
![;: 0.018 | 0.018| 0.016 | 0.008 | 0.002 | 0.013 0.042
fR 0.161 } 0.166| 0.177 | 0.193 | 0.210| 0.226 0.237
f)'(v 0.064 | 0.065| 0.067 | 0.072 | 0.084 | 0.107 0.210
Ii 0.427 | 0.415| 0.398 | 0.372 | 0.339| 0.262 0.008
{l') 0.119 | 0.124| 0.128 | 0.128 | 0.116 [ 0.087 0.048
Ixe 0.161 0.160] 0.165| 0.182 | 0.215| 0.288 0.446
F'ip 34.5 35.5 37.1 39.8 3.7 56.7 1482.
100 fK 0.043 | 0.044| 0.043 | 0.037 | 0.027 ] 0.010 0.005
fl;l 0.030 | 0.030| 0.027 | 0.021| 0.018| 0.033 0.072
E IR 0.169 | 0.175| 0.186| 0.203 | 0.222 | 0.243 0.282
f)'(v 0.050 | 0.06G( 0.052 | 0.056 | 0.066 [ 0.084 0. 146
f[ 0.435 ] 0.423| 0.407 | 0.382| 0.351( 0.277 0.009
fl‘) 0.106 | 0.111| 0.113 | 0.111 | 0.096 | 0.063 0.027
g f)'(e 0.166 | 0.167| 0.171 | 0.188 | 0.220( 0.289 0.459
Eip 34.1 35.0 36.4 38.9 42.3 53.5 1407
L 145 fk 0.035| 0.035| 0.034 | 0.029 | 0.020| 0.006 0.002
1 fE 0.046 | 0.04G6( 0.044 | 0.040( 0.040( 0.062 0.119
IR 0.181 | 0.184| 0.196 | 0.215| 0.237 | 0.265 0.362
()'(v 0.035| 0.036] 0.037 | 0.040 | 0.046 | 0.059 0.101
(i 0.450 | 0.441] 0.426 | 0.403 | 0.372| 0.301 0.016
fl') 0.086 | 0.089| 0.091 | 0.087 | 0.072 | 0.041 0.016
fxe 0.166 [ 0.168)| 0.172 | 0.186 | 0.212 | 0.267 0.385
E"p 32.5 33.2 34.3 36.3 39.2 48.2 813.
250 f)"( 0.016 | 0.016| 0.016 | 0.013 | 0.008 | 0.002 0.001
fI:Z 0.142 | 0.145| 0.147 | 0.152 | 0.167 | 0.221 0.312
fR 0.190 | 0.189] 0.200| 0.221 | 0.251 | 0.284 0.462
I)'% 0.008 | 0.009| 0.009| 0.009}| 0.010] 0.013 0.022
fi 0.483 | 0.478| 0.466 ([ 0.444 | 0.408 | 0.330 0.028
11') 0.040 | 0.041| 0.041| 0.038| 0.028| 0.013 0.004
‘ke 0.120 | 0.122| 0.122| 0.123 | 0.128 ] 0.137 0.170
Elp 29.2 29.4 30.2 31.6 34.3 42.2 485
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Table 11b. Energy Partitioning for Single Constituent Gases
and Varying Source Electron Flux Energies.
Fractional Energy
Gas U, eV | 900 450 230 110 57 29 14
(e} fe - - = - - - -
I fe 0.044 | 0.045| 0.046| 0.042 | 0.046| 0.072 0.111
: I 0.222| 0.219| 0.230| 0.253| 0.290 | 0.330 0. 644
‘ X, - - - 0.001| 0.001| 0.001 -
£ 0.515| 0.514 ) 0.502 | 0.481| 0.439| 0.356 0.046
| i S O ) SR e T -
; X, 0.219| 0.222 | 0.221| 0.223 | 0.225| 0.241 0.199
i ip 264 26.5 |27.1 28.3 131.0 |38.2 297
E N, £ 0.041| 0.042 | 0.041| 0.036 | 0.024 ( 0.005 0. 000
? & 0.036) 0.035| 0.032| 0.027) 0.022| 0.039 0.079
2 0.171| 0.177| 0.190| 0.207 | 0.225| 0.244 0.258
fx, | 0-072| 0.073 | 0.076 | 0.080 | 0.095| 0.119 0.308
£ 0.429| 0.416| 0.399| 0.373| 0.344] 0.272 -
15 0.110 | 0.114| 0.117| 0.113| 0.092 [ 0.047 0.009
fx, | 0-141| 0.143| 0.145| 0.164 | 0.198 | 0.274 0.346
E;p [35-9 [36.9 [385 |41.3 [45.0 |57.2 -
C, fx 0.096 [ 0.098| 0.096| 0.090| 0.081| 0.074 0.087
fe - - - - - - 0.028
fa 0.086| 0.088| 0.092| 0.106| 0.114| 0.110 0.035
fx, | 0-003 | 0.003| 0.003| 0.003| 0.004 | 0.005 0. 006
f; 0.421( 0.413| 0.398( 0.372| 0.326| 0.234 0.082
f 0.228| 0.228] 0.231| 0.250| 0.274| 0.331 0.403
fX, | 0-116| 0.170| 0.180| 0.179 | 0.201 | 0.246 0.359
Ejp [297 30.§ |31.5 |[38s.5 [31.9 |52.1 147.
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source electron flux energies as a function of altitude; Table 11b

has data on single component gases.

The major differences between the present and previous
[MS-175] calculations of energy partitioning arise from a reduction
in energy in dissociation and an increase in the energy in radiation.
These changes approach a factor of two in magnitude; they result
from the reassessment of the extent of predissociation of nitrogen.
this being smaller in the present calculations. Also, the electron

volts per ion pair is generally smaller in the present calculations.

343 LLoss Functions

The loss functions, calculated according to Eq. (20) of

MS-75, are shown in Figure 6.

