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‘Busy old fool, unruly Sun, Why dost thou thus?’
from the Sun Rising

John Donne (1572-1631)

A great deal of effort in recent years has gone into
the development of spectroscopic techniques to probe
the physical parameters of the solar atmosphere. In
this review, we discuss the spectroscopic diagnostics
in the UV and EUV wavelength regions to study
solar plasma, the atomic processes involved, the re-
cent observations made from space and a wealth
of EUV observations with excellent spatial,
spectral and temporal resolufion obtainable from the
Coronal Diagnostic Spectrometer {CDS) and the
Solar Ultraviolet Measurements of Emitted Radia-
tion (SUMER) instruments flown on board the
Solar and Heliospheric Observatory (SOHO) satel-
lite.

ACCESS to images and spectra of the hotter plasma in
the UV (ultraviolet), EUV (extreme-ultraviolet) and X-
ray regions provided a major advance over the few
coronal forbidden lines seecn in the visible and enabled
the cooler chromospheric and photospheric plasma to be
seen in its proper perspeclive, as part of a total system.
In this way space observations have stimulated new and
imporfant advances, not only in space but also in
ground-based obscrvations and theoretical modelling, In
Figure 1 we present an X-ray tmage of the Sun obtained
with the Soft X-ray Telescope (SXT) aboard the Yohkoh
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spacecraft on 15 September 1991 at 19:17UT. The UV
and EUV spectra present a rich source of information on
the nature of the solar corona and the principal means of
understanding the underlying mechanisms. Line shifts
and broadenings give information about the dynamic
phenomena in the solar atmosphere and permit a meas-
urement of heating processes (waves, turbulence, etc.).
Well chosen line intensity ratios, provide knowledge of
plasma temperature, density and relative element abun-
dances 1n the emitting source. Absolute intensities of
lines corresponding to a large range of temperature give
a differential emission measure for the region being
viewed and, combined with other physical information,
a solution of the density and temperature gradients in
that region. The inference of plasma temperature 7T, and
density N, structure from spectral line ratio diagnostics
1s a problem of universal importance for both laboratory

OHKOH X=ray Talgscop

9/18/91 19:17 U

Figare 1. X-ray image of the Sun ohtamed with the soft X-ray
telescope (SXT) aboard the Yohkoh spacecratt on 1§ September
1991 at 19:17UT. In this soft X-ray image, the cmssions are colour-
todud, yellow for most tntense to red for least intense. Achive sun-
spot regiens are nuuked by loops stretching hagh into the ¢orong,
while &k repions with shiup boundanes ate coronal  holes.
{Courtesy: Yohhoh and the SXT team).
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and natural plasmas in both of which fields there exists a
vast literature (sece basic principles and reviews of the
ficld in, for example, refs. 1-4). The physical impor-
tance of these diagnostics lics in the influence of the
density and the temperature on the plasma process being
considered, whether thermonuclear fusion, transport
coeflicients, energy transport, magnetic reconnection,
particle acceleration, etc.

Because of its proximity, the high-temperature solar
atmosphere is the only astrophysical plasma source that
can be studied in great detatl both because it can be to
some extent spatially resolved, and because the high
photon flux allows very high spectral resolution. The
main source for our understanding of stellar atmos-
pheres and even of low-density colhisionally excited
plasmas, such as supernovae, and their remnants 1s
based on our knowledge concerning the plasma radiation
processes in the solar atmosphere. Although some of
these processes can be studied by high-resolution 1m-
ages of the atmosphere, much of our knowledge con-
cerning temperature, density and dynamics of different
regions of the solar atmosphere is obtainable through the

technique of high resolution spectroscopy in the UV,

EUV, and X-ray spectral regions. In addition, this part
of the solar spectrum has shed light on certain problems
of atomic physics and has been useful in understanding
laboratory plasma spectra, such as those obtained from
laser-produced and tokamak plasmas. In this review we
mainly concentrate on the wavelength region 150-
1610 A (hereafter, we define it as the EUV region)
which 1s excellently covered by the Coronal Diagnostic
Spectrometer (CDS) and the Solar Ultraviolet Measure-
ments of Emitted Radiation (SUMER) on Solar and He-
ltospheric Observatory (SOHO) satellite, successfully
launched by an Atlas II-AS from Cape Canaveral Air
Station on Saturday morning, December 2, 1995 at
08:08UT.

