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Abstract. We discuss the importance of the spectral range from about 80 to 800 A for determining 
physical conditions in different regions of the solar atmosphere. We give examples of line ratios that may 
be used to determine electron densities in quiet Sun regions, active regions, and flares. We discuss the 
possibility of determining electron temperatures from line ratios in the EUV. 

We show that profiles as well as intensities of spectral lines must be obtained for a proper interpretation 
of the spectra. We give approximate parameters for a solar grazing incidence spectrograph suitable for the 
study of the 80-800 ~ wavelength region. 

1. Introduction 

The region of the solar spectrum between about 80 and 800A_ has not been 
thoroughly explored with spectral resolution adequate for the measurement of 
coronal line profiles. The wavelength range from about 270 to 1350 A was covered 
by the normal incidence Harvard spectroheliometers on the fourth and sixth Orbiting 
Solar Observatories and on Sky&b, but the spectral resolution was never better than 
~0.8 A. The slitless spectrographs flown by NRL on rockets and on Skylab covered 
the range from -~170 to -~600A, but the spatial imaging properties of these 
instruments preclude good spectral resolution. Grazing incidence spectrographs 
have been flown on OSO satellites and rockets, but only the instruments flown by 
Behring et al. (1972, 1976) and Cushman et al. (1975) had sufficient resolution to 
record line profiles. 

The object of this review is to show that the wavelength region between 80 and 
800 A (the grazing incidence region)? is one of the most important spectral regions 
for the study of phenomena in the solar atmosphere, from the standpoint of spectral 
diagnostics. It therefore seems that an effort should be made to fly a high spectral 
resolution spectrograph or spectrometer on a future space mission, perhaps the 
Shuttle, that would record spectra in the 80-800 A region. There is no technological 
reason why such an instrument could not be built. 

* Given as an invited review paper at the EGAS Meeting in Miinich, Germany, 11-14 July 1978. 
? In this paper, we call the wavelength region 80-800 ~ the grazing incidence region even though 
wavelengths as low as 2200 A, can be recorded by a normal incidence spectrograph. 
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In Section 2 we discuss the types of lines that appear in the 80-800 ~ range and the 
expected widths of these lines in different regions of the solar atmosphere. In Section 
3 we summarize most of the extensive work that has recently been done on electron 
density diagnostics in the 80-800 ~ range. In Section 4 we discuss the possibility of 
determining electron temperatures from line ratios in this region. In Section 5 we 
discuss the importance of having both line intensity and profile information for 
proper interpretation of spectra. Finally, in Section 6 we discuss a particular 
spectrograph that covers the 80-800 ,~ range and that would enable the measure- 
ments described in the preceding sections to be carried out. 

2. Spectral Lines in the 80-800 .A Region 

In the region between 80 and 800 ~, there are lines emitted from the chromosphere, 
the transition zone, and the corona. The main chromospheric lines are the He i and 
He ii resonance lines. The resonance lines of certain transition zone ions appear in 
this region as well, e.g., O v (2s= 1So-2S2p tp~, 629 ~) .  However, most of the lines 
that fall below 800 A belong to coronal ions, i.e., ions formed at temperatures 
~>8 • 105 K.'Some of these lines are emitted from the quiet and active corona while 
others appear only during flares. Coronal flare plasma usually spans a temperature 
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Fig. 1. Average quiet Sun spectrum and flare spectrum recorded by a GSFC spectrometer on OSO-5 
(see Kastner et  al., 1974). 
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range between about 106 K and a few times 107 K. Many of the additional lines that 
appear at short wavelengths near = 100 A during flares are due to allowed transitions 
of the type 2 s 2 2 p k - 2 s 2 p  k+l, mostly from F e x v m  through Fexxm.  The only 
spectra showing these lines were recorded by the Goddard spectrometer on OSO-V 
(Kastner et al., 1974, see Figure 1). The two Fe xxIv lines fall at appreciably longer 
wavelengths than the other lines, around 292 and 255 A, and are strong lines in NRL 
slitless spectra of flares recorded on Skylab (see Figure 2). Consequently, one can 
study flare plasmas up to temperatures of about 2 x 107  K in the 80-800 A region. 
Usually, the study of such plasmas is only considered in the context of X-ray 
instrumentation. 

Extensive line lists for the grazing incidence region are given by Behring et al. 
(1972, 1976) and Malinovsky and Heroux (1973), for the quiet Sun. Dere (1978) has 
published a list of flare emission lines down to about 170 A. For wavelengths below 
270 A, a flare list has been published by Kastner et al. (1974). Identifications of most 
of the flare lines due to highly ionized iron are given in Fawcett and Cowan (1975), 
Kononov et al. (1976) and Feldman (1976). 

If thermal broadening alone were responsible for solar line widths, the necessary 
spectral resolution for resolving line profiles could be calculated from the tempera- 
tures at which the lines are formed in ionization equilibrium. It is clear that the widths 

Fig. 2. 