3 2.4 Electron Flux Spectra L

The electron flux spectra calculated here are not sufficiently
different from those previously calculated [MS-75] to warrant

discussion.

3.2.5 Disturbed Atmospheres

The calculation of the initial species, energy partitioning,
electron flux spectra and derived quantities was performed for elec-
tron deposition in a similar manner as for photon deposition except
that at each altitude the variation in energy represented the initial
electron energy over the range 900 to 14 eV. The general effect on

these calculations of the increased background ionization in disturbed

atmospheres has been discussed above (see Section 2.3.4). Also,
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as before, the background electron densities in the present calcula-
tions were raised above the ambient values by factors of 1012 at
60 km and by 104 at all other altitudes. Only a summary of the

results of the calculations is presented below.

At 60 km, no effect on species densities was found until the
background electron density exceeded the ambient electron density
by a factor of greater than 108. The positive ion densities were
essentially unaffected by the increased background electron densities
at all altitudes; at higher altitudes, 145 and 250 km where small
changes did occur, the positive ion densities decreased by less than
10%. The densities of the neutral species decreased with increase in
the background ionization except for the nitrogen atoms, N(4S"‘),
N(2D°), and N(2P°), whose densities did not change either with back-
ground electron density or with altitude. The factors by which the
neutral species densities decreased were less than about 50, 20, 5,
and 1.2 at altitudes of 250, 145, 110, and 60 km, respectively,
except for O

2

(a 1Ag) and 02(b IE;) which experienced greater de-
creases at the lower altitudes. At a given altitude, the decreases in
neutral species densities were smaller at smaller initial electron

energies.

The changes in the energy partitioning at 60 and 110 km
consist only of an increase of the fraction of the energy in the electron
translational mode and a corresponding decrease in the vibrational
and electronic excitation modes when the background electron density
is increased; all other energy modes are unchanged. At higher
altitudes, the principal changes are the same as at 60 and 110 km

but the fractions of the total energy in other energy modes decrease
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with increasing background electron density. At a given altitude,
the magnitude of the change in any energy mode increases with

decrease in the initial electron energy.

The changes in the electron flux spectra with increase in
the background electron density have the same general features as
found in the case of photon absorption (see Section 2.3.4). The elec~
tron flux is preferentially reduced in the low-energy bins, the shape
of the high-energy electron contribution to the flux spectra changes
in general as shown in Figure 5 and the flux spectra for different back-
ground electron densities merge for the high-energy electron energy

bins.

64

s il i—— R s i s




-

4. EXCITATION TO PREDISSOCIATING STATES OF NITROGEN

In previous calculations [MS-75] of the initial species
formed after absorption of electrons in the atmosphere, the largest
uncertainty in the species densities was associated with nitrogen
atoms. This uncertainty was related to the extent of predissociation
assigned to specific excited states of nitrogen and to the excitation
cross-section values employed in the calculations. In this section,
these aspects of treating nitrogen atom formation are reviewed and
new values of fractional predissociation and excitation cross-sections
are obtained. The cross-section values are derived in a consistent
manner by combining data available in the literature and lead, in
calculations of electron energy degradation, to the observed value of

the energy per ion pair formed in nitrogen.

4.1 PREDISSOCIATION OF NITROGEN

The states of nitrogen which have been considered in
accounting for predissociation consist of the valence states b lﬂu
and b 12* and the Rydborg states ¢2 &, ¢ In ., o 0, and

RS 0w n u n u

a Eg where n = 3 (using the principal quantum numbers assignments
of LD-72). The first five listed states apparently are the principal
states contributing to nitrogen atom formation. The evidence for
predissociation and the product states is considered first; then

estimates of the extent of predissociation are made.

For the b 1I'Iu state, levels v =0, 2, 3, and 4 are pre-
dissociated [CC-69] while levels v =1, 5, and 6 are not. For levels

above v = 6 there is a possibility of predissociation but no firm
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evidence for it. The present calculations will include predissocia-
tion in the levels above Vv = 6 but this does not represent an important
assumption since the excitation to levels v = 6 accounts for about
83% of the excitation. The b 1I'Iu state most probably predissociates
to the product-pair, N(4S°) - N(ZD") [CC-69]; this product-pair is
adopted here.

For the b’ 15; state, there is an important uncertainty as
to the occurrence of predissociation. Levels v =0 to 9 have been
observed in emission [CC-69] and levels v =20, 21, and 22 are
known [CC-70b] to be predissociated. There are apparently no data
for the levels v = 10 through 19. Unfortunately, the latter group
of vibrational levels are the most important for electron excitation
based both on high-energy [GS-69d] and low-energy [La-69] electron
loss spectra. For the results reported in Sections 2 and 3 above,
repeat calculations were made by considering predissociation and
no predissociation in levels v = 10 through 19 (see Sections 2.3.1
and 3.2.1). The products of predissociation will be taken as
N(2D°) + N(2D°) for levels v = 20 [CC-70b] and as N(*s°) + N(>D°)
for levels v < 20. Thus, as considered below, about 80% of the

predissociatec molecules lead to the product pair N(4S°) - N(2D°).

The states c;] 15; are the first members of the Worley-
Jenkins Rydberg series converging to the ground state of the nitrogen
molecular ion. The principal quantum number of the lowest energy
state has been given different assignments by different investigators;
n = 3 according to LD-72 and n = 4 according to CY-72a. Here,
n =3 will be arbitrarily chosen. Following excitation to vibrational

levels v =0, 1, 2, 3, 4 of the lowest energy state C:'; 12;,
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the energy of excitation is radiated [AD-71, CC-69]. (Excitation to
the v =0 level yields the most intense peak in the energy loss
spectrum for 25 keV electrons [GS-69d].) Thus these vibrational
levels are not important for predissociation. The higher vibrational
levels, v 2 5, are not recorded as being observed in emission
[CC-69] and the rotational linewidths for v = 5 are possibly

widened [CA-72], indicating the possibility of predissociation. The
assumption of predissociation will be made for vibrational levels

v =5, 6, and 7; levels above v = 7 can be neglected in considering
electron excitation processes. For the c; 122:1 state, electron
excitation to the v = 0 and 1 levels is important and the more
important of these levels, v = 0, is definitely predissociated
[CC-T0b]; level v =1 will also be considered as predissociated.