Emission lines

The practical measurement of a spectral line intensity either
in the laboratory or from a cosmic object requires the set-
ting of a spectrometer with possibly a light collector
(telescope) and detector. The signal measured by this sys-
tem depends not only on the sensitivity of the system but
also on properties of the source. It also depends on the ex-
tent to which the radiation is attenuated by the intervening
space including re-absorption by the source itself (radiation
trapping). Taking account of atomic excitation mechanisms,
the line emissivity (per unit volume per unit time) for an
optically thin spectral line 1s given by the expression:

he 3
E(l,j)zNjAﬁT,(}}!), (ergcm s ), (1)
if

where Ay is the spontaneous radiative transition prob-
ability, h 1s Planck’s constant, ¢ is the velocity of light,
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and A; is the wavelcngth for the transition i—j. N; is the
number density of level j. Thus the atomic physics

~problem reduces to the calculation of the population

density of the upper excited level j. For plasmas in LTE
{local thermodynamic equilibrium), this is relatively
simple and requires the application of the Saha-
Boltzmann equation. Such plasmas are also liable to be
optically thick and it is in taking account of this that the
major problems of interpretation of spectral line inten-
sities lie for LTE plasmas. The case of low density opti-
cally thin plasmas is treated here.

The number density N, can be further parameterized as

N (X™")Y N(X*PY N(X) N(H)
CON(XY?Yy N(X) NH) N,

N (X*Y N {cm™),

(2)

where X" is the pth ionization stage of the element;
N; (X")/N(X™) is the population of level j relative to the
total N(X™”) number density of ion X™ and is a function
of the electron temperature and density; N(X?)/N(X) is
the ionization ratio of ion X' which is predominantly a
function of temperature; N(X)/N(H) 1s the element abun-
dance relative to hydrogen which varies in different as-
trophysical plasmas and also in different solar features;
N(H)/N, is the hydrogen abundance relative to electron
density which is assumed to be ~0.8 for a fully ionized
plasma. The flux at the Earth of a spectral line is given
by:

]
I(/lfj)—"_m:}_?2 Lf(lij)dV erg cm 2 s sr, (3)

where V is the volume of emission and R ts Earth-to-
object distance.

The collistional excitation processes are generally
faster than ionization and recombination time scales In
low density optically thin plasmas. Therefore, the colli-
sional excitation is domtnant over ionization and re-
combination in producing excited states. Thus the
population density N; of the upper excited level j must
be calculated by solving the statistical equilibrium
equations for a number of low-lying levels and taking
account of all the important collisional and radiative
excitation and de-excitation mcchanisms:

)
N \NEZ’C; +NPZC;E} +2Rﬁ ZAﬁ

\
i> ] i<j

= ZN,-(NE C§+NPC§)+Z1N,.AJ +2NER§, (4)

> j i<}

where Cj and CP are the electron and proton collisional
excitation rate coefficients (cm’ ™), R;; the stimulated
absorption rate coefficient (s”') and A;; the spontaneous
radiation transition probability (s™.

There are some cases (e.g., optically allowed, electric
dipole transitions) for which the assumption is made that
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the population of the upper level of transition j occurs
mainly via collisional excitation from the ground level §
and that the radiative decay overwhelms any other de-
population process. This 1s called the coronal model
approximation. The population of the upper level j is
negligible in comparison with the ground level i, which
means N; (X")/N(X") = 1. The statistical equilibrium
equations can be solved as a two-level system for each
transition:

NE(X+I})NEC1?=NjAjE. (3)

Substituting equations (2) and (5) into equation (1) and
remembering that N; (X"P)IN(X?) = 1, we get

N(X*Py N(X) N(H) _ ke

5(’15)— N(X)ﬁ N(H) Ne Cijl_i;Ne%* (0}

Thus the line intensity, which is the integration of the
line emissivity over the emitting volume, 1s given by

