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ABSTRACT

Our earlier determinations of electron temperature, Tg, in the chromo

sphere by analysis of eclipse data are supplemented, in this paper, by 

considerations of the energy balance. We conclude that T0 may have only 

those values for which there is thermal stability. If an increase in T0, 

at a given height, results in an increase in the energy radiated, the model 

is stable. However, i f  an increase in T0 causes a decrease in the energy 

radiated there is no stable value of T0.

Two regions of stability surmounted by regions of instability are 

recognized: (1) In the low chromosphere neutral hydrogen emission is stable 

and is the principal source of emission; (2) Neutral hydrogen emission be

comes unstable at a height where hydrogen becomes sufficiently ionized. At 

this height, T0 increases abruptly- until stable emission from Hell balances 

the energy input; (3) Hell emission also becomes unstable at sufficient 

ionization, and T0 increases abruptly to a coronal value where either free- 

free emission or emission from m u lt ip ly  ionized metals predominates.

Models of the chromosphere derived from 1952 eclipse data show good 

agreement with the conclusions based on thermal stability considerations.



I. INTRODUCTION

Our analysis o f 19!? 2 eclipse data obtained by the High Altitude Observa

tory expedition to Khartoum has yielded two models giving kinetic temperature, 

T , as functions o f height in the chromosphere. The f i r s t  of these models 

(Athay, Menzel, Pecker and Thomas 1955) was based on the analysis o f hydro

gen Balmer series and continuum data under the assumption o f a spherically 

symmetric chromosphere. In the second model (Athay and Menzel 1955) we 

combined the helium data with the data mentioned above. The results forced 

us to consider a non-uniform model o f the chromosphere with alternate "hot" 

and "cold" regions, along the line f i r s t  suggested by Giovanelli (19^9)*

The analysis gave Tp(h) in both regions of the chromosphere. In the high 

chromosphere, all of the chromospheric line emission was in the cooler 

regions, and we identified these regions with the spicules.

In the third approach to a chromospheric model (Athay and Thomas 1955), 

from which we obtained empirical values o f bn, (factor expressing departure 

from thermodynamic equilibrium) through an analysis o f line data, we 

obtained an apparent contradiction with the spherically symmetric model 

obtained from the continuum data alone. The empirical bn values were too 

high fo r  the Tg o f the continuum model. One interpretation of th is result 

suggested the necessity fo r  a non-uniform model o f the type constructed 

from the addition o f the helium data.

The f i r s t  two models mentioned above showed common characteristics.

In both models there were nearly isothermal plateaus bordered by regions 

showing sharp increases in Tg with height. The first model showed a 

plateau at/ T0 <—'6500°, extending from 1000 km to 3500 1cm, surmounted by a 

rapid increase in Tg to ^10^. The second model showed the same plateau
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at 6^00° in the spicule region, but this plateau was followed by a second 

plateau at.—>19,000° that extended to the top of the spicule. In the inter

spicule region, the data were not sufficient to detect the presence of the 

plateau at 6^00°, but they did show the plateau at 19,000° followed by a 

rapid increase in T0 to 10^. In this latter region, the plateau at 

19,000° was at lower heights and less extensive than the same plateau in 

the spicule region. The plateau at 6^00°, i f  i t  existed in the interspicule 

region, was confined to the region below 1,500 km.

An inspection of these models suggests that Te increases with height 

in discrete steps, with major steps near 6^00°, 19,000° and >,10^. In our 

discussions of these models we associated the plateau at 6^00° with the 

ionization of hydrogen and the plateau at 19,000° with the ionization of 

Hell. I f  this is the correct explanation of these plateaus, we should be 

able to infer their presence from the basic physical processes associated 

with ionization in the chromosphere. The sharp increases in T between 

plateaus suggests that only certain ranges of T0 are permitted. Thus, we 

want some criterion that specifies the permitted values of Tg. The clue to 

the problem lie s  in the energy balance in the chromosphere.

I I . ENSRGX BALANCE

Radiation from bound-bound and free-bound transitions forms the most 

effective cooling mechanism in the chromosphere. In a steady state, this 

radiated energy must be balanced by a non-radiative energy input. 

Symbolically:

^out = ®in
for the energy balance per unit mass and per second, where E  ̂ is  the net 

energy radiated and Ê n is  the supply of non-radiative energy. We now
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assert that Tq can have only those values for which equation (l) is stable

against changes in Te. For example, i f  a small perturba-
dTe dT0

tion in Tg will be amplified. This is an unstable condition, and no equili-

brium in Te exists. On the other hand, i f  °ut ^ in any changes in T„
dTe ?  dTe

are resisted by the change in Eou-̂ , and Te will reach an equilibrium value. 

Therefore, as a further condition on the energy balance we must have

dEout ^ in  (2)
dT '  dT e e

The form of is as yet uncertain. One of our objectives, for future 

work, is to determine Ê n(h) with sufficient certainty that the energy source 

can be identified. Our present prejudice leans towards the spicules as the 

source of heating, as was suggested earlier by Thomas (19U8). Such a source 

is a slowly varying function of Te of the atmosphere, and dÊ n/dTe*~^0, In 

the following we proceed under the assumption that Ej_n is such a slowly 
varying function of Te, but do not otherwise restrict it .

All bound-bound and free-bound emissions reach maxima, for a given 

density, at certain stages of ionization, and in the following we assume 

only that ionization increases with height and density decreases with height. 

Equation (2) specifies that Te must have such values that the principal 

contribution to Eqû . comes from a source whose emission characteristics lie  

on the rising branch of the EQÛ versus T@ curve. (If ionization increases 

with height the principal source of emission will eventually become unstable.) 

At this point, the energy balance must shift to a new source. In general, 

this shift requires a sharp increase in Te. These transitions will not be 

precisely discontinuous because of the effects of thermal conductivity.

However, they will occur over relatively small distances with very large 

temperature gradients, and to a good approximation we can treat the transitions
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as discontinuities. For a. steady state, pressure will be constant across 

the transition. If Ê n is a slowly varying function of Te, we will also 

have Ê n approximately constant across the transition. Thus,

(njj + np + ne)T0 = Const. (3)

where nj-f, np and ne are the neutral hydrogen, proton and electron densities,

Ein = Eout = Const. (U)
in the transition from one emission source to another. Such transitions 

will follow each of the stable ranges of Tg.

Parker (1953) previously discussed the question of thermal instability 

in a pure hydrogen atmosphere. He interpreted the effects of thermal in

stability in terms of a collapse of the material into a configuration of 

higher density, nrhich he then suggested might be the origin of certain types 

of prominences. Since we are looking for a steady state condition with a 

monotonic density decrease outwards, we regard our model xvith the temperature 

rise as the more satisfactory in the present application. Finally, we should 

note that Kiepenheuer (1953) has suggested the origin of coronal condensa

tions and prominences from thermal instability of free-free emission in the
l

corona. However, the total free-free emission varies directly as Te in an 

ionized medium, and is consequently stable for all values of Te. The error 

in Kiepenheuer1s argument apparently arises from the use of the free-free 

emission per unit frequency rather than emission integrated over frequency.
We have assumed that EQÛ  arises principally from bound-bound and free- 

bound emissions. Since hydrogen and helium are the most abundant elements 

in the chromosphere and both are efficient emitters, we consider only these 

two elements as being important in EQÛ , Near the photosphere, H" must also 

be considered as a source of emission. We will assume 10:1 for the hydrogen: 

helium abundances. This is uncertain to a factor 2, but the exact value is
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unimportant for our purposes.

The bound-bound emission from hydrogen and helium is of the form

Enn» = Knn« neni  <nH + np)_1 bn Te"3/ 2 exp (0nA e) ($ )

and the free-bound emission is of the form

where n̂  is the number of ions in the next stage of ionization and K^i 

and 0n are constants for a given transition. The coefficients Knn« and 0n 

of equations (5) and (6) for some of the lines and continua of interest are 

given in Table 1. There are two other Hel lines of almost equal importance 

with the one indicated. However, even under the most favorable circumstances, 

nII~-0.1ne, Hel emission is an order of magnitude weaker than the hydrogen

Table 1
Coefficients for Equations (5) and (6).

Hydrogen (n± =np) Hel (ni = nn) Hell ( n̂  = n jjj)

e21 e32 n* =1 E21 Eo°l E21 E32 n»=l
Knn« 1,3 17 x 10_17

h.9 nn
x IO"1? x 10~22

6.0
x 10“^ 8-3x 10~16 3‘ 1 -17 x 10 8*6 -21 x 10 ^

0nxlO-ii 3.92 1.75 — 3.68 — 15.7 6.95 mm mm

continuum emission. On the other hand, we may have n j j j—.0.1ne, in which 

case the Hell emission may be much stronger than the corresponding hydrogen 

emission. The relative importance of some of the hydrogen and helium emis

sions are shown in Figure lb. In the following we will neglect Hel emission 

relative to hydrogen and Hell emissions.

For H emission, we have
Eh- = UTT'nH- A a^B ^d  y  (7)

''0
where a^is the absorption coefficient of H“ and Bp is the Planck function .
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Figure lb
Relative intensities of hydrogen, Hel and Hell emissions for 
nu + il = 10 -̂# The dashed curve indicates schematically 
tne changes in Tg as the principal source of emission shifts 
from hydrogen to Hell.



The absorption coefficients of H~ tabulated by Chandrasekhar and Breen (1?U6) 

can be used to evaluate the integral in equation (7)» We obtain

Epj- = 1.6 x 10-21 nH-(nH + np)_1 T^ (8)

and from the ionization equation we obtain

% - = 6.6 x 10"37 nenH (nH + np)"1 TQ exp (8.63 x 10 /̂Te).(9)
In Figure la, we have plotted the emission from H“ and the Balmer free-bound 

emission from hydrogen for n̂  + np = lO1̂ . The II" emission becomes unstable 

near T0 = lo1*; but for Te^ 60000 the H“ emission is not important in the 

energy balance, and the instability does not affect the model.

In the low chromosphere, h -C 500 km, our analysis of continuum data 

indicates that T0 rises rapidly from its minimum value to^6000° at 5>00 km; 

and the observations in the Balmer continuum show an increase in the Balmer 

free-bound emission in this height range. At these heights, the chromosphere 

is optically thick in the Lyman region and low-order Balmer lines, but 

optically thin in the Balmer continuum (Athay £t al. 1955)* Thus, the 

energy balance rests on the Balmer continuum emission. We have interpreted 

the increase in the Balmer continuum emission with height as an increase in 

the mechanical energy supply to the chromosphere in this region.

