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Introduction

In the range 48 to SOX, the important scattering processes for the

light elements are K or L photoionization with fluorescence, Rayleigh

R

and Og = Zqé. Since the loss of energy per Compton collision is less

than .0l percent and the magnitude of Opr precludes a significant con-

scaftering,_and Compton scattering. Roughly Opy = (100 to 1000) x ¢

tribution from multiple Compton collisions, the Compfon scattéring will
" 'be treated as an addition to Rayleigh scattering. The differentialiComp-
ton cross'sgction has a % (1 + cosz\f) dependence, whereas the differential
 Rayieigh cross section is a.function of Ei%ﬁl .

The planetary atmosphefes will be considered plane-parallel layers.
The atmospheres are assumed to be thick for x-rays. A spherical coordi-
nate system is defined to describe the surface of the planet, Figure‘l(a).
‘The polar éhgle Yis the anglé between the sun-and-a surface element of
.the,piaﬂet; and the aziumthal angle 6 is measured in the plane of the sun,
observér, and planet. Another coordinate z describes the depth in the

atmosphere, Figure 1(b).

p(z) = density of the atmosphere at 2
: z
R(z) = . pz) dz
xA) = photoionization cross_section/unit mass .
a(N\) = combined Rayleigh and Compton total cross seétion/unit'mass
RO\ = L) + o)
G+(6§£r), = cos F A geometric factor that reflects the fact that

photons which enter the atmosphere at (f traverse

\ - longer path lengths than photons which travel



perpendicular tothe layers of the atmosphere, see

Figure 1b.
G_(6,%) = 1/cosbp (cbs B + tanysin B cos 8) The geometric
| factor for emergent photons.
a : = fluores:lzence photons emitted/photons capt’ured" by
photoionization, the fluorescence yield.'
N = solid angle of the observer.
Fo(%.) cos ¢ = flux from the sun above -the. atmosphere at ¥.

. The emergent radiation from each surface element dA = r2 siny déd ¢

is calculated. The flux at z which has not suffered any scattering is

F(z,\) = F'o()\.) cosy exp (-K(\) R(z) G+).

The contribution dERl by photons that Rayleigh (or Compton) scatter
at z and scatter no more is calculated. Similarly the contribution dERn
by photons that Rayleigh scatter at z and Rayleigh scatter n-1 times more

is calculated. Then ERn is found by integrating overall z

zZ =od
ERn W) = J ' dERn .
z

The total energy from dA is found by summation over the number of scat-

terings



The total flux from the entire planet is

L, &) = I EdA.

A
The emgrgent line flux IL(xK) at xK, the K limit, is the integral
of contributions from photons that were absorbed from all wavelengths
' X AK. dEKn(x) is the contribution by photons that K scatter once :

and Rayleigh scatter n-1 times.

B )\K,
a0 f J A0
“z = ~a” A ‘

) o
n=1

) B Oy aa

E, (h)

I, O
In reality, the ELl and ERl terms are the only significant ones. In-

stead of an exact calculation for ELZ’ EL3"" and ER2’ ER3"" an upper

béund for these terms will be found.



Calculation of K Fluorescence Flux

Only one sequence of events is possible in the ELl scattering process.
aE | = [Fo (\) cos exp (-K(\) R(z) c+)] [x(x) ar(2) ¢

x [@ z’—;J | [egp (KO R(2) 6 )]
The fi;rst féctor is .t:he incident flux at z; the second factor is the pro-
bability that a photon is absorbed by photoionization;. tﬁe tﬂird, the pro-
" bébility that a fluorescence photon is emitted.into the solid' angle of the

observer; the fourth, the probability that the photon escapes the atmosphere.

o

dELl (K) da

A= }\.K
F (\) d\ cosyp O
= ] 4x
KD | KO G
KD XN E:
" AN=o0
A=
F ) da )
K(K Yo cos P since KV(‘)\.)ZK(}\,) .
x(x) G
A=

Two sequences of events are possible in the ELZ process.
(1) The photon is K captured at R(z), and the fluorescence photon is

Rayleigh scattered at R(z,).



(2) The photon is Rayleigh scattered at R(z), and the photon is K

prgéessed at R(zl).
Z : ) . : ‘
. (
By, = [Fo(x) cos ¥ exp (-K(\) R(z) c+)]
4 - o zZ = - z, =z w :

% E((x)'d R@) G, [ @ [exp (-KO) (R(z)) - R(2)) Gl)]

d '- ' : '
x [ :;?K2;1d R(Zl) GJ exp (-K(XK? R(zl) G_J

Gy

from z to z

is the geometric factor for the path that the photon traversed in going
i. The sequence of the brackgted expressions follows the sequence
of thé eveﬁts in the scattering process. The w integrainis taken over all
directions of the first K emission.