I(AII.}.) = L G(T.)NZ2dV, (7)

where G(T.) can be calculated from the ionization ratio,
element abundance and atomic parameters. The electron
density can be crudely deduced assuming that the spec-
tral line is emitted over a homnogeneous volume esti-
mated from 1images in that line

Plasma density and temperature diagnostics

The first question which one might justifiably ask is:
why has so much effort been put into the development of
electron density diagnostics? Obviously, the electron
pressure (N.T.) i1s an important parameter in any theo-
retical model for the plasma, but why not simply deduce
the electron density from the total line emission and an
estimate of the emitting volume? This can and has been
done in numerous analyses. However, this assumes a
knowledge of the volume for the emission. If the spatial
resofution for the observations were good enough and
the emitting material was homogencously distributed
throughout the volume, then the electron density esti-
mate (assuming a knowledge of element abundance and
all the atomic parameters) would be reasonable. Solar
plasma, however, 1s characterized by unresolved
filamentary structures even with the best spatial resolu-
tion observations currently avaijlable. The determination
of electron density from spectral line ratios from the
same ion, makes no assumption about the size of the
emitting volume, ionic fractions or the element abun-
dance value, providing a powerful diagnostic for the
plasma conditions,

Spectral lines may be grouped into different catego-
ries according to the behaviour of the upper level popu-
lation: allowed lines collisionally excited from the
ground level (e.g., coronal modcel approximation); for-
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bidden or intersystem lines originating from a metas-
table level-m; and allowed lines excited from a
metastable level. For the sake of simplicity, let us con-
sider again a two-level model. The radiative decay rate
is generally very small (4,; = 1-100s™") for forbidden
and intercombination transitions. In such cases the col-
lisional de-excitation becomes an important depopulat-
ing mechanism (A,; = N, C%;,) and may even be the
dominant mechanism. Moreover, the population of the
metastable level becomes comparable with the popula-
tion of the ground level and we have

N NI'NEC;H
™ ON.CE+A L

C mi

(8)

For small electron densities, A > N L, the line in-
tensity has the same dependence on the density as an
allowed line:

I(A, )=NZ.

mi

For very large values of electron density, the collisional
de-excitation dominates, that means N.C: > A ., and
the metastable level i1s in Boltzmann equilibrium with
the ground level:

Nm C.riz wm [_Mfm) |
N T e =, CXp , (9)

In this case the line intensity has the form:

1A, )=N,.

For intermediate values of electron density,
Anmi = Ne C) ;5 the population of the metastable level is

sigmficant and the hne intensity varies as:
(A, )=NP 1<B8<2.

If the population of metastable level (m) is comparable
with the ground level (i), then other excited levels (§)
can be populated from this metastable level as well as
from the ground level and the dependence of the inten-
sity on electron density becomes:

I(4,,)=Nl, 2<f <3
Thus, if we compare ratios of spectral lines in different
calegorics, we can detcrmine the electron density of the
emitting plasma. For most ions it is necessary to con-
sider the atomic processes between several levels and
solve the full statstical equilibrtum equations,

The simplest but crudest method of deducing the
plasma temperature is to assume ionization equilib-
rium>®. Since many ions are formed over the same range
of temperature, line ratios can be plotted as a tunction of
temperature of the emitting 1sothermal plasma. A more
accurate determipatton of ¢lectron temperature can be
obtained from the tensity ratio of two allowed lines
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excited from the ground level ¢ but with significantly
different excitation energy. The ratio is given by:

I(A;) AOE; y; ox AEH“AE:‘J]
[(A,) AE, vy P AT, |

L

(10)

Here y;; is the thermally-averaged collision strength. The
ratio is sensitive to the change in electron temperature if
(AE; ~ AE; )kT, > 1, assuming that the lines are emit-
ted by the same isothermal volume with the same elec-
tron density. Such spectral lines are far apart In
wavelength and it may be necessary to use lines from
different instruments. This gives rise to major uncer-
tainties in the derived temperature due to the relative

calibration of the intensities.

