551 59412

Metastable O ions in Martian atmosphere
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ABSTRACT. Production rates of atomie oxygen ions in the metastable states (*F and D) by photo-ionization
have been caleulated. Equilibrium distributions of these species have been calculated using recently measured rate-
coefficients of ion-atom interchange and other ionie reactions. Finally, the zenith intensity of the (7318 6.7330A)
multiplet of O+inthedayglow has been calculated and found to be approximately in the range 4-5-8-0R.

1. Introduction

For the ionospheric chemistry of the Martian
atmosphere, metastable ions are of importance
as they carry extra energy with them. Because of
this extra energy, some reactions may oceur which
are not possible for the normal states. For instance,
O+ (2D) ions may produce a simple charge ex-
change reaction O+ + COy - O + CO,+ which
is energetically possible.

In this paper, metastable ions O'(*P) and
O+(2D) in the day-time Martian atmosphere have
been computed.

2. Models for the ionosphera of Mars

Three different models, namely, F,, F, and
E analogous to terrestrial ionosphere have been
proposed by different investigators for the Martian
ionosphere (Chamberlain and McElroy 1966 ;
Donhaue 1966 ; McElroy 1967 ; Fjeldbo ef al.
1968; and McElroy 1969). These models are
shown in Figs. 1, 2and 3 respectively. The density
of respective neutral gas constituents are tabu-
lated in Tables 1 to 3.

The critical question is the temperature distri-
bution and photochemistry of ('O, in Martian
atmosphere. The temperature structure for these
models are given in Fig. 4. Itis evident from this
figure that F; model requires a cold temperature
profile which is not at all close to radiative balance
and this cold profile is also not consistent with
the measured amount of water vapour (Goody
1968). Further, the F, model gives no appreciable
differences between temperature of electrons, ions
and neutrals at this level, whereas detailed cal-
culations and experience with earth’s ionosphere
suggest that pronounced differences should indeed
exist. Because of these limitations, it is doubtful to
follow the F, model of the Martian ionosphere,

The possibility of an F; layer is also ruled out
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because the number density required at 125 km are
inconsistent with McElroy’s (1967) radiative-
diffusive equilibrium calculations by a quite wide
margin.

Existence of an E layer seems to be favourable
as it-wouldmot require a low temperature profile,
But all E region theories encounter particular
difficulties. If E layer does exist. the dissociative
recombination of CO,+ must have a rate coefficient
of 1078 which is very high and a laboratory in-
vestigation is clearly indicated.

Thus an appropriate model of the Martian
ionosphere is in doubt as yet. So, in the present
calculations, we have calculated the equilibrium
distributions of O *(*P) and Ot (2D) ions for all
the three models mentioned above.

8. Froduction rates

The photo-ionization reactions by which the
metastable O (*P) and O (2D) ions may be pro-
duced are —

OFP) + P(A< 663 A) > O+(*P) Le (1)
OCP)+P(A<T32A) > 0 (D) +¢ (2)

At an altitude z, the rate of production of the
ions due to photo-ionization is given by—

9(0)a, =72 n(P)x, n(0),

where,

(3)

¥2 = photo-ionization cross-section of O at
the wavelength A,

n(P)x. = photon flux density for the wavelength
A at the altitude 2 and

n(0), = concentration of O atoms at altitude z.

The productin rate of these ions for all wavelengths
below the threshold is obtained by calculating the
7(0)x, at the small wavelength intervals of the
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TABLE 1
F, Model of the Martian atmosphere

Altitude Temperature [CO,] [CO] 0]
(km) (°K) {em—2) (em—?) {em~3)
240 305 - 468 2 107 82107
230 385 530 % 107 1:2x 108
220 365 660 107 30108
210 350 8602 107 T-0x 108
200 330 — 110 108 0 H 10¥
190 300 — 1-40 % 10% 1-2 % 1¢¢
150 260 - 1-70 < 108 2- 5\ 100
170 220 300 1o 2:00 < 108 a-0x 100
160 190 (R (Y 3-T0 < 108 8 n,\m-
150 150 1-2x107 48032108 1:0x 10
140 120 3:2x107 620 x 108 2-1x 1m0
130 110 412107 T-10x ¥ 3 '}\lu"'
120 104 4-4: 107 1-80x10* 5-0 101
110 100 2.0 100 4-80 < 102 T2 1010
110 02 36 1mo 170 1o S0 e
00 R0 32 % 101 4-40 > 10 925 11
8]0 6 2.1 x 102 920 < 104 1:0x 101
70 50 1+2x 1013 400 x 101 403 101
60 50 60 101 <R —
50 a0 2-8x 101 — -5
40 115 2-1x1Mms = =
30 160 48 1015 = =
20 160 -8 10 - -
10 160 S8 10e - =

