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ABSTRACT

Solar X-ray control of the E layer of the ionosphere is
investigated. Electron production rates between 100 and 140 km
above the earth due to 31-100 A° solar X-ray flux extrapolated
from X-ray data recorded by N.R.L. experiments on Explorer 30,
0GO-4, and 0SO-l4, and due to reported Lyman alpha flux from rocket
and satellite experiments are calculated to show that about 70% of
the E-lagyer ionization is contributed bty the X rays. Calculated
E-layer electron densities due to solar X-ray flux on two typical
days are campared with the E-layer electron density profile.
foE/cosx over Ottawa (4, N) and Washington, D. C. (39° N) during
November 1966 to March 1967 are seen to be closely related with
44-60 A° X-ray flux measured by the N.R.L. detector on Explorer 30.
Correlation with 8-20 A° flux is poorer. ( foE)h/cos ¥ over
Manila (15° N) and Breisach (48° N) during the period July 1966
to June 1968 exhibits a linear relation with X-rey flux. The

relation is given approximately by:

(foE)h/cosx = a+b . F(31-100 A°)
+ ¢ - F(10-30 A°) .




The first term represents ionization due to XUV and is
related to the 1l-year sunspot cycle. The second and the third
terms represent X-ray contribution and show day~to-day variation
depending on the daily solar activity level, in addition to the
11-year variation with sunspot cycle.

Effective recambination coefficients of the layer calculated
from the term coefficients are in agreement with accepted values.

It is concluded that 31-100 A° solar X rays which contribute
about 70% of the E-layer ionization on a day of moderate solar
activity are responsible for day-to-day variations in the E-layer
index. Contribution of 10-30 A° solar flux to the E-layer ioniza-

tion is small except on a day of high solar activity.




I. INTRODUCTION

According to contemporery theory E~layer formation is due
to the following ionization processes:

(1) 1Ionization of molecular oxygen and molecular nitrogen
by 10-100 A° X rays;

(2) ITonization of molecular oxygen by XUV-radiation in the
Lyman g line (1025.7 A°) and by Lyman continuum (865-912 A°); and

(3) Atamic oxygen ionized by XUV-radiation in Lyman
continuum and by X rays.

The problem of relative importance of these processes is not
yet resolved.

In this paper we have evaluated the relative importance of
X-ray and ultraviolet ionization from a correlation between foE,
the ordinary ray critical frequency of the E layer, and integrated
solar X-ray flux in 8-20 A° and Lb4-€0 A° bands recorded by N.R.L.
detectors on Explorer %0, 0GO-4, and 0SO-U4 satellites. The daily
average of solar flux in these bands is reported in I.E.R., solar
geophysical datse bulletin published fram ESSA, Boulder, by the
U. S. Department of Commerce. foE data used in the present
analysis were supplied by Ionospheric Tele~Cammunication Laboratory,

ESSA, Boulder, and Air Force Cambridge Research Laboratories,




Massachusetts. XUV data are taken from published papers by
Neupert [1964] and Hinteregger et al. [1966].

Results of the present analysis show that about 70% of
the E-layer ionization is due to 30-100 A° X rays. Day-to~day
variation of the E-layer indices is traced to the relative

importance of X-ray ionization.




IT. INSTRUMENTATION

Explorer 30 satellite was launched on 18 November 1965 by a
NASA Scout vehicle from the NASA station at Wallops Island, Virginia.
The orbital elements of the satellite are: apogee altitude, 899 km;
perigee altitude, 691 km; and inclination, 58°. The satellite
transmits the recorded solar X-ray and UV data in real time by means
of an FM/AM telemetry system operating on a frequency of 136.530 Mc/s.
In order to provide continuity of 44-60 A° and 8-16 A° X-ray
monitoring during those periods when the satellite is out of range
of the NASA STANDAN network, a storage system has been included which
samples the output fram each of these photometers once every five
minutes. The stored data are transmitted to the ground station by
a separate digital transmitter.

The system of X-ray detectors consist of six photome*ers and
four G.M. counters with different window thicknesses. The bands
covered are 0.5-3, 1-8, 8-20, 0-20, and 44-60 A°. The G.M.
counters cover the 0.5-3 A° and 1-8 A° regions. In Table I all
the information mertinent to the 1-20 A°, 8-16 A°, and 4L4-60 A°
detectors is presented, while the wavelength response curves are

shown in Figs. la and 1b. Table I contains the angular positions

equivalent to the letter positions designated in the figures.