Above 500 km, we recognize two regions of stability followed by in

stability. The model will be of the type illustrated schematically in Figure

2. Its main features are the following: (1) From points a to b hydrogen 

emission is stable and T0 will assume equilibrium values. (2) At point b 

hydrogen emission becomes unstable, and Tg increases to c where Hell emission 

takes over. (3) From c to d, Hell emission is stable, (U) At point d Hell 

emission is unstable, and Te increases to e where emission from multiply 

ionized metals or free-free emission is strong enough to balance Ê n. The 

detailed temperature gradients and geometric extent of the stable regions
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from a to b end c to d will be determined by , However, the boundaries of 

these regions can be set fairly closely without a detailed knowledge of the 
energy supply.

The net radiative output of a given mass element is the energy radiated 

minus that absorbed, viz.,

and absorption coefficients and Ip is the intensity of the radiation field.

For high opacity, the quantity under the integral sign vanishes. The low 

order hydrogen Lyman and Balmer series lines have high opacity until consider

able height in the chromosphere. In our models, the transition from b to c 

occurs at ''-'3500 Ion, At 3500 1cm, our self-absorption analysis (Athay and 

Thomas 1955) gives the optical depth T* = 800 for a tangential ray and 17 for 
a radial ray in the center of the Ha line. These results were based on an 

extrapolation of the ^  values obtained for heights between 500 km and 

2U00 lan. In addition, the effects of non-uniformity of the atmosphere and a 

completely adequate allowance for departures from thermodynamic equilibrium 

on our results have not been calculated. It is clear that our estimates of 

optical depths from the self-absorption analysis represent upper limits to 

the true optical depths. However, i t  seems probable that the main hydrogen 

emission at point b will arise from low order Balmer lines and free-bound 

emission rather than low order Lyman lines. We do not yet have sufficiently 

detailed calculations to fix  the optical depths in helium at various regions 

in the atmosphere. Thus, we cannot definitely fix  the major radiative source 

for Hell, In the following Tire will consider the various possibilities and 

the Te to which they lead.

(1 0)

where the sum is over the various emission sources, Ĵ , and Kp are emission
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Figure 2
A schematic model of the chromosphere from the stability 
criteria.



We may compute the range of ionization for which hydrogen emission is 

stable, for a given mass element. We have the condition:

1* Stability of hydrogen emission: Region a to b.

dEout
dTe

(11 )

njj + np = Const. S

For the line emission, we use equation (5) and for the free-bound 

emission we use equation (6), From our earlier discussion of opacity, we 

note that we can probably neglect Lyman a emission. However, for the sake 

of completeness, we will include it  in the computations. The ionization 

equation of hydrogen may be written

nH = U.lU x IO"16 nenp bx T0 ~3/ 2 exp (15.7 x lotyre) (12)
The factor b]_ is (Thomas 195>2)

b -^ 7 .5  x lO1  ̂ ne_1 Tg1 / 2 exp(-Tjj) (̂X1 2 + 1 ) ( 1  -  ^ )  exp X2

+ (X-13 + l)(l -  — ) exp Xo + . . . 1  ̂ (13)
^ 2T  b l  J

where r L is the optical depth in the Lyman continuum, exp (-T'-jO Is averaged 

over direction, and

*n " 0nAe = **6 ^ T e ’

V n  "  Xn« -  Xn •

For n> 3, the terms^in^n/^ ne znda-trfin/J T0 are small compared with 
unity and may be neglected in the computations. In the case of b2 these 

terms may be of considerable importance, but since we cannot estimate them 

reliably we will not include them in the computations.

-9 -



density. Since this will not occur until hydrogen is appreciably ionized,

we must have n - n in this region of the chromosphere. The stability P e
conditions are:

nu 1.1 x 10̂  + n2 T , lines; _H > ________ ___ ____ £_ _  6 x 10“6 Te + 0-71
ne “  n2 (1.6 x 10̂  -Te) - 1.1 x 1(P l i 2

(la)

Instability sets in at the point of maximum emission for a given

n rp
continuum; -il ?- ---------^  2 x 10“6 T (l5)

ne “  U.8 x 1(£- Te e

The conditions (lit.) and (1^) give the degree of ionization at which in

stability sets in. The expressions that one obtains i f  he entirely neglects 

the bn factors, including b]_, differs little  from the above expressions for 

nH/ne. This near constancy of the critical n /̂ne is, of course, to be 

expected since b̂  varies much more slowly than exp (X-̂ ).

The greatest uncertainty in applying equations (lU) and (15) lies in 

the values of b  ̂ necessary for computations of njr/ne as f(ne,Te) from equa

tion (12). This uncertainty in b  ̂ arises from the uncertainty in exp(~‘T >̂ )« 

We will carry out the computations for the lower limit of b]_ = 1 and an upper 

limit on b  ̂ from equation (13) with exp(-'7'jj) = 0.5e. The values of T0 at 

which nH/ne from equations (lU) and (15) equal nj.j/ne from equation (12) for 
ne = 5 x 1010 and the tiro limits on b  ̂ are given in Table 2.

Table 2

Hydrogen Instability; Point b.

(

n bl = l bl = 1

nE/ne Te V nP. Te
2 0 .2 1 6900 .25 9000
3 0.10 7200 .13 9hoo
k .07 7300 . 1 1 9600
5 .05 ! 7U00 .09 9800

f-b .01 7900 .02 11000
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The two alternatives on b-̂  place the instability  near 7000° and 10,000°. 

Our empirical models give an abrupt rise in Tg at T0 = 7000° and n0 = 5 x 10^ . 

Thus the agreement is  best with the lower lim it on b^. It may be possible to 

infer a better value of exp(-T^) by requiring b-̂ —-1 so as to bring the T0 

in the last column of Table 2 into agreement with the empirical model.

2. Transition to Hell Emission: Point c.

At point c, the Hell emission must be as strong as the hydrogen emission 

at point b. Thus, the value Tg assumes at point c depends on the details of 

the energy balance. The bn’ s are an additional complicating factor whose 

precise valiies we do not know. However, we are .primarily concerned with 

emission from hydrogen from levels with n > 3, where bn <_10. In addition, 

the bn's  for Hell are smaller than the corresponding bn's  for hydrogen 

(Thomas 19^9)• Since the equations for  the emission from low energy levels 

where bn is  the largest contain large temperature-dependent exponential 

factors, we may take b = 1 for n > 3 without expecting serious e ffects .

For the Lyman a transitions, however, there may be appreciable error.

From Table 2, we see that above point b n  ̂ ne and ne = np. Thus 

equation (3) reduces to

ne Tg = Const. (l6)
IIThe ionization equation of Hell, with b-j_ included, is

= U.lU x lO-1  ̂ ngn-j-j-j Te~3//2 b^1 exp(63 x loV Te) (17)

I f  helium is  ionized to the extent that Hell emission is  strong, n j « n ^ .

Thus, we may write

nH + " i l l  = 0,1 ne 
It  seems fa ir ly  certain that the most lik e ly  hydrogen emissions at point b

arise from free-bound and Balmer a, but, again for the sake of completeness,
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we include Lyman a in the computations. The possibilities for Hell at 

point c are also Lyman a, Balmer a and free-bound, although we are inclined 

to doubt that Lyman a will escape this region. Equations (5) and (6) to

gether with the constants in Table 1 and Te in Table 2 for bn = 1 and 

ne = 5 x lO1  ̂ can be used to determine the hydrogen emission at point b. 

Equations (5), (6), (16), (17), and (18) can then be used to determine the 

helium emission at point c. The results for the various combinations of 

emissions are given in Table 3* Not all of the combinations of emission 

satisfy the condition of constant energy output, because the Hell emission 

is too weak. In all cases where this is true, except for Lyman a of hydrogen, 

the Hell emission falls short of the hydrogen emission by factors of 2 or

3. Because of the uncertainty in the bn's and the possibility of small 

changes in the energy input, these differences are not significant. The 

limits on T0 are estimated from the value of Tg at maximum emission for 

the cases where the energy balance fails by small factors.

The model obtained by Athay and Menzel (1955) under the assumption 

bn = 1 shows Tg/x»19,000° and ne^2 x 10-1-0 at point c in the interspicule 

regions. The effect of bn >1 for Hell is to increase Te in the model and 
decrease T0 in Table 3. Thus, i f  we can identify the sources of emission 

we might combine the results in Table 3 with those from the empirical model 

to infer the actual bn. We will return to this point after our discussion 

of point d.



Table 3 

Te and n /̂ne at Point c.

Hydrogen
Hell

Lyman a Balmer a free-bound

23,800° mmtm MM
Lyman a

O.li -- --

17,500° 2S', 000° 25,000°
Balmer a

1.2 x 10̂ — »»M

17,boo° 25,000° 25,000°
Total 1
free-bound 1.2 x 104 ---

16,000° 21,300° 22,600°
Balmer

5 x 10*free-bound 16 3

3. Stability of Helium Emission: Region c to d.

Throughout the region where Hell emission is stable hydrogen will be 

sufficiently ionized that ng will not change with changes in T0. Thus, from 

equation (18) we have the condition

nH+ n jjj = Const. (19)
IIThe b-̂  for Hell is lower than the b  ̂ for hydrogen by the factor exp(-3/hX2) 

where X2 is determined for hydrogen (Thomas 19^9)• The range of stability

for Hell emission may be computed from equations (5), (6), (17) and (19)«
II IIWe again neglect terms with*} J?nbn T0 for n P. 2, but include<5̂ b^  /£ Tq.

The stability conditions are

lines; ^ 1 1  > ^»2 x 10* + n2 Te ^  3^  x 10- 6Te + 1#i| (2Q)
nIII "  n2 (3.1 x 10*~Te) -h,2 x 10* n̂ ~"
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ji T 6
continuum; ~ ~  >■ --------—---- r—  -—• 2.U x 10 T0 (21)

nIII ~ U.2 x KK -Te

The same comments that were made about the e ffects of omitting b  ̂ from 

equations (lit) and (l5 ) also apply to equations (20) and (21); v iz ., 

omitting b ^  does not strongly affect the cr it ica l value of nj j / nj j j  f ° r 

stab ility , but strongly e ffects the value of n^/n^.^ obtained from equa

tion (17). We again set a lower lim it of b:p = 1 and an upper lim it on
IIb-̂  from equation (13), reduced by exp(- 3/I1X2 ) . The resulting values of 

T0 and for n0 = 2 x lO1  ̂ are given in Table I;.

Table it 

Hell Instability: Point d.

h11bl = 1 bi J * 1
n Te nn /n i u Te nII^nIII
2 2li,000 .la 37,000 .82

3 2U,800 .19 39,500 .37

k 25,200 .1 3 lj.0,600 .27
free-bound 27,000 .02 1+U, 000 .11

The empirical models show point d in the interspicule regions to be at

T0 19,000°, i f  b ^  = 1, -with considerable uncertainty in the exact value
II )of Te , However, i f  we set b-̂  ^  10 as i t  is  for the values of T0 given in 

column U of Table U, T0 at point d in the model increase to 26,000°. Thus 

we again find much better agreement between the stab ility  criteria  and the 

empirical model i f  b-̂ —1. In fact, so long as we have b-̂  Q 1 for both Hell 

and hydrogen the stability  criteria  show surprisingly good agreement with 

the empirical model.