M2 FLARE OF 15 JUNE 197:5 NRL 

E U V  images of a flare on 15 June  1973 recorded by the N R L  slitless spectrograph flown on 
Skylab. Note the Fe  x x 1 v  255 A. image. 
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of the coronal and transition zone lines of iron will dictate the spectral resolution, i.e., 
the He I and He II lines are quite wide and their profiles have been well-determined. 
From Feldman and Behring (1974), and Doschek etal. (1974), the He n 304 A line is 
0.10 ~, wide and the He ~ 584 A line is about 0.12 A wide. (The Doschek et al. (1974) 
result for He I has been corrected here for absorption by helium in the Earth's 
atmosphere.) Figure 3 shows the profiles of these lines. However, we now know that 

Fig. 3. 
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Profiles of the resonance lines of He I and He ]1. The profiles have been smoothed by eye (see 
Doschek et aL, 1974). 

turbulent motions exist in the transition zone of the quiet and active Sun and the 
average magnitude of the turbulence is a function of temperature. At a temperature 
of 2x104K,  ~ = 1 0 k m s  -~, and at 2x l0SK ,  sc---25kms -1. Figure 4 shows an 
example of turbulence vs temperature behavior for the quiet Sun measured at 2-4" 
above the limb (Mariska et al., 1978). Turbulent motions also exist in the corona 
(Feldman and Behring, 1974; Cheng etal., 1978) and are of the order of =20 km s ~1 
or less, as deduced from the forbidden lines of Fe xiI, Fe xI, and Si viii at A > 1000 
(see Figure 5). 

If broadening by resonance scattering is neglected, the full width at half maximum 
(FWHM) intensity of a coronal line due to thermal, non-thermal and instrumental 
broadening is given by 

F W H M = 2 ~ / I ~ _ ~ ( ~ + ~ : 2 _ F  c2AA 2 "~1/2 
c \ ~v* 4(ln 2)A2,  ] ' 

(1) 

where A is the wavelength, c is the speed of light, M is the ion mass, T~ is the ion 
temperature (assumed equal to the electron temperature Te), s e is the most probable 
non-thermal velocity, and zlAt is the instrumental FWHM. Equation (1) assumes a 
gaussian distribution for both thermal and non-thermal components. 
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Fig. 4. The nonthermal velocity as a function of electron temperature for transition zone lines. The solid 
and open circles are from quiet Sun regions observed by NRL and described in Mariska etal. (1978). The 
crosses are from Boland et al. (1975). The solid line is the curve predicted assuming that the broadening is 

caused by an acoustic wave. 

Excluding opacity, the broadening to be expected for coronal lines in the grazing 

incidence region can be estimated f rom the typical non-thermal  velocities deduced 

by Cheng e t  al. (1978). For the quiet Sun transition zone, line widths can be estimated 

from the values of ~ given in a number  of papers,  e.g., Mariska e t  al. (1978). For 
flares, the F W H M  of the forbidden line of Fe xx i  at 1354 A reported by Doschek e t  

al. (1975) (Figure 6) provides a guide to the widths of lines of highly ionized flare ions 

at shorter wavelengths. 

The expected line widths of normal coronal lines may be illustrated clearly in 
graphical form. The F W H M  of hypothetical lines of iron and silicon are shown in 
Figure 7, as a function of A, Te, and ~:, as calculated from Equat ion (1). In order to 
measure  a profile adequately, it is necessary that the instrumental F W H M  (/tAt) be 

no wider than about  �89 of the true line width. Thus, if zlAI = 0.02 A. at 200 A, adequate  
resolution will be achieved for most lines. 
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The FWHM of hypothetical lines of iron and silicon as a function of temperature, wavelength, and 
nonthermal mass motion. The instrumental width is assumed to be 0.02 ~ .  

3. Density Diagnostics 

There are basically two types of coronal lines in the XUV region - those that arise 

from 'allowed' transitions, and those that arise from intersystem and forbidden 
transitions. We define the allowed transitions as those transitions that have very large 
spontaneous decay rates compared to the rates at which the upper levels of the 

transitions are populated or depopulated by collisions with electrons and protons. 
(Photo-excitation is not generally important in the corona compared with collisional 

processes, although in some instances it must be considered.) The non-allowed 
transitions arise from metastable levels, e.g., Ne vii (2s2p 3p1 ~ 2s 2 1S0). Note that 
certain transitions forbidden by electric dipole emission, i.e., forbidden lines, might 
be considered allowed transitions under our definition, as long as the decay rates are 
much greater than collisional rates. An example is S x (2p 3 2P3/2 ~ 2p 3 4S3/2) for 
Ne ~< 10 9 cm -3. 
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Because of these two distinct types of transitions, the intensity rat ios of certain 
spectral lines depend primarily on electron density, and only weakly on other 

physical parameters .  The basis of the method is well-known, dating back to the 

interpretation of the relative O n line intensities in gaseous nebulae (Aller et aI., 

1949). Examples  of these methods as applied to coronal flare plasmas can be found in 

Doschek et al. (1977a) for  Ca x v n ,  in Feldman et al. (1978b) for Fe ix, in Mason 

et al. (1978) for Fe xxi ,  and in Dere  et al. (1978) for a number  of ions of different 

isoelectronic sequences that produce lines in the grazing incidence spectral region. 

