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SOLAR FLARE SPECTROSCOPIC DIAGNOSTICS FOR
WAVELENGTHS LESS THAN 2000 ANGSTROMS

INTRODUCTION

In this review we discuss spectroscopic diagnostics for solar flares for wavelengths less
than 2000 A. We review the application of these diagnostics to the available data and sum-
marize the results. We confine our attention to the emission line spectrum and summarize

what can be learned about the physical conditions in flare plasmas from line intensities and
profiles.

The discussion of the flare spectrum can be conveniently subdivided according to the
wavelength ranges accessible to different types of instrumentation. These ranges are deter-
mined by various instrumental parameters such as the type of diffracting element, the angles
of incidence, or the coatings on optical surfaces.

The region from ~1150 to ~2000 A is covered by rormal-incidence spectrographs.
The lower wavelength cutoff is due to the MgF2 coating used on optical surfaces. A fairly
large data base for flares exists for this spectral region. These data were obtained from the
NRL slit spectrograph flown on Skylab [1]. The spectral resolution of that instrument was
0.06 A, which is more than adequate for obtaining profiles in this wavelength region for all
lines formed above ~2 X 10 K. The spatial resolution was 2 seconds by 60 seconds at sun
center, and spectra were recorded on Kodak 104 and 101 film.

The spectrum down to ~170 A can also be observed using normal-incidence spectro-
graphs. The lower wavelength cutoff is determined by the decreasing reflectivity of short-
wavelength radiation at normal incidence. The region from ~170 to ~600 A was covered by
the NRL slitless spectrograph on Skylab [2]. The spatial resolution was about 3 seconds
near 300 A. Spectral resolution is difficult to specify for this instrument, because images of
the plasma, rather than spectral lines, were recorded. However, for small flares the spectral
resolution was sufficiently good that blending of images is usually not a problem. A number
of flare spectra were obtained, as reported by Widing and Dere [3] and by others. In addition
to the NRL instrument, the Harvard College Observatory (HCO) spectroheliometer on Skylab
covered the wavelength region from 280 to 1350 A, with a spectral resolution of 1.6 A (41.
Several flare spectra were obtained. Because of the low spectral resolution, most of the lines

are blended, and the spectroscopic diagnostics we discuss in this paper cannot be applied to
the HCO data.

The spectral regions below 170 A must be studied using grazing incidence or Bragg
crystal instruments. The region from ~9 to 2170 A can be studied using grazing-incidence
spectrographs. Actually one can observe the entire wavelength region from 9 to 800 A using
grazing-incidence instrumentation. Excluding the x-ray region below 40 A, the solar spectrum

Manuscript submitted January 10, 1979.




DOSCHEK AND FELDMAN

below 170 A has not been adequately explored. The only data with sufficient spectral resolu-
tion for measurements of line profiles have been quiet-sun spectra obtained by rocket spec-
trographs, as obtained uy Behring, Cohen, and Feldman [5] and by others. The only available
flare spectra were recorded by the Goddard Space Flight Center (GSFC) spectrometer flown
on OSO-5 [6]. This instrument covered the wavelength region from 25 to 400 A with a
spectral resolution of ~0.7 A. The instrument was a scanning spectrometer; that is, the
grating rotated, and different wavelengths were recorded at different times. Neither the time I
resolution nor spectral resolution is adequate for application of most of the worthwhile |
spectral diagnostics, and there was no spatial resolution. This neglected spectral region should ‘
be observed by a high-resolution instrument flown on the shuttle. However, although the 3
GSFC instrument was a first-generation spectrometer, the information on flare spectra ob-
trined from the data has been invaluable for designing a more sophisticated instrument and
has been the basis of several of the diagnostic possibilities we will discuss.

Below ~40 A (the x-ray region) the available flare spectra have been recorded by Bragg
crystal spectrometers. Such instruments were flown by GSFC on 0S0-3 [7] and OSO-5 [8] !
and by NRL on 0S0-4 and OSO-6 [9]. The spectral resolution of all these instruments was '
inadequate to exploit the spectroscopic techniques that were subsequently developed by
analyzing and identifying the lines in the spectra. More recently spectrometers with higher
time resolution were flown by Columbia University on OSO-8 [10]. Again, the spectral res-
olution is inadequate, although the time resolution is not bad for the thermal x-ray flare
emission (*10 s). None of these Bragg crystal spectrometers have any spatial resolution. The
only flare spectra with adequate spectral resolution were obtained by Mandelstam and his
colleagues at the Lebedev Physical Institute in Moscow [11]. These data have stimulated
considerable theoretical activity in the interpretation of satellite lines of hydrogenlike and
heliumlike ions that will be invaluable for interpreting the x-ray spectra from the Solar
Maximum Mission.

We summarize these comments by concluding that although numerous flare spectra
have been recorded below 2000 A, most of the spectra, particularly at the shorter wave-
lengths, do not have the spectral, spatial, or temporal resolution necessary to fully realize
the diagnostic potential of the emission line spectrum.

SPECTROSCOPIC DIAGNOSTICS FOR FLARES

The thermal flare plasma is known to consist of regions of different temperatures. |
During a flare, enhancements of EUV and x-ray emission come from the flaring chromo-
sphere, transition zone, and corona. We confine our attention here to the portion of the
atmosphere between about 2 X 10% K (the upper chromosphere or the lower transition zone)
and about 30 X 106 K (approximately the highest temperature that has been deduced for
the thermal coronal plasma). The distribution of ionization states formed within this tem-
perature range in flare plasmas is determined primarily by the balance between ionization '
by electron collisions and radiative and dielectronic recombination. As a general rule, reso-
nance lines formed at lower temperatures fall toward longer wavelengths. Thus at first sight
it would appear that the highest-temperature regions of flare plasmas are best observed in the
x-ray region. Although this is true for the very highest temperature regions, that is, the re-
gions that produce Fe XXV, Fe XX VI, and Ca XX lines in the X-ray region, temperature
regions in excess of 20 X 10® K can be observed at longer wavelengths, even longer than |
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1000 A. Figure 1 shows an energy-level diagram for a typical ion, Fe XXII. In the x-ray
region, innershel! emission between the n = 1 and n = 2 principal quantum levels (An = 1)
occurs near 1.9 A. Also in the x-ray region, lines due to 2s22p - 2s23¢ transitions (also

An = 1) are formed near 11.6 A. However, the An = 0 transitions of the type 2s22p - 252p?
fall near 110 A, and the forbidden line 2522p 2P, , - 2522p 2Py, falls at 845 A. A similar
situation holds for most of the iron ions from Fe XVIII through Fe XXIV. The innershell
lines are grouped together between ~1.86 and 1.9 A, other An = 1 transitions occur between
~7 and ~#15 A, and most of the An = 0 transitions occur between ~90 and ~300 A. Most

of the strong An = 0 lines of Fe XVIII through Fe XXIII fall shortward of 160 A. However,
the Fe XXIV lines fall at 192 and 255 A, and some transitions of Fe XIX through Fe X XIII
also fall longward of 170 A. Forbidden lines arising from transitions within a term in the
ground configuration fall longward of 800 A, and transitions between different terms in the
ground configuration fall shortward of 800 A. Thus, many of the An = 0 lines can be ob-
served with either grazing-incidence or normal-incidence instruments. A complete list of all
the known iron lines due to An = 0 transitions is given in Table 1. Because of blending of
the An =1 transitions in the x-ray region, it is not presently possible to present a similar

list of these lines.
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Fig. 1 — Approximate energy-level diagram for Fe
XXII showing where the main groupings of iron lines
appear in the x-ray and EUV spectrum
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DOSCHEK AND FELDMAN

Table 1 — Iron Lines of Fe XVII Through Fe XXIV.
Wavelength values in parentheses are predicted values.