An aspect system, included in the iunstrumentation, measures
the aspect angle between the satellite equatorial plane and the
satellite-sun direction. The angular resporse of all photometers
has been measured and correction for the aspect angle is obtained
from these measurements. The satellite produces useful date during
periods of good aspect which is gbout 300 days in a year. For the
rest of the time the aspect angle is too large to allow reasonable
corrections [Kreplin, 1966].

Grey body spectrum is assumed for reducing signals to flux

© ok for Lh-60 A° range and T8 =2 g 100 °x

values with Tg = 0,5 x 10
for 8-20 A®° and 0-8 A° ranges. The current flux conversion factor
for each photameter and each wavelength band has been calculated.
These conversion factors are given in Table II [Kreplin, 1966].
Explorer 33 (1965-93A) ceased to function on 12 November 1967.
Navel Research Laboratory's X-ray monitoring experiments on

NASA's 0GO-4 and 0SO-4 satellites are the sources of data from
November 1967. The detectors on these satellites are similar to
those on Explorer 30 and the method of data reduction is also

similar [Descriptive Text, Solar Geophysical Data, February 1968].




III. DATA AND ANALYSIS

Explerer 30 X-ray data published monthly in I.E.R. solar
geophysical data bulletin consist of tables of observing times
and daily averages of solar X-ray flux. Outstanding events are
also listed. The table combines the data reported by the N.R.L.
Laboratory; ESSA, Boulder; and Aberdeen, South Dakota.

X-ray and ionospheric data for nearly two years from June
1966 to March 1968 are used in the present analysis. Midday values

of the E-layer indices are considered. Weekly and monthly averages

- of both X-ray and ionospheric data are computed in order to

eliminate scatter due to probable observational errors. foE values
over Manila (15°N), Washington, D. C. (38°N), Ottawa (45°N), and
Briecach (48°N) have been used in the present study. These stations
are chosen to include both low latitude and mid-latitude stations.
Doubtful or uncertain cvbservations and flare events are excluded
from the averages.

Weekly and monthly averages of X-ray flux are obtained from
publiched daily averages. It is now known that 21-100 A° solar flux
remains nearly constant over & period of about 24 hours except during
a flare, Deily average, therefore, is a fairly reliable approximation

for the midday flux. This approximation, however, is less reliable for
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10-20 A°, flux. However, non-flare 10-20 A° flux is small coam-
pared to 21-100 A° flux. Hence relative importance of non-flare
10-20 A° contribution to E layer is small. For camputing X-ray
flux average only those days are included for which f oE average
is camputed.

In Figs. 2 and 3 weekly averages of midday foE over
Washington, D. C. are plotted together with weekly averages of
F(8-20 A°) cosy and F(44~60 A°) cosy for November 1966, January
1967, and February 1967, x being the midday solar zenith angle
for the corresponding week. Similar plots for Ottawa are shown
in Figs. 4 and 5. Correlation with 44-60 A° flux is more than
90% for both the stations. Correlation with 8-20 A° is poorer.

In Figs. 6 and 7 monthly averages of (f oE)h/cc:'.m over
Manila and Breisach are plotted against monthly averages of
F(L4-60 A°) for the period July 1966 to March 1968. A linear
relationship between the two quantities is clearly evident.

The scatter may be attributed to:

(1) Experimental Error. At low flux values calibration uncer-

tainty is relatively large. Error in foE measurement is of
greater consequence because the quantity appears in the fourth
power.

(2) Change in XUV Contribution Due to Change in XUV Flux.
1968 XIV flux value would be higher than 1966 value because of

sunspot maximum in 1969.
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The positive intercept on the X axis gives the mean XUV
contribution. The value of this intercept is ~ 80 units in both
the figures. The slopes are also equal being ~ 60 units per
0.1 erg of 44-60 A° flux, 44-60 A° flux is about 23% of the total
31-100 A® flux. This gives a slope of ~ 200 units per erg of
31-100 A° flux. The dotted line in Fig. 6 corresponds to the
upper limit while those in Fig. 7 correspond to lower and upper
limit of XUV contribution.