Emission measure analysis

The emission measure is basically a measure of the
amount of hot plasma as a function of temperature and it
is the primary characteristic which any theoretical model
should predict. The volume emission measure (EM) 1s

defined as:
EM::LNde. (11)
Following Pottasch’, the contribution function over a
temperature interval A7, near the temperature T,, of
the peak of the contribution function G(7., 4;;) for ion,
gives the largest contribution of the emission. Assuming
the emitting volume to be isothermal, and the elemental

abundance known, one-may determine a mean value of
the emission measure from the observed line intensity:

;) dT, (12)

()= By B G,

where from equations (3) and (6), B = (N(H)/N,)
(1/47RY).

This method is used to derive the isothermal (EM) as
a function of temperature using lines emitted at different
values of T,.,. This is illustrated in Figure 2 for the so-

lar atmosphere.
In a more general formulation:

1°%(4;) = ‘BN(H) IG( A ) 9(T)dT, (13)

where ¢(T) = N?dV/dT is called the differential emis-
sion measure (DEM) function and specifies the amount
of material in the temperature interval Tand T + AT. To
derive the DEM from the observations, one must solve a
set of integral equationsg. A study of different integral

Inversion techniques to solve the DEM problem has re-
cently been carried out by a SOHO : CDS and SUMER

study group’.
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Figure 2. Emission measure for different solar regions'’,

Abundance determination

One approach to determining element abundances is to
use the detailed shape of DEM distribution for 1ons from
the same element and apply an iterative procedure to
normalizing the DEM curves for different elements.
Pottasch’ first used this technique in the UV to deduce
abundances relative to silicon. The technique has re-
cently been applied to solar spectra'®.

There is currently a great controversy raging over the
element abundances in different regions of the solar at-
mosphere. Meyer' '™ reviews the values for element
abundances 1n both solar and cosmic plasmas. It appears
that the element abundances in the solar wind
differ from those in the photosphere, The variation de-
pends on the value for the First Ionization Potential
(FIP). In fact, it seems that the coronal abundances for
certain types of regions (characterized by open field
lines) differ from photospheric values. In the solar co-
rona, the abundances of elements with low FIPs
(< 10 eV) such as Fe, Si and Mg, are observed to be
enhanced relative to elements with high FIPs (> 10 eV)
such as O, Ne and Ar, by a mechanism which 1s cur-
rently not understood. This phenomenon is known as the
‘FIP effect’. This is i!lustrated'® in Figure 3. It should be
noted that any element abundance variations can have
important consequences for the radiative power loss

: 16
functions'>'¢.

Spectral line profiles

Line shifts and broadenings give information about the
dynamic nature of the solar and stellar atmospheres. The
transition region spectra from the solar atmosphere are
characterized by broadened line profiles. The nature of
this excess broadening puts constraints on possible
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Figure 3. Relative element abundances of Ne/Mg for different
types of solar regions'?; the filled circles from a detailed EM analy-
sis, open circles from estimates using the Ne VI/Mg VI line ratios.
Solar energetic particle (SEP) and solar wind (SW) values are shown
together with the abundance ratios in the photosphere and bulk co-
rona.

heating mechanisms. Systematic red shifts in transition
region lines have been observed in both solar spectra
and stellar spectra of late type stars. On the Sun, out-
flows of coronal material have been correlated with coronal
holes, a probable source of the solar wind. The excess
broadening of coronal lines above the limb provides infor-
mation on wave propagation in the solar wind.

If the optically thin spectral lines can be fitted with
Gaussian profiles, the intensity per unit wavelength I is
defined as:

, exp (—(A—24)%/20%), (14)

- 2no

where [ = []; dA is the integrated intensity and o is the
Gaussian width given by

A2 (ur A

+&% o7
y

(15)

for a Maxwellian velocity distribution ol tempcrature T,
usually assumed to be the temperature corresponding to
peak ionic concentration. Here M 1s the mass, oy 18 the
Gaussian instrumental width and £ is the most probable
non-thermal velocily”.

Solar observations from space

The FEUV emisston has been measured by a large num-
ber of space programs such as OSOs (Orbiting Solar
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Observatories), Skylab, SMM (Solar Maximum Mis-
ston) and Spacelab and by rocket-borne EUV spec-
trometers including SERTS (Solar EUV Rocket
Telescope and Spectrograph: an EUV imaging spectro-
graph with high spectral and spatial resolution), We pre-
sent a bird’s eye view of major solar space programs in
Table 1 and discuss very briefly about some of them
mostly relevant to the CDS and the SUMER spectral
range. ‘ .