Transition A (A) Ref.

Fe XVIII
2s°2p% 2p,,, —202p° %8, 93.93 12
L e 8. 12 103.95 12
2228 %0, . — 2 ‘R, 974.8 13

x Fe XIX
gt ip,  —da2p® TR, 78.88 14
A P = e, 83.85 14
‘ 3. — Iy 84.87 14
| e = 'p, 91.02 15
’ A B 101.56 15
. R 4 106.12 15
A by 106.33 15
O 58, 108.37 15
o Al ol 109.97 15
Sp s B 111.70 15
5B = Sp. 120.00 15
0 N 115.42 16
df2pt 9D, ~3f%pt 19, 424.26 17
. ‘D, 592.16 18
i S 5P 1118.1 13
L Py (1328.1) 15
e P (7084) 15

Fe XX
2%9p% 3D, — 202p" 7P, 83.24 19
Dy — Pyin 90.60 19
iy — *P; g (92.63) 20
*Dyja — *Py/2 93.78 16,19
D58 — 8. 1a 94.65 21
APsis — AP, 2 98.37 19
; “Piig — *Pass 101.83 19
| P — 28, /2 106.97 21
AP 2Pa 2 108.81 19
1 2Dg13 — 2Dg /9 110.64 16,19
% 2Dy 5 — Dy 1a 113.36 16,19
“Pag — 28, /2 (114.67) 19
| *Dg 19 — 2Dy 115.39 20
1 3532 — Pin 118.66 19
| 83,9 — P39 121.83 16,19
“Prig = “Dy 9 (127.85) 19
283/2 o ;Pm 132.85 16,19
Py = Dy s 136.06 20

Table continues.
4
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Table 1 (Continued) — Iron Lines of Fe XVII Through Fe XXIV.
Wavelength values in parentheses are predicted values.
Transition MA) Ref.
Fe XX (Continued)
22p* 2D, .. — 210 Ap 98.09 22
& 2p, 1” 109.68 22
i Py 111.60 22
ol e 122.00 20
Hia 2P, 131.76 20
Wi 2y i 138.49 20
P, "= S 140.42 20
2572p% 18y, —2s72p° 2Py 326.76 17
Beic — P 411.61 17
3/2
A 2p, 12 541.35 17
B — 2Dy o (629.9) 17
a2 — B (824.1) 17 ]
Dgyo — 2Dy 2665.1 23 =
! e XXI :
2s%2p? o S 2s2p® :sl 91.28 21 }
Py, s 97.87 21
1
| 1, = 1p] 98 37* 21 i
b SE e A 102.21 21 |
f py  — 5B, 108.45 20 g
‘ R = b 112.47 20 l
By = 1p, 113.31 21
, My = “F 115.16 20
SE— °E 117.89 20 &
I L “y 118.70 20 1
= 3p, 121.16 21 |
| Ry - e (124.25) 20
; T - by 128.73 20 '
‘ 5, - S5, 14214 20 ‘
_ *Py - Dy 145.66 20
S = D, 151.51 20
Fe = Sy 242.07 24
Py = °s, 270.52* 24
202p® 1p; - 2p* 1s, 125.30 20
D, - D, 144.82 20
‘ 2s%2p% 3p,  — 2s22p? 180 330.23 17
i = 'p, 567.76 17
°% - 2 (753.5) 17
% - °F, 1354.1 13
Py - 3Py (2304) 13 _
1

‘ ' * Blend Table continues.
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Table 1 (Concluded) — Iron Lines of Fe XVII Through Fe XXIV,
Wavelength values in parentheses are predicted values.

Transition AA) Ref.
Fe XXII
2%2p %p . —22p* ?p,., 100.77 25,26
2p) /2 2p; /2 102.23 20
2 v, 2
2p3/2 _ 21 /2 117.17 20
2p1/2 _ 2p!/2 135.78 20
g2 2g 32 136.01 20
2p3/2 2py (2 i 20
2P3/2 b 9 5(2 e 8 161'75 20
2p3/2 _ 4pd/2 (217'30) 27
aplts T g2 247.19 27
2pl/2 _ apl/2 i 27
2p3/2 _ 102 292 46 27 :
2p3/2 _ 1p3/2 349 3+ 27
2622 4p¥/2 _gpd  agll2 117,52 20
1/2 3/2 :
Psjz 1Ss/2 125.71 20
TR s | B
Y 2112 : |
Dy/p — Dy 5 144.82 20 i
+ 21)5 o= :Ds 5 149.90 20 i
q 2Dgja — 2Dy)a 156.84 20 |
Pyjy — Py /9 157.36 20 i
2s%2p 2P, — 2622p %Py, 845.1 28 s
Fe XXIII
2s2 1s) —2s2p lP 132.83 6 i
g o R B 263.76 29 :
| Fe XXIV
2 28 — 2p 2p 192.04 30
1/2 3/2
2 o 2
| 8472 Py 255.10 30 _5

*Blend
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Other An = 0 transitions in high-temperature ions are also emitted in the region from
100 to 700 A. Examples of ions are Ca XVI, Ca XVII, and Ca XVIII of the boron, beryllium,
and lithium isoelectronic sequences, respectively. These ions are formed near 6 X 106 K. A
list of flare emission lines observed in the NRL Skylab spectroheliograms has recently been
published by Dere [24].

In conclusion, high-temperature flare emission lines can be found over an enormous
wavelength range. No single instrument can cover this entire range with sufficient spectral,
spatial, and time resolution. After the Solar Maximum Mission the region from 80 to
1100 A will still remain largely unexplored from the standpoint of high spectral and spatial
resolution. We now consider the plasma parameters that can be derived from the line
intensities and the results for flare plasmas derived from the available solar spectra.

Electron Densities

In the solar atmosphere the excited levels of transition-zone and coronal ions are popu-
lated primarily by electron-impact excitation. Density sensitivity of certain spectral line
ratios occurs when the rate of depopulation of the excited levels due to collisions (N,C ,4 s
where N, is the electron density and Cf. is the deexcitation rate coefficient (cm3/s) between
levels i and j) becomes comparable to tP’)e spontaneous radiative decay rate A;j. Two cases
commonly occur with hypothetical three- and four-level ions. In these two cases application
of detailed balance (the number of excitations into a level set equal to the number of de-
excitations) leads to the equations for the intensity ratios of lines Iij (ENJ-AJ-,.). In one case,
case A, illustrated at the left in Fig. 2, the equation is

I3, Agq(Cy3/Cyy)

O, Lo - la
Iy Nel(C35C13/C1p) + Cyp + C311 + Ay e

and in the other case, case B, illustrated at the right in Fig. 2, the equations are