Figures 8 and 9 show the relation between F(8-20 A°) and
( foE)s/cosx over the same stations for the same period. There
are fewer points in these two figures than in Figs. 5 and 6 due
to lack of useful F(8-20 A°) data. One interesting point clearly
evident in Figs. 7 and 8 is that E-layer index is independent of
F(8-20 A®) for flux values less than 1072 erg/c:m2 sec. It will be
shown later than ionization due to X-ray flux less than 1072
erg/cm2 sec is small compared to E-layer ionization. For higher
values of F(6-20 A°), (foE)h/cosx is linearly proportional to
the flux. The slope for both the stations is ~ 22 units per
0.1 erg of flux. 10-30 A° flux is about 1.2 times the 8-20 A°
flux. Hence the slope is 18 units per 0.1 erg of 10-30 A° flux.

This value is slightly lower than that for 31-100 A° flux.
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IV. THEORY

Ionization processes in the E region are:

(1) Molecular oxygen ionized by 10-100 A° X rays and by

: ultraviolet radiation of Lyman B type an also by the Lyman

continuum at A < 910 A°;
(2) Molecular nitrogen ionized only by 10-100 A° X rays; and

(3) Atomic oxygen ionized by ultraviolet radiation of the
Iyman continuum at A < 910 A° and by X rays. |
The unit optical depth for the 10-100 A° spectral range is

concentrated in the layer about 20 km thick centered near 105 km.

But due to K absorption edge of nitrogen and oxygen (see Figs. 10

and 11) two spectral ranges must be considered, viz., 10-30 A° and

31-100 A°. Both these ranges have comparable absorption cross-

sections. The photoionization for each atomic or molecular constituent

may be calculated from the equation

A
q®) = [11 () ot () M () o, B) ar (1)
o

[Van Zandt and Knecht, 1964]
where 9y oi, and Ni are the lonization rate, absorption cross section
i
f -y . - e
Z
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and particle density respectively of the ith constituent; ¢ is the
radiation flux at height h of wavelength A, Ai is the longest wave-
length at which photoionization of ith consiituent occurs and Ti the
ionization efficiency (ion pa.irs/photon absorbed). The total rate of

electron production at height h is given by

a() = f q; (h) (2)

Solar radiation ilux ¢ at the height h is related to the flux ?,

above the earth's atmosphere by the equation
- h
o, b) = g (e TR (3)

The optical depth T is given by

7(A,h) = sec x T oi Ih Ni(h) dn (&)

For a plane wave of monochromatic ionizing radiation of

wavelength A s Eq. (1) may be written in the familiar Chapman

form:

q(h, Ay X) = @o)\o cosy, ’n()\o) T;:{ih) exp [-'ro(h)]
(5)
— T A

sl g

NG
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Nn) = I (wi(n) = N, ew - L

and Ho is the scale height assumed to be constant above ho. To in
Eq. (5) corresponds to average effective optical depth.

Total electron production rate is obtained by adding the
contributions due to radiation of all wavelengths above the

ionization threshold, i.e.,

X
2
a(h, x) = £ alh, A, x) (6)
A=A
o 1
Nfh) and Ni(h) profiles which depend on solar activity are
available from the atmospheric models compiled from rocket data for
different solar activity levels. ci's are available from laboratory
measurements. Figures 10 and 11 show the values of oi used in the
present work. CIRA [1965] mean atmospheric model is used for Ni(h).
Knowing the radiation flux ionization rate at different heights can
be calculated using Egs. (1) and (2) or (5) and (6). As the
satellite measurements give integrated flux over different bands it
is necessary to know the spectral energy distribution within the band
for computing q. .
Grey-body spectral energy distribution is a.ssumed for solar

X-ray emission with Tg =2 X lO6

X 106 °K for 21 -100 A°® range.

°K for 8 - 20 A°, and Tg - 0.5

/




14

Results of the computations are given in Figs. 12 through 15.
Figure 12 shows the computed molecular oxygen and nitrogen ion
production rate per unit energy flux in each of 31-40 A°, 41-60 A°,
and 61-100 A° bands for overhead sun. X-ray ionization of atomic
oxygen is small compared to ionization of molecular oxygen and
nitrogen.