Very little observation is available in the wavelength
region (100-170 A) which is rich in spectral lines from
the high temperature (= 3 X 10° K) iron ions Fe XVIII-
Fe XXIV. The only available flare spectra were ob-
tained with the Goddard Space Flight Center (GSFC)
grating spectrometer flown on OSO-5. Several density-
sensitive line ratios fall in this wavelength region, par-
ticularly Fe XXI A128.73/A145.66 line ratio is useful for
N, = 10'' em™. The diagnostic potential of these spec-
tra together with references to atomic calculations for
the iron ions have been presented'®. Theoretical diag-
nostic line ratios have recently been investigated'’ and a
good agreement has been found with the UV spectra
measured by the Princeton Large Toras tokamak. The
Harvard College Observatory (HCO) instrument on
0S0-4 and OS0-6 covered the wavelength range 300-
1400 A. Many spectral lines were observed and models
of the chromosphere, transition region and ¢orona were
derived®. Observations in the 190-300 A wavelength
region were made with the GSFC spectroheliograph on
the OSO-7 satellite. The emission lines from Fe I1X-Fe
XVI (6 X 10°-2.5 x 10° K) were studied both on the
disk and as a function of height above the limb. The
emission from the Fe IX-Fe XIII lines fell sharply be-
tween the limb (R/Rg = p =1) and p = 1.1. In contrast,
the Fe XIV and Fe XV lines were still strong out beyond
p = 1.3 (ref. 21). The Fe XIII and Fe XIV line ratios
were used to estimate electron densities in the range
10°~10'° cm™. Density-sensitive line ratios from a range
of other ions of iron, silicon and sulphur were studied ™.
The OSO-8 satellite carried instruments covering ap-
proximatcly the wavelength range 1000-2000 A. With
high spatial and spectral resolution, it was possible to
study line broadenings and redshilts in the transition
region and chromospheric lincs, Results are published in
the proceedings of the OSO-8 workshop™, The C 1V
1548 A emission was studicd™, considering both the
line widths and profile symmetry propertics in quict re-
gions (nctwork and cell centre) and it was found that
acoustic waves could not supply enough energy to bal-
ance radiative and conductive losses and that the data
were consistent with heating by Alfven waves,

Many line diagnostics were developed using the UV
and UV spectra from Apollo Telescape Mount (ATM)
instrurnents on board Skylab: the Naval Rescarch Labo-
ratory (NRL)Y slitless spectrograph SOS2ZA (170-630 A
the HCQ UV spectrometer SOSS55 (280-1350 A) and the
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Table 1. EUV instruments covering the spectral range [50 to 1610 A

T e ee——— AL L i

Spectral range

Spectral resolution

Spatial resolutioon

Satellite Expenment (A) (A) (best) (arcsec)”

0SO-7 GSFC 190-300 (.42 20 x 60
Spectecheliograph

Skylab ATM NREL SO82A 170~-630 0.1 2 X2
UV slitless spectroheliograph
NRL SO82B 1170-3000 (.06 2 X 60
Slit spectrograph
HCO SO555 280~1350 1.6 5 %5

SMM UVSP 11503600 0.05 31 x3
{UV Spectrometer and Polarimeter)

Spacelab 2 HRTS (High Resolution Telescope and 1170~1700 0.05 | X 1

rockct flights Spectrograph)

Rockets LASP EUV 605-~635 0.003 20 x 60
Coronal Spectrometer 1210-1270

Spacelab 2 CHASE (Corenal Helium Abundance 150-1344 0.7 1S x 15
Spacelab Experiment)

SERTS Solar EUV Raocket Telescope and 1 70-450 0.005 T X7
Spectrograph

SOHO CDS (Coronal Diagnostic Spectrometer) 150-800 < 0.2 2 x 2

SOHO SUMER (Solar UV Measurements of 500--800 0.04 first order 1.5 x 1|

(.02 second order

Emitted Radiation)