A A

Cia * CI3<A_~+32_A—> * Cyy ﬁ%)
N, 32 31 41 42
N ’ (1b)
Ny Ay & O Agq o Ay

N, L 23\ 43, + Ay, 24\ Ay + Ay,

/] C A + A
J8 ., Gt tdy L,
I3, Cis Agy
1 Cis *t (WoCoh,/wy) Ay + A
fa2 | Cig * (05Cp/w,) Agy BN R
I3, Ciz  (WaCh3/wy)  Ag, yath.

i el

;
]
]
|
|
|
]
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3 0 ; e e **ﬁLﬁ'———’-
Czx| [ApgAxn {
2 'ﬁr—‘f——- = —————— Cy &
Cy3%Caoq4
‘ Call Ayl A Coll 1Ae IC
Cy2| Cy3 Cn |A2 AndAy 1 at 2 28 = 2
i
15____4L‘_l — i FRsod] ISR 2 ———«}-i AL_..-L J
Cy lcu lsz
‘l =
!
Cys |
&=
Cy2 \ 2
~
N3A3 }
N, A J NsAq2 |
| NelCyp + CyImAy N3Aj |
~1/10— |~ac12"”A21|
S - A J
ELECTRON DENSITY (N,) ELECTRON DENSITY (N.)

(a) Case A, corresponding to Eq. (1a) (b) Case B, corresponding to Egs. (1b)

Fig. 2 — Behavior of density-sensitive line ratios as a function of electron density

These equations contain a number of simplifications that hold for coronal flare ions. For
case A we are assuming that 4,, > A3, > Ag,; that is, level 2 is an allowed level. Also,

21/N.C14 > (C; /Ckl)’ where (i,j) and (k,!) are any permutation of the levels 1, 2, and 3.
For caseB N C A32. 1,also A41< A42,A32,A31 That is, 1evel4xsnot
easily excited ftom level% so 024 g 14 isalso true An example of this case is level 1 =
2p. o, level 2 = Pgo, level 3 = 91 and level 4 = 2D o- The assumptions in case B will
holé better for An = 0 transitions t an for An = 1 transitions, that is, will hold better when
levels 3 and 4 have the same principal quantum numbers as levels 1 and 2. In these equa-
tions, w, and w, are the statistical weights of levels 2 and 1, and N,,, is defined as the
maximum density for which N,C;, may be neglected.

The qualitative behavior of the intensity ratios as a function of density given by the
preceding equations is plotted in Fig. 2. For case A the ratio is constant as long as the
density-dependent term in the equation (the collisional term) is less than the radiative term
(Agy +Ag,). Above a certain critical density the collisional and radiative terms become
compatable and when the collisional term dominates, I5,/I,, « 1/N,. This is the density
region in which ions of case A are useful as diagnostics. %‘or case B the ratio is constant for
both low and high density limits. The case B ratios are useful in the intermediate regime,
where they vary with density.

The important point is that some line ratios have density sensitivity bec.use for a cer-
tain range of densities collisional depopulation processes are comparable in magnitude to

I
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radiative decay rates. The reason for density sensitivity is fundamentally the same for both
case A and case B ions and for other situations that cannot be classified as either purely case
A or case B.

Now that we have outlined the principle of density-sensitive line ratios, we may ask
which ions possess the right atomic structure to be useful as a density diagnostic in solar
flares. The answer is that many ions are available for this purpose, spanning temperatures
all the way from the upper chromosphere to coronal flare plasmas. The best way to identify
the useful ions is by isoelectronic sequence. The level structure of each ion in a given iso-
electronic sequence is the same, so that if a calculation is done for every third or fourth ion
of the sequence (preferably those ions of elements abundant in the sun), a clear picture of
the possible diagnostics emerges for each sequence. Certain sequences may be ignored, such
as the lithium and hydrogen isoelectronic sequences, since at solar densities
N, < 1015 cm‘3) no levels are metastable; that is, radiative decay processes are much
larger than collisional processes for all excited levels.

By now the following sequences have been investigated in detail: the helium, beryllium,
boron, carbon, nitrogen, oxygen, and flourine sequences for ions with configurations 1s2 and
2sz2pk. Thus all ions of the 1s2 and 2322pk configurations for which useful density-sensitive
line ratios may exist are now known. The reader is referred to Dere et al. [31] for an appli-
cation of some of these diagnostics (excluding heliumlike ions) to flare spectra recorded
from Skylab. The helium sequence possibilities (1s2) are ocutlined in many papers, such as
by Freeman et al. [32] and Gabriel and Jordan [33].

The situation for the 3s23pk ievels is also fairly well in hand. The iron ions from Fe IX
through Fe XVII have been studied in detail. The most sensitive ion for flare studies is Fe IX
(3s2 3p6), an examgle of a case A ion. Line ratios in other ions are not very sensitive to
density above #1010 ¢m~3,

Rather than go into the details for every ion useful as a density diagr ostic for the solar
atmosphere, we have listed comments in Table 2 for those references that are most recent and
give results that are useful for flares. We next discuss some of the line ratios particularly
useful for flares in terms of the different temperature regions of the thermal flare plasma.

Table 2 — Applications of Density Diagnostics to Solar Flare Spectra

Ref. Comments

10 This paper reports the density in an x-ray flare burst from the S XV forbidden-to-
intersystem line ratio from data obtained with the Columbia x-ray spectrometer on
O0SO-8: N, = 104 cm~3. The quality of the spectra was poor.

31 This paper reports densities in the 9 Aug. and 17 Dec. 1973 flares (6 X 105 to
6 X 106 K) obtaining N, ~ 5 X 109 to 4 X 1011 ¢cm~3 from data recorded with
the NRL slitless spectrograph on Skylab. Many lines are affected by blends or
plate fogging, but results are overall reliable.
Table continues.
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Table 2 (Concluded) — Applications of Density Diagnostics to Solar Flare Spectra

Ref.

Comments

34

35

36

37

38

39

40

41

42

43

44

This paper reports electron densities in the 9 Aug. 1973 flare (10° to 2 X 108 K)
determined from data obtained with the NRL slit spectrograph on Skylab. The
coronal temperature results are from Dere et al. [31]. For T = 105 K, N, ~ 1011 to
5 X 1012 ¢m ™3, Line ratios such as the O IV ratio A1407/A1401, wiere the wave-
lengths are in angstroms, are not sufficiently sensitive to give reliable results.

This paper reports densities in the 9 Aug. 1973 flare from the Ca XVII line ratio
A233/\193; N, =5 X 1011 ¢cm™3 for T = 6 X 106 K. The A233 line is quite weak.

This paper reports densities in flare-type events (= 105 K) from data obtained with
the NRL slit spectrograph on Skylab: N, = 1011 to 1013 ¢m~3. The background
emission is difficult to separate from dynamical events in several cases.

This paper reports the density in a surge observed 20 and 8 seconds above the limb
(= 10° K) from data obtained with the NRL slit spectrograph on Skylab: N, =
2 X 1010 cm™3 at 20 seconds and 3.5 X 1011 ¢cm~3 at 8 seconds.

This paper reports densities in the 15 June 1973 flare (= 105 K) from data obtained
with the NRL slit spectrograph on Skylab. The densities in doppler-shifted and
stationary components were determined. The values range from ~ 1011 to > 2 X
1013 ¢cm~3.