The products of predissociation are taken as N(4S°) + N(2D°) for
the cé 123 levels and as N(4S°) + N(2D°) and N(2D°) 4 N(2D°) for
the c; .‘:S levels, respectively, to the extent of 82% and 18% on the
basis of energy considerations. States with n =5 will be treated
below, together with states of c 1Hu having these principal quantum

numbers.

The states h 1ﬂu are a Rydberg series which also converge
to the ground state of the nitrogen molecular ion. For the lowest
state, Cq 1I'Iu, vibrational levels v =1, 3, and 4 are apparently
predissociated [Dr-69]; the other vibrational levels of importance
(essentially only v =0, 2) will be regarded as not predissociating.
%s°) + N(D°) [Dr-69].

For the next lowest state, Cy 1l'lu, only the v = 0 level has been

The products of predissociation will be N(

observed in emission [CY-72a]; the other levels of interest in
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connection with electron excitation, v =1 and 2, are regarded as
being predissociated and as yielding the product pair N(zD’) - N(2D°).

et 1
The states of c;l .‘Zu and c l'lu above n = 4 are con-

sidered together and without distinguishing vibrational levels. For
n="1, 9, and 12, predissociation is observed [CY-72a] and for all
higher states (n > 4) predissociation is probable. Here we recognize
predissociation for states withn =17, 9, and 11 through 24 and take
the product pair to be N(ZD‘) + N(ZD“) [CY-T2a].

For the Og 1l'Iu state, no predisslociation is reported in
levelsv =0, 1, 2, 3, and 4. For the 0y Hu, onlzy the v =21 level
is taken to be predissociated and with products N(“D°) + N(“D”)
[YT-75].

1}:+ Rydberg state is assumed to predissociate

The a“
yielding N(4S°) + N(2D°); there is no compelling evidence for these
assumptions; however, the assumptions have little impact on the
calculations since the excitation cross-section for the a’ 12; state
is relatively small, accounting for not more than 1% of the total

excitation cross-section.

In making estimates of the fractional predissociation
resulting from excitationyo a specific excited electronic state of
nitrogen, use has been made of optical oscillator strengths and of
intensities observed in the electron impact energy loss spectra.
The fractional predissociation is the fraction of the total number of
molecules, excited to the specific electronic state, which pre-
dissociate; the number of molecules excited to specific vibrational

levels of the electronic state is assumed to be proportional to the
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oscillator strength (which is valid for small collision vectors
[Be-30]) or the intensity. Strictly, to use oscillator strengths and
intensities on a comparable basis, corrections for excitation energy
and angular resolution in the electron loss measurement must be
made; however, these corrections are neglected here. The energy
correction is small compared to other uncertainties since only one
electronic state is being considered in each case and the energy
spread of the relevent vibrational levels is relatively small; the
angular resolution is assumed not to change over the small energy
intervals encountered. The optical oscillator strength data [Ca-72]
and the electron loss spectra intensities [GS-69d] yield the fractional

predissociation (f,) values shown in Table 12. The fourth column

)
P
of Table 12 gives the selected range (Afp) or the average value (fp)
of the fractional predissociation. The rationale for the selection of
an average value from the data for the b ll'Iu state and the retention

of the range for the b'IZI: state is given below.

4.2 EXCITATION CROSS-SECTIONS

Absolute electron impact excitation cross-sections for the
predissociating states of nitrogen being considered have not been
measured individually. Here, these curves are derived by the
following procedure. Measured values of relative cross-sections
[BT-70b] are adjusted on the basis of absolute values for the
Nz(a 1rlg) state [Ho-69b, Bo-72] to obtain absolute values for the
total cross-section curve for excitation to predissociating states.

This procedure is possible for energies up to 80 eV; beyond this

energy, the total cross-section curve is extended on the basis of




12. Fractional Predissociation (fp) for

Excited Electronic States of Nitrogen

fP(CA—'YZ) f—p(E-S—GQd) Afp or fp

0.65-0.94 0.74-0.91 0.83

0.18-0.94 0.12-0.94 0.18-0.94
0.45 0.48 0.46
0.08 0.29 0.19
0.05 0.10 0.075
1.4 1.9 1.0
0.70 - 0.70
0.0 - 0.0
0.57 - 0.57
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theoretically derived shapes of the cross-section curves for
individual predissociating states and relative values of these curve
segments based on oscillator strength data. Cross-section curves
for excitation to specific predissociating states of nitrogen for
energies above several hundred eV are then derived on the basis
of the absolute, total cross-section curve values and the oscillator
strength data. These cross-section curves are extended to lower
energies on the basis of compatible theoretical and experimental
results for Rydberg states and of preservation of the ratio of

cross-section values for valence states at the lower energies.

4.2.1 Total Cross-section Values

Relative cross-section values for various sets of excited
states of nitrogen have been obtained by Brinkmann and Trajmar
[BT-70b]. These measurements cover the range of incident electron
energies between 15 and 80 eV and the energy loss range between
6 and 19 eV for scattering angles up to 80°. These values were
originally normalized on the basis of absolute measurements of the
cross section for excitation to the C3Hu state of nitrogen [BS-69].
For present purposes, a preferable means of normalization is use of
the absolute cross-section data for excitation to the a lng state of
nitrogen [Ho-69b, Bo-72]. There are independent measurements of
the cross section for the latter state in the range between 20 and
2000 eV; these measurements are in excellent accord; the cross
sections for the a lng state are larger at higher energies than those
of the Cal'lu state and the ratio of the values for the states corres-

ponding to the 12-17 eV energy loss range (the predissociating states
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of nitrogen) to those of the a lfln state are more likely to be
accurate; the a 11'1g relative cross-section data [BT-70b] have the
same slope (do/ dE) above 20 eV as do the experimental, absolute
cross-section data for the alﬂg state [Ho-69b, Bo-72]. The rela-
tive cross-section data for the a lﬂq state |[BT-70b] have heen
normalized at 80 eV to the least-squares fit of the absolute data
[Ho-89b, Bo-72]as shown on Fig. 7. Values of the cross section,

as shown on Fig. 7, are given in Table 14 below.