800-1610

i’ —

NRL slit spectrograph SO82B (970-3940 A). Recent
work of particular interest with SO82A spectra has fo-
cused on the determination of element abundances. This
work has been reviewed'**>?®. These authors compare
the intensities of the two lines Mg VI (400.67 A) and Ne
VI (401.14 A) which have almost identical G(T.) func-
tions (T =4 X 10° K), but very different FIP values.
It was found that the Ne/Mg ratio 1s lower in open field
regions than in closed field regions (see Figure 3). Such
abundance variations are very important and have
stimulated a great deal of discussion about the formation
and acceleration of material at the base of the solar at-
mosphere. In view of its universal importance in under-
standing solar and stellar physics, a detailed theoretical
study has been carried out for Ne VI/Mg VI line ratio
diagnostics suitable for quiet Sun, active region, sun-
spot, and flare plasmas®’. |

Spectroscopic diagnostics for boron-like ions have
been extensively studied”®?. References to further di-
agnostic work on the boron, carbon, nitrogen and oxy-
gen-like ions are given’. Beryllium-like ion C III is a
useful diagnostic for the quiet Sun at lower densities.

Recent theoretical emission line ratios for C III ion have

been published”. The C III multiplet at ~1175 A was
studied”® to indicate how opacity could affect the line
Infensity ratios within the multiplet and provide a
mcthod of determining the electron density. The range
of electron density sensitivity for many transition region
and coronal lines is given'. The forbidden coronal lines
from Mg VI, Si VIiI and S X ions were studied as elec-
tron density diagnostics in the inner corona’ °. Inho-
maogeneous structures in the emitting volume may affect
the electron density diagnostic line ratio techniques.

714

This problem was discussed for O IV and S X ions®.
These ideas have been pursued in more detail for both
isothermal®' and non-isothermal plasmas****. The HCO
UV spectrometer covered a very tmportant wavelength
range with strong spectral hnes from the transition re-
gion and corona*®. Unfortunately, although the spatial
resolution was very good (3 arcsec), the spectral resolu-
tion was rather limited (1.6 f\). Nonetheless, several
usefu] diagnostics were developed and studied”.

Solar EUV Rocket Telescope and
Spectrograph

An EUV tmaging spectrograph developed at the God-
dard Space Flight Center has been used to obtain
coronal observations with high spectral and spatial
resolution®. The instrument SERTS (Solar EUV Rocket
Telescope and Spectrograph) covers the wavelength
region 235-450 A (170-225 A in second order) with a
spectral resolution approaching 10,000. SERTS, which
has been flown several times since 1989, produces both
non-overlapping spectroheliograms and stigmatic spec-
tra (slit 4.9' by 7") of the same solar region. A line
identification list has been produced®. The temperature
range covered is 4.7 < log T, < 6.8 with lines from ions
from He I (304 15\) to Ca XVIII. The SERTS spectra
contain many useful diagnostic lines, in particular from
the iron ions. The EUV spectral emission intensities for
Fe IX-Fe XXIV have been reccalculated, based on the
most recent atomic data®’. The predicted intensities with
the SERTS values and also with the spectrum of Capella
have been compared. The coronal temperature using
SERTS intensities for different iron ion stages have
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been studied*®. The spectroscopic diagnostics for Ne VI,
Mg VI, Si VIII and Mg VIII ions observed by SERTS
have recently been investigated®’. The spectra from the
SERTS-3 rocket flight in 1989 have been used to study
the He II line at 304 A (ref. 50). In this study SERTS
and X-ray data have been used to study the relative im-
portance of the line formation processes for a weak flare
and 1t was found that the photoionization—recombination
mechanism certainly competes with and may even domi-
nate electron excitation in the He II 304 A line forma-
tion. Several ions from beryllium, boron, carbon,
nitrogen and oxygen isoelectronic sequences in the tem-
perature range 1.6 X 10° K< T.< 1.3 X 10° K have been
studied, making use of the SERTS observation to com-
pute electron density, column emission measure, filling
factor, relative element abundance variation, etc.’ I