This paper reports densities in the 15 June 1973 and 21 Jan. 1974 flares from the
Fe IX line ratio A242/A\245 from data obtained with the NRL slitless spectrograph
on Skylab. N, =7 X 1010 cm~3 for the 15 June flare and > 2 X 1011 ¢m™~3 for the
21 Jan. flare.

This paper reports densities in the 2 Dec, 1973, 17 Dec. 1973, and 21 Jan. 1974
flares determined from the O IV A1401 intersystem line from data obtained with
the NRL slit spectrograph on Skylab: N, = 4.3 X 1011 t0 9.2 X 1011 ¢m~3,

This paper reports densities determined in flares observed with the GSFC EUV
spectrometer on OSO-5 using the Fe XIX line ratio A91/A108 (9 X 108 K):
N, <5 X 1013 cm~3.

This report reports densities in flares observed with the GSFC EUV and x-ray
spectrometers on OSO-5 using Fe XXII line ratios (13 X 106 K). The quality of
observational data prohibits accurate results, but N, < 1014 ¢m~3,

This paper reports densities in {lares observed with the GSFC EUV and x-ray
spectrometers on OSO-5 using ratios of Fe XXI lines (107 X). The quality of observa-
tional data prohibits accurate results, but N, < 1013 ¢m~3,

This paper reports the densities in flares from line ratio of Mg VIII and Si X

(=108 K) from data obtainad with the HCO spectrometer on Skylab. The blends
are too severe to give reliable results.

10




NRL REPORT 8307
The Lower Transition Zone (T,~10°K)

The most useful density diagnostics for the lower transition zone fall at wavelengths
longer than 1000 A. The following lines are useful for flares: O I (A1355, ~10% K), Si Il
(\1892, ~3 X 10* K), C Il (A\1909, ~5 X 10% K), O III (A1666, ~6 X 10 K), S IV
'(A\1406, ~7 X 10* K), O IV (A\1401, ~1.3 X 10° K), N IV (\1486, ~1.3 X 10° K), and
O V (\1218, 2.2 X 10% K). Their density behavior is similar to case A (Fig. 2). At
sufficiently high densities the intensity ratios of these lines to an appropriate allowed line is
proportional to 1/N e A practical difficulty exists for these particular lines. For some of the
lines (O III, O IV, and N IV) allowed lines are not found at A > 1000 A. The appropriate
allowed lines of O IV, for example, fall near 554 A. However, if the emission measure of the
plasma at the temperature of the intersystem lines can be found from allowed lines of other
ions, such as C IV and N V for O 1V, then the ratio I3 /I5; of case A can be determined
and compared with theory: (For this situation Iy; « N2 AV, the volume emission measure.)
We and Rosenberg [38] first used this technique to determine electron densities in the
15 June 1973 flare observed from Skylab. Problems such as uncertainties in relative element
abundances and instrumental calibration can be overcome by using the “normalization” pro-
cedure described in Ref. 38.

The ions C III, Si III, and O V have allowed lines for A > 1000 A. Unfortunately they
are well separated in wavelength from the intersystem lines for C III and Si III (A1176 and
A1247 for C III; A\1206 and A1298 for Si III); therefore, at the low temperature at which
they are formed, the ratios of the intersystem to the allowed lines are temperature depend-
ent. Also, the separation in wavelength introduces instrumental calibration uncertainties.

The only theoretical work on Si III has been by Nicolas [45]. The temperature prob-
lem with Si III is severe for two reasons. First, the contribution function is extremely
broad; Si III has an appreciable abundance from 2 X 10% K up to about 6 X 10% K [46].
Second, Tripp et al. [47] have argued that photoionization of Si II will substantially lower
the temperature at which the Si III lines are emitted. This effect is density dependent. How-
ever, some Si III ratios behave like case B and are not temperature sensitive. One example
is A\1301/A1296. Unfortunately the high-density limit is around 101! em~3, which is rather
low for flares.

The ion O V (and also the ion C III) has been studied most recently by Dufton et al.
[48]. (The ion C III is one of the best studied from the atomic physics standpoint. Dufton
et al. [48] refer to much of the earlier literature on the subject.) The O V ratio
A1218/A1371 should be a useful density diagnostic in flares, but there may be some diffi-
culties due to nonsteady-state processes [38].

Electron densities in flares and flarelike events have been determined from some of
these lines by the authors of the references listed in Table 2, and the table summarizes the
results. The density behavior of many of the lines is shown in Fig. 3. Densities are seen to be
>10!! ¢m~? in most cases. The highest density determined is =2 X 1013 ¢cm 3 for the 15
June flare. The volume of the emitting plasma can be found from the volume emission
measures (N2 AV) and the densities. The volumes are quite small and correspond to charac-
teristic lengt‘l,qs of a few tenths of an arc second. The high densities and long observed life-
times of the features require constant energy input because of the large radiative energy
losses.




e s T8 el e

!
DOSCHEK AND FELDMAN
T g
1022 — —Jio-2e
T 3]
b —
i e 0 I (AI666) o ¢
3 IF . i
- = J
ﬂ /-cm (x1909) | 1
' :
, ,0-21__ 0¥ (rI218) —Jio2s X
L. |
| ,'.
i
! 3 3 ;
] NZU Nza ;
v
; Py 2
3 N IZ (A1486)
| (oA == 10726
| -
; £
L
| .
025 9 10 Ul 12 10 5

ELECTRON DENSITY (cm™ )
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duced at temperatures between = 4 X 104 K and ~ 2 X
109 K [37]. These curves have been normalized as de-
scribed in Refs. 38 and 40.

The Upper Transition Zone (T, ~ 6 X 10° K)

Flare densities in the temperature range of the upper transition zone have not been
determined because many of the density-sensitive line ratios fall between 500 and 1000 A.
This region has been extensively observed by the HCO spectroheliometers, but the spectral

resolution is too low to allow meaningful measurements. However, many diagnostic possi-
bilities exist.

The Low-Temperature Corona (Te ~2X 10 K)
Many density-sensitive possibilities fall within the wavelength range of the NRL slitless

spectrograph flown on Skylab. Recently a rather thorough study of the strongest flares
observed has been completed by Dere et al. [31] Unfortunately, many of the possible ratios
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belong to case B, and densities in flares are equal to or higher than the high-density limits for
many of the ratios. As we mentioned, the most sensitive ratio is the Fe IX pair, A242/A244
[39]. For all of the ratios temperature sensitivity is negligible, unlike the case for some of
the line ratios of the lower transition zone. The Fe IX ratio behaves like a case A ion (Fig. 4).
The best overall isoelectronic sequence for the coronal ions appears to be the C I sequence,
although some lines of ions of other sequences are also useful for flares.

Densities determined in flares for quiet coronal temperatures are summarized in  at
Table 2. The densities are quite high, about two orders of magnitude higher than found in
the quiet corona from density-sensitive line ratios of S X [49].