The absolute total cross-sections for excitation to
predissociating states is now determined from the product of the
absolute cross-sections for the a lnn state and the ratio of cross
sections for excitation to the predisszciating states and the a lnq
state. Data for relative cross-section values for the predissoci—h
ating states were taken from SK-75 which contains data supple-
mentary to the original presentation [BT-70b]. The relative
cross-sections for excitation to the predissociating states are
taken to be the sum of the curves labeled T12.4, T14.0, and T16.0
in SK-75. The absolute total cross sections obtained in this way
for energies less than or equal to 80 eV are listed in Table 14

below.

To extend the total cross section curve to energies above
80 eV, the theoretical cross-section curves for individual states in
the high energy range [CL-72, AD-71] are added and the resulting
curve matched with the absolute value of the cross section at 80 eV
determined as described in the preceding paragraph; the theoretical
curves are added by applying weighting factors to the curve values at

1000 eV which are based on optical oscillator strength and electron
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loss spectra intensity data. Thus, the absolute cross-section for

energies above 80 eV is given by

= - ‘orel(:S’E) ’
and
£(S) }:(s, E)/o(S, 1000):
% el ESHE) =25 RIS (22)

where f(S) is the weighting factor for state S, 9(S, E), the cross
section for state S at energy E and the subscripts denote relative
(rel) or absolute (ab) values. Values of the ratio o(S, E)/o(S, 1000)
determined from theoretical curves are given in Table 13. The

theoretical curves were available [CL-72] for the blnu, b’ IE;, and

¢’ IE+ states and the curve shapes for the ¢_"II and o 11’1 were

n u R n u ny
assumed to be the same as for ¢’ "I : thus the states ¢’ I,

1 1 n u n u

Ch l'lu, and on Hu were treated together. The oscillator strengths
given in Table 13 are based on optical measurements [Ca-72,
LM-68a] and high-energy electron loss spectra (GS-69d] The use
of these data as relative measures of the electron excitation cross-
sections at energies as low as 1000 eV can be partially justified on
the basis of the comparison of the relative intensities in electron loss
spectra at high and low energy. Thus from the high- (33 keV)[GS-65]
and low-energy (200 eV) [LS-66b] electron loss data, the ratios of
intensities of comparable peaks (i.e., for excitation to a specific

P 1
vibronic level) are essentially constant for the b 12;. b ﬂu. and

¢ lhu states (although there are few data in the latter case); for the
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Table 13. Relative Values of Cross Sections for the b’ 1 1

', pn,
o1+ 1 & i
(4-

Z,c I, apgd o 11'1 States at High Energies
n u n u n u

and the Corresponding Oscillator Strengths
A. Relative Cross-Sections

o(b ,E) ob,E)  o(cic,0E) . oo
E(eV) o(b,1000) o(b, 1000)  o(c’ ¢, 0;1000) rel"” "’

1000 1.00 1.00 1.00 1.00
600 1.49 1.48 1.43 1.45
300 2.55 2.46 2.21 2.34
100 5.09 5.22 3.63 4.31

80 5.74 5.83 3.79 4. 69

B. Oscillator Strengths

__State f _ State f
it 0.24 ¢ T 0. 22
u S
1 1
b Il 0.20 c, Il 0. 0057
u 4 u
oy gt 0.11 c. 'n .
SF st fi u
¢ 1gt 0.0175 o0 B 0. 075
4 "u 3 u
or Igt . o Y 0. 031
n u 4 u
* , 1ot 1
nz5 and ¢ ¥ + ¢ "I have the f value 0.070.
n u n u
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c Z; state, the ratios vary by about 30'c. No data are available

for the o 11'1 states.
n u
The results of applyving Eqs. (21) and (22) as described

above are shown in Table 14.

4.2.2 Cross-Section Values for Specific States

To obtain cross-section data for electron excitation to
individual states for energies greater than 110 eV, the following
relation was used:

(S))0(S,E) / o (S, 1000){
S.E) = o, (S8, 1000){—
()

oab( ab (23)

This relation is consistent with Eqs. (21) and (22). The values of

the cross sections so obtained are listed in Table 15.

The cross-section data for electron excitation to individual

states for energies between 110 and 23 eV were obtained as follows.

The cross-section profile for the c’lE: state is known to low

energies; the theoretical curve [CL-72]and experimental curve
shapes [AD-T1] agree very well. By using this profile and the

absolute value at 110 eV, as determined with Eq. (23), the absolute

) SR |
values of the cross section for the combination of the Y E: .

| 1 :
Cn ﬂu, and On Hu states were calculated from the relation

(S,E) = 0.571 L (S,E‘.)/cr (S,110) (24)

“ab 1 el

where 0. 571 is the absolute cross-section in units of 10_16cm2 for

excitation to the above combination of states as determined from Eq. (23)

and the ratio of cross sections in Eq. (24) was found from the ¢’ state
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Table 14. Absolute Cross-Sections for the a ln
and Predissociating States. g

Energy (eV) c(a lng)* o(pre)!  Energy(eV) ofa lng) c(pre)

11 0.077 - 110 0.070 123
14 0.292 0.0147 140 0. 056 1.10
18 0. 321 0.093 180 0.045 0.95
23 0.293 0.32 230 0.036 0.82
29 0.231 0. 508 290 0.029 (0 587
36 0.190 0.78 360 0.024 0.61
45 0. 156 1.09 450 0. 020 0. 53
57 0.126 1.28 570 0.016 0.45
72 0.102 1.43 720 0.013 0.38
90 0.083 1.34 900 0.010 0.32
* 3 . . -16 2
Cross-sections in units of 10 cm . :
fPre represents the states b” lE*. b lﬂ s IEr. e 11’1 s and
1 u 15 G » TRl il (s |
(o i (T
n 1