The point is that once the collisional excitation rates for populating the excited levels 

of a particular ion are known, a solut ionof  the statistical equilibrium equations gives 

the intensity ratios of different pairs of lines as a function of electron density. The 

density sensitivity arises because the ratio of the population of 'al lowed'  and 

metastable  levels depends on the electron density. Figure 8 shows the 241.730 and 
244.911 A. lines of Fe Ix  as they appear  in the quiet corona, late in the 15 June 1973 

flare and during the 21 January 1974 flare. 

Fig. 8. Behavior of the Fe IX 241.7/~/244.9 ~ ratio in the quiet Sun and in flares and active regions. 
The slit spectrum is a full disk quiet Sun observation obtained by Behring et al. (1976). The slitless spectra 
were recorded by the NRL instrument on Skylab. The theoretical behavior of the Fe Ix ratio as a function 

of electron density is shown in Figure 10 (curve 1). (See Feldman et al., 1978b.) 
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A systematic study of density sensitive line ratios applicable to different solar 

regions has been undertaken by a number of investigators (e.g., H. E. Mason, A. K. 

Bhatia, D. R. Flower, and H. Nussbaumer). These investigators have calculated 

atomic data for many of the ions that are appreciably abundant in the solar corona. 
Dere  et al. (1978) have recently applied the diagnostics that are available in the 
170-600 A region to the flare spectroheliograms recorded by the NRL slitless 

spectrograph flown on Skylab. 

The atomic data, as well as line intensity ratios, are available from a number of 

sources. Some of the atomic data for the B I sequence was supplied to us by Flower 
(1978), and some was published by Mason and Storey (1978) and Dere et al. (1978). 
The last two references give atomic data and line intensity ratios for Ar x~v, Ca xv,  
and Fe xxII. Data for the N I and C I sequences were supplied to us in advance of 

publication by Mason (1978) and Bhatia (1978). These data, including line intensity 

ratios, are published by Mason and Bhatia (1978), Dere et al. (1978), Mason et al. 

(1978), and Bhatia and Mason (1979). The data for Fe x x  were calculated by Bhatia 
and Mason and are not yet published. The atomic data for iron ions are already 

published i.e., Fe IX (Flower 1977a), Fe x (Mason 1975, Nussbaumer 1976, Mason 
and Nussbaumer 1977), Fe xi  (Mason 1975, Mason and Nussbaumer 1977), Fe x n  

(Flower 1977b), Fe XilI (Flower and Nussbaumer 1974), Fe XlV (Blaha 1971, Mason 
1975) and Fe x v  (Bely and Blaha 1968, Dere etal.  1977). Useful line ratios for most 
of the iron lines are given in Dere et al. (1978). As yet there appear to be no 
calculations for the O I sequence except for Ca x m  (Mason, 1975) and F e x I x  
(Nussbaumer 1978). We have extrapolated and interpolated results for the Be I 

sequence from the atomic data given in Gabriel and Jordan (1972). Lines of the Li I 
sequence are not useful as density diagnostics at solar densities. 

Using the above references we have selected a group of density sensitive lines that 

are applicable to a wide range of density conditions in the corona. Line ratios were 
calculated for ions of the Be I, B I, C I and N ~ sequences using a computer program 
for solving the equations of statistical equilibrium. As mentioned, line ratios for ions 

of the B I, C I and N I sequences, and for many of the iron ions, are also given in the 
above references. Ionization equilibrium is assumed in these calculations, and in the 
following discussions. The photospheric radiation field was included; proton excita- 
tion between fine structure levels was not included. We do not believe that the 
omission of the proton rates will affect the results in a major way. Much of this work 
appears in the above cited papers. 

The selected line ratios are given in Tables I, II, III, and IV, with the approximate 

ranges for density sensitivity and the wavelengths of the lines. The results for lines 

within the n = 3 configuration of iron ions, and the results for the C i sequence, are 
shown graphically in Figures 9 and 10. We have used the same line ratios for the C I 
sequence that were used by Dere  et al. (1978). These authors also included proton 

excitation in their calculations. 
Because of the  ordering of the levels in the C i sequence, it is the best overall 

sequence for obtaining density sensitive ratios. From Figure 9, density sensitive line 
ratios can be found that span the density range from 108 cm -3 to 1013 cm -3. 
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TABLE I 

Line ratios in the Be x isoelectronic sequence between the configura- 
tions 2 s 2 p  and 2p 2 sensitive to densities of 101~ electrons cm -3 

Ion Transitions Wavelengths Electron densities 
(A) (cm -~) 

