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During the last few years, observations of solar phenomena have been
carried out by rocket flights, manned satellites like Skylab, unmanned
satellites 1ike Orbiting Solar Observatories and more recently Solar
Maximum Mission. The wavelengths, line intensities and 1ine profiles
in UV and X-ray regions of the solar spectra have been measured. The
spectroscopic data obtained are of high spatial and spectral
resolution. The goal is to understand the physical properties of the
emitting plasma and determine the electron temperatures, densities and
volume of the emitting plasma from UV and X-ray spectra.

Since emission lines are seen, this would imply plasma is hot and
ionized. The lines are produced when the higher states of the positive
fons excited by electron impact decay to the lower states. Therefore,
it is necessary to understand the line forming processes and calculate
the relevant atomic data for the interpretatjon of the spectroscopic
data. Since the tokamak spectra are similarl to the flare spectra,
the same atomic data can be used to interpret the tokamak spectra.

The intensity of the line due to the transition from j to i is

given by
A'IJ

where x;; is the wavelength of the line, A;; is the transition rate
and N; 15 the population of the upper 1eveq. In the sogar corona and
in flares the electron densities are of the order of 10° to 102 cm-3
which are not high enough to maintain a Saha-Boltzmann distribution of
level populations. These must be obtained by solving the statistical
equilibrium equations.

We assume that the collisional and radiative processes are much
faster than the ionization and recombination processes so that the
calculation of the level populations can be carried out separately by
inciuding only coliisional and radiative processes. Therefore, we can
deal with one ion at a time and assume that ijonization equilibrium
exists. This is a good approximation for the lower excited states but
not for the higher excited states. We would also assume that the
plasma is optically thin.

The level populations Nj are given by the rate equation

_ &
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where Ciy is the collisional excitation rate coefficient from level i
to j and is given by averaging over the Maxwellian distribution

e §.63%10°° - &/k Tq
¢y = ‘,;,TE%T Lf_ﬁ ¢ olE ew 2 s, (3)
!

Ta is the electron temperature. Collision strengths ~flij,
dimensioniess and symmetric in i and j, are related to the excitation
cross section by

JLij = B uj oy ) (4)

where E is the incident energy and w; is the statistical weight of
the Tower level i. The de-excitation rate coefficient C ji is
given by A /

d , e B [kTe

C.. - w C.. )
= = (e (5)

[#9

Other processes which can populate or depopuiate the levels must
be inciuded in Eq. (2): photoexcitation by background radiation, as
from the photosphere of the Sun, the rate for which is given by

Fo - D(2) AJ\,/ c eAEij/kTR_‘ ) , (6)

where Tp is the temperature of the blackbody radiation and D(h) is
the ditution factor. Stimulated emission, much smaller than
spontaneous emission, and proton excitation rates® between the
fine-structure levels should also be included.

A number of approximations have been made to calculate J?ij. The
Coulomb Born approximation has been used extensively. This
approximation overestimates collision strengths near the threshold for
excitation. The Gaunt factor approximation based on the Bethe
approximation, valid for allowed transitions, is not very reliable.

The distorted wave approximation, which is valid when the coupling
between the various channels is weak, has been widely used for the last
few years. The total hamiltonian of the (N + 1) electron system is

NH g g LI
HN-H = - El( ot /)CL) + ?-;j /'CCJ' ’ (7)

where N is the number of target electrons and Z the nuclear charge.
The total wave function is

Un o %12, 0F, ) (8)

where n is the initial or final state. F, satisfies the equation
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;—i\—x_" - 2.2_(.&‘_:;‘_)- + Vm\(’t) + k:\ ) F;‘(,z) = 0 . (9)
2

In the distorted wave programs3 developed at University College
London (UCL) Von 15 chosen to be a central potential and is given by
a scaled Thomas-Ferm1 potential such that

Lim V (1) = acz—N)/»L . (10)
xyoo N
The functions F, (r) which have the usual limit for r > o andw are

made orthogonal to the target orbitals having the same angular
momentum. The reaction matrix is given by

