
ON X-RAY RADIATION OF THE QUIET SUN 

By S. L. MANDELSHTAM 
(P. N. LEBBDEV Physical Lnstitute of the U. S. S. R. Academy of Sciences). 

RisuMls. — On discute les conditions de production de rayons X solaires. La comparaison des calculs regents avec les 
observations confirme Vhypothese de Vorigine thermique. Dans la region A < 15 A du spectre solairey la contri­
bution principals est due aux emissions free-bound des electrons et des ions du carbone, de Vazote, de Voxygene et 
d'autres elements. 

U Emission X du Soleil a deux composantes ; Vune a peu pres constants due a VEmission des regions non per-
turbe'es de la couronne, Vautre, a variations lentes, provient des regions coronales actives. 

ABSTRACT. — The conditions of production of the solar X rays are briefly discussed. The comparison of the results of 
recent calculations and experimental measurements supports the assumption of a thermal origin of the X ray 
radiation. In the" tail " of the solar spectrum below 15 A, the main contribution comes from the free-bound ra­
diation of electrons and ions of carbon, nitrogen, oxygen and other elements. 

The solar X ray radiation consist of a" quasi-stable " component, produced in undisturbed coronal regions and 
a " slowly varying " component generated in the active regions of the corona. 

Pe3K)Me. — KpaTKO pacMaTpHBaioTca ycjioBHH reHepamwi pemreHOBCKoro H3JiyqemiH B cojiHe^HOft Kopcme. 
ConacTaBJieHne pe3yjibTaT0B BbiHHCJieHHH c 9KcnepHMeHTajibHbiMH saHHbiMH noATBepHKffaeT raiiOTe3y o 
TepMH^ecKOM xapaKTepe peHTreHOBcnoro H3JiyHeHHH cnoKOftHoro cojiHija. B o6jiacTH cneKTpa X < 15 A 
ocHOBHOtt BKJiajt jjaeT CBOGOAHO- CBH3anHoe H3JiyqenHe ajieKTpoHOB H HOHOB yrjiepojja, KHCJiepojja, a30Ta 
H APyrHX 3JieMeHT0B. 

PeHTreHOBCKoe H3JiyqeHHe cojinua COCTOHT HS KBa3HnocTOHHHOii KOMnoneHTbi, reHepupyeMoft HeB03My-
meHHbiMH oSjiacTHMH KopoHbi H « MemieHHOMeHHioiueftcH KOMncmeHTbi » reHepupyeMoft aKTHBHbiHM o6jia„ 
CTHMH KOpOHH. 

At present a rather considerable experimental 
material concerning solar X-ray radiation has been 
acquired, and analysis of the generation conditions 
of this emission is of great interest. In this paper 
the results of studying this problem for the quiet 
Sun in the region of the " tail " of the solar spec­
trum — below 20 A are briefly discussed [1]. 

X-ray photographs of the Sun made by FRIED­
MAN et ah [2], TOUSEY [3] and by ZHITNIK et al. 
[4] have shown that the major contribution 
to solar X-ray emission is made by regions of the 
solar corona situated above Ca plages and coincide 
with regions of enhanced radio emission in the deci­
metre range. It is nearby to associate them with 
so-called " permanent condensations" after W A J J > 
MEIER which, according to optical observations, 
have an enhanced electron density and tempera­
ture as compared with the rest of the corona [5]. 

Most investigators assume that the quiet Sun's 
X-ray radiation is of thermal origin, i.e., is due to 
the interaction of electrons having Maxwellian 
energy distribution with the ions of the coronal 
plasma. However, assumptions made on the elec­
tron density and the temperature of regions ma­

king the major contribution to emission are very 
different. 

The first calculations of thermal X-ray emission 
of the Sun were carried out by ELWERT [6], [7]. 
ELWERT arrives at the conclusion that there is a 
satisfactory agreement between calculated and 
experimental data, in particular, for the absolute 
magnitude of the X-ray flux below 20 A, procee­
ding from the temperature of the corona 
Te ^ 1,5.106 °K, the integral of the square of the 
electron density after BATJMBACH 

y = f Wtdv = 3.2 1049, 

and taking into account possible small fluctuations 
of the electron density of about 1 to 2 (1). 