Ne vi i  3p1 - 3P~ 562.992 1011_1013 
3Po-~P 1 559.947 

3P I - 3P o 445.97 
Mg Ix 1012-1013 

3P 0 -  3P 1 441.20 

TABLE II 

Line ratios in the B I isoelectronic sequence between the configurations 2sZ2p 
and 2s2p 2 sensitive to densities of 109-10 x3 electrons cm -3 

Ion Transitions Wavelengths Electron densities a 
(~.) (cm ~) 

S i x  2p3/2 -2D5/2 356.038(B) 108_101o 
2pI/2 - 2D3/2 347.402(B) 

S XlI 2P~3/2 - 205/2 299.536 108_1011 
2P]/2 -2D3/2 288.416 

A r x I v  2p3/2-2D5/z 257.368 109_1012 
2P]/2 - 2D3/2 243.79 

Ca x v I  2p3/2 - 2D5/2 224.54(K1) 101o_1012 
2P]/2 -2D3/2 208.57(K1) 

Fe xXII 2p3/2 -2D5/2 155.87(K2) 1012_1014 
2P~/2 -2D3/2 - 135.78(K2) 

a The density ranges for Ar XlV, Ca xvI ,  and Fe XXlI were taken from 
Mason and Storey (1978) and Dere et al. (1978). 
K1 Kononov et al. (1975). 
K2 Kononov et al. (1976). 
B Behring et al. (1976). 

We may obtain an idea of which ions are best for different solar regions by 
considering some of the published results concerning densities in the Sun using line 
ratio techniques. Flare densities have been obtained by Doschek et  al. (1977a), 
Feldman et  al. (1978b), Mason et  al. (1978) and Dere et  al. (1978). These results 
indicate that in coronal flare loops densities on the order of at least 1011 to 1012 cm -3 
are achieved at temperatures on the order of 1 0 6 - 1 0 7  K. From Figures 9 and 10 and 
the tables it is seen that the ions Ne v~i, Mg ~x, Fe xx, Ca xv,  Ca xvt,  Ca x w L  and 
Fe • provide the useful diagnostics for flares at these densities. Quiet Sun and 
active region coronal densities have been derived from an analysis of forbidden line 
ratios by Feldman et  al. (1978a). They derived densities of about 109 cm -3 for the 
temperature of formation of S x, i.e., 1.3 x 106 K. From the tables and figures it can 
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TABLE III 

Line ratios between the C I 2s22p z and 2s2p 3 configurations sensitive to 
densities of 108-1013 electrons cm -3 

Ion Transitions Wavelengths Electron densities 
(A) (era -~) 

MgVIl a (1) ID2-1D2  319.016 1010 
3P 1-3S1 277.042 1 • 108-1 • 

Si IX" (2) ID2-  lD2 258.080(B) 1021 
3P 1 - 3P 2 292.80(B) 4 x 10aM x 

1D 2-1D 2 215.97 101~ 
S xI ~ (3) 3po_3S I 186.84(B) 2 • 109-1 X 

3 P  2 - 3 0  3 291.59 
(4) 3P o-3D~ 281.416 1 x 108-1 x 101~ 

1D 2-  ID; 184.90 
Ar XllI b (5) 3po_3p  ~ }01.69 4• 109-3• 1012 

3p2-  3D 3 248.665 1011 
(6) 3/90_301 236.267 3X 108-1X 

3P 1 - 3D 2 242.229 
(7) 3No 3D ~ 236.267 4X 108-4x 10I~ 

1D 2-  1D2 161.00 1 • 1011-1x 1013 
Ca xv  b (8) 3P o-3P I 171.57 

3p2- 3D 3 215.37 3 • 10l~ • 1013 
(9) 3p0 3D ~ 200.95 

3P 1 - 3 0  2 208.71 
(10) 3po 3D 1 200.95 3 X 101~ 1013 

F e x x I  c (11) 3P1 - 3D2 142.14(K2) 1013 
3po-3D ] 128.73(K2) 1 • 1011-1 • 

K2 Kononov et al. (1976). a See Mason and Bhatia (1978). 
B Behring et al. (1976). b See Dere et al. (1978). 

c See Mason et al. (1978). 

be seen  tha t  the  ions Si ix ,  S xI,  A r  x n ,  Fe  xI ,  and  Fe  x m  p rov ide  the  bes t  d iagnos t ics  

for  this dens i ty  range .  A b o v e  10 l~ cm -3, none  of the  i ron  ions is useful  excep t  F e  Ix, 

which b e c o m e s  an exce l len t  d iagnost ic .  