Ki’j = -C Q‘:,HN“ —ET‘LJ{J> (11)
= —<FLlV;' +W‘;’-]F'> >

where Vij and Wij are th direct and exchange potentials. The
short range corr%1at1ons can be improved by including quadratically

integrable functions in the wave functions (8). The reaction matrix
Kij is modified then. The T matrix is given by

1. 2iK (12)
= 1N -

and the collision strangth for a given parity and total angular and
spin momenta L and S is given by

LS 5
Rij = L(ansd(as+2Z [Ty (13)
R . z‘ulj N
The total collision strength is given by
wLs
Ny = Z Ly . (14)

Y T TLs
In general, only the first few incident partial waves ‘81 are used in
the calculation. The contribution for £> 2 for allowad
transitions, is included in the Coulomb Bethe approx1mat1on4

A better approximation is a close ccupliing approximations.
Though the calculations tend to be difficuit and expensive, they have

the advantage of including resonances.

The target wave funcgions'gin are calculated using the
'Superstructure' program®, also developed at UCL. The radial
functions are again Salculated in a scaled Thomas-Fermi Potential. As
pointed out by Lazer’ that to obtain accurate wave function of highly
jonized systems, it is necessary to include all configurations in the
same complex of a given principal quantum number and par1ty The
configuration interaction type wave functions can be used in this
program to calculate the energy levels, oscillator strengths and
radiative transition rates in LS and intermediate couplings. The term
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coupling coefficients are calculated in this program to transform LS
coupling_collision strengths to collisions strengths in intermediate
coup]ings. Since we require atomic data for high nuciear charge Z,
the relativistic corrections are calculated using the Breit-Pauli
Hamiltonian as a perturbation to the non-relativistic Hamiltonian.
Atomic data have been calculated for a number of ions, and the level
populations and intensity ratios have been calculated for diagnostic
purposes by solving the statistical equilibrium equations (2) by
assuming that the steady state dN¢ = o exists. We discuss some
specific cases. at

UV 1ines of Ca XVII have been observed by Doschek el al? in the
August 9, 1973 solar flare by using NRL's slitless objective grating
(171-530&) aboard Sky1?8. Also X-ray lines have been identified by
McKenzie and Landeckar*“ in solar flares obtained from the Solex
Bragg irysta] spectrometer aboard the USAF P78-1 satellite. Bhatia and
Masonl! calculated the atomiE data usiEg three sets of
configurations: Case A: 2s%, 2sp, 2p“; Case B: Case A + 2s3s,
2s3p, 2s3d; and Case C: Case B + 2p3s, 2p3p, 2p3d.

The energy values for Cases B and C are in good agreement with the
observed values. The collision strengths are calculated using Case B
configurations and scaled. The collision strengths are in goog
agreement with the close coupling calculations of Dufton el al°.

The rates for electric dipole, e]ectzic guadrupo1e and magnetic
dipole transitions are proportional to Z%, Z° and 210,

respectively. The rates for magnetic transitions at high Z become
comparable to rates for the allowed transitionsand therefore, the
transitions become very important in the observations of tokamak
plasma. The collision strengths for the dipole allowed, spin-forbidden
and non-dipole allowed transitions behave_like 1ogE, 1/E2 and
constant,_respectively, as E »w. Also Z°{l;; > constant for a

fixed E/Z2. These limits are useful for interpolation or
extrapolation of Aji and Jtij.

The level populations and intsnsity ratios have been calculated for
UY and X-ray lines. The observed” intensity ratio for the_lines
192.86 and 232.83 A corresponding to the transitions 2s2p ]P1 >

252 lSo and 2p2 3P2 > 252p3P2 is 60. The calculated ratios

are 87.6, 62.9 and 59.1 for log Ne = 12, 13, and 14 cm‘3,

respectively. A comparison wlgh thg observed value of 60 would imply
anl?1ect§on density of 5 x 10*° cm™ which is mggh higher than 3 x