Comparison of the calculations of the X-ray 
flux below 10 A made by FETISOW [13] with our 
experimental measurements has led to the conclu-

(x) ELWERT directly compares the calculated photon flux 
in the ranges of 2-8 and 8-18 A with the number of pulses 
recorded in these regions by photon counters according to 
FRIEDMAN'S measurements [8]. However, the efficiency of 
the photon counters in these experiments was much less than 
unity ; the recorded photon flux was by one-two orders of 
magnitude larger than that cited by ELWERT in Table I [7], 
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sion that emitting regions occupied some hund-
redths parts of the corona's volume, have a tempe­
rature of 2 to 3.106 °K and the electron density 
several times higher than the average one [9]. 

In a paper by POUNDS et ah [10] the results of 
measuring the X-ray flux in the range of 7-11 A 
are compared with ELWERT'S calculations. The 
authors have come to the conclusion that emission 
is in the main due to " hot nuclei " — sporadic 
condensations having the temperature of up to 
5.106 °K and existing for several hours. 

WHITE [11] who measured the emission flux in 
the spectral region below 10 A has come to the 
conclusion that experimental data agree with 
calculated data if the temperature of emitting 
regions is assumed to be 2.8-3.106 °K and 

y = f Nf cto = (12-55). 1049 ; 

WHITE assumes that the flux from lines is 
10-30 times higher than that of the continuous 
spectrum. 

SHKLOVSKY [12] has first used experimental 

values of y = / N* dv, taken from measurements 

of the Sun's radio emission at a wavelength of 
10.7 cm and concluded that, for y = 6.1049 for 
low solar activity, the theoretical value of the 
emission flux agrees well with the experimental 
value of about 1.10-4 erg/cm2.s in the region 
below 10 A, if one assumes the usual temperature 
of the corona 1.5.106 °K. However, this conclu­
sion is based on an over-estimation of the value of 
the emission flux in lines. 

Thus, at present, there is great uncertainty in 
estimates of Te and Nc of the coronal regions 
making the major contribution to X-ray radiation 
and the relative role of line and continuum emis­
sion. It seems reasonable to go on with the ana­
lysis of this problem using more precise theoretical 
values of the emission flux and by comparing it 
with the actual experimental results for various 
conditions of solar activity. 

We have extended the calculations of the coro­
nal emission flux made earlier [13] up to 20 A 
taking in to account bremsstrahlung, recombina­
tion and line emissions of the ions of the corona. 
While calculating the degree of ionization of 
atoms in the corona we have assumed that photo-
recombination is the main process of recombina­
tions ; at the present time it is not still clear to 
what extent the process or two-electron recombi­
nation indicated by SEATON and BURGESS [14] may 
change the results. 

For ionization and excitation cross-sections 
ELWERT'S [6] and VAINSHTEIN'S [15] approximated 
values were used. At present we are carrying out 
calculations of these cross-sections in the BORN-
COULOMB approximation. While calculating lines 
flux the population of upper levels of lines due to 
electron impact and recombination was taken into 
account as well as X-rays characteristic lines. 
The values of the abundance of elements used by 
us are listed in Table I [16], [17]. 

TABLE I 

VALUES OF SOLAR ABUNDANCES USED IN THIS PAPER : 

* N" 

ELEMENT 

H 
He 
C 
N 
0 
Ne 
!ha 
Mg 
Al 
Si 
s K 
Ca 
Fe 
Ni 

ABUNDANCE 

1 
2 10-1 
5,25 10-4 
9,5 10-5 
9,1 10-* 
8 10~6 
1,99 10-6 
2,5 10-6 
1,58 10-6 
3,16 10-5 
1,99 10-6 
5,01 10-8 
1,41 10-• 
3,71 10-6 
8,13 10-7 

The results of calculating the emission flux near 
^he boundary of the Earth's atmosphere for ave­
n g e model of the corona 

y = f Nf dv = 3,2 1049, 

are given in Table II. It follows from the Table 
that in the region of the spectrum below 15 A the 
main contribution is made by recombination 
emission of electrons on " heavy " ions. Figure 1 
shows the contributions E#, E/a, E L as example 
for Te = 2.106 OK. The predominant role of 
recombination emission in the region X < 20 A is 
due to the small number of lines in the interval 
under consideration. In the longer wavelength 
region, already at Te & 2.106 °K, the contribu­
tion of lines becomes essential. 