4. Temperature Determinations in the 80-800 .~ Region 

In ion iza t ion  equ i l ib r ium mos t  of the  t rans i t ion  zone  and  co rona l  ions are  f o r m e d  

p r imar i ly  ove r  a n a r r o w  t e m p e r a t u r e  r ange  ( Jordan ,  1969). E xc e p t i ons  are  ions with 

c losed  shells,  and  l i th iuml ike  and  sod iuml ike  ions. The re fo re ,  if ion iza t ion  equi l i -  

b r i u m  is val id,  it is not  necessa ry  to d e t e r m i n e  t e m p e r a t u r e  excep t  for  these  ions 

which are  a b u n d a n t  ove r  re la t ive ly  la rge  t e m p e r a t u r e  ranges .  The  t e m p e r a t u r e s  of 

most  of the  lines a re  in a sense def ined  by  the ion iza t ion  equ i l i b r ium f rac t iona l  

a b u n d a n c e  curves,  fo lded  into the  a p p r o p r i a t e  exc i ta t ion  rates .  
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TABLE IV 

A list of iron line ratios from the 3se3p k -3s3p  k+~ and 3s23p k -3s23pk-13d configura- 
tions sensitive to densities of 109-1013 electrons cm 3 

Ion Transitions Wavelengths Electron densities 
(~) (cm -3 ) 

Fe Ix (1) 3p6 1S~ 3P2 241.739 109_1012 
3p6 1S0 - 3p53d 3p] 244.911 

Fe xt (2) 3p4 1D2-3p33d 1D~ 184.793 109_1011 
3p4 3/,2_ 3p33d 3p~ 188.219 

3p 4 1D2-3p33d 1F 3 179.75 
(3) 3p 4 3p2-3p33d 3P 2 188.216 109-1011 

3s23p a 1D~ -3s3p 3 1P1 256.42 
Fe xnI  (4) 3s23p = 3P 0 - 3s23p3d 3P 1 202.06 109-1011 

(5) 3p2 3p~_3p3d 3P 2 213.80 
3p= 3P 0 -3p3d 3P 1 202.06 109-101~ 

3p 2 1D2 -3p3d 1D 2 221.89 
(6) 3p 23P o - 3 p 3 d  3P 1 202.06 109--1011 

3p 23D= - 3p3d 1F 3 196.525 
(7) 3p 2 3P o - 3 p 3 d  3P 1 202.06 109-1011 

3s3p 3P 2 - 3p 2 3D 3 233.857 
(8) 3s3p Ip~ -3p= 1D 2 243.790 109-3 • 101~ 

Nevertheless, it has been suggested by many investigators that the ratios of certain 
line pairs in the grazing incidence region can be used to determine electron 
temperatures, because of the different Boltzmann factors, exp (-AE/kTe), of the 
two lines. That is, one line is chosen such that the Boltzmann factor is near unity, e.g., 
a transition of the type, 2s22pk-2s2p  k+l. Another line is chosen for which the 
Boltzmann factor is much smaller than unity, e.g., transitions of the type, 2s22p k - 
2s2pk3p or 2s22pk--2s22pk-13S, 3d. We show that, if ionization equilibrium is 
valid, the above method is not a practical temperature diagnostic. 

The point is illustrated most clearly by considering a hypothetical three level ion, 
such that the energy required to excite the third level, AE13 , is much larger than is 
required to excite the second level, AEI=. All excitations are considered to occur 
from level 1, the ground state, i.e., the coronal approximation is assumed and the 
populations of levels 2 and 3 are regarded as negligible compared to the population 
of level 1. We now consider the contributions to the intensities of the two lines with 
wavelengths ,~12 and A13, from two temperature regions. One region is assumed to be 
at an average temperature TM where line ,~ 12 is emitted with maximum efficiency in 
ionization equilibrium. The other region is at an average temperature T, that can be 
regarded as either much lower or much higher than TM. In reality, a continuous 
distribution of temperature occurs in the solar atmosphere. Along any given line of 
sight it is difficult to isolate a structure at a temperature T such that no region at a 
temperature TM would be within the field of view. Thus, our two region idealization 



I
O
 I
 

Z 0 f-
 
1
0
 0
 

O "1
- 

rl
 

O I-
 

< rr
 

>-
 

l
-
 

z I-
- 

z 
10

 -I
 

10
-2

 10
 8

 

C
I
 

I
S
O
E
L
E
C
T
R
O
N
I
C
 

S
E
Q
U
E
N
C
E
 

t 
' 

'''
"1

 
' 

' 
' 

'''
"1

 
, 

I, 
,,,

,If
 

, 
, 

, 
,,I

,, 
I 

,4
 

.
/

.
~

 
_ 

,,
jj

. 
,~

: 
~ 

J 
.-

. 
/_

_ 

- 
/ 

/"
 

..-
~,

,~
 

, 
-'- 

/'
..

__
_.

~ 
..
 

_
 

,
 

~
"
 

/
 

-
"
 

-
 _
 

/ 
--
 

/,
- 

. 
-

-
/

 
~ 

- 

�9
 

9
~

 
. 