The observed Hell emission, Xli.686, shows maximum intensity in the 

emission per cm-3 at ~ l500  km above the photospheric limb (Athay and Menzel 

1955). This corresponds to point c for the interspicule regions. At point

d, we have nj j / nj j j<  anci since the Hell, \I4686, emission decreases between 

points c and d we cannot have n j j j  increasing more rapidly than n0 decreases,, 

apart from small changes in the Tg factors. The empirical models show ne 

decreasing by a factor It between points c and d. This requires that 

nI l /nIII  ̂  point c, as a conservative upper lim it. Since we must have

stability , than the cr it ica l value. Hence, at point c,

22,000°< T < 25*000° for  n0 = 2 x 10^®, Several of the combinations of 

emission in Table 3 satisfy these limits on T0,

U* Point e.

At the height where Hell emission becomes unstable, point d, Te must 

again show an abrupt increase. The increase in Te w ill continue until some 

radiative energy process can balance the energy input. The most lik e ly  

sources of radiative cooling at high Tg are free-free emission and transi

tions to the ground states of multiply ionized metals.

The free-free emission per atom in an ionized hydrogen gas is

Ef _f  = l.l* x IO” 27 ne Te1//2 (22)

and is  stable for a ll  values of T0, However, for  the conditions in Table U 

and equation (16 ) the free-free emission at point e cannot match even the 

continuous emission from Hell at point d.

The free-bound emission from hydrogen-like atoms is  proportional to
Ii ■3QZ^/n1-5, where Q is  the abundance of ions relative to hydrogen, and Z is  

the effective nuclear charge. For hydrogen and Hell, QZ^/n'3 is  of order
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unity. For ionized metals in the corona, Q/^lcH1, Z ^10 and n* = 2 or 3.

Hence, QZ^/n'3 is  o f order 10-1 . Woolley and Allen (19W) estimate that 

u ltrav io let line emission in the corona, principally  from MgX, is  about one 

order o f magnitude stronger than the free-bound emission. I f  their estimate 

is  correct, i t  would appear to be possible to get the necessary energy 

balance between Hell and ionized metals in the corona. However, more 

detailed investigations o f the emission from multiply ionized metals are 

needed before sp ec ific  conclusions can be drawn.

The models derived from eclipse data are very uncertain above point d,
5°except in that they indicate a rapid rise in Te to ^ 1 0  . Thus, i t  seems 

clear that point e, however uncertain, marks the beginning o f the corona.

This is  further indicated by the fa ct that Athay and Roberts (1955) found 

strong emission from FeXI near the height where the chromospheric models 

show the transition to point e in the interspicule regions.

III . DISCUSSION

From the foregoing i t  is  evident that any stable model o f the chromo

sphere must be characterized by rapid increases in Tg at least at two heights 

where the emissions o f hydrogen and Hell become unstable. The heights at 

which these transitions occur and the temperature gradients in the in ter

vening intervals depend on Ê n# I f  Ê n is  large, the temperature rises 

w ill come at lower heights than i f  Ê n is  small. Thus, any variations in 

the energy input over the solar surface w ill result in a non-uniform 

chromosphere. Similarly, i f  the energy input varies through the sunspot 

cycle both the emission gradients and relative in tensities of chromospheric 

lines w ill vary as seems to be indicated by eclipse data (Athay and Thomas 

1955). In particular, i t  seems possible to explain variations in chromospheric



structure in terms o f variations in the mechanical energy supplied by

spicules. The model derived by Athay and Menzel (1955) indicates that the

rate at which energy is  supplied to the spicules is  less  than the rate o f

energy supply to the interspicule regions. This is  consistent with the

suggestion that the spicules are, in fa ct , the source o f energy, although

i t  is  not a necessary conclusion.

The agreement o f T from the empirical models with T from the s ta b ility0 6
cr ite r ia  is  well within the uncertainties in the two determinations o f Tg.

At the top o f the hydrogen stable zone where the uncertainties in T0 from 

the two methods are re la tive ly  small, the agreement is  especia lly  good. I t  

should be emphasized that the two methods of obtaining T0 are completely 

independent in both the methods and assumptions used, and the agreement 

adds considerable support to the va lid ity  o f the resu lts.
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ABSTRACT

Helium line emission observed in the flash-spectrum at the Khartoum 

eclipse is  interpreted in terms of a chromospheric model. The Hel triplets 

have excitation temperatures of ^ 5000° and the singlets have excitation 

temperatures of ^15 ,000°. It is  demonstrated that ultraviolet emission 

from the corona cannot account for the observed excitation of helium.

A model of the chromosphere is  derived from the helium data combined 

with the continuum data at \361|0 and Xij.700. A two-column model with Tg and 

ne varying from column to column along a horizontal surface is  needed to 

satisfy the data. The model gives Tg (h) and n0 (h) in both types of columns. 

The cooler columns are identified with the spicules on the basis of the 

observed spicule structure on the spectrograms.



I . INTRODUCTION

The presence of strong emission lines o f Hel and somewhat weaker lines 

of Ilell in the solar chromosphere indicates that regions o f high excitation 

ex ist. These regions may possess high kinetic temperature, or they may de

rive their excitation from some external energy source. The analysis' of 

flash spectra. In terms o f a spherically symmetric model leads to kinetic 

temperatures below 7000° at heights below 3000 km (Athay, Menzel, Pecker 

and Thomas 1955, and van de Hulst 1953). This temperature is  inconsistent 

with the observed helium emission. Miyamoto (19U7) and others have suggested 

that u ltraviolet radiation from the corona is  responsible fo r  the high state 

of excitation , and VJurm (19U8) has argued against excitation by co llis io n a l 

mechanisms. On the other hand, non-uniform models with alternate "hot" and 

"cold" columns have been proposed by Giovanelli (19U9), Hagen (195U) and 

Woltjer (195U). As early as 1931 Menzel pointed out that the chromospheric 

regions emitting the helium radiation xrere at higher temperature than the 

regions emitting the metal lin es.

The spectrograms obtained by the High Altitude Observatory expedition to 

the solar eclipse in Khartoum in 1952 contain several helium lines suitable 

for  photometric reduction. Some o f these lines have not previously been 

subjected to quantitative study. These fa cts , coupled with the superior 

height resolution, make a study of the helium data from the 1952 eclipse of 

special in terest. The in tensities of the selected helium lines were measured 

at a heliocentric position angle o f 67°, and for  two lin es , \U?13 and \U686, 

at an additional point at 65°. The 67° position coincides with the region 

where previous studies o f hydrogen, cyanogen, continuum and coronal line 

emission were carried out. Coronagraph records for several days before and 

after the eclipse showed that this region was re lative ly  free from disturbance



and thus could be regarded as representative o f the chromosphere. The photo

metric procedures and observing techniques were discussed in an earlier paper 

(Athay, B illings, Evans and Roberts 195U).

Transition probabilities for  some of the helium lines were computed by 

Goldberg (1939a). Hylleras (1937) computed matrix elements for  the radial 

components o f the HeI wave functions from ttfhich the transition probabilities 

may be computed. The transition probabilities given by Goldberg agree reason

ably well with those obtained from Hylleras' functions. Since Goldberg did 

not give transition probabilities fo r  the sharp tr ip le ts , we shall use 

Hylle ras ' value s .

Table 1 contains the following atomic constants fo r  HeI and Hell:

Ajjhi = transition probabilities .

= energy (in  ev) between the continuum and lev e l n. 

COn = s ta tis t ica l weight o f leve l n.

Table 1

Atomic Constants
1C ^Aj  ̂t 10"6Anni
Goldberg Hylleras “ n * n

7065 30.3 3 1.1*6
1*713 1*.6 3 0.86
hl21 —— 2.0a 3 0.56
5876 61.7 7U.7 15 1.1+6 !
1*1*72 25.9 15.7 15 0.861*026 12.8 12.1 15 0.56
3820 7.2 5.1 15 0.36
5016 llwO 13.1 3 1.1*6
3965 8.1 8.6 3 0.86
6678 68.3 65.2 5 1.1*6
1*922 19.7 21.1; 5 0.86
1*388 8.7 8.8 5 0.56
1*009 2.8 — 5 0.26
1*686 — ll*3b 32 3.31*

a Hylleras' values are apparently interchanged for n = 5 and n = 6 for 
this series.

b The oscilla tor strength for the corresponding transition in hydrogen 
(Menzel and Pekeris 1935) was used for computing A^t for Hell.
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II. DATA

On s litless  spectrograms we obtain the most accurate measurements of 

intensity by integration over the line profile . In the absence of absorption, 

this procedure gives an observed intensity

where £n is  the emission per unit volume, y is  the coordinate in the line 

of sight, x is  perpendicular to y along a solar radius and h is  the height 

of the moon's limb relative to the solar limb. Values of log E for the 

observed helium lines are tabulated in Table 2. Figure 1 is  a plot of log 

E versus height for four lines of Hel and Xlj.686 of Hell.

Figure I

In general, a ll of the Hel lines show the same change of log E with 

height. The only notable exception is  X3965, which is  blended with the 

violet wing of the H line of Call. Some of the other lines show effects of 

blends in the low chromosphere, but the slow decrease of intensity with height 

for the heliiim lines essentially eliminates the blends at greater heights. 

Below l £00 km the Hell emission shoxfs a noticeably sloxtfer decrease of in

tensity with height than that of Hel. Above 1J>00 Ion, however, i t  is  d iff icu lt  

to determine whether or not any difference exists in the emission gradients 

of Hel and Hell. The derived average scale heights between 15>00 km and 3000 

Ion are about 1000 km for Hell and about 900 for Hel.

The absence of any systematic changes in the emission gradients for 

different lines of Hel strongly suggests that there is  no appreciable se lf

absorption, and equation (1) should be valid. In order to obtain a solution 

for 0  in equation (1), we averaged the values of log E at each height for 

several of the stronger helium lines and fitted  the resultant data with a
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series of exponential terms. For h > 1000 km, the data are well represented

by

En = ( l .2 6 e "1,27hl -  UOe“3*7h' + 102e“^*6h’ -  1.6 x 103e_9*2hlJ (2)

where h! is  expressed in units of 103 km. Equations ( l)  and (2) give

6^ = k^- ^ 2*7 x 10~2e~1*2^ , - U.3e“3,7bl +l5e“^*^bl_5#8 x lo2e"’9»2ht̂  q )

The factor kn in equations (2) and (3) allows these equations to be used for 

any o f the Hel lines. Values of kn are given in Table 2, We emphasize that 

equation (2) does not apply below 1000 km. Because of errors that enter near 

the limits of f ittin g , equation (3) should not be used below h* ^1100 km.

Note that equation (3) is  based on the assumption of a spherically symmetric 

chromosphere.