For a substantiated comparison of calculated 
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Fia. 1 .—The energy of bremsstrahlung (E//), recombination (Eta) and line emission ( E L ) 
in the region of the spectrum 2-20 A for Te = 2.106 °K. 

and experimental data of the X-ray flux one should 

know the distribution of the y^K) = I N2
e dv 

(measure of emissivity) and temperature T[K) of 
the corona over the solar disc. 

To determine the distribution of the y(K), we 
have made use of Stanford University radiospec-
troheliograms which give the distribution of 
brightness temperature TB a t a wavelength 9,1 cm 
along the solar disc with resolution 3' (x) [18]. 

(*) At present, radiospectroheliograms on 10 cm are obtai­
ned once per day. At the same time, it is known tha t the 
X-ray flux, as well as the distribution of radio brightness 
along the solar disc, sometimes noticeably varies for a few 
hours. The absence of simultaneous X-ray and radio 
observations hinders a detailed comparison of calculations 
with the experiment although it does not change the forthco­
ming conclusions. 

The required value of y<K) of some region (K) on the 
disc is connected with T*K) by the expression [12] 

/ - / T ( K > \ I / 2 
*/(K> = y K N* dv = 0,7 1067 I —̂—1 F<V

K>, 

TB ds 
F<K> = Fv (1) 

where y(K) = / N? dv is taken over the region 

under consideration, T*K)is ts electron tempera­
ture, F ^ is the radio emission flux from the re­
gion (K/ 'Fv is the total radio flux from the entire 

disc. T 0 is / TB ds taken over the entire disc 
and its values are given in radiospectroheliograms. 

https://doi.org/10.1017/S0074180900179458 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900179458


84 S. L. MANDELSHTAM 

TAB 

SPECTRAL ENERGY DISTRIBUTION IN THE RE 

X(A) 