.i
 

11
 

"F
 

/ 
~-

"~
'T

"J
~ 

I 
i 

J 
, 

~ 
J 

j 
I 

~ 
J 

Il
l 

i 
I 

J 
I 

j 
wr

rl
 

J 
~ 

I 
J 

iI
 

] 
r 

J 
if 

10
 9 

10
 1

0 
10

11
 

10
12

 
10

1'3
 

E
L
E
C
T
R
O
N
 

D
E
N
S
I
T
Y
 

(
c
m
 -
5)

 

F
ig

. 
9.

 
D

en
si

ty
 s

en
si

ti
v

e 
li

ne
 r

at
io

s 
in

 t
h

e 
C

 ]
 i

so
el

ec
tr

o
n

ic
 s

eq
u

en
ce

. 
T

h
e 

n
u

m
b

er
s 

re
fe

r 
to

 t
he

 n
u

m
b

er
s 

in
 p

ar
en

th
es

es
 i

n 
T

ab
le

 I
ll

. 

S
ee

 M
as

o
n

 a
n

d
 B

h
at

ia
 (

19
78

) 
an

d
 D

er
e 

et
 a

L
 (

19
78

).
 

m
 

�9
 

z m
 

G
 

N
 O
 

7~
 

m
 g g �9
 

z 



Z o 0 35
 

t5
_ 

v 0 I.
- 

<:
~ 

13
1 

>
- 

I-
 

z uJ
 

l-
- 

Z_
 

,~ l 10
 0

 

1
0

 "
1 

10
-2

 IO
 s 

I 
I 

I 
I 

lil
t[

 
I 

I 
I 

I 
ti

t1
 

1 
] 

I 
I 

I 
lil

t 
I 

I 
1 

i 
I 

ti
ll 

I 
'l 

_ 

.7
 

f
l

 
I 

""
 

""
 

_
~

~
 

- 
/ 

/ 
/ 

/ 
\ 

Z
 

tt/
 

/-/
 

\ 
- 

I..
..-

/'S
",

 
, 

,,i
 

, 
. 

,,,
,,I

 
, 

, 
, 

,,,
,,l

 
, 

, 
, 

,.,
.,l

"x
x.

. 
- 

10
 9

 
i0

 ~
o 

10
 ))

 
10

 ~2
 

E
L

E
C

T
R

O
N

 
D

E
N

S
IT

Y
 

(c
m

 -3
) 

Fi
g.

 1
0.

 
D

en
si

ty
 s

en
sm

v
e 

li
ne

 r
at

io
s 

of
 i

ro
n 

io
ns

. 
T

h
e 

n
u

m
b

er
s 

re
fe

r 
to

 t
h

e 
n

u
m

b
er

s 
in

 p
ar

en
th

es
es

 i
n 

T
ab

le
 I

V
. 

S
ee

 D
er

e 
et

 a
l.

 (
19

78
) 

an
d

 F
el

d
m

an
 e

t 
al

. 
(1

97
8b

).
 



THE IMPORT ANCE  OF SPECI 'ROSCOPY IN THE 80-800 ~ R E G I O N  205 

has a practical observational basis, and is sufficiently simple to permit a straightfor- 
ward analysis. 

The intensity ratio R of the two lines is given by, 

R -AEI2 ~T,,,, n2A2~ d V+~Tn2A2~ d V AEI2 [N2(TM)+N2(T)] A2I 
AE13 ~T~ n3A31 d V-FfTn3A31 d V -  AE13 [N3(TM)+N3(T)] A31' 

(2) 

where Aij are spontaneous decay rates and ni are populations of the upper levels. For 
only one region in ionization equilibrium, the intensity ratio R0 would be 

AE12 Ne(T~) A21 
R 0  - - -  ( 3 )  

AE13 N3(TM) A31" 

The ratio ~ = R/Ro thus measures the percent change in the line ratio R from its 
equilibrium ratio Ro. We show that the emission measure of the region at 
temperature T must be much greater than the emission measure at temperature TM 
to change a by even a small amount. Thus, we can only expect to observe appreciable 
variations in a in the rare situations where a structure with an unusual temperature 
distribution can be instrumentally isolated from background or foreground 
radiation. 

The ratio ~ can be written as, 

N2(TM)J/[ N3(TM)3 " 

The functions Ni(T) can be expressed as, 

X i ( Z ) ~ f T n i d g : I T n l C l i X e d r  , (5) 

where nx is the ion population and is equal to, 

Hi nE nH Ne 
m - -  , ( 6 )  

f/E nH Ne 

where nE is the element population, nE/nH =--AH is the element abundance and 
m/nE =- F(T) is the fractional ion abundance determined from curves such as given 
in Jordan (1969). In the transition zone and corona, nH/Ne 20.8.  The excitation 
rates Cj(cm g s -1) can be evaluated in the van Regemorter (1962) approximation, 
i.e., 

2.7 x 1 0  - 1 5  (gli)fli 
eli = T 1/2 AEIi exp (-AE1,/kT),  (7) 

where ( ~ )  is the Gaunt factor and f~i is the absorption oscillator strength. The 
integral in Equation (5) can be written as, 