160 17 % 17
TALBE 2
F, Mcdel of the Martian atmosphere
Altitude Temperature [CO,] [CO] [0]

(km) (°K) {em=") (em—3) (em—™)
240 485 310 108 280 10° G015 107
230 480 1-30 % 108 630 % 108 1:03 108
220 475 320 108 100 107 I-.‘l\t]il'i
210 470 800 x 108 1-60 %107 1:6 3 10¥
200 465 250 107 220 107 20 108
190 460 960 5 107 4-00 - 1 2.8 10
180 450 2-00 > 108 820 % 108 40 108
170 445 T-30 108 1-40 % 10# 63 w108
160 420 1-6G0 -~ 100 2:80 2 108 1-0 100
150 390 4060 107 G-102 108 16 10%
140 350 160 1010 1-30 ¢ 100 2.0 (¥
130 300 5.00 > e 2-60x 100 50> 107
120 270 170 1011 630 10° 80 % 10°
110 230 630 1011 1-40% 1010 1+% 5 101
100 220 2-00 x 12 300 x 10 30 100
90 190 7:10:x 1012 700 1010 70 100
80 % = 160 2+ 80 1018 200« 101 2-2 3 1M
70 150 1:00 % 1014 500 < 101 4:0x 101
60 130 320 1014 L it
50 120 100 101 o e
40 125 400 1013 £S5 e
30 130 1-00 ¢ 101 'S -
20 140 320 101 = g
10 150 1:003 1017, =4 ot

0 160 200 % 107 s e

#* The number density of (CO]and [O] have been extrapolated after 100 km
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Fig. 1. F, model of the Martian atmosphere
(Fjeldbo and Eshleman 1968)
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Fig. 2. F, model of the Martian atmosphere
(Donhaue 1966)

solar spectrum below the threshold and by sum-
ming over all the calculated values, i.e.,

9(0). = ff Yx n(P)a; n(0), 4

The photon flux density at an altitude z can be
obtained by —

(P, = n(P)r, exp [—Z; ni, His 00 (5)

where, n(P))» = photon flux density at the top
of the atmosphere at the wave-
length A,

n;, = number density of i*d absorbing
constituent at the altitude z,

H;, = scale height of #*h constituent at
the altitude z and

0;) = absorption cross-section for "
constituent-at the wavelength A.
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Fig. 3. E model of the Martian atmosphere
(Chamberlain and McElroy 1966)*
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Fig. 4. Temperature distribution of Martian atmosphere for
three different ionosphere models
F, mode] (Fjeldbo and Eshleman 1968)
F, model (Donhaue 1966)
E mode] (Chamberlain and McElroy 1966 and Fjeldbo
and Eshleman 1968)

In expression (5), the summation in the ex-
ponential is carried out over three main absorhing
constituents of the Martian atmosphere, viz., CO,,
CO, O, and O. The vertical distribution of these
constitnents were taken from Tables 1 to 3 for
different models. O, profiles were taken from
Chamberlain and McElroy's (1965) paper. Ab-
sorption cross-seetions for (0, and CO were ob-
tained from tabulations of Sun and Weissler (1957).
For O4 and O, the ahsorption cross-sections were
taken from the data of Hinteregger e al. (1965).
The photon flux density at different wavelengths
were taken from the data of Hinteregoer alter
multiplyine each by 0 44, the dilution factor.
The photon flux density at the top of the Martian
atmosphere and photoionization cross-section of
neutral particles used here are givenin Table 4 asa
function of wavelength band. The calculated rates
of production for the two ionic species O+(2P)
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TABLE 3
E Model of the Martian atmosphere
Altitude o~ [0y [co) 104 (0]
(km) {em—3) (em—%) (em3) (em-?)