Figure 13 shows the computed total ion production rate by
1.0 erg/cm2 sec flux in 31-100 A° range together with contribution
due to 31-40 A°, 41-60 A°, and 61-100 A° bands. Computed ion
production rates due to 10-100 A° flux on 6 April 1967 and due
to 1963 value of XUV flux [Hinteregger and Hall, 1966] are plotted
in Fig. 14,

Figure 15 shows the computed electron density due to
31-100 A° flux on two typical days together with midday E-layer
electron density in the month of April over White Sands, New Mexico,
after R. W. Knetch [Ionospheric Radio Propagation, Davis, 1965]-

foE is related to Ne, the electron density of the layer by

the equation
2
(£,E)" =81 Ne (7)

where £ E 1s given in ke/s and Ne in number per c.c.
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The continuity equation for E layer may be written as

2
g—g—:=q-aeNe (8)

where @, is the effective recombination coefficient of the layer.
In equilibrium condition we have,
L
> ae(foE)

q=alNes = 2 (9)
€ 6.% x 105

Since q is proportional to cos %, we have

ae(foE)“

= (10)
% 6. 56)(103 cos ¥ :

or

q, X 6.5 x 103 cos X

¥ = (¢ E)li (12)
0

vwhere q, is electron production rate for y = 0. Since q, is propor-
tional to the radia_._'l':@on flux and is calculated by meking use of
Egs. (1) and (2) or (5) and (6), @, can be calculated if the ratio

of rediation flux to the corresponding (foE)h/cosx is known.
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V. RESULTS AND DISCUSSION

Combining the results from Figs. 6 to 9 it is possible to

arrive at the following relationship:

(foE)h/cos x = a+b F(31-100 A°) + ¢ F(10-30 A®). (12)

Since (f'oE)"t is proportional to the rate of ion production (see
Eq. 10), Eq. (12) gives a quantitative measure of the relative
importance of X-ray and XUV contribution to E layer ionization.
The first term on the right hand side represents contribution due
to XUV, the second term represents 31-100 A° contribution, and
the third term 10-30 A° contribution. Average values of a, b,
and ¢ calculated for six-month periods by solving simultaneous
equations with different sets of monthly values during the period

are given in Table III. a has the unit of (Mc/sec)h while b and ¢

are expressed in units of (Mc/sec)h/erg em™2 sec™. The value of /\«

a which gives the XUV contribution is seen to increase by a

factor of 2 from July 1966 to June 1968. This indicates that the

XUV flux should have increased by the same factor during the

period XUV flux is known to be related to average sunspot numbers.

In Fig. 16 half yearly average values of a are plotted together with the

half-yearly average of sunspot numbers. There is a close agreement
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between the two. For 1963 value of solar XUV flux recorded by
rocket and satellite experiments [Hinteregger and Hall, 1966],
camputed maximum ion production rate at E-layer height is

1.6 x 103 ions per c.c. per sec (see Fig. 14). The 1967 value
would be close to the 1963 value because of the sunspot
minimum in 1965. Using this value of q, and substituting the
1967 January-June value of a for (foE)u/cos x in Eq. (11) one
obtains

3

@ = 1.0 x 10~ cm gee ™t

e

The second term in Eq. (12) contributes the major part of
E-layer ionization. 31-100 A° flux which shows day-to-day
variation depending on daily solar activity level, in addition
to ll-year variation with sunspot cycle, was found to lie
between O.Land 1.4 erg/t:m2 sec during the period under study.
The minimum value of the flux thus caused 50% of E-layer ionization
and the maximum velue caused more than 80% of the ionization.
Hence, on a day of moderate solar activity 31-100 A° X rays would
contribute about 70% of the E-<layer ionization. This is in agree-
ment with the computed results shown in Fig. 1k. From Fig. 13
maximum rate of ion production at E-layer height due to 1 erg of
31=100 A° X rays is 9 X 103. Using this value for q, and sub-
stituting the value of b for (foE)l‘/cos x in Eq. (11), one

obtains

- =7
a, = 3%x10 ' .
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Contribution due to the third term is small because 10-30 A°
flux which is highly sensitive to solar activity is ususlly small
campared to 31-100 A° flux. Daily average of 10-30 A° flux varied
from 1.2 x 107 to0 8 x 1072 erg/r:m2 sec during the period under
study. For the maximum value of the flux its contribution to
E layer ionization was about 20% of the XUV contribution and less
than 10% of the total E-layer ionization. The minimum value of
the flux (1.2 x 1072 erg/cm2 sec) contributed less than 1% of the
total ionization.