N~(T)= 0.SAHF(T)CI,(T) f N2e dV.  (8) 

T 
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Therefore ~ can be written as, 

1+ (~2)r (TM] ~/2 F(T) [ZlE12( 1 1-'~] ~TN~ dV 
(~2)--~\ T t F(TM) exp[T\T-Ms163 7:t~" 

O/=  + (g13)T (TM] 1/2 F(T) [AE13/ 1 1'~] ~rN~ dV (9) 
1 ~ \ - - ~ - /  F(TM) exp [--~\-TM TJJ~TMN~ dV 

By defining the ratio of emission measures as, 

3_ J'TN~ dV 
fTMNe d V  (10) 

We may rewrite Equation (9) as, 

1 - a  

(_~_),/2 F(T) [ {glg)T [ aE13(1 1 ~1 {g12)T exp [ ZlE12(  111 1 

(11) 

The implications of Equation (11) are best appreciated by considering some exam- 
ples. Two line pairs that have been suggested as temperature diagnostics are O v 
172.17 A, 629.74 A, and Si xi  43.74 ~ and 303.32 A. We may determine/3 as a 
function of ~ for two values of T for each line pair, Le., 0.5 TM and 2.0 TM. The results 
are given in Table V. 

Consider the results for O v first. The ratio/3 of emission measures of the two 
regions must be greater than an order of magnitude in order to observe even a factor 

TABLE V 

~,/3 p a r a m e t e r s  

L ine  pair T/ TM o~ ~8 

O v (3t629.7/~. 172.2) 0.5 1.1 2.6 
0.5 1.5 13 
0.5 2,0 28 
0.5 15,8 oo 

O v (a629.7/a  172.2) 2.0 0,9 1.6 
2.0 0.67 8 
2.0 0.5 21 
2.0 0.252 co 

S i x i  ()t 303.3/a43.7)  0.5 1.1 42 
0.5 1.5 231 
0.5 2.0 524 
0.5 5.82 co 

Si xi  (a.303.3/)t43.7) 2.0 0.9 3.2 
2.0 0.67 20 
2.0 0 .5  92 
2.0 0.416 oo 
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of two change in o~. Thus, the region must be very well isolated from foreground or 
background equilibrium plasma. The situation is even worse for Si xL /3 must be 
=100 and =500 to observe changes in o~ of a factor of two. 

5. The Value of Line Profiles in the 80-800 A Region 

We have already noted in Section 2 that transition zone and coronal lines are 
appreciably broadened by non-thermal motions. For transition zone lines, the 
non-thermal broadening is the dominant contribution to the line width, while for 
coronal lines the thermal and non-thermal broadening are comparable. 

The nonthermal motions in regions of activity have been studied by Doschek et al. 
(1977b), Feldman etal. (1977), and by Doschek and Feldman (1978). They analyzed 
transition zone line profiles of flare-like eruptions, and found that the profiles of 
intersystem lines were frequently different from the profiles of the allowed lines. 

An example is given by the Si m, O Tv and Si Iv lines in the spectra of the 15 June 
1973 flare recorded by the NRL spectrograph on Skylab (Figure 11). The profiles are 
shown at different times. Note that around 14h12 m a blueshifted component is 
present in the profile of the allowed Si Iv line, but is absent in the profiles of the 
intersystem Si nl and O ~v lines. (The arrows indicate the shifted and unshifted 
component of the Si Iv lines.) One reason for these differences is that a profile may 
frequently represent a composite of different emitting regions. Each of these regions 
may be characterized by a unique density, nonthermal motion, and net bulk motion 
along the line of sight (which produces a Doppler shifted profile). Then, because the 
intensity ratio of an intersystem to an allowed line depends on density, the profiles of 
intersystem lines may differ substantially from the profiles of allowed lines. In order 
to analyze a particular plasma in terms of a physical model using spectroscopic 
techniques, it is necessary to be able to determine the contributions of the different 
emitting regions to the total line intensities. It is only by obtaining spectral line 
profiles that his is possible. 

Another example is shown in Figure 12, where the Doppler shifted components 
have been deconvolved from the unshifted profiles using a two-gaussian approxima- 
tion (Doschek and Feldman, 1978). The crosses (x) show the fits to the data. It is 
clear that without profile information, the relative line intensities would be physically 
meaningless because contributions to the total line intensities arise from different 
regions that are physically unrelated, and the relative strengths of the different 
contributions depend on the type of spectral line, i.e., allowed or intersystem. 