CDS and SUMER instruments on SOHO

The Coronal Diagnostic Spectrometer (CDS), spectral
range 150-800 A (ref. 52), and the Solar Ultraviolet
Measurements of Emitted Radiation (SUMER), spectral
range 500-1610 A (ref. 53), have been flown on board
the SOHO mission. These instruments will be able to
address two fundamental goals of SOHO: why does the
corona exist and how is it heated? and where and how
are the solar wind sticams accelerated? The CDS and

— —cos—-——,{

SUMER 1nstruments compliment each other very well,
since CDS will rely heavily on diagnostics to determine
physical parameters in the corona and SUMER will be
able to study the dynamical aspects of the transition re-
gion and corona. Some of the prominent solar ions with
their wavelengths and temperatures, covered by these
instruments, are shown in Figure 4. We discuss here the
diagnostic potentiality which the CDS and SUMER in-
struments are capable of making.

The CDS instrument consists of a Wolier II grazing
incidence telescope feeding both a Normal Incidence
Spectrometer (NIS) (stigmatic slit) (308-381 A. 513—
633 A) and a Grazing Incidence Spectrometer (GIS)
(151-221 A, 256-338 A, 393-493 A, 656-785 A).
These bands have been carefully chosen to cover useful
spectroscopic diagnostic lines. The NIS channels cover
ions from a wide temperature range (2 X 10% K-
6 X 10° K), including Mg IX 368 A line which is very
useful for studying coronal holes, the Fe XVI 335 A and
361 A lines which are very strong in active regions and
the Fe XIX flare line at 592 A. CDS should achieve a
spatial resolution of 2 arcsec, a spectral resolution of
AL < 0.2 A, A/AL = 10% and 2 temporal resolution of 1
second. Full details of the design, the scientific objec-
tives, spectroscopic diagnostics and planned observing

sequences are given, referred to as the CDS Blue
Book™.
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instruments aboard the SOHO spacecral(, adapted from ref. 53.
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The SUMER instrument is a normal incidence tele-
scope stigmatic spectrometer. It covers the wavelength
range 8001610 A in first order and 500-800 A in sec-
ond order in a 40A and 20 A band respectively.
SUMER will observe primarily transition regton and
chromospheric lines with a very high spectral resolution

‘A/AL = 17700-38300 (A4 = pixel resolution element), a
spatial resolution close to 1 arcsec and temporal resolu-

tion down to 1 second. SUMER will be able to detect -

velocities down to 1-3 km sec™ from line shifts. Details
of the SUMER design, scientific objectives and planned
observing sequences are given, referred to as ‘the
SUMER Red Book™.

The CDS and SUMER instruments are designed to
make extensive use of spectroscopic diagnostics
for the determination of the physical parameters
of the transition region and corona. A great deal
of effort 1s going into the development of these
techniques to ensure that they are accurate. This
requires Interfacing solar analysis programs with the
best available atomic data calculations. This study cov-
ers electron density and temperature determination, dif-
ferential emission measures, elemental abundance
variations and basic atomic data, including both electron
excitation, ionization and recombination. Many CDS
spectral line pairs have been included for density and
temperature  diagnostics®’. These have previously
been studied from OSO, Skylab and more recently
with SERTS observation. The boron-like ions provide
very useful electron density diagnostics for a range of
solar features; Mg VIII for coronal hole observations®®
and Si X for active regions*®*’, The B-like, C-like, N-
like and O-like ions have previously been studied. Other
line ratios (e.g., from Ca XV, Ca XVI) could be very
useful for flare or nano-flare electron density diagnos-
tics™®.

Spectral lines in the SUMER spectral range have also
been identified as useful electron density and tempera-

ture diagnostics™. If it is not possible to use spectral.

line ratios from the same ion, one can use the ratto of a
forbidden line from one ion to an allowed line from an-
other jon. Good diagnostic ratios in the transition region
include the O IV lines at ~1400 A which have been ex-
tensively studied from Skylab, SMM, UVSP and
HRTS’%, Since the spectral resolution of SUMER will
be so much better than the previous instruments, it
should be possible to explore more diagnostics below
1200 A, including C III, N IV and O V lines from the
Be-sequence, N III and Ne VI from the B-sequence, and
31 III and S V from the Mg-sequence. SUMER will be
somewhat restricted in its simultaneous wavelength cov-
erage and observing sequences must be carefully de-
signed to make maximum use of these electron density
diagnostics. The lines from Mg VI and Si VIII should be
particularly useful for coronal hole diagnostics and S X
for the quiet Sun.
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Figure 6. Mg VI A1190.07/41191.62 theoretical line ratio at
Tmax = 4 % 10° K as a function of electron density®”’.