K}
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Table 15. Absolute Cross-Sections for the States cl'1 12;.
Y 1nu. o 11’lu, b’ 1::;. and b 1nu.
E(eV)  olc’. c. o) ") o(b)*
14 0.013 0.001 0. 0007
18 0. 084 0. 005 0. 004
23 0. 288 0.017 0.015
29 0.429 0. 043 0. 036
36 0.532 0. 135 0.113
45 0.592 0.271 0.227
57 0.618 0.361 0.301
72 0.618 0. 442 0.370
90 0.601 0. 403 0.336
110 0.571 0. 359 0.300
140 0.526 0.313 0.261
180 0. 468 0.264 0.218
230 0.412 0.220 0. 180
290 0.361 0. 190 0. 159
360 0.321 0. 163 0. 136
450 0.278 0. 137 0.115
570 0.239 0.115 0. 096 4
720 0.205 0. 095 0.080
900 0.174 0.079 0.067 :
s Cross-sections are in {mits of iO-IG cm-z; ¢’, ¢, o represents
+

the combination of ¢~ "2, ¢ "I, and o ln states.
n ow on w n u

' b’ represents b’ 12;.

2 b represents b 1nu.
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profile. Absolute cross-sections for excitation to the b’ 12; and

b 11’Iu states were found by difference, i.e.,

ZS,E) -0, (c’,c,0E) = o(b”, E) + a(b, E) (25)

?ab( ab

with the further assumption that
s(b, E)/o(b” /E) = (b, 110)/5(b” /110) . (26)

Below 23 eV, the relative values of all cross sections were kept
constant. The entire set of cross-section values is presented in
Table 15. The data of Table 15 are relevant to the choice of
fractional predissociations presented in Table 12. For the b 11’1u
state, the maximum branching ratio is 0.31. Thus the uncertainty
in this case is 0. 24 of the total cross-section and repeat calculations

were performed to avoid introducing this uncertainty.

4.3 CONSISTENCY AND COMPARISON OF RESULTS

A comparison of the predicted value of electron volts per
ion pair based on the cross-section values established in Section 4.2

with the observed value for N2 is a reasonable test of the validity of

these cross sections. The cross sections for excitation to the pre-
dissociating states of N2 account for at least 60% of the total cross- i
section for excitation of N, above 30 eV, 80% above 45 eV, and 85%

above 140 eV according to the accounting employed in this report.

The predicted value of the electron volts per ion pair for

N2 is 35.87 at 900 eV and becomes 35.36 eV at 20, 000 eV. The

extension of the calculation from 900 to 20, 000 eV reduces the

electron volts per ion pair by an amount which is insensitive to the

absolute cross-section values as compared between the present
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calculations and others [TA-74a; SK-75]. The measured value of
electron volts per ion pair at 20, 000 eV is determined [IG-67] to
be 34.8 + 0.2 (a previous assessment [Wh-63b] yields 34.6 £ 0. 3).
Thus the predicted value is about 0.6 eV larger than the observed
value. This, however, is not a significant difference as it corres-
ponds only to a 9% error in the total cross-sections and this is less

than any experimental error in measuring cross-sections. Therefore,

the set of cross-sections for electron excitation to the b 11'1u, b’ 1:;.
c 11‘1 . e 12+. 0 111 , and a” 12+ states of N, is consistent with
n u' n a n u o 2

&
observations on electron-N2 interactions as measured by the value of

the electron volts per ion pair.

An alternate set of cross sections [Wi-66] is frequently used
[0J-175] for calculating the formation of nitrogen atoms as a result
of predissociation and dissociative ionization. When account is taken
of the contribution of dissociative excitation, and ionization to this
set and the total excitation cross-section curve derived from Winter's
data based on the fractional predissociations given in Table 12, the
calculated value of electron volts per ion pair in N2 becomes 40. 78 at
900 eV and 40. 26 at 20, 000 eV. These values are substantially
larger than the observed best value of 34. 8 and indicate that the
cross sections derived from Winter's experiments [Wi-66] are too
large. Note should be taken that the experimental technique used

[Wi-66] is subject to large errors and that the experimental results

have not been checked by other investigators.
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APPENDIX A
GUIDE TO DATA AVAILABLE ON MICROFICHE

A.1l The following is a guide to the detailed results of the calcula-
tions in this report. These results have been recorded on microfiche
and are available from the authors in this form. * The calculations have
been made with two codes: ISRADU which was used for the UV photon
deposition described in Section 2 above and ISRAD which was used for
the electron deposition described in Section 3 above. The guide to

the latter code results has already been given [MS-75] and only

corrections in this case are given below.

A.2 The identification of the calculations with the numbers on the
upper right hand and left hand corners of the microfiche is given in
Table Al for the ISRADU code and in Table A2 for the ISRAD code.
For each microfiche number (M. N.) appearing in the upper left hand

corner, there corresponds a series of numbers (SERIES) appearing in

the upper right hand corner. In the case of the ISRADU code calcula-
tions, the information in Table Ala identifies the results that appear
on each microfiche; the variation from one microfiche to another is
the result only of the change in the photon group - this change is
identified in Table Alb. Corrections to the microfiche listed in Table
Alb are given in M. N. 676 and are described in paragraph 32 of
Section A. 3 below. In the case of the ISRAD code calculations, the
microfiche numbers and series numbers apply in the order indicated
in Table A2; corrections to these microfiche are given in M. N. 633

and are described in paragraph 32 of Section A. 3 below.