It is possible, particularly during flares, that some coronal lines such as Mg ix 
(368A_, 2s 2 ISo-2s2p 1P1) will be broadened by opacity, in addition to the 
nonthermal broadening discussed above. The study of resonance scattering of 
coronal lines can also give valuable information on the physical structure of the 
emitting regions. As mentioned, densities at million degree temperatures in flares 
can be greater than 1011 Girl-3. At these densities even a small path length L can give 
rise to an appreciable opacity r0 at line center. The degree of broadening can be 
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Fig. 11. Profiles of an allowed line of Si Iv compared to profiles of intersystem lines of O IV and Si III for 
the 15 June 1973 flare observed from Skylab. Ablue-shif ted component  is apparent in the Si Iv lirifi but is 

absent in the intersystem lines. (See Doschek et aL, 1977b). 

approximately est imated by assuming a constant source function, which leads to an 

intensity distribution given by, 

I(A) - 1 - exp {-  ro exp [-(A - ~to)2/a/~ 21},  (12) 

where /lAD = F W H M / 2  l ~ n  2 (where the F W H M  is the calculated width assuming 
thermal  and nonthermal  broadening, i.e., the values in Figure 7), and ro is given by, 

, / g e  2 fa  2 
r0 = mc 2 / IADNsL,  (13) 

where f is the absorption oscillator strength, e is the electronic charge, rn is the 
electron mass, and Ng is the ground state density of the ion in question. Consider 
Mg ix as an example.  For Ne = 5 x 1012 cm -3, r0 = 1 for L = 440 km, a small distance 
for coronal- type phenomena .  Thus, a feature at a density of 5 x 1011 c m  -3  a n d  
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Fig. 12. Spectral line profiles of a spray or surge event recorded by the N R L  spectrograph on Sky lab .  A 

wide blueshifted component  is apparent. The crosses correspond to a two-gaussian fit to the data. (See 
Doschek and Feldman, 1978.)  

roughly only 3" in size (~2300 km, the spatial resolving power of the NRL spectro- 
heliograph flown on Skylab) would give rise to an opacity of about 5 in the Mg ix line. 
From Equation (12) the observed FWHM would be about 0.10A, instead of 
0.059 A, the width of an optically thin line. The same result would be obtained for 
L -  100 km and N e ~ 1013 cm -3. Such high densities may occur in solar flares, and 
thus knowledge of the broadening due to opacity and the density (obtained from line 
ratios) enables a characteristic path length to be determined. 

6. A Spectrograph for the Grazing Incidence Region 

We consider in this section the characteristics of a spectrograph that would enable 
the measurements discussed in the previous section to be carried out. Such an 
instrument must have high spectral resolution, and also high spatial resolution in 
order to specify as well as possible the geometry of the emitting structure or 
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structures. A spect rograph with the necessary instrumental  characteristics is shown 

in Figure 13. The  inst rumental  parameters  are given in Tables  VI  and VII .  

The  two cylindrical mirrors  in Figure 13 are used to collect light and provide  spatial 

resolution.  Mir ror  I I  selects a nar row rectangular  segment  of the solar disk and 

focuses the light in this segment  on to  the slit. This light is diffracted and focussed by a 

concave  spherical grating onto  the film plane and produces  an astigmatic image, i.e., 

no spatial resolution.  The  purpose  of mirror  I is to focus the light, collected by mirror  

II, on to  the film plane. Thus  the combina t ion  of mirror  I and mirror  II  produces  a 

stigmatic image at the film plane. The  net  result is a spectral line with spatial 

resolut ion along the length of it. 

RRO I MIRROR ]Z SLIT 

Fig. 13. Simplified layout of a high spectral resolution grazing incidence spectrograph for observation of 
the solar spectrum. 

TABLE VI 

Mirror parameters 

Mirror I Mirror II 

Focal length (f) =1700 mm 
]'-number 2 X 10  - 2  

Angle of incidence 75 ~ 
Illuminated length = 100 mm 
Illuminated width ~ 10 mm 

~300 mm 
3 x 1 0  - 2  

~81 ~ 

TABLE VII 
Spectrograph parameters 

Grating: 

Angle of incidence: 
Illuminated width: 
Slit width: 
Spectral resolution: 

spherical, gold coated, 3 m radius of curvature, 
1200 lines mm -1, 8.4 ~ blaze angle 
86 ~ 
~-30 mm 
4 tzm 
ZIA 20.025 ~ at 600]t 
AA ~0.01 ~ at 200A 
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However, because the optical components are operating in grazing, and not 
normal incidence, mirror I will provide a well focussed image at only one point along 
the film plane. Lines that fall to either side of this point will become more and more 
astigmatic, the further away they are from the focal point. Thus, it is highly desirable 
that mirror I be moveable. By increasing or decreasing the distance of mirror I from 
the slit, the focal point of mirror I can be moved along the film plane. In practice, 
then, any particular spectral line of interest can be made stigmatic. 

The characteristics of the mirrors are given in Table VI. The spectrograph 
parameters are given in Table VII. It can be seen that the spectral resolution is quite 
high, 0.01 A, at 200 A, and 0.025 A, at 600 ,~. This instrument is an improved version 
of a 3 m grazing incidence spectrograph that has already been built and successfully 
flown. The spectrograph is described by Behring et al. (1973). 
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