10+ cm™ at 6.3 x 10° K obtained by Dere et al*“ from the

measurements of Ca XV and XVI. This would imply an uncertainty in the
calibration or the_233A line 35 blended. In the X-ray region, the line
at 20.456A° (2s3d 303 > 2s2p °Py) is density sensitive. But

the electron density was not determined as the measured intensities are
weak. A line observed at 22.025K can be associated with the calculated
line 22.152A° (2s3s 1So0 » 2s2p 1Py). A similar cgleulation has

been carried out for Fe XXIII by Bhatia and Mason+‘2. Since then the
identification of the 1ines in the X-ray region given by them has been
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confirmed by McKenzie and Landecker14. The 1ines at 263.76 and
132.83A due to the transitions 2s2p 3P > 252 lso and

1
2s2p 1P1 > 252 15 have been seen by Hinnovl® in PLT tokamak.
The line at 263.78& obtained in NRL's spectroheliograph is an important
Tine and has been used to study the energy release processes in solar
flares. The most integse 1ine of Fe XXIII in the UV region has been

seen by Kastner et al-"? using the GSFC grating spectrometer on 0S0-5.

The atomic data have been calculated for Mg VI, Si VIII, S X,

Ar XII, etc by uigng the configurations 252?p3{,1 252p4 and 2p5

by Fe ;dman e14a1 . ;he 11ne4rat1os - P3/2 > 53/9)/( D 32 > S3/2)
and (°D3/p 5342)/( Dg/p > "S3/p) are density

sens1t1ve but no temperature sensitive. _These transitions are within
the levels of the ground conf1gurat1on 2s“p”. S X lines have been
observed in quiet and active regions of the Sun using NRL's spectrograph
aboard Skylab. Using the observed ratios for the 11nes 1213 00 and

1196.26R corresponding to the transitions 2522p f 3/2)
7

and 2s22p3 (205/2 453 respect§ve1y Feldman et 81
inferred an e1ectron dens1ty of 10 3at 1.3 x 100K in quiet

and active regions of the Sun. A similar calculation has been carried
out for Fe XX. ) ghe211ne at 2665.1R and 824.1A corresponding to the
transitions 2s p Dg/p > % 3/2) and 2s 2p3( 03/2 483/2)

have been seen by Suckewer and Hinnov ~ in PLT tckamak.

Doschek et a1l9 inferred the densities in the quiet sun and in
coronal holes by comparing the intensities of the intersystem and

allowed lines emitted by the ions formed in the transition zone. They
used the lines at 1402.778 (3p 2P1/2 > 35 251/2) in Si IV,

1908.73R (2s2p 3P3 > 252 lSo) in C III, and 1666.15R8
(252p3 552 > es p p ) in 0 III. But the intersystem

and allowed lines were not close in wavelength. Therefore, when
comparing the intensities of the various lines, it was necessary to
take into account the change in temperature of the emitting plasma as
well as the variation of the instrument reflectivity with wavelength.
Those problems can be avoided by using the line ratios of the S IV
14068 intersystem l1ine and the 1403A resonance line 6” Sq These
Tines have been observed from Sky;ab. Bhatia et a12 calculated the
atomic data for S IV using the 3s<3p, 3s3p© and 3s3d2

configurations. But the density they inferred for December 17, and 21,
1973 and January 21, 1974 f1are§ was four times that inferEEd from O IV
measurements. Bhadra and Henry®*, and Dufton and Kingston

using a larger set of configurations calculated the c0111s1on strengths
in close coupling approximation. _The latter calculations include
resonances as well. Dufton et al23 calculated the densities in the
quiet sun, coronal holes, active region B8 and active region C and these
are closer to the densities deduced by using other ions.
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The intensity ratio of the allowed lines is temperature sensitive
and it can be shown that

y -( 8By - BEN)/kT, 15
IJV&LKL e . (15)

This rat1o is sensitive to changes to the Slectron temperature Te if
(aE; k) /kTa . Feldman and Doschek¢™ inferred the

e]ec%ron %emperature = jon temperature using Mg II allowed lines. The
intensity ratio of the satellite 1ine to the resonance line is a
function of g]ectron temperature and can be used for temperature
d1agnost1cs