2 
3 
4 
6 

6 
7 
8 
9 

10 
11 
12 
13 

14 
15 
16 
17 

18 
19 
20 

E« 

3,98.1(T-82 

4,47.10-22 

3,16.10-17 

2,82.10-14 

2,51.10~12 

4,47.10-11 

5.10-™ 
2,5 .10-9 

l.KT"8 

2,51.10-8 

6,3 .10-8 

1,26.10~7 

2,24.10-7 

6.10- ' 
7,9 .10-7 

1,26.10-6 

1,58.10-« 
2,52.10-« 
2,86.10-° 

T = 
Efg 

1,15.10-80 

1,29.10-20 

9,08.10-16 

8,1 .10-1 8 

7,21.10-" 
1,29.10-9 

1,43.10-8 

7,17.10-8 

2,87.1(T-7 

7,1 .10~7 

1,79.10-6 

3,67. lO- 6 

6,34.1(T-6 
1,41.10-5 

2,23.1(T-5 
3,55.10-B 

2,99. lO"6 

5,04.10-5 
6,29.10-6 

10«°K 
E L 

1,1 .lOr-14 

8:7 .10-1 1 

1,74.10-1C 

5,74.10-10 

8,2 .10-8 

2,48.10-* 

4,16.lOr"7 

1.84.10T—8 

3,3 .lOr"' 
1,2 .lOr-* 

2,14.10_4 

3,10.10-4 

EX 

1,18. lO"30 

1,33.10~2« 
9,4 . lO"1 6 

8,49.10"13 

7,46.10-11 

1,42.10~8 

1,5 .10~8 

7,48.10-8 

3,79.10~7 

9,83.10~7 

1,85.10~6 

3,7 .10-« 

6,98.10-6 

l,46.10-s 

2,34.10-5 

1,57. lO"4 

2,45. lO"4 

3,52.10-4 

5,57.10-5 

Eff 

6,92. lOr"22 

2,45. lOr"15 

4,36.lO"12 

2,82.10-10 

4,9 .10-9 

3.10-8 
1,4 .10-7 

4:4 .10-7 

1.10-6 

2,24.1(r-« 
3,24.10-6 

5.10-6 

7,6 .10- 6 

1.10-5 
1,41.10-5 
1,58.10-5 

2,19.10-5 
2,4 . lO- 6 

2,82.10-5 

T = 1,5.106<>K 
Efg EL 

1,34.1QT* 
4,75.10-14 

8,46.10-" 
5,48.1(T-9 

9,51.10-« 
5,83.10-7 

2,72.10-6 

8,66.10^6 

1,94.10-5 
4,25. lO"6 

6,15.10-5 
1,95. lO"4 

1,43.10-4 

1,75.lO"4 

2,48.10-4 

2,77.10-4 

1,97.10-4 

1,94.10~4 

2,28.10-4 

6,3 .10-10 

3,34.10-8 

6,5 . lO-8 

2,14.10-7 

3,08.10-6 

9,26.10-5 
9,2 .10-£ 

1,66.10-5 
3,92. lO"6 

7,9 . lO- 6 

1,01.10-3 

1,84. KT"3 

2,82.10-3 

EX 

141.KT-20 

5.10r-14 

8,9 .lO"1 1 

6,29.10-9 

1,0.10-7 

6,46.10-7 

2,92.10-6 

9,16.10-6 

2,35.1<r-5 
5,39.10-6 

6,46.10-5 
1,0 .ION4 

1,60.10-4 

1,89.10-4 

3,41.10-4 

1,30.10-3 

2,06.lOr"3. 
3,03.10r-5 
2,56.10-4 

T = 2.106°K 
Eff Efg 

1.101-6 

7,1 .10-1 2 

1,78. lO"9 

3,16.10-8 

2,1 .10-7 

1.10—6 

2,5 .10-6 

6.10-6 

1.10-5 
1,26.10-5 
1,78.10-5 

2 ;82.10-6 

3,55.10-5 
4,47.10-5 
6,62.10-5 
7,1 . lO- 5 

7,94.10-5 
8,91.10-5 

1.10-4 

1,6 .10-16 

1,14.lO"1 

2,86.10-8 
5,08.10-7 

3,37. lO"7 

L64.10-5 
3,99.10-5 
7,97.10r-5 

1,59.10—4 

1,94.10-4 

2,74.10—4 

4,36.10-5 

5,47.1(T4 

4,43. lO"4 

5,59. lO"4 

7,04.10~4 

3,23.10-4 

2,86.10-4 

3,02.10-4 

TABLE III 

TB (103 °K) 
Te (10* oK) 

UNDISTURBED 
REGIONS 

OF THE CORONA 

T B < 3 0 
1.0 

ACTIVE REGIONS OF THE CORONA 
(CONDENSATIONS) 

30 < TB < 60 60 < TB < 150 
1.6 1.75 

TB > 150 
2.5 

TAB 

CALCULATED AND EXPERIMENTAL VALUES OF THE 

BRIGHTNESS 
TEMPERATURE 

TB (103 oK) 

T B > 150 
60 < TB < 150 
30 < TB < 60 

T B < 30 
The entire disc 

Experimental flux 

ELECTRON 
TEMPERATURE 

Te (106 OK) 

2,5 
1,75 
1,5 
1,0 
— 
— 

F E B R . 15, 1961 
( T H E TOTAL PHASE 

OF THE ECLIPSE) 
2/(1048) 

3,7 
5,0 
3,5 
5,7 
— 
— 

^2—10 A 

9 , 4 . 1 0 - 5 

1,5 .10- 5 

3,5. l O " 5 

7 . 1 0 - 8 

1,1.10-* 
8 . I O - 5 

A P R I L 6 

y(10**) 

0 
1,4 
26 
32 
— 
— 

, 1962 

Es—11A 

0 
8,7. l O " 6 

6 , 1 . 1 0 - 5 

1,3 .10- 6 

7 , 1 . 1 0 - 5 

1,8.10~4 

A P R I L 27, 1962 

y(io**) 

27 
15 
17 
28 
— 
— 

E7—11A 

1,1.10""* 
9 , 3 . 1 0 - 5 

4 , 6 . 1 0 - 5 

1,1.10-6 

1,2.10- 3 

1,2.10- 3 

https://doi.org/10.1017/S0074180900179458 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900179458


CO
 

to
 

*-*
 r

o 
•—

 to
 !