Equation (3) indicates that En, the emission per unit volume, possesses 

a maximum at h1 = 1150 lan. To check the reality of this maximum, we shall 

look for a similar maximum in dE/dh1, the surface brightness of the chromo

sphere, evaluated directly from the data of Table 2, All of the unblended 

lines of Hel show fa ir ly  sharp maxima near 1100 km, and the Hell line shows 

a broad maximum near 1500 km. Thus, the maximum in En given by equation (3), 

despite the inaccuracies introduced by the double differentiations, seems to 

be a real e ffect in the data. A similar maximum was found for \bhl2 near 

850 km by Pannekoek and Minnaert (1928). The hydrogen Balmer free-bound 

emission shows a maximum in dE/dh1 near 500 km (Athay et a l. 1955).

III . EXCITATION TEMPERATURES

In order to interpret the helium data in terras of the physical condi

tions in the chromosphere we need to know the populations of the energy 

levels. Equation (3) gives the emission per unit volume. I f  is  the
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Table 2

Helium Intensitiesa

Series 23P -n 3S 23P- n3 D 2 'S -n 'P 2 'P -n D Hell n S Hell
n 3 4 5 3 4 5 6 3 4 3 4 5 7 4 4 4
A 7065 4713 4121 5876 4472 4026 3820 5016 3965 6678 4922 4388 4009 4686 (km) 4713 4686
kn 6.60 162 630 1 11.8 48 100 160 180 36.4 210 3 84 660 162

Ht Ht
(km) Log Ea (km) Log Ea

530 4.62 3.21 3.15 5.39 4.31 3.86 3.64 3.28 3.07 3.90 3.17 3.03 2.94 2.53 420 3.19 2.90
640 4.61 3.17 2.80 5.37 4.30 3.79 - - 3.16 2.93 3.90 3.09 2.91 2.77 2.51 1180 2.95 2.33
750 4.51 3.18 2.60 5.29 4.18 3.67 3.66 3.20 2.95 3.84 3.10 2.6 7 2.39 2.55 1280 2.92 2.39
850 4.46 3.19 2.73 5.34 4.29 3.69 3.52 3.19 2.97 3.79 3.04 2.75 2.46 2.51 1390 2.91 2.45
960 4.45 3.08 2.66 5.32 4.16 3.55 3.37 3.15 2.93 3.64 2.96 2.74 2.37 2.44 1500 2.91 2.32

1070 4.44 3.03 2.57 5.27 4.12 3.54 --- 3.09 3.01 3.64 2.92 2.74 2.40 2.59 1610 2.85 2.38
1180 4.45 3.07 2.5 8 5.21 4.14 3.55 3.26 2.99 2.83 3.78, 2.90 2.69 2.41 2.3 7 1 720 2.74 2.24
1290 4.40 3.00 2.39 5.34 4.13 3.52 3.00 2.97 2.81 3.47 2.83 2.49 2.27 2.42 1820 2.70 2.25
1390 4.26 2.99 2.50 5.26 4.01 3.48 3.14 2.96 2.90 3.49 2.84 2.57 2.35 2.43 1930 2.71 2.1 7
1500 4.30 3.0u 2.37 5.11 3.97 3.36 3.21 2.92 2.76 3.41 2.77 2.45 2.09 2.46 2040 2.61 2.19

1610 4.23 2.88 2.43 5.10 3.97 3.39 3.14 2.90 2.72 3.26 2.77 2.42 2.06 2.36 2150 2.69 _ _

1 750 4.18 2.89 2.1 7 4.95 3.99 3.37 3.05 2.91 2.74 3.46 2.67 2.55 2.02 2.45 2260 2.60 2.21
1980 4.10 2.74 2.23 4.94 3.93 3.19 2.95 2.75 2.73 3.36 2.60 2.35 — 2.12 2400 2.43 1.99
2250 4.10 2.69 2.01 4.71 3.74 3.10 - - 2.5 3 2.55 3.28 2.50 2.27 1.99 2630 2.35 1.92
25 20 3.88 2.38 1.92 4.71 3.83 3.08 - - 2.51 2.55 3.08 2.36 2.12 - - - - 2900 2.19 1.76

3060 3.69 2.02 _  — 4.35 3.35 2.75 -  — — — 2.27 2.89 3170 2.24 . . .

3870 3.20 — - - 4.14 2.76 2.15 2.38 3 710 2.12 - -
46 80 2.82 2.47 2.25
5490 2.42 2.89
6300 2.60

a -1Add 10.00 to get ergs sec from a slice of chromosphere 1 cm  wide.



number of atoms per cm3, in level n, this emission is':

^n hV nn* (U)

inhere h is Planck's constant and V is the frequency of the line in question. 

We write the Boltzmann-Saha equation in the form:

where n jj is the number of Hell ions, ne is electron density, Tex is the 

excitation temperature and Te is  kinetic temperature. Rewrite equation (5) 

in the form:

Then, i f  we plot the quantity on the le ft  side of equation (6) against ")fn, 

as in Figure 2, we should obtain a curve whose slope gives Tex and whose

dependent of the quantum numbers, it  should be the same for all of the Hel 
series.

The lines in Figure 2 were drawn to give most weight to the strongest 

lines, whose intensities are more accurate. The two triplet series are in 
fair agreement and define straight lines with a common intercept at = 0. 
The singlet series show a more pronounced curvature, but the indicated 

increase of nn for the higher series members probably results from errors 

in g nn, and A^i. Hence, we again use the common intercept and give 

greatest weight to the more intense lines.

The values of Tex at 15>00 km and the estimated probable errors are 

given in Table 3. The value for the 3D series is in good agreement with 

the figure of 5300° + 300 found by Goldberg from the 1932 eclipse.

nn = l+.lU x lO-^njjngTg"3/ 2 10S0U0XnAex (5)

(6)

-3/2intercept at}fn = 0 gives njjneTe . Since this latter quantity is in-

Figure 2



21S~n1P 21P~n1D

1 3 , 000+5000 17 , 000+7000

The marked difference between Tgx for the singlet and triplet series cannot 

be accounted for by probable errors in the data. The leading members of 

the two triplet series are enhanced by about a factor 10 over the correspond

ing members of the singlet series in terms of a Boltzmann distribution.

Since one singlet and one triplet line lie  in the infrared, with the remain

ing lines in the visible region, it  appears unlikely that systematic errors 

in photometry could produce these results. Although a singlet at X7281 from 

the transition 2̂ P—3̂ S is visible on our spectrograms, i t  is too weak to 

measure. Eye estimates place the intensity of this line near the positions 

of the leading members of the other two singlet series in Figure 2. The
O O

tr ip le t  at X3889 from the transition 2 S—3 P is  blended with the Balmer 

line H8. We estimate the intensity of H8 by interpolating between H6 and 

H9, and subtract this value from the observed intensity to give the intensity 

o f the Hel component. The Hel component is  strong enough to make the 

separation by this method fa ir ly  re lia b le , and the resulting in tensities at 

several heights in the chromosphere consistently give kn ~10. This leads to 

log (l0-^nn/l.0H  ton) = 15>»£7 for  the 33P lev e l, which is  in excellent agree

ment with the value l5 »5 l fo r  the 33D le v e l. Thus the 23S—n^P series 

indicates Tex ^  5100 °, in good agreement with Tex fo r  23P—n3D.

Since £n is the same function of height for all lines of Hel, the same 
values of Tex will be found at all heights. However, even i f  there was a 

substantial change in T_„ for the singlet series it  would be masked by small 

random errors in the data. Goldberg (1939b) found a systematic increase in

-7-
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Series 23P—n3s 23p—o3d

Tex U200+500 5200+700



Figure 2 Excitation temperatures of Hel
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T_„ with height for the triplet series.

Since only one Hell line is observed in the chromospheric spectrum, 

we have no direct determination of T . However, the continuum model gives 

a hydrogen density for 2 x 1012 at 1500 km. Thus, the total helium density 

should be near 2 x lO11,^which forms an upper limit to the number of Hell 

atoms in the ground state. From the observed intensities of \U686, we 

estimate n̂  = U x  1CT3 at 1500 km. This value for n̂  and the above limit 

on n̂  gives Tgx^17,200° for Hell.

IV. CHROMOSPHERIC MODEL

If external radiation produces the excitation of helium in the chromos

phere, two conditions must be met: (1) the optical depths at \lL500 must 

be small down to at least 1100 km where the maximum helium emission occurs, 

and (2) the external radiation field must emit enough quanta at A ^ 500 to 

account for the helium emission. In a previous paper (Athat et al. 1955) 

we derived a model of the chromosphere from the continuum data on the 

assumption of a spherically symmetric structure. We may use this model and 

the helium data to estimate optical depths at X .̂500.

The intercept in Figure 2 gives

nIIne Te“3/2 = 1.3 x 10ll; (7)
at 1500 km. The continuum model at this height gives Te = 6250 and 

ng = 1.6 x 1011, which leads to n jj = li x 10 .̂ The hydrogen density at 

1500 km is 2 x 1012, and i f  the relative solar abundance of hydrogen to 

helium is 10:1 we should have a helium density of 2 x 1011. Thus, only one 

helium atom in 500 is ionized. The total number of atoms above height h* 

in a radial column of one square cm cross section is:/-oO
wn = %  / £na?C, (8)

&n J h»
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which gives N]_ = 2.7 x lCr  ̂ for hi = l̂ OOlon i f  we assume that most of the 

helium atoms are in the ground state. The absorption coefficient of helium
"I O

at \500 is 7.5 x 10“ ' (Huang 19U8). Hence the radial optical depth down to 

1500 km is

'$00 = 1̂ ai  (9)

At \230f corresponding to the ionization of Hell, the optical depth in Hel 

has decreased by only a factor !;• Similar estimates of the optical depths 

in the Lyman continuum of hydrogen give / $qq^200 at 15>00 km. In view of 

these large optical depths at wavelengths where ionization of helium may 

occur, coronal radiation could scarcely play a significant role in the 

excitation and ionization of helium i f  the chromosphere is spherically 

symmetric.