* The 216 microfiche have not been distributed with this report owing
to their large bulk.
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Table A-1. Identification of Microfiche Data for ISRADU Calculations

A-1a. Common Information on Each Microfiche

0], e [Nz ], e [02], gan 6,eV |ALT,km | Series |ETHRM’
2.0 (10) 5.21(15) 1.40(15) | 0.0215 60 001 1.0(1)
001, 002 (1. 0(8)
002 (1.0(1M
0u".003|1.0(12)
3. 23 (1L 1.-58(12) 245 (LR 002 0221 110 003, 004(1.0(5)
004 |1.0(7)
004, 005|1.0(9)
2.98(10) | 3.78(10) 4.21(9) 0.0847 145 005 {2.0(5)
006 |2.0(7)
006, 007{2.0(9)
1.91(9) 4.35(8) 2.74(7) 0.1105 250 007 |6.3(5)
007, 00816. 3(7)
008, 009(6. 3(9)
225 (13N 1100 (8) 1.0 (8) 0.218 500 009 |2.6(5)
1.0 (10) | 5b.2L(15) 1.0 (10) 0.0215 100 009, 010|1. 0(5)
1.w ¢10) 1 1.0 (10) 1.4 (15) | 0.0215 100 010, 011{1. 0(5)
i A-1b. Microfiche Numbers for Photon Energies
b3 ENGGRP" M. N. 1 ENGGRP M. N.
6 10. 01 231 50 20. 67 053
12 11.43 231 54 24.40 034
17 12. 52 199 60 33. 67 033
28 13. 71 204 64 40. 80 852
31 14. 84 200 69 65. 44 854
36 15.74 084 e 130. 41 856
45 17. 63 057 82 281.05 859

* ETHRM = background electron density, em™3
# ENGGRP = Energy of photon group, eV
+ I = photon group identification number on microfiche

88




A® ‘dnoas uojoyd jo ASIdUd = JUYOHONI .

m-Eu ‘AJISUSP UOI}I3[3 PUNOITHIB( IWNHHLA »

110-800 GIL 001 ($)O'T | S180°0( (SDP'T (01)0 "1 (or)o-1
800-%00 G1L 001 ()01 | S120°0| (0OD)O'T | (SD)IE’S (01)0 1
¥00-T00 |  GIL 00 (6)9°% | 8180 (80T (8)0°T (E1)S "¢
110-800 | 999 (6)€°9
800-¥00 | 999 (L)€ "9
#00-100 | 999 0$¢ (G)g'9 | 95910 (LPLC | (8)s€v | (6)16°T
110-800 199 (6)0 ¢
800-%00 199 (L)o e
$00-100 | 199 92 (G)o'e | Lv8OO| (6)12°% | (0D8L'E | (I1)86°C
110-800 885 (6)0
800-¥00 |  88¢ (L)o°1
¥00-100 | 88 011 ($)o 1620°0( (IT)0S & | (e1)8S'T | (11)ge '€
800-%00 |  9€¢ a:o;
$00-100 |  9€§ Uy (01)0 "1
800-500 | 81 e (8)0°1 i
¥00-100 |  G8T 09 006 (10T | 61600 (SD)O¥'T | (ST)IE'S | (01) 0°¢C
s91198 ‘N'W (Wy ' LTV|,dUDONT | ,WUHLE | A2 g m.-::._mo_ m-:a,_mz_ g9 40

suone(noite) dvHst 10} Bl |[UYITJOIITIA JO UOT1BI 1J11U3p] -V °iqel
&




A.3 The microfiche for the ISRADU runs contain the following
data: |

1. The first data of interest are the five columns headed by symbols
N, U(N), DEL U(N), W(N), and empty heading. The N is the
index for the energy bin and is equal to j+1 (see Table 1 of MS-75);
U(N), DEL U(N), and W(N) correspond to Uj+1' AUj+1. and Wj+1
of Table 1 (of MS-75). The column with no symbol heading is the

; -1
electron speed, v].+1. in c¢cm sec .

2. The section of print beginning TERMS IN E(U) EQU.,
PHOTOABSORPTION can be neglected. This is only used with a

solar source for photons.

3. The next section of print, beginning TERMS IN E(U) EQU.,
EXCIT. /DISSOC. NUMBER, gives values of the quantity
[ek] Vi cxd(k. S) bxd (k,j,S)[S| found inEquation (2). The order

of presentation is: the first column gives W].. the second entry K,
| the third entry S, the fourth entry the above product. If electrons
| from more than one energy group Kk excite or dissociate S,
additional sets of three entries — k, S, product — are printed.
Following the four slashes, the sum < {ek] V) Oy gk S)b (K, §, S)[S] ’
is given. The numbers 1, 13, and 14, representing S, correspond

to ground electronic states of O, N2, and 02. respectively.

4. The section beginning TERMS IN E(U) EQU., EXCIT. /DISSOC.
(U = U PRIME) gives values of the quantity vy bxd(j, i. S) cxd(j. S)[S]

found in Equation (3) but is otherwise similar to the previous section.
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11,
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The section beginning TERMS IN E(U) EQU., IONIZATION NUM.
gives values of the quantity [ek]Vk o (k, S) bi(k' j, S)[S] found in
Equation (2) but is otherwise identical to the section discussed in

paragraph 3.

The section beginning TERMS IN E(U) EQU., IONIZATION (U=
U PRIME) gives the values of the quantity v; bi(j’ i, S) ci(j, S)[S]

found in Equation (3); otherwise paragraph 3 applies here.

The section beginning TERMS IN E(U) EQU., LOSS TO THERMAL
ELEC. NUMER. lists values of k and Cj+1 j[ej+1]' the latter

being a term in Equation (2).

The section beginning TERMS IN E(U) EQU., EXCIT. /DISSOC.
DENOM. gives values of v; cxd(j. S)[S] as found in Equation (3).
The first column gives Uj with further entries of S and

Y; I qti-S) [S]-

The section beginning TERMS IN E(U) EQU., IONIZATION
DENOM. gives values of v; 9 (j. S)[S] but is otherwise similar to

the previous section.