 *
r 

CO
 

C
O

 4
*>

 t
O

 
I 

O
 

01
 "

o 
~o

* "
oo

 "b
o 

"co
 

-P
 

1
1

1
1

1
1 

£
 

tu
 

co
 
^

i 
en

 
en

 
«k

 

CO
 t

O
 M

- 
tO

 

M
 

M
 

W
 
W

 
W

 
O

i 
L

^
J
 

O
 

<I
 "

^ 
00

 ^
 

N)
 ^

 
J
P

 
P

 
M

 
h-

1 
H

-1
 I—

i 
H

 
H

 
I 

£
! 

1
1

1
1

1
1 

>
 *

 

O
) 1
1

1
1

1
1 

CO
 

C
O

 
1

^
 

C
O

 
If

* 
W

 

co
 

a to
 

itk
 

»
 

«
i 

en
 
o

i 
en

 

to
 

to
 

H-
« 

H
- 

i—
 o

r 
,

. 

^ 
h—

i 
|—

i 
H

-*
 M

» 
M

i 
,1

 

11
11

11
 «

• 

w
 t

o 
oo

 o
s 

I 
£
 

H
- 

O
X

 C
O

 C
O
 

' 
•>

 

o 
jfr

>
 

t
o
 j

W
 J

s5
 J

s5
 J

- 
u

j 
^

 
"<

I 
"C

O
 "

CO
 ~

O
l 

"<
3i

 ^
 

w
 

|
| 

to
 

H
 

M
 

H
 

H
 

H
 

M
 

J
, 

fc
O

 

1
1

1
1

1
1 

*•
 L

 
^ 

«k
 >

i 
o

t 
cn

 »
 

C
O

 

CO
 h

* 
f 

*-
>

 
L

J
 

*H
_l

 H
-'

 I
—

i 
h

-'
 I

—
i 

I 
J

t £ 

*J
 

W
 

J.
O

 J
J5

 J
-1 J

-1 
J

-1 j
L

^ 
J-

* 
ĈO
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9.1 cm SPECTROHELIOGRAM > N 
Stanford, 1962 Oct 1$ 20-21 hrs UT; Brightness Unit «3.0 x 1CP °K. 

FIG. 2. — Radiospectroheliogram of the Sun a t a wavelength 9.1 cm for Oct. 18, 1962. Brightness 
temperature is given in units 3 .10 3 o K. (Stanford University). 

2 
out by us in the range 2-10 A by means of photon 
counters with Be-window, and in the range 8-18 A 
by means of photon counters with Al-windows [9], 
[19], data by POUNDS et al. obtained in the inter­
val 7-11 A by means of a proportional counter 
with the Be-window [10] and W H I T E ' S data obtai­
ned by means of an ionization chamber with the 
Be-window [11]. 

The day of February 15, 1961 is interesting by 
the fact that measurements were carried out at the 
moment of the total solar eclipse. At this moment 
only two centres of activity near the western and 
eastern limb of the disc remained uncovered by the 
Moon. The day of April 6, 1962, is characterized 

by a very low X-ray flux. Other days are charac­
terized by a very different level of solar activity. 
In Figure 2 a radiospectroheliogram for October 18, 
1962, is given as an example. 

The calculations of X-ray fluxes were performed 
as follows. For each of the days mentioned 
above, all the points on the radiospectroheliogram 
of the given day were subdivided into four 
groups. Three groups characterize active re­
gions of the corona with brightness temperature 
TB > 150.103 oK, 150.103 > TB > 60.103 °K, 60. 
103 > TB > 30.103 °K and the fourth group 
characterizes undisturbed regions of the corona 
TB < 30 .10 3 o K. For each of these groups of 
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2 4 6 8 10 12 14 16 18 20 A A 

Fia. 3. — Energy distribution near the " tail " of the solar spectrum for Oct. 18, 1962, and Oct. 22, 1962. 

points the value of y(K) was calculated, and the 
value of the T^K) was ascribed to this group of 
points by means of Table I I I . According to 
these values of y(K) and T^K) the calculated value of 
the X-ray flux was determined from Table I I for 
this group of points ; then, these fluxes were 
summed for all four groups, giving the X-ray flux 
for the entire Sun. 