Turning now to the second point, we note that one quantum of external 

radiation at X^500 is required for each quantum emitted in a given helium 

line. The total number of quanta emitted per sec. by A.5876 can be approxi

mated by:

where R is the solar radius. From equations (3) and (10), we obtain 

Qc;876 = * x 103  ̂ quanta per sec. The number of quanta emitted beyond the 

series limit, Vnt, by an elementary volume containing n.j_ ions and ne elec

trons possessing a Maxwellian velocity distribution is

qtn. - 3.2 X 10-6 / S t -h(»J->k<)ATe]  (11)
Te J a, V

where Z is the effective nuclear charge, and we have set the Kramer's gaunt 

factor equal to unity (Menzel 1937). The total quanta emitted by the corona
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where the integral is over the significant part of the corona. We set 

ni  = ®ne anc* use electron density distribution given by van de Hulst 
(1950) for the quatorial corona,

ne = 2 x IcAelO/R'. (13)

If we assume constant Te and integrate from R* = 1 to R1 = 3, the integral

in equation (12) is of the form
/ 3 ----- ,3

E .V 0/®' dR' / e 20/ R' (1U)
I 20 Jj r.2 20

since most of the contribution to the integrand is for R1 near 1. Hence 

equation (12) becomes

Qknl ,  e^ e r . El(_hlW kIe,| OS)
e n L j

The factor in brackets is the well-known exponential integral

- V  *n) = /  dx (16)/  xy x n
For Tg /^10 , the maximum emission is for Hell, 9^~0.1, and we obtain 

Qkn1 = 1«2 x 103  ̂ quanta per sec. Woolley and Allen (1950) estimate the 

ultraviolet line emission from the corona to be about one order of magnitude 
greater than this estimate of the continuum emission. Thus, it  is apparent 

that the coronal ultraviolet emission is several orders of magnitude too 

weak to excite the helium emission in the chromosphere. The most logical 
alternative is that the helium emission is excited by high Te in the 

chromosphere.

There is direct observational evidence that the emission from the upper 

chromosphere is concentrated in spicules, which occupy only a small percent

age of the total volume. According to Athay and Roberts (1955) the spicules



that emit Ha radiation in the upper chromosphere are also the sources of the 

helium and Call emission. Also, they found strong coronal line emission in 

the upper chromosphere, presumably from the interspicule regions. This 

evidence strongly siiggests that the spicules in the high chromosphere possess 

lower temperatures and higher densities than the surrounding medium.

The studies of Rush and Roberts (195U), and also the 1952 eclipse 

spectrograms indicate that the number of spicules increases rapidly as one 

goes to lower heights in the chromosphere. In addition, we must consider 

the possibility that appreciable emission, especially from hydrogen and 

helium, comes from interspicule regions.

An acceptable model of the low chromosphere must account for presence 

of emission from neutral and singly ionized metals as well as from hydrogen 

and helium, although these emissions need not necessarily come from the same
Ivolume elements. Since the observed emission lines in the low chromosphere 

cover a wide range of excitation potential, we assume that the largest per

centage of the helium emission comes from regions that emit only a small 

percentage of the metal line emission. The hydrogen emission and continuum 

emission, however, may be more equally divided between the two regions.

a. Temperature and Density

As a first step toward a non-uniform model, let us assume two types of 

regions in the chromosphere, with fractional volirmes and a ^ (=  l -a ^ )) j

so that all of the helium emission comes from region ( l ) .  We can determine 

the properties of region (1) from the helium data alone. We can then re

analyze the continuum data (Athay et al. 1955) to determine the properties 

of region (2).
(In the following we use and ^(i) to denote electron density and

- 11-



kinetic temperature in region (1), and we use a subscript (2) to denote 

these quantities in region (2). Equation (7) can then be written

V a f a f 2 -  —  -  —  <w> 11 [±) a (1 )  p { i . $ )

where <p{ h ') is given by equation (3). Since we have determined nn under 

the assumption of a uniform chromosphere, the Boltzmann equation can be 

written

= % )  T O  - 50to(x“ -x“ )/T^n Qn

for Hell, and
JI-uJ

for Hel. In region (1) we have postulated strong excitation of helium; 

hydrogen, in consequence, must be highly ionized so that the hydrogen density 

should be approximately equal to n^ ) # relative solar abundance of hy

drogen to helium is not well known. We tentatively adopt a relative abundance 

of 8:1. Neglecting n^^ in comparison with (n  ̂ +nj j ) ,  we have

n (l)

nI + nII
= 8 (20)

Equations (17), (18), (19) and (20) are sufficient to determine n(]j and T ^  
as functions of and the bn's . Hence, we may carry out the solutions by

choosing a ^  and bn# Fortunately, the results are not very sensitive to 

either or bn over wide ranges in the two quantities. We can determine

n̂ 1 from the data for h ^  3000 l<m. At greater heights we must extrapolate, 
but the results do not vary significantly between the plausible limits of 

extrapolation. The stability of the results arises from the fact that n^

-12-



T Tis the most abundant ion, and the values of nj~- are very sensitive for small 

changes in

The continuum data at X361lO and Xij.700 (Athay et al. 1955) give

a(l)n( l )T( l {  + a(2 )n( 2 )T(2^ = (?1')

and
 ̂ o i/o  K K v 10 /̂T

a( l )n(l) + a(2$n(2) + 2,9 X 10 n(2) °V T(2) 10 ' (2)= e(h'  ̂ (22)

where â j is the absorption coefficient of the negative hydrogen ion. The 

function g(h') is known between h' = 0 and 1;8,000 Ion. The function f(h ') is 

determined directly from the data only between 500 km and 2ij.00 km, but upper 

and lower limits to f(h ') are known between 2l|00 km and 6300 1cm. For the 

exact form of f(h ') and g(h’ ), the reader is referred to the paper discussing 

the continuum data (Athay et al. 1955).

If n(l) ^  ^(1) are lfnownJ equations (21) and (22) are sufficient
to determine n^) and T^). Values of T(-]j, n ^  and T^j are given

in Table U for several values of a(;j_) and for bn = 1. Above 2500 km solutions 
for T^) are given for the upper and lower limits to f(h); the solutions for 

the upper limits are enclosed in parentheses. For certain values of a(]_) at 

3500 km, no solutions for T(2) exist; at 6000 Ion, is infinite for all

values of a(]j» For h>U500 km, n(o) are verY sensitive to small
errors in the data and the value used for the relative abundance of hydrogen 

to helium. Hence the values of given in Table ij. for h^U500 Ion should

be regarded only as indicating a strong rise in T ^  with height. The 

values of T ^  for h< 2500 km and values of T ^  at all heights are very in

sensitive to either errors in the data or the value used for the relative 

abundance of hydrogen to helium. The stability of j in the low chromosphere
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arises from strong hydrogen Balmer continuum emission and considerable 

emission from the negative hydrogen ion in that region.

Table 1;

Chromospheric Model

a( l ) iog n(D T( l ) log n ^  

1500 Ion

T(2)

.99 10.71 18,700 12.22 65oo

.90 10.73 18,700 11.71 6300

.5o 10.87 18,800 11.36 6300

.10 11.22 19,300 11.22 6300

.01 11.7h 20,100 11.21

2500 km

6300

.99 10.58 18,300 11.73 6500

.90 10.60 18,300 11.22 6300

.5o 10.73 18,500 10.87 6300

.10 11.09 18,900 10. 7 k 6300

.01 11.60 19,700 10.72 

3500 1cm

6300

.99 10.38 18,000 11.50 17,U00 (13,200)

.90 io . Uo 18,000 10.61; 5,800 ( -)

.5o 10.53 18,200 10.30 5,900 (--)

.10 10.89 18,600 10.33 9,1|00 (7,200)

.01 l i .  Uo 19,300 10.36 

U500 lan

11,200 (8,500)

.99 10.12 17,900 11.30 280,000 (28,000)

.90 10. lU 17,900 10. Uo 87,000 (8,700)

.50 10.27 18,000 io.o5 87,000 (8.700)
(1U,000).10 10.63 18,U00 10.07 iUo,ooo

.01 l i .  in 19,100 10.13

6000 1cm

180,000 (18,000)

.5o 9.85 17,700 9.96 00 (00 )

.10 10.21 18,200 9.87 00 (00)

.01 10.72 18,800 9.89 00 ( 00)

.001 11.23 19,500 9.90 C7Q ( )

If we set b ^ /b j^  = 10^ and b^/b^ S 10®, T(1 ) ''rf'26,000°.

K1  =
10_ii and b^/b1 <̂ -1, T ^^ll^O O O 0. These wide varia'

% of hydrogen 
free-bound 
emission in 
region (2)

98

91

6k (7U)

7 (53)

0 (0)

If we set
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bn*s do not appreciably change n ^  or While we cannot prove

that bn,s are within these ranges there is  a point in favor of having bn~ l .  

The results in Table I4 give n ^ « n j ,  and the solutions for T ^  depend on 

the Hel data only through equation (10). Nevertheless the value of 

obtained from the assumption of b ^  = 1  is  in fa ir  agreement with Tgx for 

the singlet series of Hel and gives b ^ ^ l for these series.

In order to obtain a definitive model of the chromosphere we must 

determine and the vertical structure. Since the low chromosphere shows

a strong separation between the regions emitting the hydrogen free-bound and 

helium radiations, whereas the high chromosphere shows the two emissions 

merged, we cannot assume that both emissions are concentrated in vertical 

columns. One of the emissions may be in such columns, i . e . ,  spicules, but 

the second emission must behave differently. The merging of the hydrogen 

and helium emissions in the high chromosphere as indicated in Table li is  

verified by the identical spicule-like structure of the hydrogen and helium 

lines on the eclipse spectrograms for h > £000 km.

b. Vertical Structure and a(] j

As an approach to determining a(]_)j we make the assumption that regions

(1) and (2) have equal pressures. For h 35>00 km, our model is  su fficiently  

well determined to use this approach. At greater heights in the chromosphere, 

the uncertainty in n(-jJ and T^) is  too great to apply this concept. However, 

the observed spicule structure indicates that has decreased to £ ;0 ,1  at

6000 km. Thus a(]_) appears f ir s t  to increase with height, then to decrease 

again. I f  the helium emission were in vertical columns, this behavior of 

a ^  would require that f ir s t  decrease with height then increase. As a

more plausible alternative, we may assume that hydrogen free-bound emission
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is concentrated in vertical columns, as shown schematically in Figure 3.

Figiire 3

We identify the hydrogen emitting regions with■the spicules. The hydrogen 

emission goes with region (2 ) for h 6. 35>00 km, and switches to region (l) 

for h — h!?00 km. On the other hand, the helium emission is restricted to 

region (l) as a basic assumption.

The assumption of constant pressure on a horizontal surface leads to

values of n(l)* T(l)* n(2 ) 311(1 T(2 ) ^°T h For  ̂ ~ ^
the values of T ^  and n(2 ) are no  ̂ sensitive to the choice of a(]_)» This 
is not true for and however. In Table 5 we give the adopted

model. The values of and above 3?00 km should be regarded as

rough approximations only. The adopted temperature model is plotted in 

Figure U.
Figure h 

Table 5 
Adopted Model

h* a(l) log nis T.is log ns Ts
1500 .10 11.20 19,000 11.20 6,300
2^00 . ho 10.80 19,000 10.81* 6,300
3500 .92 10.1*0 19,000 10.60 7,000
U5oo .30 10.06 100,000 10 . bo 19,000
6000 .05 9.88 — 10.30 19,000

Near 35>00 Ian to h$00 km, where the helium emission changes from the 

interspicule regions to the spicule regions, a(^j is difficult to interpret 

in terms of the relative volumn occupied by spicules. Thus, the illustration 
in Figure 3 should be regarded as schematic only.