The section beginning TERMS IN E(U) EQU., LOSS TO THERMAL

ELEC. DENOM. lists values of k and Cj ; see Equation (3).

L
The next section gives a summary of the preceding sections. The
headings and their reference are: ENERGY, the values of Uj; S,
the targets as listed; PA, not applicable here; XD and I, individual
entries are % e Vi oa(k. S)ba (k, j, S)[S] for a =xd,i and sums are
given below the dotted lines; TH gives Cj+1‘ j [ej+1]; SIG+, the sum
of XD, I, and TH; XD and I (the headings on the right-hand side

of the table), individual entries are %vk oa(k, S)ba (k, j, S)[S] for
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12.

13.

14.

« =xd, i and sums are given as before; TH (heading on right-hand
side of the page) gives C].‘ i1 and SIG-, the sum of XD, I, TH.
The number above SIG- which is preceded by ( is [ej] which is
calculated from the ratio SIG+/SIG-.

The section beginning EXCIT. /DISSOC. TERMS IN EQUATION
6A gives the quantities [ej]vj o, (j, S) for « =xd as found in
Equation (4) of the text. The first entry is N(=j+1), second entry
is S, the third entry is an index redundant for reading the

microfiche, and the fourth entry is the quantity given above.

The section beginning JONIZATION TERMS IN EQUATION 6A

is identical to the previous section except that « = i.

The section beginning EXCIT. /DISSOC. TERMS IN EQUATION 6B
gives the quantity [ej] Vi, (. S)ba (j, S, 8")[S] for « =xd which is
found in Equation (5). The first four entires are N, S, S', and
the previous quantity. When S=1, S'=1, 2, 3, or 4, and these
numbers represent the products O(ID). 0(15). O(3sss°). and
O(3p3P), respectively; when S=13, S' =1, 2, 3, 4, 5, 6, 17, 8,
and these numbers represent the products
[NZ(A 322). N2(83ng), N2(W3Au), N2(C3ng)J. Nz(%l:;, <-n1r1u.
1

oy ﬂu). Nz(a

r(1 + 1

2. Ny e, Ny i), [N('s), NCDY), NCR)

from decay of excited atoms formed in dissociative excitation] s

N2(X 1}:;) vibrationally excited; when S =14, S' =1, 2, 3, 4, 5,
6, 7, and these numbers represent the products
1

1’

r

0,a'a,). 0, 's). Oy(c'sy). 0,67, {0(3P). o(3s3s°)],

g)‘ »
3 5 JS 3 .-, . ; :
O("P), O(3s “S°)|, OZ(X Zg) vibrationally excited.
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]
E

16.
l&

1.

T T T — = -

The section beginning IONIZATION TERMS IN EQUATION 6B
gives the quantity [ej]vj % i, S) ba(j’ S,8"[S] for a=i; see
Equation (5). The listings are similar to those of the previous
section but when S =1, S'=1, 2, 3, and these numbers
correspond to the products O*(4S 8 O+(2D“), Oé‘(zp'ﬂ),
respectively; when S =13, S'=1, 2, 3, 4, and these numbers
+

+ 2 2
correspond to the products N, (A 2ﬂu), N, (B ‘Z:)« N, (X 22;).

2 2
and [N*’(3P) and N(4S ¥]; when S=14, §'=1, 2, 3, 4, 5, and
these numbers correspond to the products O; (X 21'!0,), O;(a 4I'Iu),
g oty hine . 4 3 '
O, (A o), 0, (b Hg), and [O'('S”) and O("P) |.

The section beginning PHOTOABSORPTION TERMS IN EQUA-
TION 6B gives the quantity ©(i)a(i, S)b(i, S, S")[S| found in

Eq. (5). When S=1, S'=1, 2,3, and these numbers corres-
pond to the products O+(4S )5 @ (ZD“). Of(ZP\). respectively;
when S =13, S'=1, 2, 3, 4, and these numbers correspond to
the products N('s°), N(p°), N;(XZS;) and N2(A3SL:)
respectively; when S =14, S' =1, 25 3, 4, 5, and these
numbers correspond to the products O(3P). O(lD), O(IS).

0. (X Zﬂg), and O;(a 4I'Iu) respectively; when S =23, S' =1,

2
2, 3, 4, 5, 6, and these numbers correspond to the products
oC’p), O(IS), N(ts*), Népo), NéPpo), NOoTx1sh),

respectively.

o

The section beginning EXCIT. /DISSOC. TERMS IN KDOT
EQU . lists the quantity [ei ]v‘. €Ma U2 S) o,(i,S)[S] as found in
Equation (8) with a = xd and M = K. The four repeated entries

are N, S, I, and the quantity given here.




18.

19.

20.

21.

The section beginning IONIZATION TERMS IN KDOT EQU.

is the same as the previous section but with & =1i.

Paragraph 17 or 18 applies to the sections beginning EXCIT. /
DISSOC. TERMS IN EDOT EQU., IONIZATION TERMS IN
EDOT EQU., EXCIT./DISSOC. TERMS IN RDOT EQU.,
IONIZATION TERMS IN RDOT EQU., and EXCIT. /DISSOC.
TERMS IN XVDOT EQU. but with the set of values (¢, M) equal
to (xd,E), (i,E), (xd,R), (i,R), and (xd,XV), respectively.

The next data are printed in the form of four tables, which in
view of the above guide, the text and reference MS-75, are
readily understood. These tables list formation rates for the
various species resulting from photoabsorption, excitation
and ionization which are calculated according to Eq. (5).
Radiation rates and fluorescent efficiencies are also listed;
these are calculated as described in MS-75. The first two
tables concern oxygen species. The first table gives uniquely
the particles formed per ion pair; the second table, the
particles formed per absorbed photon; otherwise the two
tables are identical. The third and fourth tables concern
nitrogen species and are distinguished as the first two tables
are. The calculation of the radiation rates and florescent

efficiencies are described in MS-75.