120 500 — 1-0x 10 — 4-1 % 112
110 470 Be0x 1on 4231012 2:1 X100 41101
100 430 1:8 x 1018 2:0x 10w 1-0:< 101 8-1xlon
90 390 7-0x 10U 1-0x 1018 80 101 3-3x1ow
80 350 1:0x 101 70X 1088 G5 1010 320100
70 310 40 101 31X 1 21108 16X 108
60 270 70 10 6-2x 101 102 108 5T 10

50 230 85 x 10 —_ —_ —_—

40 190 1-0: 1018 — - -

30 150 3531018 - - -

20 150 51101 — -- —_

10 150 8310 —_ — _—

0 150 1421077 —- — s

TABLE 4
Photon flux density at the top of the Martian atmosphere and photo-ionization cross-section of €O, €O, O, and O
at different wavelength bands
Photo-jonjzation cross-section for
Wavelength Photon flux density —— - ————— A —

Band at the top of the 0, 0 co COy
Martian atmosphere (em®) (em?) (em?) (em*)

(A4 25A°)

[phontons em~2 sec {A0AT) 1]

21 3109

3-2x10-2

50A 000456 < 1010 0- 165> 10.18 0-22x 1018
100A 00152 x 10w 0-66 x 10.18 065 » 10-18 7-5 xX10-¥ 1'83x10-18
150A 00269 10w 2-060 < 10.8 1'1 x10.18 1-15¢10.18 4:2x10.1%
200A 0-0556 * 101 G682 x10-18 3-2 x10-1#® 2-61 % 10-18 1-93<10-47
250A 0-0724 x 10w 10-5 > 10.18 57 x10-»# 3-6 x10-18 263 10-7
J00A 00465 < 10w 15-7 %1018 §-1 x10-18 5+0 x10.18 15 10-17
350A 0-0189 <101 20:3 x10-18 87 %10.18 1-0 x10-v7 246107
400A 00216 > 1010 23-5 %1018 108 x10-18 15 x10.7 22X 10-V
450A 00243 x 1010 24-1 % 10.1 11:1 X 10-18 2.0 x10.17 2:4%10-17
500A 0-0303 x 10w 265 x10-18 12:9 x10.2® 1-9 %10 2-7 101
550A 0-0357 x10w° 26-5 > 10.18 13-0 x10-22 1:'9 x10.27 2-9x10-17
GO0A 0-0300 x 1019 27:6 1018 13:0 x10-18 1'8 x10.27 3:0<10.17
650A 0-0422 x 1010 36 1028 11'8 x10.18 1-7 x10.% 2-2%10-Y
700A 0-0456 > 101 26-2 % 10.1®8 $-6 x10-18 1-6 1047 1-810.77
T50A 0-0487 < 10w 214 x10.18 56 x10-18 1:3 %10.7 3-010-17
S00A 0-0693 101 12-9 x10.18 3-3 10:18 1-:6 %1017 1-5% 10-77
B50A 0-276 X 10w 82 «10.18 3-2 %1028 1-8 x10-17 1-1x10.%7
900A 0:326 x1010 56 2 10.28 31 K10.1# 2-3 x10.17 4005 1018
950A 00968 101 3-4 1018 0-56 > 10-1®¥ 1-3 1018 GG 1017
1000A 0-0260 1010 19 > 1p.8 0003 10.18 2:8 % 10.¥ 34107
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Fig. 5. Produetion rates of 0™ (2P) fons in the
Martian atmosphere

and O+ (2D) are shown in Figs. 5 and 6 respec-
tively. These figures show that the maximum
rates of poduction for both the species occur at
about 100 km,

4. Equilibrium concentrations

4.1. O+(*P) dons— These ions are produced,
as mentioned before, by the photo-ionization and
also by the spontaneous transitions from excited
states of O+ ions, which are produced when inner
electrons are knocked out (Dalgarno et al. 1963).
However, the later ones can be neglected because of
its small cross-sections. O+(2P) ions undergo
spontaneous transitions to 2D and 4S states by —

4,
0+(P) > 0'(2D) + P (A 7330 A) (6)
4,
0+(2D) - 0+(48) + P (A 2440 A) (7)

The transition probability 4, and 4, are
0-318/sec and 0-080/sec respectively (Nicholls
1964). These can be de-excited by super-elastic
collisions with electrons, i.e.,

kB

O+(®P) + e - O+(2D) 4 e (8)
ky

O+(*D) + e > 0+(48) +- e (9)

The rate coefficients kg and %, are L % 1077 cm?®
sec! and 22X 10® cm® sec™! respectively
(Seaton and Osterback 1957). Also, these ions

240 PRODUC TION RATE OF O (2D )10NS

200

ALTITUDE CKm)

120

B

Lot [PRODUCTION RATE cmi® seé']

Fig. 6. Produetion rates of 0™ (2D) fons in the
Martian atmosphere

will undergo ion-atom interchange with atmos-
pheric molecules, namely,

ks
O+ 40, > O +0 (10)
bll
0+ +C0, - O 4 CO,* (11)

Loss of O+ ions also oceurs through the radiative
recombination

kli
O+ +¢ > 04 P 12)

However, it may be neglected because, k, —
4xX107" cm?® sec ! (Biondi 1964) and electron con-
centrations over whole of the ionospheric altitudes
are small, for it will be an effective loss mechanism.