The spicule model for ĥ L I4OOO km is nearly identical with the model 

obtained from the analysis of the continuum data. The conditions of hydro

static equilibrium were satisfied rather well for h ^_,3000 km in the model

-16-



obtained from the continuum data, and the same will be true for the spicule 

model. In the interspicule regions the hydrogen is essentially all ionized, 

and the equation of hydrostatic equilibrium is

dlog n, 0.U3H mrr g--------i® = --------- (23)
dh 2 k T. yis

where g is the solar gravity and m̂ is the mass of the hydrogen atom. For 

Tg = 19,000°, we obtain Alog n̂ s = 0,38 for 1000 km change in height. This 

is in good agreement with the model for the interspicule regions. Thus, the 

assumption of constant pressure on a horizontal surface leads to hydrostatic 

equilibrium for the interspicule regions below 3!?00 km and to near hydrostatic 

equilibrium for the spicules below 3000 km. Above 35>00 km, the models in 

both regions show marked departures from hydrostatic equilibrium. Hoxrever, 

this is the region where our models have the greatest uncertainty, and the 

apparent departure from hydrostatic equilibrium may not be real. We recognize, 

of course, that one should expect departures from hydrostatic equilibrium in 

a non-uniform model of the type we have proposed due to the dynamic motions 

of the spicules through the atmosphere.

The temperature models in Figure ij. show a striking tendency to form 

plateaus at /v 6000° and''■'19,000°. The lower plateau is definitely associated 

with the ionization of hydrogen. Similarly, the plateaus at ^->19,000° in 

both curves seem to be associated with the ionization of Hell, Ionization 

provides a sink or source for energy, so that temperature changes slowly in 

regions where abundant elements with large ionization potentials are under

going ionization. A more detailed interpretation of these plateaus will be 

discussed in a separate paper.

(
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c„ Excitation of Triplet Levels,

The enhancement of the triplets of Hel over the singlets results from 

overpopulation of the triplet levels, i .e . ,  bn> l . If b^l-p-'-'l, we have

'-'10* ''-'21. This overpopulation of the triplet
levels undoubtedly arises from the metastability of the 23S level. Since 

our model indicates strong ionization of Hel, the high population of the 

triplet levels probably arises from electron capture. Ionization from the 

23S level occurs by absorptions at \<-2600. As rocket studies have shown, 

solar radiation is deficient in this spectral region, so that the chance of 

an atom being removed from 23S, by direct ionization, is small. Absorption 

within the triplet series takes place independent of singlet levels. Thus, 

overpopulation of 23S leads naturally to an overpopulation of the upper 

triplet levels.

V. DISCUSSION

The above analysis of the helium and continuum data shows that a non- 

uniform model for the chromosphere is required to satisfy the observed 

intensities. The hydrogen Balmer continuum emission is concentrated in the 

spicules, and the number of spicules decreases rapidly with height. The 

helium emission is concentrated in the interspicule regions in the low 

chromosphere, but it  shifts to the spicules in the high chromosphere. In 

the high chromosphere, the interspicule regions attain T 10*. Athay and 

Roberts (1955) found strong coronal line emission in the high chromosphere,

which indicates values of T consistent with those derived from the model.
6

A further indication of the temperatures in the region emitting the 

helium radiation comes from the maxima in the Ilel and Hell emissions. A 

maximum in the Hell emission requires a maximum in njjj* and a maximum in

- l 8 -



the Hel emission requires a maximum in n jj. In Figure 5 we have plotted <

the relative abundances of njj and n jjj as functions of Tg for n0 = 5 x lO1  ̂

and bn = 1. Since the total density of helium must decrease with height, 

the maxima in njj and n jjj must occur on the rising branches of the curves.

If there is a marked increase of temperature with height, the maxima will 

occur near the knees in the curves. This condition would lead to T(]_)^23,000° 

at 1500 km and T^/v/11,0000 at 1100 Ion. However, i f  a temperature rise 

occurs in the low chromosphere, followed by an isothermal layer at a tempera

ture below 23,000°, the maximum in the Hell emission will occur near the top 

of the region with the temperature gradient. The data in Table U favors this 

latter possibility, although we cannot exclude the former. In either case the 

regions emitting the helium radiation must show a strong temperature rise 

below 1500 km.

Figure 5
Our model differs basically from the spicule model proposed by Woltjer 

(195U). Woltjer’ s results indicate that the spicules are regions of 

relatively high temperature and high density, whereas our results indicate 

that the spicules are regions of relatively low temperature and high density.

Both models depend upon the nature of the assumptions that are made. Woltjer 

assumed that spicules occupy 2 per cent of the volume at all heights and 

that the interspicule regions are cool, Te = 5000°. We have determined the 

spicule and interspicule temperatures independently, and then fixed the 

relative spicule volumes on the assumption of constant pressure along a 

horizontal surface. Even i f  we avoid this assumption, we cannot reconcile 

our results with those of Woltjer. Athay and Thomas (1955) have pointed out 
that the data used by Woltjer are in strong disagreement with existing 

eclipse data.
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Additional evidence as to the nature of the chromospheric model will 
wollow from a detailed study of the data frora the metal lines observed at 

the 195>2 eclipse by the High Altitude Observatory expedition. A more 

thorough study of the emission at radio wavelengths will also provide 

important information. Dunn ( l955) is now obtaining high resolution pictures 

of the chromosphere, which should be a valuable aid in settling this question 

of non-uniform structure. High resolution studies of the helium emission 

would be of particular interest since our model indicates that this emission 

does not occur in vertical columns running the full depth of the chromosphere.

The portion of this work done at the High Altitude Observatory was 

supported by the Office of Naval Research and was carried out in cooperation 

with the Naval Research Laboratory; the balance of the work was supported 

by the Air Force Cambridge research Center, Geophysics Research Directorate, 

through contract AF 19(6oU)-li|6 with. Harvard University. The authors are 

indebted to Line, Charlotte Pecker for her aid in reducing the data and to 

Dr. R. N. Thomas for helpful discussions of the analysis.
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ABSTRACT

Some general conditions that must be satisfied by a chromospheric 

model are discussed, (l) The available data on variations in chromos

pheric structure over the solar activity cycle indicate the highest emis

sion gradients at sunspot maximum. (2) The evidence bearing on the choice 

of an energy or momentum perturbation as the chief characteristic of the 

low chromosphere is discussed, and a conclusion favoring the energy per

turbation is reached. The maximum in the non-radiative energy input 

appears to lie  near 500 km. (3) Some considerations on the effect of 
departures from spherical symmetry in the chromosphere are discussed in 

terras of hot versus cold spicules, and cf tte thermodynamics of the resulting 

configurations. We conclude, both from an a priori thermodynamic stand

point, and from existing data, that the spicules must be cold.



I. INTRODUCTION

During the course of our analysis of data obtained at the 1952 eclipse 

by the High Altitude Observatory expedition, we have presented several pre

liminary models of the chromosphere. Each of these rests only on some part 

of the data, and in essence servesto focus attention on some aspect of the 

chromospheric structure which must be included in any final model. In the 

last few years several other chromospheric models have been published, 

essential, features of which are discordant with our interpretation of our 

own and other data, some of which are unpublished. In the following we 

summarize some of the general features that we regard as setting restrictions 

on any chromospheric model.

Because of the marked scarcity of extensive spectrophotometrie results 

from eclipse studies, one should probably not criticize too heavily models 

based on simple averaging of data from several eclipses and from different 

types of observation. Nonetheless, certain glaring discrepancies do stand 

out, when the data are analyzed carefully, which destroy confidence in the 

"averaging" approach. We consider two examples.

Piddington (1953) states that the relation:

where ne and np are electron and proton densities and T0 is the kinetic 

temperature of electrons, holds from the base of the chromosphere to some 

10,000 km. Equation (1), combined with radio data, then leads to a chromos

pheric model. The quantity on the le ft of equation (1) is , up to a nu

merical factor, the free-bound emission at the head of the Balmer series. 

From the 1952 data (Athay, Menzel, Pecker and Thomas 1955) we were unable

II. CHROMOSPHERIC VARIATIONS

const. - 1 .2  • 10 ”8h(cm), (1)



to verify this result, finding instead:

(i) The quantity nenpTe rises through the lowest chromos

pheric layers to a maximum near 5>00 km,

(ii)  For 500<h<2li00 km, a relation like equation (1) holds, 

with 2*2 • 10“®, however, as the coefficient of h.

( i i i )  Above 2̂ 00 km, the free-bound emission becomes too faint 

to measure.

Further, we have been unable to find any other set of direct measures of

n„n„T “3/2 that substantiate Piddington's statement over the height range ® P
in question at any eclipse. Apparently, Ha data rather than free-bound 

emission have been used to extrapolate equation (1), since Ha is the only 
hydrogen line which extends to 10,000 km. Because of the combined effects 

of self-absorption, the variation of the non-equilibrium term for the 

population of the 3rd energy level, and a definite non-uniformity in 

chromospheric structure at heights above 5000 km, such combination of free- 

bound and bound-bound data must be done with caution. Piddington does not 

consider the problem.

Van de Hulst (1953) summarizes a number of different measures of the 

emission gradient of various hydrogen lines, finding different values for 

different eclipses, and implies that the differences reflect uncertainties 
in photometry. In his discussion, he uses an arbitrarily-weighted average 

of the data. Further, he attempts to represent all hydrogen lines, particu

larly those for n>12, by the same emission gradient. If, however, one 

collects the existing spectrophotometric eclipse observations, he finds in 

all cases a systematic dependence of emission gradient upon n. Thus, the 

use of a single emission gradient is not justified. Further, the d if

ferential emission gradients between eclipses seem to be real, and of size



exceeding the photometric uncertainty* We consider these points below.

It appears that data from various eclipses, scant as they are, may be 

used to investigate possible chromospheric variations. There exist photo

metric data of the jumping-film type for six eclipses, viz., 1927 (Pannekoek 

and Minnaert 1928), 1932 (Cillie and Menzel 1935), 1936 (Kemmindinger 1936), 

19Ul (Vyazanitsyn 1951) , 19h5 (Vyazanitsyn 1952 and Kristensen 19$$), and 

19̂ 2 (Athay, Billings, Evans, Roberts 195U, and Houtgast 1953). Further, 

from several other eclipses, semi-quantitative estimates of differential 

heights of chromospheric flash-lines provide information (particularly in 

Mitchell's work, 1930 and 19it7). Figure 1 exhibits the positions of the 

eclipses relative to the sunspot cycle.

The data usually contain intensities of the chromospheric lines, E, 

and their emission reciprocal scale-heights,p. The precision of these latter 

varies considerably with the number of heights at which observations were 

made. In the following, we compare values of (3 from the jumping-film data 

for the different eclipses at as close to a common height as feasible.