The High-Temperature Flare Plasma (T, >5X10% K )

In some respects the temperature range of the high-temperature flare plasma is the most
interesting temperature range for determining densities. The highest temperature flare regions
are possibly closer to the site of the initial instabilities that produce flares than the other
temperature regions. Unfortunately a difficulty is encountered for this temperature range,
regardless of what wavelength range we choose to investigate. The problem is that only
highly ionized species exist in the high-temperature regions. As we have seen, the iron ions
from Fe XVIII through Fe XXVI are prominent at the highest temperatures. The critical
density above which density sensitivity occurs, N = A_./C.. is relatively high, even for the

forbidden lines. For example, in the C I sequenceeFe Xj}l(I l‘)Jecomes density sensitive between

BT k] T
Fe]Ks ﬁ
Te= 9xI0" K I(2417394)

e I(244911R)
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Fig. 4 — The density sensitivity of the Fe IX line ratio,
A242/A245 [39]
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~10!'! and *10'* ¢cm~3. For some sequences the highly ionized ions become sensitive
for densities that are much higher than actually occur in flares, at least for most of the life-
time of the flare.

We can consider in detail the iron ions from Fe XVIII through Fe XXVI. For Fe XVIII
through Fe XXII density sensitivity occurs because of metastable levels of the ground
configuration. Table 3 lists the most important of those levels, the total decay rate to all
lower levels, and the densities at which collisional depopulation competes with radiative
decay. All of these ions are examples of case B. These excited levels are populated in two
main ways: by fine structure transitions, such as for Fe XXII (2s22p 2P1 12~ 252 2p 2P3 2)s
and by cascade following excitation to the first excited configuration, such as for Fe XXII
(2s2 2p 2P1/2 +e—> 2s2p2 == 2322p 2P3/2 + hv). For the fine-structure excitations, proton
excitation as well as electron excitation must be considered.

Some of the iron line ratios become useful only for N, ~ 10 cm™3. If densities in
flares attain these values, then these iron ions will be useful. Although most observations
to date indicate that N < 1013 cm'3, many of the data used to obtain this result are of
poor quality, and the time coverage is quite poor. If N, < 1013 ¢m~3, the best ion for
obtaining densities is Fe XXI. This ion has been investigated by Mason et al. [43].

For each of the ions in Table 3, usually several line ratios may be used to obtain
densities. A few examples of practical line ratios are also given in Table 3. There are no
practical line ratios for Fe XVIII; the ratio of an allowed line to the forbidden line at 974 A
could be used, but the large wavelength difference makes the method difficult from an
observational standpoint. For some of the ions x-ray line ratios may be used as well as line
ratios in the EUV. However, the crowding together of lines in the x-ray region, which leads
to blending, and the fact that AJ = 2 transitions are in general easier to excite for An # 0
transitions than for An = 0 transitions, makes these ratios less useful than their EUV coun-

terparts (J being the total angular momentum, with, for example, J = 3/2 for 2s2 2p 2P3/2 )

Table 3 — Iron-Line Density Diagnostics

Decay
Rate A
Ion Level (s71) N, Practical Line Ratios (A)
Fe XVIII | 26%2° P | 102X >5 X 10'? None
FeXIX | 25°2*'D, | 170X 10* >10'2 A106.33/A111.70, A91.02/X108.37
Fe XX 25%2p° 2D, | 1.69X 103% | ~10'° to ~5 X 10'2 A113.36/A110.64
FeXXI | 25°20*°P, | g65x 102 | ~10'1 to ~5 X 101 A145.66/A128.73
Fe XXII | 2s%2p 2P, , | 1.39X 104" | =~10"2to~10"* | \155.87/A135.78,\11.93/A11.76
Fe XXIII | 252p 3P, 9.65 X103 >10'4 None

*Thanks are given to Dr. H. E. Mason for supplying these decay rates prior to publishing them herself.
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The 1on Fe XXIII is a more complicated case. The ratio (2s2p 3P2 - 2p? 3P2 )/
(2s2 lS0 ~ 2s2p lP1 ) is density sensitive for N:f ~ 10 ¢m~3, The point is that the
magnetic dipole decay, 2s2p 3P2 - 2s2p 3P1’ has a much larger rate than the rate of the
magnetic quadrupole decay to the ground state, 2s2p 3p, - 252 lSO. However, the ion is
probably useless for flares. Most of the iron ions, if not ail useful for flares, should be quite
useful for tokamak plasmas, where the densities are typically 1013 to 1014 ¢m~3,

Fe XXIV is lithiumlike and therefore not useful except for very-high-density labora-
tory plasmas, where even the allowed levels can be depopulated by collisions. Fe XXVI is
similarly not useful for solar plasmas, and the same is true for Fe XXV. The decay rate for
the Fe XXV forbidden line, 152 180 - 1s2s 3S1 , is much too large for flare densities.

The next appreciably abundant element lighter than iron is calcium. Neither Ca XX,
Ca XIX, nor Ca XVIII are useful at flare densities. The next two ions, Ca XVII of the
beryllium sequence and Ca XVI of the boron sequence, provide good diagnostics. Ca XVII
was investigated by Dere and us [35], and Ca XVI was studied by Dere et al. [31]. Ca XVI
is a good example of case B, and Ca XVII is similar to Fe XXIII. Ca XV and below are low-
temperature ions (T,<5X 108 K). Ca XVII and Ca XVTI are most abundant at about
6 X 10% K. Abundant elements lighter than calcium are applicable only to T,<6X 108 K
plasma, whicH is near the lower boundary of the temperature region we are discussing.

The heliumlike ions present a special case. The density-sensitive lines are found in only
the x-ray region. So much has been written about these ions that it would be superfluous to
discuss them in detail here. The density-sensitive ratio is (152 180 - 1525 38;)/(1s2 15, -
2s2p 3P1 ). Complete discussions of these ions can be found in papers by Gabriel and Jordan
[33], Gabriel [50], Bhalla, Gabriel and Presnyakov [51], and Presnyakov [52]. Most of the
ions are not useful for measuring densities in flares, because Ng is too high.

The application of these diagnostics to observations is extremely limited. Most of the
flare spectra do not have the spectral resolution to adequately use the diagnostics. However,
a few good observations are available, and some of the results are given in Table 2. As can be
seen, the densities remain quite high even for the higher temperatures. We believe that the
very high densities reported by the Columbia group [10] are questionable. However, we
may be wrong, and it will take the Solar Maximum Mission to clarify the issue. Two rather
solid observations indicate that N . 1014 em ™3, at least during the peak x-ray emission of
large flares. These observations are that the Fe XXII and the Fe XIX ratios given in Table 3
are near the low-density iimit in available flare spectra.

Electron Temperatures and Ionization Equilibrium

Two methods are usually considered for deducing electron temperature in a hot
plasma. The first is to use the ratios of dielectronic satellite lines to the resonance lines of
heliurilike and hydrogenlike ions in the x-ray region. The second is to use the ratios of two
lines in the EUV that originate from two upper levels rather far apart in energy as compared

to the thermal energy: AE/kTe >> 1. The second method depends on the fact that the ratio
of the excitation rates of the two lines is proportional to e ~2£/kTe
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We demonstrated in Ref. 53 that the second method is not practical. The point is that
most ions that produce lines in the EUV are formed over a very narrow temperature range.
If the temperature is lowered or raised even by as little as a factor of 2, the contribution
functions of the ions decrease by large amounts, Thus large amounts of plasma at the lower
or higher temperature must be within the field of view of the instrument in order to pro-
duce as much radiation, and thereby be as detectable, as even a small amount of plasma at
the ionization equilibrium temperature. Since it is difficult to isolate a structure from
contaminating background radiation, even with an instrument with spatial resolution on the
order of 1 second, it is probable that measurements of temperatures using the Boltzmann-
factor technique will simply confirm the ionization equilibrium temperatures.