It is interesting to note that ¢, the coefficient of the
third term,is lower than b, the coefficient of the second term.
This means that at E-layer height 31-100 A° X rays are more
efficient ionizing agent that 10-30 A° X rays. This is so because
31-100 A® X rays lose almost all their energy between 95 and
115 xm ailtitude, but a part of 10-~30 A° flux leaks below 95 km
altitude due to K sbsorpiion edge of nitrogen and oxygen molecules
(see Figs. 9 amd 10). The third crefficient c ylelds a value of
a, = 3 x 10'7. It is significant that both the X ray terms in
Eq. (12} yield the same value of a, while the XUV term yields a
lower velue of a,. X rays ionize mainly molecular oxygen and
nitrogen, the yield from nitrogen being higher than that from

oxygen. XUV on the other hand ionizes atamic and molecular

oxygen.




19

Recent laboratory observetions of the dissociative re-

combination coet'ficient of the constituents indicate

aD(Na) = (2.8 +5) x 10~7 cm3/sec Biondi [1964]

a‘D(O2) = (2.0 +5) x 1077 cm3/ser: Biondi [1964]

CLD(NO) = 3.2x 1077 cmi/sec Doering and Mahan
f1962)

These values are in good agreement with the Q, calculated
from the X-ray term in Eq. (12).

iz s it
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VI. CONCLUSION

Fram the results discussed above it is possible to make the
following conclusions:

(l.) 31-100 A® X rays contribute about 50% of the total
E-layer ionization on a day of low solar activity, 70% cf the
ionization on a day of moderate activity, and more than 80% of
the ionization on a day of high solar activity.

(2) The response of the E layer to the day-to-day solar
activity level may be traced to the relative importance of X-ray
ionization.

(3) The variation of E-layer ionization over a sunspot
cycle may be traced partly to variation in XUV flux but mainly to
the variation of 31-100 A° flux, which varies by a factor of more
than 5 fram solar minimum to solar maximum.

(4) Contribution of 10-30 A° flux to E-layer ionization is /\
small except on a day of high golar activity or near solar maxima.

(5) Effective recambination coefficient for X-ray ionization

agrees with the experimental values of dissociative recambination of

the molecular ions.
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TABLE III

July - Dec. 1966
Jan. - June 19€7
July Dec. 1967

Jan. - June 1968

55

78

100

200
205
200

190

180
175
185

170
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FIGURE CAPTIONS

la. Response of 1-20 A° and 44-60 A° photcameters on
Explorer 30 [courtesy of R. W. Kreplin].

1b. Response of 8-20 A° photameter on Explorer 30
[courtesy of R. W. Kreplin].

2.  Weekly averages of mid-day f_E and 8-20 A° flux
over Washington, D. C. for November 1966, January and
February, 1967.

3. Weekly averages of mid-day fEand Lh~60 A° flux
over Washington, D. C. for November 1966, Januasry and
February 1967.

4., Weekly averages of mid-day f E and 8-20 A° flux
over Ottawa for November 1966, January and February
1967.

5. Weekly averages of mid-day f E and L4-60 A° flux
over Ottawa for November 1966, January and February
1967.

6. Relation between monthly averages of (foE)h/cos X
and 4L-60 A° flux over Manila (15°N) during the period
July 1966 to March 1948.

T, Relation between monthly averages of ( foE)h/cos X
and 44-60 A° flux over Breisach (48°N) during the
period July 1966 to March 1968.

8. Relation between monthly aversges of ( foE)h/cos X
and 8-20 A° flux over Manila during the period July
1966 to March 1968.
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9. Relation between monthly averages of (foE)u/cos X
and 8-20 A° flux over Breisach during the period July 1966
to March 1968.

10. ¢ for molecular and atamic oxygen.
11. o for molecular nitrogen.

12. Camputed molecular oxygen and nitrogen ion production
rate per unit energy flux in 31-40 A°, 41-60 A°, and
61-100 A° bands for overhead sun.

13. Computed total ion production rate by 1.0 erg/cm2 sec
flux in 31-100 A° range together with contributions due
to 31-40 A°, 41-60 A°, and 61-100 A° bands.

14. Camputed ion production rates due to 10-100 A° flux
on 6 April 1967 and 1963 value of XUV flux.

15. Computed electron densities due to 31-100 A° flux
on two typical days together with mid-day E layer
electron density in April over White Sands (after

R. W. Knetch).

16. Half-yearly average value of 'a' together with half-

yearly average of sunspot numbers.
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