\Hence, if ¢, (O+) denotes the rate of production
of O+(*P) due to photo-ionization and =, (O+)
its equilibrium concentrations, we have at the
equilibrium

a0 = 2.(07)
; (Ag-+Ar) +(kg+Eo)n(2) +Esg 7(05)-+ 1, n(CO,)
: (13)
4.2." O+(*D) dons—These ions may be

produced by reaction (2), by spontaneous transi-
tion (reaction 6) or by super-elastic collision (reac-
tion 8) from 2P states.
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Fig. 7. Equilibrium econeenirations of O-+(*FP) jons

They are lost to the ground state by super-elastic
collisions

Ty
O+(2D) 4-e - O+(*8) + e (14)

(Dalgarno et al. 1963), whose rate-coefficient is
3 % 1078 cm® sec™! (Seaton and Osterback 1957)
and also through the ion-atom interchange
reactions (10) and (11). The loss of O (D)
through spontaneous transitions to the 48 state is
negligble since the corresponding transition proba-
bility is 1-7 X 1075 sec™* (Nicholls 1964).

Hence, if g,(0 ') denotes the rate of production of
O+(2D) by photo-ionization and n,(07) its
equilibrium concentration, then at equilibrium,
‘12(0 )—I—As m(0)n(e) + kg n,(0+) n(e)

kyy n(e) - kyp n(0s) 4+ kyy 0(CO,)
(15)

ny (0F) =

5. Radiation from 0" (:P)

O-+(2P) ions undergo spontaneous transitions to
2]) state (reaction 6) radiating the multiplet (7318-6
—-7330-7 A), for which the transition probability
isequal to 0-318 sec™. Hence, the volume emiss-
ion at any altitude z is given by —

R,— n,(0+) X 0:318 (16)

The integrated intensity of this radiation is
calculated in the following way. The altitude

region under consideration is divided into thin
layers such that the emission rate in each of them
is approximately constant,

Intensity from each
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Fig. 8. Equilibrium concentrations of O-+(*D) ions

layer is obtained by multiplying mean R, with
the layer thickeness. Summation over all the layers
gives the integrated intensity.

6. Resulis and diseussions

Swider (1965) has shown that if k&, =
310722 cm3 sec™ for night time earth’s atmos-
phere are assumed, results in agreement with the
ionospheric composition determined by rocket-
borne spectrometers are obtained. Recently,
Ferguson et al. (1965) showed that for ions in the
ground state %y = 4 X 1071 em?® sec™! at 300°K.
Ionospheric caleulations indicate that these
coefficients are temperture dependent. According
to Ghosh (1967), %y, should be taken as—

kyg=8x 10712 (1200/T)1/2 cm? sec™ (17)

where, 7' is the absolute temperature appropriate
to the altitude under consideration.

For %,,, Norton et al. (1966) found it equal to
1:2 & 0-4 X 1079 cm3 sec ! at T' = 300°K. As,
no other value of k,; are available its temperature
study could not be done.

Using Eq (17) and &, = 1-2 x 107% cm?sec ™ the
equilibrium concentrations of 0 (2P) and O+(“‘D)
ions have been calculated and are shown in
Figs. 7 and 8 respectively as a function of altitude.

From relation (16), the integrated intensity R
for the transition from O +(2P) and O+(2D) states
is calculated and is tabulated in Table 5. From
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TABLE 6§

Intensity of the radiation from 0+ (*P) to 0+ (:D)
¥, Model F, Model E Model
(Rayleighs) (Rayleighs) (Rayleighs)
460 5560 7-58

For E model, the intensity R has been calculated from
120 km~0 km altitude because it is difficult to extrapolate the
number density of constituent gases above 120 km in the
Chamberlain and MoElory’s (1866) paper. Then from seeing
the production rate in F, and ¥, modetethe intensity (R) for
240-120 km has been assumed and thus total intensity has
been found.

this table, it is evident that the intensity for this
radiation lies within the limit 4-6 —8-0 Rayleighs.

Experimental measurements of this radiation have
not been carried out till now. Therefore, it is sugges-
ted that the temperature dependence of reaction
(11) should be carried out and the experimental
measurements of R to be done becanse the experi-
mental observations on this radiation would help
in constructing a better theoretical model.
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