By far the best method for determining electron temperature is the method involving
dielectronic satellite lines. The method is described in detail by Gabriel [50] and Bhalla,
Gabriel, and Presnyakov [51]. Reference 51 is a recalculation of the earlier work of Ref.
50 using revisions of certain atomic data.

Basically, the method takes advantage of the fact that certain x-ray lines are produced
by dielectronic recombination to heliumlike and hydrogenlike ions, such as

X(1s% 15) + e 5 X(1s2p® 2D) ~> X (15%2p 2P) + hv.

These lines fall close to, and usually on the long wavelength side of, the resonance
lines, 1s2 18, - 1s2p 1P, . The intensity ratio of a dielectronic satellite line to the
resonance line is approximately given by

o N(1s2 15 or 1s 28, , N,
21 2 :
C; yN(1s2 18 or 1s 28, 5N,

- ,m'.'

Both the population number density N and the electron density N, drop out of the equa-
tion, and the ratio is proportional to simply the ratio of the dielectronic recombination
coefficient affi (cm3/s) to the electron impact excitation coefficient C; 2 for the resonance
line. This ratio is proportional to 1/T,, and the intensity ratio is thereby primarily sensitive
to electron temperature.

An additional diagnostic is also available using the satellite lines. Some of the
excited satellite levels are metastable to autionization (which is the inverse of dielectronic
recombination). The satellite lines resulting from decay of these levels are produced by
electron impact excitation of the lithiumlike or heliumlike ions, such as

X(15225 28, ) + e > X(1s252p 2P) + &' > X(15%25 28, ) + hw.
i The ratio of these satellite lines to the resonance line is proportional to

I,  N,Ci, N(lithiumlike or heliumlike)

e

I, N,C}, N(heliumlike or hydrogenlike) -

r

16




i

NRL REPORT 8307

In this case the ratio is primarily proportional to the population ratio of the lithiumlike to
the heliumlike ion, or the heliumlike to the hydrogenlike ion. If the electron temperature
T, can be found using a dielectronic satellite, then the satellites produced by innershell
excitation enable the departure from ionization equilibrium to be determined.

Although flares have been extensively observed in the x-ray region using Bragg crystal
spectrometers [9], only the iron-line spectra [11] obtained by Mandelshtam and his
colleagues, and the Mg XII spectrum reported by Aglizki et al. [54], have sufficient spectral
resolution to use the satellite line techniques. Unfortunately spectra of only a few large
flares were obtained. Temperatures and departures from equilibrium are given in, for ex-
ample, Presnyakov [52] and Aglizki et al. [54].

The Soviets have used the satellite line technique extensively in diagnosing physical
conditions in laser-produced plasmas. At the high densities found in these plasmas
(N, > 1018 cm~3) some of the satellite line ratios are proportional to electron density as
weil as to temperature. Earlier laboratory work on the satellites is reviewed in Ref. 55.
Examples of recent Soviet work can be found in Bayanov et al. [56] and Boiko, Faenov,
and Pikuz [57]. Reference 57 is a comprehensive review. The resolution of the spectra in
Ref. 56 is quite high.

More recently workers involved in the tokamak fusion program have become interested
in the satellite lines. Extensive calculations and synthetic iron-line spectra have been
produced by Robert D. Cowan at Los Alamos Scientific Laboratory. (Also, in connection
with the laser-produced plasma fusion program and the solar program, Soviet scientists at
the Lebedev Physical Institute have generated a complete set of calculations for all helium-
like and hydrogenlike ions of interest to solar researchers [58].) Tokamak results are
described by Hill et al. [59].

As we mentioned, some of the satellite lines can be used to determine departures from
ionization equilibrium. Figure 5 shows a potassium spectrum of a laser-produced plasma
obtained at NRL. The data are compared with theoretical fits assuming different departures
from ionization balance at the electron temperature T' . determined from the dielectronic
satellite lines. The temperature T, is the equilibrium temperature corresponding to the
abundance ratio of lithiumlike and heliumlike ions. This ratio is determiried from the
intensities of some of the innershell satellite lines as we described. In this example the
plasma is in a state of transient ionization. The distribution of ions corresponds to a temper-
ature that is about 60% of the actual electron temperature. The same type of analysis can be
done for flares using the x-ray spectra to be obtained from the Solar Maximum Mission.

Recently Shapiro and Knight [60] have described a method for investigating depar-
tures from ionization equilibrium in the x-ray region. This method is similar in some
respects to the method we described for determining the electron temperature. In this
case, however, the method is worthwhile, since the contribution functions may be quite
large at temperatures far from the equilibrium temperature.

The x-ray experiment planned for the Solar Maximum Mission will have the capability
of measuring the intensity of the Fe K« line and similar innershell lines of very low ioniza-
tion stages of iron. These lines may be produced by fluorescence from thermal coronal x rays
or perhaps in certain cases by innershell ionization caused by a high-energy nonthermal
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Fig. 5 — Potassium spectrum of a laser-produced plasma obtained at NRL.
The electron temperature and ‘‘ionization equilibrium temperature” are
| indicaved. Gabriel [50] discusses the “ionization equilibrium temperature.”

electron component. In the latter case the intensities of the lines could in principle give
infermation on the high-energy electron spectrum. However, the theory is still in a rudi-
mentary stage, and only low-spectral-resolution data are currently available for the K« line
and other nearby innershell lines.

The satellite lines of lithiumlike and heliumlike ions have been extensively investigated,
both from the standpoint of spectroscopy (wavelengths and identifications) and theoretical
intensities. The x-ray experiment planned for the Solar Maximum Mission will allow the
identification of innershell lines emitted from lower stages of ionization, such as beryllium-
like ions. Some work was done by us in the laboratory on these satellites using laser-
produced plasmas, but the line widths have prevented us from attempting detailed classifica-
tions. Figure 6 shows some laser-produced plasma spectra, and Fig. 7 shows the strong
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TRANSITION WAVELENGTH (K)

e 1521, —1s2p 'P, - 3.76
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- 3181

1522p %, — 1s2p22s,, - 3.189

“mwm'“ﬁ 1522528, ,, — 15(2s2p P )2P 5,5 4,y — 3.191,3.192
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1522p2Py, — 152p22P,, — 3.203

1522p2P ) 3, — 15292 2D, 5, — 3.207,3.210

1522878, — 15252p Py 4, — 3.224,3.226

(" 1s22p2 — 152p3 — 3391
3.225—3.231 <3.228>
3.233, 3.234

BERYLLIUMLIKE 4 1522s2p — 15252p 2 — 3222

3.224 — 3.225 <3.225>
3.227 —3.228 < 3.228 >
3.229, 3.230, 3.233 <3.233>

L 152252 — 152522p = 13920

Fig. 7 — Theoretical wavelengths of strong x-ray lines of highly ionized calcium.
The wavelengths were supplied to us by R. D. Cowan of the Los Alamos
Scientific Laboratory.

transitions expected for calcium. The berylliumlike satellites are blended with the lithium-
like satellite quartets (lines from the 1s2s2p #P levels) for calcium; therefore the quartet
lines may be difficult to use for estimating departures from ionization equilibrium. During
preparation of this report, we became aware of detailed observations and analysis of berylli-

umlike satellites reported by Boiko et al. [61]. Their spectra are from plasmas produced by
Nd and CO, lasers.