The Bowen fluorescence mechanism takes place when the wave length
of a transition coincides with the wavelength emitted by another ion.
This radiation when absorbed will populate the upper levels
preferentially and therefore will change the level populations and

intensities of ths §m1tted rad ation. He II Lyman a (304 R) coincides
w1th the 0 IIT 2p“ “p, > 2p3d P wave length. Bhatia et

calcx1ated the atom1c data for 0 III by using 2522p2,
252p3, 2p™, 2p3s, 2p3p and 2p3d configurations. The
photoexcitation by He Il was taken into account by increasing the
electron excitation rate coeffic1egt C by PC where C is the rate
coefficient for exciting the 2p3d ~Py from 2p 3p P2, The total
excitation rate is, therefore, KC, where K = 1+P The level populations

e.g. of 2p3d 3P and 2p3p 351, were found to be K dependent.

Choosing K = 1000 to obtain agreement of the calculated_intensity of
304R 1ine with the intensity observed by Behring et a127, they
calculate the intensities of other lines and multiplets and compare
with the observation.

The calculated 1ntens1t1es of the non-photosensitive multiplets
508, 526, 703 and 832 are in good agreement with the observations of
Varanazza and Reeves<S Also, the 1ntens1t1es of multipiet
components 508.18, 703 85, ang 702.904 agree very well with the
observations of Behring et al¢’. The intensity of the multiplet 374A
is higher when photoexcitat1on 1s 1581uded bg& is lower than the
observed 1ntens1ty given by Raymond Dere”Y has pointed out that
this line is blended, and according to Raymond (pr1vate communication),
the observed intensity should be lower than that given in Ref. 29.
Finally, the line at 644& will not be observed at all if
photoexcitation is not present and the calculated intensity in the
presence of photoexcigation agrees very well with the observation of
Veranazza and Reeves“® (see Fig. 4 of Ref. 26 for more details).
Furthermore, the observed multiplet 644K i gge to 0 III and not N II
or 0 II as suggested by Veranazza and Reeves
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Though the bulk of the plasma is usually hydrogen or deuterium,
other gases are added in controlled quantities for diagnostic
purposes. Since the temperature in a tokamak is comparable to
temperatures reached in solar flares, various stages of ionization of
elements are present. Atomic data for various jons of interest nave
been calculated using UCL programs. The forbidden transitions, in
particular magnetic dipole, are of special interest. These lines fall
in the UV and EUV spectral regions and are _due to transitions between
the levels of the ground configurations Zszp‘ of these ions. These
lines are well separated in wave lengths and line blending is much less
severe than in the case of allowed lines at shorter wave lengths.
These transitions can be well observed to determine the line profiles.
Ion temperatures can be inferred by measuring the full width at half
maximum. Ion concentration and electron densit§ can be determined from
the intensities of these lines. Suckewer et al3l observed lines from
titanium ions and compared the observed intensities with the synthetic
spec%;ym caﬂgg]ated by Bhatia e§1a132 using the configurations 252,
2s2p™ "+, 2p* . Suckewer el al observed the Ti XIV 2115.3, Ti
XV 2544.8, Ti XVII 3834.4 and 3371.58 1ines along with the allowed Ti
XIX 169R 1ine and their intensity variation with time. The ion density
can be calculated by noting that if the level popu]a%ion gf the upper
level does not vary with electron density, as for 2s 2p4 Py of
Ti XV, (see Fig. 3 of Ref. 32), then

. Ao
L = Au g Njdv = My AJLJ Ny 4V , (16)
4w 4

where nj = Nj/Nt is the level of population of the 1eve! j. From the
measured Iy; and the calculated njA;; as indica}sd in3F1g° 3 of
Ref. 31, tﬂey obtained an ion densi%y of 2.6x10*Y cm™.

More recently Stratton et a1l measured the intensity ratios of
various lines in Fe XVIII to XXII and compared with intensity ratios
inferred from the DW calculations. They conclude (See Table 1 of Ref.
1) that in general the agreement is within 30 percent, the expected
accuracy of the distorted wave calculations.
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