Such a comparison is beset with uncertainty. Systematic errors in 

log E and, to a lesser extent, in £5 must be admitted. The height scale 

varies, and the marked dependence of p upon the particular element and 

excitation stage may introduce apparent changes in relative line intensity. 

Moreover, the chromosphere is not uniform over the solar surface and the 

observer may not have picked a point representative of the "average" chromos

phere. Usually, however, marked irregularities are easily identified on 

the spectrogram and there is little  chance of accidentally selecting a 

peculiar region. It should be noted that the p1s do not change markedly 

with height for most lines. Consequently errors in assignment of height 

are not generally serious, and the p's become the most reliable indicator
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Values of p for some lines have been measured at all six of the eclipses 

for which jumping-film data exists. However, in 1927 the p's were determined 

only for Ha and \ljlt72 of He; and in 19hl, we believe, the data showed too 

great scatter to give reliable height-gradients. Figure 2 exhibits lines 

selected from the remaining data to cover as wide a range in excitation as 

possible. We use the 19U5 data of Kristensen. The well-known decrease in 

p with increasing excitation, as well as the anomalously low p for Sr+, 

stand out in all years. (The Sr+ behavior is characteristic of a similar 

group of metals, now under study by J. B. Zirker.) The p’ s for 1952 and 

19U5 agree well, the 1936 values exceed these, and the 1932 fa ll systemati

cally lower. The two values of p determined in 1927, for He and H, exceed 

the corresponding 1952 values.

From Figure 2 i t  is clear that more data are required to establish any 

very precise numerical dependence of p upon the solar activity cycle, al
though the trend seems reliable. To exhibit in more detail such results, we 

present in Figure 3 a plot of pn vs. oscillator strength, f 2n, for the Balmer 

lines from the eclipses of 1932, 19U5, and 1952. The similarity between 

1952 and 19U5* and their difference from 1932, are marked. The addition of 

detailed data from the 1958 eclipse should define clearly the minimum- 

maximum contrast. Further evidence in support of the relation between p and 

activity follows from the maximum heights observed at eclipses where photo

metric standards did not exist. Mitchell (1930, 19U7) has emphasized the 

lesser extent of the 1925 and 1905 chromospheres (greater p), relative to 
that of 1930, in the intermediate-strength metallic lines.

of chromospheric variability.
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III . TEMPERATURE GRADIENTS AND ENERGY SUPPLY

The essential aspect of the 11 high-temperature vs. low-temperature" 

controversy with respect to the low chromosphere lie s  in the question whether 

the chromosphere structure represents a momentum or energy perturbation.

That i s ,  does the anomalously-low emission height-gradient, relative to photo

spheric boundary conditions, represent the presence of some kind of "super

sonic turbulence" having l i t t le  or no energy dissipation or does i t  have 

purely thermal origin arising from an appreciable mechanical energy supplied 

to the low chromosphere? The prototype of "momentum-perturbation" models 

is the recent Woolley and Allen (195>0) suggestion of a chromosphere iso 

thermal at the photospheric boundary-temperature, Teo, up to a height near 

6000 km, where the electron temperature, Te, rises abruptly.

I t  appears to us that the following considerations require the energy- 

perturbation model, and argue against the null or negligible temperature- 

gradients in the lowest chromosphere,

(a) The results from a variety of investigations place Teo< 1*300°, 

probably nearer 1*000° (Minnaert 1953). To our knowledge, no 

analysis of eclipse observations in the continuum has placed 

Te <5000° at heights above 1000 km in the chromosphere. Our 

own measures in the continuum at the 1952 eclipse (Athay,

Menzel, Pecker, Thomas 1955) lead to T0 slightly over 6000°

at 1000 km. Thus, as a conservative lower lim it, one requires 

a rise of 1000° to 2000° in the lowest 1500 km of the 

chromosphere,

(b) In the following paper we consider the form of the chromospheric 

temperature gradient. At heights greater than 2000 km the
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Figure 2

Observed emission gradients at four eclipses. The 
19̂ 5 data are those of Kristensen (1955).
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regions of steepest temperature gradient arise from the in

stability of emission from hydrogen and helium, quite apart 

from any necessity to postulate a local increase in the 

mechanical energy supply. However, at heights below 1000 km, 

the rise in T must result from an increase in mechanical

From these two results, we conclude that any chromospheric model must 

require a relatively heavy energy input at the lowest chromospheric heights. 

A quantitative statement of the situation follows immediately from consider

ing: (1) the source of the radiative dissipation of the non-radiative energy 

input; and (2) the observed behavior of the free-bound emission at the head 

of the Balmer continuum,

1. Radiative dissipation for h< 1000 km.

where the sum is over the various radiative processes, is the 

emission coefficient, ky is the absorption coefficient and is the 

intensity of the radiation field.

The opacity of the chromosphere is high in the Lyman and early

small for the Lyman and early Balmer lines, and we conclude that the 

radiative dissipation for h ^1000 km is by hydrogen free-bound or H~ 

emission. For the continuum emission the approximation of local

e
energy supply.

For a steady state, we require:

(non-radiative input) = (radiative output)-(radiative input)

(2 )

Balmer lines (Thomas 19U9). Thus,

thermodynamic equilibrium is quite good, and we replace j /k^ by



J

the Planck function, a Then, we note that 1^ lies close to 

(5730°) in the spectral region where II” emission is most effective, 

and near to B̂  (i;000o) for the spectral regions of the Balmer and 

Lyman continua. Since /k^ increases from B^ (̂ UOOO0) at the base 

of the chromosphere to B̂  (^-'6000°) at 1000 lan, the net radiative out

put from H~ can be neglected relative to that from the Lyman and 

Balmer continuae

2. Observed behavior of E-^q.

The total free-bound emission that escapes the atmosphere is

Ef-b a E361|0 Te (3)

and we have

din %_b dJh Ê Sk0 ^  Te
dh dh dh Cb)

e361|.0 âs a rnaxi rnum near 500 km (Athay et al. 1955). The optical
depth at A361|Q is<£ 1 so the observed gradients are the actual ones.

The continuum model shows ĉ n ê ^ 0 .6  x IO-8 below 500 km and”3HO
^  0.1 x 10“ between 500 km and 1000 km. Thus, we expect a maximum 

in below 1000 km, and since we regard E^^ as the main source

of radiative dissipation the non-radiative energy input must be a maxi

mum at the same height as the maximum in E .̂ .̂ The energy input per 

gm must show a maximum at greater height than does Ê _̂ . Here, we do 

not consider further details of the problem, having established the 

essential point on the importance of energy input at the lowest chromos

pheric heights.

- 8 -



IV. SPHERICAL SYMMETRY AND THERMODYtMMICS OF THE ENERGY SOURCE

Because it  is the simplest first approximation, one usually assumes 

spherical symmetry in inferring both chromospheric and photospheric models 

from observations of the variation of emission across and above the solar 

disk. In the region above 5000 km, a non-uniform structure resembling 

spicules shows clearly in all visible spectral lines in the 1952 eclipse 

data. (Athay, Roberts 1955). In the region below lj.000 km, such non-uniformity 

is either absent or optically masked by superposition. Clearly, i f  there is 

appreciable non-uniformity in the upper photosphere and lower chromosphere, 

the possibility arises that our conclusions in Section III regarding tempera

ture gradient and energy input must be modified.

For example, de Jager (195U) has suggested the presence of cold and hot 

regions, in the photosphere, having temperature differences as high as 

1000° K. If the transition from photosphere to chromosphere marked a transi
tion from predominance of cold regions to predominance of hot regions, one 

might obtain the illusion of a temperature gradient. Moreover, several of 

the observed photospheric "anomalous" features such as the Russell-Adams 

effect might arise from such a model. Krat (l95Ua) discusses such problems 

as the latter in connection with granulation observations. On the other 

hand, the production of such hot regions, and their maintenance against 
radiative cooling, places severe restrictions on the kinematic state of the 

atmosphere. In the following section we will demonstrate the implausibility 

of these restrictions.
As a second example we note two extremes in the chromospheric models 

involving spicules: (1) the Thomas (19U8) model shows spicules that are cold 

in the low chromosphere, contain negligible mass and do not contribute to 

the radiation field; (2) the Woltjer (195U) model shows spicules that are

-9-



hot in the low chromosphere, contain negligible mass and contribute essentially 

all the Balmer emission. According to the hot-spicule model, the atmosphere 

itse lf need not be heated, and the inferred temperature gradient would be 

artificial. Again, the thermodynamic problem of maintaining such a configura

tion arises.

If, then, we wish to avoid the observational requirement of relatively 

high temperature gradient in the low chromosphere by going to a non-uniform 

structure, this structure must have several characteristics: (1 ) essentially 

the photospheric boundary temperature for the main mass of the low chromos

phere; (2 ) temperature of the second, or hot, component fixed otherwise than 

by energy dissipation; (3 ) stability of the configuration against radiative 

cooling; and (I4.) relative importance of the emission from the hot component 

to increase with height.
If these four conditions cannot be satisfied, the model returns to a 

chromosphere whose main mass shows at least the temperature gradient discussed 

in Section III. If the heating mechanism is the cold spicule, and apprecia

ble radiation comes from the spicule, the inferred temperatures represent the 

mean of spicule and atmosphere.
Consider in turn the properties of the acoustic-wave model and the hot 

spicule model relative to the four points enumerated above.

1. The acoustic-wave model.
The model (Biermann 19U8, Schwarzschild 19u8) of the granulation 

as a source of acoustic waves that amplify on passing upward through 

the atmosphere, leads to strong heating in the low chromosphere. In

deed, the more complete solution by Schirmer (195>0) with an initial 

velocity of<̂ >2 km/sec leads to a wave which should completely dissipate 

itse lf in the region below 5>00 km in the chromosphere, due to radiation.

-10-



From Schirmer's figures, we compute the ratio (free-bound emission per 

second)/3/2 k Te) to be 2 • 103 at the greatest heights given in his 

solution. We also note the ratio (ionization energy /  3/2 k Te) is 11 

at the same height, so his results, based on constant ratio of specific 

heats, y, break down. (Schirmer stops his solution when the shock-wave 

appears, and extrapolates the results to greater heights.) In any event 

the physical characteristic of the behavior of a simple progressive wave 
is clear. The wave dissipates in the lowest chromosphere because of 

lack of stability against radiative cooling.

Van de Hulst (1953) proposes a suggestion by Schwarzschild, in his 

attempt to keep a cool lower chromosphere: reduce the initial material 

velocity to some 0.003 km/sec, in the wave, thus increasing the height 

reached by the wave at which the amplitude becomes large enough to dis

sipate significant energy. We find two objections to this procedure. 