Emission-Measure Distributions

A quantity that can be derived from the allowed lines is the differential emission ‘
measure. The intensity of an allowed line is

2 = 2
lao:fNe dV=<N2>AVg

where AV is the approximate volume over which the line is formed. Since many of the
spectral lines in the solar atmosphere are formed over narrow temperature ranges, AV is
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interpreted to mean the volume of plasma at average temperature 7, , the temperature

at which the contribution function of the line has its maximum. A plot of <N2 > AV
versus temperature is the so-called differential emission measure. Breaking up AV into

an area factor a and path length factor Ah by introducing a temperature gradient dh/dT,

is an ad hoc assumption. Differential emission measures plotted as fN2 dh versus T, are

not derived empirically, as sometimes believed. To write fN2 dh =f(T,), an assumptlon
must be made concerning the area factor. One assumption often employed is that this
factor is a constant. Under this assumption Jordan [62] derived (N2 dh = aT27 from quiet-
sun data. However, she pointed out that including a reasonable network geometry could
reduce the dependence on temperature to T3/2. There is no very solid empirical evidence for
using either of these functional dependences. The only quantity that can be reliably derived
from the optically thin lines alone is<<N2> AV. Even this quantity loses much of its
significance if the line in question can be formed over a broad temperature range, as in the
cases of Si XIII (6.64 A) and He II (1640 A). For these cases it is difficult to give a physical
meaning to AV.

Recently it has been found that the quantity < N2 > AV versus T,, between
~ 4 X 10* K and 2 X 10° K, has much the same shape in many dlfferent regions of the solar
atmosphere (Fig. 8). In Fig. 8 we have plotted the intensity ratios of the indicated lines to
the lines observed in a typical quiet-sun spectrum recorded at 8 seconds above the solar limb
[64]. The crosses indicate allowed lines, and the filled circles indicate intersystem lines. The
mtensmes of the allowed lines are proportional to the volume emission measures
< N > AV. To within a factor of 2 to 3 the intensity ratios, and therefore ratios of
emnssnon measures, are the same for all the different spectra between about 4 X 10% K and
2 X 10° K. The fact that some of the intersystem line ratios in the surge and active region
spectra are less than the allowed line ratios indicates a high electron density. Reference 37
is a discussion of this aspect of Fig. 8.

Jordan [64] has suggested that the shape of the emission measure is also the same for
temperatures above 105 K. If this is found to be the case, Jordan [64] stresses that only
one or two measurements of line intensities is necessary to completely define the
differential-emission-measure function. There is not yet enough flare data for ' > 10° K
to assert that the functional dependence of the emission measure is about the same for all
flares. This is a problem to be considered with the data from the Solar Maximum Mission.

The usefulness of the differential emission measure acquires real significance only when
considered in the context of a particular model. The geometry of the model enables one to
reduce AV to a path length and area factor. For flares a loop-type geometry seems appro-
priate in light of the ATM results obtained by NRL and American Science and Engineering.
However, we caution against immediately assuming that AV can be written as fL, where 3 is
the cross-sectional area of a loop and L is a length along the loop, without first calculating
the filling factor f of the loop by using density-sensitive line ratios. A loop volume AV at a
given temperature can be found using spectra from a slitless spectrograph, but AV’ found
from the densities and emission measures may be much less than AV. One finds out if
AV 'is less by dividing the volume emission measure by <N?2 -~ There is no a priori reason to
believe that f = 1 for flare loops. For solar loops for which high spatial resolution data exist,
such as prominences, f < 1. Emission-measure distributions in the 9 August 1973 flare using
spectral line intensities have recently been published by Underwood et al. [65] .
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A point not stressed in the literature is that interpretation of x-ray satellite-line data
may depend rather heavily on the differential emission measure. The reason is that hydrogen-
like and heliumlike ions are formed over quite a broad temperature range; therefore contri-
butions to the intensities of resonance lines come from regions at considerably different
temperatures. The intensities of satellite lines may be weighted toward different temper-
atures than the resonance lines, because of the temperature dependences of the excitation
processes for these lines.

Line Profiles

In recent years much information has appeared, including Refs. 38, 66, and 67 by us
and Rosenberg, concerning the profiles of transition zone lines in flares (T, ~ 105 K). At
temperatures near 10° K in flares, optically thin or effectively thin lines are broadened
considerably due to nonthermal mass motions. It is possible that most of the line emission
comes from flare-associated surges and sprays. For some events the lines have large Doppler-
shifted components as well (50 to =200 km/s). In Ref. 36 we show typical examples. The
nonthermal velocities £ giving rise to the broadening have been derived assuming that the
shapes of lines are Gaussian, which is a satisfactory approximation in most cases. Then the
full width at half-maximum intensity (FWHM) of the line is related to ¢ by

. R )R
FWHM = | AN} + 4(n2)| — | | =7 +& :

where AN 7 1s the instrumental FWHM, T, is the ion temperature (assumed equal to the
electron temperature), M is the ion mass, and the other symbols have the usual meaning. It
is difficult to give average values of ¢ for flares in the 10°-K regime, but typical values seem
to run from O to about 100 km/s. Because of the contamination of the flare profiles with
background emission for disk flares, it is essential to determine the profiles of lines, so that
emission from physically distinct regions can be separated.

At coronal temperatures of 108 K and above, there is little information on ¢ for flares.
Grineva et al. [11] deduced § = 90 km/s for the 16 November 1970 event from the width
of the 1.85-A Fe XXV resonance line. Deduced in Ref. 13 is that £ < 60 km/s at different
times during the 15 June 1973 flare from the Fe XXI forbidden line at 1354 A. From other
Fe XXI flare line data it appears that this result is generally true. Another result is that
dopple: shifts of the centroid of the Fe XXI line are small: <4 km/s. This is contrary to
the case for the transition zone lines. Values of § at quiet coronal temperatures (1.5 X
108 K) for flares are not known.

A topic that had not been adequately discussed in the literature is the effect of opacity
on flare line profiles for T, = 106 K. (However, a paper on this topic by Acton [67] ap-
peared at the time of this writing.) In Ref. 53 we considered the question briefly. In the
present report we consider flares specifically. The problem is impossible to treat in detail
without considering specific models. However, we can treat the problem in an approximate
way to see if opacity effects can be expected to have a significant influence on line widths.
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We consider six typical strong flare lines as examples. The opacity at line center 7, can
be related to the volume emission measure <N92>AV using the equations

3 VTe? a2
To = = “—NoL,
me A)xT
NI NE NH
NI S e T Ne’
Ng Ny N,

and

In these equations, f is the oscillator strength, A\, is the width of the line due to mass
motions and thermal doppler broadening without any opacity broadening, N, is the ion
density, L is a characteristic path length along the line of sight (for simplicity we assume
AV =L3), Ny, is the element density, Ny, is the hydrogen density, T, is an effective
temperature (the nonthermal mass motions  are interpreted in terms of temperature),
and the other symbols have the usual meaning. Combining these equations, we obtain

N; N
= -1 E 1/2 2 1/3 jpl/2
Ty =6.53 X 1077 fA N, N, M2 N (NZ>AV)IRTZ,
where. # is the atomic weight. This equation shows that 7, depends rather weakly on
N (<NZ>AV) and T, ;.