M

FO(X) cos N/ 4w 1 ' ¢, 49 <>"K) dw

= - a ax .
A‘ 2 14 XOy) 6 X () G, +¢)
K(\) Gy _

do , EQ, where Eg is the differential Rayleigh crosé section for scattering
do T 4= 4x

with infintesimal change in direction.

v Then

do(xk)‘ i o
¢ & < €1 & -
G, + G, Gt



If Y is the angle between the z-axis and the direction the photon takes,

P
, ‘ 1 o /4x 21 sin 1.
[actin o, [ ebm T L Lo,
JG +GC , T+ C. T
® S o o5

‘The maximum value for the function é— 2L + G;) is 1.

Hence

W 4 [ F,0) cosy o 00 0,0
By & ix A0 & 20 s SR T
o

By a similar calculation,

(2) l an XK Fo()\) cosy o (\)
Bo £ ix "0 & T P
LR T
o

Let Q = maximum of o(A) for the pertinent range of A, Then

7
@ ®» @)
By ¢ By Qand By =E, +EK, ¢2E&; Q

It can be shown by similar calculation that

n
En é’?} EL1 Q



Then

- 2
L ELlé2Q-93£.01.
L1 a-o

This estimate is very generous for the elements with Z > 6 in the range
x »58. Thus‘multiple Rayleigh scattering contributes insignificantly

to line formationm.

AT G
1+ = —
700 G,

AR
I'L O\k) =jj Fo(k) an cosqaz._/j?;. d A.
A o



Calculation of Rayleigh and Compton
Scattered Fluxes

All the Rayleigh calculations are similar to the K calculationms.

E = F;)()\) exp (~-K(\) R(z) G"'ﬂ .[ddisxz n dr(z) G+],

R1
Jfexp (-K(\) R(z) G_)]
Z = =

where

d—gﬁz‘l is evaluated at -s-l-;-:—ﬂ .

The approximations that were used in the previous section are also valid.

| 2
ER-ERlz;ZQ-Q ~ .O0L.
Er1 a- o’
Hence
Loy an= | ™ty Ll 4 a
1+ %2 X0
G, |

A
The assumption of a one constituent atmosphere was implicit in the cél-
culation., However the results can be modi,fied easily for a multiconsti-
tuent atmsophere in which the relative amoﬁnt of each constituent is a

constant of depth. If Fi(z), xi(%.), and oi(k): are the descriptive vari-



ables of the i-th constituent, and if

p; (=)

3

is independent of z,

% &
F_(\) cos f. e
I d\ = 2 A 1 dA
[T
| A G, g X
and
A
F (\) cosy Ot .-_IL f’i X )

I.LO\Ki) = —e— d
“ZG XJ(K) 6 'ijj o

A Zj 0 <,

dA.



10.

Numerical Results

Absolute fluxes were computed from theoretical calculations of
Mandel'Stam and from a solar spectrum of Neupert, et al. The spect-
trum was normalized by Mandel'¥tam's fluxes for an electron tempera-
ture of 2 X 106 °k. For wavelengths outside Neupert's spectrum, Mandel'’
¥tam's fluxes were smoothed and used directly. The expectéd fluxes from
the moon,‘venus, and mars are presented in table 1. Because the surface
of the moon is rough, the calculations for atmospheres does not apply for
the moon. The ratio G_/'Q+ is complicated. Héwever, when 8 = 0, G_/G+ =
1 for .rough surfaces as well as for smooth atmospheres, and the calcula-
tions are precise. The compositions of the moon, mars, and venus were
taken from Turkevich et al, Chamberlain and McElroy, and Kliore et al,
respectively. The fluxes in table 1 are for full moon (8 = 0) and full
mars (B = 0). B = 96.5° for venus. Figure 2 shows the continuous re-
flected spectrum of the moon and the sun spectrum of Mandel'Stam. The
reflected spectrum reproduces the sun spectrum at a reducéd intensity

and exhibits the fluroescence lines of its constituents.,



Table 1

Moon
Relative 2
Element Abundance Fluorescence Line (X) Flux (ergs/cm”/sec)
0 58 23.62 1.3 x 10710
-12
Na 1 11.9, 11.6 1.39 x 10
Mg 3 9.89, 9.52 1.84 x 10”2
Al 6.5 8.34, 7.96 1.45 x 1072
si 18.5 7.13, 6.75 7.76 x 10713
K 2.5 47.2, 47.7 7.20 x 10_'12
Ca 4.5 40.5, 36.0 ’ o
’ 41.0, 36.3 1.32 x 10
Fe 6 15.7, 19.8, 17.3 ' 1
20.2, 17.6 1.59 x 10
Element Flux counts/sec/cm2
Mars Venus
* * ' %* *
44 percent CO2 70 percent CO2 83.3 percent 002 95 percent CO2
C 6.59 x 10°° 4.11 x 107 4.57 x 107 4.87 x 107
N 6.50 x 10°° 1.85 x 107 1.06 x 10™° 0.388 x 10~
0" 5.38 x 10°° 3.66 x 107 4.07 x 10~ 4.87 x 107

*
( remainder N2)
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" TO OBSERVER==-
(IN xz PLANE)

Figure 1b
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