Studies prOposedﬁg for electron temperature determi-
nation include the lithium-like ion O VI A1032/A173 and
A1032/4150. Other observational tests for non-
equilibrium ronization due to flows in the transition re-
gion plasma have been suggested®. These include the
temperature sensitive ratios of C IV 41548/4312, and O
V 4629/A172. It is hoped that these ratios will be used
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Tmax = 4 X 10° K as a function of electron density?’.

for studying coronal hole temperature distributions in a
jomt CDS-SUMER observation programme. Other pos-
sible SUMER line pairs, closer in wavelength, are C II
A1335/A904, N II1 A991/4686, O III A730/4599, O 1V
A790/A544, Mg 1X A749/A706 and S XI A604/4580. Dy-
namical studies will be of prime importance for
SUMER. The studies with HRTS spectra are particularly
relevant. Doppler motions and non-thermal broadenings
will be measured over a large temperature range and
with a high time resolution. The goal will be to distin-
guish between different models for coronal heating. For
example, suggestion has been made to carry out some
studies with SUMER of limb (o disk spectral line widths
to distinguish between different types of wave motion®',

Finally, as discussed before, relative element abun-
dances are found to vary in different regions of the solar
atmosphere. The FIP-dependent element variation has
also been shown from solar wind and spectroscopic
studies (see Figure 3). The causes of these variations are
poorly understood. In view of its importance for the un-
derstanding of physical processes in solar and cosmic

CURRENT SCIENCE, VOL. 70, NO. 8, 25 APRIL 1996

plasmas, an observing sequence for SUMER™ has been
planned to investigate the upper transition region abun-
dance variations and also electron densities by measur-
ing the line intensity ratios of high-FIP coronal spectral
lines (Ne VI: 999.6 and 1006.1 A) to low-FIP ones (Mg
VI: 1190.07 and 1191.62 A). Since these lines
are formed at nearly the same temperature of
about 4 X 10° K, the effect of the solar differential
emisston measure on the line intensity ratio is mini-
mized. In addition, Ne VI1999.6/11006.1 and Mg VI
A1190.07/41191.62 line ratios as shown in Figures 5 and
6 respectively, are good density diagnostics for densities
>10° cm™, applicable to active regions, sunspots, um-
brae, and flare plasmas. Ne VI/Mg VI density-sensitive
line ratios are shown in Figure 7. This sequence will
probably work best for active and quiet regions, coronal
holes, and prominences off-limb, because of the weak-
ness of forbidden lines. The goal is to measure these
forbidden lines in several different regions over a range
of positions outside the limb, covering as large a range
of heights as the count rates allow. The density obtained
from the density-sensitive line rattos will be used to
evaluate the Ne/Mg abundance ratio by making use of
the Ne VI/Mg VI line intensity ratios in different re-
gions of the solar atmosphere (see Figure 7).

Concluding remarks

In conclusion, EUV diagnostic capabilities with the re-
cent solar observations made from space and future high
resolution EUV observations obtainable from the CDS
and the SUMER instruments flown on board the SOHO
mission present a powerful tool to better understanding
of some of the tricks of our Sun, e.g., the existence of
the corona and the acceleration of the solar wind. And
the research investigations presented in this review de-
scribe how to achieve this goal by making a careful
analysis of some of the prominent solar ions that are
capable of probing the solar plasma, thereby providing
some physical parameters crucial for understanding
coronal physics and underlying mechanisms, e.g.,
plasma temperature, density, relative elemental abun-
dances, column emission measures, etc. The scope 1s
enormous for future investigations on this topic which
concerns not only the Sun and other cosmic objects but
also laboratory plasma such as laser-produced and to-
kamak.
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