First, we require high T0 in the compression wave, at least 6000°, at 

1000 km. Since A Teo(v2/a2, where a is the local sound velocity, such 

low initial amplitudes mean essentially no temperature change. That 

is, unless we have high enough material velocity to produce significant 

A Te, we lose the point of introducing the wave at a ll. Second, it  is 

hard to justify such Ioxj material velocities. There is increasing 

evidence that the granules are acoustic waves rather than simply the 

source of such waves. (Schatzmann 195U; Thomas 195>U; cf, also Krat's 
comments 195Ua on the character of granules.) Thus the velocities 

associated with granulation may be the material velocity in the wave.

It seems, to us, far more likely that the granulation actually propa
gates upward as progressive waves, but dissipates well below the 1000 

km level. The importance of the granules in heating the chromosphere
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remains to be assessed.

2. The hot-spicule model.

Woltjer (195U) has presented a two-component chromosphere model 

based on a photometric study of spicules. We consider the model from 

two aspects: (a) conceptually and (p) numerically, in terms of his 

data and ours from the 195>2 eclipse.

(a) Conceptual analysis of the hot spicule.

The original spicule model of Thomas (I9I4.8) rested on one 

characteristic of the spicule; its velocity must be superthermic 

relative to the surrounding atmosphere. Then, irrespective of 

the thermal state of the spicule, energy would be supplied to the 

atmosphere by elastic collision between diffusing spicule atoms 

and atmospheric atoms. As a direct consequence of superthermic 

spicule velocity and atmospheric density gradient, the spicule 

behaves like a supersonic jet; first expanding, then contracting; 

cooling, then heating. The spicule time-scale is such that the 

configuration must reach quasi-steady state for most of the spicule 
lifetime. The temperature distribution within the spicule is fixed 

by the dynamics of the motion, perturbed by radiative interchange 

with the surrounding atmosphere.

Consider now the Woltjer model in which the spicules are hot. 

The model was constructed simply on the basis of the emission from 

spicular and interspicular regions, with no inquiry into the 

associated aerodynamic properties.

There are two choices as to the cause of the high spicule 

temperature: either the temperature is maintained dynamically or 
i t  is not. If the latter, we have a model of hot material ejected



from the photosphere into the chromosphere. Consider the rate of 

cooling of such material compared with its energy content: 

free-bound emission

Ej^ = 5.U « 10~22nenpTe_1/ 2 ergs cm“3sec“l  (5)

energy content

H = 3/2 (nH + np) k ^ + X • np ergs cm-3 (6)
where njj is total hydrogen density, and X is ionization potential 

of hydrogen. Using the data in Woltjer's Table 5 we evaluate (5) 

and (6):

h 1000 2000 3000 ilOOO

Ef k ergs cm~3sec-*l 1.5 0.53 0.31 0 .15

H erg cm" 3 3ho 13 6.7 6.0

Thus such a spicule, extending to heights of lÔ4 km, would cool 

rapidly, and could not have the observed duration of some five 

minutes or more.

Turning to the second alternative, we note that a spicule 
heated dynamically to the degree required by the Woltjer model 

must be superthermic. For, the maximum temperature rise possible 

for a given Mach number, M, is

inhere TQ is the initial temperature. Ignoring the effects of 

radiation, excitation and ionization on y — which drive i t  to 

unity — we set an upper limit on T with y = 5/3. Then, i f  T0 = 

5000°, we require M = 1.35 for T = 8000°, the minimum spicule 

temperature in the Woltjer model. Since this Te = 8000° occurs 

only i f  we stop the spicule completely, and activate only
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translational degrees of freedom, our value of M is clearly an 

underestimate.

Given that the soicule is a superthermic column of gas, we 

come back to the superthermic-jet model proposed by Thomas. This 

model has two properties: the surrounding atmosphere becomes 

heated and the spicule expands and cools in the lower chromosphere. 

Depending upon the initial thermal state of the material comprising 

the spicule, the expansion may or may not drive the spicule tempera

ture below that of the surrounding atmosphere. We note, however, 

that during the expansion phase the dynamic effect is to cool — 

not to heat — the spicule. Thus, the radiative cooling discussed 

above relative to the "hot" spicule has no compensation until the 

compression phase. On the other hand, the surrounding atmosphere 

is heated at all phases by the diffusion-collision mechanism.

Thus, unless the compression phase of the jet-spicule occurs in the 
lowest chromosphere, we would a priori lean toward the concept of 

colder spicules in a hotter atmosphere.

For several years a program at Sacramento Peak, under R. B. 

Dunn, has been attempting to obtain spicule photometry of such 

resolution and quality that the problem might be settled. We have 

interpreted a tentative suggestion by Dunn (1952) of a "mound" 
structure for the lower chromosphere to imply the occurrence of the 

expansion phase in this region. The problem is, however, quite un

settled, and we await Dunn's measures, currently in progress, for 
solution.

(p) Numerical data on the hot spicule model.

The preceding section (a) refers to the concept of a spicule
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that is hotter in the low chromosphere than its surroundings. 

Consider briefly the data bearing on the question: the material 

compiled by Woltjer, and the 1952 eclipse observations.

Woltjer1s material consists of uncalibrated Ha filter observa

tions obtained by Lyot, which Woltjer calibrated by the use of 

spectroheliograph Ha intensity measurements by de Jager (1952).

The calibration results from plotting log intensity (19^9) vs. 

plate density (19U2). We note two details of the photometry.

First, the phases of observation were, respectively, 19̂ 2 

(near sunspot minimum) and 19h9 (near sunspot maximum). The sug

gested variation, in Section I, of the chromosphere over the solar 

cycle leads to a too-low intensity in 19̂ 9 relative to 19^2. Thus, 

in the calibration curve, log I (19U9) should be increased by 

A (log I0) + (Ap) • h.

Second, the emission height-gradient of Ha measured by de 

Jager seems much too small. The point is remarked by Woltjer, in 

a comparison with 1932 eclipse data (Cillie and Menzel 1935), but 

the effect on the calibration was not considered. In Figure h we 

reproduce data from the 1932, the 19U5 (Kristensen 1955), and 1952 

eclipses; some unpublished results from standardized Ha filter 

observations which R. B. Dunn has generously made available to us, 

and the de Jager data. All data have been reduced to the integrated 

emission above a given height. It is clear that de Jager1s data 

give too low an emission gradient, most probably due to imperfect 

elimination of scattered light. A correction for this effect 

should subtract from log I (19U9) a function increasing with 

height. Further evidence that spectroheliograph observations of
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the chromosphere may lead to emission gradients that are too low 

also comes from Krat’ s (l95>Ub) observations. He finds emission 

gradients for K (Ca + ), H(3, Hy, ll<f and D̂ (He) in 1951 and 1952 

that are systematically lower than eclipse emission gradients in 

1932, 19U1, 19̂ 5 and 1952.
The two photometric corrections to the calibration thus work 

in opposite directions; but since the magnitude of neither is 

precisely known, the net effect is uncertain. One can only accept 

the photometric results with some reservation.

Next we note that the observations of spicules in Lyot' s Ha 

plates did not extend below 3000 km, with UOOO km seemingly the 

most reliable lower limit. Thus, the results for the lower chromos

phere represent an extrapolation into an unobserved region. In 

the higher chromosphere, Woltjer1s selection of the spicule as 

hot, and the interspicule as cold, regions proceeds from a plausi

bility  argument based on interpretation of observations of Ha alone. 

In essence, his interpretation rests on the assumption that the 

same excitation temperature holds for spicule and interspicule 

region - i .e . ,  for regions at 5000° and at 21,000°, on his model. 

Until such an assumption has been shown valid by detailed calcula

tion, it  is difficult to take literally any results based on this 

assumption. For example, one expects an excitation temperature 
near, or slightly greater than, the electron temperature for an 

electron temperature/-' 5000°; while for an electron temperature 

near 21,000°, the excitation temperature should drop to *~'3500°.
(All numerical values refer to the particular conditions of the 

solar chromosphere.) The source functions from these two excitation
- 16-
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temperatures, 5000° and 3500°, then differ by a factor 65, which 

in the Woltjer analysis must be unity.

For the reasons above, we do not consider that a convincing 

empirical case has been presented by Woltjer. As an attempt to 

check the model from our own eclipse data, we ask whether the 

Woltjer model cannot represent our observations as well as the uni

form model we discussed earlier (Athay et al. 1955). At a height 

of 2000 1cm in the chromosphere, Woltjer has 2% of the area covered 

by spicules with Te = 10̂  °K, ng = 10^-** and the remaining area 

covered by chromosphere with Te = 5000°, and ne = 10^*3. From our

eclipse data we have values of ne and ne2Te“3/2 determined, 

respectively, from the continuum at Xb700 and X36U0. Then we write: 

ne = n]_â  + n2a2 (8)

ne2Te-3 /2  = n12T1-3 /2  ^  + n22T2-3/2a2 (9)

Pick â  = 0.02 and a2 = 0.98 following Woltjer. Then T2 = 5000° 

requires T-j>lj.7,000 ° and n- Ĵ 2 • 1012, by contrast with Woltjer* s 

values of 10,500° and 3*10^. To retain Woltjer's values of nQ and 

Te, we require 0.5.
On the other hand, we may try to use â  = 0.02 with T-̂ <,T2 

and n-j_>n2. Then, i f  n-j/n2 > 10, we require T^^ 8500 and T2 ^

11,000. If we require T-^^5000, n]_/n2 <'6. Pushing the calcu

lations further, large n-̂ /n̂  requires high values for both T]_ and 

T2. If T̂  is kept low, high values of T2 are permitted but only 

values of n^/n2 ^10. We recognize the crudeness of this analysis 

in not talcing into account the effect of the differential emission
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gradient within the two regions, but we are concerned with gross 

estimates only at this point.

A more complete discussion of a spicule model based on 1952 eclipse data 

for helium, hydrogen Balmer continuum and H" and electron scattering continuum 

has been carried out by Athay and Menzel (195>5). Their analysis leads to a 

model giving T0(h) in both spicules and interspicule regions. The spicules 

are cooler and denser than the surrounding atmosphere at all heights above 

1100 km. Below 1100 km there is insufficient data to derive T (h) in the 

interspicule regions. This model, together with the above remarks on the 

continuum data alone, clearly shows that the 195>2 eclipse data are much more 

difficult to interpret with a model of the type proposed by Woltjer than 

they are with a cold-spicule model.

Although our concern in this paper lies in the lower chromosphere, we 

should summarize our own opinion of the situation in the upper chromosphere, 
to which Woltjer's discussion applies directly. In the spicule model of 

Athay and Menzel, the upper, as well as the lower, chromosphere is character-
c' o

ized by cool spicules in a hotter atmosphere. For h 5000 km, Te —'lO'’ in 
the interspicule regions and Te~"2 x 10̂ - in the spicules. The observations 

of coronal line emission in the same height ranges as the observer spicule 

structure (Athay and Roberts 195>5>) is a strong suggestion that the model 

must be of this type with the coronal line emission building up in the inter

spicule regions.
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