The next two tables are reductions of the preceding four tables.
The reductions are made by taking into account the result of
radiative transitions and dissociations (including predissocia-
tions). The radiative transitions taken into account are given
in Table 4 of reference MS-75 (p. 28) and Table 3 of this report

(p. 24). The dissociation or predissociation of molecules
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22.

23.

24.

(of the preceding four tables) [and products]are

1 3

0,8 °:2)(0CP) + o('D)l, 0y(c ') [oCP) + OCP)],

2
1 T | 1

. 4. 20 ¥ :
N,b 1 [0.83N("S") + 0.83N("D*)], No(c, "%, ¢, "M, o ")

4

(0. 125N(*s°) + 0.375N(D*)], N, (' '5)) [0. 144N(*s”) +

2

0.216N(2D°) or 0.752N(*s%) 1. 128N(*s%)), N, (@’ 12;)

4

[N('S®) + N (2p°) ] For the alternate product sets in the

2

case of predissociation of N (b’ 1‘.::), there are two sets of

data given in these two tablezs. The corresponding energy
transformation for all processes in the reduction are taken
into account. Each table contains the formation rates for both
oxygen and nitrogen species and the two tables differ by the
inclusion of the quantity particles per ion pair formed in one

and particles per absorbed photon in the other.

The line of print beginning VIBENG gives dXV /dt for the

four species indicated.

The next four lines show species densities for ground state O,
Nz, and O2

density and the first and second numbers of the second line

: the number on the first of the four lines is the O

are the N2 and O2 densities, respectively. The remaining

numbers can be neglected.

The lines labeled PHI(I, T) give the photon flux (photons/'cmzsec)

where 1 indicates the position of the entry in the array and the

photon energy corresponding to the value of I is given in
Table A-1b.
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25.

26.

27.

28.

L +~—

The line beginning BIGI is not of interest in relation to the

present calculations.

On the next line, beginning with THETA, the relevant items are
THETA, the electron temperature, TEMP, the neutral particle
temperature, THVIB, the vibrational temperature and YPCS,
the altitude.

The next two lines contain in order, ETHRM, the _lectron
density of electrons in the thermal group, [eth]: SMEU, the
electron density of electrons in the high energy groups, S[ej]:
SMUEU, the energy of the high-energy electrons, 2]3 Uj[ei ;
DETHDT, the rate of formation of thermal electrons,

d[eth]/ dt; SEUETH, the ratio of the densities of high-energy
to thermai electrons, ?[ej] / [eth]: DOTUTA, the sum of the
energy densities in the seven energy modes; SUMONS5, the

number of absorbed photons given by the denominator of Eq. (13).

In the next two lines, beginning with NGRP, the number of the
photon group in which the photon belongs, the following quantities
are listed: DELDT, the denominator of Equation (10); EVPIP,
the electron volts per ion pair, Eip of Equation (11), ENGGRP,
the energy of the photon; SUMEDT, the sum of the rates of
change of energy density in the seven energy modes:

TERMON, the quantity Z[e].]v. :‘A(i,Oz)fOz]: SOKDOT,

SODDOT, and SOIDOT, e{re no{ applicable to the present

calculations.

The next two lines list, in order, the rates of change of energy

density and the fractional contributions of the seven energy




30.

31.

32.

modes, K, E, R, Xv, B Xe (see Section 2.1.2) corres-
ponding to the tables of paragraph 20.

The next four lines are the same as the corresponding four
previous lines but apply to the tables of reduced data (see

paragraph 21 above).

The seven columns with the headings N, U(N), E(TH)/DEL U,
(E(TH) + E(N))/DEL U, F(N) PRIME, H(N) PRIME and E(N)
represent: the energy-group index, j+l (see Table 1 of MS-75);
the energy group, Uj+1; the differential thermal electron
density contribution to each energy group: the differential

total electron density contribution to each energy group,
[etotall/ AU: the total electron flux, Lj+1 (see Equation (20));
the photoelectron flux; the electron density, [e-i . 1].

Because of a round-off error in calculating the thermal electron
density, some of the columns headed E(TH), DEL U,

(E(TH) + E(N))/DEL U and F(N) PRIME may be in error. To
correct these data by repeating the calculations is too expen-
sive; rather, only the calculations for the thermal electron
density and fluxes were repeated. These corrections are on
microfische no. (M.N.) 676 with the following format: the
first two lines contain O, NZ’ 02, THETA, ETHRM, ALT
where O, N2’ and O2 are followed by the respective densities,
THETA by the electron temperature, ETHRM by the electron
density, ALT by the altitudes for the calculations to which the
corrections apply. The latter are identified in the third line
and referenced table. Following these quantities, a table with

the headings N, U(N), E(TH), DEL and K(N) PRIME appears.
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33.

14.

16.

28.

31.
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The first three quantities are defined in paragraph 31 above and
K(N) PRIME is the thermal electron flux. The corrected value
of the total electron flux is obtained from the relation

F(N) PRIME = K(N) PRIME + H(N) PRIME, the latter quantity
being obtained as indicated in paragraph 31.

The final group of data labeled U(J), S, S(SIGMA), and repeats,
gives the energy group (see Table 1 of MS-75), the target, and
the loss function (Equation 26 of MS-75). The last column,
column 10, gives values of [ej]vj oA(],OZ) 102]

The guide to the microfiche for ISRAD calculations has
been previously presented (MS-75); here, only the changes

are given for the items of MS-75.

The quantity [e].]vj o,(i,S)[S] is incorrect; the correct quantity
(3, S).
1

i R 5 1
Replace N2(L uu) by Nz(Ln Eu, (_n nu, on I'lu).

i WO
is [eJ]vJ s

Replace EUPIP by EVPIP; replace TERMUM by TERMOM.

The corrections discussed in paragraph 32 of Section A. 3 apply
here with the following changes: the corrections are on micro-
fiche no. (M. N.) 633; the calculations to which the corrections

apply are identified on the third line.
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