The results of calculations and experimental 
values of X-ray fluxes are summarized in Table IV. 

The Table shows that calculated and experi­
mental values of the X-ray flux agree sufficiently 
well. Discrepancy by 2-3 times should not 
confuse us. The accuracy of the ionization and 
excitation cross-sections used lies within these 
limits, uncertainty is caused by imprecise know­
ledge of the abundance of elements in the corona ; 
and at last, experimental absolute values of 
X-rays fluxes now hardly can be more precise. 
On the other hand, the temperature Table I I I , 
which forms the basis of the calculations, is no 
doubt a very rough and tentative model for the 
correlation between the electron density and the 
temperature of condensations. However it should 
be pointed out that calculated values of X-rays 
fluxes cannot be made to agree with experimental 
data if we change essentially the temperature 

values — Te corresponding to different values of 
TB taken by us in this Table. For instance, if one 
ascribes the value Te & 1.5.106 °K to the whole 
corona and a temperature greater by 5.104 °K to 
active regions as SHKLOVSKY does, the calculated 
values of the X-rays flux in the interval 2-10 A 
turns to be 3-10 times lower than experimental 
ones. In a similar way there is no agreement 
with the whole experimental material if, for ins­
tance, one takes a rougher model in which a 
temperature Te ^ (2.5-3). 106 °K is ascribed to 
condensation regions with TB > 150.103 °K, and 
Te & (1-15). 106 °K to the rest of the corona, etc.... 

Figure 3 presents the energy distribution near 
the " tail " of the solar spectrum which follows 
from the above calculations for October 18 and 
October 22, 1962. Emission from the undisturbed 
corona for both days is indicated by a dotted curve 
and corresponds to Te = 1.106 and y = 3,1.1049. 

On the basis of the calculations, the conclusion 
may be drawn that apparently the X-ray emission 
from the quiet Sun (in the absence of flares) is 
thermal. I t is formed from a " quasi-stable " 
component corresponding to the undisturbed 
corona on which " hotter " emission is superim­
posed from active regions of the corona — " the 
slowly varying " component [11]. This portion of 
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Fia. 4. — Values of solar X-ray fluxes in the spectral regions 2-10 A and 8-18 A averaged for a day, 

recorded by the " Electron 2 " station and radio emission at wavelength of 10.1 cm. 

emission can vary strongly depending on the 
number and parameters of active regions (1). 
Figure 4 presents, as an illustration, values of the 
X-ray flux averaged during a day in the range 
2-10 A and 8-18 A according to recordings made 
by means of the " Electron 2 " station from 
February 30, 1964, to March 16, 1964 ; for compa­
rison the values of the radio emission flux at a 
wavelength of 10.1 cm are given. I t should be 
pointed out that one cannot expect a complete 

(*) The comparison of the photographs of the SUN made 
by TOUSEY all [3] and ZHITNIK and al [4], fortunately 
separated by exactly one solar revolution, shows that the 
regions of enhanced X-ray emission are retained on the Sun 
during this time. 

correlation between the values of X-ray and radio 
emission fluxes since the radio emission flux is 
determined by the magnitude2 y™ (TVK))-1/2 

i.e. it very weakly depends on the temperature, 
while the X-ray flux is determined by the magni­
tude 

K 

i.e. depends on the temperature very strongly. 
Therefore both undisturbed and disturbed regions 
make a comparable contribution to radio emission 
while a contribution to X-ray emission is made 
only by disturbed regions with high temperatures. 
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I t must also be noted, tha t the used values of y (K) 

have been obtained by means of a radiotelescope 
with the resolution 3' x 3' , while the dimensions 
of emission sources with high Te can be lower as, 
in particular, believed by FRIEDMAN [2]. 

To further confirm the above conclusions, we 
plan to scan the solar disc for a sufficiently long 
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