If opacity is important, spectral lines are broadened beyond their optically thin widths
by the transference of photons from the line core into the wings of the line, where they
escape from the plasma. The profiles are no longer Gaussian, and their actual shapes can
be found only by a rigorous solution of the radiative transfer equations. We may never-
theless gain insight into the effect of opacity on flare line profiles by assuming a constant
source function. With use of this approximation the quantity r, defined as the ratio ol the
FWHM of the optically thin line to the FWHM of the line broadened by opacity, can be
calculated. (A Doppler absorption coefficient is used.) The results for six representative
lines are given in Table 4. We have assumed a nominal vaiue of £ = 50 km/s for all the
calculations and computed 7 and r for three values of <N2>AV and two values of N,,.
The range of values for <N2>AV are typical for flares; 1048 cm ™3 is typical of a rather
small event and 10°° ¢cm~3 s typical for a fairly large flare. The first density, N, = 5 X 1011
cm‘3, is a value measured for flares. The second density Ne = 1014 cm'a, may f)e achieved
for short times during some flares; hence the results with this density have more than
academic interest.

The line influenced most by opacity is the Mg IX line. This is because of its compara-
tively long wavelength and high oscillator strength. (The berylliumlike ions have relatively
large oscillator strengths for the singlet transitions, as can be seen by comparing Fe XVIII
and Fe XXIIL.) For N, = 5 X 10" ¢m~3 the amount of excess broadening of the lines due
to opacity is less than 15% at each emission measure, except for the Mg IX line. For
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Table 4 — Effect of Opacity on Line Widths.

The quantity 7, is the opacity at line center, { is the nonthermal mass motion,
and r is the ratio of the FWHM of the optically thin line to the FWHM of the
line broadened by opamty

emission measures of 10“8 and 105° cm™

sxgr 1flcant At 1014

To
if ¢ = 50 km/s r
A | <NZ>AV
Line (A) (cm™3) N, =5 X 1011 1014 |5 X 1011 1014
Fe XXIII (252 13,
—2s2p 1P)) 133 1046 0.033 0.20 1.0 0.96
1048 0.16 0.91 0.97 0.86
1050 0.72 4.2 0.88 0.62
Fe XVIII (25%2p® 2Pg,
— 252p6 25, ,5) 94 1046 0.011 0.062 1.0 0.99
1048 0.049 0.29 1.0 0.95
1050 0.23 1.3 0.96 0.81
Mg IX (2s% 18,
—2s2p 1P, y 368 1019 0.34 2.02 0.94 0.74
1048 1.60 9.4 0.78 0.51
1059 7.42 43 0.54 0.41
Mg XII (1s 28, 5 |
—2p 2Py 3/2) 8.42 1046 0.010 0059, 1.0 099 |
1048 0.047 0.27 1.0 0.95
1050 0.22 1.3 0.96 0.81
Si X111 (152 1§,
— 1s2p 1P;) 6.64 | 10%6 0.048 0.28 1.0 0.95
1048 0.22 1.3 0.96 0.81
1050 1.0 6.1 0.85 0.56
RN R APt = SNk T T IR Wk R SESdCT

. opacity broadening of the Mg IX lme becomes
sxgmflcant broadening for all the lines is found for <N >AV =

10°0 3 When the opacity becomes large enough r becomes relatively msensmv to

To- For example forMg IX and N, = 1014
values of r of 0.51 and 0.41.

These results indicate that o
IX, even for densities between 1011

and 1012

-3 values of 7o 0f 9.4 and 43 correspond to

?amty may be an 1mportant factor for some lines like Mg

. If r can be found, for example by

comparing the widths of allowed and mtersystem lines, then the product [N ( <N2>AV)]” =
= N_L can be found from the preceding equation for Ty, if a constant source functlon is
assumed. If the density is known from line-ratio techniques, then an estimate of L can be
obtained. This result will be most accurate for small 7, for the reason mentioned in the
preceding paragraph.
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CONCLUSIONS

Our discussion shows that a wide range of spectral diagnostics is available for the study
of solar flares. These diagnostics are based on measurements of the intensities of spectral
lines and determinations of spectral line shapes. After the Solar Maximum Mission the
spectral region from about 40 to about 1000 A will still be largely unexplored. This state-
ment may sound somewhat surprising in view of the amount of data already accumulated
in this spectral range from the instruments flown by HCO and NRL on unmanned space-
craft and on Skylab. However, in view of the low spectral resolution of the HCO spectrome-
ters and the overlapping of images in the NRL spectroheliograms, it is difficult, if not in
many instances impossible, to extract accurate quantitative information from these data.

The overlapping of the NRL spectroheliogram images is a well-known deficiency of the
NRL slitless spectrographs. Less well-appreciated is that the HCO spectrometers have such
low spectral resolution that virtually every feature observed in the spectrum is actually a
blend of lines. Only the intensities of the very strongest lines may be accurately determined.
It is impossible to apply any of the recently developed density diagnostics to the data, and
measurements of profiles of lines are far beyond the capabilities of the instrument.

Recently we have constructed a synthetic solar-emission-line spectrum for the spectral
region from 80 to 800 A. We have used all the Currently available spectroscopic and atomic
data and have included most of the expected strong lines. Specific solar models can be
incorporated into the spectrum, and the lines can be plotted with any desired spectral
resolution. This synthetic spectrum will be continually updated as new spectroscopic and
atomic data become available.

It is useful to conclude by illustrating some of the differences in the solar flare
spectrum near 100 A produced by variations in electron density, using the synthetic
spectrum. For this illustration we assume a linear increase of emission measure with temper-
ature, up to about 20 X 10 K, the temperature of formation of Fe XXIV. Thus the spec-
trum chosen for illustration is similar to a flare spectrum. We show the portion of the spec-
trum from 90 to 180 A in Fig. 9, for three values of the electron density: 109, 1011 , and
1013 em~3. The spectrum is dominated by emission lines of highly ionized iron. Two strong
lines of Fe XXI appear in the 1013.cm 3 spectrum that are much weaker in the 10'!.¢m~3
spectrum and absent in the 10%.cm ™3 spectrum. There is also an Fe XXI line not sensitive
to density variations. These lines are marked by arrows. Other weak lines also appear in the
1013.cm-3 spectrum that are absent in the lower density spectra. Emission measures can
be determined from the allowed lines not sensitive to density, densities can be found from
suitable line ratios, and nonthermal motions can be found from line profiles. The value of
such spectra for analyzing physical conditions in solar flare plasmas is apparent. This illustra-
tion also shows clearly why high spectral resolution is essential, if the diagnostics we have
been discussing are to be seriously applied to solar data. The lines have been plotted
assuming thermal doppler broadening and a random nonthermal velocity of 20 km/s.

Our comments have been rather critical of some of the solar instrumentation flown in
the past. However, it is easier to be critical with hindsight than with foresight. Although not
possessing the degree of spectral resolution that we desire, the data from these instruments
and others have enabled us to achieve much of our current understanding of the upper solar
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DOSCHEK AND FELDMAN ]

atmosphere. We will now enter into a new era of solar space research, based on the avail-
( ability of the space shuttle. We hope that our knowledge of the sun and its environment
i will continue to increase at the same rate as it has in